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Abstract: During the depletion development of condensate gas reservoirs, when the formation
pressure drops below the dew point pressure, the condensate oil and natural gas systems are in the
non-equilibrium state of foggy retrograde condensation. The rational use of the non-equilibrium
phase characteristics of the foggy retrograde condensation phenomenon during the development
process will be beneficial to the recovery of condensate oil and natural gas. In order to clarify the
retrograde condensation control mechanism during the non-equilibrium depletion development of
condensate gas reservoirs, the phase characteristics of a condensate oil and gas system were studied
by constant composition expansion and constant volume depletion experiments. Then, on the basis of
a long core depletion experiment and chromatographic analysis experiment, the influence of different
pressure drop speeds, fluid properties, and reservoir physical properties on the control effect of
non-equilibrium retrograde condensation after the coupling of the fluid retrograde condensation and
reservoir core is analyzed. The results show that during the pressure decline process, the condensate
oil and gas system will produce a strong foggy retrograde condensation phenomenon, with the
saturation of the retrograde condensate increasing and then decreasing. The cumulative recovery
of the condensate oil and natural gas, as well as the mass fraction of the heavy components in the
condensate oil, increase with the increase in the depletion rate. Different fluid properties and reservoir
physical properties have a great influence on the cumulative recovery degree of the condensate oil,
and have little influence on the recovery degree of the natural gas. This work has a certain guiding role
for the stable production and enhanced recovery of fractured condensate gas reservoirs in subsurface
structures of metamorphic rocks.

Keywords: condensate gas reservoir; foggy retrograde condensation; long core depletion experiment

1. Introduction

Condensate gas reservoirs are usually developed by depletion or gas injection pres-
surization. Due to its low investment cost and short investment payback period, depleted
development has become the main development method for condensate gas reservoirs in
China [1–6]. Unlike general condensate gas reservoirs, the Bozhong 19-6 condensate gas
field is the first large-scale condensate gas reservoir in Eastern China. Its main gas-bearing
formation structure is the exposed Archean metamorphic rock with a low buried hill. The
internal reservoir is dominated by the development of a large-scale three-dimensional frac-
ture network, with the local dissolution of pore spaces develops along the fractures. The
reservoir has strong heterogeneity and overall poor physical properties, with an average
permeability of 3 mD and a porosity of 4.05%. The condensate oil is high and the difference
between the formation pressure and dew point pressure is small. Ground condensate oil
has the characteristics of a low density, low viscosity, high wax content, and high setting
point [7–11]. During depletion development, strong retrograde condensation occurs when
the formation pressure is reduced to the dew point or near dew point pressure. At this time,
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some condensate oil in the condensate gas system is dispersed in an unstable mist-like flow
in the natural gas and is carried out with the airflow. Some of the precipitated condensate
oil is adsorbed in the rock pores and cannot be displaced. As the development progresses,
the formation near the wellbore will soon experience retrograde condensation blockage and
gas–oil two-phase flow [12–16]. This has a very adverse impact on the stable production of
early gas wells and the use of depleted development methods to improve oil recovery by
utilizing the elastic expansion energy of gas reservoirs [17]. Therefore, how to ensure the
efficient transmission of condensate gas in a mist-like flow and reduce its adsorption loss
in the formation is a critical issue currently for the efficient development of condensate gas
reservoirs [18–23].

Researchers have been investigating the methods to enhance condensate oil recovery.
Yuan et al. conducted non-equilibrium pressure drop PVT phase behavior experiments
on sandstone condensate gas reservoirs with moderate condensate oil content in Yakula,
Xinjiang, and found that after the formation pressure drops to the dew point pressure,
a reasonable increase in gas well production and overall gas reservoir production rate
can improve condensate oil recovery [24]. Guo et al. proved that a large mining speed
is conducive to the efficient development of condensate gas reservoirs through long core
experiments [25]. Li et al. carried out long core depletion experiments with artificial
fractures and caves in carbonate rock cores. It was found that the pressure drop rate was
positively correlated with the recovery rate of condensate oil and gas, and the location of
fractures and caves would affect the residual amount of condensate oil in the core [26].
Wang et al. conducted non equilibrium constant volume depletion phase state experiments
and long core retrograde condensation damage experiments on tight sandstone condensate
gas reservoirs. They found that the greater the pressure drop rate, the more conducive
it is to improving the condensate oil recovery rate [27]. Zhang et al. conducted a full-
diameter core depletion experiment on low permeability gas reservoirs and condensate
gas fluids with medium to low condensate oil content. The study found that factors such
as the depletion rate and bound water saturation will have different degrees of impact on
condensate oil recovery [28].

