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Normally, the recovery effect of a heavy-oil reservoir gradually deteriorates after
multiple rounds of cyclic steam stimulation (CSS). However, the injection of flue gas
can effectively increase the utilization degree of steam heat energy, which improves
the recovery effect. In this paper, an experimental method for CSS using an energy
storage container was established. Based on this method, a one-dimensional core
physical simulation experiment for CSS under different flue gas ratios was performed.
During the experiment, the changes in temperature field, oil production rate, increase
in backpressure, and oil recovery factors were tested. In addition, differences in these
data under different injection steam-flue gas ratios were compared. The results show
that the flue gas provides a channel of fluids in porous media for steam, which is
conducive to the heat transfer of steam to the deeper part of the sandpack. The
sandpack has a higher temperature in each cycle than the CSS. The core temperature
of each round of flue-gas-assisted CSS is higher than that of the CSS. The final oil
recovery factors of flue-gas-assisted CSS using different steam-flue gas ratios are
22.2, 26.7, 30.8, 24.4, and 21.6%, while that of CSS is only 17.2%. According to the
experiment, it is concluded that the best steam-flue gas ratio to optimize the flue-gas-
assisted CSS is 1:10. With the combined effect of three factors (the temperature field
of the sandpack, energizing effect of the flue gas, and degree of oil during recovery),
the flue-gas-assisted CSS using the steam-flue gas ratio of 1:10 maximizes the steam
heat transfer, increases the energy of return discharge, replenishes formation energy,
and improves the oil recovery factor. Through the experiment, the research results
provide theoretical guidance for improving the effectiveness of the CSS of heavy-oil
reservoirs.
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INTRODUCTION

With the decreasing reserves of conventional oil reservoirs
around the world and increasing oil demand, unconventional
oil resources are beginning to attract increasing attention
(Nguyen et al., 2018). As one of the unconventional oil
reservoirs, heavy oil is extremely rich in reserves. It is
estimated that there are approximately 940 billion tons of
geological reserves of heavy-oil resources worldwide, which
account for 20 percent of the total hydrocarbon resources
(Wang et al., 2013; Xu et al., 2013; Zhao et al., 2019).
Therefore, the effective development of heavy-oil resources is
of great significance to satisfy future energy demands.

Among the technologies to extract heavy-oil reservoirs, the
thermal recovery technology is the main development method.
Mainly based on steam flooding, cyclic steam stimulation (CSS),
and steam-assisted gravity drainage (SAGD), the thermal
recovery technology uses technological measures to increase
the temperature of the oil layer, reduce the viscosity of heavy
oil, and make the heavy oil easily flow to recover the heavy oil
(Burkill and Rondon, 1990; Wang et al., 2018a; Li et al., 2019;
Chen et al., 2020).

Steam flooding is a technique that continuously injects high-
quality steam into the oil layer through an injection well. The oil
layer is continuously heated by steam, so that the viscosity of the
crude oil in the formation is greatly reduced. In the progress, the
injected steam becomes a hot fluid in the formation, which drives
the crude oil around the production well and is extracted to the
surface (Li et al., 2018; Zhang et al., 2020). The main mechanisms
of steam flooding include reducing the viscosity of crude oil,
steam distillation, thermal expansion of crude oil, and steam drive
(Fan et al., 2019). Currently, steam flooding is a large-scale
industrial application of thermal recovery technology, which is
an effective method to increase the oil recovery factor after CSS
with achieved results (Dong et al., 2019; Du et al., 2019; Wang
et al., 2019).

The SAGD technology was first proposed by Butler et al., in
1994. It uses steam as a heat source to realize the convection
between steam, oil and water with heat conduction, and it relies
on the gravity of crude oil and condensate to extract the heavy oil
(Su et al., 2012; Shi et al., 2019; Wang et al., 2019). SAGD can be
achieved by two methods: to drill a pair of horizontal wells near
the bottom of the reservoir and to drill a horizontal well at the
bottom of the reservoir with multiple vertical wells above it.
Steam is injected into the oil layer from the upper injection well
and moves upward and sideways. Hence, the heated crude oil
flows to the production well under the action of gravity. CSS,
which injects a certain amount of steam into a heavy-oil
production well and subsequently closes its inlet, is an
important part in the thermal recovery technology of heavy
oil. The closed period is determined by the actual exploitation
of heavy oil. After the steam heat has been fully diffused, the
wellhead of the production well is opened for heavy-oil
production (Tong et al., 2015; Mohsenzadeh et al., 2016; Li
et al., 2017).

