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Summary

Mixtures of reservoir oil and carbon dioxide (CO,) can exhibit
complex multiphase behavior at temperatures typically less than
120°F, in which a third CO,-rich liquid (L,) phase can coexist
with the oleic (L) and gaseous (V) phases. The three-phase
behavior is bounded by two types of critical endpoints (CEPs) in
composition space. The lower CEP (LCEP) is a tie line in which
the two liquid phases merge in the presence of the V phase, and
the upper CEP (UCEP) is a tie line in which the L, and V phases
merge in the presence of the L; phase. Slimtube tests reported in
the literature show that low-temperature oil displacement by CO,
can result in the high displacement efficiency of more than 90%
when three phases are present during the displacement. The nearly
piston-like displacements can be quantitatively reproduced in nu-
merical simulations when the CEP behavior is properly consid-
ered. However, it is uncertain how multicontact miscibility
(MCM) is developed through the interaction of flow and three-
hydrocarbon-phase behavior.

This research presents a detailed analysis of mass conservation
on multiphase transitions between two and three phases for the
limiting three-phase flow, where the L, phase is completely dis-
placed by the L, phase on the LCEP. The analysis indicates that
interphase mass transfer on multiphase transitions occurs in the
most-efficient way for MCM development. Simple analytical con-
ditions derived for MCM through three phases are applied to 1D
fine-scale simulations of CO, floods by use of four and more com-
ponents. Results show that the MCM conditions are nearly satis-
fied when the effect of numerical dispersion is small. MCM is
likely developed through three hydrocarbon phases on the LCEP
in the cases studied. This is consistent with analytical solutions of
water and gas injection presented in the literature, in which MCM
is developed on a CEP for the aqueous, V, and L, phases. For
MCM cases in this research, the L,-V two phases are present
upstream of the miscible front if the composition path does not go
through the UCEP tie line. However, they also can be miscible on
the non-L; edge of the UCEP tie line if the MCM composition
path goes through it.

Three-phase flow gradually changes to two-phase flow with
varying pressure in the presence of numerical dispersion. It is
shown that interphase mass transfer on multiphase transitions be-
comes less efficient during the change until the three-phase region
completely disappears.

Introduction

Mixtures of reservoir oil and CO, can exhibit complex multiphase
behavior at temperatures typically less than 120°F, in which a
third CO,-rich liquid (L,) phase can coexist with the oleic (L;)
and gaseous (V) phases (e.g., Huang and Tracht 1974; Shelton and
Yarborough 1977; Metcalfe and Yarborough 1979; Gardner et al.
1981; Henry and Metcalfe 1983; Orr and Jensen 1984; Turek
et al. 1988; Khan et al. 1992; Creek and Sheffield 1993). Because
of the complexity, phase behavior and oil-displacement mecha-
nisms were studied for low-temperature CO, floods in various
ways, such as single- and multiple-contact measurements, slim-
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tube displacements, and numerical simulations with an equation
of state (EOS).

Multiphase behavior of CO,/reservoir-oil mixtures is conven-
tionally presented with a pressure-composition (P-x) diagram (Orr
and Jensen 1984; Turek et al. 1988; Creek and Sheffield 1993).
Three-phase equilibrium L,-L,-V occurs within a reservoir-pres-
sure range at high CO, concentrations on a P-x diagram at tem-
peratures typically less than 120°F. Two-liquid phases can coexist
at higher pressures above the three-phase region. Creek and Shef-
field (1993) found no upper boundary of the L;-L, envelope up to
18,000 psia for the CO,/reservoir-oil mixtures studied. Turek
et al. (1988) observed no critical point for L;-L, for the CO,/west-
Texas-oil mixtures studied. An L,-V region can exist at pressures
above a three-phase region at very high CO, concentrations [e.g.,
more than 99.0% in Turek et al. (1988)]. Creek and Sheffield
(1993) reported that the L, phase became denser than the L, phase
at pressures higher than 16,500 psia in the L,-L, region in their
experiments.

A P-x diagram represents a cross section of phase behavior
along the mixing line between two compositions at a fixed tem-
perature. Thus, a P-x diagram shows only a small portion of phase
behavior that spans pressure-temperature-composition (P-T-x)
space of (N¢+ 1) dimensions, where N is the number of compo-
nents. Turek et al. (1988) observed in their single-contact meas-
urements for west-Texas oils and CO, that the L, phase had a
similar composition to the V phase in the three-phase region. On
the basis of this observation, they stated that the three-phase
region exists within a narrow pressure range, in which the L,
phase vaporizes with decreasing pressure. When P-T-x space is
properly considered, however, their observation indicates that the
mixing ratio of the oil and CO, gave a composition near a CEP.

A CEP is a critical state in which two of the three equilibrium
phases become critical (Uzunov 1993). There are two types of
CEPs for mixtures of CO, and hydrocarbons—LCEP in which the
L and L, phases merge in the presence of the V phase (L; =L,-
V), and UCEP in which the V and L, phases merge in the presence
of the L, phase (L;-L,=V). That is, what Turek et al. (1988)
observed in their measurements is an overall composition near an
UCEP.

A three-phase region for 0il/CO, mixtures can be considered
to be bounded by the LCEP and UCEP in composition space. Ap-
pendix A presents a schematic for such a bounded three-phase
region for four components (Okuno et al. 2011). Four is the mini-
mal number of components required to develop CEP behavior in
composition space at a temperature and pressure, as predicted by
the phase rule for critical points (Okuno 2009). A CEP is a tie
line, instead of a point, as shown in Fig. A-1. Therefore, a CEP is
sometimes called a CEP tie line to avoid potential confusion in
this paper.

Three-phase behavior bounded by the two CEPs was observed
for hydrocarbon mixtures (Rowlinson and Freeman 1961; Daven-
port and Rowlinson 1963; Davenport et al. 1966; Kohn et al.
1966; Wagner et al. 1968) and CO,/n-C;; mixtures (Enick et al.
1985; Galindo and Blas 2002). Modeling of the complex three-
phase behavior was also conducted with various EOSs [e.g., the
van der Waals EOS (van Konynenburg 1968; Scott and van Kony-
nenburg 1970; van Konynenburg and Scott 1980; Bluma and
Dieters 1999), the Redlich-Kwong EOS (Deiters and Schneider
1976; Deiters and Pegg 1989), the Peng-Robinson (PR) EOS
(Gauter 1999; Gauter et al. 1999; Mushrif 2004; Yang 2006;
Mushrif and Phoenix 2008), and the Soave-Redlich-Kwong

1005

120z 1snbny G| uo Jasn unsny Jy sexa Jo Ausienlun ey Aq | pd-ed-Gy£991-0ds/6690012/5001/90/6 L /4pd-ajonie/rs/Bio-onedauo)/:dpy wouy papeojumod



(SRK) EOS (Gregorowicz and de Loos 1996)]. Their results show
that a cubic EOS is capable of predicting three-phase behavior
(van Konynenburg 1968).

The characterization of reservoir fluids with a cubic EOS was
not fully developed for reliable predictions of three-phase behav-
ior. Nevertheless, the static phase behavior of reservoir-0il/CO,
mixtures was reasonably correlated with the PR EOS (Larson
et al. 1989; Khan et al. 1992; Creek and Sheffield 1993) and the
SRK EOS (Coutinho et al. 1995). Khan et al. (1992) quantita-
tively matched slimtube test data for west-Texas oils and CO,
with the UTCOMP simulator with the PR EOS. The UTCOMP is
an EOS compositional multiphase reservoir simulator capable of
handling three hydrocarbon phases (Chang et al. 1990).

There are several characteristics of low-temperature oil dis-
placements by CO, that are not observed in oil displacements
involving only L-V two phases. CO, breakthrough in these dis-
placements can occur at more than 1.0 pore-volume injected
(PVD) and, in many cases, well after 1.2 PVI (Orr et al. 1983;
Khan 1992; Creek and Sheffield 1993; Grigg and Siagian 1998).
Orr et al. (1983) stated that this late breakthrough is because CO,
significantly increases its density on dissolution in the L, phase.
Creek and Sheffield (1993) stated that this late breakthrough is a
result of the large molar volume difference between the V and L,
phases, and called it the volume-charging effect.

Slimtube tests reported in the literature show that low-temper-
ature oil displacement by CO, can result in high displacement ef-
ficiency of more than 90% when three phases are present during
the displacement (Yellig and Metcalfe 1980; Gardner et al. 1981;
Orr et al. 1981, 1983; Henry and Metcalfe 1983; Khan 1992;
Creek and Sheffield 1993). Appendix B shows schematics of
phase behavior present in two- and three-hydrocarbon-phase
displacements in one dimension. Minimum miscibility pressures
(MMPs) measured in CO, slimtube tests were based on a variety
of criteria (Holm and Josendal 1980; Yellig and Metcalfe 1980;
Negahban and Kremesec 1992; Creek and Sheffield 1993).

Orr et al. (1981) pointed out that measured CO,-MMPs do not
necessarily mean the thermodynamic MMP, although they are
likely sufficient to ensure high displacement efficiency. The ther-
modynamic MMP is a minimum displacement pressure at which
complete miscibility between two phases is developed along the
composition path from the injection to the initial composition for
a 1D isothermal oil displacement in the absence of dispersion
(Johns 1992). Several different correlations were proposed on the
basis of measured MMPs for CO, floods. However, they can be in
large error (Stalkup 1978; Holm and Josendal 1980) because oil-
displacement mechanisms cannot be reflected properly in such
correlations.

