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ABSTRACT

This thesis isaimed to calculate the effective permeability tensor and to simulate the fluid
flow in naturally fractured reservoirs. Thisrequires an understanding of the mechanisms of
fluid flow in naturally fractured reservoirs and the detailed properties of individual fractures
and matrix porous media. This study has been carried out to address the issues and
difficulties faced by previous methods to establish possible answers to minimise the
difficulties; and hence, to improve the efficiency of reservoir smulation through the use of

properties of individual fractures.

The methodology used in this study combines several mathematical and numerical
techniques like the boundary element method, periodic boundary conditions, and the
control volume mixed finite element method. This study has contributed to knowledge in
the calculation of the effective permeability and simulation of fluid flow in naturally

fractured reservoirs through the development of two algorithms.

The first agorithm calculates the effective permeability tensor by use of properties of
arbitrary oriented fractures (location, size and orientation). It includes all multi- scaled
fractures and considers the appropriate method of analysis for each type of fracture (short,
medium and long). In his study a characterisation module which provides the detall
information for individual fractures is incorporated. The effective permeability algorithm
accounts for fluid flowsin the matrix, between the matrix and the fracture and disconnected
fractures on effective permeability. It aso accounts for the properties of individual

fracturesin calculation of the effective permeability tensor.

The second algorithm simulates flow of single-phase fluid in naturaly fractured reservoirs
by use of the effective permeability tensor. This algorithm takes full advantage of the
control volume discretisation technique and the mixed finite element method in calculation
of pressure and fluid flow velocity in each grid block. It accounts for the continuity of flux

between the neighbouring blocks and has the advantage of calculation of fluid velocity and
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pressure, directly from a system of first order equations (Darcy’s law and conservationof

mass's law).

The application of the effective permeability tensor in the second agorithm alows us the
simulation of fluid flow in naturally fractured reservoirs with large number of multi- scale
fractures The fluid pressure and velocity distributions obtained from this study are
important and can considered for further studies in hydraulic fracturing and production

optimization of NFRs.
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NOMENCLATURE

The following nomenclature is used in this dissertation. It istried to assign one definition

to each symbol and define each symbol when it first appear in the text.

Symbols:
A =area

[A] = matrix of coefficient

Azimuth= fracture azimuth angle

[B] = load vector

Det[K] = determinant of permeability tensor
Dip = fracture dip angle

H = fracture aperture

H, = aperture of arbitrary fracture ‘i’

K = permeability of matrix or fracture
K, = permeability of arbitrary fracture ‘i’

K = permeability tensor
K« = diagonal element of permeability tensor in x direction
K,y = diagonal element of permeability tensor in y direction
Ky s Kyx = off-diagonal elements of permeability tensor
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L = fracture length
n = normal vector to the surface
P = fluid pressure
Q = flow rate of injection or production or sink/source
q, = fluid flow between interconnected fractures
Q, ; = control volume
r = distance between two points in boundary element calculation
S = area of each element in the discretised domain in the boundary element method
T = transmissibility function
t=time
v = fluid velocity
[X] = matrix of unknowns
W = area of domain under calculation in the boundary el ement method
nm = fluid velocity
X, Y,z = 1. Coordinates of fracture centre
2. Cartesian direction vectors
l, m, n = directional cosines of fracture

0= gravitational acceleration



a =internal angle of element S in boundary element discretisation

b,g,d =arbitrary angles

q = rotation angle of fracture

r = density

f = porosity

d(.) = dirac delta function (finite element definition)

x = arbitrary point inside the domain of the boundary element method

C = grid block boundary or boundary of Poisson’s region

| =mobility

N = ‘changein’
D =laplace
Subscripts:

f = fracture

i, ] = elements

m = matrix porous media

short= short fractures
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Abbreviations:

BC = boundary condition

BEM = the boundary element method

CVMFE = control volume finite element method
FDM = finite difference method

FEM = finite element method

NFR = naturally fractured reservoirs

REV = representative elementary volume
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CHAPTER 1

GENERAL INTRODUCTION



CHAPTER 1

GENERAL INTRODUCTION

Importance of production of oil and natural gas from naturally fractured reservoirs has been
growing with decreasing conventional hydrocarbon reserves Economic exploration of
these resources primarily depends on understanding of fluid flow mechanism in fractured
rocks. Mgjority of previous models in the simulation of Naturally Fractured Reservoirs
(NFR) have been limited by considering fluid flow through interconnected fracture
networks with no calculation of flow through matrix.

In this first chapter, these issues are addressed by reviewing the literature and the previously
documented modelling approaches are discussed. This is followed by introducing the most
efficient techniques for calculation of effective permeability tensor and simulation of

production from NFRwith a statement of objectives and scope of the thesis.



1.1 Naturally fractured reservoirs

Natural fractures are geologic features capable of transferring fluids through the rock over
long distances. In petroleum geology, naturaly-occurring fractures are described as
complexshaped goenings in rocks, filled with gas, liquid or solid mineral matters and have
been found in sandstone, carbonates, shales, cherts and basement rocks filled with

hydrocarbons.

To some extent fractures exist in all rocks in the earth’s crust and could be originated from
tectonic forces, litho-static force, high fluid pressure, or thermal loading. In recent years,
several permeability enhancement techniques, such as hydraulic fracturing are also used to
enhance the efficiency of production from reservoirs with very dense rock, such as hot dry
rock reservoirs or with very low matrix permeability, such as coal bed methane, tight gas,
etc.

Presence of arbitrary oriented fractures, with variable length, spacing and orientation,
makes it difficult to provide a smple methodology for simulation of NFRs. Therefore,
simulation of NFRs is not governed in essence by the same equations as those with
homogeneous media. It should be also considered that, although in most cases fractures are
the main conduits and transformers of fluid flow inside the porous media, their effect on
fluid flow becomes important only when they have sufficient spacing and length. For the
above reasons and to assess the role of fractures in fluid production and permeability
anisotropy, detailed study of characterisation and simulation of naturally fractured

reservoirsis essential.

Due to the lack of knowledge about the properties of individual fractures and complexities
involved in the calculation of permeability in NFRs previous works in the simulation of
these reservoirs either used the average properties for sets of fractures or did not consider
the fluid flow in matrix porous media.  However, recent advances in reservoir
characterization alow construction of realistic, highly detailed models which provide
properties of individual fractures. Moreover, using the techniques of the boundary element

methods, periodic boundary conditions, control volume and mixed finite element methods
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(used in this study) have made it possible to overcome the complexities involved in
calculation of the effective permeability and ssmulation of fluid flow in fractured reservoirs

containing large numbers of arbitrary oriented fractures

1.2 Review of the previous works

Considerable contributions to the understanding of fluid flow and solute transport in
fractured porous media have been made and a number of methods have been devolved. In
general, they could be divided into three main categories. single continuum, dual continuum

and discrete fracture approaches.

In single continuum approach, fractured medium is represented by an equivalent porous
medium and the bulk macroscopic values of the fractured medium are defined by averaging
the point-to-point variations in the petrophysical properties over a representative volume.
In dual continuum or double porosity approach, any unit of fractured mediais considered to
have a large number of fissures and matrix porous media. In this approach, two pressure
values are defined to each point one for the flow in the fracture and the other for the flow in
the matrix. Finaly, in discrete fracture approach fluid flow is only considered through a
network of connected fractures. Discrete fracture approaches usually define an effective
permeability tensor, which represents the directional permeability caused by fractures. In
the following, different approaches in the smulation of fluid flow and methods to calculate

effective permeability in NFR are reviewed with their benefits and drawbacks.
1.2.1 Single continuum approach

Single or equivalent continuum approachis a gird based method and requires the definition
of a Representative Elementary Volume (REV), which represents the properties of fractured

reservoir, see figure 1-1.

REV s usualy calculated by measuring the permeability of samples with variable volumes

in a statistical way to arrive at a constant value which is the volume that is representative
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for the reservoir (figure 1-2 (a)). In fractured reservoirs, if the resulted volume is greater
than or equa to fluctuations of the measured permeability, the values are representative
(figure 1-2 (b)). It can be seenin figure 1-2(b) that the complex nature of rock discontinuity
in NFR makes it difficult to define a representative volume.

Kunkel et al. (1988) showed that REV will increase in size with discontinuity spacing. As
shown in figure 1-3, in fractured rock REV should be large enough to include sufficient
fracture intersections to maintain constant permeability if a small volume of the rock mass
is added to, or subtracted from REV (Lee and Farmer, 1993). The applicability of this
approach was studied by Schwartz and Smith (1988), Long et a. (1982) and Therrienand
Sudicky (1996) among others, in the context of groundwater flow under saturated

conditions.

N

Rock mass

Representative Elementary “olume
(RE%

Figure1-1:  Representative elementary Volume in arock mass (after Chen et al., 1999)



Chen et a. (1999) developed a mathematical formulation based on REV method to
calculate anisotropic permeability tensor in globa coordinate setting and its projection to
the local coordinate system. In Chen et a.’s model, properties of fracture setsin REV, are
calculated by manipulating the average parameters of natural fracture in three-dimensional
coordinate system and total flux through a REV containing multiple sets of fractures.
Despite the simplicity of equivalent continuum approaches, these methods are not of the
interest of this study as the properties of fracture such as geometry and orientation are not
being considered. In these methods, heterogeneity of fracture reservoir is represented by
their averaged properties and as a result, individual fractures are not treated explicitly.
Moreover, use of REV is not recommended in NFRs due to the high degree of

heterogeneity.
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Figure 1-2:  Statistical representation of homogeneity and Rev. (a) Homogeneous rock
(b) Fractured rock (after Kunkel et al., 1988).
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Figure1-3:  Conceptual discrete hydraulic featured related to REV: (A) Unfractured
rock, (B) Fractured rock when REV includes sufficient fracture intersections
to represent the mass flow domain and (C) Fractured rock, where large-scale
features mean that REV is very large or non-Exist (after Kunkel et al., 1988;
Lee and Farmer, 1993).

1.2.2 Dual continuum (porosity/ permeability) approach

Dual porosity approach was first introduced by Barenblatt (1960) to simulate flow of
multiphase fluids in a fractured reservoir assuming matrix and fracture as paralel layers
with unlimited lengths. A modification of dual porosity approachwhich takes into account
of fluid flow between matrix and fracture called dual permeability. Many researchers have
applied dual porosity/ permeability (dual continuum) approach in the simulation of
multiphase flow in NFRs. Sugar cube, layered and matchstick models are three different
types of dual porosity approach

In dual continuum approach, it is assumed that the fracture and the matrix are two
interacting continua: the primary porosity blocks with low permeability and high storage
capacity and the secondary porosity fractures of high permeability and negligible storage
capacity. In both methods the greater part of the flow exists through a well-connected



fracture network (Gilman and Kazemi, 1983 and Nakashima et d., 2000). In fact, the
fractures provide the pathways for flow, while the matrix provides the source of flow to a
well. Dual porosity approach assumes no flow between matrix blocks whereas the dua
permeability approach considers the flow between matrix blocks. The transfer of fluids
between fracture and matrix is formulated as a function of saturation. The two systems are
linked via a leskage term representing the exchange of fluid between them (Therrien and
Sudicky, 1996). Figure 1-4 presents the dua porosity approach in the simulation of
naturally- fracture reservoirs.

Figure1-4: (@) cubic region with 3-D real fractured rock. (b) Cubic region which
shows dual-porosity concept of fractured rock (after Warren and Root,
1963).
Chilingarian et a (1992, 1996) presented a model to smulate fluid flow in carbonate
reservoirs based on dua continuum model. They claimed that the fractured grid block can
be replaced with a dual system containing one matrix and one fracture. Chilingarian et al
(1992, 1996) calculated the properties of fractured system using the traditional empirical
equetions or by direct laboratory measurement. The man drawback of the dual
porosity/permeability approaches are that they are generally concerned of fluid flow and do
not account for the characteristics of individual fractures and their geometry. In fact, most
dua continuum approaches employ simple and uncomplicated mathematical formulation in

the ssmulation of fluid flow by assuming matrix and fractures as parallel layers with infinite



length. However, the continuum approaches are not satisfactory for the detail modelling of
NFRs.

1.2.3 Discrete fracture approach

In the last ten years, a considerable number of research projects were carried out which
made effective use of discrete fracture approach. Discrete models accounts for fracture
geometry and their formulations are based on the properties of fracture. However, they do
not account for the effect of matrix permeability. In general, discrete fracture models are
presented in three different forms: deterministic, stochastic and heuristic depending on the
source and availability of information of fracture properties. Each technique is based on
theoretical, numerical, exact or approximated method. Some of these methods are based on
the calculation of effective permeability tensor in order to simulate fluid flow in the

heterogeneous or naturally fractured porous media.

Deter ministic discrete methods

In deterministic method, the geological model of reservoir iswell known. Thisis generaly
true for a sufficiently smple case, where an exact anaytica lution can be found. For
more general cases, the theories of percolation (Berkowitzand Balberg, 1993 and Guyon et
al., 1984), effective media (Dagan, 1979); Dagan, 1989 and Poley, 1988), streamline (Begg
and King, 1985) and renormalization (king, 1989) are employed to make approximate
calculation with varying precison. One may aso find the analyses given by Durlofsky et
al. (1997) and Yang and Deo (2001) from fine to coarse scale in heterogeneous and
fractured porous media.

Hughes and Blunt (2000) developed a model for the simulation of fractured porous media
by use of micro networks. Long et al. (1985) developed a three-dimensional deterministic
discrete model which accounts for the properties of fractures as shown in figure 1-5.
Unfortunately, in discrete models matrix permeability and disconnected fractures are not

considered.



Stochastic discrete methods

In contrast to deterministic methods, stochastic methods assume an approximate knowledge
of the model and take the probabilistic view to study variables as random functions in the
gpace. Stochastic methods are grouped by Renard and Marsily (1997) as. spectral method,
perturbation method, field theory and Monte-Carlo. Matheronet a. (1987); Dagan (1993)
and Gelhar (1993), among others have worked on these models. A brief review of the
different stochastic methods can be found in Kitanidis (1995).

Oda (1985) stochastically derived a ssimple expression for modelling of NFR with very
short fractures. He employed a line source-sink to represent the randomly distributed
fractures in the calculation of effective permeability. Oda (1985) assumed that the average
pressure gradient inside the fracture is equal to the pressure gradient in the matrix. Because
of this assumption, flow in fracture becomes independent of the matrix permeability. Cacas
et a. (1990) developed a direct stochastic discrete method in modelling the flow in a
fracture network. Unfortunately, they did not account for matrix permeability and
properties of individua fractures. Some other stochastic methods were introduced by
Matheron et a. (1987), Dagan (1993) and Gelhar (1993). Although stochastic methods
have shown some great advantages over the deterministic methods as they can work even

with limited number of available data, their accuracy islimited only to the well-bore area.

Figure 1-5:  Cubic region with three dimensional fractured network of disc-shaped
orthogonal fractures (after Long et al., 1985).
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Heuristic discrete methods

Finally, heuristic discrete methods propose rules for calculating reasonable equivalent
permeability. The main heuristic methods are known as. sampling, averaging means,
power average and flexible grid nethods. These methods are widely used in the calculation
of effective permeability and in the smulation of fluid flow in heterogeneous reservoirs.
For detailed information and related references about the heuristic methods see Renard and
Marsily (1997).

Due to the complexities involved in discrete models, these models are unable to model the
flow of multiphase flow in NFR. Moreover, discrete models consider fluid flow through a
system of connected fractures ignoring the flow of isolated fractures and matrix porous

media.
1.2.4 Models using the effective permeability tensor

It can be seen that modelling of NFR is a complete task which has not succeeded by
previous methods. Discrete models do not consider the matrix permeability and also have
difficulties in the smulation of multiple-phase flow. In a like manner, stochastic and
continuum models do not consider the properties of individual fractures. A complete task
can be achieved by employing the concept of block effective permeability tensor in the
simulation of fluid flow in NFRs. The effective permeability calculation is to replace the
fractured block with a homogeneous block taking into account the properties of individual
fractures and matrix porous media in the original block. These methods are efective as
they consider the fracture properties and matrix permeability, while ignoring the

complexities involved in the previous works.

Recently, a number of works have been introduced in the simulation of heterogeneous and
NFRs using the effective permeability tensor (Lee et al., 1998, 2002; Sutopo et al., 2001;
Aavatsmark et d., 1998a; Edwards and Rogers, 1998; Lee et al., 1999; Durlofsky, 1991,
Arbogast et al., 1995, 1997, 1998; Koebbe, 1993; Durlofsky, 1993, 1994; Ca et a., 1997,
Russell, 2000; Jones, 1995; Naff et al., 2000). The calculated effective permeability tensor
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in most cases is a diagond tensor in two- or three-dimensions with zero off-diagonal
elements However, in NFRs it is necessary to calculate full tensor effective permeability

(with none zero off-diagonal elements) to account for the effect of fracture orientation
inside the block.

In the following, first the methods which calculate the effective permeability tensor and
then the methods to simulate fluid flow in NFR using the effective permeability tensor are
reviewed and discussed.

Methods to calculate the effective per meability tensor

The idea of using effective permeability is to replace the heterogeneous block with a
homogeneous block in which the fracture properties remain the same throughout the grid
block (Lough et al., 1998). For this purpose, different methods are devel oped with different

simplifications depending on the size and density of fracturesin the media.

One of the earliest models for the calculation of effective permesbility in NFR was
introduced by Snow (1968, 1969). His model is essentially a mathematical model based on
the concept of infinite parallel plate with some statistical observation of fracture patterns
with their parameters such as anisotropy, aperture, spacing and porosity (figure 1-6).
However, Snow’s model assumes that the fractures belong to fracture sets and have infinite

length. Moreover it does not account for matrix permeability in calculation of effective
permesability.
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Figure 1-6: A solid volume of dimensions W cut by parallel plane conduits (after Snow,
1969).

Long et al. (1985) investigated the relationship between the degree of interconnection and
its effect on permeability of fracture networks. They fourd that assuming degree of
interconnection for dead end or isolated fractures and adding up the degree of heterogeneity
in the system cause the actual permeability to be less than what Snow originally predicted.
To improve the model devised by Snow (1969), Gupta et a. (2001) introduced a simple
mathematical approach to calculate the permeability tensor, considering actual length of
fractures. Their formulais a product of two components: a scalar permeability value which
is calculated by a stochastic method and a unit permeability tensor which accounts for
normal vector to fracture’s plane and dip angle of fractures. However, matrix permeability
was not considered and correlations were written only for sets of parallel fractures, thus

ignoring the properties of individual fractures.

Oda (1985) stochastically derived a smple expression for very short fractures. He
employed a line source-sink to represent the randomly distributed small fractures in the
calculation of effective permeability and assumed that the average pressure gradient inside
the fracture is equal to the pressure gradient in the matrix. Given this assumption, the flow
in the fracture becomes independent of the matrix permeability. Other stochastic methods
have been introduced by Matheron et al.(1987); Dagan (1993) and Gelhar (1993).

Cacas et al. (1990) developed a direct stochastic discrete method in modelling of flow in a

fracture network which includes all types of fractures in the network. Information of
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fractures is obtained in a grid base system by stochastic methods employing the seismic
technology and using outcrops as source information. Cacas et a. (1990) assumed that the
flow between intersected fractures occurs through bonds joining the centre of each fracture
to the intersected line (figure 1-7). The bonds were one dimensional and made up of two
parts, one for each fracture from the centre to the intersection of two fractures.
Permeability for each bond was given by the fracture to which it belongs. Unfortunately, the
stochastic model developed by these investigators did not include the matrix permeability

and the properties of individual fractures.

Figure 1-7:  Fluid flow simulation (after Cacas et al., 1990)

Durlofsky (1991) developed a method which made use of the pressure solution in
calculation of effective permeability tensor, employing Laplace’'s equation and periodic
boundary conditions. Components of the permeability tensor are calculated in his method
inaunit cell by applying a constant pressure difference in the x andy directions and solving
the Laplace’ s equation. Periodic boundary conditions always obtain symmetric and positive
definite permeability tensor and imply full correspondence between pressures and flux at

opposite sides of the block. Periodic boundary conditions are taken into account by other
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investigators in the calculation of effective permeability (Lough et al., 1996, 1998; Lee et
al., 1999, 2001; Nakashima et al., 2000).

Apart from the above mentioned methods, numerical methods are also routinely used in the
calculation of effective permeability. Methods such as Finite Difference Method (FDM),
Finite Element Method (FEM) and the Boundary Element Method (BEM) are the main
methods which are used by engineers. Most numerical techniques have inherent difficulties
in terms of the formulation of heterogeneous media with complex geometry and generate a

very complicated system of equations.

