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The characterization of velocity and acoustic fields from a single-stream free jet operating at subsonic
regimes is essential for aeronautical applications. For instance, the investigation of exhaust gases from
single or coaxial nozzles or from bleed valve in turbojets and turbofan engines is crucial for understand-
ing the mechanisms of noise generation and propagation and eventually for finding ways to reduce air-
craft noise. This article evaluates the velocity and acoustic fields of an isothermal single jet discharging
from a circular 38.1 mm conical nozzle at three different Mach and Reynolds numbers of 0.25
(Re = 2.5 � 105), 0.50 (Re = 4.9 � 105) and 0.75 (Re = 6.8 � 105), respectively. Pitot-tube and hot-wire
probes were used to identify the mean velocity profiles in longitudinal and transversal directions in
the wake of the jet. The hot-wire anemometry system was also used to evaluate the turbulence intensity
distribution over eleven axial lines, from the centerline to the edge of the nozzle. The accuracy of hot-wire
anemometers for turbulent intensities lower than 15% at low and high subsonic Mach numbers was eval-
uated by comparing the experimental measurements with available data from the literature. An acoustic
investigation was carried out by analyzing the sound pressure level obtained at six positions in the far
field, with viewing angles ranging from 40� to 110�. The results were integrated to a database with sound
pressure level as a function of Strouhal number, aiming to provide a benchmark for further RANS-based
methods applied to aeroacoustic simulations of single jets.

� 2017 Published by Elsevier Ltd.
1. Introduction

Air transportation is one of the safest travel modes nowadays.
The number of daily flights is significant, and the number of air
passengers has increased at a fast pace. The industry and research
centers have focused on reducing aircraft noise, which has been a
major concern in the aeronautical field since the introduction of
jet-engine-powered aircrafts [1]. Studies have shown noise expo-
sure, which is significantly burdened by traffic noise, has been
the most undesirable feature in current urban life [1].

Fig. 1 shows the global trend of noise exposure to aircraft oper-
ation [2]. It plots the population in millions exposed to 55, 60 and
65 dB aircraft noise from year 2000 through 2025.

Fig. 2 shows an actual example of such exposure to aircraft
noise at Congonhas Airport in Sao Paulo, Brazil, once the airport
is surrounded by a very populated area subjected to approximately
600 daily flights.
Aircraft-emitted noise stems from several noise sources. Engi-
nes are one of the major noise sources on the ground, while fan
and jet exhausts are the major noise contributors at take-off and
climb. As a major concern in aeronautical applications, jet noise
has been widely investigated. Driven by new noise regulations
[4–5], the aeronautical industry and research centers have made
efforts to propose new techniques to reduce engine and conse-
quently aircraft noise.

This article reports on an experimental study of free jets with a
view to providing a benchmark to aid in the development of com-
putational aeroacoustic methods oriented to jet noise reduction.
Experimental research on the mean velocity profiles of free jets
has been reported for at least one century, since the pioneer work
of Trüpel [6], followed by Abramovich [7], Corrsin and Uberoi [8,9]
and Hinze [10], among others.

At first, instrumentation usually relied on Pitot-tube probes,
which were largely used to measure mean velocity profiles and
some of the turbulence quantities in the free jet flow.
Subsequently, hot-wire anemometry was introduced to obtain
point-wise measurements of turbulent fluctuations and complete
velocity fields [11–13]. Both Pitot-tube probes and hot-wire

http://crossmark.crossref.org/dialog/?doi=10.1016/j.apacoust.2017.05.031&domain=pdf
http://dx.doi.org/10.1016/j.apacoust.2017.05.031
mailto:odenir.almeida@ufu.br
mailto:andsproenca@gmail.com
mailto:andsproenca@gmail.com
mailto:rhs@soton.ac.uk
http://dx.doi.org/10.1016/j.apacoust.2017.05.031
http://www.sciencedirect.com/science/journal/0003682X
http://www.elsevier.com/locate/apacoust


2000 2005 2010 2015 2020 2025
0

5

10

15

20

25

30

35

Po
pu

la
tio

n 
(m

ill
) a

bo
ve

 D
N

L 
55

, 6
0,

 6
5 

dB

Year

 55dB
 60dB
 65dB

Fig. 1. Trend of exposure to aircraft operation. Source: [2].
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anemometers have been used to measure mean velocity fields, tur-
bulent intensity and frequency spectra among other quantities in a
jet flow field.

