DEPLETION PERFORMANCE OF LAYERED RESERVOIRS
WITHOUT CROSSFLOW

A MULTIWELL, MULTILAYER CASE HISTORY

MIKE J. FETKOVICH
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EFFECT OF LAYER SKINS AT VR = 1AND Kg = 10
ON TOTAL SYSTEM DECLINE EXPONTENT b
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TABLE 2

(D) uax)
DECLINE EXPONENT b AS A FUNCTION OF | —— AND Vg
b\& \(&\L \ \33\&
Q g R
\
Vr
(Tuax 2 1 1
G; JR 1 1 2 \\i)?_l
0“(/%[/4/ 4
1 .4 .4 .4 - ot
3 .5 .55 .6 1
M (7 5 06 065 07
v > 10 .65 .8 1.0
15.5 .65 .8 1.0 | Xﬁ\m")
30% .6 .7 .8 eX
100* .5 .5 .5
1000+ .4 .4 4 Y

* Double depletion decline b listed
in table is for the first depletion

decline
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Decline Exponent b As A Function Of (Qrax/Nlg
And Vg For 2-Layer, Single Phase Liquid System

b UaAVm
s
LgmmJﬂlR 2:1 1:1 1:2 1:5 1:10 1:20
1 0.0 0.0 0.0 0.0 6.0 0.0
3 0.13 0.19 .22 ©0.20 0.15 0.1
5 0.21 0.30 0.40 0.44 0.4 0.32
10 0.27 0.41 0.53 0.64 0.66 J.63
15.56 0.32 0.45 0.60 0.72 0.76 0.77
30 * 0.34 0.55 0.65 0.80 C.85 0.87
100 * 0.35 0.60 0.70 0.85 0.91 0.94
1000 * 0.40 0.65 0.80 0.87 0.93 0.95
v
b calculated from:
dp(t) = gj(t) + gy(t)
di, 4y . g,
o 1 g t 1/b oDt oDt
{l + b(3:15 Ni
Plr
where D, = ;ﬁf , D, = ;?%
piy pi,

* Double depletion decline b listed in table is for. the first
depletion decline.
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OKLAHOMA HUGOTON STUDY AREA HISTORY MATCH
WINFIELD PRODUCED IN FIVE WELLS
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OKLAHOMA HUGOTON STUDY AREA HISTORY MATCH
WINFIELD PRODUCED IN THREE WELLS
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BUFF #1 WELL

EFFECT O YERING ON DEPLETION D ME TO ECONOMIC T
Layer k h kh Skin (qq§)max Gi (qqi)max (qgi)max]
G, Gy R
640 Acres _md _ft md-ft Mscfd = MMscf _x 106
HERR 0.1 58 6 -5 47 1144.7 41.1 50.4
KRID 9.0 50 452 -5 3581 1728.9 2071 1.00
WINF 3.3 40 131 -5 1038 884.1 1174 1.76 (
TOTAL 4.0 148 589 -5 4666 3757.7
. <
| oy e i< fo fur preom
Vi
I /
Y ,
* Commingled Well

Layer t e.l. Gp/Gi t e.l. Qlayer GP/G,' Priayer

yrs fraction yrs Mscfd fraction psia
HERR 78 0.54 . 89 8.5 0.57 211
KRID 24 0.95 89 0.8 0,98 10
WINF 21 0.90 89 0.7 0.97 16

10.0 0.85 i

* TIMES AND FRACTION RECOVERIES AS IF EACH LAYER PRODUCED SEPARATELY TO
AN ECONOMIC RATE OF 10 MSCFD
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* DOUBLE DEPLETION DECLINE b LISTED IN TABLE
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Calculation of number of welle necessary to be completed
in Herington zone only in order to deplete equally with the Krider zone
(Buf #1 well deliverability and Buf section G; used in calculations)

1) 1In order for the Herington, developed with{ﬁzwells per 640~acre section,
to deplete at the same rate as the Krider, Which is developed with one
well per 640-acre section:

(99§ Ymax
S = 2071 x 10°6 days"!
Hery yelts % Jet

where (g Ymax ig the potenmtial for a well in either layer, and G; is
the original gas-in~place for a 640-acre section for either layer.

G; Hery ueils - 6 |

which, ‘after substituting appropriate values for P;, r,, and T and uz,
reduces to

2071 x 10°¢ = N [29.258 kh/(0.8146 + ln r, + s)]

G

substituting an area term for rg:

[ _  [640 (43560)
e = - b e H
n Nr
N [29.258(6.0)/ 0.8146 + 1n ‘/ffféf;fffl - ﬂ

1144700

2]
|

2071 x 1076

13.5 = RO,
3.8139 + 1n /1
)

$
i

=
il

29 wells or 22 acres/well
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- ADVANCES IN WELL DELIVERABILITY AND PRODUCTION FORECASTING
AVANuSS IN whbhy DnLIVSRABILITY AND PRODUCTION FORECASTING

INTRODUCTION

The one common simple concept that appears throughout all of my writings
is - given a rate equation and a material balance equation, one can produce
a production forecast. Production forecasts of wells or fields may have a
period of constant rate production followed by & constant wellbore pressure
period of declining production. These concepts were developed and applied
as a result of my early years working as a natural gas reservoir and
production engineer in the West Panhandle and Texas and Oklahoma Hugoton

gas fields.

An understanding of the gas material balance equation was developed from the
analysis of literally thousands of pressure-cumulative production graphs
developed from both official state tests and informational shut-in pressure
data. Rate equation concepts, both transient and pseudo-steady state
behavior, were developed &as & result of personally conducting numerous
isochronal tests, official state tests, and maintaining thousands of well
performance curves, log (p? - pwfz) vs log q backpressure curves, with
which the maximization of allowable and production from gas wells was
achieved. As with pressure-cumulative production graphs, both official
state tests and routine monthly informational spot flow performance data
were used to maintain the individual well backpressure performance curves.
With the gas-in-place indicated from a pressure cumulative production graph
and the stabilized performance curve established from actual field
performance data, production forecasts were routinely made for wvarious

future production schemes.

What follows will be a brief summary of each of my papers, both published
and unpublished, along with some insight into my thinking at the time. All
of my papers were a result of attempts to understand and solve actual field
problems. The papers will be discussed in chronological order.
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SUMMARY

The Effect of Water Influx on P/z - Cumulative Gas Production Curves

This paper was a result of & field study conducted on a large moderately
overpressured gas reservoir in the Texas Gulf Coast area. Investments were
made on the basis of an early performance linear extrapolation of the field
P/z - G, graph to an apparent original gas-in-place that was later found to
be 200 Bscf overstated. Figure 5, Run 20 of this paper representing a small
finite aquifer system, R; /R, = 5, illustrates the actual behavior of our

field of study.

The gas material balance equation in terms of P/z - Gp was modified to
include the effect of water influx. This was also my first exposure to the
constant wellbore pressure solutions of van Everdingen-Hurst that would
later be utilized in developing rate-time decline curve analysis concepts.
The rate equation used in this study was a total field wellhead backpressure
curve developed by summing up each individual well's wellhead backpressure

curve.

Limited Aquifer Performance

This paper immediately followed the previous paper but was based on an
investigation of overpressured gas reservoirs which by their nature of being
overpressured normally consist of limited aquifers. A complete material
balance derivation that included the expansion effects of rock and water and
gas in solution in the water resulted in a new linear form of the gas mate-
rial balance equation. The cumulative compressibility term, Cp,, is based on
the expansion of rock, water, and gas in solution in the water from the
initial reservoir pressure, p;, to any subsequent reservoir pressure, p,.
Normally, T, is fairly constant down to normal abandonment pressures used

for overpressured gas reservoirs.

A Simplified Approach to Water Influx Calculations - Finite Aquifer Systems

As pointed out in the published abstract of this paper, "The separation of
the water influx problem into a rate equation and a material balance equa-
tion, not requiring superposition, makes the concepts and calculations quite
simple and easy to apply." The approach used in this paper utilizes the
stabilized or pseudosteady-state aquifer productivity index and an aquifer
material balance equation to represent the finite compressible system, By
combining the two equations, we obtain an equation expressing the instanta-
neous rate of water influx as a function of time and the inner boundary
constant pressure, p,s. Simply changing the variables from water to oil
results in the constant wellbore pressure exponential decline equation used
in o0il well rate-time decline analysis.

The technical note "Conversion of van Everdingen-Hurst B and t; to values of
PI, and Wy; for use in the Simplified Approach to Water Influx Calculations"
illustrates with a field example how to obtain the aquifer PI and original
water in place when the van Everdingen-Hurst solution is used to determine
the original gas-in-place for a range of finite aquifer systems.
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The Isochronal Testing of 0il Wells

This work was initiated as a result of Vogel's computer simulation work on
inflow performance for solution gas drive reservoirs. His proposed empiri-
cal relationship for oil well inflow performance was presented in the same
dimensionless form as that developed for gas wells by Phillips engineers in
the early 1950's for sizing orifice plates to obtain & good spread of flow
points on multi-point isochronal tests. When Vogel's relationship was
plotted on the gas well dimensionless curve, it fell very close to that for
a gas well backpressure curve with a slopen = 1. 1In fact, Fig. 17 of
the paper "Case Study of a Low-Permeability Volatile 0il Field Using
Individual-Well Advanced Decline Curve Analysis" illustrates that the gas
well Ap? form of the equation with n = 1 better fits Vogel's computer
calculated IPR over the entire range of depletion than his own dimensionless

empirical form of the IPR equations.

From some 40 o0il well backpressure tests examined in this study, the
exponent n, for the Ap? form of the oil well backpressure equation, was
found to lie between 0.568 and 1.0, very near the limits commonly accepted
for gas well backpressure curves. This paper clearly demonstrated that gas
wells and oil wells behave very similarly and should be tested and analyzed
using the same basic flow equations. The pressure function 1/4,B, and
1/§4yB; are shown to be very similar and suggest a real oil potential
approach analogous to the real gas potential approach now used for gas
wells. Further, a non-Darcy flow term or rate dependent skin was detected
in some of the o0il well tests conducted even in the single phase liquid
region. For wells at or below the bubble point pressure, & rate and time.
dependent skin due to near wellbore gas blockage was also identified and

quantified.

For the oil well backpressure curve relationship to be useful for simple
production forecasting or developing rate-time decline curve equations, the
change in k., with depletion must be accounted for. Through personal obser-
vations from many conventional material balance forecasts for solution gas
drive reservoirs, k., was found to be approximately linear with reservoir
pressure resulting in the following equation

G = Joi' (;hz - owz)n

5 |%

This equation with n = 1 was tested using Vogel's computer simulation
results and also those computer simulation results reported by Levine and
Pratts with good results. Some limited unpublished data on a field in
Venezuela also supports' the above relationship. This final form of an oil
well rate equation that accounts for drawdown and depletion was used to
develop o0il well decline equations and define the limits of the decline
exponent b in terms of the backpressure slope n and to determine its range
of expected values. .

A technical note: 0il Wells Inflow Performance was prepared to illustrate
more clearly through examples the use of the various. forms of inflow per-
formance equations. The write-up was later furnished to SPE for inclusion
in the Production Engineering Volume update.
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Decline Curve Analysis Using Type Curves

This paper demonstrates that both the analytical constant wellbore pressure
infinite and finite reservoir single phase liquid solutions can be placed on
common dimensionless log-log type curve with all the standard *empirical®

e
exponential, hyperbolic and harmonic decline curve equations developed by
Arps. Simple combinations of material balance equations and gas well and

under what

0oil well inflow performance rate equations illustrate
circumstances specific values of the hyperbolic decline exponent b should

result for gas wells and oil wells.

The main contribution of this paper to rate-time production analysis and
forecasting was the inclusion of the early transient period along with the
Arps depletion stems ranging between a b = 0 to 1.0. The widespread misuse
of Arps equation with transient rate-time data generally results in
technically incorrect overly optimistic forecasts with indicated b values in .
excess of 1. To date, there has been no realistic physical system found
_that results in values of the depletion decline exponent b in excess of 1
that can be maintained throughout the life of a well.

Another important contribution from this work is the demonstrated ability to
calculate kh and skin from routine monthly production data. Not brought out
in this or subsequent papers is the concept that the decline exponent is a
reflection of the efficiency of the drive mechanism for volumetric solution
* gas drive single layer reservoirs. The lower the recovery efficiency, the
lower the value of b, This can be envisioned from the fact that regardless
of the ultimate recovery efficiency of a reservoir, the early transient.
performance will be ‘the same before boundary effects are felt. Future-
projection of rate-time data past the transient period results in higher
recoveries for increasing wvalues of b, Thus, b = 0 is an indication of a
low recovery efficiency and a b = 0.5 would yield the highest recovery
efficiency. For a single layered, or equivalent, system, a maximum value of
b = 0.5 appears to be applicable to gas wells, oil wells, and full water

drive oil fields.

Multipoint Testing of Gas Wells

This paper outlines the various methods of testing gas wells to establish
their transient or stabilized well performance curves. In the case of very
low permeability reservoirs where the wells have been stimulated, =& single .
long duration flow, with rates and pressures recorded frequently, is recom-
mended over multipoint testing to obtain maximum useful information for
establishing a well's deliverability curves. The concept of rate normaliza-
tion to analyze drawdown data is introduced at this time and will be
discussed in more detail in a later section.

Transient and pseudo-steady state or stabilized deliverability equations are
given at reservoir conditions and defined in terms of the laminar and non-
Darcy (turbulent) flow component pressure drops. In this form, it becomes
obvious that low permeability gas wells will have & slope n approaching 1
whereas high permeability gas wells yield slopes more nearly approaching
0.5. "This concept is useful in establishing a well’s deliverability curve
when multipoint data are not available to directly determine the back-
pressure curve slope n.
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.8ince gas is sold at the surface, the bottomhole curve is given at a surface
datum where the effects of tubing and gathering line friction pressure drops
can be included. The form of equation to express pressure drops thru tubing
gathering lines and surface equipment is shown to be identical to that of

the reservoir non-Darcy flow term.

Examination of the total pressure drop equations indicates that in wells
with large bottomhole potentials, we should expect the slope of the wellhead
deliverability curve to approach 0.5, the slope of all pipe flow and
turbulent pressure drop components. The wellhead curve could, in some
instances, be totally described by the pressure drop through the tubing
string. The well could then be defined as being tubing limited. Once
tubing limited, always tubing limited i.e., the wellhead curve cannot shift
to the right with decreasing reservoir pressure and corresponding decreased
flow rates. These types of wells are candidates for tubing change outs to
larger diameters providing the production casing string will allow.

This paper is the documentation of the reservoir engineering approaches used
in the late 1960's to develop and forecast the production performance of the
Hewett Gas Field located in the U.K. sector of the North Sea. The field was
developed with 7 inch tubing in all wells drilled with an 8 well cluster
radius of only 900 feet with an equivalent total field radius approaching

9000 feet.

Well Testing and Analysis in Indonesian Reef Reservoirs

This paper presents procedures and methods of testing and analyzing oil .and
gas wells drilled in naturally fractured reef reservoirs to determine the
formation characteristics, stimulation skins, and well deliverabilities.
Buildup plots are shown that indicate a constant pressure boundary (active
bottom water drive) could be detected from initial test analysis. This was
later confirmed several years later when the fields were abandoned.

The multi-point oil well tests obtained in wells with a totally undersatu-
rated oil clearly indicated non-Darcy flow behavior in these high permeabil-
ity naturally fractured reef reservoirs. A decline exponent b of 0.5 was
indicated from the historical rate-time performance data for these full

water drive fields.

Decline Curve Analysis Using Type Curves - Case Histories

This paper presents numerous case history studies that demonstrate methods
of analyzing rate-time data to predict future production and to determine
reservoir variables. For the first time, the ability to calculate reservoir
pore volume from rate time analysis is presented.

Case histories for individual o0il and gas wells are presented along with
groups of wells in a field and total field studies. The field studies
include a one-well full water drive field, a low permeability solution gas
drive field, and a field with both primary and secondary (waterflood) histo-
ry. Examples are given for the "trap®" of fitting transient rate-time data
to Arps’ equation resulting in technically unsound and optimistic forecasts
of future production rates. To didentify transient rate-time data and its
end, a log-log plot of the rate-time data must be made., Arps’ equation
must only be applied to rate-time data that indicates depletion.
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Rate Normalization of Buildup Pressure By Using Afterfiow Data

the utility of two basic methods of normalizing
transient rate and pressure data. Rate-normalized pressure (Ap/q) for
constant rate analysis and pressure normalized rate (q/Ap) for constant
wellbore pressure analysis. The successful application of normalization
techniques to rate-time decline curve analysis require that both rate and
pressure data be recorded frequently and that only fixed choke tests be
conducted so that rate and pressure data decline smoothly and monotonically.

This study illustrates

Shape Factor, CA,’Expressed as a Skin, sgp

This work was developed in an attempt to calculate reservoir interference
effects of well locations on production forecasts utilizing pseudo-steady
state or stabilized backpressure curves. When using backpressure or
deliverability curves based on pseudosteady-state flow equations, the effect
of & well not located in the center of a radial or square drainage area
becomes immediately apparent when the shape factor Cp is expressed as a skin
‘term. This work evolved from a study of drilling additional well location
in the North of Hewett Gas Fields in the U.K. sector of the North Sea.

A somewhat similar approach was used in determining the development drilling
cluster pattern finally selected for the Hewett Gas Field located in the
same area. In this case, however, Muskat’s Cluster Wells Equation was used
to develop a skin effect for a well located at a cluster radius r in a field
with n wells and a total field drainage radius R.

Both these papers illustrate the use of simple concepts in developing-a-
well’s deliverability or backpressure curve for production forecasting in
what may first appear to be a complex problem solvable only by computer

reservoir simulation studies.

case Study of a Low-Permeability Volatile O0il Field Using Individual-Well
Advanced Decline Curve Analysis

This paper presents a detailed case history study of a low permeability
volatile oil field. The field was analyzed on an individual well basis
using advanced decline curve analysis for 40 wells. Well permeabilities,
skins, original oil-in-place (OOIP), and production forecasts are calculated
for each well from rate-time analysis using constant wellbore pressure type

curve analysis techniques.

Multi-well decline curve analysis shows the validity of the variables s
(skin), k, 00IP, ultimate fractional recovery, and gas-oil ratio versus
fractional recovery evaluated from each well’s type curve evaluation. These
variables must all give consistent and reasonable numbers when compared with
each other. A single well analysis can easily give results that are not
recognized as being invalid unless compared with other wells in the field.

The study also illustrates flowing and pumping well backpressure changes in
a well's decline, the method of handling such changes, and their effect on
. ultimate recoverable reserves predictions. Conventional decline curve
analysis cannot handle backpressure changes because of its constraint that
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what controls the decline in the past will also continue in the future. The
0il inflow performance relationship used to handle backpressure changes is
instant

thus utilized over the entire production forecasts, not just at an
in time.

0il and Gas Relative Permeabilities Determined From Rate-Time Performance

Data

This study presents a method of determining kq/k,, 0il relative permeabili-
k.o, and gas relative permeability, k.g, using 0il and gas rate-time

ty,
performance data from individual wells and from a total field. Advanced
decline curve analysis is used to obtain original oil-in-place, N, and thus

saturation; the Ap? form of an oil inflow performance equation is used to
determine k,, below the bubble point pressure.

The procedure was used on production data from several wells in a North Sea
naturally fractured limestone volatile oil field. Results indicate the
calculated oil and gas relative permeability curves differ from laboratory
and correlation calculated curves. By analyzing the oil and gas relative
permeability curves of each of the seven wells in the field, it was found
that the degree of natural fracturing of a specific well influences the
position of the oil and gas relative permeability curves. The results
expressed as kg /k, curves appear to be consistent with the field case histo-
ry findings of Arps for limestone reservoirs - i.e., as the degree of
fracturing increases, the /k, curve become more unfavorable with respect
to oil recovery. The calculated kg/k, curves can be extrapolated to allow
the calculation of future rates of gas production to correspond with the
future oil production rates developed from the rate-time decline analysis.

Depletion Performance of lLayered Reservoirs Without Crossflow

This study, initiated by real field data, typifies the whole concept of the
use of a simple rate and material balance equation approach being used to
solve what has been considered a very complex problem - no crossflow layered
reservoir production performance. Rigorous and simplified approaches to the
problem result in essentially the same results, Both constant wellbore
pressure and constant rate depletion performance are examined as a part of

this study.

Two simple correlating parameters (qypx/G;] ratio and volume ratio, Gj; /G2,
can be used to describe the production performance of no-crossflow layered
reservoirs. A physical basis for the Arps’ decline exponent b between 0.5
and 1.0 is now available where the magnitude of b may even provide an
indication of the layer permeability contrast and the layer volume ratio.
Also demonstrated from this study is that different combinations of layer
skins can exhibit similar rate-time and pressure-cumulative production

differential depletion responses.

By means of graphical presentations of rate-time and pressure cumulative
production, this study illustrates some of the depletion performance charac-
teristics that identify no-crossflow layered reservoirs. These graphical
presentations show very clearly the effect of changes in the .layer volume,
permeability, and skin on the depletion performance of no~crossflow layered

reservoirs.
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Abstract

The relaionship between p/z and cumulative gas pro-
duction for typical gas reservoirs was studied by calcu-
lating pressure response to various modes of gas produc-
tion and water encroachment. Water encroachment meth-
ods considered were Schilthuis, Hurst simplified and van
Everdingen-Hurst. In the method, the assumptions normal-
ly made in water encroachment caiculations were accepted.
Normally, pressures are measured and the gas reserves
and water encroachment found implicitly. Conversely, in
this work various encroachment factors, reserves and res-
ervoir-aquifer geometry were assumed and the pressures
solved implicitly.

The results show the spectrum of p/z shapes that can
be expected for real reservoirs. With normal encroach-
ment rates for closed aquifers the p/z chart exhibits the
typical inflection at early times. This has sometimes been
interpreted as all measurement error. These studies have
shown that a new look should be taken at interpretation.
It is rather dangerous to extrapolate ‘“straight-line” pjz
charts if encroachment from an aquifer is suspected.

Introduction

A common method of predicting gas reserves is the
graphical solution to the gas material balance equation.
A special case of the material balance equation is linear
in p/z with cumulative gas production (G,) which pre-
dicts the initial in-place gas when p/z is extrapolated to
zero. Derivation of this form is based on the equation of
state, corrected for compressibility (p¥V = zaRT), and,
particularly, on the reservoir being closed (no water en-
croachment). A straight line on the p/z chart results when
these conditions hold. However, an apparent straight line
on the chart does not assure that the reservoir is closed.
Many of the curves show a rapid decline in the early stages
of production after which they flatten out. Confusion arises
as to whether these characteristics are caused totally by
pressure measurements. To answer this question in part,
a series of controtled mathematical experiments- was per-

ived in Society of Pctroleum Engineers office

PHILLIPS PETROLEUM CO,
BARTLESVILLE, OKLA.

formed in which a typical gas field was produced subject
to various forms of water encroachment. These runs were
specifically designed to eliminate measurement errors by
calculating pressures at the inner boundary of the aquifer.
The resultant p/z charts were thus made available for study
and direction in predicting reserves and to indicate the
curvature that can be expected in addition to .that caused
by normal measurement error.

Solution of the Basic Equation for p/s

The basic equation solved for p and p/z is derived in
Appendix A, It is

K.S(p.n .
G.=G,+mﬁ. P 8

G. and G. are the apparent and real values of original gas
in place and are derived by assuming a closed reservoir
for G.. and one open to an aquifer for G,. The function
S(p.t) is defined by three methods—Schilthuis, Hurst
simplified or van Everdingen-Hurst."' The definitions of
these functions are given in Appendix B.

Eq. 1 is the linear function that is.commonly. plotted
(G. vs S(p,t)/B—B,) with the intercept predicting the
original gas in place and slops predicting the water en-
croachment factor.** This is a graphical solution of Eq.
I when histories on pressure and cumulative productions
are known. In some cases the equation has been rear-
ranged so a plot can be made such that the encroach-
ment factor is predicted by the intercept and the reserve
by the slope.’ :

In the calculations presented in this paper, in-place
values, water encroachment factors, rock fluid properties,
and cumulative production were set. Eq. 1 was solved
implicitly for p/z.

The equivalent of Eq. 1 in terms of p/z is

G,~-G,
z, Tp. A 1]
T..p.K.S(pt)

=P
p/z 2 G.—

Originul ipt
July 13, 1964, Revised manuscript received Feb, 2, 1965, Paper pr
at 8PE 88th Annual Fall Mecting held in H , Tex,, Oct, 11-14, 1964,

MARCH, 1965

'References given at end of paper,

87



Setting K, S (pt) = 0 (no water encroachment), pro-
duces the linear form. Obviously, whether the p/z curve
is linear or not when K, S(p,t) =0 depends upon the
S(p,t) function.

The cumulative productions were determined from pro-
duction rates calculated from wellhead operating curves
subject to the maximum allowables." The wellhead curve
is defined by

Gy = C(paei®—pi/°) P 3 )

where g, = the production rate, Mscf/D
C = the performance coefficient

P.er = the wellhead shut-in pressure, psia
P = the tubing flowing pressure
n = the back-pressure exponent.

Shut-in wellhead pressures were determined after the
reservoir pressure p was chosen by calculating the static
head by the method of Cullender and Smith. The static
head was subtracted from p to give p,.s.

A general flow scheme of the calculation technique is
given in Fig. 1, and the field conditions are given in
Table 1.

Compressibilities were interpolated from the 1952 API
tables. Tables 2 and 3 list conditions that were varied for
individual runs.

Discussion of Results

The results of the calculations are shown in Figs. 2
through 9. All of the curves show p/z as a function of
cumulative gas produced and are labeled with the num-
bers corresponding to the data in Tables 2 and 3. Each
plotted point represents two years,

Fig. 2 gives the results when the aquifer was assumed
to be unlimited, or when original aquifer pressure was as-
sumed to remain constant at some outer boundary (Schil-
thuis). As the encroachment factor was increased the
pressure was maintained at a higher and higher level. The
dotted line at the bottom represents no encroachment and
the top dotted line shows complete pressure maintenance
by a very active water drive.

Fig. 3 shows the results of increasing the Hurst simpli-
fied encroachment factor from 2.5X10* to 2.5X10" (cu ft)
in (mo)/psi/year.

The van Everdingen-Hurst encroachment factors were

DEFINE
Gr, Ke, ROCK
AND FLUID PROPS
| APPROXIMATE P |
yexT CALCULATE
STEP d=Ge-Gr- 8¢ Sp.1)
y B-8)

APPROXIMATE
NEW P

BY NUMERICAL
TECHNIQUE

Fig. 1-—Solution of Eq. A-12 for p/s.
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assumed for runs shown in Figs. 4 through 9, and the
aquifer was assumed closed and radial. Combinations of
three variations in relative aguifer size, two water compres-
sibilities and nine aquifer permeabilities were represented
in the runs,

Curves with inflections. which have been observed in
practice, were produced for the closed aquifers,
- In most cases the families of curves appear to approach
a common slope at zero time. At zero time this slope
will represent the p/z line for no water encroachment.

Runs with the Schilthuis method and Hurst-simplified
method converge at or near a horizontal line as water
encroachment factors increase. This means that pressure
drops in the aquifer are approaching zero.

In the van Everdingen-Hurst runs the curves respond
to the mobility (k/n) and compressibility of the water,
and the relative size of the aquifer. For R./R, of 1.5.

TABLE 1—FIELD CONDITIONS

Arec=2,500 acres

Pay=100 #

Poresity=0.25

Cennate woter=0.3

Original IHP=5,000 piio

Fermation temperature =230F

Depth=10,000 #

Ges Grovity=0.68 {No Nz, CO: eor H:S)
{Rediusl2=34.7 X 10" sq f1

Initial welibead shut-in pressure=4,200 piia
Wellhead shut-in temperature=100F
Back-pressvre curve tlepe=0.7

Owen flew petential=74.4 MM scf/D
Minimum wellhond Rewing pressure=100 pric
Maximym ollewsbie fsld rate=47.2 MM 1¢f/D

TABLE 2—~VARIASLE CONDITIONS FOR RUNS 1 THROUGH 14

Type
Ren Encreachment Encroachment
Ne. Facter Facter
1 5,900
2 T 18,000
3 Schitthuis 36,000
4 {ev ft/pai/yeot) 59,000
5 Redial infinite 100,000
& ] 200,000
7 v 590,000
[} T 25,000
9 90,000
10 Hurst Simplifed 150,000
" “{eu ft in (menth)/psi/yecr) 250,000
12 Redial infinlte 340,000
13 l 410,000
14 2,500,000

TABLE 3—VARIABLE CONDITIONS FOR RUNS 15 THOUGH 38

Ratlo Agulfer  Dimensisniess
Type of Aguifer Perme- YTime to Real Water

Run Enceachment Redius to abllity Time Rotie Cempressibllity
Ne, r Field Rodius {md) {1/yecr) (1/pai}
15 1.5 1 .08y 3.0X10'¢
6 1.5 10 .89 3.0X10-
17 J 15 100 89 30X 10
12 5.0 1 089 3.0X 10
20 o e 39 100 03 Joxioe
21 Hvnt Rediai Finie o5 1000 Iy 30%10+
22 16,350 o #/pel 10.0 1 089 3.0Xx10-4
23 10.0 10 .89 3.0X10¢
24 10.0 100 1.9 3.0X 104
25 l 10.0 1000 9, 3.0x10-¢
26 Y 100 10000 850. 3.0x10
F24 1.5 10 089 30X 10-¢
28 | 13 100 . 30X 10+
29 d 50 10 089 30 10
% | 5.0 " e 30% 10+¢
;; ven Everdingen ?'8 39.3 23 gg;::g-:

Hurst Rodial Finlte L B b
9 10.0 10 089 30X 10*
34 163,500 w fi/mi 1070 15.8 141 30%10°¢
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the cffect of the aquifer is negligible for a given water
¢ compressibility regardiess of the permeability (Fig. 4).
However. for a higher water compressibility an effect is
felt for comparable mobilities (Fig. 7).

In general the pressure is maintained at higher levels as
» the water compressibility, aquifer size or water mobility
is increased. Yet. even with increases in mobility an ex-
treme curve was approached for the closed aquifers (Runs
25 and 26. Fig. 6). In these cases pressure drops in the
aquiter were small and the shapes were controlied by the
water compressibilities.

Conclusions

Fig. 10 illustrates the increasing error that occurs if a
p{z curve is excrapolated wita no regard for water en-
croachment. As the relative size of the aquifer increases
from R./R, = 1.5 to 10, the error increases from a negli-
gible amount to an estimate of over 100 per cent of the
actual initial gas in place, This estimate would be made
after 65 per cent of the initial gas in p'ace is produced.

This leads to the principal conclusion that it is danger-
cus to extrapolate p/z cnarts on a straight line witnout
considering the possibility of water influx.

Runs performed here eliminatéd measurement error and
the curved portions were produced under realistic produc-
tion schedutes. Thus, curved portions at the start of pro-
duction history can be caused by the unsteady-state nature
of the aquifer and not solely by measurement errors. So.
these curved portions should not be negiected, but ought
10 be 1egarded as an indication cf possible water en-
croachment.

These results make a case for accelerated early pro-
duction so that the inflections will be accentuated, per-
mitting better early estimates of gas in piace.
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APPENDIX A
Derivation of the Basic Equations

The apparent reserves for a gas field are those deter-
mined when no water encroachment is assumed, or.

V,=V,., (A-1)
where V,, is the original pore volume. cu ft.
V, is the pore volume containing gas at some later time.
V,=(G.-G,)B, . . . . . . . (A-2)
V,: = G.B,.. (A-3)

where G. = the épparent original gas in place, scf
G, = cumulative gas produced, scf

B,, and B, are the gas formation volume factors, cu
ft/scf.

P12 .
Bu= pT (a4)
Pee T2
B,= 7. . .. (AS)

Substituting Eqs. A-2 and A-3 into Eq. A-1 and solving
for G, gives

B
o.=a(55;)
When water encroachment is considered. Eq. A-l is re-
placed by -
V,=V,—W,
to account for the water influx W,.

Under these conditions, G, in Eqs. A-2 and A-3 is de-
fined as G, (real initial in place gas), or,

(A-6)

(A-7)

Vp = (Gl—Gp)B'u (A's)
and

Vpl = Gr »i . . . . (A-9)
Substitution of Egs. A-8, A-9, and

W.=KSkpt) . . . . . .. (A-10)
into Eq. A-7 gives

G K.S(p.t)
B _ (p (A1)

G- =,=F, B.—B,) *
where K, is the water encroachment factor and S(p,1)
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Steblilzed
Middle Range of E jen B-10—A C. State Velues
td: Abeve the
Re/R+ Frem To Ar Az A Ay As Middie Ronge
1.5 1206 0.7 — 0.03255975 —0.02485001 0.03179695 0.007970778 0.6184517 0.6233899
2,0 418 2.5 0.3852062 —0.096263595 —0.05244533 —0.004754153 1.281475 1.509915
2.5 815 6.0 0.791965) 0.05396428 —0,06348801 —0.01234595 1.834877 2.634689
3.0 1,33 1.0 1.045089 0.2388103 ~0.08575203 —0.008445356 1.5746467 J3.99448)
2.3 112 25.0 0.4178854 1.29217¢9 —0,4404957 0.03704949 1.630682 5.650575
4.0 2,05 34.0 — 2.231452 3.177286 —0.84116467 0. 76 2.779082 7.499222
4.5 2.62 45.0 — 4.108747 5.413047 —1.268429 0.09235701 4.890919 9.419498
5.0 .06 0.0 — 6,429505 4.822608 —0.8503674 0.03832684 5,599367 11.97866
6.0 5.85 110.0 —24.90338 12.44925 —~2,042113 0.1044283 20.58242 17.48006
7.0 8.48 160.0 —43,33130 17.84979 —2.484980 0.1043835 39.95260 23.95055
3.0 <.29 240.0 - 51.48727 19.24185 —2.345595 0.08228036 50.46776 31.66351
9.0 9.96 280.0 —31.97360 8.812722 —0.05276212 —0.08174990 38.52328 39.964676
10.0 14,52 360.0 —20,55106 0.6903652 1.759464 —0.2079732 37.02682 49.14654

is a function of pressure and time and describes the un-
steady-state water influx.

Subtraction of Eq. A-11 from Eq. A-6 results in the
basic equation

Infinite Radial System
(0.01 < At, £ 107
qty, = e(A:lnAtu*.—t:)ln.\tu)'—'-—d:(lnltul’~.-h(lnAt-u)‘*As)

where 4, = 0.647692

K.S(p.t) \
G.=G. +75,75,,) (A-12) A. = 0.0177318
= — 273
APPENDIX B A, 0.0002737391
Definition of S(p.1) A, = —0.4318125 < 107
Schilthuis Method A, = 0.4506432.
1]
S(pt)y = = RS VN B-1
) i=2 P Al ( ) Finite Radial Systems
(p: + pia) The finite radial systems are defined by the infinite
where Ap, = p,— — 35—, (B-2) radial Eq. B-10, where Ar,, > 0.01 and less than the mid-
dle range defined in Tabie 4. In the middle range the
and Ar, =t — t (B-3) dimensionless flow is defined by an equation of the same
h _ . form as Eq. B-10, but with constants shown in Table 4.
where n = number of pressure points Table 4 also gives the steady-state values applicable above

t, = time in years . the middle range.
p = aquifer pressure (inner boundary) psia.
Hurst-Simplified Method
o Ap: AL
Spo = ¥ =P=h (B4)

;:2 ln(lZl,) * ,.

where Ap, and A¢, are still defined by Egs. B-2 and B-3

van Everdingen-Hurst Methaod

n—1

* %%

S(pt) = f=21 APi Garans (B-5)
where
ap, = BB, (B-6)
fori=1,and . J. R. BRUNS (left) is a senior mathematical engineer in
Ap, = Pin= P . (B-7) the Phillips Petroleum Cv.'s Computing Dept. For the past
2 seven vears he has worked in reservoir engineering com-

fori=2ton—1.

qAt,; is the dimensionless flow rate and is a functicn of
At,; (the dimensionless time increment) and aquifer geome-

try.

Aty = 2.309 (B-8)

k At
¢#C||(Rr)'- !
with k& in millidarcies, ¢ in years, ¢ a fraction, u in cp,
Cy in 1/psi, R, in ft.

gAty, is defined under the following conditions. All At <
0.01, or the linear system. .
qAty = 2N/ Ad,/=. (B-9)

MARCH, 1965
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Limited Aquifer Performance

M. J. Fetkovich

The objective of this derivation was to determine the extent to which
P/Z vs. Gp behaviour could be accounted for by using a cumulative compressi-
bility for the rock and water associated with the gas pay (within the gross
interval) and the rock and water surrounding the gas pay. The concept of
cumulative compressibility as used herein assumes transient effects within
the aquifer to be negligible. It can readily be shown that this method

is equivalent to that of ODEH and HAVLENA for material balance calculations

involving small aquifers.

The following formula accounts for pressure support attributable to
cumulative compressibility, Te (Pi - P), where Ta, which is really a function

of pressure will be treated as a constant, Ce, for simplicity of presentation.

P P Pi/;
— [1- G (P - P] = — < )sp N ¢ )

Z3 G
where
Swi Cw * Cf + M (Cy + Cr)
Ce =
(1 - Swi)
with
Syi = initial connate water saturation
Cy = water compressibility
Cf = rock compressibility
pore volume aquifer
M =

pore volume gas reservoir

(Aquifer pore volume can be considered to also consist of any 100 percent

saturated sands and shales within the gross reservoir 1nter§a1.)

-1 -
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As is evident from equation 1, P/Z [1 - Ce (Pj - P)] versus Gp on
co-ordinate paper should result in a straight line if transient effects
are negligible and the correct Co (actually M) is chosen. This involves
a trial and error procedure to arrive at the correct Ce. This, however,
js much simpler than the HAVLENA-ODEH procedure for limited aquifers.

ra
(I use a rule of thumb that an — < 3.0 can be considered a limited

rr
aquifer.)
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A Simplified Approach to Water Influx
Calculations—Finite Aquifer Systems

M. J. Fetkovich, SPE-AIME, Phillips Petroleum Co.

Introduction

All gas and oil reservoirs are associated to varying
extents with formation waters. The inclusion of the
effects of expansion or invasion of this water into oil
and gas reservoirs has taken many forms, from recog-
nizing the effects of the expansion of the connate
water within the gas or oil reservoir itself, to calcu-
lating water influx or efflux across a boundary (with
the boundary usually being that of an oil or gas
reservoir).

There are four currently popular methods used for
calculating water influx into reservoirs. They are:

1. Schilthuis, steady state'-?

2. Hurst Simplified, unsteady state®?

3. Resistance or Influence Function, unsteady

state¢®

4. van Everdingen-Hurst Radial, unsteady state?

The first three methods have proved useful for pre-
dicting water drive performance after sufficient his-
torical data have been obtained to fix the necessary
influx constants. With what some consider to be dis-
appointing results,** the van Everdingen-Hurst Ra-
dial method is often used with geological and core
data when little or no performance history is available.
It has also been used to predict reservoir performance
after enough historical data have been accumuiated
to develop values of the influx constants, 15 and C.

In an attempt to include geometries other than
radial, derivations for both limited and infinite sys-
tems have been made to cover linear,”* 3¢ spherical,*

elliptical,*? thick-sand,’* and wedge-shaped®® reser-
voir-aquifer models,

The many rigorous geometrical representations that
have been developed cannot readily handle. the effect .

. of interference between reservoirs. Electric analyzer
studies of the Smackover Limestone aguifer in Ar-
kansas by Bruce,** of the Woodbine aquifer in East
Texas by Rumble er al.,** and of the Ellenberger in
West Texas by Moore and Truby*® have shown that
reservoirs sharing a common aquifer can severely
interfere with each other, and that, for individual
reservoirs in a common aquifer, water drive perform-
ance calculations that do not consider interfarence
can be greatly in error.

Mortada?’ developed a mathematical method with
which to handle interference in a basically infinite
radial aquifer system. The method has been applied
to field cases.*® ** Coats concluded from his own study .
that, “In predicting the pressure-volume behavior of
gas reservoirs situated on the common aquifer the
effect of interference from other reservoirs on the
common aquifer must be accounted for.”

Another aquifer problem more recently presented
in the literature® is that of flank water injection for
pressure maintenance, either to initiate or to supple-
ment edge-water influx, A case history** shows that
we need to be able to study the effects of injecting
water into the aquifer instead of merely including
it in the hydrocarbon material balance equation.

requiring superposition,
to apply.

This approach to water influx calculations offers a useful and flexible method of
forecasting and analyzing the performance of water drive reservoirs. The separation of
the water influx problem into a rate equation and a material balance equation, not
makes the concepts and calculations quite simple and easy

814
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Little wonder that efforts?” 22 have been made to
simplify the water drive performance prediction meth-
ods, even to the point frequently of using the infinite
solution without trying to define fairly clearly the
" limits and characteristics of the aquifer.

If we are to predict realistically the performance
of water drive reservoirs, then, a simple method must
be developed that can readily handle all the basic
geometries, interference from other reservoirs, and
water injection and production from the aquifer; the
method should also be flexible enough that it can be
further improved or added to as a problem requires.

We shall present here an approach that utilizes the
“stabilized”, or pseudosteady-state aquifer produc-
tivity index and an aquifer material balance to repre-
sent the finite compressible system. Much of this has
~ been treated in the literature in the form of solutions

to individual well problems and reservoir material
balance derivations. For some reason — possibly a
concern for the early transient effects — any earlier
efforts to extend this available technology to aquifer
or water drive problems have not been reported.

We hope to develop the idea that this simplified
approach is accurate enough for engineering purposes,
especially for field production forecasting of times
involving some 10 to 20 years, by comparing the PI-
Aquifer Material Balance solution with the van Ever-
dingen-Hurst solution through the use of example
problems. Solutions mainly involve finding a reason-
able rate equation for the problem, and considering
the aquifer encroachable water volume represented
in the material balance equation as being independent
of geometry only to the extent that basic mensuration
equations can be applied.

Basic Equations

The generalized rate equation for an aquifer without ,

regard to geometry or defining a specific type of
flow is:

Qw=]w(l-7-Pwl)' s e e e e e (¢))

with n usually being represented as unity (1) when
the flow obeys Darcy's law and is at pseudosteady
state or steady state, J,, is defined as the productivity
index (PI) of the aquifer and is analogous to the PI
of an oil well or the gas well backpressure curve co-
efficient.

The aquifer material balance for a constant com-
pressibility can be written in its simplest form as

p=-(g)wtn. . .. @

where p is the average aquifer pressure (shut-in), We,
is the initial encroachable water in place at initial
pressure p;, and W, is the cumulative water efflux
from the aquifer or influx into a reservoir.

By combining Eqgs. 1 and 2 (see Appendices A and
B for complete derivation), we can obtain the equation
expressing the instantaneous rate of water infiux as
a function of time, and the inner boundary pres-
SUre Poy.

JULY, 1971

-2}~
e.,(t) = Je (Pt - Pwl) T (3)

e[(ﬂ-l)-:/wnl]‘ *

(Gui)mex is defined as the initial open-flow potential
of the aguifer, again analogous to the open-flow
potential of an-oil well or of a gas well. Fig. 1 isa
graphical representation of the generalized rate equa-
tion expressed as Eq. 1 and the aquifer open-flow
potential described above. Note that if we let Wy
become large, Eq. 3 reduces to the Schilthuis steady-
state equation

o=Jo@i—DPop) « « « « + « - @
The final form of the cumuiative water influx equa-
tion (given also in Appendix B)
W, = Wei, i = Pop) {1 — e-T@eimux/Falt}
Pi
S )]

is not useful by itself because it cannot handle a
changing inner boundary pressure Puws while repre-
senting the aquifer pressure always at its initial value.
Hurst** and others have handled this problem by the
method of superposition.

We can rewrits the equation to represent the cumu-
lative water influx over an interval of time At, then
start the problem again after every time interval (as
can be done for any material balance problem). With
the aid of the aquifer material balance equation, we
can redetermine a new aquifer shut-in pressure Pr»
then solve over a mew time interval Ar. This. re-
evaluation of the aquifer shut-in pressure each time
eliminates the need for superposition.

A significant point here is that we need not always
go back to the initial pressure to start a water influx
calculation. We can conveniently start it at any time
provided we can obtain a value to represent the
aquifer shut-in pressure,

The interval equation is
W. - -
AWew = '—f‘ -1 — Posnl

[} {1 -_— e‘[(qwt)-u/wM]A‘D}

. .7 (6)

The ratios Wei/p: and (qui)mex/ Wei can be further
simplified to eliminate p; from the expressions, which
then do not need to be initiated again to new aquifer
shut-in pressures. These forms are retained so as to

keep their physical meanings.
The time interval is determined by
A=ty —lp-z) 3 » + + = o+« « (D
and the average pressure
- »- + »
Pofe = | 201 1)2 Potw . (8)

represents the constant pressure used at the reservoir-
aquifer boundary during the time interval Atn. Fig. 2
depicts this pressure-time relationship and the step
curve that attempts to approximate it. This method
of representing the average pressure, Pusn, is appli-
cable to both past and future performance predictions.

To start the calculation again for the aquifer shut-in
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pressure p, we will make use of the general aquifer
material balance equation derived in Appendix B.
i
_ W,+§W,,-+(W,— W) By
P=- Wd
S )

Pi+Pi,

. . . .

where W, = I W.s, the total cumulative influx (to

1 7
time #n) into the reservoir of interest. The term i: W.;

is the total cumulative influx into other reservoirs
within the common aquifer and is further discussed
under Aquifer Interference. All other terms have
-the conventional definition or have previously been
defined.

The realistic water influx rate and cumulative water
influx relationship during an interval of time At is
depicted in Fig. 3 along with that which results from
using a step-function constant pressure as an approxi-
mation in any water influx instantaneous rate equation.

Step-Function Solutions
It now appears that the simplification of the water
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Fig. 1—Aquifer ‘‘backpressure curve’ with
open-flow potential, log-log plot.
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Fig. 2—Pressure-time relationship at aquifer inner
boundary as a step-function approximation.
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infiux problem is still none too simple. In reality,
though, we have reduced the problem so that we
can recognize that a simple time-incremented step-
function solution using the rate equation g, = Je
(P — Puy) to establish a constant rate over a time
interval, and the aquifer material balance equation
W’;:,) W. + pi to evaluate the aquifer shut-
in pressure after effux from the aquifer, will give the
analytical solutions to the problem when At is allowed
to become small. A At of a month in a normal reser-
voir problem does reproduce these analytical solu-
tions. (Constant rate steps over a At of 1 year for all
cases of r./r, > 5 reported in this study gave results
identical with those obtained using Eq. 6.) Fig. 4
illustrates this straightforward step-function approach.

For a time interval Atn, from t.,.1, to t,, the work-
ing equation for the rate equation would be

p=-

qno=1w(5(n-1)_;wfn) B ¢ (1)

The cumulative efflux during the time interval Am
would be

AWew =AtM(Gw), . - +» « .+ . . . (1D

J
v
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Fig. 3—Caiculated rate of water infiux using a
step-constant pressure at the aquifer
inner boundary compared with a
realistic representation.
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Fig. 4—A constant rate step-function approximation to
water influx over short time intervais.
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and the total cumulative efflux to time would be

Wen =2 AW en. (12)
Then to update the aquifer average pressure for
the next time interval,

- (P
Pn = ( Wei )Wﬂl + Di (13)

Rate Equations

In all derivation methods that attempt to predict water
influx and that assume a constant compressibility, it
is necessary to start with the same volume of initial
encroachable water in place for a given set of vari-
ables. Therefore, to predict water influx accurately
with the PI-Aquifer Material Balance approach, we
need only find a suitable rate equation.

