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Abstract
Horizontal well can increase well productivity and improve the economic benefit, which significantly promotes the develop-
ment of shale gas, tight oil and heavy oil. Moreover, it plays an important role in the development of natural gas hydrate. 
Horizontal extension ability is one of the key indexes of horizontal well, but it is always impacted by formation properties 
and well structure. Therefore, a model is established to analyze the impact of formation properties and well structure as 
comprehensive as possible, which considers not only traditional influencing factors, like formation pressure and drilling 
bit parameters, but also other key factors, including cutting particle size, wellbore diameter and cross section. Based on the 
analysis, some advises are proposed for field application. The analysis indicates that horizontal well has stronger extension 
ability in the formation with low formation pressure and high fracture pressure, but it is still limited by pump pressure. 
Under-balanced drilling can strength the extension ability in high formation pressure by reducing drilling mud density. The 
natural fractures in formation should be noted when drilling long horizontal well. The extension length increases and then 
decreases with the cutting particle size, so cutting particle has optimal size for the horizontal extension length, which can be 
adjusted by the rate of penetration and rotation speed. The extension length increases first and then decreases with the gap 
between drilling string and hole. Considering the demand of rock breaking and cutting sweeping around drilling bit, it is not 
recommended to adjust the drilling bit parameters. Both the cutting bed height and drilling string eccentricity have impact 
on horizontal extension length by changing minimum cutting-carry pump rate and annular pressure drop. Under different 
combinations of above two parameters, minimum cutting-carry pump rate and horizontal extension length are determined 
by different factors and can be divided into three parts, including acceptable cutting bed height, cutting lifting efficiency, 
pump pressure and total circulation pressure loss and well bottom pressure and formation fracture pressure. The findings of 
this study can help for better understanding of horizontal well hydraulic extension length and optimization method.

Keywords Wellbore cleaning · Horizontal well · Extreme extension · Cutting-carry pump rate · Formation property · Well 
structure

Abbreviations
γ  Intersection angle
β  Intersection angle
µ  Viscosity
ρ  Density
θ  Well inclination angle
A  Area
C  Coefficient
d  Diameter
E  Dimensionless eccentricity
e  Eccentricity
f  Friction coefficient
H  Dimensionless cutting bed height
h  Cutting bed height
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hv  Vertical Depth
k  Drilling fluid consistency index
ks  Lifting efficiency
L  Length
N  Rotate speed
n  Drilling fluid flow behavior index
p  Pressure
Q  Pump rate
R  Rate of penetration
Re  Reynolds Number
r  Radius
v  Velocity
dp

dL
  Pressure drop

Introduction

Unconventional oil and gas have significantly changed the 
world energy supply market, like shale/tight gas and oil 
(Al-Fatlawi 2018; Wang et al. 2016a, b; Yang et al. 2019; 
Zhang et al. 2017), coal bed methane (Al-Jubori et al 2009; 
Talapatra et al. 2020), heavy oil (Temizel et al. 2018; Gha-
lenavi et al. 2020), geothermal energy (Austin Anderson & 
Behnaz Rezaie 2019; Sui et al. 2018) and even gas hydrate 
(Li et al. 2020; Lu et al. 2018; Sadeq et al. 2020). Also, 
current low oil and gas price demand higher production 
efficiency to reduce cost. In these two aspects, horizontal 
well is one of the key technologies in order to increase the 
well productivity (Al-Fatlawi et al. 2019; Alzahabi & Soli-
man 2018; Olabode et al. 2020; Ma et al. 2020). For the 
horizontal extension length, mechanical and hydraulic are 
two restricted factors (Li et al. 2016a). Mechanical factor 

requires the torque of drilling rig overcomes the drilling 
string friction torque while the drilling pipe needs to prevent 
buckle or self-lock. Many related technologies are developed 
to solve the mechanical limitation, like advanced drilling 
equipment, low friction drilling fluid and friction reduce tool 
(Barton et al. 2011; Dong et al. 2015; Wang et al. 2016a, b).

