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Abstract: Tight sandstone is rich in micron- and nano-scale pores, making the two-phase flow of gas
and water complex. Establishing reliable relative permeability and productivity models is an urgent
issue. In this study, we first used a slip model to correct the gas phase’s no-slip Hagen—Poiseuille
equation for nano- and micropores. Then, combined with the fractal theory of porous media and
the tortuous capillary bundle model, we established two-phase relative permeability models for
nanopores and micropores. These relative permeability models comprehensively consider the gas
slippage effect, the initiation pressure gradient, the pores’ fractal characteristics, and water film
mechanisms. Based on these models, we developed a three-region coupling productivity model for
water-bearing tight gas reservoirs with multi-stage fractured horizontal wells. This productivity
model considered the micro- and nano-scale effects and the heterogeneity of fracture networks. Then,
the model was solved and validated with a field case. The results indicated that the three-region
composite unsteady productivity model for water-bearing tight gas reservoirs, which incorporated
micro- and nano-scale effects (with consideration of micro-scale and nano-scale phenomena in the
fluid flow), could accurately predict a gas well’s productivity. An analysis of the factors influencing
productivity showed that ignoring the micro- and nano-scale effects in water-bearing tight gas
reservoirs will underestimate the reservoir’s productivity. The initial water saturation, the two-
phase flow’s initiation pressure gradient, and capillary force are all negatively correlated with the
productivity of gas wells, while the conductivity of the fractures is positively correlated with gas
well productivity.

Keywords: tight sandstone; relative gas—water permeability; productivity; micro- and nano-effects;
fractal theory

1. Introduction

China’s tight sandstone gas reservoirs hold immense resources, making them the
most abundant source of unconventional natural gas [1]. Due to the characteristics of tight
sandstone, such as low porosity (the fraction of void space in the rock), low permeability
(the ability of the rock to transmit fluids), complex pore throats (the narrow channels con-
necting larger pores), high capillary pressure (the pressure difference across the interface of
two immiscible fluids in the pores), and high initial water saturation (the initial volume
fraction of water in the pore space), the gas-water two-phase flow is complex. Relative
permeability is an effective tool for studying multi-phase fluid flow in porous media [2].
Therefore, researching the relative gas—water permeability curves of tight sandstone reser-
voirs is of great significance for evaluating gas wells’” productivity and achieving efficient
development of tight sandstone gas reservoirs.

For conventional reservoirs, relatively reliable relative permeability curves can gen-
erally be obtained through laboratory core experiments (steady-state or unsteady-state

Processes 2024, 12, 1499. https:/ /doi.org/10.3390/pr12071499

https://www.mdpi.com/journal /processes


https://doi.org/10.3390/pr12071499
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/processes
https://www.mdpi.com
https://orcid.org/0000-0001-8568-0698
https://orcid.org/0000-0003-2194-0491
https://doi.org/10.3390/pr12071499
https://www.mdpi.com/journal/processes
https://www.mdpi.com/article/10.3390/pr12071499?type=check_update&version=2

Processes 2024, 12, 1499

2 0f27

methods). However, due to the low porosity and permeability of tight sandstone, the
steady-state method takes a long time to reach stability and is quite complex to operate, so
it is rarely used. As for the unsteady-state method, the high heterogeneity and the abun-
dance of micron-sized pores in tight sandstone make the release of gas through fractures
likely. This makes unsteady-state displacement experiments difficult to conduct, and the ex-
perimental results are greatly influenced by human factors and the calculation methods [3].
The lattice Boltzmann simulation is a feasible method for obtaining the phase infiltration
curves of tight sandstone. However, this method requires significant computational re-
sources and time, and the range of pore sizes simulated is usually quite small, limiting its
practical application [4]. Moreover, due to the limitations of the lattice Boltzmann method
in handling fluid-solid boundary interactions, it is challenging to accurately account for
factors such as water films, threshold pressure, and stress sensitivity during simulations.
Therefore, establishing analytical models based on ideal pore structures and considering
different displacement mechanisms not only aids in understanding the two-phase flow
mechanism of gas and water but also provides a convenient and practical approach [5].

Klinkenberg derived a model for assessing apparent permeability in porous media
based on the capillary bundle model [6]. Fulton experimentally investigated the effect
of water saturation on the gas phase’s permeability, and the results showed that the gas
slippage effect decreased with an increase in water saturation [7]. Turgay developed a
single-well productivity model considering the slippage effect, finding that gas reservoirs’
recovery could increase by 5% to 8% under single-phase conditions when the slippage
effect was considered [8]. Shi et al. established an analytical model for assessing the
apparent permeability of the gas phase in tight sandstone under different levels of bound
water saturation [9]. These research findings have revealed the flow mechanisms in the
two-phase flow of gas and water, enhancing our understanding of productivity and the
factors influencing fractured horizontal wells in tight sandstone gas reservoirs.

Jiao used the lattice Boltzmann method (LBM) and a discrete element method (DEM)
to develop a novel pore-scale thermal-hydro-mechanical (THM) model, achieving accurate
calculations of the flow of fluid and the temperature in fractures, as well as conducting
a preliminary investigation of the THM fracturing mechanism [10]. Huang used finite-
element and finite-difference methods to establish a quantitative correlation model between
fracturing interference and horizontal wells” productivity, achieving better predictions for
horizontal wells” productivity [11]. Yao et al. quantified the impact of water saturation on
the threshold pressure gradient through experimental methods and established a model of
two-phase gas—water flow for fractured horizontal wells. This model considered the effects
of water saturation on the relative gas—water permeability, the threshold pressure gradient,
and dynamic changes in the water—gas ratio [12]. Wei et al. pointed out that due to the high
water saturation in tight sandstone gas reservoirs, factors such as the threshold pressure
gradient and stress sensitivity have a significant impact on permeability. They developed
an equation for calculating gas wells” productivity under steady-state flow conditions,
considering the impact of water saturation on various mechanisms of permeability [13]. Lv
etal. developed a productivity model for gas and water in horizontal wells in tight fractured
gas reservoirs. This model comprehensively considered the characteristics of two-phase
gas—water flow in the reservoir’s matrix and fracture network, used a trilinear flow model
to represent the impact of hydraulic fracturing, and accounted for the stress sensitivity of
the reservoir’s matrix and fractures. The model’s predictions were compared with results
from commercial numerical simulation software and production data from actual wells,
verifying its accuracy [14]. Hu et al. proposed a numerical model of three-region flow
and a power—law model of decline for calculating the productivity of fractured horizontal
wells but did not consider the impact of the complex fracture network around the main
fracture [15]. Therefore, due to the micro- and nano-scale of the pore throats in the tight
sandstone reservoir matrix, factors such as the gas slippage effect, the threshold pressure
gradient, stress sensitivity, and water films [16] have significant impacts on gas transport in
the pore throats and should not be ignored in the establishment of practical models.
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In addition, in actual low-permeability reservoirs, the interaction between natural
fractures and hydraulic fractures generates secondary fractures, resulting in a complex
fracture network. Therefore, further research is necessary in order to understand the impact
of these complex fracture networks on the productivity of hydraulically fractured horizontal
wells. Earlier productivity prediction models have not accounted for the interconnected
complex fracture network formed by the primary fractures from hydraulic fracturing and
natural fractures. Some models introduced idealized dual-porosity media to represent
complex fracture networks, but this did not accurately reflect the actual heterogeneous
fracture network structure. Although some studies have considered the heterogeneous
morphological characteristics of fracture networks, the description of the non-uniform
distribution of fracture networks remains unclear.

Given that current analytical models do not consider the combined effects of multiple
mechanisms in tight gas reservoirs, such as comprehensive transport and micro- and
nano-scale effects on productivity, and that the description of the non-uniform distribution
of fracture networks is unclear, this study proposes a new analytical method based on
permeation mechanics and fractal theory. Considering that the pore scale in tight gas
reservoirs ranges from nanometers to micrometers, this study first establishes relative
permeability models for micropores and nanopores, while comprehensively accounting
for factors such as the gas slippage effect, the threshold pressure gradient, pore structure
parameters, and water films. Subsequently, a new model for the multi-stage fracturing of
tight gas reservoirs is developed, considering the influence of micro— and nano-scale effects
and the heterogeneous characteristics of fracture networks on gas-water productivity.
This model integrates mechanisms such as the slippage effect, stress sensitivity, and the
threshold pressure gradient into the gas-water transport process. Finally, the productivity
model is solved and validated with examples, and an analysis of the factors affecting gas
well productivity is conducted. This not only enhances the understanding of gas—water
two-phase flow dynamics but also provides a practical and effective tool for real-world
applications, offering a comprehensive theoretical basis for accurately simulating gas-water
flow in tight gas reservoirs.

2. Micropore Flow Model

In this section, the Hagen—Poiseuille equation [17] and a second-order slip model are
employed to develop a gas—water flow model in micrometer-scale pores, incorporating
boundary coupling conditions. This model, which accounts for the effects of pressure
and temperature on fluid dynamics, accurately describes the flow of fluids in tight sand-
stone pores.

2.1. Establishment and Solution of Water Flow Model for Micropore Characterization Unit

The flow of water at the microscopic pore scale is assumed to be laminar (see Figure 1),
and the velocity distribution of the fluid along the pipe diameter adheres to the fluid
continuity principle [18].

- Water

I:l Pore wall

Figure 1. Flow velocity distribution of single-phase water in a micro-scale capillary tube.

The water molecules are assumed to have zero velocity at the wall, i.e., there is no
slip. The water-phase flow rate in micropores can be represented by the traditional Hagen—
Poiseuille equation [17]:

AP

Ro
quym = /0 VwdAR = —

Ro* 1
L 8y N0 (1)
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For single-phase water flow in tight gas reservoirs, boundary effects occur in hy-
drophilic micrometer tubes due to the strong interactions between the water phase and the
solid phase [19]. This boundary layer effect is the primary cause of nonlinear flow. Based
on previous studies, the initiation pressure and stress sensitivity are significant factors
in the nonlinear flow of tight gas reservoirs. Therefore, it is necessary to further refine
Equation (1).

2.1.1. Initiation Pressure Gradient and Stress Sensitivity

In tight gas reservoirs, the fluid flow must overcome the initiation gradient caused
by surface molecular forces and capillary forces and exhibit distinctive non-Darcy seepage
characteristics compared to conventional gas reservoirs. The relationship between flow
rate and pressure gradient is notably nonlinear, introducing the non-Darcy flow rate of the
initiation pressure gradient: when AP/L < gy (3w is the initiation pressure gradient of the
water phase), the fluid does not flow, and when AP/L > gy, the fluid starts to flow.

During exploitation, the pressure in tight gas reservoirs continuously decreases. Under
the influence of overlying pressure, the pore radius decreases, resulting in reductions
in porosity and permeability. Based on the stress experiments on tight reservoirs by
Dong et al. [20], a power-law relationship is used to characterize the relationship between
pore radius and pressure:

Rs = R[(P, — P)/P,|*3(#s=ks) )

Based on this, considering the combined effects of the initiation pressure gradient and
stress sensitivity, the velocity distribution of the water phase across the pipe diameter is

_ (AP 1 2 2
Vw = (L - gw) % <R05 - Rs) 3)

By integrating along the capillary with a radius of Ry, the water-phase flow equation
considering the combined effects of initiation pressure gradient and stress sensitivity can
be obtained as 2 AP

0S 7T
= | VudAr = [ = - 8w | 5 Ros* 4
Juwypm ) wld AR ( L gw> 81tw 0S 4)

In the above equation, Ry; is the pore radius, m, corresponding to a pressure P.