Aquifer Productivity Index J

The aquifer productivity index J,, values used in this
study were calculated from a stabilized backpressure
equation for finite radial flow conditions (§ = 360°).
The early transient period was neglected. For the
finite, slightly compressible, radial aquifers studied,
we used the “stabilized” pseudosteady-state rate
equation:

_7.08 kh (P = Pus)
Qo =—T 3] ¢
f[m(3)-F]
We have then a productivity index for radial “sta-
bilized” flow

a4

7.08 kh

Jo = — T 7 (15)
#[m(3)-7]
The initial aquifer potential, (wi)mas, then is
(qw‘)mu = ',w (Pﬁ — 0) (16)

The initial encroachable water in place, W.;, for
radial geometry (¢ = 360°) is determined by

m

5.61

We = (ré& —r?)6hc.p; an

P, INITIAL AQUIFER PRESSURE

)
""T.’i"""’i

T | P R
3L0PE v, Mo, (CwicWEW
FOR RADIAL GEOMETRY »= ety

AQUIFER SHUT IN PRESSURE,F
e t—

INITIAL ENCROACHARLE
WATER-IN-PLACE

We, CUMULATIVE WATER INFLUX

Fig. 5—Graphical representation of the aquife
material balance equation. :
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231':.b1e4summalizesthe rate equations from which
PI can be calculated for finite radial and linear sys-
tems for y-state and stcady-state condi-
tions. Also included in this table are the unsteady-
state equations for radial and linear transient flow
that can be used for a system that does not reach
pseudosteady state or steady state during the period
of interest (see Fig. 20). Noté that the infinite radial
fiow equation given in Table 4 is nothing more than
the Hurst Simplified water influx equation defined.

As in individual well problems, we could also intro-
duce the concept of skin into the equations to allow
theory to fit the observed data. Where changing the
internal aquifer radius, r., would also cause a change
in the aquifer volume, W.;, the concept of skin would
allow us to vary PI without changing r,. This would
take on special significance if we attempt to match
historical influx data from a best combination of
J,-W,.; while trying to conform with the existing
geometry of the system.

As a guide to the times at which pseudosteady state
and steady state are reached in a radial system, we
can use this equation® for pseudosteady state:

by = 002 ncy pr.t : (18)
and this equation? for steady state:
2
¢, o 0.04 [-l-:t ¢ Ta (19)

The equations for a linear system could be derived
like those for the radial system, All units in the above
equations' are in terms of days, centipoises, psi-?,
feet, and darcies.

In estimating times, we must remember to con-
sider the drainage boundaries that are established
when there is interference from other reservoirs in
the same aquifer,

Selection of Rate Equsations

Fig. 21 lists some possible types of aquifer flow sys-
tems that could be used as a guide in selecting ap-
propriate rate equations, Many problems can be
expressed in terms of essentially linear or radial flow.

Fig. 21a describes a flow system that is obviously
linear but whose distances between sealing faults de-
scribe the cross-sectional area to be used with the
aquifer rate equation. In water influx calculations we
are trying to describe the flow in the aquifer itself. The
cross-sectional area at the aquifer-reservoir boundary
is not necessarily applicable, especially after pseudo-
steady state or steady state has been established.

Fig. 21b describes flow in a long, narrow reservoir,
That this type of flow could be classed as linear has
been demonstrated by Haviena and Odeh?® from an
analysis of a gas reservoir 11 miles long and 1.5 miles
wide. Their analysis, using the material balance as an
equation of a straight line, indicated that the influx
rate was proportional to the square root of time.

Fig. 21c is an extension of the concept developed
by Fig. 21b but in an additional dimension. Bottom-
water drive in a long, narrow field could be better
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approximated by radial flow in the vertical direction,
with k being the length of the reservoir.

Fig. 21d would be represented by most engineers
as a radial flow system of 180°, using a radius to fiow
equivalent to r,, However, by redefining the system
to consider the dashed lines to be the new boundaries
and by treating the volume of water between the fault
and the actual reservoir boundary as a part of the
reservoir (so that the expansion of this portion of the
aquifer would take place with no resistance to fiow)
we can readily see that it is, for practical purposes, a
linear flow situation. This approach should give an
optimistic answer, but not so optimistic as it would be
if the problem were treated as a radial flow system,

Fig. 21e illustrates a reservoir located between two
paralle] sealing faults that terminate in a large aquifer,
Flow into the reservoir would be linear, and there
would be an essentially constant pressure at the outer
boundary. This would require a steady-state approxi-
mation with the productivity index, J,, being a func-
tion of the length of the sealing faults and the distance
between.

Fig. 21f depicts a wedge sand. Solutions to this
problem have been reported in the literature®* jn
terms of an extension of linear flow. Turned on end,
it can also be treated as radial fiow, with an angle 4
and the width represented by the distance A,

. Theseillustrations are given only as a guide to show

that many reservoir-aquifer systems can be defined in
terms of radial or linear flow. Both the simplified
method and the van Everdingen-Hurst solutions are
applicable if we view the problems in terms of finding
the proper representation of a rate equation. However,
the simplified method allows us to use different dimen-
sions or geometries when defining the aquifer produc-
tivity index and the aquifer volume for a given
problem,

Aquifer Interference

By separating the water influx problem as we have
into a rate equation and a material balance equation,
we can examine each individually as to its effect on
interference. Consider an aquifer of radius » contain-

ing two similar fields, A and B (they need not be -

similar when applying the simplified method). We
assume Field A has been producing long enough to
reach steady state. Let the productivity index of Field
A be J,, = f(r). When Field B begins producing, the
productivity index of Field A will increase, becoming
Jw = f(r/2). From the standpoint of the rate equation,
the deliverability of the aquifer for Field A will be
increased after Field B begins producing. As pointed
out by Bruce!4 in his study of the Smackover aquifer,
the interference effect is totally one of “competition
among pools for the common water supply”.

From the aquifer material balance standpoint, Field
A would initially have an aquifer volume of W,, bbl
available to it for water influx. However, after Field
B begins producing, the aquifer drainage volume
available to Field A is reduced. It can be approxi-
mated by the basic relationship given by Matthews
et al.** — “at (pseudo) steady state the drainage vol-
umes in a bounded reservoir are proportional to the
rates of withdrawal from each drainage volume.”
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-24=

Joa (; ~ Dujsa)
W, = = =
w® Jur (P — Pusa) + Jon (P — Purn)
‘Wi —W.1, . . . . . (20)
where

Weia (f) = encroachable water in place available to
Field A at time ¢,
If for simplicity we are assuming equal inner bound-
ary pressures and equal PI values for Fields A and B
(equal influx rates),

W,,-A(t)=—W‘—2‘g)—, @D

after Field B starts production and reaches pseudo-
steady state, The transient time will now be shorter
than the transient period of Field A producing alone,

In our aquifer material balance equation, the inter-
ference term for other reservoirs with respect to a

A : J
given resevoir is given by the summation term 3 W,
2

which represents the sum of the cumulative influx into
all other reservoirs in the common aquifer. This results
in additional depletion, or decline in the average pres-
sure of the common aquifer as a result of these fields’
also having water influx,

The expanded expression is more casily visualized
in the time-incremented step-function approach for a
time interval At. The cumulative influx into all reser-
voirs from Fields 2 to j (the field of interest is Field
Dis A

AW, (A) = Jy(y [;"Pw!(z)] At+ o) [P=Posis)] At

+ oot Jon [P — Pospl At. . (22)

Also, when handling the problem from a time-
incremented standpoint, we could even, for complete-
ness, include to some extent the change in compres-
sibility of the total system by allowing each field,
including all reservoirs within the common aquifer,
to contribute to the total compressibility:

G =S8oCo+ 856, +Suc+0cp. .. 23)

¥ we include all except the reservoir of interest (Reser-
voir 1) this becomes

( NB., + GB, c,
Vs

b
L‘g=.:.'. )’ +S.,C.,,+C],
B 1))

where V, is the total pore volume of the aquifer and
nonproducing fields, Muskat®’ points out that the
indicated abnormally high compressibility, ¢, = 36 X
10-¢ psi-* of the East Texas Woodbine aquifer could
be due to gas fields or gas caps of oil fields distributed
in the aquifer,

If we do not wish to include the compressibility of
the other reservoirs within the aquifer, Eq. 24 reduces
to the simple expression

Ct=Coter. . .. L, ... (25)

Water Injection into the Aquifer
The usual method of treating water injection for study-
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ing pressurc maintenance is to include a water injec-
tion term in the hydrocarbon material balance equa-
tion. A form of the material balance equation for a
gas reservoir is

G,,B,=G(B,—B,‘)+W,+B.,(W;-—W,).
e e e e . (26)

The basic assumpton here with respect to water
injection is that all water injected is instantly avail-
able to the reservoir, which would be realistic if the
water was injected uniformly throughout the reser-
voirs as in pattern waterflooding. However, when the
purpose is to maintain pressure, we generally use a
flank water injection, with the injection wells located
in the aquifer.

A more realistic approach is to include a water in-
jection term in the aquifer material balance equation
so as to incorporate the effects of the resistance to
flow across the reservoir-aquifer boundary. For high-
permeability boundaries, the results would be essen-
tially the same. However, where the permeability at
the boundary is low, over a realistic time period little
or no water may enter the reservoir. The option should
be available, at least, to study it both ways or in com-
bination. Eq. 9 includes water injection into the
aquifer in such a manner that the total water infiux,
W, is also a function of the water injected, W, =
f(W2).

In an interesting case history* of the Pegasus Ellen-
burger reservoir we are told of an attempt to maintain
pressure by using flank water injection to supplement
edgewater influx, The peripheral project failed to
maintain pressure, resulting in very high pressures
around the injection wells. Injection into the central
producing area was required to halt the pressurc
decline. The water influx constants from the edge-
water drive were established before water injéction
was begun. The PI-Aquifer Material Balance ap-
proach would have been more successful in predicting
the final outcome.

Historical Data

There are two differing treatments of historical data
from reservoirs subject to water drive. They are
usually referred to as

1. The Material Balance as an Equation of a
Straight Line,*® and

2. The Resistance or Influence Function.**

They differ mainly in their primary objectives, The
straight-line approach attempts to determine the
original gas or oil in place using the historical data,
whereas the resistance or influence-function approach
fixes a best estimate of gas or oil in place and then
attempts to determine a best fit of the data to arrive
_ at a resistance or influence function F(f) with which
to predict future performance.

When the objective is to determine recoverable
reserves, a precise value for oil or gas originally in
place may not be justified because of the inaccuracies
involved in arriving at reliable values for residual gas
or oil saturation and sweep efficiency. If, however, in
determining original in-place values the resulting
influx coefficients, C and #5, are to be used to make
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future performance predictions (reservoir pressures
and producing rates) the two treatments will accom-
plish the same thing.

With the simplified procedure, where the problem
has been separated into its two basic components —
productivity index and aquifer material balance —
we can approach the problem the way we would
approach it to determine the resistance or infiuence
function. For a gas reservoir:

1. We can fix a best estimate of gas in place, G.

2. Using the incremental form of the reservoir ma-
terial balance equation for a time interval Am and
two historical reservoir pressures, Pusn and Pwrin-1s
we can solve for a water influx volume

AW.n = A(G,B;) — GAB, + AW,Bo). . (27)
Then the average influx rate during the time interval is
- _ AWe
eo (AtN) = R (28)
e a s . 1y + ta-y
which is represented at time 5 ... (29

3. We can plot the average influx rate €, (Atn) asa
function of time.

4. We can calculate water influx rates as functions
of time, using various combined values of aquifer pro-
ductivity index and encroachable water in place. These
rates of water influx are plotted with those calculated
using the material balance equation.

5. We can select the best combination of Jy» — Wi
to fit the problem. Although a statistical approach

TABLE 1—HYPOTHETICAL GAS RESERVOIR AND
AQUIFER PROPERTIES.

Gas Reservoir Properties

initial gas reservoir pressure, psia 2,000
Porosity, fraction 0.20
Pay thickness, ft 100
Water saturation, fraction PV 0.20
initial formation volume factor for gas,

scf/reservoir cf 154.26
Reservoir radius, ft 10,000
Gas gravity (to air) 0.700
Pseudo critical temperature for gas, °R 392
Pseudo critical pressure for gas, psia 668
Reservoir depth, ft 7,000
Reservoir temperature, °F 130
initial gas-law deviation factor 0.780
Initial gas in place, Bef 776
Rate of take (1 MMcf/D to B8.59

Bcf gas in place), Mscf/D 90,338
Total field wellhead potential, Mscf/D 250,000
Initial wellhead shut-in pressure, psia 1,600
Slope of wellhead backpressure curve 0.700
Line pressure, psia 200
Aquifer Properties
Initial pressure in aquifer, psia . 2,000
Permeability, md 10, 50, 100, 1,000
ra/rr 35710
r. (using r, = 10,000 ft), thousands of ft 30, 50, 70, 100
Porosity, fraction 0.20
Aquifer thickness, ft 100
Total compressibllity for aquifer, 1/psi 6 x 10-¢
Viscosity of water, cp 0.50
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could be used to make a selection, an engineer's
analysis based on intimate knowledge of each data
point and field history would be preferable.

A good starting point for J,, and W,; should be
based on the basic geometry of the reservoir-aquifer
system being studied. For a strictly radial geometry
the productivity index of the aquifer, J,,, the water in
place, W,;, and the original gas in place, G, are all
functions of common variables in that J, = f (In r,,
In ro); We = f (r, ra?); and G = f (r,%). If aquifer
interference occurs at a later time, J,, will change as
a result of a change in drainage radius r,, but only as
the In r,(f), whereas the water in place W.(¢) will
change as the square of r,(f), with the gas in place
remaining the same. Therefore it is possible to have
more than one value of water in place as a solution
during the producing life of a field.

During the early times, before pseudosteady state
is established, the aquifer productivity index, J,.(7)
plotted vs the In ¢ and /7 for radial and linear fiow,
respectively, should be straight lines.*® No fixed value
of Jo and W,(f) exists during the early transient
period.

Discussion of Results

The method chosen with which to illustrate a com-
parison between the PI-Aquifer Material Balance
approach and the more rigorous solutions of van
Everdingen-Hurst is a hypothetical gas reservoir sur-
rounded by a finite radial aquifer. Using a gas reser-
voir does not require the introduction of variables
such as k,/k, relationships that may later be suspected
of contributing to some of the basic responses shown
by the water drive performance.

The properties used for the gas reservoir and
aquifer are listed in Table 1. So that the effect of the
carly transient period could be investigated, we chose
a range of permeabilities and external radii of the
aquifer. In each case, the aquifer inner boundary
pressure was represented by the average pressure de-
termined from the solution of the gas reservoir ma-
terial balance, Values used for water viscosity and the
total compressibility are typical of those often used
in the literature for water infiux calculations.

A typical gas withdrawal rate of take of 1 MMcf/D
to 8.59 Bcf in place (1 MMcf/D to 7.3 Bef recover-
able with an 85-percent recovery factor) was used so
as to obtain realistic water infiux values. A more rapid
gas withdrawal rate would result in less water influx
for the same reservoir and aquifer properties used in
this study, No attempt has been made to determine
recoverable reserves at abandonment based on re-
sidual gas and sweep efficiences. This could be han-
dled, however, by the methods suggested by Agarwal
et al.** All forecasts are carried out for a full period
of 20 years, that time defined by a 1-t0-7.3 rate of
take. A constant field welthead potential for the gas
reservoir was used for all cases,

Figs. 6 through 10 illustrate the water drive per-
formance for an aquifer with a permeability of 1,000
md at four different external aquifer radii — 30,000,
50,000, 70,000 and 100,000 ft (19 miles). In all cases,
the PI-Aquifer Material Balance solutions match
identically the gas producing rates, reservoir pressure,
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and cumulative water influx determined using the van
Everdingen-Hurst solutions.

The simplified approach does not utilize superpo-
sition, whereas the van Everdingen-Hurst solution
does. To investigate the effects of superposition when
producing rates are varied severely, a variable pro-
ducing rate situation was studied (Fig. 10). This was
done for the largest aquifer radius. Excellent agree-
ment was obtained for this 1,000-md permeability

case,

Figs. 11 through 14 illustrate the water drive per-
formance when the aquifer permeability is changed
to 100 md. In these cases, the departure from the
van Everdingen-Hurst solutions is quite small with
respect to reservoir pressure and cumulative water
influx and is well within engineering accuracy. The
gas producing rates are identical.

Fig. 12 includes the additional points representing
results using the van Everdingen-Hurst radial infinite
solution. After early times, their solution departs from
the r./r, = 10 case about as much above the line as
the simplified does below, What is interesting here is
that within the limits of field data, it would be difficuit
to determine the actual extent of the aquifer. That is,
we could easily maintain that the performance data
indicates an infinite radial aquifer. There would be
enough room to adjust the internal boundary pres-
sures to force a fit to an infinite solution.

Fig. 14, showing the performance of the aquifer,
illustrates why the cumulative water influx as calcu-
Jated by the PI-Aquifer Material Balance method
departs constantly from that calculated by the van
Everdingen-Hurst method. The departure results, not
unexpectedly, from a difference in influx rates during
the early transient period. After this period, the influx
rates agree quite well. ,

Figs. 15 and 16 illustrate the water drive perform-
ance for an aquifer of 50-md permeability. The de-
parture of the cumulative water influx from that
derived by the van Everdingen-Hurst solution is
most pronounced for the aquifer-to-reservoir ratio of
r./r. = 10, an aquifer external radius of 100,000 ft.
The constant departure indicates that the difference
occurs as a result of the early transient period, as
shown in Fig, 14. Still, the reservoir pressure and gas
producing rate agree quite well,

Figs. 17 through 20 give the water drive perform-
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ance using a 10-md aquifer permeability. In Fig. 17,
re/r. = 3, the cumulative water influx for the PI-
Aaquifer Material Balance solution is always greater,
indicating that the van Everdingen-Hurst solution was
dominated by linear flow, resulting in a lower influx
rate than the radial flow determination.

Fig. 19, r./r. = 7, shows a continuously increasing
departure of the cumulative water influx as a result
of transient flow effects throughout. In these cases as
in all previous cases, the gas producing rates agree.
In all the 10-md aquifer permeability cases, the gas
reservoir is behaving essentially as a volumetric
reservoir,

From a check -of the time it takes to establish
pseudosteady state, it was found that the productivity
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index representing the fixed dimensions of 100,000

“ft for r, of the aquifer, could not become established

during the 20-year period of the forecast, Therefore,
the Hurst-Simplified (Defined) equation given in Table
4 was used. The results obtained using this equation
are quite good (see Fig. 20). As in individual well
forecasts, the Hurst-Simplified (Defined) cquation
could be used until pseudosteady state is established;
then, after applying the material balance equation to
determine the aquifer shut-in pressure, we could use
the pseudosteady-state rate equation for the rest of
the forecast.

Because the results presented in this study were
based on finite aquifer systems, it would be appropri-
ate to discuss briefly the terms “finite” and “infinite”
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TABLE 2—RADIAL FLOW WATER INFLUX VARIABLES USED FOR THE- PI-AQUIFER MATERIAL BALANCE
SOLUTIONS FOR A 20-YEAR FORECAST Of THE HYPOTHETICAL GAS RESERVIOR

k = 0.010 darcy k == 0,050 darcy
Enl;'g:c'h (pssudosteady state) (pseudosteady state)
Radius able . Stabili- Stablli
of Water in Initia) zation Initial zation
Aquifer Place Ju Potential Time Je Potential Time
ra/re (ft) (102 bb)) (B/D/psi) (8/D) (years) (B/D/psl) (B/D) (years)
3 30,000 107.52 40.620 81,240 3.0 203.10 406,200 0.6
5 50,000 322.56 16477 32,954 82 82.385 164,770 1.6
7 70,000 645.12 11.840 123,680 16.1 59.200 118,400 32
10 100,000 1,330.56 9,1202 18,240 329 - 45,601 91,202 6.6
Kk = 0.100 darcy k = 1,000 darcy
(pssudosteady state) (pseudosteady state)
Stabili- Stabili-
Initial zation initial ution
Jeo Potential Time Ju Potential Time
(B/D/psi) (8/D) (years) (B/D/psi) (8/D) (ysars)
3 30,000 107.52 406.20 812,400 03 4,062.0 8,124,000 0.03
5 50,000 322.56 164.77 329,540 0.8 1,647.7 3,295,400 0.08
7 70,000 645.12 118.40 236,800 16 1,1840 . ._ 2,368,000 0.16
10 100,000 1,330.56 91.202 182,400 33 912.02 1,824,000 033

«Stabllization time for this vaiue of J_, exceads duration of forecast.

as applied to water influx problems. “Finite”, as used
in this study, indicates only that finite dimensions
were used for defining the aquifer productivity index,
1,,, and the aquifer volume, W.;. “Infinite”, when ap-
plied to an aquifer, can take on at least three different
meanings.

1. The aquifer volume W.; is very large (infinite).
This can result in a Schilthuis steady-state aquifer
behavior.

USE AS AQUIFER
INNER BOUNDARY

INCLUDE WATER IN
RESERVOIR MATERIAL
BALANCE

%,

DEFINED AS
RADIAL FLOW

d-linear flow

WATER”

f-radial flow,
-wedge sand

c-radial flow,
bottom water

Fig. 21—Types of fiow systems for rate equation.
JULY, 1971

2. The deliverability or productivity index, Jw, is
very large (infinite). As a special case of water influx,
an infinite productivity index is always assumed when
the expansion of the water within the hydrocarbon
reservoir itself is included in the reservoir material
balance equation by the addition of a water compres-
sibility term.

3. Transient flow exists during the entire period of
interest, with the result that an infinite solution is
applicable.

For the studies involving the largest aquifer radius
used — 100,000 ft — the 10-md aquifer permeability
case was the only one that could be classed as in-
finite — and then only because the infinite solution
could be applied. Its volume of water influx was s0
insignificant as to cause the gas reservoir to behave
like 8 volumetric reservoir, The 100-md case response
as a finite aquifer (even with no transients being con-
sidered for the simplified solution) was such that it
appeared to behave like an infinite aquifer solution
(see Fig. 12). The term “infinite” when applied to
water influx problems should always be qualified as
to which of the above definitions is meant.

LARGE \\ 'CWSTMT PRESSURE
MUIFER ol Gty In ‘review, the good results obtained with the PI-

Aquifer Material Balance approach are suprising
when we consider that the additional flow contribu-
tions from the early transient period have been omit-
ted and that there exists the condition r, << Ta, im-
posed in the derivation of the pseudosteady state
radial flow equation. Variations of the constant in
the term [In (ro/r,) — %] were studied by using -4

- and —1, as well as some of the other suggested meth-

N\ ods of expressing the inner boundary pressure, Puf.

= In all cases, the results obtained were significantly
[ poorer than those reported in this study.

Certainly in many cases the additional capabilities
of the PI-Aquifer Material Balance, when propery
included instead of omitted, can far outweigh any
early transient effects omitted. In many cases where
the transient is of long duration, as for the 10-md

823
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TABLE 3—RADIAL FLOW WATER INFLUX VARIABLES

B, = oil formation volume factor, reservoir

USED FOR THE VAN EVERDINGEN-HURST SOLUTIONS bbl/surface bbl
FOR A 20-YEAR FORECAST OF THE ; )
HYPOTHETICAL GAS RESERVOIR B,, = water formation volume factor, reservoir
Ratio of ~ bbl/surface bbl
Dimensioniess . ¢; = formation (rock) compressibility, psi-*
if Time t Water Infiux = i-1
Sl gumen,  Mamn e = gas compressbity, psi-

(darcies) (1/year) (cu ft/psi) G = ?otaiomprt;wﬁ ty, ll)lilf ibili
0.010 0.38483 75,396 €= psi?: elieclive aquiler compressibLLLy,
5:?58 ;gigg ;g:ggg cw = water compressibility (includes the effect
1000 38.483 75,396 of dissolved gas), psi~*

C, = gas well backpressure curve coefficient

(gas well productivity index)

cases given in this study, it makes little difference e = natural logarithm base 2.71828
whether the transient effects are included or not. _ e, = waterinflux or efflux rate, reservoir bbl/D
ew (Atn) = average influx or efflux rate during time

Example Calculations

An example of a water drive performance prediction
for a gas reservoir using the PI-Aquifer Material Bal-

ance approach is given in detail in Table 5. The cal- h = aquifer thickness, ft
culations were performed on a desk calculator using i = subscript to denote initial value or condi-
the simple trial-and-error procedure of iterative sub- tions (except for cumulative water in-
stitution, The iterative ca}culations are shown only jected, W)
for Years 1 and 20. During the period of constant J,, = aquifer productivity index, reservoir bbl/
producing rate, the second trial was always within 1 D/psi
psi of the final answer, When the producing rate was k = aquifer permeability, darcies
limited by the.backprcssure curve, an additional itera- L = length, ft
tion was required. n = exponent of backpressure curve, also
. used as a subscript to denote the end
e PI-Aquifer Mate; ance approach to water = ; ¥ .
infiux calculations offers a very useful and flexible P av:‘r;i; aqucr pressure (shut-in pres- .
. . s psia
method for forecasting and analyzing the performance - _ uif shut-i
of water drive reservours. The separation of the water Pon-n = avcrag:): atq th eli)epgcsspm (f u 'fnwpmasl'
influx problem into a rate equation and a material ;‘:: at the beginning of an interva,,
balance equation, not requiring the use of superposi- _ .
tion, makes the concepts and calculations quite simple pe = extemnal boundary pressure, psia
and easy to apply. Py = initial aquifer pressure, psia
Pr = gas reservoir average pressure (shut-in
Acknowledgments pressure), psia
I wish to thank Phillips Petroleum Co, for permission psy = wellhead tubing flowing pressure, psia
to publish this paper. The assistance of M. W. Canon, P, = wellhead shut-in pressure, psia
who programmed the calculations and helped with all Pwy = inner aquifer boundary pressure, psia
the computer runs, is gratefully acknowledged. Pwy = a constant inner boundary pressure for a
: time interval (A1) (see Eq. 8), psia
Nomenclature PI = productivity index, reservoir bbl/D/psi
b = width, ft 9, = gas flow rate, Mscf/D
B, = gas formation volume factor, reservoir - q, = average gas flow rate during an interval,
bbl/sct Mscf/D
TABLE 4—RADIAL AND LINEAR AQUIFER RATE EQUATIONS?
Type of Boundary Radial Flow Linear Flow

interval (Atn), reservoir bbl/D
G = initial gas in place, Bscf
G, = cumulative gas production, Bscf

Finite—closed (no flow) at outer boundary

_7.08 kh(® — pey)_
[n()- 3]

7.08 kh (po — Duy)

_ 3(1.127) kbh (b — pey)
q al

1.127 kbh (ps — Pwy)

Finite—constant pressure at outer boundary Qo =

Infinite

[

¢ [

— 7.08 kh (s —Pu)

Qo = [[L

. Kkbh (b« — Pws)

j14.23 kt | [6.33 kt
enci T Y

{Hurst Simplified (Defined))
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g, = constant gas flow rate, Mscf/D
(Gwi)max = initial open-flow potential of the aquifer,
reservoir bbl/D
r. = external radius of aquifer, ft
r, = internal radius of aquifer, ft
t = time, days
Atn = time interval n

t,, = time to establish pseudosteady state, days

{, = time to establish steady state, days

V, = pore volume
W = initial water in place, surface bbl
W, = cumulative water influx into a reservoir

or effiux from the aquifer, reservoir
bbl
AW., = cumulative water influx or efflux during
an interval, reservoir bbl
W.; = cumulative water influx into reservoir (j)
i within the common aquifer, reservoir
bbl
initial encroachable water in place at
pressure p;, reservoir bbl
W.; (t) = encroachable water in place at time (%),
‘ reservoir bbl
W; = cumulative water injected, surface bbl
W, = cumulative water produced, surface bbl
z = gas deviation factor
- ¢ = porosity, fraction
= viscosity of water, cp

Wei
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APPENDIX A

Aquifer Material Balance

A material balance equation may be developed for
a finite aquifer system as follows.

Total Volume at Pressure p

Initial Contents } +{ and Encroached Fluids”

Volume of Volume of all Injected
atp atp

Pore Volume at Pressure p
Original Pore Volume Lost Pore Volume

Volume of Initial Loss of
- Contents — § Pore Vo_lume
at p; atp

Total Voidage Volume at Pressure p
- [( Volume l-‘;ﬁim;etdF and Produced )] .. (A

In the algebraic form using the standard ATIME no-
menclature,

{[W B,)+[W; By]} ~ {IW Buil —[c/(pi — P)W Buil}

= ([W]+[WyBol}. . . . . . (A2
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Dividing through by Bui,

{[W%] +[W‘—gi- L-{w —[c;(p; -7 W]}

=1 %] +[ Wyp } (A-3)
Substituting
g:; =1+colpi —P)» (A4)
we obtain
W1+ co(pi— P — WL = ¢ (o = P)]
= B: W, + Bo Wy — Wl, . . (A5)

or
W Boi {[1 + co@s — D)) — [1 — ¢, (2 — P}

=W, + Bp (W, — W) ; (A-6)-
collecting terms,
W Boi [(co+¢p) (ps — P = We + (W, — W5) By
(A-T)
Rearranging Eq. A-7 we have
b= [P Twa] e
R 7€)

To further generalize the equation to include inter-
ference effects of other reservoirs in a common aquifer,

i

- We+ IWy+ (W, — W) By

p= = 2 +Pi,
(co + c) W By

. . . . . .

(A-9)

where W, represents the cumulative water influx for
the reservoir of interest, and W, represents cumula-
tive water influx into reservoir (j) within the common
aquifer. The water compressibility can be considered
then as effective compressibility, which includes the
compressibility of the other nonproducing hydrocar-
bon reservoirs.

Eq. A-9 is the general equation, but to simplify the
further derivation we will set the interference, water
production, and water injection terms to zero; that is,
SWy=0,W,=0,and W; = 0.

We then have

- [ 1
P= [(c.,+c;)WB..¢]W'+p"

o e (A-10)

Defining [(co + ¢7) W Bui] P+ = Wai, as the initial
encroachable water in place, we can write for the
aquifer material balance equation

7= — (<P
P (W“)Wg"'p‘,.

JULY, 1971

(A-11)
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which can be represented in graphical form as shown
in Fig. 5. '

Note that the term W, is not total water in place,
W B, (which represents the total aquifer pore vol-
ume). The aquifer will still be 100-percent saturated
with water when all the aquifer pressure is depleted;
that is, when p = 0. Note, too, that the determina-
tion of W.;, the initial encroachable water in place,
is not basically geometry-dependent except to the ex-
tent that fundamental mensuration rules can be ap-
plied, Isopachous planimetry would be the most rigor-
ous of all approaches.

APPENDIX B

Water Influx Equations

Aquifer Rate Equation

The aquifer rate equation independent of geometry is

Go = Jo (; = D, 0, (B'l)

The aquifer rate equation when graphically de-
picted is analogous to the productivity index curve of
the oil wells and to the backpressure curve of the gas
wells (see Fig. 1).

The rate-time relationship for water influx against
an increasing Ap is shown graphically in Figs. 3 and 4.

The cumulative influx into the reservoir or efflux

from the aquifer is determined by
[
W, = bqu dt (B-2)
Differentiating we have
dW.=gqpdt , . . . . . (B-3)
or
dw., _
-—dt-——q.,. R . (B-4)
Using the aquifer rate equation, we obtain
Ge =Jo (; = Put); ®-1)
then
d -
——dte =Jo (P = Pup) (B-5)

At initial conditions we can define the maximum
capacity or initial open-flow potential of the aquifer,
when pey = 0, a8

(Guoidmax = Ju(P4) (B-6)
or
= (qot)m
J.,-———p‘........(B-7)
Therefore,
go= YedenG— . ®-8)
4
Then
e Qe G- p, . B
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or
aw, = ..___(‘lwlgw G — pundt. (B-10)
From the material balance equation slope,
dp__ _ [ b .
dW¢ - ( WG‘ ) ! (B 11)
or
a5 =~ (L) a.. ®-12)
el
Combining Egs. B-10 and B-12,
= _ _ Pi [(Quidmex = _ ]
dp = Wﬁ—;—@ pupdt] . (B-13)
Simplifying and separating variables,
dp (Guot)ms
—_—= -2 e, (B-14)
(p —pe)  Pa
Godoss [
Gwi)mex
= dt. . -15
f @ — Pur) Wei / @19

Rearranging and changing limits on p, we obtain

(qw()mu f '
.. (B-16)
[ (P pw!)
Integrating between limits gives us
[(qwi)mu]t - ln[ ow] , B-17)
D — Pef
which can be expressed as
Bi — Pot = el@enmu/walt . . (B-18)
P — Puot
but
Go=Jo (; = Pup) s - (B-19)
or
L A T (B-20)
»
Therefore,
Jw (pi — Pwl) = el{dei)mn/Weilt (B-21)
Gu
Now, defining e, = g,
oty = 2.1 = Pe) (B-22)

el@e)maa/Weilt ? *

which is the final form expressing the instantaneous
rate of water influx as a function of time and the
internal boundary pressure, (p.s). The equation is
quite general and totally independent of geometry,
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and will use any consistent set of units.

Cumulative Water Influx Equation
Now we can derive the more useful cumulative water
influx equation. If we combine the equations

W,=br'e.,dt R ¢ : 53!
and
eo= JpE Pl (B-23)
then
;
W= [ JeC_Ped g4, (B-24)
or

We = Jw (Pi - Pwl) br‘ e [Wwidma/Wedt gy ’

e e e e e .. (B2Y
Eg. B-25, when integrated between limits
W=7 e-[@ui)mas/Fui)t) ¢
e = Jo (i Pwl){ — (@) }
Wc‘
. (B-26)
gives
= Jv (s — Pup) (4 _ ~[(edmur/Waddt)
We (Qwﬁ)r"u {1 ¢ ‘ } ?
Wci
. . (B-27)
but
(Goidnx = T (P3) (B-6)

Substituting and rearranging, we arrive at the final
form of the cumulative water infiux equation,

= o) {1 — e~[@edmu/mat)

P
e v e e e e . . (B-2B)

It is interesting to note that both the instantaneous
water influx rate equation and the cumulative influx
equation are identical in form with equations derived
by Russell and Prats®® for predicting the performance
of layered reservoirs. Their results and conclusions
should be directly applicable when the simplified water

influx approach is used. JPT
Original ived In Soc! L, of Peatrol Enginesrs
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Conversion of van Everdingen-Hurst B and tp
to Values of Ply and Wey for Use in the
Simplified Approach to Water Influx Calculations

By M. J. Fetkovich

The van Everdingen-Hurst influx constant B is defined by the following equation:
(For convenience cgs units are used so as to avoid confusion with regard to con-

version constants.)

B=2mgcyhrl (5%0) (1)

In the Simplified Approach, the initial encroachable water-in-place is defined by
the equation:

We; = x4 ¢, h (razr- rrz) Py 5%3 (2)

We can define Weq in terms of B by the following equatfon (a simple substitu-
tion of equation (1) into (3) will reduce it to equation (2)):

Wey = s%[(_:la:_)z - 1] Py | (3)

Note that : &%ﬁi = (L‘aj- 1
r r

r

The Simplified Approach to Water Influx Calculations makes use of term J&g%)-t
Weq

which is defined in paper SPE 2603. Note that this term resembles the

dimensionless time term used in the van Everdingen-Hurst solutions.




-3 =

Let us take the ratio %w_i and define it in the basic variables for radial flow.
3] .

awi Pl (Pf) (52_0>

Wey ¢ c¢ h (r'a'2 - r,.z) Pi(?%ﬁ)

2 % kh (P1) >
Tn <

Qw3
We, % ¢y h (r - r.2) Py (‘3‘67 4)
Simplifying and multiplying the denominator by e 2 we obtain
. f'r, '
Qw4 2K 1
—_— Iy S —
We; CIT (r -r )(‘F‘C) In (‘F?.') - '4']
Qwy k 1
o 2 3N\ | (3 - 3
We;, ¢ucC T, r) n (ﬁ) -7 (5)
e/~ .
t k
o 2. :
t $ucy P (6)

Therefore substituting (6) into (5) we have:

1
Qwq (to

w SRR
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or in terms of tp
t

LU TS ~
y = e, . -2-[(;5 - 1][1!\ (%) - %] (8)
Using the equation:

Qwi = Ply (P1) (9)

and substituting into equation (7) and rearranging we obtain:

1 10)
PI".%"EEJ 1[,r12 - 1] 3 |
e e

The units on P, will depend on the units used for Wey, tp/t, and Py. For example,
1f We; 1s in Bbls, tp/t in yrs‘l, and Py in psi, PI, will have units of bbl/yr/psi.
Alternately we can express PIy in terms of tp/t and B by substituting equation (3)

into equation (10) and simplifying:

Ply = B’(':'D)
gem &
It should be pointed out that this conversion is rigorous when the tp/t and B
for the van Everdingen-Hurst solutions are primarily those lying on the pseudo-
steady state solution. In the majority of the cases, this will be so. This can
be verified by a simple check of where the tp/t at early times of 1 to 3 years
1ies for the given 'q/'r ratio on the Qgp vs tp curves. (See Craft and Hawkins,

pages 213-216.)



Williams No. 2
15600 NAG Zone, Mystic Bayou Field
- St. Martin Pa. La.

Cum Water - Gas in Place
) ~ Final Water Encroached Real ‘
. ’ Dimensionless  Encroachment Based on (Using all
Type Minimum Time Rat1o1 Factgr Final Encrmt. Points)
Bound. Std Dev tp/t - (yrs™*) B - (Ft /pS1) F?ctg; (BCF)
ft
Volumetric - - - «0 - 43.5
Schilt. .82188x10° - - 10703 x 107 43.9
Hurst. Simp. .80251x109 - - .14842 x 107 43.5
l'a/f'r -
1.5 .67281x109 10936 786.49 .31871 x 107 41.7
3.0 .67308x109 2.6367 123,75 .32391 x 107 41.6
5.0 .67325x109 16.238 41.473 .32994 x 107 41.4
7.0 .67262x109 41.823 20.610 .32776 x 107 41.4
10.0 .66794x109 100.000 9.8412 .32006 x 107 41.6
- R x 107 42.8

adial .76157x109 -0065395 1670.7 «22491




2 -
1
Wey = 2 s[@ - 1:] P{ and Py = 12887 PSI; _P_;_ = 6443.5 PSI

B
2 2
r r -1 Psl,r -1 Wey Wey
B e ] @
psi (fta) (Bb1)
1.5 1.25 8054.4 786.49 6334705 1128175
3.0 8 51548 123.75 6379065 1136076
5.0 24 154644 41,473 6413551 1142217
7.0 48 309288 20.610 6374426 1135250
10.0 99 637906 9.8412 6277761 1118034
1
PI = K(t) MWei.
P r
L % ?a ]['In(rr)_ ]
A" . ‘e’
W if,r r 3 1 We 1
o Lfrad Yoo g3 .1 |m@)-7| axc wxT By AXT
LR ¢ ] i r. r i
rr l"r - 1
105 .625 498.49 - - -
3.0 4 495,00 .3487 1.3944 71715 354.99
5.0 12 497.68 .8594 10.3128 .0969669  48.258
7.0 24 494.64 1.1959 28.7016 .0348413 17.234
10.0 49.5 487.14 1.5526 76.8637 .0130117 6.3385
% (i
ra K(t) P kie) Py (T ) Pl
I -
e (tos o 1) (Ft3/Yr/PS1) Bb1/Day/PS1
3 2.6367 936.00 .4567
5 16.238 783.61 .38324
7 41.823 720.78 .35169
10 100.00 633.85 .30927
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ABSTRACT ) curves, Flow point alignmnt to establish an

oil well buk-proasure curve on the customary

This paper pressnts the results and . log q_ va. log 8(p°) plot ie considered to be
methods of analyzing isochronal and flow after as as that obtained on gas well back=-

flow multipoint back-pressure tests condusted pressure tests.
on oil wells, Tests were condusted in reser-

voirs with permsabilities ranging from 6 MD to This paper demonstrates that gas wells and
> 1000 MD, Reservoirs in which cil well oil wells behave very similarly and should be
multipoint back-pressure tests were obtained tested and analiyzed using the sams basic flow

ranged from highly undersaturated, to saturated | equations,
at inltisl reservoir pressure, to a partially
depleted field with a gas saturation existing INTRODUCTION
above the oritical. Each of these three

reservoir fluid states can result in different Multipoint back-pressure testing of gas we].la
interpretation methods. Back-pressure tests is an accepted procedure for establishing
were run to pseudo-steady state in the field well's pertommo curve, Flow after md
where the saturation was above the critical isochronal? testing are the two basic methods
gas saturation, sommonly used. In high psrmeablility reservoirs,
. either method can be employed. In low per-

In all cases, 0il well back-pressure meabllity reservoirs, the Isochronal
curves were found to follow the same general method of testing eliminates the transient
form as that used to express the rate-pressure effects that can severely distort the results
relationship of a gas well: obtained from a flow after flow test. Methods

_2 2. for analyzing and calculating gas well
9 = d ‘; (pR = Pyr ) performance curves have been the subject of

numerous investigations., The bulk of these
investigations have examined non-Darcy flow

. From soms 4O oil well back~pressure tests
behavior, the primary reason that multipoint
examined, the exponent n was found to lie tests are conducted,

batween 0,568 and 1.000, very near the limits
commonly accepted for gas well bask-rressurs Multipodnt testing of oil wells is not now

References and illustrations at end of paper. & ourrent practice. As early as 1930, however,
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T. V. Moore> reported the results of an oil
well multipoint test conducted on the Humble
Smith A-2 in the Yates Field, The purpose of
the back-pressure test was to demonstrate &
method of establishing a well's open flow
potential without producing the well wide open.

The need for establishing an acourate
performance curve for an oil well is as
important as determining one for a gas well,
In the search for new oil, the industry is turn-
ing to remote areas sush as the Arctic and
offshore. Critiecal questions of whether to
develop, and if so, how to develop a field
hinge on the ability to ascurately predict a
well's deliverability., Often, because of
equipment limitations, the rates of production
obtained during drillstem testing are much less
than those planned for full developmsnt.

The traditional method for predicting
production rates and drawdowns for oil wells
has been based on the consept of the productiv-
ity index (PI), which hae been used in the oil
industry for many years. The usual form of
the egquation

%-Jo (pe-pwr) e o o. ¢« o o (1)

is valid only for systems producing an ideal
homogeneous liquid obeying Darcy's law. This
condition normally holds for oll wells when the
oil is undersaturated throughout the produsing
formation, It has long been recognized that
in reservoirs existing at or below the bubble-
point pressure, producing wells do not follew
this simple equation, Actual field tests
indicate that oil flow rates cbtained at
increasing drawdowns decline much faster than
would be predicted by Eq. 1. '

Evinger and Huskatl‘ first derived a
theoretical productivity index for steady state
radial flow in an attempt to account for the
observed non-linear flow bshavior of oil wells
and arrived at the following equation

P
- 7.08 kh ¢
9 = L& f () ap. o . @
1“('5;) Rt
where £ (p) =k
uOO

Caleulations using Eq, 2 based on typdecal
reservoir and fluid properties indiecated that
PI at a fixed reservoir pressure pg (as defined
from Eq. 1) decreases with increasing drawdown.

In a computer study by Vogels , results
based on two-phase flow theory were presented
to indicate that a single empirical inflow
performance relationship (IFR) equation might

po:l.nt back-pressure tests taken

- above the

be valid for most solution-gas drive reservoirs.
He found that a single dimensionless IFR equation
approximately held for several hypothstical
solution-gas drive reservoirs even when using

a wide range of oil FVT properties and reservair
relative permeability curves. The fact that his
study coversd a wide range of fluid properties
and relative permesbility curves to obtain a
single reference curve, oan not be over
emphasized, Vogel then proposed that his
squation be used to take the place of the linear
productivity index relationship for solution-
gas drive reservoirs when the reservoir pressure
is at or below the bubble-point pressure.

The proposed mpirioal' reference equation
(IFR) 4n dimensionless form.was given as -

:—:)m- 1 - 0.20 (;—;5)- o.ed (%;—f)z . o (3)

A comparison was made of IFR's for liquid
flow, gas flow (n=l) and two-phase flow (hie
referenge curve) on a ess basis,
(Fig, 1). As is evident from Fig. 1 the
position of the two-phase reference curve
relative to 1iquid and gas flow indicates that
o0il wells as if in s solution-gas
drive reservoir should actually B'hnvo more
1ike & gas well, l.e., (m:zl;.n?t ) v8. q
should plot as a straight on log-log paper
with a slope (n) near unity. .

This paper presents the results of mlti-
at a single
reservoir pressure level (P )o These results
show that the performance curve for an o0il well
cnnbecxprnudbyamrogenoralmdfnﬂ.liu
equation similar to that used for gas wells,

qo = Jé (Faz - pwrz)n e ® © e o o (“-)

Reservoirs in whish oil well multipoint
back-pressure tests were obtained ranged from.. .
highly undersaturated, to saturated at initial
reservoir pressurs, to & depleted
f4eld with a gas saturation existing above the
eritical (equilibrium) gas saturation. Equation
L was found to be valid for tests conducted in
all three reservoir fluld states, even for the
conditions where flowing pressures were well
bubble-point pressure. FPermeabilities
of the reservoirs ranged from 6 to >1000
millidareys, Flow point alignment to establish
an oil well back-pressure curve on the customary
hgqsvs. log A(p?) was found to be as good as
that Sbtained on gas well back-pressure tests.

BASIC PQUATIONS AND PRESSURE FUNCTIONS

The basic flow equation given by Evinger
and Muskat® for steady-state flow, applicable
to either oil or gas flow, is
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7.08 kh P
%‘h(re)Jer(p)dp.-. . (2)
Tw wi

where  (p) can be any function of pressure,
Using the typical pressure function depicted
in Fig, 2 it is obvious that we can evaluate
the total integral in two parts and write

q = LBk Po ko (S,p) gp
E.n(&>+s f uoBo
r
W wi
Pe
+_4 kmép) e o . e . . (8)
uo [+

For flow in the region where the pressures
are above the bubble point pressure if we
assume k__ =1 ( neglecting the pressure
dependenppemeability term for simplicity of
presentation only) and treat (u B ) evaluated at
the average pressure (pe-ﬁ-pb)/Z we can write

L _zoswm [ [T ke 8P g
VRE

Tw pwi'
(p,-pb)

e e e e e e 4 (8)

-+

.. o u°§°) ) .
Except for the addition of the nescessary skin
term,s' (discussed later in the paper) Eq, 6
is identdical to that derived by Handy<l,

Figure 2 illustrates a plot of 1/u B as a
function of pressure for an undersaturated oil
reservoir. Also, drewn on this figure is a
dashed line representing the effect of relative
permeability (k_ ) on drawdewns below the
bubble-point sure, It is assumed for
purposes of demonstration that k__/(u B ) is
linear and its intercept is O at™8 prgugure.

The simplifying assumption of the O intercept for
k__/(u B ) approximately defines Vogel's IFR
cf¥ve 8nf exactly defines Eq, 4 when n=l.) Also,
drawn on Fig., 2 is & hypothetical pressure
funetdon kro/(uoBo) represented as a constant
for all pressures, It is clear that a constant
value of k__/(u Bo) over the entire rressure
drawdown rgﬂge $s°required to obtain a constant
productivity index (FI).

Figure 3 illustrates plots of 1/(u B ) for
two high pressure gas reservoirs, €5 was
obtained from calsulations using the reservoir
gas analysis and standard correlations of Z and
u_ as functions of critical pressure and tem-
pgraturo. Curve B was obtained directly from a
FUT study, One striking feature of curve A is
the fact that it resembles- that of an under-

saturated oil reservoir with an apparent or
pseudo bubble-point pressure near 2500 psia,
the normal inflestion point of a Z curve., A
further observation that can be made from
curves A and B is that a region exists where
a gas well can be considered to behave as a
liquid, i.e., 1/(u B ) is nearly constant or
only slightly changiﬁg with pressure as 1s
the case for ths pressure function of an
undersaturated oil reservoir above the bubble-
point pressurs,

For the region where the pressure function
is a sonstant, or nearly so, we can immediately
write upon integration of Eq. 2 the well known
steady-state single phase flow equation:

7.08 kh | (Pq = Fyy) ()

q = ; B L] L ®
o)+ ™"

Note that this equation would approximately
hold for gas wells represented by curves A and
B in Fig., 3 over a considerable range of
pressure drawdowns, q_will then be pro-
portionsl to Ap instea® of 4(p2). This, dn
fact was found to be the case for isochronal
tests conducted on two wells in a reservoir
with fluld properties represented by curve B.

