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Steam injection is an important process for the thermal recovery of heavy oil reservoirs. As
a non-condensable gas CO2-assisted steam injection can not only improve the
development effect but also reduce carbon emissions. In this study, the simulation
method was combined with the experimental method. Based on an experiment using
steam condensation with or without CO2, the influence of the condensation mode on
steam heat transfer was considered. The effect of changes in the steam flow rate on phase
transition and steam quality were analyzed. The heat transfer effects of the gas-steam
mixture with different contents of CO2 were compared. The results show that the surface
condensation mode changes from dropwise condensation to film condensation with the
addition of CO2, and the average temperature of the condensation block decreases by
20.05%.With increases in the steam flow rate, the quality of steam increases, and the heat
transfer coefficient of steam on the condensation surface increases. With increase in CO2

content, the temperature of the gas-steam mixture decreases, and the inhibition effect on
steam heat transfer is more obvious.

Keywords: steam injection, simulation method, experimental method, condensation mode, CO2 content, heat
transfer inhibition

INTRODUCTION

The development of heavy oil reservoirs is at a stage of high energy consumption and high cost. The
green and efficient development of heavy oil resources strongly relies on breakthroughs in related
theories and technological innovations. At present, thermal oil recovery, including steam flooding,
steam huff and puff, SAGD, etc., are commonly used. However, the economic benefits of these
development methods are often poor, with issues such as high steam loss, low effective heat, and a
large number of greenhouse gases produced in the process (Lawal, 2014; Zhang et al., 2018; Xu et al.,
2020a). New methods developed for the recovery of heavy oil reservoirs may, in some cases, be an
economically viable alternative to steam (Li et al., 2019; Xu et al., 2019; Xu et al., 2020b). For oil sand
or heavy oil reservoirs, the recovery efficiency of pure steam injection is low. Non-condensable gases
(NCGs) such as flue gas can be used to assist steam injection, which would make conventional steam
recovery more economical, and the production of each well would also be higher (Li et al., 2017; Pang
et al., 2017;Wu et al., 2018). Taking the Dover Project (formerly the Underground Test Facility) as an
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example, the addition of an appropriate amount of NCG
improves the development effect of steam injection and has
good economic benefits (Yee and Stroich, 2004). Since 2011,
the field testing of NCG-assisted steam injection has also been
carried out in Liaohe Oilfield in China. The results show that
NCG injection is an effective method to regulate the development
of the steam chamber and improve oil recovery (Erpeng et al.,
2015).

Similarly, as an important and economical method of carbon
capture, utilization and storage (CCUS), this technology is of
great significance for reducing carbon emissions by injecting and
storing a large amount of greenhouse gases into the reservoir
(Zhang et al., 2019; Chen et al., 2020b; Li et al., 2020). It is well
known that the presence of a small amount of NCGs greatly
reduces condensation performance. When the steam condenses
on the liquid surface, the NCG accumulates at the liquid-gas
interface and forms a gas layer, thereby increasing heat transfer
resistance (Othmer, 1929). Many scholars have conducted
experimental studies on the condensation heat transfer in
various tubes (Briggs and Sabaratnam, 2003) and walls
(Othmer, 1929) with the addition of an NCG. These studies
mainly focus on the influence of NCG concentration (Su et al.,
2014), composition (Ge et al., 2013), temperature (Ren et al.,
2015) and pressure (Ali et al., 2013) on the condensation effect.

