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High-speed jets exhausting from engines, especially during takeoff, remain one of the main sources of
external aircraft noise. Regulations on aircraft noise levels in regions close to airports are very strict
and are forcing the aerospace industry to develop quieter aircrafts. Mixing enhancement devices at the
exit of nozzles, such as chevrons, have assisted in the reduction of noise levels for some time.
However, installation effects are becoming more intense due to highly integrated aircraft-engine config-
urations, which are currently employed by the aviation industry as an attempt to increase the aerody-
namic efficiency and to reduce noise. Consequently, these installation effects may interfere with the
noise reducing performance of such devices. This paper reports experimental investigations involving
the combined effect of a flat plate integrated with nozzles, both with and without chevrons, exhausting
cold subsonic jets. Assessment of the far-field noise was conducted for different Mach numbers and sev-
eral configurations formed by relative positions between the nozzle and the plate. In general, it was
observed that the acoustic benefit of chevrons, as found in isolated jets, remains effective in most of
installed configurations. Nevertheless, for highly integrated configurations the low-frequency noise
reduction provided by the chevron nozzle becomes almost negligible, whereas the increase of high-
frequency noise becomes substantial and the shielding effect is observed to decrease.

� 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Jet noise has been significantly reduced over the years, mainly
due to an increase in the bypass-ratio (BPR) in turbofan engines,
which reduces the velocity gradient and, consequently, the shear
stresses within the shear layer of exhausted jets. An increase in
the nacelle diameter, as found in modern high-BPR engines, has
allowed aircraft to operate with decreased exhaust flow velocities
without impacting the thrust [1]. These engines are capable of
operating with BPR values of up to 17 under cruise conditions
[1], with acoustic emissions improved by 20 EPNdB and 50% less
specific fuel consumption when compared to the first-generation
turbojet engines [2]. Nevertheless, the exhaust jet remains a major
source of aircraft noise, particularly during takeoff. Further noise
reduction by increasing the BPR does not seem to be viable due
to a number of drawbacks, such as difficulties associated with
the nacelle integration, weight increase and nacelle drag, which
may compromise the fuel consumption benefits [1,2].

The search for even quieter aircraft has led the aviation industry
to test innovative strategies including non-conventional aircraft
designs [3], distributed propulsive systems [4] and the use of por-
ous material under the wing [5]. Although these strategies seem
promising for reducing noise, they have several practical limita-
tions, particularly during the manufacturing process, besides retro-
fit issues. Therefore, alternative strategies for noise reduction that
do not considerably affect the manufacturing process must be fur-
ther explored.

Over the years, many experimental studies have been per-
formed in order to assess potential technologies for the reduction
of jet noise [6–9]. Among these technologies, the use of chevrons
at the trailing edge of turbofan engines has been successfully
applied to increase the mixing of jet flows [10] and for jet noise
reduction [11,12]. These devices induce streamwise vorticity in
the shear layer, leading to enhanced mixing and reduced potential
core length [13–15]. Additionally, chevrons reduce low-frequency
noise [14,15], which is commonly associated with large-scale
structures in the flow, and increase high-frequency noise, usually
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Nomenclature

camb speed of sound under ambient conditions
cj speed of sound under the conditions inside jet plume
Dj exit nozzle diameter/jet diameter
f frequency
h radial position/vertical height
BPR bypass-ratio
Ma acoustic Mach number
Mj local Mach number
NPR nozzle pressure ratio
Pt total pressure

Pamb ambient pressure
PSD power spectral density
PR power ratio
SPL sound pressure level
Tj jet temperature
Tamb ambient temperature
TR temperature ratio
Uj jet velocity
Xs surface length
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attributed to small-scale turbulent structures [14]. This is accom-
panied by the shifting of the flow noise sources to regions closer
to the nozzle and the peak noise to higher frequencies [16]. Hence,
noise reduction using chevron nozzles is essentially achieved by
shifting the acoustic energy to higher frequencies, which are more
easily attenuated by the atmosphere when compared to the low
frequency content.

It has been shown that significant noise reductions of up to
2.7 dB EPNL can be achieved using core and fan nozzles with chev-
rons in comparison to a baseline (round) nozzle, at the expense of
minimal thrust loss [17]. The chevron technology has been con-
stantly evolving in the search for greater aerodynamic efficiency
and noise reduction [18–20]. Currently, the latest generation of
chevrons is designed to also take into account the shock cell noise
[21] and the installation effect caused by the position of the engine
on the aircraft [19,20].

