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a b s t r a c t

In this paper, the bubble-point pressures and pseudo bubble-point pressures of various heavy crude
oil�solvent systems were measured and studied by conducting the constant-composition-expansion
(CCE) tests, during which the test pressure was depleted in a stepwise manner. A total of fourteen CCE
tests were performed for five heavy crude oil�CO2 systems, four heavy crude oil�CH4 systems, and five
heavy crude oil�C3H8 systems, respectively. All the CCE tests were conducted by using a pressur-
e�volume�temperature (PVT) system. It was found that for most heavy crude oil�solvent systems with
relatively low solvent concentrations, the measured PVT cell pressure vs. molar volume (Pcell�nmix) data
in the CCE tests had three distinct regions, which were one-liquid phase region (Regions I), foamy-oil
region (Region II) and two-phase region (Region III). Accordingly, the PVT cell pressure at the intersec-
tion point of Regions I and II was referred to as the measured bubble-point pressure, whereas the PVT cell
pressure at the intersection point of Regions II and III was termed as the measured pseudo bubble-point
pressure. For some heavy crude oil�solvent systems with high solvent concentrations, however, the
measured Pcell�nmix data may have two regions only. In this special case, the PVT cell pressure at the
intersection point of the two regions was considered as the measured bubble-point pressure and no
pseudo bubble-point pressure could be obtained. It was also found that the heavy crude oil�CH4 system
had not only the highest bubble-point pressure and pseudo bubble-point pressure but also the largest
difference between the bubble-point pressure and pseudo bubble-point pressure, in comparisonwith the
heavy crude oil�CO2 system and the heavy crude oil�C3H8 system at the same solvent concentration.
These facts indicate that CH4 not only is the most volatile solvent but also can remain as dispersed gas
bubbles to induce the most stable foamy oil in the largest pressure range after it is nucleated from a live
heavy oil.

© 2022 Southwest Petroleum University. Publishing services by Elsevier B.V. on behalf of KeAi
Communications Co. Ltd. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Heavy oils are approximately classified as the hydrocarbons
whose API gravities are in the range of 10e20� [1] and/or whose
viscosities are in the range of 100�10,000 cP under the actual

reservoir conditions [2]. The heavy oil primary productions in some
countries, such as Canada and Venezuela, have shown some
anomalous characteristics of high oil production rates and low
gas�oil ratios (GORs) due to the solution-gas drive and foamy-oil
flow [3,4]. The "foamy heavy oil" is defined as a heavy oil that
contains a large number of dispersed small solvent bubbles [5],
which has been widely accepted and used as a special terminology
in the petroleum industry. Traditionally, the bubble-point pressure
(Pb) is defined as the threshold pressure at which the first bubble is
nucleated from the solution gas and further liberated from the oil
phase in a light crude oil�solvent system [6]. However, the bubble-
point pressure represents the starting pressure of the foamy-oil
formation in a heavy crude oil�solvent system. For the latter sys-
tem, an additional quantity, i.e., the pseudo bubble-point pressure
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(Ppb), has been proposed and studied to better understand the
foamy-oil phenomenon. It is defined as the threshold pressure at
which a large number of the dispersed gas bubbles begin to leave
the heavy oil and form the free-gas phase [7].

In general, the bubble-point pressure can be measured from
some experimental tests [8], determined by using some theoretical
models [9], predicted by using some empirical correlations [10],
and estimated from some numerical algorithms [11]. For a light
crude oil�solvent system, the nucleated solvent bubbles coalesce
and grow rapidly so that the so-called free-gas phase can be quickly
formed once the test pressure is below the bubble-point pressure
[12]. For a heavy crude oil�solvent system, however, the nucleated
solvent bubbles during a pressure depletion process can be
dispersed in the heavy oil rather than quickly released to become
the free gas when the test pressure is below the bubble-point
pressure [13,14]. In this case, researchers are interested in
measuring and studying the bubble-point pressure and the pseudo
bubble-point pressure of the heavy crude oil�solvent system.

The pseudo bubble-point pressure can be measured by con-
ducting the constant-composition-expansion (CCE) test [15,16] or
coreflood test [17e19]. In the CCE test, the pseudo bubble-point
pressure is measured as the pressure at which the oil formation
volume factor (FVF) or the relative volume of the foamy heavy oil
reaches its maximum [15,16]. Here, the relative volume of the
foamy heavy oil is defined as a ratio of the volume of the foamy
heavy oil at a lower pressure to the volume of the heavy oil�solvent
mixture at its bubble-point pressure [16]. In the coreflood test,
there is a sudden increase of the GOR [17,18] and/or a sudden
reduction of the heavy oil production rate [19] during the primary
production once the production pressure reaches the pseudo
bubble-point pressure. More recently, some novel techniques have
been also developed to measure the pseudo bubble-point pressure,
such as visualization experiments, X-ray computed tomography
(CT) and low-field nuclear magnetic resonance (NMR) techniques.
The visualization experiments are themost direct technique among
the above-mentioned novel techniques to determine the pseudo
bubble-point pressure when a free-gas phase is formed from the
liberated solvent bubbles by visualizing a glass micro-model
[20,21]. X-ray, CT and low-field NMR techniques are applied to
measure the in-situ heavy oil properties in a pressure-depletion
process, such as the oil FVF, solution GOR, and heavy oil viscosity
[22]. Accordingly, the bubble-point pressure and/or the pseudo
bubble-point pressure is determined from the measured heavy oil
property vs. pressure data [22].

It is found that the pseudo bubble-point pressure measured
under the non-equilibrium conditions is always lower than the
bubble-point pressure measured under the equilibrium conditions
[23]. This pressure difference is attributed to the fact that the high
viscosity of a heavy oil hinders the coalescence and growth of the
dispersed solvent bubbles as well as their liberation from the heavy
oil to form the free-gas phase [24]. Several factors can affect the
difference between the bubble-point pressure and pseudo bubble-
point pressure, such as the heavy crude oil�solvent system tested
[25], the operating conditions [26] and the pressure-depletion rate
or step size [16,27,28]. The pressure-depletion rate has been the
most intensively studied parameter. Specifically, the difference
between the two threshold pressures was found to be larger at a
higher pressure-depletion rate [29,30].

