AFRICAN UNIVERSITY OF SCIENCE AND TECHNOLOGY

PRESSURE TRANSIENT ANALYSIS IN ANISOTROPIC COMPOSITE RESERVOIRS
- A THREE DIMENSIONAL SEMI-ANALYTICAL APPROACH

A THESIS
SUBMITTED TO THE GRADUATE FACULTY
in partial fulfillment of the requirements for the
Degree of
MASTER OF SCIENCE

BY
EZULIIKE DANIEL OBINNA
Galadimawa, Abuja
2011



PRESSURE TRANSIENT ANALYSIS IN ANISOTROPIC COMPOSITE RESERVOIRS
A THREE DIMENSIONAL SEMI-ANALYTICAL APPROACH

A DISSERTATION APPROVED FOR
THE DEPARTMENT OF PETROLEUM ENGINEERING

BY

Dr.

Alpheus Igbokoyi (Chair)

Dr.

Djebbar Tiab

©Copyright by EZULIKE DANIEL OBINNA, 2011
All Rights Reserved

Dr.

David Ogbe



Dedication

This is to my family; east or west, home is best. Dad, for being hard hearted, yet not
hating. Mum, for giving without taking. For cheering and believing; Siblings, you all are worth

loving.

“Having found by experience that where someone else failed, another has succeeded; what was
unknown in one century, the next has discovered; and that Sciences and Arts are not cast in a mold, but
rather by little and little formed and shaped by often handling and polishing them over: even as bears
fashion their young whelps by often licking them:

What my own strength has not been able to uncover, | cease not from working at and trying out
and, by reshaping and solidifying this new material, in molding and heating it, | bequeath to him who
follows, some facility and make it more supple and malleable for him. The second will do for the third,
which is why difficulty does not make me despair or my inability...”

- Montaigne, The Essays, Book Il, Chapter XII



Acknowledgement

| acknowledge the grace and inspiration that Almighty God has bestowed upon my life;
each step has never been a dull moment.

This is an opportunity to document the patience and openhandedness of my supervisor,
Dr. Alpheus Igbokoyi; for sharing his office, laptop and personal desktop computer even when |
had no right to such luxury, for “wasting” precious hours analyzing issues with me, and above
all, for believing in me at every stage of this work.

Members of my thesis committee — Prof. D. Tiab, for leaving the comfort of your office
to listen to a novice “lecture” you on well testing; Prof. D. Ogbe for holding no grudges when |
changed supervisor.

I thank Philip Iheanacho, Opeyemi Aborisade, Olemakpadu Mbee, and Emmanuel
Onwuka for making their laptops available to me at any time of the day during the early stage
of this work.

The financial support from the NNPC/ESSO national post-graduate scholarship board is
highly appreciated; it kept my mind focused on the task at hand.

Kingsley Akpara of Schlumberger, your help in Petrel and Eclipse in the course of this
work will never be forgotten.

To all, whose love, prayer and support has made this work possible, may you never lack

help when you need it most.



TABLE OF CONTENTS

Acknowledgement
Abstract
List of Figures
List of Tables
Chapter 1: General
1.1: Introduction
1.2: Literature Review
1.3: Problem Statement
1.4: Overview
Chapter 2: Model Formulations
2.1: System Description
2.2: General Assumptions
2.3: Solution Methodology
2.4: Transforms for reservoir infinite in two direction
2.5: Transforms for reservoir finite in two directions
2.6: Transforms for reservoir finite in three directions
Chapter 3: Arbitrarily Oriented Horizontal Wells
3.1: Dimensionless Transformation
3.2: Line source solution for Clastic Reservoirs
3.3: Line source solution for Naturally Fractured Reservoirs
3.4: Type Curves
3.5: Interpretation Development
3.6: Application
3.7: Discussion
Chapter 4: Arbitrarily Oriented Hydraulically Fractured Vertical Wells
4.1: Dimensionless Transformation
4.2: Line source solution for Clastic Reservoirs

4.3: Line source solution for Naturally Fractured Reservoirs

Xii

0O 00 N O W B e

15
16
18
19
20
21
21
23
28
28
55
58
62
67
67
69
75



4.4: Type Curves
4.5: Interpretation Development
4.6: Discussion
Chapter 5: Vertical Wells
5.1: Dimensionless Transformation
5.2: Line source solution for Clastic Reservoirs
5.3: Line source solution for Naturally Fractured Reservoirs
5.4: Type Curves
5.5: Interpretation Development
5.6: Discussion
Chapter 6: Interference Testing
6.1: Line source solution for Clastic Reservoirs
6.2: Line source solution for Naturally Fractured Reservoirs
6.3: Type Curves
6.4: Interpretation Development
6.5: Discussion
Chapter 7: Conclusion and Recommendation
7.1: Conclusions
7.2: Recommendations
References
Appendix A: General
Appendix B: Reservoir Boundary-Specific Symbols
Appendix C: Point Source Solution for Producer in Reservoir infinite in two directions
C-1: Clastic Reservoir
C-2: Naturally Fractured Reservoir
Appendix D: Point Source Solution for Producer in Reservoir finite in two directions
D-1: Clastic Reservoir
D-2: Naturally Fractured Reservoir

Appendix E: Point Source Solution for Producer in Reservoir finite in three directions

Vi

75
79
81
82
82
84
89
89
92
93
94
95
108
108
129
133
135
135
138
139
147
151
154
154
163
170
170
179
188



E-1: Clastic Reservoir

E-2: Naturally Fractured Reservoir

Appendix F: Point Source Solution for Observer in Reservoir infinite in two directions

F-1: Clastic Reservoir

F-2: Naturally Fractured Reservoir

Appendix G: Point Source Solution for Observer in Reservoir finite in two directions

G-1: Clastic Reservoir

G-2: Naturally Fractured Reservoir

Appendix H: Point Source Solution for Observer in Reservoir finite in three directions

H-1: Clastic Reservoir

H-2: Naturally Fractured Reservoir

Appendix I: Well Productivity Indices under Closed Boundary Conditions

I-1: Clastic Reservoir

I-2: Naturally Fractured Reservoir
Appendix J: Pseudo-Skin Pressure of Wells

J-1: Clastic Reservoir

J-2: Naturally Fractured Reservoir
Appendix K: Data for Type Curve generation
Appendix L: Simulation Data
Appendix M: Field Data

vii

188
199
210
210
211
212
212
214
216
216
218
220
220
234
235
235
244
245
246
252



Abstract

A composite reservoir is one with multiple lateral compartments; each having distinct
rock and fluid properties separated by geologic discontinuities. Geologically, composite
reservoirs separated by leaky faults are rife but literature containing detailed three dimensional
analyses of such anisotropic systems is few.

For the first time using transform methods, a general three dimensional point source
semi-analytical solution for the drawdown response in composite clastic and naturally fractured
systems separated by a leaky fault is developed. This solution is then converted to line source
for horizontal and vertical wells and plane source for hydraulically fractured wells, while
treating the leaky fault as a thin finite conductivity fracture separating two reservoirs with
different rock properties; arbitrary orientation is adopted for both horizontal and hydraulically
fractured wells to obtain a general solution in an anisotropic system. Implementation of this
solution is achieved using a simple computer program which can generate type curves in a
computationally cheap and effective manner.

Sensitivity analysis conducted on the pressure signature of horizontal, vertical and
hydraulic fractured wells with respect to anisotropy, partial penetration, angle of orientation,
well position, reservoir dimensions, dimensionless fault conductivity and mobility ratios in both
clastic and naturally fractured reservoir systems reveals that the drawdown response has a
convoluted dependence on reservoir properties of both compartments and separating semi-
permeable medium. Similar conclusion holds true for interference testing and for the first time,
it is documented that the intersection time between the long-time approximation of both
observer pressure drawdown and observer pressure derivative is unique; from which producer
hydraulic diffusivity could be obtained.

Commercial simulator and three field data used to validate this semi-analytical model
yields comparable results and direct synthesis of reservoir parameters from the resulting

equation for various wells under different boundary conditions is examined.
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Chapter 1
General

1.1 Introduction

Reservoir heterogeneity is the reality and has been studied under various contexts
including composite systems, multilayered systems with or without cross-flow, dual porosity
systems, dual permeability systems, dual porosity-dual permeability systems, triple porosity
systems; each with its corresponding flow anisotropy.

A composite reservoir is one with multiple compartments, each having distinct rock or
(and) fluid properties separated by geologic discontinuities, faults (sealing or leaking) being
common. Bense et al. (2006) showed how fault zones can behave as strongly anisotropic
hydraulic conduit-barriers due to clay smearing, drag of sand, grain re-orientation and lateral
segmentation of fault plane and in composite systems; and these faults could be modeled as
thin lines of skin across which fluid seepage occurs or as zones of finite widths and thicknesses
with distinct rock properties, hence treated as separate rock/flow units.

The composite compartments could form actual composite geometries where flow is
moderated by separating discontinuity or virtual composite geometries, in which different flow
units are conceptually observed on pressure signatures in the absence of any governing
physical boundaries (de Swaan 1998). Interestingly, this conceptual composite reservoir model
has found application in many situations including burning front detection in thermal recovery
processes, wells intercepting zones with different rock properties, flood front and abrupt facie
change detection. Kuchuk et al. (1997) noted that this model could result from depositional
and tectonic factors like in reservoirs with edge-water encroachment and meandering point bar
reservoirs.

Composite systems occur in clastic and naturally fractured reservoirs; clastic reservoirs
are those with negligible fracture networks while naturally fractured reservoirs have fracture
networks that control or contribute to net reservoir flow behaviour; a fracture being a

macroscopic planar discontinuity that results from stresses that exceed the rupture strength of



the rock along which there is physical separation (Aguilera 2003). These natural fractures could
enhance, reduce or have negligible effect on fluid flow.

Nelson (2001) classified naturally fractured reservoirs (NFR) based on the fracture
network behaviour into four broad types where Type 1 fractures provide the main reservoir
porosity and permeability, Type 2 fractures provide the major portion of reservoir permeability,
Type 3 fractures assist permeability in an already producible reservoir, and Type 4 fractures
create significant reservoir anisotropy due to mineralization or other barrier in the fracture
spaces leaving the matrix as the sole porosity and permeability contributor to the reservoir.

Apart from the geological abundance of composite reservoir systems, the importance of
studying them has an economic angle, like accounting for the degree of communication
between the compartments to determine well placement and optimization.

Much work has been done on various aspects composite reservoirs well testing using
diverse approaches including one-dimensional, two-dimensional and elliptical approaches
(numerical, analytical, boundary element or semi-analytical) under various boundary
conditions. The computational expense of numerical methods for higher order pressure
transient application accuracy is often exorbitant, while analytical approach might become
infeasible due to the complexity of the governing fluid flow equations. The semi-analytical
approach is a middle ground between these two especially when a complex problem cannot be
solved rigorously and must be approximated by dividing the solution into steps; this has
received much attention in the recent past (Medeiros et al. 2006; Kamal 2009).

Despite the importance of composite reservoir systems, literature with detailed three
dimensional analyses of such anisotropic systems is few or unavailable and this work achieves
for the first time a customizable three dimensional semi-analytical approach to well testing in
such systems under various boundary conditions. A sensitivity analysis of key parameters
affecting fluid flow during pressure drawdown and interference testing in both composite
clastic and naturally fractured reservoir systems is discussed using type curves. These
parameters include dimensionless fault conductivity, mobility ratio, angle of well inclination,
permeability anisotropy, distance of well to fault, reservoir dimensions, well/ fracture length,

storativity ratio contrast, inter-porosity ratio contrast, and partial completion ratio.



1.2 Literature Review

Carslaw et al. (1959) studied heat conduction in infinite composite circular or hollow
circular cylinders using the Laplace transformation and noted that the results could be very
complicated. In petroleum literature, Bixel et al. (1963) published one of the first composite
reservoir studies using a two dimensional point source analysis and modeling the system as
lateral compartments separated by a linear discontinuity which has no distinct property. The
result provided a method of estimating the distance to a discontinuity using an overlay
technique to match an experimental curve with one of the theoretical curves and noted the
possibility of modeling fluid-fluid contacts and facies change as linear discontinuities.

Kazemi (1966) confirmed this by modeling enhanced oil recovery where the burning
front has infinitesimal thickness, noting that the distance to the burning front could be
calculated from a pressure fall-off test on an injection well of a forward combustion project;
Carter (1966) documented the importance of a composite system with no-flow boundaries to
reservoir limit testing, while the demarcation between different temperature zones in a non-
isothermal reservoir as permeability barriers was modeled by Mangold et al. (1981) using
numerical methods to examine such effects in buildup, drawdown and injection well tests.

de Swaan (1976) noted that the Warren et al. (1963) NFR procedure is less convenient
because despite obtaining two adjusting parameters without direct physical meaning, it still
requires a third parameter (shape factor) to arrive at the probable values of the reservoir
properties. The study showed how to analyze NFR’s based exclusively on reservoir fluid flow
parameters that may be obtained by well-logging and core analysis but also documented that
the proposed method does not lead to an analytical description of the transition between the
two straight lines of the fractured-reservoir well pressure plot. The author also demonstrated
how to extend this method to composite reservoirs with blocks of varying properties uniformly
distributed in a fracture medium with definite permeability and porosity.

Satman (1985) studied interference testing in composite reservoirs, conducting
sensitivity of hydraulic diffusivity, distance to radial discontinuity, mobility ratio, distance
between wells, skin and wellbore storage at the active well on the composite system;

producing type curves using different combinations of these parameters.



Stanislav et al. (1987) investigated the infinitesimal thickness skin model of infinite
conductivity vertical fractures in a composite system using elliptical flow geometry and
suggested using the pressure derivative form of model solutions to reduce the problem of type
cures non-unigueness.

The model studied by Bixel et al. (1963) was also considered by Yaxley (1987) who
treated the linear discontinuity as a semi-permeable barrier with flow resistance effect; a
departure from the prevailing infinitesimal thickness skin model. He found that the drawdown
and buildup behaviors of the active well resembled inverted forms of the characteristic
behavior of a well in a naturally fractured reservoir and went ahead to generate interference
type curves for the special case of a fault perpendicular to a line of intersection joining the
active and observation wells. The possibility of generating type curves for other fault
orientation and unequal formation thickness on opposite sides of the fault was also
documented.

(Obut et al. 1987; Olarewaju et al. 1989) also modeled composite systems using the
infinitesimal thickness skin approach, the later included wellbore storage effects in a finite
reservoir, while the former using elliptical flow co-ordinates on vertically fractured injection
wells showed how to locate flood front position in enhanced oil recovery processes.

Ambastha et al. (1987) studied a composite system consisting of an aquifer separated
from a reservoir by a partially communicating fault treated as a boundary skin of negligible
thickness with no storage while (Ambastha 1988; Ambastha et al. 1989) looked at the
composite system in more detail under different boundary conditions. He also noted that the
analysis of interference tests in composite reservoirs could be complicated since the pressure
signature observed depends on property contrasts between the compartments and location of
observation well.

Kikani et al. (1991) extended the composite reservoir model to naturally fractured
reservoir undergoing water flooding, steam injection or acid stimulation by assuming a
composite reservoir system with matrix skin.

Abbaszadeh et al. (1995) noted that the existing solutions for a leaky fault are not valid

when the fault permeability is substantially larger than the formation permeability due to



limitation of the infinitesimal thickness skin zone model to account for fluid flow along the fault
plane and not only across it; another departure from the infinitesimal thickness skin model.
Although this observation was taken into account, the reuse and patching up of existing
solutions where necessary put the results of this work under doubt considering the
modification intended to be incorporated into the composite model.

Kuchuk et al. (1997) documented the pressure behavior in laterally composite reservoir
by modeling the zone interfaces as infinitesimal thickness skin which enabled the analysis of n-
zone composite reservoir model. Although the solution to n-zone composite system is
welcome, the flow model for such generalization is not robust enough since the skin zone
model approach is a far cry from reality.

Ambastha et al. (1998) conducted three-dimensional numerical investigation of well test
analysis in composite reservoirs mimicking thermal recovery situations in a closed, box-shaped
reservoir due to unavailability of analytical solution for pressure transient tests under
composite reservoir situations with complex swept region; the result indicated that the
computed swept volume from pseudo-steady state analysis is independent of the swept region
shape.

More recently, (Boussila et al. 2003; Anisur Rahman et al. 2003) did two dimensional
analysis on composite reservoirs. Although the former supported the inverted forms of the
pressure derivative signature of an active well near a single leaky fault documented by Yaxley
(1987), there was no striking addition to existing literature. The later went ahead to propose an
interesting way of incorporating the flow effect along the leaky fault into the composite model,
documenting a detailed solution procedure. However, the physical validity of the generated
plots is questionable; this might be computational in nature.

All these studies used the instantaneous steady point source approach for either one
dimensional radial or rectangular, two dimensional rectangular or radial co-ordinate flow
system, modeling the composite system as lateral compartments separated by faults which can

be infinitesimal skin regions or distinct flow units.



1.3 Problem Statement

Since no well is produced from one perforation, there arises the need to tackle the
composite model using a instantaneous steady line or plane source approach as the case may
be instead of the instantaneous steady point source approach common in literature; this should
allow a realistic study of the behavior of vertical, horizontal and hydraulically fractured wells in
composite reservoir systems.

Reservoirs are not cylindrical, and wells are rarely fully penetrating or perforated, hence
there is need to incorporate these geometric components in building the composite model.
Also, the two dimensional co-ordinate system common in composite reservoir literature which
does not account for these geometric effects has to be modified.

Geologically, fault zones have finite thicknesses and could be highly porous or (and)
permeable or otherwise; hence, modeling the fault zones in composite reservoirs as distinct
zones with unique rock properties which allows fluid flow across and along its plane is
necessary.

Reservoir permeability anisotropy which is believed to coincide with principal stress
axes is a key component which is missing in many existing composite reservoir models found in
literature.

Similarly, accounting for the deviation of wells from the principal permeability axis along
the horizontal plane in composite reservoir literature is non-existent and well performance
under several boundary conditions in such system is also unavailable.

This work proposes a customizable three dimensional well test analysis of arbitrarily
oriented horizontal wells, vertical wells and, planar arbitrarily oriented hydraulically fractured
wells in composite clastic and naturally fractured reservoirs infinite in one direction, infinite in
two directions and no-flow boundary condition.

It is important to note that this is by no means an elimination of all the assumptions
found in the composite model literature; this work proposes a customizable three-dimensional
semi-analytical approach to pressure transient testing in anisotropic composite clastic and

naturally fractured reservoirs in a computationally cheap and effective manner.



1.4 Overview

The second chapter outlines the mathematical model to be used in analyzing the
composite system in both clastic and naturally fractured reservoirs, some assumptions inherent
in the system description and the solution methodology.

Chapters three, four and five discusses the drawdown response of horizontal well,
hydraulically fractured well and vertical well producers respectively in various reservoir
boundary conditions.

Chapter six focuses chiefly on interference testing of different wells under various
boundary conditions with emphasis on horizontal well analysis.

In the last two paragraphs, type curves are used for drawdown response sensitivity
analysis on various reservoir parameters while direct syntheses are developed from the
asymptotic analysis of equation obtained from the model.

The appendices contain point-source solutions under various boundary conditions,

productivity indices, pseudo skin factors, simulation and field data.



Chapter 2
Model Formulations

2.1 System Description

The reservoir has rectangular co-ordinates and is cuboid comprising two compartments
separated by a thin semi-permeable barrier where compartment | has a point source producer

and compartment Il a point source observer as shown below.

Fig.2.1.1 Composite reservoir system showing point sources (producer and observer)

Below are some of the properties of this system;
e Compartment | and Il are anisotropic in terms of permeability
e The reservoir is heterogeneous in porosity, rock compressibility and other rock
properties
e The semi-permeable barrier is of finite thickness, finite capacity and allows

reasonable fluid flow along and across its plane
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Fig.2.1.2 Semi-permeable barrier as fault zone

The semi-permeable barrier shown in Fig. 2.1.2 above as a fault can be modeled using

the fluid leakage relationship below.
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From (2.1.3) and (2.1.4),
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(2.1.6)

The fluid flow equations governing the different regions of this composite system are

given below.

- Clastic Reservoirs
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- Naturally Fractured Reservoirs
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The reservoir boundary and initial conditions in this study include;

¢ Infinite in two directions

Domain: —,0o < x < 00; —o<y<oo; 0<z<hy

xy = distance between well and fault along x direction
yw = distance from center of fault plane to point source along y direction

zw = distance between well and lower reservoir boundary along z direction

Initial Condition

APy (x,y,2,0) = AP, (x,y,2,0) = AP¢(y,2,0) = 0

Boundary Condition

AP;(x = ,y,2,t) = AP,(x » —0,y,2,t) =

AP (x,y = £0,z,t) = AP(x,y — t00,2,t) = AP(y > £0,2,t) =0

Other Conditions

APy =0 p, = AP, | ;=0 n, = AP yop, =0 VX>0x<0x=0

12

(2.1.15)

(2.1.16)

(2.1.17)



Finite in two directions
Domain: -0 < x < oo; OSyshy; 0<z<h,

xw = distance between well and fault along x direction
yw = distance from point source to lower edge of reservoir along y direction

zw = distance between well and lower reservoir boundary along z direction

Initial Condition

APy (x,y,2,0) = AP,(x,y,2,0) = AP¢(y,2,0) = 0 (2.1.18)
Boundary Condition
AP;(x = ,y,z,t) = AP,(x » —0,y,z,t) = 0 (2.1.19)
Other Conditions
APy |,z p, = AP | ;=0 p, = APf’|Z:0h =0 Vx>0x<0,x=0 (2.1.20)
=0 Vx>0x<0x=0 (2.1.21)

! ! i
APy ly=on, = APy ly=on, = APy |y=0_hy =

13



Finite in three directions

Domain: -hy<x<h,; 0<sy<h, 0<z<h,

xy = distance between well and fault along x direction
yw = distance from point source to lower edge of reservoir along y direction

zw = distance between well and lower reservoir boundary along z direction

Initial Condition

APy (x,y,2,0) = AP, (x,y,2,0) = AP¢(y,2,0) = 0 (2.1.22)
Other Conditions
APy |y=p, = AP, |yx=—p, = 0 (2.1.23)
APy |y=on, = BPy lp=on, = APF'| _, =0 ¥x>0x<0,x=0 (2.1.24)
=0 Vx>0,x<0,x=0 (2.1.25)

AP, |y:0,hy = AP, |y:0,hy = APy |y:0’hy =

14



2.2 General Assumptions

These are some of the assumption governing the formulation of the fluid flow equations

both in clastic and naturally fractured reservoir systems

¢ Instantaneous steady point source

e Slightly compressible single-phase reservoir fluid of constant viscosity

e Fluid flow is Darcy

e Isothermal reservoir of uniform formation thickness

e The principal permeability direction is the x direction

e Negligible stress effect on reservoir properties

e The semi-permeable barrier is vertical, of limited width and isotropic in permeability
e The semi-permeable barrier is entirely matrix in NFR case

e Pseudo-steady matrix flow system for NFR

Fractures mainly conduct fluid to the wellbore in NFR

In general the NFR system is based on the type 2 fracture system proposed by Warren et al.
(1963) where two parameters (storativity ratio and inter-porosity flow) are sufficient to
characterize the deviation of the behavior of a double-porosity medium from that of a
homogeneous, porous medium. It is important to note that Darcy units are used in the course

of this study.
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2.3 Solution Methodology

Instantaneous point source and Green’s function methods rank high among the
documented tools used to solve heat and fluid flow problems over the years.

Gringarten et al. (1973) produced tables of instantaneous Green’s and source functions
which could be used with the Newman’s product method to generate solutions for different
reservoir flow problems, while Clonts et al. (1986) used these tables to generate the
instantaneous source function for drain hole-reservoir configuration. However, the challenge
with the Green’s function method is finding the appropriate Green’s function suited for the
reservoir flow configuration under study.

(Cinco Ley 1974; Ozkan 1988) combined the instantaneous point source method with
integration to analyze the productivity of horizontal wells; pressure behavior of slanted wells
and inclined fractures in anisotropic reservoirs.

In this study, the flow equations are made dimensionless using reservoir or well
parameters which are known to a reasonable degree, which allows the dimensionless solution
obtained in this study to be compared to documented solutions or type curves; and considering
the novelty of the proposed approach, the source method is used since it allows the solution of
problems from first principles.

Additionally, Fourier and Laplace transforms are used in the solution process based on
the limits of the spatial and temporal domains of the model (Jolley 1961; Tranter 1966; Davies
2001; Duffy 2004).

The point source solutions are converted to equivalent line source solutions by
integrating as seen in (Cinco Ley 1974; Ozkan 1988): this line source solution is left in Laplace
space to be inverted numerically using the Gaver-Stefhest algorithm (Davies 2001); the main
reason being that the radius of investigation is a primary function of time. The method
proposed by (Argawal et al. 1970; Ambastha et al. 1989) is used to incorporate Skin and
Wellbore storage effect in Laplace space.

Different methods used in analyzing pressure data include type-curve matching,
essentially a trial-and-error procedure used especially when there is insufficient data; pressure

derivative (Tiab et al. 1980; Bourdet et al. 1989; Mattar 1999), a more sensitive technique to

16



reservoir properties through amplification of heterogeneities hardly visible on conventional
plots, consolidation of separate characteristics that would otherwise require different plots in a
single graph, flow regime pattern recognition Tarek (2005); the TDS technique introduced by
Tiab (1993) as an alternative to type curve matching.

Although series solutions of differential equations most times have slow convergence,
the pressure derivative obtained from this solution is a signature since it converges quickly after
a reasonable number of terms; hence it is used for analysis in this work.

The type curves produced from the corresponding line and plane source solutions are
obtained with MATLAB® R2007b and Microsoft™ Excel 2007. The figure below summarizes the

work flow in the course of this study.

Dimensicnless Analysis and Type Curves
Transformaticn

J’ o ——————= Mumerical Laplace Inversion
Laplace Transform in time ?

Productivity Index  Add Skin & Wellbore Storage Interference Equation

1= Fourier Transform Formulation to Producer Equation from Observer Well
(Finite/Infinite) in space A ‘T
‘l’ Point Source to Line/Plane I
2rd Fourier Transform Source Solution Conversion
(Finite/Infinite) in space ‘T.
} - Obtain Point Source
Laplace.-fFour!er (Finite) Solution in Laplace space
Transform in space ‘T‘
Inverse Laplace/Fourier 2nd Inverse Fu:uur'ier_Tran:folTn
(Finite) Transform (Finite/Infinite)
Solve Individual Linear 1= Inverse Fourier Transform
Equations {Finite/Infinite)
Link all Selutions by finding Inverse Laplace/Fourier
the respective constants (Finite) Transform in space

Obtain Point Source
> Solution For Producer &

Ohserver Wells

Fig. 2.3.1 Solution Methodology Workflow
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2.4 Transforms for Reservoir Infinite in Two Directions

L{P(XD’yD’ZD'tD)} - P(xDryD’ZD’S) - f P(xD,yD:ZD:tD)e_SthtD
0

1 [(yHie _
LYP(xpyp,zp,s)} = P(xpyp, zp,tp) = — eStP(xp yp, zp, s)ds
y—ieo
T{P(xD yD,ZD,s)} = P (xD Vp, k, s) = —J P(xD yD,ZD,s) cos( )dzD

—- Tl
7:_1{P(xD,3’D»k's)}=13(XD,3’D»ZD,S) 70 ZT cos(

zD

P (xp.yp, k,s) e~ @Y dy,,

(P Ceoonl} = P anons) = =

ol - 1 o 2 )
_1{P (xp,, k's)} = P (xpyp k,s) = EJ P (xpw,k,s)e'®’rdw

o A

~

L{ﬁ (xD,w, k, s)} = PGB wks)= j F(XD’Q), k,S)e_édexD
0

n

o 2 1 Y+ioo
PG ok, s)} = P (xpwk,s)= ﬁf eS*p P (§, w, k, s)d$

y—ioo
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(2.4.1)

(2.4.2)

(2.4.3)

(2.4.4)

(2.4.5)

(2.4.6)

(2.4.7)

(2.4.8)



2.5 Transforms for Reservoir Finite in Two Directions

L{P(xpyp:2p,tp)} = P(xpYD, 70, 5) :J P(xp,yp, 2p, tp) e 50 dtp
0

_ 1 Y +ioo B
£_1{P(xD,)’D:ZD;S)} = P(xD,yD:ZD:tD) = ﬁf ' €StDP(xD,yD,ZD,S)ds
y—io
T{P(xD yD,ZD,s)} = P (xD Vp, k, s) = —J P(xD yD,ZD,s) cos( )dzD
- Tl
F1 {P (xD’yD,k,s)} = P(xpyp,2p,s) = 70 Z F, cos(
zD
{P (xp.yp. K, s)} P (xplk,s)= —J P (xp.¥p,2p,5) cos( )dyD

T—l{P (XD,Z, k,S)} =P (xD,YD:k:S) = TO+ z . cos <mTL’yD>
m=1

hyp

L{F' (xD,l,k,s)}= PG Lks) = f P (xoLk,s) e dxy
0

{P(slks)} (xles)_—fy+lw 50 P (4,1 k, 5)d$

Loco
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(2.5.1)

(2.5.2)

(2.5.3)

(2.5.4)

(2.5.5)

(2.5.6)

(2.5.7)

(2.5.8)



2.6 Transforms for Reservoir Finite in Three Directions

L{P(XD’yD’ZD'tD)} - P(xDryD’ZD’S) - f P(xD,yD:ZD:tD)e_SthtD
0

1 [(yHie _
L~YP(xpyp,zp,s)} = P(xpyp,zp,tp) = — eStP(xp yp, zp, s)ds
y—ioo
T{P(xD yD,ZD,s)} = P (xD Vp, k, s) = —J P(xD yD,ZD,s) cos( )dzD
- Tl
F1 {P (xD’yD,k,s)} = P(xpyp,2p,s) = 70 + Z F, cos(
zD
- . 2 hyp _.
T{P (xD,yDik’ 5)} =P (xD,lJ k, 5) = Ef P (xD yD:ZD’S) COS( )dYD
yD Jo
K1y - Fm =
-1 {P (xpl, k,s)} = P(xpyp ks) = SR Fon COS <m7TyD>
2 m=1 yb
KIR 2. 2 hxp kI8
T{P (xD,l, k, s)} = P(wLk,s) = T P (xD Lk, s) cos( )de
xD Jo

o 2o FP =
FHUP @ L] =P (xpbks) = 2+ ) F cos (p”xD)

£, U
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(2.6.1)

(2.6.2)

(2.6.3)

(2.6.4)

(2.6.5)

(2.6.6)

(2.6.7)

(2.6.8)



Chapter 3

Arbitrary Oriented Horizontal Wells

Although hydraulic fracturing (HF) has been a potential rival to horizontal drilling,
horizontal well (HW) has proven its worth time after time in situations of high coning
tendencies where HF has not been feasible. Clonts et al. (1986) also noted that HW supersedes
HF and vertical well when multiple targets and tight formation with vertical wells is involved.
Moreover, it is easier to expose greater portion of the formation to longer producing interval
lengths in HW than HF since we can easily monitor and keep control of the HW path with the

prevailing technology.

3.1 Dimensionless Transformation

These dimensionless transformations are used in obtaining subsequent point source

solutions.
X 3.1.1
Xp = L (3.1.1)
y |kx,
== |= 3.1.2
Yp L ky1 ( )
z kx1
=— |— 3.1.3
Zp L k21 ( )
g
Twp = TW (3.1.4)
s (3.1.5)
Wp = oL 1.
hy
hxD = T (3.1.6)
h, |k
h,p =2 |2 3.1.7
YPL ky, (3.1.7)
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hZ kx1
hep =1 ’k_zl

. ky,t
b ®1ﬂ1Ct1L2

C
Ch=—oo
P 2mr,20,LC,,
2nL. [k, k, AP,
itz 2 nf
= AP, = P, - P
Dy f 11 nf i nf
wk,
Fep = '
ZkXIL
. Lcos8
xD == L
. Lsinf |ky,
=T k.

V1

k
0’ = arctan| |—Xtan@
kJ/1

dyp = dLypsint

1 2

LyD=E (xD + }’D'Z)

Y1

1 k 1
Lyp =E\]c0529+k—xlsin29 =E\/COSZQ+U3' sin? @

Converting to the y plane, L, , becomes LstinH'

This might be used interchangeably for convenience purposes
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(3.1.8)

(3.1.9)

(3.1.10)

(3.1.11)

(3.1.12)

(3.1.13)

(3.1.14)

(3.1.15)

(3.1.16)

(3.1.17)

(3.1.18)



3.2 Line source solution for Clastic Reservoirs

- Infinite in two directions

The point source solution for a reservoir infinite in two directions is given below.

P,y (Cwps YprZps Swith skin

f (1 +RSy) {1 + e—2Rxwp (D—D)} lw(p-Ywp) d¢
L Jo2R (RD, +D,)
B sh,p r 1+ QS Cy
n J ( Q W) COS(kZWD) COS(kZD) {1 + e~ 2Qxwp M} lw(p-YwD) d¢y
o (ec, +¢,)

(3.2.1)

Converting the point source solution to line source solution by integrating Eq. 3.2.1 with
respect to (w.r.t.) Lyp from Ywp - Lstine/ to Ywp + Lstine/. Converting the anisotropic system to

an equivalent isotropic system,

—a@+p)

Py, (Xwps Ywps Zwp» S with skin = sh,psinf

[ 1(1+RS,) “ne (RD,-D,))
J ZT{l +e WD 2————= (RDP D, ) sm(wLyD) dw
a+p = w P (3.2.2)

% 1(1+Q5) 20wy QG - Cp')} '
-+ 2 f w—Q cos“(kzyp) {1 +e —(QCp n Cp') sm(a)LyD) dw_

n=1—oo

Dimensionless pressure at the wellbore becomes;

PWD (xWD: YwbprZwb, S)with skin and wellbore storage

_ FWD (Xwp» Ywp» Zwp» S)with skin (3.2.3)

i
1+ s5%Cp Py, (Xwp, Ywps Zwps S)with skin
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- Finite in two directions

The point source solution for a reservoir finite in two directions is given below.

Py, (Cwp, YD) ZDs Swith skin = h h ——(@+p) (3.2.4)
yD'zD
- ISW){ + e~ 2Vsxwp (VeE, - )} ]
4s (\/_Ep +E, ) I
a = (e
(1+TSy) P (TF,—F,)
_+ TZI > cos(lywp) cos(lyp) {1 +e7%T —(TFp n Fp’)}J|
0B vy (RD,=D,)
2 —————=cos(kzyp) cos(kzp) {1 + e~ 2Rxwp (D, 7 )}
(1+QSw) . (e )}
_+ nz::l ;1 cos(kzyp) cos(kzp) cos(lyyp) cos(lyp) {1 +e (QC,, e, )
a = Foo + Fros B =Fon+ Fnn

Converting the point source solution to line source solution by integrating Eq. 3.2.4 w.r.t. Lp
from Ywp - LstinG/ to Ywp + LstinG/. Converting the anisotropic system to an equivalent

isotropic system,

— 4m
Py, wp, Ywp) Zwp, Swith skin = W( a+p) (3.2.5)
r Lo+ V8 (o (V5E, ~ £,)) |
| 2vs Lre (VSE, +E,) I
= i © S p p i
w ; 2 —2Tx (TFP — Fp’)
l+ z Tl sin l(LyD) cos“(lywp) {1 +e wD m J

m=1
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| > o [ om0 |

. .+ D, |
2(1+QS,, i i :

|-+nzz:ln12:1 ( Q )COSZ(kZWD) Slnl(LyD) COSZ(IYWD) {1 te 2w Egc +C )}Jl

Dimensionless pressure at the wellbore becomes;

PWD (xWD: YwbprZwb, S)with skin and wellbore storage

FWD Ccwps Ywps Zwps S)with skin (3.2.6)

P
1+ s2Cp Py, (Xwp, Ywp:s Zwps Swith skin
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- Finite in three directions

The point source solution for a reservoir finite in three directions is given below.

