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Abstract: The Reynolds number (Re), introduced in the late 19th century, has become a fundamental
parameter in a lot of scientific fields—the main one being fluid mechanics—as it allows for the
determination of flow characteristics by distinguishing between laminar and turbulent regimes,
or some intermediate stage. Reynolds’ 1895 paper, which decomposed velocity into average and
fluctuating components, laid the foundation for modern turbulence modeling. Since then, the concept
has been applied to various fields, including external flows—the science that studies friction—as
well as wear, lubrication, and heat transfer. Literature research in recent times has explored new
interpretations of Re, and despite its apparent simplicity, the precise prediction of Reynolds numbers
remains a computational challenge, especially under conditions such as the study of multiphase flows,
non-Newtonian fluids, highly turbulent flow conditions, flows on very small scales or nanofluids,
flows with complex geometries, transient or non-stationary flows, and flows of fluids with variable
properties. Reynolds’ work, which encompasses both scientific and engineering contributions,
continues to influence research and applications in fluid dynamics.

Keywords: fluid mechanics; laminar and turbulent flows; modeling; multiphase flows; fluid dynamics;
nanofluids; flows in complex geometries

1. Introduction

The Reynolds number (Re) is a dimensionless number that establishes the relation
between inertial and viscous forces [1,2], and thus is essential for flow characterization
(laminar, transitional or turbulent) [3]. Although Re has no unique definition and its
physical meaning varies depending on the context [1], it has a strong influence in fields
such as aerodynamics and aeronautics, particularly in transitional flows, where its effects
can be non-monatomic and highly sensitive to several parameters [4]. The scaling behavior
of turbulent boundary layers is closely related to the dependencies of Re [5]. Generally,
the flow in pipes is laminar when Re < 2000 and turbulent when Re > 2000-2300, with
an intermediate transitional range, but varies depending on the source consulted [6].
Interestingly, Re can be interpreted as a curvature ratio, which potentially offers insights
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into the design of high-performance exchangers [7] or can be used to help understand the
dynamics of the early universe [8].

The concept has a rich history [9] and is essential in various applications of fluid
dynamics, including boundary layer theory [10], microfluidics, or fluid physics at the
nanometric scale, where other dimensionless numbers such as the Péclet, capillary, and
Knudsen numbers also become important [11], as well as mixing processes, chaotic ad-
vection, and turbulence [12]. Understanding Re and related concepts is fundamental for
analyzing complex phenomena on a wide range of scales, from nanoliters to geophysical
flows [12,13].

This review attempts to synthesize the state of art on Re, providing an overview of most
relevant findings and highlighting both theoretical innovations and practical applications.
The review will also compare the theoretical and experimental approaches that have
emerged over time, evaluating their impact and accuracy in different contexts. Another
goal is to demonstrate the applicability of Re in various fields, emphasizing its importance
in solving complex problems. Finally, this review aims to offer a solid knowledge base that
will be useful for both teaching and scientific dissemination, facilitating the understanding
and use of the concept in future research and professional settings.

The organization of the work follows the following sequence: in the historical back-
ground, an analysis of the origin of Re is provided, mentioning the first studies and how
the need to define this dimensionless number arose. Then, the definition and theoretical
foundations are presented, where the formula for the Reynolds number and its basic appli-
cations are exposed. In the classical and modern applications section, studies in laminar
and turbulent flows and applications in fields such as mechanical engineering, chemistry,
biomedicine, and aeronautics are reviewed, along with recent studies on CFD simulations.
In the experimental studies and empirical studies section, experimental studies where Re is
measured or calculated are analyzed and compared with theoretical studies, identifying
areas of agreement and discrepancies, in addition to studying how Re behaves in more
complex flows, such as non-Newtonian fluids or multiphase flows. In recent advances and
developments, a review of recent studies that expand the use of the Reynolds number in
emerging areas, such as nanotechnology, bioengineering, or advanced numerical simula-
tions, is presented along with mentions of innovations in Reynolds number theory and
how it has been reinterpreted or refined. Discussions present known limitations and ways
to address them, along with controversies and debates regarding them. Finally, the main
findings and comments about future research are summarized in the conclusions.

2. Historical Background
2.1. Origins of Reynolds Number

The Reynolds number, a crucial dimensionless parameter in fluid mechanics, origi-
nated from the work of Osborne Reynolds on pipe flow in the late 19th century [9,14]. The
concept has been applied to various fluid flow scenarios, from microscopic to macroscopic
scales [15]. Reynolds’ original paper, which introduced the averaging of flow equations,
became fundamental in turbulence modeling [16], although both the definition and physical
interpretation may vary depending on the application or source used [2,7]. The need to
define the dimensionless Reynolds number arose from a desire to understand and pre-
dict the behavior of fluids in different flow situations. Until the end of the 19th century,
scientists and engineers realized that the behavior of fluids contained many repeating pat-
terns; however, there was no clear method to provide a relationship between such patterns
and their physical characteristics—velocity of fluid, viscosity, object, or conduit dimen-
sions. Transitions between smooth, regular flow—subsequently labeled laminar flow—and
chaotic, disordered flow—subsequently called turbulent flow—already existed; however,
without a proper mechanism, predicting when these changes would occur was very hard.
In 1883, British engineer and physicist Osborne Reynolds performed experiments in which
he measured how a fluid (water) moved through a cylindrical tube. Reynolds observed
that flow behavior not only depends on fluid velocity, but also on additional factors, such
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as density, viscosity, and pipe diameter. This led him to define a combination of these
variables to characterize the flow [2].

Reynolds’s discovery was essential because it provided a way to characterize and
predict the type of flow under different conditions. This allowed researchers to classify
flows as laminar or turbulent without having to perform experiments for each specific
situation, i.e., this mathematical relationship allowed researchers to describe the behavior
of fluids in a wide range of applications.

2.2. Concept Evolution

Re has evolved significantly since its inception until today. Originally introduced to
explain the transition from laminar to turbulent flow in pipes [17], it has become funda-
mental to characterize flow behavior [1]. Reynolds” work on velocity decomposition into
mean and fluctuating components laid the foundation for turbulence modeling [16], and
although its generic definition is given as the relationship between inertial and viscous
forces [14], its interpretation varies depending on the flow regime [18]. Recent research has
explored novel perspectives, such as a relationship of curvatures in spacetime [7] and their
role in the transition to turbulence [15]. Despite its long history dating back to Osborne
Reynolds and Theodore von Karman [9], the concept continues to be refined and applied
in various fields of fluid mechanics.

Below is a timeline of Re evolution, highlighting key milestones in its development
and significance [3,19,20]:

Before the 19th century—early concepts of fluid mechanics: The first attempts to
understand fluid motion were made by Greek, Roman, and Arab scholars. Archimedes,
for example, studied buoyancy, but the concept of fluid flow remained largely qualitative.
Leonardo da Vinci, on the other hand, created the first sketches and observations of fluid
flow patterns, including concepts that nowadays are recognized as turbulence.

1700—development of fluid mechanics: Bernoulli developed fluid mechanics by
relating fluid flow with pressure and velocity, while Leonhard Euler developed the basic
equations of motion for inviscid fluids, now known as Euler’s equations. The limitations of
both equations were that they did not take viscosity into account.

1800—introduction of viscosity and laminar flow: Navier introduced the concept
of viscosity to fluid flow, improving understanding of how fluid layers resist motion,
while Stokes expanded on Navier’s equations and derived what are known as the Navier—
Stokes equations, which describe how viscous fluids behave under different types of forces.
These equations take viscosity into account and form the basis of most modern fluid
dynamics studies.

1880s—Osborne Reynolds and the birth of the Reynolds number: Reynolds performed
his experiments on fluid flow through pipes, where he observed a transition between
laminar (smooth) and turbulent (chaotic) flow, establishing Re, a dimensionless quantity
that predicts the onset of turbulence based on the ratio of inertial forces to viscous forces.
This formula allowed the universal classification of flow regimes. Reynolds also showed
that, at low values (typically below 2000), the flow is laminar, and at high values (above
4000), the flow becomes turbulent, declaring a transition region between these values.

Early 1900s—expansion and application of the Reynolds number: Prandtl introduced
the concept of the boundary layer (influenced by Re), which was crucial to understanding
how fluids interact with solid surfaces and led to significant advances in aerodynamics.
Theodore von Karmén then applied the Reynolds number in the study of vortex shedding
behind cylindrical objects, contributing to the body of knowledge in fluid dynamics, and
finally, engineers began using Re in the design of aircraft wings, propellers, and ships, and
applied it to the study of lift, drag, and fluid resistance.

Mid-20th century—computational fluid dynamics (CFD) and expanded use: After
WWII, Re became a fundamental tool in the fields of aerodynamics, hydrodynamics, and
industrial fluid systems. Engineers used it in wind tunnel tests and large-scale engineering
projects (dams, pipelines, cooling systems, etc.), and with the rise of CFD, Re became
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an integral part of the computer simulation and modeling of complex fluid flows, allow-
ing phenomena to be explored in regions where physical experiments were impractical
or impossible.

