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The existence of vugs or cavities in naturally fractured reservoirs has long been observed. Even though these
vugs are known for their large attribution to reserves of oil, natural gas, or groundwater, few quantitative
investigations of fractured vuggy reservoirs have been conducted. In this paper, a multiple-continuum
conceptual model is presented, based on geological data and observations of core samples from carbonate
formations in China, to investigate single-phase and 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
fractured vuggy rock as a triple- or multiple-continuum medium, consisting of (1) highly permeable and well-
connected fractures, (2) low-permeability rock matrix, and (3) various-sized vugs. The matrix system may
contain a large number of small or isolated cavities, whereas vugs are larger cavities, indirectly connected to
fractures through small fractures, microfractures or matrix. Similar to the conventional double-porosity
model, the fracture continuum is primarily 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. In addition, flow in fractured vuggy reservoirs may be further complicated by
occurrence of non-Darcy's and other nonlinear flow behavior, because of large pore space and high-
permeability flow channels. To account for such complicated flow regime, our model formulation includes
non-Darcy flow using the multiphase extension of the Forchheimer equation as well as flow according to
parallel-wall fracture and tube models, based on solutions of flow through a parallel-wall, uniform fracture
and Hagen-Poiseuille tube flow.

© 2011 Published by Elsevier B.V.

1. Introduction

Among the commonly used conceptual models for analyzing flow
through fractured rock, dual-continuum models, i.e., double- and multi-

Naturally fractured reservoirs exist throughout the world represent
significant amount of the world oil and gas reserves, water and other
natural resources. In the past half century, significant progress has been
made towards understanding and modeling of flow processes in
fractured rock (Barenblatt et al., 1960; Warren and Root, 1963; Kazemi,
1969; Pruess and Narasimhan, 1985). However, most studies have
focused primarily on naturally fractured reservoirs without taking into
consideration of large 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 (Kossack and Curpine,
2001; Rivas-Gomez et al,, 2001; Liu et al., 2003; Hidajat et al., 2004;
Camacho-Velazquez et al., 2005; Kang et al. 2006; Wu et al. 2006).
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porosity, and dual-permeability, are perhaps the most popular
approaches employed in fractured reservoir modeling studies. In
addition to the traditional double-porosity concept, a number of
triple-porosity or triple-continuum models have been proposed to
describe flow through fractured rock (Closemann, 1975; Wu and ge,
1983; Abdassah and Ershaghis, 1986 Bai et al., 1993; Wu et al. 2004;
Kang et al, 2006; Wu et al. 2006). In particular, Liu et al. (2003),
Camacho-Velazquez et al. (2005); and Wu et al. (2007) present several
new triple-continuum models for single-phase flow in a fracture-matrix
system that includes cavities within the rock matrix (as an additional
porous portion of the matrix). In general, these models have focused on
handling different level/scaled heterogeneity of rock matrix or fractures,
e.g., subdividing the rock matrix or fractures into two or more
subdomains with different properties for single-phase and multiphase
flow in such fractured reservoirs.

Based on these conceptual models, mathematical modeling
approaches to flow through fractured reservoirs in general rely on
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continuum approaches and involve 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 equa-
tions. The commonly used mathematical methods for modeling flow
through fractured rock include: (1) an explicit discrete-fracture and
matrix model (Snow, 1965), (2) the dual-continuum method, including
double- and multi-porosity, dual-permeability, or the more general
“multiple interacting continua” (MINC) or the TOUGH2 method
(Warren and Root, 1963; Kazemi, 1969; Pruess and Narasimhan,
1985; Pruess et al, 1999), and (3) the effective-continuum method
(ECM) (Wu, 2000a). Among these three commonly used approaches,
the dual-continuum method has been perhaps the most used in
application. This is because of its computationally less demanding than
the discrete-fracture approach, and its capacity of handling fracture-
matrix interactions under multiphase flow, heat transfer, and chemical
transport conditions in fractured reservoirs.

