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Introduction

Wall-Shear-Stress-Based
Conditional Sampling Analysis
of Coherent Structures in a
Turbulent Boundary Layer

Coherent structures are critical for controlling turbulent boundary layers due to their
roles in momentum and heat transfer in the flow. Turbulent coherent structures can be
detected by measuring wall shear stresses that are footprints of coherent structures. In
this study, wall shear stress fluctuations were measured simultaneously in a zero pressure
gradient turbulent boundary layer using two house-made wall shear stress probes aligned
in the spanwise direction. The wall shear stress probe consisted of two hot-wires on the
wall aligned in a V-shaped configuration for measuring streamwise and spanwise shear
stresses, and their performance was validated in comparison with a direct numerical sim-
ulation result. Relationships between measured wall shear stress fluctuations and stream-
wise velocity fluctuations were analyzed using conditional sampling techniques. The peak
detection method and the variable-interval time-averaging (VITA) method showed that
quasi-streamwise vortices were inclined toward the streamwise direction. When events
were simultaneously detected by the two probes, stronger fluctuations in streamwise
velocity were detected, which suggests that stronger coherent structures were detected.
In contrast to the former two methods, the hibernating event detection method detects
events with lower wall shear stress fluctuations. The ensemble-averaged mean velocity
profile of hibernating events was shifted upward compared to the law of the wall, which
suggests low drag status of the coherent structures related with hibernating events. These
methods suggest significant correlations between wall shear stress fluctuations and
coherent structures, which could motivate flow control strategies to fully exploit these
correlations. [DOI: 10.1115/1.4049403]

Wall shear stress components manifest turbulent coherent struc-

Coherent structures in turbulent boundary layers have been
investigated for many years by computational and experimental
fluid dynamics research communities [1,2]. The coherent structure
or motion is defined as “a three-dimensional region of the flow
over which at least one fundamental flow variable exhibits signifi-
cant correlation with itself or with another variable over a range
of space and/or time that is significantly larger than the smallest
local scales of the flow” [1]. Various types of coherent structures
exist in the turbulent boundary layer, including quasi-streamwise
vortices and shear layers in the near-wall region, and transverse
vortices in the outer region. These structures are directly related to
momentum and heat transfer processes in the turbulent boundary
layer as exemplified by quasi-streamwise vortices known to
induce high skin-friction regions in turbulent boundary layers [3].
Therefore, recognizing these structures is important in understand-
ing and controlling the turbulent boundary layer for drag reduction
or heat transfer augmentation [4-8].
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tures because their fluctuations are signatures of turbulence phe-
nomena directly above the wall [9-11]. Therefore, coherent
motions can be detected based on wall shear stress [3,12—15]. As
such, various techniques have been developed to measure velocity
gradients in turbulent boundary layers [16], and some sensors are
specialized in measuring wall shear stress [17-19]. Among such
sensors, surface-mounted thermal sensors have been in wide use
to measure wall shear stress based on heat transfer from the sensor
to the flow [20-22]. While the heated sensing element of these
thermal sensors is subjected to fluid flow, the convective heat loss
from the heated element to the flow increases as fluid flow past
the element and thus shear stress increase. This heat transfer rate
can be converted into an electrical signal, and the relationship
between shear stress and the electrical signal of the thermal sensor
can be determined via calibration. To measure streamwise wall
shear stress, the thermal sensors are arranged with its long axis
being perpendicular to the streamwise direction. In the case of
spanwise wall shear stress, one or two thermal sensors are aligned
in parallel with respect to the streamwise direction [23]. For
simultaneous measurement of the both quantities, two sensors are
arranged in a V configuration with the bisector pointing to the
streamwise direction [24-28]. In addition to the traditional ther-
mal sensor, various wall shear stress measurement techniques
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have been developed based on optical diagnostics and micro-
electromechanical system (MEMS) fabrication [17,21,22,29,30].

Coherent structures have been experimentally studied based on
correlation and conditional sampling between the wall shear stress
and velocity components measured in the boundary layer. Based
on a correlation between wall shear stress and streamwise velocity
fluctuations in a turbulent channel flow, Eckelmann found that
wall shear stress fluctuations lagged behind streamwise velocity
fluctuations [31]. Blackwelder and Eckelmann measured stream-
wise and spanwise velocity components and their wall-normal
gradients, and found that pairs of counter-rotating streamwise vor-
tices occurred frequently in the wall region of a bounded turbulent
shear flow [32]. From simultaneous measurements of fluctuating
velocity components and their gradients at the wall in a turbulent
channel flow, Kreplin and Eckelmann deduced that coherent
structures inclining toward the streamwise direction traveled
downstream [33]. Alfredsson et al. measured wall shear stress
fluctuations with various methods in various flow media, and
showed a correlation between wall shear stress and streamwise
velocity [34]. They also suggested that the intensities of stream-
wise and spanwise wall shear stress fluctuations were 0.4 and 0.2,
respectively. Wietrzak and Lueptow analyzed a detailed relation
between wall shear stress and streamwise velocity fluctuations in
an axisymmetric boundary layer [35]. They showed that trans-
verse curvature had little effect on the near-wall burst-sweep
cycle, and that the tilting angle of a turbulent structure correlated
with wall shear stress was 18 deg. Using a direct numerical simu-
lation (DNS) database, Kravchenko et al. showed that high wall
shear stress values were directly associated with streamwise vorti-
ces very close to the wall and suggested that these vortices tilted
by 6deg from the streamwise direction [3]. Based on simultane-
ous measurements of wall shear stress and streamwise velocity
fluctuations, Yang et al. found that wall shear stress was highly
correlated with turbulent structures tilting from the wall in the
streamwise direction [36]. Osterlind et al. performed similar
simultaneous measurements in high-Reynolds-number turbulent
boundary layers using a MEMS-type hot-film sensor array and
detected tilted coherent structures in a turbulent boundary
layer [37].

