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Abstract—A differential k—e— 7' model is used to investigate the near field characteristics of buoyant

jets discharging into a stagnant uniform environment. The lateral temperature and velocity profiles and

the half width of turbulent buoyant jets in the zone of flow establishment are calculated. Also the mean

centerline velocity and temperature decay, the turbulent kinetic energy and its dissipation rate are

computed for a wide range of exit densimetric Froude numbers. A good agreement between the predicted

and the available experimental data is obtained. The level of the turbulent fluctuations at the exit is found
to have a strong influence on the jet characteristics in the near field region.

NOMENCLATURE v, fluctuating velocity component in the
D, exit orifice diameter ; y direction (= u,);
e, basis of the natural logarithm; X, axial direction of the buoyant jet;
F,, exit densimetric Froude number X, length of the zone of flow establishment
= EUéq/gD(Toq_— T): deﬁnéd in Fig. 15 N
F,,  densimetric Froude number at the end Xg,  location of the virtual origin;
of the zone of flow establishment y, normal direction of the jet from the
= 7;U§Q/2g Yy(Tq —T.); symmetric axis; _ .
g, acceleration of gravity; Y., distance from the buoyant jet centerline
k, turbulent kinetic energy = w;u;/2; to the point where the velocity is equal to
kg,  centerline turbulent kinetic energy; 1[ e of the centerline VelO(fit)U .
ko,  turbulent kinetic energy at the source; Yo.su» distance from t}}e c.enterlme to the point
kog. centerline kinetic energy at the source; where the velocity is the half of the
T, mean jet temperature; centerline velocity;
T, fluctuating jet temperature; Yo.sr» distance from the centerline to the point
T;,  fluctuating jet temperature at the exit; where the temperature difference (T—T,)
T,,  local ambient temperature; is the half of the temperature difference
Ty,  jet temperature at the exit ; (Te — To):
Toq. centerline jet temperature at the exit; ZFE, zone of flow establishment;
T,q. centerline jet temperature at the end ZEF, zone of established flow.
of the ZFE;
Tg,  jet centerline temperature; Greek symbols
U, mean jet velocity component in the o, mean jet density ;
axial directory; Pa» local ambient density ;
Uy, mean jet velocity component at the exit; po,  density of buoyant jet at the exit;
U, mean jet centerline velocity at the end Ap,  (p.—p);
of the ZFE; e, dissipation rate of the turbulent
Uoq. mean jet centerline velocity at the exit; kinetic energy;
u, fluctuating velocity component in the g9,  dissipation rate of turbulent kinetic
x direction (=uy); energy at the exit;
U, fluctuating velocity component in the o> centerline dissipation rate of turbulent
__ ithdirection; kinetic energy at the exit;
wu;, turbulent shear stress; Eg. centerline dissipation rate of turbulent
u;T', turbulent heat flux in the ith direction; kinetic energy.
V, mean velocity component in the normal
direction; Subscripts
a, ambient condition ;
* Professor. b, variable evaluated at Y, ;
+Graduate Research Assistant. q., centerline value;
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e, at the end of the ZFE;
0, exit condition or the virtual origin (x,);
0.5U,0.57. half width of the velocity and
temperature respectively;
ent, entrainment;
ij, respectively equal to 1, 2, 3 denoting
X, y and z direction.

L INTRODUCTION

THE VERTICAL buoyant jet discharging into a
uniform stagnant environment is one of the most
important flow patterns related with the environ-
mental pollution. Problems associated with the
environmental pollution require the knowledge of
the buoyant jet characteristics, such as buoyant jet
dispersion, decay of centerline velocity, temperature,
and behavior of the entrainment velocity.

In the past the prediction of the flow characteris-
tics of the turbulent buoyant jets was most com-
monly done by employing integral methods. Re-
cently, emphasis is shifted towards the use of
differential methods. Although the differential me-
thod is more complex than the integral, it has
potentially more applications and less restrictions
than the integral method. In the integral method, the
entrainment rate and the similarity profiles for both
the velocity and the temperature must be specified.
The differential methods, on the other hand, do not
employ profiles and entrainment assumptions but
they obtain the profiles and the entrainment rate as
part of the solution.