This paper summarizes our recent study of modeling flow in
fractured vuggy reservoirs, based on an oilfield example of fractured
vuggy reservoirs in western China. In particular, we discuss the issues
and the physical rationale for how to conceptualize fracture-vuggy-
matrix systems and how to represent them using a numerical modeling
approach. The objective of this paper is (1) to present a general triple- or
multiple-continuum conceptual model to include effects of different-
sized vugs and cavities on single-phase and multiphase flow processes
in naturally fractured vuggy reservoirs; (2) to describe a methodology
for numerically implementing the proposed triple-continuum concep-
tual model; and (3) to present examples for verifying and applying the
proposed model to analysis of transient flow behavior in fractured
Vuggy reservoirs.

Fig. 1. Schematic of conceptualizing fractured vuggy formation as a multiple-
continuum system with different-scale fractures, various vugs and cavities; (a) outcrop
pictures and (b) conceptual model.

2. Observation and conceptual model

As observed, e.g., from the carbonate formations of the Tahe Qilfield in
western China, a typical fractured vuggy reservoir consists of a large and
well connected fractured, lower-permeable rock matrix, as well as a large
number of varying-sized cavities or vugs. As shown in outcrops of the
reservoir layers in Figs. 1-(a), 2-(a), and 3-(a), those vugs and cavities are
irregular in shape and very different in size from millimeter to meters in
diameter. Many of the small-sized cavities appear to be isolated from
fractures. In this paper, we use “cavities” for those small caves (with sizes
of centimeters or millimeters in diameter), while “vugs” represent larger
cavities (with sizes from centimeters to meters in diameter). Several
conceptual models for vugs are shown in Figs. 1-6: (1) vugs (Figs. 1and 4)
are indirectly connected to fractures through small fractures or micro-
fractures; (2) vugs (Fig 1 and 5) are isolated from fractures or separated
from fractures by rock matrix; and (3) some of vugs are directly connected
to fractures and some are isolated (Figs. 1, 2, 3, and 6). In reservoirs, there
are many more vug varieties and spatial distributions than those shown in
Figs. 1-(a), 2-(a), and 3-(a), some of which may be approximated by the
conceptual models of Figs. 1-(b), 2-(b), 3-(b), and 4-6, or their
combinations. In no circumstance, however, is there a requirement for
uniform size distribution patterns for vugs and cavities in this study.

Similar to the conventional double-porosity concept (Warren and
Root, 1963), large fractures or the fracture continuum, are conceptualized
to serve as main pathways for global flow, while vuggy and matrix
continua, mainly providing storage space as sinks or sources, are locally
connected to each other, as well as directly or indirectly interacting with
globally connecting fractures. Note that vugs and cavities directly
connected with fractures (e.g., Fig. 3) are considered part of the fracture

Fig. 2. Schematic of conceptualizing fractured vuggy formation as a discrete fracture
system with well connected, (a) outcrop pictures and (b) conceptual model.
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Fig. 3. Schematic of conceptualizing fractured vuggy formation as a fracture-vug-matrix
system with well partially filled vugs, (a) core sample and (b) conceptual model.

continuum. More specifically, as shown in Figs. 4, 5, and 6, we
conceptualize the fractured-vug-matrix system as consisting of
(1) “large” fractures (or fractures), globally connected on the model
scale to wells; (2) various-sized vugs or cavities, which are locally
connected to fractures either through “small” fractures or through rock
matrix; and (3) rock matrix, which may contain a number of cavities,
locally connected to large fractures and/or to vugs.

In principle, the discussed triple-continuum model can be considered
to be a natural extension of the generalized multi-continuum (MINC)
approach (Pruess and Narasimhan, 1985; Wu and Pruess, 1988; Wu
et al,, 2004). In this approach, an “effective” porous medium is used to
approximate the fracture, vugs, or rock matrix continua, respectively, by
considering the three continua to be spatially overlapping and

interacting to each other. The triple-continuum conceptual model
assumes that approximate thermodynamic equilibrium exists locally
within each of the three continua at all times. Based on this local
equilibrium assumption, we can define thermodynamic variables, such
as fluid pressures and saturation, for each continuum. Physically,
fracture-vug systems, as shown in Figs. 4 and 5, cannot be approximated
by a double-porosity conceptual model, i.e., the vugs cannot be lumped
in the matrix system simply by upscaling or averaging for multiphase
flow, because of the entirely different capillary forces in vugs and matrix.

