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Casing window sidetracking is a key technique for tapping remaining oil in small-scale enriched zones,
such as minor anticlines and thin interbeds. While reaming-while-drilling (RWD) technology can
mitigate issues like wellbore necking and stuck pipe caused by narrow sidetracked holes, conventional
RWD tools are often excessively long, failing to meet the demands of high-curvature window side-
tracking operations. To address this challenge, this study systematically investigates the structural
principles and mechanical performance of hydraulic RWD tools. Through theoretical analysis, structural
design, and numerical simulation, a novel micro hydraulic RWD tool activated by differential pressure
was developed, followed by prototype fabrication and laboratory testing. The research results demon-
strate that: Cutter stress analysis reveals that axial stress on arm is proportional to the cutting arc angle,
while cutting resistance inversely correlates with it. An optimal 35° cutting arc angle minimizes
resistance and prevents tool failure caused by locking ball bearing damage. The locking mechanism
employs a line-line contact design between ball, housing, and sliding sleeve, effectively avoiding stress
concentration and plastic strain. Based on hydrodynamic theory, the influence of the sliding sleeve's
inner diameter on flow velocity, pressure differential, and total head loss was investigated, establishing
a design methodology to ensure stable tool activation while minimizing energy dissipation. Applying
thick-walled cylinder elastic theory, an interference-fit length calculation model was developed for the
sleeve-housing interface. This methodology effectively prevents premature tool triggering while guar-
anteeing reliable arm retraction performance. Laboratory tests confirm successful tool activation/
deactivation at theoretical flow rates, validating the design methodology. This study provides theoretical
foundations for slimhole RWD tool design, enabling customized reaming applications. Its technical
solutions hold significant economic and practical value for precisely exploiting residual reserves in

mature wells and enhancing reservoir recovery efficiency.
© 2026 Chinese Petroleum Society. Publishing services by Elsevier B.V. on behalf of KeAi
Communications Co. Ltd. This is an open access article under the CC BY license (http://creativecommons.
org/licenses/by/4.0/).

1. Introduction

(Lei et al., 2019; Zheng et al., 2022). Casing window sidetracking
technology offers distinct advantages, including lower single-well

As the development of conventional shallow onshore oil and
gas reservoirs enters the late production stage, the number of
casing-damaged wells and shut-in wells continues to increase.
Mature wells remediation and cost-performance optimization
have become critical objectives in current oil and gas development
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costs, high target-zone accuracy, and reduced economic thresh-
olds for recoverable residual oil volumes. This technique proves
particularly effective for tapping small-scale residual oil accumu-
lations in fault-block attic zones, narrow-angle structures, minor
structural highs, and inter-well stagnant areas. As such, it serves as
a vital technical approach for revitalizing low-productivity, shut-
in, and abandoned wells in mature fields to improve ultimate re-
covery (Ismayilov and Mahmudov, 2024; Toczek and Wisniowski,
2024; Yuan et al., 2020; Zhang et al., 2019).

The casing window sidetracking operation in production casing
is constrained by the original wellbore size, resulting in a smaller
sidetracked hole and narrow annular clearance. Taking typical field
drilling dimensions as examples: for a 7-inch casing sidetrack with
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a 152.4 mm borehole, the clearance between the 127 mm tailpipe
(142 mm coupling) and wellbore is merely 5-12 mm; while for a
5Y-inch casing sidetrack with 118 mm borehole, the 102 mm
tailpipe (110 mm coupling) maintains only 4-8 mm clearance,
which is further reduced by mud cake presence. With existing well
deviation and difficulty in installing centralizers, the casing tends
to contact the borehole wall, leading to cement channeling or
incomplete filling. This results in thin, poor-quality cement
sheaths that are prone to damage during subsequent operations,
causing common issues like water channeling and casing failure,
ultimately compromising cementing quality and wellbore
longevity (Noviasta et al., 2017). To address these challenges,
extensive research has been conducted by domestic and interna-
tional scholars focusing on cement slurry rheology mechanisms,
novel cement systems, and cementing process optimization.
However, improvement outcomes remain limited. Studies
demonstrate that even advanced cementing materials and tech-
nologies struggle to perform effectively within such constrained
annular spaces. Recent years have witnessed growing industry
acceptance of hole-enlargement technology as an effective solu-
tion to transform slimhole cementing into conventional cementing
by increasing annular clearance. Studies reveal that expanding the
cement sheath thickness to 20-25 mm can substantially mitigate
damage during various well operations including steam injection,
perforation, workover and production. This approach fully capi-
talizes on established cementing technologies to improve
cementing quality and preserve production casings, ultimately
emerging as the optimal technical solution for ensuring well
integrity while enhancing operational safety and efficiency in oil
and gas wells (Shokry et al., 2021; Toczek et al., 2023; Zhao and
Liao, 2021).