In general, the differential method is constituted by
the partial differential equations governing the mean
velocity and temperature components, and the
turbulent momentum and energy fluxes. Since the
resulting set of equations has more unknowns than it
can accommodate, assumptions about the turbulent
transport processes are introduced. These assum-
ptions form a turbulence model. The accuracy of the
differential method thus depends on the turbulence
model used.

Many turbulence models for the prediction of
turbulent buoyant and non-buoyant jets are avail-
able in the literature. Madni and Pletcher [1] in their
analysis used a mixing length model. Higher order
closure models were proposed by Launder [2],
Lumley 3], Donaldson ez al. [4], Mellor [5], Mellor
and Yamada [6], Meroney [7], Lumley and Khajeh-
Nouri [8] and many others. Donaldson er al. [4]
and Meroney [7] applied their models to the
problem of the clear air turbulence; Mellor [5] used
in studying boundary stratified layers; Gibson and
Launder [9], tested Launder’s [2] model by applying
it to horizontal surface jets and mixing layers. Chen
and Rodi [10] modified Launder’s model to predict
the far field region characteristics of buoyant
turbulent jets discharging into a uniform or stratified
environment.

In this investigation, a turbulence model, proposed
by Chen and Rodi [10] is used: (1) to investigate the
behavior of axisymmetric buoyant jets in the near

field region; (2) to examine the effect of the exit
turbulent intensity on the developing buoyant jet
core; (3) to compute the rates of spread of turbulent
jets and other flow variables under different exit
conditions; (4) to demonstrate the applicability of
the differential method in cases where an integral
method fails to give accurate predictions.

II. ANALYSIS AND TURBULENT MODEL

Figure 1 depicts a vertical buoyant jet discharged
into a uniform stagnant environment from an exit
with a finite diameter D. As the buoyant jet
advances, it passes first from a region called the zone
of flow establishment (ZFE) which extends to about
10 diameters downstream from the source. It is #
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FiG. 1. Sketch of an axi-symmetric buoyant jet in a
uniform stagnant environment.

this region that the jet fluid begins to mix with the
ambient fluid. A shear layer is developed at the edge
of the jet, and as the jet advances this layer is
dispersed toward the jet axis. When the shear layer
reaches the symmetry axis, the flow is said to be
established. The region from the source to the point
where the central line velocity begins to decay from a
maximum value is called the zone of flow establish-
ment. Beyond this point the flow enters the zone of
established flow (ZEF). Under the assumptions that
the flow is steady and of the boundary-layer type (i.e.
U > V, 8/éy » 6/éx), and employing the Boussinesq
approximation, in which the density variation is
accounted for only in the gravitational term, the
governing equations for the velocity and temperature
are:

conservation of mass

oU 1@

+-—@V)=0 (1)
i yay(y)
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conservation of momentum

U6U+V8U 1 6‘( —)+ T-T, )
— —=—-—(—yw
0x oy vy I T,
conservation of energy
oT T 190 e
Ut Ve =—— (=T 3)
0x dy y@y( yeT’) (

where x and y are the axial and the normal direction
of the buoyant jet, and U and V are the correspond-
ing velocity components and T, is the ambient mean
temperature. The last term of equation (2) is the
buoyancy term resulting from the Boussinesq approx-
imation. The two turbulent quantities uv and vT’
are the turbulent shear stress and heat flux re-
spectively. The viscous and conductive term in
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small compared with the turbulent stress and heat
flux. In order to solve equations (1)—(3), a turbulence
closure model for the turbulent stresses and heat
fluxes has to be specified. In this study, the model
proposed by Chen and Rodi [10] is adopted. This
model is based on closure approximations made in
the turbulent transport equations for the turbulent

shear stress u;u., the dissipation rate of turbulent

[ Al

L — Ou; Cu;
kinetic energy, k, (k= iuu,), &, (s:v—' ),

Xp 0x

the turbulent heat flux u, 7', and the fluctuating

temperature T'2. This model is termed briefly as the
k—e— T'? model. The subscript i and j stand for 1, 2,
3 denoting the x, y and z components of fluctuating
velocity u;. In the case of the repeated subscripts the
Cartesian tensor summation convention applies. The

differential equations for the k—¢~ T'? model under

equations (2) and (3) are neglected since they are the boundary-layer approximation are given as [10]

