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Abstract

Pressure transient tests in naturally fractured reservoirs often exhibit non-uniform responses. Different techniques
can be used to analyze the pressure behavior in dual porosity reservoirs in an attempt to correctly characterize
reservoir properties. In this paper, the pressure transient tests in naturally fractured reservoirs were analyzed using
conventional semi-log analysis, type curve matching (using commercial software) and Tiab’s direct synthesis (TDS)
technique. In addition, the TDS method was applied in case of a naturally fractured formation with a vertical hydraulic
fracture. These techniques were applied to a single layer naturally fractured reservoir under pseudosteady state
matrix flow. By studying the unique characteristics of the different flow regimes appear on the pressure and pressure
derivative curves, various reservoir characteristics can be obtained such as permeability, skin factor, and fracture
properties. For naturally fractured reservoirs, a comparison between the results semi-log analysis, software matching,
and TDS method is presented. In case of wellbore storage, early time flow regime can be obscured that lead to
incomplete semi-log analysis. Furthermore, the type curve matching usually gives a non-uniqueness solution as it
needs all the flow regimes to be observed. However, the direct synthesis method used analytical equation to calculate
reservoir and well parameters without type curve matching. For naturally fractured reservoirs with a vertical fracture,
the pressure behavior of wells crossed by a uniform flux and infinite conductivity fracture is analyzed using TDS
technique. The different flow regimes on the pressure derivative curve were used to calculate the fracture half-length
in addition to other reservoir properties. The results of different cases showed that TDS technique offers several
advantages compared to semi-log analysis and type curve matching. It can be used even if some flow regimes are
not observed. Direct synthesis results are accurate compared to the available core data and the software matching
results.
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X Half side of rectangle in x-axis, ft
Nomenclature
X Fracture half length, ft

B: Formation volume factor, res bbl/stb
y,: Half side of rectangle in y-axis, ft

Greek Symbols

\: Interporosity flow parameter

C;: Total compressibility, psi™
C: Wellbore storage coefficient, bbl/psi

C,: Shape factor
. . w: Dimensionless storage coefficient
C,,: Dimensionless wellbore storage
: Viscosity, ¢
h: Total formation thickness, ft " » P
: Porosit
K Bulk fracture permeability, md ¢ Y
Subscripts

p: Pressure, psi

. . b1: Beginning of first radial flow line
P_: Dimensionless pressure

b2: Beginning of second radial flow line
P_.: Dimensionless bottom-hole pressure

BR: Bi-radial
P_: Initial pressure, psi

D: Dimensionless
P_: Bottom-hole pressure, psi

P’: Dimensionless pressure derivative
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e: Outer boundary

el: End of first radial flow line
f: Fracture

m: Matrix

L: Linear

0: Oil

PSS: Pseudosteady state

R: Radial

t: Total

Introduction

The analysis of pressure data received during a well test in dual
porosity formation has been widely used for reservoir characterization.
Conventional semi-log analysis and log-log type curve methods are
the early techniques used to analyze pressure transient data. However,
both methods need certain criteria to give accurate results, such as; all
flow regimes must be identified in the pressure and pressure derivative
plot. In case some flow regimes are not identified, type curve matching
will give a non-uniqueness solution and is essential trial and error, and
semi-log analysis cannot be completed. Tiab [1] used a new method to
analyze pressure transient tests, called “Direct Synthesis Technique”.
This method can calculate different reservoir paramters without
type curve matching by using pressure and pressure derivative log-
log plots. In 1994, Tiab [2] extended the work to vertically fractured
wells in closed system. Engler and Tiab [3] developed direct synthesis
method to analyze pressure transient tests in dual porosity formation
without using type curve matching. They used analytical and empirical
correlations to calculate the naturally fractured reservoir parameters.
Jalal [4] discussed the analytical solutions of wells in dual porosity
reservoirs with a vertical fracture. The direct synthesis method offers
manys advatages in analyzing pressure transient tests.

The objective of this paper is to analyze pressure transient in
naturally fractured reservoirs using: conventional semi-log analysis,
type curve matching (using commercial software), and Tiab’s direct
synthesis method to correctly characterize the reservoir properties.
These techniques were applied to naturally fractured reservoirs, with
and without hydraulic (vertical) fracture.

Properties of Dual Porosity Formation

The Dual porosity reservoir consists of primary and secondary
porosity which are the matrix and fractures. Warren and Root [5]
defined the fractured reservoirs by two key parameters, w and X. These
dimensionless paramters are defined as follows:

The relative storativity,

(¢C),

P (5 1)
(9C), + (9C),
The interporosity flow parameter,
K
A=ar’ =2 2
v x 2

f
Where the shape factor o, ft?, depends on the matrix block
geometry (horizontal slab or spherical matrix block). By assuming that
the reservoir is infinite acting and producing a single phase, slightly
compressible fluid with pseudosteady state matrix flow, the pressure
solution is given by [6]:

Py =i, +080908+ B ——2oe | - Ao | |15 (3)
2 o(l-w) (1- o)

Conventional semi-log analysis

Naturally fractured reservoirs give two parallel semi-log straight
lines in plot of drawdown and build-up tests as shown in Figure 1.

