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The pressure fluctuation caused by the axial movement of the string easily causes the bottomhole
pressure to exceed the safe pressure window, which seriously restricts the horizontal open-hole
extension capacity (OHEC) of the offshore extended-reach horizontal wells (ERHWs). In this work, in
order to improve the horizontal OHEC for ERHWs, an optimal mud density model in extended-reach
horizontal drilling (ERHD) was established based on the prediction and analysis of horizontal OHEC
of ERHWs under string tripping operations. The results show that with the increase of mud density, the
horizontal OHEC has a trend of first increasing and then decreasing in both tripping operations and
casing tripping operations, and there exists an optimal mud density to maximize the horizontal OHEC.
The optimal mud density of the two operations is obtained when the horizontal OHEC of the two op-
erations is equal, and it is positively correlated with pull out of hole (POOH) speed, diameter of the
wellbore and drill string, whereas it is negatively correlated with diameter of the casing and casing
running speed. Controlling the tripping speed and optimizing the rheological properties are crucial to
improve the horizontal OHEC. This model can provide scientific basis for optimization design of ERHD
and the improvement of horizontal OHEC of ERHWs .

© 2026 Chinese Petroleum Society. 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

To ensure the stable supply of global oil and gas resources, the
exploration and development of offshore oil and gas resources
have garnered significant attention (Melikoglu, 2018; Wada et al.,
2018; Wen et al., 2023; Chen et al., 2025). Notably, the progress in
ERHWs and cluster ERHWs has driven remarkable advancements
in offshore oil and gas development. These technologies play a
crucial role in the efficient development of marginal oilfields,
utilization of clean energy, resolution of maritime use conflicts,
expansion of platform coverage, and reduction of oil and gas
development costs (Lan et al.,, 2018; Chen et al., 2020, 2022).
However, compared to onshore fields, offshore drilling often faces
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challenges such as significant water depths, soft and under-
compacted formations, which narrow the safe mud weight win-
dow (SMWW) and complicate mud density optimization (Rocha
et al., 2003a, 2003b; Willson et al., 2003; Yin et al., 2023). If the
mud density is too low, it can lead to wellbore instability and
overflow (Suo et al., 2024); if it is too high, it may cause lost cir-
culation. Therefore, to ensure the safety of drilling operations in
offshore ERHWSs, a reasonable mud density must be determined to
prevent downhole accidents (Li et al., 2020; Song et al., 2016), the
mud density is directly related to OHEC of ERHWSs. During tripping
operations, the axial motion of the drill string induces pressure
fluctuations, which can easily cause the bottomhole pressure to
exceed the safety pressure window (He et al., 2016), which typi-
cally results in a reduction of OHEC in ERHWs. Field practices
indicate that most downhole accidents, such as blowouts, over-
flows, wellbore collapse, and well leakage, often occur during
tripping operations (Tang et al., 2016), with over 25% of blowout
caused by excessive POOH speed of string generating suction
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pressure (Islam et al.,, 2017). To further enhance the OHEC of
ERHWs and reach deeper underground targets, it is necessary to
establish a method for optimizing drilling fluid density based on
the OHEC during string tripping operations.

Mason and Judzis (1998) proposed that the extension limit of
ERHWs can be divided into mechanical limit and wellbore stability
limit. Rocha et al. (2003a,b) subsequently identified annular pressure
loss as a key factor limiting the extension capacity of ERHWSs. Gao et al.
(2009) systematically introduced the theoretical concept of the
extension limit for ERHWSs and developed an open-hole extension
limit model. Livescu et al. (2014 ) investigated the open-hole section of
ERHWs, identifying frictional torque and strength as key factors
affecting the extension limit of drill string. Huang et al. (2015)
developed a mechanical model for drill string buckling behavior in
horizontal wells and proposed criteria for determining and calcu-
lating mechanical extension limit. Chen and Gao (2016, 2018) pro-
vided a calculation model for the open-hole extension limit of ERHWs
targeting deep water environment and analyzed the impacts of for-
mation anisotropy. Li et al. (2017a) optimized the open-hole extension
limit model for ERHWsS, proposing optimization design principles and
control methods under subjective and objective constraints, while
also optimizing mud flow rate. Gao et al. (2019) suggested that the
proper use of drilling fluid density can also enhance the extension
limits during the drilling of ERHWsS. Li et al. (2022) improved the
hydraulic extension limit of ERHWSs by optimizing the string size,
achieving an enhancement of 18.47-22.69%. Shi et al. (2023) devel-
oped adynamic model of drill string equipped with vibration dampers
during ERHD and conducted research on optimizing excitation pa-
rameters and installation positions. Wang et al. (2024 ) proposed using
the maximum temperature endured by bottomhole assembly as a
constraint to optimize the drilling extension limit for geothermal
horizontal wells. Zhang et al. (2024) examined the relationship be-
tween wavy wellbore trajectories, open-hole extension limit, and
production distribution patterns. However, none of these studies have
deeply explored the optimization of mud density in ERHWs drilling. In
this paper, in order to improve the horizontal OHEC for ERHWS, an
optimal mud density model in ERHD was established based on the
prediction and analysis of horizontal OHEC of ERHWSs under string
tripping operations. The model may provide a theoretical foundation
for optimizing mud density and enhancing OHEC in ERHD.