2.1.2. Water-Phase Flow Rate of Characterization Unit Based on Fractal Theory

Pores in porous media exhibit fractal self-similarity characteristics across scales, from
the nanometer scale to the micrometer scale [21]. According to fractal geometry theory, the
fractal dimension of pore distribution can be calculated using the following equation [22]:

In¢
D =d In(Rmin/ Rmax) ©
where the fractal dimension of the pore distribution, labeled D;;, is a dimensionless number
characterizing the complexity of the pore structure, typically ranging between 2 and 3 in
three-dimensional pore structures; porosity, ¢, indicates the proportion of pores in a rock
relative to the total volume. The total number of pores between the minimum pore size
Rin and the maximum pore size R,y is

n= (Rmax/Rmin)Dm (6)

The probability density function of the distribution of pores with different pore sizes
is given by [23]
f(R) = DRy /R ?)

min

In porous media, the actual path of a pore varies due to its tortuous nature. A
characterization unit of length L is used to represent the properties of porous media, while
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the actual length of the capillary L is greater than Lj. The value of L can be derived from
the following equation [24]:
L(R) = (2R)" 7Ly (8)

where D is the tortuosity fractal dimension, and for a three-dimensional characterization
unit, 1 < D¢ < 3. Dy = 1 means a straight-line capillary, and D; = 3 indicates that the capillary
is infinitely tortuous and can fill the entire space. The tortuosity fractal dimension can be

IR I B A S
W- U

7T
7R4 R dR maxS _
gw) 8w f(®) Bpw 21’DfL0Dt Dt —Dm+3 &w 4 — Dy,

expressed as follows [25]:
Dy —1 T 1—¢ Rmax

2 1T 4 }/m{ D05 \/8—4D,, ¢ Rmm} ©)

The capillary bundle model describes fluid flow paths in tight sandstone through a set
of meandering capillary tubes of different diameters, effectively reflecting non-homogeneity.
The capillary bundles are usually aligned perpendicular to the characterization unit, and the
fluid can only flow through the capillary bundles, with no fluid flow occurring around the
characterization unit (see Figure 2). The pore size distribution and tortuosity of this model
conform to the descriptions of fractal theory. The hydrophilic nature of tight sandstone
implies that capillary forces are significant in smaller pores, making it difficult for gas
to enter these pores. Assuming that under a certain displacement pressure, there is a
specific water saturation corresponding to a critical capillary radius, R, pores with a
radius smaller than R, exhibit single-phase water flow, while those with a radius larger
than R, exhibit single-phase gas flow [26]. Since the water film thickness in actual tight
sandstone reservoirs generally ranges from 1 to 20 nm [27], which can be ignored for
micrometer-scale capillaries, it is assumed here that there is no water film in capillaries
with a radius larger than the critical radius R;.

o~

R<R; 1%

RoR;

Gas I Water [ | Pore wall

Figure 2. Schematic diagram of gas and water distribution in a tight sandstone core.

Based on the above assumptions, the equation for water saturation can be expressed as

Sw:/RI:;”RZf dR// " AR%f(R (10)

By introducing pore radius tortuosity, initiation pressure gradient, and stress sensitiv-
ity, the single-phase water flow rate in a capillary tube can be expressed as

Ros

AP, T 4
= VwdAgr = | —~ — —R 11
Juwpm ) wld AR (L(R) gw> 81tw 0S (11)

Considering the effect of stress sensitivity, the maximum pore radius corresponding
to Riax is Ryars, the minimum pore radius corresponding to R, is Ryins, and the critical
capillary radius corresponding to R, is R.s. The initiation pressure gradient is a constant
value. By integrating Equation (11) from the capillary radius R,;;;s to R.s, a new water-
phase volume flow rate for the micropore characterization unit, which considers pore
radius tortuosity, initiation pressure gradient, and stress sensitivity, can be obtained:

RDVU Dm AP—w (RB’[S Dy +3 RDl Dm+3) (R4 Dy R4 Dm)

minS crS minS

(12)
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2.2. Establishment and Solution of Gas Flow Model for Micropore Characterization Unit

In micropores, the gas-phase flow is laminar, and the velocity distribution follows the
gas-phase continuity equation [17]:

Hg 0 (pOVgum\ _ OP
R 3R (R R )~ oz (13)

where g denotes the gas phase; the other parameters have the same meaning as those
described for the water phase.

When the Knudsen number increases above 0.001, due to gas-gas and gas-solid interac-
tions, the kinetic energy transfer of gas molecules near the wall becomes complex. Some gas
molecules do not adhere completely to the pipe wall, exhibiting a slip phenomenon, which
significantly impacts gas transport [28]. Under conditions where the Knudsen number
is below 0.1, the second-order slip model [29] can accurately describe the slip velocity at

the wall. 5
Ves = (AMW — ApA W) |R=Rq (14)

where A; and Aj; are the first- and second-order slip coefficients, respectively, with A;
taking the value of 4/3 and Aj; taking the value of 1/4 [29]; and A is the mean free path of
gas molecules [30].

Considering the gas-phase slip effect, the gas-phase flow rate differs from the water-
phase flow rate (see Figure 3).

Gas

] Porewall

Figure 3. Flow velocity distribution of single-phase gas in a micro-scale capillary tube.

Figure 3 shows the velocity profile of gas flowing through a micro-scale capillary,
taking into account slip effects, the initiation pressure gradient, and stress sensitivity. The
distribution highlights the nonlinear flow characteristics unique to tight gas reservoirs.

Thus, the boundary condition for single-phase gas flow can be expressed as follows:

avgym
oR

+ Vs (15)

=R
R=Ry 0

R=Rg R=R,

The slip effect, initiation pressure, and stress sensitivity in tight gas reservoirs are
significant and cannot be ignored. Similar to the water-phase model derivation, by intro-
ducing pore radius tortuosity based on fractal theory, the gas-phase velocity distribution
and gas-phase flow rate equation, which comprehensively consider boundary slippage,

initiation pressure, and stress sensitivity for micropores, can be obtained as follows:

1 /AP ) > w2
Von = <L - gg) (R3s +241ARgs — 24,12 — R}) (16)

Ros AP
Qgum = 0 ngmdAR = gng (L(Rg) — gg) (ROS4 + 4A1)\R053 — 4A2A2ROS2) (17)
The extra first-order slip term and the second-order slip term account for the differ-
ences in the flow expressions due to slippage.
Considering the influence of stress sensitivity and assuming that the gas-phase initia-
tion pressure gradient is constant, by integrating the capillary radius from R.s to Ryaxs
in Equation (17), a new gas-phase volume flow rate for the micropore characterization
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unit, which comprehensively considers pore radius tortuosity, gas-phase initiation pressure
gradient, and stress sensitivity, can be obtained:

Dy—Dm+3 _ ,Dy—Dm+3 Dy—Dm+2_ ,PT-Dft2 Dy—Dm+1_ ,Dy—Dp+1
AP, Rmfix 7Rcrl mtax R, Rmfxs 7Rrvt
Rmaxs 7TRDm D l—Dng SD[*DM*’% +4A1A SD[*DWH’SZ - 4A2/\2 Dt*Dnl+Sl
Qgum =1 f(R)AR = ——maxS 70 | 22k (18)
gum Res Jgum 8yt REDm _pd=Dum R3—Dm _p3=Dm 5 R0 _ 2D
7gg< maxiiDmc)S + 4A1A max;iDmc)S _ 4A2A 27Dn575 )
2.3. Relative Permeability Model
According to the gas—water two-phase flow distribution, the expression for water
saturation can be obtained as follows:
Rers 1 R2 —Dp+2 —Dp+2
[ meinS R f(R>dR _ Rers mte RminS mt (19)
w= R - —Dp+2 —Dp+2
[Rnex TR2F(R)AR  Ranans 272~ Rins D7
In addition, flow rates in the water and gas phases can be expressed using the Darcy
expansion equation [25]:
0 Ky A AP, 0 K A AP 20)
wum — — T & 1 m= T T A~ 7
. Hw Sw Lo st Hg (1-Sw) Lo
By combining Equations (12) and (18)—(20), the effective permeability of water and gas
in micropores can be obtained, respectively:
Dy—2(n _ Dt=Dw+3 _ pDi—Dy+3 4-Dy _ p4—Dy
K, = —S Qb RmaxS (2 Dm) APy (Rch RminS ) . 8770 <Rcr5 7 Rminé ) (21)
v “(1—¢) 8 21-Dy D1 Dt — Dy +3 Lo 4 — Dy,
AP R‘Zi;Dm‘F37RCEi[7Dm+3 Rgg;D,n+27RC’3rT—Df+z ) RTEJ‘Q;SDerliRg,;*DnHrI
Ke=—(1—84) =2 R $(2 = Din) « zl—utng’H DDt HAMATSS — AN T (22)
’ Ca-e s o (DR IR B
Ty =D, +4AIA S —4A5A Dy
When Equation (21) satisfies the condition S, = 1, the absolute permeability of the
core can be obtained:
Dy—2 Dt—Duy+3 Dy—Dy+3 4-D 4-D
K, — — ¢ Rm,;xs (2 — Dm) APy (RmaxS - RminS " ) 8w (RmaxSm — RminSm) (23)
T 1-9¢) 8 21-Di D D; — Dy +3 Ly 4— Dy
Therefore, the relative permeability of gas and water in the micropores of a tight
sandstone reservoir can be expressed as follows:
Di—Dy+3 4—Dyy,
K.,=S RCVS — MRCVS (24)
" 2w\ RDi=Dut3 _ prpd—Du
maxS maxS
Rgta;Dm+37R[Dri’Dm +3 ﬁg;D”‘+27RZT7Df+2 ) Rﬁ;;f”‘“ngf’D”’“
K (1- Su) DD, g5 TAAAT I AN T e e | - 25
8 mta;?m+3 :ln;XDgz R4*Dm 7R4*Dm R3*Dm 7R3*Dm 5 RZ*Dm 7R2*Dm ( )
C3 Di—D,+3 — C2 i-D,, C1 ( max45_DmcvS + 4A1/\ max357Dmcrs _ 4A2)\ maxzsiDmch )

Dy—1 1-Dy 7 D=2 1-Dyy D=2
2 tLO 2 tLO APy

1-D
i @ Dt*Dm+3 2 tLO — _ _
where M = 7/ =5 ap, €1 =8 —ap, 2 = gu—ap,— (3 = 3p;-

3. Nanopore Flow Model

Nanopores are widely present in tight sandstone, and due to their hydrophilic na-
ture, film flow is a common pattern in hydrophilic nanopores. This must be considered
in nanopores [27]. In this section, a two-phase gas—water flow model in nanopores is
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established, considering the gas slippage effect, water film thickness, and the high-viscosity
water film layer. The model also considers stress sensitivity and initiation pressure gradient.