Permeability thickness product: The permeability thickness
product of the total system (actually of the fractures as the matrix
permeability can be neglected) can be calculated from the slope of the
initial or final straight line, m.

162.60Bu
m

(Kh), (4)

1. The relative storativity w can be calculated from the pressure
difference, AP, between the initial and final straight lines when both of
them can be identified.

AP

©=10 " ®)

2. By drawing a horizontal line through the middle of transition
period to intersect with both semi-log straight lines, the times of
intersection with the first and the second semi-log straight lines are
donated by t, and t, respectively. The storativity ratio also can be
determined as follows [7]:

w=L2 (6)
tl

3. The interporosity flow coeflicient, A, can be calculated by [8]:

For drawdown tests:

o ($hC), ur’
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Figure 1: A Build-up Semi log plot for a dual Priority system.
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or

1 (¢nC) ur? tp+At) (10)

A=
=" 1781k ¢, At

Direct synthesis technique

Direct synthesis method uses a log-log plot of pressure and
pressure derivative data versus time to calculate various reservoirs and
well parameters. It uses the pressure derivative technique to identify
reservoir heterogeneities. In this method, the values of the slopes,
intersection points, and beginning and ending times of various straight
lines from the log-log plot can be used in exact analytical equations to
calculate different parameters as it is shown in the following procedures
[6]: Infinite Acting Reservoir without Wellbore Storage

1. Fracture permeability: The fracture permeability, K, can be
determined using early or late time infinite acting radial flow lines
(only one of the two derivative segments needs to be observed)

70.6quBo
= " (11)
h(Pr't)

2. Relative storativity: The ratio between minimum and radial
pressure derivative values can be used in equation to calculate w

o =0.15866 % +0.54653 % (12)
(AP'wf*l)y (AP'wf*l)V

The relative storativity can also be calculated by using the
characteristic times as in the following equations:

o)
In| —
o) _ L (13)

-0 50z,
oln l

w — 5[min (14)

I-w ty,

1 Lonin
_ e—m(%—o.éﬂ&’s) (15)

5t st Y
w:0.19211[””"7j+0.80678[”’”] (16)
th tb2

Where t  is the end time of the early infinite acting radial flow line,
t,, is the beginning time of the late infinite acting radial flow line and
t .. is the minimum time.

3. The interporosity flow parameter: The interporosity flow
parameter can be also obtained from the characteristic times as
following:

2
P Syur;  ohl/o (17)
0.00026371(/- tin
_ STlurnzr o(l - o) (18)
0.0002637/{, 50¢,,

0.0002637k, 1,
Where S_ is the product of the average bulk porosity (from cores or
logs) and the average compressibility. A can be also calculated from the
minimum coordinates:
_ 425817 | AR, *t

n

qB t

o

A (20)

min

In case w less than 0.05, late transition period unit slope straight line
is well observed. The interporosity flow parameter can be calculated
from:

_ ST/”’j L
0.0002637k, t

us,i

(21)

Where t_; the intersection of the transition period unit slope line
with the infinite acting radial flow line.

4 Skin factor: The skin factor can be calculated from the early or
late time radial flow pressure and pressure derivative data by using the
following equations:

1[( ap, ki, 1
S, =~| =2 | —in| =L |+ 743 (22)
2|\ am =) s @
AP, kt
Sy =2 |2 | - ln[ L2 ]+ 743 (23)
2 A})mj/' t 2 STlurw

Where r| is any point on the early horizontal radial flow line and r,
is any point on the late horizontal radial flow line.

Infinite Acting Reservoir with Wellbore Storage

Wellbore storage effects can obscure early flow regimes on log-log
plot of pressure and pressure derivative versus time. It is represented
by early time unit slope straight line on the log-log plot. This unit slope
period is followed by a peak on the pressure derivative curve as shown
in Figure 2. The effect of wellbore storage can affect the minimum
coordinates of the pressure derivative curve and cause the appearance
of “pseudo-minimum” coordinates. Therefore, the effect of wellbore
storage should be investigated prior to the analysis to know whether
the observed minimum is the real minimum or the pseudo-minimum.
For (t, )./ (t,.), = 10, the wellbore storage doesn’t affect the minimum

min’

coordinates. [(t, ) is the dimensionless time of the peak point, [6].

In case the minimum coordinates are not affected by wellbore
storage, calculate the reservoir parameters using the following
procedure [6]:

1-Determine the fracture permeability using the late time radial
flow line.

pd" * 1w

.01
1E+00  1E+01 1E+02 1E+08 1{E+04 1E+05 1E+06 1E+07
tdw

Figure 2: The effect of Wellbore storage on minimum coordinates.
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2-Calculate the wellbore storage coeflicient from the early time
unit slope using the following equations:

_(48.) L (24)
24 JAp
Where t, Ap are any point on the unit slope line. (Ap=p, - p,,for
drawdown and Ap=p for buildup tests)

ws ™ Put (at=0)

_(48.)_1 (25)
2 JAp' 1

The wellbore storage coefficient can also be calculated from the
intersection time of the early time unit slope with the infinite acting
radial flow line (t,).

 kht,
16954

3-Determine the w and \ as outlined before.

