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1. Introduction media models were generated, including Warren-Root (1963)
model, Kazemi (1968) model and de Swaan (1976) model.
Later, some scholars began to introduce fractal models to study
the characteristics of fractured reservoirs, where properties are
scaled with distance to some reference point in the domain
(Chang et al., 1990; Albinali et al., 2016; de Swaan, 2016).
In recent years, numerical simulation attracts researchers’
attention. It is able to consider more complicate situation
of unconventional reservoirs using meshed numerical models
(Wu et al., 2014; Noetinger, 2015; Ngo et al., 2017; Zhang et
al., 2017; Ding et al., 2018). However, analytical and semi-
analytical methods still need to be valued for their fast and
low-cost advantages.

For production performance of horizontal wells in naturally
fractured reservoirs, Goktas et al. (2000) presented a compar-
ative study of openhole and cased horizontal well completions
in thin bedded, tight sand gas reservoirs. Freeman et al. (2009)
developed a numerical model of microscale flow behavior
in tight gas and shale gas systems, which was capable of
characterizing flow behavior in micro- and nano-scale porous
media. Brown et al. (2011) presented an analytical trilinear-
flow model to simulate the performance of fractured horizontal

With the decline of production from conventional sources,
economically producing gas from unconventional sources,
such as tight gas, attracts more attention today. Tight gas
is an unconventional natural gas resource that is valued by
various countries in the world (Law et al., 2002; Holditch et
al., 2006; Naik, 2008). The United States has been developing
tight gas exploration technology since the late 1970s and has
discovered more than 20 tight gas fields. In China, abundant
tight gas is distributed in Sichuan basin and Ordos basin, and
it is estimated that the tight gas production of China will
reach 80 billion cubic meters by 2020 (Jia et al., 2012; Li
et al., 2017). For China and the rest of the world, tight gas
reservoirs have become an important alternative energy source
for conventional oil and gas resources.

Tight gas exists in underground reservoirs with microdarcy-
range permeability, with the existence of a large number
of natural fractures. Horizontal well is widely used in the
development of tight gas as an effective stimulation. Many
scholars have carried out related researches on naturally frac-
tured reservoir based on continuous assumption some dual
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wells in unconventional shale reservoirs. Nie et al. (2012) in-
vestigated the dual permeability flow issue for horizontal well-
production in a naturally fractured dual-porosity reservoir,
they considered the fracture and matrix systems as the flow
pathway connected with wellbore. Xu et al. (2013) developed
analytical solutions for shale gas/tight gas reservoirs with
multi-stage fractured horizontal well accounting for the un-
stimulated region as a dual porosity system. Kuchuk et al.
(2014) investigated rate-transient behavior of dual-porosity and
discrete naturally fractured reservoirs using semi-analytical
solutions. Li et al. (2017) deduced a dual-porosity model for
a horizontal well in tight gas reservoirs, the fluid exchange
between matrix systems and fracture systems is considered to
be a pseudo-steady state process.

Actual tight gas reservoir (TGR) are heterogeneous and a
lot of factors can cause this issue, such as the geologic discon-
tinuities and some production technologies. The model of this
article is capable of understanding the behavior of composite
TGR. The pressure transient analysis (PTA) and rate transient
analysis (RTA) are always used in which the relationship of
dimensionless pressure and rate with dimensionless time can
be evaluated. For horizontal wells in composite reservoirs,
Wang et al. (1997) derived an effective well diameter model
of horizontal well in radial composite reservoirs by Laplace
transform and superposition principle. Shi et al. (2012) studied
a transient well testing model of horizontal well in composite
reservoirs. They considered the porous media as homogeneous
single porosity media. The method of separation of variables
and Laplace transform were utilized. Ozkan et al. (1987)
took advantage of Green’s function and source-sink theory
to research the transient pressure behavior of horizontal well
in composite reservoirs. Ezulike et al. (2012) constructed
a 3D seepage model for linear composite reservoirs, semi-
analytical solution for the drawdown response in composite
clastic systems separated by a leaky fault was developed. Jiang
et al. (2015) recognized the defects of the existing horizontal
well models of composite reservoirs, the situation when the
horizontal well passed through the inner region in their model
is taken into account. For unconventional reservoirs, Xu et
al. (2015) studied the production performance analysis for
composite shale gas reservoir. Wei et al. (2017) introduced

.3

-Energy Research 2019, 3(3): 287-303

the mathematical model of production performance analysis
for horizontal wells in composite coal bed methane reservoir.
As for stress-sensitivity effect of TGR, so many scholars have
proved the existence of the stress-sensitivity effect of tight oil
and gas reservoirs based on experimental research, and the
existence of this effect must affect the production dynamics
of tight gas (Shi et al., 2001; Zhang et al., 2004; Yu et al.,
2007; Zhu et al., 2013). However, only few scholars take this
scenario into account in their mathematical models.

