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ABSTRACT

Analysis of Gas Deliverability Curves For
Predicting Future Well Performance (August 1985)
Thomas Gary Corbett, B.S., University of Texas

Chairman of Advisory Committee: Dr. W. D. Von Gonten

Transient testing techniques represent the state-of -the-art in gas
well testing. However, valuable data is already available in the form
of stabilized backpressure tests. A recurring problem is how to use
backpressure test data to determine reservoir characteristics and

predict future reservoir performance.

The commonly used deliverability equation does not adequately
consider the effects of real gas behavior or non-Darcy flow. These
factors cause the gas deliverability curves to deviate from the
expected straight line and to shift position with time. To investigate
these problems, a pseudosteady-state flow model was used to simulate
backpressure tests for known reservoirs. The simulated tests were then
analyzed using the techniques in the Railroad Commission of Texas {RRC)

manual on backpressure testing.

The results calculated by the RRC method revealed significant
errors when compared to simulated results. The RRC procedures for

calculating flowing bottomhole were especially inadequate. A better



approach to analyzing backpressure tests makes use of the real gas
pseudo-pressure equation for pseudosteady-state flow. This equation
incorporates a non-Darcy flow term, and correctly accounts for real gas
behavior. The advantages of using this equation to characterize

reservoir behavior were demonstrated.

Finally, using the correct pseudo-pressure representation of the
backpressure test, a simple and useful step-wise procedure of

forecasting future gas well deliverability was outlined.
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INTRODUCTION

The testing of gas wells to determine their productive
capabilities is an important part of the natural gas industry. Such
tests are necessary for determining the commercial value of a well,
determining if and when compression is needed, satisfying regulations
of state agencies, designing processing plants or pipeline extensions,
and forecasting performance. The types of tests performed on gas wells
have evolved over the years as our understanding of reservoir and real

gas behavior has increased.l

When a pressure disturbance (caused by shutting-in or changing the
rate of a well) is created in a bounded reservoir, the pressure
behavior with respect to time will pass through three flow regimes,
infinite acting, transition, and pseudosteady-state.2 The infinite
acting and transition flow regimes are characterized by a non-constant
derivative of pressure with respect to time and are considered to be
transient phenomena. On the other hand, the pseudosteady-state, or
stabilized, flow regime is characterized by a constant derivative of
pressure with respect to time throughout the entire reservoir., In gas
reservoirs a true pseudosteady-state does not really exist, but a flow

regime that closely resembles it does. For all practical purposes,

This thesis follows the stye of the Journal of Petroleum Technology



this flow regime can be considered as pseudns1:<=.ady—sta':e.3

Techniques are available for analyzing data from both the transient and

pseudosteady-state flow regimes.

In many reservoirs the time to reach pseudosteady-state conditions
may be quite long. Thus, from a practical standpoint, it is desirable
to stop obtaining data prior to reaching stabilized conditions. Such
data can only be analyzed with transient technigues. The gathering and
analysis of transient data has become quite sophisticated and today
represents the state-of-the-art in gas well testing.a’5 However,
valuable data are already available in the form of stabilized

backpressure tests.

The State of Texas requires that backpressure tests be run on all
gas wells for the purpose of establishing allowable production rates.
The data from these tests may also be used to forecast the future
productive capabilities of gas wells. From an economic and reservoir
management standpoint, such a forecast is desirable. A recurring
problem is how to analyze backpressure test data to obtain the best

forecast possible.

The purpose of this research was to examine the common
backpressure test analysis methods used today. The shortcomings of
these analysis methods were investigated and compared to results
obtained using better methods. Research was concentrated in three

areas: 1) effects of real gas behavior and non-Darcy flow on



backpressure tests, 2) effects of bottomhole pressure calculation on
backpressure tests, and 3) prediction of future reservoir performance

using backpressure tests.



CONVENTIONAL ANALYSIS OF BACKPRESSURE TESTS

In 1929, the U. S. Bureau of Mines published two reports
introducing the concept of backpressure testing.6’7 Research into
the applicability of backpressure testing of gas wells continued and
culminated in the publishing of the U. S. Bureau of Mines Manograph 7
by Rawlins and Sche]]hardt.8 This widely used text outlined the

procedure for running and analyzing backpressure tests on gas wells.

A backpressure test is so called because it measures the ability
of a gas well to produce against a constant “"backpressure". The
constant pressure may be a pipeline or wellhead pressure, or for
analysis purposes a constant bottomhole pressure. Appendix A presents

a detailed description on how a backpressure test is run.

The analysis of backpressure test data presented in Monograph 7 is
based on an empirical observation that a plot of flow rate versus the
difference between average reservoir pressure squared and flowing
bottomhole pressure squared tends to be a straight line on log-log
coordinates. The data are plotted and the "best fit" straight line is
drawn through the points to obtain the deliverability plot. The

equation describing the deliverability plot is:
s ef? - 2\
ag = ¢ - ol ()

where C is a constant related to the position of the straight line plot



and n is the inverse slope of the plotted line. If the deliverability
plot is extrapolated to the point corresponding to Puf equal to
atmospheric pressure, the absolute open flow rate (AOF) can be read.
The AOF is the rate at which the well could produce if the bottomhole
flowing pressure were reduced to atmospheric pressure.9 Fig. 1

shows the results of a typical backpressure test with the
deliverability plot extrapolated to obtain the AOF. Analysis of
backpressure tests employing the above empirical equation will be

referred to as conventional analysis.

Meaningful results from backpressure tests using conventional
analysis can only be accomplished if data from the pseudosteady-state
flow regime are used.m’u’l2 For a well centered in a finite
circular reservoir, pseudosteady-state begins at t[)A = 0.1, where

tDA is defined as:2

0.000264kt

t o —
DA 2 2
¢uct(m‘e) (2)
Substituting in 0.1 for tpa and solving for tS gives:
0.1¢uc (nrz)
t e (3)

ts = ~0.000264k

This equation can be used to estimate the time required for the
reservoir to reach stabilized conditions. Although Eqs. 2 and 3 are
written for a circular reservoir, they can be generalized to other

reservoir shapes using the method of Dietz.13
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Fig. 1 - Conventional Deliverability Plot



In an effort to eliminate the need for pseudosteady-state data,
many methods were developed to use transient data to predict stabilized

14-18

performance. Most notably is the isochronal method of

10 which was later modified by Katz et a'l..]'9 Many of

Cullender
the concepts presented in this research are applicable to isochronal
testing. However, this work will concern itself only with

pseudosteady-state data and conventional backpressure tests.

Although this work considers only pseudosteady-state flow, it
should be mentioned that the concept of backpressure testing is also
applicable to steady-state flow. Steady-state flow occurs when
reservoir pressure is maintained by some outside force. This force may

be a result of gas injection or a strong water drive.



