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ABSTRACT

It is shown how well-chosen perforations in a wall flow can locally reduce skin friction drag by modifying the generation of bursts in the
boundary layer. For this purpose, a detailed hot wire boundary layer experimental investigation of the flow past a perforated plate, comple-
mented with large eddy simulations, is carried out and compared to the smooth case. The perforated plate is obtained with an array of
flush-mounted circular cavities. These cavities are disposed in a periodic staggered arrangement. For the three tested flow velocities, the
momentum thickness-based Reynolds number varies from Reh ¼ 1830 to 3380 and the cavity diameter and spacing in wall units, respec-
tively, from dþ ¼ 130 to 250 and Lþ ¼ 587 to 1075, the latter being identical in both spanwise and streamwise directions. The mean velocity
profiles evidence a thickening of the viscous sublayer and a decrease in the friction velocity as compared to the smooth wall case. The applica-
tion of the Variable Interval Time Averaging technique highlights an upward shift of the bursts from the wall and an attenuation of the aver-
age burst intensity and duration. Spanwise measurements evidence an overall bursts attenuation despite the lack of spanwise uniformity. The
three-dimensional (3D) mean flow topology arising from the large eddy simulations provides evidence for the qualitative similarities between
the current setup and the spanwise wall oscillations.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0091110

I. INTRODUCTION

Reducing CO2 emissions is a major task in civil aviation. The
Advisory Council of Aeronautics Research in Europe (ACARE) has
recently prescribed a 75% cut in CO2 emissions per passenger mile
with respect to the 2000s level; this target has to be achieved by 2050.
Reducing the drag can have a huge impact on the performance and,
thus, on the CO2 emissions reductions. At cruise conditions, in fact,
1% of drag reduction is translated into a 0.75% in fuel-burn savings
(Ricco et al., 2021; Leschziner, 2020). The viscous drag is responsible
for almost 60% of the total drag at cruise conditions (Ricco et al., 2021;
Leschziner, 2020). This component of the drag is mainly due to the
turbulent boundary layer developing over the aircraft surfaces.

In turbulent boundary layers, the presence of coherent structures
has been largely documented. The so-called hairpin vortex paradigm
(Adrian, 2007) can be considered the most complete model of the tur-
bulent coherent structures present in a turbulent boundary layer.
This model can explain multiple phenomena, which are responsible

for the production of turbulent kinetic energy and increase in skin fric-
tion. The hairpin vortices are similar to horseshoe vortices inclined
45� to the wall; they are made of two counter-rotating quasi-stream-
wise vortices called legs or rolls, which bend toward each other and
connect to form the so-called vortex head. The spanwise width of the
hairpin is 100 viscous lengths �=us (where � is the kinematic viscosity
and us is the friction velocity), they are asymmetric, and their stream-
wise extension is around 1000 viscous lengths (Adrian, 2007). The
hairpin vortices are responsible for pumping low momentum fluid
away from the wall (ejection) and splashing high momentum fluid
close to the wall (sweep) in a process which is called bursting.

Since the pioneering studies by Kline et al. (1967), in the region
close to the wall, pockets of low momentum have been identified by
means of flow visualization. These regions are called streaks, and they
are now believed to be associated with the quasi-streamwise vortices,
namely, the legs of one or more hairpin vortices (Adrian, 2007).
The chaotic oscillation, lift-up, and breakup of the streaks are the so-
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called bursting (Robinson, 1991); according to Kline et al. (1967), the
breakup of the streaks begins at around Yþ ¼ 30. The events contrib-
uting to the bursting process can be better understood by the quadrant
analysis: these events are ejections (u< 0, v> 0) also called Q2 and
sweeps (u> 0, v< 0) also called Q4. During a burst, an ejection (when
low momentum fluid is pushed away from the wall) is followed imme-
diately by a sweep, which supplies fluid toward the wall. This pattern
can be recognized by a single component hot wire signal (Rao et al.,
1971). In both cases, the sweeps and the ejections are responsible for
the production of the Reynolds shear stress (�quv) since the product
of u and v is negative. The Reynolds shear stress is responsible for
accelerating the flow near the wall, which leads to an increase in the
mean flow in the vicinity of the wall. As a result, the mean velocity gra-
dient at the wall increases and subsequently the wall shear stress and
the skin friction increase (Adrian, 2007).

This whole bursting process plays a crucial role in the production
and transport of turbulent energy, the sweep and ejections together are
responsible for about 70% of the total shear stress. Almost all the pro-
duction of turbulent kinetic energy in the wall region of the turbulent
boundary layer occurs during a bursting process (Kim et al., 1971).
According to Kline et al. (1967), there is a linear correlation between
the bursts and the skin friction velocity and by consequence viscous
drag. In principle, the control and attenuation of the bursting should
lead to a reduction in skin friction drag (Leschziner, 2020).

In the last four decades, multiple techniques aiming to reduce the
turbulent activity, thus reducing the skin friction, have been developed.
The riblets (Walsh, 1980; Choi, 1989) are small fences in the direction
of the flow, which restrict the spanwise motion of the rolls, thus hinder-
ing the spanwise diffusion of turbulent structures and, hence, reducing
the occurrence of sweep events (Jim�enez, 2004). This shifts the nature of
the process from a direct energy cascade toward an inverse energy cas-
cade, thus increasing the scale on which energy dissipation occurs. In
addition, by imposing an offset to the no-slip boundary condition fur-
ther away from the wall, the riblets are able to move the quasi-stream-
wise vortices away from the wall lowering the wall shear stress up to
10% (Karniadakis and Choi, 2003; Walsh, 1980). The riblet characteris-
tic sizes (height and spacing between the fences) are usually around
15–20 wall units. According to Walsh and Lindemann (1984), the
Reynolds number dependence on the performances of the riblets is due
to the change in the friction velocity us, which is reflected in a change of
the riblets span-wise spacing in wall units, sþ (the subscript “þ” stands
to represent the dimension normalized in wall units); after an optimum
value of sþ, the drag further increases.

