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Abstract: Accuracy defects exist when modeling fluid transport by the classical capillary bundle
model for tight porous media. In this study, a three-dimensional simplified physical model
construction method was developed for tight sandstone gas reservoirs based on the geological origin,
sedimentary compaction and clay mineral-cementation. The idea was to reduce the porosity of the
tangent spheres physical model considering the synergistic effect of the above two factors and achieve
a simplified model with the same flow ability as the actual tight core. Regarding the wall surface of the
simplified physical model as the boundary and using the Lattice Boltzmann (LB) method, the relative
permeability curves of gas and water in the simplified model were fitted with experimental results
and a synergistic coefficient could be obtained, which we propose for characterizing the synergistic
effect of sedimentary compaction and clay mineral-cementation. The simplified physical model
and the results simulated by the LB method are verified with the experimental results under indoor
experimental conditions, and the two are consistent. Finally, we have carried out a simulation of gas
flooding water under conditions of high temperature and high pressure which are consistent with
the actual tight sandstone gas reservoir. The simulation results show that both gas and water have
relatively stronger seepage ability compared with the results of laboratory experiments. Moreover,
the interfacial tension between gas and water is lower, and the swept volume is larger during
placement. In addition, the binding ability of the rock surface to the water film adhered to it becomes
reduced. The method proposed in this study could indicate high frequency change of pores and
throats and used to reflect the seepage resistance caused by frequent collisions with the wall in
microscopic numerical simulations of tight sandstone gas reservoirs.

Keywords: tight sandstone gas reservoir; simplified physical model; Lattice Boltzmann method;
percolation mechanism; micro-scale

1. Introduction

Classical capillary bundle models rely heavily on extensions of Darcy’s law and empirical
relationships that do not comprehensively capture all of the important physical phenomena at various
scales [1–3]. For instance, the common approach used to study two-phase of gas and water or gas
alone systems in subsurface environments is to consider each phase separately using Darcy’s law and
then account for the characteristics of physical parameters by classical capillary bundle models [4–6].
This approach can’t explicitly accounted for the multidirectional transport of gas molecules and the
variation of the seepage resistance caused by the higher frequency change of the flow radius on the
micro-scale for tight sandstone gas reservoirs. Additionally, it can’t be ignored that the rock surface
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has a definitive influence on the fluid flow laws [7–10]. This suggests that in addition to the factors
considered by the capillary bundle models, a physical model that accounts for the micro-scale effect
and the multiple pore-scale fluid configurations must be set up.

Many achievements have also been made in the study of pore-throat structure from a microscopic
scale viewpoint. Zhao et al. [11] applied the multidirectional scanning method to search pores and
throats, and tried to set up a simplified model, but they failed to distinguish the locations of pores and
throats exactly. Shin et al. [12] achieved the segmentation of pores and throats through the method of
dividing the central axis in pores, however, their approach had poor generality due to the complex
algorithm. Al-Kharusi et al. [13] presented a methodology for extracting networks from pore space
images, while the properties of cores fitted with the indoor experiment results. Numerous authors
have shown that Lattice Boltzmann models are able to simulate three-dimensional multiphase and
multi-component fluid flows in complex porous systems [14–17]. Lei et al. [18] simulated the desorption
and diffusion process of gas in porous media with complex structures by a 2D digital core based on
CT scanning and combined the evolution equation of the LBM. Based on the cross-correlation-based
simulation (CCSIM) combined with the three-step sample method, Ji et al. [19] reconstructed stochastic
3D models of the heterogeneous porous media, while problems existed in the boundary condition at
the rock wall during the micro-scale simulation. From this brief review, it is clear that no definitive
and concise physical models have been proposed to characterize the fluid flow on the micro-scale, and
the corresponding numerical simulation method is also inadequate, thus further study is warranted.

Spencer [20] suggested that the ideal soil model consisted of sphere particles with the same
diameter. In this case, the porosity was 47.6% and 25.96% by the loosest and the closest arrangement,
respectively [21]. Supposed that there were two different sizes of rock particles, the larger particles
were arrayed orthogonally while the smaller particles were exactly tangent to each larger one, thus the
porosity was 12.5% in such cases. The statistical results demonstrated that the span range of the
porosity in tight sandstone gas reservoirs was approximately 6% to 12% in China [22,23], which made
it possible to set up simplified physical models for tight sandstone gas reservoirs based on the above
arrangement mode. Accordingly, the objective of this study is to propose a simplified physical model
construction method for tight sandstone gas reservoirs and conduct LB simulations of gas flooding
water in a simplified physical model in order to investigate the percolation characteristics of gas
and water at the micro-scale. In Section 2, the notion of a simplified physical model that is based
on the geological origin of tight sandstone gas reservoirs and assumes that the sizes of sandstone
particles follow the characteristics of a Rayleigh distribution is briefly described. In Section 3, we put
forward the sphere model of particles tangent to each other, the sphere model of particles according
with the Rayleigh frequency distribution and the sphere model of particles embedded under the
synergistic effect of compaction and cementation. The change laws of the seepage cross-sectional areas
in each element were calculated and presented. Subsequently, a synergistic coefficient was proposed
to characterize the coupling effects of the above factors and its fitting method was also established
by applying the LBM in Section 4. Finally, we presented the results and discussion regarding the
difference and comparisons between the simulations and experimental results for the percolation
mechanism of gas flooding water.

