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ABSTRACT

The phase behavior of gas condensate in reservoir formations differs from that in pressure—volume
—temperature (PVT) cells because it is influenced by porous media in the reservoir formations. Sandstone
was used as a sample to investigate the influence of porous media on the phase behavior of the gas
condensate. The pore structure was first analyzed using computed tomography (CT) scanning, digital
core technology, and a pore network model. The sandstone core sample was then saturated with gas
condensate for the pressure depletion experiment. After each pressure-depletion state was stable, real-
time CT scanning was performed on the sample. The scanning results of the sample were reconstructed
into three-dimensional grayscale images, and the gas condensate and condensate liquid were segmented
based on gray value discrepancy to dynamically characterize the phase behavior of the gas condensate in
porous media. Pore network models of the condensate liquid ganglia under different pressures were built
to calculate the characteristic parameters, including the average radius, coordination number, and tor-
tuosity, and to analyze the changing mechanism caused by the phase behavior change of the gas
condensate. Four types of condensate liquid (clustered, branched, membranous, and droplet ganglia)
were then classified by shape factor and Euler number to investigate their morphological changes
dynamically and elaborately. The results show that the dew point pressure of the gas condensate in
porous media is 12.7 MPa, which is 0.7 MPa higher than 12.0 MPa in PVT cells. The average radius,
volume, and coordination number of the condensate liquid ganglia increased when the system pressure
was between the dew point pressure (12.7 MPa) and the pressure for the maximum liquid dropout, Pmax
(10.0 MPa), and decreased when it was below Ppax. The volume proportion of clustered ganglia was the
highest, followed by branched, membranous, and droplet ganglia. This study provides crucial experi-
mental evidence for the phase behavior changing process of gas condensate in porous media during the
depletion production of gas condensate reservoirs.
© 2023 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/
4.0/).

1. Introduction

components are the main characteristics of gas condensate reser-
voirs (Noor et al., 2020; Reis and Carvalho, 2022; Faraji et al., 2019).

A gas condensate reservoir is a special gas reservoir whose
formation temperature is between the critical temperature and the
temperature for maximum liquid dropout under the original for-
mation conditions (Zhang et al., 2020; Raghavan and Jones, 1996;
Tu et al., 2022). A high gas—oil ratio (GOR) and high content of light
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The hydrocarbon mixture in the gas condensate reservoir exists in
the gas phase at the original temperature and pressure of forma-
tion. Unlike conventional reservoirs, in which oil or gas usually
maintains a single phase above the bubble point pressure (Zhu
et al., 2020), the formation pressure keeps changing during the
development of gas condensate reservoirs, resulting in continuous
changes in the phase behavior of the gas condensate in the for-
mation (Wang et al., 2022; Li et al., 2017b). Condensate liquid and
gas condensate both appear in porous media during their devel-
opment (Luo et al, 2021). This phenomenon can cause certain
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difficulties in the development of gas condensate reservoirs
because, in the process of depletion production, if the phase
behavior of the gas condensate changes, the condensate liquid will
remain in the formation, resulting in a reduction in the gas
condensate reservoir recovery (Will et al., 2018). Therefore, for gas
condensate reservoir development, it is important to study the
phase behavior of the gas condensate in a formation with
constantly changing pressure.

The traditional method for investigating the phase behavior of
gas condensate is to determine the relationship between the
pressure, temperature, and volume (PVT) of the gas condensate
through experimental methods (Dodson et al., 1953). The phase
behavior experiment of a gas condensate is the same as that of a
fluid in conventional reservoirs in principle (Moses, 1986), but there
are differences in the experimental equipment and methods.
Currently, gas condensate phase behavior experiment is commonly
conducted in PVT cells with observation windows (WcCain, 2002).
Constant volume depletion (CVD) and constant component
expansion (CCE) are the most commonly used experiments in PVT
cells to simulate the phase behavior changing process of gas
condensate during the development of gas condensate reservoirs
(Potsch et al., 2017). Although these experiments can provide
important high-pressure physical parameters of gas condensate,
they have limitations that cannot be ignored. It is well known that
gas condensate exists in the porous media of formations, and that
the phase behavior of the gas condensate is different in porous
media and PVT cells (Guo et al., 1996; Saeidi and Handy, 1974;
Shapiro et al., 2000). The adsorption and capillary condensation
caused by pores and throats in porous media on condensate gas can
affect their physical properties (Nguyen et al., 2015; Zhong et al.,
2018a). The interior of the PVT cells is a cavity, which cannot
represent the complex structure of porous media in actual forma-
tions. Therefore, the characteristic parameters of the gas conden-
sate obtained from conventional PVT experiments are not accurate.