Rasmussen et al. (1987) investigated the effect of the fracture/matrix vertical permeability
ratio on hydraulic conductivity in a simple fracture system. They employed BEM to model
three-dimensional fluid flow by considering the matrix and the fractures as separate systems
and did not account for the continuity of flux between fractures and matrix porous media.
They claimed that the accuracy of their model is dependant on the aspect ratio, which is the
distance between mesh points on fracture faces to the width of fracture. They drew the
conclusion that aspect ratio should be less than 10 to achieve accurate results. For the type
of problems in NFR, the fracture aperture isin the order of 10-100 nm and the length of
fractureisin order of 1m. For such a problem, the original formulation would require about
1000° 1000 mesh points on each surface of the fracture (Lough et d., 1998). This scheme
becomes quite time consuming especially when the number of fractures becomes large and

the order of elements becomes higher.

Nakashima et a. (2000) developed a model to calculate the effective permeability using the
complex variable boundary element method. However, they assumed fractures are
uniformly distributed systems and did not account for fluid flow in the matrix and flow
between the interconnected fractures.

In arecent work, Lough et al. (1996, 1998) treated fractures as planner sources in the matrix
applying the Poisson’ s equation to fractures and to the whole matrix inside the block (figure
1-8). By considering very small fracture aperture, they assumed that fluid flow in fracture

is equivalent to the flow between a pair of paralel plates. They also assumed that the
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velocity and pressure in fractures are being the average fluid velocity and pressure. Lough
et a. (1998) concluded that the fracture connectivity has a less influence on the effective
permeability than the fracture density because of the strong coupling of the matrix and
fractures. In order to relate the fluid flow in matrix to the fluid flow in fracture they
assumed that the potential gradient in the fracture is proportionate to the average potential
gradient in the grid block. Lough et al. (1998) observed that their method is applicable only
to medium size fractures due to complexities involve with the application of Poisson’s
equation for the whole matrix inside the block. Lee et al. (2001, 1999) modified Lough et
a.’s model by introducing a hierarchical approach to include short and large fractures in
calculation of effective permeability tensor. They approximated the effect of short fractures
on matrix permeability by introducing an analytic expression derived from Oda (1985).
They assumed that long fractures act as fluid conduit inside the reservoir and are explicitly

implemented in a reservoir smulator using the equation of horizontal wells.

In the following, methods to smulate fluid flow using the effective permeability tensor are
introduced with their benefits and drawbacks.
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Figure 1-8: A grid block containing medium size fractures of arbitrary orientation and
different sizes (after Lough et al., 1998)
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Simulation of fluid flow in NFRs using the effective per meability

Recently, a number of theoretical and numerical methods have been developed using the
control volume method in the calculation of fluid flow from homogeneous reservoirs.
Kwak and Kim (2000) outlined the necessity of these methods in fluid flow ssimulation and
employed them for the calculation of fluid velocity. The control volume approach for the
mixed formulation of linear dliptic problem was first developed by Russell (1995). This
technique has been widely used as discretisation techniques for conservation of mass by
Ohlberger (1997); Feistauer et al. (1995); Durlofsky et al. (1992); Weiser and wheeler
(1988); Suli (1991); Cai et a. (1991, 1997). Control volume discretisation in finite
difference and mixed finite element methods has been used by engineers in the simulation

of fluid flow in petroleum reservairs.

Control volume finite difference methods

Recently, a number of models have been developed using the block-centred finite
difference method with continuity of velocity between blocks, (Thomas and Trujillo, 1995;
Aavatsmark et d., 1998a, b). Lee et a. (1997, 2002) further improved the smulation of
NFR using the full tensor effective permeability in a flux-continuous finite difference
method. Lee et a. (1997, 1999) developed a flux-continuous finite difference model in the
simulation of production from heterogeneous reservoirs by applying a full tensor effective
permeability. One of the advantages of this method is the applicability of the model to
simulation of fractured reservoirs where the heterogeneity is described by permeability
tensor.

Combining finite difference with control volume permits the direct calculation of fluid
velocity, whereas in the previous methods velocity is calculated by differentiating the

pressure and is not very accurate in the simulation of NFRs.

However, finite difference formulation is valid for uniform grids and creates error in the
case of fractured reservoirs with complex geometry. For heterogeneous systems and

reservoirs with non-uniform grids, finite difference formulation is not effective and one
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needs to use other methods such as finite element which are capable of handling the

complex geometry in simulation of fluid flow.
Control volume mixed finite element methods

More recently, control volume and mixed finite element techniques are used in modelling
of fluid flow in heterogeneous and fractured reservoirs (Edwards and Rogers, 1994, 1998;
Naji and Kazemi, 1996; Nakashima et al., 2000; Park et al., 2002 and Cia et al., 1997). Cia
et a. (1997) theoretically formulated this method for heterogeneous reservoirs with
irregular geometry and outlined its technical success and applicability. They used a block-
centred approach to calculate pressure at the centre and velocity at the middle of the grid
block edges. They claimed that their method is more accurate than the methods utilised by
Aavatsmark et al. (19984, b) in which dual velocity grids are associated with the corners of
pressure block. The use of controlvolume mixed finite element method enables us to
simulate fluid flow in reservoirs with irregular geometry while maintaining many of the

familiar properties of block-centred finite difference methods for rectangular grids.

Chou and Kwak (2000) developed a mathematical control volume model in a same manner
as Cia et al.’s and proved its first order optimal rate of convergence for the approximate
velocities as well as for the approximate pressures. Sutopo et al. (2001) applied Ciaet a.’s
model for the simulation of NFR with two-phase flow and regular fracture pattern. In Cia
et a.’s method permeability was assumed to be a scalar term whereas in the simulation of
NFR permeability is usually defined in tensor form. Detailed nformation about this
method is provided in chapter 3. However, it should be noted that in the mixed methods
pressure is not a continuous function and is calculated in the block centres.

1.3 Objectives and scope of the thesis

From the review, it can be concluded that although numerous approaches have been

developed for the modelling of fluid flow in NFRs, very little is known about their actual
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mechanism. Many of previous methods are not able to consider the flow in fractured
reservoirs with multi-scaled fractures. Others merely characterise the properties of
individual fracture. A clear distinction must be made to account for fluid flow in the matrix
and the fractures, using the appropriate tools that can be applied to the reservoirs with

thousands of fractures of different sizes and orientations.

Review revealed that the use of effective permeability tensor is an efficient method for
simulation of fluid flow in NFR due to its computational simplifications and allows use of
detail properties of all types of individual fractures. Effective permeability tensor
overcomes the problems such as irregular fracture patterns, flow interactions between
matrix and fractures and effect of fracture characteristics (i.e. dimension, density and

orientation).

This study attempts to contribute to our understanding of fluid flow mechanism in fractured

reservoirs. The primary aims of the research are:

1) To review the previous methods for the calculation of block effective
permeability tensor and simulation of fluid flow and production from NFRs.

2) To develop a mathematical formulation and necessary computer code for the
calculation of full tensor effective permeability taking into account the effect of
different types of fractures and matrix permeability.

3) To develop a matherretical formulation and necessary computer code for the
simulation of fluid production in naturally fractured reservoirs using the effective
permeability tensor.

4) To evauate the computational results of these numerical tools by performing the

sensitivity aralysis of the reservoir parameters.

14 Thesis outline

This thesis is presented in five chapters according to the mathematical formulation, results

and discussion. It is divided into two major parts. effective permeability calculation
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(Chapter 2) and smulation of fluid flow in NFRs (Chapter 3). Examples and sensitivity
analysis for both parts are presented in Chapter 4.

Chapter 2 Provides the theoretical background and mathematical formulation of the
calculation of effective permeability in NFR. It defines basic concepts regarding the
calculation of effective permeability and provides a detail process of derivation of boundary
integral equations, discretisation using the boundary element methods and application of
periodic boundary conditions. The result from effective permeability model is also
compared with the results from analytical solution.

Chapter 3 Provides the theoretical background and mathematical formulation of
simulation of production in NFR. Flux-continuous CVMFE model is employed using the

effective permeability tensor in modelling of flow through fractured porous media.

Chapter 4 Presents examples for the effective permeability calculation and fluid flow
simulation algorithms in NFRs  Sensitivity analysis is conducted through a number of
examples to show the effect of size, density and orientation of fractures as well as matrix
permeability.

Chapter 5 Draws the general conclusion followed by recommendations of areas for future

study. It presents the findings of the research and the performance of the theoretica
methods and computational tools.
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CHAPTER 2
CALCULATION OF EFFECTIVE PERMEABILITY TENSOR

2.1 Overview

Recent advances in reservoir characterization have allowed us the construction of realistic
methods using the detailed properties of naturally fractured reservoirs. In this chapter a
numerical method is developed to calculate the effective permeability tensor in naturally
fractured reservoirs. The objective of the presented method is to treat small fractures as part
of matrix (pores) and medium to large fractures as source/sink inside the matrix porous
media. The former is formulated using the Laplace’'s equation and the later is formulated
using the Poisson’s equation for fluid flow inside matrix and fractures. Improvements have
been made by introducing a new region (Poisson’s region) around the medium to long
fractures and in defining the most efficient type of boundary conditions at the grid block
boundaries and at the matrix/fracture interface. The equations are formulated in two-
dimensions and a computer program is written in FORTRAN to calculate full tensor
effective permeability in each grid block. Discretisation of the problem is conducted using
the boundary element method. Fractures are classified according to their relative length to
the grid block dimensions into short to long fractures. Input data which is the detail
information for the individual fractures (location, size and orientation) is taken from the
work of Tran (2004).

This chapter begins with the properties of natural fractures, followed by a review of the
input data and the theory of fluid flow in NFRs Then, the methodology for derivation of
integral equations and the procedure for calculation of effective permeability tensor are
described. Finally, the method is compared with an analytical solution. The calculated
effective permeability tensors are employed in the smulation of fluid flow in chapter 3 and

anumber of exanples aswell as a case study are presented in chapter 4.
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2.2 Properties of natural fracture

Fracture's spatial shape, length, orientation and aperture are essential properties in the
simulation of NFRs (see figure 2-1). Natura fractures usually appear in irregular shapes
and occur on a variety of scales, from microscopic to continental. In addition, they might
have regular or irregular distribution, closed and filled with cement, or open to flow. In this
study, al fractures are grouped in the same way and are distinguished from each other by a

set of properties of location, geometry, length, orientation, aperture and permeability.

L ocation and Geometry: Two dimensional line fractures are defined by coordinate

of centre (X, y) and orientation. They may aso define by the coordinates of start and
end points of fractures. Geometry of a fracture affects both the flow properties and
the physical properties of the rock mass. Fractures are usually considered as smooth
parallel plates, (Rasmussen et al., 1987; Lough et al., 1998; Gupta et a., 2001;
Snow, 1965, 1968 and 1969). In numerical methods and in simulators, they are

simplified by lines, rectangles or disk shapesin two or three-dimensions.

Length: Fracture length is also an important parameter in the simulation of NFR.
Length of fracture is depended on field geology and varies over a wide range from
10* to 10° cm (Chernyshev and Dearman, 1991). In this study, factures are
usualy grouped as short, medium and long based on their length and different
techniques are applied to different size of fractures in the smulation of fluid flow.
In the examples presented throughout this study, it is assumed that short fractures
have a length less than 0.05% of the grid block size and long fractures are those that
have a length of higher than the grid block diagonals. Medium fractures will have a
length between short and long fractures.

Orientation: Fracture orientation is calculated by measuring the angle between the

centre line of fracture and y axis (north direction), positively clockwise (figure 2-1).
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Aperture: Fracture aperture is also an important factor in the smulation of fluid
flow. Many methods assume a constant aperture and some consider the aperture as a
function of length (e.g. Oda, 1985). In thisthesis the aperture is assumed to be very
small, compared to the length of the fractures. This assumption allows the fluid flow
inside the fracture to be equivaent to the flow between a pair of parale plates,
(Lough et al., 1996, 1998 and Lee et a., 2001).

Permeability: Fracture permeability is very high as it connects isolated pores and
acts as the main conduit for fluid flow in the reservoir. Thus, the presence of
fractures can greatly increase the permeability of rocks with very low matrix

permesability such as tight gas reservaoirs.

Figure2-1: 2D schematic for a single fracture with centre O(X,y), orientation (teta),
length (L) and aperture (H) in x-y coordinate system.

It is possible to estimate fracture permeability and fluid flow through the fractures by using
the simplifications made by Snow (1969) which assumes fractures are parallel plates with
smooth surfaces. Fluid flow through a single fracture is usually expressed by cubic law.
Cubic law is deducted from Darcy’s law with the assumptions of laminar flow through a

channel bounded by parallel plates with permeability:
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where h (m) is the aperture in the fracture “i” and k () is the permeability between the
two paralel plates (Lee e d., 2001). Cubic law is vdid for rough and uneven

discontinuities when they are open (Witherspoon et a., 1980; Iwai, 1976; Lee and Farmer,
1993).

2.2.1 Field data sources for this study

In the previous methods such as continuum or parallel plate, fractures are considered in
regular patterns or grouped as fracture sets and systems in the medium. A fracture set is
usually known as a group of fractures which run more or less parallél to each other and a
fracture system is grouped as a number of fracture sets which intersect at a constant angle.
This simplification does not consider the properties of individual fractures by defining the
mean length, aperture and orientation for set of fractures. By use of new techniques, it is
now possible to characterise NFRs to generate the detail information of all types of
individual fractures.

This study calculates the effective permeability tensor based on the specification of
individual fractures to provide redlistic results with higher accuracy. Input data for this
study are taken from the work of Tran (2004) which includes coordinates of the centre,

half length, dip and azimuth and considers fractures in three dimensiona penny shapes,
see figure 2-2.
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Figure2-2:  Fractures generated in a portion of a reservoir characterised by Tran (2004).
Different sizes of fractures from short to long are presented in three-
dimensional disk shape format.

To calculate the coordinates of individual fractures in two-dimensions, fractures are first

converted into direction cosines using their dip angle and azimuth angle. To do this, the

normal to the fracture is projected to the vertical and horizontal surface to calculate the
direction cosines, as shown in figure 2-3. In this figure, OX is directed horizontally east,

QY is horizontaly north and OZ is verticaly upward and the direction cosines are

assigned for fracture in vertical and horizontal directions. The directional cosines of the

fracture in terms of fracture dip and azimuth can be presented as:

| =sin(dip) sin(azimuth)
m=sin(dip) cos(@muth) ..........cccvviiiiiiii i 2-2
n = cos(dip)

where the parameters d and g are defined as:d =90 - dip axd g=90- azimuth. Using the

equation 2-2 and having the fracture centre location and its length or radius from input data,
it is possible to calculate the two-dimensional information for individua fractures as line

fractures.
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Figure 2-3:  Schematic for calculation of direction cosines

Figure 2-4 shows schematic view of a fractured reservoir which is divided into a number of
grids containing different types of fractures. The effective permeability algorithm
developed in this study requires the fractures to be divided into three categories based on
their relative length to the grid block size: short and medium size fractures. Long fractures

are divided into their crossing blocks and modelled in a same manner as medium fractures.
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Figure 2-4: A schematic of two-dimensiona fractured reservoir used in this study.
(a) Short fractures (b) Medium size fractures (c) long fractures.
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2.3 Theory of fluid flow in fractured reservoirs

In chapter 1, the methods to calculate the effective permeability tensor were discussed. It
was mentioned that some of previous methods did not consider the fluid flow in the matrix
and flow interaction between natrix and fractures (e.g., methods which use Snow’s method
and discrete fracture approach). Other methods did not consider the properties of individual
fractures like size, aperture and orientation in the calculation of effective permeability
tensor (e.g., methods which use dual porosity/ permeability approaches). It was also
mentioned that the majority of methods assumed fracture to be separated from the matrix by
applying the Laplace's equation. It was concluded that the recent work by Lough et al.
(1996, 1998) which treats fractures as planner sources inside the matrix is one of the most
efficient methods which applies Poisson’s equation to the matrix and fractures. However,
that method requires the discretisation of the whole matrix block and is only applicable for
medium size fractures due to its complexity. Recently, further improvement was made by
Lee et a. (2001, 1999) by introducing a hierarchical approach which includes short and
large fractures in calculation of effective permeability tensor. Short fractures were analysed
using a stochastic method and long fractures were modelled using the equation of horizontal
well and were implemented explicitly to the reservoir simulator.

In this study, the previous works are improved in several ways. by introducing a new region
around the medium fractures (called Poisson’s region) to simplify the complexities involved
with using the Poisson’s equation for matrix porous media. By considering the fluid flow in
the matrix, fluid flow in the fracture, flow between the matrix and the fracture and fluid
flow between the interconnected fractures. By including short to long fractures and
considering the properties of individual fractures in calculation of effective permeability
tensor. Finally, by applying appropriate types of boundary conditions at the boundaries of
grid block, fractures and Poisson’s region the integral equations are obtained. The above
improvements are discussed throughout this chapter and are addressed in the mathematical

formulation section.

-28-



2.4 Mathematical formulation

In this section boundary integral equations for matrix and fractures are derived and
different types of boundary conditions along the grid block and fracture boundaries are
presented. It is assumed that the fracture aperture is very small in comparison to the
fracture lengths. In the definitions provided for matrix and fractures, it is assumed that the
individual fractures and matrix are isotropic with considering a constant permeability inside
the fracture and in the matrix porous media. Then the effective permeability in the three-
dimensional fractured reservoir is described as permesbility tensor, k taking into account
the effects of the matrix and the fracture,

ékXX kxy kXZL\:I

K=tk, k, Kk, 2-3

_g y)( yy yzl;l -------------------------------------------------------
& Ky Kz
and in two-dimensional problems it reduced to:

_ ék, kyu

K=a" " 2-4
gkyx kyyﬂ

where k and k, ae diagonal terms and ky, and kyyare off-diagona terms of

permeability tensor K. It is necessary for effective permeability tensor to be

symmetric, k,, =k, and positive definite, k,k,, >kfy,kxx >0k, >0, in order to have a

physical meaning (Durlofsky, 1991).

Effective permeability tensor in porous media is usually estimated by solving single-phase
fluid flow equations subject to periodic boundary conditions (Durlofsky, 1991 and
Nakashima et a., 2000). The well known Darcy’s equation for fluid flow in porous media
is described as,
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and the continuity equation is written as follows:

where Vv is the velocity, r isthe fluid viscosity, Q and P are the flow rate and pressure,
respectively. Then the equation describing the flow of incompressible fluid can be derived

by combining Darcy’s law and mass conservation as follows:

S (N )u+Q O oo 2T

‘%"T%

Assuming unique fluid viscosity ( m=1), the above equation can be written in expanded
form as,

1 1P0, 1 PO, T PO o o

ﬂx% o WE Tve 128 T2p

It isimmediately apparent that in steady state condition, given the isotropic porous media,

the above equation can be rewritten in the following form,

2
1 2P+Q:O ............................ 2-9.

2 2
1TI:)+K T P+K

K
X ﬂXZ y ﬂyz z T[Z

Equation 2-9 states that the sum of flow rates in three directions and flow rate related to
source/sink to the differential elementary volume is zero (see figure 2-5). Derivation for

the above equations is presented in Appendix-A.
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Figure2-5:  Differential volume element of fluid flow equilibrium.

One of the improvements made by this study is to consider the fluid flow in the matrix,
fracture and between the matrix and fractures. This requires the formulation for
equations of both matrix and fracture medias. In previous works, in the calculation of
effective permeability in NFR, fracture and matrix were formulated as separated
systems having a common interface. The common interface is made up of those parts
of the fracture boundaries that are contained in the matrix (Lough et al., 1998). The
fracture aperture is considered very small and the fluid flow in the fracture is equivalent
to the flow between a pair of pardlel plates. An example of the methods which
consider fracture and matrix as separate systems was presented by Rasmussen et d.
(1987). Fluid flow and pressure equations in the fracture and matrix can be presented as
follows (Lough et al., 1998):

Fracture:

V (X) = = KNI, (X) oo 2-10

N.v, (x) =- %Qi(x) +§ PP 2-11

=1
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where Q. (X) represents the source strength of the fluid flow from fracture i to the matrix
and q is the fluid flow from the intersected fractures to the fracture i at the intersection line.