CSS is mainly a method to increase the production of heavy oil
by periodically injecting steam into the oil well to introduce a

large amount of heat into the oil layer. The injected heat greatly
reduces the viscosity of the crude oil, which improves the fluidity
of the crude oil in the oil well and increases production. CSS is a
relatively simple and mature steam injection technology for
heavy-oil exploitation. It is currently widely used in the
United States, Venezuela, and Canada (Huang et al., 2013; Xi
et al., 2013; Sun et al., 2015; Li et al., 2020c). With a wide range of
reservoir adaptability and fast oil recovery factor, it mainly uses
the natural energy of the reservoir for development. Although
CSS has achieved good development results in this oilfield block,
the heat loss of steam along its injection process is large, the
formation pressure rapidly increases, and the bottom hole steam
injection pressure is close to or higher than the critical pressure
(Song and Yang, 2017; Wei et al., 2017; Wei et al., 2019; Li et al.,
2020b; Wan et al., 2020). Moreover, the limited range of steam
increases the water cut in the near-wellbore zone, which reduces
the heat utilization rate after repeated CSS. Therefore,
conventional CSS is not sufficiently ideal to satisfy the efficient
economic development of oilfields, so solutions to improve the
development effect of CSS are urgently required (Sheng, 2015;
Meng and Sheng, 2016; Shilov et al., 2019).

With the development of heavy-oil thermal recovery
technology in recent years, increasingly many noncondensable
gases such as N2, CO2 and flue gas have been mixed into the
conventional CSS process to improve the effectiveness of thermal
recovery by steam injection in heavy-oil reservoirs (Ma et al.,
2013; Jie et al., 2016; Hu et al., 2017). Under such background,
flue-gas-assisted CSS can significantly improve the development
effect of CSS, where the flue gas helps to solve the problems in this
block. Injecting flue gas in CSS can replenish the formation
energy that is lost in the later stage of the CSS on a large scale
without significantly reducing the formation temperature (Li and
Li, 2016; Chen and Gu, 2017). Simultaneously, the heat-carrying
capacity of steam can be enhanced, the direction of steam can be
controlled, and the heat exchange process between steam and
crude oil in the deep formation can be strengthened to improve
the thermal recovery. Therefore, this flooding technology, which
utilizes the synergistic effect of N2 and CO2 in the flue gas and
steam, can be used as a replacement development method in the
later stage of CSS and an independent development method to
exploit low- and ultra-low-permeability reservoirs (Bardon et al.,
1994; Sahin et al., 2012; Sisakht et al., 2020). Flue gas can increase
the formation pressure, dissolve crude oil to expand, reduce the
viscosity of heavy oil, reduce the interfacial tension, expand the
swept volume, speed up drainage and oil recovery, and expand
the heating range; thus, it is conductive to increasing crude oil
production and oil layer recovery, reducing exhaust gas
emissions, and benefitting environmental protection (Li et al.,
2012).

The Junin 4 block in the Orinoco heavy-oil belt in Venezuela
was studied in this paper. The viscosity of the heavy oil is
approximately 19,000 mPa s at 50°C. The formation water has
a pH of 6.71 at 22.4°C, a conductivity of 6.05, a total salinity of
4930.86 mg/L, a Cl− content of 856 mg/L, and an Na+ and K+

content of 1,597 mg/L; the water type is NaHCO3. The average
depth of the formation is 345 m, the average porosity is 45.40%,
the average permeability is 3,200 mD, the average temperature of
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the formation is 43°C, and the formation pressure in the middle of
the reservoir is 3.4 MPa. The oil reservoir of this block, which has
high viscosity, shallow burial depth, and low formation
temperature, is difficult for fluid to flow. In addition, there are
other problems such as fast heat loss of steam, low steam heat
utilization efficiency, low formation pressure, serious formation
deficit, insufficient energy in the production process, uneven
steam absorption, high oil-water mobility, large differences in
degree of spread, and low recovery efficiency (Nnabuihe et al.,
2007; Riveros and Barrios, 2011; Ramirez et al., 2018). Therefore,
the flue-gas-assisted oil recovery technology was studied for this
block in Venezuela to help the flue gas oil recovery technology
become gradually matured and perfected to form flue gas oil
recovery technology, which effectively improves the recovery rate.
This is of great practical significance for delaying the decline in oil
field production and promoting the overall coordinated
development of oil regions (Wu et al., 2018).