At the same time, a lot work has been done to study the 
hydraulic factors. As shown in Fig. 1, mathematical models 
were established based on different engineering background, 
like, drilling mud window (Li and Gao 2019), shale gas well 
(Li et al. 2016c), gas drilling (Jiang 2014), deep formation 
(Xu et al. 2012) and offshore well (Li et al. 2019). All the 
available researches comply with the principle that the well 
bottom pressure should be lower than formation fracture 
pressure and higher than formation pressure. Part of the 
models took hole cleaning into account while some did not. 
Some influencing factors were also analyzed, including drill-
ing mud properties, pump pressure, annular pressure drop 
and rate of penetration. However, to get clear understanding 
of the extreme hydraulic extension length, it is still neces-
sary to comprehensively analyze the impact of key influ-
encing factors. Therefore, further research is also needed. 
Among the influencing factors, formation properties and 
well structure cannot be ignored. To be as comprehensive 
as possible, the analysis in this paper considers not only 
traditional influencing factors, like formation pressure or 
fracture pressure and drilling bit parameters, but also other 
important factors, including cutting particle size, wellbore 
diameter and cross section, hoping to provide some advises 
for field application.

Therefore, this paper is devoted to analyze the impact 
of formation properties and well structure on the extreme 

Fig. 1  Sketch map of extreme 
hydraulic extension length of 
horizontal well
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hydraulic extension length of horizontal well. First, the basic 
principle is proposed to establish the mathematical model, 
which is defined by minimum cutting-carry pump rate, bot-
tom hole pressure, pump pressure, drilling fluid circulation 
pressure loss and formation pressure. Then, the calculation 
methods are provided to obtain the parameters used in the 
mathematical model. Finally, the sensitivity of influenc-
ing factors is evaluated and some advises are proposed to 
support field operation, including formation pressure and 
fracture pressure, cutting particle size, wellbore diameter, 
drilling bit parameter and well cross section.

Mathematical model

Generally, hydraulic parameters should satisfy two require-
ments: hole cleaning and pressure balance. For hole clean-
ing, cuttings are carried by drilling fluid to avoid cutting 
accumulation in wellbore. So, the drilling fluid pump rate 
should not be lower than minimum pump rate to carry cut-
tings. Otherwise, height of cutting bed will increase (Zhang 
et al. 2020), leading to drilling string stuck, increase in fric-
tion and circulation pressure loss. For pressure balance, 
wellbore bottom pressure should be higher than forma-
tion pressure and collapse pressure. While bottom pressure 
should be lower than formation fracture pressure, in order to 
keep wellbore stability and prevent gas kick or drilling fluid 
leakage. Moreover, pump pressure should be higher than the 
circulation pressure loss of drilling fluid. Assuming there is 
no natural fracture in the formation and it is overbalanced 
drilling, the above requirements can be expressed as Eq. (1):

where pp-formation pressure, MPa; Q-drilling fluid 
pump rate, L/s; Qcm-minimum pump rate to carry cuttings, 
L/s; pf-formation fracture pressure, MPa; pc-formation col-
lapse pressure, MPa, pbh-wellbore bottom pressure, MPa; 
∆pL-total circulation pressure loss, MPa; ppw-pump pres-
sure, MPa.

In Eq. (1), both wellbore bottom pressure and total cir-
culation pressure loss are related to drilling fluid pump 
rate and horizontal extension length. As shown in Fig. 2, 
minimum cutting-carry pump rate is determined by accept-
able cutting bed height and required lifting efficiency. 
And then, two values of horizontal extension length can 
be obtained from Eq. (1). The hole cleaning meets the 
requirement when the drilling fluid pump rate is Qcm. and 
then the extreme hydraulic extension length can be defined 
as Eq. (2). Finally, this model can be used to analyze the 
imapct of formation properties and well structure, thus 
providing support and guidance based on the result and 
analysis.

where Lm-extreme hydraulic extension length of horizon-
tal well, m; Lbh-horizontal extension length restricted by 
bottomhole pressure, m; Lcl-horizontal extension length 
restricted by total circulation pressure loss, m.