The primary hole-enlargement techniques consist of post-
drilling reaming and reaming-while-drilling (RWD). Leading oil-
field service companies, including DIAMANT, have developed
fixed-arm hole enlarging tools that are categorized into split-type
and integral-type configurations. These tools feature a robust
structural design comprising a cylindrical body, expandable arms,
nozzles, cutting elements, and arm-protecting alloy posts,
demonstrating exceptional tensile/torsional resistance and oper-
ational reliability. The optimized wear-resistant surface treatment
further enhances their service life while mitigating sticking risks.
However, its fixed structural dimensions make it difficult to meet
the requirements for internal hole enlargement in existing well-
bores, rendering post-drilling reaming methods inapplicable. The
RWD technology emerges as a technically viable alternative,
enabling borehole enlargement in a single trip to achieve eco-
nomic efficiency. This approach holds significant technical value
for optimizing well architecture, mitigating wellbore narrowing in
plastic formations, and enhancing overall drilling efficiency (Li
et al., 2023; Murillo et al., 2018; Weng et al., 2025).

Most mainstream RWD tools currently employ a sliding hy-
draulic expansion mechanism, which demonstrates superior
operational reliability and drilling efficiency. Based on activation
methods, they are primarily categorized into ball-drop activation,
pressure differential activation, and radio-frequency identification
(RFID) activation. These tools are widely applicable to conven-
tional drilling, window sidetracking, casing drilling, and multilat-
eral well construction (Liu et al., 2022; Zhang et al., 2024). Leading
service companies have developed multiple generations of hy-
draulic expandable RWD tools that have successfully addressed
complex drilling challenges. Ball-drop activated systems dominate
current deployments, with Halliburton's XR™ reamer (Mancini
et al., 2009) setting industry benchmarks through its 1.5x hole
enlargement ratio, full-flow circulation capability during tripping
operations, and vibration-dampening design that ensures stable
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reaming performance. Schlumberger's Rhino series (Torvestad
et al., 2012) reamers incorporate a reliable dual-ball locking/
unlocking mechanism with demonstrated reliability in field op-
erations. The tool's unique directional capability during mud cir-
culation enables effective deployment in extended-reach drilling
(ERD) applications, highly abrasive formations, and cyclically
stressed expanding formations requiring full-bore activation.
Baker Hughes' GaugePro series reamers (XPR and upgraded XPS
models) (Vila et al., 2011), incorporate a unique activation mech-
anism that operates independently of weight-on-bit (WOB), flow
rate, or bottomhole assembly (BHA) pressure, effectively elimi-
nating risks of premature triggering. The simplified design em-
ploys minimal components while excluding complex mechanical
systems, thereby enhancing operational reliability and reducing
downhole failure potential. These tools maintain full compatibility
with all standard measurement-while-drilling (MWD)/logging-
while-drilling (LWD) systems, rotary steerable systems (RSS), and
high-performance drilling motors, making them particularly
suitable for demanding applications where tool reliability is
paramount (Al-Essa, 2015). The pressure-differential activated tool
represented by Nabors Industries’ TESCO Underreamer (Morel
et al., 2010) features robust arm structures with fixed-cutter PDC
designs, enabling higher weight-on-bit (WOB) to enhance rate of
penetration (ROP). Its heavy-duty rack-and-pinion system ensures
complete arm deployment and reliable retraction. Weatherford's
RipTide reamer (Loreto et al., 2022) represents the RFID-enabled
downbhole tools, utilizing wireless radio-frequency identification
technology to allow virtually unlimited activation/deactivation
cycles during both tripping and drilling operations. This system
incorporates advanced downhole sensors that monitor and record
critical wellbore parameters including triaxial vibration, annular
pressure, and formation temperature, providing operators with
diagnostic capabilities for enhanced decision-making (Snider and
Fraley, 2007; Valverde, 2018).

Existing reamer models exhibit significant limitations,
including excessive length and oversized body diameter, which
reduce drill string flexibility and hinder directional sidetracking
capability. These constraints make conventional reamers unsuit-
able for slimhole well window sidetracking operations in mature
wellbores. To address the high-curvature challenges in slimhole
window sidetracking operations, this study designed a compact
hydraulic RWD tool with 120 mm diameter and 900 mm length,
specifically tailored for a certain oilfield conditions. The design
incorporated optimized arm cutting arc geometry, a reliable
locking mechanism, and hydraulically tuned sleeve inner diameter
(Zhu et al.,, 2023). Guided by theoretical computational data, the
reamer prototype was fabricated and subsequently subjected to
laboratory testing to validate its operational performance. This
research provides a technical solution to optimize reserve recovery
efficiency, and improve oil and gas production rates in mature
oilfields.

2. Structural design

The micro hydraulic reamer-while-drilling (RWD) tool utilizes
a differential pressure activation mechanism to control the
deployment and retraction of reamer arm. By performing post-
drill reaming, it enlarges the annular clearance and increases the
cement ring thickness, thereby enhancing cementing quality
without relying on new materials or technologies of limited
effectiveness. A locking mechanism ensures wellbore gauge
maintenance after drilling, guaranteeing wellbore quality. By
adjusting mud flow rates, the tool enables flexible control of
repeated arms activation/retraction during different well sections
or operational phases, allowing seamless transition between
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reaming and non-reaming drilling modes. This functionality
significantly reduces non-productive tripping time while
improving drilling efficiency and lowering operational costs. As
shown in Fig. 1, the tool's main components include: sliding sleeve,
housings, reamer arms, locking ball, washpipe, seal stacks, and
return spring.

