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Foreword

Although elements of oil well testing methods have been practical almost
since oil reservoirs were first recognized, the concept of oil well testing
techniques took form only within the past three decades. Many individual
monographs and at least one manual on the subject have been published in
the open literature, and it is probable that proprietary presentations of oil
well testing concepts are to be found within the internal libraries of some
oil-producing companies. In the present volume, the author presents a
treatment of the subject to be published in book form.

The roots of oil well testing are to be found in reservoir engineering taken
in its broadest sense as the technology that deals with the well/reservoir
behavior through the measuring and analysis of drill-stem tests, flow, and
transient pressure responses in unfractured and fractured gas wells. The
concepts related to oil well test data acquisition and interpretation are
presented from a practical viewpoint. These concepts are emphasized
throughout the book by means of examples and field case studies.

In Oil Well Testing Handbook, the author has presented a comprehensive
study of the measuring and analysis of flow and transient pressure responses
in oil wells. The basic principles are reviewed, and the applicability and
limitations of the various testing techniques are critically discussed and
illustrated with actual field examples. The material is presented in a form
that will allow engineers directly involved in well behavior, pressure build-up,
and flow testing to re-educate themselves in the subject. At the same time,
with its up-to-data review of the literature and extensive bibliography, the
book will serve as a useful guide and reference to engineers directly engaged
in well pressure behavior work. The author has accomplished the intended
objectives of the book in a thorough and excellent manner.

The author has illustrated field application examples and field case studies
to describe the type of wells and reservoir behavior encountered in modern
production practice. The source, nature, and precision of the data and
studies on which the calculations and analysis are based are discussed
subordinately. Numerous exercises are provided to develop an understand-
ing of the principles and limitations of applied oil well testing methods.



The book is essential and important to engineers concerned with evaluat-
ing well/reservoir systems and the pressure performance of oil wells. The
author has extensive experience in this field and is most qualified to treat the
subject. It is a timely addition to the literature of petroleum technology.

Dilip Borthaker
Head of Gas Engineering Department

Gulf Indonesia Resources



Preface

The major purpose of writing this book is to provide a practical reference
source for knowledge regarding state-of-the-art oil well testing technology.
The book presents the use of oil well testing techniques and analysis methods
for the evaluation of well conditions and reservoir characteristics. All tech-
niques and data described in this book are "field-tested" and are published
here for the first time. For example, this book contains new tables and
comparisons of the various methods of well test analysis. Most of these
techniques and applications are clearly illustrated in worked examples of
the actual field data. Several actual field example calculations and field case
studies are included for illustration purposes.

This text is a must for reservoir engineers, simulation engineers, practicing
petroleum engineers and professional geologists, geophysicists, and technical
managers and helps engineering professors better acquaint their students with
"real-life" solution problems. This instructive text includes practical worked
examples that the readers should find easy to understand and reproduce.

Fundamental concepts related to well test data acquisition and interpre-
tation are presented from a practical viewpoint. Furthermore, a brief sum-
mary of the advances in this area is presented. Emphasis is given to the most
common interpretation methods used at present. The main emphasis is on
practical solutions and field application. More than 129 field examples are
presented to illustrate effective oil well testing practices, most analysis tech-
niques and their applications.

Many solutions, which are presented, are based upon author's experience
dealing with various well testing techniques and interpretation around the
world. I am very thankful to the many companies with whom I had the
opportunity to work in well test analysis for many years.

A properly designed, executed, and analyzed well test can provide infor-
mation about formation permeability, reservoir initial or average pressure,
sand-face condition (well damage or stimulation), volume of drainage area,
boundary and discontinuities, reservoir heterogeneity, distance or extension
of the fracture induced, validation of geological model, and system identifi-
cation (type of reservoir and mathematical model).



Further, it is important to determine the ability of a formation to produce
reservoir fluids and underlying reason for a well's productivity. These data,
when combined with hydrocarbon, production data, and laboratory data
on fluid and rock properties, afford the means to estimate the original
hydrocarbon in-place and the recovery that may be expected from the
reservoir under various modes of exploitation. In addition, well test data
and IPR well performance equations, combined with production data, help
to design, analyze, and optimize total well production system or production
optimization.

The rigorous discussions, practical examples, and easy-to-read manner
make this a valuable addition to every petroleum professional's library. Our
colleagues' discussions and their suggestions were very valuable in making
this book useful to a practicing engineer. Most users of this book will find it
logically organized and readily applicable to many well testing problem
solutions and field application.

One additional note should be made concerning this book. The author
has inserted many personal opinions, evaluations, analysis, recommenda-
tions, conclusions, etc. He is often criticized for doing this without specifi-
cally stating that these are personal thoughts. If the reader does not find a
reference or logical proof of a particular statement, he can safely assume that
it is a personal opinion based on the author's experience and knowledge of
the subject.

Suggestions of many readers were evaluated in preparing this book. Any
further comment and suggestion for improvement of the book will be grate-
fully appreciated. Please feel free to contact me directly.

Amanat U. Chaudhry
Advanced TWPSOM Petroleum Systems, Inc.
10070 Westpark Drive # 905
Houston, TX 77042
1-713-783-1248
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Chapter 1

Introduction

1.1 Role of Oil Well Tests and Information
in Petroleum Industry

Oil well test analysis is a branch of reservoir engineering. Information
obtained from flow and pressure transient tests about in situ reservoir condi-
tions are important to determining the productive capacity of a reservoir.
Pressure transient analysis also yields estimates of the average reservoir
pressure. The reservoir engineer must have sufficient information about the
condition and characteristics of reservoir/well to adequately analyze reservoir
performance and to forecast future production under various modes of opera-
tion. The production engineer must know the condition of production and
injection wells to persuade the best possible performance from the reservoir.

Pressures are the most valuable and useful data in reservoir engineering.
Directly or indirectly, they enter into all phases of reservoir engineering
calculations. Therefore accurate determination of reservoir parameters is
very important. In general, oil well test analysis is conducted to meet the
following objectives:

• To evaluate well condition and reservoir characterization;
• To obtain reservoir parameters for reservoir description;
• To determine whether all the drilled length of oil well is also a pro-

ducing zone;
• To estimate skin factor or drilling- and completion-related damage to an

oil well. Based upon the magnitude of the damage, a decision regarding
well stimulation can be made.

1.2 History of Oil Well Testing and Uses
of Oil Well Tests

Two monographs1'3 and numerous additional oil well test analysis
technical papers have been published. Those papers have extended the
scope of oil well test analysis, publicized many new problems, provided



solutions for previously unsolved problems, and changed the approach to
some phases of oil well test analysis. Thus, it is appropriate to provide an
updated handbook dealing with advances in oil well test analysis in a
manner that presents an up-to-date treatment of the state of the art. This
book presents popular pressure transient test analysis techniques and
estimates of the range of applicability. More than 100 actual field exam-
ples illustrate most analysis techniques. Figure 1-1 shows uses of well
tests.

1.3 Oil Well Test Data Acquisition, Analysis,
and Management

Throughout the life of an oil well, from exploration to abandonment, a
sufficient amount of well test data are collected to describe well condition
and behavior. It should be emphasized that the multidisciplinary profes-
sionals need to work as an integrated team to develop and implement the
well test data management program.

Efficient Oil Well Test Analysis Programs

Initial bottom-hole pressure measurements should be made, preferably at
each well and at selected "Key Oil Wells" periodically. Key oil wells repre-
sent 25% of the total wells2. Reference 2 has also found that it is beneficial to
measure pressure in all wells at least every 2-3 years to aid in calibrating
reservoir models. It is essential to establish the specification of what and how
much well test data need to be gathered, and the procedure and frequency to
be followed. A logical, methodical, and sequential well test data acquisition
and analysis program is shown in Figure 1-2.

1.4 Selecting Oil Wells for Optimum
Stimulation Treatment

The key to determining whether or not a well is a good candidate for
stimulation treatment is diagnosing the well to find the cause for its low
productivity. Buildup, drawdown, or drill-stem tests, core analyses offset well
data, and other information can be used to accomplish this. After diagnosis,
the optimum well stimulation treatment, either small or massive hydraulic



Uses of Oil Well Tests

Pressure transient yields
estimates of the followings

Average reservoir pressure,

PAV

Can be directly used in material balance
calculations

Values of vertical and
horizontal permeability

Measure the direction of trends in the reservoir.
Estimate variations in rock permeability in the

vertical and areal senses

Several transient tests Used to determine the areal extent of a reservoir
and to estimate the volumes of fluid in place

Pressure measurements can
be interpreted

To yield quantitative estimates of the well
conditions, the efficiency of stimulation, treatment

on well productivity can be evaluated

Well tests on the standard
source

To estimate in situ rock permeability and well
conditions

Numerical simulation
process

Provides values for well block permeability and
well conditions

Values derived from
well test

Also used to calculate the variations in permeability
between wells and to judge permeability trends for

model input

Figure 1-1. Various reservoir parameters and their uses.

fracturing, can be designed for the well. Figure 1-3 shows several sets of
calculations designed to evaluate well/reservoir behavior, and to evaluate
reservoir parameters, quality, and stimulation efforts to optimize completion
methods for enhancing hydrocarbon oil recovery and maximizing profit-
ability.



Plan, Justify, Time, and Priorities

Design, conduct, and
analyze

Before production During production

Fluid data Oil well test

Oil well test
Production

Injection tests
water floods/EOR floods projects

Special

Figure 1-2. Logical well test data acquisition and analysis program.

1.5 Reservoir System Characterization Process

An efficient oil well test data acquisition and analysis program requires
careful planning, designing, conducting, evaluation, and well-coordinated
team efforts through an integrated approach. Figures 1-4 and 1-5 indicate
general activities in reservoir description and inputs from various engineer-
ing disciplines (integrated approach). Core analysis measurements of sam-
ples selected by the geologist provide data for the preliminary identification
of reservoir rock types. Well test results using various techniques were
reasonable when compared with known geologic and core data. Well test
studies aid in recognizing flow barriers, fractures, and variations in permea-
bility. History matching of past production and pressure performance con-
sists of adjusting the reservoir parameters of a model until the simulated



Evaluate

Well/reservoir condition and behavior

Calculate

Take

Different course of action
to increase oil production

Wellbore damage or skin effect,
condition ratio or flow efficiency

Using
Result of

permeability
of well

Low permeability
throughout the

reservoir

Reservoir
pressure
depleted

Oil well testing techniques, core
analyses, offset well data and other

information

Determine

Proper design
fracturing
treatment

Using

Causes of low productivity
Improved oil well
testing methods

Figure 1-3. Selection of oil wells for optimum treatment.

performance matches the observed or historical behavior. The major goal
is optimization of oil recovery through characterization of the reservoir
system.

Most Common Oil Well Test Interpretation Methods

Figure 1-5 shows oil flow and pressure analysis methods. Theory and
sample applications to illustrate effective well test analysis practices are
discussed in the following chapters.



Reservoir Characterization
by

Integrated Approach

Types of general activities in
reservoir description

Rock studies Structural style work studies Reservoir quality studies Integrations studies

Lithology
Depositional origin
Reservoir rock studies

Structure
Continuity
Gross thickness
trends

Quality profile
Reservoir zonation
Net thickness trends

Pore volume
Transmissibility

Core
analysis

Oil well
testing

Pressure
production

history match

Fluid flow and pressure
analysis methods and

their uses

See Figure 1-5.

Figure 1-4. Reservoir system characterization flow chart process using integrated
approach.

1.6 Scope and Objective

This book is very important to professional petroleum engineers, teach-
ers, graduate students, and those who are concerned with evaluating well
conditions and reservoir characterization. The data in this book should
enable petroleum professionals to design and to conduct pressure transient
tests and to analyze the results to obtain reliable information about well
behavior. Emphasis is given to the most common interpretation methods
used at present.



Fluid Flow and Pressure Analysis Methods and Their Uses

Oil well test
interpretation

methods

Important
reservoir

parameters

Theory and sample
applications to illustrate

effective oil well test analysis
practices can be found

in the following chapters

Introduction

Fluid flow equations
Solutions of interest for various

boundary conditions and
reservoir geometry

Chapter 1

Chapter 2

Chapter 3Horizontal well systems

Drawdown, buildup tests,
and initial pressure

Naturally fractured
reservoirs and type curve

matching methods

Chapters 4, 5, and 6

Chapters 7 and 8

Chapters 9 and 10

and pore volume, pt and pAv

Flow regime
identification, pressure
derivative techniques

omega and delta

Massive hydraulic and
fractured well behavior

analysis methods, drill-stem
testing, and IPR

relationships

Chapters 11 and 12

Chapters 13, 14, and 15

Chapter 16

Interference and pulse tests,
injection well transient

testing, and multilayered oil
reservoirs behavior analysis

Heterogeneous reservoir
behavior analysis

Figure 1-5. Various pressure analysis methods to determine important reservoir
parameters.



1.7 Organization

This book presents:

• Outstanding instructive text source providing theory and practice of oil
well testing methods and their role in petroleum industries.

• Valuable asset to technical libraries of petroleum industries, companies,
academicians, petroleum professionals, and technical managers.

• Sound fundamental concepts/methodology related to oil well test data
acquisition and interpretation from a practical viewpoint.

• Modern oil well testing methods and pressure transient test analysis
techniques.

• Examples illustrating effective well test analysis techniques.
• Excellent practical reference source related to pressure transient analy-

sis techniques and their interpretations.
• Theory and practices of testing methods and their roles in reservoir

engineering management.
• Practical in-depth examples of real-life engineering problems with step-

by-step solutions that are very easy to follow.
• Various charts, formulae, and tables for ready reference and quick

solutions for oil well testing and analyses.
• New information, data, and technology and includes examples and

problems illustrating the concepts, methods, interpretations, results,
recommendations, and their engineering applications. Historical notes,
summaries, and references are included in this highly practical edition.

Chapter 1 of this book is an overview of oil well testing and analysis
methods. It also includes a short discussion of unit conversion factors and
the SI (metric) unit system. Appendix A provides a list of conversion factors.

Chapter 2 deals with fundamental fluid flow equations, along with solu-
tions of interest for various boundary conditions and reservoir geometry.
These solutions are required in the design and interpretation of flow and
pressure tests. This chapter provides analytical solutions of fluid flow equa-
tions. The equations are followed by a discussion of some of the most useful
solutions to these equations such as exponential integral, finite difference,
and graphical solutions, and the choice of the equation for flow analysis, with
emphasis on the exponential-integral solutions, describing radial, unsteady-
state flow. It also includes numerical models and their applications including
unsteady-state pressure distribution calculations in directional oil wells.

Chapter 3 summarizes a discussion of horizontal wells in oil reservoirs.
Horizontal wells enhance the drainage area in a given time period, while
in-high permeability oil reservoirs reduce near-wellbore turbulence and
enhance well deliver ability. Horizontal wells have high potential in oil
reservoirs. This chapter also includes influence of turbulence, and turbulence



identification, comparison of inflow performance responses in vertical and
horizontal oil wells, and time and transient pressure response analysis equa-
tions related to each of the flow regimes to solve for specific reservoir
parameters using drawdown and buildup tests.

Chapter 4 deals with complete analysis of drawdown testing including
transient, late transient, and semi-steady-state analysis including single, two-
rate, variable-rate, reservoir limit test, and multi-phase and multiple-rate testing,
and discusses how superposition may be used when variable rates are involved.

Chapter 5 treats pressure buildup test analysis and presents methods for
estimating formation characteristics such as reservoir permeability, skin
factor, wellbore damage, and improvement evaluation including average
pressure for well drainage areas and the entire reservoir.

Chapter 6 presents estimation methods for original and average reservoir
pressure using various techniques such as Horner and MBH method/MDH
method/Dietz method/Ramey/Muskat and Arps methods. This chapter also
includes constant pressure at aquifer in water-drive reservoir.

Chapter 7 presents identification of natural fractures, main characteristics,
and brief review of the most widely used well testing models including their
uses and limitations, typical pressure drawdown behavior curve shapes, and
pressure buildup behavior characteristics. Buildup analysis techniques for
tight reservoir matrix and horizontal well pressure behavior curve shapes,
and identification of various flow periods, well test analysis equations, and
solutions are presented. It also includes horizontal well production forecast-
ing for dual-porosity reservoir.

Chapter 8 discusses the quantitative use of type curve analysis methods.
The object of this chapter is to illustrate how a representative sample of type
curves can be used for analysis aids. Fundamentals of type curve use are
presented and will allow the reader to understand and to apply newer type
curves as they appear in the literature. Many type curves can be used to
determine the formation permeability and to characterize damage and stimu-
lation of the tested well. Application to conventional tests and vertical and
horizontal fractured well analysis is also presented.

Chapter 9 provides new techniques for analyzing pressure transient data
for wells intercepted by a finite-conductivity vertical fracture. This method is
based on the bilinear flow theory, which considers transient linear flow in
both fracture and formation. These new type curves overcome the unique-
ness problem exhibited by other type curves.

Chapter 10 deals with pressure derivative application to oil well test
analysis and involves the combined use of existing type curves in both the
conventional dimensionless pressure form (pD) and the new dimensionless
pressure derivative grouping (p'D x tDjCD). Thus this new approach has
combined the most powerful aspects of the two previously distinct methods
into a single-stage interpretive plot. Use of the pressure derivative with
pressure behavior type curves reduces the uniqueness problem in type curve



matching and gives greater confidence in the results. Type curve match can
be utilized to determine the reservoir parameter, and the pressure derivative
plot helps to identify reservoir heterogeneity such as dual-porosity system
for the case of pseudo-steady-state flow from matrix to fracture. The valley
in the pressure derivative could also be indicative of a layered system.

Chapter 11 reviews advances in oil well stimulation techniques such as
massive hydraulic fracturing (MHF). It is a proven technique for developing
commercial wells in low-permeability or "tight" oil formations. Limitations of
conventional analysis methods and alternative techniques for determining
fracture length and fracture flow capacity on MHF wells are presented. It
also discusses how to analyze past performance and forecast future perfor-
mance of tight oil wells stimulated by MHF using finite fracture flow capacity
type curves. The limitations of conventional pressure transient analysis and
other methods of evaluating MHF treatment are discussed. The set of con-
stant well rate and wellbore pressure type curves are also presented.

Chapter 12 discusses drill-stem testing (DST) equipment and operational
procedures, recommended flow, and shut-in time for DST. It presents trouble-
shooting DST pressure charts for barrier detection, checking validity and
consistency of reported DST data, DST analysis methods such as Horner's
plot, type curve matching techniques, and DST buildup test analysis with
limited data. These methods are discussed in detail for their uses and limita-
tions including wire line formation test data evaluation.

Chapter 13 reviews interference and pulse tests, also known as multiple-
well testing. These types of tests can be used to obtain an adequate reservoir
description for homogeneous (both isotropic and anisotropic) and heter-
ogeneous systems. Numerical solutions must be used to analyze pressure
transient data from heterogeneous reservoir systems. At the same time, it is
one of the most important and useful tests to understand the well behavior in
waterflood and EOR projects.

Chapter 14 presents pressure analysis techniques in injection wells. The
injectivity test and the falloff tests are used to estimate the reservoir proper-
ties of injection wells in waterflood and EOR recovery projects. The knowl-
edge of reservoir properties and near-wellbore conditions in injection wells is
as important as in the producing wells. Injection well transient testing and
analysis are simple as long as the mobility ratio between the injected and in
situ fluids is about unity and the radius of investigation is not beyond the
water-injected fluid bank.

Chapter 15 reviews various types of and testing of oil-layered reservoir
systems including multilayered responses in fractured reservoirs. It also
describes crossflow identification, and the nature and degree of communica-
tion between layers. Performance equations for cases of constant flowing
pressure and constant producing rate are presented and discussed. It also
reviews "layer effect" on pressure and/or production behavior including
economic aspects of interlayer crossflow.



Chapter 16 discusses variations of heterogeneities in rock and fluid prop-
erties including causes and effects of pressure-dependent properties. It also
analyzes and interprets pressure behavior in heterogeneous reservoirs near
fault or other barriers and lateral changes in the hydraulic diffusivity that
occur at fluid contacts. Pressure behavior analysis methods are discussed in
brief to obtain adequate reservoir descriptions for isotropic, anisotropic, and
heterogeneous systems including calculating fracture orientation and esti-
mating two-dimensional permeability with vertical interference testing.

Details and supporting materials are presented in the appendices for the
benefit of those who would like to learn more.

Appendix A shows conversion factors between unit systems. Appendix B
presents correlation tables and charts for dimensionless functions. Appendix C
helps to compute pressure drop calculations through vertical, inclined, and
horizontal pipes. Appendix D presents methods and correlation equations
for estimating fluid PVT and rock properties.

1.8 Unit's Systems and Conversions

In any book of this nature, it is worthwhile to include a comprehensive list
of units' conversion factors, since data are often reported in units different
from those used in the equations. Such factors are presented in Appendix A.
Because of the possibility of eventual conversion of engineering calculations
to a metric standard, I also include information about the "SI" system of
weights and measures. Finally, I compare some important units and equa-
tions in five different unit systems. Table 1-1 shows that units are a hybrid
system based on the CGS units. The only difference being that pressure is

Table 1-1
Absolute and Hybrid Systems of Units Used in Oil Well Testing Equations

Parameter

Pressure
Time
Rate
Viscosity
Permeability
Velocity
Mass
Length
Density

Symbol

P
t

q

k
U

m
I
P

Dimension

(ML/T2)/L2

T
L3/T
M/LT
L2

L/T
M
L
M/L3

Absolute units

CGS

Dyne/cm2

sec
cm3/s
g/cms
cm2

cm/s

g
cm
g/cm3

SI

N/m2

sec
m3/s
kg/ms
m2

m/s
kg
m
kg/m3

Hybrid units

Darcy

atm
sec
cm3/s
cP
Darcy
cm/s

g
cm
g/cm3

Field

psia
hr
stb/day
cP
mD
ft/s
Ib
ft
lb/ft3



expressed in atmospheres, viscosity in cP (centipoises), and, as a conse-
quence, the permeability in Darcies.
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Chapter 2

Fundamentals of
Reservoir Oil Flow
Analysis

2.1 Introduction

This chapter deals with the basic equations for flow of liquid through
porous media along with solutions of interest for various boundary conditions
and reservoir geometry. These solutions are required in the design and inter-
pretation of flow and pressure tests. The applicable equations for liquid flow
are presented in this section, including pressure transient behavior with dimen-
sionless pressure solutions for the specific conditions. Some important dimen-
sionless functions are presented and references to others are provided. The
dimensionless pressure approach provides a way to calculate pressure response
and to develop techniques for analyzing transient tests in a variety of systems.

2.2 Basic Fluid Flow Equations in Oil Reservoir

This section describes steady-state, pseudo-steady-state, and unsteady-
state flow equations including oil radial diffusivity equation, basic oil flow
equations, and various dimensional flow geometry.

Steady-State Flow Equations and Their Practical
Applications

In steady-state flow, there is no change anywhere with time, i.e., the right-
hand sides of all the continuity and diffusivity equations are zero. Solutions
for steady state are, however, useful for certain unsteady-state problems. The
steady-state flow equations can be derived from integrating and evaluating
the integration constants from the boundary conditions. The steady-state
flow equation and Darcy's equations accounting for specific geometry are



presented here. The steady-state flow equations are based on the following
assumptions:

1. Thickness is uniform, and permeability is constant.
2. Fluid is incompressible.
3. Flow across any circumference is a constant.

Ideal Steady-State Flow Equation - Radial Flow

Let pw be the pressure at the wellbore when the well is flowing q reservoir
barrels per day and a pressure pe is maintained at the external radius or
drainage radius re. Let the pressure at any radius r be/?. Then, at this radius r:

where position q0 is in the positive r-direction. Separating variables and
integrating between any two radii, r\ and r^ where the pressures are p\
and p2, respectively,

(2-1)

The minus sign is usually dispensed with; for where p2 > Pi, the flow is
known to be negative, i.e., in the negative r-direction, or toward the well-
bore. Also it is customary to express q in surface units rather than reservoir
units. Then, Eq. 2-1 becomes

(2-2)

Frequently, the two radii of interest are the wellbore radius rw and the
external or drainage radius re. Then, Eq. 2-1 becomes

(2-3)

where
q0 = oil flow rate, stb/day
k = undamaged permeability, mD



h = thickness, ft
pe = external pressure, psi
re = external radius, ft, and is calculated from well spacing
rw = wellbore radius, ft
\i0 = viscosity of oil, cP
/S0 = oil formation volume factor, rb/stb

In terms of the average pressure (i.e., p = p at r = re)\

(2-4)

(2-5)

(2-6)

(2-7)

(2-8)

For linear geometry:

For hemispherical geometry:

For 5-spot waterflood:

For 7-spot waterflood:

To calculate undamaged permeability around the wellbore, pressure drop
(Ap)skin (negative), due to damage or improvement could be incorporated
into the above equations as

(2-9)

Practical Applications

Steady-state equations may be used without any significant error to
analyze near the wellbore reservoir conditions, even in an unsteady-state
system.



Example 2-1 Calculating Improved Permeability from Steady-State Flow
Equation

A well is producing oil at a rate of 800bbl/day with a bottom-hole
pressure of 850 psi from a reservoir with very strong water drive (assume
steady state). What is the improved permeability if a pressure drawdown
analysis indicates that Apskin at this rate is 150 psi? Other data are: well
spacing = 40 acres; rw = 6.5 in.; /xo = 2.OcP; /3O = 1.255 rb/stb; h = 45 ft; and
pe = 1350 psi.

Solution

Using Eq. 2-8, we can calculate the improved permeability, kimpr:

Example 2-2 Calculating Flow Rate and Pressure Drop Due to Skin from
Steady-State Flow Equation in a Water-Drive Reservoir

In a water-drive reservoir, the following data are known: boundary
pressure = 2200 psia; flowing pressure = 950 psia; oil flow rate = 100 rb/
day; well radius, rw = 0.39 ft; effective drainage radius, reff = 750 ft;
A = 15 ft; /x0 = 0.95 cP; flow rate, q0 = 75rb/day; and P0 = 1.240 rb/stb.
Calculate (1) what is (Ap)skin, (2) if (Ap)skin = 0, find the oil flow rate, and
(3) find (Ap)skin, if rw = 5.5 ft.

Solution

(1) Using Eq. 2-9, (Ap)skin is



(2) If the (Ap)skin is reduced to zero, the production rate would be (using
Eq. 2-3)

(3) For rw = 5.5 ft. Substituting this into Eq. 2-3, we get

Pseudo-Steady-State Flow Equations

When a reservoir is produced at a constant rate for a long enough period
of time so that the entire drainage area of the reservoir is affected by the
pressure disturbance, q constant change in pressure with time at all radii
takes place. This constant pressure change results in parallel pressure dis-
tributions and corresponding constant rate distributions. This situation is
called pseudo-steady-state flow. Many reservoirs spend most of their history
in a pseudo-steady-state flow regime than in any other flow regime. This type
of flow is also called depletion state or semi-steady state. Pseudo-steady-state
flow problem can be solved using the following set of equations:

(2-10)

where Vb is equal to pore volume of reservoir in cubic ft and is equal to nr^h or

(2-11)

Example 2-3 Calculating Porosity-Thickness, Permeability-Thickness from
Pseudo-Steady-State Equation

Reservoir and well data are: /?5 = 2800ps; /?e = 3350psi; ct = 10~6psia~1;
re = 2000 ft; rw = 0.5 ft; ct = lO^psi"1 ; /x0 = 0.65 cP; pw = 3.050psi; q0 =
900stb/day; /30 = 1.150 rb/stb. The pw/ is declining at a constant rate of
2.2 psi/day. Determine the following:

(1) Porosity-thickness
(2) Permeability-thickness



(3) Permeability-thickness. Assuming there is water drive (steady-state
flow) and bottom hole pressure remains constant.

Solution

(1) Using Eq. 2-11, porosity-thickness is

(2) Using Eq. 2-13, permeability-thickness kh is

(3) Using Eq. 2-9, permeability-thickness in steady-state system is

Flow Equations for Different Flow Regimes

Flow equations for pseudo-steady state for wells located centrally in the
areal drainage plane are given below. It is important to note that the
equations are based either on drainage boundary pressure pe or average
reservoir pressure p. In general, reservoir pressure is estimated by using a
DST test, a pressure bomb test, or a buildup test. These methods estimate
average reservoir pressure p. Eq. 2-12 can be applied to flow when other
pressures and radii are evolved.

(2-12)

Eq. 2-13 is a pseudo-steady-state equation written in terms of p = pe at
r = re.

(2-13)



Eq. 2-13a is written in terms of the average reservoir pressure for a
circular drainage area:

(2-13a)

As an alternative, the skin factor can be accounted for in the flow
equations by changing the wellbore radius, e.g., including the skin
factor

in which

(a) Damaged well, s > 0
(b) Stimulated well, s < 0.

Time to Reach Pseudo-Steady State

The time periods required to reach the pseudo-steady-state for different
vertical well locations in the drainage plane and for various configurations of
drainage areas are listed in Table B-I. Dimensionless time //>, which is used
to define various flow regimes, is given as

(2-13b)

and area-based dimensionless time is defined as

(2-13c)

Thus

(2-13d)

where

k = permeability, mD
t = time, hr



(j) = porosity in fraction
IJL0 = oil viscosity, cP
c r/ = initial total compressibility, psi"1

A = area, ft2

rw — wellbore radius, ft

As shown in Table B-I, for a vertical well located at the center of a drainage
circle or a square to reach pseudo-steady-state requires IDA = 0 . 1 . Substitut-
ing this in Eq. 2-13d, we obtain

(2-13e)

(2-13f)

where tpss is the time to reach pseudo-steady state. Generally, oil wells are
developed on 40-acres spacing and gas wells are developed on 160-acres
spacing.

40 acres = 43,560 x 40 = 1.7424 x 106 ft2

160 acres = 43,560 x 160 = 6.9696 x 106ft2

Eqs. 2-13e and 2-13f show that transient time depends on the basic
reservoir properties such as k, <f>, and cti. Time to reach pseudo-steady
state does not depend on well stimulation. In the case of oil wells, time
to reach pseudo-steady state normally is on the order of a few days to
months. In contrast, for gas wells in low-permeability reservoirs, time
to reach pseudo-steady state could be very long; in some cases as long
as a few years.

Example 2-4 Determining the Time to Reach Pseudo-Steady-State
For an oil well drilled at 40-acre spacing, calculate the time to reach

pseudo-steady state. Given: /x = 3.75 cP; k = 45 mD; cti = 5.5 x 10"5PSi"1;
(f) = 12.5%; A = 40 acres.

Solution Using Eq. 2-13f, time to reach pseudo-steady state is calculated as

Example 2-5 Calculating the Time to Reach Pseudo-Steady State (20- and
160-Acre Spacing)

Calculate the time required to reach pseudo-steady state for an oil
well drilled at either 20- or 160-acre spacing in a reservoir with an



initial pressure of 1550 psi. The following reservoir properties are
given: 0 = 0.125fraction; /xo = 3.75cP; cti = 55 x 10"5PSi"1; A: = 45mD

Solution

For 20 acres, tpss = 0.00683 x 20 x 43,560 hr = 5946 hr = 248 days =
0.68 years

For 160 acres, tpss = 0.00683 x 160 x 43,560 = 47,602 hr = 1983 days =
5.43 years

Unsteady-State (Transient) Flow Equations

Unsteady-state flow is a flow that occurs while the pressures and/or rate
changes with time. Reservoir conditions that are not described by the steady-
state flow above are described by unsteady-state flow. The greater the
compressibility of the fluid, the more pronounced the unsteady-state effect
of the reservoir fluid. The engineers use the diffusivity equation for studying
the unsteady-state flow of fluid in porous media. The equations used to
describe unsteady-state flow are derived from hydraulic diffusivity equation
and presented in the next section.

Radial Diffusivity Equation

The basic differential equation will be derived in radial form thus simu-
lating the flow of fluids in the vicinity of a well. Analytical solutions of the
equation can then be obtained under various boundary and initial condi-
tions for use in the description of well testing and well inflow, which have
considerable practical application in reservoir engineering. The radial cell
geometry is shown in Figure 2-1 and the following assumptions will be made
to develop diffusivity equation:

1. Homogeneous and isotropic porous media of uniform thickness;
2. Rock and fluid properties are pressure-independent;
3. Pressure gradients are small;
4. Flow is radial;
5. Darcy's law is applicable;
6. Gravity forces are negligible;
7. The flow is along a radial path toward the wellbore;



Figure 2-1 . Radial flow of a single-phase fluid in the vicinity of a producing well.

8. The fluid flow is single phase and fluid saturation in the system is
constant;

9. The porosity and permeability are constant in space and time; and
10. Viscosity and compressibility of the fluid are constant.

Consider the flow through a volume element of thickness, dr, situated at a
distance r from the center of the radial cell. Then applying the principle of
mass conservation, Mass flow rate — mass flow rate = rate of change of mass
in volume element

Input = Output

where l^rhcj) is the volume of the small element of thickness dr. The left-hand
side of the equation can be expressed as



which simplifies to

(2-14)

By applying Darcy's law for radial, horizontal flow it is possible to substitute
for the flow rate, q, in Eq. 2-14, since

Therefore

(2-15)

The time derivative of the density appearing on the right-hand side of
Eq. 2-15 can be expressed in terms of a time derivative of the pressure by
using the definition of isothermal compressibility:

and since

the compressibility can be alternatively expressed as

(2-16)

Differentiating Eq. 2-16 with respect to time, we get

(2-17)

Finally, substituting Eq. 2-17 into Eq. 2-16 leading to



(2-18)

Eq. 2-18 is nonlinear, since the coefficients on both sides are themselves
functions of a dependent variable, the pressure. This equation has to be
presented in linear form in order to obtain analytical solutions, i.e., Eq. 2-18
is reduced to the radial form. For a radial flow toward a well in a circular
reservoir, if we combine the law of conservation of mass and Darcy's law for
the isothermal flow of fluids of small and constant compressibility, Eq. 2-18
simplifies to

(2-19)

This equation is called the radial diffusivity equation; the term
0.000264k/(f)fict is called the hydraulic diffusivity. Analytical solutions of
this equation are obtained under various boundary and initial conditions
for use in well testing and well inflow performance calculations.

Various Dimensional Flow Geometry

Eq. 2-19 may be expressed in terms of linear, cylindrical, or spherical
coordinates.

(2-20)

where V2/? is the Laplacian of p. Expression "one-dimensional" referred to a
specified coordinate system?

Linear Flow

Flow lines are parallel, and the cross-sectional area of flow is constant and
represented by Eq. 2-21, which is the rectangular coordinate system in the
one-dimensional form of Eq. 2-20:

(2-21)

Linear flow occurs in some reservoirs with long, highly conductive ver-
tical fractures. Consider a situation with linear flow (in the x-direction) of a



slightly compressible fluid in an infinite, homogeneous reservoir, initially at
uniform pressure, pi. Fluid is produced at constant rate qf30 over an area Af
(ft2). If the area Af represented a vertical fracture with two equal-length
wings of length Lf (ft) and height h (ft), Af — AhLf, with flow entering both
sides of each wing of the fracture. This situation is modeled by the diffusivity
equation in the form of Eq. 2-21. For the conditions stated, the solution to
this equation at x = 0 is

(2-22)

For linear flow into vertical fracture, Af — AhLf, and

(2-23)

Radial-Cylindrical Flow

For radial flow, the corresponding equation is

(2-24)

Eq. 2-24 is a diffusivity equation. Analytical solutions to Eq. 2-24 are
known for several simple boundary conditions; these solutions are used for
most well test analyses. Eq. 2-24 is based on several important assumptions,
including:

(1) The single-phase liquid flowing has small and constant compressibility;
(2) k is constant and the same in all directions (isotropic);
(3) <f> is constant; and
(4) Pressure gradients are small.

Radial-Spherical Flow

For radial-spherical flow, the corresponding equation is

(2-25)



2.3 Numerical Models and Their Applications

Numerical models utilize large computers to solve the mathematical
equations, which govern the behavior of the fluids in porous media.
They provide a generalized approach using a gridded format that can
accommodate a reservoir description just by a reordering of the indices of
the grids. The procedure involved consists of decomposing the reservoir
into blocks and performing mass and energy balances on all these blocks
simultaneously. This gridding of cells shows a more realistic representation
of rock and fluid properties which can vary in any manner. The block
diagram shown in Figure 2-2 can visualize the technique of reservoir mod-
eling and the role played by the engineer.

Purpose and Objective of Reservoir Simulation

The simulation program can be used to study a reservoir containing a
single well, a group of wells, or several wells interacting as a complex. Figure
2-3 shows the objectives of simulation.

Reservoir Model Development Process

Different types of data have been processed separately, leading to several
different models. Indicator geostatistics provide an approach to merge all
the information to produce an integrated reservoir model. Figure 2-4 shows
the reservoir model construction process.

Engineer
environment

Computer
environment

Input Reservoir simulator Output

Modify Analyze

Figure 2-2. Reservoir modeling.



Objectives of simulation

Original oil
in place

Production
schedules

Economic
parameters

Fluid movement
in reservoir

Gas storage Single-well
studies

Optimization of
petroleum systems

Figure 2-3. Objectives of simulation.

Geological Model
log evaluation,

maps and cross-sections from
exploration data

Production/Engineering Model
Additional engineering/

production information are input
in the model

Geophysical Model
Seismic

interpretations

Geostatistics Model
Provides spatial variability of
reservoir properties and the

correlations

Petrophysical Model
Petrophysical
interpretations

All information provides a detailed
reservoir description

Integrated Reservoir Model

Figure 2-4. Reservoir model construction process.

Selection of Numerical Simulation Models
and Applications

Most common numerical simulators such as black oil, coning and cross-
sectional, and ^-component are used for modeling petroleum reservoirs. The



Reservoir Simulator
Selection Process

System

Gas Black oil Miscible Condensate

Dimensionality

Geometry

Phases

1-Phase 2-Phase 3-Phase ^-Component

Figure 2-5. Model selection process of optimum selection.

engineer has to make a decision in selecting the optimum model to simulate
the reservoir under study. The selection must be made systematically and
with an analysis of all the parameters involved. The model study using a
simulator is obviously too sophisticated and expensive. Figure 2-5 shows the
selection process. The parameters that are important in a model selection are
the following:



• Reservoir type;
• Reservoir geometry and dimensionality;
• Data availability;
• Type of secondary or tertiary process being modeled;
• Manpower requirement;
• Computer availability; and
• Cost effectiveness of model.

Figures 2-6 through 2-13 illustrate various models and their applica-
tions.

One-Dimensional
Horizontal

Simulate reservoir
sections
Line drive behavior
study
Miscible flooding
Pilot flood
simulations

Gas

Oil

Water

Figure 2-6. Block diagram showing one-dimensional horizontal model and its

applications.

Gas

Oil

Water

One-Dimensional
Dipping

Up dip gas
injection
Flank injection of
water
Significant gravity
override

Figure 2-7. Block diagram showing one-dimensional dipping model and its

applications.



Two-Dimensional Horizontal
Simulation of large multi-well structure
Heterogeneous rock properties
Vertical variation in fluid properties
Analysis of migration across lease line
Selection of optimum operational scheme in
EOR and pressure maintenance

Figure 2-8. Block diagram showing two-dimensional horizontal model and its

applications.

Three-Dimensional
Layered

Simulation of large
reservoirs consisting
of several producing
horizons
Multiple completions
Several 2-D models
stacked together with
special wellbore
hydraulic routines

Figure 2-9. Block diagram showing three-dimensional layered model and its

applications.



Two-Dimensional
Coning Model

Single-well optimization
studies
Location of completion
intervals
Sensitivity analysis of
coning to completion
intervals
Effect of fracture radius on
well production
Determination of effective
wellbore radius
Maximum efficient rate
Deliverability studies
Well test analysis

Figure 2-10. Block diagram showing two-dimensional coning model and its
applications.

Two-Dimensional
Vertical

Single- or multiple-well
simulation
Cross-sectional analysis
of reservoir
Gravity segregation
Effect of anisotropy on
frontal placement

Figure 2 -11 . Block diagram showing two-dimensional vertical model and its

applications.



Three-Dimensional
Continuous

Simulation of large
multi-well systems
Significant
variation of rock
properties vertically
Significant
variation of fluid
properties vertically
Layered reservoir
systems with
common aquifer or
significant
vertical cross-
flow

Gas-oil
contact

Well
Oil-water

contact
Well

Figure 2-12. Block diagram showing three-dimensional continuous model and its

applications.

Fault

Gas Water

Oil

Gas

Water

Three-Dimensional
Continuous (Section)
Simulation of large
multi-well systems
Significant variation of
rock properties vertically
Significant variation of
fluid properties
vertically
Faulted systems

Figure 2-13. Block diagram showing three-dimensional continuous (section)

model and its applications.



2.4 Unsteady-State Pressure Distribution Calculations
in Directional Well

Cinco etal.2 have presented a solution for unsteady-state pressure dis-
tribution created by a directional drilled well. They have also presented the
equations to calculate skin factors for slanted wells. Figure 2-14 shows
infinite slab reservoir with slanting well. The equation in dimensionless
form is

(2-26)

where

Impermeable
boundaries

Figure 2-14. Infinite slab reservoir with slanting well.15

(2-27)

(2-28)

(2-29)



(2-30)

(2-31)

(2-32)

(2-33)

For fully penetrated wells:

(2-34)

For Long-Time Approximation

At large values of the dimensionless time, the dimensionless pressure at
any point in the reservoir may be expressed as

The pseudo-skin factor term For tD > tr>\, where

(2-35)

(2-36)

(2-37)

the pseudo-skin factor may be approximated as



(2-38)

For 0<Q'w< 75° and tD > tD\

(2-39)

where
st = total skin factor, obtained from conventional pressure analysis of

field data, that includes the true skin factor, Sd
Sd — sum of many factors, such as partial penetration, perforation, non-

Darcy flow, etc.
s0 = pseudo-skin factor caused by the inclination of the well.
Eq. 2-34 is discussed further in Ref. 1; however, the validity of this

equation may be checked by means of Tables 2-1 through 2-5, which
present evaluations of Eq. 2-37 and 2-38. Computation of the effect of
directional drilling on the performance of a well is illustrated in the following
example.

Example 2-6 Calculating Pseudo-skin Factor in a Slanted Well and Evalu-
ating Actual Well Condition

A pressure buildup test indicates that the skin factor 0.72 indicates mild
damage. The semilog straightline slope is HOpsi/cycle. Average angle of
inclination = 45°, h — 85 ft, rw = 0.29 ft, and core analysis indicates that the
kr/kz = 5. Determine the apparent skin factor caused by directional drilling.
The well fully penetrates the formation.

Solution Pressure drop due to skin = (Ap)skin = 0.869 ms = 0.869(110)(0.72)
= 68.82 psi.
From Eq. 2-27,

From Eq. 2-32,

(text continued on page 41)



Table 2-1
pwD Versus tD With hjy (hn = 100) as a Parameter2

tD 15° 30° 45° 60° 75°

1 x 1(T1 0.0120 0.0108 0.0088 0.0062 0.0032
2 x 10-1 0.0707 0.0634 0.0518 0.0366 0.0189
5XlO- 1 0.2703 0.2424 0.1979 0.1399 0.0724
7XlO- 1 0.3767 0.3378 0.2758 0.1950 0.1009
1 0.5043 0.4522 0.3602 0.2611 0.1351
2 0.7841 0.7030 0.5740 0.4059 0.2101
5 1.1919 1.0686 0.8725 0.6170 0.3194
7 1.3477 1.2083 0.9866 0.6976 0.3611
1 x 10 1.5148 1.3581 1.1089 0.7841 0.4059
2 x 1 0 1.8436 1.6529 1.3496 0.9543 0.4940
5 x 1 0 2.2829 2.0472 1.6714 1.1816 0.6116
7 x 1 0 2.4452 2.1937 1.7914 1.2659 0.6551
1 x 102 2.6179 2.3507 1.9211 1.3571 0.7017
2 x lO 2 2.9551 2.6612 2.1841 1.5473 0.7981
5 x 102 3.4032 3.0796 2.5508 1.8319 0.9528
7 x lO 2 3.5681 3.2344 2.6879 1.9421 1/0183
1 x 103 3.7431 3.3991 2.8338 2.0597 1.0911
2 x lO 3 * 3.7227 3.1228 2.2912 1.2375
5 x lO 3 A 4.1617 3.5291 2.6291 1.4506
7 x lO 3 4.3259 3.6859 2.7678 1.5432
1 x 104 4.5012 3.8555 2.9225 1.6528
2 x lO 4 * 4.1916 3.2397 1.9005
5 x 104 B 4.6434 3.6793 2.2855
7 x 104 * 3.8439 2.4382
1 x 105 C 4.0195 2.6046
2 x 105 * 2.9368
5 x 105 D 3.3861
7 x 105 3.5526
1 x 106 *
2 x 106 E
5 x 106

7 x 106

* Line-source solution at the wellbore /?D(1, to) — [A, B, C, D, and E],
A = -0.123 = -0.516, C = -1.175, D = -2.148, and E = -3.586.



Table 2-2
pwD Versus tD With hD (hD = 200) as a Parameter2

tD 15° 30° 45° 60° 75°

1 x 1(T1 0.0120 0.0108 0.0088 0.0062 0.0032
2 x 10-1 0.0707 0.0634 0.0518 0.0366 0.0189
5XlO- 1 0.2703 0.2424 0.1979 0.1399 0.0724
7 x 10-1 0.3767 0.3378 0.2758 0.1950 0.1009
1 0.5043 0.4522 0.3692 0.2611 0.1351
2 0.7841 0.7030 0.5740 0.4059 0.2101
5 1.1919 1.0686 0.8725 0.6170 0.3194
7 1.3477 1.2083 0.9866 0.6976 0.3611
1 x 10 1.5148 1.3581 1.1089 0.7841 0.4059
2 x 1 0 1.8436 1.6529 1.3496 0.9543 0.4940
5 x 1 0 2.2825 2.0465 1.6709 1.1815 0.6116
7 x 1 0 2.4443 2.1915 1.7894 1.2653 0.6550
1 x 102 2.6161 2.3455 1.9151 1.3542 0.7010
2 x lO 2 2.9506 2.64589 2.1602 1.5273 0.7905
5 x 102 3.4950 3.0495 2.4937 1.7623 0.9107
7 x 102 3.5590 3.2007 2.6221 1.8553 0.9578
1 x 103 3.7332 3.3625 2.6618 1.9599 1.0117
2 x lO 3 4.0726 3.6798 3.0409 2.1785 1.1322
5 x 103 4.5222 4.1029 3.4159 2.4801 1.3171
7 x lO 3 4.6879 4.2601 3.5567 2.5925 1.3883
1 x 104 4.8640 4.4286 3.7090 2.7153 1.4655
2 x lO 4 * 4.7620 4.0193 2.9757 1.6301
5 x lO 4 A 5.2117 4.4531 3.3692 1.9071
7 x 104 5.3783 4.6166 3.5239 2.0289
1 x 105 * 4.7913 3.6919 2.1685
2 x lO 5 B 5.1336 4.0260 2.4649
5 x 105 * 4.4765 2.8900
7 x 105 C * 3.0516
1 x 106 D 3.2249
2 x 106 3.5656
5 x 106 *
7 x 106 E

* Line-source solution at the wellbore />£>(1, tD) - [A, B, C, D, and E],
A = -0.152, B = -0.608, C = -1.378, D = -2.494, and E = -4.099.



Table 2-3
pWD Versus to With hD (/*# = 500) as a Parameter2

tD 15° 30° 45° 60° 75°

1 x 10"1 0.0120 0.0108 0.0088 0.0062 0.0032
2 x IO"1 0.0707 0.0634 0.518 0.0366 0.0189
5 x 10"1 0.2703 0.2424 0.0979 0.1399 0.0724
7 x 10"1 0.3767 0.3378 0.2758 0.1950 0.1009
1 0.5043 0.4522 0.3692 0.2611 0.1351
2 0.7841 0.7030 0.5740 0.4059 0.2101
5 1.1919 1.0686 0.8725 0.6170 0.3194
7 1.3477 1.2083 0.9866 0.6976 0.3611
1 x 10 1.5148 1.3581 1.1089 0.7841 0.4059
2 x 1 0 1.8436 1.6529 1.3496 0.9543 0.4940
5 x 1 0 2.2829 2.0465 1.6709 1.1815 0.6116
7 x 10 2.4443 2.1915 1.7894 1.2653 0.6550
1 x 102 2.6161 2.3455 1.9151 1.3542 0.7010
2 x lO 2 2.9503 2.6541 2.1597 1.5272 0.7905
5 x 102 3.3924 3.0416 2.4834 1.7560 0.9090
7 x lO 2 3.5549 3.1873 2.6024 1.8401 0.9525
1 x IO3 3.7272 3.3419 2.7286 1.9293 0.9987
2 x IO3 4.0629 3.6448 2.9766 2.1037 1.0886
5 x IO3 4.5091 4.0545 3.3218 2.3518 1.2145
7 x IO3 4.0736 4.2076 3.4588 2.4525 1.2671
1 x IO4 4.8483 4.3708 3.5982 2.5646 1.3282
2 x lO 4 5.1880 4.6897 3.8805 2.7909 1.4618
5 x IO4 5.6388 5.1165 4.2609 3.0960 1.6541
7 x lO 4 5.8051 5.2761 4.4063 3.2138 1.7279
1 x IO5 * 5.4474 4.5853 3.3463 1.8111
2 x IO5 A 5.7853 4.8872 3.6297 1.9994
5 x IO5 * 5.3298 4.0446 2.3171
7 x IO5 B 5.4950 4.2040 2.4521
1 x IO6 5.6710 4.3757 2.6036
2 x IO6 * 4.7144 2.9167
5 x IO6 C * 3.3534
7 x IO6 D 3.5175
1 x IO7 3.6927
2 x IO7 E*

* Line-source solution at the wellbore /?£>(1, tD) - [A, B, C, D, and E],
A = -0.183, £ = -0.731, C = -1.647, D = -2.953, and E = -4.778.



Table 2-4
PwD Versus tn With hjy (hD = 1000) as a Parameter

2

tD 15° 30° 45° 60° 75°

1 x 1(T1 0.0120 0.0108 0.0088 0.0062 0.0032
2 x 10'1 0.0707 0.0634 0.518 0.0366 0.0189
5 x 10"1 0.2703 0.2424 0.1979 0.1399 0.0724
7XlO- 1 0.3767 0.3378 0.2758 0.1950 0.1009
1 0.5043 0.4522 0.3692 0.2611 0.1351
2 0.7841 0.7030 0.5740 0.4059 0.2101
5 1.1919 1.0686 0.8725 0.6170 0.3194
7 1.3477 1.2083 0.9866 0.6976 0.3611
1 x 10 1.5148 1.3581 1.1089 0.7841 0.4059
2 x 10 1.6436 1.6529 1.3496 0.9543 0.4940
5 x 1 0 2.2825 2.0465 1.6709 1.1815 0.6116
7 x 10 2.4443 2.1915 1.7894 1.2653 0.6550
1 x 102 2.6161 2.3455 1.9151 1.3542 0.7010
2 xlO 2 2.9503 2.6451 2.1597 1.5272 0.7905
5 x 102 3.3924 3.0416 2.4834 1.7560 0.9090
7 xlO 2 3.5549 3.1872 2.6023 1.8401 0.9525
1 x 103 3.7271 3.3416 2.7284 1.9293 0.9987
2 xlO 3 4.0618 3.6417 2.9734 2.1025 1.0884
5 x 103 4.5046 4.0392 3.2979 2.3317 1.2069
7 x 103 4.6676 4.1863 3.4183 2.4163 1.2506
1 x 104 4.8408 4.3437 3.5485 2.5078 1.2973
2 xlO 4 5.1787 4.6548 3.8119 2.6984 1.3939
5 x 104 5.6271 5.0736 4.1789 2.9832 1.5487
7 xlO 4 5.7921 5.2284 4.3160 3.0934 1.6143
1 x 105 5.9671 5.3931 4.4620 3.2111 1.6871
2 xlO 5 6.3084 5.7168 4.7511 3.4426 1.8335
5 x 105 * 6.1559 5.1574 3.7805 2.0467
7 x 105 A 6.3201 5.3142 3.9192 2.1392
1 x 106 6.4954 5.4838 4.0739 2.2488
2 xlO 6 * 5.8199 4.3911 2.4965
5 x 106 B 6.2717 4.8307 2.8815
7 x 106 * 4.9953 3.0343
1 x 107 C 5.1709 3.2006
2 x 107 D* E*

* Line-source solution at the wellbore PD(I, to) - [A, B, C, D, and E],
A = -0.207, B =-0.824, C = -1.850, D = -3.299, and E = -5.292.



Table 2-5
PwD Versus to With hjy (hn — 5000) as a Parameter2

tD 15° 30° 45° 60° 75°

1 x K r 1 0.0120 0.0108 0.0088 0.0062 0.0032
2 x 10-1 0.0707 0.0634 0.0518 0.0366 0.0189
5XlO- 1 0.2703 0.2424 0.1979 0.1399 0.0724
7XlO" 1 0.3767 0.3378 0.2758 0.1950 0.1009
1 0.5043 0.4522 0.3692 0.2611 0.1351
2 0.7841 0.7030 0.5740 0.4059 0.2101
5 1.1919 1.0686 0.8725 0.3170 0.3194
7 1.3477 1.7083 0.9866 0.6976 0.3611
1 x 10 1.5148 1.3581 1.1089 0.7841 0.4059
2 x 1 0 1.8436 1.6529 1.3496 0.9643 0.4940
5 x 1 0 2.2825 2.0465 1.6709 1.1815 0.6116
7 x 1 0 2.4443 2.1915 1.7894 1.2653 0.6550
1 x 102 2.6161 2.3455 1.9151 1.3542 0.7010
2 x lO 2 2.9503 2.6451 2.1597 1.5272 0.7905
5 x lO 2 3.3924 3.0416 2.4834 1.7560 0.9090
7 x lO 2 3.5549 3.1872 2.6023 1.8401 0.9525
1 x 103 3.7271 3.3416 2.7284 1.9293 0.9987
2 x lO 3 4.0616 3.6417 2.9734 2.1025 1.0889
5 x 103 4.5043 4.0384 3.2974 2.3316 1.2069
7 x lO 3 4.6668 4.1841 3.4163 2.4157 1.2505
1 x 104 4.8390 4.3386 3.5424 2.5049 1.2965
2 x lO 4 5.1736 4.6387 3.7875 2.6781 1.3863
5 x lO 4 5.6163 5.0355 4.1114 2.9072 1.5049
7 x lO 4 5.7789 5.1812 4.2304 2.9913 1.5484
1 x 105 5.9512 5.3359 4.3567 3.0805 1.5946
2 x lO 5 6.2870 5.6389 4.6047 3.2550 1.6845
5 x 105 6.7332 6.0486 4.9500 3.5031 1.8105
7 x lO 5 6.8976 6.2017 5.0829 3.6038 1.8630
1 x 106 7.0724 6.3649 5.2264 3.7159 1.9242
2 x 106 7.4122 6.6838 5.5086 3.9422 2.0578
5 x lO 6 7.8630 7.1106 5.8891 4.2473 2.2500
7 x 106 8.0293 7.2702 6.0345 4.3651 2.3238
1 x 107 A* 7.4415 6.1935 4.4976 2.4070
5 x 107 B* C* D* E*

* Line-source solution at the wellbore /?D(1, to) — [A, B, C, D, and E],
A = -0.261, B = -1.040, C = -2.321, D = -4.104, and E = -4.2886.



Table 2-6

Well angle (°) se sd (A/>)5*lVl (psi)

O O +0.7200 68.82
30 -0.1828 +0.9030 86.32
45 -0.5040 +1.2240 117.00
60 -1.2355 +1.9555 186.92
70 -2.2411 +2.9611 283.05
75 -3.0237 +3.7437 357.86

(text continued from page 35)

From Eq. 2-37,

After rearranging, Eq. 2—38 becomes Sd — st — SQ = 0.72 — (—0.1828) =
+0.903. This indicates that the well is more damaged than originally thought
and that it is a candidate for stimulation. The true pressure drop across the
skin is = 0.869 x 110 x 0.903 = 86.32psi rather than the pressure value of
68.82 psi.

Calculated values of pressure drop across skin for various values of slant
angle are summarized in Table 2-6. This table indicates a significant effect
on well condition.

2.5 Summary

This chapter discusses the basic flow theory for oil well testing and
analysis techniques. A general equation is used for transient pressure
behavior with dimensionless pressure solutions desired. Some important
dimensionless pressure functions are presented and references to others are
provided. The dimensionless pressure approach provides a way to calculate
the pressure response and to apply techniques for analyzing transient tests in
a variety of systems. Section 2.4 presents unsteady-state pressure distribu-
tion calculations in directional oil wells.
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Chapter 3

Transient Well
Testing Methods
for Horizontal Oil
Wells

3.1 Introduction

Transient pressure analysis of horizontal wells is more complex than that
of vertical wells because of the following reasons:

• Most horizontal well models assume that horizontal wells are perfectly
horizontal and are parallel to the top and bottom boundaries of the reser-
voir. In general, the drilled horizontal wellbores are rarely horizontal, with
many variations in the vertical plane along the well length, affecting pressure
gauge inserted at the producing end of a horizontal well.

• Calculation is not straightforward because horizontal wells exhibit
negative skin factors.

• It is difficult to estimate exact production length of a long horizontal well.

3.2 Flow Equations for Horizontal Oil Wells

This section describes steady-state fluid flow through a reservoir.
Mathematical equations are included for horizontal oil wells. In oil wells,
normally pressure instead of pressure squared and pseudo-pressure methods
are used to describe the relationship between pressures and flow rates.

Steady-State Flow Equations and Solutions

Steady-state flow rate can be predicted by using several solutions which
are available in the literature.16"18 These solutions in US Oilfield Units are
given as follows.



Josh?8 Method

where

Giger etal.16 Method

Borisov17 Method

Giger et aL16 Method

Renard and Dupay Method

where

JC = 2a/L for ellipsoidal drainage area
a — half the major axis of drainage ellipse (see Eq. 3-2).

(3-1)

(3-2)

(3-3)

(3-5)

(3-6)



Giger etal.16 Method

(3-7)

In Eqs. 3-1 through 3-7
L = horizontal well length, ft
h = reservoir height, ft
rw = wellbore radius, ft
rev — drainage radius of vertical well, ft — ^/(acres x 43,560)/TT

reh = drainage radius of horizontal well, ft = y/(2 x acres x 43,560)/TT

(i0 = oil viscosity, cP
P0 = oil formation volume factor, rb/stb
Ap -(PR —Pwf) = pressure drop from drainage boundary to the well-

bore, psi
qh = horizontal well flow rate, stb/day
Jh — qh/Ap — productivity index for horizontal oil well, stb/(day/psi)
Jv = qv/Ap = productivity index for unstimulated vertical index, stb/

(day/psi)

(3-8)

(3-8a)

(3-8b)

(3-8c)

where

Jv !Stimulated

For damaged well, s > 0 and for stimulated well, s < 0.

Example 3-1 Calculating Steady-state Horizontal Well Productivity Using
Various Methods

A horizontal oil well which is 1250-ft long is drilled in a reservoir with the
following characteristics: h = 170ft; rw = 0.39 ft; cj) = 4.9%; /30 = 1.275 rb/stb;



and fjio = 0.75 cP. Calculate the steady-state horizontal well productivity using
different methods if a vertical well drains 80 acres; kv = kh = 85mD.

Solution If a vertical well spacing is 80 acres, then a 1250-ft long horizontal
well would drain about 160 acres. For a vertical well draining 80 acres,
drained radius, reV9 for a circular drainage area is

Area of a circle = -Kr2
ev = 80 acres x 43,560 ft2/acre => rev = 1053 ft

The productivity index for a vertical well can be calculated from Eq. 3-8:

For a horizontal well draining 160 acres, the drainage radius of a circular
draining area is

Area of a circle

Joshi Method18

From Eq. 3-2

From Eq. 3-1



Giger etal. Method16

From Eq. 3-3

Borisov Method17

From Eq. 1>-A

The productivity ratios for a 160-acre spacing horizontal well and an
80-acre spacing vertical well by different methods are listed in Table 3-1.

Table 3-1
Jh/Jv by Different Methods

Methods

Joshi
Giger
Borosov

Productivity
index, Jh

(stb/day/psi)

46.54
51.16
49.89

Jh/Jv ratio

3.44
3.78
3.68

Aerial productivity index,
Jh /acre

(stb/(day/psi/acre))

0.582
0.640
0.624

Note: Above productivity index comparison assumes an unstimulated vertical well (s — 0).



Unsteady-State Flow Equations and Solutions

References 18 and 19 have presented the equations to include the effect of
reservoir anisotropy. Their equations in US Oilfield Units are given below.

Renard and Dupuy19 Method (Eq. 3-6)

Joshi18 Method

(3-9)

(3-10)

(3-11)

where

The following example shows how to use these equations.

Example 3-2 Calculating Horizontal Well Productivity Index Including
Effect of Reservoir Anisotropy

Given well and other reservoir parameters are: L = 2000-ft long horizontal
well; A = 160 acres; kh = 1OmD; h = 45 ft; /no = 0.45 cP; /3O = 1.225 rb/stb;
rw = 0.39 ft. Calculate horizontal well productivity index at various values
of vertical and horizontal permeability ratios of kv/kh = 0.1, 0.5 and 1.0.

Solution Preliminary calculations are:
For kv/kh = 0.1; kv/kh = 0.5; and kv/kh = 1



Substituting these values in the following equations we get:

Renard and Dupuy19 method (Eq. 3-9)
For kv/kh = 0.1

For kv/kh = 0.5

For kv/kh = 1.0



Joshi18 method (Eq. 3-10)
For kv/kh = 0.1

For kv/kh = 1.0

Horizontal well productivity index values, Jh (stb/(day/psi)), are summar-
ized below.

Reservoir anisotropy

Method kv/kh = 0.1 kv/kh = 0.5 kv/kh = 1.0

Renard and Dupuy 4.43 4.86 4.97
Joshi 3.94 4.67 4.86

Figure 3-1 shows that the influence of reservoir anisotropy on horizontal
well production increases as anisotropy ratio kv/kh increases.

Calculating Effective Wellbore Radius
for Horizontal Oil Well

Joshi Technique18

The effective wellbore radius is defined by Eq. 3-8b. Assuming equal
drainage volumes, reh = rev, and equal productivity indices, (#/A/?)Vertical =

fa/4p)Horizontal- T h i s g i v e S
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Figure 3-1. Influence of reservoir anisotropy on horizontal well performance.

Horizontal

Solving Eqs. 3-1 and 3-8a for r'w gives

Vertical

Eq. 3-8a Eq. 3-1

(3-12)

For anisotropic reservoir, r'w is

(3-13)

Van Der VHs etal. Method20

(3-14)

where 6 = vertical distance between reservoir mid-height and well center;
6 = 0 if well is drilled at the elevation center of the reservoir height.

Skin factor, s, is given by

(3-8c)



Example 3-3 Calculating Effective Wellbore Radius for Horizontal Well
Given data and other reservoir parameters: L = 2000-ft long horizontal well;

A = 160 acres; kh = 4OmD; h = 80 ft; /LL0 = 0.75 cP; /3O = 1.350rb/stb; rw =
0.39 ft; S = O. Calculate effective wellbore radius of horizontal well.

Solution Preliminary calculations are

Using Van Der Vlis etal. method20 (Eq. 3-14)

From Eq. 3-8c, skin factor, s, is

Using Eq. 3-12, the effective wellbore radius is

From Eq. 3-8c, skin factor, s, is



For anisotropic reservoir, term (3 is given by

and

Substituting these values in Eq. 3-11, we get

From Eq. 3-8c, skin factor, s, is

Effect of Formation Damage on Horizontal
Well Productivity

Refs. 21-23 have reported the following equations for isotropic reservoir
to determine flow rate from damaged horizontal well. Figure 3-2 shows a
schematic view of a skin zone near wellbore.

(3-15)

where

(3-16)

^damage



Figure 3-2. View of a skin zone near wellbore.

(3-17)

(3-18)

^damage = flow rate of a damaged horizontal well
qh — flow rate of an undamaged horizontal well
k = formation permeability, mD

ks = damage zone permeability, mD
d — damage zone thickness, ft

Ref. 15 presented a solution to estimate productivity index of a damaged
horizontal well.

(3-19)J h,damage

where

Sh = skin factor near wellbore damage given by

(3-20)



(3-21)

(3-22)

Combining Eqs. 3-9 and 3-20 we can derive the following relationship:

(3-22a)

where

(3-23)

The following example will show how to use these equations.

Example 3-4 Calculating the Effect of Formation Damage on Horizontal
Well Productivity for Anisotropic Reservoir

Horizontal oil well is 2000-ft long and well/reservoir data are: d = 2 ft;
ks = 25 mD; k = 100 mD; h = 50 ft; rw = 0.33 ft; A = 320 acres. Calculate
the effect of formation damage with d = 0.5, 1,2, and 3 on ratio of qdamagelqh-

Solution
From Eq. 3-16

From Eq. 3-17



From Eq. 3-18

Substituting these values in Eq. 3-15, we get

Eqs. 3-16 through 3-18 are for isotropic reservoirs only. Eq. 3-18
represents a loss in production for a horizontal well due to wellbore damage.
The set of calculations is similar to those reported in Eqs. 3-16 through
3-18; the only difference is that one has to estimate equivalent damage zone
thickness, d. The results are shown in Table 3-2 and plotted in Figures 3-3
and 1-A. Table 3-2 shows a significant drop in deliverability of a horizontal
well due to near wellbore damage.

Example 3-5 Determining the Effect of Vertical Well Damage and Reservoir
Anisotropy on Horizontal Well Productivity Ratio

Horizontal oil well is 2000-ft long and well/reservoir data are: d = 2 ft;
ks = 25 mD; k = 100 mD; h = 50 ft; rw = 0.33 ft; A = 160 acres; reh = 1665 ft.
Calculate the effect of formation damage with ratios of kv\kk — 0.1,
0.5, and 1.0.

Table 3-2
Effect of Formation Damage on qdamagelqh Ratio Calculation

d(ft) ks JmD) kAvg.Vert (mD) kAvg.Hor (mD) qdamagelqh

0.5 25 53.86 70.84 0.736
1 25 48.16 65.37 0.666
2 25 42.46 59.90 0.593
3 25 36.76 54.42 0.561
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Figure 3-4. Effect of damage zone thickness on qdamage/Qh-

Solution
From Eq. 3-21

Table 3-3 is prepared by substituting the values of sv in the above
equations and the results are plotted in Figure 3-5.



Table 3-3
Effect of sv on Effective Formation Damage, s/,

Sh

Skin factor
vertical,,, ^ 3 1 6 2 P = 1414 ^ = 1 0 0 0

1 0.0791 0.0354 0.0250
2 0.1582 0.0707 0.0500
4 0.3164 0.1380 0.1000
6 0.4746 0.2124 0.1500
8 0.6328 0.2832 0.2000

10 0.7910 0.3450 0.2500
15 1.1865 0.5310 0.3750
20 1.5820 0.7080 0.5000

Figure 3-5. Effect of sv on effective formation damage, sh.

Investigating Effect of sv and P on Horizontal Well
Productivity Ratio

For/? = 3.162

From Eq. 3-23



From Eq. 3-23

From Eq. 3-23

Calculate Jd,hlJh by substituting the values of sv in Eq. 3-22a:
For example, if sv = 4,/3 = 3.162, j3" = 45.41

Tables 3-4 through 3-6 summarize the results obtained using Eqs. 3-20
through 3-23.

Pseudo-Steady-State Equations and Solutions

When the fluid mass situated at the drainage boundary starts
moving towards the producing well, the pseudo-steady state begins. This



Table 3 -̂4
Effects of sv and p on Effective Formation Damage, SA

Skin factor
vertical, sv

1
2
4
6
8

10
15
20

P = 3.162;
P" = 45.41

0.979
0.958
0.919
0.883
0.850
0.820
0.754
0.694

P = 1.414;
P" = 94.19

0.989
0.979
0.959
0.940
0.922
0.904
0.863
0.825

P = 1.000;
P" = 126.85

0.992
0.985
0.969
0.955
0.941
0.927
0.894
0.864

Table 3 -̂5
Effects of sv and p on Horizontal Well

Productivity Ratio

Skin factor
vertical, sv

1
2
4
6
8

10
15
20

Productivity Ratio,
Jd,h/Jh

P = 3.162;
P" = 45.41

0.979
0.958
0.919
0.883
0.850
0.820
0.754
0.694

P = 1.414;
P" = 94.19

0.989
0.979
0.959
0.940
0.922
0.904
0.863
0.825

P = 1.000;
P" = 126.85

0.992
0.985
0.969
0.955
0.941
0.927
0.894
0.864

Table 3-6
Effects of Sh and /? on Horizontal Well Productivity Ratio

sh sv kvjkh p = yjkhlkv P" Jd,h/Jh

0.3159 4.0 0.1 3.162 45.41 0.919
0.1412 4.0 0.5 1.414 94.19 0.959
0.0999 4.0 1.0 1.000 126.85 0.969



pseudo-steady-state is also called as semi-steady-state or a depletion state.
In other words, it tells us that the reservoir has reached a point where the
pressure at all reservoir boundaries and also the average reservoir pressure
will decrease over time as more and more fluid is withdrawn from the
reservoir. Time to reach pseudo-steady-state, tpss, is calculated as follows:

Dimensionless time, tD, is

(3-24)

Area-based dimensionless time is defined as

(3-25)

Therefore

(3-26)

and

(3-27)

Drainage area of horizontal well is 7ra&/43,560 acre, where a is half
major axis of an ellipse and b is half minor axis of an ellipse. (See Figures
3-6 and 3-7.)

Vertical drainage radius, rev = (acres x 43,560/TT ) 0 5 (ft)

Horizontal well
drains ellipsoid

volume

Figure 3-6. Horizontal and vertical well drainage areas.



40-acre spacing
vertical well

Horizontal well
draining 101

acres
(Vy* = 2.5)

Figure 3-7. Horizontal and vertical well drainage areas for a given time.

Example 3-6 Calculating Drainage Area of Horizontal Well Using Figure 3-7

Solution Half major axis of an ellipse, a = 2000/2 + 660 = 1660 ft; half
minor axis of an ellipse, b = 660 ft; drainage area of horizontal well = irab/
43,560 - (22/7 x 1660 x 660)/43,560 ^ 80 acres.

The pseudo-steady-state equations for vertical wells, fracture vertical
wells, and horizontal oil wells on the basis of circular drainage area are

where

(3-28)

(3-29)

(3-30)

(3-31)

where
s — equivalent negative skin factor due to either well stimulation or due

to horizontal well
sm — mechanical skin factor, dimensionless

sCA = shape-related skin factor, dimensionless



C — shape factor conversion constant, dimensionless
k = permeability, mD
h = reservoir height, ft

pR = average reservoir pressure, psia
pwj> = well flowing pressure, psia

q = oil flow rate, stb/day
JL — oil viscosity evaluated at some average pressure between Jp^ and/^ /

/3f = high-velocity flow coefficient, I/ft
^lg = gas gravity, dimensionless
rw = wellbore radius, ft
hp = perforated interval, ft
ka = permeability in the near wellbore region, mD

AC— 0.75 for a circular drainage area and 0.738 for rectangular drainage
area.

Eq. 3-30 for /3' is given in Ref. 7 while Eq. 3-31 is given in References 2 and 7.
Depending upon /3; definition used a somewhat different answer will be obtained.
We can also write similar equations on the basis of square drainage area as

(3-3Ia)

Shape-Related Skin Factors for Vertical
and Fractured Oil Wells

In the above equations, definitions of SCA and C depend upon the type of
well as listed below.

Vertical well: C = O and sCA from Table 3-10.
Fractured vertical well (Figure 3-8 is an aerial view of a fractured vertical

well): C = 1.386 and SCA = SCAJ-

Cf is obtained from Tables 3-7 through 3-9.

Shape Factors for Horizontal Oil Wells

Horizontal well (Figure 3-9 shows a horizontal well located in a rectan-
gular drainage volume): C = 1.386 and SQA — scA,h, where SCA,H is obtained
from Table 3-10 or from Figures 3-10 through 3-13.8 Dq is a turbulence



Figure 3-8. An aerial view of fractured vertical oil well.

Table 3-7
Shape Factors Cf for Fractured

Vertical Wells in a Square
Drainage Area3

x//xe Shape factor, c/

0.1 2.6541
0.2 2.0348
0.3 1.9986
0.5 1.6620
0.7 1.3127
1.0 0.7887

term and is called turbulence skin or rate-dependent skin factor. Eqs. 3-28
and 3-3 Ia can be used for different well flowing pressures to calculate oil
flow rates. Eq. 3-3 Ia can be rewritten as

(3-32)

Eqs. 3-3 Ia and 3-32 are quadratic equations and can be written as

(3-33)

(3-34)



Table 3-8
Shape Factors, c/, for Off-Centered-Fractured

Vertical Wells8

< Influence of yw/y*e >
yw/ye xflxe 0.25 0.50 1.00

xelye = 1
0.1 0.2240 0.8522 2.0200
0.3 0.2365 0.7880 1.8220
0.5 0.2401 0.7165 1.6040
0.7 0.2004 0.5278 1.3170
1.0 0.1451 0.3606 0.7909

xe/ye = 2
0.1 0.2272 0.7140 1.4100
0.3 0.3355 0.7700 1.3610
0.5 0.4325 0.8120 1.2890
0.7 0.4431 0.7460 1.1105
1.0 0.2754 0.4499 0.6600

X6Iy6 = 5
0.1 0.0375 0.09185 0.2110
0.3 0.1271 0.20320 0.2864
0.5 0.2758 0.38110 0.4841
0.7 0.3851 0.49400 0.5960
1.0 0.2557 0.31120 0.3642

< ^ ^ Influence of xw/xe* >
xw/xe xff I xe 0.50 0.75 1.00

xelye = 1
0.1 0.9694 1.7440 2.0200
0.3 1.1260 1.7800 1.8200
0.5 1.2708 1.7800 1.6000

X6Iy6 = 2
0.1 0.3679 1.0680 1.4098
0.3 0.5630 1.2980 1.3611
0.5 0.8451 1.5470 2.2890

X6Iy6 = 5
0.1 0.0058 0.0828 0.2110
0.3 0.0317 0.2540 0.2864
0.5 0.1690 0.7634 0.6050

* xw and yw represent the distance of the fracture center from the nearest y- and jc-boundary,
respectively (see Figure 3-7).



Table 3-9
Shape Factors, c/, for Fractured Vertical Wells Located Centrally

in the Rectangular Drainage Area9

cf9xf/xe 1 2 3 5 10 20

0.1 2.020 1.4100 0.751 0.2110 0.0026 0.000005
0.3 1.820 1.3611 0.836 0.2860 0.0205 0.000140
0.5 1.600 1.2890 0.924 0.6050 0.1179 0.010550
0.7 1.320 1.1100 0.880 0.5960 0.3000 0.122600
1.0 0.791 0.6662 0.528 0.3640 0.2010 0.106300

Table 3-9a
Values of Dimensionless Function, F, for Estimation

of Horizontal Well Productivity11

< yw/2ye = 0.50 and xw/2xe = 0.50 •
< L/4xe >
yelXey/kJ*y 0.1 0.2 0.3 0.4 0.5

0.25 3.80 2.11 1.09 0.48 0.26
0.50 3.25 1.87 1.12 0.69 0.52
1.00 3.62 2.30 1.60 1.21 1.05
2.00 4.66 3.34 2.65 2.25 2.09
4.00 6.75 5.44 4.74 4.35 4.19

< yw/2ye = 0.25 and xw/2xe = 0.50 >

0.25 4.33 2.48 1.36 0.70 0.46
0.50 3.89 2.42 1.58 1.10 0.92
1.00 4.47 3.13 2.41 2.00 1.83
2.00 6.23 4.91 4.22 3.83 3.67
4.00 9.90 8.58 7.88 7.49 7.33

< y*>/2ye = 0.25 and xw/2xe = 0.25 •

0.25 9.08 7.48 6.43 5.65 5.05
0.50 6.97 5.56 4.71 4.12 3.71
1.00 6.91 5.54 4.76 4.24 3.90
2.00 8.38 7.02 6.26 5.76 5.44
4.00 11.97 10.61 9.85 9.36 9.04

< yw/2ye = 0.50 and xw/2xe = 0.25 >

0.25 8.44 6.94 5.98 5.26 4.70
0.50 6.21 4.83 4.02 3.47 3.08
1.00 5.86 4.50 3.73 3.23 2.90
2.00 6.73 5.38 4.62 4.12 3.81
4.00 8.82 7.46 6.71 6.21 5.89



Table 3-10
Shape Factor-Dependent Skin Factors, SCA,

for Vertical Wells (after Fetkovich and Vienot, Feb. 1985)4

Geometry CA SCA *DApss



Figure 3-9. A schematic of a horizontal well located in a rectangular drainage volume.
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Figure 3-10. Shape-related skin factor, sCA,h, for a horizontal well in a square
drainage area (xe/ye = 1).8

(3-35)

(3-36)

To solve Eqs. 3-35 and 3-36 we need to calculate turbulence factor D
using Eqs. 3-29 and 3-30 and assuming k = ka.
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Figure 3-11. Shape-related skin factor, sCA,h, for a horizontal well located in a
rectangular drainage area (xe/ye = 2).8

Dimensionless length, LD

Figure 3-12. Shape-related skin factor, sCA,h, for a horizontal well located in a
rectangular drainage area (xe/ye = 5).8
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Figure 3-13. Shape factor, CA,h, for a horizontal well located in a square drainage
area for different dimensionless length.8

Calculation of Skin Factor for Horizontal Oil Well

(3-37)

(3-38)

Figure 3-14 shows a graphic correlation for shape factor C9A to convert
this shape factor c'r to c/, the following equation can be used: c/ = 0.25cf

f.
Instead of calculating shape factors, one can adjust effective wellbore radius
of a fractured vertical well to account for both fracture length as well as
shape factor. Figure 3-15 shows a plot of effective wellbore radius for
vertical wells with uniform flux and infinite-conductivity fractures for
different fracture penetrations. The effective wellbore radius, r'w, calculated
from Figure 3-15 can be directly substituted in place of rw in the following
equations to calculate gas flow rate in fractured vertical wells, where the
vertical well is located centrally in a square drainage area. These results can
also be extended to rectangular drainage boundaries for varying (2xe/2ye)
ratios by replacing (x//xe) with (2x//y/A) on the x-axis in Figure 3-15.

(3-39)
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Figure 3-14. Shape factors for fractured vertical wells for different fractured pene-
tration (after Grlngarten, Oct. 1978).9
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Figure 3-15. Effective wellbore radius for fractured vertical wells for different
fracture penetration (after Gringarten, Aug. 1974).10



Calculation of SQA

Assuming a square drainage area with each side being 2xe for 640 acres,
we have

2xe = Vacre x 43,560 (ft) (3-40)

First find L/2xe and kv/kh; then calculate LD using the following equation:

From Figure 3-13 or Table 3-9, corresponding to LD and L/2xe, find SCA-

Pseudo-Steady-State Productivity Calculation Methods

Method 1 (Mutalik etal.8 Method)

This method assumes a horizontal well drilled in a bounded reservoir as
an infinite-conductivity well. Mutalik etal.8 have reported the shape factors
and the corresponding equivalent skin factors, sCA,h, for horizontal wells
located at various positions within the drainage volume. The pseudo-skin
factors, scA,h, f ° r centrally located wells within drainage area with ratios of
sides 2xe/2ye = 1,2 and 5 are plotted in Figures 3-10 through 3-13 and are
summarized in Table 3-11. The following equation can be used to calculate
the productivity of a horizontal oil well.

