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To improve the thermal effects of solvents on heavy oil reservoirs and realize the combined action of multiple flooding
mechanisms, such as solvent heating and extraction, without steam mixing, based on the M Block heavy oil reservoir in
Canada, three sets of comparative hot solvent-assisted gravity drainage experiments under different temperatures and pressures
were carried out through an indoor three-dimensional (3D) physical simulation device. The development characteristics of the
solvent chamber in the hot solvent-assisted gravity drainage technology were studied under different pressures and
temperatures, and the recovery factor, cumulative oil exchange rate, and solvent retention rate were analyzed. The results
showed that due to the effect of gravity differentiation, the development morphology of the solvent chamber could be divided
into three stages: rapid ascent, lateral expansion, and slow descent. When the temperature was constant, the reservoir pressure
decreased, the recovery rate increased, the cumulative oil exchange rate increased, and the solvent retention rate decreased;
when the pressure was constant, the temperature increased, the viscosity of heavy oil decreased, the recovery rate increased, the
cumulative oil exchange rate increased, and the solvent retention rate was low. Additionally, the study also showed that for hot
solvents in different phases, the use of hot solvent vapor not only required less injected solvent but also exhibited a high oil
production rate, which shortened production time and reduced energy consumption. Moreover, the oil recovery rate was
higher than 60%, the solvent retention rate was lower than 10%, and the cumulative oil exchange rate was higher than 3 t/t,
which constituted better economic benefits and provided a reliable theoretical basis for onsite oilfield applications.

1. Introduction

Due to the impact of the energy crisis, the exploitation of
heavy oil and other unconventional oils and gases has
attracted increasing attention, and the exploitation of heavy
oils has also been constantly evolving [1–4]. Steam-assisted
gravity drainage (SAGD) is a thermal recovery technology
that emerged in the 1980s for the efficient extraction of
heavy oil [5]. However, SAGD not only has problems such
as low heat utilization efficiency and limited mining
methods but also has problems including the treatment of
water produced, the consumption of large amounts of fresh-
water resources, and possible damage to the formation
caused by clay expansion. In addition, a large amount of flue

gas is generated during the development of SAGD, which is
inconsistent with development concepts based on energy
savings, emission reduction, and environmental protection
at home and abroad [6–9].

To solve this problem, Butler and Mokrys [10] proposed
a solvent extraction technology (VAPEX) in 1989, which
uses solvent instead of steam. It adopts the same well pattern
structure as SAGD with one upper and double horizontal
lower wells. It reduces the viscosity of heavy oil by injecting
normal temperature gaseous light hydrocarbon solvents
from the upper injection wells to form diluent oil flowing
out of the lower production wells. Therefore, this process is
generally considered to be a cold-drying (i.e., nonthermal)
process. VAPEX has two important mechanisms of action
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[11]. On the one hand, the solvent extracts and dissolves the
thick oil and reduces the viscosity. On the other hand, there
is mass transfer between the solvent and the heavy oil. More-
over, Das and Butler [12] also pointed out that to avoid
formation damage caused by the precipitation of asphal-
tenes, the VAPEX process must be operated under noncon-
densing (i.e., dew point) conditions.

Many scholars have studied the type of solvent injected,
operating pressure, temperature, injection rate, injection
method, model permeability, and porosity in VAPEX tech-
nology [13–21]. They believe that conventional VAPEX is
a feasible processing technology, but due to the high price
of solvents and poor economic efficiency, it cannot be widely
used commercially. As a result, more VAPEX-derived pro-
cesses began to appear, such as the N-Solv process, the
expanded solvent SAGD process, the cone solvent SAGD
process, the steam alternate solvent process, and the hot
solvent process [22–25].

E. Nenniger and J. Nenniger [26] proposed the N-Solv
process, which involves heating the solvent into vapor and
injecting it into the oil reservoir. The solvent conducts the
latent heat of condensation into the reservoir and dissolves
the crude oil, which reduces the viscosity of the produced
heavy oil and bitumen, improves its fluidity, and causes it
to flow into the production well under the action of gravity.
James [27] believes that the higher the temperature is, the
greater the saturation pressure. The heated hot solvent
provides higher injection pressure to the reservoir, which
provides the possibility of solvent injection for deep-bed
high-pressure reservoirs.

