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Abstract: Based on the previous study of a single medium model, the dual medium model for the
fractured composite reservoir and the triple medium model for a fracture—cavity composite reservoir
was established, respectively. The similarities and differences in the corresponding pressure dynamic
curves of each model were analyzed, and the general model of a composite gas reservoir composed
of different inner and outer zones was obtained. The general model can be more easily used in actual
production, and the accuracy and practicability of the model were verified by case analysis.
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1. Introduction

With the great attention paid to carbon emission by various countries [1], carbonate
reservoirs, as an important member of the “carbon sink effect”, have also become a research
hotspot. In actual production, formation acidification or reservoir characteristics will result
in formation parameters near the wellbore that are different from those away from the
wellbore. This type of reservoir is called a composite reservoir, while carbonate reservoirs
contain fractures and caves, and the reservoirs are mostly dual or triple medium, so their
composite characteristics will be more complex than conventional reservoirs.

Our previous research work mainly introduced the unstable dynamic characteristics
of a composite reservoir with a single medium both in the inner zone and outer zone [2].
However, the roles played by fractured reservoirs and fracture—cavity reservoirs in oil and
gas production are becoming increasingly important. Therefore, it is significant to study
the unstable dynamics of these two types of reservoirs.

However, studies have rarely considered both the composite formation in the dual or
triple medium. Stress sensitivity refers to the properties of the reservoir that change with
the effective pressure, and permeability stress sensitivity has a much greater impact on
the production performance than the porosity stress sensitivity [3]. Therefore, when the
percolation theory is involved in stress sensitivity, it usually means the permeability stress
sensitivity. Pedrosa (1986) found that stress sensitivity has a great influence on the well
performance [4]. Warren and Root (1963) established the Warren-Root model to study the
characteristics of fracture-matrix reservoirs, and the matrix is considered as the source of
fractures, and fractures are the only access to the wellbore [5]. In 1975, Clossman set up the
triple—porosity model on the basis of the dual-porosity model (Warren—Root model) for the
first time. The matrix and cave are the source, and fracture is still the only way to enter
the wellbore [6]. Jiang et al. (2020) established an unstable seepage model for fractured
straight wells considering the stress sensitivity effect, and analyzed the transient pressure
characteristics of fractured wells under different reservoir medium combinations [7]. Jing
et al. (2022) analyzed the cross flow characteristics between adjacent formations in multi—
layer reservoirs, and evaluated the influence of formation characteristics on the pressure
behavior away from the well circumference [8]. Zhao et al. (2013) and Guo et al. (2015),
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respectively, provided “three-medium” and “four-medium” models to study the rate
characteristics of shale gas reservoirs [9,10]. Chen et al. (2017) analyzed the influence of the
fractured—-vuggy cave size and the distance between the fractured—vuggy cave and well on
the bottom hole pressure response curve by the finite element method [11].

Although some researchers have studied the seepage mechanism of triple-porosity
reservoirs, these studies did not consider the characteristics of composite reservoirs.

Wei et al. (2021) established a composite reservoir seepage model of dual medium un-
der the influence of different outer boundaries by introducing fractal theory, and affirmed
the application of a similar structure method in solving complex reservoir models [12].
Fankun et al. (2019) analyzed the percolation characteristics of carbonate composite reser-
voirs with triple medium in the inner area and single media in the outer area, and the main
channel in the inner area is fracture [13]. Zhao et al. (2016) and Wu et al. (2017) discussed
the characteristics of transient pressure type curves for the fractured horizontal well in
arbitrary shaped composite reservoirs by using the boundary element method [14,15]. Zhu
et al. (2017) built a composite seepage model that considered the stress sensitivity and
a rectangle dual-porosity inner zone to investigate the pressure transient response of a
vertically fractured well [16]. Wang et al. (2018) discussed the characteristics of production
decline for vertical wells and verified the results through numerical methods. However, the
object of this study was a vertical well and did not consider the stress sensitivity effect [17].

At present, although the research on composite reservoirs has gradually deepened,
most of the studies have not taken complex media, or composite reservoir and reservoir
stress sensitivity are considered uniformly. Moreover, the reservoir conditions of different
reservoirs are not the same, so it is not convenient to combine the theoretical model with
practical application.

