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Permeability evolution in coal reservoirs during CO2-enhanced coalbed methane (ECBM) production is strongly influenced by swelling/shrinkage effects related to sorption and desorption of CO2 and CH4, respectively. Recent research has demonstrated fully coupled stress–strain–sorption–diffusion behavior in small samples of cleat-free coal matrix material exposed to a sorbing gas. However, it is unclear how such effects influence permeability evolution at the scale of a cleated coal seam and whether a simple fracture permeability model, such as the Walsh elastic asperity loading model, is appropriate. In this study, we performed steady-state permeability measurements, to CH4 and CO2, on a cylindrical sample of highly volatile bituminous coal (25 mm in diameter) with a clearly visible cleat system, under (near) fixed volume versus fixed stress conditions. To isolate the effect of sorption on permeability evolution, helium (non-sorbing gas) was used as a control fluid. All flow-through tests reported here were conducted under conditions of single-phase flow at 40°C, at applied Terzaghi effective confining pressures of 14–41 MPa. Permeability evolution versus effective stress data were obtained under both fixed volume and fixed stress boundary conditions, showing an exponential correlation. Importantly, permeability ([image: image]) obtained at similar Terzaghi effective confining pressures showed [image: image] > [image: image] >> [image: image], while [image: image]-values measured in the fixed volume condition were higher than those in the fixed stress case. The results show that permeability to CH4 and CO2, under in situ conditions where free swelling of rock is not possible, is strongly influenced by the coupled effects of 1) self-stress generated by constrained swelling, 2) the change in effective stress coefficient upon sorption, 3) sorption-induced closure of transport paths independently of poroelastic effect, and 4) heterogeneous gas penetration and equilibration, dependent on diffusion. Our results also show that the Walsh permeability model offers a promising basis for relating permeability evolution to in situ stress evolution, using appropriate parameter values corrected for the effects of stress–strain–sorption.
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INTRODUCTION
Subsurface coal seams typically consist of nanoporous coal matrix material, within which gas adsorption/desorption and diffusion mainly occur, cut by a multiscale network of joints or cleats that act as the main transport paths for gas flow (e.g., Levine, 1996; Laubach et al., 1998; Moore, 2012). Coal seam permeability is widely accepted as the most important factor for assessing the economic feasibility of (CO2) enhanced coalbed methane (ECBM) recovery, playing a significant role in ECBM recovery and reservoir modeling (e.g., Moore, 2012). At fixed gas or fluid pressure, fracture or cleat permeability of coal samples is strongly sensitive to the Terzaghi effective normal stress (confining pressure) or (Terzaghi) effective stress, i.e., the difference between confining pressure (Pc) and pore fluid pressure (Pf) acting on the sample, decreasing rapidly with increasing Terzaghi effective stress at a rate that depends on initial permeability and the stresses employed (e.g., Somerton et al., 1975; Durucan and Edwards, 1986; Chen et al., 2011; Gensterblum et al., 2014). At the same time, adsorption or desorption of CH4/CO2 by coal matrix material due to an increase or decrease in gas/fluid pressure at constant effective stress can cause swelling or shrinkage by several percent (e.g., Levine, 1996; Karacan, 2007; Day et al., 2012; Hol and Spiers, 2012; Liu et al., 2016), also affecting strongly the evolution of fracture permeability in coal seams. Many field pilots and laboratory experiments investigating ECBM production have further demonstrated that the net swelling of coal caused by CH4 displacement by injected CO2 causes an increase in the mean stress under confined subsurface conditions, simply closing transport paths and reducing coal seam permeability (van Bergen et al., 2006; Pini et al., 2009; Fujioka et al., 2010; Kiyama et al., 2011). Much attention has therefore been paid to understanding how these effects interact and how the permeability of coal samples develops during sorption of gases, such as N2, CH4, and CO2 (e.g., Palmer, 2009; Liu et al., 2011a; Liu et al., 2011b; Pan and Connell, 2012; Zhou et al., 2013; Shi et al., 2018). The main findings from experiments and models may be summarized as follows.
First, sorption-induced swelling or desorption-induced shrinkage occurring under fixed volume boundary conditions causes the changes in stress state, involving (poro)elastic or plastic deformation or even failure (Espinoza et al., 2014; Espinoza et al., 2015; Espinoza et al., 2016). This can accordingly lead to a change in permeability (Wang et al., 2013; Espinoza et al., 2015; Zhu et al., 2018).
Second, sorption-induced swelling behavior may change the mechanical properties of coal. These effects include 1) a change in elastic compressibility or bulk modulus upon microcracking caused by diffusion-controlled heterogeneous sorption (Gensterblum et al., 2014; Hol et al., 2014; Hol et al., 2012b; Karacan, 2003; Liu et al., 2017; Wu et al., 2011) and 2) an apparent change in Biot effective stress coefficient caused by competition between the change in compressibility and adsorption-induced swelling (Liu and Harpalani, 2014; Sang et al., 2017). Note here that the apparent Biot effective stress coefficient upon adsorption of CH4 or CO2 may be greater than 1.
Third, diffusion-controlled sorption processes can cause permeability evolution even at a fixed effective stress (Chen et al., 2011; Liu et al., 2011c; Chen et al., 2012; Peng et al., 2014; Zang and Wang, 2017; Wang et al., 2021). This can be related to the changes in the degree of sorption as equilibrium is approached (Chen et al., 2011; Liu et al., 2011c; Chen et al., 2012; Peng et al., 2014; Liu et al., 2017), or to changes in transport paths (Brown and Scholz, 1985, 1986; Zimmerman et al., 1992) that may in turn be caused by changes in fracture surface roughness, contact area, and aperture during sorption (Hol et al., 2014; Wang et al., 2017).
Fourth, experiments and thermodynamics have demonstrated the applied stress could reduce adsorption capacity for CO2 and CH4 by 5–50% (Pone et al., 2009; Hol et al., 2011; Hol et al., 2012a; Liu et al., 2016), thus changing sorption-induced swelling strain (Pan and Connell, 2007; Vandamme et al., 2010). This suggests that a fully coupled stress–strain–sorption process occurring in subsurface coal, which also has an impact on diffusion of gas/fluid molecules in the nanoporous coal matrix (Liu et al., 2017), has to be considered.
