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Abstract. The primary objective of hydraulic fracturing is to create a propped fracture with sufficient conductivity
and length to amplify or at least optimize well performance of low permeability tight gas reservoir. The oil
industry has suggested that hydraulically fractured tight gas wells performance is hindered significantly by non-

Darcy flow effect.

This work will present an investigation of non-Darcy flow effect to hydraulically fractured gas wells
performance and provide the development, validation, and application of actual well test analysis for wells with a

finite conductivity vertical fracture.

Also, this work presents the results obtained in the study of actual post frac modified isochronal test data of
gas wells intersected by a finite conductivity vertical fracture in a tight low permeability gas reservoir. In addition,
the estimation of reservoir properties and fracture properties were carried out to construct a simple analytical

model, which used for rate prediction.

The effect of non-Darcy flow in fractures is clearly seen in the tests data and will lead to limiting production
especially on higher chokes (after one inch). Therefore, non-Darcy effects should be considered in design of
hydraulic fracture treatments, otherwise the design might be far from optimal

Introduction

Hydraulic fracturing is used extensively for
improving the productivity of tight, low permeability
gas reservoir, and much work has been performed to
develop models for analyzing vertically fractured gas
wells. The ultimate performance of fractured wells is
severely diminished by the effects of non-Darcy flow
inside the fracture. Several authors (Horne, 1995;
Cinco-Ley et al., 1985; Fetkovich, 1980) agree that
the most important variable affecting proppant pack
permeability is the non-Darcy flow. (Lee and
Holditch, 1981) mention that high pressure drop due
to high velocities that might be due to both turbulence
and inertial resistance. Also, they pointed out that
effected of non-Darcy flow on gas well productivity
index is a function of proppant type and not to
consider it might result in a wrong analysis of well
test interpretation.

Regarding pressure transient analysis on both
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hydraulically and naturally fractured reservoir, a
review of the literature shows that it was initially
discussed by (Pollard, 1959). He was interested on the
determination of fracture volume from pressure build-
up tests. In deep reservoirs, the induced fractures are
generally vertical and tend to follow a single plane of
weakness. The presence of vertical fracture at the
wellbore complicates the transient flow behavior of a
low permeability gas well. The flow is further
complicated when turbulence occurs near the wellbore.

(Russell and Truit, 1964) published transient
drawdown solutions for vertically fractured liquid
wells. They developed methods of drawdown and
build-up testing utilizing these solutions, which were
based in numerical simulation. (Clark, 1968) applied
the basic Russell Truitt solutions to analyze fractured
water injection wells by falloff test.

The works of (Mattar et al., 2006) collects and
summarizes several important developments in
pressure transient analysis and emphasizes how to
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practically apply them to the design and analysis of
fractured well tests.

(Cringarten et al., 1972) reviewed the theory on
transient pressure analysis for both hydraulically and
naturally fractured reservoirs. Later, (De Swaan,
1976) presented analytical unsteady sate solution for
a well producing at constant flow rate in naturally
fractured reservoirs; he introduced new diffusivity
definitions useful for reservoir characterization.

(Crawford et al., 1976) have presented some of
the best field examples of pressure transient tests on
both hydraulically and naturally fractured reservoirs.
In fractured wells, the study (Partikno, 2003) reported
that tests on hydraulic fractured wells often matched
the early fractured type curves but yield apparent
fracture length of 10 ft when the design lengths where
more than 1000 ft. An early study by (Holditch et al.,
1976) attributed this to high velocity flow in a
fracture. But, the work by (Ramey, 1965) indicated
that finite—fracture permeability-width was a more
likely cause of the problem. They used a finite—
element solution. (Prats, 1961) provided the key to
this problem in classic study on steady-state flow.
(Cinco-Ley et al, 1986) presented a truly classic
semi-analytical, real domain solution for a well with a
finite conductivity vertical fracture in an infinite
acting reservoir. This semi analytical solution is
tedious, but accurate.