The influence of condensate content and strong retrograde condensate phenomena
on the development of near critical condensate gas reservoirs with fractures is not clear.
In this study, chromatographic analysis was first used to analyze the condensate gas
foggy retrograde condensation. Then, long core depletion experiments were carried out
to study the influence of multiple factors, such as pressure drop rates, fluid properties,
and reservoir physical properties, on the oil and condensate oil recovery, thus providing
efficient guidance for the formulation of depleted development technology policies for
such condensate gas reservoirs.

2. Experimental Materials and Methods
2.1. Experimental Fluids

The experimental fluid samples were taken from the formation fluid separators of
wells 19-6-A6 and 19-6-A5H in the Bozhong condensate gas reservoir of CNOOC. The
laboratory compounding was carried out with formation pressure of 51.3 MPa, formation
temperature of 178 ◦C, and gas–oil ratio of 1035 m3/m3 for well 19-6-A6, while the com-
pounding conditions for well 19-6-A5H included formation pressure of 51.8 MPa, formation
temperature of 180 ◦C, and sample gas–oil ratio of 834 m3/m3, respectively [29]. Results
of flash separation test are shown in Table 1. Under surface conditions, the tested gas–oil
ratio of well A6 was 1031 m3/m3, the density of condensate oil was 0.793 g/cm3, and
the content of condensate oil was 734.26 g/m3, the A5H well formation fluid test gas–oil
ratio was 821 m3/m3, condensate density was 0.795 g/cm3, and condensate content was
953.24 g/m3.
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Table 1. Composition of condensate gas fluid.

A6 A5H

Composition Value (mol%) Composition Value (mol%)

CO2 9.32 CO2 7.68
N2 0 N2 0
C1 71.97 C1 70.36
C2 7.12 C2 4.59
C3 0.44 C3 2.74
IC4 0.06 IC4 0.57
NC4 0.68 NC4 0.99
IC5 0.28 IC5 0.60
NC5 0.31 NC5 0.64
C6 0.54 C6 0.06
C7+ 9.27 C7+ 11.75

Under reservoir conditions, the mist-like retrograde condensate phase characteristics
under the non-equilibrium conditions of the formation fluid were tested in a PVT tube. The
constant composition expansion experiments and constant volume depletion experiments
were performed to analyze the PVT properties. Figures 1 and 2 show the P–T phase
diagrams of the formation fluids in wells A6 and A5H, respectively. Figure 3 shows the
variation in the retrograde condensate saturation with pressure during the constant volume
depletion process. At the formation temperature of around 180 ◦C, the dew point pressures
of the condensate gas in wells A6 and A5H are 44.28 MPa and 40.89 MPa, respectively
(Figures 1 and 2). The maximum retrograde condensation pressure of the formation fluid
in well A6 is 40 MPa, and the maximum retrograde condensation saturation is 29.46%.
The maximum retrograde condensation pressure of the A5H well is 35 MPa, and the
maximum retrograde condensation saturation is 36.27% (Figure 3). The difference between
the formation pressure and dew point pressure for the formation fluids is relatively small,
and during the period of depressurization and depletion, the pressure drop range only
needs about 5 MPa from the occurrence of retrograde condensation to the maximum
retrograde condensate saturation. This indicates that such condensate gas reservoirs are
subjected to retrograde condensation.
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2.2. Observation of Foggy Retrograde Condensation Settlement

