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Abstract

Reliable identification of drill-string—wellbore friction is important for evaluating mechani-
cal load transfer and contact behavior during drilling. However, friction estimation from
surface hook-load measurements can be affected by non-frictional contributions from the
hoisting system and drilling-fluid-induced forces. This study develops a multi-physics
hook-load correction framework incorporating sheave efficiency, traveling-block and hook
weight, mud-hose catenary force, drilling-line weight, annular and internal viscous forces,
swab/surge effects, and pump-on hydraulic lift. Field data from a 3500 m directional
well were analyzed using a yield-power-law (YPL)/Herschel-Bulkley fluid model. For
representative slide- and rotary-drilling intervals, measured average hook loads of 442.21
and 481.01 kN were corrected to 294.92 and 332.89 kN, corresponding to correction ra-
tios of 33.31% and 30.79%. Corrected off-bottom hook loads were then used to identify
state-dependent effective drill-string—wellbore friction factors of 0.180, 0.154, and 0.104 at
three calibration states. These factors were transferred to subsequent drilling intervals for
surface-torque reconstruction. After one-point baseline alignment, the remaining torque
samples yielded mean relative reconstruction errors of 2.28%, 4.22%, and 3.21%, respec-
tively. Removing these non-frictional contributions allows the effective drill-string—wellbore
friction factor to be identified from a corrected surface load and subsequently compared
with the measured torque response.

Keywords: drill-string—wellbore friction; effective friction factor; tribological interaction;
hook-load correction; torque and drag; drilling fluid

1. Introduction

Hook load is an important surface parameter reflecting the force state of the drill string
during drilling operations. It is closely related to the suspended weight of the drill string,
weight-on-bit transmission, drill-string motion, and downhole frictional resistance. There-
fore, accurate interpretation of hook load is essential for monitoring downhole conditions,
evaluating weight-on-bit, identifying abnormal drilling states, and preventing drilling prob-
lems such as excessive drag, poor weight transfer, and stuck-pipe incidents [1,2]. Previous
studies have shown that surface parameters such as hook load and rotary torque can be
used for real-time drilling-condition analysis and key-parameter prediction. Reliable hook-
load interpretation can also provide an important basis for wellbore-cleaning evaluation
and drilling-risk diagnosis, thereby reducing non-productive time (NPT) and associated
economic losses [3].

However, the hook load measured at the surface does not always represent the actual
suspended load of the drill string. In field operations, the hook load is usually obtained
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indirectly from the deadline sensor or the surface hoisting system. The measured value
is affected not only by the buoyed weight of the drill string and the friction between the
drill string and the wellbore, but also by several surface mechanical and hydraulic factors.
Mechanical losses in the surface hoisting system, including pulley friction, traveling block
and hook weight, drilling-line weight, and the mud-hose catenary effect, may introduce
systematic deviations into the measured hook-load signal. In addition, under pump-on
circulation and drill-string movement, fluid viscous forces, swab/surge effects, and pump-
on hydraulic lift force can further change the apparent hook-load response. If these factors
are neglected, the calculated hook load may deviate significantly from the true load acting
on the drill string.

Many studies have been carried out to improve the understanding and correction of
hook-load measurements. In terms of surface mechanical correction, Luke and Juvkam-
Wold [4] investigated the influence of sheave friction on the hoisting system through
theoretical derivation and experimental verification. Their results showed that pulley fric-
tion causes the tensions in different drilling-line sections to follow a geometric progression,
and the relationship between deadline tension and actual hook load depends on the motion
direction of the traveling block. Based on this mechanism, they established a dynamic
correction model for hook load considering traveling-block motion direction and pulley
efficiency, which provided an important theoretical basis for correcting errors caused by
the hoisting system. Cayeux et al. [5] further analyzed the error sources of hook-load mea-
surement using the deadline method. They considered the influence of surface equipment,
including pulley efficiency, mud-hose catenary effect, and top-drive carriage movement,
and developed a mathematical correction model to reduce measurement deviations caused
by surface mechanical factors.

In addition to surface mechanical effects, drilling-fluid-related forces also play an
important role in hook-load interpretation. During pump-on circulation, drilling fluid flows
downward inside the drill string and returns upward through the annulus. The viscous
shear stress generated along the inner and outer surfaces of the drill string produces axial
fluid forces, which may increase or decrease the apparent hook load depending on the
flow direction and operating condition. Hamidov et al. [6] established a comprehensive
hook-load prediction model coupled with fluid dynamics. By introducing viscous friction
and pump-on hydraulic force terms based on the YPL rheological model, their model
improved the correction of hook-load deviations caused by fluid viscous resistance and
hydraulic effects.

The calculation of fluid-induced forces depends strongly on the rheological charac-
teristics of drilling fluids. For non-Newtonian drilling fluids, the Herschel-Bulkley or
yield-power-law (YPL) model is commonly used to describe yield stress and shear-thinning
behavior. Kelessidis et al. [7] proposed an optimal method for determining Herschel-
Bulkley rheological parameters and demonstrated that these parameters have a significant
influence on pressure drop and velocity profiles during drilling. Founargiotakis et al. [8]
presented an integrated calculation approach for Herschel-Bulkley fluid flow in concentric
annuli, covering laminar, transitional, and turbulent flow regimes. These studies pro-
vide useful theoretical support for calculating annular and internal pressure losses of
non-Newtonian drilling fluids.

Swab and surge effects are another important source of hook-load variation during
drill-string movement. When the drill string moves upward or downward in a wellbore
filled with drilling fluid, the relative motion between the pipe and the fluid can generate
additional pressure differences in the annulus. These pressure differences act on the effective
cross-sectional area near the bit and generate additional axial forces. Belimane et al. [9]
developed a numerical model for surge pressure during tripping operations in eccentric
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annuli and showed that annular eccentricity affects velocity distribution and apparent
viscosity distribution. Their work indicates that swab/surge pressure is closely related
to annular geometry, drilling-fluid rheology, and pipe movement velocity, and should be
considered when correcting hook load under tripping or pipe movement conditions.

Data-driven methods have also been applied to hook-load and surface-parameter
prediction. Song et al. [2] proposed a BP-LSTM dual-input network to predict hook load
and rotary drive torque, showing that machine-learning methods can capture nonlinear
relationships among drilling parameters and surface mechanical responses. Such meth-
ods are useful for real-time prediction and trend tracking when sufficient field data are
available. Nevertheless, purely data-driven approaches usually depend on the quality and
representativeness of training samples, and their mechanical interpretability may be limited
when operating conditions change. Therefore, physics-based correction models remain
necessary for interpreting the underlying force mechanisms and improving the physical
reliability of measured hook-load data under varying operating conditions.

Classical torque-and-drag models provide a physics-based framework for relating
surface axial load and rotary torque to drill-string—wellbore contact and friction. Johancsik
etal. [10] established a classical soft-string model in which torque and drag are primarily at-
tributed to sliding friction generated by the normal contact force. Sheppard etal. [11] further
extended the analytical treatment for evaluating the influence of wellbore trajectory on drill-
string torque and drag. Brett et al. [12] demonstrated that drill-string tension and torque
models can be combined with field measurements for drilling-condition monitoring, while
Reiber et al. [13] introduced real-time torque-and-drag analysis for drilling-performance
evaluation. Aadney and Andersen [14] developed analytical friction equations applicable
to straight and curved well sections, three-dimensional well trajectories, and combined axial
and rotational motion. Subsequent studies further generalized these formulations for differ-
ent wellbore geometries and drilling modes [15-17]. Mitchell and Samuel [18] evaluated
the assumptions and limitations of conventional soft-string torque-and-drag models. These
studies provide the theoretical basis for relating drill-string—wellbore friction to both axial
load and rotary torque, thereby enabling the friction state inferred from corrected hook
load to be further examined through the torque response.

Drill-string—wellbore friction is affected by both the normal contact load and the relative
motion at the interface. Wellbore curvature changes the contact force, whereas simulta-
neous axial motion and rotation determine how the available friction force is distributed
between the axial and circumferential directions [14-17]. Drilling fluid is also present in
the contact region and can modify the friction and wear response of the contacting surfaces.
Experimental studies have shown that the base fluid, lubricant additives, temperature,
suspended solids, and interfacial films can significantly affect the coefficient of friction and
wear behavior [19-23]. Reviews of water-based drilling-fluid lubricants further indicate
that the measured friction response depends on lubricant chemistry and operating/contact
conditions [24,25].

Previous studies have established important methods for individual components of this
problem. Luke and Juvkam-Wold [4] and Cayeux et al. [5] addressed hook-load estimation
and correction associated with the surface hoisting system, while Hamidov et al. [6] incor-
porated fluid-flow-related forces and hydraulic effects into torque-and-drag calculations.
Classical torque-and-drag models, including that of Johancsik et al. [ 10], provide established
approaches for friction-factor-based prediction of axial load and torque. Building on these
contributions, the present study focuses on the workflow connecting condition-dependent
corrections to measured hook load with effective friction-factor identification from corrected
off-bottom loads and subsequent torque-response consistency assessment. The contribution
is therefore methodological and application-oriented, rather than the proposal of a new
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constitutive friction law or a new model for each individual correction term. Specifically, the
study integrates condition-dependent, signed corrections for relevant surface-mechanical
and fluid-induced contributions to the measured hook load. The corrected off-bottom
hook load is then used as the axial-load target for identifying a state-dependent effective
drill-string—wellbore friction factor. The identified factor is subsequently applied to selected
later drilling intervals, where the calculated surface-torque response is compared with field
measurements after baseline alignment. This comparison provides a supplementary as-
sessment of short-term consistency between the corrected-load-based friction identification
and the measured torque response. The workflow is demonstrated using field data from a
single 3500 m directional well. Further applications of this workflow to additional wells
and operating conditions are needed to assess its broader transferability.

2. Materials and Methods
2.1. Owverall Correction Framework

The hook load recorded by the surface deadline sensor does not directly represent
the axial load carried by the drill string at the wellhead. In addition to the drill-string
load, the measured signal contains contributions from the surface hoisting system and
drilling-fluid-induced forces. The magnitude and direction of these contributions vary with
the operating conditions. Therefore, the measured hook load is corrected by separately
evaluating the surface mechanical and fluid-dynamic effects.

The overall correction can be expressed as:

HL, = HL,, + AHL,, + AHLgi4 (1)

where HL,, is the measured hook load, HL, is the corrected hook load representing the axial
load of the drill string at the wellhead, and AHL,,,;, and AHLg,;; are the signed corrections
associated with the surface mechanical system and fluid-dynamic effects, respectively.

Throughout this study, all AHL terms are defined as signed corrections that are added
algebraically to the measured hook load. A positive correction increases HL, relative to
HL,,, whereas a negative correction decreases it. The sign of a motion-dependent correction
is not prescribed universally but is determined from the actual drill-string motion direction
and the corresponding force direction. Thus, the same physical mechanism may produce
corrections of opposite signs during pick-up and slack-off operations.