3.1. Establishment and Solution of Water Flow Model for Nanopore Characterization Unit

The flow in nanopores is more complex, with more pronounced boundary layer effects.
The contact between the water phase and the solid phase can be divided into a high-
viscosity water phase and a conventional-viscosity water phase [31]. A schematic diagram
of single-phase water flow in hydrophilic nanopores is shown in Figure 4a. It is assumed
that the water phase with conventional viscosity is located away from the pore wall, with a
radius of R, while the high-viscosity water phase is near the pore wall, with a radius of
Rg — R;. A schematic diagram of gas—water two-phase flow in hydrophilic nanopores is
shown in Figure 4b. The gas phase is in the center of the capillary, with a radius of Rg.
Near the gas phase is the conventional-viscosity water phase, with a thickness of Rs — Rz,
and near the pore wall is the high-viscosity water phase, with a thickness of Ry — Rgy-

I Conventional-viscosity water
Il High viscosity water

Gas

B Conventional-viscosity water
Il High viscosity water

(@) (b)

Figure 4. Velocity distribution in nanopores. (a) Velocity distribution of single-phase water in
nanopores. (b) Velocity distribution of gas and water phases in nanopores.

These schematic diagrams illustrate the flow dynamics within hydrophilic nanopores,
considering the boundary layer effects and differences in viscosity near the pore walls,
which are crucial for understanding fluid behavior at the nanometer scale.

The flow of each phase fluid in various regions of a nanotube still satisfies the Hagen—
Poiseuille equation [17]. After applying the boundary conditions, the governing equations
for the conventional-viscosity water phase and the high-viscosity water phase can be
expressed as follows, respectively:

AP 1 AP 1
=—— — R+ Ay, R € [Row,Rs], Voyy = —— ——R*+ Aup, R € [R5, Ryl (2
1w I 4]/‘w1 + Ayl R € { gwr 5]/ 2w I 4]/lw2 + Auw2, R € [ or 0] ( 6)

Under strongly hydrophilic conditions, pwy = 3.25u41 [32]; A is a constant; and the
subscripts wy, w, denote the regular-viscosity water-phase region and the high-viscosity
water-phase region, respectively. If Rgy = 0, it means that single-phase water flow is
occurring in the capillary.

The boundary conditions satisfy velocity continuity, conservation of mass, and a
shear relationship:

Viw |R=r, = Vaw |r=r,
Pt Do g, = }lwzag‘;% |R=R, (27)
Vaw|R=r, =0

Combining Equations (26) and (27), the velocity equations for the conventional-
viscosity water phase and the high-viscosity water phase can be obtained. The initiation
pressure and stress sensitivity in tight gas reservoirs, especially in nanopores, cannot be
ignored. Based on the derivation in the previous section, stress sensitivity is represented by
a power-law relationship that characterizes the relationship between pore radius and pres-
sure as in Equation (2). The water-phase velocity distribution in the conventional-viscosity
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and high-viscosity water-phase regions of nanopores, considering initiation pressure and
stress sensitivity, can be obtained as follows:

AP Rss®> —RZ  Rys? — Rys?
Vi — _ Rs € [Roys, R 2
1w < L gw) ( 4,”101 + 4Vw2 g € [ qwSs (55} ( 8)
AP 1 )
Vao = (L 50 g (Rl — R8). Re € [Ros R 9)

In the above equation, Rss, Rews, Ros, and Rs correspond to the aperture diameters of
Rs, Rgw, Ro, and R under stress sensitivity, respectively, m

By integrating the capillary radius in the respective water-phase regions in
Equations (28) and (29), and considering that the capillary radius and tortuosity follow
fractal theory, the water-phase flow rate formula in nanopores, accounting for initiation
pressure and stress sensitivity, can be obtained as follows:

2 4 4 2 2 2
AP T(Rsc? — Rypps? 7| Ros™ — Rss™ — 2(Ros” — Rys”) Rgws
o = [ ViadA, + / VdeAr=( v gw)( (Res? ~Ryus?)” 7] s’ (30)

L(R) 8w 8w

,3 wS

When there is only single-phase water flow in the capillary, R¢;, = 0, the water-phase
equation can be simplified as

Rss Ros AP, Rss*  m(Rops* — Ryst
Junm = /0 VlwdAR +/R VZzudAR = <w _gw> ( 05 + ( 05 05 ) (31)
S

L (R) 81tw1 81w

For gas—water two-phase flow in hydrophilic tight sandstone pores, it is assumed
that there is a critical capillary radius R.;. When R < R, there is a single-phase water
flow pattern; when R > R,;, the capillary exhibits a “gas core water film” flow pattern [16].
Therefore, the water saturation of the nanopore characterization unit can be expressed

as follows:
n oS mREF(R)AR + n [ 7(RE — R2, o) f(R)dR

s mREf(R)R

Based on the assumption, the volume flow rate of the water phase consists of single-
phase water flow with pore radius R < R and water film flow with pore radius R > R.,. The
water-phase volume flow rate can be derived from Equations (7) to (8) and Equations (30)
to (31). Based on the assumption, the volume flow rate of the water phase consists of

Sw:

(32)

two parts:
R RE-R} Dy—Dy—2
cr$ 55 s~ Rss t—Dm
AP memS (ﬂwl Huw2 )RS dRs
w 2
2 4 pi 2 p2 \R2
21*Dng‘ meaxS (Ras*ngs) I [RS*RJS*Z(RS*RJS)ngs} RD+=Dm-24p
’max S R m- D Rers Hwl Haw2 S S
— dR = TR pax s Pm 33
Qunm =1 g QIunmf(R) R= — 5 . R Rszés N ( )
inS cr ) —Um—
- memS Hwl Huw2 Rg dRs
— 2
2 4 pa 2 p2 \R2
8w +[ max s (R(ss*ngs) I [RS*R(SS*Z(RS*R(SS)ngs} R=Dn—14R
Rers Hwt w2 S s

The above equation represents the water-phase volume flow rate for the nanopore char-
acterization unit, comprehensively considering pore radius tortuosity, initiation pressure
gradient, and stress sensitivity.

3.2. Nanopore Characterization Unit Gas Flow Model and Solution

For gas flow in nanotubes, the fluid still satisfies the Hagen—Poiseuille equation [17],
and the governing equation for the gas phase is

AP 1
Venm =~ 4ng + Ag, R € [0, Rgw] (34)
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e (0,

where subscript ¢ denotes the gas-phase region, and there is single-phase flow when Rgy, = 0.
The boundary conditions satisfy velocity continuity and mass conservation:

avqnm
—0=20
{ k=0 )

Venm |R=Rgw = Viw |[R=Rg + Vgs |R=Rgy

where V; is the slip velocity at the wall, m/s. Since the slip effect of the gas is not negligible
when the Knudsen number is greater than 0.01, the slip boundary condition proposed by
Karnidakis et al. [29] is adopted here. It can characterize gas transport across the entire
range of Knudsen numbers:

A 2—T1
V:
T 1—cA T (

) Vgnm

oR ’anll (36)

where c is the slip coefficient, c = —1, with second-order accuracy; T, is the tangential mo-
mentum coordination coefficient, T, = 1; and A is the mean free path of gas molecules [31].

As discussed in the previous section, there is an initiation pressure gradient at the point
of gas-liquid contact in tight gas reservoirs. Considering stress sensitivity (Equation (2)),
and combining Equations (34), (36), and the boundary condition Equation (35), a new
expression for gas-phase velocity in nano-scale pores can be obtained:

cA Ty L

dpan 4y

20 2—1, AP Rss® —R%,s  Roe? — Rye2
(R2wS + 1— JngS - RSZ> + <7 *gg> ( s + 08 %5 /RS € [0/ ngS] (37)

By integrating the above equation over the corresponding capillary radius regions and
considering the influence of tortuosity, the gas-phase flow rate in a single nanopore can be
obtained:

‘RgzuS APg 7T 4 4N 2— AP 2 APX 2 2
Qgnm = /O VgnmdARs = (m 7gg> % (ngs +to— 1-cA 1 3105) + (L( ) gg) 4%“ (RéS un.S)R ws T (m 8g >4]4 (ROS RJS)ngS (38)

Considering the effect of stress sensitivity and assuming a constant initiation pressure
gradient for the gas phase, capillaries with a radius smaller than R, are primarily single-
phase water flow, while those with a radius larger than R, exhibit gas flow [26]. The
influence of the water film in nanopores cannot be ignored. By integrating Equation (38)
over the capillary radius from R.s to Ryxs, @ new expression for the gas-phase volume
flow rate in a nanopore, considering tortuosity, gas-phase initiation pressure gradient, and
stress sensitivity, can be obtained:

1 4 v R3
AP f max S E (R wS + 1 C}‘ TT ngs) :|R5DtDn12dRS
. Dy 21-D LDt Rers 2 _ 2 2
Q . Rmaxs f(R )dR __ Rm{stm ¢ ¢ = (R‘)S RgLvS>ngS + = Twn (R R )was (39)
onm r Ggnm S S 8 R: .+ 40 2-7y R3 +
crS ~8 f max S Mg gwsS 1-cA 1w “‘gws RiDmildRs
Rer 2 2 2 2 2 \R2 B
s Hwl (Rés - ngS)ngS tn Hao (R RJS)ngS
3.3. Relative Permeability Model
The water saturation of the characterization unit is obtained from Equation (32):
crS Dpy+1 Rmaxs 2 2 —Dm+1
S,=(2-D ijmS Rg dRg + f (R — RZus)Rs dRg )
w— m (R—Dm+2 R—Dm+2)
maxS minS

where K, and Ky, are the effective permeability of the gas and water phases, respectively,
mD; and A is the cross-sectional area of the characterization unit, m3.