(1)

⎧
⎪⎨⎪⎩

Q ≥ Qcm

max
�
pp, pc

�
≤ pbh ≤ pf

ΔpL ≤ ppw

(2)Lm=min(Lbh, Lcl)|Q=Qcm

Fig.2  Flowchart of the mod-
eling analysis
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Minimum pump rate to carry cuttings

Horizontal well has vertical and horizontal section. Moreo-
ver, wellbore diameter changes along the depth (Zhang et al. 
2015), so different drilling fluid pump rates are required to 
carry cuttings in different well sections. To assure the hole 
cleaning, the largest pump rate is selected as the minimum 
pump rate to carry cuttings, as expressed by Eq. (3) and (4):

where  Qci-minimum pump rate to carry cuttings at ith well 
section, L/s; vac-minimum annular velocity to carry cuttings, 
m/s; D-wellbore diameter, mm; do-drilling string diameter, 
mm.

Well bottom pressure and circulation pressure loss

Drilling fluid flows inside drilling string and drilling bit, 
then flows back to ground through horizontal annulus and 
vertical annulus. According to U-pipe principle, well bottom 
pressure can be divided into four parts. First part is generated 
by hydrostatic fluid column. Second part is additional pres-
sure caused by the velocity and density differences between 
cuttings and drilling fluid in the vertical well section (Liu 
et al. 2004). Third part is the annular pressure loss in hori-
zontal well section. This part should consider the impact of 
cutting bed and drilling string eccentricity on the circulation 
pressure drop. The forth part is the annular pressure loss in 
other well section. Also, the well diameter may change, so 
the pressure drop per unit is different, which means annular 
pressure drop consist of several parts. Combining the above 
parts, well bottom pressure can be expressed by Eq. (5):

(3)Qcm = max
(
Qc1,Qc2......Qci

)

(4)Qc = 10−3vac
�
(
D2 − d2

o

)
4

(5)

p
bh

= p
h
+ Δp

cs
+ p

ac
+ p

vc

= 0.0098�
f
h
v
+ Δp

cs
+ C

b

n∑
i=1

dp
ai

dL
Li +

m∑
j=1

dp
aj

dL
Lj

where ph-pressure generated by hydrostatic fluid column, 
MPa; ∆pcs-additional pressure, MPa; pac-pressure loss in 
horizontal well section, MPa; pvc-pressure loss in other 
well section, MPa; ρf -density of drilling fluid, g/cm3; Cb-
coefficient of horizontal annular circulation pressure drop, 
dimensionless; dpai

dL
-annular pressure drop of jth vertical and 

inclined well section, MPa/m; Li-length of ith horizontal 
well section, m; dpaj

dL
-annular pressure drop of jth vertical 

well section, MPa/m; Lj-length of jth vertical well section, 
m; hv-vertical depth of wellbore, m.

Total circulation pressure drop consists of annular 
pressure loss, pressure loss inside drilling pipe, ground 
manifold pressure loss and drilling bit pressure loss, as 
expressed by Eq. (6):

where ∆pg-ground manifold pressure loss, MPa; ∆pb-drill-
ing bit pressure loss, MPa; ∆pd-pressure loss inside drilling 
pipe, MPa.

Pressure loss of ground manifold can be obtained by 
ground test. Drilling bit pressure loss is expressed by 
Eq. (7):

where C-drilling Bit flow rate coefficient, dimensionless; 
Ab-drilling bit flow area,  cm2.

Sensitivity analysis

A well is selected to analyze the influencing factors (Zhang 
et al., 2018). The basic calculation parameters are as shown 
in Table.1. In this study, the nominal pressure drilling pump 
is 25.5 MPa and nominal capacity is 44.98L/s.

