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ABSTRACT

The investigation consists of a detailed experimental study of an
axisymmetric turbulent buoyant jet in a uniform environment. The jet
is generated with various Froude numbers,and data are obtained at various
positions with the help of a traverser mechanism. The measurement tech-
niques use hot wire anemometry methods to produce instantaneous velocity
and temperature signals. A two wire probe is used and measurements are
taken at various locations of x/D = 31.5, 39 and 47.2.

A polynomial relating Reynolds numbers and Nusselt numbers is fitted
to the velocity calibration data and gives a good collapse of the data
for various flow conditions encountered. The profiles of mean and R.M.S.
velocities and temperature and their correlations, normalized by similarity
variables, are presented. Also, the total buoyancy flux and the contribu-
tion to the flux by the turbulence are estimated.

The measured mean velocity and temperature profiles are compared with

available theory. These comparisons are reasonable.



1. INTRODUCTION

1.1 Buoyant Jet

A jet is defined as a flow which is driven by the continuous addition
of momentum at the source whereas a plume is defined as a flow which is
driven by the continuous addition of buoyancy at the source. If both
buoyancy and momentum are continuously added at the source, the flow is
called a buoyant jet. Even if the rate at which momentum is added at the
source is sufficiently large to dominate the effect of the buoyancy dis-
charge so that the flow is jet-Tike, it will eventually evolve into a
plume-Tike flow since the initial buoyancy (no matter how small) contin-
uously produces additional momentum. Consequently the jet and plume re-

presents the limits of a buoyant jet.

A set of dimensionless equations is available which describes the
mean velocity and temperature (buoyancy) profiles for the buoyant jet as
it evolves from a jet to a plume. These equations depend on two dimen-

sionless coordinates, n and &, defined and explained in the later sections.

1.2 Background

The study of turbulent buoyant jets is rather recent. The problem
was first addressed by Morton (13) in 1959. Studies of the asixymmetric
turbulent jet were undertaken in the 1920's. 1In 1926 Tollmien (17) devel-
oped a theoretical analysis for turbulent jet flow using Prandtl's mixing
Tength theory. Gortler (18) developed the eddy viscosity model for jet
flow in 1942. Early measurements of the jet mean velocities and temper-
atures include work by Zimm (19), Ruden (20), Reichart (21), Hinze and
Van Der Hegge Zignen (22) and Corrsin and Uberoi (23).

The data for axisymmetric buoyant jets are extremely scarce, but meas-

urements of centerline temperatures and mean temperature profiles have been



made. These include measurements by Abraham (24), Kotsovinos and List (25),
Ryskiewich and Hafetz (26) and Pryputniewicz (27). Velocity measurements

for the buoyant jet region are even more scarce.

1.3 Integral Techniques

After the introduction of the similarity analysis developed independ-
ently by Zel'dovich (16), Batchelor (3) and Rouse et al. (12), integral
methods were the only techniques used to model buoyant jet and plume flows

until the 1970's. The suggested similarity solutions assumed the form

u=F3 13 () (1.3.1)
geaT = F 3% T334 (q) (1.3.2)
n = r/x (1.3.3)
b = Ax (1.3.4)

Morton et al.(13) used these parameters in the integral forms of the mean
flow equations to develop a model to describe plumes. The integral equations

take the following forms;

& (b%0) = 2 a bU (1.3.5)
p_-p
& (671?) = blg 2 (1.3.6)
1
p. 0
& (bug o) = blug o (1.3.7)



Equation (1.3.5) results from the integration of the continuity
equations and the so called "entrainment hypothesis",in which it is assumed
that the radial velocity V; is proportional to the mean axial velocity U.
This assumption is evident in the appearance of the entrainment coefficient
a. Equations (1.3.6) and (1.3.7) are the results of the integration of the
momentum and buoyancy (or temperature) equations. A solution of this system
of equations requires that the entrainment coefficient be known.

Morton et al.(13) applied this technique to plumes in neutral and
stratified environments. Morton extended this work to include forced
plumes (or buoyant jets) by assuming that the entrainment coefficient was
the same for both jets and plumes and thus constant throughout the entire
flow field. This work remains the standard for most engineering analysis.

