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a b s t r a c t

The widespread development of unconventional oil and gas reservoirs has advanced reservoir research 
to the nanoscale level. Under the influence  of nanoscale confinement  effects, the phase behavior of 
condensate gas reservoirs deviates from the classical theories derived from traditional pressure/volume/ 
temperature (PVT) experiments. Therefore, studying the phase behavior of fluids in porous media at the 
nanoscale is significant. The experiment employs two-dimensional nuclear magnetic resonance T1–T2 

(2D NMR T1–T2) spectrum method to study the phase behavior characteristics of condensate gas in three 
cores with varying degrees of tightness, then explores the effects of different cores and different CO2 

contents on the phase behavior characteristics of condensate gas. As the core tight degrees of cores 
increases, the dew point pressure rises from 25.9 to 27.9 MPa while restricting fluid migration within 
the pores. The maximum condensate oil saturation increases from 10.35% to 17.35%. Compared with the 
bulk PVT phase experiment, the dew point pressure of condensate gas in porous media is lower than 
that of condensate gas in the PVT visualization cell. This is related to the formation of phase mixing and 
“liquid bridges” when oil and gas reach the dew point pressure in porous media. The retrograde 
condensation phenomenon in condensate gas systems in different porous media occurs first  in the 
micropores. CO2 inhibits the retrograde condensation phenomenon in tight cores, and CO2 concentra
tion is negatively correlated with the dew point pressure of the condensate gas.
© 2025 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

Due to their vast geological reserves and high economic value, 
the extensive development of condensate gas reservoirs occupies 
an important position in the global exploration and utilization of 
oil and gas resources (Arias-Ortiz and Patzek, 2025; Dorhjie et al., 
2025; Liu Y. et al., 2025). However, the exploitation of condensate 
gas reservoirs faces unique challenges, primarily due to their dual 
oil and gas characteristics and complex phase changes (Liu Y. et al., 
2025; Meng and Sheng, 2016; Tang et al., 2021). When the for
mation pressure drops below the dew point pressure, the heavier 
components precipitate in liquid form, forming a gas–liquid two- 

phase flow, significantly increasing exploitation's difficulty. Addi
tionally, the nanoscale complex pore structures in unconventional 
reservoirs more easily lead to the adsorption of heavy components, 
and the damage caused by condensate oil severely reduces re
covery efficiency  (Amani and Nguyen, 2015; Long et al., 2024; 
Rabiei et al., 2015; Shi et al., 2015). Therefore, explaining the 
phase behavior characteristics and compositional changes of 
condensate gas in porous media is a significant  challenge for 
researchers.

For a long time, the development of condensate gas reservoirs 
has been based on phase behavior results summarized from PVT 
experiments, with bulk PVT phase behavior being the most 
commonly studied, usually without considering the influence  of 
porous media (Li A. et al., 2024; Luo et al., 2021; Sun et al., 2012; 
Tuo et al., 2024). However, under actual reservoir conditions, the 
effect of porous media on phase characteristics of condensate gas 
is significant (Dorhjie et al., 2024; Jing et al., 2024; Liu et al., 2024; 
Suleimanov et al., 2018). Researchers have developed many 
experimental methods to study the phase behavior of 
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hydrocarbons in oil and gas reservoirs based on porous media, for 
example, phase studies in PVT cells filled with quartz sand and clay 
minerals, simulating porous media using fine  tubes filled  with 
quartz sand, or conducting long core depletion experiments using 
field cores (Jing et al., 2024a; Li et al., 2013; Lu et al., 2024; Zhang 
et al., 2021), and determining condensate gas phase changes by 
detecting the composition of the produced fluids  with a gas 
chromatograph (Jing et al., 2023, Jing et al., 2024b; Wang P. et al., 
2025). Alternatively, microfluidic  chips can be used to directly 
observe the phase characteristics of condensate gas in different 
pore and throat regions (Dawaymeh et al., 2025). However, 
regardless of whether porous media are filled  in PVT cells, fine 
tubes, or long core experiments, these methods rely on repeated 
chromatographic analysis of the products, which can only deter
mine the onset of retrograde condensation of condensate gas in 
porous media. Quantitative analysis of condensate liquid satura
tion during retrograde condensation in porous media still lacks 
research. Moreover, the manufacturing cost of microfluidic chips is 
high, and precise pressure and temperature control are required to 
prevent damage to the chips due to varying conditions. Hence, 
establishing a cost-effective experimental method to quantify the 
phase behavior of condensate gas in porous media is an urgent 
priority.

