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Summary

Dimethyl ether (DME) was investigated as a potential additive to steam to improve steam-assisted gravity drainage (SAGD) in a previ-
ous simulation study. The main objective of this research is to compare DME with n-hexane in terms of the capability of viscosity
reduction for Athabasca bitumen. In addition, new experimental data are presented for bubblepoint pressures, densities, and viscosities
of Athabasca bitumen and its mixtures with DME and n-hexane.

Results show that DME results in slightly higher viscosity than n-hexane when they are mixed with the same Athabasca bitumen at
a given pressure, temperature, and molar concentration. For example, the equimolar mixture of DME with Athabasca bitumen is 79 cp,
and that of n-hexane with the same bitumen is 49 cp at 328 K and 60 bar. However, the two solvents are equivalent as diluent at temper-
atures higher than 380 K. For example, the difference is approximately 1 cp at 382 K and 35 bar between the equimolar mixture of
Athabasca bitumen with DME and that with n-hexane.

The viscosity data measured for bitumen/n-hexane mixtures and bitumen/DME mixtures in this research were correlated with three
different viscosity models: a modified Arrhenius model, the power-law model, and the Walther (1931) model. The viscosity data were
well-correlated with the modified Arrhenius model, but not with the original Arrhenius (log-linear mixing) rule. The modified Arrhenius
model can be used directly with a commercial simulator.

Liquid/liquid separation for solvent/bitumen mixtures, which occurred for n-butane/Athabasca bitumen in Gao et al. (2017), was not
observed for any of the DME/bitumen and n-hexane/bitumen mixtures in this research. The highest solvent concentration in this study
was 80 mol% DME for the DME/bitumen system and 92 mol% n-hexane for the n-hexane/bitumen system.

Introduction

SAGD has been widely used for in-situ recovery of bitumen, which is usually immobile at reservoir conditions. SAGD uses two hori-
zontal wells that are approximately 5 m apart vertically. The upper horizontal well is for injection of high-quality steam (e.g., 90%),
and the lower well for production of heated bitumen and water. The injected steam forms a steam-saturated zone or “steam chamber.”
Bitumen is effectively made mobile by the latent heat of the injected steam upon its condensation near the edge of a steam chamber
because the viscosity of bitumen is sensitive to temperature. The main drawback of SAGD is the significant use of energy and water to
generate steam.

The energy efficiency of steam-injection processes is quantified by the cumulative steam/oil ratio (CSOR), defined as the ratio of the
cumulative volume of steam injected (coldwater equivalent) to the cumulative volume of bitumen produced. In SAGD, temperatures
inside the steam chamber and in its vicinity can be high (approximately 450 to 520 K). According to Shen (2013), CSOR is generally in
the range from 2 to 4 m3/m3 for SAGD to be economically feasible. It is desirable to lower CSOR by operating at low chamber tempera-
tures while maintaining economically sustainable rates of oil production. SAGD is expected to be even less energy-efficient for highly
heterogeneous reservoirs (Venkatramani and Okuno 2018). Therefore, there is a critical need to reduce the SAGD CSOR, which has
motivated the search for alternative processes.

Coinjection of steam and solvent for SAGD (solvent-SAGD) has been studied and tested as a potential method to improve the draw-
backs of SAGD (Leaute and Carey 2002; Gupta et al. 2005; Gupta and Gittins 2006). Solvent-SAGD processes studied in the literature,
such as expanding-solvent SAGD (ES-SAGD) and solvent-aided process, use a small amount of solvents (e.g., a few percent to 20% by
liquid-volume equivalent) (Leaute and Carey 2002; Gupta et al. 2005; Gupta and Gittins 2006). They aim to enhance the oleic (L)-phase
mobility by the dilution of oil by solvent, in addition to the thermal energy released from the injected steam. Various researchers have
shown that solvent-SAGD has the potential of increasing bitumen-drainage rate and displacement efficiency while reducing CSOR,
such as in EnCana’s solvent-aided-process pilot (Leaute and Carey 2002; Nasr et al. 2003; Gupta et al. 2005; Gupta and Gittins 2006;
Gates 2007; Li et al. 2011a, 2011b; Keshavarz et al. 2014, 2015).

Prior investigations into solvent-SAGD are mainly concerned with hydrocarbon solvents, such as propane (C3), butane (C4), and
diluents, which usually consist of pentane (C5) and heavier hydrocarbons at different concentrations (Nasr et al. 2003; Gates 2007;
Ivory et al. 2008; Li et al. 2011a, 2011b; Keshavarz et al. 2014, 2015). The suitability of hydrocarbon solvents for SAGD in terms of
phase behavior has been reported to increase with increasing carbon number (or decreasing volatility), and tends to level off at a certain
carbon number [e.g., approximately n-hexane for Athabasca-bitumen reservoirs (Li et al. 2011a; Mohebati et al. 2012; Keshavarz et al.
2015)]. However, heavy hydrocarbon solvents, such as n-hexane and diluents, are relatively expensive in general. In-situ retention of
the coinjected solvent, which inevitably occurs under heterogeneity, can substantially affect the economics of the project. That is, the
geological uncertainties associated with reservoir heterogeneity increase the uncertainty of the economics of the project, if the solvent
to be coinjected is expensive.
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The current paper is part of the research motivated by the question of how we can use the water component and/or the aqueous (W)
phase to improve the efficiency of steam-based oil recovery such as SAGD and cyclic steam stimulation. This is because water is by far
the most-dominant component in steam-based oil recovery for heavy-oil and bitumen recovery (Zhu and Okuno 2016). The volume of
produced water is at least a few times greater than the volume of produced oil in SAGD and cyclic steam stimulation.

Sheng et al. (2018) studied a water-soluble solvent, DME, in their phase-behavior analysis and mechanistic simulations of DME-
SAGD. Their results showed that DME-SAGD resulted in 35% lower SOR than SAGD, while being able to maintain bitumen-
production rates close to those of SAGD. As part of their study, Sheng et al. (2018) compared C4-SAGD and DME-SAGD, because
DME is between C3 and C4 in terms of vapor pressure and because C3-SAGD did not show any improvement over SAGD in their cases
as a result of substantially low chamber-edge temperatures. The key hypothesis that can be derived from their mechanistic simulation
results is that the solvent’s solubility in water makes DME-SAGD substantially different from solvent-SAGD with conventional hydro-
carbon solvents through its effect on chamber-edge temperature and compositional distribution in the reservoir. A detailed investigation
of how and why they are different might lead to new findings toward an efficient alternative method of bitumen recovery. Relevant
results from Sheng et al. (2018) are summarized here.

First, the condensation temperature for a bitumen/solvent/water mixture at a given operating pressure was shown to increase for a
water-soluble solvent. It was confirmed in the Sheng et al. (2018) thermodynamic modeling and reservoir simulations that DME-SAGD
results in higher chamber-edge temperatures than C4-SAGD, although DME is more volatile than C4. The difference in chamber-edge
temperature was approximately 30 K at the operating pressure of 35 bar in Sheng et al. (2018).