REAL GAS PSEUDO-PRESSURE ANALYSIS

The methods outlined in Monograph 7 for running and analyzing
backpressure tests have remained virtually unchanged to this day.
However, some important technological advances that should be
incorporated into the analysis of backpressure tests have been made.
In 1966, Al-Hussainy, Ramey, and Crawford3 published a paper
describing the real gas pseudo-pressure. The real gas pseudo-pressure,
written as m(p), integrates the effects of viscosity, pressure, and

z-factor into a single function defined as:

P
o) - Zf?m&'m @’ @)
1]

0 verified that the use of this function in

Wattenbarger and Ramey2
place of pressure in gas flow equations removes the necessity of
defining ideal or average gas properties.

21 described a method of

Another paper by Al-Hussainy and Ramey
using the real gas pseudo-pressure to analyze backpressure tests. This
method is based on the real gas equation for pseudosteady-state flow.

In terms of real gas pseudo-pressure, this equation is:

T
- -5(1sc ) kh o
9 = [1.987 X 10 (n o, ](m(p) LITI) RS
¢ ——=2 + s + Du)q
Tw g

where D(u)qg represents the non-Darcy flow term used by

wattenbarger.zz If non-Darcy flow is negligible, a plot of q

9



versus m(p) - m(pwf) will be a straight line with a unit slope on
log-log coordinates. Analysis of backpressure tests using the real gas
pseudo-pressure will be referred to as real gas pseudo-pressure
analysis. The plot of qq versus m(p) - m(pwf) will be referred

to as the real gas pseudo-pressure, or m(p), deliverability plot to
distinguish it from the conventional deliverability plot described by
Eq. 1. As with conventional analysis, real gas pseudo-pressure
analysis, as described above, is applicable only to data taken while
the reservoir is in the pseudosteady-state flow regime. A detailed
description of using the real gas pseudo-pressure to analyze
backpressure tests can be found in the Theory and Practice of the
Testing of Gas We115.4 In the following sections, the advantages

of real gas pseudo-pressure analysis over conventional analysis will be

shown.
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RESULTS

The results presented in the following sections are based on
backpressure test data generated using Eq. 5. Data were generated on
four hypothetical gas reservoirs. The reservoirs were assumed to be
finite, circular, homogeneous, and isotropic with a single producing
well located in the center. Relevant gas and reservoir properties are
shown in Table 1. A detailed description of how the data were

generated is given in Appendix B.

Effects of Real Gas Behavior and Non-Darcy Flow

To see the effects of real gas behavior and non-Darcy flow on

backpressure test results, Eg. 5 can be rewritten in terms of pressure

squared:
T
R -5(Tsc ) kh (1 N2 2
qg = [1.987 x 10 (p T o, \Emm )](p Puf) P
SC In ——E + 5 + D(u)g 9 (6
r 9
Numerical simulation studiesza'24 nave shown that if (zu) is

avg
defined at the correct average pressure then this equation gives
exactly the same results as Eg. 5. The same studies also suggest that
the following average pressure be used to evaluate (zu]avg;

Pavg = (P * Pyp) (7



Table 1 - Properties of Hypothetical Wells

Gas gravity, fraction
Depth, ft

T, °F

Pi» psia

k, md

h, ft

¢, fraction

S_, fraction

g

r., ft

W

r., ft

e

Pger Psia
Tubing length, ft
Tubing I.D., in

Pipe roughness, in

Hell A
0.8
1,000
100

1,000

0.05
0.80
0.333
2,980
80
60
14.7
1,000
2.441

0.0006

5,000
195
5,000

10
0.05
0.80

0.333
2,980
95

60
1.7
5,000
2.441
0.0006

0.8
10,000
310
10,000
1
10
0.05
0.80
0.333
2,980
110
60
14.7
10,000
2.481
0.0006

5,000

0.80
0.333
2,980

95
60

14.7
5,000
2.441

0.0006

(Unless otherwise stated, referral to Wells A, B, C and D will

imply the above conditions)
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Comparing Egs. 1 and 6, it is seen that if n equals one, C in Eq.

1 is analogous to the bracketed term in Eq. 6. Thus we can define:

kh
+ s+ D(u)

T
- -5 sc\
€=1.987 x 10 (p T/ 0.472r
sC n e
T

(L )
. 2l g (8)
9
Eq. 8 shows that the value of C will change as z, W, and qg change
This conclusion is contrary to the assunmption made in conventional
analysis that C is constant. The effects of a non-constant C on the
conventional deliverability plot are threefold: 1) the plot will shift
positions as gas properties change, 2) the plot will bend downward due
to changing gas properties, and 3) the plot will bend upward if

non-Darcy flow effects are significant.

Shifting of Conventional Deliverability Plot

To demonstrate how the deliverability plot will shift with
changing gas properties when using conventional analysis, backpressure
test data were generated on Wells A, B, and C. Average reservoir
pressures equal to 100, 75, and 50 per cent of initial reservoir
pressure were used. Flow rates for each test were calculated at
flowing bottomhole pressures ranging from 75 to 95 per cent of the
average reservoir pressure. In these tests, skin and non-Darcy flow
effects were not included. Results from conventional analysis are

presented in Figs. 2, 3, and 4.
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Two trends are noticeable when examining Figs. 2, 3, and 4.
First, for a given well, as reservoir pressure is lowered, the
deliverability plot shifts downward and to the left. Second, the
magnitude of the downward shift becomes less for lower pressured
systems (e.g., compare Figs. 2 and 4). The shift to the left is
expected due to depletion of the reservoir. As the reservoir is
depleted, average reservoir pressure drops. This in turn reduces the
magnitude of pressure drawdown between the reservoir and the well,
resulting in lower flow rates. The lower flow rates cause the plot to
shift. The downward shift and the magnitude of the shift are results

of changing gas properties.

Fig. 5 shows a plot of zu versus pressure for the gases used in
Wells A, B, and C. Note that the value of zu increases slowly at low
pressures and more rapidly at high pressures. Looking at Eq. 7, we can
see that the pressure at which (Z”)avg is calculated is influenced
by the average reservoir pressure, f. For a high p, the pressure at

which (zy) is calculated will also be high. As p declines, due

avg

to reservoir depletion, the pressure at which (zu)avg is calculated

will also decline. Thus, the magnitude of (zu)avg will decrease

along with p. To relate the decrease in (Zu)avg to the

deliverability plot, we look at Eq. 8. As {zu) decreases, the

avg
value of C increases. For a given flow rate, a larger value of C
results in a smaller value of BZ - p‘if. This is why the

deliverability plot shifts downward with declining reservoir pressure.
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Fig. 5 - zy versus Pressure for Wells A, 8, and C
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To understand why the magnitude of the shift is greater for higher
pressured reservoirs, we look again at Fig. 5. For Well A, the initial
reservoir pressure is 1,000 psia. A fifty per cent drop in average
reservoir pressure (i.e., down to 500 psia) results in a less than five
per cent change in zu. Thus for Well A, the value of C does not change
appreciably and the curves on Fig. 2 lie closer together. On the other
hand, for Well C, whose initial pressure is 10,000 psia, a fifty per
cent change in average reservoir pressure results in a more than fifty
per cent change in zu. Thus for Well C, the value of C changes
significantly. The large change in C is reflected in a large shift in
the deliverability plots for Well C at different average reservoir

pressures.

