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Summary

A family of production decline curves for low-pressure gas reser-
voirs are presented for radial flow geometry with closed outer
boundary and with a centrally located well. The proposed produc-
tion decline curves are applicable to conventional gas reservoirs that
produce gas and water simultaneously. The proposed decline curves
exhibit unique characteristics for a variety of reservoir and fluid
properties and pressure specifications at the well. The performance
of the proposed decline curves were investigated against two differ-
ent numerical simulators, and they were found to be capable of pre-
dicting the production of conventional gas reservoirs under two-
phase flow conditions with good accuracy.

The decline curves presented in this paper have the potential of
providing a practical tool by which production performance of gas
reservoirs under two-phase flow conditions can be predicted for
pragmatic purposes without using sophisticated numerical models.

Introduction

To formulate long-term economic predictions related to gas reser-
voirs, it is necessary to predict the long-term withdrawal rates physi-
cally possible for each well.! Rate/time decline curve extrapolation
is one of the more often used tools of petroleum engineering. For a
long period of time, various decline methods were regarded as em-
pirical and not scientific. A new direction of decline curve analysis
was introduced by Slider.? He developed an overlay method to ana-
lyze rate/time data. This method is similar to the log-log type-curve
matching procedure used to analyze pressure-buildup and -draw-
down data.3 This paper provides a type-curve approach to analyze
production decline characteristics of gas reservoirs that produce wa-
ter and gas simultaneously.

A large number of gas reservoirs are wet sands, and coproduction
of gas and water takes place. Such reservoirs can be found in the
Midwest and North Eastern U.S. (two-phase flow in these reservoirs
is more significant during the early stages of the production), and in
gas fields of the Middle East. Some gas fields in Europe have also
reported water production. There are situations where initial water
saturation is less than the critical water saturation of the formation,
and the water does not flow. To take the presence of water phase into
consideration, one needs to decrease formation porosity by sub-
tracting the portion of the PV occupied by the immobile water
phase. In most of the wet sands, however, initial water saturation ex-
ceeds the formation critical water saturation, and water becomes a
dynamic phase and is produced simultaneously with gas. Under
these conditions, treatment of a two-phase gas reservoir similar to
a single-phase gas reservoir will generate erroneous results.

In a two-phase gas reservoir, relative permeability characteristics
of the formation control the flow of fluids through the formation.
Therefore, a dry sand reservoir and a wet sand reservoir with similar
properties exhibit different production and depletion characteris-
tics. Petroleumn engineering literature contains production decline
curves generated for single-phase gas reservoirs.* These decline
curves can be used in studying the production performance of gas
reservoirs that are experiencing single-phase flow conditions. The
use of these production decline curves to predict the performance of
gas reservoirs undergoing two-phase flow conditions will lead to
overestimation of the capabilities of the field in hand. The purpose
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of this study is to provide a practical tool by which performance pre-
diction and reservoir characterization of the wet gas sands can be
achieved with good accuracy.

Formulation

To identify the dimensionless groups necessary in generating the de-
cline curves, gas and water equations need to be expressed in a con-
venient form. In this deve]opment invoking the procedure sug-
gested by Al-Khalifah et al.” to two-phase, gas/water reservoirs,
equations are combined into a single expression. The gas and water
transport equations in radial flow geometry are
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Consider a finite reservoir with no flow outer boundary specifica-
tion. The production well is located at the center of the formation
and produced at a constant pressure. The standard well test analysis
assumptions are assumed to be in place in this development.

