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Summary

This paper presents practical techniques that ¢an be used to monitor
gas-well performance, These techniques, along with the routine ex-
amination of performance data, can help the engineer maintain pro-
duction potential and extend well life. This paper demonstrates the
importance of monitoring well performance on a régular basis
through case history examples. Four types of well conditions are de-
scribed: (1) deterioration in performance over time, (2) drainage arca
change, (3) liquid loading, and (4) tubing design constraint. This pa-
per also discusses the use of a personal computer program a5 a tool
to facilitate and encourage gas-well performance monitoring.

Intraduction

Gas-well performance menitoring involves simple methods and
technigues for data preparation and analysis. Case histories using
field data show how these procedures enhance available data and
justify monitoring efforts. The examples illustrate how monitoring
production performance has helped identify wells where deliver-
ability has deteriorated or reserves diminished. Even the most pru-
dent engineer using conventional and advanced decline-curve anal-
ysis methods can overlook deterioration in well performance over
a long period. :

By plotting spot gas rate and flowing wellhead-pressure measure-
ments directly on the backpressure curve, we can flag changes in de-
liverability immediately. We can help flag changes in the material-
balance relationship (reserves) by taking advantage of shut-ins to
obtain static wellhead pressure. These measurements can be ob-
tained without conducting expensive special tests, which result in
production interruption.

Today's total-flow meters and surface electronic pressure instru-
mentation are excellent sources for obtaining quality performance
data.

The role of the interdisciplinary team and its impact on achieving
well-performance objectives is identified and highlighted by fieid
examples. A brief review of the governing flow equations is pres-
ented along with a methed to display the minimum lift-gas rate di-
rectly on the backpressure plot.

Statement of Theory

Pioneers!*4 in the field of gas technology have studied the produc-
tion characteristics of gas wells by using observed performance
data. They have documented simple but reasonably accurate equa-
tions that describe the relationship between gas rate and pressure
drawdown. Rawlins and Schelthardt! developed the empirical rela-
tionship to describe their observation of hundreds of multirate gas-
well tests: '

qe=Cl2-p2). ... s ®

This relationship forms the basis of the log-log backpressure
curve. The backpressure plot normally is constructed with gas rate
on the x axis vs. the difference in reservoir pressure, py, squared and
flowing bottomhole pressure, p,f, squared. The appropriate pres-
sure function (pressure, pressure squared, or pseudopressure’) can
replace pressure squared depending on the magnitude and range of
pressure variation. Points that correspond to the same flow time
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(transient flow) or stabilized (pseudosteady-state flow) are plotted.
A similar form of Eq. 1—which refers to surface flow conditions
and includes the affects of tubing, downhole chokes, and other fric-
tion loss plus slippage—is the wellhead backpressure equation:

I o e )

Points from a multipoint test form a line with an inverse slope, n,
and coefficient C. Industry usage refers to i as the slope of the curve,
The value of n ranges from 0.5 to 1.0. Single-layer reservoir perfor-
mance with no high-velocity flow component should exhibit » val-
ues equal to one. High-velocity flow is a rate-dependent positive-
skin effect that reduces the bottomhole flow potential and causes the
n value to deviate from one. Multilayer reservoir performance with
no crossflow and no high-velocity flow can exhibit # values of less
than one.

Muskat® discusses several models that modify Darcy’s law to
handle high-velocity flow in the reservoir. Forchheimer’ expresses
this relationship as

dp/dr = av + b2

* CGireen and Duwaz® and Comell and Katz? express Eq. 3 in terms of

fluid and rock properties:

dpfdr = (ufk)v + Bpvi.

The high-velocity coefficient, B, in Eq. 4 is a property of the
formation rock that accounts for the deviation from Darcy’s law. A
useful form of Eq. 4 in oilfield units for transient gas flow in terms
of pressure squared is

1,424{m5)T
(7 - p2)= —khm—({O.S[Ln(tD) + 0.809]+ S}g. + DgZ),
................................................ &)
where
1y = 0002637kt . py _ 2226 — 10°ihy,
? Puicury Bty p; )

A useful form of Eq. 4 in oilfield units for wansient gas flow in
terms of pseudo-pressure can be expressed by

e~ ] - 22

({0.5[Ln(tp) + 0.809] + S}gec + Dgle)o oo vven - (6)

Experience has shown that performance characteristics are easily
identified by studying the log-log backpressure curve.>10 A stan-
dard format for the backpressure curve is achieved by using 3 %3
cycle log-log graph paper or the equivalent computer-generated plot
with square grids. Plotting in this format is not to be confused with
the gas IPR11:12 curve and plotting method, which normally is a Car-
tesian plot used for system analysis.

