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ABSTRACT

This report summarizes the results of a four month study of the
characteristics of multiphase flow in naturally fractured porous media.
An assessment and evaluation of the literature was carried out and a
comgrehensive Tist of references compiled on the subjectci Mathematical
models presented in the various references cited were evaluated a]ohg
with the stated assumptions or those inherent in the_equations° Parti-
cular attention was focused upon identifying unique approaches which
would lead to the formulation of a general mathematical model of multi-
phase/multi-component flow in fractured porous media. A model is
presented which may be used to more écéurate]y predict the movement of
multi-phase fluids through such type formations. Equations of motion
are derived for a multiphase/multicomponent fluid which is flowing
through a double porosity, double permeability medium consisting of
isotropic primary rock matrix blocks and an anisotropic fracture matrix
system. The fractures are assumed to have a general statistical
distribution.iﬁ space and orientation. A general distribution function,
called the fracture matrix function is introduced to represent the stat-
istical nature df the fractures,

Simplifying assumptions are made concerning flow in the individual
fractures and a hemispherical volume integration of the microscopic
fracture flow equation is performed to arrive at a generalized Darcy
type of flow eqdation with a symmetric permeability tensor evolving for
the fractures. The equations are generalized for multiphase/multicompo-
nent flow through a fractured medium with variable rock and fluid pro-

perties,
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The report concludes with a brief discussion concerning methods for
solving the resulting flow equations. Conclusions and recommendations

for further study are also presented.



CHAPTER 1

LITERATURE SURVEY AND DISCUSSION OF PREVIOUS RESEARCH

1.1 INTRODUCTION

The flow of fluids in fractured porous media was first developed
in -the petroleum industry in the 1940's. This work stemmed from the
observation that well productivity could be significantly increased in
many cases by artificially fracturing the medium near the wellbore. Since
that time many researchers have added to the volume of literature that
exists on fractured media. A comprehensive list of references concerning
flow in fractured porous media is given by Wilson and Witherspoon [1] and
Kessler and Greenkorn [2]. In particular the former 1ists 261 citations
and the 1ater1301 citations concerning the flow in porous media and/or
fractured média° Of course time did not permit the assessment of all of
the references cited in these two documents. In addition to these two
treatises additional work reported in the literature is listed in the
general set of references at the end of this report.

The reference materials cited were obtained by conducting an ex-
tensive Titerature search withih the time allotted, to identify those
articles pertinent to the subject matter. . Sources used in the literature
survey consisted of the Engineering Index, Energy Abstracté, Petroleum
Abstracts, Physical and Chemical Abstracts, Dissertation Abstracts, U.S.
Government documents, State and University research documents, private
industry reports, and the open literature. In order to cross reference
as many of the data banks as possible,key words were selected and used
to locate research articles and abstracts which pertained to the subject

matter of interest. The library research staff at the University of
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Central Florida provided support to maximize the effort in identifying

- those research papers and documents which appeared to address the probliem
of flow in fractured pbrous media. As a final cross check an independent
computerized literature search was performed by the State Technological
Application Center (STAC) which is located at the University of Central
Florida. This organization has direct computer access to any 1iterature
data bank in the United States. By assigning key words and then searching
by various combinations, research papers of interest were identified.

From this process abstracts of papers and reports which aopeared to be
relevant to the subject matter in question could be immediately printed
out by the-computer. After reviewing the abstract, the decision was then
made as to whether the work was significant enough to warrant further
investigation. Comp]ete.copie; of those papers which passed this scregning
process were then secured and studied in detail. As these documents were
received the methodologies and techniques employed by the researchers

were assessed as to their applicability to the flow of multiphase fiuids
in naturally fractured media,

1.2  MODELING OF FRACTURED POROUS MEDIA

When one attempts to model the flow of fluids thrﬁugh any type of
medium, the researcher must decide which kinds of fluids and the type of
flow he desires‘to model. In this context there is always the questions
as to whether the flow in the medium is laminar or turbulent. This is of
particular importance when one considers the flow in fractured media since
flow in the fractures is normally considered to be continuum flow. It is
generally agreed that turbulent flow may occur when abnormally large
fractures are found in the vicinity of abnormally large pressures gradients

such as in the early phases of well drawdown [3].



In general the term turbulent flow in porous media implies that
Darcy's law is not adequate to describe the flow phenomena. In cases where
deviation from Darcy's law occurs, the forchheimer equation is normally
used to describe the flow phenomena. In the case of fractured porous
media where a major part of the flow takes place via the fractures, it is
possible thaf the flow can become truly turbulent. However, as has been
demonstrated for a majofity of the encounters with fracture fiow, the
laminar flow regime probably prevails [1].

The development of fracture flow models has proceeded a]ong'two
different approaches. These are the statistical approach and the enum-
erative approach. 'In the statistical approach a fractured rock mass is
considered to be a statistically homogeneous medium consisting of a com-
bination of fractures and porous rock matrix. In this modeling approach
‘the fractures are considered ubiquitous and the system is called statis-
tically homogeneous because the probaBi]ity of finding a fracture at any
given point in the system is considered to be the same as finding one at
any other point. This idealized fracture system is then considered to
behave as a type of porous medium. In the enumerative approach a fractured
rock media is studied by attempting to model the actual geometry of the
fractures and porous rock matrix. In this approach, the location, orienta-
tion, and aperture variations for each individual fraéture must'be con-
sidered. |

1.3 THE STATISTICAL APPROACH

Models developed utilizing the statistical approach will be dis-
cussed.first, Elkins and Skov [4,5] have applied this approach to study
the anisotropic fracture permeability associated with the Spraberry

Field in Texas. The rock matrix in this field consists of tight sandstones



whose permeability is about 1 millidarcy. These researchers were con-
cerned with the displacement of o0il by water in a water-wet fractured
reservoir [5]. Considering the extensive system of orthogonal | vertical
joihts as an anisotropic medium, from a number of drawdown tests they were
able to construct permeability ellipsoids whose axes were aligned reason-
ably well with the observed fractured system, This is referred to as a
one medium statistical model since flow in the porous rock matrix was nnt
considered. Other researchers have devaeloped similay one=-medium statis-
tical models and they are discussed in reference 1,