4

Py, (Cwpr YD) Zps Swith skin = W(Too + Fmo + Fon + Fnn) (3.2.7)
yD*zD

coshvs(hyp — 2xyp) +SyVssinhv/s(hyp — 2xyp) + cosh(Vshyp)

1

Foo = E,'[S,Vssinh2+v/s(h,p — xyp) + 1 + cosh2v/s(h,p — x
00 4\/§sinh\/§(hxD) _Tp [ w ( xD WD) : ( xD WD)]
\/EEp sinhv/s(h,p) + E, cosh Vs(hyp)
o l l coshT(hy,p — 2xyp) +Sy TsinhT(hyp — 2xyp) + cosh(Thyp)

Fro = Z cos( y‘_’VD) cos(lyp) F, [SyTsinh2T(hyp — xyp) + 1 + cosh2T(hyp — xyp)]

2T sinh T (hyp) - ; ;

m=1 TF,sinhT(hyp) + F, coshT(hyp)

coshR(h,p — 2xyp) +SyyRsinhR(hy,p — 2xy,p) + cosh(Rhyp)

> cos(kz cos(kz : .
Fon = 2 (kzyp) coskzp) _ D, [SwRsinh2R(h,p — xyp) + 1 + cosh2R (hy,p — xyp)]

2R sinh R(h ;
n=1 sinh R (hxp) RD, sinhR(hyp) + D, cosh R(hyp)

i i cos(kzyp) cos(kzp) cos(lyyp) cos(lyp) y
— - Q sinh Q(hxD)
n=1m=1
Fnn = | (coshQ(hyp — 2xyp) +S,,QsinhQ(h,p — 2xy,p) + cosh(Qh,p)
Cp'[SWQsinhZQ(hxD — Xwp) + 1+ cosh2Q(h,p — xyp)l
QC,sinhQ(hyp) + Cp' cosh Q(h,p)

Converting the point source solution to line source solution by integrating Eq. 3.2.7 w.r.t. L,p

from Ywp- Lstine/ to Ywp + Lstine/

26



Converting the anisotropic system to an equivalent isotropic system,

41

sh,ph,psind (Foo + Fmo + Fon + Finn) (3.2.8)
yD 1z

Pyn Owps Ywpr Zwps S with skin =

coshvs(hyp — 2xyp) +SyVssinhv/s(hyp — 2xyp) + cosh(Vshyp)
Lyp : .
_ E, [SwVssinh2vs(hyp — xyp) + 1 + cosh2v/s(hyp — xyp)]
2+/ssinhvs(h,p) | — VS5 si ,
SE,, sinhv/s(h,p) + E, cosh Vs(hyp)

Foo =

coshT(h,p — 2xyp) +Sy TsinhT(hyp — 2xyp) + cosh(Thyp)

sinl(L,p) cos?(1 , ,
Frno = Z 7(11 }s}fn)h T(h(D})IWD) _F [Sy, Tsinh2T(h,p — xwp) + 1’+ cosh2T(h,p — xwp)]
m=1 x TF, sinhT(hyp) + F, coshT(h,p)

[oe]

. 20k coshR(hyp — 2xyp) +SyyRsinhR (h,p — 2xy,p) + cosh(Rhyp)
JI;Dsfr(:}sl R((hzwg)) 3 D, [SyRsinh2R (hyp — xwp) + 1 + cosh2R (hyp — xyp)]
n=1 xb RD, sinhR(hyp) + Dp' cosh R(hyp)]

Fon =

v~ 2 cos?(kzyp) sin I(Lyp) cos?(lywp)
Z Z Qlsinh Q(hyp) %
n=1m=1
Fnn = | (coshQ(hyp — 2xyp) +S,,QsinhQ (h,p — 2xy,p) + cosh(Qh,p)
Cp'[SWQsinhZQ(hxD — Xwp) + 1+ cosh2Q(h,p — xyp)l
QC,sinhQ(hyp) + Cp' cosh Q(h,p)

Dimensionless pressure at the wellbore becomes;

PWD (xWD: YwbprZwb, S)with skin and wellbore storage

FWD Ccwps Ywps Zwps S)with skin (3.2.9)

= ——
1+ s2Cp Py, (Xwp, Ywp:) Zwps Swith skin
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3.3 Line source solution for Naturally Fractured Reservoirs

Everything is the same as section 3.2 except replacing s with sf,(s)and 77,,s with sf,(s)

3.4 Type Curves

This subsection is devoted to the generated producer drawdown response type curves

under various boundary conditions depicting key features.

1E+3

1E+2

1E+1 1

AP &tAP/, psi

1E+0 A

1E1

1E4 1E-3 1E-2 1E-1 1E+0 1E+1 1E+2 1E+3 1E+4

t,hr

Fig. 3.4.1 Representation showing key interpretation features
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1E+4

hzp=0.01897,0.0474,0.0948,0.1897,0.3794,0.9487

1E+3

1E+2

Pp & tpP/p, Dimensionless

1E+1

1E+0

Lo= 1/2h,

1E-1 +
1E4 1E-3 1E-2 1E-1 1E+0 1E+1 1E+2 1E+3 1E+4

tp, Dimensionless

Fig. 3.4.2 Effect of characteristic horizontal well length

The characteristic horizontal well length is inversely proportional to the dimensionless
reservoir height given in the figure above. The figure shows that as the characteristic horizontal
well length increases, it exposes more formation to flow into the well from the vertical radial
direction and there exists a cutoff for which the early radial flow regime is almost non-existent
causing the loss of that initial production from the vertical plane. This means that for the same
reservoir height and well length, the reservoir’s vertical permeability must be comparatively
good with respect to the horizontal permeability for horizontal wells to effectively drain the

reservoir.
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1E+5

hyp=1.5,3,6,12

1E+4

1E+3

1E+2

Pp & tpP/p, Dimensionless

1E+1

1E+0

1E1
1E-4 1E-3 1E-2 1E1 1E+0 1E+1 1E+2 1E+3

tp, Dimensionless

Fig. 3.4.3 Effect of reservoir size along x axis
The figure depicts that provided the reservoir is long enough in the x-direction, the

duration of the pseudo-radial flow (which is along the horizontal plane) is extended until fluid-

flow gets to the reservoir boundaries.
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1E+4

1E+3

1E+2

hyo=0.424,1.697,4.243,8.485 /

Pp & tpP/p, Dimensionless

1E+1

1E+0

1E1 + + +
1E-4 1E-3 1E2 1E1 1E+0 1E+1 1E+2 1E+3 1E+4

tp, Dimensionless

Fig. 3.4.4 Effect of reservoir size along y axis

The figure also depicts that provided the reservoir is long enough in the y-direction, the
duration of the pseudo-radial flow (which is along the horizontal plane) is extended until fluid-
flow gets to the reservoir boundaries just as should be expected for reservoir increase in x-

direction.
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1E+3

Xwp =1/100,1/20,1, 10

1E+2

1E+1

Pp & tpP/p, dimensionless

1E+0

Fep=1e-11
k=1

1E1
1E-4 1E-3 1E-2 1E1 1E+0 1E+1 1E+2 1E+3 1E+4

tp, Dimensionless

Fig. 3.4.5 Effect of horizontal well distance to fault

The figure above shows that the closer the producer is to the fault, the shorter and
distorted the early radial flow regime becomes since the time to reach to the fault would vary
with distance to fault. Additionally, depending on the relative position of the producer from
other sealing boundaries around in the reservoir, slope-doubling might be experienced as can

be seen for Xwp=1.
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1E+3

Ywp = (0.875 0r 0.125)h,, (0.25 or 0.75)h,, 0.5h,

1E+2

1E+1

Pp & tpP/p, Dimensionless

1E+0

Fep=1e-11
K= 1

1E1 t+ + +
1E-4 1E3 1E-2 1E1 1E+0 1E+1 1E+2 1E+3 1E+4

tp, Dimensionless

Fig. 3.4.6 Effect of horizontal well distance to reservoir boundary along y-axis

The figure above illustrates the effect of pressure support from other parts of the
reservoir. The closer the producer is to a reservoir boundary, the higher the pressure drop
experienced since it will take the fluid coming from other parts of the reservoir a longer time to
get to the well and since the parameter under discussion is the distance to the reservoir

boundary along y-axis, the effect would be felt during the pseudo-radial flow regime.
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1E+3

1E+2

Zwp = (0.875 or 0.125)h,p, (0.25 or 0.75)h,,, 0.5h,,

1E+1

Pp & tpP/p, Dimensionless

1E+0

Fep=1e-11
k=1

1E1
1E-4 1E3 1E-2 1E1 1E+0 1E+1 1E+2 1E+3 1E+4

tp, Dimensionless

Fig. 3.4.7 Effect of horizontal well distance to reservoir boundary along z-axis

The figure above shows a similar effect to that observed in Fig. 3.4.6 but now this
phenomenon is experienced during the early radial flow regime which is along the vertical

plane.
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Pp & tpP/p, Dimensionless

1E+3

1E+2

1E+1

1E+0

1E1

6=10°,30°, 60°,90°

1E-4 1E-3 1E-2 1E1 1E+0 1E+1 1E+2 1E+3 1E+4

tp, Dimensionless

Fig. 3.4.8 Effect of horizontal well angle in reservoir with high permeability anisotropy



1E+3

6=10°,30°, 60°,90°

1E+2

1E+1

Pp & tpP/p, Dimensionless

1E+0

1E1

1E-4 1E-3 1E-2 1E1 1E+0 1E+1 1E+2 1E+3 1E+4

tp, Dimensionless

Fig. 3.4.9 Effect of horizontal well angle in reservoir with low permeability anisotropy

Figs. 3.4.8 and 3.4.9 show that the early pressure behavior is greatly impacted by the
well orientation to the maximum permeability, which is in x-direction in study. As the angle of
deviation decreases, the infinite conductivity effect of the horizontal well decreases. However
the late behavior is the same for all angles of deviation from the maximum permeability. The
well-orientation angle does not affect the start and end of the early radial flow regime
irrespective of the degree of areal permeability anisotropy as noted by (Yildiz et al. 1997; Spivey
et al. 1999). As the pressure response continues, pseudo-radial flow develops and its start time
is affected by the inclination angle; the smaller the angle, the earlier it starts and vice versa. As
the horizontal well becomes parallel to the maximum permeability direction, the early linear
flow disappears. This is because the impact of the maximum permeability to the early flow

regimes has been greatly reduced. Also, the lesser the areal permeability anisotropy, the
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earlier the pseudo-radial flow regime starts and vice versa. This helps plan how long a well test
should be conducted to attain certain flow regimes that can help provide information about

target flow or reservoir parameters.
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Fig. 3.4.10 Skin effect on horizontal well drawdown response

Fig. 3.4.10 shows the effect of skin and wellbore storage on the pressure response.

Normal response as expected is observed.
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Fig. 3.4.11 Wellbore storage effect on horizontal well drawdown response
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Fig. 3.4.12 Dimensionless fault conductivity effect on horizontal well response

Fig. 3.4.12 shows the effect of fault conductivity on flow contribution from the second
compartment. The higher the fault conductivity, the easier it is for compartment Il to support
the producer, hence a lower pressure drop is experienced as a result of flow contribution from
compartment Il. When the reverse is the case, the whole reservoir will behave as if it were
smaller in size causing a higher pressure drop — the fault behaving like a seal.

However, it is important to note that there is a minimum and maximum cutoff for fault
conductivity, beyond which the fault conductivity effect remains the same. In this study, the
minimum and maximum cutoff dimensionless conductivity are about 10° and 10 respectively

which correspond to sealing and infinite conductivity behavior in the fault.
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Fig. 3.4.13 Drawdown response when x-permeability in compartment | is higher than I
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Fig. 3.4.14 Drawdown response when x-permeability in compartment Il is higher than |

Fig. 3.4.14 shows that the higher the x-permeability contrast, the higher the downward
rotation of the pseudo-radial flow regime. This observation assumes that the fault separating
both compartments is conductive. The speed at which depletion is supported by compartment
Il 'is high enough to reduce the pressure drop drastically, hence the rotation observed. This

behavior portraits such compartmentalized clastic reservoir as a naturally fractured reservoir.
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Fig. 3.4.15 Drawdown response when y-permeability in compartment | is higher than Il

The inverse peaking of the pressure derivative in Fig. 3.4.15 as the y-permeability contrast
increases in favour of compartment | shows that provided the principal permeability is in the x-
direction, the early linear and pseudo-radial flow regimes that would have taken place before
the higher y-permeability effect in compartment Il gets to the producer in compartment | might
be lost — the reason being that flow to the well is not properly supported in early times by flow
from compartment Il causing the well to behave like a point source (as seen by the -1/2 slope

on the curve above).
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Fig. 3.4.16 Drawdown response when y-permeability in compartment Il is higher than |

The inverse peaking of the pressure derivative in Fig. 3.4.16 as a result of this y-
permeability contrast type shows that compartment Il behaves like a pressure support during
the pseudo-radial flow regime thereby causing a lower pressure drop than would have been

expected.
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Fig. 3.4.17 Drawdown response when z-permeability in compartment | is higher than lI
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Fig. 3.4.18 Representative flow regimes associated with horizontal wells in NFR
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Fig. 3.4.19 Dimensionless fault conductivity and horizontal well response in NFR
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Fig. 3.4.20 Effect of inter-porosity parameter contrast on HW response in NFR (I > Il)
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Fig. 3.4.21 Effect of inter-porosity parameter contrast on HW response in NFR (I > )
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Fig. 3.4.22 Effect of storativity ratio contrast on HW response in NFR (I > 1)

50




tpP/p, Dimensionless

1E+1

1E+0

1E-1 A

1E2

w;=1e-3,1e-2, 1le-1

w;= le-3

1E-6

1E-5 1E-4 1E-3 1E-2

tp, Dimensionless

1E-1

1E+0

1E+1

1E+2

1E+3

Fig. 3.4.23 Effect of storativity ratio contrast on HW response in NFR (Il > 1)
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Fig. 3.4.24 Effect of HW orientation in high areal permeability contrast NFR
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Fig. 3.4.25 Effect of HW orientation in low areal permeability contrast NFR
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Fig. 3.4.26 Effect of HW characteristic length in NFR
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3.5 Interpretation Development

Interpretation for long time approximation of the wellbore pressure will be made for
the case where Skin and wellbore storage effects are absent.
Generally, for reservoirs infinite in two directions, finite in two and three directions, the

following applies to them.

Common Radial Flow Regime Interpretation

From Fig.3.4.1,
1.
(tpPh), = 05 (3.5.1)
bEDIr = ging "
2w kyk,{L
(toPh), = (tAP"), X q+ (3.5.2)

Combining Eq. 3.5.1 and Eq. 3.5.2, we get

. _ qi,
( ’kylkzl) (Lsin@) = 27 X (1A (AP, (3.5.3)

2.
From Eqg. 3.5.1,
0.5
PDT‘ = ﬂlnt[)r (354‘)

Dividing Eq. 3.5.4 by Eq. 3.5.1,

P,
Int, = r 3.5.5
"or = P, (3:5.5)
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K1 AP,
n = — Int 3.5.6
<®1#1Cc1L2> (tAP"), " ( )

kxl —
Oy, Cey L7

AP 1
a P,)r) +— (3.5.7)

exp ( "
T

Specific Long time Interpretation

From Fig. 3.4.1,

- Reservoir Finite in Two Directions

At long times,

L L—— Lyo (3.5.8)
shyph,psin®  \[s(1 + ky/1p)
Taking Inverse Laplace transform,
4mL t
tp Pl - YD Vo (3.5.9)

— X
hyph,psind (1 + kpxymp)

Considering the point of intersection between the pressure derivative (boundary effects)

and the early radial flow line by equating (3.5.1) and (3.5.9),

fexa N Dou,Cry  BLLyp Ttky1kz1ty

- x —1 (3.5.10)
kxl ®1#1Ct1 hyhz kxlwlulctl
ﬂk 2@ )2 C 2 8L
xL 22t = Wh X\/T[kylkzltx - ka1®1H1Ct1 (3511)
yD yltz
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- Reservoir Finite in Three Directions

At long times,

_ 4mL D COSh\/E(hxD - xWD)
Fro—=0;, Fo,,—0; Fp,, >0 and P,, — ¥ x 3.5.12
mo on mn WD ShthzDSlTLQ \/ESInh\/g(hxD) ( )
Taking Inverse Laplace transform,
4rL t
tp Pl - yD 2 (3.5.13)

— X
hthZDSinQ hxD

Considering the point of intersection between the pressure derivative (boundary effects)

and the early radial flow line by equating (3.5.1) and (3.5.13),

h,h
— y'tz % Q)l#lctl (3514)

Lyp
[ 8m
L kylkzl by

In addition to these direct syntheses, traditional techniques like type curve matching are
also applicable across all reservoir boundary types. The equations 3.2.3, 3.2.6 and 3.2.9 can be
used to generate customizable type curves and the analysis of clastic reservoir systems above

can be extended to NFR.
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3.6 Application

Fig. 3.6.1 shows a match between this model and Eclipse 2010.1; the discrepancies

should be from the permeability distribution across the cells which were not considered during

the formulation of the 3D semi-analytical model.

1E+3

1E+2

LS S
E
Match Parameters
18 g, 5000 STB/D B,, 1.5 RBBL/STB 1 cp 1.0 o, fraction 0.2
Cr,2.8x10-6 psi* h, 100 ft Fw 0.3 ft L,385 ft 0, 45°
ka,md 404.5 k,,md 404.5 k.,md 40.45
ke,md 404.5 k,,md 404.5 k.,md 40.45
Eclipse = ====- SemiAnalyticalModel
1E+0
1E-4 1E-3 1E-2 1E-1 1E+0
t,hr
Fig. 3.6.1 Curve match between this model and Eclipse 2010.1 drawdown response
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Fig. 3.6.2 Grid used in this study which was built and exported from petrel 2010
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Three field examples are considered to validate the semi-analytical solution shown in
Eg. 3.2.6. In the three examples, the reservoirs are bounded by two parallel faults. Sand to sand
juxtaposition has been suspected in the last two examples. Figs. 3.6.3 — 3.6.5 show the results
of the type curve match. The horizontal wells are drilled parallel to the faults hence the
orientation angle used to obtain the match is 0.5 degree. The distance between the two parallel
faults are measured from the structural maps. The permeability contrast as noted in the result
of examples 2 and 3 in Appendix M is used to model the suspected sand to sand juxtaposition.
The reservoir performance in examples 2 and 3 actually shows that the initial oil in place might
be bigger than mapped. The perfect match obtained in the three examples thus validates the

semi-analytical model.

1E+5
Parameter 3D Semi-analytical Solution Match Values
Ky, md (horizontal permeability) 5287 /
Ky, md (vertical permeability) 131
S (Skin Factor) 25
C (STB/psi) 0.0154
L, ft (Well length) 2000
Well location, z, (ft) (from bottom) 64.99
p 1E+4
()]
<
K]
&
]
£ ”
(=) /
a .
a
Hn . - f
2 s |t /
Iy o
1E+3 |- E /
3001
1E+2 /
1E+3 1E+4 1E+5 1E+6 1E+7 1E+8
0001 t,, Dimensionless
-~ MPLT
oo MPLT Derivative

T
0.1 1
Equivalent Time (hours) - Tp=999.9986

Fig. 3.6.3 Curve match between well AX-15 and 3D semi-analytical model: Example 1
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Fig. 3.6.4 Curve match between well AX-20 and 3D semi-analytical model: Example 2
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Parameter 3D Semi-analytical Solution Match Values
Ky, md (horizontal permeability) (Ky/ Kn=10) 3244.96

00011 Ky, md  (vertical permeability) 160.87
S (Skin Factor) 10
Cs (STB/psi) 0.000008
L, ft (Well length) 1626.56
Well location, z , (ft) ( from bottom) 49.4

001 o1
Elapsed Time (hours) - Tp=1000.0084

Fig. 3.6.5 Curve match between well AX-23 and 3D semi-analytical model: Example 3

Generally for Figs. 3.6.4 and 3.6.5, there exists uncertainty in some of the parameters
used for the curve matches. For Skin, the range falls between 5 while the Wellbore Storage
coefficient (WBS) falls within +5x10™ and a factor of 5-10 exists for the x-permeability contrast
ratio (ky/k«). For Fig. 3.6.3, due to the amount of eclipsing caused by WBS, the main

parameters with uncertainty are the Skin and WBS and they fell within a very narrow range.
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3.7 Discussion

- Clastic Reservoir System

Clonts et al. (1986) noted that as far as the characteristic length exceeds at least 10,
there exists an instantaneous end of the initial radial flow for all practical purposes causing
the HW to behave like a general uniform flux hydraulically fractured vertical well; otherwise,
the flow starts with the initial radial flow perpendicular to drain-hole axes.

The equivalent characteristic length in this study is given by the equation below.

_ Lok 1 (3.7.1)
2h, |ky,  2hyp

Lp

Hence, from Fig. 3.4.2 it can be seen that approximately above Lj of 10, there practically
exists no early radial flow signature, confirming what (Clonts et al. 1986) documented The
incorporation of this data during optimum HW length selection is very important as this among
other factors helps predict the performance of the HW since this characteristic length contains
key flow and reservoir parameters.

Figs. 3.4.3 and 3.4.4 depict other effects reservoir dimensions can have on the pressure
signature obtained during a test. Below a critical reservoir size, the flow transitions straight to
boundary effects skipping the pseudo-radial flow regime indicating the absence of space for the
missing flow regimes to have been observed.

The closer the HW is to the fault, the greater the distortion of the early radial, early
linear and pseudo-radial flow regimes as shown in Fig. 3.4.5. Also, the greater the HW is to any
of the reservoir boundaries, the greater the pressure drop observed (see Figs. 3.4.6 and 3.4.7).
However, it is worthy of note that Yy, affects the pseudo-radial flow regime alone while Zyp
only affects the early radial. The smaller Zy; is, hemi-radial flow begins to develop with its
characteristic doubling of the early radial flow regime slope. Similarly, the smaller Xy is, there
exists a doubling of the early and late radial flow regime slopes. Note that the effect of Yyp
and Zyp is the same no matter the boundary (top or bottom; right or left) provided that the
distances are similar.
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Considering Figs. 3.4.8 and 3.4.9 the well-orientation angle does not affect the start and
end of the early radial flow regime irrespective of the degree of areal permeability anisotropy
as noted by (Yildiz et al. 1997; Spivey et al. 1999). However, small angle deviations from the
principal permeability direction substantially increase pressure drops and these pressure drops
become negligible as the angles increase.  As drawdown continues, pseudo-radial flow
develops and its start time is affected by the inclination angle; the smaller the angle, the earlier
it starts and vice versa. Also, the lesser the areal permeability anisotropy, the earlier this flow
regime starts and vice versa.

The preceding paragraph helps plan how long a well test should be conducted to attain
certain flow regimes that can help provide information about target flow or reservoir
parameters.

The importance of drilling HW with minimum mechanical damage is emphasized in Fig.
3.4.10 which shows that the greater skin present, the greater the pressure drop experienced,
the greater the obscuring of early flow regimes (early radial and linear) and vice versa. Also, by
observing the pressure derivative signature as shown in Fig. 3.4.11, it is apparent that the peak
of the hump caused by Wellbore Storage (WBS) is controlled by the skin factor (Tiab 1993).

The deviation of the pressure derivative pseudo-radial flow signature from horizontal
depends on the dimensionless fault conductivity. Fig. 3.4.12 shows that the easier it is for the
fault to conduct fluid across, the lower the pressure drop experienced during the pseudo-radial
flow regime and vice versa. However, it is important to note that there is a minimum and
maximum cutoff for fault conductivity, beyond which the fault conductivity effect will not
register on the pressure and pressure derivative curve and this poses the question, “Why do
type curves for composite reservoirs generated in literature hardly experienced in the field?” A
reasonable answer is because these type curves were generated without taking into account
the physics behind fault conductivity effect. Variation of parameters like length, permeability
and fault width (parameters affecting fault conductivity) must be done proportionally to other
dimensionless variables when generating these type curves.

Considering the permeability contrast in the x direction on both compartments of the

composite reservoir, it is apparent that the when k,; > k,;, (constant k,;,), although the duration
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of each flow regime is the same, the beginning of all flow regimes after early linear flow is
delayed compared to when there is no permeability contrast in x direction. This is reasonable,
since (Davlau et al. 1988) suggests that early linear flow is a result of flow when the early radial
flow is forced to linear (x-y plane) after hitting the top and bottom boundaries (see Fig. 3.4.13).

Similarly when k,, > k. (constant k,;), there exists a downward rotation of the pseudo-
radial flow regime since the pseudo-radial is believed to occur when flow has gone far into the
reservoir such that the HW behaves as point (see Fig. 3.4.14); the speed at which depletion is
supported by compartment Il is high enough to reduce the pressure drop drastically, hence the
rotation observed. Another important observation is that the intersection of the pseudo-
radial line and the boundary effect line is constant no matter how k,, > k,; (constant k).

The higher the contrast of when k,; > k,, (constant k,,), the more the early-radial and
linear flow regimes become eclipsed by spherical flow regime; this indicates that the higher this
contrast, the less effective the well length becomes since it starts behaving more or less as a
point source (see Fig. 3.4.15). Continuing with permeability contrast in the y direction, from
Fig. 3.4.16, when k,, > k,; (constant k), there exists an inverse peaking of the pseudo radial
flow regime due to a similar process as discussed in the previous paragraph.

When k,, > k,; (constant k,;), there exists no observable change in the pressure profile
observed but when k,; > k,, (constant k;,), the profile resembles more or less that of the
characteristic length variation discussed previously (see Fig. 3.4.17).  This shows that it is z-
permeability in the producing compartment that controls well performance in composite
reservoirs.

In practice, the early radial flow will often be obscured by wellbore storage effect; hence
it will be necessary to perform a HW test before decision making to make sure a pseudo-radial

flow exists for the test to be interpretable.
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- Naturally Fractured Reservoir System

Fig. 3.4.18 displays the typical observed flow regimes as noted by (Igbokoyi 2008) which
include:
1. Early radial flow
Linear flow
Late radial flow

Inter-porosity transition flow

A

Total system radial flow

Since our model is type-2 fracture, the first two flow regimes obtained from the HW test
will be as a result of fluid already stored in the fracture — early radial and linear flows;
meanwhile, the matrix is trying to replenish the fracture to keep pace with the depletion by the
well.

However, once the matrix is not able to match this depletion pace, a “delay” occurs which
shows up as an inter-porosity flow regime. Obviously, the greater the inter-porosity flow
parameter (A), the earlier this transition occurs and vice versa. This pseudo-steady transition
flow regime is marked by a unit slope signature.

Once a pseudo-steady state rate of transfer of fluid among matrix, fracture and HW has
been achieved, a total system radial flow is then recorded before any reservoir boundary
effects.

From Fig. 3.4.19, the easier it is for the fault to allow communication between both
reservoir compartments, the lower the pressure drop experienced.

Normally, the greater A is, the earlier the occurrence of the transition flow regime and the
lower its trough. However, the greater the A contrast between the reservoir compartments,
the earlier the transition flow regime occurs but the higher the trough observed compared to
when there is no contrast in A. The pressure drop experience for the same A contrast is almost
the same no matter the compartment with the higher A value (see Figs. 3.4.20 and 3.4.21).

Considering storativity ratio contrast (w), when w; > w,, the greater this contrast, the later

the fracture linear flow starts, the absence of the late fracture radial flow and the lower the
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transition trough. Also when w; > w;, the greater this contrast, the lower the transition trough
and the conversion of the late fracture radial flow into another trough. These behaviors are
shown in Figs. 3.4.22 and 3.4.23.

Similar areal permeability and well inclination angle relationship exists as those discussed
for clastic reservoirs above except in NFR, the pseudo-radial flow is now divided by an inter-
porosity flow period (see Figs. 3.4.24 and 3.4.25).

The effect of characteristic length on the pressure signature in NFR is similar to that of
clastic reservoirs. Fig. 3.4.26 indicates that for all practical purpose, the higher this length, the

more the reservoir behaves as if it has a lower storativity ratio i.e. it performs less.
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Chapter 4
Arbitrarily Oriented Hydraulically Fractured Vertical Wells

Hydraulic fractured wells (HF) play an important role in exploiting tight formation and
are usually not fully penetrating in reservoirs with gas cap or aquifer close by even when
intended to since there is need to avoid early water or gas breakthrough (Igbokoyi et al. 2008).

Much work has been done on HF in clastic reservoir systems from (Cinco Ley 1974) to
(Anh et al. 2010) but little has been done for composite reservoir systems.

The method used for obtaining the source solution in this work was adapted after

(Raghavan et al. 1978) as given below.

Z
PDpartial_penetration - L £ X PDfull_penetration
z

(4.1)

4.1 Dimensionless Transformation

These dimensionless transformations are used in obtaining subsequent point source

solutions.
X 411
Xp = L (4.1.1)
V |kx,
e 4.1.2
=T |k, (4.1.2)
Z |ky,
=—- |[— 4.1.3
2L kg (4.13)
g
TWD == TW (4.1.4)
2 (4.1.5)
Wp = oL .
hy
hap =7 (4.1.6)
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kJ/1

dyp = dLypsint

Lep = (xDIZ + J’DIZ)

k

k
Lsp =\]c0529+ﬁsin29 =\/c0529+vysin29

Vi

L —Lif &
P2 kg,

Converting to the y plane, Lsp becomes L¢psing’

This might be used interchangeably for convenience purposes

(4.1.7)

(4.1.8)

(4.1.9)

(4.1.10)

(4.1.11)

(4.1.12)

(4.1.13)

(4.1.14)

(4.1.15)

(4.1.16)

(4.1.17)

(4.1.18)

(4.1.19)



4.2 Line source solution for Clastic Reservoirs

- Infinite in two directions

The point source solution for a reservoir infinite in two directions is given below.

Py, (Xwp, YDr ZD) S with skin

J- (1 + st) 1+ e—ZRxWD M eiw(.'VD—:VWD) dw
(RD, +D,)
- — .= , (4.2.1)
zD 1+QS ¢ -C -
+ Z J ( Q w) cos(kzyp) cos(kzp) {1 + e~2Q*wp M} el@p-ywp)
2 ) (@6, +6,) |

n=1_—-

Converting the point source solution to line source solution by integrating Eq. 4.2.1 with

respect to (w.r.t.) (Lyp and L,p ) from Yyp - Lstine/ to Ywp + Lstine/ and Zwp — L,p to Zwp + Lp

respectively.

Converting the anisotropic system to an equivalent isotropic system and taking account of

the effect of partial penetration of the well in this system,

th
2L,p sthsmt?

(a+p)

Py, OCwps Ywpr Zwps S with skin =

— 2
Pyp (wps Ywpr 2w Swith skin = m(“ +8) (4.2.2)
V4

‘L, (1+RS RD, -D,’
f zp (1 +RSy) {1+e—2RxWD( p p,)}sin(waD)dw
w 2R (RD, +D,)
a+p = -

+nZ f a+Qw) QSW) cos?(kzyp) {1 + e~2Qxwp (¢, - )}Sin(a)LfD) sin(kL,p) dw_

(QCP P )
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Dimensionless pressure at the wellbore becomes;

PWD (xWD: Ywbp»Zwb, S)with skin and wellbore storage

ﬁWD Ccwps Ywps Zwps S)with skin (4.2.3)

——
1+ s2Cp Py, (Xwp, Ywpr Zwps Swith skin
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- Finite in two directions

The point source solution for a reservoir finite in two directions is given below.

— 4
Pyp (wps Ywpr 2w Swith skin = sh.-h ——(@+p) (4.2.4)
yD*'zD
(DI |
4+/s (VSE, + E,) |
a = o0 ,
(1+TSy) oty (TFy = Fy)
+ Z Tcos(lyWD) cos(lyp) {1 +e 2T m J
m=1
- (1+RS,,) —areyy (RDs = D)
Z TCOS(kZWD) cos(kzp) {1 + e 2R m}
(1+QSy) ony (06, = }
_+ nz::l ;1 cos(kzyp) cos(kzp) cos(lyyp) cos(lyp) {1 +e (QC,, e, ) ‘
a = Foo + Fnos B =Fon + Fnn

Converting the point source solution to line source solution by integrating Eq. 4.2.4 w.r.t.

(Lipand Lyp ) from Ywp - Lstine/ to Ywp + LstinG/and Zwp — L,p to Zwp + Lyp respectively

Converting the anisotropic system to an equivalent isotropic system and taking account of the

effect of partial penetration of the well in this system,

N h,p -
Py, Owps Ywpr Zwps S with skin = ZLZ X o hsind (a+p)

zD yD*'zD
Py, (Xwp, Ywp) Zwp» S)with skin = W (a +B) (4.2.5)
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I[ LzDLfD (\1/_+ ‘/ESW) {1 + e—2Vsxwp Ej_—E ;} ]|
| S Ep + Ep |
a = | o) ,
2Lap(LFTSy) | : orsao (TP = Fy }l
l+ TZI Tl sin l(LfD) cos“(lywp) {1 +e (TFp " Fp’ J
B
[ 2Lsp(1+RSy,) X 2Rxwp (RD, - D, |
i Z:LTSIH k(LzD)COS (kZWD) {1 +e W} i
S 4(1+ QSy, c,
|l+ ;;1 ( Q ) cos?(kzyp) sink(L,p) sinl(Lsp) cos?(lywp) {1 + e~2Qxwp EgC " )}Jl

Dimensionless pressure at the wellbore becomes;

PWD (xWD: YwbprZwb, S)with skin and wellbore storage

ﬁWD Ccwps Ywps Zwps S)with skin (4.2.6)

——
1+ s2Cp Py, (Xwp, Ywps Zwps Swith skin
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- Finite in three directions

The point source solution for a reservoir finite in three directions is given below.

41

shoph o (Foo + Frno + Fon + Fn) (4.2.7)
yD 1z

Py, Cwps ¥ps Zps Swith skin =

coshv/s(hyp — 2xyp) +S,\/ssinhv/s(hyp — 2x,p) + Cosh(\/ghx[,)

1
Foo = E, [S,V/ssinh2v/s(h,p — x + 1+ cosh2vs(h,p — x
00 4ssinhvs(hyp) B [Sw ( xD ~ Xwp) ’ (hxp = Xwp)]
VsE, sinhv/s(hyp) + E, coshs(hyp)
o l ] coshT(h,p — 2xyp) +S, TsinhT(h,p — 2xy,p) + cosh(Thyp)

Fro = z COZ(T}S]‘;;[;I);E):( })]D) 3 F, [SyTsinh2T(hyp — xyp) + 1 + cosh2T(hyp — xyp)]

m=1 xD TF, sinhT(hyp) + F, coshT(hyp)

oo coshR(hyp — 2xyp) +SyyRsinhR (h,p — 2xy,p) + cosh(Rhyp)

Fon = 2 COSZ(;(ZW%);?;U()ZD) D, [SywRsinh2R (hyp — xwp) + 1 + cosh2R (hyp — xyp)]
sin xb RD, sinhR(hyp) + Dp' cosh R(hyp)

i i cos(kzyp) cos(kzp) cos(lyyp) cos(lyp) y
=t = Q sinh Q(hyp)
Fnn = | (coshQ(hyp — 2xyp) +S,,QsinhQ (hyp — 2xp) + cosh(Qhyp)
Cp'[SWQsinhZQ(hxD — xywp) + 1+ cosh2Q(hyp — xywp)]
QC,sinhQ(h,p) + Cp' cosh Q(h,p)

Converting the point source solution to line source solution by integrating Eq. 4.2.7 w.r.t. (Lip

and L,p ) from Yyp - LstinG/ to Ywp + LstinG/and Zwp — L,p to Zwp + Lyp respectively

Converting the anisotropic system to an equivalent isotropic system and taking account of

the effect of partial penetration of the well in this system,
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P, (cwps Ywps Zwps S)with skin

P, Cowps Ywps Zwps S)with skin =

_ hyp 41
" 2L, shyph,psing

2w
shypL,psing

(Foo + Frmo + Fon + Fnn)

(Foo + Frmo + Fon + Fnn)

coshv/s(hyp — 2xyp) +S,V/ssinhv/s(hyp — 2xp) + cosh(\/ghx[,)

LZD LfD

Ep'[SW\/EsinhZ\/E(hxD — Xwp) + 1 + cosh2v/s(h,p — xWD)]

N Vssinhvs(h,p)

i 2L,p sinl(Lsp) cos?(lywp)
Tlsinh T (h,p)

m=1

Fmo = | (coshT(hyp — 2xyp) +S,, TsinhT(hyp — 2xyp) + cosh(Thyp)

B F, [SwTsinh2T(hyp — xyp) + 1 + cosh2T(hyp — xyp)]
TF,sinhT(hyp) + Fp' cosh T (h,p)

[ee)

2 2L¢p sink(L,p) cos®(kzyp)
Rk sinh R(h,p)

n=1

Fon =| (coshR(hyp — 2xyp) +S,RsinhR (h,p — 2xp) + cosh(Rh,p)

D, [SyRsinh2R (hyp — xwp) + 1 + cosh2R (hyp — xyp)]
RD, sinhR(hyp) + Dp' coshR(h,p)

[ & 4cos?(kzyp)sink(L,p) sin I(Lsp) cos?(lywp)
Z Z Qklsinh Q(p) %
n=1m=1

= (coshQ(h,p — 2xyp) +S,,QsinhQ (h,p — 2xyp) + cosh(Qh,p)

Cp'[SWQsinhZQ(hxD — Xwp) + 1+ cosh2Q(h,p — xyp)l
QC,sinhQ(hyp) + Cp' cosh Q(h,p)

Dimensionless pressure at the wellbore becomes;

PWD (xWD' Ywp,ZwDp, s)with skin and wellbore storage

Py, Cwps Ywps Zwp) S with skin

p—
1+ s%Cp Py, (Xwp, Ywps Zwp, S)with skin
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4.3 Line source solution for Naturally Fractured Reservoirs

Everything is the same as section 4.2 except replacing s with sf,(s) and 77,,s with sf, ()

4.4 Type Curves

1E+1

1E+0

t,P/p, dimensionless

L/h=0.02,0.1,0.2,0.5,1

1E-1

1E-2
1

DN

1E3 1E-2 1E1 1E+0 1E+1 1E+2 1E+3 1E+4

tp, dimensionless

Fig. 4.4.1 Effect of partial completion on HF drawdown response in clastic reservoir
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Pp & tpP/p, dimensionless

1E+1

1E+0 1

1E-1 1

1E2

L/h=0.02,0.1,0.2,0.5,1

1E-6 1E-5 1E-4 1E-3 1E-2 1E-1 1E+0 1E+1 1E+2 1E+3 1E+4

tp, dimensionless

Fig. 4.4.2 Effect of partial completion on HF drawdown response in NFR
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tpP/p, dimensionless

1E+1

1E+0 1

1E-1 1

6=10°30°, 60°,90°

1E2
1E-4

1E-3 1E-2 1E-1 1E+0 1E+1 1E+2 1E+3 1E+4

tp, dimensionless

Fig. 4.4.3 Effect of low areal permeability anisotropy on HF drawdown response
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tpP/p, dimensionless

1E+1

1E+0 1

1E-1 A

1E2

6=10°,30°, 60°,90°

1E-4 1E-3 1E-2 1E-1 1E+0 1E+1 1E+2 1E+3 1E+4

tp, dimensionless

Fig. 4.4.4 Effect of high areal permeability anisotropy on HF drawdown response
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4.5 Interpretation Development

Interpretation for long time approximation of the wellbore pressure will be made for

the case where Skin and wellbore storage effects are absent.

