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[
Abstract

Low-temperature oil displacement by enriched-gas or carbon-dioxide (CO,) can exhibit multiphase flow
of three hydrocarbon phases; the oleic (L,), solvent-rich liquid (L,), and gaseous (V) phases. The L, phase
can play a significant role in these oil recovery processes. Recently, oil displacement by three hydrocarbon
phases was explained on the basis of interphase mass transfer on phase transitions in multiphase flow.
However, systematic investigation into the complex interplay between phase behavior and mobilities has
been hindered by issues in multiphase compositional flow simulation, such as incorrect phase identifi-
cation.

This paper presents the effect of relative permeability on oil displacement by three hydrocarbon phases.
A new method for robust phase identification is developed and implemented in a 1D convective flow
simulator with no volume change on mixing. The new method uses tie triangles and their normal unit
vectors tabulated as part of the simulation input information. The extensions of the limiting tie triangles
at the upper and lower critical endpoints (UCEP and LCEP) define three different regions in composition
space; the super-UCEP, super-LCEP, and sub-CEP regions. The method can properly recognize five
different two-phase regions surrounding the three-phase region; the two two-phase regions that are
super-CEP, and the three different two-phase regions that originate with the corresponding edges of the
three-phase region in the sub-CEP region. Multiphase behavior calculations are conducted rigorously by
use of the Peng-Robinson equation of state with the van der Waals mixing rules during the flow
simulation. Simulation case studies are presented with a quaternary model and the West Sak oil model
with 15 components.

Results show that the phase-identification method developed in this research can correctly solve for
phase identities in three-hydrocarbon-phase flow simulation. The method can quantify the relative
location of the current overall composition to the three-phase region in composition space. Simulation
results are analyzed by use of the distance parameters that describe interphase mass transfer on multiphase
transitions in oil displacement. In the case study for the West Sak oil displacement, the analysis confirms
that the miscibility level of oil displacement increases with increasing methane dilution. The effect of
relative permeability diminishes as the miscibility level increases owing to methane dilution. The distance
parameters can properly represent the interaction of phase behavior and mobilities since they are derived
from mass conservation, not only from thermodynamic conditions.
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Introduction

Multiphase behavior can occur in various oil-recovery processes, such as gas injection, water-alternating-
gas injection, steam injection, and steam-solvent coinjection. For example, three-hydrocarbon-phase
behavior has been observed in static experiments and slimtube tests for enriched-gas and CO, floods at
relatively low reservoir temperatures (Metcalfe and Yarborough 1979; Gardner et al. 1981; Orr and Jensen
1984; Creek and Sheffield 1993). These phases are the V, L,, and L, phases. Also, steam injection for
heavy oil and steam-solvent coinjection for bitumen involve at least three phases with mutual solubilities;
ie., the V, L,, and aqueous phases (Glandt and Chapman 1995; Luo and Barrufet 2005). Further
complication in the coinjection may arise due to the L,-phase appearance and asphaltene precipitation/
deposition. Theory of oil displacement in multiphase flow is important for designing these processes.
Development of such theory requires analytical and numerical solutions of multiphase flow (LaForce et
al. 2008ab; Bruining and Marchesin 2007), but the complicated interplay between multiphase behavior
and isothermal/non-isothermal flow can make robust solution of multiphase flow difficult.

Oil displacements in three-hydrocarbon-phase flow during enriched-gas and CO, floods were studied
by Okuno et al. (2011) and Okuno and Xu (2014ab) by use of UTCOMP, an equation-of-state (EOS)
compositional multiphase reservoir simulator developed at the University of Texas at Austin (Chang
1990; Chang et al. 1990). Okuno et al. (2011) concluded that low-temperature oil displacement by CO,
can be efficient when the composition path traverses near the upper and lower critical endpoints (CEPs).
A CEP is a critical state in which two of the three equilibrium phases become critical. The three-
hydrocarbon-phase behavior is bounded by two types of critical endpoints (CEPs) in composition space
(Appendix A). The lower CEP (LCEP) is a tie line (or a limiting tie triangle) in which the L, and L, phases
merge in the presence of the V phase. The upper CEP (UCEP) is a tie line (or a limiting tie triangle) in
which the L, and V phases merge in the presence of the L, phase.

Okuno and Xu (2014a) presented a detailed analysis of mass conservation on multiphase transitions
between two and three phases in three-hydrocarbon-phase flow (see Appendix B for schematics of phase
behavior in two- and three-phase displacements). Analytical conditions were derived to describe how
components should be redistributed among phases (i.e., interphase mass transfer) on multiphase transi-
tions for efficient oil displacement by three phases (Appendix C). The derived conditions were success-
fully applied to explain several oil displacements that exhibited nonmonotonic oil recovery with respect
to pressure or gas enrichment at a given throughput. The cases studied include the West Sak oil
displacement by enriched gas, for which slimtube experiments showed that oil recovery at 1.2 pore-
volumes injected (PVI) first decreased, then increased, and finally decreased again with decreasing gas
enrichment (DeRuiter et al. 1994; Mohanty et al. 1995).

Okuno and Xu (2014b) further studied the interphase mass transfer for multicontact miscibility (MCM)
development between the L, and L, phases in three-hydrocarbon-phase flow. Their analysis indicated that
MCM between L, and L, can be developed as the distance parameters (see Equations C-6, C-7, and C-8)
diminish. This MCM development can occur on a LCEP tie line, where the non-V phase switches its
identity from L, to L, with no three-phase equilibrium involved. This can be interpreted as the limiting
three-phase flow, where the L, phase is completely displaced by the L, phase. They did not study the
thermodynamic MCM that might occur at a tricritical point of three hydrocarbon phases. Okuno (2009)
calculated a tricritical point when UCEP and LCEP merged in composition space [i.e., an unsymmetrical
tricritical point (Knobler and Scott 1984)] for a quaternary system made after the Bob Slaughter Block oil
with CO,. That is, the three-phase region had disappeared when the tricritical point appeared in
composition space.

