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Fig. 8.1. A portion of the gruph of the Brownian motion curve, enlurged twice,
illustrating its self-similarity.

8.2 Self-similar and intermittent random functions

A central assumption of the K41 theory theory is the self-similarity of
the random velocity field at inertial-range scales. As we shall see this
symmetry may well be broken. The meaning of the concept of self-
sit ity as applied to a random function is illustrated in Fig. 8.1 in
whk va sample of a seli-similar random function et here the Brownian
mh. on function, is shown with two successive enlargements. - Fig. $.2. The Dewil's staircase: an intermittent function.

V f y)

I The Devil's staircase gives the fraction of the mass of the Cantor set in the interval [0.1).

It is constructed recursively. One starts with a uniform distribution in the interval [0.1]
of unit total mass, removes the middle third and redistributes the removed mass evenly
among the remaining intervals. The process is repeated indefinitely.
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State-of-the-art experiments and computations are certainly a prereq.m.
site for progress in turbulence. However, it is a long way from measuring
and seeing everything to understanding. Indeed, turbulent flow has Peen
observed carefully for five centuries, measured for a century and simu-
lated for a quarter of a century. Fig. 9.1, a cartoon of the .state-of-the-art
drawn in 1977 by Philippe Delache, remains largely valid to.day. Such
long time scales are most unusual in physics but are occas.lor'lally_en-
countered in mathematics. Is it by accident that the deepest ms1ght.u.1to
turbulence came from Andrei Nikolaevich Kolmogorov, a mathematician
with a keen interest in the real world?
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9.7 Two-dimensional turbulence 253

Extrait du "Guide de I'Alpiniste Turbulent”
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rocher-école de la simulation numérique

Quatre voies sont actuellement identiftées:

Lu face de la fermeture: paroi glacée, pente raide mais constante, de 166 % (=5/3).
Le sommet est en vue directe tout au long du chemin.

Ly directissime mathématique: escalade artificielle, muais la voie est sire, et pitonnée
duns toute sa partie explorée,

La voie du eroupe de renprmalisation; a condition de n’emprunter que les-gros
tourbillons, on arrive au summet. Les petits tourhillons n'ont pas été approchés avec
NUCCES: pour certuins, cette voie ‘uppurente a du “rocher pourri” demandant

une extréme délicatesse,

La voie expérimentale: considérée pur certains comme la voie normale, elle est
semée d’embiiches, et I'on n'a pus encore réussi a l'ouvrir jusqu'au summet.

Enfin, il existe un rocher-école, dit de la simulation numérique, tout semblable

au Pic de NAVIER-STUKES - Des prises artificielles ont été ménagées sur ce rocher
peu élevé, suivant un muilluge régulier.

Fig. 9.1. Cartoon drawn in 1977 by the astronomer Philippe Delache, a pene-
trating observer of the turbulence community. He was the author's friend and
died prematurely in 1994, The figure shows the ‘Navier-Stokes peak’ and four
explored faces: experimentation, closure, mathematics and renormalization. It
also shows a reduced model, the rock-climbing school of numerical simulation.
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et just the equations of the last
at the highly turbulent flow at CENTRIFUGAL FORCES
ed from the equations of “dry”
o, the flow described by Eq. |

1 the one we obtained taking | .N
sting. Note that the right-hand | w “"‘"‘
e. Itis a higher derivative than .
s is that although the coefficient ) ()
in the space near the surface. (a) (b) | .
1 coefficient, and the product iy
1s do not approach the limiting
ain turbulence and how does it =l | ey CEﬁgRR' ggse Al
nade somewhere at the edge of
round?” The answer is again Fig. 41=9. Why the flow breaks up info bands.

self. If we forget for a moment
the Inws of flow say (as we have
the'. d, at the velocity v. We
are being distorted and twisted
e lines closer together and mixes
1 get knotted and pulled close
r. The strength of the vorticity
and minuses—will, in general,
limensions increases as we twist

knows why! There’s a challenge. A simple number like 1/3, and no explanation.
In fact, the whole inechanism of the wave formation is not very well understood ;
yet it is steady laminar flow.

If we now start rotating the outer cylinder also—but in the opposite direction—
the flow pattern starts to break up. We get wavy regions alternating with apparently
quiet regions, as sketched in Fig. 41-8(d), making a spiral pattern. In these “quxet”
regions, however, we can see that the flow is really quite irregular; it is, in fact
§ completely turbulent. The wavy regions also begin to show irregular turbulent

” § flow. If the cylinders are rotated still more rapidly, the whole flow becomes
ow a satisfactory theory at all? § chaotically turbulent.

ulent region where the vorticity. . 8 In this simple experiment we see many interesting regimes of flow which are

king special streamlined bodies, 8 quite different, and yet which are all contained in our simple equation for various
ssible; the flow around airplane 8 yajies of the one parameter ® With our rotating cylinders, we can see many of
itirely true potential flow. the effects which occur in the flow past a cylinder : first, there is a steady flow ; second,
Ml a flow sets in which varies in time but in a regular, smooth way; finally, the flow
“ # becomes completely irregular. You have all seen the same effects in the column
of smoke rising from a cigarette in quiet air. There is a smooth steady column
.-' followed by a series of twistings as the stream of smoke begins to break up, ending
\ finally in an irregular churning cloud of smoke.