(6)ΔpL = Δpg + Δpb +
(
pbh − ph − Δpcs

)
+ Δpd

(7)Δpb =
�fQ

2

2C2A2
b

Table 1  Basic calculation 
parameters

Parameters Value Parameters Value

Acceptable cutting bed height 5% Vartical depth 2395 m
Drilling string diameter 101.6 mm Formation pressure 1.113 g/cm3

Drilling fluid density 1.31 g/cm3 Formaiton collapse pressure 1.015 g/cm3

Drilling string rotation speed 50r/min Formaiton fracture pressure 2.284 g/cm3

Drilling string eccentricity 0.71 Cutting density 2.315 g/cm3

Drilling fluid consistency index 0.6715 Pa·sn Rate of penetration 4.17 m/h
Flow behavior index 0.5243 Drilling bit flow rate coefficient 0.965
Yield value/plastic viscosity 0.6551 Pa/cP Drilling bit flow area 3.6  cm2

Casing diameter 177.8 mm Drilling bit diameter 152.4 mm
Casing setting depth 2610 m Kickoff point 2090 m
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Impact of formation properties

Formation pressure

As shown in Fig. 3, the extreme hydraulic horizontal exten-
sion length decreases as the formation pressure increases. 
Meanwhile, the minimum pump rate decreases. This is 
because the drilling fluid density also increases in order to 
balance the formation pressure. As a result, the hydrostatic 
column pressure increases. For example, the hydrostatic col-
umn pressure increases from 29.34 MPa to 38.32 MPa when 
the drilling fluid density increases from 1.25 g/cm3 to 1.6 g/
cm3. According to Eq. (10), this is obviously adverse to the 
extension of horizontal extension length. Heavier drilling 
fluid makes the well bottom pressure higher. This means the 
annular pressure drop should be lower in order to prevent 
well bottom pressure exceeding formation fracture pressure. 
As a result, the extension length should be reduced when the 
formation fracture pressure and well vertical depth do not 
change. In the field practice, high-pressure formation should 
be sealed to get longer horizontal extension ability.

Formation fracture pressure

As shown in Fig. 4, extreme hydraulic horizontal extension 
length increases as the formation fracture pressure increases. 
Therefore, the horizontal extension length would be reduced 
in the easy-leak formation. Moreover, the existence of natu-
ral fracture is also adverse for the extension of horizontal 
well, because natural fracture is easier for drilling fluid leak-
age even when the well bottom pressure is not higher than 
formation fracture pressure. Meanwhile, extreme horizontal 
extension length increases first and then becomes unchanged 
when the pump pressure is lower. As the horizontal length 
extends, the total circulation pressure loss also increases and 
finally exceeds the pump pressure. And then, the limited 

pump pressure restricts the extension of horizontal well, so 
the extension length does not change again.

Impact of drilling bit parameters

Drilling bit diameter

As shown in Fig. 5, there is a peal value in the curve of 
extreme horizontal extension length. It increases first and 
then decreases as wellbore diameter increases. This is 
because extreme horizontal extension length is determined 
by well bottom pressure and formation fracture pressure 
determines before the peak value. Larger wellbore diameter 
brings lower annular pressure loss, so the horizontal exten-
sion length increases. After the peak value, the determinant 
factors become pump pressure and total circulation pressure 
drop. The decrease in annular pressure drop is not adequate 
to compensate the impact of higher minimum pump rate. 

Fig. 3  Impact of formation pressure

Fig. 4  Impact of formation fracture pressure

Fig. 5  Impact of wellbore diameter
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This indicates the suitable combination of drilling string and 
wellbore can help to extend horizontal well section.

