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ABSTRACT

The entrainment and mixing processes in an axisymmetric vertical
turbulent buoyant jet and its transition from a jet to a plume have been
studigd. The ambient fluid is of uniform density and calm except for
the flow induced by the jet, and the density variations are assumed
small,

A systematic set of experiments was carried out to examine
turbulent buoyant jet behavior over a wide range of initial jet
Richardson numbers. All experiments were performed in a glass wall tank
with dimensions 1.15n x 1.15m x 3.30m deep, equipped with a Jet flow
source and an instrument carriage to enable velocity and concentration
reasurements in the entire jet flow field.

The axial ﬁnd radial velocity components and the concentration of a
Rhodamine 6G dye were measured simultaneously at the same point of the
Jet flow field using a two - reference beam laser - Doppler velocimeter
combined with a laser induced fluorescence measuring device. From the
time signals Ar the axial and radial velocity components (w) and (u) and
the concentration (o) of a Rhodamine 6G dye, information was obtained
. oconcerning the mean values, turbulent fluctuations and correlations
between w, u and ¢, up to 100 jet and 80 plume diameters downstream of
the Jet exit.

More mpecifically, the mean flow (including the spreading rate of
the mean velocity and tracer concentration profiles and distribution
along the jet axis) and the turbulent structure (including the profile

of turbulence intensity, turbulent mass flux of a tracer and turbulent



iv

mopentum flux) were investigated as a function of distance from Jet
origin made dimensionless by a characteristic length scale based on jet
buoyancy and momentum fluxes. The results from a detailed dimensional
analysis were verified experimentally. It was determined that the
turbulent flux of a tracer (or buoyancy) varied from 6-10% for jets and
was 15-20% of the total for plumes, The turbulent momentum flux was
found to be 15% of the local momentum flux transported by the mean flow.

While the profiles of w and ¢ and the turbulent velocity profiles
are found to be much the same for both jets and plumes, the turbulence
intensity profiles of the concentration take higher values in plumes
than in jets. More rapid dilutions were obtained in buoyancy driven
plumes than in momentum driven jets,

Useful information concerning engineering applications is provided

from the experimental constants derived.
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1. INTRODUCTION

1.1 Introductory note

The subject of the present experimental work 1s the study of a
round vertical turbulent buoyant jet discharging into a body of water of
uniform density. Our purpose is the description of the velocity and
concentration distributions in the jet, especially in the region where
buoyancy 1is the driving force rather than the initial momentum flux.
Buoyant jets are observed in nature above fires, active volecanos or
underwater springs. Man-made Jets can be seen at ocean outfalls for
wastewater disposal, factory stacks, cooling towers, rocket propelled
minsiles after launch and airplane jet engines. The continuously
growing demand for nuclear electric power and the growth of cities by
ocean sites, increase the demands for wastewater disposal into the ocean
by ocean outfalls. Design of outfalls that can obtain fast dilution
will minimize the disruption of the ecological balance due to thermal or
biclogical pollution. Understanding of the mechanics of buoyant jets,
and especially the entrainment and the mixing that occurs at round Jjets
will help in optimal design of ocean outfalls.

Apart from environmental applications, the present investigation
. will help in understanding some fundamental turbulence characteristics
of turbulent free shear flows. It will also contribute tc the knowledge
of the mechanics of the round plumes, since they have been investigated
here in a systematic way, especially in the far field where the flow is

fully developed.
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1.2 Definition of the problem - a review of previous theories

Previous investigations of round vertical Jjets, buoyant jets and
plumes will be examined in this chapter. The flow configuration and
gecmetry are shown diagrammatically in Figure 1.2.1 . The basic
assumptions to be considered are: (1) The ambient fluid is of uniform
density Py and motionless, except for the flow induced by the jet.
(1i) The difference between the time - averaged fluid density'B(r,z) at
any point and the ambient fluid density will be small, sc that

(plryz)=p )/p, << 1

in the case of buoyant jets and plumes. Thus, there will be little
error if the local density p(r,z) is replaced by the ambient fluid
density Qain the equations of motion in the description of the inertia
forces (Boussinesq approximation). (1ii) That the flow is fully
turbulent and that the viscous and molecular transport of heat, or some
other tracer, can be neglected relative to its turbulent transport.
(iv) There is no swirl introduced to the jet, so that the mean
tangential velocity v(r,z,8) = v(r,z) = 0. (v) Within the range of the
problem the density of the fluid is assumed to be linear function of
tracer concentration above the reference level as shown in Figure 1.2.2.

(vi) Pressure is assumed to be hydrostatic throughout the ambient fluid

: and (vii) The fluids are supposed to be incompressible. Under these

assumptions the time -~ averaged Boussinesq equations for the three-
dimensional incompressible motion of a turbulent axisymmetric
non=swirling jet with densaity variations in oylindrical polar
ocoordinates are:

(a) Conservation of volume flux

d

1
T
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{b) Momentum conservation

(1) Axial momentum

. e m 8 f — = p-p
-;33; [r (wu + w'u‘)]+ Ery (wz +w'? + -‘%)- ( paa) 4 (1.2.2)
(ii) Radial momentum
-1 - T3 P st o &
?'Ba_r [1'((u2 + u'?) + pla)]'i- aB_z (wu + w'u') = 0 (1.2.3)

where w' and u' are the deviations in velocity from the time-averaged
mean values ¥ and U respectively, and P is the mean deviation from the
hydrostatic pressure.

(c) Energy equation (tracer conservation)

% (red + ro'n’) + aa_z (%2 +w'ch) = 0 (1.2.4)

H |~

where ¢ 18 the time-averaged concentration and c*' the deviation from

this mean value. The linear form

B(rsz) - pa

> = §(3(r,2) - cp) (1.2.5)

a
is assumed, where § is taken to be constant.

The above system of five (5) equations (1.2.1) to (1.2.5) has

eleven (11) unknowns w, u, ¢, W', u'4, ', p, w'u', w'e’, u'c', p,
and therefore cannot be solved even if the appropriate boundary
conditions were provided. This is the fundamental problem of turbulent
fluid mechanics.

A lerge number of pethods of dealing with this general problem have
been proposed but the existing work on axisymmetric free shear flows can

be classified intc two achools of thought. The first aschool tries to



derive a constitutive equation between the Reynolds stress tensor and
the deformation tensor of the fluid. The early workers in this school
in addition assumed self preservation for the mean and fluctuating
quantities (see for example, Tollmien (1945), G. I. Taylor (1932},
Schlichting (1968) and Rajaratnam (1976)). More recent workers use more
complex constitutive equations and molve the appropriate system of
equations numerically (see, for example, Saffman (197C), Rodi (1980),
Ooms and Wicks (1975), Launder and Spalding (1972),

A second group of inveatigators integrates the equaticns of motion
acroas the jet and derives conservation integrals for the mass, momentum
and buoyancy fluxes (see Corrsin and Uberoi (1950),Morton et al (1956),
Brooks and Koh (1965) and List and Imberger (1973)). For a round
vertical buoyant jet this approach leads to equations (see Fischer et al
(1979)) of the form

(1) Conservation of volume flux

(=]
4 w(r,z) 2mdr = -lim(2mru)
b o]

or
[+<]
du _ 14im(27ra) : - w 2nrd (1.2.6)
rrialie m(2mru) ; W w(r,z) 2nrdr el
Y-+
()
(2) Conservation of momentum flux
& oo -
d =2 p(r-z) - pa
i w (r,z) 2mrdr = (——-—5—-—) g 2nrdr
[+ fs) a
or )

’ p(r,z) -p ”
a

o 0



(3) Conservation of buoyancy flux

a - p(ryz) - p,
ey w(r,z) (———'—pa )8 2nrdr = 0
(o]
or
® plr,z) - p
@ _0. g= = e
== 0; B f w(r,z) ( o )g 2nrdr (1.2.8)

o]

For the derivation of the above three equations the following
assumptions were made
(1) The integration is extended to infinity, hence it is argued

that
Ism[Wu+wu'] =0
lim [WE +wW'ol] =0

lim [uc +u'e']l =0
-0
{11) It is assumed that the turbulent tracer transport w'c' is
negligible in comparison to W c.
(111) It is assumed that w': + B/p, << w2, This has been justified
by Miller and Comings (1957).
The above three equations have provided the conceptuml framework
for almost all of the previous investigations of Jets, plumes and

buoyant jets. From this point on, two approaches have been used to



obtain the basic jet behavior: the entrainment coefficient approach,

and dimensional analysis.,

(a) Entrainment coefficient approach ]

The entrainment coefficient approach used by Brooks and Koh {1965),
Morton et al, (1956), Morton (1959), Fan (1967) and Fan and Brooks (1969)
is based on the hypothesis made by G. I. Taylor (1956) that the
entrainment should be proportional to some characteristic velocity of

the jet, 1l.e.

ii: (27ru) = znaébwwc (1.2,9)
where Morton (1959) assumed the entrainment coefficient a, to be
constant with the same value for jets and plumes. The velocity and
concentration profiles are assumed to be similar, based on the

experimental results, following Gaussian distributions

w(r,z) = i;(z) exp[-(r/bw)2 | (1.2.10)
gé(r,z) = Ec(z) exp[-(r/bc)2 ] (1.2.11a)
or
p(ryz) = p_ = (Ec(z)- p,) expl-(r/b )2 ] (1.2.11b)

where the characteristic lengths of the velocity profile,bw(z), and the
concentration profile (demsity difference), bc(z), are defined by the

relations



§(bw(z),z) = ﬁc(z)/e (1.2.12)
T(b_(2),2) = c (2)/e (1.2.13a)
(AE)(bc(z).z) = (A'E)c(z)/e (1.2.13b)

where e is the base of the Napierian logarithms. (Many authors define
the b(z)'s as the half-velocity and half-concentration characteristic
lengths. This multiplies the exponent of the Gaussian profile by a
factor of 1n{2)). One further assumption has been that

bw(z)

A (1.2.14)
where ) is supposed to be a universal constant.
Under these assumptions the equations (1.2.6), (1.2.7) and (1.2.8)

can be written as

4 o b2y = -

3z (MWeby) = 2ma bow, (1.2.15)
(89)
d /M —2:2y C 42,2

’d?(z By) =T Py Abos (1.2,16)

Y b2A2
Eclz'("’c 5= g A ) =0 (1.2.17)

a 1422

where (Aa)c(z) = 3;(2)'98- Fan and Brooks (1969) solved the above

system of equations numerically to find the evolution of b (z), ﬁc(z),
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(AE)C(Z)-

At this point it will be useful to try to solve the above system of
equations for the two limiting cases, jets and plumes., We define:

(1) Pure momentum jet as the flow driven by continuous injection of
momentum at the source

(11) Pure plume as the flow driven by continuous addition of
buoyancy at the source, and

(111) Buoyant jet as the flow which is driven by both, buoyaney and
momentum,

(a) For the limiting case of the pure momentum jet (AE)O=0)
system of the above eguations (1.2.15), (1.2.16) and (1.2.17) becomes

diz (W .b2) = 2a.b W_ (1.2.18)

3

and

T o
2,2 o 2 2
5 W by m(D*/4)W M (1.2.19)

Also the tracer tranoported by the jet is conserved, therefore

o ) ) ﬂDa
w(r,z) c(r,z) 2nrdr = —z—-wco (1.2.20a)
o
er
w c A2 b2 p?
£c ¥ 2 W (1.2.20b)
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where W and Co are the velocity and concentration at the jet exit.

By substituting equation (1.2.19) into (1.2.18) one can get explicitly

dbw
— = K = 2a (1.2.21)

dz lw j
where Khdis a constant and aj is the entrainment coefficient for a pure

Jet. Equation {1.2.21) can be written as

bW

= (E+x,) (1.2.22)

From the equations (1.2.19) and {1.2.22) the derived centerline mean

velocity is

W 4
3— = ./z"Klw (-D- + sz) (1.2.23)
c

Fron equations (1.2.20b) and (1.2.23) the centerline concentration is

determined as

(o]

2/2 \?
1422

E_O' = Kiw (%+ KZw) (2.2.24)

(b) For the limiting case of a pure plume the equations (1.2.15),
{(1.2.16) and (1.2.17) become

d = .2y o -
iz (wcbw) 2apbwwc (1.2.25)
- D 2
'Ed“ (92b2) = 2BUKAT) (1.2.26)
z Cw ™,
_ (bp) 2
a4 (5 ¢ pupi2—)ao (1.2.27)
dz dz c pa w1+A2
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where B is the apecific plume buoyancy flux, Following Morton et al
(1956), we assume that bwﬂbzm , ;cssz s (B -P_)clpa =sz , and
substituting into (1.2.25), (1.2.26) and (1.2.27) we obtain
for a point source

a=1

-1/3

oW
1]

-5/30

<
]

Substituting for b , w and (&p) in equations (1.2.25), (1,2,26) and
{(1.2.27) leads to

6
b = 5 ap z (1.2,28)

2
7 ..-5-[25 lin]‘/az‘”a (1.2.29)

or
Fc N (%)1/3

and

Ge)e B2 [2 g I B]"‘“ 5. -5/ (1.2.30)

Py A2Tg 5p 7 6ap

or

(8p), p2/3
Y

Py g

~5/3

F

From the equations (1.2.21) and (1.2.28) and for a constant entrainment

coefficient (i.e. a j=ap )} it is oconoluded that the width of the Jet is



13

5/3 times the plume width. Experimental evidence shows that they are
approximately equal and therefore the assumption of a universal

entrainment coefficient is incorrect. Alternatively if bw = bc then
a '28
373

P

(b) Dimensional analysis
The results above agree with those deduced from dimensional
analysis: For a pure jet in uniform enviromment, equation (1.2.16)

implies that the kinematic momentum flux is conserved i.e.
w?b2 = constant
cw

Dimensional analysis then gives for a pure jet
bw(z) vz
wc(z) v1/z

(see Schlichting (1968), Landau and Lifshitz (1975) and Rajaratnam
(1976)). For a plume, Batchelor (1954) showed that

v (z) v (B/z)*/3

bw(z) Nz

2/3
2573

Py (2) ~ 2



14

List and Imberger (1973) used dimensional analysis to write the

equations of motion in ths form

U e g(z) = w2 q(R,0)

dm B :
& = (@) = EEh,0

dB

—-=0

dz-
where

O Vi S

»
s/ 2mt/?

(- -]

and ©
M =f ;(r,z) 2nzdr , m =f ;z(r,z) 2nrdr
o

o

® (o(r,z) - p
B = f ( a) g w(r,z) 2nrdr

Pa

(o]

Their objective was to find the leading terms of the functions q(R,C)
and h(R,C).

In the next section we discuss the dimensional analysis approach

. 8ystematically.
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1.3 Dimensional analysis

In this section the problem of jets, plumes and buoyant jets is
presented using ocharacteriatic dimensionless quantities. There are
two main reasons this is done here, (i) Both in nature and in the
laboratory it is difficult to obtain an ideal pure jet or pure plume.
The reason is that there is almost always initial momentum injected to
the flow and a temperature difference between the jet and the ambient
fluid. (41) A jet with even very small initial buoyancy will
eventually become a plume in a uniform environment. @Given these
results an understanding of the transition from jets to plumes becomes
of significance and in practical applications the following jet

parameters with their dimensions are defined

Q...(L?/T) initial jet discharge
Weeo(L/T) initial jet exit velocity
M...(L"/T?) specific momentum flux at the jet origin

B..+(L%/T?) specific buoyaney flux at jet exit

where W=3Q/TD® and B=(Ap) /P, gQ. Following Fischer et al.(1979) it
is possible to define two characteristic length scales of a jet as

follows

M3/h
R’Q = ;19/7 , 2}1 = B]_/z (1.3.1)

The basic properties of a pure momentum Jet and a simple plume based

on dimensional arguments as in Chapter 9 by Fischer‘gg'gi,(1979), are
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summarized in Table 1.3.1 The parameters a s ai, bi’ bi. and cj are the
constants of proportionality for equations (1.3.2) to (1.3.10); Y and

S are defined as

0

= =——°—
Y = qc, s .

c
<

From equations (1.3.8a) and (1.3.92) by eliminating z one finds

P

where RP =b3b55/“=eonstant, and it is called the plume Richardson
nunber. Also by eliminating B from the above equations and by
evaluating m(z) and p(z) from the Gaussian velocity profile equation

(1.3.9) becomes

- . - U
Y2 b, = ¢z €p=bi/b (1.3.11)

cp and cj are therefore the growth coefficients for plumes and jets.

The jet has initially both momentum M and buoyancy flux B. At a
distance z from the orifice the velocity on the axis of the jet will

be
VM z

—_—n =
;cz zn
The two limiting cases for z/lM <<{1 (momentum driven flow) and
z/lM >>1 (buoyancy driven flow) lead us to the equations (1.3.2) and
(1.3.7) respectively. The same is observed for the concentrations.
The ratio 1 /lH is called initial jet Richardson number and for

Q
a8 round jet we define
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Momentum Jet

Q 2
L., 2 VM
N a, < (1.3.2a) or —-—= ai (1.3.2b)
. wcz
bz) ., .2 (1.3.3)
%, 2 %,
E_ =z
b=y i (1.3.4)
m
¥ = constant (1.3.5)
L. () 59
—_—= g (1.3.6a) or = a! (1.3.6b)
Co 4\ z ) Zl/ﬁ 4
Simple Plume
- B 1/3 .
W, =b, (-;) (1.3.7a) or TR (2 ) (1.3.7b)
C
m(z) = b, B2/%2%/% (1.3.8a) or = b} (Q ) (1.3.8b)
u(z) = b, BY/325/3 (1,3,9a) or u(z)Bt? b! (-z—)s 3(1 3.9b)
3 . » Ms/“ 3 2M ] L]
Se. (1.3.10a) or =% = b} (_2_)2/3 (1.3.10b)
Y gi/3,s/s oA 4Ry h

Table 1.3.1. Summary of properties of turbulent jets and
plumes,
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20 931/2 (T 1/w (AP)O /2 ﬁ 1/w
ROT Ms /v (4) P, g/w* = (74_) -F-;

Fy is commonly called the densimetric Froude number. Making use of

the previously defined plume coefficients c . and Rp we write for round

P
Jets according to Kotsovinos and List (1976)

i-‘ = -L-—Bllz = -u (-Rﬂ)

RPMS /‘0 Q Rp

and
g (E)E
pfu P \/ Ry
Then equation (1.3.4) for the jet volume flux becomes
i = ;' c<<1 ; RO/R.P Bmallo

Similarly equation (1.3.9) becomes

b,R2/3
o3P .5/3 = 5/3. oy
H 5/ L A 4
c
P

for the volume flux in a plume,
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1.4 Review of previous experiments
There is a large number of experimental investigations on turbulent

Jets while the published work for plumes is very limited., Our interest
i3 centered on the investigations that deal with the jet characteristics
away from the jet orifice i.e. for z/lQ>7. Experimenters have
determined the flow field of the Jjet by measuring velocities,
concentrations (or temperatures), and pressures, one at a time or
simultaneocusly. Instrumentation end techniques vary for the different
investigators and have become more advanced every year. In the
following paragraph previous work will be reviewed briefly.

(a) Momentum jet: Experimenters usually measure velocities and
concentrations at various lcocations of the jet field, and plot the
growth widths, radiasl and axial distributions of the mean velocities and

concentrations and determine the relations
Z
= Klw (l_J- + K2w)

= ch (% + K2(:)

= Clw (% + CZW)

$ Ele |7 ol
£1 .

2 ;
Ec = Clc. (3+ CZc)

The coefficients K. , K2w' ch, Koer Cryr Coup C1ov Cppy are determined

1w

empirically from the experimental data. Some authors report their mean

velocity and concentration results in the form

B(r,2) Bz o _k(_r.)]z
z

\-.rc(z) ’ Ec(z?
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without ever determining the location of a virtual origin. The

coefficient xlw and K o then are calculated by

1

K

K ==,

' ic /K

Tables (1.4.1) and (1.4.2) summarize the principal parameters and
results (K's and C's) and the turbulence parameters respectively.
Abbis, Bradbury and Wright (1975) measured the turbulence
characteristics of an air jet up to 25 Jet diameters by using
laser-Doppler anemometry. The width of the jet was calculated from the
mean velocity profile. Albertson et 8l.(1950) used a Pitot tube to
measure the mean velocity of an alr jet up to 250 diameters downstream.
They reported the mean velocity decay constant clw s but the half
velocity width was determined from the mean velocity profile. Antonia
et al, (1975) measured velocities and temperatures conditionally in a
heated Jet with a co-flowing stream using X-wire anemometers for three
initial veloecity ratios, 59 diameters from the jet origin. The values
of the various turbulent parameters (except the axial turbulent
velocities) are higher than those reported by other investigators, which
implies that the co-flowing stream has some offect on the jet

turbulence. Antonia et al.(1980) discuss the accuracy of temperature

** fluctuation measurements in heated turbulent air jets by using hot

wires., They give the mean velocity and temperature profiles at 20 and
60 diameters downstream and conditional probability density functions of
the velocity, along with the momants up to the 6th order. Becker et gal.
(1967) used a light scattering technique to measure concentrations in an
alr jet traced by oil amoke; their results are of high quality. Mean

and turbulence profiles are presented up to B85 jet diameters along with



ot b5 | Bie bos | Yite
AUTHOR freor) 2/0 Re Klw KI- K?_w clw GZw Kle ch KZc cle °2e
Abbles -
T (1975 0-28 0.090 | 0,110 | ~0.98 |0.82 |-0.98
Albertson 22,700
ar al. {1930} 0-250 | 5o soa 0.110 0.161
Aatoula
ot al. (1975) 5 38,300
Antooia - ) -] 74,600 ~
at al. (1380} 20 7/ s0 [107,000
Becksr
ot al.  (1967) 10-85 } 34,00 0006 | 0.15 | ~2.4 Jeaes | -2.4
Mrch
ot al. (1578) 7-70 | 16,000 0.117 0.20 | -7 o.250 | -s.0
Chavray &
m:;' 4 s 18 332,800 | 0,085 10,0993 0.141 0.096 | o.15 0.177
Corratn (1943) 330 15,800 | 0.083 | 0.100 0.243 |-2.106 | 0.108 | 0.132 0.194 1.58
Corrsin &
hered  (1949) o-28 [>33,%00 | 0,02 | 0.1 0.1281 |-2.76 | 0,107 | o.1a0 0.278
Coresin &
Fiatier | (1955) 20-352. | 79,000 | 0,098 | 0,122 | 250
Foratall & - 0.08% - 0.096 -
Gaylord (1935) o-% 0.113 o.161 0115 0.192
Citsou  (1963) 50
Grandssigon 21,000
at a1, (1977) 0 - 8 | 370,000 0.103 =24 poues | <24
Hiaze & 0 - 40 67,000 | 0,083 | 0.102 0.156% | .84 0.96 0.11% 0.319 | =417
Lisar (1963 0-40 fﬁg,mﬂﬂ 1.5 {oaes | a5 | o.lo4 1.15 o.20 | 1.15
Roseowelg -
at a1, (1%61) 8- & 26,200 0.100 0.118
Kasler & - edr/vater iir/vater
Renkeff  (1963) 3-30 48,000 b.1s7a136p.8 /0.9
Stotea &
[ (1978) 0-26 c.08% &7 0.16 1.8 0.108 0.7 0.213 1.5
3unavals 28,700 -
Semale e ITRYTIE vt~y ICSTUN IENTY 0,215 | -1.5

fee asen | w-35 | 24,990 0.4 | 0,00

»
1leca ¢
rte (1964) | 5 = 100 38,000 0.120 0,200 0.156 0.175

Hrgnaoeki & - 3
Fiedler (1969 | 2 =973 ¥ 10 0.09% | 0.104 aass | 7.0

Table l.4.1. Review of previous experiments for an axisymmetric jet,

Mean values - widths.

1¢



22

AUTHOR (year)

Ve,

i,

o

\43%;

peak

\é%%c

peak

“k*ﬁ?e

WoIRE.

chﬁﬁc

|[Abbiss
er al, (1975)

.28

0.22

0.20

ertson
t al.  (1950)

tonia
t sl {1975)

0,30/0.320.30/0,32] 0.035

0.255

0.330

0.030

0,038

0.041

tonia
t al. (1580)

0,228 ~
0.250

0.210

0,260

ecker
t al. {1967)

0.20

0.23

irch
t a1, (1978)

0.18 -
0.28

0.20 -
0.28

0.24 =
0.336

Chevray &
Tutu (1978)

0.22 /
0,235

0.19

0.20

0.24

0.213

0.028

0.016

Corrain (1943)

0.26

Corrgin &
[Uberod {1949)

0.22

0.175

0,011

0.170

0.0125

Corrsin &

Eis:ler {1955)
orstall &
Gaylord (1955)

Gibson  (1963)

0.30

0.30

Grandmaison
t al. {1977)

0.219

0.263

inze &
iinen  (1949)

0.20~0,27

k;aer (1963)

Ensenweis
t al. (1961)

0.170

0.220

sler &
ankoff (1963)

air jwater
0,22 /0,32

Jwater
0. 016/0.017

Sforza &
Mons (1978)

0.25

Sunavala
et al. (1957)

White (1967)

Wilson &
Pankwerts (1964)

0.216

FMygoanski &
[Fiedler (1969)

0.28

0.25

0.0165

Table l.4.2., Review of previous experiments for an axisymmetric jet.
Turbulence properties.
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intermittencies, spectra, spatial autocorrelation and integral acales of
turbulence, Chevray and Tutu (1978) examined the-turbulenoe parameters
and the radial and axial turbulent mass transport of heat in a heated
air jJet using hot wire probes. Thelr work is first class but limited to
15 diameters, a region where the flow is not fully developed. Corrsin
(1943), Corrain and Uberoi (1949) and Corrsin and Kistler (1955)
examined a heated air jet into air at rest very systematically.

Forstell and Gaylord (1955) measured velocities and concentrations in a
diquid into liquid Jet using a transversing impact tube and conductivity
cell with 1§ aalt added as a tracer into the jet water., Gibson (1963)
measured the turbulence spectra, for z/D=50 and found all three
components of the velocity fluctuations to be the same on the jet axis,
which means that the turbulence there is isotropic, a result that does
not agree with the data of any other author(see Table 1.4.2).
Grandmaison et al (1977) "repeated™ Becker's (1967) experiments at
higher Reynolds numbers. Hinze and Zijnen (1949) measured the mean
velocity, temperature and concentration profiles in a round air jet
using foreign gas as tracer. Kismer (1963), using a technique similar to
the one by Forstall and Gaylord {(1955), derived the mean profiles and
the axial decay of velocities and concentrations. Lassiter (1957)

- Beasured the axial velocity component at the initial jet region using

. hot wire anemometry. Rosenweig et al.(1961) measured concentrations in
an air jet utilizing amoke scattered light from the jet. Their data are
inconsistent. Rosler and Bankoff (1963) measured velocities in both,
air and water jets using a hot wire and a hot film anemometer
respectively. Both experiments were performed at the same initial

Reynolds number., They found that the decay of the mean velocity along
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the centerline was the same for both_air and water jet. The rms values
measured in the water jet were 30% higher than those measured in the air
Jet. Sforza and Mons (1978) measured the mass and enthalpy transport in
isothermal and non isothermal heated air jets, They used a static
pressure probe with sampling ability. White (1967), looked at the jet
growth rate and mean velocity profile with fluld additives present.

Guar gum up to 50 ppm did not affect the flow, while Polyox molution at
50 ppm reduced the mean velocities, Wygnanski and Fiedler (1969) in a
careful experimgnt using hot wire anemometry measured three velocity
conpopents in a round Jet. Their flow became self similar after the
first 80 jet diameters with two virtual origins observed for z/D less or
bigger than 40. The profiles for mean values, intensities of turbulence
and shear stresses were also presented, along with the intermittency,
spectral properties and the turbulent energy balance. Birch et al,
(1978) measured concentrations by using laser Raman spectroscopy. In
high quality work they measured the mean and turbulent concentrations,
and calculated correlations and integral length scales. Sunavala et al.
{1957) and Wilson and Danckwerts (1964) measured temperatures in a
heated jet. Their data are comparable but Wilson's experimental work is
more complete, Ricou and Spalding (1961) directly measured the

:" entrainment rate in jets and buoyant jets of various geses into air with
or without combustion. Hill {1972) used a similar technique in order to
measure the entrainment rate at the initial region of a round jet.
Ribeiro and Whitelaw (1975) used hot wire anemometers to measure
probabllity density functions and autocorrelations of the velocity
components at £/D=57. The use of hot wires or hot films for velccimetry

turned out to be very limited, in regions where the flow is reversed.
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This is shown clearly in the work of Lau et &l (1979). They measured
higher turbulent intensities and broader probability density functions
with the laser~-Doppler anemometer than with the hot wires.

(b) Pure plume. Rouse et al (1952) used a copper-constantan
thermocouple and a vane anemometer in order to measure temperatures and
velogities above a heated air plume. They calculated the input heat
flux g posteriori without taking into account the turbulent heat
transfer (they assumed that W'T'<<WT). This kind of experiment is very
delicate because in the amblent air small convection currents usually
exist. Therefore the assumption of a motionless environment is usually
violated., The substantial scatter in their data are probably due to
either inadequate instrumentation or to existing ambient air currents,
Prom the mean profiles determined from their data, the half wvelocity and
temperature widths were calculated to be bdb0.0852 and béMO.Dggz.
George et al (1977) measured velocities and temperatures simultaneously
using a two~wire probe, They knew the initial heat flux, and the mean

profiles for w, T found were
w= 3.4F;laz'1/3 exp[-55(x/z)?], %f-g = 9.1F§/32"5/3 exp[-65(r/z)?]

The half widths were calculated and found bwﬁ'0.1122 and bcﬂ'0.103z
which means that the half velocity width is wider than the temperature
width, opposite to what Rouse et al (1952) found. The relative
turbulent intensities were found to be 0.4 and 0,25 at the plume axis
for the temperature and axial velocity respectively. They also found
that the turbulent heat transport is about 15% of the total. All
measurements were made at 8, 12 and 16 diameters and therefore the

asaumed self-similarity may not be correct (see Wygnanski and Fiedler
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(1969)). Nakagome and Hirata (1976) performed plume experiments above a
heated disc measuring velocities and temperatures using hot wires. The
balf widths were found b_" 0.133z end b, 0.105z for w and T
respectively, results that agree qualitatively with those of George et
81.(1977). They present mean profiles for ;, T and the relative
turbulent intensities are 0.25 and 0.35 for veloeity and temperature

respectively. Their measurements extended ﬁo radial distances r/2=0.15,

without reaching the jet boundary. They found w'T'/w T = 0.0% on the
plume axis, There is some question to how well the flow was developed
since their experiments were performed at less than 17 disc diameters
downstream, Abraham (1960) measured salt concentrations along the jet
axis by using conductivity probe techniques. 7The tank in which the
experiments were performed was very small and the ambient density did
not remain constant for very long. From the published data z/%dwas
calculated to vary from 2 to 8, which implies measurements in the
transition region from jets to plumes (smee paragraph 1.3). From these
data no asymptotic value for either jets or plumes can be deduced.
Zimin and Frik (1977) measured the temperature distribution in a heated
water jet by looking at the changes of the refractive index of the fluid
with temperature variation. They found that the 1/e temperature width
- of their jet was bc/z=0.110 and that the average temperature profile was
glven by the relationship

T(r,z) = 7 LA 2%/? exp[-80(r/z)?]

