


Chapter 1
A Brief History of Turbulence
Richard Feynman said, Turbulence remains one of the great unsolved problems of classical physics, defying complete theo-retical understanding despite centuries of study. Turbulence is often introduced as a purely mathematical and engineering system; yet, humanity’s first encounters with chaotic winds, churning seas, and swirling smoke predate calculus and com-puters. Tracing how artists, sailors, philosophers, and early scientists struggled to describe and explain these restless mo-tions is more than a historical sidebar: it reveals the successive questions, metaphors, and measurement techniques that still shape modern research.
This chapter is organized into two parts. Part I presents an anec-dotal historical overview, spanning from Mycenaean seafaring through the early stages of scientific inquiry that laid the foun-dations of turbulence research. Part II traces the emergence of the major disciplinary frameworks of turbulence, outlining how distinct physical, mathematical, and engineering perspectives developed to address different aspects of turbulent flow.



1







Part I: Historical Foundations of Turbulence

1.1 Preamble
The recognition of turbulence arose from sustained human inter-action with natural flows long before the development of formal scientific theory. This historical survey is not intended as a chronological record of discoveries, but rather as an examina-tion of the recurring observations and interpretive approaches through which turbulent behavior was first recognized. The atmosphere and weather events, along with oceans and rivers, served as natural laboratories where unsteady and irregular motion could be repeatedly observed in accessible settings.
Across civilizations and eras—from Mycenaean sailors and South Asian Indian natural philosophers to Greek thinkers, artists, and Renaissance scholars—common themes emerge ( 1). These include careful observation of nature, recognition of in-termittency and irregular motion, and efforts to describe flow behavior using geometry, analogy, and visual representation. Although the language and methods varied, these perspectives consistently emphasized variability, instability, and mixing as fundamental characteristics of natural flows.
The historical effort to understand unsteady motion reflects the gradual formation of the physical intuition that underlies mod-ern turbulence research. Observations of rivers, atmospheric motions, and ocean waves revealed the presence of vortical structures, flow instabilities, and energy transfer across scales, forming the conceptual foundation of turbulence theory.
1.2 Mycenaean Beginnings (Period 16th-12th century BCE)
The Mycenaean sailors, while traveling across the Aegean Sea, constantly encountered the ocean’s variability. Their vessels were light and highly responsive to changes in surface condi-tions, so they learned to recognize patterns in the sea’s be-havior[Casson, 1995]. Many of their descriptions align with
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	Era
	Centuries

	Mycenaean Aegean
	16th–12th BCE
15th–5th BCE

	Vedic / Ancient India
	

	Greek (Archaic-Hellenistic)
	8th–1st BCE

	Roman
	6th BCE-5th CE

	Renaissance
	14th-17th CE

	Artistic Period
	16th-18th CE

	Quantitative Era
	19th CE

	Scientific Turbulence Discoveries
	20th-21st CE


Table 1.1: Rows denote major historical eras associated with the observation, interpretation, or formalization of turbulent flow phenomena. Early periods (Mycenaean Aegean and Vedic/An-cient India) correspond to empirical and observational knowl-edge derived from navigation, meteorology, and natural philoso-phy. Classical Greek and Roman eras reflect qualitative reason-ing and descriptive frameworks. The Renaissance and Artistic periods emphasize visual representation and phenomenological insight into unsteady flows. The Quantitative Era marks the emergence of measurement, scaling, and mathematical descrip-tion. The Modern Scientific era encompasses the development of experimental fluid mechanics, turbulence theory, and con-temporary computational and data-driven approaches.

what we now associate with turbulent flow, but they expressed these observations in practical terms rooted in everyday navi-gation[Tartaron, 2014, Broodbank, 2013].
One frequently mentioned phenomenon was the rapid brighten-ing of the sea surface during sudden gusts. Sailors described moments when a calm, dark-blue sea abruptly shifted into a pale, foam-streaked surface. They referred to these episodes as white squalls. At the time, this term simply meant a sharp, short-lived burst of wind that appeared without warning. Only with modern atmospheric science do we understand that such events often involve strong downward-moving air that spreads outward upon reaching the water. This spreading wind gener-

ates intense, localized disturbances, creating rapidly breaking waves. These surface changes with foam lines, streaks, and frothy patches are now recognized as visible indicators of en-hanced mixing and irregular motion in the upper layer of the ocean, hallmarks of what we today call turbulence. Their de-scription aligns closely with what modern meteorology identifies as localized downbursts, which are intense, short-lived wind events that generate strong vertical and horizontal shear and lead to rapid wave breaking. The Mycenaean term for the whitened sea reflects early recognition of the surface signature of enhanced mixing and turbulence.
Mycenaean accounts also describe what they called earth-shaking seas, referring to steep waves that formed suddenly and broke with considerable force. To the sailors, the key ob-servation was that these waves behaved unpredictably: their direction could shift, their height could increase rapidly, and their breaking pattern changed from moment to moment. To-day, we understand that such behaviors often arise when waves interact with opposing winds or currents, leading to a sudden steepening of the wave profile. As the wave becomes too steep, it collapses into a breaker, releasing energy and generating chaotic water motion. While the Mycenaeans lacked the mathematical framework to explain these processes, they clearly recognized the connection between shifting winds, unsteady currents, and the sudden onset of irregular sea states.
Another site that drew consistent attention was the entrance to the Dardanelles. The Dardanelles, known in antiquity as the Hellespont, is a narrow natural strait in northwestern Turkey that connects the Aegean Sea to the Sea of Marmara and, through it, to the Bosporus and the Black Sea. Mycenaean sailors repeatedly warned of a persistent whirl near the island of Lemnos. In their vocabulary, a whirl meant a rotating patch of water that could pull a vessel slightly off course or resist steering commands. This was not mythology but an empirical

