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ABSTRACT
A turbulent boundary layer (TBL), generated in a water

tunnel, extended to an anisotropic turbulent “free stream”, con-
sisting of a uniformly sheared flow (USF) with a mean shear
that was in the opposite direction to that in the TBL. Mea-
surements of the fluctuating velocity were taken with the use
of hot-film anemometry, laser Doppler velocimetry and parti-
cle image velocimetry. On either side of the TBL edge, de-
fined as the location of maximum velocity, the turbulence re-
laxed to its canonical structures in TBL and USF, respectively,
but, in the vicinity of the edge, there was a multi-structure re-
gion (MSR), where the turbulence structure was strongly non-
canonical. The dissipation parameter in the MSR was larger
than in the TBL and USF and inversely proportional to the lo-
cal turbulence Reynolds number. The entire flow contained
horseshoe-shaped coherent structures, the properties of which,
however, were different within the TBL, the MSR and the USF.

INTRODUCTION
Research on turbulence has, to a great extent, focussed

on canonical flows, which are geometrically simple and repro-
ducible in the laboratory. These include, among others, grid-
generated turbulence (GT), uniformly sheared flows (USF) and
two dimensional turbulent boundary layers (TBL). Canonical
flows themselves are a very small subset of turbulent flows,
but they retain some universal features of turbulence. The vast
majority of turbulent flows in natural and industrial systems
are non-canonical. Because of the diversity and possible com-
plexity of strongly non-canonical flows, information collected
for one such flow is rather unlikely to apply to many others.
For this reason, a meaningful strategy for expanding our un-
derstanding of turbulence seems to be to examine flows with
specially designed, mildly non-canonical features. One such
example would be a canonical flow that is distorted by an ex-
ternal device or mechanism, which may eventually fade away
or be removed. Another example would be the interaction re-
gion between two canonical flows. Such flows, either in their
entirety or in limited regions, would have non-canonical struc-
tures, which are the results of more than one distinct turbulence

generation mechanisms; they have recently been referred to as
multi-structure turbulence (Nedić & Tavoularis, 2018).

TBL are the most intensely researched turbulent flow. In
the majority of laboratory studies, the TBL was bounded by
a nominally uniform, laminar free stream, in which case the
TBL would have a canonical structure. In a few studies, TBL
were interacting with a free stream that had some weak, decay-
ing, nearly isotropic turbulence, generated by an upstream grid
(Charnay et al., 1971; Evans, 1974; Meier & Kreplin, 1980;
Hoffmann et al., 1989). Liangwei & Hoffmann (1988) inves-
tigated TBL in free streams with decaying, anisotropic turbu-
lence, generated by bars of different diameters, and concluded
that both anisotropic and isotropic free stream turbulence had
comparable effects on the boundary layer thickness and the
skin friction. More recently, Sakai et al. (2013) examined a
TBL interacting with the wake of a cylinder in the free stream
and found that the inner layer mean flow velocity profile was
not altered by the wake, but the intensity of the turbulence de-
creased. The TBL studied by all these authors would have
a multi-structure region, but the deviation from the canonical
structure would have vanished as free-stream turbulence de-
cayed. In contrast to such flows, turbulence in USF not only
does not decay downstream, but actually becomes intensified,
as the result of an active turbulence production mechanism.

Although turbulence is generated by the mean shear in
both TBL and USF and there are structural similarities be-
tween outer TBL and USF (e.g., comparable Reynolds stress
anisotropy levels), there are also some significant differences:
a) in TBL, mean shear is produced by friction with the wall,
whereas, in USF, mean shear is imposed in the absence of a
wall; b) in TBL, the wall also imposes a kinematic constraint,
which is absent in USF; c) TBL are separated from the free
stream by a thin interface, whereas USF are ideally unbounded
in all directions; d) the turbulence in TBL is inhomogeneous,
whereas, in USF, turbulence is ideally homogeneous on planes
normal to the flow direction; and e) in both TBL and USF,
the dominant coherent structures are horseshoe- (or hairpin-
)shaped vortices, grouped in packets (Adrian, 2007; Vander-
wel & Tavoularis, 2011), but with the difference that the ori-
entation of these structures is constrained by the wall in TBL
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but unconstrained in USF. In view of these considerations, the
interaction region between a TBL and a uniformly sheared,
highly turbulent free stream evolving in parallel seems to be
a promising environment for the study of multi-structure tur-
bulence, which is the product of two distinct, persisting and
canonical turbulence generation mechanisms. An important
point of interest would be to examine how the coherent struc-
tures that are generated in a TBL interact with those gener-
ated in a USF in the multi-structure region between the two
flows. The only relevant previous study is the one by Kislich-
Lemyre (2003), which investigated how the large-scale struc-
ture of USF was distorted by a solid wall, which was stationary
or moving in the same or opposite direction to the flow. When
the wall moved faster than the flow, a region of low or zero
shear was detected between the wall boundary layer and the
free stream USF. Distinct coherent structures were observed
on the two sides of this region, which is a region of multi-
structure turbulence. Unfortunately, the documentation of this
study has been mostly qualitative.