Although studies to investigate the effect of chevrons on the
flow and acoustic field have been elucidative, they have generally
been carried out by considering isolated jet tests [15,17,18]. In
the installed configuration, important interactions take place
between the exhaust jet and airframe components, such as the
wing, pylon and high-lift devices. These interactions generate addi-
tional noise sources and modify the resultant noise signature
[22,23]. For instance, the interaction between the pylon and the
exhausted jet creates flow features that are not present in the iso-
lated case [23]. These features interfere with the performance of
noise suppressing devices such as chevrons [23,24]. Another
instance takes place if a jet is in close proximity to the wing so that
the entrainment properties of flow are changed [25], leading to
flow deflection and enhanced levels of turbulence [26,27]. Conse-
quently, this results in intensified acoustic scattering and aug-
mented noise levels [28]. Moreover, the shielding effect, which is
dependent on the mounting side of the engine with respect to
the wing (above or below), plays an important role in determining
the amount of sound radiated to the surrounding community [29–
31]. The results of the experimental study suggest that the far-field
noise produced by an installed jet issued from a baseline nozzle is
significantly increased by reducing the nozzle-to-wing gulley
height, as well as by increasing the flap angle with respect to the
jet [32]. Additional investigations have shown that the presence
of an angled flap near the jet increases the noise levels by up to
9 dB at sideline measuring points [33].

In fact, previous studies on chevrons [10,11,13–17] and installa-
tion effects [18,22,29–33] have provided an interesting framework
to understand the mechanisms involved in noise generation by jet
engines. Nevertheless, little is known about the combined effect of
jets with chevron nozzles in close proximity to the wing [19,32,34].

The goal of this study was to investigate the combined effect of
installed jets with chevron nozzles. The experimental investigation
was based on a fundamental setup involving a jet-over-wing
mounting configuration, from which the influence of chevrons on
the jet-surface noise and on the shielding effects was assessed.
For these configurations, adequate engine positioning in relation
to the airframe is crucial in achieving reduced noise levels [35–
37]. The analysis herein is accomplished through measurements
of the far-field noise produced by cold subsonic jets issued from
baseline and chevron nozzles installed under a flat plate at differ-
ent cord (surface length) and vertical positions (radial positions).
The experiments were conducted for Strouhal values varying from
0.1 to 10, corresponding to a frequency range between 0.4 and
40 kHz and Mach numbers ranging from 0.5 to 0.9.

This paper has been organized into various sections. The section
‘Material and Methods’ provides details on the test setup adopted
in this investigation. The following section, ‘Results and Discussion’
presents the validation of the experimental setup and results for
weakly-integrated cases that take into account the nozzle types
SMC 000 and SMC 006 [15]. Additionally, the results for these
two nozzle geometries are presented for highly-integrated config-
urations in the following sub-section. Finally, the section ‘Conclu-
sions’ summarizes the main findings of this study.
2. Material and methods

The experiments were conducted at a jet rig facility of the Fed-
eral University of Santa Catarina [38] as depicted in Fig. 1. The
facility is composed of a conditioning unit {1} consisting of a com-
pressor, a heatless air dryer and a filter unit, connected to a 15 m3

air reservoir {2}. This system controls the air humidity, eliminates
the presence of solid particles and supplies a flow of steady dry air
at controlled temperature and pressure. The air flow from the
reservoir is controlled by an automated system composed of block
and control valves {3} to avoid pressure fluctuations and allow for
emergency shut-off of the air supply, if necessary. Before reaching
the test chamber, the air flow passes through a plenum {4} in order
to reduce the noise generated in the upstream pipeline due to flow
unsteadiness. The thermodynamic properties of air inside the ple-
num are used to evaluate the acoustic Mach number of the jet
based on the isentropic flow condition. The flow line terminates
in a 6-inch flange that allows for the connection of different noz-
zles. In the present work, tests were performed using 2-inch exit
diameter nozzles (Dj), originally investigated by Bridges and Brown
[15], with and without chevron (SMC 006 and SMC 000, respec-
tively). The tests are carried out in a 60 m3 fully anechoic chamber
{5} with a cut off frequency at around 400 Hz. The far-field sound is
acquired from an arc-shaped array containing ten free-field 1/400

microphones distributed from 60 to 150 degrees at 10 degree
intervals. The array of microphones is centered on the nozzle exit
at a radial distance of 2.33 m (�44 Dj) in order to ensure a far-
field condition. The measurements were conducted with a multi-
channel acquisition card having a maximum sampling rate of
204.8 kS/s per channel. Data acquisition was performed by a Lab-



