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ABSTRACT: Computational Fluid Dynamics (CFD) plays an
essential role in modern engineering and scientific research,
especially in modeling complex fluid behaviors across various
industries. This narrative review aims to analyze recent
advancements in CFD methods and applications, with a focus
on the integration of Artificial Intelligence (AlI), machine
learning, and advanced numerical models. Literature was
gathered from databases including Scopus, Web of Science, and
Google Scholar using a set of comprehensive keywords, and
studies were selected based on methodological quality, relevance,
and recency. The review synthesizes evidence across multiple
sectors, including aerospace, biomedical engineering, and
renewable energy. Key findings show that Al-based approaches
significantly enhance CFD by improving simulation efficiency
and accuracy, particularly through surrogate models and
reinforcement learning strategies. Applications of CFD in
industrial design, emission control, and cardiovascular modeling
were examined, with validation through experimental data
ensuring reliability. However, challenges remain in accessing
computational resources, validating models, and achieving
methodological standardization. Systemic barriers—such as the
need for high-performance computing, skilled personnel, and
standardized protocols—were identified as primary constraints.
The study concludes by emphasizing the critical role of Al
integration and interdisciplinary collaboration in advancing CFD
practices. It advocates for increased investment in infrastructure,
policy-driven support, and further research into hybrid and real-
time simulation models to enhance the robustness and scalability
of CFD applications.

Keywords: Computational ~ Fluid Dynamics,  Artificial
Intelligence, Machine Learning, Simulation Modeling, CFD
Validation,  Engineering  Innovation, High-Performance
Computing.

This is an open access article under the
av CC-BY 4.0 license

INTRODUCTION

Opver the past decade, Computational Fluid Dynamics (CFD) has emerged as an indispensable tool

across various disciplines including engineering, energy systems, environmental sciences, and

biomedical applications. As computational capacities have expanded and numerical algorithms
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evolved, CFD has enabled researchers and practitioners to simulate fluid behavior with increasing
precision. However, this progress is not without its challenges. Recent studies have noted
escalating computational costs required to achieve higher levels of accuracy in simulation models.
Harvill et al. (2021) observed that despite significant investments in developing new modeling
tools, established software like GOTHIC remains predominant, suggesting a mismatch between
evolving technological needs and existing computational resources. This situation underscores the
persistent need to bridge the gap between innovative capabilities and practical usability in real-
world CFD applications.

Parallel to software limitations, another substantial challenge in CFD lies in data acquisition and
model validation. As highlighted by Kieckhefen et al. (2020), the intricate interplay between fluid
and solid systems demands hybrid modeling techniques that combine analytical and numerical
methods. Such integration is necessary to achieve realistic and reliable simulation outcomes,
especially in applications with complex geometries and boundary conditions. Compounding these
issues is the rising demand for more advanced hardware and software platforms, a trend
emphasized by Kiiciiktopeu et al. (2024), who argued that the hardware demands of modern CFD
applications often outpace the available infrastructure in both academia and industry.

Emerging technologies such as Artificial Intelligence (AI) and Machine Learning (ML) introduce
both opportunities and complications for the CFD landscape. Efthimiou (2024) pointed out that
although empirical models enhanced by Al can improve turbulence predictions in Reynolds-
Averaged Navier—Stokes (RANS) simulations, integrating these innovations into existing CFD
frameworks remains a formidable task. The synthesis of conventional turbulence modeling with
data-driven approaches introduces new complexities in model interpretability, reproducibility, and
validation. As a result, researchers are urged to conduct comprehensive literature reviews to
navigate and make sense of the rapidly expanding knowledge base surrounding CFD
methodologies and applications.

Globally, the demand for CFD has intensified, spurred by its applicability in high-impact sectors.
Renewable energy systems, for instance, increasingly rely on CFD to design efficient energy
conversion devices. Crespo et al. (2023) emphasized that strong design protocols rooted in CFD
modeling are essential for optimizing wave energy converters, highlighting the tool's importance
in sustainable technology development. Similarly, Maksoud et al. (2024) documented the growing
utilization of CFD in disaster mitigation and urban planning, especially in flood risk modeling for
vulnerable regions. In parallel, the use of CFD in veterinary and medical sciences is expanding,
exemplified by Tucker et al. (2024), who applied CFD to analyze airflow dynamics in animal
respiratory systems. These studies collectively demonstrate the increasing reliance on CFD to
address diverse and complex challenges in both natural and engineered environments.

