ROLE OF CHEVRONS IN ENGINE NOISE CONTROL
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ABSTRACT

Alrcrafi noise has been an issue of enormous environmental, financial, and tecinological impact. FAA statistics Ins forecast
thae aviarion Is Iikely to grow over the next 0 vears af an average rove of 3.8% per vear [ 1] for which the wse of fef engines
as the prime power plant Is Inescapable. Most commercial airerafts are equipped with rurbafon engines due to their
capability of providing higher performance and lover noise when compared with mrbofes engines. Dominant nolse sources
of hirhofin engines are from the fan dnclicding the stasor) and e exhanst (also referred fo as the fer). Tl nolse prociced in
these pao arens diring kakeaff and landing has a profosnd impact an the commmities swvounding i alypons. As a result,
alrcrafl noise as been e farget of sivicr FAA regwlavions, maling nirbaofim engine molse suppression becamwe the subfect aff
intensive research and development. One of the significans sources of alrcrafi nodse In modem fet atreraft is the rrbulonce
generated in B shear lavers arownd the ongine's exhaust. A wober of flow conrol approaches have been applied 1o
madlfy tve flow soruciures i Bre stwar Lver and dhve radiased sound One of the simplest and widely aceepied appronches is
the applicarion of cheveons 1o the prailing edee of the nozzles. The pirpose of this paper Is 1o focus on the developmont,
Jearwres & rechmiques of soud suppression of chevrons nozzles.
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LO INTRODUCTION

Adrcrall noise 1s a significant concern to thase who
live near any large airport. As the volume of air
traffic increases, so does the mmpact on those
mereasing numbers who live near busy airports. The
regulatory response to limiting aircralt noise 1s
embodied in Federal Aviation Regulation 2] in the
Unites States and m Intemational Civil Acronautics
Orgamization %) elsewhere which impose limits
which become nereasingly stringent with time.
Manufacturers of amrcrafl and aircraft engines face
the technical challenge of making aircrafi
simultancously quicter, more powerlul, and more
eflicient. The conflicting requirements of these
goals motivate rescarches to apply flow control to
one source of aircraft noise that wall result n
acoustic benefit while minimizing the mmpact on
performance.

One ol the more signilicant sources of atrcrall noise in
modem jet aircrafl is the turbulence generated in the
shear lavers around the engine's exhaust. Commonly
on large commervial aireraft there are two such shear
lavers generating noise, the mner and outer shear
lavers. The mner shear layer is the layer between the
primary or core low and the secondary or fan low.
The outer shear Layer lies between the secondary Now
and the free stream. At any useful operating condition
we will have a significant shear velocity across one or
both of these shear lavers. These shear layers are
unstable and the mstabilitics lead to vortex roll-up and
transition to turbulence. The colverent structures and
turbulent eddies generate non-equilibrium pressure
Sluctuations which are radiated as sound. A number
of flow control approaches have been applied to
modify the fow structures m the shear laver and the
radiated sound.
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The simplest and widely accepted approach for
noise reduction which has begun entering service on
the commercial fleet is the application of chevrons
to the trailing edge of the nozzles. Unlke
conventional, round nozzles, chevron nozzles
cmploy semations on the trailing edge. Chevrons
are saw tooth-like patterns at the trailing edge of
Jet engine nozdes thar help reduce noise from the
ensuing jet. It has been known from  past
experimental studies with laboratory-scale jets that
small protrusions at the nozzle lip called ‘tabs'
would suppress ‘screcch’ tones. In the 1980's and
199%0's the tabs were explored extensively for
mixing enhancement in jets. These studies advanced
the understanding of the flow mechanisms and
suggested that the technique might have a potential
for reduction of "turbulent mixing noise' that 1s the
domimant component of jet noise for most arcrafl.
These chevrons typically impinge shightly mto the
higher-speed low and cause the flow passing over
them to twm and curl around their trailing edges,
thus introducing a rotating component to the
velocity ficld. The net eftect of each chevron is to
shed a pair of stream wise vortices, These vortices
speed the mixing between the flows and bring them
more quickly to a low-shear condition. This has
been shown to reduce the overall level of noisce
produced. It typically reduces the sound pressure
level (SPL) at low frequencies at the expense of
mereasing the levels at higher frequencies. This
paper serves as an overview of the chevron
technology & jet noise reduction using chevron
nozzles.