Fig. 1. Jet rig facility at the Federal University of Santa Catarina. 1 – Conditioning unit, 2 – Air reservoir, 3 – Block and control valves, 4 – Plenum, 5 – Test chamber, 6 – Control
room.
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View routine using intervals of 8 s, a 3 Hz high-pass filter and a
sampling rate of 120 kHz. All facility operations are executed from
a control room next to the test chamber {6}.

The measurements were carried out with two main objectives:
(i) to assess the effect of surface length (Xs) and radial position (h)
on the jet noise; and (ii) to determine how the chevrons modify the
resulting noise associated with installed configurations (Fig. 2).

Experimental data available in literature for installed jets issued
from nozzle SMC 000 near a flat plate under different flow condi-
tions were adopted to validate our measurements [39]. Table 1
provides information on the flow conditions investigated for the
nozzle without chevrons (SMC 000) and for the chevron nozzle
(SMC 006). Approximately the same flow conditions were used
to measure the jet noise originating from both nozzles located at
different positions in relation to the flat plate (Table 2).

The plate was made of aluminum segments (0.500 thickness) that
could be connected to each other in order to change the plate effec-
tive length, as depicted in Fig. 2. The total span of the plate was 30
Dj (�1.524 m) and the maximum length was 21.6 Dj (�1.097 m).
Fig. 2. Coordinate system adopted and nomenclature used to describ
The trailing edge of the plate was milled with a chamfer of approx-
imately 45� to produce a sharp end oriented in the same direction
as the flow. The plate was mounted on an automated arm, which
controlled its movement in the radial direction, h/Dj, from 0.0 to
6.0, and in the axial direction, Xs/Dj, from 0.65 to 21, both the direc-
tions are normalized by the nozzle exit diameter.

The first two segments of the plate are attached to the position-
ing system and are always in place. The plate can be freely moved
backwards along the x axis when h/Dj P 2.0, allowing 0.65 6 Xs/Dj

6 12, but this is not the case for h/Dj 6j 1.0 due to the presence of
the nozzle. Hence, when h/ Dj 6 1.0, the leading edge of the plate is
placed in line with the nozzle exit plane and the surface lengths Xs/
Dj of 14.5 and 21 are obtained by using the plate with two and
three segments, respectively, combined with the shorter segment
of the trailing edge.

In the first set of experiments, weakly-coupled installation con-
figurations (2.0 � h/Dj � 6.0) were tested with 8 different surface
lengths from Xs/Dj = 0.65 to Xs/Dj = 12, as shown in Table 2. In
the second set of tests highly integrated installation configurations
e surface lengths (Xs/Dj) and radial positions (h/Dj) investigated.



Table 1
Setpoints, nozzle geometries and jet operating conditions.

Cases Nozzle NPR (Pt/Pamb) TR Tj/Tamb Ma (Uj/Camb) Mj (Uj/Cj)

1 SMC 000 1.200 0.988 0.5 0.516
2 SMC 000 1.301 0.966 0.6 0.625
3 SMC 000 1.452 0.875 0.7 0.749
4 SMC 000 1.633 0.913 0.8 0.867
5 SMC 000 1.855 0.891 0.9 0.983
6 SMC 006 1.202 0.916 0.5 0.519
7 SMC 006 1.304 0.938 0.6 0.627
8 SMC 006 1.439 0.904 0.7 0.739
9 SMC 006 1.619 0.866 0.8 0.858
10 SMC 006 1.858 0.832 0.9 0.984

Table 2
Surface lengths (Xs/Dj) and radial positions (h/Dj) used in measurements of installed
jet.