Second, the in-situ distribution of DME in DME-SAGD was observed to be substantially different from that of C4 in C4-SAGD. The
solubility of DME in bitumen was nearly one-half that of C4 at corresponding chamber-edge conditions at the operating pressure of
35 bar. In DME-SAGD simulations, however, approximately 50 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 likely occurred because the partitioning of DME
into bitumen and water reduced the gravity segregation of the two-liquid-phase flow along the edge of the steam chamber in DME-
SAGD. The reduced gravity segregation in DME-SAGD was simulated to facilitate the mixing of condensed DME with bitumen
beyond the edge of the steam chamber. This was in contrast to C4-SAGD, in which the L phase diluted by a substantial amount of C4

was much less dense than the W phase, impeding the contact between the C4 bank and bitumen along the edge of the steam chamber.
Third, simulation results showed that the vapor fraction of the in-situ solvent was much smaller in DME-SAGD than in C4-SAGD.

In addition, the injected DME was recovered not only by the L phase, but also by the W phase in DME-SAGD because the solubility of
DME in the W phase was properly modeled. Therefore, the recovery factor of solvent was simulated to be approximately 15% higher in
DME-SAGD than in C4-SAGD.

However, the viscosity model used for the L phase containing DME was uncertain in the mechanistic simulation study by Sheng
et al. (2018). Therefore, the main objective of this research is to quantify the dilution capability of DME in comparison with that of
n-hexane using experimental data for the same Athabasca-bitumen sample. The n-hexane is used for the comparison because it has
been reported to be one of the most-effective solvents for solvent-SAGD for Athabasca-bitumen reservoirs.

DME-enhanced waterflooding was studied by Chernetsky et al. (2015), Alkindi et al. (2016), Chahardowli et al. (2016), Groot et al.
(2016a, 2016b), Parsons et al. (2016), and te Riele et al. (2016). Laboratory experiments, field studies, and simulation results in these
publications showed that the solubility of DME in water could yield efficient propagation in the reservoir, oil swelling, a higher oil
recovery, and a higher solvent recovery from the produced water.

For the application of DME to heavy-oil recovery, Haddadnia et al. (2018) studied vapor/liquid-equilibrium data for DME/
Athabasca bitumen. They measured solubilities, densities, and viscosities of DME/bitumen mixtures and compared DME with propane
and n-butane. They found that values of solubility, density, and viscosity of DME/bitumen mixtures at a given condition lie between
those of propane/bitumen and n-butane/bitumen mixtures. The data presented for DME/bitumen mixtures by Haddadnia et al. (2018)
are useful, but are not sufficient for the main purpose of this research.

The Materials section and the Apparatus and Experiment Procedure section present the materials and experimental procedure for the
phase behavior of DME/bitumen and n-hexane/bitumen mixtures. The Experimental Results and Correlations section provides new
data for bubblepoint pressures, densities, and viscosities for DME/bitumen and n-hexane/bitumen mixtures. A modified Arrhenius equa-
tion is used to match the new viscosity data. In the Discussions section, the viscosities measured for Athabasca bitumen and n-hexane/
bitumen mixtures in this research are compared with relevant data published in the literature. Then, the dilution capabilities of DME
and n-hexane are compared in terms of reduction of bitumen viscosity.

Materials

The Athabasca-bitumen sample was provided by an SAGD operator. To reduce the amount of water in the bitumen sample provided,
the bitumen sample was dehydrated at 393 K under atmospheric pressure. Then, basic properties of Athabasca bitumen were measured
by Exova (Edmonton, Alberta, Canada). The molecular weight (MW) of the bitumen sample was measured to be 532 g/mol by
freezing-point depression. Simulated distillation analysis was performed up to 993 K (Fig. 1). The density of bitumen at 335 K and
atmospheric pressure was measured to be 0.985 g/cm3. Saturates/asphaltenes/resins/aromatics (SARA) analysis gave the following com-
position: 24.5 wt% saturates, 36.6 wt% aromatics, 21.1 wt% resins, and 17.8 wt% asphaltenes. The water content of the bitumen was
confirmed to be less than 0.1 wt% by ASTM D4006 (2016).

The purity of DME supplied by Praxair was 99.5%. The n-hexane was supplied by Sigma-Aldrich at a purity higher than 99%.

Apparatus and Experiment Procedure

This section presents the main pieces of equipment and the procedure used for measurement of bubblepoints, densities, and viscosities.

Bubblepoint Measurements. A pressure/volume/temperature (PVT) apparatus was set up to measure bubblepoints of solvent/bitumen
mixtures at temperatures between 354 and 394 K. Fig. 2 presents a schematic for the PVT apparatus. A DBR PVT cell (model DBR-
0150-100-200-200-286-155) was installed in an oven (Blue M, model DC-1406F). The confining pressure for the PVT cell was con-
trolled by a Teledyne Isco pump (model 100DX). The PVT-cell temperature was measured (in �C) by a calibrated T-type thermocouple.
The accuracy of this thermocouple is 61 K or 6 1�C. The confining pressure was measured (in psi) by an Ashcroft digital pressure
gauge. The accuracy of this pressure gauge is 62.5 psi or 6 0.17 bar.

Before each measurement, the system was cleaned with hexane and toluene. After cleaning, all lines, valves, and feed accumulators
were flushed with dry air. The PVT cell was then evacuated for 6 hours at 353 K. Feed accumulators were prepared to store the solvent
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and bitumen that were to be injected into the PVT cell. The amount of feed injection was controlled by the Isco pump. The injection
flow rate was set at less than 8 cm3/h to measure an accurate injection volume. The mass and mole fractions of components were calcu-
lated using MW and density data from the National Institute of Standards and Technology (NIST) for n-hexane and the literature for
DME (Wu et al. 2003, 2004; Ihmels and Lemmon 2007; Wu and Yin 2008).

For each mixture, the solvent was injected first into the PVT cell. To measure a precise volume, the solvent was injected in the
liquid-phase state at room temperature. Because of its high viscosity, bitumen was heated for 1 day and injected into the PVT cell at
333 K. After the injection of solvent and bitumen, the oven was set to a target temperature (354 to 394 K), and the magnetic mixer
equipped inside the PVT cell was operated to enhance the mixing of components. The PVT-cell pressure was set sufficiently higher
than the vapor pressure of the solvent at the temperature that allows the mixture to be a single-phase liquid. The system was left for at
least 1 day while using the magnetic mixer. An equilibrium state of the mixture was confirmed by constant temperature and pressure in
the PVT cell and also constant volume in the pump.

Bubblepoints were measured by the constant-mass-expansion method, in which the total fluid volumes were recorded at different
pressures. The pressure of the mixture was initialized at a high pressure so that it was a single-phase liquid, and then it was decreased
by 1.4 bar/hr. While decreasing the pressure, the mixture was stirred by the magnetic mixer to accelerate the equilibration process at a
new pressure. After the PVT-cell pressure reached the next target pressure, the magnetic mixer was turned off. The mixture was then
kept in static state for at least 2 hours. This period of time was sufficient for the mixture to reach a single-phase equilibrium state. The
pressure was kept constant while the system reached an equilibrium state. Equilibrium was confirmed when the PVT-cell pressure was
stable with no volume change. When the mixture formed two equilibrium phases, it took a longer period of time for equilibration. After

8

2 3

7
T

P

5

6

4

1

1. Pressurization pump
4. Vacuum pump
7. PVT cell

2. Bitumen accumulator 3. Solvent accumulator
5. Temperature gauge 6. Pressure gauge
8. Oven

Fig. 2—Schematic of experimental setup for bubblepoint measurement.
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Fig. 1—Simulated distillation results for the Athabasca-bitumen sample studied in this research. The initial boiling point is defined
as the temperature corresponding to 0.5% of the total mass recovered. The maximum boiling point reported with this method
is 993 K.
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a vapor phase appeared, the pressure was decreased by 0.34 to 0.69 bar every 5 hours while the magnetic mixer was on. After the PVT-
cell pressure reached the target pressure, the magnetic mixer was turned off, and the mixture was kept in static state for at least 10 hours.
Equilibrium was confirmed by a stable pressure in the PVT cell and a constant fluid volume.