In addition to the most recognized mechanism by which heat
loss can be reduced with an insulation layer enriched with NCGs,
a large number of theoretical models have also been established
(Oh and Revankar, 2006; Lu et al., 2019b). Some studies have
found that NCGs can promote the expansion of the steam
chamber when steam is injected with NCGs (Yuan et al.,
2011). At the same time, the influence of NCGs on the
reservoir energy supplement is also studied. After the gas-
steam mixture is added to the steam chamber, the formation
pressure first increases and then remains stable. The partial
pressure of the steam at the interface is lower than that of the
steam in the gas-steam mixture. Even if the average temperature
drops, the steam chamber does not collapse because the NCG
reduces the partial pressure of the steam (Law, 2004). There are
few studies on the heat transfer of CO2 assisted steam injection.
With the change of temperature and pressure conditions, the
phase change of CO2 also occurs. CO2 is considered to be an
important environmentally friendly alternative refrigerant due to
its unique properties at low temperatures. At the same time,
pressure has a great influence on the heat transfer of CO2. The
heat transfer characteristics of CO2 are also different under sub-
atmospheric pressure, near critical pressure and supercritical
conditions (Cabeza et al., 2017; Lu et al., 2019a; Baik and Yun,
2019).

In previous studies, the main characteristics of steam
condensation in the presence of NCGs are as follows: In most
of the studies, the NCG is air, while CO2 is rare, and the influence
of a high concentration of gas is not considered. Most research
focuses on the average heat transfer coefficient, and local
influencing factors such as a liquid film or a gas film are
rarely considered. In this study, a steam condensation
experiment was carried out to calculate the heat transfer
coefficient of a pure steam injection. After adding CO2, the

changes in the condensation modes were compared, and the
heat transfer mechanism in the dropwise condensation and film
condensation modes was summarized. Then, the simulation
model was established, and the experimental results were
verified. The effect of steam flow rate on the phase change
and steam quality was analyzed, and the heat transfer effect of
the gas-steam mixture with different contents of CO2 was
compared. This study is helpful for understanding the
development of a steam chamber with an NCG injection and
has important guiding significance for the development of heavy
oil reservoirs with steam injection to reduce costs and increase
efficiency. In addition, this result is also enlightening for low-
carbon technology in the petroleum industry.

CONDENSATION EXPERIMENT

Experimental Materials
The steam used in this research is produced by water injection
preheating by a steam generator, and the ultrapure water used
was made by the UPT-I-10T water purifier (Sichuan Youpu
ultrapure Technology Co., Ltd.), the resistivity of ultrapure
water is 18.2 MΩ cm. The high-purity CO2 used in the
experiment was from Qingdao Tianyuan Gas Manufacturing,
with a purity of 99.9 mol%. Both alcohol (purity ≥ 99.7%) and
sulfuric acid (purity between 95% and 98%) were provided by
Sinopharm Chemical Reagent Co., Ltd.

Experimental Device
The steam generator is the GL-1 produced by Hai’an Petroleum
Scientific Research Instrument Company. The maximum output
temperature of the steam is 350°C, and the maximum pressure is
25 MPa. The high-precision plunger pump is the 100DX type
from Teledyne ISCO, USA, with a maximum output pressure of
66 MPa, a maximum output flow of 60 ml/min, and an accuracy
of 0.001 ml/min. The heating band is used to insulate the pipeline
between the steam generator and the condenser chamber to
reduce the heat loss during steam injection. The gas flow
controller is the Brooks SLA5850S, with a flow range of
0–50 ml/min and an accuracy of 0.1 ml/min. It has long-term
zero stability and annual variation is less than ±0.5% of full scale.

The condensation chamber used in the experiment is made of
stainless steel to avoid rusting due to the humid environment
produced by the experiment. The size of the condensation
chamber is 140 × 20 × 300 mm. In the main condensation
position of the steam, a brass block is embedded as a
reference for comparison, as shown in Figure 1. The
condensation surface was pretreated before the experiment.
After the surface was polished with sandpaper, it was soaked
in a mixture of pure alcohol and 20% sulfuric acid to ensure a
good surface smoothness. The contact side of the brass block and
stainless steel were heat-insulated with PTFE. Evenly distributed
detection holes were made on the right side of the brass block; one
end was open to the middle of the brass block, and the other end
was open to the outside of the stainless steel condenser. The
thermocouple adopted in the experiment is K-type thermocouple
with a diameter of 0.4 mm and an accuracy of ±0.1 K. The
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thermocouples in the condensation block were distributed with a
spacing of 2 mm, a diameter of 0.5 mm, and a penetration depth
of 10 mm. The temperature of condensation surface is obtained
by linear fitting, and the standard error is less than 10%.