Figure 4 shows the precipitation and phase change process of retrograde condensate
in the formation fluid of the A5H well during constant composition expansion at different
pressure drop stages. Under the original formation pressure of 51.80 MPa, the condensate
gas is orange-red under the effect of light transmission. As the pressure drops to about
the dew point pressure, the condensate gas color deepens and becomes dark orange. At
this point, a small amount of condensate oil has been separated and evenly dispersed
in the gas. When the pressure drops to 39.30 MPa, which is below the dew point
pressure, the condensate gas phase behavior changes significantly, the fluid color changes
from orange-red to opaque fog, and then changes to dark orange after 1.58 min of fog.
When the pressure is further reduced to 37.34 MPa, the fluid color changes back to an
opaque mist. The mist lasts for 1.16 min, after which, the fluid changes back to a deep
orange color. The results show that when the system pressure is slightly reduced to
a pressure lower than the dew point pressure, a rapid and strong retrograde condensation
sedimentation phenomenon occurs. Subsequent pressure reduction will still result in
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foggy retrograde condensation, but the amount of foggy retrograde condensation oil
will gradually decrease and the duration of foggy condensation will be shortened. The
final pressure drops to 31.47 MPa, which is close to the maximum retrograde condensate
pressure. At this point, the amount of retrograde condensate liquid reaches its maximum
and there is no more mist-like retrograde condensate oil precipitation. The condensate
gas on the upper part of the deposited retrograde condensate oil is in a light yellow
transparent state. The phenomenon caused by this phase behavior change will cause
serious retrograde condensation damage in the near-wellbore formation. Therefore, it is
necessary to formulate reasonable production measures to extend the duration of the
mist-like flow state of the condensate oil, so that more condensate oil could be carried
out by the airflow after being precipitated in the mist-like flow state in the early stage,
thereby reducing the blockage of the seepage channel caused by retrograde condensation
in the near-wellbore formation.
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composition expansion process.

When the pressure of the condensate gas fluid with high-concentration condensate oil
in A5H well drops to the dew point pressure range, the condensate gas system undergoes
phase behavior change, that is, the initial orange-red gas will instantly change into a black
opaque fog. At this time, the separated condensate oil is evenly distributed in the natural
gas and in a non-equilibrium state. As continuous droplets have not formed yet, it is easier
for the condensate oil to be carried out by the gas flow. As the pressure continues dropping,
rapid retrograde condensation will occur, and the pressure range from the occurrence
of foggy flow to the absence of foggy flow is very short, which results in a retrograde
condensation saturation of about 30%.

Under the condition of a stable system temperature and constant equilibrium, the
state of the oil and gas system is supposed to only be related to pressure [30]. Under
non-equilibrium conditions, the rate of change in external conditions is equal to the rate
of exchange between phases. Therefore, the parameter that determines the relationship
between phases in such conditions is the rate of the change in pressure. According to the
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non-instantaneous equilibrium theory, the relationship between the condensate content in
the system and the rate of pressure change is as follows:

q = A

pb − p +

t∫
0

K(T − t)
dp(t)

dt
dt

 (1)

where A = qMAX/(pb − pMAX), K(t) = K0e−t/T . pb and pMAX are the initial and maxi-
mum condensation pressures, respectively. q and qMAX are the relative amounts of conden-
sate precipitated at the current pressure and maximum condensate pressure, respectively.
K0 is the weight coefficient, T is the relaxation time. K(t) is the relaxation coefficient
of the system, and the conditions to be followed are K(t) > 0, dK(t)/dt < 0, K(∞) = 0.
When the pressure drop speed is infinitely small, i.e., dp/dt→ 0 , Formula (1) will become
q = A(pb − p), that is, the relationship between the amount of retrograde condensate
under equilibrium conditions and the formation pressure at this time. When the pressure
drops under non-equilibrium conditions, dp/dt < 0. From this, it can be seen that the
amount of condensate liquid precipitated from the condensate gas system at this time is
lower than the amount of liquid precipitated under equilibrium conditions. Based on the
results in Figure 4, it was found that the pressure drop rate is negatively correlated with the
saturation of the retrograde condensate liquid, indicating that increasing the pressure drop
rate within a reasonable range can effectively reduce the retrograde condensate pollution of
the condensate oil in the formation. Therefore, long core experiments considering different
pressure drop rates (1~7 MPa/h) for long core depletion extraction experiments were
designed to study the relationship between different depletion rates and the degree of
condensate and gas recovery.

