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ABSTRACT: The passability (transport behavior) of while-drilling lost circulation materials (LCMs) through

directional tools is strongly influenced by material composition and particle characteristics. In this study, a coupled

computational fluid dynamics–discrete element method (CFD–DEM) model is developed to systematically evaluate

the effects of particle size distribution, concentration, morphology, and fiber inclusion on LCM transport behavior.

Visualization experiments conducted using a transparent screen section demonstrate good agreement with the

simulated pressure-drop evolution, supporting the validity of the model. The results reveal that increasing particle size

from 1.2–1.6 mm to above 2.8 mm shifts the system from a stable transport regime to one with a high risk of plugging,

even at relatively low concentrations. Plugging risk rises markedly when particle concentration exceeds 30–35%.

Multimodal particle size distributions enhance transport performance, achieving efficiencies of approximately 0.07%,

compared with less than 0.035% for monomodal systems. Irregular particle shapes increase force-chain normal forces

from 0.009–0.010 N to 0.017–0.020 N, while fiber inclusion significantly reduces steady-state flow velocity from about

1.6–1.7 m/s to below 0.6 m/s, thereby diminishing passability.

KEYWORDS: While-drilling lost circulation materials; material composition; directional tool passability; CFD–DEM

modeling; particle transport behavior

1 Introduction

Deep and ultra-deep wells, extended-reach horizontal wells, and high-displacement wells are

increasingly deployed worldwide in oil and gas exploration and development. Under increasingly complex

geological conditions and challenging operational environments, lost circulation has become one of the most

critical drilling complications. This issue not only results in substantial non-productive time (NPT) but also

poses serious risks of well control incidents and potential wellbore abandonment [1–3]. To mitigate losses

without interrupting drilling or pumping operations, lost circulation materials while drilling (LCM) are

widely applied. Unlike conventional squeeze-injection lost circulation techniques, while-drilling LCM are

required to effectively seal fractures and vugs while simultaneously maintaining drilling fluid pumpability,

ensuring sufficient cuttings transport efficiency, and minimizing interference with logging-while-drilling

and directional control systems. These combined requirements impose more stringent constraints on LCM

material design and evaluation methodologies [4–6].
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The rapid development and widespread application of directional drilling systems, particularly rotary

steerable systems (RSS), have significantly enhanced drilling efficiency and wellbore trajectory control

accuracy in complex well types [6,7]. However, these downhole tools are typically characterized by intricate

geometries and narrow annular clearances. When multi-component lost circulation materials (LCMs) are

circulated through these confined spaces, particle bridging, solid accumulation, or localized blockage is

likely to occur at tool surfaces or constricted sections. These phenomena may result in sudden pressure

fluctuations, degraded steering performance, abnormal increases in torque and drag, and, in severe cases,

stuck pipe or tool failure [8]. Consequently, the passability and compatibility of drilling lost circulation

materials (LCMs) within the annulus surrounding directional tools have emerged as critical constraints

that must be prioritized during LCM formulation design [9].

Current research on LCMs predominantly focuses on enhancing sealing efficiency and temperature/

pressure resistance, including the development of granular, fibrous, elastically deformable particles, and

multimodal particle-size systems, to improve fracture-bridging efficiency, pressure-bearing capacity, and

long-term sealing stability [10]. Evaluation methodologies are primarily based on laboratory-scale bridging

tests, fluid loss assessments, and bulk rheological characterization [11,12]. However, these design paradigms

and evaluation metrics are largely grounded in the requirements for sealing formation fractures or vugs,

with limited consideration of flow behavior under the complex geometric constraints imposed by modern

rotary steerable systems (RSS) and restricted flow channels [13–15]. Existing engineering guidelines for

LCM passability remain predominantly empirical, such as simplistic limits on maximum particle size or

solid content ranges, and fail to comprehensively capture the coupled effects of tool geometry, flow-field

distribution, and particle-laden suspension systems.

In practical applications, the design of multi-component LCMs for RSS operations is subject to intrinsic

contradictions and constraints: on one hand, broad particle-size distributions, the incorporation of fibers and

elastic particles, and high solid content facilitate rapid bridging of heterogeneous loss zones and enhance

sealing strength and durability [16–18]; on the other hand, these characteristics substantially increase the risks

of particle bridging, sedimentation, and excessive pressure drops in narrow annuli and tool clearances, thereby

compromising system passability and operational safety. Due to the lack of quantitative understanding of

these competing effects, field practices often adopt conservative strategies—either reducing particle size and

concentration at the cost of insufficient sealing performance or overly constraining the material system to

prioritize passability over sealing efficacy [19–21]. This situation underscores an urgent need for a systematic

design and evaluation framework that balances effective sealing and adequate passability.

This study addresses the design and numerical simulation-based evaluation of multi-component LCM

passability in rotary steerable systems. An LCM formulation optimization approach is proposed, in which

the geometric constraints of RSS tools and annular flow-field characteristics are explicitly considered.

A three-dimensional numerical model of fluid–particle flow in representative RSS–wellbore configurations is

developed to systematically investigate the effects of particle size distribution, volume fraction, and LCM

type on flow patterns, pressure drop characteristics, and bridging tendencies in critical constricted regions.

By integrating sealing performance requirements, a design window and a passability evaluation method are

established for multi-component LCMs in RSS applications. The findings provide mechanistic insights and

quantitative guidance for the integrated design of LCMs and RSS tools, offering significant engineering value

for enhancing drilling safety and efficiency in complex formations and high-risk loss circulation scenarios.
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2 Numerical Simulation Method

2.1 CFD–DEM Coupled Model for Non-Newtonian Fluids Containing Lost Circulation Particles

To quantitatively characterize the flow behavior and particle bridging mechanisms of multi-component

lost circulation materials within the narrow annulus surrounding rotary steerable systems (RSS), a

coupled computational fluid dynamics (CFD)–discrete element method (DEM) framework is employed.

The continuous fluid phase is resolved using ANSYS Fluent, while the motion of solid lost circulation

particles is explicitly tracked using DEM, implemented in EDEM. Momentum exchange between the

fluid and particle phases is achieved through a coupling interface, enabling integrated simulation of

particle-laden non-Newtonian flow fields and realistic particle–particle interaction processes, including

contact, accumulation, and bridge formation [22,23].

