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Abstract 
The existence of vugs or cavities in naturally fractured 
reservoirs has long been observed. Even though these vugs 
can be largely attributed to reserves of oil, natural gas, and 
groundwater, few investigations of vuggy fractured reservoirs 
have been conducted. In this paper, a new multiple-continuum 
conceptual model is developed, based on geological data and 
observations of core samples from carbonate formations in 
China, to investigate multiphase flow behavior in such vuggy 
fractured reservoirs. The conceptual model has been 
implemented into a three-dimensional, three-phase reservoir 
simulator with a generalized multiple-continuum modeling 
approach. The conceptual model considers vuggy fractured 
rock as a triple- or multiple-continuum medium, consisting of 
(1) highly permeable fractures, (2) low-permeability rock 
matrix, and (3) various-sized vugs. The matrix system may 
contain a large number of small or isolated cavities (of 
centimeters or millimeters in diameter), whereas vugs are 
larger cavities, with sizes from centimeters to meters in 
diameter, indirectly connected to fractures through small 
fractures or microfractures. Similar to the conventional 
double-porosity model, the fracture continuum is responsible 
for the occurrence of global flow, while vuggy and matrix 
continua, providing storage space, are locally connected to 
each other (and interacting with globally connecting 
fractures). For practical application of the multi-continuum 
concept in reservoir simulation, we propose a novel upscaling 
method for computing equivalent gridblock permeabilities of 
coarse blocks containing large isolated vugs, in which the 
local problems consisting of Darcy and Stokes flows are 
solved. In addition, we describe an efficient boundary 
condition for accurate computation of upscaled permeabilities. 
In the numerical implementation, a control-volume, integral 
finite-difference method is used for spatial discretization, and 

a first-order finite-difference scheme is adapted for temporal 
discretization of governing flow equations in each continuum. 
The resulting discrete nonlinear equations are solved fully 
implicitly by Newton iteration. The numerical scheme is 
verified and applied to simulate water-oil flow through the 
fractured vuggy reservoirs of the Tahe Oil Field in China. 

 
Introduction 

Since the 1960s, investigation of flow and transport 
processes in fractured reservoirs has received much attention 
with significant progress being made. Driven by the increasing 
need to develop petroleum and geothermal reservoirs (as well 
as to resolve subsurface contamination problems), many 
numerical modeling approaches and techniques have been 
developed [6, 25, 15, 21]. The petroleum industry is currently 
facing a growing demand for oil and natural gas, while at the 
same time fewer new oil reserves exist worldwide. The 
efficient development of naturally fractured reservoirs, 
possessing a large portion of current world oil and gas 
reserves, has become a top priority. Thanks to the known low 
oil recovery rates from these reservoirs, interest in enhancing 
oil and gas recovery from such reservoirs has grown, with 
more investigations conducted for multiphase flow and 
transport phenomena in fractured reservoirs [2, 19, 4, 12]. 
Also, environmental concerns over subsurface contamination 
have motivated many related, similar studies [31, 26, 7].  

Even though significant progress has been made towards 
understanding and modeling of flow and transport processes in 
fractured rock since the 1960s [6, 25, 15, 16, 21], most studies 
have focused primarily on naturally fractured reservoirs 
without taking into consideration of cavities. Recently, 
characterizing vuggy fractured rock has received attention, 
because a number of fractured vuggy reservoirs have been 
found worldwide that can significantly contribute to reserves 
and the production of oil and gas [17, 23, 18, 13, 9].  

Mathematical approaches developed for modeling flow 
through fractured reservoirs rely in general on continuum 
approaches, involving developing conceptual models,  
incorporating the geometrical information of a given fracture-
matrix system, setting up mass and energy conservation 
equations for fracture-matrix domains, and then solving 
discrete nonlinear algebraic equations of mass and energy 
conservation. The commonly used mathematical methods for 
modeling flow through fractured rock include: (1) an explicit 
discrete-fracture and matrix model [24], (2) a dual-continuum 
method, including double- and multi-porosity, dual-
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permeability, or the more general "multiple interacting 
continua'' (MINC) method [25, 16, 21], and (3) an effective-
continuum method (ECM) [29].  