The multiphase interaction in three-phase flow should be understood more systematically to create
useful knowledge for enhanced oil recovery. The experimental results of DeRuiter et al. (1994) and
Mohanty et al. (1995) clearly indicate that methane dilution can substantially affect the propagation of
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dense solvent components that should effectively contact the reservoir oil in situ. The prior numerical
research on three-hydrocarbon-phase flow was conducted with several different fluids by use of UT-
COMP with its robust phase-behavior calculations. However, the research was limited in terms of
thermodynamic and flow conditions. For example, how phase mobilities affect the interphase mass
transfer was not studied in detail, due to the lack of robust phase identification in EOS compositional
simulation (Mohanty et al. 1995; Yuan and Pope 2012; Beygi et al. 2014). Phase identification is always
part of the solution of a multiphase flow problem, and is usually required to assign relative permeabilities
to phases in simulation. Also, simulations by use of UTCOMP with a conventional relative permeability
model were not always possible depending on the thermodynamic conditions set, as mentioned in Okuno
and Xu (2014b). This hindered more comprehensive investigation for systematic understanding of
multiphase flow.

This paper is concerned with numerical solutions of 1D three-hydrocarbon-phase convective flow
problems set by temperature, pressure, initial and injection compositions, fluid properties, and relative
permeabilities. To study the interplay between multiphase behavior and phase mobilities in three-
hydrocarbon-phase flow, a new method is developed for robust phase identification and implemented in
a 1D multiphase convective flow simulator. The new method is compared with the conventional method
for phase identification (Perschke et al. 1989). In case studies, the simulator with the new phase-
identification method is used to investigate the effect of relative permeability parameters on oil displace-
ment by three hydrocarbon phases. Results confirm that the distance parameters of Okuno and Xu
(2014ab) are capable of considering not only the effect of miscibility (i.e., phase behavior), but also the
effect of relative permeability (i.e., multiphase flow) on oil displacement by three phases.

Formulation and Solution Methods

Theory of gas injection has been established on the basis of 1D multicomponent convective flow (Johns
1992; Dindoruk 1992; Orr 2007). Equation C-1 is often used for analytical and numerical solutions of gas
injection problems (Helfferich 1979; Lake 1989; Johns 1992; LaForce and Johns 2005ab; LaForce et al.
2006; Orr 2007; LaForce et al. 2008ab; LaForce and Orr 2008; LaForce and Johns 2009; LaForce and
Jessen 2010; LaForce 2012). In this research, the corresponding finite-difference equations (Equation C-3)
are solved explicitly by use of the single-point upstream weighting for the flux term, as described in Johns
(1992) and Orr (2007). The advantage of not having to solve for gridblock pressures is important in terms
of computational robustness and costs in this research. A multiphase flow problem in this research is
defined by temperature, pressure, initial and injection compositions, fluid properties, and relative perme-
ability parameters. A solution consists of the compositions, amounts, and identities of equilibrium phases
as functions of dimensionless velocity (or time in PVI and dimensionless distance from the injector).

The thermodynamic model used is the Peng-Robinson (PR) EOS (Peng and Robinson 1976) with the
van der Waals mixing rules. Phase viscosities are calculated with the correlation of Lohrenz et al. (1964).
The multiphase behavior algorithms used are based on Perschke (1988) and Chang (1990) for sequential
flash and stability calculations and Okuno et al. (2010) for constant-K flash.

The relative permeability model of Corey et al. (1956) is used for simplicity. Yuan and Pope (2012)
stated that the Corey model follows the trends of experimental relative permeability data. Yuan and Pope
(2012) proposed a novel relative permeability model, which is continuous in multicomponent composition
space. They implemented the model in the UTCOMP simulator to demonstrate the improved robustness
of multiphase flow simulation. However, the relationship between composition and relative permeability
is not fully understood. The phase-identification method presented in this research is not dependent on the
relative permeability model used. If discontinuities are present in the correct solution of a multiphase flow
problem for any reason (e.g., due to the relative permeability model used), they are solved for as they are.

The conventional method for phase identification was developed by Perschke et al. (1989). In their
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method, the L, phase in a three-phase region of L,-L,-V was the one with the highest concentration of
the heaviest hydrocarbon component. Of the two remaining phases, the denser phase was labeled as L,,
and the less dense phase was V. For two equilibrium phases, in which the L, phase was assumed to exist,
the L, phase was labeled by use of the logic mentioned previously. The other phase was labeled as either
V or L, depending on the mass density of that phase. If the mass density of the phase was lower than a
specified threshold value, it was labeled as V. Otherwise, it was labeled as L,. It was not entirely clear
in their paper how to handle the V-L, equilibrium that can occur near the injection composition in
enriched-gas and CO, injection simulations at low temperature (Okuno and Xu 2014b). A single phase
was labeled by the user on the basis of the phase behavior data available.