Experimental Steps
A flow chart of the condensation experiment is shown in
Figure 2. It includes four parts: the steam and CO2 injection
system, the condensation system, the cooling cycle system and the
experimental data acquisition system. The specific steps are as
follows:

(1) Start the steam generator, preheat for 3 h until the steam
blowout is stable, and adjust the CO2 flow rate as required.

(2) Keep the cooling water (at a constant temperature of 20°C)
circulating on the back of the condensation block. Record the
temperature of the condensation block using the data
acquisition device.

(3) Keep the connecting pipeline of the condensation chamber
unblocked, monitor the pressure of the condensation
chamber in real time, and defog the visual window.

(4) Turn on the switch for the condensation chamber, and pass
steam or a gas-steam mixture into the condensing chamber.

(5) The experimental phenomena on the surface of the
condensate are recorded by camera in real time.

SIMULATION MODEL

Model Simplification and Simulation
Conditions
Figure 3 shows a local simplified model to simulate the heat
transfer process between the condensation block and chamber.
The size of the condensationmodel is set to be the same as the real
object, and the internal dimension of the condensation chamber
is set at 220 × 90 × 20 mm.

Simulation Method and Numerical
Parameters
The simulationmodule used is the heat transfer of solids and fluids.
A solver is established for calculation based on the coupling of the
heat transfer field and the flow field. The adaptive drawing method
adopted for mesh division, the maximum cell size is 22 mm, the
minimum cell size is 3.96 mm, and local encryption is performed
on the condensate block. In the transient simulation, in order to

FIGURE 2 | Condensation experiment process.

FIGURE 1 | Structure of the brass condensation block and K-thermocouple distribution.
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make the flow boundary clearer, the mesh was encrypted. Taking
the temperature value at the same time point on the condensing
surface, it is found that the number of grids has little effect on the
change of temperature value, achieving mesh independence.

Assumptions
(1) During the condensation heat transfer process, the surfaces

other than the specific heat exchange surface are thermally
insulated from the outside.

(2) During the simulations of dropwise condensation and film
condensation, the morphology of the condensation surface
remains stable without a phase change.

(3) When comparing the influence of factors such as steam flow
rate and CO2 content, only changes in the condensation
surface temperature are considered, and changes in
condensation mode are not considered.

Numerical Parameters
The condensation block is constructed of brass material, and its
specific parameters are shown in Table 1.

Considering changes in the properties under different CO2

content conditions in the gas-steam mixture, the corresponding
numerical parameter settings are shown in Table 2.

RESULTS AND DISCUSSION

Condensation Experiments With Steam and
a Gas-Steam Mixture
Pure steam is introduced into the condensation chamber from
top to bottom; the steam temperature is 100°C, the injection rate
is 0.35 m/s, and the steam is blown out for 3 h in advance. During

the experiment, it was observed that the condensed water
appeared dropwise on the condensed surface, as shown in
Figure 4.

Figure 4 shows that during the steam condensation process on
the brass surface, the condensed water cannot wet the surface well
and is evenly distributed on the surface in the form of small
droplets. The small droplets further condense, expand, collide
and gather into large droplets. When the gravity of the water
droplet is greater than the adhesion force between it and the wall,
the droplet slides down and carries other, smaller water droplets
in the same vertical direction on the wall surface so that the wall
surface is exposed again. Relative to the size of the water droplets,
the exposed area is large, and as the condensation process
continues, the water droplets periodically regroup in the
exposed area.

