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Turbuléencia fantastica

aantunha




Tudo que existe no universo é fruto do acaso e da necessidade

atomismo
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Osborne Reynolds
1842 1912
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(b)
©

Sketches of (a) laminar flow in a pipe, indicated by a dye streak; (b)
transition to turbulent flow in a pipe; and (c) transition to turbulent flow as seen when
illuminated by a spark. (From Reynolds, 1883, Figs. 3,4 and 5.)
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Kolmogorov
1903 -1987

“meu interesse pelo
estudo dos
escoamentos
turbulentos surgiu no
fim dos anos 30.
Pareceu-me evidente
gue a técnica
matematica principal
deveria ser a teoria
das funcgoes
aleatorias de diversas
variaveis, que estava
entao nascendo.”

https://vimeo.com/125125807






anemoOmetro de fio quente

V=V +V

laminar

A

turbulentos

C
osciloscopio

Fig 34. Fotografias de flutuagdes da ve-
locidade de perturbagio v/ visualizadas na tela
de um osciloscopio através da técnica da anec-
mometria de fio quente.

A — regime laminar

B — transigdo

C, D e E — regime turbulento, com diversas
intensidades de turbuléncia.

A ordem de grandeza du intensidade de tur-
buléncia usual em escoamentos has aplicagdes da
Engenharia é de 0,05.

transigdo
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f = DIST.NORM( ¢ ; média = 0 ; variancia = 2 ; i cumulativo )
normal
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Ifig. 18.3. Measurement of fluctuating tur-
bulent components in a wind tunnel,
at maximum velocity U = 100 em/sec

after Reichardt [41]

loot-mean-square of longitudinal fluctuation VE" .

tranaverse fluctuation V;'Tv mean velocity u
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Fig. 18.4. Measurement of fluctuating com-
ponents in a channel, after Reichardt [41)

The product w’ v, the shearing stress ¥/e.and the cor-
relation coefficient y

Intensidade de Turbuléncia
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energia cinética macro turbulenta
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escalas de turbuléncias :



Escalas de Kolmogorov —
menores escalas de turbuléncia

3 1/4
_|V 7 -
Comprimento = [3] 7 Re™*
0
. 1/4 u;y -1/4
 Velocidade u, =(ve) = Re
0
v 1/2 .
¢ Tempo T, = (—) 1 —Re 2
& 7,
* Reynolds Re, = 'l _ 1
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transition to turbulence
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sendo a difusividade turbulenta >> laminar:
Mg +2gT ] * Ayt

o0 . o= ——
a—T+dIVV (P:d|V7L(I)T gr'ad(P‘FGN\(I)

voltou a poderosa

agora super-poderosa

AGT =08 ‘gradv

Prandtl mixing lenght

hipotese



sendo @ = v

oV = = - =, = r‘&d_ =
—+divv v=div vy grcxdv—9 — p+g
ot p
Prandtl mixing hop = vp = BL _ 2 ‘ grid v
lenght ! p :
similaridade Prandtl VT:c“g\/E

Dk , Vo ~ - =2
— = div | — grad k| + VT | grad \ | - CD
Dt Gk

2
_ K
Ke Ve = Cy /?

Prandtl
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cilindro Re =10.000
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: #8. Circular eylinder ar R=10,000. Af five Omes che number spanned by these two photographs. [+ drops Bater

: SDeed -:-f_l:he photograph at the wp of the page, the fow when, a2 in figure 57, the boundary |.:I-|'|.'E"'- bﬁn,ti;;li

o paterny & scarcely changed. The drag coefficient conse-  bulent at_ separation. Photograph by Thomus Corke and
F['l.:l-ﬂl.'ltl.'!.' cerrains alrost Sanstant in 1:|'|4.': ramge |_'!|F H't"h'l.".fll.dﬁ- H.-:mn _z".ll'.-'-_.*:"l;. ]
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cilindro Re =2000

47. Circular cylinder at B=2000. Ar thic Reynalds
nurber ane may propesly speak of a boundary laver. It is
laminar aver the front, separates, and breaks up into a tur-
. bulent wake. The separation poines, meving forward as & Gallm 1972

the Reymolds number is increased, have now arrained their
upstream limit, ahead of maximum thickness. Visualiza-
ton is by air bubhles in warer. ONERA Pphotagraph, Werlé

Re 2000
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Turbulento
Escoamento unidimensional em estado estaciondrio sobre uma
superficie (parede plana, tubo escoamento desenvolvido)
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Regiédo subcamada transicgéao
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Fig. 5.5-3. Dimensionless velocity distribution for turbulent flow in circular tubes, presented as v* = 7,/v, vs. y* =
yo«p/ i, where v = V 1,/ p and 7, is the wall shear stress. The solid curves are those suggested by Lin, Moulton,
and Putnam [Ind. Eng. Chem., 45, 636640 (1953)]:

0<y" <5 v" =y [1 — (y"/145)]
5<y” <30 " =5In(y” + 0.205) — 3.27
30 <y vt =25Iny" +55
The experimental data are those of ]. Nikuradse for water (0) [VDI Forschungsheft, H356 (1932)]; Reichardt

and Motzfeld for air (®); Reichardt and Schuh (A) for air [H. Reichardt, NACA Tech. Mem. 1047 (1943)]; and
R. R. Rothfus, C. C. Monrad, and V. E. Senecal for air (W) [Ind. Eng. Chem., 42, 2511-2520 (1950)}.



