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Abstract：Shale gas is becoming an important addition to worldwide energy supply with permeability a critical 

controlling factor for gas long-term production. Obvious deviation may exist between helium permeability 

determined using small pressure gradient (SPG) methods and methane permeability obtained under actual field 

production with variable pressure gradients (VPG). In order to more accurately evaluate the matrix permeability of 

shale, a VPG method using real gas (rather than He) is established to render permeability measurements more 

representative of reservoir conditions and hence response. Dynamic methane production experiments are performed 

to measure permeability using the annular space in shale cores. For each production stage, boundary pressure is 

maintained constant and the gas production with time is measured on the basis of volume change history in the 

measuring pump. A mathematical model explicitly accommodating gas desorption uses pseudo-pressure and pseudo-

time to accommodate the effects of variations in pressure-dependent PVT parameters. Analytical and semi-analytical 

solutions to the model are obtained and discussed. These provide a convenient approach to estimate radial 

permeability in the core by nonlinear fitting to match the semi-analytical solution with the recorded gas production 

data. Results indicate that the radial permeability of the shale determined with methane is in the range of 1×10-6 – 

1×10-5 mD and decreases with a decrease in average pore pressure. This is contrary to the observed change in 

permeability estimated with helium. Bedding geometry has a significant influence on shale permeability with 

permeability in parallel bedding orientation larger than that in perpendicular bedding orientation. The superiority of 

the VPG method is confirmed by comparing permeability test results obtained from both VPG and SPG methods. 

Although several assumptions are used, the results obtained from the VPG method with reservoir gas are much 

closer to reality and may be directly used for actual gas production evaluation and prediction though accommodating 

realistic pressure dependent impacts. 
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1 Introduction 

 

Commercial production of shale gas is achieved due to modern developments in horizontal drilling and multi-
staged hydraulic fracturing (Lin, 2016; Fan et al., 2018a; Guo et al., 2018; Parvizi et al., 2018; Shan et al., 
2018). Although fracture properties may dominate gas production in the early stage of gas production, it is the 
permeability of the shale matrix that controls the performance of gas wells over long-term recovery (Heller et 
al., 2014; Cicha-Szot et al., 2015). Previous studies (Knabe and Wang, 2011; Heller et al., 2014; Guo et al., 
2015; Cui and Abass, 2016; Wang et al., 2016a) often estimate shale permeability through investigating gas 
flow characteristics along the axial direction of the core. However, both linear and radial flow regimes occur 
simultaneously in fractured shale formations (Ozkan et al., 2010; Cicha-Szot et al., 2015; Liu, 2016; Wang et 
al., 2017a; Wang et al., 2017b). Thus, determining the radial matrix permeability is of great importance to 
understand seepage mechanisms and production performance of the shale gas. 

Permeability measurement methods can be divided into two categories based on the evaluation approach: 
indirect and direct methods. In the indirect method, the matrix apparent permeability is determined by 
establishing an mathematical model on the basis of the pore size distribution (PSD) (Tian et al., 2017). The PSD 
can be determined experimentally by mercury injection (Brown, 2015), polarization decay (Tong et al., 2006; 
Revil and Florsch, 2010) and by nuclear magnetic resonance (NMR) (Daigle and Dugan, 2011). The model is 
derived from theoretical aspects of gas-molecule interactions with the pore walls potentially accounting for 
unique flow behaviors involving viscous flow, slip flow, and Knudsen diffusion (Javadpour et al., 2007; 
Javadpour, 2009; Freeman et al., 2011; Okamoto et al., 2015; Tian et al., 2017; Song et al., 2018). Although 
accommodating these flow regimes in the model, this method must be validated against experimental or field 
production data. When applying the direct method, permeability is measured by either steady state (apply a 
constant pressure gradient or gas flow rate) (API, 1998), or un-steady state techniques (analyze the change in 
pressure gradient or fractional gas production as a function of time) (Brace et al., 1968; Bourbie and Walls, 
1982; Suarez-Rivera et al., 2012; Qu et al., 2015; Yang et al., 2015). The former is time consuming for ultralow 
permeability measurements (Sinha et al., 2012), and the latter requires a transient flow model corresponding to 
the experimental measurements and a reliable method to appraise the permeability model parameters (Cui et al., 
2009; Yang et al., 2015; Ettehadtavakkol and Jamali, 2016). 