During conventional drilling, the reamer arms remain retracted
within the housings, with the locking ball stationary at the bottom
of the W-shaped track on the outer sleeve (Fig. 2a). When entering
the reaming section, increasing the mud flow rate drives the
sliding sleeve downward under annular pressure, compressing the
return spring. The ball travels along the W-shaped track on the
outer surface of the sleeve while maintaining a constant axial
position within the annular groove on the inner wall of the
housing (Fig. 2d), until reaching a state of force equilibrium at the
top of the track (Fig. 2b), thereby initiating the radial deployment
of the cutter arms. Upon flow cessation and pressure release, the
sleeve is lifted upward by the restoring force of the spring. The ball
continues to move along the annular groove on the inner wall of
the housing (Fig. 2d) until a force equilibrium is reestablished at
the sub-top of the track (Fig. 2c), at which point the cutter arms are
fully deployed and locked, completing the activation of the reamer.
Post-reaming, resuming high flow disengages the ball from the
locked position. Subsequent pressure release enables sleeve
retraction via spring force, resetting the ball to the track bottom
(Fig. 2a) and retracting the arms, concluding the reaming cycle.

3. Design and optimization of critical components
3.1. Reamer arm cutting structure optimization

As shown in Fig. 3, a Cartesian coordinate system is established
with the central point O of the three-arm top as the origin, defining
radial and axial axes. The total number of cutters on the reamer
arms is denoted as Ny, with each cutter center characterized by
coordinates (R, He, 6¢), normal angle y., back rake angle «, and side
rake angle B. Here, R. represents the radial coordinate (distance
from the cutter's center point to the central axis when fully
expanded), H. indicates the axial coordinate (axial distance from
the cutter center to origin O), and 4. defines the circumferential
angle (measured from the arm' 0° reference line). Given the
minimal curvature of the cutting section, its profile is simplified as
a linear segment forming angle 4 (cutting arc angle) with the axial
direction, where 1 and y. are complementary angles. The resultant
force on each cutter is decomposed into three orthogonal com-
ponents: axial force Fy, tangential cutting force F., and radial forces
F:/F:+. The tangential component (F.) represents the primary cut-
ting force, while axial force and radial forces are calculated as:

Left housing

s

Washpipe Reamer arm

Nut Seal stack
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F,=F,sin 1
Fr=F; cos 4
Fr=F.tan (1)

The reamer arm is divided into three functional sections: the cutting
section (lower), gauge-holding section (middle), and back-reaming
section (upper). The cutting section serves as the primary borehole
enlargement zone. This study focuses on optimizing the cutting section
profile to reduce both cutting resistance and upward axial force
transmission while maintaining required hole enlargement
performance.

To address the hard and interbedded formations in the target
oilfield, the cutting section adopts an impact-resistant large-cur-
vature arc profile (Fig. 4), with defined geometric parameters: fully
deployed height (H), maximum radius (Ry), and crown radius (Rp),
4 = arctanRigfo,

To investigate the influence of the cutting arc angle (1) on the
transmission of axial and radial forces, boundary conditions were
applied to the reamer arm as illustrated in Fig. 5. The base of the reamer
arm was fixed to simulate the locked cutting state. Under a weight-on-
bit (WOB) condition of 10 kN, the load was applied as normal pressure
on the surface of a single cutter. Based on the field-grade reamer arm
structure, four angles (15°, 25°, 35°, 45°) were selected for mechanical
simulation analysis (Fu et al., 2022; Koulidis et al., 2022).

Simulation parameters were set according to field tool materials
and drilling conditions: the arm was made of 42CrMo steel with an
elastic modulus of 212 GPa, a Poisson's ratio of 0.3, and a yield
strength of 930 MPa; the cutter was composed of PDC material with
an elastic modulus of 910 GPa, a Poisson's ratio of 0.07, exhibiting
extremely high hardness and wear resistance. A refined hexahedron-
dominant mesh with a minimum element size of 0.1 mm was applied
in the force-bearing region of the PDC cutter, while a coarser mesh
was used in other areas to ensure computational accuracy and effi-
ciency. The simulation results are shown in Figs. 6 and 7.

The stress contour plots reveal hat as 1 increases from 15° to 45°,
the axial stress exhibits a 73.5% enhancement while the radial stress
demonstrates a 21% reduction, indicating significantly higher
sensitivity of axial stress to A variations compared to radial stress.
Further data processing yielded stress variation curves (Fig. 8),
showing that axial stress on the arm increases while radial stress
decreases with larger 4. To prevent locking ball damage, reducing 1 is
necessary to decrease axial reaction forces during rock breaking.

A model for estimating the cutting resistance of the reamer arm
is established, incorporating the cutting resistance (F), the cutting
area (A), the contact arc length (S), the cutting arc angle (1), and the
rock drillability (K).

Seals Seal stack

Return spring Right housing

liding sleeve / Locking ball

Fig. 1. Micro hydraulic RWD tool schematic.
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Fig. 2. Activation mechanism schematic: Locking ball position and force analysis.
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Fig. 3. Schematic of cutter orientation and force analysis for reamer arm.
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Fig. 4. Geometric schematic of cutting section.

