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Drillcuttings transportisacritical processin oiland gas drilling operations,
directly affecting efficiency, safety, and environmental compliance. This
review synthesizes recent advances in multiphase flow technologies
combining computational fluid dynamics (CFD), artificial intelligence (Al),
robotics, and sustainable materials with a focus on their practical field
implications. Comparative analysis of field trials and simulations reveals
that real-time monitoring systems can cut non-productive time (NPT) by
25-30%, while CFD-enhanced models improve predictive accuracy by 15-
20%, enabling better control of annular velocity and cuttings suspension
in horizontal and HPHT wells. Biodegradable and nano-enhanced drilling
fluids reduce ecological footprint by 35-40% and lower waste disposal
costs, providing economically viable solutions for environmentally sensitive
projects. Robotics-based handling systems improve worker safety by up to
50%, allowing continuous, unmanned operation in offshore environments.

Despite these gains, challenges persist in scaling advanced models to
field operations and balancing computational cost with on-site feasibility.
The study recommends integrating Al-driven control systems with CFD-
DEM simulations and adopting modular robotic platforms for automated
solids management. By linking theoretical modeling with field-validated

practices, this review provides a practical roadmap for implementing
sustainable, efficient, and data-driven drill cuttings transport systems in the
oil and gas industry.
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1. Introduction

Multiphase flow is a crucial aspect of drill
cuttings transport in petroleum operations,
influencing efficiency, cost, and environmental
impact. In this context, multiphase flow refers
to the simultaneous movement of gas, liquid
(drilling fluid), and solid (cuttings) phases
within the wellbore environment, where the
interaction among these phases governs the
efficiency of cuttings removal and overall
drilling performance (Hussein and Mahmoud
2023). The dynamic coupling between
hydrodynamic forces, rheological behavior, and
particle-fluid interactions forms the physical
foundation of hole cleaning performance.
Despite the extensive research conducted in
this area, the existing body of literature lacks
a comprehensive and critical evaluation of the
efficiency of multiphase flow under various
operational conditions and well geometries.
To address this gap, the present review
seeks to provide an integrated and analytical
perspective on the recent advancements in
multiphase flow mechanisms, highlighting
their implications for drilling optimization,
environmental stewardship, and cost
reduction. The introduction first contextualizes
the significance of effective hole cleaning as a
determinant of drilling efficiency and wellbore
stability, followed by a critical synthesis of
prior studies that have contributed to the
understanding of cuttings transport dynamics.
It furtheridentifies persistent challenges, such as
the prediction of flow transitions, the accurate
modeling of solid-liquid-gas interactions, and
the optimization of rheological properties for
diverse drilling environments. Unlike earlier
reviews that merely summarize existing
methodologies, this paper delves deeper into
the fundamental mechanisms influencing
transport efficiency, operational safety, and
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sustainability (Heydari, Sahraei et al. 2017,
Rodriguez-Lépez, Ojeda-Morales et al. 2021).

Moreover, unlike prior reviews that primarily
focused on drilling fluid formulations or
empirical case studies, this paper provides
a comparative and quantitative synthesis
of recent advancements in computational
fluid dynamics (CFD) modeling, artificial
intelligence (Al) integration, and sustainable
drilling technologies. The novelty of this
review lies in its specific focus on multiphase
flow in annular geometries, a condition that
introduces additional complexities beyond
straight horizontal transport due to secondary
flow generation, particle recirculation zones,
and enhanced cuttings bed formation. By

evaluating technological
within the annular wellbore

systematically
innovations
context and linking these developments to
measurable performance indicators such as
cuttings transport ratio, annular pressure loss,
and fluid energy efficiency this study proposes a
targeted framework for improving operational
efficiency, environmental sustainability, and
safety (Epelle, Gerogiorgis et al. 2018).

Additionally, (Table 1) presentsa comparative
assessment of traditional versus advanced
approaches to drill cuttings transport,
emphasizing their relative performance in
terms of efficiency, cost, and environmental
compatibility. While advanced techniques, such
as Al-assisted CFD modeling and smart drilling
fluids, demonstrate superior performance
across most criteria, they also involve higher
initial costs and computational requirements.
Throughout this review, the term multiphase
flow consistently refers to the three-phase
interaction gas, liquid, and solid that governs
the dynamics of drill cuttings transport in
petroleum drilling systems.
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Table1. Comparison of Traditional and Advanced Methods for Drill Cuttings Transport
Traditional Advanced Benefits of .Ma'm Limitations
Aspect Methods Methods Advanced Findings of Advanced References
Methods from Studies Methods
Limited due to Enhanced with .
. . Reduced Automation .
reliance on basic automated systems, . Requires (Cochrane,
- . . downtime and leads to 20-30% .
Efficiency separation advanced centrifuges, ) . reliable power Ekehaug et al.
) . improved efficiency
equipment (e.g., and real-time ) sources 2019)
o transport rates gains
manual shakers) monitoring.
Loyver initial cqst but Higher upfront cost but Long-term CFD integration . . (Kogbara,
higher operational lower long-term . High capital
Cost . . savings reduces ) Dumkhana et
and maintenance operational expenses investment
- up to 15% overall costs al. 2017)
expenses due to efficiency.
Greater due to Reduced waste Biodegradable . (Mikos-
. . ) Lower i Material i
Environmental higher waste generation and better o fluids cut . Szymarniska,
. - S emissions ) sourcing
Impact generation and fluid recovery minimize and waste impact challenges Rusek et al.
inefficient fluid reuse  environmental harm. by 40% 9 2018)
Less adaptable to . Highly adgptable Real-time . (Rodriguez-
) - with customizable tech- Better ) Integration . .
. varying drilling . . adjustments ) Lépez, Ojeda-
Adaptability L nologies for performance in . with legacy
conditions and . . ) improve Morales et al.
different diverse settings - systems
complex wells . adaptability 2021)
environments.
. Minimal, using basic High, |nvo.lvmg Enhanced Al reduces Need for (Mlk(?s_
Technological ) computational . L Szymariska,
mechanical tools . precision human specialized
Input and designs modeling, Al, and and safet error trainin Rusek et al.
9 real-time adjustments. y 9 2018)
Higher risk I f - .
'gner rs due Fo mproved satety Monitoring Cybersecurity  (Kogbara,
manual intervention with automated Fewer R
Safety ; systems prevent risks in digital Dumkhana et
and outdated processes and better accidents
hazards tools al. 2017)

safety protocols monitoring systems.

1.1. Significance of Multiphase Flow in
Drill Cuttings Transport

Multiphase flow plays a pivotal role in the
transport of drill cuttings, directly influencing
operational efficiency, safety, and environmental
performanceintheoilandgasindustry.Quantitative
evidence demonstrates that inefficiencies in
multiphase flow can significantly escalate costs
and downtime. For example, inadequate hole
cleaning in deepwater operations has been
shown to increase non-productive time (NPT) by
15-25%, leading to delays of several days per well
(Costa, Carvalho et al. 2023). Similarly, wellbore
instability caused by cuttings accumulation can
raise operational costs by approximately $0.5-1
million per well, particularly in high-pressure, high-
temperature (HPHT) environments (Rodriguez-
Ldpez, Ojeda-Morales et al. 2021).

