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Appendix A

Units Systems and Conversions

A.1 Introduction

In any book of this nature, it is worthwhile to include 4
comprehensive list of units conversion factors, since data
are often reported in units different from those used in the
equations. Such factors are presented in this appendix. Be-
cause of the possibility of eventual conversion of engineer-
ing calculations to a metric standard, we also include infor-
mation about the **SI"” system of weights and measures.
Finally, we compare some important units and equations in
five different unit systems.

A2 The International (SI) Metric System

“*SI' is the official abbreviation, in all languages, for the
International System of Units (les Systéme International
d'Unités). That system is neither the centimetre-gram-
second (cgs) system nor the metre-kilogram-second (mks)
system. Rather, it is a modernized version of mks. A com-
plete description of SI is presented by Hopkins.! The
American Petroleum Institute has proposed a set of metric
standards for use in the petroleum industry.?

TABLE A.1—S] SYSTEM UNITS.
Base S| Units Used in Well Test Analysis

Quantity Name Symbol
length metre m
time second s
mass kilogram kg
temperature kelvin K
amount of substance mole mol

Units That Are Multiples or Submultiples of SI Base
Units Given Special Names

Quantity Name of Unit  Symbol Detinition Sl Term
mass tonne 1 1t=10%kg Mg
volume litre® | 11=1 dm? dm?

Sl-Derived Units With Special Names Used in Well Test Analysis

Expression Expression
in Terms of in Terms of
Quantity Name Symbol  Other Units S| Base Units
force newton N — m-kg-57?
pressure pascal Pa N/m* m '-kgrs®
energy, work,
quantity
of heat joule J N-m mi-kg-s*

In 1964, the 12th Conlérence Génsrale des Poids et Mesures (CGPM} redefined the litre lu
be 1dm*=0.001 m". A the same time. il abrogated the 1901 definition of the litre given by
the thud CGPM

Table A.1 lists the five base SI units encountered in well
test analysis. The approved spelling is the French spelling.
Names of units are never capitalized, although some of the
abbreviations are. Most units are abbreviated with a single
symbol. Table A.1 also lists two Sl units that have been
given special names and three derived units with special SI
names. No units are normally used in well test analysis other
than those presented in Table A 1.

Sl allows prefixes to indicate multiples of the base units.
The prefixes are summarized in Table A.2. Compound
prefixes, such as micro-micro, are not allowed: the correct
prefix, in this case pico, should always be used.

A.3 Constants and Conversion Factors

Table A.3 presents values for several physical constants
useful in petroleum engineering, in several sets of units.
Table A.4 summarizes useful conversion factors. SI units
are indicated by boldface type. To use Table A.4, multiply
the quantity given in the left-hand column by the number
given in the “‘multiply by column to obtain units in the
second column. For simplicity, the *‘inverse’ column may
be used to reverse this procedure. Thus, to convert from
square feet to acres, one would multiply the number of
square feet by 2.296 x 1073,

Some permeability units are given under the heading
“‘area” in Table A.4, since permeability has the units of
area. Table A.5 is also supplied to simplify other conver-

TABLE A.2—SI PREFIXES.

Factor Prefix Symbol*
1o tera T
10 giga G
10¢ mega M
10° kilo k
10 hecto h
10 deka da
10 deci d
10- centi c
103 milli m
10-4 micro n
19 nang n
1012 pico P
10 femto f
10-# atto a

“Only the symbols T (tera), G (giga), and M (mega) are capilal letters. Compound prefixes ars
not allowed — for pxample. use nm (nano metre) rather than mum (mill micro metre)
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TABLE A. 3—PHYSICAL CONSTANTS AND VALUES.*
Quantity ~ Magnitude ) Unit
Triple point of water 273.16 exactly K
0.01 exactly Lo
491,688 exactly °R
32.018 exactly *
Absolute zero 0.00 exactly K
~273.15 exactly °C
0.00 exactly ‘R
—459.67 exactly *F
Gas constant (R) 83143 J-mol~*-K™!
83143 E + 07 erg:(gm mole) 'K !
10.732 psi-ft*-(Ib mole}~t-"R~!
Maximum density of water 999.973 kg-m *
0.999 973 -em—3
62.426 1 by, Tt
Density of water at 60 °F §99.014 kg-m*
(15.56°C, 288.71 K) 0.999 014 et
62.366 4 by, ft=*
Water gradient at 60 °F 9,796.98 Pa-m '
(15.56 °C, 288.71 K) 979.698 dyne-cm™
0.433 100 psi-ft=!
Standard atmosphere 1.013 25E + 05 Pa
1.013 25E + 06 dyne-cm™*
14.695 9 psi
Density of air at 1 atm, 60 °F 1.223 2 kg-m*
(15.56 °C, 288.71 K) 1.2232E - 03 grom™?
0.076 362 1 MG
Earth’s gravitational
acceleration, 9.806 650 m-s?®
g 980.665 0 cm-s*
32.174 05 ft-5-*
8: 1.000 000 kg'm-N-'-sec™?
1.000 000 g cm-dyne '-sec™®
32.174 05 Iby, - ft- byt 572
™ 3.141 593
e 2.718 282
1n (10) 2.302 585
v (Euler's constant) 0.577 215 66
“API 1415 13158
(60 °F)

*5| values are in boldface type, All quantities are consistent with conversion factors for the current 51 system,

sions using permeability. That table is similar to data given
by Amyx, Bass, and Whiting® but there is some variation in
numbers. Differences occur because numerical values are
shown only to the significance possible (in this case, limited
by the SI agreed-on accuracy of atmospheric pressure and
the density of water and mercury), and are based on conver-
sion factors derived from the SI Standards. Some of those
factors are slightly different from those used previously
because of more precise definitions for certain quantities.

Table A.6 provides conversions for various temperature
scales. The SI standard temperature unit is the kelvin; that
unit is neither capitalized nor associated with the word
“*degree.’” One kelvin is equivalent to | degree Celsius (the
SI system drops the use of the term Centigrade). The triple
point of water is defined as 273.16 kelvin exactly. All other
temperatures are derived from that. The normal Celsius and
Fahrenheit scales are the same, as are their conversions to
the other scales.

Table A.7 compares units and equations from five sys-
tems of units. The oilfield units are used exclusively
throughout this monograph. The column for SI units is a
coherent system (that is, one in which basic equations con-
tain no units conversion factors). The preferred API stan-
dard ST unit system? is not a coherent system, but has the
advantages of providing reasonable size values for most
physical quantities. The cgs units column is the standard cgs

system used for many years in petroleum engineering. Fi-
nally, the column for groundwater units is provided forthose
who practice in that field. The symbols used in groundwater
hydrology vary from reference to reference, so the reader
should check carefully when using groundwater literature.
Table A.8 shows the correspondence between some
groundwater quantities and oilfield quantities for any consis-
tent unit system.

Many of the conversion factors provided in Tables A3
through A.7 have been calculated from Sl-stated factors for
other unit conversions. Depending on the approach used in
performing such a calculation, the seventh significant digit
may vary by a few units. The reader should be aware of that
when attempting to verify the values given, or to use them in
precision computations.
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TABLE A.4—CONVERSION FACTORS USEFUL IN WELL TEST ANALYSIS.

S| conversions are in boldface type. All quantities are current to S! standards as of 1974. An asterisk (*) after the sixth decimal
indicates the conversion factor is exact and all following digits are zero. All other conversion factors have been rounded, The
niotation E403 is used in place of 10?, and so on.

To Convert From o To - Multiply by In\ftis?_
AREA o
acre metre? (m?) 4,046 856 E+03 2.471 054 E-04
foot? 4.356 000* E+04 2.295 684 E-05
darcy metre? (m?) 9.869 23 E-13 1.01325 E+12
centimetre? (em?) 9.869 23 E-09 1.01325 E+08
micrometre? (um?) 9.869 23 E-01 1.01325 E+00
millidarcy 1.000 000* E+03 1.000 O00*E-03
cm?*-cp-sec'-atm!? 1.000 000* E+00 1.000 O00*E+00
foot? metre® (m?) 9.290 304* E-02 1.076 391 E+01
centimetre? 9.290 304* E+02 1.076 391 E-03
inch? 1.440 000" E+02 6.944 444 E-03
hectare metre* (m?) 1.000 000* E+04 1.000 000*E-04
acre 2471054 E+00 4.046 856 E-01
mile? metre? (m?) 2.589 988 E+06 3.861 022 E~07
acre 6.400 000* E+02 1.562 500*E-03
DENSITY

gram/centimetre?

pound-mass/foot?

pound-mass/gallon

FORCE
dyne

kilogram-force
pound-force

LENGTH
angstrom
centimetre
foot

inch

micron
mile (U.S. statute)

MASS
gram-mass
ounce-mass (av)
pound-mass
slug

ton (U.S. short)
ton (U.S. long)

ton (metric)
tonne

kilogram/metre® (kg-m-*)
pound-mass/foot?®
pound-mass/galion
pound-mass/barrel
kilogram/metre® (kg-m-?)
pound-mass/gallon
pound-mass/barrel

kilogram/metre® (kg-m-*)
pound-mass/barrel

newton (N)
pound-force

newton (N)
pound-force

newton (N)

metre (m)
metre (m)
metre (m)
centimetre
metre (m)
centimetre

metre (m)
metre (m)
foot

kilogram (kg)
kilogram (kg)
gram
kilogram (kg)
ounce-mass
kilogram (kg)
pound-mass

kilogram (kg)
pound-mass

kilogram (kg)
pound-mass

kilogram (kg)
kilogram (kg)

1.000 000* E+03
6.242 797 E+01
8.345405 E+00
3.505070 E+02

1.601 846 E+01
1.336 805 E-01
5614 583 E+00

1,198 264 E+02
4.200 000 E+01

1.000 000* E-0Q5
2.248089 E-06

9.806 650" E+00
2,204 622 E+00

4,448 222 E+00

1,000 000* E-~10
1.000 000* E-02

3.048 000* E-01
3.048 000* E+01

2.540 000* E-02
2.540 000* E+00

1.000 000" E-06
1.609 344* E+03
5.280 000* E+03

1.000 000* E-03

2.834 952 E-02
2.834952 E+01

4.535923 7*E-01
1.600 000* E+01

1.459 390 E+01
3.217 405 E+01

9.071 847 E+02
2.000 000" E+03

1.016 047 E+03
2,240 000" E+03

1.000 000* E+03
1.000 000* E+03

1.000 000*E-03
1.601 846 E-02
1.198 264 E-01
2,853 010 E-03

6.242 797 E-02
7.480 520 E+00
1.781 076 E-01

8.345 406 E-03
2.380 952 E-02

1.000 000*E+05
4.448 222 E+05

1.019 716 E-01
4,535 924 E-01

2.248 089 E-01

1.000 000*E+10
1.000 000*E+02

3.280 840 E+00
3.280 840 E-02

3.937 008 E+01
3.937 008 E-01

1.000 000*E+06
6.213 712 E-04
1.893 939 E-04

1.000 000*E+03

3.527 397 E+01
3.527 397 E-02

2.204 623 E+00
6.250 000*E-02

6.852 178 E-02
3.108 095 E-02

1.102 311 E-03
5.000 000*E-04

9.842 064 E-04
4.464 286 E-04

1.000 O00*E-03
1.000 000*E-03
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To Convert From

PRESSURE
atmosphere
{normal—760 mm Hg)

bar

centimetre of Hg (0 °C)
dyne/centimetre?

feet of water (4 °C)
kilogram-force/centimetre?
psi

TIME

day

hour

minute

VISCOSITY
centipoise

centistoke

poise
pound-mass/(foot-second)
pound-mass/(foot-hour)
pound-force-second/foot?

VOLUME
acre-foot

barrel
foot?

gallon

litre

VOLUMETRIC RATE
barrel /day

foot*/minute
foot*/second
gallon/minute

TABLE A.4—CONT'D.

To

pascal (Pa)
mm Hg (0 °C)
feet water (4 °C)
S
ar
pascal (Pa)
psi
pascal (Pa)
psi
pascal (Pa)
psi
pascal (Pa)
psi
pascal (Pa)
bar
psi
pascal (Pa)

second (s)
minute
hour

second (s)
minute

second (s)

pascal-second (Pa-s)
dyne-second/centimetre?
pound-mass/(foot-second)
pound-force-second/foot?
pound-mass/(foot-hour)

metre*/second (m?/s)
centipoise/(gram/centimetre?)
pascai-second (Pa-s)
pascal-second (Pa-s)
pascal-second (Pa-s)
pascal-second (Pa-s)

metre® (m?)
foot”

barrel
metre® (m*)
foot®
gallon
metre’ (m*)
inch?
gallon
metre® (m*)
inch?
metre® (m?)

metre*/sec (m?fs)
metre®/hour (m*/h)
metre®/day (m*/d)
centimetre®/second
foot*/minute
gallon/minute

metre’/sec (m?/s)
metre*/sec (m*/s)
metre?’/sec (m?/s)

Multiply by

1.013 25 E+05
7.600 000"E+02
3.38995 E+01
1.46960 E+0l
1.01325 E+00

1.000 000*E+05
1.450 377 E+01

1.33322 E+03
1.93367 E-01

1.000 000*E-01
1.450 377 E-05

2.98898 E+03
433515 E-01

9.806 650*E+04
9.806 650*E-01
1.422 334 E+01

6.894 757 E+03

8.640 000*E+04
1.440 000*E+03
2.400 000*E+01

3.600 000*E+03
6.000 000*E+01

6.000 000*E+01

1,000 000"E-03
1.000 000*E-02
6.719 689 E-04
2.088 543 E-05
2.419 088 E+00

1.000 000*E-06
1.000 000*E+00

1.000 000*E-01
1.488 164 E+00
4,133 789 E-04
4.788 026 E+01

1.233 482 E+03
4.356 000*E+04
7.758 368 E+03

1.589 873 E-01
5.614 583 E+0Q0
4,200 000*E+01

2.831 685 E-02
1.728 000 E+03
7.480 520 E+00

3.785 412 E-03
2.310 001 E+02

1.000 000*E-03

1.840 131 E-06
6.624 472 E-03
1.589 873 E-01
1.840 131 E+00
3.899 016 E-03
2.916 667 E-02

4.719 474 E-04
2.831 685 E-02
6.309 020 E-05

Inverse

9.869 23 E-06
1.315 789 E-03
2.94990 E-02
6.804 60 E-02
9.869 23 E-01

1.000 000*E-05
6.894 757 E-02

7.500 64 E-04
5.171 51 E+00

1.000 000*E+01
6.894 757 E+04

3.34562 E-04
2.306 73 E+00

1.019 716 E-05
1.019 716 E+00
7.030 695 E-02

1.450 377 E-04

1.157 407 E-05
6.944 444 E-04
4,166 667 E-02

2.777 778 E-04
1.666 667 E—02

1.666 667 E-02

1.000 000*E+03
1.000 O00*E+02
1.488 164 E+03
4.788 026 E+04
4,133 789 E-01

1.000 000*E+06
1.000 000*E+00

1.000 000*E+01
6.719 689 E-01
2.419 088 E+03
2.088 543 E-02

8.107 131 E-04
2.295 684 E-05
1.288 931 E-04

6.289 811 E+00
1.781 076 E-01
2.380 952 E-02

3.531 466 E+01
5.787 037 E-04
1.336 805 E-01

2.641 720 E+02
4,329 003 E-03

1.000 000*E+03

5.434 396 E+05
1.509 554 E+02
6.289 810 E+00
5.434 396 E-01
2.564 750 E+02
3.428 571 E+01

2.118 880 E+03
3.531 466 E+01
1.585 032 E+04
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TABLE A.5—AUXILIARY PERMEABILITY CONVERSIONS.