The conventional method described in the preceding paragraph has been used for decades, but it has
been a difficult problem to assign physically correct identities to equilibrium phases (Yuan and Pope
2012). Particularly, the use of a fixed mass-density threshold is known to be problematic for phase
labeling in a two-phase region in three-hydrocarbon-phase flow simulation (Mohanty et al. 1995; Li et al.
2014; Beygi et al. 2014). This type of failures will be shown in cases studied in this paper. The use of mass
densities by Perschke et al. (1989) for three-phase labeling is less problematic. However, it is somewhat
inconsistent to use volumetric predictions for identifying equilibrium phases, the compositions of which
are determined by the geometry of the Gibbs free energy. This is because the two types of predictions (i.e.,
volumetric and compositional behavior) are not entirely coherent in the conventional phase—behavior
modeling scheme based on a cubic EOS. This becomes obvious when volume shift is used to adjust
volumetric predictions in fluid characterization (Kumar and Okuno 2013). It will be more robust if phase
identification can be based primarily on compositional predictions in simulation. Note, however, that
density information may be still useful in some special cases, such as the identification of the aqueous
(condensed water) and vapor (steam) phases in steam injection simulation for dead heavy oil.

A fundamental reason for the difficulty, especially in two-phase identification, comes from the fact that
the identity of a phase is defined in comparison with other phases calculated by the thermodynamic model
used. Robust phase identification requires knowledge of phase equilibria calculated away from the
thermodynamic conditions of interest. In this research, three-hydrocarbon-phase flow simulation at a fixed
pressure and temperature uses a tie-triangle table that contains a few tie triangles and their normal unit
vectors, as part of the simulation input information. The limiting tie triangle at a CEP, if present, is always
tabulated together with its normal unit vector. For example, a tie-triangle table for composition space that
contains the entire three-phase region (as shown in Figure A-1) includes the two limiting tie triangles for
the UCEP and LCEP.

The extensions of these limiting tie triangles define three different regions in composition space; i.e.,
the super-UCEP, super-LCEP, and sub-CEP regions. In the super-UCEP region, two equilibrium phases
are considered to originate with the UCEP tie line, L,-L,=V, and denoted as the L, and (L,V) phases.
In the super-LCEP region, two equilibrium phases are considered to originate with the LCEP tie line,
L,=L,-V, and denoted as the V and (L,L,) phases. In the sub-CEP region, there are three different
two-phase regions; i.e., L;-V, L,-L,, and L,-V. They originate with their corresponding edges of three
phases. Altogether, five different two-phase regions can be recognized around the three-phase region in
composition space.

When three equilibrium phases are calculated in simulation in this research, the phase with the highest
concentration of the heaviest hydrocarbon component is labeled as L,, as in Perschke et al. (1989). The
phase with the highest methane concentration is labeled as V because it is unlikely that methane/
hydrocarbon mixtures form three hydrocarbon phases at realistic reservoir temperature (Peters 1994). The
other phase is labeled as L,. Unlike the method of Perschke et al. (1989), phase mass densities are not used
for labeling V and L, in a three-phase region. Note that the L,-V edge is not always the longest edge of
a tie triangle of L,-L,-V in multicomponent composition space. That is, it is not robust to use lengths of
tie-triangle edges for three-phase identification.
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Phase identification in a two_phase region in this Table 1—COREY RELATIVE PERMEABILITY PARAMETERS
. . . . FOR 1D OIL DISPLACEMENT SIMULATIONS
research is substantially different from that in Per-

S % Pope (2012)  Phase i L, VvV L
schke et al. (1989). N tie triangles are tabulated van and Pope (2012) N a.ss mldext i 0 0 0
. . N e€sidual saturation . . .
frpm the UCEP tie triangle through thg LQEP tie Endpoint 02 10 04
triangle. The normal vectors for the N tie triangles Exponent 2 2 2
point from the UCEP to LCEP in this research. Model 1 Phase index LV L
Two-phase identification starts with calculation of Residual saturation 02 0.2 0.2
. . . Endpoint 0.2 1.0 1.0

dot products using the UCEP and LCEP tie triangles P
Exponent 2 2 2
as Model 2 Phase index L, \% L,
dU[;Ep = (E _ E:U[;Ep:] .HUCEP (1) Residual saturation 0.2 02 0.2
* Endpoint 0.2 1.0 0.2
Exponent 2 2 2

dLCEP — (3 _ FLCEP), 7jLCEP (2)

where 3 is the vector of the current overall com-
position, and 3 is the unit normal vector. %, is the composition vector of one of the three phases, which
can be either L,, L,, or V, but should be used consistently. Superscripts UCEP and LCEP indicate that
they are associated with the UCEP and LCEP tie triangles, respectively. If the two dot products are both
negative, the overall composition is in the super-UCEP region; the current two phases are the L, and (L, V)
phases. If the two dot products are both positive, the overall composition is in the super-LCEP region; the
current two phases are the V and (L,L,) phases. If d"“"" is positive and d““*" is negative, the overall
composition is in the sub-CEP region.

If the overall composition in a two-phase region is calculated to be in the sub-CEP region, the following
dot products are calculated for the other (N — 2) tie triangles tabulated:

g™ = (7 —%™) . (3)

for 2 = m =< (N, — 1), where m is the index for the tabulated tie triangles. Note that d' (= dY“"") is

positive and d™- (= d““F") is negative. Then, we find two tie triangles, m+ and m-, from the table such
that
d™* = ming [d™: d™ = 0} “4)
4™ = max,, {d™:d™ < 0} )

Linear interpolation of three phase compositions is conducted between the two tie triangles m+ and m-
as follows:

i]- — (ldm—|;{']f'_m+ + dm+i]1‘_m—)/(dm+ + |dm—|l (6)

where j = {L,, L,, V}. Finally, negative flash by use of the algorithm of Okuno et al. (2010) with z and
K values from the interpolated % is performed to determine in which region the current overall
composition is, L,-L,, L,-V, or L,-V. The negative constant-K flash indicates the phase identities of the
two phases if a sufficient N is used. In a single-phase region, the procedure is identical with that of
Perschke et al. (1989), which is based on the user’s input.