However, it remains unclear how the coupled stress–strain–sorption effects influence coal seam permeability via the likely mechanisms described above in the first to the third case, particularly under subsurface confined boundary conditions. In this study, we attempt to determine how the coupled stress–strain–sorption behavior occurring at in situ subsurface boundary conditions, where swelling is constrained by the surrounding rock mass, influences permeability evolution and whether this permeability evolution can be adequately quantified in the simple elastic asperity loading model for crack closure developed by Walsh (1981). To achieve this, flow-through tests were performed on a cored bituminous coal sample to measure permeability evolution during flow-through of helium, CH4, and CO2, under both fixed volume and fixed stress boundary conditions. The influence of effective normal stresses on permeability was compared with the Walsh permeability model. On this basis, we discuss the likely mechanisms and effects of stress–strain–sorption on the Walsh effective stress coefficient for permeability and on the internal structure of the transport paths carrying gas/fluid flow. Finally, the implications of our findings for (CO2) ECBM recovery are discussed.
EXPERIMENTAL ASPECTS
We performed measurements of permeability to CH4 and CO2, under either (near) fixed volume or fixed stress boundary conditions. The tests were performed on a cylindrical sample of highly volatile bituminous coal (25 mm in diameter) with a clearly visible cleat system (see Figure 1), using the steady-state flow method. Helium (non-sorbing gas) was used as a control fluid, in an attempt to isolate the effect of sorption on permeability evolution. All measurements were conducted under conditions of single-phase flow at 40°C, using the purpose-designed apparatus shown in Figure 2.
[image: Figure 1]FIGURE 1 | Photograph of the sample taken after the permeability experiment, consisting of (A,C) view of two flat ends and (B) rolled-out image of the full outer surface of the cylindrical sample (sample height = 46 mm, circumference = 79 mm). The initial fractures visible on the sample surface were filled with glue (white and yellow in color) to avoid failure of the sample upon employing the confining pressures. Fractures without glue may be formed during the permeability experiment. Note that mechanical failure of the sample was not observed.
[image: Figure 2]FIGURE 2 | Schematic illustration of the complete experimental setup. The cylindrical sample, sleeved by a PEEK jacket, is located inside the cylindrical steel pressure vessel. The vessel, wrapped in two electrical heaters at 42.0 ± 0.1°C, is connected to two ISCO 65D syringe pumps used for permeability measurements to CH4/CO2/He. Note that a thin water layer between the PEEK sleeve and the steel vessel supports a confining pressure. The valve F is used for controlling boundary conditions employed to the sample. The confining pressure applied to the sample is measured by the pressure transducer and is controlled by a hand pump. The pressure difference between two ISCO pumps is measured by a differential pressure transducer (DPT). The temperature of the ISCO pumps is controlled at 42.0 ± 0.1°C by using Lauda silicone oil bath. An internally heated foam–polystyrene box is constructed around the syringe pumps, hand pump, oil bath, and permeability vessel to control the air temperature around the full setup at 38.2 ± 0.2°C.
Sample Preparation and Treatment
The sample material used consisted of highly volatile bituminous coal collected from Brzeszcze 364, Poland. The Brezeszcze coal has a vitrinite reflectance of 0.77 ± 0.05% and contains 74.1% carbon, 5.3% hydrogen, 1.4% nitrogen, 0.7% sulfur, and 18.5% oxygen (Hol et al., 2011). Specifically, the Brezeszcze coal contains 2.9% moisture content and 5.2% ash content. We prepared a single cylindrical sample of the Brezeszcze coal measuring 25 mm in diameter by 45.84 mm in length, cored normal to bedding (see Figure 1). Note that the sample contains a visible multiscale network of cleats. The mass and the bulk volume of the sample, measured before the permeability test, were 28.02 g and 22.49 ml, respectively. Taking 1.45 g/ml as the matrix/grain density of the Brezeszcze coal (Hol and Spiers, 2012), calculation of the initial porosity of the sample used in this study yields ∼14%.
After evacuation, the sample was pre-treated with CH4 to allow equilibration under fixed volume boundary conditions, employing 10 MPa fluid pressure and an initial confining pressure of 11 MPa. This took around 5 days and produced a maximum self-swelling stress of 30.7 MPa. The sample was then evacuated for several days for gas desorption and was then kept in a vacuum oven for a month before starting the experiment. Note that microfractures might be formed during this treatment, speeding up gas diffusion and adsorption equilibration during the experiment (Hol et al., 2012a).
Apparatus
The apparatus used in the present experiment (Figure 2) consisted of a stainless steel pressure vessel, housing the jacketed sample and wrapped in two temperature-controlled electrical heaters maintained at 42.0 ± 0.1°C. The ends of the sample were fully attached to the closure nuts of the steel vessel, sealed using O-rings against the inner PEEK jacket. The two closure nuts and the sample assembled inside the jacket were fixed to the steel vessel using screws, sealed using O-rings against the inner vessel wall, i.e., the sample was subjected to a fixed displacement in the axial direction. The jacketed sample was pressurized externally (radially compressed) as Pc, via a thin water layer (<100 μm) inside the vessel, using water as a confining fluid, driven by a hand volumetric pump and measured by an independent pressure transducer. The high pressure valve F (Figure 2) is used for achieving constant volume (close) or fixed stress (open) boundary conditions. Gas was introduced into the sample via a high pressure line passing through the closure nut of the steel vessel. The gas flow-through was controlled by two independent ISCO 65D volumetric (syringe) pumps (cf. Hol and Spiers, 2012). Both ISCO pumps were operated in constant pressure mode in the present experiments, allowing the upstream and downstream pressures (Pu and Pd) and mean pore fluid pressure ([image: image]) to be controlled within ±0.049 MPa. The volume changes over time measured by ISCO pumps were taken as a measure of flow rate through the sample. A Lauda oil bath maintained at 42.0 ± 0.1°C was used to control the temperature of the ISCO pumps and gases flowing through the sample. A foam–polystyrene box was also constructed around the pressure vessel, syringe pumps, and oil bath to control the air temperature around the setup at 38.2 ± 0.2°C, using an internal lamp, fan, and CAL 9900 PID-controller (cf. Hol and Spiers, 2012). The temperature was measured at the locations shown in Figure 2 (Tpt) using PT-100 sensors with a resolution of 0.01°C. This all ensured the permeability tests were performed at ∼40°C. Note that, at employed boundary conditions, the term “(Terzaghi) effective stress” used in this study refers to Terzaghi effective confining pressure or Terzaghi effective normal stress, calculated as [image: image].