Convection Diffusion Production Dissipation
\ [ 11 [ \
ok ok 16/ k*éok — U guT’
—+V—= = -——|yo——) — uv —+ - € “4)
0x oy yéy e Oy oy T,
d¢ e 10 kv? d¢ e/ —oU guT &2
U—+V—- = ——|ye,:—— | + cyg-| ~uw0o—+—) — Cop— (5)
O0x dy y oy & Oy k Oy T, k
oT"? Ly oT"? 1o ( k? 8T'2> 2T oT eT? ©)
— =——|yer—— |} — v — - .
ox Oy y oy yer g 0y oy ™ok

The term on the LHS of equations (4) and (6) represent the convection of k, ¢, and T respectively. The first
term on the RHS of these equations can be interpreted as the diffusive contribution of the respective

variables. The second term is the production and the third is the dissipation of k, &, and 7”2 respectively. The

term guT’/T, appeared in equations (4) and (5) is the buoyant contribution to the turbulent transport process
of k, e and T'2. .
The differential equations for the Reynolds stresses and the heat fluxes, wu; and u; T, which include the uv

and vT’ terms appeared in equations (2) and (3) are given by Hossain and Rodi [11]. In the present
investigation these equations are simplified by neglecting respectively the convective and diffusive transport

terms of w;u; and u,;T'. This leads to the following approximated algebraic relations for the uv, v?, vT" and uT’
terms

X oT
R PP Y% |kreu
= —h - M
¢ k <5U> e Oy
cpeT,
dy
v? = e,k ®)
1 v k2 oT
T =— 9)
c, k ¢ Oy
kK[ —aT U gll—cp)—
uT':‘[—“U‘—UT’U_CM)*‘FMTIZ : (10)
Cht 3y dy 1

Equations (1)-(10) form the k—e— T2 turbulent model containing 11 empirical constants. These constants
are determined and calibrated with data from many turbulent flow measurements and are shown, for
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example, by Hanjalic and Launder [12] and others to be approximately constants. We adopt the same
constant values proposed by Chen and Rodi [10] as follows.

., ¢, € C  Cy
055 22 053 015 143

We also adopt a correction function as suggested by
Chen and Rodi [10]. According to them the RHS of
equation (7) is multiplied by (1—-0.465G) and c,, is
multiplied by (1 —0.035G) where

Here y, sy is the half-jet width and the subscript @
denotes the centerline value. The governing equa-
tions (1)-(11) form a parabolic system and are
solved by .Patankar and Spalding’s [13] finite
difference procedure modified to adopt the present
turbulence model.

0.2

-Msv(qu_,dUQ (11)

1 2U([ dx dx

III. BOUNDARY AND EXIT CONDITIONS

We specify boundary conditions at the edge and
the axis of a buoyant jet as follows

x>0 yooo T=T, U=k=e=T?=0

x>0 y=0 2

.
5 [TUksT?]=0

(12)
At the beginning of the computation, the exit mean
velocity and temperature profiles, the turbulent
kinetic energy ko, its dissipation rate g, and the

temperature fluctuation T;® must be prescribed. It
was decided to calculate a flat and a triangular
profile for both the exit mean velocity and tempera-
ture. One may consider the flat profile as an
approximation for the flow issuing from a cooling
tower or the flow generated behind a uniform grid.
The triangle profile is chosen because it resembles
closely the developed profile. Calculations are made
for both profiles so that the effect of initial mean
profile on the flow characteristics, in the ZFE and
more generally in the near field, can be examined.
The literature on experimental measurements did
not provide the profiles for the initial turbulent
kinetic energy k, (or the level of turbulent intensity),
its dissipation function ¢, and the temperature

fluctuation Ty2. In the present study, Gaussian

profiles were assumed for ko, &, and Ty?. These
profiles are:

ko = kog exp(—1.7y%)
g0 = g €Xp(—1.7)7)
To? = Tgg exp(~ 17y%)

x=0 O<y<4 (13)