In some early studies, to simulate real conditions in the pro-
duction of gas condensate depletion production in laboratory ex-
periments, quartz sand, glass beads, and steel beads were filled into
PVT cells as a porous medium (Weinaug and Cordell, 1949;
Sigmund et al., 1973). A methane-n-pentane binary gas condensate
was used to conduct pressure depletion production experiments to
study the effect of porous media on the phase behavior of the gas
condensate. The dew point pressure and volume fraction of the
condensate liquid were recorded, and the composition of the gas
discharged under different pressures was analyzed using gas
chromatography. After comparing the results from different
models, it was found that the dew point pressure of the gas
condensate system under different filling media conditions was the
same (Shapiro and Stenby, 1999). Therefore, it was concluded that
the porous media had no influence on the phase behavior of the gas
condensate. However, the equipment used in these experiments
was underdeveloped in the past times when these studies were
conducted. In addition, the fillers used in the models were signifi-
cantly different from those used in real porous media. Furthermore,
the components of the gas condensate were too simple for a real-
istic representation.

With the development of electronic computers and program-
ming technology, artificial intelligence has been widely applied in
multiple fields. The measurements of phase characteristics of gas
condensate are cumbersome and time-consuming, in order to
improve efficiency, artificial intelligence has been used to figure out
the problems. An intelligent approach based on least square sup-
port vector machine (LSSVM) modeling was developed for pre-
diction of dew-point pressure in gas condensate reservoirs (Arabloo
et al., 2013). The model was developed based on 562 experimental
results from different gas condensate reservoirs all over the world.

1033

Petroleum Science 21 (2024) 1032—1043

The predicted results are basically consistent with the experimental
results and the variation of dew point pressure with temperature
can be simulated by the model. In addition, models established
based on CVD, chemical composition, reserve temperatures, and
fluid characteristics also play an important role in predicting the
dew point pressure of gas condensate (Ghiasi et al., 2014; Gouda
et al,, 2022). These models were based on big data from 453 to
1300 gas condensate samples worldwide, and the average absolute
relative deviation and correlation coefficient of the developed
models are 0.73%—5.03% and 0.953—0.998, respectively. However,
the predictions based on artificial intelligence can depend heavily
on the roughness of the data set and the size of data samples.
Although experimental operations are avoided, obtaining big data
is also challenging. Besides, this method, like the traditional PVT
experiment, cannot consider the influence of porous media on the
phase behavior of gas condensate.

In recent years, some investigations have improved the exper-
imental methods to study the influence of porous media on the
phase behavior of gas condensate (Li et al., 2013; Sui et al., 2010;
Tong et al., 2004). Long cores were used as the research objects in
the gas condensate pressure depletion experiments. The gas
condensate was compounded by methane-n-pentane. After
comparing the results of the CVD experiment conducted in the PVT
cells, it was found that the large specific surface area caused the
porous media to absorb heavy hydrocarbon components under
high pressure, resulting in a significant increase in the dew point
pressure of the gas condensate in cores (Qi et al., 2007). Although
these studies have proven that porous media can affect the phase
behavior of gas condensate, many problems remain. First, the
composition of the gas condensate used in these studies was too
simple to reflect the characteristics of gas condensate with complex
compositions in their actual reservoirs. In addition, the dynamic
phase behavior changing process of the gas condensate in porous
media cannot be reflected. Thus, studying the influence mechanism
of porous media on the phase behavior of gas condensate needs
further improvement.

In this study, a sandstone was used as the research object to
investigate the dynamic evolution of the phase behavior of multi-
component gas condensate in porous media. The gas condensate
was compounded based on its components in an actual gas
condensate reservoir. First, the pore structure of the sandstone was
analyzed. Then, a gas condensate pressure depletion experiment
was conducted in the sandstone using real-time CT scanning to
obtain the distribution of the gas condensate and condensate liquid
under different pressures. Pore network models were built to
calculate and analyze the typical structural parameters of
condensate liquid ganglia. Finally, four types of condensate liquid
were classified by the shape factor and Euler number to describe
the morphological changing process of condensate liquids
dynamically and elaborately in porous media.