Cases Surface lengths (Xs/Dj) Radial positions (h/Dj)

1 to 10 0.65 2.0, 3.0, 4.0, 6.0
1 to 10 1.35 2.0, 3.0, 4.0, 6.0
1 to 10 2.0 2.0, 3.0, 4.0, 6.0
1 to 10 4.0 2.0, 3.0, 4.0, 6.0
1 to 10 6.0 2.0, 3.0, 4.0, 6.0
1 to 10 8.0 2.0, 3.0, 4.0, 6.0
1 to 10 10.0 2.0, 3.0, 4.0, 6.0
1 to 10 12.0 2.0, 3.0, 4.0, 6.0
1 to 10 14.5 0.0, 0.5, 1.0
1 to 10 21 0.0, 0.5, 1.0

Fig. 3. PSD results obtained in this study (Mj = 0.516; Xs/Dj = 6 and h/Dj = 2.0) and
by Brown [39] (Mj = 0.513; Xs/Dj = 6 and h/Dj = 1.6 and 2.5).
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(0.0 � h/Dj � 1.0) were assessed for two surface lengths, namely
Xs/Dj = 14.5 and 21. For the far-field acoustic measurements the
surface was placed above the nozzle, as shown in Fig. 2. The
‘‘shielded” side of the plate was chosen for carrying out the exper-
iments for several reasons. Firstly, the diffraction effect caused by
the trailing edge is more significant on this side [40]. On the
reflected side, the sound waves due to the interaction of the jet
and the trailing edge need to cross the jet flow before they reach
the microphones. Thus, information related to the frequency con-
tent and noise level can be lost due to blockage and refraction
effects [25,41,42]. Secondly, there is great similarity between the
power spectral densities of the shielded and reflected sides of the
plate as far as low frequency is concerned [25].

Moreover, the position of the plate allows the determination of
the installation effects associated with current strategies which
involve changes in the aircraft design, such as installing the engine
above the wing. In addition, Fig. 2 shows the reference system for
the x, y and z coordinates, which are normalized to the nozzle exit
diameter (Dj). As can be seen, the system origin is located on the
centerline of the nozzle exit plane. The positive direction of the
x-axis points to the main jet stream, whereas the y-axis is parallel
to the surface and the z-axis is normal to the surface.

The noise data presented next refer to the microphone at a polar
angle, h, of 90� and an azimuthal angle, W, of 0�. Therefore, the
sound propagation effects can be neglected. Acoustic measure-
ments were conducted at a distance of 44 Dj (�2.23 m) from the
nozzle exit and scaled to 100 Dj without applying a correction for
atmospheric attenuation.

A total of 380 jet configurations were tested with different noz-
zles and Mach numbers ranging from 0.5 to 0.9. In order to com-
pare the results with those provided in previous literature, noise
data were acquired in terms of narrow-band Power Spectral Den-
sity (PSD) with a resolution of 10 Hz and converted into 1/12
octave bands as a function of the Strouhal number (St = f Dj/Uj).
The 1/12 octave bandwidth was chosen in order to track the peak
noise behavior for different configurations.
3. Results and dicussion

This section initially presents a comparison between the cur-
rent results and those provided by the literature in terms of PSD,
considering only the baseline nozzle (SMC 000), for the purpose
of validation. Thereafter, the results for weakly and highly inte-
grated jet-plate configurations considering both baseline and chev-
ron nozzles are compared and discussed.

3.1. Validation of experimental data

Results for PSD were obtained for installed jets issued from the
nozzle without chevrons (SMC 000) and compared with the data
reported by Brown [39]. Fig. 3 shows such measurements for
Mj = 0.516, Xs/Dj = 6. Brown [39] did not report the data for the
radial position h/Dj = 2, however two similar positions were used
in comparison for this paper’s study, namely h/Dj = 1.6 and 2.5.
Despite these differences in the h/Dj value, good agreement was
found with deviations smaller than 1 dB for most of the Strouhal
number range. The greater difference observed between the PSD
curves at low Strouhal numbers is associated with the fact that
noise levels are more sensitive to the plate radial position h/Dj at
low frequencies, whose values are different for the three curves.
This phenomenon seems to be associated with a distribution of
dipoles at the trailing edge caused by the direct interaction of
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the jet plume with the plate, as firstly reported by Head and Fisher
[43] and more recently by Lawrence [25].
3.2. Installed jets from nozzles SMC 000 and SMC 006: Weakly-
integrated configurations

The measurements revealed that the installation effect due to
the presence of the plate is significant only for configurations with
Xs/Dj � 2, when 2 � h/Dj � 6. Moreover, the most significant
increase in terms of PSD takes place for h/Dj = 2. This implies that
the plate modifies the resulting PSD curve without interacting
directly with the hydrodynamic near-field of the jet. These obser-
vations are coherent with results presented by Cavalieri et al.
[44] and Brown and Wernet [45]. In contrast, for configurations
with Xs/Dj < 2 and 2 � h/Dj � 6, the results were found to be similar
Fig. 4. PSD results for isolated and installed jet configurations with Xs/Dj = 8 and h/Dj =
SMC 006.
to those observed for isolated jets (data for these configurations are
not reported here).