Pairs of hot-wire sensors have been used to define the size and
shape of regions with correlated turbulent velocities. Measure-
ments of space correlations at retarded times have been used to
define, for instance, a convection velocity and then obtain spectra
and time scales in the turbulence-moving frame [14–16]. Laser
Doppler Velocimetry (LDV) and hot-wire probes have been used
to obtain additional data on single-stream subsonic jets [17].
Hot-wire-only measurements have also been obtained in the
work [18]. Further research has shown the effect of nozzle exit
conditions on subsonic jet noise [19] and the importance of study-
ing turbulent high-speed, single-stream jets for aeronautical
applications.

From an acoustic perspective, jet noise can be obtained directly
from using a set of microphones. Accurate instrumentation and
facilities for jet noise measurements became available in the sec-
ond half of 1980, providing a large amount of high-quality
narrow-band jet noise data [20]. One of the main applications of
Fig. 2. Congonhas Airport – Sao
acoustic measurements of free jets is building a database to predict
jet noise by interpolating and extrapolating data, usually through a
semi-empirical model. For example, ESDU 98019 [21] and SAE ARP
876D [22] are databases for single-stream jets obtained in different
experiments, each with specific data for Strouhal number, temper-
ature ratio, and observer angles.

Despite the importance of investigating jet noise, the lack of
experimental data has been a major problem to research groups
since mathematical and numerical models require benchmark for
validation. As jet noise is a profit factor in the aeronautical indus-
try, open source databases have not been widely available in the
literature. The few available databases have not been adequately
provided with their input parameters or else have featured restric-
tions to retrieve some of their parameters, including velocities and
observer angles. Recent cooperation projects between universities
and companies have addressed this problem, as is the case of the
European Union research framework programs for new engine
noise reducing technologies.

This article reports on a study developed within a consortium
involving Embraer S.A. and 6 Brazilian universities co-associated
with foreign partners. The consortium carried out two research
projects from 2012 through 2015 aiming to develop expertise
and methods for aeroacoustic predictions of fan noise, airframe
noise and jet noise. The main contribution of this work was to
use Pitot-tube probe, hot-wire anemometry and far-field acoustic
measurements to perform an experimental characterization of
velocity and acoustic fields of single-stream subsonic jets operat-
ing at Mach 0.25, 0.50 and 0.75. The resulting data provided a bet-
ter understanding of the flow dynamics and acoustic fields of such
jets. The data have been used to validate ongoing numerical
approaches to reducing jet noise with accuracy and at relatively
low costs, which will eventually allow for the application of such
techniques in the aeronautical industry.
2. Experimental arrangement

Measurements were performed at the Doak laboratory, a Rolls
Royce University Technologic Center (UTC) facility located in the
Institute of Sound and Vibration Research (ISVR) at University of
Southampton, United Kingdom. The Doak laboratory is a
15 m � 7 m � 5 m fully anechoic chamber for frequencies down
to 400 Hz. Its four walls, ceiling and floor were covered with
wedge-type sound absorbing material. A non-forced exhaust sys-
tem was built with a rectangular collector section allowing air to
Paulo, Brazil. Source: [3].
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pass through into a small secondary acoustic chamber. The air flow
was fed with 20-bar high-pressure compressed air from two stor-
age tanks, and the velocity range available for testing was Mach
0.2–1. Fig. 3 shows the anechoic chamber with a nozzle and a
hot-wire anemometer.

The test article was a 38.1 mm exit-diameter, convergent, con-
ical nozzle used for most of the tests performed at the Doak Labo-
ratory (Fig. 4).

