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a b s t r a c t

Kinds of complex-structure wells can effectively improve production, which are widely used. However,
in the process of drilling and completion, complex-structure wells with long drilling cycle and large
exposed area of reservoir can lead to the fact that reservoir near wellbore is more vulnerable to the
working fluid invasion, resulting in more serious formation damage. In order to quantitatively describe
the reservoir formation damage in the construction of complex-structure well, taking the inclined well
section as the research object, the coordinate transformation method and conformal transformation
method are given according to the flow characteristics of reservoir near wellbore in anisotropic
reservoir. Then the local skin factor in orthogonal plane of wellbore is deduced. Considering the un-
even distribution of local skin factor along the wellbore, the oscillation decreasing model and
empirical equation model of damage zone radius distribution along the wellbore direction are
established and then the total skin factor model of the whole well is superimposed to realize the
reservoir damage evaluation of complex-structure wells. Combining the skin factor model with the
production model, the production of complex-structure wells can be predicted more accurately. The
two field application cases show that the accuracy of the model can be more than 90%, which can also
fully reflect the invasion characteristics of drilling and completion fluid in any well section of complex-
structure wells in anisotropic reservoir, so as to further provide guidance for the scientific establish-
ment of reservoir production system.
© 2023 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
1. Introduction

With the large-scale exploitation of oil and gas, most of the
remaining conventional resources are located in the reservoirs with
extremely complex geological conditions and poor physical prop-
erties, whose permeability and porosity are mainly lowor ultra-low
(Kantaatmadja et al., 2019; Alghazal et al., 2020; He et al., 2022).
Developing by vertical wells in such reservoirs always has a lower
production per well, making effective development difficult (Smith
ineering, China University of

y Elsevier B.V. on behalf of KeAi Co
et al., 1981; Poe Jr et al., 2012; Wu et al., 2020). Complex-structure
wells are series of wells with the basic characteristics of horizontal
wells, including horizontal well, dual horizontal well, extended-
reach well, multilateral well, herringbone well, connected well
and so on (Joshi, 1987; Aadnoy et al., 2009; Mehrabi et al., 2014).
Compared with vertical wells and cluster wells, complex-structure
wells effectually increase the exposed area of oil and gas and the
controlled reserves of wells, thus greatly improving the production
and production efficiency (Joshi, 1994; Ahmadi et al., 2020; Hu
et al., 2022). For example, the drainage area of oil and gas
controlled by a horizontal well with a horizontal section of 100 m is
three times that of a vertical well, and this increase in production is
more prominent in fractured reservoirs (Joshi, 2003; Dulkarnaev
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et al., 2021). Moreover, it can effectively reduce the area of well
pads and capital construction costs, so complex-structure wells are
more widely used in offshore oilfield exploitation (Hasan et al.,
2009; Jenny and Lunati, 2009; Hassan et al., 2020).

Although the use of complex-structure wells increase the oil
drainage area and have significant benefits in production, the area
of working fluid contacting the reservoir is larger and the contact
time is longer due to the complex-structure wells’ trajectory
(Moreno et al., 2006; Sau et al., 2014; Klemetsdal et al., 2017), or
multiple branch wells and the long well construction cycle, which
leads to greater damage to the reservoir (Joshi, 1994, 2003; Jiang
et al., 2021). Therefore, it is necessary to study and quantitatively
evaluate the reservoir formation damage of complex-structure
wells caused during the well construction.

At present, many scholars have studied the skin factor model
(Thomas et al., 1998; Basquet et al., 1998) as well as the impact of
reservoir damage on production of highly inclined directional
wells, horizontal wells and other complex-structure wells (Joshi,
1986). Most models, based on the optimization of Hawkins skin
factor equation, regard the damage zone radius along the direc-
tion from the toe to the root of the wellbore as a constant dis-
tribution, linear distribution and parabolic distribution
respectively (Zhang and Yan, 2001; An et al., 2008; Sun, 2020).
Some scholars (An et al., 2008; Wu et al., 2008; Wang et al.,
2009) regard the skin factor (damage zone) as a constant along
the direction of wellbore. Zhang and Yan (2001) improved the
Hawkins skin factor model for highly inclined wells (Hawkins,
1956) with reference to Frick Economides (Frick and
Economides, 1993) model, in which the skin factor is regarded
as linear decrease along the wellbore, but the anisotropy of
reservoir is not considered. Sun (2020) optimized the skin factor
model of Furui Zhu Hill (Furui et al., 2003, 2004) by assuming
that the damage zone distribution along the wellbore of hori-
zontal well is a parabolic decreasing type, but did not give the
calculation method of the maximum damage zone radius
assumed in the skin factor model, which is difficult to be ob-
tained directly from field. Additionally, due to many factors such
as reservoir physical properties, drilling and completion fluid
performance, construction parameters and so on, the damage
zone shape near the well of complex-structure wells cannot be a
uniform cylinder or circular truncated cone from a three-
dimensional perspective, in another words, the distribution of
skin factor along the wellbore direction is not a simple constant,
linear or parabolic distribution described in the above model.

In this paper, a skin factor model for evaluating the reservoir
damage of complex-structure wells during drilling and completion
in the anisotropic reservoir is established by analytic technique
based on subsection and superposition method, which gives a way
for converting anisotropic reservoir to isotropic reservoir, uneven
distribution model of reservoir damage zone radius along the
wellbore, local and total skin factor model, equivalent damaged
permeability and damage zone radius of complex-structure wells.
The model can be used to evaluate the reservoirs damage of
complex-structure wells caused by the working fluid invasion
during the well construction. Considering the skin factor model in
the oil and gas production prediction, it can provide more accurate
guidance for the production prediction of complex-structure wells.
The two field cases application indicate that the production pre-
diction model after considering reservoir formation damage has
higher accuracy to more than 90%.