Specific Long time Interpretation

- Reservoir Finite in Two Directions

At long times,

B, »—T ____bm (4.5.1)
Shstm'e \/E(l + er\/ Mp)

Taking Inverse Laplace transform,
4L t

tpPh /D Vo (4.5.2)

- X
hyDSlTl9 (1 + er\/ TID)

79



- Reservoir Finite in Three Directions

At long times,

4rLep coshv/s(hyp — xyp)

Fro = 0; Fon = 0; Fpy =0 and P, — ~— X 4.5.3
mo on mn wD ShyDSln9 \/gsu'lh\/g(hxD) ( )
Taking Inverse Laplace transform,
4L t
tpP) > —12 x 2 (4.5.4)

hypsing  hyp

In addition to these direct syntheses, traditional techniques like type curve matching are
also applicable across all reservoir boundary types and the equations 4.2.3, 4.2.6 and 4.2.9 can
be used to generate customizable type curves.

The analysis of clastic reservoir systems above can be extended to NFR.
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4.6 Discussion

The important flow regimes associated with HF include:
Fracture linear flow regime (% slope)

Bilinear flow regime (% slope)

Formation linear flow regime (% slope)

Elliptical flow regime (0.36 slope)

i A wWoNnoE

Pseudo-radial flow regime (0.5 constant value)

For all practical purposes, the fracture linear flow regime is usually too short to be
observed on a pressure test or masked by wellbore storage effects. Moreover, the elliptical
(biradial) flow regime is not always experienced depending on the HF size to reservoir
dimensions.

Similar deductions apply here as in the case of HW in the previous chapter with respect
to well inclination angle, areal permeability anisotropy, reservoir dimension, well position, fault
conductivity and mobility ratio contrast.

As the portion of the fractured well open to flow decreases, the % slope (fracture linear
flow regime) and % slope (bilinear flow regime) transitions might be experienced but when this
fracture height open to flow is very limited, both the fracture linear and bilinear flow regimes
disappear, giving rise to early radial flow regime (constant slope). This indicates that the

hydraulically fractured vertical well can behave as an equivalent HW (see Figs. 4.4.1 and 4.4.2)
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Chapter 5

Vertical Wells

Studies of the effect of partial penetration on the pressure signature produced by wells

in clastic and NFRs abound in literature (Raghavan et al. 1978; Bui et al. 2000) but little exist for

the case of composite reservoirs.

5.1 Dimensionless Transformation

These dimensionless transformations are used in obtaining subsequent point source

solutions.
X
Xp = —
D X
Jy = Vo |k,
p=— |
Xy ky1
. z kx1
p=— |2
xW k21
w
"wp = ——
w
Wr
b= 2xy
h x
xD — Xy
B = h,, kx1
yD —
Xy ky1
o= h,  |kx,
zD —
Xw k21
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(5.1.1)

(5.1.2)

(5.1.3)

(5.1.4)

(5.1.5)

(5.1.6)

(5.1.7)

(5.1.8)



ke, t

tp=0—F7 —3 (5.1.9)
b ¢1ﬂ1Ct1xW2
(p = c (5.1.10)
P 2mn,%0,LC,, A
21xy Ky ks APy 5
= — APy = P -P (5.1.11)
an nf i nf
" Hiq
w, k
Fep =# (5.1.12)
L |ky
Lpp =5— |7— 5.1.13
P 2y kg, ( )
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5.2 Line source solution for Clastic Reservoirs

- Infinite in two directions

The point source solution for a reservoir infinite in two directions is given below.

Py, Cwps Ypr Zps Swith skin

-f (1 + RSW) 1 + e~ 2Rxwp (RDP B DT’ ’) el@Wp-Ywp) dy
2R (RD, +D,)

— 0o

+ z f a+ QSW) cos(kzyp) cos(kzp) {1 + e~2Qxwp ((gccp n Cp))} tw(p-Ywp) dgy

sh,p

n=1 -

(5.2.1)

Converting the point source solution to line source solution by integrating Eqg. 5.2.1 with
respect to (w.r.t.) L,p from Zp-L,p to Zyp + L,p. Taking account of partial penetration of the well
in this system,

_ h,p
Py, (Xwp, Ywpr Zwps S)with skin = f X h (a+p)
zD zD

— 1
Py Cwp, Ywp) Zwp, S)with skin = m(“ +5) (5.2.2)
Z.

f L,p(1+RSy) {1 o 2R (RD, - D, )} o

2R (RD, +D,)
at+tB=| 5 o
1+ QS _ )
_+ nZl J ( Q )COSZ(kZWD) {1 + e~2@xwp ((SC: i))} sin(kL,p) da)_

Dimensionless pressure at the wellbore becomes;

PWD (xWD' Ywp,Zwp, s)with skin and wellbore storage

ﬁWD (Xwps YWD Zwp» S)with skin (5.2.3)

p——
1+ s2Cp Py, (Xwp, Ywp) Zwps Swith skin
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- Finite in two directions

The point source solution for a reservoir finite in two directions is given below.

FWD (Xwp» Yp:Zp) Swith skin = sho-h ——(@+p) (5.2.4)
yD*zD
() s =) |
4v/s (VSE, + E,) |
a = o) ’
(1 + TSW) { —2T (TFP — FP )}
+ ———cos(lywp) cos(lyp){1 + e =" *wp ————=
;1 2T wp b (TF, +F,) J
22 (14 RS,,) ey (RDp = D))
Z Tcos(kZWD) cos(kzp) {1 + e 2R m}
2l e e ak (05~ )
(1 + QSW) _ZQxWD Q p }
_+ nz::l TZ cos(kzyp) cos(kzp) cos(lyyp) cos(lyp) {1 +e (QCp e, ) ‘
a = Foo + Fos B = Fon + Fnn

Converting the point source solution to line source solution by integrating Eq. 5.2.4 with

respect to (w.r.t.) Lp from Z,p-L,p to Zyp + L,p. Taking account of partial penetration of the well

in this system,

Py, Cwps Ywpr Zwps S with skin =
2L,p

Py, OCwps Ywpr Zwps S with skin =

h,p 4n
a+
shthzD ( A)
—— (@+Pp) (5.2.5)
hyDLzD IB

LzD(l + ‘/ESW) {1 + e~ 2Vsxwp (\/_E )} |

2v/s

(&%, +5,)

L,,(1+TS TF, — F,
—ZD( w) cos?(lywp) {1 + e~ 2Txwp —( P L )}J

(TF,+F,)
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[ > (1+RSy,) 5 _arryyy (RD» = D)) 1

. i ;—Rk sink(L,p) cos*(kzyp) {1 +e m} i
> o 2(1 + QSy c —c.

|l+ ; mzl%cosz( kzyp) sink(L,p) cos?(lywp) {1 + e~2Qxwp EZC':?:;H

Dimensionless pressure at the wellbore becomes;

PWD (xWD: YwbprZwb, S)with skin and wellbore storage

Py, Cwps Ywps Zwp) S with skin

—
1+ s%Cp Py, (Xwp, Ywps Zwps S)with skin

86

(5.2.6)



- Finite in three directions

The point source solution for a reservoir finite in three directions is given below.

41

shoph o (Foo + Frno + Fon + Fn) (5.2.7)
yD 1z

Py, Cwps ¥ps Zps Swith skin =

coshv/s(hyp — 2xyp) +S,V/ssinhv/s(hyp — 2xp) + cosh(\/ghx[,)

1
Foo = E, [S,Vssinh2v/s(h,p — x +1 + cosh2vs(hyp — x
00 4ssinhvs(hyp) _E [Sw ( xD ~ Xwp) ’ (hap — Xwp)]
VsE, sinhv/s(hyp) + E, coshs(hyp)
o l ] coshT(h,p — 2xyp) +S, TsinhT(h,p — 2xy,p) + cosh(Thyp)

Fro = z COZ;};‘;:]Z);?:( })]D) 3 F, [SyTsinh2T(hyp — xyp) + 1 + cosh2T(hyp — xyp)]

m=1 xD TF, sinhT(hyp) + F, coshT(hyp)

oo coshR(hyp — 2xyp) +SyyRsinhR (h,p — 2xy,p) + cosh(Rhyp)

cos(kzyp) cos(kzp)
Fon = Z

D, [S,, Rsinh2R (h,p, — x + 1+ cosh2R(h,.p — x
2R sinh R(hp) _ p[ w (hxp wb) (hxp wp)]

RD, sinhR(hyp) + Dp' cosh R(hyp)

i i cos(kzyp) cos(kzp) cos(lyyp) cos(lyp) y
=t = Q sinh Q(hyp)
Fnn = | (coshQ(hyp — 2xyp) +S,,QsinhQ (hyp — 2xp) + cosh(Qhyp)
Cp'[SWQsinhZQ(hxD — xywp) + 1+ cosh2Q(hyp — xywp)]
QC,sinhQ(hyp) + Cp' cosh Q(h,p)

Converting the point source solution to line source solution by integrating Eq. 5.2.7 with

respect to (w.r.t.) L,p from Zp-L,p to Zyp + L,p. Taking account of partial penetration of the well

in this system,

hap T Foo+ o + Fon + Fon)
= X
ZLZD ShyD th 00 mo on mn

Py, Owps Ywpr Zwps S with skin
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_ 2T
Py, Owps Ywpr Zwps S with skin = Tl Top (Foo + Fmo + Fon + Fnn) (5.2.8)
yDLz

L coshvs(hyp — 2xyp) +SyVssinhv/s(hyp — 2xyp) + cosh(Vshyp)

Foo = D E, [SwVssinh2vs(hyp — xywp) + 1 + cosh2vs(hyp — xwp)| ¢
2+/ssinhvs(h,p) | — . ,

\/EEp sinhv/s(h,p) + E, cosh Vs(hyp)

coshT(h,p — 2xyp) +S,, TsinhT(h,p — 2xyp) + cosh(Thyp))]

o 2
Fro = Lzp cos”(lywn) F, [SyTsinh2T(hyp — xyp) + 1 + cosh2T(hyp — xyp)]

T sinhT(h - ;
o= e (hxp) TF,sinhT(hyp) + F, coshT(hyp)

coshR(hyp — 2xyp) +SyyRsinhR (h,p — 2xy,p) + cosh(Rhyp)

[00) 2 .
Fon = 2 cos” (ezwp) sin k(Lzp) D, [SyRsinh2R (hyp — xywp) + 1 + cosh2R (hyp — xyp)]

Rk sinhR(h - ;
n=1 sinh R (hxp) RD, sinhR(hyp) + D, coshR(hyp)

[oe]

Z i 2c0s?(kzyp) sink(L,p) cos?(lyyp) «
Qk sinh Q (hyp)
n=1m=1
Fnn = | (coshQ(hyp — 2xyp) +S,,QsinhQ (h,p — 2xy,p) + cosh(Qh,p)
Cp'[SWQsinhZQ(hxD — Xwp) + 1+ cosh2Q(h,p — xyp)]
QC,sinhQ(hyp) + Cp' cosh Q(h,p)

Dimensionless pressure at the wellbore becomes;

PWD (xWD: YwbprZwb, S)with skin and wellbore storage

ﬁWD Ccwps Ywps Zwps S)with skin (5.2.9)

p—
1+ s2Cp Py, (Xwp, Ywp:r Zwps Swith skin
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5.3 Line source solution for Naturally Fractured Reservoirs

Everything is the same as section 5.2 except replacing s with sf,(s) and 77,,s with sf, (is)

5.4 Type Curves

1E+1

1E+0 1/h=0.02,0.1,0.2,0.5,1

t,P/p, dimensionless

1E1
1E-4 1E-3 1E-2 1E-1 1E+0 1E+1 1E+2

tp, dimensionless

Fig. 5.4.1 Effect of partial completion on vertical well drawdown response
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t,P/p, dimensionless

1E+1

1E+0

1E-1

Ywp =(0.875 0r0.125)h,, (0.25 or 0.75)h,p,, 0.5h,;

1E-4 1E-3 1E2 1E-1 1E+0 1E+1 1E+2 1E+3

tp, dimensionless

Fig. 5.4.2 Effect of y-distance of vertical well to boundary on drawdown response
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t,P/p, dimensionless

1E+2
1E+1 A
Zwp = (0.875 or 0.125)h;p, (0.25 or 0.75)h,p, 0.5h;,
1E+0 A
v
Fep=1e-11
k= 1
1E-1
1E-4 1E-3 1E-2 1E-1 1E+0 1E+1 1E+2 1E+3

tp, dimensionless

Fig. 5.4.3 Effect of z-distance of vertical well to boundary on drawdown response
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5.5 Interpretation Development

Interpretation for long time approximation of the wellbore pressure will be made for

the case where Skin and wellbore storage effects are absent.

Specific Long time Interpretation

- Reservoir Finite in Two Directions

At long times,

2 2n y 1
ﬁ
e ShyD \/E(l + er\/ nD)

(5.5.1)

Taking Inverse Laplace transform,

2Vm Vip
X
hyD (1 + er\/U_D)

tDPé BN (5.5.2)

- Reservoir Finite in Three Directions

At long times,

2m 8 coshv/s(h,p — Xiwp)
shyp Vssinhv/s(h,p)

(5.5.3)

Fmo = 0; Fop = 0; Fpp >0 and P, -

Taking Inverse Laplace transform,

21 t
tpPh — — x b (5.5.4)
hyD hxD
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In addition to these syntheses, traditional techniques like type curve matching are also
applicable across all reservoir boundary types. The equations 5.2.3, 5.2.6 and 5.2.9 can be
used to generate customizable type curves and the analysis of clastic reservoir systems above

can be extended to NFR.

5.6 Discussion

Apart from the flow regimes unique to vertical wells, it has similar pressure signature to
that of HF. The smaller the portion of the well open to flow, the more the early linear flow
regime (% slope) deforms to spherical flow (-2 slope) since the producing interval now behaves

like a point source (see Fig. 5.4.1).
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Chapter 6

Interference Testing

Interference test has proven to be a good reservoir characterization tool from which the
average areal transmissivity, storativity, and degree of communication between wells could be
obtained.

Despite the documented success of horizontal wells as producers, little is known about
its behaviour as observers, let alone in composite reservoir systems.

Chen et al. (1984), Malekzadeh et al. (1991), Brown et al. (1991), Malekzadeh (1992), Al-
Khamis et al. (2001), Houali et al. (2005), Al-Khamis et al. (2005) and Awotunde et al. (2008) are
among the few who have researched interference testing both in clastic and NFRs.

Hence, this study shall not re-invent the wheel but state in few words outstanding
observations made that has never been documented before. In this study, the following

dimensionless quantity is given below

producer V1

L k 1
Lyp = Lgp = ZLObSﬂJCOS2 0+ k—xlsin2 0 = E\/cos2 6 + v, sin? 6 (6.1)

Converting to they plane, Lyor Lgp becomes Lypsin’or Lgpsing’

This might be used interchangeably for convenience purposes
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6.1 Line source solution for Clastic Reservoirs

- Infinite in two directions

The point source solution for a reservoir infinite in two directions is given below.

FDZ (xp,¥p, k,5)

v eRi(xp—xwp)
J el 0p-Ywpldy
1 J RD,+D,
shzp 27 eQUxp—xwp)
+ 2 f 2 cos(kzp) cos(kzyp) ————— e @Op-Ywp) dg
QCP +C,
L. n=1-w
(i) Horizontal Wells

(6.1.1)

Converting the point source solution to line source solution by integrating (6.1.1) with

respect to (w.r.t.) L,p from Y/WD— Lstine/ to Y/WD + Lstine/

Converting the anisotropic system to an equivalent isotropic system,

Py, (Xp,¥p,Zp,S) = m

(a+B)

[00]
1 eR1(*p—*wp)

@ RD,+D,

a+p= -

n=1

0 ® 2
+2 szOS(kZD) cos(kzyp)

(v,
e!®Owp=ywp) sin(wLyD) dw

e Q1 (Xxp=xwp)

Qc, + ¢,
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el@Owp=ywp) sin(wLyD) dw




At the Observation well,
) / / / _
P, (xWD'yWD'ZWD'S) sthsme g @+p)

[oe]

/
1 _Rl(xWD"'xWD) i
—e—,el“’(yéVD_yWD) sin(wLyp ) dw
w RD,+D,
atf= o o -
2 e -Q1(Xyp+xwp) /
+ 2 J — kZWD cos(szD)—,e”"(yWD_J’WD) sin(wLyD) dw
a) QCp + ¢,
L n=1_—_c
(ii) Hydraulically Fractured Vertical Wells

(6.1.2)

Converting the point source solution to line source solution by integrating (6.1.1) w.r.t.

(Lipand Lyp ) from Y/WD— Lstine/ to Y/WD + Lstine/and Z/WD —Lpto Z/WD + L,p respectively.

Taking account the effect of partial penetration of the well in this system,

th
2L,p sthsmH

PD2 (XD,yD,ZD,S)

(a+p)

_ 2
PDZ (xD'yD'ZD's) stDSLnO( +ﬁ)

0
Ry(xp—xwp)
w RDP + D,
a+p = %

wk Qc,+¢,

n=1-
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© 7 2 eQi(xp—xwp) .
+ 2 f ——— —cos(kzyp) cos (kZI{VD) el ©Wyp=ywp) sin(waD) sin(kL,p) dw




At the Observation well,

_ 2
Py, (xxﬂm'yxﬁm'zxﬁmﬁ) = stDsme( a+p) (6.1.3)

/
L e_Rl(xWD+xWD) i /
2 elwOwpywp) sin(a)LfD) dw
w RD,+D,
a+p= w o
ﬁ i 2 _Ql(xWD+xWD) / , / . i
+ Z f o o 0, + C cos(kzyp) cos (kZWD) e!®Owp=ywp) sm(waD) sin(kL,p) dw
n=1-—c i

(iii) Vertical Wells

Converting the point source solution to line source solution by integrating (6.1.1) with

respect to (w.r.t.) Lp from Z/WD—LZ[, to Z/WD + Lp

Taking account the effect of partial penetration of the well in this system,

— h,p
P ) ) ) = +
p2 (XD, YD, 2p,S) = 2L, Shz (a+p)
sz (xp,¥p,2p,s) =
v eRilxp—xwp)
'[ZLzD—r etop-ywn)d
RD, + D,
a+p= w o e
/ e (p—xwp) ( )
+2 f4cos kz cos(kz sin(kL,p) ———e'®Wp-Ywb)dg
2, (Kzfyp ) cosCeziy p) sin o) {0c 70
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At the Observation well,

PDZ

a+p=

(

/

2

n=

/
Xwp yWD' ZwprS

1-

J 2L,p

— 00

f4cos kZWD cos(kzyp) sin(kL,p)

e _Rl(xWD +Xwp)

RD, + D,
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: /
elw(yWD_YWD)dw

k[Qc, + ¢,

e ~Q1 (fyp+xwp)

; /
elw(yWD_yWD)da)

(6.1.4)



a =

- Finite in two directions

Py,

The point source solution for a reservoir finite in two directions is given below.

— (@+p) (6.1.5)

(Xp,¥p,2p,s) =
D' YD Zp hthzD

/S0 x0=2wn) z eTi0=%wd) cos(lyyp) cos(yp)
2(VsE, + ) (TF, +F,)

eR1(xp—xwp)
Z( cos(kzD) cos(kzyp)

2 & 2 Q1(xp—xwp)
+ Z Zl (eQC . ) cos(kzp) cos(kzyp) cos(lyywp) cos(lyD)‘

a = Foo + Finos B = Fon + Fnn

(i) Horizontal Wells

Converting the point source solution to line source solution by integrating (6.1.5) with

respect to (w.r.t.) L,p from Y/WD— Lstine/ to Y/WD + Lstine/

]_)DZ (Xp,¥p,2p,s) =

Converting the anisotropic system to an equivalent isotropic system,

(a+p)

hthzDSl né

LyDe«/%(xD—xWD) i 2eTp=2wp) sin I(L,) cos(lywp) cos (ly‘ﬁ,D)

(VSE, + E,) I(TF,+F,)

m=1
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2LyDeR1(xD_xWD)
- cos(kzp) cos(kz
Z (ho 55y <ostken) cosCizun)

2 — 4_eQ1(xD xWD)
+ z 2 ————  cos(kzp) cos(kzyp) sin l(LyD) cos(lyyp) cos (lyWD)
=1m=1 l(QC P )

At the Observation well,

— 4m
/ /o
= 6.1.6
P, (xWD'yWD'ZWD'S) shy,ph,psind (a+8) ( )

L De_\/%(x!//VD"'xWD) © 2~y +wD) sin l(LyD) cos(lyyp) cos (lyv/vn)
(VSE, + E,) Z I(TF,+F,)

m=1

i 2LyDe_R1(x]//VD+xWD)

(D, +0,) cos (kz]ﬁ,D) cos(kzyp)

n=1

ot 4e_Q1(xWD+xWD)
+ Z Z l(QC T ) cos (kZI{VD) cos(kzyp) sin l(LyD) cos(lyyp) cos (lyv/vn)

|
|
|
|
J

)
I
—_—————————

(ii) Hydraulically Fractured Vertical Wells

Converting the point source solution to line source solution by integrating (6.1.5) w.r.t.

(Lipand Lp ) from Y/WD— LstinG/ to Y/WD + LstinG/and Z/WD —Lpto Z/WD + L,p respectively.

Taking account the effect of partial penetration of the well in this system,

h,p 4m
2L,p  shyph,psing

(a+p)

PDz (xp,¥p,zp,s) =

(a+p)

}_)Dz (xp,¥p,zp,s) = m
y
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_ZLZDLfDe\/%(XD—XWD) % 4L,p sin l(LfD) cos(lyyp) cos (lng/D) eTi(*xp=xwp)
«- Ny ,
(VSE, + E,) i (TF, +F,)
= / eR1(xp=xwp) ]
4L¢p sink(L,p) cos(kz cos | kz _
Zl po 5 k(L) cosCrn) 05 (ke )35 |
b= > Q1(xp—xwp)
+ Z 2 8 cos(kzyp) cos (kzé,D) sink(L,p) sinl(Lgp ) cos(lywp) cos (ly‘ﬁm) ki—l
== (Qc, +¢,)]

At the Observation well,

_ 2w
/ /)
P ) ) ) —(a+pB 6.1.7

D2 (xWD YwprZwp 5) shyDLzDsmt?( ) ( )

—2L2DLfDe_\/%(x!//VD+xWD) i 4L,p sinl(Lsp) cos(lywp) cos (lng/D) e~ Ti(lyp+xwp)

a= . ,

(VSE, + E,) i I(TF,+F,)
i 4L¢p sink(L,p) cos(kzyp) cos (kz/ ) e_Rl(x{NDHWD) + ]
fD zD wD wp) ST~
_ = k(RD, +D,)

Pole & ~Q1 (X} p+xwp)
Z Z 8 cos(kzyp) cos (kz!, ) sink(L,p) sinl(Lgp ) cos(lyyp) cos (ly/ )&l
Lo L ( WD) ( WD zD 'fD WD WD kl(QCp + Cpr) J

(iii) Vertical Wells
Converting the point source solution to line source solution by integrating (6.1.5) with

respect to (w.r.t.) Lp from Z/WD— L,p to Z/WD + Lp

Taking account the effect of partial penetration of the well in this system,
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h,p 41

PDZ (xp,¥p,zp,s) = 2,0 xshth D(a'i'ﬁ)
z 4

_ 21

PD2 (xDlyDJZDJS) h I ((1+ﬂ)
yD*~zD

1, e/s (0 =xwp) N i 2L,peT1Co=*wp) cos(lyy, p) cos(lyp)
(\/EEP + Ep!) m=1 (TFP T )

[ 2, 2eR1(xp=xwp) / _
Z k(RD—_l_Dp,) cos (kZWD) cos(kzyp) sin(kL,p) }
k= 2 — 4_eQ1(xD Xwp) / .

+ z 2 k(QC T ) ———cos (szD) cos(kzyp) cos(lyyp) cos(lyp) sin(kL,p)

=1m=1

At the Observation well,

Py, (xlfVD'ylﬁlD'Z]{VD's) = Sho L ——(@+p) (6.1.8)
yDYzD
De_\/%(xl//VD"'xWD) i 2L2De‘T1(xl//VD+xWD) cos(lyyp) cos (ly‘{,,D)
a= ; ;
(\/EEP+EP) m=1 (TFP+FP)
i Ze_Rl(x‘/”DerWD) cos (kz/ )cos(kz )sin(kL,p) ]
k(RD, +D,) wp wp 2

B = [ee] [0¢]

+ Z 2 te Ql(xWD+xWD) cos (kz]{VD) cos(kzyp) cos(lyyp) cos (lyv/vn) sin(kL,p) |

L =1m=1 k QCP + CP) J
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- Finite in three directions

The point source solution for a reservoir finite in three directions is given below.

_ 4

Py, (xp,¥p, Zp,s) =W(Too + Frno + Fon + Fnn) (6.1.9)
S yD*'zD

£y coshvs(hyp — xyp) [e\/%xl’ + e_\/%(xD"'thD)]

B 2[VsE, sinhvs(hyp) + E, cosh(Vshyp)]

Fo= z cos(lywp) cos(lyp) COS,hT(hxD — Xwp) [eT%D 4 ¢~Ti(xD+2hxp)]
TF,sinhT(hyp) + F,, cosh(Thyp)

[ee)

Fy, = 2 cos(kzp) cos(kzyp) cos’hR(hxD — Xwp) [P 4 o~ Fa(xp+2a)]
RD, sinhR(hyp) + D, cosh(Rh,p)

2 cos(lywp) cos(lyp) cos(kzp) cos(kzyp) coshQ(h,p — xywp) N

Fon = 2 2 QC,sinhQ(hyp) + Cp' cosh(Qh,p)
n=1m=1 [eQ*D 4 e_Ql(xD+2hxD)]
(i) Horizontal Wells

Converting the point source solution to line source solution by integrating (6.1.9) with

respect to (w.r.t.) L,p from Y/WD- LstinG/ to Y/WD + LstinG/

Converting the anisotropic system to an equivalent isotropic system,

4T

P,, (xp,Yp,2p,S) = W (Foo + Frmo + Fon + Fnn)

103



Lyp coshv/'s(hyp = Xyp) [eV50%D 4 ¢~/ +2haD)]

F
00 = \/_E sinhv/s(h,p) + E, cosh(\/_hxD)]
>, 2sin l(L D) cos(lyyp) cos (ly/ ) coshT (h,p — xyp)
Fono = z Y W,D * [eTlxD + e—T1(xD+2hxD)]
U[TF, sinhT (hyp) + F, cosh(Thyp)]

- 2 2Lyp cos(k.zD) cos(kzyp) c’oshR(hxD — Xwp) [eFi%D 4 g ~Ratp+2hen)]
RD, sinhR(hyp) + D, cosh(Rh,p)

n=1
T i i 4 sin l(LyD) cos(lyyp) cos (lyIﬁ,D) cos(kzp) cos(kzyp) coshQ(hyp — Xwp) fe@utn
= , 7 X [e“1
Lo 1[Qc, sinhQ(hyp) + C, cosh(Qhyp)]
+ e—Q1(xD+2hxD)]

At the Observation well,

Pos (Xlyor ¥yor 2lyr) = e (Foo + Fomo + Fon + Fonn) (6.1.10)

p2 \*wp' Ywpr Zwp shyph,psind m nt Smn

Lyp coshvs(hyp — Xiwp) e_‘/%x‘//”’ +e—\/%(2hxn—x1//vo)]
\/_E smh\/_(hxD)+E COSh(\/—hxD)]

TOO

2, 2sinl(L l Ly, hT (hyp —
Foo= z sin{( YD)COS_( Ywp) COS( yWID)COS (hxp — Xwp) [e—Tlx{,,,D +e—T1(2hxD—x1//VD)]
U[TF, sinhT (hyp) + F, cosh(Thyp)]

> 2Lyp cos (kz]ﬁ,D) cos(kzyp) coshR(h,p — xyp)

“R,x! Ry (2hxp=x{yp)
F, — 2 _ RleD + 1 xD~XwD
on ] RD, sinhR(hyp) + D, cosh(Rhyp) le ¢ |
o i i 4 sin l(LyD) cos(lyyp) cos (lylﬁ,D) cos (kz‘fw) cos(kzyp) coshQ(h,p — xyp)
mn [[QC, sinhQ (hyp) + Cp' cosh(Qhyp)]

x [e—le]//VD + e—Q1(2hxD—x1//VD)]
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(ii) Hydraulically Fractured Vertical Wells
Converting the point source solution to line source solution by integrating (6.1.9) w.r.t.
(Lipand Lp ) from Y/WD— LstinG/ to Y/WD + LstinG/and Z/WD —Lpto Z/WD + L,p respectively.
Taking account the effect of partial penetration of the well in this system,

h,p 2m
2L,p  shyph,psing

1_3D2 (xp,¥p, 2p,s) = (Foo + Frmo + Fon + Fnn)

_ 2T
Py, (xp,¥p,zp,s) = S

——————— (Foo + Frno + Fon + F
hyDLzDsinO( 00 mo on mn)

B 2L,pLsp coshvs(hyp — Xywp)
\/EEp sinhvs(h,p) + Ep' cosh(\/ghx[,)

[e\/%xn + e—\/%(xpﬁhxp)]

[oe]

4L,p sin l(LfD) cos(lyyp) cos (lylﬁ,D) coshT(hyp — Xyp)
Fro= ,
mo U[TF, sinhT (hyp) + F, cosh(Thyp)]

[eTlxD + e_Tl(xD+2hxD)]

[ee)

4L¢p sink(L,p) cos(kzyp) cos (kz]{VD) coshR(hyp — xwp)
Fon= ). ,
on k[RD, sinhR(hyp) + D, cosh(Rhyp)]

[eR1*D 4 e~ Ri(xp+2hxp)]

n=1
Tmn
o o 8cos(kzyp)cos (kz]ﬁ,D) sink(L,p) sin l(LfD) cos(lyyp) cos (lylﬁ,D) coshQ(h,p — xwp)
7 X

= Z Z kl[QC, sinhQ(hyp) + C, cosh(Qhyp)]

n=1m=1 [eQ1XD + e—Q1(xD+2hxD)]

At the Observation well,
Byy (Xlyps Vi 24 s):z—”(f + Frio + Fon + Frn) (6.1.11)

p2 \*wp' Ywp» Zwp> shypLypsin® 00 mo on T Smn 1.

_ 2LypLygp coshvs(hyp — xyp)
VSE, sinhv/s(h,p) + E, cosh(vVshyp)

[e=S10%Wp 4 ¢V S’“’(Zh’“’_xé"’))]

TOO
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[oe]

T z 4L,p sinl(Lgp) cos(lywp) cos (lylﬁ,D) coshT (hyp — xyp) [ ity 4 1,2 D_x]//VD)]
= y e wD 4 ¢ *
mo U[TF, sinhT (hyp) + F, cosh(Thyp)]

m=1

> 4L¢p sink(L,p) cos(kzyp) cos (kz]{VD) coshR(hyp — xwp)

TOTL = - [e_Rlxi//VD + e—Rl(thD—x‘//VD)]
= k[RD, sinhR(hyp) + D, cosh(Rhyp)]
Tmn
o o 8cos(kzyp)cos (kz]ﬁ,D) sink(L,p) sin l(LfD) cos(lyyp) cos (lylﬁ,D) coshQ(h,p — xywp)
7 X
= Z Z kl[QC, sinhQ(hyp) + C, cosh(Qhyp)]
n=1m=1

[e_lel//VD + e—Q1(2hxD—x1//|/D)]

(iii) Vertical Wells

Converting the point source solution to line source solution by integrating (6.1.5) with

respect to (w.r.t.) Lp from Z/WD—LZ[, to Z/WD + Lp

Taking account the effect of partial penetration of the well in this system,

h,p 41

FDZ (xp,¥p,zp,s) = T xsh T D(Too'*'Tmo + Fon + Fnn)
z yD1lz

_ 2m
Py, (xp,¥p,2p,s) = ————(Foo + Fmo + Fon + Fnn)
shypL,p

L,p COSh\/g(hxD — Xwp)

— ’ [e\/%xn + e—\/%(xpﬁhxp)]
[\/EEp sinhv/s(h,p) + E, cosh(\/ghx[,)]

F o= Z 2L,p cos(lywp) cos(lyp) coshT (hyp — xyp) [T 4 o~ (D +2ep)]

TF, sinhT (hyp) + Fp' cosh(Th,p)
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2 cos szD cos(kzyp) sin(kL,p) coshR(h,p — Xyp) oo ¢ e—R1(xD+2hxD)]

k[RD, sinhR(hyp) + D, "cosh(Rh,p)]

n=1
o o 4cos(lyyp)cos(lyp) cos (kz]{VD) cos(kzyp) sin(kL,p) coshQ(hyp — xyp)
: X
Fon = z z k[QC, sinhQ(hyp) + C, cosh(Qhyp)]
n=1m=1 [texD + e—Q1(xD+2hxD)]

At the Observation well,

2m

Py, (xévn»ygvn»zévp's) = W(Too + Fimo + Fon + Finn)
yD*~zD

_ L,p coshv/s(hyp - Xwp) [e_\/%xl//VD N e_\/%(ZhXD_xl//VD)]
[VSE, sinhv/s(hyp) + E, cosh(vshyp)]

o / —
i Z 2L,p COS(ZY]'/VD) cos (IYWD)’COShT(hxD Xwp) [e_Tlx‘//VD N e_Tl(thD_x‘//VD)]
| TF, sinhT (hyp) + F, cosh(Thyp)

= 3 2o (s cosn) il o) ot ), o)
k[RD, sinhR(hyp) + D, "cosh(Rh,p)]

n=1

o o 4cos(lyyp)cos (ly‘{VD) cos (kz]ﬁ,D) cos(kzyp) sin(kL,p) coshQ(h,p — xwp) y
= Z Z k[QC, sinhQ(hyp) + Cp' cosh(Qhyp)]

n=1m=1 [e_le‘//VD + e_Ql(thD_x‘//VD)]
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6.2 Line source solution for Naturally Fractured Reservoirs

Everything is the same as section 6.1 except replacing s with sf,(s) and 77,,s with sf, ()

6.3 Type Curves

1E+2 X'wo/Xwp=0.1, 0.3, 0.5, 0.8, 1

1E+1 1

1E+0 1

1E-1 A

Pp & P/p, Dimensionless

1E-2

1E-3 1

1E2 1E1 1E+0 1E+1 1E+2 1E+3 1E+4

1E-4

tp, Dimensionless

Fig. 6.3.1 Effect of observer distance from fault on observer drawdown response

The figure above shows the effect of changing the observer distance to the fault while
keeping the producer distance to the fault constant. The result makes sense because the closer

the producer is to the observer, the greater the drawdown experienced by the observer.
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1E+2 Xwo/X/\yp=0.1, 0.3, 0.5, 0.8, 1

1E+1

1E+0

1E-1

Pp & P/p, Dimensionless

1E-2

1E-3 1

1E-2 1E-1 1E+0 1E+1 1E+2 1E+3 1E+4

1E-4

tp, Dimensionless

Fig. 6.3.2 Effect of producer distance from fault on observer drawdown response

The figure above shows the effect of changing the producer distance to the fault while
keeping the observer distance to the fault constant. A similar phenomenon is observed here as

that of the previous figure.
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1E+3

162 Y/wp=0.5hyp (0.250r 0.75)h,;, (0.875 or 0.125)h,

1E+1

1E+0 1

Pp & P/p, Dimensionless

1E-1

1E-2 1

1E-3

1E-4

1E1 1E+0 1E+1 1E+2 1E+3 1E+4 1E+5 1E+6 1E+7

tp, Dimensionless

Fig. 6.3.3 Observer y-distance from boundary on observer drawdown response

This figure depicts the effect of observer distance to reservoir boundary along y-
direction while keeping the producer at the middle of the reservoir vertically. The result is that
the farther the observer is from the middle of the reservoir the lower pressure drop it
experiences because it will take a longer time for the disturbance caused by the producer to be

propagated to the observer.