Efficient transportation of drill cuttings
in multiphase environments has measurable
economic benefits. Optimized drilling fluid
rheology and improved solids transport
mechanisms can reduce circulation losses by
10-20% and extend bit life by up to 15%, directly
lowering maintenance and replacement costs
(Deng, Huang et al. 2022, Zhu, Wang et al. 2023).
Studies on horizontal and extended-reach wells
indicate that maintaining an annular velocity
above 1.2-1.5 m/s can reduce cuttings bed
buildup by 30-40%, thereby minimizing the
risk of pipe sticking and associated downtime
(Rasul, Qureshi et al. 2020).

The implications  of
multiphase flow are equally significant. Poor
solids transport can increase the volume of
discharged cuttings by 20-30%, elevating risks

environmental
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of water contamination and ecological damage
(Njuguna, Siddique et al. 2022). By contrast,
effective transport and recovery systems using
biodegradable fluids have demonstrated a 35-
40% reduction in environmental footprint in
European onshore field trials (Razali, Yunus et
al.2018).

Safety outcomes are also quantifiable. Real-
time monitoring of multiphase flow dynamics
has been shown to reduce downhole accidents
by 20-25%, largely through early detection of
cuttings accumulation and pressure anomalies
(Nygard, Andreassen et al. 2021). CFD-based
predictive models further improve hazard
management, reducing wellbore instability
incidents by 15% compared to conventional
practices (Awad, Hussein et al. 2022).

Collectively, these findings underscore the
critical significance of multiphase flow in drill
cuttings transport. While improvements have
been documented, current models still fail to
fully capture extreme HPHT conditions and
long-term ecological impacts, leaving research
gaps in predictive accuracy and sustainable
operations. In HPHT environments typically
above 150-180 °C and pressures exceeding 100
MPa the rheological behavior of drilling fluids
changes nonlinearly, reducing the accuracy of
CFD-based predictions by up to 25% compared
to laboratory conditions (Awad, Hussein et al.
2022, Swasdisevi, Thianngoen et al. 2024). At
such conditions, turbulence models calibrated
for moderate temperatures fail to account
for compressibility and thermal degradation,
leading to underestimation of cuttings slip
velocity and pressure drop. These limitations
highlight the need for re-parameterization and
experimental validation of current simulation
frameworks for HPHT operations.

1.2. Cutting Transport Mechanism in Oil
Well

Efficient cuttings transport remains one of
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the most critical challenges in modern drilling
engineering, particularly in horizontal and
extended-reach wells, where gravitational
effects, annular geometry, and rheological
behavior of drilling fluids interact in complex
ways. Drill cuttings are transported through
a combination of hydraulic mechanisms
primarily the upward motion induced by
drilling fluid flow and mechanical mechanisms,
such as the rotational motion of the drill string
and the localized turbulence generated by
high-velocity jets at the bit face. The synergy
between these mechanisms is governed by
a set of interrelated parameters, including
fluid density and viscosity, cuttings size
distribution, inclination angle, and eccentricity
of the annulus (Cochrane, Ekehaug et al. 2019,
Rodriguez-Lépez, Ojeda-Morales et al. 2021).

Quantitative and experimental studies have
demonstrated that in horizontal sections, where
gravitational settling dominates, cuttings bed
accumulation can occupy up to 25-40% of the
annular cross-sectional area when the annular
velocity (AV) falls below approximately 0.8 m/s.
Under such conditions, the system transitions
from a fully suspended regime to a stratified
or partially settled regime, leading to increased
torque and drag, poor hole cleaning, and
elevated risk of pipe sticking (Rasul, Qureshi et
al. 2020, Zhu, Huang et al. 2020). Maintaining a
minimum critical velocity in the range of 1.2-1.5
m/s sustains a fully turbulent flow field capable
of entraining larger and denser cuttings,
thereby enhancing suspension and reducing
pipe-sticking probability by nearly (Hajipour
2020, van Deurzen 2024).

In addition to hydraulic influences,
mechanical agitation particularly from drill
pipe rotation plays a vital role in disturbing
the settled beds and redistributing cuttings
into the active flow region. Laboratory and
field-scale experiments show that increasing
the rotational speed of the drill pipe from 60
to 120 RPM can boost overall cuttings transport
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efficiency by 15-20%, especially in highly
deviated and extended-reach wells where the
gravitational settling effect is more pronounced
(Geng, Zhang et al. 2023).

From a force-balance perspective, the
dynamics of cuttings transport are dictated
by the interaction among gravitational,
buoyant, and drag forces. Gravity induces a
downward motion, buoyancy mitigates part of
the effective particle weight, and drag force,
generated by the upward flow, counteracts
settling and sustains suspension. When annular
velocity surpasses 1.5 m/s, the drag component
dominates, creating sufficient lift to prevent
the formation of a stationary cuttings bed and
substantially improving hole cleaning efficiency
(Nygard, Andreassen et al. 2021, Costa, Carvalho
et al. 2023).

Nevertheless, horizontal and extended-reach
drilling (ERD) operations continue to present
substantial operational risks due to asymmetric
flow profiles and particle deposition along
the lower annulus. To mitigate such risks, real-
time monitoring technologies such as acoustic
cuttings transport sensors and pressure
signature analysis combined with optimized
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rheological models (e.g., yield-pseudoplastic
or viscoplastic fluid formulations) have been
shown to reduce the likelihood of partial
blockage by 20-25%, resulting in improved
drilling efficiency and reduced non-productive
time (NPT).

By integrating hydraulic, mechanical, and
force-based frameworks, engineers can derive
holistic optimization strategies including the
maintenance of critical annular velocities,
adaptive control of rotational parameters, and
deployment of intelligent drilling fluids with
tunable rheological and viscoelastic properties
to ensure efficient cuttings removal, minimize
operational downtime, and enhance overall
wellbore stability.

(Figure 1) illustrates the primary mechanisms
responsible for transporting drill cuttings to the
surface in a horizontal wellbore (Costa, Carvalho
et al. 2023). This schematic highlights hydraulic
and mechanical interactions, showing how
fluid flow counters gravity to prevent settling.

The principal forces acting on drill cuttings
in a wellbore are shown in (Figure 2), depicting
gravity, buoyancy, and drag in balance
(Njuguna, Siddique et al. 2022).

| Annulus cross section |

Multi-size
cuitings

Rotation

Horizontal section

Figure 1. Schematic illustration of the drill cuttings transport mechanism in a horizontal wellbore
(inclination angle ~90°). The figure shows hydraulic lifting of solid cuttings by drilling fluid flow and
mechanical agitation from drill pipe rotation. Arrows indicate upward flow direction, where sufficient
annular velocity (21.2 m/s) counteracts gravitational settling to prevent bed formation.