F=JAS+b
_ 2 2
7= (0.001:2 - 0.0124 + 0483 )K )

b= (0.025,12 ~0.362+ 22.985)1<2

Under the condition of a constant cutter arm radius, reducing 1

938

increases the arc length of the cutting section, thereby extending
the S. Taking K = 3 as an example, the variation trend of cutting
resistance under different 2 was analyzed. The results are shown in
Fig. 9. The relationship between F and 21 follows a logarithmic
function curve. Both excessively large and small values of 1 result
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Fig. 5. Schematic of boundary conditions for mechanical simulation of reamer arm.
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3.2. Force analysis and optimization of locking mechanism

and the normal force (F3) applied by the sliding sleeve.
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Fig. 6. Axial stress contour plot of reamer arm.
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in an increase in F, which is detrimental to reaming operations
(Doshvarpassand et al., 2017; Rostamsowlat et al., 2018). Consid-
ering these factors comprehensively, 1 is optimally selected as 35°.

The locking ball plays a critical role in the locking mechanism,
and its force analysis is essential for the mechanism's design and
optimization. Fig. 10 illustrates the force analysis of the ball during
the reamer’s operation. The ball's gravity is negligible compared to
the WOB, and the ball maintains equilibrium under three primary
forces: the radial (F;) and axial (F») forces exerted by the housing,

T0000 =

F(N)

50000

40000 =

30000 .

__————-l/

L 1 1 Il |

30 35 40 45
L)

Fig. 8. )-Dependent maximum stress trend.
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Fig. 10. Locking ball force analysis.

This study investigates the pressure-bearing characteristics of
the locking mechanism during drilling operations through me-
chanical simulations of various design configurations. The selec-
tion of tool materials and drilling parameters was based on field
applications. The housing and sliding sleeve were made of 42CrMo
(yield strength >930 MPa), while the locking ball was manufac-
tured from G55SiMoVA (yield strength >1850 MPa), which ex-
hibits high hardness and high yield strength, with an elastic
modulus of 210 GPa, a Poisson's ratio of 0.29, and a density of
7.85 g/cm?.In the critical contact regions between the locking ball,
sliding sleeve, and housing, as well as in areas with stress con-
centrations such as flat surfaces and grooves, a high-precision
hexahedron-dominant mesh was employed, with a minimum
element size of 0.2 mm. Other non-critical regions utilized a
coarser mesh to reduce computational cost. Mesh quality was
rigorously controlled, ensuring a Jacobian ratio greater than 0.7
and an element aspect ratio below 5.

The boundary conditions were set as shown in Fig. 11. The distal
end face of the housing was fully fixed. Radial displacement of the
outer surface of the sliding sleeve was constrained, allowing only
axial movement to simulate its constrained state within the drill
string. An axial force of 10 kN was applied to the reference point at
the bottom end of the sliding sleeve to simulate the WOB load
during the drilling process. All contact pairs were defined as
surface-to-surface contact.

Stress analysis conducted in accordance with Alloy structure
steels (GB/T 3077-2015) (SAMR and NSA, 2015) and High-carbon

Sliding sleeve

Housing
Ball
Fixed interface Fixed interface

10kN —

Fig. 11. Schematic diagram of boundary conditions for mechanical simulation of the
locking mechanism.
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chromium bearing steel (GB/T 18254-2016) (SAMR and NSA,
2016) standards guided design optimizations to maintain all
stress values within safe operational limits.

(1) Initial mechanism stress-strain analysis

Figs. 12 and 13 present the stress and strain contour plots of the
locking ball, sliding sleeve, and housing. The stress distribution at
the point-line contact interfaces exhibits a flattened band pattern,
with concentrated force zones observed on the ball in both design
configurations. Comparative analysis of stress/strain contours re-
veals the point-line contact configuration reduces peak stress by
2.6% and maximum strain by 78.6% versus conventional point-
point contact. Component-specific stress reductions reach 28.1%
(housing) and 1.2% (sliding sleeve), demonstrating particularly
significant mitigation of locking ball strain localization and hous-
ing stress concentration.

Table 1 summarizes the maximum stress and strain data for
each component from Figs. 12 and 13. Under point-line contact
conditions, the housing exhibited a peak stress of 677 MPa, while
both the housing and sliding sleeve exceeded the yield strength of
42CrMo (930 MPa) in other configurations. The locking ball's
maximum stress surpassed the yield strength of G55SiMoVA
(1850 MPa), resulting in plastic strain. The point-contact regions
demonstrate higher stress concentrations than line-contact re-
gions. The point-point contact configuration induces significant
ball deformation, potentially causing mechanical interference that
may prevent proper reamer activation/deactivation. Neither
configuration meets the design specifications.

(2) Optimized mechanism stress-strain analysis

Building upon the initial mechanism design, the ball-sleeve
contact interface was optimized to a line-line contact geometry,
the simulation results are shown in Fig. 14. Stress/strain analysis
indicates peak stresses of 741.2 MPa (housing), 658.2 MPa (sliding
sleeve), and 1187 MPa (locking ball), all substantially below their
respective yield strengths. The ball's maximum strain (0.025 mm)
remains within design tolerance thresholds.