In this study, we simultaneously measured wall shear stresses
using two V-shaped wall shear stress probes and near-wall stream-
wise velocity fluctuations using a hot-wire probe in a zero pres-
sure gradient turbulent boundary layer. Each of the two wall shear
stress probes could measure streamwise and spanwise wall shear
stress components simultaneously, and they were arranged side-
by-side in the spanwise direction [38,39]. The hot-wire probe was
placed between the two wall shear stress probes and moved
upward and downstream, to investigate relationships between
fluctuations in wall shear stresses and streamwise velocity as a
function of their streamwise and vertical distances. Previously, we
analyzed turbulent coherent structures highly correlated with wall
shear stress fluctuations based on correlations between wall shear
stress and streamwise velocity [39]. In contrast, this study
employed three different conditional sampling methods: the peak
detection method, the variable-interval time-averaging (VITA)
method, and the hibernating event detection method, to detect
coherent structures correlated with wall shear stress fluctuations.
More importantly, wall shear stress fluctuations simultaneously
measured by the two shear stress probes were used for simultane-
ous event detection for the peak detection method and the VITA
method.

Methods

Wind Tunnel and Turbulent Boundary Layer. An open cir-
culation subsonic wind tunnel was used in this study, where the
bottom of the test section (3.6m long x 0.43 m wide x 0.28 m
high) was a smooth flat duralumin plate on which a boundary
layer developed (Fig. 1(a)). Installed right after the test section
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inlet, steel wire and sand paper tripped the boundary layer. The
side walls of the test section were adjusted to obtain a zero pres-
sure gradient turbulent boundary layer. Experiments were con-
ducted at free stream velocity (U,,) of 8m/s. Free stream
turbulence intensity and nonuniformity were lower than 0.25%
and 0.4% at U,, =5 m/s, respectively.

Two wall shear stress probes were arranged side-by-side sym-
metrically with respect to the centerline of the bottom plate at
2.9m downstream from the test section inlet (Fig. 1(a)). At the
measurement point, boundary layer thickness (6) was 57.2 mm,
momentum thickness (0) was 5.9 mm, friction velocity (u,) was
0.3059m/s, and Reynolds number values based on momentum
thickness and friction velocity were 3,170 and 1,170, respectively.
The skin-friction coefficient (C;) measured at the measurement
point with a Preston tube [40] (2.93 x 1073 agreed with the law
of the wake (3.06 x 107>) [41]. Measurement with the Preston
tube and Patel’s calibration formula [40,42] showed that the span-
wise variation of u, was less than 3% in -2 < z/6 < 2, where z rep-
resents the spanwise direction (Fig. 1(a)). Along with static
pressure coefficient distribution, this friction velocity distribution
confirmed that the developed turbulent boundary layer was two-
dimensional at the measurement point.

Wall Shear Stress Measurement

V-Type Wall Shear Stress Probes. Arranged in the spanwise
direction, two lab-built wall shear stress probes were used to
simultaneously measure wall shear stresses in the streamwise and
spanwise directions (Figs. 1(a) and 1(b)) [38]. The body of the
probe was machined from MC Nylon, and ground while installed
to the bottom of the test section, to remove any gaps or steps
between the probe body and the duralumin plate. After the probe
body was separated from the test section bottom, four 0.3-mm-
diameter holes were drilled on the probe body. Then, 0.25-mm-
diameter metal prongs for hot-wire were inserted through the
holes using a microscope and a microstage with a resolution of
1 pm and glued to the probe body. After hot-wires were welded to
the prongs, the finished probe was installed in the test section.

Each probe consisted of four prongs and two 2.5-um-diameter
hot-wires that were symmetric with respect to the sensor axis. The
normal direction of each wire formed an angle of o with respect to
the streamwise direction (Fig. 1(c)). The streamwise and spanwise
dimensions of the sensor were 0.4 mm and 1.3 mm, respectively.
The length of each wire was about 0.56mm (/" = 12), and there-
fore its aspect ratio was 226. The hot-wires were 30-50 um above
the wall (y* =0.6-1.1), which prevented direct heat conduction to
the wall. The axes (bisectors) of the two probes were 2 mm apart
from each other (Az" =42.9) [38].