Okuno et al. (2011) presented a detailed study of three-phase
behavior predictions and displacement efficiency for low-temper-
ature CO, floods with the UTCOMP simulator. They used four
components to conduct a systematic investigation of oil-displace-
ment mechanisms involving three phases bounded by the UCEP
and LCEP tie lines. Results showed that the high efficiency of
low-temperature oil displacements by CO, occurs when the com-
position path traverses near the UCEP and LCEP tie lines. Oil
components are efficiently extracted by the L, phase because of
near-LCEP behavior at the leading edge of three phases. Near-
UCEP behavior at the trailing edge of three phases then allows
the L, phase to efficiently merge into the V phase. Thus, the L,
phase serves as a buffer between the immiscible V and L, phases
within the three-phase region. They also confirmed this displace-
ment mechanism for multicomponent systems on the basis of
west-Texas oils.

Although nearly piston-like displacements were simulated
with three phases bounded by the CEP tie lines, it was uncertain
how MCM can be developed through the CEP behavior. They
used the distance between the L; and L, phase compositions

dri-12 =|| X1 — x5 ||2 as a proximity measure for the LCEP tie
line, where x; is the composition vector of equilibrium phase j.
Similarly, di, —v =|| x,, — Xy ||» was used as a proximity mea-

sure for the UCEP tie line. Although d;>, monotonically
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decreased as oil recovery at 2.0 hydrocarbon-pore-volumes
injected (HCPVI) became higher, d;,.;, did not exhibit the same
trend. Even though 500 gridblocks were used in most of their 1D
simulations with an implicit-pressure explicit-concentration simu-
lator, numerical dispersion effects were significant near the lead-
ing edge of three phases because the CO, concentration increased
from the initial value of 3.37% to more than 90% there (e.g., Figs.
6 and 7 of Okuno et al. 2011). This likely explains the nonmono-
tonic trend of d;;;, with respect to displacement efficiency in
their research.

The development of miscibility in gas floods is best analyzed
by the method of characteristics (MOC) applied to 1D isothermal
compositional flow in porous media in the absence of dispersion
(e.g., Orr 2007; Johns 1992; Dindoruk 1992; LaForce 2005).
Theory has been well established for gas floods involving simple
two-phase equilibrium (Orr 2007). An MCM composition path
goes through a two-phase critical point, and is interpreted as the
limit of two-phase displacements.

This thermodynamic condition for MCM is commonly used in
efficient MMP calculation algorithms (e.g., Johns and Orr 1996;
Wang and Orr 1997; Jessen et al. 1998; Ahmadi 2011; Ahmadi
and Johns 2011). In general, there are two main steps in these
algorithms—The first step is to locate key tie lines, and the second
step is to find the minimal pressure at which any one of the key tie
lines becomes zero length. This procedure follows the theoretical
fact that MCM is developed at the limit of a two-phase flow.

However, the mechanism for MCM development is unknown
for a three-hydrocarbon-phase displacement. A method for finding
key tie lines and tie triangles also would be important. Because
many oil/solvent mixtures exhibit more than two hydrocarbon
phases at operating conditions, the understanding of MCM devel-
opment through three phases is of practical importance for the pe-
troleum industry.

Recent research on analytical solutions for three-phase dis-
placements has significantly improved our understanding of mis-
cibility development in three-phase flow (LaForce and Johns
2005; LaForce et al. 2008a,b; LaForce and Orr 2008, 2009;
LaForce 2012). They studied analytical composition paths and
miscibility development in water and gas injection with three and
four components. The four components used consisted of water,
CO,, and two hydrocarbon components. The quaternary cases
with miscible-gas/water injection presented a CEP in composition
space, at which the two hydrocarbon phases were critical in the
presence of the aqueous (W) phase (i.e., a CEP of type L, =V-W).
This is the only CEP in composition space in their research
because the W phase is immiscible with the hydrocarbon phases.
Their results indicated that MCM can be developed not only at
the two-phase critical point (L, = V), but also on the CEP tie line
(L;=V-W). In such a case, the initial oil in the L-W region was
completely displaced by CO,; in the V-W region through the CEP
tie line.

Okuno and Xu (2014) recently investigated mass conservation
on multiphase transitions between two and three phases in three-
hydrocarbon-phase displacements (Fig. B-1). Simple conditions
were derived for multiphase transitions that yield efficient oil dis-
placement by three hydrocarbon phases. Unlike the phase-compo-
sition distances such as d;;;» and d;,.;, mentioned above, the
efficiency conditions in Okuno and Xu (2014) explicitly consider
interphase mass-transfer mechanisms for efficient oil recovery
with three hydrocarbon phases. These conditions were successfully
used to explain a nonmonotonic trend of oil recovery with respect
to gas enrichment, which can occur in heavy-oil displacement by
solvent (e.g., DeRuiter et al. 1994; Mohanty et al. 1995). Results in
their research indicate that mass transfer on multiphase transitions
controls oil displacement by three hydrocarbon phases. However,
near-miscible displacements were not investigated in detail.

The term “mass transfer” in this paper is used to indicate the
interphase mass transfer caused by components’ redistribution
among equilibrium phases on phase transitions during oil-dis-
placement processes. It is not the mass transfer that occurs within
individual phases caused by molecular diffusion.
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TABLE 1—EOS PARAMETERS FOR THE SCHRADER BLUFF OIL (GULER ET AL. 2001)
Qil Gas Molecular Tc Pc Ve Acentric
Components (Mole %) (Mole %) Weight (°R) (psia) (ft3/Ib-mol) Factor
CO, 0.05 81.5 44.01 547.6 1,071.6 0.416 0.2250
C4 27.22 0.01 16.04 343.0 667.8 1.602 0.0130
C, 0.41 0.01 30.07 549.8 707.8 2.451 0.0986
Cs 1.05 0.43 44.10 665.7 616.3 3.300 0.1524
Cs 2.12 7.98 58.12 765.3 550.7 4.088 0.2010
Cs 2.00 5.22 72.15 845.4 488.6 4.946 0.2539
Ce 2.26 2.66 84.00 923.0 483.8 5.294 0.2583
Crg 9.87 2.19 145.16 1040.3 4154 8.553 0.3165
Cio-13 10.05 0.00 223.26 1199.6 255.4 13.110 0.4255
Cis-19 14.51 0.00 353.51 1346.6 203.9 23.070 0.5768
Coo_35 16.42 0.00 554.55 1532.7 158.0 33.253 0.7659
Css. 14.04 0.00 1052.00 1967.3 94.8 83.571 1.1313

In this research, mass transfer on multiphase transitions in
low-temperature CO, floods is studied. We first investigate possi-
ble MCM development through three hydrocarbon phases on the
basis of recent analytical results of LaForce et al. (2008a,b;
LaForce and Orr 2008, 2009; LaForce 2012). Four components
are used so that CEP tie lines can exist in composition space.
Mass conservation on multiphase transition is then analyzed when
MCM is developed at the limit of three-hydrocarbon phase dis-
placements, in which the main novelty of this research lies. This
analysis yields simple analytical conditions for MCM develop-
ment through three hydrocarbon phases, which can be used in the
presence of numerical dispersion. It is also explained how three-
phase flow changes to two-phase flow on the basis of mass trans-
fer on multiphase transitions. Finally, simulation case studies are
conducted for CO, injection for the Bob Slaughter Block oil and
the Schrader Bluff (SB) oil. These case studies show the validity
of research results in multicomponent oil displacements.

Near Miscibility in Low-Temperature CO,
Flooding Simulation

In this section, we discuss the development of MCM through
three phases. First, analytical research results of LaForce et al.
(LaForce et al. 2008a,b; LaForce and Orr 2008, 2009; LaForce
2012) are summarized and interpreted in terms of MCM develop-
ment. Numerical simulations are then conducted for quaternary
oil displacements by CO,, which exhibit nearly piston-like oil dis-
placement with three hydrocarbon phases. The quaternary oil
used is based on an Alaskan heavy oil (Tables 1 and 2), and
referred to as the HQ (or quaternary heavy) oil. Rigorous confir-
mation of MCM development, however, requires the analytical
solution of a three-hydrocarbon-phase flow with the MOC, which

was not presented in the literature and is not the objective of this
research.

LaForce et al. (LaForce and Orr 2008, 2009; LaForce 2012)
studied miscibility development in 1D water and gas injection
with the MOC. Three phases, L;, V, and W, were characterized
with four components consisting of the water, CO,, and two
hydrocarbon components. The PR EOS was used for the L; and V
phases, and Henry’s law was used to model the solubilities of
CO; and hydrocarbon components in the W phase. The water
component did not partition into either hydrocarbon phase, which
is a reasonable assumption at low reservoir temperatures.

An L;-V two-phase envelope showed the critical point
(L;=V) on the water-free ternary subsystem (i.e., CO,-CH4-Cyg
and CO,-C5-Cy for their condensing and vaporizing drive sys-
tems, respectively). This critical phase formed a CEP tie line with
the W phase: L; =V-W. The equilibrium W phase was very close
to the CO,-water edge of the quaternary system because the solu-
bilities of hydrocarbon components in the W phase were
extremely small. Thus, a large three-phase region was present in
quaternary composition space, consisting of the L; and V phases
on the water-free ternary subsystem and the W phase very close to
the CO,-water edge.

Water/CO, mixtures were the injection compositions used.
Most of the cases used single-phase oils consisting of the two
hydrocarbon components, but L,-W two-phase mixtures were also
considered as initial compositions for a few tertiary gasflooding
cases. Thus, the injection compositions were always V-W two
phases, and the initial compositions were either single- or two-
phase mixtures on the other side of the large three-phase region in
composition space.

