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The purpose of this study is to determine the optimal conversion timing of follow-up thermal recovery approaches of post-CHOP
for foamy extraheavy oil reservoirs. The microscopic visualization experiment and the one-dimensional sand pack experiment are
conducted to investigate the influence of temperature on the foamy oil cold production process. According to the experimental
results, it can be concluded that the temperature has great influence on foamy oil flow stage during the CHOP process.
Therefore, it is necessary to study the optimal conversion timing of follow-up thermal recovery approaches after CHOP for the
foamy extraheavy oil reservoir. Based on the analysis of the experimental results, the compositional foamy oil model is
established by taking the effect of temperature into consideration. In the numerical model, the conversion timings of different
thermal recovery approaches are investigated. The optimal conversion timings for cyclic steam stimulation (CSS) and steam
flooding (SF) processes are the moments when the pressure drops to the pseudo-bubble point pressure. For the CSS method,
excessive pressure cannot give full play to the production potential of CHOP stage; when the pressure is too low, it lacks
enough energy to drive the heated crude oil to the wellbore. For the SF method, high pressure cannot fully release the latent
heat of steam, and the content of dissolved gas (which will hinder the heat transfer) in oil phase is higher under high pressure,
while the very low pressure leads to relatively high viscosity of crude oil; thus, the performance of the SF process becomes
worse. For the SAGD process, the adverse effects of released solution gas in foamy extraheavy oil reservoir outweigh the
positive effects. As a result, the CHOP period should be extended as long as possible to obtain a high recovery. In other words,
the recovery process should be switched to the SAGD process at a relatively low formation pressure. The findings of this study
could help for better understanding of the CHOP and post-CHOP thermal techniques for foamy extraheavy oil reservoirs, and
it can provide guidance for reservoir engineers to make better use of the thermal recovery techniques to further improve the
recovery performance of foamy extraheavy oil reservoirs.

1. Introduction

With the exhaustion of conventional oil resources, heavy oil
is considered to be one of the most promising unconven-
tional resources [1–5]. Large amount of heavy oil has been
discovered worldwide, which accounts for approximately
two-thirds of the global crude oil resources [6–9]. Heavy
oil is characterized by its high content of asphaltenes and
resins, which leads to a high viscosity. Generally, heavy oil
is immobile under reservoir conditions [10–12]. As a result,

thermal recovery approaches are often applied in the develop-
ment of heavy oil reservoirs, specifically extraheavy oil reser-
voirs. However, for the foamy extraheavy oil reservoirs
located in OrinocoHeavyOil Belt at Venezuela, the cold heavy
oil production (CHOP) method was applied in the initial stage
of oilfield production using horizontal wells. Due to the mobil-
ity of the foamy oil flow, the CHOP method received unex-
pected success regardless of the high viscosity [13–15].

The foamy oil flow within the aforementioned extra-
heavy oil reservoir is the crucial factor in cold production
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technology [16–20]. Foamy oil flow refers to the gas-oil two-
phase flow in the stage of solution-gas drive in extraheavy oil
reservoirs. The advantages of foamy oil flow are highlighted
in three points: (1) high oil production, (2) low produced
gas-to-oil ratio, and (3) low depletion rate of formation pres-
sure [21]. However, one deficiency of applying CHOP tech-
nique in foamy extraheavy oil reservoir is the low recovery,
which is about 10-12% [20]. Therefore, it is of great impor-
tance to apply follow-up thermal recovery approaches to
further improve the oil recovery after the initial production
stage of foamy extraheavy oil reservoirs. Different from tra-
ditional heavy oil reservoirs which are developed only by
thermal recovery methods, foamy extraheavy oil reservoirs
have a prior production stage (the CHOP process) before
the thermal recovery. As a result, the conversion timing
from CHOP to thermal recovery stage should be investi-
gated to maximize the oil recovery.