2.3. Other Experimental Materials

The experimental cores are real reservoir cores from the Bozhong 19-6 condensate gas
reservoir. Fourteen core samples with lengths of 2~5 cm were prepared and the matrix
cores were artificially fractured. After grinding, cleaning, and drying, their basic physical
parameters were measured. After harmonic and average sorting of each core, they were
loaded into a long core holder and connected to the pipeline. The total length of the
composite core is 50.46 cm, with an average diameter of 2.52 cm, an average permeability of
3.46 mD, and a total pore volume of 13.79 cm3. The oil and gas fluid used in this experiment
test is the formation fluid of well A5H. The water type of the formation water sample is
sodium bicarbonate, with a total mineralization degree of 9000 ppm.

2.4. Experimental Methods

The procedure of the long core depletion experiment are as follows (the experimental
process is shown in Figure 5):

(1) Each parameter of the core sample was measured, and then the composite long core
was cleaned and vacuumed. The parameters for the core samples are listed in Table 2.

(2) Quantitative water was displaced into the long core, and established a bound water
saturation of 38% within the core.

(3) Under reservoir temperature, dry gas was injected into the core while alternately
increasing the back pressure and confining the pressure to establish a system pressure
of 51.3 MPa, and then 2 PV of condensate gas was injected into the core to replace
dry gas. When the fluid components and gas–oil ratio produced at the outlet were
consistent with the displacement condensate gas, the gas phase permeability of the
condensate gas under this condition was measured.

(4) By controlling the back pressure at the outlet of the long core to achieve depletion
production at a pressure drop rate of 1~7 MPa/h, starting from the formation pressure,
the oil and gas were collected at a temporary stable pressure for each 5 MPa decrease.
The experiment was stopped at around 15 MPa.
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Table 2. Physical properties of cores.

Core Number Length
(cm)

Diameter
(cm)

Permeability
(×10−3 µm2)

Porosity
(%)

12-5 4.32 2.52 2.27 3.04
10-10A 5.16 2.51 2.00 9.52
10-11A 5.10 2.52 4.06 11.12
10-29A 4.96 2.52 4.80 2.56
10-32A 4.89 2.53 1.99 4.27
10-34A 4.62 2.53 7.90 3.79
10-001B 2.88 2.52 2.57 5.78
10-002B 2.89 2.53 2.50 5.94
10-016B 2.89 2.53 3.16 9.98
10-034B 2.92 2.52 4.80 4.03

14-3B 2.49 2.52 3.14 2.71
14-5B 2.42 2.54 4.47 4.80
14-6B 2.44 2.54 1.12 2.44
14-9B 2.48 2.54 3.73 3.03
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3. Results and Discussion

Figure 6 shows the relationship between the pressure drop rate in the long core
depletion experiment and the cumulative recovery degree of the condensate oil. As the
pressure drop rate increases from 1 MPa/h to 5 MPa/h, there is a significant increasing
trend in the cumulative recovery of the condensate oil. However, when the pressure drop
rate increases from 5 MPa/h to 6 Mpa/h, the corresponding increase in the cumulative
recovery of condensate oil is not significant, and the cumulative recovery of the condensate
oil slightly decreases when the pressure drop rate increases to 7 MPa/h. This indicates that
increasing the pressure drop rate can effectively improve the recovery rate of condensate
oil, but increasing the pressure drop rate is not always better. An excessive pressure drop
rate can easily cause premature retrograde condensation at the far end of the formation,
and a large amount of condensate liquid is trapped in the pores, resulting in a decrease in
the final cumulative recovery rate of condensate oil.
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Table 3 shows the recovery of condensate oil and gas in the long core depletion experi-
ment under different pressure drop rates. Figure 7 shows the comparison of the recovery
curve for oil and gas at different pressure drop rates. Figure 8 shows the comparison of
the gas–oil ratio in the long core depletion experiment. The experimental results show that
the formation pressure is depleted from 51.8 MPa to 41 MPa. Since the pressure is still
higher than the dew point pressure of 40.89 MPa, there is no retrograde pollution in the
core, so the cumulative recovery of condensate oil and gas does not change. When the
pressure decreases from 41 MPa to 36 MPa, some condensate oil is retained in the core
under gravity sedimentation and core adsorption, resulting in a decrease in the flow capac-
ity of the seepage channel. The corresponding cumulative recovery of the condensate oil
slows down, and the amount of gas produced is also slightly reduced. When the pressure
decreases from 36 MPa to 21 MPa, the saturation of the condensate oil inside the core has
reached the critical flow saturation, and the condensate oil that occupies a portion of the
flow channel is blown out as the gas flow. Therefore, the amount of condensate oil extracted
gradually increases, and the growth rate of the produced gas–oil ratio slows down. When
the pressure decreases from 21 MPa to 15 MPa, the produced condensate oil mainly relies
on the retrograde evaporation inside the core, so the growth of the condensate oil recovery
rate slows down, and the corresponding gas–oil ratio increases faster.