A Pitot tube was used to measure mean velocity profiles in the
jet flow to serve as a reference for the velocity inside the jet rig
while calibrating the hot-wire sensors. Two different transducer
systems coupled to the Pitot tube were used in the experiments:
a Pitot-tube micro-manometer, allowing velocities up to 180 m/s,
and a Druk PDCR 820 transducer. The data for each test point were
acquired in an interval of 10 s. with a sample frequency of 1 kHz to
perform Pitot-tube-based mean velocity survey. Fig. 5 describes
the set of Pitot tubes used in such measurements.

A hot-wire anemometry system was used for mean flow and
turbulence intensity measurements in the wake of the jet. The
capability of the constant temperature anemometer (CTA) for mea-
suring flow fields at high Mach number (above 0.30) was also
checked during the tests. An acquisition frequency of 50 kHz was
used throughout all measurements. Fig. 6 shows one of the single
hot-wire anemometers used and the temperature probe setup.

A traverse system was used to move probes and sensors inside
the jet flow. The system, an ISEL� traverse controller (Fig. 3),
allowed 3-axis movements. It was manually or automatically
moved by a remote control, and its positioning accuracy was
approximately 0.5 mm. This device was compatible with the stan-
dard software provided by the manufacturer and could be con-
nected to a computer via serial interface, allowing movement by
coordinates or by a matrix of several predefined positions, which
was useful for mapping inside the flow.

Far-field acoustics measurements were performed with ¼00

GRAS� 40BF microphones with a frequency range of 10 Hz to
100 kHz and a dynamic range of 40–174 dB (reference 20 mPa)
(Fig. 7). The microphone’s normal sensitivity was 4 mV/Pa, which
was checked before each experiment day. The preamplifiers were
B&K Falcon Range ¼00 2670� with full electromagnetic compatibil-
ity. The microphones were powered by NEXUS� conditioning
amplifier units with their HP filters set at 20 Hz.

Both a polar array and a transversal azimuthal array of micro-
phones could be used to obtain a complete three-dimensional
sound field in the Doak laboratory. Acoustic measurements were
performed only for far field at six different observer angles. Back-
ground acoustic measurements were taken during each test ses-
sion. The polar angles for far-field acoustics measurements were
Fig. 3. Overview of Doak Laboratory with a traverse system for hot-wire
anemometry and Pitot-tube probes. Source: [23].
40�, 50�, 60�, 75�, 90� and 110�. The acquisition frequency for the
acoustics measurement was 100 kHz.

The ¼00 condenser microphones were mounted in the same
plane as the jet axis. The stands were placed in such a way that
the microphones were parallel to the jet axis (Fig. 8). The distances
between the center of the exit nozzle and the microphones were
corrected to 1 m. The microphones were orientated at 0� incidence,
i.e., pointing to the center of the nozzle.

Initially, a test matrix was built for the aerodynamics measure-
ments including mean velocity, turbulent intensity profiles and
turbulence spectrum energy. The aerodynamics experiments were
carried out to obtain measurements as follows: mean velocity pro-
file from a Pitot-tube probe and a single hot-wire anemometer, tur-
bulent intensity from a one-component hot-wire anemometer,
turbulent intensity from a three-component hot-film anemometer,
and turbulent spectrum energy from a triple sensor hot-film
anemometer. The acquisition frequency for each sensor was
1 kHz for Pitot-tube probes and 50 kHz for hot-wire probes.

Mean velocity distributions were acquired along the jet axis to
different radial positions (Fig. 9). The center of the nozzle was on
‘‘0,” and vertical axis ‘y’ represented radial variation to the nozzle
radius while ‘x’ represented the jet axis. ‘‘Red” points symbolized
data acquisition positions. Points within the grey rectangle were
acquired only from single hot-wire probes. A matrix of coordinates
was used to move the traverse system automatically and obtain all
the points to each prescribed Mach number.

