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Drilling and completion processes can often result in reservoir contamination
around the wellbore, leading to decreased oil and gas productivity and significant
economic losses for the oil field. This issue is particularly complex in sandstone
reservoirs with low porosity and permeability horizontal wells, wherein traditional
models have limited accuracy and applicability due to numerous unknown
parameters. To address this challenge, this study focuses on non-uniform
pollution around horizontal wells and proposes a new approach to divide the
horizontal well pollution area into N micro-element sections. By establishing a
seepage differential equation and employing the similar flow substitution method,
we construct models for the pollution skin coefficient of each micro-element
section as well as the total pollution skin coefficient. Furthermore, we combine
empirical equation models and an oscillation-decreasing function model to
develop a pollution radius distribution model that encompasses linear,
parabolic, exponential, and logarithmic patterns. Through these advancements,
we can realize a comprehensive reservoir damage assessment method. It is
verified that the calculation error of this model is very small, and the influence
of skin effect and reservoir anisotropy and the radius distribution of various
heterogeneous pollution zones are fully considered. These findings indirectly
suggest the rationality and practicality of the model presented in this paper. By
incorporating actual gas well data into this model, it has been determined through
discussion and analysis that the exponential distribution of the pollution radius has
the greatest impact on the pollution skin factor along the horizontal well, from the
heel to the toe. Increasing the pollution radius and decreasing the pollution
permeability both result in an increase in the skin factor of the micro-segment
and the total pollution skin factor of the horizontal well. However, compared to
the pollution permeability, the radius of the pollution zone has a relatively minor
effect on the total pollution skin factor. The proposed technique aims to serve as a
valuable tool in optimizing and designing stimulation measures aimed at boosting
production andminimizing formation damage. Through evaluation and analysis to
reduce risks, protect reservoirs and extend well life, reduce costs, and enhance
technical capabilities and economic benefits.
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1 Introduction

The exploitation of global oil and gas resources continues to heat
up. The shortage of traditional oil and gas reserves has been unable
to meet the demand. The exploitation of unconventional resources
such as shale gas, coalbed methane, and tight sandstone gas has been
paid more and more attention (Moore, 2012; Meakin et al., 2013; Jia
et al., 2022; Jiang et al., 2023). As a result, sandstone oil and gas fields
with low porosity and low permeability have been discovered in the
western South China Sea. Their storage conditions are complex,
deep, tight, high temperature, and high pressure (Huang et al., 2003;
Wang et al., 2015a; Wang et al., 2015b; Zhang et al., 2021a). To
improve mining efficiency, horizontal drilling technology is widely
used because it can provide larger seepage area and higher single
well-controlled reserves (Joshi, 1986; Babu, 1989; Tang et al., 2019;
Xiao et al., 2022; Chu et al., 2023).

Nevertheless, the invasion of drilling and completion fluids may
damage the reservoir and affect the permeability (Longeron et al.,
1995). Van proposed to use quantitative indicators such as skin
factor and productivity loss to evaluate reservoir damage in
horizontal wells (Van et al., 1997). The structural characteristics
of the horizontal well increase the contact area and time between the
drilling fluid and the formation, which leads to more serious
pollution around the wellbore (Moreno et al., 2006; Sau et al.,
2014; Klemetsdal et al., 2017). Zhao revealed that the large pore
throat structure is the main cause of formation damage in deep water
reservoirs in the western South China Sea (Zhao et al., 2019).

To mitigate such damage and optimize the production process,
scholars have developed different models to evaluate the
productivity of horizontal wells (McLeod, 1983; Karakas and
Tarlq, 1991; Basquet et al., 1998; Thomas et al., 1998) and skin
models for reservoir damage (Furui et al., 2003a). However, the
assumptions of the existing models in terms of pollution radius and
permeability change limit their accuracy (Bahrami et al., 2011). Sun
proposed a semi-analytical productivity model with a parabolic
distribution of pollution radius along the well. However, the
measured pollution radius value is still difficult to obtain, which
affects the effectiveness of stimulation measures (Sun et al., 2019). In
recent years, through fine modeling, the skin factor decomposition
method has been used to analyze the reservoir damage mechanism
and evaluate the degree of formation damage, to provide appropriate
acidizing stimulation measures (Jianchun et al., 2014; Patel and
Singh, 2016; Zhang et al., 2021b). Most of the analytical models use
the Yildiz model, and the calculation error is large (Yildiz, 2006).
The research shows that the horizontal well with less formation
pollution is closer to the external area, and its oil production rate is
higher (Li and Wang, 2022). According to the characteristics of
heterogeneous reservoirs in horizontal wells, the well section is
subdivided into multiple micro-elements. Considering the
pressure drop effect, a refined segmented productivity model is
established, which significantly improves the calculation accuracy
(Zhang et al., 2023). Meanwhile, Jiang researched deviated wells and
deduced the pollution skin factor and productivity equation for
complex structural wells based on the flow characteristics of
anisotropic reservoirs (Jiang et al., 2023).