After one constant-mass expansion was completed at a given temperature, the PVT cell was pressurized at greater than the vapor
pressure of the solvent. Then, a new temperature was set and left for at least 1 day to reach a new equilibrium state. The magnetic mixer
was kept on during this time. After reaching a new equilibrium state, the same procedure of constant-mass expansion was repeated to
measure a new bubblepoint.

The volume changes and the pressure of the PVT cell were recorded at each expansion step. The volume change was also detected
through the visual window with the cathetometer. Three bubblepoint measurements for DME/bitumen mixtures and two bubblepoint
measurements for n-hexane/bitumen mixtures were performed in this research.

Density and Viscosity Measurements. A schematic of the system for density and viscosity measurements is shown in Fig. 3. It con-
sists of automated pumps, a mixing accumulator, an in-line density meter, an in-line viscometer, an oven, a backpressure regulator
(BPR), and an accumulator for the effluent. The pump (Teledyne Isco 100DX) pressurizes and maintains the pressure of the system
automatically by deionized water. A mixing accumulator was used as an equilibrium cell, where the fluid sample is prepared homogene-
ously. The capacity of the mixing accumulator is 1290 cm3.

In the density-measuring cell (Anton Paar), the density of the fluid is measured in a U-shaped tube in the range from 0 to 3000 kg/m3.
The accuracy of the density meter is 61 kg/m3. The pressure and temperature ranges of the density meter are 0 to 1,400 bar and 263 to
473 K, respectively. For this research, it was calibrated with water and nitrogen for temperatures in the range from 293 to 473 K and pres-
sures from 1.01 to 100 bar. Density values for calibration were taken from NIST. The in-line viscometer (Hydramotion XL7 series)
measures the fluid viscosity in the range from 0.1 to 10,000 cp. The pressure limit is 10,000 psi (700 bar), and the temperature limit is
723 K. This is a resonant (or vibrational) viscometer that creates waves within the liquid being measured. The viscosity accuracy is 61%
of the reading, and the repeatability is 60.3% of the reading.

Both the viscometer and the density meter were installed inside a Despatch oven (model LAC2-18-8). Light-emitting-diode screens
that display measured data from the density meter and the viscometer were connected outside the oven. The absolute pressure of the
system was measured in bar with a pressure gauge (Omega PX459-2.5KGI-EH) located between the density meter and the viscometer.
The pressure of the system was maintained with the BPR installed outside of the oven. The temperature for the density meter was mea-
sured (in �C) with an accuracy 6 0.1�C.

Before each measurement, the system was cleaned thoroughly with toluene and dried with air. Cleaning was complete when the den-
sity meter and the viscometer displayed the NIST density and viscosity values for toluene at the specific temperature and pressure con-
ditions. The system was then evacuated for at least 6 hours and filled with helium at 68.6 bar. The pressure was monitored for 1 day to
ensure that no leakages occurred for the setup. The total fluid volume of the system was 30 cm3.

At 296 K and 20.7 bar, mixtures containing bitumen and solvent were prepared at two mixing ratios: 11.6 vol% of solvent and
88.4 vol% of bitumen, and 19.8 vol% of solvent and 80.2 vol% of bitumen. Mixtures were completely stirred for at least 1 day. To start
an experiment, the mixture was first injected from the mixing accumulator at 5 cm3/h and 68.6 bar to remove the helium of the system.
Helium was used to prevent the flash vaporization of the mixture inside the system. Once 30 cm3 of the sample was injected, the flow
rate was changed to 50 cm3/h for a total volume of 60 cm3. This injection procedure is to remove trapped helium inside the system. The
density and viscosity of 100% bitumen, DME/bitumen mixtures, and n-hexane/bitumen mixtures were measured from 323 to 443 K and
15 to 70 bar. Measurements were performed at a fixed temperature by increasing pressure within the closed system inside the oven.

Experimental Results and Correlations

Bubblepoints, densities, and viscosities were measured for the bitumen and its mixtures with solvents at a wide range of temperatures
and pressures. As summarized in Table 1, nine mixtures were studied for the experiments: five DME/bitumen mixtures (DB-1, DB-2,
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Fig. 3—Schematic of experimental setup for density and viscosity measurement.
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DB-3, DB-4, and DB-5) and four n-hexane/bitumen mixtures (HB-1, HB-2, HB-3, and HB-4). Bubblepoints were measured for DB-1,
DB-2, DB-3, HB-1, and HB-2. Densities and viscosities were measured for DB-4, DB-5, HB-3, and HB-4.

Bubblepoint Data. Table 2 presents the bubblepoints measured for the three DB mixtures and the two HB mixtures. One of the observa-
tion points was whether liquid/liquid separation occurs for these mixtures, especially for HB-2, because of its high solvent concentration.

In Gao et al. (2017), a mixture of 97.24 mol% n-butane (C4) and 2.76 mol% Athabasca bitumen exhibited liquid/liquid separation of
hydrocarbons for a wide range of temperatures from 323 to 433 K at pressures relevant to solvent-SAGD for Athabasca-bitumen reser-
voirs. Because such liquid/liquid separation is expected to affect bitumen transport beyond the edge of the steam chamber, Gao et al.
(2018) later conducted a phase-behavior study for n-hexane/Athabasca-bitumen and n-octane (C8)/Athabasca-bitumen mixtures.
They did not observe liquid/liquid separation for these mixtures, even at high solvent concentrations such as 97.53 mol% n-hexane and
93.71 mol% n-octane, in their mixtures with Athabasca bitumen.

Zou et al. (2007) detected liquid/liquid separation by using X-ray transmission tomography and in-line density measurement. Gao
et al. (2017, 2018) applied backlight to observe color differences among different phases for bitumen/solvent mixtures and bitumen/
solvent/water mixtures. This was effective for detecting the separation of solvent-rich liquid and bitumen-rich liquid in Gao et al.
(2017). Gao et al. (2017, 2018) also used pressure/volume plots to detect phase changes.

Liquid/liquid separation was not observed in the current research. First, no color difference was observed in the liquid phase. Second,
pressure/volume plots in this research indicated only the transition from a single liquid (L) to two-phase vapor/liquid (V/L). Note that the
bitumen sample in the current research is different from the one used in Gao et al. (2017, 2018). For example, the MW of the Athabasca-
bitumen sample in Gao et al. (2017, 2018), 635 g/mol, is approximately 19% higher than that of the Athabasca-bitumen sample used in
this research.

Results indicate that bubblepoint pressures of HB-1 at 384 K and HB-2 at 379 K were measured at higher than the vapor pressures
of 100% n-hexane at the corresponding temperatures taken from NIST. Gao et al. (2018) also observed that bubblepoint pressures for
n-hexane/bitumen mixtures were higher than for 100% n-hexane for their Athabasca-bitumen sample, for which the water content was
measured to be 0.245 wt% by Exova.

