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ABSTRACT

Reynolds shear-stress events play an important role in
turbulent boundary layers. To investigate their origin, we
look at time resolved particle image velocimetry data in a
streamwise wall-normal plane and investigate the interac-
tion between large and small scale velocity fluctuations and
their contribution to normal and shear stresses. Streamwise
velocity fluctuations are found to be predominately large
scale and wall-normal velocity fluctuations smaller scale.
Their interaction results in shear-stress, which is mostly
present in intermediate scales. By spatial decomposition
of temporal spectra, we find that large spatial scales interact
at large time-scales and small spatial scales at small time-
scales. From conditioned temporal spectra, we find that
large streamwise velocity fluctuations modulate the ampli-
tude of small scales, which contribute to the normal and
shear stresses. Conditioned wavenumber-frequency spectra
of these small scales shows that the time evolution of small
spatial scales is proportional to large scale streamwise ve-
locity fluctuations.

INTRODUCTION

Understanding Reynolds shear-stress events in a tur-
bulent boundary layer is of crucial importance for mod-
elling and controlling turbulent wall-flows. A lot of effort
is put into capturing, characterising, and quantifying struc-
tures responsible for momentum transport in wall-bounded
turbulent flow: e.g. Katul et al. (2006) show the rela-
tive importance of ejections and sweeps in an atmospheric
boundary layer, Adrian (2007) describes the organisation
of hairpin vortices in wall turbulence, Dennis & Nickels
(2011a,b) show vortex packets and long structures in a tur-
bulent boundary layer, and Luzano-Durdn et al. (2012)
characterises the three-dimensional structure of momentum
transport in turbulent channels.

Recently, the interaction between large scale and small
scale velocity fluctuations in streamwise direction has been
studied (Hutchins & Marusic 2007a, Mathis et al. 2011,
and Ganapathisubramani et al. 2012) experimentally and

amplification and modulations effects were found. Earlier
experiments by Guala et al. (2006) show that a considerable
amount of mean shear-stress is produced at large scales.
The evidence of scale interaction in streamwise direction
combined with the considerable amount of mean shear-
stress created by large scales, raises the question whether
interactions between large and small scales are important
contributors to the mean shear-stress and how they manifest
themselves.

In this study, we evaluate the interaction between large
and small scales that contribute to the shear-stress from
time-resolved particle image velocimetry (PIV) data in a
stream-wise wall-normal plane of a turbulent boundary
layer.

EXPERIMENTS

Time resolved PIV experiments are performed in a
stream-wise wall-normal plane in a turbulent boundary
layer in the water tunnel at Cambridge University Engi-
neering Department. The flow is tripped with a glass rod
at the beginning of the test-section and PIV measurements
are performed 4.5 m downstream of this trip. The nominal
flow conditions at the measurement location are U ~ 0.65
m/s, 0 ~ 0.1 m, U; =~ 0.027 m/s, and Re; ~ 2700. Two
PIV experiments with different field-of-view (FOV) are per-
formed. Particle image pairs are captured and processed us-
ing LaVision software DaVis 7.2. The first experiment has
a large field-of-view (FOV) that covers an area of 37 x 4.6
cm (approximately 4 8 x 0.5 §) with a digital resolution of
10 pixels/mm and a total of 25,000 images are acquired in 5
separate sets at 500 Hz. The second experiment has a small
FOV that covers an area of 17 x 4.5 cm (approximately 2
d x 0.5 §) with a digital resolution of 22 pixels/mm and
a total of 50,000 images are acquired in 10 separate sets at
facq = 1 kHz. Both experiments capture 50 s (325 § /U) of
flow. Images are preprocessed using a min-max normalisa-
tion. Vectors are calculated using Gaussian weighted corre-
lation windows (WS) that start at 64 by 64 pixel and finish
at 16 by 16 pixels with an overlap factor of 50%. This re-
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Instantaneous snapshot from the small FOV experiment showing sweeps and ejections.
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Figure 2. Premultiplied spectra from large FOV measurements (a-c) and small FOV measurement (d-f). The lowest wall-
normal locations is y/8 = 0.026 (y© = 69) for the large FOV and y/8 = 0.022 (y* = 58) for the small FOV. (a) Spatial
premultiplied spectrum of streamwise velocity fluctuations, &®/ UTZ. (b) Spatial premultiplied spectrum of wall-normal

velocity fluctuations, 1@} /U2. (c) Spatial premultiplied cospectrum of streamwise with wall-normal velocity fluctuations,
@/ UTZ. (d) Temporal premultiplied spectrum of streamwise velocity fluctuations, f(b{:u / U,?. (e) Temporal premultiplied
spectrum of wall-normal velocity fluctuations, de{v / UTZ. (f) Temporal premultiplied cospectrum of streamwise with wall-

normal velocity fluctuations, fdJJ,:v JUZ.

sults in a spatial resolution of Ax™ =22 (It =43, WS =
1.6 mm) with a temporal resolution of At™ = 1.5 for the
large FOV and a spatial resolution of Ax™ = 10 (It = 20,
WS = 0.7 mm) with a temporal resolution of At* = 0.7 for
the small FOV. The first valid vector for the large FOV is at
y/8 = 0.026 (y* = 69) for the small FOV at y/8 = 0.022
(yT =58).

