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In order to investigate the role of coherent structures as mechanisms of scalar dispersion, we
studied measurements of a passive scalar plume released in a uniformly sheared turbulent
flow generated in a water tunnel. The flow had homogeneous turbulence properties in the
measurement domain and contained hairpin vortices similar to those in boundary layers, and
so was an ideal test bed to study the effects of coherent structures on turbulent dispersion,
free from the effects of inhomogeneities or boundaries. Measurements of the velocity and
concentration fields were acquired simultaneously using stereo particle image velocimetry and
planar laser induced fluorescence. We found that dye was preferentially located far away from
vortices and was less likely to appear in close proximity to vortices, which is attributed to
the high dissipation at the periphery of the vortices. However, we also found that dye was
not directly correlated with the uniform momentum zones in the flow, suggesting a more
complex relationship exists between these zones, the locations of vortices, and dye transport.
Considering scalar flux events rather than simply the presence of dye as our condition of
interest, a conditional eddy analysis demonstrated that hairpin vortices are responsible for
the large scalar flux events as well as the large Reynolds stress events in the flow. The fact
that the Reynolds stress was correlated with the scalar flux further confirmed that coherent
structures are dominant mechanisms for scalar transport. Furthermore, we found that the
scalar flux vector was preferentially inclined by 155° and —25° with respect to the streamwise
direction, and was thus approximately orthogonal to the planes of the legs of the most common
upright and inverted hairpin structures in the flow. These findings demonstrate that coherent
structures play an important and intricate role in turbulent diffusion.
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1. Introduction

Coherent structures are the recurring, dominant, vortical, large-scale flow patterns
that are ubiquitous in turbulent flows. Previous experimental and numerical stud-
ies have shown that hairpin vortices are the predominant coherent structures in
turbulent boundary layers [1, 2] as well as in other shear flows [3, 4]. The generation
of such structures has been explained by the lifting and stretching of quasi-two-
dimensional roller vortices. Coherent structures have been shown to be a primary
mechanism for the generation of Reynolds stresses that dominate the transport of
momentum, so that their control has become an essential approach for drag and
noise reduction.
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As a corollary of Reynolds analogy, which connects heat and mass transport to
momentum transport, one would expect that coherent structures should also be
largely responsible for scalar transport. This connection has been demonstrated
qualitatively by flow visualizations of scalar field patterns in turbulent boundary
layers [5—7]. More recently, the presence of hairpin vortices has been observed
in isocontours of a scalar field obtained by direct numerical simulations [2]. It
has also been suggested that the uniform momentum zones that are created by
hairpin vortex packets in turbulent boundary layers coincide with zones of uniform
concentration [8, 9].

The effects of coherent structures on scalar transport are particularly important
in the context of environmental flows. In the atmospheric surface layer, the ejec-
tion and sweep motions that are typically associated with coherent structures have
been shown to be responsible for much of the land-surface evaporation, heat and
momentum fluxes [10-14]. Coherent vortices have a significant impact in quasi-
geostrophic flows in the ocean and the atmosphere; in such flows, scalars seeded
within vortices were seen to experience lower dispersion than in the free stream, and
to become, in a sense, islands of stability [15]. Investigations of particle dispersion
have also demonstrated that coherent structures are responsible for particle clus-
tering, which has direct ramifications to reactive flows such as combustion as well
as to droplet coalescence and the formation of clouds in the atmosphere [16, 17]. A
better understanding of the role of coherent structures in scalar transport is also
important for the refinement of turbulent diffusion models.

In view of the importance of scalar dispersion in many applications, it is rather
surprising that the role coherent structures play on the dispersion of passive scalars
has not yet been studied quantitatively and systematically in the laboratory. The
goal of the present work is to investigate both qualitatively and quantitatively the
influence of coherent structures on turbulent dispersion. This work follows earlier
studies of the diffusion of a plume of dye released from a point source in uniformly
sheared flow (USF) generated in a water tunnel [18, 19]. The turbulence in fully
developed USF is nearly homogeneous but strongly anisotropic, and has a large-
scale structure that is dominated by hairpin-shaped vortices [3], comparable to
those found in turbulent boundary layers. This article is an extended version of a
paper presented recently at the TSFP-9 conference [20]; we have now included a
more detailed description of our techniques, additional examples and discussion of
the influence of vortices and updated several figures; most importantly, we have
included new analysis of experimental results that document the role of uniform
momentum zones that occur in USF as well as in turbulent boundary layers [1, 3,
9, 21-23] and have analyzed the orientation of the scalar flux vector with respect
to the orientation of the coherent structures [3]. A description of the experimental
apparatus and measurement techniques is provided in section 2. In section 3, we
describe our analysis of the relative positions of dye patches, coherent vortices,
and uniform momentum zones. In section 4, we analyze the scalar flux events,
including a conditional eddy analysis to explore the mechanisms associated with
instantaneous scalar flux events and a probabilistic analysis of the scalar flux vector
orientation. We finish by summarizing our main conclusions.