To Convert From _ To

md darc
metre‘ (m?)
centimetre? (cm?)
micrometre? (um?)

~ Multiply by

1.000 000*E- 03
9.869 23 E-16
9.86923 E-12
9.869 23 E-04

In\rerse

1.000 000*E+03
1.013 25 E+15
1.01325 E+11
1.013 25 E+03

(em'/s)cp 1.000 000" E-03 1.000 000* E+03
cm? (atm/cm)
(cm?is) cp 9.86923 E-10 1.01325 E+09
cm?[ (dyne/cm?)/cm ]

(ft'fs)ep 2 E+07
o 7.324 41 E-08 1.36530 E+0
___W¥slep 341780 E-11 2.92585 E+10

cm?[(cm water)/cm]
(BD)cp 1.127 12 E-03 887217 E+02
ft* (psi/ft)
__ (gal/min) cp 1.42515 E-05 7.016 81 E+04
fte [(ft water)/ft]
ft2 1.06232 E-14 9.41340 E+13

*Conversion factor is exact: all following digits are zero

TABLE A.6—TEMPERATURE SCALE CONVERSIONS.*

To Convert To
degree Fahrenheit kelvin (T
degree Rankine kelvin Tal
degree Fahrenheit degree Rankine T + 459.67
degree Fahrenheit degree Celsius (f
degree Celsius kelvin T. =T.+ 273, 15
“The Sl standard, the kelvin (K}, s defined so the triple point of water s 273, 16 K exactly, The 51

temperature symbel |8 written K, without a degree symbol. The cgs (and common) temperature
urtit is the degree Celsius, °C; the common oiltield unit is the degree Fanhrenheit. *F,

Solve
; + 459.67)/1.8
/1.8

-{'-1"-4"-1
Iwnm

TABLE A.8—RELATIONSHIP OF COMMON GROUNDWATER AND
OILFIELD QUANTITIES.

A consistent-unit system is assumed. Variable definitions
for each system are given in Table A.7.

Groundwater Quantity Oilfield Quantity

Coefficient of permeability =P =K =k (F;S)
Bo\8
Transmissivity =T =Km = kh (ES_)
n \g
Coefficient of storage =8 = ¢c,h (p_g)
Drawdown =5 = _Pi=p
(pele:)
Head =H e R
(pelg.)
Dimensionless drawdown = W(1/4a) = 2pylty)
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Appendix B

Application of Superposition To Generate
Dimensionless Pressures

B.1 Introduction

As indicated in Section 2.9 and by several authors, ' the
principle of superposition may be used to develop dimen-
sionless pressure data for many finite and bounded sys-
tems. This appendix shows how to use superposition to
form no-flow and constant-pressure boundaries, and closed
systems. A method of **desuperposition’ for changing ex-
isting dimensionless-pressures solutions to solutions for
different systems is explained. Finally, a general equation
for calculating pressures owing to variable production rates
is derived,

B.2 Dimensionless Pressure Used

When using the principle of superposition, we must
choose a dimensionless pressure, py, that applies for the
system. Normally, superposition calculations are performed
using dimensionless pressures for infinite-acting systems
(even when the goal is to generate a closed system?®), so the
exponential-integral p;,, Eq. 2.5, is used. The exponential-
integral p;, may be used when ryy = 20 and 1,/r,* = 0.5 or
when t,,/r;)* = 25. If neither of those restrictions is met, then
Fig. C.1 must be used for the applicable ry,.

If superposition calculations are performed for a system
that is not infinite-acting, the appropriate p,, from Appendix
C must be used. In such a situation, there is no conceptual
modification to the application of the superposition princi-
ple. However, p;, tables and figures for such systems often
do not provide data for points other than at the well. Some
useful p;, data are given in Appendix C and in Ref. 10.

B.3 Generating No-Flow and Constant-Pressure
Boundaries

Fig. B.1 illustrates the method of images®® when used to
create a no-flow boundary in an infinite system. Well |
operates at constant flow rate ¢, at distance L from a single
impermeable boundary, represented by the y axis in Fig.
B.1. The image well, Well 2 in Fig. B.1, at a distance —L
from the y axis mathematically generates the boundary. By
applying superposition we can calculate the pressure at any
point in the x-y plane of Fig. B.1:

pitx, y)=pi — —lil—thBF [Pn(fa- ap,)

Lt T L R | (O——. (B.1)

In Eq. B.1, the dimensionless distances ap, and ap, are
calculated from

ap, = & =1 V- DY deyFe: G Lot oo (B.2a)
Ty Ty

apy =% = Ly (s £ T e (B.2b)
ru,' rh“

where r,. is the same for both wells. For an infinite system
with ap, > 20, Eq. 2.5a applies.

_ 1 g ap®
I, ==2EBi[— 82}, ... (B.3a)
Polly, ap) ) ( 41.-;)
S—— | Ei (__ (}.’ t_L)z + \'2 ).
2 41'"_\2 f.‘)
..................... (B.3b)

@® ACTUAL WELL
O IMAGE WELL

Fig. B.1 Image-well location for a no-flow boundary
(sealing fault).
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We wish to verify that no fluid flows across the impermeable
barrier, the y axis. Thatis true if (9p/dx), - , = O atall points
along the y axis. Differentiating Eq. B.1,

ap(t, x, y) — —141.2 gBu [é‘e;:__(rp- ap,)

ax kh ox

+ Opo (c{;: ‘!.m_):l. ............. (B.4)

We wish to evaluate Eq. B.4 atx = 0 for arbitrary values of
y. To do this we differentiate Eq. B.3c¢ using Leibnitz’s
rule:"!

Opp (tp, ap) — . (x * L)
dx (x = L)% + ¥
iy B.S
exp ( e et (B.5)

Eq. B.5 is substituted into Eq. B.4:

Op(r, x, y) _ 141.2¢4Bu §|  x—-L
ax kh (x—L)* + 2

s [ B l)Ftpt
. B 4r, 2 ty

+ (x+L) exp(— (x+L)? +y?
(x+L)* + y? 4,2 1y ’

which, when evaluated at x = 0, becomes

op(r. 0,y) - 141.2gBu [ | = L¥L
2

ox kh
LY~ )-‘2)
exp (— -
p ( 4rn'2 'rD
S . e e e (B.7)
A y
2 |
(o] ®
| e NO FLOW
)4 i
4 3
(o] [s]
® ACTUAL WELL
O IMAGE WELL

Fig. B.2 Image-well locations for two intersecting
no-tflow boundaries,

Since (dp/dx),=y = 0, we can see that an image of the
operating well in the boundary creates a no-flow boundary.
This is always true for straight-line boundaries no matter
how many boundaries or how many wells there are. Some
specific examples are given in Section B.4.

If the y axis in Fig, B.1 is to be a constant-pressure
boundary, then the image well is an injection well with the
same rate as the production well. In this case, superposition
gives

plt. x, y)=p; — 141.2 gBu [Pu(fu, ap,)

kh
T UL S, | P — (B.8)
Since
AEE=HEY, o it S5 s s S e s (B.9)
at x = 0 for all y, then
Poltp, ap) =ppltp, Ap2)s  vvvvvvvvvenn o, (B.10)
and the pressure at all points along the boundary (y axis) is
PEL S WY=Ps  nsisisness ann eesmiaadi i (B.11)

By using the method of images to form either no-flow or
constant-pressure boundaries, one can generate dimension-
less pressure solutions for many important situations.

B.4 Use of Method of Images To Generate Multiple
Boundary and Closed Systems

Clearly, the method of images extends to systems with
more than one no-flow barrier. Fig. B.2 shows a system with
two no-flow barriers intersecting at right angles. Well | is
located near the intersection of the two barriers. Well 2, the
image of Well 1 in the y axis, prevents flow across that axis
resulting from Well 1. Well 3, the image of Well 1 in the x
axis, prevents flow across that axis owing to Well 1. Well 4
prevents flow across the x axis resulting from Well 2 and
flow across the y axis resulting from Well 3. The method of
images considers barriers to be of infinite length, so flow
across any barrier caused by an image well must be pre-
vented by other image wells, as demonstrated in Fig. B.2.

When barriers are formed by using images, pressure may
be calculated at any point by superposition. Rather than
write the equation for pressure change, we may write an
equation for the dimensionless pressure at any point in the
two-barrier system:

Poltp, Xpy ¥p) = pollp, apy) + ppltp, aps)

+ polty, apy) + pplip, apy),

where aj,, means the dimensionless distances from the point
where the pressure is being calculated to Well 1, and so on,
and x; and y, are dimensionless Cartesian coordinates.
Their precise definition varies with the application; Refs. 6
and 10 use two practical definitions of those quantities. It is
easy to verify that the four wells in Fig. B.2 do create the two
intersecting no-flow barriers indicated.

In general, if there are more wells or more boundaries, the
dimensionless pressure may be written
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n
Polto, Xp, Yp) = Z Poltp, apy), (B.13)

i=]

where the number of wells, n, includes all actual wells and
all image wells.

Fig. B.3 shows a single well located between two parallel
no-flow barriers and the image wells required to produce
those barriers. Well a is the image of the actual well in
Boundary A. Well b is the image of the actual well in
Boundary B. Each image well would cause flow across the
other boundary so additional image wells are required. Well
(a)b is the image of Well a in Boundary B and is required to
prevent Well a from causing fluid to flow across Boundary
B. Well (b)a is required to prevent flow across Boundary A
resulting from Well b. Some of the other image wells in Fig.
B.3 are marked with a similar nomenclature to indicate the
reason for each well. The line of image wells goes to infinity

ADVANCES IN WELL TEST ANALYSIS

in both directions. The dimensionless pressure function for
this system can be written

=
Pollp. Xp, Yp) = Z Pollp, @pi)s  «ovennn
i=1

where ap; is the dimensionless distance from Well i toxy,, Yo-,

To obtain a closed system with a single well in it, add two
horizontal no-flow boundaries to Fig. B.3 and image all the
wells shown in Fig. B.3 in those two boundaries. Fig. B.4
shows the results — a single well in a closed rectangular
drainage area. The image wells extend to infinity in all
directions; the dimensionless pressure for the closed rectan-
gular system is given by Eq. B.14. Although an infinite
number of image wells is indicated, for calculation purposes
it is usually only necessary to include several rows and
columns of image wells before their contribution becomes
negligible.

B A
o o o (o] [ (o] (e} e} o o]
[(b)a] b b b E e [le)b]e  {[ibla]b}o
® ACTUAL WELL
O IMAGE WELL
Fig. B.3 Image-well locations for two parallel no-flow boundaries.
B A
o o] o 0 (o} o] o o e} O
(o) o o] o o (o] (o] o o (e}
o 0 (o] (o] (o] (0] 0] @] o O
C
0 o O 0 B 0 o (o] o} o)
D
(o} o (o] o] o (e} (0] 0 0 o
o] o (e} (o] o o (o] (0] e} (o}
o 0 (e} o] o o] 0 o} (s} (0]
@® ACTUAL WELL O IMAGE WELL

Fig. B.4 Image-well location for one well in a closed rectangle,
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Fig. B.5 Image-well location for one well in a rectangle with three no-flow boundaries and one constant-pressure boundary,

To make one or more of the boundaries constant-pressure
rather than no-flow, change some image production wells to
injection wells.®¢ Fig. B.S shows the image-well array for
the system of Fig. B.4 but with Boundary A at constant-
pressure. Whether there are one, two, three, or four
constant-pressure boundaries in a rectangular system, ex-
actly one-half the image wells will be injectors and one-half
will be producers. The location of each type of well depends
on which boundaries are constant-pressure and which are
no-flow, Ramey, Kumar, and Gulati® give several examples
of systems with one or more constant-pressure boundaries
and present a computer program for calculating p;, in such
systems.

B.5 Superposition of Square Drainage Systems

Earlougher et al.® showed that a useful unit of superposi-
tion is a closed-square system with a single well located at its
center (Fig. B.6). The dimensionless pressures at the well
and at other locations within the square may be added
together to obtain dimensionless pressures for systems with
different well locations and different shapes. Fig. B.7 illus-
trates how two square systems are added to obtain a 2:1
rectangular system with the well at the center.% The open
circles represent the well array for one square system; the
closed circles show the well array for the second square
system. The resulting well array creates a 2:1 rectangular
drainage area with a well in the center as illustrated in Fig.
B.7. As pointed out in Ref. 6, it is important to recognize
that such superposition changes the area of the drainage
system. That affects both the dimensionless time, 1,4, and
the dimensionless pressure value ar the well since pp at
a well in a closed drainage area depends on the value of
VAlr,. If p is desired at a well point for a system of
different WV A/r,., it is necessary to make the correction

po (VAlr,) =pﬂ(£mrw]tahlc)

+1In (@rﬂ_ .
(mr::)lahlr

where the py, on the left-hand side of the equation is for the
desired value of V/A4/r, and on the ri ght-hand side is for the
value given in a table or figure (such as Table C.2 or Fig.
C.12) with a different value of VA/r,.. Additional informa-

o o o e} O o o
o o] o} o} o} e} o}
o} o} e} 0 o o} o
o} e} o} ® o] o e}
(o] o o (o] o} ] o
e} o} o o o (o] (o]
o o} e} o] o} o o]
@® ACTUAL WELL O IMAGE WELL

Fig. B.6 Image-well location for a single well in the center of a
closed square.
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tion and instructions for superposing square systems to ob-
tain systems of other shapes arc¢ given in Ref. 6.