Nuclear magnetic resonance (NMR) method plays a significant 
role in the petroleum and natural gas industry, being widely used 
to evaluate reservoir characteristics and productivity, analyze 
hydrogen-containing substances such as water and hydrocarbons 
in reservoirs, and accurately measure conventional reservoir 
properties (Aliyev et al., 2016; Chai et al., 2022; Hassan et al., 2020; 
Wang X. et al. 2023; Wang S. et al., 2024b). Typically, NMR testing 
includes one-dimensional (1D NMR) and two-dimensional (2D 
NMR) techniques. 1D NMR tests either longitudinal relaxation 
time T1 or transverse relaxation time T2, while 2D NMR examines 
both T1 and T2 indicators simultaneously (Hu et al., 2012; Li et al., 
2024; Li et al., 2022). When oil, gas, and water coexist in the pores, 
the T2 spectral signals overlap, so 2D NMR T1–T2 spectrum method 
shows clear technical advantages in distinguishing hydrogen- 
containing solid components, identifying fluid  types in fine 
pores, and describing pore structure details (Alanazi et al., 2023; 
Gu et al., 2023; Li X. et al., 2024; Xu et al., 2024; Zhang et al., 
2024). Liu et al. (2022) used 2D NMR T1–T2 spectrum method to 

intuitively show water, oil, bound water, solid organic matter in 
shale, and the oil–water migration process in the pores. Sun and 
Guo (2022) distinguished the NMR signals of condensate oil and 
condensate gas in cores using the T1/T2 ratio and peak signal dif
ferences, believing condensate oil primarily forms in small pores 
and retrograde condensation mainly occurs in medium and large 
pores. Wang X. et al. (2023) used 2D NMR T1–T2 spectrum method 
to demonstrate that shale oil exists in different phases in pores of 
varying sizes and exhibits different flow properties. Wang J. et al. 
(2024) studied fluid phase behavior in shale using 2D NMR T1–T2 
spectrum method, delineating the distribution of bound water, 
adsorbed oil, bound oil, and movable oil under different pore sizes, 
and concluded that the presence of water altered the phase char
acteristics of the oil. Dianshi et al. (2024) observed using 2D NMR 
T1–T2 spectrum method that shale oil only begins to move when it 
reaches the movable threshold, and that microfractures enhance 
the oil's mobility. In contrast, adsorbed oil impedes its movement 
in the pores. Li C. et al. (2024) used 2D NMR T1–T2 spectrum 
method to identify five types of fluid components, including clay- 
bound water, capillary-bound water, free water, bound oil, and free 
oil and calculated their volumes. Wang J. et al. (2025) established a 
method for the quantitative evaluation of oil and water contents in 
shale using 2D NMR T1–T2 spectrum method, verifying the results 
with MRE pyrolysis. Zou et al. (2024) explored the effect of CO2 on 
the oil phase using T1–T2 spectrum and found that high-pressure 
CO2 injection promotes the migration of free oil from large pores 
to small pores and leads to more oil being adsorbed. Although the 
2D NMR T1–T2 spectrum method has been widely applied in 
studies of fluid composition, distribution, and pore characteristics, 
research on changes in fluid phase behavior remains limited. This 
is especially true for fluids  like condensate gas, whose phase 
behavior characteristics are influenced by multiple factors such as 
pore features, pressure, and temperature, thus necessitating effi
cient, concise, and high-precision research methods.

Considering the impact of porous media, this study establishes 
a novel method for determining condensate gas phase behavior 
characteristics. The research investigates changes in condensate 
gas phase behavior characteristics in cores with different nano
scale pore sizes and the effect of CO2 on these changes. The 
experiment utilizes in-situ real time NMR scanning to obtain 2D 
NMR T1–T2 spectrum. Based on these spectra, the condensate oil 

Fig. 1. The in-situ, real-time 2D NMR equipment used to aquire T1–T2 spectra.
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Fig. 2. 2D NMR T1–T2 standard spectra of condensate oil in core 1#, describing the distribution of condensate oil at saturation of 100% (a), 74.15% (b), 52.44% (c), 31.00% (d), and 
22.57% (e), respectively. The diagonal line with a slope of 1 in the middle represents the T1/T2 iso-line, and the white dashed rhombus frames indicate the signal range for different 
pore regions. The color scale on the right shows the hydrogen signal intensity at specified T1 and T2 coordinates.

