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ABSTRACT

The evolution and formation mechanism of large-scale
shear layers in a turbulent boundary layer are investigated
using time-resolved PIV datasets of a developing turbulent
boundary layer from inception at the trip up to a friction
Reynolds number of Re; =3000. The spatially develop-
ing boundary layer is formed on a 5Sm long flat plate towed
through a water tank. In this frame of reference, evolving
large-scale features with convection velocities close to the
freestream appear nominally stationary within the field of
view, enabling us to track the development of these features.
An analysis of the instantaneous convection velocity associ-
ated with low- and high-speed motions reveals that there are
differences in the trajectory and local convection velocity
between these large-scale motions at a given wall-height in
the outer region. As these motions travel at different speeds,
a sequence of instantaneous streamwise velocity fluctuation
fields shows that strong streamwise velocity gradients ap-
pear along the interfaces where low- and high-speed regions
interact. To further investigate how these regions are associ-
ated with the formation of shear layers in a turbulent bound-
ary layer, we compute conditional averages of streamwise
velocity fluctuation based on strong shear layers. The re-
sults suggest that the difference in convection velocities be-
tween low- and high-speed regions can cause these regions
to come together, forming internal shear layers in the outer
layer. In addition, a sequence of instantaneous velocity fluc-
tuation fields exhibit signs of shear layer roll-up following
the formation of these shear layers, leading to the develop-
ment of a large-scale slowly overturning motion. Based on
these findings, we discuss a conceptual scenario which de-
scribes dynamic interactions of these shear layers and their
associated large-scale coherent motions.

Introduction

Over the past few decades, significant research effort
has attempted to understand and describe recurrent flow pat-
terns, known as coherent structures, in turbulent boundary
layers. One distinct feature often reported is the persis-
tent presence of shear layers, which are mostly associated
with strong gradients (both axial and wall-normal) of the
streamwise velocity component. For example, Robinson

(1991) reported the occurrence of thin shear layers through-
out a turbulent boundary layer at the interfaces between up-
stream high-speed regions and downstream low-speed re-
gions. Robinson (1991) mainly observed this phenomenon
near the wall, where instability arguments are commonly
invoked to explain the origin of vortices (Kline et al., 1967,
Corino & Brodkey, 1969; Kim et al., 1971). Flow visu-
alisation studies of Kline er al. (1967) also suggested that
the ejection event could be due to a local instability mech-
anism and seem to play a key role in the transport of tur-
bulent kinetic energy away from the wall. Further to this,
Kim et al. (1971) and Willmarth & Lu (1972) proposed that
inflectional behaviour in instantaneous velocity profiles as-
sociated with these shear layers eventually leads to vortex
formation through a local shear instability. Intense shear
layers are also known to demarcate two large regions with
nearly uniform streamwise momentum (Adrian et al., 2000;
de Silva et al., 2016). This behaviour is prevalent not only
instantaneously but is also persistent enough to appear in the
linear stochastic estimation (Christensen & Adrian, 2001).
While the existence and the importance of shear lay-
ers within turbulent boundary layers are relatively well-
documented, the dynamics of these coherent features are
yet to be rigorously examined. One important dynamical
property of these large-scale motion is how they convect
and evolve in time and space. Despite the considerable at-
tention this subject has received (Krogstad et al., 1998; Gao
et al., 2011; Lee et al., 2014a; Lozano-Durdn & Jiménez,
2014), the local convection velocity of the coherent mo-
tions still remains a controversial subject. It is common
practice to use Taylor’s hypothesis of frozen flow with a lo-
cal mean streamwise velocity (Hutchins & Marusic, 2007)
to convert temporal data from experiments into a spatial
domain. Previously, it has been shown that the convec-
tion velocity is related to the scale of structures (del Alamo
& Jiménez, 2009; Monty & Chong, 2009; Hutchins et al.,
2011). However, these studies provide only time-averaged
mean statistics, while the local instantaneous convection ve-
locity of individual features in turbulent boundary layers re-
mains largely unknown. More recently, Lee et al. (2014a)
used DNS data to individually track large-scale structures
while examining their spatial and temporal characteristics.
One distinct feature reported in the study is how the convec-
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Figure 1. (a) Time-resolved PIV setup with plate in tow tank (b) Schematic of the plate with PIV captured developing bound-

ary layer along the length of the plate

tion velocity can vary among the detected features even at
a fixed wall distance. They found that positive and negative
streamwise velocity fluctuations convect at distinguishably
different speeds, suggesting that these differences played
a crucial role in the formation of very-large-scale struc-
tures. Further to this, Lozano-Duran & Jiménez (2014) and
de Kat & Ganapathisubramani (2015) have also shown that
the ejection-like (Q2) events convect slower in the stream-
wise direction than the sweep-like (Q4) events by tracking
individual events using temporally resolved DNS and parti-
cle image velocimetry (PIV) data of wall-bounded turbulent
flows respectively.