description of a recurring flow pattern. Modern oceanography confirms the physical basis of these observations. The Dard-anelles, only 1–6 km wide, connects the Aegean to the Black Sea through a two-layer exchange: a fresher surface outflow from the Black Sea overlies a denser Aegean inflow at depth. The interaction of these currents generates persistent anticyclonic eddies, 15–50 km in scale, which can last for weeks. These vortices exemplify mesoscale turbulence, the same structures that ancient sailors encoded in their warnings of the whirl at Lemnos[Kourafalou et al., 2009, Oguz et al., 1990].
Further north, near present-day Thessaloniki, maritime proverbs advised caution using phrases such as fighting the circle ," which referred to situations where a ship encountered rotating cur-rents and required constant rudder adjustments to maintain its course. The warning that dusk brings a whirlpool reflects the practical observation that changing evening winds, combined with tidal variations, often produce more noticeable rotational motions in the water. This likely referred to recurrent rotat-ing motions that formed in the Thermaic Gulf, particularly where the gulf narrows toward its northern end. When a broad body of water is constricted, the same volume of flow must pass through a smaller cross-section, which enhances velocity gradients and increases the tendency of the flow to separate or recirculate along the boundaries. In the Thermaic Gulf, this narrowing created natural zones of shear where surface currents accelerated in the central channel while slowing near the coastline. Interactions among these currents, the shallow bathymetry, and the tidal inflow provided favorable conditions for the formation of eddies—circulating patches of water that could rotate strongly enough to affect the maneuvering of small wooden vessels. At dusk, the regular shift from sea breeze to land breeze altered the momentum input at the surface, further destabilizing the shear zones and making the appearance of vortical motions more likely. The Mycenaean phrasing captures

this navigational difficulty: sailors found themselves resisting a sideways pull produced by localized, rotating flows. Modern in-terpretation associates these observations with transient vortex formation, shear-layer instabilities, and unsteady coastal recir-culation zones—phenomena that represent natural pathways through which turbulence emerges in semi-enclosed, narrowing basins.
Taken together, Mycenaean seafaring records provide some of the earliest documented evidence that humans recognized pat-terns that are today understood as turbulent behavior. Though the terminology was informal, the observations were careful and consistent. They show that ancient mariners not only encountered turbulence but also developed practical strategies to navigate through it, centuries before the physical principles were formally articulated.
1.3 South Asian Indian Subcontinent
(1500 BCE-300 CE) Some of the earliest descriptions of unsteady and turbulent natural flows in South Asia appear in the Rigveda and later Sanskrit epics [Griffith, 1896, Jami-son and Brereton, 2014]. The Vedic hymns first record that storm winds do not arrive smoothly but instead occur in uneven bursts, with periods of rapid strengthening followed by brief lulls. They further note that the direction of the wind can shift abruptly during these events. The cloud cover associated with such storms is described as evolving rapidly, fragmenting and reforming as the system develops. Rainfall is observed to begin suddenly and intensify quickly, often in concentrated sheets rather than as a gradual onset. In addition to these visual cues, the hymns remark on the sound of approaching storms, describing a rumbling that grows louder and increasingly irreg-ular, consistent with fluctuating pressure fields and unsteady atmospheric motion.
During the same period, rivers experiencing monsoon discharge

are described as foaming and churning as they traverse the plains. In some regions, the flow is observed to slow, rotate, or appear to turn back on itself, creating localized zones where the main current is difficult to discern.
Storms are frequently portrayed as arriving with broken and uneven gusts, winds that circle without pattern, and clouds that scatter and reform. These observations capture the sensory experience of rapidly fluctuating velocity fields that characterize deep convective systems. The epics describe towering dust columns that rise and twist over the northern plains before the monsoon, sometimes dark enough to obscure the sun. These rotating and opaque pillars correspond to intense convective plumes where hot surface air ascends, entrains dust, and forms transient vortices that eventually break down into turbulent motion.
[image: ]

Although expressed in literary language, these accounts reflect long term empirical familiarity with the irregular, rotating, and rapidly evolving motions that define turbulence in natural systems.
Early Concepts of Aerodynamics Although the ancient In-dian texts do not present a scientific theory of aerodynamics, the

epic narratives preserve several observations that relate directly to the behavior of bodies moving through air. These descrip-tions appear most prominently in the Ramayana in accounts of the Pushpaka Vimana[V¯alm¯iki, 2005], a flying conveyance described as capable of rising vertically, moving laterally, ac-celerating forward, and maintaining a steady position above the ground. The epics also describe rapid aerial motion during divine battles, where chariots are said to swerve, dip, and resist strong winds. These scenes contain embedded observations con-cerning the influence of gusts, crosswinds, and sudden pressure changes on the movement of airborne bodies.

Classical Period (sixth century CE) By the classical period, atmospheric observation in South Asia reached a new level of organization. Varahamihira’s Brrhat Samhita presents a systematic effort to classify clouds and storm conditions on the basis of repeated and disciplined observation[Vara¯hamihira, 1884].
Vara¯hamihira classified clouds using observable properties such as shape, color, motion, sound, and rainfall intensity. He distin-guished rounded, elongated, towering, and diffuse forms; colors ranging from white and gray to deep black or bluish; motions from slow drift to rapid advance; and thunder ranging from muted to sharp. These criteria capture key geometric, optical, kinematic, and acoustic features associated with convective and monsoon cloud systems.
Within this framework, dense dark clouds were linked to strong winds and heavy rainfall, whirl-shaped clouds to rotational motion, fine white clouds to stable conditions, bluish clouds to moderate rain, and black layered clouds or banded formations to prolonged monsoon precipitation. Although descriptive in form, these categories correspond to distinct atmospheric regimes governed by shear, convective instability, rotation, and moisture transport.