The surface mechanical correction is written as

AI_ILmech = AI_ILsheuve + AI_ILtb + AI_ILhose + AHLline (2)

where AHL,..., AHL,,, AHLy,,,, and AHLy;,, are the signed corrections associated with

sheave-system transmission efficiency, the self-weight of the traveling block and hook

assembly, the mud-hose effect, and the self-weight of the drilling line, respectively. Among

these terms, the sheave-system correction is explicitly dependent on the direction of load

transmission and is therefore evaluated separately for pick-up and slack-off operations.
The fluid-dynamic correction is expressed as

AHLg,q = AHLy, + OHLy, + AHL + AHLy, (3)

where AHL,,,,, AHL;,;, AHL,,, and AHL;;; denote the signed corrections associated with
annular viscous force, internal viscous force, swab/surge-induced axial force, and pump-on
hydraulic lift, respectively. Buoyancy is treated separately through the buoyancy factor
when evaluating the effective drill-string weight in the subsequent torque-and-drag model.

The active correction components depend on the operating conditions. For example,
circulation-related viscous and hydraulic terms are active during pump-on drilling, whereas
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the swab/surge contribution becomes important when appreciable axial pipe motion oc-
curs. The direction of the annular and internal viscous forces also depends on the relative
motion between the drilling fluid and the drill string. Therefore, the individual correction
components are evaluated separately before being assembled through Equations (1)-(3).
In this study, the corrected hook load refers specifically to the corrected axial load
carried by the drill string at the wellhead and is not treated as a direct measurement of
downhole weight on bit. The corrected hook load is subsequently used as the calibration tar-
get for identifying an effective friction factor. The identified friction factor is then introduced
into the torque-and-drag model to calculate the friction-related torque response. Because
the measured surface torque is not involved in either the hook-load correction or the friction-
factor identification, it is subsequently used for one-point baseline-aligned surface-torque
reconstruction and consistency assessment, as described in Sections 2.7 and 3.2.

2.2. Surface Mechanical Correction

The surface mechanical correction quantifies the systematic load deviations introduced
by the hoisting and suspended-equipment system. For a deadline-based hook-load measure-
ment, the recorded load is influenced by the transmission efficiency of the sheave system,
the self-weight of the traveling block and hook assembly, the vertical force exerted by the
mud hose, and the self-weight of the drilling line. These contributions do not represent
the axial load carried by the drill string and therefore need to be accounted for before the
measured hook load is interpreted as the wellhead drill-string load. The corresponding
correction terms are formulated separately in the following subsections.

2.2.1. Sheave-System Efficiency Correction

Sheave friction is one of the primary sources of systematic error in deadline-based
hook-load measurements. Because mechanical energy is dissipated at each sheave, the
rope tension changes progressively as the drilling line passes through the crown-block
and traveling-block sheaves. Consequently, the tension measured at the deadline does not
directly equal the load supported by the traveling system. The magnitude and direction of
this deviation depend on the direction of load transmission and the operating state of the
traveling block. During pick-up and slack-off operations, the sheave friction acts in opposite
directions and therefore must be treated separately [4,26].

Active Deadline Sheave. When the deadline sheave rotates and its frictional effect is
included, the rope tension changes as the drilling line passes through the first sheave, as
illustrated in Figure 1.

Crown load

Hook load

Figure 1. Active deadline sheave.
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For the reeving arrangement considered here, the line segment adjacent to the deadline
sensor is taken as the reference segment. When the deadline-side sheave is active, the
tension transmitted from the measured deadline segment to the first supporting line is
determined by the single-sheave efficiency.

For an active deadline sheave, during pick-up operations:

(d—e"
HLW = Fa (1 —e)e" (4)
For an active deadline sheave, during slack-off operations:,
e(l—e")
HLy = Fa—q—o" (5)

Inactive Deadline Sheave. Assuming that the deadline sheave remains stationary and
that frictional loss can be neglected, the first line tension is equal to the deadline tension,
while it corresponds to the fast-line tension [27], as illustrated in Figure 2.

Crown load

t

Fn-1 F=Fr

s

'

Hook load
Figure 2. Inactive deadline sheave.

For an inactive deadline sheave, during pick-up operations:

o1 ()]

D (6)

For an inactive deadline sheave, during slack-off operations:

Ao (7)

where HL,, is the equivalent hook load inferred from the deadline tension after accounting
for the sheave-efficiency and reeving relationship, F; is the reading of the load sensor
installed at the deadline end, n is the number of drilling lines, and e is the efficiency of a
single sheave.

In the present rig configuration, the deadline end is fixed to the rig floor, and the
line segment connected to the deadline sensor is assumed not to undergo appreciable
translational motion during the selected operating intervals. Based on the adopted reeving
arrangement, the deadline-side sheave is therefore treated as stationary for the present
calculation, and frictional loss at this sheave is neglected. This treatment is a boundary-
condition assumption specific to the investigated hoisting-system configuration and should
not be interpreted as universally applicable to all rig arrangements.
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2.2.2. Traveling Block and Hook Assembly Correction

The load transmitted through the traveling system includes not only the suspended
drill-string load but also the self-weight of the traveling block and hook assembly. If the field
hook-load signal includes this equipment weight, it must be removed when the objective is
to determine the axial load carried by the drill string. The corresponding equipment weight
is calculated as

Wy, = myg (8)

where m,, is the mass of the traveling block and hook assembly and g is gravitational
acceleration. The corresponding signed hook-load correction is

AHLy, = —W,, )

when the equipment weight is included in the measured hook-load signal. For the field
case considered in this study, m;, = 15 t corresponding to

W,, = 147.15 kN (10)

2.2.3. Mud-Hose Catenary Correction

In a top-drive drilling system, the high-pressure mud hose connects the fixed standpipe
manifold to the vertically moving top drive. Unlike the rigid components of the hoisting
system, the hose forms a flexible suspended structure, and its weight is shared between the
standpipe support and the top-drive connection. As the traveling system moves vertically,
the suspended configuration of the hose varies continuously, resulting in a redistribution
of the load transmitted to the top drive. Consequently, the vertical force exerted by the
mud hose constitutes an additional contribution to the surface hook-load measurement and
should be considered in the mechanical correction.

To quantify this effect, the mud hose is modeled as a homogeneous flexible cable with
constant linear mass density. The elastic elongation of the hose under operating pressure
is assumed to be negligible relative to its total length; therefore, the hose is treated as an
inextensible catenary subjected primarily to gravity [28,29]. The corresponding geometric
and force parameters are illustrated in Figure 3.

Figure 3. Schematic force model of the mud-hose effect on the traveling system.
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A local coordinate system is introduced with its origin located at the lowest point of
the catenary, where x and y denote the horizontal and vertical coordinates, respectively.
The catenary profile is expressed as:

yza[cosh(%) —1] (11)

where 4 is the catenary parameter.

Let x; and x, denote the horizontal coordinates of the top-drive-side and standpipe-side
suspension points, respectively, and let h,; and h,, denote their corresponding elevations. If
xq is the coordinate of the top-drive-side suspension point, the standpipe-side coordinate is:

xz = x1 + d (12)

The geometric boundary conditions of the suspended hose can then be written as

d hg—h
cosh(x1 b ) - cosh(ﬁ> 4 (13)
a a a

a[sinh(xl(:_d) —sinh(%)] =1l (14)
By simultaneously solving these two nonlinear equations, the catenary parameter 2 and
the suspension-point coordinate x; can be determined for a given position of the traveling
system. The top-drive-side coordinate x, is then obtained from x, = x; + 4.
The horizontal component of the catenary tension is related to the catenary parame-
ter by
Ty =arug (15)

where A, is the combined linear mass density of the mud hose and the drilling fluid
contained inside the hose, and g is gravitational acceleration. Accordingly, the vertical
component of the hose tension acting at the top-drive connection, T, is defined as:

T, = aAmhgsinh<’%) (16)

The mud hose pulls the top-drive connection toward the suspended hose. For the
configuration shown in Figure 3, the vertical component of this force acts downward on the
top-drive assembly and, therefore, increases the load carried by the traveling system. Since
this contribution does not belong to the axial load carried by the drill string, it is removed
from the measured hook load. In the signed correction framework defined in Section 2.1,
the mud-hose correction is, therefore, expressed as

AHL,,., = -T, (17)

when the positive hook-load direction is defined as downward load carried by the travel-
ing system.

The horizontal component mainly acts on the top-drive guide system and does not
directly contribute to the axial hook load. However, it may introduce a small additional
axial force through friction between the top drive and the guide rails. In the present study,
this possible contribution was estimated conservatively from the calculated horizontal mud-
hose tension and was found to be small relative to the hook load under the investigated
operating conditions. A quantitative evaluation of this assumption is provided, together
with the correction results, in Section 3.1. Therefore, only the vertical component of the
mud-hose tension is included in the present hook-load correction.

https://doi.org/10.3390/lubricants14110420
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2.2.4. Drilling-Line Weight Correction

The self-weight of the drilling line introduces an additional contribution to the tension
measured at the deadline. This effect becomes particularly relevant when the actual drill-
string hook load is relatively low, because the drilling-line weight then accounts for a larger
proportion of the total measured load. Moreover, the cumulative effect increases with
the number of supporting lines in the hoisting system [30]. Therefore, the gravitational
contribution of the drilling line is explicitly included in the surface mechanical correction.
The force analysis for this term is illustrated in Figure 4.

QLS L L S ST ST L LSS L L LRI LA LS L TS LS LS L

7777777777777 7777777777777

Figure 4. Mechanical model of the drilling-line self-weight effect on hook load.

In Figure 4, the suspended length of each drilling-line segment between the crown
block and traveling block varies with traveling-block position. The drilling-line weight
model is derived under quasi-static conditions. The supporting line segments between the
crown block and traveling block are approximated as vertical, the drilling line is assumed
to have a uniform linear mass density, and elastic deformation and dynamic inertia are
neglected. The relationship between the tensions on the two sides of the relevant sheaves
can then be expressed as follows:

n
2

Similarly, the relationship between the tension T, ; on the right side of sheave B, ;

Vie [1, ], Tyiq = Taip — Igbsmy (18)

and the tension T,; on the left side of sheave B,;, which belongs to the traveling block, can
be expressed as follows:

Vie [O,g - 1], Tyipq1 = Ty +1g0smg (19)

Forces acting on the traveling equipment and the derrick: the total tension exerted by
the supporting lines on the traveling equipment is given by:

n
2
Fy = 1(T4i—1 +Ty) (20)
i=
The self-weight of the drilling line exerts a downward force on the traveling equipment
and, therefore, contributes to the deadline-sensor reading. This contribution must be
removed when the objective is to obtain the axial load carried by the drill string. Although
the drilling-line mass density is constant, the suspended line-weight contribution varies
with traveling-block position because the suspended line length changes during operation.
Its relative contribution generally decreases as the drill-string suspended load increases,
although the correction magnitude should always be evaluated from the actual hoisting-
system geometry and operating state.
This mechanically corrected load is subsequently combined with the fluid-dynamic
corrections described in Section 2.3 to obtain the final corrected hook load.

https://doi.org/10.3390/lubricants14110420
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2.3. Fluid-Dynamic Correction Model

In addition to the surface mechanical effects described in Section 2.2, the wellhead
axial load is influenced by fluid-induced forces associated with viscous shear along the
inner and outer pipe surfaces, swab/surge pressure, and the pressure imbalance generated
during pump-on circulation. These forces may either increase or decrease the apparent
hook load depending on the circulation direction, drill-string motion, and relative velocity
between the pipe and drilling fluid. Therefore, the fluid-dynamic correction is formulated
using signed force components rather than fixed algebraic directions.