For single-phase initial compositions, MCM was developed at
the L, =V critical point (i.e., the hydrocarbon edge of the CEP tie

TABLE 2—BINARY INTERACTION PARAMETERS FOR THE SCHRADER BLUFF OIL (GULER ET AL. 2001)
Components CO, Cq C, Cs Cs Cs Cs Croo Cio-13 Cis-190 Ca0-35 Cse+
CO, 0.0000
Cq 0.0716  0.0000
C, 0.0940 0.0052 0.0000
Cs 0.0976 0.0168 0.0039 0.0000
Cy 0.0940 0.0367 0.0123 0.0000 0.0000
Cs 0.0903 0.0442 0.0232 0.0000 0.0000 0.0000
Ce 0.0745 0.0000 0.0307 0.0106 0.0003 0.0000 0.0000
C7 o 0.0919 0.0000 0.0503 0.0221 0.0008 0.0004 0.0000 0.0000
Cio-13 0.0986 0.0000 0.0050 0.0026 0.0021 0.0012 0.0000 0.0000 0.0000
Ci4-19 0.1164 0.1694 0.0451 0.0295 0.0101 0.0100 0.0000 0.0000 0.0000 0.0000
Coo_35 0.1164 0.1784 0.0655 0.0557 0.0209 0.0192 0.0000 0.0000 0.0000 0.0000 0.0000
Cse+ 0.1635 0.1822 0.1336 0.1246 0.0538 0.0495 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
December 2014 SPE Journal 1007

120z 1snbny G| uo Jasn unsny Jy sexa Jo Ausienlun ey Aq | pd-ed-Gy£991-0ds/6690012/5001/90/6 L /4pd-ajonie/rs/Bio-onedauo)/:dpy wouy papeojumod



TABLE 3—EOS PARAMETERS FOR THE HQ OIL
Qil Gas Molecular Tc Pc Acentric Ve
(Mole %) (Mole %) Weight (°R) (psia) Factor (ft*/Ib-mol)
PC1 28.00 20 16.040 343.08 667.18 0.0080 1.5900
PC2 6.60 80 43.470 628.41 704.10 0.1583 2.9570
PC3 55.30 0 211.60 1496.2 351.54 0.4810 9.0100
PC4 10.10 0 800.30 1747.4 121.01 1.1313 86.940

line) if the water concentration in the injectant was less than a
critical value. Otherwise, a water bank was formed at the dis-
placement front that prevented CO, from contacting oil effec-
tively, which resulted in the L;-V-W three-phase flow. The MCM
cases exhibited no three-phase flow because the V-W two-phase
flow occurred upstream of the miscible front.

For the tertiary flooding cases, MCM was developed on the
CEP tie line, at which the phase transition occurred between the
L-W two phases and the V-W two phases. Thus, the two-phase
flow consisted of the L;-W flow downstream and the V-W flow
upstream of the miscible front.

An important point from their research results is that MCM
can be developed through three-phase flow as long as the L,
phase is displaced by a non-L; phase that can be critical after
multiple contacts. For example, the W phase, which is always im-
miscible with the L, phase, was coinjected with the V phase in
the water and gas injection. However, the development of misci-
bility on a CEP was still possible after multiple contacts of the V
phase with the L, phase. Then, the phase transition between L;-W
and V-W occurred on the CEP tie line, at which the non-W phase
switched its identity from L; to V. No three-phase equilibrium
happened along the MCM composition path in the absence of
dispersion.

The MCM composition paths through a CEP tie line in
LaForce and Orr (2008) presented direct shocks from the initial
compositions onto the CEP tie line in the vaporizing-drive cases.
This indicates that the initial composition must be on or outside of
the critical tie-triangle extension plane for a vaporizing drive to
develop MCM. The critical tie-triangle extension plane is a plane
in composition space that is defined by three equilibrium phases,
two of which are critical in the presence of the other immiscible
phase. This reduces to the traditional condition for a ternary
vaporizing drive with two phases that the initial composition must
be on or outside of the critical tie-line extension for miscible flow
(Johns 1992). The above-mentioned condition extended for three
phases is necessary, but may not be sufficient for MCM develop-
ment through three phases. The effect of a high-mobility W phase
at the initial condition is unknown on such MCM development
(LaForce and Orr 2008).

Three-phase behavior in low-temperature CO, floods is more
involved. The L, phase can be miscible with the L; phase at the
LCEP tie line and with the V phase at the UCEP tie line, as shown
in Appendix A. That is, it must be the L, phase that develops
MCM with the L; phase in a three-hydrocarbon-phase flow con-
sidered in this research. A comparison with the results of LaForce
et al. indicates that the two-phase transition between L-V and L,-
V should occur on the LCEP along an MCM composition path as
long as the V phase does not prevent the L, phase from developing

TABLE 4—BINARY INTERACTION PARAMETERS FOR
THE HQ OIL
Components PC1 PC2 PC3 PC4
PC1 0
PC2 0.1000 0
PC3 0.0100 0.0050 0
PC4 0.1700 0.1400 0 0
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miscibility with the L, phase. Unlike the W phase in the water/gas
coinjection in LaForce et al., however, the V phase also can be
beneficial for the three-hydrocarbon-phase flow to develop misci-
bility. For example, Okuno et al. (2011) showed that the conden-
sation of the intermediate components from the V phase to the L,
phase occurred in the two-phase region ahead of the three-phase
region. This condensation brought the L; phase closer to the L,
phase at the leading edge of the three-phase region.

We now explain the possibility that MCM is developed on an
LCEP tie line for low-temperature CO, floods with the HQ oil.
All flow simulations are performed with the UTCOMP simulator
(Chang et al. 1990) with the conventional single-point upstream
weighting scheme. The thermodynamic model used is the PR
EOS. Viscosities are calculated with the method of Lohrenz et al.
(1964), as implemented in UTCOMP.

It was challenging to create good simulation cases that satisfy
the following: (1) Three phases are present in quaternary compo-
sition space at a low reservoir temperature; (2) three illustrative
composition paths for fixed oil and gas compositions at three dif-
ferent pressures exhibit only LCEP, both LCEP and UCEP, and
only two phases, respectively; and (3) simulations do not fail until
at least 2.0 HCPVI. The search for the HQ quaternary fluid system
(Tables 3 and 4), which was eventually found to be appropriate,
began with the grouping of components in the 12-component SB
oil model presented in Guler et al. (2001) (Tables 1 and 2). The
reservoir temperature is 86°F for this oil. PC2 in the HQ system
(Tables 3 and 4) was created by applying the mole-based mixing
rule for a mixture of CO,, C;, C,, C3, nCy, nCs, and Cg. Similarly,
PC3 and PC4 were created on the basis of a mixture of C;_o,
Cio-13, and Cy4 19, and a mixture of C,o 35 and Czq,, respec-
tively. PC1 in the HQ system is pure methane. The critical proper-
ties of PC1 taken from the PVTSim software (Calsep 2011) are
only slightly different from those of C; in Guler et al. (2001)
likely because they used different data sources. The oil and gas
compositions and binary interaction parameters were adjusted fur-
ther to satisfy the three requirements previously mentioned.

The P-T diagram for the HQ oil is given in Fig. 1. The bubble-
point pressure is 1,694.63 psia at the reservoir temperature of
86°F. Three-phase equilibrium is observed at relatively low tem-
peratures for the initial oil composition. Fig. 1 also presents the P-
T envelope of the injection gas. The bubble- and dewpoints are
857.28 and 367.08 psia, respectively, at 86°F. The two-phase en-
velope of the injection gas exists near the vapor-pressure curve of
pure CO,.

Fig. 2 gives the P-x diagram for mixtures of the HQ oil and
injection gas at 86°F. A four-hydrocarbon-phase region is ob-
served at solvent mole fractions between 0.68 and 0.91 and pres-
sures between 972 and 1,321 psia. They are the V, Ly, L,, and a
fourth hydrocarbon (L3) phase. The L3 phase is denser than the L,
phase, and its viscosity is calculated to be approximately 10,000
cp at 1,000 psia and 86°F. The L3 phase is not considered in all
flow simulations in this research. In the P-x diagram, a wide
three-hydrocarbon-phase region is present for the gas-mixing
ratios higher than 20% within a reservoir-pressure range. Wide
three-hydrocarbon-phase regions in P-x space were reported for
Alaskan North Slope heavy oils and solvents in Okuyiga (1992),
Godbole et al. (1995), McKean et al. (1999), Guler et al. (2001),
and Wang et al. (2003). Because of the substantial upscaling per-
formed in composition space for the HQ system, the three-hydro-
carbon-phase region is calculated to be even wider than those

December 2014 SPE Journal

120z 1snbny G| uo Jasn unsny Jy sexa Jo Ausienlun ey Aq | pd-ed-Gy£991-0ds/6690012/5001/90/6 L /4pd-ajonie/rs/Bio-onedauo)/:dpy wouy papeojumod



3000

2500
@ 2000 -
(2
o
g
3 1500 —Phase envelope for initial oil
[%2]
r?_ --L4-Ly-V

1000 E -
TE e Phase envelope for injection gas

500 # o Critical point

---Vapor pressure curve of CO,
O ' 1 1
0 500 1000
Temperature, °F

1500

Fig. 1—The pressure-temperature (P-T) diagrams for the quater-
nary heavy (HQ) oil and injection gas given in Tables 3 and 4.
The Peng-Robinson (PR) equation of state (EOS) is used. The
saturation pressure of the oil is 1,694.63 psia at 86°F. Three-
phase equilibrium is calculated at relatively low temperatures
for the oleic (L), gaseous (V), and solvent-rich liquid (L)
phases. The bubble- and dewpoints of the injection gas at 86°F
are 857.28 psia and 367.08 psia, respectively.
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Fig. 2—Pressure-composition (P-x) diagram for mixtures of the
HQ oil and injection gas given in Tables 3 and 4 at 86°F. A wide
three-hydrocarbon-phase region is present for the gas-mixing
ratios higher than 20% within a reservoir pressure range. The
four-hydrocarbon-phase region consists of the V] L, L, and a
fourth hydrocarbon (L;) phases.