CH4 is the most common solution gas in the heavy oil reservoirs.
Also CO2 and C3H8 have beenwidely applied in some solvent-based
enhanced oil recovery (EOR) processes for the heavy oil reservoirs.
Therefore, it is important to study the phase behaviours of different
heavy crude oil�CH4 systems, heavy crude oil�CO2 systems and
heavy crude oil�C3H8 systems. The bubble-point pressures and
pseudo bubble-point pressures of these three heavy crude

oil�solvent systems are of primary interest. In the past, most re-
searchers have focused on measuring and studying the bubble-
point pressure and pseudo bubble-point pressure, whereas their
physical meanings are still not well understood yet. In particular, it
remains unknown how solvents will specifically affect the bubble-
point pressure and the pseudo bubble-point pressure as well as
their difference. In this paper, both the bubble-point pressures and
the pseudo bubble-point pressures of various heavy crude
oil�solvent systems are measured and studied by conducting the
CCE tests and depleting the test pressure in a stepwise manner. The
detailed solvent effects on themeasured bubble-point pressure and
pseudo bubble-point pressure are studied, including the solvent
type effect and the solvent concentration effect. In the practical
oilfield applications, it is better tomaintain the production pressure
between the bubble-point pressure and the pseudo bubble-point
pressure so as to generate a strong and long-lasting foamy-oil
flow in a solvent-based EOR process. It is worthwhile to emphasize
that such measured bubble-point pressures and pseudo bubble-
point pressures for different heavy crude oil�solvent systems can
be directly used to determine the best solvent type and solvent
concentration. In this way, an optimum solvent-based EOR process
can be identified to best match the given heavy oil reservoir con-
ditions and maximize the foamy heavy oil production.

2. Experimental section

2.1. Materials

In this study, the original heavy crude oil sample was collected
from the Colony formation in the Bonnyville area, Alberta, Canada.
The obtained heavy oil was cleaned by using a centrifuge (Allegra
X-30 Series, Beckman Coulter, USA) to remove any sands and brine.
The density of the heavy crude oil was measured to be ro ¼ 0.992 g/
cm3 by using a densitometer (DMA 4200, Anton Paar, Austria) and
its viscosity was measured to be mo ¼ 33,876 cP by using a
viscometer (DV-IIþ, Brookfield, USA) at Pa ¼ 1 atm and Tlab ¼ 20 �C.
Its molecular weight was measured to be MWo ¼ 547.7 g/mol by
using an automatic high-sensitivity wide-range cryoscopy (Model
5009, Precision Systems Inc., USA). Its asphaltene content was
measured to be wasp ¼ 18.3 wt% (n-C5 insoluble) by using the
standard ASTM D2007-19 method. The components of the cleaned
Colony heavy oil were obtained by using the standard ASTM D86-
20b method and the detailed results can be found in the previous
study [31]. The solvents used in this study were CO2, CH4 and C3H8,
all of which were purchased from Linde, Canada. Their purities
were equal to 99.998mol%, 99.97mol% and 99.5mol%, respectively.

2.2. CCE tests

In this study, all fourteen CCE tests were conducted by using a
mercury-free PVT system (PVT-0150-100-200-316-155, DBR, Can-
ada) at the actual reservoir temperature of Tres ¼ 21.1 �C. Fig. 1
depicts a schematic diagram of the PVT system used for con-
ducting the CCE tests. The PVT systemmainly included four units: a
PVT cell, an air bath, an injection unit, and a cathetometer. The see-
through PVT cell can sustain a high pressure up to 69 MPa and a
high temperature up to 200.0�C. The test fluids, i.e., the heavy crude
oil�solvent mixture, were contained in a cylindrical glass tubewith
an inner diameter of 3.177 cm and a length of 20.230 cm inside the
PVT cell. A movable piston was placed inside the glass tube to
separate the test fluids from the hydraulic oil and to adjust the
pressure and volume through an automatic DBR pump
(PMP0500e1e10-MB-316-M4-C0, DBR, Canada). The air bath was
used to maintain the PVT cell at the preset reservoir temperature of
Tres ¼ 21.1�C during each CCE test. The injection unit consisted of
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two high-pressure transfer cylinders and a high-precision syringe
pump (100 DX, ISCO., USA), which was used to inject the heavy
crude oil or solvent from one of the two transfer cylinders to the
PVT cell. The digital cathetometer with the vertical displacement
resolution of 25.4 mmwas used to measure the height of the heavy
crude oil‒solvent mixture column inside the PVT cell at any time
during each CCE test.

To conduct the CCE test, first, the PVT cell and the tubings
connected to the PVT cell were thoroughly cleaned with kerosene
and ethanol in sequence and then dried by compressed air for 24 h
to remove any residuals. Second, a leakage test was conducted by
introducing a high-pressure nitrogen at 10MPa for 2 h and then the
cleaned PVTcell was vacuumed by using a vacuum pump (MAXIMA
4C PLUS, Fisher Scientific, USA). Third, a solvent was introduced
into the PVT cell at a constant injection pressure. The solvent in-
jection pressure of each CCE test is listed in Table 1. The number of
moles of the injected solvent was determined by multiplying its
density predicted from the CMGWinProp module with the PR-EOS
and its measured volume from the height measured from the
cathetometer and then dividing the product by its molecular
weight. Fourth, the heavy crude oil was injected into the PVT cell by
using a syringe pump (100 DX, ISCO Inc., USA). It was assumed that
there was no initial solvent dissolution into the heavy crude oil
during the short heavy oil injection process and that the heavy
crude oil was incompressible. Therefore, the number of moles of
the injected heavy crude oil was determined by multiplying its
measured density and volume from the height measured from the
cathetometer and then dividing the product by its molecular
weight. The heavy crude oil and solvent injection data in each CCE
test are given in Table 1.