Flow of incompressible fluid in the matrix is based on Darcy’s law. Assuming v, and

p,,to be fluid velocity through the matrix and pressure in the matrix, respectively.
Matrix:

V(X)) ==K NP () i 2212

RV, (X) Z 0ot e e 2713

Equation 2-13 is modified to treat medium size fractures inside the matrix by applying the
source term of the Poisson’s equation to the matrix porous media around the medium size
fractures. As aresult, fracture system and matrix porous media are coupled from the outset
part using the Poisson’s equation and fluid velocity through the matrix which was

previously presented by equation 2- 13 becomes,

N.u_(x) =

1l QJOZ

I

CF (X2 (X, = Z)TA, o 2-14

where q;is the flow interaction between matrix and fracture in element j ,d(.) is the dirac

delta function and A isthe area of element j.

Finally, the governing equations for flow in the matrix and fractures in a two-dimensional

reservoir are expressed as:

Fracture: Kk Tp +Q +q, =0 2-15
R L O T 0t e e
. Tp Tp
Matrix: K,——=" 4K, ——="4+Q =0 ittt 2-16
™ 1%
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where k; =7.842" 10%h?, h is fracture aperture, L is one-dimensiona coordinate and

subscripts m and f represent matrix and fracture, respectively.

Term Q represents the flow interaction between the fracture and matrix. q¢ is fluid flow

from intersected fracture to the fracture i at the intersection lines (Lough et al., 1998):

P :g OB (%) (X = XA (X,) e 2-17

i= L

where x and x, represent the position vectors for points on fracture i and it is assumed that

thereare m intersections on fracture i which islocated along thelineq L/, j =1...,.m 1.

To explain the methodology of solving the above equations using the boundary element
methods, let us begin with the derivation of the general form of boundary integral equation.

The linear form of Poisson’s equation in domain A is defined as follows Kwon (2001):

KL.KNP)) +Q(X) =0 iN A oo e 2218

where k denotes the permesability, x = (x;,x,) for an arbitrary point in interior of A and
Q(x) characterises the source term associated with interior domain A, (figure2-6(a)). In the

case of medium or long fracture, the termqQ(x) is defined as (Q, +qy, ), (figure2-6 (b)).

To solve the above eguation with numerical techniques, it is necessary to solve the related
integral equations in away to produce reasonable results in reservoirs with large number of
fractures and high degree of heterogeneity. For this purpose, all the existing methods were
examined and the related literature was reviewed. It was found that there exist basically
two approaches toward solving the boundary integral formulation: direct formulation using
Green’s second identity and weighted residual method. The later is usually described as
strong form, weak form, inverse form via integra by parts.
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Figure2-6: (&) Arbitrary points on domain A. (b) Points on the region around medium
fractures

Green’'s second identity for a regular function G is the fundamental solution (or Green's

solution) and defined asN?G =d(%- x. A fundamenta solution is a function that
satisfies the differential equation with zero right hand side at every point of an infinite
domain except at points known as the source or sink, where the right hand side is infinite,
(Beer and Watson, 1992 ). The derivative of G is the function F which is defined in an
infinite space singular at any point within the region under consideration, (see figure
2-6(a)). Function G can be found from,

The fundamenta solution, G is a solution satisfying the following equation

oPN2G- GRZP)IW= B 1S PG . 2-20.
w we Tn fing

where r = |x¢- X| ,(Beer and Watson, 1992).
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In the boundary element method the arbitrary points are moved to the surface of domain

such that the nodes are defined at the boundaries. In view of this, the boundary integral

equation form of equation 2-19 for an arbitrary point X =(x;,X,) in domain A is written

as, (Beer and Watson, 1992 ) :

c(x)p(x) = oG (x,x)V(X)ds(x) - oF (x,x) p(x)ds(x)
S S
+ RYG(xx)dA(X)
A

. 2-21

where v=kNp.i and fi is the exterior normal vector of S a x. S is the boundary of

domain A in figure 2-6(a) and also the boundary of block A2 in figure2-7. For asingle

fracture inside the block, G is the fundamental solution, F which is the flux corresponding
to the fundamental solution, is equal to kG/fn and Q(x) is equal to the Dirac delta
functions (x- x). The coefficientc(x), which is a function of the internal angle of the
boundary S at pointx , equals 1 if xT A, 0if xi AEs and a/2pif xi s, wherea denotes

the internal angle of Sa x (a equals p a a smooth point on S). In the above
formulations, k is permeability and is defined for matrix or fractures individually.

External /

Boundary

Internal
Boundary

Figure 2-7:  Homogeneous block with an arbitrary fracture
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Short fractures are considered as large matrix pores and hance the source term ( (QRGdA ) is
A

not considered. The equation 2-21 is rewritten for short fracturesas:

c(X)P(x) =S‘(?G(x,x)v(x)ds(x) - SF(x,x) PAS(X) . oo e 2222

The effective permeability tensors calculated for short fractures using the equation 2-22
have the following form,

Ko =0, <% 223
sh -6 Uereonriininnannsaanssnnusssnnssannssnnnnananss sannn -
o Ky Kyg

To find the local permeability, the result from the short fractures are averaged inside the
grid block as,

This technique enhanced our ability to predict the local permeability. The calculated local
permeability from short fractures is then used to calculate the full tensor effective

permeability considering the effect of medium and long fractures.
2.4.1 Boundary conditions

In order b define the boundary conditions along the fracture boundaries three parallel
surfaces are assumed for fracture: front, back and centre where the front and back surfaces
are considered as the common interface with the matrix (porous media). In the previous
works, fractures in the matrix are assumed as separate systems having a common interface.
As a result, the type of boundary condition around the matrix/fracture interface is called
interface boundary conditions where the boundary nodes are defined as having equal

pressures with no flow at the interface of two regions.
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In this study, the following conditions are considered at the interface of matrix and

fractures:

where n, is the unit normal to the fracture, x is position vector on the fracture and “i”

represents i’th fracture.

In this thesis, improvements are made by applying different types of boundary conditions at
the boundaries of grid block, fractures and Poisson’s region around the fractures. Interface
boundary conditions are applied to the boundaries of short fractures assuming them as
belonging to matrix (pores) which are included in the local permeability. Other fractures
are considered as source/sink in the matrix and Poisson’s equation is applied to the portion
of matrix which is located around medium and long fradures and is termed as Poisson’s
region. It isassumed that medium and long fractures contribute to the fluid flow inside the
fractured porous media. Finally, periodic boundary conditions are applied to the block
boundaries to calculate the effective permeability in tensor form. Below are the boundary

conditions for each type of fractures and the grid block boundaries:

Short fractures

The boundary conditions for short fractures are expressed as:

A Tt A £ TS URUPTND 2 o

where v =Vm.n and v =V.A, P, and pyf are matrix and fracture pressures at the

interface and V,,and V¢ are velocities (Rasmussen et al., 1987; Beer and Watson, 1992 ).
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Medium to long fractures

Boundary conditions along the medium and long fracture boundaries in this study are
defined as:

i = Paver oo ereemeeeee s eee e o 2229
Vi Vi Qv s 2230

where v, =V, i, v, =V, .0 are the normal velocity per unit area of fracture, p,, is the
pressure in the fracture's central line and calculated by averaging the pressure values for the

nodes located on the opposite sides of fracture boundaries at each boundary element to find

avalue for the centre line of fracture at that element. py represents the pressure along the

fracture nodes, v, and v, are velocities on the opposite nodes on the fracture faces and

o is depended on the source drength of the fracture and represents the flow interaction

between the matrix m and fracture i. Matrix pressure on the common matrix-fracture
interface and on the exterior boundaries of the area around the fracture is unknown and can

be calculated by applying the periodic boundary condition during the solution process.
Boundaries of grid block

Periodic boundary conditions are considered for nodes along the block boundaries, which
require treating all fracture edges as being inside the grid block (Lough, 1998). This type of
boundary condition was discussed in section 1.2.4 in chapter 1. Assuming that gand G,

are two opposite faces of the grid-block in the x, direction and G,and g, are two opposite
faces of the grid-block in the x, direction as shown in Error! Reference source not
found.. Pressure at an arbitrary point x=(x,x,) in the grid-block can be expressed as

(Durlofsky, 1991):

P(X) = Pg FI(X= Xg) ooevreieieiieiie e 2231
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where x, is the centre of the region under consideration, p, is the pressure at x, and

J = (jy, j») Isthelocal pressure gradient.

A s r-‘
A/
Ji=04 =0
r4“x ,l, — T:
h & >,
.
S #0),=0
o

.
v

Figure 2-8: Periodic boundary condition over the grid-block.

Periodic boundary conditions over the unit cell are written as (Durlofsky, 1991):

P(X, % =0) = p(X, X, =D - j, OnGand Gyoeovvvvvvvvrieiiiieiies 2-32
V(X, % =0).0; =-V(X,X, =D A, On Gand G, .coooovviviiiiiiis e, 2-33
P(X =0,%)=p(X =L%)- j; Ongadg ad............... 2-34

v(x =0,x,)m, =-v(x, =1 x,).n, On gad G
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A constant pressure difference in the X; direction and a zero pressure difference in the X,
direction (j,* 0 andj, =0) are applied to calculate the first two terms of the permeability

tensor Ky, and K.

Having solved Laplace’s equation under the above boundary conditions, the average
velocity through the unit block is determined as follows:

<V1>:' C)/nngZZ-BG
16

<V, >=- WX 23T,
16

Assuming j;* 0 and j, =0, the two components (K, and kyx) of permeability tensor can

be easily determined from the following equations:

<V >=- (K Ja Ky J2) o 239

The remaining two components (kxy and kyy ) of permeability tensor can be calculated in

the same way by \arying the direction of pressure gradientto j, =0 and j, * 0.
2.5 Solution of the integral equation

The numerical methods used for solution of integral equations are usually based on an
approximate method of solution. The type of method used may have an effect on the

accuracy and the length time required for solution. Unfortunately, it is difficult to compare

different methods as there are varieties of techniques for solving integral equations with
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unrelated approximating techniques. The majority of these methods ty to replace the
integrals by a quadrature formula or by a weighted residual function such as the Galerkin
method. In what follows, a quadrature based formula is used to develop a particular
boundary element method.

2.5.1 Discretisation using the boundary element method

BEM is arelatively new numerical method developed in the shadow of the FEM and FDM.
Recently, BEM has been a comparative interest for solving engineering problems with
small number of books available on subject such as Chen and Zhou (1992). The BEM
utilises information only at the boundary of the region because the solution of the problem
is a combination of the exact solutions inside the region. BEM works extremely well for
problems with a high ratio of volume to surface area but not very well for those with a low
ratio. The opposite is the case for FEM. BEM treats the problems as a boundary value
problem, solves the integrals at the boundary (or surface in three- dimensiona analysis) and
reduces meshing complexities significantly (Beer and Watson, 1992).

A constant or linear BEM s preferable to the FEM and FDM in the simulation of naturally
fractured reservoirs as it is discussed in chapter 4. In fact, in BEM only the boundary
requires sub-division, while in the FEM or FDM the whole domain of the partia
differential equations are required to be discretised. The advantages associated with the
boundary element method arise from the reduction of dimension by one which is important
in cases of large three-dimensional systems. BEM aso has the advantage that complex
geometry can be considered in a shorter time by calculating the integrals at the boundaries
only instead of solving them in the whole domain.

Similar to FEM, BEM can solve the integral equations by a quadrature formula or by a
weighted residual method such as the well-known Galerkin method. The potential
shortcoming of BEM s that it requires the fundamental solution of the governing partial
differential equation to be known. Although BEM has some problems in modelling of non
homogeneous media, the application of this method in the solution of boundary integral
equations in many engineering problems is appreciated (Brebbia, 1978; Huyakorn and
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Pinder, 1983). It is adso widely employed in the calculation of effective permeability in
fractured porous media with constant matrix permeability (Lough et a., 1998; Lee et d.,
2001 and Nakashima et al., 2000).

In the implementation of BEM, the whole domain A is divided into NC triangular elements,

A ...,A\c With centres of x;, ..., xyc. The boundary S is discretised into N boundary

elementsas s, S,,...,S, over which displacements are chosen to be piecewise interpolated
between the nodal points. Figure 2-9 shows a number of regions which are considered in
this method. In this figure, short fractures and matrix porous media are defined as region 1,
whereas medium and long fractures marked as region 2. The portion of matrix which is
located around the medium and long fractures is marked as 3. Interconnected fractures are

not included in this figure, but shown in figure 2-11.
Short fractures and matrix porous media

For modelling of short fractures only the boundaries of fractures and grid block are
discretised using the constant type of BEM. In this case, the values of p and v are assumed
to be constant and equal to the value at the mid point of the element. Equation 2-22 for a
given ‘i’ can be written in discretised form as:

O R W R T W O ) — 2-40
=l s i 5

term ¢y (x,x )ds(x) relate the *i* node with the element *j’ over which the integral is carried
S

out.

Medium to long fractures and inter connected fractures

In the case of medium, long and interconnected fractures, the Poisson’s equation is used for
fracture and their surrounded matrix. For this purpose, al medium to long fractures are

evaluated and are grouped into their corresponding blocks. Long fractures crossing a
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number of blocks are divided into parts between the related blocks and treated in a same

manner as medium size fractures. Interconnected fractures have an extra term, which was

previously defined by eguations 2-15 and 2-17 & q, .

Equation 2-21 for medium and long fractures can be presented as follows:

cx)px)+a OF (xx) p(X)ds(X) =...

NS e NG e 0 2741
A PV)s)+A RXIG(xX)AA (X
=1 g i1 A

Equation 2-41 is also employed for porous matrix around the fractures in Poisson’s region,
which is affected by fluid flow in fractures, seefigure 2-9. The Poisson’s region around the
medium and long fractures is assumed to have a distance of 1% of the fracture length from
the fracture surface, (see figure 210). It was found that changing the ratio from 1% to 2%
or 3% may only cause an error less than 1% in the results. A detailled account of this
phenomenon is discussed in chapter 4. It isclear from figure 2-9 that the boundary integral
eguations require the Poisson’s region to be discretised in two-dimensions. For case of
interconnected fractures the second term at the left hand side of equation 2-41 requires the
inclusion of an extra function. A schematic view of interconnected fractures is presented in
figure 2-11, which shows the line of intersection between two fractures. Figure 2-12 shows
the discretised form of agrid block with a medium size fracture using the BEM.

Let x; be the midpoint of S; and the values for p, v and Q at the midpoints be constant.
Then the values of p, vand Q are denoted as p =p(%)=px) "x1 S, ¥ =MX)=ux) "xI §
andQ =Q(x)=Qx) "xT A.

Equation 2-41 for x, 1 S becomes:

¢ P+ & P, OF(X)AS(X) =& V, B X )ds(¥) +@ Q B K)dA (¥). ... 242
j=1 S j=1 S 1

I= Al
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Terms oF(x,%)ds(X) and G(x,%;)ds(x) relate node ‘i’ with the element §' over which
S S

the integral is carried out. Let us cal these integrals A, and B, respectively. The second

term on the right hand side is the contribution of fluid flow from the matrix to fracture and

is termed asb;. Assuming Aj = A-j +%I , where | is the identity matrix, equation 2-42 can

be written as:
[AIP=[BIVHD oo 2943
. * . ® . e
Regions:
1 \‘ﬁ' <= Short Fracture
®
§§ Medium Fracture
]
¢
®
LongFracture/v
S ° @ S
Figure2-9: Boundary nodes on fractures and block and interior discretisation in

two dimensions.



2 =1%

Figure 2-10: Defining the Poisson’ s region around the medium and long fractures |1 and

l2 are the boundary elements along the length and edge of fracture.

Figure 2-11: Intersected line between interconnected fractures with circular shapes
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2.5.2 Boundary element solution of the system of equations

In this part the solution method for discretised boundary integral equations are briefly
presented. Applying periodic boundary conditions in conjunction with boundary conditions
along the fract ure boundaries enables us to solve the system of linear equations in equation
(2-43).

Equation 2-43 can be summarised as follows,

[AIIXT ZIB cveeve v o 204

where;

A = coefficient matrix
X = noda displacement vector (unknown functions of p and v)

B = load vector (boundary conditions and injection, production well information)

[A] is a dense, non-symmetric and a large matrix (commonly in thousands) and can be
solved by the use of FORTRAN or LAPAC libraries. The size of stiffness matrix in this
study can be calculated directly by use of the number of fractures insidethe grid block. An
example of the matrix vector system resulting from the collocation of equations in each
block can be determined by considering a block containing single fracture with 400
elements along the grid block, 20 elements along the fracture boundaries and 20 elements
along the Poisson’ sregion (see figure 2-12). Size of the stiffness matrix for this example is

equal to 960" 960 as shown in figure 2-13.
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Figure2-12: A block containing a single fracture to show the elements of stiffness matrix.

In equation 2-44, unknowns ([X]) are pressure and normal velocity at the grid-block
boundaries, pressure and velocity at the fracture faces and edges, the portion of matrix
around the fracture and fluid flow rate in fractures as well as at the lines of intersection
between the interconnected fractures. The source term at the fracture boundaries and flow
rate inside the fracture are calculated once the pressure and velocities at fracture and block
boundaries are known. Calculations of velocity at the intersection line for intersected
fractures and average pressure inside the fracture involves an iterative method as discussed
earlier. Matrix and fractures are coupled with M node on the block, the N node on the
region around the fractures and the N node along the fracture boundaries. This leaves us
with 2M+4N unknowns and M+2N equations.

The boundary conditions for fractures as specified in the mathematical formulation section
gives us 2N equations. The periodic boundary condition gives us the remaining M
equations when a constant pressure gradient between the opposite nodes on the grid-block
boundaries is considered. In figure 2-13, A represents the fundamental solution and B
represents the derivatives of A and C represents the boundary conditions at each collocation

point.
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The main advantage of this approach is that by modelling the short and medium to long
fractures separately, it saves computation time and reduces the numerical error during the
solution process. The source code to implement the above problem is written in the
FORTRAN 90 and the flowcharts for calculation of effective permeability from short and
medium to long fractures are shown in figure 2-14. It is shown that the input data first are
examined in the geometric terms to be converted into 2D and also divided into short and
medium to long fractures in each grid block. In each block, short fractures are formulated
using the Laplace's equation using the periodic boundary conditions. The resulted local
permeability from the short fractures is then used as matrix permeability for medium and
long fractures which are treated inside the matrix porous media as source/ sink.

STIFFMESS MATRIX

1 420 BLOCK WITH SINGLE 241 961
— FRACTURE +
T2
a1 | Az B1| B2
A2 |As| 421 440 46D s00 570 A40 B3| B4
AG AR . B5 B6
a7 | |7
& |
980y BEE

Figure 2-13: Stiffness matrix for block in figure 2-12 containing single fracture, F is the
fundamental solution and G isits derivative B and C represent the boundary
conditions around fracture, surrounding part and along the block boundaries.
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Calculation of the components of effective permeability tensor in x and y directions,
requires solving the above problems twice: the first two components are calculated by
applying a unit pressure difference between the two opposite sides of the grid block in x
direction and zero pressure difference between the other two opposite sides of the grid
block in y-direction. In the same way, the other two components of the tensor are
calculated by applying a unit pressure difference to the two opposite sides of the grid block
in y-direction and zero pressure difference in x-direction. This processis directly related to

the application of periodic boundary condition which was explained previously in section
2.4.1 in this chapter.
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Figure2-14: Flow chart for calculation of the effective permeability of naturally fractured
reservoirs with multiple blocks and multiple fractures. Each part of the
figure is connected to its related section in the text by addressing the related
section number.
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2.6 Comparative analysis between analytical and numerical

results

The purpose of this section is to compare the results from the effective permeability
algorithmwith the results from an analytical formula which is believed to be a useful tool
for measuring the consistency of the variation in the effective permeability (Lough 4 al.,
1998). This will provide us with useful comparative results and to show us that the method
Is able to provide accurate results. This method has been used by (Lough et al., 1998) to
validate the results of their effective permeability calculation nodel.

To proceed with this method we know that effective grid block permeability is depended on

the fracture orientation so that it takes the form

_aK, (@) Ky @0
K(q)—gny(q) KW(Q)E,

Moreover, if when q =0 the effective permeability of the block is

k=2 09

then it follows that the components given in equation 2-45 can be written as
Ko@) =K, cos’q +K,sn?q
Ky (@) =K Sn?q + K, €087 Qv s 2-47

Ky @) =K, @)=(K, - K;)sing cosq
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Therefore, analytical results for fracture with varying orientations (rotation angle) can be
calculated by the following equation:

Ekxxcos,zq +Kyy sn? d (ke Ky)sng cosq u

K= ...2-48

é
g(k - W)ancosq k san q+cho§qH

where q is the rotation angle and k, and k,, are x and y components of the effective

permeability tensor for a horizontal fracture, respectively (Lough et al., 1998).