The commonly used thermal recovery approaches in
heavy oil or oil sand reservoirs include cyclic steam stimula-
tion (CSS), steam flooding (SF), and steam-assisted gravity
drainage (SAGD) technique. A substantial number of
researches have been conducted in the application and opti-
mization of the thermal recovery techniques in traditional
heavy oil reservoirs [22–27]. However, the studies of thermal
recovery techniques after CHOP stage in foamy extraheavy
oil reservoirs are relatively few. Bao et al. [14] performed
the numerical simulation study using CSS after CHOP stage
in foamy extraheavy oil reservoirs. However, the conversion
timing from CHOP to CSS was not taken into consideration.
Coll et al. [28] showed that CSS, SF, SAGD, and other ther-
mal recovery techniques were suitable for improving the
recovery of foamy extraheavy oil reservoirs in Orinoco Oil
Belt. In addition, the challenges encountered by the imple-
mentation of the above thermal recovery techniques were

also mentioned in their study, which were mainly caused
by the field surface engineering issues. Escobar et al. [29]
proposed a semianalytical method to evaluate the follow-
up thermal processes in the extraheavy oil reservoirs in Ori-
noco Oil Belt. Their research provided an on-field solution
for the development of a giant extraheavy oil reservoir.
Based on the previous analysis, none of the above studies
systematically investigated the effect of the conversion tim-
ing in foamy extraheavy oil reservoirs. In addition, the
effects of injected heat fluids were not incorporated in previ-
ous studies.

As shown in Figure 1, in this paper, both the experimen-
tal and numerical approaches are applied in the investiga-
tion of follow-up thermal recovery methods after CHOP in
the foamy extraheavy oil reservoirs. Based on the experi-
mental results, we build the foamy-oil compositional model
with the consideration of temperature effect. The conversion
timings of CSS, SF, and SAGD processes after CHOP are
studied by employing the compositional model. This paper
is structured as follows: First, the experimental section is
setup. Then, the base numerical simulation model is com-
pleted using the commercial CMG [30] software, according
to the typical foamy extraheavy oil properties and operation
parameters. Next, the conversion timing research of follow-
ing up thermal recovery approaches after CHOP are con-
ducted. Finally, the results are summarized and discussed.

2. Physical Experiments

2.1. Experimental Materials. The dead oil analyzed in exper-
iments was collected from Carabobo region in Orinoco
Heavy Oil Belt, Venezuela. The viscosity of the dead oil is
14488 cP. The produced gas consists of CO2 and CH4, with
the mole fractions of 13% and 87%, respectively. The
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reservoir temperature is set as 54°C. The initial solution gas-
oil ratio is 16 sm3/m3. The bubble point pressure of reservoir
is 5.6MPa.

2.2. Experimental Designs

2.2.1. Microscopic Visualization Experiment. The schematic
illustration of the microscopic visualization experimental
apparatus is shown in Figure 2. The experimental apparatus
mainly consists of the microglass etching model (size: 50
mm × 50mm and channel diameter: 40~50μm), the digital
microscopic camera system, and the ISCO pump. The exper-
imental procedures were shown as follows: (1) the live oil
was added to the intermediate container; (2) the micromodel
was vacuumized and saturated with distilled water; (3) the
back pressure was set to 8MPa, and the water within the
micromodel was displaced by live oil; (4) the back pressure
was reduced at the rate of 10 kPa/min by controlling the
nitrogen pressure via the back pressure valve, and the entire
experimental process of dissolved gas drive was recorded by
the digital microscopic camera system. A series of experi-
ments following the above procedures were conducted at
54°C, 75°C, 85°C, 100°C, 120°C, and 150°C, respectively.

2.2.2. Pressure-Depletion Experiment. The experimental
devices of pressure-depletion experiment are shown in
Figure 3. The sand pack used in this study is characterized
by the length of 60 cm and diameter of 2.54 cm, and 80-
100 mesh quartz sand is selected as the base material to fulfill
the sand pack.

The experimental procedures are shown as follows: (1)
the live oil was prepared based on the aforementioned reser-
voir conditions; (2) the sand pack was vacuumized for 4
hours and then saturated with water. The permeability and
porosity of the sand pack were measured; (3) the back pres-

sure was set to 8MPa, and the water within the sand pack
was displaced by the live oil until there is no water produce.
The initial oil saturation could be calculated; (4) with the
pressure drop rate of 10 kPa/min, the back pressure was
gradually decreased until no oil and gas were produced.
The changes of oil production, gas production, and pressure
were recorded in the whole depletion process. A series of
experiments following the above procedures were conducted
in the thermostatic chamber at 54°C, 75°C, 85°C, 100°C,
120°C, and 150°C, respectively.