All works presented above address very well the
effects of fracture design changes on the well
performance. An analytical model obtained from
different sources has been used in this work vithout
considering the impact of the equations selection on
the final results. In this paper, a systematic evaluation
of Modified Isochronal Test of hydraulically
fractured two gas wells was performed to examine the
effect and magnitude of non-Darcy flow on pseudo-
steady state productivity index (of stimulated gas
well). In addition, this paper shows an application of
this technique to the hydraulically fractured low
permeability tight gas reservoir and demonstrates
how build-up and drawdown data dominated totally
by bilinear flow, which can be rigorously evaluated
with this concept, and by computer model.

Physical Model-identification of Flow Regime

The finite Conductivity Fracture Model simulates
a well that is intercepted by a finite conductivity
vertical fracture (Fig. 1). The well is contained in a
circular shaped reservoir with an infinite-acting or

no-flow outer boundary. At early times, this model
utilizes the concept of (Lee e al., 1986) of tri-linear
flow to represent a finite conductivity fracture (Fig.
2). Three linear-flow zones that dominate the pressure
behavior are:

e  Fracture flow in the X-direction.

e Formation flow in Y-direction.

e Formation flow in X-direction.

Fracture diffusivity has been assumed constant at

1 E6, as suggested by (Cinco-Ley et al,, 1979). The
tri-linear fracture flow results merge into the solution
for infinite-acting radial flow in the middle times.
Thus, the tri-linear flow solution is truncated as soon
as the flow becomes pseudo-radial. Occasionally, the
merging of these two solutions is not smooth, and the
derivative exhibits spikes. These are localized
aberrations and can be ignored as they do not affect
the rest of the results. Ultimately, at late times, the
model uses the solution for pseudo-steady state for a
no-flow outer boundary or continues to use the
solution for infinite-acting radial flow. In this model,
the changing wellbore storage or dual porosity effects
are not considered. The flow equations in pressure are
written in the Laplace domain, solved, inverted to real
time domain using the Stethest algorithm (n = 18).
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Fig. 1. Finite conductivity fracture model.

3 Y Axis
EI} -
g well «
el
—p ‘ é * + 4— __Fracture

- m =--- X Axis

Rigion 1: Fracutre Flow
Rigion 2: Y-Direction Flow
Rigion 3: X-Direction Flow

Fig. 2. Tri-linear flow model.
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Assumptions

The well intercepts a single fracture in the vertical
plane. The finite conductivity fracture mode] also
assumes that there is a pressure gradient along the
length of the fracture. The well is at the center of the
fracture length. Wellbore storage effect may be
present or not.

Bilinear fracture flow behavior

The presence of an artificial fracture modifies the
flows near the wellbore considerably. (Cinco-Ley ef
al., 1985) describes the flows that can be developed
around an artificial fractured well. One of them is the
bilinear flow.

Bilinear fracture flow occurs in hydraulically
fractured wells when the conductivity of the fracture
is finite. In this flow regime, two types of linear
flow occur in normal direction: one from the matrix
to the fracture and one from the fracture to the
wellbore. This is usually evident in long fractures
(which are hard to prop open effectively) or in
natural fractures (which contain fracture fill
minerals) (Fig. 3).
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Fig. 3. Schematic diagram of a well completed with a vertical
fracture.
(Bilinear fracture flow along the fracture and perpendicular to
the fracture).

At early time, after the possible effects of
wellbore storage have subsided, the response is
bilinear at right angles to the fracture and along the
length of the fracture as shown in Fig. 3. On a log-log
scale, this is characterized by a quarter unit slope on
both the pressure and derivative curves. The quarter
unit slope is essentially a very early time feature, and
is very often masked by the effects of wellbore
storage. After the bilinear flow, the response will
become linear flow in the reservoir, characterized by
a half-unit slope. When the fracture half-length and
formation permeability are known independently, the
fracture conductivity kwycan be determined from the
bilinear flow regime.
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Fig. 4. Schematic sketch of vertical fracture flow.

Non-Darcy flow in vertical fractures

One of the complications that offer special
difficulties in interpreting post fracture well
performance is non-Darcy flow. (Holditch ez al,
1976) studied the effect of non-Darcy flow on the
behavior of hydraulically fractured gas wells. They
observed in their study that in a build-up test, non-
Darcy flow can continue for a substantial time after
the well is shut in, and the apparent fracture
conductivity can continue to increase throughout
much of the test. The non-Darcy flow continues as
pressure gradients dissipate during the build-up test
because the flow velocity in the narrow fracture
remains quite high.