According to Equations (20) and (33), the effective permeability of the water and gas
phases of the characterization unit can be obtained, respectively, as follows:
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(41)

Ris | R&-Ris | pDi-Dn-2 m RERfs | p=Du-1
X Swptaot TREZ <Dy AP, S (u at T )Rs dRs s o (s 4 Ks JRP R
w == - ? 2
5A TODT | s [(BeR)” | [RRE-2(R-R)R] oy py2 Lo L N T L % A
! R (Arrm{\ L. T < Rs dRs + [ (ﬁ‘u.ﬁ L s T | Rg™"dRs

Rbn”‘lng} (42)

1 4 4 3
W(RSYKYS+I*L\ T Rus)

,%\ (Rfs - R;T{‘S>R\ ws T T (RZ R s)Rﬁws

Rmaxs
RsD~Dn=2dRg — /
Ln Rers

1 (R 4\ 2-T p3
— Pw)Hgi MRmax g max s I ! e
- (= Se)ugnRyy sD,,,{ AP, /l( [ L (Reys + iy ER R )+
=
Rers

8A 21-Dy D=1
0 Tt <RZ *was>ngs + %(R% R} )szus

When Sy =1 and Rgys = 0, single-phase water flow is found in the nanopore, and the
absolute permeability of the nanopore characterization unit can be obtained as follows:

8w Rmaxs R:%S Ré — R%S —Dpy—1

- <= —02 4 595 |RPmTIIR 43

LO |:‘/Rmin5 < Huwl Hw2 s S ( )
According to Equation (43), the relative permeability of the water phase of the

nanopore characterization unit can be obtained as follows:

S RDm D AP, maxS R4 R4 — R4 _ _
K= —ﬂ‘llwl max5 1" wD 1 / + =SS RSDt D ZdRs
A 8 21-D; LO t Rpni Hwl Huw2

minS

4 4 _pd R4
[Rers (Ros | RsHos ) pDi-Dm=24p ¢ [Rers §s+ RE-R3s\ p-Dm—14
JR I 0 S STHLJR n I S S
K —K K _ S min S wl w2 min S wl w2 S
Rw = KRwer + KRwm = Sw 4 RE_RA R4 RE_R4 + SwX
j Rmaxs 08 L 7S4S RDt’DWl zdRS -G Rmaxs 0S+ S (55 R*DmfldRS
Rmin s f’w] Hw2 S Rmm S Hawl Huw2 S
2
2 2 4 pd o (p2_p2 2 4 pd o p2 2 44
[Rmas (R(ss ngs) +[RS Rjs-2(Rg R&s)ngs} RD1-Dm-2gp ¢, [Rmaxs (R(ss ngs) +[RS Rjs-2(R§- R&s)ngs} R=Dm-1,p (44)
Rers Pl Fw2 S s LJReg Pl w2 S s
I I _ 4 I I _ 4
Rmaxs ( Rss | Rs—Rss \ pDt—Dm—2 Rpaxs [ Rss | RsRss \ p—Dm—1
R dR —-C max 1) 0 R m dR
{ Rmin s Pl + P2 S s 1 Rmins Pl + w2 S s

where C1 = ngl’D t Lé) =1y (APyLy); and Kgyper and Ky, respectively, represent the water-
phase seepage contributed by pores with a radius smaller than R, and by pores with a
radius larger than R.

According to Equations (42) and (43), the relative permeability of the gas phase of the
nanopore characterization unit can be obtained:

Dy—Dm—2 D1
Kge = (1= S) Hgi ZfR;:\;XS[ ( s T rTvREwS)}RS T dRs—Cs fR[,naXS[ﬂg (ngs+1i\ " szs)}Rs "7 dRs
8 Han [ijaXS( 5 +R§ os)R? ~Dm— ZdRs} C1|:/Rmax5 <$+R%7R§S)RSDHI 1dR5]

Rmins \ Hwl Ha2 minS \ Fwl a2

(45)

G maxS[ 2 (Ras R2

2 2 2 p2 Dy—Dm—2 Rmaxs [ _2 2 _p2 2 2 2 2 —D,,,—l
Rys Pl gzuS)RgzuS+;4 2 (RS RJS)ngS}RS dRS C3 ["wl (RJS ngS)ngSJ'_pwz (RS R )ngs} S dRS

Rers
R:. RA-R4 Dy —Dpy—2 Ré,  RI-RS
‘max S 08 558 \RTPMT2 R | —C max S 4 S7%S \R:Pm-14R
|:memS (zAer w2 ) g ! memS P s s

where Cy = APy /APy, C3 = gg2 " PILY 1/ (APyLy).

3.4. Relative Permeability Model Validation

Although this study presents flow rates characterized by pore units of different scales,
accurately measuring microscopic flow in both nanopores and micropores remains chal-
lenging. From a theoretical perspective and based on the derivation process, flow rate and
relative permeability are closely related. Therefore, the derived two-phase flow relative
permeability is used for model validation.

This section first compares the established micropore and nanopore relative perme-
ability models with experimental and simulated gas—water relative permeability data
from various sources. This comparison aims to verify the reliability of the micropore and
nanopore relative permeability models.

The fractal dimension of the pore size distribution (D,;) and the fractal dimension of
the tortuosity (Dy) are obtained from Equations (5) and (9). Some parameter values can be
obtained based on experimental results. In the absence of experimental conditions, they can
also be derived from previous research findings. The basis for gathering key parameters is
elaborated as follows:

(D Experimental Data and Previous Research: The values of key parameters such as
pore radius, viscosity, and slip coefficients are derived from experimental studies and vali-
dated research findings. For example, the molecular diameter of methane (4.14 x 10~% m)
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and the viscosities of gas and water phases (1.001 x 10~° Pa-s and 1.2053 Pa-s, respectively)
are consistent with the values reported in the literature [31,32].

@ Fractal Theory and Permeability Models: Parameters related to pore structure, such
as the fractal dimension (D;) and tortuosity, are based on fractal theory, which effectively
characterizes the complex geometry of pore networks in tight sandstone. These parameters
are calculated using equations derived from fractal geometry [23,24].

(® Stress Sensitivity and Initiation Pressure Gradient: The stress sensitivity coefficients
(Ps and k;) and initiation pressure gradients (0.005 MPa/m for water and 0.0002 MPa/m
for gas) are selected based on stress experiments on tight reservoirs and the specific charac-
teristics of fluid flow in nano- and micro-scale pores [20]. These parameters are critical for
accurately representing the non-Darcy flow behavior observed in tight reservoirs.

(® Slip Effects: The slip coefficients (A; = 4/3 and A = 1/4) are taken from well-
established slip models applicable to gas flow in nano- and micropores [29]. These coeffi-
cients are crucial for modeling enhanced gas flow due to slip effects at low pressures.

(® Capillary Forces and Water Film Thickness: The influence of capillary forces and
water film thickness is incorporated using experimentally measured values of water film
thickness (1 to 20 nm) and critical capillary radius, which are crucial for understanding
fluid flow in hydrophilic nanopores [27].

The relevant calculation parameters are shown in Table 1.

Table 1. Calculation parameter information.

Parameter Symbol Unit Value
Boltzmann constant ky, J/K 1.3806505 x 10~23
Molecular diameter of methane d m 414 x 107°
Experimental temperature T K 400.15
Experimental pressure Poye MPa 0.16
First-order slip coefficient A Dimensionless 1.33
Second-order slip coefficient Ay Dimensionless 0.25
Characteristic length of water molecule Aw m 1.50 x 1072
Gas viscosity at standard conditions Hgi Pa-s 1.001 x 1072
Bulk water viscosity Hawl Pa-s 1.2053
High-viscosity-region water viscosity Huw2 Pas 3.8547
Universal gas constant R J/(mol.K) 8.314462
Molar mass of methane M Kg/mol 1.6 x 1072
Absolute temperature T K 298.15
Rarefied gas effect fitting constant X1 Dimensionless 4
Universal slip coefficient c Dimensionless -1
Rarefied gas effect coefficient at Kn— oo Xo Dimensionless 1.19
Critical temperature of methane T, K 190.6
Critical pressure of methane P. MPa 4.6
Real gas effect fitting constant Ag Dimensionless 7.9
Real gas effect fitting constant A Dimensionless 9.00 x 10~
Real gas effect fitting constant A3z Dimensionless 0.28
Porosity stress sensitivity coefficient D Dimensionless 0.01
Permeability stress sensitivity coefficient ks Dimensionless 0.855
Water-phase starting pressure gradient Sw MPa/m 0.005
Gas-phase starting pressure gradient 8¢ MPa/m 0.0002
Atmospheric pressure p; MPa 0.1

The relative permeability model for micron-sized pores established in this study is

validated by comparing the relative permeability curves obtained from the model with
gas—water relative permeability results obtained from existing studies in the literature,
derived through experiments and simulations, as shown in Figure 5.
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Figure 5. Comparison of gas—water relative permeability curves for micropore models with experi-
mental results and other analytical models.

Jerauld and Salter [33] tested the relative permeability of Berea sandstone, which has a
porosity of 0.24 and a high hydrophilic quartz content of 80%. We found that our model’s
results align closely with their experimental data, especially at low water saturations. This
improved fit is due to our consideration of gas slippage effects and stress sensitivity, which
were not accounted for in their model.

Piquemal [34] used a direct method to process experimental data and obtain gas-water
relative permeability. Similarly, our model validates well against Piquemal’s experimental
data [34], demonstrating the robustness of our approach in capturing the intricate gas—-water
flow dynamics in tight sandstone.

Satik [35] and Mahiya [36] employed a steady-state method combined with an
X-ray CT scanner to obtain relative permeability curves for steam and liquid water. Their
experiments were conducted on Berea sandstone cores, with a maximum experimental
pressure of 27 psi. Our model shows a strong correlation with the results from Satik [34]
and Mahiya [36], particularly in capturing the steam—water flow characteristics, due to our
comprehensive consideration of gas slippage and stress sensitivity.

Xu et al. [25] established an analytical model for assessing gas—water relative perme-
ability in conventional porous media using fractal theory, but their model did not consider
gas slippage, water film, and multi-layer adsorption effects. As shown in Figure 5, the
model established in this paper closely matches experimental data from different references
and provides a better fit than the model by Xu et al. [25]. This is primarily because their
model did not account for gas slippage effects, resulting in significant errors at low water
saturation levels.

This comparative analysis indicates that the micron-sized pore relative permeability
model constructed in this paper aligns well with experimental data, especially at low water
saturation levels. Compared to Xu et al.’s model [25], this study considers more influencing
factors, resulting in more accurate predictions of gas-phase relative permeability.

Yassin et al. [37] measured the gas relative permeability curves for a tight gas reservoir
with a porosity of 0.043. Using a centrifuge, they desaturated initially fully water-saturated
samples to achieve different water saturations. The samples were then subjected to 2000 psi
confining pressure and 1000 psi pore pressure at room temperature, and gas relative per-
meability at different saturations was obtained using a pulse decay permeameter. Multiple
tests were conducted to determine the gas relative permeability at various water satu-
rations. The irreducible water saturation S;,0 was assumed to be the immobile part of
the rock framework, and normalized water saturation Sy, = (S — Sypo)/(1 — Syo) wWas
used for processing and validation. The gas-phase relative permeability curve obtained
from the nanometer-scale pore relative permeability model established in this study was
compared with Yassin et al.’s [37] results, as shown in Figure 6. The results calculated using
Equation (45) show relatively good agreement with the experimental results.
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Figure 6. Comparison of gas relative permeability for nanopore model with experimental results
(normalized) [37].

The validation above indicates that the model proposed in this paper can reason-
ably describe the complex gas—water two-phase flow characteristics in tight gas reservoirs
with micro-scale and nano-scale pores. However, due to the limited experimental valida-
tion points for nanopores, the model’s reliability will be further studied as experimental
conditions are optimized in future research.

The key differences and advantages of our model include the incorporation of gas
slippage effects and stress sensitivity, the integration of fractal theory, and a comprehensive
approach that includes initiation pressure gradients, water film mechanisms, and pore
tortuosity. These considerations result in more accurate predictions of gas-phase relative
permeability and better alignment with experimental data.

4. Tight Gas Reservoir Productivity Study

The use of massive hydraulic fracturing techniques near horizontal wells to create a
complex fracture network can improve the fluid flow properties in the vicinity of the well-
bore, making it an effective method for enhancing the development of tight gas reservoirs.