SR

where the centerline value of k, &, and T2 at the exit

are denoted by kg, goq, and T;% . They are given as
percentage fractions of the U2, U3/D and (T, —T,)’
respectively in the calculation.

192 0225 0.13

Gy Cr Cp Cy Ci
1.25 32 0.5

1V. RESULTS AND DISCUSSIONS

Calculations were made for buoyant and non-
buoyant jets. For the case of buoyant jets, calcu-
lations for a wide range of exit densimetric Froude
numbers (1-625) where performed. A typical calcu-
lation requires approximately 4 min of IBM 360 time
to cover the region from the exit to about 25
diameter downstream in 450 steps.

IV.1. Exit turbulent level and the zone of flow
establishment

The effects of the initial turbulent level on the
length of the ZFE and on the centerline velocity
development are shown in Figs. 2 and 3 respectively.
The length of ZFE, x,, is taken as the distance from
the exit to the location where the maximum axial
velocity starts to decay. For a non-buoyant jet the
maximum axial velocity in the ZFE is equal to the
exit velocity. However, for a buoyant jet the flow is
accelerated by the buoyancy force before it starts
decaying (see Fig. 7). Therefore, the maximum axial
velocity in the ZFE in general is equal or larger than
the exit velocity, Uyg - Figure 2 shows the plot of the
length of ZFE as a function of the initial turbulent
level, kOQ/U(Z)q_. It is observed that generally the
higher the initial turbulent level is, the shorter the
length of the ZFE becomes. Figure 2 also shows that
the length of the ZFE for a low turbulence level, say
Kog/Udq = 1072, may be 2 or 3 times larger than
the length of the ZFE at a higher turbulence level,
say koq_/Uf)Q = 107!, From the figure it is observed
that the effect of the buoyancy is to decrease the
length of the ZFE. As the turbulence level is reduced
the length of the ZFE approaches an asymptotic
value. For non-buoyant jets the limiting length of the
ZFE, x,/D, is about 8 and for plumes is about 7. It
was found that the axial temperature and velocity
start to decay at approximately the same location.
Therefore no specific distinction of the ZFE for the
temperature and the velocity is made.

In order to fix a turbulent level for the subsequent
calculations, the predicted length of the ZFE based
on a flat initial profile at different initial turbulence
levels, was compared with the experimental data of
Albertson et al. [14] as shown in Fig. 3. The figure
showed that the predicted solution, based on the
initial turbulence level of 1.25% (kOQ/Uéq_ = 0.0125),
compares most closely with the experimental data.
This turbulence level is then adopted in all sub-
sequent calculations.

IV.2. Development of lateral profiles

Figures 4 and 5 give the development of the lateral
velocity and temperature profiles for the case of F,
=9 respectively with the flat and triangular exit
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FiG. 2. Influence of the exit turbulent level on the length of the zone of flow establishment.
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FiG. 3. Effect of the exit turbulent level on the decay of the centerline velocity.

mean profiles. In these plots the velocity and
temperature are normalized by the local centerline
values while the radial coordinate is normalized by
the local half width y, sy. yo sy is the radial location
at which the velocity is one-half of the centerline
velocity.

Figure 4 shows the development of the lateral
profiles for the case of flat initial profile. It was
observed that at approximately 5 diameters from the
source the profile is almost developed. In the case of
the triangular initial profile, the flow needs only one
or two diameters to become almost developed, as
shown in Fig. 5. The velocity and temperature
measured by Nakagome and Hirata [15] for Fo =0
at x/D > 4 is also included in Figs. 4 and 5. Good
agreement is obtained between the computed and the
experimental results.