Now considering the entire pressure function
from p, to 0, for either the oil or gas curves,
(the dished line in Fig. 2) we note that f (p)
oan be represented approximately by two sepa-
rate straight line segments, The approximate
flow equation then, over the total prsssure
interval, can be written as: (Ses Appendix)

7,08 kh
r
[ln (r—:)~3}ib)p .
G’

(Bp,n, 8 (B -Ber) + (pg=p)|- (8)
2

q‘

o q=J¢ (pbz-pwfz) +J (p.-pb) . o(84)

For drawdowns both above and below the
bubble-point pressure, a back-pressure curve
plot will appear as two line segments, with
the intersection yielding an approximate value
for the reservoir bubble-point pressure. This
then offers an approsch for determining a
reservoir's bubble-point pressure from an
isochronal test, For an isochronal test, a
constant reservoir radius of investigation is
obtained for eash flow-an insitu constant
volume cell,

If the degree of undersaturation is slight,
the two line segments may not be definable.
Unstable flow conditions in the tubing at the




THE ISOCHRONAL TESTING OF OIL WELLS

45"

" SPE 4529

-
1ow fiow rates nscessary to define the single—
e flow conditions may preclude defining two
straight lines. Further, as will be dexon-
strated later, non-Darcy. flow can exist even
when all flowing pressures are above the bubble-
point preasurs. Conoeivably then this could
Jead to even thres line segments.

For the case of all drawdowns below the
bubble-point pressure J(pe - Pp) 18 a constant,
while the remaining term varies non-linearly
with {lowing pressure, Pyfe

The composite effect results 4n an equation
of the form
2)n .(9)

As p, decreases to the pressure p,, n-> 1.0 and
C-> :

2
q=0 (pe - Py

! such that for the oil well case, only
the two-phase flow term remains,  We thus obtain
the basic equation suggested from Vogel's
results for Pq < PR

2) 1.0

- ow o (10)

% =95 (3 .
A significant conclusion to be drawn from Eq. 9
is that a gas well or an oil well can haveza
slope less than 1.0 on a log q vs. log a(p°)
plot without no flow existing. The
slope (n) in this case is strictly a result of
the shape of the wells pressure funstion, This
possibility, for a gas well, m6rccognind
and reported by Rowan and Clegg ~.

~ Eq, 10 must be further generalized with
an exponent (n) in light of results obtained
from multipoint back-pressure tests condusted
on oil wells for both single-phase and two-
phase flow to

qo = Jé (p.z - Pufz)n e © e o o (u)

Eq. 11 is identical in form to the gas well
back-pressure equation. For constant rate
transient gas flow, the gas well bagk-pressure
equation is usually expressed by 7,8,

7008 kh (Pi - pﬂt)

F1¢n) s+ Dq

L] (m}

" /n.z3 ky t2 .
¢(n°t)1r'

Other than for the unique fluid propsrty cases
discussed above, or s pressure depandent per-
meability effect, the non-Darcy flow term in
Eq. 12 is required to cbtain an exponent (n)
less than 1.0.

In terms of a pseudo-pmssure9 n(p)

| o4l wells in saturated reservoirs.

7.08 kh [=(p,) - n(Re)] =
qQ

ln/lk.ZBkit +B+Dq O .(]3)
Vo (mt)i rwz

where m (p) can also 1:1&& a pressure
depsndent psrmsability ?‘B

P
m (P) = k (S,P) dp « .(1&)
of r: B

(The effect of a pressure dependent permeability
could readily be displayed in Figs. 2 and 3.)

Equation 12 or 13 then should be appli-
cable for analyzing both oil well and gas well
back-rressure teste.

RATE AND TIME DEPENDENT SKIN, s (a,t)

Slopes mush less than 1 were consistently
obtained from isochronal tests conducted on
For under-
saturated reservoirs, the shape of the pressure
funstion was shown to be capsble of accounting
for elopes less than 1. Since Vogel's work
based on two-phase flow theory indicated back-
pressure curve slopes should be unity or even

ter, a near.well bore effect was suspacted.
fm of Vogel's results show the first caloulated
IFR eurve after 0.1% of original oil-in-place
48 recovered. The effect of initial gas sat-
uration build-up around the wellbore may
have been present in his results.) Hamly
studied the adverse effest on FI of two-phase
flow in the vicinity of the wellbore for under-
saturated oils, Muskat 12,13 presented a simple
approach to study the effect of two-phase flow
about the well bore for a gas condensate wsll
that could be spplied to a saturated or under-
saturated gas condensate or oil well.

s _(a.t) FOR CONDENSATE WELLS

Muskat's equation to caloulate the rate of
change of liquid saturation taking place about
the wellbore for a producing condensate well
is:

de
dp

dp

& (15)

S
L= 3

2nrhp

Saturation is assumed to build up only to the
1imiting equilibrium liquid saturation; its
radius then with tims, For a steady
state pressure distribution, and saturation

S equal to O at t=0, we can obtain an equation
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-l 6=

in terms of the approximate radius of the
equilibrium two-phase flow region. In
engineering urdts it is

2. 113592 uZnt
= B
a

2 4 —
h ¢kpSclh

e o« o o(16)

where Y is expressed as reservoir cubic feet of
condensate accumlation in the reservoir per
Mscf of full wellstream gas produced per psi,
g%. Y can be calculated using the retrograde
liquid volums dats determined from FVT studies,
The term Se1h is the critical hydrocarbon liguid
saturation to reach equilibrium, or mobil liquid
saturation. The other pertinent unite are Macfd
eps., days, ft. and Darcy.

The definition of skin effest (s) in terms
of the radius of an altered zone r, (equilib-
rium two-phase flow region), and the reduced
permeability of the altered zome kg, can be

expressed as 2
Zlk-ka) , (Ta .
] a‘ in (r:) e © © o ® (17)

Substituting Eq. 16 into 17 we obtain

1135 q 2 uzrs
W kB Sy, 7,°

L) .(28)

s(q,t) -

Equation 18 defines & rate and time depen-
dent skin term that can give the appsarance of
non-Darey flow. The equation, although
approximate, gives a simple analytical expres-
sion with which to estimate the effects of two-
phase flow in the vicinity of the wellbore.

The significance of this effest in congznsﬁte
wells has bean demonstrated by others.-¥s< s=5s
17, Eq. 18 has besn used to successfully
analyze the results obtained from isochronal
tests on condensate wells, A signiflcant por-
tion of the skin was attributed to s(q,t).

8 FOR OIL WELLS

In the studies of West et al 18, Perrinel9
and Well , an analogous behavior around the
wellbore has been shown to exist in an oil
well., Under constant rate produstion for
initially saturated solution-gas drive
reservoirs, their results show that the gas
saturation quickly builds up to the equilibrium
gas saturation (critical gas) and remains
constant at its equilibrium value, Its' radiue
increases with time until the wells drainage
volume is above the critical gas saturation,
(See Fig, 4) This gas saturation build-up in
the vicimity of the wellbore 1s commonly

referred to as "gas block"., The corresponding
oil permeability redustion in this region is

. saturated reservoirs, leads to the maximum

therefore constant, with its radius incressing
with time. This damaged zone within which the
relative permeability has besn redused has been

referred to as a pseudo-siin by Weller., '
Utilizing Eq, 18 with the appropreiate variable
substitution, the rate and time dependent skin
s (qg,t) for an oil well is

(k- k)

s(q,t) =——=—2 1n

2
Ty 0226 .~ Bouy Xt (1)

[+)

N

n? # k Sog T,

vhere X is expressed as reservoir cubiz feet of
gas evolved in the reservoir per gtock tank
barrel of oil produced per psi, é% o Xis

readily obtained from a standard FVT study using
the liberated gas data as a funstion of
pressure. Sog is the equilibrium or critical
gas saturation, fraction of pore volume, Other
pertinent units are STK BOPD, cps, DAY, FT,
DARCY and RES BBL/STK BBL,

The results of West et 3l were first used
to determine whether Eq. 19 would reasonably
predist the radius of the "pseudo-skin" for
times before boundary effects becams significant.
Using the basic data given in thelr paper and
Eq, 19 a salculated r, = 1,6 FT versus their
1.5 FT was obtained at 2.21 days, and ry = L.6 FI
versus their 6.0 FT at 16.8 days.

Egs. 18 or 19 are applicable to initially
saturated and partially undersaturated reser-
voirs, Once an oil well's drainage volums
exceeds the equilibrium gas saturation Eg. 19
is no longer applicable, For condensate wells,
Eq, 18 will apply for a much longer peried of
time, at least until revaporization begins to
take plmce, Then ry will begin to recede.

Only in the case of undersaturated reser-
voirs, we could assume that the two-phase region
is at the equilibrium gas saturation and exists
out to where the pressure is egual to the bubble-
point pressure. This simpler approach, developed
by Handy?l for wells producing from under-

reduction of PI which could be expected from a
gas saturation build-up around a well producing
with a flowing pressure below the bubble-point
pressure, By analogy, the same approach could
be used for treating undersaturated gas con-
densate wells,

For completeness then, Egs, 12 and 13 should

be written to include a rate and time dependent
skin, s(g,t). We would then have

v g (uey), T,

q (uB)
+S+B(q,t)+m ° o o . . (20)
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and
7.08 kh [m (p;) - m (p,e)] ¢
Q

' .23 k:lt
1n z
J(uct)i T,

After Rameyzz, we can define

+8+s (q,t) +0 ..(21)

8"S+m . . ° . - . . . (22)

and .
g =8+ 8 (q,t) + m, . . . ° . (23)

WELL TEST RESULTS

The basic results obtained from isochronal
back-pressure tests and flow after flow multi-
point tests conducted on 0il wells are
summarized in Tables 1 and 2.

. Reservoir fluid states in whish multipeint
well tests were obtained are, in chronological
order :
i. Gas saturation existed throughout the
_reservoir above the critical or equilibrium
gas saturation.

2. Undersaturated reservoir with flowing
pressures obtained both above and below
the bubble-point pressure.

3, Saturated reserveirs with the reservoir
pressure at or very near the bubble-point
pressure.

L. Undersaturated reservoir with all
flowing pressures above the bubble-point
pressure.,

GAS SATURATION ABOVE PQUILIBRTUM

Stabilized flow after flow multipoint
back-pressure tests were available on 16 wells
producing frem a solution-gas drive carbonate
reservoir, Field A, Reservoir conditions were
ideal for testing the hypothesis that qo vs.

(f:nz- Pwrz) would plot as a straight line on

log-log graph paper with a slope (n) of 1. The
reservoir variables in this field closely
approximated those used by Vogel in his study,
(See Table 3), Average gas saturation in the
reservoir at the tims the tests were conducted
was estimated to be betwsan 10 or 12 percent.
Producing gas-oil ratios when compared to the
initia]l solution gas-oil ratio of 684 SCF/BBL
indicates that the reservoir was well above
above the equilibrium (critical gas) saturation
at the time the tests were conducted, Gas-oil
ratios increased only moderately at inereasing
drawdowns for most tests.

SPE 4529

Although the unit slope did predominate,
four wells axhibited back-pressurs curve slopes
mush less than 1. A slope less than 1 results
4n an even more rapid decline in rate q with
drawdown than would be predicted from Vogel's
IFR equation.

The test on Well 6, Field A (Fig. 5)
sonsisted of seven individual flows, each to
apparent stabilizatdon. The first four flow
rates were run in a normal jnsreasing sequense.
Following the fourth flow at 229 BOPD, the rate
was reduced to 93 BOPD then again followed by
an insressing sequence of flows, All points
essentially fell on the same line, indicating
that transient effects were not the cause of
the deviation from the linear ralationship
predizted by the productivity index soncept.
Note that the flow points define a performance
curve with a slope of 1 almost to its absolute
open flow potential (AOFP). Table 1 shows that
for all wells tested in this field, the maximum
flow rate was very near the extrapolated absolute
open flow potential. In the other fields in
which multipoint tests were conducted, equirment
limitation precluded defining the entire curve,
requiring a greater degree of extrapolation to
AOFP,

Well No. 3, Field A, (Fig. 6) illustrates
the most significant result of this first group
of tests. With an excellent alignment of five
stabilized flows, the slops of the back-pressurse
curve is 0.648. The results obtained from this
test. first suggested the possible existance of
the same lower limit of the exponent (n) as
exists for gas wells (n = 0.500), and & non-Da.rcyr
flow effest.

Well No. 14, Field A, (Fig. 7) exhibited
the maximm increase in gas-oil ratlo with
increasing drawdown of all the wells tested.
Even with the gas-oil ratio increasing with rate,
the slope n of the performance curve was 1.0,

UNDERSATURATED RESERVOIR (p, > B, and pwf<pb)

In an attempt to utilize the oil well back-
pressure testing method to more accurately pre-
dict full development well performance from
wildeat well tests, an isochronal test program
was initiated, The first known oil well
isochronal test was conducted on April 1L, 1970
on the Pnillips Ekofisk 2/4-2X well, Surprising
results were obtained from these first tests,
Two straight li.gea were obtained when a log 9
vs log (Pp“~R,¢ ) plot was prepared, Figure
g8 4llustFates-the results obtained from a 6
hour isochronal test conducted on zone 2.

Ha.ndy'sa, work led to the conclusion that
the two straight lines were a result of the
reservoir being undersaturated, with the inter-

section point indicating the apparent reserveir
bubble-point pressure. Using the first two
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flow rates and the constant PI approach, an
apparent absolute open flow potentiail of 13,000
BOFD is indicated. The true potential estab-
lished by extrapolation of drawdown data below
the bubble-point pressure is 5200 BOPD,
Calculated psrmeability from build-up dats
following the first single phase flow was 6.1
MD with a skin s = O, For flows at pressure
drawdowns below the bubble~point pressure, &
rate dependent skin was indisated. The rate
dependent skins extrapolated to a skin of .0 at
the point single phase flow ended, = 2100
BOPD, as should be expected, (See Fig. 9).
Single-phase sidns of -4 are normally obtained
from tests following acid stimulations. This
favorable response usually precluded obtaining
drawdowns below the bubble-point pressurse after
acid because of equipment limitations. As a
result, no after acid isochronal tests have
been obtained which could demonstrate whether
the nature of the performanze curve is substan-
tially different than that obtained before acid.
Isoshronal tests conducted on two other zones
in this well, before stimulation, yielded
similar results,

Starting with Eq. 84, we can outline the

procedure used to salculate the bubble-point
pressure from the pre-acid test

Q= % (pbz = pwz;') +J (pa-pb) LY
If we then deﬁ.ne
q(z) = Jé (sz" owz) L . ° . . (2“-)

and q(l) = JO' (pe-Pb) e ® o o o @ .(25)
then qo = q (2) +q (1) e o o o @ o (26)

(No physical significancze should be
attached to a(1l) or q(2) since it is obvious
that for the steady state assumption upon whish
it was derived, the total 9 must be flowing
through both regions.)

When sombined two-phase and single phase
flow are occuring in a well

(1) = CONSTANT = J
a(1) 0sPgs By

therefore q(2) = q (measured) - q (1) =

(pg~Rp) - (25)

J‘; (pbz - prz) . ° L) . ° ° . (27)

With the correct value of a bubble-point pres-
sure, p, & plot of q(2) vs. (pbz-p"fz) should
plot a straight line on either cartesian or a
log-log plot. On a log-log plot, the slope is
1.0 and the intersept J").

.qo = JO' (pbz-prz)n + Jo (pe-pb) e« o ® .(28)

The 1.0 slops was assumed for the two-rphase
term at this stage of development because of the
computer results cbtained by Vogel and the
results obtained from tests in Field A, Howvever,
the fact that slopes less than 1.0 are indicated
from other tests where two-rhase flow axisted
in the reservoir, suggests the more general form
of Eq. 8A to be

A trial and error calculation assuming
various values of p, was performed until a
slops of 1 was obtained, (See Fig. 10). This
resulted inacalculated bubble-point pressurs of
587, psia. A bubble-point pressure of 5885
psia was determined from a PVT study of the
reservoir fluid obtained from this well.

A simple graphical estimate of the bubble-
roint rressure from the apparent intersection
point is probably adequate because of the
unsertainties introdused by n, the exponent of
the two-phase term, being a variable, Once
the true bubble-point pressure is determined
from FVT data, n can be directly calculated.

SATURATED RESERVOIRS

Most of the reservoirs in Fields C thru
H are saturated at initial reservoir pressure.
The reservoirs are very similar in nature at -
corresponding depths since the fields are in
slose proximity to each other. 4ll reservoirs
are relatively clean Tertiary sandstones ranging
in depth of from 7800 to 11200 feet. FPerme-
sbilities determined from build-up tests ranged
from 130 to 2500 MD with net pays ranging from
20 to 180 feet in thickness. Typical porosities
are 22 percent with water saturations of around
30 percent. Relative permeablility measurements
exhibited eritical gas saturations ranging from
7 to 13 percent.

Humping effects, wellbore storage, flat
pressure build-up curves and the short duration
of the build-ups made the determination of
permeabilities difficult on several vells,

For those wells not having psrmeabilities listed
in the tables, its order of magmitude is
reflected by the wells AOFP, A summary of all
;he isochronal test results obtained appear in
able 2,

The standard isochronal test in these flelds
consisted of a four hour flow followed by a four
hour shut-in. Occasionally & flow after flow
test was also conducted. Increasing and
decreasing sequenses of flows were performed on
most tests to check reprodustability., Because
of the rather high permeabilities in these
reservoirs, flow after flow tests often
duplicated the isochronal test performance
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curve. Performanse curve slopes obtained from
these tests are seen to range from 0.568 to
0.875. Not one single well exhibited the 1
slope that was so rredominant in Field A,
Several of the well test performance curves
obtained in indtially saturated reservoirs are
shown in Figs. 11 - 21, In general, flow

point alignment to establish an oil wells
performance curve 1s as good as that obtained
from gas well back-pressure tests, Shut-in
pressure recovery between isochronal flows on
these tests is sufficient to establish true
isochronal sonditions, Gas-oil ratio variations
are considered to be more & function of sep-
arator pressure than reservoir drawdown .
pressure effects, The most significant cbser-
vation to be made from these tests is that flow
after flow data fall on the same performance
curve as that established by isochronal data
points, The lowest permeability of this group
of wells is 130 MD, Test results for Well No.
3-C, Field C, (Fig, 12 and Table 4) demonstrate
the flow after flow and isochronal test per-
formance curve reproducability by two separate
tests condusted one wesk apart.

The tast on Well No, 5-C in Field D was
selected to apply Eq. 20 to analyze the well
performance data. The four hour isochronal well
performanse Surve was established by two
separate tests six months apart, Nearly 100
psi reservoir pressure drop occured bestween
these two tests. No detectable shift in the:
position of the well's performance curve was
noted., Well No, 5-C was the only one of the
saturated reservoir wells that had a fully
perforated interval, thus eliminating yet
another variable, partial penetration effects.
Further, the permeability calculated from bulld-
up data was consistent with measured cOre per-
meabilities for this well, Tables 5 and 6
summarize the reservoir and test data used
4n the caleculations and the results obtained.
The rate dependent sidn term s(q,t), for this
well, was found to be insignificant at even the
highest flowrate of 2308 BOFD, Both s' and
8" were plotted as a function ef qp. In either
case, a line can be drawn thru the plotted
points to q = 0 yellding a formation skin s = Q.
Non-Darcy flow appears to be significant for
this well,

The isochronal performance curve obtained
on Well No. 7-e, Field D, (Fig. 16), exhibits
the steepest slope of all the tests conducted
in a saturated reservoir. Any of the flow
rates would be reasonable for a normal single
flow drillstem test, A comparison of calculated
absoclute open flow potential (AOFP) is made
using the FI method and Vogel's IFR method for
each of the fiow rates, The maximum error in
AOFP is of course obtained with the lowest flow
rate ~ AOFP = 57,200 BOFD PI method, 31,990
BOPD IPFR method and actual isochronal AOFP =
7250 BOPD, Eventhough the error in AOFP, using
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the PI or IFR methods is redused when determined
at the highest flow rats, the error in
evaluating siin and flow effiziency will be
increased.

Well No., B-¢, Field D, (Fig. 17 and Table 7)
demonstrates the change in the wells performanse
curve as a result of increasing the perforated
interval from 20 Ft. to 60 Ft.; net pay is 182
Ft. The wells rotential nearly decubled and -
the slore of the performance zurve insreased
only slightly.

UNDERSATURATED RESERVOIR (p,,>Py)

Of a1l the isozhronal tests sondusted, the
most surprising results were those obtained
on Wells 1-a and 2-b in Field G (Figs. 22 and
2L, respectively). With all flowing pressures
well above the reservoir bubble-point pressure,
(single-phase liquid flow), slopes of 0.813
and 0.712 were cbtained from a log q vs. log
a(p?) plot.

Conclusive evidenze of the oscurensze of
non-Darcy flow in an oil well is demonstrated
from a detailed anzlysis of the isoshronal
test data obtained on Well No, l-a. T
studies zondusted on two bottom-hole samples
and a resombination of surface samples indisated
bubble-point pressures of LLF5, 4756 and 4785
psia respestively. The lowest flowing pressure
obtained on this test was 5669 psia at a flow
rate of 2573 STK BOPD, Net pay for this well
is 25 feet with a perforated interval of 10
fest,

The isochronal performanse curve for Well
No. 1-a (Fig. 22) indicates a slope n of 0,813
with an exsellent alignment of & separate flow
rates, Three desreasing sequence flows were
followed by five mors decreasing flows, Table
8 summarizes the data obtained for each flow
rate. The fast that alignment was obtained
following repeated flows and shut-ins, and
flow reversals tends to indicate that a pressurg
dependent psrmeability would not account for-
the non-linsar flow behaviour?3, The normal
hysteresis effect <425 ina pressure dependent
permeability caused by repsated pressure
reversals, as oscured during this isochronal
test, should not have allowed the flows to
retrace the bask-pressure curve.

Analyses performed on build-ups obtained
after four of the flows ylelded consistent
permeabilities of 222 MD, The skin effect
caleulated from these build-up analyses was
found to be rate dependent, When s was
plotted as a function of q, a skin atq=0
of + 2,2 and a nin-Du-cy flow coefficient
D, = .00233 BOPD". was obtained (Fig. 23).
From Referenge penetration skin

a
8p was calculated’to +2.5, in very close
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agreement with that obtained extrapolating to
= 0, The reservoir skin damage (s) therefore
is concluded to be O. :

A further verification of non-larcy flow
in this well was made by checldng the Reynolde
number

d
Re' &n—' e o ® & @ e o o (29)

A Reynolds number of 8 was obtained for the well
under- its flowing condtion of 2973 BOPD with

a flash formation volume factor of 2.70, a
density of 0..48 gm/ec, 0,22 cpe. viscosity, and
assuming a _grain diameter of 0.5 mm. According
to Muskatl? turbulent flow can be expscted for
Reynolds numbers greater than 1.

The necessity forconducting multi-rate
tests on oil wells for the correct evaluation
of well performanse, PI, reservoir damage, flew
efficiency and potential is particulsarly
emphasized by this example, One can also
conclude that non-Darcy flow would also exist
in the presence of a gas saturation around the
wellbore and would be even more severe than is
indicated for the single phase liquid flows.
For Well No, 1-a, & break in the performance
curve should ogccur for flows below the bubble-
point pressure, with the absolute open flow
potential being even less than that indicated
by the extrapolation on Flg, 2,-~ 7~ - . ..

CHANGE IN PERFORMANCE CURVES WITH DEPIETION

Perhaps the biggest impediment to an
earlier development of multipoint testing of
oil wells was the realization that a well's
performange curve changes with changing oil
saturation and pressure in a complex manner.
Standing?! extended the utility of Vogels IFR
equation (performance curve) by illustrating
a simple method to corresct a known IFR curve
position to some future position as a result
ofachange in kro . The future value of kro in

uoBo
his example was obtained from a Tarner material
balance calculation using a Corey-type
correlation for k__. The insbility to define
a real k__ curve for a specific well still
makes thi® approach only approximste.

It has been observed that in many material
balance calsulations for solution-gas drive
reservoirs, k__ is approximately linear with
reservoir proﬁure. As an appraximation to the
change in oil permeability with pressure
depletion we could then write

k(pp) B
ky Ppy

e+ e o o of(30)

or

ko G- & L Lo

where kro is with respect to ki and is defined
at a vanishing Ap, zero drawdown. ;Ri is also

assumed to be equal to or less than the

bubble-point pressure. Then k_ (58) plotted
Cu By Py

as a function of pressure defines a losus of

values at zero drawdown, Using Eq.10 to

define drawdown and Eq. 31 to correst for

depletion we obtain a simple empirical equation

to predict the flow rate gy for both drawdown

and reservoir pressure depletion.

q, =Y (%) (g2 - ByD) « + o+ (32)

The subseript 1 defines any arbitrary initial
condition at or below bubble-point pressure,

Equation 32 was tested using the results
shown in Vogel's Figure 7. A compardson of
his results with that using Eq, 32 is given
in tabular and graphical form on Fig. 25. The
pressure ratio correction was also applied to
results published in Ref. 28 with good results,’
(See Table §). J!, was determined using both
basic reservoir vifiables and an initial
reported flow with about equal success, No
field data exist at this time with which to
check the sbove relationship, or the more
general form

B

qo - Jéi ('p—m) (;az - P'rz)n e & @ (33)

suggested by the results of the multipoint testd
conducted to date, Well No, 5-C in Field D
developsd & 100 psi decline in reservoir
pressure between the two isochronal. tests.
sondusted six months apart. With or without -
the pressure ratio sorrection, the performance
curves are essentially the same,

Fig. 26 graphically illustrates the various
stages of the pressure function Kro under
. u B
oo
the conditions of pressure depletion and
drawdown., Pertinent comments are included on
the figurs.

DISCUSSION

The forty multipoint tests reported in
this study, isochronal and flow after flow,
gover a wide range of reservoir fluids, fluid
states, and reservoir varisbles, Vogel's com-
puter study of inflow psrformanse using two-
phase flow thecry covered a wide range of fluld
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properties and relative permeability relation-
ships, The combined results of theoretical and
field studies indicate that multipoint tests are
as necessary for oil wells as for gas wells,

The fact that non-Darcy flow effects was found
to be significant in field tests suggests that
future theoretical computer studies need to
inelude a non-Darcy flow effect. The exact
nature of the non-Darcy flow and Reynolds numbsr
for two-phase flow in terms of reservoir and
fluid variables needs further JAnvestigation,

To the author's kmowledge, none of the welld
ineluded in this study were hydraulically
fracturedgtrue radial flow was obtained, Further
field tests are nesded to study the performance
curves of fractured wells, They can be
dominated by linear flow in the vicinity of the
wellbore, the region in which non-Darcy flow
should be most pronounced. West et al 8 in
their study of linear and radial two-phase flow
point out that "The linear system does not
exhibit the constriction effects which were
observed in the radial system." However, since
gas well and oll well tests have besn shown
to exhibit similar behaviour and a significant
number of tests on hydraulically frastured
gas wells have been conducted without a break-
down in the log g ve, log A(p2) relationship,
no real departure is expected for tests - )
conducted in hydraulically fractured oil wells.

All tests reported in this study were -
taken at essentially one pressure level, A
change in slope of the portion of the back-
pressure curve, consisting of sll flows at
drawdowns below the bubble-point pressure, san
be predicted with reservoir shut-in pressure
decline to the bubble-point pressure for
undersaturated reservoira., Vogel's computer
results (not including a non-Darcy flow
effect) suggested a simple empirical reservoir
shut-in pressure ratio factor to establish a
single performanse surve for both drawdown and
pressure deplstion for a volumetric reservoir
without fluid injection., The nature of the
change in the well performanse curve with
pressure depletion requires field study.

CONCLUSIONS

The results obtained from the forty oil
well multipoint back-pressure tests reported in
this study, isochronal and flow after fiow,
leads to the following sonclusions:

1. Multipoint tests for oil wells are
required to accurately determine flow rates as &
function of drawdown, reservoir damage, flow
efficiency, ard a well's true absclute open-flow
potential,

2. 0il wells can behave very similar to
gas wells on multipoint back-pressure tests
and should therefore be tested and analyzed
using the same basic flow equations.

3. The exponent (n) for oil well tests
determined from a log q va. log A(p2) plot
was found to lie between 0.568 and 1.000, very
near the limits commonly ascepted for gas well
back-pressure curves.

4. Flow-point alignment to establish an
01l well back~pressure curve on & log q V8. log
s (p?) plot is as good as that normally obtained

from gas well back-pressure tests.

5, A non-Darcy flow-term is generally
required to sccount for slopes {n) less than
1 obtained on oll well back-pressure performance
gurves,

6. Back-pressure curve slopss less than
1 ean be obtained on wells in undersaturated
reservoirs without a non-Darcy flow term
because of the shape of the pressure function

(kro/hoBo).

7. In some cases, it is possible to deter-
mine the bubble-point pressure of an under-
saturated reservoir from multipoint tests when
a sufficient range of flow rates is taken.

8. Flow after flow tests or isochronmal
tests on oil wells will yield the same per-
formance curve in high permsability reservoirs.

9, With a single data point, a simple
empiriocal equation predicts flow rates as a
function of drawdown and pressure depletion for
wells in a volumetric solution-gas drive reser—

voir, (no fluid injection). Field verification
is obviously needed.
NOMENCIATURE
a = glope of pressure funstion £(p),
(psi - ope)=t .
P = :Lnt.{copt,or pressure . function £(p),
8p.™

B = formation volume factor, reservoir vol./
"“surface vol.
1

= total compressibility, psi”

c = baok-pressure curve coefficient

= non-Darcy flow constant, (STK BOPD)']'
h = thickness, ft.
J = productivity index, STK/BBL/DAY/psi

- pmductiv:l.tX index (back-pressurs curve
soefficient) STK/BBL/DAY/(psi)2n

3 = gffestive permeability, Darey

k = permeability of altered or damaged zone,
larcy
k = pglative permeability to oll, fraction

m(p) = pseudo-pressurs, (See Eq. 14), psi/cp.
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= gxponent of bask-pressure curve
= average pressure, psia

= bubble point rressurs, psia

= axternal boundary pressure, psia

= peservoir average pressure (shut-in
pressure), psia

pp = initial formation pressure, psia
Pyr = bottom-hole flowing pressure, psia

PI = productivity index (J), STX BBL/DAY/PSI
q = surface rate of flow, STK BOFD

r, = radius of altered or damaged zone, ft.
r, = external boundary radius, ft.

r, = wellbore radius, ft.

Ry = Gas-oil ratio liberated per barrel of

residual oil, SCF/STK BBL
8 = skin effezt, dimensionless

= sikin effect caused by partial penetration
of formation, dimensionless

= tota]l effestive skin effest (ses Eq. 22),
dimensionless

= total effective skin effect (see Eq. 23),
dimensionliess . :

8(q,t)= rate and time dependent siin effect
(see Eqs, 18 and 19) dimensionless

S = gaturation, frastion of pore volume

B"

scl.h = hydrocarbon liquid saturation to achieve
mobility, frastion of pore volume -

t = time, days

T = reservoir temperature, °r

X = paservolr cu. ft., of gas evolved in the

reservoir/STK EBL produced/psi, (dc/dp)
in Eq. 15
Y = yeservoir cu. ft. of condensate
accumilation in the reservoir/MSCF full
;;llsgrea.m gas prodused/psi, (de/dp) in
e 1

z = gas deviation factor, dimensionless

u = viscosity, cp.

¢ = porosity, fraztion of bulk volume
SUBSCRIPTS

i = initisl

° = oil

g = gas
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b) Average pressure pp is known (Pg = shut- | 4, STEADY -STATE FLOW (Constant Pressure at
in pressure) Outer Boundary)
7.08 kh (B, - p,p) ' P
q = = Pr = Pur e o oo (A=3) o = 7.08 kh » ko (S,p) dp
. () -3 u B
[ln (;:)- % + 8! (uoBo) [ln(:.;)-b s'] f o "o
I‘w P
¢) TRANSIENT FIOW wf
7.08 kh (p; - B,p) (py - 7)
q = i W o o (AL) m e o e o o o o (a9
LB +er | (33
V Blue), z2 B, PSEUDO-STEADY STATE FIOW (Closed (No flow)
t’1 *w at Outer Boundary)
< -l
II Two-Fhase Flow: p < P sR= B, OF Pp™ B, and a) Boundary Pressure P, is known at r
(initial isochronal test) e
S >8
g” e & k_ (S,p)
: 7.08 kh ro"*P/ 4p
A. STEADY-STATE FLOW [Constant Pressurs at q° = T B
Outer Boundary] [1,1(_?.) N ,:] co
Pe k (s p) T 2 Pur
_ _7.08 kh ro ' dp . .(4-5)
e @, - )
T wi -+ G " e & o e e o e e (A'lo)
y Yo' Pgr Py

B, PSEUDO-STEADY STATE FLOW [Closed (No Flow)

at Outer Boundary)

a) Boundary Pressure P, is known at r,
(Initial Isochronal Test)

- __7.08 kh Py K (SsP)
9, ]_n(r—°) o1, s'] f uoBo
' Tw 2 Pus

b) Average Pressure p. is known (p, =
Shut~in prcuure)pn PR

4P (a-6)

7,08 kh r
% = r f u B
].n(—e) _3 4 P co
T, L wf
. ° ° O(A_7)
C. TRANSIENT FLOW
7,08 kh
%= 14.23 k, t
M 1
1n / ————=—_ + 8!
[ / @luc,), .2 J
t'd “w
Fy
o[ k!'O(s.p) dp e o e e o (A'B)
u B
Pyr oo

IIY Two-Phase and Single-Phase Flow:

Pys< Pys» Pg” Py OF Pp° By

b) Average Pressure p. is known (;R = Shut—
in pressure during depletion)

7,08 kh

.q°- [J_n(;:)-%+s']:. .

R -
k_(5,p) (pz-p,)
. ro -7 dp .(__—)_ . J(a-11
P—/f- o T, PpoPy N
W,
C. TRANSIENT FLOW
- 7,08 kh
% [ln LB Kt . ]
2 s
g (uct):l Tw
Py,
k_(S,p) (py =-p.)
. f P ap, (BB - ai2)
Fup oo o o'p;»py

All of the preceeding flow equations sould
be more simply expressed in terms of a pseudo-
pressure’ m  (p)

where

Pyur




Note that (“oBo) normally evaluated at the
average pressure (p D, )/2 would not result
in a properly weigréd average. But for the
.decline in k_ (S,p), a plot of q_ vs (p.-

P/
(u oB o)avg t a stralght with a’slgge

of 7.08 kh/[In(2) +'s'] and ercept O.
wW N

Let us now consider the case where k__ (S,p)
decreases with inzreased drawdown, k sf8uld
approach 0, resulting in k /(u ,B.) fPproaching
0. Assuming k_ /(u B ) could be approximated
by straight 1if8 fuRcfions as depicted in Fig.
2, we could write for the two-phase region,

P

d

which when integrated between limits yields

Po
£(pldp = f a, p+Dbyl dp . .(A-16)
Pur

a
. f f(p)dp= —i (sz = Pwrz) + b, (PyPyg)
wf
+(A-17)

To appraximate Vogel's IFR equation we set b, =
0, then

Py
f £ (p) dp -:% (sz - p"fz) o o (A-18)
Pur

Replacing p_ with pp for the two-phase flow
equation (gg £ pb)lfR we have
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' %

1L
Pe Pyr
f k (S,P) gp f kgl&:P) 4p
B - u B |
[ 2] uo ° ] ° ° e e .(A"B]
or fpe (S )
k »P
70 dp . -
ol u B P %o (pe) To (pw.f)
wi oo 4 )
For the liml sase of at least using known
WT properties uoBo)’ — (assuming k (s,p)
= 1) we have
n (p.)-m (p,.) = Fo = Puf Pe =Py _
o ‘e’ ofuf TT_— + -(ﬁ—r'—
oo s 0 0", R '
PP,
u; Wf . . . . ° . L3 . .(A-l5)
o o’avg

(km/uoBo)/ER. We then can writs

Py
then .
R R R s
Similarly treating the single-phase flow

region as depicted in Fig. 2. (R,¢ R)

Apso

where a, or by, if a; =0, is simply (k_/uB.)
evaluated at Pe*

«55—.

: SFE 529

- _'7.;_2—““—— [32 (532' Purz)}. .(A-29)
[n(-;:) + 5]

The slope &, for b, = 0, is simply

6 = 7,08 kh

by (g = Ryg) = 3 (Re® = Ret) |+ ¢ (423

In terms of Pl at a vanishing &P,
o8
Jo = —1;-—-191—- [by =83 Bg) ¢ o o (A-2L)
[1n(32) + &)
W

¥ 00
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For the combined single-phase and two-phase
flow case we can write

7.08 kh

Ky o
[1ln (-:i)+ s'7 (3, B°)pe’pb

(*]

N\

. (u°B°)Pe:pb 82 (pbz'pwrz) * (g Ro)| . (n-25)

2

where (u B ) is evaluated at the average

00 pe,pb

pressure (pe+pb)/2.

In terms of PI definition
(%) (2 + e
. (A-26)

L= Jo (‘:Bo)pe,pb

. L] L] . . . .
or

qo = Jé (pbz-owz) + JO (Pe'Pb) . e . (A'27)

TARLE 1 - FIELD A - CARBONATE RESERVOIR AT 5,100 FT AND 108°F, SUMMARY OF STABILIZED FLOW

AFTERFLOW BACKPRESSURE TEST RESULTS.

GAS SATURATION ABOVE CRITICAL OR BQUILIERTUM

GAS SATURATION, AVERAGE STABILIZATION TIME L8 HOURS, FLOWS IN INCREASING SEQUENCE.

Shut-In Maxjmm Flow Hate Bagk-Press
Nuzmber Pressure %, P GaR A g
Well No.  Of Flows ’;gn STE BOPD PSIA SCF/STK EBL n BOPD
1 5 1339 30 619 2745 1,000 420
2 5 1347 L8 739 3102 0.875 670
3 5 1200 292 530 2572 0.648 340
4 5 1307 345 563 2181 1.000 425
5 5 1281 238 58 3571 1,000 310
6 7 1345 31 638 3945 1,000 445
7 5 1215 22 50 4485 0.7 2715
8 4 g8l ne 375 2019 1,000 13
9 5 1159 202 436 3219 1,000 243
10 7 1430 261 491 1056 1.000 295
n 5 128, 126 395 4008 1.000 165
12 L U4 322 578 1003 1.000 375
13 4 78 7 379 5979 0.707 5]
u 4 120 208 632 4607 1.000 260
15 5 1366 108 370 3805 1.000 123
16 5 1217 106 357 3397 1.000 110
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TANLE 2 - FIELDS C TER
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Bees
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¢ BF &3 b 3BE%aEL

TAELE 3 - COMPARISON OF RESERVOIR
FIELD A WITH VOGEL'S? KYPOTRETICAL

o0GH H (TERTIARY SAMDSTOES
SATUMTED AND UNDERSATURA

TEST RESULTS,
Shut-In
Temp., FPressare 9 [
°r ]

. _Ish_ Smporm mu

180 3535.3 5.6
204, 378.9 2530 2998.2
205 3926.2 2520 3192.1
20 4342.8 2303 L167.2
220 L3964 2022 L171.8
174 N 263L 28767
15 3%7.1 3167.3
196 3763.9 2493 3593.0
156 3u8b.k ns3 36,0
200 3695.5 3539.C
20 3766.8 3226 3859
200 3913, 3.L8.0
205 3948.6 2502 3Mb.S
205 3899.2 2620  3823.3
205 3981.1 2320 3.
217 3695.3 3689 1751
156 3L20.2 2800 Y0975
164 3693.8 3088 X339
238 6L5k.2 2 5645.1
08 WT7.6 309 59563
1% 3486.3 2836  3IN.S

). SUMMARY OT b-HDUR TSOCTRONAL RACKPRESSURE
YID RESIRVOIRS (WO STIMILATION}

SOLUTION GAS DRIVE RESERVOIR

. i Rsssrvoir
Gravity Slope 0FF Fludd
wrpsx Yam a »r
L
373 0.813 30000 2905 B,P,
1343 45.0 0.832 5750 saturatad
1397 Ak 0,613 5000 -
1896 467 Q.75 15700 .
1900 khe2 0,64k 9100 -
1235 41,9 0,64L 900 saturstsd
156 LS.3 0,580 «00 .
1705 62,8 0,684 12500 .
1545 L7.2 0.645 20000 -
3.7 G, 580 S800 "
31 W38 C.792 16300 -
W0 L3.8 0.568 7250 -
1348 L3S 0,602 10700 .
1358 W3.8 0.63%8 20300
1367 2.8 0,613 a0 eaturatsd
1290 K9 0.875 17600 saturated
-&18 25.5 0.596 70 saturated
575 29.8 0,628 10600 .
2670  47.8 0.813 9600 4765 B.P,
9L kb 0,72 13300 035 B.P.
132 3.2 0,803 15%00 | 9
VARIARLYIS OF
Vogals *
Had s ¢ T Pi
020 a3
2000 a3
1.9 135
%0 1%
0,85 1.0
0,02 0.02
LS 19.4
.2 0.9
1 3.5
n H4)
[N &0
&0 o

¢ -Bouregsc  $B¥ES | MFF

8

&K

&7

% SEREEBNRYY Bl moyd

e

LE

Perforstions Fera,

em———— ——

200 B.U.
180 B.U.

40 B,

22 8.,




TAKLE b « SUMMARY OF 4-HOUR FLOW ATTERFLOW AND ISOCHROMAL TEST
RESULTS, O:L WELL 3, FIELD €

Flow Shut-In Flmdng Semrator
Freasure Fressure % aoR Freasure
Y. BB A RIS smmm  mrone _mic
emecmceeao-Dovarter Flow Test 11/2877) _ e e e
1 3508.2 360,12 258 129 5712
2 U093 2064 1322 500
3 3610.8 1538 1200 L0
i 3m7.6 T 1607 2%
s 3636.5 1354 ure 300
6 38345 m 1612 252
? Iug.8 (51 1512 282
[ N4 2520 1397 572

S1 7He, 39G7.3

e mme e weaot0ahropal Tept 12/5/2) e

@ 3.l A6b0.4 m 179 h50
10 Ko A, 3759.2 1064 1555 258
p5 ] 39%05.2 3347 22010 152 87
12 3e98.6 3654.5 3% pri 305
13 aen.e 3en.s 79 1538 0
U %00 .2 &0 VALY 15,

TARLE 6 - SUMARY OF L=HOUR ISOCHAGRAL TESTS F OIL WELL 5-C, FIELD D

Shat-In Newring Ssmrater

Flow Proesure Pressure 9 [+ +:3 Preasure
Moo Fp-PSIC P PRI STX poFD A L rIC
e mmmm e teeghronal Teptof J2/BM_ oo

1 3680.8 35,3 2308 -2t} 22

2 3672, 3604.0 Us2 1309 280

3 3670.5 3638.4 57 1375 139

& 3672,9 3665.8 L9 83 . n”
SI AHB,  3672.9

P —— 2 ST U T U

1 3%63.9 3585.0 &9 W06 us

2 I5T7.6 355.1 1035 1233 10

3 J580,5 513.7 uny 1357 as

& 3560,0 3430.% 203 a7 o
slum, 35M.7

-58-

TAALE 5 - IXAMPLE CALCULATIONS OF 5' AXD " FOR SATURATED
RESERVOIR, OLL MWELL 5-C, FIELD 3

Beservoir Datd
= 2449 MO, Mulld-up & Core Data.
= 120 WD, K_ = 0,52 at 10 pereent eritisal ms satwratien, S,
- M,
o2
- 0,32
- 250%6 17}
- 0.3 Pt
.27 ops.
1.94 RES BBL/STK NBL
0.147 DaTS
I = 8.223 x 1077 kES FT/STX ESL/PSI, FEOH PTT DATA

nxmav.xn
]

°o° o
'

.l
t

L4
[}

SSumRrr of Repults.

% (&q. 29) s® (kg 20) st
STX BOPD 5(q, t) [#5 (q,t) + Iq) (s +Dq)
208 1.87 36,6 34,9
ns2 1.2 2.6 254
™ 0,64 pLN Y 0.4

us'ns-m%mmmmmmuuwu

TARLE 7 - BRGMARY OF L-JOUR ISOCHACRAL TESTS OF OIL WELL 8-¢, FIELD D

oo PR OBDE
e BB RyBI omeow  soemEmr  _mIc
e e e e 20T Peptomations, RLWD e e m
1 3934.0 3912.5 ol U5 160
2 3930.6 37594 b7 1389 &80
3 3852.8 1648 138 ‘3”
[ 3520,9 na.e 2502 148 &80
5 3927.9 ns.s 1778 p7A 350
é .. 39014 ki 4 U6 1140
? I913.5 10,2 &% 23 1
SI AR, 3933.9
e cemea—a—aa 0N Porforetions S/ o o e e e em
1 3899.2 320.8 249 uls 462
2 88,3 766 pAL ) 298
3 3697.9 Isar.6 = 150) 167
3 3896.1 385..7 1591 uas 280
] as2.2 3s08.6 2820 1358 L36
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TARLE B - SUMMARY OF 4-FOUR ISOCHACHAL TEST RESULTS OF OIL WELL lea, FIELD G

Flow ::::-n m L o Procaure
v PO RS emow  srammm I Kl
3 39,5 5650t 2m 247 405 w7
2 6184 1328 s 30 ™
3 &zl 63026 72 20 25 o8
. 32,8 36601 n 2m5 s 206
5 627.0 97,0 2688 95 9%
6 ana aa.2 1236 5% 3w &2
7 @2 6249.9 992 268 285 72
. “za 6320, 665 2591 20 o8

TARLE § - USE OF PRESSURE RATIO TO FORECAST BATE OF FLOW VITH PRESSURE DE!LIT!OHZS

RESLTOIR DATA USED
By = By = 2075 paag § = 0.1395 8, = 01775 b = 2.5 Fei ¥, =033 £t 7, = 0B (00 asres);

n“-o.n.p.;l“-x.”nw!m.;n-zsmz.sun; S“-.Dz(uudtohutl)-
lished rupidly), ko, = O.bbk @ 3.,

L

Put
s is  (Toumnds)  (Doumpds)

;lz

Rer

)

-2

R =Rt
PR (Doamote) MLt Ko e

- STX BOFD

8 aares, k = 25 KD} Iy, = 0.03735 axd 0,03727 BOPD/( Trwuaand pais)

1708 [H] 97 & 1.000 290 i0a.0

wn 65 1% & #6062 19H2 33

105, 65 nn & 4171 puleg) 2.6
519 65 269 & «3039 255 5.12
€0 seres, k = 2,5 KD} J'JL- 0,004118 and 0,00)870 BOPD/(Thousand phz)

e 65 na & 1.0000 ns 13.0
1367 65 2455 & -803 45 .88
2% 65 U & «eT295 1678 432
m2 65 37 b #6254 123 2,82
o 65 % & - o899 755 1,54

", - 2 o L -
K. 32.%"'“('%) ' hur) 5 V'™ St
(Ellz- '&fz)
Jigg = 708 (k) B .&L;J'“ninornqﬂu
to @) bodom
v

108.8
§7.0
25.5

3.0

13,00
a.%
504
3.8
.52

1083
56,7
25.4

3.0

.2
8,36
&7
2.9
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OIL WELLS

Inflow Performance

by
M. J. Fetkovich

The simplest and most widely used inflow performance or back-pressure equation
used to determine stabilized or pseudo-steady state flow at any backpressure
pyf is given by the productivity index or PI equation as

do = J (PR - Pwf) R ¢ )

In terms of measured data the PI is represented as

q
J=—__—0"'——" e e .. (2)
PR - Pwf

where J = stabilized productivity index, STB/D-psi
go = measured stabilized surface oil f]ow‘rate, STB/D
pyf = wellbore stabilized flowing pressure, psia
PR = average reservoir pressure, psia

J is specifically defined as a productivity index determined from flow rate
and pressure drawdown measurements. It normally varies with increasing ‘draw-
down -- ie is not a constant value. In terms of reservoir variables the
stabilized or pseudo-steady state productivity index J* at zero drawdown

or as pyf—p PR Can be written as

—+

r 4

> . 7.08 kh Kro (3)
re 3 . uOBO _ . . . . * .
In{— s PR

where J* stabilized productivity index at zero drawdown, STB/D-psi

effective permeabi1ity, Darcy

=
it

-1 -
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kg = relative permeability to oil, fraction

h = formation thickness, ft

ue = oil viscosity, cp (evaluated at pR)

Bp = oil formation volume factor, res bb1/STB (evaluated @ pg)
re = external boundary radius, ft

ry = wellbore radius, ft

s = skin effect, dimensionless

J* is the special definition of productivity index J at a vanishing pressure
drawdown ie as pyf approaches pgr. Productivity index for a well is defined

uniquely only at a zero drawdown,

Although this discussion will be limited to the pseudo-steady state, a

transient form of the flow coefficient th) is also given for completeness,

7.08 kh kro
J?t) = * L I B 0(4)
14.23 kt koBo / _
n —— t*s PR ‘
oU Cy Ty

where t = time, days
¢ = porosity, fraction
¢y = total compressibility, psi'1

The above equations are perfectly valid for single-phase flow, i.é; PR and pyf
are always greater than the reservoir bubble point pressure pp. However, it has
long been recognized that in reservoirs existing at or below the bubble-point
pressure, producing welis do not follow the simple PI Egs. 1 and 2. Actual

field tests indicate that oil flow rates obtained at increasing drawdowns decline

much faster than would be predicted by Eq. 1.

