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ABSTRACT 

A numerical as well as a theoretical study of non-Darcy fluid 
flow through porous and fractured reservoirs is described. The 
non-Darcy flow is modeled using a three-dimensional, 
multiphase flow reservoir simulator. The model formulation 
incorporates the Forchheimer equation which describes non- 
Darcy flow of both single- or multi-phase fluids in porous media. 

The numerical approach is then used to obtain insight into 
the physics of non-Darcy flow behavior in porous and fractured 
reservoirs. Several type curves are provided for well-test analy- 
ses of non-Darcy flow, which demonstrates the methodology 
and its application to modeling this type of flow in porous and 
fractured rocks, including flow in geothermal reservoirs. 

Introduction 

Darcy 's Law, describing a linear relationship between volu- 
metric flow rate (Darcy velocity) and pressure (head or potential) 
gradient, has been the fundamental principle in flow and trans- 
port processes in porous media (Muskat, 1946). Any deviations 
from this linear relation may be defined as non-Darcy flow. Here, 
our interest is only in non-Darcy flow caused by high flow ve- 
locities. Even though Darcy's Law has been used nearly 
exclusively in the study of porous-medium phenomena, there is 
considerable evidence that high-velocity, non-Darcy flow oc- 
curs in many subsurface systems, especially in regions near 
production and injection wells. 

The effects of non-Darcy or high-velocity flow regimes in 
porous media have been observed and investigated for decades 
(e.g., Tek et al., 1962; Scheidegger, 1972; Katz and Lee, 1990). 
However, theoretical, field and experimental studies performed 
so far on these flow regimes have focused mostly on single-phase 
flow conditions that pertain to the oil and gas industry (Tek et al., 
1962; Swift and Kiel, 1962; Lee et al., 1987). Some investiga- 
tions have been conducted on non-Darcy flow in fractured 
reservoirs (Skjetne et al., 1999) and into production wells drilled 
in highly permeable fractured formations (Guppy et al., 1981, 
1982). Other studies have concentrated on finding and validating 
correlations of non-Darcy flow coefficients (Liu et al., 1995). 

In the studies of non-Darcy flow through porous media the 
Forchheimer equation (Katz and Lee, 1990) for single-phase 
flow, is generally used. Several studies reported in the literature 
extend the Forchheimer equation to multiphase flow and pro- 
vide equations for correlating non-Darcy flow coefficients under 
multiphase conditions (Evans et al., 1987; Evans and Evans, 
1988; Liu et al., 1995). A recent study (Wang and Mohanty, 
1999) discusses the importance of multiphase non-Darcy flow 
in gas-condensate reservoirs and presents a pore-scale network 
model for these conditions. Because this topic has not been stud- 
ied in sufficient detail, and due to the difficulty in handling highly 
nonlinear, non-Darcy flow terms in multiphase flow equations, 
our understanding non-Darcy flow through permeable (porous 
and fractured) media is very limited. 

The objective of this study is to develop a numerical method 
for modeling single- and multi-phase, non-Darcy flow through 
heterogeneous porous and fractured rocks. The model formula- 
tion incorporates the Forchheimer equation, based on an integral 
finite-difference or a control volume numerical discretization 
scheme (Forsyth et al., 1995). The model is implemented into a 
three-dimensional, three-phase flow numerical simulator, which 
is applicable to both porous and fractured rocks. For flow in a 
fractured medium, fracture-matrix interactions are handled us- 
ing a dual-continua approach, such as double- or 
multiple-porosity, or dual-permeability methods. 

This paper discusses the model formulation and the numeri- 
cal schemes implemented for modeling non-Darcy flow in 
porous and fractured media. As application examples, numeri- 
cal solutions are used to obtain some insight into the physics of 
flow involving non-Darcy flow effects in reservoirs. Further- 
more, several type curves are provided to analyze well test data 
when non-Darcy flow occurs in porous or fractured rocks. 

Governing Equations 

It is assumed that a multiphase system in a porous or frac- 
tured reservoir is composed of three phases: NAPL (oil), gas 
(air), and water. For simplicity, the three fluid components, water, 
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NAPL, and gas, are assumed to be present only in their associ- 
ated phases. Each phase flows in response to pressure, 
gravitational, and capillary forces according to the multiphase 
extension of Darcy's law for Darcy flow and the Forchheimer 
equation for non-Darcy flow. In an isothermal system contain- 
ing three mass components, three mass-balance equations are 
needed to fully describe the system. For an arbitrary flow of 
phase f (f = w for water, f = n for NAPL or oil, and f = g for gas) 
in a porous or fractured domain, 

where (I is the effective porosity of the formation; pf is the den- 
sity of fluid f; vf is the volumetric flow velocity (or normally 
Darcy velocity) of fluid f; Sf is the saturation of fluid f; t is 
time; and qf is the sink/source term of phase (component) f per 
unit volume of formation. 