(26)

4-Determine skin factor from the late time radial flow pressure and
pressure derivative ratio.

If the minimum coordinates are influenced by wellbore storage,
the interporosity flow parameter and the relative storativity can be
calculated using the following equations:

Determine A from the peak to minimum time ratio or from the
peak to radial pressure derivative ratio:

10
Mog(l] -1 . L (27)
A’ de tmin ,0

5.6146 C

Wh C, =——— 28

ere C,, 274C.hr.? (28)
(C: bbl/psi)

(lj 1.0845
log| —
“| o 2

r %
@0, _ o 8810 —— (30)
(Ap/ % t)r /1@ 28

Calcualte w from the peak to beginning of second radial flow line

time ratio:
1 t
Alo 5(1- )= (31)
dw g(ﬂ,j ( )[b2
Case 1

This case presents an oil field in Iran. A build-up test is conducted on
a well from naturally fractured reservoir. The average core permeability
received from the Iranian oil company ranges from 4 to 6 md. The well
was flowing for 72 hours with q=2300 STB/day before shut-in for a
build-up test. The build-up data are given in Table 1. The following
reservoir and well data are also known:

h=280 ft t,=72 hrs

r,=0.281 ft Bo=1.35 bbl/STB
q=2300 STB/day p=0.68 cp
P (At=0)=2881 psi_¢=0.15
C=1.5*10" psi™

Semi-log analysis

Horner plot is shown in Figure 3. This figure depicts the early
points that are affected by wellbore storage, however, the first straight
line can be observed clearly. The figure shows two parallel straight lines
that proves the dual porosity behavior. Therefore, the conventional
semi-log analysis can be used to estimate reservoir parameters.

The fracture permeability can be calculated from the slope of the
second straight line (m) to give:

162.60,B,u, 162.6%2300*1.35%0.68

K h=

m 224.94
=1526.23 md.ft
Therefore, K, = 152623 =5.45md

’ 280

The storativity ratio (w) can be calculated from the vertical distance
between the two straight lines (Ap) and the slope (m):
AP 130
®=10 ™ =10 2+ =0.264
A horizontal straight line through the middle of the transition
region is drawn to intersect with the two semi-log straight lines. Read
the corresponding times and calculate the interporosity flow coefficient

MN):

(tp+At) _17,
At

AL
At

( ¢hC prz t, +At
1781k, t, At )

7( 0.264 j [015*280*15*105*068*(0281)
64

*17=2.955*10"
1-0.2 1.781*5.45*72

(phC,) nr )t +At

1781kt At ),
_( )* 0.15%280*1.5%10 *0.68*(0.281)’
“l1-0.264 1.781%5.45%72

] *4.3=2.828*10"

» 0P =130 psia

Pws , psi,

tp+At/at

Figure 3: Semi log plot of the build —up test data for case 1.
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At, hr Pws, psia At, hr Pws, psia At, hr Pws, psia At, hr Pws, psia At, hr Pws, psia At, hr Pws, psia
0.0083 2881.36 0.6958 3232.181 3.5083 3393.13 49.6083 3489.319 53.7333 3493.64 57.85831 3497.62
0.0236 2901.811 0.7111 3235.39 3.6917 3395.58 49.7 3489.42 53.825 3493.73 58.0417 3497.82
0.0389 2916.59 0.7264 3238.541 3.875 3397.719 49.7917 3489.53 53.9167 3493.82 58.1333 3497.92
0.0542 2930.591 0.7417 3241.54 4.0583 3399.63 49.8833 3489.64 54.0083 3493.9 58.22501 3498.01
0.0694 2943.96 0.7569 3244.51 4.2417 3401.311 49.975 3489.73 54.1 3494 58.3167 3498.09
0.0847 2957.04 0.7722 3247.36 4.425 3402.97 50.0667 3489.83 54.1917 3494.09 58.40829 3498.18