If composition space does not contain the entire three-phase region, the N triangles to be tabulated are
selected from positive composition space. For example, if the UCEP is not present in positive composition
space, the first triangle is a triangle on a subspace of (N — 1) components. If no CEPs are present in
positive composition space, the first and N, triangles are taken from two different subspaces of (N —
1) components that contain subcritical three phases.

It is theoretically conceivable that dV“F* is negative and d~“*"

is positive when the trajectory of 3 is
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Table 2—FLUID PROPERTIES FOR THE QUATERNARY MODEL (Okuno and Xu 2014a)

Qil (Mole %) Gas (Mole %) Molecular Weight Te (°R) Pc (psia) Acentric Factor Ve (ft3/1b-mol)

PC1 37.22 20 17.268 357.77 666.48 0.0193 1.6763
PC2 10.63 80 40.288 630.32 656.22 0.1402 2.9740
PC3 30.11 0 35225 1318.10 24031 0.5574 21.572
PC4 22.04 0 1052.00 196730 94.80 1.1313 83.571

substantially non-linear in multicomponent compo- Table 3—BINARY INTERACTION PARAMETERS FOR THE

sition space. However, this has not been observed so QUATERNARY SYSTEM

far; the extensions of the two CEP tie triangles Components  PC1 PC2  PC3 PC4

intersect in negative composition space in the cases pC1 0

tested in our r‘esearch. . PC2 0.0052 0

An appropriate value for N is dependent on the PC3 0 0.005 0
level of non-linearity of the 7 trajectory and the PC4 0.1822 01336 0 0

number of components used in simulation. The case
studies section will show that a larger N tends to be
required for a larger N.

Perschke et al. (1989) also described the phase tracking technique that labels phases in simulation on
the basis of the concentrations of a selected component in the tracked phases from the previous time step.
The phases at the new time step are labeled such that the concentrations are closest to the values at the
old time step. This phase tracking technique can offer time savings in simulation by skipping the more
careful phase identification described in this section. In this research, however, no phase tracking is
performed because the primary interest is in obtaining correct numerical solutions of multiphase dis-
placements, instead of computational speed.

As mentioned earlier in this section, use of tie triangles tabulated prior to simulation is effective in
improving the phase identification issues because a two-phase region originates with an edge of the
corresponding tie triangle in composition space. This global characteristic of thermodynamic problems
(which cannot be solved robustly only from local information) can be also seen in multiphase flash; i.e.,
global minimization of the Gibbs free energy. Use of tie simplex information tabulated prior to simulation
has been shown to be effective in speeding up fully implicit reservoir simulations (Voskov and Tchelepi
2009ab; Iranshahr et al. 2012, 2013).

Case Studies

Two simulation cases are presented to show the effect of relative permeability on oil displacement by three
hydrocarbon phases and the improved phase-identification method in comparison with the conventional
method by Perschke et al. (1989). The first case uses a quaternary fluid model, and the second case uses
a 15-component fluid model, in which displacements occur in composition space of much higher
dimensions. The 1D convective flow simulator described in the preceding section and Appendix C is used
with 1000 gridblocks. The gridblock size is uniform, and At,/Axy, is constant at 0.05. The porosity and
permeability are 20% and 1000 mD, respectively, as in Okuno and Xu (2014a). The Corey relative
permeability parameters used are taken from Yuan and Pope (2012), in which the endpoint relative
permeabilities for the V and L, phases are markedly different from each other (Table 1). Thus, correct
phase identification is required to simulate these cases. As shown in Table 1, two models are prepared for
relative permeabilities; the L, phase shares the same parameter values with the V phase in model 1 and
with the L, phase in model 2.

The phase-identification algorithm described in the preceding section can properly distinguish the
super-CEP states from the sub-CEP states. It would be reasonable to consider composition-dependent

Zz0z Iudy 01 uo Jasn uisny Jy sexa] jo Ausienun eyl Aq | Apd-sw-z0ze L L-2ds/G9Z.SL/L00HMS00S L Z0A/SSHS L-2/SS¥S LApd-sBuipssooid/osiads/Bio-onadsuoy/:dpy woly pepeojumoq



SPE-173202-MS 7

1.00 R e
.~.
'ﬁ
0.99 A
\
v Model 2
> ‘\
o) "\
3 ‘' Model 1
$098 - \o
™ v
O LY
o AR
LY
\ a
0.97 - \
\
\
b
096 1 L |
500 1000 1500 2000
Pressure, psia
(@)
1.00 r
AL At 1.2 PVI with model 2
At BT of 3-phase trailing edge
0.96 with model 2
At 1.2 PVI with model 1
50.92
3 At BT of 3-phase trailing edge
§ with model 1
dos8s |
o
\O
0.84 -
080 1 1 |
500 1000 1500 2000

Pressure, psia

(b)
Figure 1—Simulated recoveries of PC3 and PC4 in the quaternary displacement at 86°F; (a) PC3 recoveries at breakthrough (BT) of the trailing edge
of three phases, and (b) PC4 recoveries at 1.2 PVI and BT of the trailing edge of three phases. PC3 recoveries at 1.2 PVI are 100% with the two
models, and are not shown. The Corey relative permeability parameters used are listed in Table 1. The components’ properties are given in Tables
2 and 3. The miscibility level of oil displacement increases with decreasing pressure. The PC4 recovery at BT of the three-phase trailing edge is
calculated to be approximately 5% higher with model 2 than with model 1.

relative permeability for the five types of two-phase regions. For example, the code developed in this
research can model the relative permeability parameters for the (L,V) phase in a super-UCEP region as
functions of those for the L, and V phases at sub-CEP states. In this section, however, the relative-
permeability parameters for the L, and L, phases are used in a super-UCEP region, and those for the L,
and V phases are used in a super-LCEP region.