Turbulence theories and models require the use of a length
scale and a time scale (or, equivalently, a velocity scale), which
characterise the dominant motions and by which one can scale
the various statistical properties that appear in the governing
equations. An obvious choice for a velocity scale is the square
root of the turbulent kinetic energy per unit mass k. A suit-
able internal length scale is the integral length scale L, which
characterises the energy containing motions. The use of the
integral length scale L in the analysis is problematic, because
the definition of this scale requires consideration of spatial
variations of turbulent motions, namely, information which is
not contained in the single-point differential equations that de-
scribe local turbulent motions. Therefore, there is a need to de-
fine a length scale in terms of local variables, namely variables
that are contained in the single-point turbulence equations. Be-
sides k and other variables, these equations contain the turbu-
lent kinetic energy dissipation rate per unit mass ε . Although
mechanical kinetic energy is dissipated to heat by very small
“eddies”, there is consensus that the turbulent kinetic energy
dissipation rate per unit mass ε is set by the energy containing
motions. These motions set the rate by which kinetic energy
that is produced at large scales is fed successively to smaller
eddies, following the energy cascade process, until it reaches
the smallest eddies, where it is dissipated. It follows that a
surrogate length scale L of the energy containing eddies can
be defined by dimensional analysis, namely, by multiplying
appropriate powers of k and ε . This provides the result

L ∝ k3/2/ε . (1)

With the introduction of L , the turbulence scaling issue
is reduced to establishing a relationship between L and L , or
equivalently, to setting the value of the (dimensionless) dissi-
pation parameter

Cε ∝
εL

k3/2
∝

L
L

, (2)

where the proportionality coefficient is of order one, but has
been given different numerical values by different authors, de-
pending on how k and ε were estimated. A cornerstone as-
sumption of turbulence theories and models is that Cε ≈ const..
This assumption has been shown to hold approximately for
extensive regions of many canonical flows, in which various

Figure 1. Sketch of the flow facility and instrumentation.

turbulence properties evolve in a commensurate manner. Nev-
ertheless, there is also a growing body of evidence contradict-
ing this hypothesis in both upstream regions of canonical tur-
bulence and in multi-structure turbulence (Vassilicos, 2015;
Nedić et al., 2017; Nedić & Tavoularis, 2018). Testing this
hypothesis in the multi-structure region between a TBL and
a USF and understanding the relationship among these scales
and other flow properties would be of value in explaining the
limitations and failures of current turbulence models and in
developing improved ones.

The general goal of this research is to enlarge the avail-
able documentation on multi-structure turbulence, particularly
one that pertains to TBL. The specific goal is to document
experimentally the turbulence in a TBL that is bounded by
a highly turbulent, uniformly sheared free stream that has a
mean shear opposite in direction to the one inside the TBL.
Extensive measurements in such flows were obtained using
hot-film anemometry, laser Doppler velocimetry and parti-
cle image velocimetry. Measurements include transverse pro-
files of the mean velocity, the Reynolds stresses, the integral
length scales, and the Taylor and Kolmogorov microscales
from which it was possible to calculate the local mean shear,
the turbulence anisotropies, the turbulent kinetic energy and
its dissipation rate, the turbulence Reynolds number Reλ and
the dissipation parameter. Of primary interest in this work
is to characterise the behaviour of the dissipation parameter
within the multi-structure region and its relationship to Reλ

and to compare the statistical properties of coherent structures
in USF, the TBL and the multi-structure region.

APPARATUS AND MEASUREMENT PROCE-
DURES

The experiments were performed in a recirculating water
tunnel, having an enclosed test section with a width of 560
mm, a height h = 442 mm and a length of roughly 4.1 m. USF
was created by a shear generator, which was a perforated plate
with linearly varying solidity, followed by a flow separator,
which was a set or parallel plates and acted as a flow straight-
ener, as well as imposing an initial integral length scale uni-
formity. The examined TBL evolved along the upper wall. A
sketch of the experimental setup is shown in Fig. 1 and details
have been presented by Livingston (2020).