This paper summarizes the advantages and disadvantages
of previous scholars, taking into account the following prac-
tical factors: (1) the tight gas reservoir is heterogeneous,
which is considered as a radial composite model in this
article; (2) considering the ultra-low permeability of TGR,
the fluid exchange of matrix and fracture systems should
not be considered as pseudo-steady state process, and the
unsteady state flow model in matrix is established in this
paper; (3) stress-sensitivity effect of TGR is coupled into
this mathematical model. The pressure transient analysis and
rate transient analysis curves are analyzed in detail. The goal
is to demonstrate the PTA and RTA results for the better
understanding of the production performances in tight gas
reservoirs’ development.

2. Physical model

The schematic diagram for horizontal well in composite
TGR is shown in Fig. 1. The composite gas reservoir is divided
into inner and outer region, both inner region and outer region
are seen as dual porosity media and are formed by matrix and
natural fracture systems. The model assumes: (1) the reservoir
is horizontal with uniform thickness 4 and original pressure
pi; (2) the inner region radius is r; and the outer region is
infinite, the top and bottom of the reservoir are closed; (3)
the formation parameters of two regions are distinguished,
for the fracture system of inner region, the horizontal initial
permeability is kg1, the vertical initial permeability is kg1,
the compressibility is Gy, the porosity is @y, for the matrix
system, the permeability is k1, the compressibility is Cy,1,the
porosity is ¢y,1; thus for the outer region, the parameters are
kfhi2s kfvi2a th27 ¢f2» km2s Cimds ¢m2§ (4) the influence of
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Fig. 1. Horizontal well in composite TGR.
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Fig. 2. Schematic of matrix and fracture systems, the first part is revised from Warren and Root (1963).

gravity and capillary forces on fluid flow in both regions is
ignored; (5) the fluid properties in both regions are different,
the underground flow obey isothermal Darcy seepage; (6) a
horizontal well located in inner region totally produces at a
constant rate of gy; (7) the matrix blocks are spherical, the
schematic diagram of matrix and fracture systems is shown in
Fig. 2, matrix blocks are disconnected to wellbore.

3. Mathematical model

For the matrix system of inner region, with the consider-
ation of unsteady flow, the partial differential equation (PDE)
in the matrix blocks can be obtained as follows from the
continuity equation, motion equation and state equations:

1 d 2 Pm1 apml Pm1 apml
- k1 ——— Cy 1
rr2n1 8rm1 ( ml ml/.l Z1 8rm1 ¢ml tml 7~ Zl 8t ( )
Initial condition:

Pml (rmlao) = Di (2)
Inner boundary condition:
d
Pml -0 3)
arml 1 =0
Outer boundary condition:
pmly, —r, = Pf1 4)

For the fracture system of inner region, with the considera-
tion of stress sensitivity, the PDE can be expressed as follows:

_[10 pr1 Op ) Pr1 9py
Y(ps1—pi) ProPf f1 OPf1
¢ [ra <kf’”' w2z ar ) Taz \Miz s
Pr19pri
Z1 ot

+q1 = 011Cip1——
(5)

Analogously, the mathematical model for matrix system of
outer region can be expressed as follows:

1 (9 2 Pm2 ame me 8pm2
e kmp —— G 6
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_=7 Fracture system
Initial condition:
Pm2 (rmZa O) =PDi @)
Inner boundary condition:
d
Pm2 —0 ®)
8rm2 =0
Outer boundary condition:
pm2ly, ,—r, = P2 )

For the fracture system of outer region, with the considera-
tion of stress sensitivity, the PDE can be expressed as follows:

Y(pr2—pi) 19 pf2 Ipp aJ Pf2 Irn
oo 15 (g 5 )+ 3 (e 2%

.
. Pr2opp
— O C, L2 T2
+q5 =05 szZ 5

(10)

The variables q;‘- (j = 1, 2) is the unsteady-state inter-
porosity flow rate of the gas from the matrix to the fractures,
which is:

S
TR Z O, g,

Y

It can be seen that exponential formula presented by
Pedrosa (1986) is applied in this mathematical model. In
this paper, the mathematical model is solved based on the
analytical method, and the exponential model is selected from
the point of view of realization. In fact, other mathematical
expressions such as power law model (Bernabe, 1986) and
polynomial model (Zhang et al., 2000; Fan et al., 2002)
for describing stress sensitivity effect of permeability were
introduced.

The permeability modulus 7 is defined as:

1 dk
kf dpf
From Eq. (12), we can get:
kp = kpie?(Pr i) (13)
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In order to eliminate the influence of viscosity (i) and
compressibility factor (Z), the pseudo pressure is introduced:

/pm 2p

Pr 2p
= —d
Yy /O uz 14

and permeability modulus can be transformed as follows:

(14)

5)

_ Ldly  Ldipdyy L dky 2
kpdpy  kpdypdpy  kpdyy uZ
So the pseudo permeability modulus can be defined as:
Y 1dk uz
Y=g, =75 =5Y (16)
Tg k dl// 2pf
Substituting Eqs. (11)-(16) into Eq. (1)-(5) yields:
1 J 2 alI’ml anl
k1 —— ml 11 C 17
2 9rm (rml G = O 1 Crm1 —— > (17)
Yinl (rmlao):ufi (18)
Y
Yl —0 (19)
arml 1 =0
lllml |rml=R1 = ll,fl (20)
N1 0 vy d oy
w(vr-w) |12 1 f1
¢ [rr?r (kﬁ"” or ) 9z (kf”’ 9z
3 d d @1
Yl Yyl
Ry S £ =0 U Cp —12
R T |, gy OGN

