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Laboratory experiments were conducted to characterize the noise produced by jets froma rectangular nozzlewith

thrust-vectoring capability. Such exhaust jets are present on state-of-the-art fighter aircraft designed for

supermaneuverability. This scaled nozzle research was facilitated by the design of a model with rectangular exit

geometry and thrust-vectoring attachments, thus simulating one configuration of such aircraft. A supersonic,

helium–air mixture jet issued from this nozzle, and acoustic measurements were made with four microphones

arranged in a circular arc in the far-field region. Schlieren photographswere recorded to establish themajor features

of the jet flow. Significant among the results was the fact that the addition of thrust-vectoring attachments set to 0 deg

deflection, on an otherwise clean rectangular nozzle, decreases the intensity of sound radiated on each axis plane to

below that of a round nozzle jet. Furthermore, deflection of the flow in the minor axis plane by virtue of these nozzle

attachments induces an approximately corresponding deflection of the acoustic field without significant additional

noise components in the peak emission direction. The frequency spectra as well as overall sound pressure levels of

microphone measurements with the rectangular nozzle jet at several observation positions and thrust-vectoring

configurations are presented and summarized in the results of this paper.

Nomenclature

aa = ambient speed of sound
aj = speed of sound at the outlet
D = equivalent diameter of the nozzle exit
f = frequency
fC = characteristic frequency (�Uj=D)
Md = nozzle design Mach number
Mj = Mach number of the jet
R = microphone physical distance to the jet outlet
St = Strouhal number [�f=�Uj=D�]
Ta = atmospheric temperature
Tj0 = simulated jet stagnation temperature
TR = total temperature ratio, Tj0=Ta
Uj = jet exhaust mean velocity
� = a of the thrust-vectoring paddle with the nozzle axis
�f = frequency bin (resolution)
� = polar angle, measured from the outlet jet axis
’ = azimuthal angle

Introduction

R ESEARCH on the noise produced by aircraft engine exhaust
jets has progressedmost notably in the civilian sector during the

past several decades. Aside from the recently terminatedHigh-Speed
Research Program led by NASA, the focus of civilian aeroacoustic
research has been on subsonic aircraft powered by high bypass ratio
turbofan engines. On the military side, current high-performance
supersonic U.S. Department of Defense aircraft have engines with
noise characteristics that are different from their civilian counter-
parts. They have significantly lower bypass ratios and themajority of

the thrust is generated by the core jet exhaust. The corresponding exit
velocities and temperatures of the jets are extremely high and the
associated noise is far greater than that of equivalent thrust high
bypass ratio engines that power the civilian fleet. Military aircraft
engine noise poses a health threat to ground crews (in carrier-based
operations, for example), as well as causing an annoyance to
communities in the vicinity of military installations. This can impact
basing decisions as well as operations and training requirements.
Besides this military noise reduction program, a newly emerging
civilian application may reach the research forefront as the early
exploratory development programs on supersonic business jets are
being pursued [1].

Thesemilitary and civilian developments produced themotivation
for high-speed jet noise research, themost extensive ofwhich include
theoretical and experimental studies of high-speed round jets.
Examples of such investigations are Tam et al. [2,3], Tanna et al. [4],
Morris et al. [5], and Doty and McLaughlin [6]. The goals of the
present study were to extend the Pennsylvania State University
research to rectangular jets and particularly to those with thrust-
vectoring nozzles. Prior experiments on noise radiated by
rectangular jets performed by Seiner and Ponton [7], Massey et al.
[8], and Kantola [9] showed measurable differences in the acoustic
fields radiating in the major and minor axes planes. The present
experiments were designed to extend and perhaps clarify the
nonaxisymmetric nature of the radiated noise in comparison with
former laboratory experiments using round nozzles. Additionally,
the experiments would provide the initial identification of the
acoustic characteristics associated with the thrust-vectoring mecha-
nisms. Thrust vectoring is an aircraft’s ability to deflect the exhaust
jet to various angles for enhanced maneuverability: in the case of the
class of aircraft of interest, enhanced pitch rotation. The proposed
acoustic experiments would provide the initial data on the effect of
thrust vectoring. Amore complete and accurate study would include
the flow around the aircraft (in forward flight), measurements not
available in the present jet noise facility.

