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The shale gas productivity model based on shale gas nonlinear seepage mechanism is an effective way to reasonably predict
productivity. The incomplete gas nonlinear effects considered in the current production prediction models can lead to
inaccurate production prediction. Based on the conventional five-zone compound flow model, comprehensive gas
nonlinearities were considered in the improved compound linear flow model proposed in the paper and a semianalytical
solution for productivity was obtained. The reliability of the productivity model was verified by the field data, and then, the
20-year production performance analysis of the gas well was studied. Ultimately, the key influencing factors of the fracture
control stage and matrix control stage have been analyzed. Research indicated the following: (1) the EUR predicted by the
productivity model is higher than the EUR that the comprehensive nonlinear effects are not considered, which demonstrated
that the various nonlinear effects cannot be neglected during the production prediction to ensure the greater calculation
accuracy; (2) during the early production stage of shale reservoir, the adsorbed gas is basically not recovered, and the
cumulative adsorption contribution rate does not exceed 10%. The final adsorption gas contribution rate is 23.28%, and the
annual adsorption rate can exceed 50% in the 20th year, showing that free gas and adsorbed gas are, respectively, important
sources of the early stage of production and long-term stable production; (3) the widely ranged three-dimensional fracturing
reformation of shale reservoirs and reasonable bottom hole pressure in the later matrix development process should be
implemented to increase the effective early production of the reservoir and ensure the earlier gas production process of the
matrix development. The findings of this study can help for better ensuring the prediction accuracy of the estimated ultimate
recovery and understanding the main influencing factors of the dynamic performance of gas wells so as to provide a
theoretical reference for production optimization and development plan formulation of the shale gas reservoirs.

1. Introduction

Nowadays, shale gas has occupied an important strategic
position in the energy structure of worldwide natural gas
production for its rich reserves and energy efliciency [1].
Productivity is adopted to evaluate the development effect
of shale gas reservoirs and has become a key research hot-
spot of shale gas fields utilization. The shale gas production
evaluation methods mainly include the decline curve
method and the productivity model method. The decline
curve equation [2-4] and the modified decline equation

[5, 6] are adopted to fit and regress the production perfor-
mance data of shale gas wells. Therefore, the key uncertain
parameters in the empirical equation can be inverted by
adjusting predefined parameters to predict the production
of shale gas wells. Nevertheless, the method is limited to
the production decline characteristics on the constant
pressure production of shale gas wells and is easily affected
by the irregular stability of production data, which makes
it difficult to achieve the validity of this model in the shale
gas development practice. On the contrary, productivity
model based on shale gas complex flow mechanism is an
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effective approach to reasonably analyze the production
performance of shale gas wells, which can avoid the limi-
tations of shale gas production empirical equations and is
of theoretical significance and application value to formu-
late shale reservoir fracturing design plans and guide the
exploration and development of shale gas reservoirs.

Different from conventional gas reservoirs, the dynamic
production of shale gas wells is contributed by complex non-
linear effects such as multiple flow mechanism (continuous
flow, slip flow, transition flow, or molecular free flow), gas
PVT properties, and high-pressure adsorption at the same
time [7, 8]. Nowadays, most productivity models [9-15]
are lack of considering the comprehensive multiscale non-
linear effects, such as the impact of the real-gas effect and
the nonlinearity of the supercritical desorption law on shale
gas productivity, resulting in low productivity evaluation.
Therefore, a unified cognition of the establishment of the
shale gas productivity model has not yet been formed.

In this paper, considering the lack of the nonlinear fac-
tors of the existing production model, the workflow is devel-
oped as follows: first, the nonlinearity of real-gas physical
properties, high-pressure desorption of adsorbed gas, the
non-Darcy flow mechanism such as slippage eftect and dif-
fusion, and the stress sensitivity of the secondary fracture
network are comprehensively considered in the production
prediction model. Subsequently, the semi-analytical solution
of the productivity model is obtained based on Laplace
transformation, canonical perturbation transformation,
Stehfest numerical inversion, and iterative methods. Then,
the production data of a shale gas well verifies the reliability
of the productivity solution to confirm the importance of
shale gas comprehensive nonlinear effects during the shale
gas production. Next, the production performance of the
shale gas well for 20 years can be illustrated. Finally, the
key production influence factors of gas wells have been clar-
ified, and specific guidelines for production optimization
have been put forward, which is of certain theoretical refer-
ence to increase gas reservoir production rate and final gas
recovery.