2. Apparatus and flow conditions

Experiments were performed in the University of Ottawa’s recirculating water tun-
nel. Figure 1 presents a sketch of this experimental facility and the main instru-
mentation for this experiment. Uniform shear was generated in the test section of
the water tunnel with the use of a shear generator located at the entrance to the
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Figure 1. Top and side views of the experimental apparatus and main instrumentation in the water tunnel
test section; L = 25.4 mm is the spacing of the shear generator.

test section. The mean and turbulent properties of the flow have been documented
in detail in an earlier article [3]. The mean streamwise velocity at the centre of
the channel was U, = 0.18 m/s. All measurements were confined to the central
core of the channel, within a domain of approximately 100 mm x 100 mm, which
was located at least 150 mm away from any boundaries or the free surface. In this
region, the mean velocity profiles were linear and the turbulence properties were
nearly homogeneous on transverse planes. The turbulent stress tensor was strongly
anisotropic and the turbulence Reynolds number was Re) ~ 150. The turbulence
integral lengthscale was initially set by the shear generator spacing, L = 25.4 mm,
and was much smaller than the dimensions of the flow domain.

Previous measurements in USF have documented the prevalence of hairpin-
shaped vortices as the dominant coherent structures [3]. These structures have
similar characteristics to those found in turbulent boundary layers at compara-
ble Rey with an important difference: both upright and inverted hairpins have
been observed in USF, with idealized shapes as illustrated in figure 2, whereas, in
turbulent boundary layers, only upright structures exist, as the wall presumably
suppresses the development of inverted hairpin vortices. Furthermore, in USF, co-
herent vortices are distributed evenly throughout the flow and are undisturbed by
walls and intermittency. This makes USF an ideal test bed for studying the effects
of coherent structures in the absence of extraneous effects.

In this experiment, an aqueous solution of fluorescent dye (Rhodamine 6G) with
a source concentration of Cg = 0.3 mg/¢ was released isokinetically from a fine
tube located in the centre of the tunnel in the fully developed region of the flow,
where the turbulent kinetic energy and other properties grow exponentially [3, 24].
The density of the dye solution matched that of water so buoyancy effects were
negligible. This dye has a Schmidt number of 2500+300 [25], which implies that
molecular diffusion was extremely weak and that the diffusion of the dye was
dominated by turbulent motions.

Simultaneous measurements of the instantaneous velocity and concentration
maps were obtained using stereoscopic particle image velocimetry (SPIV) and pla-
nar laser-induced fluorescence (PLIF) in planes normal to the flow direction. In
this paper, we present measurements acquired at a distance of x1/L = 28 from the
tip of the injector nozzle, where the dye was dispersed significantly but remained
relatively coherent so that it contained regions with relatively high concentration
levels. The SPIV system provided maps of all three components of the turbulent
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Figure 2. Sketches of (a) an upright and (b) an inverted hairpin vortex (adapted from [3]).

velocity and consisted of two cameras (Imager Pro X 4M, FlowMaster, LaVision)
with illumination provided by a ND:YAG pulsed laser (Solo PIV 120XT, New
Wave Research). In order to accommodate the oblique viewing angle required for
taking measurements in cross-sections normal to the flow, all cameras were fitted
with Schiempflug adapters; moreover, liquid prisms were used to prevent the op-
tical aberrations due to horizontal astigmatism. Maps of the concentration were
acquired using planar laser-induced fluorescence (PLIF) techniques from measure-
ments of the dye fluorescence obtained with a third digital camera (PCO-Edge),
synchronized with the SPIV system. This camera was fitted with a long-pass filter
with a sharp cut-off at 540 nm in order to capture only the fluorescent light emitted
by the dye. The intensity of the fluorescence was then converted to a concentra-
tion value, based on calibration measurements, which were performed before the
experiment in a series of tanks; each tank contained dye with a uniform concentra-
tion and was in turn submerged in the water tunnel so that it occupied the same
field of view as the one during plume measurements. Details of the measurement
procedure and the plume characteristics have been published in previous articles
[18, 19, 25].

3. The relative positions of dye patches, vortices and uniform momentum
zones

As a first step towards identifying any possible connection of scalar dispersion to
the actions of coherent structures, we investigated whether the locations of fluid
marked by dye were correlated with or otherwise related to the locations of vortices
and uniform momentum zones.

