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ABSTRACT

This paper presents an experimental study on the aeroacoustics of a flat plate rig with a highly instrumented serrated trailing-edge. The role
of near-field flow properties, namely, surface pressure fluctuations and spanwise coherence, in the noise suppression capability of serration is
not properly understood. The results from this test rig aim to provide additional insight into the effects of the serration on the hydrodynamic
field (flow field) and the scattering of the pressure waves along the trailing-edge. Despite its unconventional size, beamforming results
showed a significant reduction of far-field noise over a broadband frequency range. The associated flow field is characterized by mean and
spectral analyses of static and dynamic surface pressure measurements as well as hot-wire measurements. The mean pressure coefficient
results and the boundary layer velocity profiles over the serrated trailing-edge showed minute differences compared to the baseline straight
trailing-edge. However, the frequency-dependent energy content of the unsteady surface pressure fluctuations demonstrates an elevated
energy region around the serration edges at low frequencies. Although there is an increase in the energy content of the low frequency pres-
sure fluctuations on the serrated trailing-edge, a significant phase difference of the pressure waves is observed, which may be indicative of
destructive interference. The temporal studies regarding the unsteady surface pressure fluctuations corroborate the presence of quasi-
periodic large scale structures emanating from the serration edges.

VC 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0054767

I. INTRODUCTION

The broadband noise radiated from airfoils has become an impor-
tant research topic due to its ubiquitous presence in daily life in the last
few decades. The prevalence of wind turbines and the rapid increase in
air transport within the last decades have raised environmental noise
features as one of the main concerns related to physical and mental
health organization (WHO).1 Due to challenging limitations imposed
by stringent noise regulations (e.g., ACARE Flightpath 20502) and the
necessity to further improve the efficiency of wind turbines by increas-
ing power production while reducing cost per unit of generated electri-
cal energy,3 attenuation of the noise emerged as a critical goal.

Out of the five airfoil self-noise mechanisms reported in Brooks
et al.,4 the noise generated by the interaction of convected eddies
within a boundary layer with a sharp trailing-edge is identified as the
main contributor of the airfoil self-noise. The theoretical works to
understand the mechanisms behind the trailing-edge noise radiation
for a straight trailing-edge have been categorized by Howe5 into three
categories: those based on the Lighthill’s acoustic analogy, e.g., that of

Williams et al.,6 linearized hydoracoustic methods, and, e.g., those
of Amiet,7,8 Chase,9 and ad hoc approaches. Each one of these three
methods requires information about the flow domain, either the
turbulent velocity field (two-point correlations) or the unsteady
surface pressure fluctuations near the edge. The endeavor to
explore the theory and corresponding physics of the noise genera-
tion mechanism also helped scientists and engineers to develop
noise attenuation devices to reduce and manipulate the noise gen-
erated by the bodies immersed in flow, such as aircrafts, wings, and
wind-turbines. Noise attenuation methods involve both active and
passive ways. Active ways, which require additional energy input to
the noise reduction system, involve perturbation of the boundary
layer by flow injection,10 suction,11 and plasma actuators.12 Due to
easier implementation, research on passive noise methods attracted
more attention during the last decade. Employing porous materi-
als,13–18 changing the trailing-edge geometry,19–26 and employing
add-on devices such as riblets27 are the most common methods
researchers focused on.
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Serrations, a type of trailing-edge geometry modification and the
subject of this work, have been identified as one of the most efficient
ways of reducing noise and were analytically analyzed by Howe.19

Howe’s theory suggests that the noise reduction is a function of effec-
tive span-wise length for a sawtooth serrated trailing-edge, which also
depends on geometric parameters such as serration length (2h) and
wavelength (k). Moreover, in this work it was shown that the noise
reduction is strongly dependent on the frequency, and the serrations
do not affect the noise generated by large eddies (large wavelength).
The model Howe developed predicts an asymptotic reduction of
10log10½1þ ð4h=kÞ2� for high frequencies. In their works, Howe19 and
Gruber et al.28 discussed the recommended practice of employing
trailing-edge serrations. To achieve noise reduction, the boundary
layer thickness should be in the same order of the serration length,
and the serration angle should be narrow (u < 45�). Following
Howe’s work, an extensive amount of research has been conducted on
serrations involving experimental,20,21,28–31 numerical,32–34 and semi-
analytical work35,36 to understand the underlying physical mechanism
and improve the noise attenuation capability. However, recent experi-
mental studies reveal a discrepancy between the predicted results and
measured noise reduction levels. These discrepancies28,37,38 can be due
to the frozen turbulence assumption or the choice of the Green’s func-
tion as addressed in Avallone et al.20

The inadequacy of theoretical models and lack of fundamental
knowledge on the underlying mechanisms of noise reduction perfor-
mance of serrations prevent further improvements in serration designs
and their deployment. For the latter, the literature addresses two major
mechanisms responsible for noise reduction. The first mechanism is
the changes to the flow field (hydrodynamic field) due to the presence
of the serration, which is addressed by several recent works.20,21,29,32

Chong and Vathylakis21 showed that the wall-pressure spectral density
and the span-wise coherence values do not contribute significantly to
noise reduction. Their work has shown the presence of the pressure-
driven vortical structures along the edge of the serrations on flat plate
may contribute to any noise reduction. Following this study, Avallone
et al.20 showed the presence of these side-edge vortices via time-
resolved particle image velocimetry measurements over a serrated
NACA0018 airfoil. The generation of counter-rotating edge vortices is
reasoned by the pressure difference between the suction side and pres-
sure side of the wing.33 However, for one-sided flat plate experiments,
this condition does not exist, yet the foot-print of vortical structures is
evident.21 Moreover, these observations disprove the validity of the
frozen turbulence assumption, which is employed in analytical models
for predicting noise reduction. The second possible noise reduction
mechanism is identified as the destructive interference generated by
pressure waves scattered at different phases, as addressed by Howe19

and Avallone et al.30 Moreover, to improve the noise reduction predic-
tion Lyu et al.35 proposed a semi-analytical model based on the noise
prediction through surface pressure fluctuations. In this model, the
non-dimensional parameters k1 � 2h, where k1 is the acoustic wave-
number in the stream-wise direction, and lz=k was identified as the
major parameter of noise reduction. This method was implemented
by Mayer et al.36 and validated for realistic airfoils. This model sug-
gests that the serrations are effective if only the serration length is long
enough to generate phase difference among the pressure waves scat-
tered at the edges. In their recent numerical work, Avallone et al.30

provided evidence to support this theory and concluded that the

destructive interference between scattered acoustic pressure waves is
the main contributor for noise reduction. Although many new varia-
tions of the serrations are proposed,39–42 the lack of consensus regard-
ing the underlying mechanisms of the serrations ability to reduce
noise requires further attention and research to enable more advanced
engineering designs.