To compare the results of this study with the results from the above analytical equation,
calculations were carried out at several rotation angles or orientations for a single fracture
with the length of 0.6 units and aperture of 1.0" 10 *units, inside a block with unit matrix
permeability and length, (see figure 2-15). Each edge of the fracture is discretised into 7

nodes and 100 elements are considered along the block boundaries.

Matrix

| Matrix
X

Figure 2-15: Validation of the method against the analytical solution by rotating a single
fracture inside the matrix block

The diagonal and off-diagonal components of effective permeability tensor are compared

with those calculated by analytical solution method for different angleq between G90
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degrees and the results are presented in figure 2-16 and figure 2-17 . It is shown in these
figures that the results computed by using both methods are virtually indistinguishable and
that they are within acceptable accuracy. The numerical results are consistent with those of
analytical calculation as described by equation 2-41.

In Table 2-1 and Table 2-2 the calculated values of the diagonal and off-diagonal elements
of the permeability tensor as a function of increase in the rotation angle for both the
permeability algorithm and the analytical solution are presented. The results show a very
good correlation between two methods and indicate that both methods are producing

similar results.

= = = =Thisstudy = = = = ® Analytical Solution ° |
= 16
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Figure 2-16: Comparison of analytically and numerically calculated diagonal elements of
the permeability tensor for single fracture rotating in a block.
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Figure2-17: Comparison of anaytically and numerically calculated off-diagonal
elements of the permeability tensor for single fracture rotating in a block.

Results calculated by Permeability Model
Rotation Angle K ny = ny Kyy
0 1.566 0.000 1.023
10 1.540 0.109 1.039
20 1.478 0.166 1.083
30 1.398 0.217 1.148
40 1.312 0.243 1.226
50 1.226 0.243 1.312
60 1.148 0.217 1.398
70 1.083 0.165 1.478
80 1.039 0.091 1.540
90 1.023 0.000 1.566

Table 2-1: Results of the numerically calculated diagonal and off-diagonal elements of

the permeability tensor using this study.

-54-



Resultscalculated by Analytical Solution

Rotation Angle q KXX ny = ny Kyy
0 1.566 0.000 1.023
10 1.550 0.100 1.039
20 1.502 0.175 1.087
30 1.430 0.225 1.159
40 1.342 0.257 1.247
50 1.247 0.257 1.342
60 1.159 0.225 1.430
70 1.087 0.175 1.502
80 1.039 0.093 1.550
0 1.023 0.000 1.566

Table 2-2: Results of the analytically calculated diagonal and off-diagonal elements of
the permeability tensorusing
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2.7 Closure

In this chapter, the agorithm to calculate effective permeability tensor in NFRs has been
discussed. The fractured grid block has been replaced with a homogeneous block having a
full tensor effective permeability, in which the fracture properties remain the same
throughout the grid block. The effective permeability calculation in based on the treatment
of fractures as sink/source plans in the matrix and the resulting equations are solved using
the boundary element method. Short fractures are assumed to act as large pores belong to
local permeability and medium to long fractures are treated as sink/source in their

surrounding matrix porous media.

Fluid flow in matrix porous media was found very important in NFRs and it could not be
ignored in simulation of fluid flow in these reservoirs. Most previous works did not

consider the effect of matrix permeability and the effect of disconnected fractures.

Fluid flow in matrix, fracture, matrix-fracture interface and intersected fractures are
considered. The boundary element method and periodic boundary conditions are then used
to caculate effective permeability tensor in each grid block. The boundary element method
simplifies discretisation process and the periodic boundary conditions have the advantage
that provides symmetric and positive definite tensors (results aways have a physical
meaning).

Results of this study are validated against analytical solution and the difference between the
two was found negligible. The application of effective permeability tensors in simulation of
fluid flow in NFRs is presented in chapters 3 and sensitivity analysis are presented in
chapter 4.
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CHAPTER 3
SIMULATION OF FLUID FLOW IN NFR USING CONTROL
VOLUME MIXED FINITE ELEMENT METHOD

3.1 Overview

In previous chapter a method to calculate the effective permeability tensor in NFR was
presented. The objective of this chapter is to employ the effective permeability tensors in
thesimulation of fluid flow and prediction of production from NFR using a flux-continuous
control volume mixed finite element method. The control volume is employed to discretise
the reservoir into grids assuming each grid block as a control volume. The mixed finite
element method is employed to calculate fluid pressure and velocities in the reservoir,
directly by providing a system of first order equations of Darcy’s law and conservation of
mass law. Firstly, a rather general description is provided in which the present study is
compared with similar studies, followed by a discussion of the problems associated with
the applications of this current approach. Next, the mathematica formulation and the
discretisation technique is presented. Finally, theresults of this study are compared against

data available in the literature.
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3.2 Theory of simulation of fluid flow in NFRs

In the simulation of fluid flow in porous media, velocity or flux is usualy of primary
interest. In chapter 1, the previous methods of simulation of fluid flow in NFR were
classified including a single continuum method, a double porosity/permeability method and
a discrete fracture method or a control volume mixed method. It was concluded that the
control volume mixed finite element (CVMFE) method is one of the most appreciated
methods in the ssimulation of NFRs. It was first introduced by Russell (1995) and then
improved by Cai et al. (1997) to include the irregular grid blocks. The CVMFE method
accounts for accurate calculation of \elocity in the block and between the neighbouring
blocks by providing flux-continuos formulation of velocity. It also accounts for

heterogeneity of the fractured reservoir using the effective permeability tensor.

In fractured reservoirs, often sharp changes in lithology can cause sudden changes in fluid
properties (Sutopo et al., 2001). These changes cause the pressure to change rapidly and
thus may lead to errors in the calculation of velocities using the conventional techniques
where the diffusivity equation has been applied to the simulation of fluid flow in NFR.

Moreover, conventional techniques require the solution of second order system of equations
to calculate the pressure and then differentiate the pressure to calculate velocity. However,
in CVMFE method velocity and pressure are directly calculated by solving a system of first
order equations containing conservation of mass and Darcy’s equation. It also overcomes
the problems inherent in previous works regarding matrix and fracture characteristics, using
effective permeability tensor for each block. CVMFE method has been used by a number
of investigators in the ssimulation of fluid flow in NFRs (Sutopo et a., 2001; Ciaet a., 1997
and Chou and Kwak, 2000).

In this chapter, CVMFE method is wsed to simulate fluid flow and to predict pressure and
velocity distribution profiles. This follows the same basics as Cia et al.(1997) but
incorporates full tensor effective permeability in the simulation of fluid flow in naturally

fractured reservoirs. A computer program is written in FORTRAN to calculate the vel ocity

-59-



at the edges and pressure at the centre of each grid block taking into account the properties

of individual fractures by using the effective permeability tensor.
3.3 Governing equations

Fluid flow in naturaly fractured reservoirs is formulated using a system of first order
equations for incompressible, single-phase flow. The algorithm is derived for regular grids
and can be applied to the reservoirs with irregular grids (see Cia et d., 1997). Darcy’s law

for single-phase flow, neglecting the gravitational effect, is written as:

where, v(cm/sec) is the velocity, %(atm/cm) denotes the pressure gradient field,

K(Darcy), n (cp)’ g (cm® /sec) are permeability, fluid viscosity and flow rate, respectively.

Single phase flow with unit density is assumed in this formulation. To derive the related

integral equations using the finite element method, equation 3-1 is written

asnK 'v+NP =0, which generalises the usua harmonic averaging of K in a smple way as
described by Cai et a. (1997).

Combining the Darcy’s law and the conservation of mass results in the following system of

first order equations in reservoir or domain W (Sutopo et a., 2001):
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The Mixed Finite Element (MFE) method is used to define a solution to this problem,
providing a direct solution of the first order equations 3-3 for v and P. In the above

equations, K isthe full tensor effective permeability, defined as:

K _ & Ky 34
= 5
gny Kyyl]

where K,and K are diagona terms and K, and K are off-diagonal terms of the
permeability tensor K. In generd, it is necessary for effective permeability tensor to be
symmetric (K, =K, ) and positive definite (K, K, >K2 K >0,K >0), in order to

have a physical meaning (Durlofsky, 1991).

To derive the integral equation, it is necessary to define a weak form (defining a weak
formulation is essentia in the finite element methods) of the system of equations defined in
equation 3-3. This study uses the format which is used by Wilson (2001) in deriving the
appropriate weak form. In general, it is required to prove the existence and uniqueness of
the weak form, or mixed variational form. It is aso necessary to define appropriate
function spaces which are conveniently used in finite element methods. The mathematical

formulation for deriving the weak form is presented in detail by Wilson (2001).

To derive the integral equation, let's multiply the first term of equation 3-3 by a vector test
function w and integrate over W giving

Integration by parts and applying the Neumann boundary condition for above equation
yields (Sutopo et a., 2001):

O vwdW- NpwdW=- <wn, g > TW...oooi e, 3-6.
W W
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Next, multiplying the second term in equation 3-3 by a scalar test function z and integrating
over W gives (Sutopo et a., 2001),

NVZAX = FOZOX .. oo e 3-7
W W

where the function z and the components of w are chosen such that the divergence N.w is

square-integrable and wn =0 at the boundary IW. The above differentia equations are
still considered to be continuous, with P and v satisfying the same conditions as z and w

respectively.
3.3.1 Boundary conditions

The Neumann boundary condition is then applied to the external boundaries of the
reservoir. Thistype of boundary condition specifies a value for velocity on the boundaries.

For example, the value of the velocity at the boundary may change if reservoir has an active

aquifer, see figure 3-1.

Boundarny
T T 1 T T
e
—t>
S x =
2 & 2
2 -gala ® -T2 > 2
o—-+— = @
=
R
e
e

I I
R

Boundany

Figure 3-1: Describes Neumann type of boundary condition at the external boundaries of
thereservoir
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The flux-continuos boundary condition is used at the interfaces between grid blocks. This
means that velocity vectors at the edges of each block are equal to the velocity vectors of

their neighbouring blocks with the reverse sign (see figure 3-1).

3.4 Discretisation using the Control Volume

Block-centred control volume method is currently recognised by many researchers as an
effective tool in discretisation of the integrals of equations (3-6) and (3-7) (Cai et al., 1997,
Forsyth, 1989; Heinemann et d., 1989 and Rozon, 1989). Control volume discretisation
helps to avoid the complexities that appear if one employs the standard mixed finite
element method. The purpose of using the control volume in this formulation is to find a
good combination of the finite volume method and the cell placements of flow variables.
The main assumption for this method is that the pressure unknowns are assigned to the
centres and the normal components of the velocity or fluxes are averaged and assigned to
the edges of the grid blocks. Control volumes and nodal points of the pressure and velocity

are shown in figure 3-2 and figure 3-3.

G4 &y i

Chivia,g

H

|

Figure3-2:  Control volume and unk nowns for rectangular grid.
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In figure 3-2, Q, ={Q, ;} is apartition of the reservoir into a union rectangular grid block

Q;; with centre ¢;; having the pressure R, ; a the centre of block (i, j). The subindices
{i+1, j}, {1, j}, {i, j#+1} and {i, 1} are assigned to the eastern, western, northern and
southern adjacent rectangles, respectively, if they exist. Q, ;is defined as:

Qi =X yar Xuwal  [Yiiyar Yiswale oo 3-8.

In figure 3-2, ¢,y5) =(Xiuw2, ¥i) @A Cypj = (%42, y;) @€ two midpoints of Q ; inits
vertical edges and ¢ ,,;, =(X,Y.,,) a@ethe midpoints of Q; in its horizontal edges.

Unknowns of the approximate velocity v are assigned to the edges of the block and the

unknowns of the approximate pressure p to the centres of the partition {QI’ j} of the same

block.

In the next step, a dual grid is introduced, which is obtained by shifting the origina grid

aong x and y axes, to provide a finite volume around each unknown. Let ¢, ;= (x,Y;) and

Civ1s2;= (Xua2, ;) ELC., define
Qi+y2,j (X5 3 Xi41) T (Yii1/2s Yiag)2) ceveeeeenenemennie e ieieainea 39

Q w2 = Ky 20 Xew2) " (Vi Yien) v 310,

It is important to define control volumes over p;;, (Vy)i2; @d (Vy); s/, Which are
defined as Q, j, Qi.q/2j+ Qi j41/2 rESPectively. Inorder to have aphysical description, one
can consider Q,,;,,; asatank with pressures p;, ; and p;,;; a the two ends as shown in
figure 3-2. Similarly, for Q; j,4/,, p; ad p ., are defined towards its two ends. As
illustrated in figure 3-2, unknowns are denoted by (v, );,4,, ; ON the vertical edge centred at
(Xiss2,Yi) and (V) j«y2 ON a horizontal edge centred at (X;, Y;.y/,). Throughout this

chapter, R; is denoted as the nodal value of p at centreG ;. Since the approximate
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pressure is assigned at the centre of control volumeQ, ; , it is usual to assume that it is

piecewise constant with respect to the original control volume {Q ;} on the whole reservoir

domain (Chou and Kwak, 2000).

To perform the integration over the equation 3-3 using the control volume discretisation, let
. ¢ .
v,andv,  denote the component of velocity such that (v,,v,)" =V, then the equation 3-3

can be rewritten in the form of afirst-order system (Sutopo et a., 2001):

é 1 fp u
| DetK) (K vy - Ky, )+—=0 U
g( ) (Ky v - Kyvy) w0
e 1 ip G
&l DetK) (- K vy, +Kvy) +—==00 311
e 1‘|’y l;| ...............................................
a
eﬂ@—vx Loy a
ety W ¢
with boundary conditions,
v.()=g(),..1T W_, E W,
Vy (I) = g(l),lT ﬂWsouth E ﬂWnorth
where Wrepresents the reservoir under consideration and W ,.» W, o Waag @0 W,

represent its externa boundaries. The first two terms of equation 3-6 are integrated over

the control volume Q.45 ad Q j,4/,, respectively as(Sutopo et al., 2001):

Xi+1Yi+l/2 Xi+1Yi+1/2

< N Y Y ﬂp —

0 0 7Toax (KyVy - Kpvdaxdy+ ¢ ) ——axdy =0 3-12
X Yi-1/2 X Yi-1/2
Yi+l Xi+1/2 1 Yi+l Xi+1/2 ‘ITp

o 0 Sk (_ nyVx + KXXVy)dXdy+ (‘) o _dxdy:O .............................. 3-13.
Yi %-1/2 Yi %-1/2
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Using the shape functions for p, v, and v, as described above, one can rewrite the
integrals in equations 3-7 and 3-13 in terms of the unknowns: p;;, Pi.gjs Py jes

Vdicwzgs Mz Visarz s (Vijewzs (Wijewzs (Vy)ijeaiz , see figure 3-3.

Finally the discrete Darcy equations in x-direction for Q,,,,, ;, becomes,

h* Ky | 3h?K ;i |
- Viicvz,j T — Viswzj T
8(1 (9adet[K]);; ™7 8((S)det[K]);; ™~
32K, ., h2K, ...
W) Viinrz, + W Viiaroj T
8(1 (S det[ K]); 8(1 (S) det[K])i.y 314
h?K . | h?K . |
40 (S dg"IJ( Mysjwa *Vyi o) (S deth’K’J
(I (S det[K]); ; (I (S) det[K]) 4y
(Vyisas2j-172 F Vyisjas2) Th(Py ;- P;)=0
Similarly in y-direction for Q,,,,, ; becomes,
h°K ... | 3h%K . .
. Vyij-u2 T ] Vyijare T
8(1 (S) det[K]);; ™ 8(I (S)det[K]);; ™
3th><><-i j+1 h2K><><'i i+l
80 (9)de[KD) V"2 T 51 (S)de K Vviparz
(1 (S)de K1), (1 (Sded KD =0 315
2 2
h ny;i.i h nyzi,j

(Vii-v2j FVisasa,j) +
A1 (S) det[K]); A (S)det[K]); 41

(Vyi-vzjer2 ¥ Vyiryzja) TR - B;)=0

where p is constant and v, varies linearly with x but remains constant in the y direction
(Sutopo et al., 2001). Similarly, v, is constant in the y direction and varies linearly with x, h

denotes the size of the grid block edges in both the vertical and horizontal directions and
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changesto h, and h,, respectively, if the grid block is not square. | is the mobility ratio in

the case of multiple phases and simplifies to viscosity in single phase flow.

L)

Figure3-3:  The Fluxes, pressure and velocities of block (i,j) in CVMFE method.

In case of a rectangular grid block (figure 33), equation 3-14 can be written in the x
direction in the following form (Sutopo et al., 2001):

h? .
E(KW(I Detk] l)){vxi-l/z,j +3\/Xai+JJ2,j +V>§i+3/2,j)

h? 1
+7(ny(l Def k] )){VY~i,j-l/2 +Vy,i,j+1/2 +Vy,i+1,j-u2 +Vyvi+Lj+1/2) 316,

+h(Ry; - R ) =0

Jores (1995) presented a similar equation in the following form:

h? 1
5 (K, (DRlk v, +6v, 4y, )
h? 1
- S (K (PRI DN Vg g * Vi) + ¥y Vi) 317,

+h(R - R.,;)=0
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Next, equation 3-7 is integrated over the control volumeQ, ; which is in fact a matter of

applying the divergence theorem. From the definition of v,and v, , we have (Sutopo et al.,
2001):

Nuvdxdy = ¢
Qi,J Q N

?"x +ﬂ——dxdy CHAXAY. oo 318.
ix a,

Due to the assumption that v,and v are constants at the edges of the block, applying the

Gauss divergence theorem to the left hand side of equation 3-18 enables it be converted

into a surface integrals as (Sutopo et al., 2001):

Nuvdxdy= ¢ Vhds= ¢y, (X2, Y)dy-

Q. j TQi,j 1Q°;

O (w2, YAy + Oy (X Yisap)dX- 319
QY Q]

(‘)/y (X, Yi-1/2)dX
1Q%;

where ¢ w, n and s denote the east, west, north and south edges of control volume Q,

respectively. As v,andv, ae constant at the edges of the control volume, the mass

conservation equation can be expressed in terms of (v,), ,, .+ (V50 (%), 1y, @
(Vy)i,j-llz as
NVyiwr2j = Viaewz g Vs ez = Vi, jorrz) = Q0 woeeeeeeeeeeeeee, 320

where qy; ; on the right hand side of equation 3-20 denotes the values of q at the node c(i j)

and c is the centre of the block with position (i, j). The CVMFE method produces discrete
verson of Darcy’s law, which relates the pressure drop between cells to a linear
combination of velocities for each volume in the x and y directions. Equations 3-16, 3-17
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and 3-20 provide a system of linear equations which can be solved to calculate the pressure

at block centres and the flux across the edges.

