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The flow structure and entrainment mechanisms in the far field of a round vertical 
buoyant jet have been studied experimentally by use of an optical technique based 
on laser-induced fluorescence (LIF). A large number of essentially instantaneous 
tracer concentration profiles were recorded for each experimental run by combining 
LIF with linear photodiode array imaging and high-speed digital data acquisition. 
Analysis of the resulting high-resolution flow images indicates that the far-field 
region is dominated by the periodic passage of structures spanning the entire radial 
flow extent. Ambient fluid is entrained by vortical motions and is transported to 
regions deep into the flow interior. Correlation analysis discloses that the passage 
frequency of the structures scales with the local mean velocity and flow width. 
Conditional averaging of the data indicates that  the downstream frontal region of the 
structure is well mixed and a t  a higher concentration level than the back and side 
regions where ambient fluid is intermittently present. This results in an axial 
concentration gradient within the structure, analogous to the ramp-like pattern 
previously observed in heated air jets. I n  comparison to the momentum-driven flow 
the ambient fluid presence in the flow interior is greatly increased when body forces 
are the driving mechanism. This appears to result from the influence of buoyancy 
forces in the production of turbulent vortices a t  the integral scale. An important 
feature of both the momentum-driven and buoynncy-driven flows investigated is the 
strongly intermittent character of the concentration field. This raises the issue of the 
appropriateness of gradient-diffusion theories for the description of such flows. 

1. Introduction 
Many flows in engineering practice and environmental science are either influenced 

by the presence of buoyancy or are driven entirely by forces derived from buoyancy. 
Although the geometry of flows nominally axisymmetric about a vertical axis is 
simple, which makes their experimental study relatively straightforward, there are 
nevertheless good reasons to  study such flows and document their structure in every 
detail. They play an important role in understanding shear flow in general and their 
characteristics are of direct relevance in many engineering design problems, including 
dilution, mixing, and combustion. 

This paper reports on an investigation of a round turbulent buoyant jet flow, which 
is the nominally axisymmetric flow field established by a source of momentum and 
buoyancy in an ‘infinite ’ medium. A particular aspect of the flow we are concerned 
with is the effect of buoyancy on the structural characteristics of the concentration 
field of a passive scalar initially carried by the discharged fluid, a t  a large distance 
from the flow source where the flow is self-preserving. Although there have been a 
number of both experimental and theoretical studies of round momentum jets, and 
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a lesser number of plume studies (see Chen & Rodi, 1980; List 1982; Papanicolaou & 
List, 1988 for reviews), the majority of the experiments to date have centred on point 
measurements of the velocity components and the concentration of a passive scalar 
carried by the discharged fluid. The velocity components have usually been 
measured with hot-wire probes or laser-Doppler velocimeters. Measurements of the 
concentration have been performed with hot wires, thermistor probes, density 
probes and non-intrusive optical techniques, including light scattering, Raman 
spectroscopy, and laser-induced fluorescence (LIF). Emphasis has been placed on 
increasing the spatial and temporal resolution of the measuring devices to enable 
study of the smallest scales of flow. From these point measurements, a comprehensive 
view of the time-averaged characteristics of the turbulent buoyant jet flow field has 
emerged. These include velocity and concentration profiles, turbulent fluctuation 
intensity and shear stress profiles, as well as the gross entrainment characteristics. 
Papanicolaou & List (1988) reported recently on such measurements carried out in 
our facility. 

Despite the large number of experiments that  have been done, several aspects of 
the turbulent flow field relating to its instantaneous structure and possible 
organization still remain unclear. This is partly due to the complexity of the 
turbulent flow in general, and partly due to shortcomings of available experimental 
methods. It may also be attributed, as List (1982) has noted, to a preoccupation with 
time-averaging techniques. For example, while it is now well established that the 
near-field region of jet development is dominated by vortex dynamics, evidence of an 
analogous large-scale organization in the self-preserving region is not yet conclusive. 
Interest in the possible large-structure organization of the far field of turbulent jets 
and buoyant plumes has been fuelled by the large-scale flow organization apparent 
in the plane shear layer. During the last fifteen years, the work of Brown & Roshko 
(1974) has inspired a thorough investigation of the shear layer large-scale flow 
dynamics. Flow visualization and other field measurement techniques have proved 
to be very useful in revealing the flow structure, at least in this case where the flow 
is mainly two-dimensional. It is now widely recognized that such field measurements, 
while inherently more difficult to perform and generally less accurate than point 
measurements, are nevertheless capable of leading to an understanding of the 
complex turbulent flow processes. 

The traditional view of turbulent structure and mixing in the far field of an 
axisymmetric jet has been that i t  is mainly composed of eddies, smaller than the 
lateral extent of the turbulent region, that  evolve in a rather stochastic manner and 
which are responsible for the transfer of momentum and kinetic energy, as well as the 
entrainment of ambient fluid and subsequent mixing. This view, which has been 
based mainly on the results of point measurements, has lent some support to  the 
notion that turbulence ‘diffuses ’ and that local turbulent fluxes of various quantities 
are proportional to the local gradient of the corresponding average profiles. While 
numerical studies based on these models have some success in predicting profiles of 
averaged flow quantities, they have difficulty in predicting the mixing characteristics 
of shear flows (Walker 1979; Sreenivasan, Tavoularis & Corrsin 1981). Also, it is 
notable that most models of turbulent transport and mixing do not take into account 
the effects of the molecular diffusivity which characterizes the value of the Schmidt 
number (Sc = v/D).  However Schmidt number effects seem to be important; the 
experiments of Konrad (1976), Breidenthal (1981), Mungal & Dimotakis (1984), and 
Koochesfahani & Dimotakis (1986) show that the amount of molecular mixing in gas 
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and liquid shear layers (at the same conditions otherwise) differs by a factor of two. 
Since the Schmidt number of a gas phase and liquid phase flow differ typically by 
more than two orders of magnitude, i t  follows that some caution should be exercised 
when comparing flow quantities associated with mixing a t  different Sc. 

Broadwell & Breidenthal (1982), noting that: mixing models based on the concept 
of gradient diffusion are inapplicable to turbulent shear layers, proposed a new 
simple model for mixing in such flows that incorporated the observed large-scale 
shear layer features and concepts from the Kolmogorov cascade in scales. Predictions 
based on their model are in qualitative agreement with recent experimental 
observations of mixing in the plane shear layer including Schmidt number effects (see 
Koochesfahani & Dimotakis 1986 for a discussion). Effelsberg & Peters (1983) 
incorporated similar concepts in a model of the probability density function (p.d.f.) 
of a passive scalar. Their model p.d.f., quantitatively different from the p.d.f.’s 
traditionally used in combustion modelling, attempts to quantify the individual 
contributions of the ‘turbulent ’, ‘ambient ’, and ‘interface’ regions in a mixing layer 
and was supported by measurements of Drake, Pitz & Shyy (1986) in a turbulent jet 
diffusion flame. 

During the last decade, a growing number of investigators have attempted to 
establish the existence of a large-scale organization in axisymmetric shear flows and 
document the characteristics of such an organization. The measurements of Antonia, 
Prabhu & Stephenson (1975) and Sreenivasan, Antonia & Britz (1979) make it clear 
that large-scale motion plays an important role in the heat and momentum transport 
in the intermittent (off-centreline) region of the far field in a round momentum jet. 
Chevray & Tutu (1978), from conditional measurements, detected the directions of 
fluid motion in the ‘turbulent’ and ‘irrotational’ regions and Zaman & Hussain 
(1984) found clear evidence of large structures in the axisymmetric shear layer 
formed by a jet discharge. Komori & Ueda (1985), from conditionally sampled two- 
point measurements in the far field of the momentum jet, also detected large 
coherent eddies with a vortical structure consisting of strong outward turbulent 
motion from inside the jet, turbulent reverse flow, and entrainment inflow in the 
irrotational ambient region. As the comprehensive review by Hussain (1986) makes 
very clear, there is no doubt whatsoever that turbulent shear flows in general contain 
organized motions. 

It is a fact that  virtually all of the quantitative studies of this nature have been 
performed in gas-phase momentum jets. As already mentioned, quantities associated 
with mixing, such as the p.d.f. of scalar concentration and its moments, are expected 
to have a dependence on Sc which has not yet been established for round jets and 
plumes. The results of Sawford & Hunt (1986) suggest that the effect of molecular 
diffusion may be quite pronounced; they estimated a 2-fold increase in scalar 
fluctuation intensity for a 100-fold increase in Sc. 

To date, there have been no investigations exploring the possible large-scale 
organization of turbulent buoyant plume flows. There are also no measurements that 
can explore the effect of buoyancy on the instantaneous shear flow structure. Some 
photographic evidence in the work of Kotsovinos (1977) suggest a possible flapping 
mode for the far-field plane plume. It is of interest that Uberoi & Singh (1975) who 
obtained spatially correlated measurements (instantaneous profiles) by projecting a 
hot-wire probe a t  right angles to the flow direction, observed such a mode for the 
plane jet. 

The experiments reported here were aimed a t  both a qualitative and a quantitative 
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study of the entrainment and mixing characteristics of a round buoyant jet. They 
were also intended to determine the degree of large-scale organization in a turbulent 
flow driven by buoyant forces, and to document its main features. The cases of a 
liquid-phase pure momentum jet and a buoyancy-driven plume were studied. 
Experiments covered the range from near the jet exit to  150 exit diameters 
downstream, a t  a Reynolds number up to 10000 for the turbulent momentum jet. 
For the case of the buoyant plume, the experiments were carried to large axial 
distances where the initial momentum flux plays no apparent dynamic role and the 
flow is entirely driven by buoyancy forces. 