110



1E+3

Ywp=0.5h,p, (0.250r 0.75)h,p, (0.875 or 0.125)h,,

1E+2

1E+1

1E+0 1

Pp & P/p, Dimensionless

1E-1 4

1E-2 1

1E-3

Fep=1e-2
k=1

1E-4
1E-1 1E+0 1E+1 1E+2 1E+3 1E+4 1E+5 1E+6 1E+7

tp, Dimensionless

Fig. 6.3.4 Producer y-distance from boundary on observer drawdown response

The figure above illustrates the effect of producer distance to reservoir boundary along
y-direction while keeping the observer at the middle of the reservoir vertically. The result is

similar to that of Fig.6.3.3.
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Pp & P/p, Dimensionless

1E+5
1E+4 A
1E+3
1E+2 A
1E+1
/\ /

1E-1 1

1E+0

1E2 1

1E-3

1E-4

Lproducer,ft =2000,1000,500

1E1

1E+0 1E+1 1E+2 1E+3 1E+4

tp, Dimensionless

Fig. 6.3.5 Producer length effect on observer response in closed reservoir system
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Pp & P/p, Dimensionless

1E+1

1E+0

1E-1 1

1E-2

1E3 1

1E-4

Lproducer,ft =2000, 1000,500

<

1E1

1E+0 1E+1 1E+2 1E+3

tp, Dimensionless

Fig. 6.3.6 Producer length effect on observer response in infinite reservoir system
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Pp & P/p, Dimensionless

1E+4

1E+3

1E+2

1E+1

1E+0

1E-1

1E-2

1E3

Lobserver,ft = 2000,1000, 500

1E-1

1E+0 1E+1 1E+2

tp, Dimensionless

Fig. 6.3.7 Observer length effect on observer response in closed reservoir system
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Pp & P/p, Dimensionless

1E+1 4

1E+0

1E-1 A

1E2 1

1E-3 1

1E-4

Lobserver,ft = 2000,1000, 500
1E-1 1E+0 1E+1 1E+2 1E+3

tp, Dimensionless

Fig. 6.3.8 Observer length effect on observer response in infinite reservoir system
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Pp & P/p, Dimensionless

1E+5

1E+4

1E+3

1E+2

1E+1

1E+0 1

1E-1 A

1E-2 1

1E-3 1

1E4 A

1E-5

kx=1, 4,16, 64,100

Fep=1le2
Xwp=X/wp=1

1E-2 1E-1 1E+0 1E+1 1E+2 1E+3

tp, Dimensionless

Fig. 6.3.9 Effect of k, contrast in closed reservoir system (Il > |)
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Fig. 6.3.10 Effect of k, contrast in closed reservoir system (I > Il)
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Fig. 6.3.11 Effect of k, contrast in reservoir finite in two directions (Il > I)
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Fig. 6.3.12 Effect of k, contrast in reservoir finite in two directions (I > Il)
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Fig. 6.3.13 Effect of k, contrast in reservoir finite in two directions (Il > 1)
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Fig. 6.3.14 Effect of k, contrast in reservoir finite in two directions (I > 1)
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Fig. 6.3.15 Effect of k, contrast in reservoir finite in two directions (I > Il)
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Fig. 6.3.16 Effect of partial communicating fault in closed reservoir system
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Fig. 6.3.17 Effect of partial communicating fault in reservoir finite in two directions

124

1E+7



Pp & P/p, Dimensionless

1E+1 4

1E+0

1E-1 A

1E2 1

1E-3 1

1E-4

Fcp=1e-4,1e-5,1e-6

1E-1

1E+0 1E+1 1E+2 1E+3 1E+4

tp, Dimensionless

Fig. 6.3.18 Effect of partial communicating fault in reservoir infinite in two directions
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Fig. 6.3.19 Effect of superconducting fault in closed reservoir system
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Fig. 6.3.20 Effect of superconducting fault in reservoir finite in two directions
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Fig. 6.3.21 Effect of superconducting fault in reservoir infinite in two directions
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6.4 Interpretation Development

Interpretation for long time approximation of the wellbore pressure will be made for
the case where Skin and wellbore storage effects are absent and horizontal wells shall be the

focus in this development.
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Fig. 6.4.1 Schematic interpretation curve for reservoir infinite in two directions
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Specific Long time Interpretation
From Fig. 6.4.1
- Reservoir Finite in Two Directions

At long times,

P 2 Lyp (6.4.1)
- e 8
o2 ShyDSing \/E(l + er\/%)
Taking Inverse Laplace transform,
N 1
Py - D (6.4.2)
hthzDSlne \/5(1 + er\/ 771_))
8Vl t
»D Vo (6.4.3)

PD - - X
hyph,psin® (1 + krx\/Tp)

Considering the point of intersection between the long time pressure derivative and

pressure lines by equating (6.4.2) and (6.4.3),

- 6.4.4
3 (6.4.4)

From Eq. 6.4.4,

k., L2

=— where L = Length of producer (6.4.5)
Qlﬂl Ctl th

From Eq. 6.4.3, the pressure at the point of intersection becomes

8VTLyp 1
PDX il - X
hyphapsing V21 + kpe/n))

(6.4.6)
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From the equation above,

— X X -1

ka Q)Z”z CtZ _ LLyDQMl E
kxl Q)lﬂl Ctl hyhzkxlsine(APx) T

- Reservoir Finite in Three Directions

At long times,

_ 21Lyp coshv/s(hyp — Xyp)

N

P — X
P2 shyph,psind Vs sinhv/s(hyp)

Taking Inverse Laplace transform,

P’ 27TLyD
P shyphyph,psing
2nL,pt
PD 5 yD“D '
shyphyph,psing

(6.4.7)

(6.4.8)

(6.4.9)

(6.4.10)

Considering the point of intersection between the long time pressure derivative and

pressure lines by equating (6.4.9) and (6.4.10),
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From Eq. 6.4.11,

kye — L?
=— where L = Length of producer (6.4.12)
Qlﬂlctl Uy
From Eq. 6.4.9,
@,Cs1Sin6 _ q (6.4.13)
Lyp hyhyh, (AP, )

In addition to these direct syntheses, traditional techniques like type curve matching are
also applicable across all reservoir boundary types and the analysis of clastic reservoir systems
above can be extended to NFR.

However, it is important to note that the main drawback to using the unique point of
intersection between the long time approximations of the drawdown and derivative responses
is that the interference test should at least be conducted long enough till the boundary effects

are felt by the observer.
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6.5 Discussion

As noted by Al-Khamis et al. (2001), horizontal well interference test introduce features
and issues requiring specific procedures for evaluation and analysis. It is important to note that
the observer’s first flow regime does not necessarily have to be pseudo-radial but depends on
the reservoir size and worthy of note is that for all practical purpose, the observer drawdown is
independent of well orientation angle.

From Figs. 6.3.1 and 6.3.2, the observer drawdown response depends solely on the
producer distance from observer along x-direction and not on the distance of either of them
from the fault. Yaxley (1987) who noted that observer drawdown response depended solely
on producer distance from fault and not on fault position did not investigate the effect of
observer distance to fault. Similarly, the observer pressure response is only affected by the
distance between both wells along the y-direction (see Figs. 6.3.3 and 6.3.4). However, it is
noted that the position of either well vertically does not affect the observer drawdown
response — this being as a result of the time required for pressure wave caused by producer to
get to observer, since the first flow in horizontal wells is in the vertical plane.

From the ongoing discussion, one can confidently assert that the time to reach the peak
of the observer pressure derivative profile is independent of individual well position and rather
depends on the distance between both observer and producer.

Considering the effect of well length, it is observed that the observer drawdown
response is dependent on both observer and producer lengths (see Figs. 6.3.5, 6.3.6, 6.3.7 and
6.3.8). This is expected since a longer producer causes more drawdown response on the
producer and a similar thing happens for a longer observer since this means that more of the
disturbance created by the producer will now be felt by the observer.

However, there exists a distinction in the effect of both length increases. Increasing the
observer length does not affect the flow regimes but increasing the producer length hastens
observer pseudo-radial flow regime where this is the first flow regime encountered. This is in
partial agreement with that of Awotunde et al. (2008) since they noted that increasing observer

length delays observer pseudo-radial flow regime.
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Although ks, ky,, and k, contrast in both compartments affect observer pressure
response, not all affect the flow regimes (see Figs. 6.3.9, 6.3.10, 6.3.11, 6.3.12, 6.3.13, 6.3.14
and 6.3.15). When k,, is greater than k,1, there is no change in observer drawdown response;
however, the greater the k,; compared to k,,, there is a higher observer drawdown response
and as the k, contrast between both compartments increase, there is a lower observer
drawdown response. It is only k, contrast that affects flow regimes; the more k,; is greater
than k,, the later the time to reach peak of derivative plot and vice versa.

Yaxley (1987) showed that partial communicating fault attenuates observer drawdown
response relative to the no-fault case meaning that less of the fluid in observer compartment
gets across the fault to the producer; hence, an apparent smaller reservoir size and this is
confirmed in Figs. 6.3.16, 6.3.17 and 6.3.18. However, from Figs. 6.3.19, 6.3.20 and 6.3.21 as
the fault conducts more fluid across, there exists a decrease in drawdown response relative to

the no-fault case.
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Chapter 7

Conclusion and Recommendation

7.1 Conclusions

A composite reservoir is one with multiple lateral compartments; each having distinct
rock and fluid properties separated by geologic discontinuities. Point source solutions in this
reservoir system are important especially in Repeat Formation Testing or Modular Dual Testing
and for the first time, point source solutions for producers and observers under various
reservoir boundary conditions in composite reservoir systems are documented as shown in
Tables 7.1.1 and 7.1.2.

In this study, a customizable 3D point source semi-analytical solution for drawdown
response in composite systems separated by a leaky fault is developed; this solution is then
converted to a line source for horizontal and vertical wells and plane source for hydraulically
fractured wells by integration, while treating the leaky fault as a thin finite conductivity fracture
separating two reservoirs with different rock properties. This customizable solution is
implemented using a simple computer program, which can generate type curves in a
computationally cheap and effective manner.

The pressure signatures obtained reveal that the drawdown response is a convoluted
relationship between rock and fluid properties from both compartments and the semi-
permeable medium. Similar conclusion holds for interference testing and for the first time, it is
noted that the intersection time between the long-time approximation of both observer
pressure drawdown and observer pressure derivative is unique; from which producer hydraulic
diffusivity could be obtained.

Simulation and field data validates this model and for the first time, direct synthesis of
reservoir parameters from the resulting 3D semi-analytical solution under various boundary
conditions is obtained — most of which are iterative dependants on other parameters or
themselves. From the resulting type curves, it is observed that there exists a parameter cutoff

that would register on the pressure signature observed.
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Table 7.1.1 Producer point source solution for composite clastic reservoir

BOUNDARY POINT SOURCE SOLUTION
Py, Cewp, Y0, Zp, Swith skin
| f w{l + e~ 2Rxwp ( Dy = Dy )} iwWp-Ywb) d¢y ]l
Infinite in 1 J 2R (RD +D ) |
two directions | sh,p |

I
.-
|+ (1+Qsy) 20k {1+ —2Qxwp (QC — G )} iw(p-ywp) d
O3 el A TR T "l

Finite in

two directions

P, Gwp, ¥p, Zp, with skin = h h ——(@+p)
yDzD

Lo {1 + e~ 2Vsxwp (VeE, = Fy )} ]
4s (VSE, + E,) |
a= o
(1+TSy) —2Txyp (TF - )}
+ mzzl 7 cos(lywp) cos(lyp) {1 +e (TFp F, ) J
= (1 + RSy RD, - D,
Z QA +RSW) +2R )COSZ(kZWD) {1 + e72Rxwp —ERDP D % ]l
B=] « =
(1+Qsw) { gy (@Cp =
+ —cos (kzwp) cos(lyyp) cos(lyp) {1 + e~ 2Qxwp —— — =
_ nzlmzzl wD WD D (@, + C )

Finite in

three directions

—(7:00 + Fino + Fon + Fnn)
hthzD

coshv/'s(hyp — 2xyp) +SyVssinhVs(hyep — 2xyp) + cosh(Vshyp)
E, [Sw/ssinh2vs(hyp — xwp) + 1 + cosh2vs(hyp — xwp)]
- VSE, sinhvs(hyp) + E, coshv/s(hyp)
oo cos(lyp) cos(lyp) coshT,(hxD - 2xyp) +Sy TsinhT(hyp — 2xy,p) + cosh(Thyp)
Fro = Z E, [SwTsinh2T(h,p — xwp) + 1 + cosh2T(h,p — xyp)]

PWD (Xwp> Yp» 2D Swith skin =

1

Foo = |[————
%0 7 14 /ssinhv/s(hyp)

2T sinh T (hyp) - - ;

TFE, sinhT(hyp) + E, cosh T (hyp)
20k coshR (hyp — 2xyp) +SywRsinhR(hyp — 2xyp) + cosh(Rhyp)
Fop = _cos™(kzwp) _ D[Sy Rsinh2R (hyp — Xyp) + 1 + cosh2R (hyp — Xyp)]
2RsinhR(hyp) | — - ;
=1 RD, sinhR(hyp) + Dy, coshR(hyp)
i i cos®(kzyp) cos(lywp) cos(lyp) % |
— L= Qsinh Q(hyp)
n=1m=1

Fnn = | (coshQ(hyp — 2xyp) +S,,QsinhQ (hyp — 2xyp) + cosh(Qhyp)
C, [SwQsinh2Q (hyp — xyp) + 1 + cosh2Q (hyp — xwp)]
QC, sinhQ (hyp) + C, cosh Q(hyp) |
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Table 7.1.2 Observer point source solution for composite clastic reservoir

BOUNDARY POINT SOURCE SOLUTION
= Ri(xp—xwp)
|[ f e WDI el@p-ywp) g ]l
— 1 s RD, + D,
PDZ (xD'yD'k'S) = I oo oo I
Infinite in shzp QU (xp—xwp)
| + Z f 2 cos(kzp) cos(kzyp) ———e'@Op-Ywp)de |
two directions l =1 "o QCy+ Gy J
PDZ (xD,yD.k.S) (a+,8)
hthzD
e s1p(Xp—Xwp) i eTl(xD_xWD) Cos(lyWD) Cos(lyD)
a = + 7
205, 75 T (TF, + 1)
eRi(xp—xwp)
Finite in Z ( cos(kzD) cos(kzyp)
two directions b= it te(XD XWD) I
+ Z Z —— —cos(kzp) cos(kzyp) cos(lywp) cos(lyp) |
QC, +C,) |
n=1m=1
— 4
PD2 (xDvyD:k;S) —(T00+Tm0+7:0n+7:mn)
hthzD
Fyy = coshv/s(hyp — x[WD) [eV5T%D 4 @=/STp(xp+2Nzp)]
2[VSE, sinhv/s(hyp) + E, cosh(Vshyp)]
F o= Z cos(lywp) cos(lyp) coshT (hyp — xyp) [e%D 4 o~ (xp+2hen)]
TE, sinhT (hyp) + E, "cosh(Thyp)
Finite in Fyy = Z cos(kzp) cos(kzyp) coslllR (hyp — Xwp) [P0 4+ o~ RaCo+2hep)]
three directions &~ RD, sinhR (hyp) + D,, cosh(Rhyp)
o oo 2€0S(lywp) cos(lyp) cos(kzp) cos(kzyp) coshQ (hyp — xWD)
= Z Z QC, sinhQ(hyp) + C, "cosh(Qhyp)
n=1m=1 [e eQ¥p 4 e_Ql(xD+2hxD)]

For NFR, everything is the same as in the tables above except replacing s with sf,(s) and

1,8 with sf, (s)
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7.2 Recommendations

- Updating Boundary Conditions

v Well performance and pressure signatures of these wells under infinite-acting,
constant pressure, three-sealing and other boundary-types in composite reservoirs

could be considered

- Updating Reservoir Model

v" This two-compartment solution could be extended to n-compartments since
adjacent compartments are coupled by the semi-permeable barrier’s solution

v’ This solution concept could be extended to multilayer reservoir systems

- Updating Solution Model

v' The instantaneous point source solution could be converted to a continuous
source instead of a steady source by integrating the flow rate function with time
v The line or plane source solution along the vertical plane should be extended to

account for deviated wells

- Updating Analyses of Semi-analytical Solution

v' If possible, more flow regimes should be analyzed analytically from the equations
obtained as this would make interpretation more unique.

v Also, direct synthesis of reservoir parameters for isotropic system for real
situations should be considered for situations where there is very little areal
permeability anisotropy

v" More field examples and simulation results should be interpreted using this model

to validate its robustness
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APPENDIX A — General

A -1 Nomenclature

6 = Dirac delta function (unit impulse function)

n = hydraulic diffusivity, ft2/hr [m?/s]

0 = angle of inclination of the horizontal well to x-axis [degree]
= angle of inclination of hydraulic fractures to x-axis [degree]

A= inter-porosity ratio, dimensionless

u = oil viscosity, cp [Pa.s]

@ = porosity, fraction

Y1, Y2 = geometric parameter for heterogeneous region, ft-2 [m-Z]

w = storativity ratio, dimensionless

AP = pressure drawdown, psi [Pa]

hy = half length of reservoir, ft [m]

h, = width of reservoir, ft [m]

h, = height of reservoir, ft [m]

k;; = directional permeability, md

l1, I, = characteristic dimension of heterogeneous region, ft [m]

m = number of normal sets of fractures, dimensionless

q = production rate of point source, RB/D [m3/d]

rw = well bore radius ft [m]

s = Laplace transform parameter

t = time, hr [s]

w = width of fault, ft [m]

xw,yw,Zw = co-ordinates relative to fault, ft [m]

C = total wellbore storage, bbl/psi [cm/Pa]

C, = total compressibility, psi [Pal]

F¢p = fault dimensionless conductivity
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L =length of perforated interval in vertical well, ft [m]
= half length of fracture, ft [m]
= length of perforated interval in horizontal well, ft [m]
L= height of fracture open to flow, ft [m]
M = Mobility ratio, dimensionless
P =reservoir pressure, psi [Pa]
S = near wellbore skin factor, dimensionless
Sw = specific skin factor, dimensionless
F, F~1= Fourier and inverse Fourier operators

L, L71= Laplace and inverse Laplace operators

A -2 Subscripts and Superscripts
1 =region I (producer)

» =region II (observer)

F= fault

; = initial
XYL = ratio
¢+ = total

p = dimensionless

wp = dimensionless at wellbore
sp = dimensionless pseudo

" = differential

~ = Laplace

- = finite Fourier cosine

N . . . .
= infinite Fourier
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A-3 Parameters

k., k.
LT 0¢) o Hy (for NFR); duc, (for Clastic);
/cx2
77 =
’ ¢2/cht2
k
f
77 =
kx2
nm -
B i €,
_ w0,
o = n, for NFR; ~ —er
n
f
n o,(-w,)
an = 77_1 = k—2
/11 — l//lekml
4k
A :M
2T 4k,
4m(m +2)
v, = B
1
4m(m +2)
v, = 12
2
o ge)
| =
(ﬁf )1+ml
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a)t — (¢ct )2+m2
(¢Ct )1+m1
B a)ls(l—a)l)+ﬂ.1
fl(s)‘{ =)+ 4
_ b w,0,5(1—-m,)+ A,
fZ(S) - er {s(l_a)Z)-’_(ﬂ’Z/a)t)
krj — J2
i
kxl
v, =
! kjl
k,
"k,
ke, 7kf
M, ==L/
T /uf
ky, ks
M, = 22 /L
27w /.uf
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APPENDIX B — Reservoir Boundary-Specific Symbols

B -1 Infinite in Two Directions

w = infinite Fourier transforms parameter in yp

k = nm/h,p, finite cosines Fourier transform parameter in zp
C, =1+ wy(M,C,)' + M,0Q,)

Cp'= kyxQy + FepQ2(1 + wpM,Qy)

D, =1+ wp(M,D," + M;R;)

Dp,= krxRy + FepRy (1 + wpMaRy)

Q=vVw?+k?+s

Q= \/wzvry + k?vp, + 1ps
Q; = w?v, + k*v, +1pps

R=Vo?+s

R, = fwzvry +1ps

R, = w*v, +1pps

B -2 Finite in Two Directions

k = nm/h,p, finite cosines Fourier transform parameter in zp

l = mm/h,yp, finite cosines Fourier transform parameter in yp

Cp = 1+ wp(M;C," + M,Q;)

Cp,= krxQ + Fep Q@ (1 + wpM,Q4)

D, =1+ wp(M,D," + M;R;)

Dy,'=k.xRy + FcpR,(1 + wpM,R,)

E, =14+ wp(MyE," + My /1ps)

E,'= er\/ﬁ + ansFCD(l + WDMZW)

Fp = 1 + WD(Mle, + Mle)
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Fplz kTXTl + FCDTZ(]' + WDMle)

Q=+01?+k?+s

Q, = \/lzvry + k?v,, + nps
Q2 = vy + k*v, + npys

R=+k?+s

Rl = kzvrz + MpS

Ry = kv, + npgs
T=+1?+s

T, = /lzvry +nps

T, = I>v, + npss

B -3 Finite in Three Directions

w = p1t/h,p, finite cosines Fourier transform parameter in xp
k = nm/h,p, finite cosines Fourier transform parameter in zp

l = mm/hyp, finite cosines Fourier transform parameter in yp

C, = e ?uhxd (1 - wyM,Q,) + 1+ wp(M,Cy’ + M;0Q,)
Cp'=Q,(1 — e72@h=0) (W M, Q, Fep + kyy) + QuFcp(e720hx0 + 1)

D, = e ?Rhed (1 - wyMyR,) + 1 + wp (M, D, + MyR,)

Dy'= Ry (1 — e 2RhxD) (W M, R, Fep + kyy) + RyFp(e72R1050 4 1)

E, = e 2shad (1~ w M, [155) + 1+ wp (M, E,' + My /nps)

Ey'= 1155 (1 — e 210500 ) (wy My J1155Fcp + Kp) + MppsFep (€725 + 1)
F, = 10 (1 - wyM,Ty) + 1+ wp (M, F,' + M,Ty)

F,/'=T(1— e M0 )Wy M, Ty Fep + ki) + ToFep(e72M0x0 + 1)

Q=+I2+k?+s

Q= levry + k?v,, + nps
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Q2 = vy + k*v, + npys
R=+k?+s

Rl = kzvrz + MpS

Ry = kv, + npps

T=+1?+s

T, = /lzvry +nps

T, = >v, + npgs

Everything for Clastic reservoirs here is the same for Naturally Fractured reservoirs by
replacing s with sf,(s)and 77,,s with sf, (s)
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APPENDIX C - Point Source Solution for Producer in Reservoir Infinite in Two

Directions

C-1 Clastic Reservoirs

0%Pp, 0%Pp, 0%Pp, dPp,
9xp2 dyp2 + 92p2 + 218 (xp — xwp)S(Yp — Ywp)8(2p — zwp) = —atD xp>0 (C-1-1)
0%Pp, 9%Pp, 0%Pp, dPp,
—_— = <0 c-1-2

axDZ va ayDz rzZ aZDZ T’D atD xD ( )

92Pp 92Pp 1 [0Pp, dPp, aPp
vy a zf vZ a Zf T a — Nrx a ] = r’Df a f (C - 1 - 3)

Yp Zp Fep LOxp Xply —o tp

IC: Pp1(xp,¥p,2p,0) = Pp2(Xp,yp,2p,0) = PDf(YDvZDrO) =0 (C-1-4)
BC: Ppy(xp > ®,yp,zp,tp) = Ppy(xp = —0,¥p,2p,tp) (€-1-5)

Ppy(xp,yp = £00,2p,tp) = Ppy(xp,yp = £,2p,tp) = Ppr(yp = to0,2p,tp) = 0

OTHER CONDITIONS

A ! A
Ppy |zD=o,th = Pp; |zD=0,th = Ppy 2p=0hyy 0

Ppy — P = wpM

[Pox Df]xD=° PP dxp xp=0
Pyr—P wpM, ——
[Pos — Pps] 0 oMz 5 -
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(A) Laplace transform of (C-1-1),( C-1-2),( C-1-3),( C-1-5),( C-1-6),( C-1-7),( C-1-8) w.r.t.(tp)

+ + + T‘S(xu — xwp)8(Vp —Ywp)d(zp — zwp) = sPp;y xp >0 (C-1-9)

0xp? 0yp? 0zp?

xy? + Vpy Iyp? + %TDZ = NpSPp, xp <0 (C-1-10)
+ + — -k = P c-1-11
Yy dyp? Ve 0zp%2  Feploxp 7 axp LD:O Moy Stof ( )

(C-1-9), (C-1-10), (C-1-11) were gotten using (C-1-4)

BC: PDl(xD = 0,yp,2Zp,S) = PDZ(XD — —,Yyp,Zp,S) (C-1-12)

Ppy(xp,yp = +0,2p,5) = Ppy(xp,yp = £0,2p,5) = PDf(J’D - t00,7p,5) =0

OTHER CONDITIONS

= li = ! = !

D1 ZDZO,th = PDZ ZDZO,th = PDf ZD=0,h.ZD =0 VxD > O,xD < O,XD =0 (C -1- 13)

— — ale

[Pm_PDf]xD=0 = wpM, 9%, (C-1-14)
Xp=0

— — 613D2

[P — Pp2] =0 = WoMa 2% (C-1-15)
xXp=0
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(B) Finite cosine fourier transform of (C-1-9) through (C-1-15) w.r.t. ( zp)

0*P, 0*P, am
xy? FIC (k“+s) Py = _ECOS(kZWD) 8(xp — xwp)6(yp — ywp) xp >0 (C-1-16)
9P, 9°P, , -
TDZ-}‘ UryW—(k vTZ+nDs)PD2 =0 XD<0 (6—1—17)
32 P, aP P,
f 1 D1 D2 2 -
O Pl o I roniledr P = (k?v, + npgs) Py, (C-1-18)
xp=0
(C-1-16), (C-1-17), (C-1-18) were gotten using (C-1-13)
BG Bt > 0ynks) = By, (xp = —0,p, k) (€-1-19)
l;)Dl(xD'yD - ioo'k's) = l;)DZ (xD'yD - iOO,k,s) = }_)Df (yD - ioo,k,S) =0
OTHER CONDITIONS
P, - P M 2y C-1-20
[ DI_PDf]xD:O_WD 16xD (C-1-20)
xp=0
- - 0P,
[PDf - PDZ] = wpM, (C-1-21)
XDZO a‘xD
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(C) Infinite fourier transform from (C-1-16) through to (C-1-21) w.r.t.( yp)

~

9% P, £ 22w cos(kzyp) e~ @Ywp
axDDzl - (lz + kz + S) D1 — shM;D 6(xD - xWD) Xp >0 (C -1- 22)
Z
0? FDz £
o,z @y TR FapS) Py =0 xp <0 (C-1-23)
= 1(0B, 0P,
(O)ZUy+kZVZ+TIDfS)PDf = E m—erm (C—1—24—)
XDZO
(C-1-22), (C-1-23), (C-1-24) were gotten using (C-1-19)
BC: # ( = 5 — = -1 -
D1 XD—>00,(1),k,S)— PD2 (xD - oo,a),k,s)_ 0 (C 1 25)
OTHER CONDITIONS
= = af')Dl
Py — Py, =wpM; —— (C -1-26)
= Oxp
xD—O
XDZO
2 s 0P,
PDf - P, =wpM, —— (C-1-27)
= Oxp
xp=0
XDZO
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(D) Eliminate 1% from the pair of equations (C-1-24) & (C-1-27), (C-1-26) & (C-1-27)
Dbf

= d ];)1)2 1|0 FDl d ];)1)2
(a)zvy+k2vz+r)Dfs) PDZ +WDM2 axD :E m— Txm (6—1—28)
xp=0 xp=0
£ £ a F;)Dl a PDZ
PDI_PDZ ) = Wp MlaxD +M2 axD (C_]._Zg)
xp=0
XDZO
but (C-1-22) is still non-homogenous in xp on the R.H.S so,
(E)Laplace transform w.r.t.(xp) of (C-1-22)
= 2 ol 2v2m cos(kzyp) e 1 @Ywp
Py, [8* — (@2 + k2 +5)] = P}, (xp =0) = $ P, (xp = 0) = - (shWD) e~$xwp
zD

1% (z k ) éf_)Dl (O; w, k; S) + I_)Drl (O; (U, k; S) 2 217" COS(kZWD) e_iwyWDe_éxWD
S,w,K,S) = B V
DI - (w2+k24+5s) & —(w2+k?+5s) shop[€% — (02 + K2 + 9]
(C-1-30)

(F)Inverse Laplace transform of (C-1-30) w.r.t. ($)

f’D'l (0, w, k, s) sinh(Qxp)

Fm (xp,w, k,s) = f;’m (0, w, k,s) cosh(Qxp) +

Q
2V/2m cos(kz e~ Ywp sinh Q (xp — x
_ (kzwp) Q(xp — xwp) (€-1-31)
Sth Q
where Q = Vw? + k% +s
Applying (C-1-25) in (C-1-31)
£ P (0,w,k,s) 2v2m cos(kzyp) e "i@Ywp e =@Xwp
P, (0,w,k,5) +— = Uezwo) (C-1-32)

Q SthQ
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(G) Consider general solution of (C-1-23) Region Il honoring respective B.C

P,, (xp,w, k,s) = A;e@*p + A e~ A*p where Q, = \/a)zvry + k?v, +1ps

using (C — 1 — 26),as x;, - —oo and dividing both sides by e~ Q%0

0 =A2+0, so that f;’m (xp, w, k,s) = Ajen*p (C-1-33)

(H) Substitute (C-1-33) into (C-1-28)

1|3,
If Q; = w?vy, + kv, +1pss; QA1 (1 + wpM,Q,) = Fen Py — krxA10
XDZO
Py, = A1[kyx Q1 + FepQa(1 + wpM,Q,)] = A(C,) (C-1-34)
xp=0
where Cp = krxQ1 + FepQ2(1 + wpM, Q) (C-1-35)
(I) Substitute (C-1-34)&( C-1-33) into (C-1-29)
Py, — Ay = wp[M A C, + MA; Q4 ]
XDZO
P, = A1 [1 4+ wp(MiC, + MyQ0)] = A4, (C-1-36)
XDZO
where C, = 1+ wp(M;C, + M,Q;) (C-1-37)

(J) Solve (C-1-32), (C-1-34), (C-1-36) simultaneously
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Asc, de = 2V2m cos(kzyp) e "i9Ywp e =@¥wp
Q v SthQ

S 4 2v2m cos(kzyp) e ~i@Ywp g ~Q¥wp
0 = ,
! sh,p(QC, +C,)

(C-1-38)

(K) Substitute (C-1-34) & (C-1-36) into (C-1-31)

A4 Cp' sinh(Qxp)
Q
2v2m cos(kzyp) e 71Ywp sinh Q (xp — xyp)
- sh,pQ Q

Fm (xp,w, k,s) = A;C, cosh(Qxp) +

Substituting for A4,

2v2m cos(kzyp) e "1 @Ywp e ~@Xwp
2sh,p(QC, +C,)

2v2m cos(kzyp) e ~i@Ywp
2SthQ

FD} (xDI w, kl s) =

[C,(e?*D 4 ~Q¥D)

C '
+6p(eQxD — e_QxD)] —_

[(eQ(xD—xWD) — e—Q(xD—xWD))]

Collecting like terms,

V2w cos(kzyp) e "1 @YwD
SthQ

[eQ®p=XwD) M

(ec,+¢,)

El (xp,w, k,s) =

+e~QUxp+xwp) Eg?’—;?’; + (e_Q(xD_xWD) — eQ(xD—xWD))]
14 p

—iwy —c'
v2mcos(kzyp) e wD e~QC0-2wp) 4 g=Q(xp+xwD) (QCP Cp’)
sh,p0 (Qc,+¢,)

(C-1-39)

El (xp,w, k,s) =
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(L) Considering near wellbore specific Skin factor (Sw) and pressure at wellbore,

0AP qu
dx  2mry Lk,

from Darcy's law

S
Also AP, = I where ky, =\ ky1k;1
2nLk,,
o k., 0AP
After relevant subtitution, AP, =nyS |———
k,, Ox

o . . 1 kyx10Pp
Applying dimensionless transformation, Ppg = ZrWS P T
z1 D

’k
SO PWD = PD - PDS at xD=xWD WheTe SW = TWDS k_xl
z1
After taking relevant double fourier and laplace transform,

Bf’m (xp,w, k,s)

dxp

S

PWD (xWD' w, k' s)with skin = PD1 (xDr w, k' S) - Sw

S

PWD (xWD' w, k' S)With skin

_ V2m cos(kzyp) e ~1Ywp (1 + QS,,)

1+

(M) Inverse Infinite Fourier Transform w.r.t. (w)

PWD (xWD' Yp, k, s)with skin

= COS(kZWD) (1+QS) {1 + e~ 2Qxwp M} el@Wp-ywp) )

S th Q

(ec, +¢,)
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e—2Qxwp (QCP B CP’)
shzpQ (QCP + Cp’)

(C - 1 - 40)

(C-1-41)



(N) Inverse Fourier Cosine Transform w.r.t. (k)

_ F&
Py, (Xwp, YDrZp) S)with skin = > + z Fn cos(kzp)

n_ p — P
where Fy = PWD (xWD'YDr k, S)with skin and F, = PWD (xWD'YDr k, s)with skin

n=0
o f 1+ RSW) 1 + e~ 2Rxwp (RDP—_DP) et@p-ywp) d
sth (RDp +D, )

Py, Cwps Ypr Zps Swith skin

J‘ (1 + st) {1 + e_szWD (RDP B Dp,)} eiw(yD_wa) dw
1 e (RDp +D, )
" shyp oo1+ S c,-c,))
n J ( Q W) COS(kZWD) COS(kZD) {1 + e~ 2Qxwp (QP—T’)} el@Wp-ywp) )
= (QCP + G )
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C -2 Naturally Fractured Reservoirs

0%P,, 0%P,; 0%Pp,
0xp? 0yp? 0zp

0Ppq Dm
=w +(1-wq) 1
L at, Yot
aZPDZ BZPDZ BZPDZ aPDZ aPDrn2
9%y Vry FI Vrz?Dz = TIDE + pm
0%Ppy *Ppy 1 [aPD1 aPDZ]
Yy dyp? Ve 0zp2  Feploxy, 7 oxp

xp=0

oP
(l_a)l) a;)ml =/11(PD1 - P,

Dml )
D

aPsz = 12 (PD2 - Psz)

wt(l_w2)
D

IC: Pp1(xp,¥p,2p,0) = Ppa(Xp,¥p,2p,0) = PDf(yDJZD:O) =0

BC: Pp1(xp = 9, yp,2Zp,tp) = Ppy(xp = —,yp, Zp, tp)

xp >0

Py
atp

5+ 21n8(xp — xwp)8(Yp — ywp)(2p — Zwp)

(€C-2-1)

xp < 0 (C-2-2)

(C-2-3a)

(C -2 -3b)

(C-2-30c)

(C-2-4)

(C-2-5)

Pp1(xp,yp = 1,2p,tp) = Ppy(xp,yp = £,2p,tp) = Ppr(yp = 100,2p,tp) = 0

OTHER CONDITIONS

A ! A
Ppy |zD=o,th = Pp; |zD=0,th = Ppy |ZD:0rth =0

[PDl - PDf]xD:0 =wpM; 9xp

[PDf - PDZ]xD=O = wpM, 9xp
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C-2-7)

(C-2-8)



(D) Laplace transform of (C-2-1),(C-2-2),(C-2-3a),(C-2-3b),(C-2-3c), (C-2-5),( C-2-6),( C-2-7),
( C-2-8) w.r.t.(tp)

9xp2 3yp2 FE + ?5(950 — xwp)8p — ywp)8(zp — zwp) = sfi(s)Pp1  xp >0

(c-2-9
xy? + Vpy B2 + %TDZ = 5f5(5)Pp2 xp <0 (C-2-10)
aZpr aZpr 1 aPDl aPDZ —_
+ - — = P c-2-11
Yoy T 0z T Fploxp 0y LD=0 Morstor ( )
(C-2-9), (C-2-10), (C-2-11) were gotten using (C-2-3b), (C-2-3c), (C-2-4)
BC:  Ppy(xp = ,yp,2p,s) = Ppy(xp = —,yp, 2p,s) (€C-2-12)
Pp1(xp,yp = +0,2p,5) = Ppy(xp,yp = +,2p,s) = ISDf(yD - t00,7p,5) =0
OTHER CONDITIONS
D1 ZDZO,th = PDZ ZDZO,th = PDf ZD=0,hZD =0 VxD > O,xD < O,XD =0 (C -2- 13)
Py, — P _ iy, 201 C-2-14
[Dl_ Df]xD=O_WD 16xD ) (C-2-14)
XD—O
[Pps = Ppz] _ = wpM, (C-2-15)
p=0 axD Xn=0
D=
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(E) Finite cosine fourier transform of (C-2-9) through (C-2-15) w.r.t. ( zp)

0*P, 0P, . am
> T 7 (k2 + sfi(s)) Py, = - cos(kzyp) §(xp — xwp)6(Yp —ywp) xp >0
0xp 9yp sh,p
(C-2-16)
b, oh, )
B2 + vryW— (kv +sf2(8)) Py, =0 xp <0 (c-2-17)
9P, 1 [aP P .
) D1 D2 -
- — = (k2 c-2-18
Yy 0xp? + Fop| 0xp ™ 0xp (v, + anS) Py ( )
XDZO
(C-2-16), (C-2-17), (C-2-18) were gotten using (C-2-13)
BG PG = 0,ypks) = Py, (ip = —0,yp, k) (€-2-19)
FDl (xDJyD - ioo! k,S) = FDZ (xDlyD - iOO,k,S) = ﬁDf (yD - ioo! k,S) = 0
OTHER CONDITIONS
P, - P 2o, C-2-20
_ — M, —— _9_
[ D1 PDf ]xD=0 Wp My 9%xp ( )
XDZO
[1‘) P, ] M 2, c-2-21
J— =W —_ —_
Df D2 Xp=0 D2 axD ( )
xp=0
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(F) Infinite fourier transform from (C-2-16) through to (C-2-21) w.r.t.( yp)

~

22 P, 2v2m cos(kzyp) e ~@Ywp

> Dzl - (l2+k2+sf1(s))};)m = 6(xD_xWD) Xp >0 (C—Z—ZZ)
*p Sth
Fh, .
9xp? — (W Uy + kv, +5f5(5)) Py, =0 xp <0 (C-2-23)
2 1ok, 9Py
(wzvy+k2vz+ans)PDf = Fop m—erm (C-2-24)
xXp=0

(C-2-22), (C-2-23), (C-2-24) were gotten using (C-2-19)

BC: };’Dl(xD—>00,a),k,s)= };’Dz(xD—>—00,a),k,s)= 0 (C-2-25)
OTHER CONDITIONS
RS oP
[PD1 - PDf] =WDM16—D1 (C-2-26)
- XD
xD—O
XDZO
2 2 oP,
[PDf - Pm] = wpM, —— (€-2-27)
= XD
xp=0
XDZO
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(D) Eliminate 1% from the pair of equations (C-2-24) & (C-2-27), (C-2-26) & (C-2-27)
Dbf