Density and Viscosity Data. Densities of the Athabasca bitumen were measured at temperatures from 316 to 451 K and pressures
from 1.6 to 100 bar (see Table 3 and Fig. 4). Fig. 4 shows that bitumen density decreases with increasing temperature and with decreas-
ing pressure. For example, the density of bitumen at 28 bar was approximately 997 kg/m3 at 316 K, but decreased to approximately
913 kg/m3 at 451 K. Viscosities of the same bitumen were measured at temperatures from 328 to 443 K and pressures from 1.7 to
100 bar (see Table 4 and Fig. 5). As expected, the bitumen viscosity is sensitive to temperature. The bitumen viscosity at 28 bar was
measured to decrease from approximately 2,479 cp at 328 K to 3.5 cp at 443 K.

For bitumen mixtures with DME and n-hexane, density and viscosity measurements were conducted for DB-4, DB-5, HB-3, and
HB-4 (Table 1). The solvent/bitumen mixing ratio was set to be 14 wt% solvent and 86 wt% bitumen for DB-4 and HB-3, and 8 wt%
solvent and 92 wt% bitumen for DB-5 and HB-4. With these four mixtures, comparison of measured viscosities for DME and n-hexane
can be made at the same mixing ratios in mole and weight (i.e., DB-5 and HB-3 at 50 mol% dilution, DB-4 and HB-3 at 14 wt%
dilution, and DB-5 and HB-4 at 8 wt% dilution). The measured densities and viscosities are tabulated as follows: Table 5 for DB-4,
Table 6 for DB-5, Table 7 for HB-3, and Table 8 for HB-4.

Mixture
DME

(mol%) 
Bitumen
(mol%) Mixture

n-Hexane
(mol%) 

Bitumen
(mol%) 

DB-1 80.0 20.0 HB-1 80.0 20.0 
DB-2 47.0 53.0 HB-2 92.0 8.0 
DB-3 20.0 80.0 HB-3 50.0 50.0 
DB-4 65.4 34.6 HB-4 34.6 65.4 
DB-5 50.0 50.0    

Table 1—Compositions of the DME/bitumen (DB) and n-hexane/bitumen (HB) mixtures studied in

this paper.

Mixture
Temperature

(K)
Bubblepoint

Pressure (bar) Mixture 
Temperature

(K)
Bubblepoint

Pressure (bar) 

 5.3 483 6.91 453
366 27.2 394 3.8 

DB-1

394 42.0 

HB-1

354 11.0 379 3.6 
365 13.8 394 4.1 

DB-2

393 19.2 

HB-2

354 5.0    
366 6.6    

DB-3

394 8.5    

Table 2—Experimental results for bubblepoint pressures. For DME/bitumen mixtures, bubblepoints

were measured at 354, 366, and 394 K. For n-hexane/bitumen mixtures, bubblepoints were measured

at 379, 384, and 394 K.
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At the equimolar condition (50 mol% solvent and 50 mol% bitumen), the viscosity of n-hexane/bitumen was lower than that of
DME/bitumen at the same pressure and temperature. However, the viscosity of the two mixtures became closer at higher temperatures.
For example, comparison of DB-5 and HB-3 at 60 bar (Tables 6 and 7) indicates that the viscosity of DME/bitumen was 30 cp higher at
328 K, but only 1.2 cp higher at 382 K (Fig. 6). A detailed analysis of the viscosities measured for the bitumen and solvent/bitumen
mixtures is presented in the Discussion section after introducing correlations for densities and viscosities in the Correlations for Density
and Viscosity of Solvent/Bitumen Mixtures subsection.

Temperature: 316 K Temperature: 329 K Temperature: 353 K 

Pressure 
(bar)

Density 
(kg/m3)

Pressure 
(bar)

Density 
(kg/m3)

Pressure 
(bar)

Density 
(kg/m3)

1.6 995 1.9 987 1.8 972 
3.5 996 2.0 987 13.8 972 
6.9 996 3.6 987 27.7 973 

10.3 996 6.9 988 41.3 974 
13.8 996 10.3 988 55.2 975 
17.3 996 13.7 988 69.0 976 
20.7 996 17.2 988 82.9 977 
24.1 997 20.7 988 100.1 978 
27.6 997 24.2 988 – – 
27.6 997 27.6 989 – – 
31.0 997 31.1 989 – – 
34.4 997 34.5 989 – – 
38.0 997 41.3 989 – – 
41.3 998 48.3 990 – – 
44.9 998 55.3 990 – – 
48.3 998 62.2 991 – – 
51.7 998 69.0 991 – – 
55.1 998 75.9 991 – – 
58.6 998 82.8 992 – – 
62.1 999 89.7 992 – – 
65.5 999 96.6 992 – – 
69.0 999 100.0 992 – – 
72.4 999 – – – – 
75.9 999 – – – – 
79.3 999 – – – – 
82.7 1000 – – – – 
86.2 1000 – – – – 
89.6 1000 – – – – 
93.1 1000 – – – – 
96.6 1000 – – – – 

100.0 1000 – – – – 

Temperature: 384 K Temperature: 419 K Temperature: 451 K 

Pressure 
(bar)

Density 
(kg/m3)

Pressure 
(bar)

Density 
(kg/m3)

Pressure 
(bar)

Density 
(kg/m3)

1.7 953 1.7 931 1.7 910 
13.8 954 13.8 932 13.8 912 
27.7 955 27.7 933 27.6 913 
41.4 956 41.4 934 41.4 914 
55.2 957 55.3 935 55.2 916 
69.0 958 69.1 936 69.0 917 
82.8 959 83.1 937 82.8 918 

100.1 960 100.0 938 100.1 919 

Table 3—Experimental results for the bitumen density. Densities were measured at the temperature

range from 316 to 451 K and the pressure range from 1.6 to 100 bar.
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Correlations for Density and Viscosity of Solvent/Bitumen Mixtures. The density data measured for the bitumen in this research
have been correlated with the equation used by Nourozieh et al. (2015a),

qbit ¼ q0 expðaPÞ; ð1Þ

q0 ¼ a1 þ a2T þ a3T2; ð2Þ

a ¼ a4 expða5TÞ; ð3Þ

where qbit is bitumen density (in kg/m3), P is pressure (in MPa), and T is temperature (in �C). The five parameters a1 through a5 are
adjusted to match the experimental data in this research. The resulting average absolute deviation (AAD) and average absolute
relative deviation (AARD) are 0.75 kg/m3 and 0.08%, respectively, with a1¼ 1022.11, a2¼�0.61, a3¼ 0, a4¼ 3.53�10�4, and
a5¼ 3.30�10�4.
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Fig. 4—Experimental results for the bitumen density. Densities were measured at the temperature range from 316 to 451 K and the
pressure range from 1.6 to 100 bar. Each data point is summarized in Table 3.

Temperature: 328 K Temperature: 352 K Temperature: 380 K 

Pressure 
(bar)

Viscosity  
(cp) 

Pressure 
(bar)

Viscosity  
(cp) 

Pressure 
(bar)

Viscosity  
(cp) 

1.7 2290 1.8 271 1.7 44.4 
13.8 2380 13.8 286 13.9 45.9 
27.7 2470 27.7 293 27.7 47.6 
41.4 2580 41.3 305 41.4 49.5 
55.2 2690 55.2 317 55.9 51.3 
70.0 2810 69.0 330 69.0 53.2 
82.9 2940 82.9 344 82.8 55.2 

100.0 3110 100.1 362 100.1 57.7 

Temperature: 413 K Temperature: 443 K 

Pressure 
(bar)

Viscosity  
(cp) 

Pressure 
(bar)

Viscosity 
(cp) 

1.7 9.3 1.7 3.3 
13.8 9.6 13.8 3.4   
27.7 9.9 27.6 3.5   
41.4 10.2 41.4 3.5   
55.3 10.6 55.2 3.7   
69.1 11.0 69.0 3.8   
82.9 11.3 82.8 3.9   

100.0 11.8 100.1 4.0   

Table 4—Experimental results for the bitumen viscosity. Viscosities were measured at the temperature

range from 328 to 443 K and the pressure range from 1.6 to 100 bar.
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The viscosity data measured for the bitumen in this research are correlated using the correlation of Mehrotra and Svrcek (1986),

lnðlbitÞ ¼ exp½b1 þ b2 lnðT þ 273:15Þ� þ b3Pg; ð4Þ

where T is temperature (in �C) and Pg is gauge pressure (in MPa). The resulting AAD and AARD are 32.7 cp and 18.3%, respectively,
with b1¼ 33.33463, b2¼ –5.40032, and b3¼ 0.023782.