The complicated structure of reservoirs in horizontal wells
presents significant challenges in achieving optimal oil and gas
productivity. Numerous studies have investigated the underlying

causes, mechanisms, and quantitative evaluation methods of
reservoir damage, using techniques such as well testing and
logging to assess the extent and scope of contamination.
However, the total skin factor obtained by well testing includes
not only the influence of ideal seepage but also the skin effect caused
by drilling fluid invasion and wellbore defects. Although the existing
skin factor decomposition model can evaluate the pollution effect
separately, multiple unknown parameters in the analysis process
lead to large calculation errors. Due to the heterogeneity and
anisotropy of horizontal wells along the wellbore direction, the
past models are lacking in applicability and accuracy. To
accurately understand the reservoir pollution degree and
formation damage range of low porosity sandstone horizontal gas
wells, it is urgent to establish a more suitable evaluation model.

This paper proposes a new model to address reservoir pollution
near low-porosity sandstone horizontal gas wells. The model takes
into account the anisotropy and heterogeneity of the reservoir,
accurately calculating the pollution skin factor based on different
conditions. Compared to previous models, this approach reduces
calculation errors and provides reliable guidance for stimulation
measures, aiming to prevent and minimize reservoir damage and
enhance the economic return of oil and gas fields. Verification
results confirm the reasonableness and practicality of the model.

2 Model establishment

The skin factor of the pollution zone in a horizontal well is
primarily caused by the drilling and completion fluids that enter the
reservoir during the drilling and completion processes. These fluids
can damage the reservoir to varying degrees. The pollution zone is
not evenly distributed along the wellbore direction. The contact time
between the reservoir and the drilling fluid is longer at the heel end
of the horizontal well compared to the toe end. As a result, the
pollution skin coefficient is smallest at the toe end and largest at the
heel end. Figure 1 illustrates the physical model of fluid seepage
around the horizontal well.

To cater to research requirements, the following assumptions
are made for the seepage model of horizontal wells in low porosity
and permeability sandstone gas reservoirs:

(1) The horizontal well is positioned within a closed top and bottom
low porosity and permeability sandstone formation, containing
a rectangular gas reservoir that exhibits heterogeneity with a
supply boundary in the horizontal plane. The reservoir has a

FIGURE 1
Physical model of seepage flow in low porosity and permeability
sandstone horizontal gas well.
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FIGURE 2
Physical model of pollution zone around the horizontal well.

FIGURE 3
Micro-segment division diagram of pollution zone in horizontal well section.

FIGURE 4
The micro-element pollution section with thickness of dx at any position x.
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thickness of h, a supply radius of re, a wellbore radius of rw, and
a horizontal section length of L. Additionally, the horizontal and
vertical permeability of the formation is represented by kh and
kh, respectively.

(2) Before the development of the low porosity and permeability
sandstone gas reservoir, the formation pressure was
homogenous, with an original formation pressure of pi.

(3) The horizontal well is produced with a constant bottom hole
flowing pressure while assuming that the wellbore is infinitely
conductive.

(4) The low porosity and permeability sandstone gas reservoir is a
single-phase seepage of gas. Considering the influence of skin
effect, the influence of gravity and capillary pressure is ignored.

2.1 Pollution skin factor model

Due to the varying soaking time of drilling and completion fluids
in different reservoir sections along the horizontal wellbore, the
depth of the contaminated zone continuously changes from the toe

FIGURE 5
Similar flow substitution method.

FIGURE 6
The relation curve between H (x)/dv (x) and dh (x)/dv (x).

FIGURE 7
Different distribution models of horizontal gas well pollution zone.
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to the heel of the wellbore (as depicted in Figure 2A). Additionally,
due to the impact of reservoir anisotropy, the pollution zone takes on
an elliptical shape at any given position in the horizontal well section
(as shown in Figure 2B). Therefore, this paper utilizes the seepage
differential equation method to construct the pollution skin
coefficient of the reservoir for horizontal wells.