(ga)*/?

where, Q is the input heat flux at the jet, o is the thermal expansion
coefficient and ¢ is the specific heat of the watér. They measured from

13 up to 38 diameters downstream, and the virtual origin for the
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temperatures along the Jet axis was determined at =12.5 jet diameters.
Pryputniewicz and Bowley (1975) performed experiments in a finite depth
tank up to 40 jet dimmeters. From the way their experimental results
are presented, it is impossible to reach to any conclusion for
comparison with other authors. Rao and Brzustowski (1969) present raw
data for a plume above a fire up to ten disc diameters downstream. The
changes in the velocity and temperature turbulent intensities and the
turbulent transport term ;TET'along the plume axis are found to be

dramatic.

In summary, the data resulting from previous experimental studies
confirm the basic features of the dimensional analysis. However, there
is significant variation in the “universal" constants and basically no
experimental evaluation of the fundamental hypothesis that the turbulent
fluxes of momentum and mass are relatively small. Furthermore, there is
no good experimental evidence tc confirm the basic hypothesis used in
conmputation that l:bc/qwis constant. Evaluations of the other plume
parameter (the Richardson number) are equivocal. Also the already
existing data for the plumes were obtained in the initial flow region
where it is believed that the flow has not become self-similar. Finally
there is no evidence that the profiles of ;TT'and ;Ti'are necessarily
different in plumes eompared to jets,

The scope of the present experimental work is detalled
invesatigation of the properties of jets plumes and buoyant jets in the
far flow field where the flow becomes self-similar. In particular we
seek for jet and plume growth laws, velocity and concentration decay

laws and turbulence properties. It will be attempted to define basic
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flow parameters of great importance in enginesring applications such as
the plume Richardson nwr:.r and the mean plume dilution. Finally a
novel experimeutal approach for simultaneous velocity and tracer
oconcentration measurement 1s presented, that can be used extensively for

experimental investigations in turbulent shear flows,
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2. EXPERIMENTAL EQUIPMENT AND TECHNIQUES

2.1 Introduction

The objective of the experimental investigation was the study of
round turbulent vertical buoyant jets over a wide range of initial
Richardson numbers. The initial Richardson number Ro is estimated to
vary from zero (very smell) for jet - like flow to about 1.5 for plume =
like flow. Experiments were carried out in a glass wall tank with a
croas section 1.15 m x 1.15 m and 3.35 m deep, where a jet was injected
from an orifice with diameter which varied from .75 cm to 2.0 em. Fluid
velocities (w and u) and Rhodamine 6G dye concentrations (c¢) were
measured simultaneously at the same point of flow by a laser-Doppler
velocimeter combined with a laser-induced fluorescence system. For this
purpose, a glass wall tank was equipped with an instrument carriage
supporting a laser-Doppler velocimeter and a laser-induced fluorescence
concentration measuring device. The carriage was able to move both
vertically and horizontally with respect to the tank. Thus measurements
of velocity and concentration could be obtalned at various axial and
. radial locations in vertical planes containing the jet axis. The jet
was located either deep in the tank and pointing vertically upwards (see
Figure 2.1.1 (b)), or on top of the tank and pointing down as shown in
Figure 3.1.1. In the first case the jet fluid was less dense than the
ambient fluid and in the second case vice-versa. Sodium chloride~water
solutions were used to obtain the desired initial density difference

between the jet and the ambient fluid,
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2.2 Tank, design and operation

The tank used for the experimental task was designed and
constructed in the laboratory. In Figures 2.1.1 (a), (b) and (e¢) the
plan view and two vertical cross sections of the tank are shown. The
tanﬁ was oconstructed in two parts:

(a) The upper tank is the part where all the experimental work was
carried out, Four corner posts were constructed from rectangular tubing
steel cross sections with dimensions 6 in.x3 in.x1/4 in, and
4 in.x2 in.x1/4 in, welded together. They support four 1 in. thick
tempered glass panels with dimensions 1.20 m x 1.85 m . The four corner
posts, with a 3/8 in. thick plate welded on their upper and lower edge,
were bheld together by two Bquare frames made out of 6 in. wide steel
U-section (see Figure 2.2.1 (a)). The glass is located on a
1/2 in. thick rubber inset on the inside edge of the lower tank, as
shown in Figures 2.,1.1 (a) and (b) and detail in Figure 2.2.2 (a). The
glass windows were supported by aluminum clips, screwed to the frame on
the top and bottom, and glazed with polyester body putty. Silicon
rubber was placed in all four vertical corners and between the glass and
the lower frame in order to obtain water tightneas, avolding any
possible leakage of water from the tank (see details in Figures 2.2.2
.. {a), (b) and (c)}. A square overflow was placed four (4") inches below
the top of the tank, It 1s made cut of a 5 in. wide aluminum U-section
with a kpife-edge towards the glass. Four long screws were used to
level the overflow and enable uniform surface drainage of the excess
water. A 2 in. hole at one corner was used to drain the excess water
out of the tank (see Figures 2.2.3 (a) and (b)). Four precision
eylindrical rails 1 in. in diameter manufactured by the Linear
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Figure 2.2.1. Tank: (a) upper frame, (b) lower tank.
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Industries Ltd., were bolted in a vertiocal position at the four corner
posts and used as supports and guides for the instrument carriage.

(b) The upper tank is bolted onto the lower tank. The lower tank
(see Figure 2.2.1 (b)) was comstructed from five 1/4 in, thick steel
plates welded together (four on each side and one on the bottom}. A
square frame made out of 7 in. and 10 in. wide steel U-sections was
welded to the four side plates, and formed a frame to which the upper
frame was bolted. Two 3 in. wide Bteel U-section beams were welded in a
. vertical direction on each of the four sides and also along the bottom
of the tank in order to provide extra support and rigidity. The bottom
plate also supported by & steel 4 in.x¥ in.x1/2 in. l~-section welded
around its perimeter, The tank is bolted to the floor with four
22 in. long legs made out of the same L-section as above aﬁd welded at
each corner. In the center of the free side of the tank a 3 in, pipe
section and a valve were attached for drainage. In the top right corner
another 3 in. pipe section was welded in order to allow drainage of the
excess water of the overflow. A 3 in. pipe connector was welded to the
bottom of the tank and used for drainage or filling. Four air
injectors, placed at each corner of the bottom and 10 in, from the tank
walls were used for mixing to provide homogeneity in the density and
concentration of the tank fluid before each experiment. Two
1 in. stainless steel rods wvere located vertically in one side of the
tank to support the jet carriage., All the above details are shown

schematically in Figures 2.1.1 and 3.1.1.

2.3 Instrumentation ocarriage

The transmitting and receiving optics of the laser-Doppler
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velocimeter and the laser induced fluorescence system, were mounted
firmly on a counterweighted instrument carriage. It wos attached to the
tank so as to provide both, vertical and lateral movement for the
instrumentation. The carriage consists of two parts; (a) the main
frame (rigid "box") which was attached to the tank and (b) the
*platforn™ on which the instrumentation is mounted. It slides on two
shaft assemblies on the main frame. The main frame is a “box"
constructed from 4 in.x4 in.xt1/4 in. square aluminum tubing and

4 in. wide aluminum U-section in order to provide rigidity (see Figure
2.3.1 (a)). Eight cylindrical bearings, two on each corner of the box,
mount the frame to the four 1 in. precision shaft assemblies bolted on
the corner posts and allow it to move vertically. Detalls of the

1 in. shaft assemblies and the pillow blocks containing ceylindrical ball
bearings (manufactured by the Linear Industries Ltd. ) are shown in
Figures 2,3.2 (a) and (b). Four 3/8 in, cables were hooked at the
corners of the frame for support. The carriage was counterweighted by
four weights at the other edge of the four cables. These allow five (5)
feet of vertical motion of the carriage. The counterweights were
ocalculated from the weight distribution of the carriage at the locations
of the pillow blocks and allowed the carriage to move easily by hand.
The instrumentation platform (see Figure 2.3.1 (b)) was able to slide on
two 1" precision shaft assemblies with four cylindrical bushings (pillow
blocks). The platform was constructed of three pieces of 4 in, wide
aluminum U-section. One side supported the laser-Doppler transmitting
optios and the other the recelving optics., The third aide supported a
2-wntt argon jon laser and the laser-induced fluorescence device

transmitting opties,
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2.4 The laser=Doppler velocimeter

2.4.1 Introduction

The vertical (axial) and horizontal (radial) velocity components
w and u were measured simultaneously at the same point of flow using a
two reference beam laser-Doppler velocimeter. The basic principles of
the laser-Doppler velocimetry will be briefly discussed here. For a
more complete description of the technique, see Watrasiewicz and Rudd
(1976}, Drain {1980) and Durst, Melling and Whitelaw (1976).

Consider a particle moving with velocity ﬁ, irradiated with a
beam of polarized laser light of frequency ro in the direction 3; (see
Figure 2.4.1). The light scattered by the moving particle will have a

frequency f given by
P - -

eo-U
fp=f°(l-n t:)

where n is the index of refraction of the medium that the particle
moves in and c is the apeed of light in a vacuum. Light scattered

from the same particle towards the direction 3;Hill have frequency fs

- -+ <> -+ -+ -+
es'U e°-U e *U
fs = fp(l + n - ) = fo(l - n = y(1 + 1 )
nfoﬁ - N )
= fo + ps (es - eo) + 0(1/c*)
-f 4+ nusinb/2
0 A
= fo + fD

where 0 is the angle between 3; and 3; in the medium of index of
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refraction n, u is the component of the vector velocity E in the plane
of ;o and :s and perpendicular to their bisectrice and A is the
waveleng:h of the laser light in vacuum, Suppose that a photodetector
is placed in the position of an observer and that the scattered light
in this direction is mixed with lizght of frequency fR from a reference
beam with the same polarjization as the scattered light. The intensity

of the output current of the photodetector will be a waveform
2
i(t)ﬂr[AS(t)sinznt;t + ARsin2nth]

- 2 2 2
= EARﬁS(t)sinZHf;t SinZﬂth + As(t)sin 2ﬂfst + ARsin Zﬂth

= ARAs(t)[CDSZN(fS—fR)t - cosZn(fs+fR)t]

+ A;(t)(l-v% cosZﬂ(Zfs)t) + A;(I-N% cosZﬂ(ZfR)t)

Let the frequency fh be fo +F then
1(t) ~ ARAB(t)(CQSZTI(fD—F)t ~ cos2m(2f H#F+E ) t)

+ A2 (1 -% cos2m(2£ )t)+ A2 (1 -% cos2m(2£,)t)

and the energy spectrum of i(t) will be as shown in Figure 2.4.2 . In
order to be able to measure rD we can band-pass the signal in the
frequency band F+AF to F=-AF where the frequency AF is a function of u
for fixed n, 0 and A . This way we can avoid totally the higher
frequencies of the signal and the very low ones due to the fluectuaticn
of the DC component of the current i(t).

2.84.2 The velocimeter, optical layout - operation.

The optical layout of the laser-Doppler velocimeter is shown in
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Figure 2.%.3. A Model 3027H-P polarized 7 mW helium - neon laser
manufactured by Hughes, is operated by a Model 4040 power supply of
the same make. The light of the laser beam has a Gaussian magnitude
distribution normal to the beam axis and the diameter of the bean
defined as where the intensity is 1/e® (e = 2.718...) of the
centerline intensity, is 0.80 mm. A 90% - 10X beam splitter is used
to Bplit the original laser beam into two beams, the reference beanm
and the scattering beam with an intensity ratio 1 to 9. Both beams
are shifted optically, at frequencies 42.23 MHz and 42.30 MHz for the
scattering and the reference beam respectively. Optical shifting is
obtained by twe 40 MHz Model 305 Bragg cells manufactured by Coherent.
The Bragg ocells were excited by using osecillating crystals with
frequencies 42.23 and 43.00 MHz. The amplifiers used to drive the
Bragg cells were Model 300L RF Broadband Power Amplifiers that could
cover a frequency range of 250 kHz to 110 MHz, manufactured by the
Electronic Navigation Industries Inc.. The electronics for the Bragg
cell exciters (oscillating crystals) are shown schematically in Figure
2.4.4 . The shifted scattering beam is splitted into two beams with
intensity ratio 55/45 by a ocube beam splitter. Two right angle prisms
moved the second reference beam approximately to the desired location,
: Two 1° wedge prisms were used to meke the reference beams parallel to
the scattering beam, which was set to be horizontal by moving the
laser mounting plate. A front surface mirror is set at & 45° angle
with the direction of the beams which is parallel to the glass panels
of the tank., It deflects the beams in a direr .. n normal to the
glass, The parallel beams are focused at the same point inside the

tank by a 600 mm focal length converging lens. The lens cen be moved
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back and forth so that the beam - crossing is obtained close to the
center of the taﬁk. All the opties described above and the plate with
the mounted laser were firmly attached to a 1/2 in. thick Jig plate,
which sat bolted on the instrument platform. The beam location in
space and the beam crossing point were determined by using a
theodolite. In Figure 2.4.5 the location of the beams and other
dimensions are shown., The points Rl.lgand S are located on the glass
from its wet side, O is the point of the beam intersection at a
distance F from the glass, 61 and 92 are the angles between the
scattering and the reference beams Rland Rzrespeetively and ¢1 and
¢2 the angles of the sides RIS and RZS of the triangle Rlst with the
vertical and horizontal directions respectively. From the dimensions
given in figure 2.4.5 one can calculate that

(1) vertical velocity component

£ 2nsin(8,/2) i 2n0, /2 _ 2na/2F
o) X A A

= 1129 Hz/(em/sec)

W= wlcos¢1 =0,9697 LA

(2) horizontal velocity component

sz ) 2nsin(92/2) ) 2n32/2 ) 20b/2F
uy A A _A

= 494,7 Hz/(cm/sec)

u-= ulcos¢2 =(,9993 vy

where n=1,333 for water and A=632,8x10 mm. The 1/e® (ez2.718...)
diameter of the waist of the beams at the probe volume at their
crossing was found to be 0.1mm at a length of 3.55 mm for reference

beam Rl and 8.0 mn for reference beam RZ from the formulas given by
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Durst et al (1976).

2.5 The laser induced fluorescence aystem

2.5.1 Introduction

If a water solution of Rhodamine 6G dye is excited by absorbing
monochromatic light of wavelength Ain- it emits light (fluoresces) at
a different wavelength A... Drexhage (1976) gives that if the
incident light has a wavelength 514 nm the emitted light will have a
wavelength approximately 570 nm. This is the principle that the
induced fluorescence technique is based on. The evolution and
limitetions of this technique and its sdvantages over the probe based
techniques will be discumssed in this paragraph. In Figure 2.5.1 a
collimated laser beam of intensity I and wavelength Ain=51h nm excites
a Rhodamine 6G dye water sclution which flouresces at a wavelength
Aemr570 nm. A photedetector located at the point A' ®sees™ the point
A of the beam through a converging lens L. The light that reaches the
photodetector through the aperture P will be a mixture of the
fluorescent light at about 570 nm and scattered light at 514 nm from
possible existence of other partlecles in the water, If a high pass
light filter is placed in front of the photodetector, which will allow
.. Bay, only the light of /wavelengths longer than 530 nm to go through,
then the photodetector will receive only the fluorescent light. This
is attenuated a little due to the nature of the optical filter. The
output intensity of the photodetector will be "proportional® to the
fluorescence from the point A. This is proportional to the
concentration of Rhodamine 6G dye in the water, or proportional to the

intensity of the laser beam that excites the solution at the point A.
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The above observations led to the proper design of an aqueous sclution
Rhodamine 6G dye concentration measuring device. It was observed that
for a given laser light intensity of about 0.8 watts with a collimated
beam of 1/e (e=2.T18...) dimmeter 0.4 mm, the current output from the
photodetector was linear for Rhodamine 6G dye concentrations varying
between 1 and 40 ppb. Also the minimum dye concentration that the
photodetector could detect was approximately 0.4 ppb.

2.5.2 The induced fluorescence system

The light source iz a 2 ~ watt Model 163 Spectra Physics argon
ion laser operéted at a single line of wavelength 514 nm. The laser
was operated by a Model 265 Spectra Physics power supply which can
provide two modes of operation of the laser; the current mode which
is basmsed on stabilizing the current of the input power and the light
stabilized mode based on the intensity of the output laser light. The
laser in the present experiment was operated at the light stabilized
mode. The reason is that the light stabllized mode provides constant
light intensity after the laser is warmed up. A fraction of the laser
beam ( 1% ) is removed by a beam splitter and input to a photodiode.
Poasible fluctuations of the laser light intensity are detected by the
photodiode and a feedback controlled system readjusts the power supply
output, so that the cutput light intensity does not change from its
preset value. It wes found that the calibration of the system did not
change thro&gh the experiment. The light stability was also proved by
taking long records of concentration at a point of the tank when the
concentration was uniform. The varlance was found to be almost 0.05
ppb and it was not due to the light intensity variations but due to

electronically induced noise. The noise showed up as a pesk at 60 Hz
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in the concentration power spectrum. The 1/e? (e=2.T718...) diameter
of the laser beam is 1.25 mm. A system of optical components (see
Figure 2.5.2) such as prisms and front surface mirrors, deflects the
beam 90° mo that it becomes normal to the tank window., The beam also
erosses the intersection of the three beams used for velocimetry and
it is focused by a converging lens with foecal length 750 mm.

2.5.,3 Advantages and limitations of the technique

The main objective of this project was to determine the
turbulence characteristics in round jets and plumes by measuring
aimultaneously two velocity components and the concentration of a
tracer. Thus we obtain estimates of the turbulent mass transport of
the tracer. Initially we had in mind to use a technique based on
laser~Doppler velocimetry combined with a thermistor probe set close
to the focal volume of the velocimeter (see Kotsovinos (1975) and
Gartrell (1979)). Some preliminary temperature measurements were
performed by Papanicolaou and List (1983) by using fast response
thermistor probes (characteristic time of the thermistors was 0.014
msec), It was shown that the resolution that we were able to obtain
concerning the average and turbulent concentrations, was not good
beyond 40 jet or plume diameters., Kotsovinos (1975) was able to
measure temperature profiles up to 90 jet diameters and 40 plume
diameters downstream, The difference in between the present
investigation on the round jets and Kotsovinos'! (1975) work on plane
Jets is that the mean temperature on a round jet axis decays much
faster than the temperature along a plane jet axis. The reason is
that '1"\:::-:"[2 for a plane jet and Tvl/z for a round jet, Also for a

plane plume Tvl/z while for the round plume ’I"\az—"‘/3 (see Chapter 1).



>
s o N
" ‘;'/'

2 WATT ARGON ION LASER

I — —_— |/
¥ Tp Z \

RIGHT ANGLE” / , 730mm

prRIsM\ °  rronT Sumeack HENS
MIRROR

LASER.;: \\%&ﬁf\@ <

¥,

(b)

Figure 2.5.2. Optical arrangement for high power laser for laser

induced fluorescence system,
(a) Elevation;
(b) Plan.

157



52

The reasons that we found important for using an optical technique
versus probe-based techniques for tracer concentration measurements
are summarized as follows: (i) Probe based techniques, such as
thermometry or use of conductivity probes do not give good enough
resolution beyond 40 jet or plume diameters in the case of round
buoyant jets, Wygnanski and Fiedler (1969) and Birch et al (1978)
showed that a Jet is fully developed and self similarity is obtained
beyond 40 jet diameters. By using kigh enough initial jet
concentrations of Rhodamine 6G, then at 100 diameters we were still
able to obtain a mean ooncentration of 5 to 10 units (ppb). The
edvantage was that the initial jet concentration up to 200 ppb does
not essentially affect the density of the water. Therefore an
initially Jet=like flow will still behave as a Jet for z/D>100.

(11) The thermistor probes give a certain error at the jet
boundaries where reverse flow can appear. The reason is that the
fluid attached to the glass bead is not removed properly so that there
is bias in the measured temperature. The induced fluorescence
technique does not depend upon the direction of the flow.

(111) Optical techniques do not disturb the flow field like the
probe-based techniques. A problem in the present investigation ocould
arise from the heating of the flow field from the dissipated heat from
the 2-watt laser beam. Calcoulations showed that the effects due to
the heat dissipation from the laser bear are negligible,

(iv) Eotsovinos had set a thermistor probe 2.5 mm far from the
focal volume of his velocimeter. He measured simultaneously both,
velocities and temperatures, but not at the mame point. Gibson (1963)

has found that the Kolmogorov microscale for a round jet around its
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pxis is 0.8 mm. This may have biased Kotsovinos! data at a certain

degree, due to the u - T spatial correlation.

2.6 The recelving optics - data acquisition system

The layout of the receiving optios for both, velocimetry and
induced fluorescence measurement, is shown fn Figure 2.6.1 . Two fast
response silicon photodiodes type DT-25 made by EG & G collected the
heterodyning of the two reference beams and the scattering beam. Two
converging lenses with fooal length 125 mm were set in front the above
photodiodes at a distance 125 mm from a 0.5 mm pinhole. The
scattering beams were deflected by two front surface mirrors Hland

Hzand directed into pinholes through the center of the lenses L and

1
L. The reason for using the two lenses Lland Lzat a distance equal
to their focal length in front of each photodiode i1s that small
changes in the refractive index (due to density variations) were
moving the scattering beams around, Without the lenses the signal was
interrupted about 50% of the time. Use of the lenses gave almost
uninterrupted signal. In the next chapter the errors in the velocity
signals due to the change in the refractive index will be discussed.
Another photodiode of the type S1223-01 made by Hamamatsu was used to
: collect the light emited from point O (intersection of all four beams)
in a solid angle ¢ through the 250 mm converging lens L3 . A Bmall
LED was used in order to excite this photodiode and move its operation
in to the linear response region. The light source had no effect on
the measurement of the concentration since it was taken into account
in the concentration calibration. The S1223-01 photodiode was put on

the same side of the tank as the velocimeter transmitting optics, to
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avold any bias to the signal due to the forward scattering of the
beams Bl’ Rzand S. The back mcattering was found to have no effect to
the signal. Initiully the photodiode was put on the opposite side of
the tenk and an optical band-pass filter was used in order to cut off
the unwanted scattered laser light at 632.8 nm. Its transmittance was
45% at A =570 nm and the outpui signal from the photodiode was very
weak. At the present location a low-pass filter is used in order to
avoid effects from the scattered light at a wavelength of 514 nm. Due
to imperfections of the instrumentation carriage, a pinhole in front
of this photodiode did not work accurately enough because the line
image of' the fluorescent light was moving off center. Thus it was
decided to use a vertical slit 0,152mm wide and 1.5 mm long so that
the horizontal line image was always detected, especially when there
were changes in the refractive index in the flow. The probe volume
that the photodiocde was seeing was calculated, and found to be a
cylinder of diameter 0.4 mm and length O.4mm. All three photodiodes
were mounted properly in aluminum boxes in order to avoid possible
bias to their output signals due to electronic noise. A preamplifier
was operated by 9 volt batteries enclosed inside the photodiode box.
Electronic noise problems due to the 2-watt laser were avolided by
insulating the detectors from the carriage using nylon sheet and
screws at their contact. Photodicdes, mirrors and lenses could move

in three directions.

2.7 Signal processing, data acquisition system
The preamplified signal of the photodiodes was processed in order

to be brought into a useful form that would allow extraction of all
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the desired information. The aignal processing for both,
laser-Doppler velocimeter and induced fluorescence measuring device,
is shown schematically in Figure 2.7.1 . The signal from the
photodiode was converted from a ourrent to a voltage and preamplified.
The preamplified LDV signal was amplified and filtered with & band
pass filter which has a center frequency set near the expected Doppler
frequency. The band-pass filters were Krohn-Hite Model 3202 with
high-pass and low=-pass cutoff frequencles that are continuously
adjustable from 20 Hz to 2 MHz in five bands, The signal then passed
through a dual processor. One part of the processor detected the
level of the Doppler burst and could be externally adjusted so that
the burst was continuous. The other part of the processor detected
the zero crossings of the Doppler bursts and put out one pulse for
each positive going zero orossing. The pulses then were fed into a
oounter. If the burst detector output was high enough (signal level
detector was set low but above the noise level of the photodiode) the
zero crossings were counted. The counting of the first pulse started
a timer; after counting an externally selected number of pulses the
timer stopped and the digital signal was converted to analog output,
which was sent and atored in digital form on a diskette of a PDP 11/60
computer for subsequent analysis. For details of the design of the
LDV processor see Gartrell (1978). The signal from the photodiode
that detected the fluorescence was also converted from a current to a
voltage and preamplified, then amplified to & voltage range of *5.0
volts. The amplified signal was low-pass filtered and the filtered
analog output stored in digital form on the same diskette as the

velocity signals.
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3. EXPERIMENTAL PROCEDURE

3.1 Introduction

In this chapter the details for calibration and usage of the
experimental apparatus are given and the experimental procedures are
described. In addition, sources of possible errors are discussed.
The chapter will be closed with the full deseription of a typical
experiment, the acquisition and subsequent reduction of the sampled

data.

3.2 Tank, Jet, operation and usage

Figure 3.2.1 is a schematic diagram of the plumbing, operatibn
and usage of the tank and jet., A 3/4 in. PVC pipe was used to bring
water from the 1 in, laboratory high pressure water supply to the
tank. Valves V5 and V6 were used for draining the tank when needed.
A 2 in, in diameter spiral hose was used for a tank overflow drain
when the Jet was running during the experiments, or whenever needed,
Four air injectors were located at the bottom of the tank and
connected with the laboratory air-supply line. They were activated by
valve v7 e« The resulting alr-bubble Jets were used for mixing of the
tank water in the following cases: (1) To dissolve anhydrous granular
sodium sulfite (Nazsos) in order to dechlorinate the tank water.
Dechlorination of the tank and jet fluid were found to be necessary as
the chlorine content of the laboratory water oxidized the Rhodamine 6G
dye used in jet concentration measurements. (ii) To mix filtered

salt-water solutions with the tank water in order to get a desired
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ambient fluid density. (1ii) To mix high concentration Rhodamine 6G -
water solutions with the water in the tank providing the desired
ambient tracer concentration. (iv) To destratify the tank after each
experiment and provide an ambient fluid of uniform density and dye
concentration for a subsequent experiment.

The jet fluld supply consisted of a 220 liter mixing tank T1 ’
with constant head tank, pump, flowmeter and 3/4in. connecting hoses.
After the water in tank 'I‘1 was dechlorinated, it was mixed with the
exact quantities of salt (NaCl) and concentrated Rhodamine 6G solution
that would provide the desired injtial jet density and concentration.
The jet was supplied from the constant head tank located approximately
4 meters above the free surface of the tank. A return pipe took the
excess water from the constant head tank to the mixing tank Tl. The
Jet supply hose incorporated a valve and a flowmeter. Valve V3 was
used to regulate the flowmeter and adjust the flow according to the
flowmeter calibration shown in Figure 3.2.2 . Valve Vh was used to

bleed any possible air which might be trapped in the jet supply

system.

3.3 Laser=Doppler velocimeter

3.3.1 Calibration

Calibration of the laser=Doppler velocimeter was obtained
electronically. A frequency generator fed the counter with sinusoidal
waves at known rrequencies(fi). The analog output of the processor
was aent and recorded by the computer in digital (binary) fbrm(Vi).

From the available pairs (ri,vi) a least square fifth order polynomial



61

CALIBRATION OF THE FLOWMETER

70 | ] 1 }

Q = 0.2185 + 0.6955R (cc/sec) _
©
o
m —
~
[ ]
E —
o
c —

0 ) ] N 1
0 20 40 60 g0 100

R (indication %)

Figure 3.2.2. Flowmeter calibration curve. Discharge as a function
of the flowmeter indication (¥%).



62

£=A/ V24 B/ V4+C+DV+EV? (3.3.1)

was found to be the best fit to the data, and the values of the
constants A,B,C,D and E were ocalculated. Equation 3.3.1 18 the
calibration curve for the detected frequencies versus the digital
output recorded by the computer. In Figures 3.3.1 (a) and (b},
typical calibration curves are shown for the frequencies that
corraspond to the axial and radial velocity components w and u
respectively. The Doppler frequency fD then was calculated from the

measured frequencies §L|Jas
?

where F 1s the frequency shift between the reference and scattering
beams. The frequency shift F is the frequency difference between the
two Bragg cell exciters and it was measured exactly.

The axial veloclty w was estimated to be bigger than =3 em/sec
and the radial varied in the interval #5 cm/sec. These values

correspond to frequencies 1; uless than 70. kHz. Therefore

’
. frequencies larger than 75, kHz that could possibly bias the data are
totally avoided (see Figures 3.3.1 (a) and (b)). The calibration was
checked to be very stable. Drifts in the electronics pecurred in about
one week period of time. The laser-Doppler processor was always on ON

position, and it had to be cmlibrated once a week. In fact it was

calibrated every day that experiments were run,
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3.3.2 Errors in the velocity measurements

There are various sources of error inherent in the velocimetry
used in this study. The estimated relative errors due to the nature
of the proceséor and the data acquisition system will be discussed
The abzolute error as a result of the proper tests will be described.
Thus the accuracy of the measured velocities can be estimated. Error
sources and their eatimates are discussed in the following paragraphs.

(1) Large scattering particles can cause significant measurement

error because they do not follow the fluid trajectories. BHunt (1978)
measured the particle distribution of the laboratory water used in

this experiment. He found no particles larger than 5 ym (see Gartrell
(1979)). According to Durat et al (1976), particles with a diameter
smaller than 15 um are required for measuring turbulence in the water;
Hence it is believed that the scattering particles are small enocugh that
they essentially followed the fluld trajectories., Therefore no
significant measurement errors resulted from this source.

