Chapter 1 Introduction

1. Definition of turbulence

It is often claimed that there is no good definition of turbulence (see, e.g., Tsinober [3]), and many
researchers are inclined to forego a formal definition in favor of intuitive characterizations. One of the best
known of these is due to Richardson [4], in 1922

Big whorls have little whorls,

which feed on their velocity;

And little whorls have lesser whorls,
And so on to viscosity.

T. von Karman |5 quotes G. 1. Taylor with the following definition of turbulence:
“Turbulence is an irregular motion which in general makes its
appearance in fluids, gaseous or liguid, when they flow past
solid surfaces or even when neighboring streams of the same
fluid flow past or over one another. ™

Hinze, in one of the most widely-used texts on turbulence [6], offers yet another definition:
“Turbulent fluid motion iz an irregular condition of the flow
in which the various quantities show o mandom variation with
time and space coordinates, so that statistically distinct aver-
age values can be discerned.”

Chapman and Tobak [1] have described the evolution of our understanding of turbulence in terms of
three overlapping eras: i) statistical, i) structural and i) deterministic. We shall further explore this
viewpoint in the next section, but here we point out that a more precise definition of turbulence is now
possible within the context of ideas from the deterministic era. Namely,

“Turbulence is any chaotic solufion fo the 3-1) Navier-Stokes
equations that is sensitive to initial data and which occurs as
a result of successive instabilities of laminar flows as a bifur-
cation parameter is increased through a succession of values.”

Modern definition superior as (1) specifies equations; (2) requires random
behavior described by deterministic equations; (3) requires three
dimensionalities; and (4) sensitivity to initial conditions.



2. Historical background

Three eras of turbulence studies: http://web.engr.uky.edu/~actd/lctr-
notes634.pdf
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Figure 1.3: Movements in the study of turbulence, as described by Chapman and Tobak [1].

Structural movement: coherent structures and short bifurcation sequences

Statistical movement: uses statistics via systematic approximations to the
averaged “unclosed equations” or by intuition and analogy.

Deterministic movement: The idea of the deterministic turbulence has
been suggested about a decade ago. In contrast to the usual (random)
turbulence, the deterministic turbulent flows have reproducible
instantaneous structure, representing one particular-realization from
infinite number of possible ones.


http://web.engr.uky.edu/%7Eacfd/lctr-notes634.pdf
http://web.engr.uky.edu/%7Eacfd/lctr-notes634.pdf

3. Syllabus

Course syllabus and semester are divided into Parts 1 and 2 corresponding
to 8 weeks up to and 7 weeks after midterm, respectively.

Part 1. Fundamental Concepts: mathematical methods and equations;
scaling; isotropic turbulence; and turbulent transport.

Mid-term Exam

Part 2: Canonical turbulent flows (free shear, channel and pipe, and
boundary layer) and turbulence modeling

Student Project Presentations
Final Exam
4. Overview Part 1
Chapter 2 Describing turbulence
Chapter 3 Turbulent flow equations
Chapter 4 Turbulence at small scales
Chapter 5 Energy decay in isotropic turbulence

Chapter 6 Turbulent transport and its modeling
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Chapter 3 Turbulent flow equations

Instantaneous equations
Continuity and Navier -Stokes equations
Mechanical energy equation
Energy equation
Vorticity equation
Enstrophy equation
Pressure equation

Reynolds averaged equations
Continuity and RANS
KE mean flow equation
TKE equation
Dissipation € equation
Reynolds stress equation
Mean vorticity equation
Fluctuating vorticity equation
Vorticity transport equation

Enstrophy equation
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6. Relationship 1D and 3D Spectra

7. 1D Spatial and Temporal Spectra
Method 1: Energy Spectrum from space autocorrelation f(r): even

1. Calculate symmetric space autocorrelation function

-

2. Obtain 1D energy spectrum from Fourier transform of /()

Ey (kl) = %<“2>I:f(”1 )Cos(klrl )drl

3. Calculate the Taylor microscale and integral length scale

2 =[O A, =2 [ r Gy =[] f ()