2. Methodology

2.1. Physical Model Description. Due to the irregular distri-
bution of secondary fractures in the stimulated reservoir
zone, the specific fracture heterogeneity characteristic
parameters cannot be accurately obtained, and the fracture
network is simplified to facilitate the calculation process. It
is assumed that all the hydraulic fractures can be character-
ized by biwing transverse fracture [16] in this study and the
secondary fracture network and matrix are treated into
equivalent medium. Considering that there are some unsti-
mulated reservoir zones between the hydraulic fractures,
the physical model can be divided into the following five
flow areas: hydraulic fractures, fracture network area 1,
matrix area 2 between hydraulic fractures, and unstimulated
matrix area 3 and matrix area 4. The flow behaviors in differ-
ent areas are obviously different. A quarter of a single
hydraulic fracture is selected in this model as illustrated in
Figure 1:
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The specific assumptions are as follows:

(1) The migration of single-phase methane gas in differ-
ent seepage fields is considered as the one-
dimensional flow. Shale gas flows into the inner zone
1 and 2 from the outer zone 3 and zone 4, respec-
tively. The gas in the zone 1 from the zone 2 con-
verges to the hydraulic fracture and the wellbore
successively. The shale gas reservoir is of uniform
thickness and the outer boundary is closed. The
outer boundary distance is defined as y,

(2) The adsorption characteristics of the adsorbed gas in
the matrix 2, 3, and 4 can be explained by the super-
critical Langmuir adsorption equation. The diffusion
and slippage phenomenon of free gas in the matrix
are considered

(3) The free gas in the inner fracture network 1 flows to
the hydraulic fracture by viscous flow considering
the stress sensitivity of the fracture network

(4) The hydraulic fractures in the inner zone are uni-
formly equal-length and symmetrically distributed,
which fully penetrate the reservoir vertically. The
half-length, width, cluster spacing of a single hydrau-
lic fracture and the fractured half-width are y, w, Ly,
d/2. The gas flow behavior in the hydraulic fractures
follows Darcy flow law

(5) The gas flow mass exchange between different seep-
age areas is an unsteady flow behavior, and the gas
production process is isothermal seepage. The grav-
ity and capillary force are ignored, and the gas well
is produced at constant pressure

2.2. Mathematical Model

2.2.1. Governing Equation for Gas Flow in Matrix of Zone 4.
The gas in the matrix of zone 4 flows into the matrix of zone
2 along the y direction. Considering the supercritical desorp-
tion of adsorbed gas in the shale matrix, the diffusion, and
slippage of free gas, the outer boundary is closed and the
pressure on the inner boundary is continuous.

According to the law of mass conservation, the govern-
ing equation for gas flow in matrix [1] can be obtained:

(1)

oP, 0 K,, 0P,
Pg¢4ct47 = B P >

Epy Oy
where the matrix comprehensive compression factor is
Ciy = Cgy + Cyy + Cpy. (2)
Gas compression factor is

_19p
g4—p—g5—p4-
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FiGure 1: Simplified five-zone composite physical model of a multifractured horizontal shale gas well.

As the conventional Langmuir equation cannot fit the
high temperature and high-pressure isotherm adsorption
law, the high-pressure isotherm adsorption model [17] is
adopted, and desorption gas compression factor [18]is trans-
formed as equation (4):

1-¢,)TZP, P P
o=, “’Z4)T L 2(1__g>. (4)
904 sc ™ sc P4(P4+PL)

Javadpour apparent permeability model [19] is used to
describe the gas diffusion and slip in the matrix:

K, = ¢,iDy; + FiK,, (5)

where
slip speed correction factor is

8RT g *x 107 /2
Fotay /TR B0 (24 (6)
M P, x10°r; \a

The hydraulic flow radius is

8K.
= L (7)
P;

The pseudopressure and pseudotime [18]are used to lin-
earize the high-pressure physical property parameters in the
governing equation so as to solve the equations easily.

The pseudopressure is

According to the definition of pseudopressure and pseu-
dotime and the definition of the dimensionless parameters
in Table 1, Eq. (1) can be rewritten as follows:

all/4D — Lazll/élD (10)
ata f4p ayz .

The initial matrix pressure of zone 4 is equal to the orig-
inal formation pressure:

P4(t=0)=Pe’ (11)
opP
Outer boundary : 8_4 =0, (12)
=y
Inner boundary : P,(y =yz) =P,(y = yp). (13)

The dimensionless forms of Eq. ((11)-(13)) are as
follows:

Vup(¥p» 0) =0,
Yup(Vep> tap) = Vap» (14)
0¥yp (V> tan) -0
ayD Yp=VeD

Then, the pseudopressure in the dimensionless flow
equations can be transformed as equation (15) in Laplace
form [20]:

{1p=LiCo] =j°°¢pe*stndtp. (15)

0

Next, both sides of the dimensionless flow control equa-
tion (10) are multiplied by e*Psimultaneously and inte-
grated by the dimensionless time from zero to infinity,
which turns out as the equation (16):

00 00 2
J e St _3541) dt,p = LJ et (—; 64? dt,p. (16)
0 tap Nap Jo Vb
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TasLE 1: Dimensionless parameters definition.