Table 2 compares the mechanical results of three design con-
figurations. The line-line contact configuration demonstrates sig-
nificant improvements, reducing maximum component stresses
by 24%-38% and ball strain by 88% compared to point-point con-
tact, with all parameters remaining within acceptable operational
limits. This optimized design achieves more uniform load distri-
bution in the locking mechanism, effectively preventing plastic
strain induced by stress concentration. The refined line-line con-
tact configuration significantly enhances the mechanical perfor-
mance of the locking mechanism, fulfilling operational
requirements while reliably maintaining all critical functions
including tool activation, deactivation, and positive locking.

3.3. Sliding sleeve inner diameter design

The drilling fluid flows through the sliding sleeve's internal
cavity, where the inner diameter serves as the critical parameter
governing throttling pressure drop. As modeled in Fig. 15, key
geometric and flow parameters include: the sleeve/washpipe
interior length (L), inner diameter (dp), flow area (Sp), and velocity
(vo); the upper pressure buildup annulus diameter (dy), cross-
sectional area (S1), and velocity (v1); and the lower flow channel
diameter (dq), area (S1), and velocity (v1).

The drilling fluid experiences three primary head loss compo-
nents as it flows from the pressure buildup annulus through the
sleeve/washpipe assembly into the lower flow channel: Local head
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+1.647e+02 +1.853e+02
+1.098e+02 +1.236e+02
+5.499a+0] +6.178e+01
+1.499¢-01 +1.695e-02
b) )

Fig. 14. Stress and strain contour plots under line-line contact configuration.
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Table 2
Maximum stress and strain under different contact configurations.

Petroleum Research 11 (2026) 935-948

Max stress (MPa)

Max strain (mm)

point-point point-line line-line point-point point-line line-line
Housing 941 677 658 / / /
Sliding sleeve 981 969 741 / / /
Locking ball 1929 1878 1187 0.210 0.045 0.025

loss from sudden flow area contraction (A7), frictional head loss
along the sleeve/washpipe interior, and local head loss from sud-
den flow area expansion at the washpipe outlet (A;). For
do<[30,70] mm, the Reynolds number of drilling fluid flow through
the sleeve and washpipe internal cavity was calculated, with the
internal surface roughness values corresponding to standard steel
pipes (A = 0.19mm). According to engineering fluid mechanics,
the expression for calculating the Reynolds number (Re) of fluid in
a pipeline is as follows:

(3)

where p is the drilling fluid density (g/cm?®); v is the drilling fluid
velocity (m/s); d is the pipe diameter (m); x is the dynamic vis-
cosity of the drilling fluid (mPa-s). If Re < 2000, the flow regime of
the drilling fluid is laminar; otherwise, it is turbulent.

The Bernoulli equation is applied between cross-sections Aj
and A; (reference plane) as follows:

pon?
rg 28

D2
rg

2
V;
+L+hw

Z1+ 28

(4)

Zy +

where z; and z, denote the elevation heads at A; and A, respec-
tively (m), p; and p, represent the pressures at A; and A, respec-
tively (Pa), v; and v, indicate the flow velocities in the upper
pressure buildup annulus and lower flow channel respectively (m/
s), and hy, signifies the total head loss between A; and A, (m), with
the elevation difference (Az = z; — z1) being negligible compared to
other hydraulic terms.

The pressure difference (Ap) generated between cross-sections
A1 and A, is calculated as:

22 — 1y2
Ap=p1fpz:<%+hw+2ra>pg (5)
The total head loss (hy) is expressed as:
2 2 2
_s T s V0T V2~
hw—51 2g+502g +522g (6)
Based on field drilling data (drilling fluid: 4 = 10 mPa s,

p = 1.6 g/cm?®) and the target well section's operating flow rate
(16 L/s), the tool activation flow rate is set at 30 L/s to exceed

The upper pressurc

The internal cavity of the buildup annulus zone

shiding sleeve and washpipe

7 T

d, A i OS" A 4

x

The lower flow channel

The direction of the drilling fluid flow

Fig. 15. Throttling model at sliding sleeve diameter transition zone.
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normal operational requirements, consistent with the micro-
reamer's working principle. The design specifies the pressure
buildup annulus diameter (d; = 85 mm), lower washpipe channel
diameter (d, = 77 mm), and sleeve-washpipe interior total length
(L = 814 mm). According to Eq. (3), the Reynolds number (Re) for
the pressure-trapped annulus above the sliding sleeve is calcu-
lated to be 71,937, while that for the lower flow channel is 79,411.
Furthermore, when the inner diameter of the sliding sleeve (dg)
varies within the range of 30 mm-70 mm, all calculated Re exceed
2000, as shown in Fig. 16. This indicates that the fluid remains in a
turbulent flow regime across this parameter range.

Within the defined range of sleeve inner diameters
(do € [30,70] mm), this investigation establishes the functional
relationships between dp and three key hydraulic parameters: the
flow velocity (vg), pressure differential (Ap), and total head loss
(hw). As illustrated in Fig. 17, the characteristic curves approximate
logarithmic functions: The [30,40] mm interval exhibits drastic
fluctuations in Ap (1.78 MPa decrease) and hy, (113.43 m reduc-
tion), transitioning to moderated declines of 0.38 MPa and 23.9 m
respectively in the [40,50] mm range, before stabilizing with
negligible variations of 0.14 MPa and 8.71 m in the [50,70] mm
domain. Flow velocity (vo) demonstrates mean fluctuations of 2 m/
s for dpe[30,50] mm, diminishing to under 0.3 m/s in the [50,70]
mm range.