4. Calculate dissipation
g =30v <u2 >//1/.2

5. Calculate Kolmogorov scale

n=(v'/e)"
6. Plot E, (k, )/(gv5 )1/4 vs k7

Method 2: Energy Spectrum from space autocorrelation f(r): odd

1. Calculate the antisymmetric space autocorrelation function

<u(x)u(xir)>
f(fr)=—F———"
U

2. Obtain 1D energy spectrum in space from Fourier transform of 1 (r)

14



E, (k)= @Jif(’”l )cos (kr; )dr,

3. Calculate the Taylor microscale and integral length scale
1 ¢
[l op 2] [ A =3 G
4. Calculate dissipation
e=30v(u’)/2.
7. . Calculate Kolmogorov scale
5 1/4
v=(r'e)

5. Plot E,, (k, )/(5v5 )1/4 vs kn

Method 3: Method 2 + direct calculation of dissipation

In Step 5 of Method 2, Use the equation for direct calculation

Ou, ’ 6u ou,
e=v{|—L
6x/. 8x ox,

Method 4: Energy spectrum from temporal autocorrelation f(t)

1. Calculate temporal autocorrelation

2. Obtain Fourier transform of R, (7)

R, (270) = ZJ-: R, (7)cos(27wr)dr (Note: @ : Frequency [Hz])

15



3. Calculate the time scale and integral time scale

o =[2/77(0))2,T= [ f ()

4. Calculate the Taylor microscale, dissipation and Kolmogorov scale

A, =Ury, € :30v<u2>/ﬂf2 n =(V3/8)1/4
5. Calculate the 1D energy spectrum in time from the Fourier transform of R, (z)
E, (0)= 2<u2>ﬁE (27w)

6. Calculate the 1D energy spectrum in space from the 1D energy spectrum in time

U =«
E11 (kl ) = EEII (w)

7. Plot E, (k, )/(81/5 )1/4 vs k7
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Chapter 5 Energy decay in isotropic turbulence
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Chapter 6 Turbulent transport and its modeling
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3.2 Closure problem and arrow of time

N

Figure 1.8 A cylinder is towed through a
quiescent fluid and u, is measured at location
X,. The records of u(t) in two nominally
identical realizations of the experiment are
quite different.
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The arrow of time, also called time's arrow, is the concept positing the "one-way direction” or
"asymmetry" of time. It was developed in 1927 by the British astrophysicist Arthur Eddington

~ and is an unsolved general physics question. This direction, according to Eddington, couldbe s

determined by studying the organization of atoms, molecules, and bodies, and might be drawn
upon a four-dimensional relativistic map of the world ("a solid block of paper"). BEEE
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SIR HORACE LAMB

Sir Horace Lamb (1849-1934) is best known for his extremely thorough
and well-written book, Hydrodynamics, which first appeared in 1879
and has been reprinted numerous times. It still serves as a compendium
of useful information as well as the source for a great number of papers
and books. If this present book has but a small fraction of the appeal of
Hydrodynamics, the authors would be well satisfied.

Sir Horace Lamb was born in Stockport, England in 1849, edu-
cated at Owens College, Manchester, and then Trinity College, Cam-
bridge University, where he studied with professors such as J. Clerk
Maxwell and G. G. Stokes. After his graduation, he lectured at Trinity
(1822-1825) and then moved to Adelaide, Australia, to become Profes-
sor of Mathematics.

After ten years, he returned to Owens College (part of Victoria
University of Manchester) as Professor of Pure Mathematics; he
remained until 1920.

Professor Lamb was noted for his excellent teaching and writing
abilities. In response to a student tribute on the occasion of his eightieth
birthday, he replied: “I did try to make things clear, first to myself. ..and
then to my students, and somehow make these dry bones live.”

~ Hisresearch areas encompassed tides, waves, and earthquake
properties as well as mathematics.