2.1.1 Micro-element segment pollution skin
coefficient

Due to the non-uniform distribution of pollution levels
across different sections of the horizontal well, it is not
possible to directly determine the skin factor of the pollution
zone. Consequently, the pollution zone needs to be divided into

TABLE 1 Basic data of well H.

Parameters Value Parameters Value

Wellbore radius, rw (m) 0.12 Reservoir anisotropy coefficient, β 3.5

Gas layer thickness, h/m 67.8 Drilling fluid viscosity, μ/mPa•s 5

Horizontal section length, L (m) 600 Reservoir porosity, φ/% 10.8

Horizontal elliptical seepage field long semi-axis of horizontal well, a/m 350 Horizontal permeability of contaminated zone, kdh/mD 0.026

Gas reservoir boundary pressure, pe/MPa 30 Original formation permeability, K/mD 0.08

Wellbore pressure, pwf/MPa 17 Formation volume coefficient, B 1.084

Empirical coefficient a −0.4 Horizontal permeability of formation, K/mD 0.08

Empirical coefficient b 3.5 The length at any position x,m 0<d<L

Empirical coefficient c −3.5 Empirical coefficient d 0<d<L

TABLE 2 Comparison table of three model calculation results and actual productivity results.

Calculation method Pollution skin factor Production (× 104 m3/d) Error (%)

Measured production — 5.268 — Measured production

Furui model — 6.224 18.14 Furui model

This paper model Liner 4.154 6.125 16.27

Parabolic 4.853 5.636 6.98

Exponential 6.254 5.054 4.06

Logarithmic 5.681 5.372 1.98

FIGURE 8
Pressure difference-capacity change curves based on three different calculation methods.
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N micro-element sections (as demonstrated in Figure 3). The
skin factor, S(x), for each micro-element section is determined
using the micro-element method. Subsequently, the overall skin
factor, Sd, for the pollution zone is obtained by employing the
integral method.

A micro-element pollution zone of length is selected at any
position of the horizontal well, as shown in Figure 4. To derive the
micro-segment pollution skin factor along the horizontal well
position x, we assume that the seepage of the cross-section
(y − z plane) of the contaminated zone flows to the cylindrical
wellbore in an anisotropic seepage field, with an oval shape as the

supply boundary, the reservoir thickness is dx, and the fluid is a
single-phase steady flow and incompressible.

The plane radial flow differential equation of the y − z plane at
any position x is (the productivity formula in this paper is based on
the practical unit of SI mineral production):

∂2p x( )
∂2y

+ ∂2p x( )
∂2z

� 0 (1)

The inner boundary is a circular shaft wall, and the outer boundary is
an elliptical pollution boundary. The boundary conditions are as follows:

TABLE 3 Productivity value and error value of two models under different pressure differences.

Actual data This paper model Furui model

Pressure difference (6 MPa) Productivity (× 104 m3/d) 10.63 10.47 12.52

Error magnitude (%) — 1.31 17.81

Pressure difference (12 MPa) Productivity (× 104 m3/d) 21.05 20.62 24.11

Error magnitude (%) — 2.08 14.51

Pressure difference (18 MPa) Productivity (× 104 m3/d) 31.50 30.75 36.16

Error magnitude (%) — 2.36 14.81

Average magnitude of error (%) — 1.92 15.71

TABLE 4 Basic data of Z well in A oilfield.

Parameters Value Parameters Value

Wellbore radius, rw (m) 0.095 Reservoir anisotropy coefficient, β 3.5

Gas layer thickness, h/m 42.6 Drilling fluid viscosity, μ/mPa•s 4

Horizontal section length, L (m) 400 Reservoir porosity, φ/% 8.9

Horizontal elliptical seepage field long semi-axis of horizontal well, a/m 300 Horizontal permeability of contaminated zone, kdh/mD 0.06

Gas reservoir boundary pressure, pe/MPa 28 Original formation permeability, K/mD 0.32

Wellbore pressure, pwf/MPa 15 Formation volume coefficient, B 1.07

FIGURE 9
The variation curve of dv (x) with L under four decreasing modes.
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FIGURE 10
The variation curve of S (x) with L under four decreasing modes.

FIGURE 11
The effect of dvmax on S (x).

