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What is “turbulence”?

Fluid flow: Laminar and Turbulent regimes

1 Laminar flow (or streamline flow): regime of fluid motion in parallel

layers; no lateral mixing, no cross currents perpendicular to the
direction of flow, nor eddies or swirls of fluids

(Un)fortunately, almost all ”interesting“ flows around us are turbulent . . .
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What is “turbulence”?

Fluid flow: Laminar and Turbulent regimes

2 Turbulent flow: regime of fluid motion with ”random” and chaotic

three-dimensional vorticity ; increased energy dissipation, mixing, heat
transfer, and drag
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What is “turbulence”?

Why is it important to study turbulence?

For two types of reasons:

1 Engineering applications:

airplanes must fly
weather must be forecast
sewage and water management systems must be built
society needs ever more energy-efficient hardware and gadgets

2 Science

understand the physics of the flow
complementary (or not) to engineering
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What is “turbulence”?

How does turbulence generate?

It is believed that the inherent instability of the physics of the flow plays
the determinant role.

Examples:

1 Osborne Reynolds’ (1842-1912, Anglo-Irish) pipe experiment

Re =
DU

µ
≡

Intertial forces

Viscous forces
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https://www.youtube.com/watch?v=Kq9UKD0iZ2Q


What is “turbulence”?

How does turbulence generate?

2 Instability in boundary layers (Ludwig Prandtl, 1875-1953, German)
No-slip condition and theory on boundary layers (1904)
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https://www.youtube.com/watch?v=e1TbkLIDWys


What is “turbulence”?

How does turbulence generate?

2 Instability in boundary layers (Ludwig Prandtl, 1875-1953, German)
No-slip condition and theory on boundary layers (1904)
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https://www.youtube.com/watch?v=e1TbkLIDWys


What is “turbulence”?

How does turbulence generate?

3 Theodore von Kármán (1881-1963, Hungarian-American) vortex street

(i.e. unsteady separation of flow around blunt bodies, frequency ∼ Reynolds

number)
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https://www.youtube.com/watch?v=JI0M1gVNhbw


What is “turbulence”?

How does turbulence generate?

4 Kelvin-Helmholtz instability after Lord Kelvin (1824-1907, British)
and Hermann von Helmholtz (1821-1894, German)
The instability is due to different velocities of adjacent layers of
different density
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https://www.youtube.com/watch?v=ELaZ2x42dkU


What is “turbulence”?

Complexity of turbulence

1 Werner Karl Heisenberg (1901-1976, German, Nobel Prize in Physics
in 1932): ”When I meet God, I am going to ask him two questions:
Why relativity? And why turbulence? I really believe he will have an
answer for the first.”

2 Sir Horace Lamb (1849-1934, British): speech to the British

Association for the Advancement of Science ”I am an old man now,
and when I die and go to heaven there are two matters on which I
hope for enlightenment. One is quantum electrodynamics, and the
other is the turbulent motion of fluids. And about the former I am
rather optimistic.”
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What is “turbulence”?

What do we know for sure?

How accurate is our knowledge on turbulence? Or, using Engineering
language, how much does it cost to make limited predictions on:

weather-forecasts (also catastrophes such as tornadoes and tsunamis)

aeronautic and automotive industry (coatings, safety . . . )

turbomachinery

. . .

Improvements in knowledge can save time, money, lives, make the society
more wise . . .
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What is “turbulence”?

What do we know for sure?

Our understanding is enough to do the job, but . . .

We were still able to navigate over the sea even if we thought that sun and
stars were rotating around a flat Earth

The aqueduct of Segovia is very nice, but it is also the proof that the
Romans did not know about Bernoulli’s law for closed ducts

Before Ignaz Philipp Semmelweis (1818-1865, Hungarian) doctors where still
practicing, but did not wash hands before
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What is “turbulence”?

What do we know for sure?

The same happens for turbulence:

We believe in assumptions formulated in the ’30-’40
These hypotheses are made on the basis of logic and dimensional
analysis of the flow, but have never been proved rigorously

Figure: Rigor
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Concept of turbulence modeling

Characteristics of turbulence

Characteristics of turbulence
(from “Tennekes and Lumley: First Course in Turbulence”):

1 ”Random”: disorder and no-repeatability

2 Vortical: high concentration and intensity of vorticity

3 Non-linear and three-dimensional

4 Continuity of eddy structure (vortices are strong structures), reflected
in a continuous spectrum of fluctuations over a range of frequencies
(wavenumber)

5 Energy cascade, irreversibility and dissipativeness

6 Intermittency : turbulence can occupy only parts of the flow domain
→ statistical approach

7 High diffusivity of momentum, energy, species etc.
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Concept of turbulence modeling

Three hypotheses about turbulence

1 Lewis Fry Richardson (1881-1953, English) proposed the turbulent

cascade for energy in 1920
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Concept of turbulence modeling