The assumption that the entrainment coefficient was constant from jet
to plume was shown to be incorrect and inconsistent with experiment by
List and Imberger (28). The experimenters developed an approximation
of how the entrainment coefficient o should vary as a buoyant jet becomes
a plume by using an empirical model for a which behaved propef]y in the
limits. The development by List and Imberger (28) has been extended by
Kotsovinos (25). This conclusion is also supported in the theoretical

analyses of Baker (9).



1.4 Scaling Techniques

A set of dimensionless equations which describe the mean velocity and
temperature (buoyancy) profiles for buoyant jet as it evolves from a jet to
a plume has been developed by Baker (9). These equations depend on two

dimensionless coordinates, n and &,defined by

n = r/x (1.4.1)

and

g = x/L (1.4.2)

where L is a new characteristic length scale (the "forced" length scale)
defined by the rate at which buoyancy and momentum are added at the source:

_ o 3/4,0 172
Lo=m>>F e (1.4.3)

The length scale L is obtained from dimensionless arguments based on the

momentum and energy integrals. These integrals are:

[+]

M, = 2n f U2 pdr ©(1.4.4)
o]

FO = 27 J UgRAT rdr (1.4.5)
[e]

with dimensions
M [L4 (1.4.6)
o ” [ 4.
4
FO = ["1:3*] ¢ (]4.7)

3/4/F01/2 has units of length (L).

Consequently, the ratio MO
The mean equations for momentum, temperature and mass conservation
in reduced form for a fully developed, axisymmetric hot turbulent jet

discharging vertically into a constant temperature (neutral) environment



of infinite extent, as shown in the figure (1-1), are

kl) W1 (.o
UtV TR (-r uv) + ggaT (1.4.8)
aAT T _ 13 (== . 8 —
U —a*x——"‘ ) = (-r ve) + X (-ue) (1.4.9)
W, 1o =
x Trap (rV) =0 . | (1.4.10)

In these equations the Boussinesq approximations are employed and the
molecular diffusion of momentum and heat is assumed negligible relative
to the transport of these quantities by the turbulence. Both the momentum
and temperature equations can be integrated across the flow to yield the

integral equations used by previous investigators. These are:

Momentum:
g f 0% rdr - f 98T rdr (1.4.11)
o o
Temperature: (Buoyancy)
f geaT U rdr = ;% : (1.4.12)

0

The initial condition for the momentum integral equation is

M
f U2 rdr = =2

ZT_ ]

[o0]

o)

which is the rate at which momentum is discharged at the source.
Equations 1.4.8 through 1.4.12 have been reduced to dimensionless forms

by Baker (9) using the transforms
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Figure (1-1) Jet Coordinates
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V= 2T K (ne)

uv MOX-Z S(m’é)

geAT = F0M0'1/ZX'] t(n,g)
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Applying these transforms to-'equations 1.4.8 through 1.4.12 and ignoring

the vertical heat flux term ue yields

n
n
2, f! (ng)" 2 of £ af
+ - = . T 1T of
f . J f ndn - £t + g[fag . J 5 ndn] (1.4.13
(o] (¢]
1 n h'l t 1 n f
t _ (nh) ' at _t o af o
tf + - [ f ndn m t[f Y J . ndn] (1.4.14
(o] (o]
dg o
o]
rftndn=~—]— (1.4.16
2m " U
o]

It should be noted in equation 1.4.13 that the buoyancy term t is controlled
by gz, i.e. as g»o buoyancy effects disappear and as £»» buoyancy effects
dominate the flow. Thus the ¢ parameter is a measure of whether the flow is

a jet, a buoyant jet or a plume.



2,  DESCRIPTION OF EXPERIMENTAL APPARATUS, PROCEDURE AND MEASURING
TECHNIQUES.

2.1 The Plume Facility

The plume facility is located in a large room (5000 sq. ft.) with
a ceiling height of 24 ft. The facility consists of a large, square,
steel structure (6' x 6' x 20') which is wrapped in 4 mil plastic to
prevent cross drafts. The interior of this enclosure has three sections
of window screening to prevent unwanted circulation - each two or three
layers in thickness. A sketch of the entire facility is presented in
Figure (2.1).

The plume is generated by passing compressed air through an insulated
electric heater placed at the base of the steel structure. The heater
is described in detail in Figure (2.2). Before entering the heater the
air is filtered and the mass flow rate is measured with a calibrated
rotometer. The air enters at the base of the heater and passes through
a section of sintered bronze containing resistance heating elements. The
air then passes through two screens and a 15:1 contraction ratio to exit
into the ambient air. The exit temperature can be raised in excess of
300°C and maintained at a constant temperature with an Electromax Controller
connected to an SCR power supply. The exit profiles of velocity and
temperature are flat to within 2%. Since both the mass flow rates and
the heat flux are variable, it is possible to create exit conditions with
Froude numbersof different magnitudes. The heater has an output capability
of 3000 watts.