Multiplying Eq. 1 by B, and Eq. 2 by B,, one obtains
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Substitution of Eq. 11 into Eq. 9 simplifies Eq. 9 further such that
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Fig. 1—Sensitivity of the proposed decline curves to initial res-
ervoir pressure.
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With the assumption of small pressure gradients and neglecting
the squared terms, Eq. 15 reduces to

%  19p _ ¢cidp

o T or = Lo

Eq. 17 can also be written as
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In Egs. 17 and 18, 4, is defined as
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At this point, gas and water transport equations describing two-
phase flow conditions in a wet gas reservoir have been reduced to
a single expression, which is analogous to the single-phase equation
used in well test analysis. Transforming Eq. 18 into dimensionless
form yields

1.9 9App\ _ 9App
Toarg (rD arp ) = Gr, e i)
with customary dimensionless groups defined as
TD ™ F e (28]
App=—LLTB 22)
(Pi = Pulap
2,637 x 10-%,
D = W R R R R R R (23)
45.Bu
and |gp =———=] . ... 24
27kh(p; — pu) o

58

In the construction of the production decline curves, it is neces-
sary to identify the dimensionless gas and water production rates to-
gether with the dimensionless time. From Eq. 24 one can deduce the
dimensionless flow rate expressions for gas and water phases as
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The constants in Eqs. 23, 25, and 26 imply the use of the field units
for all the parameters.

Construction of the Proposed Decline Curves, To generate the pro-
posed decline curves, as shown in the previous section, gas and water
equations were put into a convenient form that describes two-phase
flow in gas/water reservoirs. A two-phase, 1D, radial numerical simu-
lator® was used to generate flow rate vs. time data. The data generated
by the numerical model were used to calculate the previously identi-
fied dimensionless time and dimensionless flow rate groups, which
then were plotted on a log-log scale. All the pressure- and saturation-
dependent parameters that appear in the dimensionless groups were
evaluated at the initial pressure and initial saturation. The decline
curves were generated for different sandface to initial formation pres-
sure ratios as well as for different reservoir extent. It was observed
that these decline curves performed better at initial formation pressur-
es below 2,000 psi. Once the initial formation pressure exceeds 2,000
psi, the uniqueness and independency of the proposed decline curves
to the pressure volume temperature (PVT) data become attenuated.
Fig. 1 displays the proposed decline curve generated at different ini-
tial formation pressures for p,/p; = 0.5. It is clear that up to 2,000 psi
the proposed decline curve displays unique characteristics and, as ini-
tial pressure increases, the uniqueness of the decline curve is increas-
ingly compromised. This is expected because at relatively low pres-
sures the product of the gas viscosity and compressibility factor is
constant. As the pressure becomes higher, the constant nature of this
functional group is compromised, and the uniqueness of the decline
curves start to deteriorate.

Two separate production decline curves are generated for gas and
water flow rates. Table 1 summarizes the parameters used in
constructing these production decline curves. To generate the pro-
duction decline curves at different p,,/p; ratios, the initial pressure
was kept constant and the wellbore pressure was changed accord-
ingly. Fig. 2 displays the gas flow rate decline curves generated at
different p,,/p; ratios for different reservoir extent. Fig. 3 shows the
corresponding water production decline curves.

Discussion of Results

Sensitivity Analysis. The performance of the proposed decline
curves was investigated under a wide range of reservoir properties.
From different reservoir parameters, dimensionless gas flow rate and
dimensionless time groups were calculated at various times and were
marked over the proposed decline curves. As it is clearly seen in Figs.
4 through 6, in every case a good match was achieved. These verifi-
cation tests were conducted at rop = 100 to save computer time. Fig.
7 shows different relative permeability characteristics used to investi-

TABLE 1—RESERVOIR PARAMETERS USED TO GENERATE

PROPOSED PRODUCTION DECLINE CURVES*
Initia! pressure, psi 1000
Bottomhole pressure, psi 500
Well radius, ft 0.5
Permeability, md 1
Porosity, % 10
Initial gas saturation, % 40
Formation thickness, ft 10
Gas gravity (air=1.0) 0.6
Reservoir temperature, °R 530
Water viscosity, cp 0.9707
*For the relative permeability characteristics see Set A of Fig. 7.
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Fig. 2—Gas flow rate decline curves for gas reservoirs under
two-phase flow conditions.
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Fig. 4—Verification of the decline curves for a wet gas sand with
following characteristics: SG=0.6, p;=1000 psi, p,, =500 psi,
Sg1=40%, f=10%, k=0.01 md, h=101, r,=0.5, 7, =50 ft.

