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Abstract
From the start of the 21st century, noise regulations around airports have become more stringent
due to the environmental impact that noise pollution has on society. As the future growth of the
aircraft industry becomes constrained by its noise emissions, engine manufacturers have worked in
new solutions to reduce the overall aircraft noise. Jet noise, which radiates from the exhaust jet of
an aircraft engine, is a major component of aircraft noise. The current state of the art in passive
jet noise reduction technology is represented by chevron nozzles. These nozzles feature triangular
serrations in the nozzle trailing edge, which enhance the mixing between the jet and the ambient air
to yield a rapid decay of the jet plume and consequently to reduced jet noise. The objective of this
work is to experimentally test, in an aeroacoustic wind tunnel facility, the noise reduction capacity
of a chevron nozzle. This was done by comparing noise levels radiated from the jet with the chevron
nozzle installed and a common circular nozzle. The results revealed that there is no significant benefit
in using a chevron nozzle for the velocity ranges tested. Even though the general trend is to slightly
attenuate noise across the entire spectrum, for some specific frequency bands the chevrons tend to
highly increase the noise levels resulting in an overall prejudice. An additional opportunity arose to
experimentally verify the effect jet shear layers have on sound transmission. The results revealed a
reallocation of acoustic energy of the sound wave into other frequencies, illustrating the phenomenon
of spectral broadening.
Keywords: aircraft noise, jet noise reduction, aeroacoustic wind tunnel, chevron nozzle, spectral
broadening

1. Introduction

bulence produced from this instability becomes the
roar of the engine. While exploring various flow
control methods to reduce jet noise, the solution
found by engine manufacturers was to encourage a
faster mixing between the surrounding fluid and the
jet flow, which would result in a reduction of the jet
effective velocity and consequently to a reduction of
noise levels. This faster mixing would be a result
of a series of sawtooth-like patterns at the trailing
edge of the engine nozzle called chevrons. A chevron
nozzle is normally characterized by three geometric
parameters. The chevron count, penetration and
length. The chevron count is the number of existing triangular serrations around the circumference
of the nozzle. The chevron penetration is the difference between the tip and base radii of the chevron
and is usually expressed as a penetration depth or
taper angle. At last, the chevron length is the distance between the edge and tip of each serration.
Several studies were presented on the benefit of
chevrons for jet noise reduction. Bridges and Brown
[2] studied a parametric family of chevron nozzles

1.1. Chevron nozzles
The increasing demand for transportation is resulting in skies filled with aircraft as air traffic becomes more and more congested. The fact that air
transportation is growing so rapidly it is also being reflected in a huge increase in noise pollution in
areas closer to airports. Over the last decades, aviation authorities have begun to impose stricter noise
regulations and new proposals for aircraft noise certification standards [1]. This, in turn, has driven research in the area of aeroacoustics which deals with
understanding aerodynamically generated sound.
The peak noise from an aircraft occurs during its
landing and take-off phase and it is predominantly
caused by the high-speed exhaust stream that leaves
the nozzle at the rear of the engine, normally referred to as jet noise. The interaction between the
high-speed flow exhausting from the engine and the
steady outside flow surrounding it creates tremendous shear that quickly becomes unstable. The tur1