Among these methods mentioned above, the un-steady technique is the most suitable method for shale 
permeability measurement because it can both reduce the duration of individual experiments and increase the 
robustness of the estimation (Ettehadtavakkol and Jamali, 2016). This method has been fully developed and 
extensively used (Jones, 1972; Hsieh et al., 1981; Neuzil et al., 1981; Bourbie and Walls, 1982; Luffel et al., 
1993; Jones, 1997; Haskett et al., 1998; Cui et al., 2009; Yang et al., 2015; Cui and Abass, 2016; 
Ettehadtavakkol and Jamali, 2016). However, current un-steady techniques are established on the basis of a 
small pressure gradient (SPG) and simplify the mathematical model by assuming constant PVT properties of the 
gas. This approximation is not consistent with gas production under reservoir conditions with variable pressure 
gradients (VPG) and may lead to erroneous results, due to pressure-dependent gas properties (Al-Hussainy et 
al., 1966; Zhang and Ayala, 2015). Therefore, a VPG technique is essential for the reliable and accureate 
determination for shale permeability. 

The following presents a method to determine permeability under conditions of variable pressure gradients. 
First, dynamic production experiments under constant external pressure are conducted to measure methane 
dynamic production characteristics with three designated pressure gradients. Then, a mathematical model 
explicitly accommodating gas varialble PVT parameters and desorption for radial flow in individual shale cores 
is established. A workflow for the estimation of the radial permeability via a VPG method is presented. Finally, 
the superiority of the resulting predictions is discussed together with identifying some limitations of the method. 

 

2 Geological Settings 
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Fig. 1. Distribution of sedimentary facies of the Longmaxi shale in the Sichuan Basin (modified after Chen et al. (2011), 

Guo et al. (2014) and Ran et al. (2016)). 

The Sichuan Basin has an area of approximately 1.8 × 10
5
 km

2
 in Southwest China, surrounded by several 

mountains, e.g. Micang Mountain, Dalou Mountain and Longmen Mountain (Chen et al., 2011; Chen et al., 
2018), as shown in Fig. 1. This basin is a prolific hydrocarbon region and is estimated to have 0.44 × 10

9
 m³ of 

exploitable shale gas resource, offering the most potential area for shale gas development in China (Yu et al., 
2016; Wu et al., 2017). Several different intervals of source rocks, from the Cambrian and the Silurian through 
the Permian and the Triassic to the Jurassic, contribute to the total gas in place (Chen et al., 2011). Among these 
intervals, the Longmaxi Formation formed at the Early Silurian is the most widespread with thickness larger 
than 200 m. This formation is organic-rich with total organic content (TOC) ranging from 0.45% to 8.75% (Luo 
et al., 2012), and is overmature as indicated by Ro larger than 2% (Chen et al., 2011). Both shallow and deep 
shelf facies are presented according to the depositional environments. The shallow shelf sendiments are 
dominated by siltstone, while the deep shelf sendiments contain silty shales, dark gray mudstones, laminar 
muddy siltstones and siltstones. The dark organic-rich shales generally represent „sweet spot‟ for gas 
accumulation and storage (Guo et al., 2014; Nei and Jin 2016; Zhao et al., 2016). 

 

3 Experiment and theory 

 

We conduct dynamic methane production tests to estimate the radial permeability and desorption potential of 
shale cores. In order to accommodate variations of pressure-dependent PVT parameters, pseudo-pressure and 
pseudo-time are used to perform the analysis via mathematical modeling.  

 

3.1 Methane dynamic production experiments 

Experiments are performed on shale samples collected from the Fuling shale play, southeast of Chongqing, 

Sichuan, China. This field is a deep water shelf marine shale with natural bedding fractures (Guo et al., 2014b; 

Ou and Li, 2017). Two cores are prepared from the Longmaxi formation by drilling both parallel and 

perpendicular to the bedding orientation. Table 1 summarizes the petrophysical-properties of the shale. 
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Table 1 Petrophysical characteristics of the shale. 

Sample 

Length 

(cm) 

Porosity 

(%) 

Skeleton density 

(cm
3
/g) 

TOC 

(wt %) 

Clay content 

(wt %) 

1 3.25 4.52 

2.83 2.81 18.28 

2 4.55 4.49 

 

Fig. 2. Schematic diagram of the experimental apparatus. 

