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Abstract

The effect of high- and low-momentum events on the turbulent statistics of turbulent boundary layers is in-
vestigated experimentally. Flow-field measurements are carried out by means of Particle Image Velocimetry
(PIV). Turbulence statistics are extracted at high resolution using Ensemble Particle Tracking Velocimetry
(EPTV) and a novel technique to increase PIV resolution coupling EPTV with Proper Orthogonal Decom-
position (POD). The idea is similar to the EPTV principle, i.e. binning a cloud of vectors to compute POD
modes at a resolution higher than that of the standard PIV. Results show a cross-over point in the stream-
wise Reynolds stresses for the high- and low-momentum events that appears at y© = 3.9/Re; ~ 125 (with
Re. being the friction-based Reynolds number). Moreover, it can be seen that, although their intensity is
reduced, the streamwise Reynolds stresses of low-momentum events significantly contribute to the inner
peak.

1 Introduction

Identifying coherent patterns in turbulent flows and understanding their effects on turbulent dynamics has
been of utmost importance for many decades. For what concerns wall-bounded flows, several evidences
of these coherent patters, also called large-scale motions (LSMs), are available in several previous studies,
such as those carried out by Kline et al. (1967) or Wark and Nagib (1991). These works report the presence
of long features of uniform high or low momentum in the logarithmic region of a turbulent boundary layer
(TBL). Using a spanwise rake of hot-wires, Hutchins and Marusic (2007a) proved that these elongated re-
gions were extended up to a length of order 20 times the boundary layer thickness d99. These features were
also found experimentally in turbulent pipe and channel flows by Monty et al. (2007).

Understanding of how LSMs affect the region close to the wall is an issue of special relevance. Hutchins
and Marusic (2007b) showed that the high- and low-momentum events occurring in the logarithmic region
do not only shift the near-wall scales but they also modulate their production, and that this effect becomes
stronger for increasing Reynolds numbers. These findings were corroborated by the work of Mathis et al.
(2009), which also confirmed the increase of the number of high- and low-momentum events in the loga-
rithmic region with increasing Reynolds numbers. Additionally, Mathis et al. (2009) defined empirically
a cross-over point 3.94/Re., located at the geometrical center of the logarithmic region. They found that
from this cross-over point down to the wall the fluctuating streamwise velocity is more affected by the
high-momentum events, while from the cross-over point to the outer region the low-momentum events are
dominant. Ganapathisubramani et al. (2012) carried out an experimental campaign to analyze how the
large-scale fluctuations modulate the small-scales fluctuations in frequency and amplitude. Apart from find-
ing the same high- and low-momentum effect mentioned previously, they observed that increase of near-wall
scales due to high-momentum events is not as strong as the attenuation due to the low-momentum events.
While the previous works were focused on the effects of large-scale streamwise fluctuations on small-scale
streamwise fluctuations, Talluru et al. (2014) analysed how the large-scale streamwise fluctuations affect
the wall-normal, spanwise and shear small-scale fluctuations, showing the same modulation pattern as in
streamwise small-scale fluctuations.



The evidence of the effects that LSMs have on the inner scales paves the way towards an active con-
trol of wall-bounded turbulent flows based on LSM detection. One of the first works to develop this idea
was carried out by Marusic et al. (2010). They proposed a model that predicts the inner-region fluctuations
based on how the large-scale fluctuations at the geometrical center of the logarithmic region amplify and
modulate the theoretical inner-wall fluctuations in the absence of any large-scale footprint or modulation.
Mathis et al. (2011) provided a deeper explanation on how the prediction model works, and they tested it in
zero-pressure-gradient TBL, channels, pipes and TBLs with adverse pressure gradient. Their results showed
a good agreement between measurements and predictions in the inner layer, and they were even able to cap-
ture the evolution with the Reynolds number. It is worth to say that their results encourage the idea that the
theoretical inner-wall fluctuations in the absence of any large-scale footprint or modulation are universal for
wall-bounded flows. Based on the model by Marusic et al. (2010), Mathis et al. (2013) developed a model
to estimate wall-shear-stress fluctuations using LSMs information. The model was shown to provide good
prediction results, and to catch reasonably well the Reynolds-number dependence of the wall-shear-stress

fluctuation magnitude showed earlier by Orlii and Schlatter (2011). Additionally, a theoretical formulation
of the predictive model allowed the authors to identify that the amplitude and frequency modulation coeffi-
cients should be the same for this model, resulting in a reduction of the parametric space.