Once the injection process of the heavy crude oil was completed,
the temperature of the PVT cell was maintained at Tres ¼ 21.1�C.
Afterwards, the encapsulated heavy crude oil‒solvent mixture in-
side the PVT cell was compressed and then the pressure of the PVT
cell was kept at least 4.0 MPa higher than the predicted bubble-
point pressure from the CMG WinProp module with the PR-EOS.

In this way, the solvent was completely dissolved into the heavy
crude oil. Meanwhile, the PVT cell containing the heavy crude
oil�mixture was rotated clockwise and counter-clockwise to
accelerate the solvent dissolution and homogenize the heavy crude
oil�solvent mixture.

After the solvent was completed dissolved into the heavy crude
oil, the PVT cell was kept rotating for two more days to ensure that
the dissolved solvent was homogenously distributed in the heavy
crude oil. Then the test pressure (i.e., the PVT cell pressure) was
reduced in a stepwise manner. At the beginning, there was no free-
gas phase or gas cap above the heavy crude oil�solvent mixture
and the test pressure was reduced by 200 kPa in each step. After
each test pressure reduction, the PVT cell pressure and tempera-
ture, as well as the height of the heavy crude oilesolvent mixture
columnwere measured and recorded when the total volume of the
heavy crude oil�solvent mixture changed less than 0.01 cc within
20 min. Then the test pressure was further reduced by one step and
so on. Once the free-gas phase or a gas cap started to appear above
the heavy crude oil�solvent mixture, however, the test pressure
was reduced by increasing 0.5 cc of the mixture (i.e., removing
0.5 cc of the hydraulic oil) in each volume increase step. After each
mixture volume increase, the test pressure and temperature, as
well as the height of the heavy crude oilesolvent mixture column
were measured and recorded when the test pressure changed less
than 6.8 kPa (1 psi) within 20 min. The total volume of the heavy
crude oil‒solvent mixture was further increased by one step and so
on. The CCE test was completed when the volume of the free-gas
phase was almost equal to that of the heavy oil phase. Then the
measured PVT cell pressure (Pcell) vs. molar volume (nmix) data of
each heavy crude oil‒solvent system were obtained in each CCE
test. These experimental data will be presented, analyzed and
discussed in the subsequent section.

3. Results and discussion

3.1. Heavy crude oil�CO2 systems

Figs. 2(a) and (b) show the measured Pcell‒nmix data for the CCE
tests of five heavy crude oil‒CO2 systems with five different CO2
concentrations. It can be seen from Fig. 2(a) that for the heavy crude
oil‒CO2 systems with CO2 concentrations ranging from 19.75 mol%
to 48.03 mol%, Pcell was decreased as nmix was increased in three
distinct regions (Regions I, II, and III). In Region I, the heavy crude
oil‒CO2 system was in an almost incompressible liquid phase. A
small volume expansion can cause a substantial pressure reduction
in this case. Accordingly, the measured Pcell�nmix data had the
largest absolute slope in Region I. Once Pcell was in Region II, CO2
bubbles were nucleated from the dissolved CO2 and dispersed in
the heavy oil. At the beginning, the highly viscous heavy oil pre-
vented the liberation of the dispersed CO2 bubbles so that the latter
were trapped in the former and the foamy heavy oil was formed. A
small free-gas capwas formed above the foamy-oil phasewhen Pcell
was further reduced to reach the end of Region II. However, the
amount of the free gas formedwas small so that the compressibility
of the heavy crude oil�CO2 system in this region was still domi-
nated by the foamy-oil phase. Therefore, the slope of the measured
Pcell�nmix data did not have a sharp change, though a small free-gas
cap was already formed. The absolute slope of the measured
Pcell�nmix data in Region II represented the compressibility of the
foamy-oil phase and was slightly smaller than that in Region I.
When the test pressure was further reduced to reach Region III, the
highly compressible free gas occupied approximately 5% of the total
volume and started to dominate the compressibility of the heavy
crude oil�CO2 system. The absolute slope of the measured
Pcell�nmix data in Region III was the smallest in comparison with

Fig. 1. Schematic diagram of the experimental setup for conducting the constant-
composition-expansion (CCE) tests by using a pressure�volume�temperature (PVT)
system.
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those in Regions I and II.
For the heavy crude oileCO2 system with 59.15 mol% CO2, the

measured Pcell�nmix data had two regions only, as shown in
Fig. 2(b). In Region I, there might be a phase change of the heavy
crude oileCO2 system. From 12.56 MPa at the beginning of Region I
to 7.49 MPa, the heavy crude oileCO2 system was in one liquid
phase. From 7.49 MPa to 5.51 MPa at the end of Region I, never-
theless, the heavy crude oileCO2 system might have two liquid
phases. In the second pressure range, some dissolved CO2 started to
liberate from the heavy oil, while the PVT cell pressure was still
above the CO2 saturation pressure of Psat¼ 5.89MPa at Tres¼ 21.1�C.
Therefore, such freed CO2 could become a second liquid phase
above the heavy oil-CO2 mixture. Since the compressibility of the
top liquefied CO2 phase was close to that of the heavy oil, the slope
of the Pcell-nmix data did not have an appreciable change in Region I,
though the new second liquefied CO2 phase might be formed
especially near the end of this region. As the test pressure was
further reduced to be lower than the CO2 saturation pressure, Re-
gion II started and the top liquefied CO2 phase began to vaporize
and form the free-gas phase. Meanwhile, much more CO2 bubbles
were continuously nucleated from the dissolved CO2 and dispersed
in the heavy oil. The free-gas phase and the foamy-oil phase jointly
made the heavy crude oileCO2 system highly compressible. This
was why the slope of the Pcell-nmix data in Region II was far smaller
than that in Region I for the heavy crude oileCO2 system with
59.15 mol% CO2.

