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I Introduction I 

Modeling of transport process in 

because of the complicated geometries and transpor 

Narasimhan (1982) have devel extension of the double-porosity method (Baren- 

blatt, 1960; Warren thod of "multiple 'interactingcon- 

tinua" (MINC), which cim handle transient inter-porosity flow of fluid and heat in frac-' 

tured porous media.' T h e  MINC approximation assumes that,  due to hig 

and low stoiativity of 

.. 

3), referred' to as 

fractures, ahy changes of th d y n a m i c  conditions in a frhc- 
. . -  

dium will propagate rapidly the fracture network, while 

only slowly into th  

modynamic condit 

permeabilifiy rock matrix' blocks. Therefore, the clianges of ther- 

k matrix blocks Will depend primarily on 'the distance to 

the nearest fracture. 1 light of this and'by negleiting gravity ef€ec fluid and heat flo 

ne-dimensional approximation. This 

concept is applicable 

1983). 

atrix blocks (Pruess and Karasaki, 
.f 

T In numerical simulations, the MINC. method partitions rock matrix blocks into sets 

of nested volume elements (Figures 1 and 2). Thus, the interactions between fractures 

and the rock matrix can be described by one-dimensional mass and energy conservation 

equations. When applicable,. this' approximation can save substantial amounts of 
. $ * (  



2 

computer time and storage in comparison to the more detailed discretization by conven- 

tional finite difference methods. However, the accuracy of the method employed needs to 

be tested and justified (Pruess e t  al., 1982). In geheral, mass and heat flow are not per- 

pendicular to the fracture surfaces, especially near fracture intersections (”corners”), and 

hence can not strictly be considered one-dimensional. To study this ”corner” effect, we 

have considered some idealized geometrical configurations and simple boundary condi- 

tions, for which exact solutions as well as solutions based on the MINC approximation 

are available in analytical and semi-analytical form. 

Case 1: Fluid Flow in a Porous Cube 

The test c&e considered is for isothermal, slightly compressible fluid flow in a 

porous cube (or, equivalently, heat conduction in an impermeable cube). A constant pres- 

sure, Pb,  is maintained at the cube surfaces, and an initial pressure of zero is assumed 

everywhere. With the MINC approximation, fluid flow in a cube can be approximated by 

a one dimensional model, as shown in Figure 3. The  basic model represents one-sixth of 

a cube, with the surface area for flow decreasing from D 2  (D is the side length of the 

cube) at the edges of the cube to  zero in the center. Thus, the total mass flow at the 

cube surfaces will be six times that  given by the one-dimensional model. This one- 

dimensional approximation leads to a differential equation whose form is identical to the 

heat conduction equation in a system with spherical geometry. T h e  dimensionless pres- 

sure and flow rate for this problem using the one-dimensional approximation is given by 

Carslaw and Jaeger (1959): 

and 
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T h e  same problem can be solved exactly in fhree dimension. T h e  dimensionless transient 

pressure and flow rate is given by arslaw and Jaeger, 
I .  

and 

(4) 

In the above equations, (2, y , z ) - coordinates are measured from the center of the cube e 

and parallel to the edges. The.dimensionless pressures at a distance z = 0.30 for the 

MINC approximation and for the exact solution are plotted versus dimensionless time in 

Figure 4. T h e  figure clearly i ates that  in the center of the plane z = 0.30 (ie., for 
r '  , 

2 z = - = 0, y ' = -L = 0)  the pressures from the MINC approximation are somewhat D. D 

higher than the exact pressures, but  in , the corner of that  plane (2'  = y' = 0.3) they 

are somewhat lower. T h e  discrepancies are not large (about 10-15%). What really 

matters, however, is not the detailed pressure distributions inside the cube, but the total 

(areally integrated) flow rate at the cube surface. Figure 5 shows tha t  the flow rate at 

the cube surface using the MINC approximation agrees very well with the exact solution. 

Case 2: Fluid Flow in a Rectangular.Porous Slab * 

To further test the MINC approximation, a compa n was made for fluid flow i n  

two-dimensional rectangular matrix blocks with side lengths A and B for different 

aspect ratios ,8 = A /B. T h e  same initial and boundary conditions are used as in case 1. 



With the MINC approximation, the basic model (Figure 6) of a rectangle will be solved. 

T h e  governing equation describing the mass conservation in the domain of the basic 

model can be expressed as: 

( 5 )  

where q is mass flow rate, 4 is porosity, p is fluid density, t is time, and S is the cross 

section surface area in the z direction expressed as: 

Pk Substituting Eq. 6 and Darcy's law ( q  = - - v P )  into Eq. 5, the governing equation 
P .. 

describing slightly compressible fluid flow in the domain of the basic model can be 

expressed as: 

(7) 
aP 4pc aP 

1 a2 k at 
4 

- -- a2P + 1 - 
z + -(A - B )  

where e is fluid compressibility and k is intrinsic permeability of the medium. The  ini- 

tial and boundary conditions are: 

P ( z , O )  = 0 (8 )  

(9) 
B 
2 

P ( - , t )  = P* 

In terms of dimensionless parameters, the governing equation and the initial and 

boundary conditions can be written as: 

Y 
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Po = o  

where 

P P -  
' D  -Ty- 

(16) 
z + 1/4(A - B )  

B rl' 

In the Laplace domain, the solution of Eq. 7 subject to the given initial and boundary 

conditions is: 

where p .issthe Laplace parameter. T h e  dimensionless mass flow rate at the surface of 

the rectangle can be obtained ,from Eq. 18 by evaluating the pressure gradient at the 

surface; 

where is x. In this study, nless flow rate in real space is 
, kpbi . I  

obtained by numerical inversion of Eq. 19 (Stehfest, 1970). The exact solution for this 



two-dimensional problem is given by Carslaw and Jaeger (1959): 

and 

Figure 7 shows that  the dimensionless mass flow rate across the surface of the rectangle 

obtained from the MINC approximation for different aspect ratios (a) compares well with 

the exact solution. T h e  agreement becomes close when the aspect ratio is increased, 

because this will diminish the "cornerR effects neglected by the MINC approximation. 

Conclusions 

T h e  method of "multiple interacting continua" is based on the assumption that  

changes in thermodynamic conditions of rock matrix blocks are primarily controlled by 

the distance from the nearest fracture. We have evaluated the accuracy of this assump- 

tion for regularly shaped (cubic and rectangular) rock blocks with uniform initial condi- 

tions, which are subjected to a step change in boundary conditions on the surface. Our 

results show that pressures (or temperatures) predicted from the MINC approximation 

may deviate from the exact solutions by as much as 1@15% at certain points within the 

blocks. However, when fluid (or heat) flow rates are integrated over the entire block sur- 

face, MINC-approximation and exact solution agree to better than 1%. This  indicates 

that  the MINC approximation can accurately represent transient in ter-porosity flow in 

fractured porous media, provided that matrix blocks are indeed subjected to nearly uni- 

form boundary conditions at all times. 
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Mot rix' ' Fro ct u re s 

Figure 1: Idealized model of a fractured porous medium 
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Figure 2: Computational mesh to model transport processes in fractured porous media 

employed by the MINC approximation 
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Figure 3: Basic model for a porous cube using the one-dimensional approximation 
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Figure 6: Basic model for a rectangular porous slab using the one-dimensional approxi- 

mation 
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