It has to be noted that in the previous mentioned works the effect of high- and low-momentum events on
the turbulent statistics was analyzed using one-point measurements. The analysis of flow fields by means
of particle image velocimetry (PIV) allows to identify LSMs via ”global events”, using for instance proper
orthogonal decomposition (POD) as in the works by Wu (2014) and Discetti et al. (2019). In the present
article, the effects of high- and low-momentum events on the turbulence statistics are investigated using
ensemble-particle tracking velocimetry (EPTV) as in Agiiera et al. (2016). The high- and low-momentum
events are identified using POD. With this objective, an experimental campaign has been carried out to
acquire date from a TBL developing on a flat plate in a subsonic wind tunnel. PIV has been used to extract
flow fields for subsequent modal analysis with POD. To compute the turbulence statistics, four data sets
have been defined: the full set of PIV images, PIV images containing high-momentum events, PIV images
containing low-momentum events, and PIV without the contribution of LSMs. Turbulent statistics has been
obtained at high resolution with EPTV approach, thus obtaining a combination of a large field of view and
high level of detail in the statistics. The article is organised as follows: Section 2 reports a description
of the experimental apparatus, together with the strategies used to post-process the acquired data. The
methodology based on the modal analysis of the instantaneous flow fields that has been used to identify the
LSMs and to compute their turbulence statistics at several positions downstream of the rib is presented in
Section 3. Finally, the analysis results are presented in Section 4, prior to presenting the conclusions of this
work in Section 5.

2 Experimental Set-Up

The experimental campaign has been carried out in the Gottingen-type wind tunnel of the Aerospace En-
gineering Group at Universidad Carlos III de Madrid. The test section is 1.5 m long with a cross-sectional

area of 0.4 x 0.4 m?. The wind tunnel speed ranges from 4 m/s to 20 m/s, showing a freestream turbulence
intensity below 1%.

A turbulent boundary layer develops on a smooth methacrylate flat plate of 1.25 m length and 10 mm
thickness, spanning the entire height of the wind tunnel and located 0.09 m far from the closer wind tun-
nel wall. Throughout this article the x, y, and z are streamwise, wall-normal, and spanwise directions
respectively. The mean streamwise, wall-normal, and spanwise velocities are referred to as U, V, and W
respectively, while u, v, and w are the streamwise, wall-normal, and spanwise velocity fluctuations. The
leading edge of the flat plate follows the shape of an ellipse with aspect ratio 5. Moreover, the trailing edge
is equipped with a 0.15 m long flap in order to modify the position of the stagnation point. In order to
stimulate the transition of the boundary layer to the turbulent regime, a tripping device has been used. The
tripping device is composed by a 2.4 mm-high turbulator in combination with two DYMO tapes (with the
embedded letter V pointing in the flow direction and a nominal height of 0.3 mm). The tripping device has
been located at x = 0.05 m. The procedure presented by Sanmiguel Vila et al. (2017) has been followed to
ensure that TBL is not affected by tripping effect. A sketch of the experimental set-up used in the present
experimental campaign is presented in Figure 1.
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Figure 1: Top view sketch of the experimental setup. The flat plate is mounted over the non-modified lateral
wall by means of bars.

To verify that the TBL corresponds to a ZPG case, the flat plate has been equipped with pressure taps
to get insight of the pressure distribution along it. The first tap has been located at x = 0.025 m, and the
following taps have been separated by 0.05 m of distance. Additionally, the taps have been shifted in the
spanwise direction from the streamwise centerline 0.025 m to the top and to the bottom alternatively. Using
these pressure taps, the pressure distribution has been characterized in terms of the pressure coefficient C,,,
which is defined for an incompressible flow as:

P—P, U. \?
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where P is the local static pressure, Py is the static pressure measured at x = 0.025 m, U, is the local
free-stream velocity and U, is the reference free-stream velocity at x = 0.025 m. It has to be remarked that
a nearly-zero pressure gradient has been achieved with very good approximation, with C, values between
—0.025 and 0.025 in the measurement region.

PIV has been used to obtain velocity fields. A total of 39000 particle image pairs were acquired. PIV
raw images were obtained imaging a plane parallel to the freestream, normal to the flat plate, with the illu-
mination region starting at the streamwise location x = 0.875 m. The flow has been seeded using a Laskin
nozzle that generates droplets of Di-Ethyl-Hexyl-Sebacate (DEHS) with 1 m diameter. The seeded flow
has been illuminated by means of a light sheet produced by a dual cavity Ng:Yag Quantel Evergreen laser
(200 mJ/pulse at 10 Hz). An ANDOR Zyla sCMOS 5.5 MP camera (2560 x 2160 pixel array, 6.5 x 6.5
um pixel size) has been used to capture PIV images, with a resolution about 48500 pix/m. The camera is
equipped with a Tokina 100 mm lens. The lens aperture is set to fi = 16 and the objective is set slightly out
of focus in order to artificially increase the particle image size and avoid peak locking. The camera and the
laser triggers are coordinated by means of Quantum composer 9520 Series Pulse Delay Generator. Laser
reflections and illumination background have been removed in order to improve the image quality by using
the POD-based approach proposed by Mendez et al. (2017).