Experimental Facility and Procedure

Facility Description

Experiments using the rectangular nozzle were conducted in the
High-Speed Jet Noise Facility at Pennsylvania State University. This
facility includes a Kaeser air compressor, which pressurizes two
reservoir tanks of 18:9 m3 (6700 ft3) each to 1.3MPa (190 psig). The
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compressed air passes through a drier and is then piped to a plenum
before exhausting through a model nozzle in the facility’s anechoic
chamber, as pictured in Fig. 1.

For simulating hot jets, helium from three canisters pressurized at
15.9 MPa (2300 psig) is injected into the flow a sufficient distance
upstream of the plenum to allow for thorough mixing with the air.
Why helium effectively simulates a hot jet, as well as the impli-
cations associated with this methodology, is discussed by Doty and
McLaughlin [6] and Papamoschou [10]. These references also
underline the safety and economic benefits of using a helium/air
mixture over actual heated air for the experiments conducted in
this facility. Inside the anechoic chamber, fiberglass wedges are
attached to each wall, resulting in chamber wedge-to-wedge dimen-
sions of 5:02 � 6:04 � 2:79 m (16:5 � 19:82 � 9:15 ft) and a cutoff
frequency of 250 Hz. An exhaust system, beginning on the wall
opposing the plenum, ingests the flow to maintain approximately
constant ambient conditions inside the chamber. A schematic of this
system is shown in Fig. 2 along with the various other components
comprising the facility. As noted in [11], from which Fig. 2 was
taken, noise from the exhaust fan is controlled primarily by two
mufflers located fore and aft of the fan.

The target Mach number and simulated temperature ratio at the
exit plane of the nozzle are achieved by controlling the partial
pressures of both the air and helium that are mixed in the jet plenum.
These (partial) pressures aremeasured in the settling chamber section
upstream of the nozzle with a pressure transducer interfaced to the
data acquisition system. The air partial pressure and mixture total
pressure are the specific pressuresmeasured just before and during an
experiment. The target values for these parameters are calculated by a
FORTRANprogram developed byDoty andMcLaughlin [6]. Inputs

for this program are the Mach number and temperature ratio for the
desired test case as well as the ambient temperature, pressure, and
relative humidity inside the chamber. The data acquisition system is
automatically triggered when it measures the transducer voltage
corresponding to the correct value of plenum total pressure that will
produce the desired jet Mach number and simulated temperature.

Rectangular Nozzle Design

The nozzle design started with a supersonic section designed by
themethod of characteristics, as described in detail by Liepmann and
Roshko [12], to produce a uniform Mach 1.5 flow at the exit
(Md � 1:5). The subsonic portion of the nozzle is essentially a
smooth conversion section from the large round inlet fitting at the
outlet of the plenum to the rectangular nozzle throat. The contours of
this section (and the final supersonic section) were established using
the software Solid Works and produced a rectangular exit with a
width-to-height aspect ratio of 1.75. This rectangular geometry
has an exit area equal to a circle with an equivalent diameter of
1.76 cm (0.695 in.). Low-cost stereo lithography (SLA) was used for
fabrication of the rapid prototyped model. For this paper, the
azimuthal angle ’ is taken to be zero on the nozzle major axis plane.

The rectangular nozzle was also designed to accommodate the
attachment of thrust-vectoring paddles fabricated from two steel
plate cutouts screwed onto two aluminum components designed to
mate with the notch seen in the sides of the SLA nozzle in Fig. 1. The
steel components were cut from 1.3 mm (1=16 in:) flat stock and the
result is pictured in Fig. 3, showing themodel attachments assembled
on the SLA nozzle for simulation of 10 deg thrust vectoring. These

Fig. 1 Rectangular stereo lithography nozzle attached to plenum inside

the anechoic chamber of the high-speed jet noise facility.

Fig. 2 Schematic of the high-speed jet noise facility at the Pennsylvania State University (Petitjean and McLaughlin [11]).