Air for entrainment is fed to the base of the heater, rises between
the plastic and outer layers of screening, and is entrained radially inward
theoygh the screens. The distance between the plastic and the outer screen

is roughly 6 to 8 inches. This outer screen is 2 to 3 layers thick and
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rises the full height of 20 ft. The middle layer of screening is octagon-
ally shaped (and is more closely tailored to the shape of the buoyant jet)
and has a diameter of roughly 5 ft., extending only 8 ft. in height. Most
of the measurements are taken in this section. The innermost layer of

screening is circular in shape, 1-1/2 ft. in height, and has a 2 ft. diameter

2.2 Calibration Technique and Procedure

The velocity and temperature wires are calibrated at the exit of the
plume source at several velocities and temperatures. The exit temperature
or the reference temperature is obtained from a copper-constantan thermo-
couple placed near the sensor,and the velocity reference is determined by
applying mass conservation to the reading of the upstream rotometer. Since
the air temperature changes as it passes through the heater, its upstream
properties must be measured. This is accomplished with a manometer and a
thermometer placed at the exit of the rotometer. The rotometer was cali-
brated by measuring the output velocity of the plume source with a laser
Doppler anemometer.

The velocity sensor calibration is accomplished by converting the
anemometer voltage and flow velocity to Nusselt number and Reynolds number

as defined by equation

U
Ry = = d (2.2.1)
IZRW
Nu-= Trx T, (2.2.2)

where
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TW is the wire temperature

Tg is the gas temperature
d is the wire diameter
L is the wire length
Rw is the wire resistance
and k is the thermal conductivity of the gas.
A polynomial of the forms of equations (2.2.3) is then fitted to this
data.

Ry = Ag * A]Nu]/z + Ay Nu + Ay N2 4 A4Nu2 (2.2.3)

One parameter that was difficult to measure was the sensor resistance.
Because there was no way of shorting the probe across the sensor without
fear of breakage, this parameter was adjusted after the calibration to
give the best collapse of the data for all temperatures. The Reynolds

number was evaluated at the local gas temperature and Nusselt number at

- Tgas * Tyire )
film 2 ’

the data for the working Reynolds number range. Also the polynomial type

the film temperature (T

This gives a good collapse of

equation used to fit the data was chosen for ease of calculation by a
computer.

The temperature sensor is calibrated at the same time as the velocity
sensor. The temperature sensor wire is operated at a low current. Con-
sequently, the sensitivity of the wire to velocity is negligible and the

calibration equation reduced to a linear expression as shown

T = C, + C2Et (2.2.4)

The velocity and temperature anemometer voltages are indicated on
DC voltmeters. The flowmeter was calibrated from 60 CFH - 720 CFH,
which covers the range of velocities (0.6 m/s - 7.2 m/s) encountered in

this experiment. The flow temperature is varied from 27°C to 52°C which
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corresponds to the range of flow conditions encountered.

Two computer programs, namely WIRECAL and CURFIT, are used to curve
fit the velocity and temperature calibration data. The temperature and
velocity calibration curves are shown in figures (2-3) and (2-4) respec-
tively. Since it is very difficult to measure the wire resistance, the .

parameter AR/AT used in programs CURFIT is varied slightly to get the

best possible collapse of the data.

2.3 Experimental Procedure

The jet was operated at Froude numbers which were accomplished by
changing both the flow and temperature. The higher velocities and flow
rates were achieved by reducing the exit nozzle diameter to 3.175 cms and
using a high capacity flowmeter in the air Tine. Those changes provided
a maximum flow rate of 1500 ft3/hr, exit velocities up to 14 m/s.

The experiment consists of two different sets of data acquired at
two different Froude numbers namely, 10.74 and 22.06, these were achieved
by setting exit conditions of velocities and temperatures as 300 ft3/hr.,
563°k and 600 ft>/hr., 483°K.