It is normally expected to see non-Darcy flow in
gas well tests. This effect will result in creating what
we call rate dependent skin. This rate-dependent skin,
which is caused by turbulent flow, can be added to any
model. The skin for a flow period of rate is given by:

das

0 M

Q=8,+Q*

where S, is the mechanical skin and dS/dQ defines
the rate dependence, sometimes called non-Darcy
coefficient.

There is also a similar phenomenon, which was
seen in these tests, which is non-Darcy flow in the
fracture itself. The effect of non-Darcy flow in a
hydraulic fracture can be significant causing a large
pressure drop in the fracture. This will lead to
changing the behavior of the fracture depending on
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the velocity of the fluid passing through it. The non-
Darcy flow effect is caused by the high velocity of
gas in the fracture and will cause the flow to be
turbulent and will cause a considerable pressure drop.
This makes the fracture appear smaller although it is
physically there, and if we reduce the production rate
the non-Darcy flow effect will reduce and we may
see more of the true characteristics of the fracture.
Due to this fact, rate dependent skin was not
determined, since it was believed that the non-Darcy
flow in fracture represented a bigger portion.

Apparent conductivity

Predicting performance, selecting proppant is
based on the non-Darcy effect (Guppy et al., 1982).
This showed that effects of non-Darcy flow can be
also expressed as an effective or apparent
conductivity. They further showed that under certain
conditions, non-Darcy effects can be calculated based
on two dimensionless parameters:

Cpp = £t @)

—ka

The dimensionless fracture conductivity, and for gas
wells:

k
D :Lhﬁq 3)
W i

Basically the ratio of inertial (i.c., turbulent) drag
forces on flow in the fracture to the “Darcy” drag
forces.

For gas wells, Eq. (3) (in oil field units) becomes:

4.64x107"°k; BM g,
QD =
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Several relations were proposed for calculating the
apparent conductivity, but the most commonly used
relation is:

Co
C =——L 5
(Cn)app =105 Qp ®)
This relation is only valid for Cp < 10, Qp < 2
(minimal non-Darcy effects, or Cyp > 10 (for low
permeability formations), Qp= 1 to 10. Therefore:

(kg we)
R

Thus, this relation is effectively limited to low
permeability reservoir. This simple relation is
received wide expand use as a prognostic tool for the
etfects of non-Darcy flow.

Bilinear analysis

Bilinear fracture flow is one of the flow regimes
that can be identified when a reservoir has a finite
conductivity vertical fracture. The purpose of
analyzing bilinear flow data is to determine the
fracture conductivity, ks wr. Quad Root Time, also

known as Bilinear Time =¥t , is used to analyze data
obtained during the bilinear flow regime. Bilinear
flow occurs in long fractures with finite conductivity
and exhibits a pressure response, which is linear with

respect toi/;. The constant rate solution used to
analyze bilinear flow is;

q,T Yt

g \/‘ (7)

hykews Ykdpgicy

For a complex sequence of flow rates, the bilinear
superposition time function is used. Superposition
time is required in order to analyze variable rate, i.e.
build-up tests.

Superposition in time involves breaking up a
multi-rate sequence into a set of single rates. The rate
used for each step is the difference between the
current rate and the previous rate. Bilinear flow data
will form a straight line when placed on a plot of Ay

vs. i/; . The slope of this line is used to calculate the
root fracture of conductivity, k- wyis

Yyt = y; ~4.43.10°

q,T
Jkewr =4.43.10° 8 (8)
U h.SlOpC. 4’k¢“’gicti

Therefore, the flow period of drawdown and build-up

is theAy/q Vs.(‘/Eand W Vst + AL, —(‘/E- The
superposition time is also required when multirate
analyses are used to approximate situations in which
the rate is slowly varying. The formulation of
superposition time depends on the flow regime being
analyzed. For example, in our case bilinear flow.
Therefore, the following formulae are the generalized
form of superposition time for bilinear flow regime:
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Equation (9) can handle any number of step changes
in rate and for pseudo-steady state, the superposition
time function is:

cumulative production
tsupPSS =t =24* P (10)
’ flow rate

Bilinear derivative analysis

Bilinear flow is one of the flow regimes that can
be identified at early time when a reservoir has a
finite conductivity hydraulic fracture. The signature
of bilinear flow data on a derivative plot is a straight
line with a slope of 1/4. The position of this line may
be used to calculate fracture conductivity, kwy, (Eq.
(7)). The derivative of this with respect to the natural
logarithm o time is:

Der_l4 43.10°

qg ‘\t/t— (1 1)
hykewe kd)“glctl

This data is then plotted on a log-log plot. Taking the
logarithm of the left hand side and the right hand side
of the above equations illustrates that a plot of log
Der. vs. log t results in a slope of % (the Y4 fraction in
front of the log(t) term).

The coordinates of any point on the quarter slope
may be used to calculate fracture conductivity.

4.43.10° 9, T 4t
Vkewe =— < Yo (12)

hgfiopgiey Der

Therefore, the root fracture
drawdown ( log(Aw/q) vs.log(t,)) :

conductivity  of

4.43.10° T 4,

kewe = (13)
T4 hifkoungey Der
And, for build-up (log(Ay) vs.log(At.g)) :
im0 4T
fWr =
4 hyképgcy (14)

o +4at, —Jt + A,

Der

Notice that a shift of the quarter slope to the right will
correspond to larger fracture conductivity. Bilinear

equivalent time, Af ;, is:

Ateg = 4t + YAt -t + At (15)

The slope of this line is used to calculate the product
of the fracture half-length and the square root of
permeability:

40.785.10° q, T

slope b \[ppgicy

The permeability can be obtained from the radial flow
regime analysis or estimated from core data or other
tests. Once permeability is determined, fracture half-
length can be found.

Xf\/E= (16)

x; VK 17
Tk a7

Xf =

For infinite conductivity fractures, when k; is large
(FcD>20), then the skin factor is:

s = ln[gr—w—J (18)
Xf

Psendosteady state analysis

Pseudosteady state flow is a flow regime that
occurs in bounded (closed) reservoirs, after the
pressure transient has reached all the boundaries of
the reservoir. This includes not only the case of
physically bounded reservoirs, but also the case of a
well surrounded by other producing wells. In these
situations, reservoirs exhibit tank-like behavior. The
purpose of analyzing pseudosteady state flow data is
to determine the reservoir pore volume, V,, and
original hydrocarbons in place, OOIP or OGIP. This
analysis is valid only when the well is flowing. There
is no corresponding pseudosteady state analysis for
build-up or falloff tests. Pseudosteady state flow
cannot be observed in data obtained from build-up or
falloff tests. The constant rate solution for analyzing
pseudosteady state data is:
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The above equations are linear with time and, as a
result, pseudosteady state flow data will form a
straight line when plotted on a Cartesian plot.

Productivity index for gas well

Comparison of productivity indices of a well after
and before fracture is simple and convenient measure
of treatment success. The comparison of productivity
indices is more meaningful than the comparison of
rates because rate is related to drawdown imposed,
and the pressure drawdown in a well before and after
fracturing may change dramatically. In contrast,
productivity index, the ration of rate to pressure
drawdown is influenced more directly by formation
and completion properties (Lee ef al., 1981; Holditch
etal, 1976).

For a gas well, productivity index, PI, is defined as:

p1=__q_g__=

Wa ~WVawf

kh
T, 3
141.2B,p ln(ej—f+s’
& 5{ Ty 4

adjusted pressure

(20)

where evaluated at

Vais
 (average static drainage area pressure), and Y.y
adjusted pressure evaluated at y,, in terms of
pressure itself, an adequate approximation to the

pseudosteady state flow equation is:

1412 q,B 3
\T/—Wwfz—iiggﬁ{ln[:ij—z+sl (2D

w

where

_10.08T z

== 22)
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g

From the pseudosteady state flow equation for a gas
well, the flow equation may be written as:

_ 1,422q,Tzp I 3
“’“"wf=—ki—g{‘“[f | @

W

_Ge ke kh 24)
VYW 4o T{ln(ri]—i+s’}
Ty 4

This equation used to characterize the ability of gas
well to produce with a given pressure drawdown.