Fig. 10 shows a sketch containing the measuring lines used by
the traverse system to acquire the test points. Measurements
started with the velocity acquisition by the hot-wire anemometry
system in the centerline (C-line) of the jet at the coordinate (0,0).
Data acquisition started at the relative location x=Dj ¼ 0, and then
the traverse moved downstream the jet, until reaching x=Dj ¼ 13,
the maximum position in the x-line. This procedure was repeated
for all C-lines, from C1 to C-lip (i.e., longitudinal line in the edge of
the nozzle, namely the lip line). Between C-line and C-lip were 9
intermediate lines spaced by 1.905 mm from each other in the y-
direction. Thus, C1 represents the longitudinal line at y/Dj = 0.05
and so on up to C-lip at y/Dj = 0.5. Finally, Pitot-tube probes also
collected 20 lines beyond the lip line, namely from (S1) to (S20).

The point-locationmatrix (Fig. 9) contained a total of 963 points
from Pitot-tube probes and 593 points from hot-wire probes. Such
data were used to create mean velocity contours, which served to
characterize the wake flow. Point-wise velocity measurements,
obtained by half diameter, were mirrored to complete the velocity
profiles and the contour plots under the assumption of jet
axisymmetry.
3. Aerodynamics results

This section first reports the results for axial and radial velocity
profiles. Then it introduces the contour plots for the jet’s wake
characterization and the turbulent intensity graphs. Finally, it pre-
sents the power spectrum density (PSD). The results were obtained
for a single isothermal jet under 0.25, 0.50 and 0.75 Mach condi-
tions and respective Reynolds numbers of 2.5 � 105, 4.9 � 105

and 6.8 � 105.
Fig. 11 shows the Pitot-tube results for velocity distribution

along different C-lines within the nozzle region from the centerline
(C-line) to the edge of the nozzle (C-lip). For brevity, only a group
of 6 C-lines were provided for each Mach number investigated.
Each line was normalized independently by dividing velocity (U)
by the maximum velocity (Umax) measured along each specific line.
The potential core ended between 4 and 4.5 diameters down-
stream the jet axis, as represented by the values obtained in cen-
terline (C-line) for all Mach conditions analyzed.



Fig. 4. Sketch and photo of the 38.1 mm reference conical nozzle. Source: [23].

Fig. 5. Different Pitot tubes used in the experiments. Source: [23].

Fig. 6. Single hot-wire sensor applied in this work. Source: [23].

Fig. 7. ¼00 GRAS 40BF microphone and its stand and preamplifier setup. Source: [23].
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The plots also showed a satisfactory trend in the Pitot-tube
measurements. Minor peaks were found in the curves when
the probe was moved outside the potential core region. Since the
potential core has a statistical characteristic of a conical shape,
the greater the distance from the centerline, the higher the velocity
decay, as seen in the curves from C2 to Clip, which consistently
repeated in Fig. 11(a)–(c). However, even considering all measure-
ments were corrected to the flow variation, there was a single dis-
crepancy represented by the C-line and C2 data in Fig. 11(a). In that
case, the data from C2 line represented a longer potential core,
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Fig. 8. Microphone positioning during acoustic measurements. Source: [23].
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which in fact is not true. This difference was attributed to an
instantaneous flow velocity increase, probably related to increased
pressure in the compressor for an unknown reason during mea-
surement. A decision was made to maintain these data in the data-
base to show the sensitivity of this kind of measurement. Despite
this difference between C2 and C-line for Mach 0.25 flow, the plots
were consistent with the conditions observed; the potential core
length and the trend along the axial lines were very similar for
Mach 0.50 and 0.75, with the size increasing as the Mach number
increased.

The same sequence of measurements was performed using a
hot-wire sensor (Fig. 12). High velocity fluctuations above the lip
line were identified, providing curves that were not as smooth as
those found in the Pitot-tube data in Fig. 11. The constant temper-
ature anemometer probe’s response to convective cooling was
accounted for as a calibrated probe was used. In this case, the
non-linearities of the sensor increased where the turbulence inten-
sity was higher and therefore the C-lip lines were removed from
the plots in Fig. 12.