N two-medium statistical model for transient flow in a fractured
rock media was developed by Barenblatt, Zheltov, and Kochina [5]. Intact
uniform blocks of porous rock are considered to coexist with a second
system, consisting of the fractures. The rock matrix system and the
fracture system are considered to behave as a homogeneous and isotropic
porous medium, Since the rock matrix system is considered to be isolated
blocks surrounded by the higher permeability fracture system, flow is
considered to proceed from the rock matrix which acts as a reservoir,
into the fractures which then carry the fluid to the wellbore. Utilizing
this approach gives rise to a dbub]y porous medium, one porosity associated
with the rock matrix and a second porosity associated with the fractures.
The equations governing the flow of a fluid through a douB]y porous medium
are coupled by a fluid interacfion term. Thr interactiun tevm describes
the mass flux of fluid from the primary rock matrix (pores) into the
fractures in terms of the pressure difference between pores and fractures.
However, this approach requires the introduction of two pressures at each
point in the system. One value represents the average pressure of the

fluid in the pores of the rock matrix, and the other value represents the



average pressure in the fractures near that point. Since these values
represent average pressures in the neighborhood of a point, it is nece-
ssafy to assume that any infinitely small volume contains not only
a large number of pores but also a larger number of fractures. In this
original papér of Barenblatt, Zheltov, and Kochina the development was
1imited to single phase flow of a liquid. Howeyer, in succeeding papers
Barenblatt extended his solution to include two-phase liquid-gas flow [7].
Warren and Root [8] further developed the two-medium statisticé1
model by extending it to study transient flow phenomena in fractured
porous systems. Their model consisted of homogeneous isotropic porous
rock matrix blocks coexisting with a homogeneous anisotropic fracture
system which a]so Eehaves as a porous media. Conceptially their model
is the same as that of Barenblatt, et.al. except the fractures must
occur in two parallel orthogonal sets oriented along the directions of
principal permeability. The fractures normal to the principal axes are
uniformly spaced and are of constant width. Flow can occur between
the rock matrix (called primary porosity) and the fractures (called
secondary porosity), but flow through the primary'porésity elements can
not occur. They do publish somé field data to establish that some ‘frac-
tured reservoirs do behave as predicted by their theory. Again, Narrén
and Root Timit their model to single phase flow of a slightly compressible
liquid. In addition, the primary and secondary porosities were treated
as a constant in their analysis, 0Odeh [9] closely followed Warren and
Root's paper and though quite similar to the latter researchers work,
the conclusions were gquite different (see discussion at end of referencé
9). The fundamental difference between the two papers is that Odeh

treated the fractures as being uniform throughout thc rescrvoir as opposcd



to the homogeneous anisotropic fractures of Warren and Root. However,
Odeh did present some field data which supported his approach but cautiohed'
that fractured reservoirs in general may not obey his theory.

| The method of Warren and Root [8] was extended by Kazemi [10, 11]
to study the pressure transient analysis of a well centra11y'10cated in
a finite éircu]ar reservoir, In an accompanying paper by Kazemi, Seth and
Thomas [12] the significance of well interference tests in fractured
media was investigated. Their results are compared with those obtained
from a one-medium model and they conciude that while the one-medium model
is insufficient at small values of time, the results for the two models
converge for large times. As in the previous papérs discussed, consid-
eration was only given to single phase, constant property flow. Saad [13j
considers a water bearing porous medium with one set of parallel fractures.
Flow in a direction perpendicular to the fracture sef is considered.to
occur primarily within the porous medium., From the results of the draw-
down tests Saad calculates the anisotropic permeabilities both parallel
and normal to the fractures, and assigns the first.bermeabi1ity to the
fracture system and t;e second one to the porous media,

In their study of blood flow in capillaries, Lew and Fund [14] have
taken into account the anisotrophy of the non-rigid porous medium by
utilizing a statistical space averaging approach. A "pore matrix function"
is introduced to describe the structure of the network of pores in the
anisotropic non-rigid media. By assuming the fluid 1s'Newtonian,the flow
in an individual tubule of the pore network can be described by the
Navier-Stokes equations. The equations governing the macroscopic motion
of the viscous fluid through the porous media are derived by averaging

the motion of the fluid through individual elements of the pores over a



small volume of‘the porous medium., A generalized Darcy's law is obtained,
in which the permeability tensor is explicitly expressed in terms of the
pore matrix function. The permeability tensor which evolves is a second
rank symmetric tensor and may be inferred from experimental data.

Duguid and Lee [15] adapted Lew and Fung's [14] technique to the
flow of a single phase fluid (water) through fractured porous media. In
their development the fractured porous medium is treated as an elastic,
incompressible solid containing two different porosities. The primary
porosity is considered to be isotropic and the secondary porosity associated
with the fractures which separafe the primary blocks is anisotropic
depending upon the spatial distribution of the fractures. The fluid is
considered to be slightly compressible, and the fluid velocity in both
the primary pores and the fractures is assumed to be small. This latter
assumption allows the nonlinear portion of the écce]eration term in the
equation of motion to be neglected. Two sets of governing equations are
required to describe the flow in the fractured porous media, one for each
type or porosity. The resulting sets of equations are coupled by thé
interaction of the fluid in the primary pores with the fluid in the
fractures.

Yamamoto, Padgett; Fofd,and Bougeguira [18] developed a very. specia-
Tized gas-0il multiple component (compositional) model for flow within
fractured reservoirs, ‘Their model is used to simulate matrix block be-
havior for a single block, with a fracture located along the mid-depth .
of the block. The fracture represents the boundary conditions around the
block and flow along thé fracture is not considered,

In an earlier paper by Duguid and Abel [16] the researchers present

a system of equations simi]ér to those derived by Duquid and Lee[15].



The governing flow equations were solved by the former authors by employing
a finite element Galerkin method. Results are presented for transient
incompressible flow in a confined leaky aquifer, However; the two problems
the authors present solutions for are artificial in nature but do provide
insight into the physical character of flow through fractured porous media.
Spécific details of the deriviations and the fracture model are contained
in another report by Duduid and Lee [17].

Kleppe and Morse [19] and Kazemi, Merrill, Porterfield, and Zeman
[20] extended Warren and Root's [8] single phase flow enuations to two-
phasé, two and three dimensional models, respectively. However, the validity
of Kleppe and Morse's model was verified against data obtained from a
laboratory experiment involving a single matrix block contained in a
circular tube surrourided by an annulus to represent the fracture, The
results of their 1aborétory experiments agreed well with their simulator
results. The equations presented in the paper are the ones normally
found in the literature which describe the flow in a single porosity
system, It is not clear from their work as to how the fractures affect
the flow. However, they were attempting to match inbibition experiments
as opposed to describing the total flow problem in the rock matrix -
fracture system. Kazemi, et.al., [20] on the other hand, were concerned
with the total flow problem and their model is quite general for o0il-
water flow in fractured reservoirs., Their model accounts for relative
fluid mobilities, gravity forces, imhihition, and variations in reservoir
properties although the porosities in the fracture and the primary rock
matrix are considered to be constant. However, their model is Timited in
that the fractures must occur in two parallel orthogonal sets oriented

along the directions of principal permeability as is the case of Warren



and Root's [8] model. Fractures which are randomly oriented cannot be
handled by Kazemi's et.al. model.