Then the dimensionless variables are presented in Ap-
pendix A. According the dimensionless variables, the dimen-
sionless equations can be obtained. To eliminate the nonlin-
earity of Eq. (22), the perturbation theory is applied. Taking
the Laplace transformation with respect to fp, taking the finite
Fourier cosine transformation with respect to zp, the following
model of inner region is obtained (see Appendix B):

azgleO 1 3§f100 = 2
orp? D 9 81 ripo (22)
where:
= fi+n’n’L3, (n=0, 1,2, ...) (23)
£ = soy + 34, \/<1_w1)scoth\/(l_wl)s—1 24)
Al A

Similarly, the dimensionless mathematical model of outer
region can be obtained as follows:

J Vim2

= Om22Cim2 “or

J Y2 ) (25)

1 4
TT ( m2kmz a
L) m2
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V2 (rm2,0) = i (26)
anZ -0 (27)
armz Tm2=0
wmz‘erZRz = sz (28)
e 10 81// o) d 81// 2
6717(‘!//2 w') |:ra (kthZr or > 87 (kwa ag >:|
3 0 d (@9)
_ 2 OYm — Vr2
R m2 &}’mZ rma=Ry N ¢f2.u2clf2 ot

Substituting the dimensionless variables and perturbation
technique into Eqgs. (25)-(29), taking the Laplace transforma-
tion and the finite Fourier cosine transformation with respect
to tp and zp respectively, the following model of outer region
is obtained (see Appendix B):

823 1 8? _
f2D0 200
oo 9rp =8¢ f200 (30)
where:
@i=fo+n*n?l3, (n=0, 1,2, ...) (31)

e sioma 3y | Um0 o U= @)sm
12 AZ

(32)
To solve the above equations, the inner boundary condition,
outer boundary condition and two interface conditions are
necessary, as Egs. (33)-(36) showing as follows:
Inner boundary condition:

95 cos (n7zyp)
. f£1D0 ZwD
1 =_ 33
rpgl(l)Jr D drp 2sL (33)
Outer boundary condition:
rll)lglw Spap0 =0 (34
Interface conditions:
& ipo (r10) = & fapo (r1p) (35)
9E |0
‘:leo 5 £2D0 (36)
8rD M12 8rD
I'D=T1D 'D=T1D
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4. Model solution

The formation pressure of the composite TGR can be
solved through the combination of Egs. (22), (30) and (33)-
(36). The general solution of modified Bessel’s Eqs. (22) and
(30) can be expressed as follows:

& ipo = At (VEirD) +BiKo (Vi) (37)
EfZDO =Axly (\/g3rp) + B2Ko (\/85rp) (38)

Substituting Eq. (38) into the outer boundary condition of
Eq. (34), we can get:

[dim [Ax1o (/5r0) + B2Ko (v/g3rp)| = 0

The coefficient A, can be easily obtained according to the
property of Bessel’s function as follows:

(39)

Ay =0 (40)

Substituting Eq. (37) into the inner boundary condition of
Eq. (34) yields:

lim rp[\/g{Aih (Ve{rp)
rD~>0+

gcos (nmzyp)
Sqsc
The coefficient B; can be obtained according to the prop-
erty of Bessel’s function as follows:

— VEBIKI (Veim)]

(41)

gcos (nmz,p)

B = (42)
SqSC
According to interface conditions, we get:
Ailo (v/g1rip) +BiKo (v/glrin) )
= Aoy (\/g5r1p) +B2Ko (\/85r1D)
Aili (v/giri) —BiKi (v/glrin)
(44)

Ve ;
= G an (VaEno) 52K (V6o

With the combination of Egs. (40), (43) and (44), the
coefficient A; can be obtained as follows (see Eq. (45)):

M /57K (/Efrio) Ko (/o)
1Ko (v/Efro) & (o)

1 1 45)
M2 /811 (V/81rp) Ko (v/85r1p)
+o31o(v/&ir) K (/&)

Taking Eqgs. (42) and (45) into Eq. (37) yields:
éwDO :gleO
(46)

e BR0) [y (o) + Ko (V)]

Sqsc
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where:

Mi2\/3"K:1 (\/g%r1p) Ko (\/85r1D)
— V&Ko (Vginn) Ki (Ve5n)
Mi2/$"1 (\/8r1p) Ko (\/g4r1D)
+ /&3l (Veirn) K1 (Ve5n)

Applying the inverse cosine transformation:

Bn = (47)

E.po=Co+2 Y Cicos(nmzp)

n=1
So far the point source solution in inner region is obtained
as follows:

Ewpo = i [Bolo (\/;?FD) +Ko (\/E@)]

s 3 cos(uma)cos (nmzo) (Bl () + Ko (VEiro)]
n=1

(49)
By integrating the point source from -L to L (after dimen-
sionless treatment: -1 to 1), we can get the pressure distribution
in the reservoir for horizontal well which can be taken as
the line source in the center of composite TGR. When the
horizontal well is completely in the inner region, the wellbore
pressure distribution in Laplace domain can be obtained as
follows:

Ewp = /11 75 [13010 (\/QFD) + Ko (\/&Q))} dxwp
Bulo (\/77”D)‘| -
+Ko (v/81rp)

(48)

i cos (nmz,p) cos (nmzp) /
- s

(50)

where rp = \/(XD —wa)2 + (yD —wa)2.

