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Summary

Coinjection of solvent with steam results in lower chamber-edge temperatures than those in steam-assisted gravity drainage (SAGD),
which enables the decrease of heat losses to the overlying formation rocks. However, use of highly volatile solvents, such as propane,
can yield significantly slow bitumen production because of low chamber-edge temperatures. The suitability of alkane solvents for
SAGD in terms of phase behavior has been reported to increase with increasing carbon number and tends to level off at a certain carbon
number, which is approximately C6 for Athabasca bitumen reservoirs. The main objective of this research is to investigate the potential
of dimethyl ether (DME), a water-soluble solvent, as an additive to steam for reducing steam/oil ratio (SOR) while keeping SAGD-like
rates of bitumen production.

The chamber-edge temperature for a given overall composition and operating pressure is defined as the temperature at which the
vapor phase completely condenses with decreasing temperature. Thermodynamic predictions show that the chamber-edge temperature
so defined will increase substantially if the solvent can partition into the aqueous phase at chamber-edge conditions. This is confirmed
in numerical-reservoir simulation for coinjection of steam with DME, as a water-soluble solvent, for Athabasca bitumen. In simulation
case studies, coinjection of steam with DME (DME-SAGD) is compared with SAGD and coinjection of steam with C4 (C4-SAGD), in
terms of SOR, bitumen production, local displacement efficiency, and solvent recovery. The steam-injection pressure is 35 bar for all
cases, and 2 mol% of solvent is coinjected in solvent-SAGD simulations until the steam chamber reaches the side boundary of a 2D
homogeneous reservoir model. Because the DME volatility is between C3 and C4, C4 is selected as the alkane counterpart in this simu-
lation study to see the effect of the solvent solubility in water on oil recovery in solvent-SAGD.

DME is more volatile and less soluble in bitumen than C4 at their corresponding chamber-edge conditions. However, results show
that DME-SAGD results in 35% lower SOR than SAGD while being able to increase bitumen-production rates of SAGD. Analysis
of simulation results indicates that the solubility of DME in water not only makes the chamber-edge temperature higher than that of
C4-SAGD, but also yields 15% higher solvent-recovery factor than C4-SAGD. The main reason for the latter observation is that a
much-smaller fraction of the injected solvent is present in the vapor phase in DME-SAGD than in C4-SAGD. Also, DME dissolves in
both water and bitumen, which results in the aqueous and oleic phases of nearly equal density within the gravity-drainage zone near the
edge of a steam chamber. This is the neutral regime of oil/water two-phase flow along the chamber edge between the two extreme cases:
SAGD and C4-SAGD. Unlike in C4-SAGD, the reduced gravity segregation in DME-SAGD is expected to facilitate the mixing of con-
densed solvent with bitumen near the edge of a steam chamber.

Introduction

In-situ recovery of heavy oil and bitumen is challenging because they are highly viscous, and usually are immobile at reservoir condi-
tions (Butler 1997). SAGD is the most widely used method of bitumen recovery. In SAGD, steam is injected into the bitumen reservoir
through an (upper) horizontal well and forms a steam-saturated zone, which is called a “steam chamber.” At the edge of a steam cham-
ber, the vapor (V) phase completely condenses, and releases its latent heat. The heated oil and steam condensate drain by gravity to the
(lower) horizontal well that is 4 to 8 m below and parallel to the injection well. Although only a part of the heat can be added to the oleic
(L) phase in the reservoir, it effectively increases the L-phase mobility because viscosity of bitumen is highly sensitive to temperature.
The main drawback of SAGD is the significant use of energy and water to generate steam, which also results in a large amount of green-
house-gas emission.

A widely used parameter to quantify the energy efficiency of steam-injection processes is the cumulative steam/oil ratio (CSOR),
defined as the ratio of the cumulative volume of steam injected (cold water equivalent) to the cumulative volume of bitumen produced.
CSOR is particularly sensitive to heat losses to the overlying formation rocks. In SAGD, elevated temperatures (e.g., 450 to 520 K) occur
within the steam chamber and in regions beyond the chamber edge in its vicinity. Shen (2013) stated that, for SAGD to be economically
feasible, the energy efficiency measured by CSOR is generally in the range of 2 to 4 m3/m3. It is desirable to operate at low chamber tem-
peratures while maintaining economically sustainable rates of oil production so that the CSOR can be reduced. SAGD is expected to be
even less energy-efficient for highly heterogeneous reservoirs (Venkatramani and Okuno 2017). Thus, there is a critical need to reduce
the SAGD CSOR from both environmental and economic standpoints, which has motivated the search for alternative processes.

Coinjection of steam and solvent for SAGD (solvent-SAGD) has been studied and pilot tested as a potential method to improve the
drawbacks of SAGD (Leaute 2002; Gupta et al. 2005; Leaute and Carey 2007; Gupta and Gittins 2006). Solvent-SAGD processes pro-
posed in the literature, such as expanding-solvent SAGD (ES-SAGD), solvent-aided process, and liquid addition to steam for enhanced
recovery (LASER), use a small amount of solvents (e.g., a few to 20% by liquid volume equivalent) (Leaute 2002; Gupta et al. 2005;
Leaute and Carey 2007; Gupta and Gittins 2006). They attempt to enhance the L-phase mobility by the dilution of oil by solvent, in
addition to the thermal energy released from the injected steam, to reduce the steam requirement. It is reported in the literature that sol-
vent-SAGD, if properly designed, can increase bitumen-drainage rate and displacement efficiency while reducing CSOR (e.g., the
EnCana solvent-aided-process pilot and the Imperial Oil LASER) (Nasr et al. 2003; Gates 2007; Gupta et al. 2005; Gupta and Gittins
2006; Leaute 2002; Leaute and Carey 2007; Li et al. 2011a b; Keshavarz et al. 2014, 2015).
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Prior investigations into solvent-SAGD are mainly concerned with hydrocarbon solvents, such as propane, butane, and diluents,
which usually consist of pentane and heavier hydrocarbons at different concentrations (Nasr et al. 2003; Gates 2007; Ivory et al. 2008;
Li et al. 2011a, b; Keshavarz et al. 2014, 2015). The hydrocarbon solvents that are reported to be suitable have vapor pressures that are
close to that of water at an operating pressure; e.g., n-hexane and n-heptane as single-component solvents for various bitumen reservoirs
(Li et al. 2011a; Mohebati et al. 2012; Keshavarz et al. 2015). However, such hydrocarbon solvents are relatively expensive, and in-situ
retention of the coinjected solvent, which inevitably happens under heterogeneity, can substantially affect the project economics.

In general, more-volatile solvents are less expensive. Therefore, they are of lower risk for injection into bitumen/heavy-oil reser-
voirs. Also, it is expected that mixing of bitumen with more-volatile solvent results in lower viscosity of the resulting oil mixture at a
given mixing ratio, temperature, and pressure. As will be explained in the next section, however, coinjection of steam with highly vola-
tile solvents (e.g., propane and butane) substantially lowers the temperature at the edge of a steam chamber (in comparison with steam-
only injection), which lowers the L-phase mobility. For example, prior investigations have shown that coinjection of propane with
steam is unlikely advantageous over SAGD at the operating conditions in most target reservoirs, especially for Athabasca bitumen res-
ervoirs (Li et al. 2011b; Keshavarz et al. 2015). Results presented in the literature show that lowering the temperature at the edge of a
steam chamber by coinjection of volatile solvents with steam reduces heat losses to the overlying formation rocks, but the operating
chamber-edge temperature should not be too low to maintain an SAGD-like oil-production rate (Keshavarz et al. 2014, 2015; Venkatramani
and Okuno 2016). A practical way to improve the efficiency of SAGD is to develop effective strategies for solvent-SAGD that result in less
consumption of energy and water while keeping an SAGD-like rate of bitumen production.

