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Abstract. Turbofan engines are commonly used for commercial transport due to their advantages of higher per-
formance and lower noise. Jet noise is one of the principal noise sources of turbofan aeroplane engines and remains
an acute environmental problem that requires advanced solutions. The ever-increasing demand for quieter engines
requires the exploration of alternative techniques that could be used by themselves or in conjunction with existing
methods. Significant progress continues to be made with noise reduction for turbofan engines. Analytical and semi-
empirical models have been developed to investigate the influence of some design tools when they are employed in a
multidisciplinary optimisation framework. This paper discusses the major components of jet noise in turbofan engines
and presents a review of jet noise reduction technologies.
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1. Introduction

Noise from aircraft are a second source of noise only
to road traffic noise in drawing complaints from public
about noise pollution, therefore, the reduction of noise
around airports is one of the most urgent and crucial
matters for aircraft and engines. The first generation of
subsonic jetliners was very noisy because of the high ex-
haust velocity of their engines. By the introduction of the
high bypass ratio turbofan, the noise level was reduced
remarkably, by 20-30 dB (Smith 1989). This was simply
achieved by the same thrust being produced with a larger
mass flow rate, hence lower exhaust speed. The associ-
ated gains in propulsive efficiency led to much lower fuel
consumption, making the high-bypass turbofan the only
choice for commercial aircraft developed in the 1980s and
afterwards. Significant reduction in jet noise was achieved
by producing the same thrust with larger mass flow rate,
hence the lower exhaust speed in modern high-bypass en-
gines. In recent decades, aircraft noise mitigation has been
investigated by many researchers (Narkiewicz, Pietrucha
1998; Ziliené, Stankanas 2002; Vanker et al. 2009).

There are two main noise sources in today’s com-
mercial turbofan engines: fan/compressor noise (not dis-
cussed in this paper) and the exhaust (also referred to as
the jet). Among the sources of aircraft noise, jet engine
noise is the dominant noise. Jet noise itself is composed
of turbulent mixing noise and, in the case of imperfectly
expanded jets, shock noise. Jet mixing noise is a strong
characteristic of jet exhaust velocity. Consequently, noise
reduction strategies are aimed at increasing the bypass ra-
tio to lower nozzle exit velocities and designing bypass
and core flows to improve mixing with each other and the
atmosphere. If jet exhaust velocity is greater than the lo-
cal speed of sound, very high levels of broadband shock-
associated noise and screech tones can be generated.

To facilitate future growth in air transportation
while ensuring compliance with the increasingly strin-
gent noise regulations, researchers must investigate noise
reduction technologies. In this paper, the main technolo-
gies for jet noise reduction in current turbofan engines
will be presented.

2. Jet noise

The trend of aircraft engine noise has been the growing
dominance of turbofan noise in the radiated acoustic
field. Particularly during high thrust operation, such as
take-off, reported sound levels radiated by turbofans are
15-20 dB greater than the broadband noise (Thomas et
al. 1997). Furthermore, higher bypass ratio engines be-
ing the norm, the noise levels can only be expected to
rise. In modern high bypass ratio turbofan engines, the
jet contributed to about half of overall noise generation.
Jet noise is due to the high-velocity, high-temperature
core jet mixing with low-velocity, low-temperature at-

mospheric gases and in the case of imperfectly expanded
jets, shock noise (Tam, Chen 1994).

A primary source of jet engine noise is the shear
region of exhausted air streams, where different high-ve-
locity air streams mix with each other and slower mov-
ing ambient air. Mixing of the jet core and bypass ex-
hausts and mixing with the atmosphere produce a broad
sound frequency spectrum. The shape of the spectrum
reflects the fact that the eddies that comprise the turbu-
lent mixing process vary considerably, increasing in size
progressively downstream of the exhaust nozzle and de-
caying in intensity as the average exhaust velocity falls
and the mixing becomes complete. Jet mixing noise is
a strong function of jet exhaust velocity. Consequently,
noise reduction strategies are aimed at increasing bypass
ratio to lower nozzle exit velocities and designing bypass
and core flows to improve mixing with each other and
the atmosphere. If the jet exhaust velocity is greater than
the local speed of sound, very high levels of broadband
shock-associated noise and screech tones can be generat-
ed. These noises are usually controlled by careful design
of the jet nozzles, however.