The analysis is based on experiments in which the instantaneous concentration 
field was studied quantitatively by use of a laser-induced fluorescence (LIF) 
technique, which yielded temporally and spatially correlated measurements of the 
concentration of a passive scalar (a fluorescent dye) premixed with the discharged 
fluid. Each experiment provided a long time series of the instantaneous fluorescence 
light intensity emitted by dye molecules in a volume illuminated by a laser beam. 
Individual realizations consisted of essentially simultaneous measurements along the 
laser-illuminated line in the flow, which was imaged to a scanned linear photodiode 
array whose output was digitized and recorded in real time by a high-speed data 
acquisition system. This system, developed during the course of the experiments, is 
capable of continuously acquiring successive LIF measurements a t  a sufficiently high 
rate to ‘freeze’ the turbulent motion across thc extent of the flow under 
consideration. The fluorescence intensity values were converted to local scalar 
concentration values by a simple procedure introduced by Koochesfahani ( 1984). 
Subsequent analysis of these highly resolved measurements enabled the study of the 
detailed structure of the scalar concentration field of both buoyant jet and plume 
flows which forms the basis of this paper. 

2. Visualization of mixing in jets and plumes 
Flow visualization is often the best method of gaining insight into turbulent 

mixing processes. The initial phase of this work deals with the static visualization 
of flow structures within turbulent momentum jets and buoyant plumes under 
various flow conditions. Important flow features are revealed that motivate the 
subsequent quantitative study of the concentration field by means of laser-induced 
fluorescence imaging with a photodetector array. 

2.1. Laser-induced $fluorescence 

Laser-induced fluorescence (LIF) has been used primarily as a method for obtaining 
direct visualisation of the concentration field of a passive scalar in mixing and 
dilution problems where the fluorescing dye is premixed with one of the mixing 
species. Since the dye molecules (Rhodamine-6G or sodium fluorescein), which are 
highly soluble in water, fluoresce rather strongly when excited by laser light of the 
appropriate wavelength, dilution can be monitored down to scales as small as the 
spatial extent of excitation. The temporal resolution of the observation depends only 
on the integration due to the monitoring/recording system, since the time for 
fluorescence ‘ turn-on ’ is typically of the order of a few nanoseconds. Qualitative 
observations in shear flows using the LIF  technique with photographic film as the 
recording medium were first made by Dewey (1976) ; lately the use of the technique 
has spread to a variety of flows. High spatial resolution is obtained by the use of 
planar light with a sheet thickness of the order of a millimetre. The temporal 
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resolution is controlled by the time of film exposure. Still LIF photographs of a round 
jet taken a t  a high spatial and temporal resolution by Dimotakis, Miake-Lye & 
Papantoniou (1983), showed that unmixed ambient fluid is transported deep within 
the flow region, suggesting that the far-field jet entrainment is dominated by large 
vortical structures. They observed Concentration fronts spanning the entire flow 
width, and that the concentration along the flow axis does not decrease 
monotonically but rather in discrete steps corresponding to these advancing 
concentration fronts. Additional qualitative LIF observations in jets, largely 
confirming their observations, were made by Papantoniou (1985) and Dahm (1985), 
who also employed a chemically reactive LIF  technique to study the mixing on a 
molecular scale. Shlien (1987) used LIF to  study the dispersion of the entrained fluid 
by the main jet flow. He observed that the ambient fluid was engulfed by the large- 
scale structures and that entrained fluid crossed the jet centreline before being 
convected even a fraction of the local jet diameter. 

Quantitative measurement using LIP  and photographic recording is difficult 
(Shlien 1987), mainly due to the inherent limitations of film as the recording medium. 
A superior alternative for quantitative LIF  measurements has been offered by the 
use of self-scanning linear, or planar, photodiode arrays to record the fluorescence 
resulting from laser line or planar illumination of the flow field. Dimotakis et al. 
(1983) illuminated the jet flow axis with a laser beam and used a 1024 element linear 
photodiode array to study features of turbulent jet entrainment. By using the output 
of the array to modulate the intensity of an oscilloscope beam that was driven in a 
raster scan fashion, and photographing the pattern directly off the oscilloscope 
screen, they recorded analog time-distance fluorescence intensity data. 

An important contribution to  the method was made by Koochesfahani (1984) who, 
using a linear array and line illumination, digitized and recorded time series data of 
fluorescence intensity in a shear layer flow, and introduced a method for determining 
accurately the local scalar concentration from the intensity data. 

There are major advantages offered by the LIF  visualization method over 
conventional methods. LIP  makes it possible to ‘slice’ through the turbulent flow 
and obtain an instantaneous concentration pattern a t  a spatial resolution dictated 
by the light sheet thickness and the imaging optics. A time resolution adequate to 
freeze the turbulent motions is achieved by use of a short enough time exposure of 
the photographic film. It should be noted that, since the flow scales generally 
increase with increasing axial distance, the resolution is actually increasing along the 
axis of the flow. Thus, to visualize the flow over a large axial range at adequate 
resolution, the flow scale size can be varied by adjusting the nozzle diameter and 
Reynolds number. 

It should be stressed that the resolution limit of the observation is an important 
issue. Most of the conventional flow visualization studies that have relied on back 
lighting, and used smoke or dye to render the turbulent mixing regions visible, have 
missed significant features of the entrainment process. These methods, offering an 
external or integrated view of the flow region, have suggested that i t  is in fact 
possible to define an interfacial surface that separates the ‘turbulent zone ’ from the 
‘non-turbulent ’ one. Indentations of this surface, not actually visible with 
conventional techniques bat measured by point probes, have been dealt with by use 
of the concept of intermittency. This was originally defined by Corrsin & Kistler 
(1955) in terms of the fluctuating vorticity, as the fraction of the time a particular 
point spends inside the ‘turbulent zone’. The above ideas have supported a 
traditional description of the turbulent entrainment process (and the related mixing 
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and dilution) in terms of the diffusive, random-walk propagation of this interface 
into the irrotational, ambient fluid region (Townsend 1976). However, as indicated 
from typical LIF photographs of jets and plumes (figures 1-3) as well as from other 
published photographs (Dimotakis et al. 1983; Dahm 1985) this description of the 
entrainment process is not applicable to jet flow. Such photographs make it clear 
that the interfacial surface, if one can be defined, is topologically very complex and 
that ambient fluid is transported, relatively unmixed, by large vortical motions to 
regions deep within the jet. 

2.2. Buoyant jets and plumes 
Photographs of buoyant plumes visualized by LIP are presented in figure l ( a 4 ) .  
The plume is discharging from a 1 em diameter nozzle a t  the middle of a tank (see 
Papanicolaou & List 1988 for physical details). The plume fluid is a solution of 
ethanol in water and the ambient fluid is a sodium chloride solution. The initial 
density difference is 1 YO, but refractive indices of the fluids are matched using the 
method of Hannoun & List (1988). The photographic exposure time is 17 ms and the 
light sheet thickness is about 0.5 mm. Approximately 75 exit diameters are imaged 
on film. In figure 1 (a), the valve controlling the flow rate was shut, so plume fluid is 
drawn vertically upwards from the source entirely by buoyancy forces. The flow 
resembles the familiar smoke plume from a burning cigarette, except that here LIF 
permits observation of regions in the plume ‘interior’. This flow bears some 
resemblance to the flow pattern of a low-Reynolds-number jet, such as that 
presented in figure 1 ( d )  for a comparison. If L is the width of the plume flow field, 
then scales as small as LllO are actively entraining ambient fluid, as evidenced by 
the continuous intertwining of the interfaces. This results in the higher degree of 
dilution that is expected ifi a plume flow on dimensional grounds (Fischer et al. 1979). 
In the plume flow case high values of the local concentration also imply a locally 
stronger density difference, to the extent that  the differences in the molecular 
diffusion coefficients of dye, salt, and alcohol can be neglected. However, since all the 
molecular diffusion timescales are much longer than any turbulent timescale, these 
differences are of no consequence here. 

Figure l ( b )  and (c) are LIF-based still photographs of a forced plume. Fluid a t  
an initial density difference of 1 % is discharged with an initial velocity of 10 cm/s. 
The ratio of the momentum length (Ls = 0.9 cm) to the buoyancy lengthscale (LM 
= 3.2 em) gives an initial Richardson number R, = 0.28, (see Fischer et al. 1979 for 
a discussion of relevant lengthscales). Therefore, the results of Papanicolaou & List 
(1988) would indicate that the momentum jet-like character of the flow is lost after 
a distance x / L ,  = 5, and predict a plume-like behaviour for xld 2 20. This should 
be compared to the pure jet flow in figure 2, which offers a simultaneous sectional 
view of the jet on two perpendicular planes intersecting on the axis ; 27 exit diameters 
are imaged and the Reynolds number based on exit diameter of 2.54cm is 8500. 
Discreet concentration ‘fronts ’ observed simultaneously in both views are spanning 
almost the entire width of the flow. It may be observed that the plume flow is 
significantly more intermittent than the jet flow. 