The total fluid-dynamic correction is expressed as:

AHLg,jq=AHL,,,,+ AHLy + AHL+ AHLy, (21)

where the terms on the right-hand side denote the contributions of annular viscous force,
internal viscous force, swab/surge-induced axial force, and pump-on hydraulic lift, respec-
tively. The magnitude and sign of each term are evaluated according to the corresponding
operating conditions. Buoyancy is not included as an independent signed hook-load correc-
tion termy; it is treated separately through the buoyancy factor when evaluating the effective
drill-string weight in the subsequent torque-and-drag model.

2.3.1. Buoyancy Treatment for the Subsequent Mechanical Model

When the drill string is immersed in drilling fluid, its effective gravitational weight is
reduced by buoyancy. Figure 5 schematically illustrates the gravity and buoyancy acting
on an immersed drill-string element. In the present study, buoyancy is not treated as an
independent signed hook-load correction term because the wellhead axial load carried by
the drill string under downhole conditions already reflects the effect of buoyancy. Instead,
the buoyancy factor is introduced only to evaluate the effective drill-string weight used in
the subsequent torque-and-drag model.

oD |

Pfluia ——

Psteet

G
Figure 5. Forces acting on an unrestricted drill string submerged in drilling fluid in a vertical well.
For a drill-string element with length AL, the in-air weight can be expressed as
W = psAZAL (22)

where p; is the drill-string material density, A; is the steel cross-sectional area, g is gravita-
tional acceleration, and AL is the element length.
The effect of drilling-fluid buoyancy is represented by the buoyancy factor:

—1_Fm
p= 0. (23)
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where p,, is the drilling-fluid density. The corresponding buoyed weight is

Wb = IBWair (24)

2.3.2. Annular and Internal Fluid Viscous Forces

During pump-on circulation, drilling fluid flows downward through the drill string
and returns upward through the annulus. Relative motion between the drilling fluid and
the pipe walls generates viscous shear stresses on both the internal and external surfaces of
the drill string. These shear stresses produce additional axial forces and therefore modify
the hook-load response.

As illustrated in Figure 6, the internal drilling fluid generally flows downward and
exerts a downward viscous force on the inner wall of the drill string, whereas the annular
return flow moves upward and exerts an upward viscous force on the external pipe surface.
The two contributions act in opposite directions and must therefore be evaluated separately
before being algebraically combined according to the actual operating conditions.

Internal downward flow

Annular upward return flow ———————1—

Downward high-velocity jet

Figure 6. Schematic of fluid flow inside and outside the drill string.

Considering the viscous pressure-drop contribution and the additional inertial effect
associated with curved flow paths, the axial fluid force can be expressed in the general
form as

fr = A+ Co)@oA = (0,034, — pi0TADK (25)

where C,, is the annular geometric correction coefficient, ¢, denotes the frictional pressure-
drop contribution in the annulus, A is the corresponding cross-sectional area, p and v are
the drilling-fluid density and average velocity, respectively, and the subscripts 0 and i denote
the annular and internal flow regions.

The general formulation also contains an inertial contribution associated with fluid
motion through curved well sections. An order-of-magnitude assessment shows that,
under the drilling flow rates and dogleg severities considered in this study, this term is
considerably smaller than the viscous pressure-drop contribution to the axial hook-load
response. Therefore, only the viscous pressure-drop term is retained in the subsequent
hook-load correction, while the higher-order inertial contribution is neglected.

To account for the geometric asymmetry of the annular flow passage, the correction
coefficient proposed by Mitchell [31] is introduced. For internal circular-pipe flow, the
corresponding coefficient is unity, whereas for annular flow, the correction coefficient is

expressed as

_8+4£+£2

CTD - 8 (26)
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Dy,
e = D, ~ 1 (27)
where D, is the borehole diameter, and D, is the outer diameter of the pipe.
The frictional pressure-drop terms for the annular and internal flow regions are deter-
mined using the YPL/Herschel-Bulkley rheological model, which accounts for the yield-

stress and shear-thinning behavior [7,32] of the drilling fluid:
T =1, + Kyng (28)

where T is the shear stress, T, is the yield stress, K is the consistency index, ngis the flow-
behavior index, and  is the shear rate. Compared with a Newtonian approximation, this
model provides a more appropriate description of the rheological behavior of the drilling
fluid used in the present well.

Annular flow. The average annular return velocity is determined from the circulating
flow rate and the available annular flow area:

_Q
Uann = Q (29)
where -
Aann = Z(D}% - Dg) (30)

Dy, is the borehole diameter and D, is the drill-pipe outer diameter. The circulating
flow rate is calculated from the mud-pump operating parameters:

Q — nstrokqugoke”vol (31)
where 7, is the pump stroke rate, g, is the displacement per stroke, and 7#,,, is the
volumetric efficiency.

For the concentric annular geometry adopted in the present model, the hydraulic
diameter is
Dy, =Dy - D, (32)

To determine the flow regime, a generalized Reynolds number based on the consistency
index K and flow-behavior index # is adopted as a practical flow-regime indicator. The

yield-stress contribution T, is not explicitly included in this Reynolds number definition

y
but is retained in the subsequent wall-shear-stress and pressure-drop calculations. For the
annular flow, the generalized Reynolds number is denoted by N and is calculated using
the adopted Metzner-Reed-type formulation as

2—
pmvanr?ng, 41’lf "
K81 2ne +1

N ReG = (33)
where Ny is the generalized Reynolds number for the annular flow, p,, is the drilling-fluid
density, v,q, is the average annular return velocity, Dy, is the annular hydraulic diameter, and
K and 7y are the consistency index and flow-behavior index of the YPL/Herschel-Bulkley
fluid, respectively.

In the present implementation, a critical generalized Reynolds number of 2100 is
used as an engineering criterion to distinguish between laminar and turbulent calculations.
This threshold is adopted as a simplified regime-selection rule rather than as a universal
transition criterion for all Herschel-Bulkley annular flows. A separate transitional-flow
correlation is not introduced; samples near the threshold are assigned to the corresponding
laminar or turbulent branch according to this criterion. Accordingly,

Ngeg < N, (34)

https://doi.org/10.3390/lubricants14110420


https://doi.org/10.3390/lubricants14110420

Lubricants 2026, 14, 420

13 of 38

corresponds to laminar annular flow, whereas
N ReG = N, c (35)

corresponds to turbulent annular flow.

To assess the influence of this simplified regime-selection criterion on the present calcu-
lations, the critical generalized Reynolds number was additionally varied in the sensitivity
analysis described in Section 3.3.

Laminar annular flow. When the annular flow is approximated using the narrow-slot as-
sumption, the laminar annular pressure-drop gradient is estimated using the YPL/Herschel-
Bulkley wall-shear-stress formulation [8,33,34]:

_ 4T, (36)
(PO - Dhy
where the corresponding wall shear stress is determined from
120, (21 + 1\ 1™
Ty =Ty + K[—Dhy <—3nf )] (37)

Turbulent annular flow. When N > N,, the annular flow is treated as turbulent. For
the YPL/Herschel-Bulkley fluid, the Fanning friction factor is obtained iteratively using the
adopted Dodge-Metzner correlation:

ﬁ

After the friction factor is obtained, the turbulent frictional pressure-drop gradient is

1_'1) 04 (38)

4
e
0.75 10 € 1.2

1y Mg

calculated as ) )
Pann = % (39)
y
After the local frictional pressure-drop gradient has been determined according to
the corresponding flow regime, the cumulative pressure loss over the active well section is
obtained by integration along the well path. The resulting annular viscous force acting on

the external surface of the drill string is then calculated from:
fr= 1+ Cro) oA, (40)

Fy=fL (41)

Here, A, = mD?/4 is the external tubular cross-sectional area used to convert the
annular pressure-loss gradient into axial force. It is distinct from the annular flow area A,,,,,
used in the annular-velocity calculation.

Under normal circulation, the annular drilling fluid generally moves upward relative
to the drill string and therefore exerts an upward viscous force on the external pipe surface.
However, the actual relative velocity also depends on the axial motion of the drill string.
Consequently, the sign of the annular viscous correction is determined according to the
specific operating conditions rather than prescribed universally.

Internal flow. According to mass conservation, the same circulating flow rate passes
through the drill-string interior and subsequently returns through the annulus. Therefore,

Q = viAi = vlmnAtmn (42)

and the average internal fluid velocity is

n=2 (43)

i
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where the internal cross-sectional area is

A= % Diz,DP (44)
and D, pp is the drill-pipe inner diameter.

For consistency with the field implementation, the internal-flow regime is classified
using the same generalized Reynolds number threshold adopted for the annular calculation.
This is a modeling simplification; the geometric difference between pipe and annular flow
is accounted for in the corresponding hydraulic diameter, velocity, and pressure-drop
formulations rather than through separate transition thresholds.

Laminar internal flow. When the generalized Reynolds number is lower than the critical
value, the internal flow is treated as laminar. For YPL/Herschel-Bulkley fluid flow in a
circular pipe, the wall shear stress and the corresponding laminar pressure-drop gradient
are evaluated using the established pipe-flow formulation [33]:

8v;, (3ny+1 ki
i =Ty T K[ D; pp ( 4ng )] #5)

The corresponding laminar pressure-drop gradient is

47,
. (46)
D; pp

@ =

Turbulent internal flow. When the generalized Reynolds number exceeds the critical
value, the internal flow is treated as turbulent. Because the same YPL/Herschel-Bulkley
rheology is used for both internal and annular flows, the Fanning friction factor is evaluated
using the same Dodge-Metzner correlation given in Equation (38). The turbulent internal
pressure-drop gradient is calculated as:

_ 2fp, 7

47
D; pp (47)

i
After the internal pressure-drop gradient is obtained, the corresponding axial viscous
force is evaluated over the active drill-string length:

Fine = AL (48)

Under normal pump-on circulation, the upward annular drag and downward internal
viscous force partially offset each other. However, their relative magnitudes may change
with pump rate, drill-string velocity, well geometry, and drilling-fluid rheology. Accordingly,
the annular and internal contributions are retained separately in the computational model
before being assembled into the final condition-dependent hook-load correction.

2.3.3. Swab/Surge-Induced Axial Force

Axial movement of the drill string in a fluid-filled wellbore induces additional annular
flow and consequently alters the pressure distribution around the drill string. During
upward pipe movement, the drilling fluid cannot instantaneously fill the volume vacated by
the moving drill string, resulting in a local pressure reduction near the bit and generating
a downward suction force. This phenomenon is referred to as the swab effect, and its
corresponding fluid-motion and pressure-response mechanism is schematically illustrated
in Figure 7. Conversely, during downward pipe movement, the drill string displaces and
compresses the annular fluid, producing a local pressure increase and an upward thrust at
the bit, which is referred to as the surge effect. These additional axial forces are transmitted
through the drill string and therefore influence the surface hook-load response [9,35].
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(]

Figure 7. Schematic of the swab effect during upward drill-string motion [36].

When the drill string moves axially with velocity Vp, the displacement of the drill-
string volume induces an additional annular fluid velocity. Based on mass conservation,
the piston-induced annular velocity can be expressed as

A

P
Uann,ss = vp Aann (49)

where A, is the drill-string displacement area associated with axial pipe motion, A, is
the annular flow area, and V/, is the axial pipe velocity. For the cylindrical pipe section
considered here, the displacement area is approximated by the external cross-sectional area

of the drill string
D2
A, = 1 ° (50)
and
7T

Aann = Z(D%_D%) (51)

Accordingly,

D3

Vann,ss = Vpﬂ (52)

The axial drill-string velocity is determined according to the actual operating state.
During normal on-bottom drilling, the downward pipe velocity is obtained from the rate of

penetration as
ROP

~ 3600
where ROP is expressed inm/h and V), is obtained in m/s. During off-bottom pipe movement

Vp (53)

or tripping, the recorded ROP may be zero even though the drill string undergoes actual
axial displacement. Therefore, the axial pipe velocity is calculated directly from consecutive

bit-depth measurements:
V.= BD; — BD;_,
P At
where BD; and BD;_; are the bit depths at two consecutive sampling instants, and At =10 s

(54)

the sampling interval of the real-time drilling dataset.