The concept of temperature difference is introduced here,
and it refers to the difference between saturation temperature
and condensate temperature under the corresponding
pressure. There is a relationship between temperature
difference and the condensation heat transfer coefficient.
The experiment was carried out under atmospheric
pressure. The saturation temperature of pure steam under
atmospheric pressure is denoted as T , and the ideal
temperature is 100°C. During the experiment, the
temperature difference Eq. (1) is obtained:

ΔT � T − Ti (1)

In the formula, ΔT is the temperature difference, °C. T is the
temperature of pure steam under atmospheric pressure, °C. Ti is
the actual temperature of the condensate, °C.

Suppose that the temperature distribution Eq. (2) in the
horizontal direction of the condensation block is as follows:

Tx � mx + n (2)

In the formula, Tx is the temperature of the thermocouple when
the distance between the condensate block and the wall is x, °C,m
is the slope, and n is the intercept.

The temperature measured by the thermocouples uniformly
distributed on the condensate block at the same time is selected to
verify the accuracy of the above fitting formula, as in Eq. (3):

F(m, n) � ∑
j

i�1
(mxi + n − Ti)2 (3)

Verification Eq. (4)

zF
zm

� zF
zn

� 0 (4)

If the conditions are met, a linear curve is fit to the curve to
calculate the slope m and wall temperature n.

TABLE 1 | Parameters of the brass block.

Density
(kg/m3)

Constant pressure heat capacity
(kJ/(kg·K))

Thermal conductivity
(W/(m·K))

Young’s modulus (Pa) Poisson’s ratio Temperature coefficient of
resistivity (1/K)

0.598 2.080 0.0250 1.1 × 1.011 0.35 0.0039

FIGURE 3 | Local simplified model of the condensation block and
condensation chamber.
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From the combination of Eqs (1) and (2), it can be concluded
that: T0 � T − ΔT � n, zTx/zx � m.

From this, the heat flux density of the steam on the
condensation block can be calculated, as in Eq. (5):

q � λ
zTx

zx
(5)

In the formula, q is the heat flux density, W/m2. λ is the thermal
conductivity of the brass block, W/(m · K).

Finally, the heat transfer coefficient of the steam on the
condensate can be calculated as the ratio of the heat flux to
the temperature difference, as shown in Eq. (6):

h � q
ΔT (6)

In the formula, h is the heat transfer coefficient, W/(m2K).
Based on the data collected by the thermocouples in the

condensation process, the temperature difference and heat
transfer coefficient of the condensation surface at each time
point during steam injection can be obtained from the above
calculation steps. The relation curve between the heat transfer
coefficient and temperature difference is plotted as shown in
Figure 5.

The trend of the temperature curve of each thermocouple in
Figure 5 shows that at the beginning of steam injection, the
temperature of the condensation surface is the normal
temperature 20°C, and the temperature difference between the
steam and condensation surface is large. Therefore, the heat
transfer between steam and condensation is obvious, and the
temperature rises rapidly. However, with increasing surface
temperature, the rate of temperature change gradually
decreases, and the heat transfer process gradually tends to
become stable. The temperature measured by each
thermocouple is different and remains unchanged at a

constant value. As the distance between the thermocouple and
the condensation surface increases, the thermocouples are
sequentially numbered K1, K2, K3, K4, and K5. Among them,
K1 has the fastest temperature increase and the highest
temperature value after stability. With increasing distance
between the heat source and the thermocouple, the heating
rate at the thermocouple gradually decreases, and the final
stable temperature value decreases in turn and tends to a
linear distribution. The relationship curve between the heat
transfer coefficient and the change in temperature difference
indicate that the heat transfer coefficient increases with
decreasing temperature difference, and the growth rate
becomes faster. In the initial stage of steam condensation, the
greater the temperature difference is, the lower the actual
condensation surface temperature, and the shorter the period
from water droplets forming to falling off. With the development
of condensation heat transfer, the temperature difference
gradually decreases, the condensation surface temperature
gradually approaches the temperature of injected steam, the
condensation speed of steam on the surface becomes slower,
the heat transfer coefficient is large, and more heat is transferred
to the condensation surface.

