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ABSTRACT

Thus far, if a multiple-boundary situation is sus-
pected in a hydrocarbon reservoir, about the best one can
hope to do is obtain an estimate of the distance to the
nearest boundary. Also, although a well in a closed rec-
tangular drainage area presents a very important flow prob-
lem in conventional reservoir engineering, no comprehensive
method exists in the literature to determine the location
of the well with respect to each of the sealing boundaries
of the drainage area.

This study presents a new technique for interpreting
the pressure transient behavior of a well located in various
multiple-fault systems and within closed rectangular reser-
voirs. The technique is principally based on the systematic
use of the time rate of change of dimensionless well pres-
sure. This function was systematically employed to explore
the characteristics of drawdown and buildup well pressure
behavior. A useful abp]ication of the time derivative of
dimensionless well pressure function, as opposed to the con-
ventional approach which employs the pressure itself as the
significant function, is the generation of interpretive
drawdown and buildup type-curve plots. Type-curve plots
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generated in this manner can be used to match drawdown or
buildup curves based on the time rate of change of field
pressure data to determine several essential reservoir para-
meters such as permeability, porosity, drainage area, and
distance to surrounding sealing faults.

The main reservoir systems considered in this study
are: (a) two perpendicular sealing faults, (b) three per-
pendicular sealing faults, and (c) bounded rectangies whose
sides are in integral ratios: 1:1 (square), 2:1, 4:1, 8:1
and 16:1. A large number of type-curve plots and corres-

ponding numerical data in the form of tables are included.
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ANALYSIS OF MULTIPLE-SEALING-FAULT SYSTEMS AND
CLOSED RECTANGULAR RESERVOIRS BY TYPE
CURVE MATCHING

CHAPTER I
INTRODUCTION

1.1 Literature Survey

The concept of analyzing pressure-time data from a
producing or shut-in oil or gas well to obtain in-situ reser-
voir rock properties, such as permeability and porosity,
was first applied in 1933. A classic study by Moore, Schil-

thius, and Hurst1

in that year presented a solution to the
diffusivity equation in terms of Bessel functions for a con-
stant rate well and a constant pressure well in an infinite

2 presented in groundwater hydrol-

reservoir. In 1935, Theis
ogy literature the Tine source exponential integral solution
to the diffusivity equation and its logarithmic approxima- -
tion at large times. He also employed a semi-log graph
which is commonly known as the Horner plot in the petroleum
industry. Shortly afterwards, Muskat3 developed a method

to determine the eventual static pressure of a well in a



2

4 demonstrated in 1946

closed circular reservoir. Elkins
the use of the line source solution in interference testing
between wells in an o0il field to determine inter-well rock
properties. Arps and Smith5 presented a method to determine
static pressure by plotting rate of change of well shut-in
pressure versus shut-in pressure.

The preceding publications Taid fhe foundation for
two important papers in 1950. One paper by Horner6 summa-
rized methods for analyzing transient pressure data for a
constant rate well in an infinite reservoir and in a closed
reservoir. The second paper by Miller, Dyes and Hutchinson7
presented the behavior of a constant rate well in a‘circular
reservoir with no-flow and constant pressure conditions at
the dr&inage boundary of the reservoir.

Although Muskat3 had demonstrated the application
of the method of images under steady-state flow conditions
to simulate Tinear no~flow and flow boundaries near a well,

6

Horner pfesented in 1951 an application of the method to

detect the presence of a sealing fault near a well from
pressure data under transient flow conditions. Horner also
presented a method to calculate the distance to the fault
from buildup pressure data. Dolan, Einarson, and Hi118
applied the technique to data from drill-stem tests. Davis

9

and Hawkins” gave an equation to determine the distance from

10

drawdown pressure data. Gray reviewed these methods and

discussed their limitations.
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11 considered a more

Bixel, Larkin, and van Poollen
general problem: a well located close to a linear discon-
tinuity across which hydraulic diffusivity changes. They
gave a method to calculate the distance to such a discon-
tinuity.

12 employed superposition techniques

Evrenos and Rejda
to simulate various combinations of linear boundaries of
interest in gas storage systems, and showed how a match
between the actual test data with various hypothetical model
conditions can be used to arrive at a probable configuration
of boundary conditions.

13 considered the effect of reser-

Overpeck and Holden
voir anisotropy on fault detection and showed that the dist-
ance calculated could differ by as much as 20 percent with
those obtained by assuming an isotropic medium. They gave
a procedure for imaging when the principal permeability axes
are at some angle other than 0° or 90° to the fault boundary.

Rodgers and McAr‘thuvr]4 employed a minimum standqrd
deviation technique between observed pressures and a least
squares straight line fit to determine boundary configuration.
Prasadls presented a procedure to compute transient pres-
sures for a well between two sealing faults intersecting
‘at any angle.

16

Park Jones'® in 1961 drew attention to the possible

use of rate of change of well pressure with time in detect-

17

~ing reservoir boundaries. Van Poollen presented graphs

of time rate of change of well pressure during drawdown for
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various well Tocations between faults intersecting at 90°
and 36°. Although this approach yields interpretable draw-
down behavior, it has not been widely used.

Witherspoon, et a].]8

considered the effect of a
linear no-flow and flow boundary and presented the dimension-
less pressure behavior caused by a constant rate producing
well at an observation well some distance away. They dis-
cussed techniques to analyze drawdown test daté.

For a well between two sealing parallel faults,
Ramey, Kumar, and Gu]atilg presented dimensionless pressure
data at the well and fourteen other points in the reservoir.
These authors also presented a detailed study of constant
pressure flow conditions at the reservoir boundary.

Matthews, Brons and Hazebroek20 extended Horner's
determination of static pressure for bounded circular reser-
voirs to the general case of a well in almost any position
within a Targe variety of bounded drainage shapes. Later,

21 22 developed other pressure

Brons and Miller, and Dietz
buildup interpretive methods for these closed shapes. These
studies were followed by a large number of publications on
well test interpretation in bounded reservoirs of various
geometrical shapes such as a circle, square, rectangle,
rhombus, ellipse, and right and equilateral triangle. Mat-

23 summarized the practical aspects of the

thews and Russell
findings of these studies in a monograph.
The Matthews-Brons-Hazebroek function may be used

to obtain the dimensionless pressure only at the well, however.
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For this reason, Earlougher, Ramey, Miller and Mue]]er24
used superposition to produce a tabulation of the dimension-
less pressure drop function at several locations within a
bounded square (infinite-square array). These authors also
demonstrated that the infinite-square array may be used to
generate flow behavior for any rectangular shape whose sites
are in integral ratios. In 1973, Earlougher and Ramey25
presented tables of the dimensionless pressure at the well
and at several other locations within a variety of closed
rectangles with a well producing at a constant rate.

26 27,28 ctudied the behavior

Tiab and Tiab and Kumar
of the time rate of change of dimensioniess pressure (pé)
for a line source.well and its application to interference

analysis. These authors showed27

that the p6 function can
be displayed as a family of curves on one graph for various
rp- They also showed28 that for a well between two parallel
sealing faults a log-log plot of time rate of change of well
pressure versus time provides a unique behavior to detect

and determine the distance to each of the_two faults.

1.2 Statement of Problem

Pressure transient testing has been extensively ap-
plied to determine heterogeneities (sealing faults, fractures,
sudden change in rock characteristics such as permeability
and porosity, etc.) in petroleum reservoir systems, ground-
water hydrology and other technological areas where the

location of boundaries around a borehole is essential.
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Methods to detect and locate one sealing fault (or no-flow
boundary) in the vicinity of a producing oil or gas well by
the conventional well pressure data were developed. Such
methods, however, do not show interpretable characteristics
in the presence of multiple-~-boundary situations. Thus far,
if a multiple-boundary situation is suspected (with the
excéption of an infinite stripzs), about the best one can
hope to do is obtain an estimate of the distance to the
nearest boundary. Furthermore, although a well in a closed
rectangle presents a very important flow problem in conven-
tional reservoir engineering, no systematic method exists
in the literature to determine the location of the well
with respect to each of the sealing boundaries of the rec-

tangular reservoir.

1.3 ‘Objectives of Study

AThe purpose of this study is to develop a systematic
tool for interpreting the behavioir of transient pressure
functions, principally the derivatives, due to a constant
rate well located (1) between two perpendicular sealing
faults, (2) between three perpendicular sealing faults, and
(3) anywhere inside a closed rectangle whose sides are‘in
integral ratibs of (a) 1:1 (square), (b) 2:1, (c) 4:1,

(d) 8:1, and (e) 16:1. For this, type-curve plots based
on the time rate of change of dimensionless well pressure
will be presented for wells located in these oil reservoir

systems.
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Type-curve plots generated in this manner will be
used to match the rate of change of well pfessure drawdown
(buildup) data for determination of permeability, porosity,

drainage area, and number and location of boundaries.

1.4 Organization of Study

The next chapter presents the mathematical basis of
drawdown and buildup well testing. For this, the continu-
ous Tine sohrce solution of the diffusivity equation, and its
first two derivatives with respect to time are systematically
discussed. The thfrd chapter discusses the use of the theo-
rem of superposition to generate no-flow boundaries gxisting
in various o0il reservoir systems of interest to this study.

Chapter four considers a well between two linear
sealing faults intersecting at a right angle. The fifth
chapter deals with the case of a we11 between three perpen-
dicular sealing faults. Chapter six discusses the pressure
' behavior of a well at various locations inside a rectangular
reservoir. The general conclusions reached by this study

are presented in the seventh chapter.



CHAPTER 11

THEORY

The pressure transient analysis technique presented
in this study is based on the diffusivity equation describing
the flow of fluids through porous media. This partial dif-
ferential-type equation is generally written in cylindrical

coordinates as:

2
37p 1 3p . puc 3p (2.1)
ar2 r ar k at

This equation is obtained by combination of the material
balance equation and D'Arcy's flow equation. The assump-
tions implicit in the use of the diffusivity equation are as
follows: (1) the porous medium is isotropic, horizontal,
homogeneous, uniform in thickness, and has constant permea-
bility and porosity; (2) a single-phase fluid is present and
occupies the entire pore volume; (3) viscosity and compres-
sibility of the fluid remain constant at all pressures;

(4) the well completely penetrafes the formation, and gravity
forces are negligible; and (5) fluid density is governed by

the equation:

o = oy exple(p - py)l (2.2)

8
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where Po is the value of p at some reference pressure Po?
and ¢ the compréssibi]ity. Applying the diffusivity equation
in cases where these assumptions do not hold will obviously
result in errors.

To obtain a dimensionless form of Equation 2.1 van

Everdingen and Hunr‘stz9 made the following transformations:
"-.
ron = — (2.3)
D "
ty = —&Eo (2.4)
¢ucrw
' _ 27vkh
pD(rD’tD).— qu [pi = p(rat)] (2~5)

After these transformations are made, the diffusivity equa-

tion can be written as:

ap ap
e ol (2.6)
D D D

This dimensionless form of the diffusivity equation
is essential, as a single solution can be used for applica-
tions of different porosity, permeability and fluid proper-
ties. Several slightly different solutions of Eqs. 2.1 or

30 The solu-

2.6 are presented in the petroleum literature.
tion most convenient to the needs of this study is that for
the case of flow into a well at a constant volumetric rate
of production and located in a porous medium of'infihite
radial extent. This solution, which describes a classical

flow problem, is referred to by many names: Lord Kelvin's
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29 Theis so]ution,2 and the continuous line

31

point source,

source solution.

2.1 The Continuous Line Source Solution

For a constant rate well with a vanishingly small
radius (rw - 0) in an infinite system, the continuous Tine
source solution to the diffusivity equation in dimensionless

form is:

2
1.0 "o
pD(rD’tD) = -7 Ei|- HE ’ (2.7)

where Ei symbolizes the exponential integral and is defined

as:

CEi(-x) = Jm % e ¥ 4y . (2.8)
X

A mathematical formulation of the boundary conditions and
derivation of this line source solution is presented in
Appendix A.

Mueller and Witherspoon32 investigated the validity
of this solution in the case of a finite well bore radius.
They concluded that the Tine source solution is an excellent
approximation within one percent for all values of ) when
(tD/rDZ) > 50, and for rp > 20 when (tD/rDZ) > 0.5. There-
fore, for most rp and tD encountered in well-test analysis,
Eq. 2.6 can be used to determine dimensionless pgessures in
an infinite radial system. This is evident from Fig. 2.1.

For small values of the argument, the exponential

integral function may be approximated, within less than one
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percent for (tD/rDz) > 70, by a logarithmic function as

follows:
) ”02' D
-E'I-'4'Tt-';= 4—'-05772
tp
= In ——f + 0.80907 (2.9)
)
33

where the number 0.5772 is referred to as Euler's constant.

Equation 2.7 can then be written as:

. r 2
(reota) = = + |1n|-2~| + 0.5772
Ppifpstp 2 7ty .
[t
= %[1n -—g + 0.80907 (2.10)
\'p

It is emphasized again that Eq. 2.10 is an approxi-
mation to Eq. 2.7 while the line source solution is itself
an approximation for pressure behavior due to a finite radius
wellbore in an infinite reservoir.

In this study, the continuous 1line source solution,
Eq. 2.7, is used as a fundamental building block to simulate
a number of useful solutions for flow into wells from finite
and semi-finite reservoir systems by means of the theorem
Bf superposition.

Tabulations of the dimensionless pressure drop at
the well (i.e., rp = 1) as well as for other ™ have been
presented by several authors, including van Everdingen and

30 34 35 36

Hurst, Chatas, Mortada, Katz, et al., witherspoon,
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18 19 37 26

et al., Ramey, et al., and Edwardson, et al. Tiab

presented the dimensionless pressure data in both graphical

and tabular forms for 1073 < tp < 108, and 1 < rp < 30,

2.2 First Derivative of the Line Source Solution

The coﬁtinuous line source solution, Eq. 2.7, in-
volves an exponential integral function which is defined in
terms of an integral. The first derivative of the pD-func-
tion would therefore require the use of the Leibnitz rule
for differentiation under the integral sign, as shown fn

Appendix B, or

2
9Pp 1 [ "D ]

= p' = exp|- (2.1])
3tD D ZtD 4tD

A comparison of pb-data calculated using this equa-
tion with those for a finite radius wellbore (Figs. 2.2 and
2.3) indicates that the line source solution of Eq. 2.11 is
an excellent approximation within less than one percent when
ty 2 250 and within 2.5 percent when ty > 100, at rp = 1.
However, at rp = 30, p6 is a good approximation within one
percent for ty > 50.

Equation 2.11 can be rearranged in the following form:

' 2 _ 1 1
Pp X rp° = Ef?;?:;ff exp[- ;?;;7;553} (2.12)
It is evident that this equation is a function of the ratio
tD/rD2 only. This provides the basis for the type curve

shown in Fig. 2.1. A log-log graph of (p6 X rDZ) Vs (tD/rDZ)
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is shown in Fig. 2.4 for various ry- This figure indicates
that the line source solution is a good approximation for
tD/rD2 > 0.5 when rj > 10 and for tD/rD2 > 0.05 when rp > 30.
Therefore, for practical purposes Eq. 2.11 can be used to
compute pb for tD > 250‘at rp = 1 and for tp > 50 for all
rp > 30. These results are of considerable importance in
interference testing between wells and between o0il fields
in a common aquifer and are traited in more details by Tiab
and Kumar.27

In view of the above discussion, the rate of change

with time of the dimensionless well préssure, i.e., rp = 1,

is given by

1 1
Pa., = 51— eXp|- +5— (2.13)
Dw ZtD [ 4tD]
for values of tD > 100. The exponential term is close to
unity for such values of tD’ and therefore Eq. 2.13 is ap-

proximated by

L = _]_..
Pow = 7t (2.14)

A log-log graph of pbw versus tD would yield a straight

line:
Tog ppy, = - log t, - 0.30103 (2.15)
with a slope of -1. This is evident in Fig. 2.5 for tD > 100.

In terms of real parameters, the rate of change of pressure

with time is given by Eq. B.8 of Appendix B:
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2
AR = V= o l u . - ucr

2t - P t[E%FF]EXP[ iﬁ?i‘] (2.16)

which applied to well points for —KE - > 100 yields
oucr
W
1 '.._._I_ qu
Ipwl = t[4ﬂkh} (2.]7)

A log-log graph of lp&l versus t would also yield

a straight line:
' - qu
log |p.| log t + 109[4nkh] (2.18)

It is evident that Eq. 2.15, in dimensionless quan-
tities, is similar to Eq. 2.18, in real parameters. This
similarity permits us to apply the type-curve matching tech-
nique to determine formation characteristics such as the kh
and ¢c products.

This completes the discussion on the first deriva-

tive of the dimensionless pressure, the behavior of the
second derivative is discussed next.

2.3 Second Derivative of the Line Source Solution

The second derivative with respect to time of the
line source solution is obtained by direct differentiation

of Eq. 2.11, as shown in Appendix C:

= - 1lexp|- 73— .
5t 2 2t 2 4tD 4tD
D D
or
' 2
Pn = 7|15 - | (2.20)
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In view of the discussion in previoué sections re-

garding the approximation of the finite wellbore solution
by the 1ine source solution, it is estimated that equations
2.19 and 2.20 are valid at all r

= 3
at rp = 1 when ty 2 107,

p = 50 when ty > 250, and

The second derivative of the dimensionless pressure
at the well, i.e., rp = 1, 1is

- [ 1 ] (. ] ]
pr = —<l—— - T|lexpl- = (2.21)
v * 5 2 U7, U 7,

3
for ty > 107,

is very close to unity, while [

For such values of tD the exponential term

1 . -
Efa - 1] = -1, therefore,

Eq. 2.21 can be approximated by
1

Py = - —7 (2.22)
2t
or
n - ]
pp, | = — (2.23)
2ty

A l1og-log graph of IpBwl versus tp would yield a

straight line:

log IpBwl = -2 log t; - 0.30103 (2.24)

with a slope of -2. This is evident in Fig. 2.6, where the

2 (rather than ty > 103

straight line is obtained for tD > 10
as indicated earlier).
In terms of real parameters, the second derivative

of pressure with time is given by Eq. 7 of Appendix C:
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2 2 2
3P o opu o= - A qu ) feucr” _ gucr
o2 P t2[4wkh][ Ikt ‘)e"p[ Kt ] (2.25)
. . . . _ kt 3
which, applied to well points, i.e., r = ry® for — > 10
pucr,,
yields
- 1 [_qu
p!:l - t2[41rkh] (2.26)
or
n o= _ qu
log P 2 log t + log Tokh (2.27)

The similarity of Eq. 2.24 (in dimensionless para-
meters) with Eq. 2.27 (in real parameters) allows us to use
type-curve matching techniques to determine the kh and ¢c
products. |

From comparison of equations 2.24 and 2.27 for pB
with equations 2.15 and 2.18 for p6, it is evident that the
second derivative yields no additional information over and
above that obtainable from the first derivative. Further-
more, pB requires more computational time. In this study,
however, pB has been systematically computed and tabulated

solely for the sake of completeness.

2.4 Mafhematica] Basis for Well Testing (Infinite Reservoir)

Fundamentally, alchange in well producing rate from
a certain value constitutes a "well test." A change in well
rate causes a perturbation in the reservoir system. The
transient response of the reservoir to such a perturbation

can be measured and used to determine various reservoir
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parameters such as the kh and ¢c products, skin at the well,
the number and types of boundaries, among others.

There are two kinds of well tests which are commonly
used for this purpose: (1) a drawdown test consists in pro-
ducing a well at constant rate and resulting pressures are
measured at the well or at some other observation well, and
(2) a buildup test is obtained by shutting in a producing
well and measuring pressures at the well until it builds up
to the average or static reservoir pressure. In the follow-
ing, the concept of skin is briefly discussed.