This paper is motivated by the question of how we can use the water component and/or the aqueous (W) phase to improve the effi-
ciency of steam-based oil recovery, such as SAGD and cyclic steam stimulation. This is because water is by far the most dominant com-
ponent in steam-based oil recovery for heavy-oil and bitumen recovery (Zhu and Okuno 2016). The volume of produced water is a few
times greater than the volume of produced oil in SAGD and cyclic steam stimulation. The central hypothesis in this research is that the
combined mechanisms for enhancement of bitumen mobility by heat and dilution are more effective with water-soluble solvents than
with the conventional alkane-based solvents.

As will be presented in this paper for the first time, thermodynamic calculations and flow simulations using experimental data indi-
cate that the solubility of solvent in water is expected to effectively use the thermal and compositional mechanisms for enhancing bitu-
men mobility in the reservoir. In this research, DME is considered as a water-soluble solvent, although it is not the purpose of this
paper to single out DME as a promising additive to steam to improve SAGD.

DME is the lightest organic in the ether family with the chemical formula of CH3-O-CH3. DME can be synthesized in a variety of
ways at low costs, such as from methanol, organic waste, and biomass. The second lightest ether is diethyl ether, but it is highly reac-
tive. Therefore, DME is the only ether considered in this research.

DME is a colorless gas with mild sweet odor at standard conditions. It liquefies under moderate pressure or cooling (Ratnakar et al.
2016a). DME is between propane (C3) and n-butane (C4) in terms of volatility, and soluble in oil as presented in the experimental stud-
ies (Ihmels and Lemmon 2007; Wu and Yin 2008). Other properties of DME, such as density, viscosity, and critical parameters,
are reported in the literature (Wu et al. 2003, 2004; Ihmels et al. 2007). Because of its slight polarity, DME is also soluble in water
(Ratnakar et al. 2016a, b). However, there are a limited amount of experimental data for DME/water and DME/oil mixtures. Experi-
mental studies of DME/water binary-phase behavior were presented by Pozo and Streett (1984) and Holldorff and Knapp (1988). Park
et al. (2007) conducted an experimental study for phase behavior of DME/decane and DME/dodecane mixtures. Chernetsky et al.
(2015) measured densities and viscosities of DME/oil mixtures. Ratnakar et al. (2016a, b) presented phase-behavior data of DME/oil/
brine. However, phase behavior of DME/bitumen/brine mixtures has not been presented in the literature.

Recently, novel applications of DME in petroleum reservoir engineering were presented in the literature. Coreflooding studies and
field studies indicated that DME can be an effective solvent for enhanced-waterflooding processes (Chernetsky et al. 2015; Parsons
et al. 2016; Chahardowli et al. 2016; Groot et al. 2016a, b; Alkindi et al. 2016; Te Riele et al. 2016). The DME injected can be effi-
ciently recovered through the produced water because of the solubility in water, and the produced water that contains DME can be
reused (Chernetsky et al. 2015; Parsons et al. 2016). Furthermore, Ganjdanesh et al. (2016) showed that DME can be used to treat con-
densate and water blocks in hydraulic-fractured shale-gas/condensate reservoirs through numerical investigation by taking advantage of
DME distribution in the W and L phases and its high volatility.

Thermodynamic modeling for the application of DME to petroleum-engineering processes has been studied. Cubic equations of state
(EOSs), such as the Peng-Robinson (PR) EOS (Robinson and Peng 1978), with the van der Waals (vdW) mixing rules are not entirely
satisfactory for modeling DME/water mixtures (Ratnakar et al. 2016a, b). Accurate modeling of hydrogen bonding and polar inter-
actions usually requires more-advanced EOSs and/or mixing rules, such as cubic-plus-association EOS and the Huron and Vidal (HV)
(1979) mixing rule (Chapman et al. 1986; Michelsen 1990; Kontogeorgis et al. 1996; Folas et al. 2006a, b; Oliveira et al. 2007; Peder-
sen et al. 2014; Ratnakar et al. 2016a, b). Ratnakar et al. (2016a) used the CPA EOS based on Soave-Redlich-Kwong (Soave 1972) to
calculate partitioning of DME in the W and L phases for DME/oil/brine mixtures. Ratnakar et al. (2016b) used the PR EOS with the HV
mixing rule to model phase behavior of DME/brine/oil mixtures.

The primary objective of this paper is to present, for the first time, potential benefits of using DME, a water-soluble solvent, as a
steam additive to improve the efficiency of SAGD, along with the mechanisms involved. To study the effect of the solvent solubility in
water on oil recovery in solvent-SAGD, the secondary objective is to compare DME/steam coinjection (DME-SAGD) with coinjection
of steam with volatile alkanes, such as C4, of which the volatility is close to DME. The research is based on thermodynamic calculations
and flow simulations; however, experimental data available for relevant fluids are used to calibrate the numerical models. The signifi-
cance of the paper lies in the mechanistic explanation of how the DME solubility in water is expected to make differences in tempera-
ture and component distributions during SAGD and its variants. Optimal conditions for DME-SAGD are beyond the scope of the
current paper because DME has been taken merely as an example of a water-soluble solvent.

The next section presents thermodynamic calculations for chamber-edge conditions for SAGD and solvent-SAGD with different sol-
vents, such as DME and alkanes. This will explain the effect of the solvent solubility in water on chamber-edge conditions. Then, a sim-
ulation case study will compare SAGD and solvent-SAGD with DME and C4 in terms of bitumen-production rate, CSOR, ultimate
bitumen recovery, and solvent recovery.

Vapor-Condensation Conditions for Water/Solvent/Bitumen

Oil drainage by gravity occurs mainly along the edge of a steam chamber in SAGD and its variants (Keshavarz et al. 2014). Therefore,
the temperature-composition conditions near the steam-chamber edge substantially affect the efficiency of solvent-SAGD in terms of
oil production and energy/water consumption at a given operating pressure (Keshavarz et al. 2014, 2015; Venkatramani and Okuno
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2016). In general, there are three phases inside a steam chamber: the vapor (V), aqueous (W), and oleic (L) phases. At the edge of a
steam chamber, the V phase completely condenses, making hot water (water condensate) from the vapor water and liquid solvent from
the vapor solvent. This liquid solvent is then mixed with heated, mobile bitumen through mechanical dispersion along and outside the
edge of a steam chamber (Venkatramani and Okuno 2017). In solvent-SAGD, therefore, the L-phase mobility becomes higher not only
by the thermal mechanism, but also by the compositional mechanism.

The thermodynamic conditions at the edge of a steam chamber in solvent-SAGD depend substantially on the phase behavior of
water/solvent/bitumen mixtures (Keshavarz et al. 2014, 2015; Venkatramani and Okuno 2016). More specifically, such conditions are
determined by vapor condensation, in which a phase transition occurs between two phases (WL) and three phases (WLV), in the water/
solvent/bitumen system at a given operating pressure and overall composition. Fig. 1 schematically illustrates the chamber-edge (or
vapor-condensation) conditions in a ternary diagram for water/pentane/bitumen at a chamber-edge temperature at the operating pressure
of 35 bar. The red dot in the ternary diagram (Fig. 1a) indicates an overall composition on the boundary between WL and WLV, which
corresponds to a point on the edge of a steam chamber (Fig. 1b) at the specified pressure.

