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Aeroacoustics: an OQverview
for Air Vehicle Applications

D. Gély

Head of the Aeroacoustics

Research Unit his issue of Aerospace Lab is dedicated to Aeroacoustics, the field of
CFD and Aeroacoustics Department, science that deals with sound generated by air flows and possible inte-
Deputy Director raction with solid bodies. As noise issues became a major environmental

challenge over the past decades, the aerospace industries have paid great
attention to Aeroacoustics for the design of aircraft, as well as helicop-
ters. An environmentally efficient air vehicle offers a competitive advan-
tage. The worldwide air traffic is expected to double every 15 years and
the annoyance to the population living in the vicinity of airports should at
least remain the same and even decrease in the midterm. In this context,
it is obvious that more flights might be allowed if silent aircraft were used
instead of noisier aircraft from a former generation.

'[-)-, '-eV'ekifa':] . Reducing aircraft noise is a major component of the environmental policy
Irector of the Irogua Program on air transport. Over the last 30 years, aircraft noise has been dramati-
CFD and Aeroacoustics Department . . ..
cally reduced. This great improvement has resulted from combining tech-
DOI : 10.12762/2014.AL07-00 nological innovations and international policies on aircraft noise.

The International Civil Aviation Organization (ICAQ) has enacted more stringent certification limits since
its “Chapter 3” in 1977. The current Chapter 4 (applicable as from 2006) involves a stringency of 10
EPNdB. A recent increase in stringency of 7 EPNdB for Chapter 14 (17 EPNdB cumulative to Chapter 3)
will be applicable to aircraft submitted for certification after December 2017. These mandatory require-
ments come moreover within a comprehensive framework of noise reduction strategies known as the so-
called “balanced approach”, a resolution adopted in October 2001 that included 4 pillars: noise reduction
at the source, operational procedures, land use and planning management, and aircraft operation restric-
tions.

In order to cope with the corresponding social demand, both the European Commission and its member
States — and especially France, which has a strong aerospace industry — launched ambitious research
programs on aircraft noise and notably on noise at the source, thus encompassing in-depth aeroacous-
tics developments. Of course, most of this work has been conducted under strong coordination, through
supportive expert networks: X-Noise at the European level (led by Snecma) and Iroqua at the French
initiative (led by Onera).

The articles introduced in this issue of Aerospace Lab often describe work performed within these fra-
meworks. Most of them address numerical simulations and the thorough understanding of noise genera-
tion, topics which are directly linked to this “noise reduction at the source”, probably the most conven-
tional axis for noise reduction among those promoted by the “balanced approach”.
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A variety of noise sources to be reduced

Several noise sources at takeoff or landing are considered: engine,
airframe and installation effects. For high-bypass ratio engines, fan
noise has been identified as a major noise source, especially at
takeoff, but jet noise again becomes more and more important as
fan noise reduction technologies progress. In addition, combustion
noise, which is a recent topic as this emerging noise source, is still
“inaudible” but would be noticeable when the former sources are
mitigated enough. Beyond these sources due to the engines, airframe
noise is induced by the turbulence due to the interaction between the
aircraft and the flow. Protruding parts, such as the landing gear or
high-lift devices, are the major sources of such an airframe noise.
Last, forthcoming aircraft or engine architectures could lead to new
noise sources. It is a well-known issue for Open Rotors, which are
often thought of (and feared) in this regard.

All of these noise components differ by their features, in terms of
frequency range and directivity. They are possibly modified by some
strong interactions known as “installation effects”: for instance, jet
noise sources are modified by the presence of the wing or by the
fuselage. Acoustic propagation is also affected by reflection and dif-
fraction on these surfaces. If well-used, these effects could be advan-
tageously used for shielding but, on the contrary, they can lead to
noise reinforcement.

As is often the case, the ability to derive some reduction technologies
for such a wealth of sources stemmed from actual progress in the
basic understanding of the phenomena. Therefore, many problems
were initially addressed by aeroacoustics through analytical or semi-
analytical techniques. As illustrated by some articles in this issue of
Aerospace Lab, this tradition is still alive and useful, not only for the
advancement of science, i.e., for the understanding of basic mecha-
nisms, but also for its ability to provide industry with fast and some-
how reliable sizing methods.