The complexity of comparing studies in the literature and under-
standing the physical phenomena behind the noise reduction arises
due to the broad range of the geometries and flow conditions explored
in the literature. Studies cover airfoils with serration add-ons,32,38,42

airfoils with serration cut-ins,43 flat plates under one-sided flow,21 and
flat plates under two-sided flow,29 as well as studies at different angles
of attack and different serration lengths and wavelengths, which pre-
vents a comprehensive understanding of the physical mechanism of
noise reduction. Although the flow conditions are well documented in
the literature, each study investigates different parameters, and not all
experiments are reporting the same quantities, which may lead to a
lack of grasping the physics and understanding the mechanism behind
the noise reduction. However, it is of utmost importance to under-
stand each physical mechanism’s contributions to improve the design
of serrations and understand the limits of the design space.

This paper presents the results of an experimental study of a
serrated flat plate under one-sided flow to contribute to the under-
standing of the noise reduction mechanism of serrated trailing-edges
and to provide evidence for noise reduction of large scale serrations
(2h � 92 mm, k � 116 mm in width, d=2h ¼ 0:16, and k=2h
¼ 1:25) in conjunction with the associated flow field. This design may
overcome the addressed issues44 on robustness for current designs, as
it is not fragile and can be installed easily. This paper is structured as
follows: Sec. II presents the experimental methodology, the anechoic
wind tunnel, and the measurement methods. Section III presents the
results of the experiments. The results include beamforming measure-
ment results, unsteady and steady pressure measurement results, and
velocity field measurement results on the serration. Finally, Sec. IV
concludes the discussion.

II. EXPERIMENTAL METHODOLOGY

In this section, the details of the experimental facility, the instru-
mentation of the experimental rig, and the measurement techniques
are provided.

A. Anechoic wind tunnel facility and serrated flat plate

Experiments were performed in a closed-circuit open-jet
anechoic wind tunnel facility at the University of Bristol. The wind
tunnel has a stable performance for velocities of up to 40m/s with tur-
bulence levels as low as 0.2%.45 The nozzle of the wind tunnel is
775mm in height and 500mm in width with a flow uniformity over
90% at the nozzle exit. The preliminary experiment results showed
that the flow field and far-field characteristics were observed to be
independent of the Reynolds number for the free-stream velocities of
10m/s<U1< 30m/s. Therefore, for brevity, all results are presented
for a free-stream velocity of U1¼ 20m/s, which yields a plate length
based Reynolds number of ReL � 8� 105. The flow was tripped via a
zig-zag turbulator strip at 10% of the flat plate length to ensure the
presence of a fully turbulent boundary layer over the flat plate and
trailing-edge.
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The flat plate has a length of L ¼ 900mm and was mounted at
the bottom lip of the nozzle. The flow was bound by the side plates on
either side, which were 250mm longer than the flat plate. The sche-
matics of the test rig including the details of the serration and hot-wire
measurement planes are presented in Fig. 1. The trailing-edge of the
flat plate is designed to have a serration length (2h) of 92mm and a
wavelength (k) of 116mm, resulting in a serration angle of u � 50�.
The serration has a thickness of 50mm at its root. It is worth noting
that the experiments were conducted under one-sided flow; hence, the
thickness at the root is not assumed to have a significant effect in terms
of vortex shedding. The serration can be modified into a straight
trailing-edge flat plate by utilizing 3D printed fillers to obtain results
for a baseline case. The serrated flat plate rig was instrumented heavily

to explore the flow field generated over the serration. Figure 1(b) pro-
vides an illustration of the distribution of the unsteady pressure trans-
ducers (T) and the steady pressure measurement taps (P), with a total of
46 unsteady pressure transducers, and 46 steady pressure taps were
employed during the measurements. A global coordinate system (x, y, z)
was defined with its origin located at the trailing-edge on the symmetry
axis of the test rig in order to define global scalar and vector fields as well
as the test rig location. A local coordinate system (x0; y0) is designated to
ease the interpretation of the results. x0 is defined as the upstream dis-
tance from the trailing-edge. The local wall-normal distance y0 repre-
sents the distance from the surface for a designated x0 location and was
employed for the discussions of the boundary layer measurements. The
locations of the transducers are provided in Table I.

FIG. 1. Details of the experimental rig, (a) schematics of the test rig and serrated flat plate, (b) details of the serration geometry, and (c) hot-wire measurement locations.

TABLE I. Locations of the unsteady surface pressure transducers and steady pressure taps with respect to the local coordinate system.

Transducer x0=2h z=2h Pressure tap x0=2h z=2h

T1 0.15 0 P1 0.15 �1.26
T2, T3, T4 0.26 �0.08, 0, 0.08 P2, P3, P4 0.2 �1.18, 0, �1.34
T5, T6, T7 0.37 �0.08, 0, 0.08 P5, P6, P7 0.37 �1.18, 0, �1.34
T8,…,T12 0.48 �0.16,…,0.16 P8,…,P12 0.48 �1.10,…, �1.42
T13,…,T19 0.59 �0.24,…,0.24 P13,…,P19 0.59 �1.02,…, �1.50
T20,…,T26 0.70 �0.24,…,0.24 P20,…,P26 0.70 �1.02,…, �1.50
T27,…,T35 0.81 �0.32,…,0.32 P27,…,P35 0.81 �0.94,…, �1.58
T36,…,T46 0.92 �0.40,…,0.40 P36,…P46 0.92 �0.86,…, �1.66
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B. Acoustic beamformer

The far-field measurements were performed with an in-house
built beamforming array. The center of the beamforming array was
positioned 1.2m directly above the trailing-edge of the flat plate, as
illustrated in Fig. 1. The 73 Panasonic WM-61A microphone array
consists a central microphone and nine spiral arms with eight micro-
phones each, spanning a circular region with a diameter of 0.8m. The
beamforming measurements were performed for 120 s at a sampling
frequency of 215 Hz. The measurements were then post-processed
using the open-source Acoular Beamforming package46 to obtain
functional beamforming maps for frequencies of 600< f < 3200 Hz.
The beamforming analysis is performed with a spatial resolution of
0.01m. The cross power spectral density matrix was calculated with a
Hanning window, a block size of 4096, and an overlap of 50%. The
measurement uncertainty of the Panasonic microphones was calcu-
lated to be 1.5 dB for a 95% confidence interval.