Note that the triple-continuum model is not limited to the orthogonal
idealization of the fracture system or uniform size or distribution of vugs
and cavities, as those illustrated in Figs. 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 (Pruess, 1983).

3. Mathematical model

A multiphase isothermal system in fractured vuggy reservoirs is
assumed to be composed of three phases: oil, gas, and water. Each
phase flowing in response to pressure, gravitational, and capillary
forces according to Darcy's law. Note that in this work, single-phase
flow is considered as a special case of multiphase flow. Therefore,
three mass-balance equations fully describe the system in an arbitrary
flow region of the porous, fractured, vuggy domain:

For gas flow,
d _ _
E{d) (Sopdg + Sgpg)} ==V <pdgvo + pgvg> + qg (])

For water flow,

2 @S =~V (o1, + 4, @
For oil flow,

0 _ _

E(d)sopo) =—-V- (pova) + o (3)

where the Darcy's velocity of phase 3 (p = g for gas, = w for water,
and = o for oil) is defined as,

k kg
Hg

Vg = : (VP[s —Pp gVD) . (4)

Fig. 4. Conceptualization #1 of fractured vuggy rock as a triple-continuum system with vugs indirectly connected to fractures through small fractures.
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Fig. 5. Conceptualization #2 of fractured vuggy rock as a triple-continuum system with vugs isolated from or indirectly connected to fractures through rock matrix.

In Egs. (1)-(4), ¢ is the effective porosity of the medium; pg is the
density of phase 3 at reservoir conditions; p, is the density of oil,
excluding dissolved gas, at reservoir conditions; py, is the density of
dissolved gas (dg) in oil phase at reservoir conditions; (i is the viscosity
of phase 3; Sp is the saturation of phase 3; P is the pressure of phase {3;
qp is the sink/source term of component 3 per unit volume of the
medium, representing mass exchange through injection/production
wells or due to fracture-matrix-vug interactions, g is gravitational
acceleration; k is absolute/intrinsic permeability (tensor) of the
medium,; k.4 is relative permeability to phase 3; and D is depth.

Egs. (1), (2) and (3), governing mass balance for three-phase fluid
flow, need to be supplemented with constitutive equations that
express all the secondary variables and parameters as functions of a
set of key primary thermodynamic variables. The following relation-
ships will be used to complete the description of multiphase flow
through fractured porous media:

Sw+ S, +S,=1 (©)

In addition, capillary pressure and relative permeability relations
are also 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.

4. Numerical formulation

The governing equations, as discussed above, for multiphase flow
in fractured vuggy reservoirs have been implemented into a general-
purpose, three-phase reservoir simulator, the MSFLOW code (Wu,
2000b). As implemented numerically, Eqgs. (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:

n+1 n) V;
{(#s0m) " =(e50m), } 32 = T R + Qi ©)

JE

where superscript n denotes the previous time level; n + 1 is the current
time level; V;is the volume of element i (porous or fractured block); At is
time step size; 1); contains the set of neighboring elements (j) (porous,
vuggy, or fractured) to which element i is directly connected; Fg ;; is the

Fig. 6. Conceptualization #3 of fractured vuggy rock as a triple-continuum system with partial vugs isolated from.
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Table 1
Characteristic distances* for evaluating flow terms between fractures, vugs, and matrix
systems.

Fracture Sets 1-D 2-D 3-D
Dimensions of Matrix A A B A B, C
Blocks (m)
<ot — A I} _ 3ABC
Cha.racterlstlc F-M Iy = 4 lew = WA+B v = 5753 e T am
Distances (m)
Characteristic F-V Iy =1y lpy = 53b lpp= bt l; =
Distances (m)
. _ _ b _ 3ab
Cha.racterlstllc V-M lym = ¢ lm = m lvm = 10(ab T ca)
Distances’ (m)
Characteristic V-M iy = 850y = AEB=2 = Ak Bt Cld

Distances 2 (m)

*Note in Table 1, A, B, and C are dimensions of matrix blocks along X, y, and z directions,
respectively.