3. Results and Discussion

3.1. Microscopic Seepage Characteristics of Foamy Oil Flow.
The microscopic seepage images of cold production process
at temperatures of 54°C, 100°C, and 150°C are shown in
Figures 4–6. It can be observed from Figures 4 and 5 that
the microscopic seepage processes of foamy oil flow at
54°C and 100°C are similar, which can be divided into three
stages:

(1) Single-Phase Flow Stage. When the pressure is higher
than the bubble point pressure, there is no gas
escaped from the crude oil and therefore, the
single-phase flow dominates.

(2) Foamy Oil Flow Stage. When the pressure is lower
than the bubble point pressure, the gas gradually
escapes from the crude oil and exists as small bub-
bles in the crude oil. The bubbles facilitate the flow
of the crude oil to form the seepage state of the
foamy oil flow. With the increase of foam volume,
phenomena including deformation, coalescence,
and splitting could be observed at the temperatures
of 54°C and 100°C. Hence, in the foamy oil flow
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Figure 2: Schematic illustration of the microscopic visualization experimental apparatus.
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stage, the gas bubbles disperse in the crude oil, which
slows down the formation of the continuous gas
phase and the occurrence of gas channeling.

(3) Oil and Gas Two-Phase Flow Stage. As the pressure
further decreases, more dissolved gas escapes from
the oil phase, and the dispersed bubbles gradually
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Figure 3: Schematic diagram of the pressure depletion experiment.

(a) 6.2MPa (b) 4.5MPa

(c) 1.0MPa

Figure 4: Microscopic seepage images of depletion process at the temperatures of 54°C.
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gather together to form the continuous phase. When
the pressure is relatively low, the interfacial tension
between oil and gas phase is high and the foamy oil
system is unstable. As the pressure further decreases,
the bubbles are prone to coalesce, which leads to the
development of continuous gas phase. Eventually,
the oil and gas two-phase seepage state forms.

Different from the microscopic seepage characteristics of
foamy oil flow at 54°C and 100°C, there is no obvious foamy
oil flow stage observed at the temperature of 150°C. As
shown in Figure 6, when the pressure is lower than the
bubble point pressure, the gas quickly escapes from the

crude oil and forms the continuous gas phase, without
the phenomena of bubble coalescence and splitting. As a
result, the single-phase flow stage directly switches to the
oil-gas two-phase flow stage. The reasons are twofolded.
For one thing, the higher the temperature, the lower the
viscosity of the crude oil. The dispersion theory shows that
the viscosity of the continuous phase has a great impact
on the coalescence, sedimentation, and drainage of the dis-
persed phase, and it plays an important role in the stabil-
ity of the dispersion system. If the viscosity of crude oil is
low, the bubbles are easy to break through the oil film and
coalesce, which reduces the stability of the foamy oil sys-
tem. For another, the interfacial tension between oil and

(a) 6.2MPa (b) 5.0MPa

(c) 3.0MPa

Figure 5: Microscopic seepage images of depletion process at the temperatures of 100°C.

(a) 6.2MPa (b) 5.0MPa

Figure 6: Microscopic seepage images of depletion process at the temperatures of 150°C.
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gas increases with the increase of temperature, which
means that the higher temperature leads to an unstable
foamy oil system. As a result, the dispersed gas bubbles
are easy to form the continuous gas phase.

3.1.1. Characteristics of Foamy Oil Displacement. Figure 7
shows the variation of production differential pressure with
time in pressure depletion experiment at different tempera-
ture conditions. It can be observed from Figure 7 that the
pressure difference first increases and then decreases during
the depletion process, and the pressure difference decreases
sharply when the temperature is high. This is mainly because
the viscosity of heavy oil is sensitive to temperature. With
the increase of temperature, the viscosity of crude oil
decreases dramatically.

