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Abstract

Conventional coring drilling tools suffer from suboptimal annular flow design, leading
to excessive pressure loss and hydraulic torque in ultra-deep well coring operations. To
address this issue, we propose a systematic multi-objective optimization framework for the
annular flow structure of single-acting double-tube coring tools, with the dual objectives of
minimizing annular pressure loss and local circumferential hydrodynamic torque exerted
on the outer pipe surface. Four key design variables, including the inner diameter and angle
of the flow distribution sub, the number of water outlets on the centralizer, and the distance
between the slip seat and the inner step surface of the drill bit, were selected. 81 sample
points were generated via L81 orthogonal experiments combined with 3D CFD simulations.
High-precision XGBoost surrogate models were established, and PAWN global sensitivity
analysis was performed to identify dominant factors. The improved non-dominated sorting
whale optimization algorithm was used to obtain the Pareto optimal solution set. The
results show that the number of water outlets on the centralizer is the most significant
factor affecting annular pressure loss, while the distance between the slip seat and the
drill bit’s inner step dominates hydraulic torque. Compared with the original design, the
optimized structure reduces annular pressure loss by 32.36% and local hydraulic torque by
4.02%, an absolute decrease of approximately 9.46 N·m. This study provides a reusable
optimization method and clear parameter direction for ultra-deep well coring tools.

Keywords: coring drilling tool; annular flow field; CFD; XGBoost; PAWN; NSWOA;
multi-objective optimization

1. Introduction
The global push for deep hydrocarbon resources has accelerated the advancement

of ultra-deep and ultra-ultra-deep drilling technologies over the past decade [1,2]. In
China’s Tarim Basin, notable engineering milestones have been achieved in 10,000 m class
well drilling, which exposes drilling systems to unprecedented downhole conditions [3,4]:
extremely high temperature and pressure (HPHT), extremely narrow safe drilling fluid
density windows, and extended circulation paths spanning several kilometers. Under
such severe operating scenarios, the combined effect of formation temperature and pres-
sure severely compromises wellbore integrity, while complex lithologies including salt-
gypsum beds, fractured mudstones, and unconsolidated sandstones exhibit pronounced
viscoelastic-plastic deformation and erratic pore pressure fluctuations [5,6]. Additionally,
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the temperature-dependent rheological degradation and density stratification of drilling flu-
ids during long-distance circulation introduce significant uncertainties in frictional pressure
drop calculations, creating critical challenges for efficient cuttings transport and precise
bottom-hole pressure regulation [7,8]. The circumferential hydrodynamic torque generated
by the annular flow field under the action of outer pipe rotation and non-uniform shear will
be superimposed on the mechanical load, causing uneven stress and additional torsional
load on the outer pipe, increasing the probability of vibration and failure, and adversely
affecting coring stability and core integrity [9–11].

To meet the special needs of ultra-deep well drilling, the design and optimization
of coring drilling tools have always been a research focus [12,13]. Although traditional
wireline coring drilling tools and single-acting double-tube coring drilling tools have
improved coring quality and drilling efficiency to a certain extent, meaning they generally
have high adaptability requirements for mud systems, drill bit structures and formation
conditions, which is why their application effects under complex working conditions are
still limited [14,15]. Aiming at complex geological conditions such as broken mudstone and
poor wellbore stability, existing studies have proposed and verified a variety of structural
and technological improvement measures [16,17], such as improving coring effects by
increasing water passing area, coordinating wellbore protection and casing following, side
jetting, and innovating core withdrawal mechanisms [18,19]. At the same time, in terms of
the internal flow field characteristics and pressure drop prediction of drilling tools, methods
such as three-dimensional numerical simulation, laminar flow pressure drop calculation,
annular response modeling, and gas drilling flow channel analysis have provided an
important theoretical basis for the optimization of drill tool structural parameters [20–22].

Furthermore, with the development of multiphase flow numerical simulation meth-
ods, the CFD-DEM coupling method has shown obvious advantages in the research of
particle transport, flow loss and structural optimization [22,23]. Existing studies have
shown that this method can better reveal the internal laws of particle movement, local flow
field evolution and wall interaction in complex fluid–solid two-phase flow systems [24,25].
In relevant studies, Wang et al. [26] revealed the correlation between flow irreversibility
and local wear for the flow process of gas–solid two-phase flow in elbow–reducer con-
nection structures, providing a basis for the structural optimization of vulnerable parts in
pipes under particle-containing flow conditions; Guo et al. [27] reconstructed the shape
of irregular pebble particles combined with 3D scanning technology, analyzing the parti-
cle transport and blockage mechanism in the reverse circulation system of a mud shield,
which has certain reference value for the design of return flow channels under complex
particle systems; and Han et al. [28] established a cuttings–air two-phase flow model inside
a drill pipe during coal seam drilling and systematically studied the effects of cuttings
discharge air velocity and cuttings mass flow rate on flow characteristics and cuttings
discharge effect, providing direct reference for the analysis of return flow cuttings car-
rying and discharge laws inside drilling tools. Nygaard and Nævdal [29] proposed a
nonlinear model predictive control scheme for stabilizing annular pressure during drilling,
providing an advanced control strategy for managed pressure drilling. Kaasa et al. [30]
developed a simplified hydraulic model for the managed pressure drilling system to realize
the intelligent estimation of downhole pressure. Jin et al. [31] established a casing annular
pressure prediction model for deepwater drilling and completion operations, considering
the influence of temperature on annular pressure. Liu et al. [32] carried out a systematic
study on the casing annular pressure problem in deepwater drilling and completion, and
derived the annular temperature calculation formula. Overall, relevant studies show that
the CFD-DEM method has strong applicability in revealing particle microscopic behavior,
evaluating flow performance and analyzing local erosion and blockage risks, as well as
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providing a reference analysis idea for the research of return-flow cuttings transport, local
wear and flow stability inside drilling tools [33–35]. In terms of optimization methodology,
multi-objective optimization theory, orthogonal experimental design based on CFD sim-
ulation and intelligent optimization algorithms provide effective means for multi-index
collaborative trade-off under complex working conditions [36–38]. Therefore, existing
studies not only provide theoretical support for the structural design and performance
evaluation of coring drilling tools for ultra-deep wells in complex flow environments,
but also lay a relatively solid methodological foundation for the reconstruction of tool
internal flow structure and multi-objective optimization in this paper. Although certain
progress has been made in existing studies, under HPHT and long-circulation conditions
of ultra-deep wells, the research on the mapping of “structural parameters—pressure loss
and torque response” and multi-objective collaborative optimization for the down–return
channel–annular flow organization of coring drilling tools is still relatively insufficient.
The management of annular pressure loss is crucial in ultra-deep well drilling, which is
not only related to the efficient removal and return of deep cuttings, but also directly acts
on the core surface pressure and shear environment. Optimizing the bottom-hole and
annular flow fields and reducing the along-the-way pressure drop and the core contact
pressure difference are of great significance for preventing core plugging and secondary
core crushing and for improving the fidelity of core structural information. However, the
influence of key structural parameters on pressure loss and torque often shows strong
nonlinear and coupling characteristics, and the empirical adjustment of a single factor
makes it difficult to account for both. At the same time, the high cost of high-precision CFD
calculation also limits the rapid search in a larger design space and the acquisition of a
Pareto solution set.