Fig. 3 Attachments for thrust-vectoring simulation (10 deg deflection
angle shown).
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attachments serve to vector the exhaust jet at various angles in the
nozzle’s minor axis plane, and, for simplicity, several pairs of these
plates were constructed for simulation of vectoring angles between
0 and 20 deg. Because of the immobile nature of the aluminum side
attachments, only one pair of these components needed to be
fabricated.When attached to the nozzle, these pieces extend from the
exit plane a distance 2.5 times that of the deflection pieces when at
0 deg vectoring. Shapes and dimensions for the components were
based on published information available for amodern air superiority
fighter aircraft.

The present stereo lithography rapid prototype nozzle, together
with the thrust-vectoring attachments, comprises the first (we are
aware of) laboratory model used to measure the acoustic char-
acteristics of such a flow. Such characteristics have a dramatic effect
on the acoustic results presented in the remaining sections of this
report.

Instrumentation

Four 3.2-mm-diam (1=8 in:) Brüel and Kjaer (B&K) micro-
phones, type 4138, were used to measure the noise produced by the
rectangular nozzles. Measurements were taken at four polar angles
� from the jet centerline between 0 and 90 deg at nondimensional
distances R=D� 50 for the rectangular nozzle and R=D� 69:5 for
the round nozzle, where R is the physical distance of the micro-
phone from the nozzle exit plane (88 cm; 34.7 in.), and D is
the diameter of an effective circular area equivalent to that of the
rectangular nozzle. At approximately 25 cm (10 in.) beyond the
R=D, the microphones connect to a circular boom support which is
covered in fiberglass to reduce noise reflections. This support lies
on a plane coincident with either the major or minor axis plane of
the nozzle, depending on its orientation, or azimuth angle ’, when
attached to the plenum.

The noise field is sampled automatically by the microphone
array once the voltmeter (connected to the plenum’s pressure
transducer) reads the value corresponding to the desired test
conditions. The analog time-domain signals are routed to a Nexus,
B&K signal conditioner where they are amplified and passed
through an anti-aliasing filter, thus enabling their exclusive digital
conversion in the following acquisition. A PCI-6110 National
Instruments data acquisition board acquires the time-domain data,
which are then stored with the units of volts in binary files that are
passed to the following stage for processing and correction. Each
microphone collects 102,400 data points with a sampling rate set at
300,000 Hz.

Initial processing is carried out within the LabVIEW software
and involves converting the voltage data to pressure values via
multiplication by the respective microphone calibration constants.
Each channel of microphone data is partitioned, and each partition is
passed through a Hanning window and a fast Fourier transform.
These data are averaged to yield the power spectral density (PSD) for
each of the individual microphones. Further manipulation converts
the PSD to a decibel scale, referenced at 20 �Pa, to yield the raw
sound pressure level (SPL) for each acquired signal. Raw data are
then further processed to apply the necessary microphone response
and atmospheric attenuation correction (the latter yields lossless
acoustic data). Finally, the spectra are fully nondimensionalized
to produce spectral outputs in SPL per unit Strouhal number.
Equation (1) summarizes the corrections made to the raw SPL data:

SPL�f�=unitSt� SPLraw�f� ��Cact�f� ��Cff�f�
|���������������{z���������������}

microphone response

� �Catm�f�
|����{z����}

atmospheric correction

� 10 � log10�f
|�������{z�������}

scaling to1 Hz bandwidth

� 10 � log10fC
|������{z������}

Strouhal number scaling

(1)

The frequency is nondimensionalized by the flow’s characteristic
frequency defined by the jet velocityUj divided by the jet diameterD
to produce the Strouhal number as follows:

St� f

Uj=D
(2)

Further details of the microphone corrections and processing are
discussed in [6,11]. To ensure that data passed to the analysis stage
are free from contamination, such as noise reflections, a first
look at the acquired noise spectrum is performed using LabVIEW
immediately following the experiment. Any major error in the
spectra, such as large amplitude oscillations indicating the presence
of reflections, can often be identified before extensive processing.
Based on this, measures can be taken to remove the error through
correction of the setup. Following all processing, the measurements
of overall sound pressure level (OASPL) and individual spectral
components are estimated to have uncertainties of approximately 1
and 1.5 dB, respectively.