2. Materials and experimental methods
2.1. Sample and fluid preparation

An artificial sandstone with a diameter of 2.5 cm and a length of
6.2 cm was prepared in a core barrel by mixing quartz sand
(4 x 107 um?®) with oil-based epoxy resin at a mass ratio of quartz
sand to oil-based epoxy resin of 25:1 and used as the research
object in this study. The resolution of the CT scanning images is
related to the distance of the X-ray source and the detector from the
sample (Wu et al., 2022; Hemes et al., 2015; Li Y. et al., 2022). The
closer the X-ray source and detector are to the sample, the higher
the resolution of the scanned images and the clearer the images
(Sun et al., 2018; Masihi et al., 2022; Fang et al., 2023). Therefore, to
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ensure that the CT scanning results accurately reflect the pore and
throat distribution, the sandstone was cut into a small sample with
a diameter of 5 mm and a length of 8 mm. The sample-to-detector
and source-to-sample distances were 25 and 35 mm, respectively.
The resolution of the CT scanning images was 3.977 pm.

The components of the gas condensate used in this study are
listed in Table 1. The flash gas—oil ratio (GOR) of the gas condensate
is 15,813 g/m?>. The classification of hydrocarbon fluids can be based
on the composition analysis of the fluid mixture, which has one of
the strongest effects on the fluid characteristics, as shown in the
ternary diagram (Ahmed, 2016; Mansour et al., 2020), and pre-
sented in Fig. 1. The composition of the gas sample used in the
experiment is in the area of the gas condensate system, proving
that the gas sample used 1is gas condensate. The
pressure—temperature (P—T) diagram of the gas condensate sam-
ple is shown in Fig. 2. The gas condensate was prepared using
different gas and liquid hydrocarbon samples with a purity of
99.999%. After calculating the volume of each hydrocarbon
component based on the gas state equation (Li and Yu, 2022), we
first accurately weighed liquid hydrocarbons with a measuring
cylinder and added them to the FY-III sample preparation appa-
ratus. Then we transferred the gas into the FY-III sample prepara-
tion apparatus in order of saturation pressure of each gas
component from low to high. After that, we increased the pressure
and temperature of the FY-III sample preparation apparatus to
16.0 MPa and 70 °C, and the apparatus automatically shook to mix
the fluid evenly for 4 h to form a single-phase fluid. Finally, we
maintained the pressure unchanged, slowly opened the outlet
valve, and used a gas collection bag to slowly collect a small amount
of fluid samples for gas chromatograph detection. If the difference
between the content of each component in the prepared gas
condensate and the actual content in Table 1 is less than 3%, it is
considered qualified for sample preparation.

The gas condensate was then subjected to CCE tests in a PVT cell,
as shown in Fig. 3. The middle of the image shows a piston with gas
condensate above the piston and water below it. As the pressure
decreased, the piston continuously moved downwards. At 14.0 and
13.0 MPa, the gas condensate above the piston had good trans-
parency and remained a single gas phase. When the pressure was
12.0 MPa, the transparency of the area above the piston decreased.
At this pressure, the condensate gas reached the dew point and
began to undergo a phase transition from the gaseous state to a
foggy state. When the pressure decreased from 11.0 to 5.0 MPa, the
condensate liquid precipitated, and the liquid volume first
increased and then decreased. The CCE test result shows that the
dew point pressure and the pressure for the maximum liquid
dropout of gas condensate in the PVT cell are 12.0 MPa and 9.0 MPa,
respectively, at 70 °C.

Table 1
Gas condensate composition.

Component Molar composition of gas condensate, %
CO, 7.90
Ny 0.60

C 70.82
C, 11.80
Cs 4.19
n-C4 211
n-Cs 0.85
Ce 0.67
C; 0.45
Cg 0.14
Co 0.18
Cio 0.29
Total 100.00
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Fig. 1. Compositions of different types of reservoir fluids. The yellow area represents
gas condensate system, the green area represents volatile oil system, the orange area
represents ordinary black oil system and the white area represents low shrinkage oil
system.
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Fig. 2. Pressure—temperature phase diagram of gas condensate.

2.2. Experimental setup and procedure

The temperature was set to 70 °C for the experiment. The in-
struments included a core holder, a high-pressure temperature-
controlled intermediate container, pressure gauges, ISCO pumps
with a velocity accuracy of 0.0001 cm?/min, an incubator, a vacuum
pump, and a micro-CT scanner. The experimental procedure and
devices used are presented in Fig. 4. First, all experimental devices
were vacuumed. CT scanning of the dry core sample was performed
to obtain the initial pore structure. Then, the gas condensate was
injected into the core sample at a constant pressure (4.0 MPa higher
than the dew point pressure of the gas condensate under the same
conditions in the PVT cell) from the intermediate container to
maintain a single-phase gas state. The core sample was saturated
with gas condensate. After the system stabilized for 4 h, the sample
was scanned using CT to obtain images of the saturated gas
condensate in the pores and throats. The gas condensate system
was depressurized with a depressurization gradient of 1.0 MPa.
After the system was stable for 0.5 h, the sample was scanned again
to observe the phase behavior of the gas condensate in the CT
scanning images. When obvious gray value changes were observed
in the CT scanning images of the pores, the condensate liquid had
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Fig. 3. Image of gas condensate and condensate liquid in PVT cylinders under different
pressures.