2.4.1 Skin Factor

30 pointed out that flow

Van Everdingen and Hurst
restrictions near a well cause an additional pressure drop.
This can be thought of an an "infinitesimal skin" on the
surface of the sand face at a well. The flowing well pres-
sure p,r in the presence of a skin s can be related to the

dimensionless pressure as follows:

2xkh (

an (Pi = Pyg) = pplrpstp) + s (2.28)

where the dimensionless skin factor s is given by

_ 2mkh

where Ap is the additional pressure drop due to skin at the
well.

2.4.2 Drawdown Well Test Analysis

The dimensionless well pressure after a flowing time

ty for a well in an infinite reservoir is given by Eq. 2.10
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for rp = 1:

pp(1sty) = pp, = 3 [1n ty + 0.80907] (2.30)

for tD > 70 which is always satisfied under normal well
testing conditions. Eq. 2.30 implies that a plot of PDw
versus logarithm of tD would yield a straight line of slope
1.1513 (= % x 2.3026) per log cycle as shown in Fig. 2.7.
The flowing well pressure Pyt in presence of skin s

is obtained by substituting Eq. 2.30 into Eq. 2.28:

zgth (p; - pye) = % [Tn ty + 0.80907 + 2s] (2.31)

which in o0il field units yields:

—Kh 1 0.000264 kt
TaT.3 q;8 (Pi = Puf) = 7 [In e I 0.80907 + 2s]
o (2.32)
or
pye = Py - 1220 QUB 1155 ¢ 4 10 K - 3.23 + 0.878s]
wf 1 kh oucr 2
W (2.33)

Thus a graph of Pyf Versus actual flowing time produces a

straight line on a semilog graph of slope m (absolute value):

m = ]GZ-ghguB (2.34)

from which the kh product is determined as

kh = ]62-3 UB (2.35)

Eq. 2.33 can be further used to determine the skin s as shown

by Ramey, et a1.:19
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' P; = P
s = 1.1513 _l_ﬁ__lﬂﬁ -

109—5——2+ 3.23 (2.36)

¢ucrw
where P1hr is the value of Py at one hour flowing time and
is estimated by extrapolation of the straight line obtained
on the semilog graph. The pressure drop across the skin at

the sand face is given by

APgrin = 0-87(m)s (2.37)

This completes the discussion on commonly used equa-
tions for interpretation of well pressure data. We next
consider the equations employing the first derivative of
flowing well pressure.
2.4.2.1 wa-Function

The time rate of change of dimensionless flowing
well pressure for a well in an infinite reservoir is given

by Eq. 2.15

log péw = - log tD - 0.30103

for tD > 100. In oilfield units, this equation yields the
following from Eq. 2.18:

log |PQf| = -log t + log[7o'£h "B] (2.38)

where pr is in psi/hr and t in hours. Thus a plot of mea-
sured p&f versus time on a log-log graph can be overlaid on’
the type curve of Fig. 2.5 and=amatch point Tocated. The |
value of dimensionless pﬁw and tD is read corresponding to

measured p&f and t for the match point. The interpretive
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equations to determine kh and ¢c products are respectively

derived from Eq. B.16 and Eq. B.14 of Appendix B in oil field

units:
.p' t
Kh = 141.3 quB|-—2¥ [q?] (2.39)
Ipwfl
and _
qB pﬁw
¢c = 5 5 (2.40)
26.856 r ‘h [Pyl

These two parameters are of significant importance since
they provide an additional measure of the capacity of the
flow system (kh), which is needed to pfedict de]iverabi]ity
‘and the reservoir volume parameters (¢c), which is used to
predict reserves in place.

Equation 2.38 provides an additional method to cal-
culate the kh product. For flowing time of one hour, Eq.

2.38 becomes:

. i 70.6 quB
Tog [pyslqny = 1°9[ T ]
or
kh = 0.6 quB (2.41)
IPwfline

whereﬂlp&f|1hr is the time raté change of well pressure at

one hour flowing time.

2.4.2.2 RBW-Function |
In view of Eq. 2.24 and Eq. 2.27, one can plot the

second derivative of the flowing well pressure p;f versus. ’
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time on a log-log graph which can be overlaid on the type-
curve of Fig. 2.6 to determine both the kh and ¢c products
from equations presented in Appendix C. The kh product is

derived from Eq. C.16:

2

lppy ][t

kh = 141.3 tu[ Dw_ | 1R (2.42)
Puf t

while the ¢c product is obtained from Eq. C.11:

2
26.856 r “héc

" _ t W "

Iprl - tD[ CIB )pwf (2.43)
QP

[Pp, | [t

pe = —9B QD (2.44)
26.856 r_“h Puf

where pu. = psi/hrz, ro = fts h = ft, ¢ = psi"], q = STB/D,
t = hrs.

Note that the skin factor s does not occur in p&f
and p;f versus time equations. This is normal since s is
constant for a given well for the duration of the test and
therefore time rate of change of s is zero.

2.4.3 Buildup Well Test Analysis

The dimensionless well pressure after a shut-in time
AtD is obtained by employing superposition in time, which

is discussed in detail in Chapter 4,

___kh - = -
7573 B (Pi = Pus) = [pplrpyotpraty) + s1 - [pplrp,.aty) + s]

Pps = pr(tD + AtD) - pr(AtD) (2.45)



29
This equation is generally used to study the charac-
teristics of buildup graphs and to derive interpretive equa-
tions. The three most widely used plotting techniques in
pressure buildup ana]ysisAare: Horner graph,6 Miller-Dyes-

Hutchinson_graph,7 and Muskat graph.3 Ramey and Cobb,38

23 have presented in detail the basis

and Matthews and Russel
for these graphs,'and therefore, they will not be discussed
here.
2.4.3.1 Rbs-Function

The time rate of change of the dimensionless buildup
well pressure is obtained by differentiating Eq. 2.45 with

respect to dimensionless shut-in time AtD:
Pps = Ppwltp * 2tp) - Pp,(atp) (2.46)

where péw is calculated from Eq. 2.13 for a well in an infi-
nite reservoir. Figure 2.8 presents pés as a function of
dimensionless shut-in time Aty for various producing times.
The behavior of pﬁs on Fig. 2.7 is best understood by con-
sidering two time domains for interpretation purposes:

(1) Aty << tp: When shut-in time is much less than

the producing time, Eq. 2.46 yields:

log |p65} = - log Aty - 0.30103 (2.47)

This is shown in Appendix D. Thus a plot of |p65[ versus
AtD on a log-log graph yields a straight line of slope -1.

Such a characteristic is seen for tD = 104 up to AtD =5 X 102,

5

and for t4 = 10 up to AtD =5 X ]03. Therefore, the con-

D
dition of AtD << tD seems to be satisfied from Fig. 2.7
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when AtD < 0.05 tD. In terms of real parameters (oilfield

units) Eq. 2.47 becomes:

log p)¢ = - Tog At + log 70.ﬁh uB (2.48)

Hence, a plot of the time rate of change of well shut-in
pressure, p&s, versus shut-in time on a log-log graph yields
a straight line of slope -1. If this plot of field data
points is overlaid on the type-curve of Fig. 2.7, a match
point would give the kh and ¢c products using the following

equations derived in Appendix D:

|p6 | [AtD]
kh = 141. oS 2.49
141.3 tu[ pr | 5 ( )
qB |p65|
oc = 7| 57 (2.50)
26.856 rw h WS

For a shut-in time of one hour, Eq. 2.48 becomes

]og(pﬁs)lhr = log 70 fpaul

kh
or
70.6 quB
kh = T—T_Tg—_ (2.51)
Pus’1hr
where (st)]hr is the time rate of change of shut-in well

pressure at one hour.
(2) Aty >> ty: When shut-in time is much longer
than producing time, Eq. 2.46 assumes the following form,

as shown in Appendix D.

log |p65| = -2 Tog atp + ]og(tD/Z) (2.52)
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Therefore, a straight 1ine of slope -2 is obtained on a log-
log graph of |p65| vs. Atp. Such a straight line is shown
2 N 3
, and tD = 10
when AtD > 5 X 103. Therefore, the condition of AtD >> tD

in Fig. 2.8 for t, = 102 when Aty > 5 x 10

is satisfied when Aty > Stp. In oilfield units, Eq. 2.52

If the straight 1ine of slope -2 is overlaid on the type-
curve of Fig. 2.8, kh and ¢c products are then determined
from Eqs. 2.49 and 2.50, respectively.
2.4.3.2 EBSAFunction

The second derivative of the dimensionless shut-in
well pressure is given by differentiating Eq. 2.45 twice

with respect to dimensionless shut-in time Atp:
Pps = Ppyltp * atp) - pp,(aty) (2.54)

where pﬁw is computed from Eq. 2.21 for a well in an infinite
reservoir. A plot of sz versus AtD on a log-log graph for
various producing times is shown in Fig. 2.9. sz behaves
differently in two separate time domaines as presented in
Appendix E.

(1) Mty << tp: When dimensionless shut-in time is
much smaller than dimensionless producing time, Eq. 2.54

yields:

log Isz' = -2 log At - 0.30103 (2.55)

or in oilfield units
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log |pye| = -2 Tog At + Tog 70.ﬁh uB (2.56)

which results in similar interpretive equations as obtained
for st' These are presented in Appendix E.

(2) Aty >> tp: When dimensionless shut-in time is
much longer than dimensionless producing time, Eq. 2.54

yields:

Tog |ph| = -3 Tog aty + log t (2.57)

or in oilfield units

lTog |pyc| = -3 Tog oty + Tog t + Tog 70'gh ub (2.58)

which also results in similar interpretive equations (pre-
sented in Appendix E) as for p&s' Note, however, that a
plot of pus versus At on a 1og-10og graph yields a straight
line of slope -3.

In summary, this chapter has presented the behavior
of the continuous line source solution and its first two de-
rivatives with respect to time. A range of time and radii,
under which the Tine source solution becomes a good approxi-
mation to a finite radius well bore, has been established.

It is evident that the second derivative yields no addi-
tional information over that obtainable from the first deriva-
tive. Therefore, for the sake of practicallity, the analysis
of the second derivative will not be pursued here, as it
requires excessive computer plotting time. However, its
values are systematically tabulated along with values of the

first derivative.
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Finally, this chapter has presented the mathematical
basis for well testing. It is observed that analysis of
pr and st lead to new interpretive techniques which are
simpler and more useful than currently used techniques based

on the pressure function itself.



CHAPTER III
GENERATION OF BOUNDARY CONDITIONS

In a multiple well reservoir, the pressure at a point
is simp]yithe sum of pressure contributions due fo all the
wells at that point. More importantly: the pressure deriva-
tive at a point is also the sum of pressure derivatives due
to all the wells. Consequently, we can put wells at certain
locations to generate a desired boundary condition. This
is known as the principle of superpdsition, which is prob-
ably the most powerful tool available in describing the
single\phase f]ow of a compressible fluid in any type of
ideal reservoir. The so called "image" well method is simply

3

another application of superposition. Muskat™ used this

principle to simulate the effect of no-flow and flow bound-

6 applied

aries under steady state flow conditions. Horner
this method to study pressure buildup behavior for a well
close to a sealing fault boundary under transient flow con-

ditions.

3.1 Principle of Superposition

A common mathematical definition of superposition
is that any sum of solutions to a linear partial differential

36
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equation is also a solution. To understand the physical
aspect of the principle of superposition and its applicatioﬁ
for simulating the effect of boundaries, such as sealing
faults, consider an infinite porous medium which contains
two we1ls.(A and B) "2bx" units of length apart. Let dA
and dB be, respectively, the distances from well A and well
B to a point F(x,y) within the reservoir, as shown in Fig.
3.1 .

The classic approach to derive the pressure at point
F would be to write the diffusivity equation, define two
inner boundary conditions to include production of both wells,
and define the initial and outer boundary conditions. But
the principle of superposition offers a much simpler approach.
The pressure at point F is simply the sum of the pressure
drop caused by well A at a distance dA and the pressure drop
caused by Well B at a distance dB‘ Thus we can use Eq. 2.5

to write the pressure p at point F(x,y) of Fig. 3.1(a):

2nkh

an [Py - P1 = ppldppstp) + ppldgpstp) (3.1)

or
R
P = Pi - Zukh LPp(dapstp) * Ppldgpstp)l  (3-2)

where: dAD = dA/rw

(=8
i

BD dB/rw

Let now the point F(x,y) 1ie on the perpendicular
bisector of the 1ine segment connecfing the two wells (Fig.

3.1(b)). Thus dA and dB will be equal, and the dimensionless
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> X

A F(x,Y)

(b)

> X

FIGURE 3.1: Pressure at any point in the reservoir
: caused by two wells producing at a
constant rate well.
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pressures at each well will be equal. Consequently, the
pressure gradient in any direction through the point F caused
by each well acting alone will be exactly the same, but
opposite in sign. Thus the net pressure gradient along the
perpendicular bisector will be zero and fluid connot cross
the line. This 1ine is generally referred to as a "no-f]ow
boundary" which could be a sealing fault. Thué, the pres-
sure distribution for one well producing at constant rate
q located at a distance bX from a Tinear sealing fault is
similar to the pressure distribution for two wells producing
at constant rate q each, both wells starting to produce at
time zero, and spaced 2bx units of length apart. This is

shown in Fig. 3.2.

3.2 Well Between Two Perpendicular Sealing Faults

Consider a well between two linear sealing faults,
or no-flow boundaries, intersecting at a right angle in an
otherwise infinite system. Let the well be at a distance

bx from one fault and b, from the other perpencicular fault

as shown in Fig. 3.3(a){ .Then, Tocate two image wells at

the same distances bx and by on the other side of the bound-
aries as shown in Fig. 3.3(b). Finally the two image wells
are also imaged giving a common third image well. Therefore,
three image wells are required to simulate the pressure be-
havior of a real well between two perpendicular sealing

faults.
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a) REAL SYSTEM

by

/( >

Real (producing) Well

Sealing Fault

b) IMAGE SYSTEM

by

A 4

/D<

Real Well

N

Image Well

FIGURE 3.2: Generation of a linear sealing
fault, or no-flow boundary.
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a) REAL SYSTEM

Real (producing) X
Well
Y
b) .IMAGE SYSTEM
2b,,
'S >0
X
2b,
Real Well , Image Well
Y

'FIGURE 3.3: Generation of two perpend1cu1ar
sealing faults.
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3.2.1 Distance to Image Wells

The distances from the real well to the three image

wells are given by:

re = 2by (3.3)
ry = Zby (3.4)
rey = 20,5+ by2 (3.5)
where ry © distance to the image well across fault x
ry = distance to the image well across fault y
rxy = distance to the third image fault.

If the dimensionless distance is defined as a multiple

of bx’ then Egqs. 3.3, 3.4 and 3.5 respectively become:

oy = r‘x/bx = 1 (3.6)
oy = ry/bx = ZyD (3.7)
Foxy = Txy/bx = 26,71 + yp° (3.8)
where
Yp = by/bx (3.9)

Computgr programs, which require the distance bx
and seven values of dimensionless integral ratio Yp' 1,
1/2, 1/4, 1/8, 1/16, 1/32 and 1/64, were developed to tabu-
Tate Pp> p6 and pB, and plot only type-curves of pb. This
approach is systematically applied in generating the three-
fault system and rectangular reservoirs, which are discussed

in later sections.
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3.2.2 Dimensionless Time

For reasons to be discussed in the following chapter,
the dimensionless time defined by Eq. 2.4 can be modified
such that the wellbore radius (rw) is replaced by a distance
of interest.

Let tDA’ tDby’ and tDbb be dimensionless times based

respectively upon bx’ b, and the product bxb

y y’
2
kt rw
t = = t.|— (3.10)
DA ¢qux2 D[bx]
2
b
kt X '
t = = to. | (3.11)
Dby ¢ucbyz DA[by]

b2
£, = — Kt =t X (3.12)
obb ™ Fuc(bb T " “0A THbY '

3.2.3 Pressure Behavior at a Point

The dimensionless pressure behavior at a point be-
tween the two sealing faults intersecting at a right angle
is given by the sum of pressure contributions due to the real

well and the three image wells:

Pp(rpstp) = Ppr{rpgstpn) * Inay Pprlrpr(n)stpyl (3.13)

or
2 2
(r/b,) (b, /b)
= .1 X . 1 : X
Pprpstpn) = - 7 {Ei[' —zxt—m\“} ' E‘[' ﬁﬁ] * F—‘[' —‘ZEB;—}

2 2 2
b b b
+ Ei[- (by” * y /by }} (3.13a)
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The time rate of change of dimensionless pressure is obtained

by direct differentiation of Eq. 3.13:
' ' 3
pplrpstpa) = Ppplrppstpa) + Lnoq Pprlrpr(n).tpad. (3.14)

or

1 (r‘/bx)2 1
pﬁ(rD’tDA) = sE—1expj- ——E{EX— + exp[- 55;1
)2

2 2 2
b /b b + b b
DA

(3.14a)

where
'oR = dimensioniess distance from the real well,
r/bx.
dimensionless distance from the image well,

"p1
rI/bX.
In the above equations PDR and Ppp are calculated by using

Eq. 2.7, and péR and pﬁI by Eq. 2.11.

3.3 Well Between Three Perpendicular Sealing Faults

In theory, one needs an infinite number of image
wells to simulate correctly the pressure behavior of a well
located in a multiple sealing faults system. But, for most
practical purposes, only a finite number of wells need be
considered. This finite number should, however, be large
enough such that the pressure contribution due to the last
series of image wells is negligible.

Consider a well producing at a constant rate located

between three sealing faults intersecting at right angles.
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This system can be simulated by two (infinite) lines of
image wells. The first line is generated as if there were

26 <iudied

only two parallel faults (Fig. 3.4). This author
this case and generated the line of image wells as follows:
(1) the first pair of image wells is obtained by directly
imaging the real well on each boundary, (2) successive pairs
of image wells are generated by imaging the wells of the pre-
vious pair, and (3) the grid of images is expanded until the
pressure contribution due to the last series of image wells
is negligible at a point of interest. The second line of
image wells is obtained by simply imaging the first line on
the third sealing fault, which intersects the two parallel

faults at right angles. This is shown in Fig. 3.5.
3.3.1 Distance to Image Wells

Assuming the real well to be at the origin in Fig.
3.4(b), the distance to image wells of the first line can

be calculated as follows:

rye © 2nwX
Peo = 2(n - l)wx + 2a, (3.15)
rxop = 2(n - 1)wx + 2bX
where
n = a positive integer, 1, 2, 3,
bx = distance to the nearest of the 2 parallel bound-
aries
a, = distance to the other parallel boundary, wx - bx
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a) REAL SYSTEM

b) IMAGE SYSTEM

L xXe 4 Xe o
" - “A
XO0p. X0
o O o B o] 0o 0 ®|O O 0 o O

FIGURE 3.4: Generation of two paraT]e] sea]fng
faults.
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a) REAL SYSTEM

b) IMAGE SYSTEM

FIGURE 3.5: Generation of three perpendicular
sealing faults.
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wx = distance between the two parallel boundaries,

on the x-~-axis

ree = distance to image wells when n is even
reo - distance to image wells when n is odd
rxop = distance to image wells when n is odd on the

other side of the strip

The second Tine shown in Fig. 3.5(b) has (N + 1)
image wells and the distance can be calculated using the

following set of equations:

rIy = 2by

PIxe = (riy * rie)o °

o = (¢ il o
PIxop = (r%y 'r‘;gcop)0 °

where

rIy = distance to image well of real well on the

y-axis

"ixe® "Ixo® rIxop = distance to image wells of the
second line, where the subscripts are as de-
fined above.

by = distance to the third fault which intersects

the two parallel boundaries at right angles.

