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Abstract

The modification of the boundary layer grazing over staggered arrays of cavities is investigated by means of
Particle Image Velocimetry. The skin friction drag is reduced, confirming the recent investigations conducted
with hot wire anemometry on similar configurations. The skin friction drag reduction is more pronounced when
the diameter of the cavities is larger. Changes in the Uniform Momentum Zones (UMZs) of the boundary
layer suggest that the coherent structures are modified by the cavities. In fact, the average number of UMZs
decreases and the average size of the first zone (which corresponds to the logarithmic layer), as well as the
average overall size, increases. The trend of these two variations with the diameter is not in line with the skin
friction reduction. The reduction of the mean modal velocity of the UMZs follows the same trend of the skin
friction with respect to the diameter of the cavities. For this reason it is believed that this parameter is better
suited to emphasize the link between the modifications of the UMZs and the skin friction.
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1. Introduction
Drag reduction is an impelling task in civil aviation. In cruise condition a 1% drag reduction corre-
sponds to 0.75% fuel-burn savings [19, 14]. The skin friction drag, which accounts for more than 50%
of the overall drag, is mainly due to the development of the turbulent boundary layer on the surfaces
of the aircraft. In a turbulent boundary layer, the Reynolds shear stress −uv (where u and v are the
fluctuations of the streamwise and normal-to-wall velocity component) acts as a force which acceler-
ates the flow in the vicinity of the wall, increasing the mean velocity gradient and the wall shear stress
τw = ρν

dU
dY (where ρ is the density, ν is the kinematic viscosity and U is the mean velocity).

The generation of the Reynolds shear stress can be explained by the presence of coherence struc-
tures in the turbulent boundary layer. These structures have been largely documented in literature
and compose the so-called hairpin vortex paradigm [1, 17]. A single hairpin vortex is made by two
quasi-streamwise vortices called legs or rolls which are attached to form the so-called hairpin head.
The hairpins are usually present in groups, called packets. Between the legs of the hairpins low
momentum fluid is ejected (u < 0,v > 0) and fluid is further supplied in the vicinity of the wall in a
process called sweep (u > 0,v < 0). These two events, which constitute the so-called near wall cycle,
contribute to almost all the Reynolds shear stress and turbulent kinetic energy production near the
wall [13]. The near wall cycle is found to be directly influenced and linked to the outer large-scale
structures (namely the hairpins) [8, 18].
Modifying the large coherent structures is in return expected to have an effect on the near wall tur-
bulence and on the skin friction. Techniques such as riblets [7] and spanwise wall oscillations [16],
despite the different mechanisms to suppress the near wall turbulence and characteristic dimensions,
have proven to be highly efficient to reduce skin friction drag, at least in laboratories. The riblets are
small fences aligned with the direction of the flow, which hinder the spanwise movement of the hair-
pins legs. The characteristic size of the riblets (spacing and height) is of about 15-20 viscous lengths
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(δv = ν/Uτ , where Uτ =
√