0.1 2969.7 0.7875 3250.16 4.6083 3404.551 50.15829 3489.92 54.28329 3494.18 58.5 3498.26
0.1153 2981.93 0.8028 3252.86 4.7917 3406.05 50.25 3490.02 54.375 3494.28 58.59171 3498.35
0.1306 2993.64 0.8181 3255.5 4.975 3407.46 50.34171 3490.1 54.46671 3494.38 58.6833 3498.46
0.1458 3004.94 0.8333 3258.031 5.1583 3408.77 50.4333 3490.2 54.5583 3494.48 58.77499 3498.55
0.1611 3015.88 0.8486 3260.509 5.3417 3410.051 50.525 3490.3 54.65 3494.55 58.8667 3498.611
0.1764 3026.45 0.8639 3262.871 5.5625 3411.27 50.6167 3490.39 54.7417 3494.66 58.9583 3498.68
0.1917 3036.69 0.8792 3265.21 5.7083 3412.42 50.7083 3490.5 54.8333 3494.729 59.05 3498.74
0.2069 3046.611 0.8944 3267.4 5.8917 3413.56 50.8 3490.61 54.925 3494.829 59.14169 3498.83
0.2222 3056.219 0.9097 3269.49 6.3417 3415.769 50.8917 3490.7 55.0167 3494.909 59.23331 3498.93
0.2375 3065.5 0.925 3271.529 7.2583 3420.139 50.9833 3490.8 55.1083 3494.99 59.325 3499.03
0.2528 3074.41 0.9403 3273.47 8.175 3423.5 51.075 3490.9 55.2 3495.06 59.4167 3499.13
0.2681 3083.03 0.9556 3275.35 9.0917 3426.319 51.1667 3490.99 55.2917 3495.13 59.5083 3499.22
0.2833 3091.33 0.9708 327717 10.0083 3428.771 51.2583 3491.07 55.3833 3495.24 59.60001 3499.32
0.2986 3099.31 0.9861 3278.931 11.8417 3432.46 51.35 3491.18 55.475 3495.35 59.6917 3499.4
0.3139 3106.99 1.0014 3280.63 13.675 3436.14 51.4417 3491.27 55.5667 3495.46 59.78329 3499.471
0.3292 3114.41 1.0583 3285.92 16.0083 3439.83 51.53329 3491.35 55.65829 3495.55 59.875 3499.579
0.3444 3121.581 1.15 3294.58 19.675 3446.42 51.625 3491.44 55.75 3495.65 59.96671 3499.669
0.3597 3128.46 1.2417 3302.33 23.3417 3453.72 51.71671 3491.53 55.84171 3495.74 60.14999 3499.859
0.375 3135.1 1.3333 3309.449 28.5083 3462.21 51.8083 3491.64 55.9333 3495.82 60.2417 3499.92
0.3903 3141.47 1.425 3316.091 34.0083 3470.219 51.9 3491.72 56.02499 3495.92 60.3333 3499.98
0.4056 3147.66 1.5167 3322.179 39.5083 3477.331 51.9917 3491.81 56.1167 3496.01 60.425 3500.049
0.4208 3153.619 1.6083 3327.91 45.0083 3483.611 52.0833 3491.93 56.2083 3496.09 60.51669 3500.149
0.4361 3159.34 1.7 3333.5 48.05 3487.63 52.175 3492.04 56.3 3496.18 60.60831 3500.25
0.4514 3164.89 1.7917 3338.809 48.1417 3487.72 52.2667 3492.12 56.39169 3496.241 60.7 3500.339
0.4667 3170.231 1.8833 3343.921 48.2333 3487.81 52.3583 3492.22 56.48331 3496.32 60.7917 3500.44
0.4819 3175.35 1.975 3349.42 48.325 3487.91 52.45 3492.32 56.575 3496.39 60.8833 3500.519
0.4972 3180.36 2.0667 3354.88 48.4167 3488.02 52.5417 3492.42 56.6667 3496.49 60.97501 3500.611
0.5125 3185.159 2.1583 3359.47 48.5083 3488.14 52.6333 3492.52 56.7583 3496.6 61.0667 3500.701
0.5278 3189.819 2.25 3363.501 48.6 3488.251 52.725 3492.59 56.85001 3496.69 61.15829 3500.77
0.5431 3194.3 2.3417 3367.15 48.6917 3488.34 52.8167 3492.66 56.9417 3496.78 61.25 3500.87
0.5583 3198.67 2.4333 3370.341 48.78329 3488.43 52.90829 3492.75 57.03329 3496.87 61.34171 3500.96
0.5736 3202.86 2.525 3373.25 48.875 3488.52 53 3492.85 57.125 3496.96 61.4333 3501.04
0.5889 3206.909 2.6167 3375.851 48.96671 3488.61 53.09171 3492.96 57.21671 3497.04 61.52499 3501.12
0.6042 3210.85 2.7083 3378.29 49.0583 3488.731 53.1833 3493.08 57.3083 3497.13 61.6167 3501.179
0.6194 3214.66 2.8 3380.48 49.15 3488.839 53.275 3493.18 57.39999 3497.22 61.7083 3501.24
0.6347 3218.36 2.8917 3382.509 49.2417 3488.929 53.3667 3493.26 57.4917 3497.32 61.8 3501.31

0.65 3221.94 2.9833 3384.409 49.3333 3489.029 53.4583 3493.36 57.5833 3497.4 61.89169 3501.39
0.6653 3225.449 3.1417 3387.269 49.425 3489.121 53.55 3493.45 57.675 3497.471 61.98331 3501.479
0.6806 3228.84 3.325 3390.44 49.5167 3489.219 53.6417 3493.56 57.76669 3497.55 62.1667 3501.659

Table 1: Pressure build up test Data for Case 1.

