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Sinusoidal buckling of drill strings will be easily caused during drilling process of extended-reach 
horizontal wells due to the factors such as excessive well length and larger friction torque, which 
will cause measurement errors of well depth and vertical depth and furthermore influence the 
accurate calculation of ECD. We have corrected the traditional ECD calculation model, considered 
the measurement errors of well depth and vertical depth caused by the sinusoidal buckling of drill 
strings, and established a set of equivalent circulating density (ECD) calculation model suitable for 
extended-reach horizontal wells to meet the requirements for fine ECD control during the drilling 
operation. We have combined the data from an extended-reach horizontal well in the East China Sea 
and compared the ECD data obtained from the recorded stand pipe pressure with the prediction results 
from Landmark commercial software、the model in this work and the conventional model. Results 
show that the prediction results by the model in this work are closest to the recorded values when 
drill string sinusoidal buckling occurs. Besides, the ECD value predicted by the model considering the 
measurement errors of well depth and vertical depth caused by the sinusoidal buckling of drill strings is 
smaller due to the factor that the length of drill strings with sinusoidal buckling is larger than the actual 
well depth. With the identical case well data, the larger the sinusoidal buckling degree of downhole 
drill strings, the smaller the predicted ECD value. The model can reduce risks for drilling operations 
of extended-reach horizontal wells and provide more accurate reference data for their well control 
operations.
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Extended-reach horizontal well technology is widely used in the high-efficiency development of low-
permeability, unconventional, deepwater, deep-layer, and other complex oil and gas reservoirs1,2. The accurate 
prediction technology of ECD (equivalent circulating density of drilling fluid) is an important method to 
guarantee wellbore stability3. Because extended-reach horizontal wells have the common characteristics such 
as wellbore instability in long horizontal section as well as small pressure density windows and abnormal high 
pressure in some operation formations, accurate ECD prediction technology is indispensable for risk control of 
extended-reach horizontal wells.

Many scholars have studied the distribution of temperature and pressure in downhole wellbores4–6 and 
explored the functional relationship between the drilling fluid performance parameters such as density and 
flow index and temperature and pressure7–11 to predict ECD accurately. Meanwhile, for the ECD prediction of 
extended-reach horizontal wells, the influence of annular pressure loss and rock cuttings must be considered, 
and many scholars have conducted corresponding research12,13.

Due to the large well depth of extended-reach horizontal wells, the downhole drilling tools are prone to 
buckling. Due to various factors such as the presence of build-up sections and the placement of centralizers, the 
buckling state of downhole drill strings often presents as sinusoidal buckling14. Regarding the impact of drill 
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string buckling on ECD prediction, the current studies mostly focus on the impact of the eccentricity effect 
caused by drill string buckling on drilling fluid pressure loss15–17, while the factor of measurement errors in well 
depth and vertical depth caused by drill string buckling has not appeared in ECD prediction models.

Therefore, to achieve precise ECD control target during drilling operations of extended-reach horizontal 
wells, it is necessary to consider the measurement errors of well depth and vertical depth caused by the sinusoidal 
buckling of drill strings into the traditional ECD calculation models corresponding to the characteristics of 
extended-reach horizontal wells. Therefore, to achieve precise ECD control target during drilling operations of 
extended-reach horizontal wells, it is necessary to consider the measurement errors of well depth and vertical 
depth caused by the sinusoidal buckling of drill strings into the traditional ECD calculation models corresponding 
to the characteristics of extended-reach horizontal wells. First, we established a set of ECD calculation model 
considering the effect of drill strings sinusoidal buckling. Second, according to the data from an extended-
reach horizontal well in the East China Sea, the ECD data obtained from the recorded stand pipe pressure were 
compared with the prediction values from Landmark commercial software、the model in this work and the 
conventional model to verify the accuracy of our work. Third, the effect of sinusoidal buckling severity on the 
ECD prediction value are analyzed. At present, this model has been applied to the ECD prediction of multiple 
extended-reach horizontal wells in the East China Sea. The model can reduce risks for drilling operations of 
extended-reach horizontal wells and provide more accurate reference data for their well control operations.