With the method of Duhamel’s principle (Van Everdingen
and Hurst, 1949), the solution considering well storage effect
and skin effect can be obtained as follows:

SEWD(S) + ﬁ
s+Cps? [sng(s) + ﬁ}

By means of Stehfest numerical inversion algorithm (Ste-
hfest, 1970), the perturbation solution &,p (rp,tp) in real space
can be solved, thus the transient pressure of wellbore in real
space is expressed as follows:

EWD (S7CD7S) =

&1Y)

Yip = —Lln[l — Ypp&wp (rp,1p)] (52)
’}/pD

From the research achievement of Van Everdingenet and

Hurst (1949) when the well is producing at a constant bottom-

hole pressure, the dimensionless rate in Laplace domain can

be calculated as follows:

— 1

Op = v (53)
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Fig. 3. Schematic of flow regimes.
. . . . 3
So after obtaining the dimensionless pseudo pressure solu- 10 ‘ ‘ ‘ .
. A . v,p(7,p=0.01) L, =L, =15w, =0.1w,=0.1;A,=10";1,=10"
tion, taking the numerical Laplace transform (Yao et al., 2008) I ”(:"‘1001) o105 4 ]2 o 08 2100
. . . . . wDY'pD " ~h¥DT M=% 71457402, p=0- 9 p=
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Fig. 4. Pressure-transient-type curves of horizontal well.

5. Results and discussion

10° T T
5.1 Type curves and interpretation o™ S0 Tiey 0 14,107,107 (75007
§=1;C,=10 5;M12=4;7712=20;zv‘/D=0.3:r,‘D=100 _—— QD(pr=U.01)
. ) 10? Qp(7,5=0.008) | 3
The code is programed by Matlab2017b. The numerical . — — = Qp(7,,=0.005)
integration, Stehfest numerical inversion algorithm are used w0k \I Z{J:%szz il
for wellbore pressure and rate solutions in real space. The 2 o0
. . o e . - Q B
type curves of composite TGR with stress-sensitivity effect are S wop
shown in Figs. 3-5. Fig. 3 shows some classical flow regimes.
Fig. 4 and Fig. 5 show all flow regimes. ok
Different flow regimes are identified based on the type
curves. w02k
Regime 1: The early wellbore storage period. The slope
is 1 in pressure and pressure derivative curves in log-log 109 . . :
. . . . 100 105 1010 1015
coordinates, and in rate and rate derivative curves the slope (/G
becomes -1. ’

Regime 2: The skin factor period. This period is influenced  Fig, 5. Rate-transient-type curves of horizontal well.
by the value of skin factor. The pressure derivative curves are
shown as convex.
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Regime 3: The first radial flow regime. In this regime,
the pressure derivative curve is shown as a level straight line,
the value of the level straight line is about 1/(4Lip) . The
production rate derivation curve is shown as a drawdown
straight line. The gas in this period flows to wellbore radially
in the vertical plane. It will last until the pressure wave spreads
to top/bottom boundary.

Regime 4: The linear flow regime. The pressure derivative
curve manifests as a straight line with a slope of 0.5. The pro-
duction rate derivative curve is shown as a level straight line.
This period reflects the linear flow feature around horizontal
wellbore.

Regime 5: The transfer regime in inner region. In this
regime both of the pressure derivative and production rate
derivative curves are manifested as the concave shape. This
period reflects that the cross flow between the matrix and
fractures systems in inner region begins.

Regime 6: The second radial flow regime. The pressure
derivative curve is shown as a level straight line, the value of
the level straight line is 0.5. The production rate derivation
curve is shown as a drawdown straight line.

Regime 7: Transition regime. It means the fluid of outer
region starts to flow to the inner region.

Regime 8: The transfer regime in outer region. In this
regime both of the pressure derivative and production rate
derivative curves manifest as the concave shape, which is a
typical characteristic for dual porosity media. The gas will
flow from matrix to fractures.

Regime 9: Late pseudo-radial flow regime. Following
regime 8, this regime starts when the gas flow from matrix
to fractures and that from fractures to wellbore reach a dy-
namic balance state. Due to the stress sensitivity, the pressure
derivative curves appear to be upward. If the stress sensitivity
is ignored, the value in pressure derivative curves is constant
which is Mj/2 , and the production rate and rate derivative
curves are parallel.

5.2 Effect of relevant parameters

In this section, the influences of some relevant parameters
are discussed. During the discussion, one of the parameters is
changed while other parameters are controlled, and a series of
curves can be obtained to analyze.