(3^2)

where
r>e = y/Afi, ft
rw = wellbore radius, ft

A' = drainage area constant = ^ [ln(2.24587r) - Xn(CA)) (3-42a)

CA — shape factor, dimensionless; the values are listed in Table 3-10
sm — mechanical skin factor, dimensionless

Sf = — In -7— = negative skin factor of an infinite-conductivity, fully
L4rwJ

penetrating fracture of length, L



Tables 3-11
Shape-Related Skin Factors, ScA9H9 for Horizontal Wells
for Various Well Penetrations and Different Rectangular

Drainage Area8

< LI2Xi •
tD 0.2 0.4 0.6 0.8 1.0

Xe/ye — 1

1 3.772 4.439 4.557 4.819 5.250
2 2.231 2.732 2.927 3.141 3.354
3 1.983 2.240 2.437 2.626 2.832
5 1.724 1.891 1.948 2.125 2.356

10 1.536 1.644 1.703 1.851 2.061
20 1.452 1.526 1.598 1.733 1.930
50 1.420 1.471 1.546 1.672 1.863

100 1.412 1.458 1.533 1.656 1.845

Xe/y e = 2
1 4.425 4.578 5.025 5.420 5.860
2 2.840 3.010 3.130 3.260 3.460
3 2.380 2.459 2.610 2.730 2.940
5 1.982 2.020 2.150 2.310 2.545

10 1.740 1.763 1.850 1.983 2.198
20 1.635 1.651 1.720 1.839 2.040
50 1.584 1.596 1.650 1.762 1.959

100 1.572 1.582 1.632 1.740 1.935

XeIy e = 5
1 5.500 5.270 5.110 5.140 5.440
2 3.960 3.720 3.540 3.650 3.780
3 3.440 3.190 3.020 3.020 3.250
5 2.942 2.667 2.554 2.493 2.758

10 2.629 2.343 2.289 2.155 2.399
20 2.491 2.196 2.022 2.044 2.236
50 2.420 2.120 1.934 1.925 2.150

100 2.408 2.100 1.909 1.903 2.136

scA,h = shape-related skin factor or pseudo-skin factor that can be
determined from Table 3-11 or using Figures 3-10 through 3-13

C — shape factor conversion constant = (1/2) In 16 = 1.386.
The calculation of various parameters using Eq. 3-32 involves the follow-

ing steps:

1. Determine A1 as l/2[ln(2.24587r) - In(Q)].
2. Calculate negative skin factor, s/, as —\n(L/(4rw)).



3. Determine the value of SCA,H from Table 3-10 or Figures 3-10
through 3-13.

4. Knowing the values of A',Sf and SQA.H the productivity can then be
calculated by using Eq. 3—42.

Method 2 (Kuchuk etal.11 Method)

Kuchuk etal. used an approximate infinite-conductivity solution, where
the constant wellbore pressure is calculated by averaging pressure values of
the uniform-flux solution along the well length. They derived the following
equation for horizontal well pseudo-steady-state productivity:

(3-43)

F is a dimensionless function and depends upon the values of yw/2ye9

xw/2xe, LjAx6 and (ye/xe)y/k^/k^. Typical values of the function Fare listed in
Table 3-9a. The value of ̂ x is calculated using the following equation:

(3-44)

Method 3 (Odeh and Babu12 Method)

This method assumes uniform-flux boundary conditions. They derived
the expression q^ = (PI)/(pR — pwf) from the analytical solution of their
mathematical model, and therefore they need an independent method to
evaluate sR. Babu and Odeh use a material balance equation for this pur-
pose. Here PI is the productivity index and pR is the average reservoir
pressure at pseudo-steady-state condition. In the Odeh and Babu method,
all boundaries are no-flow boundaries. They consider a uniform-flux solu-
tion given by the equation (see Figure 3-15):

(3-15)

where
q0 = constant rate of production, stb/day
pR = average reservoir pressure, psi



pw/ = flowing bottomhole pressure, psi
rw = wellbore radius, ft
P0 = oil formation volume factor
/io = oil viscosity, cP

CH = geometric factor
sR = pseudo-skin factor due to fractional penetration; 0 if L = 2xe

A' = drainage area constant given by Eq. 3-42a
A\ = horizontal well drainage area in the vertical plane = 2yeh

2xe, Iye = reservoir dimensions shown in Figure 3-8
ky — horizontal permeability in the direction perpendicular to the

wellbore.
Eq. 3—45 includes no formation damage, but it can be included as an

additive term in the denominator.
Estimation of In CH

(3-46)

where
zw — vertical distance between the horizontal and the bottom

boundary (see Figure 3-8)
yw = the distance from the horizontal well to the closest

boundary in the j-direction.
Estimation of SR
SR = 0 when L = 2xe. If L < 2xe, then the value of partial penetration

skin factor SR depends upon the following two conditions:

Case 1:

(3^7)

Here

(3^8)



then the following equation can be used:

(S-49)

(3-50)

If —E > i .0, then use the following equation:
4xe

(3-51)

If (4xw + L)JAx6 < 1.0, then use the equation:

(3-52)

If (4xw — L)/4xe < 1.0, then use the equation:

(3-53)

The function J (L/4xe) is calculated by using the following equation:

(3-54)

where xw is the distance from the horizontal well mid-point to the closet
boundary in the x-direction (see Figure 3-8). Additionally, pressure compu-
tations are made at the mid-point along the well length.



Case 2:

(3-55)

The three components in the above Eq. 3-55 are given below:
The PXYZ component is calculated using Eq. 3-48.

The PY component

(3-56)

where xw is the mid-point coordinate of the well.

The PXY component =

(3-57)

Eq. 3-57 is an approximation of the rigorous solution given below:

(3-58)

Although Eq. 3-58 gives more accurate results, Eq. 3-57 is an adequate
approximation for many field applications. The following example will
illustrate how to use these equations.

Example 3-7 Calculating Pseudo-Steady-State Horizontal Oil Well Produc-
tivity Using Various Methods

A horizontal oil well which is 2000 ft long is drilled in a reservoir with the
following characteristics: h= 100ft; rw = 0.39 ft; 0 = 4.9%; /30 = 1.215rb/stb;
V0 = OAScP; sm = 0; D = O; zw = 30ft;kh = kx = ky = l.0mD; and kv/kh = 0.5.
Assuming square drainage area = 160 acres, calculate the pseudo-steady-
state horizontal well productivity using various methods.



Solution
Method 1:

(3-58a)

(3-58b)

Calculation of SQAM

(3-58c)

For a square drainage shape, 2xe = 2ye. Therefore

From Figure 3-10 (using the values of LD = 10, L/2xe = 0.757) shape-
related pseudo-skin factor SCA, h = 1-82.

Using Eq. 3-42



Method 2:
In order to calculate the value of F, first estimate the following

parameters:

From Table 3-9a, for these sets of values, F = 1.05.
Calculation of Sx

Using Eq. 3-44

= - ln[0(0.0123)(l + VoI) sin(0.54)] - 0.0389

= -ln[0.0123 x 1.8090] - 0.0389 = 3.767

From Eq. 3-43, with values of kv/kh = 0.5 and kh/kv = 2



Method 3 (kv/ky = kv/kh = 0.5):
Estimation of In CH

From Eq. 3-46

Estimation of sR

Hence

Therefore, one should use Case 1 where



PXYZ component can be calculated from Eq. 3^8:

To calculate PXY' component first calculate the following parameters:

Since y\ > 1, the function / (4xw + L)/4xe is calculated from Eq. 3-50
with y — y\\



Since j2 < 1-0, the function / ( 4 ^ — L)JAx6 is calculated from Eq. 3-53
with y — yi.

From Eq. 3^9

Using Eq. 3-47

From Eq. 3-45, with A1 = 2yeh and A' = 0.750

A comparison of the horizontal well productivity obtained by three
methods is shown below:

Method 1 Jh = 1.644 stb/(day/psi)
Method 2 Jh = 1.638 stb/(day/psi)
Method 3 Jh = 1.472 stb/(day/psi)



3.3 Horizontal Oil Well Performance
During Transient State

Refs. 6, 13, 14 have presented the solution for a horizontal well in an
infinite reservoir (see Figure 3-16). The equation is given below:

(3-59)

(3-60)

(3-61)

(3-62)

(3-63)

(3-64)

where

Horizontal well

Figure 3-16. Horizontal well model.



(3-65)

(3-66)

(3-67)

zw = vertical distance measured from the bottom boundary of the pay
zone to the well.

• Uniform-flux solution.
• Infinite-conductivity solution.
• Uniform-flux solutions with wellbore pressure averaging.

For an infinite-conductivity wellbore, Figure 3-17 is a log-log plot of PWD
versus tD with a dimensionless wellbore length, L0, as a parameter. Figure
3-17 shows that:

• Bottom curve represents the pressure response of a vertical well with a
fully penetrating infinite-conductivity fracture.

• Time between dashed lines AA and BB represents transitional flow
period from early-time radial flow (vertical radial flow) to pseudo-radial
flow.

• Once the pseudo-radial flow starts, horizontal well solution for LD > 10
is practically the same as the vertically fractured well solution.
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Figure 3-17. Pressure response of horizontal well.



3.4 Transient Well Testing Techniques
in Horizontal Oil Wells

Horizontal well testing is complex and on many occasions it is difficult
to interpret. In this chapter the limitations and use of horizontal well
testing are outlined. There are four transient flow regimes that are theore-
tically possible with a buildup or drawdown test in a horizontal well, which
are as follows.

Early-Time Radial Flow

The flow is radial and is equivalent to that of a fully penetrating vertical
well in an infinite reservoir. (See Figure 3-18.)

Intermediate-Time Linear Flow

A horizontal well will generally be long compared to the formation
thickness; a period of linear flow may develop once the pressure transient
reaches the upper and lower boundaries. (See Figure 3-19.)

Late-Time Radial Flow

If the horizontal well length is sufficiently small as compared to the
reservoir size, a second radial flow known as a pseudo-radial flow will
develop at late times. (See Figure 3-20.)

Horizontal Well

The pressure transient is
moving radially from the

wellbore and has not
encountered any boundaries

Figure 3-18. Early-time radial flow.



Horizontal Well

The duration of this second
major flow regime is directly

related to the effective length of
the horizontal well

Figure 3-19. Intermediate-time linear flow.

Pressure transient becomes
effectively radial in nature after

a long enough time.

Figure 3-20. Late-time radial flow (pseudo-radial flow).

Late-Time Linear Flow

This flow period occurs when the pressure transient reaches the lateral
extremities of the reservoir. This second and final linear flow period develops
only for reservoir of finite width. The identification of these flow regimes is
critical to the proper interpretation of a horizontal well test. (See Figure 3-21.)

Possible Flow Regimes and Analytical Solutions

Figures 3-18 through 3-21 show four possible transient flow regimes
depending on the well length relative to the reservoir thickness and drainage
area.5'12 Under certain circumstances, permeability, k, anisotropy, and skin
factors can be estimated by analyzing these transient flow pressure data.
Time and pressure response equations relating to each of the flow regimes to
solve specific reservoir parameters for drawdown and buildup tests can



This is the last major flow
regime; it is not commonly

seen in tests.

Figure 3-21. Late-time linear flow (pseudo-steady state).

be found in the next sections. Figure 3-22 shows transient flow regime and
analytical solutions.

3.5 Flow Time Equations and Solutions

These sets of equations are presented here for estimating the various flow
regimes based on the concepts of Goode and Thambynayagam,5 Odeh and
Babu,12and Joshi.18

Method 1 - Goode and Thambynayagam's Equations5

Early-Time Radial Flow

The early-time radial flow period ends at

(3-68)

Intermediate-Time Linear Flow

Intermediate-time linear flow is estimated to end at

(3-69)

The intermediate-time linear flow may not develop if the time estimated
from Eq. 3-69 is less than the time calculated for the early-time radial flow to
end (Eq. 3-68).



Tra nsie ntflow reg imes
and analytical solutions

Early-time radial
flow

Time to end the
early radial flow

Early-time
linear flow

Pseudo-radial
flow period

This flow regime
can be short and

may be difficult to
identify in field

applications
(Figure 3-18)

This flow period
ends when the

effect of the top or
bottom boundary

is felt

If horizontal well
is long enough
compared to

formation
thickness, a

period of linear
flow may develop,
once the pressure
transient reaches

the upper and
lower boundaries

If the well length is
sufficiently short to

the reservior size, the
pseudo-steady state
will develop at late

times. The flow period
ends when the

pressure transient
reaches one of the
outer boundaries
(see Figure 3-20)

Buildup tests

(P)
versus

log(tp +At)ZAt

Drawdown tests

(Pi)-(Pw/)
versus
logt

Buildup tests
(P)

versus
\og(tp + Af)/At

Drawdown tests

(Pi)-(P wf)
versus
logt

From slope, estimate (kjcy)
05 and 5.

Parameter L(IcJc)0'5 can be estimated, if
reservoir isotropic kx=k =kh; then

Kff=(hKf;5-
One can estimate producing well length L,
if producing well length L is known from

well logging

From slope estimate
kh = (kjc/-5mds.

Extrapolate initial reservior pressure, pt

Figure 3-22. Flow regimes and horizontal wellbore pressure responses during
flow period.

Late-Time Radial Flow or Pseudo-Radial Flow

If late-time radial flow or pseudo-radial flow develops, it will begin at
approximately

(3-70)



Ref. 5 suggested the following equation to determine the beginning of
pseudo-radial flow:

(3-71)

For a reservoir of finite width, this would end at

(3-72)

where
dz = distance from the upper reservoir boundary to the center of the

horizontal well, ft
kv = permeability in vertical direction, mD
L — effective length of horizontal well, ft
kx — permeability in x-direction, mD

Lx\ = distance in x-direction to beginning of horizontal wellbore, ft
Lxd = distance in x-direction to end of horizontal wellbore, ft.
This radial flow period will not develop if the estimated time at the end of

late-time radial flow (Eq. 3-72) is less than that calculated at the beginning
of pseudo-radial flow (Eq. 3-70). It also means that the reservoir is smaller
than anticipated. A plot of pwf versus yft can be used to calculate Lx\ and
Lxd in Eq. 3-72.

Method 2 - Odeh and Babu's Equations12

Early-Time Radial Flow

The duration of this period may be approximated by the minimum of the
following two terms:

(3-73)

(3-74)



Intermediate-Time Linear Flow

Time durations for the start and end of linear flow can be found by

(3-75)

and

Late-Time Radial Flow

This flow period starts at

(3-76)

(3-77)

and ends at minimum of

(3-78)

(3-79)

Late-Time Linear Flow

The flow ends at the maximum of

(3-80)

(3-81)



where
dz = the shortest distance between the well and the z-boundary, ft
D2= h — dz; the longest distance between the well and the z-boundary, ft,

and h is the reservoir height
ky — permeability in j-direction, mD
dx — the shortest distance between the well and the x-boundary, ft

Dx — the longest distance between the well and the x-boundary, ft.

Method 3 - Ozkan etal.'s Equations14

Early-Time Radial Flow

(3-82)

(3-83)

Assuming isotropic reservoir, i.e., kx — ky, Eq. 3-83 reduces to

(3-84)

After estimating the value of LD and rwD, and using Figure 3-17, one can
find tD (dashed line AA) and duration of the early-time radial flow and is
given by

(3-85)

where
LD = dimensionless length

h = reservoir thickness, ft
I*WD = dimensionless radius

tD — dimensionless time.

Late-Time Radial Flow

Start of this radial (pseudo-radial) flow can be calculated by using
Eqs. 3-82 and 3-83. Find tD from Figure 3-17 (dashed line BB) and then
substitute in Eq. 3-85.



Example 3-8 Calculating the Time Required to End Early-Time Radial Flow
A horizontal oil well, which is 2000-ft long, is drilled in a reservoir with the

following characteristics: /z=120ft; ^ = 0.354ft; 0=15.0%; /J0 = I.235rb/stb;
/io=0.35cP; cf=10.0x 10"6PSi"1; £=0.8mD (from well test data), £v=0.2mD
(from core data). The Well is in the central elevation of the reservoir, and the
distance from the upper reservoir boundary to center of horizontal well is
20 ft. Estimate the time required to end initial radial flow.

Solution dz = (120/2) - 20 = 40 ft.
Method 1 - using Eq. 3-68

Method 2 - using Eq. 3-73

The minimum of these two values is 1.25 hr. Thus, initial radial flow
period will end in 1.25 hr.
Method 3 - using Figure 3-17

(Eq. 3-58c), assuming isotropic reservoir

Knowing LD, rwD, time to end initial radial flow period given by dotted
line AA (tD — 1.5 x 10~3) and after rearranging and substituting these
values in Eq. 3-85

(Eq. 3-63)



Therefore, the initial time required to end initial radial flow would last
between 1.25 and 3.73 hours. The reservoir engineers will have to use down
hole shut-in devices to enhance the chances of measuring the early radial
flow regime.

Example 3-9 Calculating the Time to Start and Time to End Early-Time
Linear Flow

For the well described in Example 3-8, assuming kx = ky = 0.8 mD,
calculate time to start and time to end early-time linear flow.

Solution Maximum distance of well from either top or bottom boundary is

From Eq. 3-73

From Eq. 3-76

From Eq. 3-69

Thus, this flow period will end in about 55-420 hours. This indicates that
the current well is sufficiently long compared to the reservoir height. There-
fore, it is possible to analyze pressure data of the flow period.

Example 3-10 Calculating the Time Required to Start a Pseudo-Radial Flow
For the well/reservoir data given in Example 3-9, calculate time to start

and time to end early-time linear flow.



Solution
Method 1 -from Eq. 3-70

Method 2 -from Eq. 3-71

Method 3 -from Figure 3-17, time to start pseudo-radial flow (dashed line
BB) is tD = 3.0; thus

It will take 135 to 311 days to reach pseudo-radial flow. It will be economic-
ally difficult to shut-in a well for such a long time. In this case one will have to
obtain the necessary information from an early time radial or linear flow period.

3.6 Pressure Response Equations and Methods of Analysis

Certain reservoir parameters can only be approximated during particular
flow regimes; therefore, it is important to calculate the times relating to each
of the flow regimes. Goode etal.5 developed pressure response function at the
horizontal wellbore for conditions of both pressure drawdown and pressure
buildup. These pressure response equations published in 1985 assumed an
effective pressure point along the horizontal wellbore. Later work by Kuchuk
etal.11 was based on pressure averaging under conditions of pressure draw-
down. These equations provide pressure response during each flow regime.

Under the Condition of Pressure Drawdown Test

Early-Time Radial Flow

The wellbore pressure response during this flow period is given by

(3-86)



where s is mechanical skin damage due to drilling and completion. Eq. 3-86
indicates that a plot of wellbore pressure, pw/ or (pt — pwf), versus log t will
exhibit a semilog straight line with slope given by

(3-87)

The equivalent permeability in a vertical plane around the wellbore can be
calculated as

(3-88)

Extrapolating the semilog straight line to t = 1 hr, the following equation
is obtained:

(3-89)

where pt is the initial reservoir pressure and p\hr the pressure obtained at
t = 1 hr. Rearranging the above Eq. 3-89 gives

(3-90)

Using Eq. 3-90 one can estimate skin factor, s. If the reservoir is aerial
isotropic (kx — ky — kh), then using Eq. 3-87, we have

(3-91)

where ke/f ( = ^/khkv) is the effective reservoir permeability. Thus, if ke/f is
known, one can estimate producing well length, Lw. Vice versa, if producing
well length, L, is known by well logging, then one can calculate the effective
reservoir permeability. As mentioned earlier, this flow regime can be of short
duration and may be difficult to identify in field applications.

Intermediate-Time Linear Flow

Pressure response during this flow period is given by

(3-92)



where sz is the pseudo-skin factor caused by partial penetration in the
vertical direction, and is given by8

(3-93)

where
zw = vertical location of well, ft
h — reservoir height, ft.
Eq. 3-92 indicates that a plot of Ap = pt — pw/ versus \pt will exhibit a

straight line with slope given by

(3-94)

Hence, the product of producing well length square L2 and permeability
ky can be obtained from the slope given by

(3-95)

Additionally, extrapolating the straight line to y/i = 0 gives

(3-96)

where

(3-97)

Late-Time Radial Flow

Pressure response during this radial (pseudo-radial) flow period is
given by

(3-98)



Eq. 3-98 indicates that a plot ofpwf or (pt — pwf) versus log t will exhibit a
semilog straight line of slope m^ given by

(3-99)

The equivalent horizontal permeability \Jkxky can be estimated as

(3-100)

Skin factor can also be obtained by

(3-101)

where p\hr is obtained by extrapolating the late-time radial flow semilog
straight line to t = 1 hour. Eq. 3-93 gives pseudo-skin factor, sz. This can
also be estimated using Spencer function5:

(3-102)

where

rwa = apparent wellbore radius, ft
hs = horizontal well in center of reservoir, ft
hz = partial penetration in vertical direction, ft.

If the bottom and top boundaries are maintained at constant pressure
then the pseudo-radial or late-time radial flow period will not develop and
there will be steady-state flow at the late time.



Late-Time Linear Flow

Pressure response during this period, also known as pseudo-steady-state,
is given by

(3-103)

where
2xe = width of reservoir, ft

sz — pseudo-skin factor due to partial penetration in a vertical direction
(Eq. 3-93 or 3-102)

sx = pseudo-skin factor due to partial penetration in the x-direction
given by

(3-104)

h = reservoir height, ft
hx = height between the well and the x-boundary, ft.

Eq. 3-103 indicates that a plot of pwf(pt — pwf) versus y/i will exhibit a
straight line of slope m$ given by

(3-105)

Reservoir parameter Hx or yj^ctkyliio can be obtained as

(3-106)

Skin factor, s, can be found from

(3-107)

where/7WZ(OhF) is the pressure obtained at t = Ohr.



Under the Condition of Pressure Buildup Test

Early-Time Radial Flow

Pressure buildup response during this flow period is given by:
For infinite reservoir

(3-108)

where

Eq. 3-108 indicates that a plot of A/? versus log! —r— j will exhibit a
semilog straight line with slope, m\r, given by ^ '

(3-109)

The equivalent permeability in the vertical plane can be estimated by

(3-110)

Extrapolating the semilog straight line to t = 1 hour, the following equa-
tion is obtained to estimate s\

(3-111)

For finite (bounded) reservoir

(3-112)



where

Eq. 3-111 gives sm.

Intermediate-Time Linear Flow

Pressure buildup response during this flow period is given by:
For infinite reservoir (first linear flow)

(3-113)

where

A plot of Ap versus y/At will exhibit a slope given by

(3-114)

The equivalent permeability in the vertical plane can be calculated by

(3-115)

Skin factor, s, is given by

(3-116)

For finite (bounded) reservoir

(3-117)

Eq. 3-116 gives s.



Late-Time Radial Flow

Pressure buildup response during this flow period is given by:
For infinite reservoir

(3-118)

A plot of pws versus log I -^-r— J will exhibit a straight line with slope
given by ^ '

(3-119)

Skin factor, s, is given by

(3-120)

For finite (bounded) reservoir

(3-121)

where

Calculate sm using Eq. 3-120. Generally, only the initial part of the
Horner plot generated by Eq. 3-121 will be a straight line.

Late-Time Linear Flow

During this flow period (infinite reservoir case does not exist) (pseudo-
radial flow) the pressure buildup response for finite (bounded) reservoir is
given by

(3-122)



A plot of pws versus (Vt — VKt) will produce a straight line that will
extrapolate to pt while a plot of Ap versus (V* — VKt) will exhibit a straight
line of slope, m$u given by

(3-123)

(3-124)

Skin factor, s, is given by

(3-125)

3.7 Horizontal Well Response and Normalized
Pressure Derivative

Horizontal well tests are best interpreted using log-log representation of
the pressure-time data in conjunction with the derivative curve. This will
provide the best identification between the various flow regimes, which
improves the ability to correctly identify the flow regimes and also
maximizes the chances of obtaining a unique solution of the data. Figure
3-23 shows the type curves for infinite-conductivity horizontal wells.14 The
dash curves represent the pressure responses and solid curves represent the
pressure derivative group.

At early times, the pressure/pressure derivative solutions show that the
influence of dimensionless well length LD is negligible. As time increases,
these solutions diverge and ultimately merge with the appropriate PWD
curves after the onset of pseudo-steady-state flow. Thus, Figure 3-23 can
also be used to identify the appropriate semilog straight lines. Pressure
derivative can also be used to determine the time at which pseudo-steady-
state flow begins for bounded reservoirs. Once the slope of the Cartesian plot
°f PWD versus t£>A becomes 2?r, pseudo-steady-state begins. Many investi-
gators use the following equation to determine the beginning of the pseudo-
steady-state flow:

(3-126)
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Figure 3-23. Horizontal weH response and normalized pressure derivative.14

3,8 Effects of Wellbore Storage

Wellbore storage effects can have serious consequences on the effective-
ness of a pressure transient test. In Ref. 1, it was shown that the first semilog
straight line associated with early-time radial flow almost always disappears
because of the effect of wellbore storage. Goode and Thambynayagam6

noted that the storage effect in a horizontal well lasts longer than that in a
vertical well in the same formation because of greater wellbore volume and
because anisotropy reduces the effective permeability, kz, for a horizontal
well.

First semilog straight line (early-time radial flow) commonly does not
appear due to wellbore storage because true wellbore damage, sm, and
horizontal permeability, kz, can only be estimated during that time.

3.9 Summary

This Chapter summarizes a discussion of horizontal wells in oil reservoirs.
Horizontal wells enhance the drainage area in a given time period while
in-high permeability oil reservoirs reduce near-wellbore turbulence and
enhance well deliverability. Horizontal wells have high potential in oil
reservoirs. Also, it includes the influence of turbulence and turbulence
identification, comparison of inflow performance responses in vertical and
horizontal oil wells, and time and transient pressure response analysis
equations related to each of the flow regimes to solve for specific reservoir
parameters using drawdown and buildup tests.
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Chapter 4

Pressure
Drawdown Testing
Techniques for
Oil Wells

4.1 Introduction

A pressure drawdown test is simply a series of bottom-hole pressure
measurements made during a period of flow at constant production rate.
Usually the well is closed prior to the flow test for a period of time sufficient
to allow the pressure to stabilize throughout the formation, i.e., to reach
static pressure. As discussed by Odeh and Nabor,1 transient flow condition
prevails to a value of real time approximately equal to

(4-1)

Semi-steady-state conditions are established at a time value of

(4-2)

In this section, we will discuss drawdown tests in infinite-acting reser-
voirs and developed reservoirs including two-rate, variable, multiphase,
multi-rate drawdown tests. An analysis technique applicable to pressure
drawdown tests during each of these periods including other types of tests
is presented in the following sections.



4.2 Pressure-Time History for Constant-Rate
Drawdown Test

Figure 4-1 shows the flow history of an oil well and can be classified into
three periods for analysis:

• Transient or early flow period is usually used to analyze flow character-
istics;

• Late transient period is more completed; and
• Semi-steady-state flow period is used in reservoir limit tests.

4.3 Transient Analysis - Infinite-Acting Reservoirs

An ideal constant-rate drawdown test in an infinite-acting reservoir is
modeled by the logarithmic approximation to the ^-function solution:

(4-3)
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Figure 4 -1 . Schematic pressure-time histories for a constant-rate drawdown test
(after Odeh and Nabor, J. Pet. Tech., Oct. 1966).



Assuming initially the reservoir at initial pressure, /?,-, the dimensionless
pressure at the well (rD = 1) is given as

(<W)

After the wellbore storage effects have diminished and tDlr2
D > 100,

dimensionless time is given by

(4-5)

Combining and rearranging Eqs. 4-3 through 4-5, we get a familiar form
of the pressure drawdown equation

(4-6)

Eq. 4-6 describes a straight line with intercept and slope term together and it
may be written as

(4-7)

A plot of flowing bottom-hole pressure data versus the logarithm of
flowing time should be a straight line with slope m and intercept p\hr

(Figure 4-2). Semilog straight line does appear after wellbore damage
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Figure 4-2. Semilog pressure drawdown data plot.



and storage effects have diminished. The slope of the semilog straight
line may be given by

(4-8)

The intercept at log t = 0, which occurs at t — 1, is also determined from
Eq. 4-6:

(4-9)

The skin factor is estimated from a rearranging form of Eq. 4-9:

(4-10)

The beginning time of the semilog straight line may be estimated from log-
log plot of [ log (pi — pwf)] versus log t (Figure 4-3); when the slope of the plot
is one cycle in Ap per cycle in t, wellbore storage dominates and test data give
no information about the formation. The wellbore storage coefficient may be
estimated from the unit-slope straight line using the following equation:

(4-11)
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Figure 4-3. log-log pressure drawdown data plot.



where Af and Ap are the values read from a point on the log-log unit slope
straight line. C is calculated using Eq. 4-11, and should agree with C
calculated from Eq. 4—12:

(4-12)

where Vu is the wellbore volume per unit length in barrels per foot. Duration
of wellbore unloading can be estimated from Eq. 4-13:

(4-13)

where

(4-14)

The apparent wellbore radius rwa may be estimated by

(4-15)

Radius of investigation at the beginning and end of the apparent middle
time line may be checked by the following equation:

(4-16)

4.4 Late Transient Analysis - Bounded (Developed)
Reservoirs

Pressure behavior at constant rate in a bounded reservoir can be repre-
sented by2

log(/V -P) = IQg(A1) - (A)/ (4-17)

From this we see that a plot of log (pw/ — p) versus t should be linear with
slope magnitude:

(4-18)

and intercept

(4-19)



The plot of log (pwf — p) versus t will be linear provided the value of p is
known. Usually it is not. This means that a trial-and-error plot must be
made using assumed/? values. That value which yields the best straight line
on the log (pw/ — p) versus t plot is chosen as the correct p value. A schematic
late transient drawdown analysis plot is shown in Figure 4-4.

After determining the correct p value, kh can be estimated from the
intercept value b by

(4-20)

The pore volume (drainage volume) of the well Vp can be determined
from the slope of plot (Figure 4-4). This value, in barrels, is given by

(4-2Ia)

The equivalent drainage radius re is given by

(4-2Ib)
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Slope, /J1

Too high values

Correct
reservoir
pressure

lo
g(

p w
f-

P
R

) 
(p

si
)

Flowing time, t (hours)

Figure 4-4. Schematic late-transient drawdown analysis plot.



The skin factor can be found from

(4-22)

where/? is the average reservoir pressure. The pressure drop across skin zone
is given by

(4-23)

Example 4^1 Analyzing Late Transient Drawdown Test
The pressure drawdown data were obtained from a 50-hours drawdown

test in an oil well. Before this test, the well has been shut-in and the pressure is
allowed to build up to a stabilized value of 1895psi. Other data pertinent to
the test are as follows: qo = 750stb/day; h = 15 ft; fi0 = 0.9OcP; 0 = 0.12;
rw = 0.29 ft; ct = 17.5 x lO^psi"1 ; /30 = 1.245 rb/stb. Find the average reser-
voir pressure, intercept, slope, permeability k, pore volume, skin factor and
pressure drop across skin.

Solution To prepare this late transient analysis plot, follow these steps:

1. Choose various values of average pressure,/?/? = 1300, 1400, 1460, and
1490 psi.

2. Plot 1Og(^/ -PR) versus time in hours on semilog paper.
3. If the curve is concave downward, estimated value of PR is too low.

Conversely, if the curve is concave upward, the estimated value of PR is
too large. Thus a trial-and-error procedure is involved until a straight
line is obtained.

4. Find the intercept and slope of the straight line.

From Figure 4-5, we find the intercept and slope values as

From Eq. 4-20, we find



Intercept, ^ = 320 Reservoir pressure
values are too low

Slope /?1 = 1/7.4 = 0.135

Correct reservoir
pressure, pR = 1460

Too high values

Flowing time, t (hours)

Figure 4-5. Semilog late-transient analysis plot, extended pressure drawdown test.

From Eq. 4-2 Ia, we find

From Eq. 4-2 Ib, we find

From Eq. 4-22, we find

From Eq. 4-23, we find



4.5 Semi-Steady-State Analysis - Reservoir Limit Test

If a pressure drawdown test is run for a long period of time, the pressure
follows semi-steady-state behavior, which starts when the curve for that
shape presented by Matthews et al.2 may be combined with Eqs. 4-24 and
4-26 and simplified to Eq. 4-29:

(4-24)

(4-25a)

(4-25b)

(4-26)

(4-27)

(4-28)

(4-29)

where

where
A = drainage area, ft2

CA = Dietz's shape factor
m* = negative slope of the linear part of the plot of pw/ versus /,

in psi/hr
pInt = intercept of the straight line when it is extrapolated to t = 0.
Eq. 4-27 indicates that a Cartesian plot of bottom-hole flowing pressure

versus time should be a straight line during semi-steady-state flow, with slope
nf given by Eq. 4-28 and intercept pint given by Eq. 4-29; the slope can be
used to estimate the reservoir drainage volume:

(4-30)

(4-31)



If (f> and h are known, the drainage area may be estimated and if pressure
drawdown test data are available during both the infinite period and semi-
steady-state period, it is possible to estimate drainage shape. The semilog
plot is used to determine m and p\ ^ , the Cartesian plot is used to get m* and
Pint. The system shape factor is estimated from4

(4-32)

or, using common logarithms:

(4-33)

The dimensionless time used by Dietz to define the beginning of semi-
steady-state behavior is calculated from

(4-34)

where tpss is the time at the start of the semi-steady-state period (hours), =>
that is time at the start of the straight line of the plot of pw/ versus t.

We can use the above material to analyze reservoir limit test. The tech-
nique is as follows:

• Plot both pwf versus log t and pw/ versus t.
• From semilog plot determine m and p\hr (extrapolate if necessary). If

desired, these quantities may be used to calculate kh\\x and skin factor s
using standard techniques.

• From the linear plot find slope, m*, p\nU and tpss.

Estimation of Reservoir Limit

Calculate the drainage volume, Vp = cj)hA = — 0.233^/VQra* in ft3. If
0, h, and ct are known, then the drainage area A and reservoir size re can
be estimated as

or A (acres)



Estimation of Reservoir Geometry

• Calculate CA using Table B-2 or Figure B-8.
• Estimate the drainage shape and well location.

To illustrate the technique outlined above, the following example will
clarify the analysis.

Example 4—2 Analyzing Single-Rate, Single-Phase Pressure Drawdown Test
A constant-rate drawdown test was run in an oil well with the following

characteristics: q0 = 250stb/day, ^0 = 0.8 cP, /30 = 1.136rb/stb, c0 = 17.0 x
10~6 psi"1, 0 = 0.039, h = 69 ft, # = 4412psi, and rw = 0.198 ft. Last
flowing time = 460 hr. From the test data given in Table 4-1, estimate the
formation permeability, skin factor, pressure drop across skin, flow efficiency
and reservoir pore volume.

Solution To estimate the reservoir parameters, follow these steps:

Plot (pi — pwf) versus log time (semilog data plot, Figure 4-7)
Plot (pi — pwf) versus log time (log-log data plot, Figure 4—6)
Plot pwf versus time (Cartesian data plot, Figure 4-8)
From log-log data plot, Figure 4—6, determine

MTRl —»time at the beginning of transient period = 12 hours
MTR2 —> time at the end of transient period = 150 hours
Show the value of MTR on semilog plot, Figure 4-7.

Estimate the formation permeability k using Eq. 4-8 as

Check the radius of investigation at the beginning and end of the appar-
ent middle time line to ensure that we are sampling a representative portion
of the formation.

r/at 12 hours

rt at 150 hours



Table 4-1
Drawdown Test Data (Single-Rate and Single-Phase Pressure

Drawdown Test)

Time, t (hr) Pressure, pwf (psig) (pt - pwf) (psig)

0.00 4412 0
0.12 3812 600
1.94 3699 713
2.79 3653 759
4.01 3636 776
4.82 3616 796
5.78 3607 805
6.94 3600 812
9.32 3593 819
9.99 3586 826

14.40 3573 839
17.30 3567 845
20.70 3561 851
24.90 3555 857
29.80 3549 863
35.80 3544 868
43.00 3537 875
51.50 3532 880
61.80 3526 886
74.20 3521 891
89.10 3515 897

107.00 3509 903
128.00 3503 909
154.00 3497 915
185.00 3490 922
222.00 3481 931
266.00 3472 940
319.00 3460 952
383.00 3446 966
460.00 3429 983

Estimate the skin factor s using Eq. 4-10 as

This means the well is damaged and needs to be stimulated. Find pressure
drop due to skin using the following equation:
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Figure 4-6. Single-rate drawdown test - log-log data plot.
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Estimation of Reservoir Drainage Volume

To estimate the reservoir (drainage) volume Vp, find slope of the curve
from linear plot, Figure 4—8.

Thus, using Eq. 4-30, we find



Estimation of Reservoir Size

Also Vp is equal to cf)hA = nfihrl and reservoir limits (size) are

Area (acres)

Estimation of Reservoir Shape

Using Eq. 4-32 or 4-33, shape factor CA is

From Table B-2, we find:
More likely is one of the two shapes.

Discussion: If both short- and long-time pressure drawdown test data are
available, we can estimate reservoir size and geometry from conventional
reservoir limit test. The method does not need knowledge of the /i0, rW5 s, or
initial reservoir pressure. It is also applicable to gas reserves and injection
testing.

4.6 Two-Rate Flow Test Analysis

To analyze the two-rate test, two cases will be discussed: when the initial
pressure is not known and when the initial pressure is known.

When Initial Pressure Is not Known

This type of test can be used to estimate the permeability, skin factor, and
reservoir pressure. The flow test does not have to be shut-in; thus no income
is lost. The second rate could be increased or decreased; however, both the
rates have to be stabilized. Two-rate flow test can be modeled as4



(4-35)

Rearranging and introducing specialized nomenclature, t\ = tp\ and
t — tp\ — Af, Eq. 4-35 becomes

(4-36)

Duration of wellbore storage distortion is essentially the same as in any
buildup or drawdown test. However, the test procedure may minimize the
effects of phase segregation in the wellbore. The following steps can be used
to analyze the two-rate flow test:

• Plot / y versus [log((^i + Af)/Atf) + (qilqi) log (Af)]
• Determine the slope m from the plot and use it to calculate the perme-

ability k from the relationship

(4-37)

• Calculate the skin factor s from the equation

(4-38)

• Pressure drop due to skin:

(4-38a)

(4-38b)

• pi (or, more generally, p*) is obtained by solving for pi (p*) from the
drawdown equation written to model conditions at the time of the rate
change:

(4-39)



(4-40)

This false pressure p* may be used to determine the average drainage region
pressure. The following example will clarify the method of analysis.

Example 4-3 Analyzing Two-Rate Drawdown Test When Initial Pressure Is
not Known

A two-rate flow test was run by stabilizing the flow rate at 105 stb/day for
several days and then reducing the flow rate to 75 stb/day. The pressure data
during the second rate are shown in Figure 4-9. Other pertinent data
are: h = 65 ft, ct = 10.0 x 1 (T5PSi"1, Vp = 32,000 stb (cumulative volume
produced at last rate change), pw/(At=o) — 3200 psi, (J) = OAO, /J,0 = 0.75,
Po = 1.65rb/stb, rw = 0.3.

Solution tpi = 24(32,000)/105 = 7314.29 hr. The pressure data during the
second flow rate are shown in Figure 4-9. Calculate the formation perme-
ability k using Eq. 4-37:
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Figure 4-9. Two-rate drawdown test - when p, is not known.



Estimate the skin factor s using Eq. 4-38:

Estimate the pressure drop due to skin using Eqs. 4—38a and 4—38b:

The minus sign indicates that, because of an enlarged well radius, the
pressure drop near wellbore is less than normal. The false pressure, p*9 is
determined from Eq. 4-39:

The p* value may be used with the material in Chapter 5 to determine the
average drainage region pressure.

When Initial Pressure Is Known

The general equation for an «-rate flow test is

(*41)



If Eq. 4^41 is plotted as [(Pt - pwf)lqn] versus £ 7 = x ((qj - qj-\)lqn)
\og(tn — tj-\) on Cartesian coordinate paper, it should give a straight line
of slope, m', from which the formation permeability can be estimated:

[ArAl)

The intercept bf of the straight line is obtained when the plotting function
is zero,

(<W3)

where b' is the value of {pt — pwf)lqn9 when plotting function is zero. By
solving for s in Eq. 4-41, we obtain

(4-44)

The method of analysis has the disadvantage that the initial reservoir
pressure pi and the entire flow rate history must be known; frequently, they
are not. In such cases, the analysis technique may be modified so that the
initial pressure is not used. The following section will present modified
analysis techniques proposed by Russell4 for a two-rate test.

•(<W5)

Eq. 4-43 assumes a constant flow rate q\, from time 0 to time t\, at start of
the test. t\ should be calculated from the following equation:

(4-46)

where Vp is the cumulative volume produced since last rate stabilization.
Eq. 4-45 indicates that a plot of pw/ versus [\og((t\ -f At)/At) 4- {fn\q\)
log Ad should be a straight line with slope

(4rA7)

and the intercept (extrapolated to zero) is



(<W8)

Once the slope of the straight line is determined from the data plot, the
reservoir permeability may be estimated from

(4-49)

The skin factor is estimated from

(4-50)

The intercept of the data plot may be used to estimate the false pressure,2

(4-5Ia)

which is used to estimate the average reservoir pressure using the method
given in Chapter 5. The initial reservoir pressure can be calculated as

(4-5Ib)

where pw/\ is the flowing pressure at the first rate change (Af = 0) and p\hr is
the flowing pressure at At = 1 hr or the MTR line. pInt is the intercept
extrapolated to zero.

Example 4-4 Analyzing Two-Rate Drawdown Test When Initial Pressure Is
Known

A two-rate flow test was run on an oil well with the given properties.
From these properties and the data given in Table 4-2, determine k, s, and/?*.
The well depth is 7550ft. ^0 = 0.805cP, j30 = 1.137rb/stb, pt> = 4412psi,
0 = 0.039, rw -0.198ft , Awb = 0.0218ft2, pm = 52.71b/ft3, A = 69ft,
TR = 162° F, pressure at time of rate change = 3490 psi, tp\ = 184.7 h,
q\ = 250stb/day and q2 = 125stb/day.

Solution The plotting function X is tabulated in Table 4—2, and a plot oipwf
versus X is shown in Figure 4—10. The MTR line of the plot/?^ versus X has
the following characteristics:

Beginning of MTR at At = 6hr, X = 1.9
End ofMTR at At = 50 hr, X = 1.5



Table 4-2
Two-Rate Drawdown Test Data

Time,
*(hr)

0.11
0.15
0.22
0.31
0.45
0.65
0.93
1.34
1.94
2.79
4.01
5.78
8.32
12.00
17.30
24.90
35.80
51.50
74.20
89.10
107.00
128.00
154.00
184.70

Flowing pressure,
Pw/ (psig)

3528
3549
3577
3612
3654
3702
3751
3795
3831
3853
3867
3876
3882
3888
3893
3897
3900
3903
3904
3903
3902
3901
3898
3895

Flowing pressure,
pwf (psia)

3523
3564
3592
3627
3669
3717
3766
3810
3846
3868
3882
3891
3897
3903
3908
3912
3915
3918
3919
3918
3917
3916
3913
3910

t-\- At
At

1680.09
1232.33
840.55
596.81
411.44
285.15
199.60
138.84
96.40
67.25
47.06
32.96
23.20
16.39
11.68
8.42
6.16
4.59
3.49
3.07
2.73
2.44
2.20
2.00

los<r')+::*«*<>
2.7460
2.6769
2.5983
2.5190
2.4405
2.3618
2.2831
2.2050
2.1272
2.0500
1.9739
1.8985
1.8252
1.7539
1.6860
1.6230
1.5662
1.5171
1.4777
1.4622
1.4500
1.4413
1.4358
1.4340
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Figure 4-10. Two-rate drawdown test - when p, is known.



Slope of MTR line, m\ = 70.65 psi
Intercept of MTR line at X = 0, pInt = 4026 psi
pi hr (at At = 1 hr), X = 2.270 - 3869 psi

Estimate the formation permeability using Eq. 4-49:

Determine the skin factor from Eq. 4-50:

The pressure drops across the skin at rates q\ and #2, respectively,

The false pressure/?* is determined from Eq. 4-51a:

Check if we have chosen the proper range of MTR.

At this time the plotting function X is 1.95. This confirms our choice of the
start of the MTR line.



4.7 Variable-Rate Flow Tests

It is impossible to maintain a constant rate long enough to complete a
drawdown test. In such cases, variable (multiple)-rate testing analysis tech-
niques are applicable. A variable-rate test may include one with several
variable rates or one with a series of constant rates. Accurate flow rate and
pressure measurements are essential for the successful analysis. Rate
measurements are much more critical in variable-rate well tests than in
conventional constant-rate well test. Variable rate testing has the following
advantages:

• Provide transient test data while production continues;
• Trends to minimize changes in wellbore storage coefficient and phase

segregation effects.

To obtain a meaningful and useable information from variable-rate tests,
good flow rate data are much more critical than the conventional constant-
rate well tests. In this section, we will discuss the /z-rate flow test. The method
assumes an infinite-acting reservoir during the entire test period.

Modified Variable-Rate Cases

This section will present transient and semi-steady-state cases.

Transient Case When tp < tpss

Refs. 6 and 7 have provided a technique to analyze the w-rate flow test; a
plot of the following variables on semilog graph paper is required.

(4-52)

The slope (W) and intercept (Z/) of the appropriate straight line in the plot
above are used to estimate the formation permeability and skin factor. The
following equations are used to estimate the reservoir parameters:

(4-53)

(4-54)

(4-55)



Calculation of Average Reservoir Pressure, p
Assume that if the well was producing in the semi-steady state, then p can

be calculated by the following equation:

(4-55a)

(4-55b)

Flow efficiency FE is

Example 4-5 Analyzing Variable-Rate Pressure Drawdown Test Assuming
Transient Flow

A variable-flow-rate test was run on an oil well. The test data are given in
Table 4-3. To interpret the test, the following reservoir, PVT, and flow
parameters are given: Pressure at ( / = 0) = 4412 psig, (50 — 1.136 rb/stb,
/io = 0.80cP, h = 69ft, Q = H-OxIO- 6 PSr 1 , API = 35°, rw = 0.198ft,
(j) = 0.039 fraction, A = 40 acres.

Assume circular drainage area. Determine the following:

1. Formation permeability, k
2. Skin factor, s
3. Pressure drop due to skin
4. Average reservoir pressure, p
5. Flow efficiency, FE.

Solution A plot of Ap/qn versus plotting function (rate-time function) is
given in Figure 4-11. From this plot the following results are obtained: slope,
rri = 0.288 psi/cycle, intercept, b' = 3.04psi/(stb/day) at qn = 166stb/day
- • (Pi -Ptf)/qn = (4412 - 4099)/166 = 1.8855 psi/(stb/day).



Table 4-3
Variable-Flow-Rate Drawdown Test Data

Time,
'(hr)

0.105
0.151
0.217
0.313
0.450
0.648
0.934
1.340
1.940
2.790
4.010
5.780
8.320
9.990
14.400
20.700
29.800
43.000

Rate
(stb/day)

180
177
174
172
169
166
163
161
158
155
152
150
147
145
143
140
137
134

A ? - qi - qn
(stb/day)

0
3
6
8
11
16
17
19
22
25
28
30
33
35
37
40
43
46

Pressure (psig)

4332.0
4302.0
4264.0
4216.0
4160.0
4099.0
4039.0
3987.0
3952.0
3933.0
3926.0
3926.0
3927.0
3928.0
3931.0
3934.0
3937.0
3941.0

(Pi - PwfXpsig)

80.0
110.0
148.0
196.0
252.0
313.0
373.0
425.0
460.0
479.0
486.0
486.0
485.0
484.0
481.0
478.0
475.0
471.0

(Pi-P wf)l Ii
(psi/(stb/day))

0.4444
0.6215
0.8506
1.1395
1.4911
1.8855
2.2883
2.6398
2.9114
3.0903
3.1974
3.2400
3.2993
3.3379
3.3636
3.4143
3.4672
3.5149
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)

Slope, m = 0.288

End of wellbore
storage effect

4.49 hours

Results
p* = 4876 psi
k = 7.418 mD

s = 6.024
(Ap)skin = 229 A psi

FE = 50.52%

Flowing time, t (hours)

Figure 4-11. Variable-rate drawdown test - transient case.

1. From the slope of 0.288 psi/cycle, the permeability, k, is found from
Eq. 4-53:



2. The skin factor, s, is obtained from Eq. 4-54:

It means the well is damaged and needs stimulation.

3. The pressure drop due to skin factor is

4. The average reservoir pressure, p, can be calculated using Eq. 4-55b:

5. Flow efficiency, FE =

Semi-Steady-State Case4 When tp < tpss

The method assumes an infinite-acting oil reservoir with a well located at
r = 0 and produced at a constant rate. The point source solution is

(4-56)

where pi is the original pressure at t = 0, pw/ the pressure at any t and
wellbore radius rw. Eq. 4-56 shows the pressure formation around it is
neither damaged nor improved. If a condition of permeability damage and
improvement exists, the equation must be corrected for these effects. Van
Everdingen and Hurst8 introduced an additional term:

(4-57)

where s is the skin factor and is dimensionless. If the well is produced at a
variable rate, then using the superposition principle and solution, we have



(4-58)

where tn is the total flowing time for n constant rate flow periods
t\ — *o, ti — t\, . . . , tn — tn-\ with rates q\, qi, --, qn- If we use Eq. 4-58 in
its present form to construct a straight line pressure drawdown plot,
k, (j), /i, ct9 rW9 and s must be known. This is so because for every tn, a variable
factor qn(\n(k/(j)/j,octrl) + 0.809 + 2s) is left at the right-hand side of
the equation. Hence this has been a problem in analyzing a variable-rate
pressure drawdown. Odeh and Jones7 used the superposition principle to
arrive at a variable-rate procedure for appraising wellbore damage in water-
injection wells. To construct a straight-line pressure drawdown plot, divide
both sides of Eq. 4-58 by qn, and after simplification and summation give

(4-59)

(4-60)
When p is in psi, q in bbl/day, \i in cP, kh in mD-ft, Mn h, r in ft, </> in
fraction, c in psi"1, to — 0, t is the time when the change in rate was initiated,
A ^ = qM - qt, and q0 = 0. Thus, a plot of (pt -pwf)/qn versus (l/qn)
Y^iZo Aqt^n{tn — t\) should result in a straight line with a slope, m is

(4-61)

Solving Eqs. 4-59 and 4-61 for s, we get

(4-62a)

and



(4-62b)

If log is used, then

(4^63)

(4-64)

and total pressure drop due to the skin effect for the drawdown test then
will be

(4-65)

Method of Applications

To analyze variable-rate drawdown test, follow these steps:

1. Plot production rate versus time on regular paper.
2. Divide the time axis into time increments and calculate the average

flow rate for each increment.
3. Calculate Ap = pt — pwf as a function of time, and divide each Ap log

the average rate existing at that time at which pwf was read. pt and pw/
are, respectively, the initial and bottom-hole pressures in psi.

4. Calculate the plotting function X = (l/qn) YIl=O A<7*log(^ — tt) as a
function of time and plot it against ApJqn calculated in step (3) on
rectangular coordinate paper. tn is the total flow time, tt the time when
each change in rate was initiated, tn — 0, qt the flow rate in stb/day
during (tt - f,-_i) time interval, Aq1 = qi + \ — qt, q0 = 0, and qn the flow
rate during (tn — tn-\) time interval.

5. Calculate the slope m of the resulting straight-line plot of step (4).
6. Calculate kh using Eq. 4—63.
7. Calculate skin factor s using Eq 4—64.
8. Calculate pressure drop due to skin effect using Eq. 4-65.

Example 4-6 Analyzing Variable-rate Pressure Drawdown Test Using Odeh
and Jones Method

A 3-hours drawdown test was conducted on a new well. The average flow
rate during the first, the second, and the third hour were, respectively, 478.5,



Table 4-4
Variable Drawdown Test Analysis

Plotting functions

n

1
1
1
1
2
3
3
3

t
(min)

0
20
40
60
120
140
160
180

(stb/day)

478.5
478.5
478.5
319.0
159.5
159.5
159.5

Pwf
(psi)

3000
999
857
779
1378
2043
2077
2094

Ap
(psi)

0
2001
2143
2222
1622
957
924
906

Ap

(psi/stb/day)

0
4.1818
4.4786
4.6437
5.0846
6.0000
5.7131
5.6767

Aqi\n(tn-ti)

2.9957
3.6889
4.0943
5.1341
7.4552
6.9287
6.6872

Aqi\og(tn - ti)

1.3010
1.6021
1.7782
2.2297
3.2342
3.0103
3.8157

319, and 159.5 reservoir bbl/day. The original reservoir pressures were 3000 psi.
Drawdown test data are given in Table 4-4, the reservoir and well data are:

Solution Table 4-4 shows the calculated data and plotting functions and
Figure 4—12 shows a plot of these functions.

Calculation of Plotting Functions
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Intercept, b' = 3.05

Slope, m = 0.41

Results:
k = 10.73 mD
s = 2.82

Apskin = 160.8 psi

Figure 4-12. Variable-rate case using Odeh and Jones plot.

For n = 3, qn =

For n = 3, qn =



Calculate the permeability k from Eq. 4-63:

Determine the skin factor s from Eq. 4-64:

Estimate the pressure drop due to skin from Eq. 4-65:

4.8 Multi-Rate Flow Test Analysis

Multi-rate testing7'9 has the advantage of providing transient test data
while production continues. It tends to minimize changes in wellbore storage
coefficient and phase segregation (humping) effects and thus may provide



good results when drawdown or buildup testing would not. Rate measure-
ments are more critical in multi-rate testing than conventional, constant-rate
well tests. In this section, we will discuss both single and multiphase, multi-
rate drawdown tests.

Multi-Rate, Single-Phase Test

The general equation for drawdown test analysis is

(4-66)

This equation is that of a straight line of the form y — b + rnx, where

(4-67)

Slope, m — (4-68)

(4-69)Intercept, b —

To make that plot correctly it is important to understand that the rate
corresponding to each plotted pressure point is qn, the last rate that can
affect that pressure. At time increases the number of rates may increase and
the last rate may change; but each pressure point is identified with the rate
occurring when that pressure was measured. There may be several pressure
points associated with a given rate. Once the data plot of

versus

is made, the straight-line slope and intercept are measured. The permeabil-
ity, skin factor, (Ap)skin, and FE are estimated using the following equations:

(4-70)



(4-71)

(4-72)

(4-73)

The following example illustrates how the summation term in this plotting
technique is calculated.

Example 4-7 Analyzing Multi-Rate, Single-Phase Drawdown Test
Production rate during a 48-hours drawdown test declined from 1580 to

983stb/day. Rate and pressure data appear in Table 4-5. Reservoir, PVT,
and rock data are: pt = 2906 psi, \io = 0.6 cP, /30 = 1.270 rb/stb, h = 40 ft,
cj) = 12%, ct = 17.5 x 10-6, and rw = 0.29 ft

Solution Figure 4-13 is a plot of ((/?,- -pwf)/qn) versus J2]=\ [(?/ - ?/-i)/^«)
log(7 — tj-\)]. This plot exhibits two straight lines. The first slope is used to
estimate the formation permeability k. The slope of the second line is greater than
that of the first, possibly indicating transition to pseudo-steady state, faulting or
decreasing in permeability away from the well. To illustrate the method of
computing the time summation, we calculate it at 5.50 and 12.0 hours. At
5.50hours, q = 1440 stb/day is the third rate observed, so n = 3, tn = 5.5.

Computing the summation term:

At n = 3, tn = 12.0 hours, the summation term is



Table 4-5
Multiphase Drawdown Test Data

Time
(hr)

1.00
1.50
1.89
2.40
3.00
3.45
3.98
4.50
4.80
5.50
6.05
6.55
7.00
7.20
7.50
8.95
9.60
10.00
12.00
14.40
15.00
18.00
19.20
20.00
21.60
24.00
28.80
30.00
33.60
36.00
36.20
48.00

Flow rate
(stb/day)

1580
1580
1580
1580
1580
1490
1490
1490
1490
1490
1440
1440
1440
1440
1370
1370
1370
1300
1300
1190
1190
1190
1160
1160
1137
1106
1106
1080
1080
1000
983
983

Tubing pressure
(psig)

2023.0
1968.0
1941.0
1941.0
1892.0
1882.0
1873.0
1867.0
1867.0
1853.0
1843.0
1834.0
1830.0
1830.0
1827.0
1821.0
1821.0
1815.0
1797.0
1797.0
1775.0
1771.0
1771.0
1772.0
1772.0
1756.0
1756.0
1751.0
1751.0
1751.0
1756.0
1743.0

iPi-Ptf)
9

(psig/(stb/day))

0.5589
0.5937
0.6108
0.6108
0.6872
0.6872
0.6933
0.6973
0.6973
0.7067
0.7382
0.7444
0.7472
0.7472
0.7876
0.7920
0.7920
0.8392
0.8531
0.9319
0.9504
0.9538
0.9784
0.9776
0.9974
1.0398
1.0398
1.0694
1.0694
1.1550
1.1699
1.1831

* [HPk
log (t -t(i- I))

function -•

0.0000
0.1761
0.2764
0.3801
0.5192
0.5689
0.6240
0.6731
0.6993
0.7869
0.8191
0.8484
0.8738
0.8847
0.9735
1.0089
1.0320
1.1240
1.1533
1.2274
1.3371
1.3551
1.3721
1.4223
1.4345
1.4848
1.5596
1.6064
1.6267
1.7438
1.7850
1.7974
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Slope of second straight
line, m2 = 0.519

psi/(bbl/day/cycle)

8.95 hr

Slope of first straight
line, M1= 0227

psi/(bbl/day/cycle)

At the end of first straight line:
pressure= 1821 psi
rate= 1370stb/day

Intercept, b = 0.557

&=13.65mD
5 = 4.11

Figure 4-13. Multi-rate drawdown test.

From this plot, the following results are obtained:

m\ = 0.227 psi/(stb/(day/cycle)) —> first slope
ni2 — 0.513 psi/(stb/(day/cycle)) —• second slope and intercept, b =
0.557 psi/(stb/day)

From the first slope of 0.227 psi/(stb/day/cycle), the permeability k is
found as follows:

From Figure 4-13, the intercept b is 0.557. Thus using Eq. 4-71, we
obtain



The positive skin factor indicates that the well is damaged and
needs stimulation.

Multi-Rate, Multi-Phase Test

The general equation for drawdown analysis is

(4-74)

This equation is that of a straight line of the form y — a -f mx\

(4-75)

(4-76)

(4-77)

(4-78)where

A plot of the dimensionless function X versus pw/ results in a straight line
of slope m, which can be used to calculate the formation permeability k. The



intercept b of the straight line is obtained by setting x = 0 and calculating
pwf. Since the permeability and intercept are known, the skin factor may be
evaluated by solving in Eq. 4-78. Thus

(4-79)

(4-80)

(4-81)

The lower boundary of the proper straight-line portion of the curve is
arbitrarily selected at a tDw of 89,000. The upper boundary varies according
to the shape of the drainage area and the location of the well within the area.
References 7 and 9 have proposed various shapes, locations and the values
of tDe at which boundary effects are first detected. By definition

(^82a)

(4-82b)

The maximum radius reached is computed by

(4-82c)

The drawdown test equations are modified to account for multiphase flow
in the same way as we discussed for buildup tests. The following example will
clarify the analysis.

Example 4—8 Analyzing Multi-Rate, Multi-Phase Drawdown Test
Table 4-6 shows the rate record up to stabilization. The rate and pres-

sure-time data are given in Table 4—7. Input data and preliminary calcula-
tions are shown in Table 4-8. Other reservoir and well data follow. Fluid
and reservoir properties: cj) = 0.09, rw = 0.67 ft, h = 25 ft, /i0 = 0.95 cP,
/30 = 1.20rb/stb, ct = 8.64 x 10"6PSi"1 and area shape = circular,^ = 160,
shut-in pressure — 5500 psi.

Solution Calculated results are
For points used 3-6:
Average slope m and intercept a are calculated using a computer program

and are 33.385 psi and 5337.33, respectively. The permeability k is



Table 4-6
Rate Record up to Stabilization

Rate
No.

1
2
3
4
5
6

Rate
(stb/day)

440
387
355
337
327
325

Rate duration
(hr)

0.15
0.15
0.40
0.50
0.30

Flow time to
end of period

0.1
0.3
0.7
1.2
1.5

Cumulative production
at the end of pressure (stb)

2.8
5.2

10.1
18.1
22.2

Table 4-7
Bottom-Hole Pressures at Corresponding Flowing Time

Point
No.

1
2
3
4
5
6
7
8
9
10
11

Time,
' (hr )

1.66
2.49
3.31
4.14
4.97
5.80
6.63
7.45
8.29

12.42
17.39

Pressure,
Pw/ (psi)

5327
5322
5318
5315
5312
5309
5308
5306
5305
5299
5295

log(r - tj-i)

0.272
0.425
0.541
0.633
0.709
0.775
0.831
0.881
0.926
1.099
1.244

The skin factor s is



Table 4-8
Calculated Results

Maximum
radius

reached (ft)
Dimensionless

time, tDe

Dimensionless
time, tDw

(API/cm
(psi)

Skin
factor, 5

Permeability,
MmD)

Intercept
of curve, a

Average
slope, m

Points
used

684.1
719.1
735.7
799.4
883.5

1027.0
1141.7
1398.4

0.05304
0.05861
0.06134
0.07242
0.08847
0.11953
0.14773
0.22161

105,108
145,124
173,005
223,498
291,686
413,293
389,747
469,218

10.0
-4.0

-23.0
-17.0
-2.0

-30.0
-2.0
10.0

0.38
0.12

-0.73
-0.56
-0.70

1.29
-0.07

0.40

5333.78
5335.10
5337.33
5336.75
5334.52
5329.72
5334.74
5332.66

79.5
73.2
65.7
67.8
73.7
89.5
73.8
79.1

30.298
32.916
36.704
35.536
32.608
26.922
32.634
30.460

1-4
2-5
3-6*

5-8
6-9
7-10
8-11



The pressure drop due to skin is

The dimensionless time is

The dimensionless time is

The maximum radius reached is

4.9 Drawdown Rate Normalization Methods

Methods to analyze afterflow-dominated pressure buildup data are pre-
sented. Total afterflow fluid rate should be used in multiphase flow analysis.
The logarithm of time approximation to pD for analysis of low-permeability
stimulated oil wells is often invalid. Normalized type curve analysis identifies
whether the semilog straight line exists and suggests the proper/>#—1& model
for analysis purposes. Additional detailed discussions of the normalization
methods were given by Gladfelter et al.,11 Winestock and Colpitts,12 and
Odeh and Jones.7'13

Analysis Methods, Their Applications and Limitations

Figure 4-14 shows various methods of analysis and their applications and
limitations.



Normalization
analysis techniques

Ap/Ag versus log-log t
Agarwal et al. skin and

storage type curves Figure 4-15

Superposition based on log
time approximation to pD

Straight line
through last points

Figure 4-16

Superposition based on pD~tD

model uniform-flux vertical
fracture

Constant-rate solution Figure 4-17

Figure 4-14. Various analysis techniques, their applications, and their limitations.

Drawdown Rate Normalization Equations and Solutions

The drawdown rate variation generally lasts much longer than the after-
flow rate variation. The rate normalization equation by Odeh and Jones13

for an oil well drawdown analysis can be written as

(4-83)

where

(4-84)

and the constant D' is related to the non-Darcy flow constant and is given by

(4-85)

where
D = non-Darcy flow constant
D1 = Dm

Eq. 4-83 represents an approximation to superposition for a gradually
changing flow rate condition. A superposition equation for any variation



of rate was given by Gladfelter et al.11 with pD being approximated by the
logarithm of time as

(4-86)

A plot of {pi -pwfn)lqn versus (\lqn)YH=\ (qt - qi-\)\n(tn - f,-_i) should be
linear, if D' — 0, with slope, m\ and intercept, b, yielding kh and s9 respec-
tively. Flow capacity is evaluated from the slope mf as

(4-87)

and the skin from intercept b by

(4-88a)

The fracture half-length x/ is given by

(4^88b)

If the plot bows, the data should be corrected for the quadratic effect D'q1

until the plot is made linear. When this method even is not applicable, the
logarithm of time approximation to pc is made. A more general form of
Eq. 4-86 in terms of pD — to by Cornett10 is

where

(4-90)

A plot of (pt - pwfn)/qn versus ( 1 / ^ ) X X 1 (qt - qi-\)pD(tn - U-\)D should
be plotted as a straight line if D' — 0, with slope mf, from which kh can be
evaluated by

(4-91)

(4-89)



and the skin from intercept b is

(4-92)

Example 4-9 Normalization of Drawdown Pressure by Using Afterflow Data
The oil well is a low-permeability oil well. It was hydraulically fractured

and a 72-hours drawdown test was conducted. The test is neither a constant
rate nor a constant wellbore pressure situation; various techniques are
presented to demonstrate the validity and utility of normalization in well
test analysis. Table 4—9 summarizes the results from all methods of analysis.

• Figure 4-15 is an afterflow rate normalization log-log plot
• Figure 4-16 is a superposition plot based on straight line passing

through last points.
• Figure 4-17 represents a superposition analysis based on value of

PD — tD model.

Table 4-9
Summary of Analysis Results

Various analysis
techniques

Afterflow rate normalization log-log graph
model - Figure 4-15
Superposition based on logarithm of time
approximation to pD - Figure 4-16
Superposition based on uniform-flux vertical
fracture - Figure 4-17

(mD-ft/cP)

161.0

165.3

163.4

Skin, s

-5.1

-5.3

-5.2

Fracture
length Xf (ft)

95.4

116.20

105.0

(p
si

/r
bb

l d
ay

)

Match points

End of
half slope

Time to start of
semilog straight line

Figure 4-15. Afterflow rate normalization log-log graph model.7
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Figure 4-16. Superposition based on logarithm of time approximation to pD7

rri = 0.864 psi/(rbbl/day)

b = intercept from
superposition analysis

Figure 4-17. Superposition based on uniform-flux vertical fracture - Po-fo model.7

4.10 Summary

This chapter deals with the complete analysis of drawdown test including
transient, late transient, and semi-steady-state analysis including single, two-
rate, variable-rate, reservoir limit test, and multiphase and multiple-rate testing
and discusses how superposition may be used when variable rates are involved.
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Chapter 5

Pressure Buildup
Analysis
Techniques for
Oil Wells

5.1 Introduction

Pressure buildup testing is the most familiar transient well-testing tech-
nique, which has been used extensively in the petroleum industry. Basically,
the test is conducted by producing a well at constant rate for some time,
shutting the well in (usually at the surface), allowing the pressure to build up
in the wellbore, and recording the down-hole pressure in the wellbore as a
function of time. From these data, it is possible to estimate the formation
permeability and current drainage area pressure, and to characterize damage
or stimulation and reservoir heterogeneity or boundaries frequently.

Knowledge of surface and subsurface mechanical conditions is important
in buildup test data interpretation. Therefore it is recommended that testing
and casing sizes, well depth, packer condition, etc., be determined before
data interpretation starts. Usually, short-time pressure observations are
necessary for the complete delineation of wellbore storage effects. Data
may be needed at intervals as short as 15 seconds for the first few minutes
of some buildup tests. As the test progresses, the data collection interval can
be expended.

In this chapter we will discuss ideal, actual buildup tests, buildup tests in
infinite-acting reservoirs and in developed (finite) reservoirs; we will also
discuss multiphase buildup tests and the variable-flow-rate test analysis.

5.2 Ideal Pressure Buildup Test

In an ideal situation, we assume that the test is conducted in an infinite-
acting reservoir in which no boundary effects are felt during the entire flow
and later shut-in period. The reservoir is homogeneous and containing in a



slightly compressible, single-phase fluid with uniform properties so that the
Ei function and its logarithmic approximation apply. Horner's approxima-
tion is applicable. Wellbore damage and stimulation is concentrated in a skin
of zero thickness at the wellbore. Flow into the wellbore ceases immediately
at shut-in. If a well is shut-in after it has produced at rate q for time tp and
the bottom-hole pressure/?^ is recorded at time At, then a plot ofpws versus
log {tp -f Ai)At will give a straight line, which is represented by the following
equation:

(5-1)

where the slope m is \d2.6qojio /30/kh andpt (initial reservoir pressure) is the
intercept at {tp 4- At)/At = 1.0. The absolute value of the slope m is used in
analyzing the test result. The formation permeability k can be calculated
from the slope and given by

(5-2)

(5-3)

and the skin factor is

Example 5-1 Analyzing Ideal Pressure Buildup Test
A new oil well produced 400 stb/day for 2± days; then it was shut-in for a

pressure buildup test, during which the data in Table 5-1 were recorded.
The other data were: /30 = 1.25rb/stb, A = 20 ft, 0 = 0.20, rw = 0.29 ft,

Table 5-1
Ideal Pressure Buildup Data

Shut-in time, At (hr) ^ ± ^ pws (psig) pws (psia)

0 - 1150 1165
2 37.0 1795 1801
4 19.0 1823 1838
8 10.0 1850 1865

16 5.5 1876 1891
24 4.0 1890 1905
48 2.5 1910 1925



c, = 19.5 x 10 6, and \io — 1.1 cP. From these data, estimate the formation
permeability, k, pt, and skin factor s.

Solution To estimate k, pi, and s, follow these steps:

1. Plot shut-in BHP, pws versus log (^ -f- At)/At, as shown in Figure 5-1.
2. Measure the slope m that is equal to lOOpsi/cycle.
3. Calculate the formation permeability using Eq. 5-2.

4. Read original reservoir pressure/?/ at (tp + At)/At = 1.0 =>Pi = 1960 psi.
5. Calculate the skin factor s from Eq. 5-3.

6. Read original reservoir pressure/?/ = 1960psia.
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Figure 5-1. Ideal pressure buildup graph.



5.3 Actual Buildup Tests - Infinite Reservoir

Instead of a single straight line for all times, we obtain a curve with a
complicated shape, which indicates the effect of afterflow, we can logically
divide a buildup curve into three regions (see Figure 5-2):

Early-time region (ETR). In this region, a pressure transient is moving
through the formation nearest the wellbore.
Middle-time region (MTR). In this region, the pressure transient has
moved away from the wellbore into the bulk formation.
Late-time region (LTR). In this region, the pressure transient has reached
the drainage boundaries well.

MTR is a straight line. This is the portion of the buildup curve that we must
identify and analyze. Analysis of this portion only will provide reliable
reservoir properties of the tested well. The reasons for the distortion of the
straight line in the ETR and LTR are as follow: In the ETR, the curve is
affected by:

• Altered permeability near the wellbore;
• Wellbore storage.

Using a packer in the hole and shutting-in the well at the packer can
minimize this effect. In the LTP, the pressure behavior is influenced by
boundary configuration, interferences from nearby wells, reservoir hetero-
geneities, and fluid/fluid contacts.

Analyzing a pressure buildup in an infinite-acting reservoir using
Horner's technique involves the following steps:
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Figure 5-2. Behavior of the static pressure on shut-in oil well.



• Find tp, the cumulative production since completion divided by the rate,
immediately before shut-in (when rate varies). As a matter of general
practice to approximate, tp using cumulative production since last
pressure equalization:

(5-4)

• Plot pws versus log (tp + At)/At on semilog graph paper.
• Plot Apm = (pm-Pwf(At=o)) versus At on log-log graph paper to

identify wellbore effects, i.e., identify ETR and beginning of MTR which
can be found using type curves. The MTR ends when the radius of
investigation begins to detect the drainage boundaries of the tested well;
at this time the buildup curve starts to deviate from the straight line.

• Find slope m of the straight-line portion of the Horner plot (MTR)
and extrapolate the line to infinite time at log((^ -f At)/At) = 1 to
find/?*. Once the MTR is identified, determine the slope and intercept.

• On straight-line portion of the curve or the extrapolated portion read
pws at At = 1 hour, referred to as/?!/„•.

• Calculate the reservoir properties by using the equation in the following
section.

5.4 Pressure Buildup Test Analysis
in Infinite-Acting Reservoir

For any pressure buildup testing situation, the bottom-hole shut-in pres-
sure, Pws, in the test well may be expressed using the principle of super-
position for a well producing at rate q0 until time tp, and at zero rate
thereafter. At any time after shut-in

(5-5)

where pr> is the dimensionless pressure function and to the dimensionless
time and is defined by the following equation:

(5-6)

During the infinite-acting time period, after wellbore storage effects have
diminished and assuming there are no major indeed fractures, pD in Eq. 5-5



may be replaced by the logarithmic approximation to the exponential inte-
gral:

pD = 0.5(ln tD + 0.80907) (5-7)

Eq. 5-7 applies when tD > 100, which occurs after a few minutes for most
unfractured systems. Eqs. 5-5 through 5-7 may be rewritten as

(5-8)

Eq. 5-8 gives the pressure response during shut-in BHP, pws. This equation
indicates that plotting pws versus (tp + At)/At on semilog coordinates will
exhibit a semilog straight line of slope m, where

(5-9)

Effects and Duration of Afterflow

To recognize the MTR is essential for the successful buildup curve
analysis based on the Horner plotting method, because the line must be
identified to estimate the reservoir properties. The following methods can
be used to determine when (if ever) afterflow ceased.

log—log Curve Matching Procedures

The following steps should be used to estimate the beginning of MTR:

• Plot pws versus log (tp H- At)/At on semilog graph paper.
• Plot (pws —pwf) versus Ate on log-log graph paper, where

(5-10)

• From the graph, find approximately at what shut-in time (Af) does
afterflow cease and boundary effects appear.



• Find a uniform slope region (45° line at earliest time), choose any point
on the unit slope line and calculate the wellbore storage constant, Cs:

(5-11)

where At and Ap are the values read from a point on the unit-slope line.
Using actual mechanical properties of the well, we can also establish

(5-12)

for a well with a rising liquid/gas interface, where Awb — wellbore area
(ft2) and pwb = density. Also Cs = Cwb Vwb for a wellbore containing only
single-phase fluid (liquid only), where Cwb is the compressibility of the
liquid in wellbore (psi"1) and Vwb the wellbore volume (bbl).
• Establish dimensionless wellbore storage constant CSD that character-

istic the actual test from curve match or using the following equation:

(5-13)

Determine k and the skin factor s.
Find the end of wellbore storage effects, twbs (h), after selecting the
proper Ramey's curve.
Verify the time, twbS, marking the end of wellbore storage distortion
using empirical relationships:

(5-14)

(5-15)

Calculation of Flow Capacity and Formation Permeability

The formation permeability k can be obtained as

(5-16)



and kh is the flow capacity (mDft). Both Theis and Horner proposed the
estimating permeability in this manner. The pws versus log [(tp + At))At] plot
is commonly called the Horner plot (graph method) in the petroleum
industry. Extrapolation of the straight-line section to an infinite shut-in time
[(tp + Ai)IAt) = 1 gives a pressure and we will denote this asp* throughout
this book. In this case p* — pi9 the initial pressure. However, the extrapolated
pressure value is useful for estimating the average reservoir pressure, as
indicated in Chapter 6.

Estimation of Skin Factor

The skin factor does affect the shape of the pressure buildup data. In fact,
an early-time deviation from the straight line can be caused by skin factor as
well as by wellbore storage. Positive skin factor indicates a flow restriction,
i.e., wellbore damage. A negative skin factor indicates stimulation. To calcu-
late skin factor, s from the data available in the idealized pressure buildup
test. At the instant a well is shut-in, the flowing BHP, pw/9 is

(5-17)

At shut-in time At in the buildup test

(5-18)

Combining Eqs. 5-17 and 5-18 and solving for the skin factor s, we have

(5-19)

It is a convenient practice in the petroleum industry to choose a fixed shut-
in time At of 1 hour and the corresponding shut-in pressure, p\ ̂ , to use in this
equation. The pressure, p\hr, must be on the straight line on its extrapolation.
Assuming further that log(^ -f At)/At is negligible. pw/ is the pressure mea-
sured before shut-in at At = 0. With these simplifications, the skin factor is

(5-20)



Pressure Drop Due to Skin

Pressure drop due to skin is also called an additional pressure drop
(Ap)skin across the altered zone near the wellbore. Calculation of this
pressure drop due to skin is meaningful in describing the effect of skin on
actual production. In terms of the skin factor s and the slope m of the
middle-time line

(5-21)

For example, a well may be producing 200 stb/day oil with a drawdown of
1200 psi. Analysis of a buildup test might show that (Ap)skin is 1000 psi and
thus that 1000 psi of the total drawdown occurs across the altered zone. This
implies that if the damage was removed, the well could produce much more
fluid with the same drawdown or, alternatively, could produce the same
200 stb/day with a much smaller drawdown.

Determination of Effective Wellbore Radius

The effective wellbore radius rwa is defined as

rwa = rwQ~s (5-22)

If s is positive, the effective wellbore radius rwa is smaller than rw, then fluid
must theoretically travel through additional formation to give the required
pressure drop. If s is negative, the effective wellbore radius is larger than rw.
For example, s values of —4 and —6 correspond to the effective well radii of
14 and 101ft, respectively, for rw = 0.25 ft. This effective wellbore radius
concept is especially useful in hydraulic fracturing.

Flow Efficiency and Damage Ratio

The flow efficiency is defined as the ratio of the actual productivity index
of a well to its productivity index if there were no skin (s — 0):

Flow efficiency = FE = jC ua

Jideal



Since

and

therefore

(5-23)

The quantity (Ap)skin is obtained from Eq. 5-21. The flow efficiency is
also known as productivity ratio, condition ratio, and/or completion factor.1

When subtracted from unity it gives the damage factor2 which is also a
relative indicator of the wellbore condition and is the inverse of the flow
efficiency. The following example will clarify the use of these equations.

Example 5-2 Analyzing Single-Phase and Single-Rate Pressure Buildup
Test

A single-phase and single-rate pressure buildup test was conducted on an
oil well. The data in the first two columns of Table 5-2 were recorded. The
following well/reservoir parameters are given: /30 = 1.224 rb/stb, h = 55 ft,
<f> = 0.06, rw = 0.21 ft, c0 = 1.5 x 10~6, and \i0 = 0.65 cP, psc = 14.65 psia,
T = 2000F, re = 1520ft, and p0 = 53.51bm/ft3.

Assume the well is draining from the center of a square. Well depth = 4500 ft,
q/ = final production rate at shut-in time = 250 stb/day, and cumulative
production at shut-in time = 141,979 stb. Determine the following:

1. At what shut-in time At does afterflow cease and boundary effect appear?
2. Formation permeability, k
3. Skin factor, s
4. Additional pressure drop near the wellbore, (Ap)skin

5. Effective wellbore radius, rwa

6. Flow efficiency FE using p*
7. Damage ratio DR using/?*
8. Productivity index, PI
9. Radius of investigation by the shut-in transient at the start and end of

the MTR
10. End of wellbore storage distortion.