B.6 Desuperposition

Gringarten, Ramey, and Raghavan” and Chen and
Brigham® have illustrated the concept of desuperposition for
modifying known pj, values to p,’s for somewhat different
systems. The approach may be used for any drainage shape
and well location, although we illustrate it here only for a
well in the center of a closed square. Suppose that we desire
to compute pp, ata well in the center of a closed square for C),
> 0ands # 0. Most py, data for a closed-square system are
for Cy = 0, s = 0, so those data are not what we need.
However, we may use them to get the desired results by
using

pg(C;_}. 5, 0 }:pn (C;—_n = U. 3= 0, E)
—pPp(Cp=0,5=0,%) + pp (Cp. 5., %),

as illustrated in Fig. B.8. We start with p, for the closed-
square system with zero skin and zero wellbore storage as
indicated in Part a of Fig. B.8. From this dimensionless

o o o]
[ ] [ ] L
o O o

\OR!GM‘JIL AREA OF
EACH SQUARE = A

. \ :
o RN

(x,y)

N arEa A e A

o} o (o]

® ORIGINAL SQUARE ARRAY OF WELLS
O ADDITIONAL SQUARE ARRAY OF WELLS

Fig. B.7 Superposition of two square arrays to form a 2:1
rectangle. After Earlougher er al %

ADVANCES IN WELL TEST ANALYSIS

pressure, the first term on the right-hand side of Eq. B. 16,
subtract py, for a single well in an infinite system with zero
skin and zero storage, the second term on the right-hand side
of Eq. B.16. The result, shown in Part b of Fig. B.8, is an
infinite array of wells with the well in the center of the square
removed. Finally, add p, for a single well in an infinite
system with the desired wellbore storage coefficient and
skin factor, the last term on the right-hand side of Eq. B. 16,
to obtain Part ¢ of Fig. B.8. The theoretically correct dimen-
sionless pressure is given by the right-hand side of Part d in
Fig. B.8, where all the image wells have the desired skin
factor and wellbore storage coefficient. However, since skin
factors and wellbore storage coefficients have only a small
influence’ at points away from the well, the approximation
is a good one.®

Gringarten, Ramey, and Raghavan” use this approach to
estimate dimensionless pressure for closed fractured Sys-
tems. Chen and Brigham® use the approach to generate
dimensionless pressures and then pressure buildup curves
for a single well with wellbore storage and skin in the center
of a closed square. Dimensionless pressure for many other
systems can be computed with the same approach.

a
r A i}
) o o
o 0 o
o ) o
b c
r o Al r A A Y
o o o o ) o
o o o ° o
o o o o o o
d
‘o o o ® ° o
o ° 0O X e ® °
o o 0 ° ° °

o WELL WITH NO WELLBORE STORAGE
® WELL WITH WELLBORE STORAGE

Fig. B.8 Desuperposition to approximate a single well with
wellbore storage and skin in the center of a closed square. After
Chen and Brigham.#
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B.7 Superposition for Variable Rate

Fig. B.9 schematically shows a variable-rate history. In
the nomenclature of that figure, production (or injection)
starts at time 0; the rate remains constant at ¢, until time r,,
then changes to ¢, until time r,, etc. Note that rate g; ends at
time ; and that t, = 0. The last (and current rate) is always
gv. We may calculate the pressure at the well (or at any other
point for which we know p,) at any time during rate gy by
using the principle of superposition as indicated by Eq.
2.31. The pressure at the well is

ﬁ;jB“ {ql[p»(fu} +5]

+@u—g0po[t=1:]p) + 5]

i (Q:c_‘h)[Pn(l-"‘fz]n) + 5] +

+ (gv—qx-1) [ Pol [f_f.\'—1]n) + 5]} ;
This may be rearranged to

Purl)=p —141—’58# {ql [P,u(fn) - Pn{[f"H]B)]

+q. [Pn([f*fr]u) — ol [f_fa]n}] ko

+ 4 [Pn{ [""N-z]u) = ol [f_fsv—1]u)]

+ygn [Pﬂ([f“f.\’ l]n) == S]
If the system is infinite-acting and if the logarithmic approx-
imation of the exponential integral, Eq. 2.5b, applies, Eq.
B.18 may be written

Purt) = pi — &‘-”-wﬁ{ql ln(" )
kh -t

+g, In(1=10) +

b n(f—ru)

+qu- 11“( Iy 2) +q_-\'[ln(f—f.’v—1]
J\ 1

Pudl) =pi —

.(B.17)

+ ln(_ k ) — 7.4316 + 2\‘]} _(B.19)
d)nuctru'z
or
Purt) =p; — 162 63"‘ { E a log(r =y
+qx [lng(fﬂr,\--o + log( k .—)
‘bﬂ-‘tfr"wz
—3.2275 + 0.868595]’. ........... (B.20)

Egs. B.17 through B.20 are convenient for estimating pres-
sures resulting from multiple-rate histories. However, the
form

Pi —Pur(l) — 162. 68# {
oy )

=1

X log(1—t;- 1}]+ log _d_)_k )
p‘clru‘

—3.2275 + 0.86859 .s'} ,

4z
o
& q I
v 3
o 1 A4
A [ —...
w q, I 1%
q Vo b e e
” . S
2 i ) I ] :
5 b | I I
d | | | | I 1
1 ' i | 1 1
: i I | I i
1 ] ] | ] 1
o Y t ts ta  tnz tNe

FLOW TIME, t, HOURS

Fig. B.9 Schematic representation of a variable
production-rate schedule.

which results from combining Egs. B.17 and 2.5b, is more
convenient for analyzing multiple-rate test data, as indicated
in Section 4.2.
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Appendix C

Dimensionless Pressure Solutions

C.1 Introduction

This appendix presents correlations of dimensionless
pressure with dimensionless time for single-well systems
producing at constant rate. Some data from the literature
have been modified to be consistent with the nomenclature
used in this monograph. We retain the definition of dimen-
sionless pressure corresponding to

Di —-p= &p == .lethgﬁ pn(fn, i ») .

Dimensionless time is usually based on wellbore radius,

tp= 0. 000263? B R (C.2a)
dper,?
or based on drainage area,
0.0002637 kt Fy®
Ipa = =i [=E=Vy 6 v . C.2b
o = 0000263 b ( -« ) (C.2b)

We clearly indicate when it is convenient to base the dimen-
sionless time on some other characteristic dimension.

C.2 Infinite Systems
No Wellbore Storage, No Skin

After wellbore storage effects are no longer important, the
dimensionless pressure for infinite and infinite-acting sys-
tems is given by !4

= — 1 11— r{)2
pI) -2‘ El ( 4‘b ) +
when (r, = 20 and 1,/r,2 = 0.5) or when tplrp? = 25,
Dimensionless pressure values for smaller tp and rp are
givenin Fig. C. | for arange of r, and 1,,; tabulated values for
rp = 1 are given by van Everdingen and Hurst.? The lower-
most curve in Fig. C.1 (r, > 20), which is the exponential-
integral solution (Eq. C.3), is shown on anexpanded scale in
Fig. C.2.*
A simplification of Eq. C.3 and Figs. C.1 and C. 2 applies
when 7,/rp? > 100 (or with less than 1- -percent error when
tplrp® > 10):

P = ; [In(tp/rp?) + 0.80907] .

*See footnote on Page 24.

These dimensionless pressure solutions apply for a single
undamaged well in an infinite-acting system with no well-
bore storage. Damage or improvement may be included as
indicated in Eq. 2.2.

Single Vertical Fracture, No Wellbore Storage

Figs. C.3* and C.4 give dimensionless pressure data for
a vertically fractured well in an infinite-acting system. A
single fracture of half-length x; intersects the well. Two
situations are shown;

L. The uniform-flux fracture is a first approximation to
the behavior of a vertically fractured well.®7 Fluid enters the
fracture at a uniform flow rate per unit area of fracture face
so that there is a pressure drop in the fracture. The dimen-
sionless pressure at the well for the uniform-flux fracture

case is computed from®”
)— 1 Ei(_l ) s KOS
Vipe) 2 $pas

= Vrtp,eerf (
where dimensionless time based on the half-fracture length
is defined as

Iper = f{:(-"u_-f’JXf)z D AR R R SRR S D (C.6)
When .- > 10, Eq. C.5 becomes®’
po=1 [Intpyy +2.80007), ... (.7

with less than 1-percent error. For 1,,, < 0.1, Eq. C.5
becomes®7

P NVITTIBERE 0 505 0l conmiosbmn somi et e s (C.S)

indicating that at short times flow into the fracture is linear.

2. The infinite-conductivity fracture has infinite permea-
bility and, therefore, uniform pressure throughout. The di-
mensionless well pressure for that case is given in Figs. C.3
and C.4, and may be computed from®7

=1 \/mlg,ﬁ 0. 134)+erf 0866)]

Ipyr fﬂxf

—0.067 Eif — 0.018

f).r!

—0.433 E:( 0.750).

Ipry
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When 15, > 10, Eq. C.9 becomes®7
po=1 [Inryes+2.2000] , ooovnnnnnnnns. (C.10)

with less than |-percent error. When 1y, is less than 0.01,
Eqg. C.8 applies.

An important feature of Fig. C.3 is the early-time slope of
one-half cycle in pressure per cycle in time. Such a half-
slope straight line on the log-log plot is often diagnostic of a
vertically fractured well.

Gringarten, Ramey, and Raghavan®7 tabulate p, values
for the two types of vertical fractures,

Single Horizontal Fracture, No Wellbore Storage

Fig. C.5* shows p, data at the well for an infinite system
with a single horizontal fracture located at the formation
midpoint. The dimensionless time used,

= 0.0002637kr _ Tis®
5 = Iy e
bpcery ¥y
is based on the horizontal fracture radius. ry. In Fig. C.5,

dimensionless pressure is normalized by the parameter on
the curves,

Tpyps

where k, and k, are radial and vertical permeabilities, respec-
tively. At short times and for large iy, the curves in Fig, C.5
have a half-slope portion. It is apparent, however, that many
horizontally fractured systems would not exhibit a half-
slope straight line on the log-log plot. At low values of i,
the curves in Fig. C.5 have a unit slope, like the unit slope
caused by wellbore storage effects. There is no wellbore
storage effect included in Fig. C.5, so the unit slope there is
a result of the fracture, not the wellbore. Gringarten® and
Ramey® tabulate pp values for the horizontal-fracture case.

Wellbore Storage and Thin Skin Included

Fig. C.6* shows dimensionless pressure data for a single
well in an infinite system with wellbore storage and skin
effect included.'® The dimensionless wellbore storage coef-
ficient is

c,= 56146C

2mhehr,

When C;, > 0, Fig. C.6 shows that the log-log plot has an
early-time unit slope. At later times, the curves approach
those for zero wellbore storage. Tabulated dimensionless
pressure data are given by Agarwal, Al-Hussainy, and
Ramey.'" Although t, in Fig, C.6 is based onr,,, generation
of the negative skin solutions involved use of an apparent
larger wellbore radius as defined by Eq. 2.11.

Wellbore Storage and Finite Skin Included

Fig. C.7* gives dimensionless pressure data for a single

*See footnote on Page 24.
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well in an infinite reservoir with wellbore storage and a finite
skin effect.! Fig. 2.6 schematically illustrates the finite
skin. The skin factor is calculated from

_\-=(: . |) T (C.14)

where
Fan S Pl o covinin sum s som s mam Sl s e (C.15)

Wattenbarger and Ramey'! provide tables of p,, vs 1, for the
conditions of Fig. C.7.

Other Useful Type Curves

Fig. C.8* shows another relation between pressure and
time for a single well with wellbore storage and skin effect in
an infinite system.'? The graph can be changed to a dimen-
sionless pressure-dimensionless time basis by using equa-
tions given in Ref. 12, This type curve is particularly useful
for curve matching and is not recommended for calculating
pressure response. lts use is illustrated in Section 3.3.

Fig. C.9* is a type curve presented by McKinley'® for a
single well with wellbore storage, but no skin factor, in an
infinite system. Fig. C.9 assumes

— K =RTIEENE ¢ s s (C.16)
bupcr,®
Although the figure is plotted on the basis of actual vari-
ables, it may be reduced to a dimensionless graph by using
the definitions of Cp, t;,, and p;, with Eq. C.16. The main
utility of Fig. C.9 is for type-curve matching of test data, not
for calculating pressure response.

C.3 Closed Systems

All closed reservoir systems (that is, those with no-flow
outer boundaries) have the transient behavior illustrated in
Fig. 2.1. Within | percent,

pﬁ;_ [1n(t0) + In( A,,) +0.80907] |
. rﬂ'-

if 0.000025 < 1, and 1, is less than the value in the “*Use
Infinite System Solution With Less Than 1% Error for
tpa <" column of Table C.1. At long times the system
reaches pseudosteady state and'?

~ s i 1ol 1 2458 g
po =2ty + 1 in(;"_z)+ ! lnG—_CJ ) . (C.18)

Eq. C.18 applies when 1, exceeds the value in the *‘Less
Than 1% Error for t;, >"" column of Table C.1. Values of
C, and of the last term on the right-hand side of Eq. C.18 are
given in Table C.1 for many closed drainage shapes. Values
of C 4 are also given in Refs. 15 through 18 and in Table C.2.
Dimensionless pressure data ar the well in closed reser-
voir systems are always given for a specific mr,,.. Ifpy is
desired for a system of similar shape and geometry but witha
different value of this parameter, it may be computed from*?

(PJ'J):IpNinf:I == (p-'))tablf.-+ In[(eru')dl*Hireni"{(m"u')table] ¥
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TABLE C.1—SHAPE FACTORS FOR VARIOUS CLOSED SINGLE-WELL DRAINAGE AREAS.

IN BOUNDED RESERVOIRS

L
P

USE INFINITE SYSTEM

203

oo | tcu |vote (2280)| SACT | i cnnon | N wrT L
DA FOR tpa <
31.62 3.4538 -1.3224 Q. 0.06 0.10
3.6 3.4532 -1.3220 0.l 0.06 0.10
27.6 3.3178 -1.2544 0.2 0.07 0.09
27.1 3.2995 -1.2452 0.2 0.07 0.08
219 3.0865 -1.1387 0.4 0.12 0.08
0.098 <3227 +1.5659 09 060 0.015
30.8828 3.4302 -1.3106 0.l 005 0.09
12.9851 2.5638 -08774 0.7 0.25 0.03
45132 1.5070 -0.3490 0.6 0.30 0.025
3.3351 1.2045 -0.1977 0.7 0.25 0.0l
21.8369 3.0836 -1.1373 0.3 0.15 0.025
10.8374 2.3830 -0.7870 0.4 0.15 0.025
4.514] 1.5072 -0.3491 1.5 050 0.06
2.0769 0.7309 +0.0391 1.7 0.50 0.02
3.1573 1.1497 -0.1703 0.4 0.15 0005
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TABLE C.1—CONT'D.

USE INFINITE SYSTEM
LESS THAN
2.2458\| ExacT SOLUTION WITH LESS
Ca Inca |12 ( Ca ) FOR tpa> '%R EtRROE THAN 1% ERROR
DA FOR tpa <
o1 0.5813 -0.5425 +0.6758 2.0 0.60 0.02
2
H-HHel 1 0.1109  -2.199i +1.5041 30 0.60 0.005
2
® 1 5.3790 1 6825 -0.4367 0.8 0.30 0.01
s 1 2.6896 0.9894 -00902 08 0.30 0.01
4
| 0.2318 -1.4619 +1.1355 4.0 2.00 0.03
4
&_hH 0.1155 -2.1585 +14838 1.0 2.00 0.01
4
° I 2.3606 0.8589 -0.0249 10 0.40 0.025
-1
IN VERTICALLY-FRACTURED RESERVOIRS USE (xe/xf)? IN PLACE OF A/rZ FOR FRACTURED SYSTEMS
| @ i 2.6541 0.9761 -00835 0.75 0.08 CANNOT USE
1
0.2
1 2.0348 0.7104 +0.0493 0.175 0.09 CANNOT USE
1
03
1| - 1.9986 06924 +00583 0.175 0.09 CANNOT USE
1
05
1| —-— 1.6620 0.5080 +0.1505 0.175 0.09 CANNOT USE
1
0.7
1| —e— 1.3127 0.272 +0,2685 0.175 0.09 CANNOT USE
1
1.0
1o 0.7887 -0.2374 +0.5232 0.175 0.09 CANNOT USE
N W?E'R-Dﬁ!ll:’f RESERVOIRS
19.1 2.95 -1.07 — — —
PROGUCTIoN Slassngun
250 322 -1.20 — - —_
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where
(Po)desirea = value of py, at desired value of \/;l_frw. and

(Pphanie = tabulated or plotted value of pj, using table
or graph value of VA/r,..
The quantity V A/r,. affects the dimensionless pressure only
at the well; values given at points away from the well are
independent of this parameter,

Closed Circular Reservoir, No Wellbore Storage, No Skin

Figs. C.10A, C.10B, and C.10C show dimensionless
pressure data for a well in the center of a closed circular
reservoir with no wellbore storage and no skin. Skin effect
may be included by using Eq. 2.2. The data in Fig. C.10
have been computed from?