1.4 Greek and Roman Era
In Greece, early awareness of turbulence emerged from close observation of irregular winds, rotating water masses, and rapidly changing sea states across the eastern Mediterranean. Their experiences entered Greek literature long before they were analyzed mechanically. Homer, an Ionian poet active around the eighth century BCE, records in the Odyssey the whirlpool of Charybdis, described as drawing in and expelling water at regular intervals[Homer, 1946]. Although expressed in epic narrative form, this account corresponds closely to the behavior of tidal eddies in constricted channels, where water level gradients induce rotational flow and cyclic convergence and divergence.
Hesiod, a Boeotian poet writing in the late eighth to early seventh century BCE, offers another early reference in the Theogony[Hesiod, 1988]. He portrays sudden storm winds as offspring of the monster Typhon, a mythic mechanism chosen to explain violent atmospheric variability.
Anaximander, one of the earliest Ionian natural philosophers proposed that thunder arises when air confined within clouds is compressed and then violently released. Although lacking a quantitative framework, this explanation reflects an early attempt to associate sound and sudden atmospheric disturbance with internal cloud motion and pressure variation, anticipating later physical interpretations of thunder as a consequence of rapid energy release within convective systems.
Two centuries later, Aristotle (fourth century BCE), working in Athens, provided the first systematic treatment of atmospheric and fluid behavior in the Meteorologica[Aristotle, 1952]. He argued that tornadoes and waterspouts form when moving air masses entrain surrounding fluid and organize into rotating vertical columns. He also recognized that when a stream is forced through a narrow passage, the flow separates at the

boundaries and rolls into downstream eddies. This constitutes the earliest clear description of wake formation resulting from adverse pressure gradients and boundary layer detachment. Aristotle’s work is therefore foundational in identifying rotation, separation, and instability as natural features of atmospheric and hydraulic motion.
Theophrastus, Aristotle’s successor and active in the late fourth and early third centuries BCE, refined these analyzes in his meteorological writings. He distinguished vortices that descend from clouds from those initiated near the surface, articulating a top down versus bottom up classification that corresponds to two primary vortex generation pathways in modern meteorol-ogy[Theophrastus, 1916].
Epicurus, a philosopher of the early Hellenistic period (fourth to third century BCE), introduced a methodological principle that further advanced natural explanation. He argued that multiple physical mechanisms may account for a single observed phe-nomenon and that these alternatives must be assessed against empirical evidence[Epicurus, 1926]. Applied to atmospheric variability, this approach acknowledges that turbulent motion can arise from several interacting processes, including rotation, shear induced separation, and transient forcing.
Together, these Greek authors and thinkers established a pro-gression from observation to explanation that framed turbulence as a natural and mechanically producible feature of air and water.
The Romans, active across Italy and the wider Mediterranean from the third century BCE through the second century CE, inherited Greek natural philosophy and adapted it to their own empirical and engineering oriented culture. Within this setting, several Roman authors contributed observations and interpretations relevant to irregular and rapidly varying fluid motion.

Lucretius, a Roman poet and philosopher writing in the first century BCE, presented an atomistic account of natural phenom-ena in the De Rerum Natura[Lucretius, 1924]. He interpreted storms, whirlwinds, and seismic tremors as arising from the collisions and rearrangements of imperceptibly small particles. Although framed within Roman philosophical materialism, his explanation emphasized that large scale variability in the atmo-sphere and ground can emerge from the collective dynamics of many moving constituents, a perspective compatible with later statistical views of turbulence.
Virgil, an Augustan era Roman poet active in the first century BCE, described sudden winds, hail, and floods in the Georgics as persistent hazards for agricultural life in Italy[Virgil, 2006] with his references to abrupt gusts, rapidly rising runoff, and unstable sky conditions.
Seneca, a first century CE Roman statesman and natural philosopher, offered one of the most systematic Roman treat-ments of unsteady atmospheric and hydraulic processes in the Naturales Quaestiones[Seneca, 1971]. He explained thunder as cloud rupture associated with internal pressure, waterspouts as rotating air columns capable of lifting water, and earthquakes as the oscillation of confined air within subsurface cavities. His analyzes rely on pressure variation, rotation, and the behavior of gasses in enclosed geometries, all mechanisms relevant to the modern understanding of turbulent flow.
Pliny the Elder, a Roman encyclopedist writing in the first century CE, compiled empirical descriptions in the Naturalis Historia[the Elder, 1938]. He distinguished among whirlwinds, typhoons, and waterspout like phenomena, producing an early qualitative taxonomy of vortical structures.
Roman infrastructure incorporated empirical strategies for man-aging turbulent flow long before formal fluid mechanical theory.
Aristotle emphasized the ubiquity of vortical motion in fluids

in the Meteorologica:
The air is set in motion by winds, whirls, and eddies, as in rivers, where the current twists upon itself.
[image: ]