Numerous experiments confirm that most large-scale
turbulent mixing noise comes from the region around the
end of the potential core (Mikkelsen, Bridges 2000; Panda,
Zaman 2001; Panda, Seasholtz 2002; Hileman, Samimy
2001; Narayanan et al. 2002; McLaughlin et al. 1975;
Troutt, McLaughlin 1982). This leads to noise reduction
via reduction of the convective Mach number. Mixing sec-
ondary air with the primary exhaust reduces the velocity
of the faster of the flows so Mach wave radiation can be re-
duced by surrounding the primary jet with secondary flow
so that the primary eddies become subsonic with respect
to the secondary flow, while ensuring that the secondary
eddies are subsonic. In a jet with fixed exit flow conditions,
reduction of the Mach number entails controlling convec-
tive velocity and controlling the medium surrounding the
instability wave. The former requires some form of exci-
tation that can change convective velocity not only at the
nozzle exit but also five to twenty diameters downstream,
depending on the length of the potential core. The latter
scheme is more plausible as it involves manipulation of a
secondary stream. Today all commercial aircraft engines
have a secondary stream, the bypass flow.

In coaxial jets, as created by separate flow turbofan
engines, the primary (core) jet is initially surrounded by
the secondary (bypass) stream, which acts as a moving
medium. In the coaxial exhaust of typical engines, the
secondary stream becomes fully mixed well up-stream at
the end of the primary potential core. As a result, a sub-
stantial part of the core noise source region is not cov-
ered by the secondary flow. Some noise reduction cer-
tainly occurs, but not near the levels one would expect
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(Papamoschou 2002). The end of the potential core is as-
sociated with very strong turbulent fluctuations. There
are two convective Mach numbers that influence noise
emission: one for primary instability with respect to the
secondary stream and the other for secondary instabil-
ity with respect to the ambient. In non axisymmetric ar-
rangements there is also an azimuthal dependence of the
mean flow variables. Which of the two convective Mach
numbers is more important depends on the volume and
intensity of noise sources associated with each distribu-
tion. Various methods have been developed to reduce
the generation of jet noise in turbofan engines.

2.1. Offset nozzles

In a turbofan engine, several parameters such as stream
temperatures, nozzle geometry, velocity ratio and in-
flow conditions are indeed expected to have significant
effects on the physical mechanisms taking place. The
primary stream of coaxial jets is for instance usually
strongly heated, which might affect noise generation.
The exhaust velocities, Mach numbers, and mass flow
rates are largely fixed by the engine cycle, and one has
little freedom to alter them. In broader terms, in a dual-
stream jet, shaping exhaust flow away from traditional
configurations has the potential for significant noise re-
duction; therefore, substantial noise reduction is achiev-
able by reshaping the nozzle from coaxial to eccentric.
The essence of eccentric nozzles is to offset an annular
stream with respect to the primary stream. When this is
done, noise on the ‘fat’ side of the annular stream gets
reduced relative to the noise of the concentric case. It is
a directional attenuation of noise with obvious practical
relevance (Zaman, Papamoschou 2006).

Eccentric or severely offset nozzles are probably
not viable because of the drastic redesign of the na-
celle and the messy flow path in the outer nozzle. In
flight, if the annular stream could be underneath, less
noise would be heard on ground. An experiment done
by D. Papamoschou and M. Debiasi at Mach 1.6 cruise
showed that the eccentric arrangement is 6.5 dB qui-
eter than the mixed-flow arrangement and 5 dB quieter
than the coaxial configuration (Papamoschou, Debiasi
2003). They indicate that the eccentric exhaust is free of
strong Mach wave radiation and that the acoustic ben-
efit of the eccentric arrangement, combined with faster
climb afforded by the modified engine, leads to a re-
duction of 14 dB in EPNL. Compared to the baseline
engine, the specific fuel consumption of the modified
engine is about 13% less at subsonic climb and 3% less
at supersonic cruise. D. Papamoschou and M. Debiasi
in another study at the University of California-Irvine
(Papamoschou, Debiasi 2001) used eccentric dual-
stream jets with a normal velocity profile and showed
considerable noise reduction in the direction of the
thickened secondary (outer) flow.
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Researchers have independently observed similar
benefits of offset co-annular nozzles (Harper-Bourne
2001). The jets were high-speed, and the bypass ratios
were small. The noise reduction trends observed in those
experiments were verified in a larger rig at NASA Glenn
Research Center (Harper-Bourne 2001; Zaman 2004).

