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ABSTRACT

Plumes discharged into an ambient shear flow undergo a
transition from self-induced mixing to an ultimate state where
mixing is dominated by the shear-flow turbulence. Both
plume mixing and ambient shear-flow mixing have been sepa-
rately well characterized by many previous studies and can be
thought of as the asymptotic mixing regimes. However, it is
the transitional regime that is often of particular engineering
interest and that is not well understood.

In this work, we present some results of an experimental
analysis of plume mixing in a turbulent shear flow. OQur
purpose is to investigate the transition from plume to shear-
flow mixing. The experimental technique employs buoyant
jets that are optically homogeneous with the ambient shear
flow. This enables the combined use of laser-Doppler
velocimetry and laser-induced fluorescence to measure the
velocity and concentration profiles, respectively.

INTRODUCTION

Many of the models in use by regulatory agencies to de-
scribe the dilution of wastes and toxic materials released to
the environment depend upon one or the other of two basic
approaches:

1. Buoyant jet and plume models that define
the dilution of emitted materials in a zone
near the point of discharge

2. Dispersion models that use knowledge of
ambient turbulence to define the dilution
in regions removed from the point of
discharge

It is often argued that models which ignore ambient
turbulence in consideration of buoyant jet mixing are
conservative since ambient turbulence should only enhance
dilution. Similarly, when dispersion models are considered,
the effect of initial buoyant jet mixing can be viewed simply as
a shift in origin of the discharged tracer. However, in many
situations it is the transition region of the flow field for which
reasonably accurate estimates of the dilution are required.

There have been extensive research studies on turbulent
buoyant jets and plumes (e.g. see List (1982ab), Papanicolaou
and List (1987,1988), and Papantoniou and List (1989) for
comprehensive reviews)., Much of this prior work has
resulted in the development of computer models of jet and
plume dilution that are widely used in industry and by
regulatory agencies (Muellenhof er al., 1985; Hanna e/ al.,
1982; Schatzmann, 1979).

Dispersion in turbulent flows has received a large amount
of attention since the first, and probably the most widely ref-
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erenced, paper by Taylor (1921). Subsequent work by hun-
dreds of others has resulted in three basic approaches:
(a) Simulation models based on statistical
methods (Lamb, 1978; Sawford, 1985ab;
Legg and Raupach, 1982)
(b) Diffusion equation models (Raupach and
Legg, 1983; Nokes et al., 1984)
(c) Langevin equation models (Raupach,
1983; Pearson et al., 1983)

These models have been combined in many variations of
"puff" and "Gaussian plume" models. In addition, there are
numerous field studies (e.g. Sawford et al,, 1985; Gudiksen et
al., 1984), and laboratory work (e.g. Deardorff and Willis,
1984, Nokes and Wood, 1988). It is interesting that despite
all of this work on both jets and plumes and on ambient
turbulent mixing, there is apparently little work that relates
the two mixing processes to each other.

In this paper, we report on the results of a systematic
evaluation of the effects of ambient turbulent kinetic energy
on the mixing processes within buoyant turbulent jets.

ANALYSIS

It can be easily shown that a buoyant source with volume
flow, O=UA, and specific buoyancy flux, B=Ap(Q/p, released
in a steady uniform ambient flow will attain a dilution
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where x is the horizontal distance from the release point
(Fischer ef al., 1979). This implies that the dilution at a fixed
distance from the source decreases with increasing mean flow
velocity. However, the minimum dilution of a continuous
source that results from mixing induced by turbulent diffusion
is estimated to be (Fischer e/ al., 1979)
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where D is a turbulent diffusion coefficient. The use of a
constant diffusion coefficient can be justified using Taylor's
(1921) argument, provided that a fluid particle has had the
opportunity to sample from all possible scales of the
turbulence. In general, D is a function of the flow depth, A,
and shear velocity, nx, which are measures of the turbulence
scales. In this case,
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In other words, the rate of dilution is defined by the shear
velocity and the size of the largest eddies. Since w4 increases
with U, the dilution will increase with mean cross-flow veloc-
ity at a fixed distance downstream from the source point . (It
is noted in passing that for normal channel flow

Ok

where fis the Darcy-Weisbach function factor and for a chan-
nel

(4)
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where s is the channel slope. In this case, fis four times the
ratio of the turbulent kinetic energy dissipation rate, 2ghsl/,
to the mean flow kinetic energy flux. Thus for constant £, uy
increases with [/, the mean flow velocity).

As stated above, Eq (1) indicates that at constant x the
dilution must decrease with increasing mean cross-flow ve-
locity. It is useful to imagine that in this regime, mixing is af-
fected by plume-generated vortical interactions with the
cross-flow. These interactions require time to mix the source
fluid with the cross-flow fluid. Therefore, when the mean
cross-flow velocity increases, source fluid reaches the point of
observation, x, faster. The effective amount of time for
mixing diminishes and the dilution goes down. In essence, the
source fluid is swept past the point of observation before it
has time to dilute,

Equations (3) and (4), on the other hand, indicate that at
constant x the dilution must increase with increasing mean
cross-flow velocity. In the diffusion regime, a larger turbulent
diffusion coefficient enhances mixing and the diffusion
coefficient increases with the mean cross-flow velocity.
Essentially, in this regime, a higher mean cross-flow velocity
implies a more turbulent, or "churning" flow, and dilution
improves.

Since both these regimes exist asymptotically, there must
be a point at which a transition occurs from plume turbulence-
induced mixing to mean-flow turbulence-induced (or shear-
flow) mixing, This simplistic argument is the basis of the
analysis.

THEORY

It is necessary to determine the point at which the
turbulent kinetic energy level of a plume becomes equivalent
to the turbulent kinetic energy of the cross-flow. This is ac-
complished below.