Volumetric flow velocity (namely Darcy velocity for Darcy 
flow) for non-Darcy flow of each fluid may be described using 
the multiphase extension of Forchheimer equation (Evans and 
Evans, 1988; Liu et al., 1995): 

where Pf is the pressure of phase f; g is the gravitational con- 
stant vector; k is the absolute/intrinsic permeability (tensor) of 
the formation; kd is relative permeability to phase f; and pf is 
the effective non-Darcy flow coefficient with a unit m-I for fluid f 
under multiphase flow conditions (Evans and Evans, 1988). 

Equation (2) implicitly defines the Darcy velocity as a func- 
tion of pressure gradient as well as saturation and relative perme- 
ability. A more general relation for the Darcy velocity in 
multiphase, non-Darcy flow may be proposed as a function of 
pressure gradient, saturation, and relative permeability functions 

(3) 

Equation (3) can extend many other kinds of equations for 
non-Darcy flow, in addition to the Forchheimer equation (e.g., 
Scheidegger, 1972), to describing multiphase, non-Darcy flow 
conditions. 

Equation (l), governing mass balance for three phases, needs 
to be supplemented with constitutive equations, which express 
all the secondary variables and parameters as functions of a set 
of primary thermodynamic variables of interest. The following 
relationships will be used to complete the description of 
multiphase flow through porous and fractured media 

sw +sn +s, =1 (4) 

Capillary pressures relate pressures between the different 
phases. The aqueous- and gas-phase pressures are related as 

where Pcgw is the gas-water capillary pressure in a three-phase 
system and assumed to be a function of water saturation only. 
The NAPL pressure is related to the gas phase pressure by 

where Pes,, is the gas-NAPL capillary pressure in a three-phase 
system, which is a function of both water and NAPL satura- 
tions. For many reservoir rocks, the wettability order is (1) 
aqueous phase, (2) NAPL phase, and (3) gas phase. The gas- 
water capillary pressure is usually stronger than the one between 
gas and NAPL . In a three-phase system, the NAPL-water cap- 
illary pressure, P,,,, may be defined as 

The relative permeabilities are assumed to be functions of 
fluid saturations only. The relative permeability to the water 
phase is described by 

to the NAPL phase by 

and to the gas phase by 

In general, the densities of water, NAPL, and gas, as well as 
the viscosities of fluids, can be treated as functions of fluid pres- 
sures. 

N u mer ical Form u lat io n 

The multiphase non-Darcy flow equations, as discussed in 
the previous section, have been implemented into a general- 
purpose, three-phase reservoir simulator, the MSFLOW code 
(Wu, 1998). As implemented in the code, Equation (1) can be 
discretized in space using an integral finite-difference or con- 
trol-volume finite-element scheme (Pruess, 1991) for a porous 
and/or fractured medium. The time discretization is carried out 
with a backward, first-order, finite-difference scheme. The dis- 
crete nonlinear equations for water, NAPL, and gas flow at Node 
i are written as follows 

where n denotes the previous time level; n+l is the current time 
level; Vi is the volume of element i (porous or fractured block); 
At is the time step size; qi contains the set of neighboring ele- 
ments (i), porous or fractured block, to which element i is directly 
connected; and Ff is a mass flow term between elements i and j, 
defined [when Equation (2) is used] as 
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where subscript ij+1/2 denotes a proper averaging of properties 
at the interface between the two elements and A, is the com- 
mon interface area between connected elements i and j. The 
mobility of phase f is defined as 

kr f hf =- 
Pf 

and the flow potential term is 

where Di is the vertical distance between a datum and the ten- 
ter of element i. The mass sinkkource term at element i, Qfi for 
phase f, is defined as 

In Equation (1  2), transmissivity of flow terms is defined (if 
the integral finite-difference scheme is used) as, 

I i j  d, +dj  9 

where di is the distance from the center of element i to the inter- 
face between elements i and j. 

In the model formulation, absolute and relative 
permeabilities, and effective non-Darcy flow coefficient are all 
considered as flow properties of the permeable medium and 
need to be averaged between connected elements in calculating 
the mass flow terms. In general, weighting approaches used are 
that absolute permeability is harmonically weighted along the 
connection between elements i and j; relative permeability and 
non-Darcy flow coefficients are both upstream weighted. 