2.2. Chevrons

Offsetting the nozzles to an eccentric geometry did not
offer an attractive engineering solution for high-bypass
engines. Notwithstanding the possible losses and imbal-
ances caused by the new flow path, an eccentric arrange-
ment would require a new nacelle structure and radical
redesign of propulsion systems such as thrust reversers
(Papamoschou, Nishi Kimberley 2004). The most suc-
cessful technique for reducing jet noise from high-by-
pass engines involves the installation of chevron mixers.
Chevrons or serrations added to the nozzle geometry
protrude into the flow and generate axial vorticity and
therefore enhance the mixing of core, fan and ambient
air streams. Placed around the trailing edge of either the
core or fan exhaust nozzle, they promote mixing of the
jet flow and result in lower bulk jet velocity and lower
noise. Chevrons are saw-tooth shapes at the end of the
nacelle, with tips that are bent very slightly into the flow,
and they work by strengthening streamwise vortices that
increase mixing within the plume to hasten jet poten-
tial core decay. Mixing occurs by penetrating the chev-
ron tip at a small distance into the flow and producing
streamwise vortices from the pressure differential across
the chevron. Mechanical chevrons are relatively simple
to manufacture and install. As passive devices with a
fixed geometry, they have the disadvantage of only be-
ing optimised for one flight condition, however. They
cannot adapt to changes in the flow environment and
adjustments cannot be made to compensate for chang-
ing flight operations or installation effects (Henderson et
al. 2006). Enhanced mixing usually increases the smaller
scales of motion and thus adds to high frequency noise.
The breakdown of larger scale turbulence into small-
scale turbulence however reduces low frequency noise
at its peak. In 1996, NASA tested a concept that utilised
chevron nozzles. The nozzles allowed the core and by-
pass flows to mix in a way that reduced low frequency
mixing noise from highly turbulent flows (Uzun, Hus-
saini 2007). NASA studied the amount of EPNL reduc-
tion for the following nozzle configurations: chevrons
were installed only on the fan exhaust, only on the core
exhaust, and on both. Greater EPNL reduction was ob-
tained when the chevrons were simultaneously on both
the fan and core exhaust nozzles. Chevrons penetrat-
ing the boundary layer of the core flow provided even
greater noise reduction, achieving an EPNL benefit of
up to 2.5 dB and only a 0.50% loss in thrust (Mikkelsen,
Bridges 2000).
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D. Papamoschou and K. A. Nishi Kimberley used an
alternative that was thought to provide equal or greater
acoustic benefit while minimizing modifications (Papa-
moschou, Nishi Kimberley 2004). The most promising
configuration involves the use of deflector vanes installed
near the bypass duct that cause the bypass plume to tilt
relative to the core plume. In effect, this method creates
eccentricity not at the nozzle exit but further downstream.
D. Papamoschou and K. A. Nishi Kimberley also simulat-
ed the exhaust of turbofan engines with bypass ratios of
4.5 and 6.0. The secondary stream was deflected down-
wards by means of vanes installed inside the bypass duct
in the proximity of the duct exit. Two pairs of conver-
gent bypass ducts with vanes installed at azimuth angles
70 and 110 with respect to the vertical constitute one of
the most promising configurations. A substantial benefit
in EPNL occurs when the vanes have dissimilar angles of
attack, with the upper pair at smaller incidence than the
lower pair. The best arrangement offered a 5.3-dB reduc-
tion in the sum of flyover and sideline EPNL.