Fig. 4 shows the PSD results for the isolated and installed con-
figurations, with Xs/Dj = 8 and h/Dj = 2, for the nozzle without
chevrons (Fig. 4a) and for the nozzle with the chevron termination
(Fig. 4b). When compared to the isolated cases, the increases in
PSD found in the low-frequency region seen in Fig. 4a and b are
attributed to sound diffraction and acoustic scattering generated
by the plate. The combination of these effects is referred to here
as jet-surface interaction noise. It should be noted that the noise
data presented in Fig. 4 were adjusted to a single plot. Interestingly
the increases in PSD due to the jet-surface interaction for Mach 0.5,
as seen in Fig. 4a, are restricted to a narrow range of Strouhal num-
bers. Nevertheless, they present significant differences in magni-
tude when compared to the respective isolated case.
2 considering Mach numbers of 0.5, 0.7 and 0.9: (a) nozzle SMC 000 and (b) nozzle
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As the Mach increases to 0.9, the differences in the noise levels
for installed and isolated cases become smaller and the Strouhal
range at which the PSD increase takes place becomes wider. This
can be explained by the dependence of prevailing sound sources
on the jet velocity in each situation. Under isolated jet conditions
the noise levels are solely associated with the turbulent mixing,
which are characterized by quadrupole sources with sound inten-
sity proportional to the eighth power of the jet velocity (/ Uj

8). On
the other hand, when the surface is close to the jet in the installed
configuration, dipole-type sources are dominant when M ! 0,
since their sound intensity varies with values between the fifth
and sixth powers of the jet velocity (/ Uj

5 to Uj
6), depending on

the trailing edge geometry [46]. In fact, one can express the power
ratio, PR, between the acoustic powers produced by dipoles and

quadrupoles in terms of Mach number by PR � 1=ðMcÞ3, where c
Fig. 5. PSD results for isolated and installed jet configurations with Xs/Dj = 12 and h/Dj =
SMC 006.
is the constant speed of sound. This expression for PR shows that
the contribution of dipoles exceeds that of quadrupoles by a factor
of � 1=M3, i.e., it becomes more significant as M ! 0. Therefore,
the sound intensity of quadrupole and dipole sources increase with
the jet velocity, but their relative difference is reduced as M ! 1.
Hence, the contribution of dipole sources to the PSD is much
greater than that of the quadrupole sources for Mach number of
0.5.and decreases as M ! 1. This explains the greatest difference
in the PSD values for the installed and isolated jet cases at Mach
0.5. As the Mach number is increased to Mach 0.9, the difference
between the contributions from quadrupole and dipole
sources decreases and the difference between the noise levels of
installed and isolated jet configurations is reduced. This is an
expected behavior according to Lawrence et al. [47] and Brown
[39,48].
2 considering Mach numbers of 0.5, 0.7 and 0.9: (a) nozzle SMC 000 and (b) nozzle
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Fig. 4b shows a similar behavior for the PSD values associated
with the chevron nozzle (SMC 006) and the same installation con-
figuration (Xs/Dj = 8 and h/Dj = 2). However, the increase in the
noise associated with the chevron nozzle takes place at a narrower
Strouhal region when compared with the baseline nozzle. More-
over, the difference between the noise levels of installed and iso-
lated cases slightly increases in proportion to the Mach number.
This is the opposite of that observed for the baseline nozzle. This
phenomenon is related to the jet spreading caused by the chevrons,
which acts to thicken the vortex sheet as the Mach number is
increased. It has been thoroughly discussed that, for isolated jet
cases, the effectiveness of chevrons in noise reduction increases
with the Mach number [49]. Nevertheless, for the installed jet con-
dition, particularly when Xs/Dj = 8 and h/Dj = 2, the increase in
Mach number implies an increase of acoustic scattering and
reduces the sound diffraction, thereby limiting the noise increase
Fig. 6. Comparison of PSD results for nozzles SMC 000 and SMC 006: (a) h/Dj = 2;
Xs/Dj = 8; (b) h/Dj = 2; Xs/Dj = 12.
to low Strouhal values. Additionally, as can be seen in Fig. 4b, the
maximum difference between the PSD curves of installed and iso-
lated configurations does not change significantly with the Mach
number in the range 0.1 � St � 0.2, remaining at around 10 dB.