High Performance computing, strong numerical and
experimental expertise

However, most of the time, analytical derivations are only suitable
for “basic” geometries, such as academic cylindrical jets, simpli-
fied airfoils representing wings, or cylinders representing landing
gear struts. Indeed, with regard to the sophistication of involved
physical interactions and with regard to the complex geometries of
actual aeronautical parts, aeroacoustics, maybe more than other
sciences, greatly resorts to advanced computational techniques.
Nowadays, CAA (Computational AeroAcoustics) is commonly used
in the industry and in research centers, and CAA combined with CFD
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(Computational Fluid Dynamics) is the key tool for accurate acoustic
simulations. Thus, the articles presented hereafter strongly insist on
particular numerical issues, specific numerical schemes, dissipation
and dispersion, new meshing techniques, or innovative formulations
for ancient problems.

Comparison with measurements is the second leg required to ad-
dress the issue of aircraft noise. However, experimental characteri-
zation remains essential, either to confirm and drive the numerical
simulation or to validate some actual noise reduction technologies. In
this domain, France and Europe remain in the lead, with a large set of
wind tunnel facilities and especially anechoic wind tunnels dedicated
to acoustic tests in the presence of flow. New trends in the experi-
mental domain would be to strive to successfully make simultaneous
acoustical and aerodynamic measurements in conventional wind tun-
nels. This would be a major step, both from a scientific standpoint
and from the point of view of competitiveness: scientifically spea-
king, it would allow us to record correlated acoustic and aerodynamic
measurements, paving the way for a better validation of numerical
simulations. For industry, it would mean shorter, swifter and cheaper
validation processes. In France, Onera is currently working on this
new way, through strong developments in de-convolution and de-
reverberation techniques.

Aeroacoustics at the crossroad: prospect for integra-
ting engineering and social science

Additionally, regardless of the progress made in the reduction of
noise at the source, it is now more and more clearly understood that
noise reduction is not only an engineering issue: although dramatic
improvements have objectively been achieved over the past 15 years,
sensitivity to noise and the related annoyance have increased, at least
in Europe, thus triggering a huge amount of work on perception, non-
acoustical factors assigned to noise and psychoacoustics.

A new synergetic approach would be to bring these perceptive
approaches closer to the technological methods, for instance to
precisely determine which patterns or features of noisy events are
considered as really annoying, how they are related to physical noise
sources and how to deal with them within a genuine acoustic design
process. The aviation industry cannot economize on sound design.

These new multidisciplinary ways to address noise issues, beyond
aeroacoustics, are also addressed by dedicated French and European
experts and especially within the aforementioned networks, X Noise
and Iroqua. They may be worthy of being discussed in a future issue
of Aerospace Lab |l
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Aeroacoustics

L. Leylekian
(Onera)

M. Lebrun '
(Aircelle)

P. Lempereur
(Airbus)

E-mail : laurent.leylekian@onera.fr

An overview of aircraft noise

reduction technologies

he aim of this article is to provide a broad overview of current and future noise

DOl : 10.12762/2014.AL07-01

reduction technologies used in aircraft industries. It starts by recalling the regulation

framework and the European incentives that have triggered efforts in this domain, as
well as the major dedicated EU research programs. Then, technologies are introduced
in four parts: engine nacelle, fan, jet and exhaust technologies and finally the airframe
noise. The article concludes by giving some indications about the present capacity

of these technologies to meet the noise reduction requirements and future trends to

improve them.

Introduction

This paper is aimed at providing an updated outlook on aircraft
noise reduction technologies. However, these technologies are not
to be considered alone. They are not add-ons or gadgets that can be
plugged into given aircraft architectures irrespective of any regulation
context. On the contrary, they have arisen as output from a continu-
ous effort intended to give the most suitable response to a vast regu-
lation framework and high community expectations.

In this paper, we will first provide an outlook on the existing regu-
lations and recommendations, focusing on the International Civil
Aircraft Organization’s (ICAQ) balanced approach. Therefore, we
will explain how industrial countries or regional blocks, such as the
European Union, initiated comprehensive programs that encourage
aerospace industries and related research centers to develop innova-
tive parts or subsets leading to low noise aircraft. Then, we will detail
these technologies, starting by the engine and nacelles — which have
traditionally been associated with noise issues in people’s mind — and
ending with the airframe, which up until recently was not thought to
be a major noise source, though it is the case in modern aircraft. The
paper concludes by giving some clues about future trends, such as
open rotors or/and flying wings and their expected performances with
regard to these very significant noise issues.