Three hypotheses about turbulence

Example. Think of a flow passing through a grate of size L. This will be the

energy injection length scale, and from it the energy will be transported through

an inertial scale towards the smallest scales, where it will be dissipated

Kolmogorov
scale

Taylor scale

Inertial range

Energy scales

Dissipation

Wavenumber

Energy

k-5/3

“wavenumber”= k ≡ 2π/l , where l the length scale of the vortex structure
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Concept of turbulence modeling

Three hypotheses about turbulence

2 Sir Geoffrey Ingram Taylor (1886-1975, British) hypothesis on ”frozen
turbulence”: as the mean flow U advects the eddies, the fundamental
properties of the eddies remain unchanged, or frozen, since the
turbulent fluctuations u′ are much smaller u′ ≪ U

The Taylor microscale corresponds approximately to the inertial subrange of the

energy spectrum. It is not dissipative scale but transfers down the energy from

the largest to the smallest without dissipation
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Concept of turbulence modeling

Three hypotheses about turbulence

3 Andrey Nikolaevich Kolmogorov (1903-1987, Russian) similarity
hypothesis: in every turbulent flow at sufficiently high Reynolds
number, the statistics of the small scale motions have a universal
form that is uniquely determined

large scale L vortices are anisotropic
small scale η vortices loose all structure information about how they
were created, they become homogeneous and isotropic, that is,
”similar”
at the small length scale, the energy input and dissipation are in exact
balance
NOTE: all this assuming large Reynolds number
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Concept of turbulence modeling

Turbulence models: foundation

Q. What does it mean ”model“ ?

A. A model is an approximate description of a phenomenon in
mathematical terms.

For turbulence we choose for instance the enhanced diffusivity that is observed

when turbulence occurs. That is, our model is based on an observed

phenomenon, NOT on a characteristic of the flow. In principle we could make up

a turbulence model differently, for instance searching for the presence of eddies

and vortex structures . . .
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Concept of turbulence modeling

Classes of turbulence models

Direct Numerical Simulation (DNS)
No turbulence model at all: it is regarded as the analitic solution to the
N-S equations
Solves all scales of motion
Extremely costly, only used for scientific purpose (e.g. validate
turbulence models, fundamental understanding of turbulence)
It is ”possible” only since the ’80 due to computers’ advancement
(months of runs, hundreds of gigas of data to post-process)

Large Eddy Simulation (LES)
Solves directly the filtered N-S equations (i.e. solves the large scale
vortex structures while filters the smaller sub-grid resolution scales)
It uses a model for turbulence to dissipate the energy (usually)
It is a clear trend in engineering since the last 20 years
Intermediate cost (weeks of runs)

Reynolds Averaged Navier-Stokes (RANS)
The dissipation due to turbulence is entirely modeled
Affordable computational cost (used in most of commercial softwares)
Many variations (S-A, κ-ω, κ-ǫ, SST . . . )
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Concept of turbulence modeling

Classes of turbulence models

Rough comparison between the three classes:

Kolmogorov
scale

Taylor scale

Inertial range

Energy scales

Dissipation

Wavenumber

Energy

f the above is expressed in terms ofwavenumber:
RANS Turb. Model

LES Turb. Model

DNS
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Concept of turbulence modeling

Classes of turbulence models

Rough comparison between the three classes:
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Concept of turbulence modeling

Classes of turbulence models

Rough comparison between the three classes:

DNS LES
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Concept of turbulence modeling

Classes of turbulence models

Rough comparison between the three classes: flow inside a pipe

RANS: just laminar flow LES: the flow is actually turbulent

25 / 29



Concept of turbulence modeling

RANS models: foundation

RANS models, some concepts:

Fluctuations of the velocity (Reynolds decomposition): U = U+ u′

Reynolds average (it’s a time average): U =
∫ t2

t1
Udt

We apply the Reynolds average to the N-S equations:
∫ t2

t1
N-Sdt

an extra unknown pops up Rij ≡ u′i v
′

j , and we call it the ”Reynolds stress”

Approximation of added viscosity (by Joseph Valentin Boussinesq

1842-1929, French): Rij ≈ µt

Concept of ”closure of the equations” → need additional equations and
parameters
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Concept of turbulence modeling

RANS models: foundation

RANS models, some concepts:

One-equation models:

Spalart-Allmaras (good compromise, widely used)

Two-equation models:

κ-ǫ (better for free-shear layer flows, external flows, small pressure
gradients)
κ-ω (better for internal flows, near-wall behavior)
SST-κ-ω (hybrid between the κ-ǫ and κ-ω to merge advantages of
both)
Many others variations in the pop-up menu of your CFD solver → it
would be useful to compare them on the same application!
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Concept of turbulence modeling

Some advert before you go . . .

One of the topics we work on in our group at BCAM: turbofans
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http://www.bcamath.org/en/research/lines/CFD


Concept of turbulence modeling

Some advert before you go . . .

Feel free to check out our research center or email me!
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