Since flue-gas-assisted CSS is widely used in heavy-oil thermal
recovery currently, research on the optimization of the ratio of
injected flue gas into steam becomes particularly important (Li
and Elsworth, 2019; Xu et al., 2019). However, there are relatively
few studies on this aspect, and the relevant mechanism remains
unclear. Therefore, it is necessary to conduct research in related
fields to find the optimal flue-gas-assisted CSS technology
method. In this paper, an experimental method for CSS using
an energy storage container was established. On this basis, a one-
dimensional core physical simulation experiment of CSS under
different flue gas ratio conditions was performed. During the
experiment, the temperature field, oil production rate, increase in
backpressure, oil recovery factor, etc., were tested to study the
characteristics of the production mode and change law of the
produced fluid. Furthermore, the production effect of flue-gas-
assisted CSS under different steam-flue gas ratios was compared
and analyzed to optimize the steam-flue gas ratios and improve
the efficiency of heavy-oil production.

EXPERIMENTAL SECTION

Materials
The oil in the experiment was crude oil from the Junin 4 block in
the Orinoco heavy-oil belt in Venezuela. The viscosity of crude oil
after dehydration was tested by a rheometer (Model MCR 302,
Anton Paar, Austria) to be 19,243 mPa s at 50.0°C and ambient
pressure, and the viscosity-temperature curve for the heavy oil in
the experiment is shown in Figure 1. In the experiment, both N2

and CO2 had purities of 99.9 mol%, which were provided by
Tianyuan, Inc., China. The flue gas in the experiment was
obtained by mixing N2 and CO2 at a molar ratio of 0.8701:
0.1299. The flue gas composition was simplified in the indoor
experiments by considering it a mixture of N2 and CO2. During
the process of flue gas configuration, the partial pressure of N2

and CO2 in a certain amount of flue gas was calculated according
to Dalton’s law of partial pressure. After calculating the partial
pressure, N2 and CO2 were injected into two gas storage tanks of
identical volume. After the injection was completed, the pressure
of the gas storage tank was the calculated partial pressure. Then,
all CO2 in the gas storage tank was transferred to the N2 gas
storage tank for mixing to obtain a certain proportion of flue gas.
In the experiment, water for making steam was homemade
distilled water with a resistivity of 15 MΩ cm. The water for
the saturated sandpack was a simulated brine prepared
concerning the salinity of the Junin 4 formation water in the
Venezuelan target block. The total salinity was 4930.86 mg/L,
where the Cl− content was 856 mg/L, and Na+ and K+ were
1,597 mg/L. KCL and NaCl, which were required to prepare the
simulated brine, were made with purities of 99.5%, which were
provided by Sinopharm Chemical Reagent Co., Ltd. In the
experiment, steam was produced by distilled water in a steam
generator. The injection temperature of steam was 300°C at the
outlet temperature of the on-site steam boiler, and the steam
quality was 75%. The sandpack in the experimental model was
made of 80 and 120 mesh sand mixed at a ratio of 1:1. The
parameters of the sandpacks for the CSS experiments are listed in
Table 1, which had almost identical physical parameters and were
maintained according to the reservoir conditions. The porosity of
these sandpacks is approximately 44.72%, the permeability is
approximately 3,133.2 mD, and the original oil saturation is
approximately 88.9%.

Apparatus
The schematic diagram of the flue-gas-assisted CSS experimental
setup in the laboratory is shown in Figure 2. The flue gas at a
specific flow rate was injected into the experimental models by a
gas flow controller (model Sla5861, Brooks, United States; flow
rate range: 0–350 ml/min under standard conditions; flow
accuracy: ±0.5%). Distilled water, which was boosted by a
high-precision syringe pump (model 100DX, Teledyne ISCO
Company, Teledyne Co., Ltd., USA; flow accuracy: ±0.25 μl/
min; pressure accuracy: ±0.5%) was heated into steam by a
steam generator (model GL-1, Haian Petroleum Equipment
Company; temperature range: 100–350°C; pressure range:
0.1–25 MPa). The flue gas and steam were mixed in the six-
way valve and subsequently injected into the sandpack with