gate the performance of the proposed decline curves when relative
permeability characteristics of the reservoir are changed. The results
of this investigation are shown in Fig. 8. The data points shown in Fig.
8 correspond to the same real times. From Fig. 8 it is clear that the
characteristic nature of the decline curve is preserved successfully
against a variety of relative permeability characteristics.

Tests Against Single-Phase Decline Curves. To demonstrate ex-
plicitly the need for a set of two-phase decline curves for conven-
tional gas reservoirs, a test was conducted in which the performance
of a single-phase production decline curve is compared with that of
a two-phase production decline curve in predicting the gas flow
rates from a particular formation. The parameters of Table 1 were
used to construct these curves, and Fig, 9 displays the results of this
comparison. As expected, the single-phase production decline
curve predicts a higher gas flow rate than the two-phase production
decline curve. The difference in the two predictions will vary ac-
cording to the relative permeability characteristics of the formation.
Obviously, as the mobility of the water in the formation increases,
the prediction of the single-phase production decline curve becomes
more unrealistic. The gas composition and calculation of dimen-
sionless groups are shown in Appendix A.

Tests Against Different Numerical Simulators. The proposed de-
cline curves were generated and subsequently tested using an in-
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Fig. 6—Verification of the decline curves for a wet gas sand with
following characteristics: SG = 0.6, p;=2000 psi, p,, = 1000 psi,
8gi=60%, f=30%, k=1.0 md, h=40ft, r, =0.5, 7, =50 ft.
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Fig. 3—Water flow rate decline curves for gas reservoirs under
two-phase flow conditions.
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Fig. 5—Verification of the decline curves for a wet gas sand with
following characteristics: SG=0.6, p;=1000 psi, p, =500 psi,
851 =50%, f=15%, k=0.15 md, h=101t, r, =0.5, i, =50 ft.

house numerical simulator. To test the uniqueness and applicability
of the proposed decline curves further, more tests were conducted
using two different sets of data in two different numerical models
that were not instrumental in the construction of the decline curves.
These tests were designed to discover whether the decline curves
presented in this paper were biased toward the numerical model
used in their construction. The numerical model used in the first test
(Test 1) was a commercial simulator that uses IMPES procedure to
solve the multiphase flow problems. The in-house numerical model
used in the generation of the decline curves is a fully implicit model.
Furthermore, the commercial numerical model uses Cartesian coor-
dinates, while the in-house model uses radial coordinates. Table 2
represents the relative permeability data used in this test. Formation
characteristics, which were input during the same test, are presented
in Table 3. Fig. 10 shows the agreement between the simulated data
and predictions from the two-phase decline curves for the gas pro-
duction rate. Fig. 11 shows, for the same test, the agreement be-
tween the simulated data and the predicted water flow rates. Note
that the anomalous behavior in the simulated data in Fig. 11 is
caused by the relatively long timesteps used during the simulation.

In a separate test (Test 2), a new set of data was used on another
commercial model.” Relative permeability data as well as formation
characteristics for this test are shown in Tables 2 and 3, respectively.
In this test, two separate approaches were examined to demonstrate
the different usages of the proposed curves. First a type-curve
matching approach is tested. Using this technique, one may be able
to use the production data for reservoir characterization purposes.
Plotting the gas production data on the same scale as the type curves
and overlapping for a match, a match point was obtained (Fig, 12).
Using this match point (gpg =0.3,7p =1 X 108 and gz =0.7 MMscf/
D, +=20,000 days) the permeability of the reservoir is calculated,
with Eq. 25, to be 0.74 md, while the actual permeability that was
put into the simulator was 0.75 md. The porosity calculated from the
type-curve matching procedure using Eq. 23 is 27.8%, and the input
porosity to the simulator was 25%. This shows the ability of pro-
posed curves in accurately characterizing gas reservoirs producing
under two-phase (gas and water) flow conditions.