2.3. Fan flow deflector

The main concept of a fan flow deflector (FFD) is to keep
the exhaust coaxial but deflect the secondary (fan) flow
using vanes or similar devices in the secondary flow path.
Realistic applications would involve simultaneous down-
ward and sideward deflections for suppression of noise
underneath the aircraft and on the sideline. The method
has been tested in a variety of experiments using co-an-
nular nozzles (Papamoschou 2004a, b).

Noise produced by fine-scale turbulence dominates
the acoustic spectrum at observational angles in the up-
stream direction, and noise resulting from large-scale
structures radiates in the downstream direction. Large-
scale mixing noise is the most intense noise source in
turbulent pressure-matched jets and radiates at angles
close to the jet axis. Fan flow deflection (FFD) technol-
ogy targets suppression of large-scale turbulent mixing
noise from aircraft engines. The overarching principle
of the FFD method is reduction in the convective Mach
number of turbulent eddies that generate intense down-
ward and sideward sound radiation. The deflectors thick-
en the low speed flow underneath the core jet, resulting
in lower noise emission towards the ground. One aspect
of the noise suppression mechanism involves extending
the ‘secondary core’ of the jet. In a coaxial separate-flow
turbofan engine, this is achieved by tilting in the gen-
eral downward direction, by a few degrees, the bypass
(secondary) plume relative to the core (primary) plume.
Mean flow surveys show that the misalignment of the two
flows causes a thick, low-speed secondary core on the un-
derside of the high-speed primary flow, especially in the
region near the end of the primary potential core which
contains the strongest noise sources. The secondary core

reduces the convective Mach number of the primary ed-
dies, thus hindering their ability to generate sound that
travels to the downward acoustic far field (Papamoschou,
Shupe 2006). Another role of the FFD is to direct some of
the fan stream underneath the core stream, thus reducing
velocity gradients and turbulent kinetic energy produc-
tion on the underside of the jet. Elongation of the second-
ary core inflectional layer and contraction of the primary
potential core prolongs the region of the primary shear
layer that is ‘silenced’ by the fan flow. As mentioned, re-
duction in the velocity gradient is expected to reduce the
production rate for turbulent kinetic energy, k. Previous
experiments and computations in dual-stream nozzles
with fan flow deflectors have shown reduced values of k
on the underside of the jet (Shupe et al. 2007). Impor-
tantly, the experiments have shown a correlation between
velocity gradients and the end of the potential core of the
jet (Dippold et al. 2007). Given that the jet has a finite
axial extent, it is thus possible to reduce k throughout the
underside of the jet. In turn, reducing k is expected to
reduce the noise source correlation between reduction
in velocity gradients and directional noise suppression
from asymmetric dual-stream jets. M. Nielsen and D. Pa-
pamoschou investigated trends of high-frequency noise
reduction, in the direction of peak emission, versus the
distortion of the velocity field in the jet plume. They ob-
served that fan flow deflection increases the volume of
the secondary core (in the downward and sideline azi-
muth directions) and decreases the volume of the high-
speed region (Nielsen, Papamoschou 2008). In other
words, the physics of noise reduction apparently involves
‘shielding’ high-speed noise sources with an enlarged sec-
ondary core in combination with the compaction of those
sources.

Tilting the bypass stream is possible by means of
fixed or variable vanes installed near the exit of the by-
pass duct. Two types of deflectors have been investigated
so far: airfoil-shaped vanes mounted at various azimuth
angles and a wedge-shaped deflector located at the top
of the nozzle. Both devices can be internal or external to
the bypass duct, although for commercial applications it
is strongly preferred that the vanes are internal to avoid
shock losses. In a study by D. Papamoschou, subscale
aero acoustic experiments simulated the exhaust flow
of a turbofan engine with a bypass ratio of 6.0 (Papam-
oschou 2004c) Deflection of the bypass stream resulted
in suppression of the overall peak sound pressure level
by 4.5 dB and the effective perceived noise level (EPNL)
by 2.8 dB. For the nozzle configuration used, the trust
loss is estimated at approximately 0.5% with the vanes
activated and 0.15% with the vanes deactivated.