Evinger and Muskatl first derived a theoretical productivity index for steady
state radial flow in an attempt to account for the observed non-linear flow

-2 -
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behavior of oil wells and arrived at the following equation
7.08 kh Pe
—_— R £))
re f(p) dp
n <—> Pwf

Tw

do =

where Pe = reservoir pressure at the external boundary, psia

K
#(p) ( ro )
HoBo

Calculations using Eq. 5 with typical reservoir and fluid properties indi-

cated that PI at a fixed reservoir pressure pe decreases with increasing draw-

down. This apparently compléx form of an IPR equation found Tittle use in the

field.

In a computer study by Vogel2, results based on two-phase flow theory were pre-
sented to indicate that a single empirical inflow performance relationship (IPR)
equation might be valid for most solution-gas drive reservoirs. He found that

a single dimensionless IPR equation approximately held for several hypothetical
solution-gas drive reservoirs even when using a wide range of oil PVT properties
and reservoir relative permeability curves. The fact that his study covered a
wide range of fluid properties and relative permeability curves to obtain a
single reference curve, cannot be over emphasized. Vogel proposed that his
simple equation be used in place of the linear productivity index relationship
for solution-gas drive reservoirs when the reservoir pressure is at or below

the bubble-point pressure.

The proposed equation (IPR) in dimensionless form was given as

2
q p p
° = 1-0.20 (_“f>- 0.80< ﬂf> N (9
Qo(max) PR PR

-3 -
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where  qo(max) = maximum producing rate at Pyf = 0 psia

Fetkovich3, in an attempt to verify the Vogel IPR relationship, obtained iso-
chronal and flow-after-flow multi-point backpressure test field data on some

40 different oil wells. The reservoirs in which oil well multipoint back-pressure
tests were obtained ranged from highly undersaturated, to saturated at initial
reservoir pressure, to a partially depleted field with a gas saturation exist-

ing above the critical (equilibrium) gas saturation. A form of an IPR equation
similar to that used for gas wells was found to be valid for tests conducted in
all three reservoir fluid states, even for the conditions where flowing pres-
sures were well above the bubble point pressures. Permeabilities of the reser-

voirs ranged from 6 to=1000 millidarcys.

In all cases, 0i1 well back-pressure curves were found to foliow the same
general form as that used to express the rate-pressure relationship of a gas

well
qo = JI (FRZ - pwfz)n T S R ST B (7)

For the 40 oil well back-pressure tests examined, the exponent n was found to
lie between 0.568 and 1.000, that is, within the 1imits commonly accepted for

gas well back-pressure curves,

In terms of measured data J' is defined by

q
3 = 2 N )

where J' = stabilized productivity index, STB/D-(psi)2n

The exponent n is usually determined from a multipoint or isochronal back-pressure

test and is an indicator of the existance of non-Darcy flow. If n = 1 non-Darcy

-4 -
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flow is assumed not to exist.
With productivity index expressed in terms of pressures squared, Bkz and pwfz

J*
J'=T .-.u’..(g)
2PR

Expressing the pseudo-steady state J' in terms of reservoir variables

7.08 kh Kyo
J' = . ... (10)
_ re 3 woBo /_
Zpr |In

— e+ § pR
w 4
— 1.0
7.08 kh Kpo \\( pR2 - pwfz)
or 4o = = . i . . (1)
: /Te 3 1 \heBo/_  2mR
lln ———\ - — +s P

Expressed in a form with reservoir variables and a non-Darcy flow term, D,

where the resulting n would be less than 1.0 and a function of D.

—2 2
7.08 kh K 502 - Pycl)
05 = J . <: ro :> ( R _ W .. (12)

re 3 uoBg 2pR
in <—->——— + s + Dqp:
Tw 4

PR
When pr is equal to or less than the bubble point pressure pp and n is less than

1, a non-Darcy flow term D is indicated. When D = 0, n =1, The term D is
normally developed from multi-point test data. As will be indicated in a

later example, it is possible to have D = 0 and n less than 1,0 for under-
saturated wells producing at flowing pressures below the bubble point pressure.
(See Figure 8 of reference 3.) This is strictly a result of the shape of the

kpo pressure function.

uoBo
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Expressing the back-pressure form of the IPR equation in terms similar to that of

Vogel's equation (instead of Vogel's equation in terms of the back-pressure curve)

we have from Eq. 7

G = ' (57 - pur?)"

_ Go{max)
and q = g (pRz)n or J' = ———— ... (13)

o(max) (5R2)n

Substituting and rearranging yields
n n
=2 2 2
q p - P p

0 = R _ZWf =i 1 -(—‘_”_—f—> . s (14)

90 (max) PR PR

For n = 1, we have the simplest possible form of a multi-phase IPR equation

based on results obtained from actual field data

2
q P
°__ . -<____f> .. (1)
qo(max) PR

Comparing Eq. 15 to Vogel's Eq. 6, which was derived only from computer

simulation data, we see that the coefficient for ow//ik is 0 and the coefficient

for (pw;/ﬁﬁk)z is equal to 1. This results in an IPR Eq. 15 that yields a slightly
more conservative answer than given by Vogel's original equation. (Actually, Vogel's
Figure 7 shows computer model calculated IPR results less than obtained from his
reference equation.) Not included in any of Vogel's simulation runs were effects

of non-Darcy flow in the reservoir or perforation restrictions which in the field

result in n values less than 1.0 and an even more severe IPR rate reduction

relationship.

IPR Example Problem

The following example problem illustrates the various possible methods of computing

-6 -
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inflow rates.

An 0il well is producing at a stabilized rate of 70 STB/D at a bottomhole flowing
pressure pyf = 1147 psia. The average reservoir shutin static pressure, pr = 1200
psia. Calculate the maximum possible flow rate, go at O psig, and the producing
rate if artificial 1ift were installed to lower ﬁhe bottomhole flowing pressure

to 550 psia. Make the calculations using the PI Eq. 1, Vogel's method and

the back-pressure curve method with n = 1.0 and n = 0.650. (The data is from

an actual IPR test reported in reference 3.)

Productivity index (PI).

70 BOPD
J= ————— = 1.32 STB/D-psi
1200-1147
4o (15 psi) = J (FR - Pwf) = 1.32 (1200 - 15) = 1564 STB/D

qo (550 psi) = 1.32 (1200 - 550) = 858 STB/D

Vogel IPR.
| P 1147 Pustl
G = 70 BOPD ;—m-= —— =0.9558 ;(—% =0.9136
™ 1200 PR
% Puf Puf\’
=1- o.zo(%;-)- o.so(}::€>
Go(max) PR PR/
90
= 1-0.19116 - 0.73088 = 0.07796
Go(max)
70 BOPD
do(max) =———— = 898 BOPD
0.07796
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Go @ pyi = 15 psia
2

15 psi 15 /15
o (15 psi) =1-0.20 <-———> - 0.80 ——> = 0.99738
1200 1200

Go(max)

Qo (15 psi) = do(max) (0.99738) = 898 BOPD (0.99738) = 896 BOPD

Qo @ pyr = 550 psia

q, (550 psi) 550 550 \2
—_ =1-0.20 <}————> - 0.80 <}———{> = 0.740277
do(max) 1200

Ao (max) (0.740277) = 898 BOPD (0.740277) = 665 BOPD

do (550 psi)

Back-pressure curve (n = 1,0) IPR.

70 BOPD 3 P2 = (1200)2 = 1,440,000

qo’: =
Pyl = (1147)% = 1,315,609
' 70 BOPD 70
J' = = ——— = 0.00056274 STB/D-psi?
(1200)2 - (1147)2 124,391

qo (15 psi) = 3' (B2 - pys2) = 0.00056274 (1,440,000 - 225) = 810 BOPD
qo (550 psi) = 0.00056274 (1,440,000 - 302,500) = 640 BOPD

Using the dimensionless back-pressure curve form in terms of d5/do(max) and

Pwﬁ//ﬁh with n = 1,0

/Pl /11878
Go = 70 BOPD ; — =/
PR \\1200




~75=

2
q P
— =1 -(——i—f-> =1 - 0.9136 = 0.0864
9o(max) PR
70 BOPD
q ———— = 810 BOPD
o(max) 0.0864
qo @ Pyf = 550 psia
2
q i 7 550
Jo (850 psi) |y _ ~————> = 1 - 0.168056 = 0.78993
Go(max) 1200

qo (550 psi) = 810 (0.78993) = 640 BOPD

Back-pressure equation (n = 0.650) IPR.

'q, = 70 BOPD 5 P = (1200)? = 1,440,000
by = (1147)2 = 1,315,609

70 BOPD 70 BOPD
J' o= = = 0.0341580 STB/D-psi2n
(1,440,000 - 1,315,609)0.650  2049.3
G, © (15 psi) = 3" (Fp? - pys2)0+6%0 = 0.0341580 (1,440,000 - 225)0-650
g @ (15 psi) = 0.0341580 (10066.8) = 344 _BOPD
g, © (550 psi) = 0.0341580 (1,440,000 - 302,500)0-650 = 295 BOPD

Using the dimensionless back-pressure curve form in terms of 9o/qo(max ) »

Pwﬁ//ik and n = 0.650

P\ 1147\2
qo = 70 BOPD; [— = [—) = 0.9136
PR 1200
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270.650 | 0.650
P
i =1 -<}1¥i€> =§ 1 - 0.9136 = 0.203579
Go(max) PR i
70 BOPD
q = ———— = 344 BOPD
o(max) 0.203579
o © pysr = 550 psia
q, (550 psi) 550-{]0-550'
— =1l {— = 0.857892
Go(max) ' IZOO/J

go = 344 BOPD (0.857892) = 295 BOPD

quin, this example problem is based on field data where several rates were
measured to establish the real IPR relationship of the well. The real absolute
open flow of the well was 340 BOPD. This is 38% of the rate predicted by
Vogel's IPR equation and 42% of the rate predicted by the back-pressure equation
with n = 1, A value of n = 0.650 as illustrated in this example is required to

match the field data. A non-Darcy flow term D is indicated for this test.

Single-Phase and Two-Phase IPR Equation

Fetkovich3 gives a general equation that treats f1ow both above and below the

bubble point pressure for an undersaturated oil well.

Go = 3" (Br - pp) *+ 3" (Pp2 = Pyg?) N ¢ 1)

a
where ' = J* (ugBy)_ - <€> AN 14
PR»Pb

Assuming (ugBg) is a constant value above the bubble point pressure equal to
(noBo)p (the basis of the constant PI assumption for flow above the bubble

point pressure, pp) then ap = 1 (see Appendix of reference 3).
Pb{¥oBolb

- 10 -
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Then

J* ( l-loBo)b J*
J' = E o e e e e e
2 pp ( uoBo)b 2 pb

Substituting Eq. .18 into 16 we obtain the final form of the single phase

and two phase IPR equation

N

o = 9 (PR - Pp) + (2 - Pufl) G (19)

Exampie Problem

The following example problem illustrates the method of computing inflow rates

for flows both above and below the bubble point pressure of an undersaturated

oil well.

An oil well is producing at a rate of 50 STB/D at a bottomhole flowing pressure
of 2100 psia. The reservoir average shutin pressure is 3200 psia with a bubble

point pressure of 1800 psia.

Calculate the maximum possible flow rate, g, at pyf = 0 psig and the producing

rate at 550 psia bottomhole flowing pressure. (For flows above pp, J = J%,)

9
Jedvs ——
(PR - Puf)
50 BOPD 50 BOPD
Jk= ————— = — =0.045454 STB/D-psi

(3200-2100) 1100

J*
9 (18 psi) = % (g - pp) ¥ —— (pp? - Pyf?)

Pb

- 11 -
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0.045454 ) 2
g, (15 psi) = 0.045454 (3200 - 1800) + (1800¢ - 15¢) -
2 (1800) {
o (15 psi) = 64 BOPD + 0.00012626 (3,240,000 - 225)
qo (15 psi) = 64 BOPD + 41 BOPD = 105 BOPD

Compares to 145 BOPD if regular (PI) productivity index equation assumed valid

to 15 psia.

qp © Pyr = 550 psia

ry J* 2 2
qo (550 psi) = a* (pg = pp ) +—— (Pp° = Pys®) *
, 2 pp .
( ) 0.045454 i 2 02)
q +y = 0,045454 (3200 - 1800) +———r 800~ - 55
o (550 psi) 2(1800)

64 BOPD + 0.000012626 (3,240,000 - 302,500)

90 (550 psi)
64 BOPD + 37 BOPD = 101 BOPD (“

do (550 psi)

The additional 535 psi pressure drop from 550 psia to 15 psia results in only 4
BOPD increase. It is significant to point out that if several flows, all with
flowing pressure pyf below the bubble pressure pp, were calculated using the
above equation and example then plotted as a backpressure curve but with
3k2'pwf2’ it would indicate a value of n = 0.820. We would have an indicated n
less than 1.0 without a non-Darcy flow term D. With the uncertainty involved
in really knowing the true bubble point pressure of a particular well, we

could obtain test n values less than 1.0 without non-Darcy flow existing.

To more clearly illustrate a case of drawdown data obtained at flowing pressures
below the bubble point pressure to obtain J* we will use the 550 psia rate ob-

tained above and the previously specified data. Actual unrounded calculated rate

- 12 -




is 100.73 BOPD.

_ (P2 - Pyf?) B
o= d* (PR - pp) +——— :
2 pp
Go
J* = >
- (pp* - ow)
(PR - Pp) + ——
2 pp
100.73 BOPD
J* =
(3,240,000 - 302,500)
(3200 - 1800) +
2 (1800)
100.73 BOPD 100.73 BOPD
J* = = ——— = 0.045450 STB/D-psi (Good Check)
[1400 + 816] 2216 psi

- 13 -
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Future Inflow Performance

Standing? presented a method for adjusting IPR utilizing Vogel's equation
from a measured condition to a future reservoir pressure pr. It is based

on the fact that productivity index can be defined uniquely only at a zero

drawdown, pwf—p PR-
J* = 1im J e e e e e e .. (20)

Ap—»0
Applying the limit condition using Vogel's equation yielded

1.8 do(max
J*=‘-—:-—(-——) .......(21)
PR

Using the same approach with the back-pressure equation and n =1

4 —[1 (ow>2]1'°

Go(max) PR

2q
yields g = - So(max) C e (22)
PR

’

If we define qo*(max) as that absolute open flow potential we would obtain

assuming conventional Ap productivity index were used

J* (pr - 0)
IJ* -p-R = 2 qO(max) L T Y T ) (23)

Go* (max)

do*(max)

- 14 -
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Note that the "real" do(max) is 1/2 that assuming a Ap productivity

index relationship. 'This is more clearly seen from the figure below

and Eq. 24.

PI = f ( Ap) assumption
A

2P
1.0 o % _1_<f_w1>J
Go(max) PR
. . Kro N
Fig. 34-5, Simple pressure function for 4p2 relationship .
and n = 1.0 Bobfo
In terms of the Evinger-Muskat equation
[
kro
Go = J* ———— dp = J* (area under curve) . . (24)
Puf  (HoBo)

For the n = 1.0 IPR relationship, the area under the curve (A, C, D) is
exactly 1/2 that area (A, B, C, D) assuming Ap productivity index relation-

ship when pyr = 0.

- 15 -
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Example Problem

Using Standing's example problem data we will

(1) Calculate J*p present from present flow data.
(2) Adjust J*p to a future J*s.

(3) Calculate a future rate at pyr = 1200 psig.

The following was given in Standing's4 examp}e. The present productivity
index, J, has been determined to be 0.92 at a flow rate of 400 BOPD

with pyr = 1815 psig. Average reservoir pressure, PR, at this time is
2250 psig. Future reservoir pressure PR will be 1800 psig. (kpo/uoBo) =

0.2234 present and 0.1659 future,

(nax) : pwf>2 / 1830>2
- e— 1 - OSSR
( PR \‘2255
2 9o (max 2 (1152)
g = 20 (max) - 1.017
PR 2265
< kro
uoBo>f 0.1659
J*g = J*p —_— =1.017 ——— = 0,755
<k,.o > 0.2234
HoBo/ P
J*¢ (Pr) 0.755 (1800 + 15)
do(max)f = . = ; = 685 BOPD

Py \2 1215 \ 2
Gof (1200 pS‘ig) = qo(max)f 1 -(—-—) = 685 1 -\——— = 378 BOPD
Pr 1815

- 16 -
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Decline Curve Analysis Using Type Curves

M.J. Fetkovich, SPE, Phillips Petroleum Co.

Introduction

Rate-time decline curve extrapolation is one of the
oldest and most often used tools of the petroleum
engineer. The various methods used always have
been regarded as strictly empirical and gencrally not
scientific. Results obtained for a well or lease are
subject to a wide range of alternate interpretations,
mostly as a function of the experience and objectives
of the evaluator. Recent efforts in the area of decline
curve analysis have been directed toward a purely
computerized statistical approach, its basic objective
being to arrive at a unique ‘‘unbiased” in-
terpretation, As pointed out in a comprehensive
review of the literature by Ramsay,! *‘In the period
from 1964 to date (1968), several additional papers
were published which contribute to the un-
derstanding of decline curves but add little new
technology.”

A new direction for decline curve analysis was
given by Slider? with his development of an overlay
method to analyze ratetime data, Because his
method was rapid and easily applied, it was used
extensively by Ramsay in.his evaluation of some 200
wells to determine the distribution of the deciine
curve exponent b. Gentry's® Fig, | displaying the
Arps’® exponential, hyperbolic, and harmonic
solutions all on one curve also could be used as an
overlay to match all of a well’s decline data.

0140-2136/8000006-4829300.25
Copyright 1980 Bocisty o! P

However, he did not illustrate this in his example
application of the curve,

The overlay method of Slider is similar in principle
to the log-log type curve matching procedure
presently being employed to analyze constant-rate
pressure buildup and drawdown data.*® The ex-

ponential decline, often used in decline curve .
analysis, readily can be shown to be a logﬁ-time'

solution of the constant-pressure case, 1013 1t
followed then that a log-log type curve matching
procedure could be developed to analyze decline
curve data, .

This paper demonstrates that both the analytical

constant-pressure infinite (carly transient period for '

finite systems) and finite reservoir solutions can be
placed on a common dimensionless log-log type
curve with all the standard “‘empirical’’ exponential,
hyperbolic, and harmonic decline curve equations
developed by Arps. Simple combinations of material
balance equations and new forms of oilwell rate

equations from the recent work of Fetkovich!4-

illustrate under what circumstances specific values of
the hyperbolic decline exponent b should result in
dissolved-gas-drive reservoirs. Log-log type curve
analysis then is performed using these curves with
declining rate data completely analogous to the log-

Note: Tha author’s full-size type ourves with grid sultable lor sctual usa are
avallable on wrilten request from BPE Book Ordar Dept,, 6200 N. Centra) Ex.
pwy., Dallss, TX 75200, Specity SPE 9060 and include $3 prepayment for each
orost of “Typss Curves tor Decline Gurve Anatysls Using Typs Cutves.”

This paper demonstrates that decline curve analysis not only has a solid fundamental
base but also provides a tool with more diagnostic power than has been suspected
previously. The type curve approach provides unique solutions on which engineers can
agree or shows when a unique solution is not possible with a type curve only.

JUNE 1980
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loé-tsy?; curve matching procedure presently being
employed with constant-rate case pressurc transient
data.

Arps’ Rate-Time Equations

Nearly all conventional decline curve analysis is
based on the empirical rate-time equations given by

Arps* as

alr 1
-—‘;-'-=——-————l—/;. ....‘.....--....(l)
[l+bD,t]

For b = 0, we can obtain the exponential decline
equation from Eq. 1,
q(y) _ 1
q;
and for b = 1, referred to as harmonic decline, we
have
an _ 1
a; [t+D;] " "'
A unit solution (D; = 1) of Eq. 1 was developed for
values of b between 0 and 1 in 0.1 increments, The

results are plotted as a set of log-log type curves (Fig.
1) in terms of a decline curve dimensionless rate,

()
qu= 'q"—""' '.--0‘0...0.00000“00-tolu(4)

q;
and a decline curve dimensioniess time,

D N N A}

.. (3)

th=D,'(. srresenenns A &)

From Fig. 1 we see that when all the basic decline
curves and normal ranges of b are displayed on a
single graph, all curves coincide and become in-
distinguishable at fpy; = 0.3, Any data existing
before a £y of 0.3 will appear to be an exponential
decline regardless of the true value of b and, thus,
plot as a straight line on semilog paper. A statistical
or least-squares approach could calculate any value -
of bbetween O and 1.

Analytical Solutions

(Constant-Pressure at Inner Boundary)
Constant well pressure solutions to predict declining
production rates with- time were published first in
1933 by Moore, Schilthuis and Hurst, 10 and
Hurst.!' Results were presented for infinite and
finite, slightly compressible, single-phase plane
radial flow systems. The results were presented in
graphical form in terms of a dimensionless flow rate
and a dimensionless time. The dimensionless flow
rate gp can be expressed as

- 141.3 g(1) uB

L RN I B I B I I A B 6
kh(p;=pws) ' ©
and the dimensionless time ¢ as
_ 0.00634 ki )
D W........‘... ........ .

The original publications did not include tabular
values of gp and fp. For use in this paper infinite

JOURNAL OF PETROLEUM TECHNOLOGY




solution values were obtained from Ref. 15, while the
finite values were obtained from Ref. 16. The infinite
solution and finite solutions for r./r,, from 10 to
100,000 are plotted in Figs. 2a and 2b,

Most engineers utilize the constant-pressure
solution not in a single constant-pressure problem
but as a series of constant-pressure step functions to
solve water influx problems using the dimensionless
cumulative production Qp.!* The relationship
between Op and gp is

d{(Qp) 8
———dtp e (B

Fetkovich!7 presented a simplified approach to water
influx calcutations for finite systems that gave results
that compared favorably with the more rigorous
analytical constant-pressure solutions, Eq. 3 of his
paper, for a constant-pressure p,s, ¢an be written as

=qD. T R R

Jo (Pi—Pwys)
gy = LT e ©)
[(QI)mu]t
Not
but
q; =Jo(p[—pwf),..... ............... (10)
and )
J, = — R L iieeririrraarenes (1
o ry (11)
Substituting Eq. 11 into Eq. 10 we can write
@)y = —2 eeeeneeneenna(12)
-5
pi

Now subst}tuting Eqs. 10 and 12 into Eq. 9 we obtain

_[ at ]
a(t) (’ - pT';,)N"

—_— =

q;

voeenas eeeees(13)

Eq. 13 can be considered as a derivation of the ex-
ponential decline equation in terms of reservoir
variables and the constant-pressure imposed on the
well. For the same well, different values of a single
constant backpressure p,,, always will result in an
exponential decline — i.e., the level of backpressure
does not change the type of decline. For p,,; = 0,a
more realistic assumption for a well on true wide-
open decline, we have

_[(ql)-w}]‘
q(t) Nyi
—_— =  ebeveenasenene . (14
q; a
In terms of the empirical exponential decline curve,
Eq. 2, D; isthen defined as
(ql)mx
D= =B el (15
Ny (15)

In terms of a dimensionless time for decline curve

JUNE 1980
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Fig. 3 — Dimensionless flow rate functions for plane radial
system, infinite and finite outer boundary, con-
stant pressure at inner boundary.

analysis we have from Egs. 5 and 15
(ql)mm(]
tng= | ——— |t cvreer ecereens .. (16
bd [ Ny (16)
Defining Np; and (q;) max in terms of reservoir
variables :

_ wr=r}ecp; .
Npi = S5 B NN ¢ )
and
khp
(@) max = J

141.3,‘3[|n(r’_e)_ 12] v oeeeea (18)
w

The decline curve dimensionless time, in terms of
reservoir variables, becomes

[ 000634 ki
bd duc,ry
1
. . (19)
[ey-i]ln(e)-3]
2[(r,.,) ! ln(rw) 2
or ) ‘
t
D . (20)

tpg = =, .
1/ \2 ] [ Te l]
L2 -1][mCe) -3
To obtain a decline curve dimensionless rate gpg in
terms of g,

S50 )
Ipd = a7 qD[ln(}:) 2]’ cereeea 2D
or
= q(n)
apd = kh(pl_pwf) vererena(22)

141.3@[1:1(%)-%]

Thus, the published values of gp and 7p for the
infinite and finite constant-pressure solutions were
transformed into a decline curve dimensionless rate
and time, gpy and /p,, using Eqgs. 20 and 21. Fig. 3
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-88=
is a plot of the newly defined dimensionless rate and
time, gy and ¢p4, for various-values of ro/r,.

At the onset of depletion (a type of pseudosteady
state), all solutions for various values of r,/r,
develop exponential decline and converge to a single
curve, Fig. 4 is a combination of the constant-
pressure analytical solutions and the standard
“empirical®’ exponential, hyperbolic, and harmonic
decline curve solutions on a single dimensionless
curve. The exponential decline is common to both the
analytical and empirical solutions. Note from the
composite curve that rate data existing only in the
transient period of the constant terminal pressure
solution, if analyzed by the empirical Arps approach,
would require values of b much greater than 1 to fit
the data,

Solutions From Rate
and Material Balance Equations

The method of combining a rate equation and
material balance equation for finite systems to obtain
a rate-time equation was outlined in Ref, 17. The
rate-time equation obtained using this simple ap-
proach, which neglects early transient effects, yielded
surprisingly good results when compared with those
obtained using more rigorous analytical solutions for
finite aquifer systems. This rate-equation material
balance approach was used to derive some useful and
instructive decline curve equations for solution-gas-
drive reservoirs and gas reservoirs.

Rate Equations

Until recently, no simple form of a rate equation
existed for solution-gas-drive reservoirs with which
to predict rate of flow as a function of both flowing
pressure and declining reservoir shut-in pressure.
Fetkovich'* has proposed a simple empirical rate
equation for solution-gas-drive reservoirs that yields
results that compare favorably with computer results
obtained using two-phase flow theory. The proposed
rate equation was given as

=J (p-x )(pR ) e eeenne e (230)

where n will be assumed to lie between 0.5 and 1.0.

Although the above equation has not been verified
by field results, it offers the opportunity to define the
decline exponent (1/b) in terms of the backpressure
curve slope (n) and to study its range of expected
values. Also, the initial decline rate D; can be ex-
pressed in terms of reservoir variables. One further
simplification used in the derivations is that Py =0,
For a well on declme, Pyf usually will be maintained
at or near zero to maintain maximum flow rates, Eq.
23a then becomes

"Jéi( )(pR Yo eeenannnn

The form of Eqs‘ 23a and 23b also could be used to
represent gas-well behavior with a pressure depen-
dent interwell permeability effect defined by the ratio
(Pr/Pg;). The standard form of the gas-well rate

eeee.(23b)
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effects not inciuded.

equation usually is given as
q; = Cg (p'R2 —pwjz)"'

Material Balance Equations

Two basic forms of a material balance equation are

investigated in this study: pp is linear with N, or G,

and ¢ i lincar with Ny or G (Figs. $A and sB).
is

...... N ¢ 2

The linear pp relationship for o

- Ppri .

Pr = —(—Nﬁ-)Np+pR,-,. ...... veesse(25)
and for gas

. Pri .

b = —(—é-)Gp+pR;. sevesecaes

Eq. 25 is a good approximation for totally un-
dersaturated oil reservoirs or is simply assuming that
during the decline period pp vs. N can be ap-
proximated by a straight line. For gas reservoirs, Eq.
26 is correct for the assumption of gas com-
pressibility Z = 1,

In terms of pg? being linear with cumulative
production, we would have

... (26)

5o 2
. PR 3
PR = _(—N‘;)Np+pm2. PPN 1))

This form of equation results in the typical shape of
the pressure ‘Sp vs. cumulative production N,
relationship of a solution-gas-drive reservoir as
depicted in Fig. 5B. Applications would be more
appropriate in nonprorated fields — i.e., wells are
produced wide open and go on decline from initial
production, This more likely would be the case for
much of the decline curve data analyzed by Cutler!8
obtained in the early years before proration.

Rate-Time Equations for Oil Wells

Rate-time equations using various combinations of
material balance and rate equations were derived as
outlined in Appendix B of Ref. 17. Using Eqgs. 23b
and 25, the resulting rate-time equation is

JUNE 1980
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4o (1) - 1
Qoi Qoi ]2n___+l '
20 n
[Zn(Npi)t+l

A unit solution, g,;/Np; = 1, of Eq. 28 is plotted as
a log-log type curve for various values of n (Fig. 6) in
terms of the decline curve dimensionless time fp.
For these derivations with py,r = 0, go; = (2gi) max-
For the limiting range of backpressure curve slopes n
of 0.5 and 1.0, the Arps empirical decline curve
exponent 1/b is 2,0 and 1.5, respectively, or b =
0.500 and 0.667, respectively — a surprisingly
narrow range, To achieve an exponential decline, n
must be equal to zero, and a harmonic decline
requires n — oo, In practical applications, if we
assume an nn of 1,0 dominates in solution-gas
(dissolved-gas) drive reservoirs and pg vs. N is linear
for nonuniquely defined rate-time data, we simply
would fit the rate-time data to the n = 1.0 curve. On
the Arps’ solution type curves (Fig. 1), we would use
(1/b) = 3/2 or b = 0.667.

The rate-time equation obtained using Eqs. 23b
and 27 is

() _ 1
q 2+l
of [o.s(gi’i)t-i-l]
Ny

The unit solution of Eq. 29 is plotted as a log-log type
curve for various values of n (Fig. 7). This solution
results in a complete reversal from that of the
previous one; n = 0 yields the harmonic decline and
n — oo gives the exponential decline. For the limiting
range of backpressure curve slopes n of 0.5 and 1.0,
the decline curve exponent 1/bis 2.0 and 3.0 or b =
0.500 and 0.333, respectively. This range of b values
fits Arps' findings using Cutler’s decline curve data,
He found that more than 90% of the values of b lie in
the range 0 < b =< 0.5. Ramsay’ found a different
distribution of the value of b analyzing modern rate
decline data from some 202 leases. His distribution
may be more & function of analyzing wells that have
been subject to proration and are better represented
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by the assumptions underlying the rate-time solution
given by Eq. 28 — i.e,, pg vs. Np was linear over the
decline period.

Decline Curve Analysis of Gas Wells

Decline curve analysis of rate-time data obtained
from gas wells has been reported in only a few in-
stances, 1920 Using Bq, 24 with p,,; = 0 and Eq. 26,
the rate-time equation for a gas wen/ is

% _ 1
i [(b;-l)(géi)wl]

for all backpressure curve slopes wheren > 0.5.
For n = 0.5, the exponential decline is obtained:

~(%
qq,::) - (o)’_ cereeeea @)

The unit solutions of Egs. 30 and 31 are plotted as a
log-log type curve in Fig. 8. For the limiting range of
backpressure curve slopes r of 0.5 and 1.0, the Arps
decline curve exponent (1/b) is = and 2, or b = 0
{exponential) and 0.500, respectively.

The effect of backpressure on a gas well is
demonstrated for a backpressure curve slope 7 = 1.0
in Fig. 9. The backpressure is expressed as a ratio of
Pwy/p;. Note that as p,,, — p; (Ap — 0), the type
curve approaches exponential decline, the liquid case
solution, Whereas backpressure does not change the
type of decline for the liquid case solution, it does
change the type of decline in this case.

" Using the more familiar rate and material balance
equations for gas wells, we can obtain the
cumulative-time relationship by integrating the rate-
time Eqs, 30 and 31 with -

«+(30)

* see

2n
=1

sseecsrssens

t
Gy ={qpndr. .cooovvvriiinnnnnn. @
(1]

For n > 0.5 we obtain 1
P _ 4 - q_,; (1-29)
2 =1 [1+(2u 1)(G r] yeee (33
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Fig.® — Gas reservoir rate decline type curves with
backpressure for finite system with constant
pressure at Inner boundary (p,s = constant
@ r, ), early transient effects not included and
Z = { (based on gas well backpressure curve
siope, n = 1),

and for n = 0.5,

(%)

1-e . eesesseanns

e ceneena(34)
Log-log type curves of Egs. 33 and 34 could be
prepared for convenience in obtaining cumulative
production,

Type Curve Analysis

Recent papers l;y Agarwal et al.,> Ramey,®
Raghavan ef al,,7 and Gringarten ef al,,® have
demonstrated or ' discussed the application and
usefulness of a type curve matching procedure to
interpret constant-rate pressure buildup and
drawdown data, Van Poollen?! demonstrated the
application of the type curve procedure in analyzing
flow-rate data obtained from an oil well producing
with a constant pressure at the wellbore, All of his
data, however, were in the early transient period. No
depletion was evident in his examples. This same type
curve matching procedure can be used for decline
curve analysis.,

The basic steps used in type curve matching of
declining rate-time data are as follows.

1. Plot the actual rate vs. time data in any con-
venient units on log-log tracing paper of the same size
cycle as the type curve to be used. (For convenience
all type curves should be plotted on the same log-log
scale so that various solutions can be tried.)

2, The tracing paper data curve is placed over a
type curve, the coordinate axes of the two curves
being kept parallel and shifted to a position that
represents the best fit of the data to a type curve,
More than one of the type curves presented in this
paper may have to be tried to obtain a best fit of all
the data, i

3. Draw a line through and extending beyond the
rate-time data overlain along the uniquely matched
type curves. Future rates then simply are read from
the real-time scale on which the rate data is plotted,

4. To cvaluate decline curve constants or reservoir
variables, a match point is selected anywhere on the
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Fig. 10 = Type curve matoh of Arps’ hyperbolic decilne
example* (unique match),

overlapping portion of the curves, and the coor-
dinates of this common point on both sheets are
recorded.

5. If none of the type curves will fit all the data
reasonably, the departure curve method!* should
be attempted. This method assumes that the dataisa
composite of two or more different decline curves.
After & match of the late time data has been made,
the matched curve is extrapolated backward in time
and the departure, or difference, between the actual
rates and rates determined from the extrapolated
curve at corresponding times is replotted on the same
log-log scale, An attempt then is made to match the
departure curve with one of the type curves. (At all
times some consideration of the type of reservoir
producing mechanism should be considered.) Future
predictions then should be made as the sum of the
rates determined from the two (or more if needed)
extrapolated curves.

Type Curve Matching Examples

Several examples will be presented to illustrate the
method’ of using type curve matching to analyze
typical declining rate-time data, The type curve
approach provides solutions on which engineers can
agree or shows when a unique solution is not possible
with a type curve only. In the event of a nonunique
solution, a most probable solution can be obtained if
the producing mechanism is known or indicated.

Arps’ Hyperbolic Decline Example o

Fig, 10 illustrates a type curve match of Arps’
example of hyperbolic decline,* Every single data
point falls on the b = 0.5 type curve. This match was
found to be unique in that the data would not fit any
other vaiue of b, Future producing rates can be read
directly from the real-time scale on which the data is
plotted, If we wish to determine g; and D;, use the
match points indicated on Fig. 10 as follows,

2oy = 0033 = 1401 LOOBOPM

a a
1,000 BOPM
@ = g = 30,303BOPM.
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Fig. 11 - Type curve anaiysis of Arps’ exponantial decline
example.

tpg = 12.0 = Dyt = D; 100 months .
_ 12.0
'™ 100 months

The data also could have been matched using the type
curves in Figs. 6 and 7. In both cases the match
would have been obtained with a backpressure curve
slope n = 0.5, which is equivalent to b = 0,5, Match
points determined from these curves could have been
used to calculate g; and g;/N,; and finally Np,.

The fact that this example was for a lease, a group
of wells, and not an individual well raises an im-
portant question, Should there be a difference in
results between analyzing each well individually and
summing the results or simply adding all wells’
production and analyzing the total lease production
rate? Consider a lease or field with fairly uniform
reservoir properties, b or n is similar for each well,
and all wells have been on decline at & similar ter-
minal wellbore pressure p,,, for a sufficient period of
time to reach psecudosteady state. According to
Matthews et al.,2> “at (pscudo) steady state the
drainage volumes in a bounded reservoir are
proportional to the rates of withdrawal from each
drainage volume,” It follows then that the ratio
q;/Np; will be identical for each well and, thus, the
sum of the results from each well will give the same
results as analyzing the total lease or field production

= 0.12months“'.

rate. Some rather dramatic illustrations of how
. ‘rapidly a readjustment in drainage volumes can take

place by changing the production rate of an offset
well or drilling an offset well is illustrated in a paper
by Marsh,2# Similar drainage volume readjustments
in gas reservoirs also have been demonstrated by
Stewart,

For the case where some wells are in different
portions of a field separated by a fault or a drastic
permeability change, readjustment of drainage
volumes proportional to rate cannot take.place .
among all wells. The ratio g;/Ny then may be
different for different groups of wells. A total lease
or field production analysis then would give different
results than summing the results from individual well
analysis. A similar situation ajso can exist for
production from stratified reservoirs®2’ (mo
crossflow).
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Fig. 12 — Type curve analysis of a stimulated well before
and after fracture treatment,

Arps’ Exponential Decline Example

Fig. 11 shows the results of a type curve analysis of
Arps’ example of a well with an apparent exponential
decline. In this case, there are not sufficient data to
establish uniquely a value of b, The data essentially
fall in the region of the type curves where all curves
coincide with the exponential solution, As shown in
Fig. 11, a value of b = O (exponential) or b = 1.0
(harmonic) appear to fit the data equally well, (Of
course all values in between also would fit the data.)
The difference in forecasted results from the two
extreme interpretations would be great in later years,
For an economic limit of 20 BOPM, the exponential
interpretation gives a total life of 285 months, the
harmonic 1,480 months, This points out yet a further
advantage of the type curve approach; all possible
alternate interpretations conveniently can be placed
on one curve and forecasts mede from them. A
statistical analysis, of course, would yield a single
answer, but it would not be necessarily the correct or
most probable solution, Considering the various
producing mechanisms, we could select (1) b = 0
(exponential) if the reservoir is highly un-
dersaturated, (2) b = 0 (exponential) for gravity
drainage with no free surface,2® (3) b = 0.5 for
gravity drainage with a free surface, <> (4) b = 0.667
for a solution-gas-drive reservoir (n = 1.0) if pp vs.
N, islinear, or (5) b = 0.333 fora solution-gas-drive
reservoir (n = 1.0) if 5 vs. N, is approximately
linear,

Fractured Well Example

Fig. 12 is an example of type curve matching for a
well with declining rate data available both before
and after stimulation. (The data were obtained from
Ref. 1.) This type problem usually presents some
difficulties in analysis, Both before- and after-
fracture Jog-log plots are shown in Fig, 12 with the
after-fracture data reinitialized in time. These before
and after log-log plots will overlie each other exactly,
indicating that the value of b did not change for the
well after the fracture treatment, (The before-
fracture plot can be considered as a type curve itself,
with the after-fracture data overlaid and matched on
it.) Thus, all the data were used in an attempt to
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define b. When a match is attempted on the Arps unit
solution type curves, it was found that a b of between
0.6 and 1.0 could fit the data. Assuming a solution-
gas drive, a match of the data was made on the Fig. 6
type curve with n = 1.0 and b = 0.667.

Using the match points for the before-fracture
data, we have from the rate match point

q(f) _ 1,000BOPM

= 0,243 = .
b4 ol ol
and
1,000 BOPM
= -~ —— =4,115 BOPM.
QOI 0.243 4 M
From the time match point,

doi
= Q. = — }f
tpg = 0.60 Np;)

_ @S BOPM)(100months)
= Ny ,

and
_ (4,115 BOPM)(100 months)
Npi = 0.60

685,833 bbl.

Then,

g, _ 4115 BOPM
Ny~ 685,833
Now using the match points for the after-fracture

data, we have from the rate match point

a(t) _ 1,000 BOPM

= 0,006000 months~!,

dpg = 0.134 = .
Dd 4oi doi
and
1,000 BOPM
Qo1 = —-m—'—* = 7,463 BOPM .
From the time match point,

tpg = 113 =(1"v—"{):
pi

_ (7,463 BOPM)(100 months)
= o ,

7,463 BOPM)(100 months)
¢ 1.13
= 660,442 bbl ,

Then,

9o _ 7:463 BOPM

Ny 660,442 bdl
We now can check the two limiting conditions to be
considered following an increase in rate after a well
stimulation:

1. Did we simply obtain an acceleration of
production, the well’s reserves remaining the same?

2. Did the reserves increase in direct proportion to
the increase in producing rate as a result of a radius
of drainage readjustment??* Before treatment, N
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Ny =

= 0,011300 months ! ,




was found to be 685,833 bbl. Cumulative production
determined from the rate data before stimulation was
223,500 bbl. Then Np; at the time of the fracture

treatment is
Nyi = 685,833 bbl — 223,500 bbl
= 462,333 bbl .

If only accelerated production was obtained and the
reserves remained the same, g;/Np; after the fracture

treatment should have been
7,463 BOPM -1
462333001 0.016142 months™*,

Actual after treatment was 0,011300

_‘{oi/N i ! . !
months ~*, ltp the reserves increased in direct
proportion to the flow rate, the ratio g,;/Np; should
have remained the same as that obtained before
treatment or 0.006000 months ~!, This then would
have indicated that

7,463 BOPM
= 0.006000 months !

Actual increase in reserves as a result of the fracture
treatment appears to lic between the two extremes.
Based on the method of analysis used, the actual
increase in reserves attributable to the fracture
treatment is 198,109 bbl (660,442 bbl — 462,333 bbl).

Stratified Reservoir Example

This example illustrates a method of analyzing
decline curve data for a layered (no crossflow) or
stratified reservoir using type curves, The data are
taken from Ref, 18 and are for the East Side
Coalinga field. Ambrose?® presented a cross section
of the field, showing an upper and lower oil sand
separated by a continuous black shale. This layered
description for the field along with the predictive
equation for stratified reservoir presented in Ref. 27
led to the idea of using the departure curve method
(differencing) to analyze decline curve data.

After Russell and Prats,? the production rate of a
well (or field) at pseudosteady state producing a
single-phase liquid at the same constant wellbore
pressure (p,,; = 0 for simplicity) from two stratified

= 1,243,833 bbl .

Npi

layers is
a q;
(&) -
ari) =qge " "lagpe (N"’.
or ‘

ess e e

ar() =q () + @20 . . - (36)

The total production from both layers then is simply
the sum of two separate forecasts, Except for the
special case of the ratio g;/Np, being equal for both
layers, the sum of two exponentials will not result, in
general, in another exponential,

In attempting to match the rate-time data to a type
curve, it was found that the late time data can be
matched to the exponential (b = 0) type curve, Fig,
13 shows this match of the late time data designated
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Fig. 13 — Type curve analysis of a layered reservoir (no

crossflow) by d

|fterencing.

TABLE 1 — SUMMARY OF RATE-TIME DATA FROM
EAST SIDE COALINGA FIELD'" WITH THE RESULTS
FROM THE DEPARTURE CURVE METHOD

(1) (2) -
Total Field Layer 1 Layer2
Time Rate, gy Rate, q4 Rate, g,
(years) (BOPY) (BOPY) (BOPY)
05 90,000 52,000 38,000
1.5 64,000 42,500¢ 21,500
25 48,000 34,500° 13,500
35 36,000 28,500° 7,500
45 27,600 23,000° 4,500
5.5 21,250 18,600 2,650
8.5 16,250 15,000° 1,250
7.5 13,000 12,500 500
85 10,500 10,500 0
9.5 8,500 8,500
105 6,800 6,900
115 5,600 5,600
125 4,550 4,550
135 3,800 3,800
14,5 3,200 3,200
15.5 2,750 2,760

*Taken trom Layer 1 curve in Fig, 13,

as Layer 1, With this match, the curve was ex-
trapolated backward in time, and the departure, or
difference batween the actual rates determined from
the extrapolated curve was replotted on the same log- .
log scale. See Table 1 for a summary of the departure
curve results, The difference or first departure curve,
Layer 2, itself resulted in a unique fit of the ex-
ponential type curve, thus satisfying Eq. 35, which
now can be used to forecast the future production.
Using the match points indicated in Fig. 13 to
evaluate g; and D; for each layer, the predictive
equation becomes

ar(t) = 58,824 BOPY o —(0.200)¢
+ 50,000 BOPY e~ (@533 |

where ¢ is in years. '

Higgins and Lechtenberg®® named the sum of two
exponentials the double semilog. They reasoned that
the degree of fit of empirical data to an equation
increases with the number of constants.

This interpretation is not claimed to be the only
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TABLE2 ~ DATA FOR EXAMPLE PROBLEM OF A CHANGE IN BACKPRESSURE

p; = 4,000 psia
Pwyi = 1,000 psia
Pwrz = 50psia
k=1md
h = 100t
Bo =10p
B, = 1.50 RB/STB
G = 20 x 10~% psi~?
t, = 1,053 ft(80 acres)
ry' = 1053 it (stimulated well)

q(t) = 697 BOPD

1o = 0.00834 At _ 0.00634 (1) ¢ - 14301
BuCily 2 (0.20{1.0420 X 10~°)10.53)?
14.30 t
foa = %[(100)2 - 1][In(100) - 0.5] = 0.0008967 taays
q( q(t) aw
900 = = h D ~Pur) 100 (3,000) T s
r,\ 17 MLB1N1.5K4.105)
wisafin(’2) -]

q(1) = Gpg(tpg) 345071 q(t) = 2,02(345)at t = 1 day

¥ " - -
[

Fig. 14 — Effect of a change In backpressure on decline
using grpphlcal superpaosition,

interpretation possible for this set of data, A match
with b = 0.2 can be obtained fitting nearly all of the
data points but cannot be explained by any of the
drive mechanisms so far discussed, The layered
concept fits the geologic description and offered the
opportunity to demonstrate the departure curve
method. The departure curve method essentially
places an infinite amount of combinations of type
curves at the disposal of the engineer with which to
evaluate rate-time data.

Effect of a Change in Backpressure

The effect of a change in backpressure is illustrated
best by a hypothetical single-well problem. The
reservoir variables and conditions used for this
example are given in Table 2, The analytical single-
phase liquid solution of Fig. 3 is used to illustrate a
simple graphical forecasting superposition
procedure, The inverse procedure, the departure or
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differencing method, can be used to analyze decline-
curve data affected by backpressure changes,

After Hurst,!2 superposition for the constant-
pressure case for a simple single-pressure change can
be expressed by

an = kh(pi—Pwn)

141.3(uB) [m(r’_f)_ %
. w

] 49pa{tpyg)

+ kh(ﬂwﬂ _’;'Wﬂ)qu({Dd-’w]) [
141.3(uB) [ln =)= ‘]
(e)-3

kh(p; = Pwn)
1
141.3(uB [m Te)_ -]
) (rw) 2

‘{qu(th) +[‘p—;;‘i%——:’pw;‘&]qw(lw—lm)} .

..... S & ¥4 |

Up to the time of the pressure change py,p at fpy;, |
the well production is simply g, as depicted on Fig.
14, The g, forecast as a function of time is made
simply by evaluating a single set of match points
using the reservoir variables given in Table 2, At p
and r,/ry, = 100: t = | day, {py = 0.006967, q, (1)
= 697 BOPD, and gp = 2.02.