On a second approach in Test 2, it was attempted to predict the
performance of a well producing from the center of the reservoir
with known reservoir chracteristics. Fig. 13 shows production data
simulated by the simulator vs. those of decline curve prediction.
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Fig. 8—Sensitivity of the proposed decline curves to relative
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Conclusions

1. Our experimentation with the two-phase production decline
curves indicates that the proposed curves provide a practical and
powerful tool in predicting the performance of a low-pressure gas
reservoir under two-phase flow.

2. A single expression representing water and gas flow in the res-
ervoir was presented.

3. Dimensionless groups were identified, and the decline curves
were constructed using a numerical simulator.

4. A wide range of reservoir properties were investigated to ex-
amine the unique and universal nature of the decline curves.

5. The proposed decline curves were tested against two different
independent commercial numerical models. The results further
proved the robustness of the proposed decline curves.

Nomenclature

B= formation volume factor, L3/L3, bbl/STB
c= compressibility, Lt2/m, psi-!
h= reservoir thickness, L, ft
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Fig. 9—Gas flow rate predictions obtained by single-phase and
two-phase decline curves for a fixed set of reservoir parameters
but with different initial gas saturations.

k= permeability, L2, md
p= pressure, m/Lt2, psia
q= flow rate, L3, scf/D
r= radius, L, ft
§= saturation, fraction
= time, t, hr
= reservoir temperature, °R
z= gas deviation factor, fraction
= mobility, L3t/m, md/cp
= viscosity, m/Lt, cp
= porosity, fraction

Subscripts
D= dimensionless
g= gas properties
i= initial condition
sc= standard condition
t= total properties
w= water properties
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TABLE 2—RELATIVE PERMEABILITY DATA USED IN
GENERATING TESTS 1 AND 2

kew kg K kg
Sy (Test 1) (Test 1) (Test 2) (Test 2)
0 0 1 0 1
0.15 0 1 0 1
0.216 0.01 0.667 0 0.78
0.33 0.09 0.545 0.09 0.66
0.4 0.13 0.486 0.15 0.6
047 0.227 0.433 0.22 0.475
0.53 0.377 0.393 0.27 0.375
0.58 0.531 0.264 0.32 0.32
0.62 0.669 0.143 0.37 0.28
0.67 0.734 0.074 0.425 0.245
0.69 0.8 0.012 0.485 0.24
0.92 0.95 0 0.875 0.018

TABLE 3—RESERVOIR DATA USED FOR TESTS #1 AND #2

Parameter Test 1 Test 2
Initial pressure, psi 1,750 1,200
Well pressure, psi 800 360
Well radius, ft 0.4 0.5
Reservoir radius, ft 1500 500
Permeability, md 0.1 0.75
Porosity, % 7.5 25
Gas saturation, % 55 50
Thickness, ft 15 33

Appendix A

Following is the gas composition used in determining the gas prop-
erties used in the reservoir simulator.

Component Mole Fraction
CH4 0.9190
CyHg 0.0630
C3Hg 0.0110
C4Hyo (n) 0.0029
CO; 0.0040
N, 0.0001

The specific gravity of the above gas is calculated to be 0.60.

Sample Calculation.8 Following is a sample calculation for dimen-
sionless rate and dimensionless time. Reservoir and fluid properties
are given in Table 4. The dimensionless rate and time are calculated
at r=0.9 days when reservoir is producing 10 MMscf/D.

First total mobility and total compressibility is calculated from
the data in Table 4.
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Fig. 12—Reservoir characterization by type-curve matching procedure using the proposed type curves.
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