NewtonRaphson iterations are used to solve Equation (1 1). 
For a three-phase flow system, 3 x N coupled, nonlinear equa- 
tions must be solved (N being the total number of elements of 
the grid), including three equations at each element for the three 
mass-balance equations for water, NAPL, and gas, respectively. 
The three primary variables (x,, x2, x3) selected for each ele- 
ment are gas pressure, gas saturation, and NAPL saturation, 
respectively. In terms of the three primary variables, the New- 
ton/Raphson scheme gives rise to 

for rn = I ,  2, and 3 (17) 
where index m = 1,2, and 3 indicates the primary variable 1,2, 
or 3, respectively; p is the iteration level; and i = 1,2,3, . . ., N, 
the nodal index. The primary variables are updated after each 
iteration; that is, 

A numerical method is used to construct the Jacobian ma- 
trix for Equation (17), as outlined by Forsyth et al. (1995). 

A p pl i cat ions and Discuss ion 

In this section, we present two application examples and 
discuss single-phase, non-Darcy flow behavior to demonstrate 
the applicability of the present modeling approach to field prob- 
lems. The examples generate dimensionless pressures or type 
curves for non-Darcy flow well test analyses, including (1) Pres- 
sure drawdown and buildup analyses, and (2) Pressure 
drawdown in fractured reservoirs 

Before further discussing these application problems, we 
introduce several dimensionless variables for analyzing single- 
phase flow and well test results (Earlougher, 1977). Let us define 
the following group of dimensionless variables 

The dimensionless radius 

r rD = - 
rW 

the dimensionless time, 

the dimensionless non-Darcy flow coefficient 

and the dimensionless pressure 

Pi - P  
PD = - 

9"P 

(19) 

2nkh 

In these notations, the subscript referring to a phase is ig- 
nored; r is radial distance (coordinate), r, is wellbore radius, @i 

is the effective (or initial) porosity of the reservoir at reference 
(initial) pressure (P = Pi), C, is total compressibility of fluid and 
rock, h is thickness of formation, qm is mass production or in- 
jection rate, and q, is volumetric production or injection rate. 

Pressure Ora wdo wn and Buildup Analyses 

This example presents a set of type curves for analyzing 
well tests of single-phase, slightly compressible, non-Darcy fluid 
flow in an infinite-acting reservoir. The basic modeling param- 
eters are summarized in Table 1. Non-Darcy flow is considered 
to occur into a fully penetrating well from an infinite-acting, 
homogeneous and isotropic, uniform and horizontal formation. 
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Even though here skin and wellbore storage effects are ignored 
in the results, they can easily be included in the analysis. 

In the numerical model the infinite-acting reservoir is ap- 
proximated by a one-dimensional, radially symmetrical reservoir 
with an outer boundary radius of 5 x 106 (m), discretized into a 
one-dimensional grid of 3,100 gridblocks based on a logarith- 

Table 1. Parameters for the pressure drawdown and buildup analysis. 

Parameter Value Unit 
~~ 

Initial Pressure P i =  10 Bar 

Initial Porosity Oi = 0.20 

Reference Fluid Density pi = 1,000 kg/m3 

Formation Thickness h=lO m 

Fluid Viscosity p= 1x10-3 Paos 

Fluid Compressibility C b 5  x 10-'0 Pa- I 

Rock Compressibility cr=5 x 10-9 Pa-' 

Permeability k = 9.869~1013 m2 

Water Injection Rate q , = O . l  m3/d 

Wellbore Radius r,= 0.1 m 

Outer Boundary Radius rc===5x 1 0 6  m 
. . . . . - . . . - 

Dimensionless non-Darcy pD= 1 x 10-3 , 1, 10, 100 
Flow Coefficient 1 x 103,i x 1 0 4 ,  I x 105 

mic scale. Initially, the system is undisturbed and at constant 
pressure. A fully penetrating injection well, represented by a 
well element, starts producing at a specified constant rate at 
time t = 0. 

A set of type-curves for pressure drawdown, calculated by 
the numerical model in terms of dimensionless pressure versus 
dimensionless time, is shown in Figure 1. The results clearly 
indicate that the non-Darcy flow coefficient is a very important 
and sensitive parameter to the pressure drawdown curves. When 
non-Darcy flow coefficients are sufficiently large, they affect 
pressure transient behavior during both earlier and later times. 
Note that in the simulation, the non-Darcy flow coefficient is 
treated to be uncorrelated with other parameters. Figure 1 indi- 
cates that the non-Darcy flow coefficient can be effectively 
estimated using the type curves following the traditional type- 
curve matching approach. Note also that for small coefficients, 
pressure declines at the well during production are approaching 
those predicted by the Theis solution, as it should be. 