Statistical data further illustrate the critical role of CFD in various industries. Reports show a
significant uptick in peer-reviewed publications involving CFD across disciplines such as chemical
engineering, biomedicine, and aeronautics. This surge reflects not only the tool's growing
importance but also the urgency to consolidate fragmented research efforts into comprehensive
analyses. Given these developments, a well-structured narrative review becomes essential to
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evaluate current methodologies, explore emerging technologies, and propose integrative solutions
to persistent challenges in the field.

Despite these advancements, several persistent challenges confront CFD research and application.
One of the primary issues is the high computational cost associated with increasing simulation
fidelity. The need for refined meshes, advanced solvers, and longer simulation durations has led
to resource-intensive workflows that may not be accessible to all practitioners. Moreover, model
validation continues to be a pressing concern, especially when empirical data are scarce or difficult
to obtain. Incomplete or imprecise data can significantly impact the reliability of simulation
outcomes, limiting the practical applicability of CFD models in critical decision-making contexts.

Another significant challenge is the inherent uncertainty in CFD simulations. Physical parameter
variability, such as boundary conditions and material properties, introduces unpredictability into
model outputs. Efthimiou (2024) observed that many existing CFD models struggle to accurately
capture peak values or transitional phenomena due to these uncertainties. This limitation calls for
more holistic modeling frameworks that incorporate probabilistic and statistical approaches to
enhance predictive accuracy and robustness.

Furthermore, the integration of multi-physics in CFD—particularly fluid-structure interactions—
remains an underexplored frontier. Kieckhefen et al. (2020) emphasized that while Discrete
Element Methods (DEM) have been effectively applied in isolated contexts, their seamless
coupling with CFD for more comprehensive modeling remains limited. This represents a notable
research gap, especially given the increasing complexity of engineering systems where interactions
between different physical phenomena are non-negligible.

Addressing these challenges requires a critical examination of the existing literature. Although
numerous studies have advanced numerical methods and simulation techniques, many fall short
of integrating machine learning or Al into practical, real-world CFD frameworks. Y.ach and
Svyetlichnyy (2025) underscored that despite growing interest in intelligent modeling approaches,
their practical implementation remains sparse. Moreover, insufficient attention has been paid to
methodological uncertainties and the lack of standardized validation protocols across different
CFD applications.

The primary objective of this narrative review is to synthesize and critically analyze recent trends,
innovations, and persistent challenges in the field of Computational Fluid Dynamics. By evaluating
the state-of-the-art in CFD modeling, including the integration of AI and ML, the review aims to
identify knowledge gaps and propose pathways for future research. It also seeks to provide insights
into the practical implications of CFD in various industrial sectors such as acrospace, energy, and
biomedical engineering, thereby offering a holistic perspective on the tool's evolving role in science
and technology.

This review will concentrate on CFD applications within the energy, biomedical, and aerospace

sectors—areas where the technology has demonstrated significant scientific and societal impact.
In the energy domain, CFD is being used to optimize combustion processes and assess the
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efficiency of renewable energy systems. These applications are critical for addressing global
challenges related to energy security and climate change (Lach & Svyetlichnyy, 2025). The
biomedical field benefits from CFD through improved understanding of cardiovascular dynamics
and the design of medical devices such as stents and heart valves (Zhang et al., 2014; Colombo et
al., 2025). These contributions highlight the potential of CFD to enhance diagnostic accuracy and
therapeutic efficacy in clinical settings.

In the aerospace industry, CFD plays a pivotal role in aerodynamic design, structural optimization,
and performance evaluation. Yeo and Ormiston (2022) demonstrated how CFD aids in rotorcraft
analysis and contributes to adaptive design methodologies that account for dynamic flight
conditions. The technology's ability to model high-speed flow phenomena with precision supports
innovation in aircraft development and propulsion systems.