Liquid Loading

We can enhance monitoring efforts by plotting the minimum lift rate
directly on the conventional backpressure plot. This effort can help
identify wells that are loaded up with liquid (water or oil conden-
sate) production. The technique can also help flag wells that are ap-
proaching rates that can result in well liquid loading.!3 By plotting
the erosional rate directly on the backpressure plot, we can flag pro-
duction that is too high for current tubing size and wellhead operat-
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ing conditions. Excessively high rates can enhance corrosion and
erosional forces!4 as discussed in API RP 14E.

Turner et al. 15 propose physical models for the removal of liquid
from gas wells. We can calculate a minimum rate from Eq. 7 as a
ﬁin_cti’qn‘ of terfhinal velocity of the liguid particle, v, pressure, p,
cross-sectional area of the tubing or casing, A, and temperature, T,

Qe =306pv, AJTZ ...t e (D

Terminal velocity is calculated as a function of the difference be-
tween fluid and gas density, p, and interfacial tension, o:

v = 1-593{[‘7%(91. - Pa)]/P? }

Eq. 8 does not include the 20% safety factor added by Turner. It
is common practice to use the welihead flowing pressure and cross-
sectional area of the top tubing string to calculate the minimum rate.
Pressure/temperature conditions and tubing configurations have
been encountered where this practice would calculate lift rates that
were too low. These situations pertain to cases where production
tubing is set considerably above the perforations in the casing, a
larger mbing size is set downhole, or downhole pressure and tem-
perature conditions require a higher lift rate. In such cases, the cal-
culations must be performed at both downhole and wellhead condi-
tions. 16 Coleman ef al. 17 recently verified Turner ef 4.’s relationship
using data collected from 17 field tests and present an excellent re-
view of this topic. It should be noted that Coleman er al.’s work fo-
cuses on wells that have wellhead pressures in the 800- to 1,000-psi
range, while Tumer et al.’s work involves wells with wellhead pres-
sures greater than 1,000 psi. Bizanti!? presents pressureftempera-
ture/diameter relationships.

This paper proposes plotting the minimum lifi-gas rate directly on

the backpressure plot as a function of pressure. In cases where the
surface-tubing configuration is used, the minimum lift-rate values
from initial shut-in to atmospheric pressure are determined in 50-psi
increments. Where a downhole caleulation is required, the values of
minimum lift rate are determined from initial reservoir pressure to
a minimum flowing pressure, These values are displayed on the bot-
tomhole curve. Alternatively, the minimom lift-gas rate under cur-
rent producing conditions can be determined and displayed as a ver-
tical line on the backpressure plot. This calculation can be for a
single location (wellhead) or at various points, depending on the
flow-string configuration.

An overlay of the minimum lift-rate curve(s) can be made for a
given field based on tubing size and wellhead-downhole conditions.
This minimum lift “type curve” can then be used as an overlay tool
to identify potential problem wells.

Well-Performance Monitoring

When a well is completed and placed on production, our focus
sometimes shifts to other development projects or operational con-
cemns. Because of today’s demanding environment and reduced
staffs, individual well performance can go unchecked until an op-
erational or deliverability problem develops. It can be difficult to
Justify the time needed to assemble and process performance data.
In many situations, the procedures and manpower required to col-
lect and maintain the data have disappeared from the functional re-
sponsibilities of the organization. One tool the production or reser-
voir engineer uses to monitor well performance quickly and
accurately is the backpressure curve and gas material-balance (p/z
vs. cumulative production) plot.

In many cases, the initial source for performance data may be the
company’s production database, a commercial database, or the well
file or data reom. This step can be the most time-consuming in the
process; once the data are located they must be prepared for analysis.