The variations of oil production rate and gas production
rate with pressure are shown in Figures 8 and 9. The deple-
tion process can be divided into three stages:

(1) Single-Phase Flow Stage (Pressure Ranging from the
Initial Pressure (8.0MPa) to the Bubble Point Pres-
sure). The pressure in this stage is higher than the
bubble point pressure, and no gas is produced. The
oil produced in this stage is due to the expansion of
crude oil as the pressure decreases. As a result, the
oil displacement efficiency in this stage is very low
(only about 1-2%) and the produced gas-oil ratio is
equal to the initial solution gas-oil ratio.

(2) Foamy Oil Seepage Stage (Pressure Ranging from the
Bubble Point Pressure to the Pseudo-Bubble Point
Pressure). At this stage, the pressure is lower than
the bubble point pressure, and the gas is separated
from the crude oil and flows with the crude oil in a
dispersed phase state. It can be observed from
Figure 8 that the oil production rate increases rapidly
at this stage, which indicates that the bubbles in the
foamy oil could increase the elastic energy of the sys-

tem. The gas-oil ratio at this stage is kept at a low
level. The main reason is that the gas exists in the
form of the dispersed phase, and the oil film between
the bubbles reduces the mobility of the gas phase
which limits the release of gas. The maximum oil
production rate shows up at higher pressure as tem-
perature increases, which means that the pseudo-
bubble point pressure gradually increases with the
increase of temperature. The maximum gas produc-
tion rate shows up at higher pressure as temperature
increases, which is due to the decrease of solution
gas-oil ratio at high temperature conditions.

(3) Continuous Gas Phase Stage (Pressure Lower than
the Pseudo-Bubble Point Pressure). At this stage, the
dispersed gas changes to the continuous phase and
the system is in the oil and gas two-phase flow state.
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Since the mobility of the continuous gas phase is
higher than the mobility of the oil phase, the oil pro-
duction rate is significantly reduced while the gas
production rate maintains a high value. In this stage,
serious gas channeling occurs and the produced gas-
oil ratio increases rapidly.

4. Numerical Simulation

4.1. Simulation Model. After the steam is injected into the
formation, the temperature of the steam is unevenly distrib-
uted. The temperature of the steam front in contact with the
crude oil is the lowest while the temperature in the area
closer to the steam injection well is the highest. Based on
the foamy oil experiments at different temperatures in the
previous part, it can be concluded that the temperature has
a great influence on the oil displacement performance of
foamy oil flow.

Herein, a compositional foamy-oil model considering
the effect of temperature was established in order to investi-
gate the conversion timing of follow-up thermal recovery
approaches of post-CHOP period for foamy extraheavy oil
reservoirs.

The experimental results of foamy oil depletion experi-
ment were used in the numerical simulation settings. The
basic parameters of 1D model are listed in Table 1. For
CHOP stage, the foamy oil model includes three forms of
gas to represent nonequilibrium foamy oil behavior through
bubble formation and growth during gas release process:

(a) The Solution Gas. It is dissolved in the oil phase;

(b) The Dispersed Gas. It is released from the oil due to
the pressure drop, existing in dispersed bubbles;

(c) The Free Gas. It is representing the continuous gas
phase.

The foamy oil simulation model simulates the transfor-
mation of the three gas states using nonequilibrium reac-
tions. Two reactions are defined with their own kinetics:

Reaction 1: solution gas→dispersed gas: X1 = F1 × ð½
Gsol⋅eq� − ½Gsol�Þ, representing the formation of dispersed
bubbles.

Reaction 2: dispersed gas→free gas: X2 = F2 × ½Gdisp�, rep-
resenting the growth and collapse of dispersed bubbles.

The fitting results are shown in Figure 10 by adjusting
the values of F1 and F2 to fit the foamy oil depletion exper-
iment under different temperatures of 54°C, 85°C, and
120°C, respectively.

Using the fitted model, the conversion timings to CSS,
SF, and SAGD after CHOP of foamy extraheavy oil reservoir
are studied.