4.1. Physical Modeling and Assumptions for Fractured Horizontal Wells

For tight gas reservoirs that have undergone hydraulic fracturing in horizontal wells,
the reservoir structure is divided into three parts: main fractures, fracture networks, and
the matrix. In response to the characteristics of reservoir structures formed after massive
hydraulic fracturing in horizontal wells, this study proposes a composite flow model aimed
at accurately predicting and analyzing the productivity of tight gas reservoirs. This model
fully considers the complex fracture network structure formed around horizontal wells
through massive fracturing.

Establishing a composite flow model for low-permeability tight gas reservoirs requires
subdividing the area. One-quarter of the control area of a single fracture is taken as the
research object and divided into three main regions: the main fracture area (Region I), the
fractured network stimulated area (Region II), and the unstimulated area (Region III) (see
Figure 7).

@ Fracture Area (Region I): Fluid flows linearly along the fracture into the horizon-
tal well.

@ Fracture Network Stimulated Area (Region II): Serving as a dual-porosity medium
superimposed with matrix and fracture networks, fractures are unevenly distributed along
the horizontal direction, with their density decreasing with distance. Fluid mainly flows
into the main fracture along the y-axis direction.

® Unstimulated Area (Region III): The outer periphery of the reservoir, where fluid
converges through the tips of fractures into the main fracture, exhibiting non-Darcy flow.
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Figure 7. Composite seepage model of non-uniform fracture network structure in fractured horizontal
wells. (The red arrow points to an enlarged view of the localized 1/4 area.)

The model is applicable for evaluating the productivity of water-bearing tight gas
reservoirs, which often develop micro- and nanopores of different scales. In tight gas
reservoirs with high water saturation, gas and water coexist in the pores without mass
transfer between them. The model assumptions are as follows:

(@ The reservoir is horizontally distributed, homogeneous, and of uniform thickness;

@ The fluid within the reservoir and fractures is assumed to be single-phase fluid,
isothermal, and under a steady-state flow, with gravity and capillary forces being neglected;

(® The water phase in the gas reservoir can flow continuously, exhibiting gas—water
two-phase flow, without considering miscible flow;

(® Region Il is considered a complex reservoir with a fractal dimension D, representing
the complex distribution of the fracture network in Euclidean space;

(® The pressure loss along the horizontal wellbore is assumed to be negligible; the
model will consider the pressure sensitivity of fractures and the effect of the initiation
pressure gradient;

(® The artificial fractures are perpendicular to the horizontal wellbore, and all fracture
lengths are equal;

@ The horizontal well produces flow at a fixed bottom-hole pressure, with the hor-
izontal segment located in the center of the reservoir: gas flows from the unmodified
boundary area into the fracture network area, and then from the fracture network area into
the main fracture.

Limitations and Assumptions of This Study

However, to simplify the model and computations, several assumptions have been
made, which inherently introduce certain limitations.

(O We assume that the reservoir is horizontally distributed, homogeneous, and of
uniform thickness. This assumption might not fully reflect the actual heterogeneity of the
reservoir, which can significantly affect fluid flow dynamics. Variations in rock properties
and pore structures are not accounted for, potentially leading to discrepancies between the
model predictions and actual field performance.

@ The fluid within the reservoir and fractures is considered to be single-phase fluid,
isothermal, and under a steady-state flow, with gravity and capillary forces being neglected.
In reality, temperature variations and transient flow conditions can influence fluid prop-
erties and behavior. Neglecting gravity and capillary forces may oversimplify the flow
dynamics, particularly in regions where capillary pressure effects are substantial.
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(® The model assumes continuous gas-water two-phase flow without considering
miscible flow. This simplification might overlook the interactions between gas and water
phases, which can impact relative permeability and flow behavior. The complexity of
the fracture network is modeled using a fractal dimension representing its complexity in
Euclidean space. While this captures some aspects of fracture complexity, it might not fully
represent the actual heterogeneity and connectivity of natural fracture networks.

(® The pressure sensitivity of fractures and the effect of the initiation pressure gradient
are considered, but with the assumption that these gradients are constant. This may not
reflect real field conditions, where initiation pressure gradients can vary with reservoir
pressure and fluid properties. The artificial fractures are assumed to be perpendicular to
the horizontal wellbore and of equal length. In practice, variations in hydraulic fractures
can significantly influence flow patterns and productivity, which our model may not
fully capture.

4.2. Productivity Model of Tight Gas Reservoirs
4.2.1. Constraint Conditions

When gas and water flow in the pores, they form a specific interface shape, such as
a crescent shape. The pressure difference between the two sides of the interface is the
capillary force, expressed as follows:

Pc = Pog — Pow (46)

4.2.2. Gas Productivity Model
(1) Region III
Regarding gas and water flowing together, an apparent permeability model has
previously been established for the unstimulated zone, considering slip effects (Knud-
sen diffusion), stress sensitivity (the effect of effective stress on permeability), and the
mechanism of water presence at the micrometer—-nanometer scale. Therefore, the average
apparent permeability of gas in the matrix pores in the unreformed boundary zone can be
obtained [38]:
D, (RS — hsw

2
- 5 ) (1+aKn) (1 + 4Kn) 47)

ko =
3 1+Kn

The relationship between absolute permeability and pore radius can be expressed as
follows [39]:

K(p) = £DR 8)

Since it is a gas—water two-phase flow, introducing relative permeability gives

_ Rg — hsy)? 4Kn
k3g - klgklrg( > R% (5w) (1 + 0(K1/l) (1 + 1+ Kn) (49)

In the previous sections, relative permeability models for gas in micropores and
nanopores were established. To integrate nanopores and micropores and reasonably char-
acterize the overall relative permeability, the concept of nanopore percentage is introduced.
Let the nanopore percentage be denoted by x; then, the micropore percentage is . Com-
bining the relative permeability equations for gas in different pore sizes (Equations (45)
and (25)) gives

Kirg = Xrg—nm + (1= X)krg—yom (50)

where kyonm is the nano-scale gas relative permeability, which can be obtained from
Equation (45); kyg-um is the nano-scale gas relative permeability, which can be obtained
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using Equation (25). Combining Equations (49) and (50), the permeability of the gas phase
in the unstimulated area is obtained as follows:

— Rs — hs,)? 4Kn
ksg = kig [krg—mm + (1= X)krg—um] (SRE‘S“’)(l + aKn) <1 + ) (51)

1+ Kn
For the two-phase flow of gas and water, the gas-phase pressure in Region III can be
expressed as

m; — mOg 2r
m3g = Mog +

——=_In— 2
In(2x, /w) T 2)
The corresponding gas productivity in Region III is
n@Tsch [m; — mog — G*(xe —w/2)]
q3g = (53)
PscTIn(2x/w)
Simplifying the pseudo-pressure in Region III gives
2 2
P, _
m3g:2 3¢ Pi;dp ~ p3g7pw (54)
rw Mg HgZ
Substituting Equation (55) into Equation (54), we obtain
PP —Pog  pogG w 2x
- g e
J3g = TTkagTsch | ———5 — =28 (x, — = ]/[psmr«)] (55)
¢ ¢ pugZ HgZ ( 2 ) w
_ pscTIn(2x, /) _ P%_Pa PogG _w
If we assume that O3, S gl then g3, = < 7 8 Hgiz (xe 3")) /Q3g.
(2) Region II

Fractal theory is also introduced to describe the complexity of the fracture network.
Therefore, the corrected gas permeability in the fracture network stimulated area is

D—-2-6
e 3mc peD d
= = onetmi—Tag) 4 pY (1 8P V(14 2
k2g k2rg <w/2> (asw 2g€ 8+ ) < + 16k2g 7m2g + 7m2g (56)

For the two-phase flow of gas and water, the expression for gas-phase pressure in
Region Il based on the mathematical model can be obtained as

m; — (Mg + mog) /2
Mg = m; + i ( w Og) (x3+9—D o xe3+9—D)
x,3H0-D — (w/2)3+9_D

(57)
The corresponding Region II gas productivity expression is

g Ty (3-+0— D) i — (g + ) /2] N
25 = 2 PscT w x \3t0-P (58)
7 [(w/z) - 1}

Simplifying the pseudo-pressure for Region II gives

2 2

. N

mag =2 [ " %d 2 % (59)
pw Mg Hg

Substituting Equation (59) into Equation (58), we obtain
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_ kog Tucygh p2—p% 1Pt pog wl|( x 3P
28 = 3 pT (3+6-D) iz 2\ gz 5 (w/Z) -1 (60)

3+6-D 2
_ PscT
Rw/z) 1} FnTeyh(aro-D) hen

=
53

If we assume that =

2 4.2
_ (P 1 ratr a
q2g ( 1gZ 2 < UeZ 28

(3) Region I

The relative permeability of the gas phase will affect productivity, and the water
saturation will also affect the stress sensitivity. Therefore, the permeability of the gas phase
in the main fracture zone needs to be corrected:

— e 3¢ ueD d
Kig = kg (aSwkget ™" 75) 4 b) (1 16k y,;i;) (1 ' ”“g) o

NI

where ki, is the relative permeability of the gas phase in the main fracture area, dimen-
sionless. For gas—water two-phase flow, the seepage mathematical model is

aamlg 0
Y (62)
mlg’y:yf = Mog, Migly—0 = M
The pressure expression for the gas at the end of the main fracture is
Mg — My
g w Vs y
The gas productivity for Region I is
qig = TSCEZUh(mOg - mw) /4pscT]/f (64)
Simplifying the pseudo-pressure for Region I gives
P p Pl — Pl
w
mg =2 "y~ S (63)
pgZ

Substituting Equation (65) into Equation (64), we obtain

. TsckngUh pOg pw (66)
T Ty, ez

If we assume that (g = 4psc Ty s/ (Tscgwh), then g1, = (p%g - pﬁj) /g

4.2.3. Gas Productivity of Multi-Stage Fracturing Horizontal Well

In the hydraulic fracturing horizontal well model of tight gas reservoirs, the flow in
the main fracture includes two parts: Region III and Region II. Therefore, the gas flow rate
formula is

J1g = q2g + 43¢ (67)

Substituting each region’s gas productivity into Equation (67), we obtain

2 2 2, 2
Pi—Pog _ PogGg (x _ y) pi-pu _ 1 ( PutPy ) )
HgZ HeZ \° 2 nZ 2\ HgZ ~ Pog — Pw

+ =
Q3¢ (g Mg

(68)
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The pressure expression for the gas at the end of the main fracture is

1 w w2
= — | — _ — 2 _— —
pog =57 | B <xe 2) + \/ B (xg . ) 4AC (69)
‘lng — GS’ ”?Z pl l 5pw 2
where A = o, T qu + 03QI B =5, ,C= o Ty, Q3g

The equation for the gas-phase flow rate in Region I can thus be obtained. Since the
fluid in Region I eventually converges into the horizontal wellbore, the expression for the
gas production of a single fractured horizontal well is

2
~Po / o (70)

2 2
P 0g Pw 1 w 2 w 2
R R —B(x.— 5 ) +1/B2 (%~ 3 ) —4AC
The distribution of the main fractures in a segmented multi-stage fractured horizontal
well is shown in Figure 8. According to their positions in the horizontal wellbore, the
main fractures can be divided into end fractures, fractures at the ends of segments, and
intra-cluster fractures.