The visual change in behaviour from jet-like flow to plume-like flow appears 
gradual, notwithstanding the relatively rapid transition found in the measured mean 
velocity and concentration profiles (Papanicolaou & List 1988). Spade-like structures 
characteristic of the momentum jet can be discerned in the initial region of figure 
1 ( b ) .  While the large-scale features of the momentum jet flow have their counterpart 
in the developed plume region, apparent differences develop in the smaller-scale 
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FIGURE 1. Laser sheet illumination photographs of plume and jet mixing. ( a )  Buoyancy-driven 
plume, (b)  forced plume, (c) close up of plume flow in the far field, (d )  jet a t  Re = 700, 
0 < xfd < 700. 

structure of the concentration field. In  comparison with figure 2, it  may be observed 
that a different characteristic of the buoyancy-dominated flow compared to the 
momentum-dominated flow is the relative importance of smaller scales in the 
entrainment process. Figure l ( c )  depicts an enlarged portion of the buoyant flow 
regime and a sharp concentration front is observed to span a large portion of the 
radial extent of the layer. Clearly, more ambient fluid can be found in the plume 
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FIQURE 2. Simultaneous orthogonal views of jet mixing obtained from sheets of illumination 
intersecting on the jet axis, Re = 8500. 

interior than in the jet. This observation is consistent with the high r.m.s. values of 
turbulent concentration and high intermittency throughout the plume regime 
measured by Papanicolaou & List (1988) and Kotsovinos (1977). The sharp 
concentration fronts and the abundance of ambient fluid in the plume interior are 
important features of the plume flow, indicating that entrainment into the plume 
region is achieved by large-scale motions. A feature that is related to the increased 
efficiency of the entrainment and mixing mechanism of the buoyant flow is the large 
variation of concentration level occurring over small scales, particularly over the 
braids of the apparent winding vortices. It should be noted here that the 
characteristic timescale for entrainment and mixing in a plume depends on axial 
distance differently than in a momentum jet. At distance x from the source, the local 
convection velocity U, and the width of the flow L ,  define a large-scale time T = 
L/U,. Dimensional considerations (Fischer et al. 1979) imply that for a momentum- 
driven jet L = ax, for some constant a, and U, z 7.OM/x, where M is the specific 
momentum flux of the jet. These give an estimate for the large timescale for a jet: 

Ti z 0.14ax2/Mi. 
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FIGURE 3. Sheet illumination photographs normal to the flow axis. (a )  Jet mixing at Re = 5600, 
x l d  = 66, ( b )  plume mixing at x/L,  = 18. 

For a plume with local lengthscale L = ax, and with axial velocity scale U,  M 

4.0(B/x)i1 where B is the specific buoyancy flux, an upper estimate for the timescale 
is given by T, M 0.25axf/&. 

Note that this scaling depends on the selected eddy size through the angle 
parameter a (typically a = 0.4 for both jets and plumes). For scales smaller than L 
= ax, that participate in the entrainmentlmixing process while essentially 
convecting a t  the same velocity as the large scales, an accordingly smaller timescale 
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for entrainment should be expected. It is also notable that the characteristic time for 
entrainment a t  a certain axial distance is much smaller when buoyancy rather than 
momentum is driving the flow, generally implying faster mixing. This characteristic 
of the buoyant flow is reflected in the mean concentration decay laws. 

Finally, we should mention that the cascade in scales may proceed in a different 
manner when buoyancy is driving the flow. A density difference between the eddy 
and its environment gives rise to a body force proportional to the eddy volume that 
tends to accelerate it. Shear forces are generated as a result of body forces. If scales 
down to L/10 are dominant, this would imply that buoyancy affects the cascade 
process (and the energy density spectrum) by a direct input of energy a t  
wavenumbers greater than 1/L imposed by the flow geometry. 

Further insight into the entrainment mechanism, is presented by photographs of 
a transverse plane (perpendicular to  the axis) appearing in figure 3(a,  b) .  The 
Reynolds number for the momentum jet (in figure 3a)  was 5600, based on the exit 
diameter of 1 crn. The plume operating conditions for the flow in figure 3(b )  were 
similar to those of the flow in figure l ( b ) .  In  both cases, the transverse plane was 
located a t  an axial distance of 66 cm from the flow source ( 1  cm diameter). The light 
sheet thickness is comparable with that of the previous photographs. 

A striking feature of such high-resolution photographs of the jet flow is that the 
concentration level over a centrally located flow area is markedly higher than that 
of the surrounding region. The position of this portion of the jet was observed (from 
time sequence photographs not shown here) to vary in time, implying the passage of 
large structures through the axial location illuminated by the sheet. There is a high 
degree of regularity in the time evolution of this phenomenon, which will be 
examined subsequently. A feature of the plume flow, which may also be observed in 
the enlarged axial view of figure 1 ( c ) ,  is the very large variations in concentration 
level associated with the intertwining of interfaces. The shape of some interfaces also 
appears to imply the existence of substantial smaller-scale vorticity in the axial 
direction, resulting in a three-dimensionality of the flow. 

3. Dilution measurements 
The dilution experiments were carried out in the jet facility of Keck Laboratory 

documented in detail in Papanicolaou & List (1988). The tank has a square cross- 
section (1 15 x 115 cm) and depth of 335 cm. The flow source was located a t  a distance 
of 100 cm from the bottom, and observations were conducted at a maximum distance 
of 115 cm from the source. Nozzles of 0.5 cm and 1 cm were used. The supply system 
is of the constant-head type, with a flow meter to control the volume rate. Buoyancy- 
driven flows were set up by placing a sodium chloride solution in the tank and then 
discharging a weak solution of ethanol in water from the nozzle (vertically upwards). 
A typical initial density difference of 1 % was enough to ensure a buoyancy-driven 
flow far enough from the flow source. The refractive indices of the fluids, measured 
by a refractometer were precisely matched for all the dilution experiments. 

The LIF system used for the quantitative measurements of concentration and 
dilution is documented in detail in Papantoniou (1985). We will briefly summarize 
here some of its features relating to the measurements to be presented. The 488 nm 
line from a 2 W argon-ion laser, focused by a 2 m focal length converging lens, was 
directed to intersect the flow in the radial direction. Fluorescein dye was premixed 
at a concentration of the order of molar with the discharged fluid. The initial 
concentration was chosen so that the concentration maximum at the axial station 
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under observation was of the order of lo-’ molar. When excited by the laser light, 
the dye molecules emit light strongly in the yellow-green portion of the spectrum. A 
light orange filter was placed in front of the Reticon array camera to  block the 
scattered blue laser light in the test section, while allowing a considerable portion of 
the green fluorescence signal to be measured. It was found that this combination 
resulted in the most efficient use of the available laser power, which for some 
measurements was limited to 800 mW. An Etalon assembly and a beam-stop were 
used to confine the beam to its TEM, mode; this resulted in a laser beam with a 
Gaussian intensity that was focused to about 500 pm diameter in the test section. 
Since the beam diameter defines the local measuring volume, i t  also defines the 
degree of spatial resolution (normal to  the direction of propagation) attainable by the 
technique. 

The fluorescing section of the laser beam was imaged by a 50 mm Nikon lens onto 
the sensitive area of a photodiode camera array (Reticon 300-A), containing 1024 
photodiodes spaced 25 pm apart. By scanning the array at high speed and recording 
its output, virtually continuous profiles of fluorescence intensity were obtained along 
the line of the laser beam. The voltage output from each array ‘pixel’ is proportional 
to the integrated fluorescence intensity incident on the pixel during the line scan 
time. Since typically a 38 em section of the laser beam was measured on the array, 
the spatial resolution for each pixel in the direction of beam propagation was 
generally of the order of 400 pm. The line scan time is analogous to the exposure time 
in conventional photography and it controls the temporal resolution of each 
individual measurement (pixel). This time is actually 1024 times the clock period 
(plus an adjustable number of blanking periods between scans). The appropriate line 
scan time for an experiment was chosen so that the temporal resolution was sufficient 
to resolve the fastest variations, corresponding to the local Kolmogorov passage time 
(see next section). Line scan times of up to 11 ms were used. The recording system 
consisted of a custom-made fast 8-bit ADC channel interfaced to the DMA port 
(DR11-B) of a PDP-11/60 computer and the associated software running under the 
RTll operating system. The digitized data were continuously output to a 7 Mb 
Winchester disk (DSD-80). The input (to memory) and output (to disk) DMA 
processes were synchronized by controlling both interrupting devices in a double 
buffering scheme. The sustained throughput of the system was enough to record 
successive scans, with all 1024 pixels per scan, a t  a rate of 120 Hz per pixel. 

At other times higher scanning rates were obtained by discarding one or more 
pixels for each pixel recorded, or one or more scans for each scan recorded, or both. 
Since the line scan time is not altered by this practice, there is no compromising the 
resolution of each individual measurement. The system was calibrated thoroughly 
before the experiments and the overall signal-to-noise ratio was quite high (over 200). 
It was subsequently used for other measurements in our facility, where the 
application was to turbulent mixing across horizontal density interfaces (Hannoun 
& List 1988). 

3.1. Sampling the concentration Jield 

The existence of characteristic timescales and, correspondingly, of physical 
frequencies in the flow field, demands that certain guidelines must be followed when 
sampling the concentration field of the turbulent buoyant flow. In particular, the 
length of the sample record and the sampling interval must be selected on the basis 
of the characteristic timescales in the flow. 

The large-scale time for a certain axial location depends on the convection velocity 
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as indicated in $2. The measurements of Wygnanski & Fiedler (1969) suggest that the 
convection velocity is approximately equal to the mean centreline velocity, so a more 
precise estimate can be written (using values recommended in List 1982) as 

where U,, is the jet exit velocity. 
For the buoyancy-driven plume the convection velocity can be estimated from 

concentration profiles taken along the plume axis (see $4.6 below) and it is 
approximately equal to the mean centreline velocity. Scaling laws then imply, using 
U, = 3.5 (B/x) i ,  as suggested? in the review article of Chen & Rodi (1980), and with 
a E 0.4, that 

The large-scale time a t  a particular axial station is related to the passage time of 
the large-scale eddies of the flow as seen by a probe fixed at this location. It has also 
been termed ' large-eddy turnover time ' by some authors. Since the lowest frequency 
that is expected to exist in the flow is of the order of 1/T,  it is implied that the sample 
record time should be large enough compared with T for the formation of statistically 
stable estimates and the resolution of the lowest frequencies. The minimum sample 
record should be determined experimentally. From initial experiments, it was found 
that records spanning a minimum of 10T to  20T were necessary to obtain stable 
estimates of various statistical quantities. 

At the smallest scales of the flow the important parameters are the viscosity and 
the rate of dissipation of kinetic energy (i.e. the rate a t  which mechanical energy is 
converted to heat). The Kolmogorov lengthscale is defined via these parameters by 

3 1  
A,, = v z / e .  

t ,  = ( V / E ) $ .  