2.1.1 Continuous Fluid Phase Model

The continuous phase is assumed to be a non-Newtonian drilling fluid system containing lost circulation

materials, under the following assumptions: the fluid is incompressible and isothermal; the lost circulation

particles are independently described using the DEM, with their volume-fraction feedback to the flow

field accounted for through source terms within the scope of this study; and the local Reynolds number is

evaluated based on the equivalent viscosity, with most operating conditions lying within the laminar or

weakly turbulent regime.

The governing equations consist of the mass and momentum conservation equations, expressed as follows:

∇ ⋅ 𝑢 = 0 (1)

𝜌(𝑢 ⋅ ∇)𝑢 = −∇𝑝 + ∇ ⋅ 𝜏 − ∇ ⋅ (𝜌 ⋅ 𝜇
′
𝜇
′

) + 𝑆𝐷𝐸𝑀 (2)

where u denotes the fluid velocity, 𝜌 represents the equivalent density, and SDEM denotes the body-force

source term arising from reaction forces exerted by DEM particles, thereby enabling two-way coupling

between the fluid and particle phases.

When the RANS model is applied, the additional Reynolds stress term (−∇ ⋅ (𝜌 ⋅ 𝜇
′
𝜇
′

)) is introduced

and modeled using the k-𝜔 SST turbulence closure. The shear stress tensor 𝜏 is modeled using the

Herschel–Bulkley constitutive relationship, expressed as:

𝜏 = (𝜏𝑦 + 𝐾𝛾̇
𝑛

)

𝛾̇

𝛾

(3)

here, 𝜏y denotes the yield stress, K represents the consistency coefficient, n denotes the flow behavior

index, 𝛾 represents the strain-rate tensor,
⋅

𝛾 is the equivalent shear rate, and all rheological parameters

are obtained from rheometric measurements. In transitional flow regions, RANS models (e.g., the k-𝜔
SST model) are additionally employed and compared with laminar simulations to evaluate the influence

of turbulence modeling. The results indicate that the differences are negligible; therefore, the primary

simulations are conducted under laminar flow assumptions. Spatial discretization is performed using the

finite volume method with second-order accuracy, with local mesh refinement applied in critical regions,

including the minimum annular clearance of the RSS and zones exhibiting abrupt geometric variations.
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2.1.2 Discrete Element Model for the Particle Phase

The transportability of multi-component lost circulation materials during drilling is fundamentally

governed by particlemigration, collision, accumulation, and bridging evolutionwithin the narrow annulus near

drilling guidance tools. To accurately characterize the micromechanical responses of diverse lost circulation

particles and fibers within complex geometric configurations, a discrete element model is established in

EDEM, incorporating representative material classifications, contact models, and fluid-coupling interactions.

The particle concentration considered in this study ranges from 5% to 30% in mass concentration, covering

typical operating conditions of while-drilling LCM applications.

(1) Equations of Particle Motion

The translational and rotational motion of an individual particle is governed by the following equations:

𝑚𝑝

d𝑣𝑝

d𝑡
= ∑𝐹𝑐𝑜𝑛𝑡𝑎𝑐𝑡 + 𝐹𝑑𝑟𝑎𝑔 + 𝐹𝑔 + 𝐹𝑏𝑢𝑜𝑦𝑎𝑛𝑐𝑦 + 𝐹𝑜𝑡ℎ𝑒𝑟𝑠 (4)

𝐼𝑝

d𝜔𝑝

d𝑡
= ∑𝑀𝑐𝑜𝑛𝑡𝑎𝑐𝑡 + 𝑀𝑟𝑜𝑙𝑙𝑖𝑛𝑔 + 𝑀𝑜𝑡ℎ𝑒𝑟𝑠 (5)

where, 𝐹𝑐𝑜𝑛𝑡𝑎𝑐𝑡 and 𝑀𝑐𝑜𝑛𝑡𝑎𝑐𝑡 denote the contact force and torque arising from particle–particle and

particle–wall interactions; 𝐹𝑔 and 𝐹𝑏𝑢𝑜𝑦𝑎𝑛𝑐𝑦 represent the gravitational and buoyancy forces; 𝐹𝑑𝑟𝑎𝑔 denotes

the hydrodynamic drag force; and 𝐹𝑜𝑡ℎ𝑒𝑟𝑠 includes additional forces, such as lift and turbulence-induced

fluctuations. For conditions with a low overall particle volume fraction, a weak or one-way coupling

strategy is adopted. In contrast, under high-concentration conditions, two-way coupling is employed,

with particle momentum fed back to the fluid-phase source term SDEM. In the present study, due to the

relatively high particle concentration, a two-way coupling strategy is adopted throughout the simulations,

with particle momentum exchange fed back to the fluid phase via the source term SDEM.

(2) Contact Force Model

Particle–particle and particle–wall contacts are modeled using the Hertz–Mindlin contact model to

describe normal and tangential contact behaviors. The normal contact force is described by the Hertzian

contact model, expressed as:

𝐹𝑛 = 𝑘𝑛𝛿
3/2

𝑛
+ 𝑐𝑛

⋅

𝛿𝑛 (6)

where 𝑘𝑛 denotes the normal contact stiffness, which is determined by the Young’s modulus, Poisson’s ratio,

and equivalent radius of the contacting particles; 𝛿𝑛 represents the normal overlap; and 𝐶𝑛 denotes the

normal damping coefficient, which is calculated based on the target restitution coefficient e and the critical

damping ratio. For rigid particles, a relatively large value of 𝑘𝑛, s is adopted to promote the formation of

a stable force-bearing skeleton, whereas for elastic particles, 𝑘𝑛 is appropriately reduced to reflect their

deformable characteristics.

(3) Tangential Contact Force (Mindlin–Deresiewicz Model)

𝐹𝑡 = min(𝑘𝑡𝛿𝑡 + 𝑐𝑡𝛿𝑡 , 𝜇𝐹𝑛) (7)

where 𝑘𝑡 denotes the tangential contact stiffness, which is typically taken as 𝑘𝑡 ≈ (2/7)𝑘𝑛 or specified

based on material properties; 𝑐𝑡 denotes the tangential damping coefficient; and 𝜇 represents the friction
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coefficient, which is assigned according to particle surface roughness and the material properties of the tool

or wellbore wall. The tangential contact force is constrained by the Coulomb friction criterion, |𝐹𝑡 | ≤ 𝜇𝐹𝑛,

thereby governing particle sliding and sticking behavior.