The Pitot-tube data presented much smoother curves for the
velocity distribution along the C-lines than the hot-wire data. As
the post-processed results had to be corrected to the unsteady
pressure imposed by the compressor system, the accumulated
Fig. 9. Acquisition points of aerodynamics meas
errors were more evident in the anemometry system. A sudden
variation in the data was found in the C2 line for Mach 0.75 when
reaching x/Dj = 12, as shown in Fig. 12(c), with an increase in the
local velocity. As this trend was not observed in the Pitot-tube data
(Fig. 11), a change in the pressure system was assumed to have
caused such a fluctuation in the velocity field. In fact, a check in
the compressor system functioning identified a fluctuation in the
upcoming flow due to the activation of the compressor to supply
air at high Mach numbers.

A striking result was the U-velocity decay below Uj, which was
more evident in the centerline (C-line) for M = 0.50 and M = 0.75
plots in Fig. 12. This unexpected trend in the stream-wise velocity
was attributed to the high sensitivity of the hot-wire sensor when
applied to high turbulent flows and some calibration loss during
high-speed flow measurements (M > 0.50). Such calibration loss
is discussed later in this article when the present data are com-
pared to those in the literature.

To check the trend and the accuracy of the data showed in
Figs. 11 and 12, the results were compared against those reported
by Morris and Zaman [16] (Fig. 13) and Jordan [17] (Fig. 14). An
additional set of data was included to check the repeatability of
the potential core sizing across different jet nozzles and experi-
mental facilities. A word of caution should be added to
Figs. 13 and 14: They refer to a general check, and as such neglect
some of the variables and parameters necessary to such
measurements.

Fig. 13 reveals the axial velocity profiles obtained in this work
with the Pitot-tube probe were similar to those obtained through
the hot-wire system. The exception was around 12 diameters,
where the hot-wire results showed some inconsistency, as previ-
ously discussed. Despite the similarity between Pitot-tube and
hot-wire data in this case, there was a difference in the values of
the velocity distribution curve from [16]. Besides, the size of the
potential core measured by Morris and Zaman [16] was larger than
the potential core in the current measurement, and the authors
used a different nozzle and experimental apparatus from those
used in this analysis. Given such differences, the present compar-
ison is only intended to check the sensitivity of velocity measure-
ments in the jet’s wake, pointing to variation in the measured data.

The results for Mach 0.75 were compared to those reported by
Jordan [17] (Fig. 14). In this case, an offset was evident between the
hot-wire probe and the Pitot-tube result. The Pitot-tube measure-
ments agreed very well with the results found by Jordan [17], who
urements along the jet region. Source: [23].



Fig. 10. Sketch of the lines for hot-wire (C-line) and Pitot-tube (S-lines) probes. Source: [23].
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Fig. 11. Velocity distribution along the jet axis for different radial positions (C-lines), obtained through Pitot-tube for Mach 0.25 (a), 0.50 (b) and 0.75 (c), respectively.
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obtained his measures with an LDV system, which allowed axial
and radial local point measurements through the jet’s wake. Since
an increase in the length of the potential core was expected for a
higher Mach number [14] in the present study, the conclusion
was that the hot-wire probes may contain some source of error,
which could be associated with the sensitivity of such a sensor to
high turbulence flow or even a calibration loss during this specific
measurement. In the post-processing, especially for Mach numbers
0.5 and 0.75, an offset was observed among several calibration
curves of the sensor during the tests. This offset seemed to start
at four diameters downstream the nozzle exit, reaching its peaks
around seven diameters, and decreased until the last point
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measured in this study. This observation points to the fragility of
the modern hot-wires probes, with high frequency response, for
measuring unsteady high subsonic flows.

The normalized mean stream-wise-velocity distribution along
longitudinal lines also allowed the comparison of the velocity pro-
files from the different Mach numbers investigated, as shown in
Fig. 15. The velocity profiles were extracted from the lines C1, C4,
C7, and C-lip for the Pitot-tube probes, wherever they confirmed
an increase in the jet’s Mach number had led to an increase in
the length of the potential core. Lau and Tester [24] showed the
potential core comes to an end because the large-scale vortex pat-
tern within the mixing region converges on the jet centerline dur-
ing its travel downstream. Higher vortex convection is believed to
exist in higher velocities, and this would result in the jet centerline
displacement to greater distances downstream.