Dimensionless parameter Definition Dimensionless parameter Definition

T Kp\/A ( - )
Dimensionless pseudopressure vy = (v, —v)/(y; - V/wf) Dimensionless production i A Ve ™V

qD P scqscT
Dimensionless pseudotime tp= ety Storage capacity ratio wi = Vi
b= =
P u(@,C +9,C + 9 Cip) A, ge capaclly 91C +9,C +95Cip
2x ) Zone3-1mass transfer 12K,

. xp= oy = A= ——1a
Dimensionless length D I D i coefficient 13 2K,
Zone2-4Mass transfer pa— 12K, Zonel-Fmass transfer P 12K, A

. 24 7 12 w . 1F — 72 “tew
coeficient LK, coefficient L7Ky
Dimensionless conductivity Hap = K #:5Cs Dimensionless conductivity _ K ?4Cu
in zone 3 » ¢1Cn +9,C +9:Cp K, in zone 4 » 91Cn +9,C +9Cp Ky,

Dimensionless formation K,d

. . _ _ R. =_—_1"

Dimensionless pressure Yo = Vs (V/e ‘//wf ) conductivity CD KLy

The integral term at the left side of equation (16) is sim-
plified as equation (17):

J e~ 3. dt,p = J e”wdl,, = e_StaDC4D|80
0 aD 0

(17)

{ee]
—st, _
+3J el pdt,p = SCrap-
0

The integral term at the right side of equation (16) is sim-
plified as equation (18):

] O [Pl pdt,p _ O rap(Vp» 9)

D
dt
2 9yp’ oyp’

00 az
J e—staD C4
0 p
(18)
Eq. (17) and Eq. (18) are substituted into Eq. (16) to

obtain the dimensionless flow equation (19) of the outer
matrix 4 in the Laplace space:

aZCLw
ayp*

(19)

= s1ypS1ap-

Boundary conditions can be expressed in Laplace form as
equations ((20), (21)):

Crap(Vep» S) = Craps (20)
9C14p(Vp» §)

=0. 21
v (21)

Yp=VeD

The dimensionless pseudopressure solution of zone 4 in
Laplace space is expressed in equation (22) based on equation
(19) and boundary conditions ((20), (21)):

cosh [\/st7,p(Yep — ¥p)]
cosh [\/5t,p(Vep = Vp)] .

CLap(p>s) =Crap (22)

2.2.2. Governing Equation for Gas Flow in the Matrix of Zone
3. Considering the gas desorption, diffusion, and slippage
from matrix zone 3 into zone 1 along the y direction, the
dimensionless gas percolation equation in the matrix of zone
3 can be derived in equation (23):

oy,p 1 azl/’3D

Ot - @ dyp?

. (23)

As the outer boundary is closed and the pressure on the
inner boundary is continuous, the dimensionless initial and
boundary conditions are reflected in equations ((24)-(26))
as follows:

V3p(rp 0) =0, (24)
Vi3p(Vep> tap) = V1> (25)
aW3D()/D’ taD) — 0. (26)

ay b Yp=VeD

Similar to the solution process of dimensionless flow
equation in the matrix of zone4, the dimensionless pseudo
pressure solution of matrix zone 3 in Laplace space can be
derived in equation (27) based on Laplace transformation:

cosh [\/57:p(ep = p)]

Crap(p>$) =Cip cosh [\/%()’eD _yFD)} .

(27)

2.2.3. Governing Equation for Gas Flow in Matrix of Zone 2.
Considering the unsteady gas flow exchange between
matrix zone 4 and matrix zone 2, the dimensionless gas
seepage equation in the matrix of zone 2 is established in
equation (28):

Py _ 3wy, 6 Yy, _ (28)

Oxp? Ay Oty Ayypp Op Y=y
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The outer boundary is closed, the inner boundary pres-
sure is continuous, and the initial and boundary conditions
are expressed in equations ((29)-(31)):

The initial condition is

¥op(Xp, 0) =0 (29)
Outer boundary is
aWZD(xD’ taD) =0 (30)
0xp - '

Inner boundary is

d
¥op <7D > taD) =V¥ip-

The dimensionless pseudopressure solution of the
matrix in zone 2 in Laplace space can be deduced in equa-
tion (32) based on Laplace transformation:

(31)

cosh (/o5 (1~ xp)) (32)
cosh (/o (1 -dp/2))’

Crap(Xp>$) =Cpip

where
3w,s  6,/3
a = 5 I A\/_ﬁ tanh (\/s1,p(¥Yep = Yrp))- (33)
12 24Y FD

2.2.4. Governing Equation for Gas Flow in Fracture Network
of Zone 1. Considering the impact of fracture network stress
sensitivity on gas viscous flow in zone 1, the flow rate on the
outer boundary between zone 1 and zone 2 is continuous,
and the pressure on the inner boundary is continuous.