Contextual regulations and recommendations

Aircraft noise has become, at least in Europe, a major concern for
communities around airports. This concern has led to great societal
pressure on policy-makers, thus giving rise to stacked legislations
and regulations at various levels. In Europe, two directives address

"Maxime LEBRUN was head of the Snecma Acoustics Department at the time when
this paper was starting to be written
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noise issues, the first from a general standpoint [1] and the second
one specifically in regard to noise-related operating restrictions at
community airports [2].

Both of these EC directives refer to notions that are now commonly
handled by the aerospace industries — such as noise mapping, L, or
dose-response curves [3] — but they are also based on the famous
“balanced approach” popularized in the fall of 2001 by the 33 Gen-
eral Assembly of the ICAO [4]. This so-called balanced approach es-
tablishes that the reduction of perceived noise and of the subsequent
annoyance should stem from advances in Air Traffic Management and
land-use policies around airports, but also on technologies aimed at
lowering the noise at the source, i.e., on aircraft. This incentive came
with more mandatory policies — such as the progressive hardening of
certification procedures — the famous successive “chapters” of Ap-
pendix 16 to the Convention on International Civil Aviation [5].

ICAQ’s regulations and local policies

As a matter of fact, “Chapter 2” of ICAQ’s Annex 16 was superseded
by Chapter 3, which became mandatory for new design in 1978 and
by Chapter 4, which became mandatory for new design in 2006. As
an outcome, “Chapter 2" aircraft were completely phased-out in de-
veloped countries as early as April 2002, but some Chapter 3 air-
craft are still in operation. Currently, Chapter 3 defines the maximum
effectively-perceived noise levels (in EPNdB) for approach, take-off /
sideline and take-off / cutback depending on the maximum take-off
weight of airplanes. Basically, Chapter 4 has implemented the ad-
ditional requirement of achieving a 10 dB cumulative margin - i.e.,
on the sum of the three certification measurements — compared to
Chapter 3. This provision associates to the increased stringency
some flexibility in the way to achieve the noise reduction, for instance

Issue 7 - June 2014 - An overview of aircraft noise reduction technologies
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more substantial noise reduction under take-off conditions than on
approach. It is worth noting that this stringency will be further rein-
forced, since ICAQ adopted the new “Chapter 14”, which will become
mandatory for new design on the 31st of December 2017 and which
will demand future aircraft to prove a 17 dB cumulative margin com-
pared to Chapter 3 [6].

These global regulatory requirements are even strengthened by some
local airport rules, such as noise exposure limits, noise charges, cur-
fews, operating quotas, operational noise limits, restrictions on Chap-
ter 3 aircraft, noise abatement procedures and preferential runways.
In this regard, the famous “Quota Count” system enforced in London
airports is one of the most stringent and surely the most critical for
large airplanes, considering the importance of this international hub
[7, 8]. In this system, aircraft are ranked in eight 3 EPNdB-span noise
categories. For each category, the quota count doubles according to
the following table. The critical point is that this classification is ap-
plicable irrespective of the aircraft take-off weight (TOW).

Cat. (dB) | <84 | 841087 | 871090 | 901093 | 931096 | 961099 | 99t0 102 | >102

Weight | 0 0.25 0.5 1 2 4 8 16

Table 1 : Noise category according to the British “Quota Count” system

Aircraft are then sorted according to these categories, both at de-
parture (averaged at sideline and cutback) and arrival (referring to
the certified approach noise level). Since London airports have yearly
revised operating quotas, airlines are strongly urged to use low-quota
aircraft. This has led aircraft manufacturers to prioritize noise con-
cerns in their design and the most significant example is the Airbus
A380, whose design has achieved QC/0.5 at arrival and QC/2 at de-
parture, whereas Boeing B747 achieves QC/2 and QC/4 under the
same respective conditions. Since the operation of QC/4 and above
airplanes is not allowed at nighttime, there is a strong incentive to use
low QC aircraft when operating at all three of the London airports.

