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ABSTRACT 

 

Based on the starting pressure gradient and double Deformable Medium of the fractured low 

permeability reservoir, the influence of the quadratic gradient term and deformable media on the 

filtration equation was considered, unsteady seepage mathematical model of low permeability 

double deformable medium reservoir was built, which was solved by finite difference method. 

The correlated pressure dynamic curve was drawn, unstable seepage law was analyzed. The 

results of the study show that, The influence of starting pressure gradient and deformation on the 

pressure characteristic curve is mainly manifested in the late period. The bigger the value was, 

the greater the range of the pressure and the pressure derivative curves going up was. The 

parameters for the characterization of double medium were interporosity-flow coefficient and 

elastic storage ratio. The bigger the interporosity-flow coefficient was, the time of "concave" 

appearance was earlier; The smaller the elastic storage ratio was, the width and depth of the 

"concave" was bigger. 

 

Keywords: Low permeability reservoir; dual porosity media; deformable media; interporosity-

flow coefficient; elastic storage ratio.  

 

INTRODUCTION 

 

With the continuous improvement of oil exploration and utilization, low permeability reserves 

have accounted for an increasingly large proportion. Under the current circumstance of this 

stressful oil reserve, how to utilize and develop low permeability oil reserves and improve 

development efficiency has significantly practical meaning to the sustainable and stable 

development of China's oil industry. The development of low permeable oilfield was closely 

related with fractures, compared with the conventional oil reservoirs, the productivity in the 

fractures of oil reservoirs and the matrix were complicated and diversified, how to calculate, 

forecast and the analyze the productivity of fractures and matrix was an important task for the 

low permeability oilfield development. Many laboratory experiments and field development 

show that, only the starting pressure gradient has been overcome can percolation flow in low 

permeability reservoir occur: Besides, the primitive permeability and porosity are very low in the 

exploitation and the relative range of variation of the permeability and porosity will have great 

effect. As a result, it is necessary to consider the influence of the deformation of the media. 

Unlike conventional reservoirs, fractured reservoirs have typical characters of dual-porosity, the 

fluid flows between matrix and fracture. From physical meaning and basic characteristics of the 

low permeability reservoir seepage process, the quadratic gradient term, the deformation of the 

media and the dual-porosity characters was considered, the seepage model of the dual-porosity 

oil reservoir model with low permeability was established, the seepage law of the dual-porosity 

oil reservoir model with low permeability was analyzed. 
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1. Establishment of Nonlinear Seepage Equation  

(1)Assumptions  

a. Fluid is slightly compressible; 

b. The gravity and capillary force can be ignored; 

c. The output of the well is q and thickness of the reservoir is uniform; 

d. The flow through the wellbore is the result of fracture, matrix as the source; 

e. Fluid flow is single-phase laminar (follow non-Darcy flow law with starting pressure 

gradient); 

f. The porosity of each medium (fracture or matrix) is independent of the pressure change 

with another medium; 

g. The reservoir is homogeneous and isotropic, with infinite lateral extension and closed top 

and bottom border; 

h. The medium is slightly compressible and compression coefficient is constant. But the 

compression can cause significant changes in the permeability of the formation. 

For the mathematical description of fractured reservoirs, we use two single-phase system - 

overlay of fracture and matrix to indicate that the space has two pressure at each point: average 

fluid pressure of the fracture pf  and average fluid pressure of the matrix pm(Figure 1). 

 

 
Figure 1 Physical model for fractured reservoir 

(2)Continuity Equation 

Considering single-phase fluid flow whose porosity is Φ in porous medium, radial flow 

continuity equation is obtained by principle of mass conservation: 

Continuity equation of fracture system: 
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Continuity equation of matrix system: 
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Interporosity flow equation: 
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(3)Constitutive Equation: 

The medium and the fluid were slightly compressible and the compressibility was constant. 

We can get state equation： 

For compressible fluid: 
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For compressible porous medium: 
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(4)Momentum Equation: 
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The fluid of low permeability reservoirs will have to surmount the starting pressure gradient 

to flow. So in order to adequately describe the rule of starting pressure, we take the following 

methods to describe the fluid flow process: 
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The momentum equation and constitutive equation were substituted into the continuity 

equation of fracture system and matrix system (Assuming: γ>>CLf) to obtain flow equation: 
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2. Transformation of the Model 

(1) Dimensionless variable of model 
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(2) Linearization of the model  

The resulting model contains quadratic gradient term, we can use the Laplace transform to 

handle this problem. 
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Substituting the above equation into (3-20) and (3-21), the transformed flow equation is: 
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By formula (12), when 0D p , 0 ， 0  ，the initial condition is: 

D D0 0 0t t                              (15) 

Internal boundary condition: 
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Outer boundary condition: 
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After the conversion, the quadratic gradient term is absorbed into the equation without 

making any approximation. Coefficients of nonlinear terms in the equation only restrict to the 

right side. 

