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A SHORT COURSE ON TURBULENCE

September 2010
Instructor: John Kim, UCLA, jkim@seas.ucla.edu
Class Hours: MW, 9-11 am
Office Hours: By appointment
Textbook: Turbulent Flows by Pope, Cambridge University Press,

See also the reference list below.

Prerequisites: Knowledge of graduate-level fluid mechanics and applied
mathematics.
Grading: There will be a short project assignment, and details will be

announced in class.

Additional Notes:

1. Class attendance is not mandatory. However, if you decide to attend any particular
lecture, | request you to come on time. We will start at 9:05 am. If you decide to skip
a class, it is your responsibility to obtain information regarding class handouts and
other announcements made available during the class. Please contact your colleagues
for handouts and class materials, etc.

2. There will be no formal homework assignments for this course. | may suggest useful
exercises during lectures and it is recommended that you carry out these exercises. If
you need help on these suggested exercises, | will be glad to help you out. Y ou do not
need to turn in these excercises, and hence, they will not be counted toward your final
grade. There will be a short project, which will require your presentation. | will
explain more about this project in class.

3. | have an open-door policy for office hours. You can stop by my office any time.
Unless | am occupied with an urgent matter, | will be available. If you prefer, you can
send me e-mail, and | will try to respond promptly. | need your feedback to adjust the
scope of this course as| go aong.



REFERENCES:

Pope, Turbulent Flows, Cambridge Univ. Press (2000):
Our primary textbook. New and very thorough. Written by a currently active
researcher (agood friend of mine!) with modern views on turbulence.

Tennekes and Lumley, A First Coursein Turbulence, MIT Press (1972):
A popular textbook, but don’t get fooled by itstitle. If you have some prior
knowledge on turbulence, thisis a great book. However, it isabit terse for
beginners.

Hinze, Turbulence, 2™ edition, McGraw-Hill (1975):
A classic good old reference book.

Townsend, The Structure of Turbulent Shear Flow., Cambridge Univ. Press (1976):
A good reference for turbulent flows; every student interested in turbulent flows
must own a copy (available in paperback!).

Batchelor, The Theory of Homogeneous Turbulence, Cambridge Univ. Press (1953):
A very focused monograph on the fundamentals of turbulence.

Monin and Y aglom, Statistical Fluid Mechanics, MIT Press (1971):
Two-volume compilation by the famous Russian scientists.

Kim and Leal (eds.), Physics of Fluids, American Institute of Physics:
One of the two premier journals for fluid mechanics including turbulence. We
will discuss some papers published in thisjournal.

Worster (ed.), Journal of Fluid Mechanics, Cambridge University Press:
The other premier journal for fluid mechanics. We also use papers published in
thisjournal.

Davisand Moin (eds.), Annua Review of Fluid Mechanics, Annual Reviews:
A good place to start your literature survey.



TENTATIVE COURSE OUTLINE

| Introduction
|.1 Characteristics of turbulent flows
|.2 Review of Cartesian tensors

I The Governing Equations

Il Statistical Description of Turbulent Flows
[11.1 Random variables and probability distributions
[11.2 Random processes and frequency spectra
[11.3 Random fields, statistical stationarity and statisitical homegeneity

IV Mean-Flow Equations
V.1 Reynolds decomposition and Reynolds stresses
V.2 Turbulence kinetic energy equation and energy budget

V Scales of Turbulent Motion
V.1 Energy cascade and Kolmogorov hypotheses
V.2 Integral, Taylor micro, and Kolmogorov scales
V.3 Fourier modes and velocity spectra

VI Wall-Bounded Turbulent Flows
V1.1 The law of the wall, the vel ocity-defect law and the log layer
V1.2 Fully developed turbulent channel flow
V1.3 Turbulent boundary layer (TBL)
V1.4 Organized structures

VII Numerical Simulations
V11.1 Direct numerical simulation (DNS)
VI1I1.2 Large-eddy simulation (LES)
V11.3 Dettached-eddy simulation (DES)



What is turbulence?

@ Sir Horace Lamb (quote from Goldstein in ARFM, 1, 1969)

@ | am an old man now, and when | die and go to heaven there
are two matters on which | hope enlightenment. One is
quantum electro-dynamics and the other is turbulence. About
the former, | am really rather optimistic.

