TURBULENT BUOYANT JETS AND PLUMES
Gerhard H. Jirka, University of Karlsruhe

Active dispersal through induced turbulence

Pure jet \ Momentum flux
M, = Uia,
a, =D’n/4
Fully turbulent if
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Re = > 2000
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Buoyancy flux
_ | 2p
J = (;;9) U, a,

Combination:
buoyant jet or

forced plume
Homogeneous ambient

pa = const.

Ambient density
stratification

Ambient crossflow

Geometry: 3-D round jet
multiport diffuser (many 3-D round jets)
2-D plane jet

Fundamentals: "FREE TURBULENCE" (Prandtl, Tollmien, Taylor ...)
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Dimensional analysis:
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Formal solution methods:
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u u + Vv M, 128 (ru'v’) Momentum Jet equation
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Solutions:

- Similarity methods with simple turbulence closure =
ou

uv = 8”67
- Numerical integration (P.D.E.) with advanced
turbulence closure e.g. k-¢ =

LES

- Integral methods (conversion to O.D.E.)

classical, simple

geometries

more general

geometries




INTEGRAL METHOD FOR BUOYANT JET ANALYSIS

BUOYANT JET (Round jet, 2-D trajectory, stagnant unstratified ambient)

, A
g=-"Lg
Pa
1.  Profile Specification:

u _ —r2/n2 — 1 . " 0,
— = g b = "—-Width" (37 %)
U, e
g’ c r’ . : . .
=— = — = g A > 1 "Dispersion ratio " (turbulent Schmidt number)
de Ce

2. Definition of integral quantities:

Volume flux Q = 2z furdr = 2znu, b? f(a e_(g) d({;) = nu, b’
[o] [¢]
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Momentum flux M = —725 u,’b?

}\‘2
Buoyancy flux J = v u.g, b?

% 2
Scalar flux Q. = Y, T U.C.b

(,tracer, pollutant®)




3. Conservation equations: Local element ds

@) dQ =“entrainment® =2nb v, jet plume contribution
ds \ /
" " - o, sin®
turbulence closure vV, = aug o =0+ —Fz
¢
u 2
F?==2 local Froude number
gcb
dM 2 2 .
(2) Gs = nA“gLb“ sin® (buoyancy force)
(3) d(Mcos6) _ 0
ds
dJ dQ
4) — =0 5 —= =0
(4) ds ®) ds
(6) L cos6 (7) 9z _ sin®
ds ds
Unknowns: u.,b,g;,c., 0,x z
B.C. U, b, = ~D~ ds: Co 00, %=0,20=0

2

Dynamic parameter:

F = —UL Densimetric Froude number

0 r—géD

Empirical Constants for the Axisymmetric Jet and Plume with Gaussian Profile Specification

Round Jet Round Plume
Spreading coefficient k;=0.110 kp = 0.100
Ratio a/k aj’k; = 0.5 op/k, = 5/6
Entrainment coefficient o; = 0.065 op = 0.083 a=Ve/ U,
Scalar dispersion coefficient A =120 Ap=1.20
Equilibrium Froude number
o ug Fj=wo F,p =4.66
" g

Notes: 1) Round jet integral coefficients for Gaussian profiles are:
11=0.5, 1,=0.2513=0.52(1+1%), l4=2%2
2) The above constants are based on the data surveys of Jirka et al. ( 1975), Chen and
Rodi (1980) and List (1982)
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Dimensional analysis:

Any buoyant jet property e.g.

Normalized property

Examples:

Vertical buoyant jet

Negative A Horizontal
buoyant jet buoyant jet

x=f(zM,, J, Q, D...)

= momentum length scale

correct scaling! Lm ~ D Fo

51
s~z
Plume

________ Transition

Jet
S~z

M. o

~LM

Plume




BUOYANT JETS
Stagnant, Unstratified Ambient
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Amplifications of the Integral Method

Ambient stratification:

L‘f:/ﬂm\/_}\*__—\::,___ __|_Terminal level
—
j 2 v
/
—
4) aJ = nucb2 d|rad sin® = change of buoyancy flux
ds dz i p,
Ap, o 4
T=——"°0 _ Stratification parameter
D(_ ﬂp_a)
dz
Crossflow:

) Entrainment force =
— u, sinb

dQ
- > Fo=u,—
ds
—
Drag force =
(ua sine)2
Fo =Cp——=—(2b)
l ’ 2
) {% = mA®g.bsin® + F, cos0
@ =2 = sino v F,
. " o, Sind )
Entrainment — additional components: E = 2nbu,| o, TR + 2nbu o, sin6coso
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ua
R = Crossflow parameter

U

[o]

10




ol

Buoyant jet in ambient stratification
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Multiple Jets: Multiport diffusor

Analogy to 2-D plume

12

Z f e e e e — - - ———— -
2-D
ol Merging level
..x_ - —— e o e e e e e e e e e e e e e e = Mt . o e e e = e = e —
3-D — n
v .
N 3 £ ANNARNANY a, \
(x &)
J A a
L—°= j, = pp ® gU.,B buoyancy flux / length B = ——;— equivalent slot width
D a
qu = CO UOB

Dynamic properties:

F1 (b! Z’ jO) "') =O b=kZ
Fs (Us, Z, oy ...) =0 ue = Kjo'” = const !
F3 (q: Z, jO’ ) =0 q= _K—j02/3 z

Scalar:  geo=CoUoB = ccucb

c oL
S = 2 ~7 Dilution
CC

Compare: 3-D plume S ~z°°

Appropriate length scale for 2-D buoyant jet

Ly = rr;(/,s = jet/plume transition length scale
o]
m, = M, jo = Jo Lp = diffusor length

[ Lo
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Surface Buoyant Jet

Lateral
entrainment

Apg Uy
sred—""" bINS® |l __ ey stagnant
" 7777 ambient
z g
— T ‘ug' » X y z
h Q=fu f(—,—) dA
Ao ) T nE
Vertical Pressure
entrainment changes
entrainment rate
(1) %3—=Clahuch +  Cyo,Ugb F,=uc/ (g h)'"™
— —
lateral o, = o vertical oy =f(F) eg. a=a e F  local buoyancy effect
z/h
(2) %¥ = %E P= j( | ﬁg d(%)) dA buoyant pressure force
AN~
1
db A 2
(3) —35 =k+ (%J Cu = (a) = (% gh) = (g'c h)** spreading velocity
A B
jet spreading ~ 0,1buoyant spreading —d—% = U,
(%3 = (%”—] global buoyancy effect
B 14
dJ
4) Vi 0 (no buoyancy loss; e.g. heat loss)
Parameter: Fo

3/4

Length Scale: Luy= -\—J%E
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