3.1. Vortex identification

The hairpin vortices in the present USF had wide ranges of orientation, but, most
frequently, their axes were found to be nearly parallel to the ;1 — xo plane. Thus,
the intersections of the cores of these vortices and the presently used sheet of light,
which was parallel to the xo — 3 plane, were expected to have nearly elliptical
shapes. This expectation formed the basis for developing an algorithm that was
applied to the SPIV velocity maps and was capable of identifying the locations,
strengths and orientations of vortices in the flow. Following the method described in
[3, 26, 27], this algorithm identified “cores” of vortices as regions of the flow where
the swirling strength A.; exceeded a specified threshold A¢,,. The swirling strength
was determined with the same spatial resolution the velocity measurements. In the
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present analysis, the threshold was defined as
)\th = 10)\ci,av ) (1)

where A4y Wwas the local average swirling strength, which was determined by
ensemble-averaging 500 independent measurements. The use of this threshold ex-
cluded small vortices and identified only the strongest vortices in the flow, thus
meeting our objective to consider only large vortices. The cross-sectional area of
each vortex core was subsequently determined by an area-growing part of the al-
gorithm as the region around each core in which the swirling strength exceeded a
boundary threshold of

Ab = 0.2 (2)

Then, an ellipse with the minimum area was fit to the boundary of each vortex
core, the vortex centre was identified as the mid-point between the two foci of the
ellipse and the vortex core diameter was defined as the average of its major and
minor axis lengths. The sensitivity of the vortex core diameter estimate to the
value of the boundary threshold was determined by repeating the analysis with a
100% higher value of \p; this resulted in a mere 20% decrease in the average vortex
diameter, which was deemed sufficiently small for the present purposes. Overall, we
found that this method successfully distinguished neighbouring vortices, especially
pairs of counter-rotating vortices, which were presumably the two legs of hairpin
vortices; the two vortices in such pairs had vorticities of opposite signs and were
separated by regions in which the swirling strength was negligible.

Figure 3 illustrates the various steps of this algorithm by a representative exam-
ple. Figure 3a is a map of instantaneous in-plane velocity vector projections on the
9 —x3 plane, coloured by the streamwise velocity magnitude. Figure 3b illustrates
the corresponding swirling strength map, which is used to identify the discrete vor-
tices present. Finally, figure 3¢ shows the identified vortices superimposed on the
original streamwise velocity map; the vortices are enclosed by fitted ellipses and
velocity vectors within each vortex are presented relative to the convection velocity
of each vortex to illustrate the direction of local rotation. As demonstrated in this
example, the vortices were roughly evenly distributed throughout the flow, in con-
cordance with the homogeneity of the turbulence. Several pairs of counter-rotating
vortices are apparent, which are interpreted as cross-sections of hairpin vortices.
One particularly strong vortex pair is shown to induce displacement of low-speed
fluid towards a region of higher velocity.

3.2. The locations of dye patches vis-a-vis the locations of vortices

The complex relationship between the locations of vortices and the presence of
dye is demonstrated in figure 4, which consists of four representative instantaneous
snapshots of the concentration field, together with the vortices that were identified
from the simultaneous velocity measurements. These snapshots were chosen to
contain at least one strong pair of vortices (a.k.a. the legs of a hairpin vortex) in
the vicinity of a vivid dye patch. Two different patterns of forceful scalar transport
enacted by these vortices can be seen readily in these figures. In the first pattern,
illustrated in figures 4b and c, dye surrounded one or both legs and occupied
much of the space between them; it is presumed that these images correspond to
dye that happened to be injected so that it marked some fluid in the “base” of
the vortex, which in time got induced to move between the pair, following the
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Figure 3. A representative illustration of the main steps of the vortex identification algorithm. (a) Instan-
taneous map of in-plane velocity vectors with superimposed flood contours of the streamwise velocity; the
direction of the z1 axis is out of the page. (b) Isocontours of swirling strength multiplied by the sign of
vorticity; contours of ellipses fitted to regions with significant swirling strength are shown and assumed to
demarcate vortex cores. (c) Vortices identified in (b) are shown together with local maps of the in-plane
projections of the velocity vector relative to the vortex convection velocity; flood contours of the streamwise
velocity are shown as well; bold ellipses mark a strong counter-rotating vortex pair and may be construed
as the cross-sections of the legs of a hairpin vortex, which induces upwards motion of low-speed fluid.

direction of the arrows drawn in the plots. In the second pattern, illustrated in
figures 4a and d, dye occupied mostly space away from the vortices in the direction
of the induced motion of the fluid; it is presumed that these images correspond to
dye that happened to be injected so that it marked fluid that was on the other
side of the vortex base and so it did not pass between the pair but was instead
displaced further away by fluid that did. All four examples are evidence that hairpin
vortices vigorously transported dye in a manner that was consistent with their
orientations, thus making strong contributions to its dispersion. Nevertheless, it
was also realised that observation of dye patches alone could not reveal consistently
the locations of these vortices, because the dye injection process was independent of
the vortex generation mechanism and so the initial relative positions of dye patches
and vortices were random. Statistical analysis of simultaneous swirling strength and
concentration maps further showed that there was no significant cross-correlation
between dye concentration and vortex locations.