Because of the Timitations in the capacity of the heaters and temper-
ature controller, the maximum temperature attained was 483°k at a flow
velocity of 9.6 m/s. The exit temperature was constant to +°1 during the
test run. The ambient stratification was greatly reduced by modifying

the outermost top plastic covering around the plume. The resulting

stratification was 0.75°F over a height of 2 meters for a time period
of 5 hours.

To achieve thermal equilibrium for the nozzle and the heater walls,
the plume was operated for at least 5-6 hours before the measurements were

taken. Measurements were taken at various values of n = r/x with a spacing
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of an = 0.025 between points. The actual displacement from the center varies
with the height,and the vertical Tocations correspond to x/D of 31.5, 39.4, 2
47.2 respectively. The horizontal and vertical movement was achieved

by a traverser mechanism.

2.4 Data Acquisition

The mean velocity-Tike and temperature-like signals (i.e. E;-ahd f?)
are directly recorded from D.C. voltmeters. R.M.S. velocity-1like and temper-
ature-like signals (i.e. /éjg-and Jgif) are read on R.M.S. meters with the
function switch setting at A and B respectively on the second signal
conditioner. To obtain actual values of the fluctuating quantities, the
meter readings are divided by the gain setting.

The velocity-temperature correlation signal ut, is obtained by
addition and subtraction of the two individual signals with the function
switch at the (A+B) and (A-B) settings respectively. The correlation is
derived as explained below, where G] and G2 are the gains for the res-

pective signals.

(G]A)Z + (628)2 + 26,6, AB = (GyA + 323)2 (2.4.1)

(6,8)2 + (GZB)Z - 26,6, B = (GA - 6,8)° .

Substracting (2.4.2) from (2.4.1) yields AB correlation as

(G,A + 6,8)% - (G,A - GZB)2
(2.4.3)
16T, : 4.

AR =

The mean temperature signals recorded by DC voltmeters were converted
to the actual temperatures using the linear calibration given in equation
(2.2.4). Decomposing the instantaneous values into mean and fluctuating

components and averaging yields
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T=~A0 + AZ'EF (2.4.4)
where Ao and A2 are determined from the calibration data. The R.M.S.

temperature is given by
T —1/2
SZ s ] 2 |
t™ = Lim < (T—T)dtl . (2.4.5)
T -

o]

Substituting equations (2.2.4) and (2.4.4) into equation (2.4.5) and
simplifying yields

2 - 2. (2.4.6)

2 "¢1

The velocity calibration relation in non-dimensionalized and temper-
ature independent form is given in equation (2.2.3), where the constants
are determined from the calibration data. The equation (2.2.3) can be
subjected to the Reynolds decomposition method to find the actual mean
velocity at any location in the flow from the recorded velocity-1like
signals, where from the equation (2.2.2) the Nusselt number can be
written as

E,S R,
N, = u 5 (2.4.7)
(R#51)° me(T -T)k

where(Rw+51) is the sum of the active arm of the bridge and resistance
of the 1ine at the operating temperature. Mahmood Ahmad (29) worked out a
series of mathematical analysis and proved that the measured voltages

— T3 _— T3 = 2
such as Eu’ e, » ET’ er”s e ers correspond to U, u

, AT, t2 and ut.

2.5 Measurements

The hot wire probe used for turbulence measurements is illustrated
in Figure (2.5). It consists of two parallel wires of 5 u diameter

tungsten with gold plated ends and a length to diameter ratié of 250.
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Velocity sensor is Pt-plated tungsten wire, diameter § ym,
overall length 3 mm, sensitive wire length 1.25 mm. Cop-
per and gold plated at the ends to a diameter of approx.

30 um.

r - 33-

MOUNTING: 6mm-dia. probe
support

Figure (2-5) Probe
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The probe is designed and manufactured by DISA Electronics. A 90° bent
holder was used to hold the probe in position. One wire was used to
measure velocity and was operated with an overheat ratio of 1.75. The
other wire operated at much Tower overheat and was used as a resistance
thermometer. The position of the probe was such that the velocity wire
was above the temperature wire to avoid the effect of the hot wake on
temperature measurements.