21st century—advanced applications and research: Re still remains a critical factor in
advanced research and applications that range from biomedical engineering, where it is
applied to model the blood flow in arteries (the variation in Re helping in the prediction of
diseases like atherosclerosis), to high-Re experiments in the aerospace industry that enable
the design of hypersonic vehicles and improvements in the efficiency of commercial air
travel, as well as micro- and nanofluidics, where an extremely low Re characterizes laminar
flows in applications related to drug delivery and lab-on-a-chip technologies.

Key developments throughout the timeline: The concept of dimensionless numbers
expanded beyond the Reynolds number, giving rise to others such as the Froude, Mach,
and Prandtl numbers, each of which serves a unique function in fluid dynamics and related
fields. The evolution of Re reflects the growing understanding of fluid mechanics, moving
from basic observational studies to a quantitative and predictive tool that supports many
of the most advanced scientific and engineering projects in the modern world. Re is key in
a variety of engineering and science disciplines, and its relevance varies depending on the
field and type of flow being studied.

2.3. Bibliometric Analysis

The study of the Reynolds number has experienced significant growth in the last
century, reflected in the increase in publications in indexed journals (based on SCOPUS
bibliographic references), particularly in the last three decades. Bibliometric analysis indi-
cates that 73.6% are original articles and 24.3% are conference papers (the remaining 2.1%
correspond to reviews, reports, books, etc.) (see Figure 1a), focusing mainly on areas such as
engineering, physics and astronomy, chemical engineering, mathematics, energy, and mate-
rials science (see Figure 1b). This expansion in research has led to a deeper understanding
and broader applications of the Reynolds number, from its initial conception by Osborne
Reynolds in 1883 to its current use in diverse fields (from the study of fluid flow mechanics
in pipes to the study of spacetime curvature). Technological advances in experimental
methods and computer simulations have allowed researchers to study more complex flows
and transition regimes with greater precision. This is evidenced by the exponential increase
in scientific work on the subject (see Figure 1c), extending the applicability of the Reynolds
number from classical hydrodynamics to modern aerodynamics, microfluidics, and even
the study of astrophysical flows.
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Figure 1. Distribution of documents by type (a), field of study (b), and temporal variation (c) with
respect to the Reynolds number in the SCOPUS bibliographic reference database.

3. Definition and Theoretical Foundations
3.1. Mathematical Definition

Re derivation is based on an analysis of the Navier-Stokes equations and the scaling of
the characteristic quantities of the flow. The Navier-Stokes equation for an incompressible
flow is shown in Equation (1).

0
p(E;tl—i—u-Vu) = —Vp+uV2u 1)

where u is the velocity vector, p is the fluid density, p is pressure, u is the dynamic
viscosity, and V?u is a viscous diffusion term. Key terms in Equation (1) are inertial forces

[p (%—‘t‘ +u- Vu)} and viscous forces [1V?u]. Then, to analyze these equations in terms of

a dimensionless parameter, characteristic flow magnitudes are considered: characteristic
length (L); characteristic velocity (U); characteristic time (L/U); and characteristic velocity
gradient (U/L).

Substituting these scales into the Navier—Stokes terms, the scaling of the inertial forces
and the viscous forces are presented in Equations (2) and (3), respectively.

UZ
pu-Vu ~ Pf )
U
uvZu ~ hs 3

Since Re is defined as the ratio between the inertial and viscous forces, replacing the
characteristic scales, its mathematical definition is presented in Equation (4).

inertial forces pUTZ _pUL p-v-L wv-L

- = 4
viscous forces H% n m v 4)

where p is fluid density (%), v = U is the characteristic velocity of the flow (%), Lisa
characteristic length, such as the pipe diameter (m), p is the fluid dynamic viscosity (Pa - s),

. 1 o 2
and v = % is the fluid kinematic viscosity %)
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3.2. Physical Interpretation
Reynolds number physical interpretations aim to determine the regime or behavior in
which a fluid is found, which can be categorized as: laminar, turbulent, or in transition.

e  Re <2000: indicates laminar flow, where the fluid moves in ordered layers and viscous
forces dominate (see Figure 2a).

>

>

»  ~

»
>

(a) (b)
Figure 2. Diagrams of laminar (a) and turbulent (b) flow regimes.

e  Re>4000: indicates turbulent flow, where inertial forces predominate and the flow is
chaotic (see Figure 2b).
e 2000 < Re < 4000: correspond to a transition regime between laminar and turbulent.

The Reynolds number allows for the characterization of flow behavior without having
to completely solve the Navier-Stokes equations, acting as a key criterion in the design of
experiments and applications in engineering.

3.3. Basic Applications

Re has a fundamental role in a variety of applications in hydro- and aeromechanics [21].
Its importance spans aquatic locomotion, biological systems, boundary layer transitions,
impact dynamics, engineering systems, and turbulent flow behaviors. Some of the basic
applications of the Reynolds number are the study of flow dynamics in pipes, aircraft design,
automotive, heat exchangers, industrial mixers, air conditioning flows, hydrodynamics of
ships and submarines, and mineral processing. The main basic applications of the Reynolds
number are listed below.

3.3.1. Fluid Flow in Pipes

As stated above, the Reynolds number characterizes the flow regime—laminar or
turbulent. Therefore, understanding its implications is essential to optimize fluid transport
systems in pipes. Laminar versus turbulent flow is understood when Re < 2000, where
the flow is typically laminar, characterized by a smooth and orderly fluid motion, while
as Re increases beyond this threshold, the flow transitions to turbulence, marked by a
chaotic and irregular fluid motion [22]. The literature indicates that the transition point
can vary depending on factors such as fluid properties and pipe geometry, but Re remains
a fundamental indicator of flow behavior [23]. Additionally, it is noted that, at higher
Re, the azimuthal and streamwise structures of the flow exhibit distinct scale behaviors,
influencing the turbulence characteristics and energy distribution within the pipe [23].

The relationship between Re and velocity fluctuations is significant, and higher Re
leads to greater variation in streamwise and spanwise velocities, affecting overall flow
stability and efficiency [24]. Although more basic applications consider the study of the
correlation between pressure drops in pipe flows [9], other studies have explored other
phenomena, including Re effects in direct numerical simulations of turbulent flow in pipes
and comparison with channels and minimal layers [25], flows through diaphragm orifices
in pipes where the orifice functions as a flow meter [26], and flows in pipes with high [27],
extreme [28], or variable [29] Reynolds numbers. Additional studies have addressed low-Re
flows in helical pipes [30] and the evaluation of laminar flows with high Re, considering
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internal flows, external flows, and flows with special situations such as flow over an
obstacle in a wall layer, marginal separation, and unsteady breakup separation [31]. Other
studies have examined turbulence bounded by high-Re walls, zero pressure gradient
boundary layers, and flows in fully developed pipes and channels [32], along with the
scaling properties of turbulent flow in low-Re pipes, where the influence of Re on turbulence
statistics such as Re stresses, skewness, and kurtosis is simulated and studied, and where
discrepancies in turbulence characteristics at low Re compared to high-Re predictions are
also highlighted [33].

Although the transition to turbulence in pipe flow historically occurs at a Reynolds
number of around 2000, this limit can even be delayed by up to more than 100,000 under
specific conditions where care is taken to inject the liquid into the interior in a uniform
manner. In the work developed by Dabiri et al. [34], it is shown that a laboratory jet flow
maintains laminar flow beyond a Reynolds number of 116,000, which is confirmed by
high-speed videography and flow velocimetry, where the laminar nature of the flow is
maintained despite environmental perturbations. The quantified spatial development of
the velocity distribution within the jet, which tends to assume a “top-hat” configuration as
the distance downstream enlarges, seemingly facilitates the maintenance of laminar flow.
These findings imply the presence of a flow regime that is empirically attainable, wherein
turbulence may be evaded at an elevated Re.

Finally, instabilities in flow studies arise when a disturbance, however small, grows
over time instead of dissipating. These instabilities are usually associated with the physi-
cal properties of the flow, the geometry of the system, the boundary conditions, and the
problem parameters, such as the Reynolds number. The physical origins of the instabil-
ities can have their genesis in the competition between forces, the interaction with the
geometry (where vorticity concentrations or inflection points in the velocity profile are
generated, facilitating the amplification of disturbances), and the transition from laminar to
turbulent flow.