Vertical profiles of the mean velocity, the Reynolds
stresses and the integral length scale were obtained with a
two-component, frequency-shifted, laser Doppler velocimeter
(LDV - Dantec Dynamics, Skovlunde, Denmark). The lens
used with the laser head had a focal length of 243 mm, which
produced a measurement volume in the water with approxi-
mate dimensions 0.1× 0.1× 2.0 mm. The flow was seeded
with fused, borosilicate, hollow, glass beads (Potters Industries
LLC, Valley Forge, USA), with a density of 1,100 ± 50 kg/m3

and an average size of 10 µm. The LDV head was mounted
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on the side of the test section on three stacked traverses, which
allowed traversing in three mutually perpendicular directions.
Measurements were taken on the vertical centreplane of the
test section. For turbulence measurements, the streamwise U1
and vertical U2 velocity components were measured in coin-
cident burst mode. To take measurements close to the upper
wall (within 16 mm), the beams measuring the vertical com-
ponent were blocked and only the streamwise component was
measured. Measurements of each USF profile were made at
33 streamwise locations, at each of which 5000 samples were
recorded, typically during 140 s. For measurements near the
edge of the boundary layer, 10000 samples were recorded over
a time between 48 and 770 s (average of 235 s), which was at
least 100 times greater than the local integral time scale. At
the two streamwise positions of main interest, x1/h = 5.1 and
6.5, additional one-dimensional measurements were taken that
included at least 20000 samples and on average extended for
over 360 s, as well as additional two-dimensional data that in-
cluded 10000 samples and took 180 s on average.

Because the data rate of the LDV system was insufficient
to measure accurately the temporal derivative of the velocity,
from which one can estimate the Taylor microscale and the dis-
sipation rate, the Taylor microscale was measured directly with
the use of a hot film probe (Dantec Dynamics, Model 55R15),
which had a 2 µm nickel film on a quartz fibre that was 70 µm
in diameter and 1.25 mm long and was of the boundary layer
type, so that the sensor could be positioned close to the wall.
The hot-film probe was inserted in the test section from the
top using waterproof parts and could be traversed in all three
directions. The hot-film signal was sampled at a rate of 800
Hz over a 35 s interval, which is at least 100 times the typ-
ical integral time scale. Ensemble averaging was performed
over 20 of these records at each location. The hot-film signal
was low-pass filtered by two double-pole, low-pass filters in
series, with the first filter cut-off frequency set to 380 Hz and
the second one set to 1.4 kHz. After the voltage signal was
recorded and corrected for temperature differences, it was fur-
ther low-pass filtered by a digital filter with a cut-off frequency
that was 2.1 times the local Kolmogorov frequency to prevent
aliasing. Attempts to calibrate the hot-film against the LDV
demonstrated the presence of a significant and non-repeatable
signal drift. This drift is attributed to changes in the thermal
resistance of the hot-film surface, as a result of deposits on
this surface, which may build up or be removed by the stream.
Drift of hot-films immersed in water is well known to users,
but there is no effective way to eliminate it or correct for it.
Thus, the hot-film measurements were unsuitable for measur-
ing the mean velocity, the streamwise turbulent stress or the
streamwise component of the dissipation rate, from which the
total dissipation rate can be estimated under the assumption of
local isotropy. To circumvent this problem, we devised a pro-
cedure by which we measured directly the Taylor microscale
from the mean-free, hot-film voltage fluctuations e, even in the
presence of drift, as (Livingston, 2020)

λ ≈U1

√
e2/(de/dt)2 , (3)

where the mean velocity U1 at the same location was obtained
with the LDV system. Equation 3 is only valid under two as-
sumptions: first, that the velocity fluctuations are small com-
pared to the mean local velocity and, second, that the time
interval of samples from which the Taylor microscale was de-
termined was sufficiently short for voltage drift to be negligi-
ble. Both assumptions were satisfied fairly well by the present

conditions. The derivative (de/dt)2 was calculated by extrap-
olating corresponding finite differences to a zero time lag.

