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INTRODUCTION

In both internal and external aerodynamics, pressure in-
duced separation bubbles can be formed for instance near the
trailing edge of an airfoil. Specifically, in wind energy, one of
the environmental restrictions is the proximity of wind parks to
residential areas. Consequently, maintaining wind turbine per-
formance and reliability as well as complying with noise reg-
ulations are important challenges. Poor design considerations,
imprecise operational monitoring and incomplete knowledge
of the physics of flow separation all contribute to boundary
layer separation from wind turbine blade surfaces, reducing ef-
ficiency and amplifying noise emission (Suryadi & Herr, 2015;
Suryadi, 2019). Facing on-site adverse environmental condi-
tions, tracking flow separation on wind turbine blades is es-
sential not only for aerodynamics but also for acoustics. The
first step is to better understand the physics of separated flows
and the mechanisms driving the wall pressure fluctuations, p,,,
beneath a separating turbulent boundary layer.

In this study we aim to derive the flow separation topol-
ogy from wall pressure measurements for the DU96-W-180
airfoil investigated experimentally in the Acoustic Wind Tun-
nel Braunschweig (AWB) at DLR. One of the underlying ques-
tions is how to recognize the flow separation signature in wall
pressure and whether it is a weak separation causing a mild
noise increase, or a larger separation causing a significant one.
To answer this question, the merging of different databases ap-
pears necessary considering that previous measurements on
wind turbine blades did not include velocity measurements
(e.g., PIV) or shear stress sensors (Suryadi & Herr, 2015). As-
suming that the same flow physics produces the same results
in both configurations, similar phenomena should take place
either near the trailing edge of an airfoil at a high angle of at-
tack or on a flat plate with an imposed APG. In this paper, we
present time and frequency domain parameters that character-
ize the onset and development of flow separation from three
databases including a flat plate and two airfoils.
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MERGING DATABASES

Three databases dealing with APG-induced flow separa-
tion are available for the present study. (1) The wall pres-
sure and velocity fields of a family of turbulent separation
bubbles (TSBs) was recently measured using 2D-2C PIV in
the boundary layer wind tunnel of ETS Montréal (Le Floc’h,
2021). Three distinct TSBs were investigated at Reg = 5000:
(a) a large TSB with a 41-cm-long recirculation region; (b) a
medium 11-cm-long TSB; (¢) a small TSB with no backflow.
(2) In investigating flow separation noise, the wall pressure
of the DU96-W-180 was measured in the AWB (Suryadi &
Herr, 2015). The airfoil was set to pre-stall angles of attack
from —0.8° to 10.2°, where at the largest angle, massive flow
separation was observed from oil film visualizations. (3) The
time resolved topology of a trailing edge TSB was recently
analyzed on a NACA 4418 airfoil, where modal decomposi-
tion illustrated the unsteady topology of the recirculation re-
gion, including a low frequency oscillation of the separation
line, commonly referred to as the breathing motion (Ma et al.,
2020; Wang & Ghaemi, 2022). Such unsteadiness is very sim-
ilar to that observed on the flat plate where both separation and
reattachment lines exhibit large oscillations (Le Floc’h, 2021).

In Fig. 1, the mean flow topologies are presented for each
database. On the left side, the contours of the mean stream-
wise velocity field for both the large flat-plate TSB (top)
and the NACA 4418 (bottom) indicate two massively sepa-
rated regions with visible differences. The large TSB appears
somewhat symmetric thanks to the combination of APG and
FPG effects, whereas the TSB formed on the trailing edge of
the NACA 4418 is clearly tilted in the direction of the wake
formed downstream of the profile. With an angle of attack
of 9.7°, Wang & Ghaemi (2022) obtained a recirculation re-
gion on the last 20% of the chord, which resembles closely
the DU96-W-180 case for o = 7.8°. In the oil film visualiza-
tions from Fig. 1, the solid green lines define the separation
line where the two recirculation regions downstream span ap-