FIGURE 1 | Viscosity-temperature curve for heavy oil in the experiment.
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thermal insulation material (model 304, Nantong Scientific
Research Instrument Co., Ltd.; temperature range: 0–300°C;
pressure range: 0–40 MPa). By setting the temperature of the
heating and insulating jacket (model A1, Nantong Scientific
Research Instrument Co., Ltd.; thermal conductivity at room
temperature: 0.035W/M·K − 0.045W/M·K ± 0.005; heating
range: 0–200°C; temperature accuracy: ±0.5°C), the preset oil
reservoir temperature required by the sandpack was provided.
The temperature was tested by three thermocouples (model K,
Nantong Scientific Research Instrument Co., Ltd.; temperature
accuracy: ±0.1°C). Then, the temperature data were transmitted
to the computer via the thermocouples. The backpressure control
device consists of an intermediate container filled with N2 to
2 MPa on the upper part of the piston. During the steam
stimulation experiment, the fluid in the sandpack flowed to
the lower part of the piston of the intermediate container and
was stored in it. When the fluid flowed into the intermediate
container, the indication of the pressure gauge increased. When

the well was opened, the fluid in the intermediate container
flowed back due to the pressure difference. Therefore, the
intermediate container plays a role in energy storage.

Experimental Procedures
(1) The airtightness of the sandpack was tested; then, the

sandpack was filled with the prepared mixed sand, and
the dry weight of the sandpack was measured;

(2) The sandpack was placed in vacuum for 4 h and subsequently
saturated with brine. The weight of the sandpack was tested,
and the pore volume was calculated based on the weight
difference. The permeability of the sandpack was measured
by water flooding according to Darcy equation;

(3) The sandpack was placed in a heating jacket with a preset
reservoir temperature of 40°C for 4 h. When a stable
temperature was reached, crude oil was injected into the
sandpack at a flow rate of 0.5 ml/min for oil saturation. The
volume of saturated oil was measured; then, the original oil

TABLE 1 | Sandpack parameters for the CSS experiment.

Test no Length/cm Diameter/cm Porosity/% Permeability/mD Initial oil
saturation/%

Flue gas
injection rate/ml min−1

#1 60 2.5 44.34 3184.5 88.9 0
#2 60 2.5 44.91 3159.8 89.3 3
#3 60 2.5 44.82 3023.1 87.9 10
#4 60 2.5 44.95 3086.4 88.4 30
#5 60 2.5 44.19 3242.4 89.2 100
#6 60 2.5 45.08 3102.7 89.7 300

FIGURE 2 | Schematic diagram of the flue-gas-assisted steam CSS experimental setup in the laboratory.
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saturation in the sandpack was calculated using the volume
method;

(4) The experimental equipment was installed according to the
schematic diagram, and the backpressure was set to 2 MPa.
The steam generator was turned on at a temperature of 250°C
to preheat. When the temperatures of the sandpack and
steam generator became stabilized, the experiment began.
According to the experimental design, the steam injection
rate was set to 3 ml/min, and the flue gas injection rate-
setting parameters are shown in Table 1. The injection time
was set to 10 min. The steam injection flow rate was set with
the equivalent condensation water, and the gas was set under
standard conditions. During the injection process, the fluid in
the sandpack flowed to the lower part of the intermediate
container piston and was stored in it. After the steam
injection was stopped, all valves were closed. The inlet
valve was opened after 4 h of simmering the well. The
fluid in the intermediate container flowed back, and oil
and gas were spit out from the valve until the pressure in
the sandpack dropped to the set backpressure, and no fluid
flowed out;

(5) During the experiment, the temperature distributed at each
temperature measurement point of the sandpack was
recorded in real time. The oil production, water
production, liquid production, and pressure gauge data
were recorded;

(6) We repeated steps (4) and (5) to perform the throughput
experiment of the next cycle. When the cumulative recovery
rate in the cycle was less than 2%, the experiment was
stopped;

(7) The CSS experiment with steam-flue gas ratio of 1:10 was
carried out for three times to investigate the repeatability of
the results. This minimizes the uncertainty of the
experimental observation.