3.3. The proximity of dye to vortices

To further investigate any possible relationship between the locations of regions
containing dyed fluid and the locations of vortices, we calculated the average local
volume fraction x(r) of dyed fluid, as a function of distance r from the nearest
vortex centre. This property is deemed to indicate the likelihood of dye presence at
the given distance. To calculate x(r), we first identified the vortex that was nearest
to each pixel in the measurement domain and then determined the distance between
the pixel and the vortex centre. Finally, we computed the volume fraction as

() - T ®)

This parameter represents the ratio of the number of pixels N(r) located at a
distance r from the nearest vortex centre that had non-zero concentration and
the total number of pixels located at that distance. The corresponding results are
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Figure 4. Four representative instantaneous maps illustrating the influence of coherent structures on dye
transport. Plot (a) corresponds to the same instant as figure 3. Colour contours mark the concentration
field in a logarithmic scale. Vortices are indicated by ellipses, with vectors indicating the local in-plane
relative velocity. Pairs of relatively strong counter-rotating vortices, marked by bold ellipses, are generally
seen to induce flows which displaced dyed fluid.

presented in figure 5, in which we normalized r by the mean vortex radius R = 0.07L
and x(r/R) by the overall volume fraction X in the entire measurement domain.
The likelihood of dye presence was lowest at the edge of the vortex, where the
circumferential velocity was highest. This indicates that there was some segregation
of dye in the core of the vortex as well as a tendency for dye to move away from
the core. On the other hand, the likelihood of dye presence changed only slightly
across the flow, which is consistent with the observed lack of significant correlation
between dye concentration and vortex location. The trend of dye volume fraction
can be explained by the following conjecture: dye that was injected into the vortex
core would generally stay in the core, whereas dye that was injected outside the
core could be wrapped around it or pushed away by transverse motions induced by
a vortex pair, without penetrating the vortex core. Because flow regions between
hairpin vortices are known to have, in general, nearly uniform momentum [3],
it seems worthwhile to examine a possible relationship between dye patches and
uniform momentum zones; this will be the subject of the remainder of this section.

3.4. Uniform momentum zone identification

The term Uniform Momentum Zones (UMZs) has been used to describe regions of
relatively uniform velocity, which have been observed to appear in the centres of
packets of quasi-streamwise hairpin vortices in turbulent boundary layers [1, 21—
23, 28]. Turbulent boundary layers contain a hierarchy of UMZs, with typically two
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Figure 5. Dependence of the normalized average local volume fraction of dye on the normalized distance
from the nearest vortex centre; uncertainty bars indicate the standard deviations of measurements at
streamwise positions having z1/L = 20, 28, and 35.

to five UMZs across their thickness at any given time; the size of these zones has
been seen to increase with wall-normal distance [23]. Most previous investigations
identified UMZs by analysing instantaneous velocity maps that extended from the
wall to the edge of the boundary layer, thus capturing all UMZs to their full wall-
normal extents. The range of possible velocities in each map was bounded from
below by zero and from above by the freestream velocity. In such cases, histograms
of the values within each instantaneous streamwise velocity map exhibited well-
defined local peaks, which were then unambiguously construed as the nominal
velocities within different UMZs [21-23].