The acoustics instrumentation is accompanied by a conventional
Z-type schlieren system that has been described in several previous
publications (Holder and North [13]). Schlieren images provide
important information, particularly on the deflection of the jet flow in
the presence of thrust-vectoring paddles.

Acoustic Results

Measurements of the rectangular nozzle acoustic field first sought
to investigate the differences between its radiated noise in com-
parison with data from round nozzle experiments conducted
previously in the Pennsylvania State High-Speed Jet Noise Facility.
Further investigation focused on the differences in the rectangular
nozzle’smajor andminor axis planes, and also on the effect of thrust-
vectoring paddles on the radiated noise. Conditions under which
these initial tests were conducted are summarized in Table 1 for each
nozzle type. Note that the first two rows of the table pertain to the
rectangular nozzle, whereas the last row provides conditions for an
axisymmetric, 12.7-mm-diam (0.5 in.) nozzle. Various comparisons
among the experiments outlined in Table 1 offer initial insight
into the acoustic characteristics of rectangular nozzles and the
groundwork upon which thrust-vectoring results may be built. A
discussion regarding this groundwork is presented in the following
two subsections.

Rectangular (Major and Minor Axis Planes) vs Round Exit Geometry

Figure 4 compares fully corrected frequency spectra from
measurements with the clean rectangular nozzle (no vector attach-
ments) with those from an experiment using a 12.7-mm-diam
(0.5 in.) round nozzle. The comparison is made at a jet Mach
number Mj � 1:5 and a jet-to-ambient stagnation temperature ratio
Tj0=Ta� 3:6. There are three individual spectra plotted in each part
of the figure. Two are from the rectangular nozzle, showing the
difference between the acoustic measurements along the major axis

Table 1 Test conditions for initial rectangular nozzle data comparisons

Nozzle Jet Mach no.,
Uj=aj

Simulated
temperature,
Tj0=Ta

Acoustic Mach
no., Uj=aa

Uj=D, kHz Reynolds no. Nozzle axis plane

Smooth surface
(SLA) 1.5 3.6 2.37 42.48 505,000 Major, minor

0 deg vector 1.5 3.6 2.37 42.48 505,000 Major, minor
12.7 mm round 1.5 3.6 2.37 59.05 360,000 N/a
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plane (’� 0 deg) and theminor axis plane (’� 90 deg), whereas the
third is from the round jet measurements. Progression from Fig. 4a to
Fig. 4d shows the spectral change for each nozzle type over the
observed polar angles �� 30, 45, 60, and 90 deg, measured from the
jet centerline. Data for round and rectangular nozzles were both
collected at a physical distance of 88 cm (34.75 in.) from the jet exit,
which translates to 69.5 and 50 diameters, respectively, using each
nozzle’s equivalent diameter. For comparison purposes, the round jet
data were scaled to 50 diameters to match the rectangular nozzle
distance (assuming spherical spreading of the acoustic field).

The results show that the frequency spectra for the rectangular
nozzle’s major axis plane (’� 0 deg) are comparable to those of the
round geometry for polar angles 30–45 deg, whereas the minor axis
plane (’� 90 deg) is louder than the round nozzle by approximately
3 dB in the same polar range. For polar angles 60–90 deg, the spectral

intensities for both rectangular planes are actually lower than the
round jet case. Hence, the rectangular geometry does not provide an
acoustic disadvantage in relation to round geometry, but rather an
improvement for angles greater than 45 deg from the jet centerline.
However, for smaller angles, the increased sound pressure levels on
the minor axis plane do pose a disadvantage for the use of the
rectangular geometry.

Integration of the spectral data yields a value for the OASPL,
which are indicated for each respective curve in Fig. 4. Plotting these
values with respect to their angular location from the jet centerline
shows the directivity of the radiated sound for each nozzle case.
Figure 5 illustrates this by comparing the OASPLs of the round and
rectangular nozzles. This plot reiterates the fact that, for polar angles
between 30–45 deg, the rectangular nozzle’s minor plane is louder
than the round nozzle by approximately 3 dB, and for greater angles,
both rectangular planes are slightly quieter than the round geometry.