If dimensionless distance is defined as a multiple
of distance wx, the two sets of Equations 3.15 and 3.16

would become, respectively:
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"Dxe ~ lr'xe/wx = 2n
"Dyo = rxo/wx = 2(n - 1) + ap, (3.17)
and
rDIy = rIy/wx = 2bDy
- _ 2 240.5
"pixe = "1xe/Wx © wa[bDy +n7] (3.18)
- _ 2 2470.5
"pIxo = TIxo/¥x © wa[bDy + ((n-1) + an) ]
- _ 2 240.5
"Dixop = lr'Ixop/Nx - zwx[bDy + ((n-1) # be) ]
where
gy = ax/wx (3.19)
be = bX/wX (3.20)
bDy = by/wx (3.21)
3.3.2 Dimensionless Time
The dimension1es§ time defined by Eq. 2.4 can be modi-
fied such that the wellbore radius (rw) is replaced by a dist-
ance of interest such as wx, bx’ by and the product bxby'
‘ 2
kt "w
t = = thlo (3.22)
DA such 2 D[wx]
: X
N2
w 3
kt X
t = —— =t = (3.23)
Dbx ¢quX2 DAbeJ
r 2
w 3
kt X
t = = tha e (3.24)
Dby ¢ucby2 DAbeJ
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K W2
- t - { X ]
t 2 —_— = (3.25)
Dbb ¢ucbxby DA bxby

3.3.3 Pressure Behavior at a Point

The pressure contributions due to the real well and
the two infinite lines of image wells at any point inside
a three-perpendicular-sealing-fault system can be expressed
by the following equation:

N 1,0 2 + Ei 2
® . 2 . 2,2 2
- Zn=2k{E1[-n /tDA] + E1['wx(bDy +n )/tDA]}
- % Inepk.1lEil-[2(n-1) + an]2/4tDA]
. 2r.2 2
+ Ei[-Wi by, + ((n-1) +ap )"1/tp,]
. 2
+ E1[-[2(n-1)~+bDX] /4tDA]
+ Ei[-W2[b2 + ((n=1) + b, )27/t .1} (3.26)
x-"Dy Dx DA ’

where k = 1,2,3,°"".
A similar expression for the time rate of change of
dimensionless pressure can be written by simply differentiating

Eq. 3.26 with respect to tDA’ or:
pb(rD,tDA) = 7%5;{QXP['rSR/4tDA] + exp[-bgy/tDA]}

1 ® 2 2,.2 2
+ -.E—D—A. 2n=2k{exp['n /tDA] + exp['wx(bDy+n )/tDA]}

1

- 2
* 7ty bn=zk-1(eXPL-[2(n-1) +ap, J7/4tp, ]
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+ expl-WA[b5 + ((n-1) +ap )21/t ),]
+ exp[-[2(n-1) + bDX]2/4tDA]
2,2 2
+ exp[-W,[bp, + ((n-1) + by 17/t 1} (3.27)
PpR and Ppr ares of coukse, calculated by using Eq. 2.7.

3.4 Well Inside a Closed Rectangle

The pressure behavior in this system can be generated
by an infinite number of infinite lines of image wells.
However, as mentioned earlier, only a finite number of image
wells need be considefed. Let N be the number of image wells
needed along the x-axis, and M the number needed along the
y-axis, then the total number of images necessary to describe
the behavior of a bounded single-well system is M x N.

Note that in the case of a square, M = N. In the case of a
rectangle, however, M must be increased as the ratio wx:wy
increases from 2:1 to 16:1, where wx and wy are, respectively,
the long and short sides of the rectangle. The number of

image wells along the x-axis, N, in invariable as long as

Nx > W

v

Figure 3.6 presents part of the (infinite) image net
required to generate the condition of zero flow across the
outer boundary in a 2:1 rectangle.

3.4.1 Distance to Image Wells

The distance to image wells of the line coinciding

with the x-axis is calculated by simply using the set of
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REAL SYSTEM

A
b,| I
W, ay b,
CJY
v
< WX >
b) IMAGE SYSTEM
Y
o o o o 0 o o
o o o o o o o©
o o o o 0 o o
~O——0- ~0—0 T——c 0—0
© © o o 0 o o
o o o o o o o
o o o © o ©o ©
o o o o o o o
FIGURE 3.6: Rectangular drainage system

showing well and part of the
infinite image net.
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equation 3.15. As to the distance to images of the line on

the y-axis, the following equations are used:

rye = 2mwy
= - + .
"yo 2(m 1)wy Zay (3.28)
= - +
ryop 2(m 1)1.«1.y Zby

The distance to image wells on lines parallel to the
x-axis (not including images on the y-axis) are given by
three sets of equations.

(1) m is even, i.e., m = 2j, where j = 1,2,3," "

_ 2 2 ,0.5
"Ee © (rye * rxe)
- 2 2 ,0.5
Peo = (rye + rxo) (3.29)
- 2 2 0.5
YEop ~ (rye * rxop)

(2) m is odd on the positive side of the y-axis,

i.e., m =23 - 1.

_ 2 2 ,0.5
Poe ~ (ryo * rxe)
- 2 2 ,0.5
Yoo = (ryo + rxo) (3.30)
- 2 2 0.5
Toop ~ (ryo ¥ r‘xop)

(3) m is odd on the negative side of the y-axis,
m=2j -1.

2 2 ,0.5
( * ree)

Yore ~ ryop
_ 2 2 ,0.5
Yopo = (ryop + rxo) (3.31)

_ 2 2 0.5
YoPop ~ (ryop ¥ Ir'xop)
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To obtain dimensionless distances, Eqs. 3.29, 3.30

and 3.31 can be divided by the drainage area A = wx X wy, or:

2l 2 + n2u 210-5

"DEe ~ y
FoEo = 2[m2W yz ((n-1)w, + ax)2]°'5/A (3.32)
rogop = 2LM wyz £ ((n-1)u, + bx)2]°'5/A

rpoe = 2L((m-1)u, + a )% + 2w 2105/

rpgo = 2L0(m-1), + a )% + ((n-1)u, + 2 )%1%-%/a (3.33)

*Doop " 2[((m-1)wy + a

2+ (n=1uy + 5)%1%+%/a

"bope " 2[((m-1)wy-+by)2 + n2u, 239+5/
"bopo © 2[((m'])wy'+by)2 ¥ (("'])wx'+ax)2]0'5/A (3.33a)

"DoPop " 2[((m-1)wy+by)2 + (("'])“x'*bx)ZJO‘S/A

The two sets of equations 3.15 and 3.28 are also
made dimensionless by making them multiples of the drainage

area as follows:

"Dxe 2nwx/A

"oxo = 2[(n-1)wx + ax]/A (3.34)
erop = 2[(n-1)wX + bx]/A

rDye = 2mwy/A

"Dyo = 2[(m-1)wy + ay]/A (3.35)

rDyop = 2[(m-1)wy + by]/A
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Finally, dimensionless locations are defined, as shown
in Fig. 6.1 (rectangle) and Fig. 6.2 (square) by the follow-

ing equations:

Xp = 2b /W, (3.36)

¥p 2by/wy (3.37)

3.4.2 Dimensionless Time

The wellbore radius (rw) in Eq. 2.4 can be replaced by sev-

eral parameters of interest, such as bx,b » b_b_ and the square

Y Xy
root of the drainage area (A), to define new dimensionless times.
2
_ kt _ "w
bpa = Juch = oA (3.38)
kt (A )
t = =t — (3.39)
Db, - 2 DA 2
X ¢ucbx gbx J
r 3
g, o= —Kt o (LA (3.40)
Dby such 2 DA, 2
Yy vy’
_ __kt _ [ A ]
t = =t (3.41)
Dbb ¢“Cbxby DA bxby

where A = wx X wy.

3.4.3 Pressure Behavior at a Point

The dimensionless pressure drop function at any point

location inside a bounded rectangular system is:
Pp(rpstpa) = Ppr(Tproton) + In=1 Pprlrpr(n)stpal (3.42)

where: Ppr = dimensionless pressure at the real well

Ppr = dimensionless pressure at the image wells

DR dimensionless radius of the real well, r/vA
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rpr © dimensionless distance of the image wells,

rI//K

Substituting the five sets of equations 3.32, 3.33, 3.34,
3.35 and 3.36 into Eq. 3.42, yields:

I - 2
pplrpstpa) = - 7 Eil-rpp/aty,d - Thopp Eil-rpye/4tppl
1 oo . 2 . 2
= 7 Lp=ok-11ETL-rpyo/4tppd + Eil-rpy o /4t 10
- 2
= lp=2j Eil-rpye/4tppl

1 ¢o . 2 . 2
T2 zm=2j-1{E1['rDyo/4tDA] ¥ E1E'rDyop/4tDA]}

- - 2
* In=gjiln=ok ETl-rppe/4tp,l

+

- 2 2
In=2k-11E1L-rpgo/rtppl + Eil-rpg,p/4tpp13)

1 co ® s 2
= 7 lp=2j-11n=2k Eil-rpoe/4tpal

-+

£ . 2 . 2
zn___Zk_] {E1[-rDOO/4tDAJ + E] [-rDOOp/4tDA]}}

1 © © . 2
- 7 Ip=2j-11n=2k Eil-rpope/4tpal

-+

Treko1 1ETL-rhopo/4tpal + EiL-rhopo /80, 11)
(3.43)
A similar expression for p6 can be obtained by replacing the
exponential integral "Ei" symbol by the exponential function
"exp" symbol, and multiplying the whole right-hand-side part

of Eq. 3.43 by the ratio (-1/tDA).
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In summary, this discussion has outlined the use
of the principle of superposition to generate the pressure
behavior due to a single well producihg at a constant rate
in presence of‘mu1t1p1e-sealing-fault systems and rectangular
reservoirs. However, unlike the general approach to these
systems which consisted of using highly idealized models in
the laboratory, this study is based on an actual field case

which is discussed next.

3.5 Field Case: The Hassi Touareg Anticlinorium, Algeria

The Hassi Touareg Anticlinorium is located in the
central part of the Mesozoic Basin of the Eastern Algerian
Sahara (Fig. 3.7). It is characterized by its rather complex
structure which was caused by the occurence of .an orogenic
phase (called Austrian phase). The productive levels are
located under the salt cover of the Upper Trias. The South-
ern section of this Anticlinorium extends into the so-called
Gassi Touil oil Province, while the Rhourde el Baguel o0il-
field in the North seems to enter another o0il province, the
Hassi Messaoud one. The history and geological aspect of
the Hassi Touareg Anticlinorium are discussed in detail by
Claret and Tempév‘e.s9

Figure 3.8 shows the six main structural units of
the oriental basin of the Algerian Sahara: (1) Haut-Fond
d'E1 Biod (A), (2) Dorsale d'E1 Agreb and Messaoud (A1),

(3) Hassi Tquareg Anticlinorium (A2), (4) Oued Mya (B1),
(5) Oriental Erg (B2), and (6) Sillon de Dorbane (S). Figure

3.9 presents the structural map of the Hassi Touareg
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FIGURE 3.7: Location of the Hassi Touareg
Anticlinorium, Algeria.
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Anticlinorium, and the two lines L and T along which the
cross-sections of Figures 3.10, 3.11, 3.12 and 3.13 were
drawn from a combination of geophysical, geological and
drilling data. Figures 3.10 and 3.11 are transversal cross-
sections along line T showing, respectively, the Tithology
and the location of petroleum reservoirs. Figures 3.12 and
3.13 are longitudinal cross-sections along line L. These
cross-sec£ions show the existence of four sealing faults
parallel to line L and two sealing faults parallel to line
T, as shown in Fig. 3.14.

Thus the Hassi Touareg oil province is actually com-
posed of three closed rectangular reservoirs, eight systems
of three perpendicular faults and four systems of two per-
pendicular faults. A comprehensive and economical planning
of well location in such systems is practically impossible
with the presently used pressure buildup and drawdown tech-
niques for fault distance calculations. The type-curve
matching technique presented in this study is strongly recom-
mended for such multiple-boundary situations. This tech-

nique is discussed in detail in the following chapters.
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FIGURE 3.11: Transversal cross-section showing the
location of petroleum reservoirs in the
Hassi Touareg Anticlinorium.
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Faults parallel to line T

Faults parallel to line L

FIGURE 3.14: Plane view of the internal structure
of the Hassi Touareg Anticlinorium,
Algeria. -



CHAPTER IV
WELL BETWEEN TWO PERPENDICULAR SEALING FAULTS

Transient behavior equations for wells located near
Tinear discontinuities have been described in the literature.

6

Horner~ presented a technique based on the method of images

to analyze the transient data of a well in the vicinity of

17 utilized the method of images

a single fault. Van Poollen
to generate pressure drawdown curves for a well located near
two intersecting faults in an otherwise infinite system.

The present discussion will be concerned with the
generation of type curve plots for a single well producing
at constant rate and located between two no-flow boundaries
intersecting at a right angle. The continuous Tline source
solution to the diffusivity equation and the first deriva-
tive of the dimensionless well pressure with respect to

time are systematically employed to develop pressure draw-

down and_bui]dup type-curve plots.

4.1 Pressure Drawdown Analysis

It is appropriate, first, to discuss the simple case
of a well near a single sealing fault. Tiab26 demonstrated

that when a well is at a distance "bx" from a no-flow boundary,

67
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as shown in Fig. 3.2, the dimensionless well pressure is

given by:
Pow = Por{"pr+tpa) * Ppr{rprstpa) (4.1)
where
kt
toy = (4.2)
A " b 2

"oR = dimensionless distance of the real well, r‘w/bx
ror = dimensionless distance of the image well,
2bx/bx = 2.

With these transformations, Eq. 4.1 can be written as:

| (r. /b )2
Oal U e AT

A plot of Ppy Versus tDA is shown in the semilog graph of
Fig. 4.1 for three values of "DR* Independently of rpr: We
obserye two intersecting straight lines. The first 1ine of
slope 1.1513 corresponds to the infinite reservoir behavior
shown in Fig. 2.7. The second straight 1ine of slope 2.303
(double the slope of the first 1ine) indicates the presence
of a no-flow boundary. The two straight lines intersect at
tDA of 1.781 which is the exponential of Euler's constant.
This observation provides a way to determine the distance
bx to the boundary from Eq. 4.2.

The time rate of change of dimensionless well pres-
sure in presence of a no-flow boundary is, of course, ob-

tained by direct differentiation of Eq. 4.3 with respect to
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DA’
: 2
(r./b,)
. . WXt -
Pow = ZtDA{exp[ 3t J + exp[ tDA}} (4.4)

A type-curve of pbw versus tDA on a log-log graph is shown

in Fig. 4.2. We observe that the initial and final portions
of the curve are straight l1ines of same slope -1. If a type
curve data plot, i.e., ap/at vs. t, is placed over the master
type curve of Fig. 4.2 such that the best match is obtained,
then any convenient match pecint can be used to determine the

distance to the fault as follows:

b - [[0.002324 k](t/tDA)M]O.S (4.5)

where (t)M and (tDA)M are the abscissa of the match point
on the data plot ahd the master curve, respectively. This
match point can also be used to calculate the kh product
from Eq. 2.39 and the ¢c product from Eq. 2.40 with ry re-
placed by bx‘

This brief discussion on the pressure behavior of
a well near a single fault has pointed to the usefulness of
p6w in detecting sealing faults in an otherwise infinite
reservoir. This technique will be applied in the following
sections to analyze the behavior of dimensionless pressure
and its first time derivative of a well near two perpendicu-

lar sealing faults, or no-flow boundaries.

4.1.1 Behavior of Dimensionless Flowing Well Pressure

The dimensionless pressure behavior of a well between

two sealing faults intersecting at a right angle is given
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FIGURE 4.2: Time rate of change of dimensionless
pressure vs dimensionless time for a
well near a sealing fault.
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by Eq. 3.13a, where the distance r is replaced by the well-
bore radius ' in the dimensioniess radius "DR* Figure 4.3
presents a semilog plot of Ppy Versus tDA for the five well
locations shown in Fig. 4.4. Computed values of Pow and its
derivatives for Yp = 1, 1/2, 1/4 and 1/8 are respectively
presented in Tables 1-4. For each yp we observe a common
straight 1ine of slope 1.151 at early time representing
infinite media without the effects of boundaries. The slope
of this line can be used to determine the kh product and skin
s from Eq. 2.35 and Eq. 2.36 respectively.

Figure 4.3 indicates that a second straight Tine of
slope twice that of the first one is observed for y, < 1/16,
corresponding to the effect of the closest no-flow boundary.
For values of y, > 1/16, i.e., b.y > b,/16, this second
straight 1ine vanishes. However, a third straight line of
slope 4.6 (= 4 x 1.1513) is observed for all Yp- It is
evident, therefore, that graphs of the type shown in Fig.
4.3 are useful only in cases where fhe well is very close
to the boundaries. In the following section, we show that
p6w offers a much better method to detect and locate both
boundaries.

4.1.2 Behavior of p6w

The time rate of change of dimensionless pressure
for a well located between two no-flow boundaries, or seal-
ing faults, intersecting at a right angle is given by the
sum of pressure contributions due to the real well and the

three image wells as indicated by Eq. 3.14a, where the
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distance r is replaced by the wellbore radius 'y in "DR*
A type curve of pﬁw versus tDA on a log-log graph is pre-
sented in Fig. 4.5 for various well locations between the
two boundaries. This graph shows the existence of three
parallel straight line portions of slope -1: (1) The first
straight line at early time represents infinite reservoir
behavior without the effect of faults. (2) The second
straight line, corresponding to the effect of the closest
fault, vanishes for values of Yp 2 1/8. However, it is not
necessary to have a second straight line since the type
curve data plot must appear like the corresponding master
type curve for all times. (3) The third straight line
(which starts at tha = 20) is common to the family of curves.
It indicates the existence of the second fault.

When a well is located on the bisector between the
intersecting faults, i.e., bx = by or yp = 1, the effect
of both faults is felt at the same time. This causes the
first straight 1ine to extend up to a tDA of 0.2, and, as
expected, the second line is not observed. As a result,
from comparison of Fig. 4.5 for Yp © 1 or 1/2 with Fig. 4.2,
it appears that there is no way of telling whether we are
in the presence of a single fault or two faults, since for
these values of Yps Fig. 4.5 shows no second straight line.
However, it is evident from this figure that the total shift
to the right of the final straight line in the case of two
perpendicular faults is double the shift in the case of a

single fault. The shift of the second sfraight Tine of
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Fig. 4.5 for Yp £ 1/8 is, of course, equal to the shift ob-
tained in the presence of a single fault. This is the‘dis-
tinguishing feature of the behavior of the time rate of change
of pressure of a well near two sealing faults intersecting
at a right ang]e.‘

The distance to both faults, b

X and by, and several

other reservoir parameters such as the kh and ¢c products
can be determined by type curve matching from Fig. 4.5. The
fo]]bwing approach can be used.

Drawdown Type-Curve Matching Procedure

1. Plot rate of change of well pressure data with time
prf/At = p&f'(psi/hr) on the ordinate vs t (hr) on the
abscissa of log-log paper of the same size as the original
master type curve, of which a reduced copy is shown in Fig.
4.5. (A fﬁ]] scale copy of the master type curve is avail-
able from the author on request.) Note that prf/At can be
simply obtained by using the conventional two-point deriva-
tive approach. The simplicity of this method as opposed to
more complex ones, such as the five-point derivative method,
will allow a practicing engineer without a formal training
in differential analysis and computer application to use this
type-curve technique.

2. Place the type curve data plot of p&f vs. t over the
master tybe curve plot of pbw Vs, tDA’ such that correspond-
- ing axes are parallel.

3. Slide the field curve, keeping axes parallel, until

the best match is obtained with one of the curves of the
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master graph, and read (yD)M. To get a good match, it may
be necessary to approximate for values of Yp not included
in the master type curve. In any case, the first point of
the final straight line of the field curve must be placed
over the corresponding point of the master curve.