An exponential stress sensitivity empirical model [21] is
adopted in this paper to characterize the impact of the stress
sensitivity of secondary fracture on gas flow, which is
expressed in equation (34):

Ky =Kpe v, (34)

The dimensionless gas flow equation in fracture network
zone 1 can be depicted in expression (35):

v B vp) _
YID - A

0xp? 0xp

311)1 al/’lD B 6eY1p¥1in 81//31)

lFerV’lD ataD

(35)

The boundary conditions are as followed in equations

((36)-(38)):

Initial condition is

¥ip(¥p, 0) =0 (36)

M3V OYp y:}/FD.

5
Outer boundary is
¥1p(0: tap) = ¥ pp- (37)
Inner boundary is
01 (*p> tap) _ dpelVie 9y (xps Lp)
0xp xp=dp/2 2Rcp 0xp xp=dp/2
(38)

Due to the strong nonlinearity of the stress-sensitivity
term in the dimensionless gas flow equation, the pedrosa
variable [22] is adopted to replace the pseudopressure term.
The variable term expression is

Yp=-—In(1-y,-Cp) (39)

Yp

where (}, is the perturbation transformation function.

The equation (39) is substituted into the dimensionless
equation (35), and equation (35) can be derived into equa-
tion (40) in zone 1:

3wl A, 6 1 g,
Msyep  1=vipCip yp

¢, 3wl

= . 40
Oxp? My Oty (40)

The term 1/1 -y, ,(,, in equation (40) can be expanded
into Taylor form in equation (41):

1

———— =1+y;p0p+ (YID(ID)z + (YIDCID)3+' """
1-y1p¢ip

Because the dimensionless pseudopermeability modu-
lus y,p <1, the term y,,{,, can be considered as zero
approximately; then, the equation (40) can be simplified
as equation (42):

9sp
AMsYEp 9Yp

P p 3wl 3 6

i (42)

0xp? /\—lF

The initial and boundary conditions are simplified as
follows:
Initial conditions are

Cip(%p, 0) = 0. (43)
Outer boundary is
1—eVw
C1p(0tap) = Crp (44)
Y1ip
Inner boundary is
9¢1p(*p» tap) dp 08, (Xp» tap) (45)

0xp  ycap 2Rep 0xp [, _yp



Similarly, combining the Laplace transform, the pseu-
dopressure solution of equation (42) can be expressed in
equation (46):

CLip(*p» $)
¢ 1-ew 3 sinh (/&) (x, - dp/2)) +cosh (/& (xp — dp/2))
IR -3 sinh (/@ (dp/2)) +cosh (/o (dp/2))
(46)
where
3= E % tanh <\/(x_2<d—D - 1)),
Ar V oy 2
(47)

3 6,/s
a, = wis + °VMsp tanh
Ap M3YEep

(v$13p(Yep = VEp))-

2.2.5. Governing Equation for Gas Flow in Inner Zone
Hydraulic Fracture. The gas flow in the hydraulic fracture
is linear flow, and the dimensionless gas flow governing
equation (48) in the hydraulic fracture is established:

azl//FD —w Wpp  Ape?Vv oy,
2 — %YF
oyp ot,p 3 0xp

(48)
xp=dp/2

Considering the constant bottom hole pressure of the
gas well and the outer boundary is closed, the initial and
boundary conditions are as follows:

The initial condition is

Vip(Vps 0) =0. (49)

Outer boundary is

OV ep (V> tap)
at“D Yp=VrD

Inner boundary is

Vip(0,t,p) = 1. (51)

Then, the dimensionless governing equations (48) of
the hydraulic fracture can be simplified and solved by using
pedrosa variable substitution and Laplace transform in
equation (52):

cosh (\/“_40’[) _J’FD))

CLip(Vp>$) = cosh (/@ ep)

) (52)

where

A pa
ay=wps— L2 (1 - e M),
3Yip

_ /&3 cosh (\/a (xp —dpl2)) + /& sinh (\/a; (xp — dp/2))
= —c3 sinh (/& (dp/2)) + cosh (/& (dp/2)) ’

(53)
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Due to the number of hydraulic fractures for the gas
well, the total dimensionless production rate at the bottom
hole of the shale gas well in Laplace space can be derived in
equation (54):

_EB(LFD o= N2\7{(:_4 tanh (/o - ypp).  (54)

dip =

2m oy, V'

Based on the Stehfest numerical inversion [23], the
semianalytical solution of the dimensionless production in
the real space is obtained. Then, combining with the New-
ton iteration method, the production solution in the real
space at constant pressure can be derived.