(4) Rolling Resistance and Rotational Friction

To more accurately describe stable particle packing and bridge formation within narrow annuli, a

rolling resistance model is introduced, expressed as:

𝑀𝑟= 𝜇
𝑟
𝐹𝑛𝑅𝑒𝑓 𝑓 (8)

where 𝜇𝑟 denotes the rolling friction coefficient, and 𝑅𝑒𝑓 𝑓 represents the effective radius. An appropriate

level of rolling resistance suppresses excessive particle rolling, thereby enhancing the stability of already

formed bridging structures; for fibrous or irregular particles, a relatively larger value of 𝜇𝑟 is adopted.

2.1.3 Particle–Fluid Coupling

The fluid drag force is calculated based on the local flow field provided by ANSYS Fluent and is

expressed as:

𝐹𝑑𝑟𝑎𝑔 =

1

2

𝐶𝐷𝜌𝐴𝑝
|
|
𝑢 − 𝑣𝑝

|
|(
𝑢 − 𝑣𝑝) (9)

where 𝜌 and u denote the fluid density and velocity, respectively, consistent with Eqs. (1) and (2). Ap represents

the projected area of the particle, and u denotes the local fluid velocity at the particle-containing cell. The drag
coefficient𝐶𝐷 is selected according to appropriate correlations (e.g., theMorsi–Alexander or Gidaspowmodels)

based on the particle Reynolds number and fluid rheological properties, with non-Newtonian effects corrected

when necessary. Fibrous “sphere-chain” particles are represented by assemblies of bonded sub-spheres, with

fluid and contact forces applied to each sub-sphere, while overall motion is enforced through rigid constraints.

At each coupling time step, the local velocity field and fluid properties are transferred from Fluent to

the DEM solver for the calculation of fluid forces acting on particles. The reaction forces computed by DEM

are volume-averaged and returned as the source term SDEM, thereby achieving two-way coupling between

the fluid and particle phases and explicitly capturing particle transport, local retention, and progressive

bridge formation under different formulations and operating conditions.

3 Model Construction and Validation

3.1 Wellbore Geometry and Model Construction

The localized geometric model of the drilling tool filter was constructed based on the structural

parameters of a field-deployed 5-in. drill pipe filter (see Fig. 1). The filter body is composed of a tapered

cylindrical section and inflow channels, with the outer diameter progressively decreasing from the inlet to

the outlet. Uniformly distributed circular holes are arranged along the filter body, serving as the primary

pathways for fluid and particle passage. In the numerical model, the total filter length, inlet and outlet

diameters, taper length, hole diameter, and hole spacing were strictly reproduced according to the design

drawings, ensuring that the minimum flow area matched that of the actual tool. To reduce computational

cost and emphasize localized features most critical to passability, minor structural details, such as threaded

connections, were appropriately simplified. The filter, together with adjacent upstream and downstream

drill pipe segments, was incorporated into a representative annular flow domain to simulate the transport,
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retention, and bridging behavior of multicomponent lost circulation materials around this typical constricted

and perforated structure.

As a critical flow-restricting component in the RSS bottom-hole assembly, the filter section forms the

narrowest annular gap with the surrounding borehole, making it a key region for evaluating the passability

of multicomponent LCMs and assessing potential blockage risks.

Figure 1: Geometry of the 5
′′
drill pipe filter used for CFD–DEM simulations.

This Fig. 1 illustrates a simplified geometric schematic of a 5-in. drill pipe screen used in CFD–DEM

numerical simulations. The screen is composed of a left-side connection segment, a tapered conical filtering

section, and a right-side outlet segment, with an overall length of approximately 552 mm. The outer

diameter is 104 mm at the inlet end and 37 mm at the outlet end. A series of circular perforations with

a diameter of 5 mm is arranged along the midsection of the conical segment, serving as the primary

fluid inlet channels. This region represents a critical zone in which lost circulation materials are prone

to retention and bridging. In the diagram, the black outlines delineate the external profile of the screen,

red annotations indicate key structural dimensions, and the blue perforations highlight flow-restricting

regions of interest for analyzing the passability of multicomponent lost circulation materials during drilling

operations. For detailed numerical investigation, a localized segment corresponding to the potential

blockage zone is extracted from this structure (see Fig. 2). The geometry in Fig. 2 is therefore intentionally

simplified and does not represent the full-scale configuration, but rather a representative region used to

improve computational efficiency and better capture the blockage mechanisms.

The Fig. 2 illustration illustrates a simplified schematic of a 5-in. drill pipe screen geometry used in

CFD–DEM numerical simulations. The screen assembly is composed of a left-side connection segment, a

tapered conical filtering section, and a right-side outlet segment, with an overall length of approximately

552 mm. The outer diameter is 104 mm at the inlet and 37 mm at the outlet. A series of circular perforations

with a diameter of 5 mm is arranged along the mid-region of the conical segment, serving as the primary

inflow pathways and representing critical zones prone to particle accumulation and bridging of lost circulation

materials. In the diagram, black lines delineate the external contour of the screen, red annotations indicate

key structural dimensions, and blue circles highlight restricted flow regions relevant to the analysis of

multicomponent lost circulation material transportability during drilling operations. The geometric model

was constructed at a 1:1 scale with respect to the actual tool dimensions. The overall computational domain

measures 0.0446 m × 0.1805 m × 0.0446 m, containing 54,891 boundary faces and 61,478 boundary nodes.



Fluid Dyn Mater Process. 2026;22(5):8 7

 

Figure 2: Geometry and finite-element mesh of the while-drilling directional tool.

To ensure that the numerical results are independent of mesh resolution, a mesh sensitivity analysis

was conducted. Three mesh densities were generated, including coarse, medium, and fine grids, with

approximately 0.82 million, 1.53 million, and 2.28 million cells, respectively. A representative operating

condition (particle diameter of 2.6 mm, total LCM volume fraction of 15%, and inlet velocity of 1.0 m/s) was

selected to evaluate the effect of mesh refinement. Key variables, including pressure drop and average flow

velocity, were monitored, as summarized in Table 1. As the mesh was refined from medium to fine, the

variation in pressure drop was less than 2%, and the variation in average flow velocity was approximately 1%.

These results indicate that the numerical solution has achieved mesh-independent convergence. Therefore,

the medium mesh was adopted for all subsequent simulations to ensure a balance between computational

efficiency and numerical accuracy.

Table 1: Mesh sensitivity analysis.