Experimental Procedures
We performed one multi-stage experiment on the single cylindrical sample (Figure 1) at a constant temperature of 40°C. We measured permeability of the sample to helium, CH4, and CO2 under fixed volume versus stress boundary conditions, using the steady-state method, employing Terzaghi effective stresses of 14–41 MPa. The following stages were conducted using helium, CH4, helium, CO2, and again helium (Stages I–V), in that order, as summarized in Table 1.
TABLE 1 | Experimental lists indicating the working fluid, boundary conditions, mean pore fluid pressure (Pc) employed in the flow-through tests, pressure difference between upstream and downstream (Pu–Pd), and confining pressure (Pc) employed at fixed stress for each stage.
[image: Table 1]Stages I, III, V
Helium permeability. We measured helium permeability of the sample under the fixed stress boundary condition only because helium, as a non-sorbing gas, cannot induce coal swelling. In these stages, helium was first introduced into the sample at a given pore pressure and confining pressure. After stabilization, the flow-through test was then performed by increasing the upstream pressure by 0.4 MPa. The mean helium pressure employed in these stages was 3.2, 5.2, 7.2, and 9.2 MPa, respectively. At each mean fluid pressure, the confining pressure was stepped up (and down) in the range of 18–38 MPa, in an attempt to determine the effect of confining pressure on permeability and whether such effect is reversible. As a result, we obtained permeability of the sample to helium at Terzaghi effective stresses of 13–35 MPa for Stages I, III, V. Note that helium behaves as a supercritical fluid at PT conditions employed in this study.
Stage II
CH4 permeability. We measured the CH4 permeability of the sample under both fixed volume and fixed stress boundary conditions. The confining pressure was first applied, followed by closure of the valve F (see Figure 2). The initial confining pressure before the introduction of CH4 under the fixed volume boundary condition was 25.4 MPa. CH4 was then injected into the sample, and the pore pressure was controlled at 10 MPa using the downstream pump. Note that the Pc–Pf–T conditions thus achieved were similar to those at a burial depth of 1 km. After the introduction of CH4, the confining pressure measured by the pressure transducer instantaneously increased due to poroelastic effects, followed by a gradual increase that reflected sorption-induced swelling. The confining pressure was finally increased to 38.8 MPa after 171 h. During the sorption-induced swelling process, the CH4 uptake (mmol/g) was obtained from the volume change in the downstream pump, and permeability at given confining pressures was measured through flow-through tests performed by increasing the upstream pressure by 0.4 MPa. Note that each permeability test lasted for 20–40 min, and during such short intervals, the change in the total mass of two ISCO pumps was negligible. As equilibrium was approached with CH4 at a pore fluid pressure of 10 MPa under the fixed volume boundary condition, we performed the permeability tests under the fixed stress boundary condition (i.e., the valve F was maintained open and the confining pressure was adjusted to remain constant using the hand pump), following similar procedures described in Stage I. By comparison, the mean fluid pressures of 10.2, 8.2, 6.2, and 3.2 MPa, and Terzaghi effective stresses of 14–34 MPa, were employed, respectively. Note that we waited several to tens of hours for re-equilibration after a change in either pore pressure or confining pressure, prior to each flow-through test performed under the fixed stress boundary condition.
Stage IV
CO2 permeability. Following similar procedures as described in Stage II, we measured permeability of the sample to CO2 under both the fixed volume and fixed stress boundary conditions. Under the fixed volume boundary condition, CO2 was injected into the sample, using the downstream pump, at an initial confining pressure of ∼25 MPa. Note that we could not measure CO2 uptake properly during the injection because it is quite difficult to eliminate poroelastic effects, particularly when CO2 pressure and confining pressure cannot be maintained constant. After CO2 pressure stabilization at 10 MPa, we performed the flow-through test continuously, employing a pressure difference of ∼2 MPa between upstream and downstream, achieved by increasing the upstream pressure. Note that this process was unlike the flow-through tests performed at intervals during CH4 sorption, employing a pressure difference of ∼0.4 MPa. The near equilibration took around ∼44 h, and the confining pressure increased to 52 MPa. Also note that the steady-state method cannot properly give the adsorption capacity for CO2 during the flow-through test in the permeability range of 10−18–10−19 m2. Following the similar procedures performed for CH4 and helium under the fixed stress condition, we performed the permeability tests at mean fluid pressures of 11, 13, 15 MPa, employing Terzaghi effective stresses of 14–29 MPa. The pressure difference between upstream and downstream was maintained at ∼2 MPa during all flow-through tests using CO2. Note that CO2 behaves as a supercritical fluid at the conditions employed, so that the effects of phase change can be eliminated.
Note that, before each stage, the sample was evacuated for several days, using a vacuum pump, in an attempt to fully remove the residual gas from the sample used in the previous stage.
Data Acquisition and Processing
The system temperature, confining pressure signals were recorded using a computer equipped with LabView-based software, at a sampling rate of 0.2 Hz. Pump pressure and volume signals were recorded using ISCO 65D panel software at a sampling rate of 0.2 Hz. Note that the data obtained were processed by removing data intervals corresponding to pump re-stroking or other maintenance, correcting for both volume and time offsets accordingly.