If the backpressure tests represented in Figs. 2, 3, and 4 are
analyzed using real gas pseudo-pressure, changing gas properties are
properly accounted for. If this were so, and non-Darcy flow effects
are negligible, we would expect a single straight line plot for all
values of reservoir pressure. Figs. 6, 7, and 8 show the m(p)
deliverability plots corresponding to Figs. 2, 3, and 4. Examining the
m(p) deliverability plots indicates that all points for all tests on a
given well fall on a straight line. Therefore, real gas
pseudo-pressure analysis eliminates the downward shift seen in

conventional deliverability plots.
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Downward Bending of Conventional Deliverability Plot

The conventional deliverability plots shown in Figs. 2, 3, and 4
appear to be straight lines. In reality, they are slightly curved. To
show the bending more clearly, backpressure test results were generated
for Well C (Wells A and B also exhibit curvature, but since the
curvature is more pronounced at higher pressures, only Well C was
considered here). Tests were done at average reservoir pressures
corresponding to 100, 50, and 25 per cent of initial reservoir
pressure. Flowing bottom-hole pressures ranged from 10 to 95 per cent
of the average reservoir pressure. Skin effects and non-Darcy flow
were not included. The tests were performed at a gas gravity of 0.8
and then repeated for gravities of 0.6 and 1.0. Results are presented
in Figs. 9 through 17. Also shown on these figures is a straight line
of unit slope that would result if zu were held constant at a value

corresponding to p.

Since non-Darcy flow is neglected, the curvature in deliverabiiity
plots shown in Figs. 9 through 17 can be attributed to changing gas
properties only. For the same reason changing p caused the
deliverability plots to shift, changing P, Causes the
deliverability plots to bend downward. The degree of curvature is
determined by the difference between p and Pyf+ For a small
difference, resulting in low flow rates, (zu)avg evaluated at
pavg calculated with Eq. 7 will not differ appreciably from zu
calculated at p. So, the deliverability plot will not deviate too far
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from the straight line. As p . is lowered, resulting in high flow
rates, the difference between (z“)avg calculated at Pavg will
be significantly different from zu evaluated at p. The more
significant the difference, the more the deliverability plot will

deviate from the straight line.

Examining Figs. 9 through 17 indicates that the curvature in the
deliverability plots increases for higher gravity gases. Fig. 18 shows
a plot of zu versus pressure for gas gravities of 0.6, 0.8, and 1.0 at
a temperature of 310 degrees Fahrenheit. From this plot, it is seen
that as gas gravity increases, the change in zu with pressure also
increases. Thus, for the same change in pressure, the magnitude of the
change in zu will be greater for a gas with a gravity of 1.0 than for a
gas with a gravity of 0.6. This accounts for the greater curvature

observed as gas gravity increases.

As explained in Appendix A, most backpressure tests consist of
data gathered at bottomhole flowing pressures corresponding to 75 to 95
per cent of average reservoir pressure. This range of data is
reflected in the first four points on Figs. 9 through 17. If a
straight line is drawn through the first four points, the slope of the
Tine will be Jess than one. The Railroad Commission of Texas
(RRC)25 will not accept a backpressure test whose deliverability
plot has a slope less than one. If a slope less than one does occur,
the Railroad Commission requires that a unit slope straight line be

drawn through the data point with the highest rate of flow. This
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straight line is extrapolated to find the AOF. This procedure was used
to calculate the AOF for the test shown in Figs. 9 through 17. The
fourth data point (corresponding to Pt equal to seventy-five per

cent of P) was assumed to be the data point with the highest rate of
flow possible in a typical backpressure test. The absolute open flows
calculated with the RRC method are compared to the actual absolute open
flow rates determined from the bending line. The results of this
analysis are presented in Table 2. As expected, the highest errors
occur in the high pressure cases (where zu changes most rapidly). Note

also that the error increases slightly as gas gravity increases.

Upward Bending of Deliverability Plots

To investigate the effects of non-Darcy flow, bbackpressure tests
were run on Wells B and D. These wells are identical except for
permeability and thickness. Tests were done at reserveir pressures
equal to 5,000 and 2,500 psia. Flowing bottomhole pressures ranged
from 75 to 95 per cent of average reservoir pressure. The tests were
run with and without non-Darcy flow effects. The results from the test
are presented in Table 3. Figs. 19 through 26 show conventional and

m(p) deliverability plots.

For a given flow rate, non-Darcy flow causes a larger pressure
drop between the formation and the wellbore than predicted by Darcy's

Taw. The additional pressure drop is similar to the effects of a



Table 2 - Comparison of AOF Obtained Using
RRC Procedure to Actual AOF

For gas gravity = 1.0
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Average Correct AQF AQF from

pressure from bending line RRC procedure Per cent

_(psia) (Mcf/D) __(Mcf/D) _error__
10,000 3,075 1,957 36
5,000 1,366 1,077 21
2,500 471 435 8

For gas gravity = 0.8

Average Correct AOF AOF from

pressure from bending line RRC procedure Per cent

_(psia) (Mc£/D) (Mcf/D) _error
10,000 3,611 2,488 31
5,000 1,463 1,242 15
2,500 462 437 5

For gas gravity = 0.6

Average Correct AOF AOF from

pressure from bending line RRC procedure Per cent
(psia) (Mcf/D) (Mcf/D) error
10,000 4,025 3,019 25
5,000 1,481 1,322 11
2,500 438 423 3



Table 3 - Comparison of Deliverability Plots
Without and With Non-Darcy Flow

Well B - Average Reservoir Pressure = 5,000

Without non-Darcy Flow

psia

With non-Darcy Flow

36

aq Pt ﬁz-pif m(p)-m(p, ) Pt Ez—pf,f m(p)-m(p,¢)

114.1 4,750 .2438E7  .8875E8 4,749 .2451E7  .8926E8

228.7 4,500  .4750E7  .1779E9 4,494 . 4804€7  .1807E9

343.7 4,250  .693BE7  .2674E9 4,235 ,7056E7  .2724E9

458.8 4,000  .9000E7 .3569%E9 3,974  .9207E7 .3662E9

573.6 3,750  .1094E8  .4462E9 3,707 L1125E8  .4614E9
Well B - Average Reservoir Pressure = 2,500 psia

