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ABSTRACT

In this study, time-resolved particle image velocimetry
(PIV) was performed in wall-parallel planes to investigate
both the time evolution of structures in the flow as well as
the 3D spatio-temporal spectrum. In particular vortex signa-
tures in wall-parallel planes were studied which were found
to correspond closely with the signature of hairpin vortices
found in wall-bounded shear flows. Considering the convec-
tion velocity of different streamwise-spanwise scale pairs cal-
culated from the spatio-temporal spectrum, it was found that
the average convection velocity of highly energetic scalesin
therange 1.5< Ax/6 <5.0and 0.5< A;/6 < 1.0 wascloseto the
convection velocity of the vortex signatures. Also, this range
of wavelengths is similar in size to the streamwise-elongated
structures around which these vortices often appear.

INTRODUCTION

The structure of wall-bounded shear flows has been in-
vestigated over several decades by means of statistical analy-
sisand through the study of coherent structures, both of which
have provided a basis for the development of modern flow
control strategies, yet the connection between coherent struc-
tures and the energetic scales identified by statistical meth-
ods is still unclear. To help elucidate this connection, time-
resolved PIV was performed in wall parallel planesto provide
access to spectral information in al directions (streamwise
wavenumber, spanwise wavenumber, and frequency) as well
as snapshots of turbulent structures as they evolvein time.

One of the few time-resolved PIV investigations of the
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turbulent boundary layer was performed by Dennis & Nickels
(2008) where the validity of Taylor's hypothesis was tested
at y/6 =0.16 with a 66 x 36 field of view, where ¢ is the
boundary layer thickness and vy is the wall-normal direction.
It was shown that the long meandering structures found in
the log-layer (Hutchins & Marusic, 2007), often referred to
as superstructures or very large scale motions (VLSMs), ap-
pear nearly identical in the spatial and Taylor-reconstructed
fields. The signature of these large scales in turbulent spectra
have been shown to contain a significant portion of the turbu-
lent kinetic energy; Balakumar & Adrian (2007) showed that
streamwise scales longer than 3§ contained at least 45% of
the turbulent kinetic energy in boundary layer flows. In ad-
dition, Ganapathisubramani et al. (2003) found that hairpin
packets of comparable streamwise extent contained a signif-
icant amount of Reynolds stress, —Tv, and thus may be as-
sociated with significant turbulence production. In order to
capture these large scale dynamics which contribute signifi-
cant energy to the flow, current experiments were performed
with afield of view up to 100 in streamwise extent.

In the current study comparisons are drawn between the
spectral and structural representations of the flow by consider-
ing the convection velocity of the structuresin the flow aswell
asthe convection velocity of individual scalesinvestigated via
the 3D spatio-temporal streamwise velocity spectrum.

From previous work, the heads of hairpin vortices were
shown to convect near the local mean (with some deviations
toward slower velocity in the wake region) by Adrian et al.
(2000). Wu & Christensen (2006) showed similar results
noting that the spread in convection velocities increased as
the wall is approached and is proportional to the local RMS
streamwise velocity fluctuations. In the current study, the con-
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Figure 1: Test section with the submerged portion of the shroud in red. The inset provides an overhead view.

Table 1: Experimental parameters are presented with the SF parameters in parentheses where applicable.

Reg o 0 Uoo Ur v/u;
1085 13.5mm 1.6mm 0.63m/s  0.028m/s  32.9um
y* y/6 u* AX", AZ* Lx/6 L,/6
33 008  144(140) 33(15 100(4.3) 5.0(2.2)
58 014 150(152) 34(15 10.2(43) 50(2.2)
122 030 169(17.0) 33(15) 10.0(44) 4.9(22)
198 048 19.0(19.0) 32(14) 95(43) 48(21)

vection velocity of the signature of these hairpin vortices in
wall parallel planes is investigated. Concerning the convec-
tion velocity of scales ascertained via statistical analyses, it
has been found that large streamwise scales convect faster
than the loca mean near the wall (Morrison et al., 1971;
Kim & Hussain, 1993; Krogstad et al., 1998) and slower than
the local mean far from the wall (Chung & McKeon, 2010;
LeHew et al., 2010), therefore, the behavior in both of these
regions will be studied. Scale-based convection velocities
from the data set presented here are compared to those of the
hairpin vortex signatures which often form into streamwise
elongated packet-type structures.

The experimental setup is presented first and followed by
adiscussion of the vortex tracking algorithm and the convec-
tion velocities measured. The spectral measurements and the
convection velocity of individual scales are then presented.
Finally, a comparison is made between the convection veloc-
ity of large energetic scales and the vortices observed in the
flow.