In a similar treatment Rossen [21] considered the rock matrix
blocks as source and sink terms in a conventional reservoir simulator
which models only the fracture system. The source/sink terms are functions
of rock matrix and fluid properties with fracture saturation and pressure
defining the boundary conditions. These functions are derived by history
matching simulations or independently by laboratory experiment or single
matrix block simulation, i.e.‘it is assumed that these functions are known.

Closmann [22] developed an aquifer model for fissured reservoirs by
adapting the theory of Warren and Root [8] and Odeh [9]. In his approach
it was assumed that the reservoir had constant properties and flow only
oceurred from the roclk matrix to the fissures and through the fissures to
the inner aquifer boundary.

Swann [23, 24] and Williams [25] have also studied reservoir perfor-
mance in fractured media utilizing models developed along the theories put
forth by Barenblatt et.,al. [6] and Warren and Root [8]. In Swann's first
paper, effort was directed toward relating the fractured reservoir pro-
perties to the well test plots as opposed to describing the flow phenomena
occurring in the rock matrix blocks and the fractures. In his second
paper an analytical theory is presented which describes water flooding
in fractured reservoirs. However, the conclusion is drawn that since the
model matches the inbibition experiments of Kleppe and Morse [19] and
Mattax and Kyte [26] for a single matrix block it can be used to predict
cumulative oil production, water-o0il ratio and the saturation profiles
in the fractures for a water flood project for a fractured reservoir,

Although the approach is different from the other approaches discussed,



it does not lend itself to describing the flow phenomena taking place
within the primary rock matrix/fracture system,

A recent doctoral dissertation by Menouar [27] presents a numerical
study of the displacement of 0il1 by water in heterogeneous reservoirs,
Discussion and consideration is given to flow in fractured porous media
although the governing equations used in the numerical simulator developed
are based upon a single porosity system without any consideration given tg
the flow in a rock matrix/fractured system. The results presented are |
primarily concerned with the imbihition process occuring at the boundary
of a single matrix block. Although other statistical models are refer=
enced in the various papers cited they are quite similar to those already
discussed and do not warrant additional comments,

1.4  THE ENUMERATIVE APPROACH

Models appearing. in the literature which rely upon the identification
of the geometrical properties of the specific fractures, such as orienta-
tion and aperturé, will now be considered. In general, these models rely
upon a knowledge of the flow characteristics that are taking place in the
individual fracture segments, Generally the assumption is made that
the flow in the fractures can be modeled as infinite Qara1]e1 plate flow.
This assumption is made because of the simple mathematical expressions
which evolve to describe the fluid flow in such conduits, and because it
closely approximates the planar tendencies of many fracturedAsurfaces.

General studies of the bara]lel plate model have been conducted by
a multitude of researchers. These are listed in the report of Wilson and
Witherspoon [1] and will not be reproduced here. In addition an excellent
treatise on general fluid flow in porous media is given by Bear [28] wherein
the treatment of parallel plate flow is discussed in detai]gliwilson and = .

Witherspoon [1] utilize an enumerative approach to model steady state

-10-



laminar flow of fluids through a two;dimensiona1 system of idealized
fractures in a matrix of permeable blocks. Given a certain fracture
Qeometry, matrix permeabilities, and boundary conditions;equations are
derived which gives the steady state pressure head at any point in the
medium, From the pressure head the volume flow rates are then found via
Darcy's law. The fractures are treated as infinite parallel plate conduits
with~ihpermeab1e smooth walls. Directional permeabilities are derived
q§5um1ng fracture orientation,and directional principal permeabilities
can be experimentally determined from a core sample. The resulting
directional permeabilities are therefore, a function of fracture aperture,
permeability 6rientation, and fluid propertiés° The directional permeab-
ilities are functfons of the permeability of the fracture K¢, which in
the case of a parallel plate model is

2

- by :
K¢ 2% (1)

where b = aperture of the fracture

specific weight of fluid

y

v{scositynof the fluid

]

Using such an approach the authors derive a set of governing
equations which are then solved using a finite element program using
triangular elements for the pressure head and hence the volume flow
rates at any point in the medium. Again, this approach assumes the
individual fracture geometrics are known throughout the flow field.,
Several other,enumerative models are discussed by Wilson and litherspoon
[1] and references cited concerning the researchers inVo]ved.

Gale, et.al. [29] utilized an enumerative approach to analyze

the effect of fluid movement in rock systems where flow is influenced by
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the behavior of deformable fractures. They conclude that the simple
fracture geometry considered may not represent most natural fractured
reservoirs.

Snow [30] developed a general anisotropic permeability tensor for
fractured porous media by considering the manner in which a fixed oriented
hydraulic gradient effects flow in a rock volume with a number of diff-
erently oriented fractures. The fractures are assumed to be infinite in
extent., have constant average spacing, and identical apertures and orien-
tations. In a subsequent paper Snow [31] extended this approach to allow
for randomly distributed urienlalions and apertures. However, if flnw
in the system of porous rock blocks is to be considered for this latter
approach, it must be treated as acting independent of the fracture system.
In a follow-on paper Snow [32] presented results from pressure-test data
which permitted an estimate of the average spacing and the average aperture
of water-conducting fractures in undisturbed rock masses.

Asfari and Witherspoon [33] used an enumerative approach to investi-
gate mathematical models of idealized systems of verlical fractures con
sisting of parallel plate conduits. Reqular systems of fractures were
chosen in such a manner that the length of the fracture could be charac-
terized in terms of the dimension of a representative elemental area
associated with the fracture. By changing the permeébi1ity of the fracture
relative to the matrix, steady state solutions were obtained which demon-
strated that the effective permeability of the fractured system depend
upon both fracture conductivity and dimensionless parameters representing
fracture density. Finite element algorithms were used to solve the mathe-
matical models discussed. Excellent agreement between their analytical

results and those of other researchers were obtained.