This section provides an analysis of chamber-edge (i.e., vapor-condensation) conditions for SAGD and solvent-SAGD at a given
pressure, 35 bar as an example. The solvents used for solvent-SAGD are DME and alkanes, ranging from C3 to n-hexane (C6). Ternary
mixtures consisting of water, bitumen, and solvent are used in this section. First, the phase-behavior models used are described in the
following two subsections. Then, the effect of water-soluble solvent (taking DME as an example) on vapor-condensation conditions are
analyzed in the third subsection.

EOS Model for Water/n-Alkane/Bitumen. The PR EOS with the vdW mixing rules is used for phase-equilibrium calculation of
water/n-alkane/bitumen mixtures. Tables 1 and 2 summarize parameters for the PR-EOS models with the vdW mixing rules, such as
critical properties and binary-interaction parameters (BIPs). Critical properties of water and n-alkanes are derived from the American
Petroleum Institute technical data book (API 1983) and group contribution methods (Constantinou and Gani 1994; Constantinou et al.
1995) as summarized in Venkatramani and Okuno (2015). The dead-bitumen component (CD in Tables 1 and 2) is the Athabasca bitu-
men characterized by Kumar and Okuno (2016), which was described as Bitumen A in their paper.

A BIP correlation for water with alkanes was developed for reliable estimation of water solubility in alkanes using the PR EOS
(Robinson and Peng 1978; Venkatramani and Okuno 2015):

BIPw=HC ¼ c1½1þ expðc2 � c3MWÞ��1=c4 ; ð1Þ

where c1¼ 0.24200, c2¼ 65.90912, c3¼ 0.18959, and c4¼ –56.81257. MW is the molecular weight (in g/mol) of n-alkane. This correla-
tion is dependent on experimental data for water/alkane three-phase behavior (Brunner 1990). This BIP correlation with the PR EOS
gave accurate estimation of three-phase temperatures for water with n-alkanes from C3 to C36 and water solubilities in alkanes from C3

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
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Fig. 1—Thermodynamic conditions at the edge of a steam chamber corresponding to vapor-condensation conditions. The ternary
diagram shows an overall composition on the edge of a tie triangle of W, L, and V at 35 bar for the water/pentane/bitumen system
as an example. CD is the dead-oil pseudocomponent, which is bitumen in this example. The chamber schematic shows a point on
the edge of a steam chamber at which the thermodynamic conditions correspond to the red dot in the ternary diagram.

Components TC (K) PC (bar) ω MW (g/mol) VC (cm3/mol)

C1 190.56 45.99 0.0157 16.04 –
C3 369.83 42.48 0.1543 44.10 203
n-C4 425.12 37.96 0.2014 58.12 255
n-C5 469.70 33.70 0.2511 72.15 304
n-C6 507.60 30.25 0.3010 86.18 370
CD 847.17 10.64 1.0406 530.00 1330

Water 647.10 220.64 0.3433 18.01 –
DME 400.05 52.92 0.2000 46.07 –

Table 1—Critical properties and molecular weight (MW) for components.
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to C20 with average absolute deviations (AADs) of 1.7 K and 4.2 mol%, respectively (Venkatramani and Okuno 2015). For the BIP of
water with CD, the value from Eq. 1 is multiplied by 0.7 to account for the effect of aromaticity of the bitumen (CD) on the solubility
of water in bitumen. The scaling factor of 0.7 was obtained by Venkatramani and Okuno (2016) by matching experimental data for
Athabasca bitumen measured by Amani et al. (2013a, b).

The solubility of alkanes in water has been measured to be very low; e.g., up to 0.1 mol% as reported by Scharlin et al. (1998). For
example, Reamer et al. (1952) showed the solubility of C4 in water at 511 K and 68.9 bar was 0.0792 mol%. The PR EOS with the BIP
correlation given in Eq. 1 usually underestimates the solubility of alkanes in water (Venkatramani and Okuno 2015); that is, alkanes are
essentially insoluble in water, and partition only into the vapor and oleic phases in this research.

The small solubility of C4 in water has marginal effects on phase behavior in this research. For example, the PR-EOS models for
water/C4 using the HV mixing rule (Ratnakar et al. 2016b) and the vdW mixing rules (Venkatramani and Okuno 2015) respectively
yield 0.084 mol% and 0.000 mol% for the C4 solubility in water at 511 K and 68.9 bar. The resulting W-phase densities in the STARS
(CMG 2014) simulator are 807.0 kg/m3 and 806.9 kg/m3 with the HV and vdW models, respectively.

BIPs between bitumen and n-alkanes are calculated by the following correlation (Kumar 2016):

BIPbit=sol ¼ 0:0349 ln
VC-sol

VC-bit

� �
þ 0:1329; ð2Þ

where VC is critical molar volume, VC-sol is the standard value for the alkane solvent of interest, and VC-bit can be calculated directly
from the Riazi and Daubert (1987) correlation.

EOS Model for Water/DME/Bitumen. The vdW mixing rules are inaccurate for modeling water/DME mixtures, especially for three-
phase conditions and solubility of DME in water. For example, if the PR EOS with the vdW mixing rules is calibrated with three-phase
conditions for water/DME mixtures (Pozo and Streett 1984), the average absolute relative deviation (AARD) for the DME solubility in
water is more than 45% dependent on Pozo and Streett (1984). The HV mixing rule (Huron and Vidal 1979) is more flexible than the
vdW mixing rules for modeling mixtures with polarity and hydrogen bonding (Kontogeorgis and Folas 2009). Therefore, the PR EOS
with the HV mixing rule is used for modeling water/DME/bitumen mixtures in this research; the vdW mixing rules are used for the
water/bitumen and bitumen/DME binary pairs; and the HV mixing rule is used for the water/DME binary pair. Ratnakar et al. (2016b)
used the HV mixing rule for calibrating a DME/brine/oil system with experimental data and predicting the partitioning of DME into the
L and W phases.

Properties of water and CD are the same as in the water/n-alkane/bitumen models. Vapor-pressure data for DME, such as critical
temperature (TC), critical pressure (PC), and acentric factor (x), were taken from Tallon and Fenton (2010), as shown in Table 1. How-
ever, experimental data for mixtures of DME with other components are scarce. As explained here, therefore, interaction parameters for
DME/CD (Table 2) and water/DME were calibrated with experimental data.

For DME/hydrocarbon mixtures, the only data that are relevant to this research and available in the literature are given by Park et al.
(2007) for the DME solubility in n-decane (C10) and n-dodecane (C12). A BIP of 0.015 has been found to give an AARD of 1.5% for
these data. Although the BIP of DME with bitumen is expected to be different, 0.015 is also used for the DME/CD pair in the absence
of any other relevant data (Table 2).

The HV parameters for the water/DME pair were obtained by matching the data for three-phase conditions and DME solubility in
water up to 493 K and 509 bar (Pozo and Streett 1984). The randomness parameters for components j and k are 0.131 for the two ways
( jk and kj), where j is water and k is DME. The energy parameters for j (water) and k (DME) are gjk/R¼ g0jk/RþTg00jk/R, where g0jk/R is

–1000 K and g00jk/R is –0.570, and gkj/R¼ g0kj/Rþ Tg00kj/R, where g0kj/R is 1370 K and g00kj/R is 1.290. R is the universal gas constant.