appeared (Li M. et al., 2022; Hong et al., 2023). To accurately
determine the dew point pressure of the gas condensate in the

Intermediate
container
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sandstone, the pressure was increased by 1.0 MPa, and after the
system stabilized, the pressure was reduced at a depressurization
gradient of 0.1 MPa. CT scanning was performed after each
depressurization and system stabilization to obtain an accurate
dew point pressure of the gas condensate in the sandstone. Sub-
sequently, the system was continually depressurized with 1.0 MPa
as the depressurization gradient, and CT scanning was performed at
each pressure. It is noted that to exclude the faults of the statistics
and the experimental errors, the measurement was repeated at
least three times, and the error of each measurement result was
ensured to not exceed 1%. The following study presents the results
and analysis of one set of the measurements.

3. Results and discussion
3.1. Pore structure analysis

A representative elementary volume (REV) with a voxel size of
400 x 400 x 400 was extracted from the sandstone CT scanning
data. However, due to external interference in the scanning process,
the obtained images have problems such as being dark or bright,
low contrast, and having a lot of noise in the image. Therefore, it is
necessary to perform brightness, contrast, and filtering processing
on the images to improve their quality (Buades et al., 2005). Af-
terwards, the pores and skeletons of the sandstone were extracted
separately to establish a 3D digital core. We used the watershed
algorithm for segmentation of the images (Saarinen, 1994; Meyer,
1994). The watershed algorithm is a segmentation algorithm
based on morphology and topography, which is a gradient seg-
mentation of images (Scanziani et al., 2018; Cousty et al., 2009). Due
to the strong grayscale changes at the phase edges, gradient images

Pressure
depletion

ISCO pump
| )

Vacuum pump Drying pots

Pressure gauge

Fig. 4. Sequence of experimental procedures (a) and the schematic diagram of experimental setup (b).
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precisely describe the grayscale changes of the images (Barnes
et al., 2014). Therefore, the original images can be first divided
into grayscale gradient images through gradient partitioning, and
then segmentation can be performed through watershed trans-
formation of the gradient image. The 3D digital core established
after segmentation is shown in Fig. 5(b). The pore structure of the
sandstone is simple. The pore connectivity was good, and the pore
and throat volumes were large. The surfaces of the pores and
throats were smooth.

A 3D pore network model of sandstone was built based on the
maximal ball algorithm (Arand and Hesser, 2017) to calculate the
pore characteristic parameters (Hakimov et al., 2022; Edison and
Monson, 2012), and the results are shown in Fig. 5(c)—(g). The
basic principle of the maximum ball algorithm is to first regularize
the irregular pore shape, and then find the maximum inscribed ball
radius at any point in the processed pore space (Wang et al., 2023).
The pore is represented by the locally largest ball, and the throat is
represented by all smaller balls connecting the ball (pore) (Kang
et al., 2022). The average pore and throat radii are 48.62 and

(d)
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31.23 um, respectively, with an insignificant difference between
them. This indicates that the pore structure of the sandstone was
relatively homogeneous, with large pores and throats. The coordi-
nation number refers to the number of throats connected to a
central pore, reflecting the pore connectivity of a core sample. The
greater the coordination number, the better the connectivity. The
coordination number was 3.21, indicating that the connectivity of
sandstone was very good. The tortuosity was 2.92, similar with the
results of the sandstone sample calculated by Zhang Y. et al. (2019),
indicating that the pore structure of the sandstone was relatively
regular. The segmented porosity is 27.40%, slightly lower than
32.14% of N, porosity measured with a QKY-II instrument using
nitrogen (N) as the microporosity below resolution cannot be
imaged. The segmented permeability calculated based on lattice
Boltzmann method (LBM) (Zhang L. et al., 2019; Jiang et al., 2023;
Cai et al, 2022) was the same as that measured for the N
permeability, which was 22 D.