The stability of a flow can be studied by linear perturbation theory. Assuming that the
steady base flow U(x, t) is perturbed by a small perturbation u’(x, t), the total flow is given
by Equation (5):

u(x, t) = U(x,t) + u'(x,t) (5)

where u’(x,t) < U(x, t). Then, substituting into the Navier-Stokes equations and lineariz-
ing (discarding quadratic terms in u’), Equation (6) is obtained, where £(U) is a linear
operator that depends on base flow U.

ou’

i LU (6)

Assuming modal type solutions as presented in Equation (7), where k is the wave
vector and w is the complex frequency, the stability criterion is given by the following: if

Im(w) > 0, the disturbance grows exponentially (elm(‘”)t) , and the flow is unstable; and
if Im(w) < 0, the flow is stable.

u(x,t) = G(x)el -t (7)

3.3.2. Aircraft Design

In aeronautics, Re significantly influences the explanation of flow behavior, particu-
larly in transitional flows, affecting vehicle aerodynamics [4]. It significantly affects aircraft
design and aerodynamic performance, because as the number increases, the maximum
lift coefficient increases, while the minimum drag coefficient decreases [35]. The Reynolds
number also affects the pressure distribution, shock wave position, and boundary layer
development in supercritical airfoils used in transport aircraft [36,37], and in the case of
large aircraft, the effects of Re must be taken into account during design and optimiza-
tion [37]. Airfoils with a low Reynolds number are crucial for unmanned aerial vehicles
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and high-altitude aircraft [38], with airfoil designs varying across Reynolds number ranges,
from insect flight to supersonic aircraft. In turbine blade design, on the other hand, the
Reynolds number affects flow physics phenomena including boundary layer evolution and
wake shedding [39].

Finally, useful tools to investigate the effects of Re are numerical simulations and
wind tunnel tests, with computational methods allowing simulations of higher Reynolds
numbers comparable to real flight conditions, stressing the models in order to analyze their
limits [40,41].

3.3.3. Automotive

Re plays a crucial role in automotive aerodynamics and vehicle performance as it
significantly influences drag coefficients, whereby higher Re generally leads to lower drag
and higher efficiency [42,43]. The effects of Re on vehicle dynamics extend to several
aspects including the directionality of motion in self-propelled systems [44] or leveraging
the effects of Re to substantially reduce drag, as demonstrated in studies on short blunt
bodies [45] and computational models [46]. Re facilitates the study of turbulence control
mechanisms, such as: the study of the asymmetric shear layer force, where the use of a small
square cylinder to disturb the flow has been tested, determining that it is possible to reduce
resistance by up to 8% by improving flow re-insertion and reducing wake asymmetry [47];
the reduction of turbulent resistance by a constant force near the wall [48]; and the use of
thermal bands in the direction of the flow to reduce resistance by surface friction, improving
the formation of streaks at low speed and suppressing cross-flow fluctuations [49]. These
findings have potential applications for automotive design, since they can lead to a more
effective management of turbulence and to significant reductions in aerodynamic resistance,
improving fuel efficiency and equipment performance.

On the other hand, the effect of turbulence on local drag forces in automotive com-
putational models is significant, as various control strategies can lead to substantial drag
reduction. Integrating turbulence management techniques can optimize aerodynamic
performance, particularly in complex flow scenarios, so understanding and manipulat-
ing Re effects through various design strategies and flow control techniques can lead
to significant improvements in automotive performance and efficiency across different
transportation domains.

3.3.4. Heat Exchangers

The Reynolds number is a key factor influencing heat exchangers performance, affect-
ing both heat transfer and fluid flow characteristics. The reviewed literature indicates that,
as the Reynolds number increases, the heat transfer coefficient generally improves while
the friction factor decreases [50]. Furthermore, studies on various types of heat exchangers,
including shell-and-tube and multi-grid fin designs, have shown that performance can be
improved by manipulating geometric parameters and flow conditions [51,52]. Along the
same lines, a case study indicates that higher Reynolds numbers improve fluid dynamics,
reduce concentration polarization, and enhance membrane performance in electrodialysis
desalination [53]. Therefore, in transitional flow regimes, optimal Reynolds numbers can
be identified to balance heat transfer and pressure drops [54]. Nanofluids can signifi-
cantly increase thermal efficiency in heat exchangers [55], and particle size and volume
fraction strongly influence their thermophysical properties [56]. The improvement in the
thermal efficiency of nanofluids is given by the following conditions: improved thermal
conductivity, because nanofluids—fluids containing nanoparticles—have a higher thermal
conductivity compared to conventional fluids, allowing for more efficient heat transfer in
heat exchangers; the solid volume fraction of nanoparticles significantly affects thermal
properties—for example, increasing the graphite concentration in nanofluids improves
thermal conductivity, leading to better heat transfer efficiency; the use of nanofluids, espe-
cially those based on carbon nanotubes (CNT), has been shown to improve the heat transfer
efficiency of plate and plate-fin heat exchangers; and finally, nanofluids also possess unique
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thermophysical properties that contribute to their ability to improve the thermohydraulic
performance of heat exchangers [55]. Another more recent study corroborates that Re
significantly influences the heat transfer coefficient and the Nusselt number, improving
heat transfer and thermal performance in nanofluid applications [22]. Additionally, the
stability of nanofluids is crucial, since their instability can reduce system performance
considerably [57].

On the other hand, optimal thermodynamic performance of horizontal ground-based
heat exchangers in ground-source heat pump systems has been analyzed using various
configurations [58], and geothermal heat pump systems, which use the ground as a heat
source or sink, have been found to be highly efficient and are becoming popular in heating,
ventilation and air conditioning (HVAC). Horizontal circuits are more cost-effective than
vertical wells if sufficient land is available, but thermodynamic approaches still need to be
improved to evaluate their performance.

3.3.5. Industrial Mixers

The Reynolds number plays a crucial role in the performance and efficiency of indus-
trial mixers, influencing flow patterns, mixture quality, and operational parameters and/or
responses, so understanding its effects on mixing dynamics can improve the design and
application of various mixing technologies. From the literature review, it is evident that
experiments show that, as Re increases, the islands of poor mixing decrease, indicating
the directly proportional relationship between mixture quality and mixer speed [59], while
simulations of large eddies in stirred tank reactors show that flow structures and vortex
formations vary significantly with Re, affecting the mixing dynamics [60].

Continuing the analysis regarding the flow characteristics, studies on partitioned pipe
mixers indicate that the three-dimensionality of the velocity field decreases with increasing
Re, leading to a more chaotic mixing [61], while in the case of studies of more bounded
flows, such as jets, Re is a factor that influences decay rates and turbulence structures in
mixing operations [62]. Additionally, high values of Re can also improve thermal mixing
characteristics [63].

3.3.6. Air Conditioning Flow

Re plays a crucial role in the dynamics, performance, and efficiency of air conditioning
flow and heat transfer as it influences flow characteristics, heat transfer, and sterilization
processes, so studying and understanding its effects can lead to optimized designs and
improved operating results. In compact heat exchangers, new models have been developed
to predict friction factors and heat transfer coefficients over a wide range of Reynolds
numbers [64]. For finned tube bundles, correlations between friction factors and Reynolds
numbers have been derived to improve the estimation of cooling capacity [65]. In inclined
semicircular ducts, a decrease in Re improves heat transfer rates, particularly in specific
orientations, indicating that Re is a key factor in duct design for HVAC applications [66].
And finally, recent research on microtubes indicates that as Re increases, both the friction
factor and heat transfer efficiency decrease, suggesting that optimal Re values are critical to
maximizing heat transfer in HVAC systems [67].

3.3.7. Hydrodynamics of Ships and Submarines

Hydrodynamics of ships and submarines are significantly influenced by Re [68], af-
fecting drag, wake, maneuvering characteristics, performance, and stability. As aquatic
vehicles have improved their speed capabilities, recent research in ship and submarine hy-
drodynamics has focused on improving numerical simulation methods and understanding
complex flow phenomena at high Reynolds numbers, finding applications in the field of
technological development including the development of flexible coatings that improve
hydrodynamic performance [69]. Therefore, understanding the effects of Re is essential to
optimize the design and operational efficiency of this type of vehicle.
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The variation of hydrodynamic coefficients with Re is significant, particularly at low
values. Studies show that using fitted functions instead of constant values yields higher
accuracy in estimating these coefficients for underwater vehicles [70], while numerical
simulations of submarines, such as the SUBOFF model, reveal that hydrodynamic forces
and moments are sensitive to changes in Re, affecting maneuverability and stability [71].
Research on subsea pipelines, on the other hand, indicates that gas leaks alter wake
structures and hydrodynamic forces, and that the interaction of gas bubbles and vortices
is strongly dependent on Re [72]. The behavior of turbulent junction flows, common in
subsea appendages, shows that while mean flow characteristics may not vary significantly
with Re, turbulence intensity and heat transfer efficiency do increase, affecting overall
performance [73].

Studies have explored the use of dense gases for model testing [74], as the use of
highly compressed air and other dense gases allows for full-scale Re testing of submarines
and aircraft, and the implementation of boundary layer transition models for naval appli-
cations [75]. Another application of boundary layer transitions studies how the Reynolds
number affects the transition of boundary layers over underwater bodies, which impacts
design considerations in marine engineering [76].

Advances in computational fluid dynamics (CFD), to be studied in more detail in the
next section, have allowed more accurate simulations of turbulent flows around underwater
vehicles at high Re [77], with hybrid URANS/LES methods showing potential for certain
applications [78].