Unlike the vdW mixing rules, the HV mixing rule exhibits improved accuracy for DME solubility in water and three-phase condi-
tions. AARDs for three-phase temperature and DME solubility in water with the HV mixing rule are 0.9% and 17.3%, respectively. The
corresponding AAD is 3.8 K for three-phase temperature and 2.1 mol% for DME solubility in water on the three-phase curve. Fig. 2
also compares EOS predictions with experimental data of Pozo and Streett (1984). In Fig. 2, the horizontal line for each temperature
represents the three-phase pressure for the W, V, and L phases. Above the three-phase pressure, two different two-phase regions (W/L
and L/W) are present (not shown in Fig. 2). Below it, the W/V region is present.

Analysis of Vapor-Condensation Temperature at 35 bar. This subsection presents the difference between alkanes and DME in
terms of phase behavior when they are mixed with water and bitumen at a given pressure, 35 bar, using the EOS models (see the two
preceding subsections). Differences come from the solubility in water, which is much greater for DME than for alkanes (Fig. 2). The
main objective in this subsection is to explain the potential effect of this difference on vapor-condensation (or chamber-edge) tempera-
ture for water/solvent/bitumen mixtures in solvent-SAGD.

Fig. 3 shows vapor-pressure curves of solvent components and three-phase curves for water/solvent binaries using the EOS models
described in the two preceding subsections. Vapor-pressure curves in Fig. 3 show that DME is between C3 and C4 in terms of volatility.
However, the interaction of DME with water is apparently different from that of n-alkanes with water. For example, the three-phase
curve for the water/DME binary is on the higher-temperature side of the DME vapor-pressure curve (Pozo and Streett 1984). However,
the three-phase curve for a water/n-alkane binary is observed to be on the lower-temperature side of the vapor-pressure curve for that of
n-alkane (Brunner 1990).

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

BIP C1 C3 n-C4 n-C5 n-C6 CD
CD 0.000 0.067 0.075 0.081 0.088 0.000

Water 0.732 0.666 0.636 0.607 0.579 0.169
DME 0.000 0.000 0.000 0.000 0.000 0.015

Table 2—BIPs for the PR EOS with the vdW mixing rules. All other BIPs are zero. CD stands for the

dead-bitumen component. The vdW mixing rules are used for all the binaries in water/n-alkane/bitumen

mixtures, and for the water/bitumen and bitumen/DME binary pairs in water/DME/bitumen mixtures.
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Fig. 4 compares different alkane solvents in terms of vapor-condensation temperature for a typical overall composition (95 mol%
water, 4 mol% solvent, and 1 mol% bitumen) for a solvent-SAGD chamber edge at 35 bar. In Fig. 4, two-phase regions associated with
the tie triangle are omitted for clarity. The vapor-condensation temperature is calculated to be 358 K for propane, 415 K for butane, 453
K for pentane, and 476 K for hexane. That is, it monotonically increases with decreasing volatility of the alkane solvent used. The
vapor-condensation temperature for the propane case is remarkably lower than that for the hexane case (DT¼ 118 K), which substan-
tially reduces the mobility of the resulting L phase. This largely explains the result of previous studies that n-hexane is more suitable
than propane as an additive to steam for solvent-SAGD for Athabasca bitumen (Li et al. 2011a; Mohebati et al. 2012; Keshavarz
et al. 2015).

As mentioned previously, the volatility of DME is between that of propane and butane. Therefore, one may expect that the vapor-
condensation temperature can be as low as the propane and butane cases, as shown in Fig. 4. Fig. 5 shows the ternary diagram calcu-
lated for the water/DME/bitumen system at the same conditions used for Fig. 4. The vapor-condensation temperature for the DME case
is calculated to be 442 K (Fig. 5), which is higher than the propane and butane cases and even close to the pentane case (Fig. 4).
Because the overall composition near the edge of a steam chamber is always in the vicinity of 100% water in SAGD and its variants,
the phase-transition temperature from WLV to WL is sensitive to the solubility of solvent in water (or the composition of the W phase
that is equilibrium with L and V) at a given operating pressure. The hypothesis obtained from these calculations is that vapor-condensa-
tion temperature at a given pressure and composition will increase substantially if the solvent can partition into the W phase at operating
conditions. This will be confirmed in the next section through numerical reservoir simulations for coinjection of steam with different
solvents, such as DME and C4, for Athabasca bitumen at 35 bar.

Fig. 6 compares the temperature/composition (T/x) diagrams for water/C5/CD and water/DME/CD at 35 bar. There are two separate
three-phase regions for each diagram: W/L1/V at higher temperature and W/L1/L2 at lower temperature, where L1 is the bitumen-rich liq-
uid phase and L2 is the solvent-rich liquid phase. Two-phase regions associated with the three-phase regions are not shown for clarity.
The ternary diagrams given in Figs. 4 and 5 correspond to temperature cross sections inside the W/L1/V region in Fig. 6. Fig. 6 clearly
shows that the lower-temperature limit for W/L1/V is substantially lower in the water/DME/CD system than in the water/C5/CD system.
This is a direct consequence of the difference between the three-phase temperature for water/DME and that for water/C5 at 35 bar,
which are 382.18 K and 448.37 K, respectively, as shown in Fig. 3. However, only 1 mol% of bitumen (CD) in the overall composition
makes the vapor-condensation temperature 60 K higher, as discussed with Fig. 5.
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Fig. 6 shows liquid/liquid separation of bitumen/solvent mixtures in the presence of the W phase in the W/L1/L2 region. Such phase
behavior was experimentally observed in Gao et al. (2017) for water/C4/Athabasca-bitumen mixtures. Based on the experimental obser-
vation, they stated that the liquid/liquid separation would limit the solubility of solvent in bitumen even when a high level of solvent
accumulation took place near the edge of a steam chamber in solvent-SAGD with highly volatile solvents. Fig. 6 shows that the upper-
temperature limit for W/L1/L2 is calculated to be lower for the DME case than for the C5 case. This indicates that the detrimental effect
of W/L1/L2 phase behavior on bitumen dilution is less likely for DME-SAGD than for solvent-SAGD with solvents that are less volatile
than DME, such as C5; however, further investigation into bitumen dilution by DME is necessary with more experimental data.

