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ABSTRACT 
Coal is a porous medium with strong heterogeneity, and its pore fracture structure plays a critical 
role in governing fluid flow behavior relevant to coalbed methane extraction and subsurface fluid 
management. However, accurate characterization of this structure has been challenging due to the 
limitations of conventional experimental methods. In this study, high resolution X-ray computed 
tomography was used to investigate the pore fracture structure of coal and its influence on gas water 
two-phase flow behavior. Six coal samples with different degrees of metamorphism were scanned, 
and three-dimensional digital models were reconstructed after image denoising, segmentation, and 
representative volume selection. Quantitative characterization of pore structure was performed by 
analyzing parameters such as pore size distribution, porosity, coordination number, and throat 
length. Pore network models were then extracted to simulate both single-phase and two-phase flow 
processes. The results showed that gas displacement by water followed a non-piston like 
mechanism, with preferential flow through connected pathways and gas trapping in isolated pores 
due to capillary effects. Relative permeability exhibited strong saturation dependence and hysteresis 
behavior, which were closely related to pore structure heterogeneity and connectivity. These 
findings provided important insights into the relationship between coal microstructure and fluid 
displacement efficiency, offering theoretical support for improving coalbed methane recovery. 
Keywords: CT Technology, Pore Fracture Characterization, Pore Network Modelling, Three-Dimentional 
Reconstruction, Two-Phase Flow 

 
Introduction 

Coal remains a cornerstone of the global energy system and continues to 

dominate the energy structure in China due to its abundant reserves, mature 

extraction technologies, and stable supply capacity. Despite the rapid growth of 

renewable energy, coal is expected to play a sustained role in ensuring energy 

security and supporting industrial development. Consequently, improving the 

efficiency, safety, and environmental performance of coal utilization has become a 

critical scientific and engineering priority. 

Coal seam gas, primarily methane, represents both a valuable clean energy 

resource and a major safety concern in underground mining. Its effective extraction 

simultaneously mitigates greenhouse gas emissions and reduces the risk of gas 

related hazards. In China, coal seam gas is increasingly recognized as a strategic 

unconventional resource, and its efficient development relies on a multiscale 
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understanding of coal reservoir properties (Moore, 2012). However, large scale 

extraction remains challenging due to the intrinsically low permeability and 

pronounced heterogeneity of coal seams. At the core of these challenges lies the pore 

fracture system, which governs gas storage and transport within the coal matrix. 

The spatial distribution, connectivity, and geometric complexity of pores and 

fractures directly control permeability and fluid migration behavior. Enhancing 

permeability is therefore a key objective in coal seam gas recovery. Among available 

techniques, water injection has been widely adopted as an effective approach to 

improve permeability and operational safety. It has been shown to suppress coal 

dust, prevent gas explosions, and alleviate rock burst risks (Lu et al., 2017), while 

also promoting gas desorption and migration by increasing pore pressure and 

reducing capillary resistance (Karacan et al., 2011). 

A fundamental requirement for understanding and optimizing such processes 

is the accurate characterization of the pore–fracture structure. Existing methods can 

be broadly categorized into physical testing, microscopic observation, and three-

dimensional (3D) reconstruction approaches (Liu et al., 2020; Yao et al., 2009). 

Physical testing techniques, including mercury intrusion porosimetry and low-

pressure nitrogen adsorption, provide quantitative information on pore size 

distribution and surface area but are inherently indirect and may disturb the native 

structure under high pressure conditions (Fu et al., 2021; Rigby, 2025; Schlumberger 

& Thommes, 2021). Microscopic observation methods, such as scanning electron 

microscopy, offer high-resolution imaging of surface features but are restricted to 

two-dimensional representations and lack the ability to capture internal 

connectivity (Wildenschild & Sheppard, 2013). Recent advances in X-ray based 

techniques have enabled non-destructive, three-dimensional characterization of 

coal microstructures. In particular, X-ray computed tomography has emerged as a 

powerful tool for resolving pore fracture networks and quantifying their geometric 

attributes (Blunt, 2017). Through image processing workflows involving denoising, 

segmentation, and reconstruction, key structural descriptors including porosity, 

pore size distribution, coordination number, and tortuosity can be extracted (Wang 

et al., 2023). Nevertheless, the limited resolution of computed tomography restricts 

its ability to resolve nano-pores, necessitating the integration of complementary 

techniques for multiscale characterization (Sakhaee-Pour & Bryant, 2012; Zou & 

Yang, 2012). 