Xp Xq/2
Figure 8. Schematic diagram of fracture placement in a segmented fracturing horizontal well.

Let x, be the distance between fractures and segment boundary; x;, be the spacing
between segments; and x. be the inter-cluster spacing. Considering the horizontal well is
divided into n fracturing segments, each containing m fracturing clusters, the total number
of main fractures is Nr = m x n. When calculating the contribution of a single fracture to
production, x, represents half of the spacing between the main fractures. Therefore, the
total production of the entire fractured horizontal well can be calculated by replacing the
fracture spacing with the appropriate fracture spacing. The formula for this is as follows:

Q =n(m—1)gqe(xc) + (1 — 1)qe(xp) + qg(xa) (71)

4.2.4. Model Validation and Analysis of Influencing Factors

(1) Case verification

The selected gas reservoir, named gas reservoir A, is a thick sandstone layer formed
by braided river channel deposition, with a relatively uniform sand body distribution.
The reservoir’s initial water saturation is approximately 35%. Two horizontal wells, HW1
and HW2, in gas reservoir A are the focus of this study. These wells are considered low-
permeability tight gas wells and are both complete with perforation. HW1 and HW2
have five and six vertical hydraulic fractures, respectively. The boundary pressures of the
two wells are 27.1 MPa and 20.1 MPa, respectively. The horizontal wellbore lengths are
510 m and 710 m, respectively. The original permeability of the formation is K = 0.09 mD,
the half-length of the hydraulic fractures is L = 100 m, the fracture width is w = 0.005 m,
and the radius of the horizontal wellbore is 0.1 m. The thickness of the gas reservoir at HW1
and HW2 is 43 m and 37 m, respectively. The formation temperature is 360K. The stress
sensitivity index for both wells is 0.01 MPa~!, and the slip factor is 0.5. In terms of fluid
physical properties, the relative density of the gas is 0.78, and the starting pressure gradients
of the gas phase and water phase are 0.0006 MPa/m and 0.003 MPa/m, respectively. The
viscosities of the gas phase and water phase are 0.04 mPa-s and 0.7 mPa-s, respectively.
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Based on the parameters detailed above, the derived equations and programming are
applied to calculate the pseudo-pressure, and then the daily gas production of the fractured
horizontal well can be obtained. By comparing the calculated daily gas production under
different bottom-hole pressure conditions with the actual production data, it is found
that (see Table 2) the average errors for the HW1 and HW2 wells are both less than 10%,
which indicates that the tight gas reservoir fractured horizontal well productivity model
established in this paper is applicable.

Table 2. Comparison between actual production and model-predicted production.

Well Wellbore Pressure  Model Prediction Measured Data Inaccuracies Average Error
Name (MPa) (10* m3/d) (10* m3/d) (%) (%)
23.5 3.81 3.45 9.45
22.6 4.47 412 7.83
HW1 214 5.48 493 10.04 872
20.7 6.21 5.74 7.57
17 2.57 2.34 8.95
16 3.02 2.75 8.94
HW2 15 3.63 332 8.54 912
14 4.18 3.76 10.05

(2) Analysis of influencing factors

Analyzing the factors affecting the productivity of gas—-water two-phase flow in low-
permeability fractured horizontal wells based on actual data is important for the devel-
opment of strategies and for gas field management. Here, the focus is on considering the
effects of two-phase flow micro— and nano-scale effects, the water—gas volume ratio, initial
water saturation, two-phase flow initiation pressure gradient (G, and Gy), capillary force,
and different drainage capabilities.

In tight gas reservoirs, when considering micro— and nano-scale effects compared
to not considering them, the maximum unobstructed flow rate increases by about 2%
(see Figure 9). This increase is mainly due to the slip effect in micro— and nano-scale
effects, which increases the reservoir’s apparent permeability, leading to an increase in
production capacity. The slip effect influences the interaction between gas molecules
and pore walls at the micrometer-nanometer scale, reducing the resistance to fluid flow,
thereby effectively improving the flow performance and the efficiency of gas production.
Additionally, capillary effects and adsorption effects may make gas molecules more prone
to flow, reducing flow resistance and increasing gas production capacity. Therefore, in the
development of tight gas reservoirs, not considering micro— and nano-scale effects will
underestimate the production capacity of tight gas reservoirs.

25 .
no micro-nano effect

20 consider micro-nano effect

15

Pwi(MPa)

10

0 3 6 9 12 15
qy(10°m3/d)

Figure 9. IPR curves of gas wells under the influence of micro— and nano-scale effects.

Figure 10 analyzes the significant impact of initial water saturation on the IPR curve
and productivity of gas wells in tight gas reservoirs. As the water saturation increases, the
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IPR curve of the gas well shifts to the left, and the production of the gas well decreases. This
is mainly because high water saturation reduces the gas saturation that can be produced
in the reservoir, while increasing the resistance of gas flow to the wellbore. High water
saturation can also lead to water locking, further reducing the production efficiency of the
gas well. When water locking occurs, the water in the reservoir hinders the flow of gas,

causing an increase in bottom-hole pressure and reducing the effective productivity of the
gas well.

—o— Swi=0.65
Swi=0.55
—a— Swi=0.45
Swi=0.35

pwi(MPa)

6 9 12 15
G(104m3/d)

Figure 10. IPR curves of gas wells under different initial water saturations.

Figure 10 illustrates how varying levels of initial water saturation can impact the Inflow
Performance Relationship (IPR) curves. Higher initial water saturation leads to a leftward
shift of the IPR curve, indicating decreased productivity due to increased water-blocking
effects and reduced gas mobility.

Figure 11 shows the impact of the gas and water initiation pressure gradients on the
IPR curve in gas-water two-phase flow. As the initiation pressure gradients of the gas and
water increase, the IPR curve of the gas well shifts to the left, reducing productivity. In the
gas—water two-phase flow of tight gas reservoirs, due to the narrow pore throats, both gas
and water phases have initiation pressure gradients. These gradients affect the productivity
of the gas well. Lower initiation pressure gradients for both the gas phase and the water
phase mean that fluid flow can be achieved with a smaller pressure differential, which is
beneficial for improving the gas well’s production.

I —— Gg=0.0007,Gw=0.005
20 ~ Gg=0.0005,Gw=0.004

A\ —— Gg=0.0003,Gw=0.003
\ Gg=0.0001,Gw=0.001

10 \
N\

N\

0 \
0 3 6 9 12 15
G,(104m3/d)

-
wn

Pwi(MPa)

wn

Figure 11. IPR curves of gas wells under different initiation pressure gradients.

Figure 11 shows the influence of gas and water initiation pressure gradients on the IPR
curves in gas—water two-phase flow. Higher initiation pressure gradients for both phases
cause a leftward shift of the IPR curve, resulting in reduced productivity.

Figure 12 depicts how varying capillary pressures affect gas well productivity. In-
creased capillary force introduces greater resistance to fluid flow within the pores, reducing
gas mobility and causing a leftward shift in the IPR curve, thereby decreasing gas well
production capacity.
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Figure 12. IPR curves of gas wells under different capillary forces.

Figure 13 explores the impact of fracture conductivity on the gas well IPR curve. As the
conductivity increases, the IPR curve of the gas well shifts to the right. This shift indicates
that at the same reservoir pressure, the gas well can achieve higher production. The reason
for this is that higher conductivity reduces the resistance of fluid flow from the reservoir to
the wellbore, enhancing fluid mobility and thus improving the production efficiency and
output of the gas well.

25
—o— WF*Kf=60m-mD
20 T~ Wf*Kf=100m-mD

\A —i— W*Kf=140m-mD

g 15 WF*Kf=180m-mD
2
£ 10
5 \
0 \
o 3 6 9 12 15

G5(10°m3/d)
Figure 13. IPR curves of gas wells under different levels of fracture conductivity.

Figure 13 examines the effect of fracture conductivity on the IPR curves. Higher
fracture conductivity results in a rightward shift of the IPR curve, indicating enhanced
productivity due to improved fluid flow from the reservoir to the wellbore, thus increasing
the gas well’s production efficiency.

5. Conclusions and Recommendations

This study successfully develops a comprehensive productivity model that incor-
porates micro— and nano-scale effects for predicting the productivity of water-bearing
tight gas reservoirs. The results of this study have significant implications for the oil
and gas industry. By incorporating micro— and nano-scale effects, the model more accu-
rately captures the complex gas—water two-phase flow mechanisms in tight gas reservoirs,
thereby providing reliable theoretical support and production forecasts crucial for effective
reservoir development:

(1) Enhanced Understanding of Flow Mechanisms: By using pore-scale micro-percolation
and fractal theory, this study establishes detailed flow rate and relative permeability models for
gas—water two-phase flow in micron-scale pores of tight sandstone gas reservoirs. These mod-
els incorporate factors such as pore tortuosity, initiation pressure gradients, stress sensitivity,
and gas slippage, effectively describing the gas—water flow dynamics in micropores.

(2) Nano-Scale Flow Dynamics: This study also develops flow rate and relative per-
meability models for gas—water flow in nanopores, considering high-viscosity water films,
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gas slippage, stress sensitivity, and initiation pressure gradients. This enhances our under-
standing of gas—water interactions at the nanometer scale, which is critical for accurately
predicting flow behavior in tight sandstone gas reservoirs.

(3) Three-Region Composite Model: A sophisticated three-region composite gas—
water two-phase flow productivity model is presented, which includes unstimulated
areas, fracture network stimulated areas, and main fracture areas. This model integrates the
impacts of micro-scale and nano-scale phenomena, such as slippage effects, stress sensitivity,
and water saturation, providing a more realistic representation of the reservoir conditions.

(4) Field Validation and Practical Implications: The model’s predictions are validated
against actual production data, demonstrating its reliability. This analysis highlights
that neglecting micro— and nano-scale effects can lead to underestimation of reservoir
productivity. Incorporating these effects can increase the maximum open flow rate by
approximately 2%. Additionally, factors like initial water saturation, initiation pressure
gradients for two-phase flow, and capillary forces are found to negatively impact gas well
productivity, whereas higher fracture conductivity enhances productivity.

(5) Optimization of Hydraulic Fracturing: The developed model aids in optimizing
hydraulic fracturing designs, improving development efficiency, and reducing operational
costs. By understanding the various factors influencing productivity, engineers can better
manage and optimize gas wells, thereby enhancing production performance and extending
well life.

(6) Broader Industrial Application: This study provides essential technical support
for the efficient development and utilization of unconventional natural gas resources,
addressing the growing global energy demand and showcasing significant prospects for
industrial application.