2. Optimal mud density model in ERHD

During string tripping operations, pressure fluctuations caused
by the axial movement of the string can easily exceed the range of
the safe pressure window at the bottomhole, leading to complex
downhole accidents such as overflow, well collapse, and lost cir-
culation (see Fig. 1), which significantly reduces the horizontal
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OHEC in ERHD. The impact of drilling fluid density on OHEC in
ERHD varies under different string tripping conditions. To enhance
the extension capability in ERHD, it is necessary to establish an
optimal drilling fluid density model for string tripping operations.

2.1. Model assumptions
The following assumptions were made in this study.

(1) The density of the mud in the annulus remains constant
with changes in temperature and pressure.

(2) The effects of casing inner wall roughness, wellbore
roughness, and string connections on annular pressure loss
are neglected.

(3) The mud flow induced by pipe tripping is considered to be in
a turbulent state (Li et al., 2024; Zhang, 2023).

Given that the maximum horizontal OHEC is determined by the
dynamic balance of bottomhole pressure and wellbore stability
conditions, the optimal mud density model is primarily derived
from the constraints of bottomhole pressure dynamic balance and
the SMWW.

2.2. The predict model of OHEC during the operations of drilling

The transportation of cuttings in sections with large in-
clinations is challenging and can lead to the formation of a cuttings
bed in ERHD. This phenomenon significantly impacts the annular
pressure loss during circulation. If the bottomhole pressure during
drilling is maintained below the formation fracture pressure, the
OHEC can be assumed to increase continuously. The prediction
model for the horizontal OHEC during drilling is described as fol-
lows (Li et al., 2017b):

0.00981 (py — psCs — pm(1 — C5))Dy — Apa
(Ap/AL),

(1)

Ldri =

2.3. The predict model of OHEC during the operations of drill string
tripping

During POOH operation, suction pressure is generated at the
bottomhole. If the effective bottomhole pressure, defined as the
mud hydrostatic pressure minus the suction pressure, falls below
the formation pore pressure or the wellbore collapse pressure, a
kick or wellbore collapse may occur (Siddiqi et al., 2016). To pre-
vent kicks or wellbore collapse, the wellbore pressure must satisfy

(a) Wellbore collapse caused by suction pressure during POOH operation

of string

(b) Wellbore lost circulation caused by surge pressure during mun in hole
operation of string

Fig. 1. Wellbore instability caused by pressure fluctuation under string tripping operation in ERHD.
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the following conditions:
(2)

During run in hole (RIH) process, surge pressure is generated at
the bottomhole. When the sum of the mud hydrostatic pressure
and surge pressure exceeds the formation fracture pressure, lost
circulation may occur. To prevent lost circulation, the bottomhole
pressure must satisfy the following conditions:

g maX(/)m/)p)Dv <8pmDv — DPsc

(3)

Under tripping operations, Equations (2) and (3) can be refor-
mulated to represent critical conditions.

Generally, the suction pressure during POOH process and the surge
pressure during RIH process occur in the vertical section, inclined
section, and horizontal section of the ERHWS, respectively. The suc-
tion pressure and surge pressure can be expressed as:

The suction pressure and surge pressure generated in the ver-
tical section and inclined sections are:

gpmDv + Psx < gpsDy

Psc = &[pm — Max(pc, pp) | Dy

Dsx = g(ﬂf - /’m)Dv ()

Psc = APh_qz + /quz(/’mzL)dL

(5)
DPsx = ADh_xz + /ApXZ(pm7L)dL

LotLai 2fq,p V2
[ Spaetom L= [ SR AL
0 o — Mdp
Bt fiapmid ©
- “IXzPmxz
Annular friction coefficient can be expressed as:
a
Jaz = Reb,
(7)
fxz = a
Reb,

For the power-law fluid, the Reynolds number of the mud
during tripping operation can be expressed as (Fan, 2014):

n
121" (Do — Dy, ) v3,™
Rqu: m( np) az ><-10373n
1<(—2g;1)
n (8)
121" (Dy — Dy, ) 2"
Rey, = (Do n") X 1033
1<(—2g;1)

In the case of a small annular clearance, the annular mud flow rate
during tripping operation can be expressed as (Fan, 2014):

D3
Vqz = I.SUph (D(ZJPDEI + OS)
p

D2

dp
————+0.5
Dz — Dﬁp )

(9)
Uxz = 1-5Vrh<

By solving the system of Equations (4)-(6), the suction pressure
and surge pressure caused by the horizontal section during the
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tripping process under the critical conditions ensuring wellbore
stability can be obtained:

App_qz = &[pm — Max(pcpp) | Dy

/Lv +Lgi quz Pm yé 2
0

SRz g
Do — Dy

APh_xz = g(/)f - pm)Dv (10)