Wedge-shaped fan flow deflectors have been studied
for low-bypass and high-bypass configurations (Papam-
oschou 2006). Experimentations with a variety of wedge
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shapes and sizes showed that porous wedge deflectors have
superior aerodynamic features that enhance their potential
as noise reducing agents and also clarified that the wedge
angle was the most critical parameter. At the same base
dimension, wedges with large angles reduced downward
emitted noise significantly, while those with small angles
produced little reduction. J. Xiong et al. used experiments
and computations to analyse the flow field of full turbo-
fan nozzle equipped with porous wedge-shaped deflectors
(Xiong et al. 2011). They concluded that the flow field is
affected not only by the porosity of the deflectors but also
by the illumination angle. The illumination angle, defined
with respect to the free stream flow, has a profound im-
pact on the flow field through and around the porous sur-
face. For negative free stream illumination angles, there is
no direct path for the flow to pass through the surface. In-
stead, flow through the perforations is driven by the pres-
sure difference across the surface. D. Papamoschou tested
two types of deflectors in ‘classic’ laboratory nozzles with
parallel exit flow lines and in ‘realistic’ nozzles with conver-
gent flow lines characteristic of turbofan engines (Papam-
oschou, Nishi Kimberley 2005). Vanes provide noticeable
noise reduction for both types of nozzles, although noise
reduction in the realistic nozzle was superior to that in the
classic nozzles. Tests of an internal wedge-type deflector
however showed practically no noise benefit in a classic
nozzle, while there was significant benefit in a realistic noz-
zle. The discrepancy between classic and realistic nozzles
was observed in a small-scale experiment at U. C. Irvine
and in large-scale experiments at NASA Glenn Research
Center (Zaman, Papamoschou 2006).

In another study, A. D. Johnson et al. investigated
the optimisation of the implementation of fan flow de-
flection for jet noise suppression from a supersonic tur-
bofan nozzle with a bypass ratio of 2.7 (Johnson et al.
2011). They also considered the addition of a porous
wedge-shaped fan flow deflector and show FFD in-
creases the EPNL reductions to 5.0 dB and 3.9 dB in the
downward and sideline directions, respectively. D. Pa-
pamoschou examined the potential of pylon-based, de-
ployable flaps to reduce noise of separate flow turbofan
engines with a bypass ratio of 8 (Papamoschou 2009). He
tested three types of deflectors: solid flaps, porous flaps
made of coarse perforations, and porous flaps made of
fine perforations. It is shown that all the deflectors re-
duce noise sources near the end of the primary potential
core. Accordingly, the fine perforation flaps provided su-
perior acoustic results, yielding estimated EPNL benefits
of 2.1 dB in the downward direction and 1.0 dB in the
sideline direction.

It thus became evident that the shape of the base-
line nozzle plays a role in the efficacy of the FFD method
and that a systematic study of FFD in nozzles of vary-
ing shape was necessary for further understanding of the
technique and for design considerations.
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2.4. Micro jet

As an alternative, a microinjection system, impacting
the main jet, has also been suggested. The micro jets are
injected onto the primary jet near the nozzle exit with
variable port geometry, working fluid, and driving pres-
sure. Micro jets have been shown to produce large effects
on supersonic primary jets. This is apparently due to a
weakening of shock structure, resulting in an attenua-
tion of shock-associated noise.

In recent decades, injection of micro jets at the
nozzle exit to the main jet flow has been investigated
by many researchers (Camussi et al. 2007; Zaman 2007;
Greska et al. 2003; Greska, Krothapalli 2005; Greska et al.
2004; Harrison et al. 2007a, b). F. S. Alvi et al. found that
the use of micro jets could be very effective in eliminat-
ing screech and impingement tones from supersonic jets
(Alvi et al. 2000). T. Castelain et al. experimentally stud-
ied the effect of micro jets at Mach 0.9, and they found
that the maximum number of micro jets did not imply
maximum reduction in the sound pressure level (Caste-
lain et al. 2006).