TABLE 5—RESERVOIR PROPERTIES FOR SIMULATIONS OF 1D OIL DISPLACEMENTS?
Relative Permeability Corey Model

Dimensions 10x1x10ft w L, 1% L,
Number of gridblocks 1% 1,000 x 1 Residual saturation 0.40 0.20 0.05 0.05
Porosity 0.2 Endpoint relative permeability 0.35 0.50 0.65 0.65
Permeability 1,000 md Exponent 3.0 3.0 3.0 3.0
Initial saturation 0.4 0.6 0.0 0.0

@W: Aqueous phase, L,: oleic phase, V: Gaseous phase, L,: Solvent-rich liquid phase.

from experimental data and models with a larger number of
components.

The injection gas is a binary mixture of PC1 and PC2, as given
in Table 3. Its phase boundaries at 86°F can be found in Fig. 1.
The mixing of a small amount of the oil with the injection gas at
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Recovery at 2.0 HCPVI

0,58 Three-Phase Displacements! Two-Phase Displacements

0.86 '

500 1000 1500 2000
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2500 3000

Fig. 3—HQ oil recoveries at 2.0 hydrocarbon-pore volume-
injected (HCPVI) at 700, 1,000, 1,500, 1,700, 1,760, 2,000, and
2,500 psia. Reservoir and fluid properties are given in Tables 3
through 5. Three phases are observed for displacements at
pressures up to 1,760 psia. The displacement at 1,000 psia
yields 99.11% oil recovery at 2.0 HCPVI.
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the temperature can exhibit the L-L,, L,-L,-V or L,-V equilibria,
depending on pressures, as shown in Fig. 2. This also is shown
later in quaternary diagrams at 1,000, 1,500, and 2,500 psia.

Table 5 shows the reservoir properties used in the flow simula-
tions in this research. The relative permeabilities are based on the
Corey model. The number of gridblocks is 1,000 in the displace-
ment direction, and a uniform gridblock size of 1 ft is used. The
initial water saturation is at the residual saturation of 0.4; water
does not flow in all simulations in this study. Gas injection is con-
tinued until the trailing edge of the three-hydrocarbon-phase
region reaches the outlet when three phases are present.

The HQ oil displacements are performed at 700, 1,000, 1,500,
1,700, 1,760, 2,000, and 2,500 psia. Fig. 3 shows the oil recov-
eries at different pressures at 2.0 HCPVI. Oil recoveries at 1.5
HCPVI were also calculated, but nearly overlapped the values at
2.0 HCPVI in this case. Because of the volume-charging effect
discussed in the Introduction section, all oil recoveries in this
research are calculated at 2.0 HCPVI. This also keeps the consis-
tency with oil-recovery calculation results presented in Okuno
etal. (2011).

Three phases are observed for displacements at pressures up to
1,760 psia. At 700 psia, however, the oil recovery is low because
propagation of the three-phase region is extremely slow. No
three-phase equilibrium occurs in the displacements at 2,000 and
2,500 psia. Nearly perfect oil displacement is achieved at 1,000
psia, for which the oil recovery at 2.0 HCPVI is 99.11%.
Although a small reduction of the recovery is observed for higher
pressures as a result of numerical dispersion, their displacement
efficiencies are still higher than 97% at 2.0 HCPVI. The main
question to be addressed here is whether MCM is developed in
these displacements.
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Fig. 4——Phase behavior along the composition path of the HQ oil displacement at 1,000 psia and 86°F. Phase behavior in the four

ternary subsystems is presented in the top portion.

Fig. 4 presents phase behavior along the composition path in
the quaternary diagram at 1,000 psia. Phase behavior in the four
ternary subsystems is also given in the top portion of Fig. 4. The
initial composition is in the L,-V two-phase region because the
saturation pressure is higher than 1,000 psia. Fig. 4 shows that the
injection composition (20% PC1 and 80% PC2) forms the L,
phase. This L, phase is an edge of an L,-L, tie line in the quater-
nary diagram, as also confirmed in Fig. 2, in which the injection
gas mixed with a small amount of the HQ oil forms the L;-L, two
phases at 1,000 psia.

Although three phases are observed along the composition
path in the presence of numerical dispersion, the L; phase is
essentially nonexistent upstream of the displacement front, as
shown in Fig. 5. The leading edge of three phases is near the
LCEP tie line, exhibiting an elongated tie triangle in Fig. 4. The
LCEP is as follows: L; =L, at (0.1675, 0.2641, 0.5009, 0.0675)

1010

and V at (0.7784, 0.2216, 0.0000, 0.0000) in composition space.
An approximate critical tie-triangle extension meets the PC1-
PC2, PC2-PC3, PC3-PC4, and PC4-PC1 edges of the quaternary
diagram at (0.7601, 0.2399, 0.000, 0.000), (0.000, 0.3422, 0.6578,
0.000), (0.000, 0.000, 0.3171, 0.6829), and (0.4335, 0.000, 0.000,
0.5665), respectively. This confirms that the initial composition is
outside the critical tie-triangle extension, and it is possible to have
a direct shock from the initial composition to the LCEP tie line.
MCM can be developed on the LCEP tie line, as in the analytical
solutions for the water and gas injection in LaForce and Orr
(2008).

Fig. 6 shows the concentrations of the four components at
1,000 psia at 0.6 HCPVI. The concentration of PC4 decreases to
be essentially zero at the three-phase leading edge; it is approxi-
mately 0.0025 from the dimensionless distance between 0.2 and
0.4 in Fig. 6. The PC4-free subsystem in Fig. 4 (top-left) shows
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Fig. 5—Phase mole fractions for the HQ oil displacement at
1,000 psia and 86°F at 0.6 HCPVI. The L, phase is essentially
nonexistent upstream of the displacement front.

the projection of the composition path upstream of the three-phase
leading edge as the dashed bold line. The intersection of the criti-
cal tie-triangle extension with this ternary subsystem is also
shown as the dotted line. The equilibrium liquid phase in the two-
phase region in this ternary subsystem is the L, phase above the
critical tie-triangle extension. The equilibrium liquid phase below
the critical tie-triangle extension is identified as the L; phase, con-
sidering that the PC1-PC3 binary subsystem shows the L;-V two
phases. That is, the L; phase is nonexistent upstream of the three-
phase leading edge if the negligible amount of PC4 is not consid-
ered. The phase behavior in the PC4-free subsystem reconfirms
that the L, phase is completely displaced by the L, phase on the
LCEP for the limiting three-phase flow.

The HQ oil displacement at 1,500 psia yields 97.55% oil re-
covery at 2.0 HCPVI, as shown in Fig. 3. The three-phase region
is detached from the PC3-free ternary subsystem, as shown in
Fig. 7. The PC4-free ternary subsystem now has the L,-V critical
point, which is at equilibrium with the L; phase, forming the
UCEP tie line in composition space. The initial composition is
still in the L;-V two-phase region. The phase mole fractions pre-
sented in Fig. 8 show the formation of a gas bank ahead of the dis-
placement front, which also can be seen in the composition path
in Fig. 7.

The leading and trailing edges of the three-phase region show
that the composition path is close to the LCEP and UCEP tie
lines. The LCEP tie line is calculated as follows: L; =L, at
(0.2389, 0.2096, 0.4775, 0.0740) and V at (0.8349, 0.1651,
0.0000, 0.0000) in composition space. An approximate critical
tie-triangle extension meets the PC1-PC2, PC2-PC3, PC3-PC4,
and PC4-PC1 edges of the quaternary diagram at (0.8349, 0.1651,
0.000, 0.000), (0.000, 0.3044, 0.6956, 0.000), (0.000, 0.000,
0.5899, 0.4101), and (0.7610, 0.000, 0.000, 0.2390), respectively.
The initial composition is confirmed to be outside of the critical
tie-triangle extension. Fig. 8 shows that the L, phase is essentially
nonexistent upstream of the LCEP tie line, which is in line with
Fig. 9, showing a negligible concentration of PC4 there at 1,500
psia at 0.6 HCPVIL.

If the L, phase is completely displaced on the LCEP tie line
for the limiting three-phase flow, the composition path upstream
of the miscible front is on the PC4-free ternary subsystem. Fig. 7
(top-left) shows the projection of the composition path upstream
of the LCEP tie line on the PC4-free ternary diagram as the
dashed bold curve. The projected composition path traverses
almost through the L,-V critical point at (0.2338, 0.6904, 0.0757,
0.000). There is no multiphase region between the injection com-
position and the L,-V critical point, as shown in Fig. 7 (top-left).
Therefore, it is possible that single-phase flow occurs upstream of
the miscible front on the LCEP tie line in the absence of numeri-
cal dispersion.
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Fig. 6—Concentrations of the four components for the HQ oil
displacement at 1,000 psia and 86°F at 0.6 HCPVI. The concen-
tration of PC4 decreases to be essentially zero at the three-
phase leading edge.

The HQ oil displacement at 2,500 psia results in 97.22% oil re-
covery at 2.0 HCPVI, as shown in Fig. 3. Fig. 10 shows the com-
position path and two-phase behavior along the path. The initial
composition is now a single-phase L; mixture. This is a typical
vaporizing drive with converging K values in the displacement
direction. A critical point for the L;-L, two phases is at (0.3383,
0.3730, 0.2839, 0.0048) on the basis of the shortest tie line along
the composition path. There is no multiphase region between this
critical point and the initial composition. MCM is developed at
the critical point as the limiting two-phase flow in the absence of
numerical dispersion. Figs. 11 and 12 show the phase mole frac-
tions and components’ concentrations at 2,500 psia at 0.6 HCPVL
Because of numerical dispersion, a small amount of the L; phase
still exists, and the displacement of PC3 and PC4 is incomplete.