TABLE 2 | Numerical parameters with different CO2 contents in the gas-steam mixture (100°C, 1 atm).

CO2 content (%) Density (kg/m3) Constant pressure heat capacity (kJ/(kg·K)) Thermal conductivity (W/(m·K))

0 0.598 2.080 0.0250
20 0.766 1.575 0.0246
40 0.934 1.307 0.0242
60 1.103 1.135 0.0238
80 1.271 1.012 0.0234
100 1.441 0.919 0.0230

FIGURE 4 | Dropwise condensation process with pure steam (within a
slip cycle).

FIGURE 5 | Variation in the heat transfer coefficient of steam on the
condensation surface with temperature difference (the attached figure shows
the change of temperature at thermocouple position with steam injection
time).
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CO2 was added to pure steam to form a gas-steam mixture
without changing other conditions. After the condensation
experiment, it was found that the condensation mode on the
surface changed significantly. The experimental process is shown
in Figure 6.

Figure 6 shows that no small water droplets appear on the
condensation surface. A layer of water film is attached to the surface
and thickens gradually with the introduction of a gas-steammixture
until the water film falls down and accumulates at the bottom layer
due to the influence of gravity and falls off. The condensation is
repeated throughout the process of the mixed steam entering the
condensing chamber (Yuan et al., 2011). It is obvious that there is
water film on the surface during steam condensation, and the
thickness of the water film changes. However, the time that the
surface is exposed to the steam is very short.

The most direct impact of this phenomenon is that the
addition of CO2 inhibits the condensation heat transfer of
steam. The heat transfer coefficient on the condensation
surface of the gas-steam mixture is lower than that of pure
steam with the same temperature difference. The mechanism
explanation is shown in Figure 7. In the dropwise condensation
mode with pure steam, the surface, except for the part covered by
the liquid droplets, is exposed to the steam. Therefore, the heat
exchange process is carried out between steam and liquid droplets
and exposed surface. Since the surface area of the liquid droplet is
much larger than the area it occupies and there is no liquid film
thermal resistance on the exposed surface, dropwise
condensation has a fast surface heat transfer rate. Even if a
small amount of an NGC such as CO2 is added, the
condensation mode on the condensation surface is film
condensation. The heat transfer coefficient of the gas-steam
mixture with CO2 is small due to the thermal resistance effect,
on the one hand. According to the theory of convective heat
transfer, in the process of film condensation heat transfer, there is
liquid membrane resistance in the heat transfer resistance. As
some of the CO2 molecules penetrate the liquid membrane layer,
CO2 will accumulate continuously on the gas-liquid interface.
There is also gas-phase membrane resistance, so the direct
contact time between the steam and the surface is reduced. On
the other hand, partial pressure of steam is less due to presence of
CO2 in the mixture. The decrease in the saturation temperature of
the steam causes the energy of the mixed steam to decrease. The
combination of the two effects results in film condensation when
the gas-steam mixture is added. The heat transfer coefficient of

the film condensation mode under the same temperature
difference is smaller than that of dropwise condensation (Chen
et al., 2020a).

The process of NCG-assisted steam injection is essentially a
dynamic continuous process of condensation heat transfer. After
the mixture is injected into the reservoir, the steam flows and
transfers heat to the rocks and heavy oil. When the steam
temperature is lower than the saturation temperature, it
condenses on the rock surface and produces a phase transition
(Wang et al., 2019).

From a microscopic view of the gas-steam mixture, both
molecules move to the surface of the brass block, but the
steam molecules are condensed into water, while the gas
molecules are retained and gathered near the surface of the
brass block. Therefore, it can be considered that in the
schematic diagram of Figure 7, a non-condensable gas layer is
formed between the steam molecules and the brass surface on a
macroscopic level. Under pure steam injection conditions, the
condensation heat flux is large. The mass transfer and phase
transition of steam molecules are relatively fast. Under the action
of gravity, the condensate droplets frequently fall off and wash the
condensation surface. The gas-liquid interface is completely
dynamic. With the increase of CO2 content, the falling off
frequency of droplets is obviously slowed down, and the
condensation morphology gradually transits to film
condensation.