Figs. 16 and 17 show radial velocity profiles at different axial
positions (x/Dj) in a Mach 0.50 jet as acquired with Pitot-tube
and hot-wire probes, respectively. These curves were normalized
by (Umax) selected under the proper radial line, thus providing peak
values close to 1. Therefore, as expected, the velocity decayed with
an increasing in the x-direction downstream the nozzle. This radial
velocity profiles also showed the jet’s spreading, since the profile
was broadening in the y-direction. Results for Mach numbers
0.25 and 0.50 in this study followed the same trend.

As the hot-wire sensor collected fewer points than the Pitot
tube and had them concentrated around half diameter in the y-
direction (Fig. 8), the hot-wire curves were not as smooth as the
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Pitot-tube curves. Some small differences were also apparent in
the peak values of the normalized velocity, which is consistent
with those in Fig. 11(b) compared to Fig. 12(b). Increase in the
Mach number led to accuracy loss in the hot-wire data, which
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showed a point-wise flow velocity that was lower than that
observed in the Pitot-tube probe at the same location.

The Pitot-tube and the hot-wire points collected for all Mach
numbers were used to create contour plots, showing the jet’s flow
pattern (Fig. 18). All lines measured in the jet’s wake were consid-
ered, and the data were mirrored under the assumption of jet
axisymmetry.

Fig. 18 clearly shows the potential core development and the
shear layer spreading along the Mach number regimes. It points
to a slight growth of the potential core with increased velocity.
Although it seems to be merely illustrative or qualitative, it helped
to summarize the information given from the velocity profiles.
Fig. 18 is helpful to characterize the jet’s wake and is a good visual
reference for further Reynolds Averaged Navier-Stokes (RANS-
based) data analysis.
(a) Mac

(b) Mac

(c) Mac

Fig. 18. Jet characterization with Pitot-tube and hot-wire probes
Fig. 19 provides one-component turbulence intensity (u-
velocity). The unsteadiness or fluctuation of ‘‘u” was approached
as turbulence intensity by dividing the root-mean-square velocity
(urms) by the measured velocity (U). According to hot-wire manu-
facturers, the reliable range for single hot-wire measurements is
from 10 to 15% of the mean value. In moving along the jet shear
layer, the maximum turbulence intensity expected for a subsonic
jet is around 15% [17].

The results shown in Fig. 19 relate the turbulence intensity dis-
tribution from the jet centerline to the lip line. Initially, the flow
unsteadiness is very low, mainly before reaching three diameters
from the nozzle. By moving radially from the centerline (C-line)
to the lip line (C-lip), the turbulence intensity slightly increases
and reaches its peak, since it is crossing the shear layer between
the potential core and the mixing region moving from a laminar
flow to the turbulent layer. In addition, with the end of the poten-
tial core, the transitional region arises and the unsteadiness of the
velocity grows up in the centerline until around eight diameters,
beginning the self-preserving or fully developed region.

The operational range of the hot-wire anemometer has total
influence on the curve C-lip, since it is in the region of high turbu-
lence. The data presented some inconsistency in the C8 and C-lip
lines for Mach 0.50, which increased monotonically. Even in the
previous lines (i.e., C4 and C6), the turbulence intensity experi-
enced in the jet flows were too high for these very small and sen-
sitive hot-wire probes. As previously noticed, some pressure
oscillation was also identified in the compressor system during
some measurements, causing local velocity variation. Another
error source identified was the calibration loss of the hot-wire sen-
sor at high subsonic conditions (M > 0.50). One of these factors or
even a combination of them may have caused such variation in
the data.

Fig. 20 shows the turbulence intensity distribution at the cen-
terline for a jet operating at Mach 0.25 in this study and in Morris
and Zaman [16]. Fig. 21 provides the same curves for a Mach 0.75
flow compared against the results reported by Jordan [17].