C. Unsteady and steady surface pressure
measurements

The steady pressure measurements were conducted using two
32-channel Chell MicroDaq Smart Pressure Scanners. The steady
pressure data were collected for 16 s, with a sampling frequency of
1000Hz. The propagated uncertainty value was 2.5% for the lowest
measured pressure values. The unsteady pressure measurements on
the flat plate were carried out using the in situmicrophone instrumen-
tation, allowing for a detailed evaluation of the near-field pressure fluc-
tuations. A total number of 46 Knowles FG-23329-P07 miniature
pressure transducers were used for this purpose. The microphones are
2.6mm in diameter and have a sensing diameter of 0.8mm. The rig
was machined to have a pinhole mask over the microphones with a
diameter of 0.4mm to avoid pressure attenuation at high frequen-
cies.47 All microphones were calibrated in phase and magnitude with a
GRAS 40PL reference microphone, which was calibrated using a
GRAS 42AA pistonphone calibrator. The data were acquired using
National Instrument PXIe-4499 module and were sampled at 216 Hz
for a duration of 16 s. The microphone locations are presented in
Table I. The surface pressure data obtained give an absolute uncer-
tainty of 0.05%dB with a 95% of confidence level.

D. Hot-wire anemometry

The mean velocity field and turbulent characteristics of the flow
field were obtained by hot-wire measurements on the trailing-edge.
Boundary layer velocity measurements over the trailing-edge were per-
formed using a Dantec 55P15 boundary layer probe. The probes were
operated by a Dantec Streamline Pro system with a CTA91C10 mod-
ule with a low-pass filter with a cutoff frequency of 30 kHz. The mea-
surements were performed at a fixed overheat ratio of 0.8 for all
measurements. Each probe was calibrated using a Dantec 54H10 cali-
brator, while the cross-wire probes were also calibrated between the
yaw angles of�40� and 40�. All hot-wire measurements were simulta-
neously sampled with the microphone measurements at a frequency
of 215 Hz for 60 s using the National Instruments PXIe-4499 modules
mounted in a National Instruments PXIe-1062Q chassis. Hot-wire
probes were traversed using a two-axis ThorLabs LTS300M system.
The boundary layer measurements were conducted at 40 wall-normal
locations on top of the pressure transducers T1, T13, T16, and T36
and an additional upstream location before the serration as reference
at x0=2h ¼ 1:42 and z=2h ¼ 0. The total distance for 40 stations cov-
ers 140mm, which is well above the boundary layer thickness, and
ensures that the change in the velocity is below 0.5% between consecu-
tive stations.

III. RESULTS AND DISCUSSION
A. Far-field measurements

In this section, the far-field noise is presented to confirm the
validity of using a non-conventional serration of h=d ¼ 3:1 and
h=k ¼ 0:4, by providing evidence that it achieves far-field noise atten-
uation when compared to a straight trailing-edge flat plate. Figure 2
presents beamforming source maps at frequencies of f ¼ 600, 1500,
and 2500Hz. The contour maps provide the difference of the sound
pressure levels between the serrated trailing-edge (SER) and the
straight trailing-edge (STR), defined as DSPL ¼ SPLSER � SPLSTR.
Hence, a negative value denotes a noise reduction due to presence of
serrated trailing-edge. The individual source maps of the SER and STR
cases are not presented for brevity. A schematic of the serrated flat
plate is also included in the figure to ease the interpretation of the
results. The results indicate that the primary noise source is located
around the trailing-edge, and the serrated trailing-edge attenuates the
noise over a broad range of frequencies. The employed serration

FIG. 2. Beamforming source maps for DSPL ¼ SPLSER-SPLSTR at (a) f¼ 600, (b) 1500, and (c) 2500 Hz.
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achieves a noise reduction between 2 and 4dB over the measured fre-
quency range.

Figure 3 is presented to provide more information about the
noise reduction performance across the measurement spectra. The
presented SPL values are averaged over a rectangular grid of �0.1
< x < 0:1 and �0.15 < z < 0:15 m. Although the source power inte-
gration (SPI) is a powerful technique to obtain SPL values with better
accuracy,48 the comparative nature of this study allows discussions
based on simple averaging. It is worth noting that the low frequency
and high frequency limits of the beamforming is dictated by the point
spread function and the spatial resolution of microphone array,
respectively. The SPL results suggest that the serrated flat plate consis-
tently radiated less noise compared to the straight trailing-edge base-
line case. The noise reduction is most significant at around
f¼ 1500Hz. Moreover, at low and high frequencies, the noise reduc-
tion performance deteriorates, as previously observed by Chong and
Vathylakis.21

Howe49 analytically showed that serrations with a wavelength of
k and a root-to-tip distance of 2h could achieve more than 10log
10½1þ ð4h=kÞ2� dB noise reduction compared with the straight
trailing-edge counterpart. For the current configuration in this study,
Howe’s formula suggests a 5.5 dB reduction, which is relatively close to
the observed noise reduction level. Although the reduction levels are
slightly lower than the predicted results obtained through the analyti-
cal model provided by Howe,19,49 it is consistent with the results pro-
vided by the recent experimental works of Gruber et al.,31 Moreau and
Doolan,29 Fischer et al.,50 and Zhou et al.,51 where the achieved noise
reduction is less than predicted. Howe’s theory suggests that serrations
achieve efficient noise reductions for xd=Uc > 1, where x stands for
the angular frequency (2pf ) and Uc stands for the convection velocity.
In their work, Gruber et al.28 reported noise reductions up to
xd=Uc � 9. Interestingly, in this study, the noise reduction is achieved
for a broad range of frequencies over 3:9 < xd=Uc < 16:3. A further
comparison with Howe’s theory can be built around the non-
dimensional parameters h=k and h=d. For the noise reduction mecha-
nism, Howe’s theory suggests that scattered pressure waves generate a
constructive-destructive interference for h=d � 1, which generates an
oscillatory far-field noise spectrum. However, recent studies reveal that

the constructive-destructive interference play an important role in the
noise reduction mechanism.30,35 Moreover, the predicted oscillatory
far-field behavior due to the interference at h=d � 1 was not observed
in experimental measurements.31 Finally, considering the effect of
h=k, Howe’s theory suggest prominent noise reduction with an
increase in h=k due to skewed angle of incidence of turbulence struc-
tures with the edge. For the current study h=k ¼ 3:1 and a maximum
noise reduction of around 4dB is achieved.

