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Abstract. This paper presents a preliminary experimental investigation into the acoustics of
two elliptical jet nozzles installed close to a wing model. Acoustic pressure data is obtained for
a range of observer polar angles mounted in the far field of the jets. Three nominal jet Mach
numbers, namely 0.4, 0.6 and 0.8 are studied. Results suggest that the elliptic jets surveyed
provide a noise reduction of the jet-surface installation noise source. The noise reduction is
maximum in the forward arc and in the order of 1 dB for the fully-corrected overall sound
pressure level data. Additionally, the noise benefit exists only when the minor axis of the
elliptical nozzle is mounted parallel to the wing trailing edge. It is hypothesised that the
reduction in the jet plume cross-section width limits the scattering of the near pressure field by
the wing trailing edge to a lower frequency range. The jet mixing noise source, however, is seen to
increase with decreasing nozzle exit-plane aspect ratio. The three jet velocities surveyed suggest
the consistency of the key results discussed in the paper. Investigation of the jet turbulent flow
structures and jet near pressure field is under way.

1. Introduction
Engine noise is the dominant source of commercial aircraft noise. At take-off, both the mixing
of the high-speed exhausted jet with the nominally stationary air and the interaction of the jet
pressure field with aircraft solid surfaces (e.g., wing, high-lift devices, and fuselage) play a major
role in noise generation. Thus, mitigating the jet mixing noise and the jet-surface installation
noise sources is a top priority for aircraft and engine manufacturers.

Historically, passive and active noise control devices aiming at jet noise control have been
studied. To be successfully used in aviation, any noise control device should offer both a
significant aircraft noise reduction at either take-off or landing, and minimal thrust penalties
due to increased weight or increased drag. However, this is usually not simple to obtain. On
one hand, current technology rules out the use of promising active noise control systems due to
aircraft performance restrictions. On the other hand, modifications to the engine nacelle and
nozzle outlets are also constrained by structural and aerodynamic requirements.

Simple passive noise control mechanisms offer simple solutions, albeit limited in terms of
the maximum noise reduction obtained at different flight operations. The first solutions were
proposed by Westley and Lilley [1] at the same time the field of aeroacoustics was born in 1952,
with the seminal work of Lighthill [2]. Some of the more successful applications to date involve
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the use of trailing edge modified nozzles, including serrations (or chevrons) and lobed nozzles.
Elliptic and rectangular nozzles have also been studied, finding applications in non-conventional
and supersonic aircraft.

Although it has been found that elliptic jets are not effective at reducing the jet mixing
noise source of unheated, subsonic jets [3], no study has been conducted on assessing potential
to jet-surface noise mitigation. In the low to moderate subsonic speeds of interest here (i.e.,
turbofan bypass flow), the entrainment ratio of an elliptic jet is greater than that of round and
rectangular jets [4, 5, 6]. This increase in jet-ambient mixing leads to an augmentation of jet
spreading rate and decreases the jet potential core length. Although the jet cross-section tends
to become circular in the fully-turbulent region (i.e., two potential core lengths downstream of
the nozzle exit), an oval shape is observed where the wing trailing edge is located. Thus, it is
necessary to explore the installation effects propagated in installed elliptic jet configurations.

The influential work of Hussain and Husain in the early 1990s shed light into the flow
instability that can be explored in the problem [7, 8, 9]. In depth investigation of instability
excitation and dynamic behaviour of the coherent structures were presented. The jet cross-
section deformations and complex axes switch-over were found to be dependent on the aspect
ratio and initial conditions. Unfortunately, these important and fundamental investigations
were performed for incompressible jets and low aspect ratios (e.g., maximum aspect ratio of
1:2), which are not representative of the investigation proposed in the paper.

Although a parametric study on different aspect ratios is relatively straight forward, a
comprehensive survey into the effect of initial conditions are more demanding and difficult to
control in full-scale applications. In this work, the acoustic pressure field of two elliptic nozzles
are compared against a round nozzle baseline. The main focus is on the potential mitigation of
the jet-surface installation (JSI) noise source.