Another technique to reduce skin friction drag consists in impos-
ing a spanwise oscillating motion on the wall,

Wðx; tÞ ¼ A cos
2p
kx

x � 2p
T

t

� �
; (1)

where A is the amplitude of the oscillation, kx is the wavelength, and T
is the period of the oscillation (Ricco et al., 2021; Choi et al., 1998;
Quadrio et al., 2009). The spanwise motion imposes a Stokes layer in
the spanwise direction, which disrupts the near wall cycle; this, in turn,
attenuates the sweeps and ejection, thus reducing the skin friction.
According to Karniadakis and Choi (2003), with this technique, a drag
reduction up to 40% is possible depending on the flow conditions.
There exists a steady version of the technique, introduced by Viotti
et al. (2009), which has proven to be effective and leads to a

considerable drag reduction (up to 52%) by generating a spatial Stokes
layer that is able to disrupt the near wall turbulent cycle. From the
work by Marusic et al. (2021), the drag reduction depends on
kþx ;A

þ;Res; andTþ. Multiple studies have been conducted in order
to find the optimal parameters; the optimum Tþ is around 100, while
drag reduction is documented for wavelengths of 200 < kþ < 8000
and for amplitudes Aþ on the order of 10 (Ricco et al., 2021; Di Cicca
et al., 2002). The spanwise wall oscillation is an active technique, so
trying to reproduce it in real life as well as in laboratories is rather diffi-
cult and there exist only a few experimental studies (Auteri et al., 2010
and more recently Marusic et al., 2021) in which the efficacy of span-
wise wall oscillation has been proven up to high Reynolds numbers
(Res up to 12 800).

Similar techniques that are easier to implement experimentally
aim to emulate the effects of spanwise wall oscillations. They consist
either in vortex generators (Iuso et al., 2002) or in rotating disks
(Ricco and Hahn, 2013). Usually, the scaling of the stream-wise
arrangement is very similar to the wavelength of the spanwise wall
oscillation, around 550 wall units as reported by Iuso et al. (2002).

In the work by van Nesselrooij et al. (2016), a skin friction reduc-
tion of up to 4% was obtained by the use of staggered dimples; accord-
ing to the authors, this effect is due to a modification of the turbulent
structures that could be associated with a mean flow pattern. The dim-
ples used by van Nesselrooij et al. (2016) are shallow (the ratio of
boundary layer thickness and the depth of the dimple d=h is between
5 and 60) and with a large diameter. The diameter scales with the
boundary layer thickness with values comprised between d=d ¼ 1:33
and 4, and the spacing between the dimples varies between 1 and 2.87
diameters. Another experimental study by Tay et al. (2015) conducted
on a dimpled channel flow (depth to diameter ratios of 1.5% and 5%)
documented a drag reduction of up to 3%. It was inferred that dimples
are able to generate streamwise vortices, which induce a spanwise flow
component near the wall; the effect is a skin friction reduction and a
disruption of the turbulence energy cascade suggesting an increase in
the streamwise coherence.

Recently, other studies addressed the possibility of having a
skin friction reduction and an attenuation of sweep events by
means of micro-cavity arrays (Gowree et al., 2019; Silvestri et al.,
2017). In the work by Silvestri et al. (2017), the reduction of the
intensity of the sweep events is documented for certain values of
the diameter scaled in wall units (20 < dþ < 145) with an opti-
mum value that corresponds to dþ ¼ 60. According to the authors,
this attenuation of the sweeps is linked to the fact that the cavities
absorb the sweep events and the associated pressure fluctuations,
thus reducing the turbulent activity. Below dþ ¼ 20, the orifices are
too small to inject sweeps; above dþ ¼ 145, the shear layer above
the cavities can breakup, thus provoking an increase in turbulent
kinetic energy near the wall. The spanwise spacing of the cavities
was 100 in wall units, and the streamwise spacing was about 1000
to match the dimensions of the coherent structures in a boundary
layer. The study conducted by Gowree et al. (2019) on three-
dimensional circular cavities suggested a possible skin friction drag
reduction associated with a critical Reynolds number above which
the perforations modify the flow in the near wall resulting in drag
rise. The cavities have a staggered pattern that is typical of acoustic
liners but different from the arrangement discussed by Silvestri
et al. (2017).
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The aim of the present work is to characterize the turbulent
boundary layer grazing over flush-mounted staggered circular cavities.
The diameter and depth of the cavities have been chosen in agreement
with the previous studies by Gowree et al. (2019) and Silvestri et al.
(2017). The investigation relied on an accurate hot wire boundary
layer survey coupled with a careful determination of the wall-to-probe
distance. The focus has been put mainly on the investigation of how
the cavities modify the turbulent activity and the bursting process.
Using the Variable Interval Time Averaging (VITA) technique
(Blackwelder and Kaplan, 1976), the profiles of the number of bursts,
the burst intensity, and duration have been computed for the perfo-
rated surface and the smooth baseline configuration. A limited num-
ber of spanwise measurements were conducted downstream of the
cavities, and the aim is to verify the uniformity of the modification of
the turbulent activity generated by the cavities. The measurement tech-
nique was limited in its ability to provide a detailed representation of
the three-dimensional flow patterns. Thus, high fidelity Large Eddy
Simulations were conducted on a simplified flow domain to comple-
ment the experimental finding and infer further details on the skin
friction mechanism.

II. METHODOLOGY
A. Experimental setup and procedures

The experimental campaign was conducted in the Sabre wind
tunnel at ISAE-SUPAERO, in which the measured turbulence inten-
sity is 0.04% as reported by Chanetz et al. (2020). The length of the
test section is 2.5m in the streamwise direction (XÞ, its width is 1.2m
in the horizontal (spanwise) direction (Z), whereas its height is 0.8m
(YÞ. Inside the test section, a 2.5m long, 1.2m wide flat plate is
mounted horizontally; the plate has an elliptic leading edge and it is
equipped with a flap at the trailing edge. The flap was set at an angle of
3.7� during the entire experimental campaign in order to ensure a zero
streamwise pressure gradient along the measurement domain. The
acceleration parameter,

ka ¼
�

U2
e

dUe

dx
; (2)

where Ue is the velocity at the edge of the boundary layer and � is the
kinematic viscosity, is found to be smaller than 1:6� 10�6 for all the
flow conditions, which indicates that the acceleration is not significant
and no deviations from the log-law are expected (Patel, 1965). A
400mm square cut-through is made on the plate to house the test
samples, which consisted of either a smooth or a perforated panel. The
model centerline is located 600mm from both sides of the wind tunnel
(which corresponds to 30 boundary layer thickness d); thus, the side
effects can be neglected. The slot for the panel is located 1.1m down-
stream of the plate leading edge, far enough to have a fully developed
turbulent boundary layer along the entire model. The boundary layer
is tripped on the flat plate right after the leading edge with a 780lm
wire.