In addition to the traditional double-porosity concept, a 
number of triple-porosity or triple-continuum models have 
been proposed [10, 33, 1, 5, 26, 14] to describe flow through 
fractured rocks. In particular, Liu et al. [18] and Camacho-
Velazquez et al. [9] present several new triple-continuum 
models for single-phase flow in a fracture-matrix system that 
include cavities within the rock matrix (as an additional 
porous portion of the matrix). In general, these models have 
focused on handling the heterogeneity of the rock matrix or 
fractures, e.g., subdividing the rock matrix or fractures into 
two or more subdomains with different properties. 

This study presents our continuing effort in developing 
the triple-continuum conceptual model [14], which attempts to 
include the effects of vugs and cavities on multiphase flow 
processes in naturally fractured vuggy reservoirs. In this 
model, vuggy fractured rock is conceptualized as a triple-or 
multiple-continuum medium, consisting of (1) highly 
permeable fractures, (2) low-permeability rock matrix, and (3) 
various-sized vugs. Similar to the conventional double-
porosity model, the fracture continuum is responsible for 
global flow, while vuggy and matrix continua, providing 
storage space, are locally connected to each other (and  
interacting with globally connecting fractures). In the 
numerical implementation, a control-volume, integral finite-
difference method is used for spatial discretization, and a first-
order finite-difference scheme is adapted for temporal 
discretization of the governing flow equations in each 
continuum. The resulting discrete nonlinear equations are 
solved fully implicitly by Newton iteration. This numerical 
scheme is applied to simulate water-oil flow through the 
fractured vuggy reservoirs of the Tahe Oil Field in China. 

Conceptual Model of Vuggy Fractured Formation 
A typical fractured vuggy reservoir, as observed in a 

reservoir of carbonate formation in western China [34], 
consists of large-scale fractures, low-permeable rock matrix, 
and a large number of cavities or vugs. Those vugs and 
cavities are irregular in shape and vary in size (from 
millimeters to meters in diameter). Many small-sized cavities 
appear to be isolated from fractures. Figures 1(a), 2(a), and 
3(a) summarize several conceptualizations, based on outcrops 
and cores from the reservoir fractured vuggy formation. Here 
we use “cavities” for small caves (millimeters to centimeters 
in diameter), whereas “vugs” represent larger cavities (with 
sizes from centimeters to meters in diameter). Figure 1(a) 
shows the typical characteristics of the main oil reserve or 
production layer of the reservoir, consisting of multi-scale 
fractures, various-sized isolated or connected (through 
fractures and small fractures) vugs and cavities, and rock 
matrix. Figure 1(b) conceptualizes the vuggy fracture system 
as a multi-continuum system of different-scale fracture 
networks, spatially varying vugs, cavities, and rock matrix. By 
comparison, Figure 2 presents features of discrete large 
fractures with few vugs, which connect to the fractures. Figure 
3 shows a core sample with a large fracture and some partially 

filled cavities. Several other conceptual models are discussed 
in Kang et al. [14] for the reservoir.  

As shown in Figures 1, 2 and 3, the multi-continum 
conceptual model considers large fractures as main pathways 
for the global flow. Vuggy and matrix continua, locally 
connected to each other as well as directly or indirectly 
interacting with globally connecting fractures, provide storage 
space as sinks or sources to fractures. Note that vugs directly 
connected with fractures (e.g., Figures 1, 2 and 3) could be 
considered part of the fracture continuum. More specifically, 
we conceptualize the fractured-vug-matrix system as 
consisting of (1) fracture continuum: “large” fractures (or 
fractures), globally connected on the scale of model domains, 
providing flow paths to injection and production wells; (2) vug 
continuum: various-sized vugs, which are locally connected to 
fractures either through “small” fractures or isolated by rock 
matrix; (3) matrix continuum: rock matrix, which may contain 
a number of cavities, locally connected to large fractures 
and/or to vugs; and (4), small-scale fractures (Figure 1) [26]. 

In principle, the proposed multiple-continuum model is a 
natural extension of the generalized multiple-continuum 
(MINC) approach [21, 32]. In this approach, an “effective” 
porous medium is used to an approximate fracture, vug, or 
rock matrix continuum, respectively. The triple- or multiple-
continuum conceptual model assumes that approximate 
thermodynamic equilibrium exists locally within each of the 
continua at all times. Based on this local equilibrium 
assumption, we can define thermodynamic variables, such as 
pressure, fluid saturation, concentration, and temperature, for 
each continuum. Note that the multiple-continuum model is 
not limited to the orthogonal idealization of the fracture 
system, or uniform size, or distribution of vugs and cavities, as 
illustrated in Figures 1, 2, and 3. Irregular and stochastic 
distributions of fractures and cavities can be handled 
numerically, as long as the actual distribution patterns are 
known [22].   