Previous studies have demonstrated that pore structure heterogeneity, 

including variations in size distribution, connectivity, and fractal characteristics, 

exerts a strong control on fluid flow behavior and permeability evolution in coal 

(Cai et al., 2013; Dantas et al., 2019; Y. Li et al., 2019; Z. Li et al., 2019; Wen et al., 

2021; S. Zhang et al., 2019; Zhao et al., 2024). Such heterogeneity gives rise to 

https://jurnal.sinesia.id/index.php/tech/index


134 | Tech : Journal of Engineering Science, Vol. 2, No. 1, 2026. 

 

 

complex displacement mechanisms, including preferential flow, phase interference, 

and capillary trapping, which cannot be adequately described by conventional 

continuum-scale models (Zheng et al., 2020; Zhou et al., 2021). This highlights the 

need for pore-scale approaches that explicitly incorporate realistic microstructural 

information. 

In this research, the present study develops an integrated framework 

combining high-resolution X-ray computed tomography, three-dimensional 

reconstruction, and pore network modeling to investigate gas–water two-phase 

flow behavior in coal. Digital coal models were constructed from CT images and 

quantitatively characterized, followed by pore network extraction to simulate 

single-phase and two-phase flow processes. The primary objective is to elucidate 

the relationship between pore structure heterogeneity and fluid displacement 

dynamics at the pore scale, thereby providing mechanistic insights and theoretical 

guidance for enhancing coal seam gas recovery. 

 

Research Methods 

CT scanning was employed to characterize the internal microstructure of coal 

samples, including pores and fractures that govern fluid transport pathways. The 

acquired structural information was subsequently used as the basis for pore-scale 

numerical simulation to investigate gas water two-phase flow behavior. This 

integrated approach enabled quantitative evaluation of pore connectivity, 

permeability, and fluid displacement efficiency, providing a foundation for 

optimizing gas extraction processes and improving safety in coal mining 

operations. 

    Coal samples were first subjected to X-ray computed tomography scanning 

to obtain high-resolution three-dimensional images of their internal structure. The 

raw CT images were processed using image processing software (Avizo, Thermo 

Fisher Scientific, Waltham, MA, USA). Median filtering was applied to reduce 

noise while preserving edge features, and threshold-based segmentation was 

performed to distinguish pore–fracture regions from the coal matrix. Representative 

elementary volumes were then selected based on porosity convergence criteria, and 

three-dimensional digital models were reconstructed for further analysis. 

Quantitative characterization of the reconstructed pore–fracture structure was 

conducted by extracting key structural parameters, including porosity, pore size 

distribution, coordination number, and throat length. The connectivity and spatial 

distribution of pores were analyzed to evaluate heterogeneity within the coal 

samples. Volume rendering and visualization techniques were applied to examine 

the geometric features of the pore network and identify dominant flow pathways. 
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    Following structural characterization, two-phase flow simulations were 

performed using Dragonfly (Object Research Systems, Montreal, Canada). The 

reconstructed three-dimensional models were used as input to simulate water 

injection displacing gas within the pore–fracture network. The simulation 

incorporated fluid properties, boundary conditions, and interaction mechanisms to 

replicate realistic seepage behavior. Key parameters, including fluid saturation 

distribution, permeability, and flow velocity, were calculated to evaluate gas 

displacement efficiency under different injection conditions. 

This combined experimental and numerical methodology enabled a detailed 

investigation of gas–water interaction at the pore scale. The results provided 

insights into displacement mechanisms, including preferential flow and gas 

trapping, and demonstrated the effectiveness of water injection in enhancing gas 

recovery while reducing the risk of gas accumulation in coal seams. 

2.1 Coal sample preparation and selection 

Coal samples used in this study were collected from the Songjiagou Coal Mine 

in Xunyi County, Shaanxi Province; the Bayangaole Coal Mine in Inner Mongolia; 

the Caozhuang Coal Mine of Shandong Feikuang Group; the Dahuangshan Coal 

Mine in Jinta, Xinjiang. The coal samples used in the CT experiments were cut from 

a large block of coal and then drilled into cylindrical shapes using a specially 

designed small sized core drill bit. This is because the process of preparing the coal 

samples inevitably creates sharp edges, which can cause edge enhancement during 

CT scanning.  