13th International Symposium on Turbulence and Shear Flow Phenomena (TSFP13)
Montreal, Canada, June 25-28, 2024

0.08
_0.06
T 0.04

0.02

0 0.2 04 1 06
INACA4418 with o £ 9.7°] — U /Up.s

0.1
)

=0.05

0-

0.65 0.7 0.5 0.8 0.85 09 095
x/c

[DU96-W-180]  [DUY6-W-180]
a=18 a =102

-1.0

105 1.1 NSNS

x/c x/c

Figure 1: Top left: isocontours of the mean streamwise velocity component U /U, in the large flat plate TSB from Mohammed-Taifour
& Weiss (2016) and Le Floc’h et al. (2020). The white arrows indicate mean velocity from center span. The white solid line represents
U/Uy = 0m/s. Bottom left: isocontours of mean streamwise velocity U/U,, r from Wang & Ghaemi (2022). Flow goes from left to
right and the magenta dots indicate the 7 microphone locations. Right side: two oil film visualizations from the DU96-W-180 airfoil for
two angles of attack (o = 7.8° and 10.2°). Green solid line is representative of the mean separation line and foci F1 to F4 are identified.

proximately 20% and 40% of the chord for a = 7.8° and 10.2°
respectively. Even if the case at 10.2° appears asymmetric, the
classical topological combination of saddle point flanked by
two foci is still apparent. In what follows, we examine and
compare the wall pressure signatures of the three databases.

SPECTRAL ANALYSIS OF WALL PRESSURE
Comparing Separated Flow Spectra

The first section deals with the spectral response of sep-
arated flows. A summary of the experimental setup of the
different geometries being considered is presented in Table 1.
The interest of this comparison is to extract common physi-
cal features of separated flows despite the limitations of wall
pressure measurements associated with each case (cf. Table 2).
The flat-plate wall-pressure measurements were performed us-
ing a series of Meggitt 8507C-1 sensors, each attached to
a 27-mm-long tube with 0.8 mm diameter where the associ-
ated resonance frequency limited the maximum sampling rate
at fg = 2kHz. Flush-mounted measurements at f; = 16 kHz
were also performed in Le Floc’h et al. (2020) that confirmed
the expected levels of turbulent fluctuations near the separated
region. Similar observations were made for the NACA 4418
measurements, using B&K 4964 microphones, regarding the
Helmbholtz resonance due to the presence of a cavity behind the
pinhole that connected to the wing surface. This feature lim-
ited the upper range of the spectral response to ~ 460 Hz. On
the other side of the spectrum, the Kulite ultra-miniature pres-
sure transducers on the DU96-W-180 were further processed
with a high-pass filter using a cut-off frequency of 200 Hz,
making the low-frequency analysis for the DU96-W-180 air-
foil impractical.

The power spectral densities (PSDs) for the three datasets
are shown in one figure, Fig.2, where the frequency axis is
normalized using the Strouhal number: St; = fL;/Uyer as Ly,
is the mean separation length and U,, is the nominal inlet
velocity. Note that oil film visualizations only yield a rough
estimate of the separation length for the DU96-W-180 com-
pared to PIV data for the two other geometries. Three ranges of
frequencies are also highlighted: in yellow the low-frequency

Table 1: Flow parameters for each database.

Geometry Flat plate  DU96-W-180  NACA 4418
Urer (m/s) 25 40, 50, 60 10.2
o, (%) — —0.8-10.2 9.7
Ozp (mm) 29.8 — 17.8
Srg (mm) — 12 -39 88
Length scale (m) 3 0.30 0.975

Table 2: Wall pressure sensors.