2. The Construction Idea of the Simplified Model

Rock particles are always poorly in sorted for tight sandstone gas reservoirs, and the pores and the
throats are easily blocked by more tiny particles [24]. The tight sandstone gas reservoir characteristics
and fluid properties of the Sulige Gasfield were taken as the research object. The grading analysis
results demonstrated that permeability of most rock cores were not matched to the median sizes
of the rock particles. This was due to the sedimentary compaction and clay mineral-cementation
in tight sandstone gas reservoirs. Thus, the porosity and the permeability were generally lower
(Figures 1 and 2).
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more, the particles are tangent to each other. Due to the differences in the degree of mineral 
cementation, the permeability of different cores might be different even in a similar particle size 
frequency distribution. In view of the above situation, the sealing radius rc of the clay minerals which 
was determined by the actual tight sandstone gas cores was introduced to characterize the simplified 
models. Subsequently, aiming at the effect of sedimentation-compaction under higher pressure 
conditions, the compaction coefficient was introduced to characterize the strength of compaction in 
tight gas reservoirs. Generally, the porosity and the seepage ability of the simplified physical model 
are equivalent to the actual tight cores; this simplified model can be applied to study the fluid 
percolation laws and other relevant researches. Therefore, LBM was applied to simulate gas and 
water flow and the simulation results were utilized to fit the relative permeability curves of gas and 
water in turn. Finally, the sealing radius and the compaction coefficient could be confirmed and the 
corresponding three-dimensional simplified model of a tight sandstone gas core could be formed. 
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Figure 2. Tangent arrangement of rock particles under compaction.

The statistical data showed that the sizes of sandstone particles conformed to the characteristics
of a Rayleigh frequency distribution [25]. In order to set up a three-dimensional simplified model
of tight porous media based on its geometric structure, we implemented a physical model as the
basic model where the particles of various sizes followed the Rayleigh frequency distribution in
the longitudinal direction, and the spherical particles in the same layer were the same in size.
What was more, the particles are tangent to each other. Due to the differences in the degree of mineral
cementation, the permeability of different cores might be different even in a similar particle size
frequency distribution. In view of the above situation, the sealing radius rc of the clay minerals which
was determined by the actual tight sandstone gas cores was introduced to characterize the simplified
models. Subsequently, aiming at the effect of sedimentation-compaction under higher pressure
conditions, the compaction coefficient was introduced to characterize the strength of compaction in
tight gas reservoirs. Generally, the porosity and the seepage ability of the simplified physical model are
equivalent to the actual tight cores; this simplified model can be applied to study the fluid percolation
laws and other relevant researches. Therefore, LBM was applied to simulate gas and water flow and
the simulation results were utilized to fit the relative permeability curves of gas and water in turn.
Finally, the sealing radius and the compaction coefficient could be confirmed and the corresponding
three-dimensional simplified model of a tight sandstone gas core could be formed.

It was considered that the particle sizes of the tight sandstone particles satisfied the Rayleigh
frequency distribution as Equation (1):

f (r) =

{
r

σ2 e−
r2

2σ2 , rmin ≤ r ≤ rmax

0, others
(1)

In the simplified model, it is considered to be the fluid flowing space where the radius r of the
particles is in the range of rc to rmax. That is to say that this part is considered to be the fluid flow space
in the LB model. It is considered to be the cemented position where the radius r of the particles is in
the range of rmin to rc.

Based on the method above, the pore space is reduced and the corresponding porosity of the
simplified model is equivalent to the actual tight sandstone core. Under the conditions that the
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sandstone particle sizes are in the range of r1 to r2, the corresponding frequency distribution probability
can be calculated by Equation (2):

g(r1, r2) =
∫ r2

r1

f (r)dr (2)

3. Construction Method of the Simplified Model

3.1. The Tangent Spheres Model

For the tight sandstone gas reservoirs, the alternating frequency of pores and throats are always
very high and the collision probability between fluid and rock wall is greatly increased, resulting in
higher seepage resistance. There’s no doubt that accuracy defects exist for modeling fluid transport by
the classical capillary bundle model. Consequently, we developed a simplified physical model for tight
porous media in this study. At first, the tangent spheres model was proposed based on the following
assumptions: in a cube with a side length of 4R, eight sphere particles with a radius of R are tangent to
each other and they are also tangent to the surface of the cube; a smaller sphere particle was in the
middle of the cube, and it was tangent to the other eight large particles which was shown in Figure 3a;
obviously, the radius of the smaller one was (

√
3− 1)R according to the geometric relation. The blue

smaller cube in Figure 3b was regarded as a percolation microelement, in which was the free flow
space for fluid except the portion occupied by the sphere particles. In the blue cube, the percolation
section-area were changed continuously as shown in Figure 4 which was similar to the alternation of
pore and throat.

