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Flow-field and Noise Characterization of a Controlled-Diffusion
Airfoil subject to flow separation and stall

Sidharth Krishnan Kalyani*, Stéphane Moreau® and Daniele Ragni*

The present experimental investigation in the anechoic wind tunnel of university of Sher-
brooke focuses on the flow-field and noise characterization of a Controlled Diffusion (CD) airfoil,
with the flow transitioning from an attached boundary layer at 15° incidence to a completely
detached one (deep stall) at 22° incidence. Simultaneous unsteady wall-pressure and far-field
measurements are performed to investigate the effect of Reynolds number on the separation and
stalling noise signature of the CD airfoil. Spanwise coherence exhibits a bi-modal shape with
levels of coherence shifting towards lower frequencies and increasing in value with increasing
incidences. Spanwise wall-pressure correlation length estimated using Corcos model is found to
be approximately 12 mm at 40 m/s and 5 mm at 16 m/s at stalling conditions. Far-field noise
scales well with Strouhal number based on chord and U?, indicating a compact dipolar scaling
for separation and stall noise mechanisms.

I. Nomenclature

ay = Geometric angle of attack (°)

c = Chord (m)

C, = Mean wall-pressure coeflicient

Af = Frequency resolution (Hz)

y? = Spanwise coherence

A = Spanwise wall-pressure correlation length (m)
P = Upstream pressure (Pa)

¢pp = wall-pressure power spectral density (Pa’/Hz)
ol = density (Kg/m?)

U = upstream velocity (m/s)

z = distance between sensors (m)

II. Introduction

Aviation industry is one of the major contributors to noise, with the population living close to the airports affected
most by the noise of airplanes taking-off and landing. To tackle this issue, the Federal Aviation Authority (FAA) [[1]] has
imposed a maximum day-night average sound level of 65dB. In the approach conditions, the majority of the noise arises
from the turbofan and the airframe [2]]. Fan noise has been projected to increase with the advent of Ultra High By-pass
Ratio (UHBR) engines [3| 4], and research is necessary to understand the mechanisms and reduce this noise source
[S,16]. Airframe noise arises mostly from the high-lift devices [7] and landing gears [8]. These high-lift devices operate
under conditions where flow separation could be significant. The noise generation due to flow separation falls well
inside the range of human hearing [9][10] and could be problematic. There have been many attempts at simulating and
measuring the noise due to flow separation, to achieve complete understanding of the noise generation mechanisms
involved. However, the complexity in simulating separated flow conditions lies in a high cost requirement, since the size
and resolution in the spanwise direction necessary to resolve the spanwise length of the vortices (independent acoustic
sources) responsible for noise generation [11] in separated flow regimes is higher than in an attached case. As was seen
in the simulations of Christophe et al. [12] that were performed on a Controlled-Diffusion (CD) airfoil, a spanwise
domain of 0.1 times chord which was enough to accurately resolve the structures in a attached boundary layer, failed to
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capture the statistically independent acoustic sources in flow condition with a higher adverse pressure gradient. Hence a
prior knowledge of the spanwise lengthscale of vortices would be crucial in obtaining accurate results from simulations.
On the other hand, experiments performed previously on airfoils under separation and stalling phenomena have not been
able to compare with each other due to varying experimental conditions, such as different jet widths and test section
configurations. A common observation from these experiments has shown that the low to mid-frequency generated noise
is caused by the wall-pressure fluctuations induced by the vortices in the separated shear layer [9][|L3][[14]. However, it
was observed from the experiments of Moreau et al. [14] that the low frequency part of the noise was contaminated
with the oscillation of the jet shear layers (which also fall under the low frequency category), which could mean an
interaction of the jet shear layer with the vortices of the separated shear in a low jet width configuration (13 cm). This
was seen as an increase in the low frequency amplitude, and can be easily misinterpreted as airfoil self-noise, but
must instead be considered as a modification of background noise sources in the presence of the airfoil. This low
frequency contamination, however was not observed in another configuration with a higher jet width (30 cm) in the
same experiments of Moreau et al. [[14], which also had different far-field noise characteristics. It was also previously
observed by Moreau et al. [13]] that the higher the jet width was, the earlier the onset of the laminar flow separation on
the CD airfoil was, and the more forward the loading was. A different loading on the airfoil would lead to a different
airfoil flow features, hence the results between different experiments with varying jet widths have not been directly
comparable. Nevertheless, a complete flow mapping of the flow-field as the flow transitions from an attached to a
completely detached one is still lacking in literature. For example, on the CD airfoil at low Reynolds number, transition
occurs through a Laminar Separation bubble (LSB) that moves from the trailing region at geometric incidence ag < 6°
to the leading edge region (strong flow bifurcation) in a jet of 50 cm width. It has been observed that the size of the
bubble grows from 4%-5% to 40% when the geometric incidence of the CD airfoil changes from a, = 8° to @, = 15°.
With increasing incidences, the bubble may or may not re-attach, an information which is not readily available. Hence
the current investigation has the potential to address the above-mentioned gaps.