Wu et al. (2003) presented the following correlation for saturated-liquid DME,

log10lDME ¼ �5:7282þ 631:031

T
þ 0:01453T � 1:8225� 10�5T2; ð5Þ

where l is the DME viscosity (in cp) and T is temperature (in K). This correlation gave 0.5% AARD from experimental data measured
from 227 to 343 K. Viscosities of n-hexane are taken from NIST, in which the n-hexane viscosities are calculated using the correlation
presented in Michailidou et al. (2013). In terms of solvent viscosity, DME is less viscous than n-hexane. For example, the viscosities of
DME and n-hexane at 35 bar are compared in Fig. 7.
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Fig. 5—Experimental results for the bitumen viscosity. Viscosities were measured at the temperature range from 328 to 443 K and
the pressure range from 1.6 to 100 bar. Each data point is summarized in Table 4.

 ytisocsiV ytisneD

Temperature
(K)

Pressure 
(bar)

Density 
(kg/m3)

Temperature
(K)

Pressure 
(bar)

Viscosity 
(cp) 

30.0 927 30.0 17.2 
35.0 927 35.0 19.7 
40.0 928 40.0 21.1 
50.0 928 50.0 22.4 
60.0 929 60.0 23.6 

328

70.0 930 

327

70.0 24.6 

30.0 906 30.0 4.7 
35.0 907 35.0 5.3 
40.0 907 40.0 5.8 
50.0 908 50.0 6.3 
60.1 909 60.1 6.7 

355

70.0 910 

354

70.0 7.0 

35.0 884 35.0 1.9 
40.0 885 40.0 2.1 
50.0 886 50.0 2.3 
60.0 887 60.0 2.5 

384

70.0 888 

380

70.0 2.6 

50.0 860 50.0 1.0 

60.0 861 60.0 1.1 418

70.0 862 

414

70.0 1.2 

Table 5—Experimental results for the density and viscosity of DB-4. DB-4 consists of 65.4 mol% DME

and 34.6 mol% bitumen, or 14 wt% DME and 86 wt% bitumen.
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 ytisocsiV ytisneD

Temperature
(K)

Pressure 
(bar)

Density 
(kg/m3)

Temperature
(K)

Pressure 
(bar)

Viscosity 
(cp) 

20.1 948 20.1 38.2 
25.0 948 25.0 36.7 
35.1 949 35.1 36.7 
40.0 949 40.0 48.1 
50.0 950 60.0 79.0 
60.0 950 70.1 87.5 

328

70.1 951 

328

– – 

30.0 930 30.0 10.9 
35.0 930 35.0 10.4 
40.0 931 40.0 11.2 
50.0 931 50.0 14.2 
60.0 932 60.0 17.8 

355

70.1 933 

355

70.1 21.2 

30.1 909 30.1 3.8 
35.0 909 35.0 3.7 
40.0 910 40.0 3.5 
50.0 911 50.0 5.5 
60.0 911 60.0 4.7 

384

70.0 912 

382

70.1 5.6 

40.0 886 40.0 1.9 
50.0 887 50.0 1.9 
60.1 888 60.1 1.6 

417

70.0 889 

414

70.0 1.9 

50.1 865 50.0 1.6 

60.0 867 70.0 0.9 446

70.0 868 

443

– – 

Table 6—Experimental results for the density and viscosity of DB-5. DB-5 consists of 50 mol% DME

and 50 mol% bitumen, or 8 wt% DME and 92 wt% bitumen.

 ytisocsiV ytisneD

Temperature
(K)

Pressure 
(bar)

Density 
(kg/m3)

Temperature
(K)

Pressure 
(bar)

Viscosity 
(cp) 

15.0 919 15.0 22.4 
35.0 921 35.0 30.6 328
60.0 922 

327
60.0 49.0 

15.0 902 15.0 6.0 
35.0 903 35.0 7.4 354
60.0 905 

353
60.0 11.8 

15.0 882 15.0 2.4 
35.0 883 35.0 2.5 383
60.0 885 

382
60.0 3.5 

15.0 858 15.0 1.2 
35.0 860 35.0 1.2 417
60.0 863 

414
60.0 1.3 

15.1 838 15.0 1.0 

35.0 840 35.0 1.0 446

60.0 843 

443

60.0 0.7 

Table 7—Experimental results for the density and viscosity of HB-3. HB-3 consists of 50 mol%

n-hexane and 50 mol% bitumen, or 14 wt% n-hexane and 86 wt% bitumen.
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 ytisocsiV ytisneD

Temperature
(K)

Pressure 
(bar)

Density 
(kg/m3)

Temperature
(K)

Pressure 
(bar)

Viscosity 
(cp) 

14.7 948 15.0 80.5 
35.0 949 35.0 223 328

60.0 951 

327

60.0 246 

15.0 930 15.0 14.0 
35.0 931 35.0 31.1 355

60.1 933 

354

60.0 45.2 

15.0 911 15.0 4.0 
35.0 913 35.0 7.0 384

60.1 914 

382

60.0 11.1 

15.0 888 15.0 1.6 
35.0 890 35.0 1.9 418

60.0 893 

414

60.0 3.2 

15.0 868 15.0 1.1 

35.0 871 60.2 1.4 447

60.2 873 

443

– – 

Table 8—Experimental results for the density and viscosity of HB-4. HB-4 consists of 34.6 mol%

n-hexane and 65.4 mol% bitumen, or 8 wt% n-hexane and 92 wt% bitumen.
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Fig. 6—Experimental results for the equimolar mixture of solvent and bitumen, DB-5 and HB-3, at 60 bar. The viscosity of the
DME/bitumen and n-hexane (C6)/bitumen mixtures becomes similar with increasing temperature. See Tables 6 and 7 for the
viscosity data.
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Fig. 7—Viscosity of DME and n-hexane (C6) at 35 bar. DME viscosity was calculated by Eq. 5 (Wu et al. 2003). The n-hexane viscos-
ity was taken from NIST. This clearly shows that DME is less viscous than n-hexane.
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The viscosity data for the two mixtures, DME/bitumen and n-hexane/bitumen, are correlated with the following three models: a
modified Arrhenius model, the power-law model, and the Walther (1931) model. The modified Arrhenius equation is used because it is
implemented in a commercial reservoir simulator, CMG-STARS (CMG 2014). Therefore, the calibrated model can be directly used to
perform numerical simulation of steam/DME coinjection.