Each hot-wire of the wall shear stress probes was connected to
a constant temperature anemometer (Dantec Streamline), and the
resistance overheat ratio (R,,—R,)/R, was set to 0.3, where R,,
and R, are the operating resistance and cold resistance of the hot-
wire, respectively [4,35]. Standard square wave test gave fre-
quency responses of 26-30 kHz. Prior to each measurement, the
wall shear stress probes were calibrated using the following
fourth-order polynomial as a calibration formula:

Twett = Co + C1E + C2E” + C3E° + C4E* (1)

where Ty i is the effective mean streamwise wall shear stress
measured using the Preston tube and Patel’s calibration formula
(Figure S1 available in the Supplementary Materials on the
ASME Digital collection) [40,42], E is the mean anemometer out-
put voltage of each wire, and C;’s (i=0-4) are calibration con-
stants for each wire. Therefore, two sets of C;’s were obtained for
each probe, and Eq. (1) enabled converting the output voltage of
hot-wires to streamwise wall shear stress.

Wall Shear Stress Calculation. Streamwise and spanwise wall
shear stresses (ty, and ty,) are
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Fig. 1 Experimental setup. (a) Wind tunnel test section. Insets: boundary layer parameters at
the wall shear stress measurement location (top) and probe arrangement (bottom). (b) Dimen-
sion of the V-type wall shear stress probe array. The hot-wires of the wall shear stress probes
are shown in red. (c¢) Decomposition of wall shear stress vectors.

Ou
Ty = U— 2a)
wx = M dy -
twe = 2 (2b)
(o) s

where u and w are streamwise and spanwise velocities, respec-
tively, y represents the binormal direction (Fig. 1(a)), and u is the
dynamic viscosity of a working fluid. As shown in Fig. 1(c), wall
shear stress vectors are decomposed into components parallel and
normal to hot-wires according to the geometrical configuration of
the wall shear stress probe. The effective wall shear stresses of
hot-wires A and B (Fig. 1(c)) are

(1:{)‘[,)2 = (Twy COS 0 — Ty sin cx)2 + kz(rWX sin o + Ty, COS az)2
(a)

and
(18))% = (twy cos o + Ty sin o) 4 &> (tyy sin o — Ty cos o)’
(3b)
where k is a constant accounting for the effect of heat transfer due

to wall shear stress acting parallel to the wire. The analytic solu-
tions of Eq. (3) are [38]
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vm—+n+m-—n
Twx = (4a)
2\/(1 — k2)sin2a [(1 + k%) + (1 — k2)cos Za]

vVm—+n—/m-—n
2\/(1 — k2)sin2a[(1 + k2) — (1 — k2)cos 24

x

(4b)

Tw: =

where
m = [(gh)* + ()1 — K)sin 2 5)

and

=) = (I + 07 — (1 - k)22 (©)

In Eq. (4b), Ty, > 0 when 1, < t5,. In the present study, o was
approximated to be 45deg based on the probe geometry, and k
was assumed to be 0.2 [43].

Streamwise Velocity Measurement. An I-type hot-wire probe
(diameter: 2.5 um, length: 0.7 mm [/™ = 15], resistance overheat
ratio: 0.5, frequency response: 37kHz) was used to measure the
streamwise velocity. The probe satisfied a general criterion for
aspect ratio (//d =280 > 200) [44]. Prior to each measurement, the
velocity probe was calibrated with respect to free stream
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velocities measured with a Pitot tube using a fourth-order polyno-
mial, similar to Eq. (1). The initial distance from the probe to the
wall was determined by fitting the measured mean velocity data
against the universal law of the wall.

The velocity probe was connected to the same anemometer as
the two wall shear stress probes, so that voltage outputs from the
anemometer had been sampled for 30s at a sampling rate of 5 kHz
using a 16-bit A/D converter DT2838. Therefore, sampling time
interval was 0.2ms (Arm = Atuf/u = 1.22). For simultaneous
measurements of wall shear stress and streamwise velocity, the
velocity probe was moved to four different streamwise spots
(AxT =0, 32, 64, 96) with respect to the wall shear stress probe
along the centerline between two wall shear stress probes
(Fig. 1(a)).

Conditional Sampling. For detailed investigation of coherent
structures, three conditional sampling techniques were employed:
the peak detection method [3,35,45], the VITA method [46], and
the hibernating event detection method [47-51]. These methods
required a detection function to identify significant events from a
detection signal, and an “event” was defined as a part of the signal
in which the value of the detection function was unity
consecutively.