@ Richard Feynman (quote from Lumley in POF, 4, 1992)

o Turbulence is the last great unsolved problem of classical

physics.
@ Annonymous

@ Turbulence is like pornography. It is hard to define, but if you

see it, you recognize it immediately.

John Kim A Short Course on Turbulence



Turbulent Flow

M100 galaxy, L ~ 10%3m Eagle nebula, L ~ 108 m Earth's atmosphere, L ~ 10’m

Volcano in Iceland, L ~ 103m BP oil leak, L ~ 10%m Soap film, L ~ 107 m

John Kim A Short Course on Turbulence



Observe 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
the random and reverse motion.

Piomelli’s translation [from Lumley, POF A 4(2), 1992)]
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Osborne Reynolds (1842-1912
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Reynolds Decomposition

@ Decompose into mean and fluctuation:
u = Ui+ u
o= U, u=0
@ Renynolds-averaged Navier-Stokes equations (RANS):

v — u:u;
Oxj i

Gt oy pow o
o Eddy viscosity, Boussinesq (1842-1929):
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Energy Cascade: Richardson’s (1881-1953) Poem

Richardson (1920):

Big whorls have little whorls,

That feed on their velocity;

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

John Kim A Short Course on Turbulence



Kolmogorov (1903-1987) Hypotheses

@ Local isotropy: At sufficiently high Reynolds number, the
small-scale turbulence motions are statistically isotropic.

@ First similarity: In every turbulent flow at sufficiently high
Reynolds number, the statistic of the small-scale motions have a
universal form that is uniquely determined by v and e.

@ Second similarity: In every turbulent flow at sufficiently high
Reynolds number, the statistics of the motions in the inertial range
have a universal form that is uniquely determined by ¢ independent
of v.

John Kim A Short Course on Turbulence



Other Giants (deceased ones only)

T. von Karman (1881-1963)
G. I. Taylor (1886-1975)

L. D. Landau (1908-1968)

S. Corrsin (1920-1986)

G. K. Batchelor (1920-2000)
A. Yaglom (1921-2007)

R. H. Kraichnan (1928-2008)
P. G. Saffman (1931-2008)
Kline, Reynolds, ...

e © ¢ ¢ ¢ ¢ ¢ ¢ ¢
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Project: Images of Turbulent Flows

@ Take or collect interesting images of turbulent flows, and
explain them using the knowledge you have learned from this
class:

o September 27, Monday, about 5 min. each
@ Examples from the last class | taught at UCLA

John Kim A Short Course on Turbulence



Reynolds Number Comparison
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Source: http://www.tqnyc.org/NYC062695/Hurricanelsabel10-17-03.jpg

Source: http://news.bbc.co.uk/media/images/
39967000/jpg/_39967629_whirlpool300300.jpg



Old Faithfuflw~ Axi-symmetric Jet

Source: http://photos.case.edu/photo/879.jpg Source: http://www.dannyburk.com/images/old-faithful.jpg
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Concept of Jet
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- Images for Quasi 2-D turbulence

Sugar Solution

S

1(a) Stratified solution

1(b) Reaction to forced turbulence: Click to play

Small Scale vortices caused by forced
turbulence merge to form slowly
1(c) At t = 5min after moving large vortices: Inverse
disturbance Cascade of energy

UCLA Henry Samueli School of Engineering and Applied Science



Images for 3-D turbulence

2(b) Plume of turmeric powder mixing in

1%

sLarge difference between scales

2(a) Volcanic plume from Mt. St. Helens for Volcanic plume.
(http://vul can.wr.usgs.gov/Vol canoes/M SH/Images/may

18 mag%-fglm') «3-D turbulence energy cascades
Re =—010 from large scales to small scales.

UCLA Henry Samueli School of Engineering and Applied Science



Line Vortices

* Created at wing-tips due to pressure
difference between top and bottom of wing




Crow Instability

 Crow Instabllity
defined by
symmetric
osclillations of the
line vortices

* Instability typically
caused by Isotropic
alr turbulence




Crow Instability

e Oscillations may grow until line vortices
merge and form vortex rings




1tchwater Screen

~—Turbulence Bar
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o CARL HEILMAN 1l | WWW.CARLHEILMAN.COM
FROM THE BOOK “WILD NEW YORK"2008, VOYAGEUR PRES

Niagara Falls



Fountain ‘Bubbler’ Screen for
Piped Water

Screen

“—Riser

Abrupt 90° Elbow




Higher Re




Denali National Park, Alaska 3



Snow-Powder Avalanche

< Powder Cloud'

Turbulent Wake

4 . newly deposited snow
2 .
g -y ( | depth o
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Sketch of snow and air entrainment mechanisms

(Hopfinger, ARFM 15:47-76,1983)









‘II.