Swab/surge pressure gradient. When axial drill-string motion occurs simultaneously
with drilling-fluid circulation, the motion-induced annular velocity modifies the circulation-
induced annular flow. Because the YPL/Herschel-Bulkley pressure-loss relationship is
nonlinear, the pressure-gradient contributions associated with circulation and axial pipe
motion are not evaluated independently and then added directly. Instead, the total annular
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velocity is first determined, and the swab/surge contribution is defined as the incremental
pressure-gradient change relative to the circulation-only condition.

v (55)

ann,total = Vann,circ T Pann,ss

where v, 11a1 iS the total annular velocity, v, circ is the circulation-induced annular return
velocity defined in Equation (29), and v,,,, s is the motion-induced annular velocity defined
in Equations (49) and (52).

The annular frictional pressure-gradient magnitude corresponding to a given flow
velocity is evaluated using the laminar or turbulent YPL/Herschel-Bulkley formulation
established in Section 2.3.2. To retain the flow direction, a signed annular pressure-gradient
function is defined as

Pann (V) = 5g0(0) Pann (1) (56)

where ¢, (Iv]) is the magnitude of the annular frictional pressure gradient evaluated
from the corresponding flow-regime formulation in Section 2.3.2, and sgn(v) preserves the
direction of annular flow.

The swab/surge contribution is then defined as the incremental pressure-gradient
change caused by axial drill-string motion:

A(pss = q)ann(vmm,totﬂl> - cpann(vﬂnn,circ) (57)

where Ag,, is the signed incremental annular pressure gradient associated with axial pipe
motion. This formulation accounts for the nonlinear coupling between circulation-induced
and motion-induced annular flow, rather than assuming direct linear superposition of
two independently calculated non-Newtonian pressure losses. When circulation is absent,
Uunncire = 0, and Equation (57) reduces to the pressure-gradient contribution generated
solely by axial pipe motion.

Pressure difference and axial force. Because Ag,, represents the incremental pressure-
gradient change along the well path, the corresponding swab/surge pressure difference is
obtained by direct integration over measured depth:

L
AP, = fo AgdL (58)

where AP, is the signed swab/surge pressure increment relative to the circulation-only
condition, and L is the measured-depth coordinate. No inclination projection is applied
because pressure is a scalar quantity; wellbore inclination is accounted for separately through
the local well geometry and mechanical load transfer.

The pressure-induced axial force requires an effective pressure-bearing area, which
is distinct from the displacement area A, used in Equation (50). In the present field
implementation, the lower drill-string assembly is treated as an open-flow system, and the
effective pressure-bearing area is approximated as the internal cross-sectional area minus
the total bit-nozzle flow area:

Aeff = Ai,BHA - Anoz (59)

where
Anoz = 3Anozzlc) (60)

where A,,,.;, is the flow area of a single bit nozzle and A,,, is the total flow area of the three
bit nozzles.

This representation is an engineering approximation based on the adopted lower-end
flow boundary and should be adjusted when the BHA contains check valves, closed internal
passages, or other components that alter the pressure-bearing area.
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Therefore, the axial correction force induced by the swab/surge pressure difference
can be obtained as:
Pss:APssAeﬁr (61)

where F; is the swab/surge-induced axial force acting on the drill string.

The direction of F ; depends on the direction of axial drill-string motion. During
upward pipe movement, the swab-induced pressure reduction generates an additional
downward force at the bit section, thereby increasing the apparent hook load. During
downward pipe movement, the surge-induced pressure increase produces an upward
thrust, thereby reducing the apparent hook load. In the unified correction framework, the
corresponding swab/surge term is therefore introduced as a signed correction according to
the actual pipe-motion direction.

2.3.4. Pump-On Hydraulic Lift Force

When drilling-fluid circulation is established, a substantial pressure drop develops
across the bit nozzles because of their restricted flow area. The resulting high-pressure
region inside the drill string acts on the effective pressure-bearing area near the lower end of
the drill string and generates an upward axial thrust. This force, referred to as the pump-on
hydraulic lift force, reduces the load transmitted to the surface hoisting system. The physical
mechanism and force direction are schematically illustrated in Figure 8. Consequently, at
the same well depth, the measured hook load under pump-on circulation is generally lower
than the corresponding suspended load under pump-off conditions.

Strin,

Drill4 ® Hydraulic lifting force

Drill
Collar

Drill Bit

Figure 8. Schematic of the hydraulic lift force under pump-on circulation conditions.

For field implementation, the hydraulic lift force is evaluated using the field-based
standpipe-pressure correction reported in Ref. [37]. This correlation was established using
field data from the same well considered in the present study. The original relationship
was converted algebraically into the unit system adopted here:

Fyp = 245 x 107! x Pgpp x DiZ,BHA (62)

In the present field implementation, D; g4 corresponds to the Bit/BHA internal di-
ameter and is distinct from the 0.082 m drill-pipe inner diameter used in the internal-flow
calculation. With P, expressed in kPa and D, py5 in m, the hydraulic-lift force is obtained
directly in kN. After conversion of the original correlation in Ref. [37] to this unit conven-
tion, the corresponding numerical coefficient becomes 2.45 x 10~!. This conversion does
not represent a new empirical fit or recalibration. The hydraulic lift force acts upward
during pump-on circulation and therefore reduces the apparent hook load measured by

the deadline sensor. Accordingly, the corresponding hook-load correction is expressed as

AHLllft = Flift (63)
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2.4. Field Data and Operating Conditions

To evaluate the performance of the proposed hook-load correction framework and
investigate its influence on subsequent friction-factor identification and surface-torque
consistency assessment, a field dataset from a 3500 m directional well was analyzed.

The investigated well geometry and drilling-system parameters are summarized in
Figure 9 and Table 1. The geometric parameters, drill-string configuration, pump-system
information, and drilling-fluid rheological properties required for the correction model are
provided to define the mechanical and hydraulic conditions of the well.

dep=50.1m
1,4=25.5m

Stand pipe

Stand pipe pressure sensor

der=1.311m

Figure 9. Basic parameters of the investigated directional well and drilling system.

Table 1. Basic parameters for 3500 m directional well drilling.

Category Symbol Parameter Name Value Unit
L Well depth 3500 m
Dyl Borehole diameter 0.1715 m
Dpipe Pipe outer diameter 0.1016 m
. D, pp Drill-pipe inner diameter 0.082 m
Well des}i’lc.}illand dill D; pua Bit/BHA internal diameter 0.06456 m
J Mgiroke Pump stroke rate 80 strokes:min~!
Jstroke Displacement per stroke 15 L-stroke™!
Mvol Volumetric efficiency 0.92
nozzle Single-nozzle flow area 2.51 x 107 m?
Fluid and rheology T, Yield stress 5.5 Pa
K Consistency index 0.6 Pa-s"
1y Flow behavior index 0.72
Om Drilling-fluid density 1200 kg-m™3
Surface system n Number of drilling lines 10
Wy Mass of traveling block and hook assembly 15 t
Oty Linear density of drilling line 7.5 kg-m™!
e Single-sheave efficiency 0.975
Hose system Ion Mud-hose length 255 m
I M, Linear density of mud hose and internal mud 135 kg-m™!
o Standpipe height 247 m
I Length of a single drilling line between the 414 m

crown block and traveling block

The real-time drilling dataset was obtained from the field monitoring system and
contains the measured parameters required for model implementation, including hook
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load, bit depth, rate of penetration (ROP), rotary speed, standpipe pressure, flow rate, and
surface torque. The sampling interval of the dataset is 10 s.

The recorded drilling data were processed in three sequential steps: (1) correcting the
measured hook load to estimate the axial load carried by the drill string; (2) identifying the
state-dependent effective drill-string—wellbore friction factor using the corrected hook load
as the calibration target; and (3) assessing torque-response consistency by reconstructing
the subsequent surface torque after one-point baseline alignment. The first torque sample
was used only to determine the baseline offset, while the remaining samples were retained
for post-alignment assessment. The operating conditions were distinguished according to
the combined variations in bit depth, rate of penetration, rotary speed, weight on bit, stand-
pipe pressure, and other surface drilling parameters [38]. All data processing, numerical
calculations, friction-factor identification, and result visualization were performed using
Python 3.13.5 (Python Software Foundation).

2.5. Drill-String—Wellbore Contact and Friction Model

The drill string extends over several thousand meters and follows a three-dimensional
well trajectory with continuously varying inclination and azimuth. Direct calculation of
the mechanical state of the entire drill string is therefore difficult. In the present model, the
drill string is discretized along the measured well trajectory into a series of interconnected
elements. The forces calculated at the upper end of one element are transferred to the lower
end of the adjacent element, and the calculation proceeds sequentially from the bottom-hole
assembly toward the surface. In this manner, the axial force, normal contact force, frictional
resistance, and torque are accumulated along the drill string.

The measured well-survey data, including measured depth, inclination, and azimuth,
were used directly to construct the three-dimensional well trajectory. The drill string was
discretized along the measured-depth direction, and the local inclination and azimuth
changes between adjacent elements were used to determine the corresponding element
geometry and dogleg angle. Depending on the local trajectory geometry, the element is
treated as either a straight or curved section, and the corresponding force-equilibrium rela-
tionship is applied. The resulting element forces are used in the friction-factor identification
and torque calculations described below.

The drill-string configuration and mechanical parameters used in the torque-and-drag
calculation are summarized in Table 2. The assembly consists of the Bit/BHA, two HWDP
sections, and two drill-pipe sections. The length of the upper drill-pipe section varies with
the instantaneous bit depth, whereas the remaining component lengths are fixed according
to the field drill-string configuration.

Table 2. Drill-string configuration and mechanical parameters used in the torque-and-drag model.

Drill-String Section Length (m) OD/ID (m) Unit Weight in Air (N-m~1) Rotational Radius r (m)
DP (upper) MD —2134.23 0.1016/0.0820 217.4 0.066675 2
HWDP (upper) 197.05 0.1016/0.0650 368.4 0.066675 2
DP (middle) 1717.32 0.1016/0.0820 2174 0.066675 2
HWDP (lower) 168.97 0.1016/0.0650 368.4 0.066675 2
Bit + BHA 50.89 0.1260/0.06456 707.3 0.0630 "

Note: DP, drill pipe; HWDP, heavy-weight drill pipe; BHA, bottom-hole assembly. The fixed-length
sections have a total length of 2134.23 m; therefore, the upper DP length is MD — 2134.23 m. * The
rotational radius of the DP/HWDP sections was estimated from the adopted tool-joint outer diameter.
b The rotational radius of the Bit + BHA section was taken as half of its outer diameter.
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2.5.1. Three-Dimensional Drill-String Element

The drill string is divided into a series of short elements along the measured well
trajectory. Each element is defined by its upper and lower end points, and its spatial
orientation is determined from the corresponding inclination and azimuth data. The element
length is obtained from the measured-depth difference between adjacent trajectory points.