Peak Detection Method. The peak detection method detects
events of high-amplitude peaks in a fluctuating signal Q’. Applied
to velocity or wall shear stress signals, the peak detection method
identifies intense turbulence events [35]. The detection function
for Q' is defined as

1: lf|Q,(t)| > k eaerms

Dpeak (1) = {O, otherwise ’ 7
where kpe,i is the threshold level for peak detection, and Q,,, is
the root-mean-square (rms) value of Q’. In addition to the
detection function, the sign of Q’ is used as an additional detection
criterion. When Q' >0 and D, =1, events are identified to be
positive peak events, and vice versa. When the positive detection
criterion is applied to tjy, the peak detection method identifies sig-
nificant increases in Ty.

VITA Method. 1t is known that the VITA method can identify
moments of significant turbulence generation [46]. The VITA
method requires the short-time variance var calculated by

TR 1 (772
var(t,T) = —J 0" (s)ds — —J o
—T/2 T —T/2

2
(s)ds] (8)
where T is the averaging time. Then, the detection function is
defined as

2

L, if var > kviraOjps )

Dyima() = {O, otherwise
where kvyira is the threshold level. In addition, the VITA method
employs the time gradient of the fluctuating signal (0Q'/df) when
an event occurs. Depending on whether the gradient is positive or
negative, the event is called the positive or negative VITA event,
respectively. When these detection criteria are applied to «/, the
VITA method identifies significant instantaneous acceleration
(positive event) or deceleration (negative event) of flow.

Ensemble Averaging for the Peak Detection and VITA Method.
After events were detected from the signal using the peak detec-
tion method or VITA method, the “wholesale scheme” of Murlis
et al. [52] was applied to the detected events. If the time differ-
ence between two neighboring events was smaller than 10v/ uf,
which corresponded to about 8 sampling intervals, the two events
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were merged into one event [45]. Then, conditional average was
calculated by

N

<Q(lz's)> = ]%[Z Ql(ti + lz's)

i=1

(10)

where t; is the event detection time of the i-th event, f. is the
ensemble average time span with respect to #;, and N is the number
of detected events. The event detection time #; was defined as the
time of the largest peak in peak events, and the midpoint of VITA
events, respectively. Then, obtained (Q) was normalized with

k;,éka,ms for the peak detection method, and ki/li AOm;s for the

VITA method, respectively, which was denoted by (Q)" [46].

After the conditional average was obtained, phase jitter among
detected events was removed. When the detection and data signals
are measured simultaneously at different positions in the boundary
layer, the conditional average can be affected by a random phase
between the two signals [53]. The effect of phase jitter can be
reduced by adjusting the event detection time based on the cross-
correlation between the conditional average and fluctuating sig-
nals in a certain time window with respect to the detection time
[54]. For this purpose, the process of detection time adjustment
and conditional average calculation was iterated until the cross-
correlation was maximized [35,45,55]. The cross-correlation was
calculated in the time window of 51v/u? [35], and the phase jitter
removal process was iterated twice.

Hibernating Event Detection Method. The hibernating event
detection method is a recently developed conditional sampling
method to investigate the features of stochastic flow cycles
between high and low drag intervals based on wall shear stress
[47-51]. Based on the level of drag, flow features are classified
into high- or low-drag class. The low-drag class is termed
“hibernation” [47]. During hibernation, flow fields are relatively
less agitated, and the vortical motions are significantly suppressed,
which causes low Reynolds shear stress and increases bulk veloc-
ity. In this study, a hibernating event was defined as an event
when the instantaneous wall shear stress remained lower than
90% of the mean wall shear stress for * =ru,/d =3, i.e., three
eddy turnover times [47,50,51].

Result and Discussion
Turbulence Statistics

Streamwise Velocity. Turbulence statistics were measured in
the near-wall region of the formed turbulent boundary layer.
Figure 2(a) shows that the measured profile of mean streamwise
velocity (U") agreed with the universal law of the wall and previ-
ous results based on DNS [56] and hot-wire measurement [57].
Therefore, the boundary layer was confirmed to be fully devel-
oped at the measurement point. In the vicinity of the wall
(y+ < 3), however, heat transfer from the probe toward the wall
increased U™,

Fully developed turbulent boundary layer was also confirmed
based on streamwise turbulence intensity near the wall; the rms
value of #' normalized with friction velocity (u:‘“ns = Ums /Uz)
agreed with previous results (Fig. 2(b)) [56,57]. The maximum of
ut o is known to be independent of the Reynolds number within
statistical errors, and its most probable value is 2.71 £ 0.14 for
turbulent boundary layers [58], which our case satisfied
= 2.80).

+
(urms |max

Wall Shear Stress. The performance of the wall shear stress
probes was validated by comparing it with previous experimental
and computational studies [38]. A DNS study of a turbulent channel
flow suggested little correlation between the instantaneous stream-
wise (ty,) and spanwise (ty,) components of wall shear stress (Fig.
3(a)) [59]. Our measurement of t,, also confirmed this observation
(Figs. 3(b) and 3(c)). Compared with the DNS result, however, the
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measured distribution of 7y, showed less dispersion and higher den-
sity. In addition, the rms angle of measured t,, with respect to the
streamwise direction was 8.9 deg for Probe 1 and 8.0 deg for Probe 2
whereas that of the simulation result was 12.4 deg.