2.2 Image noise reduction 

Although CT images reflect coal pore–fracture structures, they are limited to 

two-dimensional slices. Three-dimensional reconstruction enables a comprehensive 

view of internal pore networks (Flannery et al., 1987). However, CT images often 

contain noise that can distort structural details, and reconstructing all slices is 

computationally intensive. Preprocessing is therefore required to enhance accuracy. 

Common filtering techniques include Gaussian, mean, and median filtering 

(Ahmed & Islam, 2018; Pollnow et al., 2018; X. Zhang & Zhang, 2016). Gaussian 

filtering reduces normally distributed noise, and mean filtering smooths image 

noise, but both may blur edges and fine features. Median filtering, a nonlinear 

method, replaces each pixel with the median of its neighborhood, effectively 

removing noise while preserving edges and structural details. 

Application of median filtering significantly improved image clarity and 

contrast, facilitating threshold segmentation and accurate three-dimensional 

reconstruction of coal pore fracture networks, as shown in Figure 2. 
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Fig.2 CT picture noise reduction 

 

2.3 CT 3D reconstruction 

Two-dimensional CT images provide preliminary information on the pore and 

fracture structure of a single cross section but cannot capture the full internal 

structure or quantitatively extract microscopic parameters such as pore number, 

diameter, or volume for the entire coal sample. To address this, the pore and 

fracture structure must be reconstructed in three dimensions for intuitive 

visualization and quantitative analysis of microscopic parameters (Zheng et al., 

2020). The processed images and unit volume calculations are imported into 

AVIZO for 3D reconstruction using the Generate Surface module, which employs 

the Marching Cubes algorithm. This method analyzes cube voxels slice by slice, 

extracting materials of interest and connecting them into triangular facets to form a 

continuous 3D structure, known as isosurface extraction. 

2.4 Two Phase Flow Simulation of Coal Based on CT 3D Reconstuction 

Pore network models (PNMs) for four representative sub-volumes (S1–S4) 

were extracted from segmented 3D micro-CT images using a workflow in 

Dragonfly with OpenPNM. Segmentation converted raw grayscale data into a 

binary representation, distinguishing voids from the solid matrix. Grayscale 

thresholding was applied empirically for each sub-volume based on histogram 

analysis and pore morphology, ensuring the segmented pore space accurately 

reflected the true porous structure. Although empirical, this approach is widely 

used in micro-CT analysis and significantly affects quantitative pore characteristics 

and connectivity, highlighting the importance of careful threshold selection for 

accurate PNM construction (Gostick et al., 2016). 

 

Results and discussion 

1.1 Establishment of centerline model and pore network analysis 

A centerline model was constructed from high-resolution CT images to 

quantitatively characterize coal pore structures and establish realistic pore 

networks. Image preprocessing preserved pore morphology while minimizing 
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noise, and adaptive threshold segmentation distinguished pores from the coal 

matrix using locally optimized thresholds. Segmentation produced binary images 

representing the spatial distribution of pores. Individual pores were labeled and 

analyzed for geometric parameters (area, perimeter, equivalent radius, centroid), 

with morphological operations removing isolated pixels and repairing minor 

discontinuities to ensure accurate porosity and connectivity assessment. 

Pore connectivity was determined by identifying throats the narrowest links 

between adjacent pores using the distance transform method. Pores and throats 

were represented as nodes and edges in a network, with coordination numbers 

indicating the degree of connectivity. Centerlines connecting pore centroids 

through throats formed a skeletonized network that maintained the original 

topology while enabling quantitative analysis of coordination, throat length, and 

connectivity ratios. Model parameters, including porosity, pore size, and specific 

surface area, were consistent with conventional measurements, validating the 

reconstruction workflow. 

 
Table 3.1 Heterogeneity of the parameters of four coal samples. 