2. Experimental Methodology
Experiments were performed in the Institute of Sound and Vibration Research, at the University
of Southampton. The Doak Laboratory is an anechoic chamber, fully anechoic above 400 Hz with
dimensions approximately equal to 15 m-long, 7 m-wide and 5 m-high. Two separate air supply
systems allow in-flight simulations of single stream jet flows using the recently commissioned
Flight Jet Rig (FJR). The primary ‘core’ jet flow is supplied by a high-pressure compressor-
reservoir system, capable of producing a maximum inlet pressure of 20 Bar. The secondary
‘flight’ flow is supplied by a 1.1 pressure ratio fan. The 300 mm-diameter flight nozzle can
produce flow velocities up to 100 m/s.

Temperature and pressure sensors are mounted both in the plenum (located far upstream of
the nozzle exit) and along the pipework of the core and flight jet ducts. Ambient chamber
properties, such as pressure, temperature and relative humidity, are also recorded. These
readings are required to set the nominal jet exit velocity condition and to apply corrections to
the data (e.g. atmospheric attenuation and NPR variation during the long hot-wire traverse
measurements). A linear far-field microphone array is mounted close to the ceiling of the
chamber. Ten microphones are used to cover polar observer angles ranging from 40◦ to 130◦,
at 10◦ intervals. The closest microphone, θ = 90◦, is located at approximately 55 jet nozzle
diameters from the nozzle centreline.

A 40-mm-diameter convergent, round nozzle was used as baseline. Two elliptical nozzles were
studied, both of which have the same flow area at the nozzle exit plane as the baseline. Thus,
the effective diameter, Deff = 2

√
RminRmaj, is 40 mm for all three nozzle geometries studied.

Two aspect ratios, e = Rmin/Rmaj, equal to 0.83 and 0.7, were considered. The radii along
the major and minor axes of Nozzle II are 22 mm and 18.2 mm, respectively. Nozzle III had
radii equal to 24 mm and 16.7 mm. Images of the anechoic chamber depicting the FJR and the
far-field microphone array and the nozzles used are shown in Fig. 1.
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Figure 1. Doak Laboratory (left-hand-side) and the nozzles used in the work (right-hand-side).

A 2-D (i.e., uniform chord along the spanwise direction) aerofoil was mounted next to the
nozzle. This aerofoil was designed using a NACA4415 profile and had dimensions of 150 mm-
chord and 600 mm-span. The aerofoil was 3-D printed in three sections and later assembled
using two internal M5 threaded studs to ensure rigidity. The aerofoil trailing edge (TE) was
located at l = 3D and h = 0.6D, where l was the axial distance between the nozzle exit plane
and the aerofoil TE and h was the vertical distance between the jet centreline and the aerofoil
TE.

Data was acquired using high-density National Instrument modules. Each test point was
recorded for 10 seconds at a sampling rate of 200,000 samples per second. Additional information
about the experimental facility, instrumentation, and acquisition systems can be found in the
literature [10, 11].

3. Results
The main objective of the paper is to assess whether elliptic jet nozzles demonstrate a potential
to mitigate jet-surface installation noise. Thus, the following sub-section presents results for
an acoustic Mach number M = 0.6 jet. For the close-coupled configuration studied, the JSI
dominates most observer locations at low and moderate subsonic Mach numbers. Finally, in
Sect. 3.2, other jet velocities are analysed to investigate the important effects on jet mixing
noise of elliptic jets.

3.1. Jet-surface installation noise (JSI)
Far field spectra obtained for all ten microphones were analysed in detail. Trends were consistent
for observer polar angles in the range 60◦ ≤ θ ≤ 130◦. Using the data recorded at θ = 90◦,
Fig. 2 illustrates the spectra of both installed jet (solid lines) and isolated jet (dashed lines)
configurations. The nozzle aspect ratio 0.83 and 0.7 are shown in figures 2(a) and 2(b),
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respectively. For both sub-plots, the nozzle major axis is parallel to the wing trailing edge
(φ = 0◦ - note that this angle defines the nozzle orientation with respect to the wing, rather
then an observer azimuthal angle). As expected from the literature, the isolated experiments of
both elliptic jets produce consistently higher sound pressure levels than the round jet baseline. At
this particular observer location, the highest difference is seen at low frequencies (∆SPLmax ≈ 2
dB). A slightly different trend is observed for installed configurations. The low frequency hump,
characteristic of the jet-surface installation source, shows a similar noise difference as in the
isolated case. However, moderate- and high-frequency regions of the spectra for both round and
elliptic jets are similar.