Data Preparation

The Well Performance Advisor, a personal computer program, is an
expert system designed to help the engineer process and maintain
a working database for gas-well performance monitoring. There are
several data-preparation steps that can be used to help standardize
the data and prepare them for plotting and analysis.
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1. Wellhead flowing and static pressures should refererice the
same temperature, normally the average wellkead flowing tempera-
ture. One way o accomplish this task is to use an in-house or com-
mercial tubing-design software program to convert wellhead flow-
ing pressure to bottomhole flowing pressure, piy, at reservoir datum
and then back to the wellhead at the select average wellhead flowing
temperature. An algorithm based on the Cullender and Smith!8
method performs this calculation very effectively. The process will
provide temperature-adjusted values of p; and .

For low-to-medium-yield gas-condensate reservoirs, we convert
the oil condensate to gas equivalent and add this volume to the £as
volume. This step determines the full wellstream rate. We use this
rate and the effluent gravity to perform tubing calculations. Flowing
conditions up to 150 bbl/MMSscf have been modeled successfully
with this direct solution. Rich gas-condensate reservoirs may re-
quire more rigorous methods. .

2. We convert the wellhead shut-in pressures to bottomhole at the
same reservoir datum and reservoir temperature. These pressures
will be used to develop the material-balance curve,

Pressures from the material-balance curve are converted to the
wellhead at the same operating wellhead temperature used for the
flowing pressures. This technique can dramatically improve the
relationship between .shut-in and flowing values plotted on the
backpressure curve, especiatly in offshore situations where 100°F-
differences are common between flowing and shut-in conditions.

3. We convert the cumulative oil-condensate production to gas
equivalent and add it to the cumulative gas production. This step
provides a full wellstream cumulative, Gp, to plot against the bot-
tomhole pressure for the material-balance plot.

4. We construct the p/z vs. cumulative production plot nsing the
welthead shut-in pressures converted to damm, along with any
available measured bottomhole shut-in pressures that have been ad-
justed to datum. We calibrate calculated and measured pressures
and use the appropriate (single- or two-phase)!%2? gas deviation
factor to determine p/z for each point. The complete form of the ma-
terial-balance equation is defined in Bq. 9. This form of the material-
balance equation is suggested as the y-axis parameter vs. cumulative
full wellstream production,

PIL=Tdp)pi =Pl oo ©)

where ¢,(p) is the pressure-dependent cumulative effective com-
pressibility term.2! T( p) can be a single value, calculated as a func-
tion of pressure, or assumed negligible and set equal to zero. In the
latter case, Eq. 9 will be reduced to p/z.

Material-Balance Curve

The backpressure and material-balance plots now are ready to be
generated for a particular well or group of wells in a common reser-
voir. Analysis as a group is best so that a comparison can be made
of similar trends or diffetences . We also suggest that the well history
(tubing, stimulation, and workover), rate/time production curves,
and logs be available for reference. The first step is to develop the
material-balance trend from available bottomhole and. cumulative
data. Estimates from mapped or volumetric gas-in-place calcula-
tions should be compared with extrapolated trends on the material-
balance curve. Some general rules apply:

1. Because all the pressure values have been converted to the
same datom, using the same gas analysis, all material-balance
curves should start at the same initial, p/z [1 —c.(p)(p; — p)] value.
An exception to this rule would be wells that came on production
after depletion of the reservoir. .

2. Volumetric depletion behavior plotted with Eq. 7 will be a
straight line for single-layer reservoir performance. The straight-
line behavior may be a composite of several different straight-line
segments.?? Multilayer reservoirs with no crossflow between layers
require special analysis.23
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Fig. 1—Wellhead backpressure plot observed data, North Sea
example.
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Fig.2—Pressure vs. cumulative production, North Sea example.
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Fig. 3—Wellhead backpressure plot, adjusted and converted
points from materlal balance, North Sea example.
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3. The resulting composite material-balance curve, inéluding all
wells in the study area, should represent the total gas-in-place sup-
ported by geological and reservoir volumetric calculations.

Backprassure Curve

Once the material-balance relationship has been developed, analy-
sis of the welthead and bottomhole backpressure plots can begin.
We generate these plots by several techniques:

1. We determine the static reservoir pressure for each perfor-
mance point by using the material-balance relationship and the cu-
mulative production at that point. This step provides p, from the ma-
terial-balance curve to go with p,,;; previously calculated in Step 1
of data preparation.