These results and discussions underline the inadequacy of the
aforementioned theories and reasoning for the noise reduction mecha-
nisms of the serrations. The analytical models of Howe19 and Lyu
et al.35 are derived based on the scattering mechanism and hence
neglect any changes in the flow field (hydrodynamic field). Moreover,
the frozen turbulence assumption employed in the derivation of the
analytical models has been shown to be not fully accurate by a number
of studies.20,29,31 Sections III B–IIIE will focus on the steady and
unsteady characteristics of the flow field over the serrated flat plate to
shed light on the possible noise reduction mechanisms for this current
configuration and understand the relation between geometric parame-
ters, flow quantities, and far-field noise in relation to the literature.

B. Time-averaged flow field

The mean flow field over the serrated flat plate is characterized
by presenting time-averaged (mean) velocity profiles, root mean
square (rms) velocity profiles, probability density functions of pressure
signals (PDF), dimensionless mean-pressure coefficients (Cp), rms
mean-pressure coefficients (Cp;rms), and time-histories of pressure (p0)
and rms pressure (p0rms) values.

Figure 4 presents the effect of the serrated trailing-edge on the
velocity profiles and rms velocity values at transducer location T1, i.e.,
x0=2h ¼ 0:15 and z=2h ¼ 0, in comparison to the results from the
straight trailing-edge. Both the velocity and the rms velocity profile
show that the presence of the serration does not alter the mean quanti-
ties at the trailing-edge. This observation is consistent with Jones and
Sandberg,32 and Le�on et al.38 The reference boundary layer thickness,
do, was measured at an upstream location (x0=2h ¼ 1:42 and
z=2h ¼ 0) and was do ¼ 14:5 mm. Moreover, it is worth noting that
the boundary layer thickness and corresponding u0rms profile do not
show a significant change at the T1 location (x0=2h ¼ 0:15 and
z=2h ¼ 0) when compared to the upstream measurement results.

Although the time-averaged (mean) velocity data are not affected
by the presence of the serrations, the time-history plots of the pressure
data reveal a marked change in the pressure field. Figure 5(a) shows
the time-history of the pressure obtained through pressure transducers
T1 (x0=2h ¼ 0:15 and z=2h ¼ 0) and T16 (x0=2h ¼ 0:59 and
z=2h ¼ 0) for both the serrated trailing-edge (SER) and the baseline
straight trailing-edge (STR). The time-history results in Fig. 5(a) dem-
onstrate that the presence of the serration introduces large scale oscil-
lations in the pressure field at the T1 location (x0=2h ¼ 0:15), an effect
which is less pronounced at the T16 location (x0=2h ¼ 0:59 and
z=2h ¼ 0). Additionally, 6prms values for both cases at the T1 location
are also displayed on the plots. The results indicate that the serrated
trailing-edge increases the rms fluctuations of pressure compared to
the STR case. However, the serrated case displays no significant
extreme pressure events (events beyond rms boundaries), contrary to
results reported by Chong and Vathylakis.21 Further insight into the
pressure signals can be obtained through probability density functions

FIG. 3. Comparison of averaged sound pressure values for STR and SER cases
for frequencies of 600 < f < 3200 Hz.
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(PDF). The PDF of the pressure fluctuations are presented for the STR
and SER cases at T1 and T16 in Fig. 5(b). The fluctuation values were
normalized by the standard deviation for each pressure level for each
case. A normalized Gaussian distribution is presented as a reference. It
is worth noting that any deviations from the Gaussian distribution
indicate that the flow is dominated by characteristic pressure events.52

At T16, the PDF distribution of pressure data for both the STR and
SER cases has similar trends, which is consistent with the time-history
results presented in Fig. 5(a), showing that the presence of the serra-
tion is not affecting the upstream location T16. At the trailing-edge,
T1, the distribution of the surface pressure PDFs exhibits quasi-
exponential tails deviating from Gaussian distribution for the STR
case, whereas for the SER case, the PDF exhibits a quasi-Gaussian
trend. These results clearly indicate that the pressure events signifi-
cantly differ at the T1 location between the STR and SER case. The fig-
ure also presents the effect of the serration on the mean (Cp) and rms
(Cp;rms) pressure coefficient in terms of the change in the magnitude,
i.e., DðÞ ¼ ðÞSER � ðÞSTR. For brevity, the results of the Cp and Cp;rms

are presented on the each respective half of the geometry. Cp and
Cp;rms values were calculated using the data obtained from steady pres-
sure transducers (P1–P46). The extremely low values of DCp results
indicate that the presence of the serration does not have a significant
effect on the mean static pressure. However, a notable change is evi-
dent in the DCp;rms results. The Cp;rms values are elevated markedly
along the serration edge. This increase may be due to the generation of
vortical structures along the edges of the serration, as addressed by
Avallone et al.20 as well as Chong and Vathylakis.21 This observation
will be detailed further through the analysis of the unsteady surface
pressure fluctuations.

C. Unsteady surface pressure fluctuations

In Sec. IIIB, the main focus was to highlight the effect of the pres-
ence of the serration on the mean flow field. In this section, a detailed
analysis of the frequency-dependent energy content of the unsteady
surface pressure fluctuations will be presented to further comprehend
the effect the serration has on the flow field and radiated noise. In his
classical work, Amiet8 stipulates a proportionality between the
unsteady surface pressure spectra (Sqq) and radiated far-field noise
(Spp). Moreover, the span-wise correlation length (Kp), which is also a
function of unsteady surface pressure spectra, is also addressed as

a major contributor to the radiated far-field noise in Amiet’s model.
The spanwise length-scale of the coherent structures (correlation
length) is further underlined as an important parameter by Howe19

and Lyu et al.35 to understand the noise reduction mechanism of serra-
tions, which can be calculated through coherence analysis. This section
will be devoted to present quantities that can be deduced from surface
pressure spectra and to further explore the effect of the serration
geometry on the flow field and their effect on the radiated far-field
noise.