1.5 Art as Turbulence Laboratory 1450-
1890
The next significant leap in understanding came from artists who sought to reproduce nature with unprecedented fidelity.
Leonardo da Vinci (1452-1519) produced the earliest known empirical records of turbulent motion, predating classical work by Newton (1726) and Reynolds (1883) by centuries. In his work,
Deluge Drawings and Studies of Water in Motion ( 1510–1515)[da Vinci, 2005], Da Vinci sketched fluid motions based on close obser-vation of river currents and whirlpools, anticipating concepts
of turbulence long before modern fluid dynamics. Dated 1510, Leonardo wrote (Translated by Piomelli[Piomelli et al.]) "Ob-serve the motion of the surface of the water, which resembles that of hair, which has two motions, of which one is caused by the weight of the hair, the other by the direction of the curls; thus the water has eddying motions, one part of which is due to the principal current, the other to random and reverse motion". [Trans. Piomelli in Lumley, J.L., 1997 [Lumley, 1997]. Some comments on turbulence. Phys. Fluids A 4, 203-211].In the words of Lumley, Leonardo’s work is the most concise definition of turbulence. Lumley emphasized that Leonardo da Vinci’s recognition of turbulent flow describing both a primary mean motion and superimposed random eddies anticipated Reynolds decomposition by nearly 400 years. This decomposition captured the essence of turbulence.
His surviving notes—chiefly the Codex Arundel, Codex Leicester, and the late Deluge sheets contain both qualitative descriptions and graphical data on free surface and internal turbulence in water flows. Leonardo da Vinci’s fluid studies provide the first scientific documentation of turbulent flow. While lacking a mathematical framework, his empirical methods and qualitative deductions anticipate several cornerstones of contemporary tur-bulence theory. Accordingly, his manuscripts serve not merely

as artistic artifacts but as foundational documents in the histo-riography of fluid dynamics.
One of the most iconic artistic representations of natural tur-bulence is The Great Wave off Kanagawa , officially titled as Kanagawa-oki-Namaura[Hokusai, 1831]. This is a woodblock print created by the Japanese artist Katsushika Hokusai around 1831 during the late Edo period in Japan. The artwork strik-ingly captures elements associated with turbulent fluid motion: The massive wave depicted in the print displays a curling, crest-ing structure that closely resembles the formation of vortices observed in turbulent flow. The foam at the wave’s peak frag-ments into claw-like tendrils, visually echoing the fine-scale instabilities and eddies characteristic of nonlinear fluid behav-ior. This complex interplay of shape and motion provides a compelling visual analogy to turbulent systems, where energy cascades from large-scale motion to smaller, chaotic structures. Scholars have since reflected on the image as a metaphor for chaotic dynamics, centuries before Kolmogorov’s theories of turbulence were formalized, illustrating how art can intuitively grasp the fundamental behaviors of the natural world.
In 1842, British artist J.M.W. Turner, in his painting Snow Storm: Steam-Boat off a Harbor’s Mouth depicted the violent interaction between sea and storm, making it one of the earliest artistic visualizations of natural fluid turbulence.
The Dutch artist Vincent Van Gogh painted The Starry Night in June 1889 while he was staying at the Saint-Paul-de-Mausole asylum in Saint-Remy-de-Provence, France[Aragón et al., 2008]. It offers a remarkable visual representation of fluid turbulence. The luminance patterns in Van Gogh’s iconic painting statisti-cally resemble the energy cascade and eddy structures described in Kolmogorov’s theory of turbulence. The painting’s whorls and swirls in the night sky exhibit a power-law distribution of spatial frequencies, akin to those found in natural turbulent flows such as atmospheric currents. This surprising alignment

between art and fluid dynamics suggests that Van Gogh was intuitively capturing one of nature’s most complex and chaotic phenomena.
1.6 Beginning of Quantitative Theory of Turbulence, 1600 onward
The shift from qualitative philosophy to quantitative science in the study of turbulence began during the Renaissance and the early modern period, when mathematics, experimental meth-ods, and systematic observation were integrated into natural philosophy. Prior to this transformation, turbulence had been described through metaphors, analogies, and speculative reason-ing, as seen in the works of ancient Greek and Indian thinkers. With the advent of the scientific revolution, however, turbulence and fluid motion came to be treated as measurable phenomena governed by the laws of mechanics. Central to this transforma-tion was the growing use of geometry, algebra, and calculus to describe natural processes, coupled with experiments that re-vealed reproducible patterns underlying apparent disorder. This period marked the emergence of dimensionless numbers, scaling arguments, and governing equations that remain foundational in turbulence research today. In this way, turbulence evolved from a phenomenon interpreted through intuition and cosmological frameworks into one situated firmly within the mathematical language of physics, bridging deterministic equations with the statistical nature of chaotic flows. The contributions of Galileo, Bernoulli, Euler, Navier, Stokes, Reynolds, Strouhal, and others established the enduring framework for turbulence as both a deterministic and probabilistic science.
In his work, Galileo Galilei’s Discourses and Mathematical Demonstrations Relating to Two New Sciences[Galilei, 1914], the Italian Astronomer and Mathematician Galileo Galilei ex-amined the relationship between speed, resistance, and the medium’s density, questioning Aristotelian assumptions and

emphasizing the role of inertia and the continuity of motion. His thought experiments and mathematical reasoning introduced a more systematic approach to fluid resistance, a topic central to later theories of drag and turbulent wake formation. By challenging qualitative doctrines and replacing them with quan-tifiable analysis, Galileo helped shift the study of turbulence from philosophical speculation to empirical science, influencing generations of physicists who would later formalize turbulence theory.
British Engineer and Physicist Osborne Reynolds (1883) per-formed his classical experiment of injecting a dye into water flowing through a large glass pipe, and he used a control valve at one end of the pipe to regulate the speed of water. At low speeds, the dye traced a straight line without spreading, which he referred to as laminar flow. At higher speeds, the dye be-gins to meander and diffuse through the rest of the water. He referred to this motion as turbulent flow. Turbulent flow was disorderly, random, and had irregular patterns. Based on those experiments, Reynolds introduced a non-dimensional number, the Reynolds number, by grouping the velocity, density, di-ameter, and dynamic viscosity. Reynolds number is equal to ρV L , where, ρ is the density of the fluid, µ is the coefficient of dynamic viscosity, V is the velocity scale, and L is the length scale of the physical system. When the Reynolds number is less than 2000, the flow is laminar, and when it exceeds 2000, the flow becomes turbulent.µ