Although many of these investigations have shed new
light on the dynamical features of the coherent structures,
the origin, lifespan and development of these large-scale
regions and shear layers still remain largely unresolved.
Hence in the current study, we attempt to further exam-
ine the dynamical features and associated formation mech-
anism of the shear layers in an evolving turbulent boundary
layer using a temporally resolved PIV database. These ex-
periments take advantage of the towed-plate coupled with
a stationary time-resolved PIV (TRPIV) system such that
the evolving large-scale features can be tracked over many
boundary layer turnover times.

Description of experiments

The experiments are performed in the tow tank facility
located in the Michell hydrodynamics laboratory at the Uni-
versity of Melbourne. The tow tank has dimensions of 60 x
2 x 2m (length x width x height) and is filled with water.
As indicated in figure 1(a), the fully-automated traversing
carriage tows a 5 m long and 1.2 m wide flat plate at a tow-
ing velocity of approximately 1.0 m/s (Upjqre = U after
Galilean transformation). Figure 1(b) shows examples of a
boundary layer developing along the length of the plate cap-

Re; ) Uz s Att
(mm) (msfl)

700-3300 15-90 0.05-0.04 54-66 1.4-20

Table 1. Experimental parameters for TRPIV experi-
ments. Ranges indicate the variation of parameters over
the streamwise length of the plate 0 < x4, (M) < 5 when

Uplate = 1 m/s.

tured using time-resolved PIV. A visual aid to demonstrate
the towed plate experiment and a sequence of time-resolved
instantaneous streamwise velocity fields of a developing
turbulent boundary layer is available online!. Throughout
this paper, x, y and z denote the streamwise, spanwise and
wall-normal directions, with u, v and w denoting the re-
spective fluctuating velocity components. Overbars indi-
cate time-averaged quantities (e.g. U). The superscript ‘+’
is used to denote quantities normalised by viscous scaling
for length (z* = zU;/v), time (+* = tU2/v) and velocities
Ut =U/Uy).

All images are acquired at a sampling rate of 1000 Hz
which gives Ar = 1 ms (where Ar is the time between im-
ages). This equates to At ~ 1.7 at Uplare = 1 m/s. A total
of 122 runs, where each run is one complete tow of the plate
past the measurement system, are performed. Two cameras
are used to provide a measurement field of view of 170 mm
x 80 mm (x X z) and each run acquires 5000 images per
camera covering the entire streamwise domain of the plate
from the trip to the trailing edge. Experimental conditions
are summarised in table 1, where x4, is the streamwise
distance downstream of the trip device. Further details on
the experiments and the validation of the flows can be found
in Lee et al. (2014D).

Uhttp://dx.doi.org/10.1103/APS.DFD.2014.GFM. V0054
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Figure 2. (a) Normalised streamwise fluctuating velocity field (u/V u_2) at constant z = 0.158 in x — plane. Dashed lines
illustrate the inclination angle of stripy footprint. 6 is the inclination angle. The subscript ‘/” and ‘A’ denote quantities associated

with the low- and high-speed regions, respectively. (b) Mean convection velocity Ucfﬂ associated with low- (V) and high-speed

(A) regions at different wall-normal positions from 0.18 to 6 shown at increments of 0.18.

Results

To extract the convection velocity of low- (—u) and
high- (4u) speed regions, a space-time volume is con-
structed by stacking the sequence of instantaneous fields
of the streamwise fluctuating velocity components in time
creating an x — z —t diagram. Figure 2(a) shows a sliced
x—t plane extracted at constant z = 0.158, offering a unique
view of the convecting instantaneous low- and high-speed
regions. The x —¢ plane is normalised with the local root

