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In heavy oil development, ﬂue-gas-assisted steam ﬂooding can not only improve oil recovery but also reduce carbon emissions and
realize the resource utilization of ﬂue gas. In this paper, the variation in crude oil components produced by steam ﬂooding and
ﬂue-gas-assisted steam ﬂooding was studied by indoor displacement experiments and component determination, and the
production properties of diﬀerent components in ﬂue gas, and the inﬂuence of ﬂue gas proportion on residual oil components
was explored. The results indicate that ﬂue gas can enhance distillation and the production of light components in the steam
ﬂooding process. When the ratio of ﬂue gas to steam ranges from 1 : 1 to 3 : 1, the larger the proportion of ﬂue gas injection is,
the larger the scope of steam thermal sweep is, the stronger the steam distillation eﬀect is, and the greater the content of light
components in residual oil and the change value of each component at the outlet and inlet are. Due to the diﬀerence in the
dissolution of N2 and CO2 in heavy oil, at the early stage of displacement, the retention rate of CO2 in the formation in the
early stage of displacement was higher, and the proportion of CO2 output was lower than the initial injection proportion. With
the progress of displacement, the proportion of CO2 gradually increased, and the proportion of N2 gradually decreased. After
gas channeling occurs, the N2 proportion increases and gradually approaches the injection proportion. The dissolution and
precipitation of ﬂue gas contribute to the formation of foam oil and improve the ﬂow and production of crude oil. The
research results are helpful to further understand the mechanism of ﬂue-gas-assisted steam ﬂooding and provide a theoretical
basis for the improvement of this technology.

1. Introduction
With the improvement of global industrialization and the
sharp increase in greenhouse gases, reducing CO2 emissions
has become a guide for the development of all countries
[1–3]. Petroleum, natural gas, and other fossil fuels as the
world’s main energy source will continue for nearly half a
century, and the CO2 produced by fossil fuel combustion
exceeds 2/3 of the total emissions [4–6]. At present, to alleviate the greenhouse eﬀect caused by CO2 emissions, CO2
capture, utilization, and storage (CCUS) have attracted great

attention in various ﬁelds, especially geology and oil and gas
development [7–10]. The application of CO2 in crude oil
development can not only realize carbon sequestration but
also eﬀectively improve oil recovery [11–15].
Globally, heavy oil is abundant and widely exploited. In
the future, the exploitation of heavy oil will occupy a dominant position in oil and gas development [16–18]. However,
heavy oil is developed by thermal recovery, which requires a
large amount of fossil fuels to produce steam, and the boiler
produces a lot of ﬂue gas containing greenhouse gases,
aggravating the greenhouse eﬀect, which is contrary to

