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Abstract

This paper presents a technique to analyze pressure buildup test data of gas wells with damage and non-Darcy skin effect.
This technique allows the analyst to estimate reservoir permeability and mechanical and rate-dependent skin factors directly
by using 2 analysis plots. Formation permeability and rate-dependent skin are obtained from the slope and the intercept of
the first plot, respectively, whereas the mechanical skin factor is determined from the intercept of the second plot. In
addition, a graphical method to determine the reservoir pressure at infinite shut-in time is proposed. Field and simulated tests
are presented to demonstrate the applicability of the technique. The results obtained are compared with new, conventional,
and pressure derivative type curve matching techniques. © 1998 Elsevier Science B.V. All rights reserved.
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1. Introduction

Gas well tests require additional effort for several
theoretical and practical problems that are not nor-
mally encountered in oil well tests. The most impor-
tant problems are: (1) nonlinearity of the diffusivity
equation describing real gas flow in the reservoir, (2)
the presence of a rate-dependent skin effect around
the wellbore of high flow rate wells, and (3) the long
wellbore storage period experienced in some low
permeability reservoirs.

* Corresponding author. Fax: + 965-4849558; e-mail:
nashawi @petrol .kuniv.edu.kw
! Fax: +971-3-632382; e-mail: reyadh@eclsun.uaeu.ac.ae.

Many publications that offer solutions for these
problems are presented in the literature. The nonlin-
earity problem was effectively handled by incorpo-
rating the pseudo-pressure (Al-Hussainy et al., 1966;
Al-Hussainy and Ramey, 1966) and pseudo-time
functions into the diffusivity equation (Agarwal,
1979; Lee and Holditch, 1982; Spivey and Lee,
1986).

Practical limitations at the wellsite do not often
alow the conduction of a long-term transient test to
reach the semilog straight-line period characteristic
of aradial reservoir response. Conventional analyses
of wellbore-storage-dominated data yield inaccurate,
or even no estimates, of reservoir parameters. Type
curve matching has been suggested to analyze such
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data. However, type curve matching results may not
be unique and hence is best used as a diagnostic tool
to determine the reservoir model that matches the
well test data (Agarwal et a., 1970ab; McKinley,
1971a,b; Earlougher et al., 1973). Recently, with
enhancements in bottomhole flow rate and pressure
recording tools, the focus of both oil and gas well
testing has shifted from the time consuming conven-
tional techniques to advanced, and more reliable,
convolution (Meunier et al., 1985; Kuchuk and
Ayestaran, 1985; Guillot and Horne, 1986; Ahmed et
al., 1987; Kuchuk, 1987; Nashawi, 1994) and decon-
volution methods (Stewart et a., 1983; Fetkovich
and Vienot, 1984; Thompson and Reynolds, 1986;
Thompson et al., 1986; Kuchuk, 1990). These new
techniques have several advantages over their con-
ventional counterparts, such as minimization of well-
bore storage effects, better reservoir description in
the vicinity of the wellbore, and accurate estimates
of reservoir parameters.

The last problem in the analysis of gas well tests
is the presence of turbulent or non-Darcy flow effect
in the vicinity of the wellbore. This problem is
magnified in high flow rate wells, where it can cause
severe pressure drop near the wellbore and may even
mask the presence of a fracture. This effect has been
traditionally treated as an additional rate-dependent
skin. Several techniques have been presented in the
literature to determine the rate-dependent or non-
Darcy skin effect. Flow-after-flow (Meunier et al.,
1987), isochronal (Cullender, 1955a,b), and modified
isochronal tests (Aziz, 1967; Brar and Aziz, 1978)
are few examples of these effective techniques. These
techniques, however, except for the one proposed by
Brar and Aziz (1978), require a long-duration test. A
trial-and-error procedure has also been proposed for
this purpose (Odeh and Jones, 1965ab); but this
procedure is awkward to implement in practice. Me-
unier et al. (1987) included the wellbore storage
dominated data in the test analysis. This technique
succeeded in reducing the overall test duration; how-
ever, it used a trial-and-error method to determine
the rate-dependent skin. Horne and Kucuk (1988)
presented a nonlinear computer-automated approach
where al the reservoir parameters are simultaneously
determined. Although this method can deliver good
test results, it is not widely favorable for some of the
well test analysts who prefer a graphical representa-