Simulation Case Study

This section presents a simulation case study to compare SAGD, DME-SAGD, and C4-SAGD. The comparison between SAGD and
DME-SAGD is to see the effect of solvent on SAGD in terms of bitumen-production rate, CSOR, and ultimate oil recovery. The com-
parison between DME-SAGD and C4-SAGD is to see the effect of the solubility of solvent in water on the previously discussed metrics

Water
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T = 358.47 K

P = 35 bars
T = 415.3 K

P = 35 bars
T = 453.48 K

P = 35 bars
T = 475.95 K

(a) Water/propane/bitumen

(c) Water/pentane/bitumen (d) Water/hexane/bitumen
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Water

n -C5CD

Water
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W/L1/VW/L1/V

W/L1/V W/L1/V

n -C4CD

Fig. 4—Vapor-condensation temperatures at 35 bar for water/solvent/bitumen mixtures for a fixed overall composition of 95 mol%
water, 4 mol% solvent, and 1 mol% bitumen (CD). Four different alkane solvents are compared: propane, butane, pentane, and hex-
ane. The overall composition is shown as the black dot on the W/L edge of the tie triangle for the aqueous (W), oleic (L), and vapor
(V) phases. The PR EOS was used for the calculations (Tables 1 and 2). Two-phase regions associated with the tie triangle are omit-
ted for clarity.
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P = 35 bars
T = 442.46 K Water

W/L1/V

DME

Fig. 5—Vapor-condensation temperature at 35 bar for the overall composition of 95 mol% water, 4 mol% DME, and 1 mol% bitumen
(CD). This overall composition is shown as the black dot on the W/L edge of the tie triangle for the aqueous (W), oleic (L), and vapor
(V) phases. The PR EOS was used for the calculations. Two-phase regions associated with the tie triangle are omitted for clarity.
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and solvent recovery. DME and C4 are compared because of the similarity in terms of volatility (Fig. 3). Although the volatility of
DME is closer to that of C3 than C4 (Fig. 3), C3 is not selected in this case study because it does not improve SAGD for the bitumen res-
ervoir considered here. The subsection Simulation Model describes the simulation conditions. Results are discussed in the subsection
Simulation Results.

Simulation Model. With the STARS simulator (Computer Modelling Group 2014), one-half of a steam chamber is simulated for a ho-
mogeneous reservoir of 70 m (x)� 37.5 m (y)� 20 m (z). The reservoir is discretized into 70� 1�20 gridblocks; that is, this is a vertical
2D model. The temperature and pressure of the initial reservoir are 15 bar and 286.15 K, respectively. The reservoir initially contains
25% water and 75% live bitumen with a gas/oil ratio of 0.44 m3/m3. The production well is placed at 3 m above the reservoir bottom,
and the injection well is placed 4 m above the production well. The injection and production wells are operated at 35 and 15 bar, respec-
tively. Other reservoir and well-pair parameters are summarized in Table 3.
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Fig. 6—Temperature/composition diagrams for water/solvent/bitumen at 35 bar using the PR-EOS model (Tables 1 and 2). Only
three-phase regions are shown for clarity.

Parameters Values 

Porosity 33%
Horizontal permeability 4,000 md 
Vertical permeability 3,000 md 
Initial reservoir pressure at the depth of 500 m 15 bar 
Initial reservoir temperature 286.15 K 
Initial oil saturation 0.75
Initial water saturation 0.25
Three-phase relative permeability model (CMG 2014) Stone's Model II 
Formation compressibility 1.8×10–3 1/bar 
Rock heat capacity (Keshavarz et al. 2014) 2600 kJ/(m3·K)
Rock thermal conductivity (Keshavarz et al. 2014) 660 kJ/(m·d·K)
Over/underburden heat capacity (Keshavarz et al. 2014) 2600 kJ/(m3·K)
Over/underburden thermal conductivity (Keshavarz et al. 2014) 660 kJ/(m·d·K)
Bitumen thermal conductivity 11.5 kJ/(m·d·K)
Gas thermal conductivity 2.89 kJ/(m·d·K)
Producer bottomhole pressure (minimum) 15 bar 
Steam quality 0.9

Table 3—Input parameters for the simulation case study for SAGD and solvent-SAGD with the

STARS simulator.
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All simulations are conducted for 10 years of operation. The reservoir is first preheated for 6 months. Then, 2 mol% of solvent is
coinjected with steam at 35 bar until the steam chamber reaches the side boundary of the reservoir model. After the coinjection period,
100% wet steam of 90% quality is injected until the end of the operation. This is because bitumen recovery gradually becomes less effi-
cient, and solvent recovery becomes the focus in the final stage.

The viscosity model for water/n-alkane/bitumen is the same as those used in Venkatramani and Okuno (2016). That is, it takes into
account the effect of water solubility in oil on L-phase viscosity. It also represents the difference between the mixing of water/bitumen
and that of solvent/bitumen in terms of L-phase viscosity. Details of viscosities for water, n-alkanes, and bitumen as well as mixing
coefficients for bitumen and n-alkanes can be found in their paper.

The correlation for viscosity of saturated-liquid DME by Wu et al. (2003) has been used to create a viscosity-temperature table at
DME subcritical conditions for STARS. The correlation is

log10 l ¼ �5:7282þ 631:031

T
þ 0:01453T � 1:8225� 10�5T2; ð3Þ

where l is DME viscosity in cp and T is temperature in K. This correlation gives 0.5% AARD from experimental data measured from
227 to 343 K. DME is supercritical greater than 400.05 K (Table 1). To our knowledge, however, no data are available for viscosity of
supercritical DME. Therefore, it is assumed to be the same as the supercritical viscosity of C3 in this research. Coefficients in the vis-
cosity-mixing rule for C4 are used for DME in the absence of experimental viscosity data for bitumen/DME mixtures.

The STARS simulator models the V-phase densities by the ideal-gas law. The liquid phase densities can be calculated by the follow-
ing mixing rule (no volume change on mixing):

1=qj ¼
XNc

i¼1
xij=qij; ð4Þ

where qj is the molar density of liquid phase j, xij is the mole fraction of component i in liquid phase j, and NC is the number of compo-
nents. qij is the molar density of component i in phase j at T and P, which can be calculated as

qij ¼ qi refexp �a1ðT � TrefÞ �
1

2
a2ðT2 � T2

refÞ þ a3ðP� PrefÞ þ a4ðP� PrefÞðT � TrefÞ
� �

ð5Þ

where Pref is the reference pressure in kPa (101.325 kPa) and Tref is the reference temperature in K (288.15 K). qiref is the molar density
of component i at the reference pressure and temperature. The a-values are coefficients, and can be obtained together with qiref by
regression to experimental data.

Densities for water, bitumen, and n-alkanes in this paper were taken by Venkatramani and Okuno (2016). Modified Rackett equa-
tions (Rackett 1970; Spencer and Danner 1972) were used by Ihmels and Lemmon (2007) for accurate representation of liquid DME
density from 10 to 400 bar and 273 to 523 K. The liquid-density prediction from this model gives 0.039% AARD from experimental
data. The modified Rackett equation is

q ¼ q0

f1� CT ln½ðBT þ PÞ=ðBT þ P0Þ�g
; ð6Þ

where q0 ¼
AR

BR

1þ 1�
T

CR

� �DR
� � and BT ¼ BT0

þ BT1

T

ET
þ BT2

T

ET

� �2

. q is the liquid molar density of DME in mol/m3. T and P are tem-

perature and pressure in K and MPa, respectively. CT¼ 0.0834042, BT0
¼ 284.304 MPa, BT1

¼�130.021 MPa, BT2
¼ 14.4194 MPa,

ET¼ 100 K, AR¼ 55.6001 mol/m3, BR¼ 0.236704, CR¼ 401.406 K, and DR¼ 0.243368. The STARS simulator uses the liquid-density
models described in Eqs. 4 and 5 instead of the Rackett equation. Therefore, Eqs. 4 and 5 were regressed to match predictions by the
Rackett model up to 50 bar by adjusting the five parameters, qiref, and a-values. The regression results give AAD and AARD of 14.9 kg/m3

and 2.7%, respectively, and are given in Tables 4 and 5 along with those coefficients for water, alkanes, and bitumen.