The higher noise levels in the minor axis plane (the “noisy plane”)
are consistent within this study and with numerous previous studies;
for example, measurements in a larger aspect ratio rectangular nozzle
reported by Kantola [9] and the elliptic jet aeroacoustic study
reported by Kinzie and McLaughlin [14]. Their study showed that
the flapping mode of elliptic (nonaxisymmetric) jets produces a
significant additional noise component in comparison with themajor
axis (“quiet plane”) data. Relating such results to the flyover of a
high-performance aircraft, more noise will be produced in the
direction of the community directly beneath the aircraft in level
flight. The noise radiating to the sidelines will depend on the banking
angle of the aircraft.

Effect of Thrust-Vectoring Attachments

Before investigating the acoustic characteristics of a thrust
vectored jet, consideration was given to the influence on the prop-
agated noise attributable to the model’s thrust vector attachments
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alone. Conducting this “tare” measurement enables the effects of
thrust vectoring to then be isolated. Figure 6 compares fully corrected
frequency spectra on the major axis of the clean nozzle to that on the
major axis of the 0 deg vector nozzle (�� 0 deg) for a Mach 1.5,
heat-simulated jet. Figure 7 presents the same comparison for the
minor axis plane. For polar angles 30 and 45 deg from the jet axis, the
0 deg vectored nozzle is slightly quieter than the clean nozzle in the
low- to midfrequency range, whereas, in the high-frequency range,
there appears to be no difference between the two configurations.
These characteristics hold on the minor axis plane as well for polar
angles of 60–90 deg (the sideline). The OASPL values are the same
within the uncertainty of the measurements, though perhaps slightly
higher at the 60 deg polar angle for the 0 deg vectored nozzle on the
minor axis plane.

The OASPLs for themajor andminor axes results are summarized
in Fig. 8 for comparison of each jet’s respective noise directivity.
Figure 8a represents themajor axis plane as indicated by a top viewof
the vectored nozzle at the plot’s origin. Similarly, the minor axis
results in Fig. 8b are indicated by the cross section view of the nozzle.
(Note that the nozzle sketches are not to scale.) Included in both parts
of the figure are data for the round nozzle for additional comparison.
It is seen that adding the vectoring attachments reduces the sound
levels radiated on the rectangular nozzle’s minor axis plane below
those of the round nozzle. With respect to the clean nozzle data, the
vectoring attachments eliminate the disadvantage of the rectangular
nozzle’s minor plane being louder than the round geometry for
polar angles up to 45 deg. Considered together, the comparisons in
Figs. 6–8 show that the general effect of thrust-vectoring attachments
(for zero angle deflection) is to lower the sound intensity an average 1
and 2 dB on the major and minor axes, respectively. Finally, it is
noteworthy that the shapes of the thrust-vectoring surfaces are much
like large chevrons, which have been shown to produce reduced
noise levels in round jets being observed in other jet noise
experiments [15,16].

Vectored Nozzle Results

Measurements of radiated noise from nozzles simulating thrust
vectoring were made for three azimuth angles (the angle of nozzle
rotation about its centerline). These orientations are illustrated in
Fig. 9 with the respective azimuth angle defined in relation to the
polar array of microphones. A test matrix for the thrust-vectoring
experiments is provided in Table 2 wherein the nozzle’s azimuth
angle is identified for each test defined by the jet Mach number Mj

and the jet’s simulated total temperature ratio relative to the ambient
value Tj0=Ta. Note that � identifies the angle of vectoring imposed
on the flow by the thrust-vectoring attachments. Because there is no
difference between azimuth angles 90 and 270 deg for the 0 deg
vectored nozzle, only one orientation was necessary to acquire
relevant data on the minor axis plane for that case. Similarly,
measurements at ’� 180 deg would also be redundant because of
the inherent symmetry of the nozzle.