1V.3. Virtual origin

The “virtual origin” of a buoyant jet may be
defined as the apex of the cone of the half-width
Y, sy- From the discussion of Figs. 2-5 we observe
that the length of ZFE depends not only on the
initial turbulence level but also on the exit mean
velocity and temperature profiles. The length of the
ZFE obviously affects the location of the virtual
origin, since a change of this length causes the
beginning of the ZFE to move further or closer to
the exit. Therefore, the virtual origin depends on the
exit mean profiles, the turbulence level and the
buoyant force (i.e. Froude number). Chen and Rodi
[16] found from the available experiment data that
the virtual origins for all buoyant jets, including non-
buoyant ones, are located somewhere between three
diameters inside and outside of the jet exit. From
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F1G. 5. Development of the velocity and temperature profiles in the ZFE for initially triangular mean
profile.

Figs. 2-5 we may conclude that a combination of the
flat initial profile, a large exit Froude number and a
low turbulence level contribute to move the virtual
origin up along the axis. The combination of the
triangle profile, a small exit Froude number and a
high turbulence level contribute to move the virtual
origin backward along the axis. In Fig. 6 the velocity
half-width, Y, 5y/D, is plotted as a function of the
axial location x/D, for the case of flat initial velocity
and temperature profiles. For the case of the
buoyant jet with F, = 64 two separate computations
were performed. One with koq/Udg = 00125 and
another with koq/Udq = 0.06. The former calcu-
lation (k-oq_/Ué(L = 0.0125) shows that the location of

the virtual origin is at approximately 1.5 diameters
downstream from the exit (ie. at x,/D = 1.5). The
latter calculation (kog/Uj = 0.06) shows that the
virtual origin has been moved upstream at x,/D =
-~ L5,

IV .4. Development of half-width

In Fig. 6, the predicted velocity half-width as well
as the exponential width Y, are plotted. As shown in
Fig. 1 the exponential width Y, is defined as the
radial distance from the centerline jet axis to the
point where the velocity is equal to 1/e of the
corresponding centerline velocity. Here e is the basis
of the natural logarithm.
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F1G. 6. Velocity half-width and exponential width.

From Fig. 6 it becomes evident that the rates of
spread dY, sy/dx and dY,/dx are large for small exit
densimetric Froude numbers. This is in accordance
with the conclusions of the survey of the available
experimental data made by Chen and Rodi [16]. The
present calculation of the rate of the half-width
spread is compared in Table 1 with the most reliable
data recommended by Chen and Rodi [16]. The
half-width for velocity and temperature spread
dY, sp/dx and dY, s;/dx are calculated for both flat
and triangular exit profiles. Listed in Table 1 the
predicted values of the rate of spreads are taken at
approximately 25 diameters downstream from the jet
exit. The difference between the experimental and
predicted values is within 10%,.

From Table 1 one sees that the rate of spread
dY, s/dx is not sensitive to Froude number, F,
while the rate of spread dY, 5y/dx is. This is because
the buoyancy force directly appears in momentum
equation (2) but indirectly affects the temperature
profile through convective term in energy equation
(3). In addition, the Reynolds stress term uv that
appears in equation (2) is modeled by equation (7)
which contains the buoyant force explicitly. On the

other hand, the heat flux term UT’ that appears in
equation (3) is modeled by equation (9) which does
not explicitly contain the buoyant force. In in-
vestigating plane buoyant jets Chen and Rodi [16]
reported similar insensitivity of the rate of spread

dY; s7/dx to the Froude number. They gave the
temperature spreading rate dY, s;/dx of 0.14 for
plane non-buoyant jet and 0.13 for plane plume.
However, the velocity spreading rate dY, sy/dx of
0.11 for plane non-buoyant jet and 0.135 for plane
plume are predicted.

