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ABSTRACT

Integration of Well Test Analysis into a Naturally Fractured Reservoir Simulation.
(December 2005)
Laura Elena Perez Garcia, B.S., Universidad Surcolombiana

Chair of Advisory Committee: Dr. David S. Schechter

Naturally fractured reservoirs (NFR) represent an important percentage of the worldwide
hydrocarbon reserves and production. Reservoir simulation is a fundamental technique
in characterizing this type of reservoir. Fracture properties are often not available due to

difficulty to characterize the fracture system.

On the other hand, well test analysis is a well known and widely applied reservoir
characterization technique. Well testing in NFR provides two characteristic parameters,
storativity ratio and interporosity flow coefficient. The storativity ratio is related to
fracture porosity. The interporosity flow coefficient can be linked to shape factor, which

is a function of fracture spacing.

The purpose of this work is to investigate the feasibility of estimating fracture porosity
and fracture spacing from single well test analysis and to evaluate the use of these two

parameters in dual porosity simulation models.

The following assumptions were considered for this research: 1) fracture
compressibility is equal to matrix compressibility; 2) no wellbore storage and skin
effects are present; 3) pressure response is in pseudo-steady state; and 4) there is single

phase flow.
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Various simulation models were run and build up pressure data from a producer well
was extracted. Well test analysis was performed and the result was compared to the

simulation input data.

The results indicate that the storativity ratio provides a good estimation of the magnitude
of fracture porosity. The interporosity flow coefficient also provides a reasonable
estimate of the magnitude of the shape factor, assuming that matrix permeability is a
known parameter. In addition, pressure tests must exhibit all three flow regimes that
characterizes pressure response in NFR in order to obtain reliable estimations of fracture

porosity and shape factor.
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CHAPTER1I

INTRODUCTION

Naturally fractured reservoirs (NFR) are those reservoirs that contain fractures created
by nature that have or could have an effect, either positive or negative, on fluid flow.
NFR has two different porous media, the matrix, which has high storage but low flow

capacity, and the fractures, which provide high flow path but low storage capacity.

A number of authors have developed different models for interpreting the pressure
response in fractured reservoirs considering, among others, the characteristics of flow
from matrix to fractures, fracture orientation, and block-size distribution. In general,
pressure-transient tests in NFR show a behavior consistent with the Warren and Root'
model. The characteristic behavior of pressure response can be described with two
dimensionless parameters, namely storativity ratio (@) and interporosity flow coefficient

(D).

Standard simulation models for NFR are based on the same principle of two porous
media, where the simulation model is divided into two superimposed grids, one grid for
matrix and other for fractures. Fluid flow from matrix to fractures is represented by
transfer function. In specific cases where matrix cannot be represented with idealized

models, discrete fracture network approach is preferred.

This thesis follows the style of the SPE Reservoir Evaluation and Engineering Journal.



Success of a simulation model in depicting observed behavior and predicting the future
performance depends highly on the accuracy of reservoir description. In NFR, knowing
how fractures are distributed and interconnected is one of the most important tasks.
Information from different sources is incorporated during the process of understanding
the fractures system, but there is no documented evidence that @ and A, the two
parameters obtained from well test in NFR, had been used as input data in building

simulation models.

1.1 Objectives

The main objective of this project is to determine the feasibility to integrate the
parameters obtained from well test analysis into simulation models. The specific
objectives are 1) to validate the use of storativity ratio from well test analysis to estimate
fracture porosity and 2) to validate the use of interporosity flow coefficient to estimate

shape factor or fracture spacing.

1.2 Problem Description

Well test analysis is a well known and widely used reservoir management tool. Besides
for short-term actions such as damage identification, well optimization and stimulation
evaluation, well test results are often incorporated into other reservoir management

processes such as numerical simulation.

Effective permeability and average reservoir pressure are two parameters commonly
estimated from well test and later incorporated into simulation models as input data.
Well test has also been used as a calibration tool in building simulation models by

comparing pressure response from the model with actual data.

In NFR, there are two characteristic parameters, @ and A, which are related to fracture

porosity and shape factor, respectively. Fracture porosity and shape factor (expressed in



terms of fracture spacing) are required as input data to build dual-porosity simulation

models.

1.3 Scope of the Work
This research is focused on single well, dual-porosity, pseudosteady state well tests
without wellbore storage and skin. Simulation study is limited to radial and cartesian

grid geometries and only considers single phase flow (either gas or oil).