To ensure mild fluctuations of all three parameters, the range of
do was determined to be 50-70 mm. Given the inverse relationship
between the inner diameter of the sliding sleeve and its wall
thickness (the wall thickness decreases as the inner diameter in-
creases), and considering the significant influence of wall thick-
ness on the torsional performance of the sleeve, the mechanical
behavior under the minimum wall thickness condition was
emphasized. The sleeve model was appropriately simplified and
assigned the material 42CrMo. A predominantly hexahedral mesh
was applied with a minimum element size of 0.2 mm. The top end
face was fully fixed, and the outer surface was constrained in the

200000

130000

2}
-

100000 -

50000

A 1 L L 1 i 'l A L
50 55

dy (mm)

75

Fig. 16. Re corresponding to different dy of the sliding sleeve.
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sk s —a— vy (m/s)
1 —=—h,(m)
=~ Ap(MPa)

40 -

vy (mis)

dy (mm)

Fig. 17. Functional relationships among do, vo, and hy,.

axial direction. A torque load of 30 kN m was applied to simulate
the ultimate torsional capacity. The results are shown in Fig. 18.

According to the stress contour, the maximum stress of the
sleeve under the condition of dy = 50 mm is 921.6 MPa, which
remains below the yield strength limit of 42CrMo (930 MPa), thus
satisfying the strength requirement. In contrast, all other inner
diameter values result in stress levels that exceed the allowable
safety margin. Furthermore, the axial thrust actuating the sleeve
during operation is composed of the combined hydraulic force and
the return spring force, while also needing to overcome the fric-
tion between the sleeve and the inner wall of the housing.
Therefore, the pressure-bearing area of the sleeve should not be
too small. Considering both structural safety and operational
reliability, an inner diameter of dg 50 mm was ultimately
selected.

3.4. Interference length design for sliding sleeve-housing interface

The design of the interference fit between the sliding sleeve
and housing requires precise calibration to satisfy two critical
operational requirements. Under normal flow conditions, the
generated annular pressure must be insufficient to overcome the
static friction and initiate sleeve movement. Conversely, at pre-
determined activation flow rates, the hydraulic thrust must
adequately exceed the combined resistance from both sleeve-
housing friction and return spring restoring force to ensure reli-
able sleeve displacement and subsequent arm expansion. Notably,
the frictional contribution from packing elements can be safely
disregarded under downhole high-pressure environments.

The return spring, manufactured from hot-rolled spring steel
(shear modulus = 78 GPa), demonstrates a pre-activation restoring
force of 16,544 N, reaching its maximum designed load of 41,362 N
at complete arm deployment. Taking cross-section Aj as the

5, Stress
+9.216e+02
- +8.512eH02

Torque=30kN-m

+6.384e+02
+5.675e+02
+4.965e+02
+4.256e+02
+3.547e+02
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reference plane, the Bernoulli equation is formulated between this
reference plane (A1) and the mud pump discharge section (A3) as
follows:

ps v _
rg 28

2
v
Z1 +p—]+]—+hf

Z3 +
3 pg 28

(7)

where z3 denotes the elevation head at section Az (m), p3 repre-
sents the pressure at As (Pa), vs indicates the drilling fluid flow
velocity at A3 (m/s), and hf corresponds to the frictional head loss

(m). %2 —4lis negligible compared to other terms in the equation.

"2 2g

Combining Eq. (4) and Eq. (6), the axial momentum conserva-
tion equation for the sleeve inlet (A1) and washpipe outlet (Ay) is
formulated as:

(8)

where S19 and S,g denote the cross-sectional areas at the sleeve
inlet and washpipe outlet, respectively (m?), and F represents the
hydraulic force exerted by the drilling fluid on the sleeve inlet (N).

The sleeve was designed with an inner diameter of 50 mm.
Based on Eq. (8), the relationship between drilling fluid flow rate
(Q) and the resultant thrust force (F) on the sleeve was established,
as illustrated in Fig. 18. This demonstrates that the thrust force
acting on the sleeve can be controlled by adjusting the drilling
fluid flow rate.

As shown in Fig. 19, F shows a positive correlation with Q, when
do=50mm and Q = 16 L/s, F= 27,841 N with a return spring force
of 16,544 N. The friction between the sleeve and housing must
exceed the resultant force (11,297 N) to prevent premature reamer
activation. At Q = 30 L/s, F = 55,403 N with a maximum spring
force of 41,362 N, requiring F to overcome the combined friction
and spring force (14,041 N) for activation. Meanwhile, friction
must remain below the minimum spring force (16,544 N) to

P1S10 —DP2520 —F=pQ(v2 —v1)

0000
60000 =
3
& 40000 -
20000
1 1 L L L 1 1
5 10 15 20 25 30 as 40 45

Q(Lfs)

Fig. 19. Relationship between F and Q.