PI

Pseudo-steady state derivative analysis

The signature of pseudo-steady state data on a
derivative plot is a straight line with a unit slope at a
late time. The position of this line is used to calculate
reservoir pore volume, Vp, and the original
hydrocarbons in place, OGIP.

The pseudosteady state flow analysis cannot be
applied to data obtained from build-up or falloff tests.
The constant rate solution for analyzing PSS flow
data is Eq. (19). The derivative of this with respect to
the logarithm of time is Eq. (26).

The reservoir pore volume is used to calculate the
original hydrocarbons in place:

V,(1-S,;
OGIP=G = M (2%)
B
23 T
Dep = 22484dT ty (26)
Ahdpg ey
where
Cii = Cf +86iCo T SwiCw +54iCgi 27

This result is linear with time and, as a result, the
derivative of PSS data on a log-log plot is a straight
line with slope equal to one. Both wellbore storage
(early time) and pseudo-steady state (late time)
exhibit tank behavior and have a signature of a unit
slope on the derivative plot. The coordinates of any
point on the late time unit slope may be used to
calculate reservoir pore volume (in ft*).

2348qT t,

28
HgiCi Der 29

Vp:¢Ah:



J. King Saud Univ., Vol. 20, Eng. Sci. (1), Riyadh (2008/1429H.) 53

The reservoir pore volume is used to calculate the
original hydrocarbons in place. From the drawdown
plot log (Aw/q) vs. log(t,ss,) using Eq. (25).

Interpretation methodology of post fracture test
(MIT)

Due to non-Darcy flow effects, it was not possible
in some cases to match the drawdown and the build-up
response simultaneously. Therefore, two models were
made; an emphasis was put on matching the final build
and drawdown in each test when two models were
used. The quality of the match depended on:

- The quality of the rate measurements and,

- The span of the fracture conductivity change due

to non-Darcy flow.

Case Studies

The following two field examples are presented to
serve and to illustrate the value of looking at this
diagnostic model.

Field example 1

The analysis of actual data obtained from the gas
well that stimulated by hydraulic fracturing is
performed using the model of finite conductivity
vertical fracture solution. Table 1 summarized the

post frac wellhead and sandface pressure
measurements (modified isochronal test). The
characteristics of the reservoir as well as the

description of the completion are summarized in
Table 2.

Table 1. MIT wellhead and sandface pressure measurements

Periods Duration, Wellhead Sandface Flow rate,
hr pressure, psi_- pressure, psi_ MMscf/d

Initial shut in 3366 3366
1* flow 12 1347 1750.21 8.207
32/64”
1% shut in 12 2223 2654.85
2™ flow 12 844 1222.41 8.189
40/46”
2% shut in 12 1960 23373
3 flow 12 574 969.9 8.146
48/64”
3" shut in 12 1815 2163.38
4™ flow 12 335 626.54 8.661
64/64”
Extend flow 48 259 580.6 6.696
64/64” :
Final shut in 110 2564 3058.92

The modified isochronal post-frac test was
analyzed (Fig. 5). This test followed a hydraulic
fracture of the well. The fracture: was clearly
successful, as exhibited by the 2 slope on the
derivative plot, and the straight line on the fracture

linear flow plot Figs. 6-11 (superposition
Table 2. Reservoir and gas properties (analysis results for Field Example 1)
Finite Conductivity Fracture Gas Well Model
(Post-frac test)
Model Parameters Fluid Properties

[Permeability (k) 0.085 md Gas Gravity (G) 0.640
(Wellbore Storage Constant Dim. (CD) 123.00 CO, 8.00 %
[Fracture Flow Capacity (ksw) 1000000. md.ft H,S 0.00%
[Fracture Face Skin (sf) 0.000 N, 1.00 %
[Fracture Half Length (x¢) 100.000 ft Critical Pressure (P.) 703.65 psi
[Exterior Radius (re) 2978.921 ft Critical Temperature (T.) 360.77R
[Turbulence Factor (D) 0.00MMCF/D)-1 PVT Reference Pressure (Ppyr) 3400.00 psi
Skin Equivalent to Xf -5.116 Gas Compressibility (cg) 2.61514e-4 psi-1