tion of the buildup test data. Samaniego and Cinco-
Ley (1991) proposed a method that permits a direct
estimation of the mechanical skin factor and the
turbulent flow coefficient; however, this method is
based on a step function approximation of the vari-
able gas flow rate. More recently, Nashawi and
Almehaideb (1995) presented a convolution tech-
nique that allows the calculation of the reservoir
parameters without a trial-and-error procedure; but
their analysis relies on the late wellbore storage
dominated buildup data when the effect of turbu-
lence dies out.

The objective of this paper is to present a straight-
forward method that will enable the well test analyst
to effectively and accurately determine al reservoir
parameters within a short testing period. This study
also suggests a method to estimate the extrapolated
reservoir pressure at infinite shut-in time from pres-
sure buildup data. Field and simulated tests are
employed to illustrate the applicability of the pro-
posed technique.

2. Mathematical model

Meunier et al. (1987) presented a convolution
approach to analyze simultaneously measured tran-
sient sandface flow rate and pressure buildup data of
gas wells under the effects of non-Darcy flow and
damage as.

Ap,(Aty,) = m[ —-3(Aty,) + SAqD] +FAQ3

(1)
Dividing Eq. (1) by Aqp yields:
A Pon(Atsn) _ m 2 (A1) +S|+F(1+qp)

Adgp Agp

(2)
where
A Pon(Atpn) = Ponws(Atpn) = Pour (3)
S(Aty) = (4)

Os

Agp=1-0p (5)
Ags=1-03 (6)
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q (At )
Gp=——" (7)
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m ™ (8)
k
=log —) 3.23 + 0.869s (9)
¢lu’| i w
F = 0869mq, D (10)

The normalized pseudo-pressure and normalized
pseudo-time functions are defined, respectively, by:

B = Py + ppi E; (12)
and

At 1
Atpn=MiCufo mdt (12)

The use of normalized pseudo-functions alows
the well test analyst to treat gas wells as oil wells
provided that the gas flow rate is defined in conven-
tional oil rate units.

In order to isolate the formation permeability and
the rate-dependent skin factor from the other un-
known parameter, so that they can be caculated
independently, Eq. (2) is differentiated with respect
to normalized pseudo-shut-in time to obtain:

1 dAp,(At,,)
Ag2 A D A ( pn
o dAt, dAt
1 d3(At,)
= —Agy——2 4 3(At
m{Aqé[ ©ga, T A)
ddp dap
X +F 13
dAtpn]} dAt,, (13

Dividing Eq. (13) by the dimensionless flow rate

derivative, dqp /dAt,,, yields:
1 | dApy,(Aty)/dAt,  Apy,(At,,)
AqD dQD/d Atpn AQD

1 dX(At,,)/dAt,, . 3(At,)
=m —
AqD qu/d Atpn AQD

+F (14)

A plot of the left-hand-side of Eq. (14) vs. the
term multiplied by m on the right-hand-side of the
equation should result in a straight line with slope m
and intercept F. Once m and F are determined, the
formation permeability, k, and the rate-dependent
skin factor, Dgg, can be calculated from Egs. (8)
and (10), respectively.

The second step involves determining the me-
chanica skin. To do that, Eq. (2) is rewritten as:

Apy(Aty,)

-F(1+q
A (1+0p)

1. 151{
m

| k
“log| ———
g ¢/"“| ti W
= —1.151M +s (15)
Adgp

A plot of the left-hand-side of Eq. (15) vs. the
sandface rate convolution time function should yield
a straight line with the mechanical skin factor as the
intercept. For simplicity, the left-hand-side of Eq.
(15) will be denoted by S, in the andysis of the
example well tests to be presented later in this study.