/Lv +Lgi
0

The horizontal OHEC during POOH operation and RIH operation
can be expressed respectively as:

2fszmV)2<z dL
Do — de

L _ Aph—qz
h-qz Aph—qz
(FA™) -
L _ ADh_xz
h-xz (Aph—xz)
AL

For turbulent flow conditions, the annular pressure loss
gradient in the horizontal section during tripping operations can
be expressed as:

Aph—qz _ zfqumvéz

AL Do — de (12)
ADh_xz _ 2fXZPmU)z(Z
AL Doy — de

Substituting Equations (11) and (12) into Equation (10), it can
be obtained:

Ly+Lai 2qu'Dmvglz dL
L gDy (Do - de) 0 Do — Dygp
hedz = _
& 2fqzvaz zquPmV?]z
Do — Dyp
18 max(ﬂcvﬂp)Dv (DO - de)
on Haet (13)
L 1 &etDy (Do - de)
h-xz = m zfxzv)z(z
Ly-+Lg; 2fszm“>2(z L
gDv (DO - de) B fO DO — de d
2fxzv%, ZfXZvaiz
Do — Dgp
Let A — — £M*(ery)Du(Do=Dy) g _ 8iDu(Do—Dav) yyony by differ-
= ik, ) ST y

entiating Ly_q,. Lp_x, with respect to the density pp, it can be
obtained:

dLh—qz o A
d/)m B P?n (14)
dly x, B
dﬂm B /)_Zm
As A<0, B>0,thus %L;—;n‘“> 0, ddL?Tiu< 0,the horizontal OHEC under

the POOH operation will show an increasing trend, while the
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horizontal OHEC under the RIH operation will show a decreasing
trend. Therefore, there exists an optimal mud density that yields
the maximum horizontal OHEC.

Let Ly_q; = Lyh_xz by simplifying above formulas can be
obtained:

1 " 1 1 P
fqu%z fxavd,  pm |fravd,

maX(/)c,pp)] (15)

fqzvaz
Introduce the parameter for tripping, ¢ = vxz/vq; and combine

Equations (7) and (8), then the ratio of the annular friction coef-
ficient when RIH operation to that when POOH operation is:

6212 n Vs n-2 )
X n—
= (2 = ¢""“ (Re < 2100)
fx_z _a Regz v (qu)
fgz Reb. a Zb—nb nb—2b
* = (LZ) = ¢"~2 (Re>2100)
Vg " Vqz
(16)
Substituting Equation (16) into Equation (15) yields:
+ ¢" 2 max(p,,
prte (’)C”P):H(/)"J(Regzl()O)
0
b2 (17)
+ " max (pc,
Pf ¢ > (pCpr) :1+¢nb—2b+2 (Re>2100)
m

After rearranging, the optimal mud density for combined
tripping operations is obtained:
pp+¢" > max(pc,pp)
1+¢"2
prr¢nb—2b+2 maX(mep)
l +¢nb72b+2

(Re<2100)
Pm=

,b=0.25-0.1431gn (Re>2100)

(18)

2.4. The operations of casing tripping

Similar to the tripping process, in the operations of casing
tripping, the horizontal OHEC L;_ during the casing pulling
condition and the horizontal OHEC L;,_,¢ during the casing running
condition can be expressed as (Xu et al., 2020):

Ly g = g[ﬂm - maX(PoPp)]DV prst(ﬂm7 LydL
—st — -
s Zfstﬂmugt 2f; stpmvgt
Do — D¢p Do — Dp (1)
Ly yf = g(pf B ,0m>Dv _ prxf(prmL)dL
o 2fxfﬂm”,2(f 2fxf/’m“§f
Do — Dcp Do — Dcp
Among which:
Ly+Lai
[ apatom L= [ zfst”nbcst dL
o (20)
v+ di
[ spustom Dt = [ Huarmiie gy
0 o cp

Substitute Equation (20) into Equation (19):
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Ly+Lgi 2fst/)mvst dL
Ly o — gDy (Do - Dcp) _ fo Do — Dcp
s 2fst1’gt 2fstpmvst
Do — Dcp
1g maX(PoPp)Dv (Do — Dep)
Pm 2fstﬂ§t
(21)
Ly+Lg; 2fxfpmvxf dL
Ly s = 1 gpiDy (Do - Dcp) 0 Do — Dcp
hoxf = —
* 2fxf'/z(f 2fxf/’m">2(f
Do — Dcp
_gDv (Do — Dep)
2fva)2(f
+__ gmax(pe.py)Dy(Do— Dcp) _ 8piDy(Do—Dep)
Let A = Fo B = o, sthen by
differentiating L,_g. Ly_xf represent to the density pp,:
dly & A
dpy P2
m Pm (22)
dly s B
dpm Pk

As A' <0, B > 0,therefore dd%;» o, ddL'p;kaO, Similar to the trip-
ping operation, there exists an optimal mud density in casing
tripping operations. The maximum horizontal OHEC can be ach-
ieved when this optimal mud density is used.