and investigated the relationship between the geometric characteristics of the chevron, the flow characteristics, and far-field noise. A total of ten different models were tested, varying chevron count,
penetration, length, and symmetry. The authors
concluded that the chevron length did not have
a major influence on the results. On the other
hand, chevron penetration increased high-frequency
noise and reduced low-frequency noise, especially
for low chevron count. High chevron count resulted
in low-frequency reductions without high-frequency
penalty.
Callender et al. [3], experimentally investigated
single and dual flows for a baseline inner nozzle
and different designs of chevron nozzles. Tests were
performed with varying number of lobes and levels of penetration to study the effect of the different chevron characteristics on far-field acoustics.
The acoustic results presented, that included both
overall sound pressure level and directivity data,
showed the chevron nozzles were most effective at
lower frequencies and aft angles. In terms of geometric characteristics, the chevron penetration was
concluded to directly influence the shear-layer mixing, and eventually, the higher penetration led to
high-frequency noise generation. The data also confirmed that the noise reduction of specific chevron
configuration strongly depends on the velocity difference between the inner and outer flow streams of
the nozzle.
Tide and Srinivasan [4] presented a couple of
new chevron concepts, including a sinusoidal design,
and evaluated their noise reduction performance.
The experiments were conducted for Mach numbers ranging from 0.75 to 1.70. They concluded
that both symmetric chevrons provided a reduction
in OASPL of 2.5dB, however at higher values of
pressure ratios the sinusoidal chevron shows better
noise reduction benefits for all emission angles due
to the influence of the smooth chevron lobe profile.
Mohan and Doty [5] studied the possibility of using piezoelectrically-activated chevrons for jet noise
reduction. Circular nozzles, static chevron nozzles, and piezoelectrically-activated chevron nozzles
were tested. The authors observed that low excitation frequencies and amplitudes were good operating conditions for piezoelectric actuators. They also
concluded that the nozzles with piezoelectricallyactivated chevrons reduced jet noise up to 2 dB beyond the static chevron benefit, over a wide range
of frequencies and observer angles.
By gathering the information and techniques presented in the extensive works published on the
acoustic benefit of chevron nozzles, this study seeks
to experimentally verify whether or not chevrons
bring significant benefit in terms of noise reduction
at the working conditions of the aeroacoustic wind

tunnel of IST, Lisbon.
1.2. Sound Propagation Through Shear Layers in
open-jet Wind Tunnels
In the context of aeroacoustic measurements, a
new opportunity arose to experimentally verify the
phenomenon of spectral broadening associated with
the transmission of sound through the shear layer of
the wind tunnel jet. A brief literature review of fundamental work concerning this topic is introduced
next.
When aeroacoustic tests are performed in openjet tunnels, the microphones are usually placed outside the tunnel flow while the model (source) is typically placed inside the core of the jet. Experimental
results have been published which show that when
discrete tones propagate through the turbulent free
jet shear layer, they are broadened in the frequency
domain accompanied by a reduction in the amplitude of the tone. The changes in the spectral shape
under various conditions were then concluded to be
a direct cause of a time delay provoked by the encounter of sound waves with turbulent eddies. This
reallocation of acoustic energy of the sound wave
into other propagation directions and frequencies is
best known in the literature as ’spectral broadening’
or ’haystacking’. The typical broadened spectrum
yields two side lobes around the main spectral peak
and a reduced peak level
Candel, Julliene & Julliand [6] were the first to
present preliminary results for turbulence scattering
by the jet shear layer on their work on the refraction
theory for a circular jet. The authors conducted
a series of experimental tests at the von Karman
Institute using a 3 m diameter open-jet wind tunnel. A sound source was positioned at the centerline
of the jet producing pure tones of varying frequencies, from 4 kHz to 20 kHz. A microphone located
at a polar angle of 90 degrees was used to measure the propagating sound. Jet velocities tested
ranged from 20 m/s to 60 m/s. From the experimental results, the authors concluded that the spectral broadening increases with increasing wind tunnel velocity, source frequency and the shear layer
thickness associated with varying microphones and
source positions. In terms of the appearance of two
side lobes on the sound spectrum, it was concluded
that their location on the frequency axis (∆f± ) is
independent of source frequency, but increases with
increasing wind tunnel velocity and decreases with
increasing shear layer thickness.
Later on, Ahuja et al. [7] also included an exploratory study of turbulence scattering at low jet
Mach numbers and low acoustic source frequencies. Moreover, thorough theoretical studies have
been carried out by Campos [8, 9] and Cargill
[10]. More recently, another major experimental
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work was done on the subject by and P. Sijtsma
et al. [11], on which the authors derived a theoretical model to predict the scattering properties
of sound transmitting through a shear layer and
later performed experimental tests to validate that
same model. Those tests were conducted at the
DNW-PLST open-jet wind tunnel. Acoustic measurements were performed using a speaker that was
installed slightly recessed in the nozzle extension
plate. The measurements were conducted at tunnel
velocities of 20, 40, and 60 m/s, and the loudspeaker
produced tonal sound with frequencies between 4
kHz and 30 kHz. The results obtained were in accordance with the ones obtained by Candel et al.. A
series of computational aero-acosutics studies were
performed by Erwert et al. [12] and a derivation
of a weak scattering model by McAlpine et al. [13]
that correctly predicted the general trends observed
in experiments, but did not provide a simple correction method for shear layer broadening.