The results discussed previously indicate that MCM is likely
developed in the HQ displacements at pressures more than 1,000
psia in the absence of dispersion. The effect of numerical disper-
sion seems to be less significant for the displacement at 1,000 psia
than those at 1,500 and 2,500 psia. The effect of numerical disper-
sion on displacement efficiency, however, is not fully understood
for three phases in the literature (LaForce and Orr 2009).

The gas bank ahead of three phases at 1,500 psia seems to
accelerate the recoveries of PC3 and PC4 at early times (in
HCPVI) in comparison with those in the displacement at 1,000
psia. For example, the PC3 recovery at 0.5 HCPVI is 48.32% at
1,000 psia and 50.70% at 1,500 psia. The PC4 recovery at 0.5
HCPVI is 48.35% at 1,000 psia and 50.95% at 1,500 psia. How-
ever, the comparison is not entirely clear because the two cases
have different levels of numerical dispersion at different
pressures.

The effect of the initial V phase saturation was studied on oil
recovery with MCM developed through the conventional two-
phase flow in LaForce and Johns (2010). They demonstrated that
the initial V phase saturation delays oil recovery before the break-
through of the miscible front, but does not affect development of
MCM. Here, we show the effect of the initial V phase saturation
on the HQ oil displacement at 1,000 psia. Fig. 13 shows the com-
position paths for three different Initial Compositions A, B, and
C, which are on the same tie line. Case A is the original case,
shown in Fig. 4. Initial Compositions B and C are at (0.4460,
0.0635, 0.4148, 0.0757) and (0.6121, 0.0609, 0.2765, 0.0505),
respectively. The three initial compositions are outside the critical
tie-triangle extension, which is shown as a quadrilateral in Fig.
13.

Cases B and C form an oil bank resulting from the initial high
mobility of the V phase. The three cases, however, give the same
composition path upstream of Composition A. Figs. 14-17 show
the profiles of components’ concentrations at 0.17 HCPVI for the
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Fig. 7—Phase behavior along the composition path of the HQ oil displacement at 1,500 psia and 86°F. Phase behavior in the four

ternary subsystems is presented in the top portion.

three cases. The formation of an oil bank can be seen in the pro-
files of PC3 and PC4 for Cases B and C. However, the profiles
upstream of the miscible front are unaffected. Figs. 18 and 19
present recoveries of PC3 and PC4, respectively. The PC4 recov-
ery is normalized with the ultimate recovery for each case. This is
because the PC4 recovery is less than 100% even at 2.0 HCPVI
because of numerical dispersion, which can be observed as the
small increase in the PC4 concentration near the inlet in Fig. 17.
The delayed recovery of PC3 and PC4 is a direct result of the ini-
tial V-phase saturation. However, the development of MCM on
the LCEP tie line is unaffected. These results are consistent with
the results in LaForce and Johns (2005) presented for MCM
through two-phase flow.

As previously shown, the interpretation of oil displacement by
three hydrocarbon phases is complex even for 1D flow with no
gravity (DeRuiter et al. 1994; Okuno and Xu 2014). When reser-
voir flow patterns of gas injection are concerned, one should take
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into account gravity segregation, front instability, and various
crossflow mechanisms. Chang et al. (1994) and Chang (1990) pre-
sented a systematic investigation of reservoir flow patterns in CO,
floods, such as viscous fingering, channeling, gravity override,
and dispersive flow. Multidimensional numerical simulations of
CO, floods were conducted with the UTCOMP simulator with a
wide range of endpoint mobility ratio, gravity number, effective
aspect ratio, longitudinal- and transverse-Peclet number, correla-
tion length, and Dykstra-Parsons coefficient. They showed that
viscous fingering was unlikely a dominant flow pattern for field-
scale CO, flooding under secondary conditions without the use of
water-alternating-gas injection, which would reduce the tendency
of fingering. They concluded that fingering should be taken into
account under typical laboratory conditions of low-effective-as-
pect ratio and low-permeability variation, but fingering would be
much less likely to be important under reservoir conditions of a
high-effective-aspect ratio. The dominant flow patterns were
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Fig. 8—Phase mole fractions for the HQ oil displacement at
1,500 psia and 86°F at 0.6 HCPVI. The L, phase is essentially
nonexistent upstream of the displacement front. A gas bank is
formed ahead of the displacement front, which also can be
seen in the composition path in Fig. 7.
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Fig. 10—Phase behavior along the composition path of the HQ
oil displacement at 2,500 psia and 86°F. This is a typical vapor-
izing drive with converging K values in the displacement direc-
tion. Multicontact miscibility (MCM) is developed at the critical
point as the limiting two-phase flow in the absence of numerical
dispersion.
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Fig. 12—Concentrations of the four components for the HQ oil
displacement at 2,500 psia and 86°F at 0.6 HCPVI.
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Fig. 9—Concentrations of the four components for the HQ oil
displacement at 1,500 psia and 86°F at 0.6 HCPVI. The concen-
tration of PC4 decreases to be essentially zero at the three-
phase leading edge.
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Fig. 11—Phase mole fractions for the HQ oil displacement at
2,500 psia and 86°F at 0.6 HCPVI.
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Fig. 13—Composition paths for three different Initial Composi-
tions A, B, and C, which are on the same tie line. Case A is the
original case shown in Fig. 4. Initial Compositions B and C are
(0.4460, 0.0635, 0.4148, 0.0757) and (0.6121, 0.0609, 0.2765,
0.0505), respectively. The three initial compositions are outside
the critical tie-triangle extension, which is shown as a dotted
quadrilateral.
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Fig. 14—Profiles of the PC1 concentrations at 0.17 HCPVI for
Cases A, B, and C given in Fig. 13. The profiles are shown with
the average velocity, the distance traveled divided by the hydro-
carbon pore volumes injected.
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Fig. 16—Profiles of the PC3 concentrations at 0.17 HCPVI for
Cases A, B, and C given in Fig. 13. The profiles are shown with
the average velocity, the distance traveled divided by the hydro-
carbon pore volumes injected.
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Fig. 18—PC3 recoveries for Cases A, B, and C given in Fig. 13.
The recovery is delayed for Cases B and C because of the for-
mation of the oil bank shown in Fig. 16.
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Fig. 15—Profiles of the PC2 concentrations at 0.17 HCPVI for
Cases A, B, and C given in Fig. 13. The profiles are shown with
the average velocity, the distance traveled divided by the hydro-
carbon pore volumes injected.

1.0

I ° o©
EN o o
: ‘ \

PC4 Concentration

o
)

© B A
S W T
L N A e S

0.0 1.0 2.0 3.0 4.0 5.0 6.0
Average Dimensionless Velocity

0.0

Fig. 17—Profiles of the PC4 concentrations at 0.17 HCPVI for
Cases A, B, and C given in Fig. 13. The profiles are shown with
the average velocity, the distance traveled divided by the hydro-
carbon pore volumes injected.
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Fig. 19—PC4 recoveries for Cases A, B, and C given in Fig. 13.
The PC4 recovery is normalized with the ultimate recovery for
each case. The recovery is delayed for Cases B and C because
of the formation of the oil bank shown in Fig. 17.
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Fig. 20—Schematic of phase transition in composition space at
the leading edge of the three-phase region. Black dots indicate
equilibrium-phase compositions. Superscripts D and U repre-
sent downstream and upstream, respectively. Redistribution of
components between two and three phases occurs through the
intersection composition. The composition of the P- pseudo
phase is defined where the line connecting the intersection and
the N phase composition meets (the extension of) the L,-N,
edge of the tie triangle.

channeling, gravity override, and dispersive flow for most of the
cases studied. The fluid model used was a ternary model of a Mal-
jamar separator oil given by Ogino (1988). Three hydrocarbon
phases were not predicted with this ternary fluid as presented in
Chang (1990). The investigation by Tchelepi and Orr (1994) also
suggested that channeling and gravity override would be domi-
nant flow patterns if the reservoir was highly heterogeneous with
large correlation lengths. To our knowledge, however, a similar
investigation of reservoir flow patterns with three hydrocarbon
phases is not yet presented in the literature.

Mass Transfer on Multiphase Transitions

Theory of gas injection is well-established to explain the interac-
tion of flow in porous media with conventional two-hydrocarbon-
phase behavior (Orr 2007). The interaction of flow with three
hydrocarbon phases, however, is not fully understood. The main
difference between two- and three-hydrocarbon-phase displace-
ments is that the latter involves multiphase transitions between
two and three phases (see Appendix B). Understanding of mass
transfer among three hydrocarbon phases is important for the
latter.

This section presents an analysis of mass conservation on mul-
tiphase transitions in three-hydrocarbon-phase displacements. The
main objective is to investigate interphase mass transfer on multi-
phase transitions at the limit of three-phase flow. Conditions are
derived for MCM development through three hydrocarbon phases.
Quaternary cases are used to explain further these conditions.

Mass-conservation equations for 1D dispersion-free composi-
tional flow are discretized in Appendix C for a multiphase transi-
tion between NY and N2 phases, where NY and N2 are the
numbers of phases on the upstream and downstream sides, respec-
tively. The resulting equation, Eq. C-6, is of the identical form
with the generalized jump conditions that can be used in the MOC
solution of multiphase flow (Okuno and Xu 2014). Appendix C
presents that this equation can be used to analyze interphase mass
transfer on multiphase transitions even in the presence of numeri-
cal dispersion.

Eq. C-6 states that a multiphase transition between NY¥ and NB
phases occurs through an intersection between the extensions of
the two tie 51mplexes defined by x, (j=1,2, ..., N¥) and xk
(k=1,2,...,NB), where Xj is the composition of equlllbrlum phase
j. For a phase transition between one and two phases, this state-
ment reduces to the well-known result of Helfferich (1981) that a
shock between one and two phases must occur on the tie-line
extension. A phase transition between two and three phases
occurs through an intersection between the tie-line extension and
the tie-triangle extension plane.