2.0 OCCURANCE OF NOISE

The significant noise sources onginate in the fan or
compressor, the turbine, and the exhaust jet or jets.
The gencration of the noise from these components
increases with greater relative airflow velocity.
Exhaust jet noise varies by a larger factor than that
of the compressor or turbine, so a reduction of
exhaust velocity has a stronger influence than
equivalent reductions in the others, Jet exhaust
nois¢ 18 causad by the violent turbulent mixing of
the exhaust gases with the atmosphere and is
influenced by the shearing action caused by the
relative speeds between the exhaust jet and the
atmosphere. Turbulence created near the exhaust
causes a high frequency noise (small eddies) and
further downstream of the exhaust causes low
frequency noise (large eddies). In addition, a shock
wave 1s formed when the exhaust velocity exceeds

the speed of sound. A reduction in noise level can be
accomplished when the mixing rate 1s accelerated or
the exhaust velocity relative to the atmosphere 1s
reduced. This can be achieved by changing the
pattern of the exhaust jet.

Compressor and turbine noise results from the
mteraction of pressure ficlds and turbulence ftor
rotating blades and stationary vanes. Within the jet
engine, the exhaust jet noise is of such high level
that the turbine and compressor noise 1S
msignificant duning most operating conditions,
However, low landing-approach thrusts cause a drop
mn exhaust jet noise and an mmerease 1 low pressure
compressor and turbine noise due to greater mternal
power handling. The mtroduction of a single stage
low pressure compressor signmficantly reduces the
compressor noise because the overall turbulence and
interaction  levels are diminished. Also, the
combustion chamber is another source of noise
within the engine. However, because it s buried
within the engine's core, it does not have a
predominant contribution. The relative importance
of various noise sources is shown in the figure
below,

{ ol n
a1
1
-
i

Figure 1: Aurcruft relative Noise Sources 14

MIST Jowrnal of Sclence and Techmology, Vol 2 No |




Role of Cleveons in Engine ... - Chartopadivay, A baves Salam, Nazifa & Asif 62

3.0 NASA'SAPPROACH FOR SOLUTION

With the forecast development of future high-thrust
engine  technology, NASA  recogmized the
importance of investing in jet noise-reduction
rescarch starting in the 1960s18). In 1995, NASA's
Advanced Subsonic Technology (AST) steenng
committee and techmeal working group decided to
launch the Separate-Flow Nozzle (SFN) Jet Noise
Reduction program with a goal of developing
technologies that would achieve a minimum of a 3
Effective Perceived Noise Level (EPNLAB)
reduction in jet noise while avoiding any significant
loss i thrustl®]. The results from the noise studics
conducted under the SFN program reveals
following:

ay The test results showed that inward-facing
chevrons on the core (peimary) nozzle and
tlipper tabs on the core nozzle were sufficient
in reducing the noise levels to those desired 7).

b) Additional ¢chevrons on the fan (secondary)
nozzle made additional contributions to overall
noise reduction by shifting the noise further
into the high-frequency range. making it more
suscephible to atmospheric dampenimg.

Due to the efforts of NASA's SFN program, the
chevron nozzle had become a promising new
concept and would enter a period of continued
interest and refinement over the next decade. In
2000, NASA's Glenn Research Center performed
maodel scale tests using chevron nozzles on turbojet
engines used by smaller business-class jets. The
rescarchers determined a 2 EPNLAB reduction in
noise was possible using the 6 and 12-chevron
nozzles . In March 2001, these results were
validated at full scale during Might tests conducted

orla a Learjet 25 at Estrella Sailport near Phoenix, AZ
5]

NASA continued to expand 1ts rescarch etforts by
funding the new Quict Technology Demonstrator
(QTD) program, conceived by Rolls-Rovee and the
Bocing Company, in carly 20001°). Their approach
to the reduction of jet noise was adapted from
NASA's SFN program and employed similar
chevron nozzles. The QTD program performed
static mode] testung and in-flight validation of these
technologies on  higher bypass-ratio  engines
tyvpically used by larger commercial aircraft.