1 Characteristic V-M distances are estimated for the case (Fig. 4), i.e., vuggy-matrix
connections are dominated by small fractures, where dimensions a, b, and c are
fracture-spacings of small fractures along X, y, and z directions, respectively.

2 Characteristic V-M distances are used for the case (Figs. 5 and 6), i.e., vugs are
isolated from fractures.

mass flow term for phase 3 between elementsiand j; and Qg; is the mass
sink/source term at element i, of phase .

The “flow” term (Fg;;) in discrete Eq. (6) for multiphase flow
between and among the triple-continuum media, along the connection
(i, ), is given by

Foij = 2p5 + 1/2Yij [d’[sfll’(si] (7)
where Jg; j +1/2 is the mobility term to phase 3, defined as
Ppk;
;L/%,ij +1/2 = (M> (8)
Hg i+ 1/2

Here subscript ij+ 1/2 denotes a proper averaging or weighting of
properties at the interface between two elements i and j; and ky is the
relative permeability to phase (3. In Eq. (7), y; is transmissivity and is
defined, if the integral finite-difference scheme (Pruess et al., 1999), as

Aijkij + 1,2

Yi T T4 ¥

Table 2

Parameters used in the single-phase flow problem in the triple-continuum, fractured

Vuggy reservoir.

)

Parameter Anal./Num. Basecase of Unit
Comparison Application

Matrix porosity v =0.263 bv=0.200

Fracture porosity $r=0.001 $r=0.001

Vuggy porosity dy=0.01 $y=0.010

Fracture spacing A=5 A=10 m

Small-fracture spacing a=16 a=02 m

F characteristic length 1,=3.472 1,=04 m

F-M/F-V areas per unit Arv = Apy=0.61 Arv = 6.0, m?/m>
volume rock Ary=0.356

Reference water density pi=1.0 pi=1.0 T/m?

Water phase viscosity p=1x10"3 p=1x10"3 Pa-s

Matrix permeability ky=1.572x10"1¢ ky=1.0x10""¢ m?

Fracture permeability ke=1.383x10" "3 ke=1.0x10""2 m?

Small-fracture or vug ky=1.383x10"14 ky=1.0x10"" m?
permeability

Water Production Rate q=100 q=2864 m>/d

Total compressibility CG=Cu=CG= CG=Cu=Cy= 1/Pa
of three media 1.0x107° 1.0x1071°

Well radius ry=0.1 ry=0.1 m

Formation thickness h=20 h=10 m

10

Triple Continua, Analytical Solution
o] Triple-Continua, Numerical Solution

Dimensionless Pressure
[«2]
T

HHHHI HHHHI HHHHI HHHHI HHHHI HHHHI HHHHI HHHHI L LI
10t 10° 10* 10> 10° 10* 10° 10° 10" 10°
Dimensionless Time

Fig. 7. Comparison between analytical and numerical solutions for single-phase
transient flow through fractured vuggy formation.

where Aj; is the common interface area between connected blocks or
nodes i and j; d; is the distance from the center of block i to the
interface between blocks i and j; and k; 1, is an averaged (such as
harmonic weighted) absolute permeability along the connection
between elements i and j. The flow potential term in Eq. (4) is defined as

Ypi=Pai—Ppij+1,28 D (10)

where D; is the depth to the center of block i from a reference datum. The
mass sink/source term at element i, Qg; for phase 3, is defined as

Qpi = qpiV; (11)

Note that Eq. (6) has the same form regardless of the dimension-
ality of the model domain, i.e., it applies to one-, two-, or three-
dimensional analyses of multiphase flow through fractured vuggy
porous media. In our numerical model, Eq. (6) is written in a residual
form and is solved using Newton iteration fully implicitly.