As mentioned earlier, by injecting helium into the cold jet far
enough upstream for thorough mixing with the air, a heated jet
(temperature ratio greater than one) is effectively simulated by
decreasing the density in the flow and increasing the acoustic Mach
Number Uj=aa [6]. Given that the actual exhaust from turbojet
engine aircraft are hot jets, the heat-simulated experiments are
justifiably more significant than their cold-jet counterparts, and are
thus focused on here. Acoustic spectra were recorded on the
rectangular nozzle’s minor axis plane with various thrust-vectoring
setups and are presented in Fig. 10 for the standard flow conditions of
Mach 1.5 and simulated (stagnation) temperature ratio of 3.6.

The data compare results from the 0, 10, and 20 deg vectored
nozzles to show the dramatic effect that thrust vectoring has on the
acoustic field. This first comparison is made in the quadrant
of the minor axis plane (the loudest plane) at an azimuth angle of
90 deg (with the jet deflected toward the microphones). What is
seen is that the nonzero vectored nozzles significantly increase the
noise across the spectrum at the 90 deg polar angle (Fig. 10d).
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Fig. 8 Directivity comparison for round nozzle and clean nozzle with and without vector attachments: Mj � 1:5, Uj=Drect � 42:48 kHz,
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Table 2 Test conditions for rectangular nozzle experiments including thrust vectoring

Nozzle Mj Tj0=Ta Uj=aa Uj=D, kHz Azimuth angles

Clean nozzle (no
vectoring paddle) 1.5 3.6 2.37 42.48 0, 90 deg

0 deg thrust vector
(�� 0 deg) 1.5 3.6 2.37 42.48 0, 90 deg

10 deg thrust vector
(�� 10 deg) 1.5 3.6 2.37 42.48 0, 90, 270 deg

20 deg thrust vector
(�� 20 deg) 1.5 3.6 2.37 42.48 0, 90, 270 deg
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Additionally, the thrust vectoring effectively reduces the sound
pressure level for frequencies in the mid-to-high range for low polar
angles (up to 60 deg, Figs. 10a–10c). The decreases occur across a
broad range of moderate-to-high frequencies for these polar angles.
The energy in the low frequencies emitted from the 10 and 20 deg
vectored nozzles is strengthened and exceeds that of the 0 deg
vectored nozzle.

To better understand the effect of the thrust-vectoring attachments
on the flowfield and the resulting effect on the sound field, schlieren
photographs were taken for different vectoring angles, as shown in
Fig. 11. Figures 11a and 11b, respectively, show the rectangular
nozzle with and without the deflectors. The spreading angles of the
jets with the zero angle paddles are slightly larger, and one can
observe more small-scale turbulence when the deflectors are present
but parallel to the nozzle flow. This is consistent with the general idea
of adding a turbulence generator to the lip of the nozzle (such as

chevrons or corrugations) to reduce the axial extent of the high-
amplitude turbulent structures, and hence the intensity of large-scale
mixing noise generated. It thus confirms the reduction of noise
observed in the spectra from Fig. 6 to Fig. 8.

The flows depicted in Fig. 11 were all operating with a pressure
ratio of 3.67 which produces a Mach 1.5 exit flow corresponding to
the design Mach number of the nozzle. Theoretically, the exit flow
should be free of shock structures foundwith pressure imbalanced jet
flows. In practice, however, the boundary-layer growth on the nozzle
sidewalls (adjacent to the contoured walls) cause secondary flows
that prevent the perfectly parallel exit flow.

Figure 11c is a visualization of a rectangular jet with 10 deg flaps
and shows an effective deflection of the flow of approximately 8 deg
measured to a tolerance of approximately �1 deg. To see the
effect on the sound directivity, the OASPL was plotted against the
polar angle in Fig. 12a. When shifted 8 deg, the OASPL from a
nondeflected jet appears to match within 0.5 dB with the OASPL of
the 10 deg deflected jet, when the microphones are located in the
direction of the deflection (’� 90 deg). This shows that the
deflection of the flowfield is accompanied by an approximately equal
deflection (or rotation) of the sound field. However, the same
observation cannot be made on the other side of the jet for
’� 270 deg, shown in Fig. 12b. This may be due to the triangular
shape of the flaps, which are unable to perfectly deflect the entire
flow. The part of the flow which is not deflected may produce noise
that masks that produced by the deflected part.