Table 5-2
Pressure Buildup Test Data - Single-Phase Test (tp = 13,629.99 h)

Time, At
(hr)

0.00
0.15
0.20
0.30
0.40
0.50
1.00
2.00
4.00
6.00
7.00
8.00
12.00
16.00
20.00
24.00
30.00
40.00
50.00
60.00
72.00

(tp + At)

At

90,867.56
68,150.93
45,434.28
34,075.96
27,260.97
13,630.99
6815.99
3408.50
2272.66
1948.14
1704.75
1136.83
852.87
682.5
568.92
455.33
341.75
273.60
228.17
190.31

At
(1+Af/f,)

single-phase

0.15
0.20
0.30
0.40
0.50
1.00
2.00
4.00
6.00
7.00
8.00
11.99
15.98
19.97
23.96
29.93
39.88
49.82
59.74
71.62

Pws
(psig)

3519
3680
3723
3800
3866
3920
4103
4250
4320
4340
4344
4350
4364
4373
4379
4384
4393
4398
4402
4405
4407

Pws — Pwf
(psig)

0
161
204
281
347
401
584
731
801
821
825
831
845
854
860
865
874
879
883
886
888

Pws
(psia)

3534
3695
3738
3815
3881
3935
4118
4265
4335
4355
4359
4365
4379
4388
4394
4399
4408
4413
4417
4420
4422

Pws — Pwf
(psia)

0
161
204
281
347
401
584
731
801
821
825
831
845
854
860
865
874
879
883
886
888

n
(ft)

0
48
55
68
78
87
123
174
247
302
326
349
427
493
552
604
676
780
872
955
1047

Solution First estimate the pseudo-producing time, tp,

Horner time ratio (tp 4- At)/At and equivalent time Ate are calculated and
listed in Table 5-2. A semilog graph pws versus log (tp H- At)/At of these data is
shown in Figure 5-4, and log-log graph (pw/ — pws) versus Ate in Figure 5-3.
From these graphs answer the following questions:

1. At what shut-in time At does afterflow cease distortion the pressure
buildup test data?

2. At what shut-in time At do boundary effects appear?

From the semilog graph (Figure 5-4), it seems that afterflow distortion
disappears at (tp H- At)/At = 2280 or At = 6.25 hours, because of the end



End of wellbore
storage distortion

Beginning of
boundary effects

Unit slope line C5 = 0.0128
Matching curve is:

C5D = 104-105

Shut-in time Af (hours)

Figure 5-3. log-log single-rate buildup data plot.

of the characteristic S-shaped curve. Confirm the result with the log-log
graph. After plotting Ap — (pws — pwf) versus Ate = At/(l + At/tp) on log-
log paper, we find that the actual data fit well for curves for s = 5 for several
values of CSD (e.g., CSD = 103, 104, and 105). In each case, the curve fitting
the earliest data coincides with CSD — 0, curve for s = 5 at At6 = 4—6 hours.
This, then, is the end of wellbore effects: twbs — 6 hours. The data begin to
deviate from the semilog straight line at (tp + At)/At = 225 or
A^ = 50 hours. On the log-log graph, data begin falling below the fitting
curve at A^ = Ate = 40 hours, consistent with the semilog graph.

Also determine the beginning and end of the MTR by matching Ramey's
curve; the solution is a critically important part of the analysis. The
log-log curve-matching analysis was performed without the knowledge of
CSD- Note that CSD can be established in this case, at least approximately:
from the curve match, we note that the data are near the unit-slope line on
the graph of Ramey's solution; the points Ap= 100 and A^ = 0.1 are
essentially on this line. Thus, from Eq. 5-11:
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Figure 5-4. Semilog single-rate buildup data plot.

Then, from Eq. 5-13:

Thus matching should be attempted in the range 103 < CSD < 104. From
Figure 5-4, there appears to be a well-defined semilog straight line. Find the
following parameters:

Slope of Horner's plot = m = 70psia/cycle
From log-log plot —• time at the beginning of MTR = 6.00 hours
From semilog plot —> time at the end of MTR = 50 hours

pihr = 4295psia and/?* at (tp + At)/At = 4577psia
2. From Eq. 5-16, the formation permeability is



3. From Eq. 5-20, the skin factor is

This means that the well is damaged and needs stimulation treatment.
4. Calculate the additional pressure drop near the wellbore using Eq. 5-21:

5. Estimate the effective wellbore radius from Eq. 5-22:

6. Determine the flow efficiency using Eq. 5-23:

This means that the well is producing at approximately 66% of the rate it
would have been producing if the well was not damaged.
7. Damage ratio is estimated as

The damage ratio also shows the production rate would have been
approximately twice the present rate if the well was not damaged.
8. Productivity index is

9. Determine the radius of investigation using the following equation:

Thus at At = 6 hours



and at At = 50 hours

Thus, a significant fraction of the well's drainage area has been sampled;
its permeability is 8.4 mD.
10. End of the wellbore storage distortion can be found using Eq. 5-15

such as

This agrees closely.

Estimation of Skin Effects of Incompletely
Perforated Interval

The damage is caused by drilling or completion operation and stimulation
by attempting to improve the well productivity using acidizing or fracturing
treatments. In addition, nonradial flow near the wellbore will also cause
apparent skin factor. The reasons are:

• The well does not completely penetrate the production interval;
• The well is perforated only in a portion of production interval as in the

case of gas cap.

In such cases Saidikowski3 found that the total skin factor, s, determined
from the pressure transient test is related to the true skin factor, Sd, caused by
the formation damage and the apparent skin factor, sp, caused by an
incomplete perforated interval. The relationship between these skin factors
is given:

(5-24)

where ht is the total interval height (ft) and hp the perforated interval (ft).
Saidikowski3 also verified that sp can be estimated from the equation such as

(5-25)



where kh is the horizontal permeability (mD) and kv the vertical permea-
bility (mD).

Papatzacos4 presented the following equation to calculate the pseudo-
skin factor for a well with restricted flow entry where infinite conductivity is
taken into account:

(5-26)

where

where h\ is the height from top of the reservoir to top of the producing
interval (ft).

Odeh5 presented an equation for calculating the skin factor due to
restricted entry, and the skin factor is a function of sand thickness, location
of open interval, and the wellbore radius:

(5-27)

where
sr = skin due to restricted entry

rwc — corrected wellbore radius (ft) and is equal to



(5-28)

zm = distance between the top of the sand and middle of the open interval
(ft) a n d - Y + hPl2

Y= distance between the top of the sand and top of the open
interval (ft).

If Y > 0, then rwc = rw. Use of these equations is best illustrated with an
example.

Example 5-3 Analyzing Incomplete Perforated Interval
An oil well is perforated in the bottom 12 ft of the total formation thickness

of 33 ft. Assuming ratio of horizontal to vertical permeability, kh/kv = 1.0.
A pressure buildup test was run on this well; results and basic properties
are: pw/ = 1450 psi, p\hr = 2000 psi, k = 4.5 mD, m = 48psi/cycle,
rw = 0.30 ft, ct = 1.6 x 10-5PSi"1, 0 = 0.18, /n0 = 0.45 cP.
Calculate the following:

1. Total true skin factor, s
2. Skin due to formation damage, sj
3. Skin due to incompletely perforated interval, sp

4. Determine whether the productivity problem results from formation
damage or from other causes.

Solution

1. Find the skin factor using Eq. 5-20:

Using Eq. 5-25, estimate sp\

Using Eq. 5-24, estimate the skin factor due to formation damage, sr>:



If Sp is greater than s9 SD will be negative but this will not mean that the
formation is stimulated. In this case the well is neither damaged nor stimu-
lated. The observed productivity problem is caused entirely by the effects of
an incomplete perforated interval.

Determination of Skin Effects in a Partially
Completed Damaged Well

When a well is partially completed, Hawkins' equation6 may be applied.
The results should be of value to all who are concerned with well testing and
estimating well productivity. Using Hawkins' approach, for an undamaged
well completed over the entire length of producing interval the pressure drop
from outer radius of the damage zone rs to well radius rw is

(5-29)

If the permeability is altered in region from rw to rs, this pressure drop
becomes

(5-30)

The pressure drop due to skin is

(5-31)

where st is the skin as defined by Hawkins' equation6

(5-32)

The pressure drop due to damage then becomes

(5-33)

Therefore the true skin due to formation damage is

(5-34)



If hp is small compared with h and when the partially perforated interval is
in the center of the productive zone, then Eq. 5-34 can be corrected to
Eq. 5-35:

(5-35)

The pseudo-steady-state equation relating flow rate to pressure drop is

(5-36)

Example 5̂ 4 Analyzing Partially Completed Damage Well
Sand control measure is required to allow production from a highly perme-

able formation. The pressure buildup test was run in the well; results and basic
properties are: pt - pwf = 150psi, k = 95OmD, rw = 0.38 ft, re = 1450 ft,
ks/k = 0.25, hp = 10 ft, rs = 1.4 ft, ks = 0.25 x 950 = 237.5 mD, ct = 2.0 x
10-5PSi"1, (j> = 0.20, fa = 0.754cP, /J = 1.07rb/stb, m = 35psi/cycle, and
(pih -Pwf) = 810psi.
Calculate the following:

1. Total true skin factor, st

2. Apparent skin factor, sa

3. Flow rate if entire zone is perforated
4. Flow rate if middle 10 ft is perforated
5. Theoretical skin factor, s.

Solution Find oil flow rate using pseudo-steady-state flow rate equation 5-36:

where s = sa 4- st and sa is the apparent skin due to partial completion. Since
hp is small compared to /z, therefore using Eq. 5-35, we get

If the middle 19 ft are perforated we calculate, sa from Eq. 5-27



If the entire productive zone is perforated and no permeability reduction
is present, S = O and from Eq. 5-36:

If the middle 10 ft are perforated when no permeability reduction
(damage) is present,

When permeability reduction is present to the extent that kjk = 0.2, then

Using Eq. 5-32,

If we use Hawkins' equation 5-32 without correction, st would be 3.91
and flow rate would have been estimated as

Using Eq. 5-20, theoretical skin factor s is



After backing out 7.25 for the skin due to partial completion, the true skin
would be 13.42. If it is known that the sand has been consolidated to a radius
of 1.4 ft, the ratio of skin permeability to formation permeability calculated
using Eq. 5-33 would be ks/k = 0.097 instead of the actual value of 0.25.

Estimation of Reservoir Size from Two Pressure
Buildup Tests

The results of pressure buildup tests can sometimes be used to estimate
the reservoir size. The basic idea is to compare the average static reservoir
pressure before and after production of a known quantity of fluid from a
closed, volumetric reservoir, with compressibility, ct. If VRes is the reservoir
volume (barrels), ANp is the stock - tank barrels of oil produced between
times 1 and 2, and PAV\ and PAV2 are the average reservoir pressures before
and after oil production, respectively, then a material balance on the reser-
voir shows that

Example 5-5 Estimating Reservoir Size from Two Pressure Buildup Tests
The following data were recorded from two pressure buildup tests:

pAvl = 3900 psi, PAV2 = 3000 psi, oil produced between two tests in 6 months
= qAv = 250stb/day; average formation volume factor, /30 = 1.292 rb/stb,
total compressibility, ct = 9.52 x 10"6PSi"1; 0 = 21.5%, average sand thick-
ness, h = 12.5 ft. Estimate the reservoir size in acres.

Solution
From Eq. 5-39,

(5-37)

(5-38)

(5-39)



Thus, from Eq. 5-39,

The reservoir size is

Typical Shapes of Buildup Curves

Downtrending Horner plots are shown in Figures 5-5a through 5-5d.
These curves tend to bend downward because of:

Figure 5-5a Figure 5-5b

Boundary Interference

Figure 5-5c Figure 5-5d

Packer failures
phase separation Lateral increase in

mobility

Figure 5-5. Horner plots showing downtrending.7



1. Reservoirs bounded;
2. Well interference is present;
3. Phase separation occurs;
4. Fluid mobility increases;
5. Porosity or permeability decreases;
6. As time increases.

Uptrending Horner plots are shown in Figures 5-6a through 5-6d. These
curves tend to bend upward because of:

1. Faults, partial boundaries, stratified layers without crossflow;
2. Lateral decrease in mobility;
3. Increases in 0 and k\
4. Lenses, irregular well locations or drainage areas;

Figure 5-6a Figure 5-6b

Fault or nearby
boundary

Stratified layers of fracture
with tight matrix

Figure 5-6c Figure 5-6d

Lateral decrease
in mobility Multiple boundaries

Figure 5-6. Horner plots showing downtrending/



5. Unconnected zones with widely differing pressure;
6. Use of improved flow times.

5.5 Pressure Buildup Testing Methods for Finite
(Bounded) Reservoir

In this section, we consider pressure buildup testing of a single well in an
finite (bounded) and of a well in a developed (old) reservoir using methods
commonly referred to as Horner,8 MDH,9 Muskat,10 and Slider.11

Horner and MBH Methods

The Horner and MBH methods are used to analyze the buildup data only
for infinite-acting reservoirs. This is not true; Horner's method can be used
to estimate the reservoir parameters in finite reservoirs just as in infinite-
acting reservoirs. The difference occurs only in late-time data when bound-
ary effects influence the data as shown in Figure 5-7.

i VP + A ' l

For an infinite-acting reservoir, an estimate of pt is obtained by
extrapolating the straight-line section of the Horner plot to infinite shut-in time.
For finite and developed reservoirs, the extrapolated pressure is not a good
estimate of pt and generally has been called the false pressure, p*. As shown

Slope - psi/cycle
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pressure
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Figure 5-7. Horner plot of pressure buildup data from a well in a finite reservoir.



in Figure 5-7, the extrapolated false pressure, /?*, is higher than the average
reservoir pressure at the instant of shut-in unless the drainage region is
highly skewed. Using the concept of the false pressure, we may rewrite
Eq. 5-18 as

(5-40)

Ramey and Cobb12 show that/?* is related topt by

(5^1)

where

(5-42)

Although it is commonly believed that the Horner plot should be used
only for new wells or when tp is relatively small, Ramey and Cobb12 and
Cobb and Smith13 indicate that Horner plot may always be used for pressure
buildup analysis. However, since it requires more work than the MDH
method, the Horner plot is generally not used unless tp< tpss, where,
tpss is the pseudo-steady-state time and is given by Eq. 5-43:

(5^3)

and (tDA)pSS is given in the "for tDA >" column of Table B-2. Both CA and
(tDA)Pss depend on reservoir shape and well location. If tp » tpss, then tp

should be replaced by tpss to improve the accuracy.

Miller-Dyes-Hutchinson (MDH) Method

The MDH method is best for older wells in bounded depleting reservoirs;
when the producing time is not known, or can be estimated only roughly,
MDH plotting can be used. This or it can tend to yield estimates that are too
high for short producing periods. The method is applicable for the initial
transient period of buildup. The MDH buildup requires a plot of buildup
pressures versus the logarithm of buildup time. The Horner plot may be
simplified if A/ << tp. In that case, tp + At 21 tp and



(5-^4)

If we use Eq. 5-44 in Eq. 5^0, then we have

(5-45)

Eq. 5^5 indicates that a plot of pws versus log A^ should be a straight line
with slope, +m, where Eq. 5-9 gives m. Permeability k may be estimated
from Eq. 5-16 and the skin factor may be estimated from Eq. 5-20. The pws

versus log At plot is commonly called the MDH plot.9 The false pressure
may be estimated from the MDH plot using

(5^6)

The beginning of the MDH semilog straight line may be estimated by
making the log-log data plot and observing when the data points reach
slowly curving low-slope line, about 1-1.5 cycles in time after the end of unit-
slope straight line. Alternatively, the time to the beginning of the semilog
straight line for either the Horner or the MDH plot can be estimated in
exactly the same way as mentioned earliest.

Example 5-6 Analyzing Pressure Buildup Test Using Homer, MBH and
MDH Methods

Analyze pressure buildup and well/reservoir data given in Table 5-3 using
the MDH method.

Table 5-3
Extended Muskat Analysis of Late Pressure Buildup Data

Pi-Pws (psi) for

Shut-in time, Af (hr) Shut-in pressure, pm (psi) pt = 4510 pt = 4518 pt = 4535

0 3576 934 942 959
10 4402 108 116 133
20 4447 63 71 88
30 4472 38 46 63
40 4488 22 30 47
50 4501 9 17 34
60 4503 7 15 32
70 4506 4 14 29
80 4508 1 10 27



Solution Figure 5-8 shows the Horner plot for the data. The slope of the
straight line is in psi/cycle and p\ hr is in psi. The permeability k is calculated
using Eq. 5-16:

Skin effect from Eq. 5-20:

From Eq. 5-21, we obtain

Find dimensionless well producing time before shut-in from Eq. 5-42:
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Dimensionless well producing time,

Figure 5-8. Horner plot.



Find false pressure p* at unit time ratio by extrapolating, which is 4785
psia and calculate the average pressure, p, from Figure 5-9. For t£>A — 7.53:

Using Figure 5-9, the average and initial pressures are

The values of average and initial pressures can also be determined by using
Figure 5-10. Reading the dimensionless buildup pressure at a value of the time
ratio at which pws is known, for a line selected for the proper dimensionless

Figure 5-9. MBH graph for a well producing in the center of a constant pressure.14



Figure 5-10. Horner plot for a well producing in the center of a constant pressure.9

producing time, tj)A, Pt may be determined. The value of (pt — p) may then be
read from the dashed line and p is calculated. This cannot be done with the
existing Figure 5-10 for tr>A — 7.53 because the highest value of t^A shown in
Figure 5-10 is unity. Hence it is easier to use the MDH type graph, Figure 5-11,
because only one line exists for the long producing times.

MDH Method

Figure 5-12 shows the MDH graph. The appearance of the graph is
similar to that of the Horner plot, and also the slope and p\hr values are
the same. It is clear that the Horner and MDH methods will yield the same
permeability and skin effect values. Figure 5-11 shows the MDH data plot.

To estimate the initial pressure by means of MDH method, Figure 5-12
can be used. The pressure of 4432 psi at a shut-in time of 20 hr will be
corrected to pi by means of Figure 5-12.

Dimensionless producing time,
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Figure 5-11. MDH data plot.

Region
straightened by
Muskat graph

Figure 5-12. MDH graph for a well in the center of a constant-pressure square.9



Therefore

This is a close check of the value of 4516 psi obtained by the Horner plot.

Extended Muskat Method

In 1937, Muskat15 proposed the plotting pressure buildup data as
log (p — Pws) versus At. Subsequent theoretical studies16'17 indicate that this
graph should be used with caution and only as a late-time analysis method.
Because of the long shut-in times, usually required for pressure buildup data
to reach the Muskat straight line, the method has limited application for
pressure buildup test analysis. However, it appears to be more practical for
analyzing pressure buildup data in producing wells, water-drive reservoirs,
and filled-up waterfloods because of the longer duration of the Muskat
straight line in those systems.18'19

The Muskat method uses a trial-and-error plot with several]? estimates; a
straight line is obtained for the correct]?. Figure 5-13 is a schematic illustra-
tion of the extended Muskat plot.15 If the assumed]? is too high, the plot will
be concave upward; if p is too low, the plot will be concave downward. The
following equations may be used to estimate the permeability, porosity-total
system effective compressibility.

(5^7)

(5-48)

Table 5-3 presents this additional buildup data. Use these data to estimate
the initial pressure/?/ using Muskat method. Figure 5-13 shows the Muskat
data plot.

Estimate the permeability using Eq. 5-47:
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Figure 5-13. Muskat data plot.

Check: <\>ct = 0.23 x 17.0 x 10"6 ^ 3.91 x 10-6psi.
The skin effect can be computed using Muskat method using the follow-

ing equation:

(5-49)

Calculate p* using the following equation:



The slope of the Muskat plot at straight line may be used to estimate the
drainage area. For a close square:10

(5-50)

and for a square with constant pressure boundaries (water-drive system)

(5-51)

where A is the area in ft2 and is equal to irr2
e and re can be estimated. In Eqs.

5-50 and 5-51, mm is the slope of the Muskat plot and is negative number in
cycle/hr. The following equation may be used to estimate the physical time
range during which Muskat straight line will occur:

(5-52)

Example 5-7 Analyzing Single-Phase and Single-Rate Pressure Buildup
Test Using Horner Plot and MDH Method in Finite Reservoir

A buildup test was conducted on an oil well. The well was produced for an
effective time of 180 days at the final rate. The buildup and other per-
tinent reservoir data are: q0 = 350stb/day, \i0 — 0.8 cP, /30 = 1.136rb/stb,
ct = 17.0 x 10"6PSi"1, h = 49 ft, rw = 0.29 ft, </> = 0.23, A = 11.55 acres.

Table 5-4 shows the pressure buildup and calculated data. Assuming the
well is in the center of a closed square, determine:

1. k9 s, pressure drop due to skin and p* using Horner plot.
2. k, s, pressure drop due to skin and p* using MDH method.
3. k, (j)ct and drainage area.

Solution
tp = 180 x 24 = 4320 hours
A Horner graph for this test is shown in Figure 5-14. It has the following

characteristics:

• Slope of buildup straight line, m = 152psi/log cycle;
• /?i/,r = 4510psi;
. p* = 4978 psi.



Table 5-4
Pressure Buildup Test Data

(/,+Ar)
Shut-in time, Af (hr) Shut-in pressure, pws (psi) v r

O 3561
0.333 3851 12,974
0.500 3960 8641
0.668 4045 6478
0.833 4104 4893
1.000 4155 4321
2.000 4271 2161
3.000 4306 1441
4.000 4324 1081
5.000 4340 860
6.000 4352 721
7 4363 618
8 4371 541
9 4380 481
10 4387 433
20 4432 217
40 4473 109
50 4486 87
60 4495 73
70 4500 62
80 4506 55

Permeability-thickness product, using Eq. 5-14:

Skin effect from Eq. 5-17:

From Eq. 5-19:
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Figure 5-14. Homer's plot.

Figure 5-15 presents an MDH type buildup graph for data of Example
5-7. The appearance of the graph is similar to that of the Horner graph
(Figure 5-14).

The slope of the straight-line portion is 150psi/cycle (from MDH graph).
The plhr is 4510 psi. Find the formation permeability from Eq. 5-14:

The difference in permeability between the two methods is only 1%.
Calculate the skin factor using Eq. 5-17:

From Eq. 5-46:
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Figure 5-15. MDH data plot.

Example 5-8 Analyzing Single-Phase and Single-Rate Pressure Buildup
Test Using Muskat's Method in Finite Reservoir

Rework Example 5-7 using Muskat method.

Solution A Muskat plot of the pressure data of Table 5-5 is shown in
Figure 5-16. Only three points define the straight line in Figure 5-16. From
Figure 5-16, we find

Intercept =

For closed square system using Eq. 5-47:

From Eq. 5^8,

This checks the values given:



Table 5-5
Pressure Buildup Test Data Using Muskat Method

Pi-Pwipsfy for

Shut-in time Af (hr) pm (psi) p = 4507 psi p = 4516 psi p — 4525 psi

0 3561 946 955 964
10 4387 120 129 128
20 4432 75 84 93
30 4455 52 61 70
40 4473 34 43 52
50 4486 21 30 39
60 4495 12 21 30
70 4501 6 15 24
80 4506 1 10 19

Intercept, b =175 psi

Slope, mM--0.3960 cycle/hour
= -0.01538 cycle/day

Shut-in time, At (hours)

Figure 5-16. Muskat plot.

The drainage area is calculated using Eq. 5-50:

For data provided in Example 5-8, we find A = 7.72 x 43,560 = 336,283 ft2.



Example 5-9 Analyzing Single-Phase and Single-Rate Pressure Buildup
Test Using Muskat's Method in Finite Reservoir Assuming Well in Center of
Constant Pressure Square (Water-Drive System)

Rework the buildup data in Example 5-8.

Solution For constant pressure square, permeability and porosity-total sys-
tem effective compressibility product are estimated using Eqs. 5-Al and 5-48.

For closed square system using Eq. 5-47,

From Eq. 5-48,

This checks the values given

The drainage area is calculated using Eq. 5-51:

For data provided in Example 5-8, we find A = 7.72 x 43,560 = 336,283 ft2.

Slider's Technique For Analyzing Buildup Test

Slider11 presented in 1971 an entirely new approach to transient pressure
behavior termed as negative superposition. Slider's analysis was based on the
following assumptions:

• If the well had been shut-in, no appreciable or measurable change
would have occurred during the shut-in time.

• Based on the distance to the nearest boundary, the shut-in time, At,
must be less than the stabilization time, ts.



In the case of pseudo-steady-state, the change in pressure with time is
estimated using the following equations:

(5-53)

where

In case of a well that is infinite-acting at shut-in, the change in pressure
during the shut-in period, if the well had not been shut-in, is estimated from
the following equation:

(5-54)

If the unchanging pressure assumption is satisfied, then the following
equations are used to analyze a buildup test regardless of whether the well
is infinite-acting, in pseudo-steady state or steady state at time of shut-in:

(5-55)

where Atp is the dimensionless time and is given by

(5-56)

where
m — estimated slope from Horner plot

At = shut-in time on the straight line or its extrapolation at At = lOmin,
i.e., log = 1.0, and A^ is in hours from MDH plot.

The permeability and skin factor are estimated using the following equations:

(5-57)

(5-58)



In cases where the unchanged pressure assumption is not valid, Horner's
method for analyzing buildup test should be used in an infinite-acting
reservoir. For the analysis for buildup test in a bounded (finite) reservoir,
when the unchanging pressure assumption is not valid, Slider introduced a
method in which Apq is plotted versus At on semilog graph paper. The use
of Apq plot for analyzing buildup is used for a well that is in pseudo-steady
state at shut-in. The approximate time when pseudo-steady-state flow began
is given by

(5-59)

The Apg term may also be calculated using the following equation:

(5-60)

where (Ap/Ai)pseudo is estimated using Eq. 5-53 or from field data. The
following example will clarify the Apq plot type of solution.

Example 5-10 Analyzing Single-Phase and Single-Rate Pressure Buildup
Test Using Ap Plot in Finite Reservoir

Rework the buildup data in Example 5-2 using Apq plotting technique,
assuming the well was in pseudo-steady state at time of shut-in and that the
flowing tubing head pressure decline was about 45psi/day (1.66psi/hr). The
well will drain a 45-acre drainage area. Determine the following:

1. Permeability, k
2. Pressure drop due to skin, (Ap)skin

3. Skin factor.

Solution First prepare a plot of Apq versus A^ on semilog graph paper and
find slope m of the straight-line portion of the plot. The Ap plot is shown in
Figure 5-17. The Apq values were calculated using Eq. 5-59; sample calcula-
tions are shown below and results are tabulated in Table 5-6.



Slope, m= 195

Slope,

Shut-in time, At (hours)

Figure 5-17.

1. Calculate the permeability k using Eq. 5-57:

2. Using Eq. 5-60 and

where m is the slope of the straight line and

Therefore, (Ap)skin = 4203 - 3519 - 0.869(195)(0.5)[ln(21968.32)
= -231

3. Calculate the skin factor using Eq. 5-58:



Table 5-6
Pressure Buildup Data

Time
At (hr)

O
0.15
0.20
0.30
0.40
0.50
1
2
4
6
7
8

12
16
20
24
30
40
50
60
72

Time
At (min)

0
9

12
18
24
30
60

100
240
360
420
480
720
960

1200
1440
1800
2400
3000
3600
4320

Shut-in
pressure,
P ws (psig)

3519
3680
3723
3800
3866
3920
4103
4250
4320
4340
4344
4350
4364
4373
4379
4384
4393
4398
4402
4405
4407

Pws — Pwf

(psig)

0
161
204
281
347
601
689
731
801
821
825
821
845
854
860
865
869
879
883
886
888

Apq=pm-pwf + At(^)
, . x V^V pseudo
(psig)

0.0
161.3
204.4
281.6
347.8
601.9
686.0*
735.0*
808.5
832.3
838.2
836.0
867.6
884.1
897.6
910.0
925.4
954.2
977.0
998.8

1023.4

4. For the beginning of pseudo-steady state using Eq. 5-59:

5.6 Multiphase Buildup Test Analysis

Basic buildup equations can be modified to model multiphase flow. For
an infinite-acting reservoir, the buildup equation becomes

(5-61)
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Table 5-6
Pressure Buildup Data

Time
At (hr)

O
0.15
0.20
0.30
0.40
0.50
1
2
4
6
7
8

12
16
20
24
30
40
50
60
72

Time
At (min)

0
9

12
18
24
30
60

100
240
360
420
480
720
960

1200
1440
1800
2400
3000
3600
4320

Shut-in
pressure,
P ws (psig)

3519
3680
3723
3800
3866
3920
4103
4250
4320
4340
4344
4350
4364
4373
4379
4384
4393
4398
4402
4405
4407

Pws — Pwf

(psig)

0
161
204
281
347
601
689
731
801
821
825
821
845
854
860
865
869
879
883
886
888

Apq=pm-pwf + At(^)
, . x V^V pseudo
(psig)

0.0
161.3
204.4
281.6
347.8
601.9
686.0*
735.0*
808.5
832.3
838.2
836.0
867.6
884.1
897.6
910.0
925.4
954.2
977.0
998.8

1023.4

4. For the beginning of pseudo-steady state using Eq. 5-59:

5.6 Multiphase Buildup Test Analysis

Basic buildup equations can be modified to model multiphase flow. For
an infinite-acting reservoir, the buildup equation becomes

(5-61)
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where
qt = total flow rates of oil, gas, and water (bbl/day) and is given by

(5-62)

q0 = oil flow rate (stb/day)
/S0 = oil formation volume factor (rb/stb)
qg = gas flow rate (mscf/day)
Rs = solution gas oil ratio (scf/stb)
/3g = gas formation volume factor (rb/mscf)
qw = water flow rate (stb/day)
/3W = water formation volume factor (rb/stb)
\t = total mobility (mD/cP) and is given by

(5-63)

Total system compressibility ct is estimated by using the equation:

(5-64)

It can be determined from the slope mofa buildup test run on a well that
produces two or three phases simultaneously by the following equation:

(5-65)

Perrine16 has shown that it is also possible to estimate the permeability to
each phase flowing from the same slope, m:

(5-66)

(5-67)

(5-68)

The skin factor s is estimated using the following equation:

(5-69)



where co is given by

(5-70)

Values of (dRs/dp) and (d(30/dp) are obtained as the slopes of laboratory
determined curves of Rs and /3O versus p; the slope is drawn at the estimated
average pressure:

(5-71)

Applications of these equations are illustrated by the following example.
Average reservoir pressure, p, is calculated just as for a single-phase reservoir.

Example 5-11 Analyzing Multiphase Pressure Buildup Test
A buildup test is run in an oil well that is below saturation pressure and

producing oil, gas, and water simultaneously. Well, rock, and fluid properties
evaluated at average reservoir pressure during the test include the following.
The pressure buildup data were recorded in Table 5-7.

Table 5-7
Multiphase Pressure Buildup Analysis (Single-Rate Test; tp = 3232.65 h)

Time, At (hr)

0.00
0.25
0.40
0.60
1.00
2.00
3.00
4.00
5.00
6.00
7.00
8.00
9.00
10.00
11.00
12.00

(',+Af)
At

12,931.61
8082.63
5388.76
3233.65
1617.33
1078.55
809.16
647.53
539.78
462.81
405.08
360.18
324.27
294.88
270.39

At
[(1+Ar)/*,]

0.25
0.40
0.60
1.00
2.00
3.00
4.00
4.99
5.99
6.98
7.98
8.98
9.97
10.96
11.96

Pws

(psig)

497
558
637
667
696
734
759
779
793
806
818
827
837
845
854
861

(Pws — Pwfo)

(psig)

0
61
140
170
199
237
262
282
296
309
321
330
340
348
357
364

Pws

(psia)

512
573
652
682
711
749
774
794
808
821
833
842
852
860
869
876

(Pws — Pwfo)

(psia)

0
61
140
170
199
237
262
282
296
309
321
330
340
348
357
364

n
(ft)

0
25
32
39
51
72
88
102
114
125
135
144
153
161
169
176



qo = 245stb/day, qg = 489 mscf/day, qw = 38stb/day, Rs = 685scf/stb,
Po = 1.300 rb/stb, pg = 1.4801 rb/mscf, pw = 1.02rb/stb, C0 = 8.64 x 10~6

psi"1, cg = 3.70 x 10-4PSi"1, cw = 3.60 x 1 (T6 psi"1, cf = 3.50 x 10"6

psi"1, s0 = 64%, sg = 2%, sw = 34%, A = 38 ft, 0 = 17%, rw - 0.30 ft, re =
1520 ft, /x0 = 1.5 cP, /xg = 0.0299 cP, and/iw = -0.7OcP. Estimate the multi-
phase flow permeabilities, s, and flow efficiency based on the average
pressure.

Solution From plots of P0, Rs versus pressure at average pressure in the
buildup test:

The production rates prior to the buildup test were given. From the plot
of pws versus log((tp + At)/At) (Figure 5-18), the slope of the MTR, m, is
120psi/cycle and that/?i/,r, at the instant of shut-in, was 497psig. From these
data, the following reservoir parameters can be estimated as follows:

End of wellbore
storage effects

Slope, m = 120 psi/cycle

Shut-in pressure, pws (psi)

Figure 5-18. Multiphase pressure buildup data plot.



Permeability to each phase can be determined from the slope of the MTR
using Eqs. 5-66 through 5-68

To calculate the total mobility, Xt, we first need the total flow rate qt using
Eq. 5-62:

Then using Eq. 5-65,

To calculate the skin factor s, we first need c0 and Cf.

Then from Eq. 5-64,

and from Eq. 5-69,



5.7 Afterflow Analysis Using RussePs Technique

Russell2 presented a theoretical method for analyzing the pressure
response during the afterflow period in order to determine kh and s. In
some cases, however, afterflow analysis provides a valuable means of
obtaining information about the reservoir. For instance, in several areas
in the Middle East, wells are capable of producing in excess of
50,000 mbbl from limestone reservoirs. Because of very high kh values,
which lead to very rapid pressure buildups, and the fact that in many
cases the wells produce through casing, the afterflow period can com-
pletely dominate the pressure buildup and afterflow analysis is the only
method of determining the essential reservoir parameters. Figure 5-19
shows the pressure buildup dominated by afterflow which distorts the
early part of the Horner buildup plot.

McKinly,18'21 Ramey and Cobb,12 and Earlougher and Kersch19 have also
presented afterflow analysis technique relying on the use of type curves.
Of all these methods, which is the most reliable is a question that is still
unanswered. Afterflow analysis by type curves matching techniques as
discussed in Chapter 7. The analysis method that will be described in this
section is of Russell.2 He developed a theoretical equation describing how
the bottom-hole pressure should increase as fluid accumulates in the well-
bore during the buildup. As a result of this, he determined that the correct
way of plotting the pressure during the part of the buildup influenced by
the afterflow was
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Figure 5-19. Pressure buildup plot dominated by afterflow.



(5-72)

in which Ap = pws —pwf (At = O), CF is a correction factor to allow for the
gradually decreasing flow into the wellbore. This correction factor, CF, must
be selected by trial and error so that the resulting plot is linear. The plot
should be made only for values of At measured after 1 hour of closed I time.
Having chosen the correct values of CF, the slope of the straight line is
measured (m = psi/ log cycle) and the formation permeability can be deter-
mined using the following equation:

(5-73)

The skin factor s can be calculated using Eq. 5-74:

(5-74)

The following example illustrates the use of this method.

Example 5-12 Analyzing After flow Pressure Buildup Test Using Russell's
Technique

The pressure-time data were recorded in a 12-hours pressure buildup test and
are listed in Table 5-8. The production data, reservoir, and fluid properties
are as follows: Np = 30,655 stb, qo = 225stb/day, /3O = 1.295, /x0 = 0.58 cP,
0 = 0.19, ct = 18.5 x 10-6PSi"1, h = 12ft, rw = 0.29ft.

Horner plot versus log ((tp + At)/At) does not become linear, even for the
largest values of At, and therefore the afterflow analysis techniques must be
used to analyze this test. Estimate the formation permeability and skin
factor s using Russell's technique.

Solution This technique to analyze afterflow as suggested by Russell2

(1966) can only be applied for pressures measured after At — 1 hour. In
Table 5-9, several values of the parameters or correlation factor c have been
selected in an attempt to liberalize the plot of Eq. 5-72.

As shown in Figure 5-20, the correct value of parameter c to
obtain a linear Russell's plot is c = 2.1. Since the slope of this line is
151psi/log cycle, then the formation permeability k can be evaluated
using Eq. 5-73 as



Table 5-8
Pressure Buildup Data for Afterflow Analysis

Shut-in time, At (min) Shut-in pressure, pws (psi)

0 1600
20 1920
40 2160
60 2350
90 2525

120 2650
150 2726
180 2779
210 2822
240 2852
270 2879
300 2910
360 2935
420 2960
480 2980
540 2998
600 3011
660 3022
720 3035

The value of (A/?/(l - 1/cAt)) at At = 1 hour can be read from the
linear plot as 1329 psi. Therefore the skin factor can be calculated
using Eq. 5-74 as

5.8 Pressure Buildup Tests Preceded by Two
Different Flow Rates

Pressure buildup behavior preceded by two different flow rates can be
described as

(5-75)



Table 5-9
Afterflow Analysis Using Russell's Techniques

c = 3.0c = 2.5c = 2.1c = 2.0c = 1.70c = 1.50A = (pws -pwf) (psig)log AtAt (hr)Pm (psig)At (min)

1125
1189
1260
1299
1326
1351
1366
1380
1393
1414
1428
1440
1452
1460
1466
1476

1250
1261
1303
1270
1360
1380
1391
1404
1413
1430
1442
1453
1463
1470
1476
1484

1431
1355
1378
1391
1401
1414
1421
1430
1432
1450
1459
1467
1476
1482
1486
1494

1500
1388
1400
1408
1415
1426
1431
1439
1444
1456
1465
1472
1480
1485
1490
1497

1820
1522
1488
1472
1467
1469
1468
1471
1473
1480
1485
1490
1496
1490
1502
1509

2250
1665
1575
1535
1516
1510
1502
1501
1500
1502
1503
1505
1510
1512
1514
1519

0
750
925
1050
1126
1179
1222
1252
1279
1300
1335
1360
1380
1378
1400
1422
1435

0
0.1761
0.3010
0.3929
0.4770
0.5440
0.6020
0.6531
0.6988
0.7780
0.8449
0.9020
0.9541
0.9998
1.0412
1.0790

0
1.00
1.50
2.50
3.00
3.50
3.50
4.00
4.50
5.00
6.00
7.00
8.00
9.00
10.00
11.00
12.00

1600
2350
2525
2650
2726
2777
2827
2852
2879
2900
2935
2960
2980
2998
3011
3022
3035

0
60
90
120
150
180
210
240
270
300
360
420
480
540
600
660
720



Results are:

Assumed
C values

Figure 5-20. Russell afterflow analysis plot.

(5-76)

Eq. 5-76 can be used, when the producing rate is changed a short time before
the buildup test begins, so that there is not sufficient time for Horner's
approximation to be valid. All production before time t\ is at rate q\ for
time tp\ and production just before the test to have been at rate qi for time
tP2- Upon simplification, Eq. 5-76 becomes

(5-77)

Hence a plot of



on Cartesian coordinates should give a straight line of slope, ra, from which

(5-78)

Extrapolation of this line to zero will give pws = pt to calculate the skin
factor, s; note that at the end of the flow period just before shut-in

(5-79)

The equation of the MTR line on the buildup test plot is

(5-80)

Subtracting Eq. 5-80 from Eq. 5-79, we get

(5-81)

Assuming tp\ + tP2 + At = tp\ 4- tP2 and tP2 + At = tP2 for small At
(e.g., At = 1 hr), then pws - pwf = m(log At + s).

If we choose At = 1 hr, pws — p\ hr (on the MTR line) and, for tP2 » 1,

(5-82)

(5-83)

The duration of wellbore storage distortion is calculated as in the pre-
vious analysis for buildup test.

Example 5-13 Analyzing Two-Rate Pressure Buildup Test
A two-rate flow test was run on a well with properties given below. From

these properties and the data given in Table 5-10, determine k, s, and/?/.
Cumulative oil production = 32,000 stb, first stabilization oil rate,

q\ — 85stb/day, stabilized gas rate, qg\ = 590mscf/day, second stabilized
oil rate, q2 = 50stb/day, second gas rate, qg2 = 390.2 mscf/day, pressure at



Table 5-10
Two-Rate Buildup Test Analyses

Shut-in time,
Ar, (hr)

0.50
1.00
1.50
2.00
3.00
4.00
5.00
6.00
7.00
8.00

10.00
15.00
20.00

Shut-in pressure,
Pws (psig)

3245
3285
3310
3330
3355
3375
3390
3405
3425
3440
3465
3515
3545

Shut-in pressure,
pws, (psia)

3260
3300
3325
3345
3370
3390
3405
3420
3440
3455
3480
3530
3560

(',+Af)
At

18,071.59
9036.29
6024.53
4518.65
3012.76
2259.82
1808.06
1506.88
1291.76
1130.41
904.53
603.35
452.76

iog(r t }+?><->
4.0792
3.9553
3.8828
3.8314
3.7589
3.7076
3.6677
3.6352
3.6076
3.5838
3.5440
3.4718
3.4206

time of rate change, pw/ = 3200 psia, </> = 0.14, h = 11 ft, /I0 = 0.43 cP,
Po = 1.450 rb/stb, ct = 5.72 x lO^psi"1 , rw = 0.33, re = 550 ft.

Solution Apparent producing time, tp, is tp = (32,000/85)x24 = 9035.29 h.
Well pressure at time rate changed from q\ to qi is 3200 psia. Figure 5-21 is a
plot of well pressure versus plotting function X of the data of Table 5-10.
From Figure 5-21, the following information is obtained: m — 650psi/cycle
and pi hr = 3212 psia. Substituting the given reservoir and fluid properties in
the expression for m, and by Eq. 5-78:

Using Eq. 5-82, the skin factor is

Using Eq. 5-83, calculate the initial pressure/?/ a
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Figure 5 -21 . Plot of well pressure versus plotting function X.

5.9 Variable-Rate Pressure Buildup Analysis

The pressure buildup behavior is described by

where t — tn-\ — At, time after shut-in and qn-\ is the production rate just
before shut-in. Eq. 5-84 is based on the fact that for t = tp\ + tP2 H
-htpn-i +(t — tn-\) the reservoir is infinite-acting. The following analysis



procedure can be used. Plot /^ versus X on ordinary (Cartesian coordinate)
graph paper, where plotting function X is

(5-85)

Determine the slope m of the plot and calculate the formation permea-
bility by the equation

(5-86)

Calculate the skin factor s from the equation

(5-87)

The original reservoir pressure pt is the value of pws on the MTR line
extrapolated to X = O. Figure 5-22 shows the schematic representation of
rate variation preceding a pressure buildup test.

Example 5-14 Analyzing Variable-Rate Pressure Buildup Test
A variable-rate flow test was run on a well with the given properties.

From these properties and the data in Tables 5-11 and 5-12, determine k, s,

Fl
ow

 r
at

e,
 q

Time, At

Figure 5-22. Schematic representation of rate variation preceding a pressure
buildup test.



Table 5-11
Variable-Rate Buildup Test Analysis

(Pressure and Rate Data for Plotting)

Time, h (hr) Rate, a; (stb/day)

Table 5-12
Variable-Rate Buildup Test and Computations

Time, At
(hr)

0.150
0.250
0.300
0.350
0.400
0.500
0.750
1.000
1.500
2.000
3.000
5.000
7.000
9.000
11.000
13.000
15.000
17.000
19.000
21.000
23.000
25.000
27.000
29.000
31.000

Shut-in pressure, pws
(psig)

2675
2697
2736
2758
2772
2794
2813
2838
2872
2895
2913
2924
2935
2945
2951
2957
2962
2967
2971
2976
2980
2983
3012
3031
3042

Pressure change, p m - pwfo
(psia)

10.00
32.00
71.00
93.00
107.00
129.00
148.00
173.00
207.00
230.00
248.00
259.00
270.00
280.00
286.00
292.00
297.00
302.00
306.00
311.00
315.00
318.00
347.00
366.00
377.00

Function X

Tqj - lox\itm~tj-1+Mi\

3.12822
2.90002
2.81772
2.74769
2.68666
2.58376
2.39333
2.25486
2.05392
1.90673
1.69252
1.41352
1.22770
1.09051
0.98348
0.89696
0.82523
0.76462
0.71263
0.66747
0.62785
0.59278
0.56150
0.53341
0.50804



(Ap)skin, p*, and flow efficiency. Well and reservoir data: depth = 5250 ft;
average pressure = 3000 psi; jio = 0.8OcP; P0 = 1.136 rb/stb; h = 11 ft;
cf) = 0.12; ct = 17.0 x 10"6PSi"1; rw = 0.198 ft.

Solution The plotting function X is tabulated in Table 5-12 and a plot of
pws versus X is shown in Figure 5-23. Figure 5-23 shows the end of wellbore
storage effects. The MTR line of the plot pws versus X has the following
characteristics:

Slope in Figure 5-23 gives m — —116.8 psi/cycle. Using Eq. 5-86 with the
last rate

Pi h at A^ = 1 hour, X = 2.2549 = 2823 psi. Using Eq. 5-87,

(p
si

/s
tb

/d
ay

)

Slope, m= 116.8

Function, X=

Figure 5-23. Variable-rate pressure buildup analysis plot.



Original reservoir pressure pt at X — 0 is 3042 psi. The pressure drop due
to skin is

(Ap)skin = 0.869ms - 0.869(116.8)(-4.08) - -414.12

Flow efficiency based on pt is

5.10 Multi-phase, Multi-Rate Buildup Analysis

The basic equations used for multi-phase pressure buildup analysis are
quite similar to those used for single phase. The basic equation is

(5-88)

where the flow rates q\ through qn are re-expressed in total fluids qt (stb) as

Eq. 5-88 is that of a straight line of the form Y = b -f mX where Y = pws

where

Figure 5-24 shows a hypothetical flow history of a well. Upon shut-in, a
plot of the bottom-hole shut-in pressure versus the dimensionless summation
Cartesian (Eq. 5-88) assumes a characteristic shape given in Figure 5-25.
After the wellbore effects have dissipated, the straight-line relationship holds
and the observed slope can be translated into values of total mobility:

(5-89)
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Figure 5-24. Flow history of an oil well.

The gas and oil formation volume factors are pressure-dependent. It is
recommended that as a first approximation they may be selected at the
highest observed pressure. Later, for subsequent runs if desired they may
be selected at average pressures given below:

(5-90)

(5-91)

To calculate the skin factor and its associated pressure drop, the following
equations are used:

(5-92)

(5-93)

The factor, F, in Eq. 5-92 corrects for short flow times. In most other
cases, F will equal or approach to 1.

(5-94)
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Figure 5-25. Typical pressure buildup.

In Eq. 5-92, the total compressibility, ct, is

(5-95)

For multiphase flow, below the saturation or bubble point pressure:

(5-96)

The gas compressibility may be estimated from correlation charts such as
those given in Ref. 1. The flow efficiencies are computed on a reservoir barrel
per psi basis:

(5-97)

(5-98)

The flow efficiency is the ratio of the two productivity indices:

(5-99)



The maximum radius reached by the transient test is computed at a tjye of
0.25 using Van Poollen's equation:20

(5-100)

Dimensionless times calculated to select the proper straight-line limits are
computed from:

Upper time limit:

Lower time limit:

(5-101)

(5-102)

Example 5-15 Analyzing MultiPhase, Multi-Rate Pressure Buildup Test
Rate history and pressure buildup data are given in Tables 5-13 through 5-19.

Other reservoir and well data follow: 0 = 0.235, rw = 0.23 ft, /z = 13 ft,
Ho = 1.27cP, fig = 0.016 cP, fjbw = 0.3OcP, drainage area = 17.8 acres,
bottom-hole pressure= 1253 psi, total compressibility, ct = 3.2 x 10"6PSi"1,
last flowing bottom-hole pressure= 1257psi, cumulative oil production
= 997,567 stb at shut-in, cumulative water production = 50,000 stb at shut-in,
cumulative gas production = 1,200,000 mscf at shut-in.

Solution Lower and upper limits can be found by plotting \og(pm—pwf)
versus log time. The beginning of the straight line can be estimated by one of
the two methods:

• By the one and one-half log cycle rule or by the type curve overlay
method;

Table 5-13
Rate History

Flowing
time

(days)

27
61
31
31
10

Oil
rate

(rb/day)

126
109
68
63
77

Gas
rate

(mscf/day)

369
938
734
625
468

Water
rate

(stb/day)

154
162
115
94
95

Solution
GOR

(mscf/stb)

250
250
250
250
250

Oil
FVF

(rb/stb)

1.181
1.156
1.156
1.156
1.156

Gas
FVF

(rb/mscf)

1.617
1.970
1.970
1.970
1.970

Water
FVF

(rb/stb)

1.02
1.02
1.02
1.02
1.02



Table 5-14
Pressure Buildup Data

Shut-in time, At (hr) Bottom-hole pressure, pws (psig)

0.25 1391
0.50 1401
1.00 1415
2.00 1431
3.00 1446
4.00 1455
5.00 1467
6.00 1483

12.00 1510
18.00 1522
24.00 1531
30.00 1536
36.00 1538
48.00 1548

Table 5-15
Reservoir Voidage History Calculations

Length
(days)

27
61
31
31
10

(rb/day)

148.8
128.0
78.6
72.8
89.0

9g
(rb/day)

545.7
1794.2
1412.5
1200.2
884.0

(rb/day)

157.1
165.2
117.3
95.9
96.9

Total
(rb/day)

851.6
2085.4
1608.4
1368.9
1069.9

Cumulative
voidage (rb)

4,290,679
4,417,890
4,467,750
4,510,187
4,520,886

Observed
flowing

time (hr)

120,917.7
122,381.7
123,125.7
123,869.7
124,109.7

• The area shape selected has an upper limit for the straight line of
tDe ^ 0.0240. Results with calculated tDe higher than this should be
disregarded or used with caution.

From Figure 5-26, lower and upper limits are 65,000 and 0.024. Figure
5-27 is a Cartesian plot showing calculated results.

5.11 Rate Normalization Techniques and Procedures
(Pressure Buildup Data)

Methods to analyze afterflow-dominated pressure buildup data are pre-
sented. Total afterflow fluid rate should be used in multiphase flow analysis.



Table 5-16
Bottom-Hole Pressure at Corresponding Shut-In Times

Pressure buildup test data Computed data

Test
point No.

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15

Shut-in time,
At (hr)

0.25
0.50
1.00
2.00
3.00
4.00
5.00
6.00

12.00
18.00
24.00
30.00
36.00
42.00
48.00

Shut-in
pressure,

Pws (PSi)

1391
1401
1405
1434
1446
1455
1467
1483
1510
1522
1538
1536
1538
1541
1543

Computed
dimensionless summation

function X

5.92
5.62
5.32
5.01
4.84
4.71
4.61
4.54
4.23
4.05
3.92
3.82
3.74
3.67
3.61

Ap = {Pws - 1253)
(psi)

138.2
148.0
162.0
181.0
193.0
202.0
214.0
230.0
252.0
269.0
278.0
283.0
285.0
288.0
290.0

Table 5-17
Pressure Buildup Test Data — Calculated Results by Computer

Point
used

1-4
2-5
3-6
4-7
5-8
6-9
7-10
8-11
9-12

10-13
12-14
12-15

Slope /it
(psi/cycle)

47.50
57.90
60.05
80.14

119.43
112.90
94.05
78.59
68.72
52.48
38.48
33.48

Total
mobility
(mD/cP)

32.41
26.59
23.31
19.21
12.88
13.64
26.37
19.59
23.79
29.24
40.21
45.99

P*
(psi)

1669
1724
1765
1834
2021
1989
1925
1840
1784
1735
1680
1663

P
(psi)

1480
1490
1512
1533
1573
1580
1558
1540
1535
1579
1526
1526

PI
Actual

4.702
4.350
4.130
3.810
3.140
3.250
3.500
3.600
3.790
3.870
3.900
3.920

Ideal

3.74
3.09
2.69
2.23
1.49
1.57
1.89
2.26
2.24
3.30
4.60
5.30

FE

(%)

126
142
154
192
211
207
185
162
138
114
85
74

Skin factor,
5

-1.41
-2.03
-2.41
-2.30
-3.65
-3.57
-3.19
-2.66
-1.91
-0.88

1.23
2.44



Table 5-18
Average Values

Slope, m (psi/cycle) 70.31
Total mobility, A, (mD/cP) 26.10
False pressure, p* (psi) 1804.42
Average reservoir pressure, p 1533.00
Productivity index (actual) 3.83
Productivity index (ideal) 2.87
Flow efficiency (%) 149.00
Skin factor, s -2.00

Table 5-19
Calculated Parameters

Pressure drop,

(A?).**. (Psi)

-58.3
-102.4
-138.6
-201.9
-379.2
-350.9
-260.8
-181.7
-107.7
-40.1

41.0
71.0

tDe

0.00924
0.01137
0.01328
0.01369
0.01102
0.02332
0.04198
0.06699
0.10169
0.15047
0.23943
0.31452

tDw

5433
8916

15,630
25,765
25,935

365,580
54,887
78,825

191,438
354,096
643,948
925,193

ko (mD)

3.42
2.81
2.46
2.03
1.36
1.44
1.73
2.07
2.51
3.10
4.23
4.86

K (mD)

0.88
0.70
0.63
0.52
0.35
0.37
0.45
0.53
0.65
0.80
1.08
1.25

kg (mD)

0.43
0.35
0.31
0.25
0.17
0.18
0.22
0.26
0.32
0.39
0.53
0.61

Maximum radius
reached (ft)

95
106
114
116
104
151
203
257
316
384
485
556

The logarithm of time approximation to pD for analysis of low-permeability
stimulated oil wells is often invalid. Normalized type curve analysis identifies
whether the semilog straight line exists and suggests the proper/?# - tD model
for analytical purposes. Additional detailed discussions of the normalization
methods were given by Gladfelter etal.,22 Winestock and Colpitts,23 and
Odeh and Jones.24'25

Analysis Methods: Their Applications and Limitations

Figure 5-28 shows various methods of analysis, their applications, and
their limitations.
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Figure 5-26. log-log type plot.

Slope, m = (1522-1391)/(4.05-5.92) = 70.05

Slope, m = 70.05
(fc/tf),=26.10mD/cP

False pressure, p*= 1804 psi
Skin factor, s = -2.00

Flow efficiency= 149.0%

Plotting function, X=

Figure 5-27. Multiphase and multi-rate pressure buildup data plot.

Buildup Rate Normalization Equations and Solutions

The afterflow rate normalized pressure equations proposed by Gladfelter

etal.22 to analyze pressure buildup data dominated by afterflow were given as



Normalization Analysis
Techniques

Ap versus log At Homer plot Wellbore storage type curve; Figure 5-29

Ap/Aq versus log Ar modified plot Normalized MDH graph Figure 5-30

Pressure square root time plot Figure 5-31

Superposition based on log time
approximation to pD

Straight line
through last points Figure 5-32

Superposition based on pD-tD

model uniform-flux vertical
fracture

Constant-rate solution Figure 5-33

Figure 5-28. Various analysis techniques, their applications, and their limitations.

(5-103)

Canceling q0 and expressing in the familiar logarithm form, the rate

normalized MDH equation is

(5-104)

Eq. 5-103 indicates that a plot OfQ^(AO —Pwf,s)/(<lo — Q(At)) versus log Ar

should be linear with slope equal to

(5-105)

from which k can be calculated as

(5-106)



The skin is determined from

(5-107)

In 1974, Odeh and Jones25 presented a method to analyze buildup after
rates following a constant rate semi-steady-state production period at rate,
q0. The general equation describing the pressure change at any shut-in
time, Atn, is

(5-108)

The linearized form of Eq. 5-108 is

(5-109)

where

(5-110)

If non-Darcy flow is zero, a plot of

will give a straight line with slope m' is

(5-111)

and the intercept b, from which the skin can be calculated and is given by

(5-112)



A more general form of Eq. 5-109, expressed in terms of dimensionless
pressure pn and dimensionless time to is

(5-113)

When non-Darcy flow is zero, Eq. 5-113 should be linear when plotted as

having slope such as

(5-114)

and intercept

(5-115)

Normalized Pressure-Modified MDH Plot Analysis

Figure 5-31 is a rate-normalized pressure-modified MDH plot and a
straight line drawn through the last group of points of the continuously
sweeping data curve. From known value of the slope, the permeability and
skin factor can be determined using the following equations:

(5-116)

(5-117)

Figure 5-32 is a pressure versus shut-in time log-log graph. The curve does
not match to any of the published wellbore storage type curves. So this technique
proved unsuccessful. However, the total fluid afterflow rate-normalized pressure
versus shut-in time log-log graph was matched to the uniform-flux vertical



fracture solution. From match points, permeability, skin factor, and half fracture
length can be estimated by using the following equations:

(5-118)

(5-119)

Calculate the skin factor s as follows:

(5-120)

Normalized Average Reservoir Pressure Equation

Odeh and Jones25 have suggested estimating pR from an equation based
on total fluid withdrawal basis. The equation is

(5-121)

Example 5-16 Normalizing Afterflow Rate and Analyzing Pressure
Buildup Test

A 67-hours buildup test was run and all the pressure and afterflow data are
appearing in Tables 5-20 and 5-21. The wellbore storage coefficient has been
calculated and added following the procedures appearing in Ref. 8. Cumulative
production is 75,800bbl. Well/reservoir data are: T = 123°F, API = 35°, /i0

= 3.18 cP, \iw = 0.56cP, fig = 0.0155 cP, fw = 30%, casing ID, in = 4.953,
tubing ID, in = 2.375, ct = 20.0 x lO^psi" 1 , well spacing = 40 acres, rw

= 0.31 ft, h = 47 ft, 0 - 14%, tfT(Ar=o) = 328 rbd.
Find the flow capacity and skin factor using the following techniques:

• Conventional Horner buildup analysis.
• Ap/Aqt versus log t modified MDH method.
• Ap/Aqt versus log-log graph uniform-flux vertical fracture constant-

rate solution.
• Superposition based on logarithm of time approximation to pp — to

(straight line through last point).
• Average reservoir pressure.



Table 5-20
Pressure Buildup Data

Shut-in time, At (min) Shut-in pressure, pws (psi) -~^t

0 90 -
3 103 0.0005
5 105 0.0009
10 111 0.0018
15 116 0.0027
20 122 0.0036
25 128 0.0045
30 133 0.0054
35 139 0.0063
40 145 0.0072
45 151 0.0080
50 156 0.0089
55 162 0.0098
60 168 0.0107
70 180 0.0125
80 192 0.0142
90 202 0.0160
100 212 0.0177
110 222 0.0194
120 231 0.0212
173 272 0.0303
236 315 0.0408
308 356 0.0528
390 395 0.0657
583 472 0.0951
694 505 0.1112
814 536 0.1280
945 564 0.0923
1034 591 0.0963
1234 621 0.1007
1393 648 0.1046
1562 674 0.1084
1741 700 0.1121
1929 726 0.1158
2127 752 0.1194
2334 777 0.1229
2552 830 0.1302
2778 828 0.1313
3015 853 0.1333
3180 867 0.1352
3240 873 0.1360
3300 878 0.1367



Table 5-20 (continued)

Shut-in time, Af (min) Shut-in pressure, pws (psi) j ^ t

3360 883 0.1373
3420 888 0.1380
3480 899 0.1395
3540 904 0.1402
3600 908 0.1407
3660 913 0.1414
3720 917 0.1419
3780 922 0.1425
3840 926 0.1431
3900 930 0.1436
3960 935 0.1443
4020 939 0.1448

Solution Conventional Horner Buildup Analysis

Figure 5-29 is the conventional Horner plot, which shows no clear
straight-line sections. A straight line drawn through the last group of points
gives reasonable calculated results. The plot has the following characteris-
tics: tp = 5546 hours, m = 700 psi/cycle, and/?!/^ = 340 psi.

From Eq. 5-2, k is
(isd)  

SMd 'ajnsssjd
 ui-jnqg

Figure 5-29. Conventional Horner buildup plot.



Table 5-21
Pressure Buildup Test and Afterflow Rates

Wellbore storage
coefficient (bbl/psi)(psi/rb/day)

Ap
(psi)

Total rate
(rb/day)

Liquid rate
(rb/day)

Gas rate
(rb/day)

Pressure,

Pwf (psi)

Pressure,
Pwh (psi)

Liquid level
(ft)

Time,

(min)05
Time,

At (min)

0
0.161
0.197
0.156
0.176
0.137
0.129
0.146
0.115
0.110
0.105
0.120
0.094
0.092
0.088
0.083
0.092
0.086

0
0.100
0.120
0.182
0.202
0.232
0.259
0.274
0.299
0.322
0.342
0.358
0.380
0.401
0.448
0.489
0.515
0.541

0
4
6

12
17
23
29
34
40
46
52
57
63
69
81
93

103
113

328
288
278
262
244
229
226
204
194
185
176
169
162
156
147
138
128
119

71
59
59
60
61
61
62
62
63
63
64
64
64
65
65
66
61
57

257
229
219
202
183
168
154
142
131
122
112
105
98
91
82
72
67
62

90
103
105
111
116
122
128
133
139
145
151
156
162
168
180
192
202
212

40.9
41.3
41.5
42.1
42.8
43.4
43.9
44.5
45.0
45.6
46.1
46.6
47.1
47.6
48.6
49.5
50.4
51.3

7277
7269
7263
7248
7234
7219
7205
7190
7176
7160
7147
7132
7118
7103
7074
7045
7019
6994

1.732
2.236
3.162
3.873
4.472
5.000
5.477
5.916
6.324
6.708
7.071
7.416
7.746
8.367
8.944
9.487

10.000

0
3
5

10
15
20
25
30
35
40
45
50
55
60
70
80
90

100



Table 5-21 (continued)

Wellbore storage
coefficient (bbl/psi)(psi/rb/day)

Ap
(psi)

Total rate
(rb/day)

Liquid rate
(rb/day)

Gas rate
(rb/day)

Pressure,
Pw/ (psi)

Pressure,
Pwh (psi)

Liquid
level
(ft)

Time,

(min)05
Time,

At (min)

0.081
0.084
0.085
0.075
0.069
0.066
0.061
0.061
0.058
0.060
0.037
0.065
0.049
0.050
0.050
0.048
0.048
0.049
0.047
0.046
0.053

0.572
0.592
0.709
0.815
0.924
1.031
1.247
1.331
1.419
1.495
1.572
1.657
1.732
1.814
1.890
1.966
2.047
2.119
2.200
2.271
2.349

123
132
173
216
257
296
323
406
437
465
492
522
549
575
601
627
653
678
704
729
754

113
105
84
63
50
41
29
23
20
17
15
13
11
11
10
9
9
8
8
7
7

55
50
43
36
31
26
20
16
14
12
11
10
9
9
8
8
8
8
7
6
6

58
55
41
27
19
15
9
7
6
5
4
3
2
2
2
1
1
0
0
0
1

222
231
272
315
356
395
472
505
536
564
591
621
648
674
700
726
752
111
830
828
853

52.1
42.9
56.8
60.5
64.0
67.5
74.3
77.4
80.4
83.3
86.1

8.5
90.0
92.7
94.7
96.6
98.4

100.0
102.1
103.8
105.6

6970
6948
6851
6756
6665
6579
6413
6341
6274
6213
6155
6098
6040
5983
5926
5868
5811
5754
5696
5639
5582

10.488
10.955
13.153
15.362
17.550
19.748
24.145
26.344
28.531
30.741
32.156
35.128
37.323
39.522
41.725
43.920
46.119
48.312
50.517
52.707
54.909

110
120
173
236
308
390
583
694
814
945

1034
1234
1393
1562
1741
1929
2127
2334
2552
2778
3015



Table 5-21 (continued)

Wellbore storage
coefficient (bbl/psi)(psi/rb/day)

Ap
(psi)

Total rate
(rb/day)

Liquid rate
(rb/day)

Gas rate
(rb/day)

Pressure,
Pwf (psi)

Pressure,
Pwh (psi)

Liquid
level
(ft)

Time,

(min)05
Time,

At (min)

0.042
0.050
0.050
0.050
0.021
0.042
0.042
0.052
0.042
0.052
0.042
0.052
0.052
0.038
0.042

2.385
2.404
2.419
2.435
2.450
2.477
2.492
2.505
2.520
2.533
2.548
2.560
2.573
2.580
2.593

768
774
779
784
789
800
805
809
814
818
823
827
831
836
840

6
6
6
6
6
5
5
5
5
5
5
5
5
4
4

5
5
5
5
5
5
5
5
5
5
5
5
4
4
2

0
1
1
1
1
0
0
0
0
0
0
0
0
0
0

867
873
878
883
888
899
904
908
913
917
922
926
930
935
939

106.8
107.2
107.6
108.0
108.4
108.6
108.9
109.1
109.3
109.5
109.7
109.9
110.1
110.4
110.5

5547
5535
5523
5511
5499
5488
5477
5466
5466
5455
5444
5423
5413
5493
5383

56.392
56.921
57.446
57.966
58.481
58.992
59.498
60.000
60.498
60.992
61.482
61.968
62.450
62.929
63.404

3180
3240
3300
3360
3420
3480
3540
3600
3660
3720
3780
3840
3900
3960
4020



From Eq. 5-3, s is

From Eq. 5-120,

Normalized Pressure-Modified MDH Analysis

Figure 5-30 is a rate-normalized pressure-modified MDH plot and a
straight line drawn through the last group of points of the continuously
sweeping data curve. The plot has the following characteristics:

Figure 5-30. Conventional pressure-time log-log graph.

Unit
slope



From Eq. 5-105,

From Eq. 5-107,

From Eq. 5-120,

Figure 5-30 is a pressure versus shut-in time log-log graph. The curve
does not match to any of the published wellbore storage type curves.19 So
this technique proved unsuccessful. The plot has the following
characteristics:

However, the total fluid afterflow rate-normalized pressure versus shut-
in time log-log graph was matched to the uniform-flux vertical fracture
solution.

Match points are

Calculate the permeability k from Eq. 8-39:

Estimate the fracture half-length Xf from Eq. 8-40:



Calculate the skin factor s as follows:

Therefore, s =

Odeh-Jones Logarithm of Time Superposition Plot (Straight Line
Through Last Points)

Figure 5-31 is an Odeh-Jones logarithm of time superposition plot. Nor-
mally, in looking for a linear flow period a pressure versus y/At graph is made.
In this case, a Ap versus y/At does not result in a straight line but a total fluid
afterflow rate-normalized pressure plot, Ap/AqT versus y/At, does. This can
be seen in Figure 5-32. The plot has the following characteristics:

Figure 5-32 is an Odeh-Jones logarithm of time superposition plot.
Straight line is drawn through the last group of points on this plot, which
will give reasonable calculated results. The plot has the following
characteristics:

Approximate end of linear flow

Figure 5-31. Afterflow rate-normalized pressure - square root of time plot.



Intercept = 0.7

Start of the
semilog

straight line

Slope
m' = 0.83

Figure 5-32. Superposition based on uniform-flux vertical fracture Po-h (straight
line through last points).

Estimate the permeability k from Eq. 5-111:

Determine the skin factor s from Eq. 5-112:

Superposition Based on po — to Model (Uniform-Flux Vertical Fracture
Constant-Rate Solution)

From Figure 5-33, find the following:

From Eq. 5-89,

(A
/?

/A
4)

(p
si

/r
bp

d)



Figure 5-33. Superposition based on uniform-flux vertical fracture Po-fo model.

Average Reservoir Pressure

Find pR, using Eq. 5-121:

Table 5-22 summarizes the results from all methods of analysis.

5.12 Summary

This chapter treats pressure buildup test analysis and presents methods
for estimating formation characteristics such as the reservoir permeability,
skin factor, wellbore damage, and improvement evaluation including average
pressure for well drainage areas and the entire reservoir. In addition, analysis
methods for afterflow-dominated pressure buildup data are presented to
identify linear flow, near-wellbore permeability changes or boundaries using
both accurate pressure and total afterflow fluid rate.



Table 5-22
Summary of Analysis Results

(^] (mDft/cP)
Methods of analysis W r Skin s xf (ft)

Conventional Horner buildup analysis 76.2 —4.80 76.86
(Figure 5-29)

£L versus log A ,̂ modified MDH 75.6 -5.02 93.45
analysis (Figure 5-30)

Approximation on pp - tr> 85.6 —4.99 91.1
(straight line through last points) (Figure 5-32)

Superposition based on pD — tn, uniform 88.0 —4.7 93.6
flux vertical fracture constant rate solution
(Figure 5-33)
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Chapter 6

Original and
Average Reservoir
Pressure
Estimation
Methods

6.1 Introduction

Average reservoir pressure,/?^, can be determined from a pressure buildup
test. Also, p'R is referred to as static drainage area pressure in the formation
surrounding a tested well. Average reservoir pressure is used:

1. To compute rock and fluid characteristics.
2. To estimate oil in-place.
3. To predict future reservoir behavior in primary/secondary recovery

and pressure maintenance projects.

Note that initial or original reservoir pressure is different from average
reservoir pressure. Average reservoir pressure is determined for reservoirs
that have experienced some pressure depletion. Several methods are avail-
able to estimate average reservoir pressure.

6.2 Original Reservoir Pressure in Infinite Reservoirs

Original reservoir pressure, pt, is found as suggested by ideal theory. We
simply identify the middle-time line, extrapolate it to infinite shut-in time,
and read the pressure that is the original reservoir pressure as shown in
Figure 6-1.

This technique is possible only for a well in a new reservoir, i.e., one in
which there has been negligible pressure depletion. For a reservoir with one



Figure 6-1. Buildup test graph for infinite-acting reservoir.

or more boundaries relatively near a tested well, the late-time line must be
extrapolated to find pt (Figure 6-2).

6.3 Estimating Average and Initial Reservoir Pressure

In this section we will discuss various methods to estimate average p and
initial pt in both closed (no flow) and water-drive (constant pressure) oil
reservoirs.

ETR

MTR

LTR

Figure 6-2. Buildup test graph for well near reservoir limit.



Horner and MBH Methods

The Horner and MBH methods6 are also known as the/>* method, as these
methods use the pressure p* obtained from the straight-line extrapolation
of Horner and MDH plots. Using the imaging technique and the principle
of superposition, Mathews etal. developed buildup curves for wells at
various positions in the drainage area of various shapes.2 These curves are
presented as Figures B-2 through B-8 or Table B-I. The following steps
are followed to calculate average reservoir pressure using the MBH method:

1. Find false pressure from Horner or MDH plot.
2. Estimate the drainage area and shape.
3. Select the proper curve type from Figures B-2 through B-8 or

Table B-I.
4. Using Eq. 6-1 calculate tDA, and find the corresponding ordinate value,

PDMBH, using the appropriate MBH plot.

(6-1)

5. Calculate the average reservoir pressure, p, using Eq. 6-2:

(6-2)

where PDMBH is the corresponding ordinate value using the appropriate MBH
series of plots of kh(p* - p)/(70.6qono/3o) versus 0.000264ktp/((j)fioctA).
Note that kh(p* — p)/10.6qo/jLo(3o can be written as 2.303(/?* — p)/m. Accu-
racy of the p* method may be improved by using tpss, producing time
required to achieve pseudo-steady state, in the Horner plot and in the
abscissa of the MBH curves in Figures B-2 through B-8 or Table B-I. In
principle, results should be identical for any tp > tpss\

(6-3)

M

If tp » tpss, then tpss should be replaced.



MDH Method7

The average reservoir pressure p may be estimated for closed circular or
square drainage regions from the MDH data plot (pws versus log A?)- The
MDH average reservoir pressure analysis method applies directly only to
wells operating at pseudo-steady state before the buildup test. To use the
MDH method, choose any convenient time on the semilog straight line, At,
and read the corresponding pressure, pws. Then calculate the dimensionless
shut-in time based on the drainage area:

(6-5)

(6-6)

(6-6a)

where At and its corresponding/Vs are read from the straight-line portion of
the MDH plot and PDMDH is obtained from Figure 6-3.
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Constant pressure at drainage boundary

Dimensionless shut-in time,

Figure 6-3. MDH dimensionless pressure for circular and square areas.2



Dietz Method1

The Dietz method requires MDH plot and is preferred for oil wells with
negative skin factor (s < —3 or rws > 0.05^) caused by acidizing or fracturing.
The well should be in pseudo-steady state before shut-in. Dietz determined
the time, (At)p, when p may be read directly from the extrapolated semilog
straight line:

(6-7)

where CA is the Dietz shape factor1 given in Table B-2. This method is very
simple and quick.

Ramey et al. Method

The Ramey etal. method3 also uses Table B-2 except that it is used to
extrapolate a Horner straight line to p instead of an MDH straight line. For
tP > tpsS9 they show that

(6-8)

Eq. 6-8 reduces to Eq. 6-7 when (tp + At) 2* tp. When tp < teia, which
may be estimated

(6-9)

where teia is the duration of the infinite-acting period where (tDA)eia is given
in the "for tDA <" column of Table B-2. For a well in the center of a closed
circular reservoir, (tDA)eta = 0-1 and

(6-10)

Ramey etal.3 show that if tp < teia, then

(6-11)



Example 6-1 Calculating Average and Initial Reservoir Pressures Using
Pressure BuildUp Data by Various Methods in Circular Drainage Area

Using the pressure buildup data of Example 5-2, calculate the average
and initial reservoir pressures by using the following methods: (1) the MBH
method, (2) the MDH method, and (3) the Dietz method. Assume that the
well is draining from the center of a circular area of 167 acres.

Solution

(1) MBH method:

From Figure B-I, the corresponding ordinate value PMBH is 4.75.

Accuracy of the/7* method may be improved by using tpsS9 producing time
required to achieve pseudo-steady state, in the Horner plot and in the
abscissa of the MBH curves. In principle, results should be identical for
any tp > tpss; in practice, use of the smallest possible tp may reduce the error.
Time to reach pseudo-steady state can be calculated after formation permea-
bility, k, has been established, given the drainage size and shape. Values are
given in Table B-2 for common drainage area. As an example, for condi-
tions in Example 6-1, in the column "for to A" we read 0.1 for a well centered
in a circular drainage area. This means that

or for this case with A — 167 acres => 167 x 43,560 ft2

The reader can verify that use of tpss in the Horner plot and in the
p* method leads to the same results as in Examples 5-2 and 6-1.



(2) MDH method:
We consider the same buildup test as in Examples 5-2. The drainage area

of the well is 1520 ft. We choose At = 20 hr on the straight-line section of the
MDH plot in Figure 5-4. From Eq. 6-5

From the upper curve in Figure 6-3, at AtoA = 0.00537, the value of
PMDH = 0.94. From MDH plot (Figure 5-3), pws at At = 20 hr is 4379 in psig
and m is 70.0 in psig/cycle. Then, using Eq. 6-6

(3) Dietz method:
From MDH plot given in Figure 5-4 (Example 5-2) m = 70.0psi/cycle,

k = 8.4mD, and/?* = 4577 psi.
The shape factor, CA, for a closed circular reservoir is 31.62 (from

Table B-I).

The MDH plot, Figure 5-3, does not extend to 94.23 hours, but the straight
line may be extrapolated to that time. From Figure 5-3, pws = 4407 psig at
72 hours, so extrapolated one cycle to 94.23 hours.

p — 4518 psig

Modified Muskat Method

The modified Muskat method4 is based on the solution to flow equation
for a well producing from a closed, constant rate. Muskat showed that a plot
of log (p - pws) versus At should give a straight line that can be used to
estimate]?. The method also requires that At and its corresponding pws value
should be chosen in the range given by relationship:

(6-12)



Note that Eq. 5^40 has the form

(6-13)

where A and B are constants. Follow these steps to apply Eq. 6-13:

(a) Assume a value of p and plot log (p — pws) versus At until a straight
line results.

(b) Extrapolating this straight line to zero provides an estimate of p
(Figure 6-4).

The Muskat method is quite sensitive. It gives satisfactory p value for
hydraulically fractured wells, and no crossflow occurs between the layers.
The well should be centered in its drainage area. In some cases, the At range
given above may take long shut-in times for the straight line to develop,
particularly when dealing with low-permeability reservoirs.

Arps and Smith Method

The Arps and Smith method is based on Muskat's work.4 Arps and Smith5

suggest plotting of dpws/dt versus pws during the late-transient buildup
period to estimate average reservoir pressure, p. The plot should yield a
straight line that, when extrapolated to zero, provides an estimate of p.

Intercept
A Assumed values of

p too high

Slope B

Assumed values
of/) too low

Correct
value of

P

Figure 6-4. Technique to estimate p using the modified Muskat method.



Example 6-2 Calculating Average and Initial Reservoir Pressures in Square
Drainage Area (Closed Reservoirs - No Flow Boundary)

Assume that the well is draining from the center of a square drainage area
of 20 acres. Calculate average reservoir pressure using MBH method.

Solution The following values are obtained from Example 5-7:

Calculate tDA using Eq. 6-1:

To see if we should use tp = 4320 hours, we estimate tpss from Eq. 6-4
using (tDA)pss = 0.1 (from Table B-2):

Thus, tp > tpss; therefore, use tp in the analysis. From Figure B-I

PDMBH(IPDA) — 5.25 (the corresponding ordinate value at 7.54)

Calculate average reservoir pressure using Eq. 6-2:

Example 6-3 Calculating Average Reservoir Pressure Using Muskat, and
Arps and Smith Methods

The following data in Table 6-1 were obtained during a pressure buildup
test of an oil well. Table 6-2 shows calculations at various assumed values of
average pressure.

Estimate average reservoir pressure in the drainage area of the well using
the Muskat, and Arps and Smith methods.

Solution Columns 3 through 7 of Table 6-2 show computations necessary
for the Muskat method. Each of these columns is plotted versus column 1 in
Figure 6-5. For p = 2145 psig a straight line is obtained showing this to be
the correct reservoir pressure.



Table 6-1

Shut-in time, At (hr) Well pressure, pws (psig)

0 1600
1 1984
3 2023
7 2052
10 2064
20 2087
30 2101
40 2109
50 2116
60 2121
70 2125
80 2128
90 2131
100 2133
110 2135
130 2138

Table 6-2
Average Reservoir Pressure Calculations Using Muskat Method

(p-Pws at At = 0)

Time, Ar
(min)

40
50
60
70
80
90
100
110
130

Well
pressure
(psi)

2109
2116
2121
2125
2128
2131
2133
2135
2138

p = 2145
psi

36
29
24
20
17
14
12
10
7

p = 2150
psi

41
34
29
25
22
19
17
15
12

p = 2155
psi

46
39
34
30
27
24
22
20
17

p = 2160
psi

51
44
39
35
32
29
27
25
22

p = 2140
psi

31
24
19
15
12
9
7
5
2

Intercept b at At = 0 is 38.5716psig and slope m = -0.24286psi/hr =
-0.01012 psi/day.

Rework the buildup data in Example 6-3 using the Arps and Smith
method. Table 6-3 shows average reservoir pressure calculations.

Columns 3 through 6 of Table 6-3 show computations necessary for the Arps
and Smith method. Here, increments of pressure, Ap, and time, At, are used



Slope m =

Intercept [at At = O] = 38.5716 psi Correct
value

Shut-in time, Ar (hours)

Figure 6-5. Determination of average reservoir pressure, pAv, by Muskat method.

Table 6-3
Average Reservoir Pressure Calculations Using Arps and Smith Method

At (min) Well pressure (psi) Ap (psig) At (hr) Ap/At Average pws±t

40 2109 -
50 2116 7 10 0.70 2113
60 2121 5 10 0.50 2119
70 2125 4 10 0.40 2123
80 2128 3 10 0.30 2127
90 2131 3 10 0.30 2130

100 2133 2 10 0.20 2132
110 2135 2 10 0.20 2134
130 2138 3 20 0.15 2137

to approximate dp/dt « Ap/At. These values are plotted in Figure 6-6
against the average pressure, pws, for each respective increment.

6.4 Estimating Constant Pressure at Aquifer
in Water-Drive Reservoirs

In water-drive systems, the initial and average pressures are important.
The average pressure as a function of time at the original water-oil contact
may be used for past-performance matching and prediction. Several techniques
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Reservoir pressure, p (psi)

Figure 6-6. Determination of average reservoir pressure, pAv, by Arps and Smith
method.

may be used to estimate average and boundary pressures for water-drive
systems. For short production times, the Horner and MBH methods are
probably the best. The Dietz and MDH methods both apply for tpj)A > 0.25
and s > — 3. The Muskat method also applies and may have more utility for
water-drive systems than for closed systems. In this section we will discuss
various methods to analyze and estimate initial and average pressures for
water-drive systems.

Boundary and Average Pressure Estimation
Using Various Methods

In this section we will discuss the estimation of boundary and average
pressures using various techniques.

MBH Method

Pressure buildup data are plotted on semilog paper versus
(tp -f At)/At. The resulting semilog straight line is extrapolated to
(tp 4- Ai)IAt — 1 to obtain p*. Then, the boundary or initial pressure is
estimated from



ordinate from lower curve in Figure 5-9

(6-14)

and the average pressure at the instant of shut-in is computed from

ordinate from upper curve in Figure 5-9

(6-15)

where

(6-16)

m = slope of the straight line from Horner plot, psi/cycle.