Fig. 3. 2D NMR T1–T2 standard spectra of condensate oil in core 2#, describing the distribution of condensate oil at saturation of 100% (a), 64.50% (b), 51.28% (c), 34.68% (d), and 
14.58% (e), respectively. The diagonal line with a slope of 1 in the middle represents the T1/T2 iso-line, and the white dashed rhombus frames indicate the signal range for different 
pore regions. The color scale on the right shows the hydrogen signal intensity at specified T1 and T2 coordinates.
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identification  maps during the pressure depletion process are 
analyzed under varying core properties and CO2 contents. The 
condensate oil saturation in each region is calculated to clarify the 
phase behavior characteristics of condensate gas under nanoscale 
confinement,  considering the influence  of porous media proper
ties and CO2 content. The experimental results are then compared 
and analyzed against those obtained from bulk PVT phase 
measurements.

2. Methodology

2.1. Materials

In this experiment, the condensate gas sample was recon
stituted by dry gas, condensate oil, and n-heptane (purity 99.97%, 
analytical grade, Chengdu Kelong Chemicals Co., Ltd., China) in a 
ratio of 90:5:5. The addition of n-heptane aims to lower the dew 
point pressure of the prepared condensate gas, ensuring that the 
depletion experiment of the condensate gas in the core can be 
successfully conducted in the core displacement experiment using 
the in-situ real time NMR scanning experimental apparatus. The 
maximum pressure and temperature of the apparatus are 40 MPa 
and 100 ◦C, respectively. The specific composition of the conden
sate gas sample was shown in Table S1 and Fig. S1 of the sup
porting information.

To investigate the impact of pore structure on condensate gas 
phase behavior, three cores were selected based on their porosity, 
permeability, and pore structures, as well as high-pressure mer
cury injection tests (AutoPore IV 9505 porosimeter, in Canada). 
Core 1# had a porosity of 19.76%, a permeability of 12.8 mD, and an 
average pore-throat radius of 3.109 μm. The corresponding values 
for cores 2# and 3# were 12.21%, 0.3 mD, 0.673 μm and 10.19%, 
0.014 mD, 0.099 μm, respectively. The specific physical parameters 

of these cores are shown in Table S2 and Fig. S2 of the supporting 
information.

To study the impact of CO2 content in the condensate gas on the 
phase behavior of the condensate gas, different condensate gas 
samples with different proportions of CO2 were reconstituted and 
prepared for the following experiments. The specific CO2 contents 
were shown in Table S3 of the supporting information.

2.2. Determination of the phase behavior characteristics of 
condensate gas systems

In conventional bulk PVT phase experiments, the dew point 
pressure of condensate gas is typically determined through con
stant component expansion (CCE) experiments (Li et al., 2017; Tuo 
et al., 2024; Yao et al., 2016). The bulk PVT phase experiment for 
condensate gas was conducted using the JEFRI high-temperature 
and high-pressure reservoir fluid  analyzer (Donald Baker Rob
inson Co., Ltd., Canada). The condensate gas sample was charged 
into a visualization cell of the JEFRI high-temperature and high- 
pressure reservoir fluid  analyzer. The operating pressure was 
elevated to 30 MPa, and the system temperature was raised to 
80 ◦C. The system was then maintained under isothermal condi
tions for 4–5 h, during which continuous mechanical agitation was 
applied to ensure equilibrium. Subsequently, the pressure was 
gradually reduced in 2 MPa increments, with each pressure stage 
maintained for 0.5 h to allow stable system. During this process, 
the pressure and corresponding gas volume were systematically 
recorded. The dew point pressure was identified  when a small 
liquid phase first appeared in the visualization cell. To ensure ac
curacy, the system was re-pressurized to 30 MPa, and the above 
procedure was repeated three times to obtain a precise measure
ment of the dew point pressure.