In this study, it is assumed that the compressibility of the heavy
crude oil�CO2 system in each region is almost constant. Thus, by
applying the linear regression, the PVT cell pressure Pcell (MPa) was
linearly correlated to the molar volume nmix (cm3/mole) in each
region:

(1)CCE Test #1 at 19.75 mol% CO2:

8>>><
>>>:

Region I1 : Pcell ¼ 341:61� 0:767nmix

�
R2 ¼ 0:953

�
Region II1 : Pcell ¼ 42:30� 0:091nmix

�
R2 ¼ 0:998

�
Region III1 : Pcell ¼ 5:60� 0:009nmix

�
R2 ¼ 0:959

� (1)

(2)CCE Test #2 at 31.58 mol% CO2:8>>><
>>>:

Region I2 : Pcell ¼ 260:85� 0:646nmix

�
R2 ¼ 0:999

�
Region II2 : Pcell ¼ 26:81� 0:058nmix

�
R2 ¼ 0:998

�
Region III2 : Pcell ¼ 8:77� 0:014nmix

�
R2 ¼ 0:995

� (2)

(3)CCE Test #3 at 38.68 mol% CO2:8>>><
>>>:

Region I3 : Pcell ¼ 194:18� 0:512nmix

�
R2 ¼ 0:971

�
Region II3 : Pcell ¼ 45:73� 0:111nmix

�
R2 ¼ 0:972

�
Region III3 : Pcell ¼ 12:35� 0:023nmix

�
R2 ¼ 0:986

� (3)

(4)CCE Test #4 at 48.03 mol% CO2:8>>><
>>>:

Region I4 : Pcell ¼ 233:96� 0:754nmix

�
R2 ¼ 0:994

�
Region II4 : Pcell ¼ 72:58� 0:222nmix

�
R2 ¼ 0:975

�
Region III4 : Pcell ¼ 14:40� 0:034nmix

�
R2 ¼ 0:997

� (4)

(5)CCE Test #5 at 59.15 mol% CO2:8<
:

Region I5 : Pcell ¼ 866:23� 3:413nmix

�
R2 ¼ 0:976

�
Region II5 : Pcell ¼ 8:03� 0:010nmix

�
R2 ¼ 0:964

� (5)

The compressibility of the heavy crude oil�CO2 system in each
region can be represented by the absolute slope of the linearly
regressed correlation. The intersection points of Regions I and II,
and Regions II and III indicate sudden compressibility changes,
which are due to the phase changes of the heavy crude oil�CO2
system. Based on this analysis, in Tests #1e4, the test pressure at
the intersection point of the linear equations of Regions I and II was

Table 1
Heavy crude oil and solvent (CO2/CH4/C3H8) injection data in each CCE test.

Test
No.

Solvent injection Oil injection Solvent concentration

Solvent injection
pressure Pinj

Solvent injection
volume Vs

Density of
solvent rs

Mass of injected
solvent ms

Mole of injected
solvent Ns

Injected oil
volume Vo

Mass of
injected oil

mo

Mole of
injected oil

No

Solvent mass
percent ws

Solvent Mole
percent xs

(MPa) (cm3) (g/cm3) (g) (mole) (cm3) (g) (mole) (wt%) (mol%)

Heavy crude oileCO2 systems
1 1.34 24.17 0.029 0.70 0.016 36.01 35.72 0.065 1.92 19.75
2 1.55 40.45 0.033 1.33 0.030 36.08 35.79 0.065 3.58 31.58
3 1.93 45.99 0.039 1.79 0.041 35.85 35.56 0.065 4.79 38.68
4 1.87 71.06 0.038 2.70 0.061 36.58 36.28 0.066 6.93 48.03
5 2.43 71.43 0.052 3.71 0.084 32.11 31.85 0.058 10.43 59.15

Heavy crude oileCH4 systems
6 1.41 26.95 0.0086 0.26 0.016 34.14 33.88 0.062 0.76 20.51
7 2.98 30.69 0.021 0.64 0.040 52.09 51.67 0.094 1.22 29.85
8 2.49 38.39 0.017 0.67 0.042 34.47 34.21 0.062 1.92 40.38
9 2.97 42.97 0.021 0.90 0.056 31.23 30.98 0.057 2.82 49.56

Heavy crude oileC3H8 systems
10 0.50 31.39 0.010 0.31 0.007 30.91 30.66 0.056 1.00 11.11
11 0.64 56.21 0.013 0.73 0.017 36.96 36.66 0.070 1.95 19.54
12 0.62 63.28 0.013 0.82 0.019 26.31 26.10 0.048 3.05 28.36
13 0.59 105.28 0.012 1.26 0.029 23.63 23.44 0.043 5.10 40.28
14 0.70 137.38 0.015 2.06 0.047 23.89 23.70 0.043 8.00 52.22
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referred to as the bubble-point pressure (Pb), at which the CO2

bubbles started to be nucleated and dispersed in the heavy oil. The
test pressure at the intersection point of the linear equations of
Regions II and III was termed as the pseudo bubble-point pressure
(Ppb), at which a small amount of the free-gas phase was formed

and it started to dominate the compressibility of the heavy crude
oil�CO2 system. In Test #5, the test pressure at the intersection
point of the linear equations of Regions I and II was considered to be
Pb, at which the free-gas phase started to form after the top second
liquefied CO2 phase began to vaporize. Meanwhile, CO2 bubbles
were continuously nucleated from and dispersed in the heavy oil to
form the foamy-oil phase at Pcell < Pb. In this test, however, no
pseudo bubble-point pressure (Ppb) could be obtained from the
measured Pcell�nmix data. The uncertainties of the measured Pb and
Ppb can be calculated by using the following two equations,
respectively:

dPb ¼ 2b1b2dnmix � ðb1 þ b2ÞdPcell
b2 � b1

þ sPcell
(6)

dPpb ¼ 2b2b3dnmix � ðb2 þ b3ÞdPcell
b3 � b2

þ sPcell
(7)