The warm solvent process is a steam-free mixing method
similar to N-Solv. The only difference is that the solvent is
heated to form a superheated steam and injected into the
formation. The superheated solvent vapor condenses and
releases heat at the interface between the solvent and the
oil and mixes with the crude oil [28]. Rezaei [29, 30]
researched warm solvent extraction of Cold Lake bitumen
and Lloydminster heavy oil by heating n-pentane (36°C,
43°C, and 50°C). The results showed that under the effect
of solvent overheating, the solvent concentration in the out-
put oil was significantly reduced, and the solvent-oil ratio
was significantly reduced. The residual oil saturation in the
porous media of the two oil samples increased slightly with
increasing solvent vapor temperature; moreover, with
increasing solvent temperature, the output content of
asphaltene also increased. Frauenfeld et al. [31] compared
this heating method with that of conventional VAPEX and
pointed out that the purpose of heating is to establish com-
munication between the injection well and the production
well more quickly and further reduce the viscosity of the
crude oil near the well.

The heavy oil in a low-temperature reservoir is very
sensitive to temperature. Although the solvent in the above
study was overheated, its temperature was still low
(<80°C). When it was injected into the reservoir, a large
amount of heat would be lost in the wellbore, resulting in a
little impact on the temperature of the heavy oil in the reser-
voir. To improve the thermal impact of solvents on heavy oil
reservoirs and realize the combined action of multiple flood-

ing mechanisms, such as solvent heating and extraction,
without steam mixing, this paper takes the M Block heavy
oil reservoir in Canada as the target block and conducts
three sets of 3D indoor physical simulation experiments at
different temperatures and pressures when the solvent is
heated to high temperature and superheated. The develop-
ment of the temperature field of the superheated solvent
was compared, and the effects of temperature and pressure
on the oil production rate, recovery factor, cumulative oil
exchange rate, and solvent retention rate of the injected
superheated solvent vapor were studied.

2. Experimental Section

2.1. Materials. The oil used in the experiment was taken
from the M Block heavy oil reservoir, degassed and dehy-
drated by a dehydrator. The original heavy oil was mixed
with kerosene to conduct 3D indoor physical simulation
experiments in order to fulfill the similarity criterion. The
relationship between viscosity and temperature was mea-
sured between 20°C and 110°C by a rheometer (Anton Paar,
MCR302, Austria), as shown in Figure 1. The viscosity of
crude oil decreased with increasing temperature, and the
viscosity of crude oil was 1024mPa·s at 50°C. Quartz sand
(40-70 mesh) was used to fill the physical model, and the
water was deionized water provided by a UPT ultrapure
water device (Sichuan Youpu Ultrapure Technology Co.,
LTD., UPT-I-10T, China). The experimental solvent was
n-pentane with a purity of more than 98% (Xilong Chem-
ical Co., Ltd.).

2.2. Apparatus. The high-temperature and high-pressure 3D
reservoir simulation system consisted of four parts: an injec-
tion system, a 3D model, a production system, and a control
recording system. The experimental flowchart is shown in
Figure 2. The injection system included two ISCO high-
precision plunger pumps (100DX from Teledyne ISCO
Company, Teledyne Co., Ltd., Thousand Oaks, CA, USA;
flow accuracy of ±0.25μl/min, and pressure accuracy of
±0.5%), an oil bath, a temperature sensor (PR-13 from
OMEGA Engineering, USA, with a temperature range of
500°C and temperature accuracy of ±0.2°C), a one-way valve,
and three intermediate containers. The 3D model was a rect-
angular parallelepiped structure with an internal size of
300 × 300 × 200mm. The highest experimental temperature
was 300°C, and the highest experimental pressure was
8MPa. There were 40 pressure measuring points (pressure
accuracy of ±1 kPa) and 64 temperature measuring points
(temperature accuracy of ±0.2°C) on the model. The output
system included a control valve, back pressure valve, beaker,
measuring cylinder, and high-precision electronic scale. The
control recording system included a computer, and temper-
ature and pressure sensors.