In 2001, NASA also. imtated the Quict Aircraft
Technology (QAT) program. This program sought to

meet goals of reducing noise by 50 percent in 5
years and 75 percent in 20 vears relative to best-in-
fNlect 1997 technology!'®l. Under this program,
research to jet exhaust has shown that jet noise
can be controlled by varving the nozzle lip
geometry, Standard jet nozzles feature an axi-
symmetric  conical exhaust. Adding chevrons,
scallops (a type of asvmmetric geometry like saw
tooth) or other asvmmetnic lip geometry strengthens
stream wise vortices which increase jet plume
muxing resulting i a reduced overall sound pressure
level. In 2004, NASA's Langley Rescarch Center
(with the Bocing Company under contract number
NASI-00086) took a closer look at exploiting the
pvlon (connection manifold to the wing) mteraction
with the exhaust jet and examined azimuthally
varving chevrons, The study concluded that T-fan
{top) chevrons could reduce the overall far-ficld jet
noise of nozzles with pylon interaction better than
the existing uniform chevrons.

Building on the success of the imtial QTD program,
Bocing successfully  conducted a  follow-on
cffort"QTD2" n the summer of 2005 PAA
(Propulsion Aurfrume Aero acoustics) T-fan chevron,
was chosen for QTD2 fight testing. For the PAA T-
fan chevron plus core chevron configuration, peak
Jet=mixing noise levels were reduced by up to two
dB relative to the baseline production nozzle
configuration. Figure 2 shows results measured at a
community nois¢ microphone for a high power
setting at an aft angle. Data from unique advance
noise reduction features were successfully tested
aboard the 777 wirplane including low-noise
concepts for landing gear. A QTD3 Flight test
program 1s currently being planned to test even
more advanced noise reduction technologies!!!],
The combined results from cach of these programs
led to the development ol a more refined and more
cificient chevron nozzle for use on soon-to-be,
modem-day commercial aircralt.
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Figure 2: Spectral plot of jet noise reduction for the
PAA T-fan + core chevron configuration carlier
chevron designs often produced!'?)

4.0 CHEVRON & ITS ROLE

One way of understanding the chevron nozzle flow
18 1 terms of vortex distributions. Introduction of
stream wise vorlex pairs is necessary. These vortices
appear 1o have a ‘calming eflect’ reducing the
overall turbulence in the shear lavers. With the
bascline nozzles, the vortices in the shear laver are
primanly composed of the azimuthal component.
Swh vortices concentrate into the discrete ring-like
(or helical) coherent structures. These structures go
through contortions and nteractions while
propagating downstream. Their dynamics are
unsteady and vigorous giving nse to high turbulence
intensities. In contrast, the stream wise vortices are
part of the steady flow feature and have a 'ime-
averaged definition”. They persist long distances and
do not involve in vigorous dynamics like the
coherent azimuthal structures. Furthermore, the only
source of vortices in the flow is the efflux boundary
layer of the nozzle. The chevrons simply
redistribute a part of it into the stream wise
component at the expense of the azimuthal
component. Thus, the chevrons arrest the vigorous
activity of the aamuthal coherent structures to some
extent via mtroduction of the stream wise vortices.
The result often 1s a reduction m the turbulence
intensitics that correlates with the noise reduction.
Until complex vortex motions can be directly linked
to sound gencration, the reduced turbulence
mtensity 1s the most direct connection to the noise
reduction. With the addition of the fan chevrons the

surface pressure distnbutions were seen to change
favorubly, as shown in Figure 3, resulting in less
nozzle base drag. Overall, the pressures became
more positive on the core nozzle cowl as well as on
the center plug. The higher pressures, especially on
the core cowl on the left in Figure 3 (imvolving
larger surface area), qualitatively explain the
mmprovement in the thrust. The increased base
pressures must be a result of the stream wise
vortices from the fan chevrons,

1
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Approximate distance from fan nozzle exk /D, !
Figure 3: Surface pressure distnibution obtained

nozzles by pressure-sensitive-paint expeniment for
indicated nozzles I3

FA088

Figure 4: Dimensions of the fabneated in millimeter
(seetion planc passes through the chevron tupf '3
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In simple words, Chevrons reduce the jet noise
component of the engine noise. Since jet noise s
important during take-ofY, the benefit of chevrons is
best realized dunng that portion of a commercial
flight. Since chevrons are zigzag or saw-tooth
shapes at the end of the nacelle, wath tips that are
bent very shightly into the flow, this creates vortices
that form at each chevron, enhancing the mixing
rate of the adjacent 1low streams. As previously
mentioned, the jet noise 18 due to turbulent mixing
between jets and the noise generation mechanism is
very complex. When the chevrons enhance mixing
by the nght amount, the total jet noise reduces. I
the mixing 1s too much, the chevrons make the noise
go up. It the mixmg 1s too hittle, no noise reduction
benelits are realized.