Quaternary Displacement

The quaternary fluid used was taken from Okuno and Xu (2014a), which was made after the Schrader
Bluff oil model of Guler et al. (2010). The four components consist of one light pseudocomponent (PC1),
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Figure 2—The 8" and d" parameters (see Appendix C) for the quaternary displacements with relative permeability models 1 and 2; (a) 8" (b) &".
The Corey relative permeability parameters used are listed in Table 1. The components’ properties are given in Tables 2 and 3.

one intermediate pseudocomponent (PC2), and two heavy pseudocomponents (PC3 and PC4). Their
properties are given in Tables 2 and 3. The oil gravity is calculated to be approximately 10°API. The
injection gas consists of 20 mol% PC1 and 80 mol% PC2. The reservoir temperature is 86°F. Detailed
phase behavior predictions in P-T-x space for this quaternary fluid can be found in Okuno and Xu (2014a),
and are not duplicated here.

Figure 1 presents simulated recoveries of PC3 and PC4 at five different pressures, 700, 800, 1000,
1500, and 1750 psia. The figure indicates that the miscibility level of oil displacement increases with
decreasing pressure, as also shown by Okuno and Xu (2014a) with a different set of relative permeability
parameters. Use of model 2 results in higher oil recovery than use of model 1, and the difference becomes
more obvious with increasing pressure. The PC4 recovery at 1750 psia at breakthrough of the three-phase
trailing edge is 84.88% with model 1, which is 5.04% lower than when model 2 is used.
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Figure 4—Dot products (equation 3) calculated at 0.3 PVI for the first and last triangles for the quaternary displacement at 700 psia and 86°F with
the relative permeability model in Okuno and Xu (2014a). The oil and gas properties are given in Tables 2 and 3.

The degree of miscibility and phase mobilities affect oil displacements in a complicated manner. The
distance parameters, 8' and 8", were derived to understand the complicated interaction of flow and phase
behavior through interphase mass transfer on multiphase transitions (Equations C-7 and C-8). Figure 2
shows the 8" and 8" parameters for the simulated displacements. The 8" parameter accurately captures the
oil displacement efficiency by three phases; i.e., the oil displacement becomes more efficient as 8"
decreases. As discussed in Okuno and Xu (2014ab), 8" tends to be affected by numerical dispersion,
especially for highly miscible displacements at 700 psia and 800 psia, because the leading edge of three
phases exhibits drastic changes of components’ concentrations (e.g., CO, or solvent components that form
the L, phase with reservoir oil in simulation).

The effect of relative permeability on the oil displacement is more significant with increasing pressure
because the degree of miscibility decreases with increasing pressure in this displacement. This is the first
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Figure 5—Concentration profiles at 0.3 PVI in the quaternary simulation at 700 psia with the conventional phase-identification method of Perschke
et al. (1989). The Corey relative permeability parameters were taken from Okuno and Xu (2014a). The two phases upstream of the three-phase region
are incorrectly labeled as L, and V because mass densities for the non-L, phase are calculated to be lower than the specified value, 30 Ibm/ft*.

Table 4—FLUID PROPERTIES FOR THE WEST SAK OIL (Xu 2012)

Binary Interaction
Oil Rich Gas  Lean Gas  Molecular Te Pc Ve Acentric ————
Components (Mol%) (Mol%) (Mol%) Weight (°R) (psia) (f6/1b-mol) Factor Co, C,
CO, 0.22 0 0 44.01 547.56 1069.87 1.51 0.2250 0 0.18
C, 27.47 0 84 16.04 343.08 667.20 1.59 0.0080 0.18 0
C, 0.66 35 9 30.07 549.72 708.35 2.37 0.0980 0.18 0.010
Cy 0.15 34 6 44.10 665.64 615.76 3.25 0.1520 0.18 0.010
C, 0.27 31 1 58.12 765.36 551.10 4.08 0.1930 0.18 0.010
Cs 0.19 0 0 72.15 845.28 489.38 4.87 0.2510 0.18 0.010
Ce 0.29 0 0 86.18 913.32 430.59 5.93 0.2960 0.18 0.010
Ciy 3.22 0 0 105.65 1060.48 418.62 8.29 0.3697 0.05 0.007
Ciom14 17.95 0 0 157.72 1220.5 323.21 8.41 0.5389 0.05 0.007
Cis1g 13.21 0 0 210.19 1349.89 274.12 14.54 0.6992 0.05 0.007
Ciomas 10.91 0 0 259.06 1424.95 251.96 19.02 0.8373 0.05 0.007
Cosr7 5.84 0 0 302.85 1493.37 242.09 22.88 0.9500 0.05 0.007
Chgm33 6.60 0 0 344.37 1550.96 230.14 22.74 1.0453 0.05 0.007
Ciama0 4.42 0 0 389.77 1629.48 223.31 44.05 1.1345 0.05 0.007
Carv 8.60 0 0 600.00 1914.78 182.82 53.57 1.2120 0.05 0.007

time the effect of relative permeability on three-hydrocarbon-phase oil displacement is confirmed by
interphase mass transfer, which was not entirely possible without the reliable phase-identification
algorithm developed in this research. The distance parameters can represent how components are
redistributed on multiphase transitions in three-phase flow because they consider phase mobilities as well
as phase compositions through mass conservation equations (Okuno and Xu 2014ab).