92 Journal of Gas Technology . JGT , Volume 10 / Issue 1/ 2025

Bugyancy Force

Drag Force

Gravity Force

Figure 2. Principal forces acting on drill cuttings in the wellbore: (1) gravity acting downward, (2) buoyancy
acting upward, and (3) drag force generated by the upward fluid flow. The relative magnitudes of
these forces determine particle suspension. When annular velocity exceeds approximately 1.5 m/s, drag
dominates, ensuring efficient cuttings transport.

1.3. Role in the Oil and Gas Industry

Multiphase flow represents a pivotal
phenomenon governing the transport of
drill cuttings, serving as a cornerstone in the
complex and dynamic operations of the oil
and gas industry (Njuguna, Siddique et al. 2022,
Mahmoud, Gajbhiye et al.2024). It plays a pivotal
role across all stages of upstream and midstream
operations from drilling and wellbore cleaning
to reservoir management, hydrocarbon
transport, and production optimization making
it a key driver of overall operational success.
The multifaceted interactions among gas,
liquid, and solid phases profoundly affect not
only hydraulic efficiency but also the industry’s
capacity to adapt to diverse geological
formations and challenging environments.

Ineffective management of multiphase flow
can lead to severe operational setbacks, including
flow instabilities, pressure surges, and inefficient
cuttings transport, ultimately resulting in non-
productive time and safety risks. At the same time,
the understanding and control of multiphase
flow phenomena have become powerful drivers
of technological innovation. The continuous
evolution of flow monitoring and modeling
technologies, coupled with advances in drilling
fluid design and dynamic transport methods,
underscores the sector's commitment to
enhancing performance, safety, and sustainability.

The integration of data-driven analytics and
artificial intelligence (Al) into multiphase flow
systems promises to revolutionize real-time
decision-making by predicting transient flow
behavior and adapting operational parameters
dynamically.Nonetheless,significantinnovation
gaps remain in the application of Al-based
adaptive control systems capable of handling
high-dimensional,  non-linear  multiphase
interactions under real-time  constraints.
Moreover, a profound understanding of
multiphase flow supports the industry’s pursuit
of environmental stewardship. By mastering the
dynamics of multiphase transport, engineers
can minimize the ecological footprint of
driling and production operations through
optimized waste management, improved
cuttings transport, and reduction of fluid losses
and emissions. These advances facilitate the
adoption of sustainable drilling and extraction
practices, ensuring compliance with stringent
environmental regulations while maintaining
high productivity standards.

The inherently complex and non-linear
behavior of multiphase systems also serves as a
catalyst forengineeringinnovation, inspiring the
development of next-generation equipment,
robust operational protocols, and resilient
infrastructure designed to enhance efficiency,
safety, and environmental performance.
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Furthermore, a solid theoretical and practical
grasp of multiphase flow enables the industry
to build adaptability and resilience in the face
of rapidly evolving market dynamics, regulatory
pressures, and technological disruptions. Such
adaptability allows operators to navigate
uncertainties, optimize production systems,
and sustain competitiveness in an increasingly
complex global energy landscape. Accordingly,
this review paper aims to examine the state-
of-the-art developments in multiphase flow
modeling, monitoring, and control, providing
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a comprehensive synthesis of current
research directions and identifying emerging
opportunities for innovation and sustainability
in drilling and production systems (lkram, Jan et
al. 2022, Kharazi Esfahani, Akbari et al. 2024).

2. Background

2.1. Literature Review

Some studies conducted on the multiphase
flow research for drill cuttings transport are
presented in (Table 2).

Table 2. Key Findings in Multiphase Flow Research for Drill Cuttings Transport

Key Finding

Methodology

Parameters Studied

Gaps Identified

References

Developed multiphase model
for reverse circulation drilling,
improving transport efficiency.

Direct
simulations

Non-Newtonian fluids,
turbulence, particle
dynamics

Limited to specific
geometries

(Sun, Ye et al. 2024)

Analyzed flow patterns with drill
pipe rotation, enhancing cuttings
removal.

Numerical
investigation

Rotation speed,
velocity, flow
patterns

Neglects high-
pressure effects

(van Deurzen 2024)

Sweeping pills improve cuttings
removal in turbulent flow.

CFD
modeling

Fluid rheology,
power capacity

Validation in field
conditions needed

(Aliyeva, Czuprat et al. 2024)

Reviewed multiphase challenges,
emphasizing transport
improvements.

Literature
review

Flow regimes,
particle interactions

Lack of real-time
integration

(Obi, Hasan et al. 2024)

Transient two-phase flow for
blocky cuttings in shale gas wells.

Experimental
study

Momentum exchange,
particle size

Scalability to
diverse wells

(Chen, Li et al. 2025)

Optimized drill bit structure for
better reverse circulation.

Two-phase flow
simulation

Bit structure,
process parameters

Needs broader
parameter testing

(Qi, Cao et al. 2025)

Novel hole cleaning tool improves
transport via swirling jets.

Multi-objective
optimization

Flow rates,
tool design

Cost-effectiveness
in practice

(Hu, Zhang et al. 2025)

(Table 2) critically highlights how recent
CFD and experimental approaches address
transport efficiency, but gaps in field validation
and scalability persist, underscoring the need
for hybrid models.

2.2. Research Trend Review

The evolution of multiphase flow research in
drilling and production systems over the past
decade demonstrates a clear transition from
fundamental theoretical exploration toward

data-driven modeling, real-time optimization,
and sustainable engineering practices. This
progression reflects the industry’s response
to increasingly complex wellbore geometries,
environmental constraints, and the demand for
operational efficiency and automation.

During the early development phase
(2010-2015), research  efforts  primarily
concentrated on establishing a theoretical
and phenomenological understanding of
multiphase flow dynamics within annular
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and non-Newtonian fluid environments.
These studies focused on characterizing
phase interactions, particle settling behavior,
and hydrodynamic stability, laying the
groundwork for more sophisticated modeling
approaches (lkram, Mohamed Jan et al. 2021).
The introduction of Computational Fluid
Dynamics (CFD) into drilling research marked
a turning point, enabling the visualization and
quantification of cuttings transport phenomena
under controlled conditions (Guo, Cheng et al.
2024). However, the early applications were
largely constrained to laboratory or simulated
environments, with limited field validation and
poor scalability to real-world drilling operations
due to computational and instrumentation
limitations (Ikram, Jan et al. 2022).

The technological integration phase (2016-
2020) witnessed the widespread adoption
of hybrid numerical approaches, particularly
the coupling of CFD and Discrete Element
Method (DEM) models to capture particle-
fluid interactions with greater fidelity. These
methods enhanced predictive accuracy
for cuttings migration, bed formation, and
suspension stability, providing new insights
into wellbore hydraulics and cleaning
efficiency. Parallel to these developments, the
design of advanced drilling fluids with tailored
rheological and viscoelastic properties became
a focal research area, addressing the challenges
of non-Newtonian behavior, yield stress
control, and shear-thinning optimization for
efficient cuttings transport (Guo, Cheng et al.
2024). Concurrently, environmental awareness
began to shape research priorities, with an
increased emphasis on waste management,
toxicity reduction, and fluid recyclability in line
with emerging global sustainability standards
(Huang, Lvetal.2023).2021-Present:Innovations
and Sustainability.