Plot the rate 697 BOPD and time of 1 day on log-
log tracing paper on the same size cycle as Fig, 3,
Locate the real-time points over the dimensionless
time points in Fig, 3 and draw in the r,/r,, curve of
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TABLE 3 ~ COMPARISONS OF kh DETERMINED FROM BUILDUP AND DECLINE CURVE ANALYSIS,
FIELD A (SANDSTONE RESERVOIR)
160-ACRE SPACING, r, = 1,400 11,1, = 02511

Pressure Buildup Results

Decline Curve Analysis Resulls

Well b ¢ Sw Skin 1’ kh Tolly Qod Pi=Pwt kh k
No. () (%) (%) s {1 (md-t) Matched (10,000 BOPM) (4o Bo)  (mddt)  (md)
1 34 94 328 -023 03 120.5 . 0.52 6658 108 3.18
2 126 105 183 -265 35 56.7 . 0.68 7979 48 0.38
3 32 88 204 -3.71 103 63,0 . 0.43 8048 80 1.88
4 6 95 186 ~3.41 76 28,5 4 0.58 8273 31 0.49
5 67 102 161 =4.29 183 44.4 20 0.57 6296 a2 0.48
6 28 103 126 =207 20 57.9 . 0.60 7624 62 2.21
7 47 100 175 -3.41 76 18.8 10 1,30 7781 83 049
8 47 91 242 —-3.74 106 16.6 10 1.14 7375 10 0.21
9 87 102 180 —4.18 165 104.7 . 0.435 5642 76 0.87
10 40 104 217 -—580 829 363.2 . 0,36 1211 285 6.38
11 20 15 192 -1.00 20 £9.9 . 0.56 7669 66 2.28
12 19 111 170 -3.87 133 8.9 50 3.30 5045 95 050
13 121 101 188 -3.85 118 475 50 0.54 7259 405 033
16 74 94 204 —4.10 150 2248 . 0.32 5737 104 1.41
15 49 109 286 -—3.59 8.1 101.9 . 0.43 4312 115 2.35
16 35 100 256 —4.57 242 143 20 0.06 5110 24 0.68
17 82 88 224 -342 57 27.2 . 0,82 8198 35 0.58
18 75 84 181 -—1.50 1.2 65.1 . 0.52 83 1.24
19 38 B8 182 -—211 21 405 20 0.54 6728 32 0.84
20 60 86 246 -5.48 601 88.1 . 0.345 5690 64 1.07
21 8 111 1856 -2198 22 39.1 20 0.72 5428 30 0.54
22 40 88 225 -3.79 111 116.0 100 0.45 8114 51 1.28

*fw' used from bulldup enalysis withrg of 1,490 11,

100 on the tracing paper. Read flow rates as a
function of time directly from the real-time scale.
When a change in pressure is made to p,p, at 4y,
= 0 for the accompanying change in rate g5 (really a
Ag for superposition), this rate change retraces the
dp Vs. tpy curve and is simply a constant fraction of

qy:
pw!l —Pﬂ
g; = Q1[ Pi=Pupt ] '
oratt — | day after the rate change,
1,000 psi — 50 psi ]
4,000 psi — 1,000 psi

gz = 697 BOPD[
= 221 BOPD .

The total rate g after the pressure change is g =
gy + g4 as depicted in Fig. 14. Flow rates for this
example were read directly from the curves in Fig. 14
and summed at times past the pressure change p,,p .

The practical application of this example in decline
curve analysis is that the departure or difference
method can be used on rate-time data affected by a
change in backpressure. The departure curve
represented by g5 in Fig. 14 should overlie exactly the
curve represented by g;. If it does in an actual field
example, the future forecast is made correctly by
extending both curves and summing them at times
beyond the pressure change.

Calculation of ki

From Decline Curve Data

Pressure buildup and decline curve data were
available from a high-pressure, highly un-
dersaturated, low-permeability sandstone reservoir.
Initial reservoir pressure was estimated to be 5,790
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psia at —9,300 ft-with a bubble-point pressure of
2,841 psia. Two fieldwide pressure surveys were
conducted while the reservoir was still un-
dersaturated. Table 3 summarizes the reservoir
properties and basic results obtained from the
pressure buildup analysis on cach well. Note that
nearly ail wells had negative skins as a result of
hydraulic fracture treatments. Also appearing in this
table are results obtained from an attempt to
calculate kh using decline curve data available for
each of the wells.

Ten of the 22 wells started on decline when they
first were placed on production, As a result, the early
production decline data existed in the transient
period, and a type curve analysis using Fig, 3 was
matched to one of the r, /r,, stems. Other wells listed
on the table, where an r, /r,, match is not indicated,
were prorated wells and began their decline several
months after they first were put on production, For
the decline curve determination of kA, the reservoir
pressure existing at the beginning of decline for each
well was taken from the pressure history match of the
two fieldwide pressure surveys, The constant bot-
tomhole flowing pressure for the wells ranged bet-
ween 800 and 900 psia,

A type curve match using decline curve data to
calculate ki for Well 13 is illustrated in Fig. 15. A
type curve match using pressure buildup data ob-
tained on this same well is illustrated in Fig, 16, The
constant-rate type curve of Gringarten ef al.® for
fractured wells was used for matching the pressure
buildup data, The buildup k4 of 47.5 md-ft compares
very well with the kh of 40.5 md-ft determined by
using the rate-time decline curve data,

In general, the comparison of kA determined from
decline curve data and pressure buildup data
tabulated in Table 3 is surprisingly good. (The
pressure buildup analysis was performed in-
dependently by another engineer.) One fundamental
observation to be made from the results obtained on
wells where a match of r,/r,, was not possible is that
the effective wellboore radius r,; (obtained from the
buildup analysis) is used to obtain a good match
between buildup and decline curve calculated k.

Type Curves for Known
Reservoir and Fluid Properties

All the type curves discussed so far were developed
for decline curve analysis using some necessary
simplifying assumptions, For specific reservoirs,
where PVT data, reservoir variables, and back-
pressure tests are available, type curves could be
generated for various relative permeability curves
and backpressure, These curves developed for a given
field would be more accurate for analyzing decline
data in that field, Conventional material balance
programs or more sophisticated simulation models
could be used to develop dimensionless constant-
pressure type curves as was done by Levine and
Pratts3! (see their Fig. 11).

Conclusions

Decline curve analysis not only has a solid fun-
damental base but provides a tool with more
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diagnostic power than has been suspected previously.

“The type curve approach provides unique solutions

upon which engineers can agree or shows when a
unigue solution is not possible with a type curve only.
In the event of a nonunique solution, a most
probable solution can be obtained if the producing .
mechanism is known or indicated,

Nomenclature
b = reciprocal of decline curve exponent
(1/b)
B = formation volume factor, res
vol/surface vol

¢, = total compressibility, psi ~! (pa~"')

C, = gas-well backpressure curve coefficient

D; = initial decline rate, ¢ !

e = natural logarithm base 2,71828
G = initial gas-in-place, surface measure

Gy, = cumulative gas production, surface

measure
h = thickness, ft (m)

J, = productivity index, STB/D/psi (stock-
tank m3/d/kPa)

J4 = productivity index (backpressure curve
coefficient) STB/D/(psi)®" [stock-
tank m?/d/(kPa)?"]

k = effective permeability, md
n = exponent of backpressure curve

N, = cumulative oil productive, STB (stock-
tank m?)

Np; = cumulative oil production to a reservoir
sh;:)t-in pressure of 0, STB (stock-tank
m

p; = initial pressure, psia (kPa)

Pgr = reservoir average pressure (shut-in
pressure), psia (kPa)

Pwys = bottomhole flowing pressure, psia (kPa)

gp = dimensionless rate (Eq. 6)

gpg = decline curve dimensionless rate (Eq, 4)

g; = initial surfacerate of flowats =0

{9;) max = initial wide-open surface flow rate at
Pyr = 0 .
g(t) = surface rate of flow at time ¢

Qp = dimensionless curnulative production

r, = external boundary radius, ft (m)

r,, = wellbore radius, ft (m)

re' = effective wellbore radius, ft (m)

t = time, days for {p
tp = dimensionless time (Eq. 7)
tpy = decline curve dimensionless time (Eq. 5)
Z = gas compressibility factor
p = viscasity, cp (Pa.s)
¢ = porosity, fraction of bulk volume
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Errata - "Decline Curve Analysis Using Type Curves"
JPT (June 1980) pg. 1069, Eq. 29

The rate-time equations obtained using Egs. 23b and 27 are
9o () 1
= « o o @ .(29&)
Do i 2n + 1

2n - 1 9o 2n - 1
—_— <—>t+1
2 Np|

for all oil well backpressure curve slopes where n > 0.5.

For n = 0.5, the exponential decline is obtained:

()
~{— )t
o (t) Npi

= @ I ¢3:) 3

D

The unit solution of Egs. 25%a and 29b are plotted as a log-log type curve
for wvarious values of n (Fig. 7). For the limiting range of backpressure
curve slopes n of 0.5 and 1.0, the Arps empirical decline curve exponent 1/b
is o0 and 3 or b = 0 (exponential) and 0.333, respectively.
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MULTIPOINT TESTING OF GAS WELLS

Multipoint tests consist of a series of at least three or more flows with

pressures,

rates and other data being recorded as a function of time. The

tests are usually conducted for one of the following reasons:

Required by a state regulatory body for proration purposéa or to

t obtain an allowable.

2. Required for a pipeline connection.

3. Company policy.

4. Obtain sufficlent information for reservoir and production

engineering studies which can consist of:

a. Production forecasting (deliverability type or reservoir
simulation).

b. Determining number of wells and location for development of the
field.

¢. Sizing tubing.

d. Sizing gathering lines.

e. Sizing trunklines.

f. Designing compression requirements.

g. Determining necessity for stimulation.

h. Correctly evaluating damage (skin effect).

i. Establish base performance curves for future comparison.

We will limit our present discussion on multipoint testing to Item 4.
There are two basic types of multipoint tests:

1, Flow After Flow Test ¢! (No shut-in between flows)

a. Normal sequence (Fig. 1)
b. Reverse sequence (Fig. 2)

2. Isochronal Test (Well is shut-in between flows)
a. True isochronal (2) (Fig. 3)

b. Modified isochronal (3) (Pig. 4)
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Flow After Flow

The flow after flow test starts from a shut-in condition after which a series
of increasing flows (normal sequence) or decreasing flows (reverse sequence)
is imposed upon the well. No (or very small) shut-in periods occur between
each of the flows. Flow times are usually arbitrary or can be set by a
regulatory body when conducted for that purpose.

If "stabilized" flows are obtained, the test may be considered to be as valid
as if one were to have conducted a true isochronal test. This condition is
normally obtained in high permeability reservoirs. Stabilization ie defined
in the IocC Manuall4?: »a constant flowing wellhead pressure or static column
wellhead pressure and rate of flow for a period of at least 15 minutes shall
constitute stabilization . . .". If a well is tubing capacity limited, a
pseudo-stabilization can occur if one uses only flowing tubing pressures as
the criteria. Pseudo-stabilization can also occur as a result of flowing
tubing temperature increase. Therefore, bottomhole or static column pressure
stabilization is preferable for this definition.

The different performance curves one could obtain on the same well from an
increasing or decreasing sequence multipoint test and an isochronal test is
demonstrated by the results shown(2) in Fig. 5. These type of results are
normally limited to tests conducted in low permeability reservoirs.

Isochronal Tests

The isochronal method of multipoint testing gas wells is the only certain way
of obtaining reliable performance curves. Each flow starts from a comparable
shut-in condition. The shut-in must be close enough to a fully built up
condition that any pressure rise still occurring will not affect pressure
during the drawdown of the subsequent flow; i.e., no prior transits exist
during any flow period. Although the flow periods for an isochronal test are
usually of equal duration, they need not be. However, when a performance
curve is plotted, data from flow periods of the same duration are plotted to
obtain the correct value of slope (n), Fig. 6. Note that rates and pressures
at a specific time are plotted - NOT AVERAGE RATE.

The isochronal test is based on the principle that the drainage radius..

established during a flow period is a function only of dimensjonless fime and
is independent of the flow rate; i.e., for equal flow times the same drainage
radius is established for different rates of flow. It follows then that an
isochronal test would yield a valid performance curve if conducted as either a
constant rate or constant flowing pressure test., In fact, many low
permeability gas well tests that exhibit severe rate declines on test are
really constant wellbore pressure cases and should be analyzed as such. (In a
paper by Winestock and Colpitts{5), their rate decline data analyzed as
constant pressure case gives the same permeability value as a build-up test.)
A constant rate is pot required for a wvalid fisochronal test. If one is
attempting to short-cut the isochronal test using superposition, then and only
then could a constant rate flow condition be required -~ but only for the

purpose of using superposition.
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Modified Isochronal Test

In very low permeability reservoirs it may require days to obtain a completely
built-up pressure after even relatively short periods of flow (2 to 3 hours).
In an attempt to sBhorten testing .time, the modified isochronal test was
proposed., It is conducted with shut in pericds equal to the flow periods.
The unstabilized shut-in pressuree are used to calculate the difference in
pressure relationship used with the next flow rate, This method of testing
has never been adequately justified, either theoretically or by field
comparisons with true isochronal tests. What little discussion published
justifying this method theoretically has been based on the assumption that
flowing pressure behavior with time (superposition) is a function of the log
of time P = f (lnt). Practically however, most low permeability wells where
the modified test would be practically applied require stimulation (hydraulic
or acid fracs) to be commercial. In these cases pressures are more likely to
be a function of the square root of time, P = £ v t. Modified tests under
these conditions can have flowing pressure behavior as functions of t,
transitional or ln t each for different flow rates, Fig. 7 is a type curve
plot of drawdown data from a 3 hr isochronal flow, note the linear flow
behavior for the entire period of f£low. For maximum reservoir information
purposes, the author does not recommend the modified isochronal test, nor any
other method that depends on the application of superposition techniques to
shorten test times for low permeability wells, If time is of 'such importance
in low permeability formations, one can be further ahead by gimply conducting
one long duration flow period (making certain we are out of wellbore storage,
v~ t and transitional period prior to 1ln (t) behavior) and aspuming a back-
pressure curve slope (n) of one. Better still, the Two Flow Method(é) of
Carter, Miller and Riley would be preferred - i.e., two isochronal points.

Isochronal Testing

For maximum information and minimum confusion, the writer prefers and
recommends the isochronal test method when multipoint tests are required -
particularly on wildcat or initial development wells, Once the basic
characteristics of the reservoir and fluid properties have been defined from
valid isochronal tests, one should consider the possibility of reducing
testing time without sacrificing information.

The number of flows and flow and shut in times can often be reduced with shut
in periods even eliminated in scme cases.

Without getting into the detailed mechanics of teeting and taking data, a few
remarks on test procedure are appropriate., Whenever possible bottom hole
pressure gauges should be used. Surface pressures should be recorded with a
dead weight tester and measured on both the tubing and annulus along with
flowing temperatures. The freguency of taking the surface drawdown and
buildup data should be sufficient for type curve analysis, i.e., early time
data is critical for this analyeis. Similarly, with about the same frequency,
flow rate data should be recorded and reported. A constant wellbore pressure
analysis or a Winestock and Colpitts analysis (Ap?/Q ve time) may be

-3 -
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required. Plotting and analysis of the test data, drawdown, buildup. and back-
pressure curves on site during the test are rather critical to obtaining valid
tests. Most important of all, the well must be cleaned up prior to conducting
the teast. The importance of a clean up flow is dramatically illustrated by
the test results obtained on Well C, Fig. 8. As a general rule for selecting
rates one should attempt to flow the well at or near the expected continuous
sales rate. If sand, water coning or other problems could develop, now is the

time to £ind out.

Following is a typidal isochronal test procedure used on a wildcat or early
development well:

1. Initial Flow (% 15 min)

2, Initial Shut-in (t 2 hrs)

3..Clean Up Flow at Maximum Separator Capacity (¢ 10 hrs)

4. Shut-in Period (+ 12 hrs)

5. Flow at * 1/4 Maximum Rate (t 6 hrs)

6. Shut~in Period (x 9 hrs)

7. Flow at # 1/2 Maximum Rate (* 6 hrs)

8. Shut-in Period (t 9 hrs)

9. Flow at + 3/4 Maximum Rate (¢ 6 hrs)

10. Shut-in Period (t 9 hrs)

l1l. Flow at Maximum Rate (* 6 hrs)
The above time periods are subject to change depending on an on-site analysis
of the initial data., Severe wellbore storage effects or total linear flow as

demonstrated in Figs. 9 and 7 respectively would cause the multipoint test to
be aborted, and one would then settle for a single long duration drawdown and

buildup.

Conventional Well Test Analysis (E“ < 2500 pai)

Gas well analysis can be divided into two pressure regions, low to medium
pressure and high pressure wells. Much of the basic theory of testing and
analysis was developed from well tests with reservoir pressure levels under
2500 psi. This resulted in the familiar back pressure cuive plotting of
log q ve8 log A(pz) and pressure build-up and drawdown analysis using

2 t + At 2
p¢ ve log At plot and p* vs log t.

-4 -
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With the advent of deeper drilling, gas wells have been discovered with
reservoir pressures approaching 10,000 psi. In these cases, and down to about
2500 psi the conventional methods of analyeis break down and the real gas
potential theory approach must be resorted to. (This will be discussed

later.)

Basic Bquations (Reservoir and Surface Datums)

The familiar transient gas flow equation is usually given in standard
engineering units as:

- 1424 (pz)T 1 2.226 x 1015 gKG
Pri? - Put® = - (ln t, + 0.809) + S|Q +
Kh 2 hr,u
e e e (1)
where Q = gas flow rate, Mscfd
K = effective permeability to gas, md
h = net pay, ft
T = reservoir temperature, °R
Eﬁ = gtatic reservoir pressure, psia
pu¢ = bottom hole flowing pressure, pelia
G = gas gravity
p = gas viscosity, ‘cps (evaluated at pg)
4 = gas viscosity, cps [evaluated at average pressure, (ik + put)/2}
p = turbulence factor, ft°!
§ = laminar flow skin effect, dimensionless
r, = wellbore radius, ft
t, = dimensionless time

The dimensionless time equation, with time t in days is:

6.33 x 1003 K By t
e 2)

ux,?
The basic equation used to describe reservoir drawdown when stabilized flow
exists is given as:

tD=

_ 1424 (hz) T .472 r
Pr2 - py¢? = —————— in t V+s)|o+ pg? el 3)
Kh r,

For further discussion if we define:

1424 (pz) T
Kh

ool 4)

=
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we can obtain

r

1424 (pz) T [ +472x,
5.2 - p .2 e in[—=) + s|o + BQ? «e( B)
PR Pyt Kh r,
Defining
1424 (pz) T [ fa72
A= (Kz) in )+ s oo 6)
Kh Ty
or for the transient period )
1424 (pz) T 1
AE) = — = |z (1n t, + 0.809) + S el )

We obtain the familiar form of the Forscheimer equation (either A or A(t) is
applicable in all that follows)

Br2 - Pyt = BQ + BQ? .. ( 8)

Which can also be written in the more familiar form as an approximation to the
above eguation as:

0 = Gy (ERZ - p"fZ)n oo 9)

Breaking the total pressure drop into the laminar and turbulent pressure drop
contributions we have

Total Drop Laminar Drop Turbulent Drop
P2 - P.ufz = (%2 - pL¢?) + (PLe? = pue?) ««(10)

The laminar contribution equation can then be written at reservoir datum as

Kh (B2 - pL‘fz)Lo

1
Q=— (_2 - P 2)1-0 = no(ll)
n PR Lt _ 1472 ,
1424 (pz) T | nf—) + &
Tw
for the laminar drop and
1 .
Q= —( 2 . p 240.5 e (12
ﬁ Pt W) (12)
for the turbulent drop.
Rearranging eguation (8) we obtain
B 2 2
Pr” ~ Pyt
A -n+BQ , .. (13)

Q
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A plot of (5%2 - p“fz)/Q vs Q of the back pressure test data will readily
yield A from the intercept and B from the slope. Plotting transient flow data
the intercept would be A(t) from which we could readily calculate skin (s).
Fig. 10 and Table 1 illustrate the plot and calculations for Well C. A
separate back pressure curve plot, that is a straight line, can be made for
both the turbulent and laminar pressure drop contribution. The laminar curve
will have a slope n = 1.0 and the turbulent curve & slope n = 0.5. A composite
or total pressure drop curve can then be readily constructed by summing the
preasdre drops from each curve at ‘the same value of rate of flow. The
composite curve or total pressure drop curve may then be a curved line except
for the limiting slopes of n = 0.5 and n = 1.0. In most cases, however, the
composite will yield a dominant slope n between 0.5 and 1.0 with its actual
value being a function of the relative contribution of laminar and turbulent

flow,

Slopes of the Back Pressure Performance Curves

Examination of field performance curves indicates that low permeability gas
wells will normally yield bottom-hole back pressure curves with slopes more
nearly approaching 1.0, while high permeability gas wells yield slopes more
nearly approaching 0.5. Popular belief has usually been based simply on the
concept of permeability value, i.e., low permeability develops turbulent flow
(8 is large), high permeability laminar flow. Also, it is often stated that
the value of the exponent n is 0.5 for gompletely turbulent flow. In a radial
flow system, there is no possible way of physically having turbulent flow

throughout the drainage radius.
Returning again to the Forscheimer equation(8)

Pr? - Put? = AQ + BQ? .o ( 8)

When Kh is large, the term AQ becomes small and we would have
1
- - . e (14)
Q & — 2 o 24,0.5 (
\/E—(PR Put®)

Similarly when Xh is small, the AQ becomes large and the Bo? term can become

negligible (not necessarily zero) when compared to the laminar pressure drop -

term. We could then write
0= E@Rz R WLILRL -+ (15)
A

It is clear then that it is not necessary for flow to be completely turbulent
throughout the reservoir for the slope (n) to be equal to 0.5.

The following table summarizee results obtained from isochronal tests on a few
high and low permeability wells. All tests were run with sub-surface gauges

in the well.
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BOTTOMHOLE CURVE

Potential Build-Up
Well Formation Mscfd ‘ Slope (n) K = md
1 Sandstone 57,000 0.554 960
2 Sandstone 170,000 0.532 1331
3 Sandstone 310,000 0.658 978
4 Sandstone 88,000 1.000 12
5 Sandstone 68,000 1.000 7

Back Pregsure Curves at Surface Datum, "Wellhead Curves"

Gas cannot be sold at the bottom of the hole. It must first be produced
through tubing (or casing, of course} surface equipment, a gathering line,
then finally through a pipeline. Until the gas enters a trunkline, we must
continue to predict the pressure drops through the entire system to obtain the

ability of a well to deliver gas to a pipeline.

We can carry the discussion about back pressure curves and slopes one step
further to include the tubing pressure drop effect and the resulting wellhead
back pressure curve and its slope. If we divide the Forscheimer form of the
bottom hole flow equation by the gas well hydrostatic head term e®, we obtain

5. 2 2
&z__ - .pw—f. = ..A__ Q + _.i._ QZ . "(16)
et et ef ef
where s = 0.0375 GH/T, Z, (This S should not be confused with skin)
and e = natural log
G = gas gravity
H = vertical depth, ft
T, = average temperature, °R
2, = gas deviation factor at average pressure
ch = pRZ/es
Pu® = pus/e®

P. is the wellhead shut-in pressure and p, is the wellhead gtatic column
flowing pressure. p, is that pressure that would be recorded on the annulus
while flowing if there were no packer in the well. Even if there is a packer
in a well, it is a useful pressure to evaluate and a useful concept to use in
back pressure curve performance analysis. (The simplifying assumption of a
constant e* does not introduce serious errors and we end up with some very
useful equations that can be easily manipulated.) '




~107-

We can now write the reservoir flow equation in-terms of the more convenient
wellhead pressures and now at a surface datum

P2 - p,2 = Ay @ + By @ .+ (17)
which can also be written in the more familiar form as
Q & Cyp (pe? - py2)" .. (18)
where now
1424 (uz) T 472 ¢
Ayp = ———————— in [ ———)+ s v (19)
Kh ef Ty,
2 20
Bun —'e_s' .+« (20)

Tubing Friction Curves

The basic equation relating wellhead static column pressure p, and the
wellhead flowing tubing pressure P, as given in the Iocc Manual(4) ig

F, Q Ty %\ 2 : :
Pufz = g8 Ptz + <‘l‘_2___2_> (es = 1) "(21)
31.62
where
0.10797 tth D in inch
F, = 2612 ‘ with D in inches.
Dividing both sides by e®, we obtain
2 2 s
P F,. 0T, 2 (e - )
LA P2 + _L____i__i> .. (22)
e$ 31,62 ef

with pufz/es = pz“ we can rearrange and obtain

31.62 e8/2
Q = (PHZ - PtZ)O.S .. (23)

(e® - 1) F. T, Z,

The general form is simply
Q=T (P2 - p2)0.:5 .. (24)
or P2 ~ P2 = (Q/T)? .o (25)
that will plot as a straight line on log-log paper with a slope of 0.5. Thus

(1/12) @2 = (Pu2 - Ptz) defines the pressure drop through the tubing string.
(For convenience, in later discussions, let’s define T,, = 1/72.) e

-9 -
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Combining the tubing pressure drop equation with the egquation describing the
pressure drops through the reservoir in terms of wellhead pressures, we obtain
the wellhead back pressure curve eguation that accounts for the total pressure
drop through the system., The total pressure drop expressed at the tubing

wellhead (surface datum) is then given by

(B2 - py2) + (P2 - Py?) = By Q + By @ + Ty ©F .. (26)
or
(Pe2 = Pe2) = Byp © + (Byy + Tyup) @2 . (27)
which can also be represented as
0 = Cupe (P2 - P2)0 .. (28)

Note that as a limiting condition, if T,; is large compared to Ry, and/or B,
(a very large bottom hole potential), the equation reduces to

Q = Cypy (B2 = Py2)0-5 .. (29)

Figures 11, 12, and 13 illustrate the effects of tubing friction on wellhead
deliverability.

This indicates that the wellhead curve could in some instances be totally
described by the pressure drop through the tubing string. A significant point
is that we can use this equation to establish, for flow through any given
tubing size, a maximum position for a wellhead curve, its potential, and it
will have a slope of 0.500. For other diameter flow strings one need only

D?-61ZNew
ratio —————— C,; to draw in its ocurve. This approach of changing

p2-612pregent
flow string diameter can also be used when compositing total drops from each

of the pressure drop curves, laminar, turbulent and tubing.

Gathering Line or Pipeline Equation

A pressure drop equation for a gathering line and a pipeline can be developed
using the general £flow equation as given in the Natural Gas Processors

Suppliers Association, Engineering Data Book, 1966. (The fact that we can
often treat a total field as a single back pressure curve can even allow us to

include the pipeline pressure drop in our analysis or forecasts.)

The flow equation (assuming negligible elevation differences between inlet and
outlet) can be written as:

5.487 p&.5 3.7 D 2 2 0.5
Q= — log 49 — [ Pup? - Pgun? 10 .+ (30)

VTa' 24 6L .

- 10 -
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where Q = gas flow rate Mscfd @ 14.7 & 60° F

D = inside diameter, in
K, = absolute roughness, in (K, = 0.0015 is suggested)
T, ' = average flowing line temperature, °R
Z, = gas deviation factor at average pressure
G = gas gravity
L = pipe length, miles

Pyp = upstream pressure, peia (equal to P, for gathering line connected

to tubing)
Pjun = downstream pressure, psia

CpL (Pyp? = Pgun?)0-3

Q
In the general form we have
Q = L (Py? - Pgyup?)?- .. (30-2)

(Again for convenience, we will define L,, = 1/L?.) Now we can write
equations at gurface datum representing the total pressure drop through the

system.

A(Pz)total = Pc2 - Pdwnz

= A(Pz)darcy + A(PZ)gpin + A(P)eypp + A(Pz)tbn + A(PZ)(ine

or

Pe? - Pgun? = (P2 = B2) + (B2 - p,2) + (B? = By2) + (P2 - Pgyup?)
or

P2 - Pyun? = By Q + (Byh + Typ + Lyp)@Q?

recapitulating
1424 (uz) T <472 r,
Byp = __Khes_ {1n (—;:——) + 8| or A(t) = £(t))
B,y = B/e®

(e® - 1) F.2 1,2 2,2
(31.62)2 et

Tup =

T,’ Z, GL

L =
“h " (5.487)2 D5

The total pressure drop equation finally can be represented as

Q = Crotal (P2 - Pgun?)" «e(31)

- 11 -
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For deliverability or production forecasting this is the equation that should
be used.

Still further, to account for the pressure drop through a well'’s reguired well
site surface equipment (separator and dehydrator), the basic flow equation
Q@ = ¢ (p1? - p22)%+% can be included into the above eguations. A single data
point on the equipment either measured or obtained from the manufacturer can

be used to define Cg.

Note that all the above pressure drop componente can be graphed individually
ae log Q vs log A(p®). A total curve can then be congtructed by a
composition of all ocurves, thus relating pressure drop through the total

system for a given flow rate.

Examination of the total pressure drop equations indicates that in wells with
large bottom hole potentials we should expect the slope of the wellhead
deliverability curve to approach 0.5, the slope of all pipe flow and turbulent
flow pressure drop components. Conversely for small potential wells we would
expect the slope of the wellhead curve to approach the slope of the bottom

hole or Darcy flow curve, 1.0.

Real Gas Flow (p;,_ > 2500 psi)

Al Hussainy, Ramey and Crawford(7) ghowed that it was possible to consider gas
physical property dependence on pressure by means of the real gas pseudo-
pressure m(p). Although they indicated that it was important for the case of
gas flow in tight high pressure formations with large drawdowns, it is egually
important for high permeability formations with normal drawdowns.

The real gas pseudo-pressure m(p) was defined by them as:

P P
m(p) = 2 I ———ae. AP s (32)
Py H(P) Z(P)

where P = pressure, psia
§ = gas viscosity, cps
Z = gas deviation factor
P, = base pressure, psia (P = 0O is most convenient)

an m(p) could also be defined in a more familiar form as

.. (33)

- 12 -
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Pge 2 7
where f, = 22 (sub sc indicates standard conditions)

Tge P
then

P
T P
m(p) = s¢ —_—— dp .o (34)
Pge T P, B(P) Z(P)

where temperature is in °R.

In all further discussions we will deal with the m(p) in terms of 1/p, Bg.

For simplicity of discussion, let us use the general steady state radial flow
eqguation:

7.08kh f f (p) dp .. (35)

r
ln(.i) P
T, W

where g = surface rate of flow, bbl/day
K = effective permeability, Darcy
h = thickness, ft
r, = wellbore radius, ft
r, = external boundary radius, ft
Py¢ = bottom hole flowing pressure, psia
P, = external boundary pressure, psia

It is perfectly general .and is equally applicable to either liquid or gas
flow. For gas flow we can simply write

7.08kh 'f T % .. (36)
ln re)
The integral can be expressed in terms of pseudo-pressures m(p)
J a 4 SP” 1 a (37)
p = ) ..
Py By Py L By Py o Hg Pg
or
.o (38)

1
J. d = m(Py) = m(Dy¢)
Py Py Py

The quantity [m(p,) - m(p,¢)] is simply the area under the 1/;1g ﬂq curve
from p, to p,s. m(p,) is the area under the curve from p, to 0, and m(p,¢) is
the area under the curve from p,s to O. The ABSOLUTE OPEN FLOW POTENTIAL can

be expressed by
7.08kh

——r———— .'(39)
in < < )
Ty

AOFP = m(pe )

- 13 -
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Let us examine the basic shape of 1/p, B, with pressure. Fig. 14 is a plot
of 1/pg By for a gas reservoir with an initial shut in pressure of 5567

psia. At high pressures 1/u; f; is nearly constant, only slightly changing
with pressure. Again, for simplicity of discussion, we can approximate the
pressure function by two straight line sections as:

f(p) = constant

f(p) = P
I
o ) n 2500

For the region where the pressure function is a constant (1/pg ﬁg is
constant), we can evaluate the integral as ‘

[ [ (40)
(p) dp = ‘L P oo
Puf Fa P Wt
which when integrated between limite, yields
Pe
Pe = Pyt
£(p) dp = ———-ﬁ—-——-’ L «+(40n)
J;uf Fo Py
Then
7.08kh (Pe = Put)
a9y =
T e (41
i (2 Ky By (41)
Ty

(Note that this is identical to the single phase liquid flow equation commonly
used for oil wells.) A multipoint test conducted with drawdowns over the
constant portion of the l/pg Bg ocurve should yield a straight line on a
gy, vs Ap plot. This in fact is the case for a gas well isochronal test,
Fig. 15, conducted in the reservoir represented by the 1/u;, f; plot of
Figure 14.

The same data when plotted in the conventional manner of log q vs log A(p?)
yields a back pressure curve with a slope n = 1,265, Fig. 16. This is
greater than the normally accepted maximum value of 1.0. (A curve with slopes
greater than 1 is characteristic of a Ap behavior plotted in the A(p?)

form.)

- 14 -
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Neither a Ap nor a A(p?) extrapolation of the multipoint test can be
justified to define the remainder of the back-pressure curve and to determine
its absolute open flow potential, (It‘'s only coincidental that the A(p?)
extrapolation of the example results in the same AOFP as the m(p) plot. It
should only be considered a result of trend plotting.) The only correct
method of extrapolating the test results from Well D is by means of an m(p)

plot, Fig. 17.
Even though we cannot extrapolate the A(p) plot of Well D to a correct AOFP,

it can and was used to validate what "appeared" initially to be an invalid
isochronal test. All high pressure gas well test data should be field checked

with a Ap plot until m(p) data can be developed.

Let us next examine the pressure function at pressures below . 2500 psi.
Approximating f£(p) in this region with an equation of a straight line,

f(p) =aP+b
With the intercept b = 0, and P, < 2500 psi

Pe Pe a
j f(p) dp = L aPdp = — (Pez = Pufa) ’ .. (42)
Puf W f

The slope a for b = 0, is simply (1/#y Bg)/Pe. We can then write

7.08kh (Pe? = pys?) (@3

Te 2 pe
1
n <!.'“ > “‘g ﬂg) P,

with B, evaluated at P,, we obtain the familiar A(p®) form of equation

Gg =

3.54kh Ty, (Pez - Pafz)
q = - .. (44)
BZ T Py, 1n<—-°->
Ty

Clearly then in the high pressure region where flow is behaving as a liquid,
one can plot p to analyze drawdown or buildup data. With all pressures over
the low pressure region, one should plot p? to analyze drawdown or build-up
data. If the pressure data covers both the high and low pressure regions, as
one might expect in high pressure low permeability formations, one must plot
m(p). When in doubt, always use m(p).

- 15 =
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Table 1
well C
YSOCHRONAL BOTTOM-HOLE GAUGE
Pz = 1370 psia
- ;&2 - put?
Q Puf % ~ put? Q Flow Duration
Flow No. Mscfd psig  _psia?  peia®/Mscfd ___ Hours
hi 11,300 1327 75,096 6,646 16
2 6,700 1343 32,376 4,832 2
3 11,850 1325 80,400 6,785 2
4 14,780 1318 98,901 6,692 2
5 52,500 1307 127,776 2,434 6
6 13,300 1349 16,224 1,220 1
7 20,650 1343 32,376 1,568 1
8 29,400 1335 53,800 1,830 1

Kh = 306,060 md-ft (From Build-Up); K = 978 md
h = 313 ft ’

P = 1346 psia

p = 0.014 cps

Z = 0.868

T = 120°F

t =1 hr

Q= 18.1

G = 0.655
r, = .33 ft

hp = 70 £t (perforated at top)

- 16 -

pr—




=115~

EXYAMPLE CALCULATIONS FROM ISOCHRONWAL TEST

Well “C"
1424 (pZ) T 1 pai?
A(t) = ——————— |~ (ln t, + 0.809) + 5| = 1.00 ——
Kh 2 Msecfd
A(t) Kh ' 1
§ 8 — ry (1n t, + 0.809)
1424 (BZ) T
With
. 0.00633 K P ¢ .00633 (978) (1346) 1
D dur,? (.181) (.014) (.33)2 24
tp, = 1.258 x 108
1.0 (306,060)
s = - [ 7.43 ] = + 22.8
1424 (.014)(.868) (580)
PARTIAL. PENETRATION SKIN (BRONS AND mm'rmc)"
TOP 70 £t PERFORATED OUT OF 313 ft PAY
70
b= — = 0.22
313
h 313
— = — = 948
ry, .33
Sb = + 19 Good Check

- 17 -
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EXAMPLE CALCULATIONS FROM YSOCHRONAI, TEST

WELL "C"
1424 (§z) T psil?
B = (H%) D = 27.322 x 10°¢ —_—
Kh . Mecfd
2.226 x 10715 fx ¢
D =
hr, p
3.17 x 10°'2 z g T
B =
h2 r,
Bh? r,, 27.322 x 1076 (313)2 (.33)
= =
3,17 x 10°'2 z g T 3.17 x 10°12 (.868) (.655) (580)

B = 8.45 x 108 f£t-!

From Katz Curve, f§ = 3.4 x 106 f£t-1

NOTE : This difference is consistent with the author’s in evaluating 8
values from field data over a large range of permeabilities. Actual
f's are usually 100 times larger than those obtained from Katz'’s

Curve,(3?

- 18 =
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Pressure
psia

5600

5000

4500

4000

3500

3000

2500

2000

1500

1000

500

AP
pei

600

500

500

500

500

500

500

500

500

500

500
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CALCULATION OF m({(p), WELL D

P avg
peia

5300

4750

4250

3750

3250

2750

2250

1750

1250

7580

250

m(p)

- 19 =

103

227.52

193.50

165.50

138.10

111.60

86.20

62.55

41.58

24.15

11.05

1 AP 1 P
Hy By Hg Py I A __ 1
e P avg P=20 e B
Mscf Mscf-psi
Res Bbl-cpa Res Bbl-cps
103
56.70 34.02
56.00 28.00
54.80 27.40
53.00 26.50
50.80 25,40
47.30 23.65
42.00 21.00
34.80 17.40
26.20 13.10
16.40 8.20
5.70 2.85
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PURPOSE OF MULTIPOINT TESTIRG

Required by a state regulatory body for proration purposes, or to obtain
an allowable.

Required to obtain a pipeline connection.

Company Policy.

obtain sufficient information for reservoir and production engineering
studies. Some of which are:

a)
b)
c)
d)
e)
f)
g)
h)

i)

Production forecasting (deliverability type or reservoir simulation).
Determining number of wells for field development.

Sizing tubing.

Siziﬁg gathering lines.

Sizing trunklines.

Compressor requirements.

Determining necessity for stimulation.

Proper evaluation of damage or skin effect.

Establish a base performance curve for future comparison
(Reconditioning Studies).

- 21 -
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WELL TESTING AND ANALYSIS IN INDONESIAN REEF RESERVOIRS

Abstract

This paper presents procedures and methods of testing and analyzing Indonesian
reef oil and gas wells to determine the formation characteristics and well
deliverabilities., The well tests are in five different oil fields and one gas
field. Most of the reservoirs have secondary porosity and permeability
systems which allow high flow rates from individual wells. The bottomhole
pressure drawdown on some of the best wells range from 2 to 15 psi at flow
rates in excess of 10,000 BOPD. Conventional test analysis of individual
drawdown and buildup are difficult even with high precision pressure
recorders. Selection of correct pressure drawdown and Horner buildup slopes
on these type of wells are difficult to determine, Test analysis for
determining formation characteristics of these wells are based on multipoint

tests,

Buildup. plots of wells with permeabilities of 10 to 100 millidarcies are shown
that indicate m constant pressure boundary (active water drive) could be

detected from test analysis.

Three types of tests and their analysis are presented in this paper, (1)
single flow and buildup, buildup with and without a constant outer boundary
pressure case, (2) multipoint, isochronal and flow after flow, and (3) single
flow of long duration and buildup with constant pressure at inner boundary,

are discussed in this paper.

Introduction

All wells are completed in the Salawati Basin., Production in the basin comes
from Upper Miocene Kais Formation stratigraphic or combination
fault/stratigraphic traps. The traps consist of Kais reef or downslope -
carbonate mud accumulations, occasionally modified by normal faulting. Depths
to the top of the Kais pay for the oil wells range from 5100 feet to 6700
feet, and 9500 feet for the gas well. The oil reservoirs are highly
undersaturated, with an aquifer wunderlying these reservoirs. Primary
porosities in the Kais pay are of the order of 14% - 18%, Most of the well
tests examined in this paper were eventually completed in the upper third
portion of the total pay thickness.

Types and Duration of Tests

Three types of tests, (1) single flow and buildup, (2) multipoint, isochronal
and flow after flow and, (3) single flow of long duration and buildup were
conducted in these wells. Each type of test was selected and designed to
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Tests and durations were

provide information necessary for reservoir studies.
The

sometimes modified during testing operations to obtain specific data.
types of tests, its durations and purpose are discussed.

Sinpgle Flow and Buildu

1. Initial Flow (15 minutes)
2. Initial Shut in (2 hours) to determine original reservoir pressure

3. Clean up flow at maximum separator capacity (6 hours)

4, Shut in period (8 hours)
Tests were usually conducted:

a. In open hole before drilling to the oil-water contact
b. Over separate parts of the productive interval
c. To determine the oil-water contact

On the basis of results of these tests, decisions on completion procedures and
further testing were made. The range of permeabilities determined from single
flow tests would be used to help design the type and duration of multipoint
testing required after the wells are completed. The skin effect calculated
from pre-acid single flow and buildup tests would indicate the extent of the
reservoir damage and the necessity for acidizing.

Isochronal Multipoint Tests

1, Acidize well. Shut in for acid contact time.

2. Clean up flow at maximum separator capacity (8 hours)

3. Shut in period (8 hours)

4, Flow at 1/3 of maximum after acid clean up rate (3 hours)
5. Shut in period (3 hours)

6. Flow at 2/3 of maximum after clean up rate (3 hours)

7. Shut in period (3 hours)

8. Flow at maximum separator capacity (3 hours)

9. Shut in period (3 hours)

The isochronal tests were usually conducted after the wells were completed and
the drilling rigs were released. The durations of flow periods ranging from 3
to 5 hours varied on the basis of time required for clean up after acidization
and stabilization, Shut in periods were determined from observations of when
surface pressures stopped building up at & rate of less than 0.25 psi per

hour, In cases of permeabilities in the range of 1,000 to 5,000 md, two hour.

shut in periods were sufficient for bottomhole pressure to build up to
initial.

Flow after Flow Multipoint Tests

1. Acidize well. Shut in for acid contact time.

2, Clean up flow at maximum separator capacity (4 hours)

3, Shut in period (3 hours)

4, Flow at maximum after acid clean up rate (2 hours)

5. Flow at 2/3 of maximum after acid clean up rate (2 hours)
6. Flow at 1/3 of maximum after acid clean up rate (2 hours)

Only one test of this type was conducted in these wells, The test was
performed in a second well in a given field with permeability of 2,000 md,
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The flow after flow test was in decreasing flows (reverse sequence), but since
stabilized flows were obtained in a short period, the performance curve
obtained was almost identical to the one obtained from isochronal multipoint

test.-

The multipoint tests results are analyzed to determine the productivity
indices, reservoir damage, flow efficiency, well’s true bottomhole absolute
open-flow potential and well head deliverability curves. With the small
pressure drawdowns during flow periods, it is erroneous to rely on single flow
and shut in periods for calculating permeabilities and skin.

Single Flow (long duration) and Buildup Test

1. Acidize well. Shut in for acid contact time.
2. Clean up flow at maximum separator capacity (24 hours)

3. Shut in period (24 hours)
The rig was released and a wireline unit was mobilized for running 14 day

bottomhole gauges

4, shut in well, Made pressure traverse going in the hole at 1,000 ft stops
for determining fluid pressure gradient
Recorded initial shut in reservoir pressure

5. Flow well at maximum separator capacity (168 hours)

6. Shut in period (74 hours)

The long duration drawdown test of 168 hours was designed to define reservoir
performance, its limits and whether it’s volumetric or effective water drive.
The decision to run such tests was determined after analyzing the rate-
pressure data taken during the 24 hour flow and 24 hour buildup periods.

Methods of Test Analysis

Analysis of Drawdowns and Buildups

The traditional method for calculating permeability, skin, productivity and
other formation characteristics is to analyze a single drawdown and/or build-
up. Let us examine the buildup following the first drawdown of an isochronal
test taken on a gas well 1, field A. The test was prior to acidization in
open hole over pay thickness of 186 feet out of 585 feet of total pay
thickness. The reservoir parameters used and a summary of the isochronal test

results are shown in Table 1.
The slope of the buildup shown in Figure 1 is 47 psi/cycle:
162.6 g ﬂgﬁg

kh =
m

q = 22385000 scfd/5.61 = 3,986,643 BFD

162.6(3,986,643)(.,0210)(.004559)
kh = - = 1,322 md-ft, w/h = 186 £t, k = 7,2 md

47.00
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Pihr - Pwf k
§¢ = 54 Dg = 1.151 | ———— - log — + 3.23
m i cery?

§’ = 1.151 [l7.h9 - 8.25 + 3.23] = +14.36

§* =5 + Dg = +14.36
where § = S4 + 8y

Partial Penetration Skin (Sp) From Brons & Martingl

186 ft penetration out of 585 £t pay

186
b= — = .32
585
h 585
— = = 1653
ry 354

From Brons & Martingl S = +9.20

8q is the formation skin resulted from wellbore damage or acidization.

§4 =54 + 9.20 + Dy = +14.36 where D is the non-Darcy flow that should be
evaluated from multipoint flow test. Multipoint analysis of this test will be
discussed later.

Let’s analyze the buildup following the first flow period using log-log type
curve analysis. The techniques for analyzing pressure data using the type-
curve method is discussed in great detail in chapter 3 of SPE Monograph Volume
5 "Advances in Well Test Analysis" by Robert D. Earlougher, Jr.

A type curve plot of Ap vs At is shown in Figure 2. The semi-log straight

line pericd begins after 3.5 minutes. The data matched the infinite curve
(Figure 3) and started dipping downward at At = 100 minutes or equivalent
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t + At = 8,00 on a Horner plot. The second flatter slopes on Horner plots
before and after acidization extrapolate to initial reservoir pressure, The

type curve indicates a reduction of Ap below the infinite curve which

indicates that a possible constant pressure source exists, i.e., a water drive

is being reflected. This will be further &nalyzed using & dimensionless

Horner Plot.

'An After Acid Test Apalysis of Well 1, Field A

Type curve analyses (Fipure 2)

Match Points
Ap = 10 psia, pg = 1.92

At = 100 mins, tg = 48

khAp

141.3 q pp

Pa(l41.3) qﬁi (1.92) (141.3) (9,882,000) (.02824)(0.004215),

kh = =
Ap ‘ 10 (5.615)

kh = 5683 md-ft, with h = 585 ft, k = 9.71 md

0.000264 k t prg

tp =
¢u cp L2
.000264 k t hrg
12 = = 220,72 ft2, L = 14,35 ft
tp ¢ B ct
L 14 .85
§=.ln — = - 1lp —— = 3,04
2ry 2(.354)

-5 -



-137-

Horner Plot (Fipure 4)

e

= 5677 md-£ft

162.6 q B 162.6 (9,882,000) (.02824) (.004215)

kh = - -
m 6.0 psi/cycle (5.615)

With h = 585 ft, k = 9.70 md (excellent check with type curve analysis).

4201 - 4186.6 9,70 (106)
§* = 1,151 | ———— . log + 3.23
6.0 (.108) (.02824) (140) (.354)2

§’ = -3.02, which is a good check with type curve analysis.

The formation skin 8§ = 8’ - Dg. Dg from multipoint analysis of this is
(.06295 x 9.882 = 0,.622), therefore the formation skin factor resulted from
acidization § = -3,.64, Plots of drawdown followed by & buildup pressure data
of an oil well 1, field B, are shown in Figures 5 and 6. Both plots yield
approximately the same slope with approximately 80 md permeability and an
after acid skin of -4.1. -

Note again the second flatter slope on the Horner plot (Figure 6). The
constant pressure at outer boundary case (water drive) is being reflected on
this oil well test as well as the previous gas well analysis.