RESULTS AND DISCUSSION

Heat Transfer Properties
Since the viscosity of heavy oil is greatly affected by temperature,
i.e., an increase in temperature can significantly decrease the
viscosity of crude oil, it is extremely important to study the
temperature changes during the CSS process for heavy-oil
production. Under identical conditions, three cycles of flue-
gas-assisted CSS experiments were performed for five different
steam-flue gas ratios (1:1, 1:3.3, 1:10, 1:33.3, 1:100), and a set of
CSS experiment was performed as a control group. The changes
in sandpack temperature for three thermocouples with different
steam-flue gas ratios are shown in Figure 3. Thermocouple 1 is
15 cm from the injection end, thermocouple 2 is 30 cm from the
injection end, and temperature point 3 is 45 cm from the
injection end.

It can be seen from the law of heat transfer that the heat
transfer requires the existence of temperature difference as the
premise. In other words, in the heat transfer process, the internal
energy of a substance determines the temperature of the

FIGURE 3 | Changes in sandpack temperature for three thermocouples
with different steam-flue gas ratios. (A) Pure steam. (B) Steam-flue gas ratio of
1:1. (C) Steam-flue gas ratio of 1:3.3. (D) Steam-flue gas ratio of 1:10. (E)
Steam-flue gas ratio of 1:33.3. (F) Steam-flue gas ratio of 1:100.
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substance, and the change of internal energy leads to the change
of temperature, which can be expressed by Eq. 1.

Q � C ·M · Δt (1)

whereQ is heat energy, J; C is the heat capacity, J/(kg·°C);M is the
mass, kg; ΔT is the temperature change, °C.

In the process of heat transfer, heat is always transferred by
heat conduction, heat convection and thermal radiation.
Moreover, two or three heat transfer methods usually occur
for transmission, rather than a single one.

Figure 3 shows that the temperature field curves obtained by
CSS under different conditions are generally consistent. The
temperature of thermocouples 1 and 2 in the first 20 min of
each cycle under different steam-flue gas ratio conditions
increases with time because the injection of steam increases
the temperature of the sandpack. After approximately 20 min,
since the heat of the steam continues to be transferred to the far
side of the sandpack, the temperature of thermocouple 1
decreases, and that of 2 increases. After the well has been
simmered for 4 h, the temperature of each thermocouple tends
to be stable. The steam and crude oil have fully exchanged heat,
the heat of the steam is fully utilized, and the heat utilization rate
is maximal at this time. When the production time increases after
the well is opened, the heat carried by the fluid is produced with
the production end. Therefore, the overall temperature of the
sandpack decreases. At this time, the temperature of the
thermocouple gradually decreases and tends to the preset
reservoir temperature. However, the temperature of the
thermocouples does not completely reduce to 40°C but has a
small increase at the end of exploitation, and it increases
accordingly with increasing cycle. The reason is that the steam
retains some heat in the sandpack after the end of the cycle (Sun
et al., 2016; Wang et al., 2018b; Li et al., 2019), which also results
in a higher overall temperature in the sandpack after the next
cycle of steam injection compared to the previous cycle. The
temperature increase of thermocouple 2 is obvious after the end
of the simmering well, but it is lower than that of thermocouple 1.

The location of thermocouple 3 is not affected because of the
limited amount of steam injection, so the temperature has been
maintained at the preset reservoir temperature. Thus, the
sandpack can simulate the entire reservoir of CSS.

To further analyze the temperature field of flue-gas-assisted
CSS under different steam-flue gas ratio conditions, the opening
temperatures of three thermocouples in each cycle of different
steam-flue gas ratios are compared and shown in Figure 4. The
well-opening temperature under different steam-flue gas ratios in
the first cycle is observed. For thermocouple 1, the temperature
during CSS is the lowest at 51.4°C. After the addition of flue gas of
five steam-flue gas ratios, the temperature of thermocouple 1 is
62.7, 61.8, 59.5, 57.6, 54.7°C, i.e., 21.2, 20.2, 15.8, 12.1, 6.4%
increases compared to CSS, respectively. The temperature of
thermocouple 2 in the first cycle is the lowest (40.2°C) under
pure steam conditions. The temperature of thermocouple 2 after
the addition of the flue gas of five steam-flue gas ratios is 42.8,
43.8, 44.9, 46.1, and 48.6°C, with temperature increases of 6.5, 9.0,
11.7, 14.7, and 20.9%, respectively. The temperature of
thermocouple 3 is basically 40°C with a slight increase under
five steam-flue gas ratio conditions.