4. Pick any convenient match point and read the cor-
responding values of (pl‘)w)M and (tDA)M from the master type
curve of Fig. 4.5, and 'prIM and (t)M from the type curve
data plot. These values are used to calculate various reser-
voir parameters as follows:

(a) Distance to boundaries

0.5
b, = [[————-—O-Ogﬁg“ k](t/tDA)M] (4.6)
and
b, = by(¥p)y (4.7)

(b) Flow capacity (or kh-product)

kh = 141.3 quB(pp,/Pus)y(tpa/tiy (4.8)

(c) Storage capacity: the ¢c product is obtained
by overlaying the first straight line portion of plot of

step 1 on Fig. 2.5:

_ 2y
¢c = (qB/26.856 hr )(pr/pr)M,Fig. 2.5 (4.9)

This curve matching approach will give a much more accurate
value of the distance to boundaries and other reservoir
parameters than presently used well test analysis techniques,
as field data curves must appear like tﬁe proper analytic

solution for all times.
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To spread out the curves for various values of Ype
"we use a dimensionless time based upon the distance to the
nearest fault, by, as defined in Eq. 3.11, or in oilfield
units:

y ¢quy

0.000264 kt : (4.10)

thp 7

A plot of péw versus tDb on a log-1og graph is shown in
Fig. 4.6 for various well locations between two perpendicu-
lar sealing faults. The general behavior in Fig. 4.6 is,
of course, the same as in Fig. 4.5 except that we have a
distinct curve for each well location. Figure 4.6 can be
used to determine the distance to the nearest boundary and
other reservoir parameters using the type curve technique
described above.

The distance to the nearest fault is given by

b= [[0.000264 k
y

0.5
D2 ](t/tDb )M] O (4.11)

y

and the distance to the other fault is given by

by = b/ (yp)y (4.12)

The products kh and ¢c are respectively given by Eq. 4.8
and 4.9 wheré‘tDA is replaceq by tDb (in Ed. 4.8) and bx
is replaced by by (in Eq. 4.9).
A dimensionless time based upon the product of dist-
ances bx and b, as defined in Eq. 3.12, can also be used to

y .
spread out the curves for various well locations. In oil
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field units

0.000264 kt
tobb © such by (4.13)

A graph of pbw versus tp is shown in Fig. 4.7 which ex-
hibits the same general character as Figs. 4.5 and 4.6. As
before, the type curve matching technique can be used to

determine the product b_b_  from the match point, or

X'y
byby = LROOZEEK (g/ep )y (4.14)
Then, the distance to the nearest boundary is given by
by = /(bxby)(yD)M (4.15)

Finally, it is evident that a match point in Fig. 4.7 can be
used to determine the ¢c and kh products from Eqs. 4.8 and

4.9. where tDA and bx are respectively replaced by tDbb and
the square root of bxby’
4.1.3 Drawdown Type-Curve Match Example

Consider a new producing oil well located between
the two perpendicular faults L4 and T2 of the Hassi Toureg
Anticlinorium as shown in Fig. 3.14. Assuming the reservoir
and well data below, determine the permeability, the porosity

and the well location with respect to the two faults.

q = 425 STB/D

W= 0.65 cp

B = 1.14 res.bb1/STB
¢ =7.5x 10°% psi”!
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h = 36 ft
ry = 0.316 ft

The timé rate of change of flowing well pressure
(p&f) field data is plotted against producing time on a
log-log graph paper (Fig. 4.8) with the same grid size as
thé master type-curve of Fig. 4.5. This field data curve
is then placed on Fig. 4.5 as shown in Fig. 4.8. The re-
sulting match point has the following coordinates:

(tpaly = 1 (Py, )y = 1-357 psi/hr

(t)M = 2.796 (p‘:’f)M = 5.356
The kh-product can be determined from Eq. 4.8:

kh

(141.3)(425)(0.65)(1.14)(1.357/5.356)(1/2.796)
4032 md-ft

then

The field data curve is then overlayed on Fig. 2.5
according to step (c) of the Drawdown Type-Curve Matching

Procedure, such that

[ppy * tpad/(Pye X 8Dy Fig. 4.5

Cr e ) kh
= [(ppy X tp)/(Pye x )1y rig. 2.5 ° 7473 quB

Using the reservoir data we find that

kh - §112E§36! = 1
141.3 quB 141.3)(425)(0.65)(1.14 11.04
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Note that the product (pbw X tD)Fig 2. 5 is always equal
to 0.5 (see Eq. 2.14). Thus

11.04(Pp, X tply Fig. 2.5
(11.04)(0.5)
5.52

(Pus X thy Fiqg. 2.5

Hence, any point on the first straight 1ine (which corre-
sponds to the infinite reservoir behavior without the ef-
fects of the boundaries) with p¢f x t =5.52 is a match

point. Thus a choice of (tD)M = 104 from Fig. 2.5 yields

= 0.5 x 10°% and (t)M = 0.02 from the field data

1
(Ppun
curve yields (pv'lf)M = 2.78 x 102.
The ¢c-product can be calculated from Eq. 4.9:

o = (425)(1.18) (0.5 x 10" _ 4 9026 x 106
(26.856)(36)(0.316)% |2.78 x 102 |
ps1"1
-6
5 - 0:9026 x 10°° _ o,

7.5 x 10°°

Finally, Fig. 4.8 shows that the match is obtained
for (yD)M = 1/8. The distance to the furthest of the two
faults is determined from Eq. 4.6.

0.5

" (0.000264)(112) ~ 2.{96 = 376 ft
(0.12)(0.65)(7.5 x 10

The distance to the closest fault is calculated from Egq.

4.7.

by = (376)(1/8) = 47 ft
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We could just as well have matched the type-curve
of Fig. 4.6. In that case, we would have calculated b‘y
from Eq. 4.11, then we would have used Eq. 4.12 to calculate
bx. We could also have matched Fig. 4.7, in which case we
would have determined the product b_b, from Eq. 4.14, the

X
distance b‘y from Eq. 4.15, and, of cozrse, bx from the ratio
bxby/by.

In summary, this section has discussed the behavior
of Pbw and pﬁw for a well located between two sealing faults
intersecting at a right angle in an otherwise infinite res-
ervoir. It is demonstrated that the type curve technique
based on the rate of change of dimensionless well pressure
provides unique solutions for locating multiple sealing

faults and calculating several important reservoir parameters

such as the kh and ¢c products.

4.2 Pressure Buildup Analysis

The powerful principle of superpoSition, which was
used in the previous chapter to generate boundary conditions,
can also be used to develop interpretative methods for ana-

lyzing the behavior of shut-in well pressure, p during

ws?
buildup well testing. Consider a well in an infinitely
large reservoir which is produced at the rate (+q) for a
time period t. At a time t, a second well, located in ex-
actly the same position as the first well, is produced for
a time period At at the rate (-gq), thus making fhe net prd-‘

duction rate due to both wells become zero. Therefore,'the
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total pressure drop at some point in the reservoir is the
sum of the pressure drop due to the first well producing for
(t + At) and the pressure drop caused by the second well

producing only for At, or:

-—-—21Tukh (p1 -'pS) = {(+q)[pD(rD’(t+At)D)+s]}
+ {(-q)[pD(Y‘D,AtD) + 5]}
or

2nkh

qu (p'i - pS) = Ppg © pD[rD’(t+At)D] + pD[rD’AtD] (4.16)

The shut-in well pressure at the well, i.e., r = Fu and

rp = 1, is then given by the following equation, in oilfield

units:
kh i R 1 1 e[ 1
1471.3 quB (Py = Pys) sz‘[ Z({::g{ya] t 3 E1[ 4AtD] (4.17)

A simpler and shorter form of this equation is given by Eq.

2.45, which we write again:
Pps = pr(tD * AtD) h pr(AtD)

This approach to buildup analysis, which is similar

to that of Ramey and Cobb 38

is preferred here over the
conventiona] one which generally consists of replacing dimen-
sionless pressures with analytical solutions, such as Eq.
2.33, which are subject to too many assumptions and approxi-

mations.
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4,.2.1 Behavior of Dimensionless Shut-In Well Pressure (st)

The behavior of the dimensionless shut-in well pres-
sure for a well between two perpendicular no-flow boundaries,

or sealing faults, is obtained from the following equation:
i 2 2
1), (rw/bx) . 1 . (b /bx)
= Ei + Eijf- + Ei|-
{ - vt o) ey

T2 {- At +at)p,
- 2, 2y ,4.2 2
. il (bx+by)/bx” . %{Ei[_ _(__”w_”ig_)__} + Ei[_ __1__]

Pps ~ 2

| (t-+At)DA 4AtDA AtDA
- 2 2, ,.2y,,.2
(b,/b,) (b, +by)/b
*Ei|- LX) 4 pi- XXX (4.18)
AtDA AtDA

This equation was used to generate computed buildup
graphs of Horner and MDH type for various values of dimen-
sionless producing time tha (before shut-in). Computed values
of Pps and its derivatives for (xD,yD) = (1, 1/8) are pre-
sented in Tables 5, 6, 7 and 8 for thp = 0.01, 0.1, 1 and 10,
respectively.

4.2.1.1 Horner Method

This method conventionally consists of plotting
shut-in well pressure, Pys® versus the logarithm of the time
ratio (t + At)/at. The Horner graph for a well located at
(xD,yD) = (1, 1/8) between two sealing faults intersecting
at a right angle is presented in Fig. 4.9 for tDA = 0.1, 1,
10, and 100. As expected, a straighflline of slope 1.1513
per log cycle is observed for each producing time at early

shut-in times, which corresponds to the infinite reservoir
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behavior. The slope of this line can be used to calculate
" the kh product from Eq. 2.35. At long shut-in times and for
producing times tDA > 1, we observe a second straight line
of slope twice that of the first 1ine, which is an indica-
tion of the effect of the closest fault. The two lines in-
3, 6 x 10% and

6 x 10 for dimensionless producing times tDA of 102, 10 and

tersect at time ratios (t + At)/at of 6 x 10

1, respectively. These intersection points can be used to
calculate the distance to the nearest boundary as demonstrated
by Horner.6

When producﬁng times (before shut-in) are long, i.e.,
tDA > 102, a third straight 1ine of slope four times that
of the first 1ine can be obtained, indicating the presence
of the second perpendicular boundary. This third Tine is,
however, too short (less than a log cycle) to be correctly
used to locate the second boundary. It is evident from
Fig. 4.9 that this line requires excessively high long shut-
in times, and therefore, in most cases, it will not be
observed.

When producing times are short, i.e., 1 < tDA < 102,
the third straight line is not observed at all. For tp, < 0.1
only the first line of slope 1.1513 is obtained.

The Horner graph for (xD,yD) = (1, 1/2) is shown in
Fig. 4.10. Note that in this case, only the fifst and third
straight lines are shown for ty, = 102, while for tha < 10

only the first one is observed.
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It is evident, therefore, that for a well between
two perpendicular faults, the Horner method is useful in
detecting only one fault since the third straight line of
slope 4.6 is obtained only at infinite shut-in time (which,
of course, implies that this line can never be observed).

4,2.1.2 Miller, Dyes and Hutchinson Method

The MDH graph for a well at (xD,yD) = (1, 1/8) be-
tween two perpendicular sealing faults js illustrated in
Fig. 4.11 for producing times from 0.1 to 100. A straight
line of slope 1.1513 is obtained at early times correspond-
ing to infinite reservoir behavior. The slope of this line
cah be used to determine the flow capacity of the well, kh.
For long producing times, i.e., tDA > 100 and Tong shut-in
times we observe three distinct straight lines which can be
used to estimate the distance to each fault. For tDA = 10,
only the first and second straight lines are shown, while for
tha < 10, not even the second line is obtained.

Figure 4.12 presents the MDH graph for a well lo-
cated at (xD,yD) = (1, 1/2) between two perpendicular faults.
This figure indicates that it is possible to observe only
the first and third lines when tp, = 100. However, when
tha = 10 .only the first line is obtained.

In conclusion, the MDH method also is not practical
in the presence of multiple sealing fault systems.

Muskat is another well-known method used to analyze

26

pressure buildup data. However, this author showed that

the Muskat graph offers no distinguishing features in the
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presence of semi-infinite systems, and therefore will not

be discussed here.

4.2.2 Behavior of pbs
The behavior of the time rate of change of dimension-
less shut-in well pressure for a well located between two

perpendicular sealing faults, or no-flow boundaries, is given

by:

1 1 (rw/bx)z . 1
Pps = 2(t + AtTDAlexP[- 3(t + At)DA + exp[‘ 1t + AtYDA]

(b./b,)? (b2 + b2)/p2

2
(r. /b))
1 w' X 1
- gt exXp|- ——| * exp|~

2 2 2 2
b,/b b + b_)/b
+ exp|- (_.Y__X_)__ + exp|- ( X .y)/ X (4.]9)

A log-log graph of |p65| versus Atp, for seven dif-
ferent values of producing time is shown in Fig. 4.13 for
(xD,yD) = (1, 1/8). Computed values of Ppg are also pre-
sented in tabular form in Appendix F2. The behavior of pﬁs
in Fig. 4.13 can be interpreted by considering three time
domains:

(1) tg, > 10%: It is evident from Fig. 4.13 that,
for such producing times, pbs yields three common parallel

straight lines of slope ~1. This behavior, in view of

Fig. 4.5, is the distinguishing feature of a two perpehdfcu]afg o
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sealing faults system. Note that the dimensionless shut-in

time must be at least equal to 102.

(2) 10 i‘tDA < 103: Figure 4.13 indicates that
for this range of producing times and AtDA = 1, we only ob-
tain the first two parallel straight lines. This implies
that, under these time conditions, only the closest fault
will be detected. However, when the well is closed-in for
AtDA > 1, pés bends over the second straight line befdre it
becomes a straight line of slope twice that of the'first one.
This upward bend suggests the existence of another boundary,
and the doubling of slope simply means that the well was
shut in longer than it produced (see Sec. 2.4.3.1).

(3) tpp < 1: In this case, the effect of boundaries
is not observed at all for Atpp < 0.01. However, for

At A 0.01, the curve bends upward then becomes a straight

D
Tine of slope -2.

Figure 4.14 is another plot of pbs versus AtDA on
a log-log graph for (xD,yD) = (1, 1/2). Note that only the
first and third parallel straight lines are obtafned'for
ton 2 103, Three more plots for (xp,yg) = (1,1), (1, 1/4),
and (1, 1/16) are included in Appendix I.

Therefore, a 1og-log plot of pbs Vs. AtDA for a well
located between two perpendicular faults can be correctly
used only when the well was produced for a long time; so old
wells are excellent candidates. Under this condition, reser-
voir parameters such as the kh and ¢c products, and the dist-

ance to both boundaries can be estimated by the type curve

matching technique, according to the fol]owing'prqcedure.
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Buildup Type Curve Matching Procedure

1. Plot the actual time rate of change of shut-in well
pressure data p&s = prS/A(At) against real shut-in time
(hr) on log-log tracing paper of the same size cycle as the
master type curve (Fig. 4.13).

2. The type curve daia plot is placed over the corre-
sponding master type curve, the coordinate axes of the two
curves being kept parallel and shifted to a position which
represents the best fit of the data to the master curve.
More than one of the type curves presented in this chapter
and Appendix F may have to be tried to obtain a best fit of
all data. This number of trials, however, can be reduced
by observing the following distinguishing features.

(a) When all three parallel straight lines are ob-
tained (Fig. 4.13), it implies that the well must be Tocated
much closer to one of the boundaries than the other, thus
Yp < 1/8. Further, if the second straight 1line is one log
cycle long (or more), then yp = 1/16 (Fig. F3).

(b) When only the first and third straight lines
are obtained, it is an indication that the well is far from
both faults. If the transition line‘shows a short flatten-
ing as in Fig. F2, the 1/4 < Yp < 1/2. When the effect of
both boundaries is felt at the same time, i.e., the well is
at equal distances to the boundaries, the first straight
line corresponding to the infinite reservoir behavior is

unusually long, as shown in Fig. F1 for Yp = 1.
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If none of the type curves presented here will rea-
sonably fit all the data, it is recommended to use Eq. 4.18
to generate type curves within the range of the suspected
value of y,. A complete set of type curves (full scale),
including those for values of Yp not presented here, is
available from the author on request.

3. Once the best match is obtained with one of the
type curves, pick any convenient match point, and read the
corresponding values of (p!')s)M and (AtDA)M from the master
type curve and (pv'vs)M and (t)M from the type curve data
plot. These values can then be used to determine the fol-
lowing reservoir parameters.

(a) Flow Capacity:

kh = 141.3 q"B(pﬁs/st)M(AtDA/At)M (4.20)

(b) Storage Capacity: the ¢c product is obtained
by overlaying the first strafght line portion of the plot

obtained in step 1 over Fig. 2.7.

) 2800 oy
¢c = (qB/26.856 r h)(st/pws)M,Fig. 2.7 (4.21)

Generally, values of porosity and rock compressibility
estimated from laboratory tests (core analyses or logging
techniques) are directly used in pressure equations for the
entire 1ife of the reservoir. Even though we know that, on
one hand, the effective values of these two factors in the
reservoir are different from the measured values, and, on

the other hand, both factors are nonlinear. The change in
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pore volume and rock compressibility is important in reser-
voirs or aquifers which contain fluid compressibilities in

the range of 3 to 25 x 1078 -1

psi ', as in o0il reservoirs

above the bubble point. Even though the rock compressibi-
lities are small figures, their effect, combined with that

of porosity, may be considerable on calculations to predict
reserves in place. Hence, the in-situ measurements of the
product of these two parameters using the technique presented
here, whether based on drawdown (last section) or buildup
well testing, will be very useful in predicting correctly

the reserves in place. |

(c) Distance to boundaries

b, = [[0.000264 k](At/AtDA)M]o.s | (4.22)

duc
by N bx(yD)M

4,2.3 Buildup Type-Curve Match Example

The following data was assumed to be taken on a shut-
in 0i1 well located between the two perpendicular sealing
faults T] and L] (outside angle) of the Hassi Touareg field
(Fig. 3.14) after it had produced 145,550 bbls at an average
rate of 355 STB/D. Determine the permeability, the porosity
and the distances to faults T] and L].

q = 355 STB/D
N, = 145,550 bbls

h =18 ft

B = 1.084 res.bb1/STB
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p =0.42 cp
¢ =3.4x10°° psi”!
r=0.30 ft

The time rate of change of shut-in well pressure
(p&s) field data is shown in Fig. 4.15. The field data
curve was placed on the master type-curve of Fig. 4.13 ac-
cording to the Buildup Type Curve Matching Procedure. The
resulting match point has the following data:
1.355
7.836 psi/hr

(atpply = 1 (Pps )y
(at)y = 3.538 hrs (Pys )y

The kh-product can be calculated from Eq. 4.20:

kh = (141.3)(355)(0.42)(1.084)[;'ggg][3 ;38] = 1116 md-ft

then

Now, place the first straight line portion of the field
data curve on the straight line portion of slope -1

(AtD << tD) of Fig. 2.8 according to step 3.b of the Build-
up Type Curve Matching Procedure shch that the following

relationship holds:

(Ppg X Atpa/Pus X Oty rig. 4.13

. ] (] = kh
= (Ppg X 8tp/Pue X Aty cio 2.8 = T4T.3 quB

Using the reservoir data we obtain

kh B} (62)(18) _ 1
T47.3 quB _ (141.3)(355)(0.42)(1.084) - 20.46
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The effective production 1ife of the well is given by:

N
t = TF = (24)(;gg’550) = 9,840 hrs

Thus t >> At (in this case At = 96 hrs), which indicates
that we are in the time domain ty >> AtD of Fig. 2.8. Under
this condition, we know that the product pés X AtD is equal

to 0.5 (see Eq. 4 of Appendix D). Hence

(Pus * 8t)y riq. 2.8 = 20:46(Ppg X Btply Fiq. 2.8

(20.46)(0.5)
10.23

Any point on the first straight line of the field data curve
with p&s x At = 10.23 is therefore a match point. Thus a
choice of (aty)y = 10° from Fig. 2.8 yields (pj )y = 0.5x107°
and (at), = 1.18 x 1073

(p‘;s)M = 8.67 x_103. The ¢c-product is then determined

from the field data curve yields

from Eq. 4.21:
3

sc = (355)(1.08;) 0.5 x 10 2| = 0.51 x 10-6 psi']
(26,856)(0.3)°(18)!8.67 x 10
then
-6
- 0.51 x 106 = 0.15

3.4 x 10°

The distance to the furthest of the two faults can
be calculated from Eq. 4.22. |

: 0.5
b, = (0.000264) (62) — [3.?38)] - 512 ft
(0.15)(0.42)(3.4 x 107°) -
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Finally, Fig. 4.15 indicates that the match was ob-
tained for (xD,yD)M-= (1, 1/8)M. The distance to the closest

fault is determined from Eq. 4.7.

by = (512)(1/8) = 65 ft

In summary, this chapter discussed the drawdown and
buildup well pressure behavior for a well located between
two sealing faults, or no-flow boundaries, intersecting at
a right angle in an otherwise infinite reservoir. As demon-
strated, type curves based on the time rate of change of
dimensionless well pressure, pbw, offer a simple but power-
ful tool for measuring the distance to both boundaries.
Interpretive equations were also developed to calculate flow
capacity (kh) and storage capacity (¢c).