The timescale pertinent to the Kolmogorov lengthscale is given by 

The implication of the concept of the Kolmogorov cascade in turbulent scales by 
which kinetic energy is transferred from scale L to scale A,  is that 

h - G/L. 
In other words, although the dissipation is ultimately due to viscosity, the order of 
magnitude of E may be determined by those quantities that  characterize the large 
eddies. Thus, the Kolmogorov scale is related to  the large scale L and the Reynolds 
number Re through 

A, N L/Rei. 

The characteristic small-scale time is also related to T by 

t ,  - T/Reg. 

This timescale is indicative of the fastest variations in the turbulent flow as related 
to the random, jittery motion of the smallest eddies. I n  a mixing flow where one of 
the species is labelled with a passive scalar, the small timescale is intimately 
connected to the motion of the thinnest interfaces. For flows a t  high Sc, little 

t Recent measurements by Papanicolaou & List (1988) give a value of 3.85 for the numerical 
constant. 
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Initial conditions 

Reynolds number (nominal) . . . 
Jet  nozzle diameter (cm) . . . 

Axial distance, x/d 
Mean centreline velocity (cm/s) 
Kolmogorov scale estimate (mm) 
Small scale time estimate (s) 
Large scale time estimate (s) 
Kolmogorov passage time (ms) 
Length imaged on array (cm) 
Static resolution per pixel (mm) 
Array clock period (ms) 
Line scan time (ms) 
Pixels/scan recorded 
Recording interval (ms) 
Number of scans recorded 
Experiment duration (5) 

Local conditions 

5600 
1 

48.5 
6.9 
0.30 
0.04 
2.8 
4.3 

38.9 
0.38 
6.02 
6.31 

12.62 
512 

10240 
129.3 

5600 
1 

75 
4.5 
0.46 
0.09 
6.7 

10.4 

38.9 
0.38 
4.00 
4.20 

16.78 
256 

20480 
343.7 

5600 
1 

105 
3.2 
0.65 
0.17 

13.1 
20.2 

38.9 
0.38 

10.04 
11.16 

22.33 
512 

10240 
228.6 

5600 9000 
0.5 1 

150 105 
4.5 5.1 
0.46 0.45 
0.09 0.09 
6.7 8.2 

10.4 8.9 

41.5 38.9 
0.40 0.38 
9.99 10.04 

10.31 11.17 

41.26 11.17 
1024 512 

5120 10240 
211.2 114.4 

TABLE 1. Experimental parameters for jet experiments. 

Initial conditions 

Reynolds number (nominal) . . . 
Jet  nozzle diameter (cm) ... 
Richardson number.. . 

Local conditions 

Axial distance, x/d 
Mean centreline velocity (cm/s) 
Kolmogorov scale estimate (mm) 
Small scale time estimate (9) 

Large scale time estimate (s) 
Kolmogorov passage time (ms) 

Length imaged on array (cm) 
Static resolution per pixel (mm) 
Array clock period (ms) 
Line scan time (ms) 
Pixels/scan recorded 
Recording interval (ms) 
Number of scans recorded 
Experiment duration (s) 

1000 
1 
0.28 

105 
3.3 
0.63 
0.40 

12.7 
19.0 
38.9 
0.38 
9.98 

10.61 

42.43 

217.24 

1024 

5120 

1600 
1 
0.20 

105 
3.7 
0.58 
0.34 

11.3 
15.7 
38.9 
0.38 
9.98 

10.61 

42.43 

217.24 

1024 

5120 

TABLE 2. Experimental parameters for plume experiments. 

molecular mixing does occur until the even smaller Batchelor lengthscale is reached 
(Batchelor 1952, 1959). This scale is given by 

A, = h,/Scf 

It is a t  the Batchelor scale that fluid interfaces are actually smoothed by the action 
of molecular diffusion. Since the Schmidt numbers for gases and liquids differ by 
more than two orders of magnitude, differences in the amount of molecular mixing 
may be expected (Broadwell & Breidenthal 1982; Sawford & Hunt 1986). In any 
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Y / X  

FIGURE 4. Instantaneous concentration profiles. (a)  Jet  at Re = 5600, x/d = 150. (b) Plume at  x / L ,  
= 24, x/d = 105. (e) Detailed concentration profile for a jet a t  Re = 5600, x/d = 150. ( d )  Detailed 
concentration profile for a plume at x / L ,  = 24, x /d  = 105. 

case, the implication is that a t  a high value of Sc, the interfaces remain sharp a t  
scales comparable with the Kolmogorov scale. This was actually confirmed by the 
results to be presented subsequently. 

The above considerations indicate that if the measurements are to resolve the 
scalar field a t  scales comparable with Av and t,, then the minimum spatial and 
temporal resolution of the probe should be given by these scales. Further, if the flow 
pattern convects with a mean velocity of U, the sampling frequency necessary to 
‘freeze ’ the thinnest interfaces would be given by U/A,. This frequency, associated 
with the Kolmogorov passage time, is higher than the rate implied by t ,  by a factor 
of Rei. In the case that local concentration values are integrated over larger spatial 
or temporal intervals, the measured instantaneous value is smeared and not entirely 
representative of the true one. Furthermore, if the measuring probe is unable to 
resolve these high frequencies, the estimated variance and dissipation rate of the 
scalar fluctuations are lower than their true values. 

For measurements over a large number of points in the flow field that are to be 
correlated in space and time, the above considerations may place a stringent 
requirement on the system throughput rate. In  particular, if the sampling interval 
is t ,  and measurements over N spatial locations are to be performed, the sustained 
throughput rate must be of the order of (NRei)/T. Therefore, the capabilities of the 
data acquisition system (presumably fixed) place an upper limit on the local values 
of Re and T that may be investigated a t  a certain resolution. 

Radial LIF experiments were performed at the dimensionless axial distance of x/d 
= 48.5, 75, 105, and 150. In  all cases, the image ratio and beam width combination 
resulted in a spatial resolution of the order of the local Kolmogorov scale. For each 
experiment, the Reynolds number and the axial distance from the flow source guided 
the selection of the array scanning rate and the data recording rate, so that optimal 
temporal resolution and sufficient record length were obtained. Thus, in all cases the 
line scan time was comparable with or less than the estimated Kolmogorov passage 
time, to ensure that the details of the concentration field were not smeared by the 
time integration inherent in the technique. The operating conditions for the 
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experimental runs are summarized in table 1 for jets and table 2 for plumes. In  
addition to the radial measurements, the concentration pattern in the axial direction 
as a function of time was also measured in a buoyant jet (1 cm nozzle) in the axial 
range from nozzle exit to xld = 118. The initial value of the Richardson number was 
0.20. A pure momentum jet of Re = 5600 a t  the same configuration was also 
recorded. For both cases 5120 individual axial profiles were obtained, using a line 
scan time of 11.2 ms, and a recording interval of 44.8 ms. The interpretation of these 
data will be presented in $4.6 

3.2. Radial projiles of concentration 
The instantaneous fluorescence profiles were converted to profiles of instantaneous 
tracer concentration by use of the method proposed by Koochesfahani (1984). An 
optical transfer function (incorporating the non-uniformities and imperfections of 
the imaging system, individual pixel response non-uniformity, etc.) is determined by 
measuring the array output a t  a known dye concentration before the experiment. 
Then, for each recorded scan, the effects of laser beam attenuation are removed in a 
recursive manner. The local fluorescence intensity is proportional to the local dye 
concentration and to the local beam intensity, which weakens in its traverse of the 
dye-containing region. The attenuation parameter was measured to be 0.005 
cm-l (lo-’) molar for the operating conditions of the experiments. 

Typical examples of instantaneous concentration profiles across both jets and 
plumes, are presented in non-dimensional form in figure 4 ( a d ) .  It is apparent that 
these profiles bear no resemblance to the usual Gaussian profiles associated with 
mean (time-averaged) concentration distributions. There exist large local variations 
in concentration level resulting in steep gradients in the radial direction. High values 
of concentration occur in regions remote from the centreline of the flow. On the other 
hand, low-concentration fluid, or unmixed ambient fluid, may be found in regions 
close to the centreline. I n  comparison to the jet, ambient fluid is typically found in 
larger parcels in the plume interior. The detailed instantaneous plume profile (figure 
4 d )  suggests that  the concentration variations are more abrupt and occur over 
smaller spatial scales in the plume than in the jet (figure 4c). Another noteworthy 
feature of the plume flow is that the very high values of the concentration occur over 
spatially small scales, which are exhibited as very narrow spikes in these 
instantaneous profiles. 

Ensemble averaging of only 25 such instantaneous concentration profiles did 
converge to the usual Gaussian profile but only if the ensemble consisted of profiles 
that were sufficiently separated in time. This ensemble size was also used by Uberoi 
& Singh (1975), who recorded instantaneous profiles in a plane jet that were 
uncorrelated in time. However, if the profiles in the ensemble are consecutive, a 
rough convergence to the mean profile shape is accomplished only if the number of 
profiles that are summed is enough to  span one or two large-scale times of the flow 
(in the present case about 300 profiles). This characteristic serves to illustrate the 
underlying ‘non-randomness’ of the flow, as well as the relevance of the large-scale 
time. 