panel that the electric motor operational frequency
is adjusted to vary the wind tunnel speed.
2.2. Nozzles
Figure 2 shows the two nozzles that were tested
as part of the present experimental study. The first
being a baseline circular nozzle and the second a
nozzle with chevrons. Both convergent nozzles were
mounted directly at the exit of the wind tunnel and
had a length of 50 cm and an exit diameter of 1.40
meters. The chevron nozzle had 12 equally spaced
chevrons, a chevron length of 34 cm and a chevron
penetration of 3.4 cm. For the spectral broadening
analysis the tests were performed without nozzle
installed.

2. Experimental Set-up
2.1. Facility
Aerodynamic and acoustic data were collected at
the IST Aeroacoustic wind-tunnel. This facility features a U-shaped closed return wind tunnel (Figure
1) that originally had an open-test section, however, a few years after the installation an anechoic
chamber was built to enclosure the test section.

Figure 2: Circular and chevron nozzles installed in
the wind tunnel exit.
2.3. Instrumentation
2.3.1

Flow Velocity Profile Measurements

A series of tests were conducted with the final objective of obtaining the velocity profile and
shear layer characteristics of the free jet inside the
anechoic chamber, whose characteristics have been
proved to affect sound propagation. The only equipment used was the pitot tube and it’s auxiliary devices as shown in Figure 3. The voltage displayed
by the voltmeter was read manually and with it,
the flow speed was calculated. The voltage was also
read before the wind-tunnel was turned on and after it was turned off, to use those numbers as a
reference offset value.
For the spectral broadening study, meaning without nozzle, three different stream-wise positions
were tested, xP 1 = 0.75m, xP 2 = 1.90m and
xP 3 = 2.70m. For each position, the flow speed was
recorded for more than 100 different points along
the cross-stream direction (y) as illustrated by the
three red dashed lines in Figure 4. The distance

Figure 1: Sketch of the IST aeroacoustic windtunnel. [14]
A 7 blade fan powered by a 200 kW electric motor accelerates the flow to a maximum velocity of
50 m/s. The wind tunnel has a circular exit with
approximately 1.5 meters. The anechoic chamber is
covered with foam wedges with a tip-to-base depth
of 0.285 m which theoretically provide a cut-off frequency of 80Hz. The usable volume of the chamber
is approximately 4.3 × 3.2 × 2.7 meters (L × W
× H). To facilitate movement inside the chamber,
a grid floor was installed. The main power panel
of the wind tunnel is located at the entrance of the
lab and the control panel is located next to the entrance of the anechoic chamber. It is in the control
3

2.3.2

between each measurement point along the same
position line varied between 1, 5 and 10 cm. In regions closer to the limits of the wind-tunnel exit,
measurements were done with intervals of 1 cm to
guarantee that the starting and ending points of
the mixing zone were accurately identified. On the
other hand, as the measurements started to go near
the centreline of the jet, spacing was increased to
5 or even 10 cm. The electric motor operational
frequencies (EMOF) tested were 7, 14 and 21 Hz.
These were believed to correspond, based on the
correlation presented in [15], to 10, 20 and 30 m/s.
However, from preliminary tests, it was known not
to be true. Instead of 10 m/s the frequency setting of 7 Hz resulted in velocities of 9.5 m/s, the
14 Hz of 19 m/s and the 21 Hz of 28.5 m/s. Although they did not exactly match those values, it
was decided to keep these three frequency settings
for the final tests in a way that it is easier to stabilize
the wind-tunnel control panel at those frequencies
rather than having decimal points.

Acoustic Measurements

Far-field acoustic measurements were made with
an array of five Brel & Kjr (B & K) type 4958 -inch
pre-polarized microphones. The microphones were
fixed in a support bar inside the anechoic chamber
at different angles from the jet center line. The
microphone array is capable of capturing data at
jet directivity angles ranging from 60 to 120 deg,
with the directivity angle being measured from the
jet centreline such that the flow direction is defined
as 180 deg.

