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In this paper, a 3-D geomechanically model and a three-pressure profile along 
the wellbore trajectory were established to determine a reasonable drilling mud 
density window by establishing calculation methods and correlations between geo-
mechanically parameters. On the basis of drilling mud density window, combined 
with the principle of ERW extended limit, the analysis models of the limits of den-
sity and flow rate of drilling mud were established, respectively, with the objective 
that the extension limit can fulfill the design depth of the wellbore. The results of 
the practical application illustrate the feasibility and correctness of this preferred 
model for the combination of drilling mud density and flow rate.
Key words: extended-reach well, extension limit, 3-D geomechanically model, 

drilling mud density, flow rate

Introduction

Drilling operations of Horizontal ERW are characterized by difficult wellbore clean-
ing, high dragtorque and high operational risks [1]. The prediction of wellbore extension limits 
for horizontal ERW provides reference and guidance to ensure that they are drilled safely [2]. 
The open-hole extension limit is closely related to the stability of wellbore [3, 4]. By establish-
ing a 3-D geomechanically model, predicting the three pressure profiles, determining a reason-
able drilling mud density window (DMDW) and selecting a reasonable drilling mud density, it 
will give a reference or guidance for pre-drilling design of the ERW [5]. Based on the drilling 
mud density window, combined with the principle of extended limits, using the pre-drilling 
wellbore design length as the constraint, the limit of drilling mud density and flow rate can be 
analyzed. The density and flow rate of the drilling mud has a significant impact on the rate of 
penetration (ROP) [6]. 

Analysis of drilling mud density window

In this section, we present the models considered in this article. 
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Pore pressure model

The Eaton method is more maturely applied in predicting pore pressure [7]. In this 
paper, the Eaton method is used to predict formation pore pressures:
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where Pp is the pore pressure, Pw – the hydrostatic pressure, Δtn – the acoustic slowness for 
normal compaction of mudstone, Δt – the actual acoustic slowness, N – the Eaton’s coefficient, 
dimensionless, Po – the overburden pressure, ρs – the seawater density, ρr – the rock formation 
density, g – the gravitational acceleration, and h – the depth of formation. 

Based on the logging and seismic data of well X16, the P-wave slowness and P-wave 
to S-wave velocity ratio (VP/VS) models are shown in figs. 1(a) an 1(b). With eq. 1, the over-
burden pressure and pore pressure models of X16 are shown in figs. 1(c) and 1(d). 

Figure 1. The 3-D geomechanical model about pore pressure

Fracture pressure model

Huang [8] proposed a way to calculate the fracture pressure of a formation:
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where Pf is the fracture pressure, σ – the Poisson ratio, k – the indicates a non-uniformly distrib-
uted geological structure stress factor, Sl – the tensile strength of the rock, m – the coefficient 
(about 8 -20), Sco – the compressive strength [9], and DTCO – the P-wave slowness.

The maximum and minimum in-situ stresses for well X16 are found by analyzing the 
data from adjacent wells and fitting their relation pore pressure.

  Figure 2. Fitting of Pore pressure and in-situ stress         Figure 3. Fitting of two in-situ stresses
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According to eq. (2), fig. 4(a) shows the uniaxial compressive strength model. Based 
on the fitted relations shown in figs. 2 and 3, the two horizontal in-situ stress models are shown 
in figs. 4(b) and 4(c). Based on eq. (2), the fracture pressure model is shown in fig. 4(d).

Figure 4. The 3-D geomechanical model about fracture pressure

Collapse pressure model

According to the analysis of adjacent data of X16, the uniaxial compressive strength 
and formation collapse pressure are approximately mirrored symmetrically with respect to the 
overburden pressure after the normalization, as fig. 5. The TTYLSC, UCSSC, and SFDCYLSC 
represent collapse pressure, uniaxial compressive strength and overburden pressure, respective-
ly. This paper predicts the collapse pressure of X16 by finding the mirror symmetry relation 
between the uniaxial compressive strength and the collapse pressure based on the overburden 
pressure, as fig. 6.

 
    Figure 5. Relation of TTYLSC and UCSSC                    Figure 6. Collapse pressure model

Drilling mud density window

On the basis of the 3-D geomechanically model, the three pressure profile is estab-
lished along the wellbore trajectory. To prevent the risk of well kick [10]:
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and
min md maxρ ρ ρ≤ ≤ (5)

where ρmd is the mud density, ρf  – the fracture pressure gradient, ρp – the pore pressure gradient, 
ρc – the collapse pressure gradient, Sb – the is suction pressure coefficient, Sg – the agitation 
pressure coefficient, Sf – the additional coefficient of safety for formation fracture pressure, ρmin 

– the minimum density, and ρmax is maximum density. 