The behavior of dimensionless shut-in well pres-
sure using Horner and Miller-Dyes-Hutchinson methods was
presented. Both methods were found to be useful only for
long producing and shut-in times. Type curves based on the
time rate of change of dimensionless shut-in well pressure,
pés, can be used to measure the distance to the two perpen-
dicular sealing faults and both kh and ¢c products.

In the next chapter, the transient pressure behavior

for a well located between three perpendicular sealing

faults, or no-flow boundaries, is presented.



CHAPTER V
WELL BETWEEN THREE PERPENDICULAR SEALING FAULTS

The type curve technique outlined in the last chapter
is systematically applied here to analyze the transient pres-
sure behavior of a single well located inside a system of
three linear no-flow boundaries, or sealing faults, inter-
secting at right angles, in an otherwise infinitely large
reservoir. It is, of course, assumed that the well is pro-
ducing at a constant rate and the reservoir fluid is slightly
compressible. The formation is isotropic and of constant
thickness.

Note that this system of three sealing faults has
not been analyzed to the author's knowledge in the petroleum

literature and is therefore original to this study.

5.1 Pressure Drawdown Analysis

Figure 5.1 shows the main locations considered for
pressure analysis of a well between three perpendicular no-
flow boundaries, or sealing faults. The well location is

defined, through this éhapter, as follows:
(XD"YD) = (ZbX/wX’ z}by/wx) (5.1)

where:

106
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W, = distance between the two parallel boundaries
b, = distance to the nearest of the two parallel
boundaries
b, = distance to the boundary which is perpendicular
to the two parallel ones

5.1.1 Behavior of Phw

The dimensionless well pressure at any location
(xD,yD) is the sum of pressure contributions of the two

infinite lines of image wells and the real well itself, or
Pow = PprErprotpad * Pprlrprystpal * 2 LncortPprlvrpyestpal
* Pprlrprxestpad? * Lp=2k-1Pprlrpxo-tpal

* Pprlrprxotoal * Po1lroxopetoad * Po1lrpixop>tpall
(5.2)
This equation is simply another form of Eq. 3.26 where r

is replaced by r, in the dimensionliess radius L which was

W
defined as r/wx.
Figure 5.2 shows dimensionless well pressure, Phw®
versus dimensionless time, tDA’ on a semi-log graph, for
various locations of the well within a semi-finite system
of three boundarjes. At location (1732, 1/8), i.e., the
well is very close to two perpendicular boundaries, we ob-
serve three straight lines. The first Tine, of slope 1.15,
corresponds to the infinite reservoir behavior. The second

1ine, of slope 2.30, represents the effect of the closest

fault, which in this case is the closest of the two parallel
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faults. Finally, the third line of slope 4.6 is caused by
the effect of the perpendicular fault. The effect of the
third boundary is not observed at all. At location (1/2,
1/16) the well is much closer to the perpendicular fault
than to either parallel one. In this case, only the closest
fault is indicated by a straight line of slope 2.3. This
implies that the two parallel faults will not be detected
for such a well location. When the well is at equal dist-
ance from all three faults of the system, i.e., (xD,yD)
= (1,1), Fig. 5.2 indicates that a plot of Ppy VS- tha
cannot be used to determine the distance to each fault,
since there are no straight lines observed. This behavior
is due to the interference effects of the two infinite lines
of image wells.

Figure 5.2 points to the limitations of the draw-
down well pressure function in detecting multiple sealing
faults. It is clear that, at the most, only the two closest
perpendicular boundaries can be located. It is shown in the
following section that the time rate of change of well pres-
sure offers a much better description of a multiple sealing

fault system.

5.1.2 Behavior of pﬁw

The behavior of the rate of change of dimensionless
well pressure of a single well located in a semi-finite
system composed of three perpendicular no-flow boundaries,
or sealing faults, is obtained by differentiating Eq. 5.2

or 3.26 with respect to the dimensionless time tDA’ or:
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Pow = Porrpr-toad * Porlrpry-tpad * 2 Ineak{P'prlrpye-toal
* Pp1lrpxertpadt * In=2k-1Pp1lrpxo-toal

+ Pprlrpixostoad * Pp1lrpxopetoal * PRl pIxop > tond!
(5.3)

Type curve plots of pbw versus tDA for eleven values
of yp are presented in figures 5.3 and 5.4, respectively,
for x5 = 1/32 and 1/8. This plot shows the existence of
four distinct straight Tine portions: '(1) The first straight
line, observed at early production, has a slope my = -1.
This line represents infinite media without the effects of
faults as shown in Fig. 2.5. (2) The second and third
straight lines correspond to the effects of two perpendicu-
lar sealing faults as shown in Fig. 4.5, and have the same
slopes as the first line, i.e., My = my, = m,. (3) The
fourth straight line of slope my = -0.5 is influenced by the
third boundary, which is parallel to the first boundary ob-
served. Note that a slope of -0.5 is a distinguishing
feature of parallel sealing faults as demonstrated by this

26 in the case of an infinite strip.

author
Figure 5.5 shows an additional illustration of the
behavior of the time rate of change of dimension]ess draw-
down pressure, pﬁw, versus dimensionless time, thas for
eleven well locations along the symmetrical axis of the semi-
infinite strip. For these well locations, the effects of

the two parallel boundaries are felt at the same time and
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FIGURE 5.4:
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FIGURE 5.5:

Type-curve plot of pbw Vs tDA for a well between
three perpendicular sealing faults, when Xp = 1
and 1/64 < yp < 16.
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therefore we obtain only three straight line portions. The
first line of slope -1 and corresponding to the infinite
reservoir behavior is observed over a long period of time
as opposed to its counterpart of Fig. 5.3 or Fig. 5.4. For
values of Yp £ 1, the second straight Tine has a slope of
-1 and represents the effects of the perpendicular fault
while the third straight 1ine of slope -0.5 corresponds to
the effects of the two parallel faults. However, when
Yp > 1, both second and third straight lines have a slope
of -0.5. This is normal since when Yp > Xp> the effects of
the two parallel boundaries are felt first, giving a slope
of -0.5, then foi]owed by the effects of the perpendicular
boundary yielding a third straight line which has a slope
of -1 and shifted to the right.

The distance to all three boundaries, ays bx’ and b

ys
and other reservoir parameters such as the flow capacity

kh can be determined by type curve matching technique des-
cribed in the last chapter. The width wx is calculated

from the match point as follows:

" =[[o.oogﬁg4 k}(t/tDA)M}O.B (5.4)

The distance to the nearest of the two parallel faults is
determined from the value of Xp at the match point, (xD)M,

or

_1
bx =5 wx(xD)M (5.5)
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The distance to the second parallel fault is simply given by:

a, = W, -b (5.6)

Finally, the distance to the perpendicular fault is deter-
mined from the value of y, at the match point, (yp)y, or:

The flow capacity (kh) and storagé capacity (¢c) of this
semi-infinite strip can be ca]cuiaped from the match point,
using Eqs. 4.8 and 4.9, respectipe%y.
A1l three figures, 5.3, 5.4 and 5.5, point out that
for values of Yp greater than unity, the effects of the two
parallel faults dominate the behavidr of the time rate of
change of dimensionless drawdown pressure, pﬁw, versus dimen-
sionless time, tDA’ which becomes similar to that of an in-
finite strip. This system is presented in reference 26 and
28. For this reason and also to emphasize the effects of
the three perpendicular faults Fig. 5.6 presents the relation-
ship between p6w and tDA for Yp £ 1 and Xp = 1/8. To spread

out the curves of this figure, we plot pﬁw against the dimen-

sionless time top defined by Eq. 3.23, or in oilfield units:
X

t.. = (0.000264 kt)/(¢ucbx2) (5.8)

Db,

A plot of p.. versus t on a log-log graph is shown in

, Dw Dbx
Fig. 5.7 for values of ¥p = 1 and Xp = 1/8. The general
behavior of the time rate of change of dimensionless well
pressure, péw, in Fig. 5.7 is obviously similar to that in

Fig. 5.6, except now we have a distinct curve for each well
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location. Figure 5.7 can also be used to determine the
distance to each fault in the system, by applying the type
curve matching technique described earlier. The distance

b, is calculated first from Eq. 5.8:

X
b, = [[o.ogﬁ§64 k](t/tobx)]o.s (5.0)

The distance between the two parallel boundaries is given by

W, = 2b /(xp)y (5.10)

The distances a, and by can be calculated from the match
point using, respectively, Eqs. 5.6 and 5.7. This match
point can also be used to determine the kh and ¢c products
from Eqs. 4.8 and 4.9, where t is replaced by t . Fi-
DA . Dbx
nally, just as we plotted p6w against tDA and tDb s We can
X
plot it against tDbb which is defined by Eq. 3.41. 1In oil-

field units tDbb is defined as follows:

topp = (0.000264 kt)/(¢pcbxby) (5.11)

Figure 5.8 showé a plot of péw versus tDbb on a log-log graph
for values of Yp less than or equal to unity and Xp = 1/8.
‘The general behavior of the family of curves in this figure
is, of course, similar to that in Figures 5.4, 5.6 and 5.7.
By applying the type curve matching technique to Fig. 5.8,

we can estimate the distance to the perpendicular fault from

Eq. 11 as follows:

0.5
- |[0.000264 k .
b0y = [[2000268 1) i/t 0] (5.12)
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Then, the width wx can be calculated from the following re-

lationship
Uy = 2[(b,by ) (xp)yyp)y1®- (5.13)

The distances bx and s and the products kh and ¢c are
respectively determined from equations 5.5, 5.6, 4.8 and 4.9,
where tDA is replaced by tDb .

Computed values of Pow and its derivatives for vari-
ous well locations are pkesented in Tables 9-12. Figures
F.4-9 are additional type-curve plots based on péw for
several well locations between three perpendicular sealing
faults.

In summary, a type-curve plot of the time rate of
change of dimensionless drawdown pressure, péw, against
dimensionless times based on any distance of interest, of-
fers several unique characteristics for a single well lo-
cated between three perpendicular sealing faults. These
characteristics can be used to determine the distance to
'each fault, by using the type curve matching technique pre-
sented in the last chapter. The products kh and ¢c can also
be estimated from the type curve of p6w VS'»tDA'

This section has also pointed to the usefulness of
p6w in detecting multiple sealing boundaries as opposed to

P which can at most help locate the nearest boundary.

5.2 Pressure Buildup Analysis

The pressure buildup behavior of a single well located

between three sealing boundaries in an otherwise infinitely
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large reservoir may be generated by using superposition in

time to Eq. 3.26 or Eq. 5.2.

1 ”SR ”SI W [ "S
pn. = 3{Ei |- + Eif- popd—| + 2 [0 _, |Ei|- 22
Ds 2{ [ 4AtDA] [ 4AtDAJ n ZkL 4AtDA
2 2 2
[ r ) (v ) réo.
. DIxe o . Dxo s DIxo
+ Ei|- + ) Ei|- + Ei|~- 75—
+ Eil- -DX0R| 4 git. BIxopiil _ llgsi. DR
e 2 3 - 2
r r
. Dly o . Dxe
+ Ei|- + 2 ) _,,lEil-
r 2 1 2
r r
. DIxe o . Dxo
+ Eif- + ) Eil- -
k 4(t-+At)DAJ} n—2k-l{ [ 4(t—+Au)DA]
( 2 2 .
+ Eil- "DIxo + Eil- "Dxop
k 4(t+At)DAJ 4(t+At)DA
r2
. DIxop
DA
where the variables rD's are defined by the two sets of

equations 3.17 and 3.18, and

At shut-in time

t production time equal to the ratio of total

produced fluid to last stabilized flow rate before shut-in,

Np/q.
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For analyzing pressure buildup data of a well with
constant flow rate before.shut-in, there are two plotting
procedures that are used most frequently: the Horner method6
and the Miller-Dyes-Hutchinson method.7

5.2.1 Horner Method

This pressure buildup graph is a plot of shut-in
pressure data on the ordinate versus the time ratio
(t + at)/at on the abscissa of a semi-log paper. Equation
5.14 provides the basis for computation of synthetic Horner
graphs fof different producing times and different well
1o;ations. Such a graph is presehted in Fig. 5.9 for
(xD,yD) =(1/2, 1/2). As can be seen from this figure, all
producing times yield a straight 1ine of slope 1.151 which
corresponds to the infinite media without the effects of
faults. The slope of this line is conventionally used to
determine the kh product and skin s from Eq. 2.35 and Eq.
2.36, respectively. At time ratio of unity, this line ap-
pears to extrapolate to initial pressure (see Eq. 2.45).

Figure 5.9 points to two important results: (1) when
tDA is equal to 0.01 (or less), we observe only one straight
line of slope 1.151 which extends to infinite shut-in time,
i.e., (t + at)/at = 1, implying that the well is Tocated in
an infinitely large reservoir with no faults. This is, of
course, a misleading implication. (2) No other straight
line is observed that might indicate the existence of sealing
faults in the reservoir. Thus, for such a well location,

the presence of even one fault would not be suspected.
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The Horner graph for (xD,yD) = (1/64, 1/2), i.e.,
the well is close to one of the parallel no-flow boundaries,
is presented in Fig. 5.10. Note that in this case, we can
observe a second straight line of slope 2.3 which can be used
to locate the nearest fault. The first line (not fully plot-
ted in this graph) has, of course, a slope of 1.1513.

The preceding has shown that for a well located be-
tween three sealing faults intersecting at right angles,
the Horner graph will detect only the closest fault.
5.2.2 Miller-Dyes-Hutchinson Method

This method suggests that a graph of shut-in well
pressure versus the logarithm of shut-in time should provide
a straight line whose slope is proportional to the flow ca-
pacity product (kh). The same data computed for the Horner
method, using Eq. 5.14, may also be plotted in this fashion
to explore the properties of this method for a well located
between three perpendicular no-flow boundaries, or sealing
faults. Figure 5.11 presents such a buildup graph for vari-
ous producing times for a well located at (xD,yD) = (1/2, 1).
A straight line of slope 1.151 is obtained for all tDA
> 0.10. The slope of this line, which corresponds to the
infinite reservoir behavior without the effects of faults,
may be used to calculate the kh product and the skin factor
s from Eq. 2.35 and Eq. 2.36, respectively. Note that the
length of this straight line becomes very short as the pro-
ducing time shortens, then vanishes completely for tDA less

than or equal to 0.01. Figure 5.12 is another MDH graph
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for (xD,yD) = (1/2, 8). The general behavior is similar to
that of Fig. 5.11. Both figures fail to indicate the pres-
ence of even one fault. However, a second straight line of
slope 2.3 would have been observed if we had used the same
well locations of Figs. 5.9 and 5.10 for the Horner graph.
Therefore, both Horner and Miller-Dyes-Hutchinson

methods cannot be used to locate each boundary of a system
composed of three perpendicular sealing faults.

5.2.3 Behavior of pés

The derivative of shut-in well pressure may be ob-

tained by differentiating Eq. 5.14 with respect to time, or

1 ”SR ”21

Vo= Dly

p = exp|- + exp|-

Ds Z(ti'At)DAI [ 4(t+-At)DA] [ 4(t4-At)DA]

— 4 Y‘g 3 r Y‘SI }
© Xe Xe
8 ( 2 3 ( 2 A
r r
o Dxo DIxo
* In=2k-1|8%P|" IGEPYY * eXPl- (T+at)y,
2 2
r r
Dxop DIxop
+ expjl- + exp|-
[ 4(t-+At)DA] { 4(t-+At)DA]]}
2 2
] "DR "D1y
- 2At6;{exP[- 4AtDA} * EXP[' 4AtDA]
2 2
r r
© Dxe DIxe
te 2n=2k[e"p[' 4AtDA] * exP{' 4AtDA]}
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2 s p2
+ Z:=2k_1[;XP[‘ Dxo ] + exp[- DIxo] + exp[- ong]

4AtDA 4AtDA 4AtDA
S pl
D v
+ exp[- EZ%ﬁﬁﬂll} _ (5.15)

Figure 5.13 presents pés as a function of shut-in
time, AtDA’ for six producing times of various lengths. The
well is located at (xD,yD) = (1/2, 1/64). Computed data of
pbs are presented in Tables 13-16. As discussed in the last
chapter, the pés function behaves according to three dis-
tinct time domains:

(1) tDA > 10: When producing times are equal to or
greater than 10, Fig. 5.13 yields four parallel straight
lines of slope -1, up to tDA = AtDA' Then, for Aty > tpp
a fifth straight line of slope -1.5 is observed. This is
the distinguishing feature of three perpendicular sealing
fault systems. Note, however, that the third straight line
is very short (less than half log cycle) for toa = 10.

(2) 1072 > tppy 2 1: For intermediate values of pro-
ducing time tDA’ we can only observe the first two parallel
straight 1ines of slope -1, which are followed by a long
transition period. The last portion of these curves is a'
straight 1ine of slope -1.5. This characteristic is unique
to a system of three perpendicular faults.

(3) toa 5*10'3: For short producing times, Fig.
5.13 yields three straight line portions of different slopes.

The first line of slope -1 represents the infinite reservoir
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Type-curve plot of pﬁs Vs AtDA for a well
located at (xD,yD) = (1/2,1/64) between
three perpendicular sealing faults.
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behavior without the effects of faults. The second straight
line portion of slope -2 indicates the existence of a per-
pendicular sealing boundary. When the effects of the
second parallel fault are felt, we obtain the third straight
line portion of slope -1.5.

Hence, a plot of time rate of field shut-in pressure,
p&s, versus shut-in time on a log-Tog graph should yield
unique characteristics that may be used to locate each fault
of the system, and estimate other reservoir parameters such
as kh and ¢c products. The type curve matching technique
presented in the previous chapter should be followed step
by step.

Figure 5.14 shows a plot of pﬁs VsS. AtDA for a single
well located between three perpendicular sealing faults at
(xD,yD) =(1, 1/64). It is evident from this figure that,
for such a well location, the third parallel straight line
is not observed at all, even when ty, > 10. However, the
double shift to the right of the fourth parallel straight
line implies the existence of two parallel faults at equal
distances from the well. |

A set of type curve plots of pbs VS. AtDA’ for vari-
ous well locations inside a system of three perpendicular
faults is included in Appendix F (Fig. F.10-12).