161. Structure of a turbulent boundary layer. Suc-
cessive layers of che flow near a flat plate in a water chan-
nel are shown by tiny hydrogen bubbles released periodi-
cally from a thin platinum wire seen at the left. The height
y* =y 1,/v of the wire above the plate is shown in wall vari-
ables, where u,=(r,/@)""? is the friction velocity. The

characteristic low- and high-speed streaks shown in the
viscous sublayer at y*=2.7 become less noticeable farther
away, and have disappeared in the logarithmic region at
y' =10l In the wake region at y* =407 the turbulence is
seen to be intermittent and of larger scale. Kline, Reynolds,

Schraub & Runstadler 1967
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Turbulento

{=vgradv —v'v' =vy gradv
: ~
_ 1{ y"
0>yt +_ 1t
TYIEY o vesy 4(14,5)
5>y">30  v*=5lnly* +0,205)-327
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Ifig. 18.3. Measurement of fluctuating tur-
bulent components in a wind tunnel,
at maximum velocity U = 100 em/sec

after Reichardt [41]

loot-mean-square of longitudinal fluctuation VE" .

tranaverse fluctuation V;'Tv mean velocity u
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Fig. 18.4. Measurement of fluctuating com-
ponents in a channel, after Reichardt [41)

The product w’ v, the shearing stress ¥/e.and the cor-
relation coefficient y

Intensidade de Turbuléncia
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Fig. 20.5. Variation of mixing length over
pipe diameter for smooth pipes at different

Reynolds numbers
Curve (1) from eqn. (20.18)
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Fig. 20.6. Variation of mixing length over
pipe diameter for rough pipes
Curve (1) from eqn. (20.18)






Modelos de

Reynolds Stress ﬁ — v

’ —_—
o = oV
Turbuléncia
sete equacoes = = = =
) . DR = |z = = - -
diferenciais =—div|jz + = + Q= | + 6y — &y
Dt R R R R R
algébrico
= 2 = C - | K
R:§K8+ : [GM:——PSJ_
c, -1+ B 0 R ©
2 eq. Ke 2
ve = C, K
T B g
0 eq.

Prandtl mixing lenght

vo =02 ‘ grad \7‘

large eddy simulation
LES

por hora apenas fornecem parametros

tabela




Rayleight
2 2 2 2 2 2
0 0 0
(I)v:2 (avx) + i +(%) + L+% + %4_& +|:avx +8VZ:|
Ox oy 0z Ox Oy oy Oz 0z Ox

Dissipacao da energia cinética de turbuléncia - €

)5 )5 () (3

Energia cinética de turbuléncia - k

k =%(le2 +V'y2 +V'Z2)

2

3

|

ov, N

Ox

Oy
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C, =1,44 ; C_,

constantes experimentais



sendo a difusividade turbulenta >> laminar:
Mg +2gT ] * Ayt

o0 . o= ——
a—T+dIVV (P:d|V7L(I)T gr'ad(P‘FGN\(I)

voltou a poderosa

agora super-poderosa

AGT =08 ‘gradv

Prandtl mixing lenght

hipotese



sendo @ = v

oV = = - =, = r‘&d_ =
—+divv v=div vy grcxdv—9 — p+g
ot p
Prandtl mixing hop = vp = BL _ 2 ‘ grid v
lenght ! p :
similaridade Prandtl VT:c“g\/E

Dk , Vo ~ - =2
— = div | — grad k| + VT | grad \ | - CD
Dt Gk

2
_ K
Ke Ve = Cy /?

Prandtl
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Modelos de

Reynolds Stress ﬁ — v

’ —_—
o = oV
Turbuléncia
sete equacoes = = = =
) . DR = |z = = - -
diferenciais =—div|jz + = + Q= | + 6y — &y
Dt R R R R R
algébrico
= 2 = C - | K
R:§K8+ : [GM:——PSJ_
c, -1+ B 0 R ©
2 eq. Ke 2
ve = C, K
T B g
0 eq.

Prandtl mixing lenght

vo =02 ‘ grad \7‘

large eddy simulation
LES

por hora apenas fornecem parametros

tabela




Rayleight P=ud,=pv (gradv: gradv]

turbulento ET =—p VT gr-czld 3
comprimento de VT = f%n ‘ gréd 3
mistura de Prandtl

dissipacao de energia cinética de turbuléncia
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turbulento



Pressure, Pa Probe wvalue
1144.653 1116.380

1032.765 Average value

920.8766 5712.1378
808.9884

697.1002
585.2120
473.3239
361.4351
131.5593'
25.7117116
-86.111702
-198.0052
-309.8934
-421.77816

-h33.6697
-645. 55179

pressao




Velocity, m/s Probe wvalue
1.463055 0.552486
.373098
.283141
.193183
.103226
.013269
.923311
.833354: =
. 143397 _=
.653439,q
. 563482
.473521
.383567
.293610
.203652
.113695
.023738

== R R e

0
0
0
0
0
0
0
0
0

velocidades




Y-Velocity, m/s Probe wvalue
I 0.479536 -0.002395

.420762 Average value

361981 -0.002428
.303213

.244439
. 185665
.126890p
. 068116/
.009342
.049432
.108207
.166981
. 225155
. 284529
.343304
. 402078
. 460852

o Do) oD O D o O

velocidade radial




0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
2

.101695
.095341
.088986
.082631
0162711
.069922
.063568
.057213
.050859
.044504
.038150
.031795
.025441
.019086
012731
006371
.231E-5

Probe wvalue
2.756E-4

Average value
0.017671

_— . e

energia cinetica de
turbuléncia k



=+ LY = R ¥ = |

1
1
b
b
5
4
4
3
3

2

.659003
.055316
. 451630
847942
. 244256
.640569
.036881
. 433195
. 829508

.225821‘

.622134
.018447
414760

1.811073
1.207386

0

.603699

1.228E-5h

Probe value
8.640E-1

Average value
0.854358

dissipacao de k