Figure 5: Plant view of the anechoic chamber with
the microphone and speaker positions.
To analyse the sound propagation through the
shear layer, a loudspeaker was positioned on the
opposite side of the microphones at the same axial
positions as for the aerodynamic experiments. For
each speaker position, pure tones of 0.5, 1, 2.5, 4
Figure 3: 1 - Pitot Tube; 2 - Signal conditioner; 3 - and 8 kHz were played.
At some point of the investigation on noise reDifferential pressure transducer; 4 - Voltmeter.
duction by chevrons, the speaker was also used to
amplify a certain frequency tone and to facilitate
For the jet noise reduction study only the inter- the comparison between noise spectra.
mediate position was tested, xP 2 = 1.90m and only
the higher motor operational settings, 14 and 21
Hz. The exact same procedure was used to acquire
the aerodynamic data.

Figure 6: Support bar used to fix the microphones
and speaker position between foam wedges.
2.4. Data acquisition and Processing
The three main components of the Data Acquisition System are the sensors, the DAQ device, and
the computer. Sensors, also known as transducers, converts the physical phenomenon that is being
studied into a measurable electric signal. AS previously described, for the present experiments two
types of sensors were used, microphones and a pitot
tube.

Figure 4: Schematics of the flow velocity tests set
up.
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The sensor outputs an electrical analog signal
that contains the information on the phenomenon
measured. An analog signal can not be read directly by a computer and so a device is needed to
act as an interface between the sensor and the computer. This instrument is called a DAQ board or
device and its primary function is to digitize the incoming analog signal. Often the signal coming from
the sensors can be very small and noisy, therefore a
manipulation of the signal might be needed to amplify, attenuate, filter or isolate it before digitizing
it. The DAQ device used in this project is the highperformance National Instruments (NI) PCIe-6353.
The driver and configuration utility included is the
NI-DAQmx that truly simplifies configuration and
measurements. The DAQ device is directly connected to the computer through a computer bus.
The last major component of the DAQ system is
the computer itself. The computer has two major
software components, the driver and the application
itself. The driver software is what provides access
to the DAQ device, once installed it is invisible in
a way that it is only needed to provide the application software the ability to interact with the device. On the other hand, the application software is
what facilitates the control of all the measurement
system. It is normally a pre-built application with
a programming environment. For this work the
application used was LabVIEW. LabVIEW offers
a graphical programming approach and is widely
used for data acquisition and instrument control.
A LabVIEW program consists of one or more virtual instruments (VIs), they are analogous to main
programs, functions, and subroutines from popular
programming languages like C. These VIs are hierarchical and modular and can be used as top-level
programs or sub-programs. The main function of
the LabVIEW program is to control the acquisition
of data and not to process the signal. It is indeed a
good tool to display real-time data and to give the
user an idea of the results obtained yet it lacks accuracy. A sampling frequency of 100 kHz was used
and each test had a measurement time of 60 seconds. The output of the data acquisition program
was a text file with the time domain signal captured
for each microphone. The time domain signal was
then processed in MATLAB. For the computation
of the frequency spectrum, a von Hann window was
applied and the block size of the Fast Fourier Transform (FFT) was set to 100k samples leading to a frequency resolution of 1 Hz. An overlap of 50% was
employed ensuring at least 120 spectral averages.

the 9 tests. The cross-stream locations are referenced to the jet centreline. For each measurement
point, three different voltage data were recorded,
the maximum, minimum and the mean value. With
that, three different flow velocity profiles were obtained, as shown in Figure 7. The mean value (in
black) is the one that more accurately represents the
flow velocity measured at each position. The two
dashed lines indicate the maximum (red) and minimum (green) velocities registered for that point,
making it is easier to understand in which locations
there were greater fluctuations of speed.

Figure 7: Summary of the nine different tests conducted on the characterization of the wind-tunnel
flow.