As the pressure drop rate is increased to 5 MPa/h, the cumulative recovery degree
of the condensate oil increases significantly. When the pressure drop rate is increased
to 6 MPa/h, the increase in the condensate oil recovery is relatively small. When the
pressure drop rate is increased to 7 MPa/h, the cumulative recovery degree of the
condensate oil slightly decreases (Figure 7a), and the overall change in the natural gas
recovery is not significant (Figure 7b). However, the production gas–oil ratio decreases
as the pressure drop rate increases (Figure 8). This indicates that with a proper increase in
the depletion rate, the gas displacement capacity and carrying capacity of the condensate
in the formation will increase. Most of the mist flow condensate separated in the near
well area is carried out by high-speed gas flow, thus improving the recovery of the
condensate oil, while the corresponding gas–oil ratio will gradually decrease. However,
when the pressure drop rate increases to a certain range, the imbalanced pressure drop
in the formation can lead to the premature retrograde condensation of condensate gas
in the far wellbore area, with a large amount of retrograde condensate liquid trapped
and adsorbed in the pores, reducing the permeability of the seepage channel and even
causing blockage. The condensate gas flowing to the bottom of the well becomes lighter,
carrying less condensate oil, and ultimately leading to the decrease in the cumulative
recovery of the condensate oil.
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Table 3. Condensate oil and gas final cumulative recovery degree data.

Pressure Drop Rate
(MPa/h)

Cumulative Recovery Degree
of Condensate Oil (%)

Natural Gas Recovery
Degree (%)

1 30.73 62.95
2 33.57 62.74
3 37.90 62.42
4 41.43 62.11
5 42.95 61.99
6 42.96 62.02
7 42.84 61.98
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When the pressure dropped to 35 MPa, chromatographic analysis was carried out
to analyze the components of the condensate oil, as shown in Figure 9. According to the
results of the chromatographic analysis, it can be found that the mole fraction of the C6 and
C7 components in the condensate oil produced at the maximum retrograde condensation
pressure point changes little with the increase in the pressure drop rate from 1 MPa/h
to 7 MPa/h. The mole fraction of the C8~C10 components evidently decreases with the
increase in the pressure drop rate from 1 MPa/h to 5 MPa/h, decreases slightly when
it increases to 6 MPa/h, but increases slightly when it increases to 7 MPa/h. The mole
fraction of the heavy components such as C11+ increased significantly with the pressure
drop rate from 1 MPa/h to 5 MPa/h, increased slightly to 6 MPa/h, but decreased slightly
with the pressure drop rate to 7 MPa/h. This result is corroborated with the previous rule
of change in the condensate recovery, indicating that the pressure drop rate has a greater
impact on condensate recovery, and the reasonable increase in the pressure drop rate is
more significant for the extraction and precipitation of the condensate; however, when
the pressure drop rate increases to a certain extent, it will have an adverse effect on the
condensate extraction.
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Based on the long core experiment, there is an influence of the fluid properties, rock
properties, and length of the core on gas and oil recovery. The cores were subjected to
petroleum ether and ethyl alcohol displacement to wash the cores for recycling. In the first
set of experiments, the long core experiments were carried out using the formation fluids
of the A6 well and A5H well with a pressure drop rate of 5 MPa/h.