Based on the above considerations, the main goal of this paper is to understand the characteristics of flow-field,
wall-pressure statistics and far-field noise of a CD airfoil, in an effort to address multiple objectives. They are,

¢ to understand the nature of wall-pressure and its relation to far-field noise statistics when the boundary layer

transits from an attached to a completely detached one

* to analyse the effect of Reynolds number on the above mentioned statistics

* to explain differences in previous experimental results subject to similar experimental conditions [[14][9]

A CD airfoil is to be utilized in the current study, which sees its application in many modern turbomachinery [[16]
and automotive blades [17].The boundary layer diffusion on the suction side of the CD airfoil is controlled by carefully
designing the camber and thickness in such a way that from the highest point of velocity (at the leading edge) up until
the trailing edge, the growth of boundary layer is kept as thin as possible. This also helps control the noise production,
since noise produced by trailing edge scattering is proportional to the boundary layer thickness [18]].

To this end, the paper is organized as follows. Section III introduces the experimental methodology, including
the measurement configuration and techniques to be utilized in this study, and the proposed measurement campaign.
Section IV discusses the results obtained in the present investigation.

II1. Experimental methodology

The experiments were performed in the UdeS anechoic wind tunnel facility. The anechoic wind tunnel comprises of
an anechoic room with a closed return type wind tunnel. The room dimensions are 7 x 5.5 x 4 m® (refer figure . The
nozzle outlet dimensions chosen for this campaign is 50 x 30 cm?, since it was observed to have the a loading closest to
the free stream conditions of the CD airfoil [[15] [19]. The turbulence intensity in the jet is reported to be < 0.4% [20],
due to a strong contraction ratio of 1:25. The CD airfoil to be used has a chord (c) of 0.1345 m and a span of 0.3 m and
is vertically placed between two side plates, such that the jet width is 50 cm. The experiments are performed at two flow
speeds, corresponding to 16 m/s and 40 m/s. This is done in an effort to understand the effect of Reynolds number on
the separation and stalling phenomenon on the CD airfoil, and also compare with previous experimental results on a
smaller jet width [20] of the UdeS wind tunnel.

Wall-pressure measurements were extracted using pinholes (0.5 mm diameter) already present on the CD profile
(refer figure[Tb). The capillary tube which extends out of the blade tip is connected to a block and branches out into
two; one for measuring the steady pressure, where a capillary tube is extended by a long PVC soft tube to a differential
pressure measurement sensor. The second part is connected to a Knowles FG 23329 P07 electret microphone, to
measure the unsteady wall-pressures. The differential pressure measurement system (RCDB) used was manufactured by
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B8
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Fig.1 Experimental configuration at UdeS, a) the anechoic room with the nozzle exit and b) CD airfoil mock-up

Neal [21] for the purpose of measurement of differential pressure of a system of CD rotating blades. Far-field acoustic
measurements were done using a PCB ICP sensor which was calibrated using a pistonphone. A NI module was utilized
for acquiring the acoustics at a rate of 50 kHz for a period of 20 seconds.