4.2. CSS after CHOP. CSS is a thermal recovery technique
which has been successfully applied in many extraheavy oil
reservoirs. Similar to CHOP technique, CSS is also a tech-
nique which relies on formation pressure to provide energy
for oil recovery. Therefore, it is necessary to study the con-
version timing of CSS for foamy extraheavy oil reservoirs.

The recovery of CHOP and follow-up CSS techniques
are studied at different conversion timings (when the forma-
tion pressure decreases to 6.2MPa, 4.8MPa, 3.4MPa, and
2.0MPa, respectively). The related simulation conditions
are set as follows: at the CHOP stage, the maximum oil pro-
duction rate is 200m3/d, and the maximum production
pressure drop is 1.4MPa; at the CSS stage, the bottom-hole
steam quality is 0.7, the maximum injection pressure of
steam is 8.3MPa, the maximum injection rate of steam is
200m3/d, the soaking time is 10 days, and the maximum liq-
uid production rate is 200m3/d. When the oil production
rate at CSS stage drops below the oil production rate of
CHOP stage, the production will switch to a new CSS cycle.
The economic limit of oil-steam ratio is set as 0.4.

As shown in Table 2 and Figure 11, the simulation
results indicate that the recovery factor and the cumulative
oil-steam ratio (cOSR) at the CSS stage gradually decrease
with the decreasing of the converting formation pressure.
When the converting formation pressure is lower than
3.4MPa, the recovery factor of CSS stage decreases signifi-
cantly with the decrease of converting formation pressure.
Furthermore, the effect of conversion timing on the overall
performance of the entire recovery process is analyzed. The
results show that the optimal conversion timing lies in the
condition that the formation pressure is the pseudo-bubble
point pressure. As shown in Table 2, the overall recovery
factor of entire process is the highest when the conversion
time is about 3.4MPa, which is near the pseudo-bubble
point pressure. In addition, the cOSR of such case is also
within the acceptance range. The reason is that the foamy
oil displacement mechanism is fully leveraged, and the CSS
process is still efficient in enhancing oil recovery, although
the formation pressure is decreased to some extent.

For the CSS method, excessive pressure cannot give full
play to the production potential of CHOP stage. When the
formation pressure is too low, the heated crude oil cannot
flow to the wellbore.

4.3. SF after CHOP. Steam flooding (SF) technique can effec-
tively improve the recovery of heavy oil reservoirs. But for SF
with horizontal wells, the problems of steam breakthrough
and steam overlying can significantly limit the application

Table 1: The parameters of numerical simulation model.

Item Unit Value

Reservoir pressure kPa 8550

Reservoir temperature °C 54

Average porosity Fraction 0.32

Average permeability mD 6500

Dead oil viscosity cP 26490

Solution gas to oil ratio m3/m3 15.84

Bubble point pressure kPa 6150

Pseudo-bubble point pressure kPa 3500

Live oil viscosity cP 3000
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of SF [31, 32]. As a result, the SF with both horizontal and
vertical wells is adopted in this study.

In this study, eight vertical steam injection wells and one
horizontal production well are utilized in the SF process. The
recovery of CHOP and follow-up SF are studied at different
conversion timings (when the formation pressure decreased
to 6.2MPa, 4.8MPa, 3.4MPa, and 2.0MPa, respectively).
The related simulation conditions are set as follows: the hor-
izontal well spacing is 50m, and the steam quality is 0.7; the
vertical distance between steam injection well and produc-
tion well is 9m; when the steam-oil ratio reaches the value
of 8, the simulation terminates.

The simulation results are shown in Table 3 and
Figure 12. It can be concluded that both the oil recovery fac-
tor of the CHOP stage and the entire process increase with
the decrease of conversion pressure. However, when the
conversion pressure is 3.4MPa, the recovery factor of SF
stage reaches the highest value.

Figure 13 presents the 2D fields with different properties,
which include temperature, gas mole fraction, and oil viscos-
ity under different conversion times. It can be observed from
the temperature field that the heated range is enlarged when
the conversion pressure decreases. The main reason is that
the content of solution gas decreases the reservoir pressure
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Figure 10: The history matching results of numerical simulation model.

Table 2: Simulation parameters and results of CSS with different conversion pressure.