The schematic of the data acquisition system is shown in Figure(2-6).
The anemometer bridge output voltages were averaged for 100 seconds with
an integrating digital voltmeter (DISA 55D31) to obtain the mean temperature
and velocity-like signals. The same two signals were input to the R.M.S.
voltmeter (DISA 55D35) via the signal conditioners (DISA 55D26) and averaged
for 100 seconds to obtain R.M.S. velocity-Tike and temperature-1ike signals
Because of the low frequencies which characterized this investigation (5-50H
it was necessary to ensemble éverage successive readings for 10-20 minutes
to obtain stable averages (within 5%). |

High frequency noise was filtered by passing the signals through the
signal conditioners at 1KHz low pass. Velocity and temperature signals
were added and subtracted before squaring and averaging to obtain the
velocity-temperature correlation. As two signals were being added and
subtracted, it was necessary to keep both signals in approximately the same
order of magnitude. Consequently the velocity signal was amplified by varyi
the gain from 2-10 depending upon the probe position in the flow. The veloci
temperature and the added and subtracted signals were obtained by changing

the function switch on the other signal conditioner.
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3. Results and Discussion

3.1 Test Conditions

The experiment was conducted at Froude numbers of 22.06 and 10.74

where Froude number is defined as

- -1/2

r po

(3.1.1)

Cr\)ﬂ;%

3/4
M
The corresponding length scales, L(ng/z) were 0.66 and 0.32. Data were

obtained at 1.0, 1.25 and 1.5 meters®from the source, which corresponds

to x/D values of 31.5, 39.4, 47.2, (D = 0.0318m). The test conditions

are given in the following table.

Expt. = L4 L4 -
No. Q(CFH) Tsource(oK) Ug(m/s)] Mo(;fa Fo(;§? Fr [E(50/L)
-3 -2 I
1 600 483 9.63 |73.5x10 4.6x10 22.06 1.9
2.3
3 _2 3.1
2 300 563 5.62 |25.0x10 3.8x10 10.74 3.9
4.7

The flow dominated by momentum corresponds to the parameter £ < 1.0

defined by the jet equations , and the flow dominated by

buoyancy corresponds to £ >> 1.0 defined by the plume equations.
These experiments were conducted at values of the Tength scale

(L) of 0.66 and 0.32. Hence jet-like flows should be observed at heights
of 0.66 and 0.32m or less for the respective values of L, and plume-like
flows should be observed at heights of 6.6 and 3.2 m or more for the

respective values of L. Since these tests were conducted at heights of

1.0, 1.25 and 1.5 m, this study was limited to buoyant jet flows.
The ambient temperature data are shown in Figure 3.1. This figure

shows that the maximum ambient temperature stratification is approximately
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Figure 3.1 Ambient Temperature .
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0.75°F over the temperature range of these tests. Consequently, the
modifications of the experimental structure eliminated the problems en-
countered by Beuther (2) and Ahmad (29).

The measured buoyancy flux at any plane normal to the mean flow can
be used as a measure of flow stratification,since F0 is constant throughout
the flow field. The total heat flux was measured at various vertical
stations in the flow field. These were integrated and compared with the
initial buoyancy FO. The results are given in Figures (3.2) and (3.3) which

show that the decrease in buoyancy for both test conditions does not exceed

4%.

3.2 Mean Centerline Data

Beuther et al. (11) have indicated that the mean centerline data for
jets, plumes and buoyant jets are probably the most accurate because this
is the region of least turbulence intensity. Figures (3.4) and (3.5)
depict the mean velocity and temperature data respectively presented by
Baker (9). In addition, those figures contain the analytical solution
developed by Baker (9). The values for the horizontal asymptotes were
obtained from existing jet data, and the plume asymptotes for both cases
were obtained from the analytical solution. It appears from the centerline
temperature data that a horizontal asymptote of 5.6 may fit the data better
than the 5.95 value used by Baker (9). The scarcity of buoyant jet and
plume mean velocity data are obvious from Figure (3.4).

The centerline velocity and temperature data from this investigation
are shown in Figures (3.6) and (3.7) along with data of George,et al.(3),
Ahmad (29), and Baker's (9) analytical solution. The agreement of all

data and the analytical solutions are seen to be reasonable.
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3.3 Mean Velocity and Temperature Profiles