Considering the evacuation process performed prior to the flow-through tests and the PT conditions employed in the present study, we focused on single-phase flow and neglected the influence of gas slippage (Klinkenberg) on permeability evolution (e.g., Peach, 1991). The obtained data were accordingly used to calculate the apparent Darcy permeability ([image: image]) of the sample to helium, CH4, and CO2, corrected for the compressibility of the gas or supercritical fluid, using the following equation (e.g., Tanikawa and Shimamoto, 2009):
[image: image]
where [image: image] (m3 s−1) represents the fluid flux traversing the sample, in which [image: image] and [image: image] are fluid fluxes measured at specific times from the volume change of the upstream and downstream pump, respectively, versus time data using a moving average method, followed by linear regression over intervals up to 40 min; [image: image] is the dynamic viscosity of the fluid (Pa s), whose values for the fluids used at the employed PT conditions in this study were obtained from the open source of National Institute of Standards and Technology (NIST), i.e., https://webbook.nist.gov/chemistry/fluid/; A (m2) and L (m) represent the cross-sectional area and length of the sample, respectively; and Pu and Pd are the pump pressures (Pa) measured upstream and downstream, respectively. The pressure difference between upstream and downstream (i.e., Pu–Pd) was verified by the measurements of a differential pressure transducer. Note that, in this study, we determined the error bar of the permeability data points by using the absolute error method, obtained from the permeability values calculated from [image: image] and [image: image]. Also note that no or little leakage of the pumps was found to be negligible compared to the fluid flux traversing the sample.
RESULTS
Permeability of the sample to helium, CH4, and CO2 as a function of Terzaghi effective stress under the fixed stress boundary condition was obtained. Permeability evolution associated with development of the confining pressure was also obtained for the fixed volume boundary condition performed on CH4 and CO2. All data files obtained from the experiment can be found via the link https://public.yoda.uu.nl/geo/UU01/XOJCFK.html, and key data are illustrated in Figures 3–5.
[image: Figure 3]FIGURE 3 | Permeability of the sample to helium against Terzaghi effective stress performed under the fixed stress boundary condition at (A) Stage I, (B) Stage III, and (C) Stage V.
Broadly speaking, the permeability of the coal sample measured at the Terzaghi effective stresses employed in this study (in the range of 14–41 MPa) lied in the range of 10−19–10−17 m2, showing the order of permeability measured was helium > CH4 > CO2 at similar Terzaghi effective stresses. The permeability versus Terzaghi effective stress yielded a clear non-linear correlation, and the permeability reduced ∼1-2 orders with increasing Terzaghi effective stress from 14 to 41 MPa. Note here that we, after the experiment, observed some new small visible fractures formed on the surface of the sample, but no mechanical failure (see Figure 1).
Helium Permeability
Permeability measured for helium at a fixed stress boundary condition, illustrated in Figure 3, yielded a function of Terzaghi effective stress, showing a near reversible process at Stages I and III, but clear hysteresis at Stage V. It is also found in Figure 3 that the permeability obtained before and after CH4 flow-through tests (Stages I, III), and after CO2 flow-through tests, shows different values even at similar Terzaghi effective stresses, yielding an order of Stage I > Stage III > Stage V. Specifically, at Stage I, the permeability was 6.5 × 10−17 m2 at a Terzaghi effective stress of 15 MPa and reduced to 6.5 × 10−18 m2 at 35 MPa (Figure 3A). The permeability measured at Stage III was a little smaller than that measured at Stage I (Figure 3B). However, by comparison with the permeability obtained at Stages I and III, it reduced a factor of 3–6 at similar Terzaghi effective stresses, after CO2 flow-through tests, and behaved more sensitive to the change of Terzaghi effective stress. This indicates a permanent effect of CO2 introduction on permeability evolution. In particular, the permeability measured at Stage V was 3 × 10−17 m2 at 15 MPa and reduced to 9.5 × 10−19 m2 at 35 MPa (Figure 3C).
CH4 Permeability
The development of confining pressure and permeability of the sample associated with adsorption amounts during CH4 flow-through tests performed under the fixed volume boundary condition is illustrated in Figure 4A. It is clearly seen that the confining pressure showed fast increase from 25.4 to ∼28 MPa within 1 h, followed by slow evolution up to 38.6 MPa until ∼170 h with CH4 uptake of ∼0.11 mmol/g. The former may be dominated by an instant poroelastic effect and the latter by time-dependent sorption-induced swelling. In the meanwhile, the permeability reduced from 2.4 × 10−17 m2 measured at a Terzaghi effective stress of ∼19 MPa to 5 × 10−18 m2 measured at ∼28 MPa Terzaghi effective stress. The permeability of the sample measured under the fixed stress condition is shown in Figure 4B, as a function of Terzaghi effective stress. The permeability reduced from 3 × 10−17 m2 measured at 14 MPa Terzaghi effective stress to 2.5 × 10−18 m2 at 34 MPa, which are smaller, by a factor of 2, than those measured for helium at Stage I. This may suggest the effect of CH4 sorption on permeability. Also note that permeability versus Terzaghi effective stress plotted in Figure 4B showed little hysteresis, probably because the coal sample has been pre-treated with CH4.
[image: Figure 4]FIGURE 4 | Development of CH4 permeability, the confining pressure, and CH4 uptake against time obtained under the fixed volume boundary condition, illustrated in (A,B) showing development of CH4 permeability as a function of Terzaghi effective stress performed under the fixed stress boundary condition.
CO2 Permeability
The development of confining pressure and permeability of the sample during CO2 flow-through tests performed under the fixed volume boundary condition is plotted versus time in Figure 5A. The confining pressure showed fast increase from 24 to ∼34 MPa in an hour, followed by a gradual change up to 52 MPa until ∼44 h since first CO2 introduction. This indicates the combined effects of poroelastic and sorption-induced swelling. Meanwhile, the permeability reduced from 2.7 × 10−18 m2 obtained at a Terzaghi effective stress of ∼14 MPa to 1.8 × 10−19 m2 at ∼52 MPa Terzaghi effective stress, which, in magnitude, are an order lower than those for CH4 measured at similar Terzaghi effective stresses. Recall that we did not obtain the CO2 uptake data in this flow-through test. The permeability of the sample measured under the fixed stress condition, plotted in Figure 5B against Terzaghi effective stress, showed that the permeability reduced from 2.6 × 10−18 m2 measured at 14 MPa Terzaghi effective stress to 4 × 10−19 m2 at 29 MPa. These also, in magnitude, are an order lower than those for CH4 measured at similar Terzaghi effective stresses. Such a large difference in permeability may suggest, compared to CH4, CO2 has a faster sorption process, higher sorption-induced swelling, and a stronger sorption effect on permeability, which is consistent with the findings widely reported in the literature (e.g., Gensterblum et al., 2014). Also note that permeability versus Terzaghi effective stress plotted in Figure 5B showed hysteresis, suggesting a permanent change in transport paths of the sample.