1.4 Motivation

NFR represent an important percentage of worldwide hydrocarbon reserves and
production. One fundamental technique to characterize this type of reservoirs is using
reservoir simulation. In some cases, the actual complexities that occur in NFR can not be
accurately represented by the classic simplification of dual-porosity models. However,
the current state of the art model using DFN is not yet applicable for field scale. Thus,

for the immediate future, the dual-porosity model is still widely used.

Simulation of NFR using dual porosity models requires shape factor and fracture
porosity as input data. Shape factor is most of the time expressed in terms of fracture
spacing. In theory, Shape factor could be obtained from well test data, but for practical

purposes, it is considered as a matching parameter.

The main goal of this research is to find practical applications of single-well pressure
test performed in NFR beyond permeability and average reservoir pressure estimation.
The results of the study will show whether storativity ratio and interporosity flow
coefficient could be a valid basis to obtain reliable estimates of fracture porosity and

fracture spacing to be used as input parameters in building simulation models.



CHAPTER 11

NATURALLY FRACTURED RESERVOIRS

Naturally fractured reservoirs (NFR) have increasingly gained attention in the past two
decades. Many reservoirs, initially classified as classical matrix reservoirs, have been re-
classified as fractured reservoirs during advanced stages of development, carrying
significant losses on recoverable reserves. Identifying the fractured nature of a reservoir
during early time is critical for an adequate reservoir management to maximize the

economical benefit.

Fractures have been defined in different terms depending on the specific purpose or
context of the definition. From reservoir point of view, Nelson? has defined fracture as a
naturally macroscopic planar discontinuity in rock due to deformation or physical
diagenesis. Fractures can be produced by brittle or ductile failure. The characteristic of
fractures will also be different depending on generation process. Fractures can have
positive or negative effects on fluid flow. NFR are those reservoirs where fractures have,
or could have, any influence on reservoir performance. Nelson® has stressed the
importance to collect information that allows identifying a reservoir as fractured in early

stages of development.

2.1 Fracture Properties

The two major factors that govern permeability and porosity of fractures are fracture
width and spacing. Fracture width (e) is the distance between two parallel surfaces that
represent the fracture. Fracture spacing (D) is the average distance between parallel

regularly spaced fractures.

According to Nelson?, the four most relevant properties of fractured reservoirs, in order

of increasing difficulty to determine, are:



- Fracture porosity
- Fracture permeability
- Fluid saturations within fractures

- Expected recovery factor.

Fracture Porosity
Fracture porosity is a percentage of void space in fractures compared to the total volume of the

system. Fracture porosity is estimated using the following expression:

As can be noticed from the expression, fracture porosity is very scale-dependent. The value of

¢r can be 100% in a particular location of reservoir, but the value for the whole reservoir is

generally less than 1%. According to Nelson?, fracture porosity is always less than 2%; in most
reservoirs is less than 1% with a general value of less than 0.5%. An exception to this rules-of-

thumb is vuggy fractures where porosity can vary from O to a very large value.

The importance of fracture porosity in reservoir performance depends on the type of fractured
reservoir. If the fracture system provides an essential porosity and permeability to the reservoir,
then fracture porosity is a critical parameter to be determined in early stages of development. As
contribution of matrix porosity to the whole system increases, the relevance of fracture porosity
decreases. The estimation of fracture porosity in early stages is not so crucial in reservoirs where

matrix porosity is several orders of magnitude greater than fracture porosity.

Fracture porosity is one of the fracture properties that is difficult to determine. The common
sources of fracture porosity estimation are: 1) core analysis; 2) porosity-permeability

relationships; 3) field/lab determinations; 4) Logs; and 5) multiple-well tests.



Fracture Permeability
Permeability defines the ability of porous medium to transmit fluids. The presence of open
fractures has a great impact in reservoir flow capacity. Therefore, fracture permeability is an

important factor that determines reservoir quality and productivity.

Darcy’s equation that is used to model fluid flow through porous media can not be used to
represent flow through fractures. Thus, parallel plate theory was developed to model fluid flow

in fractures. The parallel plate model is based on fracture width and spacing concepts.

Nelson? cited the work of Parsons (1966), who combined the model for fracture and matrix fluid

flow and obtained the following equation for fracture permeability:

This equation assumes laminar flow between smooth, non-moving, parallel plates and
homogeneous fractures with respect to orientation, width and spacing. Parson’s relationship is

simple but is applicable to fluid flow through fractured reservoirs.

Fractures do not always improve fluid flow in a reservoir. In some cases, partially or total filled
fractures can act as flow barriers. The effect of fractures on permeability depends on several

factors such as morphology, orientation, and others.