In summary, this chapter presented the behavior of
the pressure function and its first derivative for a well
located between three perpendicular no-flow boundaries, or

sealing faults. It is concluded that the semi-log graph of
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Ppy VS- tDA can, at the most, help locate the closest féult.
However, a plot of p6w Vs, tDA on a log-log graph offers
several unique characteristics which may be used to deter-
mine the distance to each fault. The shut-in well pressure
behavior as exhibited on both Horner and Miller-Dyes-Hutch-
inson plots is presented. These common graphs can at most
only identify the nearest boundary. Finally, a plot of the
time rate of change of dimensionless buildup pressure against
dimensionless shut-in time on a log-log graph also shows
unique characteristics which may be used to calculate the

distance to all three faults.



CHAPTER VI

PRESSURE BEHAVIOR IN CLOSED RECTANGULAR
RESERVOIRS

The purpose of this chapter is to present the behavior
of the time rate of change of well pressure at several well
locations within a variety of rectangular drainage areas
with no-flow outer boundaries. The type curve matching tech-
nique employed in the Tast two chapters is systematically
applied to locate the well with respect to each boundary of
the closed system, and to determine several essential reser-
'voir parameters such as the flow capacity (kh), the storage
capacity (¢4c), the initial pressure and extent (A) of the

drainage area.

6.1 Pressure Drawdown Analysis

In 1954, Matthews, Brons and Hazebroek20 demonstrated
that the continuous line source solution can be superposed
to simulate the behavior of bounded drainage areas. These
authors generated the pressure behavior of a bounded single
well producing at a constant rate by adding together the
pressure disturbances caused by the appropriate array of an
infinite number of image wells. Later, Ear]oughef g;_gl.24

and Earlougher and Ramey25 used superposition to produce a

135
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tabulation qf the dimensionless pressure drop function at
the well and other locations within several closed rectangular
drainage shape.

However, none of these authors presented in the
literature an analytical equation giving the dimensionless
pressure drob-of the rectangular drainage system. Also, no
interpretive method was developed to locate the well with
respect to each boundary of the system. Such information
is essential in planning future well Tlocations.

6.1.1 Behavior of Ppw

Consider a well producing at a constant rate any-
where within a closed rectangular reservoir as shown in
Fig. 3.6(a). The dimensionless pressure drop function at
the well, PDw? is given by Eq. 3.43, where r is replaced by
iy in rDR* Figure 6.1 shows some of the well locations con-
sidered in this study. Dimensionless well locations are

defined by:

(xD,yD) = (2bx/wx’ Zby/wy) (6.1)
where

wx = width of rectangle in the x-direction

wy = width of rectangle in the y-direction

bx = distance to the nearest boundary in the x-direc-
tion

by = djstance to the nearest boundary in the y-direc-
tion

Because of the symmetry of the rectangular system, it is
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necessary to compute pressures only within the quarter shown
in Fig. 6.1. This explains the coefficient 2 in Eq. 6.1.
In the case of a square the symmetry is not only along the
X and y axes, but also along the diagonals; therefore, we
need to compute Ppw only within the octant shown in Fig. 6.2.
Tables 17 through 21 present the dimensionless functions
Ppy? pﬁw and pBw as functions of dimensionless drawdown
times for various well locations in several closed rectangular
drainage systems. The main drainage systems considered in
this study are rectangles whose sides are in the following
integral ratios: 1:1 (square), 2:1, 4:1, 8:1, and 16:1.

The pressure p at any point of the rectangular

reservoir can be computed from Eq. 3.42 or 3.43 by using
p=py + L8 Bpip 2 yge 74 10 Eil-rd /4tp,1) (6.2)

where DR and rpp are the dimensionless distances to the
real well and image wells, respectively, and tDA is defined
(in oilfield units) as follows:

. 0.000264 kt
tpa © $puch (6.3)

’

where A is the drainage area of the reservoir.

At the well point, Eq. 6.2 becomes

_ 70.6 QuBrps .2 ®  pai(_nl
pwf pi + kh [Eq( rDW/4tDA) + zn=] Ei ( rDI/4tDA)] (6.4)

where

"ow ° rw//K (6.5)
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This equation indicates that only the dimensionless pressure

at the real well depends on the dimensionless ratio "Ow*

The most common value of "Dw used in the 1iterature24’25

is 0.5 x 1073, This value of Ppy 1S @lso used in this study

W
solely for the purpose of comparison. For different values
of "Du® Tables 17 through 21 may be modified by subtracting
Ei[-(0.5 x 10-3)2/4tDA] and then adding the appropriate value
of Ei[-rgw/4tDA]. Using the logarithmic approximation of

the exponential integral we find that this operation is
equivalent to adding (to tables 17 through 21) directly the

"correction factor, Uy which is given by

b, = (0.5 x 107%/ry ) (6.6)

where rDw is any given value different from the one used

here. It should be emphasized that the pressure contribu-
tions of image wells are independent of the value of "ow®
Figure 6.3 is a classical plot of Ppy VS- tDA pre-

24 38

sented by Earlougher et al Ramey and Cobb, and Kumar

40 It is clear from this figure that the dimen-

and Ramey.
sionless pressure becomes a linear function of dimensionless
time, when tha 2 0.010. This behavior is commonly referred
to as pseudo-steady state. Every point within a closed
reservoir will eventually reach this state of constant rate
pressure decline. However, the time at which Ppw VS- tDA
becomes linear depends on the location of the point. This

linear portion can be represented (for tDA > 0.010) by
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1.5

n

Pp(rpystpa) = 1n -
Dw

} b 2nty, (6.7)

where CA is the shape factor of the drainage area for a given

well location and closed reservoir. This factor was intro-

21

duced in the literature by Erons and Miller. Later,

Dietz22

tabulated shape factors for an extensive list of
drainage shapes and well locations. For values of CA not
included in the Dietz' tabulations, the techniques of Ear-

24 31

lougher et al. and Ramey can be used to determine the

needed shape factor. However, the graphical method presented

41 is preferred here because of its simplicity.

by Earlougher
For example, the shape factor for a well in the center of a
closed square is 30.8828. For the same well location, the
shape factor of a 2:1 rectangle is 21.8448. Note that a
slightly different form of Eq. 6.7 was first published by
Ramey and Cobb.38

The early portion of the plot of Ppy Versus tDA of
Fig. 6.3 (tDA < 0.070) corresponds to the so-called initial

d.40

transient perio The equation of this 1line is, of course,

given by the familiar expression

Ppy = 7 L1n tp + 0.80907]
or
_ ] ‘oA ,
pr =7 [1In 5 0.80907] (6.8)

"Dw
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Figure 6.4 presents a graph of Ppy VErsus logarithm
of tDA for various well locations in a closed 2:1 rectangle.
A straight 1ine of slope 1.151 results for small values of
tDA for all locations. This 1line is represented by Eq. 6.8.
For the case of a well in the center of the rectangular reser-
voir, i.e., (xD,yD) = (1,1), we can only observe one straight
line which extends to tDA = 0.08. The slope of this line
can be used, as usual, to estimate the kh product and skin
factors from Eqs. 2.35 and 2.36, respectively. When
(xD,yD) = (1/32, 1/4), i.e., the well is located much closer
to the short side of the rectangle than to the longer side,
Fig. 6.4 shows the existence of a total of three straight
lines. The first line corresponds to the infinite reservoir
behavior without the effects of boundaries. The second line
of slope 2.3 is caused by the short side, while the third
1ine of slope 4.6 is caused by the long side of the rectangle.
Thus, for such well location the two distances bx and b

y
can be estimated by any of the existing techniques. There

16 that one would observe

is a speculation in the literature
two more straight lines of slopes 8 x 1.151 and 16 x 1.151
which can be used to determine the distances a, and a, to

the other two boundaries of the closed system. Figure 6.4
shows that such speculation is incorrect and unfounded. It
is shown in the following section that p6w offers a much bet-
ter description of all boundaries of a closed rectangular

reservoir.
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6.1.2 Behavior of pbw

The time rate of change of dimensionless pressure
drop can be obtained by differentiating Eq. 3.43 with re-
spect to tDA’ or simply by replacing the exponential inte-
gral symbol, "Ei," by the exponential function symbol,
"exp," and multiplying the right hand side of Eq. 3.43 by
(-1/tDA). At the well, r is replaced by r in the dimen-
sionless ratio "DR*

Figure 6.5 is a linear plot of pbw versus tDA for
a well in the center of a square. This figure shows that
the pseudo-steady state is reached for tj, > 0.175, not
0.010 as suggested in Fig. 6.3. This conforms with the
behaviof of p6w described in chapter 2, where it was found
that the line source solution to the diffusivity equation
becomes an excellent approximation for dimensionless times
much longer for pbw than for Pow" It is evident from Fig.
6.5 that, for tDA > 0.175, pbw is constant and is equal to
6.283 or 2w. This constant can also be obtained by differ-

entiating Eq. 6.7 with respect to fDA:

Pow = 2m (6.9)

It is clear that every point within a closed drainage area
will eventually yield a constant ratevof change of dimen-
sionless of 2n. However, not all points yield this value
at the same time. _ |

A typical type curve plot of pp vs.thA.on a log-

log graph is presented in Fig. 6.6 for seven différentfwél]
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locations within a closed 4:1 rectangle. This graph shows
the existence of five distinct straight line portions for
each curve corresponding to a well location. This behavior
is best observed for y, = 1/64. (1) The first straight
line, of slope -1, corresponds to the infinite reservoir
behavior without the effects of the surrounding no-flow
boundaries. Note that this Tine extends up to tDA =

2.5 x 1074

for yp = 1. (2) The second straight line portion
is parallel to the first one. It is caused by the nearby
long side of the rectangle. (3) The third Tine represents
the effects of the short side of the rectangle, and has the
same slope as the two previous ones. (4) When the effects
of the second long side of the rectangle are felt, a Fourth
straight line is obtained. This line, however, has a slope
of -0.5 which is a common characteristic of two parallel
no-flow boundaries, already observed in the case of a closed

26 and the case of three perpendicular sealing

infinite strip
faults (Chapter §). (5) The last straight line is obtained
when pseudo-steady state is reached. Note that this state
begins at tDA = 2.5. It is clear that this linear portion
is represented by Eq. 6.9, i.e., pbw = 2m.

When the well is located at (xD,yD) = (1/32, 1),

Fig. 6.6 shows that only four straight T1ines can be observed.

This is normal, since Yp = 1 implies that the well is at
equal distance between the two long sides of the rectangle.
Therefore, their effects are felt at the same time, yielding

a straight Tine which has a characteristic slopeof -0.5.
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The distances to all four sides of the rectangular

X
such as the extent of the drainage area, A, and the kh and

reservoir bx’ by, a, and ay and other essential parameters

¢c products can be estimated from Fig. 6.6, according to the
type-curve matching technique developed in the last two
chapters. Once the best match is obtained with one of the
curves of the master type-curve, the flow capacity can be

determined from Eq. 4.8, which we write again.
kh = 141.3 quB(py, /P e)y(tpa/t)y

Note that a convenient match point would be the point at
which the pseudo-steady state is reached. Thus, for example,
if Fig. 6.6 is the master curve from which the best match

is obtained, the above equation becomes

kh

141.3 tu(Zﬂ/p&f)M(Z.S/t)M

or

kh

2.22 x 10° quB/ (P ¢t)y (6.10)

It-is stressed that Eq. 6.10 is valid only for Fig. 6.6, as

different values of Xp will yield different values of tDA

at which the pseudo-steady state is reached. Thus for

Xp = 1, Fig. 6.7 shows that this state is reached at tDA = 7.
The ¢c product can be calculated from Eq. 4.9 by

overlaying the first straight 1ine of the type curve field

data on Fig. 2.5. The extent of the drainage area can be

calculated from the following equation:

_0.000264 k
A= == e (t/tpp )y

(6.11)
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The length to width ratio of the drainage area (2:1, 2:1,-°')
corresponding to the master curve from which the best match
is obtained, can be used to calculate wx and wy from the
value of A. For example, if the match is obtained from
Fig. 6.6, where (wx/wy)M = 4/1, then wy = 2/R and W, = 4wy.
Finally, the distances to the four sides of the rectangle

can be determined as follows:

b, = 7 W, (x)y (6.12)
b, = z Wy (yp)y (6.13)
a, =MW, - b, (6.14)
ay = W, - by (6.15)

Figure 6.8 is a typical type-curve plot of p6w ver-
sus tDA for a well located inside a square. Note that in
this case the straight 1line portion of slope -0.5, which
was observed in Fig. 6.6 for a 4:1 rectangle, has vanished.
This is a unique characteristic of a square shaped reser-
voir. It is evident from Fig. 6.7 that the pseudo-steady
state is reached earlier for a square than for a 4:1 rec-
tangle. Figures 6.9, 6.10 and 6.11 are similar type-curve
plots for rectangles whose sides are in integral ratios of
2:1, 8:1 and 16:1, respectively. Several more typical
graphs of this nature are included in Appendix F.

A second method for for locating the well with re-
spect to the closed boundaries of a rectangular reservoir

is obtained from a combination of Figs. 6.12 and 6.13 which
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are, respectively, type-curve.plots of p6w against tDb
and tpuy for Xp = 1/64 and 1 < yp < 1/64. The dimension-
less times tDb and tDbb are defined in Egqs. 3.39 and 3.41.
This method involves the following steps.

(1) Plot the type-curve field data p&s vs. t.

(2) Obtain a match from Fig. 6.12 and Fig. 6.13.
Note that since the value 6f Xp is the same in both figures,
the Yp value will also be the same.

(3) Read: Xp» ¥p> wx/wy, tDby’ topb and t corre-
sponding to the match point. Then

- 0.000264 k
0.5
_ 10.000264 k
by = [ 02 (t/tDby)M] (6.17)

The distance bx is determined from these two equations. The

extent of the drainage area, A, can be calculated as follows,
A = (4byb)/ (xp)y(¥p)y (6.18)

The length to width ratio of the master type curve
from which the match is obtained can be used to calculate

wx and wy from the value of A. Finally, equations 6.14 and

6.15 can be used to determine the distances a, and ay.

Thus, a plot of péw vs. dimensionless time on a log-

*log graph offers several unique characteristics for a well

inside bounded systems which can be used to determine the
distance to each boundary. The ¢c and kh products can also

be determined by type curve matching techniques. Additional
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type-curve plots of péw are presented in Appendix F (Figures

F.13-18).

6.2 Pressure Buildup Analysis

The behavior of dimensionless buildup pressure can
be expressed by applying the powerful superposition principle
in time to Eq. 3.43. The dimensionless pressure at times
AtDA is subtracted from the dimensionless pressure at times
(t + At)DA causing a net production rate of zero. This is
expressed by Eq. 2.45. This procedure can be employed to
generate synthetic buildup graphs of Horner, Miller-Dyes,
Hutchinson, and Muskat-type for various well locations and
for varying lengths of produééng times. However, this
subject has been extensively investigated in the literature

19-23

by a lTarge number of authors, and, therefore, will not

be repeated here. The most important of these publications

is that of Ramey and Cobb38

who derived general interpreta-
tive equations describing the behavior of dimensionless
buildup pressure for closed drainage areas. These authors
made a thorough analysis of the characteristics of Muskat,
Horner and Miller-Dyes-Hutchinson buildup graphs, and out-
Tined their use in estimating the initial pressure and
average pressure of the drainage area. They also presented
conditions under which each of these graphs can be emp]oyed
to determine the permeability and porosity of the reservoir.

But, these graphs are of no use when it comes to locating

the well with respect to the boundaries of the closed drainage
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area. This problem is the subject of the following section,
which discusses the behavior of the time rate of change of
dimensionless buildup pressure for various rectangular
reservoirs.

6.2.1 Behavior of pés

The time rate of change of dimensionless shut-in
pressure for a well located inside a closed rectangular
reservoir is obtained by applying the principle of super-
position in time to the derivative of Eq. 3.43. Figure
6.14 presents a type-curve plot of pés versus AtDA for the
case of a well located inside a closed 4:1 rectangle at
(xD,yD) = (1/64, 1/2). A family of curves is shown with
producing timé as a parameter. Computed data for pbs used
to p]qt Fig. 6.11 and other figures in this section are
presented in Tables 22-26. As usual, the behavior of pés
is best understood by considering three time domains:

(1) tDA > 1: For such values of producing times,
pﬁs yields five distinct straight lines. The first three
lines are parallel and have a slope of -1. The first one
(not fully shown in Fig. 6.14) corresponds to tﬁe infinite
reservoir behavior without the effects of the surrounding
no-flow boundaries. The second and third parallel lines
correspond, respectively, to the effects of the closest long
and short sides of the rectangular drainage area.

The fourth straight line has a slope of -2. It repre-
sents the effects of the other long side of the rectangle.

The last linéar portion has a slope of -2n implying that
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the well has been produced long enough to reach pseudo-steady
state.

(2) tpp < 10°3: It is evident from Fig. 6.14 that
the first and the last two Tinear portions remain unchanged,
while the second and third straight lines become steeper
with a slope of -2.

(3) 1073 < tpa < 1: For intermediate values of pro-
ducing time tDA’ only the third straight Tine becomes steeper
with a slope of -2.

Thus, a plot of time rate of shut-in well pressure,
p&s, versus At on a log-log graph should yield unique charac-
teristics which may be used to locate the well with respect
to the boundaries of a closed rectangular drainage area.
Using the type-curve matching technique presented in Chapter

4, we can calculate the distance to each boundary as follows:

A = 0.000§64 k (t/ tDA)M (6.19)
= 0.5

Ny = [A/(wx/wy)M] (6.20)

Wy = l\/w'y (6.21)

y? a, and ay can be calculated using,

respectively, Eqs. 6.12, 6.13, 6.14 and 6.15. As to the

The distances bx’ b

kh and ¢c products, they can be determined from Eq. 4.20
and Eq. 4.21.
Figure 6.15 shows a type-curve plot of the time rate

of change of dimensionless buildup pressure versus dimensionless
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time for a well located in the center of a square. It is
evident from this figure that for such a well location, we
can observe only two straight Tines of slope -1 and -2«

3 we observe three

for tp, 2 10"2. However, then tpa < 107
linear portions of slopes -1, -2 and -2x. Finally, a set
of type-curve plots of pﬁs VS, AtDA for various well loca-
tions and reservoir sizes is included in Appendix F (Fig-
ures F.19-23).

In summary, although many excellent publications
have established pressure buildup theory for a well in a
closed drainage area, no method was presented to locate the
well with respect to all boundaries involved. The three
main buildup analysis methods of Muskat, Mi11er-Dyes-Hutchin-

38 can at

son, and Horner, as discussed by Ramey and Cobb,
best be used to locate the closest boundary. It has been
shown in this chapter that the time rate of change of draw-
down or Bui]dup pressure offers unique characteristics which
can be used to calculate the distance to each boundary for

a well located inside a closed rectangular reservoir.



CHAPTER VII
CONCLUSIONS

The principle of superposition was systematically
applied to the continuous line source solution and its time
derivative to generate the pressure drawdown and buildup
behavior of a constant-rate well in a multiple-sealing
faults situation and bounded rectangular reservoir. The
usual reservoir assumptions, as listed on page 8, were
made, i.e., the porous media is assumed to be isotropic,
horizontal, homogeneous, of uniform thickness, etc. A
thorough analysis of the following three reservoir systems
was conducted: (1) a well near two perpendicuiar sealing
faults, or no-flow boundaries, (2) a well between a semi-
infinite strip, or three sealing faults intersecting at
right angles, and (3) a well inside closed rectangular
reservoirs whose sides are in integral ratios of 1:1 (square),
2:1, 4:1, 8:1, and 16:1.

It was found that the type-curve matching technique
based on the time rate of change of dimensionless well pres-
sure is a powerful tool in detecting boundaries. Procedures
based on this technique were outlined to determine the dist-
ance to all boundaries involved. This type-curve matching
approach will also give much more accurate values of various
essential reservoir parameters such as the kh and ¢c prod-
ucts and the extent of drainage area A.