Figure 6 presents the power spectral density of the surface pressure
fluctuations (PSD) obtained from the pressure transducers along the
centerline of the serration (T1, T3, T6, T10, and T41) and along the
edge of the serration (T1, T2, T5, T13, and T36), in comparison with
the results obtained from transducers along the centerline of the baseline
straight trailing-edge. The spectra of the unsteady surface pressure fluc-
tuations are obtained by employing Welch’s method53 using a
Hamming window for equal length segments with 50% overlap, result-
ing in a frequency resolution of 2Hz. An illustration of the test cases
with color coded transducer locations is provided to ease the results’
interpretation. The PSD results for the straight trailing-edge case,
Fig. 6(a), show a gradual increase toward the trailing-edge. At mid-
frequencies, the PSD results scale with f �1 as expected. At higher
frequencies, above f¼ 3000Hz, the PSD scales with f �5. These observa-
tions are consistent with the literature.54 Figure 6(b) exhibits how the
serration affects the surface pressure fluctuation spectra along the cen-
terline of the rig. At low frequencies, a broadband energy increase builds
toward trailing-edge, where it peaks at the apex of the serration (T1).
This broadband hump centers around f¼ 150Hz and broadens toward
the trailing-edge. At higher frequencies, the surface pressure fluctuations
follow a similar trend to that of the baseline STR case, except for the fur-
thest upstream location. Further observations can be deduced from the
PSD results obtained along the serration edge, as displayed in Fig. 6(c).
The broadband energy increase at low frequencies is similar at the apex,
but more prominent at the upstream measurement locations. The PSD
results are significantly higher for the transducers along the edge (T2,
T5, and T13) when compared to the results from the transducers situ-
ated on the centerline of the serration at the same stream-wise location
(T3, T8, and T16). These results corroborate the presence of energetic
structures along the edge of the serrations.

The spatial extent of these elevated energy regions is explored
further in the contour plots of Fig. 7, displaying the change in the

FIG. 4. Comparison of (a) time-averaged
(a) velocity profile and (b) rms velocity
profile at stream-wise location x0=2h ¼
0:15 and z=2h ¼ 0, over transducer T1.
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power spectral density of surface pressure fluctuations in the case of
serrated trailing-edge (DPSD ¼ PSDSER � PSDSTR). The results are
presented for two selected frequencies representing the low-frequency
phenomena observed at around f¼ 150Hz and the typical behavior at
mid-to-high frequencies at around f¼ 1500Hz. Considering Fig. 7(a),
the results show that an increase in the low-frequency energy content
builds up toward the serration edges for the serrated trailing-edge case.
This build-up from two edges amalgamates at the trailing-edge, i.e.,

the apex of the serration, where a significantly increased energy level is
present. This observation is consistent with the observations in
Avallone et al.20 and Chong and Vathylakis.21 At f¼ 1500Hz, the
near-zero results exhibit an insignificant change in the level of the
energy content over the serration region compared to the straight
trailing-edge case (STR). These results indicate that the surface pres-
sure spectra show a significant increase on the serrations’ edges only at
low frequencies. Since the elevated regions do not emerge at the root

FIG. 5. (a) Comparison of the time-history of the pressure data for STR and SER cases at T1 (x0=2h ¼ 0:15) and T16 (x0=2h ¼ 0:59), rms pressure value at T1 is displayed
as 6prms (dashed line), (b) PDF of pressure signal at T1 and T16 for STR and SER cases, and (c) contours of DðÞ ¼ ðÞSER � ðÞSTR for Cp and Cp;rms.
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of the serration, it may be assumed that the elevated regions are not
due to bluntness shedding. However, the shedding may be due to the
development of vortical structures along the serration edges, as
observed in previous studies in the literature.20,21,33 Considering these
results in conjunction with the Amiet’s theory, the far-field results
should show an increase at low frequencies due to the increase in the
energy of the surface pressure spectra. However, due to the limitations
of the beamforming array, measurements could not be extended to
low frequencies. At mid-frequencies, f¼ 1500Hz, the unsteady surface
pressure spectra suggest no significant change. Yet, the far-field results
show a significant reduction of noise levels for these frequencies.

In order to further investigate the presence of the elevated energy
regions around the edges of the serration at low frequencies, phase
maps over the serrated region are calculated with respect to transducer
T1. The phase difference is calculated through estimating the cross-
spectrum of pressure signal between T1 and rest of the transducers.
Figure 8 presents the contours of the phase differences with respect to
T1 over the serration at f¼ 150Hz for both the STR and SER cases.
Considering the results for the STR case, a well-defined phase change
pattern is evident from upstream toward downstream. A complete
cycle of the phase from -p to p is observed over roughly the size of the

serration, which clearly indicates that the dominant feature in the
pressure data is associated with the hydrodynamic field. More impor-
tantly, the phase difference map for the SER case reveals a notably
different map. The phase results indicate a significant deviation from
a typical cyclic behavior of an undisturbed wave pattern, as in STR
case. The center of the serration is dominated by a positive phase dif-
ference, gradually evolving toward the reference transducer T1.
However, along the edges of the serration, the presence of symmetric
isolated opposite phase islands suggests a fundamental change in the
hydrodynamic field over the serration compared to the STR case. It
is worth noting that even for a highly instrumented test rig, the
hydrodynamic pressure pattern on the baseline case can be only cap-
tured for low frequencies by eight transducers. The root-to-tip dis-
tance of the serration is approximately 0.1m, which allows capturing
the hydrodynamic wave propagation at very low frequencies
(U=f � 0:1 m). However, for higher frequencies, where far-field
noise measurements can be performed, the hydrodynamic wave-
length reduces to the order of a few centimeters or less. Therefore,
capturing the wave patterns and the phase difference along the serra-
tion becomes extremely challenging considering the state-of-the-art
experimental capabilities.

FIG. 6. Comparison of the power spectral
density of the unsteady surface pressure
fluctuations for STR and SER cases along
(a) the centerline of the straight trailing-
edge, (b) the centerline of the serrated
trailing-edge, and (c) along the edge of
the serration. (pref ¼ 2 �10�5 Pa and
denotes the reference pressure.).