Figure 10a,b are the recovery curves of the condensate oil and natural gas with dif-
ferent formation fluids. The final recovery rate of the condensate oil from wells A5H and
A6 are 42.95% and 38.43%, respectively, and the final recovery rates of natural gas are
61.99% and 59.91%, respectively. It can be seen that the formation fluids of the A5H well
with a high condensate oil content will generate more condensate oil in the process of
long core depletion. The dew point pressure of the formation fluid in the A5H well is
40.89 MPa, which is lower than 44.28 MPa in the A6 well. Combined with the analysis of
the precipitation change in the formation fluid retrograde condensate during the constant
composition expansion process in Figure 4, it can be seen that after the depletion pressure
decreases to 40 MPa, the formation fluid in the A5H well will produce a strong mist-like
retrograde condensate phenomenon, and the occurrence of the retrograde condensate
phenomenon will slightly reduce the condensate production amount. Therefore, the degree
of condensate production in the A5 well is slightly lower than that in the A6 well when the
depletion production pressure decreases from 41 MPa to 36 MPa. The experimental results
illustrate that the different types of formation fluids have a significant impact on the degree
of condensate oil recovery, but the fluid type has a smaller impact on the degree of natural
gas recovery.
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In the second set of experiments, long core experiments were carried out using the
unfractured core with an average permeability of 0.109 mD and an artificially fractured
core with an average permeability of 0.109 mD. The pressure drop rate was set at 5 MPa/h.
Figure 11a,b show the recovery of the condensate oil and natural gas with different reservoir
properties. The final recovery of the condensate oil in the fractured core and matrix core are
42.95% and 33.69%, respectively, and the final recovery rates of natural gas are 61.99% and
62.02%, respectively. When the pressure decreases from 51.8 MPa to 41 MPa, the pressure
is higher than the dew point pressure, there has been no retrograde condensation pollution
in the core, so the cumulative recovery degree of condensate oil and gas has not changed.
When the pressure is lower than 41 MPa, the formation flow begins to produce mist-like
retrograde condensation pollution, and some condensate oil is adsorbed in the rock core,
resulting in a decrease in the amount of condensate oil produced and a slowdown in the
cumulative recovery rate of condensate oil, but due to the high permeability of fractured
rock cores, formation fluids are easily extracted along high permeability channels, so the
cumulative recovery rate of the condensate oil in fractured rock cores is higher than that in
the matrix rock cores. As the pressure further decreases from 36 MPa to 15 MPa, some of
the condensate produced by retrograde condensation is adsorbed on the pores of the matrix
core due to gravity sedimentation and wetting. Most of the seepage channels were occupied
by condensate, increasing the seepage resistance, resulting in an increase in the amount
of condensate trapped in the matrix core and a decrease in the amount of condensate
produced. Therefore, the cumulative recovery of the condensate in the matrix core showed
a significantly lower than that in the fractured core. This indicates that reservoirs with
different physical properties have a significant impact on the recovery of condensate oil,
but have a smaller impact on the recovery of natural gas.
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4. Conclusions

(1) The retrograde condensation phenomenon occurs when the reservoir pressure drops
to dew point pressure. From the dew point pressure to the maximum retrograde
condensation pressure, the retrograde condensation gradually becomes lighter with
the decrease in the pressure. When the maximum retrograde condensation pressure is
reached, the mist flow disappears and the retrograde condensate saturation reaches
its maximum.

(2) A pressure value between the dew point pressure and the maximum retrograde
condensation pressure is beneficial for the duration of the mist-like flow state of
condensate oil, allowing for more condensate oil to be immediately taken out by the
airflow after being precipitated in the mist-like flow state at an early stage, thereby
reducing the blockage of the seepage channel in the near-wellbore formation caused
by the retrograde condensation.

(3) A reasonable increase in the pressure drop rate is beneficial for recovering the heavy
components in condensate, and the degree of condensate recovery also increases.

(4) For the formation fluid with a high condensate oil content, more condensate oil will
be produced during the foggy retrograde condensation due to the non-equilibrium
depletion. When the reservoir physical properties are different, the natural gas
recovery rate does not change much. However, the foggy retrograde condensate fluid
is easier to flow for formation with a high permeability, which corresponds to the
evident improvement of the condensate oil recovery.