τw
ρ

is the friction velocity). The spanwise wall oscillation technique con-
sists in imposing a sinusoidal modulation of the spanwise flow. The spanwise component tilts the
quasi-streamwise vortices thus reducing the occurrence and intensity of the near wall events. This
technique has proven to reduce the drag up to 50% for wavelengths of 200 < λ+ < 8000 and for ampli-
tudes A+ of the order of 10 [19, 5]. Another possible strategy to reduce the skin friction, which does
not act on the turbulence directly, consists in modifying the spatial development of the flow (both in
streamwise and normal-to-wall direction) [6]. Uniform blowing [11] falls into this second category. The
spanwise wall oscillations as well as the uniform blowing are active techniques and so they require
energy supply as well as complications in the design and increase of the overall weight. The riblets
are very susceptible to the yaw angles, above 30o, a detriment of the performances occurs.
More recently, the application of dimples and cavities as passive drag reduction technique has been
proven [9, 23, 24, 21]. In particular, staggered cavities [21, 9] should have the advantage of being
easily manufactured and not susceptible to yaw effects. Single component hot wire boundary layer
surveys documented a reduction of turbulent activity in the region close to the wall which suggests
a reduction of the Reynolds shear stress and can be associated to the skin friction reduction. The
mechanism which explains the skin friction reduction is not completely clear but it should involve a
modification of the coherent structures nearby the cavities which results in a skin friction reduction.
To better understand the modifications the boundary layer undergoes in presence of cavities, a Parti-
cle Image Velocimetry (PIV) investigation is belived to be a necessary step. If the hot wire anemom-
etry provides information about the near wall modifications, PIV can give an insight of the instanta-
neous behaviour of the large scale structures. Boundary layer PIV measurements have been per-
formed to study the boundary layer over dimples by [24] but with a lack of details about modification
of the large-scale structures.
In a turbulent boundary layer, the so-called uniform momentum zones (UMZs) can be identified from
PIV snapshots. These regions of approximately equal streamwise momentum can be directly linked
to hairpin vortices and hairpin packets [4, 1]. For a smooth surface, the number of the UMZs is found
to depend on Reτ with a log-linear relationship. The modification of the number of UMZs by riblets and
spanwise wall oscillations has been recently addressed by [15, 3], but the results are ambiguous. A
percentage decrease of the number of UMZs for riblets very similar to the skin friction reduction has
been recently documented [3]. However this reduction was just linked to the reduction of Reτ , in other
words the relation between Reτ and number of UMZs keeps its validity even in presence of riblets.
Thanks to a boundary layer PIV investigation, in the current paper the following points are addressed:

1. does the number of UMZs change with cavities compared to the smooth baseline case?

2. Is the modification of UMZs just an effect of the variation of Reτ as suggested by [3] or the UMZs
distribution changes completely with respect to the smooth baseline case?

3. Are there appreciable variations of the other properties of UMZs in presence of cavities (size of
the UMZs, modal velocities, etc.)?

4. Can the modification of UMZs be linked to skin friction reduction?

2. Experimental setup
The experimental campaign has been conducted in the low Reynolds number wind tunnel of ISAE-
SUPAERO on a flat plate equipped with a square insert panel which varies from a smooth baseline
surface to different models perforated by an array of circular cavities (Fig. 1). Zero pressure gradient
is ensured by the deflection of a flap at the trailing edge of the flat plate (acceleration parameter
ka < ·10−8).
The measurements were conducted with stereoscopic PIV. The streamwise PIV planes (XY ) are
located downstream of the last row of cavities (more than 20δ downstream the first row of cavities)
where the flow is expected to be in equilibrium with the surface. 1000 image pairs are acquired at
50 Hz and are processed using 2D3C cross-correlation PIV algorithm of Dantec Dynamics studio.
The interrogation window size is iteratvely changed from 32× 32 pixel to 16× 16 with an overlap of
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Figure 1 – Sketch of the PIV experimental setup and measurement location

50%. This leads to a grid of 40400 vectors with a field of view (FOV) of 65mm× 45mm which has
been cropped to 45mm×45mm (2δ ×2δ ) to study only the region downstream of the cavities.
Three flow conditions have been tested, that correspond to three test velocities, 10, 15 and 20 m/s.
The relative boundary layer parameters are summarised in Tab 1. The vectors close to the wall
have been discarded due to reflections. The minimum value of the Y+ = YUτ

ν
as well as the PIV grid

dimensions are reported in Tab 1.

U∞ [m/s] Reθ Reτ uτ0 ∆X+ ∆Y+ Y+
min

10 1670 660 0.42 5.78 6.61 48.2
15 2480 920 0.59 8.19 9.35 66.6
20 3170 1160 0.78 10.75 12.3 82.4

Table 1 – Flow parameters for the three different test conditions, measurement location downstream
of the cavities.