Fig. 2 shows a schematic diagram of the dynamic methane production apparatus. The shale core is inserted 

vertically in the sample chamber with its two ends sealed by epoxy resin. This prevents flow from the top and 

bottom of the core and allows a fully radial flow regime. The intermediate chamber is connected to the 

measuring pump. The temperature-controlled system contains a thermostat and a water bath (accuracy of 0.01 

℃). This design guarantees a constant temperature condition for the gas production experiments. 

Before conducting the dynamic production test, both volume correction and leakage tests are conducted for 

the entire system using helium. Then, the entire system is placed under vacuum for at least 12 h, until the system 

pressure reaches 10
-3

 Pa. The core sample is pressurized to 10 MPa for more than 1 day to obtain a uniform gas 

pressure distribution in the core. Gas production tests are conducted in stepped-pressure production stages with 

three designated pressure decrements of approximately 10 MPa to 6 MPa, 6 MPa to 2 MPa and 2 MPa to 0.14 

MPa. For each stage, the production pressure is maintained constant by adjusting the measuring pump (Wang et 

al., 2016c; Yang et al., 2016). The accumulative gas production-time curve is evaluated by recording the volume 

change in the measuring pump with time. All experiments are conducted at a temperature of 35℃. 

 

3.2 Evaluation Methodology 
The radial permeability of the shale is calculated by matching the semi-analytical solution of the radial flow 

model with the dynamic gas production data. Here, the methodology is introduced step-by-step. 

 

3.2.1 Conceptual Model 

The sealed upper and lower end faces allow for strictly one-dimensional radial flow, as illustrated in Fig. 3. 
During a given dynamic production stage, the pressure drop migrates from the exterior to the interior of the 
shale pores until an equilibrium uniform pressure is attained that is equivalent to the initial external pressure. 
Both free gas and desorbed gas transport evolves with the VPG model accommodating both processes. 
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Fig. 3. Conceptual model of gas flow from shale core in the radial direction from interior to exterior. 

A dimensionless desorption coefficient is adopted to scale the gas desorption behaviors, defined as the ratio of 
rate of change for the adsorbed gas density to that for the density of the free gas. In order to simplify the solution 
of the model, some reasonable assumptions are used as below: 

(1) Petro-physical properties of the cylindrical core are homogeneous, e.g. pore structure, desorption rate 
coefficient and permeability. 

(2) Single phase radial flow of gas progresses at constant temperature and boundary pressure in cylindrical 
pores (e.g. Fig. 3). Gas permeability is constant at each production stage. 

(3) The gas adsorption/desorption isotherm is described by a Langmuir equation. Thus, the desorption 
coefficient can be written as (Cui et al., 2009): 

     
  

    
 
  

   

    
   ⁄

    ⁄
                                                                        (1) 

where   , is the skeletal density of the shale,     , is the standard molar volume of gas (at 273.15 K and 
0.101325 MPa),   , is the Langmuir volume,   , is the Langmuir pressure,  , is pressure, and,  , is the volume 
density of free gas. 

To verify the rationale for this simplification, each assumption is discussed as below. The first approximation 
strategy (#1) has been widely used to establish gas flow models during production analysis (Cui et al., 2009; 
Yuan et al., 2014; Ettehadtavakkol and Jamali, 2016; Yang et al., 2016; Yang and Dong, 2017). The temperature 
and boundary pressure (assumption #2) are controlled to remain constant in the experiment by using a water 
bath and measuring pump, respectively. Thus their fluctuation is controllably small. Using constant permeability 
within a certain pressure drop range is also acceptable, as has been verified and widely used in the 
measurements of gas permeability in tight reservoirs (Suarez-Rivera et al., 2012; Qu et al., 2015; Cui and Abass, 
2016). Finally, the Langmuir equation (assumption #3) is both well-known and broadly applied (Ross and 
Bustin, 2007; Bustin et al., 2008; Fan et al., 2017; Guo et al., 2017). 

 

3.2.2 Mathematical Model 

With the above assumptions, the governing equation describing the radial flow can be written as: 

  
  

  
           

  

  
 

 

 

 

  
  

 

   

  

  
                                                 (2-1) 

with initial and boundary conditions: 

 |                                                                                 (2-2) 
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 |                                                                                 (2-3) 
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                                                                         (2-4) 

where   , is the effective porosity (Cui et al., 2009),  , is the matrix permeability,   , is gas viscosity, r is the 

distance between the center of the radial model and the point of interest,  , is time and   , is gas compressibility, 

defined as:    
 

 
 

 

 

  

  
. 