Without non-Darcy Flow

=2 2
ProPye M

With non-Darcy Flow

Ez—pif m(B)-m(p,,)

aq Pt (3)-m(p,¢) Puf

50.9 2,375 .6094E6  .3960E8 2,374  .6130E6  .3975E8
100.6 2,250 .1188E7  .3904E8 2,247 120067 .7886E8
148.5 2,125 .1734E7 11559 2,120 .1756E7  .1169E9
195.1 2,000 .225067 .1518E9 1,990 .2288E7  .1542€9
239.6 1,875 .2734E7  .1864E9 1,579  .2788E7  .1902£9



Table 3 - Continued

Well D - Average Reservoir Pressure = 5,000 psia

Without non-Darcy Flow With non-Darcy Flow
% Pur  Boplr MBImp) B PPl m(B)om(p,e)
5,703.6 4,750  .2438E7  .8875E8 4,731 .2616E7  .9548E8
11,435.2 4,500 .4750E7  .1779E9 4,421 54497 .2060E9
17,184.3 4,250 .693BE7  .2674E9 4,067 .8463t7  .3331E9
22,98.4 4,000 .9000E7  .3569E9 3,659  .1161E8  .4785E9
28,679.8 3,750  .1094E8  .4462E9 3,189  .1483E8  .6441F9

Well D - Average Reservoir Pressure = 2,500 psia

Without non-Darcy Flow With non-Darcy Flow
9 Pup  BoPle mB)mpye) b BP-2e miB)-mp,)
2,545.4 2,375 .6094E6  .3960E8 2,368  .6412e6  .4161E8
5,028.8 2,250  .1188E7  .3904E8 2,222  .1310E7  .8631E8
7,424.2 2,125 17347 .1155E9 2,063  .1995E7  ,1336E9
9,755.7 2,000 .2250E7  .1518E9 1,884 .2700E7  .1838E9
11,980.2 1,875 .2734E7  .1864E9 1,686  .3409E7  .2361E9
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Fig. 23 - Effect of Non-Darcy Flow on Conventional
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Fig. 24 - Effect of Non-Darcy Flow on Real Gas Pseudo-
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positive skin factor. In gas well testing, non-Darcy flow effects are
treated as a dimensionless rate dependent skin factor (seen as

D(u)qg in Egs. 5 and 6). Looking at Eq. 6, the effect of

increasing D(u)qg is to increase the value of ﬁz - pf,f for

a given flow rate. This causes the conventional deliverability plot to
bend upward. Eq. 5 also includes the D(u)q term, so the m(p)

deliverability plot will also bend upward.

It was shown previously that changing gas properties cause
deliverability plots from conventional analysis to bend downward if
non-Darcy flow effects are negligible. Since changing gas properties
and non-Darcy flow effects have opposite effects on the conventional
deliverability plot, they will tend to cancel each other out if both
are significant. The complex interaction between changing gas
properties and non-Darcy flow make it difficult to ascertain the
effects of non-Darcy flow alone. Using real gas pseudo-pressure
analysis, there are no changing gas property effects. Thus, if
bottomhole pressures are calculated correctly, any upward bending of

the m(p) deliverability plot can be attributed to non-Darcy flow.

Figs. 19 through 26 confirm the upward bending caused by non-Darcy
flow. Since non-Darcy flow is rate dependent, the difference between
the deliverability plot with non-Darcy flow and the deliverability plot
without non-Darcy flow should be more for high rates. This is
confirméd by the deliverability plots for Well D which has high rates.

For Well B, which has low rates, non-Darcy flow effects are not
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significant and cause only slight upward bending in the deliverability

plots.

Note that the D(u)q term is empirical and most likely represents a
minimum value of turbulence (i.e., that which would occur if gas were
flowing from a homogenous reservoir into a well with an openhole
completion). The presence of perforations, partial penetration, a
layered system, or inhomogeneities would tend to increase turbulence.
Thus, with actual data the deliverability plots may bend upward more

severely than illustrated here.

Effects of Bottomhole Pressure Calculation

Before it is possible to use real gas pseudo-pressure analysis to
analyze backpressure test data, pressures measured at the surface must
be converted to bottomhole pressures. There are several methods
available to calculate bottomhole pressures from surface pressures.
The methods used here will be the methods described by the RRCZS
involving the Weymouth formula and the Cullender and Smith routine.?
Appendix C describes these methods and outlines the calculation
techniques. It should be noted that there is no completely reliable
method of calculating bottomhole pressures from surface pressures.
However, since the Cullender and Smith method is more rigorous than the
RRC method, bottomhole pressures calculated using Cullender and Smith

will be considered as correct.
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To compare the two methods, data from backpressure tests on Wells
A, B, C, and D were analyzed using both Cullender and Smith and the RRC
method to calculate necessary static and flowing bottomhole pressures.
The backpressure test data did not include the effects of non-Darcy
flow. Table 4 shows the comparison between bottomhole pressures
calculated with the two methods. For Wells A, B, and C the RRC method
compares very well to Cullender and Smith especially in terms of per
cent error. However, for Well D the RRC method breaks down. The
reason for the increased error is the the high flow rates associated
with Well D. The Weymouth formula used by the RRC overestimates

friction pressure drops for high flow rates.

To see the effects of bottomhole pressure on the deliverability
plot, the pressures in Table 4 were used to construct the conventional
deliverability plots shown in Figs. 27 through 34. For Well A, the
deTiverability plots from the RRC method are approximately the same as
those from Cullender and Smith. For Wells B and C, there is a
noticeable difference between the slopes of the deliverability plots
from the RRC method and the deliverability plots from Cullender and
Smith. This difference is present despite the very small percentage
error in calculated bottomhole pressures. Notice that the plots from
the RRC method tend to have smaller slopes than the plots from
Cullender and Smith. For Well D, the RRC method yields completely

unrealistic deliverability plots.