Let Lj_g L,,_xs,by simplifying above formulas can be
obtained:

RIS R
fstvgt fvaif Pm fva,z(f

max(pc,pp)} (23)

fstl'gt
Introduce the parameters for casing tripping. n = vy /vst, then

the ratio of the annular friction coefficient when casing running
operation to that when pulling operation is:

2-n n—2
Ut _ (W) _,n2 (Re < 2100)
l/2 n Vst
fxf a Rest X
fst Re a 2b nb nb—2b
xf a (va) 2-2b (Re > 2100)
b\ vt
Vxf
(24)
Substituting Equation (24) into Equation (23) yields:
+ 72 max(p,,
pf 41 (perp) _ 4 2 (Re < 2100)
>
+ pto— max s
prtn _ (Pc pP) =1 4 yb-2b+2 (Re >2100)
m

After rearranging, the optimal mud density for the casing
tripping operation can be obtained:

pr "2 max(pe,pp)
‘l + ,]n—Z

(Re <2100)

Pm=
pf +’7nb—2b+2 max(pc,pp)

1+ ”nb—2b+2

,b=0.25-0.1431gn (Re>2100)
(26)
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2.5. Analysis of combined drilling operations

To further optimize the mud density, it is essential to consider
both tripping and casing tripping operations when establishing a
predictive model for the optimal mud density. According to field
practice, the optimal mud density under tripping conditions is
generally higher than under casing tripping conditions. There are
two possible scenarios, where L,_qx represents the horizontal
OHEC during tripping operation, and L;,_ represents the hori-
zontal OHEC during casing tripping operations, pn,_qx represents
the optimal drilling mud density during tripping operation, and
pm_tr Tepresents the optimal drilling mud density during casing
tripping operations.

(1) If the curve of Ly, does not intersect with the curve of Ly, _¢
and Ly_qy is always greater than Ly, (see Fig. 2), then the
horizontal OHEC is solely controlled by the casing tripping
conditions. In this case, the maximum value of the curve
L, represents the maximum horizontal OHEC, and the
pm-tr Value represents the optimal mud density.

(2) If the curve of L;,_q intersects with the curve of L;,_, there
are four possible scenarios:

Scenario a: There exists an optimal mud density, denoted as
Pm—com—optimal» Which is jointly controlled by the RIH operation
and the casing pulling operation (see Fig. 3(a)).

Scenario b: There exists an optimal mud density, denoted as
Pm—com—optimal» Which is jointly controlled by the POOH operation
and the casing running operation (see Fig. 3(b)).

Scenario c: The optimal mud density is the one from the casing
tripping operation. In this scenario, there is a maximum mud
density, above which the horizontal OHEC under the combined
operation will significantly decrease. This maximum density is
controlled by the RIH operation and the casing running operation.
The recommended mud density ranges from pp,_com-—optimal tO
Pm-—com-max (see Fig. 3(c)).

Scenario d: The optimal mud density is the one from the casing
tripping operation. However, there exists a minimum mud density,
below which the horizontal OHEC under the combined operation
will significantly decrease. This minimum density is jointly
controlled by the casing pulling operation and the POOH opera-
tion. The recommended mud density ranges from pm_com—min tO
Pm-com-optimal (see Fig. 3(d)).

s Ly oo IN tripping operations
-L, ,r in casing tripping operations

h-qx

(pm-q\' Lh-q:-ml\]

Horizontal OHEC, m

(Pt Latemnar)

Mud density, g/cm®

Fig. 2. Horizontal OHEC under different scenarios without intersection.
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In field conditions, the large diameter of the casing results
small annular space lead to significant axial pressure fluctuations
during casing tripping operations. This causes the horizontal OHEC
under casing tripping to be significantly lower than that under the
tripping operations. Additionally, the casing running speed is
generally higher than the casing pulling speed, exacerbating
pressure fluctuations during casing running. Consequently, the
optimal mud density for casing tripping operations is typically
lower than that for tripping operations, and the optimal mud
density for combined operations is usually smaller than that for
tripping operations alone.

In practical operations, due to the combined effects of the
above factors, the horizontal OHEC under the combined operation
is most often observed to follow scenario b. To determine the
optimal mud density for the combined operation, further detailed
analysis is needed. By solving the system of equations from
Equation (13) and Equation (19), the optimal density can be
obtained:

(Do - de) [/’m - maX(pc,pp)] (Do — Dep) (Pf - /’m)

= (27)
fqzvaz fva)z(f

By solving the system of equations from Equation (6), Equation
(7), and Equation (26), which can be obtained:

n+1 _n
Do = D ("Lf) (Re < 2100)
Do — de qu
Pm — lTlaX(pC,pp)

nb+1 b
_ DO _ DCp (vif> 2b—nb-2
P —Pm Do — Dgp Vgz 7

b=0.25-0.143 Ig n (Re>2100)