MDH Method

A normal plot of buildup pressure versus log At is made and the drainage
boundary, pt, and average pressure, p, are then estimated by the following
equations:

ordinate from dashed curve in Figure 5-12 V /

ordinate from curve in Figure B-2
for square system

The average pressure p is estimated from

ordinate from curve in Figure B-I for square system

(6-18)

where AtDA is the time tp read forp or/?/ for circular or square system with
constant pressure boundaries and is given by



(6-19)

A — area in acres x 43,560, ft2

m = the slope of semilog straight line from MDH plot (pws versus log AO,
psi/cycle

(6-20)

PWS(At) = the shut-in pressure at any time, At, on the semilog straight line.

Dietz Method

Dietz method1 requires the use of MDH data plot of buildup pressure
versus log A^ The semilog straight-line portion of MDH plot (pws versus
log At) is extrapolated directly to read the value of pi ox p. The time, AtDA,
when p may be read directly from the extrapolated semilog straight line, is
given by

(6-21)

where
CA — the shape factor taken from Table B-2.
The Dietz method is quick and simple and usually is the preferred

method for wells without a significant skin factor (s > — 3 or
fwa < — 0.05re) caused by acidizing or fracturing. This method applies only
when tpDA > 0.25 and s > -3 .0.

Modified Muskat Method

Modified Muskat method4 requires plotting of log (p — pws) versus A^;
a value of p is assumed and log (p — pws) versus A^ is plotted. If the plot is
a straight line, the correct value of p has been found. If the plot is not a
straight line, another value of p is assumed and the process is repeated. The
method also requires that At and its corresponding pws value should be
chosen in the range given by the following relationship:

(6-22)



This method seems to be more applicable in water-drive reservoirs than in
closed reservoirs.

Example 6-4 Estimating Average Drainage Region Pressure and Analyzing
Pressure Buildup Test in a Water-Drive Reservoir

Rework Example 5-7; other data are: tp — 4320 hours, q = 350stb/day,
/io = 0.8cP, P0 = 1.136rb/stb, ct = 17.0 x lO^psi"1 , rw = 0.29ft,A = 49ft,
0 = 0.23, and A — 1.72 acres; well in center of a square with constant
pressure boundaries, 580 x 580 ft2 = 336,400ft2. Estimate p and pe using
the following methods: (1) MBH method, (2) MDH method, (3) Dietz
method, (4) modified Muskat method, and (5) Ramey and Cobb method.

Solution
(1) MBH method: tp = 4320 hours (from Example 5-7) and p* = 4978 psi
(from Example 5-7).

Calculate dimensionless well-producing time before shut-in using Eq. 6-1:

Calculate the average reservoir pressure, /?, using upper curve in
Figure 5-9

and calculate the initial reservoir pressure, /?/, using lower curve in Figure 5-9.



(2) MDH method:
Choose At = 20 hours on the straight-line section of the MDH buildup

curve in Figure 5-15. From Eq. 6-1

Calculate average reservoir pressure, />, from upper curve in Figure 5-12;
PDMDH at AtDA = 0.0352 is 0.22. From Figure 5-15 pws at A? = 20 hr is
4490 psi and m = 150psi/cycle. Then, using Eq. 6-6

lower curve in Figure 6-3

This is a close check of the value of 4648 psi obtained by the Horner graph.
Calculate initial reservoir pressure, pu from upper curve in Figure 6-3;

PDMDH at (AtDA) = 0.0352 is 0.68. Using Eq. 6-6a

upper curve in Figure 6-3

This value is also a close check of the value of 4720 psi obtained by the
Horner graph.

(3) Dietz method:
This method2 requires the use of the MDH plot given in Figure 5-15.

From Example 5-7

Then, using Eq. 6-7

The average reservoir pressure is now read from Figure 5-15 at
(Ai)p = 18.33 hours, which is equal to p — 4430psi.

(4) Modified Muskat method:
This method4 requires plotting of log (p — pws) versus At. A value of p is

assumed. If the plot is a straight line, the correct value of p has been found.



Intercept= 172 psi

-1 cycle
Slope =

64hrs

-1 cycle

2.67 days

Shut-in time, At (hours)

Figure 6-7. Muskat graph.

The Muskat graph is a plot of an assumed pt less than the measured shut-in
pressure versus shut-in time as shown in Figure 6-7. The pressure difference
needed to make this graph is also given in Table 6-4. Three columns are
given for assumed pt of 4507, 4516, and 4525 psi. Inspection of Figure 6-7
shows that the 4507 psi case bends sharply downwards, indicating that the
estimated/?; is too low. The line for 4516psi appears straight after 15hours.
The line for 4525 psi bends upwards, although this fact is easier to see if a
straight edge is placed along the line.

Table 6-4
Buildup Test Data for Muskat Plot

Shut-in time, Shut-in
At (hr) pressure, pm (psig) pt = 4507 (psig) pt = 4516 (psig) pt = 4525 (psig)

0 3561 946 955 964
10 4387 120 129 138
20 4432 75 84 93
30 4455 52 61 70
40 4473 34 43 52
50 4486 21 30 39
60 4495 12 21 30
70 4501 6 15 24
80 4506 1 10 19



From Figure 6-7 the following information is obtained:

Intercept = 172psi, slope(mAf) =

Using Eq. 5-42

References 3 and 6 have provided the values of dimensionless Muskat
intercepts:

For constant pressure boundary, pDM int = 1-34 \tPDA > 0.25] (6-23)

For closed squared system, pDM int = 0.67 \IPDA > 0.1] (6-24)

Minimum and maximum range of Ar and its corresponding pws values are:

Reservoir permeability, k, may be estimated from Eq. 6-23:

This closely checks the Horner method value of 7.04 mD. Using Eq. 5 ^ 8 ,
find



This checks the values given:

approximately close

(5) Ramey and Cobb method:

(shape factor)

Therefore

From Horner graph, using Figure 5-14, the average reservoir pressure is

6.5 Summary

This chapter treats to estimate original and average reservoir pressures
using various techniques such as the Horner, MBH, MDH, Dietz, Ramey,
and Muskat and Arps methods. This chapter also includes determining
constant pressure at aquifer in water-drive reservoir.
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Chapter 7

Well Testing
Methods for
Naturally
Fractured
Reservoirs

7.1 Introduction

Naturally fractured reservoirs are different from conventional (unfrac-
tured) reservoirs. They are heterogeneous in type and consist of matrix
blocks separated from one another by the fracture system as shown in Figure
7-1. The matrix blocks are made of the original rock that was present before
fracturing took place. The matrix is characterized by its permeability km and
porosity <j)m. The fracture system is characterized by its permeability k/ and
porosity 0/. It means a naturally fractured reservoir is a double-porosity
and double-permeability reservoir. This chapter presents identification of
fractures, main characteristics, and brief review of the most widely used well
testing models.

7.2 Identification of Natural Fractures

It is essential to identify fractures during exploration and drilling. Well logs
are useful tools in identifying these natural fractures. A program for fracture
detection based on logging techniques consists of using different logs.

• Borehole televiewer logs can be used to identify induced and natural
fractures.

• Acoustic, receptivity, and temperature logs can be used to obtain a
realistic picture of fractures and their width and orientation in the
vicinity of wellbore.

• Variable-density logs can define fracture intervals.



Matrix

Fractures

Vugs Fractures

Matrix

Actual reservoir Model reservoir

Figure 7-1. Idealization of a naturally fractured heterogeneous porous media.

Both core analysis and logging are valuable techniques for explored wells
in detecting fracture porosity ty, permeability fc/, and nature of the matrix or
intergranular porosity. However, there are many wells drilled where no core
was taken and the logs do not show any evidence of fractures. Therefore,
well test analysis is the only technique used for getting information about the
fractured nature of formation, and can provide information on fractured
reservoir parameters such as km, <j>m9 (f>/, k/, size and shape of the matrix
blocks, and the nature and orientation of the fracture pattern, in addition to
determining p or pt and skin factor s.

7.3 Characteristics of Naturally Fractured Reservoirs

These types of reservoirs are heterogeneous and have characteristics as
shown in Figure 7-2.

7.4 Typical Pressure Drawdown Behavior Curve Shapes

Graph of pressure drawdown in individual wells can be divided into three
areas:

• Transient radial flow through fracture (first parallel straight line).
• Transitional slowdown rate of decline in pressures.
• Late-transient radial flow (second parallel straight line).

These portions are illustrated for a pressure drawdown case in Figure 7-3.
Characteristic curve of Figure 7-3 is obtained for to > 0 and A = 10~5.



Matrix blocks Fracture systems

Original rocks before fracturing
takes place and can be characterized

by matrix permeability km

and porosity <f>m

Characterized by permeability
kf and porosity <fy

Main characteristics are:
Matrix porosity 4>m » fracture porosity <fy

hf~net thickness
Matrix storage [ Sm = (j>mcmhm ] » fracture storage [ fycfhf]

naturally fractured reservoir
naturally fractured reservoir
homogeneous and unfractured reservoir

Figure 7-2. Main characteristics of matrix blocks and fracture systems.

7.5 Pressure Buildup Behavior Characteristics

Figure 7-4 shows pressure buildup well behavior from a naturally frac-
tured reservoir at a constant rate.

Pressure Buildup Analysis Equations

Slopes m\ and m^ are equal, and slope m2 is approximately equal to half of
the first and final slopes. Fracture permeability is calculated using equation:

(7-1)

Time at the point of intersection of the final straight line and the transi-
tional straight line of one-half slope is equal to

(7-2)(hours)

where
L = length of matrix block, ft
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Figure 7-3. Typical pressure drawdown behavior curve shapes.1

(7-3)

Note: The larger the matrix block dimension, L, the tighter the matrix.

_ Matrix storage capacity _ Sm _ flog/ii , .
~ Fracture storage capacity ~~ S/ [log ^J

7.6 Well Test Interpretation Methods, Uses, and Limitations

The main purposes of well test analysis are to determine km, (j)m, k/, </>f, size
and shape of the matrix blocks, and the nature and orientation of the fracture
pattern, in addition to determining p or pt and the skin factor s. All these
parameters cannot be determined by merely measuring pressure versus time.
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Figure 1-4. Pressure buildup curve in naturally fractured reservoir - semilog plot.2

Furthermore, interpretation of well test data depends on whether the assump-
tions made in formulating the interpretation model correspond to the reality of
the reservoir on hand. Thus, a choice of the interpretation model is necessary.
Most widely used well testing interpretation models are shown in Figure 7-5.

Figure 7-5a shows an overview of well test interpretation models.

Pseudo-Steady-State Model

Warren and Root1 characterized the naturally fractured porous media by
two parameters (a; and A). The parameter UJ is defined as the ratio of fracture
storage to total storage. The interporosity flow parameter A is proportional
to the ratio of matrix permeability to fracture permeability. Thus,

(7-5)

where

Sf = fracture storage = <j>/Cfhf (7-6)

Sm = matrix storage = §mcmhm (7-7)



Model classification

Flow rate Warren and Root model.
Applicable only when the

contrast between matrix and
fracture fluid flow is large

Pseudo-steady-state
conditions are instantaneously

established between matrix and fractures

Flow rate

Pressure gradient

Najurieta's model based on
approximate solutions is
analytical
Kazemi's model is numerical
DeSwaan's model is based on
radial flow occurring in the
fractures

Unsteady-state conditions continue
between matrix and fractures

Type curve matching
methods

These methods are not very precise and realistic even on the
computer. For all these reasons, the use of type curve methods is not
recommended except for the purpose of estimation of parameter X

Figure 7-5. Most common interpretation methods.

(7-8)

(7-9)

where
A = interporosity flow coefficient
a = geometric parameter, 1/L2

rw = wellbore radius, ft
km = matrix permeability, mD
k/ = fracture permeability, mD.

If the value of a; in the neighborhood of 0.01 would indicate substantial
fracture porosity caused by wide fracture, a value of A in the neighborhood
of 10~5 would indicate that the permeability of the matrix is in hundreds of
millidarcies. From an infinite, naturally fractured reservoir, with the
assumption that matrix to fracture flow occurs under pseudo-steady-state
conditions for a well producing at a constant rate, Warren and Root derived
drawdown and buildup equations. Useful forms of the equations for buildup
and drawdown were presented by Kazemi.3



Reservoir parameters calculated from various
models are:

4>m» <t>f a n d h t = hnet

sm » sf

<t>mCmhm»(t>fCfhf

km « kf
(f)f does not exceed 1.5 or 2% and usually <1%

Reservoir is a naturally fractured

Fracturing occurs in several directions

Reservoir is homogeneous and
unfractured

Fractures occur in one direction
Linear flow will occur3

If matrix block dimension >3 ft
and

km>0.0\ mD
Reservoir is unfractured3

Usually in naturally fractured reservoirs, the well intersects
the fracture system and all the production moves into the

well through fractures
Assumptions are:

The matrix is homogeneous and isotropic with respect to all reservoir description parameters,
and the well fully penetrates the pay section
The fracture system forms a regular pattern within the drainage area if the well is
homogeneous and isotropic with respect to porosity, permeability, and fracture
compressibility
Both matrix and fracture have the same fluid saturations; the fluids are slightly compressible
and only one phase is mobile

Figure 7-5a. Main characteristics and behavior of naturally fractured reservoirs.

For buildup:

(7-10)



For drawdown:

(7-11)

where

(7-12)

(7-13)

(7-14)

and function is

(7-15)

Transient-State Model

Najurieta's Approach

This method14 is approximate and has limited applications.

Pressure Gradient Models

Streltsova4 and DeSwaan5 Techniques

Streltsova4 pointed out that Horner's plot will not exhibit the character-
istic three-segment curve according to his theory unless the buildup is
proceeded by a sufficiently long drawdown period such that the third
straight line would develop over one log cycle before shut-in. According to
Streltsova, if a well is produced from a naturally fractured reservoir at a
constant rate, a plot of pw/ versus t on semilog graph paper (see Figure 7-5b)
would initially be a straight line of slope m\ given by

(7-16)
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Time, t, at which the transitional segment
merges with the third segment is given by4

t = 0AS2L2/r]m, where

^ = 2.637 xlO"4/ fi(f)mcm

L = length of matrix block, ft

1st slope mx Transitional line 2nd slope m2

Figure 7-5b. Pressure buildup data plot - naturally fractured reservoir.4

Type Curve Matching Technique

Type curves are useful interpretation methods and have limited applica-
tions. If wellbore storage effects are present but the 45° line does not develop
on the log-log plot, then the early part of the test cannot be interpreted, even
with type curves. If a characteristic semilog plot develops, then one can
calculate k/, UJ, and s from this plot, and it would then be possible to use
type curves to estimate A. Figure 7-6 shows wellbore storage and skin type
curves, which can be used to match the early data with one of the type curves
labeled CD e2s. The label of the matched curve is now referred to as (CD £2s)f>
The permeability kf is estimated from the pressure match, and C is calcu-
lated from the time match as follows:

(7-17)

(7-18)

The final segment is also matched to one of the curves labeled CD e2*,
but this time the label is referred to as (CDQ2s)f+m- The permeability, k/,
and C are estimated by Eqs. 7-17 and 7-18. If total reservoir storage
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Figure 7-6. Wellbore storage and skin type curves in a double-porosity reservoir.6

(Sf + Sm) is known from well logs, then parameter (CD)f+m is determined
as follows:

(7-19)

(7-20)

(7-21)

The intermediate segment is matched to one of the curves labeled Ae 2s,
and A is determined as follows:

(7-22)

Pressure Derivative Method6'7

The pressure derivative type curves are used to match the derivative
of pressure data to a derivative type curve and then read the matching



parameters on the original type curves shown in Figure 7-7. The following
equations can be used to calculate reservoir parameters such as a;, kh, C, CD,
s, and A for pressure buildup analysis.

Parameter UJ is calculated from the equation

(7-23)

Product kh is calculated from the equation

(7-24)

Wellbore storage constant is calculated from the equation

(7-25)

(7-26)
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Figure 7-7. Pressure derivative type curves.6



From curve match points

(7-27)

From transition curve match points

(7-28)

Example 7-115 Analyzing Pressure Buildup Test in Naturally Fractured
Reservoir

Pressure buildup test data for a naturally fractured well are given in Table
7-1. Other well and reservoir data are given below:

Rate at the beginning, stb/day 2952
Time of flow, hours 1.33
Closing time, hour 0.31
Open again rate, stb/day 960
Flowing time, hours 5.05
Close again, hour 0.39
Open again rate, stb/day 960
Flowing again, hours 31.13
Final shut-in and pressure-time data recorded see Table 7-1

q0 = 960 stb/day, <f> = 0.07, \io = 1.OcP, h = 36 ft, (30 = 1.280 rb/stb,
ct = 1.0 x 10~5 psi"1, and rw = 0.29 ft. Calculate the following using Horner
plot and type curve matching method:

• Total producing time.
• Reservoir properties such as CJ, kh, C, s, and A.

Solution

2952 960
Total oil produced = -^ - [1 -33 + 5.05] + ^ - x 31.13 - 2030 stb

.'.Pseudo-producing time, tp = , = 50.75 hours

• Figure 7-8 is the log-log plot of Apws versus A^; the 45° line is plotted in
Figure 7-8 and it shows that this test was affected by wellbore storage.



Table 7-1
Pressure Buildup Data15

Shut-in time,
At (hr)

0.0000
0.0035
0.0091
0.0146
0.0202
0.0257
0.0313
0.0368
0.0424
0.0479
0.0590
0.0702
0.0813
0.0924
0.1035
0.1257
0.1478
0.1702
0.1924
0.2146
0.2368
0.2590
0.2813
0.3035
0.3257
0.3813
0.4368
0.4924
0.5479
0.6035
0.6646
0.7146
0.7702
0.8257
0.8813
0.9368
0.9924
1.0479
1.1035
1.2146
1.3257

Ap (psi)

0.00
11.10
20.69
25.40
28.11
29.98
31.41
32.50
33.39
34.10
35.29
36.21
36.99
37.72
38.33
39.42
40.39
41.21
41.98
42.64
43.28
43.97
44.54
45.09
45.66
46.80
47.84
48.79
49.70
50.54
51.31
51.94
52.59
53.21
53.80
54.40
54.87
55.45
55.88
56.85
57.69

(tp + At)I At

14,547.22
5612.17
3477.03
2518.92
1974.86
1624.14
1379.24
1198.56
1059.76
860.52
724.39
625.49
550.38
491.39
404.71
344.07
299.25
264.80
237.49
215.30
196.92
181.43
168.22
156.81
134.11
117.18
104.07
93.62
85.09
77.36
72.02
66.90
62.46
58.59
55.17
52.14
49.43
46.99
42.78
39.28

Slope (psi/hr)

3180
1727.63
847.26
486.90
337.14
257.22
196.56
159.66
127.80
107.28
83.25
69.48
65.97
55.07
48.83
43.65
37.16
34.38
29.93
28.85
30.96
25.78
24.44
25.79
20.63
18.58
17.19
16.36
15.14
12.50
12.68
11.70
11.14
10.58
10.87
8.53
10.32
7.70
8.73
7.57
5.91

Pressure derivative
term

8.56
11.65
9.74
8.31
7.64
7.10
6.56
6.10
5.64
5.63
5.36
5.51
5.60
5.39
5.83
5.99
6.11
6.21
6.33
7.12
7.39
7.10
7.67
7.61
7.53
7.88
8.34
8.72
8.44
8.48
8.83
8.93
9.11
9.62
9.26
9.54
9.64
9.26
10.14
9.17



Table 7-1 (continued)

Shut-in time, Pressure derivative
At (hr) Ap (psi) (tp -f At)/At Slope (psi/hr) term

1.4368 58.34 36.32 6.40 9.10
1.5479 59.05 33.79 6.05 9.93
1.6590 59.73 31.59 5.57 9.95
1.7702 60.35 29.67 5.44 10.08
1.8813 60.95 27.98 4.74 9.93
1.9924 61.48 26.47 4.67 9.75
2.1035 61.99 25.13 4.34 9.87
2.2146 62.48 23.92 3.99 9.62
2.4368 63.36 21.83 3.68a 9.79
2.6924a 64.30a 19.85a 3.06a 9.55a

2.9146a 64.98a 18.41 3.16 9.59
3.1368 65.69 17.18 2.44 9.34
3.3590 66.23 16.11 19.72 39.68

a Pressure derivative term AtAp'ws
 tp+^t \ for tp = 51.75 hours, is estimated as follows:

• (64.98 - 64.30)/(2.9146 - 2.6924) = 3.06.
• [(3.68 + 3.06)/2] x 19.85 x 2.69242/50.75 = 9.55.

• Figure 7-9 is Homer's plot. Buildup curve can be interpreted in terms of the
models by Warren and Root, Streltsova, and Najurieta. Figure 7-9 also
shows that vertical separation Ap is less than 100 psi; therefore, parameter
UJ cannot be determined accurately by the Warren and Root method.

• Figure 7-10 is a plot of the pressure derivative versus Ar on log-log graph.
• Figure 7-11 shows the data of Figures 7-8 and 7-10 matched to

Bourdet's type curves. Matching procedure is as follows:
• Copy the curve of Figure 7-11 on Figure 7-10.
• Match the derivative curve of Figure 7-10 with one of the derivative

type curves of Figure 7-11.
• Choose any point and read its coordinates on both figures:

[&P\match> i^match \PD]match> a n d \tD\CD\match'
• Also, read the match derivative curve label ACV(I — a;)2, where CD

is (CD)f+m.
• Read the values of the curves labeled CD e2\ which match the initial and

final points of the data curve (CD Q2sy and (CD tls)f+nv respectively.
• Calculate the reservoir parameters as follows:

From Eq. 7-23
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Figure 7-8. log-log pressure buildup data plot.

From Eq. 7-24

From Eq. 7-25

From Eq. 7-26

From Eq. 7-27



First slope /W1 = 20 psi/cycle Ap =11 psi, which is less
than 100 psi; therefore,

determination of u will not
be accurate.
Moreover,

mx =m2

Second slope m2 = 24 psi/cycle

Figure 7-9. Homer's plot.
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Figure 7-10. Buildup test data plot.

From Eq. 7-28

match
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Dimensionless time td/CD

Figure 7-11. Type curve matching plot.15

7.7 Buildup Analysis Techniques for Tight
Reservoir Matrix

In this section we will discuss the buildup test analysis of a naturally
fractured reservoir. If the natural fractures are fed by tight reservoir matrix,
then the method presented in the next section will be more appropriate.

The Horner plot of a buildup test conducted on a well completed in a
naturally fractured reservoir will show two straight lines parallel to each
other. The first straight line represents homogeneous semilog radial flow and
the most permeable medium acting alone, whereas the second straight line
corresponds to semilog radial flow in the total reservoir. The two straight
lines are separated by a transient period during which pressure tends to
stabilize. The slope of this portion is found to be one-half of the other
straight line. Storage effects may obscure the initial semilog straight line. If
the test is conducted for a long enough period of time so that semilog
straight lines develop, the slope, p\hr, and the extrapolated pressure, /?*, of
the second straight line are used to calculate reservoir properties in exactly
the same way as in the regular buildup test.

Several types of heterogeneous systems, such as reservoirs with non-
communicating layers, may exhibit similar transient response curves.



The pseudo-steady-state behavior for a naturally fractured reservoir begins
at a dimensionless time given by the following equation:

(7-29)

In Eq. 7-29 the subscript / indicates fracture property while m indicates
matrix property. Reference 3 presented a model composed of rectangular
parallel pipes where the blocks represent the matrix and the space in between
them the fractures. They concluded that two parameters were enough to
characterize the behavior of the double-porosity system. One parameter, u>,
represented a measure of the fluid capacitance, and the other parameter, A,
was related to the degree of heterogeneity of the system.

The ratio of porosity-compressibility product in the fracture to that for
the total system is given by

(7-30)

(7-31)

(7-32)

where A/? is the vertical distance between the two straight lines, also referred
to as the dimensionless matrix storability. Average total porosity is given by
the following equation:

(7-33)

and the fracture porosity is given by

(7-34)

The fracture porosity attached to bulk-fracture properties is calculated from

(7-35)

Compressibilities cm and c/ in most cases are assumed to be equal, while
h/ and hm could be obtained from a combination of well logs and core



analyses. The average permeability of the double-porosity system is given by
the following equation:

(7-36)

The skin factor can be determined from the transitional pressure segment
with slope mf = m/2 by using the following equation:

(7-37)

where Atx is read at the intersection of the two straight lines of slopes m and
m1. If the matrix block size, H{ft), can be estimated, the matrix permeability
can be determined using the following equation:

(7-38)

The parameter A is

(7-39)

where a is the shape factor controlling the flow between two systems and k
the effective permeability of fractures.

Example 7-214 Analyzing Pressure Buildup Test in Naturally Fractured
Reservoir

Pressure buildup test data for a naturally fractured well are given in Table
7-2. Other well and reservoir data are as follows: q = 2554 stb/day, <j> = 0.21,
Ii = 1.0 cP, /3 = 2.3 rb/stb, pfm at Ar=0 = 6352 psi, rw = 0.375 ft, tp = 8661,
cj)m = 0.21, km = 0.1 mD, hm = 17.0 ft, and ct = 18.7 x 10"6 psi"1. From well
logs and core analyses find matrix storage, Sm, and r]m, and from pressure buildup
(using Najurieta model) find the following:

• Formation fracture permeability, k/.
• Fissured parameter, u.
• Fracture storage, Sf9 and parameter, r\co.
• Skin factor, s.

Solution From Figure 7-12, find the following:

First straight-line slope, m\ = 32.0 psi/cycle



Table 7-2
Pressure Buildup Data for the Well14

Shut-in time, Af (hr) Shut-in pressure, pm (psia) ^ J ^

0.00 6352
0.003 6617 8611
0.017 6632 143.52
0.030 6643 71.76
0.07 6650 35.88
0.13 6654 17.94
0.27 6661 8.97
0.53 6666 4.49
1.07 6669 2.24
2.13 6678 1.12
4.26 6685 0.56
8.53 6696 0.28

17.07 6705 0.14
34.13 6712 0.07
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Beginning of 2nd slope will occur at Homer's
time = 2.10 hr, p^s = 6625 psi,

therefore r is 2.10.

From well logs
and core data:

2nd slope
m2 = 32.0

1st slope An1 = 32.0 psi /cycle

(tp+At)/At

Figure 7-12. Semilog graph of buildup test.

Ap = 24.25 psia

At the beginning of the second slope line, At = 2.10hr and p/ws = 6660 psi.
From Eq. 7-30, the ratio UJ is



Calculate matrix storage Sm from well logs and core data:

Because the reservoir is stratified

(7-39a)

(7-39b)

Parameter rjm from core analysis is

Estimate Tf from equation

(7-39c)

Calculate parameter i)co from equation:

(7-39d)

Estimate skin factor, s, such that

(7-39e)

Important notes: If the shape of the matrix is cubic, use the following
equations:

(7-39f)

(7-39g)



If t = T, final straight line on semilog plot begins approximately at
t = T.

If t > r, naturally fractured reservoirs behave as a homogeneous non-
fractured reservoir.
If t < r, then rjm = r)co (it is not possible to detect natural fractures by
well testing).

7.8 Interpretation of Interference Tests in Matrix
and Fractured Reservoirs

Interference tests in fractured formation can provide very important
information related to the zone surrounding the well from which the pro-
duction comes.

Uses of Interference Tests

Figure 7-13 illustrates the uses of interference tests in matrix and frac-
tured reservoirs.

Dimensionless Fracture Pressure Solution

Figure 7-14 shows the solution for dimensionless fracture pressure, pfD,
versus tDlr2

D for several values of u and 6, where parameter 0 is equal \r2
D

Uses of interference tests

Provides information such as mobility-thickness, khl/u, and porosity-
compressibility-thickness, 0 ct h
Characterize and validate geological models
Valuable tool for the identification of continuity and faults
Analysis of pressure versus time data can provide information such as limits,
faults, closed boundaries and constant pressure boundaries such as aquifers
Shows the existence of geological fault between two or more wells and
effectiveness of sealing fault
Provide knowledge about preferential direction of flow for an efficient
recovery in planning secondary and EOR projects
Flow surveillance behavior studies in enhanced oil recovery projects

Figure 7-13. Uses of Interference tests in fissured and matrix formations.
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Figure 7-14. Dimensionless fracture pressure solution for several values of u
and o:°

which is known as correlation group. If the value of u is equal to I5 then
reservoir behaves as homogeneous.

Short-time approximation for /?/£>:

(7-40)

Dimensionless Matrix Pressure Solution

Figure 7-15 shows the solution for the dimensionless matrix pressure,
PmD, versus f/>/*/> for several values of parameters 0 = \r2

D and LJ. Short-time
approximation for pmD'-

(7-41)

Note: At long times, the matrix solution and the fissure solution are the
same as the line-source solution.
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Figure 7-15. Dimensionless matrix pressure solution for several values of u
and 0.10

Interference Test Analysis Using Type Curve
Match Equations

For a given match, UJ and A can be obtained directly using the type curves
of Figure 7-14. The following type curve match equations10 can be used to
estimate other fracture parameters such as

(7-42)

(7-43)

From pressure match points, fracture permeability can be found using
equation

(7-44)

From time match points

(7-45)



Using Eqs. 7-43 and 7-45, find

(7^6)

Product akm can be calculated from equation10

(7-47)

7.9 Horizontal Well Pressure Behavior Curve Shapes

Figure 7-16 shows curves during various flow periods.

Identification of Various Flow Periods

Figure 7-17 shows various flow periods and their identification.
(isd) d

y '9ou9J3jjip
 3JnSSSJ4 J

Double porosity model

log flowing time, / (hours)

Figure 7-16. Drawdown flow periods in a horizontal well with dual-porosity flow.9



Points between

First radial flow period

Transitional period

Second radial flow period

First linear flow period

Pseudo-radial flow period

Late-linear flow period

Straight line in a semilog crossplot

H Flow from matrix into fracture. This is curve segment

Second straight line in semilog coordinates parallel
to the previous one

Pressure data would yield a straight line on a
Cartesian crossplot of Ap versus P5

Row occurs towards the wellbore in a horizontal well.
Straight line in a semilog crossplot

Pressure transient reaches outer boundaries. Straight
line in a semilog crossplot

Figure 7-17. Various flow periods and their identification.

y = infinity

Natural
fractures

Figure 7-18. Horizontal well model in a naturally fractured reservoir.9

Well Test Analysis Equations and Solutions

Figure 7-18 shows a horizontal well model in a naturally fractured
reservoir.



Pressure Drawdown Analysis Equations
for Dual-Porosity Systems

Average permeability of all fractures intercepting the wellbore in the z—y
direction is given by

(7-48)

where m\r is the slope of semilog straight line in the first or third radial flow
period. (The two lines are parallel.)

From the first linear flow period, the permeability ky is estimated using
the equation

(7-49)

where m\L is the slope of semilog straight line in the first or third radial flow
period. (The two lines are parallel.)

Average permeability (kxky)
05 is estimated from

(7-50)

Skin effect can be estimated from first, second, third, and fourth flow
periods using the equations given below.

First Flow Period

(7-51)

where fracture porosity is calculated using the following equation:

(7-52)

Fraction of the total storage within the fracture is calculated from

(7-53)



Second Flow Period

This flow occurs in very rare occasions.

Third Flow Period

Skin is calculated from Eq. 7-51 using total porosity and total compres-
sibility.

Fourth Flow Period

(7-54)

where sz is a pseudo-skin due to partial penetration in the z-direction and is
calculated from the equation13

(7-55)

The values of F\, F2, i% and F^ are given by

(7-56)

(7-57)

(7-58)

(7-59)

Fifth Flow Period

where

(7-60)

(7-61)



and
F5 = 0.00203 radians
F6 = 3.14780 radians
F1 = -0.0176 radians
F8 = 3.13900 radians.

Sixth Flow Period

(7-62)

where Sx is pseudo-skin due to partial penetration in the x-direction and is
calculated from13

(7-63)

and
F9 = 0A3(7r/Hx)(L-d)

F10 = (n/Hx)(1.87 L + 0.13J)
Fn =-0.87WHx)(L-d)
Fi2 = (ir/Hx)(0.87L+l.l3d).
The slope YHIL is obtained from the straight line in the Cartesian crossplot

of pressure differential versus square root of time.

Pressure Buildup Analysis Equations
for Dual-Porosity Systems

Average permeability is estimated from the semilog straight line in the
first or third flow period:

(7-64)

Permeability ky is calculated based on a crossplot of (pws — pw/)
versus At05 or (pws -pwf) versus (tp + Ar)0'5 - (A^)0'5 using the following
equation:

(7-65)



Permeability product (kxky)
05 is calculated based on the last radial flow

period from

(7-66)

Storage capacity coefficient is calculated from

(7-67)

where
[{tp -f At)IAt]1 = Horner time at first semilog straight line (first flow
period)
[(tp + At)JAt]2 = Horner time at third semilog straight line (third flow
period).
Dimensionless matrix to fracture permeability ratio, A, is estimated from

(7-68)

where
km — matrix permeability, mD
kf — fracture permeability, mD
rw = wellbore radius, ft
n = 1 for a stratum model.

Skin factor during first flow period is estimated from

(7-69)

Skin factor during third flow period is estimated from

(7-70)

Fracture porosity can be calculated from

(7-71)

Initial pressure or the value of p* is calculated from Horner plot using the
fifth flow period (last radial) or from a crossplot of (tp + At)05 - (At)0'5

using data from the sixth flow period (last linear).



7.10 Horizontal Well Production
Forecasting - Dual-Porosity Reservoir

References 10-12 presented the following solution to the dual-porosity
diffusivity equation.

For early times:

(7-72)

For late times

(7-73)

where

(7-74)

(7-75)

(7-76)

(7-77)

where
reh = horizontal drainage radius, ft
L = length of horizontal well, ft
h = reservoir height, ft
P = (kh/kvf

5

kh — horizontal permeability, mD
kv — vertical permeability, mD

(7-78)

(7-79)

The above equations can be used for production forecast in dual-porosity
reservoirs.



7.11 Summary

• Semilog plot of the data obtained from wells producing from naturally
fractured reservoirs would exhibit the characteristic curve predicted by
References 1, 5, 8, and 14.

• Pressure derivative type curve matching method is theoretical and very
useful.

• Semilog analysis is more than adequate.
• If there is a linear boundary in a homogeneous reservoir, the derivative

method will indicate a naturally fractured reservoir.
• Interference testing is a valuable tool for the identification of continuity

and faults. It can also provide information such as limits, faults, closed
boundaries, and constant pressure boundaries such as aquifers. Inves-
tigation about flow behavior and flow surveillance studied can be
performed for secondary and EOR projects.
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Chapter 8

Fundamentals
of Type Curve
Matching Methods
for Oil Wells

8.1 Introduction

This chapter discusses the quantitative use of type curves in oil well test
analysis. Methods of using type curves are presented to enable the engineer
to use, understand, and apply newer type curves as they appear in the
literature. Some of the curves are used to help identify the MTR, while other
type curves are used to estimate the permeability, skin factor, fracture
length, etc. The type curves are used to properly analyze a test or to
double-check the results obtained with conventional methods with those
obtained with type curve matching. Fundamentally, a type curve is a pre-
plotted family of pressure drawdown curves generated by obtaining solu-
tions to the flow equations with specified initial and boundary conditions.
Some of these solutions are analytical; others are based on finite-difference
approximations generated by computer reservoir simulators. Some of the
specific type curves are presented in the following section.

8.2 Application to Conventional Tests

Type curves are advantageous because they may allow test interpretation
even when wellbore storage distorts most or all of the test data; in that case,
conventional methods fail.

Ramey's Type Curves

Ramey's type curves are plots of dimensionless pressure change/?# versus
dimensionless time change tD. These curves can be distinguished from one



another by two parameters: the skin factor s and the dimensionless wellbore
storage constant CSD- For an infinite-acting reservoir, specification of CSD
and s uniquely determines the value of PD at a given value of tD. The curves
were generated from analytical solutions to the diffusivity equation, with
boundary conditions. The skin factor s is used to characterize the wellbore
damage or stimulation; as we have seen, this causes an additional pressure
drop Aps across the altered zone in terms of the skin factor s:

(8-1)

In terms of the slope m of the MTR

(8-2)

Figure 8-1 is a log-log plot of po versus tD with parameters s and CSD'-

(8-3)

Dimensionless
storage constant, CD

Figure 8-1. Dimensionless pressures for a single well in an infinite system; wellbore
storage and skin included (copyright O, 1970, SPE from Trans. AIME, 1970).1



and

(8^)

where
Ap = pi — pw/ (drawdown test)
A/> = pws — pw/ (buildup test)

(8-5)

where Cs is the wellbore storage constant and can be determined from the
following relation:

unit-slope line

(8-6)

If there is liquid/gas interface in the wellbore

(8-7)

If a wellbore is filled with a single-phase liquid or gas

(8-8)

Successful application of Ramey's type curves depends significantly on our
ability to establish the correct value of CSD to be used for curve matching.

Pressure Drawdown or Buildup Analysis

Ramey's type curves (Figure 8-1) involves the following steps:

1. Plot Ap versus time on log-log paper, the same size as Ramey's type
curve.

2. If the test has a uniform-slope region (45° line at earliest times), choose
any point t, (pi — pwf) or [At, (pws — pwf)] on the unit-slope line and
calculate the wellbore storage constant Cs as

(8-6)

3. Calculate the dimensionless wellbore storage constant

unit-slope line

(8-5)



4. If a unit-slope line is not present, Cs and CSD must be calculated from
the wellbore properties.

5. Using type curves with CSD as calculated in steps (2) and (3), find the
curve that best fits all the plotted data.

6. Note the values of the match point (PD)M> (4P)M> (*£>)M> (' o r
 A O M

and value of s.
7. Calculate the permeability k from pressure match point:

(8-9)

8. Calculate 4>ct from the time match point:

(8-10)

9. Compare the value of (f)ct with values used to determine CSD from Cs:

(8-11)

Note: One of the main features of these type curves is that they permit
detection of the correct straight line in the conventional semilog plot.

Tables 8-1 through 8-5 present the values of dimensionless pressure ApD

versus tD with dimensionless storage constant, CD, as parameters and skin
effects of zero, +5, +10, +20, and —5, respectively.

Example 8-18 Analyzing Drawdown Test Using Ramey's Type Curves
Pressure time data of a drawdown test are given in Table 8-6. Addi-

tional pertinent data are given: reservoir datum = 4500 ft; t — 2000F;
#o = 500stb/day; /?, = 3000psi; psc = 14.65 psia; API° = 18°; A = 56 ft;
</> = 0.2; /io = 0.8cP; (50 = 1.2 rb/stb; rw = 0.3ft; tubing size = 2.25 inch;
and ct= 1.000 x lO^psi"1 .

Solution Using Ramey's type curve Figure 8-2 is a plot of Table 8-6 on
log-log graph paper of the same scale of the type curves of Figure 8-1. From
the unit-slope line on which the data lie for t < 0.1 hr using Eq. 8-6:

point on unit slope



Table 8-1
Values of A/>/> (s, CD, tj>) versus tj> including Wellbore Storage and Skin

Effects1 [s = 0]

Dimensionless storage constant
Dimensionless time, tD CD ( x 102) CD ( x 103) CD ( x 104) CD (x 105)

100 0.7975 0.09763 0.00998 0.00100
200 1.3724 0.1919 0.01992 0.00200
500 2.4357 0.4585 0.04956 0.00500

1000 3.2681 0.8585 0.0984 0.00999
2000 3.9274 1.5298 0.1944 0.01995
5000 4.5585 2.8832 0.4697 0.0497

10,000 4.9567 4.0328 0.8925 0.0989
20,000 5.3288 4.9350 1.6275 0.1958
50,000 5.8027 5.6762 3.2109 0.4765

100,000 6.1548 6.0940 4.6773 0.9141
200,000 6.5043 6.4736 5.8871 1.6931
500,000 6.9643 6.9515 6.7895 3.4571

1,000,000 7.3116 7.3049 7.2309 5.2164
2,000,000 7.6585 7.6550 7.6185 6.7731
5,000,000 8.1168 8.1154 8.1004 7.8983

10,000,000 8.4635 8.4627 8.4550 8.3701
20,000,000 8.8101 8.8097 8.8057 8.7663
50,000,000 9.2683 9.2681 9.2664 9.2523

100,000,000 9.6149 9.6148 9.6139 9.6082

Table 8-2
Values of Apo (s, CD, *Z>) versus f/> including Wellbore Storage and Skin

Effects1 [s = +5]

Dimensionless storage constant
Dimensionless time, tD CD ( x 102) CD ( x 103) CD (x 104) CD (x 105)

100 0.9319 0.09929 0.009993 0.00100
200 1.7512 0.1973 0.01997 0.00200
500 3.6982 0.4843 0.04984 0.00500

1000 5.7984 0.9410 0.0994 0.00999
2000 7.8403 1.7820 0.1977 0.01998
5000 9.3823 3.8349 0.4863 0.0499

10,000 9.8913 6.1533 0.9480 0.0995
20,000 10.300 8.5524 1.8062 0.1979
50,000 10.792 10.436 3.9463 0.4878

100,000 11.150 11.025 6.4558 0.9536
200,000 11.693 11.445 9.1982 1.8256
500,000 12.311 11.941 11.488 4.0388

1,000,000 12.311 12.300 12.156 6.7163
2,000,000 12.658 12.652 12.859 9.7845
5,000,000 13.117 13.114 13.090 12.517

10,000,000 13.463 13.462 13.450 13.286
20,000,000 13.810 13.809 13.803 13.734
50,000,000 14.268 14.268 14.265 14.239

100,000,000 14.613 14.615 14.613 14.601



Table 8-3
Values of ApD (s, Co9 to) versus to including Wellbore Storage and Skin

Effects1 [s = +10]

Dimensionless storage constant
Dimensionless time, tD CD (x 102) CD (x 103) CD (x 104) CD (x 105)

100 0.9594 0.09958 0.01000 0.001000
200 1.8463 0.1984 0.01998 0.002000
500 4.1401 0.4904 0.04990 0.005000

1000 7.0124 0.9629 0.0996 0.0100
2000 10.487 1.8587 0.1985 0.0200
5000 13.852 4.2027 0.4911 0.0499

10,000 14.797 7.2010 0.9658 0.0997
20,000 15.269 10.995 1.8693 0.1986
50,000 15.781 14.811 4.2568 0.4918

100,000 16.144 15.917 7.3677 0.9683
200,000 16.499 16.413 11.382 1.8785
500,000 16.962 16.930 15.737 4.3043

1,000,000 17.311 17.295 17.031 7.5162
2,000,000 17.658 17.650 17.556 11.773
5,000,000 18.117 18.113 18.079 16.631

10,000,000 18.463 18.462 18.445 18.138
20,000,000 18.810 18.809 18.801 18.699
50,000,000 19.268 19.268 19.264 19.227

100,000,000 19.615 19.165 19.613 19.595

Table 8-4
Values of Apo (s, Co9 to) versus to including Wellbore Storage and Skin

Effects1 [s = +20]

Dimensionless storage constant
Dimensionless time, tD CD (x 102) CD (x 103) CD ( x 104) CD ( x 105)

100 0.9776 0.09977 0.01000 0.00100
200 1.9130 0.1991 0.02000 0.00200
500 4.4896 0.4946 0.0499 0.00500

1000 8.1212 0.9787 0.0998 0.0100
2000 13.478 1.9172 0.1992 0.0200
5000 21.101 4.5125 0.4948 0.0500

10,000 24.241 8.1986 0.9797 0.0998
20,000 25.186 13.709 1.9209 0.1993
50,000 25.758 21.786 4.5333 0.4953

100,000 26.134 25.271 8.2698 0.9810
200,000 26.494 26.324 13.925 1.9252
500,000 26.960 26.907 22.443 4.5545

1,000,000 27.310 27.284 26.268 8.3394
2,000,000 27.657 27.645 27.460 14.133
5,000,000 28.116 28.112 28.055 23.085

10,000,000 28.463 28.461 28.434 27.297
20,000,000 28.810 28.809 28.795 28.606
50,000,000 29.268 29.268 29.262 29.216

100,000,000 29.615 29.615 29.612 29.596



Table 8-5
Values of Apo (*, C/>, tp) versus to including Wellbore Storage and Skin

Effects1 [s = - 5 ]

Dimensionless storage constant
Dimensionless time, tD CD ( x 10

2) CD ( x 10
3) CD ( x 10

4) CD (x 10
5)

100 0.0697 0.0447 0.00896 0.00099
200 0.0992 0.0715 0.0172 0.00197
500 0.1557 0.1263 0.0394 0.00487
1000 0.2164 0.1872 0.0718 0.00963
2000 0.2977 0.2697 0.1267 0.01896
5000 0.4446 0.4199 0.2518 0.0458

10,000 0.5913 0.5701 0.3990 0.0879
20,000 0.7722 0.7548 0.5972 0.1655
50,000 1.0646 1.0523 0.9313 0.3622
100,000 1.3232 1.3145 1.2254 0.6219
200,000 1.6086 1.6028 1.5422 0.9926
500,000 2.0170 2.0139 1.9806 1.6088

1,000,000 2.3420 2.3401 2.3201 2.0895
2,000,000 2.6757 2.6747 2.6630 2.5324
5,000,000 3.1248 3.1243 3.1197 3.0598
10,000,000 3.4677 3.4675 3.4644 3.4323
20,000,000 3.8124 3.8123 3.8107 3.7932
50,000,000 4.2693 4.2693 4.2685 4.2608
100,000,000 4.6154 4.6154 4.6150 4.6108

Then from Eq. 8-5,

For CSD = 103, the best-fitting type curve is for s = 5. It is now evident
that we should match the field data with one of the type curves labeled
CSD = 103 for s = 5. From the pressure match point, find the value of k by
using Eq. 8-9:

From the time match point, find the product 4>ct by using Eq. 8-10:



Table 8-6
Pressure Drawdown Test Data

Time, t (hr) Pressure, pwf (psig) (pt - pwf) (psig) to-p*) (psi/hr)

0.0109 2976 24 2.20E+ 03
0.0164 2964 36 2.20E+ 03
0.0218 2953 47 2.16E+ 03
0.0328 2930 70 2.13E+ 03
0.0382 2919 81 2.12E+ 03
0.0437 2908 92 2.1 I E + 03
0.0491 2897 103 2.10E+ 03
0.0546 2886 114 2.09E+ 03
0.1090 2785 215 1.97E + 03
0.1640 2693 307 1.87E + 03
0.2180 2611 389 1.78E + 03
0.2730 2536 464 1.70E+ 03
0.3280 2469 531 1.62E + 03
0.3820 2408 592 1.55E + 03
0.4370 2352 648 1.48E + 03
0.4910 2302 698 1.42E + 03
0.5460 2256 744 1.36E + 03
1.0900 1952 1048 9.61E + 02
1.6400 1828 1172 7.15E+ 02
2.1800 1768 1232 5.65E + 03
2.7300 1734 1266 4.64E + 02
3.2800 1712 1288 3.93E + 02
3.8200 1696 1304 3.41E + 02
4.3700 1684 1316 3.01E+ 02
4.9100 1674 1326 2.70E+ 02
5.4600 1665 1335 2.45E + 02
6.5500 1651 1349 2.06E+ 02
8.7400 1630 1370 1.57E + 02

10.9000 1614 1386 1.27E + 02
16.4000 1587 1413 8.62E + 01

Comparing those with the values used to determine CSD from Cs, we obtain

(f)ct = (0.2)(l(T5) = 2 x 1(T6 [Value in = Value out]

From Ramey's type curve, s = 5.0.

Using Conventional Method

From Figure 8-3, using slope m and p\h, estimate the values of k and s
using Eqs. 4-8 and 4-10:
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Figure 8-3. Pressure drawdown data - semilog plot.



Example 8-28 Analyzing Buildup Test Using Ramey Type Curves
Figure 8-4 shows a linear plot of pressure drawdown test data. Pressure

buildup data tests are given in Table 8-7. Additional pertinent data are given:
reservoir datum = 4500 ft, reservoir temperature = 2000F, </> = 0.039,
fjL0 = 0.8cP, (30 = 1.136 rb/stb, Awb = 0.0218ft2, p = 51.50 lb/ft3,
last production rate = 250stb/day, API° = 40°, cumulative production at
shut-in time = 141.979 mstb, and pressure prior to shut-in pw/0 = 3534 psia.

Solution Figure 8-5 is a plot of Table 8-7 on log-log graph paper of the
same scale of the type curves of Figure 8-1. From the unit-slope line on
which the data lie for t < 0.8 hours, using Eq. 8-6:
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Figure 8-4. Pressure drawdown data - linear plot.



Table 8-7
Pressure Buildup Test Data

<̂ ^ (psi/hr)Pws-Pwf (psia)pws (psia)Pws-Pwf (psig)Pws (psig)At
(1+Atltp)

(tp+At)
AtTime, At (hr)

9.73E + 02
9.45E + 02
8.87E + 02
8.30E+ 02
7.72E + 02
5.69E + 02
3.58E + 02
1.97E + 02
1.34E + 02
1.16E + 02
1.02E + 02
6.92E + 01
5.24E + 01
4.23E + 01
3.54E + 01
2.86E + 01
2.16E+ 01
1.74E + 01
1.45E + 01
1.21E + 01

0
146
189
266
332
386
569
716
786
806
810
816
830
839
845
850
859
864
868
871
873

3534
3680
3723
3800
3866
3920
4103
4250
4320
4340
4344
4350
4364
4373
4379
4384
4393
4398
4402
4405
4407

0
146
189
266
332
386
569
716
786
806
810
816
830
839
845
850
859
864
868
871
873

3519
3665
3708
3785
3851
3905
4088
4235
4305
4325
4329
4335
4349
4358
4364
4369
4378
4383
4387
4390
4392

0.15
0.20
0.30
0.40
0.50
1.00
2.00
4.00
6.00
7.00
8.00
11.99
15.98
19.97
23.96
29.93
39.88
49.82
59.74
71.62

90,867.56
68,150.93
45,434.28
34,075.96
27,260.97
13,630.99
6815.99
3408.50
2272.66
1948.14
1704.75
1136.83
852.87
682.50
568.92
455.33
341.75
273.60
228.17
190.31

0.00
0.15
0.20
0.30
0.40
0.50
1.00
2.00
4.00
6.00
7.00
8.00
12.00
16.00
20.00
24.00
30.00
40.00
50.00
60.00
72.00
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Beginning of
boundary
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Unit slope line

Shut-in time, At (hours)

Figure 8-5. log-log data plot.

point on unit slope

Then, using Eq. 8-5, dimensionless wellbore storage is

Using wellbore properties, the wellbore storage constant from Eq. 8-7 is

The value is close with the value calculated from unit-slope line. Therefore,
for CSD = 5.9 x 103, the best-fitting type curve is for s = 5.00. It is now
evident that we should match the field data with one of the type curves



labeled CSD = 103 for s = 5. From the pressure match point, find the value
of k using Eq. 8-9:

From Ramey's type curve, s = 5.0.

Earlougher and Kersch Type Curves2

These type curves (Figure 8-6) involve the following steps:

1. Keep the two grids parallel, slide the tracing paper data plot horizontally
until the best match is obtained with one of the curves in Figure 8-6.

2. Trace the matched curve onto the data plot and read the value of
CD e2lS for the matched curve of Figure 8-6.

3. Pick a convenient match point with coordinates of (Ap/At)M, (A OM
from the tracing paper data plot; read the coordinate values lying
directly under this point from Figure 8-6:

Figure 8-6, M Figure 8-6, M

Figure 8-6. Type curve in an Infinite system; wellbore storage and skin effect (after
Earlougher and Kersch).2



4. Recomplete the wellbore storage coefficient using the following equation:

(8-12)

This value of the wellbore storage coefficient should be essentially
the same as the value estimated from the following equation or from
completion details:

C = VWCW for a wellbore without a gas—liquid interface (8-12a)

for a wellbore with changing liquid level (8-12b)

5. Estimate the permeability k from the abscissa in Figure 8-6:

(8-13)

6. Estimate the skin factor from the parameter on the matched curve

(8-14)

Example 8-38 Rework Example 8-2 using Earlougher and Kersch type curves.

Solution Plot Ap = (pt — pwf) versus t as log-log scale on tracing paper laid
over the Figure 8-6 grids. Figure 8-7 shows the resulting data plot. We slide
the tracing paper data plot on Figure 8-7 until a good match results. Figure
8-7 shows the data plot matched to Figure 8-6. Match point data are given
in Figure 8-8. Estimate the wellbore storage coefficient using Eq. 8-9 and
the match data from Figure 8-12:

Figure 8-7, M



Shut-in time,

Figure 8-7. log-log data plot.

Match points are:
(A/7/A0M=100

Parameter along j-axis
= 0.05
Parameter along jt-axis
= 56,000
Type curve is
CDe2*=108

Figure 8-8. Type curve in an infinite system; wellbore storage and skin effect (after
Earlougher and Kersch).2



Calculate C from wellbore properties or using conventional method
(Eq. 8-12a):

point on unit slope

Estimate the permeability k from Eq. 8-13:

Estimate the skin factor from Eq. 8-14:

Figure 8-8, M

Check with the value of C calculated using wellbore properties, i.e.,

McKinley's Type Curves

McKinley3 proposed type curves which can be used to characterize
damage or stimulation in a drawdown or buildup test in which wellbore storage



distorts most or all of the data. A set of McKinley type curves is included in
Figure 8-10. These curves were computed by numerical simulation of the
complete afterflow process by forming a dynamic balance between the
capacities of the wellbore to store fluid and the resistance of the wellbore
to the flow of fluid from the reservoir. Shut-in time, At (min), has been
plotted as a function of pressure buildup group [5.6146ApCsIq/30] on
log-log paper for several values of parameter (kh//j)/5.6\46Cs- These
variables are in field units. Note that the skin factor s does not appear
as a parameter, because these curves were computed assuming no mech-
anical skin factor. If a well is damaged, this fact is evident since the
pressure buildup plot will deviate from the McKinley type curve; while
the analysis does not determine the skin factor, it does allow a comparison
to be made between the kh values in the damaged and undamaged parts of
the reservoir.

Pressure Drawdown or Buildup Analysis

The steps for using McKinley's type curves are as follows:

1. Plot time (minutes) as ordinate versus Ap as abscissa on 3 x 5 cycle
log-log paper, the same size as McKinley's type curves where

Time = t —> drawdown test
= At -* buildup test

Ap = pi — pwf —>• drawdown test
= Pws — Pwf —> buildup test

2. Match the time axis of the test data plot with one of McKinley's type
curves.
Move the data along the plot horizontal (no vertical shifting allowed)
until the earliest data fall along one of the type curves.

3. Record the parameter value (kh/fi)/5.6145 Cs for the correct type
curve.

4. Choose a data match point (any Ap from the test graph paper and the
corresponding value of 5.615ApCsIqP0 from the type curve).

5. Determine the wellbore storage constant Cs from pressure match
point:

(8-15)

6. Calculate the near-well transmissibility, (kh/fi)wb, from the value
1^//0/5.615CSIJ, and Cs:



(8-16)

7. If the data trend away from the type curve, shift the data plot horizon-
tally to find another type curve that better fits the later data. A shift to
a higher value of (khl/j)/5.6\5Cs indicates damage; a shift to a lower
value indicates stimulation.

8. Calculate the formation transmissibility

(8-17)

and the formation permeability, kf

(8-18)

9. Estimate the flow efficiency, FE as

(8-19)

The quantities Ap* and Ap s can be estimated from McKinley's type curves
in the following manner:

1. Ap* is the vertical asymptote approached by Ap in McKinley's plot?
2. Aps can be calculated from Ap^, the time at which the actual test data

depart from the earliest fitting type curve.
3. McKinley3 states that Ap8 and ApD are related by

(8-20)

4. Thus, F can be calculated:

(8-21)

The following examples will clarify the use of McKinley's type curves.

Example S-4S Analyzing Drawdown Test Using McKinley's Type Curves
Determine the near-well formation permeability and flow efficiency from

the data below and in Table 8-8, which were obtained in a pressure draw-
down test on an oil well.



Table 8-8
Pressure Drawdown Test Data

Time,
*(hr)

0.02
0.03
0.04
0.04
0.05
0.05
0.11
0.16
0.22
0.27
0.33
0.38
0.44
0.49
0.55
1.09
1.64
2.18
2.73
3.28
3.82
4.37
4.92
5.47
6.55
8.73
10.90
16.40

Time,
t (min)

1.31
1.97
2.29
2.62
2.95
3.28
6.54
9.84
13.10
16.40
19.70
22.90
26.20
29.50
32.80
65.40
98.40
131.00
164.00
197.00
229.00
262.00
295.00
328.00
393.00
524.00
654.00
984.00

Pressure,
/V(psig)

2953
2930
2919
2908
2897
2886
2785
2693
2611
2536
2469
2408
2352
2302
2256
1952
1828
1768
1734
1712
1696
1684
1674
1665
1651
1630
1614
1587

Ap = (pi-pwf)

(psig)

47
70
81
92
103
114
215
307
389
464
531
592
648
698
744
1048
1172
1232
1266
1288
1304
1316
1326
1335
1349
1370
1386
1413

Pressure buildup group
5.6146 x Ap x -—. w//_ .. _ f.

F (?x£0)(ft
Jday/rbbl)

4.39E-03
6.54E-03
7.57E-03
8.60E-03
9.63E-03
1.07E-02
2.01E-02
2.87E-02
3.64E-02
4.34E-02
4.96E-02
5.53E-02
6.06E-02
6.52E-02
6.95E-02
9.79E-02
LlOE-Ol
1.15E-01
1.18E-01
1.20E-01
1.22E-01
1.23E-01
1.24E-01
1.25E-01
1.26E-01
1.28E-01
1.30E-01
1.32E-01

T = 2000F; depth = 4500 ft; q0 = 500stb/day; API° = 32° tubing ID =
2 inch; /30 = 1.2000 rb/stb; /xo = 0.8cP; 0 = 0.20; A = 56 ft; ct = 10.0 x
10-6PSi"1; rw = 0.3 ft.

Solution Prepare the data for plotting as t (min) versus Ap = pt — pwf
(Table 8-8). The data plot (Figure 8-9) and the match with the best-fitting
McKinley's type curves in the early data are shown in Figures 8-10 and
8-11, respectively. Match points for the early fit data are:
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Figure 8-9. log-log data plot.

Parameter,

Pressure buildup group =

Figure 8-10. log-log type curve - McKinley type curves.
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Figure 8-11. log-log type curve - McKinley type curves.

Calculate the wellbore storage constant C$ using Eq. 8-15:

Estimate the near-well transmissibility and apparent permeability from
Eq. 8-16:

Then,



Calculate the formation transmissibility and permeability from Eq. 8-17:

and from Eq. 8-18:

Determine the flow efficiency as follows:

A / = 1500 psia (Figure 8-11)

From Eq. 8-20:

From Eq. 8-21:

Example 8-58 Analyzing Pressure Buildup Test Using McKinley's Type
Curves

Determine the near-well formation permeability and flow efficiency from
the data below and in Table 8-9, which were obtained in a pressure buildup
test on an oil well.

#0 = 231stb/day; ^ = 3184.935 minutes; r -200°F; well depth = 4500 ft;
A= 10ft; P0 = 1.30 rb/stb; /io = 0.6cP; API0 = 40; 0 = 0.20; c, = 20.0x
10"6PSi"1; rw = 0.30 ft; tubing ID = 2 inch; pw/(At=o) — 1615 psia; cumulative
production = 30,655 stb; and pressure prior to shut-in = 1600 psia.

Solution Prepare the data for plotting as t (min) versus Ap = pws — pwf
(Table 8-9). The data plot (Figure 8-12) and the match with the best-fitting



Table 8-9
Pressure Buildup Test Data

Pressure BU group
(psia)

(Pm-Pwf) = &P
(psig)

Pressure,
Pws (psig)At

At

Time,
At (min)

5.42E-03
6.54E-03
7.57E-03
8.60E-03
9.63E-03
1.07E-02
2.01E-02
2.87E-02
3.64E-02
4.34E-02
4.96E-02
5.53E-02
6.06E-02
6.52E-02
6.95E-02
9.79E-02
LlOE-Ol
1.15E-01

15
335
575
765
940
1065
1141
1194
1237
1267
1294
1315
1340
1375
1395
1413
1417
1437
1450

0
320
560
750
925
1050
1126
1179
1222
1252
1279
1300
1335
1360
1380
1398
1411
1422
1435

1600
1920
2160
2350
2525
2650
2726
2779
2822
2852
2879
2900
2935
2960
2980
2998
3011
3022
3035

19.88
39.50
58.89
87.53
115.64
143.25
170.37
197.01
223.18
248.90
274.37
323.44
371.07
417.13
461.72
504.89
546.71
587.24

160.25
80.62
54.08
36.39
27.54
22.23
18.69
16.17
14.27
12.80
11.62
9.85
8.58
7.64
6.90
6.31
5.83
5.42

0.00
20.00
40.00
60.00
90.00
120.00
150.00
180.00
210.00
240.00
270.00
300.00
360.00
420.00
480.00
540.00
600.00
660.00
720.00
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Figure 8-12. log-log data plot.

Parameter,

Pressure buildup group =

Figure 8-13. log-log type curve - McKinley type curves.
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Figure 8-14. log-log type curve - McKinley type curves.

McKinley's type curves in the early data are shown in Figures 8-13 and
8-14, respectively. Match points for the early fit data are:

Calculate the wellbore storage constant Cs using Eq. 8-15:

Estimate the near-well transmissibility and apparent permeability from
Eq. 8-16:



Then

Early data parameter

Late data parameter

Using the values of early and late data parameters, calculate the formation
transmissibility from Eq. 8-17:

and from Eq. 8-18:

Determine the flow efficiency as follows:

(Figure 8-15)

From Eq. 8-20,

From Eq. 8-21,



8.3 Fracture Type Curve Matching Techniques

It is believed that hydraulic fracturing results in the formation of vertical
fractures. At depths shallower than 3000, the likelihood is that horizontal
fractures will be induced. In this section, the methods of analysis of well test
data in the presence of both vertical and horizontal hydraulic fractures have
been discussed. However, in most cases only vertical fractures are encoun-
tered. Vertical fractures are further divided into two types, uniform-flux
fracture and infinite-conductivity fracture. In uniform-flux fracture, fluid
enters the fracture at a uniform rate per unit cross-sectional area at all points
along the fracture. On the other hand, an infinite-conductivity fracture has
infinite permeability and therefore uniform pressure throughout.

The following theoretical guidelines are helpful in analysis tests in these
wells; however, it has been found that in practice the linear flow lasts much
longer in massive hydraulically fractured tight formation than what the
guidelines suggest.

For values of xe/x/ > 1, the linear flow period ends at

tDxf = 0.016 (infinite-conductivity fracture)

tDxf = 0.16 (uniform-flux fracture)

The pseudo-radial flow period begins at

tDxf = 3 (for infinite-conductivity fracture)

tDx/ = 2 (uniform-flux fracture)

In the pseudo-radial flow period, the conventional buildup analysis techni-
ques apply. In order to choose the correct linear or radial flow, the following
condition should be satisfied:

Apbsi > 2Apel (8-22)

where Apbsi is the pressure change at the beginning of the pseudo-radial
semilog straight line (Horner method applies) and Apet the pressure change
at the end of the linear flow line. Ape\ is the last point on the ^fAt plot after
which the pressure starts to deviate from the straight line. The linear flow
period is characterized by a half-unit slope on a log-log plot of A/? versus At,
or a straight line on a plot of Ap versus V~At. The slope of the line Ap versus
\fAt plot, symbol mv/, is used to calculate the fracture length of x/ as follows:

(8-23)
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Figure 8-15. Correction factor for kh estimated from pressure buildup tests in
vertical fractured wells.4

If the buildup test is run for a sufficient duration of time that a semilog
straight line is developed, then the Horner method is applicable. However,
the slope of this line and thus the calculated permeability is affected by the
fracture length. This means that the permeability calculated using this slope
has to be corrected. To correct the permeability estimated from a Horner or
MDH plot, the following equation and Figure 8-15 will be used:

(8-24)

where kcai is the permeability calculated using the following equation:

and

(obtained from Figure 8-15)r corrected —



The fracture length is estimated using the following equation, where m is
the slope of the Horner or MDH straight line:

(8-25)

A type curve matching approach introduced by Gringarten et al. is a recom-
mended method for analyzing pressure buildups in hydraulically fractured
reservoirs.5 Curve matching is performed using Figures 8-16 through 8-18.

The linear flow in tight (low-permeability) wells may last several hundred
hours or days and months. In this case, the test data will deviate from the
half-unit slope line of the log Ap versus At plot, or the straight-line plot of
Ap versus >f~Kt. In such cases, only the upper limit of the permeability value
and the lower limit of the fracture length could be calculated using the last
Ap and At on the half-unit slope line, using the following equations.

For infinite-conductivity fractures and xe/xf » 1:

(8-26)

(8-27)
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Figure 8-16. Dimensionless pressure versus dimensionless time - vertical frac-
ture no wellbore storage, infinite-conductivity fracture.5
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Figure 8-17. Type curve matching for vertical fractured well - infinite fracture
conductivity.56

Drainage area,

Figure 8-18. Type curve matching for vertical fractured well - infinite fracture
conductivity.5'6



For uniform-flux fractures:

(8-28a)

(8-28b)

Type Curves for Vertical Fractured Oil Wells

Gringarten et al.5'6 developed type curves for hydraulically fractured wells
in which vertical fracture with two equal wings as created. The type curves
(Figure 8-16) are developed for a constant-rate drawdown test for a slightly
compressible fluid; however, they can also be used for buildup tests for
&tmax < 0.1^. Wellbore storage effects are ignored. Gringarten etal. type
curves are presented in Figures 8-17 and 8-18, which are log-log plot of pr>
versus tr>xf with parameter xejxf\

(drawdown test) (8-29)

(8-30)

(8-31)

For a linear flow, tDx/ = 0.16 for xe/x/ > 1 and for a radial flow, tDx/ = 2
for xelXf > 5.

Pressure Drawdown Analysis

The type curve (Figures 8-16 through 8-18) involves the following steps:

1. Plot (pi — pwf) versus t on a 3 x 5 cycle log-log paper.
2. Select the best match by sliding the actual test data plot both horizon-

tally and vertically.
3. Estimate the formation permeability from the pressure match point:

(8-32)



4. Estimate the fracture length from the time match point:

(8-33)

5. If a half-slope (linear flow) region appears on the test data plot, re-plot
data from the region as pw/ versus \/t from the slope m^ and linear flow
theory:

(8-34)

6. If a radial flow region appears before the data deviate from the
xelXf = infinity curve, a plot of pwf versus log t should show that
k — \62.6qpofiolmh, which is in agreement with type curve analysis.

7. If a well proves to be in a finite (bounded) reservoir, it may be possible
to estimate from the matching parameter, xe/xf, to compare with the
known value of xe to check the quality of the match.

8. Estimate the skin factor from

(8-35)

where rwa = Xf/2.

Example 8-68 Analyzing Pressure Drawdown Test for Vertical Fractured
Well Using Conventional and Gringarten etal.'s Type Curves

A drawdown test was run in a vertically fractured oil well; the results are
given in Table 8-10. Using conventional method and Gringarten etal. type
curves, estimate the formation permeability, fracture length, and skin factor.
Identify linear flow and radial flow regions and verify the type curve analysis
with conventional analysis of the radial flow regions. As part of the
conventional analysis of the radial flow region, estimate the time at the begin-
ning and end of the MTR. The test data were as follows: q = 200 stb/day
(constant); h = 12 ft; ct = 20 x lO^psi"1 ; f30 = 1.288 rb/stb; (j> = 0.10; and
/X0 = 0.5 cP.

Solution Conventional Analysis
Figure 8-19 shows a straight line with a slope of one-half, thus indicating

a linear flow that lasted less than 0.45 hr and no wellbore storage effects.
From the slope of the straight line of Figure 8-20, mvf — 60.0psi/hr05 and
Apei = 35psi, we get Apbsi = 2 x 35 = 70psi. Figure 8-21 fits the semilog



Table 8-10
Pressure Drawdown Test Data for Vertical Fractured Oil Well

Time,
f(hr)

0.0000
0.1500
0.2000
0.3000
0.4000
0.5000
0.6000
0.8000
1.0000
1.5000
2.0000
3.0000
4.0000
5.0000
6.0000
8.0000
10.0000
15.0000
20.0000
30.0000
40.0000
50.0000
60.0000
80.0000
100.0000

Time
Vt (hr)05

0
0.39
0.45
0.55
0.63
0.71
0.77
0.89
1.00
1.22
1.41
1.73
2.00
2.24
2.45
2.83
3.16
3.87
4.47
5.48
6.32
7.07
7.75
8.94
10.0

Pressure,

P*f (Psig)

4000
3982
3978
3975
3969
3965
3960
3957
3950
3932
3922
3907
3896
3886
3879
3866
3856
3837
3823
3803
3789
3778
3768
3755
3744

(Pi-Pwf)

(psig)

0
18
22
25
31
35
40
43
50
68
78
93
104
114
121
134
144
163
177
197
211
222
232
245
256

(Pi-Pwf)
(psia)

15
33
37
40
46
50
55
58
65
83
93
108
119
129
136
149
159
178
192
112
226
237
247
260
271

(Pi-Pwf)

(psi/hr)

0.00E + 00
1.20E+ 02
1.10E + 02
8.33E + 01
7.75E + 01
7.00E + 01
6.67E + 01
5.38E + 01
5.00E + 01
4.53E + 01
3.90E+ 01
3.10E + 01
2.60E+ 01
2.28E + 01
2.02E+ 01
1.68E + 01
1.44E + 01
1.09E + 01
8.85E + 00
6.57E + 00
5.28E + 00
4.44E + 00
3.87E + 00
3.06E + 00
2.56E + 00

straight line as shown. The slope of the semilog straight line is found to be
107 psi/cycle. Thus using Eq. 4-8:

From Eq. 8-34:

Therefore xf = 100.9 ft.



Slope =1/2 hr
indicating linear flow, and

consequently the possibility
of a fracture

Flowing time, t (hours)

Figure 8-19. log-log data plot.

Slope, witf= 60.0 psi/cycle

Ap = 35 psi (end of linear flow)

Figure 8-20. Linear data plot.



Slope, ra=107 psi/cycle

Beginning of semilog
straight line = 29.28 hours

Time, t (hours)

Figure 8-21. Linear data plot.

Note: However, the estimation of x/ is very sensitive to the reservoir
parameters. For example, if (3O is taken equal to 1 instead of 1.288, x/ would
be equal to 78 ft instead of 100.9 ft. Thus, one has to keep in mind that x/ is
correct only if all the reservoir and fluid parameters are correct. In the
absence of wellbore storage, it was found that the semilog straight line which
indicates radial flow, develops at tDx/ — 3, where

(8-36)

Having calculated h and x/, we substitute in the above equation, and thus at

(8-37)

(8-38)

where t is the time of the beginning of the semilog straight line, which is
38.06 h. Therefore, the beginning of the semilog straight line must meet the
following criteria:



Since the straight line in Figure 8-21 satisfies these two criteria, it must be
concluded that it is the correct line. To estimate the skin factor s, we
determine Ap\h on the semilog straight line, not from the data table. This
is done by

By substituting in Eq. 4-10, we found that

Note that the analytical procedure, which we followed to determine k and
Xf, is based on the assumption that the well was producing in the infinite-
acting state. In the event that the semi-steady state has been reached or even
approached, the analytical procedure cannot be applied and one must resort
to solution presented in the form of type curves.

Type Curve Method of Analysis

Figure 8-17 shows a type curve for an infinite-conductivity vertical frac-
ture with storage. Note that there is an initial unit slope (storage) and then a
long transitional period toward the one-half slope fracture line. The match-
ing procedure of actual pressure data and type curves can be carried out as
follows:

1. Plot the log of drawdown time versus log of A/? = (pt — pwf) on the
tracing paper with the same dimensions of the type curves.

2. Check if the initial data form a straight line with a one-half slope. This
would indicate a fractured reservoir, since the one-half slope is typical
of linear flow.

3. Place the "data curve" over the type curves for fractured reservoirs
until the "data curve" matches one type curve. The match determines
the approximate start of the semilog straight line and makes an esti-
mate of the formation capacity, half-fracture length, and possible dis-
tance to the outer boundary using the following equation:



Match points are:

Figure 8-22. Type curve matching for vertical fractured well - infinite fracture
conductivity.5'6

Figure 8-19 shows the actual drawdown data plot. The initial data
formed a straight line with a half-unit slope. This gave an indication of
linear flow and consequently the possible presence of a fracture.

The data curve was placed over the type curve for infinite-conductivity
vertical fracture (Figure 8-17 or 8-18) and was displaced until a match was
obtained as shown in Figure 8-22.

Estimate the effective reservoir permeability and fracture half-length as
follows:

1. Match points are obtained from Figure 8-22. For example, pD = 0.41
at Ap = 40psi and tD = 0.045 at t = 0.44 hour.

2. Calculate the effective reservoir permeability from Eq. 8-32:

3. Calculate the fracture half-length (or distance that the vertical fracture
extends from the center of the well) from Eq. 8-33 as



or Xf = 103 ft.
Notice that if the match had gone as far as reaching any particular value
of xelXf, the distance at the outer reservoir boundary could have been
calculated.

4. Estimate the skin factor from Eq. 8-35:

where rwa —

Pressure Buildup Analysis

The type curve (Figure 8-17 or 8-18) involves the following steps:

1. Plot (pws — pwf) versus Ate on a 3 x 5 cycle log-log paper.
2. Select the best match by sliding the actual test data plot both horizon-

tally and vertically.
3. Note the values of the match points.

4. Estimate the formation permeability from the pressure match point:

(8-39)

5. Estimate the fracture length from time match point:

(8-40)

6. If a half-slope (linear flow) region appears on the test data plot, re-plot
data from the region as pws versus VAt; from the slope mL and linear
flow theory,

(8^1)

which should agree with the result from the type curve analysis.

7. If a radial flow region appears before the data deviate from the
xe/xf = infinity curve, a plot of pws versus log A? or log ((^ -h At)/At)



should show that k = 162.6g/x/3/m/z, in agreement with type curve
analysis.

8. If a well proves to be in bounded (finite) acting reservoir, it may be
possible to estimate xe from a matching parameter, xe/x/, to compare
with known value of xe to check the quality of the match.

Example 8-78 Analyzing Pressure Buildup Test for Vertical Fractured Well
Using Conventional and Gringarten etal.'s Type Curve Matching Techniques

Table 8-11 lists the pressure buildup test data for a well believed to be
fractured vertically. From the data presented below, estimate the formation

Table 8-11
Pressure Buildup Test Data for Vertical Fracture Oil Well

Time,
At (hr)

0.00
0.08
0.17
0.25
0.50
0.75
1.00
2.00
3.00
4.00
5.00
6.00
7.00
8.00
9.00
10.00
12.00
24.00
36.00
48.00
60.00
72.00
96.00
120.00
144.00
192.00
240.00

(',+Af)
A*

93,638.46
46,707.59
31,201.00
15,601.00
10,401.00
7801.00
3901.00
2601.00
1951.00
1561.00
1301.00
1115.29
976.00
867.67
781.00
651.00
326.00
217.67
163.50
131.00
109.33
82.25
66.00
55.17
41.63
33.50

Time 0 5

(hr05)

0.289
0.409
0.500
0.707
0.866
1.000
1.414
1.732
2.000
2.236
2.449
2.646
2.828
3.000
3.162
3.464
4.899
6.000
6.928
7.746
8.485
9.798
10.954
12.000
13.856
15.492

Pressure,
Pws (psig)

3420
3431
3435
3438
3445
3449
3452
3463
3471
3477
3482
3486
3490
3495
3498
3500
3506
3528
3544
3555
3563
3570
3582
3590
3600
3610
3620

(Pws — PwS(At=O))

(psig)

0
11
15
18
25
29
32
43
51
57
62
66
70
75
78
80
86
108
124
135
143
150
162
170
180
190
200

Pws —Pm(At=O)

At
(psig/hr)

1.20E+ 02
1.10E + 02
8.33E + 01
7.75E + 01
7.00E+ 01
6.67E + 01
5.38E + 01
5.00E+ 01
4.53E + 01
3.90E + 01
3.10E+ 01
2.60E + 01
'2.28E+ 01
2.02E+ 01
1.68E + 01
1.44E + 01
1.09E + 01
8.85E + 00
6.57E + 00
5.28E + 00
4.44E + 00
3.87E + 00
3.06E + 00
2.56E + 00
0.00E + 00
0.00E + 00

Time,
VKt (hr0 5)

0.283
0.412
0.500
0.707
0.866
1.000
1.414
1.732
2.000
2.236
2.450
2.646
2.828
3.000
3.162
3.464
4.900
6.000
6.928
7.746
8.485
9.798
10.955
12.000
13.856
15.492



permeability, fracture length, and skin factor. Producing time tp was
significantly greater than the maximum shut-in time. Well depth = 9500 ft;
g = 419stb/day; A = 82ft; rw = 0.28ft; 0 - 0.12 fraction; // = 0.65cP;
/3= 1.260rb/stb; ct = 21.0 x 10"6PSi"1; cumulative production at shut-in
time = 136,175 stb; and pressure prior to shut-in = 3435 psia.

Solution

Figure 8-23 shows the matching procedure and the coordinate of the
match point. From the definition of td and /?/>, which are given in Figure
8-17, and from the coordinates of the match point, it is clear from Figure 8-23
that the well remained in the transient state throughout the 780Oh of
production. Estimate the formation permeability k from the pressure match
point, using Eq. 8-43:
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Match points are:

Figure 8-23. Type curve matching for vertical fractured well - infinite fracture
conductivity.5'6



Calculate the fracture length from the time match point using Eq. 8^40:

Apparent radius, rwa — x//2 — 130.72/2 = 65.36 ft. Estimate the skin fac-
tor from Eq. 8-32:

Example 8-88

Rework Example 8-7 using a plot of Ap versus \fKt.

Solution The log-log plot is shown in Figure 8-24 and has no unit slope,
but has a slope of 1/2 from 5 to 45min. Thus, we suspect a fractured well.
For a formation at a depth of 9500 ft, the fracture should be vertical.8 Figure
8-25 is a plot of Ap versus y/At, as suggested by Eq. 8^1 . The graph has a

No unit slope, thus suspect
a fractured well. Well depth

is 9500 ft, therefore the
fracture is vertical

Linear
flow

Half-slope from
4.8 hr to 30 min

indicating linear flow

Figure 8-24. log-log data plot to detect fracture.



Slope =

Using Eq. 8-34

Figure 8-25. Square root data plot.

straight line with mv/ — 31.60psihr05 up to at least A/? = 55psi, and
Eq. 8-41 can be used to estimate

According to Eq. 8^0, Ap at the beginning of the semilog straight line
should be at least 2 x 55 = HOpsi. Since the test ended before that Ap, the
semilog plot will not be helpful. Thus, we must use type curve matching for
further analysis of the test. In Example 8-7, permeability and fracture length
by curve matching are:

Therefore

compares with 144,235 mD ft2 computed from Eq. 8^1 , that is about 15%
difference. If k is assumed to be correct, then



or if Xf is assumed to be correct, then

This discrepancy provides an estimate of the accuracy of the type curve
matching method.