In a conventional deliverability plot, a slope less than one may



49

Table 4 - Comparison of Bottomhole Pressures Calculated
With Cullender and Smith Method and RRC Methods

Well A:

Well A:

Static Wellhead Pressure = 966 psi

Static Bottomhole Pressure =1, 000 psia (C&S)

Static Bottomhole Pressure = 1,003 psia (RRC)
g Pwh Puf Puwf per cent

(Mcf/D) (psia) Cas RRC error
14.2 917 950 951 0.10
27.8 870 900 901 0.11
40.7 822 850 851 0.12
53.0 774 800 801 0.13
64.6 726 750 751 0.13

Static Wellhead Pressure = 485 p

Static Bottomhole Pressure = 50 0 ps1a (C&S)

Static Bottomhole Pressure = 501 psia (RRC}
qg Puh Pyf Pyf per cent

(Mcf/D) {psia) C&s RRC error
3.9 461 475 475 0.00
7.6 437 450 450 0.00
11.1 412 425 425 0.00
14.5 388 400 400 0.00
17.6 364 375 375 0.00



Well B:

Well B:

Table 4 - Continued

Static Wellhead Pressure = 4,378 p

Static Bottomhole Pressure = 5,00 0 ps1a (c&s)

Static Bottomhole Pressure = 5, 0 37 psia (RRC)
qg Puh Pyt Pyf per cent

(Mcf/D)  (psia) C&S RRC error
114.1 4,131 4,750 4,739 -0.23
228.7 3,900 4,500 4,482 -0.40
343.7 3,669 4,250 4,224 -0.61
458.8 3,439 4,000 3,969 -0.78
573.6 3,212 3,750 3,713 -0.99

Static Wellhead Pressure = 2,120 psia

Static Bottomhole Pressure = 2,500 psia (C8S)

Static Bottomhole Pressure = 2,544 psia (RRC)
9 Puh Puf Puf  Per cent

Mcf/D)  (psia) C&S RRC error
50.9 2,008 2,375 2,381 0.25
100.6 1,903 2,250 2,257 0.31
148.5 1,799 2,125 2,133 0.38
195.1 1,694 2,000 2,009 0.45
239.6 1,591 1,875 1,885 0.53

50



Table 4 - Continued

Well C: Static Wellhead Pressure = 8,832 psia
Static Bottomhole Pressure = 10,000 psia (C&S)
Static Bottomhole Pressure = 10,058 psia (RRC)

g Pun Pyt Puf per cent
(Mcf/D)  (psia) C&S RRC error
205.9 8,033 9,500 9,446 0.58
413.9 7,562 9,000 8,920 0.29
624.2 7,093 8,500 8,394 -0.00
836.8 6,627 8,000 7,868 -0.78
1,051.7 6,164 7,500 7,343 -0.83

Well C: Static Wellhead Pressure = 3,941 psia
Static Bottomhole Pressure = 5,000 psia (C&S)
Static Bottomhole Pressure = 5,078 psia (RRC)

g Pun Pyt Pyt per cent
(Mcf/D)  (psia) C&S RRC error
109.0 3,708 4,750 4,725 -0.53
217.1 3,497 4,500 4,467 -0.73
323.7 3,287 4,250 4,211 -0.92
429.2 3,079 4,000 3,953 -1.18

532.2 2,875 3,750 3,699 -1.36



Table 4 - Continued

Well D: Static Wellhead Pressure = 4,378 psia
Static Bottomhole Pressure = 5,000 psia (C&S)
Static Bottomhole Pressure = 5,037 psia (RRC)

qg Puh Puf P per cent
(Mcf/D)  (psia) &S RRC error
5,703.6 4,099 4,750 4,771 0.44
11,435.2 3,765 4,500 4,628 2.84
17,184.3 3,34 4,250 4,587 7.93

22,938.4 2,848 4,000 4,662 16.55
28,679.8 2,198 3,750 4,850 29.33

120 psia
2,500 psia (C&S)
2,544 psia (RRC)

Static Bottomhole Pressure

Well D: Static Wellhead Pressure = 2,
Static Bottomhole Pressure =

99 Pyn Pus Py per cent
(Mcf/D)  (psia) C&S RRC error
2,545.0 1,997 2,375 2,398 0.97
5,028.8 1,859 2,250 2,324 3.28
7,424.2 1,697 2,125 2,285 7.52

9.755.8 1,504 2,000 2,278  13.90
11,980.2 1,265 1,875 2,295  22.40



4—a Actual
B---a RaiTroad Commission

e

(]

1)

a

= .5

« 104
~NE

P

'
~

(=9

4
18

2 ¥

dg  (Mcf/D)

Fig. 27 - Comparison of Backpressure Test Results Using
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be attributed to changing gas properties or incorrect calculation of
bottomhole pressures. Using real gas pseudo-pressure accounts for
‘changes 1in gas properties. Thus, a slope less than one on a m(p)
deliverability plot may indicate a miscalculation of bottomhole
pressures (due to poor calculation method, incorrect surface pressure

data, incorrect temperature data, liquid in the wellbore, etc.).

Forecasting

Previous sections have shown that using real gas pseudo-pressure
to analyze backpressure tests removes any bending in the deliverability
plot caused by changing gas properties. Since the effects of changing
gas properties are eliminated, we would expect a forecast based on the
m(p) deliverability plot to be more correct than a forecast based on
the conventional deliverability plot. Appendix E describes a simple
method of predicting the future productive capacity of a gas well. As
explained in the appendix, the method makes use of a material balance
plot (p/z versus cumulative gas produced), a tubing pressure plot
(pwf versus qg for a constant surface pressure), and a
deliverability plot. The deliverability plot may be the conventional
deliverability plot, or, preferably, the m(p) deliverability plot.
Note that all three plots are based on readily obtainable data and
reservoir properties like permeability, porosity, thickness, and area

are not needed to make the forecast.

The conventional and m(p) deliverability plots were used to make
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forecasts on Wells A, B, C, and D. The forecasts were made using the
backpressure test data generated for p equal to the initial reservoir
pressure. To make the forecasts as realistic as possible, the effects
of non-Darcy flow were considered. Figs. 35 through 42 show plots of
flow rate versus time and cumulative production versus time for Wells

A, B, C, and D.

Examining Figs. 35, 37, 39, and 41 indicates a noticeable
difference between flowrate versus time from the two forecasts. For
Wells A, B, and D the differences in the forecasts are not real
significant considering the simplicity of the forecasting method used.
However, for Well C the differences between the forecasts are
substantial enough to indicate the pessible error in forecasting with
the conventional deliverability plot. Further evidence of the possible
error in forecasting with the conventional deliverability plot is seen
in Figs. 36, 38, 40, and 42. For Wells A, B, and D the difference in
cumulative production over the range of the forecast is less than ten
percent. For Well C, the difference is over 25 percent. In most
reservoir engineering applications, a plus-or-minus ten per cent error
is acceptable, but twenty-five per cent is usually not. Thus, high
reservoir pressures {greater than 5,000 psia) lead to significant
differences between forecasts using the m(p) deliverability plot and

forecasts using the conventional plot.
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Fig. 35 - Forecast of Rate vs. Time for Well A
(Pipeline pressure = 200 psia)
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Fig. 36 - Forecast of Cum. Prod. vs. Time for Well A
(Pipeline pressure = 200 psia)
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Fig. 38 - Forecast of Cum. Prod. vs. Time for Well B
(Pipeline pressure = 1,000 psia)
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Fig. 40 - Forecast of Cum. Prod. vs. Time for Well C
(Pipeline pressure = 1,000 psia)
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Fig. 41 - Forecast of Rate vs. Time for Well D
(Pipeline pressure = 1,000 psia)
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Fig. 42 - Forecast of Cum. Prod. vs. Time for Well D
(Pipeline pressure = 1,000 psia)
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DISCUSSION OF RESULTS

The results presented in this research show the effects of
changing gas properties, non-Darcy flow, and bottomhole pressure
calculations on backpressure tests analysis. Changing gas properties
cause the conventional deliverability bend downward. Furthermore,
changes in gas properties, due to the depletion of reservoir pressure,
cause the conventional deliverability plot to shift positions with
time. Both the downward bending and shifting can be removed if real
gas pseudo-pressure analysis is used instead of conventional analysis.
If non-Darcy flow is negligible, real gas pseudo-pressure analysis

results in a single deliverability plot with a unit slope.

