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Abstract

The assumption of constant reservoir permeability is not strictly applicable to reservoirs where rock properties undergo
changes, such as stress-sensitive porous media. Most researches on the permeability stress sensitivity mainly concentrated
on experimental approach, physical modeling or pressure transient analysis, whereas rate transient analysis does not attract
much attention. Based on source/sink function method, this paper develops a seepage model of multi-fractured horizontal
well incorporating stress-sensitive permeability. The model is semi-analytically solved by fracture discretization, Pedrosa’s
transformation, perturbation theory, and integration transformation method. Not only pressure transient analysis, but also
rate transient analysis is separately performed with relevant parameters. The model presented here can provide some insights
into well dynamic forecasting during exploiting such reservoirs, and contribute to establish the theoretical basic for transient
analysis efficiently.

Keywords Stress sensitivity - Multi-fractured horizontal well - Line-sink model - Hydraulic fracture discretization -
Pressure transient analysis - Rate transient analysis
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s Laplace transform variable

T Absolute temperature (K)

t Time (h)

Ip Dimensionless time

% Velocity of gas flow (m/h)

X,y x- and y-coordinates (m)

X, Yy  X- and y-coordinates of the line-sink (m)

X; P Y, ;X and y-coordinates of discrete segment (i, j)
midpoint (m)

X¢ Half-length of each fracture (m)

y; y-Coordinate of the intersection between the ith
fracture and y-axis (m)

Ay; Distance between y; and y;_;, Ay, =Y, —y,_,

VA Gas deviation factor

Greek symbols

4 Permeability modulus (MPa™")

Ym Pseudo permeability modulus (mPa s/MPa?)

YmD Dimensionless pseudo permeability modulus

u Gas viscosity (mPa s)

p Gas density (kg/m?)

Po Reference gas density under reference pressure
(kg/m?)

¢ Porosity of reservoir, fraction

o Perturbation deformation function

Do Zero-order perturbation deformation function

Superscripts
- Laplace transform domain

Subscripts

D Dimensionless

i Initial

m Pseudo

sC Standard condition
t Total

w Wellbore
Introduction

The transport of fluid (liquid, gas and their mixture) in
porous medium is so called percolation or seepage. Study on
the characteristics of porous flow and fluid mechanics is of
vital significance in oil and gas field development. We have
surveyed a lot of literatures aiming at the stress sensitivity of
porous media, which is generated from the effective stress of
rock skeleton increasing and the pore pressure decreasing.
In tight rocks, the existence of stress sensitivity is widely
confirmed. Numerous efforts have been made to investigate
the stress-sensitivity mechanism via laboratory experi-
ments or physical modeling (Dormieux et al. 2011; Zhao
et al. 2013; Liu et al. 2015; Tian et al. 2015). Wang et al.
(2015) established the relationship between overburden
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pressure and effective stress considering stress arching
effect in Sulige gas field and proved that the stress sensitiv-
ity of permeability greatly depends on stress arching ratio.
Tan et al. (2015a, b) developed the predictive models for
permeability of porous media considering stress sensitivity
based on the fractal theory and mechanics of materials. Xiao
et al. (2016) proposed a stress-sensitivity evaluation stand-
ard considering experiment data and rock micro-structural
features, on the basis of analysis of the empirical models
and theoretical models on the relationships between perme-
ability and effective stress. Through the conventional meas-
urement of the core plug samples from carbonate formation,
Hamid et al. (2016) developed a relationship between per-
meability, porosity, velocity and effective horizontal stress
for carbonate reservoirs using both core and field data. Luo
et al. (2017) proposed a model using microseismic data to
calculate fracturing network parameters for tight oil reser-
voirs. Xu et al. (2018) carried out an experimental study on
porosity and permeability stress-sensitive behavior of sand-
stone, including characteristics, mechanisms and controlling
factors.

