Free-shear flows

Pope: Chap. 5
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In 1deal experiment U J s d, V
Usd

Only dimensionless parameter Ke = ——
v

X

Quiescent
surroundings U

mean velocity predominant in the axial direction 20

r/d

< U > >> < V > Fig. 5.2. Radial profiles of mean axial velocity in a turbulent round jet, Re = 95,500.
The dashed lines indicate the half-width, ry,2(x), of the profiles. (Adapted from the

data of Hussein et al. (1994).)
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Centerline velocity
Uo(x) = (U(x,0,0))
jet half-width

(U(x,r1,5(x),0)) = 1Uq(x).
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Fig. 5.3. Mean axial velocity against radial distance in a turbulent round jet, Re ~ 10°:
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Fig. 5.2. Radial profiles of mean axial velocity in a turbulent round jet, Re = 95,500.
The dashed lines indicate the half-width, ry,2(x), of the profiles. (Adapted from the
data of Hussein et al. (1994).)

Self-similarity

»

measurements of Wygnanski and Fiedler (1969). Symbols: o, x/d = 40: A, x/d = 50:

O, x/d =60; O, x/d =75; e, x/d=975.
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O(&,x) = Q(&)

Self-similarity

Y y
(; = 5(x)a

Q(x,y)
Oo(x)

Q(x,y) is self-similar

0(¢,x) =
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Fig. 54. The variation with axial distance of the mean velocity along the centerli
in a turbulent round jet, Re = 95500: symbols, experimental data of Hussein et
(1994); and line, Eq. (5.6) with x,/d =4 and B = 5.8,
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Reynolds Number

Panchapakesan and Hussein et al. (1994), Hussein et al. (1994),

Lumley (1993a) hot-wire data [aser-Doppler data
" Re 11,000 95,500 95,500
S 0.096 0.102 0.094
B 6.06 5.9 5.8

Only small scale structures
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Self-similar region

z/d > 30

UQ(X) . B L
Uy (x—x)/d’ L =58

ria(x) = S(x — xp) S = (0.094

similarity variable

&= rr
¢ = r/rim 0.0 0.1 0.2
n = rl(x-xg)
n = r/(x - Xp ) Fig. 5.5. The self-similar profile of the mean axial velocity in the self-similar round

jet: curve fit to the LDA data of Hussein er al. (1994).

f(n) = £(&) = (U(x,r,0))/ Uo(x)

I
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Lateral Velocity
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Fig. 5.6. The mean lateral velocity in the self-similar round jet. From the LDA data
of Hussein et al. (1994).

Entrainment
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Fig. 5.7. Profiles of Reynolds stresses in the self-similar round jet:

LDA data of Hussein et al. (1994).
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(1) center r.ms. 25% mean
(11)ratio rms mean 1ncreases
(111)anisotropy

(1v)shear-stress 25%

(v) gradient hypothesis
(vi)eddy viscosity self-similar
(vil)Turbulent scale self-similar
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Fig. 5.9. Profiles of (uv)/k and the w-v correlation coefficient p,. in the self-similar
round jet. From the curve fit to the experimental data of Hussein er al. (1994).
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Fig. 5.8. The profile of the local turbulence intensity - (1?)!/2/(U) - in the self-similar
round jet. From the curve fit to the experimental data of Hussein et al. (1994).
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Free-shear flows

Part Il: round jet

@ Pope: Chap. 5




(a)

Plane jet

Plane mixing layer

(c)

Plane wake
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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!

m(x) = /Jo 2nrp(U) dr
0

= 27pr (rl/?.UO)/ éf(é)déa
0

Mass & energy
flow rate

E(x) = /:J 2nrpi(UY dr

.- f £F (&) de.

7‘1/2
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Self-similarity
(U)/Uy(x)

Empirical observation: w self-similar as functions of :
utiy) /Up(x)*

Defining

Momentum
Equation
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Constant-viscosity solution
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Kinetic Energy

Instantaneous Energy

E(x,t)) = E(x, 1) + k(x, 1)
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Mean Flow and Kinetic Turbulent Energy

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

(i) Only the anisotropic part of Reynolds stress counts

(iii) With turbulent viscosity hypothesis

Production (iv) Boundary-layer approximation

(v) Boundary-layer + turbulent viscosity
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Dissipation

Mean dissipation negligible
Dissipation non-negative

- ou; ou;
=

(3x,- 0X;

Self-similar

k/ U2

Independent of Re!

Us ()

DI S ISNRYNON S &, (X, 7) = &p(X, 1) = &(r/r1/2(X))
r12(x)
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Kinetic Energy

Budgets

Production

] Mean-flow
((u?) — (v*)) e(U)/ox ; ; convection

Turbulent
transport

Dissipation
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Free-shear flows

Part Ill: Other self-similar flows

@ Pope: Chap. 5
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Round Jet
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Couche de melange

T e (U yx),00) = Ui+ «(Up — U1, 8(x) = yos(x) = you(x),
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U,

¥(x) = 3[yos(x) + yos(x)).
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U,
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Couche de mélange
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Sillage plan

Ux) = Ue— (UX0,0).  (Uxtna0) =U— 0. (U)= U= VxS ()
' U. d
f(©) = e — (UCey, N/ U, §=7 =2, v = DU (x)1/2(0)

f(S)

f(&) = exp(—a&?),

Self-similarity
Geometry dependence
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Sillage axialsymetrique
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Autre ecoulements
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Fig. 5.45. Standardized PDFs of (a) u, (b) v, (c) w, and (d) ¢ in homogeneous shear
flow. Dashed lines are standardized Gaussians. (From Tavoularis and Corrsin (1981).)
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Kgr) skewness and kurtosis of a conserved passive scalar in the self-similar plane
3.0 wake. From the experimental data of LaRue and Libby (1974).
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177. Coherent structure at higher Reynolds number. ture without significancly altering the large-scale scructure.
- o “3 ' - .l o g
This flow is as above but at ewice the pressure. Doubling M. R. Rebollo, Ph.D. thesis, Calif. Inst. of Tecn., [976; Brown
the Reynolds number has produced more small-scale struc- & Roshko 1974
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