Formation Parameters Gas Compressibility Factor (z) 0.981
[Total Porosity (®, 3.00 % Gas Viscosity (ptg) 0.0193 cp
IGas Saturation (S,) 70.00 % Gas Formation Volume Factor (B,) 0.001079 bbl/scf
[Water Saturation (S.) 30.00 % Synthesis Results
Ol Saturation (S,) 0.00% Synthetic Initial Pressure (p;) 3601.57 psi
[Wellbore Radius (ry) 0.30 ft Flow Efficiency (FE) 1.000
[Formation Temperature (T) 285.0 °F Damage Ratio (DR) 1.000
Formation Compressibility (cr) 8.014e-6 psi-1 Average Error 1.10%
[Total Compressibility (c,) 1.922¢-4 psi-1 Average Reservoir Pressure 3593.79 psi

[Net Pay (h) 180.000 ft Pressure Drop Due To Fracture Face Skin (#psf) 0.00 psi
Production and Pressure Forecasts

[Final Gas Rate 6.696 MMCF/D Forecast Flow Duration (tgew) 12.00 month

IFinal Measured Pressure 3052.43 psi 3-Month Constant Rate Forecast @ Curr. Skin _ 3.741 MMCF/D

ICumulative Gas Production 36.364 MMCF 6-Month Constant Rate Forecast @ Curr. Skin _ 3.343 MMCF/D

Constant Rate Forecast @ Curr. Frac. Face Skin 3.020 MMCF/D

Constant Rate Forecast @ Frac. Face Skin 3.020 MMCF/D

Forecast Flowing Pressure (Paow) 597.98 psi
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Fig. 5. Post-frac modified isohronal test (bottom hole) - flow
rate vs. pressure.

square Toot time). A fracture half-length of
approximately 100 feet is indicated (Fig. 6). The
radial flow analysis shows the permeability of the
formation to be 0.1md, with a negative skin (due to
the frac) of -4.5 (Fig.7).

0 xd(sqru(k))= 30377 md™>
X96.060 ft
600 5= -5.076 L~

<8
JE /
=
=

12 Al 10 9 k-2

7 6 s 4 3 2 1
Supcrposition Linear Pseudo

Fig. 6. Fracture linear final build-up.
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Fig. 7. Final build-up - radial flow extrapolation.

The results of the analyses were used as starting
parameters for modeling the test data. The model
used was the Finite Conductivity Bounded Reservoir
mode (Fig. 4). The results were consistent, and a
match of the build-up data was obtained using a frac
half-length of 100 ft and a reservoir permeability of
0.085 md (Fig. 8). As expected (in view of the low
permeability), reservoir boundaries were not reached
during the test period.
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Fig. 8. Finite conductivity fracture (total test overview).
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Fig. 9. Fracture model match (finite conductivity fracture type
curve).
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Fig. 10. Finite conductivity fracture model (radial flow

analysis).
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Fig. 11. Finite conductivity fracture transient forecast.

Using the model above, and assuming an infinite
size reservoir, a 24-month forecast of production at a
flowing sandface pressure of 800 psi was generated.
It shows that the deliverability will decline from 7
MMcfd at the time of the test to 3 MMcfd within 12
months (Fig. 11).
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The results of the analysis of the modified
ischronal post-frac test data confirmed the presence
of low permeability (0.1 md) reservoir, skin of -4.
The data (wellhead pressures data) were converted to
sandface pressures by a multistep calculation that
accounts for the variation of gas density with pressure
and temperature. The calculated sandface pressures
were analyzed by Rate Transient Analysis methods
using FAST program.

Field example 2

The effect of the non-Darcy flow during
drawdown was high and increased with rate and the
fracture characteristics could not be seen as shown on
the drawdown derivative plot (Fig. 21). However,
during build-up, the bilinear and linear flow periods
were seen clearly on all the build-ups as showed in
Fig. 14. Therefore, two models were used, one to
match the drawdown with its non-Darcy flow effect
in the fracture which makes the system looks like a
homogeneous system with negative skin, and the
other model (fracture with finite conductivity model)
was used to match the build-ups.