2
today’s economic and green development concept. Recently,
many researchers have found that the synergistic displacement of ﬂue gas and steam can greatly improve the production of heavy oil [19–22]. Moreover, the direct recovery and
utilization of the ﬂue gas generated by the boiler avoid the
complex CO2 treatment process and save the cost of steam
injection. It is an essential path for the oil ﬁeld to carry out
CO2 capture, utilization, burial, and economic development
of heavy oil.
Since the discovery of the application potential of ﬂue
gas, the oil displacement mechanism of ﬂue-gas-auxiliary
steam injection has attracted much attention. However,
due to the large injection components in ﬂue-gas- auxiliary
steam ﬂooding, the mechanism is very complex. Hightemperature steam can decrease the viscosity of crude oil
and improve the ﬂuidity of crude oil [23–25]. The main
components of ﬂue gas are N2 and CO2. N2 can compensate
for the formation energy deﬁcit, maintain reservoir pressure,
and increase the oil production rate [26]. CO2 dissolved in
heavy oil can aﬀect the volume and viscosity of heavy oil
and facilitate its expansion and overﬂow [27–31]. At the
same time, CO2 can gasify the light components in crude
oil to decrease the interfacial tension and realize miscible
ﬂooding [32–35]. Wu et al. [36] explored the inﬂuence of
gas on steam ﬂooding by using the 2D visualization model,
and found that in the displacement process, injected gas
formed bubbles in the pore throat of the model and the
Jamin eﬀect occurred. At the same time, the gas reacted with
heavy oil to improve the macrosweep area and displacement
eﬃciency [37, 38]. Lu et al. [39] explored the inﬂuence of
ﬂue gas on steam heat dissipation characteristics by using
cold condensate with a thermocouple and found that ﬂue
gas can reduce the heat dissipation rate of steam in the formation, strengthen steam seepage to the deep oil region, and
expand the expansion range of the steam chamber. Although
the understanding of the mechanism of ﬂue-gas-assisted
steam ﬂooding is still deepening and improving, there are
few studies on the inﬂuence of ﬂue-gas-assisted steam ﬂooding about the properties of crude oil, distillation, and retention characteristics of ﬂue gas in the formation.
The change in crude oil and gas composition can directly
reﬂect the change law of crude oil properties, the strength of
distillation, and the migration characteristics of ﬂue gas in
the process of the displacement and deeply clarify the role
of ﬂue gas in strengthening steam ﬂooding. Therefore, it is
necessary to conduct research on the variation law of crude
oil and gas components in this displacement. In this paper,
the 1D sandpack simulation experiments of steam ﬂooding
and ﬂue-gas-assisted ﬂooding were carried out. In the experiment, the composition changes of heavy oil output at diﬀerent periods of the two displacement patterns are compared
and analyzed. The law of ﬂue gas retention was studied by
recording the gas production characteristics in the process
of ﬂue-gas-assisted steam ﬂooding. Furthermore, the compositional changes of residual oil in ﬂue-gas-assisted steam
ﬂooding under diﬀerent ﬂue gas-steam ratios were studied,
and the eﬀect of the ﬂue gas ratio on steam distillation was
analyzed. These ﬁndings are of extreme importance to
improve the oil displacement mechanism of ﬂue-gas-
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assisted steam ﬂooding and improve its ﬁeld application
eﬀect.

2. Experimental Section
2.1. Materials. The ﬂue gas used in the experiments was prepared by hand and was a compound of N2 and CO2 in molar
ratios of 80% and 20%, and N2 and CO2 with a purity of
99.9 mol% were produced from Tianyuan, Inc., China. The
crude oil used in the experiment was sampled from the
Cao 20 block of Shengli Oilﬁeld, China. The viscositytemperature curve of the crude oil is shown in Figure 1,
and the viscosity of dehydrated crude oil was 5170 mPa·s at
50.0°C. The saturated content of crude oil is 41.36 wt%, the
aromatic content is 21.38 wt%, the resin content is
36.8 wt%, and the asphaltene content is 0.46 wt%. The water
used to generate steam during the experiment was distilled
water, which was produced by the distillation method, and
the resistivity was 15 MΩ·cm. The 1D displacement model
in the experiment was ﬁlled with a certain mesh of quartz
sand. To ensure that the permeability of the sandpacks was
between 3200 mD and 3400 mD, the model was ﬁlled with
80 mesh and 110 mesh quartz sand at 1 : 1. The speciﬁc
dimensional data of the model are shown in Table 1.
2.2. Apparatus. The main contents of the experiment are a
physical simulation experiment and the determination of
crude oil components. The ﬂow chart of displacement experiment is shown in Figure 2, which included mainly a steam
generator, ISCO pump, gas mass-ﬂow controller, sandpack
model, intermediate container, pipeline heating belt, check
valve, and back-pressure regulator (PBR). ISCO pumps
(Model 100DX, Teledyne Co., Ltd., USA) provided power
for ﬂooding and controlled the injection rate of steam, heavy
oil, and water with an accuracy of ±0.001 mL. The steam
generator (model GL-1, Haian Petroleum Equipment Company) produces steam at a rate consistent with the rate at
which distilled water is injected through the pump, the temperature range of the generated steam was 100-350°C, and its
maximum pressure resistance was 25 MPa. The gas injection
rate was controlled by a gas ﬂowmeter (model Sla5861,
Brooks, USA). The number of gas mass-ﬂow controllers
was the ﬂow rate under standard conditions, which needed
to be converted according to the experimental conditions.
The sandpack model (Model 304, Nantong Research Instrument Co., Ltd) had a pressure resistance of 40 MPa and a
temperature resistance of 300°C, with a length and an inner
diameter of 60 cm and 2.54 cm, respectively, and was
wrapped with a temperature-controlled heating sleeve. The
check valve was set before the outlet of the gas mass-ﬂow
controller to prevent liquid backﬂow and damage to the
gas ﬂowmeter.
2.3. Experimental Procedures
2.3.1. Experimental Procedure of Displacement
(1) The sandpack model was prepared; the sandpack
was ﬁlled with mixed quartz sand after ensuring that
the airtightness of the sandpack was good
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2.3.2. Determination of Four Components of Heavy Oil. The
four components of heavy oil include saturates, aromatics,
resins, and asphaltenes, and their content determination
procedures refer to NB/SH/T 0509-2010.
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(1) The heavy oil was dissolved with n-heptane, placed
in the dark, and allowed to settle for 1 h. After ﬁltration, n-heptane was used for reﬂux in the precipitate
to obtain the insoluble and soluble fractions
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Figure 1: Viscosity-temperature curve.