EXPERIMENTAL SETUP

Measurements of a zero-pressure gradient boundary
layer at Rer = Su;/v = 410 (Rey = OUo /v = 1085) were per-
formed on a1.1m long by 0.45m wide flat plate in afree sur-

face water tunnel facility. ur =/ tw/p isthefriction velocity,
Tw IS the shear stress at the wall, p is the density, v is the
kinematic viscosity, U is the free-stream velocity, and 6 is
the momentum thickness. The 13.5mm thick boundary layer
on the bottom of the plate was studied to avoid interaction
with surface waves. A shroud with a wedge-shaped leading
edge was placed along the sides of the plate to promote a two-
dimensional flow producing a streamwise velocity variation
of less than 1% of the local mean along the spanwise direc-
tion. Measurement planes were centered 0.63m downstream
of the leading edge with U = 0.63m/s and the free stream
turbulence level less than 0.1%. A photograph showing the
test section and coordinate system is presented in Fig. 1.

2D planar PIV measurements were performed in the
wall-normal and wall-parallel planes in two separate sets of
experiments. In both, two cameras were placed side-by-side
to provide alonger field of view in the streamwise direction.
For measurements in the wall-normal plane, the field of view
was 58 x 1.26. For measurements in the wall-parallel planes,
both alarge field of view (LF), 106 x 56, and a small field of
view (SF), 4.36 x 2.28, were used to study the largest scales
and resolve the smallest scales, respectively. Thewall-parallel
measurements were performed at 4 different wall-normal lo-
cations listed in Table 1. Images were recorded at 2500fps
for the SF, 1000fps for the 3 near wall planes of the LF, and
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Figure 2: In (a): the mean velocity profileis presented where
the symbols are —x— Mean profile from wall-normal mesa-
surements, —o—: data from DeGraaff & Eaton (2000) at Rey =
1430, o: mean velocity from wall-parallel SF measurements,
=: mean velocity from wall-parallel LF measurements. In (b):
the rms vel ocity fluctuations are presented where the symbols
are —x— Ui from the wall normal measurements, o: wall-
parallel SF measurements, =: wall-parallel LF measurements,
—— A ——: datafrom Erm & Joubert (1991) at Rey = 1003, —:
datafrom Wu & Moin (2009) at Reg = 900.

1500fps for the LF at y* = 198 giving At* = 0.34, 0.86, and
0.57, respectively. See LeHew et al. (2011) for more details
on the experimental setup and PIV system.

The mean velocity profile is presented in Fig. 2a and
the rms vel ocity fluctuations from both wall-normal and wall-
parallel planes are shown in Fig. 2b and agree well with the
literature. The underestimation of w{ins using the LF data is
expected and explained by LeHew et al. (2011). For thisrea
son, any analysis requiring a spanwise velocity isonly inves-
tigated using the SF data. To calculate ur, aleast squaresfit to
the predetermined log layer was performed and 6 was defined

Figure 3: Aty" =58, vortices with CW (blue) and CCW (red)
rotation are shown amongst low momentum regions indicated
by the velocity vectors.

using the U(y) = 0.99U. criterion. The key parameters for
the wall parallel measurements are recorded in Table 1.

VORTEX TRACKING

The main structures investigated in this study were vor-
tices in wall-parallel planes which were found to closely
match the signature of hairpin vortex structures. To identify
these vortices, the swirling strength field was first calculated
using Eq. 1, where A¢j isthe swirling strength and uand w are
the fluctuating velocities in the streamwise, X, and spanwise,
z, directions, respectively. The swirling strength is the imag-
inary part of the complex eigenvalue of the local velocity-
gradient tensor and is useful for revealing regions of rotational
flow as discussed by Zhou et al. (1999). Individua cores
are identified using using a threshold of [Acj| > 1.5(A¢;i )rms,
which was also used by Wu & Christensen (2006) and found
to be an appropriate cutoff. To ascertain the direction of the
swirling motion, the signed swirling strength, Acj, isused as
givenin Eq. 2, where wy isthe local out-of-plane vorticity.

i (@+ﬂv)z+4(@ﬂv_@a_vv)
X 0z X dz 0z 0z

Acj = @)

Aci = |Acil % @

Vortices in wall parallel planes were found to exist near
the interface of high and low momentum regions, defined as
regions in which the local velocity is 10% higher and 10%
lower than the mean velocity in the plane of interest, respec-
tively. A representative snapshot of vortices amongst low mo-
mentum regions is shown in Fig.3, where pairs of opposite
signed vortices are found to flank these low momentum re-
gions.