The resulting system of equations is written in the following form:

M, M, N0 é 0 0
M, M, N&U=¢ o Y 3-21
o My N U=2 0 0
€l Ty Tylevate -
EN: N OlgPH & |Qad

In problems with a diagonal permeability tensor, the off-diagonal elements of the effective
permeability tensor tend to be zero and the above system of equations can be simplified by

assuming a symmetric system of linear equations with zero elementsfor M, and M, as:

eM, O Nuw/,u e 0 u
e u_ée U
20 M, N @U_é 0 g 322,
an T T A a) o
g Ny OfgPH & [Qad

Inequations 3-21and 3-22 M, and M aretridiagonal matrixes, defined as:

ST, 3, + Tyd,y Tibyy
Tib, 4 Ta +Tias, TyCsa
TxC3,1 Tva,l + Tx a3,1

<
&
1
D> D> D> D> (D> ('D>('D
o e el ol aN e
@
N
w
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yal,l + Tya1,2 . " Tya1,2

ér u
é u
é a
e Tya,, +Tya,, : . Tya,,0
M =€ _ u....324
w e u
e Tap Tyas; +Tyas, 0
é - u
é G
8 Tyaze -8

where Ta,, Tb,,Tc,. Ta,, Th, and Tc,are transmissibility functions and expressed in the
following form as(Sutopo et a., 2001):
h*K

T,.a= L e, 325
8(1 (S) det[K]); ;

3h%K . |
T,.b= S 326
8(I (S)det[K]); ;

h?K, |
Tc= e, 327
A1 (S) det[K]);

h? K e
T,a= B e 328
8(1 (S)det[K]); ;
2
Tz K 329
gl (S)det[K]); ;
WK,
B 330,

T,c=
4(1 (S) det[K]);

Matrices N, and N, contain 1 and -1 elements. M, and M, have four non zero terms

corresponding to pressures of the two adjacent blocks as stated in equations 3-14 and 3-15.
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3.5 Solution to the system of linear equations

Equation 3-21 for full effective permeability tensor or equation 3-22 for diagonal effective
permeability tensor can be solved easily by making use of standard methods. Equations
3-21 or 3-22 are smilar to the method presented in chapter 2 and can be summarised as

follows:

[AILXT LB oo eeneeeee oo eeeee e 331
where:

[A] = coefficient matrix
[X] = nodal displacement vector (unknown functions of p and v)

[B] = load vector (boundary conditions and injection, production well information)

Equation 3-31 can be solved by commercial libraries such as the FORTRAN library. The
size of stiffness matrix in the method can be directly calculated given the number of blocks
in the reservoir. In equation 3-31 the coefficient matrix [A] contains the transmissibility
values for blocks in x and y directions. The unknown vector [X] contains the velocity
values at the edges of the grid blocks in x and y directions and pressure unknowns at the
centre of the blocks. Applying the boundary conditions around the reservoir boundaries
can result in equations equal to the number of unknowns. Source code to implement the
above problem is written in FORTRAN. The flowchart of the method is presented in figure
3-4 which shows a schematic diagram for calculation of fluid flow in naturally fractured

reservoirs using the CVMFE approach
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this chapter.
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3.6 Comparative analysis

In this section, two examples are presented to verify the production algorithm against data
received from Sutopo et al., (2001) and the results from IMEX.

In the first example, a homogeneous region containing 16 square blocks with unit length
and diagonal effective permeability equal to one in each grid block is considered. The fluid
flow is considered single phase with unit viscosity. Two wells, one injector and one
producer, with unit flux are located in grid blocks (1, 1) and (4, 4), respectively. Pressure
in block (1, 1) is set to one and pressure and velocity vectors in other grid blocks are then
calculated. Unknowns are shown in figure 3-5 which are the value of velocity vectors at

the edges of grid block and pressure at the centre of each block.

The results of production estimation model for pressure and velocity distribution maps in
this example are shown in figure 3-6 and figure 3-7. Figure 3-6 shows that in the
homogeneous region pressure is distributed based on the distance from the injector and
producer. It can be seen that the maximum pressure difference (0.2 R) is related to the
countor map which is located in the centre and then decreases towards the injector or
producer. From figure3-7, it can be seen that there is a uniform velocity distribution in the
region between the injector and producer. In this example, velocity vectors in y-direction
are equal to the results in xdirection for each block and the average velocity in each grid
block is the resulted vector between the velocities in x- and y-directions. The results of this
study and the results received from Sutopo et a. (2001) are presented in table 3-1 and table
3-2. The comparative results between the results from both studies for pressure and the
average velocity of each grid block are presented in figure 3-8. From the figure, it can be
seen that the results from both studies match and the difference between the two is
negligible. The similarity between the models is due to the fact that both models are
following the same methodology in applying the CVMFEM (the mathematical formulation
was introduced by Russdll (1995) and Cai et al. (1997) as discussed in section 3.2). This
study employs CVMFEM in simulation of fluid flow in NFRs with multiple length
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fractures using the block effective permeability tensor. The study also applies the
CVMFEM for the optimization of drilling program and well locations in NFRs.
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Figure 3-5:  Schematic diagram of the example which shows boundary conditions and
unknowns as well as the position of injector (q;,) and producer ( q,,,)-
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Figure3-6:  Pressure profile for homogeneous system.
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Results calculated by this study
Block No. Pressure VX Vy
(1,1) 1.0000 0.5000 0.5000
1.2 0.5909 0.2720 0.2720
1,3) 0.3079 0.1326 0.1326
(1,4) 0.1746 0.0000 0.0000
(2,1) 0.5909 0.2279 0.2279
2,2) 0.3915 0.2279 0.2279
(2,3) 0.1746 0.1397 0.1397
(2,4) 0.4136 0.0000 0.0000
(3,1) 0.3079 0.1397 0.1397
3,2 0.1746 0.2279 0.2279
(3,3) 0.4228 0.2279 0.2279
(3,3) 0.2418 0.0000 0.0000
(4,1) 0.1746 0.1323 0.1323
4,2) 0.4136 0.2720 0.2720
4.3) 0.2417 0.5000 0.5000
(4,4) 0.6507 0.0000 0.0000

Table 3-1: Results of the pressure and velocity in X- and Y-directions from this study.
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Results calculated by Sutopo et al. (2001)

Block No. Pressure VX Vy
D 1.0000 0.5000 0.5000
W) 0.5900 0.2720 02719
1,3) 0.3078 0.1327 0.1326
.4 0.1746 0.0000 0.0000
2,1) 0.5909 0.2279 0.2278
(2,2) 0.3915 0.2279 0.2279
2,3) 0.1746 0.1397 0.1397
(2,4) 0.4136 0.0000 0.0000
(3,1) 0.3079 0.1396 0.1397
(3,2 0.1746 0.2279 0.2279
(3,3) 0.4227 0.2279 0.2278
(3,3) 0.2418 0.0000 0.0000
4,1) 0.1745 0.1323 0.1324
4,2) 0.4136 0.2720 0.2720
(4,3) 0.2417 0.5000 0.5000
4,4) 0.6503 0.0000 0.0000

Table 3-2: Results of the pressure and velocity in X- and Y-directions from Sutopo et al.
(2001).
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Figure 3-8: Comparison of the results of this study and the results calculated by Sutopo et
al. (2001) for pressure and average velocity of the Grid blocks.

In the second example, a homogeneous region with dimension of 500 m* 500 m containing

121 blocks and diagonal effective permeability equa to 50 mD in each grid block is
considered. Three wells, one injector in block (6, 6) with injection rate of 100,000 bbl/day
and two producers in blocks (1, 1) and (11, 11) with producing rate of 50,000 bbl/day of
single phase flow with viscosity of 0.35 cp are considered. Bellow is list of parameters used

in this example:

Wellbore skin factor:

WEell spacing:

Reservoir boundary conditions:

Grid system

0

352 m between injector and producer
assuming one injector and two producers

No flow (Neumann boundary condition)

Array of 11*11 grids
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Some other parameters have been varied within the following range in this study:

Matrix permeability: 50 mD

Well production rate: 50,000 bbl/day
Fluid viscosity: 035 ¢p
Thickness: 1.00 ft

The results of this study were compared against the results calculated by IMEX considering
the above geometry and reservor properties. IMEX mainly does two and three-phase flow
simulation and requires relative permeability as input data. However, when oil water
contact is set very low, such that the grid block is fully in water zone, this could be
considered as the case for single-phase flow. It is also important for the IMEX program to
reach the steady state condition as the CVMFEM simulates fluid flow in steady state
condition. This requires assigning enough time for the IMEX program (i.e. 350 days in the
above example) before comparing the results with CVMFEM.

Comparative results between this study and the results of IMEX program for the above
example are presented in figures 38 and 39. From the figures, it can be seen that the
results of pressure difference from this study are very close to the results of IMEX program
with an accuracy of 99% (8337.38 against 8325.48). The dlight difference between the
results are due to the fact that CYMFEM is a block centred method and does not account
for wellbore radius, well index and aso it requires entering relative permeability data. The
other difference might be from the fact that CVMFEM s a steady state program whereas
IMEX is a time dependent program as discussed above. However, the above example
shows that the fluid flow simulation program in this thesis produces very similar results to
IMEX and that provides good confidence in simulation of fluid flow in NFRs. The main
advantage of CVMFEM to IMEX is that it can simulate NFRs considering the effect of
individual fractures (using the block effective permeability tensor).
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Figure 3-9: Pressure difference for areservoir with unit thickness calculated in this study
for injection rate of 100,000 bbl/day and block permeability of 50 mD.
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Figure 3-10: Pressure difference for a reservoir with unit thickness calculated by IMEX for
injection rate of 100,000 bbl/day and block permeability of 50 mD.
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3.7 Closure

In this chapter, the algorithm for simulation of fluid flow in NFRs by the use of the
effective permeability tensor has been reviewed. The effective permeability simplifies the

complexities caused by fractures and allows the detail ed simulation of fluid flows in NFRs.

Fuid velocity in conventional simulators is calculated by indirect methods Most
simulators calculate the velocity by differentiation of the pressure in a system of second
order equations. In contrast, a mixed finite element method calculates fluid velocities and
pressure directly and simultaneously by use of a system of first order equatiors (Darcy’s
law and mass conservation’s law). Unlike mixed finite difference method, the mixed finite
element method is applicable to reservoirs with irregular geometry (with irregular grids).
The control volume technique isa block-centred approach which calculates pressure in the
centre of each grid block. It is aso accounts for the continuity of flux between the
neighbouring blocks. Combination of control volume and mixed finite element methods
discretises the fractured reservoir into a number of control volumes (blocks) and calculates

the fluid pressure and velocity distributions throughout the reservoir.

The fluid pressure and velocity distributions obtained from this algorithm represent the
effect of fracture systems on production from NFRs. They will be considered for further
studies in hydraulic fracturing and targeting of the location of the proposed wells in the
reservoir. Examples and sensitivity studies against the reservoir parameters as well as a

case study are discussed in chapter 4.
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CHAPTER 4
RESULTS AND CASE STUDY

41 Overview

In chapters 2 and 3, the algorithms to calculate the effective permeability and the
production estimation models in NFR have been presented. This chapter is aimed to
evaluate the algorithms and their applicability in smulation of NFRs with large number of
fractures First, the effective permeability calculation algorithm is evaluated through a
number of examples and its sensitivity is discussed against changes in properties of rock,
fluid and model parameters Next, the performance of production model is evaluated
through a number of examples and its sengitivity is tested against changes in reservoir and
fluid properties Finally, both algorithms are presented in a case study. The case study is
aimed to show the applicability of the present models in the near rea reservoirs with

fracture network.
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4.2 Evaluation of the permeability calculation algorithm

The effective permeability algorithm calculates local permeability for the effect of short
fractures assuming that large pores belong to matrix. The calculated local permeability is
then used by the program to calculate the full tensor effective permeability for medium size
fractures which serve as source/sink in the matrix porous media. Long fractures are divided
into a length equal to the blocks intersected by them and analysed in the same manner as

medium size fractures.

In the examples presented throughout this chapter, it is assumed that short fractures have a
length lower than 0.05 % of the grid block size and long fractures are those that have a

length of higher than the grid block diagonal.

In the following, a number of examples are presented to show the performance of the
effective permeability model in a region containing multiscale fracture A schematic of a
region containing multiscale fractures is presented in figure4-1. Examples-1to 3 present
the calculation of the effective permeability of short, medium to long and interconnected
fractures. Example-4 calculates the effective permeability tensor for whole region with

multi scale length and different fracture systems.
4.2.1 Example-1: Short Fractures

A schematic of a region containing short fractures is presented in figure 4-2. The figure
shows the discretisation using the boundary element method over the boundaries of the
fractures and grid block. In this example, for calculation of local permeability from short
fractures, numbers of boundary nodes at the boundaries of grid block and along the

boundaries of fracture are set to 400 and 14, respectively.

Figure 4-3 shows a region measuring 60~ 60 feet and containing 316 short fractures with
length of 0.5 (ft) for each fracture. The region is divided into 4 4 rectangular grids,
matrix permeability isset at 0.1 (mD), fluid viscosity is set at 1 (cp) and fracture aperture is
assumed to be equal to 0.001 (ft).
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Figure 4-1:

Schematic of a block containing short fractures presenting the number of
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boundary elements around the grid block and fractures.

Figure 4-2:



First, interface boundary conditions are applied over the boundaries of short fractures
assuming that they are large pores inside the matrix. Then, periodic boundary conditions
are applied over the boundaries of grid block to calculate the permeability tensor for short
U

XX

fractures as. § Finally, diagona elements of the tensor are averaged using the
K

xy
a-
wu

equation: K :q/%(fo +K?)) to calculate the local permeability.

The results of local permeabilities are presented in table 4-1. From the table it can be seen
that the effective permeabilities of block (2, 1) containing 20 fractures and block (2-2) with
25 fractures are 0.201 (mD) and 0.329 (mD), respectively. This means that the loca

permeability is highly influenced by the number of short fractures in the block. This effect
can be seen by comparing the results of local permeability for other blocks in the region.
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Figure4-3:  Short fracturesin an array of 4” 4blocks in aregion of 60( ft)” 60( ft).
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Block 1D (12 [ () [@a ] @Y [ 22 [23) ] (24

Local effective permeability
(mD)

0.150 0.237 | 0.237 | 0.237 | 0.201 | 0.329 | 0.329 | 0.329

Block 31 (B2 |(B3)|G4)| (4D | (42|43 |44

Local effective permeability
(mD)

0.201 |0.329 | 0.329 | 0.329 | 0.201 | 0.329 | 0.329 | 0.329

Table 4-1: Local permeability for shorts fractures shown in figure 4-3.

4.2.2 Example-2: Medium to long fractures

A schematic view of aregion containing medium size fractures is presented in figure 4-4.
The figure presents the boundary elements at the boundaries of grid block, fractures and the
boundaries of Poisson’s region. The latter is the part of matrix porous media around the
fracture that is affected by fluid flow inside the fracture. In this example, region containing
anumber of medium size fractures has been considered and divided into array of 4 4 grids
containing 16 fractures as shown in figure 4-5. Table 4-2 presents the coordinates of the
fractures. Matrix permeability and fracture aperture are assumed to be constant and equal
to 0.01 (mD) and 0.001 (ft), respectively. The boundary elements at boundary of the block,
fracture and at the boundary of Poisson’s region for medium size fractures are set at 400, 24

and 24, respectively.

In chapter 2, it was mentioned that the medium fractures act as sink/ source in the matrix.
They were analysed by the use of Poisson’s equation for the fractures and their surrounding
matrix (Poisson’s region). The effective permeability tensor in each grid block was
calculated by applying the periodic boundary conditions and discretisation using the
boundary element method. Based on this algorithm, the effective permeability tensors are
calculated for this example and the results are presented in figure 4-6. The results are aso
shown in graphica form in figure 4-7 where tensors are replaced by ellipses. In each

ellipse, the horizontal and vertical lines of the ellipse represent the x- and y-diagonal
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elements The direction of €llipse represents the off-diagonal terms of the effective
permeability tensor. In fact, shape of the ellipse captures the directional variation of the
horizontal and vertical permeability, in both magnitude and direction.
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Figure4-4:  Schematic of the block containing medium size fractures to show the
boundary elements around the grid block, fractures and Poisson’s region.

Comparing the results in different blocks it is observed that as the number of fractures
increases from one block to another block, the vertical and horizontal permeability of the
grid block increases, which is to be expected. For example, the existence of fractures in
block (1, 1) has resulted a horizontal permeability of 1.34 and vertical permeability of 1.27,
compared to the block’s initial permeability of 0.01 (mD). It is also shown that long
fractures which are crossing a number of blocks, have significant effect on the effective
permeability of blocks both in their value and their orientation, see blocks (2-1), (2-2), (3,2)

and (3-3) for example.
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Figure4-5:  Arbitrary oriented fracturesin an array of 4 4blocks.

o,y (egLya) | Gy | (x2,02)

a, 4) 11,13} {16,31) (26.,41)
i, 18) 14,22) {31,10) (42,22)
(1,20) 14,285 | (31,46) (36,53)
(2,31) (12,38) {31,43) (48.,58)
(2,40) {22,55) {33,31) (44,44)
16,7 {46,38) {49,40) (57,56)
1622) (33,33) {49,31) (54,37)
{46.13) (55,25) {49,10) (58,20)

Table 4-2: Coordinates of the fractures (x (feet), y (feet)) related to figure4-5.
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Elliptical form of the effective permeability tensors presented in figure 4-6.

Figure 4-7:
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4.2.3 Example-3: Interconnected fractures

Example-2 is modified with a number of interconnected fractures as shown in figure 4-8.
Coordinates of fractures are presented in Table 4-3 with the matrix permeability and
fracture aperture equal to 0.01 (mD) and 0.001 (ft), respectively. The @lculated effective
permeability tensors in each grid block are presented in figure4-9 and figure4-10 in tensor
form and eliptical form. When the results in blocks with connected fractures are compared
with the results in blocks without connected fractures it is observed that fracture
connectivity has strong influence on block permeability. It is aso seen that the number of
connected fractures and their orientation have a strong effect on the effective permeability.
This is obtained by comparing the results calculated in blocks (2-2), (2-3) and (3-3) in

figure 4-10 with and without interconnected fractures.

Fracture connectivity has also effect on off-diagonal elements of the effective permeability
tensor and defines the fluid path way in grid block, see off-diagona elements of blocks (3,
2) and (3, 3) in figure 4-9. When the results of block (2, 1) for horizontal and vertical
permeability (2.05 mD and 1.3 mD) are compared with that for block (2, 2) (2.53 mD and
2.81 mD), it can be seen that the fracture density also plays an important role in estimating
the effective permeability of grid block.

-90-



60
4

45 ‘///’

3

P
~
N
%’Z////
AR

2 3 1
15 30 45 60

15

1

0

Figure4-8:  Arbitrary connected fracturesin an array of 4” 4blocks

(%1, 1) (X2,¥2) (X1, Y1) (X2, Y2)
@ 2 L13) | (163D | (2641
@ 25 | @422 | (2043 | (54435
(1200 | (14285 | (3L10) | (4222
2.30) (1238 | (3146) | (3653
2400 | (255 | (3143 | (4859
(16.7) @638) | (3330 | (444d)
@2 | (3333 | (@040 | (65756
@13 | (5525 | (B30 | 43D

Table 4-3: Coordinates of the fractures (x (feet), y (feet)) related to figure4-8.

-91-



017 EEH ME] 174 0418
10g| |Lod4a 1.49] ||o1a 242
n.zﬂ E-*‘E '3'-4?] Em 007
315 047 514 ) | oor 247
05 E_u .;._.;.g] 153 019
& ||loog 2es] |[019 1.5

119 049]|/106 o007 |||1.23 005
o4 q2z|||oofr 107 (|| 0os 1
4

1 2 3

| ]

=
— —

o
by

- =

oo
o i
oo L
=]
[]

o =1

Figure4-9:  Caculated the effective permeability tensors for interconnected fractures
related to the figure 4-8.
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Figure 4-10: Results of the effective permeability tensors presented in figure4-9.
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4.2.4 Example-4: Multiple length fractures

In this example a fractured region is considered as combination of examples-1to 3
containing all types of fractures see figure 4-11. The region contains 320 fractures of
different sizes and has similar properties for reservoir and model parameters with the
previous examples Calculation of the effective permeability involves the following steps:
First, the local permeability is calculated for effect of short fractures as explained in
example-1. Next, long fractures are divided into parts and treated in a same manner as
medium size fractures. Finaly, the model calculates the effective permeability tensor
taking into account the effect of al types of fractures.

The results of effective permeabilities are presented in tensor form and elliptical from in
figure 4-12 and figure 4-13, respectively. When the results of figure 4-12 are compared
with the results for medium to long fracturesin figure 4-9, it can be seen that the effective
permeability in each block with presence of large number of short fractures is increased
significantly. For instance, horizontal and vertical permeabilities of block (3,3) are 21.3
and 26.7 (mD) in figure 4-13 and 4.48 and 5.14 (mD) in figure 4-10, respectively. The
results dearly show that the directional permeability which was originaly contained in the

fracture system is now contained in the effective permeability values
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Figure4-11: Multiple scale length fractures in calculation of effective permeability.
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4.2.5 Sensitivity studies for the effective permeability algorithm

In this section, major properties of fractured porous media such as fracture aperture, matrix
permeability, fracture orientation and density are investigated. This is followed by
investigation of the effect of model parameters such as the number of elements at the

boundaries of grid block, size of the Poisson’ s region and aspect ratio.
Effect of aperture

Based on the cubic law (equation 2-1), fracture aperture has adirect influence on fracture
permeability. In this section, example-4 containing multiple-scale length fracture is used to
investigate the effect of aperture. The effective permeability tensor is calculated when the
matrix permeability is set at Km=0.1 (mD) and fracture permeability is calculated at
fracture aperture of: H=0.001, H=0.002, H=0.005, H=0.01 and H=0.1 (ft) in different cases.
The calculated loca permeabilities from short fractures are plotted in figure 4-14 against
the block number. Local permeabilities are then used in the model to calculate the full
tensor effective permeability in each grid block for medium and long fractures. To
compare the results for different apertures, the diagonal terms of the effective permeability

in x and y-directions, are presented in figure 4-15 and figure 4-16.