First, the overall temperature of thermocouple 2 is lower than
that of thermocouple 1, and thermocouple 3 has the lowest
temperature. Since steam does not completely spread to
thermocouple 2, the thermocouple 2 has a lower overall
temperature than thermocouple 1 after the completion of the
simmering well. The location of temperature measurement point
3 is not affected by steam and flue gas, so the temperature has
been maintained at the preset reservoir temperature. With the
increase in number of cycles, the temperatures of thermocouples
1 and 2 increase to varying degrees, while thermocouple 3
remains at the preset reservoir temperature. Only when the
steam-flue gas ratio is 1:100, the flue-gas-assisted CSS has a
small temperature increase at thermocouple 3 in the second
and third cycles. The principle is that after the previous round
of CSS, some of the heat carried by the steam remains in the
sandpack, so the temperature increases when the next round of

FIGURE 4 | Comparison of well-opening temperatures at different steam-flue gas ratios at each cycle for the three thermocouples.
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throughput is performed (Li et al., 2017; Dong et al., 2020; Zhao,
2020). Second, when the cycle increases, more gas is trapped in
the sandpack, which forms a gas channel. With the increase in
number of cycles, the gas channel grows, and the steam flows
further in porous media (Zhang et al., 2006; Li et al., 2011; Zhu
et al., 2020). Therefore, the internal temperature of the sandpack
increases with increasing cycles. During the third cycle, the
temperature of thermocouple 1 increases to 69.0, 68.5, 66.7,
65.5, and 63.3°C under five steam-flue gas ratios, and the
temperature of CSS also increases to 55.8°C.

In addition, the temperature and heating range of the oil layer
after the flue gas mixing are much higher than those of the
conventional CSS. Compared with CSS, the temperatures of
thermocouples 1 and 2 increase after flue gas was added. The
reason is that the flue gas has a strong flow ability, which can open
up channels for the steam, reduce the resistance to steam flow in
porous media, facilitate heat transfer to the deeper regions and
increase the temperature of the sandpack compared to CSS.
What’s more, the flue gas forms a gas film on the surface of
the well wall, which can inhibit the heat transfer of steam
condensation, so that the heat transferred to the rock near the
well is reduced. The reduced heat loss enables more heat transfer
deeper into the core. The flue gas has a strong heat-carrying and
diffusing effect, which effectively increases the heat sweep volume
of the steam in the formation (Abedini and Torabi, 2014; Xu et al.,
2020). Further observation shows that the temperature increase of
thermocouple 1 shows a decreasing trend after flue gas was added,
while thermocouple 2 shows an increasing trend. When the
steam-flue gas ratio is 1:1–1:100, the well opening temperature
at thermocouple 1 in the first cycle gradually decreases, while
thermocouple 2 gradually increases. When the steam-flue gas
ratio reaches 1:100, the temperatures of thermocouples 1 and 2
were minimal and maximal, respectively. At this time, the
temperature field is evenly distributed, and the situation is best.

The principle is that when the proportion of flue gas increases,
it is more conducive to the heat transfer of steam to deeper
regions (Haskin and Alston, 1989). On one hand, the flue gas
forms a gas film on the surface of the well wall, which can inhibit
the heat transfer of steam condensation, so that the heat
transferred to the rock near the well is reduced. The reduced
heat loss enables more heat transfer deeper into the core. On the
other hand, the flue gas opens up a channel for the steam, which
reduces the resistance of steam flow in porous media and makes it
easier for the steam to advance along the gas channel to the core
in the next cycle. The heat-carrying capacity of the steam is
enhanced, the direction of the steam is controlled, the heat
exchange between steam and crude oil is strengthened, and
the steam heat is fully utilized (Ma et al., 2015; Xiao et al.,
2016; Song and Yang, 2017; Li et al., 2020a; Pang et al., 2020).
Therefore, under the combined action of these two aspects, the
flue gas can more quickly carry steam at the injection end to the
deep part of the model. The steam heat energy is fully utilized, the
heat loss along the way is reduced, and the temperature of the
deep part of the seepage is increased. When the steam-flue gas
ratio is 1:1, although the temperature of the sandpack increases
compared to CSS in the presence of flue gas, most of the heat
remained trapped at the injection end. Therefore, the temperature

FIGURE 5 | Changes in oil production rate, liquid production rate and
water cut with time. (A) Pure steam. (B) Steam-flue gas ratio of 1:1. (C)
Steam-flue gas ratio of 1:3.3. (D) Steam-flue gas ratio of 1:10. (E) Steam-flue
gas ratio of 1:33.3. (F) Steam-flue gas ratio of 1:100.
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at thermocouple 1 is higher than at other steam-flue gas ratios. At
this time, the steam heat energy is not fully utilized. In summary,
when the steam-flue gas ratio is 1:100, the flue-gas-assisted steam
stimulation has the best effect. The reason is that the heat-
carrying capacity of the steam can be enhanced when the flue-
gas-assisted CSS is performed at this steam-flue gas ratio, and the
heat exchange process between steam and crude oil in the depth
of the sandpack can be strengthened. Hence, the steam heat
energy is maximized.