(11) Counter, data-digitization errors. One source of error is

the inability of the counter system to distinguish two signals of
slightly different frequency. The estimated error (see Gartrell

(1978), (1979)) was found to be

£
Af mg __ M
T =1,6x10 1

where Af/f is the relative error in the frequency measurement, fm is
the measured frequency in Hertz and k-1 is the number of periods timed
by the counter. The maximum number of Doppler periods in a signal

burst from the laser=Doppler system was about aixty, but the counters

were set to time twenty-four to thirty pericds. Thus it was ensured
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that the particles crossed the beams near the center of their
intersection. The number of pericds also was not so large &8 to
require such a low threshold setting that the counter system could not
disﬁinguiah nolse from a signal burst. For the range of frequencies
measured, Af/f was found to be less than 0,005.

Another source of error is the digitization error while the data
were being acquired, The analog output of the processor ﬁas amplified
and offset before being sampled by the A/D converter in order to
utilize as much of the t5 V range as possible. The range *S V was
recorded in a digital form and corresponded to 4090 numbers.

Therefore the laboratory data acquisition system had a precision ot
0.0025V in the *5V range used in the measurements. From the frequency
calibration curves and for a range of frequencies 45 kHz to 70 kHz the
digitization error was estimated to be

& < 2.00x1077 £
where fm is the measured frequency in Hertz. Hence the absolute error
was calculated to be 0.1mm/sec and 0.2mm/sec for the axial and radial
velocity components prespectively.

The combined error due to digitization and the counter was
measured as follows. A sinusoldal wave of frequency £=69.547 kHz was
fed in the processor (counter) and the output was sampled for 10
seconds at a rate of 50 Hz by the A/D converter and recorded by the
copputer in digital form. The calculated mean and rms values for the

twe velocity components were ocalculated to be

w ==0.245cn/sec u =0.972cm/sec
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V¥#™ =20.017cm/sec Vu' =0.040 om/sec

Assuming that the absolute maximum error is twice the standard
deviation, it is obvious then that the maximum absclute error was
+0.04cm/sec and +0.08cm/sec for w and u velocities respectively,

(111) It was desired to have continuous velocity signal,

therefore the threshhold level for the Doppler bursts was lowered.

This means that the threshhold level was moved close to the noise

level of the photodlodes and therefore an error was introduced to the

system. Furthermore the existence of many particies in the probe
volume introduced some noise to the velocimetry. In order to measure
the combined effects of all the previously described error sources,
the following test was performed. With the threshold level close to
the photodetector noise level and with no flow in the tank the
processor was fed with the output from the photodiocdes. From the
recorded digital signal the mean and rms values were calculated to be

w=l=0 om/sec as expected,and

V¥'2 =0.087cn/sec  and VETz =0.156cm/sec

. respectively. Therefore the maximum combined absolute error in the

velocities due to the processor, data acquisition system, low threshold
level for the Doppler burst detection, and multiparticle scattering
from the beam-crossing did not exceed the #0.15cm/sec and t0.312cm/sec
for the axial and radial velocities respectively. The above measured
rms values of w and u are the maximum noise levels of the output

signal of the system to the computer. The contribution of this noise
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to the velocity signals will be discussed in following paragraphs. It
will be shown from the veloclty energy spectrum that this noise does

not essentially affect the velocimetry.

(iv) The deflection of the glass panels because of the
hydrostatic pressure can introduce an e;ror in defining the exact
location of the beam~crossing inside the jet flowfield. The location
of the beam crossing at the point of measurement, could be read from
two scales one vertical and one horizontal, which determined the
relative position of the instrument carriage with respect to the tank
and the jet origin. Thus the readings on the vertical and horizontal
scales could be easily converted to axial and radial distances z and r
of the beam-crossing from the jet origin and axis respectively. The
maximum deflection that occurred at 2/3 height of the glass distance
from the water surface, was calculated and measured to be 1.30mm. The
error in the beam crossing location, after laborious calculations was
estimated to be +0.2mm in the radial (r) and *0.5mm in the axial (z)
direction. This location error was also measured as follows: on the
side of the tank where the receiving optics are and at a distance 1
meter from the tank, a vertical board covered with millimeter paper
was placed parallel to the glass panel. The carriage was moved at
-. various distances zi from the jet. For each z1 the beam spots were
marked for various ri's. Thus for each pair (zj’,rij) measured on the
scales a pair (znl.rhj) was measured on the millimeter paper. From
these values the same estimates as above were calculated concerning
the location of the besam-crossing. The relative error in the jet
region where the flow became self similar (z/D>40) was estimated to be

A2/2,20.0167 and Ar/b,:0.0067 where b is defined to be the visual
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width of the Jet.

The laser beam used for the induced fluorescence was affected by
the glass deflection only in the vertical direction. That is because
it ww, cnly able to move on a vertical plane through the middle of the
tank., Its relative position with respect to the center of the probe
volume for velocimetry was gero in the vertical (z) direction and at
most +0.2mm in the radial (r) direction.

(v) A very important source of error in the measurement of the
velocity is due to the changes of the index of refraction in the
buoyant jet and plume flow field, Figure 3.3.2 shows the change of
the refractive index of aqueous sodium chloride (NaCl) aqueous
solutions as a functicn of the density. Equation (1.2.5) shows that
the density fluctuations in the plume flow fileld follow the
fluctuations of the tracer concentration, resulting in a laser beam
wobble., The wobble of the laser beams can introduce noise to the
velocity signal as (a) fictitious fluid velocity due to the movement
of the beam~crossing volume and (b) discontinuities in the Doppler
bursts received by the photodetector when the reference beam does not
mix with the scattered light on the pinhole. Mizushina et al (1979)
proposed a correction technique for application to lasser-Doppler
velocimetry in non-isothermal flows. Also in order to avoid the beam
wobble because of changes in the refractive index, Mc Dougall (1979)
proposed a technique for matching of the refractive indices of the Jet
and ambient fluid. He used two solutes to produce density differences
which would avoid the double-diffusion convection (salt-finger type).
Mo Dougall's (1979) technique was applied by the author using

commercial salt-~water and sugar-water solutions for the ambient and
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the jet respectively end it was succesful. Use of reasonable amounts
of saglt and sugar resulted an initial density difference of 2 ~ 3
¢ units. However in order to perform measurements in the fully
daveloped plume region in this experimental tank, very large
concentrations of salt and sugar would be needed to obtain initial
density differences of 10 t6o 20 g units. On the other hand use of
salt-water solutions for the jet, and fresh water for the ambient
fluid have an initial density difference of about 20 ¢ units, but the
s8alt concentration is not large for z/lM 0. This is true because of
the high dilution of the initial salt concentration at large distances
from the jet origin. 1In the following paragraph, the tests performed
to describe the effects of the density gradient in velocimetry, will
be summarized.

The velocity measuring system was tested for the highest possible
mean local density difference that was expected to be measured. An
initial density difference of 25.0 o units was chosen and for a plume
diameter D=1.25cm, velocity measurements were performed at z/lM n 45,
There existed aome beam wobble but lenses Ll and L2 shown in Figure
2.6.1, contributed to obtaining a continuous signal from the

photodetectors. The maximum beam wobble was marked on the millimeter

. paper on the vertical board described previously and did not exceed

1om. This corresponded to a wobble of *0.4mm at the beam crossing
point., A 3.5mm thick plexiglass plate was then introduced into the
plume flow field at the beam-crossing point so that the 3mm long probe
volume for the axial velocity component (and also the center part of
the probe volume for the radial velocity) were enclosed in the

plexiglass, Then wlth the plume running both mean velocities were
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measured and were found to be zero., The turbulence intensities also
did not exceed the values measured in a calm environment. These
reﬁults imply that the probe volume did not move out of the plexiglass
plate because of the beam wobble,

Another test was performed to measure the noise level of the
signal due to the changes of the index of refraction. A square bottle
3cm x 3em and 15cm high filled with tank water was introduced into the
flow, at the point containing the beam crossing, Both longitudinal
and transverse velocities were measured with and without the plume

running. In the case of a oalm ambient fluid it was found that inside

the bottle
W u w'e Vir2 wia?

=0.063 =0.084 0.069 0.099 -0.001 (om/sec)

For a plume operating with (Ap)o =25 gr/lt and at z/lM =52.8 the

measured velocities inside the bottle were

W u Vu_'z ut? wtu!?

=0.063 ~0.084 0.099 0.248 0.001 (cm/sec)

These measurements indicate the beam wobble noise is almost twice as
big as the noise introduced into the system by the various sources
that were discussed previously. However, part of this noise
attributed to the beam wobble 1s probably due to the vibration of the
plexiglass bottle by the plume flowfileld.

In Figures 3.3.3 and 3.3.4 the energy spectra for w and u are
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presenied at z/1b1=52.8 close to the plume centerline with
;=5.hBem/sec, "-.:-0.291:31::/3313,V'E‘=E =1.287cm/sec,\f§?3 =0.695cm/sec and
W'u'=0.117(cm? /sec? ). In the same figures the spectra obtained from
the signals measured inside the bottle are plotted for comparison. It
can be seen that the noise sources do not have any essential
contribution to the energy spectrum. These spectra are in agreement
with the spectral estimates of Mizushina et al (1979). It is also
apparent here that for r/z>0.1, the effect of the fluctuations in the
index of refraction is diminished as would be expected from the lower
density differences and smaller segments of the laser beams that cross

the plume flow field.

3.4 Calibration and errors of the laser induced fluorescence technique
As it was mentioned in Chapter 2, the concentration of Rhodamine
6G dye for a laser intensity of 800 mW is a linear function of the

amplified voltage output from the photodetector. It can be written as
c=G+HYV (3.4.1)

where V i3 the digital output to the computer, G and E are calibration
constants., c¢ varies from 1 to about 40 ppb. The photodiode could not
detect Rhodamine 6G concentrations smaller than 0.4 ppb for an 800 mW
power output from the argon ion laser. A tfﬁical calibration is shown
in Figure 3.4.1. The laser and the electronics were turned on for at
least one hour before the experiment started, so that electroniec drift

was avoided, The initial jet concentration veried from 100 to 200
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CONCENTRATION CALIBRATION
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ppb. Jet fluid was diluted and samples were made at varjous
concentrations from 1 to about 40 ppb. The samples were put in square
plexiglass bottles with cross-section 3om x 3cm and placed at the
beam-crossing point so that the photodiocde wes focused on the beam
section within the sample oconcentration. From the known pairs

(ci ,Vi ) of sample concentrations and digital outputs to the

computer, a least square straight line was fitted leading to Equation

(3.4.1).

3.4.1 Errors in the laser induced fluorescence technique

Several different tests were performed in order to justify the
usefulness, validity and limitations of the technique., The errors
resulting from various sources wvere measured., They will be discussed
explicitly in the following paragraphs.

(1) The laser beam is attenuated as it travels through Rhodamine

6G dye solutions. The attenuation is due to the light absorption from
the Rhodamine molecules and is proportional to the Rhodamine
concentration and is hence minimized by low Rhodamine 6G
concentrations. The attenuation of the laser beam was measured in a
test performed as shown in figure 3.4.2. The ambient concentration
was measured at point A with and without the jet of high Rhodamine

concentration flowing. The results found are

v vre &(ppb) Ve'z (ppb)
1622.0 2,77 0.757 f.246 (jet flowing)

1620.7  3.27 0.873 0.290 (no jet flowing)
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Figure 3.4.2. Schematic for the fluorescence attenutation
tests performed at points A, B, and C.
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and the difference in concentrations was found to be of the order of
0.1ppb which is of the same order of magnitude as other errors
discussed consequently.

(11) A second source of error is the lateral position of the
Instrumentation platform. Deflection of the glass and slight changes
in the beam diameter can produce errors. At points A, B and C shown
in Figure 3.4.2 with AB=BC=15cm the concentrations of two Rhodamine 6G

solutions were measured and found

©(ppd) ©,(ppb) r{cm)
point A 3.783 8.743 =-15.0
point B 3.728 8.468 0.00
point C 3.599 8.457 +15.0

From the data shown in the table above for small and large
concentrations the absclute error with respect to the centerline
concentration is at most x0.28ppb for radial distances *15cm. This
error is significant close to the jet boundaries, but absolutely
insignificant everywhere else. The fact that the concentrations are
higher at point A than those at point B prove the point that the beam
wailst changed slightly for various radial distances from the jet axis.

(1ii) Another noise source is the beam wobble because of the
changes in the index of refraction. A bottle containing a known
concentration of Rhodamine was placed in the tank and the
concentration was measured with and without the plume active., For the
flow conditions described in section 3.2 (v) of this chapter, no

significant error was determined. For high density differences the
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relative error reached values as large as 8% of the measured mean
concentration. In Figure 3.4.3 the spectrum of this noise is compared

with the energy spectrum of the concentration variation in the plume

flow field.

All the above tests give a reasonable estimate of the errors to be
expected. Since simultaneous velocity and concentration measurements
were made, it is apparent that the beam wobble could possibly
introduce large errors in the turbulent mass transport estimates. In
order to not to exceed the error estimates made previously for
velocity and concentration measurements, the source density was chosen
carefully to provide appropriaste expected local mean densities at the
measurement point. Hence the changes in the refractive index would
not introduce error bigger than the previously estimated. Thus all
tests that are discuassed previously in paragraphs 3.3 and 3.4 were the

guidelines for the subsequent experimental procedure.

3.5 Response of the measuring systems, sampling times and sampling
rates ~ spectrum of turbulence

The response (characteristic) time for both, the laser-Doppler
velocimeter and induced fluorescence system were very low. With the
laser-Doppler system and the processor set to count 24 to 30 periods
this time was 0.001sec. The response time for the laser induced
fluorescence naasuremenéa varied from 0.0058ec to 0.0018ec. Hence
there were no limitations in the sampling rates jimposed by the
response of the instrumentation. With relatively high sampling rates

the sampling time was chosen to be longer than that necessary to give
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frequency (H2)

Power spectral estimate for the Rhodamine 6G concentration
C at a plume centerline., Noise levels from the set-up
(80lid line) and from changes in the refractive index
(dotted line) for constant concentration.
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conatant values of the first three moments of the signal recorded.

The values of the three moments plotted versus sampling time were
constant for sampling times longer than 80 seconds. The

sampling time at a point of the flow was chosen to be larger than 100
seconds. Sampling rates varied from 25 to 50 data per second (except
for data acquired in order to examine the spectral properties of the
jet). For the momentum driven jets (fast rlogs) higher sampling rates
were required than for the slow (plume-like) flows. The reason is
that large velocity fluctuations occur muech more frequently for
Jet-1ike flows at a point of the jet flow field.

The probe volume resolution for both velocity and concentration
measurements was also a regulatory factor for the choice of the
pampling rates. Very small probe volumes allow higher sampling rates
that provide better information about the measured flow field. In
figures (3.5.1), (3.5.2), (3.5.3), (3.3.3), (3.3.4) and (3.4.3) the
energy spectra of w, u and ¢ are given for jets and plumes., From the
apectral energy distribution it can be seen that the maximum
contribution comes from frequencies lower than 10 Hz. The amplitude
drops in the frequency range 0.1 to 10 Hz by almost three orders of
magnitude. Thus the minipum sampling rate should not be less than
. 0.05 seconds. Also, for frequencies larger than 10 Hz the noise
contribution becomes very significant. This can be seen in all the
Figures discussed above above,

In figures (3.3.3), (3.3.4) and (3.4.3) the spectral
distributions of w,u and ¢ close to a plume centerline are plotted.
Also the noise spectra of a calm enviromment (bottle) are plotted in

both cases, with and without changes in the refractive index in the
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sedium around the calm volume of fluid. It can be easily observed
that the noise contribution is negligible in the low frequencies, and
becomes more signifioant at higher frequencies. Also the noise level
is higher when changes in the refractive index occur (dotted lines in
figures). Furthermore the noise level is of great importance near the

the jet boundaries where velocities and concentrations are small,

3.6 Data acquisition

The two velocity and concentration signals detected by the three
photodiodes, were amplified and processed with the analog outputs
offeet Bo that the range of the expected values would be within +5V.
Data were transmitted to a PDP 11/60 where they were converted into
digital form and recorded on diskettes for subsequent analysis. Using
the calibrations for w,u and ¢ the digital data were converted into
velocities and concentration, Figures 3.6.1 and 3.6.2 represent
typical filtered and unfiltered time records respectively, of the two
velocity components and the concentration measured simultaneously at
the same point. Also the calculated values of w'2 , ut2 , ¢tz ,
w'u', w'o' and u'c' from w,u and ¢ are plotted as functions of time.

All the information needed to atudy the turbulence fleld of the jet

.: was provided from the discrete aignals in time for the two velocity

components and concentration. The results of these experiments are

presented in detail in the next chapter.

3.7 Procedure followed in a typical experiment
The esntire procedure of a typical experiment will be presented

step by step in this paragraph. That is, for a desired set of jet
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initial conditions D, M and B, how the mean and turbulence characteristics
of w, u and ¢ were obtained in the entire jet cross-section at a distance

z from the origin. The step by step procedure is:

(1) Assume that information is needed for a given z/lM . After
some preliminary calculations the jet diameter D, the initial density
difference (Ap), and the distance z from the jet origin were
estimated. The experimental parameters were chosen in a such way that
the error in the measurements does not exceed the maximum estimates
made previously.

(2) The tank was filled with fresh lab water, N82SO3 was added
and mixed with the water in the tank for dechlorination. A proper
amount of Rhodamine 6G dye in aquecus solution with known
concentration was added and mixed in the tank so that the ambient
water concentration was close to 1 ppb.

(3) The water in the small mixing tank fl was dechlorinated. Then
filtered solutea of known high concentrations of NaCl and Rhodamine 6G
dye were added accurately so that the jet initial Coand (A;:{)were
known. In this case the jet was denser than the ambient fluid and
pointed down, as shown in Figure 3.2.1,

(4) Both lasers and all electrical units such as amplifiers,
Bragg cell exciters and data processors were turned on at least one
hour in advance. The laser-Doppler velocimeter was oalibrated,
Maxipum and minimum velocities and concentrations were estimated so
that the analog outputs of the three signals were offset to be always
in the +5V region,

(5) The battery operated preamplifiers of the photodetectors were

turned on. The LED to excite the photodetector used to detect the
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induced fluorescence was turned on and the pump was started. The
output frequencies from the Bragg cell exciters were measured and
their difference F was the frequency shift between the reference and
scattering beams.

(6) A 10 second record of the ambient fluid conditions (ambient
W, u and ¢) was sampled.

(7) The jet was turned on and valve V3 (see Figure 3.2.1)
adjusted to the prescribed flowmeter indication R (%).

(8) After the jJet had reached steady state (2 - 3 minutes later),
data sampling for w,u and ¢ was performed at 10 to 15 different radial
distances from the known jet centerline, at sampling times and rates
previocusly discussed. It was not possible to perform data sampling at
more than 10 to 15 points for the reason that after a while the
interface of the density and concentration stratified body of the tank
water reached the cross section where measurements were performed.

(9) After the run was completed the laser induced fluorescence
aystem was calibrated.

(10) The tank water was mixed using by air-bubble jets from the
four air injectors at the bottom of the tank and a new uniform ambient

fluid was created.

The time history of w, u and ¢ for various radial positions was
recorded on diskettes in binary form. The data were then converted to
velocities and concentration using the previously derived calibration
curves, The converted data were properly analyzed to provide the
information about the turbulent jets and plumes that is discussed in

the following chapter,
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The next experimental run for measurements at a new z/lM with the
new ambient conditions followed the steps (5) to (10). No more than
three consecutive experiments were performed before the tank water was
renewed, so that the ambient Rhodamine 6G concentration would not

exceed 5 ppb, thereby avoiding beam attenuation problems.
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k. EXPERIMENTAL RESULTS

4.1 Basic experimental parameters and initial data

Complete information regarding the basic initial parameters of all
the experimental work that will be subsequently presented is given in
Tables 4.1.1, 4.1.2 and 4.1.3. More specifically, Table 4.1.1 contains
the initial data from the combined velocity and Rhodamine 6G dye
concentration measurements (EXP series) for all cases, jets, plumes and
buoyant Jjets. Table 4.2.2 contains measured flow parameters such as
mean and turbulent velocities and concentrations and the derived widths
of the jet for the EXP series. Table 4.1.3 contains the initial jet
parameters and measured parameters of velocimetry for the case of a

simple jet (VEL and PAP series).

(i) The initial flow parameters mentioned above are
z the distance from the jet origin at which measurements

were performed (cm)

D the jet diameter (cm)
W Jet exit veloelty (em/sec)
c excess (above the ambient) concentration of Rhodamine 6G dye

at the jet orifice (ppb)

gsa-@Ap)o/pa)g buoyancy force at the jet exit (cm/sec?)

1y jet momentum length scale (om).

(i1) Measured quantities at a distance z from the jet origin

ic mean velocity at the jet centerline (om/sec)
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‘ A)o
z D W Co ﬁ&i S ¥

cm cm cmfsec ppb  cm/sec? cm

BXPO1 48,250 1.500 7.601 98.740 T.225 3.260
EXPO5 40,750 1.000 13.560 97.000 T.225 4.750
EXPO8 5B.050 2.000 3.390 98.000 8.850 1.510
EXPO9 5T7.950 2.000 6.710 97.100 8.85C 3.003
EXP10 44.450 2,000 3.169 96,000 8,850 1.418
EXP11 44,450 2.000 3.390 98.000 8.850 1.520
EXPi2 B83.000 2.000 4.500 97.800 15.337 1.530
EXP15 35.900 0.750 46.934 9B8.650 1.082 36.794
EXP16 53.600 0.750 55.590 96.800 1.082 43.582
EXP17 24.600 0.750 35.128 95.100 1.082 27.540
EXP18 48,600 0.750 31.980 9%.200 1.082 -25.070
EXP19 148.600 ©0.750 31.980 98,400 0.688 31.428
EXP20 63.700 O0.750 47.722 97.600 0.688 46.900
EXP21 139.600 0.750 31.980 95.500 0.688 31.428
EXP22 59,500 ©0.750 39.850 97.000 0.688 39,163
EXP23 59.500 0.750 31.980 97.600 5.800 10.825
EXP24 39.900 0.750 31.980 96.400 5.800 10.826
EXp25 39.900 0.750 16.237 95.750 5.800 5.497
EXP27 50,100 0.750 H47.720 97.750 ©0.197 B7.T40
EXP28 34.100 0.750 39.850 96.410 0.197 73.200 .
EXP29 73.600 0.750 4&47.720 96.600 0.197 87.7%0
EXP30 58.100 0.750 39.850 94.600 0.197 73.200
EXP31 58.100 1.250 4,712 98.500 10.913 1.500
EXP32 43.600 1.250 5.845 127.900 10.710 1.879
EXP33 43.600 1,250 11.513 127.400 10.710 3.703
EXP34 70.100 1.250 8.680 126.400 10.710 2.791
EXP35 32.000 1.250 5.B45 129.000 10.710 1.880
EXP36 32.000 1.250 11.510 98.650 3.146 6.833
EXP37 32.000 0.750 24.108 97.100 3.146 11,082
EXP38 37.700 0.750 31.979 97.150 3.146 14.700
EXP39 62.100 2.000 2.283 208.150 15.815 0.T64
EXP4O 62.100 2.000 3.390 207.500 15.815 1.130
EXP41 92.400 1.500 4.925 209.250 15.815 1,428
EXP42 77.700 1,500 5.161 207.800 15.815 1,496
EXP43 56.800 1.500 5.043 208.700 15.815 1,462
EXP44 T77.600 1.500 5.200 207.400 15.815 1.508
EXP45 77.600 1.250 5.845 199,550 24.060 1,254
EXP46 39.800 1.250 5.847 24B.900 25.066 1.229
EXP47 60.100 1.250 5.959 248.000 25.066 1.253

Table 4.1.1, Initial jet parameters of the simultaneous
velocity-concentration measurement.
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;‘—c <. V;c_'z VYo 2 yc 2 (w'e'), b, b,

c c c

cm/sec ppb  cm/sec cm/sec ppb 2%3? cm cm

EXP01 5.180 6.350 1.091 O0.741 2.264 1.159 5.635 5.800
EXPO5 4.900 7.880 1,000 0.640 2.650 1.230 4.310 4.420
EXPOB 4.500 3.493 0.967 0.643 1.386 0.650 5.774 6.93%
EXP09 5.880 5.900 1.210 0.868 2.114 1.345 5.808 6.967
EXP10 4.715 5.000 1.036 0.731 1.918 1.053 4.725

EXP11 4.700 4,675 1.071 0.654 2.019 1.105 5.399 5.315
EXP12 5.502 1.878 1.300 0.800 1.129 0.600 B.T04 10.847
EXP15 T7.110 11.500 1.400 1.023 2.325 1.371 3.669 4.940
EXP16 5.687 B8.130 1.207 0.914 1.889 1.190 5.455 6.900
EXP17 6.500 17.000 1.280 0.980 3.275 2.020 2.800 3.200
EXP18 3.570 7.539 0.705 0.528 1.898 0.745 5.490 5.630
EXP19 3.475 10.000 ©0.736 0.532 - 2.209 0.705 5.384 5.773
EXP20 3.728 6.850 0.882 0.628 1.477 0.506 7.392 8,304
EXP21 4.012 9.569 0.834 0.638 2.352 0.858 4.635 4.810
EXP22 3.190 7.084 0.783 0.543 1.853 0.523

EXP23 5.023 5.250 1.048 0.73% 1.595 0.879 5.670 6.324
EXp24 6.200 8.500 1.184 0.850 2.260 1.420

EXP25 4.200 6.030 ©0.850 ©0.640 2.181 0.838 4.375 5.000
EXP27 4,700 9.000 0,970 O0.740 2.000 0,881

EXP28 5.650 11.600 1.200 0.810 2.611 1.676 3.907 5.064
EXP29 3.350 7.312 0,705 0.580 1.419 0.308 B.771 10.850
EXP30 3.500 7.200 0.690 0.553 1.783 0.533 6.594  T.454
EXP31 %4.000 3.300 0.806 0.635 1.433 0.737 6.450 6.820
EXP32 4.600 4.880 1,025 0.690 2.210 1.090

EXP33 6.500 9.800 1.209 0.967 3.051 1.B60 4.u72  4.767
EXP34 4.800 3.850 1,000 O0.740 1.384 0,715 6.742 7.063
EXP35 4,500 B8.800 t.086 0.745 3.416 1.822 3.780 3.835
EXP36 4.500 15.500 0.960 0.685 4.920 1.900 3.410 3.770
EXP37 5.250 10.500 0.918 0.716 3.096 1.457 3.310 3.750
EXP38 4.800 9,000 ©0.950 0,700 2.400 1.057 4,470 5.000
EXP39 4.200 3.300 1.137 0.72% 1.680 1.192 T.905 8.300
EXP40 5,200 4,700 1.150 0.785 1.900 1.000 6.325 7.450
EXP41 h.723 3.400 0.921 0.757 1.238 0.580 9,129

EXP42 4.903 5.000 1.172 0.779 2.057 1.253 8.452

EXP43 4.875 6.817 1.072 0.790 2.700 1.610 6.350 6.040
EXP44 5.326 3.300 1.121  0.711  1.792 1.126 T.274 7.590
EXP45 5.300 2.950 1.122 0.766 1.100 0.533 7.071 7.900
EXP46 6.750 9.500 1.243 0.912 3.530 2.100 4.714 5,000
EXP47 5.500 4,750 1.274 0.868 2.012 1.191 5.774 5.980

Table 4.l1.2. Basic experimental turbulence parameters measured in
the simultaneous velocity and concentration measurements.



VELOS
VELO7
VEL10
VEL11
VEL13
VEL15
VEL17
VEL19
VEL21
VEL23
PAP12
PAP13
PAP16
PAP1T
PAP20
PAP21
PAP30
PAP32
PAP31
PAP3Y
PAP34
PAP34
PAP34
PAP3Y
PAP34
PAP3Y
PAP34
PAP34
PAP3Y4

Table

F4

cm

67.100
50.400
6“.900
77.300
33.500
60,500
82.500
63.750
45,000
26.250
48.750
63.750
18.250
37.500
75.000
52.500
66.000
38.250
51.600
79.350
70.650
60.950
k9.350
h0.350
30.850
26.250
21.000
75.000
54.600

4.1.3.

D W

cm cm/sec

0.750 T79.210
0.750 66.613
0.750 80.781
0.750 95.736
0.750 55.590
0.750 87.080
0.750 111.085
0.750 94,950
0.750 63.464
0.750 40.638
0.750 61.890
0.750 110.690
0.750 31.980
0.750 70.550
0.750 142.180
0.750 94.950
0.750 140.600
0.750 79.206
0.750 98.880
0.750 140.600
0.750 140.600
0.750 140.600
0.750 63.460
0.750 63.460
0.750 47.720
0.750 31.980
0.750 24.110
0.750 126.430
0.750 94.950

Basic experimental parameters and data for the velocity

w
c

cm/sec cm/sec cm/sec cm/sec?

5.800
7.000
6-131
5.612
7.900
T.250
6.750
7.500
T.320
T.100
6.143
7-850
6.900
8.600
8.800
8.200
11.000
10.500
9. 147
8.468
9.936
11.321
5-832
7.7T1
7.273
5.361
4,960
8.169
8.754

measurements in jets,

Ve Vu ™

1.517
1.675
1.487
1.487
1.780
1.621
1.768
1.700
1.600
1.597
1.492
1.718
1.762
2.351
2.133
1-913
2.517
2.232
2.275
1.999
2.396
2.820
1.559
1.664
1.525
1.153
0.999
1.878
1-9“5

0.929
1.040
0.934
0.963
1.165
1.159
1.141
1.159
1.000
0.843
0.905
1.115
1.021
1.437
1.527
1.421
1.581
1.593
1.521
1.312
1.476
1.733
0.857
1.038
0.958
0.713
0.646
1.288
1.196

(Qg)og

Pa

0.085
0.131
0.197
0.287
0.263
0.263
0.281
0.351
0.260
0.306
0.192
0.279
0.110
0.088
0.043
0.043
0.150
0.150

*

cm

222.130
150,200
148.534
145.690

88.300
138.320
170.820
130.660
101.380

59.920
115.260
170.810

78.570
194.440
557.300
372.220
296.075
166,790

cm

7.440
5.712
6.468
8.006
3.987
6.667
8.607
6.324
b,657
2.820
4,530
6.711
2'370
4,124
7.956
5.774
6.788
3.922

[4:]
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\ﬁif; axial rms velocity at the jet axis (cm/sec)
T radial rms velocity at the jet axis (om/sec)
Ec mean (time-averaged) concentration above the ambient of
Rhodamine 6G dye at the jet axis (ppb)
Vﬁi? rmd concentration at the jet axis (ppb)
wie' turbulent transport term (w, ¢ correlation)

at the jet axis (ppb cm/sec)

pw 1/e mean velocity width of the jet (cm)
bc 1/e mean concentration width of the jet {cm).