Analyses of individual drawdowns and buildups on wells with very high
permeabilities (in the range of 2 to 17 Darcies) were difficult and
inconsistent. Figures 7 and 8 are examples of buildups on two different wells
with drawdowns of 2 and 7 psi producing at flow rates of 2025 BOPD and 4244
BOPD during 4 to 6 hours flow periods and permeabilities in the range 5 to 15
Darcies respectively.

For these types of wells, multipoint tests are useful for calculating
reservoir characteristics,

Multipoint Testing (Bottomhole and Wellhead Curves)

Multipoint and backpressure testing of gas wells is an accepted procedure for
establishing a gas well’s performance curve and obtaining formation data for

reservoir studies.

Fetkovich2, in his paper, "The Isochronal Testing of 0il Wells," demonstrated
that oil wells beheve very similar to gas wells and should be tested and
analyzed using the same basic flow equations.

The basic flow equations for oil or gas flow given in the literature are:
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Transient Flow:

7.08 kh R
q= f £ (p) dp
14.23 kt Pwf ,
in + S + Dq
$ (B ce) 4 Ty?
Pseudo-Steady State Flow:
7.08 Kh TR
q = f f (p) dp
Te 3 Puf
ln(-) ----~I~S+Dq
Iy 4

Based on the flow equations, Fetkovich? established the validity of an oil
well backpressure curve plot on log go vs log (Ap?) plot from some 40 oil
well tests. The (Ap2) is defined as TR% - pyf’-

TR .
The J[ £ (p) dp was derived for oil and gas wells in two flow regions. One
Puf

region is for high pressure gas wells and single liquid flow phase for
undersaturated oil reservoirs above the bubble point pressure. The second
flow region is for low pressure gas wells and two phase flow in oil reservoirs
flowing below the bubble point pressures,

Fetkovich®, in his presentation of “Multipoint Testing of Gas Wells,"
demonstrated that for the first flow region f(p) is constant and one should
plot Ap to analyze drawdown or buildup data. For pressures over low
pressure region, one should plot Ap2 to analyze drawdown and buildup data,
If pressure data taken from multipoint tests covers both high and low pressure

PR dp
regions, one must plot pseudo-pressure m(p). m(p) is defined as Jf — and
' Pu M8
1
can be obtained from PVT plot of — vs pressure for both oil and gas
KB

wells.

Therefore, the same basic flow equations can be written in terms of m(p) as
follows:
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Trangient:
7.08 kh [m(pR) - M(Pyg)] 14.23 Ky t
=ln [————— +54+0Dqg
$ 2
q ¢ (pee) i xy
Pseudo-Steady State
7.08 kh [m(pR) - M(pys)] Te 3
=1n<—)-—+s+Dq
q Iy 4

Flow equations for Ap and A(p2?) will be shown for individual analysis.

Multipoint tests, as previously described, consist of two types, "Isochronal®
and "Flow After Flow".

The types of tests presented in this paper deal with the Isochronal method of
testing. The durations of flow and shut in periods were previously discussed.

A, Gas Wells

A backpressure curve plot of an isochronal test results of gas well 1, field A
presented in Table 1 is shown in Figure 9.  With a good alignment of four
stabilized flows, the slope of the backpressure curve is 0.740. The test was
run in reverse sequence and not in the normal recommended increasing sequence.
But since each flow period was followed by shut-in perieds, transient effects
are not considered to be a factor. The effect of non-Darcy flow to the
Ap?  should be calculated to determine its contribution to the effective skin
possibly avoiding unnecessary stimulation efforts. The non-Darcy flow
constant is determined from the plot of (pz)/Q versus Q (Figure 10).

The transient gas flow equation is:

_ w26 g2y v |2 2.226 x 10-15 gKe
PR% - Pug? = ———[{= (In tp + 0.809) + 8} Q + Q2
kh 2 hry, 4

1424 (pZ) T 1
Let A (t) = —————————

~ (in tp + 0.809) + s}

kh 2
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2.226 x 10-15 KRG

D =
hry, 4

1424 (§2) T D

and B =
kh

We obtain the familiar form of the Forscheimer equation:

TR? - pyr? = A(t) Q + B Q2

Pr? - Puf?
Then — = A(t) + B Q
Q
PRZ - Put?
A plot of ——— vs Q (Fig. 10) will yield A (t) from the intercept and
Q

B from the slope.

Test Analysis of Well-1, Field-A, Before Acid-Open Hole

;RZ - pwfz psia?
From plot of ——— wvs Qat Q = 0, & (t) = 159
Q MSGFD

end

B = .005386 (psia/MSCFD)Z2,

w2 pzy T {1
A(t) =159 = —/—— - (ln tp + 0.809) + S
kh 2

0.00633 KPt  0,00633 k (3699) (4/24)
tp = - = 15,189 k
¢ ry? (.102) (.0201) (.354)2

kh from Horner is 1322 md-ft, w/h = 186 ft, k = 7.2 md
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tp = 15189 (7.2) = 109,361

A (t) kh 1
§= ——— | = (lntp + 0.809) =| 11.77 - 6.20 = 45.57
1424 (uzZ) T 2
BhZ r, 0.005386 (186)2 (.354)
= —————— 6T = = 4,64 x 1010
3.17 x 1012 3.17 x 10-12 (,905) (.745) (660)
2.226 (1015) BKG 2,226 x 10-15 (4.64) (1010) 7.2 (.745)
D = =
hry, 1.86 (.354) (.0210)

D = 0.0004 MSCD-1
Dg = 0.0004 x 22385 = 8.95
¢ = 8 + Dy

S8t = 5.57 + 8,95 = 14,52 which is a good check with S’ of 14.36 determined
from Horner analysis of buildup.

Based on this analysis, it is evident that the partial penetration skin Sy and
the non-Darcy £low Dy attributed mostly to the total effective skin of

+14.36.

A second multipoint test was conducted over completion intervals and after
acidization. The backpressure curve and a plot of A(p2)/Q vs Q are shown in
Figures 11 and 12. Using the same type analysis of multipoint tests as
previously discussed and a skin factor of -3.64, kh was calculated to be 5710
md-ft which is in close agreement with 5683 md-ft calculated from buildup

analysis,

The non-Darcy flow constant is calculated with slope B from Figure 12 of
2.7829 x 10~% as follows:

B kh 2.7829 (10-4) (5710)
D= —— . = 0.00006295 MSCFD-1
1424 (pz) T 1424 (,02824) (.93) (675)
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The non-Darcy flow constant after acidization is 0.06285 MMSCFD-1 compared to
pre-acid value of 0.400 MMSCFD-1 which confirms a good acidization, Both
tests, interval No. 1, which was an open hole before acid test and the total
completion interval test were over esgentially the same interval.

The wellhead backpressure curves before and after acid tests are shown in
The absolute bottomhole potential after acidization increased by

Figure 13,

approximately nine (9) fold, but the wellhead potentials incressed by only 1.5

times. This indicates that the wellhead curves are totally described by
ited from tubing £riction, i.e.,

pressure drop through the tubing string resu
the wellhead deliverability is tubing limited.
4.5" tubing (3.920") was calculated to be 2.3 times the one

3,5" tubing.

The wellhead potential through
measured through

B, 0il Wells

Test results on oil wells with very small drawdowns and permeabilities ranging
from 2 to 17 Darcies as exhibited in Figures 7 and 8. Figure 7 is in field G,
well No. 3, and Figure 8 is in field D, well 1. Both fields are highly
undersaturated oil with bubble point pressures of 20 and 10 psig and initial
reservoir pressures of 2387 psia and 2855 psia respectively., The flow regions
are single phase oil and the pressure functions f£(p) are nearly constant.

Figures 14 and 15 illustrate plots of 1/ppBp as a function of pressure ob-
tained from PVT studies on both reservoirs field C and field D respectively.

PR PR - Puf Ap
Then J[ £(P) is merely on and the steady state flow
Pwf BoBo BoBo
equation is:
7.08 kh Ap
do =
feo 3 FoBo
In{ — )-—+85 +Dqg
Iy 4

This implies that multipoint tests conducted in these wells should yield &
straight line on log qpo vs 1log Ap as shown in Figures 16 and 17 for well 3,

1l

field C and well 1, field D. The quantity under from ;ﬁ to pyf is the

BoBo
pseudo-pressure difference [m(Sﬁ) - m(pyf)]. For determining the absolute

open flow potential by extrapolation, the only correct method is by the means
of en m(p) plot. The steady state flow equation becomes:
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7.08 kh

9 = [m(PR) - m(Pyg))
Te 3
in <——>- = + 8+ Dy
Ty 4
Oor
e 3
_ in <—>- - <+ 5
m(pr) - M(Pyf) Ty 4 N Dq
q 7.08 kh 7,08 kh
D
Let B =
7.08 kh,
Am(p)
Then a plot of vs g of multipoint test data will readily yield
q
e 3
In <~—>- — 4+ §/7.08 kh from the intercept and B from the slope. Let wus
Ty 4
Am(p)
examine a plot of vs q for this test.
q

If we refer to the intercept as A (t), the equation becomes simply

Am(p)

= A (t) + Bg
q

Let us illustrate the method of analyzing multipoint test of well 1, field D
using data shown in Figures 15 and 17,

A method of calculating m(p) as a function of pressure is presented in Table
2. Table 3 illustrates calculations of Am(p)/q for each flow rate which is

graphically shown in Figure 18.

Method of Data Analysis

1 900 3.10
A(t) = ,2730 x 103 m ———— 1p —)- 4,00 - 0.75 =
: 7.08 kh .354 7.08 kh

kh = 1604 Darcy - ft, 2/h = 133 ft, k = 12 Darcies

.12 -
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Am(p)
w .273 x 10-3 + 1.4 (10-8) g

q

In order to correctly define the remainder of the backpressure curve to
determine absolute open flow potential, a plot of m(p) vs q is required.

Am(p) = .273 x 10-3 g + 1.4 (10-8) g2

A plot of Am(p) vs q at various rates is presented in Figure 19. The
absolute bottomhole open flow potentiel is 245,000 BOPD. The wellhead
potential of the well from the wellhead backpressure curve plot is 54,000 BOPD

(Figure 20).
Dimensionless Horner Plot (Constant Pressure at Outer Boundary)

If these reservoirs are strong water-drive systems, then a dimensionless
Horner solution for constant pressure boundary case suggested by Ramey“ can be

applied.

The Hornmer buildup curves for gas well 1; field A (Figures 1 and 4), and for
the oil well 1, field B (Figure 6), show an early straight line section
followed by & flatter straight line portion extrapolating back into initial
reservoir pressure. A typical misinterpretation of this behavior is that.a
region of improved permeability exists in the vicinity of the well. A more
logical interpretation for reef reservoirs is that a constant pressure source
such as a water drive is being reflected.

A dimensionless Horner analysis is made using a plot of

kh t + At
———— (pj - Pysg) versus
141.3 gqup . At

on semilog paper. Solutions for closed and constant pressure boundaries...for
different situations and drainage shapes were published by Ramey (Ref. 4). 1In
case of well 1, field A, the best match was obtained for a square system with
a well located in the center of three closed boundaries and one constant
pressure boundary. One possible source of the constant pressure is a recharge
from water drive source (Figure 21), If the same system was completely closed
(volumetric), pq at t + At of 1 is 0.15 which is more than 0. The fact that
the second flatter slope extrapolates to initial reservoir pressure implies
that the term pgq at t + At/At of 1 is 0 or pj - pys ™ O which is the case
for this solution. Solutions for both cases are shown in Figures 22 and 23,

A similar plot for the oil well 1, field B was made and is shown in Figure 24

for a tgy of 0.011. Again, a good fit with & constant pressure boundary
solution (Figure 25) was obtained.
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The dimensionless Horner plot for constant pressure solutions can help confirm
interpretations of the Hornmer plots and should be used as another tool to

define the type of system we are dealing with,

Constant Pressure Case (At Inner Boundary)

So far, our analyses of well tests dealt with decline in bottomhole flowing
pressure with the flow rate being essentially constant. There are cases where
the wellbore flowing pressure remsins constant and the producing rate
declines. Fetkovich®, in his paper, "Decline Curve Analysis Using Type
Curves," presented log-log type curve analysis for these cases completely
analogous to the log-log type curve matching procedure for constant rate case
pressure transient data mnalysis (Figure 26).

The data obtained from a 24 hour after acid flow test on well 1, field G,
exactly matched the constant flowing pressure solution. Based on results of
this test, =& seven (7) day flow test followed by & 3 day buildup tést was
performed on well 1, field G to help define reservoir performance, i.e.,
limits, volumetric behavior or effectiveness of the water drive system,
Figure 27 is a log-log plot of the total fluid flow rate versus time data of
the seven (7) day flow test, Using the dimensionless flow rate qq versus
dimensionless time tgq type curve, the best fit of the data was obtained with
match points shown on Figure 28. Let us analyze the data.

Match Points

q = 10,000 BFPD, Qq = 0.192
t = 10 hours, tqg = 840
q = 9o + Gy = 3900 BOPD + 6100 BWPD = 10,000 BFPD on Reservoir Data:
h = 143 ft Bo = 1.000
¢ = 17.6 pct By = 1.025
Pi - Pwf = 14.10 psi cg = 7.8 (10-5) psi-1
o = 6 Cps Iy = 0.51 ft
Iy = .36 cps
8y = 51 pct
141.3 q pp 141.3 q up
kh - e p——O k - ———————
qaplp qphp h

141.3 (3900) (6) (1.000)
For oil ko = = 8541 md .
0.192 (14.10) (143)

141.3 (6100) (.36) (1.025)

For water ke = = 821 md
0.192 (14,10) (143)
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tg =

0.00634 (3705) (10) (10°)
ry! =
(.176) (7.8) (24) (840)

S = -

Let us compare results of this analysis to the analysis of the three

- 146-

.00634 kt

du ct IW'Z
Ko Ky 8541
— 4 — = — 4
bo by 6

.00634 kt
Iy’ = 1/
¢

821

.36

B c¢ tg

md
= 3705 —
cps

Iy’
In { —
Ty

= Q2¢

92
= ln{ — }= -5.20
.510

buildup that followed this drawdown.

The Hornmer plot of the buildup test is shown in Figure 29.

= 9054 md

m = .92 psi/cycle Perforations = 41 ft
qp = 1221 BOPD r, = 0.51 ft
gy = 4885 BWPD
Pwf = 2431.9 psig
p1 = 2442.50 psig

162.6 qq “Oﬂo 162.6 (1221) (6) (2.00)
ko = -

mh .92 (143)

(3)

which is a fair check with 8541 md determined from previous rate-time

curve decline analys

k,w-

is,

162.6 (4885) (.36) (1.025)

9054

6

.92 (143)

2227

= 2227 md

md

+ —— = 7695 —

.36

- 15 -
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P1 - Puf k
§ =1.151 | ——— - log [ ———— )+ 3.23
‘ ¢ 2

m b cy ry

2442.50 - 2431,9 7695 (106)
S = 1.151 - log o + 3.23
.92 176 (7.8) (.26)
§ = 1,151 [11.52 - 10.34 + 3.23] = 5,07
§ =84+ 8p, 54 =85 - 8
where Sy is partial penetration skin
41 h 143 ' [
b= —— =0,287 |, - = ——— = 280, Sp = +9.0

143 r, 0.51

54 = 5.07 -~ 9.0 = -3.93 which implies no communications behind the pipe. From
thé above calculations, the build-up kh and skin compares fairly well with the
kh and skin determined by using the rate-time decline curve data.

Furthermore, the long duration drawdown test and rate-time decline curve
analysis approach provides a tool for generating a production forecast by
extending ‘the re/ry’ curve and simply reading the rates from the real time (

scale,

Water Coning Calculations

Well 1, field G produced at initial rate of 18,000 BOPD with no water, then it
started producing free water after 3 days. This lead to believe that the high
initial oil rate of 18,000 BOPD might develop a cone and eventually water
break through into the wellbore. Sobocinski and Cornelius® presented an
analytical solution for predicting the critical coning rate and time to

breakthrough.

0.00307 Ap ky h hg

9o ™

Z foBo

= dimensionless coning height

= water-oil density difference gm/cc

= oil zone thickness, ft

= height of apex of water cone above the average water oil
contact, ft

o = oil production rate, STB/D

Bo = oil formation volume factor

fbo = viscosity oil, cps

where z

Ap
h
hc

- 16 -
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A Z of 3.5 is considered the limiting value for critical rate. Therefore q &t
2 of 3.5 is the critical coning rate.

0.00307 (0.097) (9054) (143) (102)
= 1873 BOPD

do *
(3.5) (6.0) (1.00)

This 4implies that the initial rate of 18,000 BOPD should develop the cone and
water breakthrough should occur after a short period.

tq bo  Fx b k horiz. bo ky
t = where Fg = —— and M =
0.00137 Ap ky (1 + M%) kyert, by ko

An initial rate of 18,000 BOPD, 2 equals 0.364 and tygq from 2 vs tq
correlation is 0.17. Let's assume that ratio of kpgrizontal t© Kvertical
equals 1, based on high permeabilities (9 Darcies) and core analysis

lo ke (6) (2227)
- — = 4.2

Iy ko (.36) (9054)

M=

a=0.6 for 1 <M < 10.

1+ MY =1+ 4,20.6 = 3,35

W17 (6) (.176) (143) (1.00) .
= 6,37 days which compares closely with

(.00137) (.0097) (9054) (3.35)

test results where free water was produced in large quantities after
approximately 3 days.

Conclusions

The results obtained from testing and analyzing several Indonesian reef oil
and gas wells leads to the following conclusions:

1. Multipoint tests are required for providing accurate determination of

formation characteristics for those wells exhibiting high permeabilities
and low pressure drawdowns even while flowing at high flow rates,
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single flow and buildup period type tests for wells with permeabilities

2.
ranging from 10 md to 100 md are adequate for determining reservoir
parameters such as permeability, skin and productivity index. However,
these tests above can not accurately determine flow rates as a function
of drawdown, and well’s true absolute open-flow potential. Multipoint
tests are required to provide these data.

3. Multipoint tests (true isochronal or flow after flow) are useful for
determining wellhead deliverabilities, true bottomhole deliverabilities
(used for sizing tubing) and production forecasting.

4. The dimensionless Hormer analysis provides an interpretation method for
early detection of the possible presence of an active water drive in
these reef reservoirs. '

5. Decline rate-time type curve analysis for wells flowing at essentially a
constant pressure at the wellbore provides a wuseful method for
forecasting and calculating formation characteristics which closely
agrees with conventional Horner analysis of the buildup.

Nomenclature

B = formation volume factor, reservoir vol/surface vol

C = total compressibility, ps:l."l

D = non-Darcy flow constant, (STK IBOPD)’1

G = gas gravity

h = thickness, ft

k = effective permeability, md

m = slope of straight-line portion of buildup or drawdown curve, psi/cycle

PR
m(p) = pseudo-pressure, '/- dp/up, STKB-psi/Res B-cps

exponent of backpressure curve
porosity, fraction of bulk volume
bubble point pressure, psia

wellhead shut in pressure, psia
dimensionless pressure drop

initial reservoir pressure, psia
reservoir shut in pressure, psia
wellhead flowing pressure, psia
bottomhole flowing pressure, psia
pressure at time At after shut-in, psia’
dimensionless rate

surface rate of flow, STK BOPD or MSCFD
external boundary radius, ft

wellbore radius, ft

effective wellbore radius, ft

skin effect, dimensionless

total effective skin effect, 5/ = 54 + Sp + Dq, dimensionless
water saturation, pot

time

reservoir temperature, R

dimensionless time

decline curve dimensionless time

.18 -
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4 = viscosity, cp
z = gas deviation factor, dimensionless

Subscripts

i = initial
o = oil

g = gas

w = water
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TABLE 1

Field _A _, Well _ 1

Before Acid - Open Hole Test

Pr = 4117 psia PrZ = 16,949,689 psia’
Duration Q Puf R? - Put?

Flow Hours MSCFD psia psia (thousands)

1 4 22,385 3281 6185

2 4 17,391 3536 4446

3 4 12,930 3749 2895

4 4 7,950 3919 1591
hp = 232 ft (perforated at top)
h = 585 ft
ry = .354 ft
4 = .0210 cps (at p avg)

Z = ,905 (at p avg)
T = 200° F or 660° R
G = ,745 '
t =4 hrs flow time
_ PR + Pwg 4117 + 3281
P = = 3699 psia

2 2

¢ = .102
¢y = 140 (10-6) psia-l

B

.004559 Res Bbl/Surface Bbl

Pr? - pyellQ
psia2 /MSCFD

276.3
255.7
223.9
200.1
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TABLE 2

Field D _, Well 1

m(p) Calculation

P 1
Pressure AP 1/oBo A1/ poBo) m(p) = 2 Ap < -———-)
psia psia @ P avg STKB - psi STKB - psi \ fgBp
Res B - cps Res B - cps
2858 562.45
58 1792 10.39
2800 552.06
300 .1830 54,90
2500 497.16
500 .1920 96.00
2000 401.16
500 .2136 61.80
1500 339,36
500 +2150 107.50
1000 231.86
500 .2260 113.00
500 118.86
300 .2355 70.65
200 48,21
100 .2400 24.00
100 24,21
100 2421 24.21

0 0




PR = 2857.7 psia
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TABLE 3

Field _D_, Well _1

After Acid Multipoint Test

puration of Each Flow Test = 4 Hours

- Ap
Puf PR - Puf n(pysf)
psia psla
2854.6 3.1 561,85
2850,2 7.5 561,05
2844 .9 12.8 560,00
133 ft
167
271
7.7 (10-6) psi-1

.354 ft

176° F or 636° R

900 ft
-4

m(pg) = 562.45 STKB - psi/Res B-cps

Am(p)/qo

0,000301
0.000330
0.000367
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Decline-Curve Analysis Using Type
Curves—Case Histories

M.J. Fetkovich, SPE, Phillips Petroleum Co.
M.E. Vienot, SPE, Phillips Petroleum Co.
M.D. Bradley, SPE, Phillips Petroleum Co.
U.G. Kiesow, SPE, Phillips Petroieum Co.

Summary. Case-history studies demonstrate methods of analyzing rate-time data to determine reservoir variables and to predict
future production. Constant-wellbore-pressure analysis techniques use existing g p-f4p type curves and new Ggp-tgp type curves

from actual field data. .

introduction
Since Fetkovichi's! original presentation in 1973, many success-
ful applications have been made with declining rate-time data using
the type-curve approach. Case-history studies of individual oil and
gas wells, groups of wells in a field, and total fields are presented
in this follow-up paper. Additional papers?”? dealing with the
constant-wellbore-pressure solution (which aiso include the deple-
tion period) have sincé been published to aid analysis and under-
standing of what is now called *‘advanced decline-curve analysis."’
In essence, decline-curve analysis is a forecasting technique: rate-
time data are history-matched on an appropriate type curve, and
then a forecast is made. Complex simulation studies proceed simi-
larly. By using basic reservoir engineering concepts and knowl-
edge, we know what direction to take, what type curve(s) to choose,
and where the rate-time data should fit. :
Decline-curve analysis must work because it is founded on basic
fluid-flow principles—the same principles used in pressure-transient
analysis. The problem most engineers have had and will continue
to have with decline-curve analysis is bad, erratic, or insufficient
data, Careful attention to obtaining accurate flow rates, flowing pres-
sures, and downtime should help solve the problem. A good rate-
time analysis not only will give the same results as conventional
pressure-transient analysis, but also will allow a forecast to be made
directly at no cost in lost production. For low-permeability stimu-
lated wells, in particular, pressure-buildup testing could be elimi-
nated in many cases as being of little value or economically
unjustifiable because of the resulting production loss when com-
pared with what can be obtained from properly conducted constant-
wellbore-pressure drawdown tests.

Rste-Time Type-Curve Anslyels Concepts
The Radial Flow Solution. The fundamental basis of advanced
decline-curve analysis is an understanding of the-constant-wellbore-
pressure solutions and their. corresponding log-log type-curve plots,
which are the inverse of the constant-rate solution. Fig. 1 is a com-
posite of the analytic constant-wellbore-pressure solution and the
- Arps8 exponential, hyperbolic, and harmonic decline-curve solu-
tions on a single dimensioniess type curve. The depletion stem values
of b range between 0 (exponential) and 1 (harmonic), which are
the normally accepted limits. The exponential-depletion stem (b=0)
is common to the analytic solution and to the Arps equation.
Decline-curve dimensioniess rate and dimensionless time in terms
of reservoir variables are defined for the type curve as

Copyright 1987 Society of Petroleum Engincers
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Published values of gp, and ¢p for the infinite and finite constant-
pressure solutions for single-phase radia! flow were transformed
into a defined decline-curve dimensionless rate and time, ggp and
t4p, by Eqs. 1 and 4. The vaiues in Fig. 2 were used to generate
Fig. 3, which is a plot of the decline-curve dimensionless rate and
time, ggp and t4p, for various values of r,/r,, down to 10.

The constant % was used in the final equations with p; (after %,

%, and ¥ were tried), because a better correlation was obtained,
particularly at small r,/r,, stems; the constant-pressure-outer-
boundary case during the transient period also overlies the closed-
outer-boundary-case type curve.

The plotted type curves (Figs. 1 and 3) generated from the exact
qp-tp constant-wellbore-pressure solution are also exact by defi-

. nition, although they were generated with the !4 value. The curves

cannot be used by simply changing % to %. One can only back-
calculate the correct gp-tp from these curves with the value of %.
The r,/r,, stems were discontinued at a value of 10 because the
correlation begins to break down as linear instead of radial flow
develops—i.e., as r, approaches r,,.

In Fig. 1, note that a 145 between 0.2 and 0.3 separates the tran-
sient period from the depletion period. Fitting rate-time data to the
Arps equation is valid only when depietion sets in and the transient

. period is over. If flowing pressures are available and are not reason-

ably constant but smooth and monotonically decreasing, the
pressure-normalized rate, log g/Ap vs. log ¢, should be used for
analysis.

Rapidly declining rate data fitting the early transient r,/r,, stems
are characteristic of low-permeability stimulated wells and often
result in a unique fit. Stimulation causes the rate data to appear
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Fig. 1—Composite of anelytic and empirical type curves (after Fetkovich?).

on a small r,/r,, stem, and the low permeability then aliows them
to remain on the stem for real-time periods. Data for high-
permeability stimulated wells leave the transient stems and go to
pseudosteady state almost immediately. Conversely, a well with
a large positive skin producing at a truly constant wellbore pressure
will yield very flat rate declines, indistinguishable from 5=0 to
o, and will also look like a constant-rate situation. Just as we make
alog Ap-log At type-curve plot to find the semilog straight line in
pressure-buildup analysis, in decline-curve analysis we must make
alog g-log Ar type-curve plot of rate-time data to see whether the
data are transient.

With regard to the r,/r,, transient stems, we will repeat a state-
ment from the original paper!: ‘‘Note from the composite curve
[Fig. 1] that rate date existing only in the transient period of the
constant terminal pressure solution, if analyzed by the empirical
Arps approach, would require values of b much greater than 1 to
fit the data.’* The principal objective of that paper was the devel-
opment of Fig. 1, which provided a method of analysis for tran-
sient data. Transient data should not be interpreted by the Arps
equation.

Fig. 4 illustrates the effect of transposing the r./ry stem of 10,
indicative of a low-permeability stimulated well response, and the
r./ry, stem of 10,000, indicative of a large- positive skin or
damaged well, to the depletion state where the Arps equation is
applicable. An equivalent Arps b= 10 approximates the r /ry, stem
of 10,000; a b=3 approximates the r,/r,, stem of 10. They appear
equivalent and on log-log type-curve matching would be

indistinguishable if the Arps exponent b were left unbounded. The
same data, if fit on the transient portion to the left of 2,45 =0.2 and
then extrapolated, must ultimately go down a depletion stem. The
same data fit to an Arps equation with 5> 1 will extrapoiate to in-
finity with no rational basis of terminating the forecast. The expo-
nent b must be bound between O and 1.

If we rearrange Eq. 2, we can ovaluate the productivity factor
from the g4p-g(f) match point:

kh 141.2
=,: uB ][ﬂ:’, ............ (5)
(Pi—Pw) L qap

r
[n2)-+]
’m
where r,,,, is the effective wellbore radius determined from the skin
effect, 1, =r,e 5. The skin term can also include the effect of
the shape factor C, (see Ref. 9).

Assuming that (r,/r,)? is large compared with I in the term
[(ro/r,)2 =1}, reintroducing thickness, k, in the 1y, equation, Eq.
3, thus (kh/¢h), and substituting Eq. 5 into Eq. 3, we can obtain
the following equation in terms of the match point 9ap-q(t) and
tap-t:

Vp=wr,2h¢=[ wB :K_t_)[_q_(_t)_] ........ (6)
we)i(pi—puwp I\ tap /L qup

This equation gives the PV at the start of the decline analysis,
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Fig. 2—Dimensioniess flow-rate functions, Qo-tp, for plane
radial system, infinite and finite outer boundary, constant
pressure at inner boundary (after Fetkovich1),
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Fig. 5—Dimensioniess flow-rate function for infinite-con-
ductivity, vertical-fracture, constant-wellbore-pressure solu-
tion (atter Locke and Sawyer?).

It must be pointed out that Eq. 6 is valid only for closed-outer-
boundary situations when the onset of depletion is indicated by the
data showing evidence of starting down one of the depletion stems.
In the case of water-drive reservoirs, there might be a sufficient
delay in aquifer movement to detect depletion, which could then
be evaluated. Transient data alone with no indication of depletion
are not unique on the ggp-t4p type curve of Fig. 1 or 3. Data only
in the transient stage could fit on every stem. This is more easily
seen if transient data were fit only on the gp-rp type curve (Fig.
2) to the left of r,/r,,=10. Clearly, this portion of the curve is
common to all r,/r,, depletion stems from 10 to infinity.

Single-Vertical-Fracture Solution. The 1975 Locke and Sawyer
constant-wellbore-pressure, infinite-conductivity, vertical-fracture
solution type curve (Fig. 5) begins, with regard to depletion stems,
where the radial-flow solutions illustrated in Figs. 1 through 3 leave
off. In terms of effective wellbore radius (r,, =L, J2), re/ry, of
10 approximately equals L, /L, =S5, where the single-vertical-
fracture solution more closcfy répresents the physical situation.

With improved stimulation techniques, hydraulic fracture lengths,
Ly, can and do start approaching L, for 5- and 10-acre [2- and
4-ha) spacings—i.c., L, /L.~ 1. The r,/r,, stems could easily be
extended to include values less than 10 with little loss in the type-
curve evaluation accuracy; see Ref. 10 for gp-fp values of r./r,
less than 10.

In our experience, the basic type curves of Figs. 1 through 3 and
5 have solved most of our decline-curve analysis problems.

to
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With regard to the early transient period, the dashed line of Fig.
6 illustrates the infinite~conductivity, vertical-fracture solution ex-
pressed in terms of r,,= ,/2——i.e., tyyp converted 10 fngp by
the following equation: .

braD=gDe e G)]

Rate-time data for a stimulated well can be matched and forecast
on either the infinite-conductivity, vertical-fracwre solution or the
plane-radial-flow solution with r,,, or effective wellbore radius for
skin, with little practical difference in the resulting forecast. A rapid
decline in rate with time usually identifies a stimulated low-
permeability well. Data fit on a single-vertical-fracture solution do
not identify fracture volume depletion or a naturally fractured reser-
voir, Whether or not an induced stimulation fracture is propagated
down a natural fracture is irrelevant in identifying a nawrally frac-
tured system.

=(X - Ja
s.-(ka ‘l)lnrW

(b)

Fig. 6—Comparison of dimensioniess flow rate for plane radial
flow and infinite-conductivity, vertical-fracture, constant-
pressure solutions.

Fig. 7—Comparison of natura! fracture and single-vertical-
fracture models: (a) intense natural fracturing and matrix scid
effect; (b) induced single vertical fracture from scid fracture.
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The question of whether narurally fractured reservoirs can ini-
tially have negative values of skin without stimulation needs to be
addressed because the rapid decay in rate resulting from a nega-
tive skin effect can be and has been misinterpreted as identifying
a naturally fractured reservoir. We will discuss this again later with
examples. If we examine Fig. 7a, representing an intensely natur-
ally fractured reservoir (similar to the Warren and Root 12 model),
we see from the definition of skin that for a well drilled in a natur-
ally fractured reservoir to have a negative skin, it must penetrate
a region near the wellbore that has a permeability greater than that
in the interwell region. The likelihood is remoté that we could be
so fortunate every time we drill a well in a naturally fractured
hydrocarbon reservoir. Cutting a single vertical natural fracture with
a vertical or subvertical well is equally remote. Wells drilled in
a naturally fractured reservoir will initially have large positive skins
because of heavy mud losses around the wellbore into the natural
fractures. In an intensely naturally fractured limestone reservoir,
an acid treatment generally removes the mud damage and results
in good negative skins. Pressure-transient data obtained after such
a stimulation fit the van Everdingen and Meyer!! matrix-acid so-
lution (a situation where the permeability near the wellbore is truly
aliered) as opposed to the single-vertical-fracture solution based on
the model shown in Fig. 7b. In the case of the Greater Ekofisk de-
velopment, the type-curve characteristics are noticeably different
afier stimulation. Data fit to the single-vertical-fracture solution
usually result in a low fracture intensity index (FI), whereas data
fit to the matrix-acid solution result in a high FI. The fracture volume
associated with Fig. 7a will be connected to the wellbore; in con-
trast, any fracture volume associated with Fig. 7b may not be con-
nected. In our experience, wells have never obtained a negative
skin in a naturally fractured reservoir except after a stimulation
treatment.

Naturally Fractured Reservoir (Warren and Root Meodel) Type
Curves. Dual-porosity or natrally-fractured-reservoir type curves
developed by Da Prat er al. ¢ were a significant and timely contri-
bution to decline~curve analysis concepts. The unsupported state-
ment “‘fracture depletion’® with rapidly declining rate-time data is
widely used. Careless use of the word **fractured’* when dealing
with hydraulically fractured wells and the corresponding rapid
decline in rate associated with these successful fracture jobs have
helped perpetuate the fracture-volume-depletion myth.

On the basis of the Da Prat ef al. naturally fractured (Warren
and Root model), dual-porosity, constant-wellbore-pressure type
curves, the only identifying characteristic is the double-exponential
decline: depletion of the fracture volume followed by depletion of
the matrix volume. Segments A to B in Fig. 8 represent fracture
depletion, and Segments B to C represent matrix depletion. This
behavior is not equivalent to the two parallel straight lines from
the constant-rate solution of Warren and Root 12 because theirs was
an infinite-reservoir solution. Two semilog force-fits (double ex-
ponential) of early-time data can be and have been manufactured
by unsuspecting engineers trying to smooth the rate-time data, There
is no indication from the dual-porosity type curves of a b> 1 any-
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Fig. 9—Overlay of log-rate-vs.-log-time data for individua!
Welis A, B, C, and D.

where, except again in the transient portion, which is identical in
character to the homogeneous-reservoir solution. The transient por-
tion can yield only dpparent values of b>1. Also, the matrix-
depletion stem can be so flat as to be easily misinterpreted as having
a b much greater than 1 (see the misplaced r./r,. stem of 10,000
in Fig. 4). Gas saturations within the matrix block for solution-
gas-drive systems along wich end effects (little or no oil flow from
the matrix blocks) would appear as large positive skins with respect
to oil flow, further creating long, flat, transient r./r,, stems, Stimu-
lation or removal of matrix skins is not possible.

Log-Log Decline-Curve Plot, If we closely examine Eqgs. 2 and
3 expressing q4p-14n and consider the nature of the log gap-log t4p
plot, we should recognize that real rate-time data, in any convenient
units, when plotted as log g-log  can look exactly like one of the
qap~tdp type-curve plots previously discussed. The data in rate and
time will be shifted from the unit solution only by the coefficient
of g and ¢ in gup and 1, respéctively. Some basic reservoir
knowledge usually suggests with which type curve, and where on
the curve, we should expect to obtain a match. By overlaying rate-
time data on Fig. 1 or 3, for example, we can obtain a match of
9dD» 14D, Te/rya, and b and evaluate reservoir varisbles kk, re/Tyas
S, I, or PV, In a given field, all welis should normally be expected
to match the same depletion type curve, although skins could be
different; the axis will be shifted in time and rate for each weli only
by the coefficient of qgp and 14p. For q4p, the coefficient is

141.2u8[ln<i>— %]

T'wg

Kh(p;—puys)

and for t4p, the coefficient is

=y ey

The overlaying technique is a fundamental concept that leads to
the idea of developing a field type curve from rate-time data alone.
The type curve so developed may or may not appear anything like
an existing solution. Fig. 9 is the log g-log ¢ plots of Wells A through
D in the same field; the match results are given in Table 3 of Ref.
1. First, note that the data from the four welis overlie cach other
and have developed a single log-log type curve at least to the range
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Fig. 10—Log-rate-vs.-log-time data for Well M-4X obtained

trom long-duration, constant-pressure production test.

Fig. 11—Well Edda 10X rate-time type-curve match of 10-hour

production test atter stimuletion.

of existing data. Essentially, the shift in the rate axis reflects a differ-
ent ki, while the shift in the time axis reflects a different k and
Fwq. We could match and have matched this curve to a known ana-
lytic solution (Fig. 3). By knowing or estimating reservoir varia-
bles from some source, such as a complete buildup analysis or
early-time rate-time decline analysis on at least one of the wells,
we can back-calculate values of g4p and 14p. Slight differences in

" rylryq Stems appear to be reflected in the early transient period.
The significance of the collapsed gp-t4p plot (Fig. 3) is illustrat-
ed by this example.

The next logical step in the use of type curve and log-log plot
concepts is the development of the total field type curve. Total field
production can be considered as an ‘‘average well”’ times the num-
ber of wells. Wells overlie wells within a field with the same drive
mechanism, so why shouldn’t field rate-time production data from
the same formation with similar drive mechanisms overlie other
fields in the same formation? The reservoir and fluid variables [k,
h, r, (spacing), Fug, ko» Bos Pis Pupy ®: Sw, and ¢;] can be differ-
ent for all fields. This concept will be demonstrated with the de-
velopment of the Monterey type curve from historical production
data from several Monterey fields in California.

Arps Limits of b, The Arps stems in Fig. 1, b=0to 1, combined
with the analytic transient stems, deserve some discussion. First,
the data used by Arps to develop and test his original equations
were from real fields and wells. They indicate that real-world data
most often do not follow the single-phase analytic solution for deple-
tion, the b=0 solution. The limits to b that he found by use of Cut-
ler's data were between 0 and 0.7, with over 90% of the cases having
values less than 0.5: no case was found with a b in excess of 0.7.
Arps’ own experience, however, indicated that b=1 did occur, but
only rarely. :

If we consider the initial declining-rate period as nothing more
than an extended drawdown test, then matching the early-time data
on the rate-time type curve for reservoir parameter evaluation yields
initial permesbility, k;, and (uc,); at 1=0, the start of the decline
analysis. A value of 5>0 reflects changing values of (k,,/p0B,),
and (p)p(c;) during reservoir depletion. For a given drive mech-
anism, k;, (ucy);, and b should be sufficient to describe a type
curve for a given field or formation. Theoretically, an oil pseudo-
pressure, p,,, and a pscudodimensionless time, ,4p, could be de-
veloped from a history-matched k,,-k,, relationship to drive the
rate-time data to the analytic solution b=0; however, this is too
complex a procedure and will find little practical use. Neverthe-
less, the pursuit may be worthwhile, perhaps leading to a better
understanding of what causes the different values of b.

Carter's> study of the effect of pressure level and drawdown on
gas well rate-time behavior provides some insight into what causes
b values to be greater than 0. Examination of his Fig. 1 shows that
the early transient period is unaffected by a variation in (sc,)p,

SPE Formation Evaluation, December 1987

TABLE 1—EDDA 10X WELL: DST 2 SUMMARY OF
ANALYSIS RESULTS (POSTACID) AND RESERVOIR DATA

9o-lp
Constant p
Plane Radial
Horner System

k, md 0.95 0.89

s -4.8 -5.1

Twes it 40 54

Reservoir Data

¢ 0.25

Sw 0.35

o, cp 0.167

p;. psia 7.043

B,, RB/STB 1.992

h, ft 50

c,, psi-! 216x10-¢

while the depletion stems increase from =0 for A=1to b=0.3
for A=0.75, and b=0.5 for A=0.55. Carter’s A is defined as

A B(pecgpi)

HCg
or

[ u(pieg(pi) Ppi ~Ppwf

i oxa)

i

One could interpolate between his A values by interpolating between
the approximate b values.

A b>0 for solution-gas-drive reservoirs should reflect an increas-
ing total compressibility with increasing gas saturation. Later de-
velopment of other supplemental drives—such as gravity segrega-
tion, limited water movement, late-time crossflow from nonwell-
bore productive layers, and hydrocarbon influx from the periphery
of the reservoir—would tend to increase the value of b.

Decline-Curve Analyeis Using Type Curves—
Individual Well Cases

Well M4X. Well M<4X was thé fourth of five appraisal wells
drilled on a carbonate Middle Cretaceous Mishrif structure in the
Middle East. In Jan. 1974, data for production rate vs, time, ob-
tained on a long-duration production test after two separate acid
treatments totaling 14,000 gal [53 m3] 20% HCI, indicated a
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Fig. 13—MHF Well A—type-curve match comparison of data
fit on both the radial-fiow, constant-wellbore-pressure solu-
tion and the infinite-conductivity, vertical-fracture solution,

severe decline in production rate. The initial rate declined steadily
from 2,361 to 1,045 BOPD [375 to 166 m3/d oil) after only 160
hours (6.7 days) of testing (see Fig. 10). This high initial decline
rate was generally interpreted to be depletion. More specifically,
it was interpreted as fracture and vug porosity depletion because
some vugs and fractures were identified in the initial core
description, :

First and foremost about the test is that it was recognized as a
true constant-wellbore-pressure test where the rate must necessarily
decline with time. The constant wellhead flowing pressure observed
during the test of 53 to 55 psi [365.4 to 379.2 kPa], coupled with
the fact that the reservoir fluid was highly undersaturated and should
then have an essentially constant oil head, resulted in a constant
bottomhole flowing pressure (BHFP) during the entire test. A
constant-wellbore-flowing-pressure analysis was made by type-curve
matching the rate-time data on Fig. 2. The match shown in Fig.
10 was unique and conclusively established that the rate-time decline
was a transient phenomenon and not depletion; i.e., the rate-time
data fit the transient portion of the analytic type curve. Depletion
would be identified by the rate-time data overlying an r /r,,
exponentiai-depletion stem (analogous to the reservoir limit test).

Because the identifying mark of dual-porosity depletion is an
exponential-depletion stem (depletion of the fracture/vugs) followed
later by another exponential-depletion stem (depletion of the matrix),
we clearly cannot attribute the well’s rapid decline in rate to the
reservoir’s being naturally fractured or vuggy. The rapid transient
decline rate of the well is the expected behavior of a successfully
stimulated well of moderate to low permeability. One should look
at the ratio k/u to see what is moderate or low permeability. For
this well,

k, 51 md

Ko 23cp

=25 md/cp [~ 25,000 md/Pa-s].
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For a gas reservoir of 0.02 cp [0.02 mPa-s], the same ratio of 25
would yield a permeability of 0.5 md. Both would exhibit similar
transient behavior.

Using the rate-time data from the 7-day production test, we fore-
cast the well's fuure production rate as a function of time by drawing
a line through the rate-time data overlaid on the uniquely matched
portion of the type curve and down a premised r,/r,,,, stem for an
assumed spacing, r,. At an appropriate rate, the BHFP was low-
ered to 500 psia [3447.4 kPa) by use of the superposition method
given in Ref. 1.

Well Edda 10X. Well Edda 10X rate-time data taken in Nov. 1973
were obtained on the second appraisal well drilled in the Upper
Cretaceous chalk reservoir of the Edda field, one of several fields
located in the Greater Ekofisk development of the Norwegian North
Sea. A drillstem test taken in Nov. 1973 after an acid fracture treat-
ment, without the use of proppants, indicated a very severe decline
in production rate during the drawdown test. The rate declined from
9,500 BOPD [1510 m3/d oil] at 1 hour to 4,600 BOPD [731 m3/d
oil] after only 10 hours. The flowing rubing pressure varied from
896 psia [6177.9 kPa] at the beginning of the test to 751 psia [5178.1
kPa] at the end, essentially a constant-wellbore-pressure condition.
Again, as in the Well M-4X test, the rate decline was incorrectly
assumed 10 be cither natural fracture volume depietion, because
the Greater Ekofisk development reservoirs are known to be natur-
ally fractured, or closure of the induced fracture as a result of pres-
sure drawdown—both exotic and simplistic explanations.

Fig. 11 illustrates the type-curve match on the plane-radial-flow,
constant-wellbore-pressure solution with another unique match on
the transient or infinite-acting period. No exponential depletion,
fracture volume depletion, or any other type of depletion is indi-
cated. It is not possible to determine whether the reservoir is natur-
ally fractured from the rate-time decline. Again, the rapid decline
in rate is the expected behavior of a successfully stimuiated low-
permeability well,

An Arps depletion stem match of the data gives an apparent
b=2.5, which, of course, is invalid.

An evaluation of the gp-t5, match and the results obtained from
the pressure-buildup analysis are summarized in Table 1. The values
of permeability and skin obtained from the rate-time drawdown anal-
yses and the Horner buildup are essentially the same. To deter-
mine whether the reservoir was naturally fractured, a fracture index,
I;, was calculated from a permeability value obtained from a
matrix-plug permeability-porosity plot compared with a buildup or
drawdown calculated permeability:

=14, ....... LN (&)

I} kgu or kDD 0.9 md
4 kg-ty  0.66md
For this well, there appears to be little natural fracturing at this

location because the index is 1.4. This is not the case, however,
for most of the development wells drilled later in this field. We
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TABLE 2—MHF GAS WELL A: COMPARISON OF PRODUCTION FORECASTS .
infinite-Conductivity ’
Constant-Pressure Vertical-Fracture Ref. 13
Time Solution Solution Simulator Results
(months) {Mscf/D) (Msct/D) (Msct/D)
12 182 182 190
18 167 157 165
24 140 136 150
30 130 128 140
36 122 120 135
42 117 112 130
48 110 108 120
54 108 103 110
60 104 100 105
(years)
6 100 a5
7 a6 89
8 92 86
] 89 83
10 86 80
1 84 78
12 82 75
13 80 73
14 79 7
15 77 69
16 76 68
17 74 67
18 73 66
19 72 65
20 71 64

will demonstrate this in a full-field rate-time analysis of the total
field production.

Fig. 12 illustrates a one-well forecast that was made before any
development drilling by extrapolating down an r,/r,, stem for the
premised well spacing. Future rates were read from the real-time
scale on which the rate data were plotted. Also shown in Fig. 12
is an extrapolation of the same data fit on an Arps b=2.5, which
is clearly incorrect. Although one would not attempt an Arps equa-
tion fit and extrapolation on only 10 hours of production data, it
serves as the only example in which, using transient data, false
values of b>1 would severely underestimate production.

To summarize, this example illustrated the ability to develop a
sound technical decline-curve analysis prediction with basic reser-
voir engineering principles and only 10 hours of rate-time data.

MHF Well A. Agarwal er al. 3 presented 300 days of rate-time
data for a massive hydraulically fracured (MHF) well. Fig. 13 illus-

trates a type-curve match of their data on the radial-flow, constant-
wellbore-pressure solution and the infinite-conductivity, single-
vertical-fracture, constant-wellbore-pressure solution. Clearly, all
the data lie on the transient or infinite-acting period, and there is
no evidence of depletion. An evaluation of the match points on the
basic radial-flow, constant-wellbore-pressure solution yields
k=0,0081 md. This value is identical to the Agarwal et al. prefrac-
ture test result and is the same value obtained from matching on
the vertical-fracture, constant-wellbore-pressure solution. Calcu-
lated values of skin or L, are reasonably close. Table 2 lists the
Agarwal et al. forecast resuits obtained when their type-curve anal-
ysis and reservoir and fluid properties were entered into their MHF
simulator. Listed on the far left is the forecast read directly from
the match on the basic radial-flow, constant-wellbore-pressure so-
lution. The middle column is the forecast read directly from the
match on the infinite-conductivity, vertical-fracture, constant-
wellbore-pressure solution. Note the good agreement between the
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Fig. 14—MHF Well A graphic production forecast.
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Fig. 15—Type-curve fit of all Cullender's Gas Well 3 data in
terms of C, pressure-normalized rate, on the infinite-conduc-

tivity, vertical-fracture, constant-wellbore-pressure solution.
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Fig. 17—West Virginia Gas Well A type-curve fit of 8 years
of production data fit to & b=0 and b=0.5.

graphical extrapolation with the radial-flow, constant-wellbore-
pressure solution and their simulator results. Our extended forecasts
from the type-curve matches are, for practical purposes, the same.