Energies 2018, 11, x FOR PEER REVIEW  4 of 15 

 

2

1
1 2( , ) ( )d

r

r
g r r f r r   (2) 

3. Construction Method of the Simplified Model 

3.1. The Tangent Spheres Model 

For the tight sandstone gas reservoirs, the alternating frequency of pores and throats are always 
very high and the collision probability between fluid and rock wall is greatly increased, resulting in 
higher seepage resistance. There’s no doubt that accuracy defects exist for modeling fluid transport 
by the classical capillary bundle model. Consequently, we developed a simplified physical model for 
tight porous media in this study. At first, the tangent spheres model was proposed based on the 
following assumptions: in a cube with a side length of 4R, eight sphere particles with a radius of R 
are tangent to each other and they are also tangent to the surface of the cube; a smaller sphere particle 
was in the middle of the cube, and it was tangent to the other eight large particles which was shown 
in Figure 3a; obviously, the radius of the smaller one was ( 3 1)R  according to the geometric 
relation. The blue smaller cube in Figure 3b was regarded as a percolation microelement, in which 
was the free flow space for fluid except the portion occupied by the sphere particles. In the blue cube, 
the percolation section-area were changed continuously as shown in Figure 4 which was similar to 
the alternation of pore and throat. 

  
(a) (b) 

Figure 3. The microelement of the simplified three-dimensional physical model for the tight 
sandstone gas reservoirs. (a) A cube microelement in the physical model; (b) The blue cube is a 
percolation microelement. 

 
Figure 4. The changing process of the seepage cross-sectional area in a percolation microelement.  
(a) The continuously changing cross section represents the pore space of the blue area in Figure 3b. 
(b) The equivalent radius at any position x in a percolation microelement. 

Figure 3. The microelement of the simplified three-dimensional physical model for the tight
sandstone gas reservoirs. (a) A cube microelement in the physical model; (b) The blue cube is
a percolation microelement.

Energies 2018, 11, x FOR PEER REVIEW  4 of 15 

 

2

1
1 2( , ) ( )d

r

r
g r r f r r   (2) 

3. Construction Method of the Simplified Model 

3.1. The Tangent Spheres Model 

For the tight sandstone gas reservoirs, the alternating frequency of pores and throats are always 
very high and the collision probability between fluid and rock wall is greatly increased, resulting in 
higher seepage resistance. There’s no doubt that accuracy defects exist for modeling fluid transport 
by the classical capillary bundle model. Consequently, we developed a simplified physical model for 
tight porous media in this study. At first, the tangent spheres model was proposed based on the 
following assumptions: in a cube with a side length of 4R, eight sphere particles with a radius of R 
are tangent to each other and they are also tangent to the surface of the cube; a smaller sphere particle 
was in the middle of the cube, and it was tangent to the other eight large particles which was shown 
in Figure 3a; obviously, the radius of the smaller one was ( 3 1)R  according to the geometric 
relation. The blue smaller cube in Figure 3b was regarded as a percolation microelement, in which 
was the free flow space for fluid except the portion occupied by the sphere particles. In the blue cube, 
the percolation section-area were changed continuously as shown in Figure 4 which was similar to 
the alternation of pore and throat. 

  
(a) (b) 

Figure 3. The microelement of the simplified three-dimensional physical model for the tight 
sandstone gas reservoirs. (a) A cube microelement in the physical model; (b) The blue cube is a 
percolation microelement. 

 
Figure 4. The changing process of the seepage cross-sectional area in a percolation microelement.  
(a) The continuously changing cross section represents the pore space of the blue area in Figure 3b. 
(b) The equivalent radius at any position x in a percolation microelement. 

Figure 4. The changing process of the seepage cross-sectional area in a percolation microelement.
(a) The continuously changing cross section represents the pore space of the blue area in Figure 3b.
(b) The equivalent radius at any position x in a percolation microelement.



Energies 2018, 11, 1559 5 of 16

In order to obtain the mathematical relation between the radius of particle and the radius of
flow space, suppose that the left cross section of the blue cube is at the position of x = 0, r denotes
the equivalent flow radius of any position x, and r′ denotes the equivalent flow radius of the entire
flow space when a percolation microelement is viewed as a tube with a length of 2R. According to the
geometric relationship above, the equivalent radius at any position x of the flow space in a percolation
microelement is as follows:

r =


√

4R2

π − (R2 − x2), x ∈
[
0,
(

2−
√

3
)

R
)√

4R2

π − (R2 − x2)− {R2−
[

x−
(√

3− 1
)

R
]2
}

, x ∈
[(

2−
√

3
)

R, R
) (3)

Thus, if a percolation microelement is viewed as a tube with a length of 2R, the equivalent flow
radius of the entire flow space can be expressed as:

π ×
(
r′
)2 × 2R =

(∫ (2−
√

3)R

0
π×r2dx +

∫ R

(2−
√

3)R
π×r2dx

)
× 2 (4)

Substituting Equation (3) to Equation (4), we can obtain the approximate relationship between
the equivalent radius and the sphere particle radius as Equation (5):

r ≈ 0.5796R (5)

Equation (5) will be utilized to characterize the pore radius of the actual tight sandstone cores and
the sizes of the sphere particles at the same scale in the subsequent numerical simulation.