=-DEi(- 1) -Ei(- !
N 2{(%) '( 4«)

— 41y, exp (—1/d1p,)4,

where the dimensionless time based on the external radius of

the system is

= 0.0002637 k1 _ i (r”_Z)
s

Horner® points out that Eq. C.20 is **not even a mathemati-

cal solution of the basic flow equation,”” Eq. 2.1. However;

it is an excellent approximation to the exact solution® (Ref.
3, Eq. XII, and Ref. 1, Eq. 2.36).

Ipe
r.2

Closed-Square Reservoir, No Wellbore Starage, No Skin

Earlougher, Ramey, Miller, and Mueller'” give dimen-
sionless pressure data at several points in a closed-square
drainage area with the well at the center of the system.
Wellbore storage and skin effect are not included. Fig. C.11
schematically illustrates system geometry and the points for
which py, data are given. Figs. C.12A and C.12B show p;, at
several points in the system. Table C.2 presents the data for
this system.

Single-Well Rectangular Systems, No Wellbore Storage,
No Skin

Figs. C.13 through C. 16 present dimensionless pressure
data at the well for a single well at various locations in
various closed rectangular systems. Wellbore storage and
skin factors are not included. Earlougher and Ramey'*® give
tabular data for these figures; they also present p;, data for
points away from the well.

The datain Figs. C.13 through C.16 are related to the data
presented by Matthews, Brons, and Hazebroek'® (Figs. 6.2
through 6.5) by'”

2

Poltps) =2y, + ! [ln(fn_a A )
2 T
+0.80907 — posmn(tpa)] + oovvevnns (C.22)
where
kh (p*=Pp)
70.6 gBp

Poymeu =

ADVANCES IN WELL TEST ANALYSIS

Closed-Square Reservoir, Vertically Fractured Well, No
Wellbore Storage

Fig. C.17* gives dimensionless pressure data for a single
vertically fractured well (infinite-conductivity fracture case)
in the center of a closed-square drainage region. Wellbore
storage effects are not included. The data in Fig. C.17 are
from Gringarten, Ramey, and Raghavan®7 and are con-
sidered to be slightly more accurate than other similar
data.*™*! As for the infinite, vertically fractured system.
there is an initial half-slope straight line on the log-log plot:
the duration of this line depends on the fracture length.

Fig. C.18* shows additional p; data for a single, verti-

*See footnote on Page 24,

1.0
LOCATIONS OF PRESSURE POINTS
SHOWN AS SOLID CIRCLES 08
08
G
-9
b n
o
04 >
[ ]
02
)00
00 0.2 04 06 08 10
xp = x/L
PORTION
b S5 \\\\'
SHOWN \
ABOVE \

|

o

AREA = A

Fig. C.11 Well in the center of a closed-square system, well and
pressure point location. After Earlougher. Ramey, Miller,
and Mueller."
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cally fractured (infinite-conductivity) well in a closed-
square drainage area. Wellbore storage is not included. Fig.
C.18 may be more useful for type-curve matching than Fig.
C. 17 under some circumstances. Gringarten, Ramey, and
Raghavan® give tabular p;, data for this case.

Fig. C.19* gives dimensionless pressure data for the
systems of Figs. C.17 and C.18 but for a uniform-flux
vertical fracture. Tabular data appear in Ref. 6. It is gener-
ally believed®7 that the uniform-flux fracture solution more
closely approximates actual fractured systems than does the
infinite-conductivity fracture solution.

*Bee footnote on Page 24,
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A vertically fractured well in a closed system has the same
general transient behavior as an unfractured well in a closed
system. For the fractured well, the dimensionless pressure
during the infinite-acting period is given by Egs. C.5 and
C.7 through C.10, depending on the fracture solution
(infinite-conductivity or uniform-flux) and the time. Verti-
cally fractured systems also exhibit psecudosteady-state
behavior:

Pp =2mtps + I- 1n]| (%= # + | In 22@ )
- *r 2 C,

2% 5 Bl dete: NI .

10 b

10-3 10-2

tpa

Fig. C.12A Dimensionless pressure at various points in a closed-square system with the well at the center, no wellbore storage, no skin,
VAlr,. = 2,000. Log-log plot. See Fig. C.11 for point locations. After Earlougher, Ramey. Miller. and Mueller. '
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Fig. C.12B Dimensionless pressure at various points in a closed-square system with the well at the center, no wellbore storage, no skin,
V/Alr,. = 2,000, Coordinate plot. See Fig. C.11 for point locations. After Earlougher, Ramey, Miller, and Mueller.
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TABLE C.2—DIMENSIONLESS PRESSURE AT VARIOUS POINTS IN A CLOSED SQUARE WITH A WELL AT THE CENTER,
NO WELLBORE STORAGE, NO SKIN, SEE FiG, C.11 FOR DEFINITION OF POINTS. VA/r, = 2,000.

toa

0,0010
0.001%
0.0020
0,002%
n.0030
0.,004n0
0,00%0
0.0080
0,0070
n,0080
o.00%0
0,0100
0,01%0
0.0200
0.0250
0,0300
0,0a00
0.05%00
0.0800
0.0700
0.0800
0,0900
0,1000
0,150n
0,2000
0,.,2500
0,3000
D,2000
60,5000
0,6000
6.7000
n.8000
0.%000
1.0000
2.000n
44,0000
8.,0000
10,0000
Ca

After Earlougher, Ramey, Miller, and Mueller.'”

Po

¥0=0.000 x0%0.250 XD=0,250 xD=0,.500 x0=0,%00 XD=0.500 xD=0,7508 XN=0.750
YO=e.000 TDs0.000 YNeEo,2%0 YD=0,000 YD=0,25%0 Yh=n,500 YO=0,000 Yo=0Q,?%0

84,5516 0,0021 0.0000 0,0000 0,0000 0.0000 0,0000 0,0000
A, 7543 0,0109 040004 0.,0000 0,0000 0,0000 0,0000 0,0000
A R981 0.0261 050021 0.n000 0,0000 0.0000 n,0000 n,0000
5,0097 0,0856 0.0056 0,0001 0,0000 n,0000 0,0000 0.0000
5,1009 0,0675 n.010% 0,0008 0,0001 n,n000 0,0000 n,0000
S.24a7 0.1141 0.0261 0,0021 0,no07 0.0000 60,0000 0,0000
5.358) 0,1607 0.0458 0,n058 0,n021 0.0001 0,0001 0.0000
5,04T4 0,2053 00675 0,0109 0,0047 0.,0008 0,0002 0.0001
5,5245 0,2475% D.0906 0.,0178 0,00A% 0.0011 60,0008 0,000)
55,5913 D.2871 01141 0,n261 0,0135 0,002} 0,0012 0,0007
5.6502 n,3243 D.1378 D.0354 0,n108 0.0018 0,0021 0,0013
5,7029 0,3592 D.1607 0.,0a58 0,0241 0.005¢ 0,003 0.0021
5,%058 0,5063 N.26T8 0,1023 0,n67% 0,0218 0,015 0.0109
6,0894 0,6211 043592 0,1607 0,1142 0,0858 0,03%0 D,0266
6,1610 O.T147 04379 D,2164 0,1609 0.073% 0,0897 0.0474
6.2922 0,7939 0.508% 0.2685 0,2061 0.1032 0.0876 0,0718
6,1965 0,9232 0.6224 0,3828 0,2908 0.1650 C,1am5 0.1263
56,5099 1,0279 NaT192 0,4070 0,3485% 0,7278 0.217% 0.1854
6.6050 1.1178 0.8081 0.,5242 0,8415% 0,2904 n.2rr? 0,2086
6.5888 1.1983 0.8815 0.5988 60,5112 0.3532 0.3a18 0,3088
6,7T654 1,2728 0:.9539 04,8661 0,57M8 0.a160 0,4061 0.3711
6,8374 1,3438 140231 0,7338 0, haas 0,a788 0,4700 0.4338
4,063 1,4114 1,0902 0.,7992 0,709% 0,5417 0,53e 0,496%
7.2311 1,737 1.4119 1.1186 1,0274 0.8558 n,8a92 0.81086
7,5468 2,0501 1e7274 1,433 1,3021 141700 1,1638 1.1248
T.8611 2,36a4 2.0414 1.7478 1.6563 1,484 1,4778 1.,0390
8,1753 2.6786 2435586 2.0820 1,970% 1,798) 1,7919 1.,7931
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11,9452 6.4485 841255 55,4319 5,7a08 55,5682 5,.5618 5.5230
12,5735 T.0768 6.7538 6.4802 6,3687 6.198% 6,1902 6.1513
18,8587 13,3600 13,0370 12,7433 12,48%19 12,4797 12,4733 12,8349
31,8230 95,9263 25:6033 25,3097 25,7182 25,0860 25.0197 25.0009
86,5557 51,0590 50.7360 50,4023 50,3509 50,1787 50,1723 50,1334
49,1220 63,6253 6343023 63,0087 62,9172 62,7450 62,7388 52,6999
30.8828 1.837 x 108 3504 x 108 6,303 1 108 7570 = 108 10.68 x 106 10.82 1106 11.69 5 106
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Eq. C.24 is Eq. C.18 with x./x; substituted for VA/r,.
Shape factors for fractured systems based on this dimen-
sional parameter are given in Table C.1.

C.4 Constant-Pressure Systems
Circular Reservoir, No Wellbore Storage, No Skin

Fig. C.20 shows pj, for a single well in the center of a
circular reservoir with constant external pressure, no well-
bore storage, and no skin. The system reaches true steady
state when

o &
ty>1.25 (if'_ ;
‘rll"2

219

or
P 1 T (C.25b)

After that time the dimensionless pressure is given by
Eq. 2.26a. Tabular data are presented by van Everdingen
and Hurst.®

Rectangular Reservoirs, No Wellbore Storage, No Skin

Fig. C.21 gives dimensionless pressures for several
square and rectangular systems with a single well and one or
more boundaries at constant pressure, No wellbore storage
or skin effects are included in Fig. C.21. Each system
reaches steady state at some time. Ramey, Kumar, and
Gulati*? give additional information about steady state and

3000

6.5 it 1 2 BE A

160
1400

1000
300

[:5

600

500

400

300

- 200

;I-re/f'n:'-oo :

HLBA L i 4

Fig. C.20 Dimensionless pressure for a well in the center of a closed circular reservoir with constant external pressure, no wellbore storage,
no skin, After van Everdingen and Hurst.*
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DIMENSIONLESS PRESSURE SOLUTIONS

the time required to reach it. They also tabulate the p, data of
Fig, C.21.

In Fig. C.21, some systems show closed-system effects

(even to the point of exhibiting pseudosteady-state behavior)
before the effect of the constant-pressure boundary is felt.
That is particularly clear for the 2:1 rectangle with the well
located three-fourths of the length from the constant-
pressure boundary.

(=]
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Appendix D

Rock and Fluid Property Correlations

D.1 Introduction

This appendix provides information useful for estimating
fluid and rock properties needed when analyzing transient-
test pressure data. We believe that the correlations presented
are among the most reliable presently available, although
they are only a small sample of those available. The correla-
tions may be used when necessary, but laboratory data
measured on representative samples taken from the reservoir
are always superior to general correlations and should be
used whenever possible.

D.2 PVT Properties

This section presents correlations of pressure-volume-
temperature (PVT) relations for reservoir fluids. The infor-
mation can be used when laboratory data are not available.
However, to ensure the best possible reservoir engineering
and transient-test results, laboratory data should be obtained
and used. Itis both poor economics and poor engineering to
resist obtaining good laboratory data simply because corre-
lations are available.

Table D.1 gives physical properties of methane through
decane and some other compounds commonly associated
with petroleum reservoirs. More complete data are given in
Ref. 1. Such information can be used to estimate some of the
properties of hydrocarbon mixtures.

The pseudocritical temperature, T, and pressure, p,., of
a mixture are used in many correlations and equations in this
appendix. If mixture composition is known, those quantities
may be estimated from

N
Tp.« S _\-',-T‘.,- B aetw R R R e B S (D I )
i=]
and
N
Ppe = E o I L s (DZ)
i=]
where

N = number of components in the mixture
vi = mole fraction of Component {
T; = critical temperature of Component i, °R
Pei = critical pressure of Component i, psia.

If the system composition is not known, Figs. D.1 through
D.3 may be used to estimate T, and p,.. Fig. D.1 provides
a way 1o estimate those quantities for undersaturated oil at
reservoir pressure; the oil specific gravity corrected to 60 °F
(the value normally reported) is used. If the API gravity is
reported at other than 60 °F, it may be corrected to 60 °F

Il

TABLE D.1—PHYSICAL PROPERTIES OF HYDROCARBONS AND ASSOCIATED COMPOUNDS.

Nermal
Molecular Boiling Point

Constituent Weight 2 ‘R
Methane, CH, 16.04 -258.7 201
Ethane, C,H, 30.07 -127.5 332
Propane, C,H, 44.09 -43.8 416
iso-butane, C,H,, 58.12 10.9 471
n-butane, C,H, 58.12 31,1 491
iso-pentane, C:H,z 72.15 82.1 542
n-pentane, C;H,, 72.16 96.9 557
n-hexane, C,H,, 86,17 155.7 615
n-heptane, C,H,, 100.20 209.2 669
n-octane, CgH ,q 114.22 258.1 718
n-nonane, CyH,, 128.25 303.3 763
n-decane, CoHy 142.28 3452 805
Nitrogen, N, 28.02 ~320.4 140
Air (0, + Ny) 29 -317.7 142
Carbon dioxide, CO 44.01 -109.3 351
Hydrogen sulfide, H,S 34.08 -76.5 383
ater 18.02 212 672

“Apparent density in liquid phase.
“*Density at saturation pressure.

Liquid Gas Density at Critical Critical
Densi 60 °F, 1 atm Tem?erature Pressure
(Ib,,/cu ft) (Ibylcu ft) °R) (psia)
18.72* 0.04235 344 673
23.34* 0.07986 550 212
31.68*" 0.1180 666 el7
35.14+ 0.1577 735 528
36.47* 0.1581 766 551
38.99 — 830 483
39.39 — 847 485
41,43 — 914 435
42.94 — 972 397
44,10 -_— 1,025 362
45.03 - 1,073 335
45,81 — 1,115 313
- 0.0739 227 492
— 0.0764 239 547
68.70 0.117 548 1,073
87.73 0.0904 673 1,306
62.40 - 1,365 3,206
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using the technique described in Ref. 4. (In Ref. 4, Table 5
is used for hydrometer measurements at other than 60 °F,
Table 7 allows correction of volume at a given temperature
to volume at 60 °F.) Fig. D.2 applies to bubble-point liquids,
again using the specific gravity corrected to 60 °F. The
bubble-point pressure at 60 °F should be determined in the
laboratory.* Fig. D.3 applies to condensate well fluids and
natural gases; knowledge of the gas gravity is required to use
Fig. D.3.