3.3.8. Mineral Processing

The Reynolds number plays a critical role in mineral processing, influencing fluid
behavior and particle transport in a variety of applications, and its impact is seen in
processes such as crystallization, mixing, and permeability, which are essential to optimize
mineral recovery and product quality. In microfluidic systems, low Reynolds numbers
indicate laminar flow, allowing for the precise control of fluids and particles [11]. In solids
and gas flow, the Reynolds number affects particle motion and drag in viscous regimes [79].
In mineral suspensions, rheological properties (including Re) are influenced by particle
concentration and surface chemistry, affecting flow characteristics [80].

Re affects the kinetics of nucleation and crystal growth in membrane crystallization,
where higher Re enhances mass and heat transfer, increasing permeate flux and modifying
interfacial supersaturation, which in turn regulates bulk nucleation rates [81]. This rela-
tionship allows for refined control over scale-up and crystallization processes. In planetary
mixers, on the other hand, increasing Re correlates with improved mixing quality and
experiments show that islands of poor mixing decrease as Re increases, indicating that
higher flow rates enhance material interface interactions [59], which is vital for achieving
uniformity in mineral processing. Additionally, Re also influences apparent permeability
in spatially periodic arrays, where higher Re leads to orientation-dependent permeability
changes. This affects fluid flow characteristics essential for efficient mineral extraction [82].

While the Reynolds number is essential to understanding fluid dynamics, its limita-
tions in highly turbulent flows or complex geometries can complicate predictions, requiring
advanced modeling techniques to capture the nuances of complex environments, such as
near-collisionless plasmas like solar wind [83]. In addition to generating prediction errors,
excessive turbulence can also lead to operational challenges, such as increased equipment
wear and non-ideal flow patterns, which can affect negatively processing results.

4. Classic and Modern Applications
4.1. Classical Applications in Hydrodynamics and Aerodynamics

The study of the Reynolds number in hydrodynamics has evolved significantly. In the
design of pipelines, a field in which it is required to know a priori whether the flow will
be laminar or turbulent, Re is the criterion par excellence for characterizing flow regimes,
as developed by Ryan and Johnson [84], who formulated a criterion to characterize non-
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Newtonian fluid regimes. Additionally, Bankston [85] studied the transition of hydrogen
and helium gas flow in heated pipelines from turbulent to laminar, concluding that the
transition occurs as the heat flow increases and that the transition significantly affected the
heat transfer coefficients compared to completely turbulent flow. Spriggs [86] and Barr [87]
also analyzed the transition from laminar to turbulent flow, exploring the conditions and
implications of this change and providing information on its effects on flow behavior and
practical implications for engineering processes.

One of the foundational works on low-Reynolds-number hydrodynamics was pre-
sented by Happel and Brenner [88], who explored its applications in several fields, including
sedimentation, fluidization, particle size classification, dust and mist collection, filtration,
centrifugation, polymer and suspension rheology, flow through porous media, colloidal
science, aerosol and hydrosalt technology, lubrication theory, blood flow, Brownian motion,
geophysics, and meteorology, among others. Complementing the above, Hinch provides
an elementary introduction to the conservation principles governing incompressible fluids,
laying the foundation for understanding flow behavior at low Re [89].

Khayat and Eu [90] examined the influence of the Reynolds number on the steady flow
properties in cylindrical Couette flow, showing that fluids can behave nearly inviscidly
beyond a critical Re. Szwalek and Larsen [91] explored the impact of Re (in turbulent flows)
on the hydrodynamic coefficients in vortex-induced forced vibrations, revealing that while
certain coefficients showed minimal dependence on Re (the force in phase with velocity,
the force in phase with acceleration, and the mean drag coefficient, with Re up to 36,000),
trends were observed in specific instability regions, where the hydrodynamic coefficients
did not appear to be stable and can be considered to be highly Re dependent. Dewsbury
et al. [92], on the other hand, examined the drag coefficient of ascending solid spheres in
non-Newtonian fluids over a wide range of Re (135 < Re < 55,000), noting a significant
decrease in drag as Reynolds numbers increased, particularly beyond 20,000.

In Meister et al. [93], sensitivity of Re is investigated in the context of the weakly com-
pressible smoothed particle hydrodynamics method, discussing aspects such as physical
viscosity and the origin of Couette flow instability, exploring their effects on the conver-
gence properties of the method. Furthermore, a new instability is identified in the flow of
pipes with expanding diameters, and both instabilities are observed to occur even at low
Re, suggesting that they are caused by high-frequency particle oscillations, unrelated to
turbulence. Other applications of Re to hydrodynamics consider measurements of flow
dynamics in pipe bends for different regimes [94].

Re plays a crucial role in marine engineering applications, in particular in understand-
ing ship drag, and wake and boundary layer transitions. Studies have shown that Re affects
ship drag and wake characteristics, with implications for meshing requirements in compu-
tational fluid dynamics (CFD) simulations [95,96], and applications in marine engineering
problems [97]. Reynolds-averaged Navier-Stokes (RANS) equations are commonly used
to simulate flows at the full scale of Re, which can reach 10° in naval applications [98].
Several turbulence models have been developed to address the Reynolds number stresses
generated by the RANS equations [99]. These models have been applied to analyze marine
thrusters [100], submarine models [101], and marine rudders [102]. Recent research has
focused on the implementation of boundary layer transition models in CFD codes for naval
applications, addressing the challenges of predicting turbulent flows with transition and
separation [75]. Hence, understanding hydrodynamic resistances is crucial to optimize
ship design and performance [103]. Additionally, other interesting studies include CFD
large eddy simulations (LES) focusing on ship hydrodynamics at different Re. These show
detailed simulations of turbulent boundary layers and wake characteristics without exter-
nal turbulence disturbances [104], or, on the other hand, the application of CFD to ship
hydrodynamics and naval engineering design [105].

Re also plays a determinant role in aerodynamics and early aviation. It influences
laminar flow separation, transitional flow behavior, and the aerodynamic characteristics
of airfoils [4], critical for a wide variety of flying vehicles, from birds and bats to human-
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powered aircraft and remotely piloted vehicles [106]. At low Re, typical of small air vehicles
and micro air vehicles, laminar flow prevails, affecting airfoil performance and design
considerations [107,108]. In airfoil scaling applications, dynamic scaling ensures that
flight dynamics are proportionally tuned, and aerodynamic scaling ensures that the scaled
aircraft—particularly its airfoil—maintains the same characteristics as the full-sized aircraft,
despite differences in Re caused by changes in length, velocity, and air properties [109]. In
contrast, for large air vehicles, the aerodynamics exhibit large Reynolds numbers. Aerody-
namic hysteresis, where the lift and drag coefficients become history-dependent near stall
angles, is common for round-tip airfoils with low Re [110]. The Reynolds number affects
the maximum lift coefficient, with higher values generally increasing lift and decreasing
drag [35,111]. Understanding these effects is critical to designing efficient airfoils for a
variety of applications—from insect-sized vehicles to full-scale aircraft—to achieve low
drag while maintaining lift performance by optimizing boundary layer development and
transition location [112]. Wind tunnel testing must account for Reynolds number effects to
accurately predict full-scale aircraft performance [113].

4.2. Classical Applications in Pipe and Canal Engineering

Re plays a crucial role in understanding flow dynamics and sediment transport in
sewer systems. It helps determine the flow regimes, from laminar to turbulent, that
affect airflow in sewer headspaces [114] and wastewater entrainment [115]. Re is essential
for analyzing turbulent coherent structures around sediment reduction plates [116] and
formulating mathematical expressions for roughness functions and sediment transport
initiation curves [117]. In sedimentation tanks, Reynolds and Froude numbers are used to
optimize design and improve efficiency [118]. Hydraulic models can examine stormwater
overflow performance at different Re [119]. Understanding these applications is vital for
the effective design and management of sewer systems [120].

Regarding water supply networks, Re influences flow regimes and pipe friction. It
is used to distinguish between laminar, transitional, and turbulent flows [121]. Although
for PVC pipes, different equations apply depending on the Reynolds number ranges and
pipe diameters [122], the Hazen-Williams equation is commonly used in hydraulic engi-
neering, with limitations based on Re and pipe size [123]. Re is essential for modeling
instantaneous residential water demands and predicting contaminant movement in dis-
tribution systems [124], while it is also considered in identifying pipe roughness for both
steady-state and dynamic models [125]. Understanding Re is important to optimize water
supply system design [126] and analyze the efficiency, reliability, and vulnerability of a
water supply network system [127].

Re also plays a key role in predicting pressure losses in industrial systems. For
high Re piping systems, traditional correlations may be too conservative, requiring new
methodologies for more accurate predictions [128]. In duct components, both size and
Re influence pressure loss factors, contrary to previous assumptions [129]. The effects of
temperature and pressure on fluid properties must be considered for accurate pressure loss
calculations in hydraulic systems [130]. In ventilation systems, the effects of a low Reynolds
number are significant, requiring suitable turbulence models for accurate simulations [131],
while for non-Newtonian fluids, new relationships between pressure drop and flow rate,
as well as Reynolds number expressions, have been derived [132,133].