Fig. 8. Comparison between Conceptualization#1 and Conceptualization#2 for base
case fracture, vug, and matrix parameters.
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Fig. 9. Sensitivity runs on vug porosity for Conceptualization #1.

5. Handling fractures and vugs

The technique used in this work for handling multiphase flow
through fractured vuggy rock follows the dual- or multi-continuum
methodology (Warren and Root, 1963; Pruess and Narasimhan, 1985;
Wu and Pruess, 1988). With this dual-continuum concept, Egs. (1), (2),
(3), and (4) can be used to describe multiphase flow along fractures,
inside matrix blocks, as well as fracture-matrix-vug interaction.
However, special attention needs to be paid to treating inter-porosity
flow in the fracture-matrix-vug triple continua. Flow terms between
fracture-matrix, fracture-vug, and vug-matrix connections are all
evaluated using Eq. (6). However, the transmissivity of Eq. (9) will be
evaluated differently for different types of inter-porosity flow. For
fracture-matrix flow,y;; is given by

(12)

where Apy is the total interfacial area between fractures (F) and the
matrix (M) elements; k, is the matrix absolute permeability; and lgy,
is the characteristic distance for flow crossing fracture-matrix
interfaces. For fracture-vug flow, v;; is defined as

_ Awky

Vv = (13)

Iy
where Apy is the total interfacial area between the fracture (F) and

vugs (V) elements; Iy, is a characteristic distance for flow crossing
vug-matrix interfaces; and ky is the absolute vuggy permeability,

Fig. 10. Sensitivity runs on vug porosity for Conceptualization #2.

Fig. 11. Sensitivity runs on vug permeability for Conceptualization #1.

which is the actual permeability of small fractures that control flow
between vugs and fractures (Fig. 1). Note that for the case in which
vugs are isolated from fractures, as shown in Figs. 5 and 6, no fracture-
vug flow terms need to be calculated, because they are indirectly
connected through matrix. For vug-matrix flow, v; is evaluated as

Aymk
Yom = %”V”MM (14)

where Ay, is the total interfacial area between the vug (V) and matrix
(M) elements; and lyy is a characteristic distance for flow crossing
vug-matrix interfaces.

Table 1 summarizes several simple models for estimating charac-
teristic distances in calculating inter-porosity flow within fractures,
vugs, and the matrix, in which cases we have regular one-, two-, or
three-dimensional large fracture networks, each with uniformly
distributed small fractures connecting vugs or isolated vugs from
fractures (Figs. 4, 5, and 6). The models in Table 1 rely on the quasi-
steady-state flow assumption of Warren and Root (1963) to derive
characteristic distances for flow between fracture-matrix and
(through small fractures) fracture-vug connections. Another condi-
tion for using the formulation in Table 1 is that fractures, vug, and
matrix are all represented by only one grid block. In addition, the flow
distance between large fractures (F) and vugs (V), when connected
through small fractures, is taken to be half the characteristic length of
the small fractures within a matrix block (Fig. 4). Furthermore, the
interface areas between vugs and the matrix should include the
contribution of small fractures for the case of Fig. 4. Interface areas

Fig. 12. Sensitivity runs on vug permeability for Conceptualization #2.
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Fig. 13. Sensitivity runs on matrix permeability for Conceptualization #1.

between fractures and the matrix, and between fractures and vugs
through connecting small fractures, should be treated using the
geometry of the large fractures alone. This treatment implicitly defines
the permeabilities of the fractures in a continuum sense, such that bulk
connection areas are needed to calculate Darcy flow between the two
fracture continua.

The MINC concept (Pruess, 1983; Pruess and Narasimhan, 1985) is
extended to generate a triple-continuum grid, which is a key step in
modeling flow through fractured-vuggy rock. We start with a primary
or single-porous medium mesh that uses bulk volume of formation
and layering data. Then, we use geometric information for the
corresponding fractures and vugs within each formation subdomain
or each finite-difference gridblock of the primary mesh. 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
listed in Table 1 and the geometric data of fractures. Once a proper mesh
for a triple-continuum system is generated, fracture, vuggy, and matrix
blocks are specified, separately, to represent fracture or matrix continua.