3. The solution of the model 

The model is nonlinear problem with no analytical solution, the following uses numerical 

methods. We utilize implicit difference scheme for the numerical solution of the model, namely, 

the use of η(x, tD) and ξ(x, tD) on a first-order backward difference with respect to tD and second-

order difference with respect to x, write the differential form of equation (13) and (14): 
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Organize and simplify,  
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The difference scheme of closed outer boundary and constant production inner boundary: 
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By equation (24), we have: 

1 0n n                                (26) 

By equation (25), we have:  
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For n = 1, 2, ..., n-1 into equation (3-41), tridiagonal coefficient matrix equation can be 

obtained: 
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        (28) 

Tridiagonal coefficient matrix is a square matrix of order n+1, unknown number is 

0 1 1, ,... ,n n   
 

By substituting the initial conditions of difference format into the difference format of flow 

equations, we will have three diagonal equations of order N. Every moment we can list the 

coefficient matrix, and based on each grid pressure value of moment n, we can use Thomas 

algorithm to solve pressure distribution of the next moment (n+1 moment), and so on… 

4. Analysis of Seepage Law on Low Permeability Dual Deformable Media Reservoir  

This chapter applies the percolation mathematical model of low permeability dual 

deformable media reservoir obtains the simulation results. With the results, we study the 

regulation of boundary motion at the condition of closed outer boundary and fixed-output inner 

boundary, draw the pressure dynamic curve of deformable media reservoir, analyze the effect of 

the parameters on the dynamic pressure. 

4.1 Pressure Analysis on Low Permeability Dual Deformable Media Reservoir  

Basic parameters of a low permeability reservoir are all in table1:  

 

Table1 Basic parameters of a low permeability reservoir 

Kf(μm
2
) 100.0×10

-3
 G(MPa/m) 0.05 h(m) 3 

Km(μm
2
) 1×10

-3
 γ(1/MPa) 0.04 rw(m) 0.1 

Φf 0.25 α 10 pi(MPa) 16.5 

Φm 0.65 Ct1(1/MPa) 0.33×10
-15

 q(m
3
/d) 3 

μ( mPa•s) 6.8 Ct2(1/MPa) 3.3×10
-15

 CD 1 

ρ(g/cm
3
) 0.78 Clf(1/MPa) 3.09×10

-15
 S 2 

 

From the above paraeters, we obtain the typical testing curve, as figure 2： 

 
Figure 2 pressure dynamic testing curve  

对于 n=1, 2,…，n-1 代入方程(3- 41)可得三对角系数矩阵方程为： 
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From the typical pressure dynamic curve, we can see that the log-log graph can be divided 

into five different stages. The first stage is the wellbore storage stage, the pressure cure and the 

derivative cure present a straight line with the slope of 45°. The second stage is the transitional 

stage, the derivative cure presents a hump. It reflects the situation of the near wellbore reservoir 

affected by the skin effect. The third stage is Fracture system radial flow stage, the fracture 

system flow reached a stage of radial flow, the pressure derivative changed along the horizontal 

line, and pressure rises continuously. The forth stage is Quasi-steady stage between medias, the 

flow from matrix system to fracture system, also known as flow between media, reflecting the 

channeling characteristics of transition zone fluid. Pressure becomes stable from the original, and 

then turns up. Therefore, at this stage the pressure derivative curve declines and then backs up, 

forming a "concave". The fifth stage is Radial flow stage of the whole system--late stage of the 

flow. The curve with different boundary value shows different trend. In the case of closed 

boundary, late stage curve occurs upturned. 

 

4.2 The Effect of Wellbore Storage Coefficient and Skin Factor 

Figure 3 indicates the effect of wellbore storage coefficient on the pressure dynamic curve. 

The wellbore storage coefficient has main effect on the first stage of the flow. As the 

dimensionless wellbore storage coefficient CD increases (CD=0.1, 1.0, 2.0), the early pressure 

curve is still a straight line with the slope of 1, but wellbore storage stage becomes longer; radial 

flow stage of fracture system is gradually being covered up, but still presents characteristics of 

dual media reservoir (Pseudo-steady stage between media). 

 
Figure 3 Influence of CD on pressure curve   Figure 4 Influence of S on pressure curve 

Figure 4 indicates the effect of skin factor on the pressure dynamic curve. Skin factor has 

main effect on the second stage of the flow. As the skin factor S increases (S =0, 2, 4), the 

pressure curve of double logarithmic graph is also constantly on the move, while the "hump" of 

the pressure derivative curve is also on the rise. 