RESULTS

We want to gain insights into momentum transport or
shear-stress, which is the interaction between streamwise,
u, and wall-normal, v, fluctuations. The shear-stress in wall
bounded turbulence is primarily caused by sweeps and ejec-
tions. The range of scales within sweeps and ejections in-
creases with increasing Reynolds number. An example of
an instantaneous field of sweeps and ejections (figure 1)
shows that, for the current (moderate) Reynolds number,
large regions of sweep and ejection already exist, which
contain numerous smaller structures within them. Quan-
tifying the range of space and time-scales and the inter-

actions between them will help to understand momentum
transport in turbulent boundary layers and potentially lead
to new ideas on how to manipulate them.

We first look into the energy contents in space and time
of normal and shear stresses for different wall-normal lo-
cations (figure 2). Spatial premultiplied power spectra are
determined from the large FOV. The full length of the FOV
is used and after applying a Hamming window the spec-
tra are determined. The spectra are averages over 25,000
blocks. The spatial energy distribution @y of u over dif-
ferent wavelengths, A, (with k. = 1/A,), figure 2(a), shows
that, even though the spectrum of the streamwise velocity
fluctuations is truncated —due to limited streamwise extent
of the domain—, most of the energy in streamwise direction
is present in scales larger than . This is in line with the re-
sults of Hutchins & Marusic (2007b), who find that, except
for the viscous inner region, most of the energy is present
in larger scales. The spatial energy distribution for wall-
normal velocity fluctuations KPS, figure 2(b), shows that
most energy is present in scales smaller than §. The peak
in the cospectrum Kk, L, lies in between the peak contribu-
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Figure 3. Decomposition of temporal premultiplied cospectrum. The lowest wall-normal locations is y/8 = 0.022 (y* = 58).

(a) Small scale streamwise velocity fluctuations, ug, with large scale wall-normall velocity fluctuations, vy, f(bfm / UTZ. (b)

Large scale streamwise velocity fluctuations, uy, with large scale wall-normall velocity fluctuations, vz, f<I>5LVL / U,z. (c) Small

scale streamwise velocity fluctuations, ug, with small scale wall-normall velocity fluctuations, vg, fcbgsvs / UT2 . (d) Large scale

streamwise velocity fluctuations, uy, with small scale wall-normall velocity fluctuations, vg, f‘I’{;LvS / UTZ.

tions in the streamwise and wall-normal fluctuations (figure
2(c)). This shows that the peak in contribution to the mean
Reynolds shear-stress, uv, is between 0.25 & and 2 §.

Time-scales of the stresses are assessed by temporal
premultiplied power spectra, which are determined from the
small-FOV, and are shown in figure 2(d-f). The time se-
ries from the small FOV are divided into blocks of 2.5 s
(16 6/U) with 50% overlap and after applying a Hamming
window the spectra are determined. To minimise potential
effects of aliasing, the spectra are filtered with a Gaussian
filter, which has a cut-off frequency of f,.,/3. Spectra are
averaged per wall-normal location over all blocks and all
points in streamwise direction. The resulting spectra are
averages over 15,000 blocks. The temporal energy distri-
bution ftbj,;u of u over different time-scales A, (f = 1/A;)
is shown in figure 2(d). It indicates a similar behaviour for
the temporal scales as for the spatial scales shown in fig-
ure 2(a), however, due to a large time series, energy for a
larger range of time-scales can be determined. The tempo-
ral energy distribution for wall-normal velocity fluctuations
f@{v, figure 2(e), shows that most of the energy is present
in time-scales smaller than 8/U. The cospectrum fCDﬁv,
figure 2(f), shows that the major contribution to the mean
Reynolds shear-stress, v, is from the time-scales between
0.258/U and4 6/U.

There is a scale separation in time and space between
the streamwise and wall-normal velocity fluctuations. The
peak contribution to mean shear-stress lies in-between these
peaks and raises the question how the different scales in-
teract to contribute to shear. Hutchins & Marusic (2007a),

Mathis et al. (2011), and Ganapathisubramani et al. (2012)
found an amplitude modulation effect of large streamwise
velocity scales on small streamwise velocity scales. To see
how the interaction between large and small scales con-
tributes to the mean shear-stress, we decompose velocity
signals into large and small scales based on the separation in
energy containing temporal and/or spatial scales in stream-
wise and wall-normal velocity fluctuations.