Mathematical Model 
A fractured vuggy reservoir is assumed at isothermal 

conditions and composed of three phases: oil, gas, and water. 
For simplicity, the water and oil components are assumed to 
be present only in their associated phases, while gas may exist 
in both gas and oil phases. Each phase flows in response to 
pressure, gravitational, and capillary forces according to 
Darcy's law, while non-Darcy or tube flow may occur within 
connections between or inside vugs. Therefore, three mass-
balance equations are needed to describe the multiphase flow 
system in an arbitrary flow region of the porous, fractured, and 
vuggy domain [14, 27]: 
 
For gas flow, 

( )[ ] ( ) gggodgggdgo qVρVρρSρS
t

++•−∇=+φ
∂
∂

   (1) 

For water flow, 

( ) ( ) wwwww qVS
t

+ρ•−∇=ρφ
∂
∂

       (2) 
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For oil flow, 

( ) ( ) ooooo qVS
t

+ρ•−∇=ρφ
∂
∂

        (3) 

where when Darcy’s law applies, the flow velocity of phase β 
(β = g for gas, = w for water, and = o for oil) is defined as 

( )DgP
kk

V r ∇ρ−∇
µ

−= ββ
β

β
β         (4) 

In Equations (1)-(4), φ is the effective porosity of the medium 
(fracture, vugs or porous matrix); ρβ is the density of phase β 
at reservoir conditions; oρ  is the density of oil, excluding 

dissolved gas, at reservoir conditions; dgρ  is the density of 

dissolved gas (dg) in oil phase at reservoir conditions; µβ is the 
viscosity of phase β; Sβ is the saturation of phase β; Pβ is the 
pressure of phase β; qβ is the sink/source term of component β 
per unit volume of the medium, representing mass exchange 
through injection/production wells or resulting from fracture-
matrix-vug interactions; g is gravitational acceleration; k is 
absolute/intrinsic permeability of the medium; krβ is relative 
permeability to phase β; and D is depth. 

Equations (1), (2) and (3), governing mass balance for 
three-phase flow, need to be supplemented with constraint 
equations and constitutive relations, which express all the 
secondary variables and parameters as functions of a set of 
key primary thermodynamic variables. In addition, capillary 
pressure and relative permeability relations are needed for 
each continuum, which are normally expressed in terms of 
functions of fluid saturations. The densities of water, oil, and 
gas, as well as the viscosities of fluids, can in general be 
treated as functions of fluid pressures.  

Numerical Formulation 
As discussed above, the governing equations for multiphase 

flow in fractured vuggy reservoirs have been implemented into a 
general-purpose, three-phase reservoir simulator, the MSFLOW 
code [30, 27]. As implemented numerically, Equations (1), (2), 
and (3) are discretized in space using an integral finite-difference 
or control-volume finite-element scheme for a porous-fractured-
vuggy medium. Time discretization is carried out with a 
backward, first-order, finite-difference scheme. The discrete 
nonlinear equations for water, oil, and gas flow at node i are 
written as follows:   

( ) ( )[ ] 1n
i

j

1n
ji,

in
i

1n
i QF

t
VMM

i

+
β

η∈

+
ββ

+
β +=

∆
− ∑          (5) 

where M is the mass accumulation term of phase β; 
superscript n denotes the previous time level; n+1 is the 
current time level; Vi is the volume of element i (porous,  
fractured, or vuggy gridblock); ∆t is the time step size; ηi 
contains the set of neighboring elements (j) (porous, vuggy, or 
fractured) to which element i is directly connected;  is the 

mass flow term for phase β between elements i and j; and Q
ji,Fβ

βi 
is the mass sink/source term at element i of phase β. 

 The “flow” term ( ) in Equation (5) for multiphase 
Darcy flow between and among the multiple-continuum 
media, along the connection (i, j), is given by  

ji,Fβ

[ ]ijji2/1ij,ji,F ββ+ββ ψ−ψγλ=         (6) 

where λβ,i j+1/2  is the mobility term to phase β, defined as  

2/1ij

r
2/1ji,

k

+β

ββ
+β ⎟

⎟
⎠

⎞
⎜
⎜
⎝

⎛

µ
ρ

=λ         (7) 