The radial profiles of r.m.s. concentration fluctuation in a momentum jet and 
buoyant plume, normalized by the mean concentration value at the centreline, are 
presented in figure 5(a,  b ) .  The normalization used is intended to indicate the 
relative ‘intensity ’ of turbulent concentration fluctuations. The fluctuation intensity 
measured by the probes is generally higher than that reported previously. There are 
two points that should be made here concerning this disagreement. First, since the 
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FIQURE 5. Radial profile of r.m.s. concentration. (a )  Jet  a t  x/d shown, 
( b )  plume a t  x / L ,  as shown. 
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I I I I 
o Single pixel 
n Four pixel 

0 0  
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0 - 
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Author 

Antonia et al. (1975) 
Birch et al. (1978) 
Becker et al. (1967) 
Corrsin & Uberoi (1950) 
Dahm (1985) 
Papanicolaou & List (1988) 
Present results 

I I I I 
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0 0  
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0 

0 

O D 0  
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X l d  
59 
70 
64 
30 

300 
98 

150 

8 

0 
D 

0 - - 
8 

e 
9 

O e  

I I I .. 

cr,s/cln 

0.22 
0.28 
0.22 
0.18 
0.30 
0.22 
0.34 

Comments 

heated airlair 
methanelair 
airlair 
airlair 
waterlwater 
waterlwater 
waterlwater 

TABLE 3. Fluctuation intensities in the momentum jet. 
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FIGrJRE 6. Effect of spatial resolution in computation of r.m.s. fluctuations in a plume. 

concentration fluctuation intensity is due to interfaces (eddies) of all scales, it is 
reasonable to expect that the higher the probe resolution (both in space and time), 
the higher the value of concentration fluctuation intensity measured. The correct 
value is theoretically obtained in the limit by a probe that can resolve all flow scales, 
including the Batchelor scale. For the present measurements, the spatial probe 
resolution is relatively high compared to measurements with a wire probe that has 
inadequate response to large-amplitude fluctuations. Second, most reported values 
are for gas-phase jets, which have a Schmidt number of the order of unity, as 
compared with the present measurements a t  Sc z 600. It should be expected 
(Sawford & Hunt 1986) that  molecular mixing (and the associated smoothing of 
concentration interfaces) is smaller a t  higher values of Sc. Representative values 
reported by previous investigators are rather scattered but such trends may be 
discerned from Table 3. 
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FIGURE 7(a). For caption see facing page. 
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FIGURE 7. False colour image of time evolution of the instantaneous d i a l  concentration profile. 
(a) Jet at Re=5600, x/d=ISO. (6) Plume at x/&=33, x/d=105. 
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FIGURE 8. Details of time evolution of the instantaneous radial concentration profile within a large 
structure in a jet at Re=9600, x/d=l50. Total time 10.67 s. 
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For the buoyancy-driven plume, the normalized r.m.s. concentration profile shows 
that a t  the centre of the flow the magnitude of the fluctuation intensity is roughly 
twice that of the momentum-driven jet. The values measured are higher than the 
values measured previously by Papanicolaou & List ( 1988) and other investigators. 
Such high values indicate that the flow is very intermittent, which will be confirmed 
by the analysis presented subsequently. 

To investigate how the probe resolution affects the results, the r.m.s. profile 
calculations were repeated a t  selected points within the layer using the spatially 
averaged values of four neighbouring pixels instead of the instantaneous pixel value. 
This procedure in effect approximately simulates the response of a probe with a 
decreased spatial resolution. The results for the plume flow are plotted in figure 6. As 
might be expected, an obvious trend of decreasing fluctuation intensity for 
decreasing spatial resolution is shown. 

3.3. Time evolution of the instantaneous projile 
An effective way of presenting the time evolution of the entire instantaneous 
concentration profile is to employ an image array processor equipped with a high- 
resolution monitor. Such a system (De Anza 6400) was extensively used in this 
investigation for the purpose of data analysis and display. To visualize the evolution 
of the patterns in the flow, a large number (up to 512) of concentration profiles are 
successively fed into the memory of the image array processor and displayed 
simultaneously as horizontal lines in the high-resolution video monitor (Conrac). 
Each scan line of the monitor depicts 512 individual pixels. When displaying data 
recorded a t  a density of 1024 pixels per Reticon camera array scan, one data pixel 
is skipped per one displayed. The display hardware has 8-bit colour depth, so that the 
256-level range of the data is retained. By setting the intensity transformation tables 
in the image array processor appropriately, the red, green, and blue electron guns of 
the monitor are manipulated so as to assign different colours of varying intensity to 
different values of the concentration level. With this false-colour assignment the 
viewer is aided in identifying regions with uniform concentration since the eye is not 
accustomed to discerning monochrome variations of so many levels. 

Pictures of the monitor, depicting the evolution of the instantaneous concentration 
profile at the axial distance of 150 nozzle diameters in the momentum jet, are 
presented in figures 7 ( a )  and 8 (plates 1 and 3). In figure 7 (a)  the vertical axis is time, 
where the 960 successive profiles of Re = 5600 jet that are presented span 
approximately 39 s, equivalent to about 6 large-scale flow times. In figure 8 details 
of a structure within a jet a t  Re = 9000 are shown. The large-scale time in this case 
is approximately 8.2 s and the complete picture represents 5.36 s of record. The 
digital data displayed in these figures reveal some important features of the 
instantaneous concentration field in the fully developed jet flow. It is clear that, 
despite the random characteristics typical of the turbulent flow, there is a certain 
regularity manifested by the passage of large structures a t  time intervals roughly 
equal to $. The front of such a structure is marked by a spatially coherent increase 
in concentration level relative to that of the preceding (in time) fluid. The central 
region of the flow is usually a t  a higher concentration than the side regions, where 
pockets of ambient fluid are frequently found. High-concentration regions are 
observed to sway a t  positions off the jet centreline. This may be suggestive of a 
helical structure in the main flow which, owing to the limitations inherent to the 
present technique, cannot be verified. 

Such features are also observable in the spatially and temporally resolved still 
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photographs in figures 1-3. However, the digital data presented here permit a more 
precise statement to be made regarding the uniformity in fluid concentration a t  any 
instant as it passes through the measuring station. The colour assignment aids the 
identification of three (crudely defined) levels of concentration. Fluid a t  the lowest 
concentration level marked by shades of red colour (black means no dye) is usually 
found at  regions away from the centreline as well as the back (upstream) regions of 
the large structures. The elongated contours in the time direction, indicate that a t  
large radial distances fluid is relatively stagnant. This is generally consistent with the 
observations of Shlien (1987). Fluid parcels that are ejected radially outwards will 
stagnate for some time (maybe during the passage of a large scale or more) before 
they will become re-entrained into the jet. Fluid a t  the mid-concentration level is 
typically found around the central region of the instantaneous profile, which is not 
fixed in space. This is marked by yellow colour. The transition from red to yellow is 
not always smooth, indicating a step in the concentration value. Finally, regions of 
highest concentration, that are marked by shades of green and occasionally 
green-blue colour, are most frequently found at the front (downstream) regions of 
the large structures. Since a t  the back of the structure the concentration level is 
rather low, and marked by the occasional presence of clear ambient, fluid, the 
transition in local concentration level a t  the instance of the arrival of a large 
structure can be very sharp, indicating a steep local gradient. 

The classification of the fluid states as belonging to three levels of concentration 
is rather arbitrary. In  fact, there is a subjective aspect in this classification since 
there are variations of concentration level (and correspondingly of colour shade and 
intensity) inside each colour band that the photographic film may or may not pick 
up. However, this classification aids in the identification of separate regions of widely 
varying levels of intensity. The inclusion of the blue colour in the presentation of the 
data is intended to highlight the highest concentration values and the steep gradients 
that characterize the structure fronts. Our attempts to  quantify these observations 
are presented along with a discussion on the shape and representative features of the 
large structure. 

A similar image of digital data from the colour monitor for a buoyant plume flow 
is presented in figure 7 ( b )  (plate 2). The vertical (time) axis also spans 960 individual 
array scans, corresponding in this case to about 4 large-scale times. These data were 
taken a t  an axial distance of 105 diameters from the plume source, corresponding to  
x /LM = 33. As before, only one of every two available data pixels is actually 
displayed on the monitor. 

It can be observed that a change in the instantaneous flow structure occurs under 
the action of buoyancy. In  contrast to the jet flow, it is no longer possible to identify 
a central ' column ' where concentration values are relatively uniform. The flow is 
very intermittent ; the probability of finding unmixed ambient fluid is substantial 
everywhere in the interior of the plume. Even where ambient fluid is absent, local 
fluctuations of concentration intensity are strong (marked by the intertwining of 
yellow ribbon-like patches in a red background). It is also evident that local 
concentrations occasionally reach very high levels compared with the local mean 
value or even the maximum mean value. These are marked by the presence of small 
regions of green-blue colour. It should be noted that these are roughly three to four 
times the mean centreline concentration level. It is still possible, as in the jet, to 
identify concentration structures that convect past the measuring station at time 
intervals given roughly by the large-scale time. Based on observations of longer time 
records i t  was concluded that, as in the jet and perhaps even more so, fluid at  the 
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highest concentration is found in the regions identifiable as the large-structure 
‘fronts’. In the buoyant flow there is a direct connection between local dye 
concentration level and local density difference (or buoyancy force). As a 
consequence, regions marked with high values of dye concentration are expected to 
be moving faster than surrounding parcels of low dye concentration. This is 
consistent with the notion that the front region of the structure is its most undiluted 
part and it would also imply that different parts of the large structure convect a t  
different speeds. 

Another difference between the entrainment mechanism of the jet and the plume 
is that fluid at the boundaries of the buoyant flow does not tend to stagnate awaiting 
re-entrainment. In  fact, observation of the shapes of smaller structures a t  the plume 
boundaries indicates that they are overturning and thus actively entraining ambient 
fluid. The long vertical streaks often present at large radial distances in the 
momentum jet flow are notably absent in the plume. In comparison with the jet, 
eddies of a greater variety of scales and at different positions seem capable of 
entraining. This is consistent with the greater dilution capability of the buoyancy- 
driven flow compared to  the momentum-driven flow. 

4. Turbulent structure of concentration field 
The flow visualization results are suggestive of a flow that has some order imposed 

on an apparently random background. As in any random process, neither its time 
evolution can be predicted by a deterministic function, nor can the value a t  a 
particular time be predicted by an ensemble of realizations. Statistical methods are 
therefore appropriate for an analysis of such signals and have been widely used to 
characterize various turbulent flow quantities. In what follows, we present a 
sampling of the results of such methods to the dilution data obtained by the LIP 
method. 