Fig. 4. 2D NMR T1–T2 standard spectra of condensate oil in core 3#, describing the distribution of condensate oil at saturation of 100% (a), 60.00% (b), 48.59% (c), 37.80% (d), and 
18.00% (e), respectively. The diagonal line with a slope of 1 in the middle represents the T1/T2 iso-line, and the white dashed rhombus frames indicate the signal range for different 
pore regions. The color scale on the right shows the hydrogen signal intensity at specified T1 and T2 coordinates.
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Following the determination of the dew point pressure, the 
pressure was stabilized at the measured dew point pressure for 
1 h. The gas volume within the visualization cell was recorded, and 
a constant-volume depletion experiment was initiated. The pres
sure was gradually reduced, with the system agitated for 1 h and 
stabilized for 0.5 h at each stage. The pressure, sample volume, and 
liquid volume were meticulously recorded at each step. When the 
system had stabilized, the visualization cell valve was opened to 
maintain constant pressure while allowing the gas to vent until the 
sample volume returned to the previously established constant 
volume. The volume of the liquid phase was recorded, and the 
pressure was further reduced while maintaining constant volume 
conditions. This process was continued until the completion of the 
constant-volume depletion experiment.

2.3. Determination of condensate oil 2D NMR T1–T2 standard 
spectrum

When studying the phase behavior characteristics of conden
sate gas using 2D NMR T1–T2 spectral analysis, it is necessary to 

determine the standard spectra of condensate oil to define  the 
measurement range (Sun and Guo, 2022). The in-situ real time 
NMR scanning equipment used in this experiment was the 
MesoMR12-060H-I NMR analyzer (Suzhou Niumag Co., Ltd., 
China). The entire experimental setup also included a high- 
temperature and high-pressure sample container, a high- 
temperature and high-pressure circulation system, and a core 
holder (all in Chengdu Qianqu Oil Technology Co., Ltd., China). The 
high-temperature circulation system used a fluorinated liquid as 
the pressure transfer medium to provide confining pressure and 
formation temperature for the core, and the fluorinated liquid did 
not produce any NMR signal characteristics. During the experi
ment, N2 was injected to control the saturation of the condensate 
oil. A flow chart of the experimental setup can be specified in Fig. 1.

First, the core was soaked and cleaned with petroleum ether 
(Chengdu Kelong Co., Ltd., China) to remove any surface impu
rities. The core was then heat-treated at 140 ◦C for 24 h to elimi
nate bound water and other hydrogen-containing substances. This 
thermal treatment continued until no significant NMR signal was 
detectable in the 2D NMR T1–T2 spectrum, ensuring the core was 

Fig. 5. The 2D NMR T1–T2 standard spectra describing the phase behavior of condensate gas in core 1#. (a)–(h) represent the signal distribution of condensate oil at pressures of 
30.0, 25.9, 25.0, 20.0, 13.4, 8.4, 3.4, and 1.0 MPa, respectively. The white dashed rhombus frames indicate the calibrated signal range of condensate oil. The color scale on the right 
represents the hydrogen signal intensity at specified T1 and T2 coordinates.
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properly prepared for the subsequent saturation process. In 
preparation for saturation, the core was placed in the high- 
temperature and high-pressure sample container, and a vacuum 
was applied to remove any remaining air. Condensate oil was then 
pumped into the container to fully saturate the core. The pressure 
was gradually increased in a stepwise manner, with a pressure 
gradient of 5 MPa applied at each stage. Each pressure gradient 
was maintained for 5 h until the final  pressure of 30 MPa was 
reached, marking the completion of the core saturation process.

The fully saturated core was carefully placed in the core holder, 
with the confining  pressure maintained 5 MPa above the inlet 
pressure to establish a displacement pressure gradient up to 
30 MPa. The experiment was conducted at a controlled tempera
ture of 80 ◦C. Condensate oil was continuously pumped into the 
core to compensate for losses until the oil flow rate stabilized at 
the outlet. At this point, the NMR scanning was conducted to 
analyze the core's initial state. Subsequently, the N2 injection rate 
was adjusted to initiate the gas displacement experiment of the 
condensate oil. Once a specific volume of condensate oil had been 
displaced, another NMR scanning was performed to calculate the 

T1/T2 ratio. Simultaneously, condensate oil was collected at the 
outlet to determine the remaining condensate oil saturation in the 
core.

2.4. In-situ real time NMR scanning experiment for condensate gas

The experiment was designed to determine the 2D NMR T1–T2 
spectrum of condensate gas phase behavior through in-situ real- 
time NMR scanning, and to investigate the phase behavior char
acteristics of condensate gas under different core samples and 
different CO2 contents. Following pretreatment, the core samples 
were placed into the core holder. The system was then heated to a 
temperature of 80 ◦C, and the pressure was elevated to 30 MPa 
using N2. After reaching equilibrium, condensate gas was injected 
into the core to achieve full saturation. Subsequently, the outlet 
valve was adjusted to gradually reduce the pressure at a rate of 
2 MPa/h, with a pressure drop gradient of 1 MPa, until the desired 
pressure was attained. Once the system stabilized, an NMR scan
ning was conducted for data acquisition, and the T1/T2 ratio and 
condensate oil saturation were computed for analysis.