T,. and p,. are normally used to estimate the

#If only the value at reservoir temperature is known, Fig, D.5 may
be used to estimate the 60 °F value by going vertically upward from the
hubble-point pressure to reservoir lemperature, horizontally left to 60 °F,
and vertically downward to the estimated bubble-point pressure,
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pseudoreduced temperature and pressure:

Tpr= =L s v n e cmmamne s s s e (D.3)
rpr
and
phoves oo i M SRS e v (DL4)
Por
where

7 = temperature of interest, °R
p = pressure of interest, psia.

Note in Egs. D.1 through D.4 that temperature must be
absolute temperature and pressure must be absolute
pressure.

Since many correlations in this appendix use specific
gravity or API gravity, it is worthwhile to restate the rela-
tionship between those two quantities:

°API=141.5 _ 1315,
Y
In Eq. D.5, the specific gravity, y, must be corrected to
60 °F and atmospheric pressure.

Figs. D.4 through D.6 are Standing's® correlations for
properties of mixtures of hydrocarbon gases and liquids.
Examples of their use are shown in the figures. Standing’s
correlations are based mainly on the properties of California
crude oils. Cronguist® gives correlations that may be useful
for Gulf Coast oils,

Fig. D.7 is the well known chart of real gas deviation
factor for natural gases. Pseudoreduced properties may be
estimated from Eqs. D. | through D.4,
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The gas formation volume factor may be estimated from

B,=5.039 x 107 L
P

where z is from Fig. D.7.
The water formation volume factor, B,., may be estimated
from Fig. D.8.

D.3 Rock Pore-Volume Compressibility

The isothermal formation (rock, pore volume) compres-
sibility is generally defined as

V,\ap /r

The subscript 7" indicates that the partial derivative is taken
al constant temperature. All compressibilities used in this
monograph are isothermal compressibilities; the subscript is
frequently omitted. Formation compressibility is defined so
that it is a positive number. Thus, Eq. D.7 indicates that as
fluid pressure decreases, the pore volume decreases. That
occurs because the confining lithostatic pressure is essen-
tially constant while the reservoir is depleted, thus causing
compression of the rock.

Several authors®™'' have attempted to correlate forma-
tion compressibility with various physical parameters. The
correlations of Hall'® and van der Knaap'' have been used
extensively in the petroleum literature. Recently, Newman®?
has shown that those correlations do not apply to a very wide
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range of reservoir rocks. Fig. D.9 shows data for compressi-
bility of limestone samples superimposed on both van der
Knaap’s and Hall's limestone correlations. In Fig. D.9, and
in other figures in this section, the lithostatic pressure is
defined as the pressure obtained by multiplying reservoir
depth by 1 psifft.

Figs. D.10 through D.12 compare Newman's and other
data with Hall's sandstone correlation. In preparing the three
figures, Newman used the following definitions:®

I. Consolidated samples consisted of hard rocks (thin
edges could not be broken off by hand).

2. Friable samples could be cut into cylinders but the
edges could be broken off by hand,

3. Unconsolidated samples could fall apart under their
own weight unless they had undergone special treatment,
such as freezing.

As can be seen in the three figures, no correlation would
provide a good description of the large suite of samples
studied. It is apparent from Fig. D.11 that there is no
correlation at all for the friable samples. Fig. D.12 indicates
that if there is any correlation for unconsolidated samples,
the trend may be opposite the trend for consolidated samples
(Fig. D.10).

Unfortunately, Figs. D.9 through D.12 lead to only one
conclusion: formation compressibility should be measured
for the reservoir being studied. At best, correlations can be
expected to give only order-of-magnitude estimates.

‘T
4

’

o 5 10 15 20 25 30 35
INITIAL POROSITY AT ZERO NET PRESSURE, ¢i

w
o«
% IO;l—

8
g
Q
= ) CONSOLIDATED LIMESTONES
[
L N

3t
32 .
0
= VAN DER KNAAP'S
5 CORRELATION
A ®

L]

& -
- ®
B " \ v -
= :I—\—J(" a
- 3 \K AN
L) L] L]
- 8
;TN :
= 'H‘M,‘s °
2 v AR
» CORRELATION .
?n' e e :‘\NH-. .
g <
8
:
g
3
a

Fig. D.9 Pore-volume compressibility at 75-percent lithostatic
pressure vs initial sample porosity for limestones. After Newman.*



ROCK AND FLUID PROPERTY CORRELATIONS

D.4 0il Compressibility

The isothermal compressibility of an undersaturated oil
(0il above the bubble point) is defined as

o (0) =L () —- L ()
! Vn ap T Py ap T BG af’ T

Since the volume of an undersaturated liquid decreases as
the pressure increases, ¢, is positive.

Generally, oil compressibility should be computed from
laboratory PVT data for the oil existing in the reservoir
being studied. The final equality in Eq. D.8 is useful for
calculating ¢, from such data. In some reservoirs, ¢, is
essentially constant above the bubble point. while in others
it varies with pressure.

If laboratory data are not available, Trube’s* correlation
for compressibility of an undersaturated oil (Fig. D.13) may
be used. It is necessary to estimate 7, and p,,, from Fig. D. 1
or Fig. D.2. The pseudoreduced compressibility, ¢,,,., is read
from Fig. D.13 and the oil compressibility is estimated from

Cor =B e s B e R s (D.9)
Pre

Below the bubble point, dissolved gas must be considered

in computing compressibilities used in transient test and

reservoir analysis. Thus, we define an apparent oil com-
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pressibility for the region below the bubble point where oil
volume increases with pressure as a result of gas going into
solution:

c=— L OBy (B, 3R,

B, ap B, op

Note that Eq. D.10 reduces to Eq. D.8 above the bubble
point when R, is constant with pressure. If available,
laboratory data should be used to estimate ¢,q; otherwise,
correlations may be used with caution. When using correla-
tions, the dR,/dp term in Eq. D.10 may be estimated from
Fig. D.14 or from

R, R

~—

dp ~ (0.83p +21.75)

Eq. D.11 and Fig. D.14 are from Ramey'? and are based on
Standing's data.® The gas formation volume factor may be
estimated from Eq. D.6, where the z factor is estimated
from Fig. D.7. The term 8B,/8p in Eq. D.10 may be esti-
mated from

0B, ._ 0R, . 8B,
op ~— op R,

where the first term on the right-hand side is from Eq. D.11
or Fig. D.14 and the second term on the right-hand side is
from Fig. D.15. Oil and gas gravities must be known to use
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Fig. D.15. The oil formation volume factor, B,. may be
estimated from Standing’s correlation (Fig. D.6).

D.5 Water Compressibility

The water compressibility is defined analogously to the
oil compressibility (Eq. D.8). The compressibility of water
or brine without any solution gas is estimated from Figs.
D.16 through D.19. Linear interpolation may be used for
intermediate pressures and salinities.

To estimate the compressibility of undersaturated water
or brine (that is, with solution gas), Long and Chierici'?
recommend using

€ = (o[ 1 +0.0088 x 10 *(R,)]. ....(D.13)
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ROCK AND FLUID PROPERTY CORRELATIONS
where

¢, = compressibility of an undersaturated brine
containing solution gas and n
gram-equivalents of dissolved solids, psi~’
(¢,)o.n = compressibility of a gas-free brine containing
n gram-equivalents of dissolved solids,
psi~!, from Figs. D. 16 through D.19
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n = dissolved solids (ppm) + 58,443,
concentration of dissolved solids,
gram-equivalents/liter

K = Secenov's coefficient, obtained at reservoir
temperature from Fig. D.20

R, = gas solubility in distilled water at the required
pressure and temperature, from Fig. D.21,
scf/bbl.

An alternate approach to estimating the compressibility of
undersaturated water is to use Fig. D.22 to estimate water
compressibility at reservoir temperature, pressure, and solu-
tion gas-oil ratio. Fig. D.23 is used to estimate the solution
gas-water ratio as a function of temperature, pressure, and
salinity.

The apparent compressibility of water below the bubble
point is given by

cou = =1L 0By 4 By ORu

B, op B, Op

Again, it is best to compute ¢, from PVT analyses if they
arc available. However, since they seldom are, the use of
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Fig. D.20 Secenov's coefficient for methane, for Eq. D.13. After
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correlations is often required. The dR,,/0p term may be
approximated from Fig. D.24, while B,. may be approxi-
mated from Fig. D.8. B, is estimated with Eq. D.6. The first
term on the right-hand side of Eq. D. 14 must be estimated
from Fig. D.22 or Eq. D. 13,

T,
/

D.6 Gas Compressibility Cia i

Isothermal gas compressibility is defined analogously to
the oil compressibility (Eq. D.8). The gas equivalent of Eq.
D.8 may be written using the real gas deviation factor, z:

cg=i_1(§i;) O ——— (D.15a)
P 2\9p/r

If pseudoreduced pressures and temperatures are introduced
into Eq. D.15a, the isothermal gas compressibility may be
written as

C:_l[_l_l_a_z_)]
a i .
Poe LPor 2 \OPyr Tor

The z-factor chart, Fig. D.7, may be used directly to esti-
mate the derivative term for Eq. D.15b.

Gas compressibility also may be estimated from the
pscudoreduced-compressibility correlation shown in Figs.
D.25 and D.26. The pseudoreduced compressibility is read
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from one of those figures and the gas compressibility is
computed from

= =B |

D.7 Gas Viscosity

Fig. D.27 is one of the simplest hydrocarbon gas viscosity
correlations available.' That figure gives gas viscosity as a
function of gas gravity, pressure, and temperature. Its use is
illustrated by the arrows. For a 0.7-gravity gas at 750 psia
and 220 °F, viscosity is 0.0158 cp.

Carr, Kobayashi, and Burrows'® present a method for
estimating natural gas viscosity that is widely used. That
method requires knowledge of the gas composition and of
the viscosity of each component at atmospheric pressure and
reservoir temperature. The viscosity of the mixture at at-
mospheric pressure is estimated from

Mye = Viscosity of the gas mixture at the desired
temperature and atmospheric pressure, cp
yi = mole fraction of the ith component
M = viscosity of ith component at the desired
temperature and atmospheric pressure,
obtained from Fig. D.28
M; = molecular weight of ith component (Table D.1)
N = number of components in the gas.
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Viscosity for many gaseous components is shown in Fig,
D.28 at 1 atm and various temperatures. If the gas composi-
tion is not known, Fig. D.29 may be used with gas molecular
weight to estimate the gas viscosity at reservoir temperature
and atmospheric pressure. Molecular weight is related to gas
gravity by

M = 29y.

The gas viscosity at reservoir pressure is estimated by
determining the ratio w,/u,, at the appropriate temperature
and pressure from Fig. D.30 or Fig, D.31. Then, that ratio is
applied to u,, computed from Eq. D.17 or Fig. D.29. The
pseudoreduced temperatures and pressures for use in Figs.
D.30 and D.31 are estimated from Egs. D. | through D.4 or
from Fig. D.3.

D.8 0il Viscosity

Whenever possible, oil viscosity should be determined by
laboratory measurements at reservoir tlemperature and pres-
sure. Oil viscosity is usually reported in standard PVT
analyses. If such laboratory data are not available, the Chew
and Connally'® correlation for viscosity of gas-saturated oil,
Fig. D.32, may be used. Both solution gas-oil ratio and oil
viscosity at reservoir temperature and atmospheric pressure
must be known to use Fig. D.32. If the dead oil viscosity is
not determined from laboratory data, it may be estimated
from Fig. D.33.
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VISCOSITY OF GAS-SATURATED OIL, CP
( AT RESERVOIR TEMPERATURE AND SATURATION PRESSURE )

Fig. D.32 Viscosity of gas-saturated crude oil at reservoir tempe

ADVANCES IN WELL TEST ANALYSIS
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Fig. D.33. After Chew and Connally.'®

rature and pressure. Dead oil viscosity from laboratory data. or from
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VISCOSITY INCREASE FROM BUBBLE POINT PRESSURE

IO":' 41;' 1:45Iozqa|02::i

VISCOSITY OF GAS-SATURATED CRUDE
AT BUBBLE POINT PRESSURE, CP

Fig. D.34 Rate of increase of oil viscosity above bubble-point
pressure. After Beal.!?

To estimate oil viscosity above the bubble-point pressure,
use Fig. D.34. The figure shows the increase in viscosity
above the bubble-point viscosity per 1,000 psi. It is based on
a small amount of data, and so should be used only as a
rough guide.

D.9 Water Viscosity

Fig. D.35 provides a means for estimating water viscosity
as a function of salinity and temperature; a pressure correc-
tion is included. There are no provisions in Fig. D.35 for
modifying the viscosity of water as a function of gas satura-
tion. As for oil, it is best to measure water viscosity as a
function of pressure at reservoir temperature. The water
should have the gas saturation and salinity existing in the
reservoir.
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Appendix E

Summary of Well Test Analysis Methods

E.1 Introduction

This monograph considers many types of well tests and
discusses the influence of many factors on well-test re-
sponse. Although some analysis techniques are unique,
most have similarities. This appendix summarizes the equa-
tions and data plots for a variety of single-well-test analysis
methods. Although the monograph is consistent in nomen-
clature and sign convention, and although many of the equa-
tions used are the same, there are some slight variations from
one test type to another that are most clearly described in the
tabular form presented here. This appendix also shows
buildup-curve shapes resuiting from various influences.

E.2 Pressure-Buildup Curve Shapes

Conceptually, graphs of pressure buildup, drawdown,
injectivity, or falloff behavior in individual wells can be
divided into three areas: (1) front-end effects (wellbore
storage, fractures, damage); (2) the semilog straight line for
which most analysis techniques apply; and (3) boundary
effects. Those three portions are illustrated for a pressure
buildup case in Fig. E.1. Throughout the text, criteria have
been given for when each effect can be expected to be
significant,

Wellbore storage effects always take priority at early time
and can completely obscure early-time formation response.
Thus, afterflow can be devastating to test analysis methods
that depend heavily on early-time data. Fig. E.1 shows that
fracture cases and large-negative-skin cases approach the
semilog straight line from above when wellbore storage is
small. As also shown in that figure, that behavior can be
hidden by large wellbore storage effects, so the buildup
curve may have the characteristic shape associated with
wellbore storage only, or with a positive skin. There is no
guarantee that a fractured-well pressure buildup curve will
approach the semilog straight line from above.

Analysis methods that use late-time pressure data can be
highly sensitive to variations in boundary conditions. At-
tempting to find a semilog straight line in late-time data
affected by boundary or interference effects from offset
wells can give highly misleading results, Generally, it is
advisable to make time checks to estimate the end of the
semilog straight line. Application of late-time analysis

methods, such as the Muskat method, to middle-time data
can also give misleading results. In some situations, as when
wellbore storage effects are extremely severe or induced
fractures are deep (x,./x; < 10), a classic semilog straight line
may never develop, or its slope may be incorrect so that
correction factors must be applied to apparent semilog
slopes. (Correction factors are given for vertically fractured
wells in Section 11.3.) Sometimes type-curve matching
techniques may be used for those situations as well as for
situations with severe wellbore storage. Curve matching is
described in detail in Section 3.3 and is illustrated in other
places in the monograph.

E.3 Well-Test Analysis Equations

Table E.1 summarizes analysis equations for unfractured,
single-well drawdown, buildup, injectivity, and falloff
tests. The equation numbers given in that table refer to the
equations listed below. Also shown are the sections contain-
ing thorough discussions of the tests, cautions, and alternate
analysis techniques. Table E.1 is presented to provide a
quick reference and summary only, and should not be used
as a replacement for material presented elsewhere in the
monograph. To do so blindly will lead to incorrect analysis
results.

