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10-second summary

Recently developed type curves
are presented, which greatly sim-
plify the evaluation of buildup-type
well test information. The basis on
which these curves were devel-
oped and actual examples of their
use are discussed. Curves used in
the discussion are those that apply
to the most commonly found situa-
tion, that is, a well with wellbore
storage and skin in a homogene-
ous reservoir.

IN A CONVENTIONAL WELL TEST,
the measured value of pressure
change is of limited value. For ex-

A new set of type curves
simplifies well test analysis

ample, to say, “after a shut-in of 3
hours, pressure increased by 500 psi” re-
veals nothing in terms of reservoir
properties. However, the statement
“after a shut-in of 3 hours, pressure was
still increasing by 10 psi per hour” is
much more meaningful.

All methods for the analysis of
data from well testing are based on
the Diffusivity Equation for fluid
flow through porous media. This
equation is in terms of the differen-
tial of pressure with respect to time.
It is this quantity, therefore, that is
significant and which should, ide-
ally, be measured. Mechanical bot-
tomhole pressure recorders, how-
ever, are not capable of measuring
rate of pressure change with respect
to time, and this has restricted tradi-
tional well test analysis solely to a
consideration of pressure behavior.
New generation electronic bot-
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Fig. 1—Using data from example 1, a conventional pressure versus time log-log plot is con-
structed to help in identifying well and reservoir behavior.
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Fig. 2—Type curves for a well with wellbore storage and skin in a reservoir with homogeneous
behavior. Note that at large values of dimensionless time the curves become very similar, mak-
ing it difficult to obtain an accurate match.

TABLE 1—Well test data for Example 1

Elapsed time, hr

0.00000
4.16668
8.33333
1.25000°]
1.66667
2.08333
2.50000
2.91668
3.33333
3.75000
4.58333
5.00000
5.83333
6.66668
7.50000
8.33333
9.58333]
1.08333
1.20833
1.33333
1.45833
1.62500
1.79167
1.95833
2.12500
2.29167
2.50000
2.91668
3.33333
3.75000
4.16668
4.58333
5.00000
5.41668
5.83333
6.25000
6.66668
7.08333
7.50000
8.12500
8.75000

x10-3

> x10-2

F x10-1

9.37500.
1.00000
1.06250
1.12500
1.18750
1.25000
1.31250
1.37500
1.43750
1.50000
1.62500
1.75000

Pressure, psi

3,086.33
3,090.57
3,093.81
3,096.55
3,100.03
3,103.27
,106.77
10.01
13.256
16.49
22.48
28.96
35.92
41.17
47.64
61.95
70.68
78.39
87.12
94.24
05.96
16.68
27.89
38.37
49.07
61.79
87.21
10.15
34.34
56.27
74.98
94.44
13.90
33.83
48.05
66.26
81.97
93.69
18.63
37.34
53.556
71.75
86.23
02.95
17.41
31.15
3,640.86
3,652.85
3,664.32
3,673.81
3,692.27
3,705.52
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Elapsed time, hr

1.87500
2.00000
2.25000
2.37500
2.50000
2.75000
3.00000
3.25000
3.50000
3.75000
4.00000
4.25000
4.50000
4.75000
5.00000
5.25000
5.50000
5.75000
6.00000
6.25000
6.75000
7.25000
7.75000
8.25000
8.75000
9.25000
9.75000
1.025007]
1.07500
1.12500
1.17500
1.22500
1.27500
1.32500
1.37500
1.45000
1.52500
1.60000
1.67500
1.75000
1.82500
1.90000
1.97500
2.05000
2.12500
2.22500
2.32500
2.42500
2.52500
2.62500
2.72500
2.85000

> x10

3.00000_]