FIGURE 12
The effect of Kdh on S (x).
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dh x( ) � dv x( ) � rw, p x( ) � pw x( )
y2

dh x( )2 +
z2

dv x( )2 � 1,p x( ) � pd x( )

⎧⎪⎪⎨⎪⎪⎩ (2)

If the flow rate in the gas layer dx is known, the expression of the
boundary potential function is:

∮ ∂p x( )
∂n

ds� − 1.274 ×10−3Tdqgsc
Kdvdx

(3)

Where: p(x)− The pressure at any position x of the
contaminated zone, MPa; pd(x)− The boundary pressure of the
contaminated zone at any position x of the wellbore. MPa; dh(x)−
Horizontal radius of pollution zone, m; dv(x)− The vertical radius of
the pollution zone, m; T− Reservoir temperature, K; qgsc−
Horizontal gas well production, m3/d; Kdv− Permeability in a
vertical direction of pollution zone, mD.

Considering the complexity involved in solving the
aforementioned equation, we propose a similar flow substitution
method to address this issue, based on the work (Furui et al., 2003b).
Specifically, the potential flow problem of a point source in an
elliptical seepage region is equivalent to its flow problem between
two parallel straight lines with equal pressure boundaries, as
illustrated in Figure 5.

The seepage problem shown in Formula 1–Formula 3 is similar
to it. It only changes from the seepage problem of a point source in
the elliptical seepage area to the seepage problem of a point sink.
Therefore, a similar flow substitution method can also be used to
solve this seepage problem. The seepage differential equation and
boundary conditions corresponding to Formula 1–Formula 3 are
transformed as follows:

∂2p x( )
∂2y

+ ∂2p x( )
∂2z

� 0

z� ±H x( ), p x( ) � pe x( )∮ ∂p x( )
∂N

dx� − 6.37 ×10−4Tdqgsc
Kdvdx

⎧⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎩ (4)

Where: H(x)− Equivalent isobaric boundary straight line
distance, m; pe(x)− Equivalent isobaric boundary pressure, MPa.

Using the superposition principle of potential, the analytical
solution of Eq. 4 can be obtained:

p x( ) � 6.37 ×10−4Tdqgsc
2Kdvdx

ln
ch πy

2H x( ) − cos πz
2H x( )

ch πy
2H x( ) + cos πz

2H x( )
+ pe x( ) (5)

Formula 4 represents the distribution of pseudo-pressure
around a point sink in the elliptical seepage area. Since point
[dh(x), 0] and point [0, dv(x)] on the elliptical boundary are
located on the same isobaric line, and the pseudo-pressure is
pd(x), the coordinates of the above two points are substituted
into Formula 5 to obtain:

pd x( ) � 6.37 ×10−4Tdqgsc
dx

ln
ch πdh x( )

2H x( ) −1
ch πdh x( )

2H x( ) +1
+ pe x( ) (6)

pd x( ) � 6.37 ×10−4Tdqgsc
dx

ln
1 − cos πdh x( )

2H x( )
1 − cos πdh x( )

2H x( )
+ pe x( ) (7)

At the same time, according to the trigonometric function angle
Formula 8:

1 − cosx� 2sin 2x

2
, 1+cosx� 2cos 2

x

2
(8)

Formula 7 can be transformed into:

pe x( ) � pd x( ) − 6.37 ×10−4Tdqgsc
dx

ln tan
πdv x( )
4H x( )[ ] (9)

Combining Formula 6, 9, we get:

tan
πdv x( )
4H x( ) � th

πdh x( )
4H x( ) (10)

Because the analytical solution of the unknown quantity H(x)
in the above Formula 10 cannot be obtained, the change rule H(x)
can be analyzed by drawing. According to the structure of Formula
10, the relationship curve between the unknown quantity
H(x)/dv(x) and the variable dh(x)/dv(x) can be made, as
shown in Figure 6.

As can be seen from Figure 6, when the variable
dh(x)/dv(x)> 1.5, the value of H(x)/dv(x) tends to the fixed

FIGURE 13
The effect of dvmax on Sd.
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value 1. In the actual reservoir, due to the influence of permeability
anisotropy, dh(x)/dv(x)> 1.5 is usually satisfied, and this paper can
approach thisH(x) ≈ dv(x). Therefore, Formula 9 can be simplified
pe(x) � pd(x), and the simplified results are substituted into
Formula 5 to obtain Formula 11:

p x( ) � 6.37 ×10−4Tdqgsc
dx

ln
ch πy

2H x( ) − cos πz
2dv x( )

ch πy
2H x( ) + cos πz

2dv x( )
+ pd x( ) (11)

Since the isobaric line near the wellbore is circular, any point
(0, rw) is taken at the wellbore wall, and the pressure at the wellbore
heel end is pwf. Then the pseudo-pressure in the micro-element
pollution zone drops to:

pd x( ) − pwf � 6.37 ×10−4Tdqgsc
Kdvdx

ln cot
πrw

4dv x( )[ ] (12)

Where: pwf− Shaft end pressure, MPa; rw−Horizontal wellbore
radius, m.