Pm — I‘l’laX(/)C.,/)p)
Pf —Pm

(28)

The optimal mud density under the combined conditions is:

pr — max(pc, pp)

+1 _
000\ (0
Do — de qu

(Re < 2100)

Pm—com = pf — max (pc,pp)
pr = nb+1 ’
DD _ DCp (Vif) 2b—nb-2 N 1
Do — de Vqz

b=0.25-0.143 Ign (Re > 2100)
(29)

3. Application examples
3.1. Calculation of horizontal OHEC and the optimal mud density

A calculation and analysis of the horizontal OHEC and optimal
mud density for a ERHW in the South China Sea oil field was
conducted. The main data for the wellbore structure and drilling
parameters of this ERHW are shown in Fig. 4 and Table 1.

The horizontal OHEC variation with mud density was analyzed
during drilling, tripping and casing tripping operations (see Fig. 5),
the horizontal OHEC under tripping conditions initially increases
and then decreases with increasing mud density. This trend is due
to the cooperative effects of mud density on RIH and POOH pro-
cesses: higher mud density increases bottomhole pressure during
RIH, reducing horizontal OHEC by increasing wellbore fracture
risk, while it enhances horizontal OHEC during POOH by
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Ly in tripping operations
= Ly ¢ N €ASINg Wipping operations

Horizontal OHEC, m

(Pacom-optaimatt L)

Mud density, g/em*

(a)

L, in tripping operations
==L, In CASINg tripping operations

(P com-spraimatr Ly max)

Horizontal OHEC, m

Mud density, g/em’
(]
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— et in tripping operations
= Ly, ¢ I CASING tripping operations
B
<
g
£
3
R (P-com spratmatr Limaa)
Mud density, g/em*
(b)
—_—Leg in tripping operations
s Ly g I CASING WNIPPINgG OpeTations.
g
g
:
é Py compptamatr Lmur)

Mud density, glem®
()

Fig. 3. Horizontal OHEC under different intersection scenarios.

Fig. 4. Wellbore structure and wellbore trajectory diagram.

decreasing wellbore collapse risk. Thus, an optimal mud density
exists for maximum horizontal OHEC under tripping conditions.
When the mud density exceeds this critical value, the horizontal
OHEC under tripping conditions is controlled by the RIH process.
Similarly, the horizontal OHEC under casing tripping conditions
follows the same trend.

Analytical calculations show that without considering string
tripping conditions, the horizontal OHEC peaks at 2334 m with a
mud density of 1.28 g/cm>. However, when string tripping is
considered, the maximum horizontal OHEC is 1865 m at 1.33 g/
cm?® during tripping conditions and the maximum OHEC is 1693 m
at 1.29 g/cm® during casing tripping conditions. For accurate pre-
diction, both drilling and string tripping conditions must be
considered. Ignoring string tripping pressure fluctuations can lead

Table 1

Drilling parameters.
Parameters Values
Borehole vertical depth/m 1956
Consistency coefficient/(Pa-s") 0.39
Mud flow rate/(L/s ") 30
Liquidity index 0.65
Mud density/(g-cm~3) 1.25
Fracture pressure equivalent density/(g-cm ) 1.81
Pore pressure equivalent density/(g-cm™>) 1.01
Collapse pressure equivalent density/(g-cm~—>) 1.05
Casing pulling speed/(m-s~') 0.15
Casing running speed/(m-s~') 0.3
POOH speed/(m-s~1) 0.6
RIH speed/(m-s~") 0.8
Drill string diameter/mm 127
Rate of penetration (ROP)/(m-h™1) 10
Drilling string rotation speed/rpm 100

to significant errors in OHEC prediction. The intersection of trip-
ping and casing tripping conditions represents the maximum
OHEC under combined scenarios, with an optimal mud density of
1.302 g/cm® and a maximum OHEC of 1605 m. This value falls
within the SMWW. Notably, different string tripping speeds can
influence the optimal mud density to varying extents.

3.2. Comparison of measured downhole fluctuating pressure with
predicted results

As shown in Fig. 6, we compare the predicted pressure fluctu-
ations with the actual measured pressure fluctuations and
demonstrate the variations at different depths. The error between
the predicted and measured downhole pressure fluctuations is
within 10%, which is within the acceptable engineering error. The

1000
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2500 — -
+— Tripping operations
Casing tripping operations
+— Drilling operation
2000
(1.302, 1605)
| \ o t
; f‘f '.\Kj ..‘. ¥
5 1500 - "' y S ‘f “ %
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{ F
:I -{-
f £
# F 4 ra .
500 " T T T T T T A
1.10 1.15 1.20 1.25 1.30 1.35 1.40 1.45
Mud density, g/em®
Fig. 5. Horizontal OHEC controlled by combined operating conditions.
4.0
] —#— Tripping speed
° .8 M ' p
3.5 -t —a&— Predicted fluctuating pressure
1 '\"-._
3.0 4 ~a "Wl _ I"/ \__
:g i P IREr T ah _:_\ i \\
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g 25 l
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=
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0.5 i
T I T Ll T Ll ]
5225 5250 5275 5300 5325 5350 5375 5400 5425
Depth (m)

Fig. 6. Measured and predicted verification analysis of bottomhole pressure during
tripping operations.

results show that the model predictions align well with the actual
measurement data, further validating the accuracy of our model.
Additionally, we have incorporated tripping speeds to illustrate
their relationship with the pressure fluctuations.