Therefore, on the basis of the single medium model, dual medium and triple medium
models were established, respectively, and a general model was established by summariz-
ing the characteristics of each model. The new model is more flexible and more convenient
for practical application.

Since the single medium model has been published, it will not be repeated here.
For details, please refer to the article “Transient Pressure and Rate Decline Analysis for
Horizontal Well in Stress—Sensitive Composite Reservoir” [2].

2. Materials and Methods
2.1. Dual Medium Model of Composite Gas Reservoir
2.1.1. Physical Model

The dual-porosity medium is characterized by the Warren-Root model. The fracture
is the only channel for gas to wellbore, the physical properties of reservoirs in the inner
and outer zone are different, but both are dual medium.

Other assumptions are consistent with Section 2.1 in [2]. The physical model is shown

in Figure 1.
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Horizontal wellbore

Figure 1. Physical model of the dual-porosity medium.
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2.1.2. Mathematical Model

Continuity equations are as follows:

a —\
%vLV-(pvf)—le:O

@
a mY¥m
(Pat‘P ) +gex =0
Interporosity flow equations:
3.6aKmpo
Jex = 7mp(7’m = Pe) 2
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The equation of motion after considering the stress sensitivity is as follows:
U = —3.6%6_7(”1_”)%
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Introducing the formula of pseudo pressure Equation (4), and the formula of perme-
ability modulus defined by fracture pseudo pressure Equation (5):
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Introducing the dimensionless expression in Table 1, the dimensionless dual medium
model of a composite reservoir can be obtained:
Inner zone (0 < rp < rmp):
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Table 1. Dimensionless variables of the dual medium model.

Variable Equation (j =1,2) Variable Equation (j = 1,2)
Fracture pseudo 78.489Kg 1 - T
pressure mgp = =g S (mi — mf]-> Permeability modulus TmD = 78289k, Ym
Matrix pseudo pressure Mmjp = % (mi — mm]-) Storage coefficient Cp = ((pﬂcmg}’)%
Storage ratio “ = e D oetfcont o = Ky
Interporosity coefficient Aj=a Kf"‘h] L? Time b = Cmi;ﬁh&m nITTE:

By introducing the Pedrosa substitution and taking the zeroth order perturbation
solution, the dimensionless model can be changed into the following form:
Differential equations:

1 9 (1’ aémo) + 12 1m0

drp D aZD2
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Applying the Laplace transform and orthogonal transform to the model:
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Therefore, the corresponding pseudo pressure expression can be obtained:

Cipo = Aofil Ko(f10y/ (xp — a)?)de + Bofi1 Io(fi0/ (xp — &)*)da

) n ! n ~a)? "
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Considering the storage effect and skin effect, the pseudo pressure perturbation
solution can be expressed as follows:

sCipo + S

- 13
s+ Cps?(sCipg + S) (1

GiwD =

The dimensionless pseudo pressure for the dual medium model is expressed as follows:

1
mip = ——In(1 = ympG1wD) (14)
YmD

2.2. Triple Medium Model of Composite Gas Reservoir
2.2.1. Physical Model

The triple-porosity is composed of the fracture, matrix, and cave. The fracture is the
only channel to the wellbore, the physical properties of reservoirs in the inner and outer
zone are different, but both are triple medium.

Other assumptions are consistent with Section 2.1 in [2]. The physical model is shown

in Figure 2.

fracture

'
outer
zone |

Horizontal wellbore

Figure 2. Physical model of triple medium composite reservoir.
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2.2.2. Mathematical Model

Continuity equations are as follows:

A0 4V - (007) — qm — gy =0
a m Y m
Apmom) 1 g =0 (15)

(pv Py
(pa;P)+qV:0

Interporosity flow equations:

G = 2900 (pr — py) 6
qV — 3611KKVP0 (pv o pf)

The fracture is the only channel, so the equation of motion is consistent with Equation (3),
and we introduce the pseudo pressure Equations (5) and (17)

pe 2p.
po HZ dp

Pm 2p
Mm = Jp, Plzdp

mg =
(17)

By introducing the dimensionless equations in Table 2, the differential equations of
the triple medium model can be obtained, respectively:
Inner (0 < rp < rmp):
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Table 2. Dimensionless variables of the triple model.