The measurements have been performed using a Dantec 55P15
boundary layer hot wire probe. The operating temperature was around
230� C with an overheat ratio of 1.75. The probe support, stiff enough
to avoid vibrations during the acquisition process, has been fixed to a
3 axis traversing system, capable of minimum displacement of
12:5 lm (between 0.33 and 0.61 viscous lengths). In the current exper-
iment, one degree of freedom has been inhibited allowing the

measurements only along the vertical plane that coincides with the
midspan plane of the model. The hot wire signal was sampled at
20 kHz and filtered analogically by a DISA 55M01 with a cutoff of
10 kHz. King’s law was applied for conversion from voltage to velocity,
and the hot wire was calibrated in situ.

Following the work of Gowree et al. (2015), Nikon D5100
equipped with a 300mm lens and a Kenko Teleconverter 2� have
been used for the probe-to-wall alignment and to estimate the probe-
wall distance with an accuracy of 9 lm (between 0.23 and 0.44 viscous
lengths). This technique proved to be a reliable method to reach the
close vicinity of the wall while ensuring that the probe-to-wall distance
was accurately estimated and to guarantee that the boundary layer
integral quantities were calculated precisely. The probe-to-wall align-
ment was performed manually; however, the profile scan was per-
formed automatically through LabVIEW. The error associated with
the hot wire measurement is evaluated following the method proposed
by Jørgensen (2002). The error in the velocity sample is 3:13% with a
95% confidence interval, the error associated with the momentum
thickness is 3:55% while the error in the skin friction is 3:5%.

The test samples consist of two square Plexiglas plates of
400� 400mm2 and 4mm thickness, one completely smooth and the
other with a staggered array of circular cavities [Fig. 1(b)] hereafter
referred to as “the perforated model.” The use of plexiglass as material
for the model reduces the heat transfer effect (with respect to another
material such as metal). In addition, the optical probe-to-wall align-
ment allows checking that the probe is not in contact with the surface.
This further reduces the heat transfer effects, which have not been
found to be relevant. The back of the perforated model has been
sealed, following Gowree et al. (2019), in order to avoid interactions
between the cavities and the casing gap beneath them. The diameter d
of the cavities is 5mm resulting in a ratio of diameter-to-depth, d=h ¼
1:25 (Fig. 2). The spacing between two cavities on the same row is
L¼ 22mm (4:4d), with a stagger angle of 45�. The smooth part
upstream of the first row of cavities has been designed in order to
recover an unperturbed turbulent boundary layer after the effect of
the small gap between the model and the plate, which has been
sealed with a 5lm tape to avoid leakage. The hot wire measurements
have been performed at different streamwise locations in the mid-
span plane of the model. These positions are summarized in
Fig. 1(b). The dots represent single velocity profiles taken at the lead-
ing edge, middle and trailing edge of both models. The measure-
ments at the leading edge and trailing edge are at one cavity distance
L upstream/downstream of the first/last row of cavities.
Downstream the last row of cavities (about 20d downstream of the
first row of cavities), the boundary layer is expected to be in full
equilibrium with the non-smooth surface (Antonia and Luxton,
1971). After the modification of the traversing system, two spanwise
measurements are performed at the trailing edge of the model as
part of a second experimental campaign. The spanwise spacing is
half of the cavity distance L; in this way, the measurements are in the
wake of a cavity (Z0) between two cavities (Zþ and Z�Þ. With the
exception of the subsection dedicated to the spanwise measure-
ments, the measurements referred to as the trailing edge will always
be in the wake of the cavity (Z0).

The profiles allow the calculation of the boundary layer thickness
d defined as the value of the normal to wall location Y at which �U ðYÞ
is equal to 99% of the free-stream velocity U1 as well as the
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momentum thickness, h. The Reynolds number based on the momen-
tum thickness, Reh, is evaluated at the trailing edge together with other
flow parameters as reported in Table I. The tests have been carried out
at three velocities: 10, 15, and 20m/s following the work by Gowree
et al. (2019). The characteristic dimensions in wall units (dþ; Lþ; tþ)
change with changing free-stream conditions; the scaling in inner and
outer units of the geometrical parameters is reported in Table I.

The friction velocity used to compute the geometrical parameters in
wall units is obtained on the baseline smooth surface.

Velocity profiles on the smooth model have been sampled
through precise scans in the normal to the wall direction assisted by
the optical probe-to-wall alignment system. The profiles are then
reported in Fig. 3(a) in wall units for three values of Reh along with the
universal log law,

FIG. 1. Sketch of the experimental setup, (a) side cut of the midspan plane and (b) top view of the test models: the red spots indicate the streamwise positions of the vertical
velocity profiles in the midspan plane.

FIG. 2. Details of the cavities dimensions: (a) view from the side and (b) view from the top.

TABLE I. Flow and geometrical parameters for three different test conditions, downstream measurement location.

CASE U1 (m/s) ka � 10�6 Reh Red Reh dþ hþ Res Lþ d=d d=h us0

a) 10 0.013 1830 3165 2530 130 104 580 587 4.3 3.4 0.42
b) 15 0.005 2710 4870 3900 190 152 745 838 3.9 3.1 0.60
c) 20 0.002 3380 6580 5270 250 200 950 1075 3.7 3.0 0.77
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Uþ ¼ 1
k
logðYþÞ þ B: (3)

The profiles are fitted to the Spalding equation following the Clauser
chart technique as reported by Kendall and Koochesfahani (2008)
using k¼ 0.41 (von Karman constant) and B¼ 5.9 as intercept.

In Fig. 3(b), the profiles of the root mean square of the stream-
wise velocity fluctuations, rþU , in wall units, are plotted for three differ-
ent values of Reh. The current experimental results are compared with
the DNS results of Schlatter and Orlu (2010) in the same range of
Reynolds numbers. The current experimental data match well with the
numerical data in the wake and the logarithmic regions. When looking
at the peak, the trend is opposite to that observed in the numerical
simulation (the peak decreases with the Reynolds number), these
results are in agreement with the conclusions of €Orl€u and Alfredsson
(2010) who attribute these differences to the limited spatial resolution
of the hot wire. In addition, it is worth underlining that the rþU peak
lies at Yþ ffi 14, which is in agreement with values obtained in canoni-
cal turbulent boundary layers over flat plates, as reported by Schlatter
and Orlu (2010) and Pope (2000). Finally, the turbulent spectra,
reported in Fig. 15 at the trailing edge of the model, confirm that the
boundary layer can be considered fully developed.