Pressure transient analysis considering specific fac-
tors (such as stress sensitivity) is always a hot and difficult
problem in the field of seepage theory (Guo et al. 2015a,
b; Zhao et al. 2014; Zhang et al. 2017; Abbas et al. 2017).
For the pressure transient analysis of tight rocks related to
the stress-sensitive permeability, some scholars chose an
exponential model in their mathematical derivation. Zhang
et al. (2011) presented a well test model for stress-sensitive
composite dual-porosity reservoirs based on the concept of
permeability modulus, which is the key parameter in per-
meability exponential model. Yao et al. (2013) presented a
semi-analytical model to facilitate transient pressure analysis
with stress-dependent hydraulic fracture conductivities for
both hydraulically fractured vertical wells and multi-stage
fractured horizontal wells. They pointed out the effect of
stress-sensitive conductivities on transient pressure behavior
results in a hump on the pressure derivative curves. Qanbari
and Clarkson (2014) provided a new method for analysis of
transient linear flow in stress-sensitive tight oil reservoirs, in
which a correction factor is taken into account. The results
indicated that the correction factor becomes more impor-
tant for higher values of permeability modulus and pressure
drawdown. Dou et al. (2015) introduced a new procedure to
quantify the permeability stress sensitivity by applying the
traditional straight-line analysis method. They determined
the permeability modulus and the formation parameters
based on the corrected pseudo-parameters and the concept
of cut-and-trial. Guo et al. (2015a, b) presented the pressure
transient analysis (PTA) and rate decline analysis (RDA)
on the hydraulic fractured vertical wells with finite con-
ductivity in shale gas reservoirs considering multiple flow
mechanisms. Bahrami et al. (2015) proposed a practical
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methodology and workflow for characterizing the SRV
parameters in multi-fractured wells in unconventional oil
and gas reservoirs using well test and rate transient data
analysis based on diffusivity equation solution for linear
and elliptical flow regimes integrated with numerical res-
ervoir simulation. Lei et al. (2016) proposed a comprehen-
sive hybrid grid model and performance analysis workflow
to study the impact of reservoir and hydraulic fracturing
parameters on production performance of tight oil reservoir.
Yao et al. (2016) developed a semi-analytical composite
model for multi-stage fractured horizontal wells (MFHWs)
in heterogeneous reservoirs. The model was better prepared
for not only incorporating pressure-dependent heterogeneous
reservoir properties, but also investigating the different pro-
duction behavior at different fracture stages in complex het-
erogeneous reservoirs. Huang et al. (2018) also established a
new analytical model based on the permeability exponential
model in tight oil reservoirs for pressure transient analysis.

To sum up, many researches on the pressure transient
analysis have been performed, while the rate transient analy-
sis about reservoirs with stress-sensitive property is rarely
discussed, which acts as the motivation of this work. This
study develops a seepage model of multi-fractured horizon-
tal well incorporating stress-sensitive permeability based on
source/sink function method. The model is semi-analytically
solved by fracture discretization, Pedrosa’s transformation,
perturbation theory, and integration transformation method.
Not only pressure transient analysis, but also rate transient
analysis is separately performed with relevant parameters.
The model presented here can provide some insights into
well dynamic forecasting during exploiting such reservoirs.

Line-sink model considering stress
sensitivity

Due to the difficulty of describing the multiple fractures
inner boundary condition with a direct mathematical for-
mula, the model of a continuous line-sink in stress-sensitive
porous medium is first addressed here. The system of units
and symbols adopted in this paper is listed in nomenclature
for the convenience of comprehending the coefficients in
the formulas.

Figure 1 illustrates the physical model of a continuous
line-sink throughout the top and bottom boundaries. The
mass conservation equation for single-phase fluid is writ-
ten as

V. (,ﬁ) + a(g;p) —0. )

Like a vertical well, gas only flows along the radial r
direction from the porous medium into the line-sink. There-
fore, the equation of motion is expressed by

Top boundary

Stress-sensitive

. Line-sink
porous media

Bottom boundary

Fig.1 A line-sink of natural gas in stress-sensitive porous medium
V=yi=-36——. )

Considering the permeability is affected by the stress
sensitivity of the porous medium, which is resulted from
the decreasing of pore pressure and the increasing of effec-
tive stress during the production process, the permeability
modulus y is introduced by

_1aK
Y= Kdp 3
Solving Eq. (3), we obtain:
K = Ke7?P), “)
Substituting (4) into (2) yields the equation of motion:
K 0,
v, =— 3_6_16_7(171_P)_p. 5)

u or
The rock-state equation:

¢ = doll + Cy(p = po)l. (6)

The gas-state equation:

p = ol + C,(p  py)l. ™)
_ Mp
P= Rz ®

Substituting Eqgs. (5)—(8) into Eq. (1) yields the governing
equation that accounts for the stress sensitivity:

Ei[ P

r—e
r or

—y(pi—p)a_p = PuC, La_p
uz or

3.6 uzot’ ©)

where the total compressibility coefficient C, = C, + Cy,
MPa™".