Direct Synthesis Technique AP,_49.6 psiat_0.42 hr,

The log-log plot of pressure and pressure derivative shown in t,,=28 hr (t*AP’ ) =49.6 psia,

Figure 4. It is clear that there is a wellbore storage with an early time The effect of the WBS on the minimum derivative coordinates can

unit slope and the early radial flow period is well defined. However, the |/ 4.6 qp0 oo the b0 J(E )t Jt 88/042=20.95(>10
late radial flow period not last for long time. The data exhibit a unique e aemeady ating the ratio (t, ),/ () 1, 88/0. 95 (>10).

behavior which is indicative of a naturally fractured reservoir. Therefore the minimum derivative coordinates are the real

. minimum and not affected by wellbore storage.
From Figure 4:

The fracture permeability can be calculated from the late time

(°AP",),=99.7 psia =32 hr, infinite acting radial flow line:

AP _=614 psia (t*AP’ ) . =27.56 psia, * * *
2 K, = 70.6q',uBo _ 70.6*2300*0.68*1.35 — 5339 md
t  =8.8hrt =0.054 hr, h(Pr'*t). 280%99.7
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AP& (Ate AP"), psia

Equivalent time Ate, hr

Figure 4: Pressure and Pressure derivative plot for case 1.

Wellbore storage coefficient is calculated by:

%
_(4B.) . _2300%0.68 0054 _(\1ies o
24 ) Ap 24 49.6

Skin factor from the late time pressure and pressure derivative data:

1 APW/ k/tr
S =— - —In| —— |+7.43
2 APM_’f *t » STfurn,

_1[ 614 n( 5.339%32
20997 \2.25%10°*0.68*0.281°

J+ 7.43} =-374

The dimensionless storage coefficient (w):

@ =0.15866 % +0.54653 %
(AP'wf *1), (AP'wf *1)

2
=0.15866 27.56 +0.54653[M = 0.0856
99.7 99.7

The interporosity flow parameter (A):

_ Surl ohlloe
0.0002637k, 1t

min

~2.25*107°*0.68*0.281° 0.0856*In1/0.0856
0.0002637 *5.339 8.8
=2.051*10°

For verification
_ 42.5h8,1; AP, *t

qB t

o

A

min

_ 42.5%280*2.25*10°°*0.281% 27.56
2300*1.35 8.8
=2.132*10°

Comparison of the results of conventional semi-log analysis, direct
synthesis technique, and type curve matching is shown in Table 2.
The results of the semi-log analysis are only matching with the direct
synthesis and software results in permeability. However, the storage
coeflicient and the interporosity flow parameter are inaccurate. On the
other side, the direct synthesis technique and the software results show
an excellent match in all reservoir parameters.

Naturally fractured reservoirs with a vertical fracture

The pressure behavior of a dual porosity formation intersected
by uniform flux and infinite conductivity fracture can be investigated
using log-log plots of pressure and pressure derivative functions. The
direct synthesis technique can be used to calculate reservoir parameters
such as skin, wellbore storage, permeability, interporosity flow
parameter, relative storativity and half-fracture length without type
curve matching. The applied assumptions are: the reservoir is isotropic,
horizontal, and has constant thickness and fracture permeability. The
fractured well is producing at constant rate with constant viscosity,
slightly compressible fluid. In addition, the fracture fully penetrates the
vertical extent of the formation and has the same length in both sides
of the well. A pseudosteady state interporosity flow between the matrix
and the fracture system is also assumed.

Uniform Flux Fracture

Figure 5 shows the pressure derivative plots for various values of X /
X, ratios, in a single layer square, dual porosity reservoir with pseudo-
steady state interporosity flow. Three flow regimes are shown in these
figures: the linear flow regime, infinite acting radial flow regime, and
pseudosteady steady state flow regime [9].

1) Linear flow period: The linear flow period occurs at early
time. During this period, the flow resulted from the expansion of the
fluid within the fracture network as the matrix effect is negligible. The
linear flow period can be identified by a straight line of slope 0.5. This
straight line is used to calculate the fracture half length.

The equation of pressure derivative during this flow regime is:

N | X
wpr = e | 32
[DA wD 2 (a) [DA ( )

X,

By taking logarithm of both sides of the equation gives:

Parameter Conventional semi-log Direct synthesis Software
matching
K, (md) 5.45 5.339 5.375
w 0.264 0.0856 0.0865
A 2.955*107-2.828*107 2.051*10%-2.132*10 2.012*10®
S -3.74 -3.71
C (bbl/psi) 0.14085 0.1453

Table 2: Comparison of the Results of the Case 1.
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Figure 5: Pressure derivative response in a single-layer square, naturally
fractured reservoir with pseudo steady state inter porosity flow. Both WBS and
Skin are ignored.
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log(z*P'w) =%10g(t)+log(mL) (33)

m, = 2.0324¢9,B y7, i (34)
\/5/’! (goc,),K/-x 7

Based on Eq. (34) the log-log plot of pressure derivative versus time
gives half slope straight line during the linear flow period. The fracture
half-length can be calculated by:

X, - 2.0?2%3 u (35)
(t*Ap)), Noh | K, (@C),

where (t*Ap)),, is the value of pressure derivative at t=1hr on the
linear flow line.

2) Pseudoradial flow period: The infinite acting radial flow
period is dominated only for (X /X)) > 8, as shown in Figure 5. This
flow regime is identified by a horizontal straight line on the pressure
derivative plot and can be used to calculate permeability and skin [4].