Pressure, psi

3,719.26
3,732.23
3,749.71
3,757.19
3,763.44
3,774.65
3,785.11
3,794.06
3,799.80
3,809.50
3,815.97
3,820.20
3,821.95
3,823.70
3,826.45
3,829.69
3,832.64
3,834.70
3,837.19
3,838.94
3,838.02
3,840.78
3,843.01
3,844.52
3,846.27
3,847.51
3,848.52
3,850.01
3,850.75
3,851.76
3,8562.50
3,853.51
3,854.25
3,855.07
3,855.50
3,856.50
3,857.25
3,857.99
3,858.74
3,859.48
3,859.99
3,860.73
3,860.99
3,861.49
3,862.24
3,862.74
3,863.22
3,863.48
3,863.99
3,864.49
3,864.73
3,865.23
3,865.74

tomhole pressure gauges, however,
allow the rate of change of pressure
with time to be accessible. Analysis
based on this pressure differential,
Ap', is more sensitive and powerful
than analysis based only on pres-
sure, Ap. This article presents a new
set of type curves for analyzing the
differential of pressure behavior for
wells with wellbore storage and skin
in homogeneous reservoirs.

INTERPRETATION BASED ON
PRESSURE BEHAVIOR

In this example of techniques
currently in use, the initial step is to
plot pressure change, Ap, versus
elapsed time, A¢, for a particular
flow period, on a log-log scale. An
example of a build-up test is shown
in Fig. 1 (data are listed in Table 1).

This plot is diagnostic because it
allows the identification of well and
reservoir behavior. Once the behav-
ior has been indentified, which in-
volves comparing actual pressure
response with theoretical responses
known as type curves, the correct
analyses can be performed.

In well test analysis the most fre-
quently encountered behavior is
that of a well with wellbore storage
and skin in a homogeneous reser-
voir. The corresponding set of type-
curves is shown in Fig. 2.! The
curves are also plotted on log-log
scale in terms of dimensionless pres-
sure, pp versus dimensionless time
divided by dimensionless wellbore
storage, tp/Cp. Equations for these
two terms are as follows:

pp = khApl141.2¢Bp. (1)
tolcp = 0.000295khALp.C  (2)

Each curve is labelled by the di-
mensionless group, Cpe?S, which de-
fines the shape of the curves:

Cpe® = 0.8936Ce>/dch ¥y (3)

All the curves merge, in early
time, into a unit slope straight line
corresponding to pure wellbore
storage flow. At later time, curves
correspond to infinite acting radial
flow, when the effects of wellbore
storage have subsided and the flow
is radial in the reservoir. Making an
initial match of the data on one of
these type curves allows:

® Confirmation of original diag-
nosis

® Identification of the two flow



4,000

3,750

3,500

Pressure, psi

3,250

3,000

Fig. 3—After well and reservoir behavior have been identified, a typical Horner plot is used to
calculate initial values for kh, and S. The kh value will be used later to obtain a refined match on

Slope, m
Intercept, p* = 3,878 psi

Par-m = 3797psi

= 65.

Straight line parameters:

62 psilcycle

Results:

kh = 1,142 md ft
p* = 3,878 psi
S =74
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Fig. 4—The technique for obtaining the proper pressure and time match is illustrated. After the
correct type curve has been selected, the permeability and skin parameters are recalculated and

compared with the Horner analysis.

Editor’s note:

The new set of type curves described in this article is partially derived
from the derivatives of the dimensionless pressure and time functions
normally used in most type curves. The explanation of how this deriva-
tive was obtained, for both establishing the type curves and handling
the well test data, is beyond the scope of this article. Therefore, those
readers interested in the details of the mathematics involved should
contact the authors. In addition, full-size copies of the type curves are
available from the authors. Write to Flopetrol: 228, Rue Einstein; 77530
Vaux-Le Penil; France or B. P. 592; 77005 Melun Cedex; France.

The editor also gratefully acknowledges the help of Mr. Peter S. He-
geman with Johnston-Macco, Houston for quickly re-educating said ed-
itor on the finer points of well test analysis. Without Mr. Hegeman’s
help, this article would have been delayed while questions and answers
were flying between France and Houston.

regimes—wellbore storage and infi-
nite acting radial flow

The initial match is made by slid-
ing a plot of the test data over the
type-curves, with respect to the
unique straight line at early time,
and then selecting the best possible
match-curve. The end of wellbore
storage and the start of infinite act-
ing radial flow are then obtained
from the limits marked on the type
curves (Fig. 2). However, there are
two problems commonly encoun-
tered in log-log type curve match-
ing:

® For high values of Cpe®, type
curves have very similar shapes,
therefore if the data correspond to
one of these curves (as in the exam-
ple) it is not possible to find a
unique match by a simple compari-
son of shapes.