Flow rate coefficient and flow area

As shown in Fig. 6, extreme hydraulic horizontal exten-
sion length increases as the flow rate coefficient and flow 
area increase. However, the difference between maximum 
and minimum values in Fig. 7 is only 4.60%. According to 
Eqs. (6) and (7), drilling bit flow rate coefficient and flow 
area have impact on the extreme hydraulic horizontal exten-
sion length when the total circulation pressure and formation 
fracture pressure are the determinant factors. Considering 
the drilling bit parameters are important for rock breaking 
and cutting sweeping around drilling bit (Cao et al. 2019), 
it is not recommended to adjust the drilling bit parameters.

Impact of cuttings

Cutting particle size

As shown in Fig. 7, extreme hydraulic horizontal extension 
length increases first and then decreases as the cutting parti-
cle size increases. Meanwhile, the trend of minimum pump 
rate is opposite. This can be explained by the impact of cut-
ting particle size on hole cleaning. In the horizontal well sec-
tion, cutting particle is moved by drag forces, lifting forces 
and forces generated by fluid pressure gradients(Walker 
and Li 2000), which increases as the cutting particle size 
increases. So, smaller drilling fluid pump rate is needed to 
carry the cuttings. However, for vertical well section, the 
gravity of cutting particle increase as the size increases, 
so larger drilling pump rate is needed to carry the cut-
tings. As a result, the minimum cutting-carry pump rate is 
determined first by cutting bed height and then by cutting 

lifting efficiency as cutting size increases. The cutting size 
is related to the rate of penetration and rotation speed, so 
horizontal well section can extension longer by optimizing 
the rate of penetration and rotation speed.

Cutting bed height

Together with drilling string eccentricity, cutting bed height 
determines the cross section geometry of horizontal well. 
As shown in Fig. 8, it can be seen that extreme hydraulic 
horizontal extension length increases first and then decreases 
as the acceptable cutting bed height increases. As for the 
drilling string eccentricity, Fig. 8 can be divided into part A 
and part B. Extreme horizontal extension length increases in 
part A, but it increases first and then decreases in part B as 
the drilling string eccentricity increases. This indicates that 
the determinant factors are different under different combi-
nations of cutting bed height and drilling string eccentricity.

Fig. 6  Impact of drilling bit parameters

Fig. 7  Impact of cutting particle size

Fig. 8  Impact of cross section geometry of horizontal well
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Table 2 and Fig. 9 provide the determinant factors. There 
are three combinations of the determinant factors. In the 
green area and blue area, the cutting-carry pump rate is 
determined by acceptable cutting bed height. In yellow area, 
the determinant factor is cutting lifting efficiency. Moreover, 
the factors to determine extreme hydraulic horizontal exten-
sion length also changes. In green area, the determinant fac-
tors are pump pressure and total circulation pressure loss. In 
blue area and yellow area, the factors change to well bottom 
pressure and formation fracture pressure.

Summary and Conclusions

To analyze the impact of formation properties and well 
structures, a model is established by taking the hole clean-
ing, drilling pump condition and formation limitation into 
account. By this model, some new factors are analyzed, 
including cutting particle size, wellbore diameter and 
cross section. Based on the analysis, new understanding is 
obtained to provide support for the field application of hori-
zontal well. The conclusions are as follows:

• The horizontal well has stronger hydraulic extension abil-
ity in formation with high fracture pressure, but the pump 
pressure is still a restricted factor. Due to the heavier 
drilling fluid density caused by high formation pressure, 
extreme hydraulic horizontal extension length decreases. 
The horizontal extension length would be reduced by 
easy-leak formation or natural fracture. When the total 
circulation loss exceeds pump pressure, the extreme 
extension length is not impacted by formation fracture 
pressure. It is recommended to seal the formation with 
high-pressure or adopt under-balanced drilling.

• Extreme horizontal extension length increases first and 
then decreases as the cutting particle size increases. As 
cutting particle size increases, the minimum cutting-
carry pump rate of horizontal well section decreases, 
while the pump rate of vertical well increases. There-
fore, the minimum cutting-carry pump rate is determined 
first by cutting bed height and then by cutting lifting effi-
ciency, so there is an optimal cutting particle size for the 
extension of horizontal well. The cutting particle size 
can be optimized by the rate of penetration and rotation 
speed.