Steady State Simulation of Heat Transfer on
the Condensation Surface
The boundary conditions are set. In the steady state of steam
injection, the condensation surface temperature is 86.4°C

FIGURE 6 | Film condensation process in a gas-steam mixture (within a
slip cycle).

FIGURE 7 | Schematic diagram of the steam condensation heat transfer
mechanism with or without CO2. Adapted from (Wang et al., 2019).
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FIGURE 8 |Comparison of simulation and experimental results of heat transfer in the condensate block. (A) is the change of temperature at different positions from
the condensation surface, (B) is the three-dimensional distribution of the temperature field of the condensation block.

FIGURE 9 | Comparison of simulation modeling between dropwise condensation and film condensation. (A) and (C) are the modeling diagrams of dropwise
condensation and film condensation respectively, (B) and (D) are the steady-state temperature fields of dropwise condensation and film condensation, respectively.
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according to the measured value of the experimental
thermocouple. Therefore, the temperature of the simulated
condensation surface is set at 86.4°C, the temperature of the
cooling surface is 20°C, and the initial temperature of the
condensate is 20°C. After reaching the steady state, the
temperature distribution is shown in Figure 8B. Considering
the connection between the measured position of the
thermocouple and the comparison result of the corresponding
simulated temperature value, the experimental value is shown in
Figure 8A.

Figure 8 shows that from the condensation surface to the
cooling surface, the temperature distribution in the condensate is
decreasing. The inside of the condensing block is made of
uniform brass, and the vertical surfaces are isothermal when
heat conduction occurs. The experimental value measured by the
thermocouple is less than or equal to the simulation value because
the condensate is not completely insulated from the outside
during the experiment. The heat loss from this part of the
process is not considered in the simulation process, which is
solved under ideal conditions. The trends in the simulation values
and experimental values are basically the same, so more factors
are considered in the follow-up research.

Heat Transfer Simulation Under Different
Condensation Modes
Combined with the different phenomena on the condensation
surface obtained from the experiment, dropwise condensation
appears with pure steam injection, and film condensation appears
with gas-steam mixture injection with CO2. Considering the
difference in thermal resistance caused by the two
condensation modes, ignoring the change of steam partial
pressure and assuming that the condensation surface is in a
dynamic stable state, the models are established as shown in
Figures 9A,C. In Figure 9A, a total of 16 water droplets are
uniformly distributed on the condensation surface, each of which

has a diameter of 5 mm. In Figure 9C, a CO2 gas film with a
thickness of 0.5 mm is distributed, and a water film with a
thickness of 2 mm is distributed between the gas film and the
condensation surface. The condensation surface is set to be in
thermal contact with the steam, and the steam temperature is
100°C. After reaching the steady state, the temperature
distributions of the condensation block are shown in
Figures 9B,D.

Figure 9 shows that the temperature gradient in the dropwise
condensation mode is larger than that in the film condensation
mode. The temperature change curves along the thermocouple
connection under the two condensation modes are compared, as
shown in Figure 10. The presence of gas in the steam chamber,
reservoir rocks and heavy oil may reduce the heat transfer
efficiency, which affects the expansion of the steam cavity
(Pang et al., 2017).

Figure 10 shows that the temperature at the condensation
surface in the dropwise condensation mode is 100°C, and the
temperature at the condensation surface in the film condensation
mode is less than 60°C. The reason for this difference is that at the
measured position, the surface in the dropwise condensation
mode directly contacts the steam for heat exchange. With the gas
film and liquid film barriers, the temperature transferred to the
surface in the film condensation mode is greatly reduced. From
thermocouple K1 to K5, the temperature in the dropwise
condensation mode is greater than the temperature in the film
condensation mode at each position, but as the distance between
the thermocouple and the condensation surface increases, the
temperature difference between the two modes decreases.