8.4 Type Curves - Horizontal Fractured Oil Wells

Gringarten and Ramey7 developed type curves for a single horizontal
fracture located at the center of the productive interval in an infinite-acting
system, and they are given in Figure 8-26. No fracture storage or wellbore is
included in that figure. Figure 8-26 is a log-log plot ofpD/hD versus tDr/ with
parameter hD. The value of hD is from 0.05 to 100. The low values of
hni}iD < 1) indicate vertical fractures and high values of hniho > 3) indicate
horizontal fractures. Figure 8-26 shows the log-log type curve based on that

Figure 8-26. Dimensionless pressure versus dimensionless time horizontal frac-
ture (uniform flux).7



solution. In this case, the dimensionless pressure pD is defined as a function
of real pressures by the relationship

(8-42)

and the dimensionless time is defined by

(8^3)

where

dimensionless reservoir thickness (8-44)

kr = radial formation permeability, mD
rf = horizontal fracture radius, ft
hz = vertical formation permeability, mD
q = total withdrawal rate from fracture, stb/day.
At short flow times, there is a period of linear vertical flow from the

formation to the horizontal fracture. During those times, the dimensionless
pressure is given by7

(8^5)

where

(8^6)

(»-47)

During the linear flow period

(8-48)



Eq. 8^3 indicates that a plot of flowing bottom-hole pressure pw/ versus
y/t should have an early-time straight line with intercept pt and slope

(8-49)

Eq. 8-42 may be used with superposition to devise a technique for
pressure buildup plotting for the linear flow period. If hp is large, very long
flowing or shut-in times would be required to reach the start of the proper
straight line (semilog analysis), and the dimensionless pressure is given by

(8-50)

Using Pressure Drawdown Data

Eq. 8^6 is used for the drawdown period as well as the shut-in period.
Gringarten etal. also indicate how type matching may be used to estimate
kr, kz, and Yf for a horizontal fractures well. The type curve (Figure 8-26)
involves the following steps:

1. Sufficient pressure drawdown or injection data must be available as
one of the ho curves is clearly matched.

2. Estimate y/krkzrf from pressure match point:

(8-51)

3. Estimate kr/rj from time scale match point:

(8-52)

4. Compute the vertical permeability kz by

(8-53)

5. Compute fracture radius by

(8-54)



6. Estimate the radial directional permeability by

(8-55)

Example 8-98 Analyzing Pressure Drawdown Test for Horizontal Fractured
Well Using Gringarten et al. 's Type Curves

Drawdown data are presented in Table 8-12 and fluid properties are:
q = 275stb/day; /i0 = 0.23 cP; /30 = 1.760 rb/stb; A = 12 ft; 0 = 0.30; and
ct= 30.0 x 10"6PSi"1. Calculate the radial and vertical permeabilities and
fracture radius.

Solution A log-log cross plot of Ap = (pt — pwf) versus log t is shown in
Figure 8-27. The initial data formed a straight line with a half-unit slope,
which indicated a fracture reservoir. The data curve was placed over the type
curve for a constant-flux horizontal fracture at the center of interval and was

Table 8-12
Pressure Drawdown Test Data for Horizontal Fractured Oil Well

Time,
t (min)

0.0000
1.0000
5.0000
10.0000
15.0000
20.0000
25.0000
30.0000
35.0000
40.0000
45.0000
50.0000
60.0000
75.0000
120.0000
150.0000
240.0000
285.0000
480.0000
720.0000

Pressure,
Pw/ (psig)

4000
3963
3918
3886
3860
3839
3819
3805
3789
3778
3765
3759
3740
3704
3645
3610
3540
3520
3440
3370

(Pi -Pwf)
(psig)

0
37
82
114
140
161
181
195
211
222
235
241
260
295
355
390
460
480
560
630

t

(psig/min)

0.00
37.00
16.40
11.40
9.33
8.05
7.24
6.50
6.03
5.55
5.22
4.82
4.33
3.93
2.96
2.60
1.92
1.68
1.17
0.88

Time (hr)

0.0167
0.0833
0.1670
0.250
0.333
0.417
0.500
0.583
0.667
0.750
0.833
1.000
1.750
2.000
2.500
4.00
4.75
8.00
12.00

Vt (hr05)

0.129
0.289
0.409
0.500
0.577
0.646
0.707
0.764
0.817
0.866
0.913
1.000
1.118
1.414
1.581
2.000
2.179
2.828
3.464



Lower limit
of drainage
area=15.48
acres

Match points are:

Figure 8-27. Dimensionless pressure versus dimensionless time horizontal frac-
ture (uniform flux).7

placed until a match was obtained (Figure 8-28). Estimation of radial and
vertical permeabilities and fracture radius can be obtained as follows:

1. Match points are obtained from Figure 8-27: ^M=100min,
(tD)M = 0.36, (Ap)M = 100 psi, and (pD/hD)M = 0.185 with hD = 1.58.

2. Estimate \/krkzrf from pressure match point using Eq. 8-51:

3. Determine kr/rj from time match point using Eq. 8^47:
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Figure 8-28. Linear plot drawdown test data.

Therefore

(8-56)

4. Eqs. 8-51 and 8-56 provide two relationships for three unknowns. The third
relation is provided by the parameter hjy, which is read from the match:

that is

(8-57)

5. Calculate the radial permeability kr by combining Eqs. 8-47 and 8^8
as follows:

(8-58)



6. Estimate the fracture radius, r/, by combining Eqs. 8-56 and 8-58 as
follows:

therefore r/ =
(8-59)

7. Calculate the vertical permeability, kz, by combining Eqs. 8-46, 8-51,
and 8-59 as follows:

Hence

Interrelated Data Using Gringarten etal. Type Curves
Dimensionless pressure from type curve, polho = 0.185;
Pressure change from test data, A/? = lOOpsig;
Time match point (dimensionless time), tj> — 0.36;
Time match point from test data, A^ = 100.

Calculated Parameters
(krkzf

5rf = 29.08mD ft, ko
r
5/rf = 0.04mD05/ft;

l/rf(kr/kzf
5 = O.Hfr1;

Effective horizontal permeability, kr = 3.63 mD;
Fracture radius, r/ = 46.33 ft;
Effective vertical permeability, kz — 0.11 mD;
Lower limit of drainage radius, re = 463.27 ft;
Lower limit of drainage area, A = 15.48 acres.

Example 8-108 Rework Example 8-9 by plotting flowing bottom-hole
pressure pw/ versus yft.

Solution From Example 8-10, the match points (see Figure 8-28) are:
tM = 100min, {tD)M = 0.36, (Ap)M = 100psi, and (pD/hD)M = Ol%5 w i t h

AD = 1.5.
Figure 8-28 is a plot of pw/ versus y/i on Cartesian coordinates, and the

early time data give a straight line with slope equal to 271.81 psi/cycle.
Calculate kz, r/, and kz as follows:



Estimate from pressure match point:

• Calculate kr\rf from time match points:

• Compute the vertical permeability kz by the following equation:

• Calculate the fracture radius r/ from Eq. 8-49:

• Determine the radial directional permeability kr from Eq. 8-52:

Estimation of Upper Limit of Permeability Thickness Product

Last point on the half-slope line may be used to estimate an upper limit
of permeability-thickness product. Using this value of permeability,



a corresponding fracture length may be calculated. The appropriate equa-
tions7 to be used are:

(8-60)

(8-61)

where Ap and t are, respectively, the pressure change and time corres-
ponding to the last available point on the half-slope line. Eqs. 8-60 and
8-61 can be used if data beyond the half-slope line are available but are not
sufficiently long to perform a type curve match or to use the semilog graph.
If the natural fractures are analyzed in this fashion, then the right-hand sides
of Eqs. 8-60 and 8-61 should be

(8-62)

(8-63)

8.5 Summary

Based on the material presented in this chapter, the following remarks are
pertinent:

• A new technique is presented to analyze data in the bilinear flow period.
It is shown that, during this flow period, a graph of (pwf) versus ?1/4

yields a straight line when the slope is inversely proportional to

• New type curves are now available for pressure analysis of fractured oil
wells and the problem in the analysis is reduced considerably with the
use of these type curves.

• Pre-fracture information about the reservoir is necessary to estimate the
fracture parameters.

• The type curve analysis method must be used simultaneously with the
specific analysis methods (pwf) versus f1/4, (pwf) versus r1/2, and (pwf)
versus log t to produce reliable results.
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Chapter 9

Flow Regime
Identification and
Analysis Using
Special Methods

9.1 Introduction

Transient behavior of oil well with a finite-conductivity vertical frac-
ture has been simulated by Cinco et al. Usually it is assumed that
fractures have an infinite conductivity; however, this assumption is weak
in the case of large fractures or very low-capacity fractures. Finite-
conductivity vertical fracture in an infinite slab is shown in Figure 9—1.
Transient behavior of a well with a finite-conductivity vertical fracture
includes several flow periods. Initially, there is a fracture linear flow
characterized by a half-slope straight line; after a transition flow period,
the system may not exhibit a bilinear flow period, indicated by a one-
fourth-slope straight line. As time increases, a formation linear flow
period might develop.

Eventually, in all cases, the system reaches a pseudo-radial flow period.
Pressure data for each flow period should be analyzed using a specific
interpretation method such as

AI/J versus (Z)1^4 for bilinear flow

Aip versus (t) ' for linear flow

and

Aip versus log t for pseudo-radial flow

9.2 Fracture Linear Flow Period1'4'8

During this flow period, most of the fluid entering the wellbore comes
from the expansion of the system within the fracture and the flow is



Wellbore

Impermeable
boundaries

Figure 9-1. Finite-conductivity vertical fracture in an infinite slab reservoir (after
Cinco and Samaniego, 1978).2

essentially linear, as shown in Figure 9-2. Pressure response at the wellbore
is given by

(9-1)

(9-2)

Eq. 9-2 indicates that a log-log graph of pressure difference against
the time yields a straight line whose slope is equal to one-half. A graph
of pressure versus the square root of time also gives a straight line whose
slope depends on the fracture characteristics excluding the fracture half-
length, Xf.

Figure 9-2. Fracture linear flow.1



The fracture linear flow ends when

(9-3)

This flow period occurs at a time too early to be of practical use.

9.3 Bilinear Flow1'4'8

It is a new type of flow behavior called bilinear flow because two linear
flows occur simultaneously. One flow is linear within the fracture and the
other is in the formation, as shown in Figure 9-3. The dimensionless well-
bore pressure for the bilinear flow period is given by

(9-4)

This equation indicates that a graph of pWD versus (tDxf)
llAr produces a

straight line whose slope is 2A5/[(kfbf)D]05, intercepting the origin. Figure
9-4 presents that type of graph for different values of (kfbf)D. The existence
of bilinear flow can be identified from a log-log plot of Ap versus At from
which the pressure behavior for bilinear flow will exhibit a straight line
whose slope is equal to one-fourth to the linear flow period in which the
slope is one-half. The duration of this period depends on both dimensionless
fracture conductivity, (kfb/)D, and wellbore storage coefficients (dimension-
less storage capacity), CfD/. For buildup analysis of bilinear flow period, the
pressure drop may be expressed as

(9-5)

Figure 9-3. Bilinear flow.2
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Figure 9-4. pWD versus [tDXf]°
 25 for a well with a finite-conductivity vertical fracture

(after Cinco and Samaniego, 1978).2

where Ap is the pressure change for a given test. Eq. 9-5 indicates that a
graph of Ap versus /1/4 produces a straight line passing through the origin
whose slope, my, is given by

(9-6)

Hence, the product h(kfbf)05 can be estimated by using the following
equation:

(9-7)

Figure 9-5 shows a graph for analysis of pressure data of bilinear flow,
while Figure 9-6 is a log-log graph of pressure data for bilinear flow. Figure
9-6 can be used as a diagnostic tool. The above equations indicate that the
values of reservoir properties must be known to estimate the group
h(k/bf)05. The dimensionless time at the end of bilinear flow period is given
by the following equation:



Figure 9-5. Graph for analysis of pressure data of bilinear flow (after Cinco and
Samaniego, 1978).2

Figure 9-6. log-log graph of pressure data for bilinear flow analysis (after Cinco
and Samaniego, 1978).2

Slope = 0.25

For (kfbf)D < 1.6

(9-8)

For (kfbf)D > 3

(9-9)



(9-10)

Figure 9-7 shows a graphical representation of these equations. From
Eqs. 9-5 and 9-8 through 9-10, if (kfbf)D > 3, the dimensionless pressure
drop at the end of the bilinear flow period is given by

(9-11)

Hence, the dimensionless fracture conductivity can be estimated using the
following equation:

(9-12)

can be calculated using the following equation:

(9-13)

where Ap is obtained from the bilinear flow graph. From Eq. 9-5, a graph of
log Ap versus log t (see Figure 9-6) yields a quarter-slope straight line that
can be used as a diagnostic tool for bilinear flow detection.

Figure 9-7. Dimensionless time for the end of the bilinear flow period versus
dimensionless fracture conductivity.2



9.4 Formation Linear Flow1'4'8

Figure 9-8 represents formation linear flow. Figure 9-9 shows a graph of
log[pwD(kfbf)D] versus log[tDxf(kfbf)

2
D]. For all values of (kfbf)D the beha-

vior of both bilinear flow (quarter-slope) and the formation linear flow (half-
slope) is given by a single curve. Note that there is a transition period
between bilinear and linear flows. Bilinear flow ends when fracture tip effects
are felt at the wellbore.

The beginning of the formation linear flow occurs at (kfbf)2
D « 102, that is

(9-14)

Figure 9-8. Formation linear flow.2

Slope =1/2

Slope =1/4

Approximate start of semilog straight line

Figure 9-9. Type curve for vertically fractured oil wells (after Cinco and
Samaniego, 1978).2



The end of this flow period is given by1'8

tDelf ~ 0.016

Hence, the fracture conductivity may be estimated as follows:

(9-15)

(9-16)

These equations apply when (kfb/)D > 100.

9.5 Pseudo-Radial Flow1'4'8

Figure 9-10 illustrates pseudo-radial flow. The dashed line in Figure 9-9
indicates the approximate start of the pseudo-radial flow period (semilog
straight line).

9.6 Type Curve Matching Methods1'7'8

Figure 9-9 can be used as a type curve to analyze pressure data for a
fractured well. Pressure data on a graph of log Ap versus log t are matched
on a type curve to determine

Figure 9-10. Pseudo-radial flow.2

Fracture

Well



Dimensionless fracture conductivity:

Formation permeability for oil:

Fracture half-length:

(9-17)

(9-18)

Fracture conductivity:

(9-19)

End of bilinear flow:

Beginning of formation linear flow:

Beginning of pseudo-radial flow:

Pressure Data Analysis

If large span pressure data are available, the reliable results can be
obtained using the specific analysis graphs. Now we will discuss various
cases where all the pressure data fall on a very small portion of the type
curve and a complete set of information may not be obtained.



Field Case Studies

Case 1: Bilinear Flow Type of Analysis4

Pressure data exhibit one-fourth-slope on a log-log graph; and when a
log-log graph of pressure data indicates that the entire test data are domi-
nated by bilinear flow (quarter-slope), the minimum value of fracture half-
length Xf can be estimated at the end of bilinear flow, i.e., for (k/b/)D > 3,
using the following equation1'8:

(9-20)

By definition, the dimensionless fracture conductivity is

(9-21)

where k/b/ is calculated using Eq. 9-25 and slope mtf can be found from
bilinear flow graph which is a rectangular graph of pressure difference
against the quarter root of time. This graph will form a straight line passing
through the origin. Deviations occur after some time depending on the
fracture conductivity. The slope of this graph, rn^/, is used for the calculation
of the fracture permeability-fracture width product (k/bf). The dimension-
less fracture conductivity is correlated to the dimensionless effective wellbore
radius, rf

w/r/, as shown in Table 9-1. Then, the skin can be calculated from
the following relationship:

(9-22)

Generally, wellbore storage affects a test at early time. Thus it is
expected to have pressure data distorted by this effect, causing deviation
from the one-fourth-slope characteristic of this flow period. It is important
to note that pressure behavior in Figure 9-11 for both wellbore storage-
dominated and bilinear flow portions is given by a single curve that
completely eliminates the uniqueness matching problem. Figure 9-11 is a
new type curve and is used when pressure data exhibit one-fourth-slope on
a log-log graph. The end of wellbore storage effects occurs when
F2{tDxf) = 2 x 102, yielding

(9-23)



Table 9-1
The Values of Effective

Wellbore Radius as a Function
of Dimensionless Fracture
Conductivity for a Vertical

Fractured Well2

Dimensionless fracture ^
conductivity, (k/bf)D x/

0.1 0.026
0.2 0.050
0.3 0.071
0.4 0.092
0.5 0.115
0.6 0.140
0.7 0.150
0.8 0.165
0.9 0.175
1.0 0.190
2.0 0.290
3.0 0.340
4.0 0.360
5.0 0.380
6.0 0.400
7.0 0.410
8.0 0.420
9.0 0.430

10.0 0.440
20.0 0.450
30.0 0.455
40.0 0.460
50.0 0.465

100.0 0.480
200.0 0.490
300.0 0.500

If Figure 9-11 is used as a type curve, the following information may be
obtained:

[Fi {PWD)]M, lF2(tDxf)]M, (Ap)M, ( 0 M

Hence, we can estimate the following:
Wellbore storage constant for oil:

(9-24)



End of wellbore storage effects

Figure 9-11. Type curve for wellbore storage under bilinear flow conditions (after
Cinco and Samaniego, 1978).2

Fracture conductivity for oil:

(9-25)

Case 2: Pressure Data Partially Match Curve for the Transition Period
Between Bilinear and Linear Flows

Cinco and Samaniego2 (1978) have presented a new set of type curves
that are given in Figure 9-9. Figure 9-9 shows a graph of log[pWD(kfbf)D]
versus \og[tDXf(kfbf)2

D\ The main feature of this graph is that for all values
of (k/bf)D the behavior of both bilinear flow (quarter-slope) and the
formation linear flow (half-slope) is given by a single curve. The type
curve match is unique because the transition period has a characteristic



shape. This comment is valid for dimensionless fracture conductivity,
(kfbf)D > 5TT. From the type curve match of pressure data for this case in
Figure 9-9, we obtain

Hence, for oil

(9-26)

Fracture half-length and fracture conductivity for oil are given by

(9-27)

(9-28)

Since the formation permeability is generally known from prefracture
tests, the dimensionless fracture conductivity can be estimated by using the
following equation:

Then using Table 9-1, find the value of r'Jx/; since x/ is known r'w can be
calculated. Estimate skin factor from Eq. 9-22.

If all pressure data fall on the transition period of the curve, type curve
matching (Figure 9-9) is the only analysis method available.

Case 3: Pressure Data Exhibit a Half-Slope Line on a log—log Graph (See
Figure 9-12)

There is no unique match with Figure 9-9; however, the linear flow
analysis presented by Clark4 can be applied to obtain fracture half-length
if formation permeability is known. In addition, a minimum value for the
dimensionless fracture conductivity, (kfbf)D, can be estimated using
Eq. 9-29. If the wellbore storage effects are present at early times in a test



tblf, maximum time at the
beginning of linear flow

teif, minimum value
of end of half slope

log time, t

Figure 9-12. Pressure data for a half-slope straight line in a log-log graph (after
Cinco and Samaniego, 1978).2

for this case, the analysis can be made using the type curve presented by
Ramey and Gringarten.3

ft \0 '5

(kfbf)D = 1.25 x 1 0 - 2 ( ^ J (9-29)

Using Table 9—1, find r'w/x/; then using Eq. 9-22, estimate skin factor, s.

Case 4: Pressure Data Partially Falling in the Pseudo-Radial Flow Period5

Figure 9-13 is a graph oipwD versus t^ which is the dimensionless time
defined by using r'w instead of x/. This curve provides an excellent tool for
type curve analysis of pressure data partially falling in the pseudo-radial flow
period because the remaining data must follow one of the curves for different
fracture conductivities. Table 9-1 must be used to determine (k/b/)D when
using Figure 9-13. The type curve in Figure 9-13 involves the following
steps:

1. Plot a log-log graph of the pressure data; neither a one-fourth-slope
nor a half-slope is exhibited by the data.

2. Apply Figure 9-13 to match pressure data.
3. Estimate reservoir permeability from pressure match point

(9-30)



End of bilinear flow

Beginning of semilog
straight line

End of linear flow

Figure 9-13. Type curve for a finite-conductivity vertical fracture (after Cinco and
Samaniego, 1978).2

4. Using information from time match estimate effective wellbore radius

(9-31)

5. By using [(kfbf)D]M in Figure 9-13, obtain (^/x/)TabIe ^1; hence

(9-32)

6. Estimate the skin factor as follows:

(9-33)

7. Calculate fracture conductivity as follows:

(9-34)

8. The pressure data falling in the pseudo-radial flow period also must be
analyzed using semilog methods to estimate k, r'w, and s.

The following three field examples illustrate the application of several of
the methods and theory previously discussed.



Example 9-16 Pressure Data Analysis for Pseudo-Radial Flow
A buildup test was run on this fractured oil well after a flowing time

of 1890 hours. Reservoir and test data are as follows: qo = 220 stb/day;
h = 49 ft; ct = 0.000175PSi"1; rw = 0.25 ft; pwf = 1704 psi; 0 = 0.15 (fraction);
IJi0 = 0.8 cP; ct = 17.6 x 10~6psi~!. Identify type of flow period and deter-
mine the following using type curve matching and semilog analysis techni-
ques, and estimate reservoir parameters.

Solution Figure 9-14 shows a log-log graph of the pressure data; from this
graph we can see that neither a one-fourth-slope nor a half-slope is exhibited
by the data. Figure 9-14 shows that the pressure data match the curve for
(k/bf)D = 2TT given in Figure 9-13 and the last 14 points fall on the semilog
straight line. Match points from Figure 9-14 are given below.

Pressure match points: (Ap)M = 100 psi, (PWD)M ~ 0-34
Time match points: ( A / ) M — 1 hour, {tDT1JM = ^-19

(PWD)M = 0.45, [ ^ J M = 1.95

From the pressure ? ch using Eq. 9-30, estimate reservoir permeability:

Beginning of semilog
straight line

Match points

Figure 9-14. Type curve matching for Example 11-2.



Using the information from time match in Eq. 9-31

From Table 9-1, Y1Jx1 = 0.403; hence, xf = 36.9/0.403 = 88.9 ft.
The skin factor is estimated by using Eq. 9-33:

From Eq. 9-34, the fracture conductivity is

Semilog analysis:
Figure 9-15 is a semilog graph for this example. The correct semilog

straight line has a slope m — 307psi/cycle and (Ap)1 hr = —47psi. The for-
mation permeability can be calculated from Eq. 5-2:

Slope, m = 307 psi

At (hours)

Figure 9-15. Semilog plot.



Table 9-2
Summary of Analysis Results

Analysis results Type curve matching solution Semilog solution

Permeability (mD) 2.07 2.28
Fracture skin factor, s/ —4.99 —4.8
Effective wellbore radius, r'w (ft) 36.89 30.37
Fracture half-length, xf (ft) 88.7 60.76
Fracture conductivity (mD ft) 1156 -
(kfbf)D 2n

Using Eq. 5-3, the fracture skin factor is

Find the effective wellbore radius by re-arranging Eq. 9-32:

Finally, the fracture half-length is calculated as:

Hence

Summary of analysis results is given in Table 9-2. The results provided by
both the type curve analysis and semilog analysis methods are reasonable.

From these examples it is demonstrated that type curve matching analy-
sis, when applied properly, provides an excellent diagnostic tool and a
technique to estimate both reservoir and fracture parameters.

9.7 Summary

• Prefecture information about the reservoir is necessary to estimate
fracture parameters.

• The type curve analysis methods must be used simultaneously with the
specific analysis methods to produce reliable results.



On/) versus tl/4,
(Pwf) versus tl/2, and
(pwf) versus log t

• It provides new techniques for analyzing pressure transient data for
wells intercepted by a finite-conductivity vertical fracture. This method
is based on the bilinear flow theory which considers transient linear flow
in both fracture and formation. These new type curves overcome the
uniqueness problem exhibited by other type curves.
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Chapter 10

Application
of Pressure
Derivative in Oil
Well Test Analysis

10.1 Introduction

The pressure derivative application in oil well test analysis involves the
combined use of existing type curves in both the conventional dimensionless
pressure form (pD) and the new dimensionless pressure derivative grouping
(PD X IDICD). Thus, this new approach has combined the most powerful
aspects of the two previously distinct methods into a single-stage interpretive
plot. Use of the pressure derivative with pressure behavior type curves
reduces the uniqueness problem in type curve matching and gives greater
confidence in the results. Features that are hardly visible on the Horner plot
or that are hard to distinguish because of similarities between a reservoir
system and another are easier to recognize on the pressure derivative plot.

10.2 Pressure Derivative Applications
in Well Test Analysis

Figure 10-1 illustrates the application of pressure derivative to homo-
geneous reservoirs, naturally fractured reservoirs, and vertically fractured
reservoirs.

10.3 Pressure Derivative Analysis Methods

Bourdet etal.3 developed a new set of type curves (see Figure 10-2) based
on the pressure and pressure derivative. In Figure 10-2, at early time, the
curves follow a unit-slope log-log straight line. When infinite-acting radial



Pressure derivative
applications

Homogeneous
reservoirs

Type curves presented in Figure 10-2 can be used to analyze a
well test with wellbore storage and skin effects. Unique match
points are obtained by matching the two straight lines (unit-
slope and the late-time horizontal lines)

Pressure match gives kh
Time match gives C and CD

Curve match gives s

Pseudo-Steady-State Interporosity Flow

This type of reservoir shows pseudo-steady-state interporosity
flow. Figure 10-4 is used for diagnosing dual-porosity behavior.
The derivative curve displays the double-porosity behavior and
limits of the three characteristic regimes such as:
1. Well on production

Initial flow regime - homogeneous behavior
2. Production continuous

Transient flow regime
3. When pressure equilibrates between two media

Homogeneous behavior characterizes the total system

Naturally
fractured
reservoirs

Pressure, time and data match points can
be used to calculate reservoir parameters

such as s, UJ, X and (CD)f+m using
Eqs. 10-1 through 10-4

Transient Interporosity Flow
Figure 10-5 can be applied to analyze transient interporosity flow.
Transient regime is described by a family of fi curves that are
identical to homogeneous C^e2* curves except that pressure and time
are divided by 2.

At early time - fissured flow -> /3' and (CD e2s)f+m

Pressure curves
Late time - homogeneous flow

Pressure, time, curve and transient curve match points can be
used to determine reservoir parameters kf, C, s and X

Vertical fractured
reservoirs

Figures 10-4 and 10-5 can be used to analyze transient
tests in both the pseudo-steady-state interporosity and transient
interporosity flows for fractured oil reservoir systems

Figure 10-1. Well with wellbore storage and skin in a homogeneous reservoir
(© SPE, [J. Pet. Techno/. Oct. 1988]).1

flow is reached at late time, the curves become horizontal at a value of
P'D^DICD) = 0.5. Between these two asymptotes, at intermediate times, each
CD Q2S curve produces a specific shape and is different for varying values of
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damaged well

non-damaged well

acidized well

Figure 10-2. Derivative and pressure type curves for a well with wellbore storage
and skin in infinite-acting homogeneous reservoir.3

CD e2*. Thus, it is easy and simple to identify the correct C^e2* curve
corresponding to the data. By matching the two straight lines (unit-slope
and the late-time horizontal lines) a unique match point is provided. The
double plot provides as a check, as the two data set must match on their
respective curves. The matching procedures for pressure buildup and draw-
down tests are as follows.

Pressure Buildup Test Data Matching Procedure

• Plot Ap versus Ar on 3 x 5-cycle log-log paper.
• Calculate the pressure derivative of the field data.
• Plot Af(Ap') versus At on same 3 x 5-cycle log-log paper.
• Select the best match by sliding the actual test data plot both horizon-

tally and vertically.
• Note the values of the match points:



• Determine the formation permeability, k, from pressure match points:

• Estimate the wellbore storage, C, from time match point

(10-1)

(10-2)

• Calculate the dimensionless wellbore storage, CD, from

(10-3)

• Estimate the skin factor, s, from curve match point:

(10-4)

Pressure Drawdown Test Data Matching Procedure

• Plot Ap = (pi — pwf) versus t on 3 x 5-cycle log-log paper.
• Calculate the pressure derivative of the field data.
• Plot t'(Ap') versus t on same 3 x 5-cycle log-log paper.
• Select the best match by sliding the actual test data plot both horizon-

tally and vertically.
• Note the values of the match points:

• Determine the formation permeability, k, from pressure match points:

(10-5)

• Estimate the wellbore storage, C, from time match point:

(10-6)



• Calculate the dimensionless wellbore storage, CD, from

(10-7)

• Estimate the skin factor, s, from curve match point:

(10-8)

Example 10-1 Analyzing Single-Rate Buildup Test Using Pressure Deriva-
tive Curves

A single-rate pressure buildup test was run in an oil well. Table 10-1
shows the pressure-time data. The reservoir and well data are: oil rate,
q0 = 550stb/s; h = 100 ft; /x = 0.95 cP; (3O = 1.05 rb/day; 0 = 0.16; ct =
1.95 x 10"5PSi"1; rw — 0.29 ft. Find the reservoir permeability and skin
factor. Table 10-1 shows single-rate pressure buildup data.

Solution The points are plotted on tracing paper superimposed on the
"homogeneous reservoir" set of curves. Figure 10-3 shows the matching
curve. The match points are:

Table 10-1

At (hr) Ap (psi)

0.19 70
0.28 98
0.58 145
0.82 171
1.12 188
2.20 219
4.01 248
6.75 277

10.71 290
14.92 301
20.70 310
29.82 315
40.45 325
60.00 330
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Figure 10-3. Buildup data plotted and matched to pressure derivative type curve
of Figure 10-2.

For the same point, the following are read on the type curve set:

and the designation of the superimposed type curve is noted as

From the pressure match points, calculate k using Eq. 10-5:



From the time match points, find the wellbore storage constant, C, using
Eq. 10-6:

Find the dimensionless wellbore constant, C/>, using Eq. 10-7:

Find the skin factor, s, from Eq. 10-8:

The above values indicate that the well has been improved.

10.4 Fractured Reservoir Systems

New type curves suitable for practical applications, based on the model
by Warren and Root, were introduced by Bourdet et al.2'3 These curves are
primarily used for diagnosing dual-porosity behavior and for ensuring that
an optimum, conclusive test is obtained. The idea behind these curves is that
the log-log plot consists of three typical flow regimes as follows:

1. The first flow regime represents radial flow in a homogeneous reservoir
with wellbore storage, skin, permeability, k/, and reservoir storage, St.

2. The second flow represents a transient period.
3. The third flow represents radial flow in a homogeneous system with

wellbore storage, skin, permeability, kf, and reservoir storage
(Sf + Sm).

Pseudo-State Interporosity Flow

Bourdet etal. type curves, as shown in Figure 10-4, can be used for the
analysis of fractured reservoirs with pseudo-steady-state interporosity flow.
Only two parameters (a; and A) characterize the reservoir heterogeneity.
The parameter UJ is defined as the ratio of fracture storage to total storage.



Dimensionless pressure, pD, and pressure derivative group, (tD /CD) pD

Approximate end
of unit slope

log—log straight line

Dimensionless time group, tjJCD

Figure 10-4. Type curve showing the behavior of both the pressure and its
derivative (after Bourdet et al., 1984).3 It can be used to analyze test data from
fractured reservoirs. The behavior of the pressure derivative is reasonably
resolutive for the identification of the transition period.

The interporosity flow parameter A is proportional to the ratio of matrix
permeability to fracture permeability. Thus,

(10-9)

where

Sf = fracture storage = <j>fCfhf

Sm = matrix storage = <j>mcmhm

and

(10-10)



where a is a shape factor, which is defined as

n = number of normal set of fractures
L — length of matrix, ft.
In Figure 10-4, the dimensionless pressure (po versus tj)/Cj)) curves

show two families of component curves such as the Cp Q2S curves that
correspond to homogeneous behavior and the A e2s curves that show pres-
sure behavior during transition. The pressure derivative curve response
follows this sequence:

• Initially, due to wellbore storage effects, the derivative curve follows
(CD zls)f = 1 type curve.

• When the infinite-acting radial flow occurs in the fissured system, the
pressure derivative group will follow the 0.5 horizontal straight lines.

• During the transition period, when pressure stabilizes, the derivative
with respect to natural logarithm of time drops and follows the
AQ)/a;(l — J) type curve until it reaches a minimum and then bounces
back up along the ACz>/(l — J)2 curve before returning to the 0.5
straight line. The 0.5 horizontal lines correspond to the infinite-acting
radial flow in the total system (CD Q2s)f+m.

To use the type curve in Figure 10-4, one has to match the early data with
one of the type curves labeled CD e2s. The label of the matched curve is now
referred to as (CD e25)/- The permeability, kf, is calculated from the pressure
match and C is calculated from the time match. The matching procedure is
as follows:

• Plot pressure derivative versus A^ on log-log graph paper.
• Plot Apws versus At on log-log paper.
• Match the derivative curve with one of the derivative type curves of

Figure 10-4.
• Choose any point and read its coordinates on both figures. Thus,

would become known. Also, read the matched derivative curve labeled
XCD/(I - UJ)2; here CD is CDf+m.

• Now, with the match still maintained, change your focus from the
derivative curve to the data curve. Read the values of the curves labeled
CDQ2S, which match initial and final segments of the data curves,
(CD Q2s)f and (CD e2s)f+m, respectively.



• Calculate the different parameters as follows:

(10-11)

(10-12)

(10-13)

(10-14)

Assuming that the total reservoir storage (S/ + Sm) is known from well logs,

(10-15)

and A can be calculated from the label of the matched derivative curve
XCDfJ(l-uj)2:

(10-16)

Transient Interporosity Flow

Bourdet etal. type curves, as shown in Figure 10-5, can be used for the
analysis of fractured reservoir with transient interporosity flow.3 The tran-
sient period is described by a family of /?' curves that are identical to
homogeneous CD e2s curves except that pressure and time are divided by 2.
In the transient interporosity flow period, the double-porosity responses do
not flatten out but tend to develop a semilog straight line, the slope of which
is half of the true radial flow slope. The dimensionless interporosity transient
flow parameter /3f is defined by the following equation:

(10-17)



Dimensionless pressure, pD and pressure derivative group, \tD ICn) p'n

Approximate end
of unit slope

log-log straight line

Dimensionless time group, tD ICn

Figure 10-5. Type curve matching the behavior of both the pressure and its
derivative (after Bourdet et al., 1984).18 Transient interporosity fluid flow behavior.

where
Sf = matrix block shape factor

= 1.8914 for slab matrix block
= 1.0508 for spherical matrix block.

(The choice of matrix geometry for interpretation has to be supported by
geological models.)

Figure 10-5 shows the following characteristics:

1. /?': At early time, the fissured flow (CDe2s)f is masked by wellbore
storage, and the pressure response starts on the transition curve.

2. (CD Q2s)f+m: At late time, the homogeneous behaviors corresponding to
the total system parameters are reached.

The derivative of pressure curves is three-component curves.

1. /?': At early time, the response first follows an early-transition deriva-
tive curve.

2. 7(C/))/+m/(l — oo)2\ A late-transition curved is reached.
3. 0.5: At late time, the homogeneous behavior corresponding to

(CD z2s)f+m is, in general, reached on the 0.5 lines.

As presented in the previous sections, kf and C are calculated from
pressure and time match, respectively. The skin factor, s, is obtained from



the curve match and Eq. 10-18. The parameter A is calculated from the
transition curve match and the following equation:

(10-18)

10.5 Pressure Derivative Trends for Other
Common Flow Regimes

Figure 10-6 shows pressure derivative trends for common flow regimes.

Wellbore storage
dual-porosity matrix to

fissure flow
Semilog straight lines with slope= 1.151.

Parallel straight-line responses are characteristics of naturally
fractured reservoirs

Dual-porosity with
pseudo-steady-state
interporosity flow

Pressure change slope •* increasing, leveling off increasing
Pressure derivative slope = 0, valley = 0

Additional distinguishing characteristic is middle-time valley trend
Duration is more than 1 log cycle

Dual-porosity with
transient interporosity

flow

Pressure change slope, A(p) -> steepening
Pressure derivative slope, A(p')At = 0, upward trend = 0

Additional distinguishing characteristic -> middle-time slope doubles

Pseudo-steady state

Pressure change slope, A(p) -> 1 for drawdown and zero for buildup
Pressure derivative slope, A(p')At -> 1 for drawdown and steeply

descending for buildup
Additional distinguishing characteristic -^ late-time drawdown

pressure change and derivative are overlain; slope of 1 occurs much
earlier in the derivative

Constant-pressure
boundary (steady state)

Pressure change slope -> 0
Pressure derivative slope -> steeply descending

Additional distinguishing characteristic -> cannot be distinguished
from pseudo-steady state in pressure buildup test

Single sealing fault
(pseudo-radial flow)

Pressure change slope -> steepening
Pressure derivative slope -> 0, upward trend -> 0

Additional distinguishing characteristic -> late-time slope doubles

Elongated reservoir
linear flow

Pressure change slope -> 0.5
Pressure derivative slope -^ 0.5

Additional distinguishing characteristic -> late-time pressure change
and derivative are offset by factor of 2; slope of 0.5 occurs much

earlier in the derivative

Figure 10-6. Illustration of pressure derivative trends for other common flow regimes.



10.6 Summary

• A new technique is presented to analyze data in the bilinear flow period.
It is shown that, during this flow period, a graph of pw/ versus t1^4 yields
a straight line when slope is inversely proportional to /*/(&/&/)1/2.

• New type curves are now available for pressure analysis of fractured oil
wells, and the problem in the analysis is reduced considerably with the
use of these type curves.

• Prefracture information about the reservoir is necessary to estimate
fracture parameters.

• The type curve analysis method must be used simultaneously with the
specific analysis methods pw/ versus /1/4, pw/ versus £1/2, and pw/ versus
log t to produce reliable results.
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Chapter 11

Massive
Hydraulic-Fractured
Oil Well Behavior
Analysis

11.1 Introduction

Agarwall etal.1 and Cinco-Ley and Samaniego2 presented a new set of
type curves. These type curves were specifically needed for massive hydraulic-
fractured (MHF) wells to handle production under constant pressure and
constant rate. A fracture is said to have an infinite flow capacity when there
is little or no pressure drop along the axis of the fracture. The fracture is said
to have a finite flow capacity when there is a significant pressure drop along
its axis. Since the distinction between the definitions of fracture flow capacity
and formation flow capacity is often confusing, it may be worthwhile to
restate the definition of the formation flow capacity.

Formation flow capacity = kh (mD-ft) (H~l)

Fracture flow capacity = k/w (mD-ft) (11-2)

11.2 Methods of Evaluating MHF Oil Wells

Figure 11-1 illustrates the methods of analyzing MHF wells.

11.3 Analyzing Infinite Flow Capacity Fractures

In a fractured well, where fracture flow capacity is high and wellbore
storage and damage effects are minimum, early-time flow should be linear,
and early-time pressure data plotted as a function of Vtime should fall on a



Fracture characteristics
estimation techniques

Infinite flow capacity fractures Finite flow capacity fractures

Conventional methods of analysis
such as semilog analysis and square
root time graph method can be used

for only this type of fracture.
Estimate fracture length using

Eq. 11-3

Constant well pressure
and

constant-rate type curves

Low-permeability oil
wells normally produced
at constant well pressure

High-permeability oil
wells produced usually

at constant rate

Estimate fracture flow capacity and fracture
length using Eqs. 11-6 and 11-7, respectively

Figure 11-1. Methods of evaluating MHF oil wells.

straight line. The slope of this straight line can be used to determine the
fracture length by the following equation:6'7

(11-3)

When using the fracture length equation, the formation permeability k can
be estimated from a semilog plot of late-time post-fracturing buildup data.
The type curve analysis methods described in Chapter 8 can also be used for
infinite flow capacity fractures.

11.4 Analyzing Finite Flow Capacity Fractures

Constant Wellbore Pressure Case

Figure 11-2 presents the constant wellbore pressure type curves for finite
flow capacity fractures. These type curves are especially useful when analyz-
ing performance data (production rate versus time) for MHF oil wells that
generally are produced at a constant wellbore pressure rather than a con-
stant rate. The reciprocal of the dimensionless rate, l/<7/>, was plotted as a
function of dimensionless time, ^ x / , on log-log paper with dimensionless
fracture flow capacity, FCD, as a parameter. Definitions of l/qn, tDxf, and
FCD are defined as follows.
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Figure 11-2. Constant-pressure log-log type curves for finite-capacity vertical
fractures (after Agarwall etal., Jan. 1979).1

Dimensionless rate, l/qn'

[U-A)

Dimensionless time, tDxf

Dimensionless flow capacity, FCD-

(11-5)

(11-6)

Fracture half length, Xf.

(11-7)

Fracture skin, sf.

(11-8)



Constant-Rate Case

Figure 11-3 presents the constant-rate type curves for finite flow capacity
fractures. Dimensionless pressure drop pWD has been plotted as a function of
dimensionless time tDxf on log-log paper with the dimensionless fracture
flow capacity FQD as a parameter. Dimensionless variables shown in Figure
11-3 are defined as follows.

Dimensionless pressure, pwD\

Dimensionless time, tj)Xf.

(11-9)

(11-10)

Dimensionless flow capacity, FQD, here is defined as

(11-11)
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Figure 11-3. log-log type curve for finite-capacity vertical fractures (constant well
rate) (after Cinco-Ley and Samaniego, 1981).4



This definition of the dimensionless fracture flow capacity is slightly different
from that used by earlier investigators, but appears more convenient.

Definition in terms of Prats etal. (1962):

(11-12)

Definition in terms of Gringarten etal.5

(11-13)

Fracture conductivity:

(11-14)

Fracture half-length, xf.

(11-15)

Fracture skin, sf.

(11-16)

The value of fracture skin s/ may be calculated using Eq. 11-17 or from
Table 11-1:

(11-17)

The dimensionless fracture flow capacity FQD ranges from 0.2 to 100
(Figure 11-3). Note that the higher values of FCD normally correspond to
higher fracture flow capacity. However, higher values of FQD may also be
caused by lower formation permeability or short fracture length. The infinite
flow capacity fracture solution is shown by the dotted line in Figure 11-3.
A curve for FQD values of 100 or greater should represent an infinite
flow capacity fracture approximately. This accounts for the utility of the
infinite flow capacity type curves of Gringarten etal. for the analysis of
wells stimulated with conventional fractures. For greater values of tDxf,
Cinco-Ley et al. type curves may be used. For toxf values smaller than
10~5, type curves are influenced by porosity and compressibility in the
fracture.



Table 11-1
Pseudo-Skin Factor for a Well with a
Finite-Conductivity Vertical Fracture2

kfl>wfl>=*£f Sf\n{xflrw)

0.1 3.00
0.2 2.10
0.3 2.40
0.4 2.20
0.5 2.00
0.6 1.90
0.7 1.85
0.8 1.75
0.9 1.73
1.0 1.60
2 1.20
3 1.10
4 1.00
5 0.94
6 0.90
7 0.85
8 0.88
9 0.84
10 0.82
20 0.800
30 0.790
40 0.770
50 0.785
60 0.778
70 0.777
80 0.776
90 0.775
100 0.774
200 0.772
300 0.772
400 0.772
500 0.772
600 0.772
700 0.772
800 0.772
900 0.772
1000 0.772



11.5 Estimating Formation Characteristics
of Finite Conductivity Fractures

Agarwall etal.1 and Cinco-Ley and Samaniego4 have provided log-log
type curve to analyze finite conductivity vertical fracture, which is a plot of
dimensionless pressure pD versus dimensionless time tp with cr as a param-
eter (Figure 11-4). An interesting finding was that for a well with a low- or
an intermediate-conductivity fracture, the slope at early times did not exhibit
the typical one-half slope straight line. The following key assumptions were
used in developing these curves:

• A homogeneous isotropic horizontal infinite reservoir of constant thick-
ness, h, permeability, k, and porosity, </>, which are independent of pressure.

• Viscosity and compressibility are constant. Production comes from a
vertical fractured well intersected by a fully penetrating finite-conductivity
fracture of width, w, half-fracture length, r/, and permeability, kf.

Quantitative reservoir evaluation is carried out with the use of pD and tD

as mentioned earlier, and a new parameter called dimensionless fractured
conductivity cr is introduced as

(11-18)
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vertical fracture
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Figure 11-4. Constant-rate type curves for finite flow capacity vertical fracture.1'2



(11-19)

where
CfD = dimensionless fracture storage capacity
rjfD — dimensionless fracture hydraulic diffusivity
The product of the following two dimensionless variables can also express

the dimensionless fracture flow conductivity:

(11-20)

(11-21)

where
kfD = dimensionless fracture permeability
WfD — dimensionless fracture width

Combining Eqs. 11-19 through 11-21 leads to the relationship

(11-22)

Eq. 11-22 can be useful to analyze the pressure behavior in wells with a
finite-conductivity vertical fracture. Table 11-1 can be used to correlate the
fracture skin factor (or pseudo-skin effect) from which it is possible to
evaluate Sf as a function of \^fDkfD and Xx/rw.

Curve Matching Procedures

• Prepare a log-log plot of Ap versus time on a sheet of tracing paper,
where Ap is the incremental pressure (psi) that is equal to pt — pwf (for
drawdown test) and pws — pwf (for buildup test), and time = t in a
drawdown test and time = A n n buildup test.

• Note the slope for early-time data.
• Place the data curve over the type curve for a finite-conductivity vertical

fracture and displace until a match was obtained.
• Record the values of match point (PD)M> (A/?)M> (%)JI/J (0M>

 a n ^ value
of parameter cr.

• Estimate the formation permeability k from pressure match point:

(11-23)



• Calculate the half-fracture length from time match point:

(11-24)

• Calculate the fracture conductivity:

(11-25)

• Determine the fracture skin factor with the use of Table 11—1:

(11-26)

Example 11-1 Analyzing Pressure Drawdown Test Using Cinco etal. Type
Curves for Finite-Conductivity Vertical Fracture

The reservoir and drawdown data are given below and are presented in
Table 11-2.

0 = 0.25; h = 25 ft; rw = 0.29 ft; q = 275stb/day; ct = 19.5 x lO^psi"1 ;
Pi = 2850 psi; /i = 0.75 cP; and /3 = 1.550 rb/stb. Estimate k, x/, k/w, and s/.

Table 11-2
Pressure Drawdown Test Data

Time, t (hr) Pressure, pwf (psi) Ap = (pt - pwf) (psi)

0.30 2791 59
0.55 2780 70
1.05 2768 80
2.55 2742 108
5.50 2728 136

10.0 2714 170
20.0 2680 215
30.0 2635 240
40 2610 265
50 2585 282
60 2568 300
70 2550 315
80 2545 330
90 2520 337

100 2518 350
155 2558 392



Solution To analyze this test, follow these steps: A log-log cross-plot of
(Pi — Pwf) versus time was prepared on a sheet of tracing paper (Figure 11-5).
Notice that at early times the slope is smaller than 0.5. The data curve was
placed over the type curve for a finite-conductivity vertical fracture
(Figure 11-6).

Shut-in time, At (hours)

Figure 11-5. log-log data plot.

D
im

en
si

on
le

ss
 p

re
ss

ur
e,

 p

Uniform-flux solution

Pressure match points
are:

(A/?)M=110psi
Time match points are:

( V M = 2 ' 5

(A0M = 95h

Dimensionless time, ?D ,

Figure 11-6. Constant-rate type curves for finite flow capacity vertical fracture.2



This match was obtained, and the pressure and time match points are

Ow/))M = 0.51psi, (A/>)M = 110psi, (/z>/)M = 2.5hours, (A/)M = 95hours

Estimate the formation permeability k from Eq. 11-23:

Determine the half-fracture length x/ from Eq. 11-24:

Calculate the fracture conductivity using Eq. 11-25:

Figure 11-4

Figure 11—4

Estimate the fracture skin factor using Eq. 11-26:

This skin factor indicates that the fracture is large enough to provide an
improvement in well productivity in spite of the fact that the dimensionless
fracture conductivity has an intermediate value.

Conventional Method of Analysis

Pressure drawdown test is long enough to reach and pass the dashed line
representing the approximate start of the semilog straight line. This com-
pares very favorably with the semilog graph in Figure 11-7, which shows a
straight line through the last points with a slope m = 285psi/cycle.

• Calculate the conventional formation permeability k from Eq. 11-28:
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Slope, m = (2430 - 2685)/(log 10 - log 100)
= 255psi/cycle
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Figure 11-7. Semilog data plot.

which compares with 8.39 mD calculated by type curve matching
technique.

• Calculate the skin fracture from Eq. 11-29:

which compares with 6.63 calculated by type curve matching technique.
This skin factor indicates that the fracture is large enough to provide an
improvement in well productivity in spite of the fact that the dimension-
less fracture conductivity has an intermediate value.

• Estimate the fracture half-length x/ from the following equation:

(11-27)

The X/ = 2rw e sf can rarely be used in practice. Because this equation
applies only for infinite-conductivity fractures, the fracture half-length can
be underestimated from finite-conductivity fractures using this approach.



11.6 Pretreatment Testing of Hydraulically
Fractured Candidate

This section presents the theoretical and practical aspects of methods used
to determine the formation permeability, fracture length, and fracture con-
ductivity in low-permeability, hydraulically fractured oil reservoirs.

Horner Analysis

Plot buildup test data on a conventional Horner graph, determine the
slope m, and thus estimate the formation permeability k from equation

(11-28)

and fracture skin factor s/ from equation

(11-29)

Calculate the fracture half-length from equation

(11-30)

Linear Flow Analysis - High-Conductivity Fractures

When linear flow into a fracture dominates (at earliest times), a plot of Ap
versus a square-root-of-time function will result in a straight line with slope
m/f related to the fracture half-length and formation permeability:

(11-31)

(11-32)

Calculate the fracture skin factor, s/,

(11-33)



Eq. 11-33 limits its applicability in many cases. These limiting assumptions
include the following:

• Formation permeability k must be available, if we wish to estimate x/.
• High fracture conductivity (but not infinite) and FCD are greater than 100.
• Earliest time data is dominated by linear flow and no wellbore storage

distortion.

Type Curve Analysis

Several type curves4"6'8 have potential application to analysis of transient
tests in low-permeability fracture oil reservoirs. Particularly important are
Cinco etal.'s2"4 curves and Agarwal etal.'s1 curves for finite-conductivity
fracture. These type curves have been discussed in Chapter 8.

Bilinear Flow Analysis - Low-Conductivity Fractures

In the case of the bilinear flow regime, a Cartesian graph of Ap versus tl/4

would yield a straight line. From the slope, the fracture permeability width
kf\v product may then be calculated using

(11-34)

(11-35)

Note that the reservoir permeability k is calculated from semilogarithmic graph.

11.7 Summary

Based on the material presented in this chapter, the following remarks are
pertinent:

• New type curves are now available for pressure analysis of MHF oil
wells and the problem in the analysis is reduced considerably with the
use of these type curves.

• Prefracture information about the reservoir is necessary to estimate the
fracture parameters.

• The type curve analysis method must be used simultaneously with the
specific analysis methods to produce reliable results.



• This chapter also reviews the advances in oil well stimulation techniques
such as MHF. It is a proven technique for developing commercial wells in
low-permeability or "tight" oil formations. Limitations of conventional
analysis methods and alternative techniques for determining fracture length
and fracture flow capacity on MHF wells are presented. This chapter also
discusses how to analyze past performance and forecast future performance
of tight oil wells stimulated by MHF using finite fracture flow capacity type
curves. The limitations of conventional pressure transient analysis and
other methods of evaluating MHF treatment are discussed. A set of con-
stant well rate and wellbore pressure type curves are also presented.
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Chapter 12

Drill-Stem Testing
Methods

12.1 Introduction

Drill-stem testing provides a method of temporarily completing a well to
determine the productive characteristics of a specific zone. As originally
conceived, a drill-stem test provided primarily an indication of formation
content. The pressure chart was available, but served mainly to evaluate tool
operation. Currently, analysis of pressure data in a properly planned and
executed DST can provide, at reasonable cost, good data to help evaluate
the productivity of the zone, the completion practices, the extent of forma-
tion damage and perhaps the need for stimulation. A drill-stem test provides
an estimate of formation properties and wellbore damage. These data may
be used to determine the well's flow potential with a regular completion that
uses stimulation techniques to remove damage and increase effective well-
bore size.

Reservoir characteristics that may be estimated from DST analysis
include:

• Average effective permeability. This may be better than core permeabil-
ity since much greater volume is averaged. Also, effective permeability
rather than absolute permeability is obtained.

• Reservoir pressure: Measured, if shut-in time is sufficient, or calculated,
if not.

• Wellbore damage: Damage ratio method permits the estimation of what
the well should make without damage.

• Barriers, permeability changes, and fluid contacts: These reservoir
anomalies affect the slope of the pressure buildup plot. They usually
require substantiating data to differentiate one from the other.

• Radius of investigation: An estimate of how far away from the wellbore
the DST can "see".

• Depletion: Can be detected if the reservoir is small and the test is
properly run.



12.2 DST Equipment and Operational Procedures

The DST tool is an arrangement of packers and valves placed at the end
of the drill pipe. The packers help in isolating the zone of interest from
drilling mud in the hole and to let it produce into the test chamber, drill
collar, and drill pipe. The packers also help in reducing wellbore storage
effects. Figure 12-1 shows a diagram of operational DST tool and sequence
of operations for MFE tool.

DST Pressure Behavior

Figure 12-2 shows a pressure record from a drill-stem test. Sequences of
pressure recording are:

A. Increase in hydrostatic mud pressure as the tool is lowered into the
hole.

B. Setting of the packers causes compression of the mud in the annulus in
the test interval, and a corresponding increase in pressure is noted.

C. When the tool is opened and inflow from the formation occurs, the
pressure behavior is as shown in this section.

Drill-stem

Reverse
circulation

valve

Multi-flow
evaluator

Bypass
valve

Hydraulic
jars

Safety
joint

Safety seal
packer

Anchor and
pressure
recorders

Basics of DST Operations

The drill-stem test often uses two bombs and one or
more flow, and shut-in sequences are recorded.
Some important factors of the DST chart are:

1. Going into hole
2. Initial flow period
3. Initial shut-in period
4. Final flow period
5. Final shut-in period
6. Going out of hole

In summary, the DST, if properly applied, has
become a very useful tool for the Well Completion
Engineer

Figure 12-1. Operational DST tool.
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Figure 12-2. DST pressure record.

D. After the test tool is closed, a period of pressure buildup results.
E. Finally, the test is ended and the packers are pulled loose, causing a

return to hydrostatic mud pressure.
F. Tool is pulled. Fluid recovery from the test may be determined from

the contents of the drill pipe or from the amount recovered at the
surface if a flowing DST is obtained.

12.3 Recommended Flow and Shut-in Time
for Drill-Stem Tests

The key to DST evaluation is obtaining and recording good data. The
DST must be planned to fit the specific situation. Past experience in the
area should be studied in planning subsequent tests. The first flow is very
short and is designed (usually 5-15min) to remove any excess pressure,
which may have resulted from setting the packers. The first buildup is
rather long (usually 30-60 min) since reliable value for the initial reservoir
pressure is desired. The second flow is somewhat longer and is designed
(usually 60 min) to evaluate the formation for some distance from the well.
The second shut-in is usually 30 min to several hours to calculate the
transmissibility and other characteristics of the reservoir. If the second
extrapolated pressure idles than the pressure of the first shut-in, depletion
of the small reservoir should be suspended. If extrapolated pressure p* is
equal to pt from the two shut-in periods, then depletion results. Figure 12-3
shows the DST pressure chart for a two-cycle test. The first cycle in Figure
12-3 includes the initial flow and buildup periods, while the second cycle
includes the second flow and final buildup periods. Figure 12-4 shows tests
with more than two cycles are possible. In this figure, the pressure increases
upward.
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Figure 12-3. DST pressure chart for a two-cycle test.

12.4 Troubleshooting DST Pressure Charts

It is important to carefully examine the DST charts and decide if the test
was mechanically and operationally successful. A good DST chart has the
following characteristics:

• The pressure base line is straight and clear;
• Recorded initial and final hydrostatic mud pressures are the same and

are consistent with depth and mud weight;
• Flow and buildup pressures are recorded as smooth curves.

The DST pressure chart will also indicate bad hole conditions and
tool malfunctions, and other difficulties can be identified from the DST charts.
The actual DST charts on the following pages show examples of DST
problems that restrict the calculation possibilities. Included also are sample
situations which can be reasonably interpreted by "eyeball" methods.

DST Charts for Barrier Detection

To recognize a poor DST, one must be familiar with DST chart char-
acteristics. Murphy12 and Timmerman and Van Poollen3 provide such infor-
mation. A good DST chart has the following characteristics: (a) the pressure
base line is straight and clear; (b) recorded initial and final hydrostatic mud
pressures are the same and are consistent with depth and mud weight; and
(c) flow and buildup pressures are recorded as smooth curves.
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Figure 12-4. Three-cycle drill-stem test.

Figures 12-5 through 12-8 illustrate the pressure chart interpretation for
various testing conditions.3'12'13 The captions of each figure explain its
characteristics.

12.5 Checking Validity and Consistency
of Reporting DST Data

To check the recorded (DST) data, follow these steps:

• Calculate the hydrostatic mud pressure and check against the recorded
initial and final hydrostatic mud pressures by using the following equations:



Figure 12-5. (a) Fluid loss before packer, (b) Leak in drill pipe, (c) Leak in drill pipe,
(d) Effect of rough sea.

Mud gradient = -̂—— x mud weight in lb/gal (ft/psi) (12-1)
8.33

Hydraulic pressure = Well depth in feet x mud gradient (psi) (12-2)

Mud weight = Hydrostatic pressure x well depth

X£§3 (lb/gal) (12~3)

• Check with the reported mud weight;
• Check accuracy of pt [estimated from extrapolated MTR line of the

second shut-in to (tp + At)/At = I].

12.6 Estimation of Average Flow Rate

To calculate the initial flow rate (DST), follow these steps:

• Calculate mud gradient, MGR, as

MGR = (mud density, lb/gal) ( ^ ^ J (psi/ft) (12-4)
\ 8.33/



Figure 12-6. (a) Packer failed and could not be set. (b) Runaway clock. Clock
spring released, (c) Tool failed to close. No buildup is obtained, (d) Tool failed to
open, (e) Clock stopped at shut-in drill-stem normal, (f) Effect of large super-
pressure. Pressure buildup during flow and buildup period, (g) No formation per-
meability small amount of mud may be recovered, (h) Low-permeability formation.



Figure 12-7. (a) Gauge plugged with tool on bottom before packer was set.
(b) Gauge plugged after packer was set but before tool was opened, (c) Two-layer
effects. Caused by two producing zones, (d) Well interference. The DST is usually
too short to notice interference with today's well spacing, (e) Two tests with
the same gauge. Second buildup-extrapolated pressure is lower than that of first,
(f) Gauge gradually plugged during flow period.



Figure 12-8. (a) Gauge plugged during flow and unplugged late in buildup,
(b) Single test with two gauges. Suggests highly permeable formation with little
or no skin, (c) This behavior typically occurs in gas reservoirs when flow occurs at
the surface, (d) The rippled appearance in the flow curve indicates that gas has
broken through the liquid in the drill string and the well flowing by heads.

• Estimate feet of mud, FOM, as

• Calculate capacity of the drill collar, CDR, as

(12-5)

where
wellbore storage coefficient

p = fluid density (lbm/ft3) =

rp = ID drill collar (ft)
API — fluid gravity



• Estimate fluid produced from formation, FPF, as

(12-6)

• Calculate initial flow rate

12.7 DST Analysis Methods, Uses, and Limitations

Analysis of DST provides a practical and economical means for estimating
important formation parameters prior to well completion. A proper run and
interpreted DST yield more valuable information. DST pressure buildup data
are analyzed much like any other pressure buildup data; the techniques of
Chapter 5 apply. Figure 12-9 shows various DST analysis methods, uses, and
their limitations.

Analysis Methods and Their Limitations

Homer's plot method

Pressure buildup data
commonly analyzed using

Horner and MDH
techniques, when formation
thickness and fluid viscosity

are known and shut-in
period is long enough, and if

wellbore storage is not
dominant. Horner plot of the
buildup data has a straight-
line section with slope -m.

The value of m may be used
to determine formation

characteristics

Type curve matching methods Computer matching DST

If wellbore storage is
significant then use

Ramey, Agarwal and
Martin Type curves.4

Include skin effect that may
be used to analyze DST flow
period data as long as flow
does not reach the surface
and there is no significant

change in the wellbore
storage coefficient. This

method cannot apply under
constant-rate conditions, and

can only be used to check
the accuracy.

Particularly useful when
conventional

interpretation techniques
cannot be applied with
confidence. It requires

numerical reservoir
simulator and uses a

history match approach to
vary formation properties

until the simulator
matches the DST pressure

and rate

Kohlhaas Type Matching Curves5

This method was used previously in water-well analysis. Can be applied to oil wells to determine khln, storage
coefficient. This method has the following limitations:

o Used in conjunction with results of buildup analysis that yield an improved reservoir evaluation for field use.
o Estimate kh/fj, during a flow period of generally short duration; the results are influenced strongly by

condition near the wellbore.

Correa and Ramey Method
This method is based on Soliman's work (1982). Correa and Ramey (1986) showed that if the average flow rate is
known and At > tp, then a plot of p versus tJ[tp + At] on rectangular graph paper should give a straight line
of slope from which the formation 'permeability and skin factor can be determined. Extension of the straight line to
[tp/[tp + At] = 0 should provide initial pressure, pt. The limitation is:

o This method cannot be used in a multiphase environment.

Figure 12-9. Most common methods to analyze DST data and their limitations.



Horner's Plot Method

DST pressure buildup data are analyzed much like any other pressure
buildup data. In a DST, the flow period is about the same duration as the
shut-in period, and so pressure buildup data must be analyzed with the
Horner plot, pws versus log[(tp + At)/At]. The value used for tp is usually
the length of the proceeding flow period. However, if initial flow period is
very long, it is more accurate to use the sum of the flow period length for tp

for the final buildup. If the shut-in period is long enough, and if wellbore
storage is not dominant, a Horner plot of buildup should have a straight-line
section with slope —m, the value of m may be used to estimate the formation
permeability k from the following equation:

(12-7)

Formation thickness h must be the net thickness of productive zone, which
should be determined from log analysis. If net thickness h is not available, kh
or formation capacity is determined:

(12-8)

If all the reservoir parameters are unknown, transmissibility kh/^0f30 is
estimated:

(12-9)

If JJL0 and h are not known, kh/\io may be estimated by rearranging
Eq. 12-9.The flow rate normally used is the average over tp. Many times
DST results are affected by formation damage. Thus, to be meaningful, the
effect of flow restriction caused by the damaged zone must be accounted for
in analyzing a specified DST. The skin factor is estimated from the following
empirical equation for a dimensionless value s denoting "skin factor."

(12-10)

The term log[(^ + l)/tp] is normally neglected when tp» 1 or when the
skin factor is high.

The skin factor is useful in comparing damage between wells; however, it
cannot be readily applied to a specified formation to show what that zone
should make if damage was removed. Zak and Phil Griffin8 carried



Eq. 12-10 one step further introducing the concept of damage ratio (DR),
which compares flow rate observed on a DST (q0) to the theoretical flow rate
without damage (qt).

(12-11)

An equation for calculation of DR based on the skin factor is related to the
equation14

(12-12)

DR substantially greater than 1.0 indicates damage. Eq. 12-12 can be simpli-
fied by assigning average values to the formation parameters k, 0, cu /i0, and
rw. This produced an equation for estimated damage ratio (EDR):

(12-13)

An equation for calculation of DR based on the skin factor relation is
reported as

(12-14)

where pressure drop across the skin is computed as

(12-15)

A more dependable means of evaluating the necessity of well remedial
treatment for skin effect or for production stimulation is by calculating the
flow efficiency of the well:

Flow efficiency (12-15a)

Initial or average pressure p is estimated by extrapolating the Horner
straight line to infinite shut-in time (tp + At)/At = 1. Both the first buildup
plot and the second buildup plot extrapolate to the same static or initial
pressure. A second DST is sometimes required to define the depletion. If the
second buildup static pressure is lower than the first, then depletion of the
reservoir is possible.



If the rate varies during the flow period, then the multiple analysis
technique is used. Odeh and Selig2 proposed a simplified analysis technique
that is useful for large rate variation when tp is less than shut-in time. The
rate and tp are modified by

(12-16)

(12-17)

The modified values, t* and q* are used in the Horner plot. For practical
purpose, the radius of investigation during DST is equivalent to the radius of
drainage given by

(12-18)

The following equation from Van Poollen1 may be used to estimate
the radius of investigation of a particular DST in an infinite radial flow
system:

(12-19)

Type Curve Matching Methods4'5

Using Ramey, Agarwal, and Martin Type Matching Curves

These type curves shown in Figure 12-10 include skin effect that may be
used to analyze DST flow period data. In this figure, the dimensionless
pressure ratio is defined as

(12-20)



Figure 12-10. Semilog type curves for DST flow period for early- and late-time
data (after Ramey etal.).4

where p0 is the pressure in the drill string immediately before the flow period
begins or for the final flow period p0 would be the pressure at the end of first
flow period.

The dimensionless time to is defined by

(12-21)

and the dimensionless wellbore storage coefficient is defined by

(12-22)

For a DTS flow period, the wellbore storage coefficient usually results from
a rising liquid level in the drill pipe. Thus,



where V11 is the volume per unit length of the drill pipe in barrels per foot. The
following steps are used to analyze DST test using Ramey et al. type curves:

• The matching technique is similar to the method described in Chapter 8.
The pressure ratio always goes from zero to one and is independent of
flow rate and formation properties.

• Plot pressure ratio versus log time, minutes on semilog tracing paper
(same scale as type curve).

• Laid over the grid of Figure 12-10, the pressure scale is fixed. When
tracing paper data plot is slid to match one of the type curves, only
horizontal section is used.

• Once the field data have been matched to one of the type curves, data
from both the overlay and the underlying type curves are read at a
convenient match point.

• Three data items are required
• Parameter on curve match {CDQ2S)M\

• The time scale match point tM\
• And the corresponding point from the type curve, (^/C/>)M.

Permeability may be estimated from the time scale match point by using
the following equation:

(12-23)

(12-24)

Skin factor is estimated from the parameter on the curve matched

(12-25)

DST analyses commonly report damage ratio, DR

(12-26)

where the pressure drop across the skin is computed:

(12-27)



Using Kohlhaas et al. Method5'6 Type Matching Curves

This method can be used in conjunction with data from buildup analysis,
the reservoir evaluation of reservoir conditions through verifying or con-
trasting of results. These type curves are shown in Figure 12-11.

Method of Analysis

• Record pressure during the flow period between initial and final shut-in
pressure.

• Calculate (pw — pd/(po — Pi) versus time and plot on graph paper of the
same type and size where p0 is the pressure at the beginning.

• Obtain match point; curve match Cr1Jr^ with [Tt/r^]M; find [t]M in
minutes corresponding to match points where T is equal to kh\\i.

• Calculate permeability from the time scale match points:

(12-28)

Figure 12-11. Type curves for flow period analysis.5



• From value of curve and with rs and rp, calculate wellbore storage
coefficient, C

(12-29)value of curve

where rs and rp are radii of hole size and drill pipe, respectively.

• Porosity is estimated as

(12-30)

Correa and Ramey's Method9'10

Correa and Ramey showed that if the average flow rate, qavg, is known
and At > tp then a plot of pws versus tp/[tp + AO on rectangular graph
paper should give a straight line of slope mc, from which formation
permeability and skin factor can be estimated using the equations given
below:

(12-31)

Estimate skin factor from equation

(12-32)

where

and

q\, qavg, and qt = flow rate before shut-in, average flow rate during the test,
and total liquid recovered, respectively.
Extension of the straight line to tp/[tp + At] = 0 will provide initial pressure, px•.



Initial pressure can be estimated using equation

(12-33)

Drill-Stem Buildup Test Analysis with Limited Data

If the pressure data available are incomplete, the analysis procedure
explained previously cannot be used. A few key data points are read at the
well site just after the test. These include:

• Initial hydrostatic mud pressure;
• Initial shut-in pressure, piSi\
• Pressure at the end of first flow period;
• Pressure at the end of second flow period;
• Final shut-in pressure, pfsi.

The flow and shut-in period duration are usually also reported. Such
limited data may be used to estimate reservoir properties, using the following
equations:

• The initial reservoir pressure is taken as

(12-34)

• The value of m for the semilog straight line is approximately given by

(12-35)

where At is the total shut-in time (time when pisi was read)

• Permeability may be estimated as

(12-36)

Note: This practical method will not be useable, if the initial and final
shut-in pressures are the same, m estimated from Eq. 12-35 will be zero.

Estimate damage ratio using the following equations:

(12-37)



The following examples will clarify DST analysis by various methods.

Example 12-116 Analyzing DST Using Homer Plot
A DST was conducted on an oil well. The following information was reported

by the DST Company. The pressure buildup data are given in Tables 12-1 and
12-2. Well/reservoir and pressure buildup data are given in Tables 12-1 and 12-2.

Determine the following:

• Check validity and consistency of reported DST data
• Formation permeability, k
• Skin factor and pressure drop due to skin
• Initial reservoir pressure
• Flow efficiency
• Damage ratio
• Apparent wellbore radius
• Radius of investigation

Table 12-116

Test type = open hole
Hole size = 7.88 in.
Pipe length = 240 ft
Diameter of collar = 45 in.
Reservoir pressure @ gauge depth = 2560 psi
Pressure at the end of first flow = 371 psi
Final shut-in pressure = 1005 psi
Pressure at the end of second flow period = 643 psi
Final shut-in pressure = 1969 psi
API0 = 36.87 API
ct = 8.0 x 10'6PSi"1

Initial shut-in pressure = 2660 psi
& = 1.215rb/stb
Vu = 0.0197 bbl/ft and p = 52.78 lb/ft3

Total well depth = 6550 ft
Mud density — 7.51b/gal
Collar length = 240 ft
Gauge depth = 6549 ft
First flow period = 6min
First shut-in period = 30 min
Second flow period = 60 min
Second shut-in period = 120 min
0 = 16%
/Jb0= 1 . O c P
/z = 17ft
rw = 0.33 ft
tp\ = 6min, tP2 = 120min



Table 12-2
Pressure Buildup Test Data15

(1) Time, Af (min) Time, At (hr) Dimensionless time (^ff) Pressure, pm (psig)

First flow period
0 0.000 - 371
3 0.050 3.00 665
6 0.100 2.00 672
9 0.150 1.67 692

12 0.200 1.50 737
15 0.250 1.40 786
18 0.300 1.33 832
21 0.350 1.29 874
24 0.400 1.25 919
27 0.450 1.22 962
30 0.500 1.20 1005
Second flow period
3 0.050 41.00 665
6 0.100 21.00 672
9 0.150 14.33 692

12 0.200 11.00 737
15 0.250 9.00 786
18 0.300 7.67 832
21 0.350 6.71 874
24 0.400 6.00 919
27 0.450 5.44 962
30 0.500 5.00 1005
33 0.550 4.64 1046
36 0.600 4.33 1085
39 0.650 4.08 1128
42 0.700 3.86 1170
45 0.750 3.67 1208
48 0.800 3.50 1248
51 0.850 3.35 1289
54 0.900 3.22 1318
57 0.950 3.11 1361
60 1.000 3.00 1395
63 1.050 2.90 1430
66 1.100 2.82 1467
69 1.150 2.74 1499
72 1.200 2.67 1536
75 1.250 2.60 1570
78 1.300 2.54 1602
81 1.350 2.48 1628
84 1.400 2.43 1655
87 1.450 2.38 1683



Table 12-2 (continued)

(1) Time, Ar (min) Time, At (hr) Dimensionless time ^ , f ) Pressure, pws (psig)

90 1.500 2.33 1713
93 1.550 2.29 1737
96 1.600 2.25 1767
99 1.650 2.21 1794

102 1.700 2.18 1819
105 1.750 2.14 1845
108 1.800 2.11 1869
111 1.850 2.08 1894
114 1.900 2.05 1917
117 1.950 2.03 1948
120 2.000 2.00 1969

Solution To analyze pressure buildup test, follow these steps:
• Identify the MTR and find the slope of MTR, p\hr, and p* of the Horner

plot of the second shut-in period (Figure 12-12).
• Prepare Horner plot of the first and second shut-in buildup pressures on

the same graph paper as shown in Figure 12-13.
• Check validity and consistency of reported DST data.

Mud gradient = (Eq. 12-1)

End of wellbore
storage effects

Unit-slope line

Shut-in time, Ar (hours)

Figure 12-12. log-log data plot.



Final shut-in
Final shut-in
^2 = 370.6
m2 = -310.0
fc2=13.89mD
5 = 5.2Slope, m2 = 310 psi/cycle

Initial shut-in

Slope, mx = 455.0 psi/cycle

Initial shut-in
#j = 835.2stb/day
JtI1=- 445.0 psi/cycle
^ = 10.6mD
s = -2.79

Shut-in pressure in 1000, P (psi)

Figure 12-13. Semilog Horner plot for data.

Hydrostatic pressure = 6549 x 0.390 = 2554 psi (Eq. 12-2)

The reported initial reservoir pressure at gauge depth is 2560 psi, which
is in good agreement with pt = p* = 2554 psi (extrapolated pressure
from the first shut-in straight line). The mud weight should be

Mud weight = (Eq. 12-3)

Thus the reported mud weight is correct.
• Formation permeability, k.

From the extrapolated MTR, line of the second shut-in to (tp + At)/At = 1

Using Eq. 12-7

(from initial slope)

(from final slope)



In general k as determined from the initial shut-in could be different from
that determined from the final shut-in. This is because of the differences in
the radii of investigation.

• Skin factor and pressure drop due to skin from Eqs. 12-10 and 12-15:

• Initial reservoir pressure

• Flow efficiency

Flow efficiency =

• Damage ratio

Damage ratio =

• Apparent wellbore radius

• Radius of investigation

(Eq. 12-18)

(Eq. 12-12)

(Eq. 12-15a)



Example 12-216 Reworking Example 12-1 Using Type Curve Matching
Techniques

• Ramey, Agarwal, and Martin Method
• Kohlhaas Method

Solution Using Ramey, Agarwal, and Martin Method

Table 12-3 shows the test data and computation results. Figure 12-14
shows the data plot of Table 12-3 matched to Figure 12-10.

First calculate wellbore storage coefficient C:

(Eq. 12-23)

(Eq. 12-22)

Find formation permeability and skin factor using semilog type curves -
early- and late-time data

(Eq. 12-24)

(Eq. 12-25)

Using Kohlhass Method. Numerical values of type curves are presented in
Table 12^4 and graphical form (see Figure 12-15) for various values of the
skin factor.

Calculate permeability from the time scale match points using Eq. 12-28:

Porosity is estimated using Eq. 12-30:

Example 12-316 Analyzing DST Using Correa and Ramey's Techniques
The following initial shut-in pressure data were taken from Ref. 16:

Flow rate before shut-in = 175 stb/day, average flow rate during initial



Table 12-3
Drill-Stem Data for Flow Period Analysis4

Ratio of dimensionless
time and wellbore storage

tDICD read from type
curve after matching

Dimensionless
pressure ratio

(Pi -/v>(3475- 643)
(Pi - /V*)(3475 - pressure)

(Pi -Po)
(3475 - 643)

(psig)
(Pi -/>M#)(3475 -pressure)

(psig)Pressure (psig)Time (min)

0.196
0.392
0.588
0.784
0.980
1.176
1.372
1.568
1.764
1.960
2.156
2.352
2.548
2.744
2.940
3.317
3.333
3.529
3.725
3.921

1.0000
0.9922
0.9898
0.9827
0.9668
0.9495
0.9333
0.9184
0.9025
0.8874
0.8722
0.8577
0.8439
0.8287
0.8139
0.8005
0.7864
0.7719
0.7617
0.7465
0.7345

2832
2832
2832
2832
2832
2832
2832
2823
2823
2823
2823
2823
2823
2823
2823
2823
2823
2823
2823
2823
2823

2832
2810
2803
2783
2738
2689
2643
2601
2556
2513
2470
2429
2390
2347
2305
2267
2227
2186
2157
2114
2080

643
665
672
692
737
786
832
874
919
962

1005
1046
1085
1128
1170
1208
1248
1289
1318
1361
1395

0.0
3.0
6.0
9.0

12.0
15.0
18.0
21.0
24.0
27.0
30.0
33.0
36.0
39.0
42.0
45.0
48.0
51.0
54.0
57.0
60.0



Table 12-3 (continued)

Ratio of dimensionless
time and wellbore storage

to/Cn read from type
curve after matching

Dimensionless
pressure ratio

(Pi -/v)(3475- 643)
(Pi ~ /V*)(3475 - pressure)

(Pi -Po)
(3475 - 643)

(psig)

(Pi -pwft)(3475 -pressure)
(psig)Pressure (psig)Time (min)

4.117
4.313
4.509
4.705
4.901
5.097
5.293
5.489
5.685
5.881
6.077
6.273
6.469
6.665
6.861
7.057
7.253
7.449
7.645
7.841

0.7221
0.7090
0.6977
0.6847
0.6727
0.6614
0.6522
0.6427
0.6328
0.6222
0.6137
0.6031
0.5936
0.5847
0.5756
0.5671
0.5583
0.5501
0.5392
0.5318

2823
2823
2823
2823
2823
2823
2823
2823
2823
2823
2823
2823
2823
2823
2823
2823
2823
2823
2823
2823

2045
2008
1976
1939
1905
1873
1847
1820
1792
1762
1738
1708
1681
1656
1630
1606
1581
1558
1527
1506

1430
1467
1499
1536
1570
1602
1628
1655
1683
1713
1737
1767
1794
1819
1845
1869
1894
1917
1948
1969

63.0
66.0
69.0
72.0
75.0
78.0
81.0
84.0
87.0
90.0
93.0
96.0
99.0

102.0
105.0
108.0
111.0
114.0
117.0
120.0



Match points are:

Figure 12-14. Semilog type curve match for DST flow period - early- and late-time
data (after Ramey et al.).4

flow = 395 stb/day; tp (initial flow) = 21 min; \io = 0.85 cP; f30 = 1.021 rb/stb;
/z = 35 ft; total fluid recovered = 32.5 stb; rw = 0.29 ft; ct = 4.75 x 10"5PSi"1;
and 0 = 0.12 fraction. Estimate formation permeability and skin factor.

Solution Figure 12-16 is a plot of the initial shut-in data of Table 12-5
according to Correa and Ramey's method. From this figure the following
information can be obtained. Slope of the straight line = 488 psi/cycle. Esti-
mate formation permeability and skin factor using Eqs. 12-31 and 12—32.



Table 12-4
To Construct Type Curves (For Instantaneous Charge in a Well

of Finite Diameter3; Cooper et al.6)

khAt i o 1 io-2 i o 3 io-4 10-5

Morl Curve A Curve B Curve C Curve D Curve E

1.00E-03 0.977100 0.992000 0.996900 0.998500 0.999200
2.15E-03 0.965800 0.987600 0.994900 0.997400 0.998500
4.64E-03 0.965800 0.980700 0.991400 0.995400 0.997000
1.00E-02 0.923800 0.969300 0.985300 0.991500 0.994200
2.15E-02 0.886000 0.950500 0.974400 0.984100 0.988800
4.64E-02 0.829300 0.918700 0.954500 0.970100 0.978100
1.00E-01 0.746000 0.865500 0.918300 0.943400 0.957200
2.15E-01 0.628900 0.778200 0.853800 0.893500 0.916700
4.64E-01 0.478200 0.643600 0.743600 0.803100 0.841000
1.00E-K)O 0.311700 0.459800 0.572900 0.652000 0.708000
2.15E+00 0.166500 0.259700 0.354300 0.436400 0.503800
4.64E+00 0.074150 0.108900 0.155400 0.208200 0.262000
7.00E-f00 0.046250 0.062040 0.085190 0.116100 0.152100
l.OOE-fOl 0.030650 0.037800 0.048210 0.063550 0.083780
1.40E+01 0.020920 0.024140 0.028440 0.034920 0.044260
2.15E+01 0.012970 0.014140 0.015450 0.017230 0.019990
3.00E+01 0.009070 0.009615 0.010160 0.010830 0.011690
4.64E+01 0.005711 0.005919 0.006111 0.006319 0.006554
7.00E+01 0.003722 0.003809 0.003884 0.003962 0.004046
1.00E-fO2 0.002577 0.002618 0.002653 0.002688 0.002725
2.15E+02 0.001179 0.001187 0.001194 0.001210 0.001208

12.8 Wireline Formation Test Data Evaluation

The wireline formation tester was introduced by Schlumberger Well
Surveying Corporation in 1955 and is now available as a service from most
of the well logging companies. In principle, the fluid sample (tester) provides
a means for tapping formation fluids and filling a sample container varying
in size from one gallon to 51Z2 gallons with the efflux from the tapped
reservoir. Sampling may be done in open-hole or in cased-hole.