The original Arrhenius (1887) equation dependent on kinetic theory is

ln lmix ¼
XNc

i¼1
xi ln li; ð6Þ

where lmix is the viscosity of a mixture, li is the viscosity of component i, and xi is the mole fraction of component i. The modified
Arrhenius model used in this research is

ln lL ¼
XNc

i¼1
qixiL ln liL; ð7Þ

subject toXNc

i¼1
qixiL ¼ 1:0; ð8Þ

where liL and xiL are the viscosity and mole fraction of component i in the L phase, respectively, and qi is the weighting factor for com-
ponent i. The weighting factors for components except for bitumen are set to be equal, subject to Eq. 8.

For mixtures of bitumen/solvent/water, Venkatramani and Okuno (2017) used the following equation for the weighting factor qCD

for the dead-bitumen component (CD),

qCD ¼ 1þ a
ð1� xCDLÞ½1� ð1� xCDLÞ8�

xCDL

( )
; ð9Þ

where a is a constant specific to the solvent in the mixture of interest. Venkatramani and Okuno (2017) used this equation to account
for the difference between the two binaries, bitumen/water and bitumen/solvent, in terms of the viscosity mixing rules presented by
Glandt and Chapman (1995). In this research, the a-parameters for DME and n-hexane have been determined by matching the viscosity
data as follows: 0.291 for DME and 0.0381 for n-hexane.

The a-parameter tends to increase from zero as the solvent mixed with bitumen becomes lighter according to the optimized a-values
by Venkatramani and Okuno (2017) derived from published data for bitumen/solvent mixtures. The modified Arrhenius equation
(Eq. 7) reduces to the original Arrhenius equation (Eq. 6), which is the log-linear mixing rule, when a is set to zero (qi¼ 1.0 for all i).

Fig. 8 compares the viscosities calculated for DB-5 and HB-3 at 60 bar using Eqs. 6 and 7 with the corresponding experimental
data. The original Arrhenius equation reasonably correlates the data for HB-3 (Fig. 8a). With the small value of a, 0.0381, optimized
for n-hexane/bitumen mixtures, the modified Arrhenius equation is only slightly more accurate. However, Fig. 8b clearly shows that
accurate representation of the DB-5 data requires the modified Arrhenius equation.

In addition to the modified Arrhenius model, the power-law model and the Walther (1931) model are applied to correlate the viscos-
ity data obtained. The power-law model is

lmix ¼ ½xsl
n
s þ ð1� xsÞln

bit�
1=n; ð10Þ

where ls and lbit are the viscosities of solvent and bitumen, respectively, and xs is the solvent mole fraction in the mixture. The
n-parameter was determined to be 0.1416 for bitumen/DME mixtures and 0.0175 for bitumen/n-hexane mixtures.

The Walther (1931) model is

ln½lnðlmixÞ þ C� ¼ vsln½lnðls þ CÞ� þ ð1� vsÞln½lnðlbit þ CÞ�; ð11Þ
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Fig. 8—Correlations derived from the original and modified Arrhenius equations are compared with the experimental data
(50 mol% solvent/50 mol% bitumen) at 60 bar. The original Arrhenius equation shows good agreement with the n-hexane (C6)/
bitumen mixture, but it is inaccurate for the DME/bitumen mixture. The modified Arrhenius equation is in good agreement with
both mixtures.
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where vs is the solvent volume fraction in the mixture. The C-parameter was determined to be 0.9641 for bitumen/DME mixtures and
0.9128 for bitumen/n-hexane mixtures.

Fig. 9 compares the three viscosity models with the experimental data for DB-5 and HB-3 at 60 bar. It is observed that the Walther
(1931) model provides higher values than the other two models, and it therefore provides more-accurate correlation at high-viscosity
regions. For the n-hexane/bitumen mixtures, all correlations are in reasonable agreement with the experimental data. The modified
Arrhenius model and power-law model are similar in correlative accuracy for the n-hexane/bitumen mixtures. For the DME/bitumen
mixtures, the Walther (1931) model is more accurate at high-viscosity values, but the modified Arrhenius model is more accurate at
low-viscosity values.

For all viscosity data measured for HB-3 and HB-4, the modified Arrhenius equation provides an AAD of 11.9 cp and an AARD of
25.4%. The power-law model provides an AAD of 11.2 cp and an AARD of 26.6%. The Walther (1931) model provides an AAD of
10.6 cp and an AARD of 42.7%. For the DB-4 and DB-5 data, the modified Arrhenius equation provides an AAD of 4.2 cp and an
AARD of 22.5%. The power-law model provides an AAD of 6.1 cp and an AARD of 39.6%. The Walther (1931) model provides an
AAD of 6.2 cp and an AARD of 40.2%.

Discussion

This section consists of two subsections. In the first subsection, the viscosity data measured for the bitumen and HB-3 and HB-4 are
analyzed and compared with the data reported by Nourozieh et al. (2015b) for another Athabasca-bitumen sample and its mixtures with
n-hexane. In the second subsection, n-hexane and DME are compared in terms of viscosity reduction of the oleic (L) phase by dilution,
for which the modified Arrhenius equation calibrated with the new data is used.

Viscosity Data for Bitumen and n-Hexane/Bitumen. Nourozieh et al. (2015b) measured viscosities of n-hexane/Athabasca-bitumen
mixtures. The Athabasca-bitumen sample used by Nourozieh et al. (2015a, 2015b, 2015c) was provided by ConocoPhillips. The MW was
reported to be 539.2 g/mol, which is close to the MW of 532 g/mol measured for the Athabasca-bitumen sample used in this research (both
results were obtained by use of benzene as the solvent). However, the SARA composition of their bitumen sample is markedly different
from that of the bitumen used in this research, as shown in Table 9. The Athabasca-bitumen sample in this research is richer in saturates
than that used in Nourozieh (2015a, 2015b, 2015c). Table 9 also shows the coefficients for Eq. 4 for the two Athabasca-bitumen samples.
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Fig. 9—Correlations derived from the modified Arrhenius equation, the power-law equation, and the Walther (1931) equation are
compared with the experimental data (50 mol% solvent/50 mol% bitumen) at 60 bar. For the n-hexane/bitumen mixture, all correla-
tions are in reasonable agreement with the data. For the DME/bitumen mixture, the Walther (1931) model matches high-viscosity
values well, but the modified Arrhenius model matches low-viscosity values well.

Bitumen (This Research) 
Bitumen (Nourozieh et al.

2015a, 2015b, 2015c)

MW (g/mol) 532 539.2

Saturates 24.5 12.26
Aromatics 36.6 40.08

Resins 21.1 36.53
SARA (wt%) 

Asphaltenes 17.8 (pentane-insoluble) 11.13 (heptane-insoluble) 

b1  39156.62 36433.33
b2  80240.4– 23004.5–

Bitumen-viscosity model 
(Mehrotra and Svrcek 1986) 

b3  101130.0 287320.0

Table 9—Properties of bitumen in this research and bitumen used in Nourozieh et al. (2015a, 2015b, 2015c). The two bitumen samples are

similar in terms of MW, but markedly different in terms of the saturate concentration. The viscosity model developed by Mehrotra and Svrcek

(1986) shows good agreement with both bitumens with different values for parameters b1, b2, and b3. Note that the asphaltene was pentane-

insoluble in this research, but heptane-insoluble in Nourozieh et al. (2015a, 2015b, 2015c).
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Fig. 10 clearly shows that the bitumen studied in this research is less viscous at all temperatures than the bitumen studied by
Nourozieh et al. (2015a, 2015b, 2015c). This viscosity difference can be explained by the difference in the SARA composition (Table 9).
Malkin et al. (2016) analyzed the effect of SARA on the viscosity of nearly 200 crude-oil samples. They observed that saturates tend to
decrease the oil viscosity, but asphaltenes, resins, and aromatics tend to increase it. The concentration of saturates is twice as high in the
bitumen in this research as it is in the bitumen used in Nourozieh et al. (2015a, 2015b, 2015c) (24.5 wt% in comparison with 12.26 wt%).
This clear difference in SARA is likely the main reason for the observed difference in Fig. 10. Note that different solvents were used to
measure the asphaltene content for the bitumen in this research and the bitumen studied by Nourozieh et al. (2015a, 2015b, 2015c). The
asphaltene was pentane-insoluble in this research, but heptane-insoluble in Nourozieh et al. (2015a, 2015b, 2015c).