[image: Figure 5]FIGURE 5 | Development of CO2 permeability and the confining pressure versus time obtained under the fixed volume boundary condition, illustrated in (A,B) showing development of CO2 permeability versus Terzaghi effective stress performed under the fixed stress boundary condition. Note that the scattered permeability data points shown in (A) reflect the noise caused by data processing via moving average at low permeability (<10−18 m2) using the steady-state method.
Effect of Boundary Condition on Permeability: Fixed Volume Versus Fixed Stress
Permeability of the sample to CH4 and CO2 performed under fixed volume versus fixed stress boundary conditions, employing the same pore fluid pressure, is plotted against Terzaghi effective stress in Figure 6. It is clear that permeability, even at similar Terzaghi effective stresses, measured under the fixed volume boundary condition is higher than that measured, at equilibration, under the fixed stress boundary condition, reflecting the effect of boundary condition on permeability. Interestingly, the lower the Terzaghi effective stress occurring at the initial sorption process under the fixed volume boundary condition, the higher the difference in permeability upon such effects. This may suggest the effect of boundary condition could be related to the degree of sorption equilibration, depending on diffusion. Particularly, for CH4 shown in Figure 6A, permeability reduced by a factor up to ∼2 at 18.4 MPa, while for CO2 shown in Figure 6B, permeability reduced by an order at 25 MPa. This again reflects CO2 has a stronger sorption effect on permeability evolution.
[image: Figure 6]FIGURE 6 | Permeability to CH4 shown in (A) and to CO2 shown in (B), performed under the fixed volume versus the fixed stress boundary condition, employing the same pore fluid pressure, plotted against Terzaghi effective stress. The black and red dots represent the data points measured under the fixed volume and fixed stress boundary conditions, respectively.
DISCUSSION
The flow-through experiment performed in this study demonstrated the permeability reduced exponentially with increasing effective stress, regardless of the fluids used as well as the boundary conditions employed. This suggests the permeability is stress-dependent. Importantly, our results also showed that, at similar Terzaghi effective stresses, the permeability of the sample to CO2 is an order lower than that to CH4, and the permeability to CH4 is also 2–3 times lower than that to helium. This is in good agreement with experimental observations reported in the literature (e.g., Gensterblum et al., 2014). Moreover, our results shown in Figure 6 demonstrated the effect of boundary condition on permeability. This all suggests sorption effects on permeability evolution, independently of poroelastic effects. Interestingly, the differences in helium permeability obtained in Stages I, III, and V suggest a permanent effect of sorption on permeability. It is difficult to distinguish, directly from the experiments, whether this permanent effect is caused by the change of effective stress or by adsorption, especially for the fixed volume boundary condition. Instead, we attempt to use a simple fracture permeability model proposed by Walsh (1981) for an elastic asperity loading framework (i.e., reversible deformation), to distinguish any permanent effects on permeability caused by diffusion-controlled adsorption/desorption. In the following, we will first investigate whether the Walsh permeability model can describe the direct effect of effective normal stress on permeability observed in this study. Subsequently, we will discuss the effects of sorption process on permeability and, finally, the implications of our findings for CO2-ECBM recovery.
Experimental Data Versus the Walsh Permeability Model: Effect of Normal Stress
Our results shown in Figure 3, Figure 4B, and Figure 5B demonstrate that the permeability of the coal sample containing visible fractures exponentially reduced with increasing Terzaghi effective stress. This is in good agreement with stress-dependent permeability of coal samples (Somerton et al., 1975; Durucan and Edwards, 1986; Gensterblum et al., 2014; Chen et al., 2011). We here quantitatively determine the direct correlation between permeability and effective stress, using the Walsh permeability model, in an attempt to capture the direct effect of effective normal stress on fracture permeability. Recall that the Walsh permeability model was constructed for describing the fracture permeability change between two roughness surfaces, with respect to the change in the applied effective stress, which considered the effect of elastic fracture asperity contacts on fracture permeability ([image: image]). The model can be expressed as (Walsh, 1981)
[image: image]
Here, [image: image] reflects the physical properties of fracture, where h (m) represents the root mean square value of the height distribution of the fracture surface and D0 (m) represents the mean fracture aperture at the reference effective stress [image: image] and permeability [image: image], and b (MPa−1) is assumed to be a constant for the Hertzian contact, representing that the contact area increases linearly with the effective stress. Assuming the asperity area is far smaller than the surface area, i.e., the ratio of the asperity area over the surface area [image: image], Eq. 2 approximately reduces to
[image: image]
This simplification, in turn, is exactly in the same format as the cubic model using the exponential function expressing the correlation between the effective stress and the joint closure (cf. Cook, 1992). In addition, the effective stress is given by Walsh as [image: image], where [image: image] is identified as the “Walsh effective stress coefficient” in this study. [image: image] are the compressibility of the matrix and fracture, respectively. Note that the Walsh effective stress is assumed to exhibit the same deformation of the fracture as that acted by both the confining and fluid pressures. If [image: image], s reduces to 1, equivalent to the Terzaghi effective stress, while if [image: image], s reduces to 0.