4.1. Intermittency and conditional averaging 
To quantify the extent of the presence of unmixed fluid a t  various radial positions 

in the flow field and determine the shape of the mean ‘ mixed ’ profile, the following 
scheme was adopted. First, a subsidiary time-dependent intermittency variable with 
a value of 0 or 1 is assigned to the instantaneous Concentration C a t  a point according 
to whether C exceeds a certain threshold. The intermittency a t  that point then 
follows from the conventional time average of this intermittency variable. A time- 
averaged mean mixed profile of concentration can also be developed from a 
conditional average of the concentration a t  a point in the usual way by averaging the 
product of the concentration and intermittency variable. It was found that the shape 
of the mean mixed profile and the intermittency profile were not sensitive to the 
value of the threshold in the range of 5 YO to 15 % of the mean centreline value. The 
threshold value for all radial positions was arbitrarily chosen to be 10 % of the mean 
centreline value a t  the axial location of the experiment. 

The radial intermittency profile in the far field of a momentum jet is shown in 
figure 9. It may be seen that, from a statistical point of view, not much ambient fluid 
reaches the jet centreline. Of course the technique employed here only permits 
identification of unmixed fluid down to the scale that can be resolved. It is obvious 
that sharp interfaces between unmixed fluid and dye containing fluid a t  scales 
smaller than the resolution limit will appear mixed to the probe. So in that sense, our 
intermittency estimate should be viewed as an upper limit of the true value obtained 
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FIGURE 9. Radial profile of intermittency in a jet, at  x/d = 105. 
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FIGURE 12. Radial profile of mean mixed concentration in a plume. 
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FIGURE 13. Radial profile of contribution to concentration variance from unmixed ( x ) 
and mixed (0)  fluid in a jet. 
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FIQURE 14. Radial profile of contribution to concentration variance from unmixed f x ) 
and mixed (0 )  fluid in a plume. 

from an ideal probe that can resolve all scales. The mean mixed concentration profile 
in the momentum jet is shown in figure 10. I n  comparison with the conventionally 
averaged profile it is much fuller, reflecting the presence of high-concentration fluid 
at  radial positions off the centreline. I n  a way, it is more representative of the 
instantaneous concentration profile ; however, the sharp local gradients of the 
instantaneous profiles are still smoothed out by the averaging procedure, and no 
central ' column ' of relatively uniform concentration may be discerned. 

The intermittency profile and mean mixed profile for the buoyant plume are shown 
in figures 11 and 12. It is clear that a substantial amount of very low-concentration 
fluid or clear ambient fluid can be found in the plume interior. The mixed profile in 
the plume is also fuller than the conventionally averaged profile. It is implied that 
high concentrations are also common a t  positions off the centreline under buoyant 
conditions. 

A similar conditional-averaging procedure can be applied to the concentration 
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FIQURE 15. Maximum normalized concentration as a function of radial position 
in a jet and plume. 

variance. The purpose in this case is to estimate the contribution to the computed 
turbulence intensity from the presence of ambient fluid in the flow interior. The 
results are plotted in figures 13 and 14. The contribution of unmixed fluid to the 
variance (C,,,,) is overall more important in the buoyant flow and has an off 
centreline peak at = r / x  = 0.075. (The value of the peak clearly depends on the 
value of the threshold chosen, but the qualitative effect is the same). There is a 
notable similarity between the turbulent structure of the momentum jet and the 
buoyant plume, as evidenced from these figures. A similar behaviour was exhibited 
in the plane buoyant flow geometry investigated by Kotsovinos (1977). 

4.2. Radial projile of maximum concentration 

The maximum concentration C,,,, measured during the sampling time and non- 
dimensionalized by the mean centreline concentration, is plotted in figure 15. The 
profile of minimum concentration is not plotted since it was zero throughout the 
radial extent of the flow. The radial boundary of the flow can be defined as the 
distance r / x  a t  which the profile of maximum recorded concentration drops abruptly 
to zero. It is evident that the dimensionless maximum and minimum concentration 
depends strongly on the presence of buoyancy. This is also the ease for the plane 
plume (Kotsovinos 1977). The greater spread in local concentration level is reflected 
in the higher values of r.m.s. turbulence intensity observed in the buoyant flow. It 
can also be observed that high concentration values (in excess of the mean centreline 
value are recorded a t  large radial distances. 
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FIGURE 16. Probability density function of normalized concentration 
as a function of dimensionless axial distance. 

0.15 

0.10 

P 

0.05 

0 

1 I I 
x f L , = 2 4  

X 33 

at jet centreline 

FIGURE 17. Probability density function of normalized concentration at plume centreline 
as a function of dimensionless axial distance. 

4.3. Probability density function for concentration 
The probability density function (p.d.f.) of dimensionless concentration was 
determined for various radial positions in the flow. The p.d.f. is normalized by the 
requirement that its integral is unity. The shape of the concentration p.d.f. is of 
interest in cases where a statistical approach is taken in problems involving the 
prediction of transport, mixing, and chemical reactions in turbulent shear flows 
(Toor 1962; Pope 1981; Effelsberg & Peters 1983). The p.d.f. yields a more complete 
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representation of a random variable than the mean and r.m.s. values, which are 
obtainable from the first and second moments of the p.d.f. respectively. 

For the computation of the p.d.f., each instantaneous concentration value C was 
divided by the local average centreline value C,. The p.d.f. of the normalized 
concentration variable CIC, a t  the centreline of the momentum jet flow is presented 
in figure 16 for various values of the non-dimensional axial distance from the source. 
From this representation, it may be observed that the p.d.f. shape exhibits similarity 
with axial distance, which is required on dimensional grounds. The p.d.f. is rather 
symmetric at the centreline, with some preference for lower values (skewness). 

The p.d.f. of normalized concentration a t  the centreline of the buoyant plume is 
presented in figure 17. It may be seen that, contrary to what occurs for the 
momentum jet flow, the most probable value is not the mean value, owing to the high 
probability of detecting fluid of small or zero concentration. The intermittency, as 
defined above, was confirmed to increase for an increased value of the dimensionless 
distance " / L M .  This behaviour raises the question of how the flow would behave a t  
even higher values of x/LM or, equivalently, whether 'fully buoyant ' conditions have 
been realized. However, accurate study of buoyant jet flows at higher values of x/LM 
than obtained here was operationally very difficult in our facility and this question 
must be resolved by other means. 

4.4. Integral scale of concentration Juctuations 
In  this section, some results are presented that are obtained from a correlation 
analysis of the concentration data. These include correlation functions and estimates 
of the integral scale of concentration fluctuations. 

The autocorrelation function of the concentration time signal a t  a fixed point in 
space is computed as 

where 7 is a variable time delay and c(q, t )  = C(7, t )  - Cm(7). The cross-correlation 
function between time signals a t  two points in space is computed in a similar manner 
as 

R(7) = 47, t )  c (7, t + 71, 

R(7) = c(71, t )  c ( 7 2 '  t+ 7 ) .  

Unbiased estimates of these quantities (' unbiased ' refers to the method of time 
averaging) were computed directly from concentration time series for selected points 
in the flow field. These are presented in figure 18 for the momentum jet and figure 19 
for the buoyant plume, as a function of the normalized time delay. All the functions 
are normalized with their value a t  zero time delay. It is observed that the large-scale 
periodicity of the data shows up as a secondary peak for large enough values of the 
time delay. This peak is always more pronounced in the cross-correlation function. 
The general shape of the cross-correlation functions resembles that of a sine wave 
in broadband noise. It is surprising that this large-scale frequency was not 
discerned in previously measured correlation functions reported in the literature. It 
is possible that previous investigators did not extend the computation of the 
correlation function for sufficient time delay. It is also possible that, owing to the 
wandering of the entire jet column simultaneous sampling with two probes that are 
separated by a small distance is actually necessary for the identification of the large- 
scale passage frequency through the cross-correlation. 

In  comparison to the jet, the secondary peak corresponding to the large-scale 
passage frequency is not as pronounced in the plume autocorrelation functions, 
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FIGURE 18. Normalized correlation functions with variable time delay in a jet. 

1 .oo 

Cross-correlation 
0.75 

0.50 

R(7) 
R(O) 

0.25 

0 

-0.25 
0 0.5 I .o 1.5 2.0 

7UJL 

FIGURE 19. Normalized correlation functions with variable time delay in a plume. 
0, Auto, r/z  = 0;  0, auto r / x  = 0.01. 

possibly owing to the increased wandering of the structures in fixed physical 
coordinates. However, the peak in the cross-correlation functions is even more 
pronounced. The good agreement of the autocorrelation functions for small time 
delay in the momentum and buoyant flows presented in figure 20 shows that the 
details of the small-scale flow structure in the axial direction are independent of the 
large-scale configuration. However, as will be shown shortly, this is not the case for 
the spatial correlations in the radial direction. 

A correlation function that can also be computed from the data is the lateral 
spatial correlation for zero time delay defined as 

R(<) = C b ,  t )  c ( r f  5, t ) .  
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FIGURE 20. Normalized autocorrelation function for small time delay at centreline for both a 
jet and plume. 0 Auto, r / x  = 0;  0, auto r / x  = 0.002. 
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FIGURE 21. Spatial correlation function for a jet and plume. 