< 0 Pp, 1 aFDl aFD2
(a)zvy+k2vz+r)Dfs) PDZ +WDM2 axD :E m— Txm (6—2—28)
xp=0 xp=0

e T L T
PDI_PDZ - WD M1W+M2 ax (C_Z_Zg)
xp=0 b b

XDZO
but (C-2-22) is still non-homogenous in xp on the R.H.S so,

(G) Laplace transform w.r.t.(xp) of (C-2-22)

P [ — (0 + k2 + s£i(s))] = Py Gxp = 0) —$ Py, (xp = 0)

2v2m cos(kzyp) e ~1@Ywp

= —S$xwp
sh,p €
2 $P. (0,w,k,s) P (0,w,k,s)
P, (S wk,s)=— = 2

§°— (w2 + k2 + sfl(s)) * §% — (w2 + k2% + sfl(s))

2V2m cos(kzyp) e @Ywpe~S*¥wp

- . (C-2-30)
sh,p[$° — (w? + k° + sf,(s))]
(F)Inverse Laplace transform of (C-2-30) w.r.t. ($)
2 2 P (0, w, k, s) sinh(Qxp)
P, (xp,w,k,s) = P, (0,w,k,s) cosh(Qxp) + = ) 2
2v2m cos(kzyp) e TYwp sinh Q (xp — x
_ (kzyp) Q(xp — xXwp) (€ -2-31)
Sth Q

where Q = \Jw? + k2 + sf,(s)
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Applying (C-2-25) in (C-2-31)

Py (0,w,k,s) _ 2V2m cos(kzyp) e YwpeQXwD

Fm 0, w,k,s) +

C-2-32
Q SthQ ( )
(G) Consider general solution of (C-2-23) Region Il honoring respective B.C
};’Dz (xp,w, k,s) = A;e9*D + A,e~ ¥ where where Q; = \/wzvry + k2v,, + sf5(s)
using (C — 2 — 26),as x;, » —oo and dividing both sides by e~ Q%0
0 =A+0, sothat 1;’1)2 (xp, w, k,s) = AjeA*p (C-2-33)
(H) Substitute (C-2-33) into (C-2-28)
1| =,
If Q; = w?vy, + kv, +1pfs; Q:A1(1 + wpM,Q,) = Fen Py — krxA10
XDZO
Pyl =AulkxQ + FepQa(1 + wpMzQ1)] = AiC,) (C-2-34)
XDZO
where C, = kyxQ1 + FepQy (1 + wpM,Q4) (C-2-35)
(I1) Substitute (C-2-34)&( C-2-33) into (C-2-29)
P, — Ay = wp[M,AC, + MaA; Q4
XDZO
P, = A [1+wp (M€, + MyQq)] = A4C, (C -2-36)
XDZO
where C, = 1+ wp(M;C, + M,Q;) (C-2-37)
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(J) Solve (C-2-32), (C-2-34), (C-2-36) simultaneously

Ac, dc = 2v2m cos(kzyp) e ~1@Ywp e ~@Xwp
Q 1y SthQ

_ 2V2m cos(kzyp) e YwpeQXwp

S A -
? ! sh,p(QC, +C,)

(C-2-38)

(K) Substitute (C-2-34) & (C-2-36) into (C-2-31)

A Cp' sinh(Qxp)
Q
2v2m cos(kzyp) e "1Ywp sinh Q (xp — xyp)
- shzpQ Q

Fgl (xD: w,k, S) = A1Cp COSh(Q.’)CD) +

Substituting for As,

2v2m cos(kzyp) e "1 @Ywp e ~@Xwp
2sh,p(QC, +C,)

c, 8v2mcos(kz e~ l@ywp
+_p(eQxD _ e-QxD)] _ ( WD)
Q ZSthQ

P, (xp, w,k,s) = [C,(e®*D + e~Q¥D)

[(e Q(xp—xwp) _ p—Q(Xp—Xwp) )]

Collecting like terms,

—ilwy !
V2m cos(kzyp) e wD »QCpxwp) (QCp +C, )

};’ Xp,w,k,s) = ;
Dl( D ) SthQ [ (QCp+Cp)

+e~QCxp+xwp) Eg?’—;?’% + (e—Q(xD—xWD) — eQ(xD—xWD))]
p T

—iwy —c'
v2mcos(kzyp) e wD ¢~QGD=xwD) 4 o=Q(XD+*wD) (Qcp Cp’)
sh,p0 (Qc,+¢,)

(C-2-39)

Fm (xp,w, k,s) =

Steps (L), (M) and (N) are similar to those in Clastic Reservoirs above
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APPENDIX D - Point Source Solution for Producer in Reservoir Finite in Two

Directions

D-1 Clastic Reservoirs

0%P,, 0%Pp,; 0%Pp,
0xp? 0yp? 0zp

0°Pp; 0°Pp; 0°Pp; _ 0Pp;
axp? Y gy T gz T g

0%Pps 0%*Ppy 1 [0Ppy E)PDZ] 3 dPps
Y aypz TV g2 T Foploxy, ™ axpl. . PF e,

Xp=

BC:  Ppy(xp = ®,yp,2p,tp) = Ppa(xp > —,¥p,2zp,tp) = 0

OTHER CONDITIONS

PDlllzD:O,th = szllzDzo,th = PDf,'ZDZOh =0
zp

PD1’|yD:0,hyD = PD2’|yD:0,hyD = PDf,'J’DZOrhyD =0

aPDl
[PDl - PDf]xDzo = WDM:LE
xp=0
OPDZ
Pps—P =wpM
[Poy DZ]"D=° P72 axp xp=0
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>+ 2n6(xp — xwp)8Vp — Ywp)6(zp — zZwp) = ——

IC: Pp1(xp,¥p,2p,0) = Ppy(xp,yp,2p,0) = PDf(yDJZD:O) =0

VxD > O,xD < O,xD - 0

VXD >O,xD <O,xD == O

xp >0

xp <0

Db-1-1)

(D-1-2)

(D-1-3)

(D-1-4)

(D-1-5)

(D-1-6)

(D-1-7)

(D-1-8)



(H) Laplace transform of (D-1-1),( D-1-2),( D-1-3),( D-1-5),( D-1-6),( D-1-7),( D-1-8) w.r.t.(tp)

0xp? 0yp? 0zp?

axDZ + Ury c’)yDZ + ‘UTZTDZ = nDSPDZ xp < 0
aZpr aZpr 1 aPDl aPDZ —_
+ — - = P
Y ayp? T Y2 02,2 | Fop | 0% ”ahjmﬂ) MorsPpy

(D-1-9), (D-1-10), (D-1-11) were gotten using (D-1-4)

BC: le(xD — ,yp,Zp,S) = puz(xD — —,yp,Zp,s) = 0

OTHER CONDITIONS

! —_ ! —_ !
=P | =p |
D1 |zD=O,th D2 lzp=0n,, Df lzp=0,h,,

Pp1 |3’D=0'hyp = oz |3’D=O'hJ/D D=0y,
Py, —P wpM, ——

[ D1 Df]x 0 pMig -

Prr— P, wpM, ——=

[ Df Dz]x 0 pM; 9%, -
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=0 VxD>O,xD<O,xD=0

=PDf|y =0 VxD>0,xD<0,xD=O

+ ?5(950 —xwp)SWp — Ywp)8(zp — z2wp) = sPpy  xp >0 (D-1-9)

(D-1-10)

(D-1-11)

(D-1-12)

(D-1-13)

(D-1-14)

(D -1-15)



(I) Finite cosine Fourier transform of (D-1-9) through (D-1-15) w.r.t. ( zp)

0*P, 0*P, - am
9xp? FI — (k*+s) Py = _%COS(kZWD) 8(xp — xwp)8(p —ywp) xp >0(D-1-16)
9P, 9°P, , -
TDZ-}‘ UryW—(k ‘UTZ+T]DS)PD2 =0 XD<O (D—1—17)
92 P, P P .
f 1 DI D2 2 =
UyTDZ+ E axD —er axD = (k vZ+ans)PDf (D—1—18)
xp=0
(D-1-16), (D-1-17), (D-1-18) were gotten using (D-1-13)
BC: Fm (xp = o, yp,k,5) = Fm (xp » —0,yp,k,s) =0 (D-1-19)
OTHER CONDITIONS
P, =P, = P, =0 V xp>0xp<0,xp,=0 (D-1-20)
yD:OlhyD yDZOIhyD yD:OlhyD
P, — P, ikl 21
=wpM D-1-
[ o1~ Py ]xD=o Wp My 9xp ( )
XDZO
= = 0 Pp,
[PDf - PDZ] = wpM, (D-1-22)
XDZO a‘xD
xp=0
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(J) Finite cosine Fourier transform from (D-1-16) through to (D-1-22) w.r.t.(yp)

2P, - 8m cos(kzyp) cos(l
P - (P +k2+5)Py, = - ( hWD; (yWD)é‘(xD—xWD) xp >0 (D-1-23)
XD Shyphzp
0? ]‘_sDZ e
i (Pvpy + k?vy + ps) Py, =0 xp <0 (D-1-24)
. 1|oRn . 9B
(lzvy+k2UZ+T]DfS)PDf = E m— rxm (D—1—25)
XDZO
(D-1-23), (D-1-24), (D-1-25) were gotten using (D-1-20)
BC P (x> oo Lks)= Py, (xp——oLks)=0 (D -1-26)
OTHER CONDITIONS
P dP,
[Pm PDf] =wpM; —— (D-1-27)
’ XDZO a‘xD
xp=0
[1_) P, ] M 2, D-1-28
J— =W —_ —_
Df D2 Xp=0 D2 axD ( )
xp=0
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(D) Eliminate II_D.Df from the pair of equations (D-1-25) & (D-1-28), (D-1-27) & (D-1-28)

2 2 = aFDZ 1 aﬁDl a}_)m
(l Uy+k ‘UZ+T]DfS) PD2 +WDM2E —E m— Txﬁ (D—1—29)
xp=0 xp=0
P, -P M(”‘_L;D1 w, 2L D-1-30
[ bl DZ]XDZO_WD 1axD + M; 9xp (D-1-30)
xp=0

but (D-1-23) is still non-homogenous in xp on the R.H.S so,

(E)Laplace transform w.r.t.(xp) of (D-1-23)

8m cos(kzyp) cos(lyyp)
e
ShthZD

—éxWD

P8 — (2 +k2+5)]— P} (xp=0)—$P, (xp =0) = -

1'=; D $P, (0,Lk,s) 4 P} (0,Lk,s) 81 cos(kzyp) cos(lyyp) e ~S¥wp
S, ) ,S = _
B §2 B (12 +k2+ S) éz - (12 + k% + S) ShthzD[é2 - (lz + k% + S)]

(D-1-31)
(F)Inverse Laplace transform of (D-1-31) w.r.t. ()
. . P, (0,1, k, s) sinh(Qxp)
P, (xp, L k,s) = P, (0,1, k,s) cosh(Qxp) + —2 5 P
_ 81 cos(kzyp) cos(lyywp) sinh Q(xp — xyp) (D-1-32)
ShthzD Q
where Q = VI + k?+s
Applying (D-1-26) in (D-1-32)
- P’ (0,Lk,s) 8 k l —Qxwp
5 L+ _ 8 cos(kzyp) coslywp) e -1-33)

Q S hyD h,pQ
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(G) Consider general solution of (D-1-24) Region Il honoring respective B.C

f_;m (xp, L k,s) = AjeA*> 4+ A,e~*p where Q; = \/lzvry + k2v,, + nps

using (D — 1 — 26),as x;, - —oo and dividing both sides by e~Q1*p

1 =A+0, so that f_;m (xp, Lk, s) = Aje@

(H) Substitute (D-1-34) into (D-1-29)

1 =,
If QZ = lzvy + kzvz + T]DfS; QZAl(l + WDMle) == E [PDI

Py, = Ay [k Q1 + FepQa(1 + wpM,Q,)] = AsC,

xp=0

where €, = krxQ1 + FepQu (1 + wpM,Q4)

(1)  Substitute (D-1-35) & (D-1-34) into (D-1-30)

Py,

- A1 = WD [MlAle’ + MZAlQl]

xp=0

Py,

= A1[1 + WD(Mlcp! + Mle)] = Ale

xp=0

where €, = 1+ WD(Mlcp’ + M,Q4)

(J) Solve (D-1-33), (D-1-35), (D-1-37) simultaneously

AC,) +tAC = 81 cos(kzyp) cos(lyyp) e~ @¥wp
¢ o shyph,pQ
8m cos(kzyp) cos(lyyp) e~ ¥wp
So 1=

shyph,p(QC, +C,)
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(D-1-34)
- erAl Ql]
xp=0
(D -1-35)
(D -1 - 36)
(D -1-37)
(D -1-38)
(D -1-39)



(K) Substitute (D-1-35) & (D-1-37) into (D-1-32)

Alcp' sinh(Qxp)
Q

87 cos(kzyp) cos(lyyp) sinh Q(xp — xyp)
ShthzD Q

El (xp, L k,s) = A;C, cosh(Qxp) +

Substituting for As,

8m cos(kzyp) cos(lyyp) e~ @¥wp
2shyph,p(QC, +C,)

1.3.1)1 (xp,Lk,s) = [Cp(eQxD + e~9*p)

8m cos(kzyp) cos(lyyp) e~ ¥wp
2shyph,pQ

+%(6pr _ e—QxD)] _ [(eQ(xD_xWD) — e_Q(xD_xWD))]

Collecting like terms,

41 cos(kzyp) cos(lywp) £ Qo —xwp) (QCP +C, )

P, (ep, Lk, ) = |
PP shyph,pQ [ (ec, +¢c,)
+e_Q(XD+XWD) M + (e_Q(xD_xWD) _ eQ(xD—xWD))]
(QCP - Cp )
1'3'01 oLk ) = 4m cos(kzyp) cos(lywp) e~Qp=xwp) | o=Q(xp+Xwp) (ec, - Cp’)
shyph,pQ (QCp N Cp)
(D - 1 — 40)
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(L) Considering near wellbore specific Skin factor (Sw) and pressure at wellbore,

0AP qu
dx  2mry Lk,

from Darcy's law

S
Also AP, = % where ky, =\ ky1k;1
Xz
o kxl J0AP
After relevant subtitution, AP, =nyS
kzl Ox

o . . 1 kx10Pp
Applying dimensionless transformation, Ppg = I —1wS P T
z1 D

k
SO PWD = PD - PDS at xD=xWD WheTe S = TWDS xl
z1

After taking relevant double fourier and laplace transform,

dP,, (xp,Lk,s)

FWD (xWD’ ll k' S)With skin = f_)Dl (xDI l, k, S) - Sw axD (D -1- 41)
XDp=XWD
Py, (ewp, L K, $)with skin
_ 4mcos(kzyp) cos(lywp) (L + QSw) [1 4 o-200wp Q6 =Gy ) (ec,—c¢,) 0-1-42)
shyph,pQ (ec,+¢,)

(M) Inverse Fourier Cosine Transform w.r.t. (1)

. Fnoo
By, Cowps Yook S with skin = T + z Fn cos(lyp)

where Tgn = }_)WD (xWDr Lk, S)th skm _ and T - FWD (xWD' Lk, S)with skin
_Amcos(kzyp) (1 + RSW) o-2Rxyp KD ~ Dy ) (R D,—D )
0 shyph,pR (RD +D,)
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PWD (xWD' Yp, k, s)with skin

(1 +RSy) {1 + e~ 2Rxwp (RDp - Dp’)}
4w cos(kzyp) 2R (RDp +D, )

o)

shyphzp n (1+QSy) COS(QlyWD) cos(lyp) {1 4 e—20%wp Egg - ;}
p T

m=1

(D-1-43)

(N) Inverse Fourier Cosine Transform w.r.t. (k)

_ FE o<
PWD (xWD'YD'ZDrS)with skin = 7 + Z "Fn COS(kZD)

and F, = Py, (Xwp,Yp, K, Swith skin
n=0

n _ —_
where TO = PWD (xWD’ Yp, k, S)With skin

[ ORI >} |
. 4| 2Vs (VSE, +E,) |
© " shyphp| o (1 +TSy) e (TF,—F,) |
l+ 2 Tcos(lyWD) cos(lyp) {1 +e WD (TF = )}J
m=1
_ 4w
Py (Xwp, Yp, Zp, S)with skin = shh — (@ +p) (D-1-44)
yDzD
(1 ++s8y) { - 2vaxyp (VSEp )} 1
4V/s (VSE, +E,) |
a = o) ,
1+ TSy ) TF,—F,
+ Zl %cos(lyvm) cos(lyp) {1 + e~2Txwp ETFP—‘*‘F;,’%}J
N w —-2Rxwp (RDP — Dp’)} ]
. Z:l cos(kzyp) cos(kzp) {1 +e (RDp " Dp’) i
- N (1+QSw) —sony (QC, =
+ (ezp) cos(kzp) cos(Lywp) cos(l ){1+ 20w }'
_ ;le cos(kzyp) cos(kzp) cos(lyyp) cos(lyp e (QC +C ) J
a = Foo + Fnos B =Fon + Fnn
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D — 2 Naturally Fractured Reservoirs

9,2 T Oyp2 T oz + 2n6(xp — xwp)8(Yp — Ywp)S(Zp — Zwp)
aPDl aI:)Dnl
=w +(1-wq) L xp >0 (D-2-1)
L at, Yot b

azpDz aZPDZ BZPDZ aPDZ aPDm

Sy oy, D2y, Z D2 + z <0 D-2-2
axDZ va ayDz UTZ aZDZ T’D atD an atD xD ( )

0%Ppy 0%*Ppy 1 [0Ppy dPp, dPps
+ + _— —_ k ] = D - 2 - 3
vz T V292 T By [axD S N TS ( a)
oP,,
(l_a)l) a;)lz;tl(PDl_PDml) (D-2-3b)
D
opP,,
o,(1-@,)="2 = 4,(Py, = Py,,) (D-2- 30)
Ot ),

IC: Ppy(xp,¥p,2p,0) = Ppy(xp,¥p,2p,0) = Ppr(¥p,2p,0) = 0 (D-2-4)
BC:  Ppy(xp = ®,yp,2p,tp) = Ppy(xp = —,¥p,2zp,tp) = 0 (D-2-5)
OTHER CONDITIONS
PD1,|2D=O,th = PD2,|zD=O,hZD = PDf,lZD=0:th =0 Vxp>0,xp<0,xp=0 (D-2-6)
Poi'lyp=ony,, = Pp2'lyp=0,n,, = PDfllyD=0'hyD =0 Vxp>0,xp<0,xp=0

Pp, — P = wpM (D-2-7)
[Pox Df]xD=° PP 9y xp=0

Pps—P = (D-2-8)
[Poy DZ]"D=° P72 axp xp=0
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(K) Laplace transform of (D-2-1), ( D-1-2), ( D-1-3a), ( D-1-3b), (D-1-3c), ( D-1-5), ( D-1-6),

( D-1-7),( D-1-8) w.rt.(to)

0xp? 0yp? 0zp?

9%y? Ury FI t Vg 92p? = sf2(s)Pp2 xp <0
azpr aZpr 1 aFDl aPDZ —_
+ — - = P
Yoy T 0z T Fploxp 0y LD=0 orStor

(D-2-9), (D-2-10), (D-2-11) were gotten using (D-2-3b), (D-2-3c), (D-2-4)
BC:  Ppy(xp = ,¥p,2p,5) = Ppy(xp = —,¥p,2p,s) = 0

OTHER CONDITIONS

!
D1 |ZD=0,h,zD

/ =
=P =p
D2 |ZD:0:th Df |ZD=0:th

Py’

! _
=P
Yp=0hy, ~ P2 |yo=0.hyD Yp=0hy),
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=0 VxD>0,xD<0,xD=O

=PDf,| =0 Vxp>0,xp <0,xp =0

2T _
+ T5(xu — xwp)0(p — Ywp)6(zp — zwp) = sfi(s)Ppy xp >0

(D-2-9)

(D -2 -10)

(D-2-11)

(D-2-12)

(D-2-13)

(D-2-14)

(D -2 -15)



(L) Finite cosine Fourier transform of (D-2-9) through (D-2-15) w.r.t. ( zp)

0*P, 0°P, . am

> T 7 (k2 + sfi(s)) Py, = - cos(kzyp) 6(xp — xwp)8(Yp — ywp) xp >0
0xp 9yp sh,p

(D-2-16)
b, 0B, )
o2 + vryW— (kv +sf2(8) Py, =0 xp <0 (D-2-17)
92 P, P P .
f 1 D1 D2 2 -~
ot Tl e, | T () By 02219
XDZO

(D-2-16), (D-2-17), (D-2-18) were gotten using (D-2-13)
BC: T’Dl (xp = ©,yp,k,s) = FDZ (xp » —0,yp,k,s) =0 (D-2-19)
OTHER CONDITIONS
P, =P, - B, =0 V xp>0x<0xp=0 (D-2-20)

yD=0,hyD yD=0,hyD yD=0,hyD
P, -P ] 2-21

_ — M, —— D-2-
[ DI PDf ]xD=0 Wp My 9%xp ( )

XDZO
- - 0P,
[PDf. - PDZ] = wpM, (D -2 -22)
’ XDZO a‘xD
xp=0
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(M) Finite cosine fourier transform from (D-2-16) through to (D-2-22) w.r.t.( yp)

0* j_iDl = 8m cos(kzyp) cos(lywp)
— (]2 2 —_ wD Ywbp _

9xp2 (I + k*+sf1(s)) Py, shyphyp 6(xp —xwp) xp>0
62 ]‘_sDZ 2 2 KiN
9xp? - (P +k Uy +5f2(s) Py, =0 xp <0

. 1lep,  ah,

2 2 _
(o + kv, +1075) Py = | 5~ ks
Xp=0

(D-2-23), (D-2-24), (D-2-25) were gotten using (D-2-20)

BC: 1'_3"D1 (xp » o, L k,s) = ﬁm (xp » —o,L,k,s)= 0
OTHER CONDITIONS
(B ] = w2
: =w
D1 Df Xp=0 D1 axD
xp=0
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(D -2-23)

(D -2-24)

(D -2 -25)

(D -2-26)

(D-2-27)

(D -2-28)



(D) Eliminate II_D.Df from the pair of equations (D-2-25) & (D-2-28), (D-2-27) & (D-2-28)

= aﬁDZ 1 aﬁDl a}_;m
(1Pvy + kv, + npps) | Py, +WDM2E aon el e
xp=0 xp=0

(D -2-29)

[L P ] =w MaﬁDl+M oby, (D - 2 - 30)
xp=0 21 Oxp 2 dxp

xp=0

but (D-2-23) is still non-homogenous in xp on the R.H.S so,

(E)Laplace transform w.r.t.(xp) of (D-2-23)

P, [ — (12 + k2 + s£.(s))] — Pl (xp = 0) —§ P, (xp = 0)

—s’xWD

81 cos(kzyp) cos(lyyp)
e
ShyD th

= §P, (0,Lk,s) P 0,1k, s)
P, 5Lk, s) == T +— 05
$ —(l +k +sf1(s)) $ —(l +k +sf1(s))

8m cos(kzyp) cos(lyyp) e ~S¥wp
shyphyp[§° — (12 + k2 + s£1(5))]

(D -2-31)

(F)Inverse Laplace transform of (D-2-31) w.r.t. (5)

P}, (0,1, k,s) sinh(Qxp)
Q
81 cos(kzyp) cos(lywp) sinh Q(xp — xyp)

- D-2-32
ShthzD Q ( )

I%D1 (xp, L k,s) = I%D1 (0,1, k,s) cosh(Qxp) +

where Q = /12 + k2 + sf,(s)

Applying (D-2-26) in (D-2-32)

P, (0,Lk,s) _ 8mcos(kzyp) cos(lywp) e~ @wp

P, (0,1 k,s) +
Pl Q ShthzDQ

(D -2 -33)
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(G) Consider general solution of (D-2-24) Region Il honoring respective B.C

f_;m (xp, Lk, s) = Aje9*Dp + A e~ Q%D where where Q; = \/lzvry + k%v., + sfa(s)

using (D — 2 — 26),as x;, » —oo and dividing both sides by e~Q1*p

0=A; +0, so that P, (xp, 1k, s) = A;e@* (D — 2 — 34)

(H) Substitute (D-2-34) into (D-2-29)

If Q, = lzvy + kv, + NpfS; QA1 (1 +wpM,Q,) = % [1._).1;1 - - erAlQl]

Py, oy = Al + FopQa(1 o+ wpMy Q)] = ArCy (D -2-35)
where €, = krxQ1 + FepQu (1 + wpM,Q;) (D—2-36)
(I) Substitute (D-2-35) & (D-2-34) into (D-2-30)

P, M= [MA,C,' + MyA,Q,]

P, e A1+ wp(Myc, + MyQp)] = AscC, (D —2—37)
where C, = 1+ wp(M;1C, + M;Q;) (D—2-38)

(J) Solve (D-2-33), (D-2-35), (D-2-37) simultaneously

Ac, o= 8m cos(kzyp) cos(lyyp) e~ @*wp
Q 1y ShthzDQ

c 4 8m cos(kzyp) cos(lyyp) e~ ¥wp
0 = ,
! shyph,p(QC, +C,)

(D — 2 —39)
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(K) Substitute (D-2-35) & (D-2-37) into (D-2-32)

Alcp' sinh(Qxp)
Q

87 cos(kzyp) cos(lyyp) sinh Q(xp — xyp)
ShthzD Q

El (xp, L k,s) = A;C, cosh(Qxp) +

Substituting for As,

8m cos(kzyp) cos(lyyp) e~ @¥wp
2shyph,p(QC, +C,)

1.3.1)1 (xp,Lk,s) = [Cp(eQxD + e~9*p)

8m cos(kzyp) cos(lyyp) e~ ¥wp
2shyph,pQ

+%(6pr _ e—QxD)] _ [(eQ(xD_xWD) — e_Q(xD_xWD))]

Collecting like terms,

41 cos(kzyp) cos(lywp) £ Qo —xwp) (QCP +C, )

P, (ep, Lk, ) = |
PP shyph,pQ [ (ec, +¢c,)
+e_Q(XD+XWD) M + (e_Q(xD_xWD) _ eQ(xD—xWD))]
(QCP - Cp )
1'3'01 oLk ) = 4m cos(kzyp) cos(lywp) e~Qp=xwp) | o=Q(xp+Xwp) (ec, - Cp’)
shyph,pQ (QCp N Cp)
(D — 2 — 40)
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(L) Considering near wellbore specific Skin factor (Sw) and pressure at wellbore,

0AP qu
dx  2mry Lk,

from Darcy's law

S
Also AP, = % where ky, =\ ky1k;1
Xz
o kxl J0AP
After relevant subtitution, AP, =nyS
kzl Ox

o . . 1 kx10Pp
Applying dimensionless transformation, Ppg = I —1wS P T
z1 D

k
SO PWD = PD_ PDS at.xD=xWD WheTeS = rWDS xl
z1

After taking relevant double fourier and laplace transform,

dP,, (xp,Lk,s)

FWD (XWD, l, k, S)With skin = ]:_)Dl (xD’ l’ k’ S) - SW axD (D —2- 41)
XpD=XwD
By, Gewp, Lk, with skin
_ 4t cos(kzyp) cos(lywp)(1 + QSy) [1 4 p~2Quwp o2 " Cp ) (QC ) (D —2—42)
shyph,pQ (ec,+¢,)

(M) Inverse Fourier Cosine Transform w.r.t. (1)

. Fnoo
By, Cowps Yook S with skin = T + z Fn cos(lyp)

where Tgn = }_)WD (xWDr Lk, S)th skm _ and T - FWD (xWD' Lk, S)with skin
_Amcos(kzyp) (1 + RSW) o-2Rxyp KD ~ Dy ) (R D,—D )
0 shyph,pR (RD +D,)
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PWD (xWD' Yp, k, s)with skin

(1 +RSy) {1 + e~ 2Rxwp (RDp — Dby )}

_ dmcos(kzyp) 2R (8D, +0, ) (D — 2 — 43)

o)

sh hz 1+ SW - C
yorER g 2 (Q—Q)COS(lywo) cos(lyp) {1 +eTHew Egcp +C, ;}

m=1
(N) Inverse Fourier Cosine Transform w.r.t. (k)

_ FE o<
PWD (xWD'YD'ZDrS)with skin = 7 + Z "Fn COS(kZD)

and F, = Py, (Xwp,Yp, K, Swith skin
n=0

(1+ /5/(9)Sw) {1 + o2l FTwn WA E, — Ep’)}
2/sh(s) (Vsh()E, + E,)

[ |
i i

h hz N oG
s yD1zD [+ Z 1+ TSW) —————cos(lyyp) cos(lyp) {1 + e g?—ﬂ}J

n _ —_
where TO = PWD (xWD’ Yp, k, S)With skin

m=1

FWD (xWD'YDvZDrS)withskin = sh Dh b (a + ﬁ) (D —-2- 44—)
yDlz

(1 +sA)Sw) { -2 5F o VSAGIE, — ’)} }

a: NOAO) (VsAi()E, +E,) |
” (1+TSy,) —2Txwp M}
+;1 2T cos(lywp) cos(lyp) {1 e (TFp + Fp’) J
> (1+ RSy) —2rsyp (RDp = Dy)
2 —— o cos(kzyp) cos(kzp) {1 e ko, 4 0 ')}
B=| o o " e
(1+QSy) A e )}
+ nz::l ;1 cos(kzyp) cos(kzp) cos(lywp) cos(lyp) {1 te (ec, +c¢,)
a = Foo + Finos B = Fon + Finn
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APPENDIX E — Point Source Solution for Producer in Reservoir Finite in Three

Directions

The summation of series used in this section was adapted from Gradshteyn et al. (2000).

E-1 Clastic Reservoirs

0%Pp;  0%Pp;  0%P
D1 + D1 + D1
0xp? 0yp? 0zp

aZPDZ 62PDz aZPDZ 0Pp;
—6xD2 + vy —ayDZ + vrz—aZDz = 1p _atD xp <0
Y dyp? 7 0zp% " Feploxp " oxpl, _ PI o,

IC: Pp1(xp,¥p,2p,0) = Ppa(Xp,yp,2p,0) = PDf(yDJZD:O) =0

OTHER CONDITIONS

! — ! —_
PD1 |xD=hxD - PDZ |xD=—hxD =0

PD1,|2D=0,th = PD2,|zD=O,hZD = Ppy| =0 Vxp>0,xp<0,xp=0

ZD=0,hZD

Poi'lyp=ony, = Pp2'lys=on,, = Poy'| =0 Vxp>0,xp<0,xp=0

YD=0vhyD

[PDI - PDf]xD:O = WDMlm
XDZO

[PDf - PDZ]xDzo = WDMZE
XDZO
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>+ 2n6(xp — xwp)8(Yp — Yywp)6(zp — zwp) = ——

xp >0 (E-1-1)

(E-1-2)

(E-1-3)

(E-1-4)

(E-1-5)

(E-1-6)

(E-1-7)

(E-1-8)



(N) Laplace transform of (E-1-1), (E-1-2), (E-1-3), (E-1-5), (E-1-6), (E-1-7), (E-1-8) w.r.t.(tp)

+ ?5(950 —xwp)8(p — Ywp)8(zp —zwp) = sPp1 xp >0(E-1-9)

0xp? 0yp? 0zp?

xy? + Vpy Iyp? + UTZTDZ = NpSPp, xp <0 (E-1-10)
aZpr aZpr 1 aPDl aPDZ —

+ —_— —k = P E-1-11

Y aypz T 0z T Fop|oxp 0y LD=0 Morstor ( )

(E-1-9), (E-1-10), (E-1-11) were gotten using (E-1-4)

OTHER CONDITIONS

Ppy = Pp; =0 (E-1-12)

xp=hxp Xp=—hy

= ! = !

b1 zp=0,hz = Pp2 zp=0,hg, - PDf zp=0,hz =0 Vxp >0,xp < 0,2xp =0 (E-1-13)

=0 VXD>O,xD<O,xD=0

Yp=0hy, b2 Yp=0,hy, br YD=0vhyD
[Pm - PDf]x 0 wpM; _axD (E-1-14)
XD_O
[Pos = Ppa], _, WDMzm (E-1-15)
XDZO
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(O) Finite cosine fourier transform of (E-1-9) through (E-1-15) w.r.t. (zp)

0*P, 0*P, - am

xy? FICa (k“+s) Py = _ECOS(kZWD) 8(xp — xwp)8(yp — ywp) xp >0 (E-1-16)

9P, 9°P, , -

TDZ-}‘ UryW—(k ‘UTZ+T]DS)PD2 =0 XD<0 (E—1—17)

92 P, P P .
f 1 DI D2 2 =
S R\ ey ) Py F-1-1)
xp=0

(E-1-16), (E-1-17), (E-1-18) were gotten using (E-1-13)

OTHER CONDITIONS

P, =P, =0 (E-1-19)
xp=hxp Xp=—hxp

P, =P, = P, =0 V x>0x,<0,xp=0 (E-1-20)
Yp=0 h'yD yD_O'hyD yD=0:hyD

P, - P M 2y E-1-21

[ DI_PDf]xD:O_WD 16xD (E-1-21)

xXp=0
P, — P, il 22

— = M E-1-

[PDf D2 ]xD_O Wp My 9%p ( )

XDZO
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(P) Finite cosine fourier transform from (E-1-16) through to (E-1-22) w.r.t.( yp)

2P, - 8m cos(kzyp) cos(l
- (P +k2+5)Py, = - (k2 p) (yWD)é‘(xD—xWD) xp >0 (E-1-23)
dxp shyph,p
0? ]‘_sDZ KT
i (Pvpy + k?vy + ps) Py, =0 xp <0 (E-1-24)
. 1oR, 9B,
(lzvy+k2UZ+T]DfS)PDf = E m— rxm (E—].—ZS)
XDZO
(E-1-23), (E-1-24), (E-1-25) were gotten using (E-1-20)
OTHER CONDITIONS
P, =P, =0 (E-1-26)
Xp=hxp xp==hyxp
P dP,
[Pm _PDf’] =wpM, (E-1-27)
’ XDZO a‘xD
xp=0
P, — P, m, L0z E-1-28
[PDf - Dz]XDZO—WD ZW ( -4 )
xp=0
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(D) Eliminate II_D.Df from the pair of equations (E-1-25) & (E-1-28), (E-1-27) & (E-1-28)

P, 1 |oB, P,
(l vy, +k vZ+ans) PD2 +wpM, —— %, _FCD axD er% (E-1-29)
xp=0 xp=0
P, - P Mal.?’”1v161‘3‘”2 E-1-30
[ Dl Dz]xD:O_WD 16xD + M, 9xp (E-1-30)
xp=0

but (E-1-23) is still non-homogenous in xp on the R.H.S so,

(E)Finite cosine Fourier transform w.r.t.(xp) of (E-1-23) applying (E-1-26)

16m cos(kzyp) cos(lyyp) cos(wxyp)
thDhthzD

—P [0+ (2 +k%+5)] —— P}, (xp =0) = -

2
hxD
167 cos(kzyp) cos(lyywp) cos(wxyp) 2 P} (0,1k,s)

P (oS = = o [@? + (2 K21 5)] Mg (@2 + (T K21 9)]

(E-1-31)

(F)Inverse Finite cosine Fourier transform (E-1-31) w.r.t. (w)

1| 167 cos(kzyp) cos(lywp) 2 Po(0,Lk,s)

Poy (p, Lk,s) =5 shyphyphp (2 + k2 +5)  hyp (I + K2 +5)

- 16m cos(kz cos(l cos(wx 2 P, 0, Lk,s)
n 2 cos(wxp) (kzyp) cos(lywp) cos(wxyp) DI (E-1-32)

shyphyphpw? + (2 +k2 +5)]  hyp [w? + (% + k2 +5)]

where Q = VI2 + k?+s

Setting xp = 0 in (E-1-32)

[ee)

Py OLks) = -F; (O”‘S) . I 2 PR

[oe]

167 cos(kzyp) cos(lyyp) cos(wxyp)

shyphyphzp 2% + k2 + s) z [w? + (1?7 + k? + 5)]
p:

(E-1-33)
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(G) Consider general solution of (E-1-24) Region Il honoring respective B.C

P, (xp,Lk,s) = A;e®*D + A,e~0*p where Q; = \/lzvry + k2v,, + nps
using (E — 1 — 26), P, =0

Xp=—hyp

0=Q,A;e” U — Q,A,e@NxD, A, = Aje~?Qhxp

P, (p Lk,s) = A {e@¥ 4 ¢~Q(xp+2hn)} (E-1-34)

(H) Substitute (E-1-34) into (E-1-29)

If Q; = I?v, + k?v, + npys;

Pl = ac, (E-1-35)
xp=0
where C, = Q1(1 — e 2D (W My Q1 Fep + ki) + QZFCD(]- + e~ %) (E-1-36)

(IV)  Substitute (E-1-35) & (E-1-34) into (E-1-30)

P, = 4,C, (E—-1-37)

xp=0

where C, = e %MD (1 —wpM,Q,) + 1+ WD(Mlcp’ + M;Q,) (E—-1-38)

(J) Substitute (E-1-35), (E-1-37) simultaneously into (E-1-33)

[oe]