-12-



Peaceman [34,35] investigated the convective mixing taking place
within the oil-filled portion of a fissured system: He utilized a
single vertical parallelipiped shaped figure.of length L, width W and
aperture Df tilted at an arbitrary angle with the local vertical in
order to include gravity effects. The fracture permeability was assumed
to be that of a parallel plate conduit similar to that given by equation
1. Since the work was focused upon evaluating matrix-fissure transfer
effects and density inversion in the fracture, consideration was not given
to the total flow problem through a reservoir made up of these types of
fissures surrounded by primary rock matrix blocks. The numerical results
obtained from the study while preliminary in nature, indicate that con-
vection in fractures may play a significant role in the performance of
fractured reservoirs undergoing pressure depletion.

Other mathematical models based upon the enumerative approach are
cited in the various papers, discusséd and referenced in this report.
However, none of these models are general and applicable enough to warrant
detailed discussion of the approaches involved. They are primarily con-
cerned with special cases rather than attempts to model general fracture
networks.

1.5 STATISTICAL vs ENUMERATIVE APPROACH

When one assesses the literature on modeling of fluid flow through
fractured porous media, it is obvious that the statistical approach dominates
in terms of the quantity of work which has been published on the subject
in question. However, this is primarily due to the fact that the enumera-
tive approach requires an accurate description of the complex geometry of

natural fractured systems. To accomplish this, a number of techniques
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have been proposed (see Chapter I of reference 1) for obtaining fracture
spacing, orientation apertures and other fracture parameters required to
carry out an accurate enumerative model of natural fractured reservoirs,
In general the statistical approach is preferred over the enumera-
tive approach whenever the size of the rock matrix block becomes small
in re]étion to the size of the boundaries [1]. Howéver, use of the
statistical approach, involving treatment of -the fracture system as an
equivalent porous medium, can under certain circumstances lead to invalid
Eesh]ts when fracture spacing is large. In general, according to Wilson
and Witherspoon [1], when the smallest dimension of the system boﬁndary is
more than 50 times as long as the Tongest dimension of the larger rock
matrix block the statistical approach is preferred over the enumerative
approach,

1.6 SUMMARY OF LITERATURE SURVEY

The main thrust of the literature survey was to identify and
assess the potential of the physical/mathematical models wHich currently
exist in the published media tovadequate1y describe multiphase/multi-
component flow through natural fractured porous media. From the results
obtained it is clear that no specific paper, report or other published
document adequately treats this very important flow problem. Since a
multitude of data bases were researched to uncover a model of this nature,
it is believed that a general formulation of this problem has yet to be
published. This is as one would suspect since the necessity of a model
of this type for fractured reservoirs has only become evident in the past
several years with the advent of enhanced recovery processes looking more
and more attractive from an economic point of view., For primary and

secondary water flood recoveries, the models contained in the literature
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were apparently adequate. However, the models which do appear in the
published literature are either too restrictive for general application
or were developed for very specialized cases of particular interest to an
organization, group or individual. Furthermore; the various approaches
given in the literature do provide insight into developing a more general
model. In this regard the literature survey has provided a real service
in an attempt to characterize the flow of multi-phase,multi-component
fluids through fractured porous media.

In petroleum reservoir modeling it is more appropriate to derive
governing-flow equations based upon a statistical approach as opposed to
the enumerative approach. This is particularly true since there is a greater
concern with overall fluid movement throughout a reservoir as Bpposed to
the movement through the individual pores or fractures., Certainly one
must model on a microscopic scale to describe the flow in a smaﬂ'region°
However, the macroscopic flow equations are derived by taking statfstica]
averages of the microscopic equation over a much larger region but yet
still small enough to apply the theories of the infinitesmal calculus.
Although one can employ the enumerative approach to the problem,the char-
acterization of the individual fractures would require considerable more
time and experimental data to solve the governing-flow equations with
any degree of confidence. As has been pointed out in.the section on enum-
erative modeling there are situations where adequate fracture geometry
exists and the enumerative approach,can yield accurate and useful results.
However, in general there is a lack of sufficient geometric fracture data
to warrant an enumerative approach and the formulation of the model which

is given in the next chapter is based upon the statistical approach.
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CHAPTER 1I
FORMULATION OF A GENERAL MODEL FOR FLOW
THROUGH FRACTURED POROUS MEDIA
2.1 BASIC ASSUMPTIONS

In the formulation of a mathematical model for naturally fractured

reservoirs the following basic assumptions are made:

1. The fréctured porous media is treated as an elastic
incompressible solid which contains two kinds of porosity.
Nne porosity is associated with ﬁhe primary rock matrix and
the second porosity is associated with the fractures.

2. The primary porosity in the primary rock matrix is considered
té be isotropic, whereas, the porosity in the fracture is
considered anisotropic.

3. Fluid velocities in both the primary pores and the fractures
are assumed to be small.

4, Primary rock matrix pore volume is independent of fracture
pressure and conversely for the fracture volume.

Other assumptions are introduced as necessary.

2.2  PRIMARY AND FRACTURE POROSITY EQUATIONS

As fluids are removed from a confined reservoir or are replaced
by other fluids having different compressibilities, the fluid pressure
in the medium is decreased and the reservoir is compressed because of the .
increased overburden load carried by the granular skeleton. Tf the solid
grains are assumed incompressible, consolidation can only occur through
re-arrangement of the granular skeleton. This re-arrangement alters the
size of the flow conduits in both the primary pores and Ehe fractures thus

changing the flow characteristics of the media. Hence, this phenomena
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results in a change of porosity with time. To model this effect, we
consider the total volume of the medium to be:

V= Vg Vet (2)

In equation 2, Vg is the volume of the solids, V¢ is the volume of

the fractures and Vi is the volume of the pores in the primary rock matrix.

In terms of porosity for each component of the medium

v v v
1 f S
I b T b = 7 (3)

Taking the derivative of 97> with respect to time we obtain upon re-
arranging and using the definition of ¢
ind R TS REAE T (4)
dt Vtodt T dt
Differentiating V with respect to time and recaliing we have assumed
Vg is constant then,

qv 4V dvg (5)

dat T dat T dt
Substituting equation (5) into equation (4) and simplifying we obtain
d¢ ‘ dv dv
1 1 ] f
Tt VIO - g ] (©)
Similarly, for the fracture porosity, we obtain
d¢ dav dv
f 1 f ]
gt = v [0-0¢) 3¢ - of ¢ 7)
The compressibility of a fluid at constant temperature is defined

according to
1,3V
c = - V ('g'p')‘r (8)
Introducing equation 8 into equations 6 and 7 and further assuming that

the change of pore volume in the rock matrix is independent of the pressure

in the fracture and conversely for the change in fracture volume we obtain

-17-



the following equations for the rock matrix porosity and the fracture

porosity respectively

d¢] dP] de
i SR I DS B R L i 3 (9)
de dP dP

f _ f (10)
ge = -U-eg) cr g *oofC) g

c; is the compressibility of the'f1uid in the primary rock matrixvand‘cf
~is the compressibility of the fluid in the fractures. Py and Pf 3y
the fluid pressures in the primary pores and fractures respectively.
Since for multi-phase flow the composition of the fluid in the rock
matrix and the composition of the fluid in the fractures can be different,
the fluid compressibilities in the respective void spaces will be
different. If it is assumed that at a point in the reservoir the fluid
compositions are the same in both fractures and matrix pores (or
single phase flow), then for a $1lightly compressible fluid Duguid and Lee
[15] show that

d¢] dP dP

c el il (]ed il '
g chted g m Umh) 0l g (1)
do dp, dp
Rl P e—— - -.——f—
e~ 0 o g - (-op) opcy (12)