mean square turbulent intensity values (u/V ﬁlowl), where

\/ﬁ local 18 @ function of x and z. One of the distinct fea-
tures in this planar view is the inclined stripy pattern as in-
dicated by the dashed lines. These angled regions represent
the streamwise trajectories of the turbulent features as they
evolve in time and specifically, the inclination angle indi-
cates the streamwise convection velocity of the correspond-
ing features within the measurement field of view following
tan(6,) = Ax./At. = U,, where 6, is the inclination angle
of a convecting structure and the subscript ‘c’ represents
convection quantities. Ax. is a streamwise distance that the
structure convected in time, At.. More extensive details on
the feature detection scheme and associated validation can
be found in Lee (2017). It is important to note that the con-
vection velocity defined in this way is relative to the station-
ary field of view. In a wind tunnel frame of reference (where
the flow is imposed over a stationary plate and observed
with a fixed PIV system), the equivalent convection veloc-
ity is Ue,, = Uw wr — U where the subscript ‘wt’ indicates
the wind tunnel frame of reference. An advantage with the
current towed plate experiment is that convecting structures
can often be tracked throughout their entire evolution or
life span. Figure 2(b) shows the mean convection velocity
scaled with local viscous scaling for low- and high-speed re-
gions as a function of the wall-normal position. The results
are presented after applying the Galilean transformation to
provide the wind tunnel frame of reference. The observed
increasing convection velocity trend with wall height agrees
with the observations of del Alamo & Jiménez (2009). Note
that the discrepancy between the convection velocity associ-
ated with low- (V) and high- (A) speed regions at the same
wall-position reduce with distance from the wall. This is
consistent with the reduction in mean shear and turbulence
intensity (Lee et al., 2014a) with increasing wall heights.
On a similar note, Krogstad et al. (1998) reported that the

convection velocity for ejection events is lower than for
sweep events at all scales throughout the boundary layer as
also recently observed by Lozano-Durdn & Jiménez (2014)
and de Kat & Ganapathisubramani (2015). These results
support the mismatched mean convection velocities in fig-
ure 2(b) since the ejection and sweep events are highly cor-
related with negative- and positive-u respectively.

Based on our observations for the mismatch in the con-
vection velocities between these two regions, we attempt to
investigate a mechanism for internal shear layer formation
within turbulent boundary layers. Figures 3 (a-d) show a
sequence of u™ while the plots (e-h) show the associated
dU™ /dz" for the same snapshots. In a time sequence, such
as the one shown in figure 3, the mismatched convection ve-
locities will cause the low-speed regions to ‘catch up’ or ‘in-
teract’” with upstream high-speed regions. In figures 3(a-d),
one can observe a low-speed region and a high-speed region
(marked with an ellipse) in the middle of the field of view.
As time progresses, this region increasingly catches up with
the upstream high-speed region with an associated sharpen-
ing of the velocity gradient at the interface between the two
regions. The corresponding dU ™ /dzt sequence shown in
figures 3(e-h) shows a strong inclined shear forming along
this interface (marked with an ellipse). This observation
suggests that the mismatched convection velocities between
the low- and high-speed regions may offer a possible forma-
tion mechanism for the inclined shear layers that are com-
monly observed in the outer region of turbulent boundary
layers.

In order to test this hypothesis, here we analyse the re-
lationship between the mismatch in the convection velocity
and the formation of the shear layer by computing spatial
and temporal conditional quantities as follows. We define
an internal shear layer as the region when the instantaneous
dU* /dz*t is higher than the local mean dU ' /dz". We
then search, at a given condition location in z, for regions in
the instantaneous velocity fluctuation field where dU * /dz "
is higher than the threshold. Having detected these re-
gions, we then employ a lag and lead conditional averaging
scheme as used by Chung et al. (2012). A similar approach
called VISA (variable interval space averaging) was used in
Johansson et al. (1991) to investigate space-time develop-
ment of near-wall flow structures, where they tracked indi-
vidual strong shear layer regions in time and space. With the
lag and lead conditional averaging method, we can ensem-
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Figure 3. (a-d) sequence of the streamwise velocity fluc-
tuation, ™ and (e-h) the corresponding instantaneous wall-
normal gradient of the streamwise velocity, dU" /dz*.

Time separation between plots is AtUs /8 ~ 1.

ble a conditional sequence prior to and after the detected
shear layer event. This in turn permits us to observe the
spatio-temporal development of the shear layer formation
and the related large-scale motion. Figure 4 shows a se-
quence of iso-contours of streamwise velocity fluctuations
conditionally averaged in this manner. This particular en-
semble average is for events that occur at Re; =~ 1400 (cor-
responding to X,/ = 1.2 m) and the shear layers are de-
tected at z/6 = 0.15. This sequence shows time ranges for
almost 10 boundary layer turnover times (AtUs./8) around
the detected event. The sequence commences in figure 4(a)
with a low and high-speed event that seem to span the log-
arithmic and wake regions. As the conditioned time ap-
proaches reference time (figures 4a-c), the low-speed region
increasingly merges with the high-speed region (due to their
mismatched convection velocities) giving rise to the sharp
detected shear layer at the reference time (figure 4c). As-
sociated with this process, the high-speed region appears
to be pushed further from the wall. Though the shear layer
formation mechanism seems apparent in figure 4, we should
remain cautious of inferring complex three-dimensional tur-
bulence structure from two-dimensional planar PIV slices.
For example, the apparent shear layer formation observed in
the sequence shown in figure 4 could also be explained by
a streak and streamwise vortex structure, that increasingly
penetrates our observation plane in time due to meander-
ing (Kevin et al., 2019). Temporally resolved DNS fields or
tomographic PIV of an evolving turbulent boundary layer
are necessary to show a detailed three-dimensional view of
these structures.