Fracture width and permeability are difficult to determine from direct sources such as core data
or laboratory test. Well test analysis is the most common source of fracture permeability

information.

2.2 Classification of Fractured Reservoirs
Based on Hubbert and Willis work (1955), Nelson® proposed the following classification of

fractured reservoirs:

Type 1: Fractures provide the essential reservoir porosity and permeability.

Type 2: Fractures provide the essential reservoir permeability.



Type 3: Fractures assist permeability in an already producible reservoir.

Type 4: Fractures provide no additional porosity or permeability but create significant reservoir
anisotropy, such as barriers to flow.

As shown in Figure 2.1, the effect of fractures is of paramount importance for type 1 reservoirs,

decreases for type 2 and so on. In the same way, the importance of proper characterization of
porosity and permeability changes with reservoir type.

All
Fractures
100
II
™
IS,
8
=
N2 Decreasing Effect of Matri
\¢ ecreasing Effect of Matrix
Increasing Effect of Fractures
IV o 100
All q)f/ (l)total’ /o
Matrix

Figure 2.1- Schematic plot of fracture porosity and permeability percentage for the four

fractured reservoir types. (After Nelson®).



Table 2.1 shows the characteristic, potential problems and some examples of the I, I and III

fractured reservoirs types. Type IV reservoirs show the same characteristics as the conventional

matrix reservoirs with fractures acting as heterogeneities.

Table 2.1- Characteristics and examples of type I to III fractured reservoirs.

Reservoir
Type Characteristics Problems Field Examples
Large drainage areas per well Rapid decline rates Amal, Libia
Few wells needed for development Possible early water encroachment Ellenburger, Texas
Good reservoir quality-well Size/shape drainage area difficult to
Type 1 information correlation determine Edison, California
Easy good well location
identification Reserves estimation complex Wolf Springs, Montana
Additional wells accelerate but not
High initial potential add reserves Big Sandy, Kentucky
Poor matrix recovery (poor fracture-
Can develop low permeability rocks | matrix communication) Agha Jari, Iran
Poor performance on secondary
Well rates higher than anticipated recovery Hart Kel, Iran
Hydrocarbon charge often facilitated
Type 2 by fractures Possible early water encroachment Rangely, Colorado
Recovery factor variable and difficult
to determine Spraberry, Texas
Fracture closure may occur in La Paz/Mara,
overpressured reservoir Venezuela
Reserves dominated by matrix
properties Highly anisotropic permeability Kirkuk, Iraq
Reserve distribution fairly Unusual response in secondary
homogeneous recovery Gachsaran, Iran
Hassi Mesaoud,
Type 3 High sustained well rates Drainage areas often highly elliptical | Algeria

Great reservoir continuity

Interconnected reservoirs
Poor log/core analysis correlation

Poor well test performance

Dukhan, Qatar

Cottonwood Creek,
Wyoming

Lacq, France




CHAPTER 111

WELL TEST ANALYSIS IN NATURALLY FRACTURED RESERVOIRS

One of the first documented approaches to model a NFR was presented by Pollard’ in
1953, which provides the method for selecting candidates for acid stimulation. Later
Pirson and Pirson* extended Pollard’s method to calculate matrix pore volume. Despite
the usefulness of Pollard’s method in field applications, some authors' have shown its

inaccuracies.

Warren and Root' developed an idealized model for studying fluid flow in
heterogeneous reservoirs, as shown in Figure 3.1. The model is composed of rectangular
parallelepipeds where the blocks represent the matrix and the space in between
represents the fractures. The general assumptions of the model are homogeneity and
isotropy of the two porous media, uniform block-size distribution, and occurrence of
fluid flow from matrix to fracture and from fracture to well, but not between matrix

elements. The flow from matrix to fractures is pseudosteady state.

7 7 7
A A4
/
4An
4N
/
N\ N
N\ N\
VUGS MATRIX MATRIX FRACTURE
ACTUAL RESERVOIR MODEL RESERVOIR

Figure 3.1- Ideal model for a natural fractured reservoir (after Warren and Rootl).
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Warren and Root' found that buildup pressure response exhibits two semilog straight
lines, Figure 3.2. The first straight line corresponds to the transient flow in the fracture
media, and the second to the transient flow in the total system. The slopes of those lines
are related to the flow capacity of the formation. The vertical separation of the two lines
is related to the relative storage capacity of the fracture. They also defined two
parameters describing the pressure behavior in a fractured system. The first parameter is
storativity ratio (@) which is the ratio of fracture storage capacity to the total storage
capacity of the system. The second parameter is interporosity flow coefficient (1) which
governs the flow from matrix to fracture and is related to heterogeneity of the system.
Mavor and Cinco’ later extended the Warren and Root' model to account for wellbore

storage and skin.