In general the total derivative in equations 9-12 is expressed: as
d _ 3., > )
Fel )=l )+ Ve @ (13) .
+
In equation 13, Vg represents the velocity at which the solid medium is
moving and v is the nabla differential operator. For the problem under

>
consideration Vs = 0 and the total derivative becomes a partial derivative,

hence equations 9 and 10 are rewritten as,
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3¢-| ~-~3Pf BP.I

5t 7 Nt - (1-8)) ¢ 57 (14)
30, _ 3p. ' 3P

= decy T _f -

3 1 557 - (0-0g) of 33 (15)

The compressibi]itﬁes g and cg are given by

Cf = Co5f * D%s t Cwiwf (17)
Sg, So» SW and Cg, Cos Cw are the respective saturations and compressi-

bilities of the various phases in the rock matrix pores and the fractures.

2.3  CONSERVATION EQUATIONS

The conservation of mass in the primary rock matrix and the frac-
tures are obtained by doing a mass balance on an elemental volume of the
medium containing fraclures and pores. Since it is desired to be general

in the formulation the following definitions are introduced

Cig’ Cio’ Ciw = mass fractions of the ith component in the gas

phase, 0il phase,and water phase, respectively.

-> > o> ., s .
ngg, QOVO, pwVw = mass flux densities of the gas phase, o0il
phase,and water phase, respectively
s = mass of fluid phase j flowing from primary

rock matrix pores into the fractures per unit
time per unit'volume of medium
P g Pos Dw‘and vg, Vo, V, are densities and velocities of the different
phases. Fj is a fluid interaction term taking place between primary
pores and fractures.
The mass balance in the primary pores yields the following conti-

nuity cquation for the fluid in the primary rock matrik.
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. > 9
. . . —_— .. D . = ]
Ve [Zcij1°j VIJ] + er t ST [¢]zC1J]pJSJ1] 0 (18)

For the fractures the continuity equation is

R 2 _ .
ve [zcijfojvfj] - zrj t T [¢fZCijfijjf] 0 (19)

2.4 EQUATION OF MOTION

Assuming Darcy's Taw is valid in the rock matrix the governing

flow equations in the primary pores are

Kok .o
v 1°rj
. = - —— [V Py, - p.g VD (20)
i G 17 P - oy9 70
J
Ky s the absolute permeability of the primary rock matrix, kr1j is

the relative permeability of the primary rock matrix to the j'th fluid
phase, P1j is the pressure of the j'th phase in the primary rock matrix,
D is depth, g is the acceleration of gravity and vy is the viscosity of

the j'th phase.

To develop the equation of motion for flow in the fractures, the flow of
a single phase fluid is investigated and the results generalized for
multi-phase flow. For a given fracture transporting a Newtonian fluid,
the Navier-Stokes equations qovern the flow. Assuming flow in the frac-
tures can be approximated as incompressible flow, the aoverning Navier

Stokes eauation for sinale phase flow is

dv

p___f_=p _ y
T3 £9 - WP+

] v° v | (21
dV. aV

" _ _f_ 3 -

T =5t Ve 7)) Vg

—

a

If we assume the flow in the individual fractures can be approximated
as flow within porous walled conduits of hydraulic radius Ty and the
cross-sectional dimensions of a fracture are smaller than.the length

of a fracture seament, the velocity Vf will be approximately parallel
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to the fracture orientation [14-17], and hence,
> (22)
o o |

where O is a unit vector in the direction of the fracture orientation.

Approximatina the flow within the fractures as Poiseuillian then,
_ rH2

Uo (5) is the magnitude of the average velocity of the flow over the cross

section of an individual fracture of hydréulic radius r, and X is a

H
parameter introduced to take into account entrance and exit effects.
Warren and Root [8], Lew and Fung [14], and Duguid and Lee [15] ihtro-
duced such a parameter to take into account branching or joining or diff-
erent fractures. The specific form of ) would be quite complex but as

it turns out the exact formulation of this parameter is not necessary to
derive the governing macroscopic flow equations for the fractures. By
expressing v2 Vf as a function of hydraulic radius, various geometrical
cross sections for the fracture can be investigated. As pointed out by
White [37],0ne must exercise caution when using the hydraulic radius
concept since it is an approximation to an exact solution. Fortunately,
for the dimensions involved in fracture flow the hydraulic radius concept
should represent the flow phenomena reasonably well., Figure 2.1 gives the
hydraulic radii for a few probable fracture geometric cross sections.

For fracture flow it is generally true that,for'the geometries given in
Figure 2.1 w>b for a parallelipiped, a=b>>c for a triangle, and b>>a for
an ellipse.

In figure 2.1 dimension b for the parallelipiped, dimension c for the
triangle, and dimension a for the ellipse represent the aperture of the

fracture. In general the aperture of a fracture is small compared to the
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b = semi-
major
axis
a b ]
4= seni-
— - . minor
(a) (b) axis
PARALLELIPIPED TRIANGLE ELLIPSE
wb - 1J (b*c-a)(atc-b) (atb-c) . _ :_.___39___
FIGURE 2.1

HYDRAULIC RADIT OF PROBABLE FRACTURE
GEOMETRIC CROSS SECTIONS
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other dimensions of the fracture. Hence. for each. case in figure 2.1,

the following approximations can be made,

_b _C ;)
Dry=z2:8% 7 O Ery (24)

In the fractured medium there are many fractures; and an average over the
distribution of these fractures must be performed before equation 21 will
apply to the entire medium. To describe the fracture distribution it is

necessary to introduce a function f(r; @) which statistically represents

the number of oriented fractures per unit area per unit solid angle.