Match points are:
Type curve E=IO"5

Curve

Figure 12-15. Type curves for flow period analysis.5

Open-Hole Formation Test

The formation tester is connected to the logging cable and lowered into the
hole until it is opposite the formation to be tested. It is then expanded, forcing
a pad tightly against the wall of the hole to form a seal between the mud
column and the formation. Two bullets, or shaped charges are fired through
the pad and into the formation. Through these perforations and connecting
tubes, the formation fluids flow into a chamber in the tool. When the chamber
is filled, the fluid sample valve is closed and the fluid sample is sealed in at
maximum pressure. The pad and back up shoe are then retreated and the tool
is brought to the surface where the sample is removed for detailed study.

Throughout the entire test, electrical circuits permit a complete recording
at the surface of the progress of the whole operation. The data recorded
include mechanical action, sample shots, pressure buildup, formation shut-in
pressure, and finally hydrostatic mud pressure. Figure 8-23 gives such a
record as a function of time together with other pertinent information about
the test. Open-hole formation tester data recorded include:

• Mechanical action;
• Sample shots;



Pressure buildup;
Formation shut-in pressure; and
Hydrostatic mud pressure.

Slope = 488psi/cycle
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Figure 12-16. Analysis of initial shut-in data by Correa and Ramey's method.

Table 12-5
DST data

h
Time (min) pws (psig) [tp -f At]

0 543 1.0000
3 565 0.9756
6 572 0.9756
9 562 0.9302

12 569 0.9091
15 575 0.8889
18 580 0.8696
21 584 0.8511



Table 12-5 (continued)

h
Time (min) pm (psig) [tp + At]

24 588 9.8333
27 590 0.8163
30 610 0.8000
33 635 0.7843
36 668 0.7692
39 675 0.7547
42 690 0.7407
45 735 0.7273
48 745 0.7143
51 760 0.7018
54 785 0.6897
57 808 0.6778
60 847 0.6667
63 865 0.6557
66 920 0.6452
69 942 0.6349
72 975 0.6250
75 987 0.6154
78 1004 0.6061
81 1020 0.5970
84 1045 0.5882
87 1077 0.5797
90 1109 0.5714
93 1120 0.5634
96 1210 0.5556
99 1250 0.5480
102 1254 0.5405
105 1296 0.5333
108 1345 0.5263
111 1360 0.5195
114 1375 0.5128
117 1675 0.4512
121 1717 0.4275
125 1760 0.4080
128 1885 0.3507
131 2010 0.3010
133 2012 0.2505
137 2125 0.2000
141 2158 0.1404
145 2190 0.0800



Empirical Interpretation from Sampler for High-
and Low-Permeability Formations

High-permeability formations are highly porous and are also known as
soft rock. Gas recovered at the surface is entered on the chart, together with
oil recovered, and this fixes a point on the log-log plot (see Figure 12-17):

• If this point lies above the curve's line corresponding to the shut-in
pressure recorded on the tester log, hydrocarbons will be produced;

• If the point lies below the corresponding pressure line, water production
may be expected;

• Parallel lines, at 45°, show the GOR;
• If the point plots above the recorded shut-in pressure value, dry gas well

in indicated.

Low-permeability formations, which are consolidated sandstones, yield
formation tester recoveries and liquids, which differ considerably from those
in high-permeability formations. Effecting porosity range from 6 to 25% and
permeability ranging from 0.1 to 10OmD.

• When there is only a small show of oil in the fluids recovery from low-
permeability formation and a large amount of gas, the formation tester
log may be an indication of either oil or gas production. One may
interpret the following cases:
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Figure 12-17. Empirical interpretation charts for full chamber fluid recovery.11



Case 1

Oil, water, and
gas are recovered

Water mud
filtrate recovered
—• well will
produce clean oil

Water recovered
containing more
than 10%
formation water
as determined by
resistive
measurement or
chemical analysis
—> well will
produce water cut

Case 2

Slight show of oil
and small amount
of filtrate with a
large amount of
gas

If well will produce
oil it will require
stimulation by
acidizing or
fracturing to
make a
commercial well

If more than
1000 cm3 of
filtrate is required,
the well on
completion will
also produce
water

Case 3

More than 5 ft3

of gas and some
water is
recovered

The zone will
produce gas
only

If more than
10% formation
water is present in
the recovered
water —> water
will be produced
with gas

Case 4

Less than 5 ft3

gas is recovered
with some water

Gas bearing
horizon will be
indicated. The
chart of Figure
12-18 can be
used to forecast
whether the well
will produce gas
or water
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Figure 12-18. Interpretation chart for formation tester results for partial fluid
recovery.11



Closed-Hole Formation Test

Testing in closed holes offers many advantages as it can be carried out
more safely than open and highly desired holes. It is successful and can
be performed without mud in the casing, which avoids the possibility of
mudding the perforation. In interpreting the fluid recovery data from the
formation tester, one may consider two type of formations: high and low
permeabilities.

• In high-permeability formations, which are soft rock, highly porous for-
mations, there is no difficulty in obtaining a full chamber of formation
fluids. For such cases an empirical interpretation chart can be used.
Knowing how much oil (cm3) and gas (ft3) recovered, the solution
GOR value can be approximated corresponding to the shut-in pressure
recorded on the tester log. If this point lies above the curved corresponding
pressure line, then the well will produce hydrocarbons. If the point lies
below the corresponding pressure line, then water production may be
expected.

• Low-permeability formations, such as consolidated sandstones, have
effective porosities that range from about 6 to 25%, and permeabilities
ranging from 0.1 to a few hundred. Invasion in such formations may be
quite deep; hence it results in damage to the formation. When there is a
small amount of oil in the fluids recovered from low permeability for-
mation and a large amount of gas, the formation tester log may be
indicative of either oil or gas production. One may distinguish the
following cases:
• Oil, water, and gas are recovered. If only water is recovered in mud

filtrate, the well will produce oil. If the water recovered contains
more than 10% formation water as determined by resistivity mea-
surement or chemical analysis, the well will produce with water
cut.

• Only a slight show of oil and a small amount of filtrate are recovered
with a large amount of gas. The well on test will produce oil but it
will require stimulation by acidizing or fracturing to make a com-
mercial well provided the effective pay thickness is sufficient. If more
then 1000 cm3 of filtrate is removed, experience shows that the well
on completion will also produce water.

• More than 5 ft3 of gas and some water is recovered. The zone will
produce gas only. If more than 10% formation water is present in the
recovered water, experience shows that some water will be produced
with the gas.

• Less than 5 ft3 of gas is recorded with some water. Great care must be
taken in interpreting the results.



Closed-Hole Formation Tester Advantages over Open-Hole
Formation Tester

• More safe and carried out in open and highly deviated holes.
• Percentage of success is much greater than in open-hole testing, because

it can be performed with mud.
• Formation testing permits the recording of bottom-hole shut-in pres-

sure both before and after the fluid sample. The evaluation of such
records permits the determination of static bottom-hole pressure.

• Petrochemical interpretation of formation tester records helps to eval-
uate heterogeneity of the reservoir rock's porosity system whether it is
coarse or fine pore systems. Pollard-type plot [log (ps — p) versus time]
will help to identify the type of prevailing porosity.

Empirical Interpretation Charts
for Formation Tester Results

Empirical interpretation chart has been shown in Figure 12-18, which
pertains to the recovery of a full 2% gallons sample chamber. However, if the
5/£ gal or the 1 gal tester is run, then their reservoirs may, to a first approx-
imation, be divided by two or multiplied by 2%, respectively, before entering
the chart. In any case, the sample chamber must be full.

Gas recovered in ft3 at surface conditions is entered in the chart, together
with the cm3 of oil recovered, and this fixes a point on the log-log grid. If this
point lies above the curved line corresponding to the shut-in pressure
recorded on the tester log, then the well will produce hydrocarbons. If the
point lies below the corresponding pressure line, the water production may
be expected.

The parallel lines, at 45°, show the solution gas-oil ratios as obtained from
the ft3 of gas per cm3 of oil recovered, converted to ft3 per bbl of oil. The
solution GOR should be approximately that obtained on a production test.

If the gas is recorded without any oil, the point may be plotted on the
ordinate corresponding to 1 cm3 of oil, since the pressure lines are practically
horizontal at this value. If the point plots above the recorded shut-in
pressure value, a dry gas well is indicated.

It happens sometimes that the presence of a small amount of light oil or
distillate in the recovered fluid cannot be detected visually. Under these
circumstances, if the liquid recovered is centrifuged, an appreciable quantity
of oil or distillate may be obtained. Such a procedure improves the inter-
pretation and the value of the solution GOR obtained from the chart of
Figure 12-18.

In very rare cases the seal valve may leak, and practically in every such
case, some gas, but generally no liquid, will escape. This condition of a leaky



seal valve is easily recognized by the fact that the pressure reading at the
surface of the undrained sample chamber is less by a few hundred psi than
the shut-in pressure recorded on the formation test log.

Reservoir Rock's Porosity Distribution System Analysis

Evaluation of heterogeneity of the reservoir rock's porosity systems can
be made using a wireline formation tester. It is a sample chamber of up to
several gallons capacity combined with pressure gauges. The test chambers
are forced against the borehole wall in a sealing pad, and firing a shaped
charge perforates the formation. The signal to fire the charge is transmitted
on logging cable. Fluid is collected during sampling, and pressure is recorded.
Following sample collection, shut-in pressures are recorded as they build up
with time.

The pressure versus time records from the formation tester permit the
evaluation of the heterogeneity of the reservoir rock's porosity system,
whether it may be considered as a uniform and homogeneous porosity
development or as a multiple porosity system made up of matrix porosity
and of course porosity (vugs, fracture, fissures, joints, etc.). By a Pollard-
type plot (1959)7 [\og(ps — p) versus time], it is possible to identify the type
of prevailing porosity and the respective fraction of each; these data are of
importance in the interpretation of fractured rocks. It has been shown by
Pirson and Pirson7 that the respective volumes of the course and fine pore
system may be evaluated by plotting the successive pressure differences
versus time on semilog paper. Figure 12-19 is a representation of porosity

Figure 12-19. Porosity partition in heterogeneous porous rock.
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Figure 12-20. log(ps- pw) versus time - first difference curve.

partition in heterogeneous porous rock and shows how to develop the
equation of partitioning coefficient. Notice that this approach interrelates
buildup analysis with log interpretation. Figure 12-20 is a \og(ps — pw)
versus time plot. The straight-line portion (BC) indicates the matrix porosity
re-pressuring the fracture porosity, when Ap within the fractures and Ap
between the coarse fissures and the wellbore has become negligible. Figure
12-21 is a log of pressure differential (average fracture pressure - well
pressure) across "skin" near the wall of the well. This is represented by the
difference plot (AB - DB) versus time. When the pressure drop due to skin
becomes negligible, a straight line (FG) results. Pollard concluded that such
plots of the log of pressure differential associated with any of the regions
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Figure 12-21. \og(ps-pw) versus time - first and second difference curves.



against time would result in a straight line from which it would be possible to
determine properties such as volume of the fracture pore space system and
well skin effect.

Matrix Pore Volume Calculation

With plots of Figures 12-20 and 12-21, it is possible to calculate the
matrix pore volume Vm from the following relationship as proposed by
Pirson and Pirson:7

(12-38)

where
q = flow rate at moment of shut-in, cm3/s

ai = slope of straight line (BC) of first differences, s/cycle
cj)m — matrix porosity, fraction
D = intercept of first difference at time zero, psi
H = intercept of second difference at time zero, psi
Cf — compressibility of fluid in the fracture, psi.

Fracture Pore Volume Calculation

From Figures 12-20 and 12-21, we can also evaluate the pore volume of
the fracture Vf from the relationship

(12-39)

where a^ is the slope of the straight line (FG) of second difference (s/cycle).

Partitioning Coefficient Estimation

Partitioning coefficient concept, introduced by Pirson, has proven an
important tool for the evaluation of fracture media. It is porosity breakdown
between coarse (fracture) and fine (fracture) pore space. The partitioning
coefficient v can be estimated from the following relationship. Figure 12-19
shows how to develop the equation of partitioning coefficient.

(12-40)



total volume of a heterogeneous porous rock (12-41)

(12-42)

(12-^3)

(12-44)

where

Also

Well Skin Effects

Figure 12-21 indicates that the extrapolated l va lue is approximately the
difference between the pressure in the fractures close to the wellbore and the
average coarse fissure flowing pressure at shut-in. The pressure differential
due to skin Ap is

Aps = (ps-D-E) (psi) (12-45)

A sample problem will illustrate the technique.

Example 12-416 Analyzing Reservoir Rock's Porosity Distribution System

The pressure record of a formation tester is read as follows as a function
of time in seconds in an oil well. The results are recorded in Table 12-6.
Estimate partitioning coefficient and well skin effect.

Solution The static pressure (ps) recorded is 925 psi. A first difference (Ap) is
made by subtracting the observed pressure from ps. The values of Ap so
obtained are plotted on a semilogarithmic plot (Figure 12-22). A series of
straight lines are obtained. The reciprocal slope a\ is read yielding 1032 sec/
cycle and the intercept C — 112 psi. The value of the second difference (AAp) is
obtained by reading the difference between the Ap curve and the extended
straight line of slope a\. These points are plotted on the AAp curve and give



Table 12-6
Pressure Record of Formation Tester for Oil Well {pstatk = 2000)

Shut-in time
(min)

0.6667
1.1667
1.5000
1.6667
1.7500
2.0000
2.5000
3.0000
3.5000
3.8333
4.6667
5.5000
7.1667
7.6667
9.5000

Shut-in
time (sec)

40
70
90
100
105
120
150
180
210
230
280
330
430
460
570

Pressure
(psi)

400
500
600
700
800
950
1300
1500
1600
1650
1675
1715
1725
1740
1755

^P= Pstatic ~Pw (PSi)

1500
1400
1300
1200
1050
700
500
400
350
325
285
275
260
245

AA/? (psi)

1105
1010
907
820
672
335
145
55
12
0
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Figure 12-22. Formation test pressure difference plot.



a reciprocal slope 0L2 = 23 sec/cycle and an intercept D = 500 psi. The porosity
partitioning coefficient or porosity breakthrough is determined using Eq. 12-44:

which represents the fraction of large pore space (vugs, fracture, fissures,
joints) in the total porosity, which controls the fluid flow at the wellbore. The
skin effect in this well can be calculated using Eq. 12-45:

Aps = ps - D - C = 925 - 500 - 112 = 313 psi

or about one-third of the total pressure drawdown during sampling.

12.9 Summary

This chapter discusses DST equipment and operational procedures,
recommended flow, and shut-in time for DST. It presents trouble-shooting
DST pressure charts for barrier detection, checking validity and consistency
of reported DST data, DST analysis methods such as Horner's plot, type
curve matching techniques, DST buildup test analysis with limited data.
These methods are discussed in detail for their uses and limitations including
wireline formation test data evaluation.
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Chapter 13

Interference
and Pulse Test
Analysis Methods

13.1 Introduction

Both interference and pulse tests, also known as multiple-well testing,
involve more than one well. These types of tests can be used to obtain an
adequate reservoir description for homogeneous (both isotropic and aniso-
tropic) and heterogeneous systems. Numerical solutions must be used to
analyze pressure transient data from heterogeneous systems. At the same
time, it is one of the most important and useful tests to understand the well
behavior in a water flood and enhanced oil recovery projects. Figure 13-1
shows field application of interference and pulse tests.

13.2 Interference Test Analysis Techniques

Interference testing is one form of multiple-well testing. These tests are
used to determine whether two or more wells are in pressure communication
in the same reservoir and, when communication exists, to provide estimates
of vertical formation permeability k and porosity/compressibility product
(f>ct, in the vicinity of the tested wells. In the homogeneous isotropic system,
the porosity and thickness are the same everywhere in the reservoir. Permea-
bility k is also the same everywhere and in all direction. Interference is
conducted by producing from or injecting into one of these wells (active
well) and the pressure response is observed in the other well (observation
well) (see Figure 13-2). The active well starts producing at uniform pressure
at time zero and the other pressure response in the observation well at a
distance r from active well begins after some time lag.



Practical application of
interference and pulse tests

Interference tests

Long-duration rate modification in one
well creates a pressure interference in
an observation well that can be
analyzed for reservoir properties such
as transmissivity and storativity.
Analysis technique is simple by using
type curve matching (exponential
integral type curve)

Pulse tests

A pulse test provides equivalent data by
using short-rate pulses (with smaller
observed pressure changes). Following
parameters such as hydraulic diffusivity,
transmissibility and formation storage can be
estimated.
Pulse test values are much less affected by
boundary conditions such as faults and
aquifers than are interference test values.
Analysis technique is more complicated and
usually requires a computer

Figure 13-1. Field application of interference and pulse tests.

Active well Observation
well

Figure 13-2. Influence region for interference or pulse testing.

Interference Test Analysis by Type Curve Matching

Type curve matching technique is applied to interference test analysis. Type
curve matching is simpler for interference testing than for single-well testing
because there is only one type curve (Figure 13-3). To consider for infinite-
acting system, the following steps are used to analyze an interference test:

• Plot pressure drawdown data in an observation well, Ap = pt — pwf(t),
versus time, t, on tracing paper using the grid of Figure 13-3.

• Slide the plotted test data over the type curve (horizontal or vertical)
until a match is found.

• The match point data are used to estimate formation properties. In
Figure 13-3, the ordinate of the type curve is dimensionless pressure,



Figure 13-3. Exponential integral solution type curve.3

which is estimated using the pressure match points and the following
equation:

(13-1)

• By substituting match point values and rearranging Eq. 13-1, we esti-
mate permeability in the test region using the pressure match points and
the following equation:

(13-2)

• Similarly, use the definition on the abscissa of the type curve in Figure
13-3, to estimate the dimensionless time and dimensionless radius.

(13-3)



With the time scale match point data and the permeability just deter-
mined, estimate the product <j>ct, using the following equation:

(13-4)

where r is the distance between the two wells. The type curve analysis
method is simple, fast, and accurate when the exponential integral (see Figure
13-3) applies; that is, when rD = r/rw > 20 and to/r2

D > 0.5.
Knowing (/>, we can calculate total system compressibility, ct, and hence

estimate liquid saturation from the following equation.2

(13-5)

Example 13-1 Analyzing Interference Test Using Type Curve Matching
Technique

An interference test was conducted in an oil well. Water was injected into
well 1 for 48 hr. The pressure response in well 2 (65 ft away) was observed for
148 hr. The observed pressure data are given in Table 13-1, and the known
well/reservoir properties are given. Determine permeability and porosity of
the formation between the two tested wells.

Pi = Opsig, t\ = 48hr, qw = -185stb/day, (3W = l.OOrb/stb, /J,W = 1.0OcP,
r = SOfU ct= 13.82 x lO^psi"1 , h = 55 ft.

Table 13-1
Interference Test Data for Observation Well

'(hr)

0
4.5

21.86
30.01
46.00
48.00
52.00
70.00
72.00
92.00

144.00
148.00

Pw

(psig)

O=A-
23
83
96

121
Injection

110
56
48
33
17
16

A P = Pt - Pw
(psig)

-23
-83
-96

-121

-110
-56
-48
-33
-17
-16

At = h - 48 (hr)

Ends
4

21
24
44
93

100

&Pwest

(psig)

126
140
142
156
182
183

A/? Ar = kPwest — ^Pw

(psig)

16
84
94

123
165
167



Solution Figure 13-4 shows data match points with the type curve in
Figure 13-3.

The match points are:

Calculate formation permeability k and porosity from Eqs. 13-2 and 13-4:

To check the accuracy of the above method of analysis, plot
(Pwlextended — Pw) versus At points as shown in Figure 13-4. Since the
(Pwlextended ~ Pw) versus At data fall on the curve, the analyses are correct.
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Figure 13-4. Type curve matching for an interference test.



13.3 Analysis of Pulse Test Pressure Response

Pulse tests have the same objective as conventional interference tests to
determine whether well pairs are in pressure communication and to deter-
mine reservoir permeability, k, and product of (j)Ct in the area of tested wells.
The tests are conducted by sending a coded signal or pulse sequence from an
active well (producer or injector) to a shut-in observation well. The pulse
sequence is created by producing from (or injecting into) the active well, then
shutting it in, and repeating that sequence in a regular pattern. An example is
indicated in Figures 13-5 and 13-6. Highly sensitive pressure gauges usually
are required to detect these small coded pulses, which may have magnitudes
of less than 0.1 psi.
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Figure 13-6. Pressure response in pulse test.



Analysis techniques for pulse tests usually are based on simulating the
pressure response in an observation well with the familiar ^-function
solution to the diffusivity equation, using superposition to model the rate
changes in the pulsing sequence. From the simulations of pulse tests,
Kamal and Brigham1 have developed charts relating key characteristics
of the tests to reservoir properties. Before we discuss these charts (Figures
13-8 through 13-15) and their application, it will be useful to introduce
nomenclature used in pulse test analysis, using the system of Earlougher3

and his schematic pulse test rate and pressure response history. Pulses can
be analyzed for k and <t>ct. It is a good idea to analyze several pulses and
compare the results.

Characteristics of Pressure Response

For each pulse the pressure response (very small) at the observation well
is recorded with a very sensitive pressure gauge. The pressure response in the
pulse test is schematically illustrated in Figure 13-6. In pulse tests the pulses
1 and 2 have characteristics that differ from all subsequent pulses. Following
these pulses, all odd pulses have similar characteristics and all even pulses
also have similar characteristics. Any one of the pulses can be analyzed for k
and 4>ct. It is a good idea to analyze several pulses and compare the results.

Pulse Test Responses with Flow and Shut-In Time

Figure 13-7 shows pulse testing for a two-well system. The lower portion
of the figure illustrates the pressure behavior at the observation well and
correlates the pressure pulses with the rate pulses. The upper portion of the
curve shows the constant production rate before the test and the rate pulses'
flow time and shut-in time are equal as shown in Figure 13-7. Pulse testing
can be done with unequal flow and shut-in times.

Pulse Test Analysis Method - Two-Well System

The following equations are used to calculate permeability and the
porosity-compressibility product (4>ct):

(13-6)

Figures 13-8 to 13-15
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Figure 13-7. Rate history and pressure response for a pulse test (after Johnson
etal., J. Pet Techno!., Dec. 1966).2

(13-7)

Figures 13-8 to 13-15

where
Ap — amplitude of a pulse
Ap = A ĉ = total cycle length (including both shut-in and flow periods)



tL = time lag (time elapsed between the end of a pulse and the
pressure peak caused by the pulse)

ApD = dimensionless pressure response amplitude and is equal to

(tL)D = dimensionless time lag and is given by

rD — r/rw = dimensionless distance between the tested wells {rw is for
observation well). The values of the terms ApD(tL/Atc)

2 and [{tL)Dlr2
D] are

obtained from Figures 13-8 through 13-15. These figures use tL/Atc and
Ff = Atpi'Atc, where Atp is the length of the pulse period. Example 13-2
illustrates how these figures are applied.

Horizontal Pulse Test Analysis Techniques

Kamal and Brigham1 have presented a technique to analyze horizontal
pulse tests, once pulse test data are available and plotted and time lags
and pressure responses are measured. They provided the equations and

P
ul

se
 r

es
po

ns
e 

am
pl

it
ud

e,
 A

p D
 

[t
L
/A

t c
]2

First even ulse

(Time lag)/(cycle length), tL/Atc

Figure 13-8. Time lag and response amplitude relationship for first odd pulse.1
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Figures 13-8 through 13-15 to analyze pulse test rapidly. Figure 13-6 is a
schematic pulse test rate and pressure history showing definition of time lag
(tL) and pulse response amplitude (A/?). This technique is rapid to analyze
pulse test to get an idea of the reliability of the results.

Ratio of pulse length to the total cycle length is

F1 = ^ = pulse period
Atc pulse period + shut-in period ^ '

A_ =
 t i m e laS (13-9)

Atc total cycle length v }

Dimensionless time lag

(13-10)

Dimensionless distance between the active and observation wells

(13-11)



Dimensionless pressure response amplitude

(13-12)

where q is the rate at active well.
Permeability is estimated from

(13-13)

where Ap and tL are from the observation well response for the pulse being
analyzed.

Porosity-compressibility product is estimated from

(13-14)

Figures 13-12 through 13-15

Formation storage is determined from

S = <t>cth (13-15)

Hydraulic diffusivity is estimated from

(13-16)

Example 13-2 Analyzing Horizontal Pulse Test
Figures 13-16 and 13-17 show pulse test data. Two producing wells,

1 and 2, were tested by pulsing, Atp = 1 hr; q — 300 stb/day; and the
response at well 2 was observed. At some other time, well 2 was tested by
pulsing (Atp = 1 hr), q = 310 stb/day and response at well 1 was observed.
Analyzing second peak (third pulse response) of Figures 13-16 and 13-17 for
illustrations. Table 13-2 shows the pulse test data. The well/reservoir data
are q0 = 300 stb/day; 0 = 0.12; fi0 = 1.15 cP; A = 62 ft; (30 = 1.252 rb/stb;
r = 660 ft. Estimate kh//j, and <j)cth.

Solution Find the following pulse test parameters from Figures 13-16 and
13-17:
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Table 13-2
Horizontal Pulse Test data

Time
(min) pwf (psig) Ap (psig) Apjq (psi/(stb/day)

0.0 365.000 0.000
15.0 365.055 0.055 18.33 x 10~5

19.8 365.205 0.150 50.00 x 10~5

30.0 365.425 0.220 73.33 x 10~5

35.0 365.725 0.300 10.00 x 10~4

45.0 366.110 0.385 12.83 x 10~4

50.0 366.560 0.450 15.00 x 10"4

60.0 367.083 0.523 17.40 x 10~4

65.0 367.683 0.600 20.00 x 10~4

75.0 368.273 0.588 19.60 x 10~4

90.0 368.796 0.525 17.50 x 10~4

100.0 369.268 0.472 15.73 x 10~4

102.0 369.668 0.400 13.33 x 10~4

105.0 370.026 0.358 11.93 x 10"4

120.0 370.328 0.307 10.07 x 10~4

135.0 370.673 0.345 11.5OxIO-4

140.0 371.183 0.430 14.33 x 10~4

150.0 371.626 0.523 17.43 x 10"4

155.0 372.226 0.600 20.0OxIO-4

165.0 377.897 0.671 22.37 x 10"4

175.0 373.647 0.750 25.00 x 10~4

180.0 374.444 0.797 26.57 x 10~4

195.0 375.392 0.858 28.60 x 10"4

210.0 376.099 0.797 26.57 x 10~4

215.0 376.819 0.720 24.00 x 10~4

225.0 377.479 0.660 22.00 x 10~4

230.0 378.089 -0.610 20.33 x 10~4

240.0 378.639 0.550 18.33 x 10~4

250.0 379.239 0.600 20.00 x 10~4

255.0 379.828 0.589 19.63 x 10~4

270.0 380.515 0.687 22.90 x 10~4

and tL = 0.16hr; for these tests, Atc = 2hr and Atp = 1 hr; thus

Find F1 from Eq. 13-8



Knowing F' and tL/Atc, read ApD[tL/Atc]
2 from Figure 13-9 (all even

pulses except the first), which is equal to 0.00185. Then, calculate kh//j, by
rearranging Eq. 13-13:

From Figure 13-10 (all odd pulses except the first), find fc)z>/rz> — 0.078.
Estimate cf)cth using rearranged Eq. 13-14:

13.4 Vertical Pulse Test Design and Analysis Methods

Falade and Brigham4'5 have described testing and analyzing techniques
based on the arrival time of the first peak. They considered the situation with
perforations at the upper and lower reservoir boundaries. The next section
will describe brief procedure and methods of designing and analyzing
vertical pulse tests.

Vertical Pulse Test Design Calculations

Once the test well is selected, it is important to design the pulse length and
magnitude to be compatible with formation characteristics and the pressure
instrument resolution. The pulse duration must be long enough so that the
pressure instrument detects the pulses, but short enough so that the pulses
are easily identified. Table 13-3 is a test design table for vertical pulse testing.

To design a pulse test follow these steps:

• From Table 13-3, choose any reasonable value of

[AtPDV]Table 13_3 from column 1

Find

from column 2



Table 13-3
Vertical Pulse Testing Design Table5

Infinite-system time lag ( ^ (Anni\ [faX*,"
Dimensionless pulse length, Atpov pulse length ' &p WDVJ00 ^ Atp

0.1450 0.1000 0.0145
0.1250 0.1500 0.0155
0.1000 0.1750 0.0188
0.0900 0.1890 0.0190
0.0800 0.2200 0.0192
0.0700 0.2700 0.0193
0.0600 0.3000 0.0920
0.0500 0.3700 0.0175
0.0400 0.4800 0.0159
0.0300 0.6300 0.0137
0.0200 0.9000 0.0087
0.0100 1.6500 0.0004

and

from column 3
Table 13-3

• Estimate pulse length from the following equation:

(13-17)

where
Atp = pulse length, hour
AzR — distance between upper and lower of perforations, ft

kz = vertical permeability, mD

(13-18)

• Estimate expected time lag given by

(13-19)

• Calculate response amplitude by

(13-20)



where
Ap = pressure gauge should be chosen appropriately, psi
kr = horizontal permeability, mD

(13-21)

• Calculate geometric factor such as

(13-22)

(13-23)

where
Gp = primal geometric factor
GR = reciprocal geometric factor

AzR = vertical distance from upper formation boundary to center of
upper perforations, ft.

Figure 13-18 shows vertical interference and pulse test nomenclature.

Example 13-3 Designing Vertical Pulse Test
Given data are: kz « 1.OmD; kf = 1OmD; 0 = 0.15; \i = 1.85cP;

ct — 1.2 x 10"5PSi"1; AzR = 45ft; (3 — l.Orb/stb. Design a pulse test using
Table 13-6.

Solution From Table 13-3, choose a reasonable value such as 0.04 from
column 1 and find the other values of parameters from columns 3 and 2:

(column 1)

(column 3)

(column 2)

From Eq. 13-17, find
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Figure 13-18. Vertical interference and pulse test nomenclature.4'5

Calculate time lag from Eq. 13-19:

Estimate response amplitude from Eq. 13-20:

!"column 31
column 2 L7,,. 13 3

L J Table 13-3

Thus, for an injection (or production) rate of 450stb/day, we would
expect a pressure change of about:

Ap = (0.0192)(450) = 8.64 psi

Hence the pressure gauge should be chosen appropriately.

13.5 Design and Analysis of Unequal Pulses

Kamal and Brigham1 and Johnson etal.2 have presented new methods to
analyze pulse tests with unequal pulse and shut-in periods. These methods
allow the engineer to design and analyze pulse tests simply and accurately.
These methods will enable the use of pulse tests without limitations on the



length of the different periods. Thus, the optimum ratio between the pulse
and shut-in periods that gives the maximum pulse test response can be used.
Figure 13-19 shows the pulse test terminology. To design and analyze any
well test is simply to relate the test parameters to the reservoir and well
properties. In the case of pulse testing, the test parameters are:

• pulse period,
• the shut-in period,
• the time lags, and
• the response amplitude.
The reservoir properties are:
• formation permeability,
• porosity and thickness,
• fluid viscosity,
• the total compressibility, and
• the distance between the pulsing and responding wells.
The reservoir properties and the test parameters can be used to design the

following dimensionless groups.
Pulse ratio:

(13-24)
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Figure 13-19. Pulse test terminology.



Dimensionless cycle period:

(13-25)

Dimensionless time lag:

(13-26)

Dimensionless response amplitude:

(13-27)

where
R' = pulse ratio

At = pulse period
R'RAt = shut-in period

R = ratio between pulse period and shut-in period
AtCycD = dimensionless cycle period

Atcyc = cycle period = A^(I — R), min
rpr = distance between the pulsing and the responding wells, ft

tLD = dimensionless time lag
tL = time lag, min
fjb0 = oil viscosity, cP
4> = porosity, fraction

Ap& = dimensionless response amplitude
Ap = response amplitude, psi

h = formation thickness, ft
k — permeability, mD.

The above equations relating to the time lag, using the unsteady-state
flow model of the line source for an infinite-acting, homogeneous reservoir
containing a single-phase slightly compressible fluid developed the cycle
period and the response amplitude for any pulse ratio. The equation relating
the dimensionless cycle period to the dimensionless time lag is

(13-28)

where
D — —0.325 for odd pulses and
D = —0.675 for even pulses.
A and C are functions of the pulse ratio. The values of these functions are

given in Tables 13-4 and 13-5. The equation relating the dimensionless time
lag and the dimensionless response amplitude is



Table 13-4
Values of Parameter A as a Function of the Pulse Ratio1

Pulse
ratio, R'

0.20
0.25
0.30
0.35
0.40
0.45
0.50
0.55
0.60
0.65
0.70
0.75
0.80

1st even
pulse

-0.795
-0.779
-0.763
-0.747
-0.730
-0.708
-0.691
-0.683
-0.675
-0.665
-0.655
-0.650
-0.645

All other
even pulses

-0.805
-0.779
-0.752
-0.745
-0.738
-0.727
-0.715
-0.708
-0.700
-0.698
-0.695
-0.689
-0.682

1st odd
pulse

-0.825
-0.828
-0.830
-0.835
-0.839
-0.847
-0.854
-0.858
-0.864
-0.874
-0.885
-0.858
-0.930

AU other
odd pulses

-0.812
-0.815
-0.818
-0.826
-0.833
-0.841
-0.849
-0.861
-0.873
-0.884
-0.895
-0.915
-0.935

Table 13-5
Values of Parameter C as a Function of the Pulse Ratio1

Pulse
ratio, Rf

0.20
0.25
0.30
0.35
0.40
0.45
0.50
0.55
0.60
0.65
0.70
0.75
0.80

1st even
pulse

0.955
0.942
0.928
0.905
0.882
0.864
0.845
0.824
0.802
0.776
0.750
0.725
0.700

All other
even pulses

0.950
0.936
0.921
0.898
0.875
0.850
0.825
0.803
0.781
0.753
0.725
0.695
0.665

1st odd
pulse

0.432
0.452
0.471
0.493
0.515
0.539
0.562
0.581
0.600
0.618
0.635
0.643
0.650

AU other
odd pulses

0.432
0.453
0.473
0.496
0.518
0.542
0.565
0.587
0.609
0.628
0.647
0.657
0.667

(13-29)

where
H = — 1 for odd pulses and
H = 1 for even pulses.



E and F are functions of the pulse ratio. The values of these functions are
given in Tables 13-6 and 13-7.
where

R1 = pulse ratio = -£?-
Lit eye

At = pulse period and Atcyc = cycle period.

Table 13-6
Values of Parameter E as a Function of the Pulse Ratio1

Pulse
ratio, R'

0.20
0.25
0.30
0.35
0.40
0.45
0.50
0.55
0.60
0.65
0.70
0.75
0.80

1st even
pulse

-3.100
-3.125
-3.150
-3.186
-3.221
-3.348
-3.425
-3.540
-3.604
-3.878
-4.152
-4.380
-4.607

All other
even pulses

-3.259
-3.258
-3.265
-3.330
-3.395
-3.448
-3.500
-3.628
-3.755
-3.984
-4.213
-4.359
-4.504

1st odd
pulse

-8.000
-6.250
-5.000
-4.751
-4.502
-4.354
-4.205
-4.080
-3.953
-3.902
-3.850
-3.829
-3.807

All other
odd pulses

-8.221
-6.505
-5.482
-5.005
-4.250
-4.486
-4.221
-4.058
-3.895
-3.826
-3.756
-3.711
-3.665

Table 13-7
Values of Parameter F as a Function of the Pulse Ratio1

Pulse
ratio, R'

0.20
0.25
0.30
0.35
0.40
0.45
0.50
0.55
0.60
0.65
0.70
0.75
0.80

1st even
pulse

0.0925
0.1050
0.1195
0.1288
0.1320
0.1346
0.1350
0.1325
0.1300
0,1225
0.1140
0.0950
0.0600

AU other
even pulses

0.0867
0.0975
0.1075
0.1150
0.1220
0.1245
0.1248
0.1225
0.1175
0.1085
0.0975
0.0804
0.0643

1st odd
pulse

0.0749
0.0884
0.0975
0.1040
0.1100
0.1139
0.1164
0.1150
0.1126
0.1072
0.0995
0.0886
0.0775

All other
odd pulses

0.0775
0.0975
0.1000
0.1105
0.1162
0.1201
0.1225
0.1223
0.1202
0.1172
0.1090
0.0950
0.0845



Pulse Test Designing Methods

Pulse tests can be designed graphically and analytically.

Designing Pulse Test Graphically1

The following steps are used in designing pulse test graphically:

• Select the pulse ratio. If a specific pulse ratio1, Rr, is more convenient for
oilfield operation, this ratio should be used; otherwise a pulse ratio near
0.7 (odd) or 0.3 (even) is recommended, depending on whether the odd
pulse or the even pulse will be used to analyze the results of the test. The
pulse ratio should not be below 0.2 or above 0.8.

• Calculate the dimensionless time lag, tLD, using equation

tLD = 0.09 + 0.3R' (odd pulses) (13-30)

or tLD = 0.09 x 0.3(1 - R') (even pulses) (13-31)

• Determine the dimensionless cycle period, AtcycD, using the dimension-
less time lag and the appropriate curve in Figure 13-9, 13-11, 13-13, or
13-15.

• Determine the dimensionless amplitude, Ap o, using the appropriate
curve in Figure 13-8, 13-10, 13-12, or 13-14.

• Calculate the cycle period using the equation

(13-32)

• Calculate the pulse period as

(13-33)

• Calculate the shut-in period, RAt, as

(13-34)

• Calculate response amplitude, Ap, by rearranging Eq. 13-27

(13-35)

The following examples will illustrate the design and analysis techniques
for pulse tests.



Example 13-4 Designing Pulse Test Using Graphical Method
The reservoir has the following properties:

h = 50ft, £ = 250mD, 0 = 0.18,

rpr = 660 ft, \i0 = 1.75OcP,

P0 = 1.126 rb/stb, ct = 2.5 x lO^psi"1

Production rate = 200 bbl/day. Assume most convenient pulse ratio, Rf,
to be 0.65.

Solution Since the optimum pulse ratio is 0.65, the odd pulse should be
used rather than the even pulse. Follow these steps:

• Calculate the dimensionless time lag from Eq. 13-30:

• Determine the dimensionless cycle period, AtcycD, such as using first
odd pulse at R' = 0.65 and tLD = 0.285:

• Determine the dimensionless response amplitude, ApD, at Rf = 0.65
and tLD = 0.285 =^ ApD x t\D = -0.0057; then

• Calculate the cycle period, Atcycn, from Eq. 13-32:

• Calculate the pulse period using Eq. 13-33:

• Estimate the shut-in period using Eq. 13-34:



• Calculate the response amplitude Ap from Eq. 13-35:

Designing Pulse Tests Analytically

Follow these steps:

• Select the pulse ratio as in the graphical method.
• Calculate the dimensionless time lag using Eq. 13-30 or 13-31.
• Find the values of parameters A and C using Tables 13-4 and 13-5.
• Find the values of parameters E and F using Tables 13-6 and 13-7.
• Calculate the dimensionless cycle period using Eq. 13-28.
• Calculate the dimensionless response amplitude using Eq. 13-29.
• Calculate the cycle period and response amplitude using Eqs. 13-25 and

13-27.

Example 13-5 Designing Pulse Test Using Analytical Method

Rework Example 13-4 using analytical method.

Solution Since the optimum pulse ratio is 0.65, the odd pulse should be
used rather than the even pulse. Follow these steps:

• Calculate the dimensionless time lag from Eq. 13-30:

• Calculate the dimensionless cycle period using Eq. 13-28:

(for odd pulses)

(from Table 13-5)

(from Table 13-4)

Substituting these values in Eq. 13-28, we get



• Calculate the dimensionless response amplitude, Apr,, from Eq. 13-29:

For odd pulses

H = -\

F = 0.1172 (from Table 13-7)

E = -3.826 (from Table 13-6)

Substituting these values in Eq. 13-29, we get

Therefore, Apn = -0.0494 x 1.580 - -0.078.

• Calculate the cycle period, Atcycj), from Eq. 13-32:

After rearranging, we get

• Calculate the pulse period using Eq. 13-33:

The shut-in period = 800 - 520 = 280 min

• Calculate the shut-in period using Eq. 13-34:

• Calculate the dimensionless response amplitude, Apx>, from Eq. 13-35:



where

Therefore

This is in good agreement with the graphical method.
Note: The difference between the two values of Ap calculated using

graphical and analytical methods is less than 1.7%.

Pulse Test Analysis Methods

Analyzing Pulse Test Using Graphical Method

After running the test, drawing the slopes, and measuring the time lags
and the response amplitudes, the following method may be used to deter-
mine the values of kh/fi and <ficth.

• Calculate the dimensionless time lag using Eq. 13-26:

• Determine the dimensionless cycle period using the dimensionless time
lag and the appropriate curve in Figures 13-9, 13-11, 13-13, and 13-15.

• Determine the dimensionless response amplitude using the dimension-
less time lag and the appropriate curve in Figures 13-8, 13-10, 13-12,
and 13-14.

• Calculate the value of kh\\i from Eq. 13-27:

• Calculate the value of cj)cth using Eq. 13-32:



Example 13-6 Analyzing Pulse Test Using Graphical Method

Rework Example 13-4. The following information is obtained from
pulse test: Ap = -0.30, tL = 210, and Atcyc = 700 min.

Solution Optimum pulse ratio, R' = 0.65.

• Calculate the dimensionless time lag from Eq. 13—26:

• Knowing R' and ^ , find the value of AtcycD x tLD = 0.45; then, deter-
mine the dimensionless response cycle period, Atcyco — 0.45/0.3 = 1.5.

• Estimate the dimensionless response amplitude:

• Calculate the value of kh/fi using Eq. 13-27:

• Calculate the value of (j)cth after rearranging Eq. 13-25:

Analyzing Pulse Test Using Analytical Method

The following steps are used to analyze pulse test analytically:

• Calculate the dimensionless time lag using Eq. 13-26:

• Calculate the dimensionless cycle period using Eq. 13-28:



• Determine the dimensionless response amplitude using Eq. 13-29:

• Calculate the value of khjn from Eq. 13-27:

• Calculate the value of <t>cth using Eq. 13-25:

Example 13-7 Analyzing Pulse Test Using Analytical Method

Rework Example 13-4. Optimum pulse ratio, Rf, is 0.65 and pulse test
shows the following information: Ap = —0.25, ^ = 210min, and
At cyc = 700min.

Solution

• Calculate the dimensionless time lag using Eq. 13-26:

• Calculate the dimensionless cycle period using Eq. 13-28:

where
D = -0.325
C = 0.628 (from Table 13-5)
A = -0.884 (from Table 13-4).
Substituting the values of D, C, and A in Eq. 13-28, we get

• Determine the dimensionless response amplitude using Eq. 13-29:



where
H = -\
F = -0.1172 (from Table 13-7)
E = -3.826 (from Table 13-6).

Substituting the values of H, F, and E in Eq. 13-29, we get

Therefore, ApD = 1.4955(- 0.0472) = -0.071.

• Calculate the value of khjn from Eq. 13-27:

• Calculate the value of <\>cth using Eq. 13-25:

Note: The difference between the two values of kh\\i calculated using
graphical and analytical methods is less than 0.90%. For the value of c/)cth,
the difference is 0.88%.

Example 13-8 Analyzing Pulse Test from Field Data
The pulse test was run in an oilfield, the distance from the pulsing well 1

to the responding well 4 is 660 ft. The reservoir properties are: <fi = 0.19;
A= 110ft; /x= 1.35OcP; /? = 1.257rb/stb; Q = 1.915 x lO^ps*"1- Test
parameters are:

Aq = 750 stb/day

At = Afi = 180 hours (pulse period)

Atcyc = At2 = 950 hours (cycle period)

tL — 360 hours (time lag)

Ap = — 2.5psi (response amplitude)

Estimate khjn and the product <ficth



Solution From Eq. 13-24, the pulse ratio is

The value of Rf is outside the range of analytical method. Therefore,
graphical method can be used. Time lag, t^ = 360 hours; then using Eq. 13-26

From Figure 13-19 (use first even pulse), find AtcycDtLD at tLD = 0.379
and E! = 0.19:

Then

Find ApDt2
LD:

Then

Calculate kh\\i from Eq. 13-27:

Estimate (pcth from Eq. 13-25:



Check the results:

(close enough)

13.6 Summary

This chapter reviews interference and pulse tests, also known as multiple-
well testing. These types of tests can be used to obtain an adequate reservoir
description for homogeneous (both isotropic and anisotropic) and hetero-
geneous systems. Numerical solutions must be used to analyze pressure
transient data from heterogeneous reservoir systems. At the same time, it
is one of the most important and useful tests to understand the well behavior
in a water flood and EOR projects.
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Chapter 14

Injection Well
Transient Testing
and Analysis

14.1 Introduction

This chapter presents pressure analysis techniques in injection wells. The
injectivity test and the fall-off tests are used to estimate the reservoir proper-
ties of injection wells in waterflood and tertiary recovery projects. The
knowledge of reservoir properties and near wellbore conditions in injection
wells is as important as in the producing wells. Injection well transient
testing and analysis are simple as long as the mobility ratio between the
injected and in-situ fluids is about unity and the radius of investigation is not
beyond the water (injected fluid) bank. Figure 14-1 shows types of tests,
limitations, and their uses.

14.2 Injectivity Test Analysis Methods

Figure 14-2 shows rate schedule and pressure response for injectivity
testing.

Under Steady-State Conditions

Reservoirs with injection wells can reach true steady-state condition when
total injection rate is equal to total production rate. Hall1 has provided a
method to analyze injection wells that assumes a series of steady-state
injection conditions (Figure 14-3). Figure 14-6 shows that a plot of integral



Types of Tests, Their Uses, and Methods of Analysis

Injectivity Test Pressure fall-off Tests Two Rate Test Step Rate Injectivity Test

It is analogous to
draw down

testing, for both
constant and
variable rates

Uses
Conventional
method
Semilog plot

It is analogous to
pressure buildup

testing and can be
used for both infinite

and developed
reservoirs.

Uses
Log-log plot
Horner plot

Also known as
multiple rate

analysis. Simple,
inexpensive and
fast pressure data
can be analyzed

using multiple-rate
transient techniques

This type of test
eliminates changing

wellbore storage
during a fall-off test.

Fracture pressure in an
injection well can be

determined and is
useful in waterflood
and tertiary floods

Figure 14-1. Types of tests, their uses, and methods of analysis.
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Figure 14-2. Rate schedule and pressure response in injectivity test.

or its approximation versus cumulative water injection should give a
straight-line with slope:

(14-1)

Methods of Analysis - Hall Plot1

• If PD and î are known, then k\\i can be estimated.
• If PD and kjji are known, we can estimate s\.



Changes in slope of the Hall1

plot can be caused by
changes in k//j,, s or <j>

Cumulative injection, W1, bblx 10~3

Figure 14-3. Water Injection well showing stimulation effects under steady-state
condition-Hall1.

• If we obtain k/ji or s\ from the transient test, then we must be able to
determine pn

(14-2)

Ratio of new flow efficiency is

(14-3)

Waterflood Reservoir with M.R = LO

An example calculation for waterflood reservoir with mobility ratio equal
to one is given below.

Example 14—I6 Analyzing Injection Well Test Data (Waterflood Reservoir
M.R =1.0)

Table 14—1 shows the pressure fall-off test data; other well/water-flood reser-
voir data are: pressure prior to test, pwf (At=O) = 175 psi, injection rate at time of
test — -lOOstb/day, injection time =1 .5 years; area within 5-spot pattern,
A = 40 acres and sw, a time of test = 0.4 fraction; well depth = 5002 ft;
/2= 16ft; 0 = 0.15; / ^ = LOcP; f3w = l.Orb/stb; ct = 6.17 x 10"5PSi"1;
rw = 0.25 ft; re = 744.6ft; pw = 66.45 lbm/ft3; water saturation at beginning of
test jv = 0.42 fraction.



Table 14-1
Injectivity Test Dataa

Time,
*(hr)

0.050
0.175
0.250
0.350
0.375
0.400
0.420
0.500
0.570
0.700
0.820
1.000
1.200
1.250
1.500
1.750
2.000
3.000
4.000
5.000
6.000
7.000

Pressure
response,
Pw/ (psig)

249.0
284.0
324.0
360.0
368.0
372.0
374.0
384.0
424.0
454.0
594.0
709.0
774.0
784.0
789.0
792.0
793.0
798.0
799.0
800.0
803.0
804.0

Injection
rate

qw (stb/day)

-100
-100
-100
-100
-100
-100
-100
-100
-100
-100
-100
-100
-100
-100
-100
-100
-100
-100
-100
-100
-100
-100

Pressure drop,
Ap = (pwf-Pi)

(psig)

55.0
90.0

130.0
166.0
174.0
178.0
180.0
190.0
230.0
260.0
400.0
515.0
580.0
590.0
595.0
598.0
599.0
604.0
605.0
606.0
609.0
610.0

Radius of
drainage,

U (ft)

21.2
39.7
47.4
56.1
58.1
60.0
61.5
67.1
71.6
79.3
85.9
94.8

103.9
106.0
116.1
125.4
134.1
164.2
189.7
212.0
232.3
250.9

a Drainage radius = 744.6 ft; time required to reach the boundaries of a tested
reservoir = 61.7 ft.

• Estimate the wellbore storage coefficient, C;
• Estimate the permeability, k, and skin factor, s;
• Check to justify using the unit mobility ratio analysis.

Solution Cumulative water injected at time of test,

Wi = [qi x f3w x number of years x 365/year] bbl
= 100 x 1.00 x 1.5 x 365 = 54,750 bbls

Method of Analysis

• Plot column 4 versus column 1 (Figure 14-4);
• Plot column 2 versus column 2 (Figure 14-5);
• Plot column 5 versus column 1 (Figure 14-6).
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Figure 14-4. Log-log data plot.

Drainage radius = 744.6 ft
Time required=61.65 hr
Near producing well

Boundary effects appear

r^is LESS than rwd

Justify using Unit Mobility
Ratio Analysis

End of
wellbore
storage
effects

Injection time t, hours

Figure 14-5. Unit mobility ratio analysis.

From these graphs, find the following using log-log type curve matching
techniques.

1. Injection time t where wellbore storage effects end. (Time at the
beginning of middle transient region MTRl.) Lower limits of usable
straight line should be checked by plotting log (pw/ — pt) versus log
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Figure 14-6. Semilog data plot.

time. The beginning of the straight line can be estimated by one of the
two methods:
(i) By the one and one half log cycle rule;
(ii) By the type curve overlay.

2. Injection time t where boundary effects appear. (Time at the end of
middle transient region, MTR2, where data begin to deviate from the
semilog straight line.)

Time
(hr)

2.25
6.00

61.65

Radius of
investigation rd (ft)

142.2
232.3
744.6

Equation used

(Eq. 14-12)
(Eq. 14-12)
(Eq. 14-12)

Remarks

Wellbore storage effects end
Boundary effects appear
Near producing well
drainage radius

Interpreted data
Pressure response at 1 hr = 709 psig
Tubing pressure before injection = 175 psig
Slope, m, from Figure 14-6 = 95psig/cycle



Calculated parameters
Figures 14-4 and 14-6 are log-log and semilog plots for the test data

shown in Table 14-1. Figure 14-5 is a semilog data plot to justify using unit
mobility ratio concept. Total producing time, tp, is 7.0 hr. Using
A/? = lOOpsi and At = 0.2 hr (from the unit slope line), estimate wellbore
storage coefficient, C:

(from Eq. 8-6)

The value of C must be positive. Calculate wellbore volume corresponding to
C = 0.0083 bbl/psi.

(from Eq. 8-8)

At the depth of 5002 ft, a casing radius is 0.95 ft, which is too large for a hole
of radius 0.25 ft. This clearly indicates the need for a check of the well
completion equipment and surface connecting lines. The current straight
lines in Figures 14-4 and 14-5 indicate m = 95psi/cycle and p\ hr — 709 psi.
Estimate the following parameters.

(from Eq. 14-9)

(from Eq. 14-10)

Pressure drop across skin using Eq. 14-13 is

Radius of investigation
Radius of drainage, rd = 250.9 ft (Table 14-1)
Distance to water bank, rwt — 311.51 ft (Eq. 14-11)
Since r</ is less than rwt, it is justified to use unit-mobility ratio analysis.



Liquid Filled Unit Mobility Ratio Reservoirs

Method of Analysis

The pressure will decline at a production well during drawdown, while
pressure at an injection well will increase during injection. That difference is
accounted for in the analysis method by using q < 0 for injection and q > 0
for production. The bottom-hole injection pressure for the constant rate
injectivity test is given by:

(1+-4)

Equation 14-4 indicates that a plot of bottom-hole injection pressure, pw/,
versus the logarithm of injection time should have a straight line section, the
slope of which is given by:

(14-5)

The intercept, p\hr, is given by

(14-6)

To estimate the duration of wellbore storage effects, a plot of log (pw/ -pt)
versus log t may be used. The beginning of the semilog straight line can be
estimated by the following equation:

(14-7)

where

C = wellbore storage coefficient (14-8)

The values of At and Ap can be found from the unit-slope portion of log-log
plot. Once the semilog straight line is determined, reservoir permeability, k,
and skin factor are estimated using Eqs. 14-9 and 14-10:

(14-9)

(14-10)



Distance to water bank is calculated from the following equation:5

(14-H)

where
rwb = drainage radius (distance to water bank), ft
Wi — volume injected, res bbl

= Qinj x Av x injection time
/3W = water formation volume factor, rb/stk

The estimated permeability is used to determine a radius of drainage
from:2

/0.00084\kt , A. . . .c
rd ~ \ — A ' rd < ^(condit ion to justify

V Yl1OCt

unit mobility ratio analysis) (14-12)

The calculated value of r</ should be less than rwb to justify using the unit-
mobility ratio analysis. Pressure drop across the skin may be estimated from:

(14-13)

Flow efficiency is given by

(14-14)

Equations 14-4 through 14—14 can be applied to injectivity testing in an
infinite-acting reservoir. Example 14—2 illustrates how to analyze this type
of test.

Example 14-26 Analyzing Injectivity Test in Liquid Filled Unit Mobility
Ratio Reservoir

Pressure response data for an injectivity test in a water-flooded reservoir
are given in Table 14-2. Before the test, all the wells in the reservoir had been
shut-in for several weeks and pressure had stabilized. Other known reser-
voir data are: depth = 1250 ft; rw = 0.25 ft; h = 20 ft; qw = -120stb/day;
/?/ = 225psig;c, = 6.5 x l O ^ p s r 1 ; ^ = 16%;/xw= 1.0cP;pw = 62.51bm/cuft;
f3w = 1.027 rb/stb; and tubing size = 2 in.



Table 14-2
Pressure Response Data in an Injectivity Test

Radius of drainage,
vd (Eq. 14-12) (ft)

Pressure differenceBottom-hole pressure,
Pw/ (psig)

Injection time,
r(hr)Injection time, t (min)

31.44
36.71
42.39
59.95
67.02
76.42
82.08
87.38
94.78
99.41

103.83
119.89
127.16
140.58
149.86
169.55
182.32
189.56
222.28
245.34
259.57

54
56
72

105
135
162
310
400
530
582
589
591
593
595
600
601
602
601
603
602
603

279
281
297
330
360
387
535
625
755
807
814
815
817
819
825
826
827
826
828
827
828

0.11
0.15
0.20
0.40
0.50
0.65
0.75
0.85
1.00
1.10
1.20
1.60
1.80
2.20
2.50
3.20
3.70
4.00
5.50
6.70
7.50

6
9

12
24
30
39
45
51
60
66
72
96

108
132
150
192
222
240
330
402
450



Solution

Method of Analysis

Plot the following figures using data from Table 14-2. Figure 14-7 is a
log-log data plot showing wellbore storage effects, which are important
from 2 to 3hr. Figures 14-8 and 14-9 show radius of drainage performance
and semilog straight line through the data after 3 hours of injection. Inter-
preted data from Figure 14-9 are:

Pressure response at 1 hr, p\hr = 725 psi
Tubing pressure before injection = 185.0 psi
Slope — 80psig/cycle.

Calculated parameters
Permeability is calculated using Eq. 14—9:

Estimate distance to water bank from Eq. 14-11:
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Figure 14-7. Log-log data plot.
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Figure 14-9. Semilog data plot.



Calculate radius of investigation from Eq. 14—12:

Since rj < rwb, using unit mobility ratio analysis is justified and Eq. 14-10
can be used to estimate skin factor:

Estimate pressure drop across the skin from Eq. 14-13:

14.3 Pressure Fall-Off Test Analysis Methods

Pressure fall-off tests are performed on injection wells. Injection is analo-
gous to production (but the rate, q, used in Eqs. 14-17 and 14-19 is negative
for injection while it is positive for production). Shutting in an injection well
results in a pressure fall-off that is analogous to a pressure buildup. There-
fore the equations for production well testing apply to injection well testing
as long as sign conversions are observed. In this section we will discuss
pressure fall-off testing and injectivity tests for unit mobility and non-unit
mobility ratio cases including two-rate and step injectivity tests, utilizing test
data that may be used to determine well and reservoir parameters, along
with examples illustrating the analysis procedures. Figure 14—10 shows rate
schedule and pressure response for fall-off testing.

Liquid-Filled Unit Mobility Ratio Reservoirs

Eq. 14-15 can express the pressure fall-off behavior for both infinite-
acting and developed reservoirs:

(14-15)
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Figure 14-10. Rate schedule and pressure response for fall-off testing,

where tp is the equivalent injection time and may be approximated by:

(14-16)

If tp > 2tpss, then the time to reach pseudo-steady state (or steady state,
which for a five-spot system occurs at tr>A =0.25 with A = area per well)
should be used in place of tp. Vp is the cumulative volume injected since the
last pressure equalization and qw is the water injection rate just before shut-in.
Equation 14-15 indicates that a plot of pws versus log [(^ + At)/At] should
have a straight line portion with intercept p* at (tp + At)/At = 1 and with
slope — m where m is given by:

(14-17)

The log-log data plot should also be made so that the end of wellbore
storage effects may be estimated and a proper semilog straight line can be
chosen. Equation 14-18 may be used to estimate the beginning of the
semilog straight line for fall-off testing:

(14-18)(hour)



but the log-log plot is preferred. Reservoir permeability and the skin factor
are determined from Eqs. 14-19 and 14—20 as

(14-19)

(14-20)

Calculation of pressure loss due to skin Ap5Mn (psi):

Apskin = 0.869ms (14-21)

Calculation of injectivity index (b/day/psi) and flow efficiency

(14-22)

(14-23)Flow efficiency = 1 ^ -
*ideal

If injection time tp is short, we can safely assume that p* = p. Otherwise
determine the average pressure, p, using the following procedure.

Find the slope of the fall-off curve and find k; using k and other given
data, calculate dimensionless flowing time:

(14-24)

where A is the injection area and from Table 14-3, find the dimensionless
pressure function, PMBH'-

(14-24a)

Since 70.6ifi/kh = ra/2.303, p - p* = pMBH(m/2303) (psi) or

P =PMBH(m/2303) +p* (psi) (14-25)

Example 14-35 Analyzing Single Rate Pressure Fall-Off Test Data (Liquid-
Filled Case-Unit Mobility Ratio)

Pressure response data for an injectivity test in a water-flooded reservoir are
given in Table 14-4. Before the test, all the wells in the reservoir had been shut-in



Table 14^-3
Function for Computing Average Waterflood Pressure3

Dimensionless injection time
tDA = 0.00064kt/<pjuctA
(Eq. 14-24)

0.01
0.02
0.03
0.04
0.05
0.06
0.07
0.08
0.09
0.10
0.15
0.20
0.25
0.30
0.35
0.40
0.50
0.60
0.70
0.80
0.90
1.00
1.50
2.00
2.50
3.00
3.50
4.00
4.50
5.00
5.50
6.00
6.50
7.00
7.50
8.00
8.50
9.00
9.50

10.0

Dimensionless pressure function
(PMBH) = (p-p*)n0.6iMlkh

(Eq. 14-24a)

0.00
0.00
0.04
0.05
0.10
0.13
0.18
0.21
0.28
0.31
0.50
0.70
0.85
1.00
1.10
1.20
1.40
1.55
1.68
1.80
1.90
2.00
2.32
2.65
2.83
3.00
3.17
3.30
3.40
3.53
3.60
3.70
3.75
3.85
3.92
4.00
4.05
4.10
4.15
4.20



Table 14-3 (continued)

Dimensionless injection time
tDA = 0.№064kt/<pfiictA

(Eq. 14-24)

20.0
30.0
40.0
50.0
60.0
70.0
80.0
90.0

100
200
300
393
400
500
600
700
800
900

1000

Dimensionless pressure function
(PMBH) = (P - p*)/706iii/kh

(Eq. 14-24a)

4.90
5.30
5.60
5.84
6.00
6.18
6.40
6.43
6.52
7.22
7.63
7.91
7.93
8.14
8.33
6.48
8.60
8.70
8.84

Table 14-4

Pressure Response Data in an Injectivity Test

Time,
At (hr)

0.00
0.07
1.00
1.50
2.00
3.00
4.00
5.00
6.00
7.00
8.00
9.00

(tp+At)/At

572,231.00
40,057.10
26,705.07
20,029.05
13,353.03
10,015.02

8012.22
6677.02
5723.30
5008.01
4451.68

Tubing pressure,

Ptf (psig)

525
300
268
251
245
202
184
173
159
153
145
139

Pressure difference,
(Ptfo -Ptf) = 525 -ptf (psig)

0
225
257
274
280
323
341
352
366
372
380
386



for several weeks and pressure had stabilized. Other known reservoir data are:
depth = 4819ft; rw = 0.354ft; h = 49ft; q = 1426stb/d; ct = 6.5 x lO^psi"1 ;
<j> = 16%; /i - 1.OcP; pw = 62.51bm/cuft; /3 = 1.027 rb/stb and tubing size =
2 in; injected area = 20 acres; cumulative volume injected before test =
2380mbbls; injection pressure at pw(At=o) — 525 psi; hole size = 8.50 in;
c0 = 3.0 x 10"6PSi"1; cw = 3.0 x 1 (T6PSi"1; cg = 1.00 x lO^psi"1 ; cf = 4.0 x
10"6PSi"1; s0 = 0.20, sg = 0 and sw = 0.80.

Solution Pseudo-producing time tp = 24 x 2380 x 1000/1426 = 40,056.10
hours (Eq. 14-16). The log-log data, Figure 14-11, indicate that wellbore
storage is important for about 0.01 to 0.07 hr. From semilog plot, Figure 14—12,
find the following: —> p\hr = 268 psi, p* = —335 psi, slope m = 130psi/cycle.

Calculate permeability to water using Eq. 14-19:

Using this k value and other data given in the example, we calculate dimen-
sionless flowing time for a 40-acre pattern flood (injection area A of 20
acres). From Eq. 14-24,

From Table 14-3,
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Figure 14-11. Log-log data plot - liquid-filled case (unit mobility ratio).



Pressure at 1 hr = 268 psig

Calculated average pressure
= 112 psig

Fall-off pressure
before test =

525 psig

Slope, m = 130 psi/cycle
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Figure 14-12. Pressure fall-off curve - liquid-filled case (unit mobility ratio).

Then, ^ - p* = 7.96(m/2.303) - 7.96(130/2.303) = 449 psig, and obtaining
p* from Figure 14—12 (semilog plot), we find, p = pe= —335 + 449 = 115 psi.

Calculate skin factor s and pressure loss due to skin, Apskin from
Eqs. 14-20 and 14-21.

Calculate injectivity index and flow efficiency from Eqs. 14-22 and 14-23:



Estimate compressibility in the swept zone from the following equation:

Prior to Reservoir Fill-Up-Unit Mobility Ratio

Hazelbroek etal.3 have provided a solution for the pressure behavior in
this type of reservoir.

Case 1: The surface pressure decreases slowly and the well stays filled up
to the top for considerable closed-in time, because the reservoir pressure is
high. After-flow into the formation is small since it results only from the
expansion of fluid in the well as the pressure decreases.

Case 2: The surface pressure drops to zero a short time after closing in,
after which the liquid level in the well starts to sink. The volume of inflow
into the formation at any time is equal to the volume of the wellbore column
between the top of the well and the liquid level.

For both conditions, the injection well closed-in pressure is given by3

(14-26)

where pws is the fall-off pressure in the well at closed-in time At, andpe is the
pressure at the outer radius of the oil bank. Equation 14-26 indicates that a
plot of \og(pws — Pe) versus A^ should be linear with slope /?i/2.303 and
intercept b\ at f3t = 0. From the theoretical treatment in Reference 3, the
intercept b\ and the injection rate / is related to kh by

(14-27)

where / is the injection rate; b/d and the quantities Ci, C2, and C3 for case 1
are:

(14-28)



For case 2 where the surface pressure drops to zero shortly after closing in,

(14-29)

and for both case 1 and case 2

(14-30)

where
dt = diameter of tubing or casing, inches
p = density, gm/cc

cw = water compressibility, psi"1

p = pressure, psi
/3\ = slope in hr"1

Knowing the value of parameter 8, we can find function f(0) from Table
14—5 and then using Eq. 14-24, find permeability-thickness product, kh.

Skin factor s is calculated from the following equation:

(14-31)

where

(14-32)

The next example illustrates the use of these equations and method of
analysis.

Example 14-45 Analyzing Single Rate Pressure Fall-Off Test Data (Prior to
Reservoir Fill-Up) M.R =1.0

Given data are: injection rate, i = 1020 bbl/day, wellhead injection pressure
(tubing) — 0 psi; wellhead pressure (casing) = 598 psi; cumulative injected
water, W1 = 6.077 mbbls; h = 45 ft; <\> = 0.3; /xw = 0.9; /3W = l.Orb/stb;
pw = 62.51bm/ft3 = 1.0 gm/cc; cw - 3.0 x 10"6; cf = 4.0 x 10~6; co = 3.0 x
10"6; cg = 1.0 x 10"4; S0 = 0.56; sw = 0.32; sg = 0.12; sgr = 0; rw = 1.0 ft;
hole size = 6.366 in. Pressure fall-off test data are given in Table 14—6.



Table 14^5
Function/(0) Versus 0 for Calculating kh3

Parameter 6 calculated using Eq. 15-30 Function/(0)

0 181
0.0182 177
0.02 172
0.04 170
0.06 165
0.08 158
0.10 154
0.12 146
0.14 140
0.16 134
0.18 127
0.20 120
0.22 113
0.24 106
0.26 99
0.28 92
0.30 84
0.32 76
0.34 68
0.36 60
0.38 54
0.40 48
0.42 37
0.44 26
0.46 17
0.48 9
0.50 0

Solution The plot of log (pm — pav) versus injection time at various values
of average pressures is shown in Figure 14-13; we find pe = pav = 32psig,
intercept at At = 0, b\ = 340, and slope, /3\ = 0.514 hr"1. For the case where
the pressure drops to zero shortly after closing-in, calculate the following
parameters using Eq. 14-29.



Table 14-6
Pressure Fall-Off Data

Parameters at various values of average pressure (pm — PAV) (psig)

1501251007550322010Fall-off pressure, pm (psig)Injection time (hr)

448
447
402
380
365
332
292
232
202
174
154
139
112
107
95
82

473
472
427
405
390
357
317
257
227
199
179
164
137
132
120
107

498
497
452
430
415
382
342
282
252
224
204
189
162
157
145
132

523
522
477
455
440
407
367
307
277
249
229
214
187
182
170
157

548
547
502
480
465
432
392
332
302
274
254
239
212
207
195
182

566
565
520
498
483
450
410
350
320
292
272
257
230
225
213
200

578
577
532
510
495
462
422
362
332
304
284
269
242
237
225
212

588
587
542
520
505
472
432
372
342
314
294
279
252
247
235
222

598
597
552
530
515
482
442
382
352
324
304
289
262
257
245
232

0.000
0.250
0.500
0.800
1.000
1.450
2.000
3.000
4.000
5.000
6.000
7.000
8.000
9.000
10.000
11.000



Table 14-6 (continued)

Parameters at various values of average pressure (pws — pAv) (psig)

1501251007550322010Fall-off pressure, pws (psig)Injection time (hr)

72
61
50
42
32
25
17
10

97
86
75
67
57
50
42
35

122
111
100
92
82
75
67
60

147
136
125
117
107
100
92
85

172
161
150
142
132
125
117
110

190
179
168
160
150
143
135
128

202
191
180
172
162
155
147
140

212
201
190
182
172
165
157
150

222
211
200
192
182
175
167
160

12.000
13.000
14.000
15.000
16.000
17.000
18.000
19.000
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Figure 14-13. Pressure fall-off curves - prior to reservoir fill-up (unit mobility ratio
case).

Then, from Eq. 14-30, we find

Knowing the value of 9, find function/(0) from Table 14-5, which is equal to
177. Calculate permeability-thickness product, kh, from Eq. 14-27:

and k — 523.2/45 = 11.63mD. Before finding skin factor s, first estimate
distance to water bank from Eq. 14-32:

Now calculate, skin factor, s from Eq. 14-31:



Prior to Reservoir Fill-Up - Non-Unit Mobility Ratio

Hazelbroek etal.3 have provided the following equations to analyze pre-
ssure fall-off single-rate test. Mobility ratio is given

(14-33)

Ratio of volume of oil bank to volume of water bank is

Ratio = ~ (14-34)

Parameter 7 and quantity roD are related to

(14-35)

Permeability-thickness product kh and skin factor s are estimated by using
the following equations:

(14-37)

(14-38)

where iw is injection rate in b/d and function F can be determined from
Figures B—9 through B—11. Figure 14-14 shows water and oil banks and
Figure 14-15 illustrates fluid saturations.

The following example illustrates the application of Eqs. 14-33 through
14^38.

Example 14-56 Analyzing Single Rate Pressure Fall-Off Test Data (Non-
Unit Mobility Ratio Case)

For the data given in Example 14-4, for fi0 = 12 cP, and for ko — 0.85
mD, and kw = 0.255 mD, s0 = 0.56, sor = 0.20, sg = 0.12, and sgr = 0.0,

Mobility ratio = M.R - ^ ^ -



Producer Producer

Unflooded
region

Oil bank

Water bank

i = injector

Producer Producer

Figure 14-14. Showing water and oil banks.3
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Residual gas

Residual oil
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Gas

Oil prior
to flooding

Oil prior
to

flooding

Injected
water

Interstitial water

Injector Producer

Figure 14-15. Oil, water, and gas saturations in the reservoir.3

Solution Pressure fall-off test data are given in Table 14—7. Figure 14—16
shows a semilog plot of log (pw — pav) versus injection time; from this figure
average reservoir pressure is:

Pav = Pe = 32 psi

Volume of oil bank,



Table 14-7
Pressure Fall-Off Test for Non-Unit Mobility

Parameter at various values of
average pressure (pws - pav\ psig

Injection
time (hr)

Fall-off
pressure

Pws, (psig)

0.000 598 588 578 566 548 523 508 498 478
0.250 597 587 577 565 547 522 507 497 477
0.500 552 542 532 520 502 477 462 452 432
0.800 530 520 510 498 480 455 440 430 410
1.000 515 505 495 483 465 440 425 415 395
1.450 482 472 462 450 432 407 392 382 362
2.000 442 432 422 410 392 367 352 342 322
3.000 382 372 362 350 332 307 292 282 262
4.000 352 342 332 320 302 277 262 252 232
5.000 324 314 304 292 274 249 234 224 204
6.000 304 294 284 272 254 229 214 204 184
7.000 289 279 269 257 239 214 199 189 169
8.000 262 252 242 230 212 187 172 162 142
9.000 257 247 237 225 207 182 167 157 137

10.000 245 235 225 213 195 170 155 145 125
11.000 232 222 212 200 182 157 142 132 112
12.000 222 212 202 190 172 147 132 122 102
13.000 211 201 191 179 161 136 121 111 91
14.000 200 190 180 168 150 125 110 100 80
15.000 192 182 172 160 142 117 102 92 72
16.000 182 172 162 150 132 107 92 82 62
17.000 175 165 155 143 125 100 85 75 55
18.000 167 157 147 135 117 92 77 67 47
19.000 160 150 140 128 110 85 70 60 40

Volume of water bank,

Therefore,

(from Eq. 14-34)

Using Eqs. 14-35 and 14-36, find
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Figure 14-16. Pressure fall-off curves - prior to reservoir fill-up (non-unit mobility

ratio case).

Further, M.R = 4.0 and 7 = 1 , since C0 = cw for this dead oil. Therefore,
reading from Figures B-9 through B-Il, we obtain, F = 220.

Calculate water formation permeability and thickness product, kwh from
Eq. 14-37:

This value of kwh is 2.27 times as large as that obtained for the single fluid
case.

The skin factor is found from Eq. 14-38:

This value of s is less negative (indicating a smaller effective wellbore radius)
than the value obtained in the single fluid case. Thus, use of the single fluid
case has given too large a value for effective wellbore radius and, as noted
above, too small a value for kh. This is the result one finds when the water
mobility is greater than the oil mobility (M > 1). By obtaining too large an



effective wellbore radius from use of the single fluid case, the engineer may
incorrectly decide that there is little possibility of injectivity improvement by
well stimulation. Use of the proper mobility ratio would lead to a proper
recommendation.

14.4 Two-Rate Injectivity Test Analysis

Using Conventional Methods

Pressure behavior of the well at time Af after the change in injection rate
is given by:3

(14-39)

where
piw = injection well pressure after change in rate, b/day
pw — injection well pressure at time of rate change, psi
p = average pressure in area between injector and producer, psi

pe — mid-point pressure between injector and producer, psi
Equation 14-39 indicates that a plot of \o%{piw — {p + (i2/h)[Pw — pi})

versus Af should be linear; and from the intercept value of b at Af = 0, we
find

(14-40)

Trial-and-error values of p are used until the best straight-line is obtained.
To determine the value of skin factor, s, at the time of rate change

(14-41)

Thus

(14-42)

where re can be determined from the slope of the plot of
log(/?,-w -[p + (hlh)[pw -Pl]) versus Af



(14-43)

Thus

(14-44)

The average pressure must be determined by a trial-and-error procedure as
noted above. The procedure is to try various values of p until one is found
that yields the best straight line on the plot of log(piw — [/? + (iilh)
[Pw -?]]) versus Af.
An example application of this method is given below.

Example 14-66 Analyzing Two-Rate Injection Well Test in a Waterflood
Reservoir before a Tertiary Recovery Test

The well was stabilized at an injection rate of 2563 b/d. To obtain the
transient pressure data the rate was reduced to 742 b/d and pressure response
along with calculated data are shown in Table 14—8. Other data are as
follows: injection well pressure is twice the rate change = 6777 psi and
second injection rate = 742 b/d, well depth = 4819 ft, h = 31 Tt0 = 3.0 x
1(T6PSr1, Cf = 4.0 x 10-6PSi"1, cw = 3.0 x lO^ps i ' 1 , eg = 1.0 x 10"4

psi"1, 0 = 0.244, fiw = 0.37 cP, (3w = l.Orb/stb, S0 = 0.20, sw = 0.80,
rw = 0.30 ft, and A = 95 acres. Estimate permeability, k, and skin factor,
s, and compare your results with the conventional method of analysis.

Solution Table 14—8 shows the data for two-rate injectivity test. Find the
average pressure in the region around the wellbore by trial and error proce-
dure; as shown in Figure 14-17 the average pressure is found to be 3600 psi.
Figure 14-18 is a two-rate injection test data plot using the Odeh and Jones
method. From this plot, find the following parameters:

Slope,

Intercept, b =

Determine the value of k using Eq. 14-40:



Table 14-8
Two-Rate Injectivity Test

Injection
time, At (hr)

0.000
0.100
0.200
0.300
0.400
0.500
1.000
2.000
4.000
6.000
8.000
10.000
12.000
14.000
16.000
18.000
20.000
22.000
24.000
26.000
28.000
32.000
36.000
40.000
44.000
48.000

Fall-off pressure
after rate change,

Pm (psig)

6777
6320
6120
5920
5820
5720
5620
5520
5380
5320
5300
5250
5200
5190
5170
5160
5125
5115
5110
5105
5102
5090
5060
5030
5020
5000

Function at various values of average pressure
Pm ~ \Pav + qilq\(Pw -Par)] (psig)

4500

1618
1161
961
761
661
561
461
361
221
161
141
91
41
31
11
1

-34
-44
-49
-54
-57
-69
-99
-129
-139
-159

4200

1831
1374
1174
974
874
774
674
574
434
374
354
304
254
244
224
214
179
169
164
159
156
144
114
84
74
54

4000

1973
1516
1316
1116
1016
916
816
716
576
516
496
446
396
386
366
356
321
311
306
301
298
286
256
226
216
196

3800 3600

2115 2257
1658 1800
1458 1600
1258 1400
1158 1300
1058 1200
958 1100
858 1000
718 860
658 800
638 780
588 730
538 680
528 670
508 650
498 640
463 605
453 595
448 590
443 585
440 582
428 570
398 540
368 510
358 500
338 480

3200

2541
2084
1884
1684
1584
1484
1384
1284
1144
1084
1064
1014
964
954
934
924
889
879
874
869
866
854
824
794
784
764

3000

2684
2227
2027
1827
1727
1627
1527
1427
1287
1227
1207
1157
1107
1097
1077
1067
1032
1022
1017
1012
1009
997
967
937
927
907

2500

3039
2582
2382
2182
2082
1982
1882
1782
1642
1582
1562
1512
1462
1452
1432
1422
1387
1377
1372
1367
1364
1352
1322
1292
1282
1262

Before using Eq. 14-41, first find the value of drainage radius, re, using
Eq. 14-44, after rearranging this equation

Check:
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Substituting the values in Eq. 14-42,

Conventional Analysis

Two-rate injectivity test and pressure data are shown in Table 14-9.
Figure 14-19 is a log-log plot; end of wellbore storage starts at about
0.05 h, and Figure 14-20 is a semilog plot; from this plot find the
slope = 81 psi/cycle and p\hr = 621 psig. These values agree quite well with
the Hazelbroek et al. method.

14.5 Step-Rate Injectivity Testing Technique

Using Felsenthal et al. Method

Felsenthal4 presented a technique to estimate the fracture pressure in an
injection well. Such information is important in water-flood and tertiary
floods where it is important to avoid injecting expensive fluids through
artificial fractures.
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Figure 14-19. Log-log data plot for two-rate injection test.
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Figure 14-20. Coordinate plots - two-rate fall-off test.

A step rate injectivity test consists of injection fluid at a series of increasing
rates. Each rate will last about 1 hour; 30min injection times are adequate for
formation with k > 1OmD. Normally four to eight rates are preferred.

Estimation of Formation Fracture Pressure

A plot of bottom-hole pressure or surface pressure versus injection rate
should give two straight-line segments. The break in the time indicates
formation fracture pressure, pf. The fracture gradient is given by

(14-45)

where
GRinj = injected fluid pressure gradient, psi/ft

D = depth, ft
Pf = formation fracture pressure, psi

Pressure data taken during each rate may be analyzed with multiple rate
transient technique. Pressure behavior caused by a variable flow rate is
given by:1'3

(14-46)



Table 14-9
Two-Rate Injectivity Test Data

l°g(/V« -Pwf) + 9il9i log (tp + At)IAtlog Ar\og(tp + At)/AtPressure difference (pwfo — pwf) (psi)Pwf (psi)Time, At (hr)

1.2029
1.0597
0.9798
0.9261
0.8868
0.8562
0.8116
0.7804
0.7577
0.7171
0.6977
0.6885

-0.7771
-0.4775
-0.3010
-0.1758
-0.0793

0.0000
0.1248
0.2219
0.3010
0.4770
0.6020
0.6988

1.5798
1.2913
1.1258
1.0114
0.9253
0.8562
0.7510
0.6728
0.6118
0.4858
0.4057
0.3495

170.7
190.0
193.0
204.0
208.9
211.0
212.0
220.3
220.3
220.3
220.3
220.3

832.0
661.3
642.0
639.0
628.0
623.1
621.0
620.0
611.7
611.7
611.7
611.7
611.7

0.000
0.167
0.333
0.500
0.667
0.833
1.000
1.333
1.667
2.000
3.000
4.000
5.000



Eq. 14-46 is the equation of a straight line with slope

(14-41)

and intercept

(14-48)

A plot of (pi-pwf)lqN versus YljL\ K(^ ~ ?/-i)/tftf)log(f - f/_i)] should
appear as a straight line. Once the data plot is made, straight-line slope
and intercept are measured. Permeability and skin factor are estimated by
using the following equations:

(14-49)

(14-50)

In this multiple-rate analysis, a unit mobility ratio is assumed. The next
example will illustrate the analysis of step-rate injectivity test.