The presence of non-Darcy flow causes both the m(p) and
conventional deliverability plots to bend upward. However, in the
conventional plot, the downward bending caused by changing gas
properties tends to lessen the upward bending caused by non-Darcy flow.
This can lead to an underestimate of the effects of non-Darcy flow, or
possibly, a failure to recognize that non-Darcy flow is occurring. If
real gas pseudo-pressure analysis is used, the presence of non-Darcy

flow is recognized as an upward deviation from the unit slope line.

The bending caused by changing gas properties and non-Darcy flow
become more prevalent as drawdown, and thus rate, increases. To
determine the AOF of a gas well, the deliverability plot must be

extrapolated through the high rate region were bending is most severe.
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Thus, it is doubtful that the straight line drawn through the observed
data will extrapolate to the correct AOF. Extrapolation to lower rates
can be accomplished with more confidence since both the m(p) and
conventional deliverability plots approach a slope of one at lower

rates.

Correct interpretation of backpressure tests requires accurate
calculation of bottomhole pressures. Unfortunately, such calculations
are subject to a wide variety of errors. Even small deviations from
the correct bottomhole pressure can cause noticeable differences in the
slope of the deliverability plot. One possible clue to the
miscalculation of bottomhole pressures is a slope less than one on the

m(p) deliverability plot.

Using the forecasting model outlined in Appendix E, it was found
that in certain ranges the difference between forecasts using the real
gas pseudo-pressure deliverability plot and the conventional plot were
not appreciable. Basically, this range consists of wells with
pressures less than 5,000 psia. Higher pressures increase the
difference between forecast made with m(p) deliverability plots and

conventional deliverability plots.
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CONCLUSIONS

results of this research are applicable to data from the

pseudosteady-state and steady-state flow regimes and can be summarized

with the
1.

following conclusions:

C in Eq. 1 is a function of z, M, and qg which are

functions of pressure. Thus, for a given backpressure test,
C is not a constant.

Depletion of reservoir pressure and the resulting changes in
gas properties cause the conventional deliverability plot to
shift downward with time.
For a given backpressure test, changes in Pt and the
resulting changes in gas properties cause the conventional
deliverability plot to bend downward.
The downward bend mentioned above may result in slopes on the
conventional deliverability plot that are less than one. The
Railroad Commission of Texas, as well as other regulatory
bodies, instruct that a slope less than one represents a bad
test. However, on a conventional deliverability plot,

a slope less than one is possible.

Using real gas pseudo-pressure to analyze backpressure tests
eliminates the shifting and bending caused by changing gas
properties.

Non-Darcy flow causes both the m(p) and conventional
deliverability plots to bend upward as rate increases.

The slope of the deliverability plot is very sensitive
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to calculated bottomhole pressures.

Using real gas pseudo-pressure analysis results in a
deliverability plot with a slope of one if non-Darcy
flow is negligible, and a slope greater than one if
non-Darcy flow effects are significant. Thus, a m(p)
deliverability plot with a slope less than one indicates
that calculated bottomhole pressures are wrong.
Forecasts made with m(p) deliverability plots and with
conventional deliverability plots are not appreciably
different for wells with pressures less than 5,000 psia.
Higher pressures result in greater and more significant
deviations between forecasts made with m(p) deliverability

plots and conventional deliverability plots.
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NOMENCLATURE

constants for viscosity correlation, Table Cl
coefficient describing the position of the
stabilized deliverability line, Mcf/psia2
total system compressibility, psia'1
depth to formation, feet

turbulent term coefficient, Eq. B2, (l‘/k:f/D)'1
turbulence coefficient, Eq. 81, (Mcf/D)'l
effective flow pipe 1D, inches

factor for evaluating the effect of gravity

in a flowing column of gas, Eq. D7

= friction pressure term, Eq. D2

"

friction factor, dimensionless

cumulative gas produced, Mcf

thickness of reservoir, feet

permeability, md

real gas pseudo-pressure, Eq. 4, psiaz/cp
pseudo-pressure evaluated at p, psiazlcp
pseudo-pressure evaluated at Puf> psiazlcp
exponent describing the inverse slope of the
stabilized deliverability plot

dummy variable used in the m(p) integral, psia
average reservoir pressure, psia

arithmetic mean of § and Pyt> psia

= pressure including friction loss, Eq. D6, psia
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initial reservoir pressure, psia
pseudocritical pressure, Eq. C2, psia
corrected pseudocritical pressure, £q. C8, psia
pseudocritical pressure of hydrocarbon fraction
of gas, £q. C4, psia

pseudo-reduced pressure, p/pDc

pressure at standard conditions, psia

static bottomhole pressure, psia

bottomhole flowing pressure, psia

wellhead pressure, psia

gas flow rate, Mcf/D

maximum flow rate capacity, Mcf/D

friction loss factor, Eq. D5

radius to reservoir boundary, feet

wellbore radius, feet

gas saturation, fraction

skin factor

reservoir temperature, °R

pseudocritical temperature, Eq. C1, °R
corrected pseudocritical temperature, €q. C7, °R
pseudocritical temperature of hydrocarbon fraction
of gas, Eq. €3, °R

pseudo-reduced temperature, T/Tpc

temperature at standard conditions, °R

wellhead temperature, °R

tDA = dimensionless time, Eq. 2



tS = time to reach pseudosteady-state, Eq. 3, hours

Yeo2 =

YH2s

N2
ra

Greek Letters:

B =

c =

~<
n

=3
"

= ga

mole fraction of carbon dioxide
mole fraction of hydrogen sulfide
mole fraction of nitrogen

gas law deviation factor, dimensionless

turbulence factor, Eq. B3

correction term for gas impurities, Eq. C6, °R
specific gravity of hydrocarbon portion of gas
specific gravity of gas, air = 1.0

porosity, fraction

3

viscosity, cp

= gas viscosity at initial conditions, cp
= gas viscosity for laminar flow conditions, cp

= gas viscosity at atmospheric conditions, Eg. Cll, cp
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APPENDIX A
PROCEDURE FOR RUNNING BACKPRESSURE TESTS

Basically, backpressure test data consist of a stabilized surface

pressure, and several flow rates and their corresponding stabilized

surface flowing pressures and temperatures. To run a backpressure

test, the following procedure is suggested by the RRC:

1)

2)

3)

Prior to starting the test, the well should be produced at
an average daily rate for a period long enough to reach
pseudosteady-state conditions.