To identify whether these swirling regions are represen-
tative of hairpin vortices, their average shape was studied by
finding the distribution of their equivalent diameters, Deg,



(Deg = \/4A/m, where A is the area of the vortex) and ec-
centricity, &, (For an ellipse, € = \/1- (b/a)2, where aand b
are the major and minor axes, respectively). From the well-
resolved SF data, it was found that Df;q ~ 54 on average where
the distribution of sizesincreases moving away from the wall.
For al planes, € ~ 0.75 in the mean with a distribution be-
tween 0.5 and 0.9, where planes further from the wall favor
smaller values of ¢, i.e. more circular shapes. A streamwise
elongated shape is expected for a hairpin vortex (Tomkins &
Adrian, 2003) due to their tilting with respect to the stream-
wise direction which tends to be at an angle of 45° on average
(Head & Bandyopadhyay, 1981). A circular vortex tube tilted
at 45° would produce € = 1/\/5 ~ 0.71, which matches well
with the € found from the present data. Also, the decrease
in € further from the wall may be indicative of the reduced
inclination of the vortex as it approaches the free-stream (See
Ganapathisubramani et al. (2006)). Altogether, the vortex sig-
natures identified seem to be hairpin vortices.

To track vortices in time, a weighted centroid is used to
identify the position of each vortex at each time step. For
each frame, the algorithm looks for the nearest neighbor un-
der the constraint that the vortex move in the streamwise di-
rection no faster than the U, (with a +1 vector displacement
error to account for inaccuraciesin finding the centroid). In all
cases over 50% of all swirling regions identified were tracked
in time. Of those, 10-30% persisted for at least one eddy
turnover time (Tg = 6/Us). The pdfs of the vortex convec-
tion velocities for each wall-parallel plane are shownin Fig. 4
for vortices that persisted for Tz or longer. The axes extend
from u* = 10, the minimal convection velocity in the flow,
to u™ = 22, the free-stream velocity, in which aimost al of
the tracked vortices fall. These pdfs show a large spread of
convection velocities likely indicating a large spread in vor-
tex heights as hairpin vortex heads were found to travel at the
local mean velocity by Wu & Christensen (2006). It appears
that, on average, vortices tend to convect slower than the local
mean, particularly for planes far from thewall. The difference
between the LF and SF datais only very noticable at y* = 33
with the LF data indicating that vortices convect close to the
local mean, while the SF data indicates much slower convec-
tion velocities. Having vortex convection velocities slower
than the local mean in all cases would indicate that the heads
of these hairpins, which exist further from the wall, should
also travel dower than the local mean, which is in contrast
to other measurements in the literature (Adrian et al., 2000;
Wu & Christensen, 2006). A study of the time-evolution of
wall-normal structures would be of interest to investigate this
point.

Next, convection velocities of different scalesin the flow
are studied using the 3D spatio-temporal streamwise velocity
spectrum.

SPECTRAL ANALYSIS

The 3D spatio-tempora streamwise velocity spectrum
(2D inspace, 1D intime) is calculated as described by LeHew
et al. (2011). The spectrum at y* = 58 is shown in Fig. 5
where kx, kz, and o are the streamwise wavenumber, span-
wise wavenumber, and angular frequency, respectively.

This spectrum can be thought of as a decomposition of
the datainto a number of streamwise-spanwise scale pairsthat

Figure 4: A pdf of vortex convection velocities is shown for
vortices that persist for Te = § /U Or longer for both the LF
(—) and SF (—0-) data. The mean velocity for each plane
of the LF data is shown by the vertical line where the colors
represent different wall normal locations; blue: y* = 33, red:
y* =58, magenta: y* = 122, black: y* = 198.

0.001 0001

Figure 5; kxkzw®(ky,kz, @) is presented at y* = 58 using
the SF data. The surfaces represent 25%, 50%, and 75% of
the total energy in the spectrum moving from blue to yellow.
The shape of the spectrum is qualitatively similar in the other
planes

convect downstream at a speed equal to ucx = /kx, where
a range of convection velocities exists for each scale pair.
The spectrum shows the amplitude of each of these traveling
waves and can be used to identify the dominant ones. A single
representative convection velocity can be calculated for each
streamwise-spanwise scale pair using Eq. 3 from del Alamo
& Jiménez (2009) and used in earlier works by Jiménez et al.
(2004) and Flores & Jiménez (2006).
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Figure 6: The contour lines represent uc at y* = 33 calcu-
lated using Eq. 3 with the LF data. The black contours lines
are Uc equal to the local mean for the LF (solid) and the SF
(dashed), the blue line is uc equal to the mean vortex convec-
tion velocity for the LF (u* = 14.2) and the red is for the SF
(u* = 13.5). Thearrow indicatesthe direction of increasing uc.
The shaded contours represent 20 to 80% of the maximum en-
ergy of kxkz®(kx, kz) in 20% increments moving from light to
dark shades.