When dealing with moderately thick turbulent boundary layers,
as in the present case, where very few points inside the viscous sub-
layer are measured, the evaluation of the skin friction by a linear fit in
the viscous sub-layer is challenging. Thus, the friction coefficient is cal-
culated with the Clauser chart technique (Wei et al., 2005). In
Fig. 3(c), the friction coefficient is plotted against Reh for the baseline
model and compared with the Coles-Fernholtz relation (see
Schlichting and Gersten, 2017) showing a good match.

III. RESULTS
A. Boundary layer profiles

In Figs. 4 and 5, the mean and RMS (Root Mean Square) velocity
profiles in the middle of the model and downstream the last row of
cavities are plotted in wall units and compared with the corresponding
smooth results. The profiles are plotted for increasing flow velocities
from left to right: since the momentum thickness is not conserved
between the two models, the velocities are referred to by their

associated non-dimensional perforation diameters dþ (140, 190, and
250) that correspond to the smooth model Reh values indicated in
Table I (1830, 2710, and 3380). The profiles have been fitted to the
Spalding equation following the Clauser chart technique (Wei et al.,
2005; Kendall and Koochesfahani, 2008). An upward shift of the buffer
and the logarithmic region of the mean profile starts to occur in the
middle of the model, and it is more evident downstream of the cavities;
this is true for all the flow conditions. Downstream of the cavities this
shift is more pronounced at dþ ¼ 130 and decreases when increasing
the free-stream velocity. A similar shift, usually associated with a thick-
ening of the viscous sub-layer (see Lumley, 1973), has been largely
reported in the literature, and it is associated with a drag reduction by
means of riblets (Choi, 1989), spanwise wall oscillations (Di Cicca
et al., 2002; Choi et al., 1998), and large scale streamwise vortices (Iuso
et al., 2002).

In agreement with Silvestri et al. (2017), the rþU peak of the perfo-
rated model at the trailing edge is about 5% lower with respect to the
smooth baseline and the peak is slightly shifted toward higher values
of Y þ. This behavior is valid for all the flow conditions, and it is pre-
sent but less evident even for the measurement in the middle of the
model. For dþ ¼ 250, an increase in the RMS can be observed at
about Yþ ffi 100. In the wake region, the RMS profiles obtained for
the smooth and perforated model tend to collapse, suggesting that the
outer layer is only slightly affected by the cavities.

The local friction velocity downstream of the last row of cavities
is calculated by fitting the Spalding equation following the Clauser
chart technique (Wei et al., 2005; Kendall and Koochesfahani, 2008).
The same technique has been used by Gowree et al. (2019) and
Silvestri et al. (2017) for similar investigations. In Fig. 6, the local skin
friction reduction percentage between the perforated and baseline sur-
face is reported. A local skin friction reduction (respectively,
14:5%; 13:8%, and 11%) can be observed for all the freestream condi-
tions but a decrease in the skin friction reduction with dþ can be evi-
denced; similar trends are reported in the studies by Gowree et al.
(2019) and Silvestri et al. (2017).

The percentage variation between the momentum thicknesses of
the perforated and smooth walls at the downstream location is evaluated
and plotted against the Reynolds number based on the cavity diameter
Red and the cavity depth Reh. The results reported in Figs. 7(a) and 7(b)

FIG. 3. Smooth model: (a) mean velocity profile in wall units and universal log law in the middle of the model, (b) root mean square in wall units and comparison with data by Schlatter
and Orlu (2010) (Reh ¼ 1420; 2540; 3030) gray lines, and (c) friction coefficient obtained using the Clauser chart technique and comparison with the Coles–Fernholtz relation.

Physics of Fluids ARTICLE scitation.org/journal/phf

Phys. Fluids 34, 065134 (2022); doi: 10.1063/5.0091110 34, 065134-5

Published under an exclusive license by AIP Publishing

https://scitation.org/journal/phf


show, respectively, a close resemblance to the results obtained by
Gowree et al. (2019) for similar flow conditions and similar geometrical
parameters of the model (diameter, spacing, and thickness); this pro-
vides some confidence with regard to the reproducibility of the

experiment in a different environment and with a different test model.
In addition, this consolidates the fact that the momentum thickness var-
iation is strongly correlated with the Reynolds number based on the cav-
ity diameter.

FIG. 4. Mean velocity in wall units in the middle and trailing edge of the model: (a) dþ ¼ 130, (b) dþ ¼ 190, and (c) dþ ¼ 250.

FIG. 5. Root mean square of the streamwise velocity in wall units in the middle and trailing edge of the model: (a) dþ ¼ 130, (b) dþ ¼ 190, and (c) dþ ¼ 250.
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B. VITA analysis

The Variable Interval Time Averaging (VITA) has been used to
characterize the turbulent activity in the presence of the cavities. This
technique, first proposed by Blackwelder and Kaplan (1976), is a sim-
ple and powerful way to detect shear events, which can be associated
with bursts in a turbulent boundary layer.

Given a fluctuating quantity Qðxi; tÞ, the short-term average of
the variable in the interval time T can be defined as

bQðxi; t;TÞ ¼ ðtþT
2

t�T
2

Qðxi; sÞds: (4)

In order to obtain an average that is representative of a short event, it
is fundamental to choose a physically consistent value of T.
Blackwelder and Kaplan (1976) and Sullivan and Pollard (1996) pro-

posed to choose this parameter based on the friction time Tþ ¼ Tu2s
�

with Tþ between 10 and 20, representative of the duration of a burst
event, which corresponds to about 70 and 30 samples depending on
the free-stream condition (and by consequence on the friction veloc-
ity). The standard procedure is to apply the local mean to the square
of the local mean streamwise velocity and subtract the local mean
square value,

cvarðxi; t;TÞ ¼ cU2ðxi; t;TÞ � bU ðxi; t;TÞh i2
: (5)

The detection is then based on a Heaviside function,

DðtÞ ¼
1 if cvarðxi; t;TÞ > k � r2

U ;

0 otherwise;

(
(6)

where rU is the root mean square of the total record of the signal. In
other words, short-term RMS peaks relative to the long-time RMS of
the signal, defines burst events (see Sullivan and Pollard, 1996). A
threshold level k on the VITA variance signal has to be applied to
detect the event. The choice of this parameter is crucial for the detec-
tion; following the study of Blackwelder and Kaplan (1976), a value
between k¼ 0.8 and k¼ 1.2 has been chosen presently.