Temperature variations significantly impact fluid properties such as viscosity and
density, thereby affecting flow behavior. Higher temperatures typically decrease fluid
viscosity, enhancing flow rates. Although we have assumed isothermal conditions for
simplicity in this paper, future work should incorporate a temperature-dependent viscosity
model to capture these effects more accurately. Gravity influences fluid distribution,
particularly in vertically extensive reservoirs, by affecting capillary pressure and phase
segregation. Although our model neglects gravity for simplicity, its inclusion is crucial for
accurately predicting fluid flow in such reservoirs. Future model enhancements should
consider gravity to address vertical flow dynamics. The diameter of the pipe or pore
throats directly influences flow rates according to the Hagen—Poiseuille equation, with
smaller diameters resulting in higher resistance and lower flow rates. Our model includes
pore diameter as a variable, but a more detailed analysis of pore size distribution could
enhance its prediction accuracy. Surface roughness [40] increases frictional resistance,
reducing flow rates, and influences gas slippage effects, particularly at the nanometer scale.
Our model currently assumes smooth pore walls, simplifying calculations but potentially
underestimating flow resistance. Including roughness in future models will provide a more
realistic representation of fluid flow in tight gas reservoirs.

These factors—temperature, gravity, pipe diameter, and roughness—play significant
roles in determining fluid flow behavior in porous media. While our current model
simplifies these effects to focus on other critical mechanisms, we recognize their importance
and suggest that future researchers incorporate these parameters in order to improve the
accuracy and applicability of predictive models for tight gas reservoirs.

6. Discussion

(1) The Scientific and Industrial Background

The obtained results significantly advance our understanding of gas-water two-phase
flow dynamics in tight gas reservoirs. By incorporating micro— and nano-scale effects,
including gas slippage, threshold pressure gradients, and stress sensitivity, our model
provides a more accurate representation of fluid behavior in unconventional reservoirs.
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This scientific advancement is crucial for developing more reliable predictions of reservoir
productivity, which has been a persistent challenge in the field of petroleum engineering.

From an industrial perspective, the accurate prediction of gas well productivity is es-
sential for optimizing strategies for the development of tight gas reservoirs. The integration
of micro— and nano-scale effects into productivity models enables more precise forecasting,
thereby reducing the economic risks associated with drilling and production operations.
This is particularly relevant in the context of hydraulic fracturing, where understanding
the interplay between fracture networks and fluid flow can lead to more efficient extraction
processes, reduced environmental impact, and improved recovery rates.

(2) Other Applications

While our study focuses on the petroleum industry, the methodologies developed
could potentially be adapted for use in other industries where fluid dynamics in porous
media are critical. For instance, the principles of relative permeability and micro— and nano-
scale effects might be applied to enhance the understanding of fluid transport in geothermal
reservoirs, in carbon sequestration projects, and even in groundwater hydrology. However,
these applications would require further specific research tailored to the unique conditions
of each field.

(3) Strengths and Weaknesses

The introduced model excels in integrating micro— and nano-scale effects, such as gas
slippage, threshold pressure gradients, and stress sensitivity, which are crucial for accu-
rately predicting fluid flow in tight gas reservoirs. By applying fractal theory to describe
complex pore structures and fracture networks, the model effectively simulates real-world
conditions, providing a realistic representation of reservoir heterogeneity. Furthermore,
the model’s validation against actual field data demonstrates its reliability and practi-
cal applicability, offering an enhanced understanding of multi-phase flow dynamics and
contributing to more accurate productivity predictions.

Despite its strengths, this model relies on several assumptions and simplifications,
such as homogeneous reservoir conditions and isothermal fluid flow, which may not fully
capture the complexity of all reservoir environments. Additionally, experimental validation
for nanopore behaviors is limited, and certain physical phenomena, such as chemical inter-
actions and long-term reservoir compaction effects, are not considered. These limitations
may affect the model’s accuracy and applicability in more diverse geological formations or
over extended periods, highlighting the need for further research and refinement.

7. Workflow Diagram

Step 1. Data Collection and Parameter Selection

@ Collect Experimental Data: Gather data from laboratory experiments and field
measurements. (2) Select Parameters Based on Theoretical Models: Use well-established
theoretical models to choose appropriate parameters.

Step 2. Model Formulation

@ Develop Flow Rate Models: Create models to calculate the flow rate of fluids in the
capillary. @ Develop Relative Permeability Models: Formulate models to determine the
relative permeability of gas and water phases.

Step 3. Incorporation of Micro— and Nano-Scale Effects

(@ Integrate Slip Effects: Consider the slip flow phenomenon in micro- and nanopores.
@ Include Initiation Pressure Gradients: Factor in the pressure required to initiate fluid
flow in tight gas reservoirs. () Consider Stress Sensitivity: Account for the changes in pore
structure and permeability caused by stress.

Step 4. Validation

( Validate with Field Data: Compare model predictions with actual field data. @) Com-
pare with Experimental Results: Ensure that model results are consistent with laboratory
experiments.

Step 5. Analysis of Influencing Factors
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Symbol
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P

Juwmu
w

8w

Rs

Py

Pq
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ks
Vw

(D Analyze Initial Water Saturation: Study the impact of the initial water content in the
reservoir on gas productivity. () Evaluate Capillary Forces: Assess the effect of capillary
pressure on fluid flow in the reservoir. 3) Assess Fracture Conductivity: Examine how the
ability of fractures to transmit fluids influences overall productivity.

Step 6. Application

(@ Predict the Productivity of Tight Gas Reservoirs: Use the model to forecast the
productivity of reservoirs. @) Optimize Hydraulic Fracturing Designs: Apply insights from
the model to enhance fracturing techniques and improve efficiency.

Author Contributions: The research outlined herein benefited from the combined efforts of F.C. and
Y.D. in its conceptualization; from the efforts of F.C. in the methodology, software usage, validation
(alongside Y.D. and K.W.), formal analysis, investigation, resource gathering, and data management;
and from F.C.’s contributions to the original draft, review, and visualization of the manuscript, all
under the supervision and project management of Y.D. All authors have read and agreed to the
published version of the manuscript.

Funding: This research received no external funding.

Data Availability Statement: Data will be made available on request.

Conflicts of Interest: Author Kun Wang was employed by the company Shenzhen Branch of CNOOC
Limited. The remaining authors declare that the research was conducted in the absence of any
commercial or financial relationships that could be construed as a potential conflict of interest.

Nomenclature

Description
Cross-sectional area of the capillary;

Pressure difference between the
two ends of the capillary;

Length of the capillary;

Fluid flow rate in the capillary;
Radial distance from the center
of the capillary to any point;

Radius of the capillary;

Viscosity of the fluid;

Pressure;

Micropore water-phase velocity;
Subscripts refer to the water phase;
Initiation pressure gradient

of the water phase;

Pore diameter at a given

pressure when considering

stress sensitivity;

Overlying pressure;

Air pressure;
Porosity coefficient;
Permeability coefficient;

Velocity of the water phase;

Unit

m

Pa

m/s

Pa-s

Pa
m/s

Pa/m

Pa

Pa
Dimensionless
Dimensionless

m/s

Symbol
APy/L

8g
APg/L

Kw

Po
Po

kg

klrg

erg

k]rg
L(R)

X1

Description
Pressure gradient of
the water phase;

Euclidean space factor;

Gas-phase initiation

pressure gradient;

Pressure gradient in the gas phase;
Effective permeability

of the gas phase;

Effective permeability

of the water phase;
Cross-sectional area of the
characterization unit;

Capillary force;

Gas-phase pressure;

Water-phase pressure;

Apparent permeability of the gas
phase in the unstimulated area;
Integrated relative

permeability of the gas phase

in the unsimulated area;

Relative permeability of the

gas phase in the stimulated area;
Relative permeability of the

gas phase in the main fracture area;
Actual length of the pore path;
Pore radius corresponding

to the pressure Po;

Rarefied gas effect fitting constant;

Unit
Pa/m

Dimensionless

Pa/m
Pa/m
mD

mD

m3

MPa
MPa
MPa

Dimensionless

Dimensionless

Dimensionless

Dimensionless
m
m

Dimensionless
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ky Boltzmann constant; J/K c Universal slip coefficient; Dimensionless

d Molecular diameter of methane; m X0 Rarefle.d gas effect Dimensionless
coefficient at Kn—o0;

T Experimental temperature; K T, Critical temperature of methane; K

Paoe Experimental pressure; MPa P, Critical pressure of methane; MPa

Ay First-order slip coefficient; Dimensionless Aj Real gas effect fitting constant; Dimensionless

Ay Second-order slip coefficient; Dimensionless A Real gas effect fitting constant; Dimensionless

Ay Characteristic length of m As Re;.al gas effect Dimensionless

a water molecule; fitting constant;
Gas viscosity under Porosity stress . .

Hei standard cor}iditions; Pas s sensitiv};ty coefficient; Dimensionless

Hwl Bulk water viscosity; Pa.s ks Perrr}e.al.olhty str.e > Dimensionless

sensitivity coefficient;

s High—vi.scosi.ty—region Pa.s . Water-phase s.tarting MPa/m

water viscosity; pressure gradient;

R Universal gas constant; J/(mol.K) S Gas-phase sta'rtmg MPa/m

pressure gradient;

M Molar mass of methane. Kg/mol P; Atmospheric pressure. MPa

References

1. Dai, J.; Ni, Y.; Wu, X. Tight Gas in China and Its Significance in Exploration and Exploitation. Pet. Explor. Dev. 2012, 39, 277-284.
[CrossRef]

2. Iii, M.B.A,; Behie, G.A,; Trangenstein, J.A. Multiphase Flow in Porous Media. Gulf Pub Co.: Houston, TX, USA, 1981.

3. Lei, G.; Dong, P; Cai, Z.; Zhang, Z.; Dong, R.; Yang, S.; Wu, Z.; Cao, N. Gas-Water Relative Permeability of Tight Sandstone Gas
Reservoirs. Zhongnan Daxue Xuebao (Ziran Kexue Ban)/]. Cent. South Univ. (Sci. Technol.) 2016, 47, 2701-2705.