Where, b1, b2 and b3 are the respective regressed coefficients of nmix
in Regions I, II and III; dPcell is the uncertainty of the measured PVT
cell pressure, which is equal to 0.01 MPa; dnmix is the uncertainty of

the measured molar volume, which can be calculated from Eq (8).
sPcell is the standard deviation of the regressed PVT cell pressure
from the measured PVT cell pressure, which can be calculated from
Eq (9). The measured Pb and Ppb and their uncertainties are given in
Table 2.

sPcell ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
1� R2

�Pn
i¼1

�
Pmi � P

m�2
n

vuut
(9)

It can be seen from Table 2 that Pb, Ppb and their difference
(Pb � Ppb) for each heavy crude oileCO2 system were increased as
CO2 concentration was increased. The heavy crude oileCO2 system
with a higher CO2 concentration had a higher bubble-point pres-
sure. This means that CO2 bubbles start to nucleate at a higher
pressure when CO2 concentration is higher. It is worthwhile to note
that the test pressure inside the PVT cell can hinder CO2 bubble
growth and coalescence [32,33]. At a higher pressure, the nucleated
CO2 bubbles can stay more stably and more difficult to be readily
liberated from the heavy oil to form the free-gas phase. For the
heavy crude oileCO2 system with a higher CO2 concentration, CO2
bubbles were nucleated at a higher pressure. Thus, it required a
larger pressure depletion to flash the small CO2 bubbles from the
heavy oil, which led to a larger difference (Pb � Ppb) at a higher CO2
concentration. This finding implies that if CO2 is used as a solvent in
a solvent-based EOR process in a heavy oil reservoir, a relatively
high CO2 concentration can result in a stable foamy oil near the

Fig. 2. Measured Pcell‒nmix data of different heavy crude oil�CO2 systems with different CO2 concentrations in (a) Test #1 (19.75 mol% CO2), Test #2 (31.58 mol% CO2), Test #3
(38.68 mol% CO2), and Test #4 (48.03 mol% CO2); and (b) Test #5 (59.15 mol% CO2) at Tres ¼ 21.1�C.

dnmix¼
pr2h

pr2hsrs
MWs

þ pr2horo
MWo

�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

�
2dr
r

�2

þ
�
dh
h

�2

þ

8>>>>>>>>>>>>>>>><
>>>>>>>>>>>>>>>>:

�
pr2hsrs
MWs

�2"�
2dr
r

�2

þ
�
dhs
hs

�2

þ
�
drs
rs

�2

þ
�
dMWs

MWs

�2
#
þ

�
pr2horo
MWo

�2"�
2dr
r

�2

þ
�
dho
ho

�2

þ
�
dro
ro

�2

þ
�
dMWo

MWo

�2
#

�
pr2hsrs
MWs

þ pr2horo
MWo

�2

9>>>>>>>>>>>>>>>>=
>>>>>>>>>>>>>>>>;

vuuuuuuuuuuuuuuuuuuuut

(8)
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wellbore region in a large pressure range. On the other hand, CO2
concentration should not be too high. Test #5 shows that at a high
CO2 concentration, a liquefied CO2 phase is formed while the
foamy-oil phase is formed at the same time. Hence, the foamy oil
will be produced at a high GOR if CO2 concentration is too high.

3.2. Heavy crude oil�CH4 systems

Fig. 3 shows themeasured Pcell‒nmix data of the CCE tests for four
heavy crude oil‒CH4 systems at Tres ¼ 21.1�C. The CH4 concentra-
tions were equal to 20.51, 29.85, 40.38, and 49.56 mol%, respec-
tively. It is found from this figure that the measured Pcell‒nmix data
of all four heavy crude oil‒CH4 systems had three distinct regions
(Regions I, II and III). In Region I, the heavy crude oileCH4 system
was in one liquid phase. The Pcell‒nmix data had the largest absolute
slope in this region. In Region II, CH4 bubbles were nucleated from
but most of them were still dispersed and trapped in the heavy oil
to form the foamy-oil phase. The Pcell‒nmix data had an intermediate
slope in this region. In Region III, a certain amount of CH4 bubbles
was liberated from the heavy oil to form the free-gas phase. The
Pcell‒nmix data had the smallest absolute slope in this region.

The linear regression result for each region of each heavy crude
oileCH4 system is listed as follows:

(6)CCE Test #6 at 20.51 mol% CH4:8>>><
>>>:

Region I6 : Pcell ¼ 201:29� 0:457nmix

�
R2 ¼ 0:972

�
Region II6 : Pcell ¼ 52:82� 0:110nmix

�
R2 ¼ 0:983

�
Region III6 : Pcell ¼ 9:787� 0:014nmix

�
R2 ¼ 0:997

�
(10)

(7)CCE Test #7 at 29.85 mol% CH4:8>>><
>>>:

Region I7 : Pcell ¼ 450:86� 1:089nmix

�
R2 ¼ 0:991

�
Region II7 : Pcell ¼ 143:41� 0:327nmix

�
R2 ¼ 0:976

�
Region III7 : Pcell ¼ 30:20� 0:056nmix

�
R2 ¼ 0:990

� (11)

(8)CCE Test #8 at 40.38 mol% CH4:8>>><
>>>:

Region I8 : Pcell ¼ 560:52� 1:585nmix

�
R2 ¼ 0:989

�
Region II8 : Pcell ¼ 242:58� 0:661nmix

�
R2 ¼ 0:990

�
Region III8 : Pcell ¼ 69:56� 0:169nmix

�
R2 ¼ 0:988

�
(12)

(9)CCE Test #9 at 49.56 mol% CH4:8>>><
>>>:

Region I9 : Pcell ¼ 585:53� 1:913nmix

�
R2 ¼ 0:997

�
Region II9 : Pcell ¼ 210:46� 0:644nmix

�
R2 ¼ 0:997

�
Region III9 : Pcell ¼ 49:05� 0:118nmix

�
R2 ¼ 0:997

�
(13)

Similarly, the test pressure at the intersection point of the linear
equations of Regions I and II was referred to as Pb and the test
pressure at the intersection point of the linear equations of Regions

II and III was referred to as Ppb. The measured bubble-point pres-
sures, pseudo bubble-point pressures and their differences of four
heavy crude oileCH4 systems are listed in Table 3. It is found from
this table that themeasured Pb and Ppbwere substantially increased
as CH4 concentration was increased in the heavy crude oileCH4
system. Their difference (Pb�Ppb) was also considerably increased
as CH4 concentration was increased because the high test pressure
hindered the CH4 bubble growth and coalescence [32,33].