IV. Results and discussion
From the experiments of Moreau et al. at Ecole Centrale de Lyon (ECL), a lower relative jet width was observed
to cause interaction of the separated vortices from the leading edge with the jet shear layer, modulating the low frequency
content of the far-field noise. Relative jet width is defined as the ratio of jet width to the airfoil chord. This interaction
was avoided with a high relative jet width (3.8) configuration. On comparison, the experiments performed at UdeS have
similar relative jet width (3.71) as the high relative jet width case of ECL, and it is expected that there is limited or no
interaction of the jet shear layer with the vortices of the separated shear layer.

A. Flow-field analysis

0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
x/c x/c

(a) (b)

Fig.2 Mean wall-pressure coefficient C,, at, a) 16m/s and b) 40 m/s



Downloaded by TU DELFT on July 19, 2022 | http://arc.aiaa.org | DOI: 10.2514/6.2022-2894

From initial measurements, angles of attack chosen for the current investigation of the CD airfoil are o, = 15°, 16°,
18°,20°, 22°. In Fig.[2} the pressure coefficient C, is shown on the CD airfoil surface as a function of dimensionless
chord position with an origin at the leading edge. The pressure coefficient is defined as C, = (p — p)/(0.5 poo U2%),
with p being the mean static pressure at each sensor location shown in Fig.[Ib] pe, pe and Us are the upstream
pressure, density and velocity measured at the nozzle exit respectively. At the leading edge, as mentioned earlier, the
large hump corresponds to the large LSB that reattaches at 40% c [15} 22] for the case of @, = 15° and a Turbulent
Boundary Layer (TBL) is expected to convect past the Trailing-Edge (TE) of the airfoil. As shown in figure [2a] present
measurements show a very similar trend when compared to the mean wall-pressure data extracted at ECL for the case
of g = 15°. With increasing incidence, the airfoil is probably experiencing a soft stall. At a, 16°-18°, the bubble is
expected to be longer (the size of which increases with geometric incidence [23]]) and the flow-field at the trailing edge
is found to be similar between the two incidences, as will be shown later in the unsteady wall-pressure statistics. At @,
=20 °, flow separation (LSB) has reached the trailing edge of the airfoil and the flow is completely separated from the
airfoil. With further increase in incidence, the C), falls further as the airfoil enters a deep-stall condition. Figure@]
shows the mean wall-pressure at a higher flow speed of 40 m/s. The bubble is expected to be shorter compared to the 16
m/s case [24]. Below a, = 22 °, a small roll-off is clearly noticeable in the aft section of the airfoil as seen in the lower
flow speed case of 15 © and 16 °, which signals a local Adverse Pressure Gradient (APG). Hence the flat C,, could very
much be indicating a Zero Pressure Gradient zone (ZPG) in the mid-chord region, or a partial flow separation with
small vortices still rolling past the TE on the suction side. Finally, it can also be inferred that that deep stall is delayed
with an increasing flow speed (or equivalenty increased Reynolds number based on the chord) on the CD airfoil.