FIG. 7. Contours of DPSD (PSDSER-
PSDSTR) over the trailing-edge (a) f¼ 150
and (b) f¼ 1500 Hz.
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The stream-wise and span-wise (lateral) coherence of the surface
pressure fluctuations is also evaluated to corroborate the results pro-
vided by the spectra of the surface pressure fluctuations. Through the
coherence studies, the foot-print of the development of the flow struc-
tures may be observed. The magnitude-squared stream-wise (or span-
wise) coherence is calculated as

c2p0ip0j ðf ; nÞ ¼
j/p0ip

0
j
ðf Þj2

j/p0ip
0
i
ðf Þjj/p0jp

0
j
ðf Þj ; (1)

where c2p0ip0j
ðf ; nÞ denotes the magnitude-squared coherence calculated

between two transducers located at two different locations and sepa-
rated by a distance of n and /p0ip

0
j
denotes the cross-power spectral

density between those transducers. Physically, the coherence function
provides an indication of the relation between measured quantities at
two separate locations and allows elucidating the connection between
them.

For a detailed study, the coherence of the signals obtained from
the transducers at the centerline and along the edge of the serration is
calculated with respect to the transducer T1 (x0=2h ¼ 0 and
z=2h ¼ 0) and presented in Fig. 9. The coherence magnitudes are
plotted against frequencies up to 2000Hz, beyond where the values
become indiscernible. Figures 9(a) and 9(b) show the coherence values
of signals at transducers T3, T6, T10, T16, and T23 with respect to T1
for straight and serrated trailing-edge, respectively. Likewise, Figs. 9(c)
and 9(d) present the results for the transducers lying on the edge of
the serration geometry T2, T5, T8, T13, and T20 (and same trans-
ducers for the straight trailing-edge case). The results obtained along
the centerline for the straight-trailing-edge case, Fig. 9(a), show a typi-
cal boundary layer behavior, where a broadband coherence is observed
due to the presence of different sized structures within the boundary
layer. The coherence fades out at further upstream measurement loca-
tions, as expected. Moreover, there is no significant coherence between
the signal from T1 and other transducers located along the line, where
the serration edge would lie, for the straight trailing-edge case.
Coherence results in Fig. 9(c) indicate that the coherent structures
only convect in the stream-wise direction, and the flow is effectively
two-dimensional. The coherence results obtained for the serrated
trailing-edge case depict a markedly different picture, as shown in Fig.
9(b). The results for this case can be examined in two ways. First, a

significantly elevated coherence is evident at around f¼ 150Hz, which
persists well upstream, indicating a large scale structure over the serra-
tion. Second, a broadband coherence exists, which is due to the pres-
ence of the turbulent boundary layer. Nonetheless, this broadband
behavior is deteriorated and exhibits lower levels of coherence than
the STR case results. This region is shaded with a gray color to ease the
interpretation. The results indicate that the large scale structures
severely affected the fine-scale structures in the boundary layer.
Considering the coherence results obtained from transducers along
the edge of the serration, Fig. 9(d), it is worthwhile to mention the
presence of high levels of coherence at around f¼ 150Hz. Moreover,
above f¼ 300Hz, no discernible coherence exists. This observation
indicates the lack of a boundary layer along the edge, which is
expected. More importantly, it also accentuates the existence of large
scale structures along the edge of the serration.

Another important parameter that can be evaluated through the
integration of span-wise coherence is the span-wise integral length
scale (Kp) of the eddies convected over the trailing-edge. The integral
length-scale of the eddies is a direct contributor to the far-field noise
radiation and is utilized in the Amiet’s trailing-edge far-field noise pre-
diction model.8,32 The span-wise integral length scale is calculated as

Kp ¼
ð1
0

cp0ip0j f ;Dzð ÞdDz; (2)

where cp0ip0j ðf ;DzÞ represents the span-wise coherence calculated
between two transducers located at zi and zj, located at span-wise dis-
tances of 0 < Dz=2h < 2:4. Here, /p0ip

0
j
stands for the cross-power

spectral density, and Dz represents the span-wise distance between the
two transducers.

Figure 10 shows the effect of the serration on the span-wise cor-
relation length (Kp) calculated using Eq. (2) at x0=2h ¼ 0:59. For the
STR case, the non-dimensional correlation length scale (Kp=2h) is
approximately 0.2 at low frequencies and slightly decreases for fre-
quencies above f¼ 400Hz. However, the results show a significant
increase at the low frequencies around f¼ 150Hz for the SER case.
There is no discernible change at higher frequencies between the two
cases. Thus, considering the Amiet’s model,8 the radiated noise should
increase at low frequencies due to the increase in length scale.
Nevertheless, due to the experiments’ limitations in aeroacoustic facili-
ties, the far-field results at such low frequencies can not be measured.

FIG. 8. Contours of phase differences in radians with respect to transducer T1 over the serrated region at f¼ 150 Hz for (a) STR case and (b) SER case.
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It is worth noting, however, that the far-field noise results in Fig. 3
indicates that the serration does not cause much noise reduction for
f < 400Hz. These results are consistent with the recent literature,20 yet
underline the inaccuracy of frozen turbulence assumption utilized in
analytical models.19 Another discussion can be built around the con-
structive–destructive interference theory.19,35 These models suggest
that the root-to-tip distance of serration should be large enough to
allow a phase difference among scattered pressure waves. In addition,

the wavelength of the serration should be smaller compared to the cor-
relation length in span-wise direction to enable interaction of scattered
waves to generate destructive interference. The results show that at
around f¼ 150Hz, the coherent structure’s length scale is around
Kp ¼ 40mm. At higher frequencies, f > 1000Hz, the length scale is
predicted at around Kp ¼ 13 mm and is the same for both STR
and SER cases. Recalling the serration dimensions, 2h ¼ 92 and k
¼ 116mm, and considering the length scale results together with the
theories, a phase difference of the scattered pressure waves along the ser-
ration edge is expected since Kp < 2h. However, the serration wave-
length is larger than Kp and does not fulfill the suggestions mentioned
in Howe19 and Lyu et al.35 Nonetheless, the far-field results show a sig-
nificant noise reduction over all the frequency range that can be mea-
sured. Finally, it is worth noting that interpreting the integral length
scale in comparison to the boundary layer thickness (Kp=do) may pro-
vide additional insights into the flow field. At frequencies f > 400Hz,
the estimated structure sizes are smaller than the boundary layer thick-
ness do, i.e., Kp=do < 1. However, at lower frequencies, Kp is around
2.5do, indicating that these structures are not confined to the boundary
layer, i.e., indicative of a strong local hydrodynamic field. As such, these
larger scale structures may be interpreted as the footprint of three-
dimensional vortical structures on the serration.