To validate the experimental viscosity data for the HB-3 and HB-4 mixtures, the power-law model (Eq. 10) with the n-parameter
from Nourozieh et al. (2015b) is applied. The n-parameter was determined to be 0.0186 for the mixtures of n-hexane with Athabasca
bitumen in Nourozieh et al. (2015b). Fig. 11a shows that the viscosities for HB-3 are correlated with the power-law correlation given in
Nourozieh et al. (2015b), although the bitumens studied by them and in this research are different from each other (Table 9).

In addition, the modified Arrhenius model with a¼ 0.0381 is applied to the experimental data of Nourozieh et al. (2015b). Fig. 11b
shows that the modified Arrhenius model (Eq. 7) correlates well the viscosity values for the mixtures of n-hexane/Athabasca bitumen
measured by Nourozieh et al. (2015b). This indicates that the mixing behavior of the current bitumen sample with n-hexane is similar
to that of the Nourozieh et al. (2015b) bitumen sample with n-hexane.
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of Nourozieh et al. (2015a, 2015b). The continuous line is the Mehrotra and Svrcek (1986) correlation (Eq. 4) for the bitumen studied
in this research. The parameters of the Mehrotra and Svrcek (1986) correlation for two bitumens are tabulated in Table 9.
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Fig. 11—Cross-check of the power-law model and the modified Arrhenius model to correlate experimental data. The parameter (n)
of the power-law model is 0.0186 from Nourozieh et al. (2015c) and the parameter (a) of the modified Arrhenius model is 0.0381
from this research. It is found that the power-law model from Nourozieh et al. (2015c) fits well with the experimental data in this
research. The modified Arrhenius model developed in this research is in good agreement with the experimental data of Nourozieh
et al. (2015c), with no change of parameter values. (a) Bitumen (in this research): 50 mol% n-hexane (C6)/50 mol% bitumen (HB-3)
at 35 bar; (b) bitumen (Nourozieh et al. 2015c): 24.8 mol% n-hexane (C6)/75.2 mol% bitumen at 41 bar.
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Dilution Capability of DME and n-Hexane. The dilution capabilities of DME and n-hexane are compared in terms of oleic (L) -phase
viscosity using the modified Arrhenius equation calibrated with the new data. The comparison is made for the temperature range from
323 to 473 K, which is deemed relevant to in-situ conditions for the L-phase flow in SAGD and solvent-SAGD.

Fig. 12 shows the L-phase viscosities calculated for the bitumen and the equimolar mixtures of n-hexane/bitumen and DME/bitumen
at 35 bar. Overall, DME/bitumen and n-hexane/bitumen exhibit similar viscosities. The viscosity of the DME/bitumen mixture is
approximately 66 cp higher than that of the n-hexane/bitumen mixture at 323 K. However, the difference is calculated to be less than
1 cp at temperatures greater than 383 K. This trend is calculated also at different pressures.

Fig. 13 shows the L-phase viscosities calculated at 35 bar for 100% bitumen, and n-hexane/bitumen and DME/bitumen mixtures
with two different solvent concentrations, 30 and 70 mol%. Again, the overall effect of DME on bitumen dilution is close to that
of n-hexane.

The experimental results and viscosity correlations indicate that the n-hexane/bitumen mixtures provide lower L-phase viscosities
than the DME/bitumen mixtures, and that they become similar with increasing temperature. This indicates that the viscosity of a less-
viscous solvent with bitumen does not necessarily result in lower viscosity than that of bitumen mixtures with a more-viscous solvent at
the same concentration. This trend can be also found in the experimental data by Nourozieh et al. (2013), Kariznovi et al. (2013), and
Ramos-Pallares et al. (2015).

Ramos-Pallares et al. (2015) measured the viscosity of a bitumen sample from western Canada mixed with a series of n-alkanes:
ethane, propane, butane, pentane, and heptane. Because their experimental data were given using mass fractions, the concentrations of
solvent were converted into the mole fractions with the assumed MW of 500 g/mol for their bitumen sample. It was found that, under
the same mole fraction of solvent, the heptane/bitumen mixture was less viscous than the mixtures of the bitumen with ethane and pro-
pane, as presented in Fig. 14a. Furthermore, a similar observation can be derived from the power-law models made by Nourozieh et al.
(2013) and Kariznovi et al. (2013) for n-decane and n-tetradecane, respectively. That is, the viscosity of n-tetradecane/bitumen is calcu-
lated to be slightly lower than that of n-decane/bitumen, as presented in Fig. 14b.
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Fig. 12—The viscosity comparison for bitumen, the equimolar mixtures of bitumen with DME, and bitumen with n-hexane (C6) at
35 bar. The viscosities were calculated using the modified Arrhenius model developed in this research.
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To further investigate the dilution capability of DME compared with n-alkane solvents, the modified Arrhenius equation has been
calibrated with the viscosity data measured by Nourozieh et al. (2015d, 2017) for mixtures of Athabasca bitumen with propane (C3) and
n-butane (C4). The bitumen sample used for these papers is the same as that in Nourozieh et al. (2015b) for n-hexane. Liquid viscosities
of propane and butane were estimated from saturated liquid viscosity reported in NIST. For supercritical temperatures, the Reynolds
model for a single component was used to perform the extrapolation,

lsolvent ¼ A expð�BTÞ; ð12Þ

where A and B are two fitting parameters obtained from regression on NIST saturated liquid viscosities. Viscosity and temperature are
measured in centipoise and degrees Celsius, respectively. A and B for C3 are 0.1317 and 0.0124, and for C4 are 0.2147 and 0.011.
Fig. 15 presents the result of regression to the NIST data for liquid C3 and C4. Then, the a-value for the modified Arrhenius equation
is 0.36 for C3 and 0.376 for C4. The resulting modified Arrhenius correlation provides AARD of 54.4% and 17.4% for C3/bitumen
(Nourozieh et al. 2015d) and C4/bitumen (Nourozieh et al. 2017), respectively.