By focusing on these strategically important sectors, this review underscores the relevance of CFD
as both a scientific and engineering tool. The geographic and industrial focus also reflects global
priorities in sustainability, health, and technological innovation. Ultimately, the review endeavors
to provide a comprehensive and critical overview of Computational Fluid Dynamics as it stands
today—identifying its limitations, celebrating its successes, and charting a course for future
research and development.

METHOD

The methodology for this narrative review on Computational Fluid Dynamics (CFD) was designed
to ensure the inclusion of high-quality, relevant, and up-to-date literature covering methods,
applications, and innovations within the field. The process began with a systematic approach to
literature search, utilizing reputable scientific databases such as Scopus, Web of Science, and
Google Scholar. These databases were chosen due to their broad coverage of peer-reviewed
journals and conference proceedings, ensuring a comprehensive overview of developments in
CED. The search was conducted in early 2025 and aimed to capture publications from the last ten
years, ensuring the incorporation of the most current advancements and practices.

To ensure effective retrieval of relevant literature, a set of carefully selected keywords and keyword
combinations was employed. The primary term used was "Computational Fluid Dynamics," which
served as the cornerstone of all search queries. To refine the scope and increase specificity,
additional keywords were incorporated based on thematic focus areas within the field. These
included "CFD applications," which targeted literature discussing the practical use of CFD in
various industrial sectors; "flow simulation," for identifying studies related to the modeling and
analysis of fluid flow; and "turbulence modeling," which captured research centered on turbulence-
related phenomena in CFD frameworks. Other critical keywords included "High-Performance
Computing in CFD," reflecting the role of advanced computational resources in enhancing
simulation efficiency; "Machine Learning for CFD," which brought attention to studies utilizing
Al and ML for optimization and predictive analytics; and "multiphase flow simulations," which
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addressed the complexities of modeling multiple interacting fluid phases. Additional terms such as
"validation of CFD models" and "CFD in renewable energy" ensured the inclusion of works
focused on verification practices and sustainability applications, respectively. These keywords were
used both independently and in Boolean combinations to optimize the search for comprehensive
and relevant results (Kieckhefen et al., 2020).

The search results were then subjected to an inclusion and exclusion screening process to ensure
that only high-quality, relevant sources were selected for review. The inclusion criteria emphasized
four primary dimensions: relevance, quality, recency, and methodological diversity. Relevance was
determined by evaluating whether the article focused directly on CFD—either through theoretical
developments, methodological innovations, or specific applications in industry or academia. Only
articles that demonstrated a substantive engagement with CFD concepts and practices were
retained. Quality was ensured by including only peer-reviewed publications, thereby guaranteeing
a minimum level of scientific rigor and credibility. Recency was addressed by focusing primarily
on literature published within the last ten years, allowing the review to reflect the state-of-the-art
in CFD research and practice. Lastly, methodological diversity was considered by selecting studies
that employed a wide range of analytical, numerical, and hybrid methods. This criterion was
particularly important for capturing the multi-faceted nature of CFD research, which often spans
disciplines and computational paradigms.

Conversely, several exclusion criteria were applied to narrow the literature corpus to the most
relevant and rigorous sources. Non-scholarly publications, such as opinion pieces, magazine
articles, and editorial content, were excluded due to their lack of empirical data and methodological
transparency. Articles that did not provide reproducible results or failed to report clear data were
also removed from consideration, as these hinder the ability to validate findings or conduct follow-
up research. Language was another exclusion criterion; only articles written in English were
included in the final selection. This restriction was applied to maintain consistency in interpretation
and to align with the dominant language of global scientific discourse. Furthermore, articles that
touched upon fluid dynamics concepts but lacked direct integration or application of CFD
methodologies were omitted. For instance, studies focused solely on particle dynamics without the
use of CFD tools were considered out of scope (Kieckhefen et al., 2020).

The initial search using the aforementioned keyword sets returned a broad array of literature.
Articles were then screened based on their titles and abstracts to assess preliminary relevance. This
process involved an initial filtering where non-relevant studies were discarded, followed by a more
detailed assessment of full-text documents that met the inclusion criteria. Each article was
evaluated for its alignhment with the aims of this narrative review, with particular attention given to
the clarity of its objectives, robustness of its methodology, and significance of its findings.

