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Preludio: A Fascinacao da Turbuléncia

H. Lamb (1932):

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

R.P. Feynman:
“...the most important, unsolved problem of classical physics”.

W. Heisenberg:

Depois da segunda guerra mundial, Heisenberg foi detido em
Farm Hill, perto de Cambridge, pelos aliados. Impossibilitado de
frequentar bibliotecas e grupos cientificos, decidiu investigar
(apenas em companhia de Weizsacker) o problema da
turbuléncia, caracterizado, aquela época, por poucos resultados
consolidados.



E. Fermi:

A ultima pagina das suas notas
de Termodinamica e Fisica
Estatistica (1951-52).

K. Wilson: Nobel Lecture (1982).
“Theorists have difficulties

with this kind of problem because
they involve very many

degrees of freedom. (...) the entire
problem of fully developed
turbulence, many problems in
critical phenomena and (...)
strongly coupled quantum fields
have defeated analytic technigues
up till now”
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. INTRODUCAO

» Estruturas de largas escalas decaem
lentamente na turbuléncia.

 Fluxos turbulentos podem ser
representados como a superposicao de
movimentos principais e flutuantes.

Leonardo da Vincli
1452-1519

Criador do termo
“Turbolenza”
Turba = multidao desordenada
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“"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 random and reverse motion." (Leonardo
da Vinci)
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Experimento de Reynolds (1883)
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Numero de Reynolds:

e —

o —— = @ R =LV/v

;w Seja:

fo/%jg\\; L = Diametro do Cilindro
Mf: V = \elocidade do Escoamento

R 20

/7\““ no Infinito
S

- v = Viscosidade Cinematica

(na agua, em unidades
Cgs, v ~ 1/100)

"“Observe que
R = LV/v = (L2V)/(L/V)

=Ty/T,




96. Karman vortex street behind a circular
cylinder at R=105. The initially spreading
wake shown opposite develops into the two
parallel rows of staggered vortices that von
Karman’s inviscid theory shows to be stable
when the ratio of width to streamwise spacing
is 0.28. Streaklines are shown by electrolytic
precipitation in water. Photograph by Sadatoshi
Taneda
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LETTERS

Finite lifetime of turbulence in shear flows

Bjérn Hof"?, Jerry Westerweel”, Tobias M. Schneider’ & Bruno Eckhardt’

Generally, the motion of fluids is smooth and laminar at low
speeds but becomes highly disordered and turbulent as the
velocity increases. The transition from laminar to turbulent
flow can involve a sequence of instabilities in which the system
realizes progressively more complicated states', or it can occur
suddenly™. Once the transition has taken place, it is generally
assumed that, under steady conditions, the turbulent state will
persist indefinitely. The flow of a fluid down a straight pipe
provides a ubiquitous example of a shear flow undergoing a
sudden transition from laminar to turbulent motion*®. Exten-
sive calculations™ and experimental studies’ have shown that,
at relatively low flow rates, turbulence in pipes is transient, and
is characterized by an exponential distribution of lifetimes.
They*® also suggest that for Reynolds numbers exceeding a
critical value the lifetime diverges (that is, becomes infinitely
large), marking a change from transient to persistent turbu-
lence. Here we present experimental data and numerical calcu-
lations covering more than two decades of lifetimes, showing
that the lifetime does not in fact diverge but rather increases
exponentially with the Reynolds number. This implies that
turbulence in pipes is only a transient event (contrary to the
commonly accepted view), and that the turbulent and laminar
states remain dynamically connected, suggesting avenues for
turbulence control™.
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“Le1 da Parede” da Camada Limite Turbulenta

Prandl,
von Karman
~1930
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Velocity vectors in a flat plate boundary layer at Re, = 7705.
U =0.72 U_, flow left to right, realization "High01"; Adrian and Tomkins (1997).
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Boundary Layer Modelling

L.M. PRE 2009
a=1.0,V=10

" p(y) = 2m /(1+y?)
—_—
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Como se mede Turbuléncia? Trés métodos essenciais: CTA, PIV, LDA