AC, =-A4C Z
1p ”hD 2(12+k2+s) 4 w2+(12+k2+s)]
16m cos(kzyp) cos(lywp) > cos(wxyp)
shyphyphyp 212 + k2 +s) [w? + (1?2 + k? + 5)]
p:
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[1671 cos(kzyp) cos(lyWD){ 1 +ye cos(wxyp)
4, = l shyphy,phzp 2012+ k%2 +5) " “P7l w2+ (12 + k% + 5)]
2 1
Cot G hxD{Z(lz ey PV Y e (e +s)]}

I 1 N cos(wxyp) _ hyp coshQ(hyp — xwp)
f 2(12 + k2 +5) + Z [w2+ (12+k2+5)]| 20QsinhQ(hyp)

r=1

8

2Q

_ xD COth(thD)
and {2(12 Tkt 2 [w? + (12 Y s)]}

B [167‘[ cos(kzyp) cos(lyyp) coshQ(hyp — xXywp)
17 [2shyph,p{QC, sinhQ(hyp) + C, cosh(Qhyp)}

(K) Substitute (E-1-39) into (E-1-32)

167 cos(kzyp) cos(lywp)

PD] (xDJ ll k! S) = thDhthzD
C, "coshQ(hyp — Xyp) ]
22 + k2 + s) QC sinhQ(hyp) + C, cosh(Qhyp) E
N i cos(wxp) ( ) Cp coshQ(hyp — xwp) |
[w? + (1% + k? + 5)] coS\@Xwp QC, sinhQ(hyp) + C, cosh(Qhyp) J

(
|
k

p=1
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(L) Considering near wellbore specific Skin factor (Sw) and pressure at wellbore,

0AP qu
dx  2mry Lk,

from Darcy's law

S
Also AP, = I where ky, =\ ky1k;1
2nLk,,
o k., 0AP
After relevant subtitution, AP, =nyS |———
k,, Ox

o . . 1 kyx10Pp
Applying dimensionless transformation, Ppg = ZrWS P T
z1 D

’k
V4

After taking relevant double fourier and laplace transform,

dP,, (xp,Lk,s)

}_)WD (xWD' lr kr s)with skin = I_JDI (xDr l; k: S) - SW aXD (E -1- 41)
XD=XWD
dP,, (xp,Lk,s) Sy 16m cos(kzyp) cos(Lywp)
—_ = *
v 0xp S hththzD
XD=XwWD
{ w sin(wx,,p) cos(wx,,p) ]
i [w?2 + (I + k2 + 5)]
i { _ Cp' coshQ(hyp — xwp) w sin(wx,,p) }
\ QC, sinhQ(hyp) + €, cosh(Qhyp) [w? + (1% + k? + 1)
I i w sin(wxy,p) _ hyp sinhQ(hyp — xyp)
f ] [w2 + (2 +k2+5)]( 2 sinhQ(h,p)
p:
p W sin(wxyp) cos(wxyp) | hyp sinhQ(hyp — 2xyp)
an T2+ @+ +)] [ 4sinhQ(hp)
p:
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dP, (xp,Lk,s)

dxp

w
XD=XWD

hxp sinhQ (hyp — 2xyp)

hxDCp' sinh2Q(hyp — Xwp)

p=1| QC,sinhQ(hyp) + Cp' cosh(Qh,p)

Swl6mcos(kzyp) cos(lyyp) -
shyphyph,p4 sinhQ(hyp)

ﬁm (xp, L k, s)] =

XD=XWD
167 cos(kzyp) cos(lywp) i cos?(wxyp) 1
shyphyph,p 4 [w2+ (12 +k?+5s)] 212+ k?+5s)
p:

hxDCp'[l + cosh2Q(hyp — Xwp)]
~ 4QsinhQ(hyp) [QC, SinhQ(hyp) + €, cosh(Qhyp)]

Py (ewp, Lk, S)with skin =

41 cos(kzyp) cos(lywp)
shy,ph,p QsinhQ (hyp)
Cp'[SWQsinhZQ(hxD — Xwp) + 1+ cosh2Q(h,p — xyp)]

- QC, sinhQ(hyp) + Cp' cosh Q(h,p) }

{coshQ(hxD — 2xywp) +S,,QsinhQ(h,p — 2xyp) + cosh(Qhyp)

(E-1-42)

(M) Inverse Fourier Cosine Transform w.r.t. (1)

- Fr
PWD (xWD'Ykar s)with skin = T + Z :Fm COS(IYD)
m=1

and Fn = PWD (xWD: Lk, S)with skin
m=0

m KT
Where TO = PWD (xWD: l, k: S)With skin

Fm 41 cos(kzyp)
" shyph,p RsinhR(hyp)
D, [SyRsinh2R (hyp — xwp) + 1 + cosh2R (hyp — xyp)]
RD, sinhR(hyp) + Dp' coshR(hyp)

{coshR(hxD — 2xyp) +SyRsinhR(h,p — 2xy,p) + cosh(Rhyp)

196



41 cos(kzyp)

Byp wp, Yps Ko S)with skin = o h
Shyphzp

coshR(hyp — 2xyp) +S,yRsinhR (h,p — 2xy,p) + cosh(Rh,p)
D, [SyRsinh2R (hyp — xwp) + 1 + cosh2R (hyp — Xyp)]
RD, sinhR(hyp) + Dp' cosh R(hyp)
oo cosywn) cos(lyp) costhhxD —.wan) +S,,QsinhQ(h,p — 2xyp) + cosh(Qh,p)
C, [SwQsinh2Q (hyp — xyp) + 1 + cosh2Q(hyp — xwp)]

& QsinhQChap) | - QC, sinhQ(hxp) + C, cosh Q(hxp)

1
2RsinhR(hyp) | —

(E -1-43)

(N) Inverse Fourier Cosine Transform w.r.t. (k)

_ FE o<
PWD (xWD'yD'ZDrS)with skin = 7 + Z "Fn COS(kZD)
n=1

and F, = Py, (Xwp, Y, K, Swith skin

n _ —_
where TO = PWD (xWD’ Yp, k, S)With skin

n=0
Fy =
. coshvs(hyp — 2xyp) +Sy,Vssinhvs(hyp — 2xp) + cosh(Vshyp )
E,'[S,/ssinh2+/s(h,p — xyp) + 1 + cosh2v/s(h,p — x
2 \/gsinh\/g(hx[)) _r [ w ( xD WD) : ( xD WD)]
\/§Ep sinhv/s(hyp) + E, cosh Vs(hyp)
oo l l coshT(h,p — 2xyp) +S,, TsinhT(h,p — 2xyp) + cosh(Thyp)
+ 2 COS’IE XW}?I’EZS( )yD) F, [SwTsinh2T(hyp — xywp) + 1 + cosh2T(hyp — xyp)]
m=1 st xb TF, sinhT(hyp) + Fp' cosh T (h,p)
— 4m
Pyp (wps Yp, 2D, Swith skin = W(?oo + Fmo + Fon + Finn) (E-1-44)
yD*zD
. coshvs(hyp — 2xyp) +SyVssinhv/s(hyp — 2xyp) + cosh(Vshyp)
Foo = E,'[S,Vssinh2+/s(h,p — xyp) + 1 + cosh2v/s(h,p — x
00 4\/§Slnh\/§(hxD) _Tp [ w ( xD WD) ( xD WD)]

\/EEP sinhv/s(h,p) + Ep' cosh/s(hyp)
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Fmo
P ] ] coshT(h,p — 2xyp) +S, TsinhT(h,p — 2xy,p) + cosh(Thyp)
= 2 COZ;Z?;I%);E):( })]D) B F, [SwTsinh2T(hyp — xyp) + 1 + cosh2T(hyp — xyp)]
m=1 xD TF, sinhT(hyp) + F, coshT(hyp)

"FOn
o . " coshR(hyp — 2xyp) +SyRsinhR (h,p — 2xy,p) + cosh(Rh,p)
= Z cos( Z‘_/VD) cos(kzp) D, [SywRsinh2R(hyp — xywp) + 1 + cosh2R (hyp — xyp)]
o] 2R sinh R(h,p) - RD_si ;
= » sinhR(hyp) + D, coshR(hyp)

i i cos(kzyp) cos(kzp) cos(lyyp) cos(lyp) »
— - Q sinh Q(hxD)
n=1m=1
Fnn = | (coshQ(hyp — 2xyp) +S,,QsinhQ (h,p — 2xy,p) + cosh(Qh,p)
Cp'[SWQsinhZQ(hxD — Xwp) + 1+ cosh2Q(h,p — xyp)]
QC,sinhQ(hyp) + Cp' cosh Q(h,p)
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E -2 Naturally Fractured Reservoirs

0%P,, 0%Pp,; 0%Pp,
9xp2 9yp2 92p2 + 2n8(xp — xwp)d(¥Yp — Ywp)6(zp — zwp)

aP, D
= w, at’;l+(1—w1) atDl xp >0 (E-2-1)
9%Pp, 9%Pp, 9%Pp, 0Py, dPp,,
—_— — —_— + 2 < 0 E - 2 - 2
axDZ va ayDz vT'Z aZDZ nD atD an atD ‘xD ( )
+ - —k ] = e E-2-3
oy T Y2 a2 T Fop [BxD "o, P ot ( a)
oP,,,
(l_a)l) DI:/Il(PDl_PDml) (E -2-3b)
ot
oP,,
o,(1-@,)="2 = 4,(Py, = Py,,) (E-2-30)
D
IC: Pp1(xp,¥p,2p,0) = Ppy(Xp,¥p,2zp,0) = PDf(,VDvZDrO) =0 (E-2-4)
OTHER CONDITIONS
PD1’|xD:hxD = PDzllxDz—hxD =0 (E-2-5)
PD1,|2D=O,th = PD2,|zD=O,hZD = PDf,|ZD=0h =0 Vxp>0,x5<0,xp=0 (E-2-6)
Mzp
Poi'ly,=ony,, = Pp2'lyp=0n,, = PDfllyD=0'hyD =0 Vxp>0,xp<0,xp=0
Pp, — P = wpM (E-2-7)
[ D1 Df]xD:() o5 \o
[Por — Ppa] = wpM . E-2-8
Df D2y o = Wp M 9xp ( )
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(Q) Laplace transform of (E-2-1), (E-2-2), (E-2-3a), (E-2- 3b), (E-2- 3c), (E-2-5), (E-2-6),

(E-2-7), (E-2-8) w.r.t.(tp)

0xp? 0yp? 0zp?

9%y? Ury FI t Vg 92p? = sfa(s)Pp2  xp <0

aZpr aZpr i GISDI_ aPDZ

+ = P
Yy 6}’02 vz aZD2 Fep | 0xp T dxp ]XD=0 NofStps

(E-2-9), (E-2-10), (E-2-11) were gotten using (E-2-4)

OTHER CONDITIONS
le |xD:hxD - pDZ |XD=—hxD =0
D1 |ZD=0,th = PDZ |ZD:0'th = PDf |ZD=0:th
Pp, |3’D:0rhyD = Pp |3’D:0'hyD = Ppy |yD=o_hyD =0 Vxp>0,xp<0,xp=0
[Pps _PDf]x 0 WDM1W
D XD_O

[PDf_PDZ] _o — WplMly ——

=0 axD xp=0

200

=0 VxD>0,xD<0,xD=O

4 _
+ T5(xu — xwp)0(p — Ywp)6(zp — zwp) = sfi(s)Ppy xp >0

(E-2-9)

(E-2-10)

(E-2-11)

(E-2-12)

(E-2-13)

(E-2-14)

(E-2-15)



(R) Finite cosine fourier transform of (E-2-9) through (E-2-15) w.r.t. (zp)

0*P, 0°P, . am
> T 7 (k2 + sfi(s)) Py, = - cos(kzyp) 6(xp — xwp)8(Yp — ywp) xp >0
0xp 9yp sh,p
(E-2-16)
b, oh, )
o2 + vryW — (kv +sf2(s) P, =0 xp <0 (E-2-17)
02 P, P P .
) 1 DI D2 =
_ - —k = kz E-2-18
Yy 0xp? + Fop| 0xp ™ 0xp (kv +anS) Py ( )
XDZO
(E-2-16), (E-2-17), (E-2-18) were gotten using (E-2-13)
OTHER CONDITIONS
Py, = I =0 (E-2-19)
xXp=hxp Xp=—hxp
P, =P, = P, =0 V x>0x,<0,xp=0 (E-2-20)
Yp=0 h'yD Yp=0 hyD yD=0:hyD
[F P ] M 2y E-2-21
— X =w I
D1 Df Xp=0 D1 axD ( )
xXp=0
[; P, il 2-22
P, - ] =wpM, —— E-2-
Df D2 xp=0 D2 axD ( )
XDZO
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(S) Finite cosine fourier transform from (E-2-16) through to (E-2-22) w.r.t.( yp)

2P, - 8m cos(kzyp) cos(l
2 (P4 K2+ sfi(s) By = - (kziyp) cos( yWD)a(xD —xwp) xp >0 (E-2-23)

dxp shyph,p
0*P, , -

oxy? — (v + k*vry, + sf2(s)) Py, =0 xp <0 (E-2-24)

. 1|oRn . 9B
lZ k2 - — E-2-25
(PPvy + k?v, +1pgs) P, R e ( )
XDZO

(E-2-23), (E-2-24), (E-2-25) were gotten using (E-2-20)
OTHER CONDITIONS

Py, = Py, =0 (E-2-26)

xXp=hxp Xp=—hxp
Py - P 20 2-2
_ WM E-2-27
[ D1 PD/L,;:O Wp My 9%xp ( )
XDZO
P, — P 2y 2-28
_ — M EF-2-
[PDf D2 ]xD=0 wp M 9xp ( )
XDZO
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(D) Eliminate II_D.Df from the pair of equations (E-2-25) & (E-2-28), (E-2-27) & (E-2-28)

P, 1 |oB, P,
(l vy, +k vZ+ans) PD2 +wpM, —— %, _FCD axD er% (E-2-29)
xp=0 xp=0
P, - P MaP MaI%D2 E-2-30
[Dl_ Dz]xDo Wp 16 zaxD (E-2-30)
xp=0

but Eq. (E-2-23) is still non-homogenous in xp on the R.H.S so,
(E)Finite cosine Fourier transform w.r.t.(xp) of Eq. (E-2-23) applying Eq. (E-2-26)

16m cos(kzyp) cos(lyyp) cos(wxyp)

— P [w?+ (12 + k% +sf,(s P xp=0)=-
Pouf? +( fi()] == Py, (xp = 0) Sy
e 16 k l 2 P} (0,Lk,s)
P, (@ Lks) = 1 cos(kzyp) cos(lywp) cos(wxyp) 4 DI (E-2-31)
shyphyphyplw? + (lz + k2 4+ sfl(s))] hyp [w? + (lz + k% + sfl(s))]
(F)Inverse Finite cosine Fourier transforms Eq. (E-2-31) w.r.t. (w)
= 1| 16mcos(kzyp) cos(lyyp) 2 Py (0,Lks)
P, (xp, Lk, s)== -
2 thDhthzD(lz + k2 + Sfl(S)) hxD (lz + kz + Sfl(s))
N i ( 167 cos(kzyp) cos(lyyp) cos(wxyp) 2 P, (0,Lk,s)
cos(wx -—
P2 shyphyphyplw? + (12 + k2 + 5£1(5))]  hap [w? + (12 + k2 + s£,(5))]
(E-2-32)

where Q = /12 + k2 + s5f,(s)

Setting xp = 0 in (E-2-32)

P, 0,1,k s)=-P, (0,Lk, s)

hp 2(12+k2+sf1(s)) Z w2+(lz+k2+sf1(s))

167 cos(kzyp) cos(lywp) 1 N z cos(wxyp)
shyphyph,p 22+ k2 +sf1(5)) & [w? + (B2 +Kk* + s£1()]

(E -2-33)
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(G) Consider general solution of (E-2-24) Region Il honoring respective B.C

f_;m (xp, Lk, s) = Aje9*Dp + A e~ Q%D where Q; = \/lzvry + k?v,, + sfy(s)

et
using (E — 2 — 26), P, =0
Xp=—hxp

0=Q,A;e” %> — Q,A,e@NxD, A, = Aje ?Qthxp

so that f_;m (xp, Lk,s)= A {texD + e—Ql(xD+2hxD)}

(H) Substitute (E-2-34) into (E-2-29)

If Q; = vy, + k®v, + npss;

where €, = Q1(1 — e 7240 ) (wp My Q1 Fep + kpy) + QaFcp(1 + e72%1h0)

(V) Substitute (E-2-35) & (E-2-34) into (E-2-30)

where C, = e 2@MD (1 —wpM,Q,) + 1+ WD(Mlcp’ + M;Q,)
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(J) Substitute (E-2-35), (E-2-37) simultaneously into (E-2-33)

ALC, = - A,C 2 i 1
e Cr hxD 2(12 + k2 + sfl(s)) [w2 + (12 + k2 + sf,(5))]

16m cos(kzyp) cos(lywp) - cos(wxyp)
shyphyph,p 2(12 + k2 + sfl(s)) = [w? + (17 + k% + sf1(s))]
16m cos(kzyp) cos(lyWD){ 1 +ye cos(wxyp) }
[ shyphyph,p 2(12 + k% + sf1(s)) P=1{w2 + (12 + k2 + sf1(5))] ]
=| ! 2 [e]
R el (e Ay AR e ez o)
If i cos(wxyp) _ hyp coshQ(hyp — xwp)
2(12 + k2 TsAe) Li[w? + @ + K + sfi(5))] 2Q sinhQ (h,p)
o i . _ hyp coth(Qhyp)
2(1* + k2 + Sfl(S)) o= [w? + (12 + k2 +sfi(N]| 2Q
[167‘[ cos(kzyp) cos(lyyp) coshQ(hyp — xXywp)
= i : (E-2-39)
2shyph,p{QC, sinhQ(hyp) + C, cosh(Qhyp)}
(K) Substitute (E-2-39) into (E-2-32)
- _ lémcos(kzyp) cos(lywp)
P, (xp,Lk,s) = shyoho *
( 1 1- ¢, coshQ(hyp — Xyp) ] ]
4 212 + k2 + sf1(s)) QC, sinhQ(h,p) + €, cosh(Qhyp) E 940
| i cos(wxp) cos(wryp) - ¢, coshQ(hyp — xwp) ShE
| &0+ @+ k> +sfi(s)] WP Qc, sinhQ(hyp) + €, cosh(Qhyp)| |
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(L) Considering near wellbore specific Skin factor (Sw) and pressure at wellbore,

0AP qu
dx  2mry Lk,

from Darcy's law

S
Also AP, = I where ky, =\ ky1k;1
2nLk,,
o k., 0AP
After relevant subtitution, AP, =nyS |———
k,, Ox

o . . 1 kyx10Pp
Applying dimensionless transformation, Ppg = ZrWS P T
z1 D

’k
So PWD = PD - PDS at Xxp = Xyp where Sw = rWDS k_xi
z

After taking relevant double fourier and laplace transform,

dP,, (xp,Lk,s)

}_)WD (xWD' lr kr s)with skin = I_JDI (xD' l' k' S) - SW

(E -2 -41)

|

Jdxp
Xp=XWD
B P, (xp,Lk,s) __ Swlémcos(kzyp) cos(lywp) .
v dxp h shyph,p
XpD=XwD
( w sin(wx,,p) cos(wxy,p) ]
i [w? + (1% + k2 + 5£1(5))]
i { _ ¢, coshQ(hyp — xyp) w sin(wxy,p)
\ QC,sinhQ(hyp) + €, cosh(Qhyp) [w? + (2 + k2 + 51 ()] )
I i w sin(wxyp) . hyp sinhQ(hyp — xwp)
f Z [w2 4+ (12 + k2 +sfi(s)]| 2 sinhQ (h,p)

p i w sin(wx,,p) cos(wx,,p) h,psinhQ(hyp — 2xyp)
an =

L [w? + (12 + k2 + sfi(5)] B 4 sinhQ (hyp)
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dP, (xp,Lk,s)

dxp

w
XD=XWD

hxp sinhQ (hyp — 2xyp)

hxDCp' sinh2Q(hyp — Xwp)

p=1| QC,sinhQ(hyp) + Cp' cosh(Qh,p)

Swl6mcos(kzyp) cos(lyyp) -
shyphyph,p4 sinhQ(hyp)

ﬁm (xp, L k, s)] =

XD=XWD
167 cos(kzyp) cos(lywp) i cos?(wxyp) 1
shyphyph,p = [w?2+ (12 +k?+5s)]  2(12+k?+5)]

hxDCp'[l + cosh2Q(hyp — Xwp)]
~ 4QsinhQ(hyp) [QC, SinhQ(hyp) + €, cosh(Qhyp)]

Py (ewp, Lk, S)with skin =

41 cos(kzyp) cos(lywp)
ShyD th QSinhQ(hxD)
B Cp'[SWQsinhZQ(hxD — Xwp) + 1+ cosh2Q(h,p — xwo)]}
QC, sinhQ(hyp) + Cp' cosh Q(h,p)

{coshQ(hxD — 2xywp) +S,,QsinhQ(h,p — 2xyp) + cosh(Qhyp)

(E-2-42)

(M) Inverse Fourier Cosine Transform w.r.t. (1)

- Fr
PWD (xWD'Ykar s)with skin = T + Z :Fm COS(IYD)
m=1

and Fn = PWD (xWD: Lk, S)with skin
m=0

m KT
Where TO = PWD (xWD: l, k: S)With skin

Fm 41 cos(kzyp)
" shyph,p RsinhR(hyp)
D, [SyRsinh2R (hyp — xwp) + 1 + cosh2R (hyp — xyp)]
RD, sinhR(hyp) + Dp' coshR(hyp)

{coshR(hxD — 2xyp) +SyRsinhR(h,p — 2xy,p) + cosh(Rhyp)
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41 cos(kzyp)
%

Byp wp, Yps Ko S)with skin = o h
Shyphzp

coshR(hyp — 2xyp) +S,yRsinhR (h,p — 2xy,p) + cosh(Rh,p)
D, [SywRsinh2R(hyp — xwp) + 1 + cosh2R (hyp — Xyp)]
RD, sinhR(hyp) + Dp' cosh R(hyp)
oo cos(yn) cos(ly) coshQ,(hxD - 2xyp) +S,,QsinhQ (hyp — 2xyp) + cosh(Qhyp)
Qsinh 00hn) 3 C, [SWQsthQ(.hxD — Xwp) + 1’+ cosh2Q(hyp — xyp)]
QC,sinhQ(hyp) + C, cosh Q(hyp)

1
2RsinhR(hyp) | —

(E -2 - 43)

(N) Inverse Fourier Cosine Transform w.r.t. (k)

_ RN
Py, (Xwp, YDrZp, S)with skin = > + z Focos(kzp)
n=1

and F, = P,, Xwp,Yp, K, Swith skin
n=0

n _ —_
where Fg = P, (Xwp,Yp, K, S)with skin

1

2 (SH®)sinhys, ) ()
coshy/sf;(s)(hyp — 2xwp) +SW\/sf1(s)sinh\/sf1 (8)(hyp — 2xyp) + cosh(,/sfl(s)hxD)
3 Ep'[SW\/WSinhZM(hxD —Xwp) +1+ costh(hw - xWD)]
Vsfi(s)E, sinhy/sfi (s)(hyp) + E, cosh/sfi(s)(hyp)
o coshT(h,p — 2xyp) +Sy, TsinhT(h,p — 2xyp) + cosh(Thyp)

2 cos(tywp) cos(lyp) F, [SyTsinh2T(hyp — xwp) + 1 + cosh2T(hyp — xyp)]

T sinh T(h ;
m=1 sinh T (hyp) TF,sinhT(hyp) + F, coshT(hyp)

_ 4
Py, (Xwp, YDrZp, S)with skin = hoho (Foo + Frno + Fon + Fnn) (E-2-44)
yD'zD
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1
4SSy s (hp)
- coshm%w — 2Xwp) +SW\/sf1(s)sinh\/sfl(s)(hx[, — 2xyp) + cosh( sfl(s)hxD)
B Ep'[SW,/sfl(s)sinhZ,/sfl(s)(hxD — Xwp) + 1+ cosh2/sf;(s)(hyp — xWD)]
Vsfi(8)E, sinhy/sf;(s)(hyp) + Ep! cosh/sf1(s)(hyp)

"Fmo
o l Uyp) coshT(h,p — 2xyp) +Sy TsinhT(hyp — 2xyp) + cosh(Thyp)
= [Z CO;(T)s]]iA;L;l)’ISE); })1D { 3 F, [SyTsinh2T(hyp — xywp) + 1 + cosh2T(hyp — xyp)] }]
m=1 xD TF, sinhT(hyp) + F, cosh T (hyp)

Fon

D, [SyRsinh2R (hyp — xwp) + 1 + cosh2R(hyp — xyp)]
RD, sinhR(hyp) + Dp' coshR(hyp)

_ i cos(kzyp) cos(kzp)
n=1

coshR(h,p — 2xyp) +S,,RsinhR(h,p — 2xyp) + cosh(Rh,p)
2R sinh R(h,p) { H

i i cos(kzyp) cos(kzp) cos(lyyp) cos(lyp)
=t = Q sinh Q(hyp)
Fnn = | (coshQ(hyp — 2xyp) +S,,QsinhQ (hyp — 2xp) + cosh(Qhyp)
{ Cp'[SWQsinhZQ(hxD — xywp) + 1+ cosh2Q(hyp — xywp)] }
B QC,sinhQ(hyp) + Cp' cosh Q(h,p)
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APPENDIX F — Point Source Solution for Observer in Reservoir Infinite in Two
Directions

F -1 Clastic Reservoir

Steps (A) to (K) is same as in Appendix C-1

(L) Substituting for A; in (C-1-33)

2v2m cos(kzyp) e ~i9Ywp

: eQ1(xp—xwp) (F—-1-40)
sh,p(QC, +C,)

Fm (xp,w, k,s) =

(M) Inverse Infinite Fourier Transform w.r.t. (w)

2 cos(kzyp) [ e@Gp=*wp)

sh '
zD o QCp + Cp

Fm (xp,yp, k,s) = el@p-Ywp)dg (F—1-141)

(N) Inverse Fourier Cosine Transform w.r.t. (k)

_ Fr d
PD2 (xD;YD;ZD;s) = 7 + Z ?n COS(kZD)
n=1
where F§ = sz (xp,¥p, k,5) and F, = sz (xp,¥p, k,5)
n=0
2 v eRi(xp—xwp)
F§ = -f — elw(p-Ywp)d g
sh,p J RD,+D,

FDZ (xp,¥p, k, )

v eRi(xp—xwp)

f - elwWp-ywnldy

== o ST (F —1—42)
shzp 2 eQ(xp—xwp)
+ Z J 2 cos(kzp) cos(kzyp) —————— el Op-Ywn) dg
n=1-—-co QCP + CP
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F —2 Naturally Fractured Reservoirs

Steps (A) to (K) is same as in Appendix C-2

(L) Substituting for A, in (F-2-33)

2v2m cos(kzyp) e ~i@Ywp

: eQ1(xp—xwp) (F—-2-40)
sh,p(QC, +C,)

Fm (xp,w, k,s) =

(M) Inverse Infinite Fourier Transform w.r.t. (w)

2 cos(kzyp) [ e@Gp=*wp)

— el@Wp-Ywp) (F—2-41)
ShZD QCp + Cp

FDZ (xDlyDJ k: S) =

(N) Inverse Fourier Cosine Transform w.r.t. (k)

_ F
Py, (xXp,¥p,2p,s) = )

+ 2 F,, cos(kzp)
n=1

and F, = sz (xp,yp, k,s5)

n=0

where F§t = sz (xp,¥p, k,s)
2 joefﬁ(xn—an)

— elw(p-Ywp)dg
RDp + D,

Fl =
0 sh,p

FDZ (xDlyDJ k: S)

OoeRl(xD_xWD) )
f—,elw(YD—YWD)dw
- o ST (F—2—42)
shzp 2 eQ(xp—xwp)
+ Z J 2 cos(kzp) cos(kzyp) —————— el Op-Ywp) dg
Qc, + ¢,
n=1_—_c
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APPENDIX G — Point Source Solution for Observer in Reservoir Finite in Two
Directions

G -1 Clastic Reservoir

Steps (A) to (K) is same as in Appendix D-1

(L) Substituting for A; in (D-1-34)

8m cos(kzyp) cos(lywp)

ﬁ (xp, Lk, s) = -
p2 b shyph,p(QC, + C,)

e (xp—xwp) (G—1-41)

(M) Inverse Fourier Cosine Transform w.r.t. (I)

. F oo
P,, (xp,¥p,k,s) = T+ 2 Fy, cos(lyp)

m=1

where FJ* = l._).D2 (xp, L k, s)| and F, = l._).D2 (xp,Lk,s)
m=0

m 8m cos(kzyp)

0= shyph,p(RD, +D,,)

eR1(xp—xwp)

41 cos(kzyp)

- eR1(xp—xwp) h 2eQ1(xp=%wp) cos(] cos(l
Py, (xp,yp, k,s) = + 2 (lywp) cos(lyp)

(RD, +D,) (ec,+¢,)

sh,ph
yD*'zD me1

(G —1-42)

(N) Inverse Fourier Cosine Transform w.r.t. (k)

_ Fo
Py, (xp,¥p,2p,s) = >

+ 2 F, cos(kzp)
n=1

and F, = 1;’D2 (xp,¥p, k,s)

n=0

where F§ = 1;’D2 (xp,¥p, k,s)

212



n_ 4 |eVSm&p=xwp) N i 2eT.0=xwp) cos(lyy,p) cos(lyp)
’ shyphzp (\/EEP + Ep’) (TFp + Fp’)

m=1

_ 41
Py, (xp,¥p,zp,s) = Shohoo h D(a’ +p)
yp 1z

eVSp=xwp) & eTio=xwD) cos(lyyp) cos(lyp)
i i, ,
2(VsE, +E,) (TF,+F,)

m=1

[  eR1(xp=xwp) 1
| z — < cos(kzp) cos(kzyp) |
ﬁ_l o] RD,+D,) |
| 2 & 20U Ep—xwp) |
+Z 2 ———cos(kzp) cos(kz cos(l cos(l
l (QCp n Cp) (kzp) (kzwp) (lywp) ( )’D)J
n=1m=1
a = Foo + Fno; B =Fon + Fnn
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G -2 Naturally Fractured Reservoirs

Steps (A) to (K) is same as in Appendix D-2

(L) Substituting for Ay in (G-2-34)

8w cos(kz cos(l
Py, (xp,Lk,s) = (kzwp) (ywo) e (*p—xwp) (G—-2-41)

shyph,p(QC, +C,)

(M) Inverse Fourier Cosine Transform w.r.t. (1)

m
P,, (xp,¥p, k,s) = TO 2 Fy, cos(lyp)

where FJ* = l._).D2 (xp, L k, s)| and F, = l._).D2 (xp,Lk,s)
m=0

Fm 8m cos(kzyp) oR1(¥p—2wD)

shyph,p(RD, +D,)

[ee)

eRl(xD_xWD) + Z Zte(xD xWD) Cos(lyWD) Cos(lyD)
(RD, +D,) (ec,+c¢,)

4m cos(kzyp)

sz (xD,yD,k, S) =

S hyD h,p =

(G —2—142)

(N) Inverse Fourier Cosine Transform w.r.t. (k)

TL
PD2 (xD:yD; ZDJ S) 70 + 2 T COS(kZWD)

where F§t = E)Z (xp,¥p, k,s) and F, = E)Z (xp,¥p. k,s)

n=0
n 41T eV sf2(s)(xp—xwp) N i ZeTl(xD_xWD) Cos(lyWD) Cos(lyD)
0o - , 7
shyphzp | ((sfi(S)E, +E,) 4= (TF,+F,)
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Py, (Xp,¥p,2p,8) = =————(a + ) (G —2—43)

sh yD th

[ eVsf2()(xp—xwp) N i eT1(Xp=xwp) Cos(lyWD)cos(lyD)]
2(Jsfi(s)E, +E,) &= (TF,+F,)

RD,+D,)

2 o 20U @p=xwp)
+ z 2 ( ) ————  —cos(kzp) cos(kzyp) cos(lyyp) cos(lyp)
=1m=1 Cp

eR1(xp—xwp)
Z( cos(kzp) cos(kzyp)

a = Foo + Finos B = Fon + Fnn
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APPENDIX H - Point Source Solution for Observer in Reservoir Finite in Three
Directions

H -1 Clastic Reservoir

Steps (A) to (K) is same as in Appendix E-1

(L) Substituting for A; in (E-1-34)

1._).DZ (xDr ll kl s) =

87 cos(kzyp) cos(lyyp) coshQ(h,p — xywp) {texD N e_Ql(xD+2hxD)}
shy,ph,p{QC, sinhQ(hyp) + Cp' cosh(Qh,p)}

(H—1-41)

(M) Inverse Fourier Cosine Transform w.r.t. (1)

- :F'gn h
Py, (xp,yp, k,s) = > + 2 Fn cos(lyp)

m=1

and F,, = 1“_;1)2 (xp, Lk, s)

m=0

where F{* = 1“_;1)2 (xp, L k,s)

Fm _ 81 cos(kzyp) coshR(hyp — Xy p)
®  shyph,p{RD, sinhR(hyp) + D, cosh(Rh,p)}

[eR1*D 4 e~ R1(xp+2hxp)]

4m cos(kzyp)

Pox (i, Yo, ki $) = — ==
yD !z

[ coshR(hyp — xwp)

: [eRi*D 4 e_Rl(xD+2hxD)] ]
RD, sinhR(hyp) + D, cosh(Rhyp)

[ee)

2 cos(lywp) cos(lyp) coshQ(hyp — xwp)
QC, sinhQ(hyp) + Cp' cosh(Qh,p)

(H—1-42)

|-+ [texD + e—Q1(xD+2hxD)]

m=1
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(N) Inverse Fourier Cosine Transform w.r.t. (k)

TL
Py, (xp,¥p,2p,s) = 70 + 2 F,, cos(kzp)

and F, = E)Z (xp,¥p, k,s)

n=0

where F§t = E)Z (xp,¥p, k,s)

coshv's(hyp — Xyp) [eV51%D 4 o~/ (xD+2hup)]
\/_ E, sinhv/s(hyp) + E, cosh(v/s hxo)

N 2 2 cos(lyyp) cos(lyp) co§hT(hxD — Xwp) [T 4 ~TaGD+2hep)]
TF,sinhT (hyp) + F, cosh(Thyp)

m=
_ 41
Py, (xp,¥p,2p,s) = ————(Foo + Fmo + Fon + Fnn)
shyph,p
7y, = coshv's(hyp — Xyp) (e 4 o=\STpCin+2ha)]

2[\/§Ep sinhv/s(h,p) + Ep' cosh(\/ghxD)]

F o= Z cos(lywp) cos(lyp) coshT (hyp — xywp) [T 4 o~Ta(eD+2hep)]

0=

TF, sinhT (hyp) + Fp' cosh(Th,p)

= 2 cos(kzp) cos(kzyp) coshR(h,p — xywp) (P 4 o~ Fa (e +2ha)]

RD, sinhR(h,p) + Dp' cosh(Rh,p)

2 cos(lywp) cos(lyp) cos(kzp) cos(kzyp) coshQ(h,p — xWD)

_ Z Z QC, sinhQ(hyp) + C, cosh(Qhyp)

n=1m=1 [e e@Xp 4 o Q1(xD+2hxD)]
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H -2 Naturally Fractured Reservoirs

Steps (A) to (K) is same as in Appendix E-2

(L) Substituting for A; in (34)

1._).DZ (xDr ll kl s) =

81 cos(kzyp) cos(lyyp) coshQ(h,p — xywp) {texD N e_Ql(xD+2hxD)}
shyph,p{QC, sinhQ(hyp) + Cp' cosh(Qh,p)}

(M) Inverse Fourier Cosine Transform w.r.t. (1)

- :F'gn h
Py, (xp,¥p, k,s) = > + 2 Fn cos(lyp)

m=1

where F{* = 1“_;1)2 (xp, L k,s) and Fy, = 1“_;1)2 (xp, L k,s)

m=0

B 8m cos(kzyp) coshR(h,p — xywp)
B shyph,p{RD, sinhR(hyp) + Dp' cosh(Rh,p)}

e

[eRlxD + e_Rl(xD+2hxD)]

47 cos(kzyp)

Byp wp, Ywps Ko S)with skin = T
Shyphzp

[ coshR(hyp — xwp)

: [eRi*D 4 e_Rl(xD+2hxD)] ]
RD, sinhR(hyp) + D, cosh(Rhyp)

[ee)

2 cos(lywp) cos(lyp) coshQ(hyp — xwp)
QC, sinhQ(hyp) + Cp' cosh(Qh,p)

[texD + e_Ql(xD+2hxD)]

|_+

m=1
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(N) Inverse Fourier Cosine Transform w.r.t. (k)

TL
Py, (xp,¥p,2p,s) = 70 + 2 F,, cos(kzp)

and F, = E)Z (xp,¥p, k,s)

where F§t = E)Z (xp,¥p, k,s)

n=0
Fi =
coshy/sf; (s)(hxp — *wp) [eVhO% 4 o~HE) G +2ham)]
Vsfi(s)E, sinhy/sf;(s)(hyp) + Ep' cosh( sfl(s)hxD)
+ Z 2 cos(ywp) cos(lyp) CO?hT(hxD i) [eTlxD + e‘T1(xD+2hxD)]
= TF, sinhT (hyp) + F,, cosh(Thyp)
5 41
Py, (xp,¥p, 2p, s) =m(TOO+'TmO+TOn+?mn) (H—-2—-43)
y Z
coshy/sf1(s)(hxp — Xwp) (VSO 4 o~sHE Gp+2hm)]

T VSR GO, SInhys ) ep) + , cosh(yT2(Vep)]