Fig. 18. Boundary condition and stress contour of the sleeve under ultimate torque simulation at do = 50 mm.
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ensure arm retraction. Therefore, the sleeve-housing friction
should be maintained between 11,297 N and 14,041 N. The fric-
tional force between the sleeve and housing with an interference
fit is calculated by:

F = pFn = upS = 2zRhup 9)
where Fr denotes the frictional force between the sleeve and
housing (N), u represents the coefficient of friction, p signifies the
contact pressure at the sleeve-housing interface (MPa), S corre-
sponds to the nominal contact area (mm?), h indicates the axial
length of the interference fit region (mm), and R is the outer radius
of the sleeve (mm).

This study employs the thick-walled cylinder elasticity theory
from elastic mechanics to analyze the relationship between the
interference fit magnitude (§) and contact pressure (p). According
to elastic theory, the radial displacement at any point within a
thick-walled cylinder subjected solely to internal pressure is given
by:

1 a?p; b?

U= s | (1) 2+ (1= (10)

where u represents the displacement component at any point
(mm), p; denotes the internal pressure acting on the cylinder
(MPa), r indicates the radial coordinate of the point (mm), a and b
correspond to the inner and outer radius of the cylinder respec-
tively (mm), E signifies the elastic modulus of the material (GPa),
and ¢ represents Poisson's ratio of the cylinder material.

For a thick-walled cylinder subjected solely to external pres-
sure, the radial displacement at any point within the cylinder wall
is given by:

_ 1 b%p,

T TER @ ()

2
(1+0) S+ (1 -0

where pg represents the external pressure acting on the cylinder
(MPa).

The relationship between the interference (§) and contact
pressure (p) can be determined using Eq. (10) and Eq. (11). After
assembly of the housing and sleeve, the total interference is &,
where the housing with outer radius R and inner radius Ry ex-
pands radially by §; at the inner surface, while the sleeve with
inner diameter R, contracts radially by &, at the outer surface (as
illustrated in Fig. 20).

Following assembly, the contact pressure (p) develops at the
sleeve-housing interface. For the housing, this pressure acts as an
internal load, generating radial displacement (51) at the bore sur-
face. From Eq. (10), this relationship is expressed as:

Housing

Sliding sleeve

Petroleum Research 11 (2026) 935-948

1 RY’p R:?
1=F m ( +¢)R—b+(1 — )Ry
Rop [0 (R = Ry?) +Re? + Ry?]
E(Rc2 - sz)
The assembled sleeve experiences the contact pressure (p) as

an external load, resulting in radial displacement (§,) at its outer
diameter. From Eq. (11), this relationship is expressed as:

(12)

—2 = [(1+ )E+(1— )R
—Ra2 @ Rb @)Rp

(R -R7) <5 7
E(sz - Raz)

Total interference s equals the sum of displacements:

(13)

Rop [0 (R = Ry?) +Re? + Ry?]
E(Rcz - sz)
Rop |9 (Ra® = Ry?) + Ra® + Ry?]
E(sz - Raz>
The contact pressure (p) is obtained as:
Eé(RCZ - sz) (Rb2 - Raz)
2R,2 (RC2 - Raz)

+

(14)

The housing assembly features an outer diameter of 120 mm, with
the sleeve component possessing an inner diameter of 50 mm and
outer diameter of 77 mm. Under conditions of elevated bearing stress,
the interference fit magnitude demonstrating optimal fatigue per-
formance has been established at approximately 1.8% of nominal
diameter (Hu et al., 2022). For the current investigation, an interfer-
ence value (§) of 0.05 mm was implemented. The material pairing of
42CrMo exhibits a static friction coefficient (1) of 0.1 and elastic
modulus (E) of 206 GPa. The requisite frictional force (Ft) at the sleeve-
housing interface may be achieved through precise adjustment of the
interference length (h). The functional dependence between h and F;,
as derived from Eq (9), is presented graphically in Fig. 21.

Fr exhibits a linear positive correlation with h. To maintain the
frictional force within the specified range (11,297-14,041 N), the
interference fit length should be 8.5-10.5 mm. Considering sleeve
stability within the housing, the maximum length of 10.5 mm was
selected for the interference fit segment.

Interference fit part

Fig. 20. Interference fit assembly between sliding sleeve and housing.
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Fig. 21. Relationship between h and F:.
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4. Prototype laboratory testing and performance evaluation
4.1. Procedures for laboratory experiments

The laboratory experiments were conducted to evaluate the
operational performance of the reamer prototype, verifying the
theoretical analysis framework. Based on a conventional drilling
flow rate of 2 L/s and an activation flow rate of 4 L/s for the tool, a
prototype was fabricated according to the experimental wellbore
dimensions. The wellbore configuration featured 150 mm (ID)/
170 mm (OD) dimensions, with the drilling reamer and drill pipe
assembly having a 90 mm OD. The left and right housing IDs
measured 50 mm and 72 mm respectively, while the sleeve pa-
rameters (30 mm ID and 6.8 mm interference length) were
determined via the previously established equations. The trans-
parent acrylic housing provides both mechanical resilience and
optical accessibility for observing locking ball movement trajec-
tories, while the sliding sleeve and arms were manufactured via
high-precision 3D printing. The upper annular pressure chamber

Fig. 22. Experimental setup for the reamer prototype.

Flowmeter-2

0-90°

Mud pump-2

Deviation angle:

..