Constant Temperature Anemometry

Parametros do fio quente: comprimento = 1.2mm; diametro = 0.5um




Large Scale Intermittency in the
Atmospheric Boundary Layer.

multi-hot-wire probe

http://www.ethlife.ethz.ch/articles/tages/turbulenzmaloja.htmi

G. Gulitski, M. Kholmyansky, W. Kinzelbach, B. Luthi, A. Tsinober,
And S. Yorish — JFM 2007 (three papers).
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Gradientes )
de velocidade, 10

2 - Q __
sao descritos 0 ) o
por distribuigoes N
nao-gaussianas ;Y{fg-‘ﬁ
de probabilidade. 10% -

10°

Resultados modelados em:

M. Kholmyansky, L. M., R.M. Pereira, and A. Tsinober
Phys. Rev E 80, 036311 (2009).



Laser Doppler Anemometry

~ Z2sin(02)

Principles

The basic components are a laser, a beam splitter,
transmitting/receiving optics, a photo detector, a signal
processor and a data analysis system. A Bragg cell is
often used as the beam splitter. It is a glass block with a
vibrating piezo crystal attached. The vibration generates
acoustical waves acting like an optical grid. The output
of the Bragg cell is two beams of equal intensity with
frequencies f, and ;. These are focused into optical
fibres bringing them to a probe containing transmitting/
receiving optics. In the probe, the parallel exit beams
from the fibres are focused by a lens into the measure-
ment volume where the beams intersect.

The frequency shift produced by the Bragg cell makes
the fringe pattern move at a constant velocity. Particles
which are not moving will generate a signal of the shift
frequency f.a. The velocities Uy and Uy, will generate
signal frequencies f... and ., respectively.




Particle Image Velocimetry

Cs) = [l 1X) - 1(Xes)ax  STOSS-

T Peak
J detection

Subpixel
interpolation

Vector output

The correlation of the two interrogation areas, I and I,
resuits in the particle displacement AX, represented by a
signal peak in the correlation C(AX).



Equacoes de Navier-Stokes

0tV + V308V, = —0, P + v, + fa

A
A

Forca externa, definida
a grandes escalas;

Dissipacao Vviscosa,
dominante a escalas

Termo nao-linear de pequenas
conveccao, dominante
a escalas intermediarias

Vinculo de incompressibilidade: o,v, =0
19



EquacOes Adimensionais de Navier-Stokes:

X — LX

t —— (L)t
v — VV
P——s (VW/L)P

OtV + 130304 = —0, P + vO%uv,
c L Opv + VTQU@@QUQ = — 29, P + Y5 0%v,

.

Escoamento turbulento: sistema dinamico (teoria de
campos) de acoplamento extremamente forte.

QED: g~ 1/137; QCD: g~1; Turbuléncia:g =R ~ 10

0V, +(\I’7V,bgé?gva = —0,P+ 0%,

20



Cascata de Richardson
(1922)

“B1g whorls have little whorls

that feed on their velocity,

and little whorls have lesser whorls
and so on to viscosity

-- 1n the molecular sense.” 21



Teoria para o
espectro de energia

II. ATEORIA K41

A.N. Kolmogorov (1941)

Integral Inertial
scale range
Dissipationless

| Energy input

turbulent cascade

log E(k)

|
|
|
|
| IR
|
|
|
|

Dissipative

scale

Viscous dissipation
into heat

r! log k

0

(Vo (Z,t)va (T 1)) ~ dap | Pk 2E(k)explik - (T — 7]

Primeira observacao: Grant, Stewart e Moillet (1962) 22




Wind Tunnel Turbulence Data
(Kang, Chester & Meneveau — 2003)

WAk 1M Energy Spectrum
r | L RRRIE R YY R E(K)
LA :3 ~ k5/3
[ ‘ e e u; 1-

R~3x104

0.25s L 23



“Espaco k” (nimero de onda)