Despite significant progress in coring tool design, two critical research gaps remain:
(1) previous studies have primarily focused on single-objective optimization and lack
systematic investigation of the nonlinear coupling relationship between structural parame-
ters and dual responses; (2) traditional single-factor adjustment methods cannot balance
the trade-off between these two conflicting objectives, and high-fidelity CFD simulations
are computationally expensive, limiting large-scale design space exploration. The main
contributions of this work are: (1) establishment of a complete engineering optimization
process combining orthogonal experiments, CFD, surrogate modeling, sensitivity analysis,
and multi-objective optimization; (2) quantitative identification of parameter priority and
underlying physical mechanisms through PAWN sensitivity analysis; and (3) obtainment of
a manufacturable optimal parameter combination that achieves synchronous improvement
of both pressure loss and hydraulic torque, with direct engineering application value.

Based on this, this paper takes the single-acting double-tube coring drilling tool as the
research object, focuses on the joint action mechanism of water distribution and return flow
channel structures on annular pressure loss and hydraulic torque, and aims to establish a
set of multi-objective optimization processes for engineering design. This study will first
select the inner diameter and angle of the water distribution joint, the number of water
outlets of the centralizer ring, and the distance between the slip seat and the inner step
surface of the drill bit as the core design variables based on the single-acting double-tube
coring drilling tool, and adopt the L81 orthogonal design method to obtain the pressure
loss and torque data set. Then, an XGBoost surrogate model is constructed to realize the
rapid prediction of the two responses from structural parameters, and the PAWN global
sensitivity analysis is introduced to identify the main control parameters and risk intervals.
Finally, with the surrogate model as the objective function, the improved non-dominated
sorting whale optimization algorithm (NSWOA) is used for multi-objective optimization.
The algorithm performance is verified using the ZDT2 benchmark test, yielding the Pareto
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solution set of annular pressure loss and hydraulic torque. This study aims to provide
a reusable method framework for parameter configuration, performance trade-off and
engineering design of the annular flow structure of coring drilling tools in ultra-deep wells.

2. Study on the Influence of Key Structural Parameters of Single-Acting
Double-Tube Coring Drilling Tool
2.1. Improved Design of Single-Acting Double-Tube Coring Drilling Tool for Ultra-Deep Wells

The single-acting double-tube drilling tool achieves high-quality collection of cores in
complex formations through the collaborative design of the outer assembly and the inner
assembly. The drilling tool includes an outer assembly and an inner assembly, where the
outer assembly consists of an upper sub, an upper reamer, an outer pipe, a lower reamer
and a drill bit, and the inner assembly is mainly composed of a water distribution joint,
an adjusting nut, a connecting shaft, a sealing ring, a single-acting mechanism, a quick-
release mechanism, an inner pipe, a centralizer ring, a slip seat and a slip. The main function
of the upper sub is to connect the drill pipe with the drilling tool or other measurement subs,
and transmit rotational torque and axial pressure. The upper and lower reamers mainly
function to ream the wellbore to form a stable annular gap, reduce the frictional resistance
between the outer pipe and the wellbore wall, and form a drilling fluid circulation channel.
The outer pipe protects the inner assembly from wellbore wall collision and forms a drilling
fluid down–return circulation channel. The drill bit mainly cuts the formation to form a
core and guides the drilling fluid to flow out from the diversion hole. The main function of
the water distribution joint is to dynamically redirect the drilling fluid flow to make the
core stress more uniform. The adjusting nut is mainly used to accurately adjust the distance
between the slip seat and the step surface of the drill bit. The single-acting mechanism
keeps the inner pipe stationary when the outer pipe rotates, protecting the integrity of the
core, and is equipped with an alarm valve plate to judge whether the core is in place by the
sudden rise of pump pressure. The quick-release mechanism realizes the quick disassembly
of the inner pipe and improves operation efficiency. The inner pipe accommodates and
protects the core. The main function of the centralizer ring is to keep the inner pipe centered,
reduce the disturbance of the outer pipe to the core, and is provided with diversion holes to
guide the drilling fluid to the bottom of the drilling tool. The slip seat fixes the position of
the slip, provides a supporting platform for core breaking, and adopts a conical shrinkage
structure to enhance core guidance. The slip has an elastic structure with a multi-tooth
array, which clamps the core adaptively according to core strength to prevent excessive
core crushing. The specific structure is shown in Figure 1.

Figure 1. Schematic diagram of drilling tool structure. 1—upper sub, 2—water distribution joint,
3—adjusting nut, 4—alarm valve plate, 5—single-acting mechanism, 6—drill bit, 7—slip, 8—inner pipe,
9—lower reamer, 10—centralizer ring, 11—quick-release mechanism, 12—outer pipe, 13—upper reamer.