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

. . . . . . . . . . . . . . . . . . . . . . . . .

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Component ρref (mol/m3) α1 (K–1) α2 (K–2) α3 (kPa–1) α4 (kPa–1 K–1)

Water 55 425.9 –1.67×10–3 6.48×10–6 0.00 0.00
C1 19 959.5 1.32×10–3 5.77×10–6 5.13×10–6 4.05×10–8

n-C4 13 244.3 5.19×10–5 5.05×10–6 2.55×10–6 4.56×10–9

DME 15 682.7 2.95×10–4 9.98×10–6 4.02×10–6 6.14×10–7

Table 4—Density coefficients for the simulation case study with the STARS simulator. Values for water

and n-alkanes were taken from Venkatramani and Okuno (2016). The a-values provided are for the use

of Eq. 5 with the units of kPa and K as required by STARS.

System ρref (mol/m3) α1 (K–1) α2 (K–2) α3 (kPa–1) α4 (kPa–1 K–1)

Water/n-C4/CD 1872.9 –2.23×10–5 9.09×10–7 3.88×10–7 4.28×10–9

Water/DME/CD 1872.9 –1.95×10–5 8.95×10–7 3.85×10–7 4.72×10–9

Table 5—Bitumen density coefficients for STARS in the simulation case studies (Venkatramani and

Okuno 2016). The a-values provided are for the use of Eq. 5 with the units of kPa and K as required

by STARS.
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The EOS models introduced in this section are used to generate K-value tables for phase-equilibrium calculation in the STARS sim-
ulator. In the tabulation of K-value tables, a possible solvent-rich liquid phase has been disregarded as required by the format of the
STARS K-value tables. That is, the detrimental effect of liquid/liquid separation on bitumen dilution that can occur for C4-SAGD is not
simulated in this case study (see the preceding subsection Analysis of Vapor-Condensation Temperature at 35 bar and Fig. 6).

Simulation Results. Bitumen Recovery, CSOR, and Chamber-Edge Temperature. Fig. 7 presents the cumulative bitumen-
production histories simulated for SAGD, DME-SAGD, and C4-SAGD. The bitumen-production rates of DME-SAGD are higher than
SAGD. DME-SAGD yields 5% higher ultimate recovery of bitumen than SAGD because of the distillation mechanism (Keshavarz
et al. 2014). For the same reason, C4-SAGD is able to achieve a similar ultimate recovery to DME-SAGD. C4-SAGD also shows the
highest rate of bitumen production among the three processes studied here. Appendix A provides an explanation regarding the bitumen-
drainage rate simulated for C4-SAGD. The steam chamber reaches the side boundary at 3.8 years in DME-SAGD, 2.7 years in SAGD,
and 2.9 years in C4-SAGD. Therefore, steam/solvent coinjection is terminated at 3.8 years in DME-SAGD and 2.9 years in C4-SAGD.

Fig. 8 shows the CSOR histories simulated for SAGD, DME-SAGD, and C4-SAGD. DME-SAGD reduces CSOR by approximately
2 m3/m3 compared with SAGD, and C4-SAGD reduces it even more in this case. The reduction in CSOR is because of the lower cham-
ber temperature in solvent-SAGD (Keshavarz et al. 2015). Fig. 9 shows the temperature profiles near the steam-chamber edge for the
12th row from the reservoir top for SAGD, DME-SAGD, and C4-SAGD at 1.8 years. The chamber-edge temperature is 502 K for
SAGD, 404 K for DME-SAGD, and 381 K for C4-SAGD in Fig. 9. As expected from the analysis given previously, the chamber-edge
temperature in DME-SAGD is simulated to be 23 K higher than that in C4-SAGD, in spite of the higher volatility of DME compared
with C4 (Fig. 3).

Solvent Distribution in Phases and its Effects on Oil Recovery. Fig. 10 shows the solvent mole fractions in the L and W phases for
the 12th row from the reservoir top for DME-SAGD and C4-SAGD. The DME concentration in the W phase is approximately 5 mol%
within a few meters outside the chamber edge, which is consistent with Fig. 5. The L phase near the chamber edge contains approxi-
mately 90 mol% C4 in C4-SAGD, and a smaller amount of DME in DME-SAGD, as shown in Fig. 10a. This is qualitatively consistent
with Figs. 4 and 5, in which the L phase contains less than 40 mol% DME in Fig. 5, but more than 75 mol% C4 in Fig. 4 (vapor-conden-
sation conditions for a fixed overall composition at 35 bar). In DME-SAGD, the dilution of bitumen by DME shown in Fig. 10a results
in a SAGD-like bitumen-production rate (Fig. 7) while reducing SOR by 2 m3/m3, as shown in Fig. 8.
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The solubility of DME in water results in the distribution of DME among phases in DME-SAGD that is substantially different from
that of C4 in C4-SAGD. Fig. 11 presents the histories of solvent molar amounts in the V, L, and W phases for DME-SAGD and
C4-SAGD. In C4-SAGD, a substantial amount of C4 is present in the V phase, as is the case with solvent-SAGD using highly volatile
solvents. At the moment the C4 injection is terminated, approximately 50 mol% is in the L phase and 50 mol% is in the V phase. The
solvent in the V phase decreases the in-situ temperature, which reduces heat losses to the overlying formation rocks and also facilitates
the condensation of that solvent. However, the vapor solvent does not directly contribute to the dilution of bitumen. In DME-SAGD,
the injected DME partitions into the W, L, and V phases inside the chamber and the W and L phases ahead of the chamber edge. Fig. 11
shows that approximately 47 mol% of the in-situ DME is in the L phase, 41 mol% in the W phase, and 12 mol% in the V phase upon the
termination of solvent injection. That is, a substantial amount of DME resides in the W phase.

Fig. 12 shows the density distributions simulated for the W and L phases for DME-SAGD, C4-SAGD, and SAGD for the 12th row
from the reservoir top at 1.8 years. For DME-SAGD, the difference in mass density, Dqm (mass density of the W phase less mass density
of the L phase), is close to zero in the gravity-drainage zone outside the steam chamber and negative inside the steam chamber, because
of the partitioning of DME into the W and L phases. However, Dqm is simulated to be systematically negative in SAGD and positive in
C4-SAGD near the chamber edge. Dqm in the L/W two-phase flow along the chamber edge affects the compositional-flow regime, espe-
cially in solvent-SAGD.