UMZs are also known to appear in USF, separated by shear layers containing
vortices [3]. Nevertheless, unlike turbulent boundary layers, USF is not subjected to
the bounding effects of the wall and the freestream. As a result, the identification of
UMZs in the present USF as peaks in histograms of the instantaneous streamwise
velocity was unsuccessful and needed to be adapted to the particular conditions of
UMZs in USF. To illustrate this procedure, figures 6a,d present two representative
instantaneous streamwise velocity maps, taken at the same instants as the plots
shown in figures 4a,b. The corresponding velocity histograms, namely the prob-
ability density functions (PDFs) of the streamwise velocity P(U;), are shown in
figures 6b,e. Unlike UMZs in turbulent boundary layers, UMZs in USF appeared
at random transverse locations with respect to the map boundaries and those that
occurred near the edges of the map often extended beyond the considered domain.
Consequently, peripheral UMZs contributed fewer values to the population used
for computing the histogram than centrally located UMZs and histogram peaks
corresponding to peripheral UMZs were difficult to distinguish because they were
much smaller than central peaks. This problem was exacerbated by the fact that
the velocity in USF was unbounded on both sides and so the histograms had long
tails, corresponding to fluid with velocities that were significantly higher or lower,
respectively, than the averages at the upper and lower edges. Clear evidence for
the bias in favour of central UMZs is provided in figures 6b,e by the bell-shaped
appearance of the time-averaged PDF, P(U;), calculated by averaging the PDF
of 500 different snapshots. To compensate the instantaneous histograms for this
bias, we have normalized them by P(U;). The peaks of the corresponding com-
pensated histograms, shown in figures 6¢c,f, have been construed to indicate the
velocities of the UMZs in the present USF. Had the PDFs not been corrected for
this bias, UMZs located at the edges of the domain would not have been identified.
The boundaries between adjacent UMZs have been defined as the halfway points
between these peaks [23] and contours at the boundary velocity values have been
drawn in the velocity maps (figures 6a,d) as thin black lines. In both examples
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Figure 6. (a,d) Two representative instantaneous flood maps of the normalised streamwise velocity Uy /U,
with superimposed dye patches, shown as white regions; thin black lines mark the boundaries between
uniform momentum zones (UMZs). (b,e) Instantaneous histograms (PDF) P(U;) of the streamwise veloc-
ity, in the form of black-bar plots, together with white bars indicating the portion of each black bar that
corresponds to dyed fluid; the time-averaged PDF P(U1) is indicated by a dashed blue line. (c,f) Relative
histograms P(U;) normalised by P(U;); peaks marked by red circles are construed to be UMZs, with their
boundaries marked by dotted black lines.

shown, five UMZs were detected resulting in four bounding lines appearing on the
velocity maps. Though the highest velocity UMZ occupies only a very small area
in each image, these zones undoubtedly extend further outside the measurement
domain.

3.5. The locations of dye patches vis-a-vis uniform momentum zones

Several previous investigations have suggested that dye distribution is connected
with UMZs [8, 9], but a rigorous analysis of the relationship between scalar trans-
port and UMZs has yet to be presented. In particular, Michioka and Sato [8] noted
in their large-eddy simulation of a two-dimensional street canyon that instanta-
neous concentration contours often coincided with regions of low-momentum fluid.
In addition, Eisma et al. [9] observed that the concentration field of dye released
passively within a turbulent boundary layer in a water tunnel exhibited zones of
uniform concentration that roughly overlapped with UMZs. In both of these cases,
the scalar was released close to the wall and permeated the entire boundary layer.
As both hairpin packets and UMZs originate from the near-wall region [21], it
seems possible that, in these studies of boundary layers, dye was collected inside
UMZs during their generation and remained within them as they moved away from
the wall.

In the present case of a USF, UMZs were distributed randomly throughout the
flow domain and had no systematic connection with the injection point of the dye.
The purpose of our analysis was therefore to test whether dye was preferentially
located within UMZs, despite the fact that the dye injection source was unrelated
to the source of the UMZs. A prevalence of dye inside UMZs, by comparison to
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that in the background turbulence, would suggest that UMZs have an inherent
mechanism that is capable of attracting and retaining dye, irrespectively of its
injection characteristics.

In order to obviate any possible relationship between the UMZs and the dye, we
have superimposed the regions containing fluid with a non-zero dye concentration
on the velocity maps in figures 6a,d. In neither example was the dye confined within
a single UMZ. In figure 6a, dye appeared within three different UMZs, in rough
alignment with the UMZ interfaces. In figure 6d, a large portion of the dye was
concentrated near the edge of the central UMZ, which had a velocity that was
approximately equal to the centreline average, but some dye also spilled into the
adjacent UMZ, which was at a slightly higher velocity. We found that the patterns
observed in these two examples were very common and that, while large portions
of the dye were often contained within UMZs, the boundaries of the dye patches
consistently appeared to follow the folds of the interfaces along the shear layers that
separated the UMZs. The fact that the dye did not necessarily remain contained
within a single UMZ, but was able to spill over into adjacent UMZs as well, is also
illustrated by the fact that the velocity histograms P(U;|C > 0) of dye-containing
fluid, shown as white bars in figures 6b,e, overlapped with more than one UMZs.