2.3. Model Verification and Analysis. The production data of
a multistage fractured horizontal well in the Weiyuan shale
gas block can be adopted to testify the validity of the pro-
posed production model. The relevant geological parameters
and horizontal well parameters are shown in the following
Table 2. By adjusting the relevant parameters of the model,
the semianalytical model proposed in this paper can his-
torically match the dynamic production data of the gas
well. (* indicates model fitting parameters).

It can be seen from Figure 2 that the production process
of this gas well lasted 1140 days, and the daily gas produc-
tion data was quite volatile, but the overall monotonous
decline law was obvious. At 800 days, the daily gas produc-
tion rate dropped from 230,000 m’/day to 10,000 m*/day,
and the cumulative gas production was 71 million cubic
meters, basically entering the stable production stage of the
gas well. Obviously, the gas production curve calculated by
the productivity model is basically consistent with the typical
production curve. Furthermore, the cumulative gas produc-
tion calculated by the model is 77.9 million cubic meters,
and the actual gas production for 1140 days of the gas well
reaches 76.4 million cubic meters, with a relative error of
1.986%, so the reliability of the model can be considered to
be testified. As is shown in Figure 3, the contribution of non-
linear effects to production is not obvious in the first year of
the gas well production but cannot be ignored with the
increase of the production time. Then, the EUR of the gas
well for 20 years is 137.9 million cubic meters, which is
23.46% higher than the 111.7 million calculated without
considering the comprehensive nonlinear effect, which
shows that the production can be underestimated seriously
without considering any of the abovementioned nonlinear
effects. This phenomenon is attributed to the thinning effect
of gas molecules in the micronano pores of the matrix in the
low-pressure reservoir at the later stage of shale gas develop-
ment. The collision frequency between the gas molecules
and the pore wall becomes the dominant kinematic mecha-
nism of gas motivation, so microscopic mass transfer
methods such as Knudsen diffusion, desorption, and slip
flow are beginning to play a significant part in enhancing
gas permeability greatly, which can delay the deceleration
rate of daily gas production and strengthen the gas supply
degree in the later stage. The semianalytical model closely
relies on on-site production information and considers more
multinonlinearities, which greatly improves the calculation
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TABLE 2: Reservoir geological parameters and completion parameters.
Parameters name Value Parameters name Value
Initial formation pressure/MPa 45 The stimulated fracture stages 25
Formation temperature/K 392.4 *The hydraulic fracture half-length/m 100
Formation thickness/m 30 * The hydraulic fracture width/m 0.003
Matrix porosity 0.038 +eternal distance/m 300
Matrix permeability/(mD) 0.000447 Horizontal well length/m 1500
Fracture network porosity 0.032 Bottom hole flow pressure /MPa 5
Fracture network permeability/(mD) 0.851 Rock density/(kg/m?) 2600
Hydraulic fracture permeability /(mD) 750 Stress sensitivity coefficient /MPa™" 0.13
Langmuir volume/(m>/t) 3.7 Langmuir pressure /MPa 8.5
*The hydraulic fracture zone half width/m 5 Fracture cluster/stage 3
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FIGURE 2: Model verification results.

accuracy so as to reasonably evaluate the medium and long-
term productivity of gas wells and predict the EUR value.

3. Dynamic Production Performance Analysis

The 20-year development performance of the gas well based
on the productivity model proposed in this paper has been
studied. It can be seen from Figures 4 and 5 that when the
average formation pressure drops from 45MPa to 33 MPa
at the production time of 1 year, the initial production is
mainly contributed by free gas from fracture systems, while
the adsorbed gas is basically not used, and the proportion
of EUR does not exceed 40%. As the production time
increases, due to the decline of reservoir pressure, the pro-
duction of adsorbed gas gradually increases to result in the
high cumulative adsorbed gas proportion. When the average
reservoir pressure has dropped to about 50% of the initial
formation pressure at the eighth year of production, the
cumulative adsorption gas contribution rate reaches 15%,
and the EUR recovery rate is 75%. In the 10th year, the res-
ervoir pressure drops to 21.8 MPa, and the cumulative
adsorption gas contribution rate is close to 18%. The utiliza-
tion of the reserves can reach 80% of EUR. The final average