(2) The sandpack was saturated with water after
vacuum-pumping for 4 h; then, its porosity was calculated according to the weight diﬀerence. The water
ﬂooding was carried out and the permeability of the
model was determined by the Darcy equation
(3) The sandpack was heated by the heating sleeve to a
preset initial temperature of 60°C. After the model
reached the set temperature, the sandpack was saturated with heavy oil at a rate of 0.5 mL·min-1. The
sandpack was placed in a 60°C environment for
24 h aging after it was saturated with crude oil
(4) The steam generator was set at 300°C for preheating,
during which distilled water was injected continuously until the steam generator produced stable
steam
(5) The displacement experiments were carried out after
ensuring the complete connection of the experimental devices. The back pressure was set at 2 MPa.
According to the experimental scheme, the injection
ratio of ﬂue gas/steam was set as 1 : 1, 2 : 1, and 3 : 1,
and the exact injection rates of ﬂue gas and steam
are shown in Table 1. When the temperature and
pressure reached stability, and the water content in
the output liquid exceeded 98%, it was regarded as
the end of displacement

(6) During displacement, the production characteristics
of ﬂue gas, crude oil, and water were recorded. After
displacement, the oil sand in the sandpack was dug
out, placed according to the position, photographed,
and sampled for analysis
(7) Four components of produced oil and residual oil in
oil sand were measured
(8) The experimental equipment was cleaned and
sorted, and steps (1)–(6) were repeated for the next
experiment

(2) For the insoluble fraction, toluene that could dissolve
the insoluble fraction was added and reﬂuxed for
more than 1 h or until the droplets were colourless.
Then, asphaltenes were obtained by steaming out
toluene
(3) The soluble fraction was adsorbed on the aluminium
oxide chromatographic column. The desorbed substance obtained by washing with n-heptane was saturated, while the remaining adsorbed substance was
washed with toluene and toluene-ethanol in turn.
The desorbed substances were aromatics and resins.
The determination ﬂow chart of the fourcomponent contents is shown in Figure 3

3. Results and Discussion
3.1. Variation Characteristics of Recovery and Displacement
Pressure Diﬀerence. Since oil recovery could directly reﬂect
the quality of displacement and the change in displacement
pressure diﬀerence could reﬂect the ﬂow characteristics of
heavy oil in the process of displacement from the side, the
diﬀerences between steam ﬂooding and ﬂue-gas-assisted
steam ﬂooding were compared on oil recovery and pressure
diﬀerence. The experimental data are from experiments #1
and #2 in Table 1.
Figure 4 depicts the variation in crude oil recovery and
displacement pressure diﬀerence with injection volume in
steam ﬂooding and ﬂue-gas-assisted steam ﬂooding. The
change trends of the recovery factor and ﬂooding pressure
diﬀerence under the two displacement patterns are roughly
similar. The crude oil is pushed by piston propulsion at the
beginning of displacement. With the increase in injection
volume, oil recovery factor increases rapidly, and the displacement pressure diﬀerence increases continuously. In
the middle and late stages of displacement, due to the formation of high-permeability channels, the growth rate of crude
oil recovery began to slow down and gradually stabilized,
and the displacement diﬀerential pressure also began to
decline rapidly. The recovery factor of steam ﬂooding is
62%, and the recovery factor of ﬂue-gas-assisted steam
ﬂooding is 72%, which is approximately 10% higher than
the recovery factor of steam ﬂooding. The maximum ﬂooding pressure diﬀerence of ﬂue-gas-assisted steam ﬂooding is
2.75 MPa, lower than 1.91 MPa of steam ﬂooding, although
the addition of ﬂue gas increases the equivalent volume of
injected ﬂuid, the displacement diﬀerential pressure
decreases to a certain extent.
There are three main reasons for the higher displacement eﬃciency and lower pressure of ﬂue-gas-assisted steam
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Table 1: Displacement experimental parameters.
Initial temperature of sandpack (°C)