In Fig. 20 the hot-wire data were comparable to the measure-
ments of Morris and Zaman [16], but clearly differed from those
h 0.25 

h 0.50 

h 0.75 

, respectively: (a) Mach 0.25; (b) Mach 0.50; (c) Mach 0.75.
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Fig. 19. Unsteadiness velocity distribution along the jet axis for different radial positions obtained through single hot-wire probes, Mach 0.25, 0.50 and 0.75, respectively.
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Fig. 20. Turbulence intensity along the jet axis (centerline) at Mach 0.25.
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Fig. 21. Turbulence intensity along the jet axis (centerline) at Mach 0.75.
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of Jordan [17]. A difference was noticed in the values at the nozzle
exit, which could be associated with the main flow’s residual tur-
bulence. In Morris and Zaman [16], this value was around 1% while
it was near 2% in the present study. However, the peak level was
around 13.6% in both set of data, with misplacement in its location
since the potential core size was larger in Morris and Zaman [16].
The hot-wire measurements seemed to be consistent for low-
speed Mach numbers (below 0.30) in single-stream jets.

Contrastingly, Fig. 21 shows a clear mismatch between the data
in this study and those reported by Jordan [17]. The residual turbu-
lence at the nozzle exit was around 3% in Jordan’s study [16], but
around 2% in the present study. The turbulence intensity reached
its maximum, 15% value, at downstream location around 9.5 diam-
eter in Jordan’s jet [17], while these values were around 12.5% at 6.5
diameter in this study. Given the non-linearities of the hot-wire
sensor for high subsonic flows measurements (above 0.5), caution
should be taken when considering the use of these sensors to assess
such parameters as turbulence intensity and velocity fluctuations.

Finally, PSD is presented to show the strength of energy varia-
tion as a function of frequency. The results in Fig. 22 are related



Fig. 22. Power spectral density in measurements at Mach numbers 0.25 (a), 0.50 (b) and 0.75 (b) at locations x/Dj = 0, 2, 4, 6, 8, 10 and 12.

204 O. de Almeida et al. / Applied Acoustics 127 (2017) 194–206
to measurements on the C9 line (y/Dj = 0.45) at different axial (x/Dj)
locations ranging from 0 to 12, for Mach numbers 0.25, 0.50 and
0.75, respectively.

The usual unit of PSD is energy per frequency, and the integral
of the PSD over a given frequency range computes the average
power in the signal. The spectra were calculated directly by a
Fast-Fourier Transform method (FFT). The Welch’s method was
applied to calculate the PSD of the signal acquired by hot-wire
probes. Fig. 22 shows PSD is consistent with the fundamental the-
ory of jet noise, according to which the points inside the potential
core have less energy than the points in the mixing layer. The low
frequencies are responsible for the energy injection, whilst high
frequencies dissipate energy. A characteristic peak ‘‘noise” consis-
tently occurs in the PSD plots. Such an unexpected peak was also
identified for the lowest velocity (M < 0.30), and it spread as the
Mach number increased. The occurrence of such peak ‘‘noise”
was most likely due to the nozzle vibration inside the chamber
or flow interaction with the hot-wire anemometer support.
Fig. 24. Sound Pressure Level for different velocities at h = 40�.
4. Far-field acoustics results

This section reports the far-field acoustics results, as obtained
for all three Mach conditions, along the arc of microphones. All
results were corrected for atmospheric attenuation, and the obser-
ver distance was 1 m for all angles. The frequency varied from
Fig. 23. Sound Pressure Level for different velocities at h = 90�.
300 Hz, imposed by the anechoic properties of the chamber, to
80 kHz (although the sample frequency was 100 kHz, the filtering
and post-processing took 80% of this value).

Fig. 23 shows the spectra of sound pressure level (SPL) for the
microphone located at 90�, for all Mach numbers investigated. As
an increase in the Mach number means a higher Reynolds number,
with more turbulent structures and multiplicity of scales (flow
with more energy), an increase was expected in the noise levels
captured by the microphone. For low velocities (M < 0.30), an
Fig. 25. Sound Pressure Level for different velocities at h = 110�.