2. We convert p; to surface at the same operating welthead tem-
perature used previously. This conversion will provide the correct
Pr to go with the temperature-adjusted p;, determined earlier.

The reward for performing this step is two-fold. Not only are all
Pe-values at the same wellhead flowing temperature corresponding
directly to the material-balance relationship, but you alse gain p,
values that were not available earlier for points that onlty had a gas
rate and flowing pressure.

3. We plot p2-p? vs. full-wellstream gas rate on 3 X 3 log-log pa-
per. Delta-pressure squared normally is ploffed for most pressure
levels, but for high-pressure reservoirs, delta pressure is sometimes
required for the weilhead curve.

4.We plot pZp? vs. full-wellstream gas rate on log-log paper for
reservoir pressures less than 2,500 psi using Eq. 1. For higher pres-
sure reservoirs, use the pseudopressure function for more accurate
calculations.

Case Histories

North Sea Example. The first case history concerns well-perfor-
mance evaluation for a North Sea gas-condensate reservoir. The
main pay section is a Paleocene sand at 9,600 ft subsea. The gross
thickness of this sand is 700 ft, but owing to interbedded shale and
water the net pay averages from 80 to 250 ft. Average porosity is
16.6% and water saturation is 57%. Initial reservoir pressure was
53,315 psia, and the initial GOR was 12,900 (78 bbl/MMscf). Perme-
ability ranges from 3 to 9 md. The wells were drilled and completed
during 1976-77, and the field was put on production in early 1978,
All wells were completed with 7-in. casing and 4.5-in. tubing. Per-
foration was performed with 21/8-in. enerjet guns with 4 shots/ft.

Fig. 1 presents the wellhead backpressure plot for a North Sea
gas-condensate well. The plot consists of monthly well t€st points,
starting in 1979 and continuing through 1992, where measured stat-
ic and flowing pressure were available. Well tests were conducted
monthly by flowing the well through a tést separator for 8 hours after
a shut-in. The data plotted are actual reported flowing pressure and
associated shut-in static pressure. Without the well history and bet-
ter definition, Fig. 1 shows little character to quantify performance.

Fig, 2 presents the material-balance curve prepared by using ob-
served welthead shut-in pressures calibrated to bottomhole mea-
sured values. This curve has been determined from a very detailed
reservoir analysis, not a trend analysis. The straight-line segments
represent changes in the well’s drainage area over time. As Fig. 2
illustrates, four major changes occurred, indicated by the original-
gas-in-place values for each segment.

The total gas in place of the ficld was established through geologi-
cal, reservoir, and performance analysis. Each well was analyzed
with the backpressure and material-balance techniques presented in
this paper. The permeability level is high enough to develop pseudo-
steady-state conditions rather quickly. At pseudosteady state, each
well in the field drains an area equal to the ratio of its deliverability
to the total field deliverability. This relationship was analyzed for
each well over their entire production history. The¢ change in this ra-
tio formed a basis to establish each well’s proporfionate share of the
total gas in place.

Fig. 3 is the wellhead backpressure plot for this same well. Each
pressure point on this curve is at the same welthead temperature, and
each static pressure comes from the material-balance curve and then
is converted to the surface, Many wellhead points that did not have
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Fig. 6—Pressure vs. cumulative production, Ellenberger gas
reservoir.21

a cormesponding static pressure are available now. Fig. 3 represents
14 years of production performance. An examination of this plot
with the weil history reveals its characteristics. The movement of
the initial performance points to the right (circles), representing the
years 1978-80, possibly reflects the well cleaning up. Initial pro-
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duction was up and down during 197879, and the well did nGi pro--
duce consistently until Feb. 1980. Beginning in 1980 and continu-
ing until late 1987 (diamonds), deliverability slowly deteriorated
possibly the result of fines migration.