B. Wall-pressure statistics

The unsteady wall-pressure data obtained are converted from time to frequency domain using Welch’s periodogram
method [25], with a Hanning window size of 2!? and a 50% overlap, yielding a spectral resolution Af of 12.5 Hz.
Wall-pressure power spectral density ¢, (PSD) thus obtained are compared at three different Remote Microphone
Probe (RMP) locations, near the leading edge where the laminar boundary layer separates (RMP#6) in Fig. [3a], in the
mid-chord location (RMP#11) in Fig. [3bl and near the trailing edge (RMP#25) in Fig. Sensors 6, 11 and 25 are
chosen in each of these locations to analyse the variation in unsteady wall-pressure with angle of attack and Reynolds
number. At all locations the levels slightly increase from 15 to 16° and then slightly drops at 18°. Increasing further the
incidence to @ = 20° and 22° seems to lead to a more significant reduction in overall wall-pressure spectra for both flow
speeds, and even a faster roll-off at the leading edge. This could be possibly traced to a greater lift-off of the boundary
layer near the leading edge. This drop also confirms that the airfoil is most likely stalled at these geometric incidences
as shown in the distributions of mean pressure coefficient in Fig.[2] Overall, the slopes of the spectra do not seem to
change with Reynolds number, but clearly there are more smaller structures and consequently a spectral roll-off at higher
frequencies with an increase in Reynolds number based on the chord [26][15]], a result which is common to all chordwise
locations. At lower frequencies, the high speed case also shows flat spectra, whereas the low speed case is already
decaying: yet, as shown below in the far-field noise spectra, the low frequency range can be contaminated by jet noise.
In the mid-frequency range, a smooth transition from a -3 to -4 slope is observed in all spectra at both leading-edge and
mid-chord locations, suggesting a separated flow (a -2 slope was found in strong APG regions of attached TBL in [15]).
Only, at the trailing-edge sensor, the mid-frequency range shows a hump between 800 Hz and 3 kHz at all incidences for
both Reynolds numbers (with a slight shift in frequency for 40 m/s). When compared to the attached TBL cases at @ =
8° for both speeds, a very good agreement is found both in terms of shape and levels [11} 15} 22]. This hump around
1 kHz at 16 m/s was attributed to some vortex shedding mostly happening on the pressure side. This might be the
same spurious noise mechanism that could be verified by some detailed velocity measurements in the near wake [21].
Actually, this was already verified in the previous LES at 15° (Fig. 14 in [12]]). The decay at high frequencies for both
flow speeds at all sensor locations is similar close to f~>. This typical decay has been measured below several turbulent
boundary layers (see all experimental ZPG data in [26] for instance), and attributed to the buffer layer. Finally, several
spectra (particularly at all shown locations for the 22° case) exhibit a plateau beyond 4-6 kHz, which is quite similar to
what was reported previously for the attached TBL cases at ;g = 8°: this could also be caused by the same wake noise
source [27].

Spanwise wall-pressure coherence at the trailing edge for a spanwise distance (z) of 7 mm (between RMP#25 and
RMP#27) is plotted in figures and for a Af of 3.1 Hz. The spanwise coherence (y?) between two points on the
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airfoil surface separated by Az is defined as

|¢pp (2, Az, w)|?
|¢pp(z’ 0, w)| |¢pp(z +Az,0,0)|

¥ (2, Az,w) = (1)
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Fig.3 Unsteady wall-pressures at three different sensors locations, a) RMP#6, b) RMP#11 and ¢) RMP#25

Clearly at these high angles of attack, large spanwise coherence levels are seen at low frequencies, below 200 Hz at
16 m/s and below 500 Hz at 40 m/s. Similarly to previous measurements on a NACAO0O012 airfoil, the coherence exhibit
a bi-modal shape with a first peak at very low frequency (below 50 Hz) and a second one for several hundreds Hz. The
global shift in frequencies with chord-based Reynolds number suggests that larger flow structures are involved at low
speed as already suggested by the LSB size inferred from the mean pressure coefficient in Fig.[2a] Levels of coherence
also increases with incidence and shifts towards lower frequencies for both flow speeds. This high correlation with
distance is a characteristic of the increasing size of turbulent eddies with increasing incidence, as has been postulated
in previous experiments [9, [I3] and presently evidenced in Fig.[2] The two peaks yielding the bi-modal shape of the
coherence have however different behaviors. Both grow with incidence, but the low frequency peak hardly move in
frequency (slight shift to higher frequencies), whereas the second peak moves to lower frequencies. Both eventually
merge at the highest studied angles-of-attack of 20° and 22° (deep stall). Similar variation is seen for both speeds
suggesting that this is independent of the Reynolds number.
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Fig. 4 Spanwise wall-pressure coherence between #RMP25 and #RMP27, a) at 16 m/s and b) at 40 m/s

The second hump is similar to what is observed at lower incidences for attached ZPG and APG TBL, and its
decreasing part exhibit an exponential decay with frequency that can be fitted by a Corcos model [28]]. Corcos found
the streamwise and spanwise coherence to be well defined by an exponential function, with empirically determined
coefficients representing the decay rate. The correlation in Eq. (I)) then reads:

—Anzf
bU,

where b is the empirical constant and U.. is the convection velocity. The convection velocity has first been calculated
in a three-step process. First, the data from RMP#24 and RMP#26 are bandpassed to retain the frequency range of
interest. This data is then cross-correlated to find the time lag for maximum correlation as shown in Figs. [5a) and [5b}
Finally, the distance between RMP#24 and RMP#26 is divided by this time lag to obtain U.. Mean U./Us (Us being

P = exp ( @

pp)
pP)

0.5 ﬂ 05" H

Cross-correlation (R
o
(Jé

-0.1 -0.05 0 0.05 0.1 -0.1 -0.05 0 0.05 0.1
Lag (s) Lag (s)

(a) (b)

Fig. 5 Sample of convection velocity estimation using cross-correlation R, analysis of RMP#24 and RMP#26
in the frequency range of 100-300 Hz for a) 16 m/s and b) 40 m/s

the freestream velocity) thus calculated was estimated to be 0.52 for 16 m/s and 0.5 for 40 m/s, and this value agrees
well with literature [29] 30]] for strong APG flows. Based on the above estimates, the coherence data is fitted with the
exponential function and is shown in Figs. [paland[6b] » = 0.4 and b = 0.42 was found to give an appreciable fit to the
coherence data for 40 m/s and 16 m/s, both as a function of frequency and spanwise distance.
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Fig. 6 Corcos model for spanwise coherence at the TE at 40 m/s as a function of a) frequency and b) spanwise
distance z

As a next step, spanwise pressure correlation length (A) has been calculated by integrating the exponential function
along the spanwise direction (figure[6b) [31]] as

A(f):/0 exp(_zzzf)dz

and is shown in figure[7a] From this analysis, the largest spanwise pressure correlation length scale for the CD airfoil at
stalling angles of attack was extracted to be 0.09¢ and 0.04c for 40 m/s and 16 m/s respectively.

0.1

0.08

0.06

Alc

0.04

0.021

200 400 600 800 1000
frequency (Hz)

(a)

Fig. 7 Normalised spanwise wall-pressure correlation length (A/c)

C. Far-field acoustics

Before getting into the far-field noise spectra, some correlation between unsteady wall-pressures and far-field noise
(shown in the Figs. [8aand [8b) is first studied. Assuming that the trailing edge causes diffraction of eddies and is mainly
responsible for the far-field acoustics (the wall-pressure spectra already suggest other noise sources), coherence between
the trailing edge sensor and the far-field microphone has been analysed. There is only significant correlation over the
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same frequency range as observed previously in the spanwise coherence of wall-pressure fluctuations. Similar bi-modal
shape is found. Yet, the behaviors of the peaks are different. On the one hand, only the levels of the low-frequency
one increase with incidence, with a shift to increasing frequencies clearly evidenced this time. On the other hand, the
second peak has no longer a monotonic behavior, but with a similar shift to lower frequencies as the spanwise coherence
of wall-pressure fluctuations. Indeed, its levels first grow to similar levels of 0.4 for both incidences of 16° and 18°
(onset of stall), and then sharply decreases for 20° and 22° (deep stall). For the latter it has almost disappeared. At high
frequencies, for both speeds and all incidences, no significant correlations is obtained as previously found at the lowest
angles of attack (8° for instance).

1 1
—ay =15" —ay =15’
0.8+ —ag:lGO’ 0.8r —ag:]_Go’
s ag=18° s ay=18°
0.6+ ol L 0.6r ol
% —ay =20 % —ay,=20
204 oy =22 0.4 oy =22
o o
[&] [&]
0.2 0.2
0 0
10* 102 10° 10* 10* 102 10° 10*
frequency (Hz) frequency (Hz)
(a) (b)

Fig. 8 Correlation between #RMP26 and far-field suction side microphone at, a) 16 m/s and b) 40 m/s

60
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50 | ¢ N
—a_ =16
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40 " = 18°