As the tangent spheres model was composed of two different sizes of rock particles, definitely,
its porosity and geometric shape were pretty much certain. In order to embody the distribution
characteristics of the rock particle sizes in the actual tight reservoirs, we proposed the spheres model
whose particle radius followed the Rayleigh frequency distribution.

3.2. The Spheres Model Following the Rayleigh Frequency Distribution

A large number of domestic and foreign research results have demonstrated that the physical
parameters of sandstone reservoirs are quite different compared with the diagenetic period [26,27].
For tight sandstone gas reservoirs, the main reasons for that are sedimentary compaction and clay
mineral-cementation [28,29]. Consequently, the simplified physical model was also developed based
on the geological origin above.

The peak value σ is the characteristic parameter of any Rayleigh distribution which determines the
distribution function. Based on the actual distribution of rock particle radii n the tight sandstone gas
reservoirs, we can obtain a deterministic distribution function and the value of σ is also known. In the
microelement, all center positions of the spheres remain unchanged and only the particle radius gets
changed which follows the same distribution function in vertical. In the horizontal aspects, the sphere
particles on the same layer are the same in radius. Thereby, we can obtain the spheres model following
the Rayleigh distribution function, as is shown in Figure 5.
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Accordingly, there are embedded parts between particles, and there are also untouched parts
between them due to the change in particle radius. Based on the geological origin of tight sandstone gas
reservoirs: sedimentary compaction and clay mineral-cementation, we propose two ways of reducing
the porosity for the tangent spheres physical model. For the embedded parts, it was considered to
be caused by the sedimentary compaction. The untouched parts were considered to be cemented by
minerals. However, it is unrealistic that all center positions of the spheres remain unchanged. In order
to get the simplified physical model more consistent with the real tight cores, we propose the embedded
spheres model under synergy effect of sedimentary compaction and clay mineral-cementation.

3.3. The Embedded Spheres Model under the Synergy Effect of Compaction and Cementation

Suppose that the sealing range of the cementation was just enough for the sphere with a radius
of rc to form the single point contact anywhere in the pore space. Under the premise of meeting the
above conditions, as the sealing range reached the minimum, the corresponding radius was called
“sealing radius of the cementation” and its diagram was shown in Figure 6. The sealing radius of the
cementation could be calculated by the geometrical relationships of the particles in various sizes.
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The porosity of the embedded spheres model can be adjusted by changing the compaction
strength and the sealing range of cementation. Namely, it could be obtained by decreasing the center
positions between particles and changing the sealing radius of the cementation. We defined the
porosity reduction value caused by the former as φs and the later as φc, respectively. It is worth noting
that the excessive compaction might lead to more narrow pores which would increase the bounding
effect of the rock surface to the fluid. Conversely, if the sealing radius of cementation was too large,
it would bring much smooth channels so that the simplified model could not accurately describe the
complicated seepage flow space in tight porous media. Therefore, we proposed a synergistic coefficient
αs to describe the ratio of the decreased porosity by the compaction to the total variation of the porosity,
as was shown in Equation (6):

αs = φs/(φs + φc) (6)

Subsequently, for a core from tight sandstone gas reservoir, we suppose that the particle sizes
distribution function and the porosity were already known, so we can take the same percolation
capacity as the goal and fit the corresponding synergy coefficient αs of the simplified model.
Thus, the simplified physical model which is equivalent to the actual tight gas core could be obtained.

4. The Fitting Method of the Synergetic Coefficient

In this study, the tight sandstone gas reservoir characteristics and fluid property of the Sulige
Gasfield were taken as the research platform. The particle sizes’ Rayleigh distribution function of each
core could be obtained by carrying out the particle size analysis of tight cores. The basic parameters of
each tight sandstone core are shown in Table 1.
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Table 1. The basic parameters of each tight sandstone core.

Number Depth (m) Porosity
(%)

Permeability
(×10−3 µm2)

The Median Value of
the Pore Throat

Radius (nm)

Smaller Sandstone
Particles σ (nm)

The Fitting Value of
Rayleigh

Distribution σ

24 3137.23 12.15 0.4247 197.2 340.23 1.080
35 2955.31 7.88 0.1832 116.1 200.31 0.268
43 3014.08 6.72 0.1401 54.8 94.55 0.232
69 2960.59 4.16 0.0531 24.2 41.75 0.227

In order to fit the corresponding synergy coefficient αs, we introduced LBM [30–32] simulations
under bounce-back boundary conditions. The concrete practice is to compare the gas/water relative
permeability curves from the LBM simulations under various αs with the measured curves by the
experiments. The value of αs was selected based on the average relative errors of gas and water relative
permeability curves.