4.3. Modern Applications in Aeronautical and Automotive Engineering

Re is determinant in the design of wings and fuselages of aircraft and UAVs. Studies
have investigated its effects on aerodynamic characteristics over various Reynolds number
ranges, from low (200,000-500,000) for UAVs [134] to high (75 million) for large aircraft [135].
Research has shown that increasing Re (generally) improves aerodynamic performance,
with higher maximum lift coefficients and lower minimum drag coefficients [35]. In flying
wing designs, Re affects drag under cruise conditions and influences self-alignment char-
acteristics [136]. Wind tunnel testing and CFD simulations have been employed to study
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the effects of Re on several aircraft configurations, including wing-fuselage junctions [137],
blended wing bodies [135], and helicopter fuselages [138]. These studies provide valuable
data for improving aerodynamic design codes and understanding complex flow phenom-
ena in aircraft design [139].

Regarding aerodynamic optimization of racing cars, Re affects drag, downforce, and
overall performance. Studies have shown that variations in Re can significantly affect single-
element wings, with up to a 320% difference in downforce observed over a small range of
Re [140]. However, multi-element configurations show less sensitivity to Reynolds number
changes [140,141]. Optimization techniques have been employed to improve vehicle
performance by modifying nose shapes and airfoils [142,143], while wing configuration,
including shape and angle, also influences aerodynamic efficiency [144]. Additionally, for
Formula One cars, front wing optimization is critical as it contributes approximately 25% of
the total downforce. These studies collectively demonstrate the importance of considering
Re effects in race car design, from ultra-low Reynolds numbers for micro-air vehicles to
higher ranges for full-scale racing cars [42].

Low-Reynolds-number aerodynamics are important for the design and performance of mi-
cro aerial vehicles (MAVs), drones, and autonomous underwater vehicles (AUVs) [68,108,145].
These vehicles typically operate in Re ranges below 200,000, where laminar flow prevails
and unique aerodynamic challenges arise [145,146]. Factors such as rotor spacing, angle
of attack, and turbulence significantly affect the aerodynamic characteristics of these ve-
hicles [68,147]. CFD simulations and experimental studies have revealed the importance
of considering transitional flow models in addition to fully turbulent models for accurate
performance predictions [148], while biomimetic approaches, inspired by insect flight, offer
promising solutions to address the challenges of low-Reynolds-number flight [149]. Under-
standing these aerodynamic phenomena is essential to improve the efficiency, endurance,
and maneuverability of MAVs, drones, and AUVs [146,150].

Reynolds numbers affect significantly the aerodynamic characteristics of supersonic
transport vehicles in various flight regimes [151]. In fact, under transonic and subsonic
conditions, increasing Reynolds numbers lead to changes in pitching moment, stability,
and control effectiveness [152-154], delaying the leading edge separation and pitching mo-
ment exit, while improving stabilizer and rudder effectiveness [155]. In supersonic flows,
Reynolds number sensitivity affects the formation of shock waves in turbulent shear layers,
influencing mixing and combustion processes [156]. The effects are particularly pronounced
in transitional flows, where Re variations can cause striking changes in aerodynamic be-
havior. These phenomena are attributed to changes in boundary layer development, shock
wave-boundary layer interactions, and flow separation characteristics [36]. Understanding
these effects is critical to accurately predicting flight vehicle performance and optimally
designing supersonic transports.

4.4. Modern Applications in Nanotechnology and Microfluidics

Investigations on the Reynolds number in fluid flows through microchannels reveal
complex behavior influenced by channel geometry and flow conditions. Studies show
that conventional fluid mechanics theory can often predict flow behavior in microchannels
with hydraulic diameters larger than 100 um [157,158]; however, significant scale effects
are observed for channels with heights < 0.3 mm [159]. The transition to turbulence in
microchannels occurs at lower Reynolds numbers than in macroscale flows, with critical
values ranging from 200 to 700 [160] or even as low as 40 [161]. Factors affecting flow
through microchannels include channel geometry, surface roughness, viscous dissipation
and mainly, and interfaces such as channel walls (that is the reason the critical Re are
smaller for small channels) [162], while new approaches to characterize microchannel flows
include the introduction of new dimensionless numbers that combine the Reynolds number
with geometric parameters [163]. On the other hand, CFD simulations are valuable tools to
investigate microchannel flow behavior under various conditions [164].
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Microfluidic devices operating at low Re face challenges in achieving efficient mixing
and flow control. Recent studies have shown that turbulence can occur in microfluidics
at Re ~1 under electrokinetic forcing, exhibiting features such as the Obukhov—Corrsin
spectrum [165,166]. To improve mixing efficiency, researchers have explored several de-
signs, including T-shaped micromixers with obstacles and slots [167], magnetic bead-based
mixing [168], and flexible thermoplastic film mixers [169]. Flow rectification at low Re has
been achieved using microfluidic bead-based diodes with circular microchannels [170] and
single-layer “domino” diodes [171]. The interplay between fluid inertia and elasticity in
microfluidic inlet flows has been studied using dilute polymer solutions.

With respect to biomedical engineering, on the other hand, the Reynolds number
has important implications, particularly in fluid dynamics and mixing processes. In mi-
crofluidic devices, higher Re results in better mixing and smaller channel widths [172]. For
blood flow in cerebral vessels, increasing Re leads to higher pressure drops and wall shear
stress [173]. Re is essential to reconcile discrepancies between Doppler and catheter pres-
sure measurements in aortic stenosis [174,175]. In small centrifugal blood pumps, lower Re
flows deviate from conventional pump affinity laws, necessitating consideration of Re for
accurate scaling [176]. Re also influences cell adhesion in biofouling, with a negative linear
correlation observed between adhesion density and the product of the designed roughness
index and Re for both bacterial cells and algal spores [177]. In stenosed artery models, the
effect of lesion eccentricity on flow behavior decreases as Re increases [178]. In the case of
intracranial aneurysms, both the Re and Womersley number affect vortex ring propagation,
with the vortex ring location being proportional to Re/Wo? [179]. Understanding the
effects of Re is crucial for designing biomedical devices and analyzing biological fluid
dynamics [180,181]. The above-cited studies demonstrate the broad applications of Re in
biomedicine, from microscale fluid dynamics to macroscale physiological processes.

Other applications in biology consider the study of hydrodynamic synchronization at
low Reynolds numbers, referring to the phenomenon in which fluid interactions synchro-
nize the movements of microscopic objects such as cilia or flagella, which affect bacterial
pumping and swimming efficiency [182], and the study of hydrodynamics and hydro-
dynamic interactions in micron motility, including the propulsion mechanism itself, the
synchronized movement of flagella in flagellar bundles, the movement of cilia in cilia ar-
rays, and collective behaviors [183]. Another investigation studies how weakly non-linear
self-sustained oscillators synchronize in a fluid environment at low Re, helping to under-
stand how small-scale physical and biological systems synchronize in fluid environments,
which offers insights into natural phenomena such as cell motility or the coordination of
microorganisms [184]. In blood flow dynamics, the Reynolds number is vital to model the
flow through arteries, where it can be used to predict flow patterns and resistance, which is
critical for medical diagnoses and treatments [185].

Research on nanoscale fluid manipulation at low Re reveals unique phenomena and
challenges. Molecular dynamics simulations show deviations from classical Navier-Stokes
predictions, particularly near channel walls [186]. Nanoscale surface roughness significantly
affects flow patterns, leading to perturbations extending to the channel midplane [187].
Alternating current electric fields can effectively manipulate suspended nanowires despite
extremely low Re [188]. Three-dimensional nanostructures in microfluidic devices improve
mixing efficiency at low Re [189]. The rotational motion of elongated nanoscale objects
under external torque can be described analytically and exhibits multiple steady states [190].
Furthermore, computational methods such as molecular dynamics simulations provide
valuable insights into fluid behavior at the subcontinuum level [191]. These findings have
implications for various applications, including nanorobotics in medical settings [192] and
the design of microfluidic devices [11].

4.5. Other Classic and Modern Applications

Additional applications of the Reynolds number in engineering and science can be
found in fields such as mechanical engineering, chemical engineering, bridge and dam
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design, astrophysics, nanotechnology, renewable energy engineering (wind and offshore
turbines), aquatic locomotion, impact dynamics, and aerospace exploration, among others.

In mechanical engineering, applications are found in turbomachines, where Re affects
the overall efficiency and performance [193,194]. In centrifugal compressors, Re affects
the efficiency, head, and flow, requiring correction formulas for accurate performance
prediction [195]. In microaxial flow fans, the effects of Re are not prohibitive, allowing for
dimensional analysis and performance scaling [196]. Re also influences wax deposition in
oil production systems, affecting flow assurance [197]. RANS modeling is widely used in
the industry for CFD simulations, although challenges still exist regarding the reliability of
the turbulence model [198]. Considering the above, understanding the effects of Re is essen-
tial to optimize design and performance in various mechanical engineering applications.

From the literature review, a collection of articles can be found where various applica-
tions of Re in chemical engineering are explored. Micromixing technologies are classified
based on chemical, biological, and analytical applications [199]. Re effects are studied
in turbulent reactive flows, affecting mixing processes and chemical reactions [200,201].
Turbulence fundamentals are applied to reactor modeling and scaling, addressing complex
geometries and chemistries [202]. Magnetic resonance is used to study hydrodynamics in
chemical engineering systems, including rheology and reactor flows [203]. And finally, Re
correlations are investigated for dense slurry systems with coaxial mixers [204].