3.6. Further discussion

The previously presented analysis of simultaneous velocity and concentration maps
has identified no measurable correlation between the locations of dye patches and
either hairpin vortices or UMZs. Before speculating whether this observation would
also apply to other types of scalar fields that may be superimposed passively to
a shear flow, we must consider the particular conditions for the present scalar
injection. Unlike some other experimental studies, the injected scalar plume in
the present flow was particularly slender and so only a very small portion of each
cross section of the flow was at any time occupied by fluid containing the scalar.
If a larger quantity of dyed fluid were injected from a single or multiple ports,
then more dye would be inevitably get trapped into vortex cores or UMZ central
regions, where it would remain visible over a long distance from its source, because
of the limited interactions between these regions and the remainder of the flow
and the low molecular diffusivity of this particular substance. In contrast, dye
injected outside these regions would likely get dispersed relatively fast and would
not remain coherent. In such cases, observation of dye patterns away from the
source may generate the impression that dye was transported preferentially into
vortex cores and/or UMZs, which may not actually be the case.

Focusing on the UMZs, we may speculate that, because they exhibit nearly uni-
form momentum, they would also transport a passive scalar nearly uniformly. In
turbulent boundary layers, uniform momentum zones are associated with low-speed
streaks [1] that would induce a scalar flux against the direction of the flow, when
considering a frame of reference moving with the mean convection velocity of the
flow; however, in USF, the UMZs may either be high-speed regions or low-speed re-
gions, depending on whether they are formed by upright or inverted hairpin packets
[3] and may therefore induce scalar flux towards either upstream or downstream.
Regardless of the direction of transport, the UMZs also behave as zones of nearly
uniform scalar flux. It follows that the value of the scalar concentration within
each UMZ would depend largely on the nature of the source of the scalar and the
relative sparsity of the scalar in the flow. In the present experiments, the plume
was very slender and the concentration field was very sparse, and, therefore, when
dye happened to coincide with UMZs, it would likely be transported across them
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Figure 7. Contours of the joint probability density function of the streamwise and transverse velocity
fluctuations (u; and wg, respectively), illustrating the predominance of Reynolds stress events to the Q2
and Q4 quadrants; primes indicate standard deviations.

and build up at their edges. If the concentration field were more widespread, as in
the previous experiments in boundary layers [8, 9], this region of uniform trans-
port might appear as a zone of nearly uniform concentration, and concentration
gradients would tend to build up at the edges of the UMZs, where changes to flux
vector occurred.

Our finding that the locations of coherent structures were not correlated with
locations of fluid containing the scalar does not necessarily contradict Reynolds’
analogy, which was meant to relate the magnitudes of momentum and scalar fluxes.
The current location of a scalar patch would be the cumulative result of all motions
it encountered since its injection into the flow, including those induced by multi-
ple coherent structures, whereas the coherent structures are distributed randomly
throughout the flow domain and are unaffected by the scalar presence. To better
understand the complex relationship between coherent structures and the scalar
field, we will now turn our focus to the scalar flux events themselves.

4. Analyzing the scalar flux events

Having demonstrated that the presence of dye was not a sensitive indicator of
turbulent diffusion mechanisms in the present flow, we now turn our focus to the
analysis of strong scalar flux events. Because we collected simultaneous measure-
ments of all three velocity components and the concentration, we were able to
reconstruct the instantaneous scalar flux vector cu;,i =1,2, 3.

4.1. Conditional eddy analysis

Conditional eddy analysis is a method capable of reconstructing representative in-
stantaneous flow patterns associated with the occurrence of significant flow events.
This approach has been used by previous authors [1, 29] to identify large-scale co-
herent structures in the turbulent boundary layer, as patterns that occurred when
the nearby flow field met the condition of a large Reynolds stress; reconstruction
of the mean flow field resulted in a pattern that had the shape of a typical hairpin
vortex.

In the present work, we first adapted conditional eddy analysis for vortex identi-
fication in USF and then extended it, for the first time, for identification of scalar
transport events. As in turbulent boundary layers, in USF, the Reynolds stress
tensor is anisotropic and the joint PDF of the streamwise and transverse velocity
fluctuations (see figure 7) indicates a proclivity for events in the Q2 (u; < 0 and
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Figure 8. Vorticity maps of the conditionally averaged flow fields based on the presence of (c) large
Reynolds stress events in Q2 and (d) in Q4 and (e) large positive values of cuz and (f) large negative
values of cuz. The flow fields indicate the presence of counter-rotating vortex pairs corresponding with the
cross-sections of (a) upright and (b) inverted hairpin vortices.

ug >0) and Q4 (u; >0 and uy < 0) quadrants, known as ejections and sweeps, and
which is consistent with the negative correlation between u; and ws. It is noted
that, unlike turbulent boundary layers in which a one-sided (“upright”) orientation
of hairpin vortices is imposed by the wall, USF has hairpins in both “upright” and
“Inverted” orientations [3]. For this reason, and following [30], we identified large
Reynolds stress events in both the Q2 and the Q4 quadrants as those that met the
condition

luus| > dujub . (4)

Subsequently, the instantaneous velocity field in the vicinity of each identified event
was shifted so that the origin of its coordinates coincided with the location of the
event. Finally, the conditional flow field was determined as the ensemble average
of all shifted instantaneous flow fields. In addition to this approach, we have also
applied an alternative one, namely Linear Stochastic Estimation (LSE) [31], and
found essentially equivalent results.

