
Free-shear flows

Pope: Chap. 5
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•No boundaries
•Velocity gradients

Possible effect of density gradients
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Turbulent-non-turbulent 
interface 

“Corrsin super-layer”

•Kolmogorov scale
•Intermittency
•Irrotational motion outside

Entrainment:
•Spreading
•Dilution
•Transport

Structures
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UJ , d, ν

< U >�< V >

In ideal experiment

Only dimensionless parameter Re =
UJd

ν

mean velocity predominant in the axial direction
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Centerline velocity

jet half-width

Self-similarity
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Q(x, y) is self-similar

U0, r1/2 =?

Self-similarity

virtual origin
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Reynolds Number

Only small scale structures
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x/d > 30

B = 5.8

S = 0.094

Self-similar region

similarity variable
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Lateral Velocity

Entrainment
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u�/U0(x) ≈ const

Reynolds stresses

Symmetry

Reynolds stresses 
self-similar
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(i) center r.ms. 25% mean
(ii)ratio rms mean increases
(iii)anisotropy
(iv)shear-stress 25%
(v) gradient hypothesis
(vi)eddy viscosity self-similar
(vii)Turbulent scale self-similar
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Free-shear flows

Pope: Chap. 5

Part II: round jet
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Round Jet
For statistically axisymmetric, stationary non-swirling flows - such as 
the round jet or the wake behind a sphere - the corresponding 
turbulent boundary-layer equations are

We neglect
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Flow rate momentum, mass, energy

Momentum flow rate conserved
true for all jets and wakes!

Mass & energy 
flow rate
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Self-similarity

Empirical observation: self-similar as functions of :

Defining

Momentum
Equation

Self-similarity implies linear spreading of jet
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Constant-viscosity solution
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Kinetic Energy
Instantaneous Energy

Mean Kinetic Energy
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Mean Flow and Kinetic Turbulent Energy

Production

(i) Only the symmetric part of the velocity-gradient

(ii) Only the anisotropic part of Reynolds stress counts

(iii) With turbulent viscosity hypothesis

(iv) Boundary-layer approximation

(v) Boundary-layer + turbulent viscosity
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Dissipation

Mean dissipation negligible

Dissipation non-negative

Self-similar

Independent of Re!

Different viscosities

Pseudo-dissipation
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Kinetic Energy
Budgets

Dominant
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Free-shear flows

Pope: Chap. 5

Part III: Other self-similar flows
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Jet plan
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Round Jet
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Couche de mélange
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Couche de mélange
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Sillage plan

Self-similarity
Geometry dependence
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Sillage axialsymétrique

 
Us  x

−2 /3 r1/2  x
1/3

rms

 S  5 ÷10
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Autre écoulements
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