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Osborne Reynolds
1842 1912

The configuration of Reynolds’s experiment on flow along a pipe.

(a)

1'Jl> I
(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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anemometro de fio quente

/

V=V +V

A

turbulentos

osciloscopio

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

A — regime laminar

B — transi¢do

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

A ordem de grandeza da intensidade de tur-
buléncia usual em escoamentos nas aplicagoes da
Engenharia é de 0,05.




Turbuléncia Estatistica — medias temporais

e Continuidade —incompressivel e regime permanente
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Fig. 34. Fotografias de flutuagdes da ve-
locidade de perturbagdo v’ visualizadas na tela
de um osciloscopio através da técnica da ane-
mometria de fio quente.

A — regime laminar

B — transi¢do

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

A ordem de grandeza da intensidade de tur-
buléncia usual em escoamentos nas aplicagoes da
Engenharia é de 0,05.
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Turbuléncia Estatistica — medias temporais

e Continuidade —incompressivel e regime permanente v, =T, + v,

A Y
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Energia cinética turbulenta: k =



Turbuléncia Estatistica — medias temporais

e Continuidade —incompressivel e regime permanente

oL v, 0vy, 0Jv,
divv =0 = I + 3y + e
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Turbuléncia Estatistica — medias temporais

e Continuidade —incompressivel e regime permanente

Ovy  Jvy %zav—x+av_;+a@+a@+a@+a@=0
dx dy 0dz Jdx dx dy Jdy 0z 0z

Efetuando-se a média temporal da continuidade:
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Turbuléncia Estatistica — medias temporais

* Navier-Stokes — direcao x — incompressivel e regime permanente.

av av av dp 0t 0t 0t
p( x+vy—x+vza—zx)= Py Do Ty a;Z+pgx
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Turbuléncia Estatistica — medias temporais

e Navier-Stokes — direcao x — incompressivel e regime permanente.

d(v,v,) a(vyvx) d(v,v,) v, 0V, 0V,
ox oy T ez T Urox T oy T2,

Efetuando-se a média temporal do termos:
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Turbuléncia Estatistica — medias temporais

Efetuando-se a média temporal do termos:

a(vyvx) B a(v_y + vy) (U + vy B a(vy Uy + Uy Vy + U0y + v,’cvj’,)
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d(v,v,) 0V, v, 0v,v),
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Turbuléncia Estatistica — medias temporais
Substituindo-se no primeiro termo daNavier-Stokes — direcao x

0 (v, vy) 0(vyvx) 0(v,v,) 0V, 0V, 0V
+ + =V U, U
dx dy 0z dx ay 0z
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Turbuléncia Estatistica — medias temporais

. 12 AT AT
0 (Vyvy) N 0(vyvy) N d(v,vy) _ v_x% y% ‘e v, N vy Ovyv, N v, v}
dx ady 0z dx ay 0z dx 0z 0z

Substituindo-se na Navier-Stokes e efetuando-se a média temporal
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Tensor de Reynolds
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Problema de fechamento - Boussinesq

0V, v, v,
p(vx I + Uy, 9y + v, 62)

dp a(fxx pvxvx) a(Txy QU V. ) a(""ch pv;cl?;;)

= Tax ' ox T dy 0z T PYx

Viscosidade turbulenta (turbilhonar, “eddy”)

A . 21
Modelos de turbuléncia



Boussinesq

Tensor tensao




H/2

g, 18.3. Measurement of fluctuating tur-
bulent components in a wind tunnel,
at maximum velocity U = 100 em/sec
after Reichardt [41]
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Mig. 18.3. Measurement of fluctuating tur-
bulent components in a wind tunnel,
ul maximum velocity U L cmjzec

ultor Reichardt [41]
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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 v/o.and the cor-
relation coefficlent

Intensidade de Turbuléncia



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.”
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Escalas de Kolmogorov —
menores escalas de turbuléncia

V3 1/4 77
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Modelo — Comprimento de mistura de Prandtl
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Modelo — Comprimento de mistura de Prandtl

Distribuicao Universal de Velocidades Velocidade de atrito,
“drift velocity”

e A 0\ T=Tyl|l—=
— <_)U ZRl p v =Tw/p
yr -3
2\dz

Subcamada viscosa

dv, _ T T — * 2
TET, =U— =2 — Z > =2
dy U v
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Modelo — Comprimento de mistura de Prandtl