5.0 UNIFORM VS VARIABLE GEOMTRY
CHEVRON

In the mtal designs the individual chevron plan
forms of a chevron nozzle had umform shapes.
Extensive wind tunnel tests, conducted at the
Bocing Low Speed Acro acoustic Facility resulted

in a nop-umiform nozzle design  that  had
significantly larger chevrons near the strut and
progressively smaller chevrons near the keel. Such
chevron designs produce enhanced mixing near the
strut due to lagher immersion into the fan stream
3] However, since greater chevron immersion may
merease engine thrust loss and high-frequency
noise, chevrons with less immersion are located
near the keel. In order to balance the conflicting
design objectives ol maximizing noise reduction
and mimmizing the thrust loss, the concept of a
variable geometry chevron lan nozzle was
developed. This concept enables fan chevron
immersion at takeolt, where community noise
reduction 15 most ¢ntical, and allows for chevron
abgnment with the flow for the cruise segment of
flight, which i1s most enitical for fuel efficiency

The vanable geometry chevron (VGC) design
incorporated flexures made of a shape memory
alloy embedded mnto the chevrons (rel figure 5 & 6
below). These flexures react to the local
temperature,

‘igure §: Variable geometry fan chevrons (inset shows individual chevron with cover removed) [151
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Figure 6: Detmled design of Shape Memory Alloy used for variable geometry ¢hevrons 119

Shape memory alloys have the umque charactenstic
to change shape at a specilic temperature (rel’ figure
6). Thus for take-off the chevron nozzle can be one
shape and then once out of noise sensitive regrons
they can be another tor acrodynamically efficient
shape. The pnmary challenge was to produce an

SMA based system which would be capable of

providing suflicient operational stiffness and high
movement whilst stll being cost effective and safe.

100

/ / [:mnu:

Fosibon

Tenpennture

Figure 7: Position/Shape Control by SMAs (Shape
Memory Alloys) 17

6.0 ADVANCED TECHNOLOGIES
6.1 Mechanical Chevron

Mechanmical chevrons are created by cutting
serrations in the trailing cdge of a nozzle and
deflecung the serrations into the llow. These devices
mix the streams and result i a reduced volume of
high-speed Now. When properly designed, chevrons
reduce low frequency noise and do not significantly
increase high frequency noise. The number of
chevrons, the serration geometry and the penetration
depth of the mixers as well as many other factors
affect the acoustic radiation resulting from the
chevron or tabbed nozzle. Computational fluid
dyvnamic simulations of the fow ficlds assocuated
with chevron and nozzles show that sigmficant off
axis mixing occurs for both types ol mixers.
Compansons between numerical results  and
acoustic measurements indicate that some of the
most gggressive mixers produce unaceeptable levels
of high frequency nose.

6.2 Fluidic Chevron

Fluidic chevron uses air injected near the trailing
edge of the nozzle to simulate the mixing
charactenstics ol mechamical chevrons. It has the
potential lor active control. Altermating fluidic
chevrons are produced by injecting air into the core
and fan streams near the truiling edge of the core
nozzle. Compansons are made between the acoustic
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charactenstics of altermating fluidie chevrons and
fluidic chevrons produced by injecting air only into
the core stream flow.