Fitting the transient data to the Arps equation resuited in an ap-
parent value of b=2.2; in this case, for the 20-year forecast period,
it would not have resulted in as severely different a forecast as in
the previous Well Edda 10X example,

This example further serves as a classic graphical illustration of
a case for infill drilling—closer spacing than an r, =2,000 ft [610
m}—~to increase recoverable reserves in a reasonable time period.

This example also illustrates that conventional deliverability fore- ,

TABLE 3--WEST VIRGINIA GAS WELL A

Raservoir and Fluid Properties

Gas specific gravity 0.57 (air=1.00)
Porosity 0.06
Water saturation . 0.35
Original pressure, psia 4,175
Pressure at start of decline, psia * 3,268
Viscosity at 3,268 psia, cp 0.01714
System compressibility at 3,268 psia, psi='  177x10-%
Thickness, ft 70
Temperature, °F 160
Waellbore radius, ft 0.354
Rate before 106-day pressure buiidup, Msct/D 2,181
Ap,, psiicp 774x 106
B, at 3,268 psia, scffft? 208.8
LB, at 4,175 psia, sci/t? 253.9

casting of rate-time decline would be grossly in error, even if we
correctly estimated a stabilized backpressure curve position from
reservoir variables. On the curve of Fig. 14, note the point at which
the rate departs from the transient stem and starts down the depletion
stem. This point represents the stabilized backpressure curve posi-
tion. The rate at the given Ap2 would establish a point on the stabi-
lized backpressure curve.

All carly transient production higher than this stabilized rate would
be completely ignored in a conventional deliverability rate-fime fore-
cast. Further complicating a conventional deliverability approach
is the inability to get valid reservoir pressures from reasonable-
duration pressure-buildup tests in such a low-permeability well to
determine original gas in place from a P/2-vs.-G,, graph. Additional
discussion of this point occurs later in the San Juan example.

To illustrate more clearly the shifting of the backpressure curve
with time to the stabilized curve position, Cullender’s !4 Gas Well
No. 3 backpressure curve coefficients—C values for a 214-hour
flow and C values from a four-point isochronal test and 72-hour
deliverability tests covering a period of 9 years—were plotted and

. matched on the infinite-conductivity, vertical-fracture, constant-
wellbore-pressure solution (Fig. 15). Fig. 16 shows these same data
plotted as a series of backpressure curves shifting with time. (See
Table 3 of Ref. 14 for the complete set of the data.) This well was
initinlly acid-fractured. Note the near-perfect fit of all the data on
the infinite-conductivity, vertical-fracture, constant-wellbore-
pressure solution with no indication of wellbore performance de-
terioration. Even after 9 years of production and a 106-psi
[730.9-kPa]) reservoir shut-in pressure decline, the 72-hour values
of C fall on the original curve trace.

West Virginia Gas Well A. Well A is a low-permeability gas well
located in West Virginia. It produces from the Onondaga chert that
has been hydraulically fractured with 50,000 gal [189 m3] of 3%
gelled acid and 30,000 Ibm [13 608 kg} of sand. After initial com-
pletion, the'well was placed on production for 200 days and then
shut in for a 106-day pressure buildup in an attempt to obtain reser-
voir pressure. A conventional Horner analysis of the buildup data
gave pp=3,268 psia [22 532 kPa}, k=0.082 md, and s=-5.4.
A type-curve analysis of the same data indicated that the correct
semilog straight line started at about 600 hours (25 days).

TABLE 4—WEST VIRGINIA GAS WELL A: SENSITIVITY TO r,/r,,
. Horner Analysis
P o/l e =10 7o/l g =20 T o/l g =50 P, Basis

kh, ma-ft 3.542 4.902 6.705 5.635
k, md 0.0506 0.0700 0.0958 0.0805
Vo, 108 #3 20.36 20.36 20.36

re ft 1,242 1,242 1,242

Twe: 124.2 62.1 24,8

s -5.86 -5.17 ~4.25 -5,52
G at 3,268 psia, Bsct 2,763 2,763 2.763 ’

G, at 4,175 psia, Bscf . 3.360 3.360 3.360
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Fig. 17 is a log-log plot of monthly production data. Thesc are
nwmﬂﬂypmductiondﬂaobtaineddirwlyﬁmpmducdmﬁls,
not datz from special tests. The 8 years of rate-time data were
matched on the radial-flow, constant-wellbore-pressure solution
(dashed line), the r,/r,,, exponential stem of 20, and b=0 to yield
k=0.0651 md, s=—5.38, and r,=1,547 ft [472 m]. The solid linc
through the same data shows a fit on the b=0.5 and Carter's A=0.55
constant-wellbore-pressure solution on the r,/r,, stem of 20. Re-
sults from the match on a b=0.5 resulted in a k=0.0700 md,
s=-5.17, and r, =1,242 ft {379 m}. These resuits compare close-
ly with those obtained from the match on Carter's type curve, which
gave k=0.0678 md, s=-5.17, and r,=1,252 ft [382 m}. Cart-
er’s A was calculated to be 0.555 for this example. For the pressure
ratio p,s/pr=500 psi/3,268 psi=0.15 [3447 kPa/22 532 kPa],
Figs. 8 and 9 of Ref. 1 also indicate that the cxpected depletion
stem should have a b=0.5 for this gas well.

Occasional shut-ins and blows to the atmosphere for dewatering
the wellbore did occur during the normal production of the well.
One would expect a b=0.5 situation gradually to approach a b=0
performance because liquid loading occurs when the flow rate
declines and the wellbore deteriorates with time.

Evaluating the Match. The previous discussion of the match to
the r,/r\q stem of 20 leaves some doubt as to whether the match
to the 20 stem is unique or the best answer, We will investigate
the sensitivity of results to stems of 10, 20, and 50 for the b=0
and 5=0.5 match. To illustrate the complete evaluation of the match-
ing technique, we will use the b=0.5 match (Fig. 17) to the com-
posite type curve as an example. Table 3 lists all the pertinent
reservoir variables for the well, For the match point of b=0.5,
g4p=0.58, g(r)=1,000 Mscf/D [28 %103 std m3/d], 14p=0.126,
and r=100 days.

When Eq. 5 is expressed in terms of gas units and pseudopressure,
Py, the productivity factor is

kh _ q(t)ps.T
[m< e )_ﬁ] (19.87X 106G 4p T Ppi —Ppwy)
Twa )

_ 1,000(14.7)(620)
(19.87 %10 ~6)(0.58)(520)(7,948 X 105 —208 x 10%)

=1.965 md-ft [0.599 md-m].

Also expressing Eq. 6 in terms of gas.units and pscudopressure,
Pp: we have :

,000p,. T
e
we)iTeel Ppi—Ppws) 4 \tap / L 94D

[ 2,000(14.7)(620) ]
0.0172(177 X 10 ~6)(520)(7,948 X 105 —208 X 105)

< 100 )(l,OOO)
x| —— J| ——
0.126 /\ 0.58

=20.36x 106 ft3 [0.5765% 108 m?],

and

Vp 20.36% 106
 re= = =1,242 ft [379 m]. ..(12)
xh¢ \ 3.1416(70)(0.06)
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Fig. 18—West Virginia Gas Well B comparieon of rate-time

plot and pressure-normalized, rate-time plot of same data.'®

The gas in place, G, at p;=3,268 psia [22 533 kPa], with p;
being the pressure at the start of the decline analysis, is then

G=Vp(1=8)By vvvnvnneneninniieetenee (13)
=20.36 X 106(1 —0.35)(208.8)
=2.763 Bscf [78.2 %106 std m3].

For comparison purposes, G at p;=3,268 psia [22 533 kPa]
from the Carter type-curve match on A=0.55 is 2.807 Bscf
[79.4 X106 std m3], while that obtained from the #=0 match is
4.286 Bscf [121.3% 106 std m3],

Assuming little or no PV change resulting from rock and water
expansion, at the original reservoir pressure of 4,175 psia [28 787
kPa], B, =253.9 scf/ft> [std m3/m?], an original gas in place, Gi,
was then calculated to be 3.360 Bscf [95.1X10° std m3]. The
difference of 0.597 Bscf [17 X 106 std m3] compares well with the
measured cumulative production of 0,580 Bscf [16 X 106 std m3]
between the two average reservoir pressure intervals.

With the productivity factor calculated as 1.965 md-ft {0.599
md-m] and r, calculated as 1,242 ft [379 m], we can now inves-
tigate the sensitivity of k and s to r,/r,,, stems (Table 4). Regard-
less of the r,/r,, stem chosen, once the depletion stem is
established by the rate-time data (the match points from the com-
posite type curve Fig. 1), ggp-g{t) and 1,p-t are fixed and the PV
is then fixed. The calculated initial permeability and skin are in-
sensitive to the r,/r,, stem selection, In this case, we have the
106-day pressure-buildup analysis run just before the start of the
decline-curve analysis with which to compare. From the Homer
results, the correct 7,/ry, stem appears to be ~20. If at early time
we had taken more frequent, precise rates and flowing pressures,
then we could have uniquely fit the stem. At the very least, kh and
s could have been calculated from a short-duration, constant-
wellbore-pressure test, as opposed to calculating ki and s from a
long-duration buildup test. This was done for West Virginia Gas
Well B.15* Fig. 18 compares the pressure-normalized, constant-
wellbore-pressure analysis (the rate data alone had no character)
and the corresponding Homer analysis results for this well. There-
fore, one need not have shut in Gas Well A for 106 days to obtain
kh and s for selecting the proper r,/r,, stem.

Table 5 summarizes the pertinent results of matching the rate-
time data on =0, b=0.5, and Carter’'s A=0.55. By comparing
the difference of 0.91 Bscf [25.8 X106 std m?] between a caicu-
lated G;=5.20 Bscf {147.2x10% sid m3] at 4,175 psia (28 787
kPa} and the G=4.29 Bscf [121.5X 106 std m?] at 3,268 psia
[22 533 kPa] with the real cumulative production of 0.58 Bscf
[16.4 X108 std m3] between the two shut-in pressures, the b=0
as a match is ruled out and the b=0.5 must be sclected.

*Fetkovich, M.J. and Thrasher, T.5.: “Constant Well Pressure Testing and Analysis in Low
Permaabliity Reservoirs,” paper T929 presentad at the 1970 SPE Eymposium on Low-
Permeability Reservoirs, Denver, May 20-22 (available from author).
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TABLE 5—WEST VIRGINIA GAS WELL A: SUMMARY OF RATE-TIME ANALYS!S RESULTS
Match Points
Composite Type Curve Composite Type Curve Carter Type Curve *
pe b-gpe bm0.5 A=0.55 (b= 0.5)
q 062 go 058 qQpp T 0.24
t: 0075 tup 0126  tpg 60
q(t), Msct/D 1,000  gq(t), Msct/D 1,000  qit), Msci/D 1,000
t, days 100 t, days 100 t, days 100
I o/"va =10 o/M s =20 o/l s =50 Horner Analysis
b =0 Evaluation
kh, md-ft 3.292 4,558 6.231
k, md 0.047 0.085 0.089 0.0805
s 154.7 77.4 30.9
s -6.08 -5.38 -4.47 -5.52
re, ft 1,547 1,547 1,647
. b= 0.5 Evaluation
kh, md-ft 3.542 4.902 6.705
k, md 0.0506 0.0700 0.0958
[P 1] 124.2 62.1 248
s ~5.86 -5.17 -4.25
re, ft 1,242 1,242 1,242
Carter's A=0.55 Evaluation
kh, md-ft 3.451 4.746 6.699
k, md 0.0493 0.0678 0.0957
Tea f 126.4 62.6 24.8
s -5.88 -5.17 ~4.25
re. ft 1,264 1,252 1,240

San Juan Example. Early in 1982, a reservoir study of all wells
completed in the Blanco Mesaverde pool in one entire township
in Rio Arriba County, NM (San Juan basin), was initiated to quantify
the reserve increase resulting from the infill drilling program be-
gun in 1975. The initial spacing of 320 acres {130 ha) was halved
through infill drilling,

The San Juan basin is located in northwestern New Mexico and
extends into southwestern Colorado. The gas-producing formations
in the basin are sandstones of Upper Cretaceous Age. The Mesa-
verde ranges in gross thickness from a few hundred to almost 1,800
ft {550 m]. Average porosity in the Mesaverde is about 10%, and

the permeability ranges from 0.02 to 1.0 md. Initial pressure in .

the study area was about 1,200 psi [8274 kPa],

The area we investigated had 72 original wells, drilled two per
section, plus 72 infill wells. Initial pressure for a majority of the
infill wells was some 30 to 40% less than original reservoir pressure,
indicating that drainage was occurring. A limited number of infill

wells had initial pressures essentially equal to original pressure,
indicating that drainage was not occurring at these locations.

The reserve determination method used in the past was the p/z
plot. This method consisted of plotting annual 7-day shut-in pres-
sures vs. cumulative gas produced. Although annual 7-day shut-
ins were taken, the final shut-in pressure was well below the true
static reservoir pressure, Because of the low-permeability stimu-
lated character of the welis, the semilog straight line was seldom
reached, making the determination of average reservoir pressure
difficult. This essentially negated the p/z plot as a useful reservoir
analysis tool until infill wells were drilled. Trend plotting of the
short-duration shut-in and its corresponding p/z was used without
recognizing the need to pass through the initial p/z value (see Fig.
-19). The initial p/z value was ignored to prevent an apparent yearly
increase in gas reserves.

A majority of the infill wells came in at pressures about 30 to
40% lower than the original reservoir pressure. In these cases, the

O 300 W00 moo 00 200 3900 300 smco
CUMULATIVE GAS PRODUCED, MMCF

Fig. 18—Trend plot ot p/z-vs.-curnulative—gu-producﬂon data

for San Juan Gas Well 36.
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TABLE 6—SAN JUAN WELL 58: SENSITIVITY TO Te/fw
o/ we ™ 200

To/Mwe =100

k, md 0.34 0.40
s -43 ~3.6
re. ft 1,765 1,776

i
2 k= 0072 md \\
p Lastan N\ Az a4
H T L V) \\ \\
|-5--1.l\ l-.‘—-‘\
10? 10 =5 > 1000
TME , MOKTHS

Fig. 21—San Juan Gas Well 58A rate-time type-curve match
of production data on the Locke and Sawyer type curve.

infill original pressure could be used to provide a pressure point
on the plot of p/z vs. cumulative gas produced of the original well.
A reserve figure was determined for the original well by passing
a line from the initial p/z through the infill-well p/z value with an
abandonment pressure of 100 psi {690 kPa} assumed. This method
could not be used, however, when the infill initial pressure essen-
tially equaled the original reservoir pressure. In such cases, the most
practical method available to determine the reserve was decline-
curve analysis.

Figs. 20 and 21 present the rate-time data and type-curve match
of the original well, Well 58, and the offset infill well, Well 58A.
The latter came in at near-original pressure. Data for both wells
(as for all wells in the study area) were obtained from a commer-
cially available data base. The character of the monthly rate-time
data was erratic—a problem not uncommon in rate-time analysis—
and average 6-month rates available from the data base were plot-
ted at midpoint intervals as a form of data smoothing. The average
6-month data points appear &s solid squares on the type-curve match-
es. Notice how the character of the production profile was enhanced
by this smoothing technique.

A type-curve match of the rate-time data for Well 58 indicates
the well to be on decline and going down a depletion stem. The
calculated k and s are 0.36 md and —4.3, respectively, with a cal-
culated drainage area of 225 acres [91 ha]. Although not apparent,
2 match on different r,/r,, stems would result in essentially the
same calculated value of r,. The drainage radius is fixed ance
depletion is evident. Table 6 illustrates this point.for Well 58
matched on r,/r,, stems of 100 and 200. The rate-time data of
Well 58A were matched to the Locke and Sawyer type curve and
found 10 be entirely transient. The k and s were calculated to be
0.07 md and —6.4, respectively.

These results are consistent in that one would expect the infill
well permeability to be less than the original well permeability, when
the infill location had not been drained. The more negative skin

BHP/s, PSIA

CUMULATIVE GAS PRODUCED, MMCF

Fig. 22—Single-well simulation study of rate reduction effect
on 7-day annual shut-in pressures. N

factor for the infill well represents the improvement in hydraulic
fracturing technology and design, because the original well was
stimulated in the late 1950's. A production forecast for the infill
well was developed by forecasting down a depletion stem of
Ly, /Ly,=3.2. This stem corresponds to the skin of —6.4 and a
drainage area of 95 acres [38 ha] to kecp the total drainage area
of 320 acres [130 ha] whole.

A reserve forecast for all wells on decline in the study area was
made from a rate-time analysis. These calculated reserves are within
9% of the p/z reserve determined with the infill-well original pres-
sure. The reserve study of the township indicated that infill drill-
ing resulted in an average reserve increase of 11%.

'Reserve increases resulting from infill drilling have been postu-
lated as a result of the flattening observed in the p/z trend after in-
fill drilling. If total field production remains essentially constant

‘ (fixed market demand) before and after infill drilling, a reduction
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Fig. 23—San Juan field—well exampie of rete reduction ef-

Fig. 24é—Semiiog plot of production history of Gentry and
#cCray's Oll Well Example No. 2 data.

fect on 7-day annual shut-in pressures.
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Fig. 25—Locke and Sawyer type-curve match of Gentry and Fig. 26—Reinitialization ot Gentry and McCray's Oil Weli Ex-
McCray’s Oil Well Example No. 2 data. ample No. 2 data at 3 years matched to an exponential, b=0.

in some of the original wells’ flow rates will occur after the start
of infill drilling. This reduction in flow rate will cause.a correspond-
ing increase in flowing pressure. When the well is next shut in for
an annual 7-day test, the final buildup pressure will automatically
reflect a higher final shut-in presstre than when the well was pro-
duced.at the previously higher rate. The obvious limiting case is
when a well is cut back to zero flow rate, and only then will 7-day
shut-ins reflect true reservoir pressure. The rate-reduction effect
is demonstrated by a two-dimensional (2D), single-well, transient
gas model simulation and actual field data. Also, examination of
pressure production data from low-permeability gas wells in fields
not subject to infill drilling shows the same increased shut-in pres-
sure trend as a result of reduction in takes resulting from the cur-
rent oversupply of gas,

The single-well simulation is based on an area of 320 acres {130
ha), a permeability of 0.05 md, and a 500-ft [152-m] infinite-
conductivity vertical fracture corresponding to a ~6.5 skin. In the
simulation, the well produced at a constant rate of 240 Mscf/D
[6.80%x 103 sid m3/d] for 10 years and then at 160 Mscf/D
[4.53% 103 std'm3/d] for 10 years. Annual 7-day shut-ins were
simulated, and Fig. 22 presents the resulting plot of p/z vs. cumula-
tive gas produced. Note the rise jn 7-day p/z values when the rate
reduction took effect. It is this rise that can be misinterpreted as
a reserve increase. Fig. 23 s an actual wel] example illustrating
the same problem. In this instance, the flow rates of the original
wells were reduced because of the production of infill wells. Notice
the effect of the reduced flow rate on the p/z plot, which is identi-
cal to that shown by the 2D, singie-well model study,

In low-permeability reservoirs, transient effects may last for sever-
al years. Coupled with this problem are the extreme shut-in times
required to establish usable average reservoir pressures and the
difficulty in determining the stabilized backpressure curve. Decline
type-curve analysis provides a reserve estimate and a production
forecast, which can easily be updated without knowledge of reservoir
pressures or the stabilized curve.

Reported Cases of b> 1. Gentry and McCray !6 made a study at-
tempting to determine why some welis exhibit decline-curve values
of b>1. The reservoir model described in their study did not in-
clude the effects of transient flow behavior.

The rate-time data presented as Field Example No. 2 (Fig. 24)
were plotted as log g-log ¢ and yielded an almost perfect type-curve
match of all the data on the Locke and Sawyer infinite-conductivity,
singie-vertical-fracture, constant-wellbore-pressure solution (see
Fig. 25). Note that the first year of data is in the transient or infinite-
acting period.

All the data were expected to match this type curve because the
well was described as being completed in the Mississippi limestone
and the producing formation was stated to be fractured, with a tight
matrix. No evidence of a double-depletion exponential decline in-
dicative of a naturally fractured reservoir appears in the log-log
data plot. ‘‘Fractured’* may have simply meant hydraulically frac-
tured. In any case, a well completed in a limestone reservoir would
probably have been stimulated. Because oil wells are generaliy
drilled on small spacing, and because improved stimulation tech-
nigues result in hydraulic fracture lengths beginning to approach

qilq

Np/at

Fig. 27—Dlmemlonles; N,/q,t plot for Gentry and McCray's

Oil Well Example No. 2 dats, indicating an spparent b betwesn
one and infinity,
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of Field E.

TABLE 7—FIELD E: RESERVOIR DATA AND COMPARISON
OF ANALYSIS RESULTS

spacing, Lx,/L,/—* I. In the unique match of Fig. 25, LXC/L,/=1.5.
Fig. 26 shows a match of the 2- to 6-year data, but they are reinitial-
ized in time after depletion has clearly set in, at about 2 years, The
data fit a decline with =0 and can even be recognized as such
on their original semilog plot. Fig. 27 shows the same rate-time
data and their use of the Arps equation in a different form, leading
to implied values of b between 1 and infinity. Once again, an at-

tempt to fit transient-dominated data to the Arps depletion equa-

tion leads to apparent values of b> 1. .

One further example from the literature illustrates a fit of transient
data to the Arps equation with a least-squares computer model to
*‘precisely determine optimum values for the coefficients a, b, and
g,."" "7 Fig. 28 is a log g-log 1 plot and match of Well No. 2, Wat-
tenberg field, an example from Ref. 17. The match is again made
on the infinite-conductivity, vertical-fracture, constant-welibore-
pressure-solution type curve. The Wattenberg field produces from
atight gas sand and is developed on 160-acre [65-ha] spacing with
hydraulic fracture lengths averaging at least 1,500 fit [457 m].'8
Good engineering judgment indicates that with an L, =1,320 ft
{402 m] and a fracture length of 1,500 ft {457 m], the data should de-
cline down an L, /L, = 1.0 stem on the type-curve match, which
it does after a nearly 5-year-long transient flow period. The *‘unique
and unbiased"*!7 statistical extrapolation of the Arps equation fit
of the data with b=2.29 yields a life of 1,042 years to an economic
limit of 200 Mscf/month [5.66 X 103 std m3/month], which is un-
reasonable. The extrapolation of the vertical-fracture-solution type
curve on the basis of basic reservoir information with spacing and
fracture lengths gives a rational answer.

According to Ref. 17, this application of the regression approach
by use of the Arps equation was used on some 200 tight-gas wells.
A correlation of b with fracture fluid volume on about 50 Wattenberg
wells indicated that in nearly all cases, 5> 1 and was as high as
3.5 in one instance.

All cases we have seen where b> | have been shown to be tran-
sient rate-time decline of low-permeability stimulated wells, Statisti-
cal approaches to decline-curve analysis that permit > 1, the
recognized upper limit to the Arps equation, can lead to bad re-
sults and bad decisions. The normal range of apparent b, from force
fits of transient data to the Arps equation, appears to be between
2.2 and 2.5. To identify transient data and their end, a log-log plot
of rate-time data must be made.

Decline-Curve Analysies Using Type-Curves—
Field Cases

Field E. One of our earliest Tield type-curve analysis cases was
a one-well field. The depletion mechanism was virtually a full bot-
tomwater drive or, more specifically, a constant-pressure-outer-
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P, psia 2,921
Pwt PSia 2,760
I, cp 0.615
B,, RBISTB 1.06
¢,, psi-’ 12.7x 106
¢ 0.18
Sw 0.26
h, ft 100
Mo 0.258
Early Qupton
Well Test Type-Curve Match
k, md 143 152
s -39 -4.1

boundary case. To date, no analytic work concerning the expected
value of b with water displacement processes has been done.

Field E is located in the Far East and produces from a carbonate
Upper Miocene Kais reef. The reservoir is highly undersaturated
with a producing gas/oil ratio (GOR) of ~ 3 scf/bbl {~0.54 std
m3/m3) and a gravity of 47°API [0.79 g/cm?], and is more than
likely to be naturally fractured—a typical situation for developing
a strong waterdrive. Only the upper 50% of the producing interval
was perforated to avoid early water coning. The well was initially
completed with 4 shots/ft {13 shots/m] and acidized with 6,100 gal
123 m3) 30% HCI staged with ball sealers. The initial reservoir
pressure was 2,921 psia {20 140 kPa]. As with most of the reef
reservoirs in the area, later shut-in pressures return to within 10
to 20 psi [68.9 to 137.9 kPa] of the original reservoir pressure after
a 24-hour shut-in.

Fig. 29 is a semilog plot illustrating the production performance
of the field in terms of oil production, total fluid production, and
WOR. Gas rates were so small that the GOR is not plotted. The
initial oil rate decline basically coincides with increasing water pro-
duction when, after | year, gas-lift facilities were installed for all
fields in the area. Successful gas lifting in this field began in July
1979 and resuited in the first BHFP change and another decline
period. Gas injection rates were increased twice more to lower the
BHFP,. resulting in yet two more decline periods.

Fig. 30 is the same oil production rate data now placed on a log
g,-log 1 plot in preparation for type-curve.analysis. Each of the
three additional decline periods following increased gas injection
rates were reinitialized in time and log g-log 7 plots made for each
one. They all exactly overlie the initial decline established during
the natural-flow period. This should be expected from superposition
principles; i.c., every new transient introduced into the well or field
must go back and retrace the original gp-t4p curve (Fig. 31).
(Referring back to the Cullender Gas Well No. 3 data log g-log
t plot in Fig. 15, note that the ten 72-hour annual tests taken be-
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Fig. 31—~Field E oll-rate-vs.-time data matched on the q -t type curve and the transfer
of the g -ty 8xes onto the real-time data plot.

TABLE 8—EDDA RESERVOIR DATA AND TYPE-CURVE
MATCHING RESULTS (r,/r,, =50; b=0.6)
Total Reinitialized Reinitialized
Production  Production  Production
Period Period 3 Period 6
kh, md-#t 202 178 127
k, md 2.0 1.8 1.3
Fwes ft 29.62 28.53 29.21
s —4.4 —4.4 -44
re, ft 1,481 1,427 1,461
V,» MMbb! 29.0 27.0 28.0
[ 0.236 0.236 0.236
Sw 0.365 0.365 0.365
o, CP 0.185 0.17 0.255
B,, RB/STB 1.92 1.98 1.67
uB, cp-RB/STB 0.416 0.44 0.50
c,, psi~? 27%x10-%  35x10-® 105x10-°
P, psia 6,300 5,200 3,800
Pwr, psia 1,500 1,500 1,500
h 100 100 100
Tw 0.354 0.354 0.354
Reservoir Data at
Discovery
P, psia 7,115
Py, PSia 5,045
Hoir CP 0.2
8,. RB/STB 1.895
C,, PSi! 24x10-%
[ 0.236
Sw 0.365
h 100

tween 1945 and 1953 with up to 106 psi [730.9 kPa) of pressure
depletion exactly overlie the original type-curve match.)

A match was made with the composite gp-t4p type curve (Fig.
1) on a value of b==0.5. Evaluation of the match point yielded k=152
md and s=~4.1. This compares well with the initial well test
Horner analysis of k=143 md and s= —3.9. Table 7 compares the
results and lists the reservoir and fluid properties used for the well.

Fig. 31 shows the log g-log r match on the g p-14p type curve.
If we now transfer the g p-14p axes onto the tracing paper of the
real-time plot, we have a Kais Reef full waterdrive type curve that
‘could be used to predict future performance with backpressure
changes for any set of reservoir (k, ¢, A, p;) and fluid (u, B, ¢,)
parameters with any well spacing (r,) and any skin effect (r,,,) of
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another Kais Reef reservoir having no performance data at all. This
grid transfer is equivalent to back-calculating ggp-t4p values for
each of the plotted rate-time data from the known reservoir varia-
bles listed in Table 7 and the results obtained from the pressure-
buildup analysis.

Edda Field. The Edda field is the smallest of four overpressured
volatile oil reservoirs within the Greater Ekofisk development in
the.Norwegian Sector of the North Sea. Table 8 lists the basic reser-
voir and fluid properties. Production is from seven wells complet-
ed in the Upper Cretaceous chalk (Maastrichtian) or Tor formation.
Slight to moderate natural fracturing is indicated from the FI de-
rived from the pressure-buildup analysis (see Table 9). Note that
Well C-5 indicates no natural fracturing while Well C-2 has the
highest I, of 28. All wells were acid-fractured without proppants
on completion. As indicated by the skin values listed in Table 9,
all wells appear to have been successfully stimulated.

Fig. 32 illustrates the production performance of the field with
time in terms of monthly average oil and gas production and GOR.
Note that the field came on fairly rapidly, resulting in a classic field
decline curve, The surface flowing pressure after the first few
months has been virtually constant throughout the field's produc-
tion history. The slight dips in production are a result of field shut-

" ins. Note also the slight production peaks that follow, discussed

in detail later. Of special note is the flattening of the GOR curve
starting in about mid-1982,

Fig. 33 is the total field oi! production rate plotted in terms of
measured daily production rate vs. time on a log g-log ¢ basis. To
the best of our knowledge, this is the first time that daily production
for a field was measured and available for decline-curve analysis
over a 4-year period. Transient spikes after shut-ins are clearly visi-
ble and significant on this plot and are used in the decline analysis.
There were several field shutdowns followed by an initial transient
spike (flush production), as expected for such a low-perme- ability
field with successfully stimulated wells, Theoretically, each of the
transient spikes (if reinitialized in time) should retrace the field's
initial ggp~t4p transient decline. Fig. 34 is a plot of two of the tran-
sient spikes obtained after extended shut-ins, and indeed they both
virtually overlie the original field transient decline. The rate and
time scales shown in Fig. 34 are for the initial production period
only; the rate and time scales for Periods A and B have been omitted
for clarity of presentation. Note that the field transient appears to
end after about 100 days of production. Permeabitity, skin, and
reservoir volumes were calculated for the total field match and each
of the two production transients on an average-well basis also—
i.e., g7 divided by the number of wells, Table 8 summarizes the
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TABLE 9—EDDA: INITIAL-COMPLETION-WELL TEST RESULTS
AND FRACTURE INTENSITY INDICES
k matrix
kn b K ¢ (skploy  _kwelltest
Well (ma-ft) (i) * (md) s (%6) (md) k matrix (@&-k)
c-2 2,028 110 184 -4.9 25.3 0.66 28
C-5 50 70 07 -4.0 23.8 0.50 1
c-9 1,119 120 9.3 -4.5 24.6 0.58 16
c-10 218 82 27 -4.7 24.0 0.50 5
C-11 510 9 57 -4.6 241 0.52 11
C-14 208 114 26 -3.0 22,6 0.40 7
C-15 201 115 1.7 ~3.7 20.8 0.28 6
Total 4424 701 411 -294 165.2 3.44 74
Arithmetic
Average
Valus* 632 100 5.9 -4.2 23.6 0.49 11
"k =8.32 md.

match results for r,/r,,, =50 and b=0.6. Reservoir pressures and
gas saturations for total-compressibility calculations for the decline
analysis of the transient spikes following shut-ins were estimated
from a total field pressure, GOR, and a field-deliverability-matched,
compositional material-balance study that is normally updated year-
ly. Note from the table the slightly declining values of effective
permeability to oil values as a result of increasing gas saturation
in the reservoir. The calculated reservoir PV's from all three
matches are about the same.

A comparison of the calculated PV from the initial match of the
total field rate-time data of 202.8 X 106 res bbl {32.2 X 106 res m3]
with that obtained from the total field compositional material-balance
performance-matched PV of 201.1x10% res bbl [32.0X 10 res
m3] is excellent.

Material-balance matching of the reservoir consisted of two dis-
tinct periods of interest with respect to the decline-curve analysis.
The period before the GOR flattened out when forecasted gave rate-
time data that fita b=0.3. The period afier the flattening, because
of more efficient indicated recovery (less gas voidage), now results
in a b=0.6, the same value of b indicated from the decline-curve
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Fig. 32—Edda fieid production performance.

match, Al-Kasim,'? using data we furnished and a one-dimen-
sional radial model matched to the most current field performance
data, also found an early 5=0.3, but =0.7 most of the time. Clear-
ly, no double-depletion stems indicative of a dual-porosity, namrally
fracwred reservoir can be observed in the rate-time decline data.

Evaluating the Match. We will again illustrate the evaluation of
the matching technique and investigate the sensitivity of results to
re/rq stems of 20, 50, and 100 for 5=0.6, now for an oilfield
case. For a match point of 5=0.6, g{t)=10,000 STB/D [1590 stock-
tank m3/d] oil, g4p=0.295, r=100 days, and 1,5=0.29.

With Eq. 5, the field productivity factor is

kh 141.2(,B,) 1 9(0)
.—_[ (w )][i-—] .......... )

[]n<_";>_%] (Pi=Pw) JL4ap
F'wa F
[ 141.2(0.416) ](10,000)
(6,300—1,500) J\ 0.295
=414.82 md-ft [126.43 md-m].

Because there are seven wells, g(1) is divided by seven and the
average well productivity factor is

kh
——  — =59.26 md-ft [18.]1 md-m)].
r
()~
Fwa W
o
PRODUCTION |
™
v
» I
.; K : H
0" f  WATCHPORT W :
0000 BOPD; 4o w0285 .
g =100 DAYS; te =029 .
s ey g ' Jw
AVERALE WELL:
0 202 ma-i \
W=2.0 md .
m=d 4 .
0
1 0 00 000 0000
TR, DAYS
Flg. 33—Edda field type-curve match of daslly oll production
data on the g -ty type curve.
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Eq. 6 will yield the total field PV:

VF=

[ (P‘an) J( t >[q(1)j,
(e pi=pup) INtgp /Lggp ) 7T

(0.416)

1 GX
(0.185X27x10-6)(6,300—1,500) 1\0.29

=202.8% 106 res bbl [3.22% 107 res m3].

TeFr=

V, X5.615

xhe

202.8Xx10%(5.615)
= =3.919 ft {1195 m].

x100(0.236)

10.000)
0.295

Then the oil in place, N, at the start of the decline analysis when
P;i=6,300 psia [43 439 kPa] and B,=1.92 is

)
I il
B,

202.8%10% bbl(1—0.365)
1.92

=67.08 MMSTB [10.7x 105 stock-tank m3].

Because 1.2x10% STB [0.191 X105 stock-tank m3} had been
produced before the start of the decline analysis, the original oil
in place, N;, is indicated to be 68.3 MMSTB [10.9 X 106 stock-
tank m>]. The pressure and GOR history-matched compositional
material-balance program obtained an N,; of 67.4 MMSTB
[10.7X 108 stock-tank m3). The comparison is good.

Using the decline-curve analysis, N,;=68.3 MMSTB {10.9 x 106
stock-tank m3], and the cumulative recovery of 16.6 MMSTB
[2.64 X106 stock-tank m3] to Jan. 1, 1984, results in a 24.3%
recovery to date. From the decline-curve projection to an econom-

TABLE 10—EDDA SENSITIVITY TO r,/r,,
o/l e =20 o/ wa =50 7o/t wa =100
Total  Average  Total  Average Total Average
Fiald Well Field Well Field Well
kh, md-ft 1,035.2 147.90 1.415.4 202.2 1,702.9 243.3
k, md 10.35 1.48 14.18 2.02 17.03 2.43
V,, 108 bbl 202.8 29.0 202.8 29.0 202.8 29.0
Iy 3,919 1,481 3,919 1,481 3,919 1,481
[ 195,95 74.05 78.38 29.62 39.19 14.81
Sg°. -534 - -4.43 - -3.73 —_—
s —_ ~5.34 —_ ~4.43 -_ -3.73
N,. MMSTB 67.1 9.6 67.1 9.6 67.1 9.6
N, MMSTB 68.3 9.8 €68.3 9.8 68.3 9.8
Material-Balance
N, MMSTB 67.4 9.6 67.4 8.3 67.4 9.6
*f r = VnUmber of weils xr 2
= V7(0.354 f)?
=0.9366 f.

SPE Formation Evaluation, December 1987




~187-

Ol RATE, BOPD

¢ ACTUAL AELD PERFORMANCE
~ CALCULATED RELD PERFORMANCE

000
00
TIME. DAYS

Fig. 35—Comparison of calculated Edda field performance
based on the average well determined from the g o-t o type-
curve match with actual field performance.
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Fig. 37—Clyde Cowden lease—log-log piot of monthly oil pro-

duction vs. time.

Fig. 40—Ciyde Cowden lease—log-log overlay of primary and
reinitialized waterfiood periods on b=0.3.

ic limit, the indicated ultimate recovery of 22.6 MMSTB
[3.59x10 stock-tank m3] will result in a 33.1% recovery.

Table 10 shows the effect of several r,/r,,,, stems on k and s for
the total field match, and the results are also expressed as an average
well—i.e., total field rate divided by number of wells. With the
productivity factor and r, fixed, the effect of varying r,/r,,, stems
is illustrated for the total field and the average well. The arithmetic
average skin s= —4.2, determined from individual well tests (Ta-
ble 9), might be used to select an r./r,, of 50.

To test the match, the average well (k=2.02 md, s=—4.43,
Fe/Twg =50, b=0.6) was forecast in terms of gsp-t4p and super-
position, which included all the shutdown periods. The result mul-
tiplied by seven wells is compared with the actual total field
performance in Fig. 35.

Clyde Cowden. The Ciyde Cowden lease is part of the Goldsmith
(5,600-ft [1707-m)) field in Ector County, TX. The main develop-
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ment of the lease occurred between 1950 and early 1952, with 50
wells drilled on 40-acre [16-ha) spacing. An acid treatment of the
dolomitic formation was a routine part of each completion. The
dominant drive mechanism during the primary recovery period is
understood to be a solution gas drive,

Fig. 36 shows the production history of the lease from 1949 to
1982. The primary decline period began in Oct. 1951 and ended
with the beginning of the waterflood program in Aug. 1961. Be-
tween 1970 and 1972, most of the producing wells were hydrauli-
cally fractured. The secondary decline period began at about this
time, in May 1971.

The 34-year production history shown in Fig. 36 is replotted on
a log-log scale in Fig. 37. The primary recovery period (1951-61),
matched to an r,/r,,, stem of 1,000 and a =0.3, is shown in Fig,
3B. The reinitialized plot of the waterflood decline period is shown
in Fig. 39. Here, too, the match is on an r,/r,,,, stem of 1,000 and
5=0.3. The primary and secondary decline period log-fog plots
overlie each other (Fig. 40).
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TABLE 11—CLYDE COWDEN: RESERVOIR AND WELL DATA

P; (at discovery), psig 2,250
p; (match), psig 1,900
cy at 1,900 psig, 10 ¢ psi-' 75
4o at 1,900 psig, cp 0.9
B, at 1,900 psig, RB/STB 1.43
u8 at 1,250 psig, cp-RB/STB 1.2
¢ 0.15
Swi 0.33
ht 48
T, ft 0.33

Ciyde Cowden: Analysis Results, Average Well
From Primary Decline Period Match

Match Point

q(t), bbl/month oil 10,000
t, months 10
Te/Twe 1,000
Qa0 0.11
tan 0.135
b 0.3
Average Well

kh, md-ft 1,519
k, md 32
V,, 108 res bbi 2,07
re. ft .on7
[ 0.717
s -0.8
N, (average well), MMSTB 0.97
N,; (base), MMSTB 48.5
Produced before decline, MMSTB 1.3
N,, MMSTB 49.8
N, (material-balance calculation), MMSTB 50

Fig. 41—Monterey constant-wellbore-pressure type curve.

The results of type-curve analysis and relevant reservoir data are
summarized in Table 11. The match-calculated average well per-
meability of 32 md is in good agreement with the permeability range
of 20 to 30 md reported for the Upper Clearfork, and the negative
skin of —0.8B is consistent with the perhaps only moderately effec-
tive acid treatment at completion,

With the method detailed earlier for Edda, the match-derived N;
value of 49.8 MMSTB [7.92 X 106 stock-tank m?] agrees well with
the 48 to 52 MMSTB [7.63 x 106 to 8.27 X 106 stock-tank m3] N,;
estimates from earlier material-balance calculations.20 .

Production forecasts were made for the primary decline and for
Waterflood Period 2 on the basis of the decline match of 5=0.3
for both. A recovery of 9.8 MMSTB [1.56 % 106 stock-tank m3]
(or 20% of 49.8 MMSTB N,; [7.92 X 105 stock-tank m3]) is fore-
cast for primary recovery; the primary-plus-waterflood forecast is
18.4 MMSTB [2.93x10¢ stock-tank m3) (or 37% of N,;). The
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Fig. 42—Overiay of log-rate-vs.-log-time production data of
five California Monterey producing fields.

incremental recovery of 8.6 MMSTB [1.37 X 106 stock-tank m3]
resuiting from waterflooding represents 88% of primary recovery.

That the primary decline and the waterflood decline appear to
fall on the same decline stem, =0.3, may be coincidental. While
we can think of some possible explanation why this should occur,
we can think of none why this must occur. As such, one of the
main reasons for presenting this example is to encourage others
to examine primary and waterflood histories for their decline ex-
ponents. We suppose that if we were asked to produce a water-
flood forecast in 1 day given primary production history, we would
as a first approximation forecast a waterflood decline on the same
value of b as that established during primary recovery.

Monterey Type Curve. In an effort to determine the production
performance characteristics of fields producing from the Monterey
formation in California, production data from the Lompoc and Or-
cutt fields were obtained, and an average well rate-time curve was
established for each field.2!-2

A log g-log  tracing-paper plot was made from the data for each
of the fields. If these two separate log g-log 1 plots are overlaid
and the vertical and horizontal axes shifted as required, they exactly
overlie. This was a surprisc at first, yet was consistent with type-
curve theory in that the plots should differ only by the coefficients
involved in the definition of g4p-1zp—i.e., reservoir and fluid vari-
ables. Further, the drive mechanisms, relative permeability rela-
tionships, and natural fracturing characteristics also must be similar,

The question of the correctness of the representative average well
was immediately raised. Good-quality, unambiguous data available
on a single lease within the Orcurt field were also plotted log g-log
1, and that plot also exactly overlaid both of the field plots. This
appeared to verify the total-field-averaging technique used to ob-
tain our average well plot for each field. Each plot by itself was
limited in range; however, all three plots combined virtually dou-
bled the total range of data.

Although suggested by theory, this was the first test of the concept
that fields within the same formation having similar drive mecha-
nisms should overlie each other, regardless of the fact that they
may have totally different fluid and rock propertics, weli spacing,
stimulation response, and reservoir pressures,

Fluid and rock propenties, spacing, and reservoir and flowing
pressures were then estimated for the Lompoc and Orcutt fields
and a gap-t4p was calculated for each of the rate-time points to
establish a dimensionless type curve for the Monterey formation.
Our final dimensionless type curve, which we refer to as the Mon-
terey type curve, is shown in Fig. 41. We further confirmed the
type curve with the addition of rate-time data from the West Cat
Canyon, the Santa Maria Valley, and the Zaca fields. Fig. 42 shows
the complete five-field overlay. This type curve essentially matches
the harmonic decline stem b=1,
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Fig. 44—Semilog plot of the Monterey constant-wellbore-
pressure type curve.

The gap-t4p type curve developed for the Monterey formation
was converted to a pgp-I4p type curve to enable us to calculate how
long a well or field could produce at a constant rate to a fixed flowing
pressure before going on decline (see Fig. 43). The late-time portion
of the pyp-typ type curve appears to be a % slope, a +/t rela-
tionship, which may or may not be significant. It is unlikely that
linear flow is from the matrix blocks because the apparent linear
flow period is too long and the matrix blocks are considered very
small. The Monterey chert is generally overlain with a thick, very-
low-permeability mudstone. Therefore, crossflow down from it
could be a possible explanation.

The field or formation type curve represents the ultimate use of
reservoir or field analogy. The 94p-t4p Monterey type curve is
readily applied on an average well basis to develop forecasts for
varying reservoir properties and fluid properties, spacing, flowing
pressure, and stimulation. Several wells with differing productivities
could be used by proportioning total reservoir volume to correspond
with each individual well productivity factor to arrive at an average
well. Summing each well's forecast developed from the Monterey
type curve would result in a more straightforward total field forecast.

Still further flexibility can be added by the use of two conventional
one-cell, material-balance forecasts, which when combined match
the Monterey type curve. Each material balance allows the inclusion
of a drilling schedule, downtime, a relative permeability curve to
predict gas rates, and oil and gas production limits. Two forecasts
were generated with such a simple model, assuming there exists
an intensely fractured area, or volume, and a slightly fractured or
nonfractured area or volume with very contrasting deliverabilities.
The contrasting deliverability areas can exist areally or vertically.
(See Ref. 23 for the effect of hydrocarbon influx of various degrees
from a low-permeability outer-boundary region.) The percentage
of fractured-area volume to nonfractured-area volume was arrived
at by trial and error to get a composite decline rate-time data match
of the Monterey type curve, Each separate forecast had the typical
solution-gas drive of 6=0.3,

If ane were to develop a sophisticated three-dimensional fracture
model, it should first be history-matched to the Monterey type curve
before being used to make production forecasts.

Fig. 44 is a semilog plot of the Monterey type curve. Of special
note is the precipitous early decline, which later flattens. This be-
havior can easily be misinterpreted as indicating depletion of the
fracture volume followed by flow from only the matrix blocks. The
log-log plot of the Monterey type curve does not exhibit in any way
the double depietion stems characteristic of the constant-wellbore-
pressure solution of the dual-porosity Warren and Root model.

Cenclusions .
1. For decline-curve analysis, a log g-log ¢ plot should be made
to identify transient data and/or depletion data. The plot should be
- reinitialized in time to eliminate any constant-rate production period.
2. The Arps equation must be applied only to rate-time data that
indicate depletion. The limits of the vaiue of b, when the Arps equa-
tion applies, are between 0 (exponential) and 1 (harmonic). A forced
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fit of transient data to the Arps equation results in apparent values
of b> 1; generally, these false values of b fall in the range of 2.2
to 2.5. Further, rapidly declining rate data are characteristic of low-
permeability stimulated wells (apparent 5> 1). Often a unique fit
of such data can be obtained on the transient portion of a type curve.
The misuse of the Arps equation with transient data generally results
in overly optimistic forecasts and is technically incorrect.

3. With rate-time data, the double-depletion decline is the only
indication of a dual-porosity system. The dual-porosity, constant-
wellbore-pressure solution (Warren and Root model) does not any-
where indicate b> 1, except for the apparent b values from the early
transient period; the character of this period is identical to the
homogeneous-reservoir solution.

4. The pore volume and reservoir parameters kh and s at the start
of decline analysis can be calculated from a type-curve match once
depletion is indicated by the data and the decline exponent b is de-
fined or reasonably estimated.

5. In low-permeability gas reservoirs, reserve estimates and pro-
duction forecasts developed from rate-time data would be more ap-
propriate than conventional curves of p/z vs. cumulative production
used with the calculated stabilized backpressure curve approach,

6. Superposition with gp-14p with values of >0 can be suc-
cessfully applied to field problems.

7. Field or formation g4p-14p type curves can be developed from
basic reservoir data and declining rate-time production data.

8. Advanced decline-curve analysis should always be supported
by and checked against already existing well and reservoir infor-
mation. .

Recommendations

An effort should be made to obtain accurate rate and surface flowing
pressure data to improve the reliability of decline-curve anaiysis.
If these data are taken frequently at early times while producing
wide open, if possible, or at a fixed choke setting, then an evalua-
tion of such initial reservoir parameters as kk and s can be made
to assist in fixing the r,/r,, decline-curve stem once depletion sets
in. The Edda case history is a classic example of what can be done
with good-quality data taken frequently.