In the SPG method, the governing equation is solved under the assumption that the gas PVT parameters 
remain constant over a small pressure drop (Cui et al., 2009; Cui and Abass, 2016; Yang and Dong, 2017). 
However this hypothesis is inappropriate when measurements are conducted over a broad range of pressures. In 
the VPG model, we adopt pseudo-pressure and pseudo-time to account the change of gas PVT properties and 
simplify the solution. 

The pseudo pressure is formulated as (Al-Hussainy et al., 1966): 

      ∫
 

  

 

  
                                                                      (3)  

where   , is a lower limit pressure of intergral.  

After some rigorous transformations, Eq. (3) followed by: 

     

  
 

     

  
 
  

  
 

  

  
 
  

  
                                                                  (4) 

and 

     

  
 

  

  
 
  

  
                                                                         (5) 

The pseudo-time is defined as (Agarwal, 1979; Rahman et al., 2004):  

     ∫
     

   ̅     ̅ 
  

 

 
                                                                   (6) 

where    ̅  and     ̅ , are the gas viscosity and compressibility at average pressure  ̅, respectively. 

The average pressure can be calculated by using the material balance equation: 

   
   ̅

 ̅   
   

 ̅      

    ̅ 
                                                                (7) 

where   , is the total amount of gas in shale samples at initial conditions,   , is the pore volume per unit weight, 
    , is the amount of gas production at actual time  , and     and  ̅, are the gas compressibility factors at 
standard and average pressure, respectively. 

The derivative of Eq. (6) respect to time shows that:  
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 .                                            (8) 

Substituting Eq. (4), Eq. (5) and Eq. (8) in to Eq. (2) with the product     approximated at the average 
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pressure, we obtain:  
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    |                                                                        (9-2) 

    |                                                                         (9-3) 
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                                                                     (9-4) 

where 

   
 

                    
                                                          (10) 

Eq. (8) is a linearized diffusivity equation for real gas flow and its analytical solution can be obtained by 
Laplace transform (Crank, 1975; Yang and Dong, 2017), given as: 

           
      

  
∑

             
     

          

 
                                            (11) 

where      , is the Bessel function of the first kind of order zero,      , is the Bessel function of the first order, 
and   , is the positive roots of equation           . 

 

3.2.3 Permeability Determination 

We define fractional gas production,   , as the ratio of the cumulative gas production at time t to the ultimate 
cumulative production. The gas production capacity can be written as: 

        [      
   

    
   

 

   
]                                          (12) 

with    written as: 

   (      
    

     
   

  

   
)                                              (13) 

Thus    can be formulated as: 

   
    

     
 

      
    

     
   

  
   

       
   

    
   

 

   

      
    

     
   

  
   

       
    

     
   

  
   

                                       (14) 

where    is the external pressure. 

Previous studies indicate that a linear relationship between pseudo-pressure      and pressure P appears 
during the primary half stage of the pressure drop (Ettehadtavakkol and Jamali, 2016; Fan et al., 2018b). If the 
gas desorption capacity      -  curve at each substantive production stage can be described linearly, the FD-
m(t) ralation can be approximated as (Crank, 1975; Ettehadtavakkol and Jamali, 2016): 

   
          

           
=  
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Eq. (15) is a function of both time and position. Integrating fractional production from the surface of the core 
to its center, the fractional production    for the whole core can be written as: 

   
∫     
  
 

  
   

 

  
∑
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]              

         
     

          

 
                     (16) 

hypergeom(n,d,z) in Eq. (16) represents the generalized hypergeometric function and can be calculated using the 
hypergeom function in MatLab. Eq. (16) is the analytical solution of the VPG model, describing the relationship 
between average fractional production and pseudo-time. The pseudo-time m(t) in Eq. (16) can be estimated by 
Eq. (6) and the permeability and desorption rate coefficient can be estimated by a nonlinear fitting process. The 
nonlinear fitting process is conducted by matching the semi-analytical solution with the fractional production 
data obtained from dynamic gas production tests.  

Table 2 Basic parameters for investigating the approximate solution of the VPG model. 