2.3. Similarity Criterion. Because VAPEX adopts the same
well pattern structure as SAGD, the 3D physical experiment
parameters were designed according to the similarity crite-
rion of SAGD (1-3) and the geological and production
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parameters of the M Block reservoir in Canada. The results
are shown in Table 1.

Firstly, the criterion number B3 is a dimensionless
parameter of SAGD, which is used to realize the conversion
between model and prototype permeability, as shown in
equation (1):

B3 =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Kghρo
αϕSomμo

s

ð1Þ

Secondly, the criterion number Fo represents the dimen-
sionless production time of unsteady heat conduction in the
SAGD process, which is used to realize the conversion
between prototype production time and model production
time, as shown in equation (2):

Fo =
αt

h2
ð2Þ

Then, the physical meaning of the criterion number q is
the ratio of the amount of steam injection to the amount of
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Figure 1: Relationship between viscosity and temperature of experimental oil.
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Figure 2: Flowchart of the 3D physical experiment of hot solvent mining oil sand technology.
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movable oil, which is used to realize the conversion of the
steam injection rate between the model and the prototype,
as shown in equation (3):

q = ist

ϕSoρoL
3 , ð3Þ

where ρo is the oil density, kg/m3; K is the permeability,
10−3μm2; α is thermal diffusivity, m2/s; μo is the oil viscosity,
mPa·s; So is the mobile oil saturation; g is gravity accelera-
tion, m/s2; h is reservoir thickness, m; m is the viscosity-
temperature index of heavy oil; t is production time, d; is is
the rate of steam injection, t/d; φ is the porosity; and L is
the horizontal well length, m.

2.4. Experimental Steps

(1) The model was first installed on the support, and
the bottom layer of the cover was placed accord-
ing to the requirements of the experimental
process. Second, the model simulation well and
the model pressure measurement pipeline were
installed, and the electric heating wire was wound
on the simulation well

(2) The 3D model was filled with 40-70 mesh mixed
quartz sand, the experimental sand was spread
evenly, the thickness of the sand added each time
was approximately 1-2mm, and this was continued
until the model was filled. The model was vacuumed
and saturated with water, and the volume of satu-
rated water was recorded

(3) The model was heated to 50°C, the crude oil was
saturated at an injection rate of 5ml/min after the
temperature stabilized, the crude oil was stably and
continuously flowed out at the output end, the
volume of saturated oil was recorded, and the initial
oil saturation level was calculated

(4) The injection-production well was heated by elec-
tric heating so that the temperature field between
the two wells was connected and reached 100°C.
At the same time, the temperature of the oil bath
was set to heat the solvent to a predetermined
temperature

(5) The development of solvent injection in the simu-
lation was started, and solvent was injected into
the model at an injection speed of 20ml/min
(equivalent liquid)

(6) During the experiment, the temperature data collec-
tor automatically recorded the model temperature
data and the oil production data was measured every
15 minutes. To evaluate the amount of solvent that
was produced, it was collected and condensed, and
its mass was measured. The experimental parameters
are shown in Table 2

3. Results and Discussion

3.1. Experiment 1

3.1.1. Solvent Chamber. The temperature of the hot solvent
vapor injected in Experiment 1 was 200°C, and the backpres-
sure was 2MPa. According to the records of various temper-
ature measurement points in the three-dimensional
experimental model, the temperature fields of the interwell
warm-up, early, middle, and end stages of Experiment 1
were drawn.

The injection well and the production well were pre-
heated by electric heating, and the result is shown in
Figure 3. The temperature between the injection well and
the production well reached approximately 100°C, and the
crude oil between the wells was preheated well, which is
beneficial for increasing the initial production rate of the
reservoir and increasing the initial rate of oil production.

Figure 4 shows the temperature field produced during
the early stage of hot solvent production in Experiment 1.
It can be seen from Figure 4(a) that with the continuous
injection of hot solvent vapor, the hot solvent preferentially
migrated to the top of the model under the effect of gravity,
resulting in an elongated solvent temperature field. Further,
Figure 4(b) shows that the hot solvent heated the heavy oil
injected into the upper part of the well during the upward
migration process. While the hot solvent dissolved and
reduced the viscosity of the heavy oil, it also increased the
temperature of the crude oil, reduced the viscosity of the
heavy oil, and improved its fluidity.