The LBM simulation was with the arbitrary density ratio-pseudo potential model revised by
Daniel et al. [33]. To characterize the surface tension between gas and water, the modified form of the
pressure tensor proposed by Hu et al. [34] was utilized. The simulation conditions were set as the same
with the tests of the conditions of the percolation experiments: the temperature was 20 degrees and the
displacement pressure was 3.22 MPa. The three-dimensional lattice model was set to 600 × 300 × 300.

The gas/water relative permeability curves of core 24# and core 69# were obtained by LBM
simulations, which were shown in Figures 7 and 8. Thus it could be seen that the larger the synergetic
coefficient αs was, the larger the seepage resistance of the fluid was.
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The average relative permeability errors of gas and water under various αs were shown in
Figures 9 and 10. For core 24# and core 69#, it could be seen definitely that when the αs were 0.25
and 0.75 respectively, the average relative permeability errors reached the minimum. That was to
say, according to the αs for the cores above, in terms of the fluid flow capacity, the corresponding
simplified physical models were the closest to the tested tight sandstone cores. By the same method,
the synergistic coefficients αs of core 35# and core 43# were 0.62 and 0.47, respectively.
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Among the tight cores above, there are the greatest physical properties difference in core 24#

and core 69#. As a consequence, we took them as examples to demonstrate our research results.
The corresponding three dimensional simplified models of tight core 24# and core 69# were set up by
the embedded spheres models which were shown in Figures 11 and 12.

Energies 2018, 11, x FOR PEER REVIEW  8 of 15 

 

The average relative permeability errors of gas and water under various αs were shown in 
Figures 9 and 10. For core 24# and core 69#, it could be seen definitely that when the αs were 0.25 and 
0.75 respectively, the average relative permeability errors reached the minimum. That was to say, 
according to the αs for the cores above, in terms of the fluid flow capacity, the corresponding 
simplified physical models were the closest to the tested tight sandstone cores. By the same method, 
the synergistic coefficients αs of core 35# and core 43# were 0.62 and 0.47, respectively. 

 
Figure 9. The two-phase permeability average relative errors of core 24#. 

 
Figure 10. The two-phase permeability average relative errors of core 69#. 

Among the tight cores above, there are the greatest physical properties difference in core 24# and 
core 69#. As a consequence, we took them as examples to demonstrate our research results. The 
corresponding three dimensional simplified models of tight core 24# and core 69# were set up by the 
embedded spheres models which were shown in Figures 11 and 12.  

 
Figure 11. Three-dimensional simplified model diagram of core 24# (αs = 0.25). 

0

10

20

30

40

50

60

70

0 0.2 0.4 0.6 0.8 1

th
e 

re
la

tiv
e 

er
ro

r (
%

)

αs

0

4

8

12

16

20

0 0.2 0.4 0.6 0.8 1

th
e 

re
la

tiv
e 

er
ro

r (
%

)

αs

Figure 11. Three-dimensional simplified model diagram of core 24# (αs = 0.25).



Energies 2018, 11, 1559 9 of 16

Energies 2018, 11, x FOR PEER REVIEW  9 of 15 

 

 
Figure 12. Three-dimensional simplified model diagram of core 69# (αs = 0.75). 

In the figures, the dark green parts are the rock particles, the fresh green parts are the 
cementation and the white parts are the fluid flow space in the tight porous medium. For core 24#, 
more fresh green parts mean more cementation, in other words, the porosity reduction is mainly 
caused by cementation for this tight core. On the contrary, it is mainly caused by compaction, such 
as core 69#. 

5. Applications 

5.1. Seepage Mechanism in Micro Scale 

Compared to the actual tight sandstone reservoirs with higher temperature and pressure, the 
laboratory experimental conditions show great differences. Furthermore, when the fluid is 
transferred from the reservoir to the ground, the pore structure and physical properties of tight cores 
would be different as well. Therefore, it is difficult to accurately characterize the actual flow 
characteristics of gas and water in tight reservoirs using laboratory experimental results. Applying 
the LBM simulations, we conducted a comparative study on the gas and water flow laws by the 
numerical simulation on a micro scale under the laboratory conditions and the actual reservoir 
conditions. 