Sensor Meggitt Kulite Briiel & Kjer
Type 8507C-1  LQ-062-0.35BarA 4964

fs (Hz) 2000 100 000 20000

Tocq (5) 300 30 60

2 (mm) 0.8 0.5 0.5

breathing motion (St < 0.15), in red the medium-frequency
vortex shedding (St € [0.2 —2]) and finally in green the high-
frequencies (Stz > 3) including small scales from turbulence.
Comparing the streamwise positions of incipient detachment
(ID, defined by a forward flow fraction of ¥ = 99%), mean or
transitory detachment (TD, defined by y = 50%) and inside
the recirculation (y ~ 20%), a typical spectrum shows a peak
first in the high frequency range at the onset of separation and
moves towards a peak at about Stz ~ 0.3 — 0.5 inside the recir-
culation for all three configurations. However, as expected, the
DU96-W-180 results do not show any extent in the breathing
range but both the NACA 4418 and the flat plate TSB feature
a strong activity at the onset of separation (near the ID point),
notably for the blue curves of the large TSB.

Regarding the mid to high S#7 section of the spectrum,
Fig. 2b presents an interesting feature where the slope of the
PSD at the end of the vortex shedding range (red background)
appears to be deflected for points located inside the recircu-
lation region at St;, > 2. The subsequent slope in the high-
frequency region (green background) convincingly decreases
for the DU96-W-180 and the flat plate. This is also observed
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(a) Wall pressure spectra at separation: black lines
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(b) Same legend as 2a. PSDs computed with re-
duced windows and multiplied by 30 for DU96-
W-180 to ease the view.

Figure 2: Power spectral densities of p,, for the three
databases, upstream and downstream of separation.

for the NACA 4418, though it is less pronounced. Such a fea-
ture is not observed upstream or near TD, which suggests that
this spectral deviation in this high frequency range could be
linked to the recirculation activity and therefore serve as a cri-
terion for the existence of flow separation.

Tracking Flow Separation at High Frequencies
Beyond single point measurements, we pursue the inves-
tigation of backflow motion using the convection information
between two close enough neighboring pressure sensors. The
classical signature obtained is that two-point cross-correlations
exhibit a downstream motion associated with the roll-up and
shedding of vortical structures from the shear layer that cor-
responds to the global peak in the medium-frequency range.
As we are searching for a possible higher-frequency motion,
we compare instead the phase angle computed from the cross-
PSD. The assumption here is that if we were to observe back-
flow, the slope of the CPSD phase angle 6(f) should have its
sign flipped from positive to negative, following the relation:
dO/df =2nA,/U,, with A, the distance between the two sen-
sors (Bendat & Piersol, 2011). On top of Fig.3, we present
the PSDs of the DU96-W-180 for two streamwise locations,
one upstream (x/c = 0.81) and one downstream (x/c = 0.95)
of separation, at o = 7.8° for various reference velocities. Re-
markably, the pairs of points behave consistently as the slope
deviation between mid- and high-frequencies is only observed
for the downstream point inside the recirculation, but not up-
stream. At the bottom of Fig.3, we then look at the phase
evolution between the downstream point at x/c = 0.95 and
its immediate upstream neighbor at x/c = 0.94. For the fre-
quency range corresponding to the vortex shedding, the phase

has a positive slope, indicating that d0/df = 2nA,/U. > 0.
At higher frequencies, the phase evolution in all three cases
shows a downward trend that started with the PSD bifurcation,
as materialized by the vertical dash lines in Fig. 3.
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Figure 3: DU96 PSDs upstream and downstream of separation
at different referent velocities for the case o = 7.8°. Bottom:
Phase angle between two close sensors inside the recirculation.
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Figure 4: Wall-pressure spectra near separation. Left: DU96-
W-180 at U = 60 m/s and various «, right: NACA 4418