165
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The calculation technique used to produce pressure
distributions in rectangular reservoirs is based on analyt-
ical equations as opposed to the conventional approach
which consists of applying superposition to a square, that
has a well at its center, to generate other rectangu]ar
shapes. These equations should enable a practicing petroleum
engineer who had no training in formal solution of the dif-
fusivity equation or application of the principle of super-
position to generate dimensionless pressure data for bounded
systems. Although this study concerned itself with rectan-
gles whose sides are in integral ratios of 1:1, 2:1, 4:1,
8:1 and 16:1, the method can be employed for any rectangular
reservoir size with any well location, and with any length-
to-width ratio.

The type-curve matching technique bésed on the time
rate of change of well pressure function not only has a solid
fundamental basis, but provides a tool with more interpre-
tive poWer than that based on the well pressure function
itself. Log-log type-curves of p6 versus dimensionless _
time have a tremendous interpretive power because field data
curves must appear like the proper analytic solution for all
times, thus allowing a more accurate estimate of reservoir
characteristics such as permeability, porosity, drainage
area and 1oqation of the well with respect to surrounding
sealing faults, or no-flow boundaries. This informatfon is

essential for planning well locations in tuese systems.
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The presently used pressure buildup and drawdown
techniques for fault distance calculation based on semi-log
graphs of the well pressure function should not be applied
if a multiple-sealing-fault situation is suspected. The
type-curve matching technique outlined in this study is
strongly recommended for such situations, éspecia]]y when a
pressure drawdown test is run.

The results of this study are of considerable import-
ance in interference testing betweeh oil fields in common
aquifers. This technique is not only valid in-petroleuh
reservoirs, but also in other areas where the location of
boundaries, sealing faults or other discontinuities, around
thé boreho]e is essentia]. Some examples of these areas
are geothermal systems and groundwater hydrology.

The following specific conclusions are reached from

this study.

I. Well Between Two Perpendicular Sealing Faults

1. A plot of flowing well pressure versus time on
a semilog graph for Yp £ 1/16 yields three distinct straight
Tine portioﬁs which can be used to calculate the distance
to both faults. However, for values of Yp greater than
1/16 (which is a more common situation), only the first and
Tast straight lines of s1dpe~1.151 and 4.6, respectively,
are observed. Hence, in most cases, a semilog graph of
Puf VS: t.shou]d not be used for the purpose of locating

the well with respect to tWo perpendicular boundaries. ‘The
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first straight line, which corresponds to the infinite reser-
voir behavior without the effects of nearby boundaries, can
be used to estimate the kh product and skin factor s.

2. Both the Horner and Mi]]er-DyeQ-Hutchinson buildup
graphs are equally reliable for detecting the closest fault.
However, under very unusual conditions such as long shut-in
times, long producing times, and Yp < 1/8, these graphs can
be used to detect both boundaries.

3. A type-curve plot of the time rate of change of
dimensionless drawdown well pressure, pﬁw, versus dimension-
less producing time, tDA’ yields three parallel straight
line portions of slope -1. The distance to both faults,
bx and by, and several other reservoir parameters such as
the kh and ¢c products can be accurately calculated by type-
curve matching. The total shift to the riﬁht of the final
straight 1ine (with respect to the first one) is double that
of the second line. This is the distinguishing feature of
the behavior of pbw for a well near two sealing boundaries
fntersecting at a right angle.

4. A log-log plot of the time rate of change of di-
mensionless buildup pressure, pbs, versus dimensionless shut-
in time can be used to calculate the distance to both faults,
bx and by, and the kh and ¢c products. It is recommended,
however, to use these buildup type-curves only for very long

producing times; so old wells are excellent candidates.
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IT. Well Between Three Perpendicular Sealing Faults

1. A semilog graph of flowing well pressure versus
producing time can, generally, detect only the cTosest of
the three faults. For values of (xD,yD) smaller than (1/32,
1/8) this graph yields three distinct straight lines of:
slope 1.151, 2.3 and 4.6, which may be used to calculate
the distance to the two closest boundaries. The slope of
the first 1ine can give the kh product and skin factor.

2. The Horner and Miller-Dyes-Hutchinson buildup
graphs should not be used for fault distance calculation if
a multiple-sealing-fault situation is suspected. Thus in
the case of three perpendicular sealing boundaries, about
the best one can hope to do is obtain an estimate of the
distance to the nearest boundary froh the intersection point
of the two straight line portions observed at long shut-in
times. The first straight line of slope 1.151 can be used
to determine the kh product, skin faétor and initial pres-
sure.

3. A type-curve plot of the time rate of change of
dimensionless flowing well pressure, péw, versus dimension-
less producing time, tDA’ yields four distinct straight Tline
portions. The first three lines are parallel and have a
slope of -1. The fourth straight line section has a slope
of -0.5. This is the distinguishing feature of a three per-
pendicular sealing fault system. The type-curve matching

technique presented in this study can be used to calculate
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the distance to each boundary, bx’ b_y and ay the kh and
¢c products.

4. A type-curve plot of the time rate of change of
dimensionless shut-in well pressuré, pés, versus dimension-
less shut-in time, AtDA’ yields four‘parallel straight line
portions of sTope -1 when tDA >> AtDA. A fifth straight
line of slope -1.5 should be observed as AtDA becomes longer
than tDA’ which is a Very unusual case. for short and in-
termediate values of tDA these graphs'should show two early
straight 1ines of slope -1, followed by another line of
slope -2 and a final line of slope -1.5. Under these time
conditions, the curve matching technique can be used to
calculate various reservoir parameters such as the distance
to each fault and both kh and ¢c products. It is emphasized

that the use of these type-curve plots based on pbs should

be favored only when tDA >> AtDA.

ITI. Well Inside a Closed Rectangular Reservoir

1.. For drawdown, the initial semilog period of dimen-
sionless well pressure, Ppw? changes abruptly, for all prac--
tical purposes, into pseudo-steady state flow for a well at
the center of a rectangular drainage area. The so-called
“late transient" flow regime reported by Russe]42 for off-
center wells corresponds, in fact,.to the effects of the two
closest boundaries. Thus, for a well located inside a 2:1
rectangle at (xD,yD) = (1/32, 1/4) a total of three straight
lines of slopes 1.151, 2.3 and 4.6 can be observed. This

finding is original to this study as it has always been
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believed that bounded systems yield only the first straight
1ine of slope 1.151 corresponding to the infinite reservoir
behavior without the effects of the surrounding boundaries.

2. A linear plot of p6w versus tDA for a well in
the center of a square shows that the pseudo-steady state
is reached at a dréwdown time of 0.175, and for top 0.175,
pﬁw = 27. |

3. A type-curve;plot of the time rate of change of

dimensionless drawdown pressure versus dimensionless pro-
ducing time, for a well inside a closed rectangular drainage
area, yields five distinct straight 1ine portions. The first
three lines are parallel and have a slope of -1. The fourth
line of slope -0.5 is observed just before the pseudo-steady
flow is reached. The last linear portion is expressed by
Ppw = 27- |

4. A log-log plot of the time rate of change of
dimensionless buildup pressure versus dimensionless shut-in
time also shows five distinct straight 1ines for off-center
wells closer to any of the corners of the rectangle. However,
all the five lines are observed on]y‘when tDA >> AtDA'
The first three straight lines are parallel and have a slope
of -1. The fourth 1ine has a slope of -2. The last straight
line has a slope of -27 indicating pseudo-steady state.

5. The distances to all four sides of the rectangu-
lar reservoir, a and other essential para-

s A, bx and b

X° "y y
‘meters such as the extent of drainage area, A, and the kh

and ¢c products can be estimated according to the type-curve
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matching technique developed in this study. The most ac-
curate results are obtained using this technique to draw-

down type curves.
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APPENDIX A

SOLUTION FOR TRANSIENT PRESSURE BEHAVIOR DUE
TO A CONSTANT RATE WELL IN AN INFINITE
MEDIUM

The fundamental partial differential equation de-

scribing fluid flow in reservoir rocks is Eq. 2.1:

2
3p ., 123p . guc 3p
) S T i (A.1)

subject to the following initial and boundary conditions:

1. Initial Condition: p(r,0) = Pi» Vr (A.2)

2. Inner Boundary Condition: [r-%%} = ?%%F , ¥t >0
" (A.3)
3. Outer Boundary Condition: p(r,t) = p; asr -
and Yt >0 (A.4)
The solution technique presented here follows that
of Matthews and Russell. To develop the-sq]ution, we first

replace the second boundary condition by the condition

] AE.:JU_
llg r ey Sakh for r > 0. (A.5)

This condition is the "line-source" approximation.to the
original boundary condition.
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Substituting the Boltzmann Transformation:

UCZ

- r
Z 7 Ikt

into Eq. A.1 and boundary conditions A.2 and A.5 gives

2
2484+ 98 (7 42) =0 (A.6)

z
1. p>p;aszo>o (A.7)

. d
2. lim 2z S2 - Qu_ (A.8)
2ap 22 dz T Zukh
Let p' = %g » and Eq. A.6 becomes

z 4+ (1+ 2)p' =0 (A.9)

Separation of variables and integration yield

[ e

p' z
Inp'=-1nz -2z + Cy
or
Inp'+1nz -1nc¢c = -2z
]n E'_Z_: -2
. c
p'z . -2
c e
énd
p' = dz = C —Z—' (A.10)

where ¢y and ¢ are constants of integration.
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Thus,
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Substitution of Eq. A.10 into boundary condition A.8

= qu ,
C = Zkh (A.11)

Equation A.10 now becomes

dp . qu e’?
dz 47kh 2z

Separation of variables and integration yield

-Z

= 9 5
J 4P = T7kh j 7~ 4z

p=

Z

~-Z
qu e
Zwkh f 7~ 42 % ¢

Assigning arbitrarily z = » to the lower limit of the inte-

gral, we obtain

or

or

find Cy, =

©
\

o
n

o
|}

-Z

Z
qu e

= .ZISTI'Eh-, [;EE'I(-Z)] + CZ

Applying the boundary condition A.7 to the above, we

P and therefore

p(rst) = yae- [5Ei(-2)] + p, (A.13)
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by = plrt) = o8 [t [- 22en)]

or
2rkh[p; - p(r,t)] 2
i - 1 . pucr

which-fakes the following form in terms of dimensionless

variables defined in the text by Eqs. 2.3, 2.4, and 2.5:

2
1 il o
pplrpstp) = - 7 Ei}- Tt (A.15)

This is the same as Eq. 2.6 of the text.



APPENDIX B

FIRST DERIVATIVE WITH TIME OF THE CONTINUOUS
LINE SOURCE SOLUTION, EQ. 2.6

The continuous line source solution of Eq. 2.6 in-
volves the Ei-function which is defined in terms of an in-
tegral. The first derivative of Pp would therefore involve
differentiation under the integral sign whichArequires the

use of Leibnitz' Rule.

B.1 Leibnitz' Rule

If
b(c)

Flo) = J 6(x,0) dx (B.1)
ala)

where a and b are differentiable functions of o and where

¢(x,a) and 3¢/%0 are continuous in x and a, then

b(o _ |
%5 ) j (o) 3¢ (x,0a) dx + ¢[b(a),a] %%iﬁl - ¢[a(a),a] ggfaz

a(a) ¢
(B.2)
B.2 First Derivative of Py with Time
Writing x = rDz/(4tD), from Eq. 2.6 we have
I 1 [7 , -u
pplrpstp) = - 3 Ei(-x) = 5 (e "/u) du (B.3)
X
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and

9 1 3 T
= Pplrnsty) = Py = 5 =5 [J (e™"/u) du]
BtD D''D*"D D 2 atD X

Applying Leibnitz' Rule as stated above:

[- Eli]%%— (B.4)

1
Pp " 2 :

- Substituting the value of x and its derivatives:

¢ 2 2
N 1 i ) O B T A
Pp 2|, 2 P Tty | ¢ 2

D ~ D

: 21

1 "D
pl = ____exp - —— (B.S)
D~ 2t Tty

Equation B.5 gives the rate of change of dimensionless pres-

sure with time for a line source well in an infinite medium.

B.3‘ Conversion to Real Parameters

If we substitute equations 2.3, 2.4, and 2.5 for rps
tD, and Pp respectively in Eq. B.5 we obtain:

2

¢ucr 2
Vo= W _ gucr
R T exp[ Ikt } (B.6)
and
[27kh
pl = 8- qu (pi B prst)]
D 8[kt/(¢ucrw2)]
or

s 2 1 {ap
pp = -2mr,“hec & [at] (8.7)
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Equating Eq. B.6 to B.7 we have:

8- p - {]][E%FFJeXP[ Q%%%E] (8.8)
or
Py x t = (KR} (fpr x 1) (8.10)
and therefore:
kh = (32 g/ 1p* 1) (2p/1). (B.11)

B.4 Conversion to 0il Field Units

A1l the equations derived above are in Darcy units.

In oil field units, Eq. B.9 is

2
3P - jpry = |1 quB . gucr
ot - [Pl [t)[70'6 kh)®*P |~ 5.001055 Kt (B.12)
where p' = psi/hr, q = STB/D, p = cp, k = md, h = ft, B

= formation volume factor, vol/vol, and t = hours.

Equation B.7 in 011 field units becomes

1 Bbl \(1 D
2nr, Zhoc 5675 oo ft][&ﬁ'ff“](24 Hr/D) |p* |

=
-
U}

2 1 .
(1.119 «x 24)rw hoc 38 p*| (B.13)
or

' = 26.856 rw2h¢c

Py (B.14)

1 '
B lp'|

where p' = psi/hr, ry = ft, h = ft, ¢ = fraction, ¢ = vol/
vol/psi, q = STB/D and t = hrs.

If t is in days, then Eq. B.14 is

] - ] ]
pp = 1.119 r Zhec a5 1P| (B.15)
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where p' = psi/day.

Further, Eq. B.11 in o0il field units is:

kh = (141.3 quB) (pp/lp'[)(tp/t) . (B.16)



APPENDIX C

SECOND DERIVATIVE WITH TIME OF THE CONTINUOUS
LINE SOURCE SOLUTION, EQ. 2.6

C.1 Second Derivative of Pp with Time

The second derivative with time of the dimensionless

pressure is obtained by differentiation of Eq. 2.10 and is

given by:
2 2 2
P l“ 1_J+ 1 [ "D ][ 1 ”exp{_ "D ]
2 2 2 i 4 2 4t
3t tg D tp” D
or
pll = .' rDz - 'I exp - r‘DZ
D 2tDZ 4tD 4tD
or
2
p" = p' o _-l_..rD_ - 1
D D tD 4tD

C.2 Conversion to Real Parameters

1t =—a 3_p.g
PD 2ty | oty
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or
2
oucr 2
Py = (-2ﬂrw2h¢C) % 3;% (c.3)
]
or
242
D k gu 8t2 )
Further,
2
pucr 2
o= 3 W _ ucr
Pp atD[ 7kt ©XP [ 4Kt ]] (c.5)
2
_ guery @_[l bucry ex pucr
kK at|Z| k)T ¥XPT Tkt
242
e T O M) (2 ewer®) (L 1) Teyo . sucr®
2|k (2| |t 4k c2 P 4kt
or
252
w o ] ¢uch ¢11CY‘2 ~ uCY‘Z
Pp = ?[ Kt [ Bkt " ]]exP[‘ Ikt ] (c.6)

Equating Eq. C.4 with Eq. C.6 we get

2%p _ ) l[ qu ]ex [_ ¢ucr2][l[¢ucr2 ) ]]] (c.7)
12 t (Fkh ) 8XP skt J |t U a4kt .
or
2 | 2
3%p _ fﬂi]{l][ﬁkﬁﬁ_ N 1] (c.8)
", ot | [t] T4kt

Consider the product:

el x £y = BB (o x £7) (c.9)
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then

= B (Ipyl/p*) (ty/1)3 (c.10)

C.3 Conversion to 0il Field Units

The equations in the previous section are in darcy

units. In o0il field units, Eq. C.3 is:

¢uCY‘w2 2 '
Ph = - 5ooozed K (26-856 r, “hec) g—B (C.11)
oucr
n W kh
lpD] (1.0184 x 10 )[ n } quB p" (C.12)
where p" = psi/hrz, ry = ft, h = ft, ¢ = fraction, ¢ = psi'],
q = STB/D and t = hrs.
When t is in days, Eq. C.11 becomes:
4>11CY‘ 2 2
pB = - _O—W (1.119 Y‘ h¢c)(p“/tu) (C.13)
or
2 d’““”‘wz kh .
lppl = (1.765 x 10%) |— g P’ (C.14)
where p" is in psi/dayz.
Equation C.7 in o011 field units is
0"] = L[70.6 WBlexp|- ucr? sucr’ (C.15)
P +2 kh 0.001055 ktj (0.001055kt :

2

where p" is in psi/hrT and t is in hr.

Further, in o0il field units Eq. C.10 yields:

= (141.3 quB) ([py1/p*) (tp/1)? (c.16)



APPENDIX D

TIME RATE OF CHANGE OF SHUT-IN WELL PRESSURE
FOR A WELL IN AN INFINITE RESERVOIR

D.1 Equations for pés

The time rate of change of shut-in well pressure is

given by Eq. 4.23 of the text:
Pps = Ppylt * at)p - pp,(at)y (4.23)
where pﬁw is the derivative of PDw with respect to tb.

For a well in an infinite reservoir, py is given

by Eq. 2.11 of the text, and therefore the above equation

yields:
) 1 1
Pds = Z(E ¥ at), - Z(aE)g (b.1)
or
£
'=..]_ D
Pps 2 Tt + at), (st (D.2)

Two limiting forms for pﬁs under various time domains of
interest are obtained as follows:
Case 1: For AtD << tD’ Eq. D.2 can be rearranged

into the following form:
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t

] D 1 1
pl - — = o =
Ds 2 tD(l + AtD/tD)(AtD) 2 (1 + AtD/tD)(AtD)
(D.3)
which results in:
p65 = - ff{‘ as AtD/tD +~ 0 when AtD <<tD.
D
or
lpgs| = 1/(2aty) . (D.4)
Thus,
1og |P65| = - log Aty - 0.30103 (D.5)

which is similar to Eq. 2.12 for well pressures during draw-
down.

Case 2: When AtD >> tD: In view of Eq. D.1, Pps
approaches zero when AtD >> tD because (t + At)D = AtD.

But, if we take logarithms of both sides of Eq. D.2 we have:

log |p65| = 1og(tD/2) - log(t + At)D - log at) (D.6)

which yields

log |p65| = -2 log Aty + log(tD/Z) . (D.7)

Equation D.7 shows the influence of producing time tD on the

shut-in well pressure behavior.

D.2 Conversion to Real Parameters

In view of Eq. B.7, dimensionless pés is related to

real p&s by:
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2

pbs = -2nrw heoc % [apwsla(At)] .

(D.

Multiplying the above equation by AtD, we have:

_ 2wkh )
Aty = S (pys) (Aat)

1P}
From Eq. B.9 of Appendix B, we get for Eq. D.4:

p' _L_QU_
WS At 4rmkh

or
log pyg = - log At + loglqu/(4xkh)] .

Further, we get from Eq. D.7:

kt
2
lphe | = . T
Ds® a2 kat )2
D 2 5
pucr,
or
p' =__t._.__9_11
WS Atz 4wkh
or

1og p&s = -2 log At + log t + log[qu/(47kh)] .

D.3 Conversion to 0il1 Field Units

In oil field units, Eq. D.8 is given by
|} - 2 ]
lpps| = (26.856 r “hec)lp, /(qB)]
and Eq. D.9 by

\ _ ___kh :
[Pps |8ty = 7773 g (Pus) (8t) -

(D.

(D.

(D.

(D.

(D.

(D.

(D.

(D.