Fig. 6. The 2D NMR T1–T2 standard spectra describing the phase behavior of condensate gas in core 2#. (a)–(h) represent the signal distribution of condensate oil at pressures of 
30.0, 26.7, 25.0, 20.0, 15.8, 10.8, 5.8, and 1.0 MPa, respectively. The white dashed rhombus frames indicate the calibrated signal range of condensate oil. The color scale on the right 
represents the hydrogen signal intensity at specified T1 and T2 coordinates.
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3. Results and discussion

3.1. Condensate oil 2D NMR T1–T2 standard spectrum

The 2D NMR T1–T2 standard spectrum of condensate oil is 
established to delineate its characteristic signal range within the 
spectrum. The signal range is determined through condensate oil 
in three core samples with different tight degrees. Figs. 2–4 show 
the 2D NMR T1–T2 standard spectra of condensate oil in cores 1#, 
2#, and 3#, respectively. The T1/T2 ratio can be used to determine 
the state of different substances within porous media, and it is 
necessary to calibrate the corresponding threshold values through 
NMR scans of reference materials (Kleinberg et al., 1993; Li J. et al., 
2018, 2020). According to previous studies, the T2 relaxation time 
increases with pore size. By correlating T2 relaxation data with 
mercury intrusion porosimetry measurements, the pore structure 
within cores can be classified  into three intervals: micropores 
(T2 < 10 ms), mesopores (10 ms < T2 < 100 ms), and macropores 
(T2 > 100 ms) (Li M. et al., 2020; Sun and Guo, 2022). From Fig. 2, it 
can be seen in core 1#, the 2D NMR T2 signal range for condensate 

oil varies from 0.83 to 1176 ms, with the T1/T2 ratio ranging from 
1.50 to 389.41, and the peak value at the maximum hydrogen 
signal occurs at a ratio of 22. The T1/T2 recognition values for 
condensate oil in the micropores, mesopores, and macropores are 
389.41, 55.5, and 10, respectively. When the condensate oil satu
ration is 100%, due to the dispersed pore size distribution of the 
core, distinct signals are detected in all three regions. The strongest 
signals from condensate oil are found in the micropores, with 
some radiation extending into the mesopores and macropores. As 
the condensate oil saturation decreases to 22.57%, the condensate 
oil signals in the micropores, mesopores, and macropores gradu
ally weaken. Eventually, signals are only detected in the micro
pores, with trace signals in the mesopores.

Fig. 3 shows that the T1/T2 recognition values for condensate oil 
in the micropores, mesopores, and macropores are 389.41, 25, and 
7.66, respectively. When the condensate oil saturation is 100%, the 
strongest signals are found in the macropores, radiating to the 
micropores and mesopores. As the condensate oil saturation de
creases, the signal migrates toward the micropores, and eventu
ally, signals from condensate oil are only detected in the 

Fig. 7. The 2D NMR T1–T2 standard spectra describing the phase behavior of condensate gas in core 3#. (a)–(h) represent the signal distribution of condensate oil at pressures of 
30.0, 27.9, 24.9, 18.7, 13.7, 8.7, 3.7, and 1.0 MPa, respectively. The white dashed rhombus frames indicate the calibrated signal range of condensate oil. The color scale on the right 
represents the hydrogen signal intensity at specified T1 and T2 coordinates.
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micropores. Compared to core 1#, the tightness of core 2# in
creases, with a larger specific surface area, resulting in a shorter 
longitudinal T1 relaxation time and a lower T1/T2 ratio.

In core 3#, the 2D NMR T1/T2 standard spectra of condensate oil 
are provided in Fig. 4. It can be seen from Fig. 4 that because the 
pore size distribution in core 3# is more concentrated compared to 
the previous two cores, the condensate oil signal is also more 
concentrated, mainly in the micropores, with partial signals 
detected in the mesopores and macropores. The T1/T2 recognition 
values for condensate oil in the micropores, mesopores, and 
macropores are 61.5, 25, and 5, respectively. Due to the highest 
tightness of core 3#, with a permeability of 0.014 mD, it has the 
largest specific surface area, especially in the micropores, resulting 
in the lowest upper limit for T1/T2 recognition.