Parameters S1 S2 S3 S4 

Porosit
y (%) 

Pores 52 51.
07 

50.
94 

50.
71 

Fractu
res 

48 48.
92 

49.
05 

49.
29 

Directi
on 
propor
tion 
(%) 

0◦ ∼ 
30◦ 

43.
7 

46.
47 

71.
96 

24.
52 

30◦ ∼ 
60◦ 

19.
8 

20.
5 

15.
87 

23.
50 

60◦ ∼ 
90◦ 

36.
4 

33.
03 

12.
18 

52.
05 

Volum
e 
propor
tion 
(%) 

Conne
cted 
pores 

26.
5 

40.
62 

47.
36 

40.
34 

Isolate
d 
pores 

73.
4 

59.
37 

52.
63 

59.
65 
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Fig. 3.  (a)-(d) Spatial distributions of pores/fractures in S1, S2, S3 and S4 (e)-(h) 

their centerline models 

 

Analysis of samples S1–S4 revealed significant structural heterogeneity. Pore 

content ranged from 50.71% to 52.0%, and fracture content from 48.0% to 49.29%, 

indicating both pores and fractures contribute to fluid storage and transport. 

Directional analysis showed anisotropy: S3 exhibited a dominant 0°–30° orientation 

(71.96%), while S4 was oriented mainly at 60°–90° (52.05%). S1 and S2 were more 

isotropic, suggesting that fluid flow is highly direction-dependent. 

Connectivity varied among samples: S1 had the lowest connected pore 

proportion (26.5%), reflecting limited flow pathways, whereas S3 had the highest 

connectivity (47.36%), indicating a well-interconnected network. S2 and S4 were 

intermediate (>40%). These results highlight that connectivity, more than porosity 

alone, controls fluid transport efficiency. 

Overall, the centerline model simplifies complex pore geometry while 

preserving key structural characteristics. Samples with higher connectivity and 

aligned pore orientations favor continuous preferential flow paths, enhancing gas-

water displacement, whereas samples with isolated pores restrict flow. The findings 

demonstrate that coal pore-fracture structure particularly connectivity and 

anisotropy dominates fluid migration behavior, providing a robust foundation for 

pore-scale two-phase flow simulations. 

1.2 Pore/fracture tortuosity characteristic 

Microstructural analysis in Figure 3 reveals clear relationships between pore 

geometry and fluid transport. Smaller pores and shorter chord lengths consistently 
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exhibit higher tortuosity, forming winding, complex pathways, whereas larger 

pores show lower tortuosity, creating more direct flow channels. 

This pattern has significant implications for fluid movement. Highly tortuous 

micro-pores increase flow resistance due to longer pathways and greater friction, 

acting primarily as storage zones with limited contribution to advective transport. 

In contrast, larger, less tortuous pores serve as dominant conduits, facilitating 

efficient fluid migration. Consequently, effective hydraulic conductivity depends 

not only on total porosity but also on pore size distribution and geometric 

complexity. 

 

 

 

 

 

 

 

 

 

Fig. 3.2. (a)-(b) Relationships between average radius and (c)-(d) chord length with 

tortuosity 

 

The correlation between small pore size and high tortuosity underscores the 

importance of microstructural characteristics in controlling macroscopic transport 

properties. Models based solely on porosity may overlook the influence of pore 

shape, connectivity, and pathway complexity, leading to inaccurate predictions. For 

multiphase flow in coal seams, such detailed structural insight is critical, as 

variations in pore architecture directly affect gas displacement by injected fluids 

and overall extraction efficiency. Incorporating parameters like pore size, tortuosity, 

and connectivity is therefore essential for accurate simulation and understanding of 

fluid migration in heterogeneous coal networks. 

1.3 Relationship Between Pore Size and Shape Factor in Coal Samples 

Morphological characterization of coal pore structures is essential for 

understanding storage and transport mechanisms, as the geometry of individual 

pores directly governs microscale fluid behavior. While total porosity provides a 

volumetric measure, it is the quantitative relationship between pore size and shape 

that dictates macroscopic properties such as permeability, compressibility, and 

surface availability for adsorption. This study systematically investigates pore size, 

shape factor, and surface area across four coal samples (S1–S4), representing a range 
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of coal ranks and lithotypes, to establish predictive correlations that capture 

morphological heterogeneity. 