We here focus on the permeability data obtained under the fixed stress boundary condition in which the coal sample was equilibrated with the gas/fluid at given Pc–Pf–T conditions. We further assumed that 1) the fracture contacts and roughness, i.e., the values of s, a, and b in Eq. 2, remained constant during the flow-through tests performed at each experimental stage (Stages I–V, see Table 1), while the values may be different between stages, implying permanent changes in coal structures and flow paths, and 2) the permeability development shown in Figure 3, Figure 4B, and Figure 5B for each stage is only dependent on the change in Walsh effective stress. Following the least square method and using the Walsh permeability model presented in Eq. 2, we obtained the parameters s, a, and b for each stage, as listed in Table 2. On this basis, the permeability data obtained for each stage are plotted in Figure 7, as a function of the Walsh effective stress. Note that the values of [image: image] and [image: image] used in each stage are also listed in Table 2. It is clearly seen from Figure 7 that the Walsh permeability model provides accurate descriptions of the permeability change caused by the change in effective normal stress (R2 ≥ 0.97), no matter which gases/fluids were used. Importantly, the parameter values listed in Table 2 lie in a reasonable range, properly reflecting the physical properties of the fracture, though the Walsh effective stress coefficient (s) obtained for CH4 is more than unity. Although the value larger than 1 is inconsistent with the definition of the Walsh effective stress coefficient ([image: image]), it is also reported elsewhere that the Biot effective stress coefficient may be higher than 1 for deformation of sorbing media, probably due to sorption-induced swelling (Liu and Harpalani, 2014; Sang et al., 2017). This will be further discussed in Effects of Sorption-Induced Swelling on Walsh Effective Stress Coefficient.
TABLE 2 | List of the values of [image: image] and [image: image] used for each stage and parameter values obtained from the best fitting of Eq. 2 to the permeability data shown in Figure 7.
[image: Table 2][image: Figure 7]FIGURE 7 | Permeability measured at all stages performed under the fixed stress boundary condition, plotted in logarithms, as a function of the Walsh effective stress. Note that s is the Walsh effective stress coefficient, and the lines represent the best fittings of Eq. 2 to the data points. The values of [image: image] and [image: image] used for each stage and the parameter values obtained are listed in Table 2.
Following the above assumptions, the difference in these parameter values obtained from helium permeability data measured at different stages may imply the permanent changes in fracture structure and transport paths upon the sorption effects. Note that the permeability to helium measured at Stage V was most sensitive to the Walsh effective stress. This can be explained by the highest b value obtained at Stage V, as it means the contact areas of the fracture, after CO2 adsorption, would increase the most, i.e., the aperture spacing would reduce the most, at given changes in the Walsh effective stress. This all indicates that the Walsh permeability model can well describe stress-dependent permeability of coal with respect to sorbing gases, given proper parameter values reflecting the sorption effects on fracture properties.
Effects of Stress–Strain–Sorption on Permeability Evolution
Apart from the stress-dependent permeability, Figure 7 also clearly indicates that permeability of the sample measured at similar Walsh effective stresses lies in the following order: [image: image] for helium measured in Stages I and III > [image: image] >> [image: image]. This demonstrates the effects of sorption process on permeability. In this section, we first crudely investigate whether the largest difference in permeability observed between Stages I and IV can be explained by the change in contact areas of the fracture. We then attempt to explain the changes in Walsh effective stress coefficient observed between stages. Finally, we discuss the effects of sorption equilibration degree on permeability evolution under the fixed volume boundary condition.
Effective Permeability: Effect of Stress–Strain–Sorption Behavior on Fracture Contacts
Recall that the Walsh permeability model was used to determine how permeability changes with respect to the change in effective stress. This means that the large reduction in permeability upon CO2 adsorption observed at similar Walsh effective stresses cannot be explained by the changes in parameter values listed in Table 2. In an attempt to gain insights into such sorption-induced permeability changes, we introduce the effective permeability [image: image] of the fracture roughness illustrated in Figure 8A (Walsh, 1981). Walsh (1981), analog to the heat flow, proposed [image: image] that has permeability [image: image] of the smooth fracture containing the circular cylindrical asperities with the contact area ratio [image: image], given as
[image: image]
[image: Figure 8]FIGURE 8 | A conceptual fracture model shown in (A) illustrating the effect of asperity contacts on fracture permeability, including (B) the effect of contact area ratio (α) on permeability development when the fracture contains the circular cylindrical asperities only (i.e., f = 1) and (C) the effect of shape factor f for ellipse contacts on permeability development at a constant contact area ratio of α = 0.2. Note that the starting permeability is 4 × 10−19 m2 that was measured at Stage I for helium at 19 MPa Walsh effective stress (s = 0.98).
Zimmerman et al. (1992) modified the above relation for the ellipse contacts by introducing the shape factor f, as
[image: image]
where [image: image] and c is defined as the ratio of the minor to the major axis. It is clearly seen that Eq. 4 will reduce to Eq. 3, if f = 1.
Crude analysis performed using Eqs 3, 4 suggests the combined changes in contact area ratio and contact shape could reduce permeability from 4 × 10−17 to 4 × 10−18 or even lower (see Figures 8B,C), which is in good agreement with the change observed in Figure 7. This means the large reduction in permeability upon CO2 adsorption may be explained by the changes in contact area and contact shape. Similar changes that occurred in the fracture structure caused by sorption-induced heterogeneous swelling are also reported by Wu et al. (2011). Such changes can be caused by the coupled stress–strain–sorption behavior of coal upon adsorption of CH4 and CO2 (Liu et al., 2016). Liu et al. (2016) constructed a thermodynamic model for describing adsorbed concentration of any sorbing gas/fluid by the coal matrix subjected to the applied stress states. The model demonstrates the higher the applied stress, the lower the adsorbed concentration. Considering the fracture structure illustrated in Figure 8A, the asperity solid contact with high normal stress would adsorb little CH4 or CO2 accompanied by little sorption-induced swelling, while the free surfaces of the aperture having low normal stress would adsorb more CH4 or CO2, accompanied by large swelling. Such heterogeneous deformation occurring at fracture surfaces upon adsorption would lead to an increase in [image: image] and a reduction in [image: image], accordingly reducing permeability. Note that such effects should be reversible, supported by the fact that the helium permeability measured after the sorption process is much higher than [image: image] and [image: image] measured at similar Walsh effective stresses. However, the difference in helium permeability obtained before and after CH4 and CO2 adsorption suggests a permanent change occurring on fracture surfaces. Such permanent changes may be caused by the heterogeneous deformation–induced microcracking mechanism during the coupled stress–strain–sorption process (Hol et al., 2012b). This is also consistent with the hysteresis observed in plots for permeability versus Terzaghi effective stress shown in Figures 4B, 5B. In addition, such permanent changes in fracture structure that occurred during the stress–strain–sorption process could be one of the mechanisms responsible for the change in parameters of s, a, and b (see Table 2). In addition, the chemical interaction between coal and supercritical CO2 may also have some influence on the permanent changes of fracture structure and accordingly on the permanent changes in permeability (Zhang et al., 2013; Chen et al., 2017).