Fig. 26. Sound pressure level for Mach number 0.25 at six observer angles.

Fig. 27. Sound pressure level for Mach number 0.50 at six observer angles.

Fig. 28. Sound pressure level for Mach number 0.75 at six observer angles.

Fig. 29. The OASPL calculated vs Mach nu
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undesirable noise was observed at very high frequencies (St > 5).
As noticed before, the occurrence of this high-frequency ‘‘noise”
may have been associated with the insertions of the anemometer
support within the flow and did not affect the spectra under
80 kHz.

Figs. 24 and 25 present the SPL for the angles 40� and 110�. Only
the lowest and highest observer angles are shown because the
velocity trend was well established for all cases investigated.
Regardless of the observer angle, the fine-scale fluctuations and
the large scale coherent structures fed by a flow with more energy
should increase the SPL in all directions. When the observer is
located at 90� or higher, these fine and large scales are not domi-
nants in the noise produced. The SPL follow this trend for different
velocities at the angles 40�, 50�, 60�, 75�, 90� and 110�.

Figs. 26–28 exhibit the SPL pattern as a function of the observer
angle for the three Mach numbers (0.25, 0.50 and 0.75, respec-
tively). Due to the sound directivity and the effects explained just
before, the sound sources were convected downstream by the
mean flow, and the maximum noise was radiated at observer
angles between 30� and 50�. The SPL difference among the obser-
ver angles became higher at moderate Mach numbers (0.5) as
the velocity increased.

Considering the overall sound pressure level (OASPL), other
measurements were included in the analysis, all of which were
obtained in the same facility with the same experimental appara-
tus and setup for Mach number from 0.1 to 1.0. Fig. 29 shows the
same acoustics pattern as described previously, identifying an
increase in the OASPL as the Mach number increased. The acoustic
data obtained were consistent with other jet noise data available in
closer Mach number regimes. These data will be applied in the near
future to validate aeroacoustic tools under development in the
research group.
5. Conclusions

This study aimed to tackle jet aerodynamics and acoustics
through experimental techniques, exploring the basic related the-
ory for three different Mach and Reynolds numbers M = 0.25
(Re = 2.5 � 105), M = 0.50 (Re = 4.9 � 105) and M = 0.75
(Re = 6.8 � 105). The primary objective was to compare results
from Pitot-tube and hot-wire probes for low (M < 0.30) and high-
speed (M > 0.50) subsonic jets to evaluate the sensitivity of the
hot-wire anemometer in high-speed and turbulent flows. The sec-
ondary objective was to build a set of experimental data to be used
mber in the range of observer angles.
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as a benchmark for further numerical aeroacoustic simulations.
Both velocity and acoustic investigation allowed some important
considerations about these jets, especially when it came to the lim-
itations of using hot-wire probes for characterizing high-speed jets.
The turbulence intensities acquired with a single component hot-
wire anemometer could confirm the well-established concept of
the dissipation, initial range and fully developed regions, despite
the constant occurrence of non-linearities in the data. The acoustic
measurements showed the relation between sound intensity and
jet velocity, reinforcing the fundamental theory.

In conclusion, modern hot-wire anemometer sensors have a
high frequency response by featuring a reduced size, which is not
attainable through other techniques. However, the system has an
intrusive probe and is restricted to low-speed flows. During this
study, the sensor was placed into high-speed flows (M > 0.50)
and changed its properties in high velocities campaigns, losing cal-
ibration and restricting the accuracy of data. The hot-wire data
were not completely unreliable, but should be considered with
caution in instances of discrepancies. This result led the research
group to look towards additional measurements techniques to
improve data quality in the laboratory. This ongoing research into
jet noise will continue with further assessment of length scale cor-
relation, comparisons of turbulent kinetic energy spectrum
obtained by triple sensor hot-film anemometer, correlation across
curves from an SPL database as a function of Strouhal number, and
use of other nozzles configurations.
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