Taking the simplified model of core 24# as an example, under the experimental conditions the 
pressure was set to be 1.01 × 105 Pa, the temperature was 293.15 K, and the displacement pressure 
gradient was 0.644 MPa/cm. The corresponding interface tension was 0.07197 N/m, the kinetic 
viscosity of methane was 0.011 mPa·s, and the kinetic viscosity of water was 0.890 mPa·s for the 
simulation. Under actual tight reservoir conditions, the pressure were set to be 300 × 105 Pa, the 
temperature was 383.15 K, and the displacement pressure gradient was 0.644 MPa/cm. The 
corresponding interface tension was 0.03386 N/m, the kinetic viscosity of methane was 0.022 mPa·s, 
and the kinetic viscosity of water was 0.259 mPa·s for the simulation. The three-dimensional lattices 
were set to be 600 × 300 × 300. The model was fully saturated with water in the initial period and 
subsequently, gas flooding water was simulated. During the simulation, the fluid seepage laws and 
the occurrence states under various water saturation conditions were obtained. Suppose that the left 
cross-section of the lattice model was at the position of Z = 0. Figure 13 was the distribution of gas 
and water at different positions (Z = 50, 180 and 230) of core 24# with the porosity of 12.15% under 
laboratory experimental conditions. The distribution of gas and water under various water saturation 
conditions at different positions were shown in Figure 14.  

   
Z = 50 Z = 180 Z = 230 

Figure 13. Different cross sections of the simplified model for the tight sandstone core 24#. 

Figure 12. Three-dimensional simplified model diagram of core 69# (αs = 0.75).

In the figures, the dark green parts are the rock particles, the fresh green parts are the cementation
and the white parts are the fluid flow space in the tight porous medium. For core 24#, more fresh green
parts mean more cementation, in other words, the porosity reduction is mainly caused by cementation
for this tight core. On the contrary, it is mainly caused by compaction, such as core 69#.

5. Applications

5.1. Seepage Mechanism in Micro Scale

Compared to the actual tight sandstone reservoirs with higher temperature and pressure,
the laboratory experimental conditions show great differences. Furthermore, when the fluid is
transferred from the reservoir to the ground, the pore structure and physical properties of tight
cores would be different as well. Therefore, it is difficult to accurately characterize the actual flow
characteristics of gas and water in tight reservoirs using laboratory experimental results. Applying the
LBM simulations, we conducted a comparative study on the gas and water flow laws by the numerical
simulation on a micro scale under the laboratory conditions and the actual reservoir conditions.

Taking the simplified model of core 24# as an example, under the experimental conditions the
pressure was set to be 1.01 × 105 Pa, the temperature was 293.15 K, and the displacement pressure
gradient was 0.644 MPa/cm. The corresponding interface tension was 0.07197 N/m, the kinetic
viscosity of methane was 0.011 mPa·s, and the kinetic viscosity of water was 0.890 mPa·s for the
simulation. Under actual tight reservoir conditions, the pressure were set to be 300 × 105 Pa,
the temperature was 383.15 K, and the displacement pressure gradient was 0.644 MPa/cm.
The corresponding interface tension was 0.03386 N/m, the kinetic viscosity of methane was 0.022 mPa·s,
and the kinetic viscosity of water was 0.259 mPa·s for the simulation. The three-dimensional lattices
were set to be 600 × 300 × 300. The model was fully saturated with water in the initial period and
subsequently, gas flooding water was simulated. During the simulation, the fluid seepage laws and
the occurrence states under various water saturation conditions were obtained. Suppose that the left
cross-section of the lattice model was at the position of Z = 0. Figure 13 was the distribution of gas
and water at different positions (Z = 50, 180 and 230) of core 24# with the porosity of 12.15% under
laboratory experimental conditions. The distribution of gas and water under various water saturation
conditions at different positions were shown in Figure 14.

Energies 2018, 11, x FOR PEER REVIEW  9 of 15 

 

 
Figure 12. Three-dimensional simplified model diagram of core 69# (αs = 0.75). 

In the figures, the dark green parts are the rock particles, the fresh green parts are the 
cementation and the white parts are the fluid flow space in the tight porous medium. For core 24#, 
more fresh green parts mean more cementation, in other words, the porosity reduction is mainly 
caused by cementation for this tight core. On the contrary, it is mainly caused by compaction, such 
as core 69#. 

5. Applications 

5.1. Seepage Mechanism in Micro Scale 

Compared to the actual tight sandstone reservoirs with higher temperature and pressure, the 
laboratory experimental conditions show great differences. Furthermore, when the fluid is 
transferred from the reservoir to the ground, the pore structure and physical properties of tight cores 
would be different as well. Therefore, it is difficult to accurately characterize the actual flow 
characteristics of gas and water in tight reservoirs using laboratory experimental results. Applying 
the LBM simulations, we conducted a comparative study on the gas and water flow laws by the 
numerical simulation on a micro scale under the laboratory conditions and the actual reservoir 
conditions. 