® Build-up data deviate from
type curves designed for the analy-
sis of drawdown data. Deviation de-
pends on the duration of the pre-
vious production period, t,.

In the example, the data match all
the curves above Cpe%S 108, al-
though it seems that in all cases
pure wellbore storage flow lasted
less than about 5 minutes and infi-
nite acting radial flow started after
about 23 hours.

Once flow regimes have been
identified, there are specialized
analyses that are applicable to each.
For a build-up, the Horner method
is the specialized analysis applicable
during the infinite acting radial
flow regime. The method involves a
plot of bottomhole shut-in pressure,
p, versus log (tp+At)/At as shown in
Fig. 3.

On this plot, the data in infinite
acting radial flow fall on a straight
line. The straight line parameters
given in Fig. 3 are used to evaluate
the permeability thickness product,
kh, and skin, S:

kh = 162.6quB/m (4)
= (162.6)(174)(2.5)
(1.06)/65.62
= 1,142 md ft
S = 1151 { [(p1nr— pup) I m] (5)
—[log (k/dpcr?,)] +3.23}

1.151 {[(3,797 - 3,086)/
65.62] — log [(10.68)/(0.25)
(2.5)(4.2 x 10-9)(0.29)?]
+3.23}

=173
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Fig. 5—A plot of the derivative of dimensionless pressure shows that at both early and late times

the curves merge into straight lines.
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Fig. 6—By replotting the curves shown in Fig. 5, a more useful tool is obtained since the pres-
sure and time axes are now consistent with the type curves of Fig. 2.

From the value of kh from the
Horner plot the match on the pres-
sure axis of the type curve can be
fixed. This is done by inserting the
kh value into Eq. 1 and solving for
po/Ap. Eq. 1 is rewritten as follows:

po/Ap = (kh)/141.2¢Bu
= 1,142/(141.2)(174)
(1.06)(2.5)
= 0.0175

If for convenience, Ap is set to
equal 100, then pp equals 1.75.
Therefore, the log-log plot of Fig. 1
can be superimposed over the type
curves of Fig. 2 knowing that 100
psi on the Y axis of Fig. 1 corre-
sponds to a value of 1.75 on the Y
axis of Fig. 2 (see Fig. 4). This estab-

4

lishes an initial vertical match, or
(pp/ Ap)maren- The time match is then
found by shifting the test data plot
horizontally until the early time
straight line curves are aligned. In
this case, it was found that the best
match was obtained when the pres-
sure match was modified slightly to
0.0179 at a time match of 14.8 (At
= 1.0 on Fig. 1, tp/Cp = 14.8 on
Fig. 2). The resulting type curve
match is shown in Fig. 4. The re-
fined curve (build-up type curve
shown in blue) was generated nu-
merically using the duration of the
previous flow period, .

When the refined match has been
achieved, the Cpe?S value of the
match curve, together with the

translation of the axes of the data
plot with respect to the type curve
axes, enable well and reservoir par-
ameters to be calculated:

kh = 141.2gBW(pp! Ap)macch
141.2(174)(1.06)
(2.5)(0.0179)

= 1,165 md ft

(0.000295kA/ W) (At/ (tp/ Cp)march
[(0.000295)(1.165)/2.5]
[1/14.8]

= 9.3x 10~ bbl/psi

(0.8936 C) / (dbehrdy)
(0.8936)(9.3 X 10~3) / [(0.25)
(4.2 x 10-9)(107)(0.29)2]
879

0.5 In (Cpe?S/Cp)
0.5 In (4 X 109/879)
7.7

Values of kh and S thus calculated
are in agreement with those found
from Horner analyses. In addition,
the start of the Horner straight line
is consistent with the start of infinite
acting radial flow identified from
the type curve.

In conclusion, there are two com-
plementary aspects to the analysis of
pressure behavior:

C

Cp

I

® A global aspect using type
curves to identify the nature of the
behavior

® A specific aspect using special-
ized analyses to accurately calculate
well and reservoir parameters.

To attain a high degree of confi-
dence in the results of the interpre-
tation of pressure behavior, and to
access all parameters of interest, the
analysis method is iterative because
agreement must be obtained be-
tween these two aspects of the anal-
ysis.