formation pressure drop is about 67%, the calculated cumu-
lative gas production can reach nearly 137.9 million cubic
meters, and then, the contribution rate of adsorbed gas to
EUR is 23.28%. Meanwhile, the annual adsorbed gas contri-
bution rate curve in Figure 6 shows that the annual contri-
bution rate of adsorbed gas production gradually increases
with the production time. Specifically, the annual adsorbed
gas production accounts for less than 10% of the gas output
in the first year, and the annual adsorbed gas rate exceeds
40% in the 12th year. The adsorbed gas plays a more impor-
tant role in the later gas production composition than free
gas in the 20th year, and the final annual contribution rate
of adsorbed gas can be 53.71%. It can be seen that the des-
orbed gas plays a key part in production composition mainly
in the later stage of the production period, which is benefi-
cial to long-term stable production of gas wells.

It can be seen from Figure 7 that when the average for-
mation pressure is greater than 37 MPa, the cumulative gas
production has a linear relationship with the average forma-
tion pressure, and the linear slope is about 0.050.9 billion
cubic meters/MPa. During this period, the cumulative gas
production volume curve and the free gas production curve
are basically overlapped, which means the free gas is mainly
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produced from the shale gas reservoir. While the formation
pressure drops to 37 MPa, the cumulative gas production
curve starts to deviate from the straight section and gradu-
ally curves upward; then, the adsorbed gas begins to be
utilized. The low average formation pressure makes the
adsorption curve and the cumulative gas production curve
easily turn up, whose slopes are, respectively, 0.062 million
cubic meters/MPa and 0.0261 million cubic meters/MPa. It
can explicitly explain that the adsorbed gas is a key part of
later production composition in the shale reservoir.

4. Shale Gas Production Influence
Factors Analysis

The gas production decline curve shows that the actual
production supply of the gas well mainly comes from the
gas of the fracture in the stimulated zone and the mass trans-
fer in the matrix near the fracture system (Figure 8). After
large-scale hydraulic fracturing of the shale reservoir, the
induced secondary fracture network and natural fractures
in the near-well area intersect each other, forming high-
conductivity seepage channels. The shale gas in the fractures
under the motivation of pressure difference will quickly flow
into the wellbore from the fracture, resulting in a rapid
increase in daily gas production in the early production
stage. When the production time is about 38 days, the daily
gas production reaches a peak of 325,900 m*/day. After the
shale gas in the fracture flows into the wellbore, the gas well
enters the gas supply in the matrix control stage. Caused by
the low porosity and the low permeability of the shale reser-
voir, the production rate of shale gas in the matrix to the
fractures is fairly slow, which makes the gas production from
the matrix cannot supply the gas production from fracture
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system with high conductivity in time so that the gas pro-
duction rate drops rapidly until the occurrence of shale gas
desorption. Then, the obvious non-Darcy effects such as
gas diffusion and slippage under low pressure will enhance
the gas production to a certain extent. It is expected that
the gas well will enter a long-lasting stable production period
on the 800th day. Therefore, the initial production of the
shale gas well is mainly affected by the gas flow in the frac-
ture, while the shale gas production during the later produc-
tion stage is obviously provided by the matrix long-term
development. Based on the production prediction model in
the paper, clarifying the influence factors for the high pro-
duction of gas wells in the gas in the fracture control stage
and gas supply in the matrix is helpful to propose theoret-
ical optimization suggestions and guide measurements to
enhance the reserve production rate and the final gas
recovery level.

4.1. Fracturing Complexity Index. Fracture Complexity
Index (FCI) [24] reflects the complexity of hydraulic frac-
tures and the degree of effective communication between
fractures. It is defined as the ratio of the width (Xn) to the
length (2Xf) of the hydraulic fracture network monitored
by microseismic data. Then, the influence of different frac-
ture network indexes on the gas well production is studied
based on the model in the paper.

The above Figure 9 shows that when other factors
remain unchanged, the fracture complexity index mainly
affects the production performance of the gas well in the
early and middle stages. The larger the fracture complexity
index means the smoother daily production decline curve
of the gas well, and the cumulative gas production of gas
wells will increase significantly. When the FCI increased
from 0.25 to 0.4, the EUR of gas wells in 20 years increased
by 3.53%, and the output of free gas and adsorbed gas
increased by 1.9% and 6.9% in 20 years. It can be seen that
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the higher FCI means more complex fractures formed by
hydraulic fracturing and better reservoir fracturing effect,
which greatly promote the production of free gas and the
desorption of adsorbed gas in the fracture system.