1. Number of bursts

The application of the VITA technique leads to a profile with the
number of bursts detected through the boundary layer. The friction
velocity used to compute the time window as well as Yþ is the actual
friction velocity for each case. This can be used to confront the burst

FIG. 6. Percentage skin friction reduction obtained using the Clauser chart
technique.

FIG. 7. Momentum thickness percentage variation between the perforated and smooth surface. (•) present measurements at the trailing edge, (�) and (�) Gowree et al.
(2019), considering only results for similar d/h. (a) Evolution with the Reynolds number based on the cavity diameter and (b) evolution with the Reynolds number based on the
cavity depth.
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profiles above the smooth to those above the perforated wall; this
should give an indication of how the turbulent activity is modified in
the presence of the cavities. As expected, the shape of a burst profile
for the smooth condition is dominated by the presence of a bump
with a peak in the region 10 < Yþ < 20, as reported by Blackwelder
and Kaplan (1976) or Jasinski and Corke (2020). A comparison
between the smooth and perforated walls in the middle of the model is
reported in Fig. 8 for k¼ 1 and Tþ ¼ 15. Figure 8 shows that the burst
profiles in the smooth configuration are similar for the three flow con-
ditions, while the number of detections for each sample is different
due to different time windows that depend on the friction velocity. In
the perforated configuration, in the middle of the model, a shift toward
higher values of Yþ can be identified for all the test velocities, namely,
for all the values of dþ. The results for the downstream profiles,
instead, evidence no shift of turbulence activity, suggesting that this
behavior does not persist on the smooth part downstream of the cavi-
ties as opposed to the mean flow modification.

The burst profile can be seen as a qualitative way to look at the
distribution of the turbulent kinetic energy along the boundary layer.
A shift of the burst peak would suggest an upward displacement of the
turbulent activity. This shift toward higher values of Y þ, documented
previously by Iuso et al. (2002), can be associated with a near-wall tur-
bulent cycle and regeneration modification. As postulated by Choi
et al. (1998) and Di Cicca et al. (2002) for span-wise flow oscillations,
a reorganization of the turbulent structures leads to a shift of the
stream-wise vortices that are pushed away from the wall and generate
a lower value of wall shear stress leading to a skin friction drag benefit.

It is important to underline that, in contradiction with the studies
of drag reduction by means of large-scale stream-wise vortices, con-
ducted by Iuso et al. (2002), the burst frequency does not reduce when
the drag reduction mechanism is present; on the contrary, a slight
increase in the peak frequency (ffi 1%) is reported for the drag reduc-
tion conditions, which is in line with studies on riblets by Choi (1989),
which is surprisingly at first glance, given the difference between riblets
and the present perforations: this aspect deserves to be examined in
more detail. The most significant effect, however, is the shift toward
higher values of Yþ in the middle of the model, which is about
DYþ ffi 5 for the three flow conditions. In Fig. 9, the upward shift in
the middle of the model remains quite constant while varying the
VITA parameters k and Tþ over a limited range of values. According
to Choi et al. (1998) and Di Cicca et al. (2002), a displacement of the
turbulent events outwards from the wall, as a consequence of the effect
of span-wise wall oscillations, is reflected by a thickening of the viscous
sub-layer and an upward shift of the logarithmic velocity profiles: this
is an indicator of a reorganization of the turbulent structures in the
inner region. According to Choi et al. (1998), in fact, the viscous sub-
layer went up to Yþ ffi 2:5 for the uncontrolled case and up to Yþ ffi
10 for the case with maximum drag benefit; their measurements were
taken right downstream of the manipulated surface (DXþ ffi 70 from
the end of the manipulated surface). Their results are in good agree-
ment with respect to what is shown in Fig. 9 for different free-stream
conditions. It is noticeable that this shift decreases slightly when
increasing the free-stream velocity, namely, the dþ.

2. Average bursts intensity

The conditionally sampled events at a given value of Yþ can be
averaged to obtain an average burst event; the average bust intensity is
then defined as the peak-to-peak value of the detected event (see
Silvestri et al., 2017). The results shown in Fig. 10 are the measure-
ments relative to the trailing edge of the panel and are obtained for
Tþ ¼ 15 and k¼ 1 but, even in this case, changing the VITA parame-
ters has little effect on the results. On the right column of Fig. 10, a
comparison of the average intensity profile of the perforated case and
the smooth baseline is reported; on the left column, the average events
at Yþ ffi 20 are presented. For all flow conditions, the cavities reduce
the intensity of the bursts in the region 20 < Yþ < 80. Interestingly,
as can be seen from the conditioned event in Fig. 10, even if the burst
slope is reduced in the region where the intensity reduction is obtained,
the results have been omitted for brevity. For the sake of completeness,
the intensity profiles for the middle of the model are reported in Fig.
11. They show similar results with respect to the ones at the trailing
edge apart from the dþ ¼ 250, where at Yþ ffi 20, a larger reduction is
achieved compared to the value at the trailing edge.

The profiles of the relative intensity reduction have been com-
puted for each flow condition and plotted in Fig. 12 in the middle of
the model and at the trailing edge. Due to different values of Yþ

between the perforated and smooth baselines, the data have been
interpolated and the relative intensity differences for a fixed value of
Yþ have been computed. The intensity reduction is most pronounced
in the region 20 < Yþ < 80 (blue) with a relative reduction up to
about 20% for dþ ¼ 130. For the dþ ¼ 130 case, both for the middle
and the trailing edge, the reduction covers even the region
90 < Yþ < 200. In the middle of the model for dþ ¼ 250, an

FIG. 8. Burst profiles in the middle and trailing edge of the model, comparison with
the smooth baseline, (a) dþ ¼ 130, (b) dþ ¼ 190, and (c) dþ ¼ 250, k¼ 1 and
Tþ ¼ 15.
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intensity reduction of about 10%, with respect to the value at the trail-
ing edge that is about 5%, is achieved.