Link between space and time

To evaluate whether a direct relation between large and
small scale structures that contribute to the mean shear-
stress exists, we decompose the spatial signal into large and
small spatial scales by filtering the spatial signal with a top-
hat filter with length & to obtain u; and ug, and vy, and vg.
The resulting shear-stress contributions then become:

uv = upvy +upvs + usvy, + ugvs (D

Subsequently, temporal premultiplied cospectra are de-
termined for the different combinations of large and small
scale spatial structures (following the same procedure as be-
fore) and are shown in figure 3. The interaction between
ug and v, fCDLfSVL, figure 3(a), shows that this combination
of scales contributes little to the mean shear-stress, which
is in line with what one would expect based on their indi-
vidual energy content. The interaction between u;, and vy,
f<I>£LVL, figure 3(b), shows that this combination of scales
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contributes to the mean shear-stress further from the wall,
indicating that, further from the wall, large scale structures
(both in space and time) are an important contributor to
the mean shear-stress. The interaction between ug and vg,
ftbﬁxvs, figure 3(c), shows that this combination of scales
contributes to the mean shear-stress closer to the wall, in-
dicating that, close to the wall, small scale structures (both
in space and time) are an important contributor to the mean
shear-stress. The interaction between u; and vy, fdJ{fLVS,
figure 3(d), shows that this combination of scales only has a
small contribution to the mean shear-stress. This is in con-
trast with their individual energy content, from which one
could expect that the most energetic spatial scales of u and
v will interact to contribute to the mean shear-stress in in-
termediate time-scales.

The absence of strong cross terms (figure 3(a and d))
shows that large spatial scales only interact at large time-
scales and small spatial scales only interact at small time-
scales. This suggest that large scales (in space and time)
and small scales only directly interact with themselves and
not with each other. Even though no direct link seems to
exist between different temporal and spatial scales, the in-
fluence of large scales on small scales could manifest itself
as amplitude modulation, such as found for streamwise ve-
locity fluctuations (Hutchins & Marusic, 2007a, Mathis et
al., 2011, and Ganapathisubramani et al., 2012).

Amplitude modulation of small-scales

To assess the effect of the the large scale on the ampli-
tude of small scales, we decompose the temporal signal into
large and small time-scales and look at conditioned tempo-
ral spectra of small scales. The reader should note that, ex-
cept for wall-normal location, we are not using spatial infor-
mation for this part of the analysis. Large time-scales Urr
are determined by filtering each run with a Hanning filter of
26/U in time, which has a full width at half max of §/U.
Small-scale fluctuations are the difference between the orig-
inal velocity signal and this large-scale signal. The resulting
small scale signal is divided into 26 /U blocks that have an
overlap of 50%. Large scales fluctuations are divided into
four bins based on the value of U;r at the centre of each
block, each containing roughly 25% of the occurrences and,
therefore, we will refer to it as quartiles. The lower quar-
tile contains all values of Uy < Uy — 0.750y,,, the in-
ner lower quartile contains all values of Uy —0.750y,, <
Upr < Upr, the inner upper quartile contains all values of
Urr < Upr < Upr +0.750y,,, upper quartile contains all
values of Uz > Urr + 0.750y,, (see insets in figure 4).
For each bin, the spectral content of the small scale is de-
termined by windowing each block by a Hanning filter and
averaging the spectra. Spectra are averaged per wall-normal
location over all blocks in each bin and over all points in
streamwise direction. The resulting conditioned spectra are
averages of circa 40,000 blocks per bin. To minimise poten-
tial effects of aliasing, the spectra are filtered with a Gaus-
sian filter, which has a cut-off frequency of ficq /3. The
average of the conditioned spectra results in the uncondi-
tioned spectra for the small scales.

The conditioned streamwise, wall-normal, and shear-
stress energy content are shown in figure 4. The energy
content of the small scale streamwise velocity fluctuations
(figure 4 (a, d, g, j)) shows that close to the wall (y/§ < 0.1),
the amplitude of small scale fluctuations is increasing with
increasing large scale velocity. Farther away from the wall
(y/6 > 0.1), an opposite trend can be observed and the

TBL2B

amplitude of small scale fluctuations is decreasing with in-
creasing large scale velocity. A similar trend in amplitude
modulations was observed by Ganapathisubramani et al.
(2012).