Model assumption
The following assumptions are made to establish an ECD prediction model suitable for extended-reach 
horizontal wells:

(1) The wellbore trajectory of an extended-reach horizontal well consists of a vertical section, several build-
up and drop-off sections, and several stable-inclination sections. Of which, the build-up and drop-off sections 
are designed with the circular arc method.

(2) For a well section with drill string buckling, the drill string contacts with the inner wall of the wellbore in 
the well section. The cross-section at any position within the drill string buckling section is shown in Fig. 4 (b).

(3) The buckling form of the downhole drill string is sinusoidal buckling.
(4) The H-B model can be used to describe the flow characteristics of drilling fluid under high temperature 

and high pressure.
(5) The presence of sinusoidal buckling of drill strings will not affect the distribution of wellbore temperature 

field.

ECD prediction model of Extended-reach horizontal well
Wellbore temperature field model
As shown in Fig.  1, the temperature field system of an extended-reach horizontal well during drilling fluid 
circulation can be divided into five subsystems18: drill string fluid system, drill string wall system, annular fluid 

Fig. 1.  The circulating heat transfer process of drilling fluid in the extended-reach horizontal well.
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system, formation system, and drill bit system. The temperature distribution of each temperature field subsystem 
satisfies the energy conservation equation, as shown in Formula (1). The temperature distribution of extended-
reach wells can be solved by substituting boundary conditions and initial conditions and in combination with 
numerical methods4–6.

	
∂ (ρCT )

∂t
= −∇ (ρCv) + ∇ (λ∇T ) + ∆� (1)

Of which, ρ is drilling fluid density, g/cm3; C is specific heat, J/(kg·℃); v is speed vector, m/s; λ is thermal 
conductivity, W/(m·℃); T is temperature, ℃; ∆ is additional heat source, J; t is time, s.

Equivalent static density model
As for high-temperature and high-pressure wells, many scholars have studied the relationship between drilling 
fluid density and temperature and pressure7–11. The commonly used formula for the relationship between 
drilling fluid density and pressure and temperature is as follows:

	 ρ (p, T ) = ρ0 exp [Γ (p, T )]� (2)

Of which,

	 Γ (p, T ) = ξP p − p0 + ξppp − p0
2 + ξT T − T0 + ξT T T − T0

2 + ξpT p − p0T − T0� (3)

Of which, p0 is surface pressure, Pa; T0 is surface temperature, K; ρ(T, p) is the drilling fluid density when 
temperature is T (K) and pressure is p (Pa), kg/m3; ζp,ζT ,ζpp,ζT T ,ζpT , are characteristic constants of drilling 
fluid, which can be determined by multiple nonlinear regression method.

During the drilling process, the drilling fluid may experience expansion or contraction due to the influence 
of temperature and pressure, so its density is not constant. Therefore, the concept of equivalent static density 
(ESD) is proposed to represent the changes of the static hydraulic column pressure in wellbore more accurately. 
Equivalent static density is the equivalent density value that represents the liquid column pressure exerted to 
drilling fluid at any point on the wellbore cross-section. It is a function of drilling fluid density and hydraulic 
column height, expressed by the formula as follows:

	
ESD = P − P0

gH
� (4)

Of which, P0 is wellbore pressure, MPa; g is gravity acceleration, 9.81 m/s2; H is vertical depth, m.
An ESD model during drilling fluid circulation is established with the iterative numerical calculation method, 

which supposes the static hydraulic column height of drilling fluid of a well is H, divides the drilling fluid in the 
wellbore into n calculation nodes evenly along the static hydraulic column height H, and selects the iterative 
calculation step size Δh= H/n. Firstly, we use the wellbore temperature field model established in Sect. 2.1 to 
calculate the change of drilling fluid temperature with well depth during the circulation as follows:

	 Ti = T (hi)(i = 1, 2, · · · , n)� (5)

Assuming that the temperature, pressure, and density of the drilling fluid are uniform within a wellbore fluid 
unit of length Δh, the iterative equation for the bottomhole static hydraulic column pressure is:

	 Pi+1 = Pi+ △ Pi = Pi + g △ hiρ0 exp [Γ (Pi, Ti)] (i = 1, 2, · · · , n)� (6)

With the boundary conditions as follows:

	 P (h = 0) = P0, T (h = 0) = T0� (7)

The bottomhole static hydraulic column pressure in the annulus can be obtained after n times of iterations of 
calculation with the above iterative equations and boundary conditions, which is as follows:

	
P − P0 = gρ0

n∑
i=1

(△ hi exp [Γ (Pi, Ti)])� (8)

With the ESD calculation model of drilling fluid obtained therefrom as follows:

	
ESD = P − P0

gH
= ρ0

H

n∑
i=1

(△ hi exp [Γ (Pi, Ti)])� (9)

However, in the actual ESD calculation model, for a wellbore in a vertical section, the measurement of vertical 
depth (H) value depends on the length of the drill string lowered in the section. In build-up, drop-off, and 
stable-inclination sections, the H value can be converted from the length of the drill string lowered according 
to geometric formulas19. During the drilling process, if the drill string experiences no buckling, the length of 
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the drill string lowered in the vertical section can be equivalent to the vertical depth (H) value of wellbore. In 
build-up, drop-off, and stable-inclination sections, the vertical depth (H) value of wellbore can also be directly 
converted through geometric formulas. However, the drill string of an extended-reach well is prone to sinusoidal 
buckling during the drilling process due to the excessive depth. The drill string length after sinusoidal buckling 
differs greatly from that ignoring sinusoidal buckling, which can bring significant difference between the 
calculated H and the actual vertical depth value of wellbore if it is not corrected.

As shown in Fig. 2, within well sections of the same length, the drill string length after sinusoidal buckling is 
longer. Since the vertical depth (H) is calculated based on the length of the drill string lowered in the wellbore, 
and the ESD is calculated therefrom, consequently, the sinusoidal buckling of drill strings may bring inaccurate 
ESD value. Therefore, Formula (9) shall be corrected.

As shown in Fig. 3, it is assumed that the drill string experiences sinusoidal buckling in a vertical section, 
the wellbore in the vertical section contains two independent plates of drill strings, namely, the drill string 
ignoring sinusoidal buckling and the drill string considering sinusoidal buckling. Of which, the length of the 
drill string ignoring sinusoidal buckling is L0, whose value is the same as that of the well section length. The drill 
string section considering sinusoidal buckling can be divided into u sections according to different sinusoidal 
amplitudes. Assuming that the sinusoidal amplitude of each section is Ai (i = 1….u), the unit cycle line length L′

si 
corresponding to the drill string section considering sinusoidal buckling is as follows:

	
L′

si = 2
[
Asi

√
1+A2

si+ ln Asi+
√

1+A2
si

]
� (10)

Fig. 3.  Diagrammatic sketch for length calculation of vertical section.

 

Fig. 2.  (a) Sinusoidal buckling of drill string occurs during drilling process; (b) Comparison of drill strings 
with/ignoring sinusoidal buckling in the same well section.
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Then, in the vertical section, the well depth of the vertical section ∆Si corresponding to the drill string section 
considering sinusoidal buckling with sinusoidal amplitude of Ai is as follows:

	
∆Si = Lsi

L′si
∆S′

i� (11)

Of which, ∆S′
i is screw pitch of the drill string section with sinusoidal amplitude of Ai, m; L′

si is unit cycle line 
length of the drill string section with sinusoidal amplitude of Ai, m. Screw pitch ∆S′

i and unit cycle line length 
L′

si can be calculated by the model derived by Gao and Miska19. Gao and Miska derived the relationship between 
the axial load of drill string and the sinusoidal buckling drill string geometric parameters. Lsi is total length of 
the drill string section with sinusoidal amplitude of Ai, m.