3.3. Heavy crude oil�C3H8 systems

Figs. 4(a) and (b) show the CCE test results of five different
heavy crude oil�C3H8 systems. The CCE tests data of three heavy
crude oil�C3H8 systems with C3H8 concentrations of 11.11 mol%,
19.54 mol%, and 28.36 mol% are shown in Fig. 4(a) and the other
two CCE tests data of the heavy crude oil�C3H8 systems with
C3H8 concentrations of 40.28 mol% and 52.22 mol% are shown in
Fig. 4(b). It is found from Fig. 4(a) that for each heavy crude
oil�C3H8 system with a relatively lower C3H8 concentration
(11.11 mol%, 19.54 mol% or 28.36 mol%), the measured Pcell‒nmix
data had three regions, similar to those for most heavy crude
oil�CO2 systems with low to intermediate CO2 concentrations
and for the heavy crude oil�CH4 systems. Region I was the one-
liquid phase region; Region II was the foamy-oil region; and
Region III was the two-phase (the foamy heavy oil and free gas)
region.

For the heavy crude oil�C3H8 system with a relatively higher
C3H8 concentration (40.28 or 52.22 mol%), the measured Pcell‒nmix
data had two regions only, as shown in Fig. 4(b), which was similar
to the case of the heavy crude oil�CO2 systemwith the highest CO2
concentration of 59.15 mol% in Test #5. In these tests, the dissolved
C3H8 might start to liberate from the heavy oil in Region I. Such
freed C3H8 was liquefied to form a second C3H8-enriched liquid
phase since the PVT cell pressure was above the saturation pressure
of Psat ¼ 0.85MPa for C3H8 at Tlab¼ 21.1�C. The liquefied C3H8 phase
started to vaporize and form the free-gas phase once Pcell was
reduced to Pb at the intersection point of Regions I and II, which was
close to the saturation pressure of C3H8.

The linear regression result for each region of each heavy
oil�C3H8 system is listed as follows:

(10)CCE Test #10 at 11.11 mol% C3H8:8>>><
>>>:

Region I10 : Pcell ¼ 370:62� 0:767nmix

�
R2 ¼ 0:956

�
Region II10 : Pcell ¼ 22:19� 0:045nmix

�
R2 ¼ 0:981

�
Region III10 : Pcell ¼ 3:55� 0:0066nmix

�
R2 ¼ 0:972

�
(14)

(11)CCE Test #11 at 19.54 mol% C3H8:8>>><
>>>:

Region I11 : Pcell ¼ 606:97� 1:377nmix

�
R2 ¼ 0:964

�
Region II11 : Pcell ¼ 53:50� 0:120nmix

�
R2 ¼ 0:987

�
Region III11 : Pcell ¼ 4:28� 0:0087nmix

�
R2 ¼ 0:945

�
(15)

(12)CCE Test #12 at 28.36 mol% C3H8:
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8>>><
>>>:

Region I12 : Pcell ¼ 247:13� 0:613nmix

�
R2 ¼ 0:920

�
Region II12 : Pcell ¼ 7:68� 0:017nmix

�
R2 ¼ 0:988

�
Region III12 : Pcell ¼ 2:95� 0:0058nmix

�
R2 ¼ 0:965

�
(16)

(13)CCE Test #13 at 40.28 mol% C3H8:8<
:

Region I13 : Pcell ¼ 631:21� 1:812nmix

�
R2 ¼ 0:982

�
Region II13 : Pcell ¼ 2:02� 0:0034nmix

�
R2 ¼ 0:978

�
(17)

(14)CCE Test #14 at 52.22 mol% C3H8:8<
:

Region I14 : Pcell ¼ 848:39� 2:853nmix

�
R2 ¼ 0:962

�
Region II14 : Pcell ¼ 1:47� 0:0021nmix

�
R2 ¼ 0:953

�
(18)

For three heavy crude oil�C3H8 systems with C3H8 concentra-
tions of 11.11, 19.54 and 28.36 mol% (Tests #10e12), the test pres-
sure at the intersection point of Regions I and II was referred as to
Pb, whereas the test pressure at the intersection point of Regions II
and III was determined to be Ppb. For two heavy crude oil�C3H8

systems with C3H8 concentrations of 40.28 mol% and 52.22 mol%
(Tests #13 and #14), the test pressure at the intersection point of
Regions I and II was termed as Pb. No pseudo bubble-point pressure
(Ppb) could be obtained in these two tests.

Table 4 gives the measured Pb, Ppb and Pb�Ppb of each heavy
crude oil�C3H8 system. The measured Pb of the heavy crude
oil�C3H8 system was increased with the increase of C3H8 concen-
tration from 11.11 mol% to 28.36 mol%. However, it remained
around 0.85 MPa (i.e., the saturation pressure of C3H8 at
Tres¼ 21.1�C) once C3H8 concentrationwas equal to and higher than
28.36 mol%. It is also found from Table 4 that the pressure differ-
ence, Pb�Ppb, was slightly increased with the increase of C3H8
concentration from 11.11 mol% to 28.36 mol%. The overall pressure
differences for the heavy crude oil�C3H8 systems were much
smaller than those for the heavy crude oil�CO2 systems and heavy
crude oil�CH4 systems. This is because Pb and Ppb of the heavy
crude oil�C3H8 system were much lower than those of the heavy
crude oil�CO2 system and heavy crude oil�CH4 system. Thus the
pressure effect on the dispersed C3H8 bubble growth and liberation
was negligible in this case.