The 1/e-widths were calculated from the least square Gaussian
curves fitted to the transverse time-averaged velocity and concentration
profiles that are shown in Appendix A. All other jet parameters that
will be presented in the following sections are calculated from the data
in Tables 4.1,1, 4.1.2 and 4.1.3 and the data presented in Appendix B
and are shown in Tables 4,1.4 and 4,1,.5,

4.2 Calculation of the turbulence parameters
From the time signal y(f,t) of & parameter measured in & turbulent

steady flow at a point x the time averaged value ¥(x) of y{(x,t) is
Wi
y(3)=11}.91fy(3_.t)dt (4.2.1)
0

for a continuous time signal or

N
§(3J=1/NZy(_§,ti)=yi(§5 ; yi(_;_)=y(_:_:.ti) (4.2.2)
i=]

for a discrete signal where
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LIST OF CALCULATIONS
FOR TABLES 4.1.4 and 4.1.5

2
Q="w
2
M='&W2
B=S—p—ﬁ logq
a
WD
Re =~y
1
R°=J-
v

( 8T, =2

- 172
777 A2, (p)e. Sc Py , /
1 + A2 pa w

o
S - -
. TWaCaA bé
HM = | we 2nrdr =
1+ A2

JO
~b(z)

H, = | w'e' 2urdr (numerical integration)

"0 b(2)
mT(z) = | W2 2nrdr (numerical integration)

o

b{z) = edge of jet



Exrot
EXPOS
ExroB
EXPO9
EXrt0
EIrm
Exrt2
Exris
RIME
EXP17
1+ 1g].]
EXPrty
EXPr2¢
EXP21
EXr22
EIr23
EXPA
EXP2S
X7
KxPa8
EXP29
EXP30
KxP3t
EXP32
ExPr33
EXP3%
EXP35
EXP36
EXP37
EIP38
EIF39
EXPAD
EXPNY
EXPA2
EXPA3
BIPMA
EXPAS
RIPNG
EXPRT

Table 4.1.4.

u

18.80
8.57
8.0
19.29
31.3%
29.2%
54,28
0.97
t.22
0.89
1.93
1.58
1.35
1.26
1.51
5.49
3.68
T.25
0.57
0.6
6.83
0.79
38.73
23.20
1177
25.11
17.02
8,68
2.88
2.56
a‘.za
54.95
68.70
51.93
38.85
51.85
61.88
32.38
A7.96

q
o’
sec

13.03
10.65
10.65
21.08
9.95
10.65
1,13
20.73
28,55
15.51
13,192
m.12
21,08
.12
17.60
.12
n.12
T17
21.08
17.60
21.08
17.60
5.78
T.17
m,12
10.65
T.17
.12
10.65
18.12
T17
10.65
8.70
9.12
8.91
9.18
T.17
T 17
T.31

M

sec?

102.09
188,81
36.10
181,08
31.5%
36.10
63.61
S73.17
1365.23
585,15
N51.82
451.82
1006.12
451,82
701.56
A51.82
§51.82
116.07
1006,03
701.56
1006.03
T01.56
2T.2%
N1.92
162.66
92,45
.92
162,57
256.76
A51.79
16.37
36.10
32,86
NT.07
RN, 9%
N7.T8
N1.92
.95
N3.57

<t

BEC!

97.0%
76.9%
98.25
186.55
88,10
o9N.25
216.82
22.43
26.57
16-19
15.28
9.72
14,50
9.72
12.11
81,98
81.9%
N1.60
A.15
3.k6
N 15
‘3.6
63.10
76.82
151.31
118,08
76.82
M.N3
33.50
ANy
113.82
168.43
137.60
148,23
110,93
185.32
172.58
179.85
183.30

BeC

1326.28
1033.05
1043.70
2086,88

955.75
1083,70
1382.61
2005,49
2377.30
875,86
1330.89
13%0.23
2057.69
1349.25
1707.70
1378.92
1361.97

666.8%
2060.77
1697.32
2036.53
1665.45

569.57

9NT.M
1799.98
1386.01

925.30
1393.02
1034.17
1372.52
1892,90
2209.88
1821.1%
1895.19
1859.87
1905.83
1831.35
1785.9%
1813.57

1180.15
1356.00
678.00
1382.00
633.80
678.00
900.00
3520.05
¥169.25
2638.59
2398.50
2398.50
3579. 1%
2398.50
2988,75
2398,50
2398.50
1217.77
3579.00
2988,75
3579.00
2988,75
589.00
730.62
1m39.12
1085.00
730.62
1438.75
1808. 10
2398.82
§56.60
678.00
738.75
TIN5
756.45
780.00
730.62
730.87
ThR.B7

R,

0.0077
0.1866
1.1683
0.5903
1.2098
1.1683
1.1586
0.0181
0.0153
0.0281
0.0265
0.0212
0,012
0.0212
0.0170
0.061A
0,061%
0.1209
0,0076
0.0091
0.0076
0.0091
¢.7379
0.5893
0.2992
0.3568
0.5893
0.1622
0.0600
0.0852
2.3191
1.5618
0.9310
0.888%
0.9092
0.8818
0.8833
0.9012
0.88%3

R{z)

0.1709%
0.7359
0.7298
0.7310

0.7136
0.7187
0.2832
0.3075
0.2698
0.%378
0.2089
0.37%0
0.3185

0.6283
0.T172

0.1350
0.2658
0.2131
0.8832

0.5819
0.7077
0.7648
0.6715
0.4798
0.5613
0.7686
0.6987

0.7866
0.6629
0.7060
0.7249
0.6896

1163}

cn?

8ec

516.73
285.95
AT
623.13
330-70
430.10
1309.50
300.68
531.6%
160.09
338.03
316.45
639.95
271,00
10.02
507.31
19.47
252,55
1R.76
270.9%
809.6%
478.09
522.79
18.85
hos.38
685..3
219.95
168,38
180.70
301,30
821,52
653.58
1236.55
1100,.3%
617.5%
885.31
832.50
N1,22
576.05

m(z)

cm'

2
sec

1338.3
700.59
106086
1832.00
779.62
101108
3602.85
1068.94
1511.73
520.31
603.39
549,81
1192.87
543.68

1278.12
530.36

765.82
1356.14
836.66
1045.58

1327.24
1605.05
538.88
369.87
NTh.3N
723.13
1731.89
1699.21
2920.12
2697.50
1505.27
2357.59
2206.13
1590.39
1588, 15

Hy Ay
ea’ppb  en’ppb

aec Bec
1687.96 232.7
1155,05  158,9
972,19  181.3
2169.06 375.6
990,28 125,86
1M95,98  276.9
2228,51 125.0
2659,83 220.8
158108 110,2
1306,30 45,2
1692.48 137.3
2M5,69 17,0
1330, 11  360.8
2520
1NT6.50  221.1
126.1
852,52  78.2
150.6
1970.2¢  121.3
3580.36  268,7
1931.09 177.2
910,67 113.9
126,1
2120712  216.5
1380.79 19%.5
981.77  99.1
120108 112,2
1066.48 87.2
1507.16  159,3
m26.78  230,2
1785,02  266,5
1882.31 32%.0
1988.31  299.2
1363.52 250.5
2370.02 219.6
1816.07  219.2

=, (2)

sacz
180,00
93.08
232.90
550.05
125.17
223.30
706.37
165.08
218,02
59.65
83.%3
69.7%
152.5%
73.46:

239.90
68.80

106.66
137-7?
108.53
196.52

193.9%
226.86

84,33

kN.92

A3
106.89
N19.30
315.6%
452.53
409.82
305.85
317.72
NTT.TT
199.08
300.33

Calculated flow parameters from data in Tables 4.1.1 and 4.1.2 and Appendix B for the
EXP series of experiments.
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VELO5
VELO7
VEL10
VEL11
VEL13
VEL15
VEL17
VEL19
VEL21
YEL23
PAP12
PAP13
PAP16
PAP17
PAP20
PAP21
PAP30
PAP32

N |

89.46
67.20
86.53
103.06
h4.66
80.66
110.00
85.00
60.00
35.00
65.00
85.00
28.33
50.00
100.00
70.00
88.00
51.00

6093.0
5124.0
6213.9
T364.3
4276.1
6698.4
858K.9
7303.8
3881.8
3125.9
4760.7
8518.6
2459.9
5826.9
10936.9
7303.8
10815.3
6092.7

Q M B
cm® cm® cm*
sec 2 3

sec sec
IN.99 2171.8 2.97
29.52 1960.3 3.85
35.68 2882.9 7.03
R2.29 h0h9.1 12,13
24,55 1365.2 6.%5
38.47 3350.0 10.11
§9.07 5451.6 13.79
B1.9%  3982.9 14.T72
28,03 1779.3 7.29
17.95  729.5 5.19
27.3%  1692.2 5.25
48.90 5312.9 13.6A4
18,12 851.8 1.55
31.16  2198.9 2.7%
62.81 8930.7 2.70
B1.9%  3982.9 1.80
62.11  8733.4 9.31
38.99 27715 5.24%

R,

0.0030
0.003%
0.0045
0.0046
0.0075
0.0048
0.0039
0.0051
0.0066
0.0111
0.0058
0.0039
0.0085
0.0034
0.0012
0.0018
0.0022
0.0040

u(z) m(z)
cm® cm*
sec SECZ
1008.6 2924.9
T17.5 2511.2
805.7 2470.1
1130.0 3170.9
394.5 1558.3
1012.3 3669.9
1570.9 5301.8
942.3 3533.6
498.7 1825.3
177.3 629,7
396.0 1216.%
1110.6 4359.4
121.7 420.0
459.4 1975.8
1749.9 7699.7
B58.¢8 3521.2
1592.3 8757.6
507.1 2663.8

1

0.3021

0.3356
0.4369

0.5306
0.379%
0.8374
0.5830
0.4879
0.3439
0.3230
0.2323
0.1929
0.13%5
0.1410
0.2229
0.2293

R(z).

0.0868
0.0903
0.1185
0.1679
0.1161
0.1218
0.1315
0.1290
0.1162
0.132%8
0.1128
0.1132
0.0898
0.0593
0.0398
0.0435
0.0586
0.0613

Table 4.1.5. Calculated flow parameters from data in Table 4.1,3 and Appendix B for the VEL and
PAP series of experiments.

.mT(z)

cm"

secz

aN3.9
355.6
891.1
626.5
222.2
562.3
903.2
T48.1
284%.3
92.7
215.6
689.8
57.5
312.1
1579.8
655.9
1253.8
n25.4
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sanpling time in seconds

~
un

total number of samples during T seconds

=
u

N/t = sampling rate (samples/sec)
T
ti = E 1' i= 1.2'3’000N-
For a discrete signal the variance y'’(x) of y(x,t;) is calculated

as

Y =Y ey @7 = Y2t ) ~ ¥ () (4.2.3)

and the correlation yi(;)yi(;) of the deviations yi(;) and yi(;) from
the mean of two flow parameters yl(g,ti) and yz(;,ti) measured

simultaneously at point x

Y @y = ¥, (xt )y, &)=y, (07, (x) (4.2.4)

In the present experimental work from the discrete time signals of
velocities w and u and concentration ¢ at the point (r,z) of the flow
wi(r.z)=w(r,z,ti), g{r,z):wi(r,z,ti) and ci(r,z)=c(r,z,ti). i=1,2,...N,

one has

N (4.2.5)

wte =wi(r,z)-§2(r,z)

ut? =u§_(r.z) - u?(r,z)

e'2 =ci(r,z) cg2(r,z)

(wfu') = wi(r,z)ui(r,z) - ;(r,z)ﬁ(r,z)

(wic') = wi(r,z)ci(r,z) - w(r,z)e(r,z)
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and

(u'e') = u, (r,2)c, (r,2) - u(r,z)e{r,z)
fur the total number of samples N at a point (r,z) of the flow, where

w',u' and c' are the deviations from the mean values w, u and c.

4.3 Velocity measurements in jets

4.3.1 Centerline velocity decay

The experimental results presented in this section correspond to
experiments VEL and PAP-series in Table 4.1.3 and EXP-series from Table
4.1.4 for z/lM <1. The veloclty at the jet exit W normalized by the
mean velocity EC at the jet axls bas been plotted versus the
dimensionless distance from the jet origin =z/D in Figure 4.3.1. The
turbulence, axial and radial intensities of velocity at the jet axis
normalized by Ec have been plotted in the same figure versus z/D. Following
the dimensional arguments in Chapter 1

W z
v Cru(D * Cay) (4.3.1)

The constants Clwand Céwwere caleculated from the least square fit to the
data and found to be 0,149 and 2.56 respectively. The virtual origin of
the jet is located at 2.56 diameters upstream. For z/D<UD data points
show the tendency to move the jet virtual origin further upstream as
shown in Figure 4.3.1. This agrees with the observation reported by
Wygnanski and Fiedler (1969) of the existence of two apparent virtual
origins for the mean longitudinal velocities at the jet centerline, for
distances smaller or larger than 40 jJet diameters, Figure 4.3.1 also
shows that the rms values of w and u at the jet axis normalized by

W are
Cc
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JET CENTERLINE VELOCITIES
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Figure 4.3.1.

z/D

Non-dimensional velocity distribution along the
jet axis plotted against non-dimensional distance
from jet origin. Decay of the mean velocity, axial
and radial turbulent intensities.
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mean st.dev max min
wiZ /ac 0.231 0.0209 0.273 0.197 (4.3.2)
‘Vuéi /G& 0.151 0.0150 0.173 0.118 (4.3.3)

constant along the jet axis. Wygnanski and Fiedler (1969) reported that
the axial and radial turbulent velocities become constant after about 40
and 70 Jet diameters respectively. The mean velocity at the Jet axis is
measured to be larger than that reported by various authors (see Table
1.4.1). The Reynolds numbers used in the present investigation varied
from 2460 to 10900, These are fairly low compared to ones of other
authors; for example Wygnanski and Fiedler (1969) used Reynolds numbers
of order of 105 . Therefore the flow in the present investigation
probably was not fully developed and higher mean velocities should be
expected. The normalized turbulent intensities@ /il'c andVl.-l_?T /Wc by
the mean velocity at the centerline of the jet are lower than those
measured by other authors (see table 1.4.2). This is attributed to
higher mean velocities measured around the jet axis and to the fact that
the flow was not fully developed. All authors in Table 1.4.2 reported
the radial turbulent velocities to be smaller than the axial ones,
except Antonia et al (1979) and Gibson {(1963) who measured the axial and
radial turbulent velocities to be the pame.” Rosler and Bankoff
{1963) measured higher turbulent velocities in water than in air at the
Jet axis using the same Reynolds number for both air and water
experiments,

The maximum and minimum values of w at the jJet axis normalized by

ic have been plotted in Figure 4.3.2. They are found
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mean st.dev. max min
max w./w. 1.828 0.1236 2.180 1.636
min wcﬁxc 0.211 0.0700 0.384 0.056.

to have constant velues for all z/D's. The maximum velocity along the
Jet axis was measured to be twice Ec and the minimum was measured to be
small but always positive. Thus reverse flow is not expected to appear

around the jet axis.

4,3.2 Width of a momentum jet
The width of a jet at a distance z from the origin was calculated
from its Gaussian mean veloclty distribution
W= ic exp(~kr 2 ) (4.3.4)
to be

b, =1/ VK. (4.3.5)

From all Jet experiments the calculated b"‘s normalized by the jet
diameter D have been plotted in Figure 4.3.3 versus z/D. A straight

line least square fit to the data leads to
bw /D = 0,104(2/D + 2.58). (4.3.6)

Bquation (4.3.6) predicts a virtual origin at 2.58 diameters upstreams
of the jet. The slope of the jet growth bw /z was calculated to be
equal to 0.109 and therefore N
b, v 0.109z ; b /z = 1/N f bi/zi (i=1...N)  (4.3.7)

value in agreement with 0.107, the average value of many authors
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Figure 4,3.3. Non-dimensional velocity l/e-width of a turbulent jet
plotted against non-dimensional distance from jet orifice.
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calculated and suggested by Fischer et al (1979). The discrepancy of
the data points in Figure 4.3.3 should be attributed to the faect that no
measurements were performed with the same initial jet parameters (except

for the jet diameter D).

4.3.3 Mean and turbulent velocity profiles in jJets

The mean and turbulent velocity characteristics measured in a
momentum jet will be presented in this paragraph. Mean velocities, rms
values and correlations are normalized by the mean velocity at the jet
axis., The radial distances from the jet axis are normalized by the
distance z from the jet origin. The dimensionless mean and rms
velocities have been plotted separately for z/D<50 and z/D>50 that
correspond to transition and self-similar regions respectively,
according to Wygnanski and Fiedler (1969).

The normalized mean velocitles have been piotted versus r/z in
Figures 4.3.4 and 4.3.5 for z/D>50 and z/D<50 respectively. The least
square Gaussian fit to the data was found slightly different in each
case. For z/D>50 these data are in good agreement with Wygnanski an
Fiedler's (measured values).

.The normalized axial and radial turbulent velocities have been
plotted in Figures 4.3.6, 4.3.7, 4.3.8 and 4.3.9 for large and small
z/D's versus r/z. Most of the investigators (see Table 1.4.2) measured
the axial and radial normalized turbulent velocities to be 0.26 - 0.30
and 0.17 ~ 0.25 respectively. The present investigation shows lower
values for the reasons explained in the previous section. The
normalized turbulent intensity profiles are found to be 1.8 times wider

than the ﬁean velocity profile. The values around the jet centerline
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Figure 4.3.4,

Non-dimensional mean axial velocity profile for a turbulent
jet plotted against non-dimensional distance from jet axis,
Z/D > 50.
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Figure 4.3.5. Non-dimensional mean axial velocity profile for a turbulent
jet plotted against non~dimensional distance from jet axis,

z/D < 50.
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JET AXIAL TURBULENT INTENSITIES
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Figure 4,3,6.

Profile of the intensity of turbulent fluctuations of the

the axial velocity across a turbulent jet, z/D > 50.
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Figure 4.3.7. Profile of the intensity of turbulent fluctuations of the

axial velocity across a turbulent jet, z/D < 50.
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Figure 4.3.8. Profile of the intensity of turbulent fluctuations of the
radial velocity across a turbulent jet, z/D > 50.
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Figure 4.3.9. Profile of the intensity of turbulent fluctuations of the
radial velocity across a turbulent jet, z/D < 50.
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varied from 0.20 to 0.25 for the axial and from 0.13 t0 0.18 for the
radial turbulent velocities.

InFigures 4.3.10 and 4.3.11 the normalized turbulent shear
atresses have been plotted versus r/z, for z/D>50 and z/D<50
respectively. The discrepancy of the data for z/B<50 and the existence
of very low turbulent shear stresses proves that the flow is not
self-similar in this region. After 50 jet diameters the maximum
normalized shear stesses are found to be approximately 0.012 which is
less than that reported by Wygnanski and Fiedler (1969) 0.0165, Rosler
and Bankoff (1963) 0.018 for air and 0.0165 for water, Abbiss et al
(1975) 0.022 and the very high value 0.035 reported by Antonia et al
(1975).

Finally the maximum observed velocity normalized by Gc has been
plotted versus r/z in Figure (4.3.12). This is the maximum value
observed over the sampling period which did not exceed 150 seconds. The
maximum value is almost twice the mean centerline velocity for small
r/z. No results from other authors exist for comparison in the

avallable literature.

4.3.4 On the mass and momentum conservation in jets
The momentum flux per unit mass {(specific momentum flux) at a

distance z from the jet origin is

b(z)
n(z) { (W2 +w'Z )27 rdr. (4.3.8)

o

Following List (1982),/w'Z is assumed to follow a Gaussian distribution

with 1/e width 1.6 times the mean velocity width, bw,
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141?75 = 0.230W  exp[-0.386(r/z)2 1. (4.3.9)
Therefore

T2 =2 0.231)3
m{z) = > bw w2 (1 + 0-3TE )

= T 2 g2
= 1.138 > bw WE (4.3.10)

and the contribution of turbulence adds approximately 14% to the
specific momentum flux of the jet that is calculated from the mean
velocitles.

The calculated momentum flux from the mean veloecity profile
normalized by the initial Jet momentum flux M has been plotted versus

z/D in Figure 4.3.13. The averaged value was found

mean st.dev, max nin
m(z)/M 0.96 0.131 1.281 0.72 (4.3.11)
and therefore
n(z)/M = 0.96 + 0.138 = 1,098 (4.3.12)

which is slightly higher than the initial Jet momentum flux. According
to Kotsovinos(1978), assuming that the tank behaves as a closed system
(no momentum loss from the overflow), the excess momentum flux is
balanced by the momentum fiux of the induced circulation in the tank.

Actually, negative mean velocities were measured at radial ‘distances
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r/2>0.30.
The normalized advective mass flux due to the mean flow with the

Jet initial mass flux Q has been plotted in Figure 4.3.14 versus z/D.
Following dimensional arguments made in section 1.3, the least square

straight line fit to the data is
P—%z-)-=o.2au(% + 3.3) (4.3.13)

with the virtual origin located 3.3 jet diameters upstreams. Albertson
et al, (1950) and Ricou and Spalding (1961) reported a value of 0.32
Fischer et al (1979) suggest an average value 0.282 which is in

agreement with the predicted value above.
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4,4 Velocity measurements in plumes

4.4.1 Velocities along a plume axis

A characteristic length scale IM was defined by equation (1.3.1)as

3/
1M=.u
/2
for Jets driven initialiy by both, buoyancy and momentum. Following
dimensional analysis (Table 1.,3.1) and equations (4.3.2) and (4.3.3) the
dimensionless groups for the mean and turbulent velocities at the

centerline

v > Vi s /A (4.4.1)

w Zz  e——

c : wéz' 2 wl2 =z

have been plotted in Figure Y4.4.1 versus the dimensionless distance from

the jet origin z/lM . For a jet,

M
]

c

= ai = constant (4.4.2)
following Table 1.3.7. PFrom equations (1.3.2a) and (4.3.1) it can be
seen that
c 2/ !
o = (8 er (4.4.3)
and therefore for C wF0.1149

1
ai = 0.132 (4.4.3a)
In the same manner, since the turbulent intensities were found to be
constant along the Jet axis, equations (4.3.2,), (4.3.3) and (4.4.1)

give
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T 0.572 , M 0.874 (h.bob)

v 12 \F
w ¥4 12
c u z

c .

at the axis of a jet, that is also shown in Figure 4.4.1 for z/1, <1.
For large values of z/l, , vﬁ?ﬁc z is proportional to

(z/lM )‘2/3(plume case, equation (1.3.7b)). From Figure 4.4.1 it is

obvious that for z/lM >5

M

Wz
o]

= b! (i-)'zl3 (4.4.5)

where bi was calculated to be 0.26. From this foint on it should be
noted that an initially momentum driven flow with a small initial
buoyancy flux B, will become a plume after about 5 characteristic
lengths 1, . It can also be seen from Figure 4.4.1 that the turbulent
intensities along the plume axis decay as (z/lM )'2/3. From Figures
4.4,3 and 4.4.4 the turbulent intensities at the plume centerline were

found to be
VG?‘ = 0.23W_ and VEF = 0.154, . (4.4.6)

Substitute Ec from (4.4.6) into (4.4.5) to obtain

&/(\fwéz z) = 1.13(z/1, y-2/3 (4.4.7)
and
vﬁ/(\'u:::z ) = 1.73(z/1 y—2/3 (4.4.8)

The mean velocity at the plume centerline can be also written as
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¥ = 1/35-1/3 =
ué blB z-1/3, b1 3.85 (4.4.9)
from equations (1.3.7a) and (1.3.7b). This value is in agreement with
the value bl £3.4 reported by George et al (1977). Rouse et al (1952)
reported b1 =li,7 that correaponds to velocities that can be observed in

the transition region 1<2/1)a<5'

4.%.2 Profiles of mean velocity, turbulent intensities and w'u'
correlation in plumes

The mean axial velocity normalized by'ﬁé has been plotted in Figure
4.4,2 versus r/z. There is substantial scatter to the data since
z/lM varies from 8 (not fully developed plume) to about 80 where the
plume is fully developed. Different size Jjet diameters and initial
density differences were used so that no virtual origin for the plume

case could be obtained. A least square Gaussian fit to the data is
W= ic exp[-80(r/z)?] (4.4,10)

the same as the one obtained for z/D>50 for the case of a jet.

In Figures 4.4,3, 4.4.4 and 4,4,5 the noermalized root mean square
turbulent axial and radial velocities and shear stresses have been
plotted versus r/z. The normalized profiles of the rms axial! and radial
velocities are similar to the ones obtained in a jet case shown in
Figures 4.,3.6 and 4.3.8., The values measured at the plume centerline
are found to be 0.23 and 0.15 for the axial and radial turbulent
velocities, which are smaller than 0,28 reported by George et al (1977)

and Nakagome and Hirata (1976).
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The normalized turbulent shear stresses wiu! W, plotted versus r/z
in Figure 4.4.5 have maximum values varying from 0.008 to 0.017 with an

average value of 0.13. They compare well with those obtailned for jets
(Figure 4.3. 10) .

4.4.3 Width of a plume

The 1/e mean velocity plume width b, normalized by IM has been
plotted versus z/ly in Figure 4.4.6 for all experiments. The region
2/ly <1 corresponds to momentum driven jets and z/lM >1 corresponds to
buoyancy driven plumes. The reason that the plume width was normalized
by 1, rather than by the plume diameter D is that the initial diameter
is not the relevant length scale for plumes. A least square fit to the
data for all z/;M implies

b /1 =0.108(z/1 )°:995
w'™ M (4.4.11)
where the exponent 0,995 is very close to the value of 1.0 predicted by
dimensional analysis., Nonlinearity is involved due to the different
spreading angles for jets and plumes. For the plume case (z/1M>5) a

least square fit to the data implies

1,002

bwllM = 0.105(2/1M) ~ 0.105(z/lM) (4.4.12)

and it becomes obvious that a jet will grow with a smaller angle for

z/lH>5.
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4.5 Concentration measurements in jets

4.5.1 Centerline concentration decay - width of a Jet

The reciprocal of the mean concentration on the jet axis,.normalized
by the initial jet concentration has been plotted versus the dimensionless
distance from the jet origin z/D in Figure 4.5.1. A least square linear

fit to the data is found to be

0

:.9. =o.157(%+14.35) (4.5.1)
C
c

with a virtual origin at 4.35 diameters upstream. The normalized root
mean square turbulent concentration at the jet axis has been plotted

versus 2z/D in the same figure. It shows a constant average value
T2 = e
Ve )c 07216 c, (4.5.2)

for z/D varying from 33 to 98. The mean concentration along the axis of
the jet is quite higher than the values reported by other authors shown
in Table 1.4.2. More specifically Beckef et al.(1967), Forstall and
Gaylord (1955), Grandmaison et al.(1977), Kiser (1963) and Birch et al.
(1978) report the values of the constant of proportionality Clc in the

region between 0.185 and 0.25 for the equation

Q

0 z
- = clc (D+Czc).

[

The turbulent intensities predicted by the authors mentioned above are
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in agreement with the ones measured in the present investigation. The
concentration width b, of the jet normalized by the Jet diameter D has
been plotted versus 2/D in Pigure 4.5.2. A least square fit to the data

leads to

b )
c _ 2 o2,

5 = 0.139(D 2.51) (4.5.3)
which predicts a virtual origin at 2.51 jet diameters downstream. The
value of the constant of proportionality varies for the different

authors mentioned above from 0.101 up to 0.140. Fischer et a1 {1979)

suggest a mean value C.127 for a jet.

4.5.2 Jet mean and turbulent concentration profiles

The mean and root mean square turbulent concentrations normalized
by the mean centerline concentraticn have been plotted wversus r/z in
Figures 4,5.3 and 4.5.4 for various dimensionless distances
z/D from the jet origin. A least square Gaussian fit to the mean

concentration profile gives
'é’/é'c = exp[=55(r/z)? ] (4.5.4)

which implies a much wider than the mean velocity profile. The root
mean square concentration fluctuation profile has a peak value 0.25 at
about r/zs0.08 and a value of 0.22 at the jet axis, results that are in
agreement with those predicted by the various authors mentioned

previously (see also Table 1.4.2).
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4.6 Concentration measurements in plumes

4,6.1 Mean and turbulent concentrations at the plume axis

The normalized mean centerline concentration

(]

L uien s=-2 (4.6.1)
[

z
c

has been plotted against z/ly in Figure 4.6.1. Following dimensional
arguments, the constants a' and b' from equations (1.3.6b) and (1.3.10b)
in Table 1.3.1 are determined to be 0.07 and 0.147 for z/ly >5 (plumes)
and z/1,<1l (jets)., The mean centerline concentration along the jet axis
was discussed previously in section 4.5.1. For the mean concentrations
at a plume centerline Rouse et gl. (1952) reported bz =0.091, Zimin and
Frik (1977) measured b, =0.142 and Papanicolaou and List (1983)

b; =0.090. Fischer et al.(1979) suggest b, =0.11, a value reported by
George et al.(1977). The mean concentrations measured along the plume
axis in the present work are higher than those reported by all other
authors. For the root mean square turbulent ccncentration fluctuations

at the plume axis as normalized

c
50 eh §' = —2— (4.6.2)
[

have also been plotted in Figure 4.6.1. These datz indicate
sS'Q/z/M=0.681 for z/lM <1 (4.6.2a)

and
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| §'Q/2/M=0.180(2/1, y2/3  pop z/1, >5 (4.6.3)

in the plume regime.

4,6.2 Mean and rms concentration profiles

The mean concentration and root mean aquare turbulent fluctuation
profiles normalized by the mean concentration at the plume centerline,
have been plotted in Figures h.6f2 and 4.6.3 respectively. A least

squaré Gaussian fit to the mean concentrations indicates
c = Ec exp[-80(r/z)2 1 (4.6.4)

and the value of the constant in the exponent (80) is in agreement with
values reported by Zimin and Frik (1977) and Papanicolaou and List
(1983). George et 8l.(1977), Nakagome and Hirata (1976) and Rouse et al.
.(1952) reported lower value indicating wider concentration profiles.

The rms concentration fluctuations vary from 0.35 to 0.45 with a mean
value 0.40. The values also reported by Nakagome and Hirata (1976),
George et al.(1977) and Papanicolaoﬁ and List (1983) are found to be
close to 0.40.The peaks observed in the turbulent concentration profiles
for jets appear to soalesce in plumes, result found also by Kotsovinos

(1975) in plane plumes.