DIFFERENTIAL OF
PRESSURE ANALYSIS

The two dominating regimes de-
scribed on the type curve of Fig. 2
can be differentiated. During pure
wellbore storage flow, when pp, =
tp/Cp then:

d(,bD)/d(tD/CD) =pp =1

During infinite acting radial flow
in a homogeneous formation, pp =
0.5[In(tp/Cp) +0.80907 +1n (Cpe)],
then:

d(pp)ld(tp/Cp) = pp’ = 0.5/ (tp/Cp)

Therefore, both at early and at
late time, all pp’ behaviors are iden-
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Fig. 7—The new set of type curves combines Fig. 6 with the result being that both the pressure
and time matches can be obtained without going through the Horner analysis.
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Fig. 8—Example 1, analyzed earlier using the Horner technique and type curves, is evaluated
using the new type curves. Note how well the differential of pressure curve establishes the pres-

sure match.

tical and independent of the Cpe*S
group. The log-log type curve that
corresponds to these relationships is
shown in Fig. 5. At early time, all
curves merge into a straight line
corresponding to pp’ = 1. At late
time, curves merge into a straight
line of slope —1, corresponding to
o’ = 0.5/(tD/CD). Between these
two asymptotes, at intermediate
times, each Cpe? curve produces a
specific shape.

However, from a practical point
of view, it was found preferable to

plot the type curves as pp'(tp/Cp)
versus ¢p/Cp as in Fig. 6:

pp'(tp/Cp) = AtAp'kh/(141.2qBp)

This plot is preferred because:

® The dimensionless groups of
both the pressure and time axes are
consistent with the type curve of
Fig. 2.

® The type curves fit better onto
the commonly used 3 X5 grid, log-
log scale.

To use this new type-curve, actual
data must be plotted as Az (Ap') ver-

sus At. In Fig. 6, at early time, the
curves follow a unit slope log-log
straight line. When infinite acting
radial flow is reached, at late time,
the curves become horizontal at a
value of pp'(tp/Cp) = 0.5.

These type curves are easier to
use than the usual dimensionless
pressure type curves. If both well-
bore storage flow and infinite act-
ing radial flow have occurred dur-
ing the test period, then a log-log
plot of the data will also exhibit the
two straight lines. Therefore by
matching the two straight line por-
tions of the data on the asymptotes
of the type curve, it is clear that only
one match point will be possible. Be-
tween the asymptotes the type
curves are distinctly different for
differring values of Cpe?S. Thus, it is
easy to identify the correct Cpe?S
curve corresponding to the data.

In addition to this uniqueness
and high definition, the method
also has another very important fea-
ture—the infinite acting radial flow
regime gives rise to a straight line
on the log-log plot of the differen-
tial of pressure. Hence, in compari-
son with analysis of pressure behav-
ior, analysis of the differential of
pressure combines the advantages
of type curve matching (a global
consideration of the response) with
the accuracy of a semi-log special-
ized plot. The analysis of the dif-
ferential of pressure is, therefore,
performed with a single plot,
eliminating the need for further
plots to confirm the match.

BUILD-UP ANALYSIS

When a pressure build-up test,
following a single constant rate
drawdown of duration ¢, is ana-
lyzed, build-up type curves (given
by the following equation where pp
{tD/CD} is the dimensionless pres-
sure function), aire use}d.
pD, tD/CD = [)D tD/CD
BU{ | + 041y, Co} = po{ 4,/ Cp)

+ (tp/ CD)}

By differentiation, the relation-

ship becomes:

pg; {tD/CD} = pD'{tD/CD}

—pp’ {(lpD/CD) + (tD/CD)}
However, if infinite acting radial
flow has been reached, [)D’{tD/CD}=
0.5/(tD/CD), the build-up function
then becomes:
PD’ {tD/CD} = 05/(¢D/CD)
BU

~0.5/[(t,,,/Cp) + (tp/Cp)]
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TABLE 2—Well test data for Example 2