Porosity (%)

Permeability (mD)

Steam ﬂooding
Flue-gas-assisted steam ﬂooding
Flue-gas-assisted steam ﬂooding
Flue-gas-assisted steam ﬂooding

60
60
60
60

35.86
33.66
33.56
33.72

3350
3260
3210
3286

Flue gas

#1
#2
#3
#4

Flooding pattern

Check valve

1
1
1
1

0
1
2
3

Temperature data

GAS mass-flow
controller

T1

Heating belt

T2

T3

T4

T5

Sandpack with heating sleeve
Heavy oil

Brine water

ISCO pump
Steam generator

Injection rate
(mL·min-1)
Steam Flue gas

ISCO pump

Metered gas

BPR
Heating belt

Test no.

Collected oil

Figure 2: Flow chart of displacement experiment.
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Reflux of n-heptane Quiescence, sedimentation and filtration
Sediment
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Soluble
fraction
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Nonadsorptive
substance
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Figure 3: Flow chart of the four-component determination of heavy oil.

ﬂooding: Flue gas dissolves in crude oil, which can reduce
crude oil viscosity to a certain extent and improve crude
oil ﬂuidity. The high seepage capacity of ﬂue gas can open
up channels for the ﬂow of steam and reduce the ﬂow resistance. More importantly, ﬂue gas, as the noncondensable
gas, is able to enrich on the surface of low-temperature
objects, increasing the heat transfer resistance of steam to

low-temperature objects and thus inhibiting steam condensation [40], which expands the steam heat swept volume
and thick oil ﬂowable area.
3.2. Composition Variation Properties of Produced Crude Oil.
Among the four components of crude oil, the saturates and
aromatics can be equivalent to the solvent in crude oil. The
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Figure 4: Variation curve of crude oil recovery and displacement pressure diﬀerence with injection volume.
Table 2: Four-component content data of produced crude oil.
Displacement pattern

Sampling stage

/

Initial sample
Before water
channeling
After water
channeling
Before gas
channeling
Before water
channeling
After water
channeling

Steam ﬂooding

Flue-gas-assisted steam
ﬂooding

Saturate content
(wt%)

Aromatic content
(wt%)

Resin content
(wt%)

Asphaltene content
(wt%)

41.36

21.38

36.8

0.46

46.24

21.51

31.82

0.43

43.53

21.18

34.56

0.73

47.71

21.8

30.08

0.41

45.46

21.49

32.56

0.49

43.91

21.40

34.04

0.65

higher the content is, the better the ﬂow performance of
crude oil, the lower the friction resistance between ﬂuids
and the smaller the viscosity. As polar substances in crude
oil, resins and asphaltenes not only have an important
impact on the pour point reduction of crude oil but also
make an important contribution to the relative molecular
weight and viscosity of crude oil. The experimental data in
Table 2 in this section are from experiments #1 and #2 in
Table 1. According to the gas and water breakthrough of
the collected liquid, steam ﬂooding was divided into two
stages before and after water channeling, and ﬂue-gasassisted steam ﬂooding was divided into three stages: before
gas channeling, before water channeling, and after water
channeling. Samples were taken in diﬀerent stages of two
groups of displacement experiments, and 2-3 samples were
taken in each stage to determine the saturated, aromatic,
resin, and asphaltene content of each sample. The measure-