Conversion pressure
(MPa)

Horizontal well
spacing (m)

Cycles of
CSS

Oil recovery factor of
CHOP (%)

Oil recovery factor of
CSS (%)

Oil recovery
factor (%)

Cumulative
OSR

6.2 300 14 1.2 12.8 14 0.88

4.8 300 13 2.3 12 14.3 0.75

3.4 300 12 3.6 11.6 15.2 0.62

2.0 300 8 5.6 8 13.6 0.55
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decreases, which can be observed from the field of gas mole
fraction. The released solution gas, a kind of noncondensate
gas, can hinder the heat transfer of steam chamber. In addi-
tion, it can be observed from the field of oil viscosity that,
with the decrease of reservoir pressure, the oil viscosity
increases and the steam flow rate (pink arrows) from injec-
tor to producer decreases. When the reservoir pressure
decreases to 2.0MPa (the oil viscosity is highest among the
cases), the amount of steam flowing downward is reduced
and the steam overlying phenomenon becomes obvious.

Therefore, there is an equilibrium point which can balance
the influence of oil viscosity and the content of solution
gas at the conversion timing. As a result, the optimal conver-
sion timing is the pressure near the pseudo-bubble point
pressure. Herein, the best conversion time for SF is the
moment when the formation pressure drops to 3.4MPa.

4.4. SAGD after CHOP. In the process of CHOP of foamy
extraheavy oil reservoir, as the formation pressure drops,
the viscosity of crude oil and the solution gas-oil ratio
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Table 3: Simulation parameters and results of SF with different conversion pressure.

Conversion pressure
(MPa)

Horizontal well spacing
(m)

Oil recovery factor of
CHOP (%)

Oil recovery factor of SF
(%)

Oil recovery factor
(%)

Cumulative
OSR

6.2 50 1.9 26.9 28.8 0.175

4.8 50 3.0 26 29.0 0.175

3.4 50 4.0 27.3 31.3 0.207

2.0 50 6.2 25.8 32.0 0.202
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change accordingly. Thus, it is necessary to determine the
optimal timing to switch from CHOP to SAGD. In this sec-
tion, the performance of SAGD process under different ini-
tiating timing is investigated. Firstly, the CHOP technique
is adopted in foamy extraheavy oil reservoir. Then, the

follow-up SAGD technique is employed when the formation
pressure drops to 4MPa, 3MPa, and 2MPa, respectively.

Figure 14(a) shows that the lower the formation pressure
at conversion time, the longer the duration of CHOP. In
addition, the higher the recovery factor of the entire process,
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Figure 13: The 2D fields with different properties under different conversion timings.
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the lower the cumulative oil-steam ratio. The reason is that
more solution gas will be released from the oil phase under
the condition of low formation pressure. Thus, when the
CHOP stage is switched to the SAGD stage, only a small
amount of solution gas exists in the oil phase. The remaining
solution gas is a kind of noncondensable gas, which plays
two roles in the SAGD process. On the one hand, the
remaining solution gas hinders the process of heat transfer
and affects the expansion of steam chamber. On the other
hand, it reduces the heat loss from steam chamber to the
cap rock, which is beneficial to the SAGD process.

Figure 15 shows the mole fraction distribution of solu-
tion gas in different development stages of the SAGD pro-

cess under different formation pressure conditions at the
conversion time. The steam chamber consists of two parts.
The blue area where the mole fraction of solution gas is 0
refers to the region of pure steam, while the area with high
mole fractions which is outside the blue area is full of the
released gas attached to the front of the steam chamber.

The steam chamber gradually expands with the injection
of steam. The expansion of the steam chamber depends on
the formation pressure at the conversion time. At the same
time step of the SAGD process, a lower formation pressure
at the conversion time shows a better expansion of the steam
chamber. In the case of 2MPa, after 5 years of the SAGD
production, the upper part of the steam chamber expands
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Figure 14: SAGD performance under different conversion timings: (a) recovery factor and cumulative oil steam ratio; (b) cumulative steam
injection volume and gas production volume.
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to the edge of the model. In the case of 4MPa, however, the
area of the steam chamber is relatively small compared with
the case of 2MPa at the same time step. It can be observed
from Figure 15 that a layer of solution gas forms at the front
of the steam chamber. When the CHOP process is switched
to the SAGD process, more solution gas distributes at the
edge of the steam chamber when the formation pressure is
higher at the conversion time. Furthermore, the existence
of solution gas hinders the heat transfer of steam chamber
to the area with cold heavy oil, and therefore, the expansion
of steam chamber is limited. As shown in Figure 15, when
the CHOP process is switched to the SAGD process, a higher
recovery can be achieved by the lower formation pressure at
conversion time and the greater amount of steam injected