Cloud Vortex

< Example of atmospheric turbulence
caused by strong natural convection
+ Eddies with various scales were
observed

+ the smallest scale eddy obeys the
isotropic approximation

+ the size of the largest scale eddy
decrease as the cloud get closer and
closer to the ground

Rough Estimation based upon
Kolmogorov model:

Assume the Re ~ 106-107

_3
T_Re* =n=~3x10°l,t05x10°l,

I0

NASA photo of a cloud vortex over the Madeira Islands.

UCLA - MAE252B - Prof. Kim - Sp08 Turbulence Image Presentation By Jia Lei



A Diagram of a Recorder




Vortex and Turbulent Boundary Layer

N (g




Karman Vortex Street




Wall of Fire




An Explosion




Atmospheric Turbulence: Jupiter

Tristan Sharp
MAE 252
5/13/08




Re.=U*d*p/p

~10m/s *
10’ m *
101 kg/m3 | o
510%kg/ msSe .
> 1012

Flow information: Jupiter: The Planet, Satellites and Magnetosphere
By Fran Bagenal

Viscosity calculator http://www.Imnoeng.com/Flow/GasViscosity.htm
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Liquid Hydrogen

Centrifugal Coriolis Effect

intranet.dalton.org
/



Voyager Il
3 months
resolution 300 — 60 km

WWw.nasa.gov
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2D Fourier Transform of the images for qualitative
comparison in k-space

Fourier Transform
Method:

Blue Channel
Demeaned

Windowed with
cosine taper
15% of image

DC component
shifted to the
center

Axes extend to
Nyquist

Absolute value
plotted, with
brighter
representing
more amplitude




% )
Ly i o T L

L
i
1

=8
1







A o
e e i T
i g gl

‘gr-i 165 i upr f::."-"

;,B/le( rﬂ’/rr-r Ag)n‘-'qﬂj;\ /e .ﬁ,
f«J | 24JJ<-W rg_qJJﬁTj o
r'r":m_),)QJﬁ Q;*"Efpflr' :

'-I_I

r i i

™ L_—f

1Y
n
K

.. ¥ = -
- II;LI )

_..-ll- | ey

D, -
L
‘|-

15 q@;f

e
.'F.._.
e = )

o




Image from: “Turbulent Dynamics in the Solar Convection Zone” by Brummell, Cattaneo, and Toomre

Granules (C)
e Length Scale — 1000km (size of Texas)
e Time Scale — 10 minutes
» Velocity Scale — 1-2km-s-1
e Re > 1012

e Large scale coherence emerges from
small scale turbulent dynamics (inverse cascade)

Supergranules (B)
e ~ 30,000km diameter
» Last anywhere from a day to a week

* ~ same velocities as granules

(A) Image of Solar atmosphere from the Soft X-Ray Telescope
(B) Strong horizontal flows of supergranulation

(C) Solar granules



Image from: “Turbulent Dynamics in the Solar Convection Zone” by Brummell, Cattaneo, and Toomre

Solar Numerical Simulations

e Active scales of Solar turbulence:
~ 101 - 10°km

e # of grid points (LES), N — 103°
while computers can only handle
N — 1012

e LES resolves only fraction of scales

Complex issues of solving the photosphere’s
turbulence (not textbook case of isotropic incompressible
Kolmogorov turbulence):

* Inhomogeneity and Anisotropy

» Compressibility effects

 Intermittency (alterations of phases)

(A) Simulation of solar granulation of intensity * Effects of 3-D MHD
Domain: 6000km (horiz) x 3000km (vert)

(B) Same scale image of observed intensity: La
Palma, Sweden.
Note: if the simulated were adjusted to account for

atmospheric seeing distortions, the two images would be
qualitatively similar.
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Saint Helens (1980)




1915




Lassen Peak (1915)
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Project: Images of Turbulent Flows

@ Take or collect interesting images of turbulent flows, and
explain them with the knowledge you have learned from this
class:

o September 27, Monday, about 5 min. each

John Kim A Short Course on Turbulence
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