6. Handling non-Darcy's and other complicated flow

Flow regime may be more complicated within fracture-vuggy
reservoirs or through faults or fault zones, because of (1) the high
permeability of fractures and (2) large pores, such as vugs and larger-
aperture fractures, in vug or fault zones. Several common scenarios
are discussed below:

Fig. 14. Sensitivity runs on matrix permeability for Conceptualization #2.

%z ‘ﬁ

Fig. 15. Grid of the simulation model.

Non-Darcy Flow: In addition to Darcy flow, as described in Egs. (4)
or (7), non-Darcy flow may also occur between and among the
multiple continua within fault zones. A general numerical approach
for modeling non-Darcy flow (Wu, 2002) can be directly extended to
the multiple-continuum model of this work for flow in fractured or
fault zones. Volumetric flow rate (namely Darcy velocity for Darcy
flow) for non-Darcy flow of each fluid may be described using the
multiphase extension of the Forchheimer equation:

—(VPy=Pu8) = 7 Vi + BOuVlVi (15)

B is the non-Darcy flow coefficient, intrinsic rock property, with a
unit m~ ! under non-Darcy flow condition.

Note that no mater what type the flow, i.e., Darcy's flow, non-Darcy's
flow, or the following pipe-type flow, the discrete mass balance
equation of (6) is always valid. For the case of non-Darcy's flow, the
flow term (Fp, ;) in Eq. (7) along the connection (i, j), between elements
i and j, is numerically replaced by (Wu, 2002),

Ai. 2 1/2

2
—_— 4(k pWB)ij+1/2 (17)
Vi D; + D,

Flow in Parallel-Wall Fracture or Tube: In general, flow along
connecting paths of large-aperture fractures or vugs through narrow
pores or fractures may be too fast or openings are too large to describe
using Darcy's law. In particular, when these large-aperture fractures
vuggy connections could be approximated as a single (or parallel)
fracture or tube within fault zones, solutions of flow through a

1 .
+kro,M ,’
] - & Ky -
kro,FY kro,V /,
] ,
0.8 === Kwe kwy | -
> .
=4
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o 04—
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Fig. 16. The relative permeability curves of rock matrix, fracture and vug continua.
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Fig. 17. The capillary pressures curve of rock matrix.

parallel-wall, uniform fracture or Hagen-Poiseuille tube-flow solution
(Bird et al., 1960) may be extended to describe such flow in Eq. (9):

3

wb
yy= (18)
12(D; + D))
for fracture-type connection and,
4
nr
yy= (19)
8(D; + D))

for tube-type connection. In (18) and (19), b is fracture aperture, w is
fracture width, and r is tube radius. Similarly, flow solutions for both
laminar and turbulent flow through simple geometry of vug-vug
connections can be used for flow between these vuggy connections.

7. Comprison with analytical solution

We have examined the numerical model using analytical solutions
(Liu et al., 2003; Wu et al.,, 2004; Wu et al., 2007). The verification
problem concerns typical single-phase transient flow towards a well
that fully penetrates a radially infinite, horizontal, and uniformly
vuggy fractured reservoir. Numerically, a radial reservoir (r. = 10,000 m)
of 20 m thick is represented by a 1-D (primary) grid of 2,100 intervals. A