When the injection well continued to inject hot solvent
vapor, the solvent chamber gradually formed and developed,
and the area of the high-temperature area increased, as
shown in Figure 5. Due to the difference in densities between
the hot solvent and the heavy oil, the hot solvent continu-
ously moved upward along the solvent chamber. When the
hot solvent overlapped the top of the model, the solvent
chamber began to gradually expand laterally due to the
limitation of the upper boundary of the model, as shown
in Figure 5(a). Moreover, Figure 5(b) shows that with the
continuous injection of hot solvent vapor, the temperature
of the upper part of the injection well in the direction of
the well further rose, and the solvent chamber also exhibited
horizontal expansion at the top of the model. Under the
multiple effects of solvent extraction, temperature, and grav-
ity, the viscosity of heavy oil was greatly reduced, and fluid-
ity was enhanced. The crude oil dissolved in the solvent

Table 1: Fluid parameters of the reservoir and model geology.

Physical property Reservoir data Model data

Geometric size (m) 30 × 30 × 20 0:3 × 0:3 × 0:2
Horizontal well length (m) 25 0.25

Well spacing (m) 5 0.05

Porosity (%) 34 41.5

Permeability (10-3μm2) 2700 12850

Initial oil saturation (%) 80.5 90.85

Oil viscosity at 50ºC (mPa·s) 15623 1024

Oil density at 50ºC (kg·m-3) 1032 936

Rate of steam injection (t·d-1) 1.35 0.018 (20 ml/min)
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Figure 3: Temperature field in the 3D model at the end of the interwell warm-up stage: (a) in the vertical direction of the wells and (b) along
the wells.
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Figure 4: Temperature field in the 3D model during the early stage of Experiment 1: (a) in the vertical direction of the wells and (b) along
the wells.
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Figure 5: Temperature field in the 3D model during the middle stage of Experiment 1: (a) in the vertical direction of the wells and (b) along
the wells.

Table 2: Injection parameters of 3D experiments.

No. Solvent Injection temperature (ºC) Injection rate (ml/min) Permeability (10-3μm2) Porosity (%) Back pressure (MPa)

1 n-pentane 200 20 12865 42.2 2

2 n-pentane 160 20 12870 41.6 1

3 n-pentane 150 20 12888 41.5 2
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flowed to the lower part of the model along the interface
between the solvent chamber and the crude oil. During this
stage involving development of the solvent chamber, the
recovery of heavy oil was not large, and the gravity drainage
capacity was the strongest.

At the end of production, a large amount of hot solvent
was injected, and the diffusion of the hot solvent was
enhanced; however, there was considerable heat loss at the
top of the model, so the temperature of the solvent chamber
rose slowly. As the crude oil in the upper part of the produc-
tion well was produced in large quantities, the solvent cham-
ber began to expand downward, as shown in Figure 6.
Because n-pentane vapor readily diffused and dissolved in
crude oil, the solvent diffused to the two corners as the sol-
vent chamber dropped, which increased the solvent chamber
range and improved the utilization of crude oil. However,
since a large amount of crude oil had been produced, the
injected hot solvent was not fully dissolved with the crude

oil before it was produced from the production well, result-
ing in slower development of the solvent chamber and
reduction of the movable capacity of the heavy oil.

3.1.2. Production Dynamics. Using the experimentally deter-
mined data, the oil production rate curve, cumulative oil
exchange rate curve, recovery rate curve, and solvent reten-
tion rate of hot solvent mining simulation in Experiment 1
were drawn, as shown in Figures 7 and 8, respectively.
Among them, the cumulative oil exchange rate is defined
as the ratio of the recovered quality of crude oil to the quality
of the solvent remaining in the reservoir, that is, the quality
of heavy oil that can be produced by consuming a unit mass
of solvent.

Through the analysis of the oil production rate, the hot
solvent production process in Experiment 1 was divided into
three stages, namely, the rising oil production rate, the high-
speed drainage stage, and the low-speed drainage stage. The
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Figure 6: Temperature field in the 3D model during the end stage of Experiment 1: (a) in the vertical direction of the wells and (b)
along the wells.
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cumulative oil production for the entire hot solvent process
was 4455.83ml.