Velocity maps on horizontal and vertical planes were con-
structed with the use of a planar particle image velocimetry
system (PPIV, or simply PIV - LaVision Inc., Ypsilanti, USA).
The same particles that were used for the LDV method were
also serving as tracers for the PIV method. The frequency at
which measurements were taken was 7.23 Hz. PIV images
were taken in two planes of measurement, the vertical centre-
plane (x1,x2) and the horizontal plane (x1,x3). For the mea-
surements in the vertical plane, the laser was positioned under-
neath the test section and the laser sheet was reflected upwards
by a mirror. The camera was attached to a three-dimensional
side traverse, which allowed the light sheet to be in focus re-
gardless of its spanwise plane position. The size and loca-
tion of the images were determined from images of a fine ruler
that was inserted on the focal plane of the camera. To take
measurements in the horizontal plane, the laser was positioned
on the side of the test section, resting on wooden structures
with different heights, and a mirror reflected the light sheet
into the test section. The camera was setup on a tripod under-
neath the test section facing upwards. Before determining the
vector fields from image pairs, the images were preprocessed.
A sliding background was subtracted from each image with a
scale between 256 and 512 pixels and the particle intensities
were normalised with a scale between one and four pixels. An
algorithmic mask was applied to remove any dead pixels in the
camera photodiode array or overexposed regions in the image.
Each image was processed in an initial pass on 128×128 pixel
squares with a 50% overlap and in a second pass on 32× 32
pixel squares. The local planar velocity magnitude and direc-
tion were determined from the particle displacement that cor-
responded to the maximum correlation between matched pairs
of particle images and the time difference between the two im-
ages. Post-processing consisted of deleting values that were
significantly different from neighbouring ones and removing
sections of the resulting vector field, where the vector density
was relatively low. Vectors that exceeded the range of expected
velocity were also removed and replaced by interpolated val-
ues to fill-in sections of the vector field that were sparse. The
edge regions of images were discarded to prevent the final re-
sults from being influenced by edge effects.

The process of identifying vortices on PIV vector maps
was the same as the one that has been described in detail by
Vanderwel & Tavoularis (2011). It is based on the swirling
strength, a scalar parameter, the value of which distinguishes
discrete vortices from a background flow with mean vortic-
ity. A vortex was assumed to be present, when the swirling
strength exceeded a specified threshold value. Regions of the
velocity map with sufficiently large swirling strength were fit-
ted with an ellipse, using a minimum volume ellipse function.
The orientations of the ellipse axes were used to determine the
orientation of the vortex axis. Counter-rotating vortex pairs,
which were understood to be the legs of horseshoe-shaped vor-
tices, were identified with the use of a second algorithm.

RESULTS AND DISCUSSION
1 The USF as a free stream

Mean velocity profiles, measured at different streamwise
locations, demonstrated that, away from the walls, the mean
shear was approximately constant (dU1/dx2 ≈ 0.41 s−1, for
1.4 < x1/h < 8), so that the “free stream“ was indeed a USF.
As the TBL on the top wall evolved streamwise, it encroached
into the USF, altering the USF mean profile in an increas-
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ingly larger region. The shear parameter, based on an aver-
age centreline velocity U1c ≈ 0.13 m/s at x2/h = 0.5, was
β = (1/U1c)(dU1/dx2)≈ 2.9 m−1. Profiles of the streamwise
velocity variance at different streamwise locations demon-
strated that the turbulence in the USF was approximately ho-
mogeneous on a transverse plane, with a level of inhomo-
geneity that was comparable to those observed in previous
USF studies in the same facility (Kislich-Lemyre, 2003; Van-
derwel & Tavoularis, 2011). Moreover, the turbulence that
was generated by the flow separator decayed in the region
x1/h ≤ 4, but grew exponentially further downstream, fol-
lowing the well-established USF exponential growth law, e.g.,
u2

1/U2
1c ∝ e0.1βx1 . In summary, the present results indicate that

the free stream was a conventional USF, and so one may use
previous findings about its structure.