The measured velocity profiles obtained for Froude number of 22.06
and L = 0.66 are shown in Figure (3.8). Data are presented for £ values
of 1.5, 1.9 and 2.3, all of which are within the buoyant jet domain. The
measured jet velocity profile of Wygnanski (30) and the theoretical solu-
tions of Baker (9) for £ = o0 and 2.5 are also presented in this figure. The
present data do not collapse, a result of which is consistent with the con-
clusion of Baker (9). Also these velocity data are higher than those of
Wygnanski (30). Another result which is consistent with arguments of Baker
(9) in which it is shown that the profile of Wygnanski (30) is too low be-
cause it fails to account for 50% of the mean momentum. For r/x > 0.075
the present data are lower than Baker's results. That is consistent with
the fact that an eddy viscosity model over-predicts the mean profiles at
the outer edge of the jet flow and hot wires underestimate the velocity in
this region. This underestimate is a result of cross flow caused by high
turbulence intensity. Figure (3.9) shows similar results for a Froude
number of 10.74 and L = 0.32. The same trends can be observed as in Figure
(3.8). To this author's knowledge the data from the present study are the
only velocity data available in the transition flow region of the buoyant je

The measured mean temperature profiles are shown in Figures (3.10) and
(3.11) for Froude numbers of 22.06 and 10.74 respectively. The empirical fi
of George et al. (3) for a pure plume is also shown in these figures. The
results of Baker show only modest differences in the temperature profiles,
and the data of George et al. are considered representative of the plume
temperature profiles. At the outer edge the hot wire overestimates T, by
1.5° or less as measured by the thermocouple. The data are adjusted to
compensate for this difference. Within experimental error the buoyant jet,

hot jet and plume temperature profiles appear to be identical.
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Figure 3.8 Velocity Profiles for Axisymmetric Buoyant Jet.

Froude No. 22.06, L = 0.66
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3.4 Measurements of Fluctuating Quantities

The R.M.S. values of fluctuating velocity and temperature are shown
in Figures (3.12) through (3.15). Jet turbulent velocity intensity (£~0)
measured by Wygnanski is approximately 20%. The measured values at buoyant
Jet turbulent velocity intensities shown in Figures (3.12) and (3.13) range
from 0.25 to 0.40. Similar data for the plume vary from 25% to 30%. These
results imply that a time delay occurs between the point at which buoyancy
effects begin to increase turbulence intensities and the point at which

dissipation begins to degrade the turbulence. Consequently, the
plume equilibrium has not been established. The fluctuating temperature
results given in Figures (3.14) and (3.15) show trends similar to the
temperature data of Figures (3.10) and (3.11).

The measured buoyant jet velocity-temperature correlation coefficients
are shown in Figures (3.16) and (3.17). For a jet this coefficient is
approximately 0.2, and for a plume this coefficient is approximately 0.65.
The measured values for the buoyant jet 1ie well within the values of a
jet and a plume. The variation of the correlation coefficient with n is
explained by the radial momentum transport of hot fluid and its contribution
to the outer edge of buoyancy dominated flows. In flows of this type the

center region mechanical turbulence still dominates the center region.
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Froude No. 22.06, L = 0.66
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Figure 3.12 Intensity of Velocity Fluctuations
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4.  Summary and Conclusions

The objective of this thesis was a detailed study of the axisymmetric
buoyant jet in a neutrally stable environment. During this study it was shc
that the ambient stratification encountered by Beuther (2) and Ahmad (29)
could be eliminated. Consequently a 96 to 98.5% conservation was achieved.

The centerline velocity data are in good agreement with the theory of
Baker (9). The centerline temperature data are in good agreement with
existing data of this type and indicate that Hinze's (22) value of 5.6
for the jet centerline asymptote may be better than the 5.95 value pro-
posed by Baker (9). Theoretically this implies a turbulent Prandtl number
of 1.0 since the accepted value of the centerline jet velocity asymptote
is also 5.6.

The near jet velocity profile supports the conclusion of Baker (9)
that the data of Wygnanski (30) are low and fail to account for 50% of the
momentum. In addition the measured velocity profiles for the buoyant jet
support the trends predicted by Baker (9) and are in reasonable agreement
with Baker's predictions. Within experimental error the hot jet, buoyant
jet, and plume mean temperature profiles were identical; another result
predicted by Baker's theoretical study.

Lastly, the turbulence intensities in the buoyant jet region are greate
than those encountered in either the pure jet or plume. This implies that
a time delay occurs between the point at which buoyancy effects begin to
increase the turbulence intensity and the point at which dissipation begins
to degrade the turbulence. Theoretically this implies that in high order
models the buoyancy induced turbulence term would be controlled by a lower
order £ form than the turbulence dissipation term. This result warrants a
more detailed study to establish the relation between & and the buoyance

induced turbulence and turbulence dissipation.
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