For each element, the local mechanical state is described by the axial forces acting
at the upper and lower ends, the buoyed weight of the element, the normal contact force
between the drill string and the wellbore, and the associated friction force. These quantities
are transferred sequentially between adjacent elements so that the mechanical response of
the entire drill string can be calculated from the bottom hole toward the surface.

The inclination angle « is defined as the angle between the local wellbore tangent and
the vertical direction, whereas the azimuth angle ¢ describes the horizontal orientation
of the well trajectory. Variations in inclination and azimuth between adjacent elements
are subsequently used to characterize the local wellbore curvature and determine the
corresponding contact-force formulation.

2.5.2. Force Equilibrium of a Drill-String Element

Based on the discretized drill-string representation introduced above, the mechanical
state of the drill string is evaluated element by element along the measured well trajectory.
The forces calculated at the upper end of one element are transferred to the lower end of
the adjacent element, so that the axial force and torque can be accumulated sequentially
from the bottom-hole assembly to the surface. This element-by-element calculation follows
the basic torque-and-drag formulation adopted for three-dimensional well trajectories.

As illustrated in Figure 10, a representative drill-string element is subjected to the
effective gravitational load, axial forces acting at its upper and lower ends, the normal
contact force exerted by the wellbore, and the corresponding friction force. Because the drill
string generally follows an inclined and curved well trajectory, contact between the drill
string and the wellbore generates a normal reaction force, which governs the magnitude of
the frictional resistance. The basic force system considered in the element analysis therefore
includes gravity, buoyancy, axial tension, normal contact force, and friction force.

Surface

n

Fig
op

»
T
;(\ \)/1 Normal Force
\\)iBonom

Frottom

I EE X I I 3 I | !:g

Bottom hole

Figure 10. Schematic force equilibrium of a discretized drill-string element.

For each element, the friction force is related to the normal contact force through
Coulomb friction [10,16]:

Fpi=pEy, (64)
where Fy; is the friction force acting on the i-th element, Fy ; is the corresponding normal
contact force, and y is treated as an effective tribological parameter representing the overall
frictional response of the drill-string—wellbore contact system under the corresponding oper-
ating and interfacial conditions, rather than as an intrinsic dry material-friction coefficient.
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The axial force at the upper end of the element is obtained from the force equilibrium
between the two ends:
Ftop,i = Fhottam,i+AFg,i + Ff,i (65)

where AF, ; denotes the axial component of the buoyed weight of the i-th element, and Fy;
represents the friction force acting on the element. The friction term is added or subtracted
according to the actual drill-string motion direction.

Because the mechanisms generating the normal contact force differ between straight
and curved well sections, the element calculation is treated separately for these two geo-
metrical conditions. For a straight section, the normal force is dominated by the transverse
component of the buoyed drill-string weight. For a curved section, additional contact force
is generated by the change in drill-string direction and the axial forces acting at the two
ends of the element.

The corresponding formulations for straight and curved sections are presented in the
following subsections.

2.5.3. Straight-Section Force Calculation

The basic force state of a straight drill-string element is illustrated in Figure 11. For
a locally straight section, the normal contact force is mainly generated by the transverse
component of the buoyed drill-string weight. The axial and transverse components are
determined by the local inclination angle, and they respectively contribute to the axial force
transfer and the frictional resistance along the wellbore.

Frop

Normal Force

F,\

Fyotcom

Gravity

Figure 11. Force decomposition for a straight drill-string element.
For the i-th element with length AL;, the buoyed element weight is expressed as

where f is the buoyancy factor, w; is the drill-string weight per unit length in air, and AL; is
the element length.
The axial component of the buoyed element weight is

AF,; = Bw;AL;cosa; (67)
while the normal contact force acting on the straight element is
Fy ;= Bw;AL;sing; (68)
According to Coulomb friction, the corresponding friction force is
Fy; = pFy,; = ppw;ALsing; (69)

where y is the effective friction factor between the drill string and the wellbore.
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Therefore, the axial force transmitted from the lower end to the upper end of a straight
element can be written as

Ftop,i = Fbottom,i + leiALiCOSNi * ]’t:BwiALiSin“i (70)

The sign of the friction term depends on the direction of axial drill-string motion. For
upward movement, such as pick-up or tripping operation, the friction force acts toward the
bottom hole and increases the surface axial load; therefore, the positive sign is used. For
downward movement, such as slack-off or tripping in, the friction force acts upward and
the negative sign is used.

The above relationship is applied sequentially from the lower end of the drill string
toward the surface. For each element, the calculated upper-end force becomes the lower-end
force of the adjacent element

Fbottom,i+1 = Ftop,i (71)

allowing the axial force distribution along the entire drill string to be obtained by element-
by-element accumulation. The resulting surface axial force is subsequently used in the
friction-factor identification procedure.

2.5.4. Curved-Section Force Calculation

For a curved drill-string element, the directions of the axial forces acting at the upper
and lower ends of the element are no longer identical. Consequently, in addition to the
normal contact force induced by the buoyed weight of the drill string, the change in wellbore
direction generates an additional contact force between the drill string and the wellbore.
As illustrated in Figure 12, the force state of a curved element is therefore governed by the
combined effects of element weight, axial force, well inclination, azimuth variation, and

local trajectory curvature.

Fyottom

Figure 12. Force analysis of a curved drill-string element.

The curved-section calculation follows a quasi-static soft-string representation. Each
element is sufficiently short that the inclination, azimuth change, axial force, and distributed
buoyed weight can be represented by their local values. Drill-string bending stiffness
is not included in the contact-force calculation, and Coulomb friction is assumed at the
drill-string—wellbore interface. Under these assumptions, the normal-force contributions
associated with distributed weight and trajectory curvature are evaluated from the same
element force balance and combined in the axial-force recursion.

The contribution of the buoyed element weight to the axial force is obtained by inte-
grating the axial component of gravity along the curved element. For the i-th element

(72)

Sin &y, ; — SIN &ppsrom i
_ p,i ottom,i
AFg,i = Bw; A L,»(

atop,i - “bottam,i

where &y, ; and @,y ; are the inclination angles at the upper and lower ends of the element,
respectively.
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= tu6,
Ftop,i - Fbottom,ie Hi6il + ,BCUZ- AN Lz(

The corresponding frictional contribution associated with the transverse component
of the buoyed weight can be expressed as

(73)

COS Q4 j — COS Kposiom i
_ ,i ottom, i
AFf,g,i = —ufw; A Li(

“top,i - abottam,i

In addition to the gravity-induced contact force, curvature of the well trajectory causes
the axial forces at the two ends of the element to generate an additional normal force. The
spatial directional change of the element is characterized by the dogleg angle §,, which is
calculated from the inclination and azimuth angles at the two ends of the element as

— cos—1Tgi ;
91- = COs [Slnatop,iSInabottom,icos((Ptop,i - (Pbottom,z') + Cosatop,icosabottom,i] (74)

where ¢y, ; and @y, are the corresponding azimuth angles. Thus, 6; represents the
three-dimensional change in wellbore direction between the two ends of the element.

For a tension-dominated curved section, the normal contact force generated by the di-
rectional change produces an additional frictional resistance. For an infinitesimal directional
change d6,

dFy = pFde (75)

Integration over the curved element gives
+ 416,
Ftop,i = Fbottom,ie_V| 4 (76)

where the positive sign corresponds to upward drill-string motion and the negative sign
corresponds to downward motion.

Considering both the buoyed-weight contribution and the curvature-induced friction,
the axial force transmitted through a tension-dominated curved element is expressed as

sin D‘top,i — sSm “bottom,i

(77)

COos “top,i — COs “bottom,i )

“top,i - abottom,i

atop,i - abottom,i ) V,sz A Ll(

For a small directional change, the curvature-induced normal force is proportional
to the local axial force and the incremental dogleg angle. According to Coulomb friction,
the corresponding incremental friction force is proportional to pFd,, which leads to the
exponential term in Equation (77) after integration along the curved element. The buoyed-
weight contribution is evaluated from its local axial and transverse components and is
included in the same element force balance. Thus, Equation (77) accounts for both the dis-
tributed weight and the additional friction associated with the change in wellbore direction
under the soft-string and small-element assumptions. For a compression-dominated curved
element, the normal contact force is evaluated from the combined effects of inclination
change, azimuth change, and element weight. Using the buoyed unit weight defined in

this study,
1
. 2 . 273
Fni= [(Fbottom,i A ¢;sin ”‘z‘) + (Fpottom,i & &; + pw; & Lisin “z’) ]2 (78)
where
AD‘i = “top,i - “bottom,i (79)
and
A¢i = ¢top,i - ¢bottom,i (80)

The corresponding axial-force relationship is

Fiop,i = Frottom,i + Pw;ALicosa; £ pFy ; (81)
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where the sign of the friction term is determined by the actual axial motion direction of the
drill string. The resulting upper-end force is subsequently transferred to the next element
and the calculation is continued toward the surface.

For a compression-dominated element, the normal contact force is obtained from the
vector sum of the transverse components produced by the axial force, the inclination and
azimuth changes, and the buoyed element weight. This formulation follows the element
equilibrium used in the Johancsik-type soft-string model. It is applied locally to short
drill-string elements, with the friction force subsequently evaluated as uFy and projected
according to the actual motion direction.

The limiting behavior was also checked for vanishing trajectory curvature. As Aw
— 0 and A¢ — 0, the dogleg angle approaches zero and the curvature-induced normal-
force contribution vanishes. For the compression formulation, the normal force reduces to
the transverse buoyed-weight component, Fyy — |w,ALsina|, which is the straight-section
expression used in Section 2.5.3. The curved-section force relationship therefore approaches
the corresponding straight-section formulation when the local trajectory becomes straight.

2.5.5. Combined Axial Motion and Rotation

The relative sliding trajectory at the drill-string—wellbore interface is determined jointly
by axial translation and rotation. During actual drilling operations, axial motion and
drill-string rotation often occur simultaneously. Under this coupled motion, the total
frictional capacity generated by drill-string—wellbore contact is shared between the axial
and circumferential directions rather than acting entirely in one direction. Therefore, the
axial drag and rotational torque must be evaluated by decomposing the total friction force
according to the relative magnitudes of the axial and tangential velocities. This coupled-
motion treatment follows the physical relationship between axial and rotational friction
used in three-dimensional torque-and-drag analysis [14,17].

As illustrated in Figure 13, the drill string moves axially with velocity while simul-
taneously rotating with tangential velocity. The tangential velocity of the drill string is

expressed as
27tN;1;
"= T60
where N; is the rotational speed in rpm and 7; is the effective rotational contact radius of the

(82)

i-th element. In the present model, the tool-joint radius is used as the effective moment arm
for torque calculation.

V. Rotating Tangential Speed

Vi
Hoisting/Lowering speed

Figure 13. Decomposition of axial and rotational motion of a drill-string element. Dotted lines indicate
the velocity components of V.

The angle ¥, describing the relative contribution of axial and rotational motion is
defined as

¥; = tan~? ( Q?i) (83)

r,i
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where V), ; is the axial velocity of the drill-string element. The absolute value of V), ; is
used to determine the magnitude of the motion angle, while the actual sign of the axial
velocity is retained separately to determine the direction of the axial friction force. The
same velocity-ratio definition is used in the combined-motion formulation reported for
torque-and-drag analysis.