2 Mean velocity profiles and boundary layer
thicknesses
Figure 2 shows vertical profiles of the mean velocity U1.

From fitted high-order polynomials, we determined the max-
imum velocity U1max and the corresponding distance δ from
the wall, to which we will refer as the boundary layer thick-
ness. When plotted vs. x2/δ , most mean velocity profiles
nearly collapsed, showing a fair degree of self-similarity of the
outer boundary layer. The notable exception was the profile
that was closest to the origin (x1/h = 1.17), which was not as
developed as the others. Moreover, the farthest away (x1/h =
6.5) profile was also slightly different from the others, which
may indicate that other influences in the test section were start-
ing to build up. For x2 > δ , U1 decreased approximately lin-
early, approaching a canonical USF. The TBL encroached into
the USF, such that U1max ≈ const., whereas δ ∝ (x1+5.4h)0.8.
Although the mean velocity profile in the inner TBL did not
match well the canonical 1/7th power law, the growth rates
of the physical and momentum boundary layer thicknesses
were close to those in canonical TBL and so the correspond-
ing Reynolds numbers also grew at nearly canonical rates,
namely, as Rex = x1U1max/ν ∝ x1 and Reδ = δU1max/ν ≈
2600(x1/h+5.7)0.8. The momentum integral thickness θ was
computed by integrating the mean velocity profiles in the re-
gion 0 < x2 ≤ δ . Excluding the values at the two ends of
the measurement range, θ/δ ≈ 0.092, which is only slightly
lower than the canonical value of 0.094. For rough purposes,
and with some reservation for the furthest downstream loca-
tion, one may approximate the momentum thickness Reynolds
number as Reθ = θU1max/ν ≈ 240(x1/h+5.7)0.8, with a rep-
resentative value of 1600 at x1/h = 5.0.

3 Turbulence properties
Profiles of turbulence properties at two streamwise loca-

tions are shown in Fig. 3. The Cε profile clearly shows the
presence of three regions: an essentially canonical inner half
of a TBL (to be referred to heareafter as simply TBL), for
0 ≤ x2/δ ≲ 0.5; an essentially canonical USF, for x2/δ ≳ 2.2
at x1/h = 5.1 and x2/δ ≳ 1.7 at x1/h = 6.5; and an interme-
diate, non-canonical, MSR. The mean shear in the MSR was
lower than outside it and the turbulence anisotropy was lower
in the MSR as well. The turbulent shear stress profile was con-
sistent with gradient transport. The integral length scales in the
outer TBL and in the USF happened to have comparable values
and so this scale did not change measurably in the MSR. The
Taylor and Kolmogorov microscales (not shown here) exhib-
ited nearly canonical trends outside the MSR but had distinct

Figure 2. Streamwise evolutions of the mean velocity pro-
files and the physical boundary layer thickness.

patterns within the MSR.
An important observation is that the dissipation parameter

had significantly larger values within the MSR than outside
it, where it essentially matched values in the corresponding
canonical flows. A second important observation is that the
turbulence Reynolds number inside the MSR was lower than
outside it. In fact, as shown in Fig. 4, across the MSR, Cε

was roughly inversely proportional to the local Reλ , whereas,
in contrast, in the TBL and the USF, there was no obvious
correlation between Cε and Reλ .

4 Comparisons with measurements in a
boundary layer with a uniform free stream
The profiles of the mean velocity and the streamwise

Reynolds stress across a TBL on the upper wall in the present
water tunnel in the absence of USF were measured at x1/h =
5.1 with the LDV system after the shear generator and flow
separator were removed. The values of some basic prop-
erties of this TBL, together with corresponding values in
the presence of USF shown within parentheses, were as fol-
lows: U1max = 0.14 (0.20) m/s; δ = 0.080 (0.084) m; Rex =
330,000 (470,000); and Reθ = 1,000 (1,600). Differences
between the two normalised mean velocity profiles within the
TBL are within the measurement uncertainty, which was more
significant near the wall. Neither profile could be fitted well
by the 1/7th law, but both profiles were, at least partially, fairly
close to a 1/6th law. These results show that the presence of
shear in the free stream has no measurable effect on the mean
velocity profile inside the TBL. It should be mentioned, how-
ever, that, even in the absence of USF, the free stream con-
tained a significant level of disturbances (nearly 2%). It was
also found that the turbulence in the inner TBL (x2/δ ≲ 0.2)
was not affected visibly by the presence of USF, whereas,
in the outer TBL (0.2 ≲ x2/δ < 1), the local turbulence was
stronger in the presence of USF, as the result of both the over-
all higher turbulence level in the USF and the penetration of
coherent structures from the USF into the TBL.

5 Coherent structures
Figure 5 shows representative instantaneous velocity

maps obtained with the PIV system on the vertical centreplane
of the test section at two different elevations and two stream-
wise stations. These maps revealed the presence of vortices,
which were interpreted as mostly cross-sections of heads of
horseshoe-shaped coherent structures. It was hypothesised that
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Figure 3. Profiles of turbulence properties at x1/h = 5.1
(blue circles) and 6.5 (red triangles); in the Cε plot, the dashed
lines mark fits to measurements in a canonical TBL (Nedić
et al., 2017) and a USF (Nedić & Tavoularis, 2016).