(1) Effect of permeability modulus: Fig. 4 shows the effect
of permeability modulus y,p on PTA-type curves. As can be
seen in Fig. 4, when ¥,p increases, i.e., the stronger the stress-
sensitivity effect is, the greater the degree of upward. With the
increase of permeability modulus, the permeability of fracture
system becomes lower. Thus it’s more difficult to flow in the
formation for natural gas, which leads to lager drawdown
pressure in TGR. Fig. 5 shows the effect of permeability
modulus on RTA-type curves, from which we can see the
stronger stress-sensitivity effect causes lower production rate
for TGR.

(2) Effect of skin factor: Fig. 6 manifests the effect of skin
factor S on PTA-type curves. The skin factor mainly affects
regime 2. When the value of S is 0, the convex shape disappe-
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Fig. 6. The effect of skin factor on pressure-transient-type curves.
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Q(5=1)
— — —Qy(s=1)
Q,(5=0) |4
— — —Qy(5=0)

Fig. 7. The effect of skin factor on rate-transient-type curves.

ars. When the skin factor increases, the resistance around
wellbore will increase, engendering greater difficulty for gas
stream to flow into the wellbore. Fig. 7 reflects the effect
of skin factor on RTA-type curves. The additional resistance
caused by skin factor will lead to the decrease of production
rate.

(3) Effect of inner region storage coefficient: Fig. 8 shows
the effect of inner region storage coefficient @; on PTA-type
curves. The inner region storage coefficient mainly affects
regime 3, regime 4 and regime 5. When the value of
increases, the duration of regime 3 increases at the same time,
the starting time of regime 4 and regime 5 will be later.
And the bigger the m; is, the shorter time transfer regime
lasts, the narrower and shallower the concave shape is. The
similar results can be seen in RTA-type curves (Fig. 9). The
inner region storage coefficient @; reflects the storage capacity
of fracture system. The bigger value of @; indicates bigger
storage capacity of fractures and smaller storage capacity of
matrix respectively. When ®; increases, the original stored
fluid in the fracture system flow to wellbore will last longer,
and the quantity of exchange between matrix and fracture
systems will be smaller.
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Fig. 8. The effect of inner region transfer coefficient on pressure-transient-
type curves.
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Fig. 9. The effect of inner region transfer coefficient on rate-transient-type
curve.

(4) Effect of outer region storage coefficient: The influ-
ence of outer region storage coefficient @, on pressure and
prodction rate is shown in Figs. 10 and 11, respectively.
It’s apprarent that the outer region storage coefficient mainly
affects regime 7 and regime 8. With the increase of the
parameter @, the transient regime lasts longer, therefore the
transfer regime of outer regime emerges later, the concave
shape is narrower and shallower at the same time. This result
is similar to part (3). So we can conclude that outer region
storage coefficient dominate the intensity of cross flow.

(5) Effect of inner region transfer coefficient: Fig. 12 indi-
cates the effect of inner region transfer coefficient A; on PTA-
type curves. It has been shown that the inner region transfer
coefficient A; mainly affects regime 5 and regime 6. A bigger
transfer coefficient A; results in relatively earlier beginning
time of regime 5 and longer time of regime 6. The second
radial flow period may be absent when A; is too small. The
smaller transfer coefficient leads to the transfer regime occours
more difficultly. From Fig. 13 we can notice that bigger
inner region transfer coefficient leads to bigger production rate
from production rate curves, and earlier beginning time of
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the concave shape form production rate derivative curves. The
parameter A; means the difficulty level of the gas releasing
from matrix. When A; increases, more natural gas
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Fig. 10. The effect of outer region storage coefficient on pressure-transient-
type curves.
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Fig. 12. The effect of inner region transfer coefficient on pressure-transient-
type curves.
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Fig. 14. The effect of outer region transfer coefficient on pressure-transient-
type curves.
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curves.

can be produced from formation, so the production rate in
corresponding regime ascends.
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Fig. 17. The effect of mobility ratio on rate-transient-type curves.

(6) Effect of outer region transfer coefficient: Figs. 14 and
15 reflects the effect of outer region transfer coefficient A, on
PTA-type curves and RTA-type curves respectively. From the
figures we can see the parameter A, mainly affects regime 7
and regime 8. The results in outer region is akin to the results
obtained in inner region. Hence the parameter A, dominates
the duration of regime 8 and regime 9, it also affects the
production rate.

(7) Effect of mobility ratio: Fig. 16 shows the effect of
the mobility ratio M, on PTA-type curves. The mobility
ratio mainly affects regime 7, regime 8 and regime 9. When
the mobility ratio increases, the transient regime lasts longer
therefore regime 8 and regime 9 emerges later. Bigger mobility
ratio means it is more difficult for fluid to flow in outer region,
which results in the extension of transient period. On the
other hand, in fact, the value of the horizontal line of pressure
derivative curves in regime 9 is about M,/2, that’s why the
pressure derivative curves go upward when mobility ratio
increases. From Fig. 17 we can notice that bigger mobility
ratio leads to smaller production rate in regime 7 to regime
9.