Mesh Level Number of Cells Variation (%) Average Velocity (m/s) Variation (%)

Coarse 0.82 million – 1.61 –

Medium 1.53 million 2.48% 1.65 2.42%

Fine 2.28 million 1.22% 1.67 1.20%

3.2 Boundary Conditions

To characterize the flow behavior and passability of multi-component LCMs under typical drilling

conditions, a velocity inlet boundary condition is applied at the screen entrance, with simultaneous

specification of the total particle volume fraction and particle-size distribution. Specifically, the fluid

properties were selected with reference to the field-applied drilling fluid system in the third drilling section
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of the Ledong block, China. The fluid density was set to 1500 kg/m
3
, and an apparent viscosity of 0.03 Pa⋅s

at a representative shear rate was used as a reference value. The full non-Newtonian rheological behavior

was obtained from laboratory measurements and described by the Herschel–Bulkley model. The total

LCM volume fraction is set within the range of 5–25%, with five representative values (5%, 10%, 15%,

20%, and 25%) selected to represent scenarios ranging from conventional preventive dosing to extreme

high-concentration loss-control operations. Under each condition, multicomponent particles (rigid, elastic,

and fibrous) are introduced uniformly and randomly at the inlet cross-section according to predefined

volume-fraction ratios, while maintaining a constant injection rate [24,25]. The inlet superficial velocity uin

is assigned several representative values within the range of 1.0–3.0 m/s, corresponding to a field pumping

rate of approximately 15–35 L/s for a 5
′′
drill pipe section. This ensures that the numerical simulations are

both engineering-representative and sufficiently sensitive to capture particle accumulation and bridging

tendencies. A no-slip boundary condition is applied to the tool and screen surfaces, and a 150 rpm axial

rotation is incorporated in selected cases to account for shear effects during drilling. The gravity term

is activated in the simulations to account for potential particle settling and local enrichment of different

particle sizes in low-velocity regions [26,27].

The above inlet conditions and parameter configurations, with key parameters summarized in Table 2,

provide a consistent and reproducible simulation framework for the subsequent systematic analysis of the

effects of LCM concentration, particle-size distribution, and flow rate on material passability.

Table 2: Input parameters of CFD-DEM numerical simulation.

DEM Parameters Values CFD Parameters Values

Particle diameter (mm) 1.2~3.2 Fluid density (kg/m
3
) 1500

Particle density (kg/m
3
) 2000 Fluid dynamic viscosity (Pa⋅s) 0.03

Particle Young’s modulus (Pa) 1.0 × 10
8

Inlet superficial velocity (m/s) 1.0

Particle Poisson’s ratio 0.30 Outlet boundary Pressure outlet

Particle–particle static friction coefficient 0.70 Gravity acceleration (m/s
2
) 9.81

Particle–particle dynamic friction coefficient 0.50 Tool rotation speed (rpm) 0 or 150

Particle–wall restitution coefficient 0.30 Total LCM volume fraction (%) 5–25

Particle–wall static friction coefficient 0.90

Particle–wall dynamic friction coefficient 0.60

3.3 Model Validation

To further validate the CFD–DEMmodel, a visualization experiment was carried out using a transparent

filter screen section corresponding to the computational domain. The pressure drop reported in Fig. 3

refers to the pressure difference between the inlet and outlet boundaries of the test section associated with

the potential blockage zone. The experimental model was constructed at a 1:1 scale with the simulated

geometry. In both the experiment and the CFD–DEM simulation, the particle diameter was set to 2.6 mm,

the concentration of multicomponent LCMs was 15%, the inlet fluid velocity was 1.0 m/s, and the fluid

dynamic viscosity was 0.03 Pa⋅s. Under identical operating conditions, the temporal evolution of pressure

drop was recorded and compared with the numerical results.
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Figure 3: Comparison of experimental measurements and CFD–DEM simulations of pressure drop evolution during

screen blockage.

As illustrated in Fig. 3, the time evolution of pressure drop during screen clogging obtained from

experiments and CFD–DEM simulations is compared. Strong agreement is observed in the overall trend and

key phase characteristics. In the initial stage (0–4 s), the pressure drop increases gradually, corresponding

primarily to particle entry into pore throats and dispersed deposition. The experimental and simulated

curves are nearly coincident during this period. Subsequently (approximately 4–7 s), the pressure drop

rises rapidly, indicating the formation of bridging structures at the screen pores and the onset of localized

clogging. The numerical simulation predicts the sharp increase in pressure drop slightly earlier than that

observed experimentally, but the discrepancy remains minor. In the final stage, the pressure drop stabilizes,

and the simulated steady-state pressure drop is consistent with the experimental measurement, indicating

that the CFD–DEM model can reasonably capture the flow-restricted behavior after clogging structure

formation. Overall, the CFD–DEM model demonstrates satisfactory capability in predicting the temporal

evolution of pressure drop during screen clogging, thereby validating its effectiveness in simulating localized

clogging and bridging dynamics.

4 Results and Discussion

4.1 Flow Field and Particle Migration Characteristics under Typical Operating Conditions

Under typical operating conditions, a numerical investigation was conducted to examine the structure

of the fluid flow field and particle migration behavior, with particular emphasis on the spatial distribution

of distinct flow regions under plugged and unplugged conditions and their influence on particle motion.

The primary focus includes the formation characteristics of the mainstream zone, recirculation zone, and

low-velocity stagnant zone, as well as particle migration paths, accumulation locations, and evolution
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processes within these flow regions. This analysis provides a basis for elucidating the coupling mechanisms

between the flow field and particle migration behavior.

In addition to the particle trajectories, the fluid-flow field in the screen section exhibits clear spatial

heterogeneity due to the combined effects of geometric contraction and perforated-wall disturbance. The

central region of the tool forms the mainstream zone, where the axial velocity remains relatively high and

provides the dominant transport capacity for the particles. In contrast, near the perforated wall and in

the vicinity of abrupt geometric transitions, local low-velocity and disturbed-flow regions develop. These

regions weaken the local carrying capacity of the fluid and increase the residence time of particles, thereby

creating favorable conditions for particle deviation, transient retention, and subsequent accumulation.

As illustrated in Fig. 4, the lost circulation particles system is released from the upper region of the

tool, which simultaneously functions as both a particle generation zone and an initial transport zone. The

particle size distribution is designed based on the ideal packing theory to characterize the differential

migration behavior of particles of varying sizes under the influence of the flow field. Driven by fluid

flow, the particles travel along the main flow direction into the internal pore structure of the tool and

progressively migrate toward narrow channel regions prone to blockage. By observing the trajectories

and spatial distribution of the particles within the tool, an analysis is conducted to determine whether the

particles can pass through the tool structure unobstructed or if they tend to accumulate and cause clogging

at the tool tip or pore-throat sections.