Figure 5 shows an example of an interaction between
low- and high-speed regions after the formation of a shear
layer over a time evolution of 8 boundary layer turnover
times. The sequence starts with a downstream low-speed
region marked L1 which interacts with an upstream high-
speed region, creating an inclined shear layer along with
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Figure 4. Iso-contours of a sequence of the conditionally
averaged u™ computed based on a strong shear layer event
atz/8 =0.15 at Rer =~ 1400. This sequence shows the prior

and subsequent fields relative to the reference time.

the interface due to the mismatched convection velocity, as
observed in figures 4(a-b). Following this event, the local
inclination angle along the interface (marked with a circle)
changes due to the fact that L1 tends to kink upward (fig-
ure 5b), and eventually causes the subsequent roll-up cre-
ating a spanwise vortex feature as shown in figures 5(c-d).
This development could be considered as a vortical motion
which not only causes the L1 region to migrate away from
the wall but also entrains the associated high-speed region
towards the wall. Hence, the sequence may suggest that
as the shear layer evolves in time, a local instability along
the interface leads to a roll-up motion (such an observation
would be in close agreement with earlier flow visualisation
studies by Corino & Brodkey, 1969). Similar instantaneous
sequences are frequently observed over a Reynolds num-
ber range 1000< Re; < 3000 (not shown here for brevity).
A similar observation of shear layer roll-up and associated
ejection event has been recently reported in the numerical
studies of Goudar et al. (2016). They also observed that the
shearing process is associated with roll-up in the spanwise
direction. Many of our instantaneous examples suggest that
the low-speed region is not necessarily ejected all the way
to the edge of a turbulent boundary layer, nor is the high-
speed region necessarily entrained all the way to the wall.
It is more likely that a number of these interactions, at nu-
merous hierarchical scales, exist between the wall and the
layer edge. However, the interaction between the low- and
high-speed regions leading to the development of vortical
motions is prevalently observed throughout our datasets.
On the basis of the above observations, we now dis-
cuss a simplified model that embodies key aspects of the
evolution and interaction of low- and high-speed regions in
relation to the temporal evolution of shear layers. Figure
6, which is in the wind tunnel frame of reference, shows
that, on average, shear layers are generated when a coher-
ent patch of positive u with an average convection velocity
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Figure 5. A sequence of events in u™ fields after the formation of a shear layer over 1000 < Re; < 1400 (0.6 < Xplate(m) <

1.2). Total duration of the sequence is approximately ¢ ~ 400 (tU plate/ Slocal = 8). (a-d) indicate various stages of evolution.

higher than the local mean flow velocity approaches on a re-
gion of negative u (moving, on average, slower than the lo-
cal mean). During the lifetime of these shear layers formed
between these two interaction regions, the difference in the
convection velocity remains distinct, such that the high-
speed region over-runs the low-speed region. This results in
stretching and subsequent roll-up of the shear layer. At this
stage, the current observation is based on two-dimensional
PIV data (x — z plane) of evolving turbulent boundary layers
and does not fully resolve all the effects of dynamic interac-
tion including in the spanwise direction. In reality, we will
also expect spanwise motions associated with these regions
and interactions. Volumetric time-resolved DNS data or to-
mographic PIV could provide important additional insight
in this regards. However, this conceptual scenario provides
a perspective on the dynamic interactions of large-scale flow
regions. The next challenge is to reconcile or incorporate
this dynamic scenario into existing kinematic models such
as the attached eddy or hairpin packet models.

Conclusions

A stationary time-resolved PIV system is used to probe
the evolution of a turbulent boundary layer on a flat plate as
it is towed through the field of view. The large-scale fea-
tures are tracked and observed for their dynamics and evo-
lution through this unique frame of reference. The results
show that there is a clear difference in the convection veloc-
ities of low- and high-speed regions. This pronounced mis-
match in convection speed allows the high- and low-speed
regions to catch up to each other, causing an interaction that
is associated with shear layer formation. This dynamical
behaviour is not only observed instantaneously but also ap-
pears statistically in conditionally averaged time sequences.
A roll-up mechanism appears to follow this shear layer for-
mation.

A conceptual scenario is discussed to summarise the
formation and time evolution of internal shear layers asso-
ciated with low- and high-speed regions. Potentially, the dy-
namic interactions described in the scenario could be used
to develop existing kinematic models.
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