Radius, m
I 1.4e-04
— 9.2e-05
— 4.6e-05
0.0e+00
(e) 018
0.16 J
0.14 4
5, 0124
2
$ 010
=
o 0.8 -
.4
[T
0.06 -
0.04
0.02 4
0 T
0 50 100 150
Throat radius, um
(g) 0.25

Frequency

1 10 100

Tortuosity

Fig. 5. 3D visualization (400 x 400 x 400 voxel size) and the pore network model of the sandstone sample at 4 um voxel resolution. (a) Sandstone sample; (b) Pore space of the
sample; (c) Pore network model of the sample; Distribution of pore radius (d), throat radius (e), coordination number (f), and tortuosity (g).
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3.2. Phase behavior of gas condensate in sandstone pores

3.2.1. Phase behavior dynamic evolution

The pressure of the gas condensate system was first increased to
16.0 MPa and the sandstone core was saturated with gas conden-
sate. Then, depressurization was performed to explore the dew
point pressure of the gas condensate in the sandstone. 2D slice
images of the gas condensate in the porous media under different
pressures are shown in Fig. 6. When the pressure decreases from
12.8 to 12.7 MPa, the gray value of sandstone pores in the image
appears changed. There is a small amount of dark gray material on
the surface of the sandstone pores, which is the condensate liquid.
Therefore, the dew point pressure of gas condensate in sandstone is
12.7 MPa, which is 0.7 MPa higher than the dew point pressure of
gas condensate in the PVT cell (12.0 MPa). This indicates that
porous media can increase the dew point pressure of the gas
condensate, owing to the joint influences of adsorption on the pore
surface and capillary condensation.

It is known that every medium shows adsorption. However, the
adsorption capacity can be strong or weak depending on the pore
structure of the core, the volume and shape of the pores and
throats, the specific surface area, and the temperature and pressure
of the system (Lyman et al.,, 1992; Tsau et al., 2022; Zhang et al,,
2013; Zhong et al., 2017, 2018b; Jatukaran et al., 2018). According
to the theory of solid physics, molecules on a solid surface have
higher energy than molecules inside the solid (Sattari et al., 2016).
The forces between the molecules on the surface are unbalanced or
unsaturated (Gao et al., 2019; El-Sheikh et al., 2006). The cores
adsorb gas molecules to their surfaces through van der Waals force
(Teklu et al., 2014), so that the molecular forces on their surfaces
reach equilibrium, and an adsorption layer (also known as an
adsorption film whose thickness is generally not considered) is
formed (Abolghasemi and Andersen, 2020). The larger the specific
surface area, the stronger the adsorption capacity. Because of the
weak attractive interaction between the solid surface and gas
molecules, the molecular structure and composition of the adsor-
bate (gas condensate) undergo no change, and the composition of
the adsorption layer is the same as that of the adsorbate (Jin and
Coasne, 2017). The specific surface areas of the pores are much
larger than those of the PVT cells. Therefore, the number and area of
the adsorption layers formed by the gas condensate on the surface
of the pores were much higher than those of the adsorption layers
formed on the surface of the PVT cell. With a decrease in the system
pressure, the intermolecular distance in the gas condensate system
increased, the intermolecular repulsion decreased, and the inter-
molecular attractive force dominated. Owing to the large attractive
force of heavy hydrocarbon molecules, the heavy hydrocarbon
components in the adsorption layer preferentially desorb from the

1.59 mm
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surface and enter the gas phase (Li et al., 2015). This results in a
decrease in the content of heavy hydrocarbon components in the
adsorption layer and an increase in the relative content of light
hydrocarbon components. The heavy hydrocarbon content in the
gas condensate system increased, whereas the light hydrocarbon
content relatively decreased. In the depressurization process, the
increase in the heavy component content of the gas condensate
system in the pores was greater than that in the PVT cell. The higher
the heavy component content, the higher the dew point pressure of
the gas condensate system (Aniefiok, 2015). Therefore, retrograde
condensation of the gas condensate in the depressurization process
occurred earlier than that in the PVT cell.

Furthermore, when the gas condensate system forms adsorp-
tion layers on the surface of the pores, the thickness of the
adsorption layers is negligible compared to the pore space and can
be generally ignored. However, when adsorption layers are formed
in nanopores or nanothroats, the thickness of the adsorption layers
cannot be ignored (Yang et al, 2019). These adsorption layers
contact and merge with each other, and finally condense to form a
meniscus under the influence of capillary force, resulting in capil-
lary condensation (Kikkinides et al., 1999). Thus, the gas condensate
system in porous media, including nanopores, underwent retro-
grade condensation earlier than that in the PVT cell.