10)

11)

12)

13)

14)

15)

16)
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Further, from the above two equations we have:

oc = [qB/(26.856 r Zh)I0|pp.|/p}] (D.17)

and

kh

141.3 quB(|pp |/p,¢) (atp/at) . (D.18)



E.

1

SECOND DERIVATIVE OF SHUT-IN WELL PRESSURE

FOR A WELL IN AN INFINITE RESERVOIR

APPE

Equations for pss

NDIX E

The second derivative of shut-in well pressure is

obtained from Eq. 4.31 of the text:

PDs

- pBw(t ¥ At)D

= pBW(At)D

where pg.. is the second derivative of p,, 6 with respect to
Dw Dw

For a well in an infinite reservoir, pBw is given by

aty.
Eq. 2.22
Pps
or
PDs

and therefore the above equation yields:

2(

proal
5 - |-
t + At)D

] -

] ]
2
2AtD

1
| —t

|
8

2
(t + At)D A

1 1

xi
7
tp

(t + At)D At

tp

D][(t +]At)D i

1
.

(t + At)D(At)D

][ ty + 28t
(t + At)D(At)D
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]
t

|

(E.1)

(E.2)

(E.3)

(E.4)



190
Two Timiting forms for sz are obtained as follows:
Case 1: For AtD << tD: Eq. E.4 can be rearranged

in the following form:

! tD ]{ tD(1 + 2At/t) ( )
pu = 4 E.5
Ds 2 tD(l + At/t)AtD tD(1 + At/t)AtD
which yields when (At/t) approaches zero:
TR 2
Pps = 1/(2at5") (E.6)
or
log sz = -2 log AtD - 0.30103 (E.7)

which is similar to Eq. 2.24 for drawdown testing.
Case 2: For AtD >> tD: Eq. E.4 can be rearranged

as:

1

,' ty ty(2 + t/at)
Pps = 2|72 7 (E.8)
AtD (1 +_t/At) AtD (1 + t/at)

which gives the following when (t/At) -+ 0:

phe = tp/laty?) (E.9)
or

Tog sz = -3 log Aty *+ log ty - (E.10)

Equation E.10 shows that sz at long shut-in times is a func-

tion of producing time tD'

E.2 Conversion to Real Parameters

In view of Eq. C.4, dimensionless sz is related to

Pys bY:
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2
pr = [(bucrwz]z[Zﬂkh] 8 pWS (E.11)
Ds k qu aAtz
Multiplying Eq. E.11 by AtD2 we have
n 2 2 kh n 2
st°AtD = [—_Z;T']Ipwsl'(At ) (E.]Z)
From Eq. C.7 of Appendix C, we get for Eq. E.6:
u = 1_ qu
IPus! = At2[4ﬂkh] (E.13)
or
log |pyc| = -2 Tog at + Tog[qu/(4nkh)] (E.14)
and for Eq. E.9:
n = .__E._ _qu
IPys | At3[2wkh] - (E.15)
or
Tog |pyc| = -3 Tog at + Tog t + log[qu/(2nkh)]. (E.16)

E.3 Conversion to 0il1 Field Units

In view of Eq. C.9, Eq. E.11 in o0il field units is:
G- 5 2 2 kh "
pu. = (1.0184 x 10%)[oucr 2/k] [a;§]|pws| (E.17)

and Eq. E.12 yields:

2 kh

n - KN 1. a . 2
Pps*8tp” = TaT.3 qup!Pus | 0t - (E.18)

Further, from Eq. E.17 and Eq. E.18 can be used to

determine the ¢c and'kh products.



APPENDIX F

TYPE-CURVE PLOTS



193

(XD,YD) = (I ’ |)

—
Q
UL AL B AL ALY |

—
(=]
{

LI ERL L]

%
T

T 1 lII”ll

'L l'l'rll,

75T ITWII

T 77 ll"ll

10°°

T T lllllll

-9

10 —tdd, lll“l I ] Llllll y B ] lJllll Sl lllll Snd I]Jlll [ wEyil

107 107 10 ag° 10 10° 10°

ATDR

FIGURE F.1: Type curve plot of pés VS AtDA for a well
Tocated at (xD,yD) = (1,1) between two
perpendicular sealing faults.
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FIGURE F.2: Type-curve plot of pés Vs AtDA for a well
Tocated at,(xD,yD) = (1,1/4) between two
perpendicular sealing faults.
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FIGURE F.3: Type-curve. p]ot of pDS vs AtDA for a weH’ :
' located at (x ,yD) (1,1/16) between two
perpend1cu1ar sealing faults.



X _ =1/2

LS 'l'l!l[

Ly lTr[llll’ L |1rrn|

LI r[ll"l

Tpa

FIGURE F.4: Type-curve plot of p6w Vs tDA for a well located
between three perpendicular sealing faults, when
Xp = 1/2 and 1/64 < yp < 16.

961t



] 'l'll"l' T‘lll'l’lr i

1 lJ"“lL Lt -n-uL_l._l_u_gmL_n_l.quL_A_a.JJJ.mL_.a_u.ou

107" 1073 1072 107} 10° 10" 10

-

Q

]

-

E T ljl’l'"r L llI1lllr { r‘llll"l

2

=)
)
w0

.TDH

FIGURE F.5: Type-curve plot of p6w Vs tDA for a well between
' three perpendicular sealing faults, when Xp = 1/4
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FIGURE F.6: Type-curve plot of p6w Vs tDA for a well between
three perpendicular sealing faults, when Xp = 1/16
and 1/64 < yp =< 16.
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FIGURE F.7: Type-curve plot of p6w Vs tDA for a well between
three perpendicular sealing faults, when Xp = 1/64
and 1/64 < y, < 16.
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FIGURE F.10: Type-curve plot of pbs Vs AtDA for a well

located at (xD,yD) = (1,1/4) between
three perpendicular sealing faults.
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FIGURE F.11: Type-curve plot of pés Vs Atpp for a well

located at (xp.yp) = (1/64, 1/64) between
three perpendicular sealing faults.
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FIGURE F.12:
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Type-curve plot of pés VS AtDA for a
well located at (xD,yD) = (1/64,8)
between three perpendicular sealing
faults. '
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FIGURE F.14: Type-CUrve plot of p6w Vs tDA for a well located
inside a closed 4:1 rectangle, when Xy = 1/2 and
1/64 < yp 2 1.

90¢



LR LR L

L llflll' LN lllfll‘

L l‘lllll'

10 L1 Lllllll i3 1 lll.lll ) T | Illllll 11 lllllll | W Illlll L 3 L1tk

X = 1/4

1095

FIGURE F.15:

107" 107? 1072 107" 10° 10!

TDH

Type-curve plot of p6w Vs tDA for a well located

~inside a closed 4:1 rectang]e,'when_xD = 1/4 and

1/64 < yp < 1.

L02



107 ¢
X.=1/8
10“ = D
N
103 =
2 -
F
lU2 3
10" £
100 (1 LIALIIII‘ LY 1 1 llllli A1 1 lllll.( LY i !l\l“‘ 1 1.1 llllll N 2.4 % 33138

10°° 107" 1077 1072 10”" 10° 10}
TUR

FIGURE F.16: Type-curve plot of pﬁw VS tDA for a well located
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FIGURE F.19: Type-curve plot of Pps VS Atpa for a

well Tocated at (xp,yp) =_(1/64,1/64) , 

inside a closed square.
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fIGURE F,21: Type-curve plot of pﬁs Vs AtDA for a
' well located at (xD,yD) = (1/64,1)
inside a closed 4:1 rectangle.
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FIGURE F.22: Type-curve plot of pﬁs VS Atpa for a
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inside a closed 16:1 rectangle.
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TABLE 13: Pps pﬁs and sz as Functions of Dimensionless

Buildup Times for a Well Between Three Perpendicular
Sealing Faults
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TABLE 14: Pps® pﬁs and pBS as Functions of'Dimensionless

Buildup Times for a Well Between Three Perpendicular
Sealing Faults

WELL LCCATICN, (XD:¥YC) = ( C.S000000, 0.0156250)
T I I I R I TN s TIs s
PROCUCING TIME BEFOREC SHUT IN, TDA = 0.1000
EEERE AR R AR R R KRG kR AR IRk AR R R R R A RN KRR

[ 32 ISR 232 SRR FS R A0SR R R R R RS RS R R R R R R R 2RSSR R 2R R R 222222 RS2 222 222222222222 2 )
DEL(T) TRAT TOBX Tony yceo PDS POSP PDSS
I S SR R R R 2R RRERZI R RRE RS SRARES SRR RS2 2 22222 R R 2 R RS2 2R R R RS2 22 R R 2 2 RS R 22 s s 2L R R

~0e4S7EE CE C.4€E1E 1C
~02609E 05 0.1121E 10
~0+1EE0E CS Ce.47E1E 0S
-0+1S518E 0S 027SBE 09
-0+12G2E 05 0.1865E 09
-0«1132E 0S Cei377E 0S

0«1000E-~04 0« 1000E OS CelECCE-C3 Ce1£38E 0OC 0.512CE-C2 O«B8447E
0.2000E-04 0+5001E 04 0+3200FE ~-C3 0«J3277E 0C Oe¢1C24E-01 0.8096E
0.3C0CE~-C4 0e¢3334E 04 Ce4rO0E-C3 0.4915E 00 0+1E3€E-01 Qe7E77E
0.4000E~04 0.2501E 04 Ce b4 00E-C3 0.0554E 00 0+2C4EE~-Q1 0e7709E
0.500CE-04 0.2001E 04 0.8000E -03 0.81%2E 0OC De2SECE-O1 0e75€69E
Ce60CO0E-04 0«1668E 04 Ce560CE ~03 0.9830E 00 0¢3C72E-01 O0«7448E

0.8000E-04 0.1251E 04 04128CE~-C2 C«1211E 01 0«4 CS6E~-01 0.7245E -0+9144E 04 0.8664E 08
0.1000E-03 0«1001E 04 Oe¢160CE -C2 Oe1638E 01 0«5120E-01 07078F ~0e?76S7E 04 0.6052E O
0¢20006~-03 ' 0.5010E 03 0+32COE-C2 0e3277E 01 O+1C24E 0O 0«.6509E —0«4326E 04 O.188GE 08
0+300CE-03 0+43343E 03 Ge4800E~-C2 0«49 1SE 01 0.1S26E GO 0e6150E. ~0¢3011E 04 0e9164E 07
0440C0C-03 0+.2510E 03 0« €4 COEC-C2 0+.6554E 01 0.2C48E 00 0.5887E —-0.2308E 04 0«5397E 07
- 0eSQ0CE-03 0.,2010E Q3 O« E0V0E-0Q2 O0e«B81SZE 01 0+2S€CE 00 0eS680E -0 «1870E 0OAa 0e3SS2E 07
0+600CE-03 0.1677E 03 0+9600E -C2 C«9830E 01 0.3C72E 0O 0.5508E ~0+iS71E 04 0.2515E 07
0.8000£-023 0. 1260E 03 0.1280E~-ClL O0e1311E 02 0«4CS6E 00 05236E -0«11E89E 04 0«.145CE C7
0e«1000E~02 0.1010E 03 0«1600E-C1 Oe1638E 02 0.512CE 00 065023E =09SS1E 03 0+941SE 06
04200CE-02 0.5100E 02 03200E -0t 0e3277FE 02 0+1024E O1 0+436CE ~0e4773E 03 C«2424E 06
0+3000E-02 003433 02 Cea8COE~CI Ce4G1ISE 02 0«1£36E 01 0¢397SE ~0«3149E .03 0.1C88E 06
044000E-Q2 0e¢2600E 02 0«64 00E-01 0«65S4E 02 Oe«2C48E 01 0e37C€SE -062332E 03 0+614SE 0S5
05000E~02 0.21COE 02 0+EO0COE =01 O.8192E 02 0«2S6CE O1 0.3498E ~0+.1840E C3 0e3GA1E CS
0.6000E-02 0e1767E 02 Q«S6COE-C1 0.983CE 02 043C72E 01 0.3331E -0.1S11E 03 0.2738E 0S5
Q«800CE-02 0«1350E 02 0+1260E 0O Ge1311E 03 0«40S6E 01 03074E -0.1101E 03 O0«1536E 0S5
0e¢100CE-~O1 0+ 1100E 02 Ce16COE CO O0+1638E 03 0+512CE 01 0.2880E -0 +8559E C2 03737E 04
0+2000E-01 0+6000E 01 03200 00 043277E 03 0+1024E 02 0.2316E ~0+.3876E 02 0.2173€ 04

Q0000000000000 000000000GO00000000O000000000
COOCCOCOOOOO OO »t int 1ot oo Iut juu ot 50 s 18 s fud Bus pub B ot Just B pus Jus Pub ud Db fusd (o B8 uo P ot

03000E-C1 043233E 01 0.4800E ©O 0«431SE 03 0«1E36E 02 02008E -0 .2489E 02 0.883€E 03
0¢40C0E-C1] 0.2500E 01 0+6400E CO O+6554E 03 Ce«2CA8E 02 Oel 7G5E ~0.1837€ 02 0.4 E4SE 03
0e¢S00GCE~01 0+3000E O1 0«£L000E CO Ge8192E 03 0+2€6CE 02 O¢1632E -0+1448E 02 0.312EE 03
0+60CCE-CL 0e¢2667E 01 0«GEOQOCE CO 0«9830FE 03 0+3072E 02 061501€E ~-0+.118SE C2 0.221EE C13
08000E-01 0.2250E 01 0«1280E C1 0.1311E 04 0+4CS6E 02 Oel1 3CI1E -0.8459E 0L 0.1298E 03
0«1000E 00 0.2000E 01 041600E C1 0.1638F 04 0512CE 02 Oe¢11S5E -0+.6359E 01 0.B4821E 02
0«2000E 00 0+.15C0E Q1 C+2200E C1 Ce3277t 04 0«1 C24E 03 Oe7764E =02220E 01 . 0.1878€ 02
0«30CO0E 00 0«1333E 01 0.4800E 01 0«4915FE 04 0«1S36E C3 0es62C7E -0+10G4E 01 O0e6441E 01
0«40CCE 00 0+ 12S0E 01 0.6400E C1 O0«6554E C4 . 0.2048E 03 0 +S358E -0 +6637E 00 C.2€C2E 0O1
0.50CCE 00 0.1200E 01 ‘0« 8000C C1 0.81G2E 04 0+25€CE 03 0«4 EC7E =0 +4605E CO 0«146CE 01
0.60CCE 00 O+1167E 01 0+9600E C1 0«39830E 04 0+3072E 03 0¢4408E =0+3475E 00 0873€E 00
0.80CCE 00 O0«1125E 01} 0.1280E C2 O«.1311E 0S 0.4CG6E 03 0.3847E ~0+2276E 00 0.4112E 00
0«1000E OFf | 0«1100E O1 0«1600E 02 0¢163EE 05 CeS12CE 03 0e3460CE -0e1651E G0 0«2373E 00
0«.200CE C1i 0.10S0E 01 0+3200E C2 0+3277E 0OS 0.1C24E 04 0.2476E -0+6041E~01 0e4422E~-C1}
0+3000E 01 01033E 01 0+4800E 02 0e491SE 0€ 0«1S36E C4 042030E -0 ¢3328E-01 0«1 637E-01
0«400CE 01 0+1025E 01 0+6400F Q2 0+6554E 0S 0.2C48E 04 0e¢1761E ~0+2175E~01 0.8056E~-02
0.500CE 01 0+ 1020E 01 0«.800GE C2 Ce 81G2E O0E 0.2S56CE 04 0es1577E -0+1562E~01 Ce464CE~02
0+60CCE - 01 0.1017E 01t 0+G600E C2 0. S830E 0S5 Ce3C72E 04 O.1441E ~01191E-01 0.29S53E~02
0.8000E 01 0+.1012E 01 0.1280E 03 Cs1311F OE€ 0.40G6E 04 0+1249E =07762E-02 O«144€E-02
0+1000E 02 0.1010E 01 Ce1600E C3 O« 1638F 06 0«S512CE 04 Oe1118E ~0+5564E-02 0.8302€~-03

0€¢



TABLE 15: ppq>

Buildup Times for a Well Between Three Perpendicular
Sealing Faults
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for a Well Located Inside a Closed 4:1 Rectangle
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TABLE 24: Pps? pés'and sz as Functions of Dimensionless Build Up Times
for a Well Located Inside a Closed 4:1 Rectangle
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TABLE 25: ppgo pés and sz as Functions of Dimensionless Build Up Times
for a Well Located Inside a Closed 4:1 Rectangle
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NOMENCLATURE

well drainage area, or area of the rectangular
reservoir, ft2

distance to farthest fault in the x-axis, ft
distance to farthest fault in the y-axis, ft
distance to closest fault in the x-axis, ft
distance to closest fault in the y-axis, ft
formation volume factor, res vol/std vol
compressibility, psi']
shape factor of drainage area

formation thickness, ft

formation permeability

absolute value of slope of straight 1line portion of
semilog pressure buildup or drawdown curves, psi/log
cycle

pressure, psi

dimensionless pressure at a point

dimensionless pressure contribution due to image
wells

dimensionless pressure contribution due to real

well

dimensionless well pressure
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dimensionless shut-in pressure
initial reservoir pressure, psi
flowing wellbore pressure, psi
shut-in we11bofe pressure, psi
first derivative of dimensionless pressure wfth
respect to dimensionless time
second derivative of dimensionless pressure with
respect to dimensionless time
time rate of change of dimensionless we11 pressure
time rate of change of flowing well pressure,
psi/hr
pressure drop across the skin, psi
production rate of well, STB/D |
radial distance, ft
dimensionless radial distance
dimensionless radial distance between the real
well and the image well
dimensionless radial distance between the real well
and any point in the reservoir
radial distance between the real well and image
wells along the x-axis when n is even
radial distance between the real well and image
wells along the positive direction of the x-axis
when n is odd
radial distance between the real well and image
wells along the negative direﬁtion of the y-axis

when n is odd
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re = distance between the real well and image wells of
‘infinite lines parallel to the x-axis when m is
even

o = distance between the real well and image wells of
infinite lines parallel to the x-axis on the posi-
tive direction of the y-axis when m is odd

p = distance between the real well and image wells of
infinite lines parallel to the x-axis on the nega-

tive direction of the y-axis when m is odd

"Ow = dimensionless ratio rw//K
Fy = wellbore radius, ft
s = skin factor
t = producing time, hours
tD = dimensionless producing time based on wellbore
| radius "
tDA = dimensionless producing time based on drainage
area A
tDbX = diménsion]ess producing time based on distance to
fault bx
tDbb = dimensionless producing time based on product bxby
At = shut-in time, hours
AtDA = dimension]esS shut-in time based on drainage area A
W, = width of rectangle {or infinite strip) in the x-axis
wy = width of rectangle in the y-axis

= dimensionless x-coordinate of the real well

Yp = dimensionless y-coordinate of the real well
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Greek Symbo1s

Y

> e e
£

3/ st

Euier's constant

fluid viscosity, cp

porosity, fraction

correction factor at the well
difference operator

partial differential with time

fluid density, gm/cc

Mathematical Constants and Expressions

e = 2.71828--- (Napierian base)
- i ]_ l l. o o 0 ]__' = o o 0
Y = ;12[1 tyt g+t oo In(m)] = 0.57721
e = 1.78107- -
n = natural logarithm (to the base e)
log = logarithm to the base 10
1r =3."|459"'
(-x) e
Ei(-x = - J =—— du
x U
Y QU 2
] = —_— = _\L._.
Ei(y) Jw sy Iny Yt ger Y
y
e & [] PR R 3% + 3L
y y y y
Special Symbols Used in Tables
PD = Ppw
PDP = PRy
PDPP = Phy
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PDS = Pps

pPDsP = pbs

PDSS = PP

TRAT = (tpp ¥ AtDA)/AtDA
DEL(T) = AtDA
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