3.4. Comparison of different heavy oil�solvent systems

Figs. 5(a) and (b) show the comparison of the measured bubble-
point pressures and pseudo bubble-point pressures of different
heavy crude oilesolvent systems, respectively. It can be seen from
these two figures that at a similar solvent concentration, the heavy
crude oileCH4 system had the highest Pb or Ppb in comparison with
the heavy crude oileCO2 system and the heavy crude oileC3H8
system. This is attributed to the fact that CH4 is the most volatile
solvent that is the most difficult to be dissolved into but the easiest
to be nucleated from the heavy crude oil in comparison with CO2
and C3H8. On the contrary, the heavy crude oileC3H8 system had
the lowest Pb or Ppb in comparison the other two heavy crude
oilesolvent systems since C3H8 is much more soluble than CO2 or
CH4. Only when Pcell is decreased to an extremely low value can the
dissolved C3H8 be liberated from the heavy oil. The pressure range
of different solvent-induced foamy heavy oil can be represented by
the difference between the measured Pb and Ppb of each heavy
crude oil�solvent system, which is shown in Fig. 6. It is found from
this figure that the heavy crude oileCH4 system had not only the
highest Pb and Ppb but also the largest difference between these two
threshold pressures, in comparison with the heavy crude
oil�CO2 system and heavy crude oil�C3H8 system. This indicated
that once the PVT cell pressure was reduced to the bubble-point
pressure of the heavy crude oileCH4 system, the nucleated small
CH4 bubbles were much more difficult to grow in and liberate from
the heavy oil than the nucleated CO2/C3H8 bubbles. In other words,
CH4-induced foamy heavy oil existed in a much larger pressure
range than CO2/C3H8-induced foamy heavy oil. In contrast to CH4/
CO2-induced foamy heavy oils, however, C3H8-induced foamy
heavy oil existed in a much smaller pressure range since it had the
smallest pressure difference.

Fig. 3. Measured Pcell‒nmix data of different heavy crude oil�CH4 systems with
different CH4 concentrations in Test #6 (20.51 mol% CH4); Test #7 (29.85 mol% CH4);
Test #8 (40.38 mol% CH4); and Test #9 (49.56 mol% CH4) at Tres ¼ 21.1�C.

Table 3
Measured bubble-point pressures, pseudo bubble-point pressures and their differ-
ences of four heavy crude oil�CH4 systems at Tres ¼ 21.1 �C.

CH4 concentration Pb Ppb PbePpb

(mol%) (MPa) (MPa) (MPa)

20.51 5.8 ± 0.13 3.5 ± 0.10 2.3 ± 0.23
29.85 11.5 ± 0.14 6.8 ± 0.12 4.7 ± 0.26
40.38 15.1 ± 0.16 10.1 ± 0.13 5.0 ± 0.29
49.56 20.1 ± 0.18 12.8 ± 0.15 7.3 ± 0.33

Table 2
Measured bubble-point pressures, pseudo bubble-point pressures and their differ-
ences of five different heavy crude oil�CO2 systems at Tres ¼ 21.1 �C.

CO2 concentration Pb Ppb PbePpb

(mol%) (MPa) (MPa) (MPa)

19.75 2.0 ± 0.10 1.6 ± 0.05 0.4 ± 0.15
31.58 3.7 ± 0.12 3.0 ± 0.07 0.7 ± 0.19
38.68 4.6 ± 0.13 3.6 ± 0.07 1.0 ± 0.20
48.03 5.2 ± 0.14 3.9 ± 0.08 1.3 ± 0.22
59.15 5.5 ± 0.14 N/A N/A
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The above analysis implies that although CH4 is themost volatile
solvent and the most difficult to be dissolved into a heavy oil, it can
induce the foamy heavy oil in the largest pressure range. On the
other hand, C3H8 can be most easily dissolved into the heavy oil but
it has the least ability to form a stable foamy heavy oil, in com-
parison with CO2 and CH4. This technical dilemma has to be seri-
ously considered when the most suitable solvent is chosen for a
solvent-based EOR process in a given heavy oil reservoir. Expect-
edly, a mixed solvent with proper concentrations of CH4 and CO2/
C3H8 might be an optimum solvent in the practical EOR application
at an oilfield scale.

Table 4
Measured bubble-point pressures, pseudo bubble-point pressures and their differ-
ences of five heavy crude oil�C3H8 systems at Tres ¼ 21.1 �C.

C3H8 concentration Pb Ppb Pb�Ppb

(mol%) (MPa) (MPa) (MPa)

11.11 0.47 ± 0.03 0.35 ± 0.02 0.12 ± 0.05
19.54 0.66 ± 0.03 0.43 ± 0.03 0.23 ± 0.06
28.36 0.85 ± 0.04 0.50 ± 0.03 0.35 ± 0.07
40.28 0.84 ± 0.04 N/A N/A
52.22 0.85 ± 0.04 N/A N/A

Fig. 4. Measured Pcell‒nmix data of different heavy crude oil�C3H8 systems with different C3H8 concentrations in (a) Test #10 (11.11 mol% C3H8), Test #11 (19.54 mol% C3H8), and Test
#12 (28.36 mol% C3H8); and (b) Test #13 (40.28 mol% C3H8) and Test #14 (52.22 mol% C3H8) at Tres ¼ 21.1 �C.

Fig. 5. Comparisons of (a) measured bubble-point pressures; (b) measured pseudo bubble-point pressures of different heavy crude oil�solvent systems at Tres ¼ 21.1�C.