The main lesson to be learned from all of this is that a tremendous variety
of behavior is hidden in the simple set of equations in (41.23),_All the solutions
g are for the same equations, only with different values of ¢. /e have no reason
~ § to think that there are any terms missing from these equations. The only difficulty
18 unexpected happens; Sc€ Flg"" i is that we do not have the mathematical power today to analyze them except for
der slowly, nothing very strikin g,{t\ ¢ very small Reynolds numbers—that is, in the completely viscous case. That we
t a higher rate, we get a surpl rlse.,¢ % have written an equation does not remove from the flow of fluids its charm or
;ated in Fig. 41-8(b). When € . mystery or its surprise.
inner one at rest, no such eﬁi}. 4.9 If such variety is possible in a simple equation with only one parameter, how
oetween rotating the inner or t% ==& much more is possible with more complex equations! Perhaps the fundamental

n]_ ~3
ived in Section 1 depended o.__ }L ik ”equatlon that describes the swirling nebulae and the condensing, revolving, and

ex and shifting character of the
reat variety of flow possibilities
on ) solution for the viscous;
e tl\._.ssults with what actually
an oil i in the space between them.'

behavior of nearly pure hydrogen gas. Often, people in some unjustified fear of
physics say you can’t write an equation for life. Well, perhaps we can. As a matter
of fact, we very possibly already have the equation to a sufficient approximation
when we write the equation of quantum mechanics:

}

ntnfuoal force is larger than
anot move out uniformly bec:a1 =
o cells and circulate, as shom '
1 a room which has hot air at the
outer cylinder has a high velo
dient which keeps everythm
¢ hot air at the top). Y
st, the number of bands mCJ.;E‘ﬂ :
as in Fig. 41-8(c), and. the;-w ;
aves is easily measured. 51

the inner cylinder. An a

We have just seen that the complexities of things can so easily and dramatically
§SCape the simplicity of the equations which describe them. Unaware of the scope
P Of simple equations, man has often concluded that nothing short of God, not mere
‘# €quations, is required to explain the complexities of the world.

_O;i., ;
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We have written the equations of water flow. From experiment, w ﬁn & -
of concepts and approximations to use to discuss the somtnon—vor:e d S
turbulent wakes, boundary layers. When we have similar equations : Str-ee
familiar situation, and one for which we cannot yet experiment, we t 11t1 g
the equatlons in a primitive, halting, and confused way to try to deterrri,lmc; SVS]{‘V

- Aberration, 1-27-7,
Absolute zero, I-1-
' Absorption, I-31-8
- Absorption coefficie
" Acceleration, I-8-¢
components of, |
of gravity, I-9—
Accelerator guide f
Activation energy,
Active circuit elem
Adams, J. C., I-7-
Adiabatic compres
Adiabatic demagne
Adiabatic expansic
Affective future, I-
Aharanov, 1I-15-
Air trough, I-10-
Algebra, 1-22-1 fi
Alternating-curren
Alternating-curren
II-17-6 ft
Alnico V, 1I-37-!
Amber, 11-1-10
Ammeter, I[1-16-
Ampere, A., 1I-1
Ampere’s law, II-
Amperian curren
Amplitudes of os
Amplitude modu'
Analog computer
Anderson, C. D,
Angle, of incider
of precession,
of reflection, 1
Angstrom (unit)
Angular frequen
Angular momen'
1-20-1
conservation ¢
1-20-5
of rigid body,
Anomalous refr
Antiferromagnel
Antimatter, I-5:
Antiparticle, I~
Aristotle, 1-5-1
Atom, I-1-2
metastable, L
Rutherford-B
stability of, I
Thompson
Atomic clock, .
Atomic current
Atomic hypoth
Atomic orbits,
Atomic particl
Atomic polariz
1 Atomic proces
Attenuation. I-
Avogadro, A,

in the equatlons we just haven’t found the way to get thern out.

There are those who are going to be disappointed when no life is found
other planets. Not I—I want to be reminded and delighted and surprised o On
again, through interplanetary exploration, with the infinite variety and noveltync?:>
phenomena that can be generated from such simple principles. The test of sc1en<c:)
is its ability to predict. Had you never visited the earth, could you predict the L
thunderstorms, the volcanos, the ocean waves, the auroras, and the colorful sunset‘;
A salutary lesson it will be when we learn of all that goes on on each of those
dead planets—those eight or ten balls, each agglomerated from the same dust cloud o
and each obeying exactly the same laws of physics.

The next great era of awakening of human intellect may well produce a method 2
of understanding the qualitative content of equations. Today we cannot. Today
we cannot see that the water flow equations contain such things as the barber pole &
structure of turbulence that one sees between rotating cylinders. Today we cannot '
see whether Schrédinger’s equation contains frogs, musical composers, or morality
—or whether it does not. We cannot say whether something beyond it like God
is needed, or not. And so we can all hold strong opinions either way.
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