Define the pseudo pressure and pseudo permeability
modulus as the following expressions:

m(p) = /,, 2—pdp, (10)
Po MZ
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K = K;enlm=m), a1

where p,, is the reference pressure and can be variable, and
¥m 1s introduced according to the pseudo pressure. Therefore:

0 2p 0,
_m = _p_p’ (12)
or  uZ or
0 2p o
ot uzZ ot

Combining Egs. (11)—(13) into Eq. (9) and multiplying both
sides by %, we obtain:

l i [re—ym(mi—m)a_m] = ¢Mct a_m 14
ror or 3.6K; ot a4

The left-hand term of Eq. (14) can be written as

19 [ reTmlm=m) a_m]
ror or
1

om om *m
= L rmm-m O o=y m=m) (_) + re—rmm=m) 9
r [ or "m\ 57 or?

Y memy| Pm | 10om om\?
— Ym(m—m) | & 1T + -4 <_> .
¢ [0r2 ror  m\Gy

(15)
Therefore, Eq. (14) is rewritten as
?m 10om om\? _ . umy PHC Om
a2 T ror m( 0r> =¢ 3.6K, or (16)

Based on the dimensionless definitions listed in Table 1,
the dimensionless governing flow equation, converted from
Eq. (16), can be obtained as

*m 1 om omp \ 2 om
T G S
ory  1p Orp orp oty

Initial condition:

mp

w0 = 0. (18)

Inner boundary condition:

. o omp
hmo rpe fmp —— ) = — 1. (19)

p— OVD

Table 1 Definitions of the dimensionless variables

Dimensionless pseudo pressure my, = 22Kk (m; —m)
Tq, !
Dimensionless pseudo permeability modu-  , = gy Y
mD ™ 78 489K fm
lus
Dimensionless time = 30Kt
BuCX?
Dimensionless wellbore storage coefficient ¢ = 0159C
D™ pcnx?
Dimensionless radial distance p = )’7
f
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Infinite lateral boundary condition:

mp|,. oo = 0. (20)

Equations (17)—(20) compose the mathematical model for a
continuous link-sink in stress-sensitive porous medium.

According to Pedrosa (1986), introduce the variable sub-
stitution to alleviate the nonlinearity of Egs. (17) and (19):

1
mD(rD’tD) = —y—ln [1 _VmDr]D(rD’tD)]’ 201
mD
where np (rD, tD) is an intermediate variable which is also
called the perturbation deformation function.
The following formulas can be derived from Eq. (21):

(e~"DYmDp —
e "PTb =1 — y,.php

omp 1 %

orp 1 — yuptp O7p

Py <%)2'
orp? 1= ¥upip rp? (1- J/mD’7D)2 o

3 0’myy _ 1

omp 1 %

[ dfp 1 = Ymptip Ol

(22)

Substituting (21) and (22) into the model (17)—(20) yields:
1o Mm__ 1
rporp \ P ory ) T 1= yupip 0t

plp=0 = 0
3 . (23)

0
lim (e ) = -1
rp—0 er

Ip

rp—oo T

According to the regular perturbation theory, the terms #p,,
,and —— In (1 - ymDnD) in (23) can be expanded as

1=Ymp?p YmD
power series in dimensionless permeability modulus, which
are:

Mo = "po + Ymp/Tp1 + YaplToa + > (24)
A LA A s 25
1= tpfi mb/ID T Ymp YD ) (25)
1 1 )
——1In (1 - YmD’?D) =Np+ ZYmpp” + - (26)
ymD 2

The zero-order approximate solution can meet the require-
ments of engineering precision because the dimensionless
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permeability modulus is usually small (y,,p, < 1), so the
model (23) becomes:

1 9 - Ipo \ _ 9o
rp Orp D orp oty
Mo |,=0 = 0
9 27
. Mg @D
lim |{ rp =-1
rp—0 ()rD
fpo rp—00 =0

Equation (27) is the linearized line-sink model in stress-
sensitive porous medium.