In terms of study types, the literature reviewed included a broad spectrum of research
methodologies. These encompassed randomized controlled trials where CFD models were
validated against experimental data, cohort studies examining long-term applications of CFD in
industrial or environmental systems, and case studies illustrating specific applications of CFD in
domains such as aerospace, biomedicine, and renewable energy. Experimental research involving
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laboratory validation of CFD simulations was also considered, as well as theoretical and
computational studies proposing new models, algorithms, or simulation strategies. Inclusion of
this diverse set of research types enriched the review by offering both practical insights and
theoretical underpinnings, thereby bridging the gap between computational innovation and real-
world application.

To further enhance the quality and credibility of the literature included in the review, a cross-
validation process was conducted whereby the references cited within selected articles were
examined for additional relevant sources. This snowballing technique allowed the identification of
seminal works and key studies that may not have appeared in the initial database search but were
frequently referenced within the field. Through this iterative process, the scope and depth of the
literature corpus were expanded, ensuring comprehensive coverage of the topic.

Ultimately, the final selection of literature comprised studies that met all inclusion criteria and
contributed meaningful insights into the current state and future trajectory of Computational Fluid
Dynamics. This methodology ensured that the review was grounded in credible, relevant, and
diverse sources, allowing for a nuanced synthesis of existing knowledge and the identification of
key research gaps. By combining rigorous search strategies, clear selection criteria, and an inclusive
approach to study types, the methodology underpinning this review establishes a solid foundation
for the critical analysis and thematic synthesis presented in the subsequent sections.

RESULT AND DISCUSSION

Recent advancements in Computational Fluid Dynamics (CEFD) reflect a significant evolution in
both theoretical and practical domains, especially through the integration of Artificial Intelligence
(AI) and data-driven algorithms. The findings presented in this section are organized into key
thematic areas that represent the latest developments, current industrial applications, comparative
analyses with experimental methods, and validation strategies of CFD models.

The first major area of innovation lies in the development of new numerical models and Al-based
algorithms. Bijjala (2024) demonstrated the effectiveness of machine learning models in
aerodynamic design simulations, showing that such models can predict drag coefficients accurately
while reducing simulation times drastically. This not only accelerates the design process but also
increases the number of design iterations feasible within a development cycle. Peng et al. (2024)
further advanced this field by employing Gated Recurrent Units (GRUs) in CFD modeling. Their
study showed that when the goodness-of-fit threshold (R?) was adjusted to exceed 0.985, the
prediction accuracy could improve from 72.2% to 97.9%, highlighting the adaptability of these
models in handling noisy and complex data environments. These results underline the increasing
reliability of Al-enhanced CFD simulations in diverse settings.

An equally impactful innovation is the adoption of Physics-Informed Neural Networks (PINNs),
which embed physical boundary conditions into neural architectures. Alzhanov et al. (2024)
reported that such integration allows for precise flow simulations even in complex fields, bridging
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the gap between empirical modeling and theoretical fluid mechanics. By incorporating physical
laws into the computational framework, PINNs ensure greater fidelity and reduce reliance on large
datasets, which are often a limiting factor in machine learning applications.

The efficiency and accuracy of simulations have also been improved through surrogate modeling
and Deep Reinforcement Learning (DRL). Ahmed et al. (2022) discussed how surrogate models
provide quick performance estimates without conducting full-scale CFD simulations. These
models offer a balance between computational speed and predictive fidelity, making them highly
suitable for iterative design processes in time-sensitive projects. Suarez et al. (2025) applied DRL
in active flow control to reduce drag around turbulent cylinders, demonstrating real-time
optimization capabilities. DRL algorithms adapt control strategies dynamically in response to
changing flow conditions, thus enhancing both robustness and adaptability of simulations.
Efthimiou (2024) also noted that these methods not only reduce computational costs but also
provide more precise solutions, which are increasingly demanded in industries like automotive,
biomedical, and renewable energy.