Example 14̂ 7 Analyzing Step-Rate Injectivity Test
Felsenthal4 provides the data in Table 14-10 for a step-rate test in a

reservoir with the following properties: h — 270 ft; ct = 1.5 x 10"5PSi"1,
rw = 0.25ft; 0 = 0.186fraction; /iw = 0.45cP; /3W = l.Orb/stb; well depth
= 7260 ft and injected fluid pressure gradient = 0.433 psi/ft. Estimate forma-
tion permeability and skin factor.

Solution Figure 14-21 shows the normal step-rate data plot, ptf verses q.
The break in the data indicates a surface fracture pressure of about 1000 psi.
The fracture gradient is estimated by using Eq. 14-45.

[(0.433)(7260) + 1000]/7260 - 0.57psi/ft

The data in Table 14-10 also may be analyzed for formation properties by
using the equation described in this section. Columns 4 and 5 in Table 14—10
contain the data to be plotted according to Eq. 14-46. Figure 14-22 shows



Table 14-10
Step-Rate Test Data

E [(Si - Si-i)ISn x Iog(r - u-i)](^i-A/V^psi/stb/dTubing pressure pt/ (psig)Injection rate, q (stb/d)Time, t (hr)

-0.3000
0.0000

-0.1102
0.1204

-0.3350
-0.1124

0.1238
0.2454

0.7800
0.8800
0.8560
0.9280
0.6680
0.7200
0.7653
0.7026

642.0
720.0
730.0
856.0
874.0

1143.0
1182.0
1216.0
1450.0

0
-100
-100
-250
-250
-750
-750
-750

-1150

0.00
0.50
1.00
1.50
2.00
2.25
2.50
3.00
4.00
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Figure 14-21. Fracture pressure calculation.

Slope = (0.886 - 0.70)/-0.5 = 0.372
Intercept at zero = 0.886 psi/stb/d

Figure 14-22. Step-rate injectivity test analysis for water flood reservoir.

the data plot. The first four points, for the rates before the fracture occurred,
fall on the expected straight line. That line has the properties:

Slope, rri = 0.357[psi/stb/day]cycle



and

Intercept, b1 = 0.885[psi/(stb/day)]

Estimate formation permeability, k, from Eq. 14-49:

Determine skin factor, s, from Eq. 14-50:

In Figure 14-22, the data points are for q = —750 and q — — 1150 stb/d. It
does not fall on the straight line. These points correspond to data taken after
the formation fracture.

14.6 Summary

This chapter presents pressure analysis techniques in injection wells. The
injectivity test and the fall-off tests are used to estimate the reservoir proper-
ties of injection wells in waterflood and EOR recovery projects. The know-
ledge of reservoir properties and near wellbore conditions in injection wells is
as important as in the producing wells. Injection well transient testing and
analysis are simple as long as the mobility ratio between the injected and
in-situ fluids is about unity and the radius of investigation is not beyond the
water (injected) fluid) bank.
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Chapter 15

Well Testing
Methods in
Multilayered Oil
Reservoir Systems

15.1 Introduction

This chapter discusses various types and testing of layered oil reservoir
systems including multilayered responses in fractured reservoirs. It also
describes crossflow identification and the nature and degree of communica-
tion between layers. Performance equations for cases of constant flowing
pressure and constant producing rate are presented and discussed. This
chapter also reviews "layer effect" on pressure and/or production behavior
including economic aspects of interlayer crossflow.

15.2 Identification of Layered Oil Reservoir Systems

Figure 15-1 shows the classification of layered oil reservoir systems.

Layered reservoir
with crossflow

Layered reservoir
without crossflow

Composite
reservoirs

Interlayered
crossflow

Layers
communicate at

the contact planes.
See Figure 15-2

Layers
communicate only

through the
wellbore.

See Figure 15-3

Also known as
commingled reservoirs.
Well responses are not
straightforward because

one must account for
communication between

the layers at the
observation well.
See Figure 15-5

Crossflow can
occur between

layers.
See

Figures 15-6

Figure 15-1. Classification of oil reservoir systems.



15.3 Analyzing Pressure Behavior in Multilayered Systems

Multilayered reservoirs can be classified into two categories: layered
reservoirs with crossflow, in which layers are hydrodynamically communi-
cating at the contact places and layered reservoirs without crossflow, in
which layers communicate only through the wellbore. This type of system
without crossflow is also called a "commingled system."

Layered Reservoir with Crossflow

Figure 15-2 shows a four-layer oil reservoir with crossflow allowed
between the layers. Pressure transient testing in such reservoirs is the same
as the behavior of the homogeneous system. The following relationships can
be applied for such systems.

Permeability-thickness product

(15-1)

Porosity-compressibility product

(15-2)

The total number of layers is n. The individual layer permeabilities may
be approximated from

(15-3)

Layer 1

Layer 2

Layer 3

Layer 4

Cap rock

Co mmunication layers

Base rock

Figure 15-2. Four-layer crossflow reservoir.



Layered Reservoir without Crossflow

Figure 15-3 shows a four-layer reservoir with the layers separated by a shale
barrier. Oil production is commingled at the well, so layers communicate only
through the well. Early-time pressure drawdown behavior in such a system
yields a straight line on the semilog plot as shown in Figure 15-̂ 4. Boundary
effects cause the upward bending in Figure 15-4. After a long production time,
pseudo-steady-state conditions exist and pressure behavior will be linear with
time. Refs. 3, 5, and 7 have proposed methods for estimating both the location
of the oil, water banks in Figure 14—14, and the permeability of the two fluid
banks in a two-zone system. Pseudo-steady state begins approximately at:8

(15-*)

Shale barrier

Shale barrier-

Shale barrier

Well

Sand
Imperious layer

Imperious layer

Imperious layer

Figure 15-3. Three-layer without crossflow reservoir.

Approximate end of
transient state

Figure 15-4. Muskat straight line intercepts for two-layer reservoirs without cross-
flow (after Ramey and Miller, JPT, Jan. 1972).4



Time at the beginning of pseudo-steady state also depends on

• relationship between 0, h, and compressibility in the various layers,
• reservoir shape,
• number of layers, and
• well location.

Figure 15-4 shows a graph of dimensionless pressure, pD, versus dimen-
sionless time, tD, for a two-layer reservoir with permeability ratios k\/&2 of
1, 2, 10, and 100. All four curves are for re/rw of 2000. The dimensionless
terms are

(15-5)

(15-6)

(15-7)

where

(15-8)

(15-9)

(15-10)

Figure 15-4 indicates that during the early transient period, the slope of
the straight line is 1.151 (2.303/2). The approximate semilogarithmic period
ends at to — 5 x 105 and behavior beyond the end of the semilogarithmic
period is strongly influenced by permeability ratio.

Composite Reservoirs

This type of reservoir is also known as commingled reservoirs. Layers
communicate only through the wellbore as shown in Figure 15-5. In recent
years, investigators 1^3 have conducted studies on wells with commingled
fluid production from two or more noncommunicating zones. In those cases,
fluid is produced into the wellbore from two or more separate layers and is
carried to the surface through a common wellbore.
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Figure 15-5. Reservoir consisting of commingled zones and crossflow layers.

Interlayer Crossflow Reservoir

Figure 15-6 shows that the crossflows between the layers can occur; the
pressure and production behavior of a gas well can be interpreted by the use
of homogeneous reservoir theory. An oil well in a layered reservoir with
crossflow behaves as a well in a homogeneous, single-layer reservoir that
possesses the same dimensions and pore volume as the crossflow system and

Cap rock
Well Direction of flow

Lower
permeability

layer

Drainage
boundary

Higher
permeability

layer

Base
rock

Figure 15-6. Schematic view of a portion of a two-layer reservoir with interlayer
crossflow.



a permeability-thickness product (kh) equal to the total kh of the crossflow
system. The occurrence of crossflow can be confirmed by the homogeneous-
like appearance of the pressure and/or production behavior.

15.4 Concept of Reservoir Layer Fracture Conductivity

Raghavan et al.7 have introduced the concept of reservoir layer conduc-
tivity, CRDj, given by

(15-11)

where rjj = diffusivity of layer j , rj = k/(4>cting), CRD — Z)JLi CRDJ, and an
equivalent fracture length and equivalent fracture conductivity are defined,
respectively, by

(15-12)

(15-13)

The dimensionless fracture conductivity is then defined by

(15-14)

Camacho et al.6 have studied the correlations of multilayer responses with
the single-layer solutions for a number of cases. They assume that the
fractures are not in communication. If fractures are in communication, the
values of C/D are somewhat higher and the ratio hf/x/j is an important factor
in the performance of the fractured well. When layers are stimulated by
fractures, then maximum productivity will be achieved if the fracture tip in
each layer begins to affect the well response at approximately the same time.
For a two-layer gas reservoir system, the criterion for maximum productiv-
ity is given by

(15-15)
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Figure 15-7. Criteria for maximum productivity (after Camacho etal., 1987).6

where

The dashed lines in Figure 15-7 represent Eq. 15-15. These results are
based on the assumption that boundary effects are negligible. The reservoir
layer conductivity concept does not apply if boundary effects dominate the
pressure response. During pseudo-steady-state flow the well response is
given by (well in a circular reservoir)

15.5 Pressure Production Performance
Response Equations

The pressure production performance relationships for the cases of con-
stant producing pressure and constant producing rate are given below.4'10'14

Constant Producing Pressure

For the case of constant bottom-hole producing pressure, the follow-
ing formula for producing rate developed in Ref. 5 has also provided



the method to calculate cumulative production from multilayered
reservoirs.

(15-16)

where

Constant Producing Rate

Transient bottom-hole pressure performance of a well in a reservoir with
crossflow is given by3

(15-17)

For semisteady state (larger times), the pressure behavior is described by

(15-18)

where t = time in hours; {kh)t = k\h\ + k2h2\ (<t>h)t = (4>\h\) -f (<p2hi)\ and
ht = h\ +h2.

The time at which semisteady state starts is given by

(15-19)

For semisteady-state flow, the slope of the plot of flowing bottom-hole
pressure versus time is given by

(15-20)Slope =



Transient performance Eq. 15-17
Slope =

Semisteady state
performance
(Eq. 15-18)

Time to reach
semisteady state

Time in hours

Figure 15-8. Idealized constant-rate pressure performance in two-layer reservoir
with crossflow (after Russell and Prats, JPT, June 1962).8

Figure 15-8 shows an idealized constant-rate flowing bottom-hole pres-
sure performance curve, and reservoirs of this type should possess the
properties shown on this plot.

15.6 Investigating Degree of Communication
and Type of Crossflow

Figure 15-9 presents the methods that can be used to identify the degree
of communication between layers and type of crossflow.

15.7 Pressure Buildup Characteristics in Layered
Reservoir Systems

Figure 15-10 shows pressure buildup behavior in single-well, multilayer
reservoir systems. Lefkovits et al.1. and Raghavan etal.7 have stated that, after
the initial semilog straight line, the buildup curve flattens, then steepens, and
finally flattens toward the average reservoir pressure as indicated in the figure.
This is not always correct. The C-D portion in Figure 15-10 can be insigni-
ficant for some systems. This is particularly true for large contrasts in porosity
or thickness, for more than two layers, or for nonsymmetrical systems.
Classifications and pressure response characteristics including detailed analy-
sis of multilayer reservoir systems are described in the previous sections.
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15.8 Pressure Analysis Methods for Oil Wells
Producing Commingled Zones

The following methods can be used to analyze multilayer reservoir systems.

Conventional Analysis Method (Horner Plot)

Early portion of the Horner buildup plot is linear with a slope of approxi-
mately 1.151. This early straight line provides a means of estimating kh
directly. Under certain conditions buildup data can be extrapolated to static
pressure. Late buildup is the result of additional buildup and is carried by
fluids flowing from the lower kh to higher kh zone. This will be greater if
permeability ratio and producing time are large. This method requires a plot
of buildup pressure versus 1Og(^ 4- At)/At. Buildup pressures would clearly
be a linear function of log (tp + At)/At. Slope of such semilog plot would be
1.151. The average reservoir permeability can be estimated from the follow-
ing equation:

(15-21)

where m is the slope of straight line of semilog plot. Figure 15-11 illustrates
how to determine p for a two-layer reservoir having permeability ratio

Figure 15-11. Extrapolation of initial Horner straight line to static pressure for a
two-layer reservoir.



of 2. The entire pressure buildup can be computed by using the following
equation:

(15-22)

Extrapolation of the proper straight line to a time ratio of unity gives the
false pressure, p*. Thus we can determine graphically the MBH dimension-
less function of (/?* — p) as

The value of A can be found from Horner plot as shown in Figure 15-11.
Therefore p is equal to

Figure 15-11 shows that the proper straight line does indeed extrapolate to
the fully static pressure at this value of time ratio. Fractional production rate
from each layer during the early transient period is approximately equal to

At pseudo-steady state, the fractional production rate from such layer is
equal to



MDH Method

This plot also provides a straight line for the case buildup and slope
of 1.151 for a producing time of any length, kh can be estimated as well
as static pressure. The following equation can be used to construct
ideal MDH plots for any drainage shape for producing times of any
length:

(15-23)

This plot should yield a straight line with a slope of approximately 1.151 on
semilog graph paper. If the early straight line can be identified, the average
reservoir permeability can be determined from

(15-24)

where m is the slope of the MDH straight line in psi/cycle. Estimation of
static pressure depends greatly on the permeability ratio. Figure 15-12 can
be used to reveal the essential character of pressure buildup for any specific
flow system and determine fully static pressure. Figures 15-12 and 15-13
indicate that an initial straight line exists only to a shut-in time of about
AtDA = 0-01. If values of AtDA greater than 0.01 are obtained, the choice of
straight line should be suspect.

Extended Muskat Plot

Length of buildup to reach the proper straight line decreases as producing
time increases. This method can be used to estimate flow capacity and static
pressure and to determine reservoir pore volume. This method employs
(p assumed) the logarithm of (p — pws) against Cartesian buildup time, A .̂
The pressure p is the fully static pressure desired for material balance study.
The following equation provides a basis for making a dimensionless Muskat
plot for a well located in any drainage region, shut-in after a producing time
of any length:

(15-25)
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Figure 15-12. MDH buildup for a well in the center of a closed, two-layer reservoir
with a permeability ratio of 2.4
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Figure 15-13. MDH buildup curves (after Raghavan etal., JPT, Sept. 1974)7



Figure 15-14. Muskat straight line intercepts for two-layer reservoirs (after Ramey
and Miller, JPT, Jan. 1972).4

The Muskat method should be used with extreme care for determining
static pressure. Figure 15-14 is a plot of Muskat straight-line intercepts
versus the logarithm of producing time for selected permeability ratios.
Thus, knowing the Muskat straight-line intercept at known permeability
ratio, average reservoir permeability may be estimated by

(15-26)

(15-27)

Interpretation equation for A(j>c is

(15-28)

where m is the slope of the Muskat plot straight line. For example, a two-
layer reservoir with permeability contrast of 2. From Figure 15-14, the value
is 0.87. The slope of all the straight lines for the reservoir with a permeability
contrast of 2 is — 0.350 log10.

Figure 15-15 presents a family of Muskat plots for a permeability ratio
of 2, producing time, tr> being considered. The upper limiting curve repre-
sents the producing time required to reach pseudo-steady state before
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Muskat straight line

Producing time, tD

Figure 15-15. Muskat plot for four-layer reservoir with a permeability contract of 2.
(after Ramey and Miller, Jan. 1972).4

shut-in. For producing times less than those shown, longer shut-in times
should be expected.

Other Methods

Cobb etal.4 have provided techniques to determine average reservoir
pressure in commingled systems. It requires some knowledge of the layer
properties and correlations for specific systems. The following types of tests
may be used to estimate individual zone properties for two-layer reservoir
with communication only at the wellbore:

• single-well test,
• pulse tests, and
• flow meter surveys.

Apparent kh//j,o is always equal to or greater than the actual total (kh//io)t

for the reservoir. Apparent (f>cth is always equal to or less than the total
{(j)cth)t for the reservoir. Deviation of apparent values from actual total
values depends on the pulse duration.
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Figure 15-16. Pressure buildup behavior in two-layer oil reservoir.

The pressure builds up first in the more permeable layer, giving a straight-
line section as shown in Figure 15-16. Then the less permeable layer, which
is at a higher average pressure, begins to feed fluid into the more permeable
layer. This causes the rise above the straight line. Finally, equalization will
occur and the curve will flatten as indicated by the dotted line. Figure 15-16
shows pressure buildup behavior in two-layer oil reservoir including the
effects of wellbore.

15.9 Factors Affecting Multilayered
Reservoir Performance

The following factors can affect the performance of multilayered reservoir
systems:

• Relative permeability. If both layers have the same relative permeability
characteristics, average water saturation will be higher in the tighter
layer than in the more permeable layer, because the average pressure is
always higher in the less permeable layer.

• Pore size: If pore size in the tight layer is smaller than that in the more
permeable layer, then it will tend to reduce crossflow. This effect can be
estimated from capillary pressure curves.

• Reservoir geometry: Geometrical nature and extent of interlayer com-
munication have some effect on observed field performance.

• Permeability anisotropy: In most petroleum reservoirs, vertical perme-
ability is significantly less than horizontal permeability.



• Reservoir n-layer system: Analysis of performance can be handled to
acceptable accuracy merely by the previously presented formulae
Y% kjhj and YTj ^A f° r (^7X anc^ (#X > respectively.

15.10 Economic Aspects of Interlayer Crossflow

The absence or presence of crossflow between interlayer can control the
economic success of oil production venture. Some of the advantages of
interlayer crossflow are listed below:

• shorter operating life,
• higher ultimate oil production,
• reduced perforating and completion costs, and
• less engineering time for interpretation of routine tests.

Note: Without-crossflow reservoir can be converted into crossflow reser-
voir by fracturing. Thus a vertical fracture can help to establish vertically
adjacent gas production strata which were not in communication prior to
the fracture job except at the wellbore.

15.11 Summary

This chapter reviews various types and testing of layered oil reservoir
systems including multilayered responses in fractured reservoirs. It also
describes crossflow identification and the nature and degree of communica-
tion between layers. Performance equations for cases of constant flowing
pressure and constant producing rate are presented and discussed. This
chapter also reviews "layer effect" on pressure and/or production behavior
including economic aspects of interlayer crossflow.
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Chapter 16

Pressure Analysis
Methods in
Heterogeneous Oil
Reservoir Systems

16.1 Introduction

This chapter discusses variations of heterogeneities in rock and fluid prop-
erties including causes and effect of pressure-dependent properties. It also
presents how to analyze and interpret pressure behavior in heterogeneous
reservoirs near fault or other barriers and lateral changes in the hydraulic
diffusivity such as occur at fluid contacts. Pressure behavior analysis methods
are presented in brief to obtain adequate reservoir description for isotropic,
anisotropic, and heterogeneous systems. Numerical solutions must be used to
analyze pressure transient data from heterogeneous systems.

16.2 Effect of Pressure on Rock Properties

It is well known from laboratory studies as well as from observed pressure
behavior in some wells that both porosity and permeability decrease
as reservoir pressure declines. For reservoir rocks, which are "normally"
compacted, these effects are usually less than for those which have unusually
high pore pressure, i.e., geopressured reservoirs. Carbonate rocks are more
heterogeneous. Sandstone rocks are less complex than carbonate rocks.
However, a quantitative evaluation of the porosity resulting from the
interaction of the various factors is possible only by laboratory measure-
ments. Sandstone and other classic rocks tend to be more elastic in their
behavior than carbonate rocks. Limestone often is somewhat plastic in its
behavior.

In general, it is expected to observe a decline in calculated permeability from
successive transient pressure tests run throughout the life of a well in depleted
reservoirs, declines of 10% or so may be observed, but because of variations of
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Figure 16-1. Effect of pressure-dependent permeability on drawdown and buildup
tests.

other kinds such as two-phase flow effects, etc., quantitative evaluation
becomes difficult. Therefore laboratory-determined curves of porosity and
permeability versus pressure should be used to predict pressure behavior.

References 1 to 5 concluded that neither permeability nor skin factor
should be estimated from drawdown or buildup tests using techniques like
those given in Chapters 4 and 5 in formation with pressure-dependent
permeability. Figure 16-1 illustrates their findings.

16.3 Major Causes of Heterogeneities

Heterogeneities may be caused because of:

• Post-depositional changes in reservoir lithology
• Folding and faulting
• Changes in fluid type or properties
• Variations in rock and fluid properties from one location to another
• Physical barriers, oil-water contacts, thickness changes, lithology changes
• Different properties in each layer, etc.
• Man-made heterogeneities include changes near the wellbore from

hydraulic fracturing, acidizing, or water injection.

16,4 Pressure Responses Near No Flow Boundaries

Linear sealing faults and barriers have been an interesting topic in the
transient-testing literature.6"8 Horner7 considers pressure buildup and



Russell11 discusses two-rate flow testing in those systems. Regardless of test
type, the linear flow barrier affects the test in about the same way. To obtain
the effect of the linear fault, the following interpretation formulas, which are
needed in this particular instance, are given. A computed example of a
buildup test in a well located 225.0 ft from a fault is shown in Figure 17-6.
The data assumed for this example are given in the figure. It can be seen that
the buildup test plot possesses two distinct straight-line slopes. As in the case
with a pressure buildup, the second or "late time" portion of the buildup test
curve has a slope, which is exactly double that of the "early time" portion of
the curve. The pressure response at a well near a sealing fault can be directly
obtained from the following equation:

(16-1)

Here YdD — 2Ljrw, where L is the distance to this fault. If times are small
enough, then the second term in Eq. 16-1 can be assumed to be negligible
compared with the first, and the line source solution (Eq. 16-2) can be used
to analyze responses in the conventional way.

(16-2)

If the logarithmic approximation to the exponential integral is used, then
[pD(rD, tD)] is given by:

(16-3)

If flow times are long enough such that both exponential integrals can be
approximated by the logarithmic approximation, then we have

(16-4)

The above equation suggests that one should get a second straight line with
a slope twice that of the first. In practice, the doubling of the slope on
semi-logarithmic coordinates is normally taken to be indicative of a sealing
fault. If a fault exists, then the first straight line should exist for a time period
given by:

(16-5)



The second straight line should begin at 3r2
dD. In the time range

0.08/^p < tj) < 3r^D it can be used to analyze pressure measurements or
predict pressure responses. The distance to the fault can be obtained if we
equate the semilog approximation of the line source solution (Eq. 16-3), to
the right-hand side of Eq. 16^L If we denote this time by 0.8r^, then
Q°-5172r^D/4; then the distance to the fault is given by:

(16-6)

where tx is the intersection time in hours. This procedure assumes that both
straight lines are evident.

Methods of Estimating Distance to a Linear Discontinuity

The effect of a sealing fault or barrier in an infinite-acting reservoir is to
cause the buildup plot to start off as a straight line with the proper slope,
gradually bend over, and eventually become another straight line with
twice the slope of the first. The first straight line gives the proper value of
kh. The second straight line gives the proper extrapolation to pt. The
distance between the well and the fault may be obtained by using the
expression given by Davis and Hawkins9 for drawdown tests and seems
to apply reasonably well to buildup tests. The approximation takes the
final form:

(16-7)

where Atx = value at the intersection of the two lines.
The distance to a barrier can also be calculated by using the Eq. 16-8

developed by Van Poollen:10

(16-8)

where {tp + Atx)IAtx is the value at the point of deviation from the first
straight line. The following equation is applicable to both buildup and
drawdown tests and is known as Gray's equation:8



(16-9)

where q is oil rate in bbls/day. This equation is most accurate if At is large.
This is a trial-and-error procedure by assuming various values of L until the
RHS of Eq. 16-9 is equal to the LHS. Gray8 also suggested that distance to
the nearest boundary can be estimated approximately by the following
equation:

(16-10)

where Atx is the time at which the buildup curve becomes non-linear.
From pressure buildup testing, the intersection point of the two straight

lines is related to the dimensionless pressure at the intersection line by:

(16-11)

Calculate/^ from Eq. 16-11. Then from Table 16-1, with the value ofpD,
determine tD/(2L/rw)2. Finally use the following equation to estimate the
distance to the fault.

(16-12)

Relationships between PD(ID, ?D) and tD/r2
D are given in Table 16-1. The

detailed derivations of Eqs. 16-11 and 16-12 are given in Ref. 12.
Figures 16-2 and 16-3 show various situations of linear discontinuities

for single and multiple boundary cases. Figure 16-4 shows various methods
to estimate distance to linear discontinuity and their limitations.

Example 16-126 Estimating Distance to a No-Flow Boundary
A pressure buildup test was run in a newly drilled oil well. Geologists suspect

a fault. Data from the test are given in Table 16-2. Total production before
test is 14,206 stb; other reservoir and well data are: cj) — 0.15 (fraction);
^0 = 0.6 cP, h = 8 ft; rw = 0.29 ft; ct = 17.0 x lO^psi"1; q0 = 1221 stb/day.

14,206
Pseudo-producing time, tp = ' x 24 = 279.23 hr

Calculate the distance to the linear fault using various methods.



Table 16-1
Dimensionless Pressure at Various

Values of Dimensionless Time7

Dimensionless Dimensionless
pressure, pD time, tD/(2L/rtv)2

0.01 0.00
0.02 0.00
0.03 0.00
0.04 0.15
0.05 0.16
0.06 0.18
0.07 0.19
0.08 0.20
0.09 0.22
0.10 0.24
0.20 0.38
0.30 0.52
0.40 0.70
0.50 0.94
0.60 1.20
0.70 1.65
0.80 2.00
0.90 2.50
1.0 3.00
1.1 4.00
1.2 4.80
1.3 6.00
1.4 8.00
1.5 8.50
1.6 9.0
1.7 12.0
1.8 17.0
1.9 20.0
2.0 25.0
2.1 27.5
2.2 30.0
2.3 45.0
2.4 60.0
2.5 70.0
2.6 80.0
2.7 90.0
2.8 110.0
2.9 140.0
3.0 170.0
3.1 220.0



Table 16-1 (continued)

Dimensionless Dimensionless
pressure, pD time, tDl(2L/rw)2

3.2 260.0
3.3 300.0
3.4 400.0
3.5 500.0
3.6 600.0
3.7 700.0
3.8 900.0
3.9 1200.0
4.0 1500
4.1 1750
4.2 2000
4.3 2500
4.4 3000
4.5 3500
4.6 4200
4.7 5000
4.8 7000
4.9 9000
5.0 1.0 x lO 4

5.5 3.0 x 104

6.0 7.0 x 104

6.5 1.75 x 105

7.0 5.0 x 105

7.5 2.0 x 106

8.0 5.0 x 106

8.5 1.5 x lO 7

9.0 3.0 x 107

9.5 1.5 x lO 8

10.0 2.0 x 108

Solution Pressure buildup data are shown in Figures 16-5 and 16-6. The
log-log plot of Figure 16-5 indicates that wellbore storage effects are not
important, so the increase in slope in Figure 16-6 is probably caused by
reservoir heterogeneity. The ratio of the two slopes is 2.20. Since the absolute
value of the slopes is increasing with shut-in time, and since the slope ratio is
about 2, a linear fault is suspected. Formation permeability, k, is estimated
from the first straight line using Eq. 5-16.
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Figure 16-2. Fault near single boundary.

Table 16-2
Analysis of Data from Well Near Boundary

tP + At
At (hr) — ^ — pws (psia) Ap (psia) Distance to fault (ft)

6 47.54 3996
8 35.90 4085 16 252
10 28.92 4172 34 240
12 24.27 4240 52 225
14 20.95 4298 70 206
16 18.45 4353 88 189
20 14.96 4435 103 129
24 12.63 4520 135 71
30 10.31 4614 165 198
36 8.76 4700 204 285
42 7.65 4770 245 346
48 6.82 4827 275 400
54 6.17 4882 302 452
60 5.65 4931 330 498
66 5.23 4975 353 542



To estimate the distance to the fault, we determine (tp + Atx)JAtx — 17.0
and Atx = 17.23.

1. Line source solution method

(16-13)

2. David and Hawkin method9

(16-14)

Sealing faults

gas-water contact Sa
nd

 p
in

ch
 o

ut

Plan view of reservoir

Straight-line section

Log (t + At)ZAt

Figure 16-3. Fault nearby multiple boundaries.



3. Van Poollen method10

(16-15)

4. Gray approximate method 8

(16-16)

5. Exponential integral solution method11 (Eqs. 16-11 and 16-12)

When pD > 10, the values of [tD/(2L/rw)2] can be calculated from the
following equation:

(from Table 16-1)

Table 16-3 shows that methods 1, 3, 4, and 5 give reasonably close linear
fault values.

Discussion

Doubling of the slope in a transient test does not guarantee the existence
of a linear fault boundary near the well. Pressure data taken during wellbore



Methods to estimate distance to linear
discontinuity and their limitations

Single-boundary situations
Multiple-boundary situations

Davis and Hawkins method 9

This method can be used for both buildup and
drawdown tests, but gives good results for

drawdown test
Limitations —» value of time, t should be large

and is valid for
[(*+Atx)ZAtx] > 3 0

Eq. 16-7

Constant-rate drawdown
test is probably the best

to run

Reservoir heterogeneity or geometrical effect can
be inferred from two-rate flow test analysis in a

manner similar to that usually employed for
conventional pressure buildups. In these cases

longer tests may be required. Russell11 has studied
the pressure behavior during a two-rate flow test of
a well located near a fault or other linear barrier to

flow. The detailed derivation and interpretation
formulas are given in Ref. 7. Thus, if a fault is

present, an estimate of the distance to the fault must
be obtained before initial pressure can be

calculated.

Van Pooilen method 10

Eq. 16-8

Exponential Integral Solution method
This method is valid if tp » At, a useful

estimate of linear fault may be made
from a pressure buildup test by using

Eqs. 16-11 and 16-12 with Atx in
place of tx.

Gray Approximate method 8

This approximate formula, generally
gives reasonable results. The calculated
distance value is quite dependent on the
time at which the buildup is judged to be

non-linear.
Eq. 16-10

Gray method 8

This method is also known as Ap method. This is trial-
and-error procedure and most accurate method if t is

large. It is a faster method in terms of test time.
Eq. 16-3 is applicable to both buildup and

drawdown cases. Atx is the intersection point and is a
function of the distance to and number of boundaries.

Gray also suggested that distance to the nearest
boundary can be estimated approximately from

Eq. 16—4, where At is the time at which the
buildup curve becomes non-linear.

Figure 16-4. Various methods to determine distance to linear discontinuity.

storage domination can cause two apparent semilog straight lines with
a slope increase (see Figure 16-6). In such cases, the apparent semilog
straight lines are caused completely by wellbore effects and have nothing
to do with reservoir characteristics. When slopes' increase is expected from a
transient test, it is important to construct the log-log plot of transient test
data to determine when wellbore storage effects are no longer important.



Point of intersection,
Ate= 17.23 hours

Injection time t (hours)

Figure 16-5. Ap versus Af for buildup test (log-log plot).

Jt=30.OmD
Distance to linear fault by various methods
Line source solution method = 225.0ft
David and Hawkin method = 225.0ft
Van Poollen method=548 ft
Gray method = 225.25 ft
Exponential integral solution method=210.5 Second slope

= 1300psi/cycle

First slope
= 65Opsi/cycle Point of intersection

(/p+Afx)/Afx= 17.0
Atx= 17.23 hours

Homer dimensionless time, (tp +At)ZAt

Figure 16-6. Estimating distance to a no-flow boundary.

16.5 Effect of Hydraulic Diffusivity on Reservoir Behavior

Figure 16-7 shows the idealized reservoir situation studies.10'21 Changes in
the hydraulic diffusivity occur at the boundary between differing geological



infinity

Zone 2 Zonel

Well Linear boundary between
Zone 1 and Zone 2

Zone 2 Zone 1

Figure 16-7. Schematic cross-section of some practical reservoir situation.

depositional units due to changes in porosity and permeability. Bixel etal.10

have investigated the effect of radial discontinuities in hydraulic diffusivity on
pressure drawdown and buildup behavior. A brief summary in terms of the
following parameters is given below:

Zone 1: Hydraulic diffusivity, 771 =

Zone 2: Hydraulic diffusivity, 772 =

Ratio = |

_ Permeability contrast
~~ Porosity contrast

The ratio of hydraulic diffusivities 772/771, is equal to MkIRpc- The greater the
reduction in hydraulic diffusivity from the zone containing the well to the zone
beyond the discontinuity, the closer the slope change will approach a factor
of 2; as with faults, oil-water contacts may not be distinguishable from a fault
in practical cases. Large increases in diffusivity across the discontinuity will
cause the pressure drop to arrest and become essentially constant.



For diffusivity contrast ratio MkI Rpc — 1, homogeneous reservoir behavior
results. If the diffusivity contrast ratio MkIRpc > 1, the buildup curve slope
will flatten. If the diffusivity contrast ratio MkIRpc = 1, the buildup curve
slope increases after the effect of discontinuities.

16.6 Simple Procedures and Guidelines to Estimate
Reservoir Heterogeneity Properties

Figure 16-8 shows the different mathematical techniques that can be
utilized to determine reservoir heterogeneity properties.

16,7 General Approach to Estimate Fracture
Trends or Heterogeneity

Kamal and Brigham13 have proposed the following equation to investigate
the presence of an isotropic reservoir without fracture or discontinuities.

(16-17)

where r is the distance between producer and observation well in ft and / is
the flowing time in minutes. Figures 16-9a, b, c, and d can be used to confirm
communication through the reservoir between producer and observation
well and to determine general trends or possibilities. Figure 16-10 shows a
simple approach to determine fracture trends or heterogeneity.

16.8 Determination of Reservoir Parameters
and Fracture Orientations

For more accurate determination of reservoir anisotropic parameters and
fracture orientations the methods proposed by Elkins and Skov and by
Ramey14'15 are recommended. The following formula will permit estimation
of the reservoir parameters in various directions based upon pressure drops
measured in observation wells for conditions of single-phase flow.

(16-18)



Use of Pressure Transients and Mathematical
Models to Describe Reservoir Heterogeneity

Homogeneous
isotropic system

Homogeneous
anisotropic system

Heterogeneous
reservoir system

If porosity and thickness
are same everywhere in

the reservoir and
permeability is same in

all directions

Pressure match is
same for different tests

and permeability
functions calculated

from single and
multiple tests are also

same.

Data from single and
multiple well tests fail
to meet the
homogeneous tests for
both isotropic and
anisotropic systems
Heterogeneity may be
areal, vertical, or both
areal and vertical

Methods used are single
well tests (interference and

pulse analysis)

Methods used are
single and multiple-

well tests
(interference and
pulse analysis)

System is undetermined
with respect to reservoir

parameters

Calculate reservoir
properties such as

kh/fi and 4>cth

Calculate reservoir
properties such as

K>xxi Kyyi Kxy> K

kmax-> kmim a n d

orientation.

Use well tests data and
computer mathematical models

to estimate reservoir
heterogeneity properties.

Figure 16-8. Systematic procedures and guidelines to describe reservoir
heterogeneity.

where pt — initial pressure, psi; p — pressure (psi) at x, y at time t in days;
c — effective compressibility of oil, water, and rock, psi"1; kx = effective
permeability in x-direction, darcies; ky — effective permeability in ^-direction,
darcies; x — Xo = distance from producing to observation well in x-direction,
ft; y — y0 = distance from producing to observation well in j-direction, ft;
q = oil rate, stb/day; /30 = oil formation volume factor; and E1 is exponential
integral, — Et{— x). The pressure reductions at a point due to production



Parameter estimation techniques
(automatic history matching)

Determining reservoir heterogeneity properties
such as: porosity, <p(x,y,z), thickness, h(x,y), and

permeability, k(x,y,z)

Different models their
advantages and limitations

Matching pressure
distribution for the entire
match pressure

Regression analysis for
obtaining a two-dimensional
areal description

Least square fit and linear
programming techniques
from given performance data

All four methods
use long time

Iterative reservoir
performance matching
techniques

Magnified diagonal
iterative method

This method
uses less time

Figure 16-8. continued

of different wells are additive. For uniform permeability, Eq. 16-18 reduces
to the simpler, well-known form involving r2 and k. Reservoir parameters
including effective compressibility and uniform or anisotropic permeability
can be determined only by trial solutions until the set of values is found that
gives the best match between calculated pressures and measured pressures.
Fracture orientation, diffusivity parallel to the main fractures, and diffusivity



Producing
well

Figure 16-9 (a) Location and distance between wells, (b) Possible non-sealing
faults, (c) Possible sealing fault, (d) Possible naturally fractured system.

perpendicular to the main fractures are related y/kxky and pt is explicit.
The sequence to determine the best set of these factors is given in Figure
16-11 and requires a computer, while Figure 16-12a shows minimum and
maximum variations.

16.9 Defining Reservoir Heterogeneity
by Multiple-Well Tests

Pressure transient tests can be used to investigate and obtain adequate
reservoir descriptions for homogeneous (both isotropic and anisotropic) and
heterogeneous systems. Type curves have proven very useful for evaluating
pressure buildup, interference, and pulse tests in oil reservoirs influenced by
reservoir boundaries. Multiple-well tests (interference and pulse tests)
are used to establish communication between wells and to determine the
interwell properties.15

The basic equations describing the pressure responses as well as pres-
sure drop at some distance from a producing well are presented along with



Simple approach to estimate fracture
trends or heterogeneities

Determine

^'Measured u s i n g E ( l - 1 6 ~ 1 7

'̂Measured from pulse or interference tests

Possible non-sealing fracture

Indicates fractures

Presence of isotropic
reservoir without fracture or

discontinuities

Presence of sealing fault

If both AplCalculated and AplMeasured

are matche I

I f ^Calculated a n d A^Measured
Zero

Figure 16-10. Systematic approaches to detect fracture trends and reservoir
heterogeneity.

field examples in the next section to determine properties such as
permeability k(x, y, z), porosity </>(x, y, z), and thickness h(x, y) in different
systems.

Homogeneous Isotropic Reservoir Systems

In these types of systems, the permeability is the same everywhere and in
all directions. Porosity and thickness are also the same everywhere in the
reservoir. The following analysis techniques (interference and pulse tests)
can be used to determine reservoir properties in homogeneous isotropic
formations.



Find x and y coordinates of all pressure
observation and producing wells

Rotate these coordinates to an assumed
fracture orientation axis in Eq. 16-18

corresponding to directions of maximum
and minimum permeabilities

Calculate summation of right-hand side
of Eq. 16—18 for each pressure observation
well using assumed values of diffusivity

in the new x and y directions

Determine the associated values of ^kx ky

and Pj by least-squares method

Modify the fracture orientation and diffusivities
in the x and y directions until a set of values of

these factors is found such that any further
modification increases the sum of squares of the

difference between measured and calculated
pressures of the individual observation wells.

(See Figure 16-12)

Figure 16-11. Systemic determination sequences of fracture orientations.

Interference Tests

Interference test can be analyzed by type curve matching method,
because it is simple, fast, and accurate when the exponential integral
PD applies; that is, when YD — rjrw > 20 and tDlr2

D > 0.5. The reservoir
properties such as the mobility-thickness product kh/fig and the
porosity-compressibility-thickness product </>cth can be calculated from
the following relationships:

(16-19)

(16-20)



Table 16-3
Comparison of Linear Discontinuities by Five Methods

Methods Equations used Distance to fault, L ft Remarks

1. Line source solution 16—6 225.00 G o o d
2. David and Hawkin 16-7 225.00 Good
3. VanPoollen 16-8 548.00 High value
4. Gray equation 16-10 225.25 Good
5. Exponential integral 16-11 and 210.50 Fairly good

solution 16-12

Pulse Tests

Pulse tests can be used to determine the same information as interference
tests. Pulse tests are not affected by unknown linear trends in reservoir
pressures. Therefore, conducting pulse tests rather than interference tests
is preferable. Jahns22 has provided the relationships among dimensionless
time lag, cycle period, and response amplitude in both graphical and analy-
tical forms. The detailed discussion along with field examples can be found
in Chapter 13. The following relationships can be applied to calculate the
reservoir properties.

(16-21)

(16-22)

(16-23)

General Remarks'. If the reservoir is acting as a homogeneous isotropic
system, reasonable identical values of khlng and 4>cth can be calculated
from several tests in the same areas. If there are big differences among the
calculated values of kh//j,g and those of 4>cth, then a homogeneous aniso-
tropic system should be used.

Example 16-226 Analyzing Interference Test in Homogeneous Isotropic
Reservoir

An interference test was conducted in oil well. Water was injected into
well 1 for 48 hr. The pressure response in well 2 (80 ft away) was observed for
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Figure 16-12a. Calculated versus measured pressures.

Hours

Figure 16-12b. Type curve data match.

148 h. The observed pressure data are given in Table 16^4, and the known
well/reservoir properties are given. Determine permeability and porosity of
the formation between the two tested wells.

Solution Figure 16-12b is a plot of Table 16-4 on log-log graph paper of
the same scale of type curves of Figure 13-3.
The match points are:



Calculate formation permeability, k, and porosity from Eqs. 16-19 and 16-20.

To check the accuracy of the above method of analysis, plot (/V[extended — Pw)
versus At points as shown in Figure 16-12a. Since the (/>w|extended — Pw) versus
At data fall on the curve, the analyses are correct.

Table 16-4
Interference Test Data for Observation well

Pi = Opsig, h = 48h, qw = -185stb/day, fiw = l.OOrb/stb,
juw = 1.00 cP, r = 80 ft, ct = 13.82 x lO^psT1 , and A = 55 ft

pw Ap = pi - pw At = t\ - 48 Apwest ApAr =
f(hr) (psig) (psig) (hr) (psig) Apwest - Apw

0 0 = p /
4.5 23 -23
21.86 83 -83
30.01 96 -96
46.00 121 -121
48.00 Injection Ends
52.00 110 -110 4 126 16
70.00 56 -56 21 140 84
72.00 48 -48 24 142 94
92.00 33 -33 44 156 123
144.00 17 -17 93 182 165
148.00 16 -16 100 183 167



Anisotropic Reservoir Systems

Porosity and thickness are uniform throughout the reservoir. Permeabil-
ity is the same everywhere, but varies with direction. Figure 16-13 shows the
major and minor axes of the permeability and axes of well pattern. Many
formations, such as channel sands, appear to exhibit simple ky-kx aniso-
tropy. Directional permeability has an important effect on planning oil
recovery by cycling. Ramey15 presents a method for estimating anisotropic
reservoir properties from interference data. At least three observation wells
are required for analysis. Figure 16-13 defines the necessary nomenclature.
The active well is located at the origin of coordinate system and the observa-
tion wells are each located at coordinates indicated as (x, y). The anisotropic
analysis requires pressure data from at least three observation wells, assum-
ing that the active well/observation well system is infinite-acting and homo-
geneous with the exception of having anisotropic permeability. Ramey15

shows that the pressure at an observation well is:

(16-24)

(16-25)

where

direction

In Eq. 16-25
kx = principal permeability in x-direction, mD
ky = principal permeability in ^-direction, mD

kxy = principal permeability in xy-direction, mD
kmin = minimum permeability in x-direction, mD
kmax = maximum permeability in x-direction, mD

9 = angle of orientation, degrees.
The following steps are used to analyze interference test:

• Observed pressure data from at least three wells are plotted and
matched to the type curve of Figure 13-3. Each of the three data sets
is matched, so the pressure match point [ApMp, (PD)MP\ *S the same
for all three observation well responses. The time match point
VMP, (tD/r2

D)Mp\ wm< be different for each set of observation data.
• Rearranging Eq. 16-24 in the form of

(16-26)



Minimum (minor)
permeability axis

Observation well at (x,y)

Maximum (major)
permeability axis

Active well

Well pattern coordinates

The minor permeability axis is
oriented at 90° to the major

permeability axis

Figure 16-13. Nomenclatures for anisotropic permeability system.

(16-27)

Average system permeability, mD

(16-28)

Average system permeability, mD (16-29)

Rearranging Eq. 16-25 in the form of

(16-30)

(16-31)



Write the following equations for each observation well match;

(16-32)

(16-33)

(16-34)

where tMp is the same for each well and (tDlrz
D)MP is different for each well.

Estimate the average system permeability from Eq. 16-29. There are three
Eqs. 16-32, 16-33, and 16-34 and four unknown, kxx, kyy, kxy, and c/)fioct.
They may be solved simultaneously to obtain kxx, kyy, and kxy, each in terms
of the unknown (f)figct. Then kx, ky, and kxy (in terms of (/)figct) are sub-
stituted into the following equation

(16-35)

Since the right side of the Eq. 16-28 is known from Eq. 16-26, it can be
solved to estimate (J)Ii0Ct- Then we estimate kx, ky, and kxy from their
relationship to (j)fioct- Determine the minimum, maximum directional per-
meability and the angle of orientation by using the following equations:

(16-36)

(16-37)

(16-38)

(16-39)

where
/3g = gas formation volume factor, bbl/scf
ct = total system effective compressibility, psi"1

c0 = oil compressibility, psi"1



cw = water compressibility, psi x

Cj- — pore space compressibility, psi"1

h = net formation thickness, ft
k = average system permeability, mD

kXx — maximum (major) principal permeability, mD
kYY = minimum (minor) principal permeability, mD

kxx, kyy, kxy = components of the permeability tensor, mD
Qmax = direction of maximum permeability, Kmax

0min = direction of minimum permeability, Kmin

Total system compressibility can be related to the pore space saturation of
the two phases.

(16-40)

(16-41)

Eq. 16-41 can be used to estimate in-place oil saturation using transient tests.
Important Note: Analysis of more than one interference test in the same

area should, therefore, provide information on the feasibility of using homo-
geneous anisotropic technique. If the match of pressure is the same in
different tests, the technique is applicable. If not, heterogeneous system
analysis should be considered.

The following example will clarify the use of these equations to determine
directional homogeneous anisotropic reservoir properties.

Example 16-326 Analyzing Interference Test in Homogeneous Anisotropic
Reservoirs

An interference test was run in a 5-spot pattern. At the end of the
injection period, before testing, all wells were shut-in. Test was run at
injection rate of 120stb/day and observing the fluid levels in the five of the
shut-in production wells, during both the injection and the subsequent falloff
period. The test information and reservoir properties are: pt = 265 psi;
/iw = 1 cP; rw = 0.550 ft; f3w = 1 rbl/stb; h = 30 ft; injection rate = qt

= 120stb/day; 0 = 19%; c0 = 7.5 x lO^psi"1 ; cw = 3.3 x lO^psi"1;
Cf = 3.7 x 10- 6 psr ! ; API = 37°; S0 = 0.25; sw = 0.30; well depth
= 1200 ft. Figure 16-14 shows the well locations. Tables 16-5 and 16-6a
and b give observation pressure data for wells 1, 2, and 3 during the water
injection period. Figure 16-15 shows the well locations.

Estimate homogeneous anisotropic reservoir parameters

• Average system permeability, k
• Product of (J)(JiCt
• Maximum directional permeability, kmax

• Minimum directional permeability, kmin



• Directions of kmax and kmin

• In-place oil saturation

Solution Figure 16-15 shows well pattern, distances, and coordinates in ft,
and Figure 16-14 is a net sand isopatch map. Figure 16-17a shows the
match of the data in Tables 16-5 through 16-6c, to the type curve of Figure
13-3. The match was made, so the pressure match point [(Ap)MP, (PD)MP\ *S

the same for all three responses, while the time match points vary.

r (ft) tDlr2
D

Well 1 480 25
Well 2 480 35
Well 3 702 45

• Calculate system permeability, k
From the pressure match point for all wells, (PD)MP

 = 0-29 and
(Ap)MP = 10, rearranging Eqs. 16-26 and 16-29, we have:

Well#l

Injection
well

Figure 16-14. Net sand isopatch map.



Well # 1
0,480

Well # 2
480, 702

Injection
well

Well # 3
480,0

Figure 16-15. Well locations for Example 16-2.

• Estimate product, <\>\ict

Equations 16-32 through 16-34 now may be used with the time-match data
to write three more equations. Match time was 10 hours and using the
coordinate for each well from Figure 16-16 we have the following:
For Well 1

Table 16-5
Observation Pressure Data

for Well 1

Px,y,t A/I =pt ~Px,y,t
t (hr) (psi) (psi)

34 272
39 273 - 8
50 279 - 1 4
78 286 -21
98 291 - 26

120 289 - 2 4
188 280 -15



Kyy minor permeability axis

Injection well

Well # 2

Well # 3

Well # 1Well # 5

Well # Coordinates in ft
1 x,y = 480,0
2 x,y = 0,480
3 *,? = 480, 702

Well # 4

Figure 16-16. Coordinates for anisotropic permeability solution.

Table 16-6(a)

Observation Pressure Data for

Well 2

pX, yj Ap = Pi — Px, y, t
t (hr) (psi) (psi)

22 270 -5

49 277 -12

71 281 -16

93 286 -21

116 288 -23

124 291 -26

210 284 -19

289 281 -16

Table 16-6(b)

Observation Pressure Data for Well 3

Px,y,t Ap =pi ~Px,y,t
t (hr) (psi) (psi)

28 269 - 4
48 271 - 6
70 275 -10
94 277 - 1 2

117 282 -17
124 283 -18
190 276 -11
238 272 - 7
297 271 - 6



Table 16-6(c)

Well Match points (At)MP tDlr2
D tMp (Figure 16-17) r (ft)

1 10.0 25 30 480
2 10.0 35 38 480
3 10.0 45 70 702

Substituting the values, we get

Simplifying and normalizing this equation becomes

(16-4Ia)

For Well 2

Simplifying and normalizing this equation becomes:

(16-4Ib)

For Well 3

Simplifying and normalizing this equation becomes

Combining Eqs. 16-4 Ia and 16-4 Ib gives

(16-4Ic)



Using Eqs. 16-41a, b, and c in Eq. 16-35 results in:

Therefore

Now Eqs. 16-41a, b, and c are solved using the computed (f)/j,ct

• Now we can estimate maximum permeability, kmax value using Eq. 16-37.
• Estimate minimum permeability, kmin value using Eq. 16-36.

We know \lkmaxkmin = 16.38 and from Eq. 16-29, therefore we can check
the computations:

Close enough

• Determine the direction of maximum permeability, kmax, from Eq. 16-38.



from the x-axis

Correcting for the orientation of the axes, the maximum permeability
direction is

Determine direction of minimum permeability, kmin, from Eq. 16-39.

from the x-axis

Correcting for the orientation of the axes, the minimum permeability
direction is

As shown in Figure 16-16, the x-axis was chosen as a line through wells 1, 2,
and 3. True north lies along the line through wells 2 and 3.
Estimate water saturation using Eq. 16-41.

Hence water saturation is sw = 1 — so = 1 — 0.21 = 0.79
Check these saturation values with electric log and core data, which agree
good; hence it is possible for a rough estimate of in-place oil saturation using
transient tests.

Summary: Eqs.16-24 through 16-41, coupled with the log-log type curve
procedure, are powerful tools for detecting reservoir anisotropy. The injec-
tion interference test described can be applied wildly to aid planning fluid
injection programs.



Heterogeneous Reservoir Systems

If the data from multiwell tests fail to meet the homogeneous systems for
both isotropic and anisotropic cases, numerical solutions must be used to
analyze pressure transient data from heterogeneous systems. Chavent etal.17

and Chen etal.18 have suggested numerical solutions for performing the
analysis by parameter estimation techniques to describe reservoir hetero-
geneities using pressure transient data. They consider the case of hetero-
geneous isotropic system using the following diffusion equation:

(16-42)

where Q is diffusion equation source term and p is pressure, psi. In order to
estimate the values of kh(x, y, z) and (j)cth{x, y9 z) that minimize E:
Chavent etal.17

(16-43)

Chen etal.18

(16-44)

where
E — Sum of the squares of the difference between observed and calcu-

lated pressure, psi
S = Number of observation wells
N = Number of observations at well

pobs _ observed pressure at well, psi
peak _ Calculated pressure at well, psi
p°b* — Observed pressure at well and data point n, and
peak _ Calculated pressure at well and data point n.

16.10 Method for Calculating Fracture Orientation

Elkins and Skov14 have provided a method to estimate fracture orienta-
tion using pressure interference analysis technique. Elkins etal. assumed that
pressure drawdown at a new well to constant single phase production of



another well in a horizontal reservoir of constant thickness with anisotropic
permeability can be represented by the equation:

(16-45)

where
Pi = initial pressure, psi

pxy at t = pressure at x, y at time t, psi
x — xo = distance from producing well to pressure point in x-direction, ft
y — yo = distance from producing well to pressure point in ^-direction, ft

kx = effective permeability in x-direction, darcy
ky — effective permeability in j-direction, darcy

Eq. 17-45 is solved on a trial-and-error basis by assuming effective
compressibility of rock and fluids and permeabilities in the x and y direc-
tions, until a "good match" between calculated and measured pressure drop
in the observed well is obtained. A more precise match can be obtained by
the method of least squares using the sequence.14

16.11 Estimating Two-Dimensional Permeability
with Vertical Interference Testing

Vertical interference testing technique can be used to estimate vertical and
horizontal permeabilities in anisotropic reservoirs. Prats19 shows that if
observed pressure, pws, is plotted versus log ̂ , a straight line should result
with slope m and intercept at / = 1 hr of p\hr- The horizontal permeability
can be estimated from the slope using:

(16-46)

The vertical permeability is estimated from the slope and intercept using

(16-47)

where
h = Reservoir thickness, ft

G* = Geometric factor (geometrical function) can be found from
Tables 16-7 through 16-12.



Azmf = Vertical distance from lower formation boundary to flow perfor-
ations, ft (see Figure 16-17b)

Azws = Vertical distance from lower formation boundary to observation
perforation, ft (see Figure 16-17b)

Pt = Initial pressure, psi at the time of test
This method requires the well to be thoroughly stabilized before testing.

Example 16-426 Estimating Two-Dimensional Reservoir Permeability From
Vertical Interference Test Data

A vertical interference test was run. The active well is an injection well.
The pressure response in observation well was measured as a function of
time and is recorded in Table 16-12. Other data are: q = — 50stb/day,
h = 50 ft, AZwf = 44 ft, AZWS = 13 ft, ct = 0.0000045PSi"1, 0 = 10.5%,
/3 = 1.046 rb/stb, // = 1.15 cP, and pt = 3000 psi. Using the above data, esti-
mate horizontal and vertical permeabilities.

Solution To analyze vertical interference test follow these steps:

• Plot pressure response in an observation well, pws versus log t.

• From Figure 16-18, find the following:

m = 21.5psi/cycle and p\hr — 3022 psig

• Estimate horizontal permeability, kr, using Eq. 16-46

Transmissibility coefficient =

Well numbers
Match points

The match was made so the pressure match
point [ (Ap)M, (pD)M ] is the same for all three
responses, while the time match points vary:

Well # r, ft tjr^

1 480 25
2 480 35
3 702 45

Pr
es

su
re

 r
es

po
ns

es
A

p,
 p

si

Injection time, hours

Figure 16-17a. Interference data matched to Figure 14-3. Pressure match is the
same for all curves.
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Figure 16-17b. Vertical interference and pulse test nomenclature.

Formation storage = <j>cth = 0.105 x 0.0000245 x 50 = 1.286 x 10"5PSi"1

Hydraulic diffusivity

• Find such as, AZwf/h = 44/50 = 0.88 and AZws/h = 13/50 = 0.26
from Tables 16-7 and 16—8, geometric factor, G* =0.7565

• Estimate vertical permeability, kz using Eq. 16-47

Transmissibility coefficient

Hydraulic diffusivity



Table 16-7
Geometrical Function, G* (Geometric Factor).19

For Various Values of AZWf/h With AZws/h as a
Parameter [0.10 to 0.20]

AZm/h = 0.10 AZws/h = 0.20

AZwf/h G* AZwf/h G*

0.10 4.4361 0.10 2.5707
0.20 3.8879 0.12 2.3392
0.13 3.6459 0.13 2.2356
0.14 3.4251 0.14 2.1394
0.15 3.2232 0.15 2.0502
0.16 3.0389 0.16 1.9675
0.17 2.8708 0.17 1.8907
0.18 2.7177 0.18 1.8195
0.19 2.5785 0.19 1.7534
0.20 2.4520 0.20 1.6921
0.21 2.3373 0.21 1.6352
0.22 2.2332 0.22 1.5822
0.23 2.1389 0.23 1.5330
0.24 2.0535 0.24 1.4872
0.25 1.9762 0.25 1.4444
0.26 1.9060 0.26 1.4045
0.27 1.8424 0.27 1.3671
0.28 1.7846 0.28 1.3320
0.29 1.7320 0.29 1.2990
0.30 1.6840 0.30 1.2679
0.31 1.6400 0.31 1.2384
0.32 1.5995 0.32 1.2105
0.33 1.5621 0.33 1.1840
0.34 1.5272 0.34 1.1586
0.35 1.4946 0.35 1.1343
0.36 1.4638 0.36 1.1110
0.37 1.4346 0.37 1.0885
0.38 1.4066 0.38 1.0667
0.39 1.3796 0.39 1.0456
0.40 1.3533 0.40 1.0250
0.41 1.3276 0.41 1.0050
0.42 1.3023 0.42 0.9855
0.43 1.2773 0.43 0.9664
0.44 1.2524 0.44 0.9477
0.45 1.2276 0.45 0.9293
0.46 1.2028 0.46 0.9113
0.47 1.1779 0.47 0.8937
0.48 1.1529 0.48 0.8764



Table 16-7 (continued)

AZm/h = 0.10 AZws/h = 0.20

AZwflh G* AZwf/h G*

0.49 1.1279 0.49 0.8594
0.50 1.1027 0.50 0.8428
0.51 1.0775 0.51 0.8265
0.52 1.0524 0.52 0.8107
0.53 1.0273 0.53 0.7952
0.54 1.0023 0.54 0.7802
0.55 0.9775 0.55 0.7657
0.56 0.9539 0.56 0.7517
0.57 0.9290 0.57 0.7383
0.58 0.9054 0.58 0.7255
0.59 0.8824 0.59 0.7133
0.60 0.8602 0.60 0.7018
0.61 0.8388 0.61 0.6911
0.62 0.8184 0.62 0.6811
0.63 0.7990 0.63 0.6719
0.64 0.7809 0.64 0.6636
0.65 0.7640 0.65 0.6562
0.66 0.7486 0.66 0.6498
0.67 0.7346 0.67 0.6443
0.68 0.7224 0.68 0.6399
0.69 0.7118 0.69 0.6365
0.70 0.7030 0.70 0.6342
0.71 0.6960 0.71 0.6330
0.72 0.6910 0.72 0.6329
0.73 0.6880 0.73 0.6339
0.74 0.6869 0.74 0.6361
0.75 0.6877 0.75 0.6394
0.76 0.6907 0.76 0.6439
0.77 0.6955 0.77 0.6495
0.78 0.7023 0.78 0.6561
0.79 0.7109 0.79 0.6638
0.80 0.7213 0.80 0.6726
0.81 0.7333 0.81 0.6823
0.82 0.7468 0.82 0.6929
0.83 0.7616 0.83 0.7044
0.84 0.7776 0.84 0.7166
0.85 0.7944 0.85 0.7295
0.86 0.8120 0.86 0.7430
0.87 0.8298 0.87 0.7569
0.88 0.8477 0.88 0.7711
0.89 0.8653 0.89 0.7855
0.90 0.8821 0.90 0.7999



Table 16-7 (continued)

AZws/h = 0.10 AZws/h = 0.20

AZwf/h <7* AZwf\h G*

0.91 0.8977 0.91 0.8142

0.92 0.9118 0.92 0.8281
0.93 0.9236 0.93 0.8414
0.94 0.9327 0.94 0.8540
0.95 0.9385 0.95 0.8656
0.96 0.9404 0.96 0.8759
0.97 0.9375 0.97 0.8847
0.98 0.9292 0.98 0.8917
0.99 0.9148 0.99 0.8965
1.00 0.8933 1.00 0.8989

16.12 Application of Pulse Tests to Describe
Reservoir Heterogeneity

The same analyses used to study the results of interference tests also
apply to pulse test. Hirasaki23 and Falade and Brigham24'25 have provided
the relationships among dimensionless time lag, cycle period, and response
amplitude in both graphical and analytical forms. A Cartesian plot of the
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Slopem = 21.50psi/cycle

Reservoir horizontal parameters
kx = 9.1OmD
Transmissibility coefficient

= 395.65 mDft/cP
Hydraulic diffusivity

= 3.076XlO6InDpSi-VcP

Reservoir vertical parameters
kz = 5.55 mD
Transmissibility coefficient

= 241.34mDft/cP
Hydraulic diffusivity

= 1.877xl06mDpsrVcP

Injection time t, hours

Figure 16-18. Semilog data plot.



Table 16-8
Geometrical Function, G* (Geometric Factor).19 For

Various Values of AZWf/h With AZwsjh as a
Parameter [0.30 to 0.40]

Parameter AZws/h = 0.3 Parameter AZm/h = 0.4

AZn,///* C* AZwflh G*

0.10 1.7562 0.10 1.3515
0.12 1.6443 0.12 1.2785
0.13 1.5921 0.13 1.2432
0.14 1.5423 0.14 1.2088
0.15 1.4947 0.15 1.1754
0.16 1.4493 0.16 1.1428
0.17 1.4059 0.17 1.1132
0.18 1.3645 0.18 1.0806
0.19 1.3249 0.19 1.0510
0.20 1.2871 0.20 1.0234
0.21 1.2511 0.21 0.9948
0.22 1.2366 0.22 0.9682
0.23 1.1837 0.23 0.9427
0.24 1.1523 0.24 0.9182
0.25 1.1223 0.25 0.8947
0.26 1.0936 0.26 0.8723
0.27 1.0662 0.27 0.8508
0.28 1.0400 0.28 0.8304
0.29 1.0150 0.29 0.8110
0.30 0.9910 0.30 0.7936
0.31 0.9682 0.31 0.7752
0.32 0.9464 0.32 0.7587
0.33 0.9256 0.33 0.7432
0.34 0.9055 0.34 0.7286
0.35 0.8864 0.35 0.7150
0.36 0.8682 0.36 0.7022
0.37 0.8508 0.37 0.6903
0.38 0.8341 0.38 0.6793
0.39 0.8182 0.39 0.6691
0.40 0.8030 0.40 0.6597
0.41 0.7885 0.41 0.6510
0.42 0.7747 0.42 0.6431
0.43 0.7616 0.43 0.6360
0.44 0.7490 0.44 0.6295
0.45 0.7371 0.45 0.6237
0.46 0.7259 0.46 0.6186
0.47 0.7151 0.47 0.6140
0.48 0.7049 0.48 0.6101



Table 16-8 (continued)

Parameter AZm/h = 0.3 Parameter AZws/h = 0.4

AZH,///! G* &Zwfjh G*

0.49 0.6953 0.49 0.6067
0.50 0.6862 0.50 0.6038
0.51 0.6777 0.51 0.6014
0.52 0.6697 0.52 0.5996
0.53 0.6622 0.53 0.5981
0.54 0.6583 0.54 0.5971
0.55 0.6489 0.55 0.5965
0.56 0.6430 0.56 0.5962
0.57 0.6376 0.57 0.5963
0.58 0.6327 0.58 0.5968
0.59 0.6283 0.59 0.5975
0.60 0.6245 0.60 0.5985
0.61 0.6232 0.61 0.5998
0.62 0.6183 0.62 0.6014
0.63 0.6161 0.63 0.6032
0.64 0.6143 0.64 0.6052
0.65 0.6130 0.65 0.6074
0.66 0.6123 0.66 0.6098
0.67 0.6121 0.67 0.6124
0.68 0.6125 0.68 0.6151
0.69 0.6134 0.69 0.6181
0.70 0.6148 0.70 0.6212
0.71 0.6168 0.71 0.6245
0.72 0.6194 0.72 0.6280
0.73 0.6225 0.73 0.6317
0.74 0.6261 0.74 0.6355
0.75 0.6303 0.75 0.6396
0.76 0.6351 0.76 0.6439
0.77 0.6405 0.77 0.6484
0.78 0.6464 0.78 0.6532
0.79 0.6529 0.79 0.6582
0.80 0.6599 0.80 0.6636
0.81 0.6675 0.81 0.6692
0.82 0.6757 0.82 0.6753
0.83 0.6844 0.83 0.6818
0.84 0.6936 0.84 0.6887
0.85 0.7035 0.85 0.6961
0.86 0.7138 0.86 0.7040
0.87 0.7247 0.87 0.7126
0.88 0.7361 0.88 0.7218
0.89 0.7480 0.89 0.7327
0.90 0.7604 0.90 0.7424



Table 16-8 (continued)

Parameter AZm/h = 0.3 Parameter AZm/h = 0.4

AZwf/h G* AZwf/h <7*

0.91 0.7732 0.91 0.7539
0.92 0.7867 0.92 0.7664
0.93 0.8005 0.93 0.7798
0.94 0.8148 0.94 0.7944
0.95 0.8294 0.95 0.8101
0.96 0.8445 0.96 0.8271
0.97 0.8599 0.97 0.8455
0.98 0.8756 0.98 0.8654
0.99 0.8916 0.99 0.8868
1.00 0.9079 1.00 0.9100

Table 16-9
Geometrical Function, G* (Geometric Factor).19 For

Various Values of AZwf/h With AZm/h as a
Parameter [0.50 to 0.60]

Parameter AZws/h = 0.5 Parameter AZws/h = 0.6

AZwf/h G* AZwf/h G*

0.10 1.0055 0.10 0.8035
0.12 0.9546 0.12 0.7805
0.13 0.9311 0.13 0.7698
0.14 0.9087 0.14 0.7595
0.15 0.8875 0.15 0.7497
0.16 0.8674 0.16 0.7402
0.17 0.8484 0.17 0.7311
0.18 0.8303 0.18 0.7223
0.19 0.8132 0.19 0.7130
0.20 0.7971 0.20 0.7057
0.21 0.7819 0.21 0.6978
0.22 0.7675 0.22 0.6902
0.23 0.7540 0.23 0.6828
0.24 0.7412 0.24 0.6757
0.25 0.7292 0.25 0.6688
0.26 0.7179 0.26 0.6622
0.27 0.7073 0.27 0.6558
0.28 0.6974 0.28 0.6497
0.29 0.6881 0.29 0.6438
0.30 0.6794 0.30 0.6381



Table 16-9 (continued)

Parameter AZm/h = 0.5 Parameter AZm/h = 0.6

AZwf\h G* AZwf/h G*

0.31 0.6713 0.31 0.6327
0.32 0.6637 0.32 0.6276
0.33 0.6566 0.33 0.6227
0.34 0.6500 0.34 0.6181
0.35 0.6439 0.35 0.6138
0.36 0.6383 0.36 0.6097
0.37 0.6332 0.37 0.6060
0.38 0.6283 0.38 0.6026
0.39 0.6239 0.39 0.5996
0.40 0.6198 0.40 0.5969
0.41 0.6161 0.41 0.5946
0.42 0.6128 0.42 0.5927
0.43 0.6097 0.43 0.5912
0.44 0.6070 0.44 0.5901
0.45 0.6046 0.45 0.5895
0.46 0.6024 0.46 0.5894
0.47 0.6005 0.47 0.5898
0.48 0.5989 0.48 0.5908
0.49 0.5975 0.49 0.5922
0.50 0.5964 0.50 0.5943
0.51 0.5955 0.51 0.5969
0.52 0.5948 0.52 0.6002
0.53 0.5944 0.53 0.6041
0.54 0.5942 0.54 0.6086
0.55 0.5941 0.55 0.6139
0.56 0.5943 0.56 0.6199
0.57 0.5947 0.57 0.6266
0.58 0.5953 0.58 0.6340
0.59 0.5961 0.59 0.6423
0.60 0.5972 0.60 0.6513
0.61 0.5984 0.61 0.6611
0.62 0.5998 0.62 0.6718
0.63 0.6015 0.63 0.6834
0.64 0.6033 0.64 0.6958
0.65 0.6054 0.65 0.7091
0.66 0.6077 0.66 0.7233
0.67 0.6103 0.67 0.7385
0.68 0.6130 0.68 0.7546
0.69 0.6161 0.69 0.7716
0.70 0.6194 0.70 0.7896
0.71 0.6230 0.71 0.8086
0.72 0.6268 0.72 0.8285



Table 16-9 (continued)

Parameter AZm/h = 0.5 Parameter AZws/h = 0.6

AZwf/h G* AZnf/h G*

0.73 0.6309 0.73 0.8495
0.74 0.6354 0.74 0.8714
0.75 0.6402 0.75 0.8943
0.76 0.6453 0.76 0.9182
0.77 0.6507 0.77 0.9431
0.78 0.6565 0.78 0.9690
0.79 0.6627 0.79 0.9959
0.80 0.6693 0.80 1.0237
0.81 0.6762 0.81 1.0526
0.82 0.6837 0.82 1.0823
0.83 0.6915 0.83 1.1131
0.84 0.6999 0.84 1.1447
0.85 0.7087 0.85 1.1773
0.86 0.7181 0.86 1.2108
0.87 0.7280 0.87 1.2451
0.88 0.7384 0.88 1.2803
0.89 0.7495 0.89 1.3163
0.90 0.7611 0.90 1.3530
0.91 0.7734 0.91 1.3906
0.92 0.7863 0.92 1.4288
0.93 0.7999 0.93 1.4676
0.94 0.8143 0.94 1.5071
0.95 0.8294 0.95 1.5472
0.96 0.8452 0.96 1.5878
0.97 0.8619 0.97 1.6288
0.98 0.8793 0.98 1.6702
0.99 0.8977 0.99 1.7120
1.00 0.9169 1.00 1.7541

measured pressure response at the observation well versus time is used to
estimate the time lag and the response amplitude (see Figure 16-19). The
reservoir properties are then determined from the following relationships16:

(16-48)

(16-49)

(16-50)
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Figure 16-19. Pulse test terminology.

Table 16-10
Geometrical Function, G* (Geometric Factor).19

For Various Values of AZwf/h With AZws\h as
a Parameter [0.70 to 0.80]

Parameter AZws/h = 0.7 Parameter AZm/h = 0.8

AZwf/h G* AZwf/h G*

0.10 0.7987 0.10 0.8105
0.12 0.7745 0.12 0.7823
0.13 0.7633 0.13 0.7686
0.14 0.7522 0.14 0.7553
0.15 0.7418 0.15 0.7425
0.16 0.7319 0.16 0.7302
0.17 0.7224 0.17 0.7187
0.18 0.7135 0.18 0.7079
0.19 0.7051 0.19 0.6978
0.20 0.6971 0.20 0.6886
0.21 0.6897 0.21 0.6803
0.22 0.6828 0.22 0.6728
0.23 0.6763 0.23 0.6664
0.24 0.6704 0.24 0.6608
0.25 0.6649 0.25 0.6563
0.26 0.6600 0.26 0.6528
0.27 0.6555 0.27 0.6502
0.28 0.6516 0.28 0.6487



Table 16-10 (continued)

Parameter AZws/h = 0.7 Parameter AZws/h = 0.8

AZwf/h C* &Zwf/h <7*

0.29 0.6481 0.29 0.6482
0.30 0.6451 0.30 0.6486
0.31 0.6427 0.31 0.6500
0.32 0.6407 0.32 0.6524
0.33 0.6393 0.33 0.6557
0.34 0.6383 0.34 0.6600
0.35 0.6378 0.35 0.6651
0.36 0.6379 0.36 0.6711
0.37 0.6385 0.37 0.6780
0.38 0.6395 0.38 0.6857
0.39 0.6411 0.39 0.6941
0.40 0.6432 0.40 0.7034
0.41 0.6458 0.41 0.7133
0.42 0.6490 0.42 0.7240
0.43 0.6526 0.43 0.7353
0.44 0.6568 0.44 0.7473
0.45 0.6616 0.45 0.7599
0.46 0.6669 0.46 0.7731
0.47 0.6728 0.47 0.7869
0.48 0.6793 0.48 0.8013
0.49 0.6863 0.49 0.8162
0.50 0.6939 0.50 0.8316
0.51 0.7022 0.51 0.8475
0.52 0.7110 0.52 0.8640
0.53 0.7205 0.53 0.8809
0.54 0.7306 0.54 0.8984
0.55 0.7415 0.55 0.9164
0.56 0.7530 0.56 0.9350
0.57 0.7652 0.57 0.9541
0.58 0.7781 0.58 0.9738
0.59 0.7918 0.59 0.9941
0.60 0.8062 0.60 1.0151
0.61 0.8214 0.61 1.0368
0.62 0.8375 0.62 1.0593
0.63 0.8544 0.63 1.0826
0.64 0.8722 0.64 1.1068
0.65 0.8909 0.65 1.1320
0.66 0.9105 0.66 1.1582
0.67 0.9312 0.67 1.1856
0.68 0.9528 0.68 1.2144
0.69 0.9754 0.69 1.2445
0.70 0.9992 0.70 1.2762



Table 16-10 (continued)

Parameter AZm/h = 0.7 Parameter AZm/h = 0.8

AZ1,//* (7* AZwf/h G*

0.71 1.0241 0.71 1.3095
0.72 1.0501 0.72 1.3447
0.73 1.0774 0.73 1.3819
0.74 1.1059 0.74 1.4212
0.75 1.1358 0.75 1.4629
0.76 1.1670 0.76 1.5072
0.77 1.1936 0.77 1.5543
0.78 1.2336 0.78 1.6044
0.79 1.2692 0.79 1.6578
0.80 1.3064 0.80 1.7147
0.81 1.3452 0.81 1.7754
0.82 1.3857 0.82 1.8402
0.83 1.4280 0.83 1.9094
0.84 1.4722 0.84 1.9832
0.85 1.5182 0.85 2.0622
0.86 1.5662 0.86 2.1465
0.87 1.6163 0.87 2.2367
0.88 1.6685 0.88 2.3330
0.89 1.7229 0.89 2.4358
0.90 1.7796 0.90 2.5457
0.91 1.8387 0.91 2.6630
0.92 1.9093 0.92 2.7882
0.93 1.9644 0.93 2.9218
0.94 2.0312 0.94 3.0643
0.95 2.1007 0.95 3.2162
0.96 2.1731 0.96 3.3780
0.97 2.2484 0.97 3.5504
0.98 2.3268 0.98 3.7339
0.99 2.4083 0.99 3.9290
1.00 2.4932 1.00 4.1365

Homogeneous Isotropic Reservoir Systems

To analyze this type of reservoir by pulse test, Eqs. 16-49 and 16-50
should replace by Eqs. 16-51 and 16-52.

(16-51)



(16-52)

The values of kmax, kmin and 6 are estimated using Eqs. 16-36 through
16-38. If calculated value of Jkxxkyy — k\y from the pressure match is not
the same for other tests, heterogeneous models should be used.

Anisotropic Reservoir Systems

In the case of homogeneous anisotropic reservoir systems, porosity is uni-
form throughout the reservoir, but permeability varies with direction. Figure
16-20 shows the major and minor axes of the permeability and the well pattern.

Major
axis

Well
locations

Minor
axis

Producer

Injector

Figure 16-20. Anisotropic permeability and well axes.

Table 16-11
Geometrical Function, (7* (Geometric Factor)19

For Various Values of AZwf/h With AZws/h as a
Parameter [0.90 to 1.0]

Parameter AZm/h = 0.9 Parameter AZws/h = 1.0

AZwf/h G* AZnf/h G*

0.10 0.8464 0.10

0.12 0.8072 0.12
0.13 0.7874 0.13
0.14 0.7681 0.14
0.15 0.7494 0.15
0.16 0.7317 0.16



Table 16-11 (continued)

Parameter AZws/h = 0.9 Parameter AZm/h = 1.0

AZ1,,/* G* AZ1,,/* C*

0.17 0.7153 0.17
0.18 0.7004 0.18
0.19 0.6871 0.19
0.20 0.6756 0.20
0.21 0.6660 0.21
0.22 0.6585 0.22
0.23 0.6532 0.23
0.24 0.6500 0.24
0.25 0.6490 0.25
0.26 0.6502 0.26
0.27 0.6536 0.27
0.28 0.6591 0.28
0.29 0.6660 0.29
0.30 0.6766 0.30
0.31 0.6884 0.31
0.32 0.7020 0.32
0.33 0.7175 0.33
0.34 0.7346 0.34
0.35 0.7533 0.35
0.36 0.7715 0.36
0.37 0.7950 0.37
0.38 0.8176 0.38
0.39 0.8413 0.39
0.40 0.8659 0.40
0.41 0.8913 0.41
0.42 0.9173 0.42
0.43 0.9438 0.43
0.44 0.9707 0.44
0.45 0.9978 0.45
0.46 1.0251 0.46
0.47 1.0524 0.47
0.48 1.0796 0.48
0.49 1.1066 0.49
0.50 1.1335 0.50
0.51 1.1600 0.51
0.52 1.1862 0.52
0.53 1.2121 0.53
0.54 1.2376 0.54
0.55 1.2628 0.55
0.56 1.2877 0.56
0.57 1.3123 0.57
0.58 1.3368 0.58



Table 16-11 (continued)

Parameter AZwsjh = 0.9 Parameter AZm/h = 1.0

AZwf/h G* AZwf/h G*

0.59 1.3612 0.59
0.60 1.3857 0.60
0.61 1.4105 0.61
0.62 1.4357 0.62
0.63 1.4617 0.63
0.64 1.4885 0.64
0.65 1.5167 0.65
0.66 1.5463 0.66
0.67 1.5780 0.67
0.68 1.6120 0.68
0.69 1.6488 0.69
0.70 1.6889 0.70
0.71 1.7328 0.71
0.72 1.7811 0.72
0.73 1.8345 0.73
0.74 1.8936 0.74
0.75 1.9591 0.75
0.76 2.0318 0.76
0.77 2.1125 0.77
0.78 2.2021 0.78
0.79 2.3015 0.79
0.80 2.4118 0.80
0.81 2.5339 0.81
0.82 2.6690 0.82
0.83 2.8182 0.83
0.84 2.9827 0.84
0.85 3.1639 0.85
0.86 3.3631 0.86
0.87 3.5816 0.87
0.88 3.8211 0.88
0.89 4.0831 0.89
0.90 4.3691 0.90
0.91 4.6809 0.91
0.92 5.0202 0.92
0.93 5.3889 0.93
0.94 5.7890 0.94
0.95 6.2223 0.95
0.96 6.6911 0.96
0.97 7.1973 0.97
0.98 7.7434 0.98
0.99 8.3316 0.99
1.00 8.9443 1.00



Table 16-12
Pressure - Time Data From Vertical

Interference Test

Time t (hr) Pressure response pws (psig)

1 3015
2 3020
3 3023
4 3030
5 3033
6 3038
7 3040
8 3043
10 3048
20 3050
30 3055
40 3060
50 3064
60 3066
70 3066
80 3067
90 3068
100 3070

The values of kmax, kmin and 6 are determined using Eqs. 16—36 through

16-38. If the value of Jkxxkyy — k\y calculated from the pressure match is not

the same for different tests, then heterogeneous analysis technique should be used.