The impact of injection on jet noise depends on the
injector configuration, injector operating condition, type
of noise source targeted, and number of flow streams (sin-
gle or dual) in the main jet. The micro jet velocity (which
is proportional to the main jet velocity), the longitudinal
distance of injection, and the number of micro jets are the
three parameters that mainly contribute to the optimisa-
tion of noise reduction. In addition, the optimised micro
jet configuration is obtained by a balance between low-fre-
quency attenuation and high-frequency noise generation
due to the interaction between micro jets and the main
jet-mixing layer (Castelain et al. 2006). Experimental
studies have investigated the impact of the injector’s shape,
size, injection angle, yaw angle, pressure, momentum flux,
and mass flow rate on the radiated jet noise. While results
have been reported for single and dual stream jets operat-
ing at subsonic and supersonic speeds, the variation in the
injection parameters and operating conditions used in the
experiments has been significant.

Chevrons and micro jets can be used simultane-
ously. The combination of these methods, which are suf-
ficient technologies for noise suppression in jet engines,
is more beneficial than each method alone. Fluidic chev-
rons are used to enhance mixing in the jet shear layer
and break up large-scale structures which contribute
significantly to the perceived noise level (Thomas, Joslin
2002). The unique feature of this method is that it applies
micro jets to the shear layer at the tip of the chevrons.
The strategic location of the micro jet-chevron injection
is a critical design parameter. According to M. B. Alkislar
and G. W. Butler, at a 150-degree nozzle inlet angle and
at 100-D distance, the isolated chevron and/or micro
jet reduction is only about 1 dB, whereas the micro
jet-chevron combination is 2 dB (Alkislar, Butler 2007).
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The narrow band spectra at aft angles also show the bet-
ter performance obtained by the combination at a large
range of frequencies. Furthermore, no additional high
frequency lift has been observed in any measured at ra-
diation angle with the application of micro jets in com-
bination compared to isolated chevron cases. T. Caste-
lain et al. showed that maximum noise reduction was
not obtained by using a maximum number of micro jets
since the modification of coherent structures in the flow
resulted from a combination of the spacing, diameter,
number and velocity of the micro jets (Castelain et al.
2008).

2.5. Supersonic

Supersonic jet noise consists of three main components:
turbulent mixing noise, screech tones, and broadband
noise. High-speed jet noise is dominated by Mach wave
emission, which arises when turbulent eddies in the jet
travel with supersonic velocity relative to the surround-
ing medium, radiates in the downstream direction, and
is caused by the supersonic convection of eddies relative
to their surrounding medium (Nielsen, Papamoschou
2009; Tam 1995; Avital et al. 1998; Tam, Chen 1994;
Tam et al. 1992).

Reducing the Mach wave emission is a key chal-
lenge for making high-speed transport environmentally
acceptable (Seiner, Krejsa 1989). Mach wave radiation
has been the subject of numerous analytical, computa-
tional and experimental investigations (Mitchel et al.
1994; Seiner et al. 1994; Trout, McLaughlin 1982). This
component of noise can be substantially removed by op-
erating the jet at pressure-matched conditions. Turbu-
lent mixing noise manifested as Mach wave emission in
high-speed jets is by far the most difficult noise source
to control. Several concepts have been developed to re-
duce high-speed jet noise, usually involving efforts to en-
hance the mixing between the jet and the surrounding
air. These methods reduce the length of the high velocity
region of the jet where noise is generated in some way
(Tam, Chen 1994; Plencner 1998).

Supersonic jet noise reduction, however, remains a
problem that has impeded the wide-scale development
of supersonic air travel. Nevertheless, interest has been
shown recently in the development of supersonic business
aircraft, an indication that supersonic transport can have
aniche in a market where saving time often results in cru-
cial financial benefits. Development of a supersonic busi-
ness aircraft would ‘leverage’ the extensive know-how and
technologies developed for military airplanes but hinges
on the effective reduction of take-off noise generated by
the supersonic jets exhausting from the engines of such
aircrafts (Debiasi, Papamoschou 2001). So far, the bulk of
the supersonic noise suppression effort has encompassed
mixing enhancement and ejector approaches (Nagamatsu
et al. 1972; Tillman et al. 1992), which typically lead to

large and heavy power plants (Plencner 1998). One may
wonder whether supersonic engines will follow the same
evolution as subsonic engines, leading to supersonic high-
bypass turbofans. The issue is not as simple, though. High
bypass ratio generally causes worse, not better, efficiency
at supersonic speeds.