 

Figure 4: Flow regions of while-drilling lost circulation materials passing through downhole tools.

4.1.1 Particle Migration and Evolution under Unplugged Conditions

Fig. 5 shows the transient evolution of particle transport in the drill pipe screen section under unplugged

conditions. At the initial stage, lost circulation particles enter the tool and move predominantly downward

along the main flow direction with relatively high translational velocity under the drag of the carrier

fluid. In the upstream section, particle distribution remains relatively uniform, and their motion is mainly

governed by convective transport, with weak particle–particle and particle–wall interactions. As the
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particles migrate downstream, geometric contraction, perforated-wall disturbance, and local structural

discontinuities give rise to localized low-velocity or weakly disturbed-flow regions near the screen holes

and wall surfaces, causing minor trajectory deflections and short-term particle retention. Consequently, a

particle-rich zone may temporarily develop in the vicinity of the perforated section, where local particle

mobility is reduced. However, due to the persistence of a continuous high-velocity transport channel

through the main flow passage, most particles are readily re-entrained into the mainstream under fluid

shear and drag forces. High-velocity particles are therefore mainly concentrated in the central flow channel,

whereas low-velocity particles are distributed near wall surfaces and localized disturbed regions. Although

some retained particles appear near the lower part of the screen section in the later stage, no stable

load-bearing contact network or persistent bridging structure is formed at the tool tip or pore throats. This

indicates that the low-velocity regions remain limited in both size and intensity, and the carrying capacity

of the mainstream is still sufficient to maintain overall particle passability through the screen structure

under the present operating conditions.

 

Figure 5: Simulated process of while-drilling lost circulation materials passing smoothly through the tool structure.

(a) t = 0.00 s, (b) t = 0.10 s, (c) t = 0.20 s, (d) t = 0.30 s, (e) t = 0.40 s.

As illustrated in Fig. 6, during the passage of lost circulation materials through the tool under drilling

conditions, the average axial velocity and static pressure exhibit distinct transient responses followed by

stabilization. In the initial phase (t < 0.1 s), the average static pressure rapidly increases from near zero

to approximately (1.4–1.6) × 10
4
Pa and quickly stabilizes, indicating that the pressure field within the

tool flow channels is established within a short duration. Concurrently, the average axial velocity exhibits

pronounced fluctuations during this initial stage, reaching an instantaneous peak of approximately −0.06 m/s,

followed by rapid attenuation. Between 0.2 s and 1.0 s, the average axial velocity decreases to approximately

−0.01 to −0.02 m/s, reflecting flow disturbances induced by particles passing through pore throats and

structurally discontinuous regions. With further progression in time (t > 1.0 s), the average axial velocity

gradually stabilizes at approximately −0.025 to −0.030 m/s, while the average static pressure remains steady



12 Fluid Dyn Mater Process. 2026;22(5):8

at around 1.5 × 10
4
Pa, exhibiting only minor fluctuations. These findings indicate that under non-plugging

conditions, particle passage induces only transient perturbations in the flow field, while themain flow channels

remain continuously unobstructed, and the overall flow maintains a stable transport regime.

 
Figure 6: Evolution characteristics of flow velocity and pressure during the passage of while-drilling lost circulation

materials through the tool.

4.1.2 Particle Flow Rate Evolution under Plugged Conditions

The transition from smooth particle transport to blockage is closely associated with the progressive

redistribution of the local fluid-flow field within the tool. As illustrated in Fig. 7, under plugged conditions,

lost circulation particles gradually accumulate in the lower perforated section and near the tool tip,

reducing the effective flow area and forcing the carrier fluid to pass through fewer remaining open

channels. As a result, the velocity contrast between the residual high-speed flow paths and the surrounding

low-velocity particle-rich regions becomes increasingly pronounced. During the initial stage, particles can

still enter the tool interior under fluid drag; however, their velocities decrease significantly near pore throats

and geometrically abrupt regions, leading to the gradual expansion of low-velocity particle zones. As particle

retention intensifies, these regions progressively evolve into a dense retained particle bed in the lower

section of the tool, where particle mobility is markedly reduced. At this stage, particle transport is no longer

governed primarily by fluid drag, but increasingly controlled by persistent particle–particle contacts,

particle–wall friction, and local structural constraints. The main flow channel is therefore progressively

constricted, while enhanced contact interactions shift the transport mechanism from fluid-driven migration

to a contact-dominated, load-bearing state. In the final stage, a stable low-velocity accumulation zone is

formed in the lower part of the tool, and downward particle migration nearly ceases, indicating that a

stable sealing structure has been fully established. These results demonstrate that blockage development

in the tool is essentially a coupled hydrodynamic–contact-mechanical process rather than a simple static

deposition phenomenon.
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Figure 7: Simulated process of while-drilling lost circulation materials failing to pass through the tool structure.

Fig. 8 further reveals the hydrodynamic response associated with blockage development inside the

tool. Under conditions where the while-drilling lost circulation materials cannot pass smoothly through

the screen section, the average axial velocity and static pressure exhibit evolution characteristics distinctly

different from those under unplugged conditions. During the initial stage (t < 0.05 s), the average static

pressure rises rapidly from near zero to approximately (1.8–2.0) × 10
4
Pa, followed by a decrease and

stabilization within the range of (1.2–1.4) × 10
4
Pa, reflecting a transient pressure response induced by flow

restriction after particle ingress. Meanwhile, the average axial velocity increases sharply to a transient peak

of about −0.05 m/s and remains within −0.03 to −0.04 m/s during 0.05–0.25 s.

Figure 8: Evolution of flow velocity and pressure during failed passage of while-drilling lost circulation materials

through the tool.
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As the sealing structure progressively develops (t ≈ 0.3–0.5 s), the average axial velocity rises further

to approximately −0.08 to −0.09 m/s and then fluctuates around this level. This sustained increase in local

velocity does not indicate improved transportability; rather, it reflects the progressive reduction of the

effective flow area and the concentration of fluid flow into a limited number of residual narrow channels

after partial blockage has formed. Correspondingly, the pressure response indicates that the dominant flow

resistance is gradually transferred from distributed minor losses to localized constriction-controlled losses.

These results demonstrate that blockage initiation is accompanied by a fundamental restructuring of the

internal flow field, in which the transport mode shifts from continuous bulk passage to confined channel

flow, and the sealing effect is progressively established and stabilized.