The pressure derivative equation during this flow regime is:

t, *P',, =05 (36)

The above equation in dimensional from yields:
70.6q,Bu
kh
R stands for radial flow. Solving the above equation for permeability
gives:

(t*P ), = (37)

.6q B
, :M (38)
(t* P )ph

The skin can be determined by:

A K
§=0.5 (4p.), ~In (ln = |+7.43 (39)
(t*8p,), — ((@C),ur,

3) Pseudosteady state flow period: In case of a vertically
fractured well inside a closed system, a third straight line of unit slope
appears. This line corresponds to the pseudosteady state flow regime is
used to calculate the drainage area and shape factor.

The pressure derivative equation describing this flow period is:
tpy * Py =271y, (40)

By taking logarithm of both sides of the above equation, the
dimensional form is:
: q,B
log(t* P, )=log(t)+log(————F———
g(tP,)=log(1) G 2Th(0C,), 4
By substituting t=1hr, the drainage area can be calculated using the
following equation:
q.8
4= ;
427 (t*P,) s 1(DC,),

) (41)

(42)
Where (1*P',),s, stands for pseudosteady state flow period at
time equal 1 hr.
The shape factor, C,, can be calculated by the following equation:

> 1(0.000527K ¢ Ap,
C,=2.2458"exp [ “’“][1—(( )y ] (43)

wA(@C) ) ()

pss

4) Transition period: The transition can occur during the

infinite acting radial flow as shown in Figure 5. In this case, the relative
storativity, w, and the interporosity flow parameter, A, can be estimated
by several methods as previously described in the previous section. If
the transition takes place during the linear flow period as shown in
Figure 6, two parallel straight lines of slope equal 0.5 can be observed.
The first line represents the expansion of the fracture network, this flow
period is called “fracture storage dominated flow period”. While the
second line appears during the total system dominated flow period (for
this period w=1). Also, a straight line of unit slope is observed during
late transition period. The intersection time of the straight lines of
different flow regimes have been used in several equations to calculate
reservoir parameters in case one of the flow regimes is missing or for
verification purposes. These equations are presented in the following
procedure:

Step 1 - Plot the pressure difference AP and the pressure derivative
(t*AP’ ) versus time on log-log plot and identify different flow regimes.
w g-logp g

Step 2 - Calculate the fracture permeability from Eq. (38).
Step 3 - Calculate w and A as outlined before.

Step 4 - If the transition occur during linear flow regime and the
two parallel straight lines of slope 0.5 observed, verify w using the
following two equations:

wz{(t*Ap%)zu:| (44)
(t*Ap,) .,

where 2L1 stands for the linear flow at the total system dominated
regime, and L1 stands for fracture storage dominated flow regime.

2
Lusi
W= |: 2LUSI :| (45)
tLUSi
where t, . stands for the intersection point between the late transition
period unit slope line and total system dominated flow line, and t
stands for the intersection point between the late transition period unit

slope line and the fracture storage dominated flow period.

Step 5 - Read the value of (t*Ap’ ) at time 1 hr from the linear flow
line (extrapolated if necessary), (t*Ap’ ) ..

Step 6 - Calculate the fracture half-length, X, from the linear flow
straight line (Eq. 35).

10000

TIE

| a=10%

O N

1601 1E00 1B 1E02 I;N] 1B 1EB05 1EB06
D

Figure 6: Pressure derivative response in a vertical fractured reservoir with
pseudo steady state inter porosity flow. The transition occurs during the linear
flow period.
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If the linear flow not observed (due to wellbore storage or noise),
then fracture half-length can be calculated from the half slope pressure
Ap,, instead of pressure derivative as

(Ap,), =2*(@*Ap,),-

! (pr)“\/;h Kf'(q)cz)r

then draw a straight line of slope 0.5 parallel to the pressure straight
line to cross the (t*Ap’ ), .

S0, X

Step 7 - Determine the intersection between the linear and radial

flow line t . from the log- log plot of the derivative (t*Ap’ ) curve.
2
Step 8 - Calculate the ratio X7 from equation: (for square
geometry A=x?) /
2
h — tLRi ( 47)
k,  1207.1(®c,), uw

Compare this ratio with the previously calculated values of X, and
K. If the two ratios are nearly equal, then the values are correct. If they
are different, shift one or both straight lines then repeat the previous
steps until their values approach.

Step 9 - Determine the value of (t*Ap’ )
state line and find the drainage area A from:

4o 4,8
427t *Ap))

pss; Trom the pseudosteady

) 48

pssl

Step 10 - Read the intersection time of the infinite acting line
and the pseudosteady state line (t_,..) from the plot and calculate the
drainage area A:

RPSSi

_ K trpssi (49)
301.77(DC), u
Areas from steps 10 and 11 should be equal. If they are not equal,
shift the lines left or right and repeat the calculations.

Step 11 - Determine the interporosity flow parameter after
stimulation (A) from:

1= (50)
Step 12 - Verify (A) using the late transition period unit slope line
by the following equations:

(cDCz)uuxfz

P s L/ B (51)
0.0002637K 5

where t, . stands for the intersection time between the late transition

period unit slope line and the infinite acting line.