Variable Equation (j=1,2) Variable Equation (j=1,2)
Fracture pseudo mep = o2Kmih (m —m ) Storage coefficient Cp = 0.159€
pressure fiD = T Tg ! fj 8 D = (9nCra+@mi Contt +¢v1 Cort )IL2
Matrix pseudo 78.489Kemh . @4Cryj
pressure MmjD = —T7—— = <mi — mmj> Fracture storage ratio wfj = P5Car T P Conty P9, Coni
Cave pseudo o — 78.489Kp;h < Cm ) Matrix—fracture A — mei 12
pressure viD T T T v interporosity coefficient ™ K
Fracture storage wg = @1 Crij Cave—fracture P Ky 12
ratio 77 95Cki T ¢miContj T Cry interporosity coefficient VI K
Matrix storage o — @miCrmtj Time tp = 3.6Km
ratio M ™ ¢ChH+ PmjCmtj +¢vjCoyj (911Ct1+@m1 Cmt +@v1 Con ) 1 L2
. . @iCuj Pressure transmitting _ Km#2(92Cio+@mrCop+@u2Cor)
ave storage rati Wy = . . . =
Cave storage ratio VI @1 Catjt PmjContj +vj Coty coefficient ratio = R 1 (911 it + Pt Conct + 91 Cvtr)

Introducing Pedrosa substitution, Laplace transform, and orthogonal transform to
the model:

mitwms | Ay +(1—wp—wm1)s

18(1’]386150) B [S [wﬂ n /\wm])\ml + (1-wg —wWm1)Avi } +7127T2L2D}51D0 =0

7, 1—wp— A =
ii(rDamfzo) _ [771115 [wa + 5 wmAma 4 (1-wp—wma)hvo } + nzﬂszD} o = 0

D arD arD m2+7]HIS‘Um2 /\v2+'7HIs(1_wf2_wm2)
. BE — COsnmz
lim r 1D0 — wD
Mmoo 5 1)

$1po |7D:VmD = Mpp ‘VD:rmD
1 dmpp

aElDO —
Jrp |rD:rmD — My drp |rD:rmD

ﬁf2D|rD—><><> = ﬁm2D|rD—>oo = ﬁv2D|rD—>oo =0
According to the point-source function and the properties of the Bessel function (Liu
2002; Duan 2008) [18,19], and using the definition of inverse orthogonal transformation,
the zeroth—order perturbation solution in the Laplace domain can be achieved:

ElDO = Aofil KO(FlO (XD — DC)Z)le + Bof}l IO(Fl() (JCD — zx)z)dzx
1 2
o | A Ky(F xp —a)%)da (22)
+2y nf_l o(Finy/ (b y) - COS NTTZD
U 4B [ Io(Funy/ (xp — 2)%)da

where

Wm1Am1 (1 - wp — Wm1)A } + 2212

Fi, = /s |:an1 +
! Aml + Wm1s Avl + (1 —wn — wml)s

Wm2Am2 (1 - wp — wm2)Av2 } + n27T2L2D

B, = S |wg +
n m [ 27 Az + imswme | Ava 4+ qms(1 — wg — wmy)

According to Section 2.1.2, the dimensionless pseudo pressure of the triple medium
composite reservoir with the storage effect and skin effect can also be obtained.

2.3. General Model
According to Equations (12) and (22) in this paper, and Equation (36) in the litera-
ture [1], it was found that the expressions of pseudo pressure of the three models were
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basically the same, only the expressions of “A,,”; “f,,”; “F,” were different. Therefore, a gen-
eral model can be established to analyze the pressure performance of composite reservoirs
with different medium types, and its bottom pseudo pressure expression is as follows:

ElDO = Aofil Ko(Xlgy/ (xD — Dé)z)dﬂé + B()fil IO(Xl() (xD — Dé)z)dﬂé

0 Ay [t Ko(X xp — a)?)da (23)
+2) nf*l o(Xuny/ (0 y) - COS NTTZD

n=1 +ani1 I()(Xln (XD — zx)z)dzx

Where: COS N7tZwD
A, = SB8MEWD
2s
5 (2: K1(X177mp) Ko (Xon"mp) — ﬁuKO(X1nrmD)K1(X2anD)) COS NTTZyD
n — .