In the modern innovation phase
(2021-present), the field has entered a new
paradigm characterized by digitalization,
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automation, and sustainability. The integration
of real-time monitoring systems, sensor-driven
feedback loops, and Al-assisted predictive
models has transformed multiphase flow
management from reactive to proactive
control (Swasdisevi, Thianngoen et al. 2024).
These technologies enable real-time prediction
of flow instabilities, dynamic optimization of
pump rates, and early detection of cuttings
bed accumulation, significantly enhancing
safety and reducing non-productive time
(NPT). Moreover, the growing commitment
to sustainable drilling practices has led to the
introduction of biodegradable drilling fluids,
nanostructured additives, and waste recycling
systems, aligning operational efficiency with
environmental responsibility (Huang, Lv et al.
2023, Ali, Gailani et al. 2024).

Most recently, research trends in 2024
and beyond have emphasized Al-driven
optimization frameworks, employing deep
learning and adaptive hybrid models toimprove
the accuracy of multiphase flow prediction
in complex, dynamic environments. These
models show promise for closed-loop control
systems and autonomous drilling applications.
However, critical challenges remain unresolved
particularly in the areas of data privacy,
model generalizability, and robustness under
uncertain geological conditions. Bridging these
gaps requires the development of integrated
digital twins, combining physics-based and
data-driven modeling to ensure both predictive
reliability and operational transparency.

2.3. Multiphase Flow in Annular Wells:
Challenges and Effectiveness

Multiphase flow in annular wells introduces
complexities not present in straight or vertical
wellbore geometries. In large-diameter annuli,
secondary vortices and uneven velocity
distributions increase the risk of cuttings bed
formation, with accumulation reported at 30-
50% of the annular cross-sectional area when
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annular velocity falls below 1.0 m/s (Rasul,
Qureshi et al. 2020, Zhu, Huang et al. 2020).
Compared to straight horizontal sections,
annular wells experience stronger gravitational
segregation of cuttings, particularly at low
inclination angles (30-60°), which reduces
transport efficiency by 20-25% under identical
flow rates (Awad, Hussein et al. 2022).

Recent CFD-DEM simulations highlight
that annular eccentricity exacerbates cuttings
settling, requiring annular velocities at least 1.2-
1.5 m/s to maintain suspension (Liu, Zhang et al.
2021). Experimental studies further show that
pipe rotation can reduce cuttings bed thickness
by 15-20%, but only under moderate rotation
speeds (<120 RPM), as excessive speeds may
destabilize flow regimes (van Deurzen 2024).

Despite these advances, significant research
gaps remain. Few studies have quantified
annular flow efficiency under HPHT (high-
pressure, high-temperature) conditions, and
scaling laboratory results to ultra-deep or
extended-reach wells remains a challenge. For
instance, full-scale CFD-DEM simulations for a
5000 m ultra-deep well segment may require up
to 1000 CPU hours and 50-100 GB of memory,
making routine application impractical without
access to supercomputing infrastructure (Awad,
Hussein et al. 2022). Additionally, the long-term
environmental consequences of poor annular
transport, such as increased discharge volumes,
are underexplored. These gaps underline
the importance of this review’s synthesis in
connecting multiphase flow fundamentals
with applied solutions in annular wellbore
conditions.

2.4. Modeling Process and Governing
Equations

The modeling of multiphase flow in drilling
operations provides a quantitative foundation
for understanding how gas, liquid, and solid
phases interact during cuttings transport.
Although the modeling approaches vary
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depending on well geometry and fluid type,
most studies rely on the fundamental principles
of mass, momentum, and energy conservation
to describe the behavior of each phase and their
mutual coupling. At the core of multiphase flow
modeling are the continuity and momentum
equations that express the conservation of mass
and momentum within the fluid domain. These
equations account for the spatial and temporal
variations of density, velocity, and pressure and
form the basis for computational fluid dynamics
(CFD) simulations widely used in recent research.
The continuity equation ensures that the total
mass of the mixture remains constant, while
the momentum equation balances the inertial,
viscous, pressure, and gravitational forces acting
within the flow (Awad, Hussein et al. 2022).

To represent the influence of solid particles
(cuttings) suspended in the drilling fluid,
additional terms are introduced to model
interphase interactions, such as drag, lift, and
buoyancy forces. These forces govern how
particles accelerate, settle, or remain suspended
depending on flow velocity, particle size, and
fluid rheology. In some advanced studies, the
Discrete Element Method (DEM) is coupled with
CFD to explicitly resolve particle trajectories
and collisions, providing deeper insights into
bed formation and particle dispersion patterns.
For turbulent multiphase systems, Reynolds-
Averaged  Navier-Stokes  (RANS)  models
combined with turbulence closures such as the
k-¢ or k- formulations are commonly applied to
capture the effect of fluctuating velocities and
pressure gradients. These models are particularly
effective for predicting cuttings transport
efficiency and pressure drop in non-Newtonian
drilling fluids (Guo, Cheng et al. 2024).

When non-Newtonian fluids are used,
the constitutive relationship between shear
stress and shear rate is typically represented
by the Herschel-Bulkley or power-law models,
allowing rheological parameters such as yield
stress and flow index to be incorporated into
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the governing equations. This provides realistic
predictions of fluid viscosity and carrying
capacity under different shear conditions.
Boundary conditions play a crucial role in
defining the simulation environment. The no-
slip condition at the wellbore wall, specified
velocity or pressure at the inlet, and outflow
or fixed pressure at the outlet are standard
assumptions that determine flow stability and
convergence. In inclined or horizontal wells,
gravitational components and secondary flow
effects are included to reproduce the complex
circulation patterns observed in annular
geometries (Rasul, Qureshi et al. 2020).

3. Key Concepts and Mechanisms

3.1. FundamentalConceptsofMultiphase
Flow in the Drilling Environment

A comprehensive understanding of the
multiphase flow mechanisms within the drilling
environment is fundamental to ensuring
operational efficiency, wellbore stability, and
safety. In drilling hydraulics, the flow typically
consists of three interacting phases gas, liquid,
and solid whose dynamic interplay dictates
pressure behavior, cuttings transport efficiency,
and overall drilling performance.

The gas phase plays a critical role in pressure
regulation and well control. Gas entrainment
or gas influxes, if improperly managed, can
induce severe pressure anomalies, leading to
hazardous events such as kick formations or
blowouts, particularly in underbalanced or
depleted reservoirs. Therefore, understanding
gas compressibility and transient gas migration
within the annulus is essential for accurate
pressure management and kick detection.