The distribution and volume proportion of the condensate
liquid and gas condensate in the porous media during pressure
depletion are shown in Fig. 7. At the dew point pressure, the
condensate liquid condenses into small pores, narrow throats, pore
corners, and some surfaces of the pores and throats. With a
decrease in pressure, an increasing amount of condensate liquid
was formed. It converges from small pores, narrow throats, and
pore corners, spreads around the surface, and covers nearly the
entire surface of the pores and throats. In the initial stage of
depressurization, the amount of condensate liquid increased
rapidly. The volume proportion of the condensate liquid increased
from 5.94% to 26.41%. The content of the condensate liquid in each
pore and throat increased. Until the maximum liquid dropout, Ppyax
(10.0 MPa, as shown in Fig. 7), was reached, the condensate liquid
existed in almost all pores and throats, and the volume proportion
of the condensate liquid reached 30.74%. Subsequently, as the
pressure continued to decrease, the condensate liquid molecules
began to evaporate into the gas condensate. The amount of
condensate liquid decreased, but the rate of decrease was slow due
to the influence of adsorption. First, the condensate liquid clusters
that were connected or partially connected in the pores were
separated. Next, the thickness of the condensate liquid covering the
surfaces of the pores and throats gradually decreased. The
condensate liquid completely disappeared on some smooth sur-
faces of the pores with large volumes. The amount of condensate

Fig. 6. 2D slice images of the dry sample (a) and gas condensate in the porous media at 12.8 MPa (b) and 12.7 MPa (c), in which black area represents gas condensate, white area
represents skeleton, light gray area represents epoxy resin and dark gray area around skeleton represents condensate liquid. 2D images of condensate liquid (colored red) (d) and gas

condensate (colored yellow) (e) in porous media under 12.7 MPa.
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Volume proportion of
condensate liquid, %
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Fig. 7. Distribution and volume proportions of gas condensate (yellow) and condensate liquid (red) in porous media under different pressures.

liquid in the small pores, narrow throats, and pore corners gradu-
ally decreased. After reaching the minimum pressure (4.0 MPa) in
the experiment, owing to the inability to reach the lower dew point,
some condensate liquid remained in the pores, and the system was
in a two-phase gas—liquid state. The volume proportion of the
condensate liquid at 4.0 MPa was 25.67%. Generally, the amount of
condensate liquid generated from the gas condensate during
pressure depletion in porous media first increased and then
decreased. The change in the condensate liquid content occurred
simultaneously and synchronously throughout the porous media.

3.2.2. Changes of physical properties of condensate liquid

After the condensate liquid and gas condensate in the porous
media were separated and extracted from the CT scanning images
to establish digital cores and pore network models, some charac-
teristic parameters of the condensate liquid under different pres-
sures were calculated to investigate the physical property changes
of the condensate liquid during pressure depletion. The calculation
results for the characteristic parameters of the condensate liquid
are shown in Fig. 8. An independent condensate liquid is regarded
as a separate condensate liquid ganglion. As shown in Fig. 8(a), the
average radius of the condensate liquid ganglia first increased and
then decreased. When the pressure decreased from the dew point
pressure (12.7 MPa) to Ppax (10.0 MPa), the average radius of the

1038

condensate liquid ganglia increased rapidly. When Ppax was
reached, the average radius of condensate liquid ganglia reached a
maximum of 8.27 um. When the pressure was less than Ppayx, the
average radius of the condensate liquid ganglia began to decrease;
however, the rate of decrease was slow.

The average coordination number and tortuosity of the
condensate liquid ganglia determine the connectivity and curva-
ture of the condensate liquid in the porous media. As shown in
Fig. 8(b), the average coordination number and tortuosity of the
condensate liquid ganglia did not change significantly. The average
coordination number of the condensate liquid ganglia increased
when the system pressure was between the dew point pressure
and Pnax, and decreased when it was less than Prax. This indicates
that the content and volume of the condensate liquid increased
continuously from the dew point pressure to Ppax, and some un-
connected condensate liquid ganglia gradually converged and
merged into a larger connected condensate liquid ganglion. When
the pressure was less than Ppax, the content of the condensate
liquid decreased, and a small portion of the condensate liquid
ganglia with good connectivity was split into several smaller
condensate liquid ganglia with poor connectivity. As shown in
Fig. 8(c), the average tortuosity of the condensate liquid ganglia
decreased when the system pressure was between the dew point
pressure and Pp,ax and increased when the system pressure was less
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Fig. 8. Characteristic parameters of condensate liquid in porous media under different
pressures. (a) Average radius; (b) Average coordination number; (¢) Average tortuosity.