Figure 3 depicts d' and d"" at 0.3 PVI in the simulation at 1500 psia with model 1. The first and N
triangles in the table are the limiting triangles at UCEP and LCEP, respectively. Thus, d' = d"“*F, and
d™T = d““*? in this case. The two phases downstream of the three-phase region are L, and V. The
subcritical state is clearly indicated by the signs of dY“F" and d““*". The two phases upstream of the
three-phase region are L, and (L,V), as can be confirmed by the negative dV“*" and d~“F".

Figure 4 shows d' and d™' at 0.3 PVI in the simulation at 700 psia. For this simulation, the
relative-permeability parameters given in Okuno and Xu (2014a) were used. The first tie triangle in the
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Figure 6—The 8" and " parameters (see Appendix C) for the West Sak oil displacements with relative permeability models 1 and 2; (a) 8" (b) &".
The Corey relative permeability parameters used are listed in Table 1. The components’ properties are given in Table 4.

tie-triangle table is on the PC3-free subspace since the UCEP does not exist in composition space at this
pressure. The N, tie triangle is the limiting tie triangle at the LCEP. The algorithm can clearly
distinguish the super-LCEP state from the sub-CEP state of L,-V in the downstream two-phase region by
checking the sign of d““*". The negative sign of d““"" indicates that the original oil is in the subcritical
L,-V region, as mentioned in Okuno and Xu (2014b). Then, the composition path goes to the super-LCEP
region [(L,L,)-V] before entering the three-phase region through the L,-V edge of a tie triangle. This
seems to be a numerical artifact due to a small increase of the PC3 concentration that is simulated just
downstream of the three-phase region.

Figure 5 shows the concentration profiles for the same simulation case as Figure 4, but with the
conventional phase identification of Perschke et al. (1989). The two phases upstream of the three-phase
region are incorrectly labeled as L, and V because mass densities for the non-L, phase are calculated to
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Figure 7—C; -4, recoveries simulated for the West Sak oil displacements at 1500 psia and 65°F by use of relative permeability models 1 and 2. The
fluid properties are given in Table 4. Methane dilution enables to increase the miscibility level of this West Sak oil displacement by making interphase
mass transfer on multiphase transitions more favorable (see Figure 6a). The increased miscibility level can be so high that relative permeability
parameters little affect oil recovery predictions.
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Figure 8 —Dot products (equation 3) calculated at 0.3 PVI for the first and last triangles for the West Sak oil displacement at 55%-methane-dilution
at 1500 psia and 65°F with relative permeability model 1. The oil and gas properties are given in Table 4.

be lower than the specified value, 30 Ibm/ft’. The small increase in the PC3 concentration ahead of the
three-phase region also occurs in this case, but the conventional phase identification does not precisely
detect the phase transitions depicted in Figure 4 with the new phase-identification method.

A sensitivity analysis for N indicated that the minimum Ny required is four for this case. The small
N required is likely because the N used is small and because the non-linearity of the 3 trajectory is
insignificant.

West Sak Oil Displacement

The West Sak oil model used consists of 15 components, which include eight pseudocomponents for the
C,, fraction (Xu 2012). Their properties are given in Table 4. Okuno and Xu (2014a) used this fluid
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Figure 9—Mass density profiles at 0.3 PVI for the West Sak oil displacement at 55%-methane-dilution at 1500 psia at 65°F. The relative permeability
parameters were taken from Okuno and Xu (2014a). The conventional phase-identification method is used with a threshold mass density of 20 Ibm/ft>.
The two-phase region downstream of the three-phase region is labeled as L,-V, and discontinuities occur in the upstream two-phase region.

model to explain the nonmonotonic oil recovery at 1.2 PVI with respect to gas enrichment reported by
DeRuiter et al. (1994) and Mohanty et al. (1995). The oil gravity is calculated to be approximately
21°API. The reservoir temperature is 65°F. Phase behavior predictions for this fluid can be found in
Okuno and Xu (2014a).

The injection gas consists of two gaseous mixtures: the rich-gas mixture of 35 mol% ethane, 34 mol%
propane, and 31 mol% n-butane, and the lean-gas mixture of 84 mol% methane, 9 mol% ethane, 6 mol%
propane, and 1 mol% n-butane. Oil displacements are simulated for four different enrichment levels. The
resulting enriched gases are referred to by use of their methane concentrations. The simulations are
performed at 50%-, 53%-, 55%-, and 60%-methane-dilution at 1500 psia.

Figure 6 shows the distance parameters, 8" and 8, calculated in the simulations with relative
permeability models 1 and 2. 8" clearly indicates that the miscibility level of oil displacement increases
with increasing methane dilution, which is consistent with results given in the literature (DeRuiter et al.
1994; Mohanty et al. 1995; Okuno and Xu 2014a). It also shows that use of model 2 results in interphase
mass transfer on the multiphase transition that is more favorable in terms of oil displacement by three
phases. The difference between models 1 and 2 decreases with increasing methane dilution. These results
can be confirmed in Figure 7, which presents recoveries of Cs,-,, at breakthrough of the trailing edge of
three phases. Similar trends were also observed for other heavy components. Thus, methane dilution
enables to increase the miscibility level of this West Sak oil displacement by making interphase mass
transfer on multiphase transitions more favorable. The increased miscibility level can be so high that
relative permeability parameters little affect oil recovery predictions. Further investigation is required to
understand under what conditions methane dilution can enhance the miscibility of oil displacement. As in
the previous case and a few of the simulation cases in Okuno and Xu (2014ab), however, 8" fluctuates
for highly miscible displacements and may not be a good indicator of the oil displacement efficiency by
three phases in the presence of numerical dispersion.