4.6.3 Plume width
The normalized 1/e concentration width bc by IM has been plotted
versus z/lM in Figure 4.6.4 for both, jets and plumes. A least square

f£it to all data points leads to the relation

b /L, = 0.129(z/1,)°+%%" (4.6.5)
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where the exponent 0.994 is close to the expected value of 1.0. For the
plumes (z/ly >5) the data fit implies

1,007
b, /1y =0.112(z/1y )

(4.6.52a)
that a plume growth appears to be slightly slower than for jets.

Bowever,the exponent is again very close to unity.

With these data a comparison is possible between the concentration
and velocity pofile growth rate. Although all the experimenters have
observed that for jets the concentration profile is wider than the
velocity profile, some plume investigators find bc less than bw (see for
example George 22_553(1977) and Nakagome and Hirata (1976)). The
results of the present investigation indicate that bc )bw for both Jets
and plumes. This is shown by the equations (4.3.T), (4.4.12), (4.5.3)
and (4.6.5) and also in the comparison plot in Figure 4.6.5 where
bw /lM and bc IIM are plotted versus z/lM « These data appear to give

an average value

A=b /b =1.19
(] A\
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4.7 Turbulent mass flux in jets and plumes

4.7.1 Introduction

It was mentioned in section 1.2 of the introductory chapter that
the contribution of the turbulent mass flux term to the total mass
transport of a tracer by the jet has generally been neglected, on the

basis fhat it was small compared to the mean advective flux i.e.

If we define

Ho= QC,
to be the initial flux of a tracer carried by the jet fluid at the jet
exit then at a transverse section to phe jet axis, downstream of the jet

origin, continuity implies that

b(z) b(z) b(z)
Ho= @, ={Wec2rrdr= [WE 27Trdr+ | Wac' 290 dr
o o o}
- HM + HT

where Hy and Hy are the contributions to the tracer transport by the
mean jet flow and the turbulence. FKotsovinos (1975) reported Hp /H, to
vary from 6% in a jet case to 40% in a plume for the two - dimensional

case, & value that is much higher than those reported by George et al
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(1977) and Nakagome and Hirata (1976). FKotsovinos (1975)measured w'c'

and for the 2-D plume case around the centerline he found

H'o'/ﬁc Ec =0.25.

Ramaprian and Chandrasekhara (1983) “repeated™ Kotsovinos' 2-D buoyant
jet experiment and predicted that the maximum normalized w'c'/w, ¢ did
‘not exceed the value 0.05. Antonia et al (1975) and Chevray and Tutu
(1977)measured the constant in the equation above to be 0,022 to 0.028
at the jet axis and 0.03 to 0.04 at the peaks. George et al (15977)
reported the comstant to be 0.07 and Nakagome and Hirata {1976)

determined a value of 0.04 around the plume axis.

4,7.2 Turbulent mass fluxes in jets and plumes
The turbulent flux of a tracer (Rhodamine 6G in the present case)
transported by the jet can be caloulated from the radial distribution of
wictas
b(z)
Hp = w'e'2nr dr

o]

The normalized velocity - concentration correlations w'e' and utc!
by the mean velocity and concentration at the jet axis, have been
plotted versus r/z in Figures 4.7.1, 4.7.2, 4.7.3 and 4.7.4 for both

jets and plumes, Figures 4.7.1 and 4,7.2 show the radial distributions

of w'c! and u'c' in a jet, and Figures 4.7.3 and 4.7.4 these
distributions in a plume. From Figures 4.7.1 and 4.7.2 the centerline

and peak values of the w = ¢ and u - ¢ correlations for a jJet were
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nmeasured and found

centerline peak value
wieT/w. o 0.020 0.024
uvel/v, o, 0.000 0.010

For a plume the w = ¢ and u -~ ¢ correlations shown in Figures 4,7.2

and 4.7.3 take peak and centerline values

centerline peak value
ufel/w, o, 0.000 0.015-0,025

From the measured values above it i3 expected that the turbulent
tracer mass flux is bigger in a plume than in a jet. For the case of
the jet the average values of w'c'measured are smaller than those
reported by Antonia et al (1975) and Chevray and Tutu (1978). List
(1980) used the results reported by the above authors to calculate the
total longitudinal tracer mass fux of a tracer by a jet. He assumed
Gaussian distribution for the w'e' with a maximum 0.03 to 0.04 at the
jet axis and width twice the 1/e width of the jet, and found that 14% of
the heat flux is carried by the turbulence.

In Figure 4.7.5 the measured qunormalized by the initial tracer
flux is plotted versus 2/1}1. It is shown clearly in this figure that
for a jet the turbulent mass flux of a tracer is 6 - 14 % of the total
while for a plume it becomes 15 - 20 ¥ of the total (open symbols),

Therefore the calculations in Chapter 1 based on the assumption that
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——

w'c'<<w ¢ need reevaluation. The assumption appears questionable
especially in the plume case where the observed values H¥ /Ho can be as
high as 20%. In consideration of these results it is important to

discuss the closure
Ho.-.. HM+ HT

In the present experiment both HM and HM-+HT were found to exceed H0 for
almost all data points except the low estimates as shown in Figure
"4.7.6. This means that the mean concentration and probably the
turbulent fluxes are overestimated. This may be a systematic error in
that a comparison of the mean concentration values measured by other
authors and the results of the present investigation showed that the
measured concentrations were higher. An investigation of this can be
performed using some preliminary results based on temperature

measurements by Papanicolaou and List (1983) (see Appendix A), which
used the same jet, as follows, The mean centerline dilution is given

as
2/s3
59 _ 0.165 (Jets) and —22- = 0,090 —12;1— (Plumes)

z Vil z

Using these concentration decay rates in the computation of

b(z) 5= el T = 0.8902 ; jets
“ﬁ = w Elznrdr
. El=g:6—'—;gE = 0.777T ; plumes

and keeping quas computed previously the sum

t ot
Ho- HM+ HT
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is found to take values close to QC,. This is shown in Figure 4.7.7
where the sum of the corrected H}iand uncorrected H, normalized by
Qcohas been plotted versus z/ly . The discrepancy in the data points is
due to the discrepancy of the normalized mean velocities and
concentrations along the Jet axis and the widths hw and bc shown in
Figures 4.4.1, 4.6.1, 4.4.6 and 4.6.4 respectively and used for the
calculation of Hy .

Using the mean velocity profiles in Figures 4.3.4 and 4.4.2 for a
Jet and a plume respectively and the velocity decay along the axis in

Figure 4.4.1, and from Figures 1, 2(a) and 2(b) in Appendix A one has

oo
- m™Q Co
By = | W e 2mdr = 5735575, 765) (80475) 0.93 q ¢, (JET)
s 0
and o
- T Q Co
HM = w ¢ 2nrdr = (0.090) (0.260) (80+80) 0.839 QCo (PLUME).
o 0

Hence it is confirmed that the turbulent tracer flux varies from about
7% in jets to about 169 in plumes which is observed in Figure 4.7.5.
This would suggest that the error is involved in the measurements
of the mean concentration. It may well result from an inerease in the
background light intensity seen by the laser fluorescence system and
resulting from internal reflections and scattering of laser light from
the intense beam used to induce the fluorescence, The nature of the
experimental set-up i.e, existence of particles in both jet and ambient
fluid that scatter laser light in all directions can cause fluorescence
of Rhodamine 6G dye in the vicinity of the laser beam that is detected

by the photodiode biasing the output signal. Absorbtion of Rhodamine 6G
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dye by the particles crossing the probe volume may also result an
increment in the fluoreacence from the dye dissolved in the fluid of the

probe volume,

4.8 Dilution in vertical round buoyant jets

Fischer et al (1979) defined the constants of proportionality in
the dllution formulae in Table 1.3.1 based on existing data of various
investigators. For simple plumes they defined the constants of
proportionality for velocity and concentration decay from the work of
Rouse et al (1952) and George et al(1977). As mentioned in sections 4.3
and 4,5 a plume becomes self similar for z/lM >5; this is shown clearly
in Figures 4.4.1 and 4.6.1. For z/lM »5 the dimensionless mean
velocities and concentrations on the plume axis, as defined by the
equations (4.4.2) and (4.6.1), are proportional to (z/lM yz/a and
(z/lM ) 2/3respectively, as anticipated by the dimensional arguments.
It is believed that Rouse et al.(1952) probably measured in the
transition region 1<z/1M {5, or may have measured the velocities
inaccurately. Furthermore since all plume parameters derived by prior
investigations from data up to 20 initial diameters it is likely that
the plumes had not become self similar. For these reasons some of the
basic parameters discussed in sections 1.2 and 1.3 will be redefined

from the data obtained in the present investigation,

4.8.1 The plume Richardson number

The local Richardson number for a buoyant jet is defined as

(4.8.1)
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where 1, m and B are the local estimates of the mass, momentum and
buoyancy fluxes respectively. Substituting the local mean veloeity and

concentration profiles

= .5 - 2
LA expl (r/bw )2 ] (4.8.2)
c = Ec axp[-(x'/bc )2 ] (4.8.3)
with
A=b_ /b (4.8.5)
and

"

(A;a)c(z)/(A p)0 C /co (4.8.5)
into the equations (1.2.6), (1.2.7) and (1.2.8) equation (4.8.1.) can be

rewritten as

(4p)_ ¢ b 1/
R@)=Pﬁ¥ﬁ(g 2 —Ewﬂlz (4.8.6)

14 A2 Py o wl

The local jet Richardson number R(z) as computed from equation (4.8.6)
has been plotted versus z/lM in Figure 4.8.1, The + symbols correspond
to ) = bc /bw calculated exactly from simultaneous velocity and
concentration measurements. The A symbols in the jet region
correspond to values of R(z) ealculated from velocity measurements only
(experiments PAP and VEL series) using ) = 1.2 and c/ac = 0,1572/D from
equation (4.5.1).

For z/lM <<1 (Jets)

m(z) = constant
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u(z) = 0.2842(z/D)
B(z) = econstant
and therefore
R(z) ~ z/lM (4.8.7)

which is also shown in figure 4.8.1. For z/lM >>1 (plumes) substituting

equations (1.3.8a) and (1.3.9a) into (4.8.1)

R(z) = constant = Rp (4.8.8)

where RP is defined as the plume Richardson number. From Figure 4.8.1
and for z/lM >5 one can notice that R(z) is invariant with z/lM , and

the calculated value was found
Rp = 0.716 {4.8.8a)

significantly higher than Rp = 0.557 proposed by Fischer et al (1979).
This experimentally observed constant Richardson number for z/lM beyond
5, is further evidence that plume = like behavior exists for large
z/1ly .

4.8.2 Jet/plume width parameter
From equation (1.3.11) the plume width parameter defined as

¢ = /21b /z (4.8.9)
p W

has been plotted versus z/lH in Figure 4.8.2. Its value is supposed
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constant, since from equations (4.3.5) and (4.4.12) it is elear that

b/z c~constant for both jets and plumes.From Figure 4.8.2

mean at.dev, max min
cp 0.271 0.022 0.326 0.233 (4.8.9a)
This value of cp =0.,271 is higher than the 0.285 re;ommended by Fischer
et al (1979).
The estimates for Rp and cp calculated in this section were used to
calculate the dimensionless dilution | and dimensionless elevation

r defined in equations (1.3.13) and (1.3.1%) as

R .
- upd/? H.(Ro) ER 2 z ( o)
b= - w2 [ = e (= (4.8.10)
RpMs/ « QR Ry ty Pig \Ry '

In Figure 4.8.3 | has been plotted versus [ and is shown clearly that

the theoretical predictions

are in a remarkably good agreement with the results of the present

investigation.
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4,9 Entrainment, mass and momentum balance in a round vertical turbulent

buoyant jet

4.9.1 Entrainment coefficients

In this section the entrainment coefficient implied by the present
data will be calculated fof both Jets and plumes. Substituting directly
the estimates for the mean velocities at the centerline and the widths
bW for both jets and plumes into the equation

- 2
d/dz(wc bw ) = zae bw W, (4.9.1)
one has:

(a) For jets H/§c = 0.1492z/D and b = 0,109z and therefore

Eaj = 0.,109; aj = 0.0545.
(b) For plumes w_ =3.858/%z""/*and b_ = 0.105z and therefore
Eap =5/3(0.105); ap = 0.0875.

The value ap =0.0545 1s in agreement with the suggested 0.0535 by
Fischer et al.(1979) for jets but their suggested value 0.0833 for
plumes based on the data of Rouse et al.(1952) is lower than that

obtained here.

4.9.2 Mass and momentum balance in round vertical buoyant jets
The local mass flux u(z) and momentum flux m(z) at a distance z
from the jet origin were calculated from the mean velocity profiles,

The normalized u(z) has been plotted versus z/lM in Figure 4.9.1. For
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MASS FLUX IN JETS AND PLUMES
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z/lH <1 in section 4.3.4 the normalized mean mass flux was found

K. z
q 0.284 4 (4.9.2)
and is shown to be proportional to z (slope 1:1). For z/ly >5
pB2 (2 Y/ (4.9.3)
w/e 3\

where bé was estimated to be 0.140 from a least square fit to the data,
and it is lower than 0.150 suggested by Fischer et al (1979).
The local mean momentum flux for a jet was calculated in section

4,.3,4 and found
m{z)/M = 0.96. (46.9.4)

In Figure 4.9.2 m(z)/M has been plotted as a constant (zero slope)

versus z/ll{. For z/H4>5 dimensional arguments lead to

M 2\ %

m_ b.(i)“/" (4.9.5)
M

The constant of proportionality bé was calculated from a least

square fit to the data for z/1b1>5 and found

'
b2=0.290

lower than the value 0.35 that Fischer et al. (1979) suggest.
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MOMENTUM FLUX IN JETS AND PLUMES
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It would be of importance to estimate the contribution of the
turbulence to the momentum flux transported by the mean flow at some
distance z from the jet origin., In Figure 4.9.3 the ratio mj:(z)/m(z)

has been plotted versus z/lbiwhere

b(z)
mT(z) = w'Z 27rdr.

o

It is shown clearly that the turbulent momentum flux is falrly constant
with z/1, and approximately equal to about 15%m(2) close to the estimate
14% obtained in section 4.3.4 for the jet regime., This was expected
because of the similarities in the mean velocity profiles and intensity
of the turbulent axial velocity in both Jets and plumes. This is a
further evidence to the fact that the turbulent tracer transport should
be of order of 109 to 20% discussed in section 4.7 of the present

chapter.
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5. SUMMARY, DISCUSSION, CONCLUSIONS

The present experimental work is an investigation of the growth
laws, veloeity and concentration decay laws, and turbulence properties
of round vertical buoyant jets. All three flow regimes, a jet (momentum
driven), a plume (buoyancy driven) and the transition from jets to
plumes were investigated. The resulis obtalned have been applied to a
reevaluation of the basic assumptions used in analysis and have
practical applications in problems of technical fluid mechanies. The
measurement techniques developed can be usefully applied in other

experiments that involve turbulent shear flows.

5.1 Instrumentation

A novel experimental measuring technigue was introduced for the
experimental task of this project. A two reference beam laser - Doppler
velocimeter that allowed measurements of the longitudinal and radial
velceclty components was combined with a laser - induced fluorescence
measuring device for simultaneous measurement of the concentration of a
Rhodamine 6G dye. The advantages of the technique are: (i)} The flow
field was not disturbed as in probe - based techniques. (ii) Turbulent
transport of tracer mass (Rhodamine 6G dye), and therefore the buoyancy
flux of the motion could be obtained from direct simultaneous
measurement of the velocity and concentration at the same point of the

flow field and (i1ii) The instrument sensitivity allowed measurements at
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many Jet diameters downstream frc¢wu the flow origin, thus in the region
where the flow became self similar.

The only restriction that limited the measurements to 110 Jjet and
80 plume diameters downstream was the tank éspect ratio (tank width/jet
diameter), which in the present experiment varied from 75 (plumes) to
about 155 (jets). Thus for axial distances greater than 100 jet
diameters the recirculation in the tank affected both velocimetry and
concentration measurements. More specifically, nonlinearities in the
jet growth would occur that affected the self similarity of the mean and
turﬁulence transverse profiles of velocity and concentration., The
initial jet concentrations of Rhodamine 6G dye used varied from 100 to
250 ppb in order to obtain mean concentrations many diameters downstream
that would provide sufficiently accurate measurement of the
concentration. The sensitivity in the fluorescence measurement was 0,1
ppb. The initial jet concentration of Rhodamine 6G dye did not affect
the initial buoyancy input to the Jet. This is the great advantage of
the technique versus temperature or salt concentration measurements
especially in the case of a momentum Jet. Use of temperature or
salinity for concentration measurements in jets applies two limitations
(1) the concentration (temperature) cannot be measured accurately enocugh
beyond 40 or 50 jet diameters due to the rate of decay of salt
concentration or excess temperature with distance from the flow origin
and (1i) the initial high buoyancy input to the jet resulted in plume

formation at a few Jet diameters downstream.
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5.2 Jet growth and decay of the mean velocity and concentration

5.2.1 Width of a buoyant jet

Equations (4.4.11) and (4.6.5) showed clearly the non - linear
behavior of the jet growth for both bw and bc if the Jet is initially
driven by both momentum and buoyancy. From equations (4.3.7) and
(4.4.12), and (4.5.3) and (4.6.5a) it becomes clear that the spreading
angle of a plume is smaller than that of a Jet for both mean velocity
and concentration. This is an indication that the buoyancy disperses
transverse to the jJjet axis slower than the momentum. If at some point
of the flow fleld of a plume a volume of fluid of high concentration and
therefore buoyancy is existing, then the local buoyancy force acts as a
driving mechanism which accelerates this local fluid volume. This
mechanism explains the higher concentration fluctuations apparent in the
plume regime.

For both jJets and plumes the mean concentration profile appeared to
be wider than the mean veloclty profile, contrary to what George et al
(1977) and Nakagome and Hirata (1976) have reported. Their results were
obtained at only 12 and 16 diameters downstream where the flow was
clearly not fully developed.

The ratio A=b, /b, has not been found to be constant in all jet,
plume and transition regimes. From equations (4.3.7) and (4.5.3)

A=1.275 for a Jjet and from equations (4.4.12) and (4.6.5a) A=1.067 for
a plume. An aveéage value of A=1.194 has been derived from equations
(4.4.11) and (4.6.5). In the following paragraph a plume definition

will be introduced and its self similarity will be discussed.
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5.2.2 Veloeity and concentration decay in a buoyant jet

Figures 4.4.1 and 4.6.1 show the decay of the normalized mean and
turbulent intensities decay for the velocity and concentration
respectively along the axis of a buoyant jet versus the normalized
distance from the jet origin z/1y . Equations (1.3.2b), (1.3.6b),
{(1.3.7b) and (1.3.10b) in Table 1.3.1 and these figures show clearly the
Jet - like or the plume = like behavior of a jet. More specifically,
for a jet /M/w z=constant and SQ/z YM=constant, S=C /c, . Figures
b.4.1 and 4.6.1 show this for z/ly <1. The same figures for a plume

show that Jﬁjagz q,(z/lM )_2/3 and sSQ/z vM m(z/lM )2/3

for z/1, >5.
Therefore, regardless of the initial jet diameter, and for a known
initial jet buoyancy length scale 1M s one has that
if z/14 <1, Jet - like flow
if z/lb1>5, plune - like flow and
ir 1<z/1b1<5, transition from jets to plumes.
Jets with a slight initial buoyancy after 5 characteristic lengths
1y therefore "forget™ their origin and follow the plume laws as derived
from dimensional arguments in Section 1.3.
5.2.3 Turbulence properties
The normalized rms values of w, u and ¢ plotted versus z/lM follow
the same decay laws as their corresponding mean values.This is shown
clearly in Figures 4.4.1 and 4.6.1. The only difference between the
mean and rms decay 1s the transition from jets to plumes is gradual for
the mean values and abrupt for the rms values. The slope of the
asymptotic power laws for z/lM <1 and z/lM >5 changes abruptly from 0 to
~2/3 for the rms velocities around z/lM =3, and from 0 to 2/3 for the

rms concentrations at about z/lM =8. This explains the fact that while
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the normalized rms velocities do not vary from jets to plumes, the
normalized rms concentration on the flow axis varies from 0.22 (jets) to
0.40 (plumes). By contrast the turbulence intensity of the velocity
flow field is the same for jets and plumes. The normalized rms velocity
profiles show a maximum longitudinal value of 0.23 and 0.15 for the
radial veloclity component at the jet axis. The rms normalized
concentration profile in jets is quite different from plumes. In Jets
it is much wider than the profile of the rms axial veloclty as shown in
Figure 5.2.1. The centerline value is 0.22 and the maximum value 0.26
occurs at about r/z=0.10. In plumes the rms concentration profile is
flat around the centerline with a meximum value of approximately 0.40,
almost twice the jet centerline value of the rms concentration.
Furthermore it is not much wider than the rms axial velocity profile as
shown in Figure 5.2.2. From the above observations it is apparent that
a passive contaninant is dispersed laterally much faster in momentum
driven jets than in plumes, Also lateral spreading of the momentum flux
is less than the spreading of the mean and rms concentration of a
passive contaminant in momentum driven jets, In plumes the lateral
spreading of the mean and turbulence lintensities is very much the same
for both velocities and concentrations but the relative intensity of the
turbulent fluctuations of a passive contaminant is greater.

The self similarity in a jet can be cbserved in Figure 4.3.1 and
was discussed in section 4.3.1 of chapter 4. The normalized turbulent
shear stress profiles are not self similar in jets, as is shown in
Figures 4.3.10 and 4.3.11. For 25<z/D<50 the maximum value of the
nornalized shear atress varied from 0.003 to about 0.01. For z/D>50 it

became constant with an average value of 0.013. For a plume for z/lM >5
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the normalized turbulence shear stress profile was self similar. This
also proves that a pluvme can be assumed to become self similar after
about 5 characteristic lengths J.M.

5.2.4 Turbulent flux of a tracer (or buoyancy)

It is shown clearly from Tables 1.4.1 and 1.4.2 that the jet
parameters defined experimentally are found to be different by various
investigators. This is true for the jet growth laws and mean and
turbulence decay properties, Plume investigators have not reported
consistent results concerning the plume growth and the decay of the mean
and turbulence velocities ard concentrations (see for example Rouse et
al (1952), Nakagome and Hirata (1976) and George et al (1977)).
Therefore an attempt to derive the contribution of the turbulence to the
transport of a tracer by the jet

b{z)
H_ = QC0 -J{%Ezﬂrdr

T
o

would probably lead to inaccurate estimates of the tracer transported by
the jet turbulence for the case where w and ¢ are chosen from different
investigations with different experimental set ~ ups and initial jet
conditions. In Tables 1.4.1 and 1.4.2 the reported mean values of
velocity and concentration (temperature) along the jet axis are quite
different for different experimental investigations. In the present
investigation the fraction of the tracer transported by the jet

turbulence was calculated as

b(z)

- tat
HT-fwc 2Tprdr

(o)
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from the profile of wic' which was measured directly. It was found to
vary from 6% to 14% of the total (initial tracer transport) for a jet
and from 15% to 20% for a plume, Kotsovinos (1975) reported much higher
values for the 2-D plume (#0¥) and 1t is believed that the turbulent
heat tranfer was overestimated. The longitudinal rms velocities
measured by Kotsovinos (1975) were found to be much higher in the plume
regime than those in a jet, something that was not observed in the
present experiment. It is belleved that the changes in the refractive
index due to temperature fluctuations increased the noise level of the
velocity signal resulting in higher turbulence velocities and therefore
higher veloclty - temperature correlations.

The turbulence transport term w'c' therefore cannot be neglected in
the integration of the time averaged equations of motion and energy,
especially in plumes where relatively high values were measured. In
Section 4.3.4 it was also shown that neglecting the contribution of the
axial turbulence intensities in the momentum flux equation
underestimated by about 15% the momentum flux calculated from the mean
velocity profile.

5.2.5 The mass and momentum balance in a buoyant jet

In Section 4.9.2 the constants to the equations (1.3.8a) and
(1.3.9a) were estimated to be b2'=0.290 and b3'=o.1uo respectively for
the momentum and the mass transported by a plume. Substituting the
equations (1.3.8a) and (1.3.9a) into the expressions for the plume

Richardson number and the plume growth coefficient

_ B/ ¥

-
-

R_ = sy C 1
2
P p5/e P zm* /
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~5/4
respectively one determines the relations R =b.b and ¢ =b /bll2 .
P 32 p 32
Substituting b2 and b3 into these relations one finds that Rp =0.658 and

cp =0,260, The value cp =0.260 is in agreement with the measured
average growth parameter cp =0.271 for jets, plumes and transition. The
plume Richardson number is lower than the value 0.716 estimated in
Section 4.8.1. It was mentioned before that the mean concentrations
were overestimated for both, jets and plumes. Again using the results
of the preliminary work by Papanicolaou and List (1983) from temperature

measurements in plumes i.e, SQIanﬁ;0.0Q instead of 0.07 one has that

Rp = (0.716) (%f%%);i= 0.631
a value that agrees with that above. Again dimensional arguments and
Figure 4,.8.1 show that the plume Richarson number takes a constant value
for z/lH 25. Thus it is obvlious that a buoyant jet becomes plume for
z/lM »>5 or when the loeal Richardson number takes a limiting value of
about 0.630.

At this point some remarks have to be made about the definition of
a plume. If the buoyancy length scale is chosen to be 1M =D, where D is
the initial plume diameter, then the initial Richardson number Ro of the
plume becomes Ro =1. Hence the local plume Richardson number has %o
decay continuously in the initial plume regime until the limiting value
0.63 is reached. High initial Richardson numbers (Ry>0.630) could cause
instability of the flow at the jet exit resulting in ambient fluld
entrainment through the jet orifice that would adjust the initial
Richardson number to its limiting value 0.630 by reducing the effective

jet diameter (increasing the jet exit velocity). This flow pattern was
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observed in the laboratory when a disturbance was introduced to a jet
with initial Richardson number close to unity.

Finally the jet and plume entrainment coefficients were found to be
0.0545 and 0.0875 respectively. Their ratio ap/aj = 1,635 = 5/3 as
mentioned in Section 1.2 of the introduction. All the results are
summarized in Table 5,2,1.

5.3 Conclusions

The main conclusion from this investigation is that the nature of
flows in jets and plumes is quite different because of the different
nature of the forces which act upon the fluid. A jet is maintained by
continuous input of momentum flux and a plume by continuous input of
buoyancy flux at its origin. This difference explains why the decay of
the mean and turbulence characteristics of the jet flow field is quite
different in these two flow pattermns. However the shape, growth and
transverse profiles of the mean and turbulence parameters are quite
similar for both jets and plumes.

The dimensional arguments made in section 1.3 of the present work
were verified experimentally. It was shown that a jet becomes self-
similar after certain initial diameters downstream as found in the past
by Wygnanski and Fiedler (1969) and Birch et al. (1978). Velocity and
concentration measurements were performed in the plume flow field up to
about 80 characteristic plume diameters (z/lM). A plume became self
similar after it had reached a limiting constant value of the local
Richardson number 0,630, or for z/1H>5. A rigorous definition of the
plume regime was given. This was not based upon the initial plume
diameter which is eventually lost by the plume, but upon a length scale

defined by a ratio of the initial buoyancy and momentum input. It was
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JET AND PLUME PARAMETERS

Parameter JETIS . PLUMES
Z <1 >5
M -2/3
ﬁcz 0.132 0.260(2/1M)
= 0.230 0.230
Ve
= 0.150 0.150
Ve
tu'
max —_, 0.015 0.016
We
bw(z) 0.109 2z 0.105 z
measured corrected measured corrected
S8_ | o0.147 0.165 o 07(_7,_)2/3 0 Og(iz“
z VM * 1 * ].)
M N
céz
— 0.220 0.400
Cc
bc(z) 0.139 =z 0,112 =z
bc
== 1.275 1.067
W

Table 5.2.1. Summary of the measured jet and plume parameters in the
present experimental investigation.
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JET AND PLUME PARAMETERS (continued)

Parameter JETS PLUMES
. centerline peak centerline peak
ﬁcEc 0.020 0.024 0.030-0.040 (0.040-0,050
Y centerline peak centerline peak
ﬁcEc 0.00 0.010 0.00 0.015-0.025
.[;‘c‘2nrdr 6% - 14% 15% =~ 20%
Q C, use 74 use 167%
u(z) z z RARRTE
) 0.2843 or 0.2521— 0.140 ) z
Q
uf3
nlz) 0.960 0.290 (-2-)
M * - 1
M
(2)
jﬁz) 0.150 0.150
c 2 Cc c. = 0.252 cp = 0'260
J P J
C 0.271
2 measured corrected
R(z) 0-286 7 0.716 0.631
a, = 0,0545 a = 0,08
a, j P 75

Table 5.2.1

(continued).
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also shown that for both jets and plumes the mean concentration profile
was consistently wider than the mean velocity profile, and that the
growth rates were slightly lower in the plume case.

Previous mathematical models describing turbulent plume motion
have assumed a constant entrainment coefficient and have neglected the
contribution of turbulence to the longitudinal transport of momentum
and tracer in the averaged integrated equations of motion. The results
of this invéstigation have shown that the entrainment coefficient for
a plume is very close to 5/3 times as great as that for a jet, indicating
that some allowance for jet-to-plume transition should be made in the
description of buoyant jets. The measurements of turbulent fluxes of
momentum and tracer indicate that an allowance in plumes of 107 for
turbulent transport of momentum, and 207 for turbulent transport of
tracer are reasonable. Future mathematical models of the evolution of

mean transport in buoyant jets should therefore consider the longitudinal

transport terms w'c' and w'? in the equations of motion,

A table of recommended formulae for the asymptotic behavior of
jets and plumes has been developed. These formulae, which describe the
evolution of the dilution, velocity, mean concentration and relative
root—-mean square turbulence quantities, should be useful in practical
. applications of the results to engineering problems related to the
design of wastewater and other disposal systems that depend upon jet and
plume induced dilutioms.

The experimental work performed has indicated that it is possible
to measure turbulent fluxes of momentum and tracers using a technique
combining laser-Doppler velocimetry with laser-induced fluorescence

based concentration measurements. However, it is apparent that the
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laser-induced fluorescence technique needs further refinement in that

the system employed here clearly overestimated the mean concentration

of fluorescing tracer. The cause of this error, which was corrected

for in the presentation of the results, appears to lie in excess light
collected by the receiving optics from scattering centers within the

flow field other than at the focal point of the laser-Doppler beams.