<§;: L (X10rmp ) Ko (X2n"mp) + ﬁulo(xlnrmD)K1(inrmD)) 2s

For the single medium model Xi,, = Ay, X4, = Ay, for the dual medium model
X1n = fin, Xon = fon, for the triple medium model X;,, = Fy;,;, Xp, = Fy, it can make the
model apply to the actual analysis more easily and flexibly.

At the same time, we found a new problem. The model listed in this paper was the
case of a single medium, dual medium, or triple medium in both the inner and outer zones.
However, in practice, there are also composite reservoirs with different types of medium,
so the general model of Equation (23) is no longer applicable.

After further derivation, it was found that a general model of a random combination
of reservoir types in the inner and outer zones can be obtained by simple transformation
such as “single-dual” and “dual-triple”.

Take the “dual-triple” model as an example, and also using Equation (23) for analysis.
In this case, the inner zone of the composite reservoir is dual medium and the outer zone
is triple medium. Replace the inner zone X;, of Equation (23) with the inner zone of the
dual medium model fi,, and the outer zone X, with the outer zone of the triple medium
model Fy,, that is, X1, = f1,, Xon = Fa,. See Section 3.2 for a specific case analysis.

3. Results and Discussion
3.1. Curve Analysis

The dimensionless pressure and pressure derivative type curves were drawn. Figures 3-5
show the pressure dynamic curves of the single medium, dual medium, and triple medium
model under the influence of stress sensitivity. It can be seen that the curves of the single
medium model, dual medium model, and triple medium model can be divided into seven,
nine, and 13 flow stages, respectively.

Compared with the single medium model, the dual medium model had one more
matrix—fracture interporosity flow stage in both the inner and outer zones (i.e., stage 5 and
stage 8 in Figure 4). Compared with the dual medium model, the triple medium model
had added cave—fracture interporosity flow stage and the transition flow stage after it in
both the inner and outer zones (i.e., stage 5, stage 6, stage 10, and stage 11 in Figure 5).

The influence of the permeability modulus, horizontal length, skin factor, mobility ra-
tio, radius of inner zone on pressure dynamic curve of single medium model was analyzed
in [1]. Although the influence of these parameters showed some differences in the flow
stage and image shape on different models, the law of influence was similar (as shown in
Figures 3-5, the influence of permeability modulus on different models was similar), so it
will not be repeated here.
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Figure 3. Influence of the permeability modulus on the pressure dynamic curve of a single medium
composite reservoir.
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Figure 4. Influence of the permeability modulus on the pressure dynamic curve of the dual medium
composite reservoir.
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Figure 5. Influence of the permeability modulus on the pressure dynamic curve of the triple medium
composite reservoir.
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Taking the triple medium model as an example, the influence of the inner-zone
cave—fracture interporosity flow coefficient; outer-zone matrix—fracture interporosity flow
coefficient; inner—zone fracture storage ratio; outer—zone matrix storage ratio on the pres-
sure dynamic curve was analyzed.

Figure 6 shows the effect of the interporosity flow coefficient between the cave and
fracture of the inner zone (Ay1) on the derivative curve. The smaller the Ay; means a
greater difference in the flow capacity between the fracture and matrix. The flow coefficient
between the cave and fracture of the outer zone (A7) on the pressure derivative type curve
was mainly reflected in the first interporosity stage of the outer zone.

103 E T T T T T T T T T T T T T T T T T T T
——npy Ay =02 eesesenlp Ay =02
WL T AL S04 ey A =04 |
A =06 cececom’y A =06
. ——py A, =08 eecece iy A, =08
U 10'E 4
=) E
\‘Q .
Y [
A 10k
S E
T S S
102 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
10° 10° 10° 10" 10" 10"

in/Cph

Figure 6. Influence of the inner-zone cave—fracture interporosity flow coefficient on the pressure
type curve.

