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ABSTRACT
The present study investigates the feasibility of high-lift devices noise prediction based on measurements of
time-resolved particle image velocimetry (TR-PIV). The model under investigation is a NACA 0015 airfoil
with Gurney flap with height of 6% chord length. The velocity fields around and downstream the Gurney
flap are measured by PIV and are used for the PIV-based noise predictions. The predictions are assessed via
microphone measurements. Since the Gurney flap height is much smaller than the emitted acoustic wave-
length, the source of noise can be considered compact and the integral implementation of Curle’s analogy
based on the unsteady aerodynamic loads can be followed. The results are compared with the simultaneous
microphone measurements in terms of time histories and power spectra. The integral formulation of Curle’s
analogy yields acoustic sound pressure levels in good agreement with the simultaneous microphone measure-
ments for the tonal component. All the calculated far-field noise power spectra reproduce the peak at vortex
shedding frequency, which also agrees well with the microphone measurements.
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1. INTRODUCTION

With the implementation of the large bypass ratio turbo-fan engines on civil aircraft that remarkably re-
duce the level of engine noise, the attention of noise control has shifted to the reduction of airframe noise.
The deployment of high-lift devices during takeoff and landing is one of the major source of this airframe
noise [1]. Traditional approaches of acoustic assessment rely mainly on microphone (array) measurements
(for instance Hutcheson and Brooks [2]) or instantaneous flow fields obtained from numerical CFD codes,
such URANS, LES (for instance Casalino et al. [3]). However, the former fails in providing the mechanism
of noise generation, while the latter becomes prohibitive in the operating Reynolds number range of real air-
craft.

The seminal paper in aeroacoustics published in 1952 by M. J. Lighthill [4] established a mathematical
relation between the unsteady flow field quantities and the radiated sound. With the rapid advancement in
hardware and software in the past decade, PIV has become a powerful tool in capturing the instantaneous
velocity field with a comparatively high combined spatial and temporal dynamic range when compared to
other measurement methods. In recent years, the application of time-resolved PIV (TR-PIV) in aeroacous-
tic investigations became particularly of interest. Henning et al. have performed a series of synchronized
TR-PIV and microphone measurements on a cylinder wake [5], rod-airfoil configuration [6], cold jet [7] and
high-lift device [8] to identify the flow patterns responsible for the noise emission. Noise predictions based
on TR-PIV data have also been carried out successfully. Pröbsting et al. [9, 10] have employed time-resolved
PIV in combination with non-stationary signal processing for the analysis of the source field around an air-
foil generating tonal noise. Haigermoser [11] derived the acoustic emission of a cavity flow based on planar
TR-PIV measurements in a water tunnel. Koschatzky et al. [12] applied Curle’s analogy and vortex sound
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theory to the noise prediction of an open, two-dimensional shallow cavity. Lorenzoni et al. [13] investigated
the acoustic emission from vortex-structure of a rod-airfoil configuration. More recently, Pröbsting et al. [14]
demonstrated the prediction of broadband noise, caused by the interaction of the turbulent boundary layer
with the trailing edge, based on time-resolved tomographic PIV.

The spatial gradients of the hydrodynamic pressure can be derived from the momentum equation (Equa-
tion 1), where σ is the contributions of the viscosity.

ρ
Dv

Dt
=
∂(ρv)

∂t
+ ρv · 5v = −∇p+∇ · σ (1)

For 2D PIV measurement, the pressure field can be reconstructed either by direct spatial integration [15]
or by solution of a Poisson equation on a cross-sectional plane in the flow (Equation 2) with appropriate
boundary conditions derived from the momentum equations [16], where the notation ∇xy indicates taking
the in-plane divergence of the pressure gradient.

∇xy · ∇p =
∂2p

∂x2
+
∂2p

∂y2
= ρfxy(v) (2)

The former method introduces an accumulation of random errors along the integration path. The omni-
directional virtual boundary integration scheme developed by Liu and Katz [17] enables integration with
minimized effect of local random error. The latter approach yields different performance depending on the
choice of Lagrangian or Eulerian formulation of the pressure gradients. Violato et al. [18] compared the two
approaches on a rod-airfoil configuration and offered guidelines for the choice of experimental parameters
according to the approach adopted. De Kat and van Oudheusden [19] further assessed the experimental
viability of the approaches in the reconstruction of instantaneous pressure field, giving emphasis on the flow
features of convecting vortices. Under the assumption of incompressible flow, the aerodynamic loads can
further be derived on the basis of pressure reconstruction with the momentum balanced equation proposed by
Kurtulus et al. [20]. Alternatively, Noca et al. [21] derived and compared three methods for the evaluation of
time-dependent forces circumventing the step of pressure reconstruction.