Properties Unit Value 

Sample radius,    μm 2.5e4 

Permeability,   μm
2
 6.2e-5 

Initial gas compressibility,     1/Pa 1.11e-7 

Initial gas viscosity,    Pa·s 2.43e-4 

Temperature, T K 308.15 

Initial gas pressure,    Pa 10e6 

External gas pressure,    Pa 6e6 

Skeleton density,    g/cm
3
 2.73 

Langmuir pressure,    Pa 1.315e6 

Langmuir volume,    cm
3
/g 0.998 

Desorption rate coefficient,      dimensionless 0.00665 

Porosity,   dimensionless 0.0452 

 

Fig. 4 Convergance test for approximating the VPG solution. 

In order to progress the nonlinear fitting process, the semi-analytical solution of the VPG model is obtained 
by evaluating a sufficient number of terms needed to approximate the analytical solution. Basic prtro-physical 
parameters used for the evaluation are shown in Table 2. Langmuir pressure PL and Langmuir volume VL in 
Table 2 are determined by fitting Langmuir equation with shale adsorption curves (Zhang et al., 2012). 
Permeability and desorption rate coefficient are obtained by matching the analytical solution in Eq. (16) with the 
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first 20 terms of the infinite series with the gas dynamic production curves by using the method presented in the 
4.2 Section. 

The fitting results are presented in Fig. 4, which indicate that the first 3 terms of the infinite series in Eq. (16) 
is sufficient to approximate the analytical solution. Thus, the semi-analytical solution can be written as: 

     
 

  
∑

           
 

 
 [  

 

 
]              

         
     

          

 
                                       (17) 

On the basis of Eq. (17), the nonlinear fitting process can be conducted to esitimate the permeability. The 
essence of the fitting process an optimization problem to esitimate  theminima of a least-square form shown as 
(Yang et al., 2016): 

       ⃗   
 

 
∑         ⃗                  

                                            (18) 

In Eq. (18),   is a function of the summation of squared residuals,  ⃗  is a vector contains permeability and 
desorption rate coefficient,       and       represent the gas fractional production calculated from Eq. (17) and 
obtained from the dynamic gas production experiments, respectively,    is the time of the m

th
 experimental 

point, while   represents the total number of experimental points used for the fitting process. 

The desorption rate coefficient and the permeability are estimated simultaneously using Matlab scripts. In 
order to avoid obtaining a local optimal result of the objective function, an iterative algorithm is applied to 
estimate the desorption rate coefficient and the permeability. 10000 points are uniformly distributed for 
desorption rate coefficient (from 0 to 1) together with 10000 points for permeability (from 1 ×10

-4
 mD to 1 ×10

-7
 

mD). The global optimum desorption rate coefficient and permeability are obtained by searching through this 
array and by storing the vector  ⃗  corresponding to the minimum        . 

Both average absolute error (AAE) and average absolute relative error (AARE) are used to estimate the 
accuracy of the calculated results, which are defined as (Feng et al., 2014; Fan et al., 2018b): 

    
 

 
∑ |    
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Where     
   

 and     
    represent the i

th
 fractional production obtained from experimental and calculated results, 

respectively;   represent the total amount of experimental points. 

 

4 Results and discussion 

 

Firstly, dynamic methane production results are presented for sample #1 and sample #2. Then, a workflow for 
evaluation of the radial permeability is established by matching the solution of the VPG model with the 
experimental results. Finally, the availability and superiority of the VPG method are analyzed and discussed. 
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Fig. 5. Dynamic methane production results under different pressure drops for three particle sizes. 

4.1 Methane dynamic Production 
Fig. 5 shows the results of dynamic methane production experiments on two cores under three different 

pressure drops at 308.15 K. It indicates that the ultimate gas accumulative production is almost the same at each 
gas production stage. For example, when the tests are conducted during the second stage (approximately from 6 
MPa to 2 MPa), the production curves for the two cores increase gradually from the same value (around 0.74 
cm

3
/g) and then equilibrate at 1.61 cm

3
/g. Both the free and the adsorptive gas accumulative production are the 

same during a certain production stage with same pressure gradient, which accounts for this phenomenon (Wang 
et al., 2016c). Fig. 5 also shows that the equilibrium time for sample #1 is lager than that for sample #2. i.e., the 
total equilibration times over the second stage are 332 min and 291 min for samples #1 and #2, respectively. The 
relationship between the flow direction and bedding orientation may explain this phenomenon (Wang et al., 
2011). The gas flow direction is parallel to the bedding orientation for sample #2 and perpendicular to the 
bedding orientation for sample #1. This indicates that the former is much more favorable for the gas flow than 
the latter. 