4. Correlation analysis

4.1. Sensitivity analysis of horizontal OHEC during drilling
operations

4.1.1. The effects of mud density and flow rate on horizontal OHEC
under drilling operation

As shown in Fig. 7, it can be observed that, at a constant mud
density, the horizontal OHEC first increases and then decreases
with an increase in mud flow rate. This is because, during the
drilling process, increasing the mud flow rate reduces the thick-
ness of the cuttings bed, thereby lowering the annular pressure
loss. However, when the thickness of the cuttings bed decreases to
a point where it no longer significantly affects the mud circulation
efficiency, further increasing the mud flow rate leads to a sharp
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Fig. 7. Variations of horizontal OHEC with mud flow rate at different mud density
values.

rise in annular pressure loss, which in turn leads to a decrease in
the horizontal OHEC. Specifically, as the mud density increases, the
horizontal OHEC generally shows a decreasing trend. Particularly
under high-density conditions (such as 1.35 g/cm?), the horizontal
OHEC is almost zero.

4.1.2. The effects of ROP and drill string rotational speed on
horizontal OHEC under drilling operation

As shown in Fig. 8, the horizontal OHEC significantly increases
with increasing drill string rotational speed. This increase is
attributed to the effective disruption of the cuttings bed by the
rotating drill string, which reduces annular pressure loss. How-
ever, the enhancement of horizontal OHEC plateaus beyond a
certain rotational speed. For instance, at a ROP of 5 m/h, the hor-
izontal OHEC ceases to increase when the drill string speed ex-
ceeds 87 rpm. Excessively high rotational speeds can also
challenge the surface rig's torque capacity. Additionally, as ROP
increases, higher drill string speeds are required to prevent
excessive cuttings accumulation. For example, to achieve optimal
horizontal OHEC, the drill string speed must increase from 87 rpm
to 96 rpm when the ROP increases from 5 m/h to 10 m/h.
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Fig. 8. Variations of horizontal OHEC with drill string rotational speed at different
ROP values.
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4.2. Sensitivity analysis of horizontal OHEC under string tripping
operations

4.2.1. The effects of mud density and string tripping speed on
horizontal OHEC under string tripping operations

Surge pressures during RIH can induce wellbore fracturing,
whereas suction pressures during POOH may cause wellbore collapse.
For a designed horizontal section length of 1500 m and a mud density
0f 1.25 g/cm?, the maximum safe string tripping speeds are as follows:
RIH speed, 1.36 m/s (see Fig. 9(a)); POOH speed, 0.89 m/s (see
Fig. 9(b)); casing running speed, 0.58 m/s (see Fig. 9(c)); and casing
pulling speed, 0.21 m/s (see Fig. 9(d)). Tripping speeds should not
exceed these maximum safe values to ensure wellbore stability. If field
operations require increasing the casing pulling speed to 0.3 m/s, the
mud density must be adjusted to 1.30 g/cm? to maintain the design
requirements for the horizontal section length. Additionally, when the
tripping speed increases, the fluid flow in certain sections of the
wellbore may transition from laminar to turbulent flow, leading to a
reduction in annular pressure loss, a decrease in bottom-hole pres-
sure, and an increase in OHEC. The interaction between different pipe
column compositions in multi-layered pipe strings may cause a
temporary “jump” in OHEC at specific points, followed by a return to a
stable turbulent flow state. After three such jumps, the fluid in the
annulus will stabilize into a fully turbulent state.

4.2.2. The effects of mud flow behavior index and consistency
coefficient on horizontal OHEC under casing tripping operations
As shown in Fig. 10, the horizontal OHEC decreases significantly
with increasing consistency coefficient when the flow behavior
index of the mud is fixed. For casing tripping conditions, simula-
tions reveal that at a casing pulling speed of 0.6 m/s and a designed
horizontal section length of 1500 m, a flow behavior index of 0.6
and a consistency coefficient of 0.1 just meet the casing pulling
requirements (see Fig. 10(d)). To improve this, the casing pulling
speed can be reduced, or the mud rheological property can be
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adjusted. Specifically, lowering the flow behavior index to below
0.58 and increasing the consistency coefficient to 0.52 can stabilize
the open-hole wellbore during casing pulling. Therefore, during
tripping operations, the mud rheological properties should be
adjusted in real-time based on downhole conditions to ensure the
string reaches the designed measured depth.