1.7 Scientific Foundations of Turbu-lence
At its core, turbulence is governed by chaos, a state of ap-parent disorder emerging from deterministic systems. The Navier–Stokes equations, which describe the motion of fluids, encode this paradox: a perfectly deterministic framework giving rise to flows that are unpredictable, highly sensitive to initial

conditions, and nonlinear across scales. This chaotic character, where large eddies break down into smaller ones in an unending cascade, is the defining feature of turbulence.
The mathematical path to these equations unfolded gradu-ally across the eighteenth and nineteenth centuries. Daniel Bernoulli, in his Hydrodynamica (1738), derived the celebrated relation between pressure, velocity, and elevation for steady, incompressible, inviscid flows. His equation was an idealization, but it provided an essential lens for interpreting how pressure and velocity fluctuate in turbulent motion. A generation later, Leonhard Euler set down the equations of motion for an inviscid fluid (1755). The Euler equations neglect viscosity and thus cannot capture turbulence in its full form, yet they describe the inertial motions that dominate high–Reynolds-number flows, outside the thin viscous layers near boundaries.
The decisive turn came in 1822, when Claude–Louis Navier introduced the concept of internal friction into fluid motion. By blending Newton’s law of viscosity with momentum con-servation, he produced the first form of what we now call the Navier–Stokes equations. Though his molecular interpretation was later abandoned, the mathematical framework proved en-during. George Gabriel Stokes refined Navier’s formulation, grounding it in continuum mechanics and extending it to com-pressible flows. Stokes also derived his law for the drag on a sphere at low Reynolds number, an elegant result that be-came the benchmark for distinguishing laminar from turbulent regimes. Together, Navier and Stokes supplied the equations that remain the cornerstone of turbulence modeling.
The nineteenth century also brought new dimensionless mea-sures that captured the competing forces at play in turbulent flows. William Froude, working in naval architecture, intro-duced the Froude number in the 1850s to quantify the balance between inertial and gravitational forces in free–surface flows. His pioneering towing-tank experiments established the princi-

ple of dynamic similarity in ship design and left a legacy still central to studies of stratified and open-channel turbulence. A generation later, Vincenc Strouhal (1878) discovered a univer-sal relationship between vortex shedding frequency, velocity, and characteristic length. The Strouhal number, born from his experiments on vibrating wires, became a key parameter in describing bluff-body wakes and periodic vortex streets—an empirical doorway into the rhythmic side of turbulence.







Part II: Historical Beginning of Turbulence Across Domains


1.8 Introduction
Part I examined how turbulence was first recognized through direct encounters with natural flows in rivers, oceans, and the atmosphere, where irregular motion was described qualitatively through observation, metaphor, and experience. In Part II, the focus shifts from descriptive recognition to disciplinary emergence: how turbulence began to appear independently within distinct branches of physics as scientific inquiry matured.
This part highlights a central theme in the history of turbulence: its universality.
Each field contributed distinct insights and experimental evi-dence, gradually revealing turbulence as a fundamental orga-nizing principle of complex physical systems.
1.9 Origin of Acoustic Turbulence
Lord Rayleigh’s Observations of Turbulence in Sound (1877)
The nineteenth century marked a transition in which turbulence began to be systematically connected to distinct physical phe-nomena. One of the most influential early treatments is due to Lord Rayleigh (John William Strutt) in his monumental work The Theory of Sound [Rayleigh, 1877]. Although Rayleigh did not employ a modern mathematical definition of turbulence, his qualitative descriptions of sound propagation and noise capture two central features now associated with turbulent phenomena:
(i) irregular wave interference, and (ii) turbulent-like scattering.
Irregular Wave Interference
Rayleigh investigated how multiple sound waves overlap in space and time. He recognized that the superposition of many frequencies and phases produces patterns perceived by the human ear as noise rather than as simple harmonic tones. In The Theory of Sound, he showed that reflections within
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an enclosure or overlapping tones from instruments give rise to irregular fluctuations of intensity, closely resembling the stochastic fluctuations characteristic of turbulence [Rayleigh, 1877].
This work established one of the first explicit links between apparent randomness in acoustics and turbulent-like behav-ior. It foreshadowed the later recognition of broadband noise generated by turbulent flows in jets, combustion systems, and speech.
Turbulent-like Scattering
Rayleigh also examined how sound interacts with obstacles, jets, and atmospheric inhomogeneities. He observed that the edges of flutes, organ pipes, and jets of air produce irregular noise in addition to harmonic tones. He attributed this behavior to vor-tices and eddies shed at edges and orifices, which scatter sound in a disordered manner. He further noted that atmospheric irregularities lead to fluctuations in sound intensity, an early recognition of scattering by turbulence [Rayleigh, 1877].
These insights constitute the first scientific connection between turbulent flow and noise generation. A century later, Lighthill would formalize this connection in his celebrated acoustic anal-ogy [Lighthill, 1952], but Rayleigh’s observations provided the essential conceptual foundation.
“When a great number of simple tones are mingled, each of them produces its own disturbances, but the effect upon the ear is confused noise.” — Lord Rayleigh, The Theory of Sound, Vol. I (1877)
1.10 Origin of Planetary Turbulence: Jupiter’s Great Red Spot
The earliest documented accounts of Jupiter’s Great Red Spot (GRS) date to the mid-seventeenth century. In 1664, Robert Hooke reported observing a dark marking on Jupiter’s disk; later

