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Esquema do Equipamento

Figure 10.31 Diagram of the leaky faucet apparatus.
A carburetor valve is used to keep the main reservoir filled to a constant level,
which holds the pressure at the needle valve constant. Drops are recorded when
they break the laser beam which falls on the photodiode.
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Figure 10.32 Scatter plots of successive interdrip intervals.
Pairs of form (T,,, Tn+1 ) ate plotted. (a) Period-one. (b) Period-two. (c) Period-four.
(d) Chaos.



Diagrama de Bifurcacao (Com Rotas para o Caos)
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Figure 10.33 A bifurcation diagram for the leaky faucet.
Each vertical slice is 1024 dots corresponding to interdrip intervals. A period-three
window (13), an interior crisis (1), and a boundary crisis (B) are identified.
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Figure 10.34 Scatter plots of successive time-interval pairs near the interior

crisis.
(a) Complicated dynamics before the crisis parameter value | is followed by simpler
dynamics in (b) and (c) as the flow rate is slowly increased.
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Figure 10.35 Scatter plots near a boundary crisis.
(a) Complicated dynamics before the transition yields to periodic behavior as the

basin boundary of the original attractor is destroyed in (b) and a periodic attractor
results in (c).
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Figure 10.36 Transition from chaotic to periodic pattern.
A motion picture recorded at 30 frames per second shows the change from chaotic
(furst five frames) to period-five (last five frames) behavior.
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Diagrama de Bifurcacoes
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FIG. 1. Bifurcation diagram obtained by letting the water level
of a 501 reservoirs decrease naturally with the dripping. The time
series {7,} 1s 100000 drops long, but we plotted just one point
every four to let the figure clear.
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FIG. 2. (a) First retum map of the transient subseries B44. (b)
Enlarged view of the square region above. The saddle point S1 at
(—29 ms, — 29 ms) i1s represented by a star. The gray (black) lines
are pictonial representations of the local unstable (stable) manifolds.
The saddle point and 1ts manifolds were inferred following the or-
bits represented by the smaller black arrows.
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FIG. 7. (Color). Evolution to a blue sky catastrophe by following the first refim maps as a fimetion of the faucet closing. All graphs are
the same scale, except the last one. The red star represents the saddle point 51, the blue (green) lines are pictorial representations of the
istable (stable) mamifolds suggested by the orbits and the dynamical evolution. (a) a stable focus. (b} a torus in the Hopf region and the
gimming of the representation of the folds due to the torus enlargement that pushes the unstable mamfold toward the stable one. (c) a
Hénon-like attractor generated by the tangency of the torus with the unstable manifold. (d) the first attractor in the chaofic 1 region and in
|, the last chaotic 1 atractor where the manifolds are close to the tangency. In (f), with the off-tangency of the manifolds the erbits migrate
the new chaotic 2 region, characterizing a chaotic blue sky catastrophe.
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Duas Crises Interiores

a) antes da primeira crise

b) c) entre primeira e segunda crise |

d) apos segunda crise
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FIG. 1. First return maps T, vs T, representing three identi-
fied groups of attractors. (a) belongs to the group before the first
interior crisis, (b) and (c¢) belong to the group between the first and
the second interior crises, and (d) belongs to the group after the
second crisis. The numbers in parenthesis are the dripping rates.
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Sucessao de Regimes
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FIG. 2. Dripping rate as a function of file number (faucet open-
ing). The sudden changes in the dripping rate (Cy and C;) corre-
spond to the first and second interior crises.



Il — Evidéncia Experimental de Crise

Conveccao de Rayleigh-Bénard



is the temperature difference between the bottom and top plates). The natural
control parameter is the Rayleigh number defined as:
agATh*

KV

where o is the expansion coefficient and g the acceleration of gravity. The thermal
diffusivity k and the kinematic viscosity v parameterize the stabilizing dissipative
processes. The last parameter that shows up in these dimensionless equations is
the Prandtl mimber P = 17 /k that controls the nature, either mostly thermal or



We employ the Boussinesq approrvimation: density perturbations affect only
the gravitational force.

The momentum equation is therefore the Navier-Stokes equation augmented
by the buoyancy force:

ou = l =
4@ Vi=——Vp+ Vi - §oT — To)
ot Po

Here we have written the kinematic viscosity

v =1/po

The mass conservation equation is again

—

V- -u=0.

We now additionally require an equation for the convection and diffusion of
heat: |
T

5 (@- V)T = DrV-T.



9.5 Rayleigh-Bénard convection

In a thermally expansive fluid, hot fluid rises.

R-B convection concerns the study of the instabilities caused by rising hot
fluid and falling cold fluid.

Typically,, fluid is confined between two horizontal, heat-conducting plates:

I
T=T, (cold) i
~ T pure
g i d fluid conduction
I=T,+ 0T (hot) TZTQ:r oT
temperature

In the absence of convection—the transport of hot fluid up and cold fluid
down—the temperature gradient is constant.



Two cases of interest:

e 0" small: no convective motion, due to stabilizing effects of viscous
friction.

e 01 large: convective motion occurs.

The buoyancy force is resisted by viscous friction between the two blobs
separated by ~ d.