It should be noted that although the film condensation has a
good inhibition effect on the steam heat transfer because the
thermal resistance layer is a pre-set immovable unit, the
temperature at the location of the thermocouple cannot
represent the whole condensation heat transfer process, which
needs further comprehensive analysis. The area of the

FIGURE 10 | Comparison of the temperature at each thermocouple in
dropwise condensation and film condensation.

FIGURE 11 | Comparison of the average temperature between
dropwise condensation and film condensation.
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condensation surface is calculated to obtain the average
temperature, and the volume of the condensation block is
calculated to obtain the average temperature. The comparison
of the average temperature in the two modes is shown in
Figure 11.

Figure 11 shows that in the dropwise condensation and film
condensation modes, the average temperature difference on the
condensation surface is smaller than the average temperature
difference in the condensation block. This is because in the
dropwise condensation mode, there is an exposed area on the
condensation surface that directly contacts the steam. The
thermal conductivity of metal is greater than that of the gas
film and the liquid film, and the distance between gas molecules is
relatively large. The gas depends on the irregular thermal
movement of molecules and the collision between molecules,
which causes energy transfer within the gas, thus forming a
macroscopic heat transfer. The average temperature of the
condensate is the most representative of heat transfer. The
average temperature of the condensate in the film
condensation mode is 12.88°C lower than that in the dropwise
condensation mode, and the decrease range is 20.05%, which is
less than the 23.03% on the condensation surface. This shows that
the addition of CO2 indirectly inhibits the heat transfer of steam
by changing the condensation mode (Xu et al., 2016).

Influence of Steam Flow Rate and CO2

Content
In this section, the change in condensation mode and flow regime
is not considered; only the influence of the steam flow rate and
CO2 content change on the condensation surface temperature is
considered.

The free interface between gas and liquid can be obtained by
surface tracking. The gas volume fraction Fg and liquid volume
fraction Fl are defined as the sum of the gas volume fraction and
the liquid volume fraction, respectively. The sum of the gas-liquid
two-phase volume fractions in a single grid is one and can track
the gas-liquid interface. In the model, liquid water and pure steam
are set as the initial phase and the second phase, respectively.
When the volume fraction of the gas phase Fg � 0, the grid is filled
with the liquid phase; when Fg � 1, the grid is filled with mixed
gas; when 0 < Fg < 1, gas and liquid coexist in the grid.

Fg + Fl � 1 (7)

With the steam temperature set at 100°C, the phase transition
temperature between the water phase and steam phase is 100°C,
and the latent heat from the water phase to the steam phase is
2,257.2 kJ/kg. By changing the injection rate of the steam, changes
in the condensation surface temperature and phase change field
of the condensation chamber are studied, as shown in Figure 12.

Figure 12 shows that the phase transition of steam occurs after
the steam is injected into the condensation chamber, where gas
and liquid phases coexist. This leads to a decrease in steam
quality, and the condensation phenomenon is concentrated on
the condensation surface and its lower part. The results of this
study are similar to those found by Wu and Vierow (Wu and
Vierow, 2006) that the condensation heat transfer coefficient at

the top is greater than that at the bottom. As the steam flow rate
increases, the steam in the condensing chamber can still maintain
a high degree of quality. The temperature of the condensing
surface gradually increases, and the increase rate becomes slower,
eventually approaching 100°C.