4. Gong, B.; Liu, X,; Qin, G. A Lattice Boltzmann Model for Multi-Component Vapor-Liquid Two Phase Flow. Pet. Explor. Dev. 2014,
41, 695-702. [CrossRef]

5. Li Y, Li X; Teng, S.; Xu, D. Improved Models to Predict Gas—Water Relative Permeability in Fractures and Porous Media. J. Nat.
Gas. Sci. Eng. 2014, 19, 190-201. [CrossRef]

6.  Klinkenberge, L.]. The Permeability of Porous Media to Liquids and Gases. Drill. Prod. Pract. 1941, 200-213. [CrossRef]

7. Fulton, P.F. The Effect of Gas Slippage on Relative Permeability Measurements. Prod. Mon. 1951, 15, 14-19.

8.  Ertekin, T,; King, G.R.; Schwerer, F.C. Dynamic Gas Slippage: A Unique Dual-Mechanism Approach to the Flow of Gas in Tight
Formations. SPE Form. Eval. 1986, 1, 43-52. [CrossRef]

9. Shi, J.; Li, X,; Li, Q.; Wang, E; Sepehrnoori, K. Gas Permeability Model Considering Rock Deformation and Slippage in Low
Permeability Water-Bearing Gas Reservoirs. J. Pet. Sci. Eng. 2014, 120, 61-72. [CrossRef]

10. Jiao, K.; Han, D.; Li, J.; Bai, B.; Gong, L.; Yu, B. A Novel LBM-DEM Based Pore-Scale Thermal-Hydro-Mechanical Model for the
Fracture Propagation Process. Comput. Geotech. 2021, 139, 104418. [CrossRef]

11. Huang, L; Jiang, P; Zhao, X.; Yang, L.; Lin, J.; Guo, X. A Modeling Study of the Productivity of Horizontal Wells in Hydrocarbon-
Bearing Reservoirs: Effects of Fracturing Interference. Geofluids 2021, 2021, 2168622. [CrossRef]

12. Yao,]; Ding, Y,; Sun, H,; Fan, D.; Wang, M.; Jia, C. Productivity Analysis of Fractured Horizontal Wells in Tight Gas Reservoirs
Using a Gas-Water Two-Phase Flow Model with Consideration of a Threshold Pressure Gradient. Energy Fuels 2023, 37, 8190-8198.
[CrossRef]

13.  Wei, B.; Nie, X.; Zhang, Z.; Ding, J.; Shayireatehan, R.; Ning, P.; Deng, D.; Cao, Y. Productivity Equation of Fractured Vertical Well
with Gas-Water Co-Production in High-Water-Cut Tight Sandstone Gas Reservoir. Processes 2023, 11, 3123. [CrossRef]

14. Lv,M.; Xue, B.; Guo, W.; Li, J.; Guan, B. Novel Calculation Method to Predict Gas—Water Two-Phase Production for the Fractured
Tight-Gas Horizontal Well. ]. Pet. Explor. Prod. Technol. 2024, 14, 255-269. [CrossRef]

15. Hu,].; Zhang, C; Rui, Z.; Yu, Y.; Chen, Z. Fractured Horizontal Well Productivity Prediction in Tight Oil Reservoirs. J. Pet. Sci.
Eng. 2017, 151, 159-168. [CrossRef]

16. Li, J.; Li, X;; Wu, K;; Wang, X.; Shi, J.; Yang, L.; Zhang, H.; Sun, Z.; Wang, R.; Feng, D. Water Sorption and Distribution
Characteristics in Clay and Shale: Effect of Surface Force. Energy Fuels 2016, 30, 8863-8874. [CrossRef]

17.  Mattia, D.; Calabro, F. Explaining High Flow Rate of Water in Carbon Nanotubes Via Solid-Liquid Molecular Interactions.
Microfluid. Nanofluid 2012, 13, 125-130. [CrossRef]

18.  Myers, T.G. Why Are Slip Lengths so Large in Carbon Nanotubes? Microfluid. Nanofluid 2011, 10, 1141-1145. [CrossRef]

19. Tocci, G.; Joly, L.; Michaelides, A. Friction of Water on Graphene and Hexagonal Boron Nitride from Ab Initio Methods: Very
Different Slippage Despite Very Similar Interface Structures. Nano Lett. 2014, 14, 6872-6877. [CrossRef] [PubMed]

20. Dong,]J.-J.; Hsu, J.-Y.; Wu, W.-].; Shimamoto, T.; Hung, J.-H.; Yeh, E.-C.; Wu, Y.-H.; Sone, H. Stress-Dependence of the Permeability
and Porosity of Sandstone and Shale from TCDP Hole-A. Int. J. Rock. Mech. Min. Sci. 2010, 47, 1141-1157. [CrossRef]

21. Katz, AJ.; Thompson, A.H. Fractal Sandstone Pores: Implications for Conductivity and Pore Formation. Phys. Rev. Lett. 1985, 54,

1325-1328. [CrossRef]


https://doi.org/10.1016/S1876-3804(12)60043-3
https://doi.org/10.1016/S1876-3804(14)60083-5
https://doi.org/10.1016/j.jngse.2014.05.006
https://doi.org/10.5510/OGP20120200114
https://doi.org/10.2118/12045-PA
https://doi.org/10.1016/j.petrol.2014.04.019
https://doi.org/10.1016/j.compgeo.2021.104418
https://doi.org/10.1155/2021/2168622
https://doi.org/10.1021/acs.energyfuels.3c00582
https://doi.org/10.3390/pr11113123
https://doi.org/10.1007/s13202-023-01696-1
https://doi.org/10.1016/j.petrol.2016.12.037
https://doi.org/10.1021/acs.energyfuels.6b00927
https://doi.org/10.1007/s10404-012-0949-z
https://doi.org/10.1007/s10404-010-0752-7
https://doi.org/10.1021/nl502837d
https://www.ncbi.nlm.nih.gov/pubmed/25394228
https://doi.org/10.1016/j.ijrmms.2010.06.019
https://doi.org/10.1103/PhysRevLett.54.1325

Processes 2024, 12, 1499 27 of 27

22.
23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Yu, B.; Li, J. Some Fractal Characters of Porous Media. Fractals 2001, 09, 365-372. [CrossRef]

Yu, B.; Cheng, P. A Fractal Permeability Model for Bi-Dispersed Porous Media. Int. |. Heat. Mass. Transf. 2002, 45, 2983-2993.
[CrossRef]

Bonnet, E.; Bour, O.; Odling, N.E.; Davy, P.; Main, I.; Cowie, P.; Berkowitz, B. Scaling of Fracture Systems in Geological Media.
Rev. Geophys. 2001, 39, 347-383. [CrossRef]

Xu, P; Yu, B. Developing a New Form of Permeability and Kozeny—Carman Constant for Homogeneous Porous Media by Means
of Fractal Geometry. Adv. Water Resour. 2008, 31, 74-81. [CrossRef]

Burdine, N. Relative Permeability Calculations from Pore Size Distribution Data. J. Pet. Technol. 1953, 5, 71-78. [CrossRef]

Kim, TW.; Tokunaga, T.K,; Shuman, D.B.; Sutton, S.R.; Newville, M.; Lanzirotti, A. Thickness Measurements of Nanoscale Brine
Films on Silica Surfaces Under Geologic CO, Sequestration Conditions Using Synchrotron X-ray Fluorescence. Water Resour. Res.
2012, 48, 1-13. [CrossRef]

Wu, K,; Chen, Z; Li, X. Real Gas Transport Through Nanopores of Varying Cross-Section Type and Shape in Shale Gas Reservoirs.
Chem. Eng. |. 2015, 281, 813-825. [CrossRef]

Karniadakis, G.; Beskok, A.; Aluru, N. Microflows and Nanoflows: Fundamentals and Simulation; Springer Science & Business Media:
Berlin/Heidelberg, Germany, 2006; Volume 29.

Cao, B.-Y,; Sun, J.; Chen, M.; Guo, Z.-Y. Molecular Momentum Transport at Fluid-Solid Interfaces in Mems/Nems: A Review. Int.
J. Mol. Sci. 2009, 10, 4638-4706. [CrossRef]

Zhang, T.; Li, X,; Li, J.; Feng, D.; Wu, K_; Shi, J.; Sun, Z.; Han, S. A Fractal Model for Gas—Water Relative Permeability in Inorganic
Shale with Nanoscale Pores. Transp. Porous Med. 2018, 122, 305-331. [CrossRef]

Wu, K,; Chen, Z,; Li, J.; Li, X,; Xu, J.; Dong, X. Wettability Effect on Nanoconfined Water Flow. Proc. Natl. Acad. Sci. USA 2017, 114,
3358-3363. [CrossRef]

Jerauld, G.R;; Salter, S.J. The Effect of Pore-Structure on Hysteresis in Relative Permeability and Capillary Pressure: Pore-Level
Modeling. Transp. Porous Med. 1990, 5, 103-151. [CrossRef]

Piquemal, J. Saturated Steam Relative Permeabilities of Unconsolidated Porous Media. Transp. Porous Media 1994, 17, 105-120.
[CrossRef]

Satik, C.; Horne, R.N. A Measurement of Steam-Water Relative Permeability. In Proceedings of the 23rd Workshop on Geothermal
Reservoir Engineering, Stanford, CA, USA, 26-28 January 1998; Stanford University: Stanford, CA, USA, 1998.

Mabhiya, G.F. Experimental Measurement of Steam-Water Relative Permeability; MS Report; Stanford University: Stanford, CA,
USA, 1999.

Yassin, M.R.; Dehghanpour, H.; Wood, J.; Lan, Q. A Theory for Relative Permeability of Unconventional Rocks with Dual-
Wettability Pore Network. Spe J. 2016, 21, 1970-1980. [CrossRef]

Sun, Z; Shi, J.; Wu, K,; Xu, B.; Zhang, T.; Chang, Y.; Li, X. Transport Capacity of Gas Confined in Nanoporous Ultra-Tight
Gas Reservoirs with Real Gas Effect and Water Storage Mechanisms Coupling. Int. |. Heat. Mass. Transf. 2018, 126, 1007-1018.
[CrossRef]

Wang, J.; Liu, H.; Wang, L.; Zhang, H.; Luo, H.; Gao, Y. Apparent Permeability for Gas Transport in Nanopores of Organic Shale
Reservoirs Including Multiple Effects. Int. J. Coal Geol. 2015, 152, 50-62. [CrossRef]

Li, J.; Zhang, Y.; Lin, L.; Zhou, Y. Study on the Shear Mechanics of Gas Hydrate-Bearing Sand-Well Interface with Different
Roughness and Dissociation. Bull. Eng. Geol. Environ. 2023, 82, 404. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1142/S0218348X01000804
https://doi.org/10.1016/S0017-9310(02)00014-5
https://doi.org/10.1029/1999RG000074
https://doi.org/10.1016/j.advwatres.2007.06.003
https://doi.org/10.2118/225-G
https://doi.org/10.1029/2012WR012200
https://doi.org/10.1016/j.cej.2015.07.012
https://doi.org/10.3390/ijms10114638
https://doi.org/10.1007/s11242-018-1006-5
https://doi.org/10.1073/pnas.1612608114
https://doi.org/10.1007/BF00144600
https://doi.org/10.1007/BF00624727
https://doi.org/10.2118/178549-PA
https://doi.org/10.1016/j.ijheatmasstransfer.2018.05.078
https://doi.org/10.1016/j.coal.2015.10.004
https://doi.org/10.1007/s10064-023-03432-9

	Introduction 
	Micropore Flow Model 
	Establishment and Solution of Water Flow Model for Micropore Characterization Unit 
	Initiation Pressure Gradient and Stress Sensitivity 
	Water-Phase Flow Rate of Characterization Unit Based on Fractal Theory 

	Establishment and Solution of Gas Flow Model for Micropore Characterization Unit 
	Relative Permeability Model 

	Nanopore Flow Model 
	Establishment and Solution of Water Flow Model for Nanopore Characterization Unit 
	Nanopore Characterization Unit Gas Flow Model and Solution 
	Relative Permeability Model 
	Relative Permeability Model Validation 

	Tight Gas Reservoir Productivity Study 
	Physical Modeling and Assumptions for Fractured Horizontal Wells 
	Productivity Model of Tight Gas Reservoirs 
	Constraint Conditions 
	Gas Productivity Model 
	Gas Productivity of Multi-Stage Fracturing Horizontal Well 
	Model Validation and Analysis of Influencing Factors 


	Conclusions and Recommendations 
	Discussion 
	Workflow Diagram 
	References