This feature is of particular interest and demonstrates
that a single pair of pressure transducers can detect both a
mid-frequency downstream motion and a higher-frequency up-
stream motion linked to flow recirculation. To the best of the
authors’ knowledge, this has not been documented in the lit-
erature. This phenomenon is further examined with the com-
parison of the two airfoils side by side in Fig.4. Spectra for
the DU96-W-180 profile are plotted for a point inside the re-
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circulation located at x/c = 0.95 while considering one ref-
erence velocity (U = 60m/s) and various angles of attack
(a =[-0.8°,4.6°,7.8°,10.2°]). This method allows a better
illustration of the progressive increase in the amount of back-
flow development near the trailing edge. The first two angles
(cf. black and blue curves at @ = —0.8° and 4.8, respectively
on the left side of Fig.4) correspond to attached cases as con-
firmed with oil films (not shown here for brevity). Moreover,
these spectra show no particular deviation or bifurcation up to
f = 6kHz. The phase angle computed from the same afore-
mentioned pair of sensors (x/c = 0.94 — 0.95) revealed a uni-
form downstream motion that decelerates when increasing o
(blue curve at 4.6° for the phase shows a greater slope than the
black one at —0.8°).

In contrast with attached cases, the largest two angles of
attack present the same feature of reversed slope for the CPSD
phase angle as in Fig.3, that takes place around ~ 2.5kHz
for o¢ = 7.8° and ~ 1.5kHz for o = 10.2°, which can be
interpreted as increased amount of recirculating structures.
A noteworthy observation can be made for the NACA 4418
that ended up presenting the same phase angle signature. In-
deed, at f = 80Hz (St; ~ 2) near the end of the vortex shed-
ding range, two pairs of neighboring microphones P3 — P4
(x/c=0.77—0.81) and P4 — P5 (x/c = 0.81 — 0.84) are used
to compute the convection information between regions up-
stream and downstream of separation (located at x/c = 0.81).
Consistent with the DU96-W-180 results, the NACA 4418 ex-
hibits a reversed phase angle slope from f = 80 Hz that coin-
cides with the spectral bifurcation for both the PSD of the mi-
crophone inside the TSB (P5 at x/c = 0.84) and the cross-PSD
(P4-P5). Note that the distance between the two sensors in
the NACA database is roughly 35 mm apart (=~ 0.3907f) ver-
sus 3mm apart (~ 0.12587g) for DU96-W-180 database, as
the effect of the Reynolds number likely influences the max-
imum distance available between two sensors without losing
the convection information.

Therefore, we conclude the spectral analysis with the fact
that the low-frequency breathing motion (Le Floc’h et al.,
2020; Wang & Ghaemi, 2022) of a TSB is not the only metric
that can inform on the amplitude of separation. As it turns out,
the recirculation motion can also be detected at the other end
of the spectrum, just above the frequency range of the vortex
shedding.

TIME DOMAIN ANALYSIS OF WALL PRESSURE

In this section, we now turn our attention to the time do-
main. Skewness and kurtosis are the two most popular criteria
used to quantify probability density functions for wall pressure
measurements. Skewness is typically a measure of the asym-
metry of a probability density function, namely, if the posi-
tive pressure side has a longer tail, the skewness will be pos-
itive and vice versa. In the following sections, we first focus
on the canonical configuration of the flat plate for three dis-
tinct levels of separation (Le Floc’h et al., 2020) to distinguish
the attached case versus the separated case in a time-averaged
sense.

Distinct Thresholds of Separation on a Flat
Plate

Following Le Floc’h (2021)’s investigation of three dis-
tinct geometries that yielded different amplitudes of flow sep-
aration, we now aim to investigate the effect of an APG lead-
ing to either a massive, weak or even absent amount of mean
backflow occurring further downstream.
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Figure 5: Probability densities for p,, from the large TSB at
six different locations in black: (a) ZPG region, (b) incipient
detachment, (c) mean detachment (TD), (d) near maximum of
recirculation, (e) complete reattachment and (f) post-TSB re-
gion. Red dashed curves correspond to a fitted normal distri-
bution.