In terms of industrial applications, CFD continues to play a pivotal role across various sectors. In
the aerospace domain, Yeo and Ormiston (2021, 2022) highlighted the role of CFD/CSD methods
in predicting aerodynamic loads under maneuvering flight conditions. Their findings contributed
significantly to rotorcraft design improvements, establishing CFD as an indispensable tool in
modern aviation engineering. In the biomedical field, Alzhanov et al. (2024) integrated CFD with
machine learning to simulate blood flow in stenotic coronary artery trees, showcasing the model's
ability to represent complex physiological phenomena. Furthermore, Koulali et al. (2024) used
CFED in the design of photothermal therapy systems targeting E. coli, indicating the method's
versatility in clinical applications.

Energy systems also benefit from CFD applications. Wang et al. (2024) demonstrated how CFD
modeling can be used to optimize NOx emissions in industrial calcination processes. Their results
offered verifiable improvements in process efficiency and emission control. In the context of
renewable energy, Crespo et al. (2023) applied CFD to model wave energy converters, underlining
the technique's utility in designing efficient and sustainable energy technologies. Similatly, Ahmed
et al. (2022) used machine learning-enhanced CFD simulations to optimize aerodynamic
components in the automotive industry, allowing for faster, more fuel-efficient vehicle designs.

When comparing CFD with experimental approaches, literature highlights the superiority of CFD
in terms of speed and cost. Liu et al. (Mishra et al., 2023) noted that simulations conducted via
CEFD could replicate complex micro-scale flow behaviors without incurring the high costs of
physical experiments. This advantage is particularly significant in initial design stages, where
multiple iterations are required. Kurhade et al. (2024) compared CFD outcomes with wind tunnel
test results on aerofoil designs and found that while experimental data provided valuable
benchmarks, CFD facilitated faster and safer design iterations with lower resource requirements.
Efthimiou (2024) emphasized that hybrid approaches combining CFD simulations with physical
validation tests offer enhanced predictive accuracy, allowing maximum values to be reliably
forecasted over time.
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Validation remains a critical aspect of CFD applications. It ensures that simulation results align
with real-world measurements and operational conditions. Efthimiou (2024) described the process
of tuning CFD model parameters against empirical data to improve prediction reliability. This
practice is essential in ensuring that simulated outputs reflect real fluid behavior. Marfaing et al.
(2018) stressed the importance of comparing two-fluid model results with experimental data to
quantify uncertainty, thereby setting a clear benchmark for evaluating simulation accuracy. Such
validation efforts must be conducted across diverse operational scenarios to ensure model
robustness and transferability.

Experimental methods are instrumental in supporting or calibrating CFD simulations. Wind tunnel
experiments, for instance, provide high-resolution data on lift and drag coefficients, which are
crucial for aerodynamic validations. Kurhade et al. (2024) demonstrated that using wind tunnel
results to validate CFD predictions on aerofoils led to more accurate performance assessments
and informed design optimizations. Additionally, thermal imaging techniques allow researchers to
visualize flow patterns and temperature distributions, which are especially useful in cooling system
designs. Acoustic and pressure-based measurements are also utilized to capture flow phenomena
inside devices, supplying critical data for calibration.

Jackson and Amano (2017) further emphasized that direct experimental simulations can serve as
diagnostic tools to assess CFD model performance, particularly in simulating specific flow
characteristics. Their approach highlights the value of integrating experimental findings into
computational models, allowing iterative refinement and increasing confidence in simulation-based
design decisions.

Collectively, these findings underscore the complementary nature of CFD and experimental
methods. While CFD offers cost-effective, scalable, and rapid modeling capabilities, experimental
validation remains essential for ensuring model fidelity. The synergistic use of both approaches is
increasingly regarded as best practice in fields that demand high accuracy and safety margins.

In conclusion, the state-of-the-art in CFD reveals a landscape that is increasingly shaped by Al-
driven models, data-efficient algorithms, and cross-disciplinary integration. With expanding
applications in aerospace, healthcare, energy, and manufacturing, CFD stands at the forefront of
engineering innovation. However, as these technologies evolve, so too must the validation and
integration frameworks that support their adoption. As demonstrated by the reviewed literature,
the future of CFD lies in its ability to harmonize advanced computational tools with robust
empirical grounding, offering unprecedented opportunities for predictive modeling, system
optimization, and scientific discovery.