Figs. 20 and 21 show schematics for such phase transitions
with the phase labeling in Fig. B-1. A pseudo phase P" is defined
in which the line connecting the intersection and the NY phase
composition meets (the extension of) the L;-N, edge of the tie tri-
angle. Redistribution of components from two to three phases can
be considered to occur in three steps: (i) The L, and N, phases on
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Fig. 21—Schematic of phase transition in composition space at
the trailing edge of the three-phase region. Black dots indicate
equilibrium phase compositions. Superscripts D and U repre-
sent downstream and upstream, respectively. Redistribution of
components between two and three phases occurs through the
intersection composition. The composition of the P” pseudo
phase is defined where the line connecting the intersection and
the N phase composition meets the extension of the Nj-N,
edge of the tie triangle. Two cases are possible, depending on
the N phase that disappears at the trailing edge.

the downstream tie line form the intersection composition; (ii)
the intersection composition forms two phases, the P~ and N,
phases, on the upstream tie triangle; and (iii) the P* phase splits
into the L, and N, phases on the tie triangle. A pseudo phase P is
defined in which the line connecting the intersection and the LY
phase composition meets the extension of the N;-N, edge of the tie
triangle. The redistribution of components from three to two phases
occurs in the following three steps: (i) The Ny and N, phases form
the P” phase on the tie triangle extension downstream, (ii) the P”
and L phases form the intersection composition, and (iii) the inter-
section composition forms the L; and N3 phases on the tie line
upstream. Fig. 21 shows two cases—one in which the N, phase dis-
appears, and the other in which the N, phase disappears.

Efficient oil displacement by three hydrocarbon phases is pos-
sible when multiphase transitions at the leading and trailing edges
of the three-phase region occur in the way described in Okuno
et al. (2011). Thus, at the leading edge of the three-phase region,
the L? phase should split into the LY and NY phases without affect-
ing the N; phase. Also, at the trailing edge of the three-phase
region, the N{ and N¥ phases should merge into the N5 phase with-
out affecting the L, phase. Mathematical expressions for these
ideal phase transitions are 6 =0 for the leading edge and 6" =0
for the trailing edge of the three-phase region, where

= ||FN1 XN] Fl?/, )_(?V.HZ

= ||FL| XL, - l—‘ZL).)‘LIHZ

These distance parameters were derived and used to quantify the
efficiency of heavy-oil displacements by three hydrocarbon
phases in Okuno and Xu (2014).

In this paper, we consider further the necessary and sufficient
conditions for the ideal multiphase transitions. Thus, ox“=
OT* =0 are the necessary and sufficient conditions for 6 to be
zero, where

e o (3)

and
STH = Ty =Tl e (4)
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Fig. 22—Distance parameters for the leading edge for the HQ
oil displacements at 86°F. Reservoir and fluid properties are
given in Tables 3, 4, and 5.

These conditions are simultaneously satisfied when the N,-P*
pseudo tie line coincides with the N,-L; tie line (see Fig. 20). For
this ideal case, the phase transition would occur either on the N;-
L, edge of the tie triangle or on the LCEP tie line.

Similarly, 6)_(T: SI'" =0 are the necessary and sufficient con-
ditions for " to be zero, where

ox' = xf,

—x M (5)
and
or’ =ry —17|.

This ideal phase transition would occur either on the L,-N; edge
of the tie triangle or on the UCEP tie line, at which the L,-PT
pseudo tie line coincides with the L;-Nj tie line (see Fig. 21).

Analytical solutions of 1D dispersion-free compositional flow
show that a composition shock is generally required on a phase
transition (Orr 2007; LaForce et al. 2008b; LaForce and Orr
2008). LaForce and Orr (2009), however, presented analytical sol-
utions for oil displacements that cross the boundary between two
and three phases without a shock on the basis of the Corey relative
permeabilities. The distance () parameter will be zero for this
type of continuous phase transition because it occurs on a tie-tri-
angle edge.

The previous section presented that three-hydrocarbon-phase
flow can develop MCM on the LCEP tie line, in which the non-V
phase switches its identity from L, to L, with no three-phase equi-
librium involved. When this occurs at the leading edge of three
phases, dy .7, &EL, OT®, and 6" are all zero. Then, the L; phase
must be nonexistent at the trailing edge of three phases for this lim-
iting case because the L, phase is completely displaced by the L,
phase on the LCEP tie line. Therefore, the ideal phase transition at
the trailing edge given in Egs. 5 and 6 must occur with the overall
composition on the N3 edge of the L,-Nj tie line (see Fig. 21).
Thus, at the limit of three-phase displacements, the interphase mass
transfer occurs in the ideal manner: 5= ¢” =0. This is analogous
to MCM development in the traditional two-phase displacements;
the single-phase flow changes its identities from L; to V at the dis-
placement front at the limit of two-phase displacements when any
one of the key tie lines becomes a critical tie line (Johns 1992).

The preceding discussion combines the new analysis of the
mass conservation on multiphase transition in this research with
recent analytical research on three-phase displacements by La-
Force and Orr (2008, 2009) and LaForce (2012). The main point
made here is that MCM development on the LCEP tie line for the
limiting three-phase displacement must satisfy the following con-
ditions: d; ;7 = 6xt= 6I'" =5 =0.0 at the leading edge of three
phases, and dx'= 6T7=0"=0.0 at the trailing edge of three
phases. Note that the criticality condition for UCEP (dy_;, =0) is
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Fig. 23—Distance parameters for the trailing edge for the HQ oil
displacements at 86°F. Reservoir and fluid properties are given
in Tables 3, 4, and 5.

not considered here because it is not directly related to miscibility
with the L, phase, although it likely affects flow.

The most fundamental condition d;;;»=0.0, however, was
unsuccessful in indicating MCM development because of a signif-
icant numerical dispersion at the leading edge of three phases in
Okuno et al. (2011), as described in the Introduction section. An
MCM composition path that otherwise would traverse along
phase boundaries (e.g., an edge of a CEP or a vertex of a tie trian-
gle) can go just inside a multiphase region in the presence of nu-
merical dispersion, resulting in positive values for the distance
parameters.

The distance parameters are calculated for the HQ oil displace-
ments. The distance parameters for the leading edge, d; .1, 6xF,
6FL, and 6L, are presented in Fig. 22 for two- and three-phase dis-
placements of the HQ oil. The compositions near the three-phase
leading edge are affected significantly by numerical dispersion
because components’ concentrations drastically change there, as
shown in Fig. 6. As expected, the d; ;> parameter is not a good
indicator for the development of MCM through three phases in
these simulations. The mass-transfer-related parameters, &x-,
OT*, and 6%, are nearly constant with pressure at the leading edge.
The positive values presented in Fig. 22 for dy 1, 6x*, 6T*, and
6" indicate imperfect oil displacement at the leading edge in the
presence of numerical dispersion.

The distance parameters for the trailing edge, 6x7, § T, and
67, are presented in Fig. 23. Mass transfer at the trailing edge
becomes more favorable as pressure decreases. At 1,000 psia, 6x”
and oI'" are 1.2 x 10~ and 1.0 x 107, respectively, resulting in
8" of 5.0 x 107 The mole fraction of the L, phase at the trailing
edge is 0.002 at this pressure (i.e., the L; phase is nearly nonexis-
tent). This indicates that 1,000 psia is close to the MMP for the
HQ oil displacement studied here. Fig. 3 shows the highest oil re-
covery of 99.11% at 1,000 psia at 2.0 HCPVI. Even though the
distance parameters at the trailing edge indicate that the MCM
conditions are nearly satisfied, three-phase flow occurs because of
numerical dispersion, especially near the displacement front.

Figs. 22 and 23 also show how the transition occurs between
two- and three-phase displacements. The increasing trend of 6"
with respect to pressure indicates that mass transfer at the trailing
edge becomes less favorable for oil recovery with increasing pres-
sure. During this pressure increase, the three-phase region gradually
shrinks until it disappears at approximately 1,760 psia in the simula-
tions. At pressures more than 1,760 psia, only two liquid phases
(i.e., L, and L,) are present in the displacements. The transition
from three- to two-phase displacement occurs as interphase mass
transfer at the trailing edge gradually deviates from the best possible
way; O =6 =0 (see Egs. 1 and 2). The d; 1, parameter gradually
decreases with increasing pressure. However, the d; | s, value is still
0.0919 at 2,500 psia. The MCM conditions for the leading edge
tend to be affected significantly by the numerical dispersion.
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TABLE 6—EOS PARAMETERS FOR THE BOB SLAUGHTER BLOCK OIL (KHAN ET AL. 1992)
BIC*
Oil Gas Molecular Tc Pc Ve Acentric
Components (Mole %) (Mole %) Weight (°R) (psia) (ft3/Ib-mol) Factor CO,
CO, 3.37 95.0 44.01 547.56 1,069.87 1.506 0.2250 0.000
Cq 8.61 5.0 16.04 288.00 667.20 1.586 0.0080 0.055
Cos 15.03 0.0 37.20 619.57 652.56 2.902 0.1305 0.055
Css 16.71 0.0 69.50 833.80 493.07 4.914 0.1404 0.055
C7_15 33.04 0.0 140.96 1090.35 315.44 9.000 0.6177 0.105
Ci6-27 16.11 0.0 280.99 1351.83 239.90 17.100 0.9566 0.105
Cos, 7.13 0.0 519.62 1694.46 238.12 32.500 1.2683 0.105
*BIC = binary interaction coefficients.