EU recommendations and technical agenda

Each of the aforementioned regulations triggered an ongoing effort by
aircraft and engine manufacturers and by their associated research

Average Decibels per Aircraft Operation

centers to define and follow a path toward more silent aircraft. This
ambition was concretized by explicit targets set forth in 2001 (pub-
lished in 2002) by the Advisory Council for Aeronautics Research in
Europe (ACARE) [9] and regularly updated since then [10,11]. These
targets were endorsed by the official European bodies and especially
by the European Commission: its political demand to lower by half the
noise stemming from civil aviation was finally given a more technical
wording, i.e., to achieve between 2000 and 2020 a 10 dB reduction
in the noise perceived by the community per plane and per operation
(take-off and landing) (see figure 1).

This clear and widely shared expectation pushed the European Com-
mission, as well as national agencies, to upgrade support for various
technological research projects. In particular the European Com-
mission fostered a great number of projects through its successive
Framework Research Programs (FP) [12].

In fact, several Level 1 projects — so-called “technological bricks”
— were granted to address various technological challenges related
to aircraft noise reduction, for various specific devices or technolo-
gies, or to achieve a better understanding of their underlying physi-
cal mechanisms. For instance, projects such as TEENI [13], FLOCON
[14], TIMPAN, LAGOON [15, 16] or COJEN [17] respectively ad-
dressed Turboshaft Engine Exhaust noise, Flow Control for Fan Broad-
band Noise, Landing Gear and High Lift Devices Airframe Noise or Jet
noise. A good review of these projects and of the associated progress
is provided by the X-Noise network [12]. For the sake of simplicity,
these technological bricks are often split and referred to as NRT1 and
NRT2 (first and second generation Noise Reduction Technologies re-
spectively), according to whether they are able to reach TRL 6 before
2010 or between 2010 and 2020.

Moreover, these kinds of component-oriented projects are still sup-
ported and carried out but they have been superseded since 2001
by demonstration platforms and integrated programs aimed at syn-
thesizing the advances made on individual components. Silencer was
the first of these programs and was then followed by Openair [18]
and CleanSky [19].
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Figure 1 - Expected advances on noise reduction with NRT1 and NRT2, as well as the Noise Abatement Procedure [21]
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European Research Effortaimed at Aviation Noise Reduction-Phase 1
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Figure 2 - European Res

earch Effort aimed at Aviation Noise Reduction — Phase 1 [21]
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Figure 3 - European Research Effort aimed at Aviation Noise Reduction including Noise impact Management — Phase 2 [21]
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A glimpse of such research programs at the European level is pro-
vided by the figures 2 and 3, which classify them by addressed tech-
nology streams and by year. The two most noteworthy differences
between these two charts, which do not address the same time span,
is the emergence of new categories dealing with “advanced configu-
rations” on the one hand and “noise impact management” on the
other hand. It clearly illustrates the extent to which the integration of
various technologies into single platforms is an issue by itself and to
what extent aircraft noise is now dealt with not only as a technological
issue, but also as a perceptive one.

Beyond programmatic details, one can notice that both the 2020
ACARE horizon and the 2017 ICAO cut-off date more or less fit very
concrete industrial milestones, at least in Europe: the development
of the A350, a new long-range aircraft and of the A320 single aisle
aircraft family with a New Engine Option (NEO), such as the CFMI
LEAP1A. However, the entry into service of these two families of air-
craft is foreseen between 2015 and 2016. Therefore, in the following
parts of this article, we will often refer to this so-called “reference
configuration” — to discriminate between NRT1, which will probably
be embedded therein, and the most advanced NRT2 technologies that
will not.

In this article, we will give a wide overview of NRT1 and NRT2 tech-
nologies, classified by components — such as nacelle, engine or air-
frame — as well as an assessment of their respective benefits. As an
outcome, we will also recapitulate the overall gain stemming from all
of these technologies — whether NRT1 or NRT2 — and from the as-
sociated Noise Abatement Procedures (NAP) compared to the Acare
target. Finally, we will conclude by giving some trends about the cur-
rent research aimed at providing more advanced technologies and
solutions for low-noise architectures beyond 2020.