 
Figure 3.3. (a)-(b) Shape factor and (c)-(d) surface area distribution under different 

pore size range 

 

The shape factor exhibits a strong exponential dependence on pore size, with 

curve fitting within the 95% confidence interval producing equations of y = 

0.0019x¹·²⁵ and y = 0.0082x¹·¹⁰ for samples S2 and S3, respectively. This trend 

indicates that larger pores have a higher tendency to propagate outward, resulting 

in increased shape factors and more complex surface geometries. In contrast, the 

correlation for sample S1 is less pronounced, which can be attributed to its limited 

population of pores and fractures, highlighting the influence of pore abundance on 

statistical fitting. When examining pore surface area as a function of pore size, even 

stronger exponential relationships emerge. The fitting results for samples S1, S2, 

and S3 y = 21.93x¹·⁹¹, y = 1.14x²·²⁸, and y = 32.16x¹·⁹¹, respectively demonstrate 

notable differences in how surface area scales with pore growth across the samples. 

1.4 Relationship Between Pore Size and Shape Factor in Coal Samples 

Pore network models (PNMs) for four sub-volumes (S1–S4) were extracted 

from 3D micro-CT images using OpenPNM in Dragonfly. Segmentation converted 

grayscale data into binary images, distinguishing pores from the solid matrix. 

Threshold values were chosen empirically for each sub-volume based on histogram 

analysis and pore morphology to ensure accurate representation of the pore space. 

Although empirical, this approach is commonly used in micro-CT studies and 

critically affects pore geometry, size distribution, and connectivity measurements. 

Careful threshold selection ensures reliable PNM construction, providing a robust 

basis for quantifying structural heterogeneity and informing subsequent analyses 

of fluid transport, permeability, and seepage behavior in coal samples. 
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Table 3.4 summarizes the segmentation parameters used for each sub-volume 

such as threshold intensity ranges and voxel resolutions as well as the calculated 

absolute permeability values derived from the corresponding pore network 

simulations. The comparative analysis of these parameters across sub-volumes 

provides insight into how microstructural heterogeneity and pore geometry 

influence bulk transport properties, a fundamental consideration in interpreting 

pore-scale imaging data and in the development of predictive models for reservoir 

characterization. 

 

Table 3.4 Segmentation parameters and absolute permeability results 

Sample Segmentation 
Range 

(Min–Max) 

Pore Structure Characteristic Absolute 
Permeability (mm²) 

S1 130 – 250 Density based distribution with 
multiple peaks 

25,666.00 

S2 34 – 250 Density based distribution 
similar to S1 

25,666.00 

S3 188 – 252 Connectivity based distribution² 25,606.60 
S4 188 – 252 Connectivity based distribution 25,606.60 

 

 
Fig. 3.4. (a) Segmented 3D Reconstructions of Pore Geometry 

 

Several important insights emerge from this analysis. S1 represents the 

baseline μCT reconstruction, capturing the complete, intricate pore network in gray, 

including both micro- and macropores. S2, S3, and S4 employ a sphere-based Pore 

Network Modeling (PNM) approach, simplifying the void space into discrete pore 

bodies to facilitate detailed evaluation of pore size, spatial distribution, and 

connectivity. Across these models, a systematic trend is observed: from S2 to S4, 

average pore size increases while pore density and overall connectivity decrease. S2 

features densely packed, small, highly connected pores, whereas S4 contains larger, 

more isolated voids with lower connectivity. 
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Fig. 3.4. (b) Pore Network Topology and Connectivity Distributions 

 

The consistent permeability observed for S1 and S2, despite markedly different 

segmentation thresholds, validates the robustness of the extraction workflow. 

Permeability simulations are not highly sensitive to the precise threshold, provided 

that the percolating backbone is preserved. The similarity between S3 and S4, 

despite differences in cross-sectional pore areas, indicates that network connectivity 

rather than absolute pore size primarily governs flow. S4’s smaller pores achieve 

comparable permeability to S3’s larger pores, suggesting more efficient flow paths 

or higher connectivity. Slightly lower permeability in S3 and S4 compared to S1 and 