Distribuicao Universal de Velocidades

, Fora da subcamada
- 2R
gl T=71, € l,=ky
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2 (dT7\? 7\
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Turbulento
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Fig. 20.5. Variation of mixing length over Fig. 20.6. Variation of mixing length over
pipe diameter for smooth pipes at different pipe diameter for rough pipes
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Curve (1) from eqn. (20.18)
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FIGURE 11-2
Mixing-length measurements of Andersen' for no pressure gradient, advers
gradient, blowing, and suction.
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Perfil Universal de Velocidades
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Fig. 5.5-3. Dimensionless velocity distribution for turbulent flow in circular tubes, presented as v* =7,/v, vs. y" =
yusp/ 1, where v = V'13/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 =yt — 3y /14.5)°]
5<y™ < 30: v" =5In(y* + 0.205) — 3.27
30 <y v"=25Iny” +55
The experimental data are those of J. Nikuradse for water (¢) [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)}.
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Figura 53. Perfil universal de velocidade para escoamento em um tubo circular liso.
Referéncia: WELTY, J. R. et al. Fundamentals of Momentum, Heat and Mass Transfer. 52 edicdo, Fig. 12.15, pg. 162, John Wiley and Sons, 2008, adaptado.
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161. Structure of a turbulent boundary layer. Suc-
cessive layers of che flow near a flat plate in 3 water chan-
nel are shown by tiny hydrogen bubbles released periodi-
cally from a thin platinum wire seen at the left. The height
¥* =y 1,/v of the wire above the plate is shown in wall vari-
ables, where u,={7,/Q)'"? is the friction velocity. The

characreristic 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'=104 In the wake region at y' =407 the turbulence is
seen 1o be intermittent and of larger scale. Kline, Reynolds,
Schraub & Runstadler 1967
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Modelos de
Turbuléncia

Reynolds Stress

sete equacoes

) .. DR = g § g Z -
diferenciais =—div|Jz + = + Q= | + Gy EM=
Dt R R R
algébrico
-~ 2 = C = | K
R=ZKS+ = (GM:_ SJ—
_ IS R &
Cy -1+ %
2 eq. Ke 2
ve = C, &
T H €
0 eq.

Prandtl mixing lenght

large eddy simulation
LES

por hora apenas fornecem parametros

tabela
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Rayleight

o, =2 (8v )Z+(%T+(%)Z {a\, 8v} {av ov, } +{av av} _g{avuavuavz}z
OX oy 0z oX oy oy oz oz OX 3| ox oy oz

Dissipacao da energia cinética de turbuléncia - €

T 5 5 )

Energia cinética de turbuléncia - k

1(-2 .2 -2)
k==Iv, +Vv,6 +V
2 X y z
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8_: + divy e =div L grade+C 4 —Pk -C.

k

constantes experimentals
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Agua (20 2C) escoa em um tubo de 0,1 m de didmetro. A
velocidade média é de 5 m/s. O tubo é hidraulicamente liso.
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vi= 5hnyt 305 = 530205
V= 4396 — ’\_/:3 =13,76<071 =28 w/s
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Pl =0015 m — /=00l5m -—*}/’L:.—5./03
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dvt - 15

vt= o5yt +55 —= Ayt T
avt A(V/v¥) _ v dV¥ 1o
o d # Ve A é\\_-— v
dy+ (%) ¢ g
avt _ 15 =28 _p dvV
CESTTT - ¥ I
A A
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Pressure, Pa Probe wvalue
1144.653 1116.380

1032.7765 Average value

920.8766 572.1378
808.9884

697.1002
585.2120
473.3239
361.
249 . 5¢
137.6
25,7111
-86. 1174
-198.0052
-309.8934
-421.71816
-h33.6697
-645. 5579

pressao



Pressure, Pa Probe value
1144.653 1116.380

1032.7765 Average value

920.8766 572.1378
808.9884

697.1002
585.2120
473.3239

361.4357
249.5415'
137.6593

25.7717116
-86.11702
-198.0052
-309.8934
-421.71816
-h33.6697
-645. 5579

pressao



—
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Velocity, m/s
1.
.313098
. 283141
.193183
.103226
.013269
.923311
. 833354
.743397
.653439
. 563482
.413524
.383567
. 293610
. 203652
. 113695
.023738
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463055

-
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velocidades

Probe value
0.552486




Y-Velocity, m/s Probe value
0.479536 -0.002395

420762 Average value

.361987 -0.002428
.303213

.244439
.185665
.126890
.068116
.009342
-0.049432
-0.108207
-0.166981
-0.225755
-0.284529
-0.343304
-0.402078
-0.460852

veloclidade radial



KE

e - I - R - [ - Y o N - [ o Y o Y o [ o Y - Y- (Y - Y o Y - Y o

Probe value

.101695 2.756E-4
.095341 Average value

.088986 0.017671
.082631

0716271
.069922
.063568

.057213 é
.ﬂEﬂEEH' -
.044504

. 038150
.031795
.025441
.019086
012731
006371
.231E-5

energia cinética de
turbuléncia k



EP

L Ll e e LM O O ==l = DO WD WD

.659003
.055316
.451630
847942
. 244256
.640569
.036881
.433195
.829508
. 225821
.622134
018447
2.

414760

1.811073
1.207386

603699

1.228E-5

Probe value
8.640E-4

Average value
0.854358

dissipacao de K



12) Qual a relacao entre a espessura da subcamada
viscosa e a camada limite turbulenta em placa plana?
Depende do fluido?
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