The liquid phase, primarily represented
by drilling mud, serves as the primary carrier
medium responsible for cuttings suspension,
lubrication, and pressure stabilization within
the wellbore. The effectiveness of this phase
depends strongly on its rheological properties
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including vyield stress, viscosity, and shear-
thinning behavior which govern the flow
regime and cuttings carrying capacity. Any
deviation from the designed rheological profile,
whether due to temperature fluctuations,
contamination, or improper fluid conditioning,
can result in inefficient hole cleaning, barite
sag, or excessive equivalent circulating density
(ECD), thereby compromising drilling efficiency
and structural stability.

The solid phase, comprising drill cuttings
and entrained particulates, introduces
significant challenges to flow behavior and
wellbore integrity. Cuttings accumulation
on the low side of horizontal and deviated
wells can lead to cuttings bed formation,
reduced annular flow area, and elevated
torque and drag. Furthermore, high-velocity
particle impingement can accelerate erosion
of downhole tools, bit nozzles, and casing
surfaces, leading to premature equipment
degradation and increased operational costs
(Geng, Zhang et al. 2023).

3.2. Challenges in Transporting Drill
Cuttings and Implications for Drilling
Operations

Drilling operations are inherently complex,
and the behavior of multiphase flow within the
wellbore introduces a series of interdependent
challenges that directly affect safety, cost
efficiency, and environmental performance.

One of the most critical issues is wellbore
stability, where the accumulation of cuttings
or improper pressure management can lead
to formation collapse, stuck pipe, or loss
of well integrity. Such instability not only
disrupts drilling progress but also elevates
non-productive time (NPT) and remediation
costs. Equally significant are circulation losses,
often caused by excessive annular pressure or
fractures induced by high equivalent circulating
density (ECD).

Theselossesincreaseoperationalexpenditure
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due to fluid replacement, lost materials, and
downtime, while also complicating pressure
control and reservoir management. Effective
mitigation of circulation losses requires precise
control of rheological parameters, real-time
monitoring, and the adoption of intelligent
drilling fluid systems capable of adapting to
changing subsurface conditions.

Another vital aspect is hole cleaning
efficiency, which ensures the continuous
removal of drilled cuttings to prevent blockages,
excessive torque and drag, or differential
sticking. Inadequate hole cleaning compromises
drilling performance, accelerates bit wear,
and leads to deviations from the planned well
trajectory. Similarly, erosion and mechanical
wear resulting from the high-velocity impact of
cuttings and fluid particulates pose substantial
challenges to tool longevity and maintenance
schedules. The cumulative effects of erosion can
damage drill bits, casing, and surface equipment,
necessitating costly replacements and frequent
maintenance interventions (Sanei, Ardakani et al.
2020).

3.3. Flow Regimes and Their Implications
for Drill Cuttings Transport

The efficiency of drilling operations is
strongly influenced by the prevailing flow
regime in the wellbore, which governs how
fluids and solids are transported. Flow regimes
determine  suspension capacity, erosion
potential, and risk of cuttings bed formation.

Bubbly flow occurs when small gas bubbles
are dispersed in the liquid. It generally provides
stable transport for fine particles but is limited
for larger cuttings. Efficiency improvements
are typically <10% over stratified flow, and
degassers are required to prevent bubble
accumulation.

Slug flow features alternating liquid and
gas slugs, which improve mixing and cuttings
suspension. Studies show it enhances transport
efficiency by 15-20% compared to bubbly flow,
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though pressure surges may increase erosion
risks.

Annular flow is characterized by a liquid film
along the pipe wall with a central gas core. It
is highly effective for fine particle suspension,
with efficiency gains of 2-35% compared to slug
flow under high Reynolds number conditions.
However, continuous liquid film erosion
necessitates wear-resistant materials.

Churn flow is chaotic and unstable, with
rapid regime transitions. Transport efficiency is
difficult to predict but can fluctuate by +25%,
causing operational instability. CFD-based
modeling has been used to mitigate these
fluctuations by providing early-warning.

Stratified flow occurs when fluids form
distinct layers, with solids often settling at
the lower boundary. This regime can reduce
cuttings transport capacity by 40-60%, requiring
agitation or inclined wellbores to restore flow
efficiency.

Quantitative comparisons indicate that
annular flow is generally the most favorable
regime for maintaining suspension in high-
velocity drilling operations, while stratified
flow poses the greatest risks for blockages.
(Figure 3) illustrates these regimes, and (Table 3)
summarizes their efficiency ranges,implications,
and management techniques.

By understanding these, engineers can
optimize parameters. (Figure 3) shows flow
regimes in a horizontal pipe, with colored
patterns (e.g., blue for bubbly, red for slug)
for clarity, illustrating transitions that affect
transport efficiency predictions (Liu, Zhou
et al. 2023, Shi, Wang et al. 2024). This figure
emphasizes how regime shifts can lead to
inefficiencies, a gap in current predictive
models.
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Figure 3. Flow regimes for gas-liquid two-phase flow in a horizontal pipe. The diagram illustrates
transitions between bubbly (blue), slug (red), annular (green), churn (orange), and stratified (gray) flows.
Color coding highlights regime-dependent transport efficiency, where annular flow offers the most stable
particle suspension, while stratified flow leads to solids accumulation.

but limited capacity, while churn flow poses
instability risks [46-50].

(Table 3) details flow regimes, their
characteristics, and management techniques,
showing how bubbly flow offers low erosion

Table 3. Flow Regimes and Their Implications for Drill Cuttings Transport

Implications for Techniques/Equipment

Flow Regime Characteristics i Challenges References
Cuttings Transport for Management
BUbbIv Fl Gas bubbles Low erosion; limited Gas-liquid Vacuum degassers; (Wijayanta,
u ow
y dispersed in liquid for larger particles separation shakers Catrawedarma et al. 2022)
Alternating gas Moderate efficiency; Centrifuges; (Barros, Rodrigues et al.
Slug Flow o o Pressure surges L
and liquid slugs good mixing conditioners 2022)
Liquid film Effective for ) Wear-resistant (Yagub and Pendyala
Annular Flow . . Erosion .
with gas core small particles materials 2024)
Chaotic with o . . CFD; automated (Davarpanah and
Churn Flow o Difficult to predict Instability . i
transitions systems engineering 2024)
Poor transport; Inclined pipes; (Wijayanta,
Stratified Flow Distinct layers . P Accumulation . Pp jay
solids settle agitation Catrawedarma et al. 2022)

4. Advanced Solid Control Technologies
in Drilling Operations
Solid control systems are essential for
removing particles from fluids (Pereira, Sad et
al. 2022). Key technologies include shale shakers