One reason for these differences is that hot-wires for wall shear
stress measurement were slightly raised from the wall (y™ = 1) to
reduce heat transfer to the wall, and thus the probes actually meas-
ured T, slightly above the wall. Another reason is that the wall
shear stress probes could measure t,, only when it lied within
*45 deg with respect to the x-direction due to its configuration.
However, the contribution of the second reason seems negligible
because the DNS result showed that the number of such cases was
less than 1% of the whole data [59].

The turbulence intensity of t,, (i = Ty ms/Twyx Where i =x or
z) was affected by the effective length of the sensing hot-wire. /,
and /, were measured to be 0.21 and 0.16, respectively. Repeated
measurements (N =10) of /, and I, showed uncertainty of 1.1%
and 1.5% for 95% confidence [38]. The value of /, is known to
vary in a wide range (0.06-0.40) possibly due to the low spatial
and temporal resolutions of used sensors, heat loss to the sub-
strate, and different fluid media [34,35]. Although our measure-
ment of /, belonged to this range, it was lower compared to
previous results of similar Re ranges (DNS result of Kim et al.

[60]: 0.36 at Re, =180, and hot-wire measurement of Wietrzak
and Lueptow [35]: 0.32 at Rey =3050). This difference could be
caused by assumed values for o and k, and possible asymmetry
between two hot-wires of the wall shear stress probes. However, a
comparison of the energy spectra of tj, with previous results
appeared satisfactory (Fig. S2, Supporting Information) [21].
Also, the energy spectra of tfy, and tjy. agreed well with each
other in the high frequency range, while the energy of tjy, was
lower than that of tfy, in the low-frequency range.

The spanwise dimension of the probe was responsible for the
low intensity of Ty, (Fig. 1(b)): although the spanwise dimension
of each wire was 0.4mm, the whole width of the probe was
1.3mm (L} = 27). To test the effect of the spanwise dimension of
the probe, /, was measured with each hot-wire of the wall shear
stress probe being positioned normal to the flow. Then, I,
increased to 0.29-0.32, which is in agreement with the measure-
ment of Wietrzak and Lueptow [35]. In contrast to L}, the stream-
wise dimension of the probe (L] = 8) was small enough, and thus
our measurement of /. was close to the DNS result of Kim et al.
(0.19 at Re, = 180) [60].

Conditionally Averaged Peak Event. Since the performance
of the peak detection method depends on the threshold level [45],

3.0 ,,'_--lIIII- . 3.0 . T--IIII.-__', 3.0 ',,_IIIIl-__I,
25¢ 25¢ B 25¢
|
|
20F | 20F y 20f
| |
+ ] * * i
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. %] - &N W u
s = =
10} = 10 — 1.0 —
] —] —
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(a)

(c)

Fig. 3 Scatter plots of instantaneous wall shear stress vectors (tyy: streamwise component, ty,: spanwise component). His-
tograms on the top and right side of each plot show the probability distribution of measured wall shear stress vectors. (a)
DNS result of a turbulent channel flow [59]. (B, C) Current results measured with Probe 1 and Probe 2.
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we investigated the effect of kneax on the conditionally sampled
peak events of Ty. As kpeq increased, the number of the detected
events (Npe.) decreased exponentially for both Ty, and ty.,
except negative events of Ty, (Figs. S3A and S3B). This exponen-
tial decrease was previously observed for Ty, [45], and the same
tendency was found for ty. in this study. Decreasing Npcq means
that larger fluctuations were detected less frequently with larger
kpeak.- When normalized with kle:k, the maximum amplitude of
(tw)" appeared similar regardless of kpear (Fig. S4), which means
that the maximum amplitude of (1) increased with kpea. Thus,
kpeak = 1 was used for the following analyses. It is also noted that
the two probes agreed well with each other in terms of (ty)".

Figure 4(a) shows an example of conditionally averaged posi-
tive events (kpeax = 1). The detection signal was u measured at
Ax* =0 and y" =7.3, and conditionally averaged u and Ty were
normalized with their respective rms values. The sign of (ty.1)"
was negative while the sign of (ty.,)* was positive, which sug-
gests that the wall shear stress probes sensed a pair of streamwise
vortices which caused sweep and burst in the near wall region.
When sweep occurred, 1’ was positive, and tjy,; and t}y., became
negative and positive, respectively (Fig. 4(b)). In contrast, the
sign of (ty,)" was positive for both probes. These differences in
sign between the wall shear stress components were also con-
firmed with the space—time correlation between 1’y and u’ [39]. It
is also apparent that there were time differences between the
peaks of (u)” and (ty.)": the peak event of i’ preceded that of iy,
at Ax* =0. This phase shift shows that coherent structures corre-
lated with wall shear stress were inclined, which was observed in
the time-averaged space—time correlation [36,39].