This estimate does not invoke Taylor's 'frozen turbulence' hypothesis, as it is 
directly computed over spatial increments. Representative estimates of this function, 
computed a t  the flow centreline a t  the axial station of x ld  = 105, are presented in 
figure 21. As before, normalization with the value a t  zero separation is used. Note 
that the nature of the data acquisition method, i.e. sequential sampling of adjacent 
points in space, will inevitably degrade the estimates of the spatial correlation 



180 D .  Papantoniou and E .  J .  List 

Jet Plume 

Re xld r / x  A / x  T U J x  x /L ,  x/d r / x  A / x  T U J x  

5600 150 0 0.041 0.032 24 105 0 0.018 0.096 
5600 150 0.1 0.046 0.123 24 105 0.02 0.018 0.071 
5600 105 0 0.029 0.034 24 105 0.044 0.022 - 
9000 105 0 0.026 0.162 33 105 0 0.011 0.022 

TABLE 4. Integral scales of concentration fluctuations. 

function a t  very large values of 6.  However, since in the worst case the time lapse 
between sampling a t  the largest separation shown is only 0.8ms and the local 
convection velocity is less than about 3 cm/s, it is believed that insignificant error is 
introduced in the estimates of the spatial correlation function for the values of 
separation presented here. The shape of this function indicates in a direct manner the 
extent of correlation of the concentration fluctuations in physical space in the radial 
direction. Geometrical considerations imply that it should be an even function of 6 
(Hinze 1975). For small values of 6 it was confirmed that it is indeed so for any point 
in the flow field. However, an asymmetry is inevitably introduced for large 5 when the 
centre point is a t  locations off the flow centreline. This is due to the obvious lack of 
homogeneity of the flow. 

A comparison of the shape of the spatial correlation functions confirms that the 
presence of buoyancy generally acts to decrease the extent of correlation in physical 
space in a direction normal to gravity. This is intimately related to the strongly 
intermittent character of the buoyant flow. The disagreement of the spatial 
correlation functions in the lateral direction for both the momentum and buoyant 
flow indicates that buoyancy affects the small eddy structure preferentially in the 
lateral direction. This result is consistent with earlier qualitative observations, where 
it was noted that the intertwining interfaces of the apparent vortical structures with 
axes in the flow direction are thinner in the plume flow and are marked with fluid of 
high concentration. 

The integral timescale of concentration fluctuations is defined through the integral 

T = 1 R(r)  dr. 

The lateral integral spatial scale is also defined by the corresponding relation 

= p W d 6 .  

Estimates of these integral scales (where the integral is taken over the positive 
portion of the correlation function) are presented in table 4. These results indicate 
that the integral lengthscale of the turbulence A is about 10% of the large scale L ,  
and support the hypothesis that the integral scale is primarily responsible for the 
mixing in such flows. 

4.5. Large-scale features of the concentration pattern 

The photographs presented in figures 1-3 and the digital images of the type shown 
in figures 7 and 8 suggest that  the dimension of the large structure is comparable with 
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the local flow width, and that it convects with the local convection velocity. 
Sreenivasan et al. (1979) analysed thoroughly the temperature and velocity time 
traces in a slightly heated turbulent air jet. Based on an ensemble-averaging 
procedure they found that ramp-like structures in the temperature (tracer) signal, 
whose time extent was comparable with the large-scale time of the flow, were 
statistically significant, and caused a breakdown of local isotropy. It is natural to 
associate these large-scale patterns with the signature of the large-scale structure 
observed in the far-field jet flow. Furthermore, a comparison between gas-phase and 
liquid-phase jets is of interest, because of the anticipated effects of the Schmidt 
number in the molecular mixing process. 

For these reasons, a conceptually similar analysis of the concentration time traces 
was undertaken for the flows considered here. The concentration time signal was 
processed by the ensemble-averaging technique of Sreenivasan et al. which is outlined 
here. First, the duration (time interval) between two successive instants a t  which the 
signal exceeds, during an upcrossing, and falls below, during the subsequent 
downcrossing, a preset threshold is determined. If the duration lies within the range 
of interest, the amplitude level of the signal is obtained, by interpolation if necessary, 
a t  S equally spaced points within the excursion. (For convenience, X is chosen as the 
ratio of the mean duration over the sampling interval.) A subsequent excursion in the 
same range of duration is treated similarly, and the amplitudes a t  the S points are 
added to the previous set of values a t  the corresponding locations. The ensemble 
average, denoted by ( ), is obtained by dividing the sum a t  each of the S points by 
the total number N of excursions belonging to the chosen range of duration. For 
convenience, the expression ‘duration T’, is used to signify ‘range of duration 
centred about 5?’, where 5? denotes the arithmetic mean of the extreme values of the 
chosen range. The interval AT used for selecting members of the ensemble was 0.2T. 
Concentration traces corresponding to several neighbouring points were used to form 
each ensemble average. This not only improved the convergence of the ensemble 
shape, but also made the computed ensemble average more representative of the 
average concentration pattern in the large structure. For the purpose of the present 
analysis, two different probability density functions were also obtained for the 
ensemble. One p.d.f. was computed for the concentration values occurring for the 
leading half of the ensemble shape, and the second p.d.f. for the trailing half. 

Representative ensemble shapes as computed by this procedure are presented in 
figures 22 ( a )  and 23 (a) .  Normalization is performed with the conventionally time- 
averaged concentration value at  the same radial location in the layer. It should be 
noted that for small values of the normalized duration, the ensemble-average shape 
is symmetrical, whereas for durations comparable with the large-scale time an 
asymmetry is introduced. The effect of using a large number of neighbouring points 
(middle curve) for the ensemble is to  smooth the ensemble shape and slightly reduce 
the front to back gradient. The resulting large-structure shape exhibits the 
characteristics that are observed in the digital display images such as figure 7 (a ,  b).  
The concentration value is thus observed to  rise in an abrupt manner in the 
(downstream) front, while it slopes more gradually in the (upstream) back regions. 
These results are in qualitative agreement with the structures observed by 
Sreenivasan et al. in the gas-phase coflowing jet. A quantitative difference is that in 
the present case, the average concentration gradient in the structure is generally 
smaller. Since part of the ensemble-averaged structure shape results from the 
increased (intermittent) presence of low-concentration fluid in the back regions, the 
two separate p.d.f.’s are also presented in figures 22(b) and 23(b) for a clarification 
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FIGURE 22. ( a )  Ensemble-average distributions of excursions in the normalized concentration 
signal in a jet. ( b )  P.d.f. of concentration in front and back regions of large-scale jet structure. 
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FIGURE 23. ( a )  Ensemble average distributions of excursions in the normalized concentration signal 
in a plume. ( b )  P.d.f. of concentration in front and back regions of large-scale plume structure. 

of this issue. These correspond to the case of averaging over a large number of 
neighbouring pixels (middle curve of figure 22a) where some smoothing occurs. It is 
observed that the front-region p.d.f. is generally shifted with respect to higher values 
than the back-region p.d.f. This establishes that in the front region of the large 
structures there is a higher probability for the occurrence of high concentration fluid. 
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4.6. Axial profiles of concentration and convection velocities 
The fluorescence profiles taken along the flow axis were converted to concentration 
profiles according to the procedure outlined in $3.2 and are presented in digital image 
format in figure 24 (a,  b). For this presentation instantaneous values of concentration 
have been divided by the local time-averaged values. A high value of the intensity 
thus corresponds to an unusually high value of the instantaneous concentration for 
the particular axial location ; black corresponds to clear ambient fluid. The vertical 
axis is time and the 960 longitudinal concentration profiles, displayed as horizontal 
lines in these figures, span 42.7 s on the time axis. The entire axial range of flow is 
shown on the horizontal axis by skipping one pixel per one displayed. The strongly 
intermittent character of the plume flow (figure 24b) for a large part of the imaged 
axial range is noteworthy. It is also of interest that,, confirming the earlier 
observations in jets by Dimotakis et al. (1983), the scaling required on dimensional 
grounds, t - x2 for the momentum-driven flow (figure 24a) ,  and t - x: for the 
buoyancy-driven flow, is obeyed only in an average sense for a particular 
concentration pattern. Most t-x patterns are somewhat piecewise linear. However, 
parabolic shapes for the overall t-x patterns are obtained in the jet flow by the 
connection of such piecewise linear segments. Groups of segments having an 
apparent common slope may be considered as belonging to a single ‘structure’. The 
size of individual linear segments scales with axial distance, as required by similarity. 
A visual estimate is that the size of most such segments is about one local jet 
diameter ( 0 . 4 ~ ) .  The axial extent of the groups also scales in the same manner, 
suggesting that convection velocities are constant within each individual large 
structure. The variations in slope observed a t  a particular axial location as a function 
of time show how the convection velocity may vary from structure to structure. 
Segments with different slopes meet when a faster upstream structure ‘rear ends’ a 
slower one downstream. This is not the case for the plume, where structures do not 
seem to ‘interact’ in this manner. The front segments of large structures, in 
accordance with the results obtained from the radial measurements, are observed to  
be a t  a high concentration relative to the rest of the structure segments. Often, the 
high value (in a relative sense) at the structure front persists for a local lengthscale 
of the order of the local jet diameter. The high concentration values at fronts are 
more pronounced in plumes than in jets and they persist for a greater distance. 

These t-z digital concentration data were used to  evaluate the evolution of the 
axial convection velocity as a function of the distance from the flow source. For each 
axial location xo,  a correlation function R(so, 6) was evaluated by the following 
procedure. At each time instant t ,  in the record, the concentration pattern in a 
neighbourhood of xo was first obtained by cubic spline interpolation over a number 
M of adjacent points. This step was repeated for the next time instant t, + At in the 
record (here At = 0.04448 9). The function R(x,, 6 ;  t , )  was then formed by summing 
the products C(zo+m,  t,)C(x,+m+& t ,+At )  over the index m = 1, M (the index 
defining the interpolated range). The procedure was repeated for all 5120 scans in the 
data set, and R(xo ,  6) was obtained by averaging over time. For each axial location 
considered, the correlation function so obtained is a smooth function of 6, with a 
single maximum. The average convection velocity at the location xo was then 
obtained from the position t,,, of the maximum of each correlation function by UC 
= gmax/At. These data are plotted as a function of the axial distance in figure 25, 
along with the direct measurements of the mean centreline velocity data for jets and 
plumes taken in our facility by Papanicolaou & List (1988). The results agree 
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FIGURE 24. A time sequence of 960 concentration profiles along the axis of jets and plumes 
showing the t-IL. trajectories of structures; (a )  jet, (b )  plume. 
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FIGURE 25. Convection velocities on the axis of jets and plumes derived from data in 
figure 24(a ,b )  by correlation analysis (+ )  plotted with data from Papanicolaou & List 
( 1988) ( 0 1. 

remarkably well for jets, where the data point shown is the mean of 10 realizations 
of the convection velocity. For plumes the data do not agree quite so well, but 
nevertheless indicate that the convection velocity is very close to the mean flow 
velocity on the plume centreline. The data confirm that the transition from jet-like 
to plume-like behaviour occurs in a rather narrow axial range. 