Applying Laplace transformation, the model (27)
becomes:

ii 7 _aleO — s_
rp Orp b orp "po

lim | r 9o = 1
9 rp—0 D arD s , (28)

=0

rp—>o0

fipo

L

where s is the Laplace transformation variable.
The general solution of (28) can be easily obtained as
follows:

fioo = Al (1o V/5) + BKo (V5. 29)

where I is the first kind of zero-order-modified Bessel func-
tion, K|, is the second kind of zero-order-modified Bessel
function, and A and B are constants.
Substitution of Eq. (29) into the inner boundary condi-
tion yields:
Iing . 1
= tim rp Vs [AL (1o V5 ) = BK, (V) = =<
orp =0 s
(30)
According to the properties of Bessel’s function, which
are lim,_x/;(x) = 0, and lim,_ o xK,(x) - 1, Eq. (28)
becomes:

lim rp
rp—0

_1
B=—. 31)

Likewise, with the outer boundary condition
given in (28) and the properties of Bessel’s function,

lim,_,  1,(x) = ocoandlim,_, K,(x) = 0, and the coefficient

in (29), A, should satisfy the following equation:

A=0. (32)
With (31) and (32), we can get the final form of (29)
as follows:

fino = éK()(rD\/E)' (33)

As mentioned above, zero-order perturbation solution
is enough to approximate the exact solution of Eq. (23),
that is:

_ _ 1

o % oo = Koo V/5): (34)
) 2 2

where rpy = (xD - wa) + (yD - wa) .

Equation (44) is the basic line-sink solution in Laplace
domain for stress-sensitive porous medium. Employing
the superposition principle, the pressure response of a
multi-fractured horizontal well will be derived in the next
section.

Model illustration and solution
for multi-fractured horizontal well

Physical model

Given that a horizontal well with multiple hydraulic frac-
tures is producing in stress-sensitive porous medium at a
constant surface flow rate g, (see Fig. 2), such assump-
tions of physical model are outlined as follows:

1. The thickness of the formation is #, the lateral bound-
ary is infinite, and the top and bottom boundaries are
assumed to be penetrated completely by each fracture (a
total of M). The initial permeability of porous medium
is K; under the initial formation pressure p;.

2. The horizontal wellbore is parallel to the top and bot-
tom boundaries. Fractures are evenly spaced. At each
fracture, the height is 4, the width is neglected, and the
half-length is Xj.

3. Gas flow obeys Darcy rule, while the permeability is
considered stress sensitive to the impact of effective
stress increasing and pore pressure decreasing during
production.

4. Both the horizontal wellbore and the fractures have infi-
nite conductivity. Each fracture has the different flow
rate.

5. Consider single-phase isothermal flow and negligible
gravity and capillary effects.
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Fig.2 Schematic of a multi-
fractured horizontal well
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>

Pressure solution of producing at a constant
production rate

Based the basic line-sink solution, we applied the fracture
discretization and superposition principle to obtain the solu-
tion for a multi-fractured horizontal well.

Figure 3 shows the top view of the multi-fractured hori-
zontal well and described the fracture discrete segments.
The coordinate origin is set to the turning point of horizon-
tal well. M fractures are evenly distributed along the y-axis
(horizontal wellbore) with the spacing of Ay. The cross point
of the ith (i=1, 2,..., M) fracture and the y-axis is repre-
sented by (0, y;). Along the x-axis direction, each fracture
is divided into 2N segments, which will generate a total of
2N midpoints and 2N + 1 endpoints. For jth segment on the

ith fracture (j=1, 2,...,2N), the midpoint is denoted by (X; ;,

considered as constant, and the flux density per unit length
is represented by g; ;. Therefore, the dimensionless pressure
response at any point of porous medium (x, y), caused by the
segment (i, j), can be calculated by integrating the basic line-
sink along the segment length:

_ B ADiji+1
Mpij (xD’yD) = ‘IDi,,'/
oy (35)