The analysis and the results of the build-up model
are shown in Figs. 12-16, while the analysis and the
results, the parameters used of the drawdown model
and build-up model are shown in Table 3 and from
Figs. 18-22. A summary of the results of the build-up
model and the parameters used are shown in Table 3.
A history match for the whole test sequence is shown
in Fig. 12 and in Fig. 13 for the semi log plot and in
Fig. 14 for the main build-up.
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Fig. 12. History match for the whole test sequence.

A history match for the whole test sequence is
shown in Fig. 18 and in Fig. 19 for the semi log plot
and in Fig. 21 for the main drawdown. The model
shows a good match on the drawdown periods.

An attempt was made to calculate the AOFP, but
the results showed a reverse trend and therefore do
not predict the AOFP. However, the plot is shown
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Fig. 13. Semi log plot for the main build-up.
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Fig. 14. Pressure build-up data, Log-log plot.
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Fig. 15. Rate decline resealing at 2050 ft.
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Table 3. Detail analysis of build-up and drawdown model

cylindrical closed system with a
(302.84 acres)

radius of 2050 ft

Test Type: Standard Main Results
Reservoir and Well Parameters  Build-up Model Drawdown Model
Porosity, ® 6% 6%
Well Radius, 1, 0354 ft 0354 ft
Pay Zone, h 328 ft 3281t
Flow Period No.9 No.8
Rate,q 0 Mscf/d 9470 Msct/d
Rate change 9470 Mscf/d 9470 Mscf/d
Patdt 0 800.21 psi 0 2508.6 psi
Time Match 0.55 hr-1 184 hr-1
Pi 3190 psia 3190 psia
Pressure Match 2.44*10° (psi/cp)-1 9.54:10° (psi¥/cp)’
Fluid Type Gas Gas
Gas Gravity, v, 0.67 0.67
Pseudo Critical P 667.414 psia 667.414 psia
Pseudo Critical T 370.146 R 370.146 R
Reservoir Temperature 300F 300F
Reservoir Pressure 3500 psia 3500 psia
Properties at Reservoir T and P
Total Compressibility, Ct 0.000252405 psi”'  0.000252405 psi’!
Viscosity, L, 0.0194304 cp 0.0194304 cp
Reservoir Homogeneous
Boundary Infinite Circle
Well Frac. Finite Cond ~ Storage and Skin
Wellbore Storage Coefficient, C  0.69 STB/psi C 0.00805 STB/psi
Fracture Half Length, Xy 206 ft
Fracture Conductivity, f; 1730 md
Fracture Conductivity 119
Dimensionless, f.p
Skin Factor 0 -1.75
Flow Capacity, kh 25 md.ft 97.7 md.ft
Apg(skin) -499.976 psia
Permeability, k 0.76 md 2.98 md
Mobility, k/ p, 39.2 153
Investigating Radius, R 396 ft 707 ft
Tested Volume 172846 Barrels 1550096 Barrels
Table 4. Production forecast

Daily Production in Mscf/d Daily Production in Mscf/d

for the Case of 303 Acres at the

for the Case of 640 Acres at the End

of

Model 1" Year 2™ Year3™ Year [1* Year 2™ Year 3" Year
Drawdown 880 163 9.6 2247 989 461
Buildup 1767 603 233 3104 1926 1207
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7 Re sealing at 2980 ft
fip 1610 md.ft
- fop 102
e skin 0
e Pi 3216.63 psia
e Pwf 500 psi
Production @ end 3.01408.10° Mscf
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Fig. 17. Build-up data-cumulative production.
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Fig. 18. Drawdown simulation.
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Fig. 19. Drawdown data, semi log.
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Fig. 21. Drawdown data, log-log plot.
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Fig. 22. Drawdown data-cumulative production.

in Fig. 16 for illustration purposes. The plot

suggests that with increased drawdown, the rate

would decrease. This can be due to two reasons or a

combination of them:

— Inaccuracy in rate measurement or lack of
stabilization.

— The significant increase in the non-Darcy flow
pressure drop with increased rate.