Changes in «’ upon significant fluctuations of 7'y, were investi-
gated by applying the peak detection method to 7'y and then
obtaining (u)" at various y* positions. Since sweep events were
related to positive Ty, negative T, and positive Ty, as
explained in Fig. 4, i’ was averaged with respect to peak events of
D> 0 or tin> 0 (the first row in Figs. 5 and S5A), or peak
events of T, < 0 or th.> 0 (the second row in Figs. 5 and
S5A). As shown by the top two rows of Fig. 5, positive u’ was
associated with sweep events, and phase shift existed between
(u)" and (ty)" in terms of the time of the peak amplitude. The
peak of (u)" always preceded those of (ty)" (i.e., r; = 0) for
Ax" =0, and the peaks of (1) moved in the positive ; direction
as Ax" increased. As a result, at Ax* =96, some peaks of (u)"
lagged behind that of (ty)". This suggests that a streamwise

2.0 T T

1.5

-
o

w

0.5

<r >%

o
o
T

<y>*,

60

vortex, which is correlated with instantaneous large fluctuations
of wall shear stress, inclines toward the streamwise direction [45].

The peak detection method was also applied for burst events.
Since burst events were related to negative tiy,, positive ti.; and
negative tjy,,, which is opposite to the sweep event, u’ was aver-
aged with respect to peak events of tiy,1 < 0 or i< 0 (the third
row in Figs. 5 and S5A), or peak events of tiy,;> 0 or tj,2< 0
(the fourth row in Figs. 5 and S5A). As shown by the bottom two
rows of Fig. 5, negative u' was associated with burst events. It
was noted that the peak magnitudes of (ty,)” in burst events were
lower than those in sweep events (Fig. S5A), which suggests that
fluctuations in Ty, were stronger for sweep events than for burst
events. This difference is also supported by the asymmetric distri-
bution of 7j, shown in Fig. 3. The peak magnitudes of (u)" in
burst events were lower than those in sweep events similarly, and
{(u)" curves of burst events were less smooth and showed less
dependence on y* than those of sweep events. In contrast, the
peak magnitudes of (ty,)" in burst events were similar to those in
sweep events (Fig. S5A), which is supported by the symmetric
distribution of tjy, shown in Fig. 3. In contrast to (u)" associated
with i, < 0, (u)" curves associated with tfy, in burst events
showed clearer dependence on y* and looked similar to those in
sweep events. Similar to sweep events, phase shift existed in burst
events.

To test whether wall shear stress probes sensed the same flow
structure, we used both 7’y signals measured by the two probes
(Fig. 6). Fewer peak events were detected when the simultaneous
peak detection was applied (Fig. S3C), but exponential decrease
was also observed. This reduction in the event number seems to
have been caused by mismatch between the fixed probe spacing
and the variable vortex-to-vortex spacing, as well as by the exis-
tence of single vortices not forming vortex pairs. For sweep events
(Fig. 6(a)), an event was detected only when positive Ty, events
occurred on both probes simultaneously, or when events of
w1 <0 and tiyn >0 occurred simultaneously (Fig. S5B).
Although phase jitter was not removed, («)* based on the simulta-
neous peak detection showed larger peaks compared to {(u)"
shown in Fig. 5. A similar trend was observed for burst events
simultaneously occurring on the two probes (Fig. 6(b)). This sug-
gests that the wall shear stress probes did not always detect the
same flow structure, and that when they did, stronger fluctuations
occurred in streamwise velocity. It is well accepted that stream-
wise vortices do not always exist in a pair in the turbulent

Sweep
uw>0
Ty, >0 v’ <0 Ty, <0
Probe 2 Probe 1
Burst V>0
u<0
Y
Ty, <0 z Ty’ > 0
Probe 2 Probe 1
(b)

Fig.4 Conditionally averaged peak events. (a) The detection signal (kyeak = 1) was streamwise veloc-
ity measured at y* =7.3 and Ax" = 0. (b) Schematic diagram of the streamwise vortex pair sensed by

the wall shear stress probes.
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boundary layer [61], which supports our simultaneous peak detec-
tion results.

Conditionally Averaged VITA Event. Similarly to the peak
detection method, the performance of the VITA method depends
on both kyyra and T [62,63]. The number of detected events of Ty
decreased exponentially with increasing kyira While it increased
with increasing 7" (= Tu?/v) (Fig. S6). Although kyrra values
affect the performance of the VITA method, it is known that con-
ditional average results show little dependence on kyvita When
normalized with kyypaOms [46]. As such, (ty)" curves showed
little dependence on kyra values (Fig. S7A). Since the normaliza-
tion involves ki, as a denominator, agreement among (ty)"
curves suggests that (ty) showed more rapid temporal changes as
kyita increased. In regard to the effect of 7, the VITA method is
known to detect events lasting roughly for the averaging time, and
thus it filters out fluctuating signals with slower changes as
increases [63]. (tw)" showed greater amplitude as T" decreased
(Fig. S7B), which suggests that instantaneous large fluctuations in
Ty were related to high frequency components of 7'y [45].