The viscosities of the mixtures of bitumen studied in this research with C3, C4, C6, and DME are calculated using Eq. 7 along with
the obtained a-values. Fig. 16 presents the viscosity trends calculated at the solvent concentration of 50 mol% at 35 bar. The results
show that the dilution of the bitumen is most significant with C6. The other solvents are similar in terms of the capability of viscosity
reduction at the 50-mol% dilution level.
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Fig. 14—Experimental data and viscosity correlations show that bitumen mixed with a heavier solvent results in lower viscosity
than that with a lighter solvent. (a) Experimental data for the viscosity of bitumen with different solvents at 373 K (Ramos-Pallares
et al. 2015). At the same molar concentration of solvent, n-heptane (C7) provides lower viscosity than ethane (C2) or propane (C3)
when it is mixed with the same bitumen (western Canada). (b) The viscosities calculated for n-decane (C10) and n-tetradecane (C14)
with Athabasca bitumen at 343 K and 40 bar using the power-law model of Nourozieh et al. (2013) and Kariznovi et al. (2013). The
n-tetradecane (C14) provides lower viscosity than n-decane (C10) when mixed with Athabasca bitumen.
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As described previously, a less-viscous solvent does not necessarily yield a lower viscosity when it is mixed with bitumen at a given
molar concentration. Another point of discussion regarding DME is that the hydrogen bonding that can occur between DME and vari-
ous components in the bitumen sample might cause the viscosity of the DME/bitumen mixture to increase.

Hansen (1967) considered that the total energy holding the liquid mixture together consists of the energy associated with dispersion,
polarity, and hydrogen bonding,

d2 ¼ d2
d þ d2

p þ d2
h; ð13Þ

where d is the energy density (in 1/MPa). The subscripts d, p, and h represent the contributions of dispersion, polarity, and hydrogen
bonding, respectively. The Hansen (1967) theory has been used to show the tendency of solvent interaction with polymers. Argillier
et al. (2005) conducted a study of how intermolecular forces affect the capability of a solvent to dilute heavy oil using the Hansen
(1967) dimensional solubility parameters. They concluded that a good solvent should have a high polarity parameter and a low
hydrogen-bonding parameter. dp and dh values for commonly seen solvents were presented in Barton (1991). Alkanes have dp and dh of
zero. Ether generally has a dp value from 3 to 5 and dh from 7 to 8. Methanol, which was reported by Argillier et al. (2005) to increase
the viscosity of bitumen, has dp ¼ 12 and dh ¼ 22. In comparison, water has dp ¼ 16 and dh ¼ 42.

Results in this research showed that the DME/bitumen mixture is slightly more viscous than the n-hexane/bitumen mixture at the
same concentration and at temperatures less than 380 K. This may be attributed to stronger intermolecular forces between DME and
polar components in bitumen than those between n-hexane and bitumen. Complex compounds typically contained in bitumen include
asphaltenes, which may form hydrogen bonds with DME molecules. At higher temperatures, the effect of hydrogen bonding on viscos-
ity can be reduced, which might improve the capability of DME for viscosity reduction. This is in line with the observation that DME
provides a similar level of viscosity reduction to n-hexane at higher temperatures (greater than 380 K). In contrast, no hydrogen bonding
occurs between bitumen components and alkane solvents. Therefore, alkanes might perform well even at low temperatures, depending
on the theory of Hansen (1967).

A good example for the effect of hydrogen bonding was reported by Dehaghani and Badizad (2016) for mixtures of methanol and a
heavy oil, as shown in Fig. 17. In their study, viscosities of methanol/heavy-oil mixtures were measured to be clearly higher than the
viscosity of 100% heavy oil. The authors attributed this viscosity increase to the self-association of methanol and the cross association
between methanol and asphaltene molecules. The viscosities for their n-heptane/heavy-oil and methanol/heavy-oil mixtures were calcu-
lated from their reported kinematic viscosities and densities for Fig. 17.
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Fig. 16—Comparison between n-alkanes and DME in terms of bitumen dilution at 50 mol% solvent at 35 bar. The viscosities were
calculated using the modified Arrhenius model developed in this research.
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Conclusions

In this research, the capability of DME as a diluent for Athabasca bitumen was compared with that of n-hexane using measured viscos-
ities and correlations. New experimental data were presented for phase behavior of Athabasca bitumen: five mixtures of Athabasca bitu-
men with DME and four mixtures of Athabasca bitumen with n-hexane. Our conclusions are as follows:
1. Liquid/liquid separation of solvent/bitumen mixtures, which occurred for n-butane/Athabasca bitumen in Gao et al. (2017), was not

observed for any of the DME/bitumen and n-hexane/bitumen mixtures in this research. The highest solvent concentration in this
study was 80 mol% DME (DB-1) for the DME/bitumen system and 92 mol% n-hexane (HB-2) for the n-hexane/bitumen system.

2. The Athabasca bitumen studied in this research was measured to be less viscous than the Athabasca bitumen studied by Nourozieh
et al. (2015a, 2015b, 2015c, 2015d, 2017). Although the two bitumens are similar in terms of MW, the concentration of saturates in
the bitumen studied in this research is twice as high as that of the other bitumen. This likely explains the lower viscosity of the bitu-
men studied in this research.

3. Three viscosity models were used to correlate the experimental data: a modified Arrhenius model, the power-law model, and the
Walther (1931) model. In terms of AARD, the modified Arrhenius equation resulted in the best correlative accuracy among the three
models. Although the Walther (1931) correlation provided a low AAD, it showed the largest AARD because of relatively large
deviation for low-viscosity conditions. The power-law model was similar to the modified Arrhenius model for correlation of the
n-hexane/bitumen mixtures, but it did not provide an accurate correlation for the DME/bitumen mixtures.

4. The modified Arrhenius equation with a weighting factor qi as a function of a was able to capture the deviation of solvent/bitumen
from the original Arrhenius (log-linear mixing) rule. It correlated well the viscosity data for the Athabasca bitumen diluted by
n-hexane and DME. The relatively large a-value, 0.291, for the DME/bitumen mixtures compared with a of 0.0381 for the n-hexane/
bitumen mixtures indicates that the viscosity of the DME/bitumen mixtures deviates more from the log-linear mixing rule.

5. The new experimental results showed that the equimolar mixture of DME with Athabasca bitumen was 79 cp and that of n-hexane with
the same bitumen was 49 cp at 328 K and 60 bar. However, the two solvents were equivalent as diluent at temperatures greater than
380 K for the bitumen studied. For example, the difference was approximately 1 cp at 382 K and 35 bar between the equimolar mixture
of Athabasca bitumen with DME and that with n-hexane. The new experimental data and viscosity correlations indicate that the dilu-
tion capability of DME becomes similar to that of n-hexane at higher-temperature and higher-solvent-concentration conditions.

Nomenclature

a1 ¼ coefficient in Eq. 2
a2 ¼ coefficient in Eq. 2
a3 ¼ coefficient in Eq. 2
a4 ¼ coefficient in Eq. 3
a5 ¼ coefficient in Eq. 3
A ¼ coefficient in Eq. 12

b1 ¼ coefficient in Eq. 4
b2 ¼ coefficient in Eq. 4
b3 ¼ coefficient in Eq. 4
B ¼ coefficient in Eq. 12
C ¼ coefficient in Eq. 11
L ¼ oleic phase
n ¼ parameter in Eq. 10
P ¼ pressure
q ¼ weighting factor for L-phase viscosity (Eqs. 7, 8, and 9)
T ¼ temperature
v ¼ volume fraction
V ¼ volume
W ¼ aqueous phase
x ¼ mole fraction
a ¼ coefficient in Eq. 9
d ¼ energy density, 1/MPa
l ¼ viscosity, cp, mPa�s
q ¼ density, kg/m3

Subscripts

bit ¼ bitumen
CD ¼ dead bitumen (Eq. 9)

d ¼ dispersion (Eq. 13)
h ¼ hydrogen bonding (Eq. 13)
L ¼ oleic phase (Eqs. 7, 8, and 9)
p ¼ polarity (Eq. 13)
s ¼ solvent (Eqs. 10 and 11)
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