Two scenarios were performed to predict future
production using the drawdown and build-up models,
with a closed circular boundary with a radius of 2050
ft, which is equivalent to a drainage radius of 303
acres approximately, and are shown in Fig. 15 and
Fig. 20. Two more scenarios were also performed
using the same models but with a closed circular
boundary with a radius of 2890 ft which is equivalent
to a drainage radius of 640 acres approximately. The
results of the different options are summarized in
Table 4.

If the actual drainage area is smaller than that, the
rate of decline will be faster. On the other hand, if the
formation is fed from a nearby zone, the rate of
decline will be reduced. Post-test production data was
actually available for this gas well. However, the well
was subject to some scale removal operation after the
fracture treatment. This scale removal operation is
suspected to have caused formation damage to the

well. Therefore, the drop in production after this scale
removal operation is likely to be caused by this
formation damage. It can be also a depletion effect
although this is more of a remote possibility.

Conclusions

From the results of this work, the following
conclusions are warranted:

o This study implements an improved method for
analyzing Modified Isochronal Test in low
permeability hydraulically fractured gas wells.

e The effect of non-Darcy flow in fractures is
clearly seen in the tests data and will lead to
limiting production especially on higher chokes
(after one inch). Therefore, non-Darcy effects
should be considered in the design of hydraulic
fracture treatments, otherwise the design might be
far from optimal.

e The non-Darcy flow causes the fracture
conductivity to appear lower than its normal
value. Therefore, it has predictable effects on the
apparent  conductivity and on  post-frac
performance.

e Determination of reservoir permeability and
pressure is critical to optimum field development,
well completions, and fracture stimulation.
Therefore, the modified isochronal test is a viable
(practical) means of determining formation
permeability.

e The advantages of this study is that it will enable
engineers at the operational level to more
effectively apply advanced analysis techniques to
actual field data, by limiting the possibility of
misinterpreting the data.

Nomenclature (Field Units)

A drainage area, ft*
AOF  absolute open flow potential, MMcfd
By gas formation volume factor, bbl/scf

(Cm)app d. £. c. corrected for non-Dracy
(Co)ire true or Laminar D. fracture conductivity

C wellbore storage, bbl/psi

Cap apparent wellbore storate constant

Co dimensionless wellbore storage constant
cr formation compressibility, psi™

Co dimensionless fracture conductivity

Cq gas compressibility, psia’

Cop storage pressure parameter

C total system compressibility, psi-1
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compressibility of wellbore fluids, psi”
derivative

fracture conductivity, md. ft

flow efficiency

gas-oil ratio, ft3/bbl

fracture height, ft

net pay, ft

inflow performance relationship
permeability in the X,y,z direction, md
fracture permeability, md

fracture conductivity, md.ft
fracture flow capacity, md. ft
flow capacity, md. ft

extrapolated pressure, psia

gas pseudo-critical pressure, psia
dimensionless pressure
productivity index, bbl/d/psi

total well flow rate, Mscf/d
non-Darcy flow parameter(-)

gas flow rate, MMecfd/d

jth flow rate, Msc/d

nth flow rate, Mscl/d

stabilized rate — gas, MMcfd/d
external radius, ft

radius of investigation, ft
wellbore radius, ft

skin factor

apparent skin factor

initial gas saturation

mechanical skin

initial water saturation
temperature, R

gas pseudo-critical temperature, R
shut-in time, hr

pss dimensionless time at pseudo-steady state
pseudo-time, hr

effective producing time,hr
dimensionless time

d. time (based on fracture 1/2 length)
nth flow period, or superposition time, hr
time to stabilization, hr

reservoir pore volume, ft’
wellbore volume — gas, t3
fracture width, ft

intermediate variable

fracture half-length, ft
intermediate variable

gas compressibility factor
non-Darcy flow factor (1/ft)

gas specific gravity

shut-in time, hr

At, shut-in pseudo time, hr

At. equivalent time, hr

Atep bilinear equivalent time, hr

i gas viscosity, cp

Pe gas density, lb,/ft

o porosity, dimensionless

W initial pseudo pressure, psi*/cp

Wt flowing pseudo pressure, psi*/cp

Was shut-in pseudo pressure, psi/cp
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