Regarding the construction of bridges and dams, or hydraulic structures as a whole,
the effects of Re on the aerodynamics of these structures have been widely studied due to
its importance in wind engineering and design. Research shows that Re can significantly
influence aerodynamic force coefficients, Strouhal numbers, and pressure distributions on
bridge decks, even those with well-defined edges [205,206]. These effects are particularly
pronounced in streamlined and double-box girder bridges [207-209]. High-pressure wind
tunnels and CFD have been employed to investigate the effects of Re over a wide range,
from 10* to 10° [210,211]. Studies on specific bridges, such as the Great Belt East Bridge,
Sutong Bridge, and Stonecutters Bridge, have demonstrated the importance of considering
the effects of Re in the design [205,212]. Furthermore, Re can affect vortex shedding and
the effectiveness of mitigation devices [213]. The above findings underline the need to
carefully consider the effects of Re in bridge design and wind tunnel testing.

Reynolds numbers also play a crucial role in astrophysical turbulence and magnetic
reconnection. High Re in astrophysical environments give rise to turbulent flows [214,215],
which affect diverse phenomena from stars to accretion disks. Turbulent reconnection, in
which the magnetic field topology changes in turbulent plasmas, is particularly significant
in astrophysical environments [216]. This process can be self-driven and has implications
for solar flares, gamma-ray bursts, and particle acceleration, while numerical simulations
and observational data support turbulent reconnection theories [216,217]. The concept of
magnetic flux freezing, fundamental to many plasma theories, is challenged by turbulent
reconnection [216]. Scaling laws and similarity criteria have been developed to study astro-
physical turbulence in laboratory experiments and simulations, analyzing the relevance
of the Reynolds number in astrophysical systems, and studying its role in understanding
turbulence and dissipation in high-energy environments [218,219], emphasizing the im-
portance of capturing the full spectral range of high-Reynolds-number flows. It is worth
noting that a problem similar to astrophysical magnetic instabilities is that of tokamaks,
and that there have been efforts in the magnetic control of this type of plasma through the
application of artificial intelligence algorithms [220].

Re influences several aspects of nanoparticle and nanofluid behavior. It affects the
manipulation of nanowire lengths in suspension [221] and allows for size control of hybrid
lipid-polymer nanoparticles by controlled microvortices [222]. Reynolds number consid-
erations are essential in nanorobotics simulations [223], and it also influences nanodrug
delivery in microfluidic channels [224].

Regarding Re applications in the field of renewable energy engineering, Re signifi-
cantly influences the performance and wake characteristics of wind turbines. Studies show
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that increasing Re leads to higher power coefficients, torque coefficients, and optimal tip
speed ratios in horizontal-axis wind turbines [225,226]. For vertical-axis turbines, perfor-
mance becomes independent of Re at Rep ~ 106 [227]. Low Re conditions, common in
small-scale turbines, can result in reduced efficiency [228]; however, intentional roughness
on blade surfaces can improve performance at low Re [229]. Novel blade designs, such as
parabolic-bladed Savonius rotors, show improved aerodynamic performance at low Re
ranges [230]. In the case of semi-passive fin energy harvesters, higher Re leads to higher
energy extraction [231].

Re also plays a determinant role in aquatic locomotion at various scales, helping
to analyze the forces acting on aquatic animals such as fish by aiding in understanding
swimming efficiency and modes of movement [232]. At low values of Re (<100), viscous
forces predominate and organisms use flagellar or ciliary propulsion [233]. At interme-
diate values of Re (100-102), both viscous and inertial forces contribute to thrust and
drag [234]. At high values of Re (>102), inertial forces predominate and organisms em-
ploy wave or pulsed jet propulsion [235,236]. Swimming efficiency and mechanisms vary
with Re, affecting optimal body shapes and locomotion strategies [237]. Scaling laws
such as Re~5Sw®* = (wWAL/v)* unify locomotion across taxa [235], and biomimetic studies
have explored finning blades and pulsed jet propulsion at different Re, revealing insights
into propulsion efficiency [238,239]. Understanding these principles contributes to the
development of biologically inspired aquatic vehicles and to the evolution of swimming
adaptations [240].

Regarding the study of impact dynamics, it is noted that events such as droplet impact
on solid surfaces, on the other hand, are influenced by several factors, including Reynolds
number, surface wettability, and viscosity [241,242]. At high Re, inertia dominates, gener-
ating self-similar pressure fields and propagation patterns, and the impact force initially
follows a square root pattern, which matches a known theory on pressure fields, while as
the velocity decreases, viscous forces become more important and affect the way droplets
deform upon impact [243]. Then, when viscous forces become more significant, this affects
the impact force and collision processes [242]. On the other hand, ultra-high velocity im-
pacts introduce compressibility effects, altering flow fields and pressure distributions [244].
The number of fingers in the splash patterns scales with impact Reynolds numbers [245],
while for highly viscous and rheologically complex liquids, splashing and rebounding are
inhibited at high Oh numbers [246]. The Reynolds number variation can also be used for
the characterization of the in situ modal response of pipe structures [247]. The impact of
droplets on spherical targets exhibits distinct temporal phases and is affected by Re and the
target-to-droplet size ratio [248].

Re also plays a critical role in aerospace exploration, influencing several aspects of
fluid dynamics and vehicle performance. Low-Reynolds-number airfoils are important
for applications such as micro air vehicles and Mars exploration [249]. Re effects are also
critical in the design of turbomachinery for space power units [250] and the ground wind
load testing of launch vehicles [251]. The ability to accurately simulate flight Reynolds
numbers in wind tunnels is crucial for predicting aerodynamic performance, especially in
hypersonic regimes [252]. Understanding Re effects is essential for designing airfoils and
airfoils in a variety of environments from Earth to other planets [253,254].

5. Advances and Recent Development

Re has diverse applications in different scientific fields. In biology, it helps to analyze
complex biological phenomena [232,255]. In aeronautics, it significantly influences flow
behavior, particularly in transitional flows [4]. Reynolds number effects are crucial in
turbulent wall-bounded flows, as they affect the amounts of mean and statistical turbu-
lence [256]. In superfluid physics, liquid helium wind tunnels can reach exceptionally high
Reynolds numbers [257]. In the case of lipid vesicles, increasing Reynolds numbers alter
their dynamics in shear flow [258]. New applications include the relationship between the
Reynolds number and spacetime curvature [7] and the use of deep reinforcement learning
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for flow control in different Reynolds number regimes [259]. Understanding the effects of
the Reynolds number is essential for accurate flow prediction and control, especially in
external flows with low Reynolds numbers [260].

More recent studies explore new applications of Re in several fields. In aerodynamics,
studies investigate its effects on bionic flaps [261] and surface pattern fabrics for noise and
drag reduction [262]. In fluid mechanics, Re is applied to characterize drilling fluid flow
regimes [263] and define the local Reynolds number for CFD simulations [264]. The concept
extends to finance, where it is used to identify explosive behavior in stock indices [265] and
as a volatility indicator in stochastic time series [266]. In automotive engineering, Re effects
are optimized to reduce aerodynamic drag and improve performance [42]. The study of
micropolar nanofluids shows that Re affects velocity profiles and thermal properties, which
is crucial for applications such as drug delivery and blood flow [185]. Variations in Re affect
shock wave interactions in turbulent boundary layers, thereby affecting flow separation
and pressure fluctuations, which are critical for aerospace applications [267]. These diverse
applications demonstrate the versatility and importance of Re for understanding complex
systems across multiple disciplines.

Re has been widely studied since its original formulation, but in recent decades
there have been significant theoretical advances and reinterpretations that have refined its
understanding and applications in various areas of science and engineering. Some of the
most notable advances are presented below:

1.  Interpretations in Turbulent Flows: New research has refined how turbulence scales
are scaled under high turbulence conditions [268], numerical simulations and experi-
ments have been improved to capture the fine structures of turbulence [269,270], and
the use of techniques such as large-scale turbulence and Navier-Stokes direct simu-
lations has allowed for a better understanding of transitions [271,272]. Additionally,
subgrid models [273,274] and large eddy simulations (LES) [275] have allowed for a
more accurate description of meso- and micro-level flows, improving prediction in
aerospace, marine, and meteorological applications.

2. Non-Newtonian Flows and Complex Fluids: The Reynolds number has been for-
mulated and generalized for non-Newtonian fluids, such as polymers and gels, be-
cause they exhibit non-linear viscosity behaviors [276]. This has allowed for better
predictions in fields such as bioengineering [277]. Additionally, some rheological
phenomena that occur at a low Reynolds number in a viscoelastic fluid have not been
described entirely; for example, the elusive vortices produced by a rotating sphere in
a viscoelastic fluid at a low Reynolds number described firstly by Giesekus [278], and
later studied numerically by Gardufio et al. [279,280].