P 0.5
(o (®C) px, (52)
7| @ 0.0002637K 1,

where t, . stands for the intersection time between the late transition
period unit slope line and the fracture storage dominated linear flow

period.

5 0.5
1= [(®C,), ux, (53)
" 0.0002637K 1,

where 2LUSi stands for the intersection point between the late
transition period unit slope line with the total system dominated linear
flow period.

Step 13 - Calculate skin using Eq. (39).

Step 14 - Calculate the shape factor from the value of Ap and
(t*Ap’,) corresponding to any convenient time during the pseudosteady
state flow regime using Eq. (43).

Infinite Conductivity Fracture

The pressure and pressure derivative obtained for infinite
conductivity fracture are the same as the uniform flux fracture except
for a fourth dominated flow regime called bi-radial flow. This flow
regime can be identified by a straight line of slope 0.36. It corresponds
to the transition period between the early time linear flow regime and
the infinite acting radial flow regime®. The characteristics of the linear,
radial, and pseudosteady state flow periods are the same as illustrated
earlier in the case of uniform flux fracture. The characteristics of the
bi-radial flow regime are as following:

Bi-radial Flow Period:

The bi-radial flow regime can be identified from the pressure
derivative function by a straight line of slope 0.36. However, it cannot
be identified from the pressure function. In case the linear flow line is
not observed, the bi-radial flow line is used to determine the fracture
half length. The pressure derivative equation describing the bi-radial
flow period is [10]:

1), * P, =0.769 (xeyor (lnayss (54)
X, @
By taking logarithm of both sides of the above equation, the
dimensional form is:

log(t*P'W) =0.36log (1) +log(my,) (55)
where
5.589¢.B X K
Mg _{ wo,;(,z hﬁ (;)0'72(7((13(?)/ A)Mﬁ] (56)
f ’ ) H

Solving for the fracture half-length, X,

1.389 0.5
X, 210914 4,51 L (57)
' @ | K h(t*Ap',) e,y (q)cr), ud

If all the flow regimes that were found in the case of uniform flux
fracture are available, use the previous procedure of the uniform flux
fracture to analyze the pressure test for infinite conductivity fracture.

However, in case the linear flow line is either too short or not
observed, the following procedure? can be used:

Step 1 - Plot the pressure difference AP and the pressure derivative
(t*AP’ ) versus time on log-log plot and identify different flow regimes.

Step 2 - Determine the value of (t*AP’ ), from the infinite-acting
radial flow line.

Step 3 - Determine the fracture permeability as discussed before in
uniform flux fracture.

Step 4 - Calculate w and A as outlined before.

Step 5 - Verify w as discussed before in the case of the uniform flux
fracture.

Step 6 - Read the value of (t*Ap’ ), corresponding to the
pseudosteady state line and determine the drainage area (A).

Step 7 - Read the intersection time of the infinite acting line and the
pseudosteady state line (t,,..) from the plot to determine A (Eq. 49).

RPSSi
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Areas from step 6 and 7 should be equal, if not shift left or right and
repeat the steps.

Step 8 - Read the value of (t*Ap’ ) at time t=1hr from the bi-radial
flow line, (t*Ap’ ), The bi-radial flow line can be extrapolated if
necessary.

BRI1®

Step 9 - Determine the fractur(;, half length, X, from Eq. (57)

x
Step 10 - Calculate the ratio 7/ using the values of step 3 and 9.
;

Step 11 - From the plot, read the time of intersection of the raclial
flow and the bi-radial flow line, t then determine the ratio X,

RBR{’ s
from*: (for square geometry X =Y ) k,
2
X treri (
R 58)
k, 1147(®C,) uw

If Step 10 and 11 are the same, then X, and K, are correct and if they
not the same, shift one or both lines (bi-radial and infinite acting) and
repeat all the procedure.

Step 12 - Determine the interporosity flow coeflicient after
stimulation () by Eq. (50).

Step 13 - Verify (A) as previously outlines.
Step 14 - Calculate the skin factor by Eq. (39).

Step 15 - Calculate the shape factor from the value of Ap _and
(t*Ap’,) corresponding to any convenient time during the pseudosteady
state flow period by Eq. (43).

Case 2

Britt et al. [11] interpreted the pressure fall off test performed on a
well. The well has been acidized several times before fracture stimulating
in November 1982. The test was performed using down hole shut-in
device and pressure gauges. The pressure fall off test data are shown in
Table 3 and the following reservoir and fluid data are known:

h=135 ft C=9.5*10" psi"' r =0.25 ft Bo=1 resbbl/STB

At, hr Pws, psia At, hr Pws, psia
0 1183 0.066358 1127.6
0.000556 1171.7 0.083285 1121.6
0.00111 1170.4 0.38287 1073
0.001667 1169.4 0.71312 1060
0.002222 1168.6 0.87794 1049.9
0.0025 1168.3 1.0424 1041.7
0.003055 1167.4 1.3701 1034.7
0.003611 1166.6 1.859 1023.4
0.004167 1166 2.3445 1010.3
0.004722 1165.2 2.8267 1000
0.005278 1164.6 3.3056 991.6
0.005555 1164.2 3.7813 984.4
0.006111 1163.7 4.2538 978.4
0.006667 1163 5.1893 972.7
0.0075 1162 6.1123 963.1
0.0083 1161.3 12.87 955
0.01527 1155.1 19.559 915.4
0.016668 1154 23.884 892.7
0.019997 1151.6 27.265 881
0.022217 1150 29.204 873.1
0.033325 1143.2 31.079 868.7
0.049703 1134.7 33.485 859.5