100

0.1

Elapsed time, hr Pressure, psi

0.00000 2,235.28
3.11120— x10-* 223619
311112 2237.69
591112 x10-3 2,239.53
871112 224162
115111 2.243.41
1.43112 2.246.26
171112 224853
1.97112 2250.71
225112 2252.38
253112 2254.78
2.81112 2.256.33
3.09112 2/958.53
3.37112 2/260.30
365112 226167
3.93112 2.263.35
421112 2.265.28
447112 2.266.54
475112 2268.08
503112 2269.86
531112 » 2.271.02
559112 > *10 2.272.43
587112 2.273.82
6.15112 2.275.16
6.43112 2.276.49
671112 227779
6.97112 2.279.04
7.25112 228028
753112 2.281.49
7.81112 228266
8.09112 2.283.82
8.37112 2.284.98
865112 228610
8.93112 2.287.18
921112 2/288.27
9.47112_ 228932
1.003117] 2.291.38
1.05911 2.293.66
111511 2.295.32
147114 2.297.18
1.28111 2:300.78
1.33711 2.302.49
142111 2:304.98
1.47511 B 2:306.56
153111 ¢ *10 2:308.11
161511 231038
1.69711 231257
1.78111 2:314.95
1.86511 2:316.71
1.94712 231855
205912 2.321.07
217112_] 232352

Elapsed time, hr

2.281127]
2.39312
2.50312
2.61512
2.78112
2.94712
3.11512
3.28112
3.44712
3.61512
3.78112
3.94712
4.28112
4.61512
4.94712
5.28112
5.61512
5.94712
6.61512
7.28112
7.94712
8.94712
9.94712_]
1.09471
1.26151
1.42811
1.59471
1.76151
1.92811
2.26152
2.59472
2.92812
3.26152
3.92812
4.26152
4.59472
4.92812
5.569472
5.92812
6.59472
7.26152
7.92812
8.59472
9.26152
9.92812
1.09281
1.19281
1.29281
1.39281
1.45947
1.52615
1.59281

> x10-1

x10

Pressure, psi

2,325.85
2,328.08
2,330.25
2,332.34
2,335.35
2,338.22
2,340.95
2,343.48
2,346.06
2,348.39
2,350.70
2,352.93
2,357.13
2,361.03
2,364.64
2,368.09
2,371.32
2,374.34
2,379.93
2,385.02
2,389.60
2,395.77
2,401.13
2,405.84
2,412.87
2,419.12
2,424.58
2,429.44
2,433.63
2,440.84
2,446.78
2,451.81

2,456.20
2,463.38
2,466.46
2,469.18
2,471.68
2,476.05
2,478.00
2,481.50
2,484.54
2,487.24
2,489.62
2,491.76
2,493.72
2,496.29
2,498.61

2,500.66
2,502.50
2,503.63
2,504.69
2,505.71

= [ty,/(tp, + )] [0.5/(tp/ Cp)]
or:

[(zD+zpD)/tpD](tD/CD)pD’{tD/cD} =05

Thus, instead of plotting Ap’At
versus At for build-ups, Ap’At
(t,+At)/t,) is plotted versus At, and
then data can be matched to pD
drawdown type curves with mini-
mal error. The method has the ad-
vantage that it maintains the straight
line when infinite acting radial flow
occurs, hence in build-up analysis
the method combines the advan-
tages of type curve matching with
those of the Horner analysis.

EXAMPLES USING
DIFFERENTIAL OF
PRESSURE ANALYSIS

As soon as radial flow is reached,
all differential of pressure curves
are identical and, in particular, are
independent of skin factor. This
means that the effect of skin is only
manifested in the curvature be-
tween the straight line due to
wellbore storage flow and the
straight line due to infinite acting
radial flow. Experience has shown
that data in this portion of the curve
are not always well defined. For this
reason, it was found useful to super-
impose the two type curves of Figs.
2 and 6 on the same scale. The re-
sult, Fig. 7, allows simultaneous
matching of pressure change data,
Ap, and differential of pressure
data, At(Ap'), since they are plotted
on the same scale. The differential
of pressure data then provides,
without ambiguity, the pressure
match and the time match, while the
Cpe?S value is obtained by com-
paring the label of the match-curves
for the differential of pressure data
and the pressure change data.

Example 1. For the example given
earlier (data are in Table 1), the
analysis procedure is now as fol-
lows:

® Both Ap and A(Ap')(t,+Al)/t,
are plotted on the same log-log
graph versus At.