As well as the other main components of supersonic
jet noise, screech tones and broadband noise are associat-
ed with the shock cell system in imperfectly expanded jets.
Screech is a discrete tone emitted by imperfectly expanded
jets. It has a significant upstream propagation component
and thus can cause damage to the engine nozzle structure
(Hay, Rose 1970). Screech is thought to be generated and
sustained by a resonant feedback loop that comprises the
following elements: sound generated by passage of eddies
through shock cells, upstream propagation of the sound
toward the nozzle lip, and cogeneration of new eddies by
the coupling of the sound with the shear-layer instability
(Tam 1995; Raman 1998; Powel 1953).

The second component of shock-associated noise is
broadband in nature and propagates in lateral and up-
stream directions. In spectral amplitude it rises rapidly
with frequency to a main peak and then decreases at
higher frequencies. Broadband shock noise is believed
to consist of acoustic waves generated by supersonical-
ly convicting, coherent, wavelike disturbances arising
from the interaction of large-scale turbulent structures
with the nearly periodic shock cell system of imperfect-
ly expanded jets (Tam 1987; Tam, Tanna 1982). It was
demonstrated that the addition of a secondary flow to
a supersonic jet can reduce Mach wave emission when
the convective velocity of the jet eddies are also sub-
sonic values, provided that the secondary flow eddies
are also subsonic with respect to the ambient (Papam-
oschou 1997; Papamoschou, Debiasi 1999). This meth-
od, called Mach wave elimination, achieved appreciable
noise reduction in a pressure-matched jet with velocity
0f 920 m/s (Papamoschou 1997). Specifically, WE seek to
minimise the convective Mach numbers of turbulent ed-
dies throughout the jet flow field. This includes the end
of the potential core, a region of vigorous mixing and
strong noise generation. In a coaxial arrangement, ap-
plication of the secondary streams stretches the primary
potential core. The end of the primary core can easily ex-
tend past the reach of the secondary flow, thus reducing
the effectiveness of the technique. The eccentric arrange-
ment has been shown to prevent significant elongation
of the primary potential core (Murakami, Papamoschou
2002). It also doubles the thickness and potential core
length of the secondary flow in the downward direction,
thus making the technique very effective at suppressing
Mach wave emission towards the ground. More gener-
ally, the MWE results illustrate the potential for noise
reduction by shaping the mean flow of the primary and
secondary streams.
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Experiments on the wave elimination technique
showed significant gains in noise reduction. D. Papam-
oschou investigated the noise suppression in a fixed cy-
cle, bypass ratio three supersonic engine (Papamoschou
2004a). Subscale experiments showed that, relative to the
mixed-flow exhaust, the coaxial separate-flow exhaust
with vanes reduces the peak overall sound pressure level
by 8 dB and the effective perceived noise level by 7 dB
and the noise-equivalent specific thrust on take off is re-
duced from 490 to 390 m/s. Results also showed that by
this method noise reduction of 13 dB with mixed-flow
exhaust and noise reduction of 20 dB with the aforemen-
tioned suppression scheme can be achieved.

3. Conclusion

In this paper, we have reviewed the main mechanisms
involved in the generation of aerodynamic noise in
modern aircraft for civil transportation. Various meth-
ods have been developed to reduce jet noise in turbofan
engines. Examples of these technologies have been pre-
sented, such as the use of eccentric and actuate nozzles
instead of conventional coannular nozzles, the installa-
tion of chevron mixer on exhaust nozzles, applying fan
flow deflectors (FFD) at the exit of nozzles, the use of
micro jets that are injected onto the primary jet near
the nozzle exit, and the employment of fluidic chevrons.

This will be particularly useful, for instance, to as-
sess the influence of noise mitigation devices on aircraft
operating cost. We believe that this work may be use-
ful for rapid access to information in the field of aircraft
noise reduction.
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