(8) Effect of inner region radius: Fig. 18 shows the effect



296

10° i T T
v, (r,,=300) L =184 20.01w =01 2012 =102
wo"10” Lyp=Lyp=1.517,570.01iw,=0.150,=0.1;A, =10
— — = ¥,,p(ryp=300) 2,=105,5=1:C=105M, =i, ,=2:2, ,=0.3
_ wD
ok 7, (r,5=200) |
— — =, (r,,=200)
¥, o(rp=100)
L= = = vaotrp=100)
o 10" E
-2
=l
3 —_
e RS
= 100k / // ]
/7
L
~ == -7
y N - -
~_ -
107 E
10'2 L L L
10° 10° 100 10'°
t/Cp
Fig. 18. The effect of inner region radius on pressure-transient-type curves.
10° T T T
. = . = = =0 1.1 =102
Lyp=Lyp=1517,5,=0.01i,=0.1:w,=0.1:, =10 Qp(r1p=300)
=10%.9=1-c =10-5- =4- =9 = v
o2 b A10CS=C, =0, =i, =27, =03 — — —a(r,,=300) ||
Qp(r, ,=200)
1 — — —Qp(r,,=200)
10" Qp(r,p=100) | §
. — — —Q(r,,=100)
o
0L
2, 10
o
107 E
102
10—3 1 1 1
10° 10° 100 0's
t/Cp
Fig. 19. The effect of inner region radius on rate-transient-type curves.

of inner region radius r;p on PTA-type curves. It can be
seen that inner region radius mainly affects the regimes after
second radial flow regime. It’s apparent that if r|p increases,
the longer time to take for the pressure wave to reach the outer
region, so the regime 7 and regime 8 occurs later. The smaller
the radius of the inner region, the smaller the pressure loss at
the boundary of the inner and outer regions. Hence from Fig.
19 we can notice the production rate will increases if inner
region radius decreases.

(9) Effect of horizontal well position in vertical direction:
Fig. 20 manifests the effect of the parameter z,p on PTA-
type curves. Seen from Fig. 20, the horizontal well position
in vertical direction mainly affects the first radial flow regime.
When the horizontal well position in vertical direction z,p
decreases, i.e. the distance between the horizontal well and the
upper/bottom boundary decreases, the first radial flow regime
lasts shorter. Seen from Fig. 21, when the horizontal well
position in vertical direction z,,p decreases, the production rate
will decrease in all time for well production lifetime, but the
difference is not apparent.
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Fig. 20. The effect of horizontal well position in vertical direction on pressure-
transient-type curves.
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Fig. 21. The effect of horizontal well position in vertical direction on rate-
transient-type curves.

6. Conclusions

This paper deduced a mathematical model which considers
the transport mechanisms for tight gas including the unsteady
state cross flow, stress-sensitive effect, well storage effect and
skin effect. The results showed different flow regimes and the
influence of related factors on pressure and production per-
formance. From the above analysis, the following conclusions
can be summarized:

1) Type curves can be obtained through Stehfest numerical
inversion algorithm. Nine flow regimes are identified
based on the type curves including early wellbore storage
period, skin effect regime, first radial flow regime, linear
flow regime, transfer regime in inner region, second radial
flow regime, transition regime, transfer regime in outer
region, and late-pseudo radial flow regime.

2) In transfer regimes both of the pressure derivative and
production rate derivative curves manifest as the concave
shape. The stress-sensitivity effect leads to the upward of
pressure derivative curves and downward of rate curves.
When ignoring stress-sensitivity effect, the value in pres-
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sure derivative curves is constant which is M;,/2 , and the
production rate and rate derivative curves are parallel.

3) The existence of stress-sensitivity effect leads to the
increase of pressure drawdown and the decrease of pro-
duction rate. Storage coefficient mainly influences the
intensity of cross flow. Transfer coefficient has significant
effects on the duration of transfer regimes. Horizontal
well position in vertical direction and inner region radius
have significant effects on first radial flow regime and
second radial flow regime respectively.

Nomenclature

Latin symbols

C = Wellbore storage coefficient, m*/Pa
C, = Total compressibility coefficient, Pa~!
h = Reservoir thickness, m

k = Permeability, m?

L = Half-length of horizontal well, m
M = Mobility radio, dimensionless

n = Natural number (n =0, 1, 2, ---)

p = Pressure, Pa

QO = Production rate, m3/s

R = Radius of matrix block, m

r = Radial distance, m

S = Skin factor, dimensionless

s = Laplace transform variable

T = Absolute temperature, K

t = Time, second

x = Horizontal distance, m

y = Horizontal distance, m

Z = Gas deviation factor, dimensionless
z = Vertical distance, m

Greek symbols

€ = Tiny variable

y = Permeability modulus, Pa~!

o = Storage coefficient, dimensionless

A = Transfer coefficient, dimensionless

n = Diffusion coefficient ratio, dimensionless

U = Viscosity, Pa-s

¢ = Porosity, fraction

v = Pseudo pressure, Pa®/(Pa-s)

¢ = Perturbation deformation function

&y = Zero-order perturbation deformation function

Superscripts
~ = Laplace transform domain

~ = Finite Fourier transform domain
" = Derivative

Subscripts

1 = Inner region
2 = Outer region
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p = Dimensionless

r = Fracture system

» = Horizontal

; = Initial

m = Matrix system

sc = Standard condition

; = Total
v = Vertical
w = Wellbore
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Appendix A. Dimensionless definition

Table A-1. Dimensionless definition formulas.