D. Temporal analysis of surface pressure fluctuations

Having addressed the spectral characteristics of the surface pres-
sure fluctuations, this section will provide an analysis of the temporal

FIG. 9. Magnitude-squared coherence,
c2p0i p0j
ðf ; nÞ, with respect to T1 (a) and (b)

along the centerline and (c) and (d) along
the edge of the serration for STR and
SER cases.

FIG. 10. Estimated span-wise integral length scales at x0=2h ¼ 0:59 for trans-
ducers located at 0 < Dz=2h < 2:4 with respect to T16 for the SER and STR
cases.
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characteristics of the surface pressure fluctuations. The time scales of
coherent structures within the boundary layer help to characterize the
turbulent boundary layer and understand the coherent structures pre-
sent in the flow. To determine the dominant time scales in the flow, an
auto-correlation analysis is performed for the unsteady surface pres-
sure fluctuations collected over the flat plate for both the STR and SER
cases. The auto-correlation function of the surface pressure fluctua-
tions is defined as

Rp0p0 ðx; y; sÞ ¼
p0ðx; tÞp0ðx; t þ sÞ

p02rmsðx; tÞ
; (3)

where p0 is the wall pressure signal from the transducer located at x,
p0rms is the root mean square of the pressure fluctuations p0 and s rep-
resents the time-delay between the signals.

Figure 11 is presented to identify and show the dominant time
scales in the wall pressure time records. Following the same approach
as with the previous figures, the auto-correlation results are presented
for the transducers at the centerline of the baseline straight trailing-
edge case [Fig. 11(a)], the centerline of the serrated trailing-edge
[Fig. 11(b)], and along the edge of the serrated trailing-edge
[Fig. 11(c)]. The results are plotted against normalized time delay,
s� ¼ sU1=2h. For the straight trailing-edge case, the results indicate a
fast decay of the Rp0p0 function for all transducers, exhibiting a typical
turbulent boundary layer behavior. For the serrated trailing-edge case,
however, the Rp0p0 functions for both the centerline and edge suggest a
more complex physical phenomenon when compared to the STR case.
The results for the centerline transducers, Fig. 11(b), suggest the pres-
ence of large scale structures, which are evident due to significantly
lower decay rates of the Rp0p0 curves for transducers around the apex of
the serration (T1, T3, and T6). Moreover, the sharp change of the
auto-correlation to a slower decay rate may be related to the presence
of two concurring mechanisms:14 a quasi-periodic hydrodynamic field
with the periodicity (or quasi-periodicity) and a fast-decaying event at
around s� ¼ 0. Moreover, the negative auto-correlation regions also
corroborate the interpretation as the foot-print of regular quasi-
periodic large scale structures.55 Hence, considering the Rp0p0 results in
conjunction with the coherence results and power spectral density
analysis, the presence of edge vortices generated along the edge of the
serration becomes more apparent. The results along the edge of the

serration, presented in Fig. 11(c), exhibit similar trends to the results
from the transducers along the centerline. However, it is nevertheless
worth noting the slight differences from the centerline results. The
results from transducers which lie on the same stream-wise distance at
the centerline and the edge of the serration, i.e., T2-T3, T5-T6, T13-
T10, and T36-T41, highlight two important differences. First, the large
scale motion is felt more strongly at the edge of the serration at T3
compared to the T2 and is evident due to a higher correlation magni-
tude. Moreover, at location T3 on the centerline, the kink on the Rp0p0

curve is smoother than its counterpart on the serration edge, T2.
Second, further upstream, the large scale quasi-periodic event is evi-
dent in the autocorrelation function for location T13 with a sudden
expansion. However, for the same stream-wise distance at T10, the
Rp0p0 curve exhibits a typical boundary layer behavior without any indi-
cation of a secondary event. These observations corroborate the gener-
ation of vortical structures at the edges of the serration.

To further understand the effect of serration on the flow field and
to elucidate the behavior of the vortical structures generated along the
edges of the serration, the convection velocities are studied through
space-time correlations (cross-correlations), defined as

Rp0p0 ðxi; xj; y; sÞ ¼
p0ðxi; tÞp0ðxj; t þ sÞ
p0rmsðxi; tÞp0rmsðxj; tÞ

; (4)

where p0i and p0j are the wall pressure fluctuations from transducers
located at two positions, namely, xi and xj, separated by the stream-
wise distance n. The delay between the peaks of the cross correlation
curves indicates the time required for flow structures to travel across
the distance between the transducers (n) to generate a similar surface
pressure signature. This time delay and the separation distance is then
used to calculate the convection velocity.56,57

Figure 12 presents the contour plots of the calculated cross corre-
lation functions along stream-wise direction 0:15 < x0=2h < 0:92 for
both serrated (SER) and straight trailing-edge (STR) cases. The results
for the centerline transducers are displayed in Figs. 12(a)–12(d) and
show the contour plots for the transducers along the edge of the serra-
tion. The vertical axis of the plots represents the spatial domain
(x0=2h), and the horizontal axis represents the normalized time delay
(sU1=2h). The ridges in the contour plots depict how the highly corre-
lated structures move from upstream toward the trailing-edge with time.

FIG. 11. Auto-correlation functions of wall
pressure fluctuations as a function of
s� ¼ sU1=2h for transducers along (a)
the centerline of straight trailing-edge (T1,
T3, T10, T16, and T41), (b) the centerline
of serrated trailing-edge (T1, T3, T6, T10,
and T16), and (c) the edge of the serration
(T1, T2, T5, T13, and T36).
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Therefore, the highly correlated region’s slope represents the con-
vection velocity at the trailing-edge. For the straight trailing-edge,
the estimated convection velocity at the centerline is approximately
0.70 U1, which is consistent with the literature.8,58,59 The presence
of the serration slightly reduces the convection velocity at the cen-
terline to approximately 0.65 U1, as shown in Fig. 12(b). However,
the magnitude of and the temporal extent of the correlation is sig-
nificantly higher for the serration case. To shed more light on the
flow structures along the serration edge, the cross correlation is also
estimated using the data from transducers along the serration edge.
The results suggest a convection path along the edge of the serration
with a significantly high correlation magnitude. However, the
observed convection path exhibit significantly lower velocities com-
pared to the centerline results (0.4 U1). Moreover, there is no dis-
cernible convection for the straight trailing-edge case for the
corresponding angled line of transducers. These observations are
consistent with the literature21 and corroborate the presence of vor-
tical structures along the serration edges. In addition, considering
the analytical prediction models in the literature, the frozen turbu-
lence assumption seems to be not fully valid as the turbulence struc-
tures, the velocity and the direction they are convected in are
affected by the serration’s presence.