16.13 Validity of Various Models and Steps Used
to Obtain Reservoir Description

Analysis Models Equations Used Validity of Models

A. Homogeneous isotropic
model

Eqs. 16-19 to 16-23
Reservoir parameters are the same from

different tests

B. Homogeneous anisotropic
model

Eqs. 16-21 to 16-23
6-30, 16-36,

16-38
16-52-16-53

Pressure match is the same for different
tests. Permeability from single tests is

same from multiple-well tests

C. Heterogeneous
2D model Eq. 16-44

Reasonable agreement between
observed and calculated pressures

D. Heterogeneous
3D model Eq. 16-44

Reasonable agreement between
observed and calculated pressures

Figure 16-21. Most common models and criteria for their validity.



16,14 Summary

This chapter discusses variations of heterogeneities in rock and fluid
properties including causes and effects of pressure-dependent properties. It
also presents how to analyze and interpret pressure behavior in hetero-
geneous reservoirs near fault or other barriers and lateral changes in the
hydraulic diffusivity such as occur at fluid contacts. Ref. 20 has presented a
method for analyzing pressure build ups in fissured limestone reservoirs,
which has proved to be quite useful. Pressure behavior analysis methods are
discussed in brief to obtain adequate reservoir descriptions for isotropic,
anisotropic, and heterogeneous systems including calculating fracture orien-
tation and estimating two-dimensional permeability with vertical interfer-
ence testing. Pressure transient tests can be used to obtain an adequate
reservoir description for isotropic, anisotropic, and heterogeneous reservoir
systems. Numerical solutions must be used to analyze pressure transient test
data from heterogeneous reservoir systems. If a criterion for validity of
model is not met, go to next stem. Figure 16-21 shows validity of proposed
analysis models.
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Appendix A

Conversion Factors
Between Unit Systems

Table A-I
Permeability Conversions

To convert from

mD
mD
mD
mD

mD

mD

mD

mD

mD

mD

mD

To

Darcy
meter2 (m2)
centimeter2 (cm2)
micrometer2 (/im2)

(cm3/s)cP
cm2(atm/cm)

(cm3/s)cP
cm2 [(dyne/cm2 )/cm
(ft3/s)cP

ft2(psi/ft)
(ft3/s)cP

cm2 [(cm water)/cm
(B/D)cP

ft2(psi/ft)
(gal/min)cP

ft2[(ft water)/ft]

ft2

Multiply by

1.000000E-03
9.86923E-16
9.86923E-12
9.86923E-04

1.00000E-03

- 9.86923E 10

7.32441E-08

- 3.41780E-11

1.12712E-03

1.42515E-05

1.06232E-14

Inverse

1.000000E+03
1.01325E+15
1.01325E+11
1.01325E+03

1.00000E-+O3

LO1325E-fO9

1.36530E+07

2.92585E+10

8.87217E+02

7.01681Ef04

9.41340E+13

Table A-2
Temperature Conversions

F C R K

Degree Fahrenheit 1.000 (0F - 32)/1.8 0F + 459.67 (0F + 459.67)/1.8
(0F)
Degree Celsius (0C) 1.8(°C) + 32 1.000 1.8(°C) + 491.67 °C + 273.15
Degree Rankine (0R) 0R - 459.67 (0R - 491.67)/1.8 1.000 °R/1.8
Kelvin (K) 1.8(K) - 459.67 K-273 .15 1.8(K) 1.000



Table A-3
Volume Conversion Multiplication Factors

in3 ft3 cm3 m3

Cubic inches (in3) 1.0 5.787035 x 10~4 1.638706 x 10 1.638706 x 10"5

Cubic feet (ft3) 1.728 x 103 1.0 2.831685 x 104 2.831685 x 10~2

Cubic centimeters 6.102376 x 10~2 3.531466 x 10"5 1.0 1.000 x 10"6

(cm3)
Cubic meters (m3) 6.102376 x 104 3.531466 x 10 1.000 x 106 1.0

Table A-4

Density Conversion Multiplication Factors

gm/cm3 lb/ft3 kg/1 kg/m3

gm/cm3 1.0 6.242797 x 10 1.0 1.000 x 103

lb/ft3 1.601846 x 10-2 1.0 1.601846 x 10~2 1.601846 x 10
kg/1 1.0 6.242797 x 10 1.0 1.000 x 103

kg/m3 1.000 x 10~3 6.242797 x 10"2 1.0 x 10"3 1.0

Table A-5
Rate of Flow Conversion Multiplication Factors

ft3/min US gal/day bbl/day m3/s

ft3/min 1.0 1.077195 x 104 2.564749 x 102 4.719474 x 10~4

US gal/day 9.283374 x 10~5 1.0 2.380952 x 10~2 4.381264 x 10~8

bbl/day 3.899017 x 10~3 42.0 1.0 1.840131 x 10"6

m3/s 2.11888 x 103 2.282477 x 107 5.434396 x 105 1.0

Table A-6
Mass Conversion Multiplication Factors

Ounces Pounds Metric ton Kilograms
(avoir) (oz) (avoir) (Ib) (t) (tonne) (kg)

Ounces 1.0 6.25 x 10~2 2.834952 x 10~5 2.834952 x 10~2

Pounds 16.0 1.0 4.535924 x 10~4 4.535924 x 10"1

Metric ton 3.527397 x 104 2.204622 x 103 1.0 1.000 x 103

Kilograms 3.527397 x 10 2.204622 1.000 x 10~3 1.0



Table A-7
Velocity Conversion Multiplication Factors

ft/s ft/min ft/h m/s

ft/s 1.0 60.0 3600.0 3.04800OxIO-1

ft/min 1.666666 x 10~2 1.0 60.0 5.080000 x 10"1

ft/h 2.777777 x 10~4 1.666666 x 10~2 1.0 8.466667 x 10~5

m/s 3.28084 1.968504 x 102 1.181102 x lO 4 1.0

Table A-8
Viscosity (Absolute) Conversion Multiplication Factors

Pascal second
cP poise g/(cms) lb(fts) (Pas)

Centipoise 1.0 1.00 x 10~2 6.719689 x 10~4 1.000000 x 10"3

poiseg/(cms) 100.0 1.0 6 . 7 1 9 6 8 9 X I O - 2 L O O O X I O - 1

lb/(fts) 1.488164 x lO 3 1.488164x10 1.0 1.488164
Pascal second 1.000 x 103 10.0 6.719689 x 10"1 1.0

(Pas)

Table A-9
Kinematic Viscosity: Absolute Viscosity in Mass Units Divided

by Mass Density Conversion Factors

gm/cm3 lb/ft3 kg/1 kg/m3

gm/cm3 1.0 6.242797 x 10 1.0 1.000 x 103

lb/ft3 1.601846 x 10"2 1.0 1.601846 x 10"2 1.601846 x 10
kg/1 1.0 6.242797 x 10 1.0 1.000 x 103

kg/m3 1.000 x 10"3 6.242797 x 10"2 1.0 x 10~3 1.0

Table A-10
Land Measurement Conversion Multiplication Factors

gm/cm3 lb/ft3 kg/1 kg/m3

gm/cm3 1.0 6.242797 x 10 1.0 1.000 x 103

lb/ft3 1.601846 x 10-2 1.0 1.601846 x 10~2 1.601846 x 10
kg/1 1.0 6.242797 x 10 1.0 1.000 x 103

kg/m3 1.000 x 10~3 6.242797 x 10~2 1.0 x 10"3 1.0

1 League = 3 miles, 1 square mile = 640 acres, 1 township == 36 square miles, 1 section = 1 square
mile, 1 rod =16.5 feet.



Table A-Il
Length Conversion Multiplication Factors

Kilometer
(km)Meter (m)

Centimeter
(cm)Miles (mi)Yards (yd)Feet (ft)Inches (in)

2.540 x Kr5

3.048 x 10~4

9.144 x 10~4

2.609344
1.000 x 10~5

1.000 x 10~3

1.0

2.540 x 10-2

3.048 x 10-1

9.144 x 10-1

1.609344 x 103

1.000 x 10-2

1.0
1.000 x 103

2.540
30.480
91.44

1.609344 x 105

1.0
100.0

1.000 x 105

1.578282 x 10-5

1.893939 x IO-4

5.681818 x 10~4

1.0
6.213712 x 10~6

6.213712 x 10~4

6.213712 x 10-1

2.777778 x IO'2

3.333333 x IO"1

1.0
1.760 x 103

1.093613 x 10~2

1.093613
1.093613 x 103

8.333333 x 10~2

1.0
3.0
5.280 x 103

3.28084 x 10~2

3.28084
3.28084 x 103

1.0
12.0
36.0
6.336003 x 104

3.937008 x 10-1

39.37008
39.37008 x 103

Inches (in)
Feet (ft)
Yards (yd)
Miles (mi)
Centimeter (cm)
Meter (m)
Kilometer (km)



Table A-12
Area Conversion Multiplication Factors

km2m2cm2mi2ft2in2

6.451600 x 10-10

9.290304 x 10~8

2.589988
1.000 x 10-10

1.000 x 10~6

1.0

6.451600 x 10~4

9.290304 x 10~2

2.589988 x 106

1.000 x 10~4

1.0
1.000 x 106

6.451600
9.290304 x 102

2.589988 x 1010

1.0
1.000 x 104

1.000 x 1010

2.490977 x IO"10

3.587007 x 10"8

1.0
3.861022 x 10"11

3.861022 x 10~7

3.861022 x 10"1

6.944444 x 10~3

1.0
2.787840 x 107

1.076391 x 10~3

10.763910
1.076391 x 107

1.0
1.44Ox 102

4.014489 x 109

1.55Ox IO"1

1.55Ox IO3

1.55Ox IO9

Square inches (in2)
Square feet (ft2)
Square miles (mi2)
Square centimeters (cm2)
Square meters (m2)
Square kilometers (km2)

1 Acre = 43,560ft2, 1 darcy = 100OmD, lmD = 9.86x 10-16m2 = 9.86 x IQ-12Cm2 = 1.127 x 10~3 (B/D)cP/ft2(psi/ft).



Table A-13
Liquid Volume Conversion Multiplication Factors

m31ft3bbl (oil)UK galgal

3.785412 x 1(T3

4.546092 x 1(T3

1.589873 x 1(T1

2.831685 x 10~2

1.000 x 10~3

1.0

3.785412
4.546092
1.589873 x 102

2.831685 x 10
1.0
1.000 x 103

1.336805 x 10'1

1.605437 x 10-1

5.614583
1.0
3.531466 x 10~2

3.531466 x 10

2.380952 x 10~2

2.859406 x 10'2

1.0
1.781076 x 10"1

6.289810 x 10~3

6.289810

8.326739 x 10"1

1.0
3.497230 x 10
6.228833
2.199692 x 10"1

2.199692 x 102

1.0
1.200950

42.0
7.48052
2.641720 x 10"1

2.641720 x 102

Gallons (US) (gal)
Imperial gallons (UK gal)
Barrels (oil, 42 gal) (bbl)
Cubic feet (ft3)
Liters (L)
Cubic meters (m3)



Table A-14
Pressure Conversion Multiplication Factors

PaftH2OmmHg(32°F)inHg(32°F)kgf/cm2lbf/in2baratm

1.013250
1.000000
6.894757
9.806650
3.386380
1.333220
2.988980
1.0

3.389952 x 10
3.345623 x 10
2.306730
3.280935 x 10
1.132955
4.460451 x 10~2

1.0
3.345623 x 10~4

7.600 x 102

7.500638 x 102

5.171507 x 10
7.355613 x 102

2.54 x 102

1.0
2.241926 x 10
7.500638 x 10~3

2.992133 x 10
2.953006 x 10
2.036026
2.895909 x 10
1.0
3.93701 x 10~2

8.826475 x 10"1

2.953006 x 10~4

1.033228
1.019716
7.030695 x IO-2

1.0
3.453147 x 10~2

1.359506 x 10~3

3.047912 x IO-2

1.019716 x IO-5

1.4696Ox 10
1.450377 x 10
1.0
1.422334 x 10
4.911529 x IO-1

1.933672 x IO-2

4.335149 x IO-1

1.450377 x IO-4

1.013250
1.0
6.894757 x 10~2

9.806650 x IO-1

3.386380 x 10~2

1.33322Ox IO-3

2.988980 x 10~2

1.000 x 10~5

1.0
9.869233 x 10"1

6.804573 x 10~2

9.678411 x IO-1

3.342097 x 10~2

1.315789 x IO-3

2.949894 x 10~2

9.869233 x 10~6

atm (std)
bar
lbf/in2 (psi)
kgf/cm2

inHg(32°F)
mmHg(32°F)
ft H2O (39.2 0F)
Pa



Table A-15
Conversion of Common Field Units to Metric (SI) Units (Base conditions:

Field 600F, 14.65 psia; Metric (SI) 15 0C, 101.325 kPa)

Field Unit

Acre
Acre
Acre-foot
Atmosphere
Barrel (35 imp. gal.)
Btu per standard cubic
foot (600F, 14.65 psia)
Centipoise
Cubic foot
Cubic foot gas per gallon
(600F, 14.65 psia)
Darcy
Degree Fahrenheit
Degree Rankine
Gallon (Cdn)
Gallon (US)
Gas constant

Mcf (thousand cubic
foot) (600F, 14.65 psia)
Millidarcy
MMcf (million cubic foot)
(600F, 14.65 psia)
Pound-force per square
inch (psi)
Pound-mass
Psi per foot

Section (540 acres)
Section (640 acres)
Standard cubic foot
(600F, 14.65 psia-ideal gas)
Tcf (trillion cubic foot)
(60 °F, 14.65 psia)
Ton (US short-2000 Ib)
Ton (UK long-2240 Ib)

Multiplication
Factor

4.046856E+03
4.046856E^Ol
1.233482E+03
1.01325E+02
1.589873E-01
8.799136E-01

1.0E-K)O
2.831685E-01
7.494773E-K)O

9.869233E-01
(°F-32)5/9E-f00
5/9E-K)O
4.54609E-03
3.785412E-03
8.31432E+00

1.191574E-K)O
2.826231E-K)I
9.869233E-04
1.191574E-K)O
2.826231E+01
6.894757E-K)O

4.535924E-01
2.262059E-K)I

2.589988E-f06
2.589988E+02
1.191574E-K)O
2.826231E-O2
1.191574E+00
2.826231E-02
9.071847E-01
1.016047E-K)O

Metric (SI) unit

Square meter
Hectare
Cubic meter
Kilopascal
Cubic meter
Kilojoule per mole

Millipascal
Cubic meter
Mole per cubic
meter
Square micrometer
Degree Celsius
Kelvin
Cubic meter
Cubic meter
Joule per mole
kelvin
Kilomole
cubic meter (API)
Square micrometer
Megamole
cubic meter (API)
Kilopascal

Kilogram
Kilopascal per
meter
Square meter
Hectare
Mole
cubic meter (API)
Teramole
cubic meter (API)
Tonne
Tonne

Symbol

m2

ha
m3

kPa
m3

kj/mol

mPa*s
m3

mol/m3

fim2

°C
K
m3

m3

J/(mol*K)

kmol
m3 API
/im2

mmol
m3 API
kPa

kg
KPa/m

m2

ha
mol
m3 API
Tmol
m3 API
t
t



Appendix B

Correlation Tables
and Dimensionless
Functions

Table B-I
MBH Dimensionless Pressure Functions for Various Closed Shaped Reservoirs

(after Earlougher et al., 1968)1

DIMENSIONLESS
TIME F«MBH DIMENSIONLESS PRESSURE FUNCTION



Table B-I (continued)

OIMENSIONLESS
TIME f sMBH DIMENSIONLESS PRESSURE FUNCTION

Hexagon and Circle
Square

Equilateral Triangle

Rhombus
Right Triangle

Figure B - I . MBH curves for a well at the center of a regular shaped drainage area
(after Matthews etal.).3



Figure B-2. MBH curves for a well situated within a square (after Matthews et al.).3

Figure R-3. MBH curves for a well situated within a 2:1 rectangle (after Matthews
etal.).3



Figure B ^ . MBH curves for a well situated within a 4:1 rectangle (after Matthews
etal.).3

Figure B-5. MBH curves for a well situated in various rectangular geometries
(after Matthews etal.).3



I Well 1/10 of Length Away From Side
II Well % of Altitude Away From Apex

Figure B-6. MBH curves for a well situated within a square and in a 2:1 rectangle
(after Matthews etal.).3

I Well 1/8 of Height Away From Side
II Well 1/8 of Height Away From Side
III Well 1/8 of Height Away From Side

Figure B-7. MBH curves for a well situated in a 2:1 rectangle and in an equilateral
triangle (after Matthews etal.).3



No Flow
Outer Boundary

Constant Presssure
Outer Boundary

Figure B-8. MBH dimensionless pressures ABCDEF (after Pitzer, S. C. (1964)4).



Table B-2
Pseudo-Steady State Shape Factors for Various Reservoirs

from Dietz, 19652

Stabilized Condition
For t D A >

Stabilized Condition

In Bounded Reservoirs

In water-drive reservoirs

In reservoirs of unknown production character
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Figure B-9. Values of function F versus mobility ratio with various values of
parameters.5
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parameters.5
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Figure B - I l . Values of function F versus mobility ratio with various values of
parameters.5
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Appendix C

Pressure Drop
through Vertical,
Inclined, and
Horizontal Oil
Wells

Pressure should be recorded continuously during a transient test. Best
results are obtained when the bottom-hole pressure is measured, although
surface pressures often can be converted to bottom-hole values if adequate
information is available about the wellbore system. It is usually beneficial to
record bottom-hole, tubing-head, and casing-head pressures during a well test.
This combination of data can provide information about wellbore effects, such
as storage, and leaking packers or tubing. Such surface pressure data may be
valuable in verifying correct operation of the down-hole pressure gauge. This
appendix will describe two methods as shown below (see Figure C-I).

Vertical and horizontal wells
pressure drop methods

Hagedorn and Brown method
vertical oil wells

Beggs and Brill method
horizontal and inclined oil wells

This method is widely used in petroleum
generalized correlation which would

include all practical ranges of flow rates,
a wide range of GLR, all ordinarily used

tubing sizes and the effects of fluid
properties. It requires correlations for both

liquid holdup and friction factor. Flow
regimes cannot be determined

This method can be used to determine correct flow
regimes. Different correlations for liquid holdup

are available for each of flow regimes. Liquid
holdup that would exist if the pipe were horizontal
is first calculated and then corrected for the actual
pipe inclination angle. Friction factor is calculated

using correlations that are independent of flow
regime but depend on liquid holdup

Figure C - I . Pressure drop calculation methods for vertical, inclined, and horizontal
oil wells.



C l Hagedorn and Brown Method1

This method is widely used and most accepted in the petroleum industry.
The procedure for this method is

(C-I)

A step-by-step procedure for using Eq. C-I and calculating a vertical
pressure traverse by this method is given below.

Pressure Traverse with Fixed Pressure Increment

1. Calculate average segment pressure and temperature.
2. Determine the total mass of oil, water, and gas associated with 1 barrel

of stock tank liquid:

(C-2)

3. Find the flow rate at average segment point:

(C-3)

4. Determine physical properties Rs, /J0, Z, /i0, /JLW, ao, and aw from
laboratory information or empirical correlations at average segment
pressure and temperature.

5. Calculate the density of liquid phase:

(C-4)

6. Calculate the average gas density:

(C-5)



7. Estimate viscosity of the liquid mixture:

(C-6)

8. Estimate surface tension of liquid mixture:

(C-7)

9. Calculate liquid viscosity number:

(C-8)

10. Find CNL from Figure C-2.
11. Calculate the superficial liquid velocity:

(C-9)

where At is cross-sectional area of tubing (ft3).

12. Calculate the liquid velocity number:

(C-IO)

13. Determine the superficial gas velocity VSG (ft/s):

(C-Il)

14. Find the gas velocity number:

(C-12)

15. Calculate the following parameters:

(C-13)



where dt is the inside diameter of tubing (ft). If AA < 0.13, then use the
calculated value, if it is less than 0.13, then use AA =0.13.

(C-14)

16. If (BB - AA) > 0, continue with the method. If (BB - AA) < 0, then
use Griffith correlation for bubble flow (use Orkiszewski method).

17. Determine the pipe diameter number:

(C-15)

18. Calculate liquid holdup function:

(C-16)

19. Find HL/ip from Figure C-3.
20. Estimate the secondary correction factor:

(C-17)

Figure C-2. Correlation for viscosity number coefficient C (© SPE, AIME, 1965).
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Figure C-3. Holdup factor correlation (© SPE, AIME, 1965).

21. Obtain X/J from Figure C-3; for low viscosity, xjj — 1.0.
22. Estimate two-phase Reynolds number:

(C-18)

23. Find the friction factor from Figure C-4.
24. Calculate the average two-phase density of the mixture at average

pressure by two methods and use the largest:

(C-19)

and map correlations

(C-20)

where Vfg = volume of free gas = GOR — Rs.

25. Calculate the two-phase mixture velocity at both/>i and p2'.

(C-21)

(C-22)



Figure C ^ . Holdup factor correlation (© SPE, AIME, 1965).

26. Estimate the value for

(C-23)

27. Calculate Ah (ft) corresponding to Ap — p\ — pi'.

(C-24)

Find friction factor /from Figure C-4.

28. Repeat the pressure starting with p2 and assume another point until
reading the surface or the total depth, depending on whether the
bottom or the top. Since the pressure traverse calculations are itera-
tive, and the fluid properties and pressure gradient calculations are
tedious, it is most convenient to write computer program.

29. For pressure traverse calculations, typical pressures developed by this
method are in Table C-I and Figure C-4.



Table C-I
Computed Flowing Pressure - Traverse - Hagedorn and Brown

Correlation

Depth (ft) at GLR (scf/bbl)
Pressure Temperature
(psig) (0F) 500 750 1000 1250 1500 2000 2500

500 135 0 0 0 0 0 0 0
800 135 1174 1283 1332 1363 1376 1384 1388
1000 135 1883 2049 2159 2222 2259 2270 2234
1200 135 2546 2777 2955 3037 3103 3155 3136
1400 135 3173 3466 3665 3817 3907 4007 4017
1600 135 3772 4121 4366 4582 4676 4827 4869
1800 135 4347 4749 5036 5246 5423 5605 5690
2000 135 4904 5355 5681 5924 6165 6357 6480
2200 135 5445 5942 6305 6579 6925 7084 7240
2400 135 5973 6513 6910 7213 7448 7794 7975
2600 135 6491 7070 7499 7830 8089 8497 8686
2800 135 6999 7615 8075 8432 8713 9204 9380
3000 135 7499 9151 8640 9021 9323 9926 10041
3500 135 8722 9456 10010 10447 10798 11316 11747

Example C-I Calculating the Flowing Bottom-Hole Pressure Using Hagedorn
and Brown Method

Input Data

Tubing size 2.000 in. ID
Producing rate 1000 bbl/day
Water cut 60%
Oil API gravity 22°^P/
Water specific gravity 1.074
Gas specific gravity 0.65
Wellhead temperature 1200F
Bottom-hole temperature 1500F
Tubing inclination angle 90°

Solution
Matching Parameters

Modification factor (roughness) to match field data 1
Modification factor (oil API) to match field data 1
Modification factor (GOR) to match field data 1.0025
Solution gas-oil ratio adjustment factor 1.0025
Oil viscosity adjustment factor 1.4167



(continued)

z-factor adjustment factor 1
Gas viscosity adjustment factor 1
Water FVF adjustment factor 1.0567
Water viscosity adjustment factor 1.048
Water surface tension adjustment factor 1.0526
Oil surface tension adjustment factor 0.8903

C.2 Beggs and Brill Method2

Procedure for Segmenting by Pressure Increments

Step 1: Starting with the known pressure, p\, at location Li, choose a
length increment, AL, at least < 10% of total L.

Step 2: Estimate the incremental pressure change, Ap.
Step 3: Calculate incremental pressure and the average incremental tem-

perature.
Step 4: Using map or empirical correlations, determine the necessary PVT

properties at conditions of average pressure and temperature.
Step 5: Estimate the incremental pressure gradient, Ap/AL, using tubing

or pipe inclination adjustments.
Step 6: Determine the total incremental pressure change corresponding to

the chosen length.
Step 7: Compare the estimated and calculated values of A/? found. If they

are not within a close tolerance, use the calculated incremental pressure, Ap,
for iteration of step 2 through step 7. Repeat steps 3 through 7 until the
estimated and calculated values are within tolerance.

Step 8: Continue iteration until Li + ^2 ̂ L = L (total). At this point
/>i+££/>=/> (total).

Figure C-5 shows computer flow diagram. Output results are presented in
Table C-2.

Example C-2 Calculating the Flowing Bottom-Hole Pressure Using Beggs
and Brill Method

Input Data

Base pressure 14.70 psia
Base temperature 600F
Tubing size 1.995 in. ID
Producing rate 1000 bbl/day
Solution gas-oil ratio 450 scf/stb
Water cut 60%
Oil API gravity 22° API
Water specific gravity 1.070



(continued)

Gas specific gravity 0.65
Wellhead pressure 500psig
Wellhead temperature 1200F
Bottom-hole temperature 152 0F
Gas-liquid ratio 500scf/stb
Absolute roughness 0.00015

Assume Ap

Calculate P1+1- P1 + A/>

Calculate average pressure, pAv

Calculate the following terms:

(average pressure and temperature)

Calculate
HL(Oy C, tp, HL(e)

distributed

Flow pattern
distributed

Flow pattern
intermittent

Flow pattern
segregated

Flow pattern is
transition (set

J = DInterpolate
for

transition
flow pattern

Calculate
HL(OyC,^

distributed

Calculate
HL(Oy C, i,,

HW)
segregated

Calculate NRe,fn, ftp

Calculate acceleration term

Calculate Ah Output

Figure C-5. Computer flow diagram for the Beggs and Brill method.



Table C-2
Computed Flowing Pressure - Traverse - Beggs and Brill Correlation

Assumed
pressure
(psig)

500
800
1000
1250
1500
2000
2200
2500
2700

True
depth
(ft)

500
1000
2000
3000
4000
5000
6000
7000
7500

< Bottom hole pressures (psig) at inclination angles (°) >

0

610
723
968
1236
1532
1849
2181
2527
2706

10

567
671
835
1000
1170
1345
1926
1714
1810

20

582
660
812
965
965
1120
1280
1444
1614

30

573
642
111
910
1043
1119
1180
1533
1533

40

562
629
732
842
950
1059
1059
1169
1280

50

549
549
595
683
768
850
932
1013
1135

60

535
589
633
694
753
809
865
920
940

Solution
Matching Parameters

Modification factor (roughness) to match field data 1
Modification factor (oil API) to match field data 1
Modification factor (GOR) to match field data 1.0025
Solution gas-oil ratio adjustment factor 1.000
Oil viscosity adjustment factor 7.552
z-factor adjustment factor 1
Gas viscosity adjustment factor 1
Water FVF adjustment factor 1
Water viscosity adjustment factor 1
Water surface tension adjustment factor 1
Oil surface tension adjustment factor 1

Figure C-6 shows effects of inclination, and Figure C-I shows effects of
GLR.
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Appendix D

Oil and Water
PVT Properties
and Correlation
Equations

This appendix presents concepts and applications of fluid and rock
properties usually required for solving reservoir engineering and transient
well test analysis problems. The engineering equations and correlations
presented in this appendix represent technical papers well known to the
petroleum engineers. For most of these properties, laboratory analysis
provides the most accurate answer; however, in many cases, laboratory
results are not available, and the test analyst must use the following
two approaches, which are adopted for computing or finding the various
properties:

1. Equation approach and
2. Figure, chart, or table approach.

When laboratory results are not available, the test analyst must use
empirical correlation of experimental data. This appendix provides a sum-
mary of correlations that have proved useful for test analysis. The appendix
is divided into the following sections:

• Oil properties and correlations;
• Reservoir rock properties; and
• Reservoir PVT water property calculations.

For the properties where the equations require simple mathematical
manipulations, both the equations and the charts are presented. You may
use either the equations or the charts and tables. Each property computation
and its use are illustrated by a solved example.



D.I Oil PVT Properties and Correlations

Bubble-Point Pressure

The pressure at which the first bubble of gas evolves, as the oil pressure is
reduced. This is also called saturation pressure. At this pressure, oil is
saturated with gas.

Factors Affecting Bubble-Point Pressure

1. Reservoir temperature, TR;
2. Dissolved gas gravity, JAPII
3. Solution gas-oil ratio (GOR) at initial reservoir pressure, Rsbi
4. Stock-tank oil gravity, j g .

Correlations for Bubble-Point Calculations

• Standing's correlation1 (see Figure D-I)

/R \ 0 8 3

^ = 18 x — ) xlO7* (D-I)

jg = 0.00091(7*) - 0.01257^p/ = molefraction of gas (D-2)

Rsh = solution GOR at Pb, scf/stb

where pj, is the bubble-point pressure in psia, TR the reservoir temperature
in 0F, and j A P I the API oil gravity.
• Lasater's correlation2

(a) Using Figure D-2, find M0, the effective molecular weight of the
stock-tank oil from API gravity.

(b) Calculate Yg, the mole fraction of the gas in the system:

(D-3)

(c) Calculate bubble-point pressure factor [pbJg/TR] using Figure D-3.
(d) Calculate pb as

(EM)



EXAMPLE
REQUIRED:
Bubble-point pressure at 200 0F of a liquid
having a gas-oil ratio of 350 cfb, a gas
gravity of 0.75, and a tank-oil gravity
of 300API.
PROCEDURE:
Starting at the left side of the chart,
proceed horizontally along the 350
cfb line to a gas gravity of 0.75.
From this point drop vertically to
the 300API line. Proceed hori-
zontally from the tank-oil
gravity scale to the 2000F
line. The required pressure
is found to be 1930 psia.

BUBBLE-POINT PRESSURE

Figure D - I . Chart for calculating saturation pressure by Standing's correlation.1
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Effective molecular weight of tank oil

Figure D-2. Effective molecular weight related to stock-tank oil gravity.2



where
TR = reservoir temperature, 0R or (0F + 460),
pb = bubble-point pressure, psia

•« • • 1 4 L 570 = oil specific gravity =
131.5 + JAPI

• Vasquez and Beggs' correlation3

(D-5)

where

Pb = bubble-point pressure, psia
Rsb = solution GOR atpt, scf/stb
7g = gas gravity

IAPI = oil gravity, 0API, and
TR = reservoir temperature, 0F.

Additionally, Ci, C2 and C3 are constants, which are listed in Table D-I.

Table D-I
Bubble-Point Equation Constants

0API < 30 0API > 30

Ci 0.0362 0.0178
C2 1.0937 1.1870
C3 25.724 23.9310

Example D-I Estimating Bubble-Point Pressure
For the following data, estimate bubble-point pressure, using Lasater's,

and Vasquez and Beggs' correlations. Rsb = 600 scf/stb, TR = 2500F,
lg = 0.76, 7,4P/ = 30°, and ^0 = 0.876.

Solution

TR = 250°F = 250 + 460 = 710°R

Lasater's correlation2

(a) Calculate M0, the effective molecular weight of stock-tank oil. From
Figure D-2, M0 = 330.



(b) Calculate Yg, the mole fraction of gas:

(c) Calculate bubble-point pressure factor (pb^g/TR). From Figure D-3,
(PblglTR) = 3.6.
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Figure D-3. Lasater's correlation of bubble-point pressure factor with gas mole

fraction.2



(d) Calculate pb as

Vasquez and Beggs' correlation3

Ph is obtained from Eq. D-5 and using constants from Table D-I:

Range of Validity of Different Correlations

Correlation

Standing
Lasater

Vasquez and
Beggs

Date

1947
1958

1976

No. of tests

105
158

5008

Comments

Based only on gas-crude systems from California
Developed from data on black oil systems
produced in Canada, Western and mid-
continental USA, and South America
Based on more than 600 PVT analyses from
fields all over the world

D.2 Solution Gas-Oil Ratio

Rs represents the amount of dissolved gas that will evolve from the oil as
pressure is reduced from reservoir pressure to the atmospheric pressure.

Methods to Estimate Solution Gas-Oil Ratio

Standing's correlation1

(D-6)

where
7 g = 0.00091 T - 0.01257^P/

Rs = solution GOR, scf/stb
p = pressure, psia

7^ = gas gravity
IAPI = oil gravity, API

T = temperature, 0F.



Lasater's correlation

(a) Using Figure D-2, find M0, the effective molecular weight of the
stock-tank oil, from the API gravity.

(b) Calculate Yg, the gas mole fraction. For pjg/T < 3.29:

(D-7)

For p-jg/T > 3.29:

(D-8)

where T is in 0R in Eqs. D-7 and D-8.

(D-9)

Vasquez and Beggs' correlation3

(D-IO)

where
Rs = gas in solution at p and T, scf/stb
7̂  = gas gravity
p = pressure, psia

j A P I = stock-tank oil gravity, 0API
T = temperature, 0R.

Ci, C2, and C3 are listed in Table D-I.

D.3 Oil Formation Volume Factor

B0 accounts for the shrinkage of oil due to evolution of gas as oil is
brought from the reservoir (reservoir pressure and temperature) to stock-
tank conditions (atmospheric pressure and temperature).

Correlations to Determine Oil Formation Volume Factor

Saturated Systems

(a) Standing correlation:1 Knowing Rs, T, p, ^API, Ig, use Figure D-4 to
obtain B0.



EXAMPLE
REQUIRED:
Formation volume at 2000F of a bubble-point liquid
having a gas-oil ratio of 350 cfb, a gas gravity
of 0.75, and a tank-oil gravity of 300API.
PROCEDURE:
Starting at the left side of the chart,
proceed horizontally along the 350 cfb
line to a gas gravity of 0.75. From this
point drop vertically to the 300API line.
Proceed horizontally from the tank-oil
gravity scale to the 2000F line. The
required formation volume is
found to be 1.22 barrel per
barrel of tank-oil.

Formation volume of bubble-point liquid

Figure D-4. Charts for calculating total formation volume factor for (a) bubble-
point liquid and (b) gas plus liquid phases by Standing's correlation.1

(b) Vasquez and Beggs' correlation:3

(D-Il)

where
B0 = oil FVF at p and T9 rb/stb
Rs = solution GOR at p and T, scf/stb
T = temperature, 0F
p = pressure, psia

JAPI = oil gravity, 0API
Ygc = gas gravity corrected (Air = 1) Ci, C2, and C3 are constants which

are listed in Table D-2
jgc = corrected gas gravity which is given by



EXAMPLE
REQUIRED:
Formation volume of the gas + liquid phases of a
1500 cfb mixture, gas gravity = 0.80. tank-oil
gravity = 400API, at 2000F and 1000 psia.

PROCEDURE:
Starting at the left side of the chart, proceed
horizontally along the 1500 cfb line to
the gas gravity line. From this point
drop vertically to 40° API line. Proceed
horizontally to 2000F and from that point
drop to the 1000 psia pressure line.
The required formation volume is
found to be 5.0 barrels per
barrel of tank-oil.

B
ar

re
l 

pe
r 

ba
rr

el
 o

f 
ta

nk
-o

il
Figure D-4 . Continued.

Table D - 2
Constants for Oil FVF

API < 30 API > 30

Ci 4.677 x 1(T4 4.670 x 10~4

C2 1 .75IxIO- 5 1.100 x l O " 5

C3 1 .81IxIO- 8 1.337 x lO~ 9

where
Ts = separator tempera ture , 0 F
ps = separator pressure, psia.

Undersaturated System (i.e., p > pb)

The formation volume factor decreases with increase in pressure at/? > pb:

Bo = Bobexp[co(pb-p)} (D-12)

and c0 is in psi"1 and p as well as pb are in psia.



Example D-2 Estimating Oil Formation Volume Factor
Determine the oil formation volume factor FVF of oil with the following

properties using Standing's, and Vasquez and Beggs' correlations:
Pb = 2700 psia, Rsb = 600 scf/stb, 7^ = 0.75, <yAPI = 30° API, T = 2500F,
ps = 14.7 psia, Ts = 700F.

Solution

1. Standing's correlation:1 Find (30 from Figure D-4, which is equal to
1.380 bbl/stb.

2. Vasquez and Beggs' correlation:3 From Eq. D - H :

lgc = 7g = 0 - 7 5

B0 = 1+ 4.677 x 10~
4 x 600 + 1.751 x 10~5 x (250 - 60)

x (30/0.75) + (-1.811 x 10-8) x 600 x (250-60) x (30/0.75)

= 1.331 rb/stb

D.4 Total Formation Volume Factor

Total formation volume factor for oil, FVF, is the volume occupied by
one stock-tank barrel of oil, its remaining solution gas, and the free gas
(Rsi - Rs) that has evolved from the oil. Knowing the values of GOR and gas
and oil gravities, Figure D-4 can be used to determine /3t at a given pressure
and temperature condition.

(3t = f30 + (3g{Rsi-Rs) (D-13)

where
RSi = initial solution GOR, scf/stb
Rs = solution GOR, scf/stb
/30 = oil formation volume factor, rb/stb.

D.5 Oil Density

^., , . mass of oil
Oil density = —

oil volume

(D-14)
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PROBLEM: FIND THE GAS-SATURATED VISCOSITY
OF A CRUDE OIL HAVING A SOLUTION GAS-OIL
RATIO OF 600 ft3/bbl AND DEAD OIL
VISCOSITY OF 1.50 cP, ALL THE SAME
TEMPERATURE.

PROCEDURE: LOCATE 1.50 cP, ON THE
DEAD OIL VISCOSITY SCALE (ABSCISSA)
AND GO UP VERTICALLY TO THE 600
GAS-OIL RATIO LINE THEN GO LEFT
HORIZONTALLY TO READ THE
ANSWER 0.58 ON THE GAS-
SATURATED OIL VISCOSITY
SCALE (ORDINATE)

SOLUTION
GAS-OIL
RATIO,
ftVbbl

EXAMPLE

Viscosity of dead oil, cP
(at reservoir temperature and

atmospheric pressure)

Figure D-5. Viscosity of gas-saturated crude at reservoir temperature and pressure,
Chew and Connally's correlation.4

where
po = oil density, lbm/ft3

70 = oil specific gravity, dimensionless
7g = gas specific gravity, dimensionless
Rs = solution or dissolved gas, scf/stb
B0 — oil formation volume factor, rb/stb.
If p > pb, the bubble-point pressure, then

Po = Pob exp[co(/? -pb)} (D-15)

where
P0 = oil density at p, T, g/cm3

p0b = oil density at p^ T, g/cm3

p = pressure, psia
T — temperature of interest, 0F

pb — bubble-point pressure, psia
co = oil isothermal compressibility, psi"1

co can be calculated using Eq. D-21, which is listed in the latter section.



D.6 Oil Viscosity

Viscosity is a measure of oil resistance to flow

. . absolute viscosity
Kinematic viscosity = :density

Factors Affecting Oil Viscosity

1. Composition: /x increases with a decrease in API gravity.
2. Temperature: \i increases with a decrease in temperature.
3. Dissolved gas: Lightens the oil and thus decreases molecular weight and

viscosity.
4. Pressure: An increase in pressure on undersaturated oil compresses the

oil and causes the viscosity to increase.

Methods to Estimate Oil Viscosity

Figure D-7 can be used to calculate dead oil viscosity, which is based
upon Beal's correlation.5

Saturated oil

Saturated oil is oil in equilibrium with gas at bubble-point pressure.

(a) Chew and Connally's Correlation4 (see Figure D—5)
(i) Calculate gas-free or dead oil viscosity. Dead oil viscosity

depends on API gravity of stock-tank oil and temperature of
interest. Dead oil viscosity is calculated from Figure D-5,
which is based upon Beal's correlation.5

(ii) Modify the dead oil viscosity to include effect of dissolved gas
using Figure D-5 (Chew and Connally's correlation).

(b) Beggs and Robinson's correlation:6 This correlation can be used for
both dead and saturated oils
(i) Dead oil viscosity

^ = 10*-1.0 (D-16)

where

x = r~1 1 6 3 exp(6.9824 - 0.046587^7) (D-17)

where
liod — dead oil viscosity, cP
j A P I = stock-tank oil gravity, 0API.



(ii) Saturated oil viscosity (/̂ 05)

VaS = A(H0J)* (D-18)

where
^08 = saturated oil viscosity, cP
fiod = dead oil viscosity, cP

A = 10.715CR5+ 10O)-0515

B = 5.440CR, -h 150)-°'338

Rs = solution GOR in scf/stb.

Undersaturated Oil System

Above the bubble-point pressure, only one phase exists in the reservoir,
the liquid oil. This oil is called undersaturated oil and is capable of holding
additional dissolved gas in solution. Increasing the pressure above ps com-
presses the oil and increases the viscosity.

(a) Beal's Correlation:5 Oil viscosity is calculated using Figure D-6,
which can be used to calculate the rate of increase of viscosity above
bubble-point pressure.

V
is

co
si

ty
 in

cr
ea

se
 f

ro
m

 b
ub

bl
e-

po
in

t
pr

es
su

re
 to

 u
nd

er
sa

tu
ra

te
d 

pr
es

su
re

,
cP

 p
er

 1
00

0 
ps

i

Viscosity of gas-saturated crude oil
at bubble-point pressure, cP

Figure D-6. Effect of pressure on viscosity of gas-saturated crude oils, Beal's
correlation.5



(b) Vasquez and Beggs' Correlation:3

( \ m

- (D-19)

where
/i0 = viscosity at p > Pb, cP

/ioA = viscosity at pb, cP
/? = pressure, psia

Pb = bubble-point pressure, psia.

The exponent m is pressure-dependent and is calculated from

m = Cxp
C2 exp(C3 + C4/?) (D-20)

where
/? = pressure, psia

C1 = 2.6
C2 = 1.187
C3 = -11.513 and
C4 = -8.98 x 1(T5.

Example D-3 Calculating Oil Viscosity

For the oil in Example D-I , calculate the oil viscosity at bubble-point
pressure pb of 2600 psia (given: reservoir temperature = 2000F).

Solution
Since \i0 is needed at/?^, one can use \i0 correlations for saturated oil.
Method 1

1. Calculate dead oil viscosity, \iod, using Beal's correlation. From Figure
D-5, /X0̂  = 2.8 cP.

2. Calculate saturated oil viscosity, /ios, from Figure D-6, \ios = 0.69 cP.

Method 2

1. Calculate dead oil viscosity using Eqs. D-16 and D-17:
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Figure D-7. Variation in viscosity of gas-free crude with stock-tank crude gravity.5

2. Calculate saturated oil viscosity, \ios, using Eq. D-18:

Thus, Method 1, using charts, gives viscosity of 0.69 cP and Method 2,
using correlations, shows viscosity of 0.71 cP.



D.7 Oil Compressibility

Oil compressibility is required to predict oil formation volume factors of
undersaturated crude oils. Additionally, it is also needed to calculate oil
density at different pressures and temperatures.

Vasquez and Beggs' correlation3

(D-21)

where T is in 0F, p is in psi, and RSD is the solution gas-oil ratio at bubble-
point pressure in scf/stb.

Example D-4 Calculating Oil Compressibility
For the oil described in Example D-I , calculate the oil compressibility

and hence the oil formation volume factor at 3000 psia. The following data
are given: pb = 2700 psia, Rsb = 600 scf/stb, j g = 0.75, 7 ^ 7 = BO0API,
T = 2500F, B0 = 1.331rb/stb.

Solution The oil compressibility and formation volume factor are calcu-
lated using Eqs. D-21 and D-12, respectively.

Example D-5 Determining Oil Formation Volume Factor
Determine the oil formation volume factor, FVF, of oil with the following

properties using Standing's, and Vasquez and Beggs' correlations:
pb = 2100 psia, Rsb = 600 scf/stb, 7 g = 0.75, *fAPI = 300API, T = 2500F,
Ps= 14.7 psia, r , = 700F.

Solution

1. Standing's Correlation:1 From Figure D-4, B0 = 1.380 bbl/stb
2. Vasquez and Beggs' Correlation:3 ^gc = j g = 0.75

oil formation volume factor at pD, rb/stb



D.8 Reservoir Rock Properties

Naturally occurring reservoir rocks contain fluid, water, gas, or a
combination of these fluids. The petroleum engineer is obviously con-
cerned with the properties of reservoir rocks. These properties constitute
a set of fundamental parameters by which the rock can be quantitatively
described.

Formation Compressibility

Formation compressibility c/ in most cases is estimated from the correla-
tion developed by Hall presented as Eq. D-22 and Table D-3 below:7

(D-22)

where cj) is the formation porosity in fraction and c/ the formation
isothermal compressibility in psi"1.

Total isothermal compressibility above dew point pressure:

(D-23)

Table D-3
Formation Compressibility as

Function of Formation Porosity

Porosity (%) cf x l O ^ p s i 1 )

2 9.48
4 7.11
6 6.01
8 5.33

10 4.86
12 4.51
14 4.23
16 4.00
18 3.81
20 3.65
22 3.51
24 3.38



Total isothermal compressibility below dew point pressure:

(D-24)

Effective compressibility above dew point pressure:

(D-25)

D.9 Reservoir PVT Water Properties

This section presents Tables D-4 through D-IO for computing reser-
voir formation PVT properties such as gas solubility and then compres-
sibility, formation volume factor, density, and density gradient both for
gas-free and gas-saturated conditions. Viscosity is calculated, which is
gas-free. The author of this book using the data supplied by previous
authors8"13 developed the graphical and empirical correlations.14 New
tables showing water PVT properties as functions of pressure, tempera-
ture, and total dissolved solids are presented, which improve accuracy of
prediction and save time.

Tables D ^ through D-IO show the following formation water PVT
properties:

1. [Cw] Formation water compressibility - gas-free
2. Formation water compressibility - gas-saturated
3. [RS W] Gas solubility in brine
4. [FVF] Water formation volume factor - gas-free
5. Water formation volume factor - gas-saturated
6. Formation water density - gas-free
7. Formation water density - gas-saturated
8. Density gradient - gas-free
9. Density gradient - gas-saturated

10. Water viscosity - gas-free



Table D-4
Reservoir Formation Water PVT Properties14 (reservoir temperature, T = 1000F and total dissolved solids, TDS = 0.10; base
pressure, psc = 14.70 psia; base temperature, Tsc = 600F; specific gravity, Sp. Gr. = 1.721; density of pure water at standard

conditions = 62.42 lb/ft3; density of brine water at standard conditions = 66.92 lb/ft3)

Viscosity
(cP)

Gradient
(psi/ft)

Sp. Gr.
(air = 1.000)

Density
(lb/ft3)

RSW
(ft3/bbl)FVF (bbl/bbl)

CompressibilityPressure
(psia)

0.9218
0.9231
0.9235
0.9234
0.9233
0.9231
0.9230
0.9228
0.9226
0.9225
0.9225
0.9224
0.9224
0.9224
0.9223
0.9223
0.9223

0.4736
0.4722
0.4706
0.4698
0.4690
0.4682
0.4674
0.4666
0.4658
0.4651
0.4644
0.4636
0.4629
0.4626
0.4622
0.4619
0.4616

1.0924
1.0892
1.0856
1.0837
1.0819
1.0800
1.0782
1.0764
1.0746
1.0729
1.0712
1.0695
1.0679
1.0671
1.0663
1.0655
1.0648

68.1923
67.9884
67.7648
67.6495
67.5334
67.4177
67.3030
67.1900
67.0792
66.9708
66.8648
66.7612
66.6597
66.6096
66.5599
66.5104
66.4641

20.11
17.96
15.94
14.97
14.03
13.10
12.15
11.18
10.14
9.02
7.77
6.35
4.74
3.84
2.87
1.82
0.76

0.9814
0.9843
0.9876
0.9892
0.9909
0.9926
0.9943
0.9960
0.9977
0.9993
1.0009
1.0024
1.0039
1.0047
1.0054
1.0062
1.0069

0.210535E-05
0.220900E-05
0.227536E-05
0.230103E-05
0.232466E-O5
0.234816E-05
0.237318E-05
0.240115E-05
0.243322E-05
0.247034E-05
0.251315E-O5
0.256211E-05
0.261738E-O5
0.264737E-05
0.267889E-O5
0.271191E-05
0.274424E-05

8000
7000
6000
5500
5000
4500
4000
3500
3000
2500
2000
1500
1000
750
500
250

15

Gas-free conditions



Table D-4 (continued)

Gas-saturated conditions

Viscosity
(cP)

Gradient
(psi/ft)

Sp. Gr.
(air =1.000)

Density
(lb/ft3)

RSW
(ft3/bbl)FVF (bbl/bbl)

Compressibility
(psi-1)

Pressure
(psia)

0.4685
0.4675
0.4667
0.4663
0.4658
0.4654
0.4650
0.4646
0.4642
0.4637
0.4633
0.4628
0.4624
0.4621
0.4619
0.4617
0.4615

1.0806
1.0784
1.0765
1.0756
1.0746
1.0737
1.0727
1.0717
1.0707
1.0680
1.0686
1.0676
1.0666
1.0661
1.0656
1.0651
1.0647

67.4558
67.3182
67.1968
67.1383
67.0800
67.0209
66.9606
66.8989
66.8358
66.7714
66.7064
66.6415
66.5777
66.5467
66.5163
66.4870
66.4605

35.35
31.56
28.01
26.32
24.66
23.02
21.36
19.64
17.82
15.84
13.65
11.17
8.33
6.74
5.04
3.20
1.34

0.9921
0.9941
0.9959
0.9968
0.9976
0.9985
0.9994
1.0003
1.0013
1.0023
1.0032
1.0042
1.0052
1.0056
1.0061
1.0065
1.0069

0.253267E-05
0.255487E-05
0.257268E-O5
0.258336E-O5
0.259601E-O5
0.21080E-05
0.262766E-05
0.264828E-05
0.266612E-05
0.268637E-05
0.270598E-05
0.272354E-05
0.273737E-O5
0.274227E-05
0.274545E-05
0.274562E-05
0.274561E-05

8000
7000
6000
5500
5000
4500
4000
3500
3000
2500
2000
1500
1000
750
500
250

15



Table D-5
Reservoir Formation Water PVT Properties14 (reservoir temperature, T = 1000F and total dissolved solids, TDS = 0.20; base
pressure, psc = 14.70 psia; base temperature, Tsc = 600F; specific gravity, Sp. Gr. = 1.1311; density of pure water at standard

conditions = 62.42 lb/ft3; density of brine water at standard conditions = 70.61 lb/ft3)

Gas-free conditions

Viscosity
(cP)

Gradient
(psi/ft)

Sp. Gr.
(air =1.000)

Density
(lb/ft3)

RSW
(ft3/bbl)FVF (bbl/bbl)

Compressibility
(psi1)

Pressure
(psia)

1.0574
1.0600
1.0607
1.0606
1.0604
1.0601
1.0597
1.0594
1.0591
1.0589
1.0587
1.0586
1.0585
1.0585
1.0585
1.0584
1.0583

0.4960
0.4947
0.4933
0.4926
0.4919
0.4912
0.4905
0.4909
0.4892
0.4885
0.4879
0.4872
0.4866
0.4863
0.4860
0.4856
0.4854

1.1442
1.1411
1.1379
1.1363
1.1348
1.1332
1.1316
1.1300
1.1284
1.1269
1.1254
1.1239
1.1224
1.1217
1.1210
1.1203
1.1196

71.4250
71.2309
71.0330
70.9333
70.8336
70.7342
70.6352
70.5369
70.4397
70.3436
70.2489
70.1558
70.0646
70.0197
69.9753
69.9315
69.8907

12.43
11.09
9.85
9.25
8.67
8.09
7.51
6.90
6.26
5.57
4.80
3.93
2.93
2.37
1.77
1.12
0.47

0.9886
0.9912
0.9940
0.9954
0.9968
0.9982
0.9996
1.0010
1.0024
1.0038
1.0051
1.0064
1.0071
1.0084
1.0090
1.0097
1.0130

0.194705E-05
0.201171E-05
0.204519E-O5
0.205627E-05
0.206628E-05
0.207698E-05
0.208983E-05
0.210608E-05
0.212672E-05
0.215249E-05
0.218389E-05
0.222116E-05
0.226432E-05
0.228803E-05
O.23131OE-O5
0.233946E-05
0.236534E-05

8000
7000
6000
5500
5000
4500
4000
3500
3000
2500
2000
1500
1000
750
500
250

15



Table D-5 (continued)

Gas-saturated conditions

Viscosity
(cP)

Gradient
(psi/ft)

Sp. Gr.
(air =1.000)

Density
(lb/ft3)

RSW
(ft3/bbl)FVF (bbl/bbl)

Compressibility
(psi1)

Pressure
(psia)

0.4927
0.4917
0.4908
0.4903
0.4899
0.4894
0.4890
0.4885
0.4881
0.4876
0.4871
0.4867
0.4862
0.4860
0.4858
0.4855
0.4854

1.1366
1.1342
1.1321
1.1311
1.1301
1.1291
1.1280
1.1270
1.1259
1.1248
1.1237
1.1227
1.1216
1.1211
1.1206
1.1201
1.1196

70.9499
70.7986
70.6663
70.6033
70.5408
70.4778
70.4140
70.3488
70.2823
70.2147
70.1465
70.0784
70.0115
69.9789
69.9471
69.9163
69.8884

35.35
31.56
28.01
26.32
24.66
23.02
21.36
19.64
17.82
15.84
13.65
11.17
8.33
6.74
5.04
3.20
1.34

0.9952
0.9973
0.9992
1.0001
1.0009
1.0018
1.0027
1.0037
1.0046
1.0056
1.0066
1.0076
1.0085
1.0090
1.0094
1.0099
1.0103

0.219652E-05
0.219763E-05
0.219689E-05
0.219866E-05
0.220264E-05
0.220914E-05
0.221830E-05
0.223008E-05
0.224427E-05
0.226042E-05
0.227790E-05
0.229580E-05
0.231300E-05
0.232091E-O5
0.232810E-05
0.233436E-05
0.233920E-05

8000
7000
6000
5500
5000
4500
4000
3500
3000
2500
2000
1500
1000
750
500
250

15



Table D-6
Reservoir Formation Water PVT Properties14 (reservoir temperature, T — 1000F and total dissolved solids, TDS = 0.30; base
pressure, psc = 14.70 psia; base temperature, Tsc = 600F; specific gravity, Sp. Gr. = 1.1690; density of pure water at standard

conditions = 62.42 lb/ft3; density of brine water at standard conditions = 72.97 lb/ft3)

Gas-free conditions

Pressure Compressibility RSW Density Sp. Gr. Gradient Viscosity
(psia) (psi1) FVF(bbl/bbl) (ft3/bbl) (lb/ft3) (air - 1.000) (psi/ft) (cP)

8000 0.161694 0.9902 7.06 73.6941 1.1806 0.5118 1.2172
7000 0.169788 0.9927 6.30 73.5047 1.1775 0.5105 1.2213
6000 0.174782 0.9952 5.59 73.3239 1.1746 0.5092 1.2224
5500 0.176674 0.9964 5.25 73.2351 1.1732 0.5086 1.2222
5000 0.178413 0.9976 4.92 73.1470 1.1718 0.5080 1.2219
4500 0.180151 0.9988 4.60 73.0592 1.1704 0.5074 1.2213
4000 0.182022 1.0000 4.26 72.9714 1.1690 0.5068 1.2208
3500 0.184130 1.0012 3.92 72.8838 1.1676 0.5062 1.2202
3000 0.186556 1.0024 3.56 72.7963 1.1662 0.5055 1.2198
2500 0.189357 1.0036 3.16 72.7092 1.1648 0.5049 1.2194
2000 0.192565 1.0048 2.72 72.6227 1.1634 0.5043 1.2192
1500 0.196187 1.0060 2.23 72.5372 1.1620 0.5037 1.2190
1000 0.200205 1.0071 1.66 72.4533 1.1607 0.5032 1.2189
750 0.202350 1.0077 1.35 72.4122 1.1600 0.5029 1.2189
500 0.204577 1.0083 1.01 72.3716 1.1594 0.5026 1.2188
250 0.206875 1.0088 0.64 72.3318 1.1588 0.5023 1.2187
15 0.209092 1.0093 0.27 72.2951 1.1582 0.5021 1.2186



Table D-6 (continued)

Gas-saturated conditions

Viscosity
(cP)

Gradient
(psi/ft)

Sp. Gr.
(air = 1.000)

Density
(lb/ft3)

RSW
(ft3/bbl)FVF (bbl/bbl)

Compressibility
(psi1)

Pressure
(psia)

0.5098
0.5087
0.5077
0.5072
0.5068
0.5063
0.5059
0.5054
0.5049
0.5044
0.5039
0.5034
0.5029
0.5027
0.5025
0.5023
0.5021

1.1761
1.1735
1.1712
1.1701
1.1691
1.1680
1.1669
1.1658
1.1647
1.1636
1.1624
1.1613
1.1602
1.1597
1.1591
1.1586
1.1581

73.4153
73.2510
73.1087
73.0414
72.9751
72.9096
72.8415
72.7732
72.7038
72.6334
72.5625
72.4917
72.4221
72.3882
72.3550
72.3229
72.2938

35.35
31.56
28.01
26.32
24.66
23.02
21.36
19.64
17.82
15.84
13.65
11.17
8.33
6.74
5.04
3.20
1.34

0.9939
0.9961
0.9981
0.9990
0.9999
1.0008
1.0017
1.0027
1.0036
1.0046
1.0056
1.0066
1.0076
1.0080
1.0086
1.0089
1.0093

0.174606E-05
0.178667E-05
0.181628E-O5
0.183038E-05
0.184514E-05
0.186110E-05
0.187865E-05
0.189794E-O5
0.191899E-05
0.194158E-05
0.196533E-05
0.198963E-05
0.201368E-05
0.202532E-05
0.203651E-05
0.204712E-05
0.205642E-O5

8000
7000
6000
5500
5000
4500
4000
3500
3000
2500
2000
1500
1000
750
500
250

15



Table D-7
Reservoir Formation Water PVT Properties14 (reservoir temperature, T = 2000F and total dissolved solids, TDS = 0.10; base
pressure,/^ = 14.70 psia; base temperature, Tsc — 600F; specific gravity, Sp. Gr. = 1.0721; density of pure water at standard

conditions = 62.42 lb/ft3; density of brine water at standard conditions = 66.92 lb/ft3)

Gas-free conditions

Viscosity
(cP)

Gradient
(psi/ft)

Sp. Gr.
(air = 1.000)

Density
(lb/ft3)

RSW
(ftVbbl)FVF (bbl/bbl)

Compressibility
(psi1)

Pressure
(psia)

0.3695
0.3599
0.3699
0.3698
0.3697
0.3695
0.3694
0.3693
0.3692
0.3691
0.3690
0.3690
0.3690
0.3689
0.3689
0.3689
0.3689

0.4602
0.4586
0.4571
0.4563
0.4556
0.4548
0.4541
0.4534
0.4527
0.4521
0.4514
0.4507
0.4500
0.4496
0.5592
0.4488
0.4485

1.0616
1.0580
1.0544
1.0526
1.0509
1.0492
1.0476
1.0460
1.0444
1.0428
1.0412
1.0396
1.0380
1.0372
1.0363
1.0354
1.0345

66.2674
66.0404
65.8152
65.7054
65.5980
65.4932
65.3908
65.2906
65.1920
66.0941
64.9952
64.8958
64.7945
64.7418
64.6877
64.6321
64.5781

40.59
33.47
27.13
24.27
21.59
19.10
16.77
14.59
12.52
10.54
8.61
6.69
4.73
3.73
2.69
1.61
0.57

1.0099
1.0133
1.0168
1.0186
1.0202
1.0218
1.0234
1.0250
1.0286
1.0281
1.0296
1.0312
1.0328
1.0337
1.0346
1.0354
1.0363

9.230275E-05
0.240640E-05
0.247276E-O5
0.249844E-05
0.252207E-05
0.254556E-05
0.257058E-05
0.259855E-05
0.263063E-05
0.266774E-05
0.271056E-05
0.275951E-05
0.281478E-05
0.284477E-05
0.287629E-O5
0.290931E-05
0.294164E-05

8000
7000
6000
5500
5000
4500
4000
3500
3000
2500
2000
1500
1000
750
500
250

15



Table D-7 (continued)

Gas-saturated conditions

Viscosity
(cP)

Gradient
(psi/ft)

Sp. Gr.
(air = 1.000)

Density
(lb/ft3)

RSW
(ft3/bbl)FVF (bbl/bbl)

Compressibility
(psi1)

Pressure
(psia)

0.4540
0.4531
0.4523
0.4520
0.4517
0.4515
0.4512
0.4509
0.4506
0.4502
0.4499
0.4496
0.4492
0.4490
0.4488
0.4487
0.4485

1.0473
1.0451
1.0435
1.0428
1.0421
1.0414
1.0408
1.0401
1.0394
1.0386
1.0379
1.0371
1.0362
1.0358
1.0354
1.0350
1.0346

65.3742
65.2393
65.1363
65.0916
65.0492
65.0079
64.9664
64.9239
64.8798
64.8337
64.7855
64.7353
64.6835
64.6572
64.6306
64.6040
64.5791

60.99
50.29
40.77
36.46
32.45
28.70
25.20
21.92
18.82
15.84
12.94
10.06
7.11
5.60
4.04
2.43
0.85

1.0237
1.0258
1.0274
1.0281
1.0288
1.0294
1.0301
1.0308
1.0315
1.0322
1.0330
1.0338
1.0346
1.0350
1.0355
1.0359
1.0363

0.268492E-05
0.273038E-05
0.276266E-05
0.277716E-05
0.279154E-05
0.280622E-05
0.282139E-05
0.283705E-05
0.285298E-O5
0.286876E-05
0.288371E-05
0.289690E-05
0.290715E-05
0.291074E-05
0.291305E-05
0.291386E-05
0.291307E-05

8000
7000
6000
5500
5000
4500
4000
3500
3000
2500
2000
1500
1000
750
500
250

15



Table D-8
Reservoir Formation Water PVT Properties14 (reservoir temperature, T = 2000F and total dissolved solids, TDS = 0.20: base
pressure,/?^ = 14.70 psia; base temperature, Tsc = 600F; specific gravity, Sp. Gr. = 1.1311; density of pure water at standard

conditions = 62.42 lb/ft3; density of brine water at standard conditions = 70.61 lb/ft3)

Gas-free conditions

Viscosity
(cP)

Gradient
(psi/ft)

Sp. Gr.
(air - 1.000)

Density
(lb/ft3)

RSW
(ft3/bbl)FVF (bbl/bbl)

Compressibility
(psi1)

Pressure
(psia)

0.4275
0.4281
0.4281
0.4279
0.4277
0.4275
0.4272
0.4270
0.4268
0.4267
0.4265
0.4264
0.4263
0.4263
0.4263
0.4262
0.4261

0.4824
0.4839
0.4795
0.4789
0.4782
0.4776
0.4770
0.4764
0.4758
0.4752
0.4746
0.4740
0.4734
0.4731
0.4727
0.4724
0.4721

1.1128
1.1094
1.1062
1.1047
1.1032
1.1018
1.1004
1.0990
1.0976
1.0963
1.0949
1.0935
1.0920
1.0913
1.0905
1.0898
1.0890

69.4615
69.2483
69.495
68.9550
68.8634
68.7743
68.6871
68.6012
68.5161
68.4311
68.3452
68.2577
68.1676
68.1212
68.0738
68.0252
67.9784

27.38
22.57
18.30
16.37
14.56
12.88
11.31
9.84
8.45
7.11
5.81
4.51
3.19
2.51
1.81
1.09
0.38

1.0165
1.0196
1.0226
1.0240
1.0253
1.0267
1.0280
1.0292
1.0305
1.0318
1.0331
1.0344
1.0358
1.0365
1.0372
1.0380
1.0387

0.218482E-05
0.224948E-05
0.228296E-O5
0.229403E-05
0.230405E-05
0.231474E-05
0.232760E-05
0.234385E-05
0.236449E-05
0.239026E-05
0.242166E-05
0.245893E-05
0.250208E-05
0.252580E-O5
0.255087E-O5
0.257723E-05
0.260310E-05

8000
7000
6000
5500
5000
4500
4000
3500
3000
2500
2000
1500
1000
750
500
250

15



Table D-8 (continued)

Gas-saturated conditions

Viscosity
(cP)

Gradient
(psi/ft)

Sp. Gr.
(air = 1.000)

Density
(lb/ft3)

RSW
(ft3/bbl)FVF (bbl/bbl)

Compressibility
(psi1)

Pressure
(psia)

0.4780
0.4770
0.4762
0.4750
0.4755
0.4752
0.4749
0.4746
0.4743
0.4740
0.4736
0.4732
0.4729
0.4727
0.4725
0.4723
0.4721

1.1027
1.1003
1.0985
1.0977
1.0970
1.0963
1.0956
1.0948
1.0941
1.0933
1.0925
1.0917
1.0908
1.0903
1.0899
1.0894
1.0890

68.8313
68.6830
68.5701
68.5216
68.4758
68.4314
68.3871
68.3420
68.2954
68.2468
68.1962
68.1434
68.0890
68.0613
68.0334
68.0054
67.9791

60.99
50.29
40.77
36.46
32.45
28.70
26.20
21.92
18.82
15.84
12.94
10.06
7.11
5.60
4.04
2.43
0.85

1.0258
1.0280
1.0297
1.0304
1.0311
1.0318
1.0325
1.0332
1.0339
1.0346
1.0354
1.0362
1.0370
1.0374
1.0378
1.0363
1.0387

0.238565E-05
0.240981E-05
0.242345E-O5
0.242917E-05
0.243518E-05
0.244201E-05
0.245005E-05
0.245956E-05
0.247061E-O5
0.248310E-O5
0.249673E-05
0.251102E-O5
0.252528E-05
0.253214E-05
0.253822E-05
0.254470E-05
0.254984E-05

8000
7000
6000
5500
5000
4500
4000
3500
3000
2500
2000
1500
1000
750
500
250

15



Table D-9
Reservoir Formation Water PVT Properties14 (reservoir temperature, T = 2000F and total dissolved solids, TDS = 0.30; base
pressure psc — 14.70 psia; base temperature, Tsc = 600F; specific gravity, Sp. Gr. = 1.721; density of pure water at standard

conditions = 62.42 lb/ft3; density of brine water at standard conditions = 72.97 lb/ft3)

Gas-free conditions

Viscosity
(cP)

Gradient
(psi/ft)

Sp. Gr.
(air = 1.000)

Density
(lb/ft3)

RSW
(ft3/bbl)FVF (bbl/bbl)

Compressibility
(psi-1)

Pressure
(psia)

0.5070
0.5082
0.5081
0.5078
0.5074
0.5070
0.5066
0.5063
0.5060
0.5057
0.5056
0.5053
0.5052
0.5051
0.5050
0.5049
0.5048

0.4980
0.4966
0.4953
0.4949
0.4942
0.4937
0.4932
0.4926
0.4921
0.4916
0.4911
0.4905
0.4899
0.4897
0.4894
0.4891
0.4888

1.1488
1.1456
1.1427
1.1413
1.1401
1.1388
1.1376
1.1364
1.1352
1.1340
1.1328
1.1315
1.1302
1.1295
1.1289
1.1282
1.1275

71.7131
71.5082
71.3282
71.2449
71.1650
71.0876
71.0117
70.9367
70.8619
70.7864
70.7098
70.6313
70.5503
70.5088
70.4665
70.4233
70.3819

17.87
14.73
11.94
10.68
9.50
8.41
7.38
6.42
5.51
4.64
3.79
2.96
2.08
1.64
1.18
0.71
0.25

1.0176
1.0204
1.0230
1.0242
1.0253
1.0265
1.0276
1.0286
1.0297
1.0308
1.0319
1.0331
1.0343
1.0349
1.0355
1.0361
1.0368

0.186768E-O5
0.194862E-05
0.199856E-05
0.201748E-O5
0.203487E-05
0.205226E-05
0.207096E-05
0.209204E-05
0.211630E-05
0.214431E-05
0.217639E-05
0.221261E-05
0.225279E-05
0.227424E-05
0.229651E-05
0.231949E-05
0.234166E-05

8000
7000
6000
5500
5000
4500
4000
3500
3000
2500
2000
1500
1000
750
500
250

15



Table D-9 (continued)

Gas-saturated conditions

Viscosity
(cP)

Gradient
(psi/ft)

Sp. Gr.
(air = 1.000)

Density
(lb/ft3)

RSW
(ft3/bbl)FVF (bbl/bbl)

Compressibility
(psi"1)

Pressure
(psia)

0.4951
0.4939
0.4931
0.4927
0.4924
0.4921
0.4917
0.4914
0.4911
0.4907
0.4904
0.4900
0.4896
0.4894
0.4892
0.4890
0.4888

1.1420
1.1394
1.1375
1.1366
1.1359
1.1351
1.1344
1.1336
1.1328
1.1-320
1.1312
1.1303
1.1294
1.1289
1.1284
1.1280
1.1275

71.2876
71.1265
71.0044
70.9521
70.9031
70.8558
70.8089
70.7614
70.7126
70.6518
70.6089
70.5540
70.4972
70.4683
70.4391
70.4099
70.3842

60.99
50.29
40.77
36.46
32.45
28.70
25.20
21.92
18.82
15.84
12.94
10.06
7.11
5.60
4.04
2.43
0.86

1.0236
1.0259
1.0277
1.0284
1.0291
1.0298
1.0305
1.0312
1.0319
1.0326
1.0334
1.0342
1.0351
1.0356
1.0359
1.0363
1.0368

0.194914E-05
0.200925E-05
0.205152E-05
0.206923E-05
0.208591E-05
0.210231E-05
0.211901E-05
0.213643E-05
0.215485E-05
0.217437E-05
0.219494E-05
0.221635E-05
0.223825E-05
0.224923E-05
0.226015E-05
0.227094E-05
0.228090E-05

8000
7000
6000
5500
5000
4500
4000
3500
3000
2500
2000
1500
1000
750
500
250

15



Table D-IO
Reservoir Formation Water PVT Properties14 (reservoir temperature T = 3000F and total dissolved solids, TDS = 0.10; base
pressure psc = 14.70 psia; base temperature, Tsc = 600F; specific gravity, Sp. Gr. = 1.721; density of pure water at standard

conditions = 62.42 lb/ft3; density of brine water at standard conditions = 66.92 lb/ft3)

Gas-free conditions

Viscosity
(cP)

Gradient
(psi/ft)

Sp. Gr.
(air = 1.000)

Density
(lb/ft3)

RSW
(ft3/bbl)FVF (bbl/bbl)

Compressibility
(psi1)

Pressure
(psia)

0.2497
0.2498
0.2497
0.2496
0.2494
0.2493
0.2491
0.2490
0.2489
0.2488
0.2488
0.2487
0.2487
0.2486
0.2486
0.2486
0.2486

0.4461
0.4438
0.4418
0.4409
0.4400
0.4392
0.4384
0.4377
0.4369
0.4362
0.4355
0.4348
0.4340
0.4336
0.4332
0.4328
0.4324

1.0291
1.0238
1.0191
1.0170
1.0150
1.0131
1.0113
1.0096
1.0079
1.0063
1.0047
1.0030
1.0012
1.0003
0.9994
0.9984
0.9974

64.2415
63.9103
63.6167
63.4833
63.3580
63.2400
63.1282
63.0212
62.9175
62.8155
62.7131
62.6083
62.4986
62.4413
62.3817
62.3196
62.2587

18.57
17.70
16.57
15.90
15.17
14.36
13.47
12.46
11.33
10.05
8.58
6.91
4.98
3.91
2.76
1.53
0.28

1.0417
1.0471
1.0520
1.0542
1.0562
1.0582
1.0601
1.0619
1.0636
1.0654
1.0671
1.0689
1.0708
1.0718
1.0728
1.0738
1.0749

0.278618E-05
0.288982E-05
0.295619E-05
0.298286E-05
0.300549E-05
0.302899E-05
0.305401E-05
0.308198E-05
0.311405E-05
0.315116E-05
0.319398E-05
0.324294E-05
0.329821E-O5
0.332820E-05
0.335972E-05
0.339273E-05
0.342507E-05

8000
7000
6000
5500
5000
4500
4000
3500
3000
2500
2000
1500
1000
750
500
250

15



Table D-IO (continued)

Gas-saturated conditions

Viscosity
(cP)

Gradient
(psi/ft)

Sp. Gr.
(air = 1.000)

Density
(lb/ft3)

RSW
(ft3/bbl)FVF (bbl/bbl)

Compressibility
(psi1)

Pressure
(psia)

0.4377
0.4367
0.4361
0.4358
0.4356
0.4354
0.4351
0.4349
0.4346
0.4343
0.4340
0.4336
0.4332
0.4330
0.4327
0.4326
0.4323

1.0096
1.0075
1.0060
1.0054
1.0049
1.0043
1.0038
1.0032
1.0026
1.0019
1.0011
1.0002
0.9993
0.9988
0.9983
0.9977
0.9972

63.0216
62.8899
62.7976
62.7600
62.7252
62.6915
62.6572
62.6209
62.5815
62.5381
62.4900
62.4367
62.3780
62.3467
62.3139
62.2799
62.2468

99.02
87.37
68.19
59.54
51.52
44.12
37.31
31.07
25.38
20.18
15.43
11.08
7.06
5.15
3.30
1.50
0.16

1.0619
1.0641
1.0657
1.0663
1.0669
1.0675
1.0681
1.0687
1.0694
1.0701
1.0709
1.0718
1.0728
1.0734
1.0739
1.0745
1.0751

0.340631
0.349258
0.354600
0.356373
0.357674
0.358576
0.359132
0.359375
0.359317
0.358949
0.358235
0.357121
0.355527
0.354521
0.353357
0.352022
0.350599

8000
7000
6000
5500
5000
4500
4000
3500
3000
2500
2000
1500
1000
750
500
250
15
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Drawdown rate normalization 147 
Reservoir limit test 116 

Dimensionless storage constant 240 246 248 400 

Drawdown test analysis with type curve 289 
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Dimensionless pressure drop functions 365 

Diagrams to determine degree of 
communication and type of crossflow 513 

Determination sequences of fracture 
orientations 536 

Dimensionless interporosity transient flow 
parameter 368 

Dimensionless formation thickness 33 

Dimensionless fracture hydraulic diffusivity 535 

Dimensionless fracture flow conductivity 346 347 348 350 353 
 357 

Designing transient pressure tests 523 
Interference test design 448 
Pulse test design 445 
Design of flow and buildup tests 390 

Differential equations: describing flow of fluid 
through porous media 21 

Dimensionless pressure drop 288 

Dimensionless time 62 147 284 321 341 
 375 505 

Determine average reservoir pressure 244 

Drainage radius 112 114 116 121 146 
 174 487 493 

Dimensionless fracture pressure solution for 
several values of ω  and θ 276 

Dimensionless matrix pressure solution for 
several values of ω and θ 211 

Drawdown flow periods in a horizontal well 
with dual porosity flow 278 

Designing pulse test graphically 453 

Designing pulse tests analytically 455 
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Depletion or semi-steady state 17 

Damage ratio 166 398 

Dimensionless flow capacity 375 

Dimensionless fracture conductivity 378 

Distance to water bank 472 

Damage ratio 166 398 401 409 

Dimensionless interporosity transient flow 
parameter 368 

Dimensionless flow capacity 374 

Dimensionless fracture permeability 379 

Dimensionless fracture width 374 

Dimensionless pressure functions 477 

Drainage areas of vertical and horizontal oil 
wells 62 

Horizontal and vertical well drainage areas 62 

E 
Example calculation 

Calculating improved permeability from 
steady state flow equation 16 

Calculating flow rate and pressure drop due 
to skin from steady state flow equation 
in a water drive reservoir 16 

Calculating porosity-thickness-permeability 
product from pseudo steady state 
equation 17 

Determining the time to reach pseudo steady 
state 20 

Calculating the time to reach pseudo steady 
state (20- and 60-Acres spacing) 20 
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Example calculation (Continued) 
Calculating pseudo skin factor in a slanted 

well and evaluating actual well 
condition 35 

Calculating steady state horizontal well 
productivity 

Using Joshi’s method 47 
Using Giger method 48 
Using Borisov method 48 

Calculating horizontal well productivity 
index including effect of reservoir 
anisotropy 49 

Calculating effective wellbore radius for 
horizontal well 53 

Calculating horizontal well productivity for 
anisotropic reservoir 56 

Determining the effect of vertical well 
damage and reservoir anisotropy on 
horizontal well productivity ratio 57 

Estimating drainage area of horizontal well 63 
Calculating pseudo steady state horizontal 

oil well Productivity 78 
Mutalik method 79 
Kuchuk method 80 
Odeh and Babu method 81 

Estimating the time required to end early 
time radial flow 

Goode and Thambynaygam’s equation 93 
Odeh and Babu’s equation 93 
Ozkan et al.'s equation, equation 93 

Calculating the time to start and time to end 
early time linear flow 94 
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Example calculation (Continued) 
Calculating the time required to start a 

pseudo radial flow 94 
Analyzing late transient drawdown test 113 
Analyzing single rate, single phase pressure 

drawdown test 117 
Analyzing two rate drawdown test when 

initial pressure is not known 123 
Analyzing two rate drawdown test when 

initial pressure is known 126 
Analyzing variable rate pressure drawdown 

test assuming transient flow 130 
Analyzing variable rate drawdown test using 

Odeh and Jones method 134 
Analyzing multi rate, single phase 

drawdown test 139 
Analyzing multi rate, multi phase drawdown 

test 143 
Normalizing drawdown test using after flow 

data 149 
Analyzing ideal pressure buildup test 154 
Analyzing single phase and single rate 

pressure buildup test 162 
Analyzing incomplete perforated interval 169 
Analyzing partially completed damage well 171 
Estimating reservoir size from two pressure 

buildup tests 173 
Analyzing pressure buildup test 

Using Homer Plot 179 
Using MBH method 180 
Using MDH method 181 
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Example calculation (Continued) 
Analyzing single phase and single rate 

buildup test 185 
Analyzing single phase and single rate 

pressure buildup test 188 
Analyzing single phase and single rate 

buildup test using ∆p plot in finite 
reservoir 192 

Analyzing multiphase pressure buildup test 196 
Analyzing afterflow pressure buildup test 

using Russell's technique 200 
Analyzing two rate pressure buildup test 204 
Analyzing variable rate pressure buildup test 207 
Analyzing multiphase, multi rate pressure 

buildup test 213 
Normalizing afterflow rate and analyzing 

pressure buildup test 221 
Calculating average and initial reservoir 

pressure from pressure buildup data 239 
Using MBH method 239 
Using MDH method 240 
Dietz method 240 

Calculating average and initial reservoir 
pressure in square drainage area 
(closed reservoir) 242 

Calculating average reservoir pressure using 
Muskat and Arps and Smith methods 242 

Estimating average drainage region pressure 
and from pressure buildup test 248 

Analyzing pressure buildup test in naturally 
fractured reservoir 265 
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Example calculation (Continued) 
Analyzing pressure buildup test in naturally 

fractured Reservoir 272 
Analyzing drawdown test 

Using Ramey’s type 290 
Using Earlougher and Kersch type curves 300 

Analyzing drawdown test using McKinley’s 
type curves 304 

Analyzing Pressure Buildup test using 
McKinley’s type curves 308 

Analyzing pressure drawdown test for 
vertical fractured well 318 

Using Conventional method 319 
Using Gringarten et al.'s type curves 322 

Analyzing pressure buildup test for vertical 
fractured well 

Using Conventional method 326 
Using Gringarten et al.’s type curve 327 
Using a plot of ∆p versus √∆t 327 

Analyzing pressure drawdown rest for 
horizontal fractured well 332 

Analyzing pressure drawdown rest for 
horizontal fractured well using a plot 
of pwf  versus √∆t 332 

Pressure data analysis for pseudo radial flow 453 
Analyzing single rate buildup test using 

pressure derivative curves 363 
Analyzing Pressure drawdown test using 

Cinco et al. type curves 380 
Analyzing DST test using Homer plot 405 

Using Ramey, Agarwal and Martin 
method 410 
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Example calculation (Continued) 
Using Kohlhass method 410 

Analyzing DST test using Correa and 
Ramey’s type curves 410 
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