Taking the simplified model of core 24# as an example, under the experimental conditions the 
pressure was set to be 1.01 × 105 Pa, the temperature was 293.15 K, and the displacement pressure 
gradient was 0.644 MPa/cm. The corresponding interface tension was 0.07197 N/m, the kinetic 
viscosity of methane was 0.011 mPa·s, and the kinetic viscosity of water was 0.890 mPa·s for the 
simulation. Under actual tight reservoir conditions, the pressure were set to be 300 × 105 Pa, the 
temperature was 383.15 K, and the displacement pressure gradient was 0.644 MPa/cm. The 
corresponding interface tension was 0.03386 N/m, the kinetic viscosity of methane was 0.022 mPa·s, 
and the kinetic viscosity of water was 0.259 mPa·s for the simulation. The three-dimensional lattices 
were set to be 600 × 300 × 300. The model was fully saturated with water in the initial period and 
subsequently, gas flooding water was simulated. During the simulation, the fluid seepage laws and 
the occurrence states under various water saturation conditions were obtained. Suppose that the left 
cross-section of the lattice model was at the position of Z = 0. Figure 13 was the distribution of gas 
and water at different positions (Z = 50, 180 and 230) of core 24# with the porosity of 12.15% under 
laboratory experimental conditions. The distribution of gas and water under various water saturation 
conditions at different positions were shown in Figure 14.  

   
Z = 50 Z = 180 Z = 230 

Figure 13. Different cross sections of the simplified model for the tight sandstone core 24#. Figure 13. Different cross sections of the simplified model for the tight sandstone core 24#.



Energies 2018, 11, 1559 10 of 16
Energies 2018, 11, x FOR PEER REVIEW  10 of 15 

 

 

Figure 14. Distribution of gas and water on different cross sections of core 24# under laboratory 
experimental temperature and pressure conditions. 

In the following figures, the rock mineral particles were the white parts. Besides, the blue parts 
were water phase, the yellow parts were the gas phase and the green parts were the cementation. It 
was worth noting that the water saturation in the diagrams were the water content of the whole 
model at that moment. Under high temperature and pressure conditions (p = 300 × 105 Pa, T = 383.15 
K), the distribution of gas and water at different positions (Z = 50,180 and 230) of core 24# with the 
porosity of 12.15% are shown in Figure 15. 

 

Figure 15. Distribution of gas and water on different cross sections of core 24# under high temperature 
and pressure conditions. 

Comparing Figures 14 and 15, the gas seepage capacity was stronger under actual tight reservoir 
conditions, namely the high temperature and pressure conditions. Besides, the gas saturation was 
12.55% higher than that of the laboratory experimental conditions when the process of gas flooding 
water entered into the stable state (t = 5000 s). From the figures, as the gas phase was the non-wetting 
phase, it generally occupied the central parts of the pores and throats while the water phase is usually 

Figure 14. Distribution of gas and water on different cross sections of core 24# under laboratory
experimental temperature and pressure conditions.

In the following figures, the rock mineral particles were the white parts. Besides, the blue parts
were water phase, the yellow parts were the gas phase and the green parts were the cementation. It was
worth noting that the water saturation in the diagrams were the water content of the whole model
at that moment. Under high temperature and pressure conditions (p = 300 × 105 Pa, T = 383.15 K),
the distribution of gas and water at different positions (Z = 50,180 and 230) of core 24# with the porosity
of 12.15% are shown in Figure 15.
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Comparing Figures 14 and 15, the gas seepage capacity was stronger under actual tight reservoir
conditions, namely the high temperature and pressure conditions. Besides, the gas saturation was
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12.55% higher than that of the laboratory experimental conditions when the process of gas flooding
water entered into the stable state (t = 5000 s). From the figures, as the gas phase was the non-wetting
phase, it generally occupied the central parts of the pores and throats while the water phase is
usually attached to the rock surface. Next, we take three areas A, B, and C as an example to compare
and analyze the fluid flow characteristics under different simulation conditions. From the area
A in Figure 14, some of the trapped gas could continue flowing through the small throats as the
displacement time is extended, while the phenomenon of cutting-off in the tiny throats was still not
changed. In addition, the small gas bubbles were still trapped by the aqueous phase, and unable to
flow. In contrast, in Figure 15 the phenomenon of gas being trapped still exists, however, the confined
gas in the pores and throats could be broken into several smaller bubbles under the effect of the
gas-water interface force and gradually form a continuous flow. This was due to the more intense
thermal movement of gas and water molecules under the high temperature and pressure conditions.
The displacement pressure generates a continuous disturbance to the interaction potential of gas and
water molecules. In order to reduce the interfacial free energy, gas bubbles are broken into smaller gas
bubbles which can more easily go through the small throats.

For the area B, it was not hard to find that the cylindrical water phase which was cut off in
the throats could not be effectively driven under laboratory experimental conditions. However,
under actual tight reservoir conditions, the water phase trapped in the throats which exceeded
a certain size could be driven and this phenomenon was more common (as shown in the area C).
In addition, when t is equal to 5000 s, it could be found at various positions that the water film bounded
on the surface was slightly thinner under high temperature and pressure conditions. This was due to
the fact that the diffused double layer between the rock surface and the bounded water would stabilize
to a new equilibrium under the higher temperature conditions, namely, the high temperature reduced
the electrostatic force. Under the combined impact of the factors mentioned above, the strength of the
micro force between the rock surface and the formation water was slightly lower compared to that
under laboratory experimental conditions. As a result, the gas phase could drive some of the water
column which was originally stuck in the throats, so that the water saturation in actual tight reservoirs
was lower.