Dimensionless variables Inner region Outer region
. . . kepith(wi— kppith(yi—
Dimensionless matrix pseudo pressure Yinlp = Kpnin (Vi = Yin1) VD = Kgnin (Vi = Yin2)
Oscly Oscly
imensi _ kpah(vi=vn) _ kpah(vi=vp)
Dimensionless fracture pseudo pressure Yrip = Ol Yip = Ol
. k1 L* ko L
Transfer coefficient A= Ay = 2
kgnit R 2 kfninR3
. 971Cir1 972Cip2
Storage coefficient W) = — = <=
g L= GG 2= 6:60) im
. ; _ L [kpin _ L [kpi2
Dimensionless wellbore length Lip=7% Keun Lop=7% Erun
k .
Dimensionless time tp=——2"M ¢
b (01C1) fymia L
Dimensionless wellbore storage coefficient Cp=——-C
& D= 201G pomh
.. . kpnit/
Mobility rati M, =
obility ratio 127 %/
oo . . kpnit /(911G ) 5
Diffusion coefficient ratio = LTV e
127 % /(0a1aCra) ftm
Dimensionless pseudo permeability modulus Yop = f;;l‘ll Y
Dimensionless length rmp= "B, rDp=1,Xp=7%,Yp= %, =% ep= %

Appendix B. Derivation of mathematical model

Inner region

Mathematical model of matrix system in inner region can be shown as follows:

_ al//m]
) = Q1 11C1 3

lri a ( 2 a‘lfml

,
m1fml
12, Orm drm1

Y1 (rmho) =V

B-1
s iy (B-1)
Brml i1 =0
Yintly, =k, = V11

Substituting dimensionless variables into Eq. (B-1), the dimensionless flow model of matrix system can be expressed as:

lr32‘I/m10 2 OVYmp _ 1= YD
8rm1D2 YmlD armlD 3,1 atD
V1D (fmip,0) =0
yin :0 (B-2)
Ormip 1 p=0
lV"“D|VMD=RlD = Vrip

Taking following Laplace transform:

P(rp,zp,s) :/0 P(rp,zp,tp) e *"Pdip (B-3)
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The dimensionless mathematical model in Laplace space can be simplified as follows:

lrazwmlD 2 aleD _ (1 - wl)sw
armlDz Ym1D a"mlD A miD

Youip (rmleO) =0

= (B-4)
anlD -0
Irmip rmip=0
Youidlrp—rip = V51D
The solution of Eq. (B-4) is obtained:
sinh ( “%:Wrmm
Vnip = Vsip (B-5)
T'mlD sinh( (lﬁm)
For fracture system in inner region, the differential equation expressed as follows:
N[1 0 dy d dyy 3 vy, Yy
7[7(1/’](17%) —— | kep: 7fl — | ks 7/[ ——k ml — C S B-6
¢ [r or ( it oy + oz \" "o, R m drm1 ro =R PritiCin ot (B-6)
Substituting dimensionless variables into Eq. (B-6) yields:
P ypp 19y I’y 2y, v,
—~YpDVf1D S 7 f1D LZ f1D —3A mlD —w f1D B-7
¢ ( ar02 + rp aI’D +lhip (9ZD2 ! 8rm1D rip=1 ! 8tD ( )

The Pedrosa (1986) presented a variable substitution technique to eliminate the nonlinearity of PDE, the substitution formula
is:

1
Yip=——">In [1 —Y%0&sp (rDatD)] B
YrD

Taking the perturbation theory, which can be expressed as follows:

Erp = Efpo+ Ypp&rm1 +7§D§fD2+"' (B-9)
2 3
[T 1+ wésp+ (Ypoésp)” + (Ypésp) +-+ (B-10)
- (1= v0&sp (rp,1p)] = _ L ~Ypp&rD — ! (o0sp)” — ! (rp&sp)’ — - (B-11)
VoD P ’ YpD P 2 NPT 3 VP

Substituting Eqs. (B-8)-(B-11) into Eq. (B-7), and employing zero-order approximate solution (the dimensionless permeability
modulus is far less than 1), yields:

92§f100+i3§f11)0 YL
drp?2 rp drp D 9zp2 Ormip

92 2] J
» 9°ripo _ 3, GPmD — o 98100 (B-12)
Imip=1 dip

Taking the Laplace transform over dimensionless time ¢p and substituting Eq. (B-5) into Eq. (B-12), we obtain:

I%E; 3 9% =
arf;f ° o 823[)0 ip azgzD = = i€ fio (B-13)

where:

fi =sw; +3A4 —1 (B-14)