At the same time, the seepage problem in the micro-segment
pollution is regarded as the seepage problem of a vertical well with a
gas layer thickness of dx, and the diameter pseudo-pressure drop
considering the skin factor is as follows:

Δp � 6.37 ×10−4Tdqgsc
2Kdvdx

S x( ) + 6.37 ×10−4Tdqgsc
Kvdx

ln cot
πrw

4dv x( )[ ]
(13)

Where: Δp− Pressure drop value, MPa; S(x)− Pollution skin
coefficient in the micro-element segment; Kv− Permeability in a
vertical direction of the reservoir, mD.

Comparing Formula 12, 13, the pollution skin coefficient in the
micro-element section of a horizontal gas well is (as shown in
Formula 14):

S x( ) � Kv

Kdv
−1( ) ln cot

πrw
4dv x( )[ ] (14)

Considering that the anisotropy of the reservoir before and after
pollution does not change, that is β � ������

Kh/Kv
√ � �������

Kdh/Kdv
√

, the
anisotropy coefficient, the Formula 12 can be transformed into:

S x( ) � Kh

Kdh
−1( ) ln cot

πrw
4dv x( )[ ] (15)

2.1.2 Total pollution skin factor
The internal seepage field where the micro-element pollution

zone is located, the productivity formula considering the skin effect
can be written as Formula 16:

dqgsc � KvΔp
6.37 ×10−4T

· dx

ln h/ 2πrw( )[ ] + S x( ) (16)

Where: h− Gas layer thickness, m.
The productivity of the whole horizontal gas well is obtained by

integration:

qgsc � ∫L
0

dqgsc � KvΔp
6.37 ×10−4T

∫L
0

dx

ln h/ 2πrw( )[ ] + S x( ) (17)

Where: L− Horizontal well length, m.

In general, the vertical well productivity formula considering the
influence of skin factors is:

qgsc � KvLΔp
6.37 ×10−4T ln h

2πrw
+ Sd( ) (18)

Where: Sd− Skin coefficient of pollution zone.
Combined with the Formula 17, 18, the calculation formula of

the skin factor of the horizontal gas well pollution zone can be
obtained as follows:

Sd � L∫L

0
dx

ln h/ 2πrw( )[ ] + S x( )
− ln

h

2πrw
(19)

Considering the influence of reservoir anisotropy, the skin factor
of the contaminated zone can be corrected as:

Sd � L∫L

0
dx

ln βh/ β+1( )πrw( )[ ] + S x( )
− ln

βh

β+1( )πrw (20)

Where: Reservoir anisotropy coefficient β � ������
Kh/Kv

√
;

x� 1, 2, 3,/,x,/,N.

2.2 Pollution radius distribution model

It can be seen from Formula 15, 20 that to obtain the final
pollution skin factor value, it is necessary to know the variation law
of the radius of the pollution zone along the horizontal wellbore
direction. Under the condition of considering the non-uniform
pollution of the reservoir near the horizontal well wellbore, the
skin coefficient of the horizontal well pollution zone is studied in
depth (Frick and Economides, 1993; Furui et al., 2003b). It is
considered that the heel end and toe end of the horizontal well
wellbore are the limited positions of the contact time between the
reservoir and the drilling and completion fluid. However, they
assumed that the shape of the pollution zone near the wellbore is
a conical prism, that is, the radius of the pollution zone varies
linearly from the heel end to the well end along the horizontal
wellbore.

In this paper, when studying the distribution law of pollution
radius, various forms of radius distribution of pollution zone are
considered (as shown in Figure 7), and the empirical equation and
oscillation decreasing function of wellbore pollution radius are
combined.