Then, the total length of the wellbore in the vertical section corresponding to the drill string considering 
sinusoidal buckling with different sinusoidal amplitudes Ai (i = 1…. u) is as follows:

	
Ls =

u∑
i=1

∆Si� (12)

As shown in Fig. 3, the wellbore length Lv  of the vertical section is as follows:

	 Lv = L0 + Ls� (13)

According to the supposed conditions, the build-up and drop-off sections are designed with the circular arc 
method. According to the calculation results of the pipe string mechanics model and the actual on-site safety 
analysis, the downhole drill string will not buckle in the build-up and drop-off sections due to the geometric 
constraints of wellbore trajectory14. Therefore, it is unnecessary for the ESD calculation models for the build-up 
and drop-off sections to consider the length measurement errors caused by drill string buckling.

The spatial shape of the stable-inclination section is a spatial oblique line, with its inclination angle of a fixed 
value. Of which, the inclination angle of a horizontal well is 90°. The mechanical properties of the drill string 
in a stable-inclination wellbore are different from those in a vertical wellbore, and its critical load value for 
sinusoidal buckling is different from that in a vertical Sect14. If the drill string in a stable-inclination wellbore 
occurs sinusoidal buckling, the depth increment Linc in the stable-inclination section is the same as the depth 
increment Lv in the vertical section, consisting of two parts: the length of the drill string ignoring sinusoidal 
buckling and the length of the drill string considering sinusoidal buckling. The calculation method for the 
vertical depth increment ∆Hincof the stable-inclination section is:

	 ∆Hinc = Linc · cos αinc = Linc
0 + Linc

s cos αinc� (14)

Of which, αinc is the inclination angle of the stable-inclination section, °; Linc
0  is the well depth corresponding 

to the length of the drill string without sinusoidal buckling lowered in the stable-inclination section, m; Linc
s  

is the well depth corresponding to the length of the drill string with sinusoidal buckling lowered in the stable-
inclination section, m. Of which, Linc

s  is calculated with the method same as that of vertical section.
Assuming the extended-reach well has totally ‘a’ arc sections and ‘b’ stable-inclination sections, the vertical 

depth (H) in Formula (9) can be modified to Hb:

	
Hb = Lv +

a∑
k=1

∆Harck +
b∑

l=1

∆Hincl = L0 + Ls +
a∑

k=1

∆Harck +
b∑

l=1

(
Linc

0l + Linc
sl

)
cos αl� (15)

Of which, ∆Harc is vertical depth of spatial arc. Please refer to the Reference18 for calculation method.
The calculation process for the vertical depth Hbof an extended-reach well considering the error caused 

by sinusoidal buckling of drill string is: substituting the wellbore structure, wellbore trajectory, and downhole 
drilling tool parameters into the pipe string mechanics model21 for calculation to determine whether and where 
sinusoidal buckling occurs in the downhole drill string. If the drill string has no sinusoidal buckling, the drill 
string length lowered is the well depth, with Ls= 0 in Formula (13) and Linc

s = 0 in Formula (14). If the drill 
string has sinusoidal buckling, the axial load of the drill string can be calculated with the pipe string mechanics 
model, and then, the geometric characteristic parameters of the drill string section after sinusoidal buckling 
can be calculated separately, which are substituted into Formulas (12) and (13) to calculate the corresponding 
vertical section depth, and the vertical depth of the stable-inclination section can be calculated with the same 
method, and finally, together with the vertical depths of the build-up and drop-off sections, are substituted into 
Formula (15) for length statistics, so as to obtain the vertical depth at the current drill bit position.