Fig. 13 shows the molar flow rate of CD in the L phase and that of water in the W phase in C4-SAGD at 1.8 years. The chamber edge
is indicated by black dots in Fig. 13. The transport of bitumen (CD) clearly occurs above that of water because the L phase is less dense
than the W phase in C4-SAGD, as shown in Fig. 12 for the 12th row. Fig. 14 shows the molar flow rate of CD in the L phase and that of
water in the W phase for DME-SAGD at 1.8 years. In DME-SAGD, the transport of CD occurs more slowly, but in the thicker zone out-
side the chamber edge in comparison with C4-SAGD (Figs. 13a and 14a). DME appears to have penetrated deeper outside the chamber
edge because of the lower level of gravity segregation between the L and W phases in DME-SAGD. This can be clearly seen in Fig. 15,
which shows the maps for the overall mole fraction of C4 in C4-SAGD and that of DME in DME-SAGD at 1.8 years. Fig. 16 presents the
profiles of overall composition for DME-SAGD, C4-SAGD, and SAGD at the 12th row from the reservoir top at 1.8 years. The overall
concentration of DME is higher outside the chamber than inside the chamber in DME-SAGD. This is in contrast to the C4-concentration
profile shown in Fig. 16b for C4-SAGD. In C4-SAGD, a substantial amount of C4 is used to transport a small amount of bitumen (CD)
(approximately 1 mol% in Fig. 16a), which makes a C4 bank flowing with the W phase with a large positive Dqm. In DME-SAGD, a
larger amount of CD is diluted by a smaller amount of solvent, and the segregation of the L and W phases is less clear (Fig. 16a, b).
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the W phase (mol/D) in DME-SAGD at 1.8 years. The chamber edge is indicated by black dots.
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Mechanical mixing in the L phase occurs mainly between solvent and bitumen in C4-SAGD and DME-SAGD. It also occurs
between solvent and water in the W phase in DME-SAGD because of the partitioning of DME in the W phase. It is known that such me-
chanical mixing in porous media requires convective fluid flow. Fig. 13 shows that the mixing of C4 with bitumen is expected in the L
phase flowing above the flowing W phase. Fig. 14 shows that the mixing of DME with bitumen is expected within a greater volume
mostly outside of the chamber edge, with a smaller level of gravity segregation between the L and W phases.

The DME distribution among phases given in Fig. 11 also improves solvent recovery in DME-SAGD compared with C4-SAGD.
Fig. 17 shows that the solvent recovery factor in DME-SAGD is systematically higher than that of C4-SAGD (approximately by 15%).
The solvent recovery factor is defined here as the cumulative volume of solvent produced divided by the cumulative volume of solvent
injected at a given time. In DME-SAGD, 89% of DME is recovered by the produced W phase, and 11% from the produced L phase
measured at the reservoir conditions. In C4-SAGD, 100% of C4 is from the produced L phases because C4 is insoluble in water.

One of the main uncertainties in the model is the L-phase viscosity for DME-SAGD as mentioned in the Simulation Case Study
section. Appendix B presents a sensitivity analysis regarding the effects of the viscosity model and the number of gridblocks on simula-
tion results.

Conclusions

This paper was concerned primarily with the potential of DME, a water-soluble solvent, as an additive to steam for improving the effi-
ciency of SAGD. The secondary objective of this paper was to investigate how the solubility of DME in water affects solvent-SAGD.
DME and Athabasca bitumen were considered as the water-soluble solvent and bitumen, respectively, in this study. However, it is
beyond the scope of this research to single out a particular compound as a promising water-soluble additive to steam for a given bitu-
men/heavy oil. Conclusions are as follows:
1. Although DME is more volatile than C4, the solubility of DME in water in DME-SAGD results in chamber-edge temperatures that

are higher than those in C4-SAGD. This can be explained by ternary phase behavior of water/solvent/bitumen mixtures; that is, the
transition from WLV to WL for such a system tends to occur at a higher temperature for a given overall composition and pressure
when the solvent partitions into the W phase.

2. The solubility of DME in bitumen is nearly one-half that of C4 at their corresponding chamber-edge conditions (Figs. 4, 5, and 10).
In DME-SAGD simulations, however, approximately 47 mol% of the in-situ DME was used for dilution of bitumen, which was
equivalent to the fraction of the in-situ C4 used for bitumen dilution in C4-SAGD. This occurs likely because the partitioning of
DME into bitumen and water reduces the gravity segregation of the two-liquid-phase flow along the edge of a steam chamber in
DME-SAGD. The reduced gravity segregation in DME-SAGD is expected to facilitate the mixing of condensed DME with bitumen.
This is in contrast to C4-SAGD, in which the L phase diluted by a substantial amount of C4 is much less dense than the W phase,
impeding the contact between the C4 bank and bitumen along the edge of a steam chamber.

3. Simulation results showed that the vapor fraction of the in-situ solvent was much smaller in DME-SAGD than in C4-SAGD. Also,
the injected DME can be recovered not only by the L phase, but also by the W phase in DME-SAGD. Therefore, the recovery factor
of solvent was simulated to be systematically higher (by approximately 15%) in DME-SAGD than in C4-SAGD.

4. Simulation results showed that DME-SAGD yielded 35% reduction in SOR in comparison with SAGD while being able to keep
SAGD-like rates of bitumen production. DME-SAGD also resulted in 5% higher ultimate recovery of bitumen than SAGD. How-
ever, C4-SAGD was simulated to be superior to DME-SAGD in terms of bitumen-production rate and SOR in the case studied.

Nomenclature

A, B, C, D, and E ¼ coefficients in the modified Rackett equation (Rackett 1970; Spencer and Danner 1972)
g ¼ gravitational constant, 9.8 m/s2

k ¼ permeability
L ¼ oleic phase
P ¼ pressure
Q ¼ molar flow rate, mol/s
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S ¼ saturation
T ¼ temperature, K
V ¼ vapor phase
V ¼ molar volume, cm3/mol

W ¼ aqueous phase
x ¼ mole fraction
y ¼ length of reservoir parallel to well pair, m
a ¼ density coefficient
h ¼ angle between tangent to chamber edge and horizontal line
l ¼ dynamic viscosity, mPa�s
n ¼ distance from perpendicular to chamber edge, m
q ¼ molar density, mol/m3

� ¼ kinematic viscosity, cp�m3/kg
x ¼ acentric factor

Subscripts

bit ¼ bitumen
c ¼ critical condition

CD ¼ dead bitumen
HC ¼ hydrocarbon

L ¼ oleic phase
ref ¼ reference condition
sol ¼ solvent

V ¼ vapor phase
w ¼ water
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Appendix A—Explanation of C4-SAGD Performance Given in the Subsection Simulation Results

In the subsection Simulation Results, the C4-SAGD case resulted in higher bitumen-drainage rates than the DME-SAGD case before
the steam chamber reached the reservoir boundary (Fig. 7). It was also simulated that the solvent’s distribution ahead of the steam-
chamber edge was substantially different between the C4-SAGD and DME-SAGD cases (Figs. 10, 15, and 16) because these cases
resulted in different levels of gravity segregation between the W and L phases. This appendix provides a more-detailed explanation of
how the solvent distribution affects bitumen molar flow ahead of the edge of a steam chamber (Figs. 13 and 14).

Following the derivation of Butler (1997), Shi (2016), and Shi and Okuno (2018), Darcy’s flow velocity for the L phase is integrated
for a cross section perpendicular to the edge of a steam chamber to give the following expression for molar flow rate of bitumen Qbit at
elevation z:

QbitðzÞ ¼
ðnL

0

uLqLxbitLDydn ¼ �kgsinhDy

ðnL

0

krL

�L
qLxbitLdn; ðA-1Þ

where uL is Darcy’s flow velocity for the L phase, qL is molar density of the L phase, xbitL is bitumen mole fraction in the L phase, nL is
the thickness of mobilized oil perpendicular to the steam chamber edge, Dy is the horizontal-section length, k is the absolute permeabil-
ity, g is gravitational acceleration, h is the angle between the chamber edge and horizontal line at elevation z, krL is the L-phase relative
permeability, and �L is kinematic viscosity of the L phase. Eq. A-1 indicates that molar flow rate of bitumen is affected by the profiles
of L-phase saturation, kinematic viscosity, molar density, and bitumen concentration.