It is possible to plot the intensity reduction against dþ at a fixed
value of Yþ. From Fig. 13, one can notice that the current results match
well the trend with dþ reported by Silvestri et al. (2017) for Yþ ¼ 100,
for the results obtained at the trailing edge. Small differences in the
intensity reduction can be due to the different parameters used for the
VITA technique, imperfections of the cavities, or the intrinsic chaotic
nature of the phenomenon. The current results at lower values of Yþ

(20 < Yþ < 80), not reported by Silvestri et al. (2017), as well as the
average in the region 0 < Yþ < 200 evidence a decrease in intensity,
namely, a positive intensity reduction, even for the values of dþ, which
have been considered above the limit for skin friction reduction.

A region where the burst intensity is reduced can be observed
both in the middle of the model and at the trailing edge. These results
are valid for all the dþ tested in this work, therefore, for all the three
flow conditions. In the same region of the boundary layer
(20 < Yþ < 80), most of the Reynolds shear stress and the turbulent
kinetic energy are produced by the lift-up and breakup of the streaks
during the bursting process (Kline et al., 1967). This means that a
reduction of the burst intensity in that region can be associated with a
damping of the sweeps and ejections, thus generating a reduction of
the Reynolds shear stress, which, in turn, provokes a reduction of the
turbulent mixing close to the wall and a decrease in the mean velocity
gradient at the wall. This explanation further corroborates the local
skin friction reduction obtained using the Clauser chart technique and
reported in Sec. IIIA. However, this hypothesis has to be further con-
firmed by Reynolds shear stress measurements.

3. Average bursts duration

From the conditionally sampled average event, the profile of the
average duration of the bursts is computed by considering the time
interval between the two peaks in the intensity of the conditionally
sampled burst. The duration profiles of the perforated vs the smooth
case are shown in Fig. 14 for each flow configuration. The burst dura-
tion profile has a lobe in correspondence of 5 < Yþ < 20, where the
maximum of the duration is evidenced for all the flow conditions

around Yþ ffi 10. For the position in the middle of the model, a signif-
icant duration reduction is reported for all the three flow conditions
tested. Such a pronounced effect of the cavities on the burst duration
does not persist at the trailing edge.

Here, a slight decrease in the duration of the bursts is identifiable
for the perforated case with respect to the smooth baseline; this reduc-
tion is more pronounced for dþ ¼ 130. This shows that the burst
duration at the trailing edge is marginally affected as such by the perfo-
rations and does not occur at the position of maximum intensity. The
perforations seem to shift this position slightly toward the wall as
observed in plots (a) and (c) but not in plot (b).

C. Turbulent power spectra

The premultiplied power spectra of the streamwise velocity fluc-
tuations at the trailing edge are presented for the three flow conditions
in Fig. 15. The spectra are computed using the Welch algorithm with
98 segments having each a window size of 211 samples and no overlap.

The premultiplied spectra are non-dimensionalized with the fric-
tion velocity obtained from the smooth baseline model and are shown
for the normal to wall location of Yþ ffi 30, where the peak of the
burst intensity reduction is achieved for all the flow conditions (see
Fig. 12). These results suggest that the cavities reduce the kinetic
energy associated with the streamwise turbulent fluctuations. Once
again these results can be seen as a further confirmation of the fact
that the cavities dampen the streak breakup, thus mitigating the burst
process and leading to a turbulent skin friction reduction.

Finally, it is important to recall that for all the Yþ and the stream-
wise locations considered, no noticeable shift of the spectra toward
lower frequencies occurs. This contradicts the studies by Iuso et al.
(2002) and Tay et al. (2015) who report a considerable skin friction
reduction that they relate to a shift of the turbulent spectrum toward
the lower frequencies, which indicates an energy increase in the large
scale structures.

D. Spanwise measurements

A set of measurements that includes velocity profiles at various
spanwise locations is presented here. For the sake of brevity, only the

FIG. 9. Shift of the burst frequency peak DYþ ¼ Yþcav � Yþsm in the middle of the model when changing the VITA parameters: (a) k (Tþ ¼ 15) and (b) Tþ ðk ¼ 1).
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intensity profiles are reported. Similar conclusions can be drawn about
the coefficients associated with the spanwise profiles calculated using
the Clauser chart technique.

From Fig. 16(a) (dþ ¼ 130), a decrease in the burst intensity is
reported for the Z0 measurement (blue line) confirming the results
reported in Fig. 10. The intensity reduction is less pronounced for the
two other spanwise measurements. The measurements at Zþ and Z�
closely match apart from the peak, which is slightly shifted. When
averaging the intensity profile, Fig. 16(b), an overall intensity decrease
is still perceptible (about 8% for 20 < Yþ < 40) less than what is
obtained directly downstream of a cavity (about 20%, see Fig. 12). This
behavior is observed for all the flow conditions tested as illustrated in
Fig. 16(c), which displays the spanwise average intensity profile for
dþ ¼ 250.

E. Three-dimensional topology from LES

With the objective to complement the experimental results, a
series of numerical simulations have been carried out. The aim is to
reproduce the effect of the cavities on the mean flow for further insight
into the flow in the vicinity and within the cavity, which was limited
by the hot wire technique. The three-dimensional (3D) results arising
from the numerical simulations were also meant to allow the analysis
of the spanwise evolution of the mean flow over a short distance, not
achievable during the experiment.

The solver, which had already been successfully applied to turbu-
lent flows over airfoils (Gr�ebert et al., 2016; Boukharfane et al., 2019)
and to shock boundary layer interactions (Gr�ebert et al., 2017, 2018),
performs wall-resolved large eddy simulations using an explicit time-
stepping and the subgrid scale model of Vreman (2004). The geometry
reproduces the 3D region corresponding to two rows of cavities, the

FIG. 10. Comparison between the smooth and the perforated configuration of con-
ditional sampled burst Yþ ffi 20 at the trailing edge of the panel (left) and profile of
the burst intensity for the three flow conditions: (a) dþ ¼ 130, (b) dþ ¼ 190, and
(c) dþ ¼ 250; Tþ ¼ 15; k ¼ 1.

FIG. 11. Profiles of the burst intensity for the three flow conditions in the middle of
the model: (a) dþ ¼ 130, (b) dþ ¼ 190, and (c) dþ ¼ 250; Tþ ¼ 15; k ¼ 1.