10 <k< ko~ 1/L

Injecao de Energia

/\/\ /v\ 11 ky<k <k ~1m

Transporte de Energia

1 12k >k, ~1/m

Dissipacdo de Energia

€ = taxa de transferéncia de energia 24



Vamos supor que na faixa inercial tenhamos

E=E(k) =C, e*KP

Analise Dimensional:

E] = L3T?
€] = L2T3
K] =L

— -

~— o =2/3

B =-573

N—

De fato, L3T2= (L2T-3)23(L1)-5/3

25



A teoria fenomenolégica de Kolmogorov prevé
que

n ~ v34g14
e~ VT ~V3L
R~ LV/v ~ (LIm)*3

Simulac6es numéricas diretas (DNS) exigem
redes com (L/m)3~ R%# sitios.

Adicionalmente, para as “fun¢oes de
estrutura”,

SolE — &) = (|9(F, 1) — 6@, 1)|7) ~ |& — &|¢@

com [¢(¢) =g¢/3|. Critica de Landau: € flutua!

26
Desvios sao observados! (década de 1980).



111. O FENOMENO DA INTERMITENCIA®

O fendbmeno da intermiténcia foi descoberto por Batchelor e Townsend em 1949
[G.K. Batchelor and A.A. Townsend, Proc. R. Soc. London A 199, 238 (1949)].
Ainda hoje é um dos topicos centrais de pesquisa em turbuléncia.

* FlutuacOes intensas, nao-gaussianas de observaveis como
gradientes/diferencas de velocidades, vorticidade, circulacao, etc.
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FIG. 3. Normalized PDFs of I'y at R, = 216 for A = r2
(i JoopRinflaticCalin SR CHfs el 1= paticn)irses G FIG. 8. Log linear plot of the PDF of the longitudinal incre-

(inertial), and r = 84 (integral), corresponding to r = 0.049, 2 B
0.196, and 1.031, respectively. The inset shows the stretching ments of velocity, calculated for the same scales r =490 um, and

exponent for the tails of the PDF as a function of r. four values of R, : R, =1260, 2300, 2700, and 3700.

N. Caoetal.,, PRL 76, 616 (1996). P. Tabeling et al., PRE 53, 1613 (1996). 27



Z.S. She etal., Proc. R. Soc. London M. Farge et al., PRL 87, 054501 (2001).
Ser. A 434, 101 (1991). Anélise de Wavelet de dados via DNS

Simulacdes Numericas Diretas

Caracterizacdo quantitativa da intermiténcia:
» Funcoes de Estrutura S, = < |O(r)|9>
(i1) Densidades de Probabilidade

p=p[O(n)]

O(r) e algum observavel, como [v,(rs)-v,(0)]n,

Vo (0)

Vo(rp

28



FILMES

Turbuléncia 2D

Turbuléncia 3D

29


vorticity_carto - Copy.mpg
vorticity_carto - Copy.mpg
vorticity_carto - Copy.mpg
Vorticity in fully developed turbulence.mp4
Vorticity in fully developed turbulence.mp4
Vorticity in fully developed turbulence.mp4

Further Direct Numerical Simulations (Earth Simulator)

M. Yokokawa, K. Itakura, A. Uno, T. Ishihara,
and Y. Kaneda — Phys. Fluids 15, L21 (2003).

40963 grid points; R, ~ 700
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Figure 2: A model of the ES svstem in the gvm-like building. The building 1s 50m x 65m x 17m and has two
stories: it includes a seismic isolation system.



Figure 4: Intense-vorticity 1sosurfaces showing the region where |w| > @ + 4o @ 1s the vorticity, and @ and
o are the mean and standard deviation of |w|, respectively. The size of the display domain is (39842 x 1496)x.

periodic in the vertical and horizontal directions. 7 1s the Kolmogorov length scale and R = 732 (see Table 3). 31



oser view of the inner square region of Fig. 4; the size of the display domain 1s (29922 x 1496).




33

The size of the

5.

o
=

=

are region of Fi

4: a closer view of the inner-squ

=

as in Fig.