Here subscript ij+1/2 denotes a proper averaging or weighting 
of properties at the interface between two elements i and j; and 
krβ is the relative permeability to phase β. In Equation (7), ijγ  
is transmissivity; when the integral finite-difference scheme 
[20] is used, ijγ is defined,as 

ji

2/1jiji
ji dd

kA
+

=γ +          (8) 

where  is the common interface area between connected 
blocks or nodes i and j;  d

ijA
i is the distance from the center of 

block i to the interface between blocks i and j; and kij+1/2 is an 
averaged (e.g., harmonically weighted) absolute permeability 
along the connection between elements i and j. The flow 
potential term in Equation (6) is defined as 

i2/1ji,ii DgP +βββ ρ−=ψ         (9) 
where Di is the depth to the center of block i from a reference 
datum. The mass sink/source term at element i, Qβi for phase 
β, is defined as 

iii VqQ ββ =           (10) 
In addition to multiphase Darcy flow, non-Darcy flow may 

also occur between and among the triple continua. A general 
numerical approach for modeling single-phase and multiphase 
non-Darcy flow [28] can be directly extended to the multiple-
continuum model of this work. In general, flow along 
connecting paths of vugs through narrow pores or fractures 
may be too fast to describe using Darcy’s law. In particular, 
when these vuggy connections could be approximated as a 
single fracture or a tube, the solutions of flow through a 
parallel-wall, uniform fracture or Hagen-Poiseuille [8] may be 
extended to describe such flow in (6) with  

2/1ij

2/1ji,

S

+β

ββ
+β ⎟

⎟
⎠

⎞
⎜
⎜
⎝

⎛

µ
ρ

=λ         (11) 

and 

( )ji

3

ji dd12
wb

+
=γ  for fracture connection         (12) 

 

( )ji

4

ji dd8
r
+

π=γ   for tube connection       (13) 

where b is fracture aperture, w is fracture width, and r is tube 
radius. Note in (11), the saturation for an individual phase is 
used as the relative permeability of the phase. Similarly, flow 
solutions for both laminar and turbulent flow through simple 
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geometry of vug-vug connections can be used for flow 
between these vug connections. 

Note that Equation (5) has the same form regardless of the 
dimensionality of the model domain, i.e., it applies to one-, 
two-, or three-dimensional analyses of multiphase flow 
through vuggy fractured porous media. In the numerical 
model, Equation (5) is written in a residual form and is solved 
fully implicitly using Newton/Raphson iteration. 

Upscaling Method 
         For the multi-continuum approach, the computation of 
upscaled intrinsic permeability is required. For the fractures, 
these computations are somewhat well understood [11]. In 
particular, the effective coarse grid block permeability is 
computed from the solution of local flow problem. The 
boundary conditions of the local problem are such that the 
local flow has unit pressure gradient in each direction. These 
directional flows provide the values of upscaled permeability 
tensor. To avoid the effects of artificial boundary conditions, 
the boundary conditions can be imposed in the regions that are 
larger than the target coarse block. Furthermore, only the flow 
field in the target coarse block is used for the computation of 
upscaled permeability tensor. For the coarse regions 
containing vugs, we propose unit multi-physics problem for 
computing the upscaled permeabilities. This idea is first 
explored in Arbogast et al. [3]. The unit directional problem is 
set with pressure boundary conditions at the inlet and outlet 
and no flow boundary conditions on lateral sides. The local 
problem includes coupled Darcy and Stokes fluid flows. We 
propose the use of Brinkman equations or lattice Boltzman for 
the solution of the coupled flow problem. We have tested our 
results against resolved solution of coupled flow problem 
using standard multi-physics discretization techniques and 
found good agreement. The fact that the overall the coarse 
region can be described by Darcy’s flow is proven using 
homogenization techniques [3]. In the computations, we 
employ oversampling techniques where a larger region (larger 
than the target coarse block) is chosen for the computation of 
local properties. Furthermore, the flow field only within the 
target coarse block is used for computing the effective grid 
block permeability. Based on orientation of vugs, we can also 
impose more accurate boundary conditions in order to capture 
the subgrid effects more precisely. 
 