Probability densities of p,, are shown in Fig. 5 for six lo-
cations of interest: first in the ZPG region, at the onset of
separation (ID), the mean separation region (TD), inside the
recirculation, at complete reattachment (CR) and finally far
downstream of the bubble. Note that the abscissa are not nor-
malized by the standard deviation to better evaluate the ampli-
tude changes. The ZPG region is characterized by relatively
small high-amplitude pressure peaks (noted HAPPs), with
slightly positive skewness of S = 0.042 that is close to Naka
et al. (2015); Gibeau & Ghaemi (2021). The onset of sep-
aration is marked by a significant amplification of positively
skewed HAPP events: Fig.5(b) corresponds to the ID point,
where the low-frequency breathing is best observed using p,,
(Mohammed-Taifour & Weiss, 2016) and leads to S = +0.32.
The regions of mean separation and inside the TSB are marked
by negatively skewed HAPP events. This change has also been
documented in a different pressure-induced separation behind
an axisymmetric bump (Byun & Simpson, 2010). The latter
linked these positive HAPP events upstream of mean sepa-
ration to large eddies provoking large zones of negative ve-
locity away from the wall and then added that the switch to
negative HAPPs in the recirculation was then likely due to
the low-pressure vortical structures from the outer layer. The
amplitude of p,, becomes maximum at complete reattachment
shown in Fig. 5(e). This location also corresponds to the abso-
lute maximum of ¢,y (Le Floc’h et al., 2020). It is associated
with strong positive HAPP events (S = 4-0.21) until it becomes
negative again far downstream of the TSB. These results are
consistent with what Sasaki & Kiya (1985) had observed at
the reattachment region over a blunt plate who associated these
positive HAPP events at reattachment with the inrush of irro-
tational fluid of high total pressure impinging on the wall as
the shear layer reattaches.

To better distinguish between scales, we now focus on the
skewness and kurtosis distributions for the small, medium and
large TSBs. Figs.6 and 7 present the results from raw data
(left ordinate, black curves), compared to the equivalent high-
order moment contributions from filtered fluctuations (right or-
dinate, red curves). The low-, band- and high-pass filtering
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aim to cover the ranges of the breathing motion (St; < 0.15),
the vortex shedding (0.15 < Stz < 2) and the small scales
(St > 3), respectively. Instead of computing a new skew-
ness/kurtosis value for filtered traces, we compute a different
moment ratio, Moment;(py, fiirerea), Which is related to the
original high-order moment, Moment;(py, origina)> Shown in
Eq. 1:

(pw)i ioi

Momenti(pw, Uriginal) = %lgmal’ withi=3, 4
( (P;‘i)origmul (1)
Pw)e:

Momenti(pw, filtered) = W, withi=3, 4

(Pw )Uriymal

where Moment;_3 4 correspond to the skewness (Sk) and kur-
tosis (Ku), respectively. The denominators are the same non-
filtered standard deviation o P original for all the cases. The rea-
son is that the standard deviation of low-pass signals in the
ZPG region are typically small, provoking abnormally large
skewness values in low-pass results even though there is no
such activity observed in that zone. With this approach, we
aim to discuss the contribution from each frequency range to
possible peaks in the statistical moments of p,,.

Of particular interest, we note that the APG first causes a
positive peak in skewness and a peak with leptokurtic (K > 3)
indicating an intermittent large amplitude for both attached
and separated cases. Separated TSBs in a mean sense (large
and medium) show a subsequent negative skewness inside the
recirculation, whereas the small TSB (analogous to an APG
TBL) remains positively skewed. At ID (near x = 1.60m in
Fig. 6), the skewness is driven by a positive peak from the low-
pass filtered fluctuations, for both medium and large TSBs,
that seems proportional in amplitude with the length of recir-
culation (Le Floc’h et al., 2020). However, it is not the case
for the small TSB, offering a distinction between attached and
separated flows. A second remarkable feature comes from the
kurtosis distributions. If all three TSBs show the same collapse
of high frequency at the onset of separation in Fig.7, a clear
discrepancy between the large TSB versus the two smaller
cases appears as the low-pass filtered component visibly dom-
inates over the band-pass one, suggesting that the breathing is
the first contributor to the kurtosis ahead of the vortex shed-
ding, whereas the opposite is observed for the medium and
small TSBs.