Figure 2 presents simulated pressure drawdown and buildup 
curves, in which the well is pumped for only one day and then 
shut in. As shown in the figure, the well pressure variations dur- 
ing the entire production and shut-in period indicate that pressure 
buildup is insensitive to the values of non-Darcy flow coefficients, 
as compared with drawdown during production. This is because 
after the well is shut in, flow velocities near the wellbore are 
significantly reduced, and non-Darcy flow effects become negli- 
gible. Many additional modeling investigations have confirmed 
this observation. It indicates that pressure-buildup tests are not 

Figure 1. Type curves for dimensionless pressures for non-Darcy flow 
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Figure 2. Dimensionless pressures for one-day production, followed by 
pressure buildup, of non-Darcy flow in an infinite system assuming no 

wellbore storage and skin effects. 

suitable for estimating non-Darcy flow coefficients. On the other 
hand, the pressure-buildup method, following non-Darcy flow 
production tests, will be a good test for determining permeability 
values without significant non-Darcy flow. 

Analysis of non-Darcy Flow in Fractured Media 

In this part of the study, the fracture-matrix formation is 
described using the Warren and Root (1963) double-porosity 
model. The physical flow model is a one-dimensional fracture- 
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matrix system, whose basic rock and fluid properties are given 
in Table 2. 

A radially symmetrical reservoir (r = 5 x 106 m) i s  discretized 
into a one-dimensional (r), primary grid. The radial distance is 
subdivided into 3,100 intervals based on a logarithmic scale. A 
double-porosity mesh is generated from the primary grid, in 
which a three-dimensional fracture network and cubic matrix 
blocks are used. The matrix block size is 1 x 1 x 1 meter, and 
fracture permeability and aperture are correlated by the cubic 

Table 2. Parameters for the single-phase, fractured-medium flow 
problem. 

Parameter Value Unit 

Matrix Porosity +M = 0.30 

Fracture Porosity @F = 0.0006 

Reference Water Density p, = 1,000 kg/m3 

Water Phase Viscosity p,= 1x10-3 Paas 

Matrix Permeability kM = 1 .Ox1 0-16 rn2 

Fracture Permeability k, = 9.869~10-'-1 m* 

Water Production Rate %=0.1 kg/s 
~~ ~~ ~~ ~~ 

Rock Compressibility c,= 1.0~10-9 1iPa 

Water Compressibility C, = 5 .OX 10-10 1 /Pa 

Dimensionless non-Darcy 
Flow Coefficient for fracture 

PD, f = 1 x 104, 1,5, 
and 10 

Dimensionless non-Darcy 
Flow Coefficient for matrix 

PD, m= 1 x 10-3, 10,50, 
and 100 

Well bore Radius rH'= 0.1 m 
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Figure 3. Type curves for dimensionless pressures for non-Darcy flow 
in an infinite fractured system assuming no wellbore storage and skin 

effects (dimensionless non-Darcy flow coefficients for fracture systems). 

law. Note that in the matrix domain ten-times larger non-Darcy 
flow coefficients than those for the fractures are used, to ac- 
count for lower matrix permeability and high non-Darcy flow 
effects. A fully penetrating production well is represented by a 
well element with a specified constant production rate. 

For non-Darcy flow into a well from an infinite fractured 
system, well pressures type curves using semi-log plots are given 
in Figure 3. These type curves show that well (fracture) pres- 
sures are extremely sensitive to the value of non-Darcy flow 
coefficients. Therefore, well production tests will help deter- 
mine these coefficients in a fractured reservoir. Furthermore, 
Figure 3 indicates that the effects of non-Darcy flow on early 
transient pressure responses are very strong, such that the first 
semi-log straight lines may not develop when non-Darcy flow 
is involved. 

Summary and Conclusions 

This paper presents a numerical method and theoretical study 
of non-Darcy flow through porous and fractured media. A three- 
dimensional, three-phase flow reservoir simulator has been 
enhanced to include the capability of modeling non-Darcy flow. 
Model formulation incorporates the Forchheimer equation to 
describe single-phase and multiphase non-Darcy flow. As ap- 
plication examples, numerical solutions are used to obtain some 
insight into the physics of flow involving non-Darcy flow ef- 
fects in porous media. It has been found that pressure drawdown 
not buildup behavior is sensitive to effects of non-Darcy flow. 
Therefore pressure drawdown testing will be a suitable approach 
to determine non-Darcy flow coefficients. In addition, several 
type curves are provided for well test analyses of non-Darcy 
flow to demonstrate the usefulness of the proposed methodol- 
ogy for investigating non-Darcy flow in porous and fractured 
rocks. 
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