Having estimated the formation permeability, the
mechanical and the rate-dependent skin factors, the
final goal of the proposed technique is to determine
the reservoir pressure at infinite shut-in time. Meu-
nier et al. (1985) derived an equation that describes
the sandface shut-in pressure of oil wells in an
infinite acting reservoir as:

Pus = Pim[l0g(t, + At) + S(At) + Sqp | (16)

Eg. (16) can be modified to fit gas wells by
employing the normalized pseudo-functions and by
adding the non-Darcy flow effect. In this context,
Eg. (16) becomes:

panS ppnl - {m[mg(tppn + Atpn) + E(Atpn)
+SQD] +Fq|§} (17)

Therefore, the normalized pseudo-pressure at infi-
nite shut-in time of a gas well with turbulence and
damage equals the intercept of the straight line ob-
tained by plotting the sandface normalized pseudo-
shut-in pressure, p,,,s, VS. the term to the right of
Ppni IN EQ. (17). Meunier et al. (1985) called the plot

+323}
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Table 1
Gas and reservoir properties for simulated case no. 1

Gas properties

Initial viscosity, w; (cp) 0.01877
Initial gas compressibility, C; (psi~ 1) 0.3028x 1073
Gas specific gravity, SG 0.7

Gas FVF, By (bbl /MSCF) 1.087

Well /reservoir properties

Productive thickness, h (ft) 50
Hydrocarbon porosity, ¢ (%) 12

Wellbore radius, r,, (ft) 0.1667
Reservoir temperature, T (°R) 710

Initial reservoir pressure, p; (psi) 3000

resulting from Eq. (16) the modified Horner graph.
The same terminology will be adapted in this paper.

The procedure outlined above can be also em-
ployed with the pseudo-pressure function of Al-Hus-
sainy et al. (1966). The only difference is that the
slope of the first plot will be defined as:

163794 T
Mo o dse’

™ (18)

3. Discussion of the working equations

Eq. (13) is general in the sense that it is applica
ble for the entire duration of the shut-in period as
long as the afterflow can be accurately measured.
The intent of this equation is to reduce the duration
of the buildup test. However, if the test is conducted
long enough until the afterflow rate becomes rela-
tively small, 2 phenomenological behaviors can take
place. First, the turbulence effect dies out. In such a
case, the last term on the right-hand-side of Eq. (13)
drops out of the equation because the inertia turbu-
lent flow factor, F, approaches zero. Second, when
the afterflow rate decreases the dimensionless flow
rate decreases as well and hence, its derivative with
respect to time tends toward zero. Thus, taking these
effects into consideration, Eq. (13) can be rewritten
as follows:

dAp,(At,,) _ml d3(At,,)
dAt,, dAt,,

(19)

Eq. (19) can be expressed in terms of the normalized
pseudo-shut-in pressure as:
d Pos(Atyn) _ 1 dX(At,,)

20
dAt,, dAt,, (20)

Thus, using the data recorded at the end of the
wellbore storage period and plotting the normalized
pseudo-shut-in pressure derivative vs. the sandface
rate convolution time derivative, a straight line should
result. The slope of this line equals the conventional
slope m. This type of analysis will only alow the
calculation of the formation permeability. To obtain
the mechanical and the rate-dependent skin factors
Eg. (1) is rearranged as:

1 [Ap. (At
1.151{ [ Pon( Aty +
Adp m

+ 3.23} =(1+09p)Dgsc +s

Z(Atpn)}

— |Og JE—
byt

(21)

Thus, the rate-dependent and the mechanical skin
factors are, respectively, determined from the slope
and the intercept of the straight line obtained by
plotting the left-hand-side of Eq. (21) denoted by Y,,
vs. (1+ gp)-

4. Applications

One field example reported in the literature and 2
simulated cases are employed to illustrate the appli-

50000

-50000 +

-100000 +

-150000 +

Normalized SFRC pressure function
derivative

-200000 &y " } ; " "
3000 2500 -2000 -1500 -1000 -500 O 500

Normalized SFRC time function derivative

Fig. 1. First test plot: simulated case no. 1.
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s =3.63

Stb

~Z(Atpn)/(1-ap)
Fig. 2. Second test plot: simulated case no. 1.
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Fig. 3. Type curve matching: simulated case no. 1.

cability of the proposed method. The downhole pres-
sure and flow rate vs. time data for the simulated
cases are obtained from an integrated reservoir—wel-
Ibore simulator developed by Almehaideb et al.
(1989). This model simulates transient flow of ail,
water, or gas in the reservoir around a single well
that may be opened or closed. Wellbore storage and
both mechanical and rate-dependent skin effects are
rigorously considered in the model. Flow in the

4000

3500 Ppni = 3007 psi

3000
2500

000
2000

1500

ppnws , psi

1000

500

0

0 200 400 600 800 1000
M[10g(topn*+ Atpn)* £(Aten)+SAp?]+Fap?