Subsequently, the condensate oil saturation in the three core 
samples was used as the Y-coordinate, and the corresponding 2D 
NMR signal quantity as the X-coordinate (Table S4) to study the 
relationship between them. The results are shown in Fig. S3. The 
condensate oil saturation and the 2D NMR signal quantity exhibit a 
linear positive correlation. Through fitting,  the correlation co
efficients between the condensate oil saturation and the 2D NMR 
signal quantity for cores 1#, 2#, and 3# are 0.9996, 0.9995, and 
0.9991, respectively. This indicates a strong correlation and 
condensate oil saturation can be calculated using the 2D NMR 
signal quantity.

3.2. The variation of condensate gas phase behavior in different 
cores

In core samples, the nature of the fluid changes due to the in
fluence  of different porous media (Wan and Mu, 2018). In the 
experiment, the changes in the phase behavior of condensate gas 
are studied using 2D NMR T1–T2 spectra in three cores with 
different tight degrees. The experimental results for cores #1, #2, 
and #3 are shown in Figs. 5–7. The condensate oil saturation in 
different pore regions is calculated (Fig. S4), and the results were 
compared with the bulk PVT phase. (Fig. 8). At a pressure of 
30 MPa, no condensate oil signal is observed in any of the three 
cores, indicating that the gas phase was present in all the cores. 
When the pressure decreased to 27.9 MPa, condensate oil signals 
first  occurred in the micropores of core 3#. As the pressure 
continued to decrease, the condensate oil in core 3# is mainly 
concentrated in the micropores (Fig. 7 and Fig. S4(c)). Figs. 5 and 6
show that the dew point pressures for condensate gas in cores 1# 
and 2# are 25.9 and 26.7 MPa, respectively. Condensate oil signals 
first occurred in the micropores, followed by the mesopores and 
macropores. As the pressure continued to deplete, the rate of in
crease in condensate oil saturation in the micropores is faster than 
in the mesopores and macropores.

The analysis suggests that condensate oil appears in the mi
cropores earlier because the micropores have a lower pore 
diameter, forming a curved liquid surface. Under constant tem
perature, the gas phase has not reached saturation relative to the 
flat liquid surface. However, it has already reached a supersatu
rated state in the micropore or capillary, leading to capillary 
condensation, which increases the dew point pressure (Gallego- 
G�omez et al., 2018; Salahshoor and Fahes, 2020). Similarly, re
searchers, who employed microfluidic  and computed tomogra
phy (CT) scanning experiments to study the impact of pore size 
on the dew point pressure of condensate gas, observed that 

reducing the pore size led to an increase in dew point pressure 
(Jing et al., 2024b). When the pressure decreases to 15.8 MPa, the 
overall condensate oil saturation in core 2#, as well as in the 
micropores and mesopores, reached its maximum, with values of 
13.69%, 7.69%, and 4.76%, respectively (Fig. S4). At 10.8 MPa, the 
macropores reached its maximum condensate oil saturation of 
1.65%. At 20 MPa, the micropores in core 1# reached a maximum 
condensate oil saturation of 5.83%. As the pressure continued to 
deplete to 13.4 MPa, the overall condensate oil saturation in core 
1# reached its maximum value of 10.35%, with the mesopores 
and macropores achieving maximum condensate oil saturation 
of 2.79% and 1.73%, respectively. As the pressure continued to 
deplete, the condensate oil signals in the core shift toward the 
micropores.

When the system pressure decreased to 1 MPa, the overall 
condensate oil saturation in cores 1#, 2#, and 3# were 6.54%, 
10.45%, and 15.85%, respectively, with condensate oil signals 
observed in both the micropores and mesopores. The decrease in 
condensate oil saturation in cores 1# and 2# were primarily 
attributed to the mesopores and macropores. The analysis sug
gests that as the core becomes tighter, it becomes more difficult for 
condensate oil to overcome the capillary resistance in the tiny 
throat of the dense core. Additionally, the adhesive oil film in the 
dense core has strong viscous forces, and the overall mobility of 
the pore fluid is restricted. As a result, the condensate oil satura
tion in core 3# remains high, and the condensate oil saturation in 
the micropores is always higher than in the mesopores and mac
ropores (Sun and Guo, 2022).