In Nov. 1987 the producing interval was reperforated at 4 shots/ft.
There is a gain in wellhead deliverability, represented by the points
that shifted to the right. The straight line through the points is the
bottomhole 8-hour transient curve, calculated with Eq. 5 and con-
verted to the surface using the Cullender and Smith method. The line
on the left represents a skin effect of + 29 before reperforation, and
the line on the right represents a skin of + 3 achieved after reperfora-
tion. The minimum lift-rate curves for water and condensate are also
presented on Fig. 3. The minimum lift curves were generated by us-
ing Eq. 7 at wellhead conditions. The curves are used by taking the
curent wellhead flowing pressure, 780 psia in this case, and squar-
ing this value. At 608 (thousands) on the y axis, we read the mini-
mum rate required to lift water, 3 MMscf/D, and the minimum rate
for condensate, 2 MMsef/D. As indicated on Fig, 3, two recent
points are siightly below the rate to lift water and have fallen to the
left of the established wellhead curve. This well’s performance may
soon be curtailed because of problems with lift velocity if its deliver-
ability cannot be maintained.

Fig. 4 presents the rateftime history profile. As the plot indicates,
itis difficult to identify the reason for the slow change in deliverabil-
ity during 1980-87. There is an obvious increase in production after
the Nov. 1987 reperforation. Without the backpressure curve, nor-
mal production decline would be the evaluation. All three plots,
(backpressure, material-balance, and rate/time), must fit together to
describe the reservoir flow characteristics accurately,

Fig. 5 presents the bottomhole backpressure plot. The straight

»

line through the points on the far left was calculated by using Eq. 5

with with a time of 8 hours and a pressure-transient well test flow-
capacity, ki, of 1,100 md-ft. A skin factor of +29 was required to
match the observed points. A high-velocity flow coefficient was de-
termined from the Tessem?? relationship for small-mean-diameter
pores. The straight line on the right represents the same reservoir pa-
rameters with a skin of + 3. Performance since Nov. 1987 has de-
clined at a slowerrate. In June 1991, an additional 22-ft interval was
perforated. A slight shift to the right is indicated by the circled plus-
signs.

In this example, the well’s deliverability deteriorated for 7 years,
while other wells in the field reduced its initial drainage volume.
The well produces in a noncompetitive reservoir environment. Use
of the backpressure curve for performance monitoring can identify
sifuations similar to this that are in competitive environments,

Ellenburger Example. This case history describes several wells
that produce from the Ellenburger formation. The Ellenburger is a
1,600-fi-thick dry gas reservoir at 13,500 ft with an initial reservoir
pressure of 6,675 psia at 200°F. Initial gas composition includes
over 28 mol % CO;. Because of an extensive microfracture system,
permeability is high { +75 md), and the welils in the field build up
instantaneously. Attempts to conduct bottomhole pressure-transient
tests have been difficult because of the short buildup time, wellbore
storage effects, and interference from offset wells.

Fig. 6 presents the materiai-balance relaticnship for this field.12
The classic p/z-vs.-cumulative-production plot exhibits concave
downward behavior. This is because the rock, water, and CO; ex-
pansion terms are not accounted for in the simple form of the materi-
al-balance equation. When the pressure-dependent cumulative
compressibility term, c,(p), was applied to the material-balance
relationship, the correct gas-in-place was determined for each well
and the field.

Fig. 7 presents the wellhead backpressure plot generated with the
techniques presented in this paper for Well 1. The data start in 1966
and continue through 1992, The field came on producticn in 1954,
The data presented in this example come from a commercial data-
base and represent annual state deliverability tests for allowable de-
termination. Note the signature of a well that is tubing limited, well-
head backpressure exponent, n, egual to 0.5. This well has been
tubing limited for its entire producing life of 38 years.

SPE Production & Facilities, Angust 1995
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Fig. 7—Wellhead backpressure plot, Ellenburger Example Well
1.

There is a shift in the wellhead backpressure curve around 1971,
illustrated by the open squares, because of a tubing change from
2745- to 3V4-in. string. The position of the minimum lift-rate curves
for Well | are far to the left of the backpressure curve on Fig. 7.

Fig. 8 presents the wellhead backpressure plot for Well 2 with a
slope, a, of 0.5. Operational problems with this well required that it
be plugged and a replacement well drilled. Fig, 9 represents Well 2's
wellhead curve and the wellhead backpressure plot for the replace-
ment well, Well 3, drilled in 1981. This well is also tubing-limited but
has an initial wellhead absolute open flow of 115 MMscE/D compared
with Well 25 28 MMscf/P} at an initial surface pressure of 4,507 psia.
The difference in deliverability is because of the 5%-in. tubing string
in Well 3 vs. the 27/-in._ string in the original well. The 5%-in. tubing
string could be used because the replacement well was completed
with 7-in. casing instead of the 5%2-in. casing used in the earlier well.
Well deliverability must be considered and designed into the well plan
in the early stages of the drilling program.