IV.5. Variation of centerline velocity and
temperature

Figures 7 and 8 present the variation of the axial
velocity and temperature respectively, for a wide
range of densimetric Froude numbers. In Fig. 7, the
centerline velocity of four buoyant jets (F, = 4, 9, 36,
100) is plotted vs the longitudinal distance. It is
shown that at low exit densimetric Froude numbers,
the acceleration due to the buoyancy force is more
pronounced than for the case of high exit densimetric
Froude numbers. For F, = 4, the centerline velocity
the ZFE attains a value of 1.7U ¢, while for the case
of Fy =100, the centerline velocity in the ZFE is
shown to be constant and equal to its exit value.
This comparison indicates that the effect of the
buoyancy force in the ZFE should not be ignored as
is commonly done in the case of the integral method
approach. Thus for flows with low Froude number
the initial conditions for the integral method should
be taken for the ones at the beginning of the ZFE
which are predicted by the present differential
method. Figure 7 also gives the behavior of the local

Table 1. Comparison of experimental and numerical results of the rate of spread for non-
buoyant and buoyant jets

Buoyant jet F, = 0 (Plume)

Non-buoyant jet

dYp sp/dx dY, sp/dx dY, sp/dx dYp sp/dx
Experiment 0.112 0.104 0.086 0.11
pred. (flat)* 0.105 0.106 0.084 0.107
pred. (triangle)* 0.110 0.112 0.091 0.112

*Taken at x/D = 25, initial turbulence level koq /U3, = 0.0125.
q q
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Froude number at the end of the zone of flow
establishment as a function of the exit Froude
number F,. The local Froude number at the end of
the ZFE is defined as
Fe= (;“ée T,
eq a

92y, T

It is concluded that only when the exit Froude
number is more than, say, 64 the buoyant accele-
ration of the axial velocity can be considered
negligible. Thus in applying the integral method to
solve buoyant flows, the F, rather than F, should be
used as the initial condition for the equations
describing the flow since the similarity of the axial
velocity and temperature decay begins at the start of
the ZFE. Figure 8 compares the temperature
centerline decay predicted by the present method,

Madni and Pletcher [1], Pryputniewicz [17] and
Trent [18] with the experimental data of Pryput-
niewicz [17]. The comparison shows that the present
differential method and Madni and Pletcher mixing
length Model 1] give much more accurate pre-
dictions than the integral method of Trent [18] and
Pryputniewicz [17]. The results of Hirst’s [19]
integral method, although not shown in Fig. 8, were
found inaccurate, particularly at low exit densimetric

Froude numbers. The present k—¢—~ T'2 model gives
somewhat better results than Madni and Platcher
[1] mixing length model for both the near and far
held regions. Further results for the far field region
are given by Chen and Chen [20].

IV.6. Turbulent kinetic energy and its dissipation
Sfunction

Although the turbulent transport properties may
not have direct industrial applications, they always
reveal how the turbulent processes affect and modify
the flow pattern. Here two important quantities are
discussed namely the turbulent kinetic energy, k, and
its dissipation function ¢ The turbulent energy
denotes the energy content of the fluctuating velocity
available for turbulent transport processes other
than the molecular means. The turbulent dissipation
controls the growth of the turbulence energy. In Figs.
9 and 10 the variation of the centerline turbulent
kinetic energy kq normalized by U3 and its
dissipation function &g normalized by Ujq/D are
plotted respectively. From Fig. 9 one observes that
the kinetic energy immediately after the jet’s exit
starts decaying, and after reaching a minimum value
it starts amplifying again. The point where the
kinetic energy attains its minimum value moves
downstream from the source, as the exit densimetric
Froude number increases. The decrement of the
turbulent kinetic energy next to the exit region can
be explained as the following: The velocity profile in
the ZFE near the axis remains flat so that, the
turbulent kinetic energy production by shear strain