As shown in Figure 1, threaded connections are adopted between the upper sub and
the outer pipe, the outer pipe and the upper and lower reamers, and the lower reamer and
the drill bit. When the upper sub rotates, it drives the outer pipe, upper and lower reamers
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and the drill bit to move to realize the drilling process. When the upper sub moves axially, it
drives the water distribution joint and the single-acting mechanism to move. Under the action
of the thrust bearing of the single-acting mechanism, the bearing seat and the components
below remain stationary. To ensure the stability of the relative position of the inner pipe when
it is stationary, a centralizer ring is installed in the gap between the inner and outer pipes to
ensure coring quality. When drilling is completed, during the tripping process, the slip moves
downward relative to the slip seat, causing the slip to shrink and cut off the core.

Drilling fluid passes through the middle flow channel of the upper sub, then flows
into the gap between the inner and outer pipes through four water distribution holes in
the middle of the water distribution joint, and finally flows to the periphery of the drill
bit, so as to cool the drill bit, remove cuttings and protect core samples. Further, under the
action of pressure, the drilling fluid carries waste residue out to the wellhead along the
gap between the wellbore wall and the outer pipe, completing the circulation process. The
drilling fluid circulation process is shown in Figure 2.

Figure 2. Physical diagram of hydraulically driven cordless coring drill tool.

2.2. Analysis of Structural Parameters Affecting Annular Pressure Loss and Fluid Torque

In the single-acting double-tube drilling tool, the annular pressure loss is defined as the
total pressure drop from the inlet of the upper sub to the annulus exit a at the drill bit; the
fluid torque refers to the circumferential hydrodynamic torque of the fluid in the annulus
acting on the outer surface of the drilling tool outer pipe. Structural parameters such as the
inner diameter D and water distribution angle θ of the water distribution joint, the number
N of water outlets of the centralizer ring, and the distance d between the slip seat and the
drill bit step surface will simultaneously change the flow distribution mode of drilling fluid
entering the annulus, local contraction and expansion loss, and circumferential uneven flow in
the annulus, thus jointly determining the magnitude of annular pressure loss and outer pipe
fluid torque. The selection of these four variables was based on comprehensive preliminary
single-factor CFD simulations and decades of field engineering experience in ultra-deep well
coring. Parameters with negligible influence on both objectives were excluded. Each selected
parameter directly affects the flow distribution, local resistance, and circumferential flow
uniformity in the annulus. The inner diameter of the flow distribution sub (D) controls the
flow velocity and jet intensity entering the annulus. The flow distribution angle (θ) determines
the radial–axial flow distribution and impact intensity on the outer pipe. The number of water
outlets on the centralizer (N) affects the uniformity of circumferential flow distribution and
local turbulence dissipation. The distance between the slip seat and the drill bit’s inner step
(d) governs the geometric constraint of the return flow channel near the bit, which is critical
for vortex formation and circumferential shear stress distribution.

As shown in Figure 3a, if the inner diameter of the flow distribution sub (D) is too small,
it will increase the flow velocity inside and at the outlet of the water distribution joint, increase
the jet kinetic energy entering the annulus, increase local contraction loss and turbulent
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dissipation, and lead to an increase in the total pressure drop from the inlet to the return
outlet. At the same time, if the high-speed jet forms drift flow or a vortex in the annulus, the
circumferential shear stress distribution on the outer surface of the outer pipe is uneven, and
the fluid torque increases accordingly. As shown in Figure 3b, θ determines the flow direction
and diffusion mode of drilling fluid entering the annulus. When θ is too large, the radial
component is enhanced, which is easy to form impact flow and cyclone structure near the
outer pipe, resulting in uneven circumferential pressure/shear and increased torque; when θ

is too small, the fluid diffusion is insufficient, the high-speed zone near the annulus wall is
more obvious, the proportion of along-the-way friction resistance increases, and the annular
pressure loss increases. As shown in Figure 3c, the distance between the slip seat and the drill
bit’s inner step (d) essentially illustrate the geometric constraint of the annular return flow
channel near the drill bit. If D is too small, it causes obvious contraction of the flow channel in
this area, increases the local resistance coefficient, leads to an increase in the pressure drop
near the drill bit and transmits it upstream, thereby raising the system annular pressure loss; at
the same time, the restricted channel is more likely to induce asymmetric vortex or drift flow,
resulting in uneven circumferential stress on the outer pipe and increased torque fluctuation.
When d is too large, the return flow channel expands, the development space of local return
flow and vortex structure increases, and the circumferential flow inhomogeneity may be
enhanced, which will also cause an increase in the outer pipe fluid torque and manifest as
return pressure fluctuation. As shown in Figure 3d, N affects the annular flow pattern through
the uniformity of flow distribution. When the number of water outlets is insufficient, the
single-hole flow rate and outlet velocity are too large, which is easy to generate strong shear
layers and local vortices after entering the annulus, which not only increases the local pressure
drop but also easily causes uneven circumferential shear of the outer pipe and increased
torque. Although an excessive number of water outlets can reduce the single-hole velocity
and local loss, the fluid kinetic energy is excessively dispersed, the organization of annular
return flow becomes weak, pressure fluctuation and torque instability may occur, and this
is unfavorable for the effective scouring of the drill bit bottom. In engineering, orthogonal
experiments can be used to set factor levels, evaluate annular pressure loss and outer-pipe
fluid torque based on CFD, and determine parameter combinations with multi-objective
optimization to achieve low pressure loss, low torque and stable circulation.

Figure 3. Structural schematic diagrams of each influencing factor.
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3. Numerical Calculation
3.1. Orthogonal Experimental Design

There are many structural parameters affecting annular pressure loss and hydraulic
torque, mainly including the inner diameter D of the water distribution joint, the water
distribution angle θ of the water distribution joint, the number N of water outlets of the
centralizer ring, and the distance d between the slip seat and the inner step surface of the
drill bit, and each factor includes multiple levels. If the full test method is adopted, the
number of test combinations is large, the calculation and analysis workload is high, and the
time required and cost consumption are large. In contrast, orthogonal experimental design
can investigate the influence of multi-factor and multi-level parameters on annular pressure
loss and hydraulic torque, with fewer test times, on the premise of ensuring the reasonable
and balanced distribution of factor levels, and is convenient for analyzing the primary
and secondary relationships of each factor and the optimal combination. Therefore, this
paper selects the standard orthogonal table L81 to carry out the experimental design, and its
factor and level settings are shown in Table 1. The L81 (94) orthogonal table is a fractional
orthogonal design that can effectively evaluate both main effects and all second-order
interaction effects between parameters.