than Ppax. When the system pressure increased from the dew point
pressure to Ppax, owing to the small amount of condensate liquid at
the beginning, the thickness of the condensate liquid ganglia stored
on the surface and pore corners was small, and their shapes were
mainly determined by their locations. The condensate liquid
ganglia are initially stored in small pores, throats, and pore corners
with complex morphologies leading to high tortuosity. With a
decrease in pressure, the content of the condensate liquid increased
continuously, and the thickness of the condensate liquid ganglia
that originally existed on the surface of small pores and throats
gradually increased, making the shape more regular, and the tor-
tuosity continuously reduced. When the system pressure was less
than Ppax, the condensate liquid content gradually decreased. The
thickness of the condensate liquid ganglia gradually decreased.
Their shape was much closer to the shapes of pores, throats, and
pore corners, leading to a continuous increase in the average tor-
tuosity of the condensate liquid ganglia.
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3.2.3. Morphology and distribution of condensate liquid

The change in the occurrence state of condensate liquid is one of
the manifestations of the phase behavior characteristics of gas
condensate. Besides, the remaining condensate liquid in the porous
media has been hindering the development of gas condensate
reservoirs. During pressure depletion, the condensate liquid has
many different occurrence states in porous media. Understanding
the occurrence state of condensate liquid in porous media is of
great significance for the development of gas condensate reser-
voirs. The size, morphology, and formation of the condensate liquid
in different occurrence states vary, and the condensate liquid must
be classified to perform a more targeted analysis. Shape factor, G,
(Mason and Morrow, 1991; Prodanovi¢ et al., 2007) and Euler
number, Eu, (Kong and Rosenfeld, 1989) are introduced to distin-
guish the types of condensate liquid under different pressures
(Mohamed et al., 2020; Schliiter et al., 2016). Jing et al. (2022) have
presented specific definitions of these two parameters.

The classification criteria for the condensate liquid types are
listed in Table 2. Condensate liquid ganglia are divided into four
types based on their shape factors and Euler number: clustered,
branched, membranous, and droplet ganglia (Jing et al., 2022; Li
et al, 2017a). Among them, clustered ganglia are the most com-
plex, with the largest volume and the best connectivity. They are
distributed in the form of emissions and can simultaneously con-
nect multiple pores and throats at the same time. Branched ganglia
are similar in shape to clustered ganglia, but much smaller in vol-
ume than clustered ganglia. Generally, they extend in only two or
three directions, connecting only a few pores and throats. Mem-
branous ganglia exist on the regular surfaces of pores and throats.
Their thicknesses and volumes are small; however, their extension
ranges are large. Droplet ganglia exist in small pores and pore
corners with regular shape like water droplets. They have the
smallest volume compared to the other condensate liquid types.

The volume proportion, number, and average volume of
different types of condensate liquid under different pressures are
shown in Figs. 9—11. The volume proportion herein is the per-
centage of the volume of a certain type of condensate liquid in the

Table 2
The classification criteria of condensate liquid.

Type Classification criteria Typical figure
Clustered G<01,Eu<l1

Droplet G>09

Membranous 01<G<09Eu>1

Branched The other
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total volume considering all types of condensate liquid and refers to
the total quantity of a certain type of condensate liquid. The average
volume refers to the ratio of the total volume of a certain type of
condensate liquid ganglia to the number of its ganglia. During the
process of pressure depletion, the condensate liquid in porous
media is mostly in the form of clustered ganglia, whose volume
proportion exceeds 98%. The volume proportions of branched,
membranous, and droplet ganglia are very small. This is because,
due to the good pore connectivity of the sandstone (coordination
number is 3.21), condensate liquid first adheres to the surfaces of
the pores and throats after precipitation and is interconnected into
clusters, forming large clustered ganglia with large average vol-
umes. The average volume of branched, membranous, and droplet
ganglia is much smaller than that of clustered ganglia. Although
their quantity is greater, their volume proportion is still much
smaller than that of clustered ganglia.