Handling Fracture-Vug-Matrix Interaction 

The technique used in this work for handling multiphase 
flow through vuggy fractured rock follows the dual- or 
multiple-continuum methodology [25, 21, 33]. With this dual-
continuum concept, Equations (1)–(4) can be used to describe 
multiphase flow along fractures and inside matrix blocks, as 
well as fracture-matrix-vug interaction. However, special 
attention needs to be paid to interporosity flow in the fracture-
matrix-vug continua. Flow terms of interporosity between 
fracture-matrix, fracture-vug, vug-vug, and vug-matrix 
connections are all evaluated using Equation (6). However, the 
transmissivity of (8) will be evaluated differently for different 
types of interporosity flow. For fracture-matrix flow, ijγ , is 
given by 

FM

MFM
FM

kA
l

=γ           (14) 

where  is the total interfacial area between fractures (F) 
and the matrix (M) elements; k

FMA
M is the absolute matrix 

permeability; and  is the characteristic distance for flow 

crossing fracture-matrix interfaces.  For fracture-vug flow, 
FMl

ijγ  
is defined as 

FV

VFV

FV

kA

l
=γ           (15) 

where  is the total interfacial area between the fracture 

and vugs (V) elements;  is a characteristic distance for 
flow between fractures and vugs; and k

FVA

FVl
V is the absolute vuggy 

permeability, which should be the permeability of small 
fractures that control flow between vugs and fractures (Figure 
1). Note that for the domain in which vugs are isolated from 
fractures, as shown in Figure 1,  no fracture-vug flow terms  
need  to be calculated, because they are indirectly connected 
through the matrix.  

For vug-matrix flow, ijγ is evaluated as 

VM

MVM

VM

kA

l
=γ          (16) 

where  is the total interfacial area between the vug and 

matrix elements;  and  is a characteristic distance for flow 
crossing vug-matrix interfaces. Similarly, the transmissivity 
between vugs, when they are connected through narrow 
fractures or tube can be defined. 

VMA

VMl

Note that Table 1 [14] summarizes several simple models 
for estimating characteristic distances in calculating inter-
porosity flow within fractures, vugs, and the matrix. In such 
cases, we have regular one-, two-, or three-dimensional large 
fracture networks, each with uniformly distributed small 
fractures connecting vugs or isolating vugs from fractures, 
based on  the quasi-steady-state flow assumption of Warren 
and Root [25].  

The MINC concept [22, 21] is extended to modeling flow 
through fractured-vuggy rock. In this approach, we start with a 
primary or single-continuum medium mesh that uses bulk 
volume of formation and layering data. Then, geometric 
information for the corresponding fractures and vugs within 
each formation subdomain is used to generate integrated 
finite-difference meshes from the primary grid. Fractures are 
lumped together into the fracture continuum, while vugs with 
or without small fractures are lumped together into the vuggy 
continuum. The rest is treated as the matrix continuum. 
Connection distances and interface areas are then calculated 
accordingly, e.g., using the relations discussed above and the 
geometric data of fractures and vugs. Once a proper mesh for 
a multiple-continuum system is generated, fracture, vuggy, 
and matrix blocks are specified, separately, to represent 
fracture or matrix continua.  
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In addition to the discretization techniques discussed 
above, the following assumptions may be also used: (1) there 
is equilibrium within vugs, i, e., no flow calculations are 
needed within vugs; (2) there is a noncapillary condition 
within vugs; and (3) relative permeability curves for flow from 
vugs to fractures and/or matrix are determined by fluid 
saturations in vugs based on complete mixing or gravitational 
segregation.  

 
Model Verification and Application 

The proposed numerical model formulation has been 
verified using analytical solutions [18, 26, 14]. The 
verification problem concerns typical transient flow towards a 
well that fully penetrates a radially infinite, horizontal, and 
uniformly vuggy fractured reservoir. Excellent agreement is 
obtained between the numerical and analytical solutions  

The numerical model is applied to simulate oil and water 
production in a selected fracture-vug unit of Region 4 of  the 
Tahe Reservoir in western China. The geologic formation in 
Region 4 is typical of fractured, vuggy rock, and oil reserves 
are mainly contained within the pore space of fractures and 
varying-sized cavities or vugs. The reservoir conditions and 
parameters are as follows: formation temperature is at 121oC; 
initial pressure is 595.8 bars; crude oil viscosity is 3.4 cp; STC 
oil density is 0.88 g/cm3; original oil formation volume factor 
is 1.1; oil compressibility is 8.1×10-9/Pa; water compressibility 
is 1.0×10-10/Pa; and water density is 1.0 g/cm3. Oil production 
started in 1997 and reached its peak of production in 2000.  

A three-dimensional (3-D) numerical grid is generated to 
simulate this production unit, with Figure 4 showing a plan 
view of the 3-D grid and the horizontal domain of the unit 
formation. The gird uses uniform gridblocks, with 45 columns 
in the x direction and 60 rows in the y direction. Vertically, 
the reservoir domain is subdivided into 16 geological layers 
(See Table 1), which are discretized into 30 numerical grid 
layers of varying thickness. 