Table 1. Factor and level settings of the standard orthogonal test table.

1 2 3 4 5 6 7 8 9

Inner diameter D of water distribution
joint (mm) 26 28 30 32 34 36 38 40 42

Water distribution angle θ of water
distribution joint (◦) 20 25 30 35 40 45 50 55 60

Number N of water outlets of
centralizer ring (pcs) 7 8 9 10 11 12 13 14 15

Distance d between slip seat and inner
step surface of drill bit (mm) 3 4 5 6 7 8 9 10 11

3.2. Establishment of Simulation Model and Mesh Generation

In this paper, Fluent is used to establish the flow channel model inside the drilling
tool, which can accurately simulate the flow of fluid in the drilling tool and provide data
support for optimizing the drill tool structure and improving coring quality.

To reduce the amount of calculation, according to the structural characteristics of
the outer and inner assemblies of the drilling tool, a three-dimensional geometric model
including the following key components is established—a drill bit, an outer pipe, an inner
pipe, a water distribution joint, a centralizer ring, a gap between the slip seat and slip, and a
wellbore wall—ignoring the details of threaded connections. To establish the flow channel
model, the model is created in SolidWorks 2022R1, and the flow channel is extracted using
the combination command. Before import into Fluent, the geometry is cleaned to ensure
there are no small faces, overlapping faces or open boundaries, so as to improve the accuracy
and efficiency of subsequent mesh generation and calculation. A comprehensive grid
independence study was conducted using five progressively refined mesh configurations
to eliminate numerical discretization errors. The results indicated that once the total
element count surpassed 4.0 million, the relative deviations in both annular pressure loss
and hydraulic torque predictions dropped below 1%, satisfying engineering accuracy
requirements. Consequently, the 4.0-million-element mesh scheme was selected for all
subsequent numerical computations. The final computational domain was discretized into
approximately 4.02 million elements, comprising 3.95 million tetrahedral elements for the
bulk flow region and 0.07 million hexahedral elements for the near-wall boundary layers.
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The mesh quality metrics were strictly controlled: average cell orthogonality exceeded
0.85, and the maximum aspect ratio was limited to 5. All solid walls were treated with the
standard wall function, and the first grid layer height was calibrated to ensure near-wall y+
values fell within the logarithmic law range of 30–50.

In the process of mesh generation for the drill tool fluid domain based on ANSYS
2022R1 Fluent Meshing, this paper adopts the patch-conforming method based on the Pave
algorithm to generate unstructured meshes. The basic element size is set to 3mm, and the
tetrahedron is selected as the mesh topological structure to adapt to the complex geometric
shape. To optimize calculation accuracy and efficiency, adaptive sizing technology is
introduced to realize the intelligent gradient adjustment of mesh density through local
curvature and proximity criteria. In the mesh quality optimization link, the high-order
smoothing algorithm is used to carry out iterative optimization of node positions, which
effectively improves the cell orthogonality to more than 0.85. Aiming at the boundary
layer flow characteristics, the inflation layer parameters are set in smooth transition mode,
the transition ratio is set to 0.272 to control the thickness change rate between adjacent
layers, the maximum number of inflation layers is limited to five layers, and a geometric
growth rate factor of 1.2 is configured to ensure that the y+ value in the near-wall area is
stable within the applicable range of the turbulence model. The specific process is shown
in Figure 4.

Figure 4. Schematic diagram of model establishment and mesh generation.

3.3. Setting of Boundary Conditions and Related Parameters

The drilling fluid was modeled using the Herschel–Bulkley non-Newtonian fluid
model, which accurately describes the rheological behavior of water-based drilling flu-
ids used in ultra-deep wells. The rheological parameters were obtained from field mea-
surements of drilling fluids used in 9500m ultra-deep wells in the Tarim Basin: yield
stress τ0: 5.2 Pa, consistency index K: 0.08 Pa·sn, and flow behavior index n: 0.75.
A fully parameterized boundary condition system was established based on field-measured
data from 9500 m ultra-deep wells in the Tarim Basin. The Herschel–Bulkley constitu-
tive model was employed to characterize the non-Newtonian rheological properties of the
water-based drilling fluid, which has been proven to provide superior accuracy for high-
pressure, high-shear flow conditions in annular spaces. The inlet velocity boundary was
derived from the field pump displacement using the continuity principle: with a mea-
sured pump rate of 1441.2 L/min and an inlet cross-sectional area of 2290.22 mm2, the
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time-averaged inlet velocity was calculated to be 10.48873 m/s, and the velocity profile was
assumed to be uniform. The outlet pressure reference is set to the drilling fluid pressure at
9500 m (111,834 kPa) to simulate the open-flow environment. The RNG k-ε turbulence
model was adopted, which is suitable for simulating rotating flows and high-shear flows
in annular spaces. A pressure-based segregated solver was used, with the SIMPLEC algo-
rithm for pressure-velocity coupling. The convective terms of the momentum and turbu-
lence equations were discretized using the second-order upwind scheme. The simulation
was considered converged when the residuals of the continuity equation dropped below
1 × 10−5 and the residuals of the momentum equations dropped below 1 × 10−6. Ad-
ditionally, the inlet–outlet pressure difference and hydraulic torque were monitored, and
convergence was confirmed when their fluctuations were less than 0.5% over 100 consecutive
iterations. The rotational dynamic boundary conditions are processed differently according
to the structural characteristics of the drilling tool: the outer wall surface of the inner pipe
is defined as a stationary wall surface, and the rotational motion boundary is applied to the
inner and outer wall surfaces of the outer pipe, whose angular velocity is converted from the
measured linear velocity v = 1 m/s by ω = v/r to 18.52 rad/s. The rock formation contact
surface adopts fixed-constraint conditions, and all wall surfaces adopt the standard wall
function and apply the no-slip condition to ensure the accurate solution of the shear stress of
the near-wall flow. The accuracy of our CFD model was validated against the annular friction
pressure loss experimental data published by Saasen et al. [21]. Validated by comparison with
published annular pressure loss data under comparable rheological and flow conditions, the
relative error between our CFD calculation results and the experimental data was 4.2%, which
is within the acceptable engineering error range (<10%). This confirms the reliability of our
CFD model for simulating annular flow in coring tools. The value of 0.01 is the minimum
apparent viscosity used to ensure numerical stability. The simulation parameters are shown
in Table 2. According to the setting of the above parameter conditions, the simulation data of
annular pressure loss and hydraulic torque under four influencing factors of 81 groups are
obtained, as shown in Appendix Table A1.