£(¥, Q) is a vector function of position ¥, and direction ¢ in order to .
characterize the inhomogeneity and anisotrophy of the fractures. Refer-

ence to Figure 2.2 may help to clarify the nature of the function fF(r,2 )

which we choose to call the fracture matrix function. In figure 2.2 AA
| is an incremental area perpendicular to the vector 3. The solid angle
subtended by AA is designated as do. According to the definition of

f(?, 5), the number of fractures of aN which are oriented within do and

within direction @ is given by,

AN =f(r, §) A do | (25)

The number of fractures passing through area aS with unit vector g is

AN (7, 8, w) = f(¥, 8) do © *aSw (26)

Since we desire the total number of fractures passing through AS, then

we must integrate over the solid angle do. Now,

N =" total number of fractures per unit area passing through.

A X X X
S an incremental area with unit normal w

Hence, we can define N(?,ZE) as the hemispherical number density on an

- . . : >
area located at r with unit ares vector w.
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FIGURE 2.2
GEOMETRY SHOWING RELATION
BETWEEN & AND o
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N(F,0) = f(r 8)%.0 do (27)

0
In equation 27,de is the solid angle about w.
Recalling that for flow in the fractures the ve]ocipy Vf will be approx-
imately parallel to the fracture orientation, we only need to con-
sider the component of equations 21 in the direction 8. Therefore, equations

21 can be written in the following form:

)

(28
avf > > > >\ > 8uf >
Pf ["aTt“ + (erv) Vf] ¢ = (of9=§)9-(VPf°Q)Q + [- 5 Uo (8238
H
Solving for U, (%)@ we obtain
(29)
aV r,2
> f > -+, > Iy H
Uo(B)E = -loplm + (Ve ®) VIR + (0878 )T -(vP 0 ) -
an :
Assuming (Vf.v) Vf is small compared to T equation (29) reduces to
. . an . rH2
Uo(R2)0 = {'Df[gf" -q] - VPe} —gz;; a0 (30)

The macroscopic value of the velocity of the fluid in the fractures is

VP =1 ) v (8% d (31)
'f

t 1S a small spherical volume in space which is. chosen in such a manner .
that the radius of 7 is much smaller than the characteristic length of the
system so that the change of the macroscopic variable within T can be
neglected. Furthermore, Tt is large enough such that its radius is much
smaller than the characteristic length of the fracture but~js greater than

the Targest dimension of the fracture cross section area.  That is, the
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volume t is large enough to contain a statistically significant number
of fractures. 1. is that portion of v occupied by the fluid which fills

the void spaces.

L rHZ éVf . ey
Vf(\’) = BT [-pf(—a—t- - 9) - fo] *QQ dx (32)
Tf
Equation 32 can be transformed to an integral over the solid angle do

to arrive at

> r
vf(?) = [ 1211 ﬁé"-r(?,ﬁ)ﬁﬁdﬁj- (33)

It can be shown that the integral on the right hand side of equation 32

integrates to the following form:

— >
* K¢ - aVf >
Vf + - ;;-’ [fo + P (3{*'- 9)] (34)

i?f is the intrinsic permeability tensor for the fractures and is given by,

Ar 2
= H . 5> > > >

A is the cross~sectional area of the frécture conduit, A factor 1/2 is
introduced to account for the fact that each fracture gets counted twice
in the integration over a whole solid angle of 4x. Inspection of equation
35 reveals that in general f} is a second rank symmetric tensor, Equation
34 is a generalized Darcy law similar to those given by Bear [28] and

> > =
Collins [36]. Assuming f(r,Q) and x are known, expressions for K¢ can be
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determined. Although in principle f(?,a) and A can be determined, an
experimental program would be required to determine their precise rela-
tionships. In view of this fact we recognize that ?} is a second rank

symmetric tensor whose general form in a x,y,z coordinate system is:

r' -
K K K
XX Xy XZ
K. = K
f ny Kyy yz (36)
K K K
| 2X zy 2{4
where ny = ny’sz = sz’ and Kyz = sz

For two dimensional flow through a fractured medium where the fractures
are randomly distributed in space but have a constant orientation, and

following the pricedure outlined by Wilson and Witherspoon [1], one can

show that
- e2 o
Kxx = Kf Cos™ oc
K. = Kg Sin oc Cos oc
Xy f Ly (37)
Kyy=Kf Sin® o
sz - Kzz =0

K¢ is the fluid conductivity for a single fracture conduit and oc is the
fracture orientation. For the case of a parallelipiped, triangular or

an elliptical conduit, the fluid conductivity can be expressed as

K= Wy ) r.2, K i (38)
D-—s-u_f: s A_EA(E) ry2s 0-'2]?

The hydraulic radii r, are as defined in Figure 2.1,

H
To extend the generalized Darcy's law given by equation 34 to the
flow of multiphase fluids requires some fundamental aséumptions. Following

a suggestion by Collins [36] and Bear [28], the most reasonable postulate
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is to assume that the relative permeabilities are independent of direction

in the medium. Therefore, the relative permeabilities krjf are,

K = (El!) - (Egﬂ) - (Eiﬂ)
rf TR F T e TR
39
Krof = (é‘g’)f - (;'2‘9)2 - (Tié'g)% -
1 2 3
K K K
koo = (+19). = (9. = (29
rgf TR F T, e TR s

K], K2 and K3 are the principal permeabilities and the subscript f implies
fracture values.
Using equaLiuns (39) in equalions (34) yields the final form ot

the flow equations for the fractures

Voo = -k . K.o[WP,. + (QV” D) (40)
£3 7 "SrgftetlTPey * ey Gep - VD]
"

where j = phase
For simplification purposes, the bars denoting average values have
been dropped, however, it is understood that average values are implied.
In addition, the gravity term has been re-written to make 1t consistent with
equations 20 for flow in the primary rock matrix.

2.5 SUMMARY OF THE GOVERNING EQUATIONS

To sunmarize,the following equations can be used to describe the flow
of a multiphase/multicomponent fluid through an anisotropic fractured porous
medium,

Porosity Equations:
3¢~| aP oP

o, . _f 1
FR L et DR ()

¢ P Py (15)
3T 06 3 - (U-og)ee 5
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Continuity Equations:

>
3 -
-> 3 _
v . [gcijfpj ij] - I+ gy [¢fZCijfijjf] =0 (19)
Motion Equations:
>
Voo = =Kok .. )
i3 171 [VP]j -ongD] (20)
M
>
Voi =~k o: = Ve
£j _;;J_Kf [vPes 405 (57 - 9vD)] (40)
J

To complete the formulation of the governing equations an expression
for the fluid interaction term must be developed. This is accomplished
in the next section.