Culiender Gas Well No, 1. The third case history looks at the fa-
mous Gas Well No. 1 presented by Cullender.2 This paper is more
than 40 years old, and Gas Well No. 1 is still on production.

Gas Well No. I produces from the Chase Group reservoir in the
Texas-Hugoton field, part of the Oklahoma and Kansas Hugoton
reservoir, which is the largest gas field in North America. Fig. 10
presents the bottorhole backpressure plot with the original 24-hour
fiow points presented by Cullender (solid circles) along with the
annual state 72-hour well test points starting in 1945. The original
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24-hour transient curve is displayed with a backpressure exponent,
n, of 0.867. The straight line through the 24-hour points was calcu-
lated with Eq. 5 (Forchheimer model). Reservoir parameters and
calculation results are determined in Golan and Whitson?3 in their
Example 2.21: kh=3474 md-ft, £=28.9 md, skin= —4.4, and
high-velocity flow coefficient, 8 = 1.05 x 10% (1/ft). The data points
for Cullender’s example, which were labeled incorrectly in Ref. 25,
are listed in Table 1. A 1956, three-hour isochronal test is also
plotted on Fig. 10 as a reference point to wellhead deliverability.
‘When compared to the initial 24-hour curve, with the same reservoir
parameters, a change in deliverability is not detected. The general
trend of the performance points suggests a decline in deliverability
starting in 1952, especially when the poiats after 1973 are consid-
ered. Performance data from 1952 to 1978 were not available.
Fig, 11 presents the material-balance curve for Gas Well No. 1,
The curve was constructed from the annual well test information.
The shape of the p/z-vs.-cumulative-production plot has several in-
teresting features. Until 1952, initial performance appears to follow
a straight line that is shifted down from the known initial pressure;
possibly a small water head developed initially. Starting in 1976, the
data appear to flatten and then decline again in 1984. The latter trend
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Fig. 10—Bottomhole and isochronal fiow data, Gas Well No. 1
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TABLE 1—CULLENDER 24-HOUR FLOW DATA
Pr Pwt Pc I e
Date {psia) (psia) {psia) (psia)  (mscfd)
Cct. 3, 1944 466.1 3457 4352 3212 9900
Oct. 14,1944 468.2 4249 4368 3956 4,440
Dec. 11,1945 4227  405.1 3847 3781 1,947
Dec. 11,1945 4227 3579 394.7 333.0 . 5165

appears across most of the gas fields in the continental U.S, and may
be attributed to the gas surplus that resulted in production curtail-
ment from 1976 to 1983. A small pumping unit to remove water was
installed in 1978, which could also explain higher surface pressures.
This general shape is also characteristic of multilayer reservoir per-
formance with no crossflow between layers,2%24 which could be oc-
curring between the Chase Group layers in this well. Measured pres-
sures reflect the pressure of the more depleted, high-permeability
layer. Some bottomhole sneasurements are required to help deter-
mine the reservoir parameters that affect the p/z curve and backpres-
sure data for Gas Well No. 1.

Fig. 12 presents the wellhead backpressure plot for Gas Well No.
1 with the calculated 3-, 24-, and 72-hour transient bottomhole curves
converted to welthead. Note on Fig. 12 the position of the minimum
lift curve for water relative to the performance points. This well pro-
duces up the annulus between 7-in. casing and 23/-in. tubing from an
open hole completion at 2,800 ft. Wells in this field do produce water,
which is removed by a siphon string or pumping unit.

Developing an analysis of multilayer no-crossflow behavior and
its effect on the backpressure curve is not within the scope of this
paper. The slope of the backpressure curve will be less than one as
differential depletion develops between layers. A main conclusion
of previous work?3 is that the measured shut-in pressure values will
represent the pressure of the high-permeability layer more closely.
Therefore, points on the backpressure curve will be plotted by using
pressure close to the high-permeability Iayer plotted at the total gas
rate and flowing pressure of all producing layers. Individual layer
pressures and bottornhole deliverability are required to develop the
system backpressure curve. Further work is required in this area and
on Gas Well No. 1’s performance data to determine the component
resulting from multilayer no-crossflow performance, performance
deterioration, and offset-well interference.