X KO(\/E\/(XD — %) + (b —yWD)2>dwa,

h _ _ Ny Yij
WhETe Ywp = Yoi» *pij = %> YDij = %

l]D, /Xf
;and gp,; = o

Applying the superposition principle over all discrete frac-
ture segments, the dimensionless pressure response at (x, y)

caused by a total of (M X 2N) discrete segments can be written

Y; ) and the Correspondlng endpoints are (x; ;, y; ;) and (x; ;1.1 as
yl,j+1) M 2N
The flow rate of each fracture is different and the flux _
X Y pi X >y 36
strength is also different along the fracture length. Neverthe- P D ; ; A D) (36)
less, for the single discrete segment (i, j), the flux strength is
Fig. 3 Description of fracture 1 i M
discrete segments T (Xi0sYi0)
(XY
=+ (x:257:2)
a3 = (x:.‘\ 5ylﬁ\)
(0,0) (0.7) KoV b (xvi) (0.
(6 — e —————— —— () ..............................
Y (Xipe15 Y ne1) (0.y)
1 ('xi“\"l sy:: \"2)
% .
5 i (Xi.z N »y,Az.\')
(XiansYion)
== (Xi2m01 5Vi2ne1)

I Ul a
des Shevis @) Springer
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Set the point (x, ¥) to the midpoint of the segment (k, v),
ie. (Xi,,Y;,), Eq. (36) is changed into:

M 2N
FID (XDk,v’ YDk v Z Z Dt,} XDk v YDk v) (37)

Since the infinite conductive fractures and wellbore reveal
that the pressure in hydraulic fractures is equal to the bot-
tom-hole pressure, we have:

M 2N

fwpN = Z Z i (Xpes Yory)-

i=1 j=1

(38)

Letting k=1,2,..., Mand v=1,2,..., 2N, i.e. writing (38)
for all discrete segments, we can get M X 2N equations,
which are including (M X 2N + 1) unknowns. The flow con-
straint condition is given as follows:

M 2N
Z xDi,;‘+1 _xDi,;) “IDi,j] =1. 39
i=1 j=1
In the Laplace domain Eq. (39) is written as
M 2N
Z [(xDi,j+1 - xDiJ) 'E]Dij] == (40)

=1

There are (M X2N+ 1) equations when composing
Eq. (38) at each segment together with Eq. (40), which can

1
mp =———1In (1 - ymanD).

YmD (“43)

According to Stehfest (1970), the expression of the pres-
sure response in the real domain is written as

n2 « fwpn + S
myy = _L Inli1— YmD 2 Vl' stn;/DN
YmD Ip O st Cps; (SiﬁwDN + S)
(44)
Mz The weight coef-

where N is an even number and s; =

ficient V; is given by

min(i,g) N
V. = (_1)%“ Z k2 (2k+1)!
‘ E R DK — kDI - kDK — 1))

(45)

Equation (44) is the semi-analytical solution of transient

pressure response for a multi-fractured horizontal well in
stress-sensitive porous medium.

Production solution of producing at a constant
bottom-hole pressure

The dimensionless flowrate equation for the constant-pres-
sure production case can be determined by the relation-
ship between the dimensionless pressure and the rate in the
Laplace space (Van Everdingen and Hurst 1949):

solve the (M X 2N + 1) unknowns of 77,,py and gp,; (i=1.2,..., gp(s) = m (46)
M; j=1,2,..., 2N). The matrix expression is: b
- . _ZIDI,I 1 [o ]
A, Ay, Aoy -1 . .
' ' ' _ 7 0
A A Araw | < 1)
A A A -1 _
M1 My M2N Toman 0
| (xDl,Z - xDl,l) (ka,v+1 - ka,v) : (xDM,2N+1 - xDM,ZN) 0 ] _ 1
|wDN || /S_

Employing Duhamel’s theorem to incorporate wellbore
storage coefficient and skin factor into well response, the
pseudo pressure solution is:

SfiypN + S
s+ Cps2(sijypn + )

flwp = (42)

fl,p 1n (42) is the bottom-hole pressure response in the
Laplace domain, and by Stehfest numerical inversion algo-
rithm we can calculate the pressure responses #,(fp) in
real-time domain. Then, with (43), we can obtain the bot-
tom-hole pressure response for the multi-fractured horizon-
tal wells in stress-sensitive porous media:

Therefore, taking Lapace transformation over the values
of mp in Eq. (44) into 7y, and substituting /i, into Eq. (46),
we can determine the dimensionless production rate in the
Laplace domain. Furthermore, the production rate in real
space can be calculated by Stehfest numerical inversion and
expressed as

—7
Vv mD
Ip P N

= _ YmpIn2 Siflypn+S
S;n 11 t Z Viv-+C s2(sifluon+S)
D i=1 i D?; \Pi"lwDN

(47)
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Equation (47) is the semi-analytical solution of transient
production rate for a multi-fractured horizontal well in
stress-sensitive porous medium.