Time Axis

N
Z (9 —q-1) log(r — 1;_,).
qn

.............. (E.1)

j=1
HL Iy o FACY E.2
lﬂL‘(r\—rJJrAr) (2

j=1

Permeability
k=_—162.6¢Bp (E.3)
mh
b MOROBE. . s s (E.4)
m'h
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Fig. E.1 Typical bottom-hole pressure-buildup curve shapes, For production at pseudosteady state before shut-in.
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Beginning Time for Analyzed Straight Line

(200,000 + 12,0005)C
. (khip)

o ¢,u-('tA
po B (0 Y
0.0002637 k (0a)

1

p= N9 X 10% dpeyry®
k

Ar~ 170,000 Ce®'™
(kh/p)

(E.18)

245

At=_ ®BcA  (Ar 0., Use with Fig. 5.11.

~ 0.0002637 k
.................... (E.20)
End Time for Semilog Straight Line
~
e — S B T T MR e E.21
0.0002637k ") (B21)
A~ OucA  (ap y  Use with Figs. 5.6

0.0002637k and 5.7.



Nomenclature

a = distance o an image well, Appendix B, ft
a; = dimensionless distance to an image well, Appen-
dix B
A = area, sq ft
b = intercept on Cartesian plot of transient-test pres-
sure data, psi

b' = intercept on semilog plot of transient-test pressure
data normalized by rate, psi/(STB/D)
formation volume factor, RB/STB

=~
mn

B8, = gas formation volume factor, RB/scf
8, = oil formation volume factor, RB/STB

B,. = water formation volume factor, RB/STB
¢ = compressibility, psi'
¢p = formation (rock, pore volume) compressibility,
psit
¢, = gas compressibility, psi
¢, = oil compressibility, psi’'

‘sa = upparent oil-phase compressibility, including ef-
fects of dissolved gas, psi!

= system total compressibility, psi', Eq. 2.38

water compressibility, psi!

¢y = apparent water-phase compressibility, including

effects of dissolved gas, psi!

= oa
[ |

C = wellbore storage constant (coefficent, factor)
RB/psi
C, = shape constant or factor

Cy = dimensionless wellbore storage constant (coeffi-
cient, factor)
non-Darcy flow coefficient, D/Mcf
= error in permeability estimated by simplified
two-rate test analysis, fraction
£, = error in skin factor estimated by simplified two-
rate test analysis, dimensionless skin units

Ei = exponential integral, Eq. 2.7

Mg
I

e=27182. ..
erf = error function
exp=e

Foor = correction factor when calculating permeability
for a vertically fractured well, Section 11.3
Fpy = ratio of porosity-compressibility product of frac-
ture to total porosity-compressibility product of
reservoir rock
Fy;, = Higgins-Leighton shape factor
F" = ratio of pulse length to total cycle length, Eq. 9.13
g = acceleration of gravity, ft/sec?
8. = units conversion factor, 32.17 by, ft/(Ib, sec?)
G = primal geometric fraction for vertical pulse testing
Gy = reciprocal geometric fraction for vertical pulse
testing
G* = geometric fraction for vertical interference testing
h = formation thickness, ft

hy = dimensionless thickness for horizontal fracture
cases. Appendix C and Section 11.3
J = productivity index, (STB/D)/psi
J' = modified productivity index for a deliverability
test
J* = productivity index for a deliverability test
k = permeability, md
k= fracture permeability, md
Ky = matrix permeability. md
maximum directional permeability, md
minimum directional permeability, md
permeability to oil, md

mix
min

o

average permeability for anisotropic system, md
K = Secenov’s coefficient, litre/gram-equivalent

log = logarithm, base 10
In = logarithm, base ¢

k, = permeability in the radial (horizomtal) direction,
md
ky, = relative permeability to gas, fraction
ky, = relative permeability to oil, fraction
k. = relative permeability to water, fraction
k, = permeability in the skin zone
k: = permeability in the vertical direction. md

L = length or distance, ft
m = = slope of linear portion of semilog plot of pres-
sure transient data, psi/cycle
m(p) = real gas **potential” or pseudo pressure, Eq. 2.32,
psi*/cp
my = slope of a Hall plot, psi/(STB/D)
my = slope of the straight-line portion of a Muskat plot
of pressure buildup data, cycle/hour
m, = slope of the 1/¢ vs logt plot for a constant-pressure

test, (D/STB)/cycle
myy = slope of p,, vs V1 plot for horizontal-fracture well
test data, psi/V hours
= slope of p,., vs V7 plot for vertical-fracture well
test data, psi/\V hours
slope of the data plot for a multiple-rate test,
psi/(cycle STB/D)
m', = slope (based on g,) of the data plot for a two-rate
test, psifcycle
m'y = slope (based on g,) of the data plot for a drawdown
after a shut-in period, psi/cycle
m" = slope of simplified or special data plot for a
multiple-rate test, psi/cycle
m* = slope of the straight line on a linear plot of p,,. vs1,
psi/hour
M = mobility ratio
M = molecular weight, b, /mole
= concentration of dissolved solids, gram-
equivalents/litre, Appendix D
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= power in productivity-index formula
= pressure, psi
= critical pressure, psia
= dimensionless pressure
= dimensionless pressure at the match point for
type-curve analysis
= Matthews-Brons-Hazebrock-type dimensionless
pressure
= Matthews-Brons-Hazebroek dimensionless pres-
sure for a square, water-drive system based on
average pressure
= Matthews-Brons-Hazebroek dimensionless pres-
sure for a square, water-drive system based on
boundary pressure
= Miller-Dyes-Hutchinson-type dimensionless
prcssurc
= dimensionless pressure of extrapolated straight
line at intercept of a Muskat plot
= dimensionless pressure ratio used in type-curve
matching DST flow-period data
= dimensionless average reservoir pressure for
water-drive reservoir
= external pressure, psi
= pressure correctly extrapolated from past be-
havior, psi
= final flowing pressure in a DST (subscript 1 or 2
indicates flow period), psi
= final hydrostatic mud pressure in a DST, psi
final shut-in pressure in a DST, psi
= initial pressure, psi
= initial flowing pressure in a DST (subscript 1 or 2
indicates flow period), psi
initial hydrostatic mud pressure in a DST, psi
pressure at intercept (abscissa value = 0) of var-
1ous kinds of f(p,.) vs fir) plots, psi
= initial shut-in pressurc in a DST, psi
pressurc in drillstring just before a flow periodof a
DST, psi
= pseudocritical pressure, psia
= pseudoreduced pressure
pressure at standard conditions, psi
tubing or wellhead flowing pressure, psi
tubing or wellhead shut-in pressure, psi
= bottom-hole pressure, psi
= bottom-hole pressure just before starting a tran-
sient well test, psi
= bottom-hole pressure correctly extrapolated from
past behavior, psi
= flowing bottom-hole pressure, psi
shut-in bottom-hole pressure. psi
= pressure on straight-line portion of semilog plot |
hour after beginning a transient test; usually a
special kind of p;,. psi
= average rescrvoir pressure, psi
= false pressure, pressure obtained when lincar por-
tion of the plot of p,., vs log[(:p + AIJ!AI] is
extrapolated to (1, + An/Ar = 1, psi
= pressure offset between two semilog straight lines
in transient-test data plot for a naturally frac-
turcd system, psi
= pressure change (or pulse response amplitude in
pulse testing), psi
= Ap at beginning of semilog straight line, psi
= dimensionless response amplitude for vertical
pulse testing
= dimensionless response amplitude for vertical
puise testing in an infinite-acting system
= Ap atend of linear flow period (half-slope log-log
line, or V7 straight line) for a vertical fracture,
psi

Il
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Ap,, = pressure change from transient test data at the
match point for type-curve analysis, psi
Ap,,. = pressure drop at a well owing to operation of other
wells in the reservoir, psi
Ap, = pressure drop across skin, psi
Ap,, = pressure difference between wellhead and bottom
hole. psi
Apyn: = pressure difference on straight-line portion of
semilog plot | hour after beginning a transient
test; used in any kind of Ap vs log At plot, psi
Ap,, = difference between observed and extrapolated
pressure at time Ar, Eq. 5.22, psi
g = flow rate, > 0 for production.<< () for injection,
STB/D for liquid, Mscf/D for gas
¢, = dimensionless flow rate
{g,)y = dimensionless flow rate at match point for type-
curve matching
g, = gas flow rate, Met/D
¢, = oil flow rate, STB/D
¢y = flow rate at match point for type-curve matching,
STB/D
¢y = flow rate during Nth rate period in a variable-rate
test, STB/D or Mcf/D
4. = sand-face flow rate expressed at standard condi-
tions, STB/D
¢, = water flow rate, STB/D
g = average flow rate, STB/D
4¢* = modified [low rate for pressure buildup analysis
with variable rate before shut-in, STB/D
(1/g)y, = ordinate value at 1 hour on straight-line plot of
(1/g) vs log r, DISTB
r = radius, ft
rq = radius of drainage as defined in Section 2.12, fi
ry = dimensionless radial distance
r. = external radius, ft
ry = horizontal fracture radius. ft
ry = radial distance to fluid front number 1, fi
ine = influence radius for interference testing, fi
r, = radius of skin zone, f1
r, = wellbore radius, ft
r = apparent or effective wellbore radius (includes
effects of wellbore damage or improvement). ft
rep = radius to a water bank, ft
solution gas-oil ratio, scf/STB
solution gas-water ratio, scf/STB
s = van Everdingen-Hurst skin factor

=
:; Xx
"o

5.5 = pseudo skin factor resulting from sand consolida-
tion
s, = pseudo skin factor resulting from partial comple-

tion or restricted flow entry
Saep = pseudo skin factor resulting from slanted well
5" = additional skin factor resulting from anisotropic
effects
§, = gas saturation, fraction

S, = oil saturation, fraction
S, = walter saturation, fraction
t = time, hours
ey = time to beginning of the semilog straight line,
hours
t, = dimensionless time

(r,fr,* )y = dimensionless time parameter from type curve at
the match point for type-curve analysis
Ips = dimensionless time based on drainage area
1y, = dimensionless time based on external radius, r,
(fpa)use = dimensionless time at the beginning of
pseudosteady-state flow
1y = dimensionless time based on horizontal fracture
radius
Iy = dimensionless time based on half-fracture length
of a vertical fracture
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Lin
Lot

(r )a;
(1)

Iy

Ar
Aty
(A.f 14 }r.d'

{ A’ 4 )l!'

Atyye
Arpa*
Aty

Q"f:

time at the end of the infinite-acting period, hours
time (o end of the semilog straight line, hours
time lag used in pulse testing, hours
dimensionless time lag used in pulse testing
time lag in vertical pulse testing for an infinite-
acting system, hours
time value from transient-test data at the match
point for type-curve analysis, hours
equivalent time well was on production or injec-
tion before shut-in, hours
modified production time for pressure buildup
analysis with variable rate before shut-in. hours
dimensionless production time hased on drainage
area

= time at the beginning of pseudosteady-state flow.,

hours

= readjustment time, hours

stabilization time, hours

intersection time of two semilog straight-line
SEEMENts on transient-test data plot, hours

any time in a transient test, hours

any time in a transient test, hours

time that transient-test data start deviating from
semilog straight line, hours

running testing time. hours

total cycle length in pulse testing, hours

dimensionless time at end of Horner or Miller-
Dyes-Hutchinson straight line for pressure
buildup test analysis

dimensionless time at beginning or end of Muskat
straight line for pressure buildup analysis

= dimensionless intersection time of two semilog

straight lines for falloff test in a composite
system

dimensionless time for deviation of data from first
semilog straight line for falloff test in a com-
posite system

time for reading dynamic pressure (used in reser-
voir simulation) from straight line of a buildup
plot, hours

time of intersection of two semilog straight lines
for falloff test in a composite system, hours

time of deviation of data from first semilog
straight line for falloff test in a composite sys-
tem. hours

time at match point for type-curve matching,
hours

shut-in time corresponding to Dietz's average

reservoir pressure, hours

= pulse length used in pulse testing, hours

dimensionless pulse length used in vertical pulse
lesting

= shut-in time before drawdown test, hours

temperature, °R
critical temperature, °R
pscudocritical temperature, "R

= pseudoreduced temperature

temperature at standard conditions, °R
volume, bbl

pore vowume, bbl

drainage pore volume of Well i, bbl
total system pore volume. bbl

volume produced. bbl

wellbore volume per unit length, bhl/ft
wellbore volume, bbl

‘change in volume, bbl

cumulative water injection, bbl

x = x coordinate. ft
x; = dimensionless x coordinate, Fig. 2.15 and Ap-

pendix B

=

Xy

= x distance from a centered well to the edge of its
square drainage region (half-length of the side
of a square), f1

=t distance from a well in the center of a square
drainage region to the end of a vertical fracture
that is parallel (o the x axis (half-length of a
vertical fracture), fr

= transformed v coordinate for an anisotropic sys-
tem, ft

x = length of u grid in a reservoir simulator, [t

v = v coordinate, fi

AZ,

Azuf

AZn-'.-ﬁ =

= dimensionless y coordinate, Fig. 2,15 and Ap-
pendix B

= mole fraction of Component i in the gas phase
= transformed y coordinate in an anisotropic Sys-

tem, It

=y length of a grid in a reservoir simulator, It

= real gas deviation factor

= real gas deviation fuctor at initial conditions

» = vertical distance from upper formation boundary

to center of upper perforations; for vertical well
testing: Fig. 10.25; f
= vertical (response) distance between upper and
lower perforations; for vertical pulse testing;
Fig. 10.25; ft
= vertical distance from lower formation boundary
to flow perforations; for vertical well testing:
Fig. 10.25; f
vertical distance from lower formation boundary
to observation (static) perforations; for vertical
well testing: Fig, 10.25; ft

= difference
= specific gravity; referenced to water for liquids, to air

for gases

= interporosity flow parameter
= angle between positive x axis and direction of k., in

an anisotropic reservoir, degrees

= mobility, md/cp

= mobility of gas phase, mdfep
= mobility of oil phase, md/cp

= total flowing mobility, md/ep
.= mobility of water phase, md/cp
= viscosity. cp

= gas viscosity, cp

= pas viscosity at atmospheric pressure and reservoir

temperature, cp
= gas viscosity at initial conditions. cp
= oil viscosity, cp

.= water viscosity, cp
= density, Ib,/eu ft

i

water density, Ibfcu ft

& = porosity, fraction

Subscripts

a
b
bsl
G
dyn

D
o
eia
el
esl
ext
E

= apparent

= base

= beginning of semilog straight line

= calculated

= dynamic pressure value for use in reservoir
simulation

= dimensionless

= external

= end of infinite-acting period

= end of linear Mow period

= end of straight-line portion

= on extrapolated pressure trend

= estimated

|

[ = flowing

f-:

in fracture



F
ol

i
int

= [uture

= initial, index, component number

= intercept value, value of ordinate at zero abscissa
value

= index

= in formation matrix

= match point in type-curve matching

= total in summation

= last rute interval in a multiple-rate flow test

= total in summation

= number of components in a mixture

= oil

= observed value
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= shut-in or static