S2 likely reflects the exclusion of minor flow pathways through more restrictive 

thresholds. Overall, bulk permeability varies by less than 0.25%, confirming the 

representativeness of the sub-volumes. Among the sphere-based PNMs, S3 stands 

out as the optimal model for two-phase flow simulations. Its combination of 

substantial connectivity and heterogeneous pore size distribution captures primary 

flow pathways while retaining smaller pores that contribute to capillary trapping 

and phase interference. Color-coded connectivity in S3, reaching up to 70, 

emphasizes a well-integrated network that balances computational efficiency and 

physical fidelity. High-resolution μCT imaging combined with PNM enables 

quantitative analysis of the three-dimensional pore-throat architecture, linking 

microstructural geometry to observed permeability trends. These models reveal 

how pore connectivity, size distribution, and spatial arrangement govern 

macroscopic transport behavior, providing a robust basis for selecting 

representative digital cores. S3, in particular, offers a reliable digital model for 

simulating fluid displacement, accurately reflecting the complex interplay of pore-

scale structure, connectivity, and two-phase flow dynamics in coal matrices. 

1.5 Two-Phase Flow Characteristics During Fluid Displacement 

The movement and distribution of water and gas within coal pore networks 

are key factors controlling coalbed methane (CBM) recovery. In coal seams, the 

wetting phase (water) displaces the non-wetting phase (methane), and the efficiency 

of this process depends on pore geometry, connectivity, capillary forces, and fluid 

https://jurnal.sinesia.id/index.php/tech/index


143 | Tech : Journal of Engineering Science, Vol. 2, No. 1, 2026. 

 

 

properties. Coal’s heterogeneous structure, including multiscale pores, micro-

fractures, and cleat systems, produces complex flow patterns such as preferential 

channels, bypassing, and residual phase trapping. Consequently, displacement 

efficiency is governed not only by fluid properties but also by pore size distribution, 

tortuosity, and network connectivity (Bear, 2013; Clarkson & Bustin, 1999; Mohanty, 

1992).  

Advances in X-ray computed tomography (CT) allow high-resolution 

reconstruction of digital coal cores, enabling quantitative visualization of pore 

structure, connectivity, and spatial heterogeneity. When combined with 

computational fluid dynamics or pore network modeling, these digital cores can 

simulate two-phase flow, capturing dynamic saturation evolution, phase 

distribution, and preferential flow pathways (Andrew et al., 2014; Blunt, 2017; 

Wildenschild & Sheppard, 2013). 

In this study, two-phase flow during water injection into gas-saturated coal is 

systematically investigated using CT-derived digital cores. Absolute and relative 

permeability, pore connectivity, and microstructural heterogeneity are analyzed to 

understand their influence on fluid displacement. Sample S3 is selected as a 

representative model, as its combination of high connectivity and heterogeneous 

pore sizes captures primary flow paths while retaining smaller pores for capillary 

trapping. This approach links pore-scale features to macroscopic transport 

behavior, providing insights into the mechanisms controlling water-gas 

displacement. The results support improved water-driven gas recovery and offer a 

framework for predicting multiphase flow in low-permeability coal reservoirs (Liao 

et al., 2025).  

 
Table 3.5 Invading and Defending Phase Parameters for Sample 3. 

Invader Value Defender Value 

0.7 0.92 
0.8 0.96 
0.9 0.99 
1.0 1.00 
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Fig. 3.5. Phase saturation evolution during two-phase displacement 

 
The results for Sample 3, as presented in Fig.4.2.1, demonstrate a clear and 

progressive relationship between the invading phase and the defending phase 

during the displacement process. It should be noted that the values reported in the 

table do not strictly represent in-situ phase saturations, as their sum exceeds unity. 

Instead, these values are interpreted as normalized or simulation-derived 

parameters that describe the relative evolution of fluid distribution during two-

phase flow. Such representation is commonly adopted in numerical simulations to 

illustrate trends in displacement behavior rather than exact physical saturation 

values. From the observed data, the increase in the invader values corresponds to 

the continuous injection of water into the pore space, while the defender values 

reflect the response of the gas phase during displacement. At the initial stage of the 

process, a relatively rapid increase in the defender-related values is observed, 

indicating that gas within the coal structure is effectively mobilized. This behavior 

suggests that the pore-fracture network in Sample 3 exhibits a relatively good 

degree of connectivity, allowing fluid to flow through preferential pathways with 

minimal resistance. As the displacement progresses, the rate of increase in the 

defender values gradually decreases, indicating a transition in flow behavior. This 

change can be attributed to the influence of capillary forces, pore-throat 

constrictions, and structural heterogeneity, which begin to restrict fluid movement. 