Table 2. Simulation parameter setting table.

Name Value Name Value

Density (kg/m3) 1200 19.5 Temperature (◦C) 25
Viscosity (kg/(m·s)) 0.01 Outlet pressure (kPa) 111,834

Rotational speed (rad/s) 18.52 13.5 Inlet velocity (m/s) 10.48873

4. Sensitivity Analysis and Optimization Based on Annular Flow
Structure Parameters
4.1. Evaluation of Structural Parameter Sensitivity Based on PAWN Algorithm

To quantitatively identify the influence intensity of key parameters of the annular flow
structure on annular pressure loss and hydraulic torque, this study adopts the PAWN (moment-
independent) global sensitivity analysis method to carry out parameter sensitivity evalua-
tion [37,39]. The PAWN global sensitivity analysis approach, a moment-independent method,
quantifies the influence of input parameters on output responses by measuring the discrep-
ancy between the unconditional cumulative distribution function (CDF) of the output variable
and the conditional CDF obtained when a specific input parameter is fixed to a constant value.
This discrepancy is numerically characterized using the Kolmogorov–Smirnov (KS) statistic,
which represents the maximum vertical distance between the two CDF curves.

KS(Xi) = supy|Fy(y)− Fy|xi
(y)| (1)
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For each parameter Xi, multiple conditional distributions are obtained through random
sampling, the corresponding KS values are calculated, and the median or maximum value
is used to characterize the overall sensitivity:

Smedian
i = median(KS(Xi)), Smax

i = max(KS(Xi)) (2)

The median reflects the sensitivity level of the parameter under typical conditions,
and the maximum value reveals its potential impact on the extreme fluctuation of the
output. This study conducts a comprehensive analysis from these two dimensions to avoid
engineering decision-making deviations caused by a single index.

The comparison results of the unconditional CDF and conditional CDF of annular
pressure loss are shown in Figure 5. When the number of water outlets of the centralizer
ring and the distance between the slip seat and the inner step surface of the drill bit
are fixed, the separation degree between the conditional CDF curve and the benchmark
(unconditional) CDF curve is the most obvious. This indicates that these two parameters
have the most significant impact on annular pressure loss and are key sensitive parameters.

Figure 5. Comparison of unconditional CDF and conditional CDF of annular pressure loss.

The results of the parameter sensitivity analysis of annular pressure loss using the
KS statistic are shown in Figure 6. The number of water outlets of the centralizer ring is
the most significant in both overall and local sensitivity, which is the key factor affecting
the pressure loss level. And the sensitivity of the step surface distance ranks, while the
sensitivity of the inner diameter and angle of the water distribution joint is low. Therefore,
in structural optimization, the number of water outlets should be regulated first, and the
synergistic effect of the step surface distance should be monitored, so as to realize the
effective control of annular pressure loss.

A comparison of the unconditional CDF and conditional CDF of hydraulic torque is
shown in Figure 7. The separation degree of the curve of the distance between the slip seat
and the inner step surface of the drill bit is high, so the distance between the slip seat and
the inner step surface of the drill bit has strong sensitivity to hydraulic torque.
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Figure 6. KS statistical chart of annular pressure loss.

Figure 7. Comparison of unconditional CDF and conditional CDF of hydraulic torque.

The results of the parameter sensitivity analysis of hydraulic torque using the KS
statistic are shown in Figure 8. The distance between the slip seat and the inner step surface
of the drill bit is the most significant in both overall and local sensitivity, which is the key
factor affecting hydraulic torque, and the water distribution joint angle is the second most
sensitive factor. Therefore, it is necessary to monitor the high-risk value ranges of the step
surface distance and the water distribution joint angle to realize the effective control of
torque. For annular pressure loss, the number of water outlets on the centralizer N has
the most significant influence because it directly determines the circumferential uniformity
of flow distribution and single-hole flow velocity. Too few outlets lead to excessively
high single-hole velocity, resulting in severe local turbulence dissipation and impact loss.
For hydraulic torque, the distance between the slip seat and the drill bit’s inner step d is
dominant because it controls the geometric constraint of the return flow channel near the
bit. An excessively small distance causes sharp flow channel contraction, leading to the
formation of asymmetric vortices and uneven circumferential shear stress distribution on
the outer pipe, which generates large additional hydraulic torque.
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Figure 8. KS statistical chart of hydraulic torque.

4.2. Prediction of Annular Pressure Loss and Hydraulic Torque Based on XGBoost

XGBoost is a state-of-the-art gradient-boosting ensemble learning framework that
builds predictive models through the sequential addition of decision trees, each of which
is trained to correct the residual errors of the previous ensemble. By integrating both
first- and second-order gradient information into the objective function and incorporating
L1/L2 regularization terms to penalize model complexity, XGBoost achieves exceptional
predictive accuracy for high-dimensional, highly nonlinear regression problems while
mitigating overfitting risks. Its core idea is to iteratively construct multiple decision trees,
each tree fits the residual of the previous tree, and the objective function consists of a loss
function and a regularization term, which can be expressed as:

L(t) =
n

∑
i=1

l(yi, ŷ(t−1)
i + ft(xi)) + Ω( ft) (3)

in which l is the loss function, f t is the t-th tree, and Ω is the regularization term, defined as:

Ω( f ) = γT +
1
2

λ∥w∥2 (4)

In the formula, T is the number of leaf nodes, w is the leaf weight, and γ and λ

are regularization coefficients. The final predicted value of the model is the sum of the
prediction results of each tree:

ŷ(t)i = ŷ(t−1)
i + ft(xi) (5)

By minimizing the objective function, XGBoost can efficiently handle high-dimensional
nonlinear regression problems. This study applies the methodology to predict annular flow
structure parameters, aiming to establish a quantitative mapping relationship between the
water distribution joint diameter, angle, slip seat distance, number of water outlets of the
centralizer ring and annular pressure loss and hydraulic torque.