For an element subjected to a normal contact force Fy, ;, the Coulomb friction force is
decomposed into axial and circumferential components as

Fepi = pFy sing; (84)

Fy,i = pFy cosp; (85)

Thus, pure axial motion corresponds to y; — 7/2, for which the friction acts predom-
inantly in the axial direction, whereas pure rotational motion corresponds to ¢; — 0, for
which the friction mainly contributes to torque. The same velocity-ratio concept is used to
describe combined axial and rotational motion in torque-and-drag analysis.

For a straight drill-string element, substituting the normal contact force obtained in
Section 2.5.3 gives

AT; = ufw; ALsina,rcosi; (87)

The sign of the axial friction term is determined by the actual direction of drill-string
motion. For curved sections, the normal contact force calculated in Section 2.5.4 is directly
substituted into the same friction decomposition, so that the corresponding axial drag and
torque increments can be obtained without introducing an additional formulation.

The axial force and torque are then accumulated sequentially from the bottom-hole
assembly toward the surface:

Fbattom,i +1= Ftop,i (88)
Ttop,i = Tbottom,i+ATi (89)

Accordingly, the calculated surface axial force and torque are governed by the same
effective friction factor y, while their relative contributions are controlled by the motion
angle. The same effective friction factor governs both the calculated surface axial load and
the friction-related torque, allowing the value identified from the hook load to be checked
against the subsequent torque response.

2.6. Effective Friction-Factor Identification Based on Corrected Hook Load

The torque-and-drag model established in Section 2.5 provides a relationship between
the effective drill-string—wellbore friction factor and the calculated surface hook load. Be-
cause the effective friction factor cannot be measured directly under field conditions, it
is identified by matching the calculated surface hook load with the corrected hook load
obtained from the comprehensive correction model.

For a trial friction factor y, the hook-load residual is defined as

VH(F) = HLmodel(y) - HLC (90)

where HL .40 (1) is the surface hook load calculated by the torque-and-drag model for the
trial friction factor, and HL, is the corrected field hook load used as the calibration target.
A discrete numerical search is performed over

M = {0, 0.002, 0.004, ..., 0.400} (91)
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and the effective friction factor is determined as

p* = argmin|ry ()] (92)
ueM

The upper bound of 0.40 is adopted as a conservative numerical search limit rather than
a theoretical physical upper bound. Before an identified value is accepted, the corrected-
hook-load target is checked against the hook-load range attainable within the prescribed
search interval. If the target lies outside this range, a minimum located at the search bound-
ary is not regarded as a successful friction-factor identification. For the three calibration
states considered in this study, the corrected-hook-load targets lie within the attainable
model range and yield single interior minima within the sampled search interval.

For field implementation, off-bottom records preceding the selected normal-drilling
intervals were used for friction-factor identification. Candidate states were required to
represent clear off-bottom lowering conditions with zero ROP, separation of the bit from the
hole bottom, and active rotation and circulation. Within each preceding off-bottom event,
the record with the largest downward velocity was selected as the calibration state. Neither
the hook-load fitting result nor the measured surface torque was used in the selection.
Therefore, the calibration-state selection was based exclusively on predefined operating and
kinematic criteria and was independent of the subsequently identified friction factor and
torque-reconstruction error. The resulting calibration depths were 2726.94, 3094.18, and
3442.84 m.

For the selected off-bottom calibration states, the bit was confirmed to be separated
from the hole bottom and the recorded ROP was zero. Therefore, no axial bit-formation
contact load was imposed at the lower boundary of the torque-and-drag model, and the
axial force at the bit was set to F;; = 0. Starting from this lower-boundary condition, the
buoyed weight, normal contact force, and frictional resistance of each drill-string element
were accumulated sequentially from the bottom-hole assembly toward the surface.

The identified parameter is therefore interpreted as a state-dependent effective wellbore
friction factor rather than an intrinsic material friction coefficient. After identification, the
same effective friction factor is retained for the subsequent short normal-drilling interval
and introduced into the torque calculation.

A one-at-a-time sensitivity analysis was additionally performed to examine the in-
fluence of selected hydraulic, rheological, and flow-regime assumptions on the corrected
hook load and the subsequently identified effective friction factor. The hydraulic-lift co-
efficient was varied by +20%, the yield stress and consistency index by +10%, the flow-
behavior index by +2%, the annular-flow-related force terms by +5%, and the critical
generalized Reynolds number by +20% from its baseline value of 2100, while all other
inputs were kept unchanged.

2.7. Baseline-Aligned Surface-Torque Reconstruction and Consistency Assessment

After the effective friction factor is identified from an off-bottom calibration state, the
same value is applied to the subsequent short normal-drilling interval. The correspond-
ing wellbore-friction torque is calculated using the mechanical formulation established in
Section 2.5.

The measured surface torque contains not only the modeled wellbore-friction con-
tribution but also additional contributions associated with bit-rock interaction, surface
drivetrain effects, and other mechanical components that are not explicitly represented
in the present torque-and-drag model. Because each assessment interval is intentionally
short, these additional contributions are assumed to vary slowly over the interval and are
represented by an approximately constant baseline torque offset.
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For each assessment interval, the first torque sample is therefore used to determine the
baseline offset:

B = Tfield,l - Tmodel,l (93)

where T q1 and T,40 1 are the measured and modeled surface torques at the reference
sample, respectively.
The surface torque at each subsequent sample is reconstructed as

Tsurface,i = Imodel,i +B (94)

Equivalently,
Tsurface,i = Tﬁeld,l + (Tmodel,i - Tmodel,l) (95)

Thus, only the first field torque measurement is used for one-point baseline alignment.
The subsequent field torque measurements are not involved in the reconstruction calculation
and are retained as assessment data.

The absolute surface-torque reconstruction error is defined as

Ei = Tsurface,i - Tfield,i (96)

and the corresponding relative reconstruction error is

E.
R; = —— x 100% (97)
|Tﬁeld,i

For an interval containing N total samples, the reference sample is excluded from the
assessment statistics. The mean absolute reconstruction error is therefore calculated as

1 N
MAE; = mz E, (98)
i=2

and the mean relative surface-torque reconstruction error is

— 1 Y
R= H;Ri (99)

In the present study, each assessment interval covers approximately 3 m of continuous
subsequent drilling depth. The first sample is used only for baseline alignment, while the
subsequent 36, 26, and 29 consecutive samples are retained as post-alignment assessment
samples for Cases 1-3, respectively. These assessment samples are not used in the hook-load
correction, friction-factor identification, or baseline determination. Their agreement with
the reconstructed surface torque is used as a torque-based consistency assessment of the
effective friction factors identified from the corrected hook loads.

3. Results
3.1. Hook-Load Correction Under Different Drilling Conditions

The selected field datasets were directly introduced into the proposed correction model.
For each operating condition, the measured hook load was corrected for the relevant surface
mechanical and fluid-induced contributions defined in Sections 2.2 and 2.3. Buoyancy was
not treated as an independent hook-load correction term; instead, the buoyancy factor was
used to determine the buoyed drill-string weight in the subsequent torque-and-drag model.

For each operating condition, the corrected hook load was calculated according to the
signed correction framework defined by Equations (1)-(3).

The correction ratio is defined as the absolute difference between the measured and
corrected hook loads divided by the measured hook load, expressed as a percentage.
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3.1.1. Slide Drilling Condition

The first case corresponds to a slide drilling interval with active circulation. The
corresponding real-time drilling parameters are listed in Table 3.

Table 3. Real-time drilling parameters under slide drilling conditions.

Bit Depth Well Depth  Rotary Speed Hook Load Standpipe
(m) (m) (tpm) ROP (m/h) (®) WOB () pressure (kPa)
2500.03 2500.03 0 13.73 44 17.4 23,345
2500.06 2500.06 0 13.73 43.9 17.4 23,360
2500.1 2500.1 0 13.73 43.9 17.6 23,357
2500.87 2500.87 0 12.83 444 17.3 23,258
2500.87 2500.87 0 12.83 46.4 16.5 23,260
2500.86 2500.87 0 12.83 68.7 15.1 23,152

The recorded drilling parameters were introduced into the correction model to calculate
the active surface mechanical and fluid-dynamic correction components, including the
sheave-system effect, drilling-line weight, mud-hose catenary force, annular and internal
viscous forces, swab/surge-induced axial force where applicable, and pump-on hydraulic
lift. The corrected hook load was then obtained according to Equations (1)-(3).

After accounting for the relevant surface mechanical effects, annular and internal
viscous forces, and pump-on hydraulic lift, the corrected hook load was 294.92 kN.

The average measured hook load during this slide-drilling interval was 442.21 kN.
Compared with the measured value, the corrected hook load shows an absolute reduction
of 147.29 kN, corresponding to a correction ratio of 33.31%.

This correction ratio reflects the magnitude of the surface-mechanical and fluid-induced
contributions removed from the measured hook load. The corrected value is subsequently
used as the axial-load target for effective friction-factor identification. To further evaluate
the correction behavior over a broader depth range, representative slide-drilling intervals
at different measured depths were selected. For each interval, the average measured hook
load and the corresponding average corrected hook load were calculated and compared.
The depth-wise comparison is presented in Figure 14.

s00

4s0

- \M\/\\\/
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Depth (m)

Hook load (kN)

g

|

Figure 14. Depth-wise comparison of average measured and corrected hook loads for representative
slide-drilling intervals.

As shown in Figure 14, the corrected average hook load remains consistently lower than
the corresponding measured average hook load across the selected slide-drilling intervals.
Although the absolute hook-load level varies with measured depth and operating state,
the correction framework produces a consistent reduction after accounting for the relevant
surface mechanical and fluid-induced contributions. Similar reductions were obtained for
the other selected slide-drilling intervals, rather than only for the short interval listed in
Table 3.

https://doi.org/10.3390/lubricants14110420


https://doi.org/10.3390/lubricants14110420

Lubricants 2026, 14, 420

29 of 38

3.1.2. Rotary Drilling Condition

The selected rotary drilling condition corresponds to an interval with active circulation.
During this operation, the drill string rotates while the axial advance remains small relative
to the circumferential motion associated with rotation. Therefore, the hook-load correction
in this interval is mainly governed by the surface mechanical effects, fluid viscous forces,
and hydraulic effects associated with drilling-fluid circulation. The corresponding real-time
drilling parameters are listed in Table 4.

Table 4. Real-time drilling parameters under rotary drilling condition.

Bit Depth Well Depth  Rotary Speed Hook Load Standpipe
(m) (m) (tpm) ROP (m/h) (®) WOB () pressure (kPa)
2519.73 2519.73 59 71.66 49.7 12.3 25,919
2519.85 2519.85 59 54.91 48.7 12.4 26,050
2519.98 2519.98 59 54.91 48.6 12.3 26,134
2526.84 2526.84 59 27.37 50.2 11.6 25,156
2526.84 2526.84 59 27.37 51.5 10.2 25,235
2526.84 2526.84 59 27.37 62.4 9 25,096

The recorded drilling parameters were introduced into the proposed correction model
to calculate the individual correction components. Compared with the slide drilling condi-
tion, the axial motion of the drill string is relatively limited during rotary drilling; therefore,
the swab/surge-induced axial force is reduced and the correction is mainly determined by
the mechanical and circulation-related effects.

By accounting for the sheave-system efficiency, drilling-line weight, mud-hose catenary
force, annular and internal viscous forces, and pump-on hydraulic lift, the corrected hook
load was obtained according to Equations (1)—(3).