scholarship suggests this feature was likely transient rather than the persistent Red Spot [Hooke, 1664]. One year later, in 1665, Giovanni Domenico Cassini described a permanent oval spot on Jupiter, which he tracked over many years [Cassini, 1665]. This observation is generally regarded as the first confirmed record of the Great Red Spot. Throughout the eighteenth and nineteenth centuries, telescopic observers noted the extraordinary size of the feature—often exceeding 30,000–40,000 km, more than three times Earth’s diameter—and its remarkable persistence over decades.
By the late nineteenth century, the GRS was increasingly in-terpreted as a gigantic atmospheric vortex, specifically an an-ticyclone embedded within Jupiter’s zonal jet streams. With the development of turbulence theory in the twentieth century, the Red Spot came to be understood through the framework of vortex dynamics and turbulent cascades. Kolmogorov’s statisti-cal theory of turbulence [Kolmogorov, 1941] established scaling laws for energy transfer in three-dimensional flows, while Kraich-nan’s theory of two-dimensional turbulence [Kraichnan, 1967] demonstrated that, in quasi-two-dimensional systems, energy can cascade upscale. This inverse energy cascade provides a physical explanation for the longevity of large, coherent vortices and directly accounts for the apparent stability of the Great Red Spot over centuries [Marcus, 1993].
The Great Red Spot thus represents the largest and most enduring coherent turbulent structure observed in the Solar System. Its persistence illustrates a defining property of two-dimensional turbulence: rather than dissipating rapidly, energy accumulates at large scales, sustaining organized vortical motion over exceptionally long times.

1.11 Origin of Aerodynamic Turbu-lence
The scientific study of turbulence in aerodynamics emerged in the early twentieth century, driven by the practical demands of controlled flight. Designing aircraft required a quantitative understanding of lift, drag, and boundary-layer behavior, expos-ing the limitations of purely empirical or qualitative approaches [Anderson, 1997]. Prior to this period, pioneers such as Otto Lilienthal and the Wright brothers relied on intuition, field experiments, and direct observation in the open atmosphere, where turbulence was uncontrolled and difficult to characterize systematically [Lilienthal, 1889, Wright, 1901].
A decisive transition occurred with the development of wind tunnels, which allowed aerodynamic flows to be generated un-der controlled and repeatable conditions. Gustave Eiffel’s wind tunnel in Paris (1909) and the Göttingen facilities directed by Ludwig Prandtl made it possible to study airflow around scaled models with unprecedented precision [Eiffel, 1911, Prandtl, 1904]. For the first time, laminar–turbulent transition, flow sep-aration, and wake formation could be observed systematically rather than inferred from flight experience alone.
Early experimental investigations relied on flow visualization techniques, including smoke filaments and wool tufts, which revealed that initially smooth streamlines could abruptly break down into irregular, vortical motion. Subsequent instrumenta-tion advances transformed these qualitative insights into quan-titative science. Pitot tubes provided mean velocity profiles, while the introduction of hot-wire anemometry enabled time-resolved measurements of velocity fluctuations [Taylor, 1935b]. These measurements demonstrated that turbulence is character-ized by intermittent bursts and coherent near-wall structures, rather than by featureless random noise.

These experimental developments culminated in Prandtl’s boundary-layer theory, which identified turbulence as a distinct flow regime governed primarily by the Reynolds number [Prandtl, 1904].
Prandtl emphasized the orderly-to- disorderly transition of motion:
The motion in the boundary layer is laminar at first; then, depending on Reynolds number, a sudden change takes place and the flow becomes turbulent.
— Ludwig Prandtl (1904)
The contribution of aerodynamics was, therefore, to establish turbulence as a repeatable and physically governed phenomenon rather than an inexplicable form of chaos. This realization laid the foundation for modern aircraft design and continues to shape experimental and theoretical research in aerodynamic turbulence.
1.12 Origin of Compressible Turbu-lence
The scientific study of compressible turbulence emerged in the late nineteenth century through investigations of high-speed motion, where density variations and shock waves play a dom-inant role. A foundational contribution was made by Ernst Mach, whose experiments with supersonic projectiles revealed the formation of bow shocks and compression waves [Mach, 1877]. These observations provided the first direct visual ev-idence that fluid motion at high speeds follows physical laws distinct from those governing subsonic and incompressible flows, marking the conceptual birth of compressible flow research.
During the early twentieth century, the growing interest in supersonic and eventually hypersonic flight motivated the de-velopment of specialized experimental facilities. Supersonic wind tunnels and shock tubes, constructed in the 1920s and 1930s, enabled controlled investigations of shock formation,

shock-boundary-layer interaction, and the influence of density variations on turbulent mixing [Prandtl, 1904, Liepmann and Roshko, 1957]. These facilities transformed compressible tur-bulence from an observational curiosity into a reproducible laboratory phenomenon.
Optical diagnostics played a central role in revealing the struc-ture of compressible turbulent flows. Schlieren and shadowgraph techniques, pioneered by Toepler and refined in the early twenti-eth century, made density gradients and shock waves visible as patterns of light and dark [Toepler, 1864]. High-speed photog-raphy added temporal resolution, while fast-response pressure transducers enabled quantitative measurements of unsteady pressure fluctuations associated with shock-eddy interactions. For the first time, turbulence in a compressible medium could be directly observed and measured.
These experimental advances led to the recognition that com-pressible turbulence differs fundamentally from its incompress-ible counterpart. Shock waves compress and reorganize eddies, introduce irreversible dissipation, and modify the classical en-ergy cascade. Analytical frameworks such as Prandtl-Meyer expansion theory provided theoretical grounding for supersonic flow behavior, while Mach himself succinctly captured the sig-nificance of these discoveries:
The phenomena about a projectile in supersonic flight reveal laws of motion quite foreign to our ordinary experience. — Ernst Mach (1877)
The historical contribution of compressible turbulence research was thus to extend the concept of turbulence beyond subsonic flows, establishing it as a central element of aerospace engineer-ing, astronautics, and modern hypersonic science.