Fig. 6. Differences of measured bubble-point pressures and pseudo-bubble-point
pressures of different heavy crude oil�solvent systems at Tres ¼ 21.1 �C.
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4. Conclusions

In this work, a total of fourteen constant-composition-
expansion (CCE) tests for different heavy crude oil�solvent sys-
tems were conducted to study the solvent concentration and type
effects on themeasured bubble-point pressure (Pb), pseudo bubble-
point pressure (Ppb) in each CCE test. The following four conclusions
can be drawn:

(1) For most heavy crude oil�solvent systems tested in this
study, themeasured PVTcell pressure (Pcell) vs. molar volume
(nmix) data from the CCE tests can be divided into three
different regions (Regions I, II and III). Region I is a one-phase
region; Region II is a foamy-oil region; and Region III is a
foamy-oil and free-gas region. However, for the heavy crude
oil�CO2 system with 59.15 mol% CO2 and heavy crude
oil�C3H8 systems with 40.28 and 52.22 mol% C3H8, the
measured Pcell‒nmix data from the CCE tests have two regions
only. A phase change from one-liquid phase to two-liquid
phase might occur in Region I in this case.

(2) For the heavy crude oil�solvent systems whose measured
Pcell‒nmix data have three regions, the test pressure at the
intersection point of Regions I and II is referred to as Pb. The
test pressure at the intersection point of Regions II and III is
referred to as Ppb. For the heavy crude oil�solvent systems
whose measured Pcell‒nmix data have two regions only, the
test pressure at the intersection point of the two regions is
referred to as Pb, which is close to the vapour pressure of the
liberated solvent.

(3) The heavy crude oil�CH4 system has the highest Pb and Ppb in
comparison with the other two heavy crude oil�solvent
(CO2/C3H8) systems at a similar solvent concentration. For
example, Pb of the heavy crude oil�CH4 system is 3.9 times
higher than that of the heavy crude oil�CO2 system and 23.6
times higher than that of the heavy crude oil�C3H8 system at
a similar solvent concentration of about 50 mol%, respec-
tively. Moreover, the difference between the two threshold
pressures of the heavy crude oil�CH4 system can be 5.6 times
larger than that of the heavy crude oil�CO2 system and 13.4
times larger than that of the heavy crude oil�C3H8 system at
a similar solvent concentration of about 30 mol%, respec-
tively. These findings indicate that CH4 is the most volatile
solvent and the most difficult to be dissolved into a heavy oil
in comparison with CO2 and C3H8. Once it is dissolved into
the heavy oil, however, it can induce the foamy heavy oil in
the largest pressure range.

(4) C3H8 and CO2 are much easier to be dissolved into the heavy
oil than CH4. However, they induce less stable foamy heavy oil
than CH4. Hence, a mixed solvent with proper concentrations
of CH4 and CO2/C3H8 might be the best choice for an optimum
solvent-based EOR process in a given heavy oil reservoir.
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Nomenclatures

b1 Regressed coefficient of nmix in Region I of the Pcell�nmix
data, Pa,mol/m3

b2 Regressed coefficient of nmix in Region II of the Pcell�nmix
data, Pa,mol/m3

b3 Regressed coefficient of nmix in Region III of the
Pcell�nmix data, Pa,mol/m3

h Height of the heavy crude oil�solvent mixture inside
the PVT cell, m

ho Height of the heavy crude oil after it was injected into
the PVT cell, m

hs Height of solvent after it was injected into the PVT cell,
m

L Length of the micro-tubing, m
mo Mass of the injected heavy crude oil into the PVT cell, kg
ms Mass of the injected solvent into the PVT cell, kg
MWs Molecular weight of the solvent used in each CCE test,

kg/kmol
MWo Molecular weight of the light crude oil, kg/kmol
n Number of points used in the linear regression,

dimensionless
No Amount of the injected heavy crude oil into the PVT cell,

kmol
Ns Amount of the injected solvent into the PVT cell, kmol
Pa Atmospheric pressure, Pa
Pb Bubble-point pressure, Pa
Pbeg Beginning pressure, Pa
Pcell PVT cell pressure, Pa
Pmi The ith measured PVT cell pressure, Pa
Pinj Solvent injection pressure, Pa

P
m

The average of the measured PVT cell pressure, Pa
Ppb Pseudo bubble-point pressure, Pa
Psat Saturation pressure, Pa
r Radius of the PVT cell, m
R2 Linear correlation coefficient of the linear regression,

dimensionless
Tlab Laboratory temperature, K
Tres Reservoir temperature, K
vmix Molar volume of the heavy crude oil�solvent mixture,

m3/mol
Vo Oil injection volume, m3

Vs Solvent injection volume, m3

wasp Asphaltene content, wt%
ws Solvent mass percent, wt%
xs Solvent mole percent, mol%

Greek symbols
sPcell

Standard deviation of the regressed PVT cell pressure
from the measured PVT cell pressure, Pa

dh Uncertainty of the measured height of the heavy crude
oil�solvent mixture column inside the PVT cell, m

dho Uncertainty of the measured height of the heavy crude
oil injected into the PVT cell, m

dhs Uncertainty of the measured height of the solvent
injected into the PVT cell, m

dMWo Uncertainty of the molecular weight of the heavy crude
oil, kg/kmol

dMWs Uncertainty of the molecular weight of the solvent used
in each CCE test, kg/kmol

dPb Uncertainty of the measured bubble-point pressure, Pa
dPcell Uncertainty of the measured PVT cell pressure, Pa
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dPpb Uncertainty of the measured pseudo bubble-point
pressure, Pa

dro Uncertainty of the measured density of the heavy crude
oil, kg/m3

drs Uncertainty of the calculated solvent density, kg/m3

dr Uncertainty of the radius of the glass tube in the PVT
cell, m

dnmix Uncertainty of the molar volume of the heavy crude
oil�solvent mixture, m3/mol

mo Oil viscosity, Pa,s
ro Density of the heavy crude oil, kg/m3

rs Density of the solvent at injection pressure, kg/m3

Superscripts/subscripts
a Ambient
asp Asphaltene
b Bubble-point
beg Beginning point
cell PVT cell
i The ith measured point
lab Laboratory
m Measured
mix Mixture
o Oil
pb Pseudo bubble-point
res Reservoir
s Solvent
sat Saturation
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