Drilling reamer

Camera

Pressure gauge

— &

e —

Fig. 23. Schematic of experimental procedure.
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Fig. 24. Relationship between drilling fluid flow rate and operational status.

of the sleeve was sealed using packing elements. The experimental
setup for the reamer prototype is shown in Fig. 22.

The horizontal test rig was employed to simulate sidetracking
operations, with the reamer prototype installed in the experi-
mental wellbore. A sand-laden drilling fluid (20% sand concen-
tration) was circulated through the annulus to replicate downhole
arms conditions, while a high-speed camera system (1000 fps)
recorded the tool's dynamic response. As illustrated in Fig. 23, the
experimental protocol consisted of the following steps:

(1) Sealing integrity test: Mud pump-2 was activated first, fol-
lowed by the sand pump and mud pump-1 after flow sta-
bilization. The flow rate was increased to 2 L/s to monitor
potential leakage at the packing element.

(2) Arm activation test: While maintaining the flow rate of mud
pump-2, mud pump-1 was incrementally ramped up (0.2 L/s
steps) until arm deployment. The critical activation flow rate
and ball movement trajectory were documented.

(3) Locking mechanism verification: After complete arm
deployment, the mud pump-1 was shut down to examine
final ball position within the W-shaped track and locking
status of arms.

(4) Unlocking performance test: The flow rate was increased
again to determine minimum disengagement flow rate and
pressure fluctuations during unlocking.

1) Before activation

¢) After locking

Petroleum Research 11 (2026) 935-948

(5) Reset Function Evaluation: Mud pump-1 shutdown and
pressure relief, verify the spring reset condition, ball posi-
tioning, and complete retraction status of the cutter arms.

4.2. Experimental results and performance analysis

Comprehensive cyclic testing (activation-locking-unlocking-
reset) systematically documented the correlation between drilling
fluid flow rate and arm deployment status (Fig. 24), confirming the
theoretical model's accuracy. High-speed imaging (Fig. 25)
captured four characteristic phases of ball movement: standby
position (Bottom), dynamic extension (Top), mechanical lock (Sub-
top), and reset termination (Bottom).

(1) The reamer maintained structural integrity at the standard
2 L/s drilling flow rate without premature activation, with
packing elements demonstrating effective sealing perfor-
mance throughout the 120-min endurance test.

(2) When progressively increasing mud pump-1's flow rate to
4.2 Lfs, the sleeve exhibited a downward displacement of
35 + 0.5 mm, achieving 35% design compression of the re-
turn spring. This precisely positioned the ball at the W-
shaped track sub-top, initiating arm deployment within
1.8 s.

(3) Following mud pump-1 shutdown and pressure relief, the
return spring drove the sleeve upward through 10% of its
stroke, positioning the ball stably at the sub-top of the W-
shaped track while the arms achieved complete mechanical
locking.

(4) During secondary flow rate increase, the system demon-
strated consistent unlocking characteristics at 4.2 = 0.15 L/s,
with the spring compressing 10% of its stroke while the ball
reached the top of the W-shaped track.

(5) After final pressure relief, the ball returned to the bottom of
the W-shaped track within 2 s as the spring reset the sleeve,
resulting in full arm retraction.

Repeated tests demonstrated only a 5% deviation (<0.25 L/s)
between the actual activation flow rate and theoretical pre-
dictions, confirming the accuracy of the hydro-mechanical
coupling model. The tool exhibited reliable performance at the
threshold flow rate of 4.2 L/s, with both the locking and reset
systems meeting the operational requirements for multiple cycles.

T

b) Activating

d) After deactivation

Fig. 25. Trajectory of the locking ball during reamer activation/deactivation cycles.
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5. Conclusions

This study presents a systematic investigation of the micro
hydraulic reamer-while-drilling (RWD) tool's operational perfor-
mance through integrated theoretical analysis, structural design,
numerical simulation, and laboratory prototype testing. The
principal conclusions are as follows:

(1) Mechanical testing of the reamer arms demonstrated that
axial stress correlates proportionally with cutting arc angle,
while cutting resistance exhibits an inverse relationship.
Optimization at a 35° cutting arc effectively reduces resis-
tance while maintaining locking ball stress within elastic
limits, preventing plastic deformation that could impede
arms activation/retraction.

(2) The line-line contact configuration between the locking ball,
housing, and sliding sleeve maintains all component
stresses and strains within allowable thresholds. This design
prevents plastic deformation in both the ball and contact
surfaces, ensuring reliable locking function throughout
operational cycles.

(3) Fluid dynamics theory established the sleeve inner diameter
design criteria, enabling determination of optimal di-
mensions based on field drilling parameters. This method-
ology balances pressure differential requirements with
minimized energy loss through precise relationships be-
tween flow velocity, pressure differential, and total head
loss.

(4) Elastic analysis of thick-walled cylinders yielded a compu-
tational model for determining the sleeve-housing inter-
ference length. Incorporating field parameters, this model
guarantees both prevention of premature activation and
positive retraction capability.

(5) Laboratory tests confirmed the prototype's performance,
with reamer arms consistently activating at theoretical flow
rates and fully retracting upon pump shutdown, validating
the design methodology's accuracy (deviation <5%).

The research results provide a theoretical basis for the design
optimization and engineering application of micro hydraulic RWD
tool.
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