2. Methodology

Due to overbalance drilling or completion, reservoir near the
wellbore of complex-structure well is invaded by working fluid,
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causing reservoir formation damage. Before modeling, the
following assumptions are proposed in order to make the model
more reasonable.

a. The temperature, fluid density and viscosity of the reservoir are
considered to be constant.

b. The compressibility of working fluid and reservoir fluid is not
considered.

c. The influence of gravity on the invasion of working fluid into the
reservoir is not considered.

d. The filtration of drilling fluid at the bit is not considered. There
are only static filtration and dynamic filtration of drilling fluid
during drilling.

e. There are no large or special fractures in the reservoir around
the well section calculated.
2.1. Transforming anisotropic reservoir into equivalent isotropic
reservoir

As the uneven distribution of in-situ stress, there is generally
anisotropy in the reservoir and the direction of the maximum
permeability is generally consistent with the direction of the
maximum horizontal principal stress (Liu et al., 2005). In order to
quantitatively evaluate the reservoir damage of complex-structure
wells, the inclined section is taken as the research object, so the
vertical section and horizontal section are two special cases.
Assuming that there is an inclined well section with a length of Li
and a wellbore radius of rw in an anisotropic reservoir with a
reservoir thickness of h and the oxyz coordinate system is defined,
as shown in Fig. 1a, where oz is perpendicular to the formation
plane and oxy plane is horizontal. The permeability in the xyz di-
rection of the three coordinate axes are the maximum horizontal
permeability Kx, the minimum horizontal permeability Ky and the
formation vertical permeability Kz (Kx > Ky > Kz). The well inclina-
tion angle of this inclined well section is q and the azimuth angle is
4, where 0 ¼ q � p and 0 ¼ 4 � 2p.

In the oxyz coordinate system, the three-dimensional steady-
state fluid flow partial differential equation of single-phase
incompressible liquid in the reservoir is:

Kx
v2P
vx2

þKy
v2P
vy2

þ Kz
v2P
vz2

¼ 0 (1)

where Kx, Ky and Kz are respectively formation permeability in three
coordinate axes of x, y and z, m2; and P is formation pressure, Pa.

Let x ¼
ffiffiffiffiffiffiffiffi
K2
x

KyKz

6
q

x0, y ¼
ffiffiffiffiffiffiffiffi
K2
y

KxKz

6
q

y0 and z ¼
ffiffiffiffiffiffiffiffi
K2
z

KxKy

6
q

z0 be substituted into

Eq. (1) to obtain:

v2P
vx02

þ v2P
vy02

þ v2P
vz02

¼ 0 (2)

Eq. (2) represents the three-dimensional steady-state fluid flow
partial differential equation in the ox'y'z' coordinate system. Using
the above relationship to make coordinate transformation, the oxyz
coordinate system is transformed into the ox'y'z' coordinate system,
that is:2
4 x0
y0
z0

3
5¼

2
4 a 0 0
0 b 0
0 0 c

3
5
2
4 x
y
z

3
5 (3)

where a ¼
ffiffiffiffiffiffiffiffi
KyKz

pffiffiffiffiffiffiffiffiffiffiffiffi
KxKyKz

3
p , b ¼

ffiffiffiffiffiffiffiffi
KxKy

pffiffiffiffiffiffiffiffiffiffiffiffi
KxKyKz

3
p and c ¼

ffiffiffiffiffiffiffiffi
KxKz

pffiffiffiffiffiffiffiffiffiffiffiffi
KxKyKz

3
p .

Then in the ox'y'z' coordinate system, the permeability tensor is



Fig. 1. An inclined well section in: (a) anisotropic reservoir under oxyz coordinate system; (b) equivalentisotropic reservoir under ox'y'z' coordinate system.
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transformed into:

K0 ¼

2
664

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
KxKyKz

3
q

0 0

0
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
KxKyKz

3
p

0
0 0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
KxKyKz

3
p

3
775 (4)

It can be seen that after coordinate transformation, the original
anisotropic permeability space is transformed into an equivalent
isotropic permeability space, as shown in Fig. 1b.

In the isotropic coordinate space, the new deviation angle q',
azimuth angle 4', wellbore length Li

', wellbore radius rw
' and

permeability K' can be expressed as:

q0 ¼ arctan

 
tan q

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a2 cos2 4þ b2 sin2

4

q
c

!

40 ¼ arctan
�
b
a
tan 4

�

L0i ¼ Li

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
c2 cos2 qþ

�
a2 cos2 4þ b2 sin2

4
�
sin2 q

r

r0w ¼ rw

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
c2 cos2 qþ

�
a2 cos2 4þ b2 sin2

4
�
sin2 q

r

K 0 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
KxKyKz

3
q

¼ K,b
1
3

(5)

where b is anisotropic coefficient of formation, b ¼
ffiffiffiffi
Kh
Kz

q
; and Kh is

horizontal permeability of formation, Kh ¼ ffiffiffiffiffiffiffiffiffiffiffi
KxKy

p
, m2.