As demonstrated by Figure 7, the influence of the interporosity flow coefficient between
the matrix and fracture of the outer zone (A,) on the pressure derivative type curve is most
mirrored in stage 12. With the decrease in An, the “dip” gradually moved to the right, that
the later the occurrence of the interporosity flow. This feature is similar to the influence of A4
on the pressure derivative type curve but at different stages. The flow coefficient between the
matrix and fracture of the inner zone (A1) on the pressure derivative type curve was mainly
reflected at the second inner—zone interporosity flow stage.

3

10 T T T T T T T T T T T T T T T T T T T
= o esssce ’ = o
— iy Ay = 10 'y Ay = 10
10°F ——mpA,=3x10"  eseesenp 2, =3x10" .
9 , _ 9 3
——npy Ay = 6x107  eesese g A5 = 6x10
= 8 escsce ’ = 8
E ol T A =10 'y Ay = 10 ]
o '
\‘D
S
a 10
S
[ Y S
10'2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
107 107 10° 10" 10" 10

Figure 7. Influence of the outer—zone matrix—fracture interporosity flow coefficient on the pressure

type curve.
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As demonstrated by Figure 8, for the most part, the influence of the fracture storage
ratio of the inner zone (wy;) on the type curve was reflected in stage 3 to stage 5. With the

decrease in wy, the position of the pressure increased (the solid lines). In this period, with
the decrease in the fracture storage ratio of the inner zone, the duration of stage 3 became

shorter, and the first “dip” of the inner zone became deeper and wider (the dotted lines).
Overall, the greater the fracture storage ratio of the inner zone, the shorter the duration

curve was mainly reflected at the transition stage of the inner and outer zone to the first

of the interporosity flow, and the shallower the “dip”. This is because the greater fracture
—mp, & = 0.001
107
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Figure 8. Influence of the inner—zone fracture storage ratio on the pressure type curve.

The influence of the matrix storage ratio of the outer zone (wp;) (Figure 9) on the

derivative curve was most mirrored in stage 9 to stage 12. Similarly, the effect of the matrix
storage ratio of the inner zone (wm1) on the pressure derivative type curve mainly acted on
stage 5 to stage 7. With the decrease in wpy, the first “dip” became deeper and wider, while

the second “dip” became shallower and narrower (the dotted lines), and the position of the
pressure decreased (the solid lines). The feature of the matrix storage ratio on the pressure

curve was the opposite of that the feature of the fracture storage ratio on the pressure type
10°

curve. When the cave storage ratio is constant, the larger matrix storage ratio will cause a
smaller fracture storage ratio, so they had the opposite effect on the type curve.
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Figure 9. Influence of the outer—zone matrix storage ratio on the pressure type curve.
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3.2. Model Validation

There is a horizontal well X1 from one carbonate gas reservoir in Central Sichuan
China, where the reservoir is mainly composed of dolomite, containing quartz, feldspar,
calcite, etc. Composition of natural gas: CHy4 content is 92.32%, COy is 4.11%, H,S is 1.47%,
and Ny is 1.19%. The basic parameters are below. The average porosity is 3.82%, the
thickness of the reservoir is 16 m, the well radius is 0.108 m, the gas gravity is 0.6099, the
gas viscosity is 0.0206 mPa-s, the reservoir temperature is 408 K, and the initial pressure is
35.52 MPa. The well has been produced for 737 h with a rate of 29.17 x 10* m3/d before
the pressure build—up test.

As shown in Figure 10, general well testing software such as Saphir cannot fit the actual
data of X1 very well, but the general model proposed in this paper could achieve better
results. According to the general shape of the actual data of X1, the theoretical curve of the
model with a single medium in the inner zone and dual medium in the outer zone was
selected for fitting. In this case, in the general model Equation (23) X1, = A1y, Xon = fou.

10° F T T T T T T

mp
e g

O Actural mp, data

10 : O Actural m'y data

Figure 10. The log-log fitting curve for the X1 well.

As has been showcased in Figure 10, the variance tendency of the measured data was
consistent with the pressure dynamic curve of the “single-double” medium horizontal
composite model. Based on the good agreement shown in Figure 10, we argue that the
presented model may offer a practical method to predict and evaluate the transient pressure
behavior of a multi-medium composite reservoir. If we do not consider the characteristics
of the composite reservoir, the “outer—zone interporosity flow” stage in Figure 10 cannot be
fitted. The analysis results of the X1 well are listed in Table 3.