(a) aspect ratio 0.83 (b) aspect ratio 0.70

Figure 2. Sound pressure level measured at θ = 90◦ for isolated and installed configurations
(φ = 0◦).

Results shown in Fig. 2 suggest that no noise benefit is obtained by the elliptic jets. One
hypothesis for this observation is that although the distance between the nozzle lip to the wing
surface is increased in the elliptic geometries, the higher spreading rate compared to round
nozzles [5] still induce a strong interaction of the jet with the wing TE.

Setting the ellipse minor axis parallel to the wing TE means that the jet nozzle external
surface is closer to the wing. Far-field results are illustrated in Fig. 3. The different lines and
axes follow the same patterns as in Fig. 2. It can be seen that the JSI hump becomes slightly
narrower with increasing aspect ratio. This feature also has been observed in other polar angles
dominated by the JSI. The integration of the PSD levels indicate that a noise reduction of
approximately -0.5 to -1 dB with respect to the round baseline is obtained for polar observer
angles θ ≥ 60◦.

The narrowing of the hump is associated with the elliptic jet cross-section. The spanwise
coherent length at the wing trailing edge is, thus, reduced in comparison to the round jet. This
result is also similar when short wing chords, or flap only configurations are considered [12].
Further investigation is being conducted to clarify this hypothesis.

In Fig. 4, results obtained at θ = 130◦ are displayed. Figure 4(a) shows data at φ = 0◦, and
Fig. 4(b) at φ = 90◦. Despite similar trends as figures 2 and 3, a secondary, small hump starts
to develop around Strouhal number St ≈ 5 at this polar angle. As this high-frequency trend 1)
develops consistently with decreasing aspect ratio, and 2) propagates only to the high forward
arc angles, it is believed that this phenomenon is due to the passage of waves through the small
gap between the nozzle and wing surfaces. Nonetheless, the low PSD values compared to the
low-frequency content, and atmospheric attenuation reduce the importance of this feature to
practical applications.
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(a) (b)

Figure 3. Sound pressure level measured at θ = 90◦ for isolated and installed configurations
(φ = 90◦).

(a) φ = 0◦ (b) φ = 90◦

Figure 4. Sound pressure level measured at θ = 130◦ for isolated and installed configurations.

Although the φ = 90◦ showed some potential to JSI noise reduction, the narrowing of the
hump is overshadowed by the high peak level at 0.2 ≤ St ≤ 0.3. To alleviate this, other passive
noise control mechanisms can be used in conjunction with elliptic nozzles (e.g., chevrons).
Ideally, to obtain similar noise reduction in dB levels, any additional passive flow control
mechanism would be less intrusive in the elliptic jet compared to a round jet counter-part.

3.2. Jets dominated by mixing noise
The results presented in the previous sub-section were substantially different at low polar angles
(e.g., θ = 40◦). This prompted an investigation into other jet velocities and isolated jets, in
which the jet mixing noise component either dominates the JSI noise source or at least plays an
important role in the total noise generated.

Figure 5 shows the power spectral density measured for installed and isolated configurations
at θ = 40◦. The elliptic nozzle angles of each sub-plot and the lines for all three nozzles are
indicated in the Figure.