A data set is constructed from 81 groups of structural model combinations (L81 mixed
orthogonal table) generated by orthogonal experimental design, and divided into a training
set (57 groups) and a test set (24 groups) at a ratio of 7:3 to ensure the uniformity of data
distribution and the reliability of generalization verification. Figure 9 shows the function
fitting of the correlation between the dependent variable annular pressure loss and the
independent variables such as water distribution joint diameter, water distribution joint
angle, distance between slip seat and drill bit step surface, and number of water outlets
of the centralizer ring, with a correlation coefficient R2 = 0.9868. R2 is the correlation
coefficient, and the larger the R is, the higher the fitting accuracy is.
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Figure 9. Training results of annular pressure loss.

Figure 10 shows the function fitting of the correlation between the dependent variable
hydraulic torque and the independent variables including water distribution joint diameter,
water distribution joint angle, distance between slip seat and drill bit step surface, and
number of water outlets of centralizer ring, with a correlation coefficient R2 = 0.8921.

Figure 10. Training results of hydraulic torque.

According to the established XGBoost prediction model for annular flow structure
parameters, the predicted values of annular pressure loss and hydraulic torque of the drill
tool flow channel under different structural parameters can be obtained, and this prediction
model is also used as the input of multi-objective optimization to obtain the predicted
values of the annular flow structure under the optimal objective.

4.3. Principle of NSWOA

The Non-dominated Sorting Whale Optimization Algorithm (NSWOA) integrates
the robust global search capability of the Whale Optimization Algorithm (WOA) with
the Pareto-based non-dominated sorting mechanism, making it well-suited for solving
constrained multi-objective optimization problems [40]. In this work, three targeted en-
hancements were implemented to adapt the standard NSWOA for drilling tool structural
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optimization. First, an external archive mechanism was introduced to preserve elite non-
dominated solutions generated across successive generations, preventing high-quality
solutions from being lost during the evolutionary process. Second, a dedicated integer-
constraint-handling module was developed to accommodate discrete design variables,
such as the number of water outlets, ensuring that all generated solutions comply with
the practical parameter value requirements of engineering applications. Finally, a hybrid
crowding distance metric was proposed, which integrates diversity information from both
the objective space and decision space to effectively improve the distribution uniformity of
the Pareto front and avoid solutions clustering in local regions. The algorithm proceeds
as follows:

(1) An initial population is randomly generated within the predefined parameter ranges,
and integer constraints are enforced on all discrete variables during the generation
process. The objective function values of all individuals are then calculated using the
XGBoost surrogate model. The fitness of each individual is defined as:

Fitness(i) =
1

rank(i)
+ crowding_distance(i) (6)

in which rank(i) represents the non-dominated sorting rank of individual i, and the
smaller the value, the more advanced the non-dominated front where individual i is
located and the higher the quality of the solution; crowding distance(i) represents the
crowding distance, which is used to measure the distribution density of individual i in
its front. The larger the crowding distance, the sparser the solutions around individual
i and the better the diversity of the solutions.

(2) For each individual p, compute the set Sp of individuals it dominates and the number
np of individuals that dominate it. The population is then stratified into Pareto fronts.
The first front consists of all individuals with np = 0. Subsequent fronts are generated
by removing the current front and repeating the dominance check on the remaining
population until every individual is assigned to a front.

(3) Sort the objective function values corresponding to the individuals on the Pareto front
by size. For each objective function, calculate the crowding distance of each individual
at its sorted position. The improved crowding distance calculation formula is:

di =
M

∑
m=1

| fm(i)− fm(j)|
fmax,m − fmin,m

+ α
D

∑
k=1

|xk(i)− xk(j)|
xmax,k − xmin,k

(7)

where fm(i) and fm(j) denote the objective function values of individuals i and j for
the m-th objective, respectively; fmax,m and fmin,m denote the maximum and minimum
values of the m-th objective function in the current population, respectively. xk(i) and
xk(j) denote the values of individuals i and j for the k-th decision variable, respectively;
and xmax,k and xmin,k denote the maximum and minimum values of the k-th decision
variable in the current population, respectively.

(4) Generate offspring using the three core behaviors of the WOA: encircling prey, random
search, and spiral update. Merge the parent and offspring populations, perform non-
dominated sorting again, and select individuals of the original population size to form
the next generation. Update the external archive with non-dominated solutions from
the current generation.

Assume there are two individuals—A and B—whose Pareto ranks are rank(A) and
rank(B), respectively, and whose crowding distances are distance(A) and distance(B),
respectively. The selection rule can be expressed as:
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

A, I f rank(A) > rank(B)
B, I f rank(A) < rank(B)
A, I f rank(A) = rank(B) and distance (A) > distance (B)
B, I f rank(A) = rank(B) and distance (A) < distance (B)
Randomly select A or B, I f rank(A) = rank(B) and distance (A) = distance (B)

(8)

(5) Repeat steps 2 to 4 until the maximum number of iterations is reached, and output the
non-dominated solution set from the external archive as the optimization result.

4.4. Test and Application of NSWOA

To validate the effectiveness of the proposed improvements to the NSWOA, the clas-
sic ZDT2 multi-objective benchmark function is selected for performance testing. The
ZDT2 function is a standard two-objective optimization problem with a known analyt-
ical true Pareto front, making it an ideal candidate for objectively comparing the con-
vergence accuracy and solution diversity of different multi-objective optimization algo-
rithms [41]. The performance of the improved NSWOA is compared head-to-head with the
standard NSWOA.