The findings of this review reflect both an alignment with and evolution from prior research in
Computational Fluid Dynamics (CFD), particularly in terms of the integration of Artificial
Intelligence (AI) and Machine Learning (ML). Studies such as Bijjala (2024) affirm the
transformative role of ML in aerodynamic simulations by demonstrating significant reductions in
computational time and resource use through drag prediction models. These advancements are
consistent with the broader trend in CFD literature toward intelligent simulation techniques that
enhance iterative design and decision-making efficiency. In contrast, the current review also reveals
advancements beyond earlier findings, such as those noted by Marfaing et al. (2018), who
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emphasized persistent challenges in validating two-fluid flow models. The integration of
experimental datasets into simulation models in this review illustrates improvements in prediction
accuracy and model robustness, suggesting progress toward addressing earlier validation
limitations.

The implications of these findings extend across multiple industrial sectors. In the aerospace
industry, the use of CFD for aerodynamic optimization continues to evolve, particularly through
the incorporation of deep reinforcement learning (DRL) to adaptively control airflow around
aircraft structures. Gupta et al. (2021) emphasized the growing necessity of CFD in diagnosing
and resolving design and performance issues, especially as aircraft systems become more complex.
These advancements allow designers to simulate turbulent conditions more precisely and adjust
configurations in real time. In the energy sector, CFD plays an increasingly central role in the
development of low-emission technologies. Wang et al. (2024) demonstrated how CFD-based
modeling can be used to minimize nitrogen oxide emissions in calcination processes, aligning with
global sustainability objectives. The implications are significant, suggesting that CFD could form
the backbone of emissions-reduction strategies in industrial operations.

The biomedical sector also benefits from the convergence of CFD and Al. Alzhanov et al. (2024)
showed how this integration enables more accurate simulations of blood flow in stenotic arteries,
which can inform the design of targeted interventions and devices. This capability expands the
clinical utility of CFD, offering personalized modeling approaches that enhance treatment
precision and reduce procedural risks. Given the growing emphasis on precision medicine, the
continued evolution of CFD in healthcare underscores its potential to become a critical diagnostic
and therapeutic tool.

Despite these promising developments, the widespread adoption of CFD remains constrained by
several systemic challenges. One of the most pressing is the high demand for computational
resources. As Kictktopeu et al. (2024) reported, advanced simulations require robust hardware
and software capabilities, which can be cost-prohibitive, particularly for small and medium
enterprises. This barrier limits the democratization of CFD technologies and restricts their
application to organizations with substantial infrastructure. Addressing these disparities requires
both technical and policy-based solutions to make CFD more accessible.

Another major challenge lies in model validation and calibration. Marfaing et al. (2018) highlighted
the difficulties in ensuring reliable predictions from CFD simulations, especially in the context of
multiphase or two-fluid systems. The complexity of these flows introduces substantial uncertainty,
which must be accounted for through meticulous experimental comparisons. However, this
process demands significant expertise and resource investment, posing another barrier to
implementation. The choice of turbulence models and meshing strategies adds another layer of
difficulty. Kieckhefen et al. (2020) pointed out that inaccuracies in meshing or improper selection
of turbulence models can lead to substantial errors in simulation outcomes. These modeling
decisions require expert-level judgment, which is not always readily available in every engineering

team.

Additionally, the lack of international standards and guidelines hampers consistent CFD
application. As Fach and Svyetlichnyy (2025) noted, the absence of harmonized protocols results
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in divergent modeling practices across sectors, reducing the comparability and replicability of
simulation outcomes. This variation undermines the credibility of CFD as a standardized
engineering tool and slows its integration into regulatory frameworks. Furthermore, the inherently
time-intensive nature of CFD projects introduces logistical constraints. Bijjala (2024) and Jan and
Mackenzie (2023) observed that despite its analytical advantages, CFD often requires lengthy
modeling and simulation timelines, which can delay project deliverables and deter its use in time-

sensitive contexts.