NRT1 and NRT2 technologies

It is well-known that most noise reduction achievements have been
made so far by reducing the jet noise. In comparison to aircraft dat-
ing back to the 70s, current engines display a dramatically increased
bypass ratio (BPR), up to 10-12. This means that most of the thrust
is currently due to the moderately-compressed secondary flow. As a
result, the jet noise, which fits a strong power law with the jet veloc-
ity (~v,,... )» Nas been dramatically reduced. Therefore, previously
minor noise sources, such as the tonal and broadband components
of fan noise, have become comparable to — and now may overtake
— the residual jet noise even at take-off. More precisely, the larger
the fan, the stronger this noise source, since it stems from various
phenomena, all correlated to this fan size [20] :

e interactions of the rotor fan blade-tip with the turbulent boundary
layer on the inlet-duct, (rotor boundary layer interaction noise) ;

* turbulent eddies convected in the rotor boundary layer with the
rotor trailing edge (rotor self-noise) ;

* interactions between the rotor wake and the downstream outlet
guide vanes (OGV interaction noise) ;

* Turbulent eddies convected in the vane boundary layer and the
vane trailing edge (OGV self-noise).

On the other hand, during the landing phase, the engine regime de-
creases so that the airframe noise becomes comparable to — or

Aerospacelab

Issue 7 - June 2014 - An overview of aircraft noise reduction technologies

sometimes dominates — the overall remaining engine noise. Among
its various contributors, landing gear on the one hand and flaps and
slats on the other hand are predominant (see figure 4).

Beyond those remarks on the relative weight of each contributor, it is
commonly admitted that the process of correlative noise reduction
with BPR increase will probably come to an end in the forthcoming
years: the nacelles, so far considered as a major support of turboma-
chinery noise reduction through acoustic liners, would become so
large and so heavy that they generate both a spurious drag and an
unbearable additional weight, therefore annihilating the possible gains
in both consumption and noise. Consequently, the nacelles of Ultra
High Bypass Ratio (UHBR) engines are to be considerably reduced
in length and volume, leading to a dramatic reduction of potential
turbomachinery noise absorption by acoustic liners and making the
noise produced by the fan system and the jet mixing much more sen-
sitive to the flow around the aircraft (detrimental installation effects).

In between, as shown by figure 5, present turbofans, future Ultra High
Bypass Ratio (UHBR) and Open Rotors (OR) [23].

Nacelles

In order to lighten the nacelle, aerospace industries are currently
trying to shorten it both upstream and downstream. Therefore the
fan noise and other internal noises are less absorbed by shortened
nacelle ducts and various technologies are considered to limit this
drawback.
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Figure 4 - Relative weights of noise sources at take-of and landing
according to [22]
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Figure 5 - BPR and FPR (Fan Pressure ratio) from simple flux turbojets to turboprops (TP)

As afirst trend, further optimization of noise absorbers —the so-called
“liners” — is considered. Currently, those materials consist of classi-
cal honeycombs, where the outer plate is porous or perforated as
illustrated by figure 6. Basically, these liners behave like Helmholtz
resonators, i.e., they allow noise to be reduced within an optimized
frequency range. Therefore, they are well suited to fan noise, which
is basically a tonal noise. Quite often, superimposed layers or such
liners — called “2 degrees of freedom” (2DOF) or even “3 degrees
of freedom” (3DOF) — are used in order to broaden the absorption
frequency range.

Figure 6 - A 3 DOF Honeycomb liner sample (left) and a sketch of extended
lip treatment (right)

Lip treatments

Optimization could mean an extension of the surfaces treated with
such absorbers. More precisely, computations and experiments have
proven that treating up to the inlet lip is quite efficient. However, this
ambition challenges the current concept of the nacelle, since this
zone is used for de-icing and since de-icing techniques and noise
techniques are not necessarily compatible [24]. Currently, there are
two kinds of de-icing techniques, which can be either pneumatic (hot
air blowing pipes) or thermoelectric. However, intake liners are often
made of glass-fiber composites, i.e., insulating materials. Two kinds
of technologies are currently under study to overcome this compat-
ibility issue, pneumatic (hot air blowing pipes are the conventional
technology on most of current aircraft) or thermoelectric. An acousti-
cally treated lip technology integrating a pneumatic anti-ice system
has been developed and its efficiency has been shown at full scale
by in-flight experiments on an A380. A lip acoustic lining technology
compatible with thermoelectric anti-ice systems is still a very low
TRL.