The first and second objective functions of the ZDT2 test function are:

f1(x) = x1 (9)

f2(x) = g(x)(1 − (
x1

g(x)
)2) (10)

respectively, in which g(x) is a function calculated from the second to n-th elements of
the vector:

g(x) = 1 +
9

n − 1

n

∑
i=2

xi (11)

In the test function, the default is n = 30, and the decision variable is xi ∈ [0, 1].
The Inverted Generational Distance (IGD) metric was adopted to simultaneously

assess both the convergence accuracy and solution diversity of the obtained Pareto optimal
fronts. IGD calculates the average of the minimum Euclidean distances from a set of
uniformly distributed reference points on the analytical true Pareto front to the nearest
solution in the algorithm-generated approximate front. A lower IGD value signifies that
the approximate front is closer to the true optimal front (better convergence) and that the
solutions are more evenly spread across the front (better diversity). The mathematical
definition of the IGD is:

IGD(A, P∗) =
1

|P∗|∑ v ∈ P∗min
u∈A

d(u, v) (12)

where P∗ denotes the uniformly sampled reference set from the true Pareto front, A rep-
resents the approximate Pareto solution set generated by the algorithm, u is an arbitrary
approximate solution in set A, v is a reference point sampled from the true front P∗, d(u, v)
represents the Euclidean distance between individual u ∈ P∗ and the nearest individual on
A, and min d(u, v) represents the minimum distance from the reference point to A.

To validate the performance improvement in the proposed algorithm, the modified
NSWOA and the original standard NSWOA are benchmarked using the ZDT2 multi-
objective test function introduced earlier. The Pareto optimal fronts generated by the two
algorithms are illustrated in Figure 11a and Figure 11b, respectively. From the Pareto front
comparison chart, the Pareto front of the improved NSWOA performs better in terms of
overall uniformity and convergence, while the Pareto front of the ordinary NSWOA is un-
evenly distributed on the true Pareto front and has a segmented phenomenon, performing
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poorly in uniformity. In general, the performance of the improved NSWOA is superior to
that of the ordinary NSWOA in terms of convergence and uniformity.

Figure 11. Pareto fronts before and after improvement.

The IGD metric is used to quantitatively compare the performance of the improved
NSWOA and standard NSWOA. The ZDT2 test function is selected for the comparison
experiment, and each algorithm runs independently 30 times. The average IGD value and
standard deviation are calculated and presented in Table 3. The results show that the im-
proved NSWOA exhibits better convergence and a more uniform Pareto front distribution
than the standard algorithm.

Table 3. Mean and variance of IGD indexes of the two algorithms.

Test Function Index Improved NSWOA Ordinary NSWOA

ZDT2
Mean (IGD) 4.9 × 10−3 5.3 × 10−3

Std (IGD) 8 × 10−4 1.59 × 10−2

The improved NSWOA program is run for 100 iterations, and all multi-objective
optimization results of NSWOA for the four structural parameters of the single-acting
double-tube drilling tool regarding annular pressure loss and hydraulic torque within the
parameter range are obtained, as shown in Figure 12a. By definition of Pareto optimality,
every point on the Pareto front shown in Figure 12b represents a non-dominated optimal
solution, meaning no single objective can be further improved without deteriorating the
other. Each point on the front corresponds to a unique trade-off between the two conflicting
objectives, with different positions reflecting different priority weights assigned to annular
pressure loss reduction and local hydraulic torque reduction. The corresponding values
of the four key structural parameters of the single-acting double-tube coring tool for each
optimal solution can be directly extracted from the normalized decision space coordinates
of these points.

4.5. Simulation Verification of Optimized Structural Parameters of Single-Acting Double-Tube
Coring Drilling Tool

Based on the above optimization results, an optimal set of structural parameters is
selected and set in the numerical simulation model. The selected structural parameters are:
inner diameter of the water distribution joint, 30mm; water distribution joint angle, 50◦;
distance between the slip seat and the inner step surface of the drill bit, 10mm; and number
of water outlets of the centralizer ring, 8. The simulation results are shown in Figure 13a,b.
The corresponding hydraulic torque is −225.82 N·m, and the annular pressure loss is
20,457,501 Pa. After calculation, the optimized hydraulic torque is reduced by 4.02%, and

https://doi.org/10.3390/app16157750

https://doi.org/10.3390/app16157750


Appl. Sci. 2026, 16, 7750 17 of 22

the annular pressure loss is reduced by 32.36%. The above simulation data show that the
optimized structural parameters can achieve the expected performance improvement goals.
Although the absolute reduction in local hydraulic torque is approximately 9.46 N·m, it
still has non-negligible engineering value for ultra-deep well coring operations. This local
torque reduction directly alleviates the uneven circumferential shear stress distribution
on the outer pipe surface caused by asymmetric annular flow, which helps reduce local
flow-induced torque fluctuations, decrease local stress concentration on the outer pipe, and
lower the risk of fatigue failure at the outer pipe connection threads. Combined with the
significant 32.36% reduction in annular pressure loss, which effectively relieves ground
pump pressure load and reduces the risk of well leakage and kick in ultra-deep wells with
narrow safe density windows, the dual performance improvements greatly enhance the
long-term operational stability and safety of coring tools.

Figure 12. Schematic diagrams of multi-objective optimization results and Pareto solution set.

Figure 13. Pressure contour plot.

5. Conclusions
The following conclusions can be drawn from this study:

(1) An improved single-acting double-tube coring drilling tool for ultra-deep wells is
proposed, which features a quick-release structure for improved operational efficiency
and an alarm device in the single-acting mechanism for core-in-place detection.

(2) A systematic engineering optimization workflow integrating orthogonal experimental
design, high-fidelity CFD simulation, machine learning-based surrogate modeling,
global sensitivity analysis, and improved multi-objective evolutionary optimization
was developed. The XGBoost surrogate model constructed in this study achieved
excellent predictive performance, with coefficient of determination (R2) values of
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0.9868 for annular pressure loss and 0.8921 for hydraulic torque, respectively, making
it a reliable and computationally efficient objective function for large-scale multi-
objective parameter search.

(3) The PAWN global sensitivity analysis quantitatively identified the relative importance
ranking of the four key structural parameters: the number of water outlets on the
centralizer ring exerts the dominant influence on annular pressure loss and should
therefore be the primary design variable for pressure drop reduction; the distance
between the slip seat and the drill bit’s inner step surface is the most sensitive pa-
rameter affecting hydraulic torque, followed by the water distribution angle, and
these two parameters should be prioritized in torque optimization efforts.

(4) The improved NSWOA shows superior convergence and diversity compared to the
standard version. A representative optimal parameter combination is obtained, which
achieves significant performance improvements.