From 0min to 360min, the oil production rate rose. In
this stage, the oil production rate increased rapidly, reaching
5.2ml/min. On the one hand, the temperature of the heavy
oil between the two wells was increased due to the interwell
warm-up stage, which reduced the viscosity of the heavy oil
and improved the fluidity of the heavy oil. On the other
hand, because the solvent chamber above the production
well was not yet developed, the injected solvent diffused.
Moreover, part of the solvent burst into the bottom produc-
tion well so that the crude oil between the injection and pro-
duction wells was produced from the production well under
the action of solvent diffusion and displacement, as shown in
Figure 4. The cumulative oil production increased steadily,
and the cumulative oil exchange rate gradually rose to
0.834 t/t. Figure 8 also shows thatwith the production of crude
oil, the injection well was connected to the production well. A
part of the solvent may not have been fully diffused and
migrated in the model and may have been produced from
the production well without being fully dissolved in the crude
oil. As a result, the proportion of solvent remaining in the
model was greatly reduced to approximately 33.45%. The
recovery rate at this stage continued to rise, reaching 19.5%.

The period 360min to 840min constituted the high-
speed drainage stage, and the oil production rate increased
continuously. From 480min, the oil production rate was
always maintained at approximately 5.8ml/min, as shown
in Figure 7. The analysis shows that with the continuous
injection of hot solvent vapor, the solvent chamber in the
model continued to develop, and the contact area with crude
oil continued to increase. Furthermore, the hot solvent vapor
continuously diffused and dissolved, extracting light hydro-
carbon components in the crude oil. In addition, the high-

temperature area continued to increase, the viscosity of the
crude oil was further reduced by heat, and it continuously
flowed along the edge of the solvent chamber to the produc-
tion well. At this stage, as the process maintained high-speed
production, the cumulative oil exchange rate rapidly
increased to approximately 4.3 t/t; that is, every injection of
1 unit mass of solvent produced 4.3 units of crude oil, and
this remained stable for a period of time. At this time, the
solvent retention rate slowly decreased. The analysis indi-
cated that although the total amount of solvent continued
to rise with the continuous production of crude oil, the pores
in the model required more solvent to fill them, so the
decline in solvent retention rate slowed.

From 840min to the end, because a large amount of
crude oil had been produced, the system was in the low-
rate oil production stage. The oil production rate was rapidly
reduced to 0.547ml/min at 1080min, and the cumulative oil
production increased slowly. The cumulative oil exchange
rate at this stage also showed a downward trend, decreasing
from a peak of approximately 4.2 t/t to approximately 3.1 t/t.
The solvent chamber continued to expand downward and
finally stagnated. At this time, the low oil production rate
was low, a large amount of solvent was injected from the
production well, the solvent retention rate was relatively
stable at approximately 10%, and the final recovery rate
was 64.76%.

3.2. Experiment 2. To consider the influence of formation
pressure on the hot solvent extraction technology in Exper-
iment 2, the backpressure of the model was set to 1MPa;
further, to ensure that the injection pressure was slightly
lower than the saturation pressure of the injection tempera-
ture, the injection temperature of the hot solvent was set to
160°C. According to the data from each temperature
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measurement in the model, the temperature field was devel-
oped in the early, middle, and end stages of hot solvent
production in Experiment 2.

3.2.1. Solvent Chamber. Figures 9–11 show that the stage of
solvent chamber temperature field development in Experi-
ment 2 was basically the same as that in Experiment 1.
The development of the temperature field in the vertical well

direction was consistent with the development of the solvent
cavity described by Yang Bin [32] and can be divided into
the solvent chamber rising phase, lateral expansion phase,
and solvent chamber falling phase.