 

4.2 Parameter Estimation 
The gas production-time curves in Fig.5 can be readily transformed into FD-t for each production stage. On 

the basis of non-linear fitting (Matlab), the calculated results from Eq. (18) match the experimental data well as 
show in Fig. 6. 

   

                                      (a) Sample #1                                                                                 (b) Sample #2 

Fig. 6. FD vs. time curves for both mathematical model fits and experimental results.  
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The estimated parameters involving permeability and desorption rate are shown inTable 3. It indicates that 
magnitude of the gas permeability is in the range of 1 ×10

-6 
mD–1 ×10

-5
 mD. The larger the average pore 

pressure, the higher the estimated permeability. Considering the experimental results of sample #1as an 
example, when the boundary pressure increases from 0.12 MPa to 5.92 MPa, gas permeability increases from 
7.22 ×10

-6
 mD to 7.94 × 10

-6
 mD. During the dynamic methane production process under a defined pressure 

drop, gas production contains both the free gas flow in the pore space and the progress of adsorbed gas 
desorption on the pore surface. The free gas flow is affected by the process of adsorbed gas desorption. Previous 
study ( Yang et al., 2016) indicates that gas desorption process has a delayed effect on gas recovery. Thus, when 
the average pressure decreases, the desorption rate decreases as shown in Table 3, leading to the observed 
decrease in the permeability.  

Table 3. Results of estimated parameters. 

Sample Pressure step (MPa) Permeability (10
-6

mD) Desorption rate 10
-3

 AAE (Dimensionless) AARE (%) 

1 

9.97–5.94 8.12 8.78 0.0384 7.28 

5.94–2.04 7.94 8.13 0.0235 4.39 

2.04–0.12 7.22 7.55 0.0285 6.53 

2 

9.98–5.97 10.5 9.25 0.0326 8.32 

5.97–1.99 9.94 8.76 0.0107 3.56 

1.99–0.13 9.23 8.03 0.0454 8.63 

Table 3 also shows that the permeability for sample #2 is larger than that for sample #1 over the same 
pressure drop, e.g. the permeabilities are 10.5×10

-6
 mD and 8.12×10

-6
 mD

 
for samples #2 and #1 within a 

pressure drop from approximate 10 MPa to 6 MPa, respectively. This phenomenon may not result from changes 
of gas PVT properties, because the gas properties are essentially identical for the two cores within the same 
pressure drop. The main reason may be that the difference in bedding orientation for the two samples, as 
discussed in the previous section. The significant permeability difference reflects the important role of bedding 
geometry. 

 

4.3 Model Comparison and Analysis 
The main improvement is that the VPG model can be applied to depict gas flow under both small and big 

pressure drops, by using the concepts of the pseudo-pressure and pseudo-time. This allows the estimated 
permeability from the VPG method to be straightly used to depict gas flow at variable pressure gradients. When 
the VPG method is performed with a small pressure gradient, the pseudo pressure in Eq. (3) and the pseudo-time 
in Eq. (6) can be transformed into the real pressure and time with the assumption of constant gas PVT 
parameters. Thus, the VPG model can be simplified into the small pressure gradient (SPG) model (Cui et al., 
2009; Cui and Abass, 2016; Yang and Dong, 2017) under the same boundary conditions. When the SPG method 
is applied with big pressure drops, larger errors will be obtained. As shown in Table 3 and Table 4, the average 
absolute error (AAE) and the average absolute relative error (AARE) of the VPG model are estimated to be in 
the range of 0.0107 % – 0.0384 and 3.56 % – 8.63 %, respectively. The AAE and AARE of the SPG model are 
up to be in the range of 0.0236 % – 0.0632 and 6.35 %– 12.36%, respectively. This indicates that the VPG 
method has a wide range of applications than the SPG method. 