It seems likely also that this overestimation may have been contributed
to by the adsorption of fluorescing dye onto the small organic scattering
particles suspended in the flow and necessary for operation of the
laser-Doppler system. Future investigators using these techniques

should carefully evaluate the above sources of possible error.
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STATISTICAL AND SPECTRAL PROPERTIES OF A
HEATED ROUND TURBULENT BOUYANT JET

P. Papanicolaou and E.J. List*

Presented at the ASCE Engineering Mechanics Specialty Conference,
Purdue University, West Lafayette, Indiana, 23-25 May 1983,

A round vertical heated water jet discharging into a body of water
of uniform density ig the subject of the present experimental work. Interest
is centered on the description of a tracer (temperature) which is trans-
ported by the jet fluid, and in particular the jet growth laws, temperature
decay laws and turbulent spectral properties. Temperatures were measured
using fast response thermistor probes (charapteristic time was found to
be 0.014% seconds) up to 40 jet diameters downstream from the jet orifice.
The Reynolds number at the exit of the jet varied from 3700 to 17000.
The flow patterns examined were: (a) pure momentum jet, dirven by contin-
uous addition of momentum at the source, (b) pure plume, where the flow
was mainly driven by the buoyancy due to the density difference between
the jet and ambient fluid, and (c) buoyant jet were the flow was in transi-
tion from jet to plume. These flows are characterized by the ratio of the
éﬁial distance from the jet orifice z to a length scale leMS/“/Bll2 where M is
the specific momentum flux of the iet and B the specific buoyancy £flux,

The relationships of the mean, rms and maximum temperature to the
dimensionless distance z/lM are shown in Figure 1. 1If S=AT°/ATc is the

mean dilution along the jet centerline then dimensional arguments lead

*W}, M. Keck Laboratory of Hydraulics and Water Resources, California
Institute of Technology, Pasadena, CA 91125,
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to SQ/(zM1/2)==con§tant with z/1M<<1 (momentum dominant) or to
5Q/(z%/38%/3) = constant with z/lM>>1 (buoyancy dominant). For z/lM<<1
Figure 1 shows that for jet-like flow SQ/(zM1/2)=O.165, while for z/1M>>5
(plume-like behavior) SQ/(z%/®BY/?)=0.090. Fischer et al. [7] give the
values 0.175 and 0.106, respectively, In the region 1<z/lM<5 there is a
transition from momentum jets to plumes. Therefore knowledge of the initial
B and M at the jet orifice enables one to predict how the flow pattern
changes with z, From Figure 1 it can also be seen that the minimum and
"rms" dilutions follow the same trend as the mean, For the pure jet case
the mean temperature profile AT/ATc (Figure 2(a)) is found to be
AT/ATC=exp[—75(r/z)2]. The turbulent intensities (Figure 2(b)) J(EE:377ATC
have a value of 0.15 to 0.18 on the centerline and a peak value of 0.20
to 0.25 at r/z=0.07. These results are in agreement with those found by
Antonia et al. [2] and [3], Becker et al. [4], Birch et al, [5], Chevray
and Tutu [6] and Shaughnessy and Morton [12]. For the pure plume case
(Figures 3(a) and 3(b)) AT/ATc=exp[-80(r/z)2] while the turbulent intensities
have a maximum value of 0.40 at the centerline, These results agree with
those given by Zimin and Frik [13] and George, Alpert and Tamanini [8].
The 1/e {(0.37) widths are found to be 0.127 and 0.111 for jets and plumes
respectively, results which agree with the averapges given by Fischer et al.
[71.

The probability density function (pdf) of temperature fluctuations
for both jets and plumes were calculated and plotted versus (T—Ta)/ATc
for all radial positions r/z, as is shown in Figures 4(a) and 4(b).
Exponential curves can be fitted in both cases for r/z=0.0 to 0.1.
However, in the region r/z>0.1 the distributions become asymmetrical

indicating a highly intermittent region. At the jet boundaries the pdf
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approaches the form of a delta function. Typical power spectra estimates

are shown in Figures 5(a) and 5(b), for r/z=0.00 and 0.05 respectively, at

an axial distance z/D=53.33 and for z/lM=1.52 (buoyant jet region). 1In

both figures it is made clear that for frequencies 1 to 10 Hz the turbulence
intensity decays following the -5/3 logarithmic law with the frequency, while
for higher frequencies a -3 slope is apparent. Furthermore, the spectral
power decays by two orders of magnitude in the region from 1 to 10 Hz.

The similarity of the two'spectra is a further indication that the intermit-

tency has to be the same for 0.0<r/z<0.05.
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APPENDIX B

DATA

The data tables and figures in this Appendix correspond to the
experiments EXP series, VEL series and PAP series shown in tables 4.1.1,
4.1.2 and 4.1.3 of Chapter 4. All the data used for the non-dimensional
profiles of the normalized time-averaged mean values, turbulence
intensities and cross—-correlations for velocities w and u and concentra-
tion c versus r/z, have also been plotted in dimensional form. They are
shown in the same page with the data table of the corresponding experiment.
The radial distance r has been calculated from the reference distance X
as r =X -i, where X corresponds to the jet centerline and has to be

defined somehow. The description of the headings of the tabulated data is

X = relative reference location of the point of measurement
(cm)
W = w (cm/sec)

WP =/ﬁ_7 {(cm/sec)
P =/TF (cm/sec)
WPUP = w'u' (cm?/sec?)
MAX W = max w {(cm/sec)
MIN W =min w (cm/sec)

c = ¢ (ppb)

P =/a'Z (ppb)

WPCP = w'c' (ppb cm/sec)

UPCP = u'e' (ppb cm/sec)
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The initial jet parameters for all the experiments, such as, W, z,

D, (Ap/p )og and C, are given in tables 4.1.1 and 4.1.3 of Chapter 4.
a



206

EXPO1
X W WP Up WPUP c cp WPCP UPCP
70,000 0.335 0.278 0.355 0,003 0.558 0.659 0.03% 0.059
72.000 1.190 0.705 0.439 =0.063 1.711 1.353 0.461 0.188
76.000 3.539 1.079 0.703 =0.221 4.770 2.239 1.190 0.472
78.000 4.444  1.170 0.795 =0.023 5.814 2.379 1.509 0.107
84.000 2.487 1.153 0.639 0.261 2.838 1.81T 0.990 «0.436
86.000 1.048 0.736 0.533 0.166 1.212 1.148 0.379 =0.259
88.000 0.461 0.%97 0.385 0.013 0.605 0.748 0.196 <«0.090
PLUME: VELOCITIES EXFOI.DAT z/i4~14.80
8 ) i ) L) L4 ] 1
——w=5.180expl-.0315r%]
o j;*r
% Jw
A.‘t ':
- 6 ¢ -uu _
.
~
<
P
I.
®
Is
.al | 1 L 1 ] 1} J |
-20 =158 ~i0 =5 4] S 10 15 20



X L]

70.000 0.335
72.000 1.190
74.000 2.520
76.000 3.539
76.000 4. 444
80.000 5.171
82.000 4.225
. 84,000 2.487
86.000 1.048
88.000 0.461

we

0.278
0.705
0.960
1.079
1.170
1.091
1.076
1.153
0.736
0.497

PLUME«

207

EXP0O1
up WPUP

0.355 0.003
0.439 =0.063
0-566 -0.152
0.703 =0.221
0.795 =0.023
0.741 0.086
0.720 0.190
0.639 0.261
0.533 0.166
0.385 0.013

TONCENTR. EXPOi.

0.558
1.711
3.364
4.770
5.814
6.370
5.165
2.838
1.212
0.605

cp

0.659
1.353
2.007
2,239
2.379
2.264
2.125
1.817
1.148
0.748

OAT z/1ix=14.80

WECP

0.034
0.461
1.049
1.190
1.509
1.159
0.991
0.990
0.379
0.196

UPCP

0.059
0.188
0.386
0.472
0.107
-0 l132
~0.436
—0 .259
=0.090

T
.

™
o

s

3

+p 2 l

]

u

[ T I o

Svc

-2L (.

1 ]
6.350expl-.0297r%)

~20 =15

20



X

72.000
74,000
76.000
78.000
80.000
82.000
B84.000
86.000
88.000

0.429
0.907
2.300
4.692
4.497
3.066
1.226
0.187
0.059

WP

0.351
0.676
1.145
00989
1.069
1.043
0.865
0.269
0.149

208

EXPO5

op

0.289
0.421
0.550
0.635
0.651
0.593
0.549
0.279
0.149

WPUP

-00007
-0.082
-0.058
0.098
0.172
0.142
0.006
-0.002

1.429
2.224

4,268

7.498
6.892
4.565
1.942
0.494
-0.0U9

cP

1.180
1.723
2.638
2.697
2.636
2.392
2.046
0.942
0.121

PLUME: VELOCITIES EXPOS.DAT z/14=8.58

WECP

0.171%
0.394
1.688
. 1.115
1.350
1.176
1.043
0.110
-0.004

upce

0.054
0.228
0.530
0.232
-0.270
-0.5“3

TS R (em/sen)
~
1

©
]

+ b«

-21

- 1 L) [)
~——w=4.900exp[~.0539r%]

)

-20

1
=15

20
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EIPOS
b | W WP gp ¥PUP c cp WPCP UPCP
72,000 0.426 0.351 0.289 ~0,007 1.429 1.180 0.171 0.054
74.000 . 0.907 0.676 0.421 =-0.082 2.224 1,723 0.394 0.228
76.000 2.300 1.145 0.550 =0.188 4.268 2.638 1 .688 0.530C
78.000 k4.692 0.989 0.635 ~D,058 T7.498 2.697 1.1156 0.232
80.000 4.497 1.069 0.651 0.098 6.892 2.636 1.350 <=0.270
82.000 3.066 1.043 0,593 0.172 4,565 2.392 1.176 =0.543
84.000 1.226 0.B65 0.549 0.142 1,942 2,046 1.043 =0.478
86.000 0.187 0.269 0.279 0.006 - 0.489} 0.942 0.110 =0.069
88.000 0,059 0.149 0.149 ~0.002 =0,049 0.121 =0.004 «0.006
BLUME: CONGENTR. EXPOS.DAT 2z/in5B.58
8 - ! T T ~T T T
—g=?.BB0expl-.0512r%)
o
o
s ¢+ cTu' i
I:E 45 T
;
o 21 o
to
ol-
-+
+ +

-2l

~20
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X

70.000
T72.500
75.000
77.500
80.000
82.500
85.000
87.500
90.000

210

EXPO8

| WP )3 WPUP
0.560 00519 00333 -00051‘
1-529 0.7“3 0.3323 -00071
5.419 00967 0-6“3 -0.080
5,117 1.025 0.616 0.155
2.841 1.066 0,587 0.258
2.170 0.892 0.635 0.250
0.810 ©0.690 ©0.h34 0.123
0.077 0.180 0.191 =0.002

0.658
1.373
2.592
3.774
3.392
2,521
1.657
0.729
0.295

cp

0.564
0.993
1.303
1.847
1.346
1.271
1.066
0.713
0.243

PLUME: VELDCITIES EXPOB DAT z/Iy=35.26

WPCP

0.155
0.332
0.644
0.727
0.649
0.779
0.528
0.265
0.000

UPCP

0.048
0.119
0.322
0.139
-00 180
-00306
=0.133
-0.004

WU wa (em/ser)
N
N

—
W

o
~
a
+

T ~T T
w=4.500expL-.0300r%3
w

i

1

15

20



X

T70.000
72,500
75.000
77.500
80.000
82.500
85.000
87.500
90.000

W

0.560
1.529
3.073
4.419
4.117
2.841
2.170
0.810
0.077

WP

0.519
0.743
0.926
0.967
1.025
1.066
0.892
0.690
0.180

211

EXPO8

UP

0.333
0.423
0.614
0.643

0.616

0.587
0.635
0.434
0.191

WPUP

-0.18“
0.155
g.258
0.250
0.123

-0.002

0.658
1.373
2.592
3.774
3.392
2.521
1.657
0.729
0.295

cr

0.564
0.993
1.303
1.847
1.346
1.271
1.066
0.713
0.243

PLUME: CONCENTR. EXPDS DAT z/14=38.26

WECP

0.155
0.332
0.644
0.727
0.649
0.779
0.528
0.265
0.000

UPCP

0.048
0.119
0.322
0.139
-0.180
-00306
-0.283
-0.133
-0.004

-1

+b 20O

T T I
c=3.493expl-.0208r2]
.5

~20

1
=13
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EXPO9
X ] WP op WPUP c cr WPCP UPCP
72,500 2.299 1,108 0.635 =0.254 2,257 1.497 0.906 0.388
75.000 3.749 1.23% 0.713 -0.178 3.582 1.932 1.241 0.388
80.000 5.322 1.4875 0.82% 0.319 5.490 2.222 1.890 =0.470
85.000 2.093 1,099 0.602 0.2%1 2.116 1.528 0.949 =0.407
87.500 1.006 0.833 0.519 0.136 1.149 1,085 0O.841 =0.211
VELOCITIES EXP09.DAT 2/D=29.00
8 i i T T L T T
—w=5.BB0expl-.0296r?]
Cc w
x Jw T
a Ju
.. 6BF ¢ wra
:
E
L ‘F
l::
I-
;o
L 3
o

-2l

=20

1
-15

20



X

70.000
72.500
75,000
77.500
80.000
32.500
85.000
87.500
90.000

W C sy C

c

W

WP

1.203 0.818
2.299 1.108
3.749  1.23%
5.885 1.210
5.322 1.475
§.36T7 1.454
2.093 1.099
1.006 0.833
0.034 0.275

213

EXP09

up

0.460
0.635
0.713
0.868
0.824
0.832
0.602
0.519
0.286

CONCENTR.

WPUP

=-0.110
-D 0251‘
-0 . 178
-0. 1“9
0.319
0.445
0.241
0.136
PO.DOB

1.177
2.257
3.582
5.888
5.490
4,484
2.116
1.149
0.420

cp

0.997
1.497
1.932
2.114
2.222
2.122
1.528
1.085
0.800

EXPO9.DAT z2/1n=19.30

WPCP

0.328
0.906
1.241
1.345
1.890
1.622
0.9“9
0.441
0.003

OPCP

0,153
0.388
0.388
0.379
—0.470
-D 0651
-0.407
=0.211
-0.007

-2l

atat

1 ] 1
=5.900e xpl~.0206r2]
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0
=

+pbxD
X
)
"

-20
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EXP10
X W WP up WPUP c cp WPCP UPCP

71.000 0.583 0.156 0.193 0.003 0.043 0.322 =0.014 0.003
75.000 1.644 0.827 0.508 «~0.096 1.616 1.341 0.598 0.236
79.000 4,715 1.036 0.731 «~0.052 4,709 1.918 1.053 0.135
81.000 4.251 1.099 0.734% 0.095 4,136 1.775 1.069 =0.212

SLUME: VELOCITIES EXP10-DAT z/In=31.34

6 1 i 1 1 ] I 1
—W=4.715expl-.0448r3
0w
% Jw
a Ju
+ wu
s -
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13
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EXP11
X W WP uP WPUP Cc Cp WPCP OPCP
73.000 1.190 0.900 0.433 =0,133 1.221  1.294 0.670 0.214
75.000 2.114 1.115 0.532 -0.214  1.994 1,489 0.684 0.304
79.000 %.589 1.071 0.654 =0.050 3.672 2.019 1.105 0.17
81.000 &.373 1.077 0.669 0,148 4,148 1.913 0.994 =0.255
83.000 3.245 1.046 0.666 0.253 2.901  1.759 1.009 =0.445
85.000 1.987 0.930° 0,542 0.220 1.616 1.422 0.627 <0.30z
87.000 0.859 0.683 0.422 0.095 0.584 0.937 0.347 -0.207
B9.000 0.212 0.327 0.264 0.019 0.111 0,495 0.046 «0.037
6 PLUME: VELOQCITIES EXP11.DAT z/14=29.30
—g=4froue xpL . 0343073 ' ‘ ' '
o w
k]
4
- +
<
o
F
t. -
&
=
=
ol 1 ] 1 1 1 ! 1 ]
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X

71.000
73.000
75.000
77.000
79.000
81.000
630000
85.000
87.000
89.000

W

0.353
1.190
2.114
3.541
4.589
4.373
3.245
1.987
0.859
0.212

WP

0.471
0.900
1.115
1-162
1.071
1.077
1.046
0-930
0.683
0.327

216

EXP11

‘op

0.349
0.434
0.532
0.617
0.654
0.669
0.666
0.542
0.422
0.264

WFUP

-00133
-0.214
-0.128
0.148
0.253
0.220
0.095
0.019

PLUME. CONCENTR. EXPI1

0.572
1.221
1.994
3.663
h.672
B.148
2,901
1.616
0.584
0.111

Cp

0.719
1-29"
1.489
1.918
2.019
1.913
1.759
1.422
0.937
0.895

DAT z/14=29.30

WPCP

0.200
0.670
0.684
1.088
1.105
0.994
1.009
0.627
0.387
0.046

UPCP

0.053
0.214
0.304
0 -281‘
0.171
-00302
-00207
-0-037

22

6 p— T —T T T T T
—c=4.675expl~.0354r%]
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X

64.000
68.000
71.000
T4.000
77.000
80.000
83.500
87.000
90.500
94.000

0.364

0.802
2.657
3.6516
5.016
5,978
4.009
3.092
1.219
0.200

WP

0.816
0.895
1.351
1.409
1.320
1.295
1.175
1.231
0.783
0.422

JET: VELOCITIES

217

EXP12

1) 4

0.206
0.577
0.645
0.713
0.779
0.829
0.824
0.745
0.473
0.313

WPUP

-00106
-00363
-0.136
0.115
0.392
0.327
0.160
0.025

] cp

0.132 0.349
0.302 0.381
0.831 0.656
1.292 0.731
1.817 0.734
1.847 0.736
1.633 0.621
1.311  0.596
0.823 0.357
0.635 0.166

EXP12.DAT 2/i4254.30

WPCP

0.079
0.215
0.519
0.661
0.601
0.574
0.370
0.366
0.172
0.027

UPCP

0.035
0.053
0.201
0.196
0.113
=0.05%
-0 0095
=0.011

Ju T aTur fem/sec)

]

-2L

+ D

1

1 | 1
w=5.502e xpl-.0132r?]
LJ

1 L

-

-20

r lem)



) ¢

64.000
68.000
71.000
T4.000
77.000
80.000
83.500
87.000
90.500
94.000

| wp
0.365 0.416
0.802 0.895
2.657 1.351
3.616  1.409
5.016 1.320
5.978  1.295
5.009 1.175
3,002 1.231
1.219  0.783
0.200 0.h22

218

EXP12

op

0.506
0.477
0.645
0.713
0.779
0.829
0.824
0.745
0.473
0.313

WPUP

«0.106
0.115
0.392
0.327
0.160
0.025

c CP
0.132 0.3%9
0.302 0,381
0.831 0.656
1.292 0.731
1.817 0.734
1.847 0.736
1.633 0.621
1.311 0.596
0.823 0.357
0.635 0.166

JET: CONCENTR. FXP12.DAT 2/14=54.30

WPCP

0.079
0.215
0.519
0.661
0.601
0.574
0.370
0.366
0.172
0.027

UPCP

0.035
0.053
0.201
0.196
0.113
~0,205
-00095
-0.011

«W £ U C

c

T.

i

T ~T
~—T=..B78expl-.0085r?]
c

C
¢
u

+ P> XD
1!

L J

=20

i
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X |

72.000 0.060
73.500 0.621

* 75.000 1.459

76.500 3.097
77.500 &4.453
78.500 5.843
79.500 6.917
80.500 6.450
81.500 5.280
82.500 4.035
83.500 2.632
85.000 1.072
86.500 0,283
88.000 -0,039

Li3

0.178
0.656
1.028
1.253
1.368
1.414
1.436
1.354
1.456
1.391
1.210
0.777
0.398
0.181

219

EXP15

op

0.240
0.458
0.687
0.754
0.915
1.023
1.014
0.990
0.959
0.905
0.840
0.530
0.404
0.235

WPUP

0.001
-0-073
-0.230

0.108

0.339

0.296

0.292

0.048

0.033

0.599
2.013
4.074
6.951
8.873
10.621
12.022
11.2542
10.275
8.758
6.563
3.971
2.172
1.129

CP

0.920
1.994
2,792
2.814
2.743
2.567
2.325
2.491
2.577
2-7“1‘
2.781
2.087
t.820
0.363

JET« VELOCITIES EXP15.DAT 2/D=47.90

WPCP

=0.021
0.T10
1.560
1.350
1.522
1.461
1.371
1.358
1.711
1.841
1.545
0.585
0.258

UPCP

0.014
0.216
0.687
0.617
0.650
0.546
0.279
=0,251
-0 0671
-00788
-O -732
-D o1 98
0,002

] T T T
—w=7.1t0expL-.0743r?%]
n w
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a {u::
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BXP15

x W WP UP  WPUP C CP  WPCP  UPCP
72.000 0.060 0.178 0.240 0.001 0.599 0.920 =0.021 0.014
73.500 0.621 0.656 0.458 =0.,073 2.013 1.994 0.710 0.216
76.500 3.097 1.253 0.754 =0.142 6.951 2.814 1.350 0.617
768.500 5.843 1.414 1,023 =0.214 10.621 2.567 1.461 0.546
79.500 6.917  1.436 1.014 =0.063 t2.022 2,325 1.371 0.279
83.500 2.632 1.210 0.840 0.292 6.563 2.781 1.545 =0.732
85.000 1.072 0,777 0.530 0.048 3.971 2.087 0.585 =0.238
88.000 =-0.039 0.181 0.235 ~0.004 1.129 0.363 «0.010 0.002

JET: CONCENTR. EXP15.DAT :/D=-47.87
12.5 0 T T T T T T
—C=1.50expl-.0410r%) o
o¢c
x Jc
or L e -
[U 7.5 -
3
L ST 7
0
'2-5' 1 (] ] ] 1 '
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X

68.000
70.000
72.000
74.000
76.000
80.000
82.000
84.000
86.000
88.000

|

0.073
0.206
0.877
2.178
3.585
5.545
§.454
3.010
1.470
0.837
0.065

wp

0.131
0.341
0.671
1 .0“8
1.095
1.207
1.239
1.109
0.924
0.630
0.289
0.151

221

EXP16

ur

0.192
0.342
0.“69
0.658
0.775
0.914
0.864
0.753
0.659
0.528
0.271
0.264

WFUP

-O 0005
"0 |062
-0 0200
-0 -208
0.144
0.236
0.253
0.243
0.097
0.02%
-U .00"

0.229
1.370
2.279
h.697
6.237
8.131
6.815
5.282
3.083
1.884
0.756
0.624

cp

0.090
1.348
1.720
2.128
1.992
1.889
1.817
2.060
2,000
1.620
0.7011
0.408

JET: VELOCITIES EXPI1G.DAT z/D=71.47

WPCP

-0.001
0.055
0.618
1.082
1.061
1.188
1.021
1.138
1.087
0.483
0.039

-0,019

UrCcrP

0.044
0.247
0.535
0.531
=0.122
-0 0537
~0.561

-0
L
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fem/sec)
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BXP16
X | WP up WPUP c cp WECP UPCP
68-000 00073 o¢131 0-192 -00000 00229 00090 "'0.001 -0.000
70,000 0,206 0,34t 0,342 =0.005 1.370 1.348 0.055 0.044
72,000 0.877 0.67T1 0.469 =0.062 2.279 1.720 0.618 0.247
80.000 5.545 1,207 0.914 O.i44 8,131 1.889 1.188 =0.122
82.000 4.454 1.239 0.864 0.236 6.815 1.817 1.021 -0.342
86.000 1.470 0.924 0.659 0.243 3,083 2.000 1.087 =0.561
90.000 0.065 0,289 0.271 0.024 0.756 0.T04 0.039 =0.061
92.000 -0.044 0.151 0.264 =-0.004 0.624 0,408 =0.019 =~0.009
JET: CONCENTR. EXP16.DAT z/D=71.47
10 - 1 I i T T — 1 T
——Ce8.130expl-.0210r23
a T
7.5 + U .
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EXP17
b ¢ W wp gp WPUP c cp WPCP UPCP

74.000 0.205 0.135 0.161 =0.005 0.987 0.910 0.035 0.025
75.000 0,310 0.259 0.239 =0.003 1.602 1.350 0.141 0.075
78.000 4.282 1.142 0.841 =0.116 12.804 3.726 1.913 0.758
79.000 6.058 1.286 0,947 =0.058 15.958 3.260 2.016 0.394
80.000 6.509 1,276 1.003 0,101 16.643 3.27T1 2.029 =0.137
83.000 1.79% 1,007 0.672 0.148 7.316 3,558 1.732 =0.639
84.00c 0.581 0.499 0.414 0,037 3.042 2.566 0.637 =0.325
85.000 0.149 0,195 0.248 0.004 1,194 1.793 0.031 =0.079
86.000 «0.029 0.115 0.177 =0.001 0.319 0.811 =0,009 -0.032

IET: YELOCITIES EXP17.DAT 2/D=32.80

8 1 7 T T T T )
——w=6.500expl=.1276r%3
n W
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™ 0
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X

74.000
75.000
76.000
77.000
78.000
79.000
80.000
81.000
82.000
83.000
84.000
85.000

wp

0.135
0.259
0.570
1.066
1.1“2
1.286
1.276
1.334
1.193
1.007
0.499
0.195
0.115

224

EXP17

op

0.161
0.239
0.454
0.641
0.841
0.947
1.003
0.962
0.878
0.672
0.414
0.248
0.177

weop

=0,005
=0.102
-0,116
=0,058
0.101
0.269
0.208
0.148
0.037
0.004
=0.001

c

0.987
1.602
4.574
8.205
12.804
15.958
16.643
15.540
12.364
7.316
3.0”2
1.194
0.319

cr

0.910
1.350
3.126
3.696
3.726
3.280
3.271
3.582
3.897
3.558
2.566
1.793
0.811

JET+ CONCENTR. FXP17.DAT 2/D~35.13

WPCP

0.035
0.141
0.810
2.358
1.913
2.016
2.029
2.522
2.233
1.732
0.637
0.031

UPCP

0.025
0.075
0.313
0.571
0.758
0.394
=0.137
«0.813
-D 09!"9
-D 0325
-0 0032

20

P,
2 10p

-20

1
-15

20



225

BXP18
b ¢ W wP Up WPUP c cp WPCP UPCP
.170 0.099 0.182 =0.001 0.018 0.157 =0.004 =0.002
;2.233 g.;ET 0.294 0.245 =0.014 1.032 1.426 0.29% 0.106
3500 1,703 0.562 0.a30 =0,065 4.290 1,987 0.545 0.285
77.000 2.562 0.705 0.528 «0.097 5.988 2.168 0.762 0.351
78.500 3.200 0.750 0.569 =0.053 T.310 1.956 0.625 0.251
84,000 1.914 0.633 0.491 0.077 4.598 1.916 0.508 =0.303
5 JET+ VELOCITIFS EXPIB.DAT z/14~1.94
—'Z"-S.lS?DexpE'-.o:s:szp!:; ' ! ! '
w

Ju s wru (em/Zsec)

ER R

=20

L
-15

20



X

T70.000
71.500
73.000
75.000
77.000
78.500
80.000
82.000
84.000
86.000

W

0.170
0.367
1.703
2.105
2.562
3.200
3.661
3.358
T.914
0.852

WP

0.099
0.29%
0.562
0.639
0.705
0.750
0.778
0.676
0.633
00566

IET:

226

EXP18

L1}

0. 182
0.245
0.430
00“62
0.528
0.569
0.567
0.576
0."91
0.413

WPUP

=0.065
-0.057
-00097
-0 0053
~0.050
0.072
0.077
0.063

0.018
1.032
§.290
§.915
5.988
7.310
7.539
7.233
4,598
2.182

CP

0.157
1.426
1.987
2.100
2.168
1.956
1.898
1.870
1.916
1.990

CONCENTR. FXP.8.DAT z2/1y4-1.94

WPCP

=0.004
0.294
0.545
0.671
0.762
0.625
0.745
o.uns
0.508
0.678

UPCP

"00002
0.106
0.285
0.304
0.351
0.251
0.100

-0 l303

-0 0301

aiel

c

b xD
ol%
cin

T [ 1
=7.539e xpl-.0315r]

-2l
-20

=15

r (em)



227

EXP19
X W WP uP WPUP c cp WPCP UPCP

70.000 0.108 0.118 0.155 =0.001 0.356 0.345 «0,.006 0.007
72.000 0.400 ©0.374 0.242 =0,022 2,304 1.699 0.25% 0.070
76.000 2.233 0.7T18 O0.486 =0.071 7.142 2.872 0.996 0.426
78.000 3.164 0.715 0.535 =0.053 9,202 2.362 0.7T11 0.324
80,000 3.375 0.736 0.532 0.014 9.717 2,209 0.705 =0.036
82.000 2.908 0.T24 0.510 0.080 8.239 2.509 0.690 -0.268
86.000 O0.747 0.490 0.358 0.049 2.864 2.338 0.355 =0.223
88.000 ©0.331 0.311 0.307 ~0.007 1.601 1.818 0.172 <=0.109

JETs VELOCITIES EXP19.DAT 2/D=64.80
T 1 T T

5 1 { 1
3.475expl-.0345¢%]

£
"

amap—

L 3
c

F Y
i
+exn
A E
ﬁa’
!

GJUTNTTT fem/sec)

:O

-1l t 1 1 1 ! 1 ! |
=20 =15 =10 -3 0 5 10 i5 20




X

70.000
72.000
74.000
76.000
78.000
80.000
82.000
84.000
86.000
88.000
90.000

L}

00108
0.400
1.024
2.233
3.164
3.875
2.908
1.569
0.747
0.331
0.082

228

EXP19

WP up WPUP
0.118 0.155 =0,001
0.374 0.242 =0,022
00517 0.383 -0-057
0.718 0.486 =0.071
0.736 ©0.532 0.014
0.724 0,510 0.080
0.685 0.470 0.105
0.490 0.358 0.049
0.311 0.307 =0.007
0.131 0.205 -0.003

0.356
2.304
5.593
T.142
9,202
9.717
8.239
5-”72
2.864
1.601
0.237

cp

0.345
1.699
2.545
2.872
2.362
2.209
2.509
2.562
2,338
1.818
0.935

JET: CDNCENTR. FXP19.DAT z/D=64.80

WPCP™

=0.006
0.254
0.523
0.996
0.711
0.705
0.690
0.788
0.455
00172

UPCP

0.007
0.070
0.320
0."26
0.324
~0.036
-0.268
=0.223
=0.005

7.5}-

c
[

+~ Lt %D
-ﬁ

w C
cu

) L 1
—7%=10.00expl~.0300r23

20



X

67.500
70.000
72.500
75.000
77.500
80.000
82.500
85.000
87.500
90.000
92.500

WU W fem/sec)

.