1.13 Origin of Turbulence in Reacting Flows
The study of turbulence in reacting flows developed along a dis-tinct but equally compelling trajectory, driven by the practical need for stable and efficient combustion in engines, furnaces, and power-generation systems. Unlike aerodynamic turbulence, where flow control was the primary concern, reacting-flow turbu-lence demanded an understanding of how unsteady fluid motion interacts with chemical reactions.
Early qualitative insight can be traced to Michael Faraday’s public lectures on combustion, later published as The Chemical History of a Candle [Faraday, 1861]. Faraday demonstrated how ambient air currents wrinkle, distort, and intermittently extinguish flames, providing one of the earliest descriptions of flame–flow interaction. Although pre-scientific in form, these observations captured the essential coupling between unsteady motion and chemical transformation that defines turbulent combustion.
By the early twentieth century, combustion research entered a quantitative phase. Engineers constructed burners and combus-tion chambers with optical access, enabling direct observation of flames under turbulent conditions [Strehlow, 1984]. High-speed photography revealed that turbulent flames are characterized by continuously wrinkled and evolving flame fronts, rather than smooth, steady interfaces. These visualizations demonstrated that turbulence alters combustion primarily by increasing the flame surface area.
The development of laser-based diagnostics in the mid-to-late twentieth century transformed reacting-flow research into a precision science. Laser Doppler Anemometry (LDA) enabled velocity measurements in high-temperature reacting flows, while Planar Laser-Induced Fluorescence (PLIF) provided spatially

resolved images of flame fronts and reactive species [Peters, 2000, Poinsot and Veynante, 2005]. These techniques made it possible to simultaneously resolve turbulent motion and chemical structure.
From these measurements emerged the central insight that turbulence accelerates combustion by stretching and folding the flame front, thereby increasing the effective reaction rate. Gerhard Damköhler synthesized this understanding in the 1940s through scaling arguments that relate chemical and turbulent time scales, introducing what are now known as Damköhler numbers [Damköhler, 1940]. These concepts established the foundation for modern turbulent combustion theory.
The historical contribution of reacting-flow turbulence research was, therefore , to demonstrate that turbulence is not merely a fluid mechanical process but a mechanism that directly governs chemical transformation. This integration of turbulence with chemistry has shaped the design of internal combustion engines, gas turbines, rockets, and industrial energy systems throughout the twentieth century and remains central to contemporary combustion science.
1.14 Origin of Biomedical Turbulence
The recognition of turbulence in biomedical flows emerged from early attempts to understand the motion of blood within the human body and its physiological significance. Long before the formal development of fluid mechanics, physicians and anatomists observed that blood flow was often irregular, partic-ularly near the heart and within complex vascular geometries.
Classical medical writers provided the earliest qualitative de-scriptions. Galen of Pergamon (129–200 CE) noted that blood exhibited eddies and whirls near cardiac valves and arterial bifurcations, interpreting these motions as manifestations of the heart’s forceful action rather than steady flow [Galen, 1916]. Although Galen lacked a mechanistic framework, his observa-

tions implicitly recognized rotational and disturbed flow in the circulatory system.
During the Renaissance, anatomical investigation advanced substantially. Andreas Vesalius (1514–1564), in De Humani Corporis Fabrica, produced detailed illustrations of arteries, bifurcations, and aneurysms [Vesalius, 1543]. These structures are now known to promote flow separation and turbulence. Vesalius’s work established the geometric basis for recognizing regions of disturbed blood flow, even though the underlying dynamics were not yet understood.
A decisive conceptual shift occurred with William Harvey’s demonstration of systemic circulation in De Motu Cordis (1628) [Harvey, 1628]. Harvey described blood being expelled from the heart as a vigorous, pulsatile jet passing through valves, emphasizing unsteady and impetuous motion. This description represents one of the earliest biomedical accounts of jet-like flow, a configuration now recognized as highly susceptible to turbulence.
Quantitative study of blood flow began in the nineteenth cen-tury. Jean Léonard Marie Poiseuille (1797–1869) introduced controlled experiments using glass capillary tubes, leading to Poiseuille’s law for laminar flow in small vessels [Poiseuille, 1840]. His work established a reference state for smooth, viscous-dominated flow, against which departures associated with larger vessels, higher velocities, or pathological conditions could be identified as disturbed or turbulent.
Clinical recognition of turbulent blood flow was greatly ad-vanced by René Laennec’s invention of the stethoscope in 1816 [Laennec, 1819]. Laennec showed that abnormal sounds, later termed vascular bruits and cardiac murmurs, arise from irregu-lar flow through narrowed arteries or diseased valves. For the first time, turbulence became a directly observable and diagnos-tically useful phenomenon, linking fluid motion to pathology.