Results of the HQ-oil displacement simulations indicate that
the effect of dispersion on three-phase flow may be different from
that on two-phase flow. Johns et al. (2000) showed that gas
enrichment greater than the minimal miscibility enrichment can
enhance the local displacement efficiency in L-V two-phase flow
under dispersion. Fig. 3, however, presents that the displacement
efficiency of three-phase-flow decreases as the miscibility level is
increased above the MMP (approximately 1,000 psia). We have
explained that this decreasing trend of three-phase displacement
efficiency comes from the decreasing efficiency of the interphase
mass transfer on multiphase transitions. However, it is uncertain
how dispersion affects the interphase mass transfer on multiphase
transitions (i.e., the leading and trailing edges of three phases).
Further investigation of dispersion effects on three-phase flow is
necessary.

As discussed in the Introduction section, Okuno and Xu
(2014) presented quaternary oil displacements that exhibit a non-
monotonic trend of oil recovery at a throughput with respect to
gas enrichment and pressure. We have confirmed that the initial
oil composition existed inside the critical tie-triangle extension
planes at the pressures considered in their quaternary displace-
ments for a fixed injection gas and oil. Thus, these quaternary dis-
placements in Okuno and Xu (2014) could not have a direct shock
onto the LCEP from the initial oil composition, unlike the HQ
case presented previously. In both quaternary cases, however, the
6" parameter increased as pressure was increased above an opti-
mum, resulting in less-efficient three-phase displacement. The
increasing trend of 67 with pressure in the HQ case may be associ-
ated with the dispersion effects, as discussed in the previous para-
graph. In the quaternary displacements in Okuno and Xu (2014),
it also may be because the level of miscibility decreased as pres-
sure was increased above an optimum. This possibility was indi-
cated in our calculation result that the initial oil composition used

1.0
> 0.8 f
[9)
>
o
[$]
o)
o
© o6}
-+Recovery at 2.0 HCPVI
—Recovery at 1.0 HCPVI
0.4 ; y
1100 1300 1500 1700

Pressure, psia

Fig. 24—Oil recoveries for the Bob Slaughter Block oil displace-
ments at different pressures at 105°F. Reservoir and fluid prop-
erties are given in Tables 5 and 6, respectively.
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in Okuno and Xu (2014) became deeper inside the critical tie-tri-
angle extension plane as pressure was increased above the opti-
mum. To recap, the interphase mass transfer successfully
represented the three-phase displacement efficiency in both qua-
ternary cases, although various factors affected the local displace-
ment efficiency of three phases, such as the levels of dispersion
and miscibility.

Case Studies

In this section, the MCM conditions are applied to 1D CO, floods
for the Bob Slaughter Block and SB oils. The former is a west-
Texas oil, and the latter is an Alaskan heavy oil. The reservoir
properties commonly used are given in Table 5. The objective of
this section is to confirm the MCM conditions derived in the pre-
vious section in multicomponent oil displacements.

Bob Slaughter Block Oil Displacement. The Bob Slaughter
Block fluid model developed by Khan et al. (1992) is used, as pre-
sented in Table 6. The injection gas consists of 95% CO, and 5%
methane, as used in Okuno et al. (2011). The reservoir tempera-
ture is 105°F. Oil displacements are simulated at 1,150, 1,250,
1,350, 1,400, 1,500, 1.600, and 1,750 psia. Three phases are pres-
ent in all these displacements. Details of phase behavior for these
displacements are given in Okuno (2009) and Okuno et al. (2011),
and not duplicated here.

Oil recovery at a given throughput monotonically increases
with pressure, as presented in Fig. 24. The displacement at 1,750
psia achieves the efficiency of 97.22% at 2.0 HCPVI. Figs. 25
and 26 show the distance parameters calculated for the leading
and trailing edges of three phases, respectively. The parameters
for the leading edge are affected by numerical dispersion as men-
tioned in the previous section. The development of MCM through
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Fig. 25—Distance parameters for the leading edge for the Bob
Slaughter Block oil displacements at 105°F. Reservoir and fluid
properties are given in Tables 5 and 6, respectively.
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Fig. 26—Distance parameters for the trailing edge for the Bob
Slaughter Block oil displacements at 105°F. Reservoir and fluid
properties are given in Tables 5 and 6, respectively.

three phases is clear neither from the proximity measure for
LCEP (d; ;) nor from the mass transfer (67). The 847, 6I'7, and
0" parameters in Fig. 26 show that mass transfer at the trailing
edge becomes most favorable at 1,350 psia. At this pressure, 6x’
is 7.9 x 107, and 0T is 2.0 x 107, resulting in 6" of 1.5 x 107,
MCM development through three phases likely occurs near this
pressure on the basis of these simulations.

Fig. 26 also presents the transition from three- to two-phase
displacements as pressure increases. As mentioned previously,
interphase mass transfer is most favorable at 1,350 psia, and grad-
ually becomes unfavorable with increasing pressure. At pressures
greater than 1,350 psia, two-phase flow dominates the displace-
ment process over the three-phase flow. In this transition process,
the three-phase region shrinks and finally disappears. Three
phases are not present at 1,750 psia.

SB Oil Displacement. The EOS model developed by Guler et al.
(2001) is used, as shown in Tables 1 and 2. The injection gas con-
sists of 81.5% CO,, 0.43% C3, 7.98% n-Cy4, 5.22% n-Cs, 2.67% n-
Cs, and 2.20% C;_o. Fig. 27 shows the P-T diagram for the oil
and injection gas. The saturation pressure at the reservoir temper-
ature of 86°F is 1,292.7 psia. Fig. 28 gives the P-x diagram for
the oil and injection gas at 86°F, which presents a large three-
phase region for a wide pressure range.

Fig. 29 shows the oil recoveries at 600, 800, 1,000, 1,500,
1,800, 2,500, 3,500, and 4,000 psia. Three phases are present for
all the displacements except for those at pressures 3,500 and
4,000 psia. The propagation of three phases is extremely slow at
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Fig. 28—P-x diagram for the oil and injection gas at 86°F. The oil
and gas properties are presented in Tables 1 and 2.
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Fig. 27—P-T diagrams for the Schrader Bluff (SB) oil and the
injection gas on the basis of the PR EOS fluid model developed
by Guler et al. (2001). The parameters are given in Tables 1 and
2. The saturation pressure of the oil is 1292.7 psia at 86°F.

600 psia, resulting in an inefficient displacement of oil. The oil re-
covery at 2.0 HCPVI exhibits the maximum of 99.99% at 800
psia. As the pressure increases, the oil recovery first decreases to
96.40% at 2,500 psia, and then increases to 98.13% at 3,500 psia.
The displacements are controlled by L;-L, two-phase flow at
3,500 and 4,000 psia.

The distance parameters for the trailing edge, dx’, T, and
67, clearly show the possibility that MCM through three phases is
developed near 800 psia, as shown in Fig. 30. The L, phase mole
fraction at the trailing edge is 0.002 at 800 psia (i.e., the displace-
ment of the L, phase is nearly complete).

The distance parameters for the leading edge, d; |2, 6x*, ort,
and 6%, are presented in Fig. 31. The composition path traverses
closer to the LCEP tie line as pressure increases because the dj .
12> parameter monotonically decreases with increasing pressure.
However, the mass-transfer-related parameters §x*, 6T'", and oF
indicate that the multiphase transition becomes less favorable in
terms of oil recovery with increasing pressure. The transition
from three- to two-phase flow gradually occurs. This transition
from three- to two-phase flow likely explains the nonmonotonic
recovery at a given throughput presented in Fig. 29 because the
effects of dispersion are different for two- and three-phase flows.

We also applied the MCM conditions derived in this research
to other low-temperature CO, flooding simulations, such as the
BSB-Q, North Ward Estes, Oil G, and Monahans Clearfork dis-
placements (Khan et al. 1992; Lim et al. 1992; Okuno et al.
2011). The cases studied showed that the MCM conditions for the
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Fig. 29—Oil recoveries for the SB oil displacements at different
pressures at 86°F. Reservoir properties and fluid properties are
given in Tables 5, 1, and 2, respectively.
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Fig. 30—Distance parameters for the trailing edge for the SB oil
displacements at 86°F. Reservoir and fluid properties are given
in Tables 5, 1, and 2, respectively.

leading edge can be significantly affected by numerical disper-
sion. It was observed consistentl}y in these simulations that the
MCM conditions dx" =oI'"=¢" =0.0 at the trailing edge of
three phases are clearly correlated to the oil-displacement effi-
ciency by three hydrocarbon phases.