The energy content of the wall-normal fluctuations
(figure 4(b, e, h, k)) shows a similar trend to the stream-
wise fluctuations in the near wall region and far away from
the wall. However, in the region 0.05 < y/8 < 0.15 peak
values appear in the inner quartiles. This suggests that ad-
ditional influences (such as phase differences) on the ener-
getic small scales in wall-normal velocity fluctuations exist.

The contribution to the mean shear-stress figure 4(c, f,
i, 1)) shows that for y/8 < 0.1 more shear-stress contribu-
tion is present for Uy > Uy and less shear-stress contri-
bution is present for Uy < Upr. For y/§ < 0.1 this trend
is reversed and more shear-stress contribution is present for
Upr < Upr and less shear-stress contribution is present for
Urr > Upr. For the region 0.025 < y/8 < 0.1, the peak
shear-stress contribution is in the inner upper quartile, this
suggests that, similar to the wall-normal fluctuations, addi-
tional influences play a role for shear-stress contribution.

All these conditioned spectra show that the amplitude
of small scale velocity fluctuations and contributions to
mean shear-stress are significanty influenced by large (time)
scale streamwise velocity fluctuations. Further investiga-
tions are needed to explore this relation. This could result
in a predictive relation —similar to the model proposed by
Mathis et al. (2011) for inner-outer interaction of stream-
wise velocity— between large (outer) time-scales of stream-
wise velocity and small time-scales of normal and shear-
stresses.

These results indicate that large time-scale streamwise
velocity fluctuations interact/influence small scale normal
and shear stresses in time. To assess what the space-time
evolution of these smaller scales are, we need to look at
conditioned wavenumber-frequency spectra.

Space time evolution of small-scales

To see how the small scale fluctuations of the shear-
stress contributions evolve in space and time, we apply a
block filter in space-time with size § x 6/U in space and
time, respectively, to represent the large time-space scales
Urrs. Subsequently, conditioned cospectra of small time-
space scales, usrs and vgrg, are determined by windowing
the & x 6 /U with a Hanning function. The spectra are aver-
ages over approximately 160 blocks per bin. The resulting
cospectrum contains fluctuations for scales that are smaller
than /2 and 8 /2U in space and time, respectively.

Conditioned wavenumber-frequency cospectra for
y/6 = 0.1 (figure 5) show the time-space evolution for dif-
ferent Urrs. For the lower quartile, figure 5(a), the ridge
in cospectral density aligns with f = —0.9x,U. For the in-
ner lower quartile, figure 5(b), the ridge in cospectral den-
sity appears to align with f = —xU. For the inner up-
per quartile, figure 5(c), the ridge in cospectral density ap-
pears to have a slightly large slope than f = —x,U. Lastly,
the ridge in cospectral density for the upper quartile, figure
5(d), aligns with f = —1.1x,U. Similar results were found
for the streamwise and wall-normal fluctuations.

These results indicate that similar waves numbers (spa-
tial energy contents) evolve up to 10% slower in time for
lower Uprs and up to 10% faster in time for higher Ujrg.
This could indicate that frequency modulation, such as ob-
served by Ganapathisubramani ez al. (2012), is caused by
similar spatial scales evolving faster or slower in time due
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Figure 4. Conditioned premultiplied temporal spectra from small FOV measurements. The lowest wall-normal locations is
y/8 =0.022 (y*© = 58). Increasing Urr per row. (a-c) Lower quartile of Uz 7. (d-f) Inner lower quartile of Uyr. (g-i) Inner
upper quartile of Urr. (j-k) Upper quartile of Urr. Insets in (a, d, g, and j) show the histogram of Uy for y/6 = 0.1 with the
corresponding bin highlighted in grey (AUrr = Urr — Urr). (a,d, g, and j) Streamwise fluctuations, f¢£srusr / U72|ULT (b, e, h,
and k) Wall-normal fluctuations, fCD{fSTVST JU2|y,, (c, £, i, and 1) Cospectra, fCIDﬁ(STVST JU2|y,,. (Not all wall-normal locations

are shown)

to higher or lower Uy rs.

SUMMARY

Time-resolved PIV was performed in a turbulent
boundary layer for two different FOVs. Space spectra
and time spectra show that there is a scale-separation be-
tween streamwise and wall-normal fluctuations. Temporal
cospectra of a decomposition of the spatial scales in large
and small spatial scales, shows that large scales evolve at
large time-scales and small scales evolve at small time-
scales. Temporal spectra and cospectra conditioned on large
time-scales of streamwise velocity fluctuations, show that
these large time-scale streamwise fluctuations modulate the

amplitude of small scale fluctuation in normal and shear
stresses. Wavenumber-frequency cospectra conditioned on
large scale (in time and space) streamwise velocity fluctua-
tions show that for small space-time scales the spatial scales
evolve faster in time for higher large scale velocity.
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