The isobars around the wellbore are always distributed in the
plane perpendicular to the wellbore and the reservoir damage is
directly related to the formation pressure. Here, rotate the ox'y'z'

coordinate system to make one of the coordinate axes parallel to
the axial direction of the inclined wellbore section, so that the
pressure distribution of the formation around the wellbore can be
expressed by quantities in two directions in the same coordinate
plane. For the coordinates in Fig.1b, in order tomake the coordinate
axis z' parallel to the wellbore direction, take the z' axis direction as
the axis and rotate the ox'z' plane (oy'z' plane) clockwise 4' angle to
get a new ox''y''z'' coordinate system, and then take the y'' axis di-
rection as the axis and rotate the ox''y'' plane (oy''z'' plane) clockwise
q' angle to get a new ox'''y'''z''' coordinate system, as shown in Fig. 2
and Fig. 3. The conversion relationship from oxyz coordinate system
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to ox'''y'''z''' coordinate system is (Besson, 1990):

2
4 x

000

y
000

z
000

3
5¼

2
4 cos q0 cos 40 cos q0 sin 40 sin q0

�sin 40 cos 40 0
�sin q0 cos 40 �sin q0 sin 40 cos q0

3
5
2
4 ax
by
cz

3
5 (6)

Using ou'v'w' to represent the transformed coordinate axis
x'''y'''z''', then the reservoir is isotropic in the ou'v'w' coordinate
system, where the w' axis is always parallel to the inclined well
section studied and the ou'v' plane is perpendicular to the wellbore,
then the distribution of formation pressure field or damage near
the inclined well section can be represented in an ou'v' plane.
Accordingly, the ouvw coordinate system is the coordinate system
obtained by rotating the oxyz coordinate system. The w axis is al-
ways parallel to the inclined well section studied and any ouv plane
is perpendicular to thewellbore. The reservoir represented below is
an anisotropic reservoir with unconverted permeability. In the ouv
plane, it can also represent the flow characteristics of the stratum
near the inclined well section or the distribution of wellbore
damage. The conversion relationship between the two coordinate
systems and the permeability conversion relationship are shown in
Eqs. (7)e(10) respectively.

2
4u0
v0
w0

3
5¼

2
4 cos q0 cos 40 cos q0 sin 40 sin q0

�sin 40 cos 40 0
�sin q0 cos 40 �sin q0 sin 40 cos q0

3
5
2
4 axby
cz

3
5 (7)

2
4Ku0

Kv0

Kw0

3
5¼

2
4 cos2q0 cos240 cos2q0 sin2

40 sin2q0

sin2
40 cos240 0

sin2q0 cos240 sin2q0 sin2
40 cos2q0

3
5
2
4 a2Kx
b2Ky

c2Kz

3
5 (8)

2
4u
v
w

3
5¼

2
4 cos q cos 4 cos q sin 4 sin q

�sin 4 cos 4 0
�sin q cos 4 �sin q sin 4 cos q

3
5
2
4 x
y
z

3
5 (9)

2
4Ku
Kv

Kw

3
5¼

2
4 cos2 qcos2 4 cos2 qsin2

4 sin2 q

sin2
4 cos2 4 0

sin2 qcos2 4 sin2 qsin2
4 cos2 q

3
5
2
4Kx
Ky
Kz

3
5 (10)



Fig. 2. Conversion of this inclined well section in isotropic reservoir under ox''y''z'' coordinate system.

Fig. 3. Conversion of this inclined well section in isotropic reservoir under ox'''y'''z''' coordinate system.

Fig. 4. Schematic diagram of isobaric line and reservoir damage near wellbore in
anisotropic reservoir.
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2.2. Damage zone distribution near single well section of complex-
structure wells

In the ouv plane under the ouvw coordinate system of aniso-
tropic reservoir,w is a constant, so the steady-state flow equation of
reservoir near the inclined well section can be expressed as:

Ku
v2P
vu2

þKv
v2P
vv2

¼ 0 (11)

Eq. (11) is a common second-order linear elliptic partial differ-
ential equation, whose internal boundary condition is:

(
u2 þ v2 ¼ r2w
P ¼ Pwf

(12)

where Pwf is bottom hole pressure, Pa.
Through Eqs. (11) and (12), it can be found that in anisotropic

reservoirs, the isobars around the wellbore are a series of concen-
tric ellipses (Peaceman, 1983). The closer the ellipse is to the
wellbore, the closer the ratio of its major axis to its minor axis is to
1846
1, until it reaches the circular wellbore. Fig. 4 shows the distribution
and damage of wellbore isobars in anisotropic reservoir.

After coordinate transformation, the anisotropic reservoir is
transformed into an equivalent isotropic reservoir under the new
coordinate system ou'v'w'. In the orthogonal plane of the wellbore,
the transformation relationship between the two coordinate sys-
tems is:



Fig. 6. Conformal transformation in the orthogonal plane of wellbore in isotropic
reservoir.
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�
u0
v0

�
¼

2
66664

ffiffiffiffiffiffi
Kv

Ku

4

s
0

0
ffiffiffiffiffiffi
Ku

Kv

4

r
3
77775
�
u
v

�
(13)

Then the steady-state fluid flow equation in the orthogonal
plane ou'v' of the wellbore changes from Eq. (11) to:

v2P

vu02
þ v2P

vv02
¼ 0 (14)

Eq. (14) is a Laplace equation, and the corresponding inner
boundary condition is changed from Eq. (12) to:

8>>>>><
>>>>>:

u02"
rw

�
Kv

Ku

�1
4

#2 þ v02"
rw

�
Ku

Kv

�1
4

#2 ¼ 1

P ¼ Pwf

(15)

Through Eq. (14) and boundary condition Eq. (15), it can be
found that in the equivalent isotropic reservoir, isobars around the
wellbore are a series of confocal concentric ellipses and the well-
bore shape is converted into an ellipse with the focus on the v' axis.
The farther away from thewellbore, the closer the ratio of themajor
axis to the minor axis of the elliptical isobars is to 1 and the closer
the shape is to a circle. The isobaric distribution and damage in the
orthogonal plane of the wellbore are shown in Fig. 5.
2.3. Local skin factor of complex-structure wells

Conformal transformation (Kang et al., 2021) is introduced to
solve the Laplace equation of elliptic internal boundary conditions
shown in Eqs. (14) and (15), and the transformation function is
taken:

A ¼ l,chB (16)

where A ¼ x þ iy and B ¼ zþih.
Convert plane A in ou'v' coordinate system to plane B in ozh

coordinate system, so that the elliptic potential line in plane A is
transformed into the linear potential line in plane B, as shown in
Fig. 6. The coordinate transformation relationship is as follows:	
u0 ¼ l,chz,sin h
v0 ¼ l,shz,cos h

(17)

where shz is hyperbolic sine function, shz ¼ 1
2 ðez þ e�zÞ. chz is

hyperbolic cosine function, chz ¼ 1
2 ðez � e�zÞ.