Oil Production Properties
Figure 5 depicts the changes in oil production rate, liquid
production rate, and water cut with time. With the increase in
exploitation time in the same cycle, the oil production rate and
liquid production rate first increase and subsequently gradually
decrease, while the water cut shows an increasing trend during
the collection process. Thus, the early stage of each cycle is the
main area of oil production. At this time, the liquid production is
large, but the oil content is high. When the exploitation time
increases, the oil production efficiency decreases, the water cut
increases, and the oil recovery effect decreases. When the cycle
increases, the maximum fluid production rate decreases. Due to
the lower formation energy caused by greater extraction than
injection at the end of the previous cycle, the fluid production rate
in the next cycle is lower. The oil production rate curve shows that
the second cycle has a greater oil production rate than the other
cycles. Thus, the main oil production cycle is in the second cycle.
In the third cycle, the oil production rate is extremely low, and the
water cut of the produced fluid is extremely high. The cumulative
recovery rate during this period is less than 2%. The exploitation
limit was attained under indoor experimental conditions, and the
experiment should be terminated.

Oil recovery factor is an important index to measure the level
of oilfield development. It refers to the ratio of the amount of oil
extracted from the reservoir to the geological reserves within a
certain economic limit under modern technological conditions.
The formula for oil recovery factor in reservoir development is as
the following.

η � Np

N
(2)

Np is recoverable reserves; N is the original geological reserves.
Figure 6 depicts the changes in backpressure and oil recovery

factor with time. The CSS experiment with steam-flue gas ratio of
1:10 was carried out for three times, and the oil recovery factor of
the three times was 29.2, 30.8, and 32.1% respectively, with an
error range of ±2%. Then, the appropriate one was selected
among them. This demonstrates the reproducibility of the
experimental results, and minimizes the uncertainty of the
experimental observation. This also shows that the experiment
follows a certain law of necessity, rather than happens by chance.
Thus, the experimental conclusion that follows the objective law
must also be reliable and scientific. The curve of the oil recovery
factor shows an increasing trend in each cycle. The highest
increase in oil recovery factor is observed in the second cycle
with a slow increase in the third cycle. The increase in

FIGURE 6 | Changes in backpressure and oil recovery factor with time.
(A) Pure steam. (B) Steam-flue gas ratio of 1:1. (C) Steam-flue gas ratio of 1:
3.3. (D) Steam-flue gas ratio of 1:10. (E) Steam-flue gas ratio of 1:33.3. (F)
Steam-flue gas ratio of 1:100.
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backpressure decreases with the increase in exploitation time in
each cycle, and the increase in backpressure decreases to 0 MPa at
the end of exploitation. The reason is that the back pressure is
increased due to the injection of steam or flue gas into the
sandpack at the end of the simmering well. As exploitation
progresses, oil and water are produced, and the increase in
backpressure decreases. Since the extracted amount during the
cycle is greater than the injected amount, the maximum increase
in backpressure decreases when the cycle increases. The
backpressure increase and oil recovery factor of CSS and flue-
gas-assisted CSS generally have similar trends.

By comparing the injection of pure steam with different
proportions of flue gas, we found that the average liquid
production rate of CSS was 1.05 ml/min, while it was 1.06,
1.13, 1.14, 1.20, and 1.32 ml/min for different steam-flue gas
ratios. The average liquid production rate increases after the
addition of flue gas and increases with the increase in proportion
of flue gas. It is minimal when the steam-flue gas ratio is 1:1 and
maximal when the steam-flue gas ratio is 1:100. The back pressure
increase curve shows that the maximum backpressure increase of
CSS in the first cycle is 0.09 MPa, while it is 0.12, 0.18, 0.42, 1.19,
and 3.44 MPa for different steam-flue gas ratios.