The calculation results show that the average measured hook load during rotary
drilling is 481.01 kN. After accounting for the relevant surface mechanical and circulation-
related fluid effects, the corrected hook load was 332.89 kN. The absolute reduction between
the measured and corrected hook loads is 148.12 kN, corresponding to a correction ratio
of 30.79%.

To further evaluate the correction behavior over a broader depth range, representative
rotary-drilling intervals at different measured depths were selected. For each interval, the
average measured hook load and the corresponding average corrected hook load were
calculated and compared. The depth-wise comparison is presented in Figure 15.

—9@— Measured hook load
—@— Corrected hook load

ol °—\_°\H/o\o__/a

Hook load (kN)

=1 W

200

2600 2800 3000 3200 3400
Depth (m)

Figure 15. Depth-wise comparison of average measured and corrected hook loads for representative
rotary-drilling intervals.

https://doi.org/10.3390/lubricants14110420


https://doi.org/10.3390/lubricants14110420

Lubricants 2026, 14, 420

30 of 38

As shown in Figure 15, the corrected average hook load is consistently lower than the
measured average hook load across the selected rotary-drilling intervals. The magnitude
of the correction varies with measured depth and the corresponding drilling conditions,
reflecting changes in the mechanical and fluid-dynamic contributions included in the
correction model. Comparable reductions were also observed across the selected rotary-
drilling intervals.

The representative intervals used in the depth-wise comparisons in Figures 14 and
15 were selected from stable slide- and rotary-drilling segments distributed over the inves-
tigated depth range. Each plotted point represents the average measured depth, average
measured hook load, and average corrected hook load of one selected interval.

The measured average hook loads, corrected hook loads, and correction ratios for the
representative slide- and rotary-drilling intervals are summarized in Table 5.

Table 5. Average signed hook-load correction components and overall correction results under
different operating conditions.

Component/Result Slide Drilling Rotary Drilling
Measured hook load (kN) 44221 481.01
Sheave-system correction (kN) —46.57 —50.66
Traveling block and hook correction (kN) —147.15 —147.15
Drilling-line-weight correction (kN) —30.46 —30.46
Mud-hose correction (kN) -7.10 -7.10
Annular viscous-force correction (kN) +101.34 +102.28
Internal viscous-force correction (kN) —41.19 —41.57
Swab/surge-induced correction (kN) +0.03 +0.07
Pump-on hydraulic-lift correction (kN) +23.81 +26.47
Total signed correction (kN) —147.29 —148.12
Corrected hook load (kN) 294.92 332.89
Correction ratio (%) 33.31 30.79

Note: Positive values increase the corrected hook load relative to the measured value, whereas negative
values decrease it. Each component represents the average of the sample-wise signed correction term
over the corresponding representative interval.

As shown in Table 5, the individual correction terms act in different directions and
partially offset one another. The largest negative contribution in both drilling conditions is
associated with the traveling block and hook assembly, whereas the annular viscous force
and pump-on hydraulic lift provide positive contributions. After algebraic combination of all
signed terms, the total corrections are —147.29 and —148.12 kN for slide and rotary drilling,
respectively, yielding corrected hook loads of 294.92 and 332.89 kN. The component-wise
results demonstrate that the substantial overall correction arises from the combined action
of several mechanical and fluid-induced effects rather than from a single correction term.

The numerical proximity between the total correction and the traveling-block-and-
hook correction should not be interpreted as indicating that the other correction terms
are negligible. For slide drilling, the additional surface-mechanical corrections associated
with the sheave system, drilling-line weight, and mud hose sum to —84.13 kN, whereas
the combined fluid-dynamic corrections, including annular and internal viscous forces,
swab/surge effects, and pump-on hydraulic lift, sum to +83.99 kN. Their net contribution
is therefore only —0.14 kN, causing the total correction of —147.29 kN to be numerically
close to the traveling-block-and-hook contribution of —147.15 kN. A similar cancellation
occurs under rotary drilling, for which the corresponding additional mechanical and fluid-
dynamic contributions are —88.22 and +87.25 kN, respectively. Thus, the fluid-dynamic
terms are not individually negligible; rather, their positive net contribution substantially
offsets the additional negative mechanical corrections under the investigated conditions. The
difference in correction magnitude between the two drilling conditions reflects variations in
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the measured operating parameters and the corresponding mechanical and fluid-dynamic
contributions. The corrected hook loads therefore provide axial-load targets with reduced
surface-mechanical and hydraulic contributions for the subsequent effective friction-factor
identification.

The possible influence of the horizontal mud-hose tension on the measured axial load
was also examined. Based on the catenary model and the rig geometry adopted in the
present calculation, the horizontal mud-hose tension was approximately 0.356 kN. Even
under the conservative limiting assumption that the axial friction generated at the top-drive
guide system does not exceed the full horizontal reaction, the corresponding contribution
would remain below 0.356 kIN. This represents approximately 0.12% of the lower corrected
hook load of 294.92 kN. Therefore, the horizontal-force contribution is considered negligible
for the rig geometry and operating conditions investigated in this study.

3.2. Effective Drill-String—Wellbore Friction Identification and Torque-Based
Consistency Assessment

The corrected off-bottom hook loads at the three selected calibration states were used as
targets for the friction-factor identification procedure described in Section 2.6. The identified
effective friction factors and the corresponding subsequent torque-assessment intervals are
summarized in Table 6.

Table 6. Effective friction factor identification and torque assessment intervals.

Calibration Depth (m) Corrected Hook Load (kN) Identified p Assessment Interval (m)
2726.94 407.91 0.180 2732.39
3094.18 398.83 0.154 3100.65
3442.84 408.93 0.104 3447.45

As shown in Table 6, the effective friction factors identified at the three calibration
states are 0.180, 0.154, and 0.104, respectively. All three values are interior solutions within
the prescribed numerical search interval, and the remaining hook-load mismatches at
the selected grid values are below 0.2 kN. Together with the predefined calibration-state
selection criteria, these interior solutions indicate that the reported friction factors were
obtained from identifiable calibration states rather than from numerical search-boundary
effects. These friction factors were subsequently applied to the corresponding normal-
drilling intervals for surface-torque reconstruction and consistency assessment.

For the first assessment interval, the effective friction factor identified at 2726.94 m was
0.180. The first surface-torque sample at 2732.39 m was used only to determine the baseline
offset, after which the surface torque at the remaining samples was reconstructed from the
modeled torque response. The results are presented in Table 7.

Table 7. Baseline-aligned surface-torque reconstruction for Case 1.

Depth (m) Measured Torque (N-m)  Reconstructed Torque (N-m)  Absolute Error (N-m) Relative Error (%)

2732.39 1
2732.46
2732.54

2735.32
2735.43

8944.10 8944.10 — —

8937.12 8944.49 7.37 0.08
8867.24 8943.97 76.73 0.87
9370.35 8749.72 620.63 6.62
9069.88 8728.15 341.73 3.77

Note: 1 The first row is the baseline-alignment reference sample, used only to determine the constant
torque offset and excluded from the assessment statistics. All subsequent samples are post-alignment
assessment samples. Omitted intermediate samples are included in the assessment statistics.
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For the second assessment interval, the effective friction factor identified at 3094.18 m
was 0.154. Using the first torque sample at 3100.65 m for baseline alignment, the recon-
structed and measured surface torques at the subsequent samples are compared in Table 8.

Table 8. Baseline-aligned surface-torque reconstruction for Case 2.

Depth (m) Measured Torque (N-m)  Reconstructed Torque (N-m) Absolute Error (N-m) Relative Error (%)
3100.65 1 11,515.50 11,515.50 — —

3100.77 11,305.90 11,498.88 192.98 1.71

3100.89 11,340.80 11,500.05 159.25 1.40

3103.61 10,635.10 11,523.10 888.00 8.35

3103.73 10,830.80 11,523.35 692.55 6.39
Note: 1 The first row is the baseline-alignment reference sample, used only to determine the constant
torque offset and excluded from the assessment statistics. All subsequent samples are post-alignment
assessment samples. Omitted intermediate samples are included in the assessment statistics.

For the third assessment interval, the effective friction factor identified at 3442.84 m was
0.104. The first sample at 3447.45 m was used for baseline alignment, and the corresponding
surface-torque reconstruction results are shown in Table 9.

Table 9. Baseline-aligned surface-torque reconstruction for Case 3.
Depth (m) Measured Torque (N-m)  Reconstructed Torque (N-m)  Absolute Error (N-m) Relative Error (%)
3447.45 1 12,144.40 12,144.40 — —

3447.56 12,228.30 12,133.21 95.09 0.78

3447.68 12,088.50 12,144.78 56.28 0.47

3450.38 11,187.10 12,075.14 888.04 7.94

3450.47 11,431.70 12,073.19 641.49 5.61
Note: 1 The first row is the baseline-alignment reference sample, used only to determine the constant
torque offset and excluded from the assessment statistics. All subsequent samples are post-alignment
assessment samples. Omitted intermediate samples are included in the assessment statistics.

The point-by-point reconstruction results in Tables 7-9 were further summarized using
the absolute and relative surface-torque reconstruction errors defined in Section 2.7. The
reference sample of each interval was excluded from the assessment statistics because it
was used solely to determine the baseline offset. The resulting assessment statistics are
summarized in Table 10.

Table 10. Summary of baseline-aligned surface-torque reconstruction accuracy.
Interval Depth Span (m)  Assessment Samples = MAE (N-m) RMSE (N-m)  Relative Error (%)
Case 1 3.04 36 209.92 275.85 2.28
Case 2 3.08 26 461.17 522.00 4.22
Case 3 3.02 29 369.51 459.31 3.21

Note: The sample counts exclude the baseline-alignment reference sample in each interval.

The mean relative reconstruction errors for Cases 1-3 were 2.28%, 4.22%, and 3.21%,
respectively, over the extended approximately 3-m assessment intervals.

Only the first torque sample in each interval is used to determine the constant baseline
offset, and this reference sample is excluded from the assessment statistics. The subsequent
36, 26, and 29 field torque measurements for Cases 1-3, respectively, are not used in the
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hook-load correction, friction-factor identification, or baseline determination, and therefore
serve as post-alignment assessment data.

After one-point baseline alignment, the identified friction factors reproduced the
subsequent short-term torque variation with small reconstruction errors. The compari-
son therefore provides a supplementary consistency assessment of the short-term torque
response but does not establish the absolute accuracy of the reconstructed surface torque.

In addition to the full-interval assessment summarized in Table 10, an exploratory
comparison was performed across three contiguous sample windows to investigate the
torque-reconstruction performance of the conventional baseline and the proposed frame-
work over shorter segments. Mean relative errors of the conventional baseline and the
proposed framework were compared using identical samples and consistent error defini-
tions, with results listed in Table 11.

Table 11. Comparison between the conventional baseline and the proposed framework.

Case Method Friction Factorg  Torque MRE (%)
1 Conventional baseline 0.644 * 1.63
1 Proposed framework 0.180 0.98
2 Conventional baseline 0.426 * 2.51
2 Proposed framework 0.154 2.45
3 Conventional baseline 0.472 * 0.84
3 Proposed framework 0.104 0.74

Note: Values marked with an asterisk are diagnostic matching friction factors obtained by extending
the search range beyond the prescribed upper limit of 0.40.