According to Eq. (17), the short axis and long axis of the
Fig. 5. Schematic diagram of isobaric line and reservoir damage near wellbore in
anisotropic reservoir.
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corresponding elliptic isobar in Fig. 6 are: l·chz and l·shz. Combined
Eq. (15), the minor axis and major axis of the elliptical wellbore
boundary are respectively:

8>>>><
>>>>:

l,chzw ¼ rw

�
Kv

Ku

�1
4

l,shzw ¼ rw

�
Ku

Kv

�1
4

(18)

From Eq. (18), l ¼ rw

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Kv

Ku

q
�

ffiffiffiffi
Ku
Kv

qr
and zw ¼ ln

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ

ffiffiffiffi
Ku
Kv

p
1�

ffiffiffiffi
Ku
Kv

p
s

can be

gotten.
Take the average value of the long axis and short axis of the

elliptic isobar as the average radius of the elliptical wellbore:

r¼ l,chzþ l,shz
2

¼ l
2
ez (19)

According to simultaneous Eqs. (18) and (19), the average radius
of elliptic wellbore in equivalent isotropic reservoir is:

r0w ¼ l
2
ezw ¼ rw

2

 
1þ

ffiffiffiffiffiffi
Ku

Kv

s !s
4
Kv

Ku
(20)

In anisotropic reservoir, in order to solve the boundary of elliptic
damage zone, the long axis of ellipse is defined as damage zone
radius. Convert it to equivalent isotropic reservoir according to Eq.
(13), which is:

r0v;d ¼
ffiffiffiffiffiffi
Ku

Kv

4

s
rv;d ¼ l,chzd (21)

where rv,d is the damage zone radius in anisotropic reservoir, m;
and r'v,d is the damage zone radius in equivalent isotropic reservoir.

From the above equation, zd is:

zd ¼ ln

0
BBB@

ffiffiffiffi
Ku
Kv

q
,rv;d

rw
ffiffiffiffiffiffiffiffiffiffiffiffiffi
1� Ku

Kv

q þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ku
Kv
,r2

v;d

r2w
�
1� Ku

Kv

�� 1

vuuut
1
CCCA (22)

Substituting Eq. (21) into Eq. (19), the average radius of the
elliptical damage zone boundary in the equivalent isotropic reser-
voir is:

r0d ¼
ffiffiffiffi
Ku
Kv

4
q

,rv;d
2

þ rw
2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ku

Kv

s
r2
v;d

r2w
�

ffiffiffiffiffiffi
Kv

Ku

s
þ

ffiffiffiffiffiffi
Ku

Kv

svuut (23)

Replace the average wellbore radius Eq. (20) and the average
damage zone radius Eq. (23) into Hawkins skin factor equation,
then the skin factor of the damaged zone in the orthogonal plane of
a wellbore near the inclined wellbore section is obtained, as shown
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in Eqs. (24) and (25).

Sd ¼
bh0

L0

�
K 0

K 0
d
�1
�
ln

r0d
r0w

(24)

SdiðwÞ¼bh0

L0i

�
K 0

K 0
d
�1
�
ln

0
BBBB@

ffiffiffiffi
Ku
Kv

q
,rdðwÞ

rw
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ku
Kv

r2dðwÞ
r2w

þ Ku
Kv
� 1

r

1þ
ffiffiffiffi
Ku
Kv

q
1
CCCCA

(25)

where K' is the equivalent permeability in equivalent isotropic
reservoir, m2; Kd

' is the equivalent permeability of damage zone in
equivalent isotropic reservoir, m2; rd

' is the equivalent radius of
damage zone in equivalent isotropic reservoir, m; Sd is skin factor;
and Sd(w) is the local skin factor in the orthogonal plane w of
wellbore.

Integrating Eq. (25) on the length of the well section can obtain
the skin factor model of the reservoir near the inclined well section
of the well in the anisotropic reservoir, as shown in Eq. (26).
Similarly, the skin factor model of vertical well section and hori-
zontal well section in special cases can be obtained by the above
method, as shown in Eqs. (27) and (28).

Sdi ¼
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L0
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d
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ln

0
BBBB@

ffiffiffiffi
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q
1
CCCCAdw

(26)
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L0
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d
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BBBB@
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Sdh ¼
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L0
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d
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ln
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BBBB@

ffiffiffiffi
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Kv
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þ
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ffiffiffiffi
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1
CCCCAdw

(28)

where Ku and Kv can be obtained from Eq. (10) when the well
inclination angle and azimuth of the well section are known; Li, Lv
and Lh respectively represent the lengths of incline, vertical and
horizontal well sections in the isotropic reservoir coordinate sys-
tem; Sdx, Sdv and Sdh respectively represent the skin factor of
reservoir damage near incline, vertical and horizontal well sections
of complex-structure wells.

According to Eqs. (26)e(28), to calculate the total skin factor of
complex-structure wells, it is also necessary to know the distribu-
tion of damage zone radius rd(w) along the wellbore direction of
each section and the permeability Kd

' after damage.