The perforated models consist in a staggered array of cavities (stagger angle of 45o). The cavities
are sealed on the bottom. The diameter d varies between 3 and 6 mm, the depth and the spacing are
fixed to 4 mm and 11 mm. The values in wall units of the diameter d+ and the cavity spacing L+ are
reported in Tab 2; they have been calculated using smooth friction velocity.

3. Mean field
The mean velocity profiles for all the configurations are obtained by computing a streamwise (X
direction) average of all the mean velocity profiles to obtain a better converged one dimensional
profile [25]. The Clauser chart technique is employed to compute the friction velocity Uτ by fitting
the mean velocity profiles with the Spalding equation (k = 0.41 and B = 5.5) [12]. The actual friction
velocity of each configuretion is used to non-dimensionalise in inner units mean velocity profiles. The
mean velocity profiles in wall units is shown in Fig. 2 a) at 20 m/s (for the sake of brevity the results

3



Reduction of turbulent events by the use of staggered cavities

CASE d+ L+

d3L11 85 115 150 305 425 540
d4L11 110 155 200 305 425 540
d5L11 140 190 245 305 425 540
d6L11 165 230 295 305 425 540

Table 2 – Flow and geometrical parameters for the three different test conditions and the four different
models.

at the other freestream conditions have been omitted, but similar observations can be made). The
mean velocity profile for the smooth baseline case is reported in red and it shows a good match with
the numerical results [22] for a similar value of Reθ . Different dimensions for the markers are used to
plot the profiles for the perforated cases, bigger markers represents larger values of d+, the increase
in d+ is indicated by the arrow. A mild deviation from the smooth baseline, more evident in the wake
region, can be highlited in the mean velocity profiles. This effect is more pronounced for larger values
of d+.
From the value of Uτ the skin friction coefficient is obtained, C f = 2

(
Uτ

U∞

)2
. The skin friction variation

with respect to the smooth baseline case is plotted against d+ in Fig. 2 b). A skin friction reduction
is found for all the flow conditions; the skin friction reduction increases with d+. The momentum
thickness, as well as the shape factor H increase (about 10% from a value of 1.3 for the baseline
case) with d+ suggesting that the boundary layer gets less full (results omitted here for brevity).
These results confirm the recent ones obtained for the same configurations using boundary layer hot
wire anemometry [20].
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Figure 2 – a) Mean streamwise velocity in wall units at 20 m/s, actual friction velocity is used, size of
markers represents the increase in d+ indicated by the arrow, b) skin friction coefficient percentage

variation.

4. Uniform momentum zones
4.1 Smooth baseline and validation
In a streamwise snapshot of a PIV data, zones of approximately equal momentum can be identified
[1] (Fig. 3). These regions (called "zones" to be distinguished from the "layers" which are related to
mean flow) can be associated to the presence of packets of hairpin vortices in the boundary layer.
The technique was further addressed in the work by [4] where the link with the hairpin vortex paradigm
is further stressed.
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The first step of the UMZ technique is the identification of the so called turbulent-non-turbulent inter-
face (TNTI) [2]. The TNTI can be obtained by the the turbulent kinetic energy defect

k = 100× 1
9U2

∞

1

∑
m,n=−1

[
(um,n −U∞)

2 + v2
m,n

]
(1)

where the threshold depends on the turbulent intensity of the wind tunnel (with the test model); in
the current investigation this value is set to 0.1. The turbulent kinetic energy defect is calculated
considering, for each point of the 2D PIV dataset, a sub-grid of 3×3 values. The TNTI in the current
data is usually located in a region within 0.7δ and 1.2δ . After the detection of the interface, the
values outside the TNTI are discarded. The detection of the TNTI is fundamental because it allows to
construct the PDF of the streamwise instantaneous velocity in the part of the flow that is not affected
by the values of the velocities of the non turbulent. In the non turbulent region the velocity is in fact
about the value of U∞.
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1
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Figure 3 – Uniform momentum zones detection, a) snapshot and window size, b) PDF of the
streamwise velocity excluding the non turbulent region, smooth baseline case, random snapshot at

10 m/s, flow from left to right.