From direct observation of the plots, it is clear
that each case presents a similar velocity profile,
characterized by a core region of approximately uniform velocity and two side regions with a significant
velocity drop. The length of the core region varies
for each case but is always centred in the jet longitudinal axis. The length of the side regions where the
velocity decays also varies from case to case. The
core jet velocity matched what was initially tested.
For an EMOF of 7 Hz, the jet velocity equals 9.5
m/s, for 14 Hz 19 m/s and for 21 Hz 28.5 m/s.
The graphs corresponding to Position 1 show that
the size of the core region, where the flow speed is
constant, is practically the same size as the exit of
the tunnel, 150 cm. Additionally, the three lines
coincide in all three graphs, meaning that there are
no evident velocity fluctuations at any measurement
point. The proximity of Position 1 to the exit of the
tunnel is the major explanation for these results.
At such short distance, the flow is still in an initial
region, where there is no interaction between the
flow and quiescent air and so the mixing layer is very
thin and there is a uniform velocity profile. From
observation of the results obtained for position 2
3. Results
(second column), there are three trivial differences
3.1. Jet Velocity Profiles: without nozzle
when compared to the previous one. Firstly, there is
The plots shown in Figure 7 summarize the re- a reduction in the length of the profile core region.
sults obtained for the axial velocity distributions of Secondly, there is an increase of the side regions.
5

And thirdly, there are evident velocity fluctuations
in the side regions of the profile, the dashed lines
no longer overlay the dark one. The results of the
last position (third column) follow the same trend
as the second case. However, for this last case, all
three emphasised points become more evident.
These effects result from an expected growth of
the turbulent shear layer as the jet interacts more
and more with the steady air in the anechoic chamber. This phenomenon causes the air in the limits
of the core region to decelerate, resulting in a reduction of the core region length. On the other hand, it
also causes an acceleration of the steady air resulting in an increase of the side regions length, it takes
a longer length for the jet flow to reach a steady
condition as there is more mass-flow. The strong
velocity fluctuations observed for the last positions,
proven by the clear distance between the dashed
and dark lines at each measurement point, are a result of the increasing turbulence levels in the mixing
layer due to the intense shear.

Figure 8: Spectra for different tunnel velocities
(xspeaker = 2.70m, fspeaker = 1kHz, Mic 3).
In terms of the original tone amplitude, no difference is observed, as all the different lines overlap at
that particular region.
3.2.2

Varying source frequency

Figure 9 shows the spectra obtained for different
source frequencies. The tests were performed at a
wind tunnel velocity of 28.5 m/s with the speaker
positioned at an axial distance of 1.90 m. Pure
tones of 1, 2.5, 4 and 8 kHz were tested. The data
was obtained from the microphone aligned with the
speaker (Mic 2 in Figure 5). From these results, it
can be seen that for higher tone frequencies, there
is a wider broadening of the peak. It is difficult
to qualify the effect of the tone frequency on the
amplitude of the side lobes as the results are inconclusive. However, the frequency location of these
side lobes seems to remain unchanged with varying
frequency sources, in contrary to what was verified
for the varying wind tunnel velocity case. Unlike
the previous case, for this one, the amplitude of the
original tone seems to decrease for higher frequen3.2.1 Varying wind tunnel velocity
cies. Yet, that difference is not caused by the jet
To study the effect of the tunnel velocity on spec- but by the speaker’s difficulty to reach the same
tral broadening, multiple spectra were obtained for amplitudes at higher frequencies. This was proven
different wind tunnel velocities, as shown in Fig- by comparing each tone amplitude with the one obure 8. The spectra were acquired with the speaker tained without the jet.
positioned at a distance of 0.75 m (P1), source frequency of 1 kHz and tunnel velocities correspond- 3.2.3 Varying source axial position
ing to 9.5, 19 and 28.5 m/s. The data was obtained
The effect of varying the axial position of the
from the microphone approximately aligned with
source is illustrated in Figure 10. The tests were
the speaker (Mic 3 in Figure 5).
The frequency spectra obtained with the wind performed at a wind tunnel velocity of 28.5 m/s
tunnel turned off, black line in Figure 8, is a sin- and a tone of 8kHz was emitted by the speaker. The
gle peak at the pure tone frequency, 1 kHz. With microphone data used for each axial position correincreasing velocity there is a clear widening of the sponds to the microphone aligned with the speaker,
peak and the appearance of two side lobes with a hence, with position 1 microphone 1 was used, with
lower amplitude, giving the spectrum a symmetric position 2 microphone 2 was used and with position
appearance. The intensity of the peak broadening 3 microphone 3.
From observation of Figure 10 it can be concluded
appears to increase with velocity. As the velocity increases the lobes tend to appear at frequencies fur- that axial locations farther downstream show a
ther away from the original source tone frequency. larger broadband contribution and a higher reduc-