Results and analysis

As one of the applications of the above mathematical and
mechanics derivation, the flow characteristic investigation of
a multi-fractured horizontal well in stress-sensitive porous
medium is performed in this section. We plotted the double-
logarithmic type curves of transient pressure response and
transient rate decline through the Matlab programming.

Pressure transient analysis of producing
at a constant production rate

Figure 4 shows the transient pressure curves affected by dif-
ferent permeability modulus, which can be classified into six
seepage stages as follows.

Stage 1, pure wellbore storage effect flow. Both pressure
curve and derivative curve exhibit unit slope on the log—log
plots. Stage 2, skin effect transition flow. The pressure deriv-
ative curve acts out like a “hump” representing the effect
of skin. Stage 3, early linear flow perpendicular to hydrau-
lic fractures. The pressure derivative curve manifests as an
upward straight line with a slope of “1/2”. Stage 4, mid-time
pseudo-radial flow around each fracture. The pressure deriv-
ative curve exerts a horizontal level with a value of “1/2M”,

where M is the number of hydraulic fractures. Stage 5, linear
flow of whole system perpendicular to horizontal wellbore.
Another straight line with a slope of “1/2” can be observed
in the derivative curve. Stage 6, late-time pseudo-radial flow
of whole system. The pressure derivative curve behaves as a
horizontal line with the value of “0.5” on the y-axis.

Permeability modulus y,,, reflects the extent of the stress
sensitive effect. From Fig. 4, we can see y,, starts to take
effect from stage 2, i.e. the first period of gas flow in the
underground formation. With the increase of the value of
Ymp» the derivative curves turn upward gradually and devi-
ate from the 0.5 level line, which means the stronger stress
sensitivity is, the more serious damage of permeability is,
the more difficult of fluid flow, and the larger drawdown
pressure is needed.

Figure 5 represents the effect of fracture number (M) on
transient pressure curves. The derivative curve gradually
declines with the increasing of fracture number, but this
phenomenon is not so obvious in wellbore storage period
(stage 1) and late-time pseudo-radial flow period (stage 6).
Because the bigger of M, the more flow channels for natural
gas, the better of the formation connectivity, and thus the
smaller drawdown pressure is needed.

Figure 6 indicates the effect of fracture spacing Ay;
on transient pressure curves. It can be observed that Ay,
mainly affects the mid-time pseudo-radial flow of fracture
system (stage 4) and the subsequent linear flow of whole
system (stage 5). The larger the fracture spacing, the longer
the duration of the mid-time pseudo-radial flow of fracture

T T T
CD:10, §=0.1, M=3 N=4, Ay ~100m, XfZIOm

Lo

!

.
JOTtA PR
. L
. .
AT r
1
1

.
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Fig.4 Effect of permeability modulus on transient pressure curves
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Fig. 6 Effect of fracture spacing on transient pressure curves

system, and the later the occurrence of the linear flow of
whole system.

Figure 7 illustrates the effect of fracture half-length
X; on transient pressure curves. As we can see, with the
increase of fracture length, the early linear flow perpen-
dicular to hydraulic fractures (stage 3) will last longer

with lower position of pressure derivative curves, and the
mid-time pseudo-radial flow around each fracture (stage
4) occurs later with shorter duration. When X; continues
to increase, the horizontal line on the pressure derivative
curves reflecting stage 4 will be gradually concealed.
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Fig. 7 Effect of fracture half-length on transient pressure curves

Rate transient analysis of producing at a constant
bottom-hole pressure

Figure 8 reflects the effect of permeability modulus y,,p
on rate decline curves. The greater of y,p, the stronger of
the stress sensitivity, i.e. the more serious of permeability

9pdp

damage, so the worse the reservoir property is, and the lower
the production rate under constant pressure will be, resulting
in a steeper downwarping of the production decline curve
and a more obvious upwarping of the derivative curve.
Figures 9, 10 and 11 successively reveal the rate decline
curves affected by fracture number (M), fracture spacing
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Fig. 8 Effect of permeability modulus on rate decline curves
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Fig. 10 Effect of fracture spacing on rate decline curves

(Ay;) and fracture half-length (X;). The bigger the M, the
better the reservoir connectivity, so that driving pressure
differential of fluid flow is smaller, and the production rate
is higher (see Fig. 9). The smaller the Ay;, the more serious
the fracture interference, and the lower the production rate.