It should be noted here that the axial measurements of concentration are 
inherently not as precise as the radial measurements. The reason for this is that the 
dye concentration drops by about 2 orders of magnitude along the imaged range as 
a result of dilution. Although the experimental conditions were arranged so that the 
effect of dilution was partly offset by the effect of beam attenuation along its traverse 
towards the flow nozzle, the conversion from fluorescence data to concentration data 
(see $3.2) required a large correction, which effectively reduced the signal-to-noise 
ratio a t  the smaller values of x .  Additional difficulties arise from the severe non- 
uniformity in flow scales as a function of x. The decreasing resolution near the jet 
orifice (due to the higher fluid velocities near the flow source) inevitably introduces 
the ‘smearing’ effect discussed in $3.1. For these reasons the axial measurements 
were only used to obtain the average dilution along the flow axis, and not 
quantitative values of the higher moments of the p.d.f. as a function of 5. The 
estimated axial convection velocities are presented, however, since it is believed that 
they are not affected by such an inadequacy of resolution and the data in figure 25 
tend to confirm this. 

5. Discussion and conclusions 
5.1. Organized mixing in the far Jield of buoyant jets 

The results of the present investigation show that the entrainment mechanism in the 
buoyant jet flow is dominated by large-scale motions. These large scales are engulfing 
unmixed ambient fluid and transporting it ,  in significant quantities, deep into 
regions in the flow interior where it can be subsequently mixed (molecularly) by the 
shearing action of smaller eddies. The instantaneous concentration pattern observed 
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in the flows under study shows that the entrainment mechanism cannot be viewed 
in terms of a ‘diffusive propagation’ of the interface between ‘turbulent’ and ‘non- 
turbulent’ fluid. I n  addition, our observations generally do not support any flow 
modelling schemes that obtain closure of the equations of motion by employing 
eddy-diffusivity and gradient transport concepts to problems of scalar transport and 
turbulent mixing. Whether such concepts can still be applied in an ensemble-average 
sense, as they are applicable to a Brownian motion which is also made up from 
discrete events is an interesting conjecture. 

It is observed, on the basis of flow visualization and quantitative measurements, 
that  both the momentum jet and the buoyancy-driven plume exhibit a periodicity 
associated with the passage of large-scale flow structures past the measuring station. 
Our observations of the momentum jet flow are in qualitative agreement with the 
earlier observations of Dimotakis et al. (19831, Zaman & Hussain (1984), and Dahm 
(1985). The observations of both jets and plumes suggest that the large-scale flow 
organization depends only on the local large length- and timescales, and not on the 
nature of the driving force. Despite the observed similarity in the large-scale 
structure of the concentration field in both jets and plumes, it is to be expected that 
since the flow evolution as a function of axial distance is markedly different in each 
case, the effect of buoyancy causes significant differences in the instantaneous 
concentration pattern, as well as the details of the entrainment process. 

In the momentum-driven jet, a central conical region may be identified where the 
time-averaged local concentration is relatively uniform and generally at a higher 
concentration than that of the surrounding mixed fluid. At any fixed axial location, 
flow visualization in a transverse plane reveals that the cross-sectional area of this 
region changes shape in a cyclical manner, growing from an initially small region 
around the centre to a region encompassing the entire flow extent. Since this cyclic 
phenomenon, exhibiting itself in the cross-correlation functions, has a period equal 
to the large-scale time T = L/U,, it is considered to be the signature of the large-scale 
structure. Similarity requires that this flow structure have the same features a t  any 
axial location as long as the driving forces are conserved. The process of entrainment 
is associated with the continuous engulfment of parcels of ambient fluid of various 
sizes from the side and back regions of these structures (viewed in a Lagrangian 
frame convecting with the structure). The conditional velocity measurements 
performed by Sreenivasan et al. (1979), as well as the measurements of Komori & 
Ueda (1985) appear to show that the large structures possess coherent vorticity in 
the axial direction. This vorticity would indeed cause the entrainment of ambient 
fluid mainly from the back regions in large ‘ tongues ’. On the other hand, the lack of 
azimuthal coherence of these tongues observed from flow visualization, as in figures 
1-3, appears to indicate that this axial vorticity is neither very st,rong nor very 
coherent. Visualization of plume flows in a transverse plane appear to indicate that 
smaller, strongly three-dimensional eddies (with vorticity vector in the radial or axial 
direction) are also responsible for the immediate engulfment of ambient fluid. This 
process may be analogous to the developed plane shear layer where, after the mixing 
transition, the secondary longitudinal vortex structure results in the higher values of 
entrainment and enhanced mixing observed by Breidenthal (1981), and Bernal & 
Roshko (1 986). 

At any axial location, the highest local concentrations are usually associated with 
the time instant of the arrival of a large-structure front. This was observed from 
digital data flow images such as in figure 7 ( a ,  b ) ,  and was demonstrated in a 
quantitative fashion by means of an ensemble-averaging procedure. This feature of 
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the jet flow is in agreement with the results of Sreenivasan et al. (1979) for a gas-phase 
momentum jet, although the concentration gradient in the axial direction is stronger 
in the low-Sc jet. 

The mean local concentration at a point in space is formed in a probabilistic 
manner by the presence of fluid parcels a t  a variety of concentration levels. The range 
of possible concentrations in the momentum jet extends from unmixed fluid to about 
twice the local mean maximum value, in general agreement with the results of 
previous investigations. This range is considerably narrower than the range of 
possible concentrations in the buoyant plume. 

The large-scale buoyant plume structure may be thought of as a buoyant vortex 
ring, with a large-scale passage periodicity scaling with LIU, as in the momentum jet 
flow. This structure is observed to possess a frontal region with very high 
concentration, the relation of local concentration values to the local density 
difference, and hence to the buoyancy force, implies that  the downstream region 
must move faster than the rest of the structure, and that the entrainment and mixing 
proceed primarily from the side and back side regions. It may be also suggested that 
pressure forces, related to  the acceleration of the buoyant structure, play an 
increased role in bringing ambient fluid in the flow interior through the back regions. 
The variance in the position of arrival of a large-scale structure increases under 
buoyant conditions. This results in a motion that may be associated with the visually 
observed puffiness of the entire plume column. The large-scale plume structure seems 
to be structurally and dynamically similar to the buoyant ring considered by 
Middleton (1975) for his model of a plume cap. I n  this model, the entrainment into 
the cap takes place primarily from the rear regions. 

5.2. Effects of buoyancy on entrainment and mixing 
Dimensional arguments (Fischer et al. 1979) imply that the entrainment mechanism 
is much more efficient in the buoyancy-driven flow than in the momentum-driven 
flow. The present study offers an detailed view of this efficient entrainment 
mechanism. Flow visualization in a transverse plane reveals vortical structures of the 
dimension of the integral scale A with vorticity vectors along the radial direction to 
be active in the engulfment and molecular mixing of ambient fluid. During their roll- 
up, thin strained filaments with very high local concentrations are brought together 
with clean ambient fluid. The quantitative measurements showed that local 
concentration values in these strained filaments may reach values as high as 4 times 
the local mean maximum value. A qualitative similar mechanism is in action in the 
momentum jet. However, in the buoyant flow, an eddy-containing fluid emanating 
from the flow source will possess a dynamic of its own, as directed by its own buoyant 
force ; therefore, it is capable of generating shear, and entraining and mixing ambient 
fluid. It is the interaction of a variety of such eddies with the large structure that 
displays the time-averaged plume behaviour. The present measurements reveal that  
the buoyant flow is markedly more intermittent than the momentum flow. This is 
associated with a more pronounced wandering of the central part of the plume 
column than in the jet, and with the stronger eddying motions. The higher value for 
the probability of detection of ambient fluid in the plume interior is intimately 
associated with the greater entrainment rate in the buoyant flow compared with the 
momentum flow. It is also responsible in part, for the high values of the r.m.s. 
fluctuations observed in the plume flow. 

The present results indicate that the effects of buoyancy are felt primarily a t  scales 
smaller than the large scale of the flow. A direct measurement of the spatial 
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correlation in the concentration field reveals that  buoyancy acts to decrease the 
degree of correlation in the direction normal to  the direction of gravity. On the other 
hand, measurements show that scales are left largely unaffected along the direction 
that buoyancy forces act. Therefore, i t  is implied that there is a lack of homogeneity 
in the plume flow even a t  small scales, with the preferential direction being the 
direction of gravity. The overall effect of buoyancy is more pronounced at  the small 
scales of the flow. 

An important feature of both the momentum-driven and buoyancy-driven flows 
that was investigated is the strongly intermittent character of the concentration 
field. The intermittency of the buoyant plume is found to be very significant across 
the entire radial extent of the flow region. The description of transport processes by 
means of differential equations that utilize gradient diffusion concepts presupposes 
continuity of the turbulence in the entire region considered. It has been demonstrated 
that this is not the case, and that the deviation from such uniformity is dramatic for 
the buoyant flow. Therefore, it is suggested that models that incorporate the large- 
scale organization observed in the flow are more appropriate for the description of 
the transport and mixing processes. 
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