Fro = Z cos(lywp) cos(lyp) COS’hT(hxD — Xwp) [eTi%D 4 ¢~Ti(xp+2hup)]
TF, sinhT (hyp) + F, cosh(Thyp)

m=1

F, = 2 cos(kzp) cos(kzyp) cos'hR(hxD — Xwp) [eF%D 4 o~ Ralep+2hn)]
RD, sinhR(hyp) + D, cosh(Rhyp)

o o 2cos(lyyp)cos(lyp) cos(kzp) cos(kzyp) coshQ(hyp — xWD)
Fun = Z Z QC, sinhQ(hyp) + C, cosh(Qhyp)

n=1m=1 [e e@Xp 4 e—Q1(xD+2hxD)]
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APPENDIX | = Well Productivity Indices under Closed Boundary Conditions

The method used in obtaining the well performances below was adapted from Babu et
al. (1988).

| -1 Clastic Reservoir

Steps (A) to (K) is same as in Appendix E-1

- Horizontal Wells

(L)
- 16w cos(kzyp) cos(Lywp)
PDI (XD’ l’ k’ S) B thDhthzD
¢, coshQ(hyp — xwp) ] ]
4 2(1%2 + k2 + s) QC sinhQ (hyp) + C,, "cosh(Qhy,p) }
0 [-1-40
. z cos(wxp) cos(@xip) - ¢, coshQ(hyp — xwp) ] | ( )
k = [w? + (12 + k% + 5)] wp QC, sinhQ(hyp) + Cp' cosh(Qhyp) J
- _ 8mcos(kzyp) cos(Lywp)
P, (xp,Lk,s)= shyohyp
coshQ(hyp — xp) _ C, coshQ(hyp — xwp) L
Q sinhQ (1) {COShQ(’“WD) QC, sinhQ(hyp) + €, cosh(thD>} (=4

(M) Inverse Fourier Cosine Transform w.r.t. (1)

. Fn o
P, (xp,yp, k,s) = - + Z Fn cos(lyp)

m=1

where F{* = ﬁm (xp, L k,s) and Fp, = ﬁm (xp, L k,s)

m=0

81 cos(kzyp) o coshR(h,p — xp)
shyph,p R sinhR(h,p)

m _
0 =

D, coshR (hyp — Xyp) }

hR - ’
{“’S Cw0) R, SinhR () + D, cosh(Rh,p)
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81 cos(kzyp)

y. Z

coshR(hyp — xp) Dp' coshR(h,p — xyp)
- coshR(xyp) - . ,
2R sinhR (h,p) RD, sinh(Rhyp) + D, cosh(Rhyp)
cos(lywp) cos(lyp) coshQ(hyp — xp) Cp, coshQ(hyp — xwp)

+ 2 : coshQ (xyp) - : z

| & Q sinh(Qhyp) QC, sinh(Qhyp) + C, cosh(Qhyp)] |
(I-1-42)

(N) Inverse Fourier Cosine Transform w.r.t. (k)

_ Fr o
P, (xp,yp,2zp,s) = - + 2 F,, cos(kzp)

n=1
where F§t = T’D (xp,Vp, k,s) and F, = FD (xp,Vp, k,s)
n=0
F§ =
coshv/s(h,p — xp) Ep' coshvs(hyp — Xywp)
; COSh\/g(xWD) - ; ;
| 2+/ssinhv/s(hyp) VSE, sinh(vshyp ) + E, cosh(vshyp) |
| = cos(lywp) cos(lyp) coshT (h,p — xp) F, coshT (hyp — xwp) |
+ 2 : cosh(Txyp) - : g
| L T sinh T (h,p) TF, sinh(Thyp) + F, cosh(Thyp)} |
— 8w
Py (xp,¥p,2p,s) = ———(Foo + Fmo + Fon + Fnn) (I-1-43)
ShthzD
coshv/s(h,p — xp) E, coshv/s(hyp — Xyp)
00 = : coshv/s(xyp) - : g
4+[ssinhv/s(hyp) \/EEP smh(\/ghxD) +E, cosh(\/ghx[,)

Fmo =

[oe]

Z cos(lywp) cos(lyp) coshT (hyp — xp)
2T sinh T (hyp)

F. coshT(h,p, — x
{cosh(TxWD) - P (Rxp wp) }]

TF,sinh(Thyp) + Fp' cosh(Thyp)

m=1
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Fon =

[ee)

cos(kzyp) cos(kzp) coshR(h,p — xp) Dp' coshR(h,p — xyp)
2 , coshR(xyp) - . ,
o] 2R sinhR (hyp) RD, sinh(Rhyp) + D, cosh(Rhyp)
mn =

n=1m=1

Q Sinh(thD)
I

Cp' coshQ(h,p — xywp) } J
QC,sinh(Qhyp) + Cp' cosh(Qh,p)

[i i cos(lywp) cos(lyp) cos(kzyp) cos(kzp) coshQ(hyp — xD)l
|

-

Converting the point source solution to line source solution by integrating the RHS of (l-

1-43) w.r.t. (L,p) from Ywp- LstinG/ to Ywp + LstinG/

Converting the anisotropic system to an equivalent isotropic system

_ 8
PD(xDrYD:ZD;S) =shthm(TOO+:Fm0-}_TOn-}_:an) (1_1_44’)

L,p coshv/s(h,p — x E, coshvs(h,p — x
TOO — [ yD \/—( xD D) {cosh\/g(xWD) _ p \/_( xD : WD) }]

2+/ssinhv/s(hyp) \/EEp sinh(\/ghxD) +E, cosh(\/ghxD)
i sinl(Lyp ) cos?(lyyp) coshT (hyp — xp)
TlsinhT(h
Tmo — me1 ! ( xD)
F, coshT(hyp — xwp)
cosh(Txyp) - - ;
l TF,sinh(Thyp) + F, cosh(Thyp) J

i Lyp cos(kzyp) cos(kzp) coshR(hyp — xp)
R sinhR(h,p)

Dp' coshR(hyp — xywp)
RD, sinh(Rhyp) + Dp' cosh(Rh,p) J

= n=1

l{coshR (xwp) -
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Qlsinh(Qh,p)

Cp' coshQ(h,p — Xyp)
QC, sinh(Qhyp) + Cp' cosh(Qh,p)

[i i 2sinl(Lyp ) cos?(lywp) cos(kzyp) cos(kzp) coshQ(hyp — xD)}
|

|

-

(P) Calculating P, avg

_ J Pp(xp,yp, k,s)dV

pDavg - de
_ 8
Pp 4y (XD, YD, 2D, S) = W(Too + Fmo + Fon + Fnn)

E, coshv/s(hyp — Xyp) }]

TOO = [ LyD {COSh\/g(XWD) - - 7
\/EEp 51nh(\/§hxD) +E, cosh(\/ghxD)

2sh,p

I[ i 1 sinl(Lyp)cos®(lywp) ]l
o | — Th,p Tl |
mo = | , |
F, coshT (hyp — xyp)
[ cosh(Txyp) - - - J
TF, sinh(Thyp) + F, cosh(Thyp)
= Lyp sin(kh,p) cos(kzyp)
Rkh,ph R
TOn _ n=1 xD !ZD =0
D, coshR(hyp — xyp)
coshR(xyp) - - ;
l RD, sinh(Rhyp) + D, cosh(Rhyp) J

[ <= 2sin I(Lyp) sin(kh,p) cos?(lyyp) cos(kzyp)]
Iz z Qkh,ph,p Ql |

C, coshQ(hyp — xwp) ‘
QC,sinh(Qhyp) + Cp' cosh(thD)} J

=0

o
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- 8m
PDan(xDryD'ZDrs) =Sh (\7:00+Tm0) (1_1—47)

yphzpsing

Lyp E, coshvs(hyp — xyp) }]

Foo = |[—2—1 coshv/s(x - P .
00 [ZthD{ Gwp) VSE, sinh(Vshyp ) + E, cosh(Vshyp)
i 1 sinl(Lyp)cos®(lywp)
Th Tl
Fmo = m=1 P ,
F, coshT(hyp — xwp)
cosh(Txyp) - - ;
l TF,sinh(Thyp) + F, cosh(Thyp) J

2L kylkzl(ﬁavg - wa)
Huiq

Recall that Py (xp,yp, Zp,S) — ISDavg(xD,yD,ZD,S) =

_ _ 8r
PD (XD,yD,ZD,S) - PDavg(xDryD'ZD's) = W(TOO + TmO + ‘TOn + Tmn) (I -1- 48)
yD 1z
L,p (coshvs(h,p — x 1 E, coshvs(h,p — x
. [ v { Vil = %5) _ } {Cosh Sty - c05hVS(hap — 3rp) }]
2v/s sinhv/s(h,p) Vshyp \/EEP sinh(\/ghx[,) +E, cosh(\/ghx[,)

[oe]

z sinl(Lyp ) cos?(lywp) {cosh T(hyp — xp) 1 }

Tl sinhT(hy,)  Thyp

Fp' coshT (h,p — Xyp)
TF,sinh(Thyp) + Fp' cosh(Thyp) J

Fmo =|™=1

l {cosh(TxWD) -

I[ i Lyp cos(kzyp) cos(kzp) coshR (hyp — xp) ]|
o= I ] R sinhR(h,p) I
on — '
[ coshR Cxyp) - D, coshR(hyp — xwp) J
wp RD, sinh(Rh,p) + Dp' cosh(Rh,p)
I[i i 2sinl(Lyp ) cos?(lywp) cos(kzyp) cos(kzp) coshQ(hyp — xD)]l
r &5 Qlsinh(Qh,p)
mn —

\
|

Cp' coshQ(hyp — xyp) }

l {COShQ(xWD) - QC, sinh(Qhyp) + C, cosh(Qhyp)
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At long time,s =» 0

Foo—=0

sinh [(h,p) lh,p

Gp' coshl(h,p — xyp) |
1G, sinh(lhyp) + Gp' cosh(lhyp) J

[2 sml(LyD)cos (lywp) {coshl(hxD xp) 1 } x]

mo_)l

[ {cosh(leD) -

where G, =F,|_,and G, = F,|__,

I[ i Lyp cos(kzyp) cos(kzp) coshk (hyp — xp) ]|
. | & k sinhk(h,p) |
n7 B, coshk(hyp — Xyp) |
[ coshk(xyp) - - - J

kB, sinh(kh,p) + B, cosh(kh,p)

where B, =D,'|  and B, = D,|

[i i 2sinl(Lyp) cos?(lywp) cos(kzyp) cos(kzp) coshU (hyp — xp)]
| Ul sinh(Uh,p)

Ap' coshU(h,p — xywp)
UA,sinh(Uhyp) + Ap' cosh(Uhyp)

"an — [ n=1m=1

| —

l {coshU(xWD) -

where U = Q|__,, and Ap' =c,

P |s_>0 and Ap = Cp|

s—0

After Laplace Inversion

8w

——————— (Fo+ Fon + F,
hthzDsinG( mo on mn)

PD(xD'yDrZD;t - OO) _PDavg(xD,yD,ZD,t - OO) =

2Ly Ky (Pavg — Py )

Pavg ™ taq

Py -
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q SinehthzDL k

Generally, Productivity Index(PI) = = (I-1-49)
Pavg_ow 4'.ul(:]:'mo'i'g:'On'i'Tmn'i'S)
For PI at wellbore, set xp = xyp in (Fimo + Fon + Fun)
- Hydraulically Fractured Vertical Wells
Steps (A) to (N) is same for Horizontal Wells above
(0) Converting the point source solution to plane source solution by integrating the RHS of

(I-1-43) w.r.t. (Lipand Lyp ) from Yuwp - Liosin®’ to Ywo + Lipsin®’ and Zwp — Lyp to Zwo + Lo

respectively
Converting the anisotropic system to an equivalent isotropic system

Taking into account the effect of partial penetration of the well in this system,

_hyp 8m

E(xD»YD'ZD'S) (Foo + Frmo + Fon + Fnn)

2L, shyph,psing

_ 41
P, (xp,yp,2p,s) =3 (Foo + Fmo + Fon + Fnn) (I-1-50)

hypL,psing

LypL,p coshv/s(hyp — xp)
Vssinhv/s(h,p)

{COSh\/E(xWD) - % cosh/sp —Xwo) }]

Foo = ,
00 [ VSE, sinh(Vshyp ) + E, cosh(Vshyp )

i 2L,p sinl(Lsp) cos?(lyyp) coshT (hyp — xp)
Tlsinh T (hyp)

Fp' coshT (h,p — xyp)
TF,sinh(Thyp) + Fp' cosh(Thyp) J

Fmo =| Mm=1

l cosh(Txyp) -
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i 2Lsp sink(L,p) cos®(kzyp) coshR (hyp — xp)
Rk sinhR(h,.p)

Dp' coshR(hyp — xywp)
RD, sinh(Rhyp) + Dp' cosh(Rh,p) J

l{coshR (xwp) -

[« < 4sin I(Lgp) sink(L,p) cos®(lywp) cos?(kzyp) coshQ (hyp — xD)]
Iz z Qklsinh(Qh,p)

Cp coshQ(hyp — xwp)
QC,sinh(Qhyp) + Cp' cosh(thD)}

T —_ =1m=1

{COShQ(xWD) - J|

—_—

(P) Calculating P;, avg

5 fPD(xD,yD,k s)dv
Dayg — de

(1-1-51)

41

W(Too + Frno + Fon + Fnn) (I-1-52)
ypLz

FDavg(xDrYD' Zp,s) =

LepL
TOO = [ fD7zD {COSh\/E(xWD) -

Ep' coshvs(hyp — Xywp)
shyp

VSE, sinh(Vshyp ) + E, cosh(vshyp)

[oe]

I[ Z 1 2Lgpsinl(Lsp) cos?(lywp) ]I
F o | — Th, Tl |
mo — I ’ I
F, coshT (hyp — xwp)
[ cosh(Txyp) - - - J
TF, sinh(Thyp) + F, cosh(Thyp)
I[ i 1 2Lspsink(L,p) cos®(kzyp) ]l
TO _ I ~ thD Rk I
" D, coshR (hyp — Xyp)
[ coshR(xyp) - - - J
RD, sinh(Rhyp) + D, cosh(Rhyp)
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Qhyp Qkl
I

Cp' coshQ(h,p — xywp) } J
QC, sinh(Qhyp) + Cp' cosh(Qh,p)

[ii 1 4sinl(LfD)sink(LzD)cosz(lyWD)cosz(szD)}
|
st

2Ly Ky, (Pavg — Puy)

Recall that Py (xp, yp, 2p,S) = Pp 4, (Xp, ¥p, 2p,s) =
g Hiq

_ _ 4n
Pp (xD'}’D'ZD»S)‘PDavg(xD»YD'ZD'S)=s (Foo + Fmo + Fon + Fn)  (1-1-53)

hypL,psing

[ LepLyp {cosh\/g(hx[, —xp) 1 } ]
P Vs sinhv/s(h,p) Vshyp |
N l{coshx/g(x ) - Ey coshs(hup — xwp) }|

| wp VSE, sinh(Vshyp ) + E, cosh(v/shyp) ]

[i 2L,p sinl(Lgp) cos?(lywp) (coshT(hyp —xp) 1 ]

;o |m=1 Tl sinh T (hyp) Thyp I

mo | F, coshT (hyp — xyp) |

[ cosh(Txyp) - - - J
TF,sinh(Thyp) + F, cosh(Thyp)

sinhR (h,p) Rh,p

1

|

|
D, coshR (hyp — Xyp) J
RD, sinh(Rh,p) + Dp' cosh(Rh,p)

I[i 2L¢p sink(L,p) cos®(kzyp) {coshR(hxD —xp) 1 }
Rk

‘TOn = |n=1

|
|
[ {coshR (xwp) -

le SinhQ(hxD) thD

Cp' coshQ(h,p — xwp) } |
QC, sinh(Qhyp) + Cp' cosh(Qh,p) J

[i i 4sinl(Lsp ) sink(Lyp) cos?(lywp) cos?(kzyp) {coshQ(hxD —xp) 1 H
|

{coshQ (xxwp) -
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At long time,s =» 0

_ _ 4r
P (xp,yp, 2p,s) - PDan(xD:J’D;ZD:S) 0 (Foo + Fmo + Fon + Fnn)

ypLzpsing

Foo—0

2 sinhl(hyp)  Ihyp

Gp' coshl(hyp — xywp)
G, sinh(lhyp) + Gp' cosh(lh,p)

"Fmo - [m=1

I[i 2L,p sinl(Lsp) cos?(Lywp) {coshl(hxD -xp) 1 } X]i

l {cosh(leD) -

where G, =F, | _,and G, = F,)|

p s—0

I[i 2L¢p sink(L,p) cos®(kzyp) {coshk(hxD — Xxp) 1 } «
F= k2
Fon = |n_1

[ {coshk(xWD) -

sinh k(h,p) kh,p

1

|

|
B, coshk(hyp — Xyp) J
kB, sinh(kh,p) + Bp' cosh(kh,p)

’

where B, =D, |,

o and By =Dyl

[i i 4sinl(Lgp) sink(L,p) cos?(lywp) cos? (kzyp) (coshU(hyp — xp) 1 )]
| Ukl sinh(Uh,p) Uhyp |

Ap' coshU(h,p — xwp)
UA,sinh(Uhyp) + Ap' cosh(Uhyp)

{coshU(xWD) -

—
S

’

where U = Q| _,, and Ap' =C,p |

soand Ay = Gyl g

After Laplace Inversion

4w
, (TmO+TOn+Tmn) (1_1_54)

PD(xDJyDIZDIt_)OO)_PDa‘Ug(xD'yD’ZD’t_)OO)=h L SlTl@
yD*~zD

2Ly Ky (Pavg — Py )

- “Pavg ” hq

Pp
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sinbh,pL,pL./k
Generally, Productivity Index(PI) = 1 yD 2D

= [-1-55
Pavg_ow Zﬂl(Tm0+TOn+Tmn+S) ( )
For PI at wellbore, set xp = xyp in (Fimo + Fon + Fun)
- Vertical Wells

Steps (A) to (N) is same for Horizontal Wells above
(0) Converting the point source solution to line source solution by integrating the RHS of (I-
1-43) w.r.t. (Lp) from Zyp-L,p to Zyp + Lip
— h,p 8n
P, (xp,yp,2p,s) = 2L, shyphyp (Foo + Fmo + Fon + Fnn)
_ 4r
Py (xp,yp,2p,s) =————(Foo + Frmo + Fon + Fnn) (I-1-56)

ShyDLzD

|

[LzD coshv/s(h,p — xp)
00 —

E, coshv/s(hyp — Xyp)
2+/ssinhv/s(hyp) {COSh\/E(xWD) ) }]

\/EEP sinh(\/ghx[,) + Ep' cosh(\/ghx[,)

Ir i Lup c0s(wp) co5(1yp) oshT (hap = xp) ]
T sinh T(h,p)
Fmo = I m=1 , * I
F, coshT (hyp — xwp)
[ cosh(Txyp) - - - J
TF, sinh(Thyp) + F, cosh(Thyp)
i sink(L,p) cos?(kzyp) coshR(h,p — xp)
Fy = o] Rk sinhR (h,p)

[ 1
| |
| |
D, coshR(hyp —
[ coshR(xyp) - p COShR (s ; *wp) }J
RD, sinh(Rhyp) + D, cosh(Rhyp)
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[i i 2sink(L,p) cos(lywp) cos(lyp) cos?(kzyp) coshQ (hyp — xD)l
Fo = | A8 Qk sinh(Qhyp)
¢, coshQ(hyp — xwp)
[ {COShQ(xWD) - QC, sinh(Qhyp) + Cp' cosh(thD)}

(P) Calculating P, avg

5 _ [ Py(xp,yp, k,5)dV
Davg — de

pDan(xD'yD'ZDrs) = Shonl-

DLD(TOO+TmO+:FOn+Tmn)
yD&z

L,p E, coshvs(hyp — xpp) }]
Foo = coshv/s(x - 2 -
00 [ZthD { (o) VSE, sinh(Vshyp ) + E, cosh(v/shyp)

z L,y  sinl(hyp)cos?(lywp)
£ Thyphep Tl

Tm0= =90

Fp' coshT (h,p — xyp)
cosh(Txyp) - - ;
l TF,sinh(Thyp) + F, cosh(Thyp) J

i sink(L,p) cos?(kzyp) 1
Rhp Rk

|[
T0n=| n=1
|

1
|
|

D, coshR(h,p — x
{coshR(xWD)— — (P ; wp) }J
RD, sinh(Rhyp) + D, cosh(Rhyp)

[ < 2sin k(L,p) sin(lhyp) cos?(lywp) cos?(kzyp)|

'Z Z Qkh,php o |
Cp' coshQ(hyp — xyp) } |

QC,sinh(Qhy,p) + Cp' cosh(Qh,p)

"an = |n=1m=1 =0

| coshQ(xwp) -

|

pDan(xD'yD'ZDrs) = Shonl-

(Foo + Fon)
yDLzD

L,p Ep' coshv/s(hyp — xyp) }]
Foo = |——14 coshv/s(x - ;
00 [ZthD{ VsCarn) VSE, sinh(Vshyp ) + E, cosh(vVshyp)
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[ee)

I[ 2 sink(L,p) cos?(kzyp) 1
= I ] Rh,p Rk
" D, coshR (hyp — Xyp)
[ coshR(xyp) - - -
RD, sinh(Rhy,p) + D, cosh(Rhyp)

Recall that Pp(xp, yp, zp,S) - ISDa,,g (Xp, YD, 2p, S

pD(xD,yD,ZD,S) - FDayg(xD’yD’ZD’s) = m(?oo + Tmo + TOTL + :an) (I - 1 - 60)
yDLiz
o [LzD {cosh\/g(hw —xp) 1 }{coshx/g(x - E, coshv/s(hyp — Xyp)
00 2v/s sinhv/s(h,p) Vshyp wp \/EEP sinh(\/ghxD) + Ep' cosh(\/ghxD)

}J'

3 ZnL,/kylkzl(ﬁavg - Iswf)
H1q

T sinh T'(h,p)
F, coshT (hyp — Xwp)

m=1

i L,p cos(lyyp) cos(lyp) coshT (h,p — xp)

0

cosh(Txyp) -

TF, sinh(Thyp) + Fp' cosh(Th,p)

!

I[i sink(L,p) cos?(kzyp) (coshR(h,p — xp) 1 ]l
| Rk sinhR (h,p) Rh,p |
TOTL = In:1 , I
D, coshR(hyp — xwp)
[ coshR (xyp) - - , J
RD, sinh(Rhyp) + D, cosh(Rhyp)

2sink(L,p) cos(lywp) cos(lyp) cos?(kzyp) coshQ (h,p — xp)

)

Qk sinh(Qhyp)
Cp' coshQ(h,p — xyp)

|

Fon, = |L1 m=1
| [

At long time,s - 0

Pp(xp,yp,2p,s) - pDavg(xDryD'ZDrs) - S
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QC, sinh(Qhyp) + Cp' cosh(Qhyp)

|

(T00+Tm0+?0n+g:mn)

hyD LzD

|



[ ~ L,p cos(lywp) cos(lyp) coshl(hyp — xp) |
| . x|
[sinhl(h,p)
"Fmo - | m=1 '
G, coshl(hyp — xyp)
cosh(lxyp) - - ,
| [G, sinh(lhyp) + G, cosh(lhyep)] ]

where Gp' =F

» |s_)0 and Gp = Fp|

s—0

I[i sink(L,p) cos?(kzyp) {coshk(hw —xp) 1 }
E= ke
Fon = |n_1

[ {coshk(xWD) -

sinh k(h,p) kh,p

1

|

|
B, coshk(hyp — xwp) J
kB, sinh(kh,p) + Bp' cosh(kh,p)

’

where B, =D, |,

-0 and B, = Dpls_)0

I[i i 2sink(L,p) cos(lyyp) cos(lyp) cos?(kzyp) coshU(hyp — xD)]I

PN =t Uk sinh(Uh,p)
Ap' coshU(hyp — xywp)
coshU (xyp) — . ,
l UA,sinh(Uhyp) + A, cosh(Uhyp) J
where U= Q| _,and A, =C,| _,and A, =C,|__,
After Laplace Inversion
4
Pp(xp,yp, zp,t = ©) = Pp,, . (Xp,Yp, Zp,t = ©) = L (Fmo + Fon + Fnn) (I-1-61)
S yD~zD
2nL\[ky k; (Pavg = Pwy)
Pp - PDavg =
Hq
q _ hypLzpLk

Generally, Productivity Index(PI) = (I-1-62)

Pavg_ow _Zﬂl(TmO'i'TOn +Tmn +S)

For PI at wellbore, set xp = xyp in (Fmo + Fon + Fnn)
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I-2: Naturally Fractured Reservoirs

Everything is the same as section |-1 except replacing s with sf,(s) and 77,,s with sf, (s)
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APPENDIX J — Pseudo-Skin Pressure of Wells

J —1: Clastic Reservoir
From the line and plane source Wellbore Pressure Equations already derived,
- Horizontal Wells
(i)  Infinite in Two Directions
At long time,s = 0

_ 2
Byp (xWDJyWDJZWDJS_)O)_ShD (a+p) Jg-1-1)
Z,

fsin(wLyD) 2wx D( »—D )
——=Zle
2w? (a)D +D )
a =
e o) 2 ’
N 2 f sm(a)LyD) cos?(kzyp) RS v (Cp w? + k" - Cp) o
= Vo? + 12 (cwr+i2 +¢,)
8 i Joosm(wLyD)cos (kZWD) ]
= dw
=1 Jor + 12
Pen( 0)=—2"
- =
so\Xwp,Ywp,Zwp, S shypsind
Poo P J-1-2)
sp\Xwp,Ywp,Zwp) = h,psind

(i)  Finite in Two Directions

At long time,s - 0
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_ 41
= —o
Py, wps Ywps Zwp, S = 0) Shyphypsing (a+p)

(\/_E —E ) sml(LyD)COS (lyWD) —2lxy
zf{1+(\FE +E)}+z g i

N 2 Lyp cos 2(kzyp) o—2kxwp (kDp - Dp:)
k (kD, +D,)

n=1

, UFy = Fy)

(le +F,)

k

[2 sml(LyD) cos (lyWD) Z DCOSZ(kZWD)}

n=1

2 cos?(kzyp) sinl(Lyp) cos?(lywp)
s |

L L W2+ K
P 0 4B

- =5 1 A
sp\Xwp,Ywp,Zwp, S shyph;psin®
Psp ( ) = il
sp\Xwp,Ywp,Zwp) = hyphypsing

(iii)  Finite in Three Directions
At long time,s - 0

Py (wp, Ywp, Zwp, s = 0) = (Foo + Fmo + Fon + Fnn)

shyph,psing
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N i i 2 cos?(kzyp) sinl(Lyp) cos?(lywp) -2 T (Cp\/ P4k — Cp')
L L WE+ 12 (c,

Pk + cp’)_

J-1-3)

J-1-4)

J-1-5)



coshvs(hyp — 2xyp) + cosh(Vshyp)

L )
TOO = > \/ESIn}T\D/E(h ) _ Ep [1 + COShZ\/g(hxD - xWD)]
b \/EEp sinhvs(h,p) + Ep' cosh/s(h,p)
< sin I(Lyp) cos®(lywp)
Frnor = zl Z sinh 1(h0) {coshl(h,p — 2xyp) + cosh(lh,p)}
lm=

o)

Fo 2 sinl(Lyp) cos?(lywp) F, [1+ cosh2l(h.p — xyp)]
moz _ ) 12 sinh I(hyp) IF, sinhl(hyp) + F, coshi(hyp)

m=

. - Lyp cos?(kzyp)
onl ™ k sinh k(hyp)

{coshk(h,p — 2xyp) + cosh(khxD)}]

.l o Lyp cos®(kzyp) D, [1+ cosh2k(hyp — xyp)]
o 4 ksinhk(hyp) kD, sinhk(hyp) + D, coshk(hyp)]

i i 2 cos?(kzyp) sinl(Lyp) cos?(lywp) y ]

Fomi=| A WE+Ksinh(hop/E + 1)
{cosh( <0 — 2Xwp) (V1> + k) + cosh (hxm/ ?+ kz)}

i i 2 cos?(kzyp) sinl(Lyp) cos? (lywp) y
S WE K sinh (hop /P + 1)
Foo =
mn2 c, [1 + cosh2(hyp — xywp) (VI + kz)]
(V2 + K sinh (hyp 2 + ) + ¢, cosh (hup 2 + 1) | |

_ 4
Psp (Xwp, Ywp, Zwp,S = 0) = W(Tmm + Fon1 + Frmn1)
41
Psp (Xwp, Ywp) Zwp) = W(Tmm + Fon1 + Fmn1) J-1-6)
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- Hydraulically Fractured Vertical Wells

(i) Infinite in Two Directions
At long time,s - 0

FWD (xWD'yWD:ZWD'S_)O)_ (a+ﬁ) (]_1_7)
stD

J L,p sin(wLgp) {e_waWD (wD,, - Dp’)}dw

2w? (wb, +D,)

a= w oo - ,
N 2 f sin(wLgp) sin(kL,p) cos?(kzyp) JRET proave (Cp\/ w?+k* - C, ) p
= wky w? + k? (Cp w? + k* + Cp')

w

[ OOsm((uLyD)sm(kL p) COS (kZWD) ]
¢ Z JO; wk w? + K do

_ 2B
Psp (Xwp, Ywp) Zwp, s = 0) = m
2B
Psp twp, Ywp, Zwp) = Lpsind J-1-8)
(ii)  Finite in Two Directions
At long time,s - 0
— 2
Pyp Gwps Ywpr Zwp,s 2 0) = —————(a + ) Jg-1-9

shypL,psing
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LopLsp {1 N (VsE, — Ep:)} N 2 2L,p sin l(Lsz) cos?(lywp) Y (iF, - Fp:)
Vs (\/EEP+EP) m=1 ! (le+Fp)
. N Z 2Lgp sink(Lyp) cos®(kzyp) ST (kp, —D,")
— 2 ’
k (0, +2,)
o 00 ) . 2 2 !
N 2 2 4 cos?(kzyp) sink(L,p) sinl(Lgp) cos*(lywp) RSN v (va +k -, )
] kI E + 12 (e +i+c,)]
2L, sin I(Lgp) cos?(lywp) = 2L¢p sink(L,p) cos®(kzyp)
2 12 * Z K
B — m=1 n=1

N i i 4 cos?(kzyp) sink(L,p) sinl(Lgp) cos®(Lywp) ‘
== kI P+ k?

_ 2np
Psp (Xwp, Ywp, Zwp,S = 0) = W
Pep( L 1-10
so\Xwp,Ywp,Zwp) = hyDLzDSiTl9 J )
(iii)  Finite in Three Directions
At long time,s - 0
_ 2T
Py, Xwp, Ywps Zwp,s = 0) = W(Too + Frmo + Fon + Fnn) J-1-11)

coshvs(hyp — 2xyp) + cosh(Vshyp)
E, |1+ cosh2vs(hyp — xyp)]
\/EEp sinhv/s(h,p) + Ep' cosh/s(hyp)

Foo— LzDLfD
07 |ssinhvs(hyp)
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[~ 2L,p sinl(Lsp) cos?(1ywp)
Fraor = z 5 ; nfh l)(h 5 {coshl(hyp — 2xyp) + cosh(lhyp)}
| =t xD
P i 2L psinl(Lsp) cos®(lywp)  F, [1+ cosh2l(hyp — xyp)]
moz L 12 sinh I(h,p) IF, sinhl(hyp) + F, coshl(hyp)
[~ 2Lp sink(L,p) cos?(kzyp)
_ £D zD WD B
Fon1 = Z KZsinh k(i) {coshk(h,p — 2xyp) + cosh(kh,p)}
Lln=
o [ i 2L¢p sink(Lyp) cos®(kzyp)  D,'[1+ cosh2k(hyp — xyp)]
onz = L k2 sinh k(hyp) kD, sinhk(hyp) + D, cosh k(hyp)]
[i i 4 cos?(kzyp) sink(L,p) sinl(Lyp) cos?(lywp) ]
X
Fo = |52 kI + i sinh (hyp/ 1 + 1)
{cosh(hxD — 2xywp) (W% + k) + cosh (hxm/ I+ kz)}

__i i 4 cos?(kzyp) sink(L,p) sinl(Lyp) cos®(lywp) y

e e} kI + 1 sinh (Rep 2 + 1)

Foo, =
mne c, [1 + cosh2(hyp — xywp) (VI + kz)]
CVE + K sinh (hep + K2) + €, cosh (hup /P + 2)

_ 21

Psp (Xwp, Ywp, Zwp,S = 0) = W(Tmm + Fon1 + Frmn1)
2T

Psp (Xwp, Ywp) Zwp) = W(Tmm + Fon1 + Fn1)
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- Vertical Wells

(i) Infinite in Two Directions

At long time,s =» 0

ﬁWD (Xwp, Ywp, Zwp, S = 0) = L

=/ kv w? + k*

[2] sin(kL,p) cos?(kzyp) w]

ou2+k2

B

sL,p

Psp (Xwp, Ywps Zwp,s = 0) =

B

Psp (Xwp, Ywp, Zwp) = L
zD

(ii)  Finite in Two Directions
At long time,s = 0

_ 2T
Py, (Xwp, Ywps Zwp,s = 0) = hol — (@ +p)
yD%~zD

foo LLD{e—Za)XWD ((L)Dp - Dpll)
—o0 200 (wD, +D,)

+2J sin(kL,p) cos®(kzyp) o~ 2xwp 0+
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(cw2+i2+c

(J-1-13)
J-1-14)
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Lzp {1 n (VsE, _Ep’)}+ z 20 €08* (Lywp) o—2lxw (lF ~F,)
(VsE, +E,) l (lF +F,))
3 N 2 sink(Lyp) cos?(kzyp) o2k (kp, —D,)
= 2 I~
n=1 k (kp, +D,)
i i 2 cos®(kzwp) sink(Lgp) cos®(Wwp) _,,  ere (Cp\/ P+k— Cp')
+ e~ 2Xwp
L k2 + K (cE+i2+¢,)]
[ = L,p cos (lyWD) sink(L,p) cos?(kzyp)]
| = |
,3 |m=1 n=1 |
| +Z Z 2 cos?(kzyp) sink(L,p) cos?(lyyp) |
I =1 m=1 k2 + K |

Pop( 0y = _2"F
Xwp, ,Zwp,S = 0) = ———
soXwp,Ywp,Zwp shyp Lo
2nf
Psp (Xwp, Ywp, Zwp) = ho 1 J—-1-16)
yD*%~zD
(iii)  Finite in Three Directions
At long time,s - 0
— 2
Pyp Gwps Ywpr Zwp, s = 0) = ———— (Foo + Fno + Fon + Fnn) J-1-17)

shyDLzD

coshv/s(hyp — 2xyp) + cosh(\/ghxD)
Ep'[l + cosh2v/s(h,p — xWD)]
VSE, sinhv/s(h,p) + E, cosh/s(hyp)

LzD

Fon =
00 ™ 2 ssinhvs(hyp)
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Fmo1r =

Fmoz = |—

Z L,p COSZ( lywp)

[sinh1(h.p) {coshl(h,p — 2xyp) + cosh(lhxD)}]

B i sink(L,p) cos?(kzyp)

Lln=1

i Lyp cos?(lyyp) F,[1+ cosh2l(hyp — xyp)]
Isinhl(hyp) IF,sinhl(hyp) + F, coshl(hyp)

kZsinh k(ho) {coshk(h,p — 2xyp) + cosh(khxD)}]

3 [ i sink(L,p) cos®(kzyp) D, [1+ cosh2k(hyp — xyp)] ]

k2 sinh k(h,p) kD, sinhk(hyp) + D, coshk(hyp)]

n=1

i i 2 cos?(kzyp) sink(L,p) cos?(lywp)

[ ]

X
Fo = ! SE kVE+ K sinh(hy D\/l2 + i) !
| |

Psp (Xwp, Ywp) Zwp,S = 0) =

[ i i 2 cos?(kzyp) sink(L,p) cos?(lyyp) o
=42k + 1 sinh (hyp/ P+ 2)
c, [1 + cosh2(hyp — xywp) (VI + kz)]

CV 2+ 1 sinh (Rep B+ 12) + €, cosh (hyp /P + K2 ]

F. + Fon1 +F
ShyDLzD ( mo1 oni mnl)

2n

Psp (Xwp, Ywp, Zwp) = h—(Tmm + Fon1 + Fmn1) J-1-18)

yD LZD
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J =2 Naturally Fractured Reservoirs

Everything is the same as section J-1 except replacing s with sf,(s) and 77,,s with sf, (s)
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APPENDIX K — Data for Type Curve Generation

The rock and fluid properties used to generate the type curves were adapted from Yildiz

et al. (1997) and are given below.

g, 3000 STB/D
B,, 1.5 RBBL/STB
u,cpl.5

o, fraction 0.1
C;, 30x10-6 psi*

h, 60 ft
rw, 0.354 ft
L, 1000 ft
Low Areal Anisotropy High Areal Anisotropy
kx, md 100 100
ky, md 50 1
kz, md 10 1
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APPENDIX L - Simulation Data