(Nascentes, Murata et al. 2022), centrifuges,
desanders/desilters, and vacuum degassers.
(Table 4) compares the benefits, drawbacks, and
performance metrics of various solid control
technologies used in drilling operations.
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Table4. Advantages, Disadvantages, and Comparison of Solid Control Technologies
Particle Size Environmental
Technolo Advantages Limitations Cost Efficienc References
9y v 9 imitatt 1eNY " Handled Benefits !
Ideal f i haniyari Beni
dea 'or primary Limited to smaller . (Ghaniyari Bfenls
cuttings; easy . o High Reduces , Korostelkin,
Shale Shakers . particles; screen blinding; Low .
maintenance; needs monitorin (Large) waste Filintsev et al.
minimizes fluid loss 9 2020)
Removes small Awad, Hus-
. High costs; skilled . . ) (.
. particles; reduces . e . - Very High Maximum fluid sein et al. 2022,
Centrifuges ) maintenance; limited High Initial ) .
mud weight; handles . (Fine) recovery Pereira, Sad et al.
for large cuttings
large volumes 2022)
Islam and Hos-
Removes sand/silt; Less effective on small Protects ( .
Desanders/ . . . . Moderate sain 2020, Yang,
. improves stability; particles; high energy; Moderate ) downstream
Desilters . (Sand/Silt) ) Wang et al.
protects equipment prone to blockage equipment
2024)
Removes gas; Ongoing monitoring;
Vacuum Ves gas, . 9 ,I 9 tonng, N/A Improves fluid (Patel and Santra
prevents pump lock;  high investment; less Moderate .
Degassers (Gas) properties 2020)

enhances efficiency

effective in high-gas

5.Innovations Revolutionizing
Multiphase Flow in Oil and Gas

Recent innovations have transformed
multiphase flow management by improving
operational efficiency, sustainability, and safety.
Among these, real-time monitoring systems have
shown the most immediate impact, reducing
downtime by 25-30% in North Sea offshore
rigs through early anomaly detection (Nygard,
Andreassen et al. 2021). Advanced CFD and DEM
models improve predictive accuracy of flow
behavior by 15-20% compared to conventional
correlations, enabling  better parameter
optimization in deepwater drilling. However,
scaling these models to full-field or ultra-
deep wells demands extensive computational
power, often exceeding 500 CPU cores for a
single simulation run, which constrains field
deployment (Awad, Hussein et al. 2022, Wang,
Animasaun et al. 2024).

Automated control systems, often driven
by Al, minimize human error by ~35%, though
their adoption faces barriers due to high initial
costs and cybersecurity risks. Biodegradable
drilling fluids provide substantial environmental

benefits, reducing ecological footprint by 35-
40% in European onshore field trials, but face
20-40% higher costs compared to conventional
muds, limiting large-scale  deployment.
Encapsulation techniques for hazardous cuttings
show promise in fragile ecosystems such as
Arctic offshore, reducing leak risks by more than
50%, though their operational costs remain high
(Cherepovitsyn, Lebedev et al. 2023).

These evaluations indicate that while all
innovations contribute to sustainability and
safety, real-time monitoring and advanced CFD
models currently offer the strongest balance
between efficiency gains and cost-effectiveness.

Key innovations: Advanced
real-time monitoring, automated
encapsulation, computational models
Abdul-Majeed et al. 2025).

separation,
controls,
(Ali,

5.1. Robotics-Based Systems for Drill
Cuttings Handling

Robotics-based systems are emerging
as a complementary innovation in drill
cuttings management, particularly in offshore
environments where personnel exposure to
hazardous conditions poses a significant safety



| 100

challenge. These systems include robotic arms,
automated conveyors, and remotely operated
vehicles (ROVs)designedto transportand process
cuttings with minimal human intervention.

Field trials in offshore rigs have shown
that robotic cuttings handling can reduce
manual exposure to hazardous zones by 40-
50%, substantially improving worker safety. In
addition, autonomous robotic conveyors have
been reported to improve material transfer
efficiency by 20-25% compared to conventional
manual systems, particularly under high-load
drilling operations.

Beyond safety, robotics also contribute
to operational efficiency. Integrated robotic
platforms can operate continuously without
fatigue, leading to reductions in handling time
of 15-20% per drilling cycle. When combined
with automated monitoring, these systems
enhance reliability by reducing unplanned
shutdowns linked to human error. Despite
these benefits, the adoption of robotics
remains limited due to high capital costs and
the complexity of integrating robotic units into
existing rig infrastructure. Current deployments

Manual

i

l Manual Cuttings

Handling
Mscrate
Moniteting
l Reactive
Flow Adustments
Animalies
4+ 40-50%
Workar s Wellbare
125-30%
Dhorarmitinmes ot
2o Cuttings
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are largely confined to high-risk offshore
projects, where safety gains justify investment.
Wider adoption will require cost reductions,
standardized robotic interfaces, and long-term
field validation in both offshore and onshore
environments (Alimi, Jin et al. 2025).

(Figure 4) Illustrates the transformation of
drill cuttings management from manual to
automated workflows. The traditional process
(left) relies on manual cuttings handling,
discrete monitoring, and reactive adjustments
following flow anomalies, often resulting
in higher downtime and elevated worker
exposure. In contrast, the automated process
(right) employs robotics-assisted handling
combined with Al-based real-time monitoring
and proactive control loops, minimizing
human intervention and enabling continuous
optimization. Field implementations have
demonstrated up to 40-50% reductions
in worker exposure, 25-30% decreases in
downtime, and 35-40% improvements in
environmental performance, highlighting the
operational, safety, and sustainability benefits
of automation in modern drilling environments.

Automated
Workflow

Robotics-Assisted
Cuttings Handling

Al-Based
Monitoring
(Rl Tiriad Sabrigae |
Proactive
Coantrol

4 25-30%
Dhparstifrug

135-40%
s Ervinormsenital
i Cuttings Footpring

Wellbore

Figure 4. Comparative Workflow of Traditional vs. Automated Cuttings Handling Systems.

(Table5)highlightstheeffectsandimplications
of recent technological advancements on the

efficiency and effectiveness of drill cuttings
transport.
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Table 5. Quantitative Impact of Recent Innovations in Drill Cuttings Transport
. Quantitative Impact T Example
Innovation Key Features X Challenges/Limitations L. References
on Operations Applications
Continuous tracking Downtime reduction (Nyasrd
ard,
Real-Time of flow, pressure, of 25-30% through High costs; North Sea And yo tal
ndreassen et al.
Monitoring and cuttings early anomaly requires skilled personnel offshore rigs 2021)
concentration detection
Computationally intensive; scal-
Predictive accurac ing to ultra-deep wells requires
High-fidelity . y g P 9 . (Awad, Hussein
) ) improvement of high-performance computing
Advanced simulations of ) Deepwater Gulf et al. 2022, Wang,
. 15-20% compared (HPC) clusters with >500 CPU ] )
CFD Models multiphase flow ) ) ) ) of Mexico Animasaun et al.
. to conventional cores and simulation runtimes
behavior ) . o 2024)
correlations exceeding 72-120 hours, limiting
field applicability
) Reduction of human
Al-driven . . .
Automated diust ts of error by ~35%; Resistance to adoption; Offshore (Sircar, Yadav et
adjustments o
Control (Al) J improved cybersecurity risks Canada drilling al. 2021)
flow parameters .
safety margins
Reduction in
. Eco-friendly environmental . .
Biodegradable . o Costs 20-40% higher than European (Razali, Yunus et
. rheology tailored emissions by .
Fluids - . conventional muds onshore wells al.2018)
for drilling 35-40%; compliance
with EU regulations
. Encapsulation of  Reduction in leakage/ . L . (Cherepovitsyn,
Encapsulation . . . Material availability; Arctic offshore
hazardous cuttings spillage risks by ~%50 . . o Lebedev et al.
Methods . . . . high operational costs drilling
for disposal in Arctic operations 2023)

5.2. Nanotechnology Applications in
Multiphase Flow; Drill Cuttings
Transport

Nanotechnology has emerged as a
transformative approachindrilling engineering,
offering unique opportunities to enhance
the performance of drilling fluids, optimize
multiphase flow behavior, and improve
environmental sustainability.