2.2.1 Empirical equation model
Ling et al. (2015); Fan et al. (2017); Zhang (2017) and others

obtained the model of drilling fluid invasion depth in horizontal
wells by multiple regression processing of experimental data. Based
on the research (Jiang et al., 2023), the distribution law of the radius
of the contaminated zone along the vertical direction of the wellbore
is given as follows:

dv x( ) �

������������������������������������������������
rw2 + 0.384rw Vfs + Vfd( ) L−x

v ·48td × 10−3 − S · d1
2 × 10−6( )

πd1
2φ 1 − Sgr − S1 − Smonto( )

√√
(21)
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Where: S � S(ts) + S(td) + Sout; Vfs− Static filtrate volume
within 30 min, ×10−6 m−3; Vfd− Dynamic filtrate volume within
30 min, ×10−6 m−3; v− The average velocity in the length of L-x in
time t, m/s; td− The soaking time of drilling fluid in reservoir, h; ts−
The circulation time of drilling fluid in the reservoir, h; φ− Reservoir
porosity, %; d1− Rock sample radius, m; S(ts)− The amount of
filtrate absorbed by rock during soaking, ×10−6 m−3; S(td)− The
amount of filtrate absorbed by rock in the process of mud
circulation, ×10−6 m−3; Sout− The amount of filtrate in the outer
mud cake, ×10−6 m−3; Sgr− Residual gas saturation, %; S1− The
residual saturation of rock pore after filtrate invasion, %; Smonto−
Saturation of clay in the original pore volume after water swelling, %.

2.2.2 Oscillating decline function model
Combined with the research (Jiang et al., 2023), the oscillating

decline function is introduced to represent the distribution model of
the vertical radius of the wellbore pollution zone (as shown in
Formula 22):

dv x( ) � dvmax · f x( ) · g x( ) (22)
Where: dvmax− Vertical radius of pollution zone, m.
The empirical model (Formula 23) for calculating the maximum

invasion depth of drilling fluid in horizontal wells was obtained by
multiple regression of experimental data (Fan et al., 2017):

dvmax � 1
4

���������������������������������������������������������
Δp−9.62 ×104μ−2.7202 ×103K−1+2.298 ×K−2+0.19 ×K−3+1.04 ×105( )√

(23)

Where: μ− Drilling fluid viscosity, mPa·s; K− Formation
permeability, mD.

Among them: the oscillation function expression is:

f x( ) � a · cos b · x( ) + c[ ] (24)
In Formula 24, a, b, c is the coefficient of the equation and is

greater than 0; a � 1/(1 + c); b is positively correlated with reservoir
heterogeneity, and c is negatively correlated with reservoir
heterogeneity, b ~ β, c~−β; The value of b, c affects the
fluctuation frequency and fluctuation range of the wellbore along
the radius of the pollution zone.

In anisotropic reservoirs, the expression of the decreasing
function g(x) is assumed as follows:

g x( )
d · −x + L( ), Liner
d · ������−x + L

√
, Parabolic

e−d·x, Exponential
d · ln −x + L+1( ), Logarithmic

⎧⎪⎪⎪⎨⎪⎪⎪⎩ (25)

The equation coefficient in Formula 25 is related to the length of the
well section and is greater than 0. It can be seen that the above Formula
19 belongs to the parabolic decreasing function. Therefore, combining
Formula 21, 24, an oscillating decline function model can be obtained,
which is the distribution of pollution zones around horizontal wells.

So far, the pollution skin coefficient model of horizontal gas
wells in low porosity and permeability sandstone has been
constructed, as shown in Formula 26. The degree of reservoir
damage can be judged according to the pollution skin coefficient,
and the appropriate acidification radius can be selected according to
the pollution radius, to optimize and design the stimulation
measures of horizontal gas wells.

Sd � L∫L

0

dx

ln βh/ β+1( )πrw( )[ ] + S x( )
− ln

βh

β+1( )πrw
S x( ) � Kh

Kdh
−1( ) ln cot

πrw
4dv x( )[ ]

dv x( ) � dvmax · f x( ) · g x( )

dvmax � 1
4

��������������������������������
Δp−9.62 ×104μ−2.7202 ×103K−1+
2.298 ×K−2+0.19 ×K−3+1.04 ×105

⎛⎝ ⎞⎠√√

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩
(26)

3 Model validation

Through literature research, it is found that the productivity
formula of horizontal wells in gas reservoirs (Borisov, 1964; Giger
et al., 1984; Joshi, 1986; Renard and Dupuy, 1991; Furui et al.,
2003a), only the Furui formula considers both skin effect and
reservoir anisotropy. Therefore, we compare the model and Furui
model with the actual production capacity. The basic data of the
actual gas well J (as shown in Table 1) are substituted into this
model, and the Furui model to calculate the productivity of
horizontal gas wells, yielding the calculation results depicted in
Table 2.