The recent work by Papanicolaou and List (1988) shows
that the rms velocity in a plume decays with elevation, y, ac-
cording to
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For channel flow, Nezu and Rodi (1986) provided detailed

measurements of the distribution of \/HTand \/IT and thus,
an estimate of the turbulent kinetic energy distribution. They
found that away from the bottom, the rms velocity scales with
the shear velocity, u4, and the channel depth, . (Near the
bottom, the appropriate scaling parameters are y* = yuy'v
and " ={//u 4, as determined by Clauser(1956).) Furthermore,

Nezu and Rodi (1986) showed that in a channel, VF/H* is

(6)

close to unity. For the experiments reported here, we found
that
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It is worth noting that the value of this ratio is critical since it
appears in the equations to the third power. Thus, the
ambient turbulence and plume turbulence will be of the same
order when the plume has risen to a height

y= 0.45[5;]
H*

Since the plume trajectory in a cross flow is controlled by
the length scale B/LP (Fischer er al, 1979), it follows that
cross-over from plume mixing to ambient turbulent mixing
will occur at an approximate horizontal distance, x, from the
source release point defined by
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where f{U/u ) is some function. Alternatively, Briggs (1975)
argued that the dissipation is the controlling factor and scaled
the dissipation by 4 and y, the distance from the wall, so that
the basic result of these two approaches is the same. Clearly,
if the buoyant jet has significant initial momentum flux, this
will introduce a further parameter, the source Richardson
number, R,=0B"2/M*4 where M is the specific momentum
flux of the buoyant jet (Fischer er al., 1979).

In what follows, we apply the above arguments to the re-
sults of the experimental program.
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RESEARCH APPROACH

The research is primarily experimental. A series of turbulent
buoyant jets were discharged into a turbulent cross flow
within a laboratory water channel. The concentration of a
tracer material was measured along a line within the
discharged fluid using the laser-induced fluorescence method
developed by Koochesfahani (1984), and modified and refined
by Papantoniou and List (1989). Fluid velocities were
measured using laser-Doppler velocimetry developed by
Gartrell (1979) and modified by Skjelbraia (1987), These
optical techniques were made possible by the use of fluids
differing in density but rendered optically homogeneous by the
methods developed by McDougall (1979) and modified by
Hannoun (1985).

DISCUSSION OF EXPERIMENTAL RESULTS

To establish the region of transition from plume mixing to
shear-flow mixing, it is useful to nondimensionalize the data in
the following manner. Equation (1) leads to the following re-
sult in the plume-mixing regime:
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In the shear-flow mixing regime, the dilution is governed by
Eq (3) which leads to:
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Alternatively, this result can be produced from Eq (9) as
follows:

A
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Thus, if we plot Sp vs. x*, we would expect Sp to beequal to a
constant, ¢, in the plume-mixing regime since it is inde-
pendent of x*. However, as the region dominated by shear-
flow is approached, where Su tends to a constant, we would
expect to see an inverse relationship between Spand x*.

Figure 1 clearly shows both of these regimes. The wide
range of values for the constant ¢; might be explained in two
ways. First, the accuracy of the absolute dilution is limited by
the calibration procedure. Second, the value of ¢, is sensitive
to initial momentum flux effects as suggested by
Wright (1977), who also observed a range of values for ¢;. In
fact, it seems likely that the variance in ¢; can be fully ex-
plained by initial jet mixing prior to the onset of the plume-
mixing regime. The transition from plume-mixing to shear-
flow mixing, however, is still easily seen since the relative
dilutions within any one sef of experiments (indicated by like
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symbols in Fig. 1) using the same calibration is accurate.

Figure 1 shows that the transition from plume mixing to
shear-flow mixing occurs at a constant value of x* This leads
to the following equation for the distance, x, at which
transition occurs

3
- (x u*ffh) (12)
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where x*is obtained from Fig. 1 and ranges from 0.06 to 0.1.
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Figure 1. Transition from plume-mixing regime to shear-flow
mixing regime
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Figure 2. Color-enhanced reproduction of flow in plume-mixing regime
(red indicates a value of C/Co=0.1)
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Figure 3. Color-enhanced reproduction of flow in shear-flow mixing regime
(red indicates a value of C/Co =0.1)
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Figures 2 and 3 are color-enhanced reproductions, ob-
tained by laser-induced fluorescence, of the flow in the two
regimes. To produce these images, a laser line is imaged onto
a photo-diode array to create a two-dimensional (time and
space) representation of the flow along a vertical line through
the centerline of the buoyant jet.

The "puff-like" nature of the flow in Fig. 3 closely
resembles the flow behavior typically attributed to plumes.
However, in actuality, Fig. 3 shows the flow in the shear-flow
regime and Fig. 2 shows the plume regime. This is indicated
in Fig. 1.

The source flow conditions were identical for the flows
depicted in Figs. 2 and 3. Additionally, the observation
location was the same, only the cross-flow velocity was
different. Clearly, the plume shown in Fig. 2 met a higher
cross-flow velocity than did the plume shown in Fig.3. As
discussed above, a higher cross-flow velocity means the tracer
fluid is swept past the point of observation faster. In this
case, the effect is that the turbulent kinetic energy of the
plume still dominates the mixing. In other words, the plume
turbulent kinetic energy has not had time to decay.

Interestingly, regions of peak concentration far exceeding
mean values persist well into the shear-flow mixing regime as
shown in the color-enhancements. This calls into question the
validity of using dispersion-type models based on Gaussian
concentration profiles to predict peak concentration values
even when the flow is assumed to be far into the shear-flow
mixing regime.

This result indicates that both plume-mixing and disper-
sion-type models may provide a false sense of security with
regard to the minimum instantaneous dilutions observed in
actual flow situations.
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