The ESD calculation model of drilling fluid after the vertical depth error is corrected is as follows:

	

ESD = P − P0

gHb
= ρ0

(L0 + Ls + Lh +
a∑

k=1
∆Harck +

b∑
l=1

(Linc
0l + Linc

sl + Linc
hl ) cos αi)

n∑
i=1

(△ hi exp [Γ (Pi, Ti)])� (16)

Of which, the △ hi in Formula (16) represents the length of the well depth L that is evenly divided into n sections 
corresponding to the drill bit position.
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△ hi = L

n
=

L0 +
a∑

k=1
∆Larck +

b∑
l=1

Linc
0l

n

� (17)

However, just like the relationship between vertical depth H and Hb, if we ignore the measurement error of well 
depth caused by the sinusoidal buckling of drill strings, and directly use the length of the drill strings lowered 
into the wellbore to be equivalent to the well depth, it will cause the well depth value to be too large and the ESD 
value to be inaccurate. Therefore, it is also necessary to make corrections to the well depth L. The corrected well 
depth at the drill bit position is Lb. The correction result is as follows:

	
△ h′

i = Lb

n
=

L0 + Ls +
a∑

k=1
∆Larck +

b∑
l=1

(
Linc

0l + Linc
sl

)

n

� (18)

If the drill string has no buckling, the length of the drill string lowered is the well depth. The value of Ls and 
Linc

sl  in Formula (18) is zero.
Finally, the ESD calculation model of drilling fluid by considering the measurement errors of well depth and 

vertical depth caused by the sinusoidal buckling of drill strings is as follows:

	
ESD = P − P ′

0

gHb
= ρ0

Hb

n∑
i=1

(△ h′
i exp [Γ (Pi, Ti)])� (19)

Calculation model of equivalent circulating density (ECD)
The equivalent circulating density (ECD) of drilling fluid can be defined as the sum of the equivalent static 
density (ESD), the equivalent density from annular pressure loss, and the equivalent density for rock debris 
affects. The expression formula for equivalent circulating density is as follows:

	
ECD = ESD + Pf

gH
+ Pd

gH
� (20)

Of which, Pf  is annular pressure loss, Pa; Pd is the bottomhole pressure from rock cuttings, Pa; H is static 
hydraulic column height of drilling fluid, m.

It is also necessary to establish a calculation model for the annular pressure loss during the drilling fluid 
circulating period after the ESD prediction model is established. The frictional pressure drop depends on the 
rheological properties of drilling fluid, the geometric size of wellbore, and the flow rate of drilling fluid.

The frictional pressure drop is the pressure loss caused by the contact between drilling fluid and flowing pipe 
wall during the flowing period. A boundary layer can be formed on the surface of the flowing pipe wall that 
transports drilling fluid. The viscosity characteristics of drilling fluid can cause changes in the flowing velocity 
perpendicular to the flowing direction. The change in flowing velocity of drilling fluid will bring momentum loss 
and flowing resistance. The pressure drop caused by this is directly proportional to the length of the flowing pipe 
wall, the drilling fluid density, and the square of the flowing velocity of drilling fluid, and inversely proportional 
to the diameter of pipe wall.

The calculation formula for the annular pressure loss by ignoring the influence of drill string buckling is as 
follows:

	
Pf = 2fρv2

DH − Dp
L� (21)

Of which, f is friction coefficient, dimensionless; ρ  is drilling fluid density, g/cm3; L is well depth, m; v is 
flowing velocity of drilling fluid, m/s; DH  is annulus OD, mm; Dp is annulus ID, mm. The calculation methods 
for friction coefficient f shall be classified according to flowing states. Please refer to the References16,17 for the 
classification methods and calculation methods of friction coefficient.

Formula (21) is feasible for calculating the turbulent annular pressure loss without drill string buckling. 
However, once the drill string inside the wellbore has sinusoidal buckling, it will bring two effects as follows:

1) The (DH − Dp) term in Formula (21) assumes that the drill string is located at the center of the wellbore, 
which is the situation that the drill string has no sinusoidal buckling. However, as shown in Fig. 4(b), once the 
drill string has buckling, the drill string will not be centered in the wellbore, and the influence of eccentricity 
shall be considered.