• Extreme horizontal extension length increases first and 
then decreases as the drilling string diameter increase, 
so suitable combination of drilling string and wellbore 
can help to extend horizontal well extension length. The 
impact of drilling bit parameters is not so remarkable. 
Considering the demand of rock breaking and cutting 
sweeping around drilling bit, it is not recommended to 
adjust the drilling bit parameters.

• The determinant factors of cutting-carry pump rate and 
extreme hydraulic horizontal extension length are differ-
ent under different combinations of cutting bed height 
and drilling string eccentricity. Cutting bed height and 
drilling string eccentricity impact horizontal extension 
length by changing minimum cutting-carry pump rate 
and annular pressure drop. Under different combinations 
of above two parameters, minimum cutting-carry pump 
rate and horizontal extension length are determined by 
different factors and can be divided into three parts, 
including acceptable cutting bed height, cutting lifting 
efficiency, pump pressure and total circulation pressure 
loss, and well bottom pressure and formation fracture 
pressure

• Further research is still necessary to improve this work. 
First, natural fracture is ignored, which would certainly 
change the formation fracture pressure, especially carbon-
ate formation. Second, some of the equations in the model 

Table 2  Combinations of the determinant factors

Area in Fig. 9 Factor to determine cutting-carry pump rate Factors to determine extreme hydraulic horizontal dispacemet

Green area Acceptable cutting bed height Pump pressure and total circulation pressure loss
Blue area Acceptable cutting bed height Well bottom pressure and formation fracture pressure
Yellow area Cutting lifting efficiency Well bottom pressure and formation fracture pressure

Fig. 9  Colorful areas corresponding to combinations of the determi-
nant factors
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are empirical. Although empirical equations have been 
verified by experimental tests, it may also have unknown 
disadvantages in some situations. Third, some limitations 
are worthy to continue studying. Other types of drilling 
method should be considered, such as gas drilling and 
managed pressure drilling. The extension ability should 
take the downhole motor or other downhole tools into 
account, such as cutting-carry tool and rotary steering.

Appendix 1

Calculation of minimum drilling fluid velocity

Drilling fluid velocity is used to calculate minimum cutting-
carry pump rate. As shown in Fig. 10, cutting lifting effi-
ciency is used to evaluate hole cleaning in vertical well sec-
tion. Usually, cutting lifting efficiency should not be lower 
than 0.5. Cutting lifting efficiency is determined by drilling 
fluid annular velocity, as expressed by Eq. (8):

where ks-cutting lifting efficiency, dimensionless; vs-cuttings 
slip velocity, m/s.

As shown in Fig. 11, hole cleaning of horizontal section 
is evaluated by cutting bed height, so the minimum cutting-
carry pump rate of horizontal well section is determined 
by acceptable cutting be height. The relationship between 
cutting bed height and drilling fluid annular velocity can 
be expressed by Eq. 9 (Wang et al. 2014). This equation is 
obtained based on two assumptions. First, annular flow is 
solid–liquid two-phase. Second, cutting particle is hypothe-
sized as spheroidal. Through Eq. 9, minimum annular veloc-
ity to carry cuttings of horizontal section can be obtained 
after the acceptable cutting bed height is known.

where H-relative cutting bed height, %; ρs-cutting den-
sity, g/cm3; va-annular velocity of drilling fluid, m/s;θ-well 
inclination angle, °; E-drilling string eccentricity, dimen-
sionless; N-drilling string rotate speed, r/min; ds-cutting 
diameter, cm; RP-rate of penetration, m/s; µe-effective 

(8)

⎧⎪⎨⎪⎩

ks = 1−
vs

va

vs = 0.707ds(�s − �f)
2
3

�
�

1

3

f
⋅ �

1
3

e

(9)