¢ same isosurfaces

Th
display domain 1s (1496

=

Figure 6:

96 ).

2% 14



Figure 7: The same isosurfaces as in Fig. 4: a closer view of the mner-square region of Fig. 6. The size of the
display domain is (7482 x 1496)5.
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Seja
L = Escala Integral;
n = Escala Dissipativa de Kolmogorov;

Para L >> r >> 1 (a “faixa inertial”’) temos Sq~ ro(@

6 T T

1 1 Al 1 1 |l 1
= Aetal (84), Duct, R,=515
® Aoetal. (84), Jet, R,=535
A Aetal. (84), Jet, R,=850
v M & S (91), Wake, R,=50
alL| ® M&S (91),B. Layer, R,=110 =
—0—ESS, Atm. Surf. Layer, R,=4100 A
X DNSV &M (91), R=150 P ST -
5 -_-ﬁ},—. =l v
& nes pRaE g e
2 -K41 -
- Lognormal (K62)
-------- B-model (F et al.)
--0-- p-model (M & S)
-~ Log-Poisson (S & L)
==& Log-Lévy (S & L)
0 M 1 M 1 1 1 1 1 1 1 1 I 1 I 1 T 1 1 3
0 2 4 6 8 10 12 14 16 18 20

p

Fig. 11. Power-law exponents (, of the structure functions as a function

of the order p, together with the values predicted by K41 and the various
intermittency models of Table 1.



O Modelo [3-Randémico

O processo de fragmentacao de “eddies”gera um conjunto
geométrico com dimensao de Hausdorff D + 3.

FRACTAIS: Conjuntos Geométricos Auto-Similares

O que significa dizer que determinada estrutura geomeétrica possuli
d dimensoes?

Resposta A: Parametrizacao (Xq, X,,..., X4)

Resposta B (mais geral): Pode-se cobrir um objeto geomeétrico de
dimensao linear L com N ~ (L/8)P objetos menores de dimensao linear .

36



D = Log(N)/Log(L/9d) =

“Dimensao de Hausdorft”

N=16,L/6=4, D=2 <=

37



Ha um nimero enorme de exemplos onde D ndo € um nimero
Inteiro!!! (Multi)fractais sdo onipresentes:

Costas continentais, perfis topograficos, bolas de papel amassado,
materiais porosos, fisica das nuvens, cosmologia, interfaces rugosas,
transicOes de fase, transi¢coes quanticas metal-isolante, involucoes
cerebrais, arvores, raizes, bronquiolos, sistema circulatorio, sistema
nervoso, dispersao de poluentes, fraturas, polimeros, trajetorias no
espaco de fase de sistemas dinamicos, mapeamentos analiticos nao-
lineares, turbuléncia, flutuacdes de indices financeiros, etc.

Veja o livro de B. Mandelbrot “The Fractal Geometry of Nature”

38



Curva de Koch

L,=1, Ny=1, §,=1

39



L,=4/3, N,=4, §=1/3

40



L,=16/9, N,=16, 8,=1/9

Dessa forma, apos n iteracoes,
L.=(4/3)" N, =4" 6,=(1/3)"

Dimensao Fractal:

(LO/ 8n)D = Nn ‘

D = Log,(4)=1.26

41



Esponja de Menjer

| | | | B RN Re N e ke me RN NR N
—_— — ..1 - . -
| i : ‘
| : -+ -y
— —— — -3--4 l—- -t : * p{ov oo
E % THT
- :

N.=20"=3" = D = Log,(20) = 2.7268..

42



O |\/|ode|_o B- Fator de Reducao de Escala: a=2
Randdmico L - L/a— L/a2 .

3,=3/4
3,=3/4, 1
3,=1/2, 3/4, 1

etc...

Numero de “eddies”
Fragmentados:
N(1/2)=4

N(3/4)=6

N(1)=4
N,,=1+3+10=14

43



O |\/|ode|_o B- Fator de Reducao de Escala: a=2
Randdmico L - L/a— L/a2 .