Conclusions

1. The backpressure and material-balance curves are effective
tools in monitoring gas-well performance when maintained on a
regular basis.

2. Analysis of wellhead and bottomhole performance data are en-
hanced when pressures are adjusted to a common temperature basis
and referenced to the material-balance curve.

3. A method is proposed for displaying the minimum lift and ero-
sional gas rate directly on the wellhead backpressure curve. These

INTIAL p/1 = 519 p, = 458 g = 437

=
]
o
iy o 44 -%2
?' [0 53 - 41
Iy a 63 -T2
-~

LR H
i i
-i e 03 - B}
-~
a

OGP = 21250 MMSOF
D 2500 6000 7500 10000 17500 16000 WO Z0ODD 22600 26000
Gp. MMSCF

Fig. 11—Pressure vs, cumulative production, Gas Weil No. 1.
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curves assist the engineer in identifying when liquid loading trero-
sional rates threaten production optimization. An overlay technigque
has been identified whereby a minimuem lift type curve is generated
for an entire field or set of operating conditions.

4. Today’s computer workstations provide the engineer with the
ability to process and maintain the well-performance data for sever-
al hundred wells in an on-line database. Interactive graphical analy-
sis is a suitable environment for data display.

Nomenclature

A= flow area of conduit, L2, fi? [m?]
C= backpressure coefficient, L3-204n/m20, Mscf/D-psia?
[std m3/d-kPa?]
c.= cumulative effective compressibility, LtZ/m, 1/psi
[1/kPa)
;= total system initial compressibility, Lt?/m, l/psi
[1/kPa]
D= rate-dependent skin coefficient, (L2/t) ™!
h= formation thickness, L, ft [m]
by = perforated thickness, L, ft {m)
k= formation permeability, L2, md
I, = namral log, base e
ny = gas viscosity at initial pressure, m/Lt, cp [mPa--s]
m(p;)= pseudo pressure at initial reservoir pressure,
(MMscf/D) ™ ![std m3/d] !
m(pys)= psendo pressure at bottomhole flowing pressure,
psia®fcp
n= exponent of backpressure curve, dimensionless
p= pressure, m/Lt2, psia [kPa]
p;= initial reservoir pressure, m/Lt2, psia [kPa]
Pr= average reservoir pressure, m/LtZ, psia [kPa)
Pwr= bottomhole flowing pressure, m/Le2, psia [kPa)
Pe= wellhead shut-in pressure, m/Lt2, psia [kPa)
pr= wellhead flowing pressure, m/Lt2, psia [kPa]
gc= critical gas flow rate, L2#t, MMscf/D {std m/d}
g = gas flow rate at standard conditions, L2/t, Mscf/D
[std m3/d}
re = wellbore radius, L, ft [m]
s= skin factor, dimensionless
T= temperature, T, °R
tp = dimensionless time
1= time, t, hours
v=fluid velocity, LA, g/, cm3/s-cm?
= terminal velocity, L/t, ft/sec [m/s]
z= gas compressibility factor, dimensionless
pg= gas-phase density, m/L3, lbm/fi? [kg/m?]
pr= liquid-phase density, m/L3, lbm/R3 [kg/em®]
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Fig. 12—Wellhead backpressure plot, Gas Well No. 1.
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o= interfacial tension, m/t2, dynes/cm
Yp = gas gravity, air =1.0

¢ = porosity, fraction

k= gas viscosity, m/Lt, cp [mPa-s]

B = high-velocity flow coefficient, 1/, 1/ft [1/m]

Subscripts
g~ gas
f= initial

r= Ieservoir
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S| Metric Conversion Factors

bbl %1582 873 E-01 =m®
cp % L.0* E—03 =Pa-s
dyne/cm X 1.0% E+00 =mN/m
ftx3.048*  E-0l=m
fi?%2.831685 E-—02=m3
°F ("F-32Y/1.8 =°C
in. X2.54% E+00 =cm
psiX6.804 757 E+00 =kPa

SPEPF

*‘Convarslon factor is exact.
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