Fig. 4. Modified Horner graph: simulated case no. 1.

reservoir around the well is radial and the well is
assumed to penetrate the whole pay zone.

Although type curve analysis can only deliver
values for the formation permeability and the total
skin effect, it is implemented in all presented cases
for comparison purposes.

4.1. Smulated case no. 1

This case simulates a high-pressure, relatively
low-permeability reservoir. The well produced at a
flow rate of 5 MMSCF /D for 20 days before it was
shut-in to perform a pressure buildup test. The reser-
voir permesbility, and the mechanical and rate-de-
pendent skin factors included in the simulator have
the values of 5 md, 4, and 1.5, respectively. The gas
and reservoir properties employed in the simulator
are reported in Table 1.

Fig. 1 displays the first test plot. The straight line
shown in the figure has a slope of 67.984 and an
intercept of 96.914. The formation permeability and
the rate-dependent skin are calculated from Egs. (8)
and (10) to be 4.88 md and 1.65, respectively.

Table 2

Results of the smulated case no. 1

Anaysis Permeability Mechanical Rate-dependent Total
technique (md) skin skin skin

Simulator input data 5.00 4.00 1.50 5.50
This study 4.88 3.63 1.65 5.28
Type curve 4.58 - - 4.40
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Table 3
Gas and reservoir properties for ssimulated case no. 2

Gas properties

Initial viscosity, w; (cp) 0.02262
Initial gas compressibility, C; (psi~ 1) 0.1605x 103

Gas specific gravity, SG 0.7

Gas FVF, By (bbl /MSCF) 0.78077
Well /reservoir properties

Productive thickness, h (ft) 100
Hydrocarbon porosity, ¢ (%) 13
Wellbore radius, r,, (ft) 0.1667
Reservoir temperature, T (°R) 710
Initial reservoir pressure, p; (psi) 4420

Once the dope and the intercept of the first plot
are known, the data required for the second test plot
are calculated according to Eq. (15). This plot is
illustrated in Fig. 2. The mechanical skin factor is
equal to the intercept of the straight line drawn
through the plotted points and has a value of 3.63,
which, when added to the rate-dependent skin, yields
a total skin factor of 5.28.

Fig. 3 displays the type curve matching of the
data. The analysis yielded a formation permeability
of 4.58 md and a total skin factor of 4.4.

Table 2 compares the results for this case. The
calculated formation permeability and total skin fac-
tor are, respectively, within 2.4% and 4% of the
simulator input values. This demonstrates the capa-
bility of the presented method in providing good test
results.

Fig. 4 illustrates the procedure by which the
extrapolated reservoir pressure is estimated. The

100000

m = 57.597

100000 £ E 2 99397

300000 £
500000 £
B 700000 £
~900000 £

-1100000 +

Normalized SFRC pressure function
derivative

-1300000 -+ t t t +
-20000 -15000 -10000 -5000 0 5000

Normalized SFRC time function derivative

Fig. 5. First test plot: smulated case no. 2.

5

Stb

-2(Atpn)/(1-0p)

Fig. 6. Second test plot: simulated case no. 2.

reservoir pressure equals the intercept of the straight
line drawn through all the data points and has a
value of 3007 psi. Thisvalue falls within 0.2% of the
actual value of 3000 psi. Note that the straight line
shown in Fig. 4 has a unit slope that is consistent
with Eq. (17).

4.2. Smulated case no. 2

The well discussed in this example was producing
at a high rate of 20 MMSCF /D before it was closed
at the surface. The input reservoir permeability, and
the mechanical and rate-dependent skin factors have
the values of 10 md, 2, and 4, respectively. Other gas
and reservoir properties are presented in Table 3.