Figure 8 shows d"“*" and d““*" at 0.3 PVI in the simulation at 55%-methane-dilution with model 1.
The two phases downstream of the three-phase region change their identities; L,-V, (L,L,)-V, and L,-L,
in the direction from the producer to the injector. The algorithm developed can precisely identify phases
even in this complex simulation case. The complexity of phase identification tends to increase with
increasing N. The minimum N required for the West Sak oil case is seven.
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Figure 9 shows failures of phase identification by the conventional method when used in the West Sak
oil displacement at 55%-methane-dilution at 0.3 PVI. The threshold mass density used is 20 Ibm/ft>. For
this simulation, the relative-permeability parameters given in Okuno and Xu (2014a) were used. The two
phases downstream of the three-phase region are labeled as L, and V, and no distinction is made between
the sub- and super-critical states. The two-phase region upstream of the three-phase region exhibits
discontinuities. This is one of the typical failures caused by using a mass-density threshold.

Conclusions

This paper presented the effect of relative permeability on oil displacement by three hydrocarbon phases.
A new method for robust phase identification was developed and successfully applied to numerical
simulations of 1D convective flow with three hydrocarbon phases. Simulation results were analyzed by
use of the distance parameters that describe interphase mass transfer on multiphase transitions in oil
displacement. Conclusions are as follows:

1. The phase-identification method developed in this research can correctly solve for equilibrium-
phase identities, which are part of the solution for a multiphase flow problem. The robustness
comes mainly from the capability of precise quantification of the location of the current overall
composition relative to the three-phase region in composition space. The method can distinguish
the super-CEP states from the sub-CEP states by use of the critical tie-triangle extensions. With
the developed method, five types of two-phase regions can be properly considered around the
three-phase region in three-hydrocarbon-phase flow simulation.

2. In the simulation cases with the quaternary fluid and the West Sak oil, the analytical result of
interphase mass transfer presented by Okuno and Xu (2014ab) was validated with varying level of
miscibility and different relative-permeability parameters. The distance parameters can properly
represent the interaction of flow and phase behavior since they were derived from mass conser-
vation, not only from thermodynamic conditions. Results showed that the distance parameter for
the trailing edge (Equation C-7) can accurately quantify the oil displacement efficiency by three
hydrocarbon phases even in numerical simulation. The distance parameter for the leading edge
(equation C-8) tends to be affected by numerical dispersion especially in highly miscible dis-
placements, as also shown in Okuno and Xu (2014ab) with the UTCOMP simulator.

3. The simulation case study for the West Sak oil confirmed the experimental observation of
DeRuiter et al. (1994) and Mohanty et al. (1995). The analysis of interphase mass transfer
indicated that the miscibility level of oil displacement increases with increasing methane dilution
in this case. The effect of relative permeability diminishes as the miscibility level increases owing
to methane dilution. Further investigation is required to understand under what conditions methane
dilution can enhance miscibility development in oil displacement.

Nomenclature

C; : Volumetric fraction of component i in phase j

o : Vector consisting of ¢;; as defined in Equation C-4
G : Overall volume fraction of component 1

d : Composition distance

f; : Fractional flow of phase j

F; : Overall fractional flow of component 1

k : Gridblock index

L, : Oleic phase

L, : Solvent-rich liquid phase

(L,L,) : Supercritical phase in super-LCEP region
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(L,V) : Supercritical phase in super-UCEP region

m : Index for tie triangles in Equation (3)

n : Time-step index in Equation (C-3) or outward unit normal vector in Equation (C-2)
a : Unit normal vector in Equations (1), (2) and (3)
N; =1, 2, or 3) : Non-oleic phase (i.e., L, or V)

N¢ : Number of components

Np : Number of phases

Nr : Number of tie triangles

P. : Critical pressure

S : Surface area of control volume

S; : Saturation of phase j

Te : Critical temperature

th : Dimensionless time in pore volumes

Vp : Dimensionless velocity

A% : Gaseous phase or control volume in Equation C-2
Ve : Critical volume

X : Composition vector in Equation (1)

Xp : Dimensionless distance from the injector

X; : Composition vector of phase j in Equation (C-5)
z : Vector of overall composition

z™ : Intersection composition

Nomenclature

D
U

Nomenclature

: Downstream
: Upstream

0 : Parameter defined in Equation C-4
I : Parameter defined in Equations C-5
0 : Distance defined in Equations C-7 and C-8

Nomenclature

BT : Breakthrough

CEP : Critical endpoint

EOS : Equation of state

LCEP : Lower critical endpoint

MCM : Multicontact miscibility

PVI : Pore-volume injected

PC : Pseudo component

PR : Peng-Robinson

UCEP : Upper critical endpoint
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Appendix A
Schematic of a Three-Phase Region Bounded by Critical Endpoint Tie Lines

A three-phase region has one degree of freedom at a given temperature and pressure for four components. Therefore, a
three-phase region is a volumetric region in a quaternary diagram. The three-phase region consists of an infinite number of tie
triangles. A tie triangle 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 (or a limiting tie triangle)
in which two of the three phases are critical in the presence 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-hydrocarbon-
phase behavior predictions are given in Okuno (2009).