The following data was fed into the Eclipse 2010.1 for pressure drawdown

g, 5000 STB/D

B,, 1.5 RBBL/STB

u,cp 1.0

o, fraction 0.2

C;, 2.8x10-6 psi™*
h, 100 ft
rw, 0.3 ft
L, 385 ft

0, 45°

k«1,md 404.5

kx2,md 404.5

ky,md 404.5

kyo,md 404.5

Table L.1: Eclipse Pressure data for Fig. 3.6.1

kzl,md 40.45

k,,md 40.45

t,hr | tAP, psi t,hr | t AP, psi t hr | t AP, psi t, hr t AP/, psi t,hr | tAP, psi
0.00018 | 34.73958 0.0002 | 34.63974 | 0.00022 | 34.48487 | 0.00024 | 34.33185 | 0.00026 | 34.15049
0.000181 | 34.73358 | 0.000201 | 34.62167 | 0.000221 | 34.47562 | 0.000241 34.3302 | 0.000261 | 34.15186
0.000182 | 34.72517 | 0.000202 | 34.60234 | 0.000222 | 34.47634 | 0.000242 | 34.30325 | 0.000262 | 34.12557
0.000183 | 34.71477 | 0.000203 | 34.61124 | 0.000223 | 34.46422 | 0.000243 | 34.28693 | 0.000263 | 34.12401
0.000184 | 34.72972 | 0.000204 | 34.60829 | 0.000224 | 34.45111 | 0.000244 34.2818 | 0.000264 | 34.12139
0.000185 | 34.71477 | 0.000205 | 34.58314 | 0.000225 | 34.44711 | 0.000245 | 34.27512 | 0.000265 | 34.09225
0.000186 | 34.68867 | 0.000206 | 34.60794 | 0.000226 | 34.43096 | 0.000246 | 34.25542 | 0.000266 | 34.10125
0.000187 | 34.71619 | 0.000207 | 34.59953 | 0.000227 | 34.43561 | 0.000247 | 34.25896 | 0.000267 | 34.09551
0.000188 | 34.69481 | 0.000208 | 34.54836 | 0.000228 | 34.42781 | 0.000248 | 34.27322 | 0.000268 | 34.08931
0.000189 | 34.68136 | 0.000209 | 34.56843 | 0.000229 | 34.41824 | 0.000249 | 34.24952 | 0.000269 | 34.08225
0.00019 | 34.70311 | 0.00021 | 34.55508 | 0.00023 | 34.39626 | 0.00025 | 34.23751 0.00027 | 34.0334
0.000191 | 34.68526 | 0.000211 | 34.56173 | 0.000231 | 34.39571 | 0.000251 34.22376 | 0.000271 | 34.03741
0.000192 | 34.68451 | 0.000212 | 34.55553 | 0.000232 | 34.40541 | 0.000252 34.2085 | 0.000272 | 34.06766
0.000193 | 34.6821 | 0.000213 | 34.52713 | 0.000233 | 34.39051 | 0.000253 | 34.21792 | 0.000273 | 34.02935
0.000194 | 34.66745 | 0.000214 | 34.52892 | 0.000234 | 34.36266 | 0.000254 | 34.20118 | 0.000274 | 34.01719
0.000195 | 34.66095 | 0.000215 | 34.51802 | 0.000235 | 34.3332 | 0.000255 | 34.18276 | 0.000275 | 34.04453
0.000196 | 34.6426 | 0.000216 | 34.51652 | 0.000236 | 34.3379 | 0.000256 34.1883 | 0.000276 | 34.03041
0.000197 | 34.62245 | 0.000217 | 34.51362 | 0.000237 | 34.37705 | 0.000257 | 34.19386 | 0.000277 | 34.01582
0.000198 | 34.6399 | 0.000218 | 34.50912 | 0.000238 34.343 | 0.000258 | 34.17218 | 0.000278 | 33.99934
0.000199 | 34.64555 | 0.000219 | 34.48122 | 0.000239 | 34.3083 | 0.000259 | 34.14881 | 0.000279 | 33.98173
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t,hr | tAP, psi t,hr | t AP, psi t hr | tAP, psi t, hr t AP/, psi t,hr | tAP, psi
0.00028 | 33.97799 | 0.00032 | 33.68017 | 0.00036 | 33.40758 0.0004 33.1601 0.00044 | 32.97791
0.000281 | 33.95901 | 0.000321 | 33.68842 | 0.000361 | 33.35668 | 0.000401 33.1422 | 0.000441 | 33.00889
0.000282 | 33.9808 | 0.000322 | 33.64902 | 0.000362 | 33.41281 | 0.000402 | 33.16487 | 0.000442 | 32.97329
0.000283 | 33.95933 | 0.000323 | 33.64069 | 0.000363 | 33.41361 | 0.000403 | 33.14687 | 0.000443 | 32.98116
0.000284 | 33.93814 | 0.000324 | 33.64713 | 0.000364 | 33.36033 | 0.000404 | 33.14845 | 0.000444 | 32.94446
0.000285 | 33.95791 | 0.000325 | 33.63702 | 0.000365 | 33.36128 | 0.000405 33.169 | 0.000445 | 32.93019
0.000286 | 33.93355 | 0.000326 | 33.62697 | 0.000366 | 33.37931 | 0.000406 | 33.14972 | 0.000446 | 32.98184
0.000287 | 33.90853 | 0.000327 | 33.61579 | 0.000367 | 33.34141 | 0.000407 | 33.15037 | 0.000447 | 32.9434
0.000288 | 33.89764 | 0.000328 | 33.60333 | 0.000368 | 33.32256 | 0.000408 | 33.10925 | 0.000448 | 32.92786
0.000289 | 33.89974 | 0.000329 | 33.60692 | 0.000369 | 33.37637 | 0.000409 33.1082 | 0.000449 | 32.95686
0.00029 | 33.9007 | 0.00033 | 33.59402 | 0.00037 | 33.33657 | 0.00041 33.14865 |  0.00045 | 32.96264
0.000291 | 33.8866 | 0.000331 | 33.58002 | 0.000371 | 33.33411 | 0.000411 33.10616 | 0.000451 | 32.9677
0.000292 | 33.90134 | 0.000332 | 33.59818 | 0.000372 | 33.33111 | 0.000412 | 33.08347 | 0.000452 | 32.95089
0.000293 | 33.87064 | 0.000333 | 33.61608 | 0.000373 | 33.3278 | 0.000413 33.1222 | 0.000453 | 32.91066
0.000294 | 33.83903 | 0.000334 | 33.58367 | 0.000374 | 33.32297 | 0.000414 | 33.09935 | 0.000454 | 32.91486
0.000295 | 33.8953 | 0.000335 | 33.53352 | 0.000375 | 33.28107 | 0.000415 33.0756 | 0.000455 | 32.9188
0.000296 | 33.8624 | 0.000336 | 33.56628 | 0.000376 | 33.27601 | 0.000416 | 33.11347 | 0.000456 | 32.94624
0.000297 | 33.82843 | 0.000337 | 33.56478 | 0.000377 | 33.3082 | 0.000417 | 33.08857 | 0.000457 | 32.92696
0.000298 | 33.86727 | 0.000338 | 33.52972 | 0.000378 | 33.32032 | 0.000418 33.064 | 0.000458 | 32.88426
0.000299 | 33.83139 | 0.000339 | 33.52712 | 0.000379 | 33.27597 | 0.000419 33.1011 | 0.000459 | 32.9329
0.0003 | 33.79525 | 0.00034 | 33.54066 | 0.00038 | 33.26906 | 0.00042 | 33.07472 | 0.00046 | 32.88999
0.000301 | 33.80233 | 0.000341 | 33.55408 | 0.000381 | 33.2996 | 0.000421 33.02717 | 0.000461 | 32.86949
0.000302 | 33.80847 | 0.000342 | 33.53333 | 0.000382 | 33.29076 | 0.000422 | 33.06395 | 0.000462 | 32.94046
0.000303 | 33.79963 | 0.000343 | 33.49392 | 0.000383 | 33.22497 | 0.000423 33.0574 | 0.000463 | 32.89576
0.000304 | 33.8051 | 0.000344 | 33.50531 | 0.000384 | 33.23552 | 0.000424 33.0293 | 0.000464 | 32.85139
0.000305 | 33.80889 | 0.000345 | 33.51671 | 0.000385 | 33.2834 | 0.000425 | 33.10737 | 0.000465 | 32.92219
0.000306 | 33.76657 | 0.000346 | 33.49308 | 0.000386 | 33.25335 | 0.000426 | 33.07901 | 0.000466 | 32.87575
0.000307 | 33.77013 | 0.000347 | 33.46778 | 0.000387 | 33.2047 | 0.000427 32.9858 | 0.000467 | 32.90016
0.000308 | 33.77218 | 0.000348 | 33.47731 | 0.000388 | 33.25197 | 0.000428 32.9985 | 0.000468 | 32.90045
0.000309 | 33.75799 | 0.000349 | 33.48651 | 0.000389 | 33.23967 | 0.000429 33.0546 | 0.000469 | 32.85369
0.00031 | 33.74314 | 0.00035 | 33.44256 | 0.00039 | 33.2277 | 0.00043 | 33.02416 | 0.00047 | 32.87605
0.000311 | 33.71243 | 0.000351 | 33.45008 | 0.000391 | 33.2154 | 0.000431 33.03606 | 0.000471 | 32.82846
0.000312 | 33.71167 | 0.000352 | 33.43968 | 0.000392 | 33.22242 | 0.000432 | 33.06915 | 0.000472 | 32.85155
0.000313 | 33.74119 | 0.000353 | 33.44691 | 0.000393 | 33.20807 | 0.000433 | 32.97289 | 0.000473 | 32.92099
0.000314 | 33.72319 | 0.000354 | 33.43526 | 0.000394 | 33.1745 | 0.000434 | 33.00621 | 0.000474 | 32.87135
0.000315 | 33.72093 | 0.000355 | 33.40528 | 0.000395 | 33.2196 | 0.000435 | 33.03786 | 0.000475 | 32.82269
0.000316 | 33.71713 | 0.000356 | 33.42818 | 0.000396 | 33.20465 | 0.000436 33.0049 | 0.000476 | 32.89195
0.000317 | 33.66492 | 0.000357 | 33.43311 | 0.000397 | 33.18897 | 0.000437 | 33.01539 | 0.000477 | 32.84106
0.000318 | 33.69194 | 0.000358 | 33.41936 | 0.000398 | 33.19297 | 0.000438 | 32.98149 | 0.000478 | 32.8384
0.000319 | 33.68649 | 0.000359 | 33.44051 | 0.000399 | 33.1769 | 0.000439 | 32.94666 | 0.000479 | 32.85939
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t, hr

t AP/, psi

t, hr

t AP/, psi

t, hr

t AP/, psi

t, hr

t AP/, psi

t, hr

t AP/, psi

0.00048

32.80814

0.00052

32.73374

0.00056

32.6759

0.0006

32.58057

0.00064

32.57575

0.000481

32.80396

0.000521

32.77049

0.000561

32.67877

0.000601

32.57486

0.000641

32.56249

0.000482

32.84821

0.000522

32.75531

0.000562

32.65287

0.000602

32.62825

0.000642

32.51684

0.000483

32.84399

0.000523

32.74054

0.000563

32.62539

0.000603

32.59185

0.000643

32.47135

0.000484

32.83964

0.000524

32.69817

0.000564

32.6273

0.000604

32.58554

0.000644

32.5541

0.000485

32.80986

0.000525

32.68089

0.000565

32.62845

0.000605

32.57879

0.000645

32.60537

0.000486

32.80496

0.000526

32.74324

0.000566

32.60129

0.000606

32.54205

0.000646

32.55897

0.000487

32.79939

0.000527

32.75276

0.000567

32.65889

0.000607

32.59673

0.000647

32.54379

0.000488

32.81833

0.000528

32.68296

0.000568

32.65959

0.000608

32.58937

0.000648

32.59425

0.000489

32.83579

0.000529

32.66539

0.000569

32.57593

0.000609

32.58119

0.000649

32.54705

0.00049

32.78086

0.00053

32.72724

0.00057

32.63347

0.00061

32.60414

0.00065

32.53224

0.000491

32.79856

0.000531

32.73667

0.000571

32.68929

0.000611

32.59665

0.000651

32.51699

0.000492

32.79145

0.000532

32.66554

0.000572

32.60359

0.000612

32.5888

0.000652

32.53475

0.000493

32.78508

0.000533

32.67275

0.000573

32.60339

0.000613

32.54989

0.000653

32.58543

0.000494

32.80228

0.000534

32.73389

0.000574

32.66045

0.000614

32.60319

0.000654

32.50436

0.000495

32.81826

0.000535

32.71479

0.000575

32.63095

0.000615

32.56466

0.000655

32.55329

0.000496

32.83506

0.000536

32.64216

0.000576

32.63014

0.000616

32.55657

0.000656

32.60279

0.000497

32.82639

0.000537

32.64946

0.000577

32.62987

0.000617

32.60815

0.000657

32.55415

0.000498

32.74305

0.000538

32.71108

0.000578

32.59987

0.000618

32.50639

0.000658

32.50495

0.000499

32.75926

0.000539

32.69087

0.000579

32.65545

0.000619

32.59019

0.000659

32.52139

0.0005

32.80074

0.00054

32.69674

0.00058

32.6247

0.00062

32.61165

0.00066

32.57064

0.000501

32.79108

0.000541

32.70315

0.000581

32.53559

0.000621

32.57135

0.000661

32.58797

0.000502

32.78019

0.000542

32.68245

0.000582

32.62094

0.000622

32.59239

0.000662

32.57113

0.000503

32.71969

0.000543

32.66099

0.000583

32.67685

0.000623

32.55237

0.000663

32.51995

0.000504

32.70946

0.000544

32.66694

0.000584

32.58793

0.000624

32.51097

0.000664

32.50244

0.000505

32.79966

0.000545

32.67246

0.000585

32.55587

0.000625

32.59375

0.000665

32.55149

0.000506

32.81364

0.000546

32.65164

0.000586

32.61064

0.000626

32.6456

0.000666

32.6005

0.000507

32.7264

0.000547

32.71127

0.000587

32.60739

0.000627

32.50949

0.000667

32.48255

0.000508

32.74133

0.000548

32.71519

0.000588

32.57505

0.000628

32.49874

0.000668

32.53247

0.000509

32.75484

0.000549

32.63759

0.000589

32.63045

0.000629

32.58205

0.000669

32.61427

0.00051

32.74186

0.00055

32.64241

0.00059

32.62659

0.00063

32.60328

0.00067

32.52814

0.000511

32.75469

0.000551

32.70165

0.000591

32.62289

0.000631

32.56017

0.000671

32.50975

0.000512

32.74204

0.000552

32.67799

0.000592

32.59012

0.000632

32.54769

0.000672

32.491

0.000513

32.75486

0.000553

32.59889

0.000593

32.58623

0.000633

32.53579

0.000673

32.53929

0.000514

32.76731

0.000554

32.65913

0.000594

32.6401

0.000634

32.58755

0.000674

32.58754

0.000515

32.75458

0.000555

32.71794

0.000595

32.60559

0.000635

32.54335

0.000675

32.53459

0.000516

32.74082

0.000556

32.63695

0.000596

32.60089

0.000636

32.53124

0.000676

32.51643

0.000517

32.75159

0.000557

32.63989

0.000597

32.56605

0.000637

32.58209

0.000677

32.56452

0.000518

32.71141

0.000558

32.64259

0.000598

32.561

0.000638

32.57062

0.000678

32.50964

0.000519

32.67086

0.000559

32.61745

0.000599

32.61519

0.000639

32.62173

0.000679

32.48989
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t, hr

t AP/, psi

t, hr

t AP/, psi

t, hr

t AP/, psi

t, hr

t AP/, psi

t, hr

t AP/, psi

0.00068

32.5378

0.00072

32.50764

0.00076

32.56698

0.0008

32.51953

0.00084

32.59184

0.000681

32.58575

0.000721

32.55289

0.000761

32.60937

0.000801

32.56048

0.000841

32.63048

0.000682

32.56504

0.000722

32.52661

0.000762

32.57523

0.000802

32.60099

0.000842

32.58498

0.000683

32.51049

0.000723

32.46352

0.000763

32.50328

0.000803

32.56155

0.000843

32.53965

0.000684

32.55907

0.000724

32.5437

0.000764

32.54645

0.000804

32.60183

0.000844

32.57922

0.000685

32.53823

0.000725

32.58838

0.000765

32.58865

0.000805

32.52158

0.000845

32.57536

0.000686

32.4819

0.000726

32.52439

0.000766

32.51643

0.000806

32.56333

0.000846

32.61303

0.000687

32.52919

0.000727

32.56955

0.000767

32.52038

0.000807

32.60353

0.000847

32.69388

0.000688

32.61089

0.000728

32.5048

0.000768

32.52551

0.000808

32.56208

0.000848

32.60529

0.000689

32.55479

0.000729

32.47679

0.000769

32.56792

0.000809

32.56188

0.000849

32.51654

0.00069

32.49885

0.00073

32.63167

0.00077

32.5323

0.00081

32.60223

0.00085

32.59723

0.000691

32.54693

0.000731

32.56657

0.000771

32.53588

0.000811

32.60195

0.000851

32.63548

0.000692

32.52456

0.000732

32.50065

0.000772

32.61673

0.000812

32.5204

0.000852

32.63226

0.000693

32.50139

0.000733

32.47165

0.000773

32.58165

0.000813

32.51968

0.000853

32.58532

0.000694

32.54829

0.000734

32.55273

0.000774

32.50785

0.000814

32.60142

0.000854

32.62274

0.000695

32.56055

0.000735

32.55998

0.000775

32.55066

0.000815

32.64136

0.000855

32.66058

0.000696

32.5378

0.000736

32.4943

0.000776

32.55381

0.000816

32.55814

0.000856

32.61328

0.000697

32.51469

0.000737

32.57623

0.000777

32.51708

0.000817

32.51644

0.000857

32.65154

0.000698

32.52649

0.000738

32.54636

0.000778

32.59815

0.000818

32.55608

0.000858

32.5608

0.000699

32.60907

0.000739

32.58968

0.000779

32.60085

0.000819

32.59588

0.000859

32.59987

0.0007

32.55063

0.00074

32.59653

0.00078

32.56473

0.00082

32.63585

0.00086

32.68056

0.000701

32.49125

0.000741

32.45555

0.000781

32.52818

0.000821

32.55332

0.000861

32.58848

0.000702

32.57248

0.000742

32.49955

0.000782

32.53115

0.000822

32.5931

0.000862

32.62659

0.000703

32.54849

0.000743

32.54298

0.000783

32.57352

0.000823

32.67268

0.000863

32.66434

0.000704

32.4894

0.000744

32.54974

0.000784

32.53666

0.000824

32.58883

0.000864

32.57238

0.000705

32.50035

0.000745

32.59436

0.000785

32.57718

0.000825

32.50474

0.000865

32.52368

0.000706

32.58164

0.000746

32.48898

0.000786

32.53998

0.000826

32.58569

0.000866

32.64815

0.000707

32.55786

0.000747

32.53184

0.000787

32.58175

0.000827

32.62468

0.000867

32.68662

0.000708

32.49786

0.000748

32.61238

0.000788

32.62295

0.000828

32.54008

0.000868

32.63746

0.000709

32.54295

0.000749

32.54368

0.000789

32.54588

0.000829

32.58036

0.000869

32.58708

0.00071

32.58885

0.00075

32.47475

0.00079

32.46858

0.00083

32.61982

0.00087

32.62478

0.000711

32.52779

0.000751

32.55585

0.000791

32.55047

0.000831

32.57494

0.000871

32.61864

0.000712

32.50254

0.000752

32.59971

0.000792

32.59148

0.000832

32.61418

0.000872

32.56909

0.000713

32.54825

0.000753

32.53026

0.000793

32.51285

0.000833

32.65318

0.000873

32.60618

0.000714

32.48772

0.000754

32.49698

0.000794

32.59343

0.000834

32.5675

0.000874

32.64363

0.000715

32.49746

0.000755

32.54045

0.000795

32.63438

0.000835

32.60664

0.000875

32.72566

0.000716

32.54183

0.000756

32.58335

0.000796

32.51613

0.000836

32.56173

0.000876

32.63168

0.000717

32.55148

0.000757

32.51278

0.000797

32.59735

0.000837

32.60197

0.000877

32.62434

0.000718

32.59705

0.000758

32.55583

0.000798

32.63882

0.000838

32.64062

0.000878

32.66118

0.000719

32.57045

0.000759

32.52285

0.000799

32.55995

0.000839

32.55304

0.000879

32.61058

0.00088

32.55974

0.000935

32.63118

0.00099

32.76878

0.188

36.01011

0.408

47.39232
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t, hr t AP/, psi t, hr t AP/, psi t, hr t AP/, psi t, hr t AP/, psi t, hr t AP/, psi
0.000887 | 32.59678 | 0.000942 | 32.68724 | 0.000997 | 32.70134 | 0.216 | 37.43129 | 0.436 | 48.46534
0.000888 | 32.63383 | 0.000943 | 32.67458 | 0.000998 | 32.78413 0.22 | 37.66927 0.44 | 48.67025
0.000889 | 32.67044 | 0.000944 | 32.71032 | 0.000999 | 32.81749 | 0.224 | 37.84886 | 0.444 48.9442

0.00089 | 3257482 | 0.000945 | 32.79216 0.001 | 32.68453 | 0.228 | 38.05295 | 0.448 | 49.11797
0.000891 | 32.61126 | 0.000946 | 32.68399 0.012 | 36.91237 | 0.232 | 38.25035 | 0.452 49.2208
0.000892 | 32.64688 | 0.000947 | 32.57664 0.016 | 3557974 | 0.236 | 38.49145 | 0.456 | 49.47201
0.000893 | 32.72818 | 0.000948 | 32.75323 0.02 | 33.30935 0.24 | 38.66924 0.46 | 49.74119
0.000894 | 32.63064 | 0.000949 | 32.78748 0.024 | 31.65054 | 0.244 | 38.86259 | 0.464 | 49.60614
0.000895 | 32.66754 0.00095 | 32.67984 0.028 | 30.31394 | 0.248 | 39.06654 | 0.468 | 50.02564
0.000896 | 32.70348 | 0.000951 | 32.76283 0.032 | 29.62868 | 0.252 39.318 | 0.472 | 50.58068
0.000897 | 32.60568 | 0.000952 | 32.65407 0.036 | 29.25294 | 0.256 | 39.49126 | 0.476 | 50.52436
0.000898 | 32.68786 | 0.000953 | 32.68778 0.04 | 29.09208 0.26 | 39.66221 0.48 | 50.68425
0.000899 | 32.58943 | 0.000954 | 32.76943 0.044 | 29.05011 | 0.264 | 39.87868 | 0.484 | 50.87125

0.0009 | 32.62499 | 0.000955 | 32.61304 0.048 | 2922458 | 0.268 | 40.13894 | 0.488 | 51.07781
0.000901 | 32.66078 | 0.000956 | 32.64729 0.052 | 29.23028 | 0.272 | 40.30815 | 0.492 51.3375
0.000902 | 32.69733 | 0.000957 | 32.72908 0.056 | 2942926 | 0.276 | 40.46016 | 0.496 | 51.21177
0.000903 | 32.77864 | 0.000958 | 32.76328 0.06 | 29.53451 0.28 | 40.69038 05| 51.67652
0.000904 | 32.67939 | 0.000959 | 32.75046 0.064 | 29.71705 | 0.284 | 40.95131 | 0.504 | 52.17042
0.000905 | 32.58055 0.00096 | 32.68877 0.068 | 29.85876 | 0.288 | 41.11808 | 0.508 | 52.09218
0.000906 | 32.61675 | 0.000961 | 32.77004 0.072 | 30.06464 | 0.292 | 41.26084 | 0.512 | 52.27811
0.000907 | 32.65158 | 0.000962 | 32.75563 0.076 | 30.31761 | 0.296 | 41.49991 | 0.516 | 52.50668
0.000908 | 32.59704 | 0.000963 | 32.64538 0.08 | 30.50276 0.3 | 41.75369 0.52 | 52.69789
0.000909 | 32.72394 | 0.000964 | 32.72769 0.084 | 30.73892 | 0.304 | 41.92571 | 0.524 | 52.94728

0.00091 | 3275958 | 0.000965 | 32.76154 0.088 30.911 | 0.308 | 42.06538 | 0.528 | 53.09888
0.000911 | 32.56778 | 0.000966 | 32.74708 0.092 | 31.13641 | 0.312 | 4229746 | 0.532 | 53.25684
0.000912 | 32.60383 | 0.000967 | 32.68516 0.096 | 31.30366 | 0.316 | 42.55385 | 0.536 | 53.48883
0.000913 | 32.68612 | 0.000968 32.7676 0.1 | 31.53232 0.32 | 42.72957 0.54 | 53.76076
0.000914 | 32.72212 | 0.000969 | 32.80034 0.104 | 31.71372 | 0.324 | 42.86468 | 0.544 | 53.56344
0.000915 | 32.71078 0.00097 | 32.68884 0.108 31.929 | 0.328 | 43.10667 | 0.548 | 54.06243
0.000916 | 32.65513 | 0.000971 | 32.67378 0.112 | 32.10048 | 0.332 43.3587 | 0.552 | 54.66236
0.000917 | 32.69068 | 0.000972 | 32.70753 0.116 | 32.32471 | 0.336 | 43.26382 | 0.556 54.554
0.000918 | 32.68064 | 0.000973 | 32.78994 0.12 | 32.50892 0.34 | 43.67375 0.56 | 54.71468
0.000919 | 32.62424 | 0.000974 | 32.72712 0.124 | 32.72754 | 0.344 441579 | 0.564 | 54.90892

0.00092 | 3256768 | 0.000975 | 32.76075 0.128 | 32.89931 | 0.348 | 44.14712 | 0.568 | 55.12032
0.000921 | 32.74237 | 0.000976 | 32.74433 0.132 | 33.12227 | 0.352 | 44.30709 | 0.572 | 55.38814
0.000922 | 32.77762 | 0.000977 | 32.68038 0.136 | 33.31271 | 0.356 | 44.51698 | 0.576 55.1885
0.000923 | 32.67404 | 0.000978 | 32.71389 0.14 | 33.53705 0.36 | 44.70693 0.58 | 55.71047
0.000924 | 32.70944 | 0.000979 | 32.74744 0.144 | 33.71589 | 0.364 | 44.94906 | 0.584 | 56.31305
0.000925 | 32.65208 0.00098 | 32.78063 0.148 | 33.94159 | 0.368 | 4510623 | 0.588 | 56.17209
0.000926 | 32.68758 | 0.000981 | 32.76508 0.152 | 34.13059 | 0.372 | 4529063 | 0.592 | 56.32449
0.000927 | 32.67644 | 0.000982 | 32.74949 0.156 | 34.35777 | 0.376 | 4550487 | 0.596 | 56.54936
0.000928 | 32.62008 | 0.000983 | 32.78294 0.16 34.5415 0.38 | 45.75159 0.6 | 56.75617
0.000929 | 32.65496 | 0.000984 | 32.76678 0.164 | 34.76135 | 0.384 | 4592047 | 0.604 | 57.02209

0.00093 | 32.68923 | 0.000985 | 32.70168 0.168 | 34.95486 | 0.388 | 46.06448 | 0.608 | 57.18512
0.000931 | 32.72428 | 0.000986 | 32.73685 0.172 | 35.18048 | 0.392 | 46.29046 | 0.612 | 57.34066
0.000932 | 32.61974 | 0.000987 | 32.77004 0.176 35.3637 | 0.396 | 46.55388 | 0.616 | 57.57643
0.000933 | 32.70164 | 0.000988 | 32.80144 0.18 | 35.58893 0.4 | 46.41637 0.62 | 57.84233
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t,hr | tAP, psi| t hr t AP/, psi t, hr t AP/, psi t, hr t AP/, psi t, hr t AP/, psi
0.628 | 58.15425 | 0.824 68.5124 1.02 79.168 | 1.216 89.87461 1.412 100.488
0.632 | 58.84083 | 0.828 68.81 | 1.024 79.36955 | 1.22 90.14596 1.416 101.4506
0.636 | 58.64317 | 0.832 68.55099 | 1.028 79.59722 | 1.224 90.35866 1.42 100.9823
0.64 | 58.82791 | 0.836 69.16603 | 1.032 79.80908 | 1.228 90.64516 1.424 101.1726
0.644 | 59.0181 | 0.84 69.85177 | 1.036 80.11132 | 1.232 90.79597 1.428 101.3548
0.648 | 59.22323 | 0.844 69.63288 | 1.04 80.2582 | 1.236 90.95749 1.432 101.598
0.652 | 59.52343 | 0.848 69.81883 | 1.044 80.3915 | 1.24 91.2287 1.436 101.9395
0.656 | 59.69132 | 0.852 70.04808 | 1.048 80.6929 | 1.244 91.53076 1.44 102.075
0.66 | 59.80006 | 0.856 70.24212 | 1.052 81.0075 | 1.248 91.70891 1.444 102.2031
0.664 | 60.03894 | 0.86 70.54506 | 1.056 80.52811 | 1.252 91.74326 1.448 102.4797
0.668 | 60.32411 | 0.864 70.7149 1.06 81.29677 | 1.256 92.06226 1.452 102.8408
0.672 | 60.07835 | 0.868 70.86519 | 1.064 82.21413 | 1.26 92.35968 1.456 102.279
0.676 | 60.6456 | 0.872 71.09712 | 1.068 81.77169 | 1.264 91.91949 1.46 103.1192
0.68 | 61.33855 | 0.876 71.40857 | 1.072 81.97829 | 1.268 92.68266 1.464 104.0479
0.684 | 61.13558 | 0.88 71.0867 | 1.076 82.23639 | 1.272 93.58305 1.468 103.5335
0.688 | 61.30627 | 0.884 71.74465 | 1.08 82.42789 | 1.276 93.18235 1.472 103.7747
0.692 | 61.52244 | 0.888 72.51051 | 1.084 82.73873 | 1.28 93.3575 1.476 104.0053
0.696 | 61.74033 | 0.892 72.18806 | 1.088 82.90195 | 1.284 93.59015 1.48 104.1893
0.7 | 61.99708 | 0.896 72.40525 | 1.092 83.0099 | 1.288 93.77875 1.484 104.5323
0.704 61.761 0.9 72.65618 | 1.096 83.30683 | 1.292 94.07671 1.488 104.659
0.708 | 62.36515 | 0.904 72.8477 1.1 83.65838 | 1.296 93.69736 1.492 104.8148
0.712 | 62.98817 | 0.908 73.15425 | 1.104 83.15288 1.3 94.50025 1.496 105.1098
0.716 | 62.77847 | 0.912 72.8055 | 1.108 83.93898 | 1.304 95.3015 15 105.3807
0.72 | 62.98788 | 0.916 73.50555 | 1.112 84.82521 | 1.308 94.88175 1.504 104.7297
0.724 | 63.21793 | 0.92 74.26114 | 1.116 84.42874 | 1.312 95.08455 1.508 105.7169
0.728 | 63.40514 | 0.924 73.93541 1.12 84.62781 | 1.316 95.31283 1.512 106.7232
0.732 | 63.69693 | 0.928 74.13256 | 1.124 84.83718 | 1.32 95.54887 1.516 106.085
0.736 | 63.8713 | 0.932 74.37694 | 1.128 85.09043 | 1.324 95.84634 1.52 106.3212
0.74 | 64.02275 | 0.936 74.60729 | 1.132 85.39868 | 1.328 95.97818 1.524 106.5495
0.744 | 64.25925 | 0.94 74.90984 | 1.136 85.52293 | 1.332 96.13887 1.528 106.7675
0.748 | 64.53793 | 0.944 75.04383 |  1.14 85.65908 | 1.336 96.37289 1.532 107.1282
0.752 | 64.24287 | 0.948 75.19193 | 1.144 85.95419 | 1.34 96.66734 1.536 107.2079
0.756 | 64.86374 | 0.952 75.47864 | 1.148 86.29113 | 1.344 96.14119 1.54 107.3413
0.76 | 65.59149 | 0.956 75.76708 | 1.152 85.77482 | 1.348 97.06334 1.544 107.6137
0.764 | 65.35384 | 0.96 75.34148 | 1.156 86.57797 | 1.352 97.94833 1.548 107.9377
0.768 | 65.52591 | 0.964 76.09213 | 1.16 87.50202 | 1.356 97.41468 1.552 108.1322
0.772 | 65.72951 | 0.968 76.91368 | 1.164 87.02667 | 1.36 97.6438 1.556 108.0878
0.776 | 65.97642 | 0.972 76.56052 | 1.168 87.26015 | 1.364 97.90424 1.56 108.4372
0.78 | 66.25511 | 0.976 76.78312 | 1.172 87.49293 | 1.368 98.15104 1.564 108.8168
0.784 | 66.41057 | 0.98 76.98222 | 1.176 87.71411 | 1.372 98.44424 1.568 108.1871
0.788 | 66.53992 | 0.984 77.20414 | 1.18 88.01651 | 1.376 98.60429 1.572 109.1035
0.792 66.802 | 0.988 77.52518 | 1.184 88.15899 | 1.38 98.7607 1.576 110.0987
0.796 | 67.1262 | 0.992 77.68196 | 1.188 88.31627 | 1.384 98.98758 1.58 109.5164
0.8 | 66.81361 | 0.996 77.79091 | 1.192 88.60732 | 1.388 99.27883 1.584 109.7277
0.804 | 67.40311 1 78.06012 | 1.196 88.91097 | 1.392 99.48994 1.588 109.9121
0.808 | 68.14981 | 1.004 78.37835 1.2 88.35921 | 1.396 99.52014 1.592 110.1255
0.812 | 67.90689 | 1.008 77.94904 | 1.204 89.22554 1.4 99.85264 1.596 110.506
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APPENDIX M - Field Data

Field: AX Well: AX-15 Reservoir: G1234Y
Type of Test: FG/BU/SG Date of Test: 21/07/09 Company: OTMAD
Date of Production Test: 21/07/09 Wireline Company: SAFEDRILL

Well Type: Horizontal

Oil Production Rate (during test or prior to shut-in), STB/D = 4747
Producing GOR (SCF/STB) = 689
BS&W (%) = 0
Table M.1: Reservoir, Fluid and Well Data for AX-15
Porosity (by= b= dby),% = 28 Oil Viscosity (1= W= Hy), CPp = 0.212
Oil compressibility, Ct,1/psi = 30.1E-6 Bo, RB/STB = 1.496
Drainage thickness, h, ft = 137.2 Slotted liner interval, ft = 1806.1
Max Deviation (degrees) = 0.5 Wellbore radius, ft = 0.35
Reservoir Width (ft) = 2500 Wellbore gradient (psi/ft) = 0.387
Oil Specific Gravity(CAPI) = 27.0 Reservoir gradient (psi/ft) = 0.357

Table M.2: Summary of 3D semi-analytical input values used in Fig. 3.6.3

3D Semi-analytical Solution Match Values
Parameter Type curve

Ky, md (horizontal permeability) 5287

K,, md (vertical permeability) 131

S (Skin Factor) 25

C, (STB/psi) 0.0154

L, ft (well length) 2000

Well location, z,,, (ft) ( from bottom) 64.99
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Field: AX
Type of Test: FG/BU/SG
Date of Production Test: 09/05/09

Well Type: Horizontal

Oil Production Rate (during test or prior to shut-in), STB/D

Producing GOR (SCF/STB)
BS&W (%)

Well: AX-20

Date of Test: 11/05/09

Reservoir: G5678Y

Company: OTMAD

Wireline Company: SAFEDRILL

4654

= 689

Table M.3: Reservoir, Fluid and Well Data for AX-20

Porosity (P1= b= df),% 28 Oil Viscosity (M= M 2= M), cp = | 0.360
Oil compressibility, Ct,1/psi 8.0E-6 Bo, RB/STB = | 1.390
Net Drainage thickness, h, ft 169.54 Slotted liner interval, ft = 8293.4

Max Deviation (degrees) 0.5 Wellbore radius, ft = 0.35

Reservoir Width (ft) 1700 Wellbore gradient (psi/ft) = 0.356

0il Specific Gravity(°API) 40.4 Reservoir gradient (psi/ft) = 0.356

Table M.4: Summary of 3D semi-analytical input values used in Fig. 3.6.4

Parameter

3D Semi-analytical Solution Match Values

Type curve
Ky, md (horizontal permeability) (K./Kx=10) 686.96
K,, md (vertical permeability) 42.2
S (Skin Factor) 20
C,(STB/psi) 0.0000044
L, ft(well length) 2000
Well location, z,, (ft) ( from bottom) 84.77
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Field: AX Well: AX-23 Reservoir: G1357Y
Type of Test: FG/BU/SG Date of Test: 11/05/02 Company: OTMAD
Date of Production Test: 09/05/02 Wireline Company: SAFEDRILL

Well Type: Horizontal

Oil Production Rate (during test or prior to shut-in), STB/D = 3794

Producing GOR (SCF/STB) = 915

BS&W (%) = 0

Table M.5: Reservoir, Fluid and Well Data for AX-23

Porosity (b= b,= ), % = 28 Qil Viscosity (1= W,= W), Cp = 0.316
Oil compressibility, Ct,1/psi = 21.0E-6 Bo, RB/STB = 1.629
Drainage thickness, h, ft = 98.7 Slotted liner interval, ft = 1626.6
Max Deviation (degrees) = 0.5 Wellbore radius, ft = 0.35
Reservoir Width (ft) = 1950 Wellbore gradient (psi/ft) = 0.226
Oil Specific Gravity(CAPI) = 41.7 Reservoir gradient (psi/ft) = 0.354

Table M.6: Summary of 3D semi-analytical input values used in Fig. 3.6.5

3D Semi-analytical Solution Match Values
Parameter Type curve
Ky, md (horizontal permeability) (K./Kx=10) 3244.96
K,, md (vertical permeability) 160.87
S  (Skin Factor) 10
C,(STB/psi) 0.000008
L, ft(well length) 1626
Well location, z,, (ft) ( from bottom) 49.4
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