The corresponding conditionally averaged flow fields in the cross-sectional planes
normal to the flow are shown in figures 8c,d. Both flow fields are cross-sections
of pairs of counter-rotating vortices with sizes comparable to the characteristic
lengthscale L and consistent with the signatures of a hairpin vortex. Q2 events (i.e.,
ejections) correspond to upright hairpin vortices (figure 8a), whereas Q4 events
(i.e., sweeps) correspond to inverted hairpin vortices (figure 8b).

Subsequently, we determined the conditional eddies that met the scalar flux
condition

lcug| > 4c'ul, (5)

where c is the dye concentration fluctuation. The resulting flow field associated
with large positive cuy events (figure 8e) clearly indicates a pair of counter-rotating
vortices corresponding to an upright hairpin vortex, which is also associated with
large Reynolds stress events in the Q2 quadrant (i.e., ejections). The flow field
associated with large negative cug events (figure 8f) is consistent with the presence
of inverted hairpin vortices, which are also associated with large Reynolds stress
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Figure 9. (a) Contours of the mean concentration C'/Cs with the two regions of interest indicated by
squares. (b-e) Joint PDF's of the streamwise cu; and transverse cug scalar fluxes and the Reynolds stress
ujug, measured at points F and S and normalized by the corresponding standard deviations. The solid lines
indicate the correlation coefficients whereas the dashed lines indicate the correlation coefficients determined
from values conditioned on C > 0.

Table 1. Values of the correlation coefficient between the
scalar flux components cu; and the Reynolds stress ujus.

Point  Scalar flux component p pl(C > 0)>
F cuq +0.14 +0.33
F cug -0.13 -0.30
S cu -0.10 -0.26
S cus +0.07 +0.21

2 The correlation coefficient determined from values con-
ditioned on C > 0.

events in the Q4 quadrant (i.e., sweeps). The conditional eddies identified by the
large scalar flux condition appear to be less distinct than those identified by the
large Reynolds stress condition; this difference is attributed to the fact that scalar
flux events were restricted only within the present slender plume, whereas Reynolds
stress events occurred in the entire flow domain. Nonetheless, these results demon-
strate the link between Reynolds stress events, scalar flux events, and the coherent
structures in the flow. A similar connection between Reynolds stress events and
scalar transport has been found in simulated atmospheric boundary layers over
canopies, in which large sweep and ejection events were a major source of scalar
transport across the canopy [10, 12]; when large Reynolds stress events happened
to occur near scalar interfaces, they generated regions with a large scalar gradient,
called “scalar microfronts” [13]. based on the results of the present conditional eddy
analysis, we may confidently include uniformly sheared turbulent flows to the list
of flows in which coherent vortices are a dominant mechanism for turbulent scalar
transport.

4.2. Correlations between Reynolds stress and scalar flux

In support of the previous assertion, we investigated the possible correlation be-
tween the Reynolds stress and the scalar flux. We present representative measure-
ments at two locations on either side of the axis of the plume, along the mean
velocity gradient direction, near the two inflection points of the mean concentra-
tion profile (points F and S, respectively, as indicated in figure 9a). The joint PDFs
of the scalar fluxes and the Reynolds stress are presented in figure 9b-e. At point
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F, the joint PDF of cu; and wjus is clearly biased to the third quadrant, indicating
a positive correlation between the Reynolds stress and the streamwise scalar flux.
The joint PDF of cuy and uqus is clearly biased to the fourth quadrant, indicat-
ing a negative correlation. Similarly at point S, the joint PDF of cu; and wujus
is biased to the fourth quadrant, indicating a negative correlation, whereas the
joint PDF of cus and ujus is biased to the third quadrant, indicating a positive
correlation. The change of sign of the correlations at points F and S is consistent
with the change of sign of the mean scalar fluxes at these points. The fact that
the correlations involving cu; and cue have opposite signs is consistent with the
fact that the streamwise and transverse scalar fluxes are negatively correlated at
these locations [18]. The values of the correlation coefficients are presented in ta-
ble 1 and are also indicated by lines in figure 9. The fact that the magnitudes of
these correlation coefficients were fairly low is attributed to the highly intermittent
nature of the present plume, which is a consequence of its slenderness; therefore,
correlation coefficients were also determined considering only fluid that contained
some dye (C > 0). The resulting conditional correlation coefficients were signif-
icantly larger in magnitude than the unconditional ones, which further supports
the conjecture that coherent structures simultaneously transport both mass and
momentum. We note that significant correlations between the Reynolds stress and
the fluxes of heat and water vapour were also observed by Li & Bou-Zeid [11] in
the atmospheric surface layer.