Fig. 8. A comparison of the saturation of condensate oil in the PVT visualization cell 
and the porous medium. The solid circles represent the results obtained from phase 
experiments using a PVT visualization cell, while the hollow circles represent the 
results from the 2D NMR T1–T2 spectrum calculation of core samples.
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Subsequently, comparing the results with the bulk PVT phase 
(Fig. 8), it is evident that the condensate oil saturation in the 
porous medium is lower than the values obtained from the bulk 
PVT phase. Due to the limitations of the PVT visualization cell, 
condensate liquid accumulates rapidly at the bottom during 
constant volume depletion, and the condensate oil at the bottom 
is not extracted as the pressure continues to deplete. In contrast, 
when the pressure drops below the dew point in the porous 
medium, some of the newly condensed condensate liquid exists 
in a dispersed state. Near the dew point, the interfacial tension is 
low, and the condensate oil exists in a critical suspended state as 
tiny molecular droplets that the gas phase can carry. At this point, 
the critical flow saturation is nearly 0, and the gas and oil phases 
appear to be miscible, with condensate oil being carried by the 

gas flow. Only a small amount of condensate oil remains on the 
walls. Additionally, during the depletion process, “liquid bridge” 
models may appear in the larger pore throats of the high 
permeability cores, with some condensate oil forming “liquid 
bridges” that are displaced from the porous medium. This phe
nomenon has also been observed in microfluidic  experiments 
(Bian et al., 2019; Cheong et al., 2013; Hu et al., 2021; Jing et al., 
2024b).

3.3. The impact of CO2 content on the phase behavior of condensate 
gas

The extraction effect of CO2 on the light hydrocarbon compo
nents in condensate gas significantly impacts the phase behavior 

Fig. 9. The T1–T2 spectra describing the phase behavior of condensate gas with a CO2 content of 4.78% in core 3#. (a)–(h) represent the signal distribution of condensate oil at 
pressures of 30.0, 27.1, 24.1, 21.1, 16.9, 11.9, 6.9, and 1.0 MPa, respectively. The white dashed rhombus frames indicate the calibrated signal range of condensate oil. The color scale 
on the right represents the hydrogen signal intensity at specified T1 and T2 coordinates.
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of condensate gas (Chen et al., 2022; Zhang et al., 2020). Although 
conventional bulk PVT phase experiments have been extensively 
studied, the nanoconfinement  effect caused by the porous me
dium in an actual reservoir needs to be detected using 2D NMR 
method to assess the impact of CO2 on the phase behavior of 
condensate gas under nanoconfinement  effects. The experiment 
uses 2D NMR T1–T2 spectral analysis to investigate the impact of 
CO2 content (0, 4.78%, 9.56%, and 15.35%) on the phase behavior of 
condensate gas samples (Figs. 7 and 9–11). The saturation of 
condensate oil in different pore regions are shown in Figs. S4(c) 
and S5. The bulk PVT phase results are compared with the result 
of 2D NMR T1–T2 spectrum calculation (Fig. 12). The core sample 
used was core 3#. At a pressure of 30 MPa, the T1/T2 values of 
condensate gas with four different CO2 contents are all higher than 

the T1/T2 recognition value for condensate oil, indicating that the 
condensate gas in the core is in a single gas phase. As the pore 
pressure began to deplete, condensate oil signals were first 
observed in the micropores, but the dew point pressures varied. As 
the CO2 concentration increased, the dew point pressure nega
tively correlated with CO2 concentration, with values of 27.9, 27.1, 
26.4, and 24.7 MPa, respectively. This is attributed to CO2's strong 
supercritical fluid extraction ability, which suppresses the retro
grade condensation of condensate oil. Additionally, CO2 and oil 
have competitive adsorption, which can strip different oil com
ponents (Liu et al., 2025a, Liu et al., 2025b; Yang et al., 2019; Zhang 
et al., 2020). The maximum retrograde condensation pressure also 
negatively correlated with CO2 concentration, with values of 18.7, 
16.9, 15.6, and 14.7 MPa, respectively.