Fluidic chevron uses the concept of micro jet fluidic
injection, a successful device in reducing jet noise
in subsonic and supersonie flows. Nitrogen, water
and water saturated with a long-chain polymer have
been used for the mjection fTuid. A shortcoming of
this approach 1s that large mass flows, on the order
of 20% to 50% of the core mass flow, may be
needed to achieve 2 to 3 dB reduction in overall
sound pressure levels at the peak jet noise angle.
Fluidic chevrons are achieved by injecting air
through slots cut m the core nozzle near the nozzle
trarling edge. The air 1s injected at u much lower
pressure than that used by micro jet injection and
much lower injection mass flow rates are used to
achieve noise reduction. Core fluidie chevrons can
be configured so that the mjected air is directed only
into the core stream (nflow injectors) or alternated
in between the flow mjected in the core stream and
the ow injected m the lan stream as the slots are
located around the core nozzle penmeter.
Preliminary studies with inflow NMuidic chevrons
indicate that these types of muxers reduce overall
sound pressure levels over that of a round nozzle as
a result of reductions n low frequency noise,
However, increased high frequency noise 1s also
produced by these types of chevrons. One new
imnovation focuses on the replacement of
mechancal chevrons with fludic jets that simulate
the metal serrations, ulumately leading to noise
reduction. Recent studies have shown that this
approuch offers heightened flexibility and holds
promise for even greater reductions in sound. The
ability to switch off the Twd injectors during cruise
conditions, as well as the ability to avoid all thrust
losses, makes this emerging concept very destruble.
A reeent study conducted by the Unmiversity of
Cincinnati showed that, currently, reductions of up
to 4 decibels might be achievable using fluidic
chevrons 131,

Figure 8: "Fluidic chevrons” or fluad jets used to
simulate mechanical chevrons (AIAA 2009-3372)
(Boeing image) ')

6.3 Active Chevrons

Jet exhaust-nozzle chevron syvstems are a proven
nomse reduction technology, but much 1s vet to be
learned about their parumetric design space and a
tradeofl’ between noise reduction at takeofflanding
However, thrust loss at cruise has slowed their
meorporation into production engines. One means
of simultancously addressing some parametnic
design 1ssues and the tradeofl of noise reduction and
thrust penalty s the development of active
(deplovable) chevrons. The active chevron
apphecation appears to be adeal for shape memory
alloy (SMA) actuation technology because SMA
gctuators can be thermally activated, they can
produce large force and stroke. The quasi-static
nature of active chevron requirements alleviates
issues  assoctated with the hmited frequency
response of the thermo clastic shape memory effect.
Shape memory alloys exhibit a phase transformation
that 1s driven by temperature and stress. The
thermally induced phase transformation is
responsible tor the well-known shape memory
ellect (SME). Shape memory allovs can recover a
large strain by the SME when heated n an
unconstrained conliguration and generate large
forces when strain recovery 1s prevented. Thus, the
gencral concept for a SMA-enabled active chevron
entails deploving the chevron under the actuation
authority of pre stramed SMA actuators. It 1s noted
that the transformation temperatures of
commercially available SMA matenals limit their
appheation to the bypass nozzle of tpical
commereial engines (2. SMA actuators can be
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employed in vanous ways to enable actuive
chevrons. Research showed that at least 25% greater
recovery strains can be achieved through one-way
actuation as compared to two-way actuation.

7.0 DISAVDANTAGE OF CHEVRON &
ALTERNATIVES

A disadvantage of chevrons is that they impinge into
the flow and produce a reducton in thrust. This
thrust loss i1s an acceptable trude at take-ofY, but at
cruise, where the need for noise reduction 1s less,
the cost is less justified. An altemative which has
shown promisc 18 to mtroduce similar vortical
motion into the shear lavers by directly blowing air
mto the shear layers at an angle to the main flow.
Pairs of steady blowing jets can create counter
rolating vortex pairs just as chevrons do. A
significant advantage of such blowing is that, it can
be turned off when not nceded. The bleed air
required to dnive the small jets introduces an
undoubted performance penalty, but once the
gircraft  has left the noise-sensitive airport
environment, the bleed can be tumed ofl and the
penalty 1s not incurred at cruise.

8.0 CONCLUSION

Jet noise 1s an issuce of enormous cnvironmental,
financial and technological impact. This paper has
discussed specifically a summary of development of
chevron technology and its role in reducing jet noise
and also about some advancement to chevron
technology that will define the next generation of
notse-reducing technologies and contribute to the
acronautics industry for vears to come. It is
extremely difficult to reduce jet noise while not
impacting anvthing clse negatively due to the
constraints mmposed by the engine and aircrafl
system requirements. Chevrons are unique as a jet
noise reduction technology, in that they can have a
relatively small mpact on weight, performance and
operability. Employment of vanable geometry
chevrons and Tuidic jets will most likely be seen in
future engine designs to achieve better noise
attenuation. However, as the demand for air travel
continues (o Increase, more  stringent  noise
regulations will be enacted to better accommodate
communitics near airports. Thus, more intensive
rescarch and development is sull needed for the
advancement of chevrons role in reducing engine
noise.
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