⎧⎪⎪⎨⎪⎪⎩

H = 6.489�−2.45
f

�−0.51
s

�
−v1.567

a
+ 0.16v

0.57

a
+ 1.62v

−0.433
a

��
−0.003�2 + 0.3744� − 1.27

�

× (1 + 0.5E)(1 + N)−0.185
�
10d

s
∕
�
D − d

o

��−0.15
R
0.276

P

�
�2

e
+ 0.711�

e
+ 0.0692

�

H =
H

C

D − d
o

≤ H
a

viscosity of drilling fluid, Pa·s; Hc-cutting bed height, mm; 
 Ha-acceptable cutting bed height, dimensionless.

The related parameters are provided by Eq. 10 ~ 12, 
including effective viscosity of drilling fluid (Erge et al. 
2015), drilling string eccentricity (Guan et al. 2016) and 
cutting diameter (Zhou et al. 2008):

where e-eccentricity, mm; k-drilling fluid consistency index, 
Pa·sn; n-drilling fluid flow behavior index, dimensionless.

Appendix 2

Additional pressure caused by cuttings

Additional pressure includes two parts. One is caused 
by density difference and the other is caused by the fric-
tion between cuttings and drilling fluid, as expressed by 
Eq. (13) and (14) (Liu et al. 2005):

where ∆ρsf-drilling fluid density change caused by the 

mixture of cuttings, g/cm3; fs-friction coefficient between 
cuttings and drilling fluid, dimensionless; re-drilling fluid 
Reynolds number, dimensionless.

(10)�e = k

(
D−do

12000va

)1−n(
2n + 1

3n

)n

(11)E =
2e

D − do

(12)ds =
RP

0.6N

(13)Δpcs = hvΔ�sf

(
0.0098 +

2fs
(
va−vs

)2
D − do

)

(14)fcb =

⎧⎪⎨⎪⎩

64

Re
, Re ≤ 2300

0.316

Re0.25
, Re > 2300
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Density change in Eq. 13 is determined by the cutting 
properties, rate of penetration and drilling fluid pump rate 
(Liu et al. 2005), as shown in Eq. 15:

Reynolds number can be calculated by Eq. (16) (Erge 
et al. 2015):

(15)Δ�sf =
�RpD

3
h

(
�s − �

)

�RpD
3
h
+ 4000 × 3600Q

Appendix 3

Coefficient of annular circulation pressure drop

As shown in Fig. 11, horizontal section has two typical char-
acteristics. Firstly, drilling string is eccentric due to gravity. 
Secondly, drilling string is buried by cutting bed. As a result, 
coefficient of horizontal annular circulation pressure drop is 
expressed by Eq. 17:

where Cec-coefficient caused by eccentric drilling string, 
dimensionless; Ccb-coefficient caused by cutting bed, 
dimensionless.

The coefficient caused by eccentric drilling string was 
from experimental data (Haciislamoglu and Cartalos, 
1994; Haciislamoglu and Langlinais 1990). It was provided 
this equation by analyzing eccentric flow data in terms of 
eccentricity, pipe diameter ratioand flow behavior index, as 
expressed by Eq. 18:

(16)Re = 103−3n
121−n�f(D − do)nv2−n

a
(3n)n

k(2n + 1)n

(17)Cb = Cec × Ccb

Fig. 10  Sketch map of vertical 
well section

Fig. 11  Sketch map of horizontal well section
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Likewise, impact of annular circulation pressure drop is 
also obtained and proved by experimen data (Chen et al. 
2016). In the experiment, the drilling string is rotary, and 
drilling fluid is liquid (Wang et al. 1996). This coefficient 
is related to cutting bed height, cutting density and drilling 
fluid velocity, as expressed by Eq. 19:

Appendix 4

Pressure drop considering wellbore cross section

Without considering the impact of cutting bed and eccen-
tric drilling string, the annular pressure drop can be calcu-
lated by Fanning-Darcy formula, as expressed by Eq. 19:

where f-friction coefficient of drilling fluid, dimensionless; 
A-flow open area,  cm2.