To confirm the simulation results given in the subsection Simulation Results, Eq. A-1 was applied to the C4-SAGD and DME-

SAGD cases. Fig. A-1 compares the profiles of the integrand in Eq. A-1 in log scale [i.e., log10

krL

�L
qLxbitL

� �
] for C4-SAGD and DME-

SAGD at 1.8 years. Then, a discretized form of Eq. A-1 was applied to compare the bitumen molar flow rates evaluated for the perpen-
dicular line originated at elevation of 10 m on the corresponding chamber edge. It was confirmed that the molar flow rate of bitumen for
C4-SAGD was calculated to be approximately 1.2 times that of DME-SAGD using Eq. A-1 for the midelevation, z¼ 10 m.

Analysis of Fig. A-1 using Eq. A-1 has indicated that the greater molar flow of bitumen in C4-SAGD occurs mainly because L-phase
kinematic viscosity is substantially low, but L-phase molar volume is high where L-phase relative permeability is high in the vicinity of
the chamber edge. Although the L-phase bitumen concentration is low near the chamber edge, the bitumen molar flow in C4-SAGD is
simulated to be greater than that in DME-SAGD because the effect of substantially low kinematic viscosity is amplified by the high

molar density and relative permeability near the chamber edge i:e:;
krL

�L
qL

� �
.

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
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Appendix B—Sensitivity Analysis

This appendix shows sensitivity analysis of simulation results in terms of the viscosity model used for the L phase and the number
of gridblocks.

Viscosity Model. As mentioned in the subsection Simulation Model, the viscosity model for the L phase containing DME is currently
uncertain in the literature. In the section Simulation Case Study, the same coefficients for the nonlinear log mixing rule were used for
both C4-SAGD and DME-SAGD, considering the similarity of DME and C4 in terms of volatility.

The mixing rule for L-phase viscosity in STARS is

lnlL ¼
XNc

i¼1
qixiLlnliL ¼

XNc

i¼1
filnliL; ðB-1Þ

subject to
XNc

i¼1
qixiL ¼

XNc

i¼1
fi ¼ 1:0. Bitumen is set as the key component, and its weighting factor can be calculated as follows

(Venkatramani and Okuno 2016):

qCD ¼ 1þ a
ð1� xCDLÞ½1� ð1� xCDLÞ8�

xCDL

( )
; ðB-2Þ

where a is a constant specific to the solvent used. Weighting factors for the other components are set to be identical subject to Eq. B-1.
In the section Simulation Case Study, the a-value used for C4-SAGD and DME-SAGD is 0.43.

Figs. B-1 and B-2 show simulation results when a is set to 0.20 for DME-SAGD. Compared with 0.43, the a-value of 0.20 results in
better agreement with the data recently measured for Athabasca-bitumen/DME mixtures at different temperatures at 35 bar (Baek et al.
2017). With this viscosity model, the drainage rate of DME-SAGD with a of 0.20 is simulated to be approximately 10% greater than
that with a of 0.43. Accordingly, the cumulative SOR of DME-SAGD to recover the same amount of bitumen is lowered by approxi-
mately 0.5 m3/m3. The instantaneous recovery of DME is simulated to be approximately 5% higher. The density difference between the
L and W phases near the chamber edge in DME-SAGD at 1.8 years remains small compared with that of C4-SAGD.

Number of Gridblocks. Simulations of C4-SAGD, DME-SAGD, and SAGD were repeated with four times more gridblocks
(140� 1�40) under the same conditions as the section Simulation Case Study. However, nonconvergence was observed for these fine-
scale simulations. Fig. B-3 shows bitumen-recovery curves before the simulation was terminated because of nonconvergence. Bitumen-
drainage rates for C4-SAGD, DME-SAGD, and SAGD were simulated to be higher than the original cases (section Simulation Case
Study). However, relative positions of bitumen-recovery curves in those three fine-grid cases are similar to those for the coarse-grid
cases in the section Simulation Case Study. It is unlikely that the number of gridblocks used affects the conclusions of the current
research, as explained here.

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
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Fig. B-2—Profiles of temperature and phase densities for C4-SAGD, DME-SAGD, and SAGD at the 12th row from the reservoir top at
1.8 years. DME-SAGD in this figure used the viscosity parameter a 5 0.20. Only the region within 15 m of the chamber edge is
shown. (a) Temperature profile; (b) density difference between the aqueous and oleic phases for DME-SAGD.
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et al. 2017). (a) Bitumen-recovery curves; (b) CSOR curves; (c) instantaneous-solvent-recovery curves.
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Fig. B-4 shows the temperature distribution near the chamber edge at the 24th row from the reservoir top at 1.8 years for each
SAGD process. In Fig. B-4, simulated chamber-edge temperatures for C4-SAGD, DME-SAGD, and SAGD cases are 382, 402 and 508
K, respectively. That is, the difference in simulated chamber-edge temperature between the fine- and coarse-gridding cases is 1 K for
C4-SAGD, 2 K for DME-SAGD, and 6 K for SAGD (see the section Simulation Case Study and Fig. 9).

Fig. B-5 shows profiles of oil and water densities near the chamber edge at the 24th row from the reservoir top at 1.8 years. Observa-
tions from Fig. B-5 are similar to those from Fig. 12; that is, the water phase is much denser than the oil phase in C4-SAGD, but the
opposite is observed in SAGD near the chamber edge. In DME-SAGD, the density difference between the two liquid phases is
much smaller.

Fig. B-6 shows profiles of water, bitumen, and solvent near the chamber edge at the 24th row from the reservoir top at 1.8 years.
The highest concentration of C4 appears slightly inside the steam-chamber edge, and the highest concentration of DME appears outside
of the chamber edge. In the region where the highest concentration of DME appears, there is higher concentration of bitumen. Similar
observations were made from Fig. 16 using a coarser gridding.
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Fig. B-3—Bitumen-recovery curves for SAGD, C4-SAGD, and DME-SAGD when four times more gridblocks are used. All cases
show greater bitumen-drainage rates during the first several years compared with the coarse-grid cases presented in the section
Simulation Case Study. Relative positions of their bitumen-recovery curves remain the same (see Fig. 7).

550

500

450

400

350

300

250
–15 –10 –5 0 5 10 15

Distance From Chamber Edge (m)

T
em

pe
ra

tu
re

 (
K

)

Steam/DME

Steam/n-C4

SAGD
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Fig. B-5—Profiles of phase densities for C4-SAGD, DME-SAGD, and SAGD at the 24th row from the reservoir top at 1.8 years when
four times more gridblocks are used. The vertical line indicates the edge of a steam chamber, the left side of which is the steam
chamber. Only the region within 15 m of the chamber edge is shown. (a) DME-SAGD; (b) C4-SAGD; (c) SAGD.
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Fig. B-6—Profiles of overall compositions for C4-SAGD, DME-SAGD, and SAGD at the 24th row from the reservoir top at 1.8 years
when four times more gridblocks are used. The vertical line indicates the edge of a steam chamber, the left side of which is
the steam chamber. Only the region within 15 m of the chamber edge is shown. (a) Bitumen component; (b) solvent component;
(c) water component.

SI Metric Conversion Factors

ft� 3.048* E�01¼m

bbl� 1.589 873* E�01¼m3

bar� 1.0* Eþ05¼ Pa

psi� 6.894 757* Eþ00¼ kPa
�F (�F+459.67)/1.8 ¼K

*Conversion factor is exact.
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