into the reservoir. Although the cumulative oil-steam ratio
is slightly lower, it is still within the acceptable range.

In summary, the duration of CHOP period of foamy
extraheavy oil reservoir should be extended as long as possi-
ble, and the recovery process should be switched to the
SAGD process at a relatively low formation pressure. In
our case, the optimal conversion timing is the moment when
the formation pressure drops to 2MPa.

5. Discussion

Conversion timing of follow-up thermal recovery
approaches of post-CHOP is a key factor to the entire recov-
ery process in foamy extraheavy oil reservoirs. The optimal
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Figure 15: Mole fraction distribution of solution gas under the different formation pressure at conversion time: (a) 2MPa; (b) 3MPa; (c)
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conversion timing can significantly increase the oil recovery
in both the CHOP process and the follow-up thermal recov-
ery stage. The findings of this study could help for better
understanding of the CHOP and post-CHOP thermal tech-
niques for foamy extraheavy oil reservoirs, and it can pro-
vide guidance for reservoir engineers to make better use of
the thermal recovery techniques to further improve the
recovery performance of foamy extraheavy oil reservoirs.

It is noteworthy that the research results of this study are
more concerned about qualitative evaluation, which can
provide a general scope of conversion timing for reservoir
engineers. Although the exact values are given in typical
heavy oil reservoirs, it may be necessary to restudy specific
cases due to different pseudo-bubble point pressure.

In our future work, we will focus on the optimal operat-
ing parameters of thermal recovery techniques after the
CHOP process.

6. Summary and Conclusions

(1) According to the experimental results, it can be con-
cluded that the temperature has great influence on
foamy oil flow stage during the CHOP process. The
excessively high temperature has an adverse effect
on the CHOP process of foamy extraheavy oil reser-
voir. Therefore, it is necessary to investigate the opti-
mal conversion timing of the follow-up thermal
recovery approaches after the CHOP process for
the foamy extraheavy oil reservoir

(2) For the CSS method, excessively high pressure can-
not give full play to the production potential of
CHOP stage. When the pressure is too low, the
heated crude oil cannot flow to the wellbore. Based
on our simulation results, it is recommended to
switch from the CHOP process to the CSS process
at the conversion timing when the formation pres-
sure drops to the pseudo-bubble point pressure. In
our case, the optimal conversion timing is the
moment when the formation pressure drops to
3.4MPa

(3) For the SF method, high pressure cannot fully release
the latent heat of steam and the amount of solution
gas (which will hinder the heat transfer) in oil phase
is higher under the high pressure. However, a low
pressure leads to a relatively high viscosity of crude
oil. As a result, there exists an equilibrium point
which could balance the aforementioned effects.
Our results show that the optimal conversion timing
corresponds to the pseudo-bubble point pressure. In
this work, the best conversion time for SF is the
moment when the formation pressure drops to
3.4MPa

(4) In the SAGD process, the adverse effects of released
solution gas in foamy extraheavy oil reservoir out-
weigh the positive effects. As a result, the CHOP
period of foamy extraheavy oil reservoir should be
extended as long as possible, in order to fully utilize

the advantage of foamy oil flow phase. In other
words, the recovery process should be switched to
the SAGD process at a relatively low formation pres-
sure. In our case, the optimal conversion timing is
the moment when the formation pressure drops to
2MPa

Nomenclature

Xi: Volumetric reaction rate between components
Fi: Reaction factor
½Gsol⋅eq�: Equilibrium concentration of solution gas
½Gsol�: Concentration of solution gas
½Gdisp�: Concentration of dispersed bubbles.
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