Correspondingly, on the rate derivative curve, the shorter
the duration of the mid-time pseudo-radial flow around
each fracture, even to be covered (see Fig. 10), the larger
the X;, the greater the drainage area, and the higher position
of production rate curves. Meanwhile, the early linear flow
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Fig. 11 Effect of fracture half-length on rate decline curves

perpendicular to hydraulic fractures will last longer with
lower position of rate derivative curves (see Fig. 11).

Concluding remarks

This study mainly deduced a semi-analytical model of gas
transient transport from the stress-sensitive porous medium
to a multi-fractured horizontal well. Based on the semi-ana-
lytical solution, a series of transient flow dynamic curves
(including pressure response and rate decline) were plotted.
The following conclusions can be summarized:

1. A semi-analytical solution of multi-fractured horizontal
well is developed by orderly employing Pedrosa’s lin-
earization, perturbation technique, Laplace transforma-
tion, fractures discretization and superposition principle.

2. The stress-sensitivity indicates the permeability damage
of formation and results in larger pressure drawdown
during intermediate and late flow regimes, which are
reflected by upward tendencies in both pressure and rate
derivative curves.

3. The major factors (mainly related to the geometry and
placement of hydraulic fractures including fracture
number, fracture spacing and fracture half-length) influ-
ence on the transient flow behavior is analyzed to better
understand the gas transport characteristics.

4. The proposed model is better prepared for not only well
test interpretation but also rate transient analysis, which
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contributes to evaluating underground fluid transport in
stress-sensitive formations efficiently and accurately.

Acknowledgements The authors would like to acknowledge the
joint support of the National Natural Science Foundation of China
(51704246), the National Science and Technology Major Project of
China (2016Z2X05052-002-04, 2016Z2X05024-005-008), and the Inter-
national Science and Technology Cooperation Research Program of
Sichuan Province (China) (2017HH0014).

Open Access This article is distributed under the terms of the Crea-
tive Commons Attribution 4.0 International License (http://creativeco
mmons.org/licenses/by/4.0/), which permits unrestricted use, distribu-
tion, and reproduction in any medium, provided you give appropriate
credit to the original author(s) and the source, provide a link to the
Creative Commons license, and indicate if changes were made.

References

Abbas AH, Wan RWS, Jaafar MZ, Aja AA (2017) Transient pressure
analysis for vertical oil exploration wells: a case of moga field. J
Pet Explor Prod Technol 2017:1-9

Bahrami N, Pena D, Lusted I (2015) Well test, rate transient analy-
sis and reservoir simulation for characterizing multi-fractured
unconventional oil and gas reservoirs. J Pet Explor Prod Technol
2016(6):1-15

Dormieux L, Jeannin L, Gland N (2011) Homogenized models of
stress-sensitive reservoir rocks. Int J Eng Sci 49(5):386-396

Dou X, Liao X, Zhao X, Wang H, Lv S (2015) Quantification of perme-
ability stress-sensitivity in tight gas reservoir based on straight-
line analysis. J Nat Gas Sci Eng 22:598-608


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

Journal of Petroleum Exploration and Production Technology (2019) 9:855-867 867

Guo C, Xu J, Wei M, Jiang R (2015a) Pressure transient and rate
decline analysis for hydraulic fractured vertical wells with finite
conductivity in shale gas reservoirs. J Pet Explor Prod Technol
5(4):435-443

Guo J, Wang H, Zhang L, Li C (2015b) Pressure transient analysis and
flux distribution for multistage fractured horizontal wells in triple-
porosity reservoir media with consideration of stress-sensitivity
effect. ] Chem 2015(1):1-16

Huang S, Yao Y, Zhang S, Ji J, Ma R (2018) Pressure transient analy-
sis of multi-fractured horizontal wells in tight oil reservoirs with
consideration of stress sensitivity. Arab J Geosci 11:285

Hamid O, Osman H, Rahim Z, Omair A (2016) Stress dependent per-
meability of carbonate rock. In: SPE Annual Technical Confer-
ence and Exhibition, Dubai, UAE

Lei Z, LiJ, Deng X, Tang Z, Zhang Z (2016) A performance analysis
model for multi-fractured horizontal wells in tight oil reservoirs.
In: International petroleum technology conference, Bangkok