Consider a small displacement of a cold blob downwards and a hot blob
upwards:

T=T,

pe

7

O

T=T,+ oT

Left undisturbed, buoyancy forces would allow the hot blob to continue rising
and cold blob to continue falling.

There are however damping (dissipation) mechanisms:

e diffusion of heat

e viscous friction



For Ra < Ra,, there is no convection.

For Ra > Ra., but not too large, a regular structure of convection “rolls”
forms, with hot fluid rising and cold fluid falling:

sesel

Now imagine placing a probe that measures the vertical component v of
velocity, somewhere in the box midway between the top and bottom. A plot

of v(Ra) looks like
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Such a plot is called a bifurcation diagram. Here the stable states are bold
and the unstable states are dashed.

Note that we cannot know in advance whether the velocity will be up or
down. This is called symmetry breaking.






A

Xa

N g
d| |

Esquema do dispositivo para estudo da convecgao de
Rayleigh-Bénard. 1 — Cavidade do fluido, 2 — pecas de
“plexiglass” que definem a cavidade, 3 - tubo para 1n-
troducao do fluido, 4 — placas de cobre, 5 — tubos para
agua (banho termostatico).



Numerical Solutions



dv

— —E-N Y
Equacao de Navier—Stokesr dt =F-N P+ /TN “Vv

dT _ kNZT Equacao de Conducao do Calor

e

Equacéo da continuidade E + N >(fV) =0



EquacoOes de Lorenz

dX

o - S

dy
— =rX-Y- XZ
dt

dZ
— = XY-DbZ
dt



X é proporcional a intensidade da conveccéo. X=0Oiogague
nao ha movimento convectivo, ou seja, o calor é panado
apenas por conducao. X>0 implica circulacdo hoea0
circulacao anti-horéaria.

Y é proporcional a diferenca de temperatura entemasntes
de fluido ascendente e descendente.

Z e proporcional a distor¢cao do perfil de temperauardical,
relativamente a um perfil linear. Para Z=0, a terapga
decresce linearmente.
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Atratores Periddicos

r=165

r=166



Rota para o Caos
Intermiténcia

r=166,1

r=166,2



=166,4

=166,6



=166,8



Analise Espectral
Atrator Periodico

r=165



Analise Espectral
Atrator Quase-Periodico

r=166,2



Analise Espectral
Atrator Cadtico

=166,8



Intermiténcia no Sistema de Lorenz

Fluxos
laminar
turbulento



Intermiténcia no Sistema de Lorenz

Fluxos
laminar
turbulento



Intermiténcia no Sistema de Lorenz
Transicao irregular entre o regime laminar e o trubulento






Variacao de Parametro de Controle

s\VJarias rotas para o caos.
Uma rota: caos precedido de oOrbita homoclinica.

*Qutra rota: atrator caotico precedido de intermiténcia.

Intermiténcia = pré-turbuléncia

Estudo da origem da turbuléncia



Sistem: de Loren:

X =-SX+SYy

Y = -XY +IX-y

szy-bz

Variaveis x,y,z ® espacode fase tridimersional
Parametrodecontrole: s, r, b



Atratores do Sistema de Lorenz

Chaos
Alligood et al.



Pontodixos:
o° (x,vy, z) =(0,0,0)

C° (4/b(r-1), /b(r-1), r-1)
C® (-4/b(r-1), -4/b(r-1), r-1)

b=8/3 s=10 r>0

Estabilidale doponto O é determinad pelosauto- valoresl da matriz jacobiana

-S - | S 0
r -1- 1 0 =0
0 0 -b-1

PontoO estavelno intervalo 0<r<1, pois|,; <0

| >0 variedadeinstavel unidimensional

r>1 PontoO instavel . , . .
| ,,<0 variedade estavelbidimensional

r,>r>1  PontosC e CCestaveisl , , ,reais



rr>r>1
C e CcCatratores
Baciasatracdoseparadagela varieda@ bidimensimal estaveldo ponto O

[, >r>r,

| ,,complexos Rd ,,<0
C e CCatratores

r=r,=13.93  Orbitas homoclinias

r < 2406 transientecaodtico

r>2406  atratorcaotico
r>r, =1393 caostransientee caos (coexistecom atratore<C e C¢

r>2474 C e CCpontosdesela
(atratorcaoticopersisté



Origem do Atrator
Caodtico de Lorenz

a) O ponto fixo estavel

b) O instavel; C, C estaveis
c) O instavel, C, C estaveis
d) Idem

e) Orbita homoclinica

f) Atrator caotico

Chaos
Ott



Intermiténcia do Tipo 3






























Transicao Via Quase-Periodicidade









lll — Fluido em Rotacao

Agua entre dois cilindros.

Cilindro interno em rotacao. Cilindro externo em
repouso.

Transicao para turbuléncia.

Parametro de controle: velocidade de rotacao
do cilindro interno.












Oscilacbes na Agua entre Dois Cilindros



Espectros
das Flutuacoes



Modos Observados






V — Reacao Quimica

Aspectos dinamicos descritos por um mapa unidireasi






Tipos de Oscilacoes



Atratores