The first test plot for this example is displayed in
Fig. 5. Least squares method performed on the data

po; dpp/d(In tp) dp, t*dp/dt

100.00

CDe2s=10~ 30

10.00

1.00

0.10

0.10 1.00 10.00 100.00 1000 1.0E+4
tp/Cp

Fig. 7. Type curve matching: simulated case no. 2.
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Table 4

Results of the smulated case no. 2

Anaysis Permeability Mechanical Rate-dependent Total
technique (md) skin skin skin

Simulator input data 10.00 2.0 4.00 6.00
This study 9.97 16 4.46 6.06
Type curve 10.20 - - 6.30

shows that the straight line drawn in the figure
sweeps most of the plotted points and has a slope of
57.597 and intercept of 223.27. The formation per-
meability and the rate-dependent skin factor were
determined as 9.97 md and 4.4, respectively. Fig. 6
illustrates the second test plot. The mechanical skin
factor equals the intercept of the line fitted through
the data and has a value of 1.6. The total skin factor
is calculated to be 6.06.

Type curve analysis conducted on the same data
provided a formation permesbility of 10.2 md and a
total skin factor of 6.3. The type curve matching is
shown in Fig. 7.

A comparison of the results is presented in Table
4. As can be noticed, the calculated formation per-
meability and total skin factor, respectively, fall
within 0.3% and 1% of the values used in the
simulator. These results further confirm the consis-
tency of the proposed technique in delivering accu-
rate estimates of the reservoir parameters.

The extrapolated reservoir pressure is determined
from the modified Horner graph (Fig. 8) and has a
value of 4421 psi. This value is within 0.02% of the
actual input value of 4420 psi.

5000

I Ppni= 4421 psi

4500 |

4000 |

Pprws, PSi

3500 +

3000 : . . . . o
0 100 200 300 400 500 600 700 800

M10g(tppn* Aton)+ (A ten)+Sap?]+Fap?

Fig. 8. Modified Horner graph: simulated case no. 2.

4.3. Field example

The tested well, located in Atascosa County, TX,
is completed in a low-permeability sandstone forma-
tion. The well was producing gas at a flow rate of
480 MSCF/D before it was shut-in for a pressure
buildup test. Detailed gas properties, well, and reser-
voir data are reported in Table 5. Measured and
calculated test data are listed in Table 6.

This field example may not be the best candidate
to demonstrate the application of the proposed tech-
nique. Ahmed et al. (1987) stated that the data of this
example have, for unknown reasons, an unusua
behavior. This behavior is quite noticeable in the
pressure derivative type curve (Fig. 9) that exhibits
couple of humps before the slope stabilizes. This
trend of the pressure derivative adversely affected
the first test plot (Fig. 10) and limited the analysis to

Table 5
Gas and reservoir properties for Ahmed et al. (1987) field exam-
ple

Gas properties

Gas viscosity (t = 0) (cp) 0.015

Gas specific gravity, SG 0.685
GasFVF, By (bbl /MSCPF) 0.13678
Gas compressibility, C, (psi— 1) 1.02x1073
Well /reservoir properties

Productive thickness, h (ft) 130
Hydrocarbon porosity, ¢ (%) 13
Wellboreradius, r,, (ft) 0.354
Reservoir temperature, T (°R) 712
Pressure (t = 0)(psi) 980.62
Production rate (MSCF /D) 480.231
Total producing time (h) 720

Water saturation (%) 28

Water compressibility, C,, (psi~1) 2x10°8
Formation compressibility, C; (psi—%) 5x10~©
Total compressibility, C, (psi— 1) 1.025x 108
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Table 6
Buildup test data Ahmed et al. (1987) field example