2200
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Figure 3.2- Semilog plot for pressure response in NFR.
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Kazemi® adopted a special case of the Warren and Root! model, a circular, finite
reservoir with a centrally located well, where all fractures are horizontal. Figure 3.3
shows the Kazemi® idealized model. The general assumptions of the model are: 1)
single-phase flow; 2) flow in radial and vertical direction in unsteady-state; 3) fluid
flows from matrix (high storage and extremely low flow capacity) to fracture (high flow

capacity and low storage); and fracture produces fluid into the wellbore.

Kazemi® simulated three hypothetical cases, analyzed the drawdown and buildup
responses, and obtained three semilog straight lines. The first and third straight lines are
equivalent to those observed in Warren and Root' model. The second line corresponds
to transition regime from a fracture-dominated flow to a total system dominated flow.
Kazemi® concluded that Warren and Root' model for fractured reservoirs is valid for
unsteady-state flow, and the value of interporosity flow coefficient depends on matrix-

to-fracture flow regime.

KAZEMI MODEL ACTUAL RESERVOIR

}ATRIX

}RACT URE

RACTURE

AN N
MATRIX  PRACTURE

Figure 3.3- Idealization of a naturally fractured reservoir (after Kazemi®).
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De Swaan’ presented analytical solutions for interporosity transient flow for different
geometries than those used by Kazemi’®. The results were similar and showed familiar
semilog straight lines. Later, Najurieta8 extended the theory to include the transition
period and Moench’ included the effect of pseudosteady-state skin between matrix and

fracture system.

Cinco et al.'’ considered a theoretical circular model with a centrally located well and a
vertical fracture nearby the well, shown in Figure 3.4. Other assumptions of the model
were: 1) isotropy of the two porous media; 2) fluid has low compressibility and constant
viscosity; 3) constant system compressibility; and 4) fully penetrating well with constant

production rate.

Well Axis

T~

Fully penetrating vertical
natural fracture

Figure 3.4 - Ideal model for a nonintersecting natural fracture (after Cinco et al.'’).
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The results showed that although the assumption of only one fracture, the pressure
response was similar to the uniformly fractured reservoir with three semilog straight

lines: fracture, transition, and total-system flow periods.

Cinco et al.'® also considered the effect of fracture orientation on pressure response.
They concluded the semilog straight lines are present in all cases, with the transition

period varying as a function of fracture orientation.

Bourdet er al.' > introduced the use of pressure-derivative type curves in well-test
interpretation. For NFR, they considered both pseudosteady-state and transient flow.
They also included the effects of wellbore storage and skin. The pressure responses
show different behaviors. For pseudosteady-state flow, the derivative curve shows a V-
shape during the transition time. If the flow is transient, the derivative shows a constant
value of 0.25 during the transition regime. Figure 3.5 presents an example of Bourdet

type curves for fractured reservoirs considering pseudosteady flow.

A number of authors have discussed the inability of the dual-porosity approach in
accounting for more complex reservoirs. Abdassah and Ershaghi'? introduced the triple
porosity model in 1986. More recently, in 2004, Dreier et al.* presented two quadruple
porosity models. Figure 3.6 shows an example of the pressure response in a quadruple
porosity system presented by Dreier er al.'*. Nevertheless the basis of the mostly-used
well-test analysis techniques for naturally fractured reservoir is the Warren and Root'
theory with some modifications taking into account different types of matrix-to-fracture
flow regimes, wellbore storage, and skin; such that the parameters @ and A are valid for

describing those reservoirs.
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Figure 3.5- Derivative type curve for double-porosity reservoir, pseudo-steady state
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Figure 3.6-. Idealized pressure response in quadruple porosity reservoirs (from

Dreier et al.

14).
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CHAPTER IV

NUMERICAL SIMULATION IN NFR

Simulation of NFR is a challenging task. Intensive research'’* has been conducted in
efforts to obtain the best way to represent the complexities involved. The most efficient
approach is the idealization of two equivalent continuous media. Figure 4.1 shows a
representation of a fractured-reservoir simulation model. The matrix and fracture system
are represented as two separate grids, and the continuity equations for each system are

connected by a transfer function that characterizes the flow from matrix to fractures.
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