Figure 9 presents the temperature field development dia-
gram at the early stage of hot solvent vapor exploitation at
160°C. Due to the decrease in the injection temperature,
the maximum temperature in the temperature field was
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Figure 9: Temperature field in the 3D model during the early stage of Experiment 2: (a) in the vertical direction of the wells and (b) along
the wells.
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along the wells.
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much lower than that of Experiment 1, and was only
approximately 115°C. However, the main motion state of
the hot solvent vapor did not change much. The hot solvent
vapor diffused to the top of the model due to gravity differ-
entiation, which caused the temperature field to develop
upward. According to the change in the rate of oil produc-
tion, it can be seen that the lower pressure in the model
allowed solvent of the same quality to occupy a larger pore
volume, which caused the solvent to spread to the top of
the model faster. When the injection well continued to inject
hot solvent, the area affected by high temperature gradually
increased. It can be seen from Figure 10(a) that the top
boundary of the model caused the solvent chamber to grad-
ually develop laterally along the vertical well to extract and
heat the crude oil. In the end stage of hot solvent addition,
as the crude oil in the upper part of the injection well was
produced in large quantities, the solvent chamber began to
develop down the boundary.

3.2.2. Production Dynamics. From the experimental data,
plots of oil production rate, recovery factor, cumulative oil
exchange rate, and solvent retention rate versus production
time during the simulation of hot solvent production were
drawn, as shown in Figures 12 and 13, respectively.

From the analysis of the experimental data, the cumula-
tive oil production with the hot solvent method in Experi-
ment 2 was determined to be 4154.36ml, and the
production process can be divided into three stages as in
Experiment 1. From 0min to 240min, the oil production
rate rapidly increasing, reaching 5.57ml/min; oil production
rose steadily, and the cumulative oil exchange rate gradually
rose to approximately 1 t/t. Then, the system entered the
high-speed drainage stage. Starting from 300min, the oil
production rate was maintained at approximately 6.2ml/
min. When the experiment was carried out for 630min,

the cumulative oil exchange rate in this stage increased
rapidly to approximately 4 t/t, and the solvent retention rate
was in slow decline. From 630min to the end of the experi-
ment, the system was in the low-speed drainage stage. The
oil production rate was quickly reduced to 0.47ml/min at
930min, and the cumulative oil production rose slowly.
The cumulative oil exchange rate at this stage showed an
upward trend and then a downward trend, decreasing from
a peak of approximately 5.8 t/t to approximately 4.8 t/t. The
development of the solvent chamber began to slow and
finally stagnated. At this time, the solvent retention rate
was maintained at approximately 6.5%, and the final recov-
ery rate was 60.38%.

3.3. Experiment 3. Considering the influence of the latent
heat of solvent condensation on production, this experiment
determined that the injected solvent was liquid according to
the relationship between the saturation temperature of n-
pentane and the saturation pressure.

3.3.1. Solvent Chamber. According to the records of various
temperature measurements in the 3D model, the tempera-
ture fields of the early, middle, and end stages of the hot
solvent production experiment were drawn.

Figures 14–16 show that since the temperature of the
injected solvent was relatively low and the solvent was in a
liquid state, the amount heat carried by the hot solvent was
lower than that in Experiment 2, so the temperature field
developed at a lower temperature. Compared to Experiment
2, the temperature of the temperature field was about 15°C
lower. However, the development stage and shape of the
temperature field were roughly similar to those of Experi-
ments 1 and 2. When the hot solvent was injected, gravity
differentiation caused the high-temperature solvent to
migrate upward quickly and heat the crude oil injected into
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the upper end of the well. Due to the influence of seepage
resistance, the hot solvent exhibited limited lateral diffusion
in the early stage, and the temperature field in the vertical
well direction was elongated. As the solvent transferred heat
from the toe end to the heel, the temperature field was
slightly inclined along the well.

It can be seen from Figure 15(a) that when the hot
solvent overlapped the top layer of the model along the
vertical direction of the well, it was subjected to gravity
differentiation, and the hot solvent gradually began to
develop laterally along with the top of the model. The shape
of the temperature field is similar to the shape of the solvent
chamber that Fang and Babadagli [14] studied under
homogeneous conditions. Additionally, the hot solvent
heated and dissolved the crude oil on the top of the model
and reduced its viscosity, so the crude oil flowed along the
interface between the solvent chamber and the crude oil at
the output end. In the end stage of hot solvent production,

the solvent chamber began to develop toward the lower
part of the model. With the continuous production of
heavy oil, the degree of crude oil production in the model
continued to increase. More liquid solvents were located in
the upper part of the production well, which reduced the
effect of gravity differentiation. After being injected, a large
amount of solvent was located along the interface of the
production well without sufficient contact with the crude
oil, causing the development of the solvent chamber to
stagnate.