Buildup time Normalized pseudo-  Sandface flow rate

(h BHP (MSCF/D)
(psi)
0.00029364164  980.43671 480.2312440
0.0027936390 981.14709 471.1349095
0.0039047613 981.73773 463.8957411
0.0047380920 982.24860 456.1456847
0.0052936361 982.64941 445.2733051
0.0069603031 984.00323 437.2896410
0.0089047560 985.92145 433.9522614
0.010849209 988.15509 4222192718
0.013626992 991.70575 415.3305412
0.017515870 997.17413 411.1322050
0.027793648 1013.0222 392.5097614
0.037793640 1029.4829 377.4449681
0.052238077 1053.8849 362.3697614
0.068349212 1081.3345 347.0847050
0.091404766 1120.4108 340.7570230
0.10862699 1149.3829 320.7051296
0.15362701 1223.8276 305.6693913
0.18584922 1276.1522 275.5559220
0.25529370 1385.6702 250.5424271
0.36362699 1544.0752 240.4812581
0.47612703 1690.4066 210.4615912
0.57362705 1803.3966 160.4187184
0.64946043 1882.2963 140.2870068
0.79834926 2011.8174 100.2282342
1.1094604 2198.1550 80.16041935
1.4738492 2355.3201 57.39590340
1.8094047 2467.5828 45,15137695
22235715 2589.3755 35.07632845
2.8434603 2740.5979 20.01559650
4.1115160 2937.7834 10.00783630
43717937 2965.5786 0
4.9442940 3019.8845 0
5.5909605 3069.1270 0
6.4517937 3117.6331 0
7.2954059 3159.0295 0
8.0251274 3188.8958 0

only few data points between 0.48 and 4.11 h. The
data points recorded after 4 h cannot be analyzed
using Egs. (14) and (15) since after this time the
flow rate is zero (Table 6). Fortunately, however,
this type of data can be analyzed with Egs. (20) and
(21) as it will be illustrated later in the example.
The formation permeability and the rate-depen-
dent skin factor are determined from the straight line
displayed in Fig. 10 as 0.062 md and 1.024, respec-
tively. These results are based on 8 data points only.

, dpp/d(In t *
100.00 pos, dpp/d( ‘ D) ‘ ' dp, t*dp/dt
cpezs=10~ 30
20
15
10
10.00 | -
]
1.00
74 %
0.10 . . . .
0.10 1.00 10.00 100.00 1000 1.0E+4

tp/Cp

Fig. 9. Type curve matching: Ahmed et al. (1987) field example.
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Fig. 10. First test plot: Ahmed et al. (1987) field example.

Fig. 11 shows the second test plot. The mechanical
skin factor is determined from the intercept of the
straight line to be —0.858. The total skin factor is

Stb

~Z(Atpn)/(1-ap)

Fig. 11. Second test plot: Ahmed et al. (1987) field example.
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Fig. 12. First test plot using Eq. (20): Ahmed et al. (1987) field
example.

determined to be 0.10. The type curve analysis re-
sulted in a formation permeability of 0.052 md and a
total skin factor of — 0.05.

As has been mentioned earlier, the last part of the
data starting from 4.11 h of the surface shut-in of the
well provides the opportunity to demonstrate the
applicability of Egs. (20) and (21) to actud field
example. Fig. 12 displays the first test plot using Eq.
(20). The formation permeability is determined from
the slope of the line shown in the figure to be 0.047
md. Fig. 13 illustrates the second test plot using Eq.
(21). The rate-dependent and the mechanical skin
factors are, respectively, equal to the slope and inter-
cept of the straight line and have values of 0.601 and
—0.824. These results are obtained using data points
starting from 0.48 h of buildup.

Ahmed et al. (1987) using convolution, deconvo-
lution, conventional, and type curve matching tech-

1.0

Dy = 0.601
057 s=-0.824

0.0+

Y21

05+

-1.5 t t t t t t
0.00 025 050 075 100 125 150 1.75

1+qp

Fig. 13. Second test plot using Eq. (21): Ahmed et al. (1987) field
example.

niques performed a comprehensive data analysis.
These techniques provide an estimate of the total
skin factor only, whereas the analysis presented in
this paper determines both the mechanical and the
rate-dependent skin factors as shown in Table 7. For
low productivity wells, as in this field example, the
rate-dependent skin is small and does not severely
affect the performance of the well. However, for
high flow rate wells, non-Darcy flow affects the
wells performance and, thus, it must be separately
calculated if a good well test analysis is required.