1 ff:o w@(kx, kz, (D,y)d(ﬂ

U k, ) = b
c(kx, Kz, Y) Kx f_oo O(kx, kz, w,y)dw

©)

This method provides a measure of the convection ve-
locity where the @ in @/k« is weighted by the 3D spectrum,
or in other words, this method picks a dominant frequency
based on the “ center of mass’ of the spectrumin w. A map of
this convection velocity measure is plotted on top of the 2D
pre-multiplied streamwise velocity spectrum kxkz® (kx, kz) in
Fig. 6, where the spectrum helpsto highlight the range of con-
vection velocities for the most energetic scalesin the flow.

From Fig. 6 it is apparent that scales in the range 2.5 <
Ax/8 <5 and Az/8 > 0.6 (equivalently 1000 < A4 < 2000 and
A7 > 250) move faster than the local mean velocity while the
convection velocity isslower elsewherein thisplane, where Ax
and A; are the streamwise and spanwise wavelength, respec-
tively. Sincethismap isshown only for the LF data, it islikely
that convection velocities for the smaller wavelengths are un-
derestimated (due to a limited range of w for the LF spec-
trum), but the focus here is on the large scales which are cor-
rectly resolved in the current data set. In subsequent planes,
the region where convection velocities are greater than the lo-
cal mean shrinks and eventually, most scales tend to convect
slower than the local mean. The contours of uc equal to the
vortex convection velocity, also shown in Fig. 6, tend to move
toward shorter streamwise wavelengths as the free-stream is
approached but also extend over larger ranges of z. Aty" =33,
the convection velocity contours roughly cuts arectangular re-
gionwith edges at Ax/8 = 2and 6, whileat y* = 198, theregion

Table 2: Left columns: Scales traveling at the mean vortex
convection velocity, Right columns. Most energetic range of
scales used for spectral convection velocitiesin Fig. 7

Vol S AS | MS A

33 | 20,600 0525|1451 04-07
58 | 1.2,55 0.7-25 | 1552 0508
122 | 0.7,45 04-25 | 1550 0.6-1.0
198 | 0.6,1.9 04-25 | 1538 0.6-1.2

isbounded by Ax/6 = 0.6 and 1.9. In al planes, these contours
cut through regions which contain the most energetic scalesin
the flow as documented in Table 2.

To close the loop, we compare the vortex convection ve-
locities to the average convection velocities of the scales that
contain the top 10% of the energy (i.e. the white region in
Fig. 6). The range of scales investigated is documented in
Table 2 for each wall-normal location. The comparison be-
tween these convection velocities and the vortex convection
velocitiesisshown in Fig. 7. The error barsin Fig. 7 illustrate
the width of the vortex convection velocity pdfs and they de-
note data within 2 standard deviations of the mean. Thereis
a close correspondence between the convection velocities of
these energetic scales and the convection velocity of the vor-
tices in the flow. The range of scales chosen for comparison
was relevant since in each plane investigated, the convection
velocity in part of this region was always equal to the vor-
tex convetion velocity. It is notable that the mean convection
velocity of the vortices investigated here which were of size
A¢ =50 (Ax/6 ~ 0.1) is equivalent to that of scales that are
generally on the order of § in streamwise extent. Considering
that hairpin vortices tend to aggregate into packets that extend
up to streamwise lengths of 36 and larger (Ganapathisubra-
mani et al., 2003), it is likely that these energetic regions are
related to hairpin packets. In addition, by using the range of
streamwise scales listed in Table 2 and filtering the original
velocity fieldsin x we retain the large |ow-momentum regions
and the pattern of opposite signed swirl flanking these regions
asshown in Fig. 8, which can be compared to the original field
in Fig. 3. This connection shows promise for finding further,
more detailed connections between energetic structuresin the
flow and energetic scales identified by spectral analysis.

CONCLUSIONS

Using time-resolved PIV and resolving scales from A =
30 to Ax/d = 10, both the evolution of coherent structures in
the flow, with afocus on the convection of vorticesin the flow,
and the 3D spatio-temporal spectrum were studied. A close
relationship between the vortex convection velocity and the
convection velocity of a range of energetic large scales was
found. From a further analysis, it may be possible to find
other connections between coherent structuresin the flow and
traveling waves over a particular range of sizes and speeds.
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Figure 7: The convection velocity of vortices are shown for
each plane with the red (SF) and blue (LF) data points. The
error bars indicate 2 standard deviations covering nearly the
entire range of the pdfsin Fig.4. The green triangles indicate
the mean convection velocity of the most energetic scales in
the flow containing 10% of the total energy.

Figure 8: Same as Fig. 3 except a spatial band-pass filter has
been applied to the velocity field (not the swirl field) to only
alow the range 1.3 < Ax/8 < oo, where the difference in the
filtered wavelengths from Table 2 is due to the difference in
the resolution between the LF and SF data sets.
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