The present study aims at proving the feasibility of quantitative acoustic prediction of lift-enhancing
devices based on TR-PIV measurements, where the Gurney flap serves as a simplified model of the flap
used in civil aviation. Curle’s analogy can be applied based on either the reconstructed surface pressure or
the evaluated aerodynamic loads. The present study focuses on the latter approach, the predictions given
by which are compared with the simultaneous far-field acoustic pressure recorded by the microphone. The
outcome is a first step towards optical diagnostics of the aeroacoustic emissions due to the flow field around
a high-lift device.

2. AEROACOUSTIC MODEL

Curle’s analogy is a solution to Lighthill’s equation with the presence of stationary, rigid and solid sur-
faces in the flow. Under the circumstances where the flow is of high Reynolds and low Mach number, the
contribution of viscous and quadrupole terms is negligible [22, 23], and the analogy can be reduced to:

p′ (x, t) = − xj
4πc0|x|

∂

∂t

∫
δVy

p′δij
r

∣∣∣∣
t=te

nidS (3)

where p′ = p− p0 indicates the pressure deviation from the equilibrium value p0. On the left hand side,
p′ represents the pressure fluctuation in the far-field, namely, the propagating acoustic pressure in a quiescent
medium. In contrast, p′ in the integral on the right hand side indicates the local pressure fluctuation on the
surface of the solid body. The subscript t = te in the integral indicates that that the noise produced at time
te = t− r/c0 in the source region reaches the listener’s location in the far field at time t.

When the submerged solid body satisfies the compact body assumption L/λ << Ma << 1, indicating
that the acoustic wave propagates much faster than the convection of the vortices, an uniform retarded time
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te = t – R/c0 can be assumed for the sources distributed on the solid surface. Thus, the integral of pressure
can be substituted by the instantaneous aerodynamic loads [24]:

p′ (x, t) = − Rj
4πc0R2

∂Fj(te)

∂t
(4)

Equation 4 is known as the Gutin’s principle for compact and rigid body [24], where Rj is the jth com-
ponent of the position vector originating from the airfoil leading edge pointing to the listener and Fj is
the aerodynamic force. Equation 3 and 4 are referred to respectively as the ’distributed’ and the ’lumped’
formulations in the following sections.

3. EXPERIMENTS

3.1 Experimental setup

Simultaneous planar PIV and microphone measurements were carried out in the vertical low turbulence
wind tunnel (V-tunnel) at Delft University of Technology. A circular-to-square transition flow duct was in-
stalled to accommodate a closed test section with exit dimensions of 40× 40cm2. A NACA 0015 model of
20 cm chord, wetted span of 40 cm and with a Gurney flap of 12 mm height (6% of the chord) was placed
vertically in the wind tunnel with its geometric angle of attack set to 4◦. The detachable trailing edge of the
model was made out of plexiglass to allow the passage of laser light, such that the velocity field on both pres-
sure and suction side of the trailing edge could be captured simultaneously. The boundary layer was tripped
at the quarter chord location with roughness elements of 0.84 mm nominal grain size. The configuration was
examined for a nominal free stream velocity of 20 m/s with incoming turbulent level below 0.1%.

Two-component TR-PIV was used to obtain the planar velocity field around and downstream the Gurney
flap. The light sheet was placed at the mid-span section of the airfoil. For the reason of spatial resolution,
two Photron Fastcam SA1.1 cameras with CMOS sensors, placed facing each other on both sides of the test
section, were used for image acquisition.To achieve a higher acquisition frequency of 5 kHz, the sensors of
the two cameras were cropped to 704×704px2. Each camera was equipped with a Nikon Micro-Nikkor 105
mm lens to capture a field of view (FOV) of 80× 80mm2, resulting in a combined field of view of roughly
80×140mm2 (Figure 1) and a magnification factorM = 0.176, with numerical aperture set to f# = 2.8 to
collect sufficient light. Under the setting of such a numerical aperture, the particle image diameter is around
0.2 px at the plane of measurement. To avoid peak-locking, the focal plane of the cameras was slightly shifted
with respect to measurement plane to obtain a particle image diameter larger than 1 px.

The illumination was provided by a Quantronix Nd-YLF laser (2× 12 mJ/pulse at 2.7 kHz) and the flow
was seeded with water-glycol based fog with droplets of mean diameter of 1 µm.