To start the test, the well should be shut in for a
sufficient length of time to allow the surface pressure

to equalize at some constant value. When converted to
bottomhole conditions, the surface pressure read after
reaching stabilization is equal to the average reservoir
pressure, P.

After the shut-in period, the well should be flowed at a
rate sufficient to remove any produced liquids from the
wellbore. For gas wells that produce only small amounts of
liquid, this rate usually corresponds to a flowing bottomhole
pressure equal to approximately 95 per cent of p. This rate
should be maintained until the surface pressure stabilizes.
The flow rate and flowing surface pressure and temperature
should be recorded.

The flow rate is increased and once again maintained until

the surface pressure stabilizes. The RRC considers the
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reservoir to be stabilized when the surface pressure does
not vary more than 0.1 per cent of the original shut-in
wellhead pressure during a 15 minute interval. In low
permeability reservoirs, this is not a good indication that
pseudosteady-state has been achieved.

5) At least four different flow rates and their corresponding
stabilized flowing surface pressures and temperatures should
be taken. If possible, the highest rate should correspond

to a flowing bottomhole pressure equal to 75 per cent of 5.

In addition to the above data, information on well completion and
gas properties is also required. As can be seen, backpressure tests
are fairly easy to run, although sometimes time consuming. To obtain
data that will yield meaningful results, care should be taken to insure
that accurate pressure and flowrate measurements are taken, and that
these data are taken while the reservoir is in the pseudosteady-state

flow regime.
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APPENDIX B
GENERATION OF DATA

Data for this research was generated with the real gas
pseudosteady-state equation (Eq. 5). For an assumed average reservoir
pressure and several flowing bottomhole pressures, the corresponding
flow rates were calculated. Average reservoir pressures and flowing
bottomhole pressures were converted to surface pressures using the

6 method. In this way, the flow rate and

Cullender and Smith?
surface pressure data typically measured in backpressure tests were
obtained. Test results could be generated with or without non-Darcy
flow. A simple computer program was written to do the necessary

calculations.

The effects of non-Darcy flow were calculated using an approximate

formula presented by Wattenbarger and Ramey:20
¥
D(u) = D4 [y (81)
where
2.2229 x 10”8y _k
- 9 (82)

0; T

In both Egs. Bl and B2, R is taken at the average reservoir
pressure used in the backpressure test calculations. The YYam term

is the viscosity taken at the flowing bottomhole pressure that would
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occur if non-Darcy flow effects were not present. The 8 term in Eq. B2
is called the velocity coefficient or turbulence factor. By flowing
gas through core samples it was possible to correlate B to rock
properties. Several correlations exist,27 but in this research the

correlation of Houpeurte8 was used:

8 = 2.234794 x 10%0"1-201 (83)

To generate backpressure test data including non-Darcy flow
effects, average reservoir pressure and flowing bottomhole pressure are
once again assumed. The corresponding flow rate is calculated using
Eq. 5 with the D(u) term set to zero. The laminar viscosity, Y lam
is calculated at the assumed flowing bottomhole pressure, and vy is
calculated at the average reservoir pressure. With these viscosities,
it is possible to calculate D(u). A new flowing bottomhole pressure
including non-Darcy flow can then be calculated by rearranging Eq. 5

as:
0.472!‘e
(0e) = n(®) (Pscr\]" TR e
Mt T T T T 1 987 x 105k (84)
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APPENDIX C
CORRELATIONS FOR GAS PROPERTIES

To generate the data used in this research it was necessary to
know gas properties as functions of temperature and pressure. The gas
properties, specifically viscosities and z-factors, were needed to
generate real gas pseudo-pressures using Eq. 4 and in the Cullender and
Smith bottomhole pressure routine. There are several correlations
available for various gas properties. The ones used in this research

were chosen based on accuracy and adaptability to computer programs.

The following correlation was used to calculate the pseudocritical

temperature and pressure of the gas:29

Toe = (1= Yy = Yoop = Yios)Tperc * 227z * 58%coe * F7Phas (c1)

Poc = {1 = Yy = Yooz ~ Ynas!Ppcie * 493Nz T 1071Yegp * 130Ms (2)
where

- c3
Toec = 170491 + 307348y 0 (c3)

= 709.604 - 58.718Ygc

PocHC (c4)
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and

' ) g - 0.967)«‘42 - ].SZycoz - 1.18yHZS (c5)
gHC 1= Yn2 = Yeo2 = Yhes

The pseudocritical properties from Egs. Cl and C2 can be corrected
for the presence of carbon dioxide, hydrogen sulfide, and nitrogen

using the method of Wichert and Aziz:30

0.9 1.6 0.5 _ .4 (s
€= 120[%02 * Yyos) - (Yeoz2 *hes) ] + 15(s353 - Yips) )

Tpc T ® (c7)

Poc(Tpe = ©)

b e -
e Tpe * Yuas!l - Yhos)® (ce)

Compressibility factors were calculated using an eight parameter
Bened ict-Webb-Rubin equation of state developed by Dranchuk, Purvis,
and Rcbinson.31 This method effectively reproduces the Standing
and Katz z-factor charts. The ERCB manual on gas well test‘ing4
presents a subroutine to do the necessary calculations and iterations.

This subroutine was used to calculate the required z-factors.

Gas viscosity was determined using the correlation of Carr,



Kobayashi, and Burrows.32 This correlation was adapted to the
computer by Denpsey.33 The basic equation is:
n (2_ T ) = a, + 4P, + & pz + a p3
b Py 0 1Ppr 2 pr 3Fpr
+ Tpr(all *ag,, + aspi‘_ + a7p|3:r)
+ To(ag * 2gPpe * am".zw + ayPpr)
* Tgr(au * 2P * ‘14P;2ar * °15"3r)

where

W= (u1 uncorrected) + (N2 correction)
+ (€02 correction) + (H2S correction)

and

- -6
(u, uncorrected) = (1.709 x 10 5 - 2.6062 x 107y )T

+8.188 x 107 - 6.15 x 10'3109(*19)

- -3
(N2 correction) = yy,(8.48 x 10 3109(19) +9.59 x 107%)

3

(€02 correction) = y502(9.08 X 10'3109(79) +6.24 x 107

- -3
(H2S correction) = yHZS(8'49 x 10 3log(yg) +3.73 x 1077)
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(c9)

(C10)

(C1l)

(c12)

(€13)

(c14)



Eq. C9 can be solved for K, the viscosity of the gas at the desired
temperature and pressure. The 'a' constants used in Eq. C9 are given

in Table Cl.