Table 1 lists the geological and grid layers with rock 
properties used for the field simulation example. The rock 
properties were estimated from core, well-log, and other 
geophysical data. The formation consists of four rock types:  
(1) ROCK1 for unfilled vug rock, (2) ROCK2 for partially 
filled vug rock; (3) ROCK3 for fully filled vug rock; and (4) 
DENSE for the tight and low-permeability layers, which 
behaves as an aquitard, allowing only vertical flow between 
oil-production layers. Figure 5 presents a 3-D view of the 
fractured vuggy formation. 

Figure 6 shows an example of the simulated 2006 oil 
saturation distributions within the Region 4 unit of the Tahe 
Oil Field, after history matching. It is found that model results 
reasonably match measured saturation data and water-cut data, 
as well as original oil saturations.  

 
Summary and Concluding Remarks 

A physically based conceptual and numerical model is 
presented that simulates multiphase flow through vuggy 
fractured rock using a multiple-continuum medium approach. 
The suggested multiple-continuum concept is a natural 
extension of the classic double-porosity model, with the 
fracture continuum responsible for conducting global flow, 
while vuggy and matrix continua, locally connected and 

interacting with globally connecting fractures, provide storage 
space for fluids. 

The proposed conceptual model has been implemented 
into a general multidimensional numerical reservoir simulator 
using a control-volume, finite-difference approach, which can 
be used to simulate single-phase as well as multiple-phase 
flow in 1-D, 2-D and 3-D reservoirs. Model verification 
studies were reported in a previous study, and more simulation 
studies of actual vuggy-fractured petroleum reservoirs are 
under way.  

 
Acknowledgments 
The authors would like to thank Guoxiang Zhang and Dan 
Hawkes for their review of the manuscript. Thanks are also 
due to Diana Swantek for her help in preparing the 
manuscript. This work was supported in part by Research Inst. 
of Petroleum Exploration and Development of Sinopec Corp, 
by Texas A&M University, and by the Lawrence Berkeley 
National Laboratory through the U.S. Department of Energy 
under Contract No. DE-AC03-76SF00098. 
 
References 
1. Abdassah, D. and Ershaghis I., Triple-porosity system for 

representing naturally fractured reservoirs, SPE Form. 
Eval., 1, 113–127, 1986. 

2. Adibhatla, B. and K. K. Mohanty,  Oil recovery from 
fractured carbonates by surfactant-aided gravity drainage: 
Laboratory experiments and mechanistic simulations,  
SPE-99773, Presented at the 2006 SPE/DOE Symposium 
on Improved Oil Recovery, Tulsa, Oklahoma, April 22-
26, 2006. 

3. Arbogast, T., D. S. Brunson, S. L. Bryant, and J. W. 
Jennings, Jr., A preliminary computational investigation 
of a macro-model for vuggy porous media, in Proceedings 
of the conference Computational Methods in Water 
Resources XV, C. T. Miller, et al., eds., Elsevier, 2004. 

4. Bagci, A. S., Experimental and simulation studies of 
SAGD process in fractured reservoirs, SPE-99920, 
Presented at the 2006 SPE/DOE Symposium on Improved 
Oil Recovery, Tulsa, Oklahoma, April 22-26, 2006. 

5. Bai, M., Elsworth, D., and Roegiers, J.C., 
Multiporosity/multipermeability approach to the 
simulation of naturally fractured reservoirs, Water 
Resour. Res. 29, 1621–1633, 1993. 

6. Barenblatt, G.I., Zheltov, I.P., and Kochina, I.N., Basic 
concepts in the theory of seepage of homogeneous liquids 
in fissured rocks, PMM, Sov. Appl.  Math. Mech., 24(5), 
852–864, 1960. 

7. Berkowitz, B., Characterizing flow and transport in 
fractured geological media: A Review, Advance in Water 
Resources,25, 861-884, 2002.  

8. Bird, R. B., W. E. Steward, E. N. Lightfoot. Transport 
Phenomena, John Willey & Sons, Inc., New York, 
London, Sydney, 1960. 

9. Camacho-Velazquez, R., M. Vasquez-Cruz, R. Castrejon-
Aivar, abd V. Arana-Ortiz, Pressure transient and decline-
curve behavior in naturally fractured vuggy carbonate 
reservoirs, SPE Reservoir Evaluation & Engineering, 95-
111, April, 2005. 