E. Pressure–velocity coherence

To have a better understanding of the relationship between the
surface pressure fluctuations and the velocity field, a velocity-pressure

coherence (c2p0u0) study was carried out. The velocity-pressure coher-
ence is defined as

c2p0u0ðf Þ ¼
j/p0u0ðf Þj2

j/p0p0 ðf Þjj/u0u0 ðf Þj
urms

U1

� �2

; (5)

where c2p0u0ðf Þ represents the magnitude-squared coherence calculated
between a pressure and velocity signal, and /p0u0 denotes the cross-
power spectral density spectrum between those signals. The
magnitude-squared coherence is corrected with a normalization factor
following Zang et al.60 in order to eliminate any spurious regions of
elevated correlation at the transition region from boundary layer to
free-stream flow.

Figure 13 presents the results for the corrected magnitude-
squared coherence between the wall pressure signal and the velocity
signal obtained from hot-wire measurements over the transducer loca-
tions T36 (a, b), T13 (c, d), and T1 (e, f), for both the straight (STR)
and serrated (SER) trailing-edge cases. Schematics showing the loca-
tion of the measurement are also illustrated in each row to ease the
interpretation of the results. At the upstream location, T36, a strong
coherence is observed below y0=do < 0:5 for both STR and SER cases.
The highly correlated region below f¼ 200Hz is slightly stronger for
the STR case. Moreover, although the correlated regions’ spatial extent
is similar around the mid-frequencies, the STR case exhibits slightly
higher coherence values. The coherence between the pressure and
velocity is apparent until f¼ 4000Hz. Over transducer T13, at
x0=2h ¼ 0:59 and z=2h ¼ �0:24, the effect of the serration on the

FIG. 12. Contours of the cross correlation
function, Rpi pj , over the serrated region
with respect to transducer T1 along (a)
the centerline of straight trailing-edge,
(b) the centerline of serrated trailing-edge,
(c) the edge of the serration on straight
trailing-edge, and (d) the edge of the
serration on serrated trailing-edge.
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flow field becomesmore apparent. For the STR case, the coherence results
are similar to that of upstream location, T36. However, the coherence
results for the SER case suggest a sharp decrease at around 150< f
< 400Hz compared to the results of both the STR case and upstream
location of the SER case. Recalling the results of the energy spectra of the

pressure fluctuations, Fig. 6, it is interesting to note that the coherence
loss partially occurs over the spectral band where the energy content of
the surface pressure fluctuations increases significantly.

Further downstream, the coherence results for the STR case and
transducer T1 (x0=2h ¼ 0:15 and z=2h ¼ 0) suggest a loss of

FIG. 13. Contours of the velocity-pressure coherence, c2p0u0ðf Þ at locations (a) and (b) T36, (c) and (d) T13, and (e) and (f) T1 for STR and SER cases, respectively.
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coherence between pressure and velocity fluctuations for f < 100Hz.
The results of the SER case exhibit an emergence of two phenomena
at this location. First, the reduction observed at around 150< f
< 400Hz for T13 results can be observed for this case as well as with a
broadened bandwidth. At this location, the spectral band of reduced
coherence overlaps with the spectral band of increased energy content
of the surface pressure fluctuations. In addition, the broadband coher-
ence below f¼ 400Hz has almost vanished, with a small island of
coherence below f < 50Hz for y0=d0 < 0:05. Second, a region of
coherence has emerged at approximately f¼ 150Hz, with a spatial
extent up to y0=do ¼ 0:8. This new narrowband coherence island may
be the foot print of highly coherent structures generated on the serra-
tion edges, which amalgamate at the tip of the serration.

IV. CONCLUSION

An extensive experimental study was performed to explore and
understand the effect of the hydrodynamic field and scattering of the
pressure waves on the noise reduction performance of a robust
trailing-edge serration. Although the employed serration geometry
deviates from the optimal serration geometry descriptions in the litera-
ture, the results point toward the possibility of noise attenuation by
utilizing robust and large scale serrations. The beamforming results
suggest that the serration achieves a noise reduction of approximately
4 dB across the measured spectra. Moreover, the associated flow field
studies demonstrated some interesting results regarding the flow field
structures above a serrated trailing-edge. Despite the lack of difference
between the results of serrated and straight trailing-edges in terms of
the mean pressure and velocity quantities, the energy spectra of the
surface pressure fluctuations show a significant change. The energy
spectra of the unsteady surface pressure fluctuations show an increase
along the serration edge compared to the straight trailing-edge case, a
low-frequency energy increase associated with a hydrodynamic event
developing along the edges of the serration. The estimated convection
velocities suggest a slight decrease due to the presence of the serration
along the centerline. Moreover, the results also point toward a convec-
tion path along the edge of the serration with a markedly lower calcu-
lated velocities. The estimated integral-length scale at the center plane
of the serration demonstrates no significant change between the STR
and SER case at high frequencies. However, at low frequencies, where
the dominant hydrodynamic phenomenon occurs, the estimated
length scale displays a pronounced increase. Despite the presence of
the strong hydrodynamic field at low frequencies for the serrated
trailing-edge, a phase change was observed along the serration, which
may indicate the presence of destructive interference.

In conclusion, the results of this experimental investigation dem-
onstrate that a noise reduction is achievable for a broad range of fre-
quencies with large scale serrations. The limitations of the
beamforming technique at low frequencies avoid observing the far-
field effect for f < 600Hz, where strong hydrodynamics events are
observed. Despite the strong hydrodynamics field, i.e., increase in the
energy of surface pressure fluctuations at low frequencies, a phase dif-
ference of the pressure waves along the serration exist, which may be
interpreted as the footprint of generation of the destructive interfer-
ence. Exploring the underpinning physical mechanism of noise reduc-
tion and obtaining a comprehensive understanding of the capabilities
of serrations at low frequencies may require high-fidelity numerical

simulations, which may provide a simultaneous data set for both near-
field and far-field quantities.
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