Processes 2023, 11, 3242 13 of 14

Author Contributions: Methodology, Y.L.; Writing—original draft, B.L.; Writing—review & editing,
Y.P. and Y.S.; Supervision, B.L.; Project administration, Y.P. All authors have read and agreed to the
published version of the manuscript.

Funding: This research received no external funding.

Data Availability Statement: Data are contained within the article.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Tunio, S.Q.; Tunio, A.H.; Ghirano, N.A.; El Adawy, Z.M. Comparison of different enhanced oil recovery techniques for better oil

productivity. Int. J. Appl. Sci. Technol. 2011, 1, 143–153.
2. Hu, Y.L.; Li, B.Z.; Sun, Z.D. Selection of Condensate Gas Reservoir Exploitation Methods. Nat. Gas Geosci. 2003, 14, 398–401.
3. Li, S.L.; Wang, M.H.; He, J.C. Gas Field and Condensate Gas Field Development; Petroleum Industry Press: Beijing, China, 2004;

Volume 332.
4. Sun, Z.D.; Hu, Y.L.; Li, Y.J.; Xie, X.Q. Gas Reservoir Engineering for Early Development of Condensate Gas Reservoir; Petroleum Industry

Press: Beijing, China, 2003; Volume 286.
5. Zheng, X.M.; Zhong, L.J.; Yan, W.D.; Yang, D.Q. Condensate gas reservoir development mode analysis. Spec. Oil Gas Reserv. 2008,

15, 59–61+63+98.
6. Guo, P.; Wang, J.; Liu, W.; Wang, Z.H. Dynamic experimental study on depletion recovery of fractured-vuggy condensate gas

reservoir. J. Oil Drill. Prod. Technol. 2013, 35, 67–70.
7. Xue, Y.A.; Wang, D.Y.; Wang, F.L.; Tang, G.M. The formation conditions and exploration potential of condensate and light oil

reservoirs in the Bohai Sea. J. Acta Pet. Sin. 2021, 42, 1581–1591.
8. Shi, H.S.; Wang, Q.B.; Wang, J.; Liu, X.J.; Feng, C.; Hao, Y.W.; Pan, W.J. Discovery and exploration significance of large condensate

gas field in deep Bozhong 19-6 structure of Bozhong sag. J. China Pet. Explor. 2019, 24, 36–45.
9. Xue, Y.A.; Wang, D.Y. Formation conditions and exploration direction of large natural gas reservoirs in Bohai Bay oil-type lake

basin. J. Pet. Explor. Dev. 2020, 47, 260–271.
10. Xu, C.G.; Yu, H.B.; Wang, J.; Liu, X.J. Formation conditions and accumulation characteristics of Bozhong 19-6 large condensate

gas field in Bohai Sea area. J. Pet. Explor. Dev. 2019, 46, 25–38.
11. Xue, Y.A.; Li, H.Y. The discovery of a large condensate gas field in the deep Archean metamorphic buried hill in the Bohai Sea

and its geological significance. J. China Offshore Oil Gas 2018, 30, 1–9.
12. Wang, C.Q.; Tang, Y.; Du, Z.M.; Chen, L.; Sun, Y.; Pan, Y.; Shi, L.H. Phase behavior characteristics of water-bearing condensate gas

and liquid production characteristics of non-equilibrium pressure drop process. J. Acta Pet. Sin. 2013, 34, 740–746.
13. Saeidi, A.; Handy, L.L. Flow and phase behavior of gas condensate and volatile oils in porous media. In Proceedings of the SPE

California Regional Meeting, San Francisco, CA, USA, 4–5 April 1974.
14. Espinosa-Paredes, G.; Vázquez-Rodríguez, A.; Espinosa-Martínez, E.G.; Cazarez-Candia, O.; Viera, M.D.; Moctezuma-Berthier, A.

A numerical analysis of non-equilibrium thermodynamic effects in an oil field: Two-equation model. Pet. Sci. Technol. 2013, 31,
192–203. [CrossRef]

15. Yan, W.D.; Sun, L.; Li, S.L.; Sun, L.T. Simulation study on phase behavior characteristics of gas-liquid-liquid system in condensate
gas reservoir. J. Southwest Pet. Univ. Sci. Technol. Ed. 2007, 29, 49–53+182–183.