4.2. Permeability of Secondary Fracture Network. In the
actual gas production process, the secondary fractures play
an important role in the gas mass transfer between the
matrix and the hydraulic fractures. The effect of the different
secondary fracture permeability on the gas production, free
gas, and adsorption has been studied.

From Figure 10, it can be intuitively reflected that when
the secondary fracture network permeability increases from
0.1mD to 5mD, the cumulative gas production curve of
gas wells increases significantly, and the daily gas production
decline rate decreases. The EUR, free gas volume, and
adsorption gas volume of the 20-year gas well are increased
by 11.71%, 6.56%, and 22.42%. This is because the high
permeability of the secondary fracture network can denote
the high conductivity of the secondary fractures to lower the
gas flow resistance in the fracture network and fasten the
spreading speed of the pressure drop funnel section. Finally,
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the gas flow area is widened so that the free gas in the fracture
networKk is easily developed. Due to the continuous increase in
the secondary fracture network permeability, the extremely
low permeability of the matrix makes it far from sufficient to
supply the gas in the fracture, resulting in a relatively slow
growth rate of daily gas production and cumulative gas
production.

4.3. Stress Sensitivity of Secondary Fractures. When the effec-
tive formation pressure increases, secondary fractures tend
to show obvious stress sensitivity. When other parameters
remain unchanged, the influence of pressure sensitivity coef-
ficients on the productivity of gas wells is studied.

Figure 11 shows that the daily gas production and cumu-
lative gas production have a strong negative correlation with
the stress sensitivity coeflicient. The higher stress sensitivity
coeflicient can result in the smaller daily gas production and
cumulative gas production of gas wells. The EUR, cumulative
adsorbed gas volume, and cumulative free gas volume consid-
ering the max stress sensitivity are lower than that without the
stress sensitivity by 31.33%, 66.58%, and 17.91%. It can be seen
that the gas production reduction in the fracture without
proppant leads to obvious stress shadow areas near the frac-
ture, which cannot achieve the effective gas transmission
between the fracture and the wellbore, resulting in a significant
declination in gas production. Therefore, ceramsite proppants
with higher strength and good pressure resistance should be
selected during hydraulic fracturing to reduce the loss of frac-
ture network permeability.

4.4. Bottom Hole Pressure. The selection of reasonable bot-
tom hole pressure has a significant impact on the production
of gas wells, which can help delay the rapid attenuation of
reservoir pore pressure, maintain the long-term opening of
fracture systems, and alleviate the stress-sensitivity of the
seepage field so as to increase the final cumulative gas pro-

duction of a single well. Based on this model, the bottom
hole pressure is set as 0.1 MPa, 5MPa, 10MPa, and
15MPa, and the gas production characteristics of adsorbed
gas and free gas are studied.

As is shown in Figure 12, the bottom hole pressure has a
significant impact on the production in the middle and late
stages of gas well. The daily gas production and cumulative
gas production of gas wells increase significantly with the
decrease of bottom hole pressure. Lowering bottom hole
pressure increases the pressure gradient between the reser-
voir and bottom hole, effectively promoting gas production
in fractures and early utilization of the gas in the matrix.
The EUR, adsorbed gas volume, and free gas volume of the
gas well at 5MPa increased by 6.38%, 12.53%, and 3.54%
compared to that at 10 MPa. However, excessively low bot-
tom hole pressure promotes large effective stress, leading to
the closure of secondary fractures, and the deformation of
reservoir flow channels, so that the gas in the fracture sys-
tems cannot be effectively produced. Therefore, during the
process of formulating a reasonable bottom hole pressure,
it is necessary to consider the impact of the effective stress
on the fracture conductivity to control the closure of frac-
tures, alleviate the production rate reduction, and ensure
the full utilization of the gas wells production, thereby
increasing the accumulation of gas wells production and
shale reservoir recovery rate.

To sum up, the production decline curve of the shale gas
well has the typical characteristics of high initial production,
rapid decline rate, and long-term low production period in
the later stage, forming a typical L-shaped production
decline curve. Enhancing the shale gas reservoir production
rate and obtaining the optimal productivity must rely on the
gas supply in the fracture network control area and the
matrix control area. First, three-dimensional hydraulic frac-
turing of the shale gas reservoirs should be implemented to
improve the initial gas production. Reservoir rocks are
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transformed into granular form, and multilevel secondary
fractures are induced under the effective stress difference
between the hydraulic fractures and the reservoir to
strengthen the communication between secondary fractures
and natural fractures, maximize the fracturing control area
in the reservoir, and increase the effective permeability of
the reservoir, which can greatly increase the early productiv-
ity of shale gas wells. In addition, the gas supply in the
matrix is the key guarantee for achieving a long-term stable
production of gas wells in the later stage. The extremely low
matrix permeability can result in several key issues that are
not conducive to efficient production such as difficult pres-
sure propagation and rapid decline of gas production rate
in the matrix of the shale reservoir. Therefore, valid bottom
hole pressure can be carried out to both relieve stress sensi-
tivity and increase the effective pressure gradient between
the fracture network and the matrix to promote the produc-
tion of free gas and the desorption of adsorbed gas in the
matrix to ensure the earlier occurrence of the gas well stable
production period, which is beneficial to enhance the reser-
voir effective utilization rate and final recovery rate.