Thus, both time domain criteria using filtered components
allow us to draw distinct portraits of separated versus attached
flows, as well as between weak and massive separations.

High-order Moments for the Three Databases

The skewness and kurtosis distributions of p,, associated
with the large TSB and the two airfoils are presented in Fig. 8
and Fig.9 respectively. The streamwise axes are scaled to
better superimpose all three recirculation databases: the large
TSB uses x/L; with L, the mean recirculation length, 0 and
1 refer to the mean separation and reattachment points respec-
tively.

Only the last 40% of the chord are shown for the two air-
foils, as both recirculations for the NACA 4418 and DU96-W-
180 (o = 7.8°) are defined between x/c ~ 0.8 and the trailing
edge. That way, the forward flow fraction distributions for the
flat plate and the NACA 4418 (blue curves) are easily aligned.
The three databases indicate the same pattern. However, the
two airfoil databases do not capture the skewness and kurtosis
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Figure 6: Large, medium and small TSB on a flat plate. Left
y-axis: Skewness of p,, in black. Right y-axis: low-, band-
and high-passed contributions in red.
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Figure 7: Large, medium and small TSB on a flat plate. Left
y-axis: Kurtosis of p,, in black. Right y-axis: low-, band- and
high-passed contributions in red.

peaks of the APG in Figs. 8 and 9, as the two airfoils focus
is on the last 30% of the chord. Between the large TSB and
the NACA 4418, low-pass results consistently showed a sim-
ilar switch from positive near ID to negative skewed p,, in-
side the recirculation, and for these two massive separations,
the breathing range dominate their kurtosis. Finally, DU96-W-
180 shows an absence of low-pass activity as expected, and the
band-pass results linked to the vortex shedding activity is the
main driver for both high-order moments.
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Figure 8: (Top) Large TSB and (Middle) NACA 4418: Left
y-axis: Skewness of p,, in black, low-, band- and high-passed
contributions in red. Right y-axis: Forward-flow fraction in
blue. (Bottom) DU96-W-180: Left y-axis: Skewness of p,, in
black. Right y-axis: low-, band- and high-passed contributions
in red.
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Figure 9: (Top) Large TSB, (Middle) NACA 4418 and (Bot-
tom) DU96-W-180. Left y-axis: Kurtosis of py in black,
Right y-axis: low-, band- and high-passed contributions in red.

CONCLUSION
Investigating flow separation using multiple databases re-
vealed promising analogies between the flat plate and two dif-

ferent airfoils in both time and frequency domains. The first
conclusion is that both low (St; < 0.15) and high (Stz > 3)
frequency ranges can inform whether the boundary layer is
separated or attached on the plate/airfoil surface. The illustra-
tion of backflow motion using the phase angle from the cross
spectrum of two close wall pressure sensors enables a valu-
able diagnostic tool to rapidly detect the switch from a down-
stream classical vortex shedding to flow recirculation with an
upstream motion. Secondly, time domain criteria such as the
high-order moments of p,, further help to draw the portrait of a
separated turbulent boundary layer. More specifically, the low-
frequency range (when resolved) indicated that the regions up-
stream and downstream of separation can be used to distin-
guish between attached, weakly or massively separated con-
ditions. Finally, further evaluation of each of these unsteady
phenomena needs to be addressed for separation noise model-
ing. Indeed, the breathing motion, the vortex shedding, and the
small scales involved in the recirculation and high-frequency
turbulence likely contribute to the acoustic response of the
scattered boundary layer pressure fluctuations at the trailing
edge, though this interaction remains poorly understood.
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