2) The measurement of well depth (H) in Formula (21) depends on the drill string length lowered in the 
section. During the drilling process, if the drill string has no sinusoidal buckling, the length of the drill string 
lowered can be equivalent to the well depth, which is H. However, due to the excessive well depth of the 
extended-reach well, the drill string is prone to sinusoidal buckling during the drilling process, and the length of 
the drill string after sinusoidal buckling cannot be equated with the length of the wellbore trajectory. As shown 
in Fig. 4(a), within the well sections with the same length, the length of the drill string after sinusoidal buckling is 
longer. After the drill string occurs sinusoidal buckling, the calculation of the annular pressure loss by assuming 
the length of the drill string lowered in the wellbore equivalent to the well depth can result in inaccurate value 
of the annular pressure loss.
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Therefore, it is necessary to correct Formula (21), adding eccentricity coefficient R in Formula (21), which 
is the calculation formula for the annular pressure loss of H-B fluid considering the eccentricity of drill string:

	
Pf = 2fρv2

DH − Dp
· R · L� (22)

Please refer to the References16,17 for the calculation method of eccentricity coefficient R.
Although the influence of drill string eccentricity caused by drill string buckling on annular pressure loss is 

considered in Formula (22), the phenomenon that the drill string length after sinusoidal buckling is unequal to 
the actual well length is ignored. Based on the analysis of the drill string length change after sinusoidal buckling 
in Sect. 3.2, we can correct the well depth value L in Formula (22). The corrected formula for calculating the 
annular pressure loss is as follows:

	
Pf = 2fρv2

DH − Dp
· R · Lb = 2fρv2

DH − Dp
· R ·

(
L0 + Ls +

a∑
k=1

∆Larck +
b∑

l=1

(
Linc

0l + Linc
sl

))
� (23)

Therefore, by substituting Formulas (19) and (23) into Formula (20), we can obtain a ECD calculation model of 
drilling fluid by considering the measurement errors of well depth and vertical depth caused by the sinusoidal 
buckling of drill strings:

	
ECD = ρ0

Hb

n∑
i=1

(△ h′
i exp [Γ (Pi, Ti)]) + 2ρ0

gHb
·

n∑
i=1

fivi
2RiLbi exp [Γ (Pi, Ti)]

(DHi − Dpi)
+ Pd

gHb
� (24)

During the normal pressure-controlled drilling process, the actual fluid in the wellbore annulus is the solid-
liquid two-phase flow. The rock cuttings in the annular fluid bring additional bottomhole pressure, which is 
closely related to the concentration of rock cuttings. The calculation method of Pd is as follows:

	 pd = (ρc − ρ0 exp [Γ (P, T )]) CagHb� (25)

Based on the theory of solid-liquid two-phase flow and the relationship between the concentration of rock 
cuttings in the annulus and the annular return velocity of drilling fluid, the concentration of rock cuttings in the 
annulus can be obtained as follows:

	
Ca = R[

(D1/D2)2 − (D3/D2)2]
(v1 − v2) � (26)

Of which, ρcis the density of rock cuttings, kg/m3; Ca is the concentration of rock cuttings; R is the rate of 
penetration, m/s; D1 is the wellbore diameter, m; D2 is the diameter of drill pipe, m; D3 is the diameter of drill 
bit, m; v1 is the annular return velocity of drilling fluid, m/s; v2 is the average sliding speed of rock cuttings, m/s.

In sum, the corrected ECD prediction model for extended-reach horizontal wells can be ultimately obtained 
as follows:

Fig. 4.  (a) Drill string occurs sinusoidal buckling during drilling process; (b) Comparison of wellbore annulus 
cross-section without/considering sinusoidal buckling.
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ECD = ρ0

Hb

n∑
i=1

(△ h′
i exp [Γ (Pi, Ti)]) + 2ρ0

gHb
·

n∑
i=1

fivi
2RiLbi exp [Γ (Pi, Ti)]

(DHi − Dpi)
+ △ h′

Hb

n∑
i=1

Cai(ρci − ρ0 exp [Γ (Pi, Ti)])� (27)

The calculation process for ECD prediction model based on sinusoidal buckling of drill strings is shown in Fig. 5.
As shown in Fig. 5, the drill string status can be obtained by references19–22 based on the data of wellbore 

trajectory parameters、downhole drilling tools parameters and so on. If sinusoidal buckling absents, the well 
depth and vertical depth measurement error is 0 (with Ls= 0 in Formula (13) and Linc

s = 0 in Formula (14)), 
otherwise, the well vertical depth Hb and well depth Lb considering the measurement error due to sinusoidal 
buckling can be calculated by Formula (15) and (18). Then the ESD, annular pressure loss Pf and the additional 
bottom hole pressure Pd considering the sinusoidal buckling effect can be calculated by Formula (19),(23) and 
(25). Finally, the ECD can be deduced by Formula (27).