= skin zone

= beginning or end of straight-line portion
= total

true
water
well

= wellbore

intersection point of two semilog straight-line
segments on transient-test data plot

data from straight-line portion of semilog plot at
I hour of test time. extrapolated if necessary

= layer, vone numbers, or time numbers
= infinite-acting system
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A

APl gravity, 181, 223
Active well, in multiple-well testing, 105
Afterflow; See Wellbore storage
Afterinjection: See Wellbore storage
Afterproduction; See Wellbore storage
Amerada pressure gauge, 171-172
Anismmpf. 106, 123, 126-127, 131
Vertical, 134
Annulus unloading: See Wellbore storage
Apparent wellbore radius, 8-9, 67
Vertically fractured wells, 154
Arps-Smith method, 68
Artificially fractured wells: See Fractured wells
Average pressure, 58-72, 94
Arps-Smith method, 68
Brons-Miller method, 67-68
Complicating factors, 72
Dietz method, 60, 65, 67-68, 70
Drainage region, 59
Falloff testing, 80-81
From spot-pressure readings, 67-68
In layered systems, 131
Kumar-Ramey method for water drive
reservoirs, 71
Matthews-Brons-Hazebroek method, 59-64,
a8, 70
Miller-Dyes-Hutchinson method, 65-66, 70
Muskat method, 68, 70
Other methods, 68
Pressure buildup tests with short production
periods, 59
Ramey-Cobb method, 65
Recommended methods, 63
Water drive reservoirs, 70-72

Barriers: See Linear discontinuities
Bottom-hole shut-in, 166
Device, 132
Boundary conditions, 4, 15
Boundary pressure, 65
Bourdon tube, 171-173
Brons-Miller method, 67-68
Bubble- point pressure, 225
Buildup testing: See Pressure buildup testing

C

Cement-bond breakdown, 87
Chart reader, 173
Commingled systems, 129-131
Composite systems, 80, 82-85, 127-128
Distance to boundary of inner zone, 128
Estimating distance to discontinuity, 82
Compressibility:
Apparent, 229
Formation (rock, pore volume), 228-230
Gas, 232-233
0il, 229-230
Pore volume, 228-230
Total system, 18, 167
Water, 230-232
Computer-aided test analysis, 101, 159-162
Computer-aided test design, 162
Computer methods in well testing, 159-163
Condition ratio, 9
Constant-pressure boundaries, 186-187, 189,
219-221
Constant-pressure testing, 38-40, 243-245
Estimating permeability, 40

Estimating porosity-compressibility product,
40

Injectivity testing, 76, 87, 243245
Type-curve matching, 39-40
Conversion factors, 3, 180, 182-183
Critical flow, 93
Critical flow prover, 177

Subject Index

D

DST, 59, 90-103, 166
Analyzing flow-period data, 96- 101
Analyzing limited data, 94
Analyzing pressure data, 93-94
Chart, 90, 101-103
Computer matching test data, 101
Critical flow, 93
Damage ratio from limited data, 94
Estimating permeability, 93, 96, 100
Estimating skin factor, 93, 96, 100
Homer plot, 93
Layered systems, 129
Modified flow rate, 94
Modified production time, 94
Multiflow evaluator, 93
Multiple-rate analysis, 94
Pressure buildup analysis, 94
Radius of investigation, 94
Single-packer test, 91-92
Slug test, 96-101
Straddle-packer test, 92
Testing technique, 91-93
Testing times, 92-93
Tools, 90-93
Trouble-shooting charts, 101-103
Type-curve matching, 94, 97-101
Wellbore storage, 100
Wireline formation testing, 103
Damage factor, 9
Damage ratio, 9, 93
Darcy's law, 5, 14
Deliverability testing of oil wells, 42-44
Design: See Test design
Desuperposition, 186, 190
Developed reservoir: See Developed systems
Developed systems, 27, 37, 53-54
Drawdown testing, 27-29, 242-245
Falloff testing, 77,79, 243-245
Injectivity testing, 77, 242-245
Multiple-rate testing, 37-38
Pressure buildup testing, 53-55, 243-245
Pseudosteady-state conditions, 28
Two-rate testing, 38
Dietz method, 60, 65, 67-68, 70
Diffusivity equation: See Flow equation
Dimensionless distance, 5. 113

Dimensionless pressure, 4, 5-8, 22, 24, 45, 80,

186, 192-221

Anisotropic systems, 127

Closed circular reservoir, 205-208

Closed rectangular reservoir, 108, 208,
212-215

Closed square reservoir, 208, 209-212,
216-218

Closed systems, 187-188, 197, 203-219

Constant-pressure-boundary circular
reservoir, 219

Constant-pressure-boundary rectangular
reservoir, 189, 219-220

Conventions used in monograph, 5

Gas systems, 17

Horizontally fractured wells, 156, 197-198

Infinite systems, 6-8, 192-202

Including wellbore storage, 10-11

Including wellbore storage and skin factor,
I97-281

Matthe ws-Brons-Hazebroek, 60-64, 80-81

Miller-Dyes-Hutchinson, 65-66

Mixed boundary-type rectangular reservoir,
219-220

Multiple boundaries, 187

Muskat-method intercept, 51

Pseudosteady state, 13, 29

Ratio, in DST and slug-test analysis, 97

Steady state, 14-15

Vertical pulse testing, 135

Vertically fractured wells, 10, 151, 192,
195-196, 216-218

Dimensionless pulse response amplitude,
113-115, 135, 140-142

Dimensionless quantities, 4-8, 19
Dimensionless radial distance, 5, 113
Dimensionless time, 5, 13, 22, 24, 29, 39, 45,
59, 192, 197, 208
Vertical pulse testing, 135
Dimensionless time lag, 112-113, 115-116,
136-140
Distance to discontinuities:
Composite systems, 128
Linear systems, 125
Double slope, 124-125
Drainage area, 5
Drainage region, 58-59, 65, 69
Average pressure, 59, 65
Estimating from pressure buildup testing by
Muskat method, 52
Drainage shape, estimating by reservoir limit
testing, 29
Drainage volume:
Estimating by reservoir limit testing, 29,
58-59
Water drive reservoirs, 69
Drawdown anal ysis: See Drawdown testing
Drawdown testing, 19, 22-30, 124
Advantages, 2%
Afier short shut-in, 37
Anisotropic systems, 127
Cartesian plot, 29
Constant-pressure testing, 38, 243-245
Developed systems, 27-29, 242-245
Estimating permeability, 23, 27, 29, 37,
242-245
Estimating skin factor, 23, 37, 242-245
Factors complicating, 30
Infinite-acting systems, 22, 242.245
Multiple rate, 37, 242-245
Reservoir limit testing, 29, 58-59, 243-245
Summary of analysis methods, 242-245
Type-curve matching, 24
With pressure-dependent rock properties,
133-134
Drillstem testing: See DST
Dynamic pressure, 68-69
From spot pressure readings, 69

E

Early transient: See Infinite acting

Equivalent injection time, 77

Example calculation, 6-7, 9, 11-12, 14, 16-17,
19,23, 26-29, 32-37, 40-41, 47-48, 50,
52-56, 60, 65, 71-72, 75-76, 78-79, 80-81,
84.88, 94-96, 100-101, 107-111, 117-121,
125, 132, 136, 138, 140, 143-144, 150-151,
154-156, 160-162, 167-169
Anisotropic reservoir, 119-121, 161-162
Average pressure, 60, 65, 71-72. 81
Changing wellbore storage. 150-151
Composite systems, 84-85
Computer-aided test analysis, 160, 162
Constant-pressure testing, 40
DST analvsis, 94-96, 100-101
DST flow-period data analysis, 100-101
Developed system analysis, 28, 54-55
Dietz method, 65, 72
Drawdown testing, 23, 26-30
Estimating well pressures, 6-7, 14
Falloff testing, 78-81, 84-85, 150-151, 162
Fractured reservoir, 132
Hall method , 86-87
Horizontally fractured wells, 156
Homner plot, 47-48, 94-96
Injection-well test design, 169
Injection well testing (other than injectivity,

falloff), 86-88
Injectivity testing, 75-76, 150-151
Interference testing, 107-111, 119-121, 144,
160-162

Linear discontinuitics. 125
Matthews-Brons-Hazebroek method, 60
Miller-Dyes-Hutchinson method, 50-51. 65
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Example calculation Cont'd.

Multiple-rate testing, 32-33, 37, 55-56

Muskat method, 52-53

Pressure buildup testing, 47-48, 50-56.
71-72, 125, 154-155

Pressure buildup test design, 167-169

Pulse testing, 117-118, 138, 140-143

Pulse test design, 118, 138

Radius of drainage, 19

Regression technique, 160

Reservoir limit testing, 29-30, 41-42

Step-rate analysis, 87-88

Superposition, 16-17

Two-rate falloff testing, 79-80

Two-rate testing, 34-37, 79-80

Type-curve matching, 26-27, 100-101,
107-108, 119-121, 154-155

Vanable-rate reservoir limit test, 41-42

Variable-rate testing: See Multiple-rate
testing

Vertical interference testing, 144

Vertical pulse test design, 136

Vertical pulse testing in an infinite-acting
system, 138

Vertical pulse testing with one boundary,
140-142

Vertical pulse testing with two boundaries,
143

Vertically fractured wells, 154-155

Water drive reservoir, 71-72

Wellbore-damage indicators, 9

Wellbore storage, 11-12, 162

Exponential integral, 7, 16-17, 46, 108, 186
Logarithmic approximation, 7
Extended Muskat method: See Muskat
method

F

Falade-Brigham method, 135-143
Falling liquid level; See Wellbore storage
Falloff test analysis: See Falloff testing
Falloff testing, 74, 77-85
Analogy to pressure buildup testing, 77
Average pressure, 80-81
Beginning of semilog straight line, 77,
244.245
Composite systems, 83, 85
Developed systems, 77, 79, 243.245
Estimating permeability, 77-79, 242-245
Estimating skin factor, 77-79, 243-245
Hazebroek-Rainbow-Matthews method, 80,
82-83
Homer plot, 77, 244
Miller-Dyes-Hutchinson method, 78-79, 244
Multiple-rate testing, 79, 242-245
Muskat method, 78, 80, 243-245
Pragmatic analysis method, 85
Steady state, 79
Summary of analysis methods, 242-245
Three-zone system, 85
Two rate, 79
False pressure, 34-35, 49-50, 58-59, 80
Falloff testing, 77-79
Naturally fractured reservoirs, 132
Pressure buildup testing, 49-50
Two-rate testing, 34-3
Faults: See Linear discontinuities
Five-spot pattern, 80
Flow-after-flow testing: See Deliverability
testing of oil wells
Flow efficiency, 9, 48, 76
Flow equation:
Anisotropic systems, 127
Assumptions, 4
Boundary conditions, 4
Gas systems, 18
Generalized solution, 5
Multiple-phase flow, 18
Numerical solution, 19
Flow meters, 176-177
Flow rate:
Sign convention, 2
Sand-face, 11
Total, 167
Fluid flow equation: See Flow equation

Fluid properties, 222-241
Formation volume factor:
0il, 226, 230
Gas, 228
Water, 228
Fracture pressure in injection wells, 87
Fracwared wells, 151-156: See also Horizontally
fractured wells and Vertically fractured wells
Skin factorin, 9-10

G
Gas flow, 4
Gas flow equation, 18
Gas flow-rate measurement, 177
Gas-oll ratio, solution, 230
Gas systems, 17-18
Gas-waler ratio, solution, 231.232
Gas well testing, 42
Gauges, pressure: See Pressure gauges
Geometric factor:
Higgins-Leighton, 15
Primal, 136
Reciprocal, 136
Groundwater units, 184-185

H

Hall method, 85

Hazebroek-Rainbow-Matthews method, 80,
B2-83

Heterogeneous systems, 123-145

Hewlett-Packard quartz pressure gauge,
172-176

Higgins-Leighton geometric factor, 15

Horizontally fractured wells, 155-156, 197
Dimensionless pressure, 156, 197-198
Type-curve matching, 156

Horner graph; See Horer plot

Horner method: See Homer plot

Homer plot, 46-49, 55.56, 59-60, 68, 77. 80,
93—95 152-153, 168, 243

Hydraulic fracturing, 118, 123: See also
Horizontally fractured wells and Vertically
fractured wells

Hydrocarbon properties, 222

1

IPR: See Inflow performance relationship
Image method: See Method of images
Infinite acting, 4, 6, 8, 55, 60, 77, 186, 191,
203-204, 242-245
End, 8, 166, 203-204
Inflow performance relationship, 43-44
Influence region, 106
Injection pressure buildup: See Injectivity
testing
Injection well testing, 74-88: See also Injectivity
testing and Falloff testing
Average pressure, 80-82
Composite systems, 80, 82-85
Hall method, 85-86
Interwell pressure, 80-82
Matthews-Brons-Hazebroek method, 70, 80
Steady-state analysis, 85-86
Slep-rate. 87
Injectivity test analysis: See Injectivity testing
Injectivity testing, 74, 169
Analogy to drawdown testing, 75
Beginning of semilog straight line, 75,
244.245
Constant-pressure testing, 76, 87, 243-245
Design, 169
Developed systems, 77, 242-245
Estimating permeability, 75-77, 242-245
Estimating skin factor, 75-76, 243-245
Multiple rate, 76, 242.245
Summary of analysis methods, 242-245
Two rate, 169
Interference test analysis: See Interference
testing
Interference testing, 105-111, 123
Bounded systems, 108-109
Effect of wellbore storage and damage, 110
Estimating permeability, 106, 110
Estimating porosity-compressibility product,
106, 110
Extrapolated pressures, 106
In anisotropic reservoirs, 118-121

Interference testing Cont'd.