4.3. The orientation of the scalar flux vector

As we measured all components of the scalar flux vector cu;,i = 1,2,3, we were
also able to determine its instantaneous orientation. We defined the direction of
the local scalar flux vector by the angle a between the projection of this vector on
the (z1,x2) plane and the streamwise direction x; and the angle 8 between this
vector and the (z1,z2) plane, as illustrated in figure 10. We then computed the
conditional probability density functions (PDFs) of these two angles, under the
condition that the magnitude of the scalar flux vector was larger than a specified
threshold. The calculations were performed over an ensemble of 1000 instantaneous
maps of the scalar flux vector, each containing 1857 x 1857 values; these maps
were constructed from simultaneous maps of concentration, which had the finer
resolution, and coarser velocity maps that were resampled and interpolated at this
finer resolution; interpolation was justified by the fact that the resolution of the
velocity measurements was very close to the Kolmogorov lengthscale of the flow [3].
Figure 10 shows four sets of these PDF's for thresholds of the scalar flux correlation
coefficient magnitude equal to 0, 2, 10 and 30. As the threshold was increased, the
level of the conditional PDF was decreased, as a result of the decreasing sample
population. In the cases with the largest threshold, this population consisted of only
about 1 in 20000 of the total sample size and, as a result, the corresponding PDF's
had visible scatter. In general, and despite the increasing scatter, as the threshold
was increased, the shapes of the PDFs of both angles were maintained and in fact
became more accentuated. The PDF of a had two mildly sharp peaks at about —25°
and 155°, whereas the PDF of § was symmetric about zero, where it peaked only
slightly, maintaining nearly uniform values over a wide range of angles. The two
prevalent orientations of the scalar flux vector were roughly normal to the prevalent
orientations of the upright and inverted hairpin vortices, which, as observed in our
previous study, were typically inclined by 35° and —145°, respectively, with respect
to the streamwise axis and located symmetrically with respect to the (x1,z2) plane
[3].
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Figure 10. Conditional probability density functions of the two orientation angles of the instantaneous
scalar flux vector.

Figure 11. A model for scalar transport by upright (a) and inverted (b) hairpin vortices in USF.

Based on these observations, we may propose a model for scalar transport by
hairpin vortices, as shown in figure 11. Scalar that happens to be just below an
upright vortex, or just above an inverted one, is entrained into the motion that
is induced by the two counter-rotating legs of the vortex [1] and gets extruded
between the legs to the opposite side. Such events, although relatively sparse, are
very strong and so influence significantly the overall scalar transport patterns, as
evidenced by the presence of well defined peaks even in the unconditioned PDF of
Q.

In summary, the present analysis of scalar flux events has demonstrated that the
actions of hairpin vortices are largely responsible for the generation of scalar flux in
USF, in a manner analogous to the generation of Reynolds shear stress. We would
expect this to be true also for turbulent boundary layers and other turbulent shear
flows in which hairpin vortices are predominant.

5. Conclusions

The influence of coherent structures on turbulent dispersion of passive scalars was
investigated, both qualitatively and quantitatively, through analysis of simulta-
neous measurements of the instantaneous concentration and velocity fields in a
dye-marked plume. Despite the absence of a direct correlation between the scalar
concentration and the locations of coherent vortices, dye was found to segregate
preferentially within vortex cores and away from vortices and less likely to be
present in the periphery of vortices. Similarly, an analysis of the location of dye
vis-a-vis uniform momentum zones yielded no direct correlation, but dye appeared
to be transported across the UMZs and build up along their boundaries. We noted
that the observed patterns were particular to the present localised dye-injection
procedure and the sparsity of the present scalar field; we suggested that, had we
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instead introduced dye in bulk, we may have observed a tendency for zones of
uniform concentration to coincide with UMZs.

Scalar flux measurements were analysed statistically. A conditional eddy ap-
proach demonstrated that counter-rotating vortices, which constitute the legs of
hairpin vortices, were responsible for the strong scalar flux events in the flow. The
scalar flux was found to be correlated strongly with the Reynolds shear stress. Fi-
nally, an analysis of the orientation of the scalar flux vector confirmed a prevalence
to angles of 155° and —25°, which are approximately orthogonal to the planes of
the upright and inverted hairpin structures in the flow. These results demonstrate
that coherent structures are the main cause of large scalar flux events and play a
dominant role in turbulent diffusion.
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