Taken together, these developments established turbulence in blood flow as both a physical and biomedical concept. Anatom-ical geometry, pulsatile forcing, and pathological constrictions were recognized as sources of irregular motion. Biomedical turbulence thus emerged as a bridge between anatomy, physi-ology, and clinical diagnosis, anticipating the modern field of hemodynamics.
1.15 Future of Turbulence
In light of the long arc surveyed from Mycenaean pilots reading white-capped boiling seas to Leonardo’s studio “flow-visualizations” and the Navier-Stokes governing equations—it is impossible to anoint a single “father of turbulence.” Each period contributed
a necessary thread: experiential seamanship supplied the first empirical map of eddies; classical authors gave those structures names and causal sketches; Renaissance artists isolated coher-ent vortices on paper; early modern experimentalists translated sketches into measurable variables. Every discovery was made independently, yet all are linked by the same sequence of ob-servation, analogy, and refinement that still structures research today. Our generation inherits this woven tapestry and adds a new layer of high-fidelity field sensors, petascale simulations, and data-driven closure models capable of capturing the multi-scale interactions that idealized experiments cannot. The task now is to integrate these advanced measurements with inherited theory so that the next observers, standing on our shoulders, can see turbulence in its full complexity.
While turbulence theory has advanced from Kolmogorov’s inertial-range scaling to highly sophisticated numerical sim-ulations, much of this progress rests on idealized assumptions and controlled configurations. Empirical data remain sparse for flows at high Reynolds and high Mach numbers—the regimes that dominate geophysical, astrophysical, and many engineering systems—raising fundamental questions about the universality

and validity of existing models. Despite decades of progress, most celebrated results still originate from wind tunnels or numerical domains designed to isolate a single mechanism at a time. In contrast, real flows inherently couple roughness, un-steadiness, rotation, buoyancy, compressibility, and multiscale intermittency. This disconnect underscores a central challenge for the field: bridging the gap between idealized understanding and the full complexity of turbulence as it occurs in nature and engineering practice.
1.16 Open Challenges in Turbulence
Despite more than a century of theoretical, experimental, and numerical advances, turbulence remains fundamentally con-strained by a central limitation: our ability to measure and characterize realistic turbulent flows at realistic scales. While considerable progress has been made through the study of ide-alized configurations—canonical channels, pipes, homogeneous isotropic turbulence, and simplified boundary layers—such sys-tems capture only a narrow subset of the physical processes that govern turbulence in nature and engineering applications.
The author’s perspective is that turbulence research has reached a point where further refinement of isolated physics, though still valuable, can no longer serve as the primary driver of progress. Canonical experiments and reduced models have re-vealed fundamental mechanisms—instability, vortex formation, energy cascades, and dissipation—but they do not fully rep-resent the complexity of real flows, which are simultaneously affected by multiscale geometry, unsteadiness, stratification, compressibility, chemistry, and external forcing. As a result, many turbulence models perform well under controlled condi-tions yet struggle when applied to realistic environments such as atmospheric boundary layers, urban flows, wildfire plumes, biological systems, and geophysical or astrophysical turbulence.
The critical gap, or lacuna, in turbulence research lies in the lack

of high-fidelity, multiscale, and long-duration measurements of real flows. What is needed are experimental and observational strategies capable of capturing velocity, scalar fields, and their correlations across the full range of relevant spatial and temporal scales, in situ and under realistic forcing conditions. Such data must be sufficiently rich to inform not only mean-flow statistics but also intermittency, extreme events, coherent structures, and scale interactions.
Bridging this gap requires a deliberate shift toward ambitious measurement campaigns and integrated modeling efforts. Ad-vances in sensing technologies, remote diagnostics, distributed sensor networks, and data assimilation now make it possible to envision experiments that were previously infeasible. At the same time, high-performance computing and physics-informed data-driven models offer a pathway to fuse sparse or noisy measurements with governing equations, enabling the recon-struction of otherwise inaccessible flow features.
Progress in turbulence, therefore, demands a degree of scientific risk—a willingness to pursue large-scale experiments and field campaigns whose outcome cannot be fully predicted in advance. This leap of faith is not a departure from rigor, but a return to the tradition that originally shaped turbulence research: careful observation of complex natural flows. Only by confronting tur-bulence in its full realism can the field move beyond incremental refinement and toward a deeper, more predictive understanding of unsteady, multiscale fluid motion.
Questions for Review and Reflection
1. Conceptual Understanding
(a) What distinguishes turbulence from other types of fluid motion, and why has it historically been difficult to formalize?
(b) How did early mythological and artistic observations

contribute to the modern understanding of turbu-lence?
(c) In what ways did Leonardo da Vinci’s sketches an-ticipate key characteristics of turbulent flow?
2. Historical Evolution
(a) How did the understanding of turbulence evolve from mythology and art to mathematical and physical theories?
(b) What were Osborne Reynolds’ key contributions, and why was his work a turning point in turbulence research?
(c) How did the scientific treatment of turbulence change with the development of the Reynolds number?
3. Philosophical and Cultural Perspectives
(a) How do metaphors in ancient texts (e.g. Greek mythology reflect an intuitive understanding of tur-bulence?
(b) In what ways does the study of turbulence bridge the gap between science, philosophy, and art?
4. Theoretical Frameworks
(a) What is the significance of deterministic versus sta-tistical approaches to turbulence?
(b) How does the chaotic nature of turbulence relate to the concept of sensitive dependence on initial conditions?
5. Critical Reflection
(a) Why has turbulence remained one of the most diffi-cult problems in classical physics despite centuries of study?

(b) Do you think artistic and intuitive insights still have a place in advancing turbulence research today? Why or why not?
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