The post-processing of PIV images has been carried out using a code developed at University of Naples
Federico II. This code applies the iterative multi-grid/multi-pass algorithms proposed by Willert and Gharib
(1991) and Soria (1996) and the image deformation algorithm proposed by Scarano (2001) as interrogation
strategy, with final interrogation windows of 32 x 32 pixels with 75% overlap. To improve the accuracy
of the code, a B-Spline interpolation has been used in the iterative procedure, as proposed by Astarita and
Cardone (2005) and Astarita (2006).



3 Methodology

The procedure to identify high- and low-momentum events, and to extract high-resolution statistics, is out-
lined in this section. Proper Orthogonal Decomposition (POD) identifies orthonormal basis functions to
decompose the velocity fluctuations. The basis functions are sorted according to their contribution to the
turbulent kinetic energy. In the snapshot POD implementation, the velocity fields are rearranged is a snap-
shot matrix U of size n; X n,, where n, is the number of PIV snapshots and 7, is the number of pixel in

the images. The snapshot matrix is then decomposed via Singular Value Decomposition. The temporal
coefficients are the columns of the matrix ¥, while the spatial modes are the columns of ®. The matrix z

contains on its diagonal the square root of the integral turbulent kinetic energy corresponding to each mode.

U=¥5d 2)

The time coefficients of the first POD mode are used to identify high- and low-momentum events. The
first POD mode corresponds to those structures present in the flow field with larger energy, i.e. the high-
and low-momentum large-scale events, as showed by Wu (2014). The criterion is based on the value of the
time coefficients from the first mode: snapshots with first-mode time coefficient value larger than one stan-
dard deviation of the first-mode time coefficient correspond to low- or high-momentum events, depending
on the sign. It has to be noted that sign criteria of Eq.3 depends on the spatial configuration of the flow
structure of the first POD spatial mode. In case the first mode corresponds to a high-momentum event, all
the snapshots for which the first-mode time coefficient y; is larger than one standard deviation correspond
to high-momentum events. Given that temporal modes have unitary euclidean norm, this criterion can be
formalized as:

high-momentum event, if y; > \/—1,17
Flow field = { low-momentum event, if y; < —ﬁ 3)
no extreme event, otherwise

After applying thresholding, the turbulence statistics for the high- and low-momentum event subsets are
computed. The baseline case (i.e. statistics on the overall dataset) is analyzed using a polynomial-fit-based
Ensemble Particle Tracking Velocimetry (Agiiera et al., 2016) to reduce the effect of limited spatial reso-
Iution (Kéhler et al., 2012). To overcome this problem, EPTV has been used. The bins used for averaging
have a size of 400 x 2 pixels. The same approach can be applied directly also on the subsets containing
high- and low-momentum events, according to the criterion of Eq. 3.

Additionally, it is desirable to compare the high- and low-momentum turbulence statistics with the tur-
bulence statistics without extreme events contribution, i.e. filtering out the contribution of the first POD
mode. This requires computing the first spatial mode with the same resolution of the EPTV, and then sub-
tract its contribution to the snapshots of the dataset. To this purpose, a mixed approach between EPTV and
POD is proposed. The time coefficients obtained from the decomposition of the snapshot matrix built with
the PIV data are used as a temporal basis to carry out this operation. Extended POD modes of the EPTV
flow fields are computed followint Eq. 4. In particular the modes are obtained as the average of the particles
displacements contained in the bins used for the Ensemble PTV, each particle displacement being multiplied
by the corresponding time coefficient of the relative snapshot:
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Subsequently, the contribution of each EPTV mode to the streamwise energy fluctuation is:

.0:)2

ny

In order to obtain turbulent statistics without LSM contribution, the final step is to subtract the contribu-
tion of the first mode from the streamwise fluctuations. This approach can be also followed for wall-normal
and shear fluctuations.
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4 Results

The boundary layer parameters are reported in Table 1. These quantities are the free-stream velocity U,
the wall-friction velocity u, the boundary-layer thickness dq9, the displacement thickness &*, the Reynolds
numbers Re; and Reg (based on wall friction velocity u;, and momentum thickness 0 respectively), and the
shape factor Hj,. In this work, the absolute wall position and the friction velocity have been computed using
the composite profile proposed by Chauhan et al. (2009), which has been showed to be able to produce
robust results if near-wall measurements are available (Orlii et al. (2010); Rodriguez-Lépez et al. (2015);
Vinuesa and Nagib (2016)). EPTV measurements provide a sufficiently large number of points within the
sublayer and buffer region in order to correct for the absolute wall position and determine the friction veloc-
ity without relying on log-law constants.