To overcome these barriers, several technical and policy-oriented solutions are emerging. Investing
in enhanced computing infrastructure is one such approach. Kiiciiktopeu et al. (2024) highlighted
how cloud computing and scalable architectures can provide cost-effective alternatives to
traditional hardware, making CFD more accessible to a wider range of organizations. This
approach also supports the use of lightweight simulation tools that retain sufficient fidelity while
reducing computational load. Concurrently, the development of internationally recognized
standards is crucial. Although Y.ach and Svyetlichnyy (2025) focused on heat transfer modeling,
their call for greater standardization is equally relevant for CFD applications. Establishing
guidelines for model selection, meshing, and validation procedures would enhance methodological
consistency and build stakeholder confidence in simulation results.

Expanding education and training opportunities also addresses skill gaps in CFD implementation.
Marfaing et al. (2018) emphasized the need for advanced training programs to equip engineers and
researchers with the competencies required to manage sophisticated CFD tools. Collaborative
programs with universities and research institutions can ensure continuous professional
development and promote best practices. Technological integration is another key strategy.
Incorporating Al and ML into CFD workflows can reduce human error and streamline simulation
tasks. As Knight et al. (2020) indicated, Al algorithms can optimize mesh generation, select
appropriate modeling parameters, and even predict outcomes under varying boundary conditions,
all of which reduce the expertise barrier for effective CFD use.

Policy support is also indispensable. Wang et al. (2024) advocated for government-funded
initiatives that foster CFD innovation through research grants and public-private partnerships.
These programs can accelerate the translation of CFD advances into commercially viable solutions.
Government involvement also legitimizes CFD in industrial applications, encouraging broader
adoption and investment. Cross-sector collaboration further enhances the impact of CFD. Sundar
et al. (2024) and Noordt et al. (2021) noted that partnerships between engineers, data scientists,
and industry stakeholders facilitate knowledge exchange and drive the co-development of context-
specific solutions. This interdisciplinary synergy is especially critical for complex problems that
span technical, operational, and regulatory dimensions.

These collective strategies present a comprehensive pathway for enhancing CFD adoption and
application. By addressing systemic barriers through targeted interventions, the field can unlock
its full potential across various domains. The fusion of advanced computing, standardized
methodologies, and collaborative networks positions CFD as a transformative tool for innovation,
sustainability, and precision across modern industries. Nevertheless, ongoing attention must be
paid to areas of limited exploration, particularly in hybrid modeling approaches, real-time CFD
applications, and the integration of diverse data sources for model training and validation. These
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avenues represent promising directions for future research aimed at strengthening the foundations
and expanding the frontiers of CFD applications.

CONCLUSION

This narrative review highlights the evolving landscape of Computational Fluid Dynamics (CFD),
emphasizing the integration of Artificial Intelligence (AI) and advanced computational models as
central to overcoming traditional limitations in simulation accuracy, cost, and efficiency. Key
findings demonstrate that Al-enhanced algorithms, such as machine learning and deep
reinforcement learning, significantly reduce computational time while maintaining or even
improving accuracy in CFD applications. These innovations are particularly transformative in
fields like aerospace, renewable energy, and biomedical engineering, where real-time analysis and
precision are increasingly critical. Moreover, validation techniques and experimental calibration
remain essential for ensuring the reliability of CFD outcomes, reinforcing the synergy between
empirical data and computational modeling.

Despite these advances, the review identifies systemic barriers, including limited access to high-
performance computing infrastructure, skill shortages, model validation complexity, and the lack
of standardization. Addressing these challenges requires strategic interventions, such as increased
investment in computing resources, development of international modeling standards, and
enhancement of interdisciplinary training programs. Policy support through funding and
academic—industrial collaboration is also crucial to sustain innovation and adoption.

Future research should focus on hybrid modeling, real-time simulation, and the integration of
diverse data sources to improve prediction robustness. Equally important is the expansion of CFD
applications into emerging sectors. As a strategy, the incorporation of Al and ML tools, as
discussed in this review, stands out as a primary approach to address existing challenges, ensuring
that CFD remains at the forefront of scientific and engineering innovation.
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