2.4. The maximum and distribution of damage zone radius

Damage zone radius can be expressed by skin factor:

rd ¼ rw,e�Sd (29)
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According to the above equation, in special cases, when there is
no pollution at the toe of the wellbore, the skin factor is 0 and the
minimum damage zone radius rdmin is the wellbore radius rw. In
fact, the value of damage zone radius is also difficult to obtain
directly from the oil field, which generally needs to be obtained
through indoor experiments (Li et al., 2022).

2.4.1. Calculation method of maximum damage zone radius
Jiang et al. (1995) established the empirical model of the

maximum invasion depth of drilling fluid and completion fluid into
the reservoir by processing the experimental data with multiple
nonlinear regression:

rdmax ¼6:35� 10�4
�
Vf
4

�1
3

DP
1
2

h
5:1þ39:66K

1
2 �34:35K

1
3

i
(30)

where rdmax is the maximum damage zone radius, m; Vf is the
filtration loss of drilling fluid through 45.8 cm2

filtering area under
pressure difference DP within soaking time t, � 10�6 m3; DP is
difference between drilling fluid column pressure and formation
pore pressure, � 106 Pa; 4 is the reservoir porosity, %; and K is the
permeability of formation, � 10�12 m2.

Wang et al. (2003) also obtained the empirical model for
calculating the maximum invasion depth of working fluid of the
horizontal well by multiple regression of experimental data:

rdmax ¼
1
4

�
DP � 9:62� 104m� 2:72002� 103K�1 þ 2:298

�K�2 þ 0:19� K�3 þ 1:04� 105
�1

2 (31)

where m is the viscosity of working fluid filtrate, � 10�3 Pa s; and K
is the permeability of formation, � 10�15 m2.

Qi et al. (1992) derived the model for calculating the invasion
depth of drilling fluid into the reservoir:

rdmax ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r2w þ

�
0:384rw

�
Vfsts þ Vfdtd

�
� 10�3 � S,d21 � 10�6

�
pd214ð1� Sor � S1 � SmontoÞ

vuuut
(32)

where Vfs and Vfd are static filtration and dynamic filtration within
30 min, � 10�6 m3; S¼S(ts)þS(td)þSout, where ts and td are the time
of drilling fluid soaking and circulating in reservoir, d; S(ts), S(td)
and Sout respectively represent the amount of filtrate absorbed by
the rock during soaking, the amount of filtrate absorbed by the rock
during mud circulation and the amount of filtrate in the outer mud
cake, � 10�6 m3; d1 is core diameter, � 10�3 m; Sor, S1 and Smonto
respectively represent residual oil saturation, residual saturation of
rock pores after filtrate invasion and saturation of clay in original
pore volume after water absorption and expansion, %.

All data required in the Eqs. (30)e(32) need to be obtained
through experiments.

2.4.2. Distribution model of damage zone radius along the wellbore
Combined with the previous research experience, this paper

proposes two models of damage zone radius distribution along the
wellbore.

2.4.2.1. Empirical equation model. For the orthogonal planes of
reservoirs with different directions along the wellbore, t in Eq. (32)
can be written as the difference of well length L and w at this po-
sition divided by the average rate of penetration v, so as to obtain
the distribution law of the damage zone radius along the wellbore
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direction:

rd¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r2wþ

�
0:384rw

�
VfsþVfd

�
l�w
v ,48td�10�3�S,d21�10�6

�
pd214ð1�Sor�S1�SmontoÞ

vuuut
(33)

where rd is the vector of damage zone radius, m; l is the length of
well section, m; and td is the time of well construction, d.

2.4.2.2. Oscillatory decreasing function model. Here, oscillation
decreasing function is introduced to express the distribution of
damage zone radius towards w direction, and the model is:

rdðwÞ¼ rdmax,f ðwÞ,gðwÞ (34)

where, rd is the damage zone radius, m, and rd � rw; rdmax is the
maximum damage zone radius, m, and rdmax ¼ rd(0); f(w) is an
oscillatory function and g(w) is a decreasing function.

Take cosine type function as the oscillatory function f(w):

f ðwÞ¼ a,½cosðb ,wÞþ c� (35)

where a, b and c are both equation coefficients and they are all
greater than 0. a¼ 1/(1þ c); b is positively correlatedwith reservoir
heterogeneity, whereas c is negatively correlated with reservoir
heterogeneity, that is b~b and c~eb; and the values of b and c will
respectively affect the fluctuation frequency and fluctuation range
of damage zone radius along wellbore.

In isotropic reservoir, damage zone radius should be a pure
linear decreasing distribution along wellbore root to toe without
considering other factors. In anisotropic reservoirs, the decreasing
function g(w) is assumed to be in Table 1.

Where d is equation coefficient, which is also greater than 0 and
correlated with the well section length.

It can be found that the Eq. (33) is one of parabolic decreasing
functions. Combine the two functions and the oscillatory
decreasing function model can be gotten. Then the distribution of
damage zone can be obtained.

2.5. Equivalent permeability and damage zone radius conversion
method

Consider that the fluid flow in different wellbore orthogonal
plane ouv in equivalent isotropic reservoir follows plane radial
flow:

Qouv ¼ 2pK 0L0wDP

moBo ln
�
r0c
r0w

� (36)

where Qouv is the rate of flow in an ouv plane, m3/d; Lw' is equivalent
thickness of reservoir in w direction in equivalent isotropic reser-
voir, m; DP is difference between drilling fluid column pressure and
formation pore pressure, � 106 Pa; mo is crude oil
viscosity � 10�3 Pa s; Bo is volume factor of crude oil; and rc

' is
Table 1
Four kinds of the decreasing function.