FIG. 12. Profiles of the burst intensity reduction with respect to the smooth base-
line: (a) middle of the model, (b) trailing edge, red dots correspond to Yþ ¼ 30
and Yþ ¼ 100, the blue rectangle to 20 < Yþ < 80 and the red rectangle to
100 < Yþ < 200; Tþ ¼ 15; k ¼ 1.
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first row being located one diameter downstream of the inlet. The
dimensions of the cavities and their arrangement have been kept iden-
tical to the experimental model. A periodic boundary condition has
been imposed in a spanwise direction every 4:4d. A 2D unstructured
extruded mesh in the normal-to-wall direction has been designed
using the open-source software GMSH (Geuzaine and Remacle, 2009)
resulting in a final mesh count of 6 � 106 hexahedral cells. The mesh
has been refined near the wall and in the cavities: the maximal dis-
tance-to-wall of the first velocity point is Yþ ¼ 1.

The wall-resolved mean velocity profiles obtained experimentally
on the smooth surface slightly upstream of the cavities for the three
tested free-stream velocities have been imposed as inlet conditions. No
synthetic turbulence has been added to the inlet velocity: the aim is to
study the effect of the cavities on the mean flow only. This approach,
already undertaken for similar investigations (Bauerheim and Joly,
2020), allows a huge reduction in the computational costs but has the
drawback of not being fully representative of the incoming turbulence
field. This means that a quantitative comparison of the statistical field
or the turbulent boundary layer quantities with the experimental data
was not possible. In addition, due to the numerical geometry that
includes only the three first rows of cavities, the skin friction cannot be
compared with the experimental results. Nevertheless, the numerical
simulations provide interesting complementary data, although a

FIG. 13. Burst intensity reduction as a function of dþ at different Yþ, comparison
with Silvestri et al. (2017), Tþ ¼ 15; k ¼ 1.

FIG. 14. Burst duration profiles in the
middle and trailing edge of the model,
comparison with the smooth baseline,
(a) dþ ¼ 130, (b) dþ ¼ 190, and (c)
dþ ¼ 250.
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proper quantitative comparison is not possible due to the absence of
turbulence in the incoming boundary layer.

As shown in Fig. 17, each cavity produces 3D flow perturbations
in the cavity itself and its vicinity. The curved geometry of the cavity

leads the flow to accelerate and curve on the sides. The flow then rolls
down inside the cavity generating a counter-rotating vortex. This
structure is responsible for flow recirculation. The vortex then induces
a positive vertical velocity component V and the formation of another
structure downstream of the cavity. The presence of similar structures
inside and over dimples for certain flow regimes has been already
documented in the literature (see van Nesselrooij et al., 2016; Lienhart
et al., 2008).

The curvature of the stream-lines on the two sides of each cavity
is responsible for the generation of an alternating spanwise mean
velocity pattern that resembles a checkerboard. In Fig. 18(a), a slice at
Yþ ffi 5 of the contour of the non-dimensional spanwise mean veloc-
ity at 10m/s is presented. This pattern has the spanwise and stream-
wise periodicity of the spacing L between the cavities. This
phenomenon is present for the three inflow conditions tested. The
magnitude of this spanwise velocity is on the order of 1% of the free-
stream velocity. This percentage decreases by 13% when the flow
velocity is raised to 20m/s.

FIG. 16. Intensity profiles, comparison with the smooth baseline, (a) different spanwise locations dþ ¼ 130, (b) spanwise average intensity profile for dþ ¼ 130, and (c) span-
wise average intensity profile for dþ ¼ 250.

FIG. 17. Iso-surface of the Q-criterion at dþ ¼ 130, colored by the contour of
V=U1 � 100 from �5% (blue) to 5% (red).

FIG. 15. Spectra of the stream-wise velocity fluctuations at Yþ ffi 30 in the trailing edge (bottom): (a) dþ ¼ 130, (b) dþ ¼ 190, and (c) dþ ¼ 250.
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The streamwise evolution of the spanwise mean velocity at
different spanwise locations is reported in Figs. 18(b) and 18(c)
along the yellow line (X;Yþ ¼ 5;Z ¼ L=2) shown on plot (a).
Figure 18(c) shows a qualitative similarity with the evolution
resulting from a near wall steady spanwise oscillation introduced
by Viotti et al. (2009).

This similarity is purely based on the observation of the mean
flow topology from the LES results and by the fact that similar turbu-
lence behavior is obtained from the experimental data. In the work by
Viotti et al. (2009), a “stationary distribution of spanwise velocity that
alternates in the streamwise direction” is imposed directly at the wall.
Here, the cavities would then generate a spanwise velocity modulation
that has the following form:

WþðxÞ ¼ Aþ cos
2p
Lþ

x

� �
: (7)

The wavelength of the oscillation is equal to the cavity distance
(kþx ¼ Lþ) and is in agreement with the range in which spanwise
oscillations are effective in reducing drag (200 < kþ < 8000). The
main differences with respect to the results reported by Viotti et al.
(2009) and to other unsteady wall oscillations (Ricco et al., 2021) lie in
the two orders of magnitude difference in oscillation amplitude in wall
units. The other waveforms [Fig 18(b)], which at some spanwise loca-
tion (e.g., Ref. 7), have even a larger amplitude than the sinusoidal
waveform, resemble the non-sinusoidal periodic forcing investigated
by Cimarelli et al. (2013), which outperform the sinusoidal shape in
drag reduction even for smaller amplitudes.

Surface flow visualizations by Gowree et al. (2019) evidenced
spanwise velocities and curved streamlines, which are in agreement
with the current numerical findings. The attenuation of the oscillation
amplitude with dþ is in agreement with the decrease in skin friction
reduction found experimentally. This suggests again that the drag
reduction properties could be linked to the geometrical parameters of
the cavities (diameter, depth) as well as the freestream conditions. The
amplitude depends on the strength and the coherence of the vortex

inside the cavity, which, in turn, possibly depends on the ratio between
the impinging boundary layer thickness and the cavity depth.

The presence of a spanwise flow component and the resulting
three-dimensional flow features are known to reduce the Reynolds
shear stress and, consequently, the turbulent skin friction drag. A
spanwise flow, in fact, can displace the near wall longitudinal vortices
and the streaks, thus disrupting the near wall cycle, the streak breakup
mechanism and so the whole bursting process (Viotti et al., 2009;
Choi, 2002). Viotti et al. (2009) stressed that the steady spanwise wall
oscillation may be generated passively by some sort of well-designed
roughness.