In heterogeneous reservoirs, 118-121
In naturally fractured reservoirs, 132
Influence region, 106
Long-time analysis methods, 110-111
Semilog analysis methods, 110-111
Type-curve matching, 106-110, 119, 143
Vertical, 134, 143-144

Interporosity flow parameter, 131

Interwell pressure, 80-81

Isochronal testing: See Deliverability testing of
oil wells

K

Kamal-Brigham method, 113-118
Kumar-Ramey method, 71

L

Late-time analysis method, 51
Layered reservoirs, 128-131
Commingled, 129-131
With crossflow, 128-129
Without crossflow (commingled), 129-13)
Leutert precision pressure gauge, 171-172
Line-source solution: See Exponential integral
Linear barriers; See Linear discontinuities
Linear discontinuities, 124
Distance to, in buildup and drawdown testing,
125
Multiple faults, 125-126
Slope ratio, 126
Type-curve matching, 126
Linear faults: See Linear discontinuities
Linear flow period, 151-156, 192, 195, 197
Log-log data plot, 11-13, 23, 47,49, 7 1,75, 79,
93, 197
Estimating wellbore storage coefficient,
11-12
Unit-slope meaning, 11-13: See also
Unit-slope straight line
Lynes pressure gauge, 172-174

M

MBH: See Matthews-Brons-Hazebroek
MDH: See Miller-Dyes-Hutchinson
Maihak pressure gauge, 172, 174
Matthews-Brons-Hazebroek:
Dimensionless pressure, 60-64, 80-81
Method, 59-64, 68, 70, 72, 80
Water drive reservoirs, 70
Method of images, 17, 124, 186-188
Metric units: See SIsystem
Miller-Dyes-Hutchinson:
Dimensionless pressure, 65-66
Method:
Average reservoir pressure, 65-66, 70
Falloff testing, 78-79, 244
Miller-Dyes-Hutchinson plat, 47, 49, 54, 56,
59, 66, 68, 70, 152-153, 168, 243
Mobility, 18
Total, 18, 168
Mobility ratio, 74-76, 80-81, 83, 85
Modified flow rate, 55
Modified isochronal testing: See Deliverability
testing of oil wells
Modified production time, 55
Multiflow evaluator, 93
Multiple-phase flow, 4, 18
Multiple-rate test analysis: See Multiple-rate
testing
Muliiglc-mle testing, 31-44, 55, 87, 191,
42-245

Analysis plot, slope, intercept, 31, 242-244

Complicating factors, 44

Developed systems, 37-38

Estimating permeability, 32, 38, 242.245

Estimating skin factor, 32, 38, 243.245

Falloff testing, 79, 242-245

Injectivity testing, 76, 242-244

Pseudosteady-state conditions, 38
Multiple-well testing, 105-121: See also

Interference testing and Pulse testing
Muskat method, 51, 53,68,70, 78, 80, 243-245

Dimensionless intercept, 51



N

Naturally fractured reservoirs:
Average pressure, 131
Interference testing, 132
Pressure buildup testing, 131-132
Wellbore damage, 131
No-flow boundaries, 186-188
Nomenclature, 2, 246-249
Numerical reservoir simulation: See Reservoir
simulation

0

Observation well, 105, 112
Qilfield units, 2, 184-185
Orifice meter, 177

P

PVT properties, 222-228
Partial completion: See Partial penetration
Partial penetration, 9, 156-157
Permeability:
Anisotropic, 126-127, 131
Conversion factors, 182-183
Directional, 126-127, 131
Effective in anisotropic systems, 127
Estimating by type-curve matching, 24, 26,
106, 108-109, 119
Estimating for water drive reservoirs, 69-70,

Estimating for vertically fractured wells, 152,

Estimating from DST buildup data, 93, 56
Estimating from DST flow-period data, 100
Estimating from drawdown testing, 23, 27
Estimating from drawdown testing after short
shut-in, 37
Estimating from drawdown testing in
developed systems, 27, 29
Estimating from falloff testing, 77-79
Estimating from falloff testing in developed
systems, 79
Estimating from injectivity testing, 75-76
Estimating from injectivity testing in
developed systems, 77
Estimating from interference testing, 106,
110
Estimating from multiple-rate pressure
buildup testing, 55
Estimating from multiple-rate testing, 32
Estimating from multiple-rate testing in
developed systems, 38
Estimating from pressure buildup testing, 46,
48,125
Estimating from pressure buildup testing by
the Muskat methad, 51
Estimating from pressure buildup testing in
developed systems, 48, 53-55
Estimating from pulse testing, 113
Estimating from transient testing, 242-245
Estimating from two-rate fulloff testing, 80
Estimating from two-rate flow testing, 34
Estimating from vertical pulse testing,
138-143
Estimating in composite systems, 82-83
Horizontal estimated from vertical
interference testing, 143
Principal, 126-127
Vertical estimated from vertical pulse testing,
136-143
Venrtical estimated from vertical inrerference
testing, 143
Phase segregation, 31
Physical constants, 181
Porosity-compressibility product:
Estimating by type-curve matching, 24, 106,
108-109
Estimating from interference testing, 106,
110
Estimating from pulse testing, 113
Pressure:
Critical, 222
Initial reservoir, 74
Interwell drop, 14
Pseudocntical, 222-223
Pseudoreduced, 223 )
Pressure behavior, in anisotropic systems, 119

Pressure buildup, injection wells: See Injectivity
testing
Pressure buildup analysis: See Pressure buildup
testing
Pressure buildup testing, 45-57, 65, 85
Analysis of late-time data, 51
Average reservoir pressure, 50
Beginning of Muskat straight line, 52,
244-245
Beginning of semilog straight line, 49,
244245
Bounded reservoirs, 48
Choice of analysis techniques, 56
Complicating factors, 56-57
Curve shapes, 126, 242-243
Developed system, 53-55, 243-245
End of Muskat straight line, 52, 244.245
End of semilog straight line, 49-50, 244245
Estimating permeability, 46, 48, 51, 53-55,
125, 242-245
Estimating skin factor, 46, 48, 54-55,
243-245
Finite and developed reservoirs, 48-55,
243-245
Hnrlncr method, 46-49, 244: See also Horner
ot
Infinite-acting period, 45-47
Layered reservoir systems, 129-131
Miller-Dyes-Hutchinson method, 49-50, 54,
56, 244
Muskat method, 51-53, 56, 244
Naturally fractured reservoirs, 131-132
Practical considerations, 47
Summary of analysis methods, 242-245
Variable rate before testing, 55-56, 243-245
Pressure-dependent rock properties, 133-134
Pressure falloff: See Falloff testing
Pressure gauge:
Blanked off in DST, 91
Flowstring in DST, 91
Pressure gauges, 170-176
Accuracy, 173
Choice of instrument, 176
Permanently installed surface recording,
172-175
Retrievable surface recording, 172, 175-176
Self-contained wireline, 170-173
Summary table, 172
Pressure maintenance, 69
Pressure measurement equipment: See Pressure
gauges
Pressure transient testing: See Transient testing
Primal geometric factor, 136
Principle of superposition: See Superposition
Productivity index, 9, 42-44
Production time (1,,), 45, 47, 59, 68,77, 93-94
Properties of hydrocarbons, 222
Pseudopressure: See Real gas potential
Pseudoskin factor, 9, 157
Pseudosteady state 6, 13-14, 19-20, 28, 40, 53,
59-60, 78, 126, 197
Beginning of, 14, 47, 49-50, 60, 68
Layered reservoir systems, 129
Naturally fractured reservoirs, 132
Two-rate testing, 36, 38
Vertically fractured wells, 154, 209, 219
Pulse test analysis: See Pulse testing
Pulse testing, 105, 111-118, 123
Cycle length, 112
Design. 118, 165
Effect of wellbore storage, 113, 117
Estimating permeability, 113, 138-143
Estimating porosity-compressibility product,
113
Influence region, 106
Kamal-Brigham analysis method, 113-118
Pulse length, 112
Response amplitude, 112-115
Time lag, 112-113
Vertical, 134-144
Analysis with one boundary, 138-142
Analysis with two boundaries, 142-143
Cycle length, 135
Design, 135-136
Estimating horizontal permeability, 136,
138, 142-143
Estimating vertical permeability, 136, 138,
142-147
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Pulse testing: vertical Cont’d.

Falade-Brigham method, 135-143
Infinite-acting system, 136
Pulse length, 135-136
Response amplitude, 135-136
Time lag, 135-136

Vertically fractured wells, 154

R

Radial flow equation, §
Radius of drainage, 18-19
Radius of investigation, 82
DST, 94
Real gas deviation factor: See z factor
Real gas potential, 17-18
Real gas pseudopressures; See Real gas potential
Reciprocal geometric factor, 136
Reciprocity principle, 108-109, 123-124, 136
Regression analysis, 160-161
Relative permeability, 42, 167
Reservoir limit testing, 22, 29-30, 40-42
Design, 168-169
Summary of anal ysis methods, 243-245
Varying rate, 40-42
Vertically fractured wells, 154
Reservoir properties; See Rock properties
Res%gvoirsimulaliun.ti,ﬁg. 126, 159, 161-163,
1
Dynamic pressures, 68-69
Response amplitude, pulse testing: See Pulse
testing
Rock properties, 222-241

S

Sl system, 2, 180, 185
Basic units, 180-181
Prefixes, 180

Sand-face flow rate, 11

Secenov's coefficient, 231

Semilog plot: See type of analysis desired (e.g.,
Hormner plot, Miller-Dyes-Hutchinson, etc.)

Shape constant: See Shape factor

Shape factor, 13-14, 29, 60, 65, 67, 70, 154,
197, 203-204

Skin effect: See Skin factor

Skin factor, 5, 8, 26, 67, 190, 197, 199-201
Additional in anisotropic systems, 127
Apparent wellbore radius, 8-9, 67
Effect on multiple-well testing, 106
Effect on start of semilog straight line, 11
Estimating by type-curve matching, 26-27
Estimating from DST data, 93, 96, 100
Estimating from drawdown testing, 23, 37
Estimating from falloff testing, 77-79
Estimating from injectivity testing, 75-76
Estimating from multiple-rate testing, 32, 38
Estimating from pressure buildup testing, 46,

48, 54-55

Estimating from two-rate falloff testing, 80
Estimating from two-rate testing, 34
Estiiglzating in naturally fractured reservoirs,

Estimating in water drive reservoirs, 69-70,
72
Sign convention, 8
Summary of methods forestimating, 242-244
Skin zone, 8
Pressure drop across, 8-9, 48, 76, 94
Pressure profile in, 8
Slanted well, 157
Slug test, 96-101
Specific gravity, 223
Sperry-Sun Permagauge, 172, 174-175
Sperry-Sun precision subsurface gauge,
172-173
Stabilization time, 18-19, 42, 45
Standing’s correlations, 223-226
Steady state, 14-15, 20, 74, 78, 85-86, 219-220
Five spot, 14-15
Radial flow, 5, 14
Linear flow, 14
Step-rate testing, 87
Streamchannel, 15
Streamline, 15
Streamtube, 15
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Superposition, 4-5, 15, 17, 28, 32, 45-46, 60,
111, 124, 166, 186-191
Boundary conditions, 15
Bounded svstems, 15, 186-189
Infinite systems, 15
Inverse: 5ee Desuperposition
Multiple well, 15-16
Of square drainage systems, 189
Varable pressure, 39
Variable rate, 16, 191

Symbols: See Nomenclature

T

t,: See Production time
Temperature:
Critical, 222
Pseudocritical , 222-223
Pseudoreduced, 223
Temperature scale conversions, 184
Test design:
Calculations, 166-169
Choice of test type, 165
Daia requirements, 169-170
Estimating beginning and end of semilog
straight line. 166
Estimating semilog straight-line slope, 166
Operational requirements. 169-170
Pulse testing, 118, 135-136, 165
Reservoir limit testing, 167
Three-zone systems, 85
Time lag: See Pulse testing: time lag
Total compressibility; See Compressibility
Total flow rate: See Flow rate
Total mobility: See Mobility
Transient flow, 4-6
Transient testing: See also specific test type
(e.g., Drawdown testing):
Analysis, 13
Data requirements, 169-170
Design: See Test design
Gas wells, 17-18
Information obtained, 1
Multiple-phase flow, 18
Operational requirements, 169-170
Summary of common analysis methods and
equations, 242-245
Two-rate testing, 33-38
Developed systems, 38
Estimating permeability, 34, 80
Estimating skin factor, 34, 80
Falloff testing, 79
Injectivity testing, 169
Normal analysis technique for skin,
permeability, false pressure, 34
Pseudosteady-state conditions, 36, 38
Simplified analysis technique, 35
Varying second rate, 35-3
Two-zone systems: See Composite systems
Type curve, 24, 39, 97-99, 108, 193-195,
198-202, 209, 216-218

Type-curve matching, 10-11,24,27,47,77,85.

94,97-101, 106-110, 153, 243

Type-curve matching Cont'd.

Constant-pressure testing, 39-40

Drawdown testing, 24

Estimating permeability, 24, 26, 106,
108-109, 119

Estimating porosity-compressibility product,

24,106, 108-109
Estimating skin factor, 26-27
Estimating wellbore storage coefficient,
26-27 :
Horizontally fractured wells, 156
Interference testing, 106-110, 119
Match point, 24, 26, 107-10%
Technique, 24-26
Vertical interference testing, 143
Vertically fractured wells, 153-155

U

Unit-slope straight line, 11-13, 47, 54, 75-76,
78, 148-150, 197
Units, 2

Units systems, 180

v

Variable-rate testing: See Multiple-rate testing

Vertical interference testing: See Interference
testing: vertical

Vertical permeability, 134-144

Vertical pulse testing, See Pulse testing: vertical

Vertical well testing: See Interference testing:
vertical and Pulse testing: vertical
Vertically fractured wells, 46, 109, 118,
151-155, 192, 195-196, 216-218
Closed square system, 151-155
Comparison of dimensionless pressure with
unfractured wells, 10
Constant-pressure-houndary square, 153

Dimensionless pressure, 151, 192, 195-196,

216-218

Estimating ftacture length, 118, 151-153

Estimating permeability, 152-154

Estimating reservoir size, 154

Finite-conductivity fracture, 151

Homer plot, 152-153

Infinite-conductivity fracture, 151, 192,
195-196, 208-209, 216-217

Interference testing, 110-117

Linear flow-period end, 152

Miller-Dyes-Hutchinson method, 153

Pressure buildup testing, 118, 152, 153-155

Pressure falloff testing, 152-153

Pseudosteady state, 154

Pulse testing, 117, 154

Reservoir limit testing, 154

Type-curve matching, 153-155

Uniform-flux fracture, 151, 192, 195-196,
209,218

Viscosity:

Gas, 233-237

Qil, 233, 238-240

Water, 240-241

w
Water drive reservoirs, 65, 69-72
Dietz method, 70
End of semilog straight line, 69-70
Es!}in‘sa:l'i_;ng boundary and average pressures,
0-72
Estimating drainage volume, 69
Estimating permeability, 69-70, 72
Estimating skin factor, 69-70, 72
Homer plot, 71-72
Kumar-Ramey method, 71
Matthews-Brons-Hazebroek method, 70, 72
Miller-Dyes-Hutchinson method, 70
Muskat method, 70
Waterflood, 75, 80
Well test analysis, summary of commaon
equations and methods, 242-245
Well testing: See Transient testing
Wellbore:
Condition: See Wellbore: damage
Damage, 4-5, 8-9, 22, 57: See also Skin factor
Improvement: See Wellbore: damage
Wellbore loading: See Wellbore storage
Wellbore storage, 4, 10-13, 22, 26, 32-34, 38,
45-46, 48-49, 56-57, 71, 75-76, 78-79, 93,
109, 124-125, 128, 130, 132, 134, 155-156,
165, 197, 199-202, 243
Chagging. 12-13,44,75, 130, 147-151, 166,
1

Detecting, 149
Effect on transient tests, 149
Changing liquid level, 10, 147
Compressive, 10, 147
Decreasing, 12-13, 75-76, 148-150
Domination, 11
Effect on start of semilog straight line, 11,23,
49,75, 77, 147, 150, 243
End of impontance, 11, 23, 49, 75, 77, 147,
150
Estimation from transient tests, 11
Increasing, 12-13, 147-148, 150
Multiple-well testing, 106, 110, 113, 117
Phase redistribution, 13
Unit-slope straight line, 11-13, 47, 54, 75-76.
78, 148-150, 197
Wellbore storage coefficient, 10-11,31,75, 78,
100, 190
Changing, 12, 147-151
Estimating, 11-12, 26, 75, 78, 100
Dimensionless, 10, 12, 26, 147, 150-151
Estimating by type-curve matching, 26-27
Wellbore storage constant: See, Wellbore storage
coetficient
Wellbore storage factor: See Wellbore storage
coefficient
Wellbore unloading: See Wellbore storage
Wireline formation testing, 103

Z
z factor, 18, 223, 227-228