First of all, for installed configurations, results display very different, if not the opposite
behaviour observed at higher polar angles. The major axis orientation (Fig. 5(a)) of elliptic jets
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(a) Installed, φ = 0◦ (b) Installed, φ = 90◦ (c) Isolated, φ = 0◦ (d) Isolated, φ = 90◦

Figure 5. Sound pressure level measured at θ = 40◦ for isolated (LHS) and installed (RHS)
configurations. Ellipse orientation indicated in each sub-figure.

produced lower PSD levels at low-frequency compared to the round baseline, whilst the minor
axis setup increased the far-field noise. This behaviour is difficult to explain. However, the
plots shown in figures 5(c) and 5(d) reveal that the isolated and installed configurations produce
similar noise levels, especially for φ = 90◦. Thus, it is confirmed that the counter-intuitive trend
after studying the other polar angles is due to jet mixing noise, rather than the JSI noise source.

Finally, the other jet velocities carried out during the experiments were studied. To present
the key results of this investigation in the paper, Fig. 6 shows the sound pressure level (SPL) of
the round and two elliptic nozzles measured at acoustic Mach numbers M = 0.4 and M = 0.8,
and at observer polar angle θ = 90◦. Sound pressure level measured at M = 0.6 for the round
jet (data from Fig. 2) is also displayed for reference.

(a) Mj = 0.4 (b) Mj = 0.8

Figure 6. Sound pressure level measured at θ = 90◦ for round and elliptic jets (φ = 90◦)

To compare the two different jet velocities in each sub-plot, the SPL data was corrected by
the 4th power of the jet exit velocity. Although this correction factor should work for the low
frequencies dominated by the JSI hump, it certainly produces the disagreement seen at high-
frequencies from around St = 1. These higher frequencies are dominated by the jet mixing
noise and should scale with U7

j (in a dB/Hz plot, at θ = 90◦). Nonetheless, results presented
in Fig. 6 confirm that: 1) the JSI noise source of elliptic jets scale with jet exit velocity in the
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same manner as round nozzles, and 2) the hump narrowing phenomenon are indeed observed at
low and moderate Mach numbers (JSI dominates), but not for high-subsonic speeds (jet mixing
noise dominates).

4. Conclusions
This paper presented an experimental survey on the far pressure field on elliptic jets. A round
baseline jet and two elliptic jets were investigated. The nominal jet Mach numbers were set at
0.4, 0.6 and 0.8. Acoustic data was recorded at ten observer polar angles.

The analysis presented in the paper suggest that the results for isolated jet configurations
are in agreement with previous works. At all observer locations, elliptic jets produced similar or
higher overall sound pressure levels in the jet far field. This is seen to be true also for installed
configurations in which the ellipse major axis is parallel to the wing trailing edge.

On the other hand, noise reductions of up to 1 dB overall were observed for installed
configurations with the ellipse minor axis aligned with the wing TE. The maximum benefit
is seen in the jet forward arc, where the jet-surface installation effects dominate the jet mixing
noise source. The spectra displayed in the paper indicate that the well-known ‘hump’ signature
of the JSI noise source reduces its width with decreasing nozzle aspect ratio.

Although the major axis alignment increases the distance between the nozzle lipline and the
plate surface, the minor-axis plane contains most of the jet entrainment process [4, 5]. Thus,
the interaction between the jet rotational flow-field and wing structure is still important in that
orientation. Mounting the minor axis parallel to the wing TE discharges the jet closely to the
wing. However, compared to round jets, the width of the jet plume is reduced at the wing TE
location. This is believed to induce a lower coherence along the span of the TE.

Other passive noise control devices can be used in conjunction with elliptic jet nozzles. For
example, it is hypothesised that a combination of elliptic nozzles with less intrusive chevrons
could provide similar benefits to noise mitigation compared to current serrated round nozzles
with higher penetration angles. Other future study would feature the analysis of the jet flow-field,
near-field, and wall-pressure fields of elliptic jets with practicable aspect ratios. One interesting
phenomenon that could be explored is the switch in orientation of the major and minor axes
downstream of the nozzle exit caused by the auto-induction deformation of the elliptic ring
vortices at the nozzle exit [13, 14]. The axis-switching location has been shown to vary linearly
with aspect ratio, taking place at x/Dj ≈ 2 for a e = 0.5 elliptic jet. Thus, further studies on
the effects of wing TE location on the results discussed above are recommended.
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