The basic equations derived do not include sources and/or sinks to
represent injection or producing wells, These can be included by the
addition of such terms to these equations without any particular

difficulty.

2.6 FLUID INTERACTION TERM - rj
For a single phase fluid flowing in a fractured porous media Duguid

and Lee [15] show that T can be expressed as,

_ B ° n -B, = -B
= = p. - + - -
r=2 [( ] Pf) ﬁzl (-1) Pye™ -2 ﬁ:?fe ] (41)
K-‘nzﬂ'zt 4K-I ¢fp
where B = — B = )
2L Ho €

In equation 41, t is time, £ is the characteristic half length of a

fracture, ¢ is the single phase fluid compressibility, d is the half width
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of the fracture aperture and the other variables are as defined
previously., Since there are several phases flowing simultaneously,

the flux of component Cij into the fracture from the rock matrix is

C.. : Kik 4.
C y _ijd Mteld VP]j | (42)

P 3"

M5

£ £
which is Darcy's law evaluated at the surface of the fracture, 1In
applying Darcy's law to formulate an expression for I from equation 42,
a relationship must be ubtained between an inteqration over the fracture
surface and an integration over the fracture volume.

It can be shown [15] that for any arbitrary scalar function Q(?,E)

j Q (r)d = 52-§AQ (r.2) f (%,8) d (43)

Tf

where A = cross section of the fracture conduit

(ro0) =
j\ T o= — r (T S) dsz | (44)

From the def1n1t1on of porosity

For Q (r,

S ¢de -4 dT (45)
Hence,
‘rfdr=l A £ (r 0) do (46)
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Now, the total surface area of a fracture is

as = QP F(*,3) do (47)
2
S¢

where P = perimeter of a fracture with cross section area A

Combining equations 46- and 47 we obtain

ds = ¢¢ dr (48)

o>

Sf T
From equation 42 and 48 the mass flux of component Cij into the fracture

is written as

_P o
Vis | dS =g | er Cigpg Yy | O (49)

C..0.V..
13%3°13

f £ T £

But the mass flux into the fracture is also given by

T b
S S
Hence, combining equations 49 and 50
PR 4 (S R
VR SRS SR F L I 1 | (51)
T T £

The only way these two integrals can be equal is for their integrands

to be equal, hence

_ P
rj - (K)¢’fcij°jv (52)

[N
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By definition , the hydraulic radius. Therefore, equation 52

o>
1
<}

H
becomes
J FH

1j (53)

£

Equation 53 is identical to that derived by Duguid and Lee [15] for a
single phase fluid if we set Cij=]° Hence, each phase obeys the same
equations at the surface of the fracture as does the single phase case
presented by these authors, Therefore, the fluid interaction equation
derived by Duquid and Lee (equation 41) can be generalized for the multi-
phase case. Hence, generalizing equation 41 we obtain the fluid inter-

action term r ; for each phase,

B

:——.:i. - X n —B. g -B.
T 7 [Py4-Pes) + 25(-1)" Pyyedy - 28Pciei] (54)
n=1
» 2 n-1
Kak 1:0:Ceep Kik 0"t
where B e 1 r1j fig7 g ’ Bj 2] ;13
rHK 2L pj¢] <4

In equation 54 the parameters are as defined previously. If we assume
the fluld interaction term can be approximated by its steady state value,
then

57 (P (59

Equation 54 (or 55) completes the formulation for general multiphase flow

in fractured porous media,

2.7 REQUIRED AUXILLARY EQUATIONS

Comhining equations 14, 15, 18, 19, 20, 40, 54 (or 55) constitutes
a system of equations which can be solved assuming rock matrix, fracture

matrix and fluid properties are known. In addition to these additional
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equations the following functional or algebraic equations are required.,
The saturations in the primary pores and in the fractures must

sum.to one.

S.

jl *S

£S5 =1

wl 01 (56)

Sqf ¥ Suf * Sof

Also, the mass fractions of each phase in the primary pores and fractures
must sum to one,

2Cig1 = o1 7 2 T (57)

|
—_

|
—

ZCigf = ZCior = Zliyr =

There are two independent capillary pressure relationships for the

primary pores and two for the fractures.

Pa1 - Po1 = Pego1s Pgf = Por = Pegof
: (58)
Por - Pw] = Peowt’ Pof - ow = Peows
The relative permeabilities are functions of saturations.
kp1j = F13(8g10 So10 Syt
(59)
k —

rfj = G]j(sgf’ Sof’ Swf)

Densities and viscosities are functions of the phase pressure and

composition,
= F..(P.y, C.. = . (P.., C..
pJ] FZJ( jl C1J1)’ uJ] f33( jl? C1J]) (60)
o8 = 625(Pies Cije)s vy = Fa3(Piem Cyse)

Finally, for each pair of phases in the primary pores and the fractures,
there is a distribution constant for each component which-will be a

function of pressure, temperature and composition,
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il s .
Ty - N1 (Te Py Pras Gygns Gipa)

(61)

Lﬁ
-
—h

o~ Kiaf(T Pye> Pups Cige Cike)

-+

ik
In équations 59-60 there are three relationships for each of these equations
for the fractures and for the primary rock matrix (i.e. j = oil, water,

and gas phase). In equations 61,'there are three distribution constants

for the primary rock matrix and three fof the fractures. If the numher

of relationships contained in the governing system of differential equations
14, 15, 18, 19,'20 and 40, and the auxillary relations bb-6| are counted,
one will find there are 2 (3N+15), It is obvious that to set up.and solve
this general system of equations would be a big task. However, it is anti-
cipated that the application of the model to a practical situation would
result in considerable simplification as to the number of components

which would be carried in each of the phases. Hence, one may desire to
develop a program which would consider a C02, steam, or polymer flow

process and look at the maximum number of components which would have

to be considered and develop a general computer code to handlc as many

flow situations as may be desired. Since the development of a computer
program was beyond the scope of the contract work statement, additional

comments about the development of a computer code will not be made,

2,8 MATHEMATICAL TECHNIQUES FOR SOLVING THE GOVERNING EQUATIONS -

It is appropriate to briefly discuss various methods which could be
employed to solve the governing systeh of equations. In general the equa-
tions which have been developed in the previous section could be solved
by several well known numerical schemes. These are a) finite elements

b) finite differences, and c) variational methods, to mention a few,
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The finite element method is an approximate method of solving differ-
ential equations of boundary and/or initial value problems by dividing the
domain of interest into many small elements of convenient shapes such as
triangles, quadrilaterals, etc. Hence, when irregular boundaries exist
in a problem,the finite element approach may offer a distinct advantage
over the classical finite difference approach. In spite of this advantage
finite element analysis has gained a much larger application in the field of
solid body mechanics as opposed to fluid flow problems although in recent
years finite element algorithms for solving fluid flow problems have been
developed and are beginning to be used on a wider scale., Furthermore, there
are several more numerical algorithms available for solving finite difference
approximations to a system of differential equations than there are finite
element algorithms. However, as more and more complex problems and geometries
are encountered in fluid flow problems, the finite element approach may be
used more and more. In addition, the finite element method, mathematically
speaking, is more sophisticated .and complex than its more popular counter-
part, finite differences,