4.1.3 Local Particle Bridging Formation and Pressure Drop Response in Narrow Regions

As illustrated in Fig. 9, within a confined region, lost circulation particles progressively accumulate

and form localized bridging structures during transport with the drilling fluid. The local pressure and

tool structural stress exhibit a distinct stage-wise evolution. During the initial sealing phase (t < 0.1 s),

the maximum local static pressure increases rapidly to approximately (3–4) × 10
4
Pa, reflecting a sharp

increase in flow resistance caused by the constriction of flow passages. As the bridging structure stabilizes

(t ≈ 0.1–0.4 s), the local maximum static pressure further increases and reaches a plateau at approximately

5 × 10
4
Pa. Concurrently, pronounced stress concentration is observed in the tool structure within the

constricted zone, with high stress primarily distributed at particle–tool contact interfaces. These results

indicate that geometric constraints imposed by the narrow flow channel provide favorable spatial conditions

for directional particle accumulation, promoting the progressive establishment of local bridging structures.

This process directly induces a rapid increase in flow resistance, manifested as a sharp rise in local pressure.

Figure 9: Evolution of local pressure and tool stress during particle plugging in narrow regions.

Combined with the evolution of local pressure, the normal-force response further reveals the microscale

mechanical process of bridging formation in the constricted region. As shown in Fig. 10, the development

of plugging can be divided into four successive stages: particle migration toward the narrow section,

local accumulation induced by flow deceleration, rapid particle rearrangement accompanied by strong

contact-force fluctuations, and eventual stabilization into a force-chain-supported load-bearing structure.
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During the initial stage (t ≤ 0.2 s), the normal force exhibits pronounced fluctuations, reaching a peak value

of approximately 8 × 10
−4

N. This stage corresponds to the rapid aggregation and rearrangement of particles

within the constricted region, as evidenced by the locally enlarged particle distribution shown on the right

side of Fig. 10. As particles migrate into the narrow flow channel, interparticle contact and compressive

interactions intensify rapidly, leading to frequent collisions, force redistribution, and sharp oscillations

in the normal force. With the progressive formation of a local bridging structure, the particle contact

network gradually evolves from transient collision-dominated interactions to a relatively balanced force

state. Consequently, the fluctuation amplitude of the normal force decreases and eventually approaches

a stable plateau, indicating that the local contact network has developed into a mechanically stabilized

load-bearing skeleton. These results indicate that plugging formation is not a simple deposition process,

but a contact-mechanical evolution driven by pressure redistribution and particle interactions.

Figure 10: Evolution of local pressure and internal structural stress during particle plugging in narrow regions.

4.2 Effects of Particle Size and Concentration on Plugging Risk in While-Drilling Tools

4.2.1 Different Passability States of While-Drilling Lost Circulation Materials Inside the Tool

As illustrated in Fig. 11, a comparative analysis was performed on the temporal evolution of the average

axial velocity under three typical passability states of while-drilling lost circulation materials: free-flow,

close toplugging, and plugging. All three states exhibit distinct velocity peaks during the initial transient

phase (t < 0.1 s), but marked differences are observed in their subsequent evolution.

Under free-flow conditions, the average axial velocity exhibits a brief initial peak, reaching approximately

−0.9 m/s, followed by rapid decay toward zero. This behavior indicates that particles pass smoothly through

the tool structure without inducing sustained blockage in the main flow channel, allowing the flow field

to rapidly return to a stable transport state. In the near-plugging state, the initial velocity peak increases

significantly, reaching approximately −1.5 to −1.6 m/s. Although the velocity decreases rapidly thereafter, it

remains at a low but non-zero level (approximately −0.05 m/s) in the subsequent phase. This pattern suggests

that particles induce significant disturbances within the narrow regions of the tool, leading to markedly

reduced passability; however, a fully stabilized plugging structure has not yet formed.



16 Fluid Dyn Mater Process. 2026;22(5):8

Figure 11: Different passability states of while-drilling lost circulation materials within the tool.

In contrast, under plugging conditions, the initial transient velocity peak reaches the highest value,

exceeding −1.7 m/s. Subsequently, the average axial velocity does not decay toward zero but gradually

increases and stabilizes at approximately −1.6 m/s. This observation indicates that, as the plugging structure

forms, the effective flow area inside the tool is significantly reduced. Consequently, the fluid is forced

through the remaining narrow channels, resulting in a persistently elevated local flow velocity, which

reflects the characteristic flow behavior of a constricted channel.

4.2.2 Risk Assessment of Particle Passage through While-Drilling Tools for Different Particle Sizes and
Concentrations

As illustrated in Fig. 12, a zonal assessment of plugging risk was performed based on the passability

performance of LWD tools under varying particle sizes and concentrations. The results delineate three

distinct risk zones: the Safe Zone, Transition Zone, and High-Risk Zone. The findings indicate a significant

coupled effect between particle size and concentration on plugging risk. For smaller particle sizes

(approximately 1.2–1.6 mm), the system remains within the Safe Zone when the particle concentration

is below approximately 10%–15%. As the concentration increases to approximately 20%–30%, the system

transitions into the Transition Zone, and when the concentration exceeds approximately 30%–35%, it enters

the High-Risk Zone. With increasing particle size, the plugging risk zones shift markedly toward lower

concentration ranges. At particle sizes of 2.0–2.5 mm, the Safe Zone is restricted to low concentrations of

≤5%–8%. When the particle size further increases to ≥2.8 mm, the system tends to enter the Transition

Zone or even the High-Risk Zone, even at relatively low concentrations. Overall, the plugging risk of LWD

tools is jointly governed by particle size and concentration, exhibiting a clear coupling relationship. An

increase in particle size significantly narrows the safe operating window, thereby heightening the plugging

risk even under lower concentration conditions. This provides a quantitative basis for optimizing particle

size distribution and dosage control of lost circulation materials in LWD operations.
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Figure 12: Risk assessment of particle passage through while-drilling tools for different particle sizes and concentrations.

4.3 Effects of Multimodal Particle Size Distributions on Plugging Risk in While-Drilling Tools

Fig. 13 illustrates the particle migration and accumulation behaviors of multimodal particle size

distributions during passage through the while-drilling tool. The parameter η is introduced to characterize

particle transport efficiency and the associated plugging risk of the downhole tool during drilling operations,

as defined in Eq. (10). A higher value of η indicates that only a small proportion of particles entering the tool

are successfully discharged, implying an elevated risk of particle retention and clogging within the tool.