ment was repeated three times, and the average value was
selected.
Figure 5 shows the comparison of four components of
crude oil produced in steam ﬂooding. During the whole displacement process, compared with the initial oil sample, the
content of saturates and aromatics of the produced crude oil
is higher, the content of resins is lower, and the content of
asphaltenes is lower than the initial oil sample before water
channeling and higher than the initial oil sample after water
channeling. Compared with the two stages before and after
water channeling, the saturated and aromatic content
decreased by 2.71 wt% and 0.33 wt%, respectively, and the
total content of resins and asphaltenes increased after water
channeling because in the process of ﬂooding, light components with low viscosity and strong ﬂuidity are extracted
ﬁrst. After the formation of the hyperosmotic channel, the
content of light components that ﬂow easily decreases, and
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Figure 5: Comparison of four components of crude oil produced
during steam ﬂooding.
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Figure 6: Comparison of four components of crude oil produced
during ﬂue-gas-assisted steam ﬂooding.

the heavy components that ﬂow with diﬃculty are gradually
extracted under the scraping and scouring of ﬂuid. Therefore, in the later stage of steam ﬂooding, the produced crude
oil contains less light components and more heavy
components.
Figure 6 shows the comparison of four components of
heavy oil produced during the process of ﬂue-gas-assisted
steam ﬂooding. It is easier to produce light components
under distillation of steam, and the content of saturated
and aromatic components of the crude oil is higher than
the content of saturated and aromatic components of the
initial oil sample in the process of steam ﬂooding and ﬂuegas-assisted steam ﬂooding. In the process of ﬂue-gasassisted steam ﬂooding, because the mobility of gas is greater
than the stability of steam, gas channeling will occur before

Figure 7: Comparison of gas components produced in diﬀerent
displacement stages.

the collected liquid meets water. The light component content of crude oil before gas channeling is slightly higher than
that before water channeling, while the content of resins and
asphaltenes is slightly lower because the ﬂue gas has a certain
solubility in crude oil. This is due to the process of gas dissolution and precipitation before gas channeling; more light
components are brought to the outlet section and recovered.
Comparing the two displacement patterns, the proportion of
light components of oil produced by ﬂue-gas-assisted steam
ﬂooding is higher than the proportion of light components
of oil produced by steam ﬂooding. In the process of ﬂuegas-assisted steam ﬂooding, the maximum saturated hydrocarbon content is 47.71 wt%, which is 1.5% higher than the
maximum saturated hydrocarbon content of steam ﬂooding.
The reason for this phenomenon is that ﬂue gas can not only
expand the transmission distance of heat carried by steam
but also strengthen the distillation of steam on crude oil in
the process of displacement and promote the precipitation
and stripping of light components in crude oil.
3.3. Gas Production Properties. After the ﬂue gas and steam
are injected into the sandpack together, there are complex
interactions between ﬂue gas and oil, such as multiphase
ﬂow, gas dissolution and diﬀusion, and gas retention, which
have an important impact on enhanced oil recovery (EOR).
Therefore, the gas production law and composition change
of produced gas were studied, and the inﬂuence and mechanism of gas on EOR were analyzed. The experimental data in
this section are from experiment #2 in Table 1. Based on the
ﬂuid production characteristics of gas, the whole displacement process can be classiﬁed into four stages, as shown in
Figure 7: before gas channeling, gas channeling, after gas
channeling, and at the end of displacement.
Figure 7 presents the variation of gas components produced in each displacement stages. The proportions of N2
and CO2 before gas channeling are 0.94 and 0.06, respectively, and the proportions of N2 and CO2 in gas channeling
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Figure 8: Foam form of produced oil.