To quantitatively evaluate the role of such permanent changes occurring on fracture surfaces in controlling permeability, we introduce a ratio [image: image] expressing the relative change in permeability with respect to the helium permeability measured before the sorption process, defined as
[image: image]
where [image: image] represents the change in helium permeability measured at similar Walsh effective stresses before and after the sorption process and the term ([image: image]) represents the difference between permeability to helium measured after the sorption process and to the sorbing gas measured at a similar Walsh effective stress. It suggests such sorption-induced permanent changes dominated the permeability evolution if [image: image]; otherwise, the sorption-induced reversible changes dominated. [image: image] for CH4 and CO2 obtained from Figure 7 using Eq. 5 is plotted against Walsh effective stress in Figure 9, reflecting the combined effects of reversible and permanent processes on sorption-induced permeability evolution. Particularly, CH4 adsorption–induced changes that occurred on fracture surfaces were dominated by the reversible stress–strain–sorption effect, while CO2 adsorption–induced changes were dominated by the permanent effect under conditions employed in this study (Walsh effective stress >22 MPa). Note this permanent change upon supercritical CO2 may also be related to chemical extraction effects (Zhang et al., 2013; Chen et al., 2017).
[image: Figure 9]FIGURE 9 | [image: image] for CH4 and CO2 obtained from Figure 7 using Eq. 5, plotted as a function of Walsh effective stress, illustrating that sorption-induced reversible effect dominated the changes occurring on fracture surfaces upon CH4 adsorption, while the sorption-induced permanent effect dominated upon CO2 adsorption when the Walsh effective stress is higher than 22 MPa.
Effects of Sorption-Induced Swelling on Walsh Effective Stress Coefficient
Figure 7 and Table 2 indicate that s experienced an increase from 0.98 to 1.19 upon CH4 sorption, followed by a significant reduction to ∼0.3 upon CO2 sorption. To explain such changes, we introduce a revised Walsh effective stress coefficient ([image: image]). Liu and Harpalani (2014) and Sang et al. (2017) revised the Biot effective stress coefficient by introducing an additional term considering the effect of sorption-induced swelling. By analogy with the expression given by them, the Walsh effective stress coefficient might be revised in a simple form as
[image: image]
where [image: image] represents adsorption-induced volumetric swelling strain, which is a function of σ–P–T (cf. Liu et al., 2016), and K represents the bulk modulus of the sample, while Ka represents the apparent bulk modulus measured using sorbing gas depending on [image: image] (cf. Hol et al., 2011; Hol et al., 2014). It is clear that the change in [image: image] should be determined by the competition between the change in compressibility [image: image] and the term [image: image], and it can be greater than 1.
Returning now to our data, the increase of [image: image] to 1.19 upon CH4 adsorption suggests sorption-induced swelling dominated over the change in [image: image]. Note that [image: image] obtained from helium permeability data measured after CH4 adsorption reduced from 0.98 to 0.72. This suggests the value for [image: image] also increased upon CH4 adsorption/desorption. It is reasonable that such a change in [image: image] may be attributed to the formation of microfractures during the sorption process (Walsh, 1965; Zimmerman, 1985). Considering the coal sample was pre-treated with CH4 to the confining pressure of 30.7 MPa, compared to heterogeneous swelling effects, the sorption-induced swelling stress up to 38.8 MPa upon CH4 adsorption under the fixed volume boundary condition may dominate. Note that the change in [image: image] upon CH4 desorption and evacuation cannot be completely eliminated (Espinoza et al., 2015). By contrast, [image: image] suggests, upon CO2 adsorption, the change in [image: image] dominates. Assuming similar values of [image: image] obtained for CH4 and CO2, the change in [image: image] caused by CO2 adsorption–induced swelling is much larger. In other words, after CO2 adsorption, the compressibility of coal matrix is much closer to fracture compressibility. This is consistent with the fact that the swelling stress caused by CO2 adsorption–induced swelling under the fixed volume boundary condition was ∼52 MPa, which is much higher than that caused by CH4 adsorption. This is also supported by Hol et al. (2012b) who observed the formation of new microfractures of the Brezeszcze coal matrix during the first exposure to CO2 under unconfined boundary conditions. In addition, [image: image] obtained from helium flow-through tests performed at Stage V was still 0.31, suggesting a permanent change in coal structure upon CO2 sorption. This is also in good agreement with the larger hysteresis behavior of permeability versus Terzaghi effective stress observed for CO2, as well as the mechanisms discussed in Effective Permeability: Effect of Stress–Strain–Sorption Behavior on Fracture Contacts that sorption-induced permanent changes dominated at the Walsh effective stresses employed in this study for CO2.
Now, we discuss the term [image: image]. Our previous studies on the Brezeszcze coal showed the volumetric swelling strain ([image: image]), at equilibrium, was 1.29–1.39% due to CH4 adsorption at a confining pressure of 11 MPa and 10 MPa CH4 pressure (Liu et al., 2016) and was 1.83% to CO2 adsorption at a confining pressure of 16 and 15 MPa CO2 pressure (Hol et al., 2012), respectively. Combining the values of [image: image] and [image: image] obtained for CH4 and CO2, together with the term [image: image], it remains acceptable that, upon adsorption of CH4 or CO2, the ratio of [image: image] might be ∼10 at the conditions employed in this study (Hol et al., 2011; Hol et al., 2014).