3. Microfluidics and Nanofluidics: Microfluidics and nanofluidics developments have
required reinterpretations of Re for flows at these scales, where surface effects, surface
tension, and intermolecular forces dominate over inertial and viscous forces. A new
theory that incorporates corrections for flows in geometric confinements at nanometer
and micrometer scales has been developed, where Re tends to be extremely low [281].

4. Multiscale Applications: With the rise of multiscale simulations, which attempt
to integrate fluid behaviors on scales ranging from molecular to macroscopic, the
Reynolds number has been refined to account for effects at multiple levels [282-284].

5. New Interpretations in Biological and Natural Systems: Advances have been made
in the interpretation of Re in biological and natural systems. In biological systems,
such as insect flight or the movement of microorganisms, Re is low, meaning that
viscous forces predominate [255]. In geophysical flows, such as oceanic or atmospheric
flows, the Reynolds number is extremely high, leading to turbulent behavior on large
scales [285].

6.  Reynolds Number Corrections for Extreme Conditions: In the study of flows under
extreme conditions, such as high pressure or temperature, or in environments with
fluids with exotic properties, work has been done on adjustments to the Reynolds
number. To study the fluid dynamics in planetary atmospheres [286], such as those of
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Mars or Venus [287], corrections to Re have been proposed that take into account the
low density or viscous properties of the gases present. In fluids under extremely low
temperatures, such as superfluids [288-290], the Reynolds number has been modified
to reflect quantum effects in fluid dynamics [291].

Recent additional theoretical advances on Re have explored its importance at various
scales and contexts. At high Reynolds numbers, challenges remain in understanding
wall-bounded turbulent flows, including the extent of the logarithmic overlay layer and
the universality of model parameters [292]. Theoretical estimates of critical Re have been
derived using stochastic equations [293], and new models have been developed to estimate
the effects of surface geometry on laminar boundary layers [294]. Researchers have also
proposed redefining Reynolds number based on the interplay between macroscopic and
microscopic phenomena, potentially offering new insights into turbulence [15].

Research on extreme Re flows has focused on understanding the scaling laws, coherent
structures, and modeling techniques that characterize these turbulent systems. These stud-
ies have revealed new insights into the behavior of turbulent flows at high Re, particularly
in terms of mean velocity profiles, friction factors, and the role of coherent structures.

At extreme Re, the mean velocity profile (MVP) of turbulent pipe and channel flows
transitions to new scaling laws. This transition is characterized by complete similarity
asymptotics in bulk coordinates and incomplete similarity asymptotics in inner coordinates.
A multiscale polynomial model has been proposed to approximate the MVP, providing
excellent agreement with experimental data in both bulk and inner coordinates [295]. A
novel power-law scaling for the friction factor in extreme Re pipe flows has been identified
by Anbarlooei et al. [296]. This scaling is based on the behavior of coherent structures
that dominate momentum exchange in meso-layer regions. This new scaling law aligns
well with experimental data from facilities like the Princeton Superpipe, suggesting a
shift in the mechanism of turbulent momentum transfer at these high Re [296]. Studies
on extreme turbulent circulation events have also highlighted the role of multifractality
breaking in turbulent intermittency. This concept helps describe the asymptotic form of
circulation probability distribution functions (cPDFs) [297]. Exact coherent structures (ECS)
have been shown to play a fundamental role in transitional and turbulent wall flows,
with new insights into their interactions and sustainment mechanisms at high Reynolds
numbers [298]. Finally, advances in mathematical methods and computational capacity are
paving the way for high-fidelity models of wall turbulence at large Re. These models aim
to predict flow properties accurately while capturing the underlying physics based on the
Navier-Stokes equations [299].

Research by Chen and Sreenivasan [24] indicates that at high Re, a plateau emerges
in the velocity fluctuation variations, suggesting a decoupling of Re effects from wall
normal profiles. This finding improves the understanding of turbulence dynamics in
channel and pipe flows. In shock wave interactions, Laguarda et al. [300] demonstrate
that while the mean flow characteristics remain stable across varying Re, the dynamics
of velocity statistics change significantly, indicating a complex relationship between Re
and flow behavior. Ashoor et al. [301] explore Re in microvasculature, revealing its role in
diagnosing vascular conditions.

Another work of interest was developed by Martinez et al. [302], whose study illus-
trates how microscopic systems can operate similarly to macroscopic engines while also
presenting unique challenges and opportunities due to random (or stochastic) thermal
fluctuations. In the work of Martinez et al., the empirical realization of a Carnot engine
utilizing a single optically confined Brownian particle as its working medium is delineated,
offering an extensive investigation into the energetics of the engine and scrutinizing the
fluctuations associated with finite-time efficiency, thereby demonstrating that the Carnot
limit may be surpassed with a limited number of non-equilibrium cycles. Mirroring its
macroscopic equivalent, the energetics of the proposed Carnot apparatus reveals funda-
mental characteristics that one would anticipate to manifest in any microscopic energy
transducer operating with thermal reservoirs at disparate temperatures.
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Future perspectives on Re encompass its implications in various fluid dynamics
contexts, particularly in biomedical and turbulence applications, highlighting its pivotal
role in fluid dynamics at various scales. Recent studies highlight the nuanced behavior
of Re in wall turbulence fluctuations and its diagnostic potential in microvasculature. At
low Re, airfoil designs are being developed for planetary exploration [303], while high Re
flows present challenges in mixing and turbulent simulation [304]. The RANS approach
remains relevant for industrial applications, and potential hybrid RANS/LES strategies
are emerging [305]. The criticality of the Reynolds number in dynamic testing requires
analytical extrapolation tools to make accurate full-scale predictions [306]. Studies on
turbulent boundary layers reveal complex scale behaviors and internal hierarchies of
motions [5,299]. Advanced mathematical methods and computational capabilities are
enabling the development of high-fidelity models based on Navier-Stokes equations [299].
Interestingly, Re has been conceptualized as a curvature ratio, which could inform heat
exchanger design and link hydrodynamics to gravity theory [7].

Additionally, some researchers argue that the traditional focus on Re may overlook
other critical parameters that influence flow behavior, suggesting the need for a broader
framework in fluid dynamics studies [14,15,88,307,308].

6. Discussions

The Reynolds number plays a crucial role in fluid dynamics and aeronautics, influenc-
ing flow behavior at various scales. Although it is very useful in several scientific fields, it
has some limitations that must be taken into account when using it: model simplification—
assuming laminarity or turbulence depending on a critical value, instead of a gradual
multifactorial behavior; application in non-homogeneous media, such as in fluids with
suspended particles or in porous media, where Re may not be suitable since it does not
consider interactions with particles or effects of the medium; evaluation in complex or
unconventional geometric conditions, where Re may not provide an accurate representa-
tion of the flow behavior dynamics; validity ranges limited to ideal flows, which implies
an impossibility to describe flows with forces dominated by electromagnetics effects or
non-viscous effects; limitations associated with non-Newtonian fluids, whose viscosity
varies with the deformation rate; and limitations related to scales, where the effects of
interactions at the molecular level can exceed predictions based on Re, making it inaccurate
in these contexts.

Limitations such as low-Reynolds-number phenomena require specialized turbulence
models to accurately predict near-wall structures [309]. Limitations in velocity distribution
calculations arise at high Re, particularly above 100,000 [310], while scale effects in physical
modeling of free surface flows can be minimized by respecting Reynolds and Weber number
constraints [311]. High-Reynolds-number flows present challenges for CFD, especially in
predicting flow over rough surfaces [312]. Airfoil design, on the other hand, is significantly
affected by scale effects, characterized by the chord Reynolds number [106]. The concepts
of self-similarity and Reynolds number invariance can help to exclude significant scale
effects in Froude modeling [313], and the transition behavior varies widely over Reynolds
number ranges, complicating aerodynamic predictions for complex configurations [4].

There are several topics of discussion regarding the interpretation and use of Re
to determine the critical value for the transition between laminar and turbulent flows,
with several studies that propose slightly different values [314]. There is also debate
about the applicability and usefulness of Re in more complex flows than the ideal cases
of pipes or flat plates [291]. The interpretation and use of Re in non-Newtonian fluids
has also been the subject of debate, since the viscosity is not constant (conventional Re
assumption) [315]. There are discussions about the limitations of using the Reynolds
number to predict complete similarity between flows at different scales [316]. In the
emerging field of microfluidics or nanofluidics, there are debates about how to define and
apply the Reynolds number at very small scales [11]. The application of Re in multiphase
flows is an active research area with different approaches proposed [317]. There are also
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debates on how to interpret and use the Reynolds number in high-velocity compressible
flows [318].

Regarding future developments, some of the main research approaches and direc-
tions consider applications in complex and multiphysical flows, where the extension or
applicability of Re to more complex systems involving multiple physical phenomena is
studied [319], or applications to microfluidics and nanofluidics, where the behavior of fluids
at very small scales is studied [320]. For applications to non-Newtonian fluids and complex
flows, new approaches are being developed to apply the Reynolds number concept [321],
while for applications to turbulence and transition, a detailed understanding of the transi-
tion to turbulence and the behavior at very high Reynolds numbers is sought [322]. For
applications to advanced numerical simulations, advances in computational capabilities are
applied to develop more detailed simulations of high-Reynolds-number flows [323]. New
models and approaches are being developed to apply Re in multiphase flows [324]. Re also
has applications in the biomedical industry, such as the in study of blood flow [325]. It can
also be applied to active fluids and biological systems, such as bacterial suspensions [326],
and in advanced experimental methods, where the behavior of flows at extreme Re or in
difficult-to-access conditions is studied [327].