5.2. Gas and Water Relative Permeability Curves under Various Conditions

Based on the LB method, we programmed a computer program which took the wall surface of the
simplified model as the boundary conditions and conducted the simulations of the gas/water seepage
laws under laboratory experimental conditions and actual tight reservoir conditions respectively.
The relative permeability curves of gas and water under various simulation conditions of four tight
gas cores are shown in Figures 16–19. The simplified physical model and the simulating results by LB
method were also verified with the experimental results under indoor experimental conditions, and
these two are consistent.
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Figure 17. Gas/water relative permeability curves of core 35#.
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Figure 18. Gas/water relative permeability curves of core 43#.
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Figure 19. Gas/water relative permeability curves of core 69#.

Comparing the gas/water relative permeability curves under various conditions, the following
phenomena are observed under high temperature and pressure simulation conditions: the irreducible
water saturation decreases and the region of gas and water co-seepage is larger; the isotonic point of
gas and water moved to the left side, and the poorer the physical properties of the tight cores were,
the greater the amplitude of the left shift was; under the same water saturation conditions, the relative
permeability of gas phase was generally higher. The phenomena above also proved the conclusion
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that both gas and water had stronger percolation capacity in the actual tight gas reservoirs compared
to the laboratory experimental conditions.

From Figure 20, core 24# had the best physical properties that its irreducible water saturation
reduced by 4% under high temperature and pressure simulating conditions. While core 69# had the
poorest physical properties where its irreducible water saturation reduced by 16.9%. Furthermore,
the lower the permeability of the tight core was, the greater the differences were. This was because the
lower the porosity and permeability of the tight cores were, the more significant the influence of the
rock surface on the capacity of fluid flow was. Under high temperature and high pressure conditions,
the fluid could more easily flow due to the effect of the electrostatic force between the wall surface
and the fluid. Moreover, the thermal motions of gas and water molecules were more intense, thus the
interfacial tension between gas and water was also decreased, so that the swept volume was relatively
larger during the displacement. Consequently, the fluid had stronger seepage capacity under actual
tight gas reservoir conditions.
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Figure 20. The increasing multiples of the gas permeability versus the irreducible water saturation
under high temperature and pressure conditions.

6. Conclusions

A simplified physical model construction method for tight sandstone gas reservoirs was
established based on some geological origin features, namely the sedimentary compaction and clay
mineral-cementation. The synergistic coefficient was proposed to embody the coupling effects of
the above two factors, and its fitting method was also established. The porosity, permeability and
the gas/water relative permeability curves were equivalent and consistent comparing the simplified
model with the actual tight core. This model provides a good theoretical reference and a new direction
for the research on microscopic seepage mechanism of tight sandstone reservoirs. The following
systematic insights were obtained by applying the simplified physical model to simulate the process of
gas flooding water under different conditions:

(1) During the displacement, as the interfacial tension between gas and water gets lower and the
swept volume gets larger, both gas and water have stronger seepage ability under actual tight
sandstone gas reservoir conditions.

(2) Under high temperature and high pressure, the diffused double layer between the rock surface
and the formation water would be stabilized in a new equilibrium state where the water
film adhered to the rock surface was poorer in stability. Consequently, the bound water film
gets thinner.

(3) Compared with the simulation results under laboratory temperature and pressure conditions,
some gas bubbles confined at the narrow originally were broken into smaller gas bubbles under
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actual reservoir temperature and pressure conditions which reduced their interfacial free energy,
therefore, more gas continuous flow occurred.

(4) The irreducible water saturation got decreased and the co-seepage region of gas and water got
larger under actual tight sandstone gas reservoir conditions. Moreover, the lower the permeability
of the tight core was, the greater the differences would be.
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Nomenclature

r the radius of rock particle, nm
rmin the minimum radius of rock particles, nm
rmax the maximum radius of rock particles, nm
f (r) the particle sizes distribution function of any tight sandstone particles
σ the peak value on the Rayleigh frequency distribution curve
rc the sealing radius of the clay minerals, nm
r1,r2 the minimum and the maximum radius of rock particles in any particle sizes range, nm
g(r1,r2) the probability density of the Rayleigh distribution function of particle sizes in the range of r1

R the sphere radius of the ideal physical model, nm
r the equivalent radius of the flow space in the ideal physical model, nm
φs the porosity reduction caused by compaction
φc the porosity reduction caused by cementation
αs the synergy coefficient
p pressure, Pa
T reservoir temperature, K
Z the cross-section position of the lattice model from the left side
Sw water saturation, %
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