—oU
— iy ——
i @y

is not possible; and the turbulent kinetic energy
production from buoyant force is also small, since

uT' as shown in equation (10) depends on the
turbulent kinetic energy. Under these conditions the
turbulent flow decays. When the shear layer develops
and reaches eventually the jet centerline the turbu-
lent production by the shear strain and buoyancy
force permits the turbulent kinetic energy to grow
again. However, when the flow reaches the estab-
lished zone it eventually will decay. In Fig. 9 the
behavior of the centerline turbulent kinetic energy of
a buoyant jet with F, =64, under two different
initial values of the turbulent kinetic energy, kOQ/US
= 0.0125 and 0.06, is plotted. In both cases, the
centerline turbulent kinetic energy shows the same
behavior. It decreases, reaches a minimum value and
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FLAT INITIAL MEAN VELOC!TY
AND TEMPERATURE PROFILES

1.0 FROUDE

NO.Fy Kog’US
o e 2 ccies
e 9 0.c125
0o | —— 36 0.0125
&4 0.0125

50 | EEISS Y] 0.06

Kg/UEx1072

F1G. 9. Development of the centerline turbulent kinetic
energy.

then starts increasing again although their location
of the minimum is different. Chen and Chen [20]
reported that after about 60 diameters downstream
from the source the turbulent transport properties
will become similar for both cases. Considering the
distance required for the velocity and temperature
profiles to become similar which is about 10
diameters downstream from the source, one can
conclude from Fig. 9 that the process of the
turbulent properties to become similar is much
slower than the corresponding process for the mean
velocity and temperature.

Figure 10 shows the corresponding development
of the centerline turbulent dissipation function. It has
the same trend as the turbulent kinetic energy i.e. to
decay first and then to amplify. The physical
mechanism for producing the dissipation is also

FLAT INTIAL MEAN VELOCITY
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F1G. 10. Development of the centerline turbulent dissi-
pation function.

similar to that of the turbulent kinetic energy. This
can be seen from equation (5) that the production of
¢ is shown to be proportional to the production of k.
It is noted from Figs. 9 and 10 that the amplification
of the centerline dissipation function &; and the
turbulent kinetic energy after its initial decay does
not recover its initial exit value for kog /U = 0.06.

IV.7. Entrainment

Figure 11 presents the behavior of the entrainment
velocity, V,,,, of a buoyant jet, for a region covering
up to about 15 diameters downstream from the jet
exit. The entrainment velocity is normalized by the
local centerline velocity Ug. It is shown that the
smaller the exit densimetric Froude number, the
larger the non-dimensional entrainment velocity,

FLAT INITIAL MEAN VELOCITY
AND TEMPERATURE PROFILES
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F1G. 11. Behavior of the entrainment velocity in the near
field.

Ven/Ug.- The normalized V,,/Ug starts decaying
immediately after the jet exit. It reaches a minimum
level and then starts increasing. The decrement of the
normalized V,,, in the ZFE is due to the increment of
the local centerline velocity Ug rather than to the
absolute decrement of V,,, itself. As the centerline
velocity starts decaying in the ZEF, the normalized
entrainment velocity starts increasing constantly.

V. CONCLUSIONS

The turbulent model suggested by Chen and Rodi
[10] is used herein to study the near field character-
istics of buoyant turbulent jets discharged into a
stagnant uniform environment. The predicted center-
line velocities and temperatures are in good agree-
ment with available experimental results when the

turbulent quantities k, ¢, and T'? as well as the mean
velocity and temperature profiles at the exit are
properly prescribed.

Also in the near field region predicted are (1) the
location of the virtual origin, (2) the length of the
ZFE, (3) the centerline temperature and velocity
behavior, (4) the lateral temperature and velocity
profiles, (5) the half width of the jet, (6) the local
Froude number, (7) the axial variation of the
turbulent kinetic energy and the dissipation function
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of that energy, and (8) the entrainment velocity. The
predictions show that the flow variables in the near
field are strongly dependent on the initial conditions
and on the buoyancy force.