Fig. 10. The T1–T2 spectra describing the phase behavior of condensate gas with a CO2 content of 9.56% in core 3#. (a)–(h) represent the signal distribution of condensate oil at 
pressures of 30.0, 26.4, 23.4, 20.4, 15.6, 10.0, 5.0, and 1.0 MPa, respectively. The white dashed rhombus frames indicate the calibrated signal range of condensate oil. The color scale 
on the right represents the hydrogen signal intensity at specified T1 and T2 coordinates.
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From Figs. 9–11, it can be observed that as the pressure decreases, 
the condensate oil extracted from the condensate gas with the four 
CO2 concentrations is mainly concentrated in the micropores, with a 
small amount of condensate oil signal appearing in the mesopores 
and almost no signal in the macropores. The maximum saturation of 
condensate oil in the micropores are 16.28%, 14.46%, 13.31%, and 
11.87%, while the overall maximum retrograde condensation satu
ration is 17.35%, 15.56%, 14.28%, and 12.53%, respectively (Figs. S4(c) 
and S5). Condensate oil is predominantly concentrated in the mi
cropores. This is because the micropores has a high specific surface 
area, and the heavier components tend to form oil films  on the 
surface of the core particles, making the micropores critical in the 
condensation process (Liu C. et al., 2023; Liu S. et al., 2023).

A similar trend is observed in the bulk PVT phase (Fig. 12). In the 
experiments, the dew point pressures for condensate gas with four 
different CO2 contents are found to be 25.16, 24.25, 23.30, and 
22.32 MPa, respectively, which are all higher than the dew point 
pressures in the porous medium. Similarly, the condensate oil 
saturation in the bulk PVT phase is higher than the condensate oil 
saturation in the porous medium. The analysis suggests that the 
molecular movement rate is accelerated under the influence  of 
nanoconfinement effects, making it more difficult for condensate 
gas to retrograde into the oil phase, resulting in a decrease in the 
heavy condensate oil saturation in the core (Jia et al., 2024; Wang 
S. et al., 2023).

Fig. 11. The T1–T2 spectra describing the phase behavior of condensate gas with a CO2 content of 15.35% in core 3#. (a)–(h) represent the signal distribution of condensate oil at 
pressures of 30.0, 28.0, 24.7, 19.7, 14.7, 9.7, 5.7, and 1.0 MPa, respectively. The white dashed rhombus frames indicate the calibrated signal range of condensate oil. The color scale on 
the right represents the hydrogen signal intensity at specified T1 and T2 coordinates.
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4. Conclusions

This study considers the influence of the nanoconfinement ef
fect and quantitatively analyzes the phase behavior changes of 
condensate gas in nanoporous media. The experiment conducted 
in-situ real-time NMR scanning of condensate gas in cores 1#, 2#, 
and 3# to obtain 2D NMR T1–T2 spectra, investigating the effects of 
different cores and different CO2 contents on the phase behavior of 
condensate gas. The study also compared the phase behavior of 
condensate gas in porous media with that in bulk PVT phase.

The retrograde condensation phenomenon first  occurs in the 
micropores for any condensate gas system in porous media. As the 
tightness of the porous medium increases, the dew point pressure 
rises from 25.9 to 27.9 MPa, and condensate oil signals are detected 
in the mesopores and macropores in cores with lower density. The 
core's high density limits the flow of pore fluids, and as the density 
decreases, the maximum condensate oil saturation decreases from 
17.35% to 10.35%. Compared with the bulk PVT phase experimental 
results, the dew point pressure of condensate gas in the porous 
medium is lower than that in the PVT visualization cell. This is due 
to the presence of porous media, which leads to oil–gas miscibility 
near the dew point and makes condensate oil in the macropore 
throats more easily displaced, forming “liquid bridges".

CO2 content inhibits the retrograde condensation phenomenon 
in tight cores. As the CO2 content increases, the dew point pressure 
of condensate gas in the core decreases from 27.9 to 24.7 MPa. The 
high specific  surface area in the micropores makes it easier for 
heavy components to adsorb onto the surface, concentrating 
condensate oil signals in the micropores, where condensate oil 
dominates. The maximum condensate oil saturation in the mi
cropores at different CO2 concentrations was 17.35%, 15.56%, 
14.28%, and 12.53%, respectively.

This study suggests that 2D NMR T1–T2 spectrum method is 
more suitable for quantitatively analyzing phase behavior changes 
and distribution patterns of condensate gas in porous media, 
providing strong evidence for analyzing fluid  phase behavior 

characteristics in porous media. In future work, we will continue to 
study the different condensate gas components in porous media 
and the phase behavior characteristics of condensate gas under 
varying water saturation conditions.
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