Table 3

The parameters for the two dimensional model.
Parameter Unit
Matrix porosity 0.10
Fracture porosity 0.04
Vuggy porosity 0.10
Matrix absolute permeability 1.0x10~ 1 m?
Fracture absolute permeability 1.0x107 1 m?
Vuggy absolute permeability 1.0x10 12 m?
Avm/lvm 1000.0 m
Arv/lpy 11.0 m
Arm/lim 0.5 m
0il viscosity 217x1073 Pa-s
STC oil density 0.80 T/m?
Water density 1.00 /m?
0Oil compressibility 8.0x107° 1/Pa
Water compressibility 1.0x101° 1/Pa
Water injection rate q 83.0 or 28.0 m3/day

a So: 0.2 0.3 04 05 0.6 0.7 0.8
20
E 10
N
0 L L ' L L ' L L ' L L '
0 25 50 75 100
X(m)
b So: 0.2 0.3 0.4 0.5 0.6 0.7 0.8
20
£ 10
N
o) - [ [ [ i |
0 25 50 75 100
X(m)
Cc
So: 0.2 0.3 0.4 0.5 0.6 0.7 0.8
20
E 10
N
ol 1 1 1 |
0 25 50 75 100
X(m)

Fig. 18. Oil saturation after water injection of 10 days. (a) vug continua; (b) fracture
continua; (c) rock matrix continua.

triple-continuum mesh is then generated using a 1-D vuggy-fracture—
matrix conceptual model, consisting of a horizontal large-fracture plate
network with a uniform disk-shaped matrix block. Uniform spherical
vugs are contained inside the matrix and connected to fractures through
small fractures. Fracture, vugs and matrix parameters are given in
Table 2.

Fig. 7 compares numerical-modeling results with the analytical
solution for a single-phase transient flow case (in terms of dimension-
less variables). Excellent agreement exists between the two solutions,
which provide verification of the numerical formation and its
implementation. Note that there are very small differences at very
early times (tp<10 or 0.2 s) in the two solutions in Fig. 7, which may

100 —

~ 80—\ =TT T T T T
8 ya

Vs
£ Y
~ 60—, I
()
= 1
© 1, 3
24 [ q=83m~/day
o 11 Triple-continuum, Oil rate
g 40— Il‘ — — — - Dual-continuum, Oil rate
S " Triple-continuum, Water rate
'8 E : — — — - Dual-continuum, Water rate
= \
o 1

201 [\
[
| A
4
| So
0 T T N—T___r_i_l___q___T__ ]
0 100 200 300 400

Time (Days)
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occur because the analytical solution, which is long-time asymptotic and
similar to the Warren-Root solution, may not be valid for tp<100.

8. Model application

We present two application examples of the proposed multiple-
continuum model for simulation flow in fractured vuggy reservoirs.
The first example is a set of single-phase flow simulations for insight
of flow behavior in fractured vuggy reservoirs, and the second
application is a multi-phase flow problem.

8.1. Single-phase flow example

To investigate flow behavior and contribution of vug parameters in
triple continuum vuggy fractured reservoirs, conceptualization #1
and #2 (Figs. 4 and 5) together with varied fracture, vug, and matrix
parameters were numerically modeled. An infinite radial reservoir of
10 m thick is represented by a 1-D (primary) radial grid of 1,101 grids.
Single phase reservoir simulation was used to generate sets of
pressure transient data. Basecase fracture, vug and matrix parameters
are also given in Table 2.

Comparison of simulation results between conceptualization#1 and
#2 are shown in Fig. 8. It is clear that, fracture and vug connection (F-V)
plays a major role on the behavior. Conceptualization#1 which has F-V
connection generate triple porosity behavior, whereas simulation
results from Conceptualization#2 which does not have F-V connection
yield a double porosity response. To explain this observation, one has to
consider well-to-reservoir connection. In these simulation cases, an
injector well only connects to fracture continuum. Consequently fluid
flow starts from fracture and propagates into other connected
continuum. Conceptualization#1, the start of fluid flow in vug
continuum takes place before matrix continuum because vug has larger
permeability. In contrast, begin of fluid flow in vugs of Conceptualization
#2 cannot be clearly identified, because it is dominated by flow in matrix
as vugs do not directly connect to fracture. As a result, vugs are acting
like additional storage or a source to matrix.

Figs. 9 and 10 show results from sensitivity on vug porosity. It is
observed that vug porosity controls appearance of inter-porosity flow
in Conceptualization #1's simulation results. In contrast, it does not
affect flow behavior in Conceptualization #2. This observed behavior
is caused by F-V connectivity. In Conceptualization #1 which has F-V
connection, changes in vug's rock properties directly influence flow
behavior in vug continuum. In contrary, Conceptualization #2, which
does not have F-V connection, flow from vugs is controlled by matrix
properties as such changing vug porosity does not affect the flow
behavior.