are 0.85 and 0.15, respectively. After gas channeling, the proportions of N2 and CO2 are 0.69 and 0.31, respectively, and
the proportions of N2 and CO2 are 0.79 and 0.21, respectively, at the close of displacement. In the early stage of displacement, the proportion diﬀerence between N2 and CO2 is
easily found to be the largest because the solubility of CO2 in
heavy oil is better than the solubility of N2. Most of the CO2
in the beginning of displacement is dissolved in crude oil
and retained in the sandpack model, resulting in a higher
proportion of N2 output. With the progress of displacement,
the proportion of N2 gradually decreases, and the proportion
of CO2 gradually increases. The analysis shows that the
occurrence of gas channeling will lead to a sharp drop in
pressure and energy deﬁcit in the model. At this time, CO2
dissolved in crude oil gradually precipitates, and the output
proportion increases; N2 is used mostly to ﬁll the pores
and supplement the energy of the oil layer, and the output
proportion decreases. At this time, the proportion of output
N2 is lower than its injection proportion, and as the displacement progresses, the hypertonic channel is well developed
and gradually reaches a stable state, during which the proportion of output gas gradually converges to that of injection
gas, and thus there is a trend of increasing the proportion of
N2 at the end of the displacement.
The above analysis and comparison illustrate that ﬂue
gas can combine the advantages of N2 and CO2, which can
not only reduce the viscosity of crude oil but also supplement model/formation energy. The dissolution and precipitation of ﬂue gas can enhance the interaction between
displacement media and crude oil and eﬀectively promote
the formation of foam oil, as presented in Figure 8.
Figure 9 depicts the retention characteristics of ﬂue gas
during ﬂue-gas-assisted steam ﬂooding. The ﬂue gas retention rate refers to the ratio of the volume of ﬂue gas trapped
in the oil layer/sandpack to the total volume of ﬂue gas
injected. With the increase in injection volume, the injection
and production rates of ﬂue gas increase ﬁrst and then
decrease sharply, but the peak value of the ﬂue gas production rate increases by 6.33 mL/min compared with the injection rate. The appearance of the peak value lags behind the
injection rate by 0.11 PV. The retention rate of ﬂue gas
decreased slowly in the early stage, which is due mostly to
the dissolution of CO2 in ﬂue gas. When the peak gas generation rate appears, ﬂue gas retention rate drops sharply and
then gradually stabilizes, remaining at 21-23%. The occur-
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Figure 9: Volume variation of produced gas in ﬂue-gas-assisted
steam ﬂooding.

rence of gas channeling greatly worsens the retention eﬀect
of ﬂue gas, which can only be dissolved in the residual oil
or ﬁll the pores in the sandpack.
3.4. Eﬀect of Flue-Gas Ratio on Residual Oil Composition.
Steam distillation is crucial to enhance the development
eﬀect of heavy oil. Combined with 3.2, distillation can be
seen to occur in the development process of ﬂue-gasassisted steam ﬂooding. Therefore, a four-component analysis of oil sand after displacement is performed to explore the
inﬂuence of the ﬂue gas ratio to steam distillation. The
experimental data in this section are from experiments #1,
#2, and #3 in Table 1.
Figure 10 shows the distribution of oil sand in the onedimensional sandpack model after ﬂue-gas-assisted steam
ﬂooding. The colour of the oil sand gradually darkens from
the entrance to exit of the model. When the ratio of ﬂue
gas to steam is 1 : 1, the colour of oil sand in the middle
and rear of the sandpack is darker, and the colour of oil sand
in the sandpack changes little after saturated oil, indicating
that there is still more remaining oil at the middle and rear
of the sandpack, and the distillation eﬀect of steam is weak.
When the ratio of ﬂue gas to steam is 3 : 1, the lighter colour
range of oil sand in the sandpack is improved to varying
degrees compared with the ﬁrst two groups. The higher the
ﬂue gas injection ratio is, the larger the area where the colour
lightens is, and the oil sand at the same position is further
cleaned. This result reﬂects that the increase in the ratio of
ﬂue gas can enhance the vapor transmission range and oil
washing eﬀect.
The variations of the four components in the residual oil
can eﬀectively reﬂect the strength of steam distillation in the
displacement process. The contents of the four components
were determined and analyzed for nine samples in the three
groups of experiments, and the sampling locations are presented in Figure 10. Figure 11 presents the comparison of
the four-component contents of residual oil under diﬀerent