A comparison of the results of this example with
Ahmed et al. (1987) resultsis given in Table 7. The
comparison shows that the results obtained in this
study are in good agreement with those determined
from different analysis techniques by Ahmed et al.
(1987). It also shows that the analysis presented here

Table 7

Comparison of results Ahmed et al. (1987) field example

Analysis Permesbility Mechanical Rate-dependent Total
technique (md) skin skin skin
This study

Egs. (14) and (15) 0.062 —0.858 1.024 0.166
Egs. (20) and (21) 0.047 —-0.824 0.601 —-0.222
Type curve 0.052 - - —0.050
Ahmed et al. (1987)

Horner 0.051 - — 0.59
TRAP 0.047 - - 0.26
Convolved type curve 0.035 - - 0.00
Deconvolved type curve 0.048 - - 0.60
Deconvolved MDH 0.044 - - 0.50
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Fig. 14. Modified Horner graph: Ahmed et a. (1987) field exam-
ple.

has the advantage of providing separate values of the
mechanica and the rate-dependent skin factors,
whereas the other techniques given in the table do
not.

The extrapolated reservoir pressure for this exam-
ple is obtained from the intercept of the straight line
shown in Fig. 14 and has a value of 4852 psi.

5. Conclusions

A direct method is proposed to analyze transient
pressure buildup data of gas wells with damage and
non-Darcy flow effect. This method employs convo-
lution of the sandface flow rate and pressure data. Its
applicability is illustrated through the analysis of 2
simulated cases and 1 field example. The presented
method has the following advantages over other
methods. (1) The reservoir permeability, mechanical
and rate-dependent skin factors are graphically ob-
tained without a trial-and-error procedure. (2) The
presented technique utilizes convolution of the early
sandface flow rate and pressure test data; thus, allow-
ing accurate description of the reservoir conditionsin
the vicinity of the wellbore and providing estimates
of the reservoir parameters in a short testing time. (3)
A graphical method that allows the determination of
the extrapolated reservoir pressure has been also
presented. The applicability of this method has been
illustrated in al analyzed cases. (4) Analysis of the
late wellbore storage data is also possible with the
proposed method when the effect of non-Darcy flow

diminishes. This analysis requires a minor modifica-
tion of the proposed equations to describe the actual
flow rate behavior as it has been demonstrated in the
field example.

In order to obtain better analysis results from the
presented technique, it is recommend that the down-
hole pressure and flow rate data be recorded at small
time intervals especially early during the well test.
Moreover, the accuracy of the first analysis plot is
further enhanced when smooth afterflow variations
are occurring since derivatives of the recorded data
are numerically evaluated in this technique. Any
disturbance in the data or unusual pressure behavior
may adversely affect the analysis plots.

6. Nomenclature

B, initial gas formation volume factor,
RB /MSCF

C, total system compressibility, psi !

D turbulent or non-Darcy flow coefficient,
(MSCF/D)"*

Dag, rate-dependent skin factor, dimensionless

F inertial turbulent flow factor, Eq. (10)

h net pay zone thickness, ft

k formation permeability, md

m slope of the first test plot, Eq. (8)

M slope of the first test plot when pseudo-
pressure is used, Eq. (18)

P, initial reservoir pressure, ps

Poni normalized pseudo-initial reservoir pres-
sure, psi

Ponwt normalized pseudo-wellbore flowing pres-
sure, psi

Ponws normalized pseudo-shut-in pressure, psi

Pt wellbore flowing pressure, psi

do dimensionless bottomhole rate

Oy reference flow rate, rate prior to surface
shut-in of the well, MSCF/D

Og sandface flow rate, MSCF /D

M wellbore radius, ft

S skin factor

S skin coefficient term, Eq. (9)

So left-hand-side of Eg. (15), vertical axis of

the second test plot

t production time, h
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t, Horner production time, h

ton normalized pseudo-time, h

ppn Horner normalized pseudo-production
time, h

At shut-in time, h

At,, normalized pseudo-shut-in time, h

T formation temperature, °R

Y, left-hand-side of Eq. (21)

Greek symbols

i initial gas viscosity, cp

p gas density, lbm /ft3

3 logarithmic approximation of the rate-
convolved function, dimensionless

b formation porosity, fraction

Subscripts

D dimensionless

i initial

pn normalized pseudo-

sc standard condition

sf sandface

t total

w well

wf well flowing

ws well shut-in
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