Figure 7 shows examples of conditionally averaged VITA
events. The detection signal was u measured at Ax' =0 and

Journal of Fluids Engineering

y"=7.3. 1t is notable that for the positive event of (u)", which
corresponds to the sweep event, (ty;)" showed the negative event
while (ty.2)" showed the positive event. The opposite behavior of
{(tw.)" was observed for the negative event of (1), which is the
burst event. Similar to the conditionally averaged peak event
shown in Fig. 4(a), the observed opposite sign between (ty.1)"
and (ty.0)" supports the existence of the streamwise vortex pair
(Fig. 4(b)). In contrast, the event sign of (ty,)" was always the
same as that of (u)" regardless of the wall shear stress probes
because tiy, & pu'/Ay. It is also notable that there were time dif-
ferences between the inflection points of (#') and (t}y.): the VITA
event of u’ preceded that of tfy,, which shows the existence of the
inclined coherent structure correlated with wall shear stress
[36,39].

Changes in ' upon significant changes in 7y were investigated
by applying the VITA method to 7jy and then obtaining (u)" at
various y ' positions. Since sweep events were related to positive
T, Negative Ty, and positive tiy,, as explained in Fig. 4, u' was
averaged with respect to positive VITA events of iy, or i
(the first row in Figs. 8 and S8A), or negative VITA events of
Tiy1 or positive VITA events of Ty, (the second row in Figs. 8
and S8A). As shown by the top two rows of Fig. 8, the temporal
increase in u' was associated with sweep events, and phase shift
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Fig. 7 Conditionally averaged VITA events (kyta=1, T' =16). The detection signal was
streamwise velocity measured at y* = 7.3 and Ax™ = 0. (a) Positive event. (b) Negative event.

existed between (u)" and (ty,)" in terms of the time of the maxi-
mum gradient or inflection point. The inflection points of (u)"
always preceded those of (ty.)" (i.e., £, = 0) for Ax" =0, and
moved in the positive 7/, direction as Ax™ increased, which is sim-
ilar to the peak detection results. This suggests that a streamwise
vortex, which is correlated with temporal gradient of wall shear
stress, inclines toward the streamwise direction [45], which agrees
with the peak detection results.

The VITA method was also applied for burst events. Since
burst events were related to negative tly,, positive t{y,; and nega-
tive Tly,2, which is opposite to the sweep event, 1’ was averaged
with respect to negative VITA events of tiy,q or Ty (the third
row in Figs. 8 and S8A), or positive VITA events of tiy,; or nega-
tive VITA events of t}y.» (the fourth row in Figs. 8 and S8A). As
shown by the bottom two rows of Fig. 8, temporal decrease in u’
was associated with burst events.

Similar to the peak detection method, simultaneous event detec-
tion was tried with the VITA method (Fig. 9). For sweep events
(Fig. 9(a)), an event was detected when positive VITA events of

041301-8 / Vol. 143, APRIL 2021

iy occurred on both probes simultaneously, or when a negative
VITA event of tjy,; and a positive VITA event of tjy., occurred
simultaneously (Fig. S8B). Although phase jitter was not
removed, (u)" based on the simultaneous VITA event detection
showed more rapid changes in (u)* compared to the top two rows
of Fig. 8. A similar trend was observed for burst events simultane-
ously occurring on the two probes (Fig. 9(b)). This result suggests
that when the wall shear stress probes detected VITA events of
the same sign simultaneously, streamwise velocity increased or
decreased more rapidly.

Conditionally Averaged Hibernating Event. The hibernating
events were detected using one of the two wall shear stress probes
and the aforementioned criteria. As shown in Fig. 10(a), the crite-
ria for the hibernating event were satisfied in terms of wall shear
stress and time duration. The fraction of time spent in hibernation
was observed to be about 0.02, where we detected more than 70
hibernating events for 1™ =7.36x 10°. The fluctuations of
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streamwise velocity during hibernating events at a given y* were
slightly lower than the mean at that given location (Fig. S9), but
their behavior was not exactly the same as that of wall shear
stress. Figure 2(a) shows the ensemble-averaged mean streamwise
velocity profile for hibernation at Ax* =32, along with profiles
for the experimental measurement and the law of the wall. All
profiles collapse well in the viscous sublayer (y© < 5) and start
deviating from the U" =y" line in the buffer layer. The condi-
tional mean velocity profile (i.e., hibernation profile) is shifted
upward when compared to the law of the wall. This increase in
U" implies a greater bulk velocity, suggesting comparatively
lower skin friction or resistance to the flow, during the hibernating
events. To our best knowledge, hibernation events are first
observed in a turbulent boundary layer and even in high Reynolds
number flows of Re, = 0(10%). This hibernation profile is similar
to that of recent experiments and simulations in channel flow as
shown in Fig. 10(b) [49,50].