During the process of steam injection, there are three heat
transfer modes, steam condensation at the interface, significant
convection heat transfer from steam to the interface, and
conduction through liquid condensate (Dehbi, 2015). Under
the same pressure condition, the heat transfer rate and heat
transfer coefficient increase with the increase of steam flow
rate at the inlet. A higher inlet flow leads to a larger interfacial
shear force, which reduces the thickness of the liquid phase on the
condensing surface and accelerates the shedding speed of the
liquid phase, both are reasons for reducing the heat transfer
resistance of the liquid phase. At the same time, the high steam
flow rate brings a large heat flux, which also promotes heat
transfer. It is worth noting that the velocity change caused by the
increase in flow affects the flow regime, which also has an
important impact on the heat transfer process. This is the
focus of our next research.

To explore the influence of carbon dioxide content on the
inhibition of steam heat transfer, the constant mixed steam flow
rate was 0.35 m/s, the CO2 contents were set as 0% (pure steam),

FIGURE 12 | The effect of the change in the steam flow rate on the phase
change field (the steam flow rate and the condensation surface temperature
are given in the figure).
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20%, 40%, 60%, 80%, and 100% (pure CO2), and the initial CO2

temperature was 20°C. After mixing with steam, the partial
pressure of steam and the temperature of the gas-steam
mixture are affected. In this process, changes in other physical
parameters are ignored. The temperature of the gas-steam
mixture under different CO2 contents and the temperature of
the condensation surface after reaching the steady state are
compared, as shown in Figure 13.

As shown in Figure 13, with an increase in CO2 content, the
temperature of the gas-steam mixture decreases linearly, and the
temperature difference between the gas-steam mixture and the
condensation surface gradually decreases after reaching the steady
state. This indicates that heat transfer requires a temperature
difference as the spontaneous power, and the addition of CO2

reduce the partial pressure of the steam. The condensation heat
transfer coefficient decreases with increasing CO2 mass fraction
and decreases with decreasing total system pressure.

The partial pressure of steam decreases with the increase of
CO2 content. The accumulation of CO2 reduces the interface
saturation temperature (corresponding to the interface steam
partial pressure) at the gas-liquid interface, which leads to a
decrease in the temperature difference between the steam and
the condensation surface, that is, the driving force for
condensation decreases, and the condensation effect
becomes worse. In the reservoir developed by steam
injection, whether the heat of steam acts on the reservoir is
the key to determine the development effect. When steam and
CO2 are injected into the reservoir together, due to the low heat
transfer coefficient of the gas-steam mixture in the rock
formations along the way, the steam can maintain the gas
phase through a longer flow distance, which increases the
sweep range. At the same time, when acting on the cold oil
zone, the residual heat of steam is higher, which can effectively
heat the crude oil to reduce viscosity and improve its fluidity.
Moreover, due to the slowing down of condensation process,

the water content in the production process is relatively low,
which is one of the key reasons for enhanced oil recovery.

CONCLUSION

NCG-assisted steam injection has an impact on the expansion of
the steam chamber, which in turn affects the development of
heavy oil reservoirs. The following four major conclusions were
drawn from the results of this study:

(1) When pure steam is injected, the heat transfer coefficient
increases with the decrease of temperature difference, and is
affected by the steam flow rate. After the addition of CO2, the
condensation mode changes from dropwise condensation to
film condensation, which inhibits the condensation heat
transfer of the steam.

(2) Film condensation has a high thermal resistance when
composed of a gas film and a liquid film. Compared with
dropwise condensation, after the heat is transferred to the
condensation surface, the temperature decreases by 23.03%,
and the average temperature of the entire condensation block
decreases by 23.03%.

(3) A phase transition occurs after the steam is injected into the
condensation chamber, and the condensation is concentrated
near the brass block surface and its lower part. As the steam
flow rate increases, the steam in the condensation chamber
can still maintain a high degree of quality, the temperature of
the condensation surface gradually increases, and the
increase rate becomes slower.

(4) With the increase of CO2 content, the temperature of the gas-
steam mixture decreases linearly. The high CO2 content
brings a small heat flux, which also inhibits heat transfer
process. The co-injection of steam and CO2 is beneficial to
improve the development effect of steam in the reservoir.
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