After having discarded the values outside the TNTI the PIV dataset is divided in several windows, as
depicted in Fig. 3. Lx is the streamwise size of the window. The PDF of the streamwise velocity in
the turbulent region of the PIV dataset is constructed using 60 bins. To construct the PDF enough
velocity vectors (grid points of the PIV dataset) are required. In [4] this value was about 5 · 103

whereas in the current case 15 · 103 vectors are used (excluding the non turbulent region). Maxima
of the streamwise velocity PDF are associated to regions of approximately equal momentum. These
velocities represents the so-called "modal velocicites" Um. The velocities between two regions are
the so-called "separation velocities" Us. According to [4] they are calculated as the average of two
adjacent modal velocities. In the current algorithm the last separation velocity corresponds to the
velocity of the TNTI interface.
According to [4] the size of Lx should be based on inner scaling whereas in ref [1] it is suggested
that the window size should be about one boundary layer thickness. An increase of Lx smooths
the PDF acting as a filter thus leads to a decrease of the number of detected UMZ [15]. However,
according [4], the influence of Lx can be neglected in the range 450 < L +

x < 2500, which should be
used. For practical reasons and due to the low Reynolds number, in the current investigation the
entire streamwise extension has been used to compute the UMZs as in ref [3]. The window sizes for
the three velocities, both in inner and outer scales, are summarised in the Tab 3.
The PDF of the number of UMZs detected for the three flow conditions is reported in Fig. 4 a). The
average number of UMZ converges statistically above a few hundreds snapshots (Fig. 4 b)). The
average number of UMZs detected NUMZ matches well the log-linear relation with the Reτ proposed
in ref [4] confirming its validity even for lower Reynolds numbers (Fig. 4 c)). The number of the
average UMZs increases with the Reynolds number because of broader distribution of turbulence
scales and the more frequent hairpins packets.
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U∞ [m/s] L + L /δ

10 1250 1.92
15 1790 1.94
20 2350 2.03

Table 3 – Window size chosen based on viscous length and boundary layer thickness. .
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Figure 4 – UMZ validation for the smooth baseline case, a) PDF of the number of UMZs detected, b)
convergence of the mean number of UMZs, c) relation with Reτ .

The change of the average structure size can be analysed by looking at the average UMZ normal-to-
wall extension. This value is obtained by dividing the "area" of each UMZ by the value of Lx. First the
PDF of the size of each of the first three detected UMZs (and the average size for each zone) and
secondly the PDF of all the zones can be obtained.
The average size of each zone ∆Y i/δ as well as the average size of all the zones ∆Y UMZ/δ seem
to remain almost constant when changing the Reynolds number, with a slight decrease when the
Reynolds number is increased (Fig. 5).
The PDF of the separation location and the location of the centroid of each zone are reported in
Fig. 6 In both PDF the peaks represent the most frequent separation locations Ỹsep/δi and centroid
locations Ỹcentr/δi. Three peaks, namely three most frequent separation and centroid locations are
distinguishable for 15 and 20 m/s while only two peaks are present for 10 m/s. This is expected and
can be considered a further confirmation of the fact that the number of UMZs increases with the
Reynolds number.
In Fig. 7 the PDF of the modal velocities and the separation velocities are reported for the three
Reynolds numbers and for the first three zones identified. Peaks in the PDF represent the modes,
namely the most frequent modal or separation velocities. The mean modal and separation velocities
are again identical regardless of the Reynolds number, again confirming that UMZs properties scale
with outer variables of the turbulent boundary layer (U∞,δ ). The most frequent Ũm/U∞ and Ũs/U∞

are again very similar when changing the Reynolds number, with again with the exception of the
presence of only one peak in the PDF of the separation velocity for the Z3 at 10 m/s. This again can
be linked to the smaller value of the NUMZ detected for 10 m/s.