Conclusions

This paper presented a detailed analysis of mass conservation on
multiphase transitions in low-temperature CO, floods. The main
focus of the analysis was on interphase mass transfer when MCM
is developed for the limiting three-hydrocarbon-phase displace-
ment. Simple analytical conditions were derived for MCM
through three phases. Case studies were conducted to show appli-
cations of the derived MCM conditions to oil displacements with
four and more components. Conclusions are as follows:

e MCM in three-hydrocarbon-phase displacements can be devel-
oped on an LCEP tie line, in which the oleic (L) phase is com-
pletely displaced by the solvent-rich (L,) liquid phase in the
presence of the gaseous (V) phase. This MCM development can
be interpreted as the limiting three-phase flow on the boundary
between two- and three-phase flow, which is analogous to ana-
lytical solutions of water and gas injection presented in LaForce
and Orr (2008, 2009). Two non-L; phases are present upstream
of the miscible front, that is, L, and V in three-hydrocarbon-
phase flow in this research, and the aqueous (W) and V phases
in water and gas injection of LaForce and Orr (2008, 2009).
The L, and V phases also can be miscible at the UCEP, result-
ing in single-phase flow upstream of the miscible front.

e Simulations were conducted for different initial V-phase satura-
tions for MCM flow through three phases. The presence of the
initial V phase can delay the oil recovery before breakthrough
of the miscible front. This is consistent with results of LaForce
and Johns (2005), who studied the effect of initial gas saturation
on miscible flow developed through the conventional V-L two
phases. The initial V-phase saturation did not affect MCM de-
velopment on an LCEP in the cases studied.

e Interphase mass transfer was analyzed by considering mass
conservation for multiphase transitions between two and three
phases. We presented the necessary and sufficient conditions
for the best-possible multiphase transitions in terms of oil-dis-
placement efficiency (Egs. 1 through 6). These conditions must
be satisfied on MCM development through three hydrocarbon
phases. Simulation cases showed that they are nearly satisfied
when the effect of numerical dispersion is small. MCM is likely
developed through three hydrocarbon phases on the LCEP in
the cases studied.

e Three-phase flow gradually changes to two-phase flow with
varying thermodynamic conditions in the presence of disper-
sion. During the change, interphase mass transfer gradually
deviates from the best-possible way described with Egs. 1
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Fig. 31—Distance parameters for the leading edge for the SB oil
displacements at 86°F. Reservoir and fluid properties are given
in Tables 5, 1, and 2, respectively.

through 6. The three-phase region shrinks until it disappears,
resulting in a two-phase displacement.

e The interphase mass transfer successfully represented the three-
phase displacement efficiency in the cases studied in the current
paper and Okuno and Xu (2014). Various factors affected the
displacement efficiency of three phases, such as the levels of
dispersion and miscibility. Further investigation is necessary
into the dispersion effect on the interphase mass transfer on
multiphase transitions at the leading and trailing edges of three
phases.

Nomenclature

= volumetric fraction of component i in phase j
= vector consisting of ¢;; as defined in Eq. C-4

o
<

= overall volume fraction of component i
= distance between two equilibrium-phase
compositions x
f; = fractional flow of phase j
F; = overall fractional flow of component i
L, = oleic phase
L, = solvent-rich liquid phase
N¢ = number of components
N; (j =1, 2, or 3) = nonoleic phase (i.e., L, or V)
Np = number of phases
P = pressure or pseudo phase
P = critical pressure
§; = saturation of phase j
T = temperature
T¢ = critical temperature
tp = dimensionless time in pore volumes
V = gaseous phase
V¢ = critical volume
vp = dimensionless velocity of phase transition
defined in Eq. C-3
W = aqueous phase
X = composition
xp = dimensionless distance from the injector
X;; = mole fraction of component i in phase j
= vector consisting of x;;
= overall composition vector

200

Superscripts

D = downstream

L = leading edge of three phases
T = trailing edge of three phases
U = upstream

y = parameter defined in Eq. C-5
I' = parameter defined in Eq. C-6
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0 = distance defined in Egs. 1 and 2
A = dimensionless shock velocity
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Appendix A—Schematic of a Three-Phase Region

Bounded by CEP Tie Lines

A three-phase region has one degree of freedom at a given tempera-
ture and pressure for four components. Therefore, a three-phase
region is a volumetric region in a quaternary diagram. The three-

V phase

composition locus »
L, phase composition locus

;/Tie triangle\oear UCEP tie line

LCEP tie line (L, = L,-V)

UCEP ftie line (L;-L, = V)

L, phase composition locus

® Merging point of L, and V phase compositions

O Merging point of L, and L, phase compositions

Fig. A-1—Schematic of a three-phase region bounded by criti-
cal endpoint (CEP) tie lines for a quaternary system at a fixed
temperature and pressure.
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Fig. B-1—Schematics of phase behavior in two- and three-
phase displacements. The oleic phase is given as L;. A nono-
leic phase (N,) appears at the displacement front for two- and
three-phase displacements. For a three-phase displacement,
another nonoleic phase (N.) appears at the leading edge of the
three-phase region. One of the two nonoleic phases (N; and N,)
in the three-phase region disappears at the trailing edge of the
three-phase region. The nonoleic phase (N;) in the upstream
two-phase region is either N, or N, depending on the phase
behavior involved there.

phase region consists of an infinite number of tie triangles. A tie tri-
angle changes its shape and size within the three-phase region.
Two tie triangles are shown to illustrate tie triangles exhibiting
near-CEP behavior. A CEP is not a point in composition space, but
is a tie line in which two of the three phases are critical in the pres-
ence of the other noncritical phase. The UCEP typically occurs at
higher solvent concentrations than the LCEP, as observed for CO,-
n-alkane and n-alkane binaries. More details on three-hydrocar-
bon-phase behavior predictions are given in Okuno (2009).

Appendix B—Schematics of Phase Behavior in
Two- and Three-Phase Displacements

A two-phase displacement involves the L; phase and a non-oleic
(N) phase. Although the N| phase is often the V phase because of
a fast traveling methane bank, we do not specify its phase identity
in the schematic for generality. A phase transition between one
and two phases occurs at the displacement front, in which the N,
phase appears. Complete evaporation of the L, phase is invisible
in the schematic because the evaporation wave is normally much
slower than the displacement front, especially in the presence of
dispersion.

Phase behavior for three-phase displacement of oil is more
involved. Two nonoleic phases appear in sequence in the direction
from the producer to the injector. The nonoleic phase that appears
first at the displacement front is referred to as Ny. The N, phase
then appears at the leading edge of the three-phase region, which is
at equilibrium with the L; and N; phases in the three-phase region.
One of the two nonoleic phases disappears at the trailing edge of
the three-phase region. The nonoleic phase that coexists with the
L, phase in the upstream two-phase region is referred to as Ni,
which is either NV, or N,, depending on the phase transition there.

There are four patterns for phase transitions for the three-phase
displacement in Fig. B-1 because the N,-N; pair can be either V-V,
or V-L,, or L,-V, or L,-L, [i.e., the four patterns for (N, N, N3) are
as follows: (V, L,, V), (V, L,, L,), (L,, V, V), and (L,, V, L,)]. The
two phases at the displacement front are typically the V and L,
phases because of a fast-travelling methane bank. For the two
phases upstream of the three-phase region, however, both L;-V and
L1-L, are common, depending on phase behavior near the injection
gas composition at the operating temperature and pressure.
Although it is possible to have a direct transition between one
phase and three phases without involving two-phase equilibrium,
this type of phase transition is not considered in this research.

Appendix C—Mass Conservation on Multiphase
Transitions in Finite-Difference Simulation
Conservation of mass for a component in Np-phase flow through
porous media is considered with the following assumptions:

e 1D flow with no gravity

e constant temperature
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change in pressure is small across the displacement length
constant porosity with time

no diffusion/dispersion

no chemical reaction or sorption on the solid phase

no capillary pressure

local equilibrium

ideal mixing

laminar flow.

We then obtain

oC;  OF;
OtD aXD

=0, (C-1)

where 75 is the dimensionless time measured in pore volumes, xp
is the dimensionless distance from the injector, C; is the overall
volume fraction of component i, F; is the overall fractional flow
of component 7, and i =1, 2,..., (Nc — 1). C; and F; are given as

Np
C,': E SjC,:/' and
=
Np
Fi = § f}cija
J=1

where S; is the saturation of phase j, f; is the fractional flow of
phase j, dnd c;j is the volume fraction of component 7 in phase j. A
detailed derivation of Eq. C-1 is given in Orr (2007).

The weak form of Eq. C-1 is

d JCdV—f—Jn FidS =0,
dtp

where V and S are the volume and surface area of the control vol-
ume of interest, respectively; # is the outward normal unit vector
on surface S. Let us consider two consecutive gridblocks in a 1D
simulation model, where N¥ and N7 phases are present in the
upstream and downstream cells, respectively, at a given time. A
uniform grid size of Axp is considered.

Suppose a phase transition between N5 and N¥ propagates at a
dimensionless velocity of vp = Axp/Atp, where Afp is a certain
time period in pore volumes. Discretization of Eq. C-2 with
Axp and Atp by use of the one-point upstream weighting for the
flux term yields

Axp FY—FP
Vp = E CU CD ..................... (C-3)
Rearrangement of Eq. C-3 gives
NY NE .
Zj:l(vDS/U _ij)ng = ZJ:l (VDSJD —ij)gj-), S (G4

where ¢; is a vector consisting of ¢;;. Dividing Eq. C-4 by (vp — 1),

Ny U NP D D
ijl V¢ = Zﬂ VG s e (C-5)

vpSY — fU
where PV = u and P =
J vp — 1 j Vo —

N U N b
Zj:l V= 1.0, and Zj:l = L.0.

Eq. C-5 is of the identical form with the generalized jump con-
ditions on multiphase transition presented in Okuno and Xu
(2014). The difference is that vp in Eq. C-5 is, in general, not the
same as the shock velocity of the corresponding multiphase transi-
tion in the MOC solution. In other words, CU and c are affected
by numerical dispersion caused by the dlscretlzatlon Eq. C-5
explains that components are redistributed on a multiphase transi-
tion through an intersection of the tie simplex extension of (N3 —
1) dimensions with that of (N9 — 1) dimensions. Eq. C-5 can be
used for mechanistic interpretation of mass transfer on a multi-
phase transition even in the presence of numerical dispersion.
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Eq. C-5 in composition space is

. NY NP
th — P FU XV — 2 :‘Pl 1—3) )7(/4)7
j=

j=1"J =i

N Mo . . :
where Zj=1 Iy = Zj:l I’ = 1.0. The intersection composi-

tion is zZ™. The I' parameters give the relative location of zZ™ with
respect to the corresponding tie simplex. For example, the rjU pa-
rameters give the location of z™ relative to the tie simplex defined
by N¥ phase compositions X;, where j=1,2,..., NE.

S| Metric Conversion Factors

ft x 3.048%* E-0l=m
°F  (°F-32)/1.8 =°C
psi x 6.894 757 E-+00 =kPa

*Conversion factor is exact.
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