As shown in Table 11, the proposed framework yielded lower mean relative torque-
reconstruction errors for all three sample sets. The error decreased from 1.63% to 0.98% for
Case 1, from 2.51% to 2.45% for Case 2, and from 0.84% to 0.74% for Case 3. The identified
friction factors also differed between the two correction approaches. The conventional
baseline required diagnostic matching values above the prescribed upper limit of 0.40,
whereas the proposed framework yielded values of 0.180, 0.154, and 0.104 within the
original search range. These results illustrate that the treatment of surface-mechanical and
fluid-related contributions affects both the axial-load targets and the subsequent friction-
factor identification.

3.3. Sensitivity Analysis of Hook-Load Correction and Friction Identification

To further examine the robustness of the hook-load correction and the subsequent
friction-factor identification, a one-at-a-time sensitivity analysis was performed for selected
hydraulic and rheological inputs. The resulting changes in corrected hook load and reiden-
tified effective friction factor for the three calibration cases are summarized in Table 12.

As shown in Table 12, the corrected hook load is relatively insensitive to the yield
stress and moderately sensitive to the hydraulic-lift coefficient, whereas larger hook-load
responses are associated with the consistency index, flow-behavior index, and annular-flow-
related terms. Within the investigated perturbation ranges, the corrected hook load changes
by only several to approximately 10 kN relative to baseline values of about 400 kIN.

In contrast, the reidentified effective friction factor exhibits substantially greater relative
sensitivity to several of these inputs. For example, a £10% variation in the consistency
index changes the identified friction factor in Case 1 from 0.180 to 0.266 or 0.082, and in
Case 3 from 0.104 to 0.164 or 0.036. Therefore, the fact that the identified values remain
within the prescribed numerical search interval should not be interpreted as evidence
that the friction-factor estimates are insensitive to the model inputs. The results instead
indicate that the corrected hook-load target is comparatively stable, whereas the identified
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effective friction factor is more strongly dependent on the adopted hydraulic, rheological,
and flow-model assumptions.

Table 12. Sensitivity of corrected hook load and identified effective friction factor to selected model
inputs.

Parameter Variation Case1HL /u Case2HL./p Case3 HL./pn
Baseline 407.91/0.180 398.83/0.154 408.93/0.104
Hydraulic-lift coefficient —20% 402.84/0.236 393.21/0.184 403.17/0.138
Hydraulic-lift coefficient +20% 412.97/0.120 404.45/0.124 414.69/0.066
Yield stress 7, —10% 406.23/0.200 396.93/0.164 406.82/0.116
Yield stress 7, +10% 409.58/0.162 400.73/0.146 411.05/0.090
Consistency index K —10% 399.90/0.266 389.64/0.200 398.82/0.164
Consistency index K +10% 415.99/0.082 408.10/0.104 419.15/0.036
Flow-behavior index ny —2% 402.80/0.236 392.94/0.184 402.48/0.144
Flow-behavior index ng +2% 413.47/0.114 405.25/0.120 415.97/0.058
Annular-flow terms —5% 402.31/0.242 392.42/0.188 401.86/0.146
Annular-flow terms +5% 413.50/0.114 405.23/0.120 416.01/0.058
Critical N, —20% 407.91/0.180 398.83/0.154 408.93/0.104
Critical N, +20% 407.91/0.180 398.83/0.154 408.93/0.104

Note: HL_ denotes the recalculated corrected hook load in kN, and y denotes the corresponding
reidentified effective friction factor. Each parameter was varied independently while the remaining
model inputs were kept at their baseline values. The annular-flow perturbation represents a model-
form sensitivity test rather than a prescribed physical eccentricity.

The sensitivity test for the flow-regime criterion further shows that varying the critical
generalized Reynolds number by +20%, from 2100 to 1680 and 2520, does not change the
corrected hook load or the reidentified effective friction factor for any of the three calibration
cases. Under the representative circulation conditions, the generalized Reynolds numbers
are approximately 772 for the annular flow and 3293 for the internal flow. Therefore,
the annular flow remains on the laminar branch, whereas the internal flow remains on
the turbulent branch throughout the investigated threshold range. Consequently, the
same pressure-gradient correlations are activated and the resulting hook-load corrections
remain unchanged. This result indicates that the present field calculations are insensitive
to moderate variation of the adopted flow-regime threshold because the investigated flow
states are sufficiently separated from the nominal transition boundary. Nevertheless, the
fixed threshold of 2100 remains an engineering simplification and should not be interpreted
as a universal transition criterion for Herschel-Bulkley flow.

4. Discussion

The field results show that surface hook-load measurements can contain substantial
non-load-bearing contributions. In the representative slide- and rotary-drilling intervals,
the proposed framework reduced the average measured hook load by 33.31% and 30.79%,
respectively. The correction ratios quantify the magnitude of the surface-mechanical and
fluid-induced contributions removed from the measured hook load and should not be
interpreted as direct measures of correction accuracy. Because an independent downhole
measurement of the drill-string axial load was not available for the present field dataset, the
corrected hook load is used as the mechanically and hydraulically adjusted axial-load target
for subsequent friction-factor identification. The subsequent torque-response comparison
provides an additional consistency check for the overall workflow. This behavior is consistent
with earlier studies showing that deadline-based hook-load measurements are affected by
sheave-system transmission, suspended-equipment effects, and drilling-fluid forces. The
present framework extends these treatments by assembling the principal surface-mechanical
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and fluid-dynamic contributions within a single condition-dependent correction procedure.
The depth-wise comparisons in Figures 14 and 15 further show that the correction magnitude
varies with operating state and measured depth rather than remaining a fixed offset.

The effective friction factors identified from the corrected off-bottom hook loads were
0.180, 0.154, and 0.104. These values are treated as state-dependent effective parameters
rather than intrinsic material friction coefficients. Because the friction factor is obtained
by matching the calculated axial load to the corrected hook load, uncertainties in either
the corrected load or the calculated normal contact force can influence the identified value.
In particular, the frictional resistance depends on both the normal contact force and the
friction factor; therefore, an over- or underestimation of the normal force may be partly
compensated by the fitted friction factor.

The local mean dogleg severities around the three calibration depths were approxi-
mately 2.10, 1.65, and 2.01°/30 m, respectively. Since dogleg severity increased between the
second and third depths while the identified effective friction factor continued to decrease,
trajectory changes alone cannot explain the observed trend. Changes in formation lithology
and cuttings-bed accumulation may also influence frictional behavior, but their individ-
ual contributions cannot be quantified because depth-matched lithology data and direct
cuttings-bed measurements were unavailable. The identified friction factors are therefore
interpreted as state-dependent effective parameters reflecting multiple influences rather
than a single dominant mechanism.

The identified value reflects the combined effects of well trajectory, relative motion,
contact condition, and the drilling-fluid environment. Surface roughness, cuttings, wear,
and lubrication effects are not treated as separate fitting parameters, but their combined
influence may be reflected in the effective friction factor. The sensitivity results in Table 12
further show that uncertainty does not propagate equally to the corrected hook load and
the identified friction factor. Although the corrected hook-load targets vary comparatively
little over the investigated perturbation ranges, the reidentified friction factors can change
substantially, particularly with variations in the consistency index, flow-behavior index,
and annular-flow treatment. Accordingly, the identified values of 0.180, 0.154, and 0.104
should be regarded as state- and model-dependent effective parameters conditional on
the adopted field inputs and model assumptions, rather than as uniquely determined
or input-independent estimates of intrinsic interfacial friction. After one-point baseline
alignment, the reconstructed surface-torque responses produced mean relative errors of
2.28%, 4.22%, and 3.21% for the three extended assessment intervals. Because the first
torque sample in each interval was used only to determine a constant baseline offset, the
remaining samples were used as post-alignment assessment data to examine the consistency
between the identified effective friction factors and the subsequent torque response. This
assessment is limited to the short intervals considered and assumes that unmodeled torque
contributions vary slowly over each interval.

The comparison with the conventional baseline illustrates how the treatment of hook-
load correction can influence effective friction-factor identification and subsequent torque
reconstruction. For the three examined assessment windows, the proposed framework
yielded lower mean relative torque-reconstruction errors than the conventional baseline,
decreasing from 1.63% to 0.98% for Case 1, from 2.51% to 2.45% for Case 2, and from
0.84% to 0.74% for Case 3. However, the improvements in Cases 2 and 3 are modest
and should not be interpreted as evidence of the general superiority of the proposed
framework. In addition, the conventional-baseline friction factors were obtained only by
extending the diagnostic search range beyond the prescribed upper limit of 0.40, whereas
the proposed framework yielded values within the original search interval. Therefore, the
comparison should be regarded as a case-specific illustration of the influence of hook-load
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correction on the identified friction factor and torque response, rather than as a general
performance benchmark.

Several limitations should be noted. The hydraulic-lift term is based on an empirical
field correlation, the annular-flow treatment adopts a concentric-annulus approximation,
and the present field application is based on one directional well. Implementation of the
complete workflow requires sufficiently complete and synchronized information on well
trajectory, drill-string configuration, drilling-fluid rheology, hydraulic operating conditions,
hook load, surface torque, and operating state; comparable datasets were not available for
additional wells in the present study. Further work should therefore apply the framework
to additional wells with comparably complete datasets and extend the present sensitivity
assessment to additional sources of uncertainty, including trajectory uncertainty and lower-
end hydraulic boundary conditions.

5. Conclusions

A multi-physics framework was developed to improve the interpretation of surface
hook load and the subsequent identification of effective drill-string-wellbore friction under
different drilling conditions.

(1) A unified multi-physics correction framework was established by incorporating
sheave-system efficiency, traveling block and hook assembly weight, mud-hose catenary
force, drilling-line weight, annular and internal fluid viscous forces, swab/surge-induced
axial force, and pump-on hydraulic lift. The direction and magnitude of the individual cor-
rection terms are determined according to the corresponding operating conditions, allowing
the measured surface hook load to be corrected under slide- and rotary-drilling conditions.

(2) Field application to the investigated 3500 m directional well showed substantial
differences between the measured and corrected hook loads. The measured average hook
loads under slide- and rotary-drilling conditions were 442.21 and 481.01 kN, respectively,
whereas the corresponding corrected hook loads were 294.92 and 332.89 kN. The resulting
correction ratios were 33.31% and 30.79%, respectively, indicating substantial contributions
from the modeled surface-mechanical and fluid-induced effects under the investigated
field conditions.

(3) The corrected off-bottom hook loads were used as calibration targets for identifying
effective drill-string—wellbore friction factors. The selected calibration states at 2726.94,
3094.18, and 3442.84 m yielded baseline effective friction factors of 0.180, 0.154, and 0.104,
respectively. Sensitivity analysis showed that the corrected hook-load targets were compar-
atively stable under the investigated input perturbations, whereas the reidentified effective
friction factors were more sensitive to selected hydraulic, rheological, and flow-model as-
sumptions. Therefore, these values should be interpreted as state- and model-dependent
effective parameters conditional on the adopted field inputs and model assumptions, rather
than as input-independent estimates of intrinsic drill-string—wellbore friction.

(4) Surface torque was used for a supplementary torque-based consistency assessment
after one-point baseline alignment. For each interval, the first measured torque sample
was used only to determine the constant baseline offset, while the subsequent 36, 26, and
29 consecutive samples were retained as post-alignment assessment data for Cases 1-3,
respectively. The mean relative surface-torque reconstruction errors for the three repre-
sentative intervals were 2.28%, 4.22%, and 3.21%, respectively. The reconstructed torque
showed short-term consistency with the measured torque over the extended approximately
3 m assessment intervals, providing a supplementary check on the identified effective
friction factors.
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