The application of finite differences are in principle more simple to
comprehend and set 'up for computer solutions than finite elements, This
is particularly true where simple geometries- and boundary conditions are
specified. In addition, the finite difference approach is a much more
time-proven numerical technique for solving fluid flow problems than any of
the other numerical schemes'[38]. Furthermore, they lend themselves quite
readily to the inclusion of probabilistic approaches such as Monte Carlo
Techniques, Use of the Monte Carlo Technique is particularly attractive
in situations involving a complex reservoir heterogeneity where its speed
and inherent stability offer definite advantages .over other numerical

techniques [39]. Since naturally fractured reservoirs are inherently
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heterogeneous, the Monte Carlo approach with finite differences may provide
an excellent solution approximation to the differential equations which
have been derived,

Variational methods are closely related to finite elements and are
referred to in the literature as the Rayleigh=Ritz Method and Weighted
Residuals Methods. These'two variational methods are normally used to
derive the finite element algorithms appearing in the literature (Ref. 40).

Before a decision is made concerning a solution approach to the system
of coupled equations,one should closely assess the nyera]] merits of the
various numerical schemes which are available in the literature.

The development of a computer code based upon the equations presented
in this chapter would be a rather extensive effort but the resulting simu]atdr
which would evolve would make an invaluable tool for analyzing reservoir
performance for various enhanced o0il recovery processes. In addition it
would be an invaluable tool to assfst the engineer in designing an EOR

project.
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CHAPTER III
CONCLUSIONS AND RECOMMENDATIONS

3.1 INTRODUCTION

Multiphase flow in fractured porous media requires considerable
more research before the complete flow phenomena is fully understood and
adequately described by existing mathematical/physical mer]so If
reasonably accurate projections are to be made concerning enhanced oil
recovery from naturally fractured reservoirs,‘the microscopic processes
which are occuring must be analyzed by taking'into account the statisti-
cal nature of the fractures. Models derived from this viewpoint need
additional laboratory experimentation to verify their validity or to
improve upon the model described by a set of mathematical equations. To
date a fully three dimensional, multiphase simulator for flow through
naturally fractured reservoirs has not appeared in the lTiterature. The
most complex model to date considers only an oil/water or an oil/gas system
and these are limited to two dimensional flow with uniformly spaced fractures
which aré considerably removed from what one would expect in most reservoirs,
Although considerable work has been published on single matrix block pheno-
mena, little or no work has been published on overall flow through a matrix
block/fractured system,
3.2 CONCLUSIONS

From the results of this study the following conclusions were
reached:

1. The mathematical models in the current literature do not

adequately describe multiphase flow in fractured porous media.
2. Little or no information appears in the literature concerning

the simulation of enhanced oil rccovery processes through
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naturally fractured reservoirs.

Limited eXperimenta] data has been published concerning the
measurement of directional permeabilities of naturally

fractured reservoirs.

None of the models published in the literature have treated the
fractures as a general statistical entity to arrive at a model
for-describing flow through the primary rock matrix and the
fractures simultaneously. Most models consider only flow via

the fractures.

Existing models only treat single phase or at most an oil/water
or an oil/gas system for flow throQgh an isotropic rogk'matrix/
fracture system of double porosity. |

The models which have been developed for water/oil or gas/oil
flows in naturally fractured reservoirs have been used to sim-
ulate conceptual field examples and have not been used to predict
actual field applications of enhanced 0il recovery processes in
fractured media,

The model formulated in this repurt is Lhe most general model
published to date. The model considers multiphase flow through
isotropic rock matrix blocks and anisotropic fractures. The
equations aré general in that they permit»time and space varia-
tions.in all fluid and rock properties. A fluid interaction term
is developed whi¢h couples the flow through the ruck matrix blocks
and the fractures, |

The model developed can be programmed on a digital computer using
a finite difference or a finite element approach_although the

author prefers the former approach since it readily lends itself
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to the incorporation of Monte Carlo techniques for handling
the terms involving the permeabilities for the primary rock

matrix and the permeability tensor for the fractures.

3.3 RECOMMENDATIONS

Specifically the major areas which warrant further study are:

.IO

Develop a software program utilizing the mathematical model
formulated in Chapter Il of this report. In this regard
emphasis should be placed upon applying the finished computer
code to an enhanced 0il reeovery process such as steam, COp or
a polymer,

Research into the prediction of fracture porosity, fracture
permeabilities, and capillary pressures in naturally fractured
rock. '
Perform laboratory displacement experiments on cores extracted
from naturally fractured formations.

Investigate the retention, deagradation and stability of micellar/
polymer fluids in naturally fractured formations.

Perform parametric studies utilizing reservoir simulation to
investigate the most sensitive parameters associated with
multiphase flow through fractured porous media.

Research into the microscopic phenomena of displacing hydro-
carbons from the primary rock matrix and transport via the
fractures.

Develop a visual laboratory experiment to observe the displacement
of fluids thfough naturally fractured rocks.

Perform post morten simulation studies of existigg or previous
enhanced 01l recovery projects associated with highly hetero-

geneous or naturally fractured reservoirs, In this regard the
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simulator developed utilizing the fracture model formulated
in this report could also be used to perform simulation studies
of proposed enhanced 0il1 recovery projects.

9. Investigate the effects of fluid movement through a naturally
fractured reservoir which have been further fractured by
artificial means,

10. Correlation of well logs as a means of investigating rock

properties of naturally fractured reservoirs.

The author recognizes that there may be other conclusions which could
be drawn concerning multiphase flow through naturally fractured porous
media, as well as other equally 1mportant resedrch areas which should be
addressed. However, within the time allotted to this study the con-
clusions and recommendations stated previously appear to be reasonable
and significant enough to indicate that much research must be forth-
coming before naturally fractured reservoir performance can be satisfac-
torily predicted to warrant the initiation of an expensive enhanced .

0il recovery project.
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