By examining Table 2, we observe that among the different
pollution radius decreasing functions computed in this study, the
skin coefficient values of parabolic, exponential, and logarithmic
distributions and productivity values closely align with the measured
values. Furthermore, the productivity error remains below 10%,
highlighting the accuracy of our model in estimating productivity.
Notably, the logarithmic distribution of pollution radius results in
the smallest productivity error, with a mere 1.98%. The linear
distribution, on the other hand, yields a productivity value of
approximately 16% in comparison to the measured value,
indicating a slightly larger error rate. By utilizing the Furui
model, the logarithmic distribution model, and the measured
data, we can generate the pressure difference-capacity change
diagram displayed in Figure 8.

Upon analyzing the pressure difference and productivity change
curve depicted in Figure 8, the calculation results of the model in this
paper are in good agreement with the actual productivity value, and
the error is very small. Conversely, there exists a noticeable disparity
between the curve distribution of the Furui model and the actual
data, resulting in a substantial error. Table 3 presents the
corresponding productivity values and error values relative to the
actual productivity for the twomodels at pressure difference levels of
6, 12, and 18 MPa.

Based on the data analysis in Table 3, it is evident that the Furui
model exhibits an average error of 15.71%. While the model
considers the anisotropic characteristics of the reservoir and the
factors influencing the skin layer during construction, it assumes a
simple linear distribution for the radius of the pollution zone. This
assumption overlooks the existence of complex pollution zone
distributions in actual formation conditions. Consequently, this
linear assumption can result in significant prediction errors,
limiting the model’s applicability, especially in reservoirs with
nonlinear pollution zone distributions.
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On the other hand, the model proposed in this study exhibits a
significantly lower relative error of only 1.92%, compared to the
Furui model. This outstanding performance highlights the
significance of accounting for reservoir anisotropy and the
necessity of considering various types of pollution zone radius
distributions, such as linear, parabolic, exponential, logarithmic,
and other potential trends. The accurate and low-error calculation
results of this model validate its scientific, rational, and practical
nature, indicating its ability to more precisely reflect actual
formation conditions and reservoir characteristics.

This model’s close alignment with and accurate calculation of
real-world productivity data proves its suitability for evaluating the
productivity of horizontal gas wells. As a valuable tool, it offers
robust technical support for predicting productivity, making
informed decisions on stimulation measures, and optimizing
production schemes. Ultimately, it enhances development
efficiency and maximizes economic returns in oil and gas fields.

4 Sensitivity analysis

Based on the Formula 24 mentioned above, the skin factor of the
pollution zone is calculated for a specific length of horizontal gas
wells. The impact of factors such as the maximum vertical depth of
the pollution zone, permeability, and reservoir anisotropy on both
the micro-segment skin factor and the overall skin factor of the
pollution zone is discussed and analyzed. To illustrate this, we
consider a low-permeability sandstone horizontal gas well,
specifically the Z well in the A oilfield, and calculate the
fundamental data for this well (as presented in Table 4). Figures
9–12 depicts the variation curve of the pollution skin coefficient
under the influence of different parameters.

From Figure 9, it is apparent that the vertical maximum radius of
the contaminated zone is 1.15 m, while the minimum radius is
almost equal to the wellbore radius. Comparing the different
distribution modes, we observe that the radius of the exponential
decreasing distribution exhibits the highest pollution level, while the
radius of the liner decreasing distribution exhibits the lowest level of
pollution. It is noticeable that when the horizontal well length does
not exceed 100 m, the difference in the pollution radius under
different decline modes is not significant, indicating that the area
closest to the heel of the horizontal well is the most heavily polluted,
with the pollution radius being extremely substantial. We can
observe from Figure 10 that the pollution skin coefficient in the
micro-element section gradually decreases from the heel end to the
toe end of the horizontal well. This trend is because the contact time
between the formation and the drilling and completion fluid is the
longest at the heel end of the horizontal well, leading to the most
severe pollution of the nearby formation. Conversely, the shortest
contact time occurs at the toe end, resulting in the smallest pollution
radius and lowest pollution skin coefficient. Figures 9, 10 also show
that the exponential distribution of the pollution radius has the most
significant impact on the pollution skin coefficient along the heel-to-
toe length of the horizontal well, while the linear distribution has the
least influence on the pollution skin coefficient.