Figure 11d is a visualization of a rectangular jet with 20 deg
vectoring paddles and shows an effective deflection of the flow of
approximately 18 deg. However, when plotting the directivity,
shown in Fig. 13, no simple rotation of the sound field matches the
rotation of the flowfield. Instead, there seems to be a 4 dB decrease
in OASPL at the peak emission, a rotation of the sound field of
roughly 10 deg, and an increase of the OASPL at higher polar angles.
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Fig. 9 Vectored nozzle orientations (viewed from downstream).
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Fig. 10 Comparison of acoustic spectra on the minor axis plane for vectored and nonvectored nozzles: Md � 1:5, Uj=D� 42:48 kHz; a) �� 30deg,
b) �� 45deg, c) �� 60deg, d) �� 90deg.
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Fig. 13 Directivity comparison for a 20 deg deflected jet at Mj � 1:5, Tj0=Ta� 3:6: a) ’� 90deg, b) ’� 270deg.

Fig. 11 Schlieren photographs of a rectangular nozzle, Mj � 1:5, Uj=D� 42:48 kHz: a) no deflector b) deflector, no vectoring, c) 10 deg vectoring,

d) 20 deg vectoring.

Fig. 12 Directivity comparison for a 10 deg deflected jet at Mj � 1:5, Tj0=Ta� 3:6: a) ’� 90deg, b) ’� 270deg.
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It can partly be explained by examining the interaction of the
supersonic flow with the compression corner. For a Mach number of
1.5, there is a maximum angle of attack of roughly 12 deg for an
attached shock wave to exist. But for higher angles, such as with the
20 deg deflectors, a detached shock is present. Because of the actual
shape of the nozzle and deflectors, it is difficult to predict the shock
interactions and the resulting decrease inflow velocity. However, the
effective Mach number is certainly lower than 1.5, which explains
the reduction in OASPL. The enhanced mixing of the deflected flow
also explains the higher OASPL at high polar angles, where the
broad-scale turbulence mixing noise dominates the radiated noise.
Similar observations can be made on the other side of the jet, for
’� 270 deg, where the OASPL is also observed to be higher at high
polar angles. However, the rotation of the soundfield is againmasked
by the portion of the jetwhich is not deflected, as previously observed
with the 10 deg vectoring paddles.

Conclusions

With respect to this research activity, several initial comparisons
were made before investigating the acoustic nature of thrust
vectoring, the results of which are summarized next.

1) The focus on the nonaxisymmetric nature of the rectangular
geometry, temporarily excluding thrust vectoring, revealed the
minor axis plane to be louder than the major axis plane by 1–3 dB at
polar angles 30–90 deg from the jet centerline.

2) With respect to the round geometry, the rectangular nozzle
displayed increased sound intensity in its minor axis plane at polar
angles between 30–45 deg from the jet centerline. Sound radiated on
the rectangular nozzle’s major axis plane showed comparable
intensity with the round nozzle for polar angles up to 45 deg and
lower intensity for greater angles.

3) By introducing nozzle attachments for the simulation of 0 deg
thrust vectoring, the study revealed a decrease in sound pressure level
on both axis planes within the low- to midfrequency range.With this
decrease, the overall sound pressure levels on both axes of the
rectangular nozzle fell below those of the round nozzle for all polar
angles. In the high-frequency range, the vectoring attachments
seemed to have negligible effect on the generated noise on both axis
planes.

4) Experiments conducted with the deflected rectangular exhaust
jet showed, as a first-order effect, a deflection/rotation of the acoustic
field with the flowfield. Additionally, whereas the OASPL decreases
at small polar angles due to the chevron effect of the paddles, the
increase of broad-scale turbulent mixing noise generates higher
OASPLs at high polar angles. High deflector angles induce the
production of a strong shock, which leads to a decrease in mean
flow velocity and subsequently in the amount of noise generated.
Similarly, due to the triangular shape of theflaps, only part of theflow
is deflected, hence creating a nondeflected flow, which partially
masks the rotation of the acoustic field produced by the deflected part
of the jet. To confirm those observations and the explanations
proposed in this paper, it would be interesting to compare the spectra
for different values of � with the same polar angle relative to the
deflected jet.
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