At high Strouhal numbers, the noise reduction for the chevron
nozzle is significantly higher than that of the baseline nozzle. This
result is consistent with the observations of Nikam and Sharma
[16] and can be explained, as previously mentioned, by the concen-
tration of high frequency sound sources (small turbulence scales)
at a region closer to the nozzle exit. This acts to enhance the role
of the plate as an efficient sound barrier, given that high-
frequency sources have a low diffraction capability. Therefore, in
comparison to the nozzle without chevrons (SMC 000), a greater
noise reduction due to shielding effect can be achieved with the
chevron nozzle (SMC 006) for the same surface length. Likewise,
the same noise reduction can be achieved for nozzles with and
Fig. 7. PSD results for highly integrated configurations with Xs/Dj = 21 and h/
Dj = [0.0,0.5,1.0] considering nozzle SMC 000: (a) Mach 0.5 and (b) Mach 0.9.
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without chevrons when considering a shorter surface length for
the first case.

For long surface lengths (Xs/Dj = 12) and the same radial posi-
tion (h/Dj = 2) shown in Fig. 5, the jet plume begins to interact
directly with the surface trailing edge for both nozzles tested. In
this situation, the sound diffraction is reduced due to the increase
in surface length. On the other hand, this direct interaction
between the jet and the trailing edge significantly increases the
acoustic scattering caused by the plate and creates a jet redirec-
tion. As a result, the noise reducing performance of the chevron
nozzle is diminished but the overall acoustic benefits are kept to
some extent. This is because the increase of noise associated with
the chevron nozzle is still smaller and takes place in a stricter
Strouhal range (Fig. 5b) in comparison to the baseline nozzle
(Fig. 5a). This phenomenon becomes more evident when compar-
ing the results for both nozzles (Fig. 6a and b) with weakly-
integrated configurations (Xs/Dj � 2).
Fig. 8. PSD results for highly integrated configurations with Xs/Dj = 21 and h/
Dj = [0.0, 0.5, 1.0] considering nozzle SMC 006: (a) Mach 0.5 and (b) Mach 0.9.
As explained before, the chevron nozzle (SMC 006), in compar-
ison to the baseline (SMC 000), reduces the peak noise that occurs
at low Strouhal values and brings about noise reduction through-
out the Strouhal range. Such differences in the noise levels are
related to the interference caused by the chevron nozzle on sound
diffraction and acoustic scattering generated by the plate for the
different installation configurations analyzed.
3.3. Installed jets from nozzles SMC 000 and SMC 006: Highly-
integrated configurations

This section reports the results for surface lengths with Xs/Dj =
[14.5, 21] and radial positions h/Dj = [0.0, 0.5, 1.0], for both the noz-
zles at Mach 0.5 and 0.9, and with the microphone positioned at
polar angle of 90�. The measurements for all of highly-integrated
configurations revealed increased noise levels at low Strouhal val-
Fig. 9. PSD results for the nozzles SMC 000 and SMC 006 with h/Dj = [0.0, 0.5, 1.0]
and Xs/Dj = 21: (a) Mach 0.5 and (b) Mach 0.9.
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ues, nevertheless, the noise reduction due to the shielding effect at
high Strouhal numbers becomes smaller as the radial position
decreases. Additionally, slight variations in the radial position led
to significant differences in the noise levels. For this reason, the
radial distance is considered as the most influential parameter
among those analyzed in this work (besides nozzle geometry, sur-
face length and Mach number).