η =

Nin

Nout

(10)

where Nin denotes the total number of particles entering the downhole tool, and Nout represents the total

number of particles exiting the tool.

 

Figure 13: Analysis of particle migration states during passage through the tool.
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A comparative evaluation of the transportability of the lost circulation material system within the

downhole tool was conducted using various particle size distributions listed in Table 3.

Table 3: Passability evaluation of while-drilling LCM systems with monomodal and multimodal particle size

distributions in while-drilling tools.

Type Particle Size Combination (mm) Passability State

Monomodal particle size 2.1 High risk

Trimodal particle size combination 2.1-0.8694-0.4725 Low risk

Fig. 14 presents a comparative analysis of the transport efficiency evolution under two distinct systems:

monomodal (“Single Particles”) and multimodal (“Multiple Particles”) particle systems. Both systems

exhibit an initial peak in entry efficiency during the transient phase (t < 0.1 s); however, their subsequent

evolutionary trends differ markedly.

Figure 14: Transport efficiency of monomodal and multimodal particle size combinations in the tool.

In the monomodal particle system, the peak entry efficiency ranges from approximately 0.03% to 0.035%,

after which it rapidly declines toward zero. This behavior indicates that monodisperse particles are prone to

accumulation within narrow sections of the tool, making the establishment of a sustained flow path difficult. In

contrast, the multimodal particle system exhibits a higher initial peak, reaching approximately 0.05%–0.055%,

with entry efficiency remaining stable over a prolonged period within the range of 0.03%–0.06%. A maximum

efficiency of nearly 0.07% is attained at t ≈ 0.8–1.2 s. These observations suggest that cooperative interactions

among multi-scale particles contribute to maintaining a stable flow passage. Overall, the results demonstrate

that multimodal particle blends significantly enhance overall particle transport capability within the tool, not

only increasing the peak entry efficiency but also extending the duration of effective transport.
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As illustrated in Fig. 15, under both monomodal and multimodal particle size distribution conditions,

the average fluid velocity inside the tool exhibits a pronounced surge during the initial transient phase

(t < 0.1 s), albeit with significant differences in peak magnitude. Under the monomodal particle size

condition, the peak average fluid velocity approaches approximately 2.0 m/s and subsequently decays

rapidly, indicating that uniform-sized particles tend to induce localized flow constriction in narrow regions

of the tool, thereby generating transient high-velocity flow. In contrast, under multimodal particle size

conditions, the peak velocity is markedly lower, reaching approximately 0.9–1.0 m/s, accompanied by

faster attenuation and improved flow-field stability. These findings demonstrate that multimodal particle

size distributions effectively suppress transient high-velocity flow inside the tool, thereby enhancing flow

stability and reducing the risk of clogging.

Figure 15: Average fluid velocity inside the tool under monomodal and multimodal particle size conditions.

4.4 Effects of Irregular Particle Characteristics on Plugging Risk in While-Drilling LCM Systems

4.4.1 Transportability of Irregular Particles in Downhole Tools

In practical engineering applications, LCMs often exhibit irregular morphologies, pronounced edges,

and rough surfaces, which distinguish their geometric configurations and contact behaviors from those of

idealized spherical particles. Irregular particles are more prone to constrained rotation and multi-point

contact during transport, thereby enhancing interparticle force-chain formation. This, in turn, alters

particle migration, accumulation, and bridging behaviors within the confined geometries of downhole tools,

significantly influencing tool passability and plugging risk. Consequently, the characteristics of irregular

particles must be incorporated to systematically evaluate their impact on particle transport behavior and

plugging risk in drilling tools. Relevant numerical simulation results are summarized in Table 4.
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Table 4: Influence of particle irregularity on transportability of while-drilling LCM systems in downhole tools.

Particle Type Particle Composition Passability State
Spherical Particles/% Irregular Particles/%

Spherical particles 100 0 Transition Zone

Spherical/dodecahedral particles 50 50 High-Risk Zone

Fig. 16 compares the evolution of the flow field and particle transport behavior within the downhole tool

under spherical and irregular particle conditions. Under both conditions, a pronounced velocity surge and

a particle discharge peak are observed during the initial stage (t < 0.05 s), reflecting transient disturbances

of the flow field as particles enter the narrow sections of the tool. However, significant differences emerge

in flow-field stability and sustained particle transport capacity as the process evolves.

  
Figure 16: Transport efficiency of monomodal and multimodal particle size combinations in the tool.

Under spherical particle conditions, the average fluid velocity inside the tool rapidly recovers and

stabilizes at approximately 1.6–1.7 m/s, accompanied by an initial particle discharge peak of about 5000,

which subsequently levels off at 600–700. This behavior indicates that spherical particles exhibit enhanced

rolling and rearrangement capabilities, facilitating the maintenance of continuous primary flow channels

and thereby supporting steady and sustained particle discharge. In contrast, under irregular particle

conditions, the stabilized fluid velocity is substantially lower, reaching only approximately 0.9–1.0 m/s, with

a slower recovery process. The particle discharge peak is also markedly reduced (approximately 3000–3500)

and further declines to 100–200 during the steady phase, indicating a pronounced weakening of particle

transport capacity.

Overall, irregular particles, due to their complex morphology, restricted rotation, and enhanced

multi-point contacts, are more prone to forming localized stagnation zones and restricted flow paths

within the tool. This behavior results in reduced flow passability and diminished continuous discharge

capacity, thereby substantially increasing the risk of tool blockage. These findings underscore that particle

morphological characteristics constitute a critical factor influencing passage efficiency and plugging risk of

downhole tools.

4.4.2 Increase in Frictional Resistance Induced by Irregular Particles

As illustrated in Fig. 17, the evolution characteristics of the normal force within the force chain of

the granular system were compared under conditions involving spherical particles and irregular particles.
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Under the spherical particle condition, the normal force of the force chain stabilizes at approximately

0.009–0.010 N within a short period, exhibiting relatively minor fluctuations overall. This indicates that the

particle interactions are dominated by point contacts, resulting in a relatively simple contact network and

limited internal friction effects. In contrast, under the irregular particle condition, the normal force of the

force chain increases significantly, stabilizing at approximately 0.017–0.020 N, approximately 1.7 to 2.0 times

that observed with spherical particles. Moreover, even during the stable phase, pronounced fluctuations

persist, reflecting a more complex and dynamically active particle contact network.

  

 
Figure 17: Increase in friction induced by the inclusion of irregular particles.