After flue gas was added, the increase in backpressure
increases to different degrees. Moreover, the increase in back
pressure increases when the proportion of flue gas increases. The
principle of this phenomenon is that the flue gas has a large
compression coefficient and good expansion, which can maintain
the pressure within the corresponding value. It can effectively
supplement the reservoir pressure and provide energy for oil and
water production (Grogan and Pinczewski, 1987). Therefore, the
average liquid production rate and increase in back pressure will
increase. The oil production rate curve shows that the average oil
production rate under different steam-flue gas ratios is 0.29, 0.34,
0.40, 0.31, 0.28 ml/min. The average oil production rate of CSS is
only 0.22 ml/min. The final oil recovery factor and maximum
increase in backpressure are observed for different steam-flue gas

ratios in Figure 7. The final oil recovery factor is 17.2% when the
CSS experiment is performed. When the flue-gas-assisted CSS is
performed under different water-to-gas ratios, the final recovery
rate is 22.2, 26.7, 30.8, 24.4, and 21.6%, i.e., it increases by 5.0, 9.5,
13.6, 7.2, 4.4, respectively. The addition of flue gas is shown to
increase the oil recovery factor. With the increasing proportion of
flue gas, the expansion of the flue gas dissolved in the crude oil
and low thermal conductivity of the flue gas can increase the
heatwave range of the steam. The addition of flue gas effectively
reduces the oil-water interfacial tension and improves the
microscopic oil washing efficiency during a steam injection
(Renner, 1988; Riazi, 1996).

Figure 7 shows that the final oil recovery factor increases with
the increase in proportion of flue gas in the injection mixture.
When the steam-flue gas ratio is 1:10, both quantities reach the
maximum value. Afterward, the final oil recovery factor begins to
decrease with the increase in flue gas ratio. In other words, a
steam-flue gas ratio of 1:10 is most suitable for flue-gas-assisted
CSS under the formation conditions.

Thus, there is a threshold amount of effective flue gas injection
for the development of flue-gas-assisted CSS, i.e., it is best
exploited when the injected steam-flue gas ratio is
approximately 1:10.

When the steam-flue gas ratio is 1:1–1:10, oil production is
mainly based on the temperature field distribution and
pressure energization effects. At this time, when the
proportion of flue gas increases, the temperature field is
more evenly distributed, and the energy gain due to the
effect of the backpressure is larger. Therefore, the final oil
recovery factor increases with the increase in flue gas ratio.
When the steam-flue gas ratio is 1:10–1:100, oil production is
mainly based on the control of mobility during recovery.
Heavy oil is produced under the joint action of water and
gas. When the proportion of flue gas continues to increase, the
overall mobility of water and gas decreases, the oil
displacement efficiency decreases, the final oil recovery
factor decreases, and the production effect worsens. Under
the joint influence of the temperature field, energy increase of
backpressure, water and air flow during recovery, the final
result is that when the steam-flue gas ratio is 1:10, the flue-gas-
assisted CSS has the highest final recovery rate.

CONCLUSION

(1) By establishing an experimental method of CSS with an
energy storage container, a one-dimensional core physical
simulation experiment is performed. It is found that the
temperature field gradually improves with the increase in flue
gas ratio. When the steam-flue gas ratio is 1:100, the flue gas
can maximize the heat-carrying capacity of steam, inhibit the
condensation heat transfer of steam, open a channel and
reduce the resistance for the steam to flow in porous media,
which is more conducive to the heat transfer of steam to the
deep area and improves the steam heating range.

(2) When the flue-gas-assisted CSS experiment is performed
under different steam-flue gas ratios, the maximum

FIGURE 7 | Changes in final oil recovery factor and maximum back
pressure increase under different steam-flue gas ratios.
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increase in backpressure is 0.12, 0.18, 0.42, 1.19, and
3.44 MPa, while the CSS is only 0.09 MPa. After flue gas
has been added, the increase in backpressure significantly
increases with the increase of flue gas proportion. Thus, flue
gas can well replenish the formation of energy and enhance
the recovery factor.

(3) The final oil recovery of flue-gas-assisted CSS
experiments with different steam-flue gas ratios is
22.2, 26.7, 30.8, 24.4, and 21.6%, while that of CSS is
only 17.2%. The oil recovery factor greatly increases with
the addition of flue gas. When the steam-flue gas ratio is
1:10, the oil recovery factor is the highest, and the effect
of CSS is the best under the joint action of the
temperature field, energy increasing effect and
mobility during recovery.
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