Similar behavior was observed for the two nozzles, particularly
in the low-frequency region (St < 0.4). This suggests that, for the
Mach number range investigated, the effect of the surface position
relative to the nozzle has more influence on the noise levels than
the effect associated with the nozzle geometry. According to the
PSD values for Xs/Dj = 21 and both baseline (Fig. 7a and b) and
chevron nozzles (Fig. 8a and b), the increment in noise levels are
even more significant and generally take place in an even stricter
Strouhal number range (St < 0.3) when compared to the results
for weakly-integrated configurations. This might be explained by
the length of the surface, through which only long wavelengths
(i.e. low frequencies) can be diffracted. Additionally, when the
plate is very close to the flow the surface trailing edge is immersed
in the jet plume, thus enhancing the acoustic scattering and inten-
sifying the jet redirection. This acts to increase the noise levels at
low Strouhal values and to restrict the noise reduction due to
shielding effect in high Strouhal values. The PSD results for the sur-
face length equal to Xs/Dj = 14.5 are very similar to those for Xs/
Dj = 21 and, for this reason, these data are not presented in this
paper. However, it is important to mention that the behavior of
the chevron nozzle at Mach 0.5 and Xs/Dj = 21 is significantly dif-
ferent from the previous cases.

As can be seen in Fig. 8a for values of h/Dj = 0.5 to h/Dj = 0.0 and
Mach 0.5, considerable increases in the noise levels are observed at
mid Strouhal values. However, this increase of noise level at mid
Strouhal number is not visible when the Mach number is increased
to 0.9 (Fig. 8b). The same phenomenon has been recently observed
by Lawrence [25]. As firstly reported by Head and Fisher [43], the
broadband increase in the low-frequency region, as indicated in
Fig. 8a, particularly for h/D = 0, seems to be associated with a dis-
tribution of dipoles at the trailing edge caused by the direct inter-
action of the jet plume with the plate. This effect increases as h and
M decrease. On the other hand, when M ! 1, the contributions of
quadrupole sources become significant. As a consequence, the con-
tribution of quadrupoles on the PSD acts to mask the dipole effect.
For this reason, the low-frequency increase caused by the dipole
distribution cannot be clearly identified in Fig. 8b. In other words,
there appears to be a limit to the proximity between the chevron
nozzle and the surface which must be respected in order to pre-
serve the acoustic benefits obtained from the use of chevrons, par-
ticularly in the medium Strouhal values and lower Mach numbers.

For the same configuration (Xs/Dj = 21 and h/Dj = [0.0, 0.5, 1.0])
with the chevron nozzle and Mach number of 0.9 (Fig. 8b), the
results appear to be similar to those of the baseline nozzle (Fig. 7b)
at low Strouhal values. Nevertheless, at high Strouhal values the
noise reduction due to the shielding effect is less significant than
that for the baseline nozzle. This reduction becomes even smaller
as radial position decreases. This trend becomes evident when
comparing the results obtained for both nozzles at Mach 0.5 and
0.9 (Fig. 9a and b, respectively).
4. Conclusions

This paper reported an experimental study on jet noise which
investigated the combined effects involving a serrated nozzle clo-
sely installed to a flat plate for cold subsonic jets. The influence
of chevrons on the jet-surface noise and on the shielding effect
was analyzed for jet-over-wing mounting configurations. For
weakly integrated configurations (2 � h/Dj � 6), it was observed
that noise levels increase with the surface length and decrease
with the radial position, as has also been found in other similar
works. Additionally, the differences between the noise levels for
isolated and installed jet configurations at low Strouhal values
were observed to decrease for the baseline nozzle (SMC 000) and
to increase for the chevron nozzle (SMC 006) as functions of the
Mach number. For weakly integrated configurations, the chevron
nozzle was found to reduce noise levels throughout the Strouhal
number and to have more expressive noise reduction due to the
shielding effect, particularly for the longer surfaces and higher
Mach numbers. On the other hand, for highly integrated jet config-
urations (0 � h/Dj � 1) the acoustic benefits of chevrons were sig-
nificantly reduced. In fact, the chevron nozzle was observed to
increase the noise levels, mainly at medium and high Strouhal val-
ues, as well as to have a reduced shielding effect. This phenomenon
is attributed to a higher jet spreading produced by the chevron
nozzle which increases the interaction between the flow and the
plate and intensifies jet redirection effects. Finally, similar effects
on noise levels were observed for all the configurations and nozzles
tested, especially in low Strouhal values, for the case of very long
surfaces (Xs/Dj � 14.5) and small values for the radial position (h/
Dj � 1). In such cases, the effect of the surface position relative to
the nozzle is stronger than that of the nozzle geometry. The radial
position was found to be the most influential parameter which
implies that small variations of its value correspond to significant
variations in the generated noise, particularly for highly integrated
configurations.
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