The friction coefficient of drilling fluid is related to flow 
regimes and shape of flow area. For tube laminar flow, it 
can be expressed by Eq. 20 (Li et al. 2016b):

For annular laminar flow, it can be expressure by Eq. 21 
(Kelessidis et al. 2011):

For turbulent flow, it can be calculate by revised Pelatius 
resistance formula (Hetsroni 1990), as expressed by Eq. 22:

(18)Cec =

⎧
⎪⎪⎨⎪⎪⎩

1 − 0.072
E

n

�
do

D

�0.8454

− 1.5E2
√
n

�
do

D

�0.1852

+ 0.96E3
√
n

�
do

D

�0.2527

, laminar flow

1 − 0.048
E

n

�
do

D

�0.8454

−
2

3
E2

√
n

�
do

D

�0.1852

+ 0.285E3
√
n

�
do

D

�0.2527

, turbulent flow

(19)

Ccb =
0.026H

fcb

[
1000v2

a

g
(
D − d0

) �f

�s − �f

]−1.25

+ 1 + 0.00582H

(20)
dpa

dL
=

200f�fQ
2

A2
(
D − do

)

(21)f =
16

Re

(22)f =
24

Re

(23)f =

⎧
⎪⎪⎨⎪⎪⎩

a

4Reb

a = 0.3104n0.105

b = 0.2495n−0.217

Flow regimes of drilling fluid can be judged by critical 
Reynolds number as expressed by Eq. 23:

It can be known from Eq. 19 that flow open area is 
also one of the factors to impact annular circulation pres-
sure drop. Flow open area can be divided into three types. 
As shown in Fig. 12, the eccentric drilling string is fully 
inside annular flow open area in type a, which means 
e +   ro ≤ r − h. The flow area is the area difference of 
wellbore, drilling string and cutting bed. According to the 
area formula of round and triangle, the flow area can be 
expressed as Eq. (24):

According to the definition of dimensionless cutting bed 
height and the inverse trigonometric function, h and β can 
be expressed by Eq. 25:

where r-wellbore radius, mm; ro-drilling string outer 
radius, mm; h-cutting bed real height, mm; β-intersection 
angle, °.

As shown in Fig. 13, part of the drilling string is buried 
in the cutting bed in type b, which means r − h < e + ro & 
h ≤ r + ro − e. At this time, the flow area can be calculated 
by four steps. First step is to calculate area of wellbore. 
Second step is to calculate the area of drilling string above 

(24)Rec = 3470 − 1370n

(25)A = 10−4�
(
r2 − r2

o

)
− 10−4

[
� r2 − (r−h) × r sin �

]

(26)
h = H × D

� = a cos ((r − h)∕r)

Fig. 12  Flow area of first type a



1221Journal of Petroleum Exploration and Production (2021) 11:1211–1222 

1 3

the cutting bed. Third step is to calculate the area of cut-
ting bed and drilling string buried inside the cutting bed. 
Finally, the flow area is obtained by making difference of 
the areas obtained from above three steps, as expressed by 
Eq. 25 after combining like terms:

Angle γ can be expressed by Eq. 26 according to inverse 
trigonometric function:

where γ-intersection angle, °.
As shown in Fig. 14, the whole drilling string is buried 

in the cutting bed in type c, which means h > r + ro − e. At 
this time, the flow area can be calculated by four steps. First 
step is to calculate the area of the wellbore. Second step is 
to calculate the area under the cutting bed and drilling string 
in the lower half of wellbore, which is round solitary. Third 
step is to calculate the cutting bed and drilling string in the 
upper half of wellbore, which is triangle. Finally, the flow 
area is obtained by making difference of the areas obtained 
from above three steps, as expressed by Eq. 26 after combin-
ing like terms:
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(27)
A = 10−4

[
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