IV. DISCUSSION AND CONCLUSIONS

The present study aims to investigate the modification of the tur-
bulent boundary layer by flush-mounted circular cavities disposed in a
staggered arrangement similar to Gowree et al. (2019). The character-
istic dimensions of the cavity array (namely, the diameter, the depth,
and the spacing) in wall units are changed along with the free-stream
conditions. The cavity diameter is chosen in agreement with Gowree
et al. (2019); the values of the diameter in wall units lie in the range,
where in the work by Silvestri et al. (2017), the turbulent attenuation is
expected to decrease.

Confidence in the measurements is a result of the accurate
probe-to-wall alignment (Gowree et al., 2015), which gave satisfactory
results for a similar study (Gowree et al., 2019). Moreover, for the
smooth baseline, a good match with the canonical turbulent boundary
layer is found. The boundary layer surveys confirmed the possibility of
reducing the turbulent activity, resulting in local skin friction reduc-
tion. A thickening of the viscous sublayer, as well as a reduction of the
friction velocity, computed using the Clauser chart technique, and a
decrease in rþU confirms the reduction in skin friction. According to
previous work on cavities (Silvestri et al., 2017; Gowree et al., 2019),
the drag due to the pressure distribution in the cavities should not
overcome the benefit from the skin friction drag savings. This

FIG. 18. Flow topology at dþ ¼ 130, (a) contour of W=U1½%�, slice normal to the wall at Yþ ffi 5, contour from �1% (blue) to 1% (red), (b) evolution of W(x) at seven differ-
ent spanwise locations between the cavities, and (c) evolution of W(x) along the yellow dotted line (X ; Yþ ¼ 5; Z ¼ L=2) as shown in (a).
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reduction is mitigated when the Reynolds number and dþ are
increased as found by Silvestri et al. (2017) and Gowree et al. (2019).

The VITA analysis allowed a more detailed characterization of
the turbulent activity. The number of burst profiles in the middle of
the model show a systematic upward shift, where the burst frequency
peak is shifted by DYþ ffi 5. This is in agreement with the thickening
of the boundary layer and has been previously found for drag reduc-
tion achieved by means of spanwise oscillations (Iuso et al., 2002; Choi
et al., 1998; Di Cicca et al., 2002). Even though the thickening of the
viscous sublayer is more visible at the trailing edge, the profiles of the
number of burst match one of the smooth baselines, suggesting that
the burst frequency modifications do not persist downstream of the
cavities. Similar considerations can be made for the duration profiles:
the significant reduction of the duration does not persist at the trailing
edge of the model.

In both the middle and trailing edge of the model, the average
intensity of the bursts decreases, with two distinct regions in the pro-
files. In the first region ð100 < Yþ < 200Þ, the intensity reduction
decreases with dþ and becomes negative for dþ ¼ 190 and dþ ¼ 250.
On contrary, when considering the second region that is closer to the
wall (20 < Yþ < 80), although the intensity reduction decreases with
dþ, an intensity reduction is achievable even for the largest dþ. This is
true even when considering the mean intensity reduction in the region
0 < Yþ < 200, suggesting that an intensity reduction is possible even
for higher values of dþ at least for the current configuration.

These modifications in burst activities would suggest a reduction
of local skin friction drag. The region where the intensity decrease is
more pronounced, at 20 < Yþ < 80, is where most of the Reynolds
shear stress and the turbulent kinetic energy are produced by the
streak instability and breakup. A decrease in intensity and duration of
the bursts would suggest a reduction of the Reynolds shear stress with
a consequent influence on the mean flow, which, in turn, would lead
to a skin friction reduction. This picture is further confirmed by the
premultiplied spectra that showed a decrease in the energy associated
with the streamwise velocity fluctuations in the region of the boundary
layer where the intensity reduction occurs.

According to Silvestri et al. (2017), the mechanism responsible for
the reduction in burst intensity relies on the disruption of the bursting
process that is a consequence of the partial or complete penetration of
the sweep inside the cavities. A small diameter dþ < 20 would inhibit
this effect while a larger diameter dþ > 145 would lead to a breakup of
the shear layer. To further explain the skin friction reduction mecha-
nism, numerical simulations have been carried out. The mean flow
topology revealed that the cavities passively generate a spanwise check-
erboard flow pattern. The streamwise evolution of the spanwise velocity
is similar to that obtained by imposing spanwise steady wall oscillations
as reported by Viotti et al. (2009). The passive creation of a spanwise
flow pattern could, in fact, be an alternative explanation for the current
findings with respect to that proposed by Silvestri et al. (2017). This
hypothesis is in line with the explanation that is given for the drag
reduction by dimples (van Nesselrooij et al., 2016; Tay et al., 2015).
Vortical structures and spanwise velocities similar to those reported
herein are, in fact, mentioned in the work of Lienhart et al. (2008) for
dimples in which a slight skin friction reduction is reported. The
decrease in the performance can be due to a coherence loss of the vorti-
cal structure inside the cavities. Similar changes in the regime are
reported for dimples (van Nesselrooij et al., 2016).

One of the main limitations of the study of Silvestri et al. (2017)
is related to the lack of spanwise measurements. LDA measurements
at various spanwise locations conducted by Gowree et al. (2019) evi-
denced that there is only a weak spanwise variation of the mean veloc-
ity profiles suggesting that the drag benefit is not just local in the wake
of the cavities. A limited number of spanwise measurements revealed
that the turbulent activity is not homogeneous in the spanwise direc-
tion. In particular, the measurements out of the cavity wake of the cav-
ities (Zþ and Z�) evidence a smaller burst intensity decrease.
However, what has to be underlined is that the spanwise average burst
intensity profiles still show an overall and non-negligible intensity
reduction with respect to the smooth baseline. This is encouraging
because it confirms that the attenuation of turbulent activity is not just
a local phenomenon in the wake of the cavities.

A limitation of this study lies in the lack of a parametric study,
and the design is such that the characteristic dimensions in wall units
change when changing the flow velocity. It is, therefore, not possible to
separate the effects of changing the dimensions in wall units and
changing the impinging boundary layer parameters (such as the
boundary layer thickness). Extensions of this study could focus on
understanding the effect of the cavity spacing, diameter, and imping-
ing boundary layer parameters in order to provide further insight into
the drag reduction mechanism.
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