The recording comprises 5773 image pairs acquired at the frequency of 5 kHz and with a separation of
50 µs between the frames of one image pair, corresponding to a displacement of 1mm (approximately 9 pix-
els) in the free stream. The illumination and imaging system are synchronized with a LaVision High-Speed
controller and the acquisition is controlled by the DAVIS 8 software. The latter is also used for the image
processing and interrogation.

The images are processed with sequential cross-correlation algorithm with multi-pass iterations of de-
creasing interrogation window sizes from 64× 64, 50% overlap, 2-pass, square-shaped window to 32× 32

to 75% overlap, 3-pass, round-shaped window. Vector post-processing is applied to remove the outliers. The
spurious velocity vectors are detected by means of the normalized median test, developed by Westerweel and
Scarano in 2005 [25].

The simultaneous acoustic measurements were performed by a set of four LinearX-M53 microphones,
placed at a fixed distance of 1.3 m from the airfoil trailing edge. The microphones are placed at angles, with
respect to the horizontal line, of 30◦, 18◦, 0◦ and −18◦ respectively, as shown in Figure 2.

Table 1 gives an overview of the experimental parameters of the synchronized planar PIV and microphone
measurements.
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Figure 2. Schematic of set-up for synchronized planar PIV and microphone measurements
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Table 1. Parameters for synchronized planar PIV and microphone measurements

Parameter Value Unit
Field of View (FOV), for each camera 80× 80 mm2

Field of View (FOV), combined 80× 140 mm2

Sensor size 704× 704 pxs
Magnification factor, M 0.176 –
Focal length, f 105 mm

(both cameras)
Numerical aperture, f# 2.8 –

(both cameras)
PIV acquisition frequency, fs 5 kHz
Pulse separation, dt 50 µs
Number of images, N 5773 –
Microphone placement 1.3 m
(distance from the trailing edge)
Microphone acquisition frequency, fmic 51.2 kHz

3.2 Planar PIV measurements

A snapshot of the instantaneous visualization of the transverse (u-component) and streamwise (v-component)
velocity fields around and downstream the Gurney flap is provided by Figure 3. In the wake region down-
stream the Gurney flap, a deficit in the streamwise velocity component can be observed, and the alternation
of positive and negative transverse velocity indicates the existence of large vortical structures. Correspond-
ingly, the counter-rotating vortices can be observed from the time sequence of instantaneous vorticity fields
in Figure 4, illustrated by the coherent regions marked in red (counter-clockwise) and blue (clockwise). The
vortices shed at the trailing edge are convected downstream at an average spacing of 5 cm with a velocity
of around 16.7 m/s, which is approximately 83% of the free stream velocity. The spectral analysis of the
fluctuating velocity depicts a peak frequency at 314.9 Hz, corresponding to a period of Tshed = 0.32ms.
The peak frequency coincides with the peak frequency measured by the far-field microphones, as can be ob-
served in Figure 8 (bottom, red curve), indicating that the coherent vortex shedding is responsible for the tonal
component of the radiated noise. The sequence of instantaneous snapshots of vorticity fields are presented in
Figure 4. The vorticity downstream the Gurney flap exhibits a coherence pattern as well as a distinguishable
convection process.

4. RESULTS AND DISCUSSIONS

4.1 Integral loads evaluation

Kurtulus et al. [20] estimated the unsteady forces on a square cylinder from the velocity field measured
by planar TRPIV. The general integral form of the momentum balance is written as:

~F (t) = −ρ
∫∫∫

V

∂~V

∂t
dV − ρ

∫∫
S

(~V · ~n)~V dS −
∫∫

S

p~ndS +

∫∫
S

¯̄τ~ndS (5)

In this case the planar PIV measurement cannot resolve the out-of-plane velocity, and therefore only the
velocity components along the measurement plane xy are considered. In addition, with the outer boundary
of the control volume sufficiently far from the body surface, the viscous effect (the contributions of ¯̄τ ) is
neglected, resulting in Equation 6, where u,v are velocity components defined in the x and y coordinate
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Figure 3: A snapshot of the non-dimensionalized instantaneous transverse velocity (left) and streamwise
velocity (right)

 

   

Figure 4: Time sequence of the instantaneous vorticity fields at normalized time instant t∗ = t/Tshed during
approximately one shedding cycle
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S

[
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]
+

∮
S

[
−pdy
pdx

]
(6)

Kurtulus et al. [20] also proposed a robust procedure for the evaluation of the pressure terms on the control
surface in Equation 6. The pressure is related to the velocity by the Navier-Stokes equations (Equation 1)
and the spatial gradients of pressure can be expressed in either the Eulerian (Equation 7) or the Lagrangian
formulation (Equation 8) as:

∇p = −ρ
(
∂v

∂t
+ (v · ∇)v − ν∇2v

)
(7)
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∇p = −ρ
(
Dv

Dt
− ν∇2v

)
(8)

As shown in Figure 2 of reference [20], the part of control surface encountered by the wake is defined
as ’viscous region’, where pressure is obtained by integrating Equation 8, but neglecting the viscous contri-
bution. To minimize the effect of error propagation in the process of spatial integration, outside the wake,
pressure is estimated by Bernoulli equation. In such a way, pressure in the wake region can be resolved by
integrating from both edges of the wake, and the end point of integration, located in the inviscid region, can
be compared with the value given by Bernoulli equation. The discrepancy between the integration result and
the Bernoulli equation (Equation 9) can then be used to redistribute the discrepancy along the viscous region
with a linear weighting function. The above mentioned technique is derived and applied to the incompressible
scenario. The threshold for viscous region is set as ε > 1.5× 104s−2 as in pressure reconstruction, where ε
is the local value of enstrophy, defined as the square of local vorticity:

p = P∞ +
1

2
ρV 2
∞ −

1

2
ρ(u2 + v2) (9)

ε = |−→ω |2 (10)

Time series of lift and drag are plotted in Figure 5 and 6, with the aerodynamic loads plotted in black and
the first, second and third term in Equation 6 plotted respectively in green, blue and red. The plots also show
the mean value of the aerodynamic loads, plotted in magenta.

Periodicity can be observed in the reconstructed aerodynamic loads and the components. For lift, the fluc-
tuations are primarily attributed to the volume integral of the time derivatives of the velocity and the surface
integral of the convection terms, while for the drag, the major components are the two surface integral terms.
However, it would be imprudent to neglect any of the three components in both lift and drag, when looking
closely at the order of magnitude and considering their contribution to the phase of the overall fluctuation.

The resulting power spectra of the aerodynamic loads evaluated from the PIV measurement on FOV 2 are
presented in Figure 7. Both the lift and the drag peak at the frequency of 314.9Hz, which is consistent with
the shedding frequency as expected.

Figure 5. Time series of lift and lift components evaluated from PIV measurements.

4.2 Acoustic prediction

As shown in Equation 4, the pressure fluctuation at the location of the listener (or microphone) is the sum
of the contribution received at time instant t by the listener and emitted at (different) retarded time instant(s)
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Figure 6. Time series of drag and drag components evaluated from PIV measurements.

Figure 7. Power spectra (∆f = 2.4Hz) of lift and drag evaluated from PIV measurements.

te over the source region, namely the fluctuation in aerodynamic forces at te. The values of t− te of this case
are evaluated for the solid surface locations within the PIV field of view and are summarized in Table 2.

It can be observed that the largest difference in retarded time is 0.1ms along the surface of airfoil. Under

Table 2. Value of t− te for microphones with respect to the sources distributed on the airfoil surface

Listener min.(t− te)[ms] max.(t− te)[ms] mean.(t− te)[ms] max.(∆(t− te))[ms]
Microphone 1 4.3 4.4 4.4 0.1
Microphone 2 4.0 4.0 4.0 0
Microphone 3 3.8 3.9 3.8 0.1
Microphone 4 3.9 4.0 4.0 0.1

the sampling rate of the current study (5kHz), the time interval between two snapshots of velocity field is
0.2ms. With further observation of the mean value of (t− te), it can be inferred that source locations with a
value of (t − te) different from the mean value only account a small portion of airfoil surface. The observa-
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tion of retarded time inversely testifies that the experimental set-up for the current study satisfies the compact
source assumption, and thus each microphone can be assigned with the respective mean value of (t− te) for
the calculation of retarded time.

Based on the aerodynamic loads evaluated from the PIV measurement, Equation 4 is implemented to
reconstruct the far-field acoustic pressure. The distance from the airfoil trailing edge and each respective
microphone is used to calculate the uniform retarded time. The values of t− te of the microphones coincides
with the average values listed in Table 2.

Time series of the far-field acoustic pressure in time series, both the microphone measurements and the re-
construction from PIV measurements based on the full spanwise coherence assumption are shown in Figure 8
(top). The two measurements roughly share the same period and phase. However, the maximum coefficients
obtained from the cross-correlation of the far-field pressure measured by microphone and that evaluated by
PIV are 0.19.

As expected, the amplitude predicted by PIV measurements is larger than that measured by the micro-
phones at all four locations of microphones, since in reality the flow is intrinsically 3D and the spanwise
coherence length is shorter than the span.