Case study
As shown in Fig. 6, in this section, we selected Well X in the Pinghu Oil and Gas Field, East China Sea, which 
is an extended-reach horizontal well. The axial friction coefficient is set to 0.1, and the circumferential friction 
coefficient is set to 0.25. The drilling parameters for the well’s 3rd spudding include drilling pressure of 90 KN, 
average rate of penetration of 9 m/h, and rotation speed of 90 r/min. The other fundamental data for calculating 
downhole string buckling (such as drill pipe OD and ID) and ECD (such as wellhead temperature and booster 
pump displacement) is shown in Table 1.

It can be known from the calculation results of the pipe string mechanics model20 that the drill string at 
3280–3589 m in this well is in a sinusoidal buckling state, while the drill strings at other depths have no buckling. 
It can be known that, by substituting the error caused by the sinusoidal buckling of the drill strings at 3280–
3589 m into the correction model for vertical depth and well depth, the well depth L is 6,412 m and the vertical 
depth H is 4,393 m if the error caused by the buckling of the drill strings is ignored, and the well depth Lb is 
6,127 m and the vertical depth Hb is 4,273 m if the error caused by the buckling of the drill strings is considered.

The accuracy of the model
The accuracy of the model should be verified. During the drilling process of the case well, the stand pipe pressure 
will be recorded, and based on the recorded stand pipe pressure, the ECD can be obtained23, which can be 
considered as the closest value to the true. Meanwhile, the ECD can also be calculated by commercial software 
Landmark, which requires four data series to compute ECD: ①Drilling fluid performance parameters, such as 

Fig. 5.  The ECD prediction model based on sinusoidal buckling of drill strings calculation flowchart.
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density, temperature, and pressure; ②Parameters of wellbore rock debris, such as rock debris density; ③Drilling 
engineering parameters, such as pump flow rate; ④Structural parameters of the wellbore, such as annular cross-
sectional area. From the four input parameters type, it can be seen that Landmark’s model for calculating ECD 
does not consider the well depth and vertical depth errors caused by sinusoidal buckling.

The calculation results of Landmark commercial software、the model in this paper、conventional model in 
Eq. (20), and the data obtained from the recorded stand pipe pressure were compared in Fig. 7.

As shown in Fig. 7, the values calculated from the ECD prediction model in this work is closest to the ECD 
from detected stand pipe pressure. Meanwhile, compared with ECD calculated by Formula (20), the ECD from 
Landmark is more close to the ECD from detected stand pipe pressure owing to the more input parameters for 
calculating ECD in Landmark than in Formula (20). Furthermore, due to the influence of the vertical depth 
and well depth measurement errors caused by the sinusoidal buckling of drill strings, the predicted ECD value 
for the horizontal section of the case well is smaller. This is caused by the lower circulating pressure loss since 
the length of the actually drilled wellbore trajectory is smaller than the length of the downhole drill string. The 
sinusoidal buckling of the drill string can affect the accuracy of the ECD value, causing the calculated ECD value 
to be greater than the actual situation. The work in this paper can eliminate the effect of drill string sinusoidal 
buckling to ECD calculation.

Parameter Value

Wellhead temperature 30℃

Geothermal gradient 4.0℃/100m

Seawater depth 80 m

Circulation time 30 min

Drill bit diameter 212.73 mm

Drill pipe OD 139.7 mm

Drill pipe ID 121.36 mm

Drill collar length 200 m

Drill collar OD 165.1 mm

Drill collar ID 121.36 mm

Booster pump displacement 2300 L/min

Conductivity coefficient of drilling fluid 1.45 W/(m⋅℃)

Heat capacity of drilling fluid 2000 J/(kg⋅℃)

Table 1.  Calculating fundamental data for downhole string buckling and ECD in well X.