4.2.3. The effect of drilling assembly on horizontal OHEC under
string tripping operations

As shown in Fig. 11, the field-used drilling assembly is 5000 m
5-7/8" and 5" drill strings. During POOH operations at 0.95 m/s, the
horizontal OHEC is 927 m. Adjusting the assembly to 3000 m of
5-7/8" drill string plus 5" drill string allows meeting the required
tripping speed while satisfying the design requirements for the
1500 m horizontal section. During casing tripping, drilling as-
sembly adjustments have minimal impact on horizontal OHEC, as
pressure fluctuations and annular losses are primarily associated
with lowering the liner in the horizontal section. For a designed
horizontal section length of 1500 m (using a 5160 m 5-7/8" heavy
drill string, 2983 m 5" drill string and 7” liner), the casing running
speed should not exceed 0.57 m/s, and the casing pulling speed
should not exceed 0.21 m/s.

4.3. Sensitivity analysis of optimal mud density under combined
operations

4.3.1. Variation trends of optimal mud density under combined
operations with changes to POOH and casing running speed

As shown in Fig. 12, the optimal mud density under combined
conditions is influenced by casing running speed and POOH speed.
When casing running speed is constant, the optimal mud density
decreases with increasing POOH speed. Conversely, when POOH
speed is constant, the optimal mud density increases with casing
running speed, with the increasing trend gradually slowing down.
This is due to the reduction in horizontal OHEC caused by
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Fig. 9. Variations of horizontal OHEC with string tripping speed under different mud density values.
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Fig. 10. Variations of horizontal OHEC with consistency coefficient at different flow behavior index values under string tripping operations.
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Fig. 11. Variations of horizontal OHEC with string tripping speed under different drilling assembly.

increased casing running speed, which shifts the intersection point
of horizontal OHEC for both conditions and results in a higher
optimal mud density. At relatively low POOH speeds, the optimal
mud density exhibits an upward concave trend as casing running
speed increases.

1003

4.3.2. Variation trends of optimal mud density under combined
operations with measurement uncertainties to collapse
pressure, pore pressure and fracture pressure

As shown in Fig. 13, to evaluate the impact of measurement
uncertainties in formation properties on the optimal mud density,
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we conducted a sensitivity analysis using Monte Carlo simulations
(Opoku et al., 2020; Williamson et al., 2006). A total of 1000
simulations were performed to assess the effects of uncertainties
in fracture pressure, pore pressure, and collapse pressure. The
simulation results showed that the optimal mud density averaged
1.2447 g/cm® with a standard deviation of 0.0454, indicating that
the values were tightly concentrated around the mean.

As shown in Fig. 14, the sensitivity analysis revealed that frac-
ture pressure and collapse pressure are the most influential pa-
rameters on the optimal mud density, with Spearman correlation
coefficients of 0.66246 and 0.59541, respectively. These pressures
exhibited a strong positive correlation with the optimal mud
density, on the other hand, pore pressure showed a weaker in-
fluence, with a Spearman correlation coefficient of 0.27399.

4.3.3. Variation trends of optimal mud density under combined
operations with changes to POOH speed and changes in wellbore,
casing, and drill string diameter

As shown in Fig. 15(a)-(c), the optimal mud density under
combined conditions increases with POOH speed when the di-
ameters of wellbore, casing, and drill string are fixed, exhibiting a
convex upward trend. This trend is driven by the increasing hori-
zontal OHEC under POOH conditions with mud density. However,
as POOH speed rises, the rate of increase in horizontal OHEC slows,
shifting the intersection point of combined conditions to higher
mud densities. When POOH speed is fixed, the optimal mud den-
sity under combined conditions also increases with an increase in
wellbore diameter, a decrease in casing diameter, or an increase in
drill string diameter, albeit at a lower rate. This is attributed to the
reduced annular pressure loss resulting from the increased outer
diameter of the annulus. As mud density rises, the horizontal
OHEC under POOH conditions increases more rapidly than under
casing running conditions, where the rate of increase slows,
shifting the intersection point of combined conditions.

4.3.4. Variations trend of optimal mud density under combined
conditions with changes to casing running speed and changes in
wellbore, casing, and drill string diameter

As shown in Fig. 15(d)—(f), the optimal mud density under
combined conditions decreases with increasing casing running
speed when the diameters of wellbore, casing, and drill string are
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Fig. 15. Variation trends of optimal mud density with multiple factors under combined operations.

fixed, exhibiting a concave upward trend. This decrease is due to
the reduction in horizontal OHEC under casing running conditions,
which shifts the intersection point of the two conditions to lower
mud densities. The rate of decrease in optimal mud density slows
with further increases in casing running speed, and the optimal
horizontal OHEC also decreases. When the casing running speed is
fixed, the optimal mud density under combined conditions in-
creases with an increase in wellbore and drill string diameters and
a decrease in casing diameter. This trend is attributed to the
reduced annular pressure loss resulting from the increased outer
diameter of the annulus. However, the rate of increase in optimal
mud density slows as these dimension change.
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a)Casing diameter and dnll string dumeter