Table C1 - Constants for Viscosity Correlation

ag = -2.46211820€-00
a; = 2.97054714E-00
a, = -2.86264054E-01
ag = 8.05420522E-03
a, = 2.80860949E-00
ag = -3.49803305E-00
ag = 3.60373020€-01

a;, = -1.04432413E-02
ag = -7.93385684E-01
ag = 1.39643306E-00
agg = -1.49144925E-01
a1 = 4.410155126-03
a, = 8.39387178-02
ay3 = -1.86408848E-01

aj, = 2.03367881E-02

ag = -6.09579263E-04
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BOTTOMHOLE PRESSURE CALCULATIONS
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Because of the expense involved in directly measuring bottomhole

pressures, most backpressure tests will have data consisting only of

pressures measured at the surface.

This necessitates the use of some

method to convert surface pressures to their corresponding bottomhole

pressures.

analyze backpressure tests was the Cullender and anith26 routine.

The method used in this research to generate data and

This method is applicable to a wide range of producing conditions and

is easily adaptable to the computer.

bottomhole pressure calculation,

and for the flowing bottomhole pressure calculation,

where

Pun
Yg0 Tz
Exmrd =fp—‘“’

Psi

Pwh

1000y D %)

= dp
53.34 —
2 . (%)
Pyt
2.6665fq2

s eff

The calculation procedure is:

The equations presented by Cullender and Smith are, for the static

(o1)

(02)

(D3)
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1) Assume a value of Py

2) Compute the right-hand side of Eq. D1 or D2 depending on the
type of calculation being done (static or flowing).

3) Compare the computed value of the integral to the known Teft-
hand side of the equation. If the two sides are not equal
within a certain tolerance, the calculations are repeated with

a new estimate of Puh*

Azw‘za4 presented a method involving a Newton-Raphson iteration
scheme to reduce the number of iterations required for convergence.
This scheme was incorporated into computer program for calculating

bottomhole pressures.

Another method of calculating bottomhole pressures is by using the
Weymouth formula as presented in the Railroad Commission (RRC)
rnanua].25 The Weymouth formula was originally derived for pipeline
flow and later medified for wellbore flow. The formula uses average

gas properties and assumes a small temperature gradient.

To calculate the static bottomhole pressure, p the

si?
following procedure is used:

1) Assume a value of Pei-
2) Calculate the z-factor at average temperature and pressure

=1 -
where Tavg z(Twh +T) and Pavg é(pWh *+pgi)-

3) Calculate a new value of Pgi»
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(i)

z
N avg
Psi = Pun®

4) If the calculated value of P does not equal the
assumed value, the calculated value is used as the new

assumed value and the calculations are repeated.

To calculate the flowing bottomhole pressure, Pyfs the
following procedure is used:

1) Calculate the friction loss factor,

q \jv 0T
_S_B‘Taﬂ (05)

R =
/3
ll]gdeff

2) Calculate the pressure resulting from friction losses,

T2
Pfric ~NPun * R (06)

3) Calculate F, a factor for evaluating the effect of gravity

in a flowing colum of gas,

pwh/pfric ]

F= 0.6667[-1 * Pun/Pric ~ TF PPeric (07)

4) Calculate the flowing bottomhole pressure,

i)
.BATavgz (08)

Puf = Prrict
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The Weymouth formula works best in low pressure, low temperature,
low flow rate wells. High rates result in calculated values of R, and
subsequent 1y yfs that are to large. In general, the Weymouth
formula is not as reliable as Cullender and Smith and should not be
used. Both methods are applicable only to dry gas or Tow liquid rate
wells. If high liquid rates are present, other methods should be

used.35
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APPENDIX E
FORECASTING PROCEDURE

The prediction of the future productive capacity of a well is
essential for economic evaluations and reservoir management. If
sufficient time, money, and data are available, reservoir simulation
techniques can be used to obtain the best possible prediction of gas
well performance. Unfortunately, time, money, and data are frequently
not available, so less sophisticated methods of estimating future
performance must be employed. One such method36 requires only a
tubing pressure plot, a stabilized deliverability plot, and a material
balance plot. The tubing pressure plot relates flowing bottomhole
pressure to flow rate assuming surface pressure is equal to a
relatively constant pipeline or separator pressure. The material
balance plot is usually the standard f/z plot. The stabilized
deliverability plot relates average reservoir pressure, flowing
bottomhole pressure, and flow rate. Figs. E1, E2, and E3 show examples
of a tubing pressure plot, deliverability plot and material balance

plot necessary to make a forecast.

For purposes of forecasting gas production it is convenient to
assume that C and n of Eq. 1 remain constant throughout the life of the
well. However, declining reservoir pressure and the resulting changes
in gas properties cause the deliverability plot to shift with time.

Thus, predictions of gas well performance utilizing the assumption of
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Fig. E1 - Tubing Pressure Plot Used to Make Forecast
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Fig. E2 - Deliverability Plot Used to Make Forecast
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Fig. E3 - Material Balance Plot Used to Make Forecast



constant C and n may lead to significant errors. Using real gas
pseudo-pressure analysis of backpressure tests removes the effects of
changing gas properties. Because of this, a forecast based on a real
gas pseudo-pressure representation of the deliverability plot will
yield better estimates of future gas well performance than assuming

constant C and n.

The following steps outline a simple forecasting technique for
obtaining the maximum flow rate capacity, qgcap- of a gas well
versus time.

1) Plot p/z versus Gp to get the material balance plot.

2) Calculate an appropriate tubing curve using the Cullender

and Smith method, assuming constant surface pressure.

3} Analyze the backpressure test data using real gas

pseudo-pressures to get the deliverability plot.

4) Develop points on a 9gcap- versus Gy curve as follows.

a) For several values of Agcap» read pys from the
tubing curve,

b) For given qgcap and py¢, find corresponding p from the
m(p) deliverability plot.

¢) Find z corresponding to p and read Gp from material
balance plot.

d) Plot Ggcap Versus Gy (smooth curve if necessary).

5) Take successive increments of Gp [Gpl’ sz ).

a) Calculate average rate qavgi = ';'(qgcapi + qgcapi-l)'

b) Calculate b=ty = (6p5 = Gpi-1)/davgi-
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c) From the material balance plot, find values of
Bi for all Gpi'
d) Plot Gpi’ qgcapi’ and 51 versus It;.

The above procedure requires a number of repetitive calculations,
therefore, a computer program was written to assist in developing the
forecast. This simple forecasting method is by no means rigorous, yet
it provides a quick, inexpensive approximation of the future
performance of the well. Also, the method has the advantage that
reservoir properties like permeability, porosity, thickness, and area

are not required to make the forecast.
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