3.2. Acoustic measurements: without nozzle
In this section, the results of the sound propagation across the wind tunnel jet without any nozzle
installed are shown and discussed. The effect of
different parameters such as wind tunnel velocity,
source frequency, source and microphone positions
on spectral broadening will be analysed. The amplitude reduction and the locations of the two shoulders on the frequency axis associated with spectral
broadening will be treated as well. Multiple spectra were obtained to study the different test conditions. The frequencies are centred on the pure
tone frequency played for each test with a range of
∆f = ±250Hz.
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Figure 11: Velocity profile obtained at an axial distance of 1.90 meters from the exit of the tunnel for
different operating conditions.

Figure 9: Spectra for different source frequencies
(xspeaker = 1.90m, U0 = 28.5m/s, Mic 2).

locity increases. Comparing the two nozzles, there
is a greater increase in velocity in the case with the
baseline circular nozzle installed. This is related to
the fact that with the serrations, the chevron nozzle promotes an earlier mixing between the free jet
and the steady air which in turn results in a higher
deceleration of the uniform velocity jet.
In terms of the jet’s velocity profile length, the
overall profile obtained with both nozzles is smaller
than the one obtained without a nozzle. This reduction is associated with the smaller exit diameter
of the nozzles. Comparing the two nozzles, the one
Figure 10: Spectra for different axial positions obtained with the chevron nozzle installed shows a
slightly longer length, around 185 cm against 180
(fspeaker = 8kHz, U0 ≈ 30m/s).
cm for the circular nozzle. This is also a result of
the enhanced mixing caused by the chevrons. The
tion of the peak amplitude. Which makes sense, higher levels of mixing accelerate more outer steady
increasing the axial source position means that the air leading to a higher mass-flow and subsequently,
sound passes through a thicker shear layer before a lengthier velocity profile.
reaching the microphones. In reality what is being
analysed here is the direct influence of the shear 3.4. Acoustic measurements: circular and chevron
nozzles
layer thickness on spectral broadening. Moreover,
the side lobes seem to slightly move towards the 3.4.1 Jet noise only
main peak for downstream locations.
Narrowband frequency spectrum comparisons at
3.3. Jet Velocity Profiles: circular and chevron noz- directivity angles of 60 to 120 deg are shown in Figzles
ure 12. A one-third octave-band spectral compariThe plots of Figure 11 show the velocity profile son is presented in Figures 13 - 15 for the outer anobtained at an axial distance of 1.90 meters for two gles and the 90 deg one. The A-weighing filter was
different electrical motor operational settings and applied to the octave-band data to emphasise the
with the different nozzle designs installed. Note results obtained taking into account the sensitivity
that this 1.90 meters distance is relative to the exit of the human ear. The motor operational setting
selected for the presentation was the 21 Hz setting
of the tunnel without any nozzle installed.
The uniform core jet velocity obtained with the as this velocity was the highest tested. The trends
circular baseline nozzle installed is around 22 m/s observed for this operational setting were also obfor the 14 Hz setting and 33 m/s for the 21 Hz. served for the 14 Hz case.
There is a clear acceleration of the jet in comparison
The plots show a very noisy narrow-band specto the no nozzle situation (7). This was expected trum, with the higher levels of noise coming from
for both nozzles due to their convergent properties the lower frequencies and almost no noise from the
that result in a reduction of the cross-sectional area higher ones. This is a consequence of the anechoic
of the jet exit and so, to keep the same mass flow chamber’s background noise levels that are predomrate (conservation of mass) inside the duct, the ve- inantly low-frequency sounds, previously studied in
7