When compared, it can be seen that the changes in local permeabilities in al cases are
consstent. This is true for results from short fractures and medium to long fractures
presented in figure 4-14, figure 4-15 and figure 4-16. In each figure, the top curve is
related to the highest aperture size of 0.1 (ft) and the bottom curve is related to the lowest
aperture size of 0.001 (ft). When the results of local permeability for top curve are
compared with those related to the bottom curve, it can be seen that by increasing the
aperture from 0.001 (ft) to 0.1 (ft), the local permeability is dightly increased. It is aso
shown through the above figures that blocks 1, 5, 9 and 13 have the minimum permeability
due to the paucity of fractures. Finaly, it can be seen that the aperture (fracture
permeability) has only dight effect on the total effective permeability of the block. Thisis
because of the assumption that short fractures are considered as large pores in the matrix

and do not act as sink/source inside the matrix.
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Figure4-14: Sensitivity analysis for short fractures. Effect of aperture on local
permeability assuming matrix permeability of Km=0.1 (mD).
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Figure4-15: Normelised horizontal permeability values of the effective permeability
tensor versus fracture aperture with matrix permeability of Km=0.1 (mD).
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Figure4-16: Normalized permeability in y-direction from the effective permeability
tensor versus fracture aperture with matrix permeability Km=1 (mD).

Effect of matrix permeability

As explained in example-4, matrix permeability is alowed to vary from Km=0.1, Km=0.2,
Km=0.3, Km=0.4 and Km=0.5(mD) where the aperture is set at H=0.001 (ft). The
calculated local matrix permeabilities from short fractures are presented in figure 4-17.
Results of the block effective permeability tensors are also presented in figure 4-18 and

figure 4-19 with their x and y-components in each grid block.

When the results (figure 4-17, figure 4-18 and figure 4-19) for matrix permeability, are
compared with the results (figure 4-14, figure 4-15 and figure 4-16) for different apertures,
it can be seen that changes in matrix permeability has greater effect on effective
permeability compared to fracture aperture. This is due to the fact that fluid flow in this
study is mainly considered through the matrix porous media as discussed in chapter 2.
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Figure4-17: Sensitivity analysis for short fracture model. Effect of Matrix permeability
onthe block effective permeability with fracture aperture H=0.001 (ft).
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Figure4-18: Normalized horizontal permeability values of the effective permeability
tersor for different matrix permeability and constant fracture aperture
H=0.001 (ft).
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Figure4-19: Normalized vertical permeability values of the effective permeability tensor
for different matrix permeability and constant fracture aperture H=0.001 (ft).

Effect of Fracture density and orientation

In this section, the effect of fracture density and orientation on the block effective
permeability tensor is investigated. For this purpose, a region containing 4 blocks with 13
arbitrary oriented fracturesin an array of 2° 2 with measuring 100(m) x100(m) is selected
(see figure 4-20). Starting with an initial configuration of two fracturesin a grid block, the
fractures are rotated inside the block and successively added to show how the effective
permeability tensor changes. Coordinates of fractures are presented in Table 4-4 and

matrix permeability and fracture aperture are set at 1 (mD) and 0.001 (ft), respectively.
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(X1, y1) (X2, ¥2) (X1, y1) (X2,Y2)
(10, 40) | (6045 | (55.180) | (75.130)
(10, 30) | (60.35) | (110,140) | (160,145)
(18530) | (16580) | (110,130) | (160,135)
(15580) | (175,30) | (185.110) | (165,180)
(10,140) | (60.145) | (155,190) | (175,110)
(10,130) | (60,135) | (110,120) | (160.125)
(©5.130) | (65.180)

Table 4-4: Coordinates of fractures in figure 4-20 to investigate the effect of fracture
orientation and density.
The effective permeabilities for this array of grid blocks are depicted in figure 4-21in
tensor form and in figure 4-22 in dliptica form. In figure 4-22, the effective permeability
for each block is represented by ellipses where the horizontal line of the ellipse represent
the permeability in x-direction and the vertica line of dllipse represents the permeability in
y-direction. These lines are shown by solid and dashed lines in horizontal and vertica
directions, respectively. Permeability values ranges from 1.064 (mD) to 2.057 (mD) for
this example. The off-diagonal elements are shown by direction of elipses, which varies
from -0.08 (mD) to 0.0181 (mD). When compared, it can be seen that as more fractures are
added and the fracture density within the block is increased, the vertical permeability in
block (1, 2) and horizontal permeability in block (2, 2) increases, as expected. When the
results in blocks (1, 1) are compared with that of block (2, 1) in figure 4-22, it is clear that
the model accounts for effect of fracture orientation n calculation of full tensor effective
permeability. Thisis shown by increase in vertical permeability and decrease in horizontal
permeability when blocks (1, 2) and (2, 2) are compared. The shape of ellipse in block (2,

2) shows the complexity of interaction even for just five fractures.

In summary, from the above examples, it can be concluded that the effective permeability
algorithm is confidently sensitive to the reservoir properties and can handle the fractured
reservoirs containing fractures of different sizes, density and aperture in a wide range of
matrix permeability.
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Figure 4-20: Arbitrary oriented fractures in a region containing 4 grid-blocks to show the
effect of fracture density and orientation on the effective permeability
tensor.
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Figure4-21: Effective permeability tensors calculated for fractures in figure4-20 to show
the effect of fracture density and orientation.
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Figure4-22: Theelliptical presentation of the block effective permeability tensors related
to figure4-20 and figure 4-21.

Effect of the number of boundary elements

It was mentioned that the number of elements at the grid block boundary is set to 400 (100
elements per edge of the block), see figure 4-2. In this section, effect of changes of the
boundary elements at the block boundaries is investigated through a square block
containing a single fracture. The block has a length of 100 feet with matrix permeability
equal to 1(mD) and the fracture has alength of 80(ft) and aperture of 0.01(ft) as depicted in
figure 4-23. Effective permeability tensor was calculated for permeability of 1.525 (mD) in
x-direction and 1.019(mD) in y-direction. Repeating the example with different number of
elements (800, 1200, 1600 and 2000) at the grid block boundaries has resulted negligible
changes in the effective permeability (less than one percentage). It should be also
considered that the increase in number of elements results a higher computing time.
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Figure 4-23: Square block with single fracture to investigate the sensitivity against the

number of boundary elements along the boundaries of block, fracture and
Poisson’s region.

Effect of aspect ratio

Rasmussen et al. (1987) showed that aspect ratio, which is the ratio of distance between
nodes at the boundary of fracture to the fracture's aperture, has a strong effect on the
caculated effective permeability, see figure 4-24. They used linear types of boundary
elements in discretisation part and showed that the error for aspect ratio of 10, 20 and 25
are 0.2%, 5.9% and 25.4%, respectively. They concluded that the aspect ratio should be
less than 10 to have a reasonably accurate result. Given this, it is amost impossible to
apply their method as it would require about 1000° 1000 elements at each side d the
surface of afracture with 1(m) length and aperture of 10-100 nmr in petroleum engineering

problems.

In the present work, thisissue is solved by the use of constant type of boundary elements at
the boundaries of fractures and grid block. In fact, onstant type of boundary elements

requires normal vector at the midpoint of each element whereas the linear type elements
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requires normal vectors at both ends of element. The later may create error at the corners

where the direction of normal is not perpendicular to the element, see figure 4-25.

The previous example (figure 4-23) is considered and repeated with different aspect ratios
to check the sensitivity of the program and the results are presented in figure 4-26. It can
be seen that in all cases with different aspect ration, the program has produced very similar
results with errors in order of less than 1 percent and the results from this model are
insensitive to the aspect ratio. Additionaly, based on the above discussion the new model
can boast of increases in efficiency resulting from fewer elements and therefore fewer

integral evaluations.

ASPECTRATIO=L: H

Figure4-24: (@) Description of aspect ratio which is defined as the ratio of distance
between nodes to the width of fracture without considering boundary
elements along the fracture edges. (b) Discretisation method using constant
elements in this thesis with a number of boundary elements at the edges of
the fractures.
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Figure 4-25: Normal to the boundary (a) constant type boundary elements (b) linear type
boundary elements.
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Figure4-26  Effect of aspect ratio on diagona and off-diagonal terms of the effective
permeability tensor.

Effect of Poisson’s region

The last parameter is Poisson’s ratio which is the ratio of distances between the size of
Poisson’s region (H1) to the distance between the nodes at the fracture boundary (L), as

shownin figure 4-27.
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Figure 4-27: Definition of Poisson’sratio which is the proportion of distance between the
nodes on Poisson’'s region from the corresponding nodes on the fracture
boundary to the distance between nodes on the fracture boundary.

To test the sensitivity of the model against changes in Poisson’ s ratio, the example of figure

4-23 is repeated for Poisson’s ratio of: 0.002 (1/500), 0.0025 (1/400), 0.0033 (1/300), 0.005

(/200), 0.0067 (1/150) and 0.01 (1/100). The diagonal and off-diagona elements of the

effective permeability tensor for above cases are presented in figure4-28. When compared,

it can be seen that changes in Poisson’s ratio do not cause significant differences in the

results. Throughout the examples presented in this chapter, Poisson’s ratio is set at 0.005

(1/200).

|—0—Kxx —— Kyy =/ KXxy=KyX |

O 2.00 ]
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5
g 0.50
o)
O 0.00 &= 7 £ 2 A

0.002 0.004 0.006 0.008 0.01

Poisson's Ratio

Figure 4-28: Effect of Poisson’sratio on diagonal and off-diagonal terms of effective
permeability.
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From the study of model parameters, it can be concluded that the model is insensitive to the
changes in the number of boundary elements, aspect ratio, or size of the Poisson’s region

do not lead to a significant error in the calculated effective permeability tensors.

4.3 Evaluation of the production algorithm

In this section production method is used to simulate flow and pressure drop across the
block through a number of examples. Effect of heterogeneity on fluid velocity and pressure
is presented in example-1. This is followed by example-2, where the pressure and velocity
in a fractured region with zero Neumann boundary conditions are investigated. Sensitivity
of production estimation model was also studied by changing reservoir parameters and fluid

properties.
Example-1: Region with no flow boundary

A region measuring180(m) " 225(m) and containing 180 blocks in an array of 12 15 is
considered. Each block is assumed to have diagona permeability tensor with elements of
Ky =50 and K, =10 in x and y directions, respectively figure 4-29(a)). One injector
and one producer are located at the centre of blocks (1, 1) and (12, 15) with flow rate set at
100 (bbl/day) and the fluid viscosity of 1 (cp). A schematic view of the model is presented
in figure 4-29(b) which shows the zero Neumann boundary conditions at the reservoir

boundaries.
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Figure 4-29: (&) Heterogeneousregioninarray of 12” 15 blocks and Neumann boundary
conditions. (b) no-flow Neumann boundary conditions.

The results of pressure distribution (psi) and the average velocity distribution (ft/s) are
presented in figure 4-30 and figure 4-31. The average velocities are calculated from the
velocity vectors in x and y directions in each grid block and presented in figure 4-31.
When the results in figure 4-30and figure 4-31 are compared, it can be seen that flow in the
reservoir is generally dominated by permeability in xdirection as expected. This effect is
shown in figure 4-30 where the pressure lines are behaving as straight lines far from the
injector and producer in horizontal direction. Such an effect can be seen in velocity
distribution map in figure 4-31. The pressure difference between the injector and producer

is equal to 404.5 (psi) in this example.
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Figure 4-30: Pressure distribution in steady state conditions in homogeneous reservoir
explained in example-1, (ps).
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Figure4-31: Velocity field distribution in steady state conditions in heterogeneous
reservoir in example-1, (ft/sec).
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Example-2: Fractured region with no-flow boundaries

In this example, the effect of heterogeneity caused by fractures on velocity distribution is
investigated. A region measuring 144(m)” 144(m) and containing a single fracture is
divided into 144 blocks in an array of 12” 12. Matrix permeability is set at 1 (mD), fluid
viscosity is assumed to be 1cp and fracture aperture is 0.01 (ft). The coordinates of start and
end points of fracture are (X1=24, Y1=24) and (X2=120, Y2=120) meters as depicted in
figure 4-32. One injector and one producer with the rate of 100(bbl/day) are located in
blocks (1, 1) and (12, 12), respectively. The effective permeability tensors for blocks are
first calculated using the effective permeability model and then used in the production
model. Figure 4-32 shows the velocity distribution when the fracture is oriented at angle 45.
It can be seen from the figure that the fracture controls the fluid flow in the region.
Pressure difference between the injector and producer is calculated as 4790 (psi) by the
model, see figure 4-33.

Effect of fracture orientation was also investigated by rotating the fracture at an angle of
135, 0 and 90 degrees inside the region. Results of the velocity and the pressure
distribution maps are presented in figure 4-34 to figure 4-38. The results show that the
model can account for the heterogeneity and that the flow in the reservoir is generaly
dominated by fracture as the main conduit in the reservoir. The figures show that the
pressure difference between the injector and producer are equal to 5298(psi), 5257(psi) and
5258(psi) when the fracture has the angle of 135, 0 and 90 degrees, respectively (see, figure
4-35, figure 4-37 and figure 4-39). Comparing the result in figure 4-33 and figure 4-33
with the pressure difference 4790 (psi) and 5257 (psi), one can see the effect of fracture
orientation on pressure distribution of the reservoir and that the production modd is

relatively sensitive to the fracture orientation.
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Figure 4-32: Velocity distribution in region with single fracture oriented at 45 degrees.
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Figure 4-33: Pressure distribution in region with single fracture oriented at 45 degrees.
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Figure4-34: Velocity distribution in the region containing a single fracture with 135
degreesin.
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Figure 4-35: Pressure distribution in the region containing a single fracture with 135
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Figure4-36: Velocity distribution in the region containing a horizontally distributed
single fracture in.
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Figure4-37: Pressure distribution in the region containing a horizontally distributed
single fracture in.
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Figure 4-38:

Figure 4-39:
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Velocity distribution in the region containing a single fracture oriented in y-
direction.
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Pressure distribution in the region containing a single fracture oriented in y
direction.
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4.3.1 Sensitivity studies for production estimation algorithm

The production model is studies for its sensitivity against changes in fluid and reservoir
parameters such as fluid viscosity, number and location of injection/ production wells and

permeability of the reservair.
Effect of fluid viscosity

The effect of viscosity is studied in a homogeneous region with Neumann boundary
conditions and dimensions 240(m)~ 240(m) with 400 blocks in an array of 20° 20 blocks.
Region is assumed to have permeability of K, =10 and K, =10in x and ydirections.

Production model is applied to this example for fluid viscosity of 1(cp), 2(cp), 5(cp) and
10(cp). Results of pressure and velocity distribution are presented for viscosity values of
1(cp) and 10(cp) in

figure 4-40 to figure 4-42. The results of pressure difference for different fluid viscosities
are presented in figure4-43. When compared, it can be seen that there is a linear relation
between changes in fluid viscosity and pressure difference in the reservoir, see figure 4-43.
For instance, the figure shows that the pressure difference between the injector and

producer has increased from 800 to 6500 psi when fluid viscosity changed from 1 to 10 cp.
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Figure 4-41: Pressure distribution for homogeneous reservoir with viscosity of 10(cp).
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Figure 4-42: Velocity distribution for homogeneous reservoir in steady state condition
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Figure4-43:  Sensitivity study for effect of fluid viscosity on pressure difference between
the injector and producer.

Effect of number and location of injectorsand producers

In this section two examples are provided to show how the model can be used to optimize
thewell locations and production from NFRs. For this purpose, aregion is considered in an
array of 30" 30 blocks and dimension of 500m~ 500m with the formation thickness of 1m.
Matrix permeability and fluid viscosity are assumed 50 mD and 1 cp, respectively.

In the first example, 1 producer with production rate of 100,000 bbl/day is located in the
centre of the region (block (6,6)) and four injectors each with injectio rates of 25,000
bbl/day are located in the corners with the well spacing of 352 m between the injectors and
producer. The results of pressure distribution and velocity distribution are presented in
figure 4-44. 1t can be seen that the pressure difference between the injectors and producer is

4288.6 ps per unit of reservoir thickness.

In the second example, the above region is revised such that the locations of injectors have
been moved to grids (1, 3), (1, 14), (1, 16) and (1, 27). The producer is located in the
centre of region similar to the above example The results of pressure distribution are
presented in figure 4-45. From the figure, it can be seen that pressure difference between
the injectors and producer is 7108 psi per unit of reservoir thickness. When the results of
this example are compared to the previous example with the same number of wells but

different well locations (and pressure difference of 4288 psi.ft), it can be seen that well

-117-



location has a great effect on pressure loss and fluid flow in the reservoir. Comparing the
results in figure 444 with the results presented in figure 4-45, it can be seen that the

production from the reservoir can be optimize if a proper well location is considered.

From the numerical example and the sensitivity studies, it can be seenthat the CVMFE
method is an efficient method for simulation of production in a NFR and can handle a wide
range of heterogeneity, different fluid properties and any number of injectors and producers

in the smulation of NFRs.
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Figure 4-44: Pressuredistribution in the homogeneous region with one producer located
in the centre and four injectors located in the corners.
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Figure 4-45: Pressure distribution in the homogeneous region with one producer in the
centre and four injectors located in grids (1, 3), (1, 14), (1, 16) and (1, 27).

4.4 Case studies

In this section, two case studies have been simulated using the effective permeability and

production algorithms to evauate their performance in production optimization and fluid

flow simulation in NFRs with high fracture density.

In the first case study, a geothermal reservoir located in South Australia has been selected
to optimize the injection/ production rates and location of injectors ard producers in the
reservoir. In this project, wo producers and one injector with 352 m well spacing have
been proposed and the flow rates and wells locations were investigated in this study. The
reservoir has the dimension of around 9000 m~ 9000m with the formation thickness around
500m.

A 2D cross section has been selected at depth of 2800 m the fractures are characterized for
their geometry and directions using the work of Tran (2004). In calculation of effective
permesability, the whole reservoir is discretised into 900 rectangular blocks in array of

30*30 in x and y directions with block size of 442 m. Fractures of different sizes are
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considered and the effective permeability tensors are calculated assuming the matrix
permeability equal to 200 (mD). The results of the effective permeability calculation are
presented elliptical format in 2D for each grid block as shown in Figure 4-46. From the
figure, it can be seen that the results of effective permeability differentiate the reservoir into
a number of regions given the option to drill one of the areas with low, medium or high
fracture density.

To investigate the effect of location on productivity, three different locations have been

selected to run the production as shown in Figure 4-46. The production program has been
run for those regions and the pressure difference between the injector and producers are
calculated for an injection rate of 300 lit/sec and production rate of 150 lit/sec from each
producer. The well trajectories for this case study are shown in Figure 4-48. The results of
pressure distribution and velocity distributions for the area with high fracture density, low
and without fractures are presented in Figure 4-48,Figure 4-49 and Figure 4-50. It can be

seen that there is a considerable change in pressure difference 6955, 7166 and 8933

(psi.ft)) between injector and producers for cases with high, low and no fracture densities
(the pressure difference is calculated per feet of the reservoir thickness). A sensitivity study
has been carried out for this case study to calculate the pressure difference with the
injection/ production rates for each of the above cases. Results of the smulation for matrix
permeability equal to 200 mD are summarized in Table 4-5. Comparison of the results in
this table for different injection rates and fracture density shows that fracture density is one
of the key parameters in the ssimulation of fluid flow in the reservoir. It is shown that the
directional permeability which was originally contained in the fracture system is now
contained in the results of effective permeability model EFigure 4-46) and production

simulation model (Table 4-5) for the homogenized grid block.
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From the above case studies, it can be seen that the program can be used in production
optimization and optimizing the well location, injection/production rates to achieve the

maximum production with less pressure loss between the wells.
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Figure 4-46: Elliptical presentation of the effective permeability tensors calculated for the
first case study. Each ellipse shows the permeability values in x and y-directions and the
orientation of fracturesin each grid-block.
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Fractyres

Figure 4-47: Well trgjectories in case study 1.