The incorporation of nanoparticles (NPs) into
drilling fluids can modify their rheological and
thermal properties, leading to superior cuttings
transport and wellbore stability, particularly
under high-pressure, high-temperature (HPHT)
conditions. Nanoparticles such as SiO,, ALO,,
ZnO, TiO,, and graphene-based materials have
been shown to improve lubrication, thermal
conductivity, and yield stress control, thereby

reducing torque, drag, and differential sticking
(Sun, Ye et al. 2024).

Their high surface area-to-volume ratio
enhances particle dispersion and suspension
stability, leading to a 10-20% improvement
in cuttings transport efficiency compared
to conventional fluids. Additionally, nano-
biodegradable drilling fluids developed using
greensynthesismethods have demonstrated 25-
35% reductions in fluid loss and environmental
toxicity (Ali, Gailani et al. 2024).

From a multiphase flow perspective,
nanomaterials facilitate better solid-liquid-
gas interaction control, improving interface
stability and reducing phase segregation. In
CFD-DEM simulations, nano-additives improve
predictive accuracy for drag coefficients and
slip velocity, especially in turbulent and annular
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flow regimes (Guo, Cheng et al. 2024). The use of
nanoparticle-stabilized foams further enhances
gas-liquid  interface  stability, providing
improved hole cleaning in underbalanced
drilling scenarios.

Environmentally, nanotechnology enables
waste reduction and fluid recyclability by
enhancing the reusability of drilling muds
and minimizing the release of toxic additives.
Recent studies report that nano-enhanced
fluids not only meet but exceed API standards
for biodegradability and thermal stability (Fan,
Zhuang et al. 2025). Despite these advantages,
challenges such as nanoparticle agglomeration,
cost of synthesis, and long-term environmental
impact remain active research areas. Future
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work should focus on the scalability of green
nanomaterial production, the development of
hybrid nano-polymer fluids, and integration
with Al-driven monitoring systems for real-
time optimization of drilling performance (Alj,
Gailani et al. 2024).

6. Environmental Impact and
Sustainability

Improper handling leads to contamination
(George, Nawawi et al. 2024). Mitigation via
biodegradable fluids, recycling (lkram, Jan et
al. 2022). (Table 6) assesses the environmental
consequences and sustainability aspects of
different methods employed for drill cuttings
transport.

Table 6. Environmental Impact of Drill Cuttings Transport Methods

Environmental

Innovation Key Feature i Challenges Application References
Benefit
Thermal Reduces Hydrocarbon . . o
) ) High energy Offshore rigs (Liu, Li et al. 2019)
Desorption Units hydrocarbons recovery
Recycling Minimizes Circular L North Sea (Kazamias and
. Logistics costs )
and Reuse disposal economy construction Zorpas 2021)
Subsurface Eliminates Safe in Geological ) (Parashar, Thakur
_— ) Gulf of Mexico
Injection surface waste formations assessments et al. 2024)
Biodegradable . Regulatory . European (Razali, Yunus
. Minimal harm . Initial costs .
Fluids alignment projects et al.2018)
Encapsulation Material (Pereira, Sad
P Contains hazards Reduces leaks o Arctic drilling
Methods availability etal. 2022)

6.1. Regulations, Standards, and
Sustainability Driving Technological
Adoption

Regulatory frameworks drive adoption

(Okeke and Indicators 2021). Standards from

API/ISO (Nwakile, Hanson et al. 2023). Initiatives

include Al monitoring (Cherepovitsyn, Rutenko

et al. 2021). Critically, while regulations push

sustainability, enforcement gaps in emerging
markets hinder progress.

7. Case Studies

(Table 7) presents real-world examples and
outcomes from various case studies related
to drill cuttings transport across different
operational contexts.



103

Journal of Gas Technology . JGT , Volume 10 / Issue 1/ 2025

Table 7. Case Studies in Drill Cuttings Transport

Case Study Location Outcomes

Challenges Lessons Learned References

30% downtime
reduction

Real-Time

North
Monitoring Offshore orth Sea

Enhances efficiency/ (Nygard, Andreassen

Investment/trainin
9 safety et al. 2021)

CFD for
Deepwater

Gulf of Mexico Optimized fluids

(Cuamatzi-Meléndez,
Tetlalmatzin-Garcia
etal. 2023)

Essential for

Computational cost )
complex regimes

Reduced costs/

(Innes, Nesse et al.

Recycling fo
yel g' ' Onshore Norway . Logistics Dual benefits
Construction impact 2021)
Biodegradable Reqgulator Viable for Olry, Cascone et al.
. 9 Germany 9 . y Fluid costs . (Olry
Fluids Onshore compliance sensitive ops 2024)
Thermal Hydrocarbon Effective for Li, Kameyama et al.
. . Middle East 4 Energy/complexity W (L, 4
Desorption Units recovery hazardous waste 2020)
. (Cuamatzi-Meléndez
Subsurface No surface Formations !
- Gulf of Thailand N Ideal for strict regs ~ Tetlalmatzin-Garcia
Injection waste suitability
et al. 2023)
Encapsulation Effective in fragile Cherepovitsyn
b Canada No leaks Costs/materials 9 ( P yn

Arctic

ecosystems Lebedev et al. 2023)

These cases demonstrate practical applications, but highlight cost and site-specific challenges.

8. The Future of Multiphase Flow
Management: A Sustainable Outlook

Trends: Advanced separation, sensors, Al,
green tech, modeling, CCU, collaboration.

Future holds efficiency gains (Alizadeh, Khalili
et al. 2024, Qiu, Zhou et al. 2024, Saxena,
Prakash Gupta et al. 2024). (Table 8) forecasts
advancements.

Table 8. Forecasting Potential Advancements in Multiphase Flow Technology

Technology Key Features Expected Benefits Challenges Examples References
. . Predictive Optimized .
Artificial Intelligence . o Data needs Offshore automation (Wang 2017)
modeling efficiency
. Biodegradable/ . . " . (Wang, Ge et al.
Green Drilling 9 . Reduced footprint ~ Costs/scalability Sensitive projects K
low-emission 2017)
Real-time o . ) (Wang, Ge et al.
Smart Sensors L Precision Integration Arctic/deepwater
monitoring 2017)
. . - . (Lahey Jr, Baglietto
Advanced CFD/DEM Simulations Accurate predictions Computational Ultra-deep wells tal. 2021)
etal.
. . (Lau, Ramakrishna et
Cccu CO, capture/reuse Neutrality Infrastructure Multiphase systems 1 2021)
al.