Figure 14: One-third octave-band A-weighted spectrum; directivity angle, 90 deg; motor operational
setting, 21 Hz.
Figure 12: Spectral comparison for a motor operational setting of 21 Hz.
[15]. The intermediate frequency region, between
0.1 and 1 kHz, is characterized by a series of small
single frequency peaks that are common to all directivity angles. From the examination of the graphs,
it is possible to conclude that the 60 deg directivity
angle is the only where the chevron nozzle provides
SPL attenuation across the entire frequency range.
On the other hand, for the other directivity angles,
there is a frequency range for low frequencies where
the chevron nozzle appears to have a negative effect on noise reduction at the other directivity angles. This frequency range seems to increase for the
most aft-angles. For the 75 deg it covers all bands
below the 160 Hz band, for the 90 deg all bands
below the 250 Hz band, for the 105 deg all bands
below the 500 Hz band and for the 120 deg it covers
all bands below the 630 Hz band. For frequencies
higher than the previous bands, the chevron nozzle
appears to provide little attenuation for all directivity angles except for the 90 deg angle. For this
angle, the chevron nozzle does not bring any benefit
at high-frequencies.

Figure 15: One-third octave-band A-weighted spectrum; directivity angle, 120 deg; motor operational
setting, 21 Hz.

Figure 16: One-third octave-band A-weighted spectrum; directivity angle, 60 deg; motor operational
setting, 21 Hz; frequency tone, 1 kHz.

Figure 17: One-third octave-band A-weighted spectrum; directivity angle, 90 deg; motor operational
setting, 21 Hz; frequency tone, 1 kHz.

Figure 13: One-third octave-band A-weighted spectrum; directivity angle, 60 deg; motor operational
setting, 21 Hz.

3.4.2

Figure 18: One-third octave-band A-weighted spectrum; directivity angle, 120 deg; motor operational
setting, 21 Hz; frequency tone, 1 kHz.

Jet noise plus pure tones

A one-third octave-band analysis is plotted in
Figures 16 - 21 for the cases with pure tones of 1
and 8 kHz being played by the speaker and a motor
operational frequency of 21 Hz.
The peak associated with the tone played by the
speaker is easily identified for each case as the highest sound level observed, around 50 dBA for the 1

kHz, around 35 dBA for the 4 kHz and 30 for the 8
kHz. This difference in SPL for the different tones
is related to the fact that the speaker cannot reproduce sounds with very high frequencies with so
8

ter of the tunnel exit was obtained at the position
closest to the tunnel exit. For further downstream
positions, the profile tended to flatten and stretch.
In terms of the acoustic experiments performed
without a nozzle, by varying parameters such as
wind tunnel speed, source frequency, and shear
layer thickness, the acoustic effects of these variables on the spectral broadening phenomenon have
been identified. As expected, spectral broadening
increased with increasing wind tunnel speed, source
frequency, and the shear layer thickness. Moreover, the location of the shoulders from the peak
on the frequency axis, increased with increasing
wind tunnel velocity, seemed to decrease with increasing shear layer thickness, and it is independent of source frequency. Regardless of the positive
results obtained for the experimental verification
of spectral broadening, there are a few improvements that could be interesting to implement for
future works on the subject. In terms of data treatment, it could be relevant to remove the background
noise from the narrowband frequency spectrum presented, something that was initially thought but not
fulfilled. It is also intriguing to analyse the effect
that the oblique microphone position has on the results
The other objective of this work was to evaluate the jet noise reduction capacity of a nozzle with
chevrons. This was achieved by comparing the noise
levels of the wind tunnel jet with the nozzle with
chevrons installed and a circular baseline nozzle installed. Results were obtained for the jet noise on its
own, and the jet combined with several pure tones
being played by a speaker.
The jet showed higher velocities for both nozzles then without a nozzle. Between the two nozzles, the circular one displayed higher velocities. In
terms of the velocity profile length, the ones obtained with nozzles installed were smaller than the
ones obtained without a nozzle, which makes sense
as the exit diameter is smaller for the nozzles. Yet,
the chevron nozzle showed a lengthier velocity profile than the circular one, this is related to the fact
that chevrons promote a faster mixing between the
jet and the quiescent air and so, more ’outside’ air
is accelerated.
The acoustic results obtained with the speaker
turned off showed that there is no significant benefit in using the chevron nozzle. Only at a directivity angle of 60 deg were the chevrons an overall
advantage. For the remaining angles, there were
large frequency bands, that seemed to get larger for
more aft angles, where the chevrons increased the
jet noise. The speaker was then used to alternatively play different frequency tones that would ease
the evaluation of the effect each nozzle design had
on noise reduction. The results obtained were very

Figure 19: One-third octave-band A-weighted spectrum; directivity angle, 60 deg; motor operational
setting, 21 Hz; frequency tone, 8 kHz.