 

Fig. 6.  The well structure of case well.
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The severity of drill string buckling to ECD calculation
Assuming that the drill string at 3280–3589 m in the well is still in a sinusoidal buckling state, the measurement 
error values of vertical depth and well depth are shown in Table 2 respectively, the measurement error of vertical 

depth is the Ls +
b∑

l=1

(
Linc

0l + Linc
sl

)
cos αl term in Formula (15), and the measurement error of well depth is 

the Ls +
b∑

l=1

(
Linc

0l + Linc
sl

)
 term in Formula (18). From state A to state E, the sinusoidal buckling deformation 

of the drill string at 3280–3589 m becomes increasingly severe. The measurement error values of vertical depth 
and well depth under five different states are substituted into the ECD calculation process for calculation, with 
the calculation results shown in Fig. 8.

According to Table 2, the sinusoidal buckling degree of downhole drill strings is the smallest in state A and 
the largest in state E. As can be seen in Fig. 8 that the sinusoidal buckling degree can directly affect the predicted 
ECD value. The larger the sinusoidal buckling degree, the smaller the predicted ECD value. This is because the 
length of the actually drilled wellbore trajectory is smaller than the length of the downhole drill strings with the 
presence of sinusoidal buckling. The larger the sinusoidal buckling degree, the larger the measurement errors of 
vertical depth and well depth, and the smaller the predicted ECD value.

Conclusion
(1) An ECD prediction model suitable for extended-reach horizontal wells in combination with the 
environmental and operation characteristics of extended-reach wells has been established. The model considers 
the measurement errors of well depth and vertical depth caused by the sinusoidal buckling of drill strings. 
Case study demonstrates that during the third spud section of the subject well, downhole drill string buckling 
occurred. Neglecting this sinusoidal buckling effect would result in a 4.65% well depth error rate and a 2.8% 
true vertical depth measurement error rate. Thus, for extended-reach wells, the sinusoidal buckling effect of drill 
strings cannot be neglected.

(2) It can be known from comparison among the ECD calculation results of Landmark commercial software, 
the model in this paper, conventional model in Eq. (20), and the data obtained from the recorded stand pipe 

State No. Measurement error of vertical depth (m) Measurement error of well depth (m)

A 100 238

B 110 262

C 120 285

D 130 310

E 140 334

Table 2.  Sinusoidal buckling degrees.

 

Fig. 7.  Comparison of calculation values with different ECD models.
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pressure that, if the sinusoidal buckling of drill strings occurs, the ECD prediction value by this work is closer 
to the ECD from detected stand pipe pressure. Furthermore, due to the influence of the vertical depth and well 
depth measurement errors caused by the sinusoidal buckling of drill strings, the predicted ECD value for the 
horizontal section of the case well is smaller. This is caused by the lower circulating pressure loss since the length 
of the actually drilled wellbore trajectory is smaller than the length of the downhole drill string. The sinusoidal 
buckling of the drill string can affect the accuracy of the ECD value, causing the calculated ECD value to be 
greater than the actual situation.

(3) By comparing the ECD prediction values under different sinusoidal buckling degrees, it can be found that 
the more severe the sinusoidal buckling of downhole drill strings, the larger the measurement errors of vertical 
depth and well depth, and the smaller the ECD prediction values. This is because the length of the actually 
drilled wellbore trajectory is smaller than the length of the downhole drill strings with the presence of sinusoidal 
buckling. The influence of the sinusoidal buckling factor of downhole drill strings on ECD shall not be ignored 
for extended-reach horizontal wells.

(4)The computational program developed based on this model has been applied to the prediction of ECD in 
multiple extended-reach horizontal wells in the East China Sea. Compared to neighboring wells, the complex 
situation during the drilling process of the application case well reduced the average time by 4.5 days.

Data availability
The datasets used and/or during the current study available from the corresponding author on reasonable re-
quest.
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