Table 3. The pressure transient analysis results of the X1 well.

Parameters Value
Vertical permeability of inner zone Ky (um?) 3.85 x 10~*
Horizontal permeability of inner zone Ky ( pm?) 6.39 x 1074
Skin factor S 0.62
Mobility ratio My, 454
Outer-zone interporosity flow coefficient A, 0.08
Outer-zone storage ratio w; 0.41
Inner zone radius ry, (m) 177

Pseudo permeability modulus ym (mPa-s/MPa?) 0.53 x 10~*
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4. Conclusions

The general model established in this paper combines the theory with the actual situa-
tion. Compared with the general gas reservoir model, it had higher accuracy and can make
up for the limitations of using well testing software to obtain the formation parameters.

(1) The general model established in this paper can analyze the dynamic characteristics
of pressure in composite reservoirs with an arbitrary combination of reservoir medium
types, and can be applied to production practice more widely and flexibly.

(2) The typical curve of the dual medium model has two more stages than that of
the single medium model in the matrix—fracture interporosity stage in both zones, and
the curve of the triple medium model has four more stages than that of the dual medium
model in the cave—fracture interporosity stage and the transition flow stage in both zones.

(3) The effect of stress sensitivity on the later stage of the typical curve is more sig-
nificant because the stronger the stress sensitivity, the greater the damage to the reservoir
and the greater the differential pressure required. The interporosity coefficient represents
the flow ability of the reservoir, where the smaller the parameter, the weaker the flow
ability, which causes a greater the difference between each medium, and later, the chan-
neling occurs. The elastic storage capacity ratio represents the reservoir capacity of the
fractures, where the larger it is, the stronger the fracture capacity and the shorter the
crossflow duration.

5. Suggestions

(1) The models derived in this paper were all based on the two-layer composite
reservoir. If special reservoirs are encountered in the process of exploitation, a multi zone
composite reservoir model can be deduced. However, it is not recommended to blindly
study larger numbers of zones because it is impractical and of little significance.

(2) The unsteady pressure dynamic curve of the composite gas reservoir with an arbi-
trary medium type combination can be predicted by referring to the changes in Figures 3-5
in this paper. However, it should be noted that the theoretical curve may not reflect all of
the flow stages, especially for the reservoirs with more than two zones.

(3) The research objects of this paper were all horizontal wells. We suggest an unsteady
seepage model of a composite gas reservoir with fractured horizontal wells in further study.
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Nomenclature

C Wellbore storage coefficient, m3/MPa

Cp Dimensionless wellbore storage coefficient
Ci Total compressibility coefficient, MPa~!

h Reservoir thickness, m

hp Dimensionless reservoir thickness

Ky Vertical permeability, pm?

Ky Horizontal permeability, tm?

L Horizontal section length, m

Lp Dimensionless horizontal section length
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m Pseudo pressure, MPa?/(mPa-s)
mp Dimensionless pseudo pressure

r Radial distance, m

D Dimensionless radial distance

z Vertical distance, m

ZD Dimensionless vertical distance

Zw Horizontal section position, m

zwp  Dimensionless horizontal section position

P Pressure, MPa

vi Initial formation pressure, MPa

T Absolute temperature, K

Z Gas deviation factor

s Laplace transform variable

S Skin factor, dimensionless

t Time, hours

tp Dimensionless time

€ Tiny variable

Tm Pseudo-permeability modulus, mPa-s/MPa?
Ymp Dimensionless pseudo—permeability modulus

U Gas viscosity, mPa-s

P Gas density, kg/m3

Q Porosity, fraction

Am Interporosity flow coefficient between matrix and fracture, dimensionless
Av Interporosity flow coefficient between cave and fracture, dimensionless
ws Storage ratio, fraction

Wm Matrix storage ratio, fraction

Wy Cave storage ratio, fraction

Subscripts:

D Dimensionless

f Fracture

m Matrix

\% Cave

j 1,2 (1 = inner zone, 2 = outer zone)
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