4.3 The Effect of Medium Deformation and Starting Pressure Gradient 

Figure 5 indicates the effect of medium deformation on the pressure dynamic curve. The 

medium deformation has main effect on the later stage of the flow. At the initial stage, there is a 

slow rise in pressure. The value of γD has little effect on the progress. After the initial stage, with 

the increase of time, pressure curves are divergent. The influence of γD on pressure is increasing, 

and dimensionless pressure increases with the value of γD reduces. Along with the increasing of 

the deformation medium elasticity, the pressure declines more rapidly. The emergence of 

"concave" is not dependent on γD. We can see that the curves obviously go upturn on the later 

period,which present the characteristics of closed boundary. 
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Figure 5 Influence of γD on pressure curve   Figure 6 Influence of B on pressure curve 

Figure 6 indicates the effect of starting pressure gradient on the pressure dynamic curve. The 

starting pressure gradient has main effect on the later stage of the flow. From the figure, we 

know that the various value of B makes the whole flow progress different and the starting 

pressure gradient has little influence on the initial stage. With the increase of time, pressure 

curves are divergent and the influence of B on pressure is increasing. The larger B is, the larger 

dimensionless pressure is, the earlier the curve upward, and the greater the upward amplitude is. 

The emergence of "concave" is not dependent on B. The existence of starting pressure makes the 

pressure curve go up. The greater the starting pressure gradient, the bigger the greater the upward 

amplitude, which is a feature of low permeability reservoir. 

4.4 The Effect of Interporosity Flow Coefficient and Elastic Storage Ratio 

Figure 7 indicates the effect of interporosity flow coefficient on the pressure dynamic curve. 

The interporosity flow coefficient has main effect on the later stage of the flow. It can be seen 

from the figure that  determines the appearance time and location of "concave", the smaller the 

, the later the appearance time of "concave", the righter the "concave". The initial stage of 

pressure does not depend on . 

  
Figure 7 Influence of λ on pressure curve    Figure 8 Influence of ω on pressure curve 

Figure 8 indicates the effect of elastic storage ratio on the pressure dynamic curve. The 

elastic storage ratio has main effect on the later stage of the flow. As can be seen from the graph, 

ω determines the width and depth of concave of pressure derivative curve channeling stage. The 

smaller the ω, the longer the channeling stage, the wider and deeper the "concave". In the late 

stage, the pressure is not dependent on ω. 

5.Conclusions 

(1)The quadratic gradient term, the deformation of the media and the dual-porosity 

characters was considered, the seepage model of the dual-porosity oil reservoir model with low 

permeability was established, which was simplified by Laplace transform and solved by Finite 

difference method. The seepage law of the dual-porosity oil reservoir model with low 

permeability was analyzed. 
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(2)As the dimensionless wellbore storage coefficient increases, the early pressure curve is 

still a straight line with the slope of 1, but wellbore storage stage becomes longer. With the skin 

factor increasing, the pressure curve of double logarithmic graph is also constantly on the move, 

while the "hump" of the pressure derivative curve is also on the rise. 

(3) The influence of starting pressure gradient and deformation on the pressure characteristic 

curve is mainly manifested in the late period. The smaller the value, the greater the dimension 

pressure difference later, namely, the faster the formation pressure drops. The effect will be more 

obvious if the two factors exist at the same time. 

(4) Interporosity flow coefficient determines the appearance time and location of "concave". 

The smaller the value, the later the appearance time of "concave", the righter the "concave". 

Elastic storage ratio determines the width and depth of concave of pressure derivative curve 

channeling stage. The smaller the value, the longer the channeling stage, the wider and deeper 

the "concave". 

6.Sign annotation 

r——distance from the well, m; ρ——density, g/cm
3
; v——Seepage velocity, cm/s; φf ——

fracture porosity, %; φm——matrix porosity, %; Kf——fracture Permeability, 10
-3

μm
2
; Km——

matrix Permeability, 10
-3

μm
2
; q*——channeling flow, 10

-3
μm

2
; pf——fracture pressure, MPa; 

pf——matrix pressure, MPa; α——channeling coefficient, f; Cρ——liquid compressibility, MPa
-

1
; CΦ——rock compressibility, MPa

-1
; Ct ——total compressibility, MPa

-1
; G——Starting 

pressure gradient, MPa/m; γ——permeability modulus, MPa
-1

; h——reservoir thickness, m; 

rw——radius of the well, m; re——drainage radius, m; L——Length of model, cm; Δp——

Pressure difference, MPa; η——pseudo pressure, f. PDf , PDm ——dimensionless pressure, 

dimensionless; rD——dimensionless radius, dimensionless; λ——dimensionless channeling 

coefficient, dimensionless; tD——dimensionless time, dimensionless; β——dimensionless fluid 

compressibility, dimensionless; γD——dimensionless permeability modulus, dimensionless; B—

—dimensionless starting pressure gradient, dimensionless; ω——dimensionless elastic storage 

ratio, dimensionless; ζ——Laplace variable, dimensionless. 
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