Analysis of the limits for density and flow rate of drilling mud 

Extension limit for extended-reach well constrained by  
drilling mud density window

The open-hole extension limit of a horizontal ERW means the greatest depth that 
can be reached if the wellbore remains stable while the open-hole segment of the well is being 
drilled. Under normal drilling conditions and without considering the impact of cuttings on the 
circulation pressure drop, the extension limit for horizontal segment of a horizontal ERW is 
calculated [11]:
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where LD-horizon is the extension limit of the horizontal segment, ρf  – the fracture pressure equiv-
alent density, Dv – the vertical depth (TVD), Δpv and ∑j

i=1Δpdi are the vertical segment and 
several deviating segments for annular pressure drop, and (Δp/ΔL)h – the pressure loss gradients 
in horizontal segment. The open-hole extension limit and the relation between drilling mud 
density and flow rate as given:
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Upper limit of drilling mud density

When drilling, a flow rate is required to achieve a clean wellbore [12, 13], there is a 
minimum of flow rate, noted as Qmin1. Therefore, using the pre-drilling design depth as a con-
straint, when the flow rate is Qmin1, the upper limit of the drilling mud density ρMUD_max1 and the 
upper limit of drilling mud density ρMUD_max are given:
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and
MUD_max MUD_max1 maxmin{ , }ρ ρ ρ= (10)

Lower limit of drilling mud density

This paper uses the drilling mud density as a reference to calculate a range of flow rate 
under the constraint of design depth. Therefore, the lower limit of drilling mud density ρMUD_min 

reads:
MUD_min mdρ ρ= (11)

where the range of ρmd is given as ρmin ≤ ρmd ≤ ρMUD_max.

Upper limit of flow rate

Using the wellbore depth of the pre-drilling design as a constraint, while drilling mud 
density is ρMD(ρmin ≤ ρMD ≤ ρMUD_max), the upper limit of flow rate Ldesign(Qmax_MD) can be written:
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where Qmax_MD indicates the upper limit of flow rate for a ERW with the horizontal segment 
extensions up to Ldesign when the drilling mud density is taken as ρMD.

Lower limit of flow rate

Using the wellbore depth of the pre-drilling design as a constraint, when the mud den-
sity is given as ρMUD_max, the lower limit of the flow rate Ldesign(Qmin_MD) reads:
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Application

Well X16 is the horizontal ERW with the specific parameters, listed in tab. 1. Based on 
the 3-D geomechanically model of well X16 constructed previously, the three-pressure profiles 
along the wellbore trajectory of X16 are obtained as shown in fig. 7. According to fig. 7, after 
2856.26 m, minimum equivalent density of fracture pressure is 1.94 g/cm3, the maximum equiv-
alent density of collapse pressure is 1.40 g/cm3, the maximum equivalent density of pore pressure 
is 1.02 g/cm3. As a result, the DMDW for the horizontal segment of the X16 well is 1.42 g/cm3 ≤ 
ρmd_hor  ≤ 1.91 g/cm3. The parameters relating to the extension limits are shown in tab. 2.

Table 1. Specific parameters of trajectory design
Parameters Value Parameters Value

Inclination at kick of point 0° Depth at kick of point 2332.0 m
Build rate (Kz) 5.16°/30 m Inclination at target point 90°
Vertical depth at target point 2665.11 m Depth at target inclination (90°) 2856.26 m
Primary casing Bit/Casing size 660.4/508 mm Secondary casing bit/casing size 444.5/339.7 mm
Tertiary casing Bit/Casing size 311.2/244.5 mm Open-hole bit/casing size 215.9/139.7 mm
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Figure 7. The three pressure profile for well X16

Table 2. Parameter list of extension limit calculation
Parameters Values

Consistency coefficient [K(Pa⋅sn)] 0.62
Sf 0.02
Sg 0.01

Flow behavior index [n] 0.6
Sb 0.02

Eccentricity [e] 38

Conclusion

Based on seismic and logging data, a 3-D geomechanically model were established to 
determine a reasonable DMDW by establishing calculation methods and correlations between 
geomechanically parameters. The model for calculating and analyzing the limit of drilling mud 
density and flow rate was established based on the principle of open-hole extension limit of 
ERW, with the wellbore depth of the pre-drilling design as the constraint. The model for select-
ing the preferred combination of drilling mud density and flow rate was established on the basis 
of the limit of drilling mud density and flow rate.
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Nomenclature
g  – gravitational acceleration, [ms–2]
h  – depth of formation, [m]
N  – Eaton’s coefficient, [–]
Pp  – pore pressure, [MPa]
Pw – hydrostatic pressure, [MPa]
Δt  – actual acoustic slowness, [µsm–1]

Δtn – acoustic slowness, [µsm–1]

Greek symbols

ρr  – rock formation density, [gcm–3]
ρs  – seawater density, [gcm–3]
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