4.3.5. Variation trends of optimal mud density with changes to drill
string diameter under combined operating conditions

As shown in Fig. 16, variations in casing, wellbore, and drill
string diameters significantly influence the optimal mud density.
An increase in casing diameter reduces the annular space gap,
sharply decreasing the horizontal OHEC under casing running
conditions and shifting the optimal mud density to a lower value.
Changes in casing diameter have a particularly pronounced effect
on optimal mud density. With the increasing in drill string diam-
eter reduces the horizontal OHEC under POOH conditions, also
shifting the optimal mud density to a lower value. Conversely, an
increase in wellbore diameter widens the annular space gap,

=

€Dl string diameter and wellbore diameter

Fig. 16. Variation trends of optimal mud density with string dimensions under combined operations.
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enhancing the horizontal OHEC for both tripping and casing
running conditions. However, the improvement in horizontal
OHEC is more significant under casing running conditions,
resulting in a lower optimal mud density. All in all, considering the
combined effects of casing, wellbore, and drill string diameters,
appropriate adjustments to mud density can effectively prevent
formation fracture and wellbore collapse, ensuring drilling safety.

5. Conclusions

(1) An optimal mud density model in ERHD was established
based on the prediction and analysis of horizontal OHEC of
ERHWs under string tripping operations. The analysis
revealed that the horizontal OHEC initially increases and
subsequently decreases with increasing mud density for
both tripping and casing tripping operations. Each operation
exhibits an optimal mud density that maximizes the OHEC
of horizontal ERHWs.

(2) Under combined operating conditions, the optimal mud
density can be categorized into two primary scenarios: In
the first scenario, the OHEC curves for tripping and casing
tripping operations do not intersect, and the optimal mud
density is determined solely by casing tripping operations.
In the second scenario, the OHEC curves intersect, resulting
in four subcases. In two subcases, the optimal mud density
is influenced by both tripping and casing tripping opera-
tions, whereas in the remaining two subcases, it is dictated
exclusively by casing tripping operations.

(3) The optimal mud density is positively correlated with POOH
speed, wellbore diameter and drill string diameter.
Conversely, it is negatively correlated with casing diameter
and casing running speed.

(4) Considering the uncertainties in the geological mechanical
parameters, the optimal mud density is positively correlated
with fracture pressure and collapse pressure, with sensi-
tivity decreasing in the order of fracture pressure, collapse
pressure, and pore pressure.

(5) It is important to note that the optimal mud density model
has a certain range of applicability. The likelihood of
encountering transitional flow during ERHD is low, and in
this study, we assume that the mud flow is in a turbulent
state. Additionally, the model does not account for the ef-
fects of formation heterogeneity and anisotropy along the
horizontal section.
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Nomenclature

ab The empirical coefficients dependent on the fluidity
index of the mud, dimensionless

Cs The solid volumetric concentration, %

Dep The outer diameter of the casing, mm

Dgp The outer diameter of the drill string, mm

Dg The outer diameter of the annulus, mm

D, The vertical depth of the target level, m

fqz The friction coefficient in the annulus during POOH
operation, dimensionless

fst The dimensionless annular friction coefficient during
casing pulling operation

fi The dimensionless annular friction coefficient during
casing running operation

fxz The friction coefficient in the annulus during RIH
operation, dimensionless

g The acceleration due to gravity, N/kg

k The consistency coefficient, Pa-s"

Ly The length of the inclined section of the borehole, m

Li_gx The horizontal OHEC during tripping operation, m

Ly_y The horizontal OHEC during casing tripping operations,
m

Lari The horizontal OHEC during drilling operation, m

Ly The length of the vertical section of the borehole, m

n The liquidity index, dimensionless

ADp_gz The suction pressure in the horizontal section during
tripping operation, MPa

ADh_xz The surge pressure in the horizontal section during
tripping operation, MPa

Apa Total annular pressure drop, MPa

(Ap/AL), The pressure loss gradients in horizontal section, MPa/
m

Psc The suction pressure, MPa

Dsx The surge pressure, MPa

Reg, The Reynolds number of the mud during POOH
operation, dimensionless

Rex;, The Reynolds number of the mud during RIH operation,
dimensionless

Uph The POOH speed, m/s

Vgz The flow velocity of the mud in the annulus during
POOH, m/s

Vi The RIH speed, m/s

st The annular mud velocity during casing pulling
operation, m/s

Uyf The annular drilling mud velocity during casing
running operation, m/s

Uxz The flow velocity of the drilling mud in the annulus
during RIH operation, m/s

APt The suction pressure under casing pulling operation,
MPa

APy The surge pressure under casing running operation,
MPa

Pe The collapse pressure equivalent density, g/cm3

pf The fracture pressure equivalent density, g/cm3

Pm The mud density, g/cm3

Pm—tf The optimal mud density during casing tripping
operations, g/cm3

Pm—qx The optimal mud density during tripping operations,
g/cm?

Pp The pore pressure equivalent density, g/cm>

Pm—com—optimal 1he optimal mud density under the combined
operations, g/cm?3
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