Conclusion

Detecting coherent structures is crucial in understanding the
turbulent boundary layer as illustrated by the direct impact of
quasi-streamwise vortices on skin friction of the flow, and wall

Journal of Fluids Engineering

shear stress fluctuations manifesting turbulent coherent structures.
In this study, simultaneous measurements of stream- and spanwise
wall shear stresses and streamwise velocity fluctuations were car-
ried out in a near-wall turbulent boundary layer using two V-type
wall shear stress probes and an I-type hot-wire probe. The wall
shear stress probes were fabricated with hot-wires on the wall, and
they were validated by comparing their instantaneous wall shear
stress measurements with a direct numerical simulation result.
Conditional sampling methods were employed to investigate the
relationship between wall shear stress and streamwise velocity
fluctuations. The peak detection method and the VITA method
showed that quasi-streamwise vortices, which are correlated with
large fluctuations of wall shear stress, inclined toward the stream-
wise direction. In particular, conditionally sampled fluctuations of
streamwise velocity were stronger when they were simultaneously
detected by the two wall shear stress probes than when detected
by only one probe. This suggests that when the wall shear stress
probes detected the same flow structure, stronger fluctuations
occurred in streamwise velocity. The hibernating event detection
method showed that the conditional mean velocity profile is
shifted upward in comparison with the law of the wall, which sug-
gests lower skin friction during the hibernating events. Therefore,
this study could describe how coherent structures are highly
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Fig. 10 Hibernating events. (a) Temporal fluctuation of streamwise wall shear stress (gray curve) with identified hibernating
events (black curves). Solid line: time-averaged wall shear stress. Dashed line: 90% of the mean value. Inset: A magnified plot
of the dashed box area. (b) The mean velocity profile for hibernating events of the current study is compared to the simulation

result of Kushwaha et al. [50] and the experimental result of Whalley et al. [49].

correlated with wall shear stress fluctuations in a zero pressure
gradient turbulent boundary layer flow, which may suggest impor-
tant implications for turbulent flow control. For instance, as illus-
trated herein, hibernation events exhibit uncharacteristically low
skin friction relative to the mean behavior of the system. There-
fore, controlling the frequency and/or duration of these events
presents a favorable target for various flow control methods—e.g.,
increased number of events or longer duration events for increased
drag reduction. The different mechanisms associated with various
flow control methods may also have distinct effects on the spatio-
temporal characteristics of these events. As such, further investi-
gation is needed to elucidate the effects of turbulent flow control
methods on hibernation events.
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Figure S1. Streamwise wall shear stress ( 7,,, ) measured using the Preston tube for the free

stream velocity (Ux) range of 0-14.9 m/s. The relative standard deviation (= standard
deviation/mean; N = 3) ranged from 0.13% (U~ = 8.9 m/s.) t0 9.22% (U~ = 3.1 m/s.).
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Figure S2. Energy spectrum of wall shear stress fluctuations [6].
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Figure S3. Effects of the peak detection threshold value (kyear) on the number of detected peak
events (Nyear). (A) Positive event. (B) Negative event. (C) Simultaneous event.
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Figure S5. Conditionally averaged streamwise velocity fluctuations <u> with the peak events of

wall shear stress (kpear = 1) with Ax" = 0. —: <u>* — <TW>* . The <u> curves of y* = 7.3 are

shown in green, and y" increases in the order of 7.3, 10.5, 16.0, 21.3, 34.3, 51.8, 69.2, 103.9, and
173.5. (A) Peak events were detected using Probe 1 (left column) and Probe 2 (right column)
separately. The top two rows are for sweep events, and the bottom two for burst. (B) Peak events
were detected using the two probes simultaneously. Left column: Sweep events. Right column:
Burst events.
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Figure S6. Effects of the VITA parameters on the number of detected VITA events (Nyir4).
Effect of the threshold level (kviz4) on Nyir4 for (A) positive events and (B) negative events. A
constant average time of 7" = 16 was used. Effect of 7" on Nyz4 for (C) positive events and (D)
negative events. kyir4 = 1 was used.
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Figure S7. Effects of sampling parameters on conditionally averaged VITA events. (A) Effect of
the threshold (kyiz4) level with T™ = 16. (B) Effect of the averaging time (7") with kyz4 = 1.
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Figure S8. Conditionally averaged streamwise velocity fluctuations <u> with the VITA events

of wall shear stress (kyira = 1, TH = 16) with Ax" = 0. — <u>* JE— <TW>*. The <u>* curves of

y"=7.3 are shown in green, and y" increases in the order of 7.3, 10.5, 16.0, 21.3, 34.3, 51.8,
69.2, 103.9, and 173.5. (A) VITA events were detected using Probe 1 (left column) and Probe 2
(right column) separately. The top two rows are for sweep events, and the bottom two for burst.
(B) VITA events were detected using the two probes simultaneously. Left column: Sweep
events. Right column: Burst events.
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Figure S9. Temporal fluctuation of streamwise velocity (gray curve). Black curves correspond to
the hibernating events shown in Fig. 10. The right column shows magnified plots as the inset of
Fig. 10 shows. (A) y" = 15. (B) y" = 50. (C) y" = 99.
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