Decreasing function Function Functional form

gðwÞ d,ð� w þ lÞ Liner

d,
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffið�w þ lÞp

Parabolic

e�d,w Exponential

d,ln½ð � w þ l þ 1Þ� Logarithmic
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equivalent oil drain radius in equivalent isotropic reservoir, m.
Suppose that the pressures of the well section at different po-

sitions from well root to toe are P1, P2, P3, …, Pi, …, Pn, and the
corresponding permeabilities are K1, K2, K3, …, Ki, …, Kn. Then the
total flow of the well is equal to the sum of the partial flows of each
well section:

Q ¼
Xn
i

2pK 0
i L

0
wiDPi

moBo ln
�
r0c
r0w

� (37)

The equivalent origin permeability can be obtained from Eqs.
(36) and (37):

K 0 ¼

Pn
i
K 0
i L

0
wiDPi

L0DP
(38)

Generally speaking, reservoir damage will cause an additional
pressure drop of the reservoir around the wellbore:

DPs ¼ Sd,
141:2QmoBo

K 0L0
(39)

where DPs is additional pressure drop, � 106 Pa.
Then the equivalent permeability after damage is:

K 0
d ¼

Pn
i
K 0
i L

0
wiðDPi � DPsiÞ

L0DP
(40)
2.6. Skin factor model of complex-structure wells

By substituting Eqs. (34), (38) and (40) into Eqs. (26)e(28), the
skin factor calculation models of inclined section, vertical section
and horizontal section in complex-structure wells can be obtained
respectively:
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(41)

Sdv ¼ bh
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Sdh ¼ bh
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(43)

For dual horizontal wells, multilateral wells and such complex-
structure wells including one more well section, the overall reser-
voir damage cannot be evaluated by a simple numerical super-
position of skin factors of all the branchwell sections, but should be
equivalent conversion on damage zone radius then recalculate the
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skin factor as a whole.
The converted damage zone radius of the whole well can be

converted by:

rd ¼

Pn
i

ð
rdðwÞidw

L
(44)

where n is the number of well section of complex-structure well; L
is the total length of well, m.

Therefore, the skin factor of the whole complex-structure well
is:

8>>>>>>>>>>>>>>>>>>><
>>>>>>>>>>>>>>>>>>>:
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(45)

By substituting the above skin factor model into the general
production model, the modified production model of the corre-
sponding well section or the whole complex-structure well
considering reservoir damage can be finally calculated.
Table 2
Basic data of horizontal well P314.

Data Value and Unit

Lh 315 m
h 171.8 m
rw 0.18 m
reh 535.2 m
mo 65 � 10�3 Pa s
Bo 1.07
Kh 575.1 � 10�15 m2

4 0.34
b 3.5
Pe 13.3 � 106 Pa
Pwf 11 � 106 Pa
DPs 2 � 106 Pa
4 160

�

�

2.7. A new modified production model of horizontal well
considering reservoir formation damage

Modifying the Joshi's horizontal well production model (Joshi,
1988) by the established skin factor model, and a new horizontal
well production model considering reservoir damage is obtained:

Q ¼ 2pK 0
hh

0DP

moBo

�
ln
�
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where a0 ¼ L0=2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1=2þ
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1=4þ ð2r0e=L0Þ4

qr
.

Fig. 7. Structure diagrammatic sk
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3. Field case and model application

3.1. Field case 1: Horizontal well P314

Horizontal well P314 is located in thewest of 7th zone of Shengli
Gudong Oilfield (China). The structure diagrammatic sketch and
basic data of P314 well are shown in Fig. 7 and Table 2.

By substituting the known data into Eq. (43), the skin factor Sd of
this horizontal well can be calculated. Then substituting Sd into Eq.
(46), the well production Qh can be obtained.

3.2. Field case 2: Herringbone well CF1

Herringbone well CF1 is located in Bohai Oilfield (China). The
structure diagrammatic sketch and basic data of CF1 well are
shown in Fig. 8 and Table 3.

By substituting the known data of main and branch wells into
Eq. (43) respectively, the skin factor Sdi of each branch well can be
calculated. Then substitute Sdi into Eq. (46) to obtain the well
productionQhi of each branchwell. The total well production can be
gotten by adding the Qhi of all branch wells. And the equivalent
damage zone radius and total skin factor of this whole herringbone
well can be obtained by Eqs. (44) and (45).

4. Results

4.1. Reservoir formation damage simulation

4.1.1. Horizontal well P314
The reservoir damage zone radius and local skin factor distri-

bution along the wellbore of well P314 were calculated through the
model, and the results are shown in Figs. 9 and 10.

From the results, it can be seen that the maximum damage zone
etch of horizontal well P314.

q 90



Fig. 8. Structure diagrammatic sketch of herringbone well CF1.

Table 3
Basic data of herringbone well CF1.

Symbol Value and Unit

Lh 400 m
Lh1 100 m
Lh2 100 m
Lh3 150 m
Lh4 150 m
rw 0.111 m
rw1, rw2, rw3, rw4 0.089 m
re 319 m
h 18.2 m
Kx 3.6 � 10�12 m2

Ky 2 � 10�12 m2

Kz 1 � 10�12 m2

Kd 0.31 � 10�12 m2

mo 380 � 10�3 Pa s
Pe 14.4 � 106 Pa
DP 1 � 106 Pa

Fig. 9. Reservoir damage zone radius distribution along wellbore of well P314.

Fig. 10. Local skin factor distribution along wellbore of well P314.
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radius of well P314 is 1.9 m and the minimum is approximate to rw.
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The local skin factor decreases from the root (x ¼ 0 m) to the toe
(x ¼ 315 m), mainly because the formation near the well root has
the longest contact time with the drilling and completion fluid, so
the damage and local skin factor is the largest. Whereas, the contact
time between the formation near the well toe and external fluid is
short, so that the damage and local skin factor is minimal.