5. Summary and Conclusions

(1) Based on the conventional five-zone composite flow
model, the supercritical adsorption, diffusion, slip-
page stress sensitivity, and the gas high-pressure
physical property are comprehensively considered
in the improved flow model, which makes up for
the lack of consideration of gas nonlinear effects in
previous productivity models

(2) The proposed production model was verified by the
field production data and illustrated that the EUR
predicted by the productivity model is higher than
the EUR that the comprehensive nonlinear effects

3)

(4)

(5)

are not considered, which emphasized that the gas
nonlinear effect in the production prediction process
cannot be ignored

Based on the production prediction model, the 20-
year production performance of the gas well is stud-
ied: in the first year of gas well production, the
adsorbed gas is basically not recovered, and the
cumulative adsorption contribution rate does not
exceed 10%. The final adsorption gas contribution
rate is 23.28%, and the annual adsorption rate can
exceed 50% in the 20 year

The cumulative gas production curve and the free
gas production curve are basically overlapped when
formation pressure is higher than the critical adsorp-
tion pressure; then, the gas cumulative gas produc-
tion rises significantly when the formation pressure
drops below the critical desorption pressure. Thus,
free gas mainly affects the productivity in the early
and midstage of production, and adsorbed gas is an
important source of long-term stable production
when the reservoir is in low pressure

The production influence factors of the fracture net-
work stage and the matrix stage are studied, includ-
ing fracture network permeability, stress sensitivity,
fracture complexity index, and bottom hole pressure.
The optimization suggestions for improving the
shale reservoir production are proposed: (1) in the
process of hydraulic fracturing, the wide-range of
three-dimensional fracturing reformation of shale
reservoirs should be implemented to increase the
effective early production of the reservoir; (2) rea-
sonable bottom hole pressure can be used in the later
matrix development process to increase the effective
pressure gradient between the fracture network and
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the matrix to promote the production of free gas and
adsorbed gas in the matrix

Nomenclature

A

cw*

i

Wellbore crossflow area, m*

Modified supercritical desorption gas compression
coefficient, Pa™

The gas compression coefficient, Pa™

The matrix comprehensive compressibility coefficient,
Pa’!

The reservoir compressibility coefficient, Pa™

The standard atmospheric pressure, Pa

The standard temperature, K

The reservoir temperature, K

The ideal gas Compression factor, dimensionless
The gas compression factor, dimensionless
Original volume coeflicient, dimensionless

The gas volume coeflicient at reservoir condition,
dimensionless

The Langmuir volume, m*/m’

The Langmuir pressure, Pa

The seepage field pressure, Pa

The slip velocity correction factor, dimensionless

: The gas viscosity of the different seepage field, Pa.s

(Subscript i =2, 3,4 represents the three matrix
regions, respectively)

P, The average gas pressure, Pa

D:  The diffusion coefficient, m*/s

Kia: The apparent matrix area permeability, m*

Ki:  Darcy permeability, m?

ri: ~ The circular capillary radius, m

Cq:  The hydraulic fracture comprehensive compressibility
coefficient, Pa™'

x,:  Effective horizontal length, m

ye:  Well spacing, m

w:  The width of a hydraulic fracture, m

h:  The reservoir thickness, m

P:  Formation pressure, Pa

Pi:  Original formation pressure/Pa

ta:  The pseudo time, s

yg: The fracture half length, m

K:  The reservoir permeability, mD

N:  The number of hydraulic fractures, m

K,: The fracture network permeability after considering
the stress sensitivity effect, m*

K, The initial fracture network permeability, m”

Ky: The hydraulic fracture permeability, m®.

Greeks

pa:  The adsorption phase density, kg/m’

y:  Pseudopermeability modulus, Pa.s/Pa’

@l: The fracture network porosity, %

we: The initial formation pseudopressure, Pa®/(Pa.s)

¢:  The reservoir porosity/dimensionless

u:  The gas viscosity, mPa-s

y:  The formation pseudopressure, Pa®/(Pa.s)

l//wf:

The initial formation pseudopressure, Pa*/(Pa.s).
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