Figure 11 displays a curve depicting the gradual decrease in
pollution skin coefficient along the micro-element section of the
horizontal well, from the heel end to the toe end, for different

maximum vertical radii of the pollution zone (0.3 m, 0.6 m, 0.9 m,
and 1.2 m). As per the graph, the pollution skin factor gradually
decreases with the increase in the vertical radius of pollution,
indicating a gradual reduction in the pollution degree of drilling
fluid to the reservoir far from the wellbore in the same micro-
segment. As the maximum pollution radius approaches the heel end
of the horizontal well, it significantly impacts the skin factor of the
micro-segment. However, in the vicinity of the toe end of the
horizontal well, the radius of the contaminated zone does not
affect the distribution of the skin factor in the micro-element
section. This implies that the contact time between the drilling
and completion fluid and the reservoir around the wellbore is brief at
the toe end, resulting in weak formation pollution.

Figures 12, 13 provide insights into the impact of pollution
permeability on the skin factor of the micro-segment and the total
pollution skin factor, as well as the influence of the maximum pollution
radius on the total pollution skin factor. By examining Figure 12, it is
evident that the skin factor gradually decreases along themicro-element
section of the horizontal well, from the heel end to the toe end.
Additionally, it is observed that the micro-element section’s skin
factor increases with a decrease in the permeability of the pollution
zone, resulting in a higher total skin factor for the pollution zone.
Therefore, when dealing with reservoirs experiencing severe pollution, it
is advisable to consider measures such as acidizing and other remedial
techniques to improve the permeability of the contaminated zone. This
in turn would help reduce the overall skin factor. By observing
Figure 12, it becomes evident that the skin factor of the micro-
segment pollution gradually reaches an equilibrium value along the
horizontal well as any position analyzes it. This indicates that pollution
from drilling and completion fluids decreases along the heel-to-toe axis
of the well, with the formation’s pollution permeability also decreasing
gradually. Based on the insights provided in Figure 13, it can be deduced
that the total skin factor gradually decreases with an increase in the
permeability of the contaminated zone. When the contaminated zone’s
permeability matches that of the reservoir, the total skin factor becomes
zero, indicating an uncontaminated reservoir. Additionally, as the
maximum pollution radius expands, the overall skin factor of the
pollution increases gradually. However, it is worth noting that the
influence of the maximum pollution radius on the total skin factor is
relatively minor compared to its impact on the micro-segment skin
factor.

In the sensitivity analysis of comprehensive influencing factors, it is
observed that both the pollution radius and pollution permeability
decrease gradually from the heel to the toe of the horizontal well.
Among the various distributions, the exponential distribution of the
pollution radius exhibits the most significant impact on the pollution
skin coefficient, while the linear distribution has the least influence.
Furthermore, as the pollution zone radius expands and the pollution
permeability decreases, the skin factor of the micro-segment and the
total pollution skin factor increase accordingly.

5 Summary and conclusion

In this paper, we develop a piecewise superposition model to
describe the pollution zone’s skin factor. The model combines the
differential method and the similar flow substitution method, while
the wellbore pollution zone’s vertical distribution is described by an
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oscillation-decreasing function. We propose a method to evaluate
the degree of formation pollution for accurate characterization of
pollution status. The main findings are as follows:

(1) The model’s skin factor and productivity values closely align with
measured values, with errors less than 10% for parabolic, exponential,
and logarithmic pollution radius decreasing functions. The
logarithmic distribution has the smallest productivity error at
1.98%. In contrast, the linear distribution shows a larger deviation
of approximately 16% between the estimated and measured yield.

(2) Considering reservoir anisotropy and the radius distribution of
different pollution zones, the model in this paper demonstrates
an average error of only 1.92%. This highlights its rationality
and practicality. The model can guide stimulation strategy
optimization, prevent and reduce formation damage, and
contribute to economic benefits in oilfield development.

(3) The sensitivity analysis illustrates that from the heel to the toe of
the horizontal well, both the pollution radius and pollution
permeability progressively decrease. Of all, the exponential
distribution of the pollution radius exerts the most significant
influence on the pollution skin coefficient. An increase in the
pollution radius coupled with a decrease in the pollution
permeability escalates both the skin factor and overall
pollution skin factor of the horizontal well.
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