This study provides a reusable optimization path and clear parameter direction
for ultra-deep well coring tools. However, the presented methodology still has the
following limitations:

(1) Fluid model limitation: Only single-phase water-based drilling fluid flow was con-
sidered, and the influence of cuttings particles was not taken into account. In actual
drilling processes, cuttings will change the fluid rheological properties and flow
field distribution.

(2) Temperature field coupling limitation: This study assumed a constant fluid tempera-
ture and did not consider the variation law of drilling fluid rheological parameters
with temperature in the high-temperature environment of ultra-deep wells.

Future research will introduce the CFD-DEM coupling method to investigate the effect
of cuttings transport on annular flow characteristics, establish a temperature–flow field
coupling model, and conduct full-scale laboratory experiments and field tests to further
validate the performance of the optimized tool.
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Appendix A
Table A1. 81 sets of simulation data of annular pressure loss and hydraulic torque.

Serial
Number

Inner Diameter
of Water

Distribution
Joint (mm)

Angle of Water
Distribution

Joint (◦)

Distance
from Step

Surface (mm)

Number of
Water Outlets
of Centralizer

Ring (pcs)

Hydraulic
Torque (Nm)

Annular
Pressure Loss

(Pa)

1 36 25 11 15 −320.79775 23,924,190
2 26 55 10 9 −282.14373 29,562,570
3 28 60 10 7 −308.12239 32,643,630
4 42 25 8 13 −351.0942 23,344,680
5 30 45 6 11 −498.14111 25,357,700
6 32 30 11 13 −275.56248 25,260,810
7 26 30 5 15 −259.82179 24,463,140
8 30 50 10 8 −225.82 20,457,501
9 42 30 6 8 −235.62811 30,224,760
10 30 20 4 10 −235.28101 30,244,680
11 42 55 5 11 −605.20155 27,294,790
12 30 35 7 15 −360.06314 22,547,430
13 40 25 6 7 −317.60962 24,287,200
14 34 40 3 11 −130.40283 29,024,700
15 28 50 11 11 −280.99373 25,015,300
16 32 35 3 10 −642.41225 32,209,620
17 42 20 7 12 −254.47773 23,831,870
18 42 60 3 15 −422.01789 30,022,300
19 36 45 3 12 −605.41932 31,147,880
20 32 40 4 14 −209.0859 25,412,930
21 32 60 8 11 −385.42863 24,499,520
22 42 40 11 9 −300.82971 26,450,180
23 38 30 8 14 −201.2004 22,717,180
24 26 60 11 10 −271.88837 27,443,360
25 28 25 3 8 −282.6999 27,141,690
26 40 55 3 14 −346.16234 28,754,860
27 36 35 4 13 −309.70119 25,679,380
28 34 45 4 15 −286.75344 23,743,780
29 36 50 7 9 −400.40291 26,326,660
30 28 45 7 14 −268.41284 22,075,010
31 42 35 10 14 −358.51469 22,174,030
32 32 45 5 9 −345.68297 27,623,510
33 36 20 10 11 −481.39188 25,262,570
34 32 55 7 7 −409.6492 31,269,530
35 28 20 5 13 −423.63657 19,393,940
36 40 60 4 9 −244.936 28,498,890
37 40 40 9 12 −222.56494 23,583,560
38 40 45 10 13 −426.60833 21,163,850
39 28 40 6 10 −500.25197 24,639,750
40 34 35 5 7 −323.25199 29,266,100
41 36 55 8 10 −419.48291 25,544,990
42 36 60 6 14 −545.53065 19,775,260
43 34 30 10 10 −394.60867 25,995,730
44 38 55 4 8 −273.23359 31,397,780
45 38 45 11 7 −575.93157 32,442,340
46 30 55 11 12 −484.18678 23,599,950
47 30 60 9 13 −602.39201 22,562,790
48 38 40 10 15 −536.84207 22,079,250

https://doi.org/10.3390/app16157750

https://doi.org/10.3390/app16157750


Appl. Sci. 2026, 16, 7750 20 of 22

Table A1. Cont.

Serial
Number

Inner Diameter
of Water

Distribution
Joint (mm)

Angle of Water
Distribution

Joint (◦)

Distance
from Step

Surface (mm)

Number of
Water Outlets
of Centralizer

Ring (pcs)

Hydraulic
Torque (Nm)

Annular
Pressure Loss

(Pa)

49 38 20 6 9 −631.79692 27,899,040
50 38 60 5 12 −312.19708 24,932,150
51 34 60 7 8 −258.38917 29,800,450
52 26 40 7 13 −436.98036 23,233,100
53 32 50 6 15 −556.18348 22,179,160
54 32 20 9 8 −503.7142 28,901,770
55 34 55 6 13 −495.19241 22,798,340
56 38 35 9 11 −382.85139 24,840,300
57 42 50 4 7 −489.28159 33,546,860
58 26 35 6 12 −610.6915 24,629,520
59 28 30 4 12 −344.06584 26,471,100
60 30 30 3 9 −583.07205 32,883,540
61 28 35 8 9 −593.13776 27,790,070
62 34 50 8 12 −568.9828 23,509,930
63 26 20 3 7 −576.36326 38,515,990
64 26 25 4 11 −599.58324 26,454,590
65 30 40 8 7 −625.78674 31,833,170
66 26 50 9 14 −500.72706 22,795,620
.67 42 45 9 10 −298.3507 25,343,090
68 34 20 11 14 −595.14484 21,892,260
69 26 45 8 8 −360.72792 29,381,420
70 40 20 8 15 −683.39259 21,995,920
71 36 40 5 8 −505.75229 28,567,050
72 38 50 3 13 −307.90171 29,864,920
73 40 50 5 10 −540.87531 25,322,390
74 40 35 11 8 −515.52277 27,634,480
75 34 25 9 9 −391.61171 27,532,760
76 38 25 7 10 −526.75108 26,053,370
77 40 30 7 11 −500.80276 22,872,520
78 30 25 5 14 −528.50701 22,930,500
79 36 30 9 7 −550.07393 31,582,680
80 28 55 9 15 −708.47409 22,970,530
81 32 25 10 12 −649.57483 24,666,010
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