Figure 8 (bottom) shows the power spectra of the far-field acoustic pressure. The blue curve and the red
curve show respectively the predictions of PIV and the measurements of microphones, and both peak at a
frequency of around 315Hz, which is consistent with the peak frequency of aerodynamic loads. The latter
consistency is expected, since at the Mach number of the current study (Ma∞ = 0.059), the Doppler effect
is negligible, the frequency reaching the receiver should be equal to the frequency emitted by the source.

The extra green curve in Figure 8 (bottom) offers a comparison of the power spectra of the clean NACA
0015 (microphone recordings performed at same locations), which consists of only broadband components.
The absence of frequency peak on the power spectra of a NACA 0015 without Gurney flap provides an ad-
ditional indication that the tonal noise generated by the model with Gurney flap should be attributed to the
presence of the Gurney flap.

Compared to the tonal component, for the broadband components, less agreement between the PIV pre-
diction and the microphone measurements is retrieved. The microphone spectra feature a rise in amplitude in
frequency range below 100 Hz. The low frequency components in the microphone spectra have been shown to
be caused by the wind tunnel operation noise, concluded from the preliminary background measurements and
the measurements on the airfoil model without Gurney flap (Figure 8 (bottom), green curve). Self-evidently,
the background noise of wind tunnel operation cannot be revealed by acoustic computation based on velocity
measurements.

The sharp decay in magnitude observed at 1000Hz in Figure 8 has no physical meaning. The artifi-
cial magnitude reduction is mainly due to the numerical smoothing of the signal in the calculation of the
time derivatives. Comparison of the effect of the discrete method used for time derivatives was presented
by Lorenzoni (2008)[26], suggesting that the central scheme (which is applied in the present study) is more
effective in magnitude reduction since a wider kernel is used for the computation of the differences.

The amplitude of computed acoustic spectra does not decay in the high frequency range as in the spectra
of microphone measurements since the high frequency components are more susceptible to experimental and
numerical noise which can be attributed to:

• The effect of 3D motion with high intensity directly downstream the Gurney flap.

• Measurement noise.

• Aliasing due to finite sampling frequency.

5. CONCLUSION

In the present study, the feasibility of acoustic evaluation of the high-lift devices based on the time-
resolved PIV velocity measurements was investigated. The investigation was performed on the configuration
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Figure 8: Time series (top) and power spectra (bottom: ∆f = 2.4Hz, Φref = 1Pa2/Hz) of far-field
acoustic pressure evaluated by lumped formulation of Curle’s analogy based on full span coherence assump-
tion from PIV measurements in comparison with the simultaneous microphone measurement at the location
of Microphone 1.

of NACA 0015 airfoil with a Gurney flap of the height of 6% the chord length. The velocity fields were mea-
sured by TR-PIV around and downstream the Gurney flap. Coherence pattern and distinguishable convection
downstream the Gurney flap can be observed in the instantaneous vorticity fields derived from the velocity
measurements.

The velocity measurements were used to reconstruct the instantaneous aerodynamic loads by means of
the momentum balance. The evaluated fluctuations in aerodynamic loads constituted the source terms in
the ’lumped’ formulation of Curle’s analogy. The predictions of sound pressure level by means of Curle’s
analogy were compared with the far-field microphone measurements at corresponding locations obtained si-
multaneously with the PIV measurement. The frequency of the tonal noise is consistent with the frequency of
vortex shedding. The power spectra of the fluctuations of velocity, aerodynamic loads and far-field pressure
did not indicate the existence of a second shedding mode for this configuration as the one proposed by Troolin
et al. [27].

The computed noise spectra revealed fair agreement with the microphone measurements for the tonal
component and the narrow frequency band around the peak. The sound pressure level predicted under the
assumption of perfect correlation over the entire span yielded over-estimation in sound pressure level as ex-
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pected at all four microphone locations.
The present investigation proved TR-PIV an effective approach in the prediction of radiated noise of the

trailing edge with Gurney flap provided that the requirements of spatio-temporal resolution can be met by the
experimental apparatus. It remains to be explored the effectiveness of narrowing the over-estimation in the
predicted sound pressure level with respect to the microphone measured ones with the approach of equivalent
coherence length proposed by Kato et al. [28] and proven to work reasonably well by literatures such as [13],
[29] and [30]. Further improvements can be made with the utilization of tomographic PIV that offers the
3D-time resolved velocity information for the acoustic analogies and source identification. As a next step,
it would be instructive to extend the investigation to high-lift devices with more complicated structures with
noise spectra of broadband nature.
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