229

EXP20
W WP up WPUP c cp WPCP UPCP
0.462 0.361 0.315 =0.016 1.724 1.472 0.184 0.115
3.728 0.882 0.628 0,008 6.753 1.877 0.506 0.072
3.264 0.811 0.573 0.086 6.281 1.647 0.558 =0.254
2,103 0.750 0.557 0.171 4,296 1.652 0.372 =0.298
1.545 0,540 O0.445 0.073 3.849 1.493 0.322 =0.173
0.597 0.484 0.380 0.070 1.797 1.210 0.217 «0.130
0.243 0.245 0.319 =0.013 0.702 1.042 0.12% -0.032
JET: VELOCITIES EXP20.DAT 2/D=84.93
L 1 ) L ] L i

—W=3.728expl-.0183r2)

n }—!1

x W

a -

15

20



230

EXP20
X W WP |3 WPUP c cp WPCP UPCP

67.500 0.195 0.213 0.222 =-0.005 0.625 0.974 0.079 0.059
72.500 0.995 0.520 0.442 -0.066 2.7T44 1.649 0.39% 0.235
80.000 3.728 0.882 0.628 0.008 6.753 1.477 0.506 0.072
82,500 3.264 0.811 0.573 0.086 6.281 1,647 0.558 =0.254
60.000 0.597 O0.484 0.380 0.070 1.791 1.210 0.217 =0.130
92,500 0.243 0.255 0.319 =0.013 0,702 1.042 0.t24 =0.032

JET+ CONCENTR. FXP20.DAY 2/D=B4.93
T T T T

T T T
——%=6.850expl-.0145r2]

R AT

c

c.




p 4 W

71.500 0,610
73.000  1.087
74,500 2.018
76.000 2.608
77.500 3.194
79,000 %.012
80.500 3.322
82.000 2.164
83.500 1.200
85.000 0.36%
86.500 0.019

Li3

0.483
0.603
0.691
0.710
0"825
0.834
0.925
0.929
0.839
0.511
0.179

JET: VELOCITIES EXP21.

231

EXp21
op WPUP

0.333 =0,044
0.407 =0.073

" 0.479 =D.112

0.553 =0.078
00606 -0.068
0.638 0.039
0.581 0,094
0.585 0.156
0.521 0.133
0.277 0.023
0.259 «0.00%

2.905
§.590
6.990
7.832
8.450
9.569
8.285
6.109
§.286
1.320
0.537

cp

2.355
2.638
2.523
2.773
2.591
2.352
2.741
2.710
2,751
1.8481
0.696

DAY z2/1n~1.26

WPCP

0.636
0.670
0.772
0.962
1.057
0.858
1.117
1,281
1.135
0,506
~0.031

UPCP

0.259
0.333
0.395
0.512
0.368
0.000
-0 -588
-0 |501
-D 01 07
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232

EXP21
X W WP 1) 2 WPUP c cp WPCP UPCP

71.500 0.610 0.483 0.333 -0,044 2.905 2.355 0.636 0.259
T4.500 2.018 0.691 0.479 <0D.112 6.990 2.523 0,772 0.395
76.000 2.608 0.710 0.553 ~0.078 7.832 2.773 0.962 0.512
77.500 3.194 0.825 0.606 ~0,068 B.350 2.591 1.057 0.368
79.000 h4.012 ©0.834 0.638 0.039 9.569 2.352 0.858 0.000
80.500 3.322° 0.925 0.581 0.09% 8.285 2.741 1.117 -0,338
83.500 1.200 0.839 0.521 0.133 4K.286 2,751 1.135 =0.501
85.000 0.364 0.411 0.277 0.023 1.320 1.841 0.406 -0.107
86 0500 00019 01179 00259 -0 .0015 0-537 0.696 -0 1031 -0-028

JET: CONCENTR. FXP21.DAT z/1s=1.26

10 T 1] 13
~—¢=29.569expl=-.0330r%] o
-

+ b x
n:i o
]

c
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e 5'20 =15 =10 -5 o S 10 15 20




X

67.500
70.000
72.000
T4.000
76.000
78.000
80.000
82.000
84.000
86.000
88.000
90.000

W

0.092
0.474
1.211
1.627
3.358
§.542
5.023
4,450
3.116
1.733
1.048
0.059

WP

0.114
0.513
0.743
1.003
1.058
1.009
1.048
1.014
1.007
0.945
0.771
0.281

233

EXP23

1) 4 WPUP
00182 -00002
0.351 =0.030
0.518 «0.1911
0.557 ~=0.113
0.667 -0.2”"
. 0.697 -D-1°9
0.734 0.048
0.721 0.182
0.690 0.222
0.599 0-2“8
0.521 0.157
0.302 0.016

0.255
0.577
1.521
2.090
3.738
K.793
5.250
4,512
3.292
1.776
'10189
0.422

CP

0.081
0.620
1.110
1.420
1.683
1.693
1.595
1.492
1.434
1.214
0.965
0.475

PLUME: VELDCITIES EXP23.DAT z/14=5.50

WPCP

=0.000
0.203
0.492
0.841
1.058
0.957
0.879
0.789
0.722
0.703
0.418
0.046

UPCP

0.000
0.073
0.212
0.261
0.119
0.269
-0,067
-0.296
-0.380
=0.301
-0.191
-OGDuu

I .Jb".-'u'fcm/secl

-2l

|

n
»
3
+

T T 7
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234

EXP23
X W wp gp WPUP c cp WPCP UpCP
67.500 0.092 0.114 0,182 =0.002 0.255 0.081 =0.000 0.000
70.000  0.4T4 0.513 0.351 =0.030 0,577 0.620 ©0.203 0.073
72.000 1.211 0.753 0,518 =0.111 1,521 1.110 0.492 0.212
T4.000 1.627 1.003 0,557 =0.113 2.090 1.420 0.B41 0.261
80.000 5.023 1.048 0.73% 0.048 5.250 1.595 0.879 ~-0.067
84.000 3.116 1.007 0.690 0.222 3.292 1.434 0.722 =-0.380
88.000 1.048 0.771 ©.521 0.157 1.189 0.965 0.418 «0.191
6 PLUME: CONCENTR. EXP23.DAT 2/14=5.50D
- ' L ' L ] 1 =T
T%ﬂSnZSOexp[-.OZSOHJ
x JSor
& w'e
+
4 -
2
2 =

.E‘.-JC W C
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X

69.000
70.500
72.100
73.500
75.000
76.500
78.000
79.500
81.000
82.500
8%.000
85.500
87.000

Lj

0-“71
0.945
1.626
1.765
3.058
3.933
4.002
3.229
1.679
0.860
0.840
0.728
0.141

wp
0.287
0.337
0.621
0.665
0.841
0.833
0.868
1.054
0.795
0.628
0.522
0.347
0.155

235

EXP25

up

00267
D.282
0.477
0.480
0.567
0.635
0.648
0.625
0.550
0.410
0.392
0.35%
0.182

WPUP

=0,.020
-0.013
-OOOI‘B
-00081
0.092
0.147
0.146
0.067
0.064
0.038
o.om

0.730
1.213
2.392
2.520
4,662
5.706
6.030
§.948
2,926
1.688
1.419
0.909
0.258

cp

0.573
0.981
1.614
1.865
2.228
2.227
2.181
2.275
1.855
1.333
1.161
0.672
0.340

WPCP

0.067
0.112
0.502
0.636
0.980

"0.868

0.838
1.253
0.777
0.459
0.279
0.091
0.012

UPCP

0.037
0.022
0.197
0.224
0.162
-0.331
-00072
=0.010



X

72.000
70.000
74.000
76.000
79.000
80.500
82.000
83.500
85.000
86.500

.Ju".-'u' (em/sec)

-2!

W

0.663
0.174
1.877
3.942
5.302
4.530
2,545
0.935
0.150
0.031

236

EXP28

WP up

0.361 0,338
0.156 0.207
0.770 0.528
1.175 0.795
1.324 0.825
1.180 0.788
1.003 0.621
0.637 0.437
0.291 0.288
0.128 0.198

WPUP c cr

~0,023 2.700 1.885
-0.070 5.588 2.570
-0.200° 9.639 2.889
0.150 11.422 2.6M1
0.187 9.823 2.613
0.140 6.928 2.626
0.079 3.757 2.170
0.006 1.292 1.722
-0.001 0.05%52 0.210

JET: VELOCITIES EXP28.DAT 2/D=45.50

WECP

0.210
0.772
1.643
1.676
1.301
1.043
0.602
0.109

UpcP

0.122
0.006
0.3u9
0.808
-0 1303
‘00525
~0.508
_0 0259
=D.005

8 - i 1 s 1 1 1 1

W =5.650e xpL~.0655r%)

nw

x J' 2

a {u:f
b + W'y

1 ] i 1 ! 1 1

-20 =15 =10 -5 0 ) 10 15

20



237

EXP28
X W WP |13 WPUP c cp WPCP UPCP

;0.000 0.174 0.156 0.207 -0.003 0.359 0.431 «0.004 0.006
79.000 5.302 1.328 0.825 0.150 11.422 2.611 1,676 =~0.303
80,500 &.330 1,180 0.788 0,187 9.823 2.613 1.301 =0.525
82.000 2.545 1,003 0.621 0.140 6.928 2.626 1.043 =0.408
83.500 0.935 0.637 0.437 0,079 3.757 2.170 0.602 -0.259
85.000 0.150 0.291 0.288 0.006 1.292 1.722 0.109 =0.047

JET: CONCENTR. EXP28.DAT z2/D=-45.47
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X

64.000
67.000
70.000
73.000
76.000
79.000
82.000
85.000
88.000
91.000
94.000

WU WU (em/sec)

238

EXP29
W wp op WPUP Cc cp WPCP UpCP
0.705 0.526 0.349 ~0.077T 2.791 1.395 0.436 0.183
2.6865 0.693 0.515 =D.0S0 6.863 1.713 0.585 0,300
1.001 0,576 0.422 0.107 3.236 1.589 0.451 «D,.311
0.332 0.246 0.229 0,015 2.103 1,068 =0.018 0.004
0.178 0.130 0.203 «0.,005 0.682 0,810 0.019 0.005
JET: VELOCITIES EXP29.DAT 2/D=98.10

—-';=3:350exp[1-.0130r32; I l i l

nw

i )
+ wu

20



239

EXP29
X W WP up WPUP c cp WPCP UPCP

64.000 0.439 0.240 0,300 -0.014 1.388 0,842 0.095 0.084
67.000 0,705 0.526 0.349 =0.077 2.791 1,395 0.436 0.183
70.000 1.T45 0.665 0.447 -0.140 A4.744 1,667 0.512 0.294
76.000 3.302 0.702 0.554 =0.035 7.183 1.%19 0.h08 0.06%
85.000 1.853 0.542 0.311 0.069 4.238 1.552 0.437 =0.233
88.000 1.001 0.576 0.4822 0.107 3.236 1.569 0.451 «0.311
91.000 0,332 0.246 0.229 0.05 2.103 1.068 ~0.018 0,004
94,000 0.178 0.130 0.203 ~0,005 0.682 0.810 0.019 0.005

IET: CONCENTR. FXP29.DAT z/D=98.13
T T T T

N 1 ]
F=7.312exp[-.0085r2]
c

.w'c'.u'¢c'
»
T
1

©.J/c
n

T
1

+b
+>
+0

r fem)



¢

66.000
68.000
70.000
72.000
74.000
76.000
78.000
80.000
82,000
84.000
86.000
88.000
90.000
92.000

Lol wtu® fem/sec)

240

EXP30

w WP Up WPUP c cp WPCP UPCP
0.084 0.100 0.163 «0,001 1,030 0.863 «0.032 =0.002
0.587 0.3%2 0.288 =-0.013 3.985 1.507 0.180 0.030
1.112 0.563 0.429 «0,078 5.122 1.656 0.k02 0.271
3.507 0,658 0.553 «0.016 B8.177 1.783 0.537 0.044
3.274 0.710 0.556 0.090 7.519 1.780 0.552 =0.199
2.545 0.764 0.552 0,150 6.173 1.782 0.593 =0.374
1.755 0.663 0,516 0.115 &.317 1.939 0.642 -0.386
1.037 0.506 0.501 0.071 2.664 1.675 0.434 «0.202
0.429 0.325 0.279 0.043 1.487 1.681 0.203 =0.121
0.241 0.233 0.213 0.018 1.090 0.989 0.084 «0.024
0.059 0.126 O0.145 0,001 1.178 0.801 =0.013 =0.020

JET: VELOCITIES EXP3D.DAT 2/D=77.47
S T T —

] i
=3.500e xpC-.0230r%]

20



X

66.000
68.000
70.000
72.000
74.000
76.000
78.000
80.000
82.000
84.000
86,000
88.000
90,000
92.000

| Wp

0.084 0.100
0.136 0.230
0.587 0.342
1.112  0.563
1.932 0.74%
2.881 0.697
3,507 0.658
3.274  0.710
2.545 0.764
1.755 0.663
1,037 0.506
0.429 0.325
0.241 0.233
0.059 0.126

JETs

241

EXP30

up

0.163
0.239
0.288
0.429
0.495
0.554
0.553
0.556
0.552
0.516
0.401
0.279
0.213
0.145

WPUP

-00001
=0.000
-00078
=0.096
0,016
0.090
0.150
0.115
0.071
0.041
0.018
0.001

1.030
1.426
3.985
5.122
6.564
7.646
8.177
T.519
6.173
4.417
2.664
1.487
1.090
1.178

cp WPCP

1.297 0.077
1.507 0.180
1.656 0.402
1.607 0.h48
1.812 0.619
1.783  0.537
1.780 0.552
1.782 0.593
1.933 0.642
1.675 0,434
1.6817 0.203
0.989 0.084
0.801 =0.013

CONCENTR. EXP30.DAT 2/0=77.47

UPCP

=0.002
0.096
0.030
0.271
0.249
0.243
0.044
=0.121
-D .021‘
=~0.020

we.u' ¢

.

[3

<.

olo

c

1 B i
=7.200¢ xpL-.0180r?]
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X

68.000
70.000
72.000
T4.000
76.000
78.000
80.000
82.000
84.000
86.000
88.000

W

0.661
0.921
1.722
2.913
3.629

3.998

3.534

2,753

1.643
1.342
0.647

WP

0.469
0.600
0.828
0.971
0.980
0.806
0.848
0.824
0.727
0.702
0.481

242

EXP31

oP

0.4
0.381
0.594
0.569
0.627
0.635
0.563
0.540
0.488
0.443
0.359

WPUP

"‘0.0“7
«0,127
-0 .19“
=0,148
0.132
0.173
0.134
0.115
0.039

c cp

0.684 0.TT4
0.797 0.743

-1.597 1.141

2.783 1.518
3.222 1,433
3.124 1,382
2,790 1.311
1.933 1.080
0.970 0.830
0.671 0.639
0.414 0.475

PLUME: VELOCITIES EXP31.DAT 2/14=38.70

WPCP

0.200
0.238
0.506
0.826
0.737
0.546
0.512
0.418
0.326
0.222
0.061

UpPCP

0.091
0.092
0.145
D.322
0.247 .
-0 0002
-001 51!
-0.202
"’0 0121
=0.100
"D .031‘

fzam/sec)

g
|

v/ Sal.

+tx0

[ ]
E=4:000e xpL-.0240r4]
L]




X

68.000 0.661
70.000 0.921
72.000 1.722
74.000 2.913
76.000 3.629
78.000 3.998
80.000 3.534
82.000 2.753
B4.000 1.643
86.000 1.342
868.000 0.647

wp

0.369
0.600
0.828
0.971
0.980
0.806
0.848
0.82%4
0.727
0.702
0.481

PLUME: CONCENTR. EXP3:.

243

E¥P31

op

0.4%41
0.381
0.494
0.569
0.627
0.635
0.563
0.540
0.488
0.443
0.359

WPUP

-0 .047
=0.059
-D . 1 HB
0.132
0.173
0.134
0.115
0.039

0.684
0.797
1.597
2.783
3.222
3.124
2.790
1.933
0.970
0.671
0.4

DAT z/1,=38B.70

Ccp

0.774

0.743
1.1
1.518
1.433
1.382
1.31
1.080
0.830
0.639
0.575

WPCP

0.200
0.238
0.506
0.826
0.737
0.546
0.512
0.518
0.326
0.222
0.061

UPCP

0.091
D.092
0.145
0.322
0.247
-0 .002
-D L] 1 5"
=0.121
-0.100
~0.034

+ b x0D

.
+® C sJd C

c

<.

5k

-

c=3.300exp
c

[+]

u

L T
[-.0215r2]

-20

[4,] 2

20



X

70.000
72.000
T4.000
76.000
78.000
80.000
82.000
84.000
86.000
88.000

WU L wru' {em/sec)

—
w.

L]

wP

244

EXP33

1]

0.188 0,157 0.222
0.750 0.692 0.423
2.399 1.138 0.660
4,757 1.331 0.821
6.356 1.209 0.967
5.863 1.236 0.887
3.305 1.163 0.804
1.326 0.977 0.618
0.292 0.298 0.316
0.142 0,100 0.121

WPUP

0.007
«0.060
=0.255

0.002

00165

0.297

0.190

0.000

0.436
1.295
3.991
T.428
9.531
8.88%
5.212
2.427
0.859
0.383

CcP

0.326
1.355
2.408
3.053
3.051
3.121
2.556
1.936
0.958
0.157

WPCP

-0.011

0.505
1.343
2.348
1.860
2.093
1.513
1.210
0.032

UPCP

0.01%
0.190
0.493
0.797
0.286
-01561
=0.709
~0.001

PLUME:s VELDCITIES EXP3I3.DAT z/1y=11.775
1 1 | 1 { 1 1

—'W=6.500e xpL~.0500r?]

nw

L 1/.

& {u':
6- + w'u -
4l .
2 -
.2 1 ] 1 : i : 1 J
=20 =185 -10 -5 1} 5 10 15 20



245

EXP33
X w WP UP WPUP C CP WPCP UPCP
T0.000 0.188 0.157 0,222 0.007 0.436 0.326 =~0.011 0.014
72.000 0.750 0.692 0.423 =0.060 1.295 1.355 0.505 0.190
74,000 2.399 1.138 0,660 =0D.119 3.991 2.408 1,343 0.493
78.000 6.356 1.209 0.967 0.002 9,531 3.051 1.860 0.286
80.000 5.863 1.236 0.887 0.165 8.884 3.121 2.093 =0,561
82.000 3.305 1.163 0.804 0.297 B.212 2.556 1.513 =0.T709
B84 . 000 1.326 0.977 0.618 0.190 2.827 1.936 1.210 =0.487
86.000 0.292 0.298 0.316 «0.001 0.859 0.958 0.032 <=0.067
88.000 0.142 0.100 0.121 0.000 0.383 0.157 «0.004 =0,001
10 PLUME: CDNCENTR. EXP33.DAT z/1uy=11.775
E=9:800eapl'.:'-02l5|":; l I l
[= ]
. =
7.5 + CTu N
[o
H .
[o
>
v 2.5F -
1o
0
+ . +
"25i55 % ST 5— 5 : 5 S 20



X

66.000
69.000
72.000
75.000
77.000
79.000
81,000
83.000
85.000
87.000
89.000
91.000

W

0.217
0.825
2,301
3.482
K.685
§.632
3.940
3.274
2,525
1.430
0.368
0.107

WP

0.322
0.534
0.833
1.097
0.947
1.027
1.017
1.053
1.045
0.834
0.242
0.152

246

EXP34

op

0.235
0.501
0.609
0.652
0.737
0.743
0.829
0.650
0.656
0.578
0.284
0.224

WFUP

=0.012
-0.057
-00162
-00118
-00138
0.066
0.269
0.277
0.305
0.185
~0.004
0.001

-0.166
0.399
1.394
2.724
3.672
3.769
2.91
2.607
1.979
1.254
0.547
0.377

Cp

0.334
0.715
1.080
1.257
1.38%
1.384
1.384
1.243
1.085
0.812
0.432
0.226

WPCP

0.060
0.174
0.426
0.743
0.692
0.732
0.792
0.750
0.667
0.373
0.018
0.003

UPCP

0.023
0.117
0.286
D0.252
0.208
-00078
-0.325
-00287
-0.289
-00178
=0.026
-0.008



247

EXP35
X w WP Up WPUP c cp WPCP UpPcp

72.000 0.227 0.177 0.223 0.005 0.317 0.617 0.028 0.028
73.000 ©0.512 0.355 0.313 =0.010 0.869 1.190 ©0.230 0.050
74,000 0.883 0.555 0,431 -0.,023 1.545 1,589 0.348 0.140
75.000 1.520 0.748 0.540 -0,027 2.533 2.174 0,782 0.324
77.000 5.381 1.123 0.728 =0.157 7.689 3.606 2,030 0.609
79.000 4.919 1.086 0.745 0.163 8.779 3.416 1.822 =0.327
84.500 0.253 0.301 0.298 0,001 0.578 0.764 0.009 -0.020
86.000 0.055 0.139 0.198 -0.001 0.08% 0.178 -0.008 -0.006

PLUME: VELGCITIFS EXP3S.DAT 2/1y=17.02

S — 1 T T T T =
——w=4.900expl-.0700r?)
0w
x ../U <
4} 2 .,lu:: -
+ w oy
<
o
<
e 3 -
2
F,
® 2f- -
&
Tk .
x
Is
°or e Feat
-1l ! ] 1 1 1 1 1
-20 =15 =10 -5 0 5 10 15 20



X W

72.000 0.227
73.000 0.512
74,000 0.883
75.000 1.420
76.000 3.210
77.000  4.38%
T8.000 4.692
79.000 4.919
B8o.000 &.242
81.500 2,660
83.000 0.698
84,500 0.253
86.000 0.055

wp

0.177
0.355
0.555
0.748
1.019
1.123
1.136
1.086
1.286
1.046
0.635
0.301
0.139

PLUME: CONCENTR. EXP3S.

248

EXP35

UP

0.223
0.313
0.431
0.540
0.658
0.728
0.728
0.745
0.870
0.706
0.487
0.298
0.198

WPUP

0.005
=0.010
-00167
=0.157
-0.085

0.163

0.209

0.171

0.076

0.001
=0.001

0.517
0.869
1.545
2,533
5.465
7.689
8.193
8.779
7.533
h.947
1.814
0.578
0.084

cp

0.617
1.190
1.589
2.174
3.066
3.606
3.681
3.416
3.613
2.999
1.91%4
0.764
0.178

DAT z/1p=17.02

WECP

0.028
0.230
0.348
0.782
1.745
2.030
2,301
1.822
2,696
1.634
0.542
0.009

upcP

0.028
0.050
0.140
0.324
0.545
0.609
0.518
-005“2
-0-519
-0.222
-0-020
-0.006

\0 — T T T 1 T T
—€x=B.800explL~.0680r2]
o T
x ﬁc:f
3 w'e
7.5 + cu o
v
-] 5} -

L{; 2-5T-

'2-5'

1
=20 -15

10

i5

20



p ¢

70.000
T71.500
73.000
74.500
76.000
77.500
79.000
80.500
82.000
83.500
85.000
78.500

X

71.000
72.500
74.000
75.500
77.000
78.500
81.500
83.000
84.500
86.000

X

70.000
72.000
7ii.000
75.500
T7.000
78.500
80.000
81.500
83.000
. 84,500
86.000

L

0.396
0.353
0.655
1.823
2.992
4.387
4.377
3.101
1.143
0.256
0.138
4.456

¥

0.214
0.331
0.826
2.147
u.035
5.205
h.218
2.302
1.120
0.507
0.313

0.523
0.852
2.697
2.984
5.520
§.548
3.774
2.164
0.891

0.515.

0.073

WP
0.106

. 0.132

0.458
0.684
0.832
0.904
1.022
0.816

0.811

0.295
0.113
0.972

0.096
0.191
0.337
0.883
0.967
0.918
1.006
0.949
0.685
0.335
0.106

0.502
0.497
0.900
0.966
0.955
0.937
1.042
0.938
0.630
0.840
0.244

249

EXP36

up

0.172
0.191
0.359
0.556
0.599
0.685
0.683
0.616
0.504
0.288
0.156
0.668

WPUP

=0.001
-0.002
-00075
-0.052
0.098
0.096
0.128
0.010
-0.001
0.082

EXP37

up

0.130
0.185
0.345
0.555
0.700
0.716
0.719
0.619
0.465
0.335
0.18u

WPOP

=0.001
=0.000
0.001
-0.097
0.001
0.180
0.182
0.120
0.005

Exp38

up

0.353
0.393
0.636
0.655
0.705
0.700
0.699
0.626
0.409
0.342
0.226

WPUP

-0.0““
=0.110
-00129
=0.066
0.138
0.213
0.196
0.053
0.053
0.013

C

0.282
0.646
2,299
5.790
9.895

13.816

13.889

10.593
4.4l
1.411
0.317

15.521

D.171
0.453
1.500
3.943
8.230
10.512
8.855
h.724
1.910
0.800
0.200

1.060
1.952
5.642
5.884
8.486
8.485
7.189
h.363
2.383
1.827
0.389

cp

0.473
1.065
2.436
3.563
§.533
§.542
5.058
4.505
3.845
2.003
0.167
4,920

cp

00139
0.571
1.591
3.018
3.284
3.096
3.464
3.359
2.486
1.207
0.269

cp

1.508
1.842
2.621
2.718
2.464
2.355
2.696
2.729
1.787
1.413
0.691

WPCP

00009
03062
0.447
1.392
1.628
1.822
2.723
1.609
1.696
0.175
2.445

WPCP

0.055
0.201
1.689
1.604
1-“57
1.962
1.774%
0.875
0.1481

WPCP

0.538
0.543
1.168
1.447
1 .066
1.050
1.641
1.448
0.650
0.365
0.058

UPCP

0.016
0.032
0.284
0.643
0.707
0.547
-0 -u22
-00618
"O 0652
=0,003
‘-0 0293

UPCP

=0.001
0.012
0.564
0.602
0.091
-00598
-0.63”
-0.36“
=0.020

UPCP

0.274
0.190
0.583
0.511
0.179
"'D .308
=0.600
-0-737
=0.204
-0.1“8
-0.032



X

65.500
69.000
72.000
75.000
78,000
81,000
84.000
87.000
20.000
93.000

U T {em/sec)

250

EXP39

w WP up WPUP
0.339 0.492 0.344 0.012
1 .DnB 00702 0 .“90 -0 0078
2-“63 00879 00561 -00171
3.458 1.063 0.657 0,143
u‘155 1-137 0.?2“ -Do117
3.575 1.046 0,632 0.043
2.588 1.050 0.635 0.211
1.211  0.818 0.498 0.129
0.519 0.625 0.447 0.049

c CcP WPCP

-0.203 0.792 0.052
0.554 0.82T 0.257
1.859 1.392 0.760
2.773  1.611  0.991
3,301 1.680 1.192
2.733 1.533 0.787
1.884 1,133 0.658
1.096 0.866 0.240
0.649 0.817  0.206
0.323 0.078 =0.000

PLUME: VELOCITIES EXP39.DAT 2/[4=8!.24

upce

0.028
0.117
0.346
0.325
0.177
-D .235
-0 . 1 27
=0.084
~0.004

— T
-=4-200exp(--0160r‘5

L

i J Ll

20



251

EXP39
X W WP up WEPUP c cp WPCP UECP
65.500 0.339 0.492 0.344 0.012 -0.203 0.792 0.052 0.028
78.000 4.155 1.137 0.T24 =0.117 3.301 1.680 1.192 0.177
87.000 1.211 0.818 0,898 0.129 1.096 0.866 0.240 «0.127
90.000 0.519 0.625 O.447 0.049 0.649 0.417 0.206 =0.044
93.000 0.083 0.257 0.228 -0,004 0.323 0.078 =0.000 =0.004
5 PLUME: CONCENTR. EXP33.DAT z/ly=Bi1.24
o ) i L ] 1 1] |
—:—§=3-300exp[-.0145r’3
t ¢'u ]

«W C su ¢

e

—
c

-1

~20

719

15 20



X

66.000
69.000
72.000
75.000
78.000
81.000
84.000
87.000
90.000
93.000

—
L]

-2t

WU wTuT fem/sec)
n
T

W

0.016
0.610
2.183
3.758
5.851
b .x87
2.251
1.446
0.330
0.133

WP

0.308
0.577
0.979
1.077
1.197
1.116
1.333
1.077
0.489
0.376

PLUME: JELOCITIES EXP40.DAT z/{pn=54.71

252

EXP40

oP

0.289
0.h421
0.598
0.696
0.787
0.780
0.676
0.580
0.436
0.258

WPUP

=0.011
=0.127
0.0h2
0.331
0.232
0.0411
0.050

0.312
0.957
2.340
3.655
4,581
4,318
2.452
1.802
1.083
0.597

ce

0.287
0.967
1.528
1.822
1.965
1.877
1.511
1.155
0.850
0.245

WPCP

0.016
0.280
0.730
0.897
1.346
1.009
1.257
0.712
0.070
0.048

UPCP

0.006
0.118
0.319
0.279
0.007
-0.150
-0.1109
-0 0131

- -0.029 .

o w

®

+

i

¥ 1 1
w—W=5.200e xp[-.0250r%)

™

L

1
~20 -15

15

20



4

66.000
69.000
72.000
75.000
78.000
81.000
84.000
87.000
90,000
93.000

'} WP

0.016 0.308
0.610 0.577
3,758  1.077
%.851  1.197
5,487 1.116
2.251 1.333
1346  1.077
0.330 0.489
0.133 0.376

253

EXP40

up

0.289
0.821
0.598
0.696
0.787
0.780
0.676
0.580
0.836
0.258

WPUP

-0 0050
=0,127
0.0k2
0.331
0.232
0.041%
0.050

0.312
0.957
2.340
3.655
5,581
h.318
2.852
1.802
1.083
0.597

CP

0.287
0.967
1.528
1.822
1.965
1.877
1.511
1.155
0.850
0.245

PLUME: CONCENTR. EXP4D.DAT z/ly=54.71

WPCP

0.016
0.280
0.730
0.897
1.346
1.009
1.257
0.712
0.070
0.048

UPCP

0.006
0.118
0.319
0.279
0.007
-0 .”09
-0 l131
-0 .029

of 0

tbkbl

Ll L {
=4.700expl-.01680r2]

1

1
~20 -15 -10



X

60.000
64.000
68.000
T72.000
75.000
78.000
81.000
85.000
89.000
93.000

W

0.1
0.385
0.969
2.896
3.684
%.723
4.114
2.685
1.437
0.318

254

EXP41
wp up WPUP

0.178 0.191 0,003
0039“ 0-350 '00035
0.687 0.472 ~0.043
1.103 0-661 -00289
00965 00638 -00108
0.921 0.757 0.001
0.987 0.629 0.152
0.848 0.597 0.155
0.721 0.553 0.209
0.355 0.328 0,029

0.033.