Figs. 11 and 12 illustrate sensitivity results of on vug permeability
of Conceptualization #1 and Conceptualization #2, respectively. Vug
permeability in Conceptualization #1 controls time when flow in vugs
starts. The larger the permeability is, the sooner the flow in vugs is
taking place. However, changes of vug rock properties influences flow
behavior only in Conceptualization #1 but not in Conceptualization
#2. The same reason from the previous sensitivity is also applicable
for this case.

Figs. 13 and 14 show results of sensitivity on matrix permeability
of Conceptualization #1 and Conceptualization #2, respectively. Both
figures indicate effect of changing matrix permeability. It is observed
that matrix permeability controls the beginning of fluid flow in
matrix. The larger the permeability is, the sooner the flow in matrix
starts.

8.2. Multi-phase flow example
A two dimensional synthetic model is used to illustrate the use of

proposed method for multi-phase flow. The reservoir is considered to
be a triple-continuum system in the case of Conceptualization #1
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Fig. 20. Oil and water rate curves in the case of injection rate g = 28.0m>/day.

(Fig. 4) and with a volume of 100x10x20 m>. The model grid is
shown in Fig. 15 with 100x 1x20 grid blocks and has two flowing
phases, namely oil and water. Boundaries of the model domain are no-
flow. The initial pressure is 60MPa. The injected fluid is water at a rate
of g, located at Grid (1,1). The producing well is located at Grid (1,100)
and the production pressure is 10MPa. The relative permeability
curves of rock matrix, fracture and vugs continua are shown in Fig. 16.
The capillary pressures of fracture and vugs continua are assumed to
be negligible and that of rock matrix continua is shown in Fig. 17. The
summarized input data are given in Table 3.

Two cases with different injection rates, q=83.0m>/day and
q=28.0m>/day, are simulated. The distributions of oil saturation in
triple continua after water injection of 10 days (q = 83.0m>/day) are
shown in Fig. 18. The results of oil rate, water rate, and cumulative oil
production for both cases are given in Figs. 19-21. Dual-continuum
model is also simulated to compare with the triple-continuum model.
When the dual-continuum model was set up, the porosity of matrix
was increased by including the vug porosity, and the effective
absolute permeability of matrix was obtained by harmonic mean of
absolute permeability of matrix and vugs in the triple-continuum
model. Thus the reservoir flow capacity and the storage capacity are
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identical. Compared with the triple-continuum model, water break-
through in dual-continuum model occurs more early and significantly
underestimates the cumulative oil production (Fig. 21).

9. Concluding remarks

Based on observation in several oilfields of fractured vuggy
reservoirs, we present a physically based conceptual and numerical
model for simulating single-phase and multiphase flow in fractured
vuggy rock using a triple- and multiple-continuum medium approach.
The proposed multicontinuum 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, providing
storage space, are locally connected as well as interacting with flow
through globally connecting fractures. In particular, the proposed
conceptual model considers fractured vuggy rock as a triple- or
multiple-continuum medium, consisting of (1) highly permeable
fractures, (2) low-permeability rock matrix, and (3) various-sized
vugs. In addition, our model formulation includes non-Darcy flow, using
the multiphase extension of the Forchheimer equation, and the flow
according to parallel-wall fracture and tube models.

The proposed conceptual model has been implemented into a general
numerical reservoir simulator using a control-volume, integrated 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 fractured-vuggy reservoirs.
We provide a verification example for the numerical scheme by
comparing numerical results against an analytical solution for single-
phase flow. As application examples, we apply the proposed mathemat-
ical model (1) to perform sensitivity studies of transient triple-porosity
flow behavior and parameter effects and (2) to simulate two-phase flow,
waterflooding, showing very different results between triple-continuum
and double-porosity models.
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