3.3.2. Production Dynamics. The relationships of oil produc-
tion rate and recovery factor with production time is shown
in Figure 17, and the plot of solvent retention and cumula-
tive oil exchange rate is shown in Figure 18.

The main production stages of Experiment 3 were con-
sistent with those of the previous two experiments. From
0min to 420min, the oil production rate was increasing,
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Figure 13: Change in solvent retention rate and cumulative oil exchange rate with time in Experiment 2.
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and it gradually rose to 4.63ml/min. Oil production rose
steadily, and the cumulative oil exchange rate gradually
increased to approximately 0.83 t/t. Since the injected
solvent was liquid, the heat content was lower than those
of the solvent vapor used in the previous two experiments,
so the startup time for high-speed production was extended.
From 420min to 760min, system was in the stage of high-
speed drainage, and the oil production rate was maintained
at approximately 4.8ml/min. In this stage, the cumulative
oil exchange rate rapidly increased to approximately 3.3 t/t,
the solvent retention rate was in decline, and the cumulative
oil production increased rapidly.

From 760min to the end, the system entered the low-
speed drainage stage. The oil production rate was rapidly
reduced to 0.43ml/min at 1150min, and the cumulative oil
production rose slowly. The cumulative oil exchange rate
at this stage dropped rapidly, from a peak of approximately
4 t/t to approximately 1.6 t/t. The development of the solvent
chamber began to slow and finally stagnated. At this time,
the solvent retention rate was relatively stable at approxi-
mately 14.5%. The final cumulative oil production of this

experiment was 3739.34ml, and the final recovery factor
was 54.79%.

3.4. Comparative Analysis. To aid studying the influence of
pressure and temperature on hot solvent production tech-
nology, a comparison of the results of the three sets of exper-
iments is shown in Table 3. The highest recovery factor of
Experiment 1 was 64.76%, and the cumulative oil
exchange rate was 3.1 t/t. In Experiment 2, the highest
cumulative oil exchange rate was 4.8 t/t, and the solvent
retention rate was the lowest at only 6.5%. Experiment 3
has the lowest recovery rate and cumulative oil exchange
rate, which were only 54.79% and 1.6 t/t, respectively,
and the solvent retention rate was the highest, at 14.5%.
As with the experimental results of Haghighat and Maini
[28], our data showed that the recovery of solvents
increased with increasing temperature.

As shown by comparing data for Experiment 1 and
Experiment 2, with decreasing pressure and temperature,
the oil recovery decreased by 4.38%. However, the cumula-
tive oil exchange rate increased from 3.1 t/t to 4.8 t/t, and
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Table 3: Results of 3-D physical simulation experiments.

No. Experiment Solvent
Permeability

(μm2)

Injection
temperature

(ºC)

Back
pressure
(MPa)

Recovery
factor
(%)

Cumulative
oil exchange
rate (t/t)

Solvent
retention
rate (%)

1 1 n-pentane 12.87 200 2 64.76 3.1 10.0

2 2 n-pentane 12.87 160 1 60.38 4.8 6.5

3 3 n-pentane 12.89 150 2 54.79 1.6 14.5

4
Parnian

Haghighat

propane 250 22 0.758 31 / /

5 propane 250 50 0.758 60.86 / /

6 propane 250 50 1.46 87.54 / /
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the solvent retention rate in the model also decreased from
10% to 6.5%. Although the cumulative oil production in
Experiment 2 was lower, the relative economic benefits were
greatest. According to the analysis, both Experiment 1 and
Experiment 2 had hot solvent vapor injected, and hot vapor
has considerable ability to reduce viscosity through dissolu-
tion. The temperature of the hot solvent injected in Experi-
ment 2 was lower than that in Experiment 1, making the
temperature for development of the temperature field lower.
Crude oil had a slightly poorer viscosity reduction when
heated, and its flow resistance was relatively large, which
made the recovery factor slightly lower. However, due to
the low pressure used in the model, the mass of hot solvent
contained in the same pore volume was reduced, so the
solvent retention rate in the model was reduced, and the
cumulative oil exchange rate was increased.