0.343
C.764
1.776
3.072
3.953
3.756
2.880
2.112
1.597

cp

0.081
0.593
0.888
1.200
1.135
1.238
1.144
0.921
0.681
0.311

PLUME: JELOCITIES EXP41.DAT -/!4y=64 71

WECP

0.116
0.259
0.830
0.559
0.546
0.626
0.372
0.252
0.028

UpCP

0.001
0.043
0.154
0.306
0.210
0.039
-0.19”
-0.048

WSJU WU fem/fser)

T T T
—e4.720e xpL-.0120r2]

-
L
w

=1L 1

L

]

4

~20

[1,]19%
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255

EXP42
X W WP op WPUP c cp WECP UPCP

64,000 0.159 0,158 0.214 0,002 -0.034% 0.123 -0.006 0.005
68.000 0.826 0.698 0.406 0,040 0.763 1.058 0.337 0.114
72.000 2.634 1.078 0.715 =0.372 2.587 1.812 1.220 0.564
78,000 4.776 1.123 0.779 =0.047 A4.989 2.057 1.253 0.118
84,000 2.793 1.204 0.653 0.363 3.038 1.838 1.334% -0.547
87.000 1.682 0.857 0,555 0.162 2.006 1.211 0.469 =0.296
90.000 0.848 0.600 0.432 0.03% 1.318 0.810 0.165 =0.115

5 'ET: VELOCITIES EXP42.DAT z/|n=51.93
T T

JTLWTUT (em/sec)

-1l 1
-20 -5 -10 -5 0 S 10 15 20




X

67.000
70.000
73.000
76.000
78.000
80.000
83.000
86.000
89.000

WU w e (cm/sec)

.

|

0.233
0.755
2,335
&.741
4.87%
5.513
2.872
0.938
0.284

WP

0.158
0.898
1.077
1.213
1.072
1.267
1.278
0.861
0.428

JET: VELOCITIES EXP43.

256

EXP43

op WPUP
0.218 0.004
0.876 =~0.134
0.790 0.013
0.841 0.260
D0.724 0.470
0.576 0.201
0.378 0.042

0.107
1.079
3.044
6.191
5.997
5.555
3.124
1.175
0.478

cp WPCP

1.507 ©.919
2.158 1.139
2.722 1,760
2.624  1.867
2.767 2.039
2.166 1,732
1.544  0.737
0.700 0.134

DAT 2/iy-38.85

UFCP

0.008
0.304
0.502
0.367
-0 .0131
=0 0628
-0 -361

I T T
——w=4.87Sexpl-.0248r2]

-]

-20

20



X

65.000
68.000
71.000
74.000
76.000
78.000
80.000
83.000
86.000
89.000

W

0.283
1.238
2.132
3,575
5.664
5.005
5.703
3.732
1.726
0.317

WP

0.318
0.774
0.848
1.336
1.076
1.121
1.029
0.985
0.963
0.452

257

EXP4Y

op

0.327
0.449
0.507
0.679
0.716
0.711
0.755
0.752
0.552
0.366

WPUP

0.008
-0.098
-0.119
-D -318
~0,091
-0-056

0.179

0.203

0.215

0.022

c

-0.634
0.070
0.866
2.426
3.561
3.671
3.355
2.454
1.089
0.056

cr

0.713
1.029
1.259
1.789
1.714
1.792
1.715
1.571
1.211
0.544

WeCP

0.122
0.344
0.619
1.509
0.925
1.126
0.873
0.814
0.650
0.043

OPCP

0.038
0.177
0.206
0.467
0.127
0.083
-0 .272
~0.451
-0 -295



X

65.000
68.000
71.000
74.000
76.000
78.000
80,000
83.000
86.000
89.000

W

0.519
0.852
1.950
3.39
5.479
5.258
5.150
3.661
2.149
1.146

WP

0.571
0.731
0.804
1.299
1.261
1.122
1.251
1.248
1.150
0.979

258

EXPAS

op

0.351
0.437
0.611
0.753
0.738
0.766
0.760
0.758
0.688
0.632

WPUP

~0.051
-0.15"
-00238
0.061
0.173
0.435
0.317
0.341

0.196
0.493
0.908
1.957
2.499
2.884
2.827
1.933
1.239
0.860

crp

0.292
0.803
0.728
1.174
1.165
1.096
1.101
1.048
0.783
0.628

PLUME: JELOCITIES EXP45.DAT z2/14-61.87

WPCP

0.094
0.353
0.181
“0.902
0.780
0.533
0.692
0.784
0.583
0.411

UPCP

0.030
0.139
0.132
0.415
0.231
0.028
-00180
-0 0290

WU woT tem/sec)

..2\

g
L

T T T
w=5.300expl-.0200r%]

1

]

-20

]
-15

i+ (cm)

10



259

EXPU45
X W WP up WPUOP c cp WPCP UPCP

65.000 0.519 0.571 0.351 =0.051 0.196 0.292 0.094 0,030
71.000 1.950 0.804 0.611 =0.154 0.908 0.728 0.181 0.132
78.000 5.258 1.122 0.766 0.061 2.884% 1,096 0.533 0.028
86.000 2.149 1.150 0.688 0.517 1.239 0.783 0.483 =0.290

P_UME: CONCENTR. EXP45.DAT z/i,=61.87
T T T T

L 1 L]
<2.950e xpl .0160r2]

+]

]

+bx D
',Tl

!

[

[+

u -

e ) 1
=20 -15 ~10 -5 0

10 15 20



X

TS T w0 fam/sec)

260

EXP46
W Lo Up WPUP Cc cP WPCP UPCP
70-600 0.212 0.207 0.230 =0.005 0.k83 0.211 ~0.017 0.010
75,500 4.135 1.260 0.72% =0.259 6.083 3.1485 1,785 0.655
77.500 6.172 1.243 0.912 =0,03% 9,346 3.596 2.119 0.319
87.000 0.105 0.207 0.193 ~0.000 0.191 0.142 =0.009 =0.002
8 P_LUME: VELOCITIES EXP46.DAT 2/14=32.38
——6.250¢e xpL-.045007 J ' ' '
oD W
bl JI‘ ?
ol o O i
A N
2 -
0
] — [} 1 i ' 1 ' J

'
-20 “15 10 -$ 0 5 10



261

EXP46

b ¢ W wp Up WPOP 1+ cp WPCP UPCP
T0.000 0.212 0.207 0.230 =0.005 0O.483 0.211 =0.017 0.010
71.500 1.570 0.923 0.564 «0.124 2.343 2,057 0.617 0.370
77.500 6.172 1.243 0.912 =0.034 9.386 3.596 2.119 0.319
78.500 6.249 1.30% 0.943 0.092 9.303 3.B64 2.089 ~0.255
85.500 0.402 0.61T 0.375 0.049 0,866 1.%29 0.435 =0.156
87.000 ©0.105 0.207 0.193 =0.000 ©0.191 0.142 =0.009 =0,002

PLUME: CONCENTR. EXP46.DAT 2/1,=32.38
i0 T T T T T T T
—E_'Q. 500expl-.0400r2)
0D c
L

7.5k + U -
oo _
:
o 2.5 -
o

o} . .
* s
e o1 = o 5 75 is 30




66.000
68.000
70.000
72.000
T4.000
76.000
78.000
80.000
82.000
84.000
B6.000
88.000
90.000

W

0.099
0.052
1.166
2.411
3.597
4.951
5.334
5.021
3.041
1.664
0.712
0.449
0.004

WP

0.324
0.264
0.912
1.233
1.233
1.305
1.274
1.287
1.510
1.061
0.893
0.466
0.345

262

EXP4T

UP

0.316
0.311

" 0.516

0.623
0.770
0.810
0.868
0.773
0.765
0.648
0.590
0.452
0.217

WPUP

-D.OZ“
0.019
-0.124
=0.215
0.221
0.133
0.391
0.328
0.138
0.045
=0.009

0.019
0.071
0.864
1.893
3.041
4,529
§.589
4.375
2.608
0.972
0.528
0.043
-D.3n5

cp

0.300
0.532
1.137
1.449
1.875
2.043
2.012
1,939
1.742
1.255
1.056
0.832
0.102

PLUME: VELOCITIES EXP47.DAT z/ln=47.98

WECP

-00025-

0.009
0.651
1.036
1.224
1.440
1.191
1.114
1.103
0.776
0.337
0.135

UPCP

0,056
0.211
0.336
0.580
0.319
-0 [] 1 67
-0 0190
"0 .uso
-0 0232
=0,002

WUt fem/sec)

A
w.
[~]

- x0

R

T T T
w=5.500expl~.0300r22

=15

20



X

66.000
68.000
70.000
72.000
T4.000
76.000
78.000
80.000
82.000
84.000
86.000
88.000
90.000

|

0.099
0.052
1.166
2.411
3.597
4.951
5.334
5.021
3.041

WP

0.324
0.264
0.912
1.233
1.233
1.305
1.274
1.247
1.510
1.061
0.893
0.466
0.345

263

EXP4T

op WPUP
0.316 =0.024
0.311 0.019
0.516 =0.124
0.623 =0.215
0.810 =0.123
0.868 0.221
0.773 0.133
0.765 0.391
0.648 0.328
0.590 0.138
0.452 0.045
0.217 =0.009

0.019
0.071
0.864
1.893
3.041
4.529
4.589
4.375
2.608
0.972
0.528
0.043
-o 03‘16

CP

0.300
0.532
1.137
1.449
1.875
2.043
2.012
1.939
1.742
1.255

0.832
0.102

PLUME: CONCENTR. EXP47.DAT z/14 47.98

WPCP

0,009
0.651
1.036
1.224
1.440
1.191
1.114
1.103
0.776
0.337
0.135
-0,002

UPCP

0.056
0.241
0.336
0.580
0.319
-0.167
"00“80
-0 .349
=0.232
-D 0061
-0.002

e ——
W C Wy’

c

<.

-20

]
~-15

20



U aTe" fem/sec)

X

66.000
67.500
63.000
70.500
72.000
73.500
75.000
77.500
78.500
79.500
B0.500
81.500
82.500
83.500
84,500
85.500
86.500
87.500
88.500

0.255
0.477
0.396
1.07%
2.204
3.037
3.975
5.036
5.405
5.533
5.809
5.996
4,431
4.108
3.207
3.877
2,999
2.133
1.478
1.305

MAX W

3.267
2.973
3.139
5.936
6.090
7.165
8.550
9.967
10.245
10.399
11.397
9.859
8.710
8.646
7.904
8.051
T.231
6.090
5.696
4.153

264

VELO5
MIN W

0.287
0.248
0.680
1.261
0.8T4
0.268
1.241
0.189
0.543
0.425
-0 .‘MB
=0.408

0.449
0.511
0.430
0.840
1.211
1.272
1.409
1.367
1.368
1.517
1.388
1.254
1.517
1.315
1.435
1.158
1.204
1.109
0.984
0.822

oP

0.514
0.456
0.385
0.557
0.716
0.753
0.783
0.791
0.931
0.929
0.885
0.860
0.787
0.802
0.789
0.781
0.751
0.724
0.547
0.576

JET+ YELDCITIFS YELOCS.DAT z2/D-89.47

WPUP

0.108
0.066
0.024
0.177
0.386
0.285
0.252
0.195
0.120
-0.126
=0.113
-0 .257
-00020

w

1 ] L)
~—W#=5.800expl~.0180r%)

x xx ¥ x

L

n

f++

x

X
k
H Xy

s addassa8p0a,




WU wTu (em/sec)

265

VELO7
X W MAX W MIN W Li3 UP WPUP

70.000 0.568 4.638 ~1.329 0.559 0.449 0.061
71,550 0.863 3.557 =0.819 0.557 0.500 0.066
73.000 2.077 6.310 0,576 1.084 0.652 0.254
74.500 3.651 B8.996 ~0.134 1.856 0.889 0.321
76.000 5.225 10.497 0.796 1.548 0.978 0.393
77.500 6.33%F 12,122 0.34% 1,649 1.007 0.317
78.500 6.990 13.981 1.820 1.708 1.069 0.324
79.500 6.%01 12.562 1.3%0 1.569 0.984 =0.017
80.500 6.507 12.078 1.533 1.471  1.011 =0.043
84.600 2,697 7.832 =0.299 1.514 0.728 ~0.436
86.000 1.5484 6,099 ~0.923 0.946 0.612 «0.161

JET: VELOCITIES VELOC7.DAY 2/D=65.20

7 T T T ] T T
—wa7.000expl-.0306r%]
w

Y

XX
x % *x M ox

a & 88884 4

2 |
-20 =15 =10 -5 0 5 10 15



Jul.wu (em/sec)

—

266

VEL10
X | MAX ¥ MINW WP op WPUP

66.000 0.008 3.422 ~0.882 0.219 0.304 =0.007
70,000 1.055 8,351 <0.499 0.971 0.56T7 0.208
74.000 2.723 11,316 0.178  1.369 0.776 0.489
76,000 4,600 12,352 0.767 1.383 0.878 0.466
77.550 5.489 11.73% 0.611 1,493 0.996 0.352
80.000 5.912 12.293 1.135 1,487 0.934% =0.093
85.550 2.285 7.718 <0.060 1,162 0.717 =0.240
90.000 O0.744 3.983 =-0.079 0,469 0.454 -0.038

JET: VELOCITIES VELOCI0.DAT z/D=B6.50
Y T T T

T 7 7
——w=6.131expl~.0239r2)
w

o
x
a
+

-20 -15 =10 -5 0 5 10 15 20



Ju.erur fem/sec)

w

267

VEL11
X W MAXW MINVW | I3 up WPUP
66.000 00779 30776 -00609 00593 0.“88 00125
68.000 09850 5.025 -0.548 0.655 00558 00077
70.000 1.431 6.496 «0.268 1.203 0.661 0.376
72.000 2.915 7.676 0.169 1.196 0.793 0.417
74,000 3.756 9.04% 0,189 1.506 0.870 0.569
77.500 5.366 12.430 1,087 1.513 0.977 0.300
79.000 5.612 12.226 1,068 1.487 0.963 0.102
620000 5.062 10.#90 00189 1.“00 °.9n3 -00217
83.500 3.907 9.375 0,248 1.511 0.932 =0,595
85.000 2.9“6 7.807 -00208 1-“01 0-775 -00233
86.500 1.514 5.299 =0,288 1.161 0.640 «0.227
88.000 0.83% 3.377 «1.299 0.713 0.576 =0.106
890500 1.187 4.615 -10319 00850 00588 -°¢170
91.500 0.738 h.491 -0.750 00839 00619 -00231
93.500 00327 2.267 -0.6“9 00382 00391 -OIDOB
JET: YELDCITLIES VELOCI).DAT z2/D=103.07
8 ' ' T T — 1 T T

———w=5.612¢ xp[-.0156r2]

a jLﬂT

x w

3 Ju

6 + %;;; )

"2'

t
=20 -15

20



WSO U T u (em/sec)

72.000
73.000
T4.000
75.000
76.000
77.000
78.000
79.000
80.000
81,000
82.000
83.000
84.000
85.000
87.000

0.311
0.895
2.544
3.613
5.111
6.340
T.948
7.859
6.727
4.783
3.274
2.143
1.265
0.602
0.369

MAX W

0.762
5.673
%.655
10.265
9."7"
11.431
12.725
15.033
14.218
12.667
11.877
8.699
6.636
§.954
3.198
2.103

268

- VEL13
MIN W

=1.520
-1 .233
-0 -705
-0 0263
~-0.024
0.3M
1.188
2.812
2.719
1.553
0.606
"0 .928
=0.685
-D o6ou
=0.725

0.242
0.576
0.731
1.305
1.820
1.807
1.863
1.758
1.820
1.728
1.636
1.239
1.109
0.779
0.443
0.259

op

0.251 "

0.862
0.552
0.783
0.934
0.966
1.092
1.157
1.176
1.085
0.958
0.824
0.705
0.621
0.390
0.314

JET: VELOCITIES VELOCI3.DAT 2/D=44.70

WPUP

0.008
0.057
0.080
0.3
0.455
0.593
0.609
0.402
-0.222
-0 0501
-D 0211
=0.020
-0.012

1 ¥ 1
——w=7.900exp[~.0629r%)

~20

20



v. N U e tem/fsec)

X

70.000
73.000
74.500
76.000
77.500
78.500
79.500
80.500
82.000
83.500
85.000
88.000
91.000
92.500

W

1.062
2.923
5.310
5.538
6.606
T.220
7.186
7.018
6.101
3.937
3.464
1.295
0.509
0.258

MAX W

5.299
9.563
9.407
10.840
11.990
12,4874
12.269
12.459
12,138
9.921
8.822
5.524
3.631
0.932

269

VEL15
MIN W

-00629
0.189
-0.288
0.699
1.852
2.733
2.004
2.267
1.068
0.699
0.601
-0-51‘8
-0 0831
-0.609

0.712
1.445
1.365
1.549
1.636
1.599
1.621
1.662
1.774
1.585
1.506
0.939
0.317
0.214

V)

0.570
0.895
1.021
1.049
1,158
1.155
1.159
1.210
1.051
1.117
0.906
0.629
0.397
0.322

JET: VELOCITIES VELOC15.DAT z/D=80.70

WPUP

0.134
0.663
0.602
0.530
0.550
0.372
_0 0038
=0.351
-0.542
=0.190
~0,.001

- i [ 1
w=7.250e xpl-.0225r%)
w

1

20



.Ju".-'u' tem/sec)

270

VEL1T
X W MAX W MINW WP op WPOP

65.000 0.255 2.135 =0,935 0.283 0.391 0.020
67.000 1.802 5.215 =0.498 0.843 0.591 0.165
69.000 2.356 7.721 «0.003 1.111 0,703 0.287
72.000 3,518 9.016 0.017 1.415 0.983 0.661
73.500 4,419 9.607 0.506 1.571 1.012 0.589
75.000 5.868 11,126 1,645 1,556 1,108 0.451
76.500 6.391 11.323 0.803 1.818 1.228 0,354
78.000 6.642 12,874 2.329 1.582 1.226 0.217
79.500 6.429 13.746 1.428 1.768 1.141  0.008
81.000 6.648 11.489 2,825 1.585 1.067 <0.302
83.000 5.398 10.375 1.269 1.569 1.090 =0.450
85.000 4,029 9.464 0,486 1.527 0.963 ~0.603
89.000 2.209 7.115 =0.003 1.232 0.802 -0.336
91.000 1,058 §.819 =1,270 0.813 0.737 =0.180

JET: VELOCITIES VELOCI17.DAY z/D=110.00
—1 1 T T

1 —T 1
——:-6.750exp[--0135r'J
-

o
x
a
+

=20 =15 =10 -5 0 5 1o 5 20



(em/sec)

TR

'

5./ .

68.000
70.000
72.000
T4.000
76.000
T7.500
78.550
79.500
80.500
82.000
83.500
85.000
86.500
88.000
89.500

0.105
1.148
2.426
3.804
5.288
6.891
7.427
7.053
T7.179
6.291
4.502
3.574%
2.713
1.986
0.889

JET: VELOCITIES VELOC1S.

MAX W

1.355
n.624
7.186
9.783

12.012

13.020

14,196

12,556

13,477

12,160

11.234
8.987
7.957
7.523
5.415

271

VEL19
MIN W

=1.305
-0-990
"'0 0078
0.695
1.355
2.043
1.375
2.968
0.634
0.167
=0.719
-0.7h0

0.31%4
0.897
1.366
1.605
1.819
1.735
1.660
1.810
1.590
1.789
1.726
1.290
1.499
1.300
0.762

op

0.50%
0.676
0.864
1.043
1.201
1.146
1.208
1.159
1.158
1.153
1.058
0.933
0.937
0.837
0.608

DAY z2/D=85.00

WPUP

0.008
0.206
0.456
0.724
0.930
0.316
0.148
0.089
-0. 1 50
-0.267
0,675
-0.3"6
“00670
0.009

a
x
4
-+

T T T
——W=7.500e xpl-.0250r2]
w

l

T

20



vwrur {em/sec)

w “eju

272

VEL21
X W MAXW MINW WP up wPUP

70.000 =0,033 ©0.813 =0.896 0.157 0.209 =0,.000
71.000 ©0.188 2.263 ~0.875 0.328 0.355 0,005
72.000 0,833 4.865 =D.664 0.717 0.513 0,067
73.000 1.349 5.777 =1.621 1.000 0.620 0,203
74.000 2.309 7.208 «0.327 1.309 0.681 0,171
75.000 3,068 B.467 ~D.411 1.400 0.802 0,284
76.000 3.656 9.505 0.485 1.417 0.826 0.411
77.000 5.223 111.109 0.443 1.558 0.856 0.310
78.000 6.690 11.785 2,045 1.571 0.916 0.234
79.000 6.981 12.644 2.736 1.553 1.032 0,218
80.000 7.307 12.435 1.504 1.631 0.970 0,054
81.000 5.949 11.294% 1.504 1.573 0.901 =~0.104
82.000 4.812 10,812 =0.097 1.589 0.890 ~0.279
85.000 1.676 6.350 =0.369 0.995 0,543 ~0.038
87.000 0.575 2.989 =0.706 0.513 0.446 -0.046
88.000 0,519 2.814 =1.343 0.510 0.414 =0.023

JEY: VELOCITLES VELOC21.DAYT 2/D=60.00

T T T T T T T

——W=7.320expl-.0461r%]

0 w
Niinig

a Ju

6} + w'u

o

2
=20 =i5 =10 -5 0 S 10 15



JaT.wTur {em/sec)

273

VEL23
X W MAXW MINW WP UP  WPUF

040

‘I.SOO 00319 3-4"“ -D .987 005"7 0.1330 0.
;5.500 1.300 6.517 =0.565 0.844 0.513 0.2?:
76.500 2.535 7.901 =0.670 1,331 0.662 3.125
77.500 h.439 10.296 0.312 1.522 0.751 .10u
78.500 ©6.266 11.205 1,011 1.682 0.814 g.osu
79.500 7.099 12.853 2.512 1.597 0.843 .O
80.500 6.021 12.317 0.745 1.729 0.822 =0. gﬁ
81.500 13.000 10.%23 0.312 1.489 0.716 -0.30
82.500 2.222 T.354 =0.987 1.173 0.565 -0.023
83.500 1.042 %.615 0,670 0.797 0.833 -0.006
84,500 0.288 2.630 =D.945 0.417 0.328 -g.°06
85 .500 0.061 1.898 -00839 00199 00219 =UVe

JET: VELOCITIES VELOC23.DAT 2/D=35.00

1 L 1 [ i i i
~—W=7.100expl-.1259r%]
oW
x ST
a {u':
6 + w'u
41~
2._
0
2 1 | ! 1 [ 1 i
~20 -15 -10 -5 0 5 i0 15



274

PAP12
X W MAXW MINW WP up WPUP

68.000 ©0.097 1.507 =1.237 0.117 0.181 =0.001
72.000 0.629 4,796 ~1.104 0.740 0.359 0.058
74.000 1.859 6.911 «~0.556 1.175 0.703 0.393
78.000 5.991 11.122 2.154 1.478 0.892 0.357
79.000 " 6.143 11.131 1.259 1.492 0.905 0,010
80.000 5.9435 11.131 1.574 1.507 0.930 0,094

JET: VELOCITIES PAP)2.DAT z/D=65.00

WU w u (em/sec)

1 i ] |} 1 ) )
~—w=6.100expl~.0487r%]

0w
» w
a u
t wu
! 1 ) 1 ! 1 1
-20 =15 -10 -5 0 S 10 15




WU wru: (em/Zsee)

275

PAP13
X W MAX W MINW wpP 1} 3 WPUP

70.000 0,713 5.577 =0.663 0.877 0.573 . 0.170
72.000 2.752 8.590 =1.032 1.490 0.945 0.657
74,000 3.748 9.198 =0.028 1.602 0.980 0.618
76.000 6.353 13.128 1.776 1.842 1,288 0.793
78.000 T.330 15.739 0.735 1.956 1.313 0.415
79.000 T7.838 13.932 1.977 1.718  1.115 0.181
85.000 4.022 10.427 0.286 1.671 1.056 =~0,437
87.000 2.477 9.015 =0.734 1.657 1.112 =0.927
89.000 0.627 5.865 =1.588 0.910 0,658 =0.093

IET: VELOCITIES PAP13.DAT z/D=85.00




LU (em/sec)

—
LY

75.000 0.266
76.000 0,904
T7.000 2,617
78.000 5.146
79.000 6.872
80.000 6.115
81.000 3.223
82.000 1.328
83.000 0.595

276

PAP16
MAXW MINW WP
2.810 =2.229 0,313
.373 ~2.229 0.592
9-870 -1.286 1.308
13.179 1.000 1.581
12.637 1.185 1.762
12,228  0.938  1.711
5.880 2,062 0.910
3-801 -1.863 0.508

oP

0.219
0.501
0.766
0.950
1.021
0.928
0.782
0.489
0.350

JET: VELOCITIES PAPI6.DAT z/D=25.00

WPUP

0.006
0.032
0.194
0.099
0.108
_00087
-0.061
-00037
-0 -011{

1 []
—w=65.900expl-.
w

L
1781r21

1 ]

20



.5 + w'u

SJUTWTUT (em/sec)

277

PAP17
X W MAYW MINW WP op WPUP

87.000 0.271 1.885 =1.863 0.249 0.242 ©0.004
83.000 3.883 12.110 =1,270 2.040 1.039 =0,%89
81.000 6.828 13.873 0.814 2,105 1.345 ~=0.662
79.000 8.535 15.062 1.435 2,351 1,437 0.370
78.000 8.061 14,908 0.876 2.191 1.369 0,670
77.000 6.316 13.179 0.472 2.123 1.264 0.780
T4.500 1.361 6.863 ~2.633 1.192 0.789 0.229
71 -500 00233 2-261 -ZJINI 0-271 00335 -00011

JET: VELOCITIES PAP17.DAT 2/D=50.00

T =T T T ~T T T
~—W*8.600expl-.0588r2]
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a4 Ju




Jut.wrut (em/sec)
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PAP20

X W MAX W MINW WP 1} WPUP
71.000 3.096 10.519 -1.29% 1,795 1.153 0,943
74.000 6.088 13,568 =0.228 2,230 1.439 1.165
77.000 8.T07 16.112 1,532 2.244 1.535 0.669
79.000 B.666 16.477T 2.059 2,133 1.527 0.160
81.000 B.4877 15.383 1.200 2.223 1.455 =0.194
87.000 3.107 10.050 -0.78T 1.729 0.931 <0.380
90,000 2.048 7.326 -1,949 1,399 0.860 =0.8%42

JET: VELOCITIES PAP20.DAT 2/D=100.00

-—EHB:BOOexp['--OISBr’:; I ' ' '

w
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=10
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PAP21
I w MAX W MINW WP (U3 WPUP

68.000 00308 3.2“5 -2.377 0-361 00236 00002
71.000 1,260 7.713 =2.393 1.071 0.780 0.252
7“.000 3-388 11.704 -0-7“2 1.727 10055 0.526
77.000 7.120 13-590 -1.”5” 2.086 1.328 01662
79.000 B8.170 16.618 2.579 1.913 1.821 =~0.036
81.000 60886 1“.000 -00393 2.088 10380 -00281
83-000 n.363 11.986 -2-617 1.857 1.0”1 -0.“87
86.000 1-388 7.113 -2.9&0 1.309 00682 -0.183
89.000 00751 6-197 -2.778 00705 0.“18 -0.081

JET: VELOCITIES PAP21.DAY z2/0=70.00
T T T T

10 - T Y
— ¥=8.200¢ xpL-.0300r2]
w
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PAP30
X | MAX W MIN W WP UpP WPUP

75.000 8.372 17.239 2.001 2.387 1.585 1.163
77.000 10.320 21.210 2.580 2.549 1.616 1.040
81.000 9.565 18.94% 2,429 2.734 1.483 -~0.896
B4.000 5.620 14,816 0,723 2.276 1.840 =1.103
87.000 2.816 10.463 -0.467 1.577 0.970 ~0.568
90.000 1.112 6.359 =1,726 1.081 0.790 -0.216

JETs VELOCITIES PAP30.DAT z/D=88.00

T T T T T T T
=11.00expl~.0217r3]
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+ wur
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PAP32
X w MAXW MINW WP UP WPOP

73.000 1.225 7.840 =3.057 1.312 0.910 0,414
75.000 %.229 12,725 «1.257 1.950 1.219 0.762
77.000 7.988 14,605 1.132 2,175 1.586 0.795
76.000 9.745 17.520 2.759 2.169 1.572 0.572
79.000 9.94% 17.228 3.297 2,232 1.593 0.032
80.500 7.881 17.186 0.880 2,511 1.431 «0.708
82,500 K.314 12,086 <«0.174 1,972 1.217 -0.664
84.500 1.329 6.327 ~1.190 1.064 0,715 =0.153
86.500 0.300 4.178 ~1.058 0.426 0.401 «0.000

JET: VELOCITIES PAP32.DAT z/D=51.00

~
n

o

WU’ (em/sse)
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JUTR. WU’ (em/sec)

281

PAP32
X W MAX W MINW WP op WPUP

73.000 1.225 7.840 -3.057 1.312 0.910 0.414
75.000 &.229 12.725 -1.257 1.940 1.219 0.762
77.000 7.988 14.605 1.132 2,175 1.586 0.795
78.000 9.T745 17.520 2.759 2.169 1.572 0.572
79.000 9.944 17.228 3.297 2.232 1.593 0.032
80.500 7.881 17.186 0.880 2.511 1.431 -0.708
82.500 4.314 12.086 ~0.174 1.972 1.217 =0,664
84.500 1.329 6.327 ~1.190 1.064 0.715 =0.153
86.500 0.300 &.178 -1,058 0.426 0.401 -0.000

JET: VELOCITIES PAP32.DAT 2/D=51.00

12.5 - ! 1 7 7 T T T
——w=10.50expl-.0650r22
D W
x Jw
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