U, [m/s] u[m/s] Ogo [mm] & [mm] Re; Reg Hp>
15.5 0.64 24.7 3.7 1040 2800 1.36

Table 1: Experimental parameters for the boundary layer profile in the present article. The measurement
station is located at x = 0.875 m.

Turbulent statistics profiles are presented in Fig. 1, where the color code stands for normal TBL (—),
high-momentum event TBL (—), and low-momentum event TBL (—). The inner scaling is based on the
friction velocity estimated from the baseline case. The mean velocity profiles, reported in Fig. 1a), outline
that low-momentum events have a larger wake and have a lower mean value, while the high-momentum
events show the opposite effect. Fig. 1b) shows the streamwise Reynolds stress profiles. It can be seen that
the high-momentum events, which are regions of flow with positive fluctuations going towards the wall (also
known as sweeps), have a larger influence closer to the wall, being decreased when going away form the
wall. In the opposite way, the low-momentum events, which are regions of flow with negative fluctuations
convected away from the wall (also known as ejections), weakly contribute to the inner peak while contribute
significantly to the turbulent fluctuations in the wake of the TBL. This behaviour leads to the conclusion that
the attenuation of near-wall scales due to low-momentum events is stronger than the increase due to high-
momentum events, as shown by Ganapathisubramani et al. (2012). Looking how high-and low-momentum
events interact between them it is found a cross-over point that appears at y© = 3.9\/Re; ~ 125. This
cross-over point is consistent with the cross-over location in the amplitude modulation coefficient found by
Mathis et al. (2009), and also shown by Ganapathisubramani et al. (2012). This finding is quite interesting,
because in those previous works the cross-over point was defined empirically based on the wavelength of
temporal signal in fixed positions, using it as a cut-off frequency between high- and low-momentum events.
On the other hand, our work uses a ”global” criterion to perform a discrimination between high- and low-
momentum events, i.e. it exploits the spatial information.

When analyzing how Reynolds wall-normal and shear stresses are affected by high- and low-momentum
events it can be found the same cross-over point as in the streamwise stress, thus corroborating the findings of
Talluru et al. (2014). For what concerns the wall-normal stress the effect of high-momentum events is larger
close to the wall, while the low-momentum events have more incidence far from the wall. This is indicative
of the regions where each of the events lives. However, when comparing the high- and low-momentum
events with the wall-normal stresses without LSM contribution, it is found that low-momentum events do
not produce an attenuation of the wall-normal stress but a change in its distribution. In the Reynolds shear
stress, apart from the cross-over point, it can be found the opposite effect as in the streamwise stress: while
the low-momentum events have a large contribution to the Reynolds shear stress, the high-momentum events
result in a shear stress profile similar to that of the TBL without the contribution of the first mode.

With respect to the contribution of first POD mode to the turbulent statistics, it can be seen that high- and
low momentum events have a constant incidence in the streamwise stress along the wall normal direction,
while their incidence on the wall-normal stress is larger in the logarithmic region than in the inner region or
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Figure 2: Inner-scaled turbulent statistics for TBL. (—), TBL without first mode contribution (--), high-
momentum event TBL. (—), and low-momentum event TBL. (—). Plots refers to: a) mean streamwise
velocity, b) streamwise Reynolds stress, ¢) wall-normal Reynolds stress and d) Reynolds shear stress.

the wake of the TBL. Regarding the Reynolds shear stress, it can be seen that large part of the first mode
contribution lies in the logarithmic and outer parts of the TBL, where turbulence is produced.

5 Conclusion

In this work the effect of LSMs on the turbulent statistics has been investigated using high-resolution flow
fields. To discriminate between high- and low- momentum events, the temporal coefficient of the first POD
mode has been used. This method, although still empirical, differs significantly from using wavelengths in
one-point temporal signals as cut-off between high- and low-momentum events. The information collected
from two-dimensional flow fields has more relevance to the LSMs, which are spatial structures, than the
information collected from one-point measurements. However, it has to be taken into account that LSMs
have a streamwise dimension larger than our acquisition field, thus making difficult a full understanding on
how they affect the turbulence statistics.

Apart from studying the effect of LSMs on the turbulent statistics, this work proposes a method to de-
compose the EPTV turbulent statistics into their POD modes contribution. The method allows to obtain
POD modes with high resolution, with a principle similar to that used by EPTV to extract high-resolution
turbulent statistics.

Regarding the results, it is worth mentioning that the same cross-over point at y© a2 3.91/Re; between
high- and low-momentum events showed, among others, by Mathis et al. (2009) and Ganapathisubramani
et al. (2012) is found, although the method to detect the events is different. It is shown that high-momentum
events have a larger contribution to the inner peak of the streamwise stress, while the low-momentum events
produce a large attenuation. This dominance of the high-momentum events is shown to be inverted in the
outer part of the TBL, where low-momentum events become dominant.
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