Since the temperatures of Experiment 2 and Experiment
3 were close, they were regarded as the same temperature to
study the influence of pressure on the hot solvent mining
technology. By comparing the results of Experiment 2 and
Experiment 3, it was found that the recovery factor of Exper-
iment 2 was 5.59% higher than that of Experiment 3, the
cumulative oil exchange rate was three times that of Experi-
ment 3, and the solvent retention rate was far lower than
that of Experiment 3. The analysis suggests that although
the injection temperatures of the hot solvents were the same,
the injected n-pentane was liquid due to the higher model
pressure used in Experiment 3. The heat carried by a liquid
solvent is lower than that of solvent in the vapor state, so
the temperature for development of the temperature field
was lower than in Experiment 2, the viscosity of crude oil
was higher than in Experiment 2. Meanwhile, as reservoir
(rock formation) pressure increased, the throats inside the
rock would become narrow, which decreased the mobility
of the fluid and increased its retention inside the reservoir.
Solvent vapor had greater kinetic energy than liquids, and
the diffusion capacity of vapor was enhanced in the model.
Vapors can better contact and dissolve the crude oil and they
exhibited full use of the solvent’s capacity for dissolving and
reducing viscosity, so Experiment 2 provided a higher recov-
ery factor. In addition, for solvent vapor, the same pore vol-
ume only needs to be filled with a smaller quality solvent, so
Experiment 2 had a smaller solvent retention rate and a
larger cumulative oil exchange rate while producing more
crude oil. However, the recovery of the solvent increased with
increasing experimental pressure, according to literature
reports. This is because the solvents injected in the literature
were still gaseous solvents. In this paper, with increasing pres-
sure, the solvent became liquid, which reduced the effect of
the solvent in the oil displacement model. Therefore, solvent
should be primarily injected as vapor.

Through comparison of the results of Experiment 1 and
Experiment 3, it was found that the recovery factor was
reduced from 64.76% to 54.79%. This result is consistent
with the experimental result of Haghighat and Maini. When
the pressure was constant, the recovery factor decreased with
decreasing temperature. Furthermore, the cumulative oil
exchange rate was reduced from 3.1 t/t to 1.6 t/t, and the
solvent retention rate was increased by 4.5%. The analysis

suggests that when the injection pressure was constant, the
temperature of the injected hot solvent was lowered, and
the phase of the hot solvent changed from a gaseous state
to a liquid state, which reduced the amount of heat carried
by the solvent. According to the data on the temperature
field, the temperature in the temperature field of Experiment
3 was relatively low. Although the solubility was increased,
the kinetic energy of the hot solvent decreased, and the
diffusion capacity in the model diminished, which led to a
decrease in the production of crude oil. In addition, the
effect of heating the crude oil to reduce viscosity worsened,
and the recovery factor was greatly reduced. Finally, because
the same pore volume was filled with more quality solvents,
not only were the recovery factor and the cumulative oil pro-
duction reduced, but the solvent content in the model
increased, and the cumulative oil exchange rate decreased.

4. Conclusion

(1) In the heat injection solvent production experiment,
regardless of whether the solvent is injected in liquid
or steam, the development of the solvent chamber
can be divided into three stages: rapid rise phase,
horizontal expansion phase, and slow decline phase.
In addition, the solvent vapor carries more heat,
which further reduces the viscosity of the heavy oil
and improves the fluidity of the heavy oil

(2) For constant temperature, the lower the reservoir
pressure is, the higher the recovery rate, the greater
the cumulative oil exchange rate, the lower the sol-
vent retention rate, and the greater the economic
benefit. When the reservoir pressure is constant,
the higher the temperature is, the higher the oil
recovery rate, the greater the cumulative oil
exchange rate, the lower the solvent retention rate,
and the greater the economic benefit. As reservoir
(rock formation) pressure increases, the throats
inside the rock will become narrow, which decreases
the mobility of the fluid and increases its retention
inside the reservoir

(3) Through three-dimensional experiments, it is found
that compared with injecting liquid hot solvent, the
volume of hot solvent vapor injected is less and the
oil production rate is higher. The solvent retention
rate is not more than 10%, the cumulative oil
exchange rate is more than 3 t/t, and the recovery
rate is more than 60%, which results in greater
economic benefit
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