The length of ZFE for the triangle initial profile is
considerably shorter than that for the flat initial
profile.
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SUR LES CARACTERISTIQUES DE CHAMP PROCHE DE JETS
TURBULENTS AXISYMETRIQUES EN CONVECTION NATURELLE
DANS UN ENVIRONMENT UNIFORME

Résumé—On utilise un modele différentiel K —&— T°2 pour étudier les caractéristiques de champ proche
de jets qui évoluent en convection naturelle dans un environment uniforme et au repos. On calcule les
profils latéraux de température et de vitesse ainsi que la demi-largeur des jets turbulents dans la zone
d’établissement de I’écoulement. De méme, on détermine, pour un large domaine de nombre de Froude
a la sortie, la décroissance axiale de la vitesse et de la température, I’énergie cinétique turbulente et son
taux de dissipation. On obtient un bon accord entre le calcul et les données expérimentales disponibles.
On trouve que le niveau des fluctuations turbulentes a la sortie influence fortement les caractéristiques du
jet dans la région de champ proche.

DIE NAHFELD-EIGENSCHAFTEN ACHSENSYMMETRISCHER TURBULENTER
FREISTRAHLEN MIT AUFTRIEBSEINFLUB IN EINER
GLEICHFORMIGEN UMGEBUNG

Zusammenfassung—Ein differentiales k—e&— 772 —Modell wird zur Untersuchung der Nahfeld - Eigen-
schaften von Freistrahlen mit AuftriebseinfluB, die in eine ruhende gleichférmige Umgebung einstromen,
verwendet. Die Temperatur—und Geschwindigkeitsprofile und die halbe Breite der Freistrahlen im Gebiet
der ausgebildeten Stromung werden berechnet. Ebenso werden die mittlere Kerngeschwindigkeit, der
Temperaturabfall, die turbulente kinetische Energie und ihre Dissipationstrate fiir einen groBen Bereich
von mit der Dichte gebildeten Austritts-Froude-Zahlen berechnet. Zwischen den berechneten und den
verfiigbaren experimentellen Werten wird gute Ubereinstimmung erreicht. Das Niveau der turbulenten
Fluktuationen am Austritt hat, wie sich zeigt, cinen groBen EinfluB auf die Strahleigenschaften im
Gebiet des Nahfeldes.
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O XAPAKTEPUCTUKAX BJIMXKHETO NOJSA OCECUMMETPHUHBIX
TYPBYJIEHTHBIX CBOBOJITHOKOHBEKTUBHLIX CTPYW B OJHOPOAHOM
OKPYXAIOLIEXU CPEIE

Annotauua — /115 HCCIENOBaHHS XapaKTePHCTHK OnuwxHeHd 30HbI CBOOOJHOKOHBEKTHBHBIX CTDYH,
HCTEKAIOILHX B HEMOABHXKHYIO OLHOPOIHYIO OKPYXAIOLIyl Cpedy, Hcnonb3yetcs AuddepeHUnanbHas
k —&— T’'* monens. PaccuMThIBaIOTCH MONEpedHbIE NPOQIWIM TeMHEPATYPHl H CKOPOCTH, a Takke
nonyluMpHHa TYpOY/IeHTHBIX CBOOOIHOKOHBEKTHBHBIX CTPYil B 30HE pa3BMTUA Tewenus. Kpome Toro,
OTnpedesifieTCs 3aTyXaHHe CPEIHHX 3HAau4eHHH CKOPOCTH M TEMNEPaTyphl Ha OCH CTPYH, PaccCUMThiBa-
eTcs TypOyjieHTHas KHHETHYeCKas JHEPrHf M CKOPOCTbL €€ MMCCHNAlLMH B IIHPOKOM [IHaNa3oHe
3HayeHuii uncia dpyna Ha BbixoZe. IlosyyeHo Xopolliee COBMAJEHKHE PACCYHTAHHBIX 3HAYECHHH
¢ HMEIOLIMMHUCS IKCIEPUMEHTATbHBIMY AaHHbIMH. Halineno, 4To ctenenb TypOy/leHTHOCTH Ha BbIXode
OKa3bIBAET CHIbHOE BIIMAHHE HAa XapaKTePHCTHKH CTPYH B Osimxnel obnactu.
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