16. Li, Q.; Li, X.F.; Zan, K.; Li, Y.J.; Song, Z.J. A new method for determining the critical flow saturation of condensate oil. J. Acta Pet.
Sin. 2010, 31, 825–828.

17. Sun, F.J.; Guo, P.; Du, J.F.; Jiang, T.W.; Wang, X.Q.; Liao, F.M. The effects of irreducible water and depletion rate on the critical flow
saturation of condensate oil. J. Xinjiang Pet. Geol. 2006, 27, 456–458.

18. Xie, J.; Li, Q.; Tu, H.M.; Zhao, Z.H. Special phase change of tight condensate gas reservoirs with high water cut. J. Acta Pet. Sin.
2020, 41, 1109–1116.

19. Liu, Y.J.; Li, X.F.; Kang, X.D. Determination of reasonable production pressure difference in condensate gas reservoirs. J. Acta Pet.
Sin. 2006, 27, 85–89.

20. Kang, X.D.; Li, X.F.; Feng, G.Z.; Zhang, X.S. Study on non-equilibrium phase transition model of condensate gas. J. Pet. Geol.
Oilfield Dev. Daqing. 2007, 26, 71–73.

21. Faruk, C. Including non-equilibrium effects in models for rapid multiphase flow in Wells. In Proceedings of the SPE Annual
Technical Conference and Exhibition, Houston, TX, USA, 26–29 September 2004. SPE-90583-MS.

22. Michel, G.; Civan, F. Modeling Nonisothermal Rapid Multiphase Flow in Wells Under Nonequilibrium Conditions. J. SPE Prod.
Oper. 2008, 23, 125–134. [CrossRef]

23. Downar-Zapolski, P.; Bilicki, Z.; Bolle, L.; Bolle, L.; Franco, J. The non-equilibrium relaxation model for one-dimensional flashing
liquid flow. Int. J. Multiph. Flow 1996, 22, 473–483. [CrossRef]

24. Yuan, J.L. Experimental study on phase behavior of non-equilibrium pressure drop in condensate gas reservoir. J. Petrochem. Ind.
Technol. 2019, 26, 104–105.

https://doi.org/10.1080/10916466.2010.525579
https://doi.org/10.2118/102231-PA
https://doi.org/10.1016/0301-9322(95)00078-X


Processes 2023, 11, 3242 14 of 14

25. Guo, P.; Tu, H.M.; Wang, Z.H.; Ren, Y.M.; Qiu, Y.L. Discussion on the mining speed of condensate gas reservoirs. J. Sci. Techol.
Eng. 2016, 16, 31–35.

26. Li, A.F.; Fan, X.H.; Gao, Z.W.; Chu, J.F.; Cui, S.T. Experiment on influencing factors of depletion mining in fractured-vuggy
condensate gas reservoirs. J. Spec. Oil Gas Reserv. 2022, 29, 96–100.

27. Wang, W.C.; Wu, K.L.; Chen, Z.X.; Li, Z.Y.; Chen, S.Y.; He, Y.F.; Yuan, J.L.; Liu, H.Q. Non-equilibrium pressure drop method for
relieving retrograde condensation pollution in condensate gas wells. J. Acta Pet. Sin. 2022, 43, 719–726.

28. Zhang, G.L.; He, Z.Q.; Zhu, J.J.; Zeng, Q.H.; Wang, P.J. Experiment on influencing factors of depletion development of condensate
gas reservoir. J. Pet. Geol. Oilfield Dev. Daqing 2016, 35, 62–65.

29. GB/T 26981-2020; Reservoir Fluid Physical Property Analysis Method. Chinese GB Standards: Shenzhen, China, 2020; pp. 11–19.
30. Mирэзжaнзaце, A.X. Natural Gas Extraction Process; Zhu, E.L.; Wei, Z.; Wang, Z.W., Translators; Petroleum Industry Press: Beijing,

China, 1993; pp. 220–250.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


	Introduction 
	Experimental Materials and Methods 
	Experimental Fluids 
	Observation of Foggy Retrograde Condensation Settlement 
	Other Experimental Materials 
	Experimental Methods 

	Results and Discussion 
	Conclusions 
	References

