7. Classical Models of Jets, Wakes, and Boundary Layers
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7. Plane Jet
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Fully Developed Region (at distances of about 20d, and greater)

—Velocity profile shape becomes more or less “unchanged” (similar or
self-preserving)
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one-point model --- turbulent eddy viscosity v,
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~ by analogy with the kinetic theory of gases, but the clear separation
of scales between microscopic and macroscopic which underlines
kinetic theory is not present in turbulence

~ isotropic (turbulent velocity components have all equal mean-
square values)
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7. Circular Jet
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7. Round Wake
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7. Round Wake
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7. Boundary Layer
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Dimensionless Velocity Profiles
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7. Boundary Layer
Logarithmic Velocity Profiles (in the buffer layer)
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Figure 5.14. Root-mean-squared turbulent velocities in a vis:
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7. Boundary Layer
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8. Spectral Analysis of Homogeneous Turbulence

homogeneous = (ii) = constant

assume i; = 0 for convenience = u; = u;
u(F,0) = [ di(k,r)exp(ik -¥)dk

i(k,t)dk = amplitude of mode of wave vector k

- Zk—“ = wave length ~ ¢ = spatial scale represented by &

Turbulent spatial scales of O (f ) will mostly contribute to the
spectrum for k of O (Z -1 ) , but will have effects at all &.

K min ~r and K max ~1"|71

8. Spectral Analysis of Homogeneous Turbulence
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8. Spectral Analysis of Homogeneous Turbulence
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8. Spectral Analysis of Homogeneous Turbulence
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For homogeneous turbulence, there is no correlation in
Fourier space between two wave vectors whose sum is not zero.
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mean energy dissipation rate

§=2vS;S;
_ Ou; Ou; e 2
axj axj
o)
enstrophy spectrum: %mi j (k,t)dk = jk E (k)dk
0

€ =2v[Qk,0)dk = 2v [k?E (k,1)dk
0 0

~ smaller eddies with higher weighting




8. Spectral Analysis of Homogeneous Turbulence

velocity Fourier transform
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~ the compressibility of the velocity field induced by the
nonlinear term is balanced by the pressure term

~ the spectral nonlocality arises from the convolution term
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~ involve third-order correlations (closure problem)
~ at low waver numbers, 7, dominates (energy cascade)

~ viscous dissipation mainly at large wave number
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S(k; ,)+ S(p;4.k) + S(G:k, p) =0

p+q+£=o
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KA/ o 1
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forward cascade backward cascade

~ Energy is redistributed but conserved. ~
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2 Kk X =

i %{ LD,; &) 7, ()~ 2vk 20, (k) }kZ 5in 0d0do
00

~ evolution equation of energy of mode

OB _ 1) - 2vk2E(k)
ot

A

~ evolution equation of energy contained within
modes of wave number & (eddies of length scale £~)

- 2vk2E(k
& =2v[k*E(k)dk M (k)
0

© k~ nil
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0

8. Spectral Analysis of Homogeneous Turbulence

k
M(k)=-[T(k)ak' = the energy transfer rate from large eddies
0

of scales < k-1 to small eddies of scales > k!
energy-containing eddies:

T(k)<0

: energy is extracted to smaller eddies
dissipation eddies:

7(k)>0 :energy is extracted from larger eddies
inertial eddies:
T(k) =0 or I(k)=constant

Energy is transferred into and out of the modes at a same rate




8. In Physical Space
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8. In Physical Space

Fourier transform:

oD
ot

= = 2Vk2q)ii

Pressure-velocity correlation does not change energy
distribution among different wave vectors, but in directions.

8. Isotropic Turbulence

« double velocity correlations
Ry 1) = 17 =+ L8 o, |

;T

q*f(r) = uy Gy G +7)  wy=ii-
longitudinal correlation coefficient
q°g(r)=u, (Buy (F+7)
transverse correlation coefficient
Incompressibility:
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8. Isotropic Turbulence
« triple velocity correlations
Sy (F) = u; (R ; (R, (3 +F)
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r 7 /fi T
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Incompressibility:
oS
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8. Isotropic Turbulence
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Karman-Howarth equation
~ incompressibility isotropic homogeneous turbulence ~

« Karman Th. von and Howarth L., “On the statistical theory of isotropic turbulence”,
Proc. R. Soc. London Ser. A 164, 192 (1938).

*Huang M.J. and Leonard A., “Power-law decay of homogeneous turbulence at low
Reynolds numbers”, Phys. Fluids 6, 3765 (1994).