In this stage, part of the gas phase becomes increasingly difficult to displace, as it 

may be trapped in smaller pores or isolated regions within the coal matrix. This 

phenomenon reflects the non-uniform nature of coal pore structures and highlights 

the limitations of displacement efficiency under realistic conditions. At higher 

invader values, the system approaches a relatively stable state, where further water 

injection results in only minor changes in the defender phase. This indicates that 

most of the mobile gas has already been displaced, while the remaining gas is likely 

trapped due to capillary effects and poor connectivity. The displacement process 

therefore deviates from an ideal piston like mechanism and instead exhibits 
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characteristics of heterogeneous two-phase flow, governed by pore scale structural 

complexity. 

Overall, the results for Sample 3 illustrate that fluid displacement in coal is 

strongly controlled by microstructural features, including pore size distribution, 

connectivity, and fracture development. The observed trends highlight the 

importance of considering these factors when analyzing two-phase flow behavior, 

as they directly influence saturation evolution, flow pathways, and displacement 

efficiency. These findings provide valuable insights into the mechanisms of water 

driven gas migration in coal seams and contribute to a more accurate understanding 

of two-phase flow processes in low-permeability porous media. 

 

Conclusion 

This study presents a comprehensive investigation of coal pore-fracture 

structures and their influence on two-phase gas-water flow through the integration 

of high-resolution CT-based three-dimensional reconstruction, pore network 

modeling (PNM), and fractal analysis. Coal samples from multiple regions were 

analyzed, and optimal image preprocessing, including median filtering and 

empirically determined thresholding, enabled accurate segmentation and reliable 

reconstruction of pore networks. Representative elementary volumes of 500 voxels 

per side were established, and detailed 3D models generated in AVIZO captured 

key structural characteristics, including connectivity, pore size distribution, and 

tortuosity. 

Quantitative analyses demonstrated that pore connectivity and tortuosity 

strongly govern fluid migration. Smaller or more tortuous pores impede flow, while 

larger, well-connected pores facilitate efficient transport. Centerline and PNM 

analyses provided a simplified yet representative framework for evaluating flow 

pathways, while fractal analysis. quantified structural complexity, revealing that 

volumetric fractal dimensions negatively correlate with porosity and permeability, 

and tortuosity fractal dimensions significantly influence fluid mobility. 

Two-phase flow simulations based on extracted pore networks highlighted the 

critical role of pore geometry and connectivity in gas-water displacement. Poorly 

connected or highly tortuous regions exhibited lower relative permeability and 

slower fluid displacement, whereas well-connected networks allowed more 

efficient gas extraction. Simulation results, validated against experimental 

measurements such as mercury intrusion porosimetry, confirmed the reliability of 

CT derived networks in predicting flow behavior. 

Overall, the integrated methodology provides a robust, non-destructive 

approach to linking coal microstructure with multiphase flow dynamics. The 

insights gained enhance the understanding of gas-water interactions in coal seams 
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and offer practical guidance for optimizing coalbed methane recovery and 

predicting fluid migration in heterogeneous porous media. 

This study establishes a foundation for linking pore-scale structure to 

macroscopic flow, providing both theoretical and practical insights for improved 

resource recovery in low-permeability coal reservoirs 

 

Suggestion 

The main innovative points of the paper are as follows:  

1. High-resolution CT scanning together with pore network modeling to 

create 3D coal pore-fracture structures. The system enables researchers 

to visually inspect and measure intricate pore networks without 

damaging materials which leads to better coal microstructure analysis 

than traditional research techniques. 

2. The research employed two measurement techniques to assess coal pore 

network complexity through volumetric measurements and tortuosity 

fractal dimensions which the researchers found to influence both 

permeability and two-phase flow. The new method establishes a 

quantifiable connection between microstructure changes and fluid 

movement which enables scientists to study how pore shapes impact gas 

and water movement. 

3. Two-Phase Flow Simulation Based on CT 3D Reconstruction: The study 

applied CT-derived pore networks to simulate gas water two-phase flow, 

enabling direct evaluation of fluid saturation distribution, relative 

permeability, and flow heterogeneity. This methodology allows more 

accurate predictions of multiphase flow in coal seams and provides a 

foundation for optimizing coalbed methane recovery strategies. 
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