Dimensionless type curves to characterize the more important
producing formations should be developed from the vast amount
of existing field data.

Finally, some analytic work needs to be done with regard to de-
termining what values of b should result from a water displace-
ment process. We need a stronger theoretical basis for waterflood
decline-curve analysis.

Nomenclature

b = reciprocal of decline-curve exponent
By = gas FVF, surface vol/res vol
B, = FVF, res vol/surface vol

cg = gas compressibility, psi~! {kPa~!]
¢, = total compressibility, psi~! [kPa=!]
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C = gas-well backpressure-curve coefficient
D; = initial declinc rate, -1
= natural logarithm base, 2.71828

(4
G = gas in place at start of decline analysis,
surface-measured
G; = initial gas in place, surface-measured
G, = cumulative gas production, surface-measured
h = thickness, ft [m]
Iy = fracwre index (Eq. 8)
k = effective permeability, md
L;, = reservoir half-length, ft {m]
L,/ = fracture half-length, ft [m)
n = exponent of backpressure curve
N,, = cumulative oil production, STB [stock-tank m?)
N; = oil in place at start of decline analysis,

STB [stock-tank m3}] )
Ny = original oil in place, STB [stock-tank m3]
p; = initial pressure, at start of decline, psia [kPa]
Pp = gas pseudopressure, psiZ/cp [kPa2/mPa*s]
= oil pseudopressure, psi/cp [kPa/mPa-s)
Pwy = bottomhole flowing pressure, psia [kPa]
q4p = decline-curve dimensionless rate (Eq. 4)
gp = dimensioniess rate
q(t) = surface rate of flow at time ¢
r, = external-boundary radius, ft [m}
ry, = wellbore radius, ft [m]
ruwg = effective wellbore radius, ft [m]
s = skin
S\ = water saturation
1 = time, days for {p
tgp = decline-curve dimensionless time
Ip = dimensionless time
T = reservoir temperature, °R [K]
V, = reservoir PV, ft* or bbl (consistent units on

g and B)
z = gas compressibility factor, dimensionless
A = change
A = type-curve parameter used to characterize gas well

drawdown, dimensionless
u = viscosity, cp [Pa+s]

¢ = porosity, fraction of bulk volume
Subscripts
BU = buildup
DD = drawdown
F = field
& = gas
i = initial
o = oil
p = production
Superscript
— = average °
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Summary

Field data indicate that in some instances significant
afterflow occurs after a well is considered shut in. An
analysis method for afterflow-dominated pressure buildup
data is presented whereby the pp-tp model describing
the transient behavior of the well can be directly obtained
by matching a log-log plot of the rate-normalized pressure
vs. time data to published type curves. The pp-tp model
thus obtained allows a rigorous mathematical superposi-
tion analysis to be performed on the same data with resuits
equivalent to those obtained from the normalized type-
curve analysis.

This work demonstrates that rate normalization must
be based on total afterflow rates, confirming with field
data Perrine’s assumption that total rate should be used
in multiphase flow analyses. Dramatic changes in
character are seen between the rate-normalized pressure
vs, time and the conventional pressure vs. time log-log
data plots for low permeability stimulated wells. Several
field examples demonstrate the application of this simple
and effective technique.

Introduction

Currently, wellbore storage type curves ' based on the
assumption of a constant wellbore storage coefficient are
used to evaluate afterflow-dominated data from pressure
alone. For pumping wells, the ability to calculate reliable
"buildup pressures and corresponding afterflow rates, along
with the wellbore storage coefficient variation with time,
has been reported in several papers. >° More direct bot-
tomhole measurements of afterflow and pressure using
production logging tools during pressure buildup tests
have been reported recently by Meunier ef al. 1 In the
U.S., wellbore storage effects often characterize pressure
buildup tests because the majority of domestic welis are
produced by rod pumps where afterflow dominates during
the buildup. This type of completion can result in iong
periods of wellbore storage during test situations even for
stimulated wells.

The first attempt to use both pressure and afterflow rate
data was presented by Gladfelter er al.5 in 1955. They
suggested that the pressure rise after shut-in divided by
the instantaneous change in rate caused by afterflow
should be plotted vs. the logarithm of shut-in time. This
resulted in a modified Miller-Dyes-Hutchinson (MDH)
buildup plot. The validity of this approach was confirmed
by Ramey!! in 1965, and extended by him to include
wellbore unioading effects during drawdown testing.

0146-2136/84/0121-2176800.25 ’
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About this same time Winestock and Colpitts '2 pro-
posed a similar rate normalization of pressure for
drawdown analysis of gas wells when rates were
monotonically declining during drawdown tests. Rate
variations were not a result of wellbore storage effects
but were more a result of a nearly constant wellbore
pressure test condition. Their rate normalization of the
pressure data was simply an attempt to make a constant
rate analysis from essentially constant wellbore pressure
data. A computer study by Lee er al.!? basically con-
firmed the validity of the Winestock and Colpitts rate nor-
malization analysis procedure. Additional discussion of
the Gladfelter er al. and the Winestock and Colpitts nor-
malization methods was given by Ramey ' in 1976.

Rate-normalized type-curve plots of the Gladfelter et
al. and Winestock and Colpitts example data show that
after normalization virtually all the data were on the
semilog straight line. Rate normalization linearized all the
data in both instances. However, tests on low-permeability
oil and gas wells with large negative skins often cannot
be analyzed using their suggested rate-normalized pressure
vs. logarithm of time plotting approach because the data
may not reach the semilog straight line even after normal-
ization.

A simple method of analyzing afterflow-dominated
pressure buildup data is presented. The pp-tp model
describing the transient behavior of the well may be
obtained directly by matching a log-log plot of the rate-
normalized pressure vs. time data to published type
curves. The pp-rp model thus obtained allows a rigorous
mathematical superposition analysis to be performed on
the same data with results equivalent to those obtained
from the normalized type-curve analysis.

Drawdown Rate Normalization Equations

Rate normalization techniques and procedures are best
illustrated by first examining their application to
drawdown data. Although the nature of the rate variation
of drawdown data with time is different than that of
afterflow rate variation, the end result is the same. Also,
drawdown rate variations generally last much longer than
afterflow rate variations.

The rate normalization equation given by Winestock and
Colpitts for a gas well drawdown analysis can be written
as

Pi*=pup’=D'qyn’

gn
T11(p,2)T
- (P'g )T, [an 1D+0'809)+2‘s]’ ......... 1)
kh
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where

0.000264 kt
_— PUTOUTR e

Ip=
¢l‘gclrw2

and the constant D' is related to the non-Darcy flow con-
stant, D, by

ST,
kh

Dl

Eq. 1 can be expressed in terms of the real gas pseudo-
pressure, m(p), as

m(p))=m(psm)—D'qge,?

en

7117,
kh

[(lntp +0.809)+25] Y trerreiiiaeans @

where

oo 1T

2D).

Winestock and Colpitts proposed a drawdown analysis
technique wherein a plot of (p;? ~Puf 2)/q8,. Vvs.
logarithm of time is analyzed instead of a conventional
plot of p;2—p 52 vs. log 1.

Eqgs. 1 and 4 represent an approximation to superposi-
tion for a gradually changing flow rate condition. A
rigorous superposition equation for any variation of rate
was given by Odeh and Jones!> with pp, being approx-
imated by the logarithm of time as

piz_pwfnz"qugnz

9gn

711(ugz)7'r{ 1 [ “
= @5 —qgi-1)
kh 9gn I=Zl oo

k
‘In(t, —t;_, )] +ln———2—7.432'+2.r}. ... (5)

HeCrly
A plot of
Pil=pwn®) 1 ¢
ALANIN . LIy Z (@gi—qgi-1)In(t, —1;_))
Ggn 9en i=l

should be linear, if D'=0, with slope, m’, and intercept,
b, yielding kh and s, respectively. Flow capacity is
cvaluated from the slope, m’, by
h= T (p, 0T,
m
2212
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and the skin from intercept b by

b
s=%<——-—ln 2 +7.432>. ........... )]

m' Qugcry,

Odeh and Jones further recommend that if the plot
bows, the data should be corrected for the quadratic effect
D'g? until the plot is made linear. We demonstrate with
a gas well drawdown example that an erroneous quadratic
adjustment could be made if the logarithm of time approxi-
mation to pp is used when not applicable, rather than
using the correct pp-rp model suggested by nor-
malization.

A more general form of Eq. 5 in terms of pp-tp after
van Everdingen and Meyer6 is

Pi=Pwpn=D'gn? 1412 4
qn kh '

1 n
[_[ 2 @i=qi-))ppl, "i—l)o] +s}, ..(8)

Gn L =)
where
D= 141.2 “(D) ®
m et tere ettt
A plot of
Pi=Pum 1<
— v, — Z Gi—qi-1)pptn—ti-1)D
qn n i=1

should plot as a straight line if D'=0, with slope m’, from
which kh can be evaluated by

and the skin from intercept b,

(kh)b
1412 p

b
by ST ()
m
Eq. 8 can be expressed in terms of the real gas pseudo-
pressure as

m(pi)=m(pum)~D'qe,® 14227,
dsn kh

1 n
{ [ Z (95i—95i-1)PD(tn —ii—l)o] +S},

Qen L i=]
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Fig. 1—Conventional m(p) drawdown semilog graph, West
Virginia Gas Well B,

which, if D'=0, also should result in a straight line when
plotted as

m(p;)—m
(i) =m{(pupm) v,
Ggn
1

n
Z Ggi—qgi-1)PpUn=ti-1)p
Qgn i=1

with slope m’' given by

,_ 14227, (13)
m'= s eeeeaseieaeeeiaeeaeiaraaans
kh
and intercept b equal to
1,4227,
b=

[ T (14)

Solution of the superposition equation in terms of
pp-tp requires a trial-and-error calculation based on
varying zp/t. The initial estimate of ¢/t is normally ob-
tained from a rate-normalized pressure type-curve
analysis. The correct solution corresponds to that 1p/t
yielding the minimum standard deviation between ob-
served and backcalculated values of the rate-normalized
pressure.
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Flg. 2—Winestock-Colpitts graph, West Virginia Gas Well B.

The first step in a varying rate drawdown analysis is
to make a normalized log-log plot of A p/q vs. A tto deter-
mine the correct pp-tp model and whether a rate-
normalized pressure vs. logarithm of time analysis can
be performed.

Field Example of Drawdown Rate Normalization

Normalized Drawdown Analysis—Gas Well B. Gas
Well B is a low-permeability gas well in West Virginia
completed in the Onondega chert. It was hydraulically
fractured with 62,000 gal [235 m3] 3% gelled acid and
55,000 1bm {25 Mg] sand. After an 11-hour cleanup and
an extended shut-in, a 72-hour drawdown followed by a
72-hour buildup test was conducted. Table 1 (from Ref.
17) shows both the drawdown pressure and rate data
declining as a function of time. The test is neither a con-
stant rate nor a constant wellbore pressure situation. Two
methods of normalization are demonstrated with these
data, rate-normalized pressure (Ap/q) for constant rate
analysis and pressure-normalized rate (g/Ap) for constant
wellbore pressure analysis. 17:'8 Both techniques are
presented to demonstrate the validity and utility of nor-
malization in well test analysis.

Fig. 1 is a conventional pressure drawdown semilog
plot in terms of real gas pseudopressure, m(p). A straight
line was drawn through the last three points based on an
‘‘apparent’’ Am(p) vs. ¢ type-curve match indicative of
the beginning of a semilog straight line. Fig. 2 is a

TABLE 1—WEST VIRGINIA GAS WELL B, 72-HOUR DRAWDOWN DATA

Gas
Time Py Rate m{p) am(p pYq
(hours) (psia) (10° sct/D) (10° psia®/cp) (10° psiallcp) (103 p:iz'slcp Msctd)
0.0 4,185 0 1202.50 [} )
0.25 4,079 1,757 1153.85 48.55 27.63
0.75 4,025 1,468 1129.32 73.18 49.85
1.00 4,000 1,482 1117.95 84.55 57.05
200 3,926 1,494 1084.38 118.12 79.06
3.00 3,888 1,443 1067.20 135.30 93.76
600 3,794 1,443 1024.91 177.60 123.07
2400 3,650 1,141 960.73 241.80 211.80
48.00 3,562 1,054 921.90 280.60 266.22
72.00 3478 1,019 885.14 3172.36 311.44
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Fig. 3—Rate nommalized logog graph, West Virginia Gas Well B.

TABLE 2—WEST VIRGINIA GAS WELL B, SUMMARY OF
ANALYSIS RESULTS

kh k  Skin x,
(md-t) (md) s ()
Conventional m( p) semilog 6.67 0064 -40 —
Winestock-Colpitts graph 4.03 0.038 -43 —
(straight line through last two
points)
am(p)lq vs. t, log-log graph, 450 0.043 -4.3 496

infinite conductivity vertical
fracture constant rate solution
q/am(p) vs. t, log-log graph, 4.03 0.038 -4.0 394
infinite conductivity vertical
fracture constant wellbore
pressure solution
Superposition based on logarithm  4.00 0.038 -44 —
of time approximation to pp-t,
(straight line through last two

points only) -

Superposition based on (pp-t,), 450 0.043 -4.3 51.3
infinite conductivity vertical
fracture constant rate solution

Superposition based on (pp-tp), 409 0039 -45 —
van Everdingen and Hurst, $=0
constant rate solution

Homer buildup analysis 452 0043 -43 —

Winestock and Colpitts normalized pressure drawdown
plot in terms of Am(p)/q, vs. the logarithm of time. The
data were not linearized using their suggested procedure.
Note that the data have a continuously sweeping curve
with no apparent straight-line section. This normalized
plot is similar in shape to Winestock and Colpitt's un-
normalized example data given in their paper. 12
Examination of a rate-normalized log Am( P)q, vs. log
! type-curve match (Fig. 3) shows that the semilog straight
line section was just beginning at the end of the 72-hour
drawdown test. This plot was matched on the infinite-
conductivity vertical fracture solution. Using the slope
through the last two points of the Winestock-Colpitts rate-
normalized semilog plot, as indicated by the type-curve
match, ¥=0.038 md and skin s= —4.3 was obtained. This
compares with k=0,043 md and s=—4.3 (xr=46.5 ft[14
m]) for the rate-normalized pressure type-curve analysis.
If rate normalization of pressure is a valid method of
analyzing gradual changes in rate to perform constant rate
analysis, then pressure normalization of rate should be

2214
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Flg. 4—Pressure normalized log-log graph, West Virginia Gas
Well B.

valid for analyzing gradual changes in pressure to per-
form constant wellbore pressure analysis. Fig. 4 is a
pressure-normalized rate, g,/Am(p), vs. time type-curve
plot of the same drawdown data. The data were fit to the
infinite~conductivity vertical fracture constant wellbore
pressure solution. !7 The constant wellbore pressure type-
curve analysis yields k=0.039 md and x;=39.4 ft [12 m]
as compared with k=0.043 md and xr=46.5 ft [14 m]
from the constant rate type-curve analysis. These values
compare well with those obtained from the Horner buildup
test that followed (Table 2). It should be pointed out that
pressure instead of real gas pseudopressure was also used
for analysis and gave essentially the same results. At the
pressure level and range being analyzed, this was ex-

pected

Superposition Drawdown Analyses—Gas Well B. There
seems to be doubt concerning the validity of normaliza-
tion analysis since little use of the technique has appeared
in recent literature. If a rigorous mathematical superposi-
tion analysis performed on the same data yields the same
_results as those obtained from the proper normalization
analysis, we have validated the normalization approach
through the use of field data.

Fig. 5 is an Odeh-Jones superposition plot of the
drawdown data where the logarithm of time approxima-
tion to pj, is used. As expected, the data have the same
continuously sweeping curve with no straight-line section
that was seen on the Winestock and Colpitts logarithm
of time plot (see Fig. 2). Recall that from the rate-
normalized pressure type-curve match, only the last data
point was found to be on the semilog straight-line por-
tion; none of the data could be represented by a logarithm
of time approach.

Fig. 6 represents a superposition analysis based on
values of pp-tp obtained from the infinite-conductivity
vertical fracture solution. All points fall on a straight line,
The calculated p -1 superposition value of permeability,
k=0.043 md, is the same as that calculated from the nor-
malized type-curve analysis, whereas the fracture length,
Xy, is 51.3 ft [15.6 m] compared with 46.5 ft [14.2 m}—
essentially identical results.

If only a routine Odeh-Jones superposition plot based
on the logarithm of time approximation to p, were made,
the data would next have to be corrected for the quadratic

JOURNAL OF PETROLEUM TECHNOLOGY




400 - m'= 111,200 psi%/cp/Mactd/~

k=0.038 md
s=-4.4

[mo)-mlp,)]/q,. psit/cp/Mactd  THOUSANDS

b=~182,400 psl*/cp/Mactd

R Y) 20 40 5.0

4 n
q, Xla-q, )intt=t,,)

Fig. 5—Superposition based on togarithm of time approxima-
tion to pp, West Virginia Gas Well B.

effect, D'g?, in an attempt to linearize it finally. It is
necessary to point out this effect on gas well- drawdown
data, as opposed to buildup data, since this same con-
tinuously sweeping curve can appear in afterflow-
normalized buildup pressure data.

One further superposition example is given to illustrate
that an exact physical flow mode! (such as the various ver-
tical and horizontal fracture solutions) is not always re-
quired to determine reasonable reservoir parameters from
transient analysis. Fig. 7 is a superposition plot based on
values of pp-1p from the original van Everdingen-
Hurst !9 solution with skin, s=0 (Fig. 8). The concept
of equivalent wellbore radius, r,.’, is used to represent
skin effect, particularly for the stimulated well situation.
The results are close to those obtained from the other
analyses (Table 2).

The extraordinary success we had using normalization
techniques on oil and gas drawdown tests with both con-
stant rate and constant wellbore pressure analyses
prompted us to apply similar techniques to pressure
buildup afterflow data.

Buildup Afterflow Rate Normalization Equations

The afterflow rate-normalized pressure equation proposed
by Gladfelter er al.> to analyze pressure buildup data
dominated by afterflow was given as

[pws(An)—p wf,:]‘h
9, —g(4A1)

70.6 g,u [ 0.000264 k(Ar)
= In +0.809+2s|. (15)

kh ouc,ry,
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fracture p-t, model, West Virginia Gas Well B.

TABLE 3—WATER SUPPLY WELL NO. 1,
SUMMARY OF RESULTS

k Skin
(md) s
Wellbore storage type curve 13.6 0
Ap vs. log at MDH graph 13.7 0
AplAq vs. log At, modified MDH 18.1 =02
Aplaq vs. At log-log graph 13.5 0
Agarwal et &l., skin and storage
type curve

Superposition based on logarithm 13.6 0
of time approximation to pp-tp
(straight {ine through all points)

Cancelling q, and expressing in the familiar logarithm
base 10 form, we have their rate-normalized MDH
equation

Pws(BN)—Puys

q,—q(An
162.6 p k(Ar
= log 3 —3.23+0.87s[. ....(16)
kh buc,r,

Eq. 16 indicates that a plot of

Pws (an “Pwfs

vs. log At
q,—q(A)

should be linear with slope equal to
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stant terminal rate solution, West Virginia Gas Well B.

The skin is determined from

pw:(At) “Pwfs

s=l.1515{
m'lg, —q(An)]

k(Af
—mg(—)2 +3.23} TR (18)

ducyr,,

Note that buildup Eq. 16 is similar to Winestock and
Colpitts’ drawdown Eq. 1, except that the pressure dif-
ference now is normalized not by g but by Ag.

In 1974, Odeh and Jones?® presented a method to
analyze buildup afterflow rates following a constant rate
semisteady state production period at rate g,,. The general
equation describing the pressure change at any shut-in
time, Az, is

70.6 u/ —
Pws(A1y)=pro= <Z =(gi—qi-1)

kh i=1
0.000264k
‘In(Ary —Ari_1)+(g, —q..){ln——2
duc,ry,
+0.809+2[s+D(q, —q,,)]}). .............. (19)
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Fig. 8—van Everdingen-Hurst constant terminal rate solution,
after Ref. 19.

The linearized form of Eq. 19 is

pw:(AIn)—an.s -D'(q, -qn)2
40=49n

70.6 -1 i
= a {'——[ Z @i—qi-1)

kh (qa _qn) ‘ i=]
0.000264k
*In(Ar, —AI,~_|)] +ln———2— +0.809+?J} ,
op Ciry
............................. 20)
where
70.6 u
D'= @D). e e (03))

If non-Darcy flow is zero, a plot of

Af —
Pus(B1,) =Py vs.

40— 4n

-1

2 (@i=gi-1)n(At, —At;_)
90=4qn i)

should plot as a straight line with slope m’, where

and intercept b, from which the skin can be calculated,
is given by -

1 /5 0.000264k
s=—{ —=-ln—m— —0.809). ........ (23)
2\m' duc,ry,?
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Fig. 9—Conventional pressure and afterflow rate normalized
buildup log-log graphs, Water Supply Well No. 1.

A more general form of Eq. 20, expressed in terms of
dimensionless pressure and dimensionless time, is

Pws(8tn) =D s -D'(g, -qn)2

90—4n
_ 1412 { -1
kh (Qo—qn)

[ 2 @i—gqi-1)Pp(Aty —Ni-l)n] +s}. .. (24)

i=1 .

When non-Darcy flow is zero, Eq. 24 should be lincar
when plotted as
(A1y)—~
Pws n) Pwfs vs.
40 —4n

-1 n
> (i—4qi-1)Pp(At—Ati_1)p
90— 4qn i=1 R

having slope
141.2 p
M = it 25
0 25
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Fig. 11—Superposition based on logarithm of time approxima-
tion to pp, Water Supply Well No. 1.
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and intercept
DM S, i (26)

As stated earlier concerning the solution of the
drawdown superposition equation in terms of pp-/p, the
solution of Eq, 24 also must be obtained through trial and
error. The time conversion constant, ¢p/t, which results
in the minimum standard deviation between observed and
backcalculated values of [Py (Afy)—Puwrs} (g0 —gn) is
considered to give the best solution

Note that if dimensionless time is defined in terms of
fracture half-length, xg, or equivalent wellbore radius,
r, ', then rp/t is used to determine xy or ry, !, from which
skin can be obtained. If dimensionless time is defined in
terms of x, and if the plot of

At,)—
Prws(Bn) =P ugs v.

qo0—4n

-1 n
Z (qi—qi-1)pplAt, —4ti_)p

90=49n i=1

results in an intercept other than zero, an additional skin
exists apart from that caused by stimulation. The com-
posite skin is then the algebraic sum of the two skin values,

ST=Sgts4.
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Fig. 12—Conventional and afterflow rate normalized buildup log-
log graphs, Case 5 of Ref. 8.
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To determine a pp-tp model and whether semilog
analysis techniques apply, it is necessary to make an
afterflow-normalized pressure log-log plot of Ap/Ag, vs.
Ar,

Field Examples of Afterflow Rate Normalization

Water Supply Well No. 1. An 18-hour buildup test was
performed on a water supply well by using an acoustic
liquid level monitor. The device, its use, and a review
of field data obtained from it have been reported in the
literature. ™8 This single-phase flow test provided an
excellent opportunity to apply the afterflow rate nor-
malization procedure.

Fig. 9 is a log-log graph of both conventional Ap vs.
Ar data and afterflow rate-normalized pressure data,
Ap/Aq vs. At. Early-time pressure data are clearly affected
by wellbore storage. The conventional Ap vs. At log-log
plot matched to the skin and storage type curve of Agarwal
et al.,' at 2 Cp=1,000 and skin=0 (calculated
Cp=826), indicates the semilog straight line to begin
about 200 minutes after shut-in, The permeability
calculated from the match was 13.6 md.

The afterflow rate-normalized pressure log-log plot in-
dicatcsﬂmtnowallthenommlizeddatafallonﬂnsemﬂog
straight line. This is the expected result as demonstrated
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Fig. 14—Afterflow rate normalized MDH graph, Case 5 of Ref. 8.

by Gladfelter et al.> However, as shown in later ex-
amples, afterflow rate normalization does not always nor-
malize the data onto the semilog straight line, This at first
was somewhat of a surprise—the idea of the well’s real
pp-tp function being directly reflected by the rate-
normalized log-log data plot.

Fig. 10 is a graph of both the conventional MDH plot
of pys vs. log Ar and the afterflow rate-normalized
pressure modified MDH plot of 4p/Agq vs. log Ar, The
conventional MDH plot has the usual character of a well
with wellbore storage, with only a portion of the data
existing on the semilog straight line. All the data on the
Ap/Aq modified MDH plot exist on the semilog straight
line as was also indicated by the afterflow rate-normalized
log-log data plot. The straight line drawn on the Ap/Ag
modified MDH plot was based on a least-squares regres-
sion fit of all the data. Permeability from the modified
and conventional MDH plot is 13.1 and 13.7 md, respec-
tively, and the skin is —0.2 and 0.

Since the afterflow rate-normalized pressure type-curve
match indicated that all the data were on the semilog
straight line, a superposition analysis based on the
logarithm of time approximation to pp was performed.
As illustrated by Fig. 11 all the data were linearized by
this superposition approach. The resulting permeability

TABLE 4—CASE 5 OF REF. 8, SUMMARY OF BUILDUP
ANALYSIS RESULTS

Log Ap/ag, vs. log At

graph, uniform fiux vertical

fracture constant rate solution

Apl/Aq, vs. log At, MDH
graph (straight line through
last two points)
Suparposition based on
logarithm of time
approximation to pp-t,
(straight line through last two

points)

Superposttion based on (p,-tp),

uniform-flux vertical fracture
constan! rate solution

2218

2). (+)
B/t \s/t shn  x,

(md-fcp) (mdicp) s  (ff)
161.0 447 -51 954

156.4 4.34 -52 -

165.3 4.59 -52 o~

183.4 4.54 -5.2 105
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Fig. 15—Superposition based on logarithm of time approxima-
tion to p,, Case 5 of Ref, 8.

of 13.6 md and skin of zero are identical to the permeabil-
ity and skin obtained from the normalized type-curve
analysis. Table 3 compares results obtained from all
analysis methods.

Brownscombe’s Case 5. Case 5 of Ref. 8 was one of our
early attempts to use normalization techniques with
pressure buildup afterflow rate data. Fig. 12 is a log-log
plot of both the conventional pressure Ap vs. At data and
total fluid afterflow rate-normalized pressure data,
AplAq, vs. At Note the dramatic change in early-time
character from unit slope to half slope. The most in-
teresting point observed is that the time to the start of the
semilog straight line is satisfied by both the ‘1% log cy-
cle rule’’ on the conventional Ap plot and the *‘double
Ap rule’’ ( p over g rule in this instance) on the afterflow
rate-normalized plot. Total test duration was 77 hours with
the time to the semilog straight line indicated to be 93
hours. The rate-normalized pressure type-curve match
suggests the uniform-flux vertical fracture as a pp-tp
model for a superposition analysis. Since none of the data
lie on the semilog straight line portion of the vertical frac-
ture solution, a logarithm of time approximation to pp
for analysis purposes would be invalid.

. PSI/RBPD

Ap
Aqy

At,min

Fig. 17—Conventional pressure and afterflow rate normalized
log-log graph, Oil Well No. 1
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Fig. 13 is the total rate-normalized pressure type-curve
plot along with its match point. Since a multiphase flow
test is involved, the analysis goccdure suggested by
Perrine?! and later by Martin?? and Chu ef al.23 was
necessary and gave a total value of (kh/p), of 161 md-
ft/cp [49 md-m/Pa-s] and a half fracture length, xy, of
95 ft [29 m]. Note the early-time points approaching the
half-slope portion from above, indicating a possible
slightly positive skin on the fracture face.

Fig. 14 is a rate-normalized pressure MDH plot. A
straight line was drawn through the last two points of the
continuously sweeping data curve since none of the data
were on the semilog straight line. The data were suffi-
ciently close to the semilog straight line, although the
calculated (kh/p), of 156.4 md-ft/cp {47.6 md-m/Pa-s]
compares well with that of 161.0 md-ft/cp [49
md-m/Pa-s] obtained from the normalized type-curve
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Fig. 18—Conventional preasure-time log-log graph, Oil Well
No. 1.
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TABLE 5--0IiL WELL NO. 1 TEST DATA

Afterflow Rates
Shut-in —_ Welibore
! Time Liquid ___ Pressure  “Gas Liquid Total (.t".) Storage
At Level Surface Bottomhole g, q, q, Ap Aq /t Coefficient
(minutes)  (fy  (psi) (ps) _ (RB/D) (RB/D) (RB/D) (psi) (psVRB/D) _(bblipsi)
o 7277 40.9 99 257 KA 328 0 0.0 0.0
3 7,269 413 103 229 59 288 4 0.100 0.161
5 7,263 41.5 105 219 59 278 6 0.120 0.197
10 7,248 42.1 1 202 60 262 12 0.182 0.156
15 7,234 42.8 116 183 61 244 17 0.202 0.176
20 7,218 43.4 122 168 61 229 23 0.232 0.137
25 7,205 43.9 128 154 62 216 29 0.259 0.129
30 7,190 4.5 133 142 62 204 34 0.274 0.146
35 7,176 45.0 139 131 63 194 40 0.299 0.115
40 7,161 45.6 145 122 63 185 46 0.322 0.110
45 7,147 46.1 151 112 64 176 62 0.342 0.105
50 7,132 46.6 156 105 64 169 57 0.358 0.120
85 7,118 47.1 162 98 64 162 63 0.380 0.094
60 7,103 47.6 168 91 65 156 69 0.401 0.092
70 7,074 48.6 180 82 65 147 81 0.448 0.088
80 7,045 48.5 192 72 66 138 93 0.489 0.083
80 7,019 50.4 202 67 61 128 103 0.515 0.092
100 6,994 51.3 212 62 57 119 113 0.541 0.086
110 6,970 52.1 222 58 55 113 123 0.572 0.081
120 6,948 52.9 231 55 50 105 132 0.592 0.084
173 6,851 56.8 272 41 43 173 0.709 0.085
236 6,756 60.5 315 - 27 36 216 0.815 0.075
308 6,665 64.0 356 18 31 257 0.924 0.069
380 6,579 67.5 385 15 26 296 1.031 0.066
20

583 6413 74.3 472

694 6,341 77.4 505

814 6,274 80.4 536

945 6,213 83.3 564
1,034 6,185 86.1 591
1,234 6,098 88.5 621
1,383 6,041 90.6 648
1,662 5,083 92.7 674
1,741 5826  84.7 700
1,928 5,868 86.6 726
2,127 5,811 98.4 752
2334 5754 1003 777
2,552 5,686 102.1 830
2,778 5,639 103.8 828
3,015 5,582 105.6 853
3,180 5,547 1068 867
3240 5535 107.2 873
3300 5,523 1076 878
3360 5,511 1080 - 883
3420 5489 1084 8as
3480 5488 1086 889
3,540 5477 1089 804
3600 5486 109.1 908
3660 5455 109.3 913
3,720 5444 1095 817
3,780 5434 109.7 922
3,840 5423 1099 926
3800 5413 110.1 830
3960 5493 1104 835
4,020 5,383 ‘1105 939

OOOOOOOOOO—I—AJ-'O—‘OOO—‘-‘NNNQ&OIO)\!O

TABLE 6—0IL WELL NO. 1 RESERVOIR PARAMETERS

Porosity, % 14.0
Thickness, #t . 47.0
Welibore radius, ft 0.31
Spacing, acres . 40.0
System compressibility, psi =’ 20x 10~
Reservoir teamperature, °F © 1230
Oil gravity, °APi 35.0
Oit viscosity, cp 3.18
Water viscoasity, cp 0.56
Gas viscosity, cp 0.0155
Water cut, % 30.0
Casing ID, in. 4,953
Tubing OD, in. 2.375

2220

373 1.247 0.061

16 406 1.331 0.061
14 437 1.418 0.058
12 485 1.495 0.060

482 1.672 0.037
522 1.657 0.065
549 1.732 0.049
575 1.814 0.050
601 1.880 0.050
627 1.866 0.048
653  2.047 0.048
678 2.119 0.049
704 . 2200 0.047
729  2.271 0.047
754 2349 0.046
768  2.385 0.053
774 2404 0.042
779 2419 0.050
784 2435 0.050
789  2.450 0.050
800 2477 0.021
805 2492 0.042
809 2505 0.052
814 2,520 0.042
818  2.533 0.052
823 2548 0.042
827  2.5680 0.052
831 2.573 0.052
836  2.580 0.038
840 2583 0.042

aammmmmmmmmmmmmmqmmummoa

match. Similar results were obtained from a superposi-
tion plot (Fig. 15) where the logarithm of time approx-
imation to pp was used. Although no straight line
existed, the data were close enough to it so that a line
through the last two points gave reasonable calculated
results,

The question of a non-Darcy flow adjustment to
linearize the data comes to mind since nearly all the
afterflow is indicated to be gas. However, a superposi-
tion analysis based on pp-1p from the vertical fracture
solution as suggested by the rate-normalized type-curve
analysis indicates that a non-Darcy flow adjustment is not
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Fig. 19—Total aftertiow rate normalized log-iog graph, Oil Wel!
No. 1.

* required. Fig. 16 shows that the data are linearized when
the correct pp-tp model is used.

Table 4 compares results obtained from all the analysis
methods.. Note that results from the normalized type-curve
analysis are essentially the same as those from the pp-
{p superposition, thus confirming with field data that nor-
malization works for gradually changing rates.

Oil Well No. 1. Phillips’ Oil Well No. 1 was hydraulically
fractured in 1956 at initial completion and is currently
under waterflood and on pump. A buildup test was run
‘with an acoustic liquid level measuring device in Sept.
1979. All the pressure and afterflow data appearing in
Table 5 come directly from the final test report. The
wellbore storage coefficient has been calculated and added
following the procedures appearing in Ref. 8. Table 6 lists
pertinent reservoir and well data.

Fig. 17 is a log-log plot of the conventional Ap vs. At
data and the total fluid afterflow rate-normalized pressure
data, Ap/Ag, vs. At. As in the Case 5 example, the start
of the semilog straight line is satisfied by the ‘1% cycle
rule’’ on the conventional Ap plot and the ‘‘double Ap
rule’’ on the afterflow rate-normalized pressure plot.
Again, none of the data from the 67-hour buildup test are
on the semilog straight line. The semilog straight line
starts at approximately 100 hours (s of 2.0 is used as
start of semilog straight line).

Attempts at matching the conventional pressure vs. shut-
in time log-log graph (Fig. 18) to any of the published
wellbore storage type curves proved unsuccessful.
However, the total fluid afterflow rate-normalized
pressure vs. shut-in time log-log graph was matched to

8| Mf"
L™ ]

At min

Fig. 21—Gas afterflow rate normalized log-log graph, Oil Well
No. 1.
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Fig. 20—Liquid afterflow rate normalized log-log graph, Oil Well
No. 1.

the uniform-flux vertical fracture solution (Fig. 19). Figs.
20 and 21 are log-log graphs of liquid and gas only
afterflow rate-normalized pressure vs. shut-in time data.
Neither of the individual phase normalization plots
matched any of the published type curves. As expected
for a multiphase-flow pressure-buildup test, a Perrine type
of analysis would require that the normalization be based
on total fluid (oil plus gas plus water) to obtain the cor-
rect p p-tp model. In this case, the uniform-flux vertical
fracture solution is matched with the total fluid normaliza-
tion graph. This would appear to be a field data verifica-
tion of the Perrine analysis method.

A rate-normalized pressure modified MDH plot (Fig.
22) was made and a straight line drawn through the last
group of points of the continuously sweeping data curve.
Similar sweeping curves with no clear straight-line sec-
tions were obtained on the conventional Horner plot (Fig.
23) and an Odch-Jones logarithm of time superposition
plot (Fig. 24). Straight lines drawn through the last group
of points on each plot give reasonable calculated results.

Normally, in looking for a linear flow period, a pressure
vs. VAt graph is made. In this case, a Ap vs. VAt
plot does not result in a straight line but a total fluid
afterflow rate-normalized pressure plot, Ap/Ag, vs.

At, does (see Fig. 25),

A pp-tp superposition analysis based on the uniform-
flux vertical fracture solution, suggested by the rate-
normalized type-curve analysis, is shown in Fig. 26 for
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Fig.'22—Afterflow rate normalized MDH graph, Oil Well No. 1.
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Fig. 23—Conventional Homner graph, Oil Well No. 1.
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Fig. 25—Afterflow rate normalized pressure-square root of time
graph, Gil Well No. 1.

atp/t of 0.00034. A range of 1/t values between 105
and 1 was investigated. A plot of #p/f vs, standard devia-
tion indicated the minimum standard deviation at a tp/t
of 0.00034. This value of tp/t is identical to that obtained
from the afierflow rate-normalized type-curve analysis.
Table 7 summarizes results from all methods of
analysis. Note that the results obtained from & normalized
type-curve analysis and p p-fp superposition are identical,
again confirming with field data that normalization works.
On the basis of results from the pp-tp or normalized
type-curve analysis, the average reservoir pressure, pgr,
is calculated from an equation suggested by Ref, 20 but
on a total fluid withdrawal basis:

2.254
141.2 g, C..2 +5

- r
pr= d- +Pups- ----27)

),

For 40 acres [161 874 m?], the well in the center of
a square, C,=30.883 and r,,=0.31 ft [0.095 m], we
have

_ 1412 (328)0In (1,149.2)-4.7]
Pr= 88.0
Pr=1235+99=1,334 psi [9198 kPa].
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Fig. 24—Superposition based on logarithm of time approxima-
tion to p,, Oil Well No. 1.

Conclusions

1. Normalization analysis techniques work for gradually
changing rates and/or pressure data.

2. Normalized type-curve analysis identifies whether
the semilog straight line exists and suggests the proper
Pp-tp model for analysis purposes. Attempts at identify-
ing linear flow, near wellbore permeability changes or
boundaries, andspecmlﬂowmdelssuchnsdtmlpommty
from early-time data affected by afterflow will require
both accurate pressure and total afierflow fluid rate
measurements,

3. The logarithm of time approximation to pp for
analysis of low-permeability stimulated wells is often
invalid.

Nomenclature
b= intercept from superposition analysis
¢,= system total compressibility, psi !

[kPa~1]
C= wellbore storage coefficient, bbl/psi
[m3/kPa]
C 4= shape factor

Cp= dimensionless wellbore storage coefficient
D= non-darcy flow constant
D'= Dxm
h= formation thickness, f& [m]}
k= permeability, md
m= slope of linear portion of conventional
semilog plot, psi/cycle [kPa/cycle]
m'= slope of linear portion of a rate-normalized
pressure semilog or superposition plot,
psi/RB/D/cycle or psi/10° cu ft/D/cycle
[kPa/res m3/d/cycle} or
[kPa/10% m3/d/cycle]
m(p)= real gas pseudopressure
pi= initial pressure, psi [kPa]
Pwr= flowing bottomhole pressure, psi [kPa]
Pwyfs= flowing bottomhole pressure just before
shut-in, psi [kPa)
Pws = shut-in bottomhole pressure, psi [kPa]
Pp= dimensionless pressure
DR = average reservoir pressure, psi [kPa)
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Fig. 26—Superposition based on uniform-flux vertical fracture
pp-tp model, Oil Well No. 1.

q,= gas flow rate, 10° scf/D [103 std m?/d] at
60°F [16°C) and 14.7 psia [101.4 kPa]
q;= flow rate at the ith time period during a
shut-in, RB/D [res m3/d]
q:= liquid rate, RB/D [res m3/d]
qn= flow rate during nth rate period, RB/D or
Mscfd fres m3/d] or [103 std m3/d)
go= flow rate prior to shut-in, RB/D [res m>/d]
g,= total rate—gas and liquid, RB/D [res m>/d]
g(Ar)= afterflow rate at time At, RB/D [res m3/d]
gp= dimensionless flow rate
rw= wellbore radius, ft {m)
r,, '= equivalent wellbore radius, ft {m]
s= skin factor, dimensionless
s4= skin factor due to damage, dimensioniess
5= skin factor due to stimulation,
dimensionless
t= time, hours
tp = dimensionless time
tpyy= dimensioniess time based. on half-fracture
length
ty= Homer producing time
Ar= shut-in time, hours
T, = reservoir temperature,°F [°C]
xg= half-fracture length, ft [m]
z= gas deviation factor
u= oil viscosity, cp [Pa‘s]
¢ = porosity, fraction
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TABLE 7—O0IL WELL NO. 1, SUMMARY OF ANALYSIS

RESULTS
). o

K/t skin x,

(mdfticp) s (f)

Wallbore storage type curve no match obtained on
published type curves

Horner buildup analysis 76.2 -48 -~
A piAg, vs. log At, modified 85.6 -47 -

MDH analysis

Aplag, vs. At log-log graph, 87.5 ~4.7 834

uniform-flux vertical fracture
constant rate solution
Superposition based on logarithm 85.1 -46 —
of time approximation 10 pp-tp
(straight line through last
points)
Superposition based on pp-tp, 88.0 -4.7 931
uniform-fiux vertical fracture
constant rate solution

Subscripts
&= gas
i= time to the ith interval in a superposition
analysis
1= liquid
n= time to the nth interval in a superposition
analysis
t= total
w= wellbore
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bbl x 1.589873 E-01 = m?3
cp X 1,0% E—-03 = Pa's
cuft X 2.831685 E—02 = m?
ft X 3.048% E-0l =m
in. X 2.54* E+00 = cm
psi X 6.804 757 E+400 = kPa
psi? X 4.753 8 E+01 = kPa?
*Conversion factor ia exact, JPT
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Summary

This work presents the conversion of the shape factor,
C,4, 1o a pseudosteady-state skin term, sc4. When the
shape factor is expressed as a skin term, it becomes easier
to see the effect that a well placement in a given drainage
area will have on the well’s performance. Skin factors
for published drainage shapes and well locations are given.

Discussion
In attempting to calculate interference effects of well loca-
tions on production forecasts, it was found very conven-
ient to express the shape factor, C,, as a pseudosteady-
state skin term, s 4. When using pseudosteady-state flow
equations, the effect of a well not located in the center
of a radial or square drainage arca becomes immediately
apparent when the shape factor is expressed as a skin term.
The general pseudosteady-state equation in terms of C 4
for oil, gas, or water can be written as

7.08kA(p—p uy)

M<W+ o ) s e 4))
CArwz s q

By using an effective drainage radius, r,’, to maintain
an equivalent reservoir volume

q=

and the shape factor for a well at the center of a circular
drainage area (C4 =31.62), we can obtain the familiar
radial flow pseudosteady-state equation

7.08kh(5—Poy) @

i

Tw

Introducing a reference shape factor term, we can write
q=7.08kh(p—p )/ uB{in(r, '/r,)
+ln(2.656NCA,,,f)+[1n(2.656NCA,W)

—In@.656/VC 1 et +5+Dg}, \errrrirnnn... @

Copyright 1885 Soolaty of Petroleum Enginesrs
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=207~

or
q-——-
7.08kh(p~pwy)
! 2.656 C
(;:.B)[ln(—r-'—> . I = 2! +s+Dq]
Tw ‘/CA.mf Canew

Defining a pseudosteady-state skin factor, sc4, as
CA ref
Sca =ln'\/ et ()
CA.new

we have, referencing to the center of a circle (the classic
analytical solution) with C 4 .r=31.62,

7.08kh(P =P wf) D

q= n
(uB) [ln(r;) —~0.750+sc4 +s+Dq]

Tw
or, referencing to the center of a square (field and model
situations) with C .r=30,8828,

7.08Kh(B—P up) ®

q=

!

uB) [m(l) ~0.738+s¢4 +s+Dq]

Tw

Values of s, referenced to the center of a circle or
square are tabulated in Table 1. Values of C, in Table
1 were obtained from Ref. 1.

Constant wellbore pressure production forecasts for
wells not in the center of a circle are made conveniently
by using the concept of effective wellbore radius
r,'=rye %cs with gpy and rpy from Ref. 2 and
rp'=r.'Ir,".

Nomenclature
A = drainage area, ft? [m?]
B = formation volume factor
C4 = shape factor
D = non-Darcy flow constant

321
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TABLE 1—SKIN FACTORS FOR VARIOUS DRAINAGE SHAPES

scA *CA
DRAINAGE BHAPE REFERENCED TO A DRAINAGE FaAHCerPOE REFERENCED TO A
R
SHAPE FA%TAOR CIRCLE @ SQUARE D SHAPE Ca CIRCLE @ 8QUARE E
10.8874 0.836 0.824

@ 31.82 0.000 ~0.0118

20.8820 0.0118 0.000 ’ 4.8141 0.073 0,602

K ==

@ s1.e 0.0008 -0.0118 = 2.0760 381 1.360
T .

& 27.8 0.0880 0.0802 = s.1673 1.182 1140
2

L7 =

27.1 0.0771 0.0083 d 0.6813 1.008 t1.080

,,,‘B 210 __oaes 0.172 m. 0.1100 2.626 2,016
T 7

o0.008 2,068 2.878 g 8.3780 o.ee00 0.8674

<

12.0061 0.448 0.433 e —1 2.0088 1.232 1.220
0
<

ot

(")

4.6132 0.073 0.882 ! 0.2318 2,468 2.440

3.8381 1.128 1113 e v | 01186 2.000 2.704
21.8380 0.186 0.173 1 2.3800 1287 1.200

[ m®:s

h = formation thickness, ft [m] Acknowledgment
k = permeability, darcy [m?] We thank the Phillips Petroleum Co. for permission to
Puf = flowing bottomhole pressure, psia [kPa] publish this paper.
p = average reservoir pressure, psia [kPa] References
g = surface flow rate, B/D [m?3/d}
_ . . . 1. Earlougher, R.C. Ir.: Advances in Well Test Analysis, Monqgraph
gpgs = decline curve dimensionless rate Series, SPE, Richardson, TX (1977).
r.' = effective drainage radius, ft {m]} 2. M.J. Fetkovich: “‘Decline Curve Analysis Using Type Curves,”
r,, = wellbore radius, ft [m] J. Pet. Tech. (June 1980) 1065-77.
s = skin factor JPT
tps = decline curve dimensioniess time Oviginal ot (SPE 12304) received in the Soclety of Petroleum Engineers of-
4 = viscosity, cp [Pa-s) m;é%vmwmmmmm 1984, Revised manuscript
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MUSKAT'S CLUSTER WELLS EQUATION

o
By M. J. Fetkovich

n = NUMBER OF WELLS IN THE CLUSTER

r = CLUSTER RADIUS
R = CLUSTER WELLS DRAINAGE RADIUS

2 nkh (Pe - Pwf)

TOTAL Q = o P __
up [Loe 242 Loe —mw]

q WELL -%- 2 nth (Pe1— pwi) r
nup LOG ['r-*F L0G n_rw_]

| .ﬂ . _l_ r ,ﬂ r

OR n [LOG S —nrw] - 0 LOG T +LOG 7
. n

REDUCES TO LOG ——

nrn=1ry

' RN
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8 WELL CLUSTER
UPPER BUNTER

R - _\/_5_ _\/5739 ACRES x 43560 _
T = 8920 FT.

RM__ 89208
nr=1 8(800)7

MINIMUM POSSIBLE INTERFERENCE
8 WELLS EQUAL SPACING

717 ACRES/WELL
re = 3153 FT.

re’ = = 10.47 x 10° FT.




- -2]2-

CALCULATED r FOR re' EQUAL TO THAT OF UNIFORM SPACING

n
r=-n-1/ B
nre'

c = ~7/ 89208
8(3153)

= 7689 ft.

EQUAL RESERVOIR INTERFERENCE
INCREASED TUBING FRICTION DROP

2950ft..

76809ft.

@)

900ft.
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EFFECTIVE WELLBORE RADIUS
CLUSTER WELL

OR

SINCE r,” =r, eS
r,'
1n —_ = - 8
rH
r\n-1
THEN - 1ln n - = S
R

FOR THE 8 WELL CLUSTER (UPPER BUNTER)

OR

SINGLE WELL SKIN

900 \7
S=-1n |8 [ — =+ 14

8920

USED WITH NORMAL FLOW EQUATION AS

R R
1n — ]+ 8 or 1ln —_
Ty r,’

"‘T~ .
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