8

Geoﬂuids

Inlet

Outlet
I

II

Outlet

Inlet

III

IV

(a) Flue gas-steam injection ratio of 1 : 1

VI

V

(b) Flue gas-steam injection ratio of 2 : 1

Inlet

Outlet
VII

VIII

IX

(c) Flue gas-steam injection ratio of 3 : 1

Figure 10: Distribution of oil sand in a one-dimensional sandpack under diﬀerent injection ratios of ﬂue gas to steam.
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Figure 11: Comparison of the four-component contents of residual oil under diﬀerent injection ratios of ﬂue gas and steam.

injection ratios of ﬂue gas and steam. In each experiment,
the export, saturates, and aromatic contents in residual oil
are higher, and the resin and asphaltene contents are lower
because in the ﬂue-gas-assisted steam displacement, within
the scope of the spread of steam, the longer the distance
the entrance is, the lower the temperature of the steam, the

steam distillation eﬀect is weak, and the worse the eﬀect on
the extraction of the light components. The light components of the crude oil are more likely to ﬂow than the heavy
components, and the light components are more likely to be
recovered after displacement and remain at the end of the
core pipe, while the heavy components remain in the porous

Geoﬂuids

9

Table 3: Comparison of the content of heavy and light components
at the inlet and outlet.
Content of
Content of
Diﬀerence between
heavy
light
Injection ratio
of ﬂue gas and components components inlet and the outlet
(wt%)
(wt%)
(wt%)
steam
Inlet Outlet Inlet Outlet
1:1
1:2
1:3

61.99 65.31 38.01 34.69
59.53 62.95 40.47 37.05
58.59 62.38 41.41 37.62

3.32
3.42
3.79

medium. As the amount of ﬂue gas injection increases, the
content of light components at the same position gradually
reduces, and the content of crude components gradually
increases, indicating the higher the ﬂue gas injection ratio
is, the stronger the steam distillation eﬀect when the ratio
of ﬂue gas to steam is from 1 : 1 to 3 : 1.
Table 3 shows the changes in the light component and
heavy component of the remaining oil at the entrance and
exit at diﬀerent ﬂue gas injection ratios. Light components
represent saturates and aromatics, and heavy components
represent resins and asphaltenes. Numerically, the increase
in the ﬂue gas ratio not only reduces the light components
at the inlet and outlet but also increases the diﬀerence
between the entrance and exit. The same is true of changes
in the content of heavy components, further conﬁrming
the conclusion that when the content of ﬂue gas in the
injected gas increases, the distillation eﬀect of steam on the
crude oil in the sandpack will be intensiﬁed, and the production of light components will be promoted.

4. Conclusions
(1) During steam ﬂooding, the light components of
heavy oil are easily recovered under the action of distillation. Flue gas can enhance distillation eﬀect and
increase the output proportion of light components
in the process of steam ﬂooding, increasing the
recovery of steam ﬂooding by 10%
(2) Due to the diﬀerence in the dissolution of N2 and
CO2 in heavy oil, the retention rate of CO2 in the
formation in the early stage of displacement is
higher, and the proportion of CO2 output is 0.06,
which is lower than the initial injection proportion.
After gas channeling, some dissolved CO2 begins to
precipitate, and the proportion of CO2 reaches
0.31. As the displacement progresses, the proportion
of CO2 gradually decreases and keeps approaching
the initial injection proportion
(3) The dissolution and release process of ﬂue gas can
help to produce foam oil. The formation of foam
oil can expand the volume of original crude oil and
promote the ﬂow of crude oil while improving the
output of crude oil, which reduces the maximum displacement pressure diﬀerence by 0.84 MPa

(4) The larger the proportion of ﬂue gas in the injected
ﬂuid is, the more signiﬁcant the steam distillation
eﬀect is, the less light components in the residual
oil is, and the larger the variation range of the four
components of heavy oil along the sandpack is.
When the proportion of ﬂue gas to steam changes
from 1 : 1 to 3 : 1, the variation of light/heavy components between the outlet and the inlet of the sandpack increases from 3.32% to 3.79%.
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