Figure 20: One-third octave-band A-weighted spectrum; directivity angle, 90 deg; motor operational
setting, 21 Hz; frequency tone, 8 kHz.

Figure 21: One-third octave-band A-weighted spectrum; directivity angle, 120 deg; motor operational
setting, 21 Hz; frequency tone, 8 kHz.

good quality.
By comparing these one-third octave-band sound
levels to the ones obtained with the speaker turned
off, one can observe that the chevron nozzle has
the exact same behaviour for the same directivity
angles. Even though there is an amplification of
a specific frequency due to the tone played by the
speaker, the difference in SPL is approximately the
same as without the tone. In terms of the tone
played and its surrounding frequencies, no direct
conclusion can be drawn. For the 1 kHz case, the
peak with and without chevrons have very similar
noise levels. For the 4 kHz case, the chevron appears to decrease the peak sound level at all directivity angles. At last, for the 8 kHz there is a slight
attenuation of the peak noise level for the outer angles but not for the 90 deg one.
4. Conclusions
One of the objectives of this work was to investigate the effects of a shear layer on sound propagation in the Aeroacoustic wind tunnel of Instituto
Superior Tcnico. The aerodynamic results showed
agreements with theory. A uniform velocity profile
with a cross-sectional length similar to the diame9

similar to the ones obtained without the tone. The
rnal of Aerospace Engineering, 223:51–67, dec
chevrons increased/reduced the noise levels at the
2008.
exact same frequencies as for the case without the
[5] N. K. Depuru-Mohan and M. J. Doty. Active
speaker. No direction conclusion could be drawn on
chevrons for jet noise reduction. jul 2017.
the relation between the level of attenuation of the
pure tone peak and its frequency.
[6] S. Candel, A. Guedel, and A. Julienne. RaIt is important to mention that for this thesis,
diation, refraction and scattering of acoustic
the highest jet velocity tested was around 0.09 Ma.
waves in a free shear flow. 1975. 3rd AeroaNormally, studies on chevrons use wind tunnel jets
coustics Conference.
with a minimum velocity of 0.5 Ma, this significant
[7] K. K. Ahuja, H. K. Tanna, and B. J. Tester.
difference makes it impossible to compare results
An experimental study of transmission, reflecwith other works. Additionally, the fact that the vetion and scattering of sound in a free jet flight
locity is so low makes it impossible to understand
simulation facility and comparison with theory.
how much of the noise levels registered are comJournal of Sound and Vibration, 75:51–85, mar
ing from the jet itself, rather than other electronic
1981.
equipment associated with the wind tunnel. The results obtained can be considered satisfactory. The
[8] L. M. B. C. Campos. The spectral broadening
main problem concerning future experiments with
of sound by turbulent shear layers. part 1. the
the nozzles is the low velocities reached by the jet in
transmission of sound through turbulent shear
this facility. It should be considered whether or not
layers. Journal of Fluid Mechanics, 89:723–
it is worth it to proceed to experiments with other
749,
dec 1978.
nozzles at such low jet velocities, as the results obtained were not very conclusive. Secondly, to pro- [9] L. M. B. C. Campos. The spectral broadenceed to such tests, it is highly recommended to first
ing of sound by turbulent shear layers. part 2.
improve the microphone support and its fixation
the spectral broadening of sound and aircraft
method. If the objective is to continue testing other
noise. Journal of Fluid Mechanics, 89:751–783,
nozzles, it would be interesting to do a comparison
dec 1978.
study between nozzles with different chevron characteristics and qualify its effect on jet noise reduc- [10] A. Cargill. Sound propagation through fluctuating flows - its significance in aeroacoustics.
tion.
8th Aeroacoustics Conference.
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