® The late-time data points of the
differential of pressure curve are
matched on the horizontal radial
flow straight line of the pp’ type
curve. The pressure match is then
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Fig. 10—In example 3, the pressure change plot would have been useless since it is flat. How-
ever, the differential of pressure plot has a distinct shape that was useful in obtaining the correct

type curve match.

fixed at 0.0179. And, as before, kh
= 1,165 md ft.

® The log-log data plot is dis-
placed horizontally until the early
time data match the unit slope well-
bore storage straight line. The time
match is then fixed at 14.8, and the
value of C is determined to be
9.3 x 1073 bbl/psi.

® The label of the curve matching
the differential of pressure data
(Cpe?S = 4.0 x 109 is consistent
with that matching the pressure
change data. This is the final log-log
match, resulting in Fig. 8, which
could not have been obtained di-
rectly if only pressure change data
were used, as was done previously.
The curve match allows skin to be
calculated as § = 7.7.

The second example is an analysis
of a build-up test of an acidized well
in a homogeneous reservoir (Table
2 lists the data). The two plots in
Fig. 9 show that that are no data on
the unit slope straight line, but from
differential of pressure it can be
seen that infinite acting radial flow
was reached quickly. The matching
procedure is the same as used in the
first example, and a good fit was ob-
tained on the curves Cpe? = 2.3.
Results of the analysis are:

kh = 1,630 md ft
C = 7.3x1072 bbl/psi
S=-35

The third example is a DST pres-
sure build-up in a homogeneous
reservoir (data in Table 4). The first

pressure reading occurred well af-
ter the end of pure wellbore storage
flow. The log-log plot of pressure
change, Ap, versus elapsed time, At,
is flat and, therefore, difficult to
match (Fig. 10). The differential of
pressure plot, however, shows some
curvature before the horizontal ra-
dial flow straight line is reached. By
using the double plot matching
technique, a unique match is ob-
tained on curves Cpe2S = 4 x 1026,
This match would not have been
unique if only pressure change data

TABLE 3—Well test data
for Example 3

Elapsed time, hr

Pressure, psi

0.00000"] 2,511.00
2.91668 3.468.59
333333 3.473.38
375000 3.476.48
416668 3.478.88
5.00000 > x10-2 348255
5.83333 3.485.65
6.66668 3.488.20
7.50000 348933
833333 349187
9.16668_| 3493.00
1.000007 3.494.84
1.08333 3.495.40
1.16667 3.496.53
1.25000 3.497.38
145833 3.499.64
1.66667 350148
1.87500 350304
208333 3.504.03
229167 » 3/505.44
550000 (> <10 3.506.86
291668 3.508.41
333333 3510.11
375000 3511.38
416668 351252
458333 3513.65
5.00000 351478
5.62500 351577
6.25000_ 3516.91

had been considered since the time
match would have been indetermi-
nate. Results of the analysis are:

kh = 4,350 md ft

C = 9.5x 109 bbl/psi

S =28
CONCLUSION

These field examples show that
the analysis method is very depen-
dent upon the quality of differential
of pressure data. It is the authors’
experience that only electronic
pressure gauges can provide usable
Ap’ data. The analysis of the
differential of pressure, which has
already been introduced for inter-
ference tests,? fractured well test an-
alysis®> and for some boundary ef-
fects* seems to be particulary suited
to the interpretation of the very
common case of wells with wellbore
storage and skin in homogeneous
reservoirs. By using this new
method, interpretation is not only
more simple, but also more accurate
as a result of the following features:

® Interpretation is performed by
a single plot of pressure that com-
bines the advantages of type curve
matching with semi-log analysis.

® Due to the uniqueness of the
behavior of differential of pressure
at early and late times, the match
point is fixed without ambiguity.

® Due to the shape sensitivity of
the pp’ curves to changes of Cpe®s
values, the match curve is also de-
finitively fixed. If the data are scat-
tered, the skin factor can still be
determined accurately by simulta-
neously matching pressure change
data and differential of pressure
data on the double type curve of
Fig. 7.

® The method has shown to be
particularly powerful for build-up
analysis since a very simple, new
time function can change the build-
up data into the equivalent draw-
down response, thereby eliminating
the use of build-up type curves.
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