Figure 4. The dissipation parameter vs. the turbulence
Reynolds number in the multistructure region at x1/h = 5.1
(blue circles) and 6.5 (red triangles); the dashed line is a fitted
relationship of the type Cε ∝ Reλ

−1.

counter-clockwise (CCW) vortices were produced by wall-
generated mean shear, whereas clockwise (CW) vortices were
produced by free shear in the USF. Both vortex types were ob-
served across the flow, but one may confirm qualitatively that
the majority of vortices well inside the TBL are CCW, those
well inside the USF are CW, and those in the multi-structure
region are mixed. These images also show flood maps of the
velocity magnitude. As shown previously for both canonical
TBL (de Silva et al., 2016) and undistorted USF (Vanderwel &
Tavoularis, 2016), the flow velocity field does not change con-
tinuously across the test section, but consists of zones of nearly
uniform velocity. The vortices tend to cluster at the boundary
between such zones, in conformity with the literature.

Instantaneous velocity maps on horizontal planes at dif-
ferent distances from the wall (see Fig. 6) revealed the pres-
ence of many vortices, several counter-rotating pairs of which
could be matched and interpreted as cross-sections of the legs
of horseshoe structures. Vortex packets were observed, strad-
dling low-speed or high-speed streaks, which are the result of
vertical flow motion induced by the legs of a vortex. Both up-
right and inverted (Vanderwel & Tavoularis, 2011) horseshoe
vortices were identified in all of the horizontal planes, but the
images could not discriminate between vortices produced by
the two shear mechanisms. The density of horseshoes was
greater within the TBL than in the MSR and the USF. In all
regions, however, the densities of CW and CCW vortices were
nearly the same and the densities of upright and inverted horse-
shoes were also roughly the same. The latter observation con-
forms with the literature as far as USF is concerned (Vander-
wel & Tavoularis, 2011), but seems to be a novel one for TBL.
Another piece of information that was extracted from the im-
ages was the average inclination of the horseshoes with respect
to the horizontal plane. This property was determined from the
aspect ratio of the ellipses, under the assumption that each el-
lipse is a cross-section of a cylindrical vortex. Our analysis
indicated that this inclination spanned a wide range, but, on
the average, was roughly 55◦ at all four elevations. This value
is somewhat larger than values reported in the TBL and USF
literature.

The distance between vortices that do not belong to the
same packet was comparable to the integral length scale. The
distance between the legs of horseshoes was roughly equal to
twice the Taylor microscale. Because of the random yaw of
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Figure 5. Representative instantaneous, vertical, velocity
maps at two different elevations (top and bottom rows) and
x1/h ≈ 5.1 (left column) and 6.5 (right column); numbers on
the ordinate denote x2/δ and numbers on the abscissa denote
x1/h; legends (specific to each image) describe the velocity
magnitude in m/s; the physical scales of both axes are the
same; ellipses mark areas with relatively large swirl, which are
interpreted to be cross sections of mostly vortex heads; white
ellipse contours indicate clockwise rotation and black ones in-
dicate counter-clockwise rotation.

Figure 6. Representative instantaneous, horizontal, velocity
maps showing vortex pairs in the three regions; ellipses mark
areas with relatively large swirl, which are interpreted to be
cross sections of mostly vortex legs; white ellipse contours
indicate clockwise rotation and black ones indicate counter-
clockwise rotation; hand-drawn red lines connect the axes of
selected vortex pairs, deemed to be the legs of horseshoes.

the vortices, the shortest distance between their legs would be
smaller than the distance between the axes of their intersec-
tions with the horizontal plane, thus roughly validating Ten-
nekes’ postulate that the distance between vortex legs is com-
parable to the Taylor microscale (Tennekes, 1968). The di-
ameter of vortices was an order of magnitude larger than the
Kolmogorov microscale, contradicting Tennekes’ second pos-
tulate that the diameter of each vortex is comparable to the
Kolmogorov microscale.

CONCLUSIONS
A turbulent boundary layer was generated in the labo-

ratory with a highly turbulent free stream that consisted of a
uniformly sheared flow with a mean shear direction that was

opposite to the direction of wall-generated shear. An interme-
diate, distinct, multi-structure region was identified, as having
non-canonical properties and within which the dissipation pa-
rameter was significantly larger than elsewhere and inversely
proportional to the local turbulence Reynolds number. Horse-
shoe vortices were the dominant coherent structures in the en-
tire flow, but their characteristics were distinct in each of the
three flow regions.

Financial support was provided by the Natural Sciences
and Engineering Research Council of Canada.
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