PRESSURE DISTRIBUTION MAP

DP(PS.. t)

Figure 4-48: Pressure distribution for the high fracture density in case study 1.
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PRESSURE DISTRIBUTION MAP

DP(PS.. ft)

Figure 4-49: Pressure distribution for the low fracture density in case study 1.

PRESSURE DISTRIBUTION MAP

DP(PSI . ft)

Figure 4-50: Pressure distribution for the region without fracture in case study 1.
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Table 4-5. Results of the smulation for matrix permeability equa to 200 mD with

different injection rate and fracture density.

Injection Rate (lit/s) Fracture Density Pressure difference (Psi.ft)
400 Without fracture 11900
400 Low 9554
400 High 7941
300 Without fracture 8933
300 Low 7166
300 High 5955
200 Without fracture 5956
200 Low 4777
200 High 3970
150 Without fracture 4666
150 Low 3583
150 High 2978
100 Without fracture 2978
100 Low 2389
100 High 1985

In the second case study, the effective permeability and production ssimulation algorithms
are gpplied in anear real naturaly fractured reservoir. In this case, the fault map of Otsego
County and surrounding areas (New York, USA) is examined (figure 4-51)
[http://www.nywaterfind.com]. The fault map has been recently characterised for
properties of individual fractures by Tran (2004).

4.4.1 Otsego fault map

Otsego region has dimension of 100km (east west) by 70km (north south). This fault
system covers parts of four counties of Otsego, Chenango, Delaware and Schoharie in New
York, USA. A part of this fractured reservoir was characterized by Tran (2004). In this
case study, fluid viscosity, matrix permeability and fracture aperture were set at 1(cp),

0.5(mD) and 0.01(ft), respectively. Otsego contains fractures of different sizes, orientations
and is a good example to use to understand the performance of NFRs.
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Fault map of Otsego County and the surrounding areas (New York,

USA)[http://www.nywaterfind.com/fractureotsego.JPG]

Figure 4-51.:
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Figure 4-52: Fault map of Otsego County and the surrounding areas (New Y ork, USA)

In this case study, a block of Otsego is examined measuring 830(m)~ 830(m) with 442

fractures with high fracture density and a large number of interconnected fractures. The

purpose is, thus, to simulate single phase incompressible fluid flow in a naturaly fractured
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reservoir with large number of fractures of different scales. Fracture lines are portrayed by
x-y coordinates of their start and end points by section B1 in Appendix-B with a high
density of fracture in each grid block. For the purpose of this study, the region is divided
into an array of 12° 12 blocks.

Similar to the previous examples, the local permeability values from short fractures are
calculated using the effective permeability algorithm. The calculated local permeabilities
are then used to calculate the effective permeability tensor for medium to long fractures in
each grid block. The results of effective permeability tensors are presented by section B2
in Appendix-B. The results are a'so shown by ellipsesin figure 4-54. From the results, it
can be seen that long fractures have considerable influence on block’'s effective
permeability. It is aso shown that fracture density has a great influence on permeability
tensor: high effective permeability corresponds to high fracture density, see blocks (2, 3) to
(2, 5) for instance. Finally ellipses show that the fracture orientation relatively matches to
the off-diagonal term of permeability tensor in the grid blocks.

In a second step, the pressure distribution and fluid velocity distribution maps are
calculated using the production model for Otsego fault map. For this purpose, one injector
and one producer with injection rate of 50 (bbl/day) are located in the lower left hand side
and the upper right hand side of the region in blocks (1, 1) and (12, 12), respectively. The
results of the average velocity and pressure distribution are presented in figure 4-55 and
figure 4-56. The coordinates of centre, pressure and average velocity in each grid block are
presented by section B3 in Appendix-B. From the resultsin figure 4-55, it can be seen that
the velocity distribution is influenced by fracture distribution especialy by long fractures in
the region. Comparing the results in blocks with long fractures with other blocks, it can be
seen that long fractures have strong effect on effective permeability and dominate the fluid

flow in the reservoir, see blocks (3, 2) to (6,2) for example.
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Figure 4-53:

Figure 4-54:
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Arbitrary oriented fractures in a naturally fractured region containing
different types of fracturesin 144 grid-blocks (case study).
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Elliptical presentation of the effective permeability tensorscalculated for the
case study 2. Each ellipse shows the permeability values in x- and y-
directions and the orientation of fractures in each grid-block.
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VELOCITY DISTRIBUTION MAP

1 2 3 4 85 6 7 8 9 10 11 12 (FT/SEC)

Figure 4-55: Velocity distribution in the region (related to the case study).
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Figure4-56  Pressuredistribution in the region (related to the case study).
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4.4.2 Discussion

In this chapter, a number of examples for the effective permeability calculation and
production simulation algorithms have been presented. In the first part, examples-1 to 4
showed how the effective permeability is calculated for a block containing short, medium,
long and interconnected fractures. The sensitivity study showed that the algorithm is
positively sensitive against matrix permeability, fracture density and aperture It was also
shown that the algorithm does not create errors by changing the number of boundary

elements, aspect ratio and the size of Poisson’ sratio in the program.

In the second part, production simulation algorithm was successfully evaluated in the same
way by presenting a number of examples and through the sensitivity studies. It was shown
that fractures dominate the fluid flow in the reservoir and can have a strong effect of

pressure distribution inside the reservoir.

Finally, a case study was presented from Otsego fault map containing large numbers of
short, medium, long and interconnected fractures to evaluate the applicability of the
effective permeability calculation and production simulation algorithms in NFRs with high
fracturedensity. Similar to the examples presented in the previous sections, in this case the
effective permeability tensors, fluid velocity and pressure distribution maps were cal culated
using both algorithms. From the results both algorithms have generated satisfactory results
and simulations have been relatively fast as the fractures are replaced by the effective

permeability tensor in the fluid flow calculation
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CHAPTER 5
CONCLUSIONS AND SCOPE OF FUTURE WORK

5.1 Conclusions and perspectives

Based on the results of this study, the following conclusions can be drawn:

Effective permeability tensor is a unique tool in simulation of fluid flow in naturaly
fractured reservoirs. It accounts for the effect of reservoir heterogeneity by using the
characteristics of individual fractures.

The caculated effective permeabilities in this study and the sensitivity analyses,
clearly show the effect of directional permeability which was originaly contained in
the fracture system.

The study proved that the periodic boundary condition and the boundary element
method are the most effective tools in the calculation of the effective permeability
tensor in NFRs. The principal strength of the boundary element method is its ability to
simplify discretisation process and periodic boundary condition provides symmetric
and positive definite tensors which always have physical meaning.

The results of thisstudy show that fluid flow in matrix porous media is important and
the simulation is based on the treatment of fractures as planner sources in the matrix.
The sengitivity analysis showed that the facture density has a greater effect on the
block effective permeability than the fracture connectivity due to the strong coupling
between matrix and fractures at the matrix/ fracture interface.

This study has improved the calculation of the block effective permeability tensor by
applying the Poisson equation in the region around the medium and long fractures.
The results of sensitivity analysis presented in section 4.2.5 in chapter 4, show that the
model is insengitive to changes in aspect ration and Poisson’ s ratio.
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7.

10.

Simulation of fluid flow in NFRs by use of the effective permeability tensor offers
great flexibility in solving flow equations in NFR in large scae and high fracture
density without dealing with complexities caused by fractures.

Control volume mixed finite element method is an efficient method in simulation of
fluid flow in NFR and simplifies the calculation of fluid flow by using the block
effective permeability tensor and calculates pressure and velocity simultaneously in a
system of linear equation.

The fluid pressure and velocity distributions obtained from this study represent the
effect of fracture systems on production from NFRs. They will be considered for
further studies in hydraulic fracturing and production optimization of the wells in
NFRs.

The results from the production smulation model also provide a basis to decide about
the appropriate wellbore trgjectory, location and orientation of injectors and producers
in the reservoir to achieve the maximum production and the minimum draw down in

thereservoir.

5.2 Recommendation for further studies

The following areas are recommended for further studies:

1

Further efforts are possible by three-dimensional calculation of the effective
permeability tensor.  This improvement alows consideration of actual three
dimensional properties of fractures and provides more accurate results.

It is also possible to incorporate an up-scaling module to up-scale the fine scale the
effective permeability tensor to coarse scae. This is important in NFR with very high
density of fractures which requires the calculation of the effective permeability in fine
scale grids. The results of the effective permeability tensors need to be up-scaled for

the simulation purpose.
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Further improvements in the production model are required for calculating pressure
and velocity in any point inside the reservoir as afunction of time, which is essentia in
thesimulation of fluid flow as well as stimulation of hydraulic fracturingin NFRs.

The modd can aso be improved to smulate multi-phase fluid flow in NFRs by
incorporating the methods which provide relative permeability, capillary pressures and

account for the fluid compressibility.
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APPENDIX A

REVIEW OF STEADY STATE FLOW EQUATIONS FOR LFUID
FLOW IN POROUS MEDIA

In genera, the main processes taking place in a rea reservoir are fluid flow and mass
transfer. Fluid flow can be defined as simultaneously following up to three phases (oil,
water and gas) in a reservoir. Mass transfer may aso take place between the phases. A
comprehensive model must account the equation for all forces and should also take into
account an arbitrary reservoir description with respect to heterogeneity and geometry.
Therefore, the main equations are obtained by combining the equation of motion (Darcy’s

law) with the equation for mass conservation or continuity equation.

Flow of afluid through a saturated porous media was first studied by Darcy in 19" century.
His model, which was supported by experimental and other theoretical considerations, is
basically described in theoretical and empirica form by Navier-Stokes equation and
Darcy’s law, respectively. These two equations are fundamentally similar and one can
drive Darcy’s law by simplification of Navier-Stokes equation with ignoring the inertia
terms and taking the average velocity in very small Reynolds numbers. The applicability of
Darcy law is only for the condition that inertial forces can be neglected for the

determination of the motion of the fluid.

In fractured porous media, fracture flow is usually considered by applying rigorous Navier-
Stokes equation known as cubic law, while Darcy’s law is employed for flow through
matrix porous media because of its smplicity. In the formulation, fluid flow is assumed as
steady state single-phase in the reservoir in which the pore space is saturated with a single
fluid. Fluid flow in the media is described in terms of superficial velocity of aflow which is
defined as the volumetric flow per unit area normal to the direction of flow. The superficial
velocity in Cartesian coordinates (X, Y, z) is represented by a vector the superficia velocity

vector which has velocity components x, y and z in the coordinate directions,
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V= (Vy,Vy,V,) (A2

Darcy’s law can describe the velocity components in differential form as,

K, P D
= X (—- - A.2
Vy m(ﬂx i (A2)
K
v =.y P ., 1B (A.3)

k, TP D
=z = A4
v, m(ﬂz rg, ﬂz) (A.4)

where (k,,k,,k,) are permeability values in the coordinate directions , D is an arbitrary
function of position (x,y,z), i is the fluid viscosity, r is density of fluid and g is the

gravitational acceleration with componentsof g,,9,,9;.

Defining depth to be the positive in downward direction z, can result g, =g, =0 and

g, = g. Making a further assumption that the gravitational effect is negligible in al three

orthogonal directions, the Darcy’s law can be expressed in a more compact vector form as:
(NP) (A5)

where permeability in the reservoir can be described as permeability tensor, k , which is
symmetric with diagonal elements corresponding to the permeability in the coordinate

directions,

B &K Ky kng

K=&y ky Ky (A6)
&K Ky Ky
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In the following, the effective permeability K is defined as normalized permeability which
is defined as a full tensor that relates the average pressure gradient NP to the average fluid
velocity V. The conservation of mass for a differential volume element which is the
relation between the Darcy’s law and continuity equation in steady state condition in the
reservoir, may be stated as,

{ mass convected in} + { mass injected} ={ mass convected out} +{ accumulation}  (A.7)
or,
{ rate of mass convected (in-out)} + {mass injected} = { mass accumulation}. (A.8)

This aso may be written as,

qu |x rv |x+D()DyDZ+u
é(rv ly -rv |y+Dy)DxDz+ +quDyDz:—(DnyDzFr) (A.10)
grv |z rV |z+Dz)DXDy+

which is the basic material balance over the differential volume e ement of a reservoir as
described in Figure A. 5-1.

er |z+Dz

R
-l - FVy lyeoy

4{ g I V4 WS
‘ — DX

2 ', 1,

Figure A. 5-1 Differential volume element for flow equilibrium
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In naturaly fractured porous media the injection rate Q is the source/ sink which is zero for
short fractures and non zero for matrix and medium to long fractures. Porosity f iszeroin

the fractured block. This will smplify the above equation for medium to long fractures and
the surrounded matrix to the following equation which is divided by CxDyDz:

é 1 1 10
grvx |x -TVy |x+D<)&+ (I'Vy |y - rVy |y+D)/)E+ (r V; |z -rv, |z+Dz)Eg+Q =0(A.11)
wherein nthelimit of Cx® 0,0y ® 0,Dz® 0 Equation 3-8 may be written as:

CTrv,)  TCrvy)  Ai(rvy)

+Q=0 (A.12)
fix Ty iz °
or in compact vector form, as
-N(rv)+Q=0 (A.13)

Note that the gradient of a scalar field, say P, is the vector field, NP and can be written as:

NB:I_E+IE+|ZE

x Ty 1z (A 19

where, T, jand k are the co-ordinate unit vectors. Equation 2-13 is the general form of
continuity equation which is employed in our both models for calculation of the effective

permeability and simulation of flow in naturally fractured reservoirs.
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APPENDIX B

COORDINATES OF FRACTURES AND THE RESUTLSFOR THE
FIELD CASE STUDY PRESENTED IN CHAPTER 4.

Bl X-Y COORDINATES OF FRACTURES IN CASE STUDY PRESENTED IN
CHAPTER 4 AND PRESENTED IN Figure 4-53:

Fracture No. X1 (m) Y1 (m) X2 (m) Y2 (m)
1 823 571 751 571
2 811 578 825 531
3 824 550 797 550
4 804 577 686 490
5 753 570 787 532
6 781 528 820 494
7 789 538 775 444
8 818 493 726 424
9 822 519 574 396
10 668 571 759 507
11 760 500 821 492
12 710 577 672 564
13 677 576 666 502
14 636 544 733 511
15 664 577 806 323
16 824 386 571 123
17 497 405 429 38
18 419 205 499 59
19 814 144 775 4
20 825 106 792 82
21 822 54 782 11
22 784 129 815 113
23 811 129 824 126
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Fracture No. X1 (m) Y1 (m) X2 (m) Y2 (m)
24 797 151 823 143
25 740 137 730 5
26 757 138 741 15
27 764 140 720 134
28 823 216 681
29 715 77 664 4
30 711 91 652
31 732 133 655 19
32 688 131 707 5
33 663 67 727 19
34 622 497 544 151
35 527 60 510 3
36 539 93 530 51
37 631 516 639 429
38 509 535 617 516
39 696 494 744 484
40 798 473 825 444
41 799 489 800 421
42 823 510 668 417
43 808 506 670 423
44 791 457 771 314
45 704 575 706 551
46 709 538 726 482
47 741 559 731 391
48 771 528 737 469
49 720 458 683 396
50 740 396 768 375
51 (42 382 804 322
52 728 419 609 337
53 824 413 568 284
54 684 360 593 237
55 593 509 688 396
56 637 542 651 480
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Fracture No. X1 (m) Y1 (m) X2 (m) Y2 (m)
57 620 577 651 562
58 629 575 599 548
59 626 563 613 523
60 604 506 577 356
61 740 350 759 331
62 725 358 750 329
63 irf 294 804 262
64 551 426 706 277
65 636 397 635 367
66 637 288 637 215
67 651 261 592 260
68 779 445 779 419
69 717 369 707 275
70 697 310 658 300
71 679 298 598 287
72 705 302 721 292
73 714 307 777 251
74 820 314 674 251
75 826 346 810 302
76 825 334 808 325
77 825 310 726 236
78 826 298 534 70
79 795 257 127 163
80 802 256 780 198
81 798 307 751 225
82 763 284 761 267
83 801 224 825 198
84 825 261 815 223
85 826 249 748 217
86 764 214 450 117
87 697 198 480 133
88 500 488 498 429
89 596 558 500 492
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Fracture No. X1 (m) Y1 (m) X2 (m) Y2 (m)
90 593 577 479 405
91 666 517 570 486
92 572 486 526 416
93 824 23 808 7
94 716 75 712 33
95 666 122 692 88
96 632 85 646 18
97 669 122 609 92
98 701 217 645 27
99 655 7 642 38
100 763 163 740 138
101 765 189 761 163
102 784 196 742 180
103 782 180 621 137
104 824 189 691 145
105 710 167 676 156
106 685 155 711 149
107 625 195 710 182
108 665 155 635 117
109 639 130 558 80
110 585 54 559 4
111 595 87 574 54
112 508 92 579 68
113 507 94 449 84
114 593 118 550 106
115 574 144 488 47
116 523 64 461 42
117 532 4 500 64
118 513 203 476 45
119 574 28 611 3
120 528 33 553 5
121 525 16 534 3
122 529 9 512 4
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Fracture No. X1 (m) Y1 (m) X2 (m) Y2 (m)
123 674 232 667 201
124 769 268 345 102
125 759 271 151 37
126 731 177 729 142
127 599 159 641 144
128 559 195 597 163
129 494 195 604 1/6
130 540 300 649 207
131 608 350 514 282
132 528 265 418 205
133 508 261 578 235
134 568 365 550 251
135 559 269 557 252
136 608 376 588 363
137 650 438 540 356
138 573 387 376 264
139 495 329 450 300
140 531 207 589 195
141 473 263 535 211
142 483 275 533 232
143 540 453 514 251
144 559 71 490 3
145 493 25 501 14
146 493 17 482 2
147 429 37 478 14
148 470 89 430 37
149 446 43 383 3
150 432 63 247 1
151 414 76 283 33
152 239 78 306 31
153 288 63 321 38
154 292 89 328 60
155 262 14 230 3
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Fracture No. X1 (m) Y1 (m) X2 (m) Y2 (m)
156 269 45 295 16
157 308 18 324 5
158 385 108 354 39
159 559 144 494 116
160 632 280 643 270
161 584 306 603 294
162 490 400 577 324
163 552 344 545 311
164 725 399 698 312
165 787 578 793 512
166 798 483 823 470
167 522 538 516 514
168 517 531 504 505
169 514 544 508 521
170 540 578 510 555
171 511 561 479 510
172 501 537 406 382
173 386 356 372 339
174 478 390 494 376
175 529 356 556 337
176 408 131 438 86
177 426 139 440 112
1/8 115 143 430 96
179 377 110 460 109
180 370 123 192 121
181 116 132 228 111
182 279 243 220 67
183 300 280 232 15
184 408 242 343 208
185 270 374 402 292
186 4 117 175 63
187 126 293 40 2
188 10 244 52 15
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Fracture No. X1 (m) Y1 (m) X2 (m) Y2 (m)
189 303 214 212 153
190 216 146 55 28
191 44 32 8 "’
192 130 119 35 40
193 74 91 46 1
194 533 323 516 298
195 505 290 457 267
196 511 313 475 277
197 461 282 406 221
198 401 272 460 265
199 339 266 460 258
200 355 223 386 215
201 354 214 372 209
202 424 196 447 190
203 484 183 514 175
204 155 189 7 133
205 56 125 6 124
206 83 107 6 91
207 62 95 27 70
208 130 60 26 1
209 109 34 60 2
210 206 93 74 1
211 139 36 95 0
212 105 77 212 65
213 365 181 176 81
214 142 168 196 164
215 215 161 369 134
216 399 147 362 138
217 450 167 374 150
218 432 176 290 134
219 346 170 412 150
220 384 166 419 152
221 505 185 420 166
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Fracture No. X1 (m) Y1 (m) X2 (m) Y2 (m)
222 401 177 442 152
223 312 140 369 83
224 374 39 354 "’
225 387 39 377 6
226 534 163 521 147
227 458 202 433 173
228 323 111 363 71
229 207 273 310 129
230 215 247 288 144
231 305 436 432 318
232 454 9 460 1
233 476 33 483 25
234 212 116 218 4
235 186 54 141 1
236 211 160 114 98
237 244 104 126 104
238 240 143 163 90
239 335 193 276 164
240 342 258 299 200
241 112 60 175 59
242 140 67 112 67
243 205 115 141 113
244 152 135 107 116
245 221 221 88 130
246 102 165 98 135
247 51 306 92 193
248 21 566 51 350
249 62 314 67 290
250 74 266 115 173
251 91 241 16 190
252 41 246 160 243
253 252 317 133 248
254 33 286 44 234
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Fracture No. X1 (m) Y1 (m) X2 (m) Y2 (m)
255 77 302 7 258
256 24 225 6 196
257 42 240 31 222
258 58 279 75 276
259 88 286 60 268
260 29 374 4 231
261 29 323 5 323
262 5 344 39 308
263 10 314 4 297
264 92 344 47 311
265 152 376 65 316
266 23 398 97 327
267 11 433 21 399
268 30 374 37 345
269 12 577 41 356
270 8 579 14 532
271 42 577 2 383
272 243 575 2 433
273 2 425 11 397
274 2 396 20 353
275 74 394 36 354
276 139 467 118 445
277 47 285 19 271
278 16 317 3 272
279 63 130 77 108
280 17 34 9 29
281 12 40 5 35
282 202 44 213 39
283 289 26 267 26
284 270 20 290 12
285 275 8 273 1
286 263 11 263 4
287 332 107 275 106
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Fracture No. X1 (m) Y1 (m) X2 (m) Y2 (m)
288 267 115 216 94
289 463 132 508 123
290 622 125 613 105
291 711 143 695 139
292 387 179 356 162
293 526 364 476 338
294 500 357 476 345
295 521 370 507 341
296 434 381 465 345
297 322 432 426 345
298 329 432 368 400
299 398 383 423 357
300 404 442 460 388
301 393 461 458 407
302 387 576 456 417
303 434 519 461 431
304 421 573 428 496
305 428 577 449 504
306 448 576 450 558
307 458 578 474 557
308 470 579 476 571
309 474 522 462 486
310 476 500 414 463
311 271 771 769 420
312 457 512 401 418
313 427 429 413 415
314 388 432 352 321
315 390 386 307 264
316 403 576 369 466
317 390 576 368 468
318 290 305 328 286
319 287 221 311 218
320 385 484 345 303
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Fracture No. X1 (m) Y1 (m) X2 (m) Y2 (m)
321 345 303 265 124
322 403 286 249 214
323 276 372 292 248
324 273 485 276 372
325 287 576 284 480
326 287 469 298 400
327 220 276 240 184
328 289 246 131 202
329 241 231 198 153
330 117 195 91 165
331 144 176 117 165
332 153 207 127 191
333 225 300 142 188
334 204 263 206 131
335 195 260 193 169
336 172 419 195 267
337 178 443 204 280
338 290 350 288 330
339 279 360 302 344
340 263 334 242 319
341 354 363 312 349
342 391 395 299 358
343 326 383 287 364
344 358 412 349 379
345 325 577 359 416
346 333 529 345 402
347 314 51 321 435
348 402 460 293 433
349 307 423 129 205
350 274 371 260 353
351 191 257 139 237
352 108 579 15 484
353 71 578 2 511
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Fracture No. X1 (m) Y1 (m) X2 (m) Y2 (m)
354 58 576 38 558
355 47 575 26 556
356 51 552 124 268
357 124 317 133 260
358 152 362 131 267
359 149 362 137 330
360 188 519 164 414
361 108 541 23 482
362 116 537 71 506
363 74 574 65 510
364 84 576 71 506
365 91 558 63 478
366 53 459 40 437
367 75 472 29 379
368 100 544 77 486
369 100 563 95 547
370 97 576 163 366
371 150 577 96 500
372 118 575 112 548
373 112 573 106 542
374 58 574 65 552
375 102 476 171 246
376 110 453 65 436
377 68 458 109 453
378 113 472 75 456
379 106 486 73 472
380 2 488 32 473
381 157 314 123 289
382 148 277 178 268
383 227 230 179 230
384 213 333 229 294
385 165 342 190 304
386 264 415 138 332
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Fracture No. X1 (m) Y1 (m) X2 (m) Y2 (m)
387 229 373 174 338
388 220 414 229 328
389 233 363 236 341
390 270 376 219 360
391 292 435 174 273
392 259 424 202 380
393 340 524 275 425
394 351 577 341 563
395 362 577 359 570
396 329 567 297 562
397 314 576 266 504
398 271 499 159 352
399 261 504 188 408
400 248 501 191 422
401 292 575 271 536
402 241 442 202 437
403 198 486 211 366
404 155 575 195 500
405 151 578 183 429
406 135 575 150 474
407 181 577 167 519
408 165 577 205 510
409 177 577 205 535
410 207 577 194 562
411 182 578 161 564
412 176 426 138 400
413 139 425 162 414
414 222 577 195 530
415 199 559 237 509
416 242 542 249 362
417 254 535 252 523
418 261 533 267 518
419 206 507 214 431
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Fracture No. X1 (m) Y1 (m) X2 (m) Y2 (m)
420 253 577 244 562
421 326 468 220 412
422 304 577 283 545
423 348 556 301 523
424 381 577 308 461
425 356 519 379 466
426 342 483 239 347
427 330 405 282 404
428 361 440 292 420
429 266 407 227 381
430 344 506 316 461
431 446 406 425 326
432 431 456 445 408
433 473 577 431 456
434 117 243 110 209
435 240 214 273 171
436 425 25 392 1
437 444 312 413 291
438 234 573 243 562
439 10 530 1 522
440 25 571 28 539
441 77 576 93 562
442 359 465 355 439