Effect of Sorption Equilibration Degree on Permeability
Permeability against Terzaghi effective stress shown in Figure 6 suggests an apparent effect of boundary condition on permeability at similar Terzaghi effective stresses. Corrected for such effect on parameters s, a, and b (see Table 3), permeability plotted in Figure 10 as a function of Walsh effective stress demonstrates the similar results that permeability measured under the fixed volume boundary condition is higher than that measured at similar Walsh effective stresses under the fixed stress boundary condition that was equilibrated with CH4/CO2 and that the largest difference occurred at the initial sorption process. This suggests that gradual, diffusion-controlled equilibration also plays a role in changing the fracture structure through the mechanism discussed in Effective Permeability: Effect of Stress–Strain–Sorption Behavior on Fracture Contacts, as illustrated in Figure 8 (Liu et al., 2017; Wang et al., 2021). This is also supported by the evidence that CH4 uptake by the Brezeszcze coal obtained from this study performed under the fixed volume boundary condition was 0.11 mmol/g, which is ∼7 times lower than that obtained, at equilibrium, from our previous study performed, at similar Pc–Pf–T conditions, under the fixed stress boundary condition (Liu et al., 2016). In addition, this mechanism, together with the mechanisms discussed in Effects of Sorption-Induced Swelling on Walsh Effective Stress Coefficient, could also explain why the values for the Walsh effective stress coefficient obtained under the fixed volume boundary condition are higher than those obtained under the fixed stress boundary condition. Similarly, Liu and co-authors (Liu et al., 2011c; Peng et al., 2014) proposed that diffusion-controlled time-dependent sorption-induced swelling as a mechanism caused permeability of coal to CO2 and CH4 showing a “V” shape with increasing pore fluid pressure at a fixed confining pressure that was observed by Wang et al. (2011).
TABLE 3 | List of the values of [image: image] and [image: image] used for fitting and parameter values obtained from the best fitting of Eq. 2 to the permeability data shown in Figure 10.
[image: Table 3][image: Figure 10]FIGURE 10 | Permeability data obtained from Figure 6, plotted in logarithms, as a function of the Walsh effective stress. Circle points represent all permeability data for CH4 shown in Figure 6A, while triangle points represent selected data for CO2 shown in Figure 6B. Solid and hollow represent the fixed volume and fixed stress boundary conditions, respectively. s is the Walsh effective stress coefficient, and the lines represent the best fittings of Eq. 2 to the data points. The values of [image: image] and [image: image] used for fitting and the parameter values obtained are listed in Table 3.
Implications for ECBM and Reservoir Modeling
The results obtained from our flow-through experiment, performed at 40°C under the fixed volume boundary condition, employing an initial confining pressure of ∼25 MPa and 10 MPa pore fluid pressure, imply that injecting CO2 into coal seams at a burial depth of ∼1 km with initial permeability in the order of 10−17 would result in a dramatical reduction in permeability by ∼2 orders, accompanied by permanent changes occurring in transport paths. This, together with our results obtained under the fixed stress boundary condition, further demonstrates that permeability evolution of coal seam during CO2-ECBM recovery operating at in situ conditions could be strongly influenced by the fully coupled stress–strain–sorption–diffusion effects, involving 1) self-stress generated by time-dependent adsorption-induced swelling or desorption-induced shrinkage plus instant poroelastic effects, 2) the change in (Walsh) effective stress coefficient upon sorption-induced swelling, 3) sorption-induced closure of transport paths independently of poroelastic effect, and 4) diffusion-controlled heterogeneous gas penetration and equilibration. This may offer a new basis to enhance coal seam permeability by controlling those mechanisms.
Regarding reservoir modeling, our analysis suggests the Walsh permeability model offers a promising basis for relating permeability evolution to the change of in situ stress, regardless of boundary conditions, using appropriate parameter values corrected for the effects of stress–strain–sorption. The parameter values can be obtained from the lab experiments, but it remains unclear whether those values can be extrapolated to the field predictions. Importantly, our results strongly suggest monitoring evolution of in situ stresses during CO2-ECBM recovery may offer the most promising basis for predicting reservoir permeability evolution.
CONCLUSION
In this study, we investigated the coupled stress–strain–sorption effects on coal permeability evolution under the fixed volume versus the fixed stress boundary conditions, by performing flow-through tests on a cylindrical bituminous coal sample with respect to helium, CH4, and CO2, employing PT conditions equivalent to a burial depth of ∼1 km. Using the framework of the elastic asperity loading model developed by Walsh as a reference model, we determined the specific mechanisms responsible for permeability evolution upon sorption process, both qualitatively and quantitatively. The main findings are summarized as follows:
1) The Brezeszcze coal sample used in this study shows helium permeability, at a constant Terzaghi effective stress of 15 MPa, which decreases from 6.5 × 10−17 m2 measured before CH4 introduction, to 5.5 × 10−17 m2 after CH4 sorption, and to 1.7-3×10−17 m2 after CO2 sorption, demonstrating a permanent change upon sorption.
2) Regardless of the boundary conditions employed and the fluids used in this study, the permeability of the coal sample decreased exponentially with increasing Terzaghi effective stress, in a manner that can be described by the Walsh permeability model. This finding offers a promising basis for predicting permeability evolution with respect to in situ stress changes, i.e., using the Walsh permeability model with appropriate parameter values corrected for the stress–strain–sorption effects.
3) Permeability obtained at similar Walsh effective stresses showed [image: image] > [image: image] >> [image: image], no matter whether performed under the fixed stress or the fixed volume boundary condition. This demonstrates that CO2 exerts the strongest sorption effects on permeability evolution.
4) Permeability measured under the fixed volume boundary condition, particularly at the initial sorption process, was higher than that measured at equilibration under the fixed stress boundary condition, even at similar Walsh effective stresses. This apparent effect indicates diffusion-controlled equilibration also plays a considerable role in permeability evolution occurring at a constant Walsh effective stress.
5) Permeability evolution of coal seams with respect to CH4 or CO2 at in situ PT and boundary conditions can be expected to be strongly influenced by the coupled effects of a) self-stress development induced by sorption-induced swelling, b) the change in (Walsh) effective stress coefficient upon sorption-induced swelling, c) sorption-induced closure of transport paths independently of poroelastic effects, and d) heterogeneous gas penetration and equilibration, caused by slow diffusion.
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