Table 3: Pressure fall off test data of Case 2.

q=1050 bbl/day p=0.7 cp
K=3.33 md ¢=0.085

Figure 7 shows the log-log plot of pressure and pressure derivative
versus time. It is clear from the log-log plot that the transition period
occurs early during the linear flow regime. Consequently, two parallel
straight lines of half-slope appear. The first line resulted from the
expansion of the fracture network, while the second line represents
the total system behavior. Also, the infinite acting radial flow line is
detected but not long enough. The pressure derivative plot exhibit
a unique behavior of a hydraulically fractured well in a naturally
fractured reservoir. Britt et al. [11] analyzed the pressure behavior
of this well by using the type curves of homogeneous reservoirs with
hydraulic fracture. Therefore, they cannot estimate the values of the
relative storativity and the interporosity flow coefficient.

From Figure 7:

(t*AP’ ) 110 psi t_23 hr
AP _290 psi_ (t*AP’
(t*AP’ )

w’Ll=

21 psi,

W)ZLI:
100 psi,

Direct Synthesis technique is used to estimate the reservoir
parameters as following:

The fracture permeability can be calculated from the infinite acting
radial flow line:
_70.6quBo _70.6*1050*0.7*1
"UR(Pr*r), 135%110

=349 md

»

The relative storativity can be calculated from the two parallel half
slope straight lines:

* Ap' ’ ’
RGN (Aj ~0.0441
(t*Ap)),, 100

Calculate the fracture half-length from the linear flow straight line:

X - 2.032¢,B u
/ (t*Ap;,),‘, \/Eh Kf(CDCt),

_2.032*1050*1 \/ 0.7
100*+/0.0441 %135\ 3.49*0.085%9.5%10°°

= 3751t

The fracture half-length can also be calculated from the total system
dominated flow period:

F-Preﬁ:reﬂ ™

*Pressure #1 Dew TP1 =290 psia

AR=
t- =23 hr
) (t*AP w1 =100 psia

Q*AP “w)on1= 21 psia

—
/

Equivalent time Ate, hr

5\

(HRaP k=110 psia

AP& (Ate AP"), psia

Figure 7: Pressure and pressure derivative data vs. for case 2.
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v o 20328 P
! (Ij * Ap"w’)zu h Kf(q)cl)t

 2.032*1050*1 \/ 0.7
135%21 3.49%0.085%9.5%10°°

= 375 ft

The interporosity flow parameter after stimulation () can be
estimated from the original interporosity flow parameter:
2
x
S
A==

Where,

_ Surl ohllo
0.0002637k, ¢

min

~0.085%9.5%107° *0.25° 0.044 *In1/0.044
0.0002637*3.49 1.34

=5.62%10°
2
Therefore, 4. = X

f rz

w

2
=(5.62%10° *%) =12.6

52

Calculate skin by reading any convenient point during the infinite
acting period:

(Ap)e [ Kt
(®C,), ur’

+7.43

%
=0.5 @—m( 349723 2j+7.43 = - 57
110 (0.085%9.5¥10°*0.7%0.25

The differences between the results of the type curve matching
obtained by Britt et al. [11] and the results of direct synthesis technique
are shown in Table 4. The fracture permeability from type curve
matching nearly the same as that from direct synthesis, while the
fracture half lengths are very close.

Conclusions

1. The use of pressure derivative plots improved the analysis of
well test data. Different flow regimes can be identified on the derivative
log-log plots. Type curve matching can give good results in case all of
the flow regimes are identified.

2. In this study, Tiab direct synthesis technique was shown to be
accurate and simple. It gave direct estimates of reservoir parameters
and fracture characteristics by using a log-log plot of pressure and
pressure derivative data without type curve matching.

3. In case of high wellbore storage, the conventional semi-log
analysis gives inaccurate results and cannot estimate all naturally
fractured reservoir parameters.

Parameter Type curve matching by Britt Direct synthesis
etal. technique
K., md 3.33 3.49
X, ft 442 375
w 0.0441
A 5.62*10°
A 12.6
Skin -5.7

Table 4: Comparison of Results of Case 2.

4. When not all the flow regimes are identified, type curve
matching gives non-unique solution. However, the direct synthesis
technique gives accurate results of the naturally fractured reservoir
parameters and fracture properties.

5. The direct synthesis method, showed accurate results compared
to commercial software matching. It can be used to calculate the
reservoir and fracture properties in case of a well crossed by a uniform
flux or infinite conductivity fracture.

6. In case of naturally fractured reservoirs with a vertical fracture,
if the transition period occurs during the linear flow, two parallel
straight lines of slope 0.5 appear on the pressure derivative plot.
This pressure derivative behavior can be used in calculating different
reservoir parameters.
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