Numero de “eddies”
Fragmentados:
N(1/2)=4

N(3/4)=6

N(1)=4
N,,=1+3+10=14

Probabilidades
Estimadas:
P(1/2)=4/14=2/7
P(3/4)=6/14=3/7
P(1)=4/14=2/7

44



+—>

I—n I—n+1
Eddy Pai N, ., Eddies (filhos)
8n — (Ln)3(vn)2/Tn 8n+1 — Nn+1(Ln+1)3(Vn+1)2/Tn+1
— (Ln)s(vn)sll—n — Nn+1(|—n+1)3(vn+1)3/|—n+l

Mase, =€, ...
45



3526 R Benzi, G Paladin, G Parisi and A Vulpiani  (1984)

transfer is constant among [,(k) and [, ,(k):
Va(k)/ 1,(k) = Bpir(K) Vi i (K)/ Ly (K). (3.5)

This relation implies that the velocity difference 6V(l,)=V, in an eddy generated by
a particular set of fragmentations B, B, ..., B 1S

—-1/3
V,~ 1:?”-‘( 11 Bi) . (3.6)
i=1,n
The structure functions are then
<|6V(ln)|p> = J' H dBiP(Bla CHORCET Bn)BiI Vn|p' (3'7)
i=1,n

Because we assumed that there are no correlations among different steps of the
fragmentation process, it follows that

[ dB P(Bi; - Br) = l:[ P(B;) dB:

i=1,n i n

From (3.7) we can compute the exponents ,:

L=p/3=log{Bl TP (3.8)

The probability distribution P(8) is known in principle from the knowledge of all the
B moments, i.e. of all the exponents {,. Figure 1 shows that the simple form

P(B)=x86(B—0.5)+(1—x)6(B—1) (3.9)

leads (with x =0.125) to a good fit to the available experimental data, x being the only
free parameter. There is no good reason to choose a two-step probability distribution
for B, of course. We have assumed that an active eddy can generate either velocity
sheets (B =0.5) or space-filling Kolmogorov-like eddies (8 =1) (see Saffiman 1968).
We see, by comparing relation (3.8) and (3.4), that in our model the fractal dimension
is

46



V. Modelagem Lagrangeana

We work in a lagrangian framework where a local
closure procedure can be implement, the so-called
“Recent Fluid Deformation Closure” (RFDC)

.,
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lagrangian trajectory principal directions of strain



In the particular case of the RFDC model, we may write, for the
conditional probability density function,

74

R I} ) 2 R R
p(A]|Ay, B) = N/ DIA|D|A] exp { / dt [éTr[ATL(Aﬂ + %(;;jklﬂi.- Flm] }
Jx Jo

where the boundary conditions are given by

Y ={A0)=A4A,. A(B) = A}
and

LA)=A—-V(A)

We are interested to compute the above path-integral in the large 3
limit in order to obtain the vgPDFs. That Is, we assume that there are

no long-range memory effects associated to arbitrary choices of the
Initial conditions.

L. M., R. Pereira e L.S. Grigorio, JSTAT 2014.









V. CONCLUSOES

» Apesar dos problemas fundamentais em turbuléncia ainda estarem
essencialmente abertos, tém ocorrido progressos sem paralelo
historico em anos recentes, principalmente relacionados a
compreensdo do fenbmeno da intermiténcia e a fisica da camada limite
turbulenta;

« Ha uma forte conexado com outros topicos fronteiricos de pesquisa,
como localizacdo eletronica, turbuléncia quantica, cosmologia, fisica
de hadrons, e ate mesmo econofisica;

« O problema da turbuléncia homogénea e isotropica pode ser
formulado na linguagem de teoria de campos. Trata-se de um sistema
dinamico em regime altamente nao-perturbativo;

« O formalismo lagrangeano apresenta-se como um caminho

promissor no contexto da teoria estatistica da turbuléncia.
o1



A pesquisa em turbuléncia é altamente interdisciplinar, envolvendo a
Interacdo entre engenharia, fisica, matematica, meteorologia; atividade
experimental e numérica intensa;
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