6  SPE 104173 

10. Closemann, P.J., The aquifer model for fissured fractured 
reservoir, Soc. Pet. Eng. J., 385–398, 1975. 

11. Durlofsky L. J., Numerical calculation of equivalent grid 
block permeability tensors for heterogeneous porous 
media, Water Resour. Res. Vol. 27, 699–708, 1991. 

12. Heeremans, J. C., T. E. H. Esmaiel, and C. P. J. W. van 
Kruijsdijk, Feasibility study of WAG injection in 
naturally fractured reservoirs, SPE-100034, Presented at 
the 2006 SPE/DOE Symposium on Improved Oil 
Recovery, Tulsa, Oklahoma, April 22-26, 2006. 

13. Hidajat, I, K. K. Mohanty, M. Flaum, and G. Hirasaki, 
Study of vuggy carbonates using NMR and X-Ray CT 
scanning, SPE Reservoir Evaluation & Engineering, 365-
377, October, 2004.   

14. Kang, Zhijiang, Yu-Shu Wu, Jianglong Li, Yongchao 
Wu, Jie Zhang, and Guangfu Wang, Modeling multiphase 
flow in naturally fractured vuggy petroleum reservoirs, 
PSE-1-2356, Presented at the 2006 SPE Annual Technical 
Cobference and Exhibition, San Antonio, Texas, 24-27 
Sempember, 2006. 

15. Kazemi, H., Numerical simulation of water imbibition in 
fractured cores, Soc.  Pet. Eng. J. 323-330, 1979. 

16. Kazemi, H., Pressure Transient Analysis of Naturally 
Fractured Reservoirs with Uniform Fracture Distribution. 
SPEJ, 451–462. Trans., AIME, 246,  1969. 

17. Kossack and Curpine, A methodology for simulation of 
vuggy and fractured reservoirs, SPE-66366, Presented at 
the SPE Reservoir Simulation Symposium, Houston, 
Texas, 11-14, February, 2001. 

18. Liu, J.C. G.S. Bodvarsson, and Y.S. Wu, Analysis of 
pressure behavior in fractured lithophysal reservoirs, 
Journal of Contaminant Hydrology, 62-62, 189-211, 2003 

19. Naimi-Tajdar, R., C. Han, K. Sepehrnoori, T. J. Arbogast, 
and M. A. Miller, A fully implicit, compositional, parallel 
simulator for IOR processes in fractured reservoirs, SPE-
100079, Presented at the 2006 SPE/DOE Symposium on 
Improved Oil Recovery, Tulsa, Oklahoma, April 22-26, 
2006. 

20. Pruess K., Oldenburg, C., and Moridis, G., TOUGH2 
User’s Guide, Version 2.0, Report LBNL-43134, 
Berkeley, California: Lawrence Berkeley National 
Laboratory, 1999. 

21. Pruess, K. and Narasimhan, T.N., A practical method for 
modeling fluid and heat flow in fractured porous media, 
Soc. Pet. Eng. J., 25, 14-26, 1985. 

22. Pruess, K., GMINC-A mesh generator for flow 
simulations in fractured reservoirs, Report LBL-15227, 
Berkeley, California: Lawrence Berkeley National 
Laboratory, 1983. 

23. Rivas-Gomez et al., Numerical simulation of oil 
displacement by water in a vuggy fractured porous 

medium, SPE-66386, Presented at the SPE Reservoir 
Simulation Symposium, Houston, Texas, 11-14, February, 
2001. 

24. Snow, D. T., A parallel plate model of fractured 
permeable media, Ph.D. Dissertation, University of 
California, Berkeley, Californian, 1965. 

25. Warren, J.E. and Root, P.J., The behavior of naturally 
fractured reservoirs, Soc. Pet. Eng. J., 245–255, Trans., 
AIME, 228, 1963. 

26. Wu, Y. S., H. H. Liu, And G. S. Bodvarsson, A triple-
continuum approach for modeling flow and transport 
processes in fractured rock, Journal Of Contaminant 
Hydrology, 73, 145-179, 2004a.  

27. Wu, Yu-Shu, A unified numerical framework model for 
simulating flow, transport, and heat transfer in porous and 
fractured media, Developments In Water Science, Edited 
By Cass T. Miller, Matthew W. Farthing, William G. 
Gray, And George F. Pinder, Elsevier, 2004b.  