LiuZ, Zhao J, Kang P, Zhang J (2015) An experimental study on simu-
lation of stress sensitivity to production of volcanic gas from its
reservoir. J Geol Soc India 86(4):475-481

Luo H, Li H, Zhang J, Wang J, Wang K, Xia T, Zhu X (2017) Produc-
tion performance analysis of fractured horizontal well in tight oil
reservoir. J Pet Explor Prod Technol 2017(6):1-19

Pedrosa OA (1986) Pressure transient response in stress-sensitive for-
mations. SPE California Regional Meeting, Oakland

Qanbari F, Clarkson CR (2014) Analysis of transient linear flow in
stress-sensitive formations. SPE Reserv Eval Eng 17(1):98-104

Stehfest H (1970) Algorithm 368: numerical inversion of Laplace trans-
forms. Commun ACM 13(1):47-49

Tan XH, Li XP, LiuJY, Zhang LH, Fan Z (2015a) Study of the effects
of stress sensitivity on the permeability and porosity of fractal
porous media. Phys Lett A 379(39):2458-2465

Tan XH, LiuJY, Li XP, Zhang LH, Cai J (2015b) A simulation method
for permeability of porous media based on multiple fractal model.
IntJ Eng Sci 95:76-84

Tian X, Cheng L, Cao R, Wang Y, Zhao W, Yan Y, Liu H, Mao W,
Zhang M, Guo Q (2015) A new approach to calculate permeability

stress sensitivity in tight sandstone oil reservoirs considering
micro-pore-throat structure. J Pet Sci Eng 133:576-588

Van Everdingen AF, Hurst W (1949) The application of the Laplace
transformation to flow problems in reservoirs. Pet Trans AIME
1(12):305-324

Wang F, Li X, Couples G, Shi J, Zhang J, Tepinhi Y, Wu L (2015)
Stress arching effect on stress sensitivity of permeability and gas
well production in sulige gas field. J Petrol Sci Eng 125:234-246

Xiao W, Li T, Li M, Zhao J, Zheng L, Li L, (2016) Evaluation of
the stress sensitivity in tight reservoirs. Petrol Explor Dev
43(1):115-123

Xu C, Lin C, Kang Y, You L (2018) An experimental study on poros-
ity and permeability stress-sensitive behavior of sandstone under
hydrostatic compression: characteristics, mechanisms and control-
ling factors. Rock Mech Rock Eng 51(8):2321-2338

Yao S, Zeng F, Liu H, Zhao G (2013) A semi-analytical model for
multi-stage fractured horizontal wells. J Hydrol 507(12):201-212

Yao S, Wang X, Zeng F, Li M, Ju N (2016) A composite model for
multi-stage fractured horizontal wells in heterogeneous reservoirs.
In: SPE Russian petroleum technology conference and exhibition,
Moscow

Zhang L, Guo J, Liu Q (2011) A new well test model for stress-sen-
sitive and radially heterogeneous dual-porosity reservoirs with
non-uniform thicknesses. ] Hydrodyn Ser B 23(6):759-766

Zhang Q, Su Y, Zhang M, Wang W (2017) A multi-linear flow model
for multistage fractured horizontal wells in shale reservoirs. J Pet
Explor Prod Technol 7(3):747-758

Zhao L, Chen Y, Ning Z, Wu X, Liu L, Chen X (2013) Stress sensitive
experiments for abnormal overpressure carbonate reservoirs: a
case from the Kenkiyak fractured-porous oil field in the littoral
Caspian Basin. Pet Explor Dev 40(2):208-215

Zhao YL, Zhang LH, Luo JX, Zhang BN (2014) Performance of frac-
tured horizontal well with stimulated reservoir volume in uncon-
ventional gas reservoir. ] Hydrol 512(10):447-456

pisllase ol ay .
e e O) Springer



	Transient model analysis of gas flow behavior for a multi-fractured horizontal well incorporating stress-sensitive permeability
	Abstract
	Introduction
	Line-sink model considering stress sensitivity
	Model illustration and solution for multi-fractured horizontal well
	Physical model
	Pressure solution of producing at a constant production rate
	Production solution of producing at a constant bottom-hole pressure

	Results and analysis
	Pressure transient analysis of producing at a constant production rate
	Rate transient analysis of producing at a constant bottom-hole pressure

	Concluding remarks
	Acknowledgements 
	References