Then the total skin factor results were calculated by Eq. (43), as
shown in Table 4.

The reservoir formation damage simulation of well P314 is
shown in Fig. 11.

Fig. 11 well clearly shows the uneven decreasing distribution of
reservoir damage from the root to toe of the wellbore and the
elliptical distribution of damage zone in the orthogonal plane of the
wellbore in anisotropic reservoir of the well P314, which certifies
that this model can well simulated the reservoir formation damage
of the complex-structure well.
4.1.2. Herringbone well CF1
Here, the parabolic oscillatory decreasing function model was

chosen to represent the damage zone distribution. The damage



Table 4
Total skin factor calculated results of well P314.

Decreasing function Sd

Liner 2.3066
Parabolic 2.9816
Exponential 4.1698
Logarithmic 3.6217

Fig. 11. Reservoir formation damage of well P314 simulated by the model.
Note: This figure is simulated by the model with the exponential decreasing function.

Fig. 12. Damage zone radius distribution along wellbore of well CF1.
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zone radius and local skin factor distribution of the main well and
four branch wells are shown in Figs. 12 and 13.

The maximum damage zone radius of the main well and each
branch well are respectively 0.5800 m, 0.5065 m, 0.4227 m,
0.3470 m and 0.2553 m. The single skin factor of each well section,
the total skin factor and the equivalent damage zone radius of the
whole well are shown in Table 5.
Fig. 13. Local skin factor distribution along wellbore of well CF1.



Table 5
Skin factor simulation results of well CF1.

Symbol Value

Sdm 1.4099
Sdb1 1.0421
Sdb2 0.8103
Sdb3 0.3984
Sdb4 0.1169
Sd 1.8974
rde 0.3013
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4.2. Production prediction and model accuracy analysis

Production of horizontal well P314 was predicted by the new
horizontal well production model and Joshi's model respectively
and the results are shown in Table 6.

It can be seen from Tables 4 and 6 that the four decreasing
functions have similar effects on skin factor and production simu-
lation results. Among them, the production simulated by the
damage zone distribution model with parabolic, exponential and
logarithmic oscillatory decreasing function are all closer to the field
production of well P314 than liner oscillatory decreasing function
model. Comparing to Joshi's horizontal well production model, the
modified models have higher accuracy mainly because the Joshi's
model didn't consider the negative effect to the well production
caused by reservoir formation damage, so that the corresponding
predicted production is higher than the reality.

Equally considering the reservoir damage in the production
prediction, that is taking into account the skin factor in the pre-
diction, the production results of each well section of well CF1 are
shown in Table 7, in which the production data predicted by the
model, which did not consider the reservoir damage, is from the
reference (Fan et al., 2006; An et al., 2008).

From the results simulated in Table 7, it can be seen that the
production prediction result simulated by the model, after
considering the reservoir formation damage, is also closer to the
field measured production than the prediction result, which
doesn't consider the reservoir formation damage.

From the above two field cases, the model for evaluating
reservoir formation damage of complex-structure wells has the
convincing accuracy, and the relative error is as low as 10%
comparing with the filed data.

5. Discussion

5.1. Uneven distribution of reservoir damage along the wellbore

It is generally accepted that the damage zone radius and local
skin factor at the toe of the wellbore is the smallest since the
contact time between reservoir and drilling fluid is the shortest.
Correspondingly, damage zone radius and local skin factor at the
root of wellbore are both the largest because the contact time be-
tween reservoir and working fluid is the longest, so the damage is
the most serious. Moreover, the distribution of damage zone radius
Table 6
Production predicted results of well P314.

Calculation method

Measured production
Joshi's model
Modified model with the decreasing function of Liner

Parabolic
Exponential
Logarithmic
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along the wellbore direction is not simple linear distribution
because of reservoir anisotropy no matter for any type wells (Furui
et al., 2003, 2004). It is also indicated from the reservoir formation
damage simulation results of the first field case P314 well that the
damage zone distribution model with liner oscillatory decreasing
function has lower accuracy comparing to the other three
functions.

The heterogeneity of permeability along the wellbore is the
main factor leading to the heterogeneity of reservoir damage, as
well as skin factor. In addition, many factors such as properties of
drilling and completion fluid and construction parameters will also
aggravate the heterogeneity. Therefore, reservoir damage shows a
decreasing and also uneven distribution from root to toe of well-
bore, as shown in Fig. 14. Not considering the serious loss of
working fluid caused by special fractures around the well, the
oscillatory decreasing function model can approximate the quan-
titative expression of damage zone radius distribution.
5.2. Skin factor of single well section or the whole well in complex-
structure wells

Skin factor is an important technical index to evaluate the
reservoir formation damage of wells, which provides a reference for
the design of stimulation measures in the oilfield. In the field, the
total skin factor, which is under the combined action of various
factors, is usually obtained by pressure recovery test and pressure
drop test. For evaluating the reservoir damage, there is only one
total skin factor for one well, especially for the complex-structure
wells which include multiple well sections. Single skin factor or
production for one well section can be calculated individually, and
the total well production is equal to the sum of the productions of
each well section, whereas total skin factor cannot be same as the
sum of single skin factors of each well section. Just like the skin
factor simulation results of the second field case CF1well in Table 5.
The skin factor of main well and branch wells of CF1 well can be all
respectively calculated. Of course, the main well has the most
serious reservoir damage, and the reservoir damage of the other
four branch wells decreases successively along the main well bore.
The total skin factor of the whole well was calculated by Eq. (45), so
it is not an easy composition of skin factors of each well section.
5.3. Influence of model input factors on reservoir damage degree

5.3.1. Reservoir anisotropy
Fig. 15 shows the relationship between local skin factor and well

section length with different formation anisotropy coefficients.
It can be seen that the local skin factor at the same position of

this well section increases with the increase of b, and then the total
skin factor of the whole well section also increases. This is because
the flowing resistance in the vertical direction increases due to the
decrease of the vertical permeability of the reservoir, which would
eventually reduce the production of the well.
Production, m3/d Relative error, %

2.1875 0.00
3.3009 50.90
2.5066 14.59
2.3418 7.05
2.0988 4.05
2.2043 0.77



Table 7
Production predicted results of well CF1.