SPL (dB)
SPL (dB)

frequency (Hz) frequency (Hz)
(a) (b)

Fig. 9 Far-field acoustic pressure at various geometric incidences and for flow speed: a) 16 m/s and b) 40 m/s

Far-field noise spectra have been plotted for both flow speeds along with the background noise in Figs.[9a) and [0b]
The background noise is lower by around 10 dB compared to the airfoil self-noise in the range compared, which shows
the capability of the wind tunnel for such a study. For both flow speeds, the noise levels decrease with increasing
geometric incidence. The spectra at 16 m/s is similar to the results obtained by Lacagnina et al. [9] and has an overall
broadband nature. At 40 m/s, small peaks (black arrow) are noticeable centered at 275 Hz for stall and post stall cases.
During this investigation, the intensity of these peaks were seen to increase with increasing flow speeds.

Finally, scaling laws were extracted for the two flow velocities and is shown in Fig. [T0| [14]. When the PSD is
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normalized by U?, a good collapse is observed except at very low Strouhal numbers, indicating a dominant compact
dipolar nature of separation and stalling noise [32]. All these results indicate that the CD airfoil undergoes a soft stall in
the open jet configuration of UdeS and is a good mock-up to study the separation and stalling aeroacoustics. It is also
worthwhile to mention that comparisons of these results were also done with the previous measurements [[15] on the CD
airfoil at 15°, which showed a good agreement.

10— — =15°
g o

0 —(.1.9:16°
0° —(19:18

o = 20°
g

Normalised far-field noise (dB)

-30
-40
_50
107 10° 10’
St=fc/U
o0

Fig. 10 Comparison of far-field noise spectra normalized by U as a function of Strouhal based on chord (c) of
the airfoil (Solid lines - 16 m/s and dotted lines - 40 m/s)

V. Conclusions and outlook

A flow-field and noise characterization of the CD airfoil was performed in the UdeS anechoic wind tunnel at high
geometric angles of attack from a, = 15° to a, = 22°, for two different speeds of 16 m/s and 40 m/s to study the effect
of Reynolds numbers. First mean wall-pressure measurements have been achieved to characterize the airfoil loading in
the present large 50 cm jet width. Secondly, simultaneous near-field wall pressure statistics and far-field acoustic have
been collected to determine both the noise sources and the sound generated in these various flow conditions.

Results obtained from wall-pressures and far-field noise have been favorably compared with previous experiments
at ag = 15° conducted in the ECL anechoic wind tunnel with the same jet width. The large LSB that covers 40% of
the chord is observed and the same larger low-frequency fluctuation content is found. The 16° and 18° cases show
an increase of the LSB, which covers the entire chord in the latter case signalling the beginning of stall. At 20° stall
characterized by a flat pressure distribution on the suction side is reached. The levels drop even further at 22° sign of
deep stall. As for the effect of Reynolds number, stalling seems to be delayed on the 40 m/s case, where a, = 22° could
represent a condition where the airfoil just enters stall, unlike the deep stall case at the same incidence at 16 m/s.

Wall-pressure spectral comparison at the TE region reveals that there could be a possibility of small vortical
structures convecting over the TE, even when the airfoil is stalled, which has been verified from positive values of
convection velocity at the TE. The spanwise coherence results show that coherence shifts towards low frequencies with
increasing incidence, and an overall shift to higher frequencies is noticed with an increase in flow speed. A Corcos
model fit to the coherence data provides an estimate for A to be 12 mm at 40 m/s and 5 mm at 16 m/s for the CD airfoil
at g = 22°. The far-field noise levels grow up to 16° and then decrease beyond 18° confirming the onset of stall. Tonal
signature is evidenced for stalling geometric incidences at 40 m/s around 275 Hz, and it has been seen to increase in
intensity with increasing flow speed. A good collapse is observed when scaling the far-field noise spectra with U° and
Strouhal number based on chord, indicating a compact dipolar nature of separation and stalling noise. Planar PIV and
Hot-wire measurements simultaneously with the wall-pressure and far-field will be performed in the near future to
validate the findings of this experiment.
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