4.2 Perforated case
In Fig. 8 a) the PDF of the number of UMZs detected are reported for the perforated configurations at
20 m/s. The PDF are slightly shifted towards larger values of NUMZ and this effect is more pronounced
for larger diameters. In Fig. 8 b) the average number of detected uniform momentum zones NUMZ is
plotted against the Reτ for all the configurations tested. A small increase in the number of uniform
momentum zones can be highlighted for all the flow conditions. This maximum increase is 6% (see
Fig. 8 c)), in line with the values reported by [15] and [3]. The value of NUMZ deviates only moderately
from the log-linear relation with Reτ valid for smooth walls as well as for rough walls [10] and riblets
[3]. The number of uniform momentum zones increases more prominently for the conditions where
the lower skin friction reduction is achieved. No correspondence between the trends of skin friction
reduction and decrease in UMZs with d+ can be highlighted.
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Figure 5 – PDF of the vertical extension of the UMZs, first three plots are related to the first three
zones (Z1, Z2, Z3), last plot is considering all the zones detected, smooth baseline case

The increase of the number of uniform momentum zones may be related to the decrease size of
the first zone and second zones detected. In Fig. 9 are reported on the left the PDFs of the first a)
and second b) zone detected and on the right the percentage difference with respect to the smooth
baseline case for all the flow conditions. Again a clear trend with d can be highlighted, with the size
of UMZ being only slightly affected for the smallest d.
The snapshots for the smooth baseline case and the largest diameter at 20 m/s are reported in
Fig. 10. The first zone detected for the perforated case is associated to lower momentum. This
can be seen even by looking of the PDFs of the modal velocity for the first and second UMZs at
20 m/s (Fig. 11 left). A shift towards lower values when increasing the value of the diameter can be
highlighted. On the right of Fig. 11 the percentage variation of the mean value of the modal velocity
associated to the first and second zones clearly shows a decreasing trend of the modal velocity
with the diameter. This decrease of Um for the higher diameters suggest that in these conditions
the boundary layer has less momentum in the first zone (which corresponds approximately to the
logarithmic layer).
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Figure 6 – PDF of a) separation location and b) location of the centroid of the zones, smooth
baseline case.

5. Conclusions
The current PIV results confirm the possibility of using staggered cavities as a skin friction reduction
technique. The results obtained when varying the diameter (d) are in agreement with the parametric
study recently presented by the authors [20]. The Uniform Momentum Zone analysis performed on
the smooth baseline confirms the log-linear relation of the mean number of UMZs detected with the
Reτ . In addition it is highlighted that, for the smooth baseline, the parameters characterising the UMZ
do not vary when scaled with outer variables, at least at the moderate Reynolds numbers of the
current investigation.

1. The perforated surface change slightly the UMZ arrangement. The mean number of UMZs,
NUMZ deviates from the log-linear relation valid for the smooth baseline. NUMZ increases for all
the configurations tested, the maximum increase is below 6%.

2. This behaviour is not linked to a Reτ effect which contradicts the results obtained for riblets [3].

3. The increase of NUMZ cannot be directly linked to the skin friction reduction due to the opposite
trend with d+ but with the increase in Reynolds shear stress. The skin friction reduction trend
observed for diameters variations can be linked to the overall decrease of the first two modal
velocities. This suggest that stronger skin friction reductions can be linked to a momentum
decrease in the zones that correspond to the logarithmic layer rather than to a variation of the
UMZs size (and consequently to the turbulent eddy size). In other words, according to these
preliminary results, the modal velocity distribution can be used as a better indication criterion for
skin friction reduction than the NUMZ. All the results presented are scaled with outer variables
(δ ,U∞), but similar trends are valid even considering inner scaling (ν/Uτ ,Uτ ).

4. Further work is necessary to better understand the link between the UMZs and the skin friction.
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Figure 7 – PDF of the a) modal velocities, b) separation velocities of the UMZs, smooth baseline
case.
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This can help shedding light on the mechanism which governs the skin friction drag reduction
by means of cavities.
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Figure 9 – PDF of vertical extension of the UMZs at 20 m/(s (left), and percentage variation with
respect to the smooth baseline case (right), a) first zone detected, b) second zone detected.
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