Type Production

Predicted by model, m3/d Measured in field, m3/d

Not considering reservoir damage Considering reservoir damage

Main well 24.90 23.21 /
Branch well 1 9.20 8.49 /
Branch well 2 8.43 7.92 /
Branch well 3 12.99 12.65 /
Branch well 4 13.98 13.87 /
The whole well 69.50 66.14 64.00
Relative error, % 8.59 3.34 0

Fig. 14. Schematic diagram of reservoir damage zone radius distribution along wellbore in complex-structure wells.

Fig. 15. Relationship curve between local skin factor and well section length with
different formation anisotropy coefficients.

Fig. 16. Relationship curve between local skin factor and well section length with
different maximum damage zone radius.
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5.3.2. Maximum damage zone radius
Fig. 16 shows the relationship between local skin factor and well

section length with different maximum damage zone radius
(maximum invasion depth of working fluid).

It can be seen that the local skin factor at the same position of
the well section increases with the increase of the maximum
damage zone radius, and then the total skin factor of thewholewell
section also increases. The reason is that with the increase of
maximum invasion depth of external working fluid, the flowing
1854
resistance near the well section also increases, finally resulting in
the reduction of well production. Therefore, it should be paid
attention to the reservoir protection in the process of well drilling
and completion.

5.3.3. Permeability
Fig. 17 shows the relationship between local skin factor and well

section length with different permeability.
It can be seen that the local skin factor at the same position of

thewell section increases with the increase of the permeability, and



Fig. 17. Relationship curve between local skin factor and well section length with
different permeability.
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then the total skin factor of the whole well section also increases. It
is that with the increase of permeability, the fluid flow and also the
working fluid invasion both become easier. Conversely, the for-
mation damage caused by working fluid invasion in the tight
reservoir is usually very slight.
5.4. Limitations of model application and future work

The skin factor model established by subsection and super-
position method in this paper can quantitatively evaluate reservoir
formation damage of complex-structure wells. Considering the
reservoir damage, the improved production model can more
accurately predict the production, optimize the drilling fluid suit-
able for the reservoir, and also provide guidance for plug removal
and stimulation. However, it also has some limitations due to the
assumptions and modeling methods. First, the model is not very
suitable for evaluating thewell section near the reservoir with large
and special fractures, as the important parameter rd is obtained
from Eqs. (30)e(34), among them, whose calculation is based on
the classic laboratory core damage experiment. If there are large or
special fractures in the formation, it will cause massive loss of
working fluid, which cannot be very precisely tested by the
experiment. So, there will be great difference between the data of
working fluid loss testing in laboratory and field, and then the
special situation cannot be well reflected by those empirical
equations. Equally, the reservoir damage of tight and shale reser-
voirs cannot be greatly evaluated by the model, because it is diffi-
cult for drilling fluid to invade in these tight formations. What's
more, the drilling fluid loss in core damage experiment is also
difficult to test in laboratory, which further influences to analyze
the invasion depth and the maximum damage zone radius. More-
over, there is also one further point to make, that is the modified
production prediction model is not suitable for evaluating the
reservoir damage of gas wells. Because the production model
adopts the condition of constant flow, while the gas wells give tacit
consent to the condition of constant pressure.

For the long-term reservoir protection is a wish that petroleum
engineers have been trying to achieve and is subjected to further
promotion. Reservoir damage is inevitable, so subsequent damage
removal, like acidizing, is particularly important. It is very impor-
tant to know the shape and range of damage zone for the design
and effect of plug removal. In the future, engineers can make im-
provements in accuracy and visualization of model calculation re-
sults. Additionally, in anisotropic reservoirs, the permeability in the
direction of main stress and the anisotropic coefficient are essential
data for model calculation, so, considering how to simply and
quickly to obtain the necessary parameters is of the essence.
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6. Conclusions

Due to the reservoir anisotropy, the reservoir formation damage
for complex-structure wells would be more serious and complex.
Therefore, quantitatively evaluating the reservoir damage is
particularly important for the subsequent selection of stimulation
measures and reservoir protection for complex-structure wells.

In this paper, the anisotropic reservoir is transformed into the
equivalent isotropic reservoir by coordinate transformation
method, which is more convenient for the study of heterogeneous
reservoir. And the local skin factor in the orthogonal plane of
wellbore is derived. Then oscillation decreasing function models
and empirical equation models are separately proposed consid-
ering the uneven distribution of reservoir damage along the well-
bore, which further improves the pure linear distribution of
damage zone along the wellbore as we all know. Finally, total skin
factor can be obtained by integrating the local skin factors in the
whole well, which is suitable for evaluating reservoir damage in
complex-structure wells with arbitrary trajectory. For the complex-
structure wells with multiple well sections, the conversion method
of the damage zone radius should be converted to get the total skin
factor rather than simply adding the skin factor of eachwell section.
Combining the total skin factor model with the production pre-
diction model, the production of complex-structure wells can be
predicted more accurately.

The field application cases clearly show that the accuracy of the
skin factor model is as high as 90%, and the results also show that
the distribution damage zone radius model with linear decreasing
function has higher error comparedwith the parabolic, exponential
and logarithmic decreasing function.
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