V phase
composition I%‘us

L, phase composition locus

I;:/Tie triangle near UCEP tie line

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

=
UCEP tie line (Ly-L,=V)

\
L, phase composition locus

® Merging point of L, and V phase compositions
O Merging point of L, and L, phase compositions

Figure A-1—Schematic of a three-phase region bounded by critical endpoint (CEP) tie lines for a quaternary system at a fixed temperature and
pressure.
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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, where the N, phase appears. Complete evaporation of the L,
phase is invisible in the schematic as 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 non-oleic phases appear in sequence in the
direction from the producer to the injector. The non-oleic phase that appears first at the displacement front is referred to as N;.
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 non-oleic phases disappears at the trailing edge of the three-phase region. The
non-oleic phase that coexists with the L; phase in the upstream two-phase region is referred to as N5, which is either N, or N,
depending on the phase transition there.

There are four patterns for phase transitions for the three-phase displacement in Figure B-1 since the N,-N; pair can be
either V-V, or V-L,, or L,-V, or L,-L,. That is, the four patterns for (N,, N,, N5) are as follows: (V, L,, V), (V, L,, L,), (L,,
V, V), and (L,, V, L,). The two phases at the displacement front is 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 L,-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.

Appearance of N,

Sol t
N L-N, L, =

Appearance of N, Appearance of N;

Solvent
e LN, NN, LN L e

Disappearance of N, or N,

Figure B-1—Schematics of phase behavior in two- and three-phase displacements. The oleic phase is given as L,. A non-oleic phase (N,) appears at
the displacement front for two- and three-phase displacements. For a three-phase displacement, another non-oleic phase (N,) appears at the leading
edge of the three-phase region. One of the two non-oleic phases (N; and N,) in the three-phase region disappears at the trailing edge of the three-phase
region. The non-oleic phase (N;) in the upstream two-phase region is either N, or N, depending on the phase behavior involved there.
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Appendix C

Mass Conservation Equations and Interphase Mass Transfer on Multiphase Transitions

Conservation of mass for a component in Np-phase flow through porous media is considered with the following assumptions:

— One dimensional flow with no gravity

— Constant temperature

— Change in pressure is small over 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
2 g
dtp  @¥p

(C-1

where tp is the dimensionless time measured in pore volumes, X, is the dimensionless distance from the injector, C; is the
overall volume fraction of component i, F; is the overall fractional flow of component i, andi = 1, 2,.. ., (No — 1). C; and F;
are given as

—_vhHe
G =X ¢
— vhe
Fi = it oy
where S; is the saturation of phase j, f; is the fractional flow of phase j, and ¢;; is the volume fraction of component i in

phase j. A detailed derivation of Equation C-1 is given in Orr (2007).
The weak form of Equation C-1 is

—/Gav+ [n-Fds=o, €-2)
“io

where V and S are the volume and surface area of the control volume of interest, respectively. n is the outward normal unit
vector on surface S. The explicit discretization of Equation C-2 by use of the one-point upstream weighting for the flux term
yields

(Ci)ﬂ*-l = (Ci)ﬂ + mthAxD]I(Fi)ﬂ_i - (F]’)E], (C-3)

where n is the time-step index and k is the gridblock index. Axp and Aty are the gridblock size and time-step size,
respectively, which are uniform in this research. Equation C-3 is used in the simulations in the current paper.

Suppose a phase transition between NV phases and N phases propagates at a dimensionless velocity of vp. Np" and N;”
are the numbers of phases upstream and downstream of the phase transition. Then, discretized mass-conservation equations on
the phase transition are

<NY D C-4
DRATTEPAES 0
Nszvhere [ isanaz1 Ve::;or consisting of ¢, YjU = (vp S]U - ij ) (vp—1) » and YjD = (vp S]-D - ij}/(VD —1) - Note that

Ej:leU p— 10 Zj:iY]p — 1.0

Equation C-4 is of the identical form with the generalized jump conditions on multiphase transition presented in Okuno and
Xu (2014a). The difference is that v, in Equation C-4 is, in general, not the same as the shock velocity of the corresponding
multiphase transition in the MOC solution. Equation C-4 states that components are redistributed on a multiphase transition
through an intersection of the tie simplex extension of (N, — 1) dimensions with that of (N,” — 1) dimensions. Equation C-4
can be used for mechanistic interpretation of mass transfer on a multiphase transition even in the presence of numerical
dispersion.

Equation C-5 in composition space is
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) u o C-5
2" =I5 'y’ =I5 5. )

where ENE ol — ENPD =10 " The intersection composition is z™. The I' parameters give the relative location of z™
j=1 Y T Sj=1t T )
with respect to the corresponding tie simplex. For example, the I‘jU parameters give the location of z™ relative to the tie simplex
defined by N,V phase compositions X, where j = 1, 2,. ., NV

Okuno and Xu (2014b) presented that MCM between the L, and L, phases in three-hydrocarbon-phase flow can be
developed on a LCEP tie line, where the non-V phase switches its identity from L, to L, with no three-phase equilibrium
involved. When this occurs, the following three distances are zero:

dps-tz = [lxe, — =0, (€-6)
s- = ||nY, =k, — R R, I, €D
§7 = |Irxf, - 2xf, €8

Equations C-6 and C-7 are defined at the leading edge of the three-phase region, and Equation C-8 is at the trailing edge.
d; -1, is a criticality measure for a LCEP. 8" and 8" quantify the deviation from the ideal interphase mass transfer (in terms
of oil displacement by three phases) on the phase transitions at the leading and trailing edges of three hydrocarbon phases,
respectively. At the limit of three-phase flow, the interphase mass transfer occurs in the ideal manner; 8~ = 8" = 0. Detailed
discussions on these equations can be found in Okuno and Xu (2014ab).

CONVERSION FACTORS

ft X 3.048% E0l =m
°F (°F - 32)/1.8 =°C
psi X 6.894 757 E+00 = kPa

*Conversion factor is exact.
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