Autonomous

Robotics/Automation
transport

Safety/precision

(Chen, Stavinoha et

Hazardous rigs
al.2014)

Development costs

. Renewables
Hybrid Energy Lower costs

integration

Intermittency Remote drilling (Tee, Tan et al. 2019)
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8.1. The Role of Al in Drilling Operations
Al is transforming drilling by optimizing
operations, predicting failures, and enhancing
safety. Key applications include geo-steering,
site identification, production enhancement,
and well placement. For instance, Al reduces
risks in high-stakes environments and boosts
efficiencies (Noshi and Schubert 2018).

Critically, Al addresses multiphase flow gaps
by analyzing real-time data for better cuttings
transport, but challenges include data quality
and ethical concerns. In addition, the integration
of Al-driven real-time monitoring systems
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introduces significant cybersecurity and data
privacy challenges. Sensitive operational data
such as wellbore pressure, flow rates, and drilling
parameters can be vulnerable to data breaches
or unauthorized access during cloud-based data
transmission, potentially compromising both
safety and proprietary information (Sircar, Yadav
et al. 2021, Aderamo, Olisakwe et al. 2024).

Strengthening encryption protocols
and implementing secure data governance
frameworks are therefore critical to ensure
trustworthy Al deployment in drilling operations.
(Table 9) summarizes Al advancements.

Table 9. Al Applications in Drilling Operations

Application Description

Benefits

Challenges References

. Al-driven path optimiza-
Geo-steering

Efficiency, reduced
tion footprint

(Muhammad, Cheraghi et

Integration costs
al. 2024)

Exploration Data analysis for sites

Accuracy, cost savings

Data volume (Dada, Oliha et al. 2024)

Predictive Maintenance Failure prediction

Downtime reduction

(Hanif and Research

Algorithm accuracy 2024)

Automation Robotic drilling

Safety, precision

(Ohalete, Aderibigbe et

Adoption barriers
al. 2023)

Supply Chain Logistics optimization

Efficiency

(John, Oyeyemi et al.

Cybersecurity 2022)

This section highlights Al's potential to fill
research gaps in predictive modeling.

8.2. Al-Based Stimulation Workflows

Al-based stimulation workflows represent a
paradigm shift from conventional, empirically
guided operations toward data-centric,
adaptive, and autonomous decision-making. By
integrating historical field data, real-time sensor
inputs (e.g.,, SCADA, DAS, DTS), and machine
learning models, these workflows continuously
refine stimulation design and execution
parameters (Khan, Barooah et al. 2023).

At the design stage, hybrid models such as CFD-
DEM simulations combined with Al algorithms
(e.g,, Gradient Boosting, Reinforcement Learning)

enable optimized fluid compositions, proppant
schedules, and acid placement strategies. During
execution, real-time data streams from pressure and
acoustic sensors are processed by Al-based control
systems that autonomously adjust pumping rates,
fluid viscosity, and injection timing to maintain
operational stability (Xu, Song et al. 2025).

Post-treatmentevaluationisfurtherenhanced
through Al-assisted production forecasting and
anomaly detection, allowing for continuous
improvement in subsequent jobs. Collectively,
these adaptive frameworks not only increase
stimulation efficiency and reliability but also
align with ESG and sustainability objectives
by minimizing resource consumption and
operational risks.
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(Figure 5) represent the integrated Al-driven
workflow combining sensor data acquisition,
CFD-DEM simulation, and austomated control
for intelligent well stimulation. The feedback-
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enabled system continuously analyzes field
data to optimize operational parameters
and ensure efficient, safe, and sustainable
performance.

Real-Time
Monitoring
Sensor Data l
= Flow Rate
+ Pressure CFD-DEM . Automated
+ Temperatuire Simulation Adjustments
= Cuttings |
Concentration
Pump Speed
T— Automated Fluid Viscosity

Adjustments

Robaotic Handling

Figure 5. Integrated Multiphase Flow and Automation Framework for
Drill Cuttings Transport generate this figure.

8.3. Comparison of Offshore vs. Onshore
Applications

Offshore drill cuttings transport faces
unique challenges compared to onshore,
including higher costs, logistical complexities,
and environmental risks. Offshore often uses
thermal treatment or subsurface injection due
to space limits, while onshore favors recycling
and land-based disposal (Ochulor, Sofoluwe et
al. 2024). Key differences:

1. Cost: Offshore 2-3x higher due to
transport distances.

2. Technology: Offshore relies on compact
systems like CTS; onshore uses larger
shakers/centrifuges.

3. Environmental Impact: Offshore
risks marine pollution; onshore soil
contamination.

4. Efficiency: Onshore simpler logistics;
offshore needs advanced monitoring for
waves/weather.

Critically, offshore scalability is limited by
regulations, while onshore benefits from easier
waste reuse.

9. Conclusions

The findings of this review reinforce the critical
importance of data-driven, sustainable, and
automated approaches in advancing multiphase
flow management for drilling operations. The
integration of CFD-assisted simulation with real-
time sensing has proven effective in optimizing
hydraulic parameters, reducing downtime,
and enhancing cuttings transport efficiency.
However, large-scale industrial implementation
requires addressing several challenges, including
standardization of nanofluid formulations,
interoperability between sensor and Al systems,
and validation of hybrid CFD-DEM-AI models
under diverse field conditions.

For practical deployment, future drilling
systems should adopt a modular architecture
that combines physics-based simulation, Al-
enabled control, and robotic handling into a
single closed-loop automation environment.
Establishing industry-wide data standards for
environmental monitoring, waste recycling,
and energy optimization will facilitate
interoperability and accelerate technology
transfer from laboratory to field operations.



106

Looking ahead, next-generation multiphase
flow systems are expected to evolve into
self-optimizing drilling platforms capable of
autonomous learning and adaptive control.
These systemswilldynamicallyadjustoperational
parameters based on real-time data to maintain
performance, minimize environmental impact,
and uphold safety standards even under highly
variable subsurface conditions. The convergence
of physics-based modeling, sustainable materials
engineering, and digital automation offers a
tangible pathway toward a cleaner, safer, and
economically resilient oil and gas industry.

To enhance the interpretability and visual
clarity of these advancements, itisrecommended
that future studies incorporate schematic
diagrams depicting:

1. The CFD-DEM coupling mechanism for
multiphase flow simulation;

2. The sensor-Al feedback architecture for
real-time control;

3. Comparative schematics of manual versus
robotic cuttings handling workflows; and

4. A sustainability framework illustrating
the interconnections among drilling
fluid selection, waste management, and
emission reduction.
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