Due to the presence of pronounced edges and complex morphology, irregular particles are more prone

to forming multi-point contacts and interlocking structures, thereby constructing a more continuous and

higher-strength force chain network in localized regions. At the same time, the inclusion of irregular

particles also intensifies the frictional interaction between particles and the well wall, as their angular

features and uneven surfaces increase contact opportunities and mechanical interlocking with the wall

boundary. Therefore, the involvement of irregular particles significantly enhances both inter-particle

internal friction and particle–wall friction, strengthening force transmission and resistance to motion

within the granular system. This is one of the key microscopic mechanisms leading to restricted flow,

increased particle retention, and a heightened risk of clogging in engineering equipment.
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4.5 Effects of Fiber Inclusion on Plugging Risk in While-Drilling Tools

4.5.1 Effect of Fiber Inclusion on the Passability of While-Drilling Lost Circulation Materials in the Tool

Building upon the aforementioned analysis of particle size distribution, gradation, and morphological

characteristics, fiber components were further introduced to investigate their effects on the passability and

plugging risk of lost circulation materials in while-drilling tools. As high-aspect-ratio components, fibers are

prone to orientation, bending, and entanglement during flow, which may significantly alter the structural

characteristics and flow behavior of the particle system, thereby exerting a dual effect on tool passability.

Accordingly, under identical spherical particle size gradation conditions (1.9 mm–0.7866 mm–0.4275 mm),

fibers with varying lengths were incorporated while maintaining a constant fiber volume fraction. A

comparative assessment of the passability performance of the lost circulation system within the tool was

conducted, and the results are summarized in Table 5.

Table 5: Passability of while-drilling LCM systems with particle irregularity in while-drilling tools.

While-Drilling LCM System
Particle Composition

Passability State
Spherical Particles/% Fibers/%

Spherical particles (1.9 mm-0.7866 mm-0.4275 mm) 100 0 Safe

Spherical particles (1.9 mm-0.7866 mm-0.4275 mm)/fibers (3 mm) 95.5 4.5 Transition Zone

Spherical particles (1.9 mm-0.7866 mm-0.4275 mm)/fibers (5 mm) 95.5 4.5 High-Risk Zone

As illustrated in Fig. 18, a comparative analysis was conducted to examine the transport behavior of

lost circulation materials through the tool under three distinct conditions: no fiber, 3 mm fibers, and 5 mm

fibers. Under all conditions, a transient peak is observed during the initial phase (t < 0.05 s), indicating

transient flow disturbances as the system enters the narrow section of the tool. In the absence of fibers, the

average fluid velocity inside the tool rapidly recovers and stabilizes at approximately 1.6–1.7 m/s, indicating

favorable transport characteristics of the system. In contrast, fiber inclusion results in a significant reduction

in steady-state flow velocity, which decreases to approximately 0.5–0.55 m/s with 3 mm fibers and further

diminishes with 5 mm fibers. This behavior suggests that fiber inclusion substantially impedes fluid transport.

 
Figure 18: Fluid velocity and average discharged particle velocity inside the tool under different fiber types.

Variations in the number of discharged particles are consistent with the observed velocity response.

Compared to the fiber-free condition, the presence of fibers increases the likelihood of particle retention
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and accumulation within the tool, an effect that becomes more pronounced with increasing fiber length. In

particular, under the 5 mm fiber condition, pronounced particle–fiber entanglement is observed, thereby

substantially increasing the risk of tool blockage.

4.5.2 Increase in Internal Friction Induced by Fibers

As illustrated in Fig. 19, a comparative analysis is presented of the temporal evolution of normal

force within force chains under three conditions: without fibers, with 3 mm fibers, and with 5 mm fibers.

In all three scenarios, a pronounced peak is observed during the initial stage (t < 0.05 s), reflecting the

rapid establishment of contact networks as the granular–fiber system enters the constrained region of the

tool. In the absence of fibers, the normal force within force chains stabilizes at approximately 0.55–0.60 N

following transient fluctuations, with relatively small amplitude variations, indicating that interparticle

contacts remain relatively loose and the internal friction level is low. With fiber inclusion, the normal force

within the system increases significantly, stabilizing at approximately 0.70 N with 3 mm fibers and further

rising to approximately 1.1–1.2 N under 5 mm fiber conditions, where considerable fluctuations persist

even in the steady state. Combined with the granular–fiber contact diagrams and force-chain distributions

shown on the right, it is evident that fiber inclusion promotes the formation of more continuous and

densely distributed force-chain networks among particles. Longer fibers are more prone to entanglement

and interlocking with multiple particles, thereby substantially enhancing internal friction and load-transfer

capacity within the granular system. This increase in internal friction restricts relative particle motion, serving

as a critical microscale mechanism responsible for flow restriction and elevated plugging risk inside the tool.

 
 

Figure 19: Increase in internal friction induced by fiber participation.

5 Conclusions

In this study, a CFD–DEM approach was developed to simulate the transport behavior of while-drilling

lost circulation materials (LCMs) in directional tools and was validated through visualization experiments,

demonstrating its capability to capture particle accumulation and pressure evolution during bridging

formation. The results indicate that the transition from stable transport to plugging is governed by the

combined effects of particle size and concentration. Particles smaller than approximately 1.6 mm can pass

through the tool smoothly over a wide concentration range, whereas particles larger than about 2.5–2.8 mm

may cause plugging even at relatively low concentrations, significantly reducing the safe operating window.

Multimodal particle size distributions help maintain flow continuity and improve discharge stability, with

transport efficiency remaining within 0.03–0.07% during steady flow. Irregular particles increase force-chain

intensity to approximately 1.7–2.0 times that of spherical particles, enhancing particle interlocking and
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restricting rearrangement. Fiber inclusion further modifies the flow structure, reducing the average fluid

velocity to less than 40% of that observed without fibers and increasing flow resistance. From an engineering

perspective, these results suggest that reliable passability of directional drilling tools can be achieved by

controlling the particle size below about 2 mm, maintaining the LCM concentration within a moderate range,

adopting graded particle systems, and carefully limiting the fiber content. These findings provide practical

guidance for optimizing the particle size range, concentration, and grading strategy of while-drilling LCMs.

More importantly, the present work provides a clearer basis for the practical use of while-drilling LCMs

by helping define the safe operating limits of particle size and concentration, thereby enabling higher

LCM loading within the safe passability range of the tool and improving the effectiveness and flexibility of

loss-control treatments in field applications.
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