Additional applications of Re consider its application to the study of renewable ener-
gies, as in the design of wind turbines and marine power generators, in the development
of hypersonic vehicles and space exploration, or in the research of new materials and their
interactions with fluids. In wind energy, Re is crucial in the design of wind turbines, since
it affects the aerodynamics of the blades and the overall efficiency of the system [328,329].
Regarding hydroelectric energy, Re is fundamental to understand and optimize the flow
in water conduction systems and in the design of hydraulic turbines [330]. In the field of
tidal energy, it is important in the design of tidal energy devices to maximize the energy
extraction efficiency [331]. In the field of solar thermal energy or geothermal systems, in
solar concentrating systems, the number is relevant for the design of heat exchangers and
heat transfer fluid systems [331,332]. In biomass processing and biofuel production, Re is
relevant for the design of reactors and mixing systems [333]. In the design of devices to
harness wave energy, Re is important to optimize the interaction between the device and
the fluid [334]. Finally, in microhydraulics, or small-scale generation systems, Reynolds
number is crucial for the design of microturbines and drive systems [335].

Regarding the development of hypersonic vehicles and space exploration, Re influ-
ences aerodynamic design, heat transfer, and other critical aspects. In hypersonic aerody-
namics, Re is fundamental to understand and predict the flow behavior around hypersonic
vehicles [336] and is addressed in studies on heat transfer in the atmospheric reentry of
space vehicles [337], the design of rockets and launch vehicles, where Re is crucial to
optimize aerodynamics and efficiency [338], and on the aerodynamics of planetary explo-
ration vehicles, where atmospheric conditions are different [339]. In the development of
propulsion systems for space travel, Re is relevant for the design of nozzles and combustion
chambers [340]. In hypersonic wind tunnels, Re is crucial in the design and operation [341].
It is also relevant to the study of the following areas: the fluid-structure interaction of
vehicles under hypersonic conditions [342]; the dynamics of rarefied gases, such as the
upper layers of the atmosphere and space [343]; the modeling of atmospheric flows on
other planets for exploration missions [344]; the design of heat shields to protect vehicles
during atmospheric reentry [345]; and finally, magnetohydrodynamics in space propulsion,
where the magnetic Re is relevant in the study of magnetohydrodynamic propulsion for
space travel [346].

The Reynolds number has been utilized in research on new materials and their in-
teractions with fluids, which is crucial in the development of advanced materials with
specific properties for applications in various areas. In superhydrophobic materials, Re is
crucial to understanding how these materials interact with fluids, especially in relation to
friction reduction and self-cleaning [347]. Regarding to the behavior of nanofluids, Re is
especially determinant in applications in heat and energy transfer [348]. To understand the
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dynamics of flows through porous media, it is crucial in filtration and energy storage appli-
cations [349]. Re is also used for studying the effectiveness of antifouling coatings, used
to prevent the accumulation of organisms on submerged surfaces [350], and for studying
smart materials that change their properties depending on flow conditions, characterized
by a certain Re [351]. Re is used in research on materials that reduce drag in fluids at high
Re for applications in energy efficiency [352], the study of nanocomposites designed to
improve heat transfer in fluid systems [353], the development of materials for biomedical
applications [354], the study of the ability of self-cleaning materials to repel contaminants
under different flow conditions [355], research on materials that can actively modify flow
characteristics at different Re [356], and the design of materials for efficient CO, capture in
gas flows [357].

These applications demonstrate the importance of the Reynolds number in various
aspects of renewable energy development, hypersonic vehicle development, and space
exploration, and its use in research into new materials. Research in areas such as hypersonic
or space vehicle development continues to develop, seeking to improve understanding and
the ability to design more efficient and safer vehicles and systems for space exploration
and hypersonic flight.

7. Conclusions

Recent research on the effects of Re on fluid dynamics has revealed significant trends
and discoveries over the last decades. Studies have shown that the influences of the
Reynolds number are particularly strong in transitional flows, with a transition occurring
over a wide range of values, which is a function of the fluid dynamics under study. Turbu-
lent flows at high Re exhibit a universal scaling behavior for velocity fluctuations, similar to
the scaling of the mean velocity distribution, while the approach for asymptotically high Re
is slow, and the logarithmic law remains fundamental in the description of mean flow. Very
large scale motions become increasingly important at higher Re, interacting with smaller
scales near the walls.

The convergence between classical and modern approaches in the study of Re repre-
sents an area of interest in contemporary fluid mechanics, because it combines established
theoretical foundations with new technologies and analysis methods. Some key points
of this convergence are given by the following conditions: the integration of classical
theory and advanced numerical simulations, which enable the validation and extension
of classical Re theories to previously inaccessible regimes; the refinement of the transition
to turbulence, which improves understanding of the transition; the extension and adap-
tation of the classical concept to the application to complex non-Newtonian fluids; the
reinterpretation of classical Re theory to micro- and nanofluidics applications; the develop-
ment of advanced experimental methods allowing for the validation and refinement of the
classical theories; the interdisciplinary applications of the classical Re concept to modern
fields such as bio-fluidics and active matter physics (such as blood flow and locomotion
of microorganisms); the refinement of the classical theory and its adaptation to extremely
high Re flows; the application of modern complex systems or system dynamics approaches
to gain a better understanding of classical phenomena related to Re; the application of
classical concepts to modern technologies related to renewable energy development and
the environment; the integration of classical theory with modern fluid-structure interaction
models; the combination of classical concepts with modern flow control techniques; and
the application of modern data analysis and machine learning techniques to extract new
insights from classical data. Current trends also include advancements in understanding
Re effects on interface phenomena such as droplet and bubble formation processes, as
well as the application of the concepts in large-scale geophysical flows such as ocean and
atmospheric currents.

The convergence between classical and modern approaches is leading to a richer and
more nuanced understanding of Re and its role in fluid dynamics, while the integration of
classical theories with new technologies or analysis methods is opening the door to new
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research and applications, allowing us to address more complex and challenging problems
in fluid science and mechanics. The importance of Re in future research areas in fluid
mechanics and related fields lies in its ability to characterize the dynamics of flow behavior
and its applicability in a wide range of scales and phenomena. Some areas where Re will
be crucial in future research are listed as follows:

1.  Understanding turbulence at very high Reynolds numbers.

2. Advanced microfluidics and nanofluidics: fluid behavior at very small scales, where
surface effects dominate.

3.  Complex fluids and soft materials: application to non-Newtonian fluids, complex
suspensions, and soft materials.

4. Active fluids and active matter: study of systems where particles can self-propel,
such as in bacterial suspensions, swarms of robots, or collaborative robotics in fluid
environments.

5. Fluid-structure interactions: understanding how flexible structures interact with
flows at different Re, designing more efficient and resilient structures.

6. Multiphase and multiscale flows: application in systems involving multiple phases
or scales.

7. Fluids in extreme conditions: fluid behavior under extreme conditions of pressure or
temperature, relevant to geophysical and astrophysical applications.

8.  Shape optimization and flow control: using Re in aerodynamic and hydrodynamic
shape design and optimization.

9.  Flows in biological systems: application in biological systems, from blood flow to
locomotion of organisms.

10. Transition to turbulence: a detailed understanding of how and why flows transition
from laminar to turbulent.

11.  Advanced numerical simulations: development of more advanced numerical methods
will allow simulating flows at extreme Re in more complex geometries.

12.  Applications in energy and environment: development of more efficient energy
technologies and understanding of environmental phenomena.

Despite the extensive research on Re developed during the last decades, there are still
various gaps in its knowledge and understanding, areas that give important opportunities
for future research. The main identified gaps are that the mechanism of when a laminar
flow transitions to turbulence at some critical Re is not fully known, or there is a gap in
knowledge regarding how flows behave at extreme Re, as mentioned for astrophysical
and geophysical applications. The applicability of Re in complex non-Newtonian fluids,
such as polymers or concentrated solutions, is still a challenging issue; the interaction
between the effects of Re and compressibility in high-velocity flows is not fully known,
and the definition and application of Re in complex multiphase flows, such as liquid-gas
mixtures or particle suspensions, also remains an open question. The applicability of Re on
very small scales, where surface effects dominate, is also not fully known. The application
in self-propelled particle systems or active fluids represents an emerging area with a lot
of open questions. The understanding of its effect on fluid-structure interactions under
unsteady conditions is incomplete, the exact influence of surface roughness at critical Re
and when reaching the transition to turbulence is not fully characterized, the application
in complex geometries and how it relates to flow structures is not fully known, and the
influence of external fields, such as magnetic or electric fields, on the flow behavior for
various Re is also not known.
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