At dew point pressure, due to the small overall volume pro-
portion of the condensate liquid (5.94%), except for some clustered
ganglia, most condensate liquid ganglia only gathered locally in
pores and throats and were not connected. Therefore, the number
of all types of condensate liquid ganglia is large, but the average
volume is relatively small, as shown in Figs. 10 and 11. Subse-
quently, with a continuous decrease in pressure, an increasing
amount of condensate liquid was generated. The condensate liquid
ganglia were gradually interconnected, forming a clustered gan-
glion with a large volume. The branched ganglia with larger vol-
ume, more complex shape, and better connectivity compared to
membranous and droplet ganglia, were almost all transformed into
a part of the clustered ganglion. Only a small number of branched
ganglia with small volumes existed at some small throats with poor
connectivity. Therefore, as the pressure decreased after dew point
pressure, the number and average volume of branched ganglia
decreased. The average volume of membranous and droplet ganglia
was very small and the connectivity was poor, and they distributed
on the surfaces of the pores and throats of the entire sandstone. As
the pressure decreased, they were also partially converted into
other types of condensate liquid ganglia, resulting in a decrease in
quantity, as shown in Fig. 10. However, due to the poor connectivity
of the membranous and droplet ganglia, most of them still existed
in independent states. Therefore, with the increase in the entire
condensate liquid content, the average volume of the membranous
and droplet ganglia also slightly increased, as shown in Fig. 11.

After the maximum liquid dropout, with decreasing pressure,
the content of the condensate liquid decreased. The average

—&— Clustered
—4&— Branched
—@&— Membranous
—l— Droplets

ganglia

Volume proportion of branched,
membranous and droplet ganglia

Volume proportion of clustered

Pressure, MPa

Fig. 9. Volume proportion of different types of condensate liquid in porous media

under different pressures.
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Fig. 11. Average volume of different types of condensate liquid in sandstone pores
under different pressures.

volume of clustered, membranous, and droplet ganglia began to
decrease. Many condensate liquid ganglia that were originally part
of the clustered ganglion were interrupted and separated, forming
other types of condensate liquid and smaller clustered ganglia,
resulting in a decrease in the volume proportion of the clustered
ganglia and a slight increase in the number. The volume proportion
of the other three types of condensate liquid was slightly increased.
Among them, the volume of the branched ganglia formed by the
disconnection of the clustered ganglia was relatively large, so the
average volume and number of the branched ganglia increased. The
volume of newly formed membranous and droplet ganglia was very
small, so the number of them slightly increased but the average
volume slightly decreased, as shown in Figs. 10 and 11.

4. Conclusions

The remaining condensate liquid caused by the phase transition
that occurs in actual porous media in the process of gas condensate
depletion production greatly reduces the recovery. It is significant
to figure out the phase behavior dynamically changing process of
gas condensate in porous media during pressure depletion. In this
study, a gas condensate pressure depletion experiment was con-
ducted using real-time CT scanning to investigate the phase
behavior of gas condensate in porous media. The phase behavior
changing process and mechanism of gas condensate in the PVT cells



W.-L. Jing, L. Zhang, A.-F. Li et al.

and porous media were proven to be different. The morphology,
state of occurrence, and characteristics of the condensate liquid
during the pressure depletion process were dynamically observed
and analyzed. Summarizing the results of this investigation, the
main conclusions are as follows.

(1) Porous media influence the phase behavior of gas conden-
sate. Specifically, the dew point pressure of gas condensate in
porous media is 12.7 MPa, which is 0.7 MPa higher than that
of gas condensate in a PVT cell at 12.0 MPa. The retrograde
condensation phenomenon, caused by adsorption and
capillary condensation, is advanced.

(2) When the phase behavior of gas condensate changes in
porous media, the condensate liquid is generated in pores
with small radius, narrow throats, and pore corners. The
amount of condensate liquid in the porous media first in-
creases and then decreases during pressure depletion. The
changes in the condensate liquid content occur simulta-
neously and synchronously throughout the porous media.

(3) From the calculation results of the characteristic parameters
of condensate liquid based on the pore network model, the
average radius and volume of the condensate liquid ganglia
increase rapidly after reaching the dew point pressure. Below
the maximum liquid dropout, Ppax (10.0 MPa), the radius and
volume of the condensate liquid ganglia decrease; however,
the rate of decrease is slow. This is because with a decrease in
pressure, the distance between molecules increases, and
attractive forces play a major role. It is difficult to separate
liquid hydrocarbons from condensate liquid because of their
high molecular weights and strong intermolecular attractive
forces. The connectivity of the condensate liquid ganglia in-
creases from the dew point pressure to Ppax and then de-
creases after Pmax. The tortuosity of the condensate liquid
ganglia decreases from the dew point pressure to Ppax and
increases below Ppax.

(4) According to the shape factor and Euler number, condensate
liquid can be classified into four types: clustered, branched,
membranous, and droplet ganglia. During pressure deple-
tion, the condensate liquid is mainly distributed in the form
of clustered ganglia, followed by branched and membranous
ganglia, and the volume proportion of droplet ganglia is the
lowest.
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