Another advantage of the VPG method is that the real gas in the reservoir is used to measure permeability. 
Obvious derivation may exist between permeability determined using helium and methane. Table 4 shows the 
results of the permeability for the two cores measured with helium by using the traditional SPG method (Cui et 
al., 2009). It indicates that the permeability is of the order magnitude of 1×10

-5
 mD, which is several times 

larger than permeability estimated using methane. As discussed in the previous section, the desorption process 
of methane has a delayed effect on gas flow. However, the adsorption/desorption of helium in shale is 
negligible. Thus, values of the permeability measured with helium are larger than methane. Table 4 also 
indicates that permeability decreases with an increase in the average pore pressure. This results in a smaller 
value of permeability at relatively high pore pressures, which is inconsistent with the permeability determined 
with methane. When helium flows at relatively low pore pressure, slip flow may occur because the mean free 
path of the helium molecules may be in the same magnitude with the pore width (Heller et al., 2014). 
Conversely, the permeability for methane is smaller at relatively low pressures, because the gas flow rate is 
much more sensitive to decreases in the desorption process on the pore surface than increases in slip flow in 
pore space. This suggests that it is unreasonable to measure shale permeability using helium instead of methane. 
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Table 4. Results of helium permeability from the SPG method. 

Sample Pressure (MPa) Permeability (10
-5
mD) AAE (Dimensionless) AARE (%) 

1 

app. 10 4.12 0.0632 10.23 

app. 6 5.34 0.0326 7.53 

app. 2 6.53 0.0396 6.35 

2 

app. 10 5.27 0.0513 12.36 

app. 6 6.39 0.0236 6.55 

app. 2 7.98 0.0512 9.63 

Compared to current methods for permeability estimation, the VPG method is a straightforward method to 
determine permeability using real gas under variable pressure gradients. However, the presented method is 
unable to investigate the effects of confining pressure and moist content on the law of permeability evolution 
characteristics. In order to offset this shortcoming, dynamic methane production tests should be conducted on 
shale cores under appropriate axial pressures, and the mathematical model should be improved to accommodate 
the influences of effective stresses.  

 

5 Conclusions 

A VPG method is established to determine shale radial permeability in cores using methane as a reservoir gas 
at appropriate PVT conditions and by coupling with an appropriate model to represent dynamic gas production 
data. The major conclusions of this study are 

(1) The permeability of the shale measured with methane is of the magnitude of 1×10
-6

 mD – 1×10
-5

 mD. Gas 
flow parallel to the bedding direction of the shale is much more permeable than perpendicular to the bedding 
orientation. 

(2) Permeability obtained from the SPG method using helium is several times greater than the value obtained 
from methane. The real gas flow is much more sensitive to the delay effect of desorption process than the 
accelerating effect resulting from slip flow. 

(3) Despite some shortcoming in the presented method, it is a useful approach to estimate shale radial 
permeability under representative conditions in field production. 

 

Nomenclature 

   Skeletal density of the shale, g/cm
3
 

     Molar volume of gas at standard temperature and pressure (i.e. 273.15K and 0.101325MPa)        
     m

3
/mol 

   Langmuir volume, cm
3
/g 

   Langmuir pressure, Pa 

  Volume density of free gas, mol/m
3 

  Pressure, Pa 

   Effective porosity of the shale samples, dimensionless 

     Desorption rate coefficient, dimensionless 

r is the distance between the center of the radial model and the point of interest, μm 

  Gas viscosity, Pa·s 
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  Matrix permeability, μm
2
 

  Time, s 

   Gas compressibility, 1/Pa 

Z Gas compressibility factor, dimensionless 

   Initial gas density in void space of the shale samples, mol/m
3 

   Gas density in the external surface of the shale samples, mol/m
3 

   Initial gas pressure in sample chamber, Pa 

   Radius of shale samples, μm 

     Pseudo-pressure, Pa/s 

     Pseudo-time, s 

   Gas viscosity in initial conditions, Pa·s 

    Gas compressibility in initial conditions, 1/Pa 

   Total gas contained in shale samples at initial pressure, cm
3
/g 

   Pore volume per unit weight, cm
3
/g 

     Accumulative gas production at actual time  , cm
3
/g 

     Shale matrix production capacity at pressure P, cm
3
/g 

   Gas pressure in the external surface, Pa 

R Universal constant, 8.314J/(K mol) 

   Diffusivity coefficient, μm
2
/s 

   Fractional gas production, dimensionless 

T Temperature, K 

   Diffusivity coefficient, μm
2
/s 

        The m
th

 fractional production obtained from experiment, dimensionless 

        The m
th

 fractional production obtained from the VPG model, dimensionless 

      Calculated gas fractional production, dimensionless 

      Experimental gas fractional production, dimensionless 

   Time corresponding to the m
th

 experimental point, s 
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