-163-




B2 THE RESULTSOF EFFECTIVE PERMEABILITY TENSOR IN CASE
STUDY PRESENTED IN CHAPTER 4 AND PRESENTED IN Figure 4-54:

Block No.| (Row, Column) K ny K Kyy

1 (1, 1) 3.861 | 0456 | 0.456 | 5.126
2 (1, 2) 4.03 | 0681 | 0.681 | 3.75
3 (1, 3) 4.257 0 0 1.556
4 (1, 4) 7.269 | -1.043 | -1.043 | 8213
5 (1, 5) 3.797 | 0235 [ 0235 | 3.277
6 (1, 6) 3.884 | 0051 [ 0.051 | 4.357
7 (1, 7) 4.98 | -0.627 | -0.627 | 4.097
8 (1, 8) 5332 | -0.066 | -0.066 | 5.801
9 (1,9) 1621 | -0.152 | -0.152 | 2.849
10 (1, 10) 5142 | -0.202 | -0.202 | 4.691
11 (1, 11) 2.408 | 0.057 | 0.057 | 3.206
12 (1,12) 145 | 0148 | 0.148 | 1.498
13 (2, 1) 4.989 | -0.92 [ -092 | 6.357
14 (2, 2) 7.032 | 1155 | 1.155 | 7.257
15 (2, 3) 7119 | o711 | 0711 | 10971
16 (2, 4) 6.862 | 037 0.37 | 5818
17 (2, 5) 6.367 | 0.106 | 0.106 | 4.673
18 (2, 6) 7.226 | 017 0.17 | 8924
19 (2,7) 79 | 0594 | 0594 | 4.916
20 (2, 8) 8.485 | -1.689 | -1.689 | 9.849
21 (2, 9) 6.351 | 1.477 | 1.477 | 5673
22 (2, 10) 8.39 | -0.667 | -0.667 | 9.211
23 (2, 11) 3.203 | 0849 [ 0849 | 49

24 (2,12 1.657 | -0.155 | -0.155 | 1.143
25 (3, 1) 2.018 | -0.709 | -0.700 | 4.743
26 (3, 2) 3.691 | 0.46 0.46 | 14.299
27 (3, 3) 8.328 | -1.224 | -1.204 | 4.401
28 (3, 4) 8.169 | 0.191 | 0.191 | 5432
29 (3, 5) 7.788 | -0.1 01 | 7.566
30 (3, 6) 5314 | 0.006 [ 0.006 | 6.725
31 (3, 7) 5083 | 0.176 | 0.176 | 5.622
32 (3, 8) 5.804 | 0247 | 0247 | 6.477
33 (3,9) 769 | -0.63 | -063 | 4708
34 (3, 10) 8.433 | 027 0.27 | 6.692
35 (3, 11) 5.983 | 0.378 | 0.378 | 7.629
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36 (3,12) 2547 | 0272 | 0272 | 5277
37 (4, 1) 6.293 | -0.018 | -0.018 | 6.313
38 (4, 2) 8.659 | -0.807 | -0.807 | 5.394
39 (4, 3) 76 | -0367 | -0.367 | 10.989
40 (4, 4) 5575 | -0.79 | -0.79 | 3802
42 (4, 6) 4777 | 0.758 | 0.758 | 4.866
43 4, 7) 6.267 | 0701 | 0.701 | 3.879
44 (4, 8) 676 | -053 | -053 | 3.853
45 (4, 9) 5652 | -0.995 | -0.995 | 4.719
46 (4, 10) 6.939 | -1.249 | -1.249 | 5.126
47 (4, 11) 7769 | 0282 | -0.082 | 8417
48 (4,12) 2913 | -0434 | -0.434 | 6.504
49 (5, 1) 5074 | -0.267 | -0.267 | 6.603
50 (5, 2) 9.078 | -0576 | -0.576 | 5.901
51 (5, 3) 717 | -099 | 099 | 8318
52 (5, 4) 4978 | 2553 | 2553 | 4647
53 (5, 5) 11571 | 0222 | 0.222 | 5556
54 (5, 6) 4204 | 0762 | 0762 | 6.308
55 5, 7) 7.077 | -1.268 | -1.068 | 9.533
56 (5, 8) 9.188 | -0.268 | -0.068 | 7.253
57 (5, 9) 6.166 | 0.146 | 0.146 | 6.048
58 (5, 10) 6.528 0 0 4.456
59 (5, 11) 409 | -0221 | -0.221 | 10.229
60 (5,12) 2939 | -0.088 | -0.088 | 7.589
61 6, 1) 3.889 | -0.785 | -0.785 | 5.648
63 6, 3) 4818 | 0374 | 0374 | 9152
64 (6, 4) 101 | -0.726 | -0.726 | 6.409
65 (6, 5) 8.609 | -0.454 | -0.454 | 10.053
66 (6, 6) 8.255 | 0975 | 0.975 | 7.009
67 6, 7) 4209 | -0.196 | -0.196 | 6.049
68 (6, 8) 5736 | 0.836 | 0.836 | 8.011
69 (6, 9) 4362 | -0.849 | -0.849 | 5.198
70 6, 10) 4783 | 0915 | 0915 | 5389
71 6, 11) 4958 | 0.466 | 0.466 | 5501
72 (6,12) 2169 | 0513 | 0513 | 4.744
73 7, 1) 3242 | -0208 | -0.008 | 6.261
74 7, 2) 3.915 | -0.142 | -0.142 | 2.276
75 (7, 3) 4979 | -0.465 | 0465 | 47
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76 (7. 4) 6.008 | 0984 | 0.984 | 5.001
77 (7.5) 627 | 0618 | 0.618 | 9.296
78 (7, 6) 8373 | -0.896 | -0.896 | 4.734
79 7. 7) 11.991 | 0368 | 0.368 | 6.533
80 7, 8) 4852 | -0477 | -0.477 | 3.229
81 (7,9) 329 | 0914 | 0914 | 5.361
82 (7, 10) 6.133 | -0794 | -0.794 | 5.173
83 (7, 11) 5061 | 0553 | 0553 | 6.135
84 (7,12) 2915 | 0263 | 0263 | 5556
85 8, 1) 5741 | 0311 | -0.311 | 7.537
86 (8,2) 9.2 | 0362 | 0362 | 3.063
87 8, 3) 6701 | 0724 | 0724 | 3.775
88 (8, 4) 8017 | 0549 | 0549 | 8737
89 8, 5) 5862 | 0.812 | 0.812 | 7.343
90 (8, 6) 1821 | 0101 | 0.101 | 3.101
91 (8,7) 5384 | -0035 | -0.035 | 8.761
92 (8, 8) 3074 | 042 042 | 4221
93 8, 9) 2991 | 0091 | -0.001 | 6.806
94 (8, 10) 6515 | 0404 | -0.404 | 6.265
95 8, 11) 7106 | -0391 | -0.391 | 7.592
96 (8,12) 2589 | 0175 | -0.175 | 11.052
97 9, 1) 1802 | -0076 | -0.076 | 4517
98 9, 2) 5206 | 0.885 | 0.885 | 7.646
99 9, 3) 6382 | 1.12 112 | 6.523
100 9, 4) 6.969 | 0.005 | 0.005 | 3.825
101 (9, 5) 4106 | -0.455 | -0.455 | 6.408
102 9, 6) 2847 | 0862 | 0862 | 3571
104 (9, 8) 7269 | 0224 | 0204 | 4389
105 9, 9) 2005 | 0262 | -0262 | 3.816
106 (9, 10) 5885 | 0227 | 0227 | 5.5

107 (9, 11) 3827 | -0.86 | -0.86 | 4.299
108 (9,12) 2237 | 0311 | 0311 | 5977
109 (10, 1) 2407 | 0062 | -0.062 | 4.354
110 (10, 2) 5200 | -0321 | -0.321 | 4.913
111 (10, 3) 3932 | 0165 | -0.165 | 4.581
112 (10, 4) 3726 | 0554 | 0554 | 3.03

113 (10, 5) 3025 | 0044 | -0.044 | 4287
114 (10, 6) 3826 | 0073 | 0073 | 313

115 (10, 7) 5655 | 0.311 | 0.311 | 3.145
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116 (10, 8) 1.82 | -0572 | -0572 | 3.416
117 (10, 9) 1.715 | 0.072 | 0.072 | 6.615
118 (10, 10) 11.894 | -0.395 | -0.395 | 8.311
119 (10, 11) 4189 | 1313 | 1313 | 5614
120 (10,12) 2.525 | -0.424 | -0.424 | 18.766
121 (11, 1) 3.322 | 0.29 029 | 5.757
122 (11, 2) 4321 | 1456 | 1456 | 7121
123 (11, 3) 3.179 | 0.619 | 0.619 | 5.664
125 (11, 5) 3.178 | 0298 | 0208 | 4.343
126 (11, 6) 2.153 | 0.303 | 0.303 | 3.252
127 (11, 7) 1.631 | 0.31 031 | 3.805
128 (11, 8) 3.595 | 0.798 | 0.798 | 3.047
129 (11, 9) 3.792 | 0545 | 0545 | 4.183
130 (11, 10) 4559 | -0.377 | -0.377 | 5.416
131 (11, 11) 3.222 | -0.008 | -0.008 | 2.071
132 (11,12) 2.655 | -0.441 | -0.441 | 4.021
133 (12, 1) 2.088 | -0.053 | -0.053 1.7

134 (12, 2) 3.736_| -0.028 | -0.028 | 1.995
135 (12, 3) 2.455 | -0.534 | -0534 | 1.974
136 (12, 4) 2.713 | 0.065 | 0.065 | 1.139
137 (12, 5) 1.022 | -0.009 | -0.009 | 1.421
138 (12, 6) 1.181 | 0.133 | 0133 | 1.428
139 (12, 7) 1524 | 0158 | 0158 | 1.179
140 (12, 8) 2926 | 0416 | 0416 | 1.453
141 (12, 9) 3.223 | -0.388 | -0.388 | 1.485
142 (12, 10) 2.029 | -0.038 | -0.038 | 1.608
143 (12, 11) 1.069 | 0.055 | 0.055 | 1.085
144 (12, 12) 1368 | 0141 | 0141 | 1.706
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B3 THE RESULTSOF PRESSURE AND VELOCITY DISTRIBUTION IN
CASE STUDY PRESENTED IN CHAPTER 4:

Block Pressure Average velocity
No. X-centre | Y-centre (0si) (ftisec)
1 35 35 2489 6.569
2 105 35 2317 2.568
3 175 35 2212 1.193
4 245 35 2166 0.978
5 315 35 2135 0.702
6 385 35 2096 0.547
7 455 35 2063 0.476
8 525 35 2050 0.418
9 595 35 2025 0.259
10 665 35 2002 0.193
11 735 35 1994 0.086
12 805 35 1990 0.023
13 35 105 2344 4.001
14 105 105 2254 3.702
15 175 105 2193 2.082
16 245 105 2157 1.567
17 315 105 2122 1.246
18 385 105 2092 0.948
19 455 105 2063 0.883
20 525 105 2042 0.909
21 595 105 2016 0.739
22 665 105 1998 0.592
23 735 105 1989 0.193
24 805 105 1985 0.042
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Block xcentre | Y-centre Pressure Average velocity
No. (psi) (ft/sec)
25 35 175 2238 1.674
26 105 175 2210 2.234
27 175 175 2168 1.743
28 245 175 2137 1.620
29 315 175 2106 1.469
30 385 175 2084 1.083
31 455 175 2059 0.831
32 525 175 2033 0.746
33 595 175 2009 1.008
34 665 175 1978 2.353
35 735 175 1986 -0.473
36 805 175 1978 0.232
37 35 245 2181 1.276
38 105 245 2164 1.967
39 175 245 2137 1.645
40 245 245 2110 1.278
41 315 245 2086 1.166
42 385 245 2061 0.824
43 455 245 2042 0.738
44 525 245 2027 0.649
45 595 245 2036 -0.808
46 665 245 1950 0.920
47 735 245 1997 1.836
48 805 245 1967 0.570
49 35 315 2152 0.590
50 105 315 2136 1.204
51 175 315 2095 2.689
52 245 315 2074 0.529

-169-




Block xcentre | Y-centre Pressure Average velocity
No. (psi) (ft/sec)
53 315 315 2057 0.862
54 385 315 2041 0.926
55 455 315 2015 0.724
56 525 315 2004 1.102
57 595 315 1988 1.838
58 665 315 1941 -0.386
59 735 315 1959 0.815
60 805 315 1948 0.814
61 35 385 2135 0.307
62 105 385 2156 -0.752
63 175 385 2121 1.546
64 245 385 2060 0.278
65 315 385 2047 1.149
66 385 385 2031 1.051
67 455 385 2009 0.715
68 525 385 1987 0.905
69 595 385 1960 1.266
70 665 385 1934 0.980
71 735 385 1920 0.792
72 805 385 1911 0.813
73 35 455 2117 0.461
74 105 455 2123 0.394
75 175 455 2114 1.720
76 245 455 2070 0.661
77 315 455 2044 0.744
78 385 455 2013 1.101
79 455 455 1994 1.380
80 525 455 1968 1.127
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Block xcentre | Y-centre Pressure Average velocity
No. (psi) (ft/sec)
81 595 455 1930 1.220
82 665 455 1901 1.268
83 735 455 1879 1.236
84 805 455 1871 0.847
85 35 525 2099 0.550
86 105 525 2085 0.687
87 175 525 2074 0.821
88 245 525 2056 0.872
89 315 525 2036 0.783
90 385 525 2001 0.384
91 455 525 1967 0.829
92 525 525 1939 0.872
93 595 525 1899 1.124
94 665 525 1866 1.290
95 735 525 1839 2.034
96 805 525 1801 1.607
97 35 595 2069 0.199
98 105 595 2064 0.478
99 175 595 2055 0.419

100 245 595 2042 0.558
101 315 595 2022 0.909
102 385 595 1984 0.535
103 455 595 1944 0.832
104 525 595 1908 1.177
105 595 595 1861 1.480
106 665 595 1808 1.116
107 735 595 1779 1.731
108 805 595 1744 2.115
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Block xcentre | Y-centre Pressure Average velocity
No. (psi) (ft/sec)
109 35 665 2060 0.117
110 105 665 2057 0.336
111 175 665 2047 0.326
112 245 665 2031 0.314
113 315 665 2008 0.682
114 385 665 1967 0.713
115 455 665 1928 0.776
116 525 665 1883 0.819
117 595 665 1814 1.153
118 665 665 1744 1.491
119 735 665 1715 1.668
120 805 665 1659 2.667
121 35 735 2058 0.090
122 105 735 2054 0.177
123 175 735 2044 0.259
124 245 735 2025 0.295
125 315 735 1999 0.415
126 385 735 1958 0.437
127 455 735 1906 0.650
128 525 735 1846 0.991
129 595 735 1781 1.094
130 665 735 1711 1.995
131 735 735 1594 2.832
132 805 735 1467 4.626
133 35 805 2052 0.046
134 105 805 2048 0.090
135 175 805 2039 0.154
136 245 805 2024 0.153
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Block xcentre | Y-centre Pressure Average velocity
No. (psi) (ft/sec)
137 315 805 1992 0.179
138 385 805 1938 0.281
139 455 805 1871 0.429
140 525 805 1812 0.646
141 595 805 1759 0.792
142 665 805 1666 1.070
143 735 805 1402 1.944
144 805 805 1000 0.000
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