28. Wu, Yu-Shu, Numerical simulation of single-phase and 
multiphase non-Darcy flow in porous and fractured 
reservoirs, Transport In Porous Media, Vol. 49, No. 2, 
pp.209-240, 2002. 

29. Wu, Y.S., On the effective continuum method for 
modeling multiphase flow, multicomponent transport and 
heat transfer in fractured rock, Book chapter of 
“Dynamics of Fluids in Fractured Rocks, Concepts and 
Recent Advances”, Edited by B. Faybishenko, P. A. 
Witherspoon and S. M. Benson, AGU Geophysical 
Monograph 122, American Geophysical Union, 
Washington, DC, 299–312, 2000a. 

30. Wu, Y. S., A virtual node method for handling wellbore 
boundary conditions in modeling multiphase flow in 
porous and fractured media, Water Resources Research, 
36 (3), 807-814, 2000b 

31. Wu, Y. S, Haukwa C., and Bodvarsson G. S., A Site-
Scale Model for Fluid and Heat Flow in the Unsaturated 
Zone of Yucca Mountain, Nevada. Journal of 
Contaminant Hydrology. 38 (1-3), 185-217, 1999. 

32. Wu, Y.S. and Pruess K., A multiple-porosity method for 
simulation of naturally fractured petroleum reservoirs, 
SPE Reservoir Engineering, 3, 327-336, 1988. 

33. Wu, Y. S. and J. L. Ge, The transient flow in naturally 
fractured reservoirs with three-porosity systems, Acta, 
Mechanica Sinica, Theoretical and Applied Mechanics, 
Beijing, China, 15(1), 81–85, 1983.  

34. Zhang, Kang, The discovery of Tahe oilfield and its 
geologic implication, Oil & Gas Geology, 20(2), 120-124, 
1999.  

 

 



SPE 104173  7 

Table 1. Geological and grid layers and rock properties used for the field simulation example 

Layer Top 
Depth (ft) 

Bottom 
depth (ft) 

Thickness 
(ft) 

Fracture  
Porosity (%) 

Vug-cavity  
Porosity (%) Oil saturation(%) Rock type 

1 5346.1 5347.4 1.3 0.08  26.55  88.48  ROCK1 

2 5347.4 5356.5 9.1 0.00  0.00  0.00  DENCE 

3 5356.5 5372.4 15.9 0.35  4.57  71.33  ROCK2 

4 5372.4 5401.3 28.9 0.00  0.00  0.00  DENCE 

5 5401.3 5414.8 13.5 0.15  1.21  60.00  ROCK3 

6 5414.8 5429.8 15 0.16  1.01  72.27  ROCK3 

7 5429.8 5430.9 1.1 0.00  0.00  0.00  DENCE 

8 5430.9 5438.2 7.3 0.10  1.21  65.62  ROCK3 

9 5438.2 5440.9 2.7 0.00  0.00  0.00  DENCE 

10 5440.9 5446.6 5.7 0.08  0.78  60.00  ROCK3 

11 5446.6 5447.6 1 0.00  0.00  0.00  DENCE 

12 5447.6 5455.5 7.9 0.33  1.62  68.20  ROCK3 

13 5455.5 5457.1 1.6 0.00  0.00  0.00  DENCE 

14 5457.1 5465.8 8.7 0.29  7.39  84.98  ROCK1 

15 5465.8 5500 34.2 0.00  0.00  0.00  DENCE 

16 5500 5550 50 0.10  7.00  0.00  ROCK2 
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Figure 1. Schematic of conceptualizing vuggy fractured formation as a multiple-continuum system with different-
scale fractures, various vugs and cavities; (a) outcrop pictures and (b) conceptual model  

 

 

 

 



SPE 104173  9 

 

Figure 2. Schematic of conceptualizing vuggy fractured formation as a discrete fracture system with well 
connected, (a) outcrop pictures and (b) conceptual model  
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Figure 3. Schematic of conceptualizing vuggy fractured formation as a fracture-vug-matrix system with well 
partially filled vugs, (a) core sample and (b) conceptual model 
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Figure 4. Plan view of the 3-D numerical grid used in the simulation of Region 4 of the Tahe Oil Field 

 

 

Figure 5. A 3-D View of the fractured vuggy system of Region 4 of the Tahe Oil Field 
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Figure 6. 2006 Distribution of simulated oil saturations within Region 4 of the Tahe Oil Field  

 

 