Taking the finite Fourier cosine transform over zp, yields:

. 1_
F:/ P(rp,zp,s)cos(nmizp)dzp (n=0, 1, 2, ...) (B-15)
0
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yields:
92E 1 9 2
f1D0 D0 _
orp? +E orp =818 r1p0 (B-16)
where:
g =fi+n*n?ll, (n=0,1,2 ..) (B-17)

Outer region

Mathematical model of matrix system in outer region can be shown as follows:

1 J 2 d Y2 d Y2
lrr’%jz T " (rmzkmz &r> = 02l Cri2 T

Y2 (rmZyO) =VY;

d Vin2
8rm2

(B-18)
=0

rm2=0

Y2l ,—r, = V12

Substituting dimensionless variables into Eq. (B-18), the dimensionless flow model of matrix system can be expressed as
follows:

lrazll’mzb i 2 9V _ (1= 2) N2 Y
Ormp?  Tm2p 9Tm2p A dtp
Yz (rmep,0) =0 B.19
8Wm2D -0 ( i )
armZD Fmap=0
V2D |y, Ry, = Wr2D
The dimensionless mathematical model in Laplace space can be simplified as follows:
9’y 2 0y 1-
Ir ll/m22D + YD _ ( ab)nlstmZD
Irmap "m2D OTmap A
Voop (rm2p,0) =0 B20)
OV -0
9rmap rm2p=0
Wm20|r2D:RZD =V¥sp
The solution of Eq. (B-20) is obtained as follows:
sinh( 7(170122”'” Fo2D
Vmop = Vi (B-21)
2D Sinh< (10322)111zS>
For fracture system in outer region, the differential equation expressed as follows:
_w) |12 81// 0 81[1'2 3 81;/2 (91[/'2
w(vp-w) |2 2 kernpotd? iy iy f — ko —2 VTN o / B-22
‘ 57 (oner 3 )+ 5 (32 ) |- ke ey o
Substituting dimensionless variables into Eq. (B-22) yields:
02 10 9? d d
o TDVD V’ng NA /2 2, ‘I’fiD EEYR Ym2D — o Y2 (B-23)
D rp drp dzp ormn - dip
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Taking the perturbation theory, yields:

% ppo 1 Eppo ., 9*Epamo dPmap d&2p0
: ) +L — 3 = - B-24
8r02 D aI’D 2D (9ZD2 2 armzp rmap=1 (DzThz al‘D ( )
Taking the Laplace transform over dimensionless time ¢p and substituting Eq. (B-21) into Eq. (B-24), we obtain:
8251021)0 iangDO Y 323,0200 _pE (B-25)
8rD2 14)) BrD 2D aZD2 25200
where:
1— 1—
fr=somp+34 w coth w | (B-26)
)uz )«2
Taking the finite Fourier cosine transform over zp, yields:
P?E 1 9 _
£2D0 £2D0 n
il — B-27
o + P . 858 r2p0 ( )
where:
n_ 2,272 _
g =fHh+nnly, (n=0,1,2 ..) (B-28)

Additional conditions
To solve the above equations, the inner boundary condition, outer boundary condition and two interface conditions are

necessary.
Inner boundary condition is described as:

Zw+€/2 oYy pseT O
li Ww(wi—w) Mg, = PselXse 0 . 1<e/2 B-29
e 2w—e/2 [e "or ovlr—e 27k ppin T L ool </ (529

Top and bottom boundary conditions:

d 0
Ynl ) (B-30)
az z=h 81 z=h
d d
Yr1 _ 9V -0 (B-31)
9z z=0 dJz z=0
Infinite outer boundary condition:
lim Y2 (r,1) = ¥ (B-32)
Interface conditions:
Yr1 (r1,t) = Wy (r1,1) (B-33)
0 d
kfhileyp(vf_m*%) % :kfhizeyp(l//fr%) % (B-34)
r r

r=rj r=ri



Zhao, K. and Du, P. Advances in Geo-Energy Research 2019, 3(3): 287-303 303

The dimensionless equations can be obtained as:

Zwp+ED/2 dVrip 1
lim e wo¥nop, TP o | = Jzp—zwp| < €p/2
ep—0t Jz,p—ep/2 ( b arp Zw|rD78D 2L l2p = 2wn| < &0/
IYrip|  _ 9IV¥pn|
aZD zp=1 aZD zp=1
al,t’fu) _ 31/ff21) —0
dzp =0 dzp =0 (B-35)

lim VD (}"D,ID) =0
rp—o

Yrip (r1p,tp) = Wrap (r1p, D)

L e~ TrDVr2D M

rp=rp M2 drp

e*YpDWﬂD M
al’D

'D=r1D
Taking perturbation technique, Laplace transform and finite Fourier cosine transform, yields:

. 32;’100 cos (nmzp)
lim rp =—
r'DA)OJr 31’1) 2SL
Jim S papo =0
- - (B-36)
J;'fwo (rip) = £2D0 (rip)
aEleo _ b agszo
orp My, drp

'D=TiD 'D=TiD