Aerospacelab

Smart liner distribution

Beyond the lip treatment, much expectation also arises from smarter
liners or smarter liner distribution. For instance, current air intake
treatments are usually split by longitudinal splices bordering separate
treated parts. This technological limitation entailed sharp azimuthal
variations within the acoustical impedance of the intake and thus
limited acoustical performance, especially when facing shock waves
generated by the fan tip leading edge at transonic speed. Some “zero-
splice” liners [28] (figure 7) have been developed and used for the
first time on the Airbus A380 and they are being used on the new
A350 XWB, on the SSJ100 and will be available on the new Silver-
crest engine. The challenges lie in the very accurate design and pro-
duction processes required just in front of the fan, in order to keep the
0-splice benefit available.

Figure 7 - True zero-spliced liners as tested (left) and mounted on the A380
(right) from [28] ; reprinted by permission of the American Intitute of Aero-
nautics and Astronautics Inc.

To move forward, it is now envisaged to use more finely-tuned lin-
ers in order to optimize the absorption process [24] (figure 8). More
precisely, some work is currently being carried out to modulate the
liner inner thickness along the intake. This modulation must be com-
puted to optimize the impedance matching, as long as the acoustic
wave gets out of the intake. This concept borders another one that
considers sophisticated impedance distributions. Ideally, such smart
distributions would favor acoustic modes with an upward directivity,
in order to spare the community. This concept is aimed at achieving
the same goal as the so-called negatively-scarfed air intake, i.e., ori-
enting outgoing waves toward the sky. Though quite old, these ideas
remain up to now at TRL6 in the case of the first one and at lower TRL
for the other and have not led yet to an industrial design.
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Figure 8 - Distributed Aft Fan Liners and their dramatic effects on noise
reduction as tested in [24]; reprinted by permission of Snecma.

Fan noise

Although nacelle technologies may be seen as external devices to
treat the fan noise (and the core noise too), some technologies are
also being developed for the fan components themselves. However,
these parts are directly involved in the thermodynamic processes
ruling the efficiency and the consumption of the engine. Therefore,
any optimization of the fan components will be will first and foremost
assessed in this last regard. Moreover, little information is publicly
disclosed by engine manufacturers on the implementation of these in-
ner technologies, since they directly challenge their competitiveness.

- 'l

Figure 9 - LES-computed isosurfaces of the axial component of vorticity on
rotor (left) and stator (right) blades [20]

Shape optimization and other passive technologies

As previously mentioned, rotating parts generate two kinds of noise,
i.e., self-noises and interaction noises, both of which are enhanced
when the rotation speed increases: fan broadband noise is propor-
tional to uj/z [20]. Basically, two general strategies are being experi-
mented witﬁ to reduce fan noise : attempting to optimize the blades,
or to directly act on the air flow. Generally, the first technological route
does not use liners or absorbing materials because their implementa-
tion on 3D rotating parts is quite delicate and challenges their struc-

tural properties.

Thus, the actual challenge is rather to optimize the 3D blade shape.
Through this route, engine efficiency is expected to be optimized
over a wide range of regimes. Geometries stemming from this kind
of trade-off provide good results at cruise and take-off conditions,
when aero performance is crucial, but they suffer some drawbacks
on approach, hence affecting the noise performance under this latter
condition. Several works are still under investigation to address this
issue, but most of them remain confidential since any step forward in
this technical domain could provide decisive advantages to manufac-
turers in the commercial competition.
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Figure 10 - Suction side density contours of variously-optimized blades:
initial geometry (left), aerodynamic optimization (center), and aeromechani-
cal optimization [25]

Another well-explored way to reduce the fan noise is to regularize
the air flow and to reduce its velocity. This is especially important
for large fans, since the blade tip velocity could become transonic.
To reduce this speed, fans can be de-coupled from the primary shaft
with the help of gearboxes. This solution has, for instance, been used
on the Pratt & Withney PW1100G, whereas it has not been imple-
mented on the CFM LEAP-1A, though both were designed for single
aisle midrange aircraft such as the Airbus A320. The choice is stra-
tegic and has led to different optimized solutions where weight, tem-
perature and low pressure turbine performance are key parameters.
Finally, there are different sizes of engines: the PW1100G measures
2.057 m, whereas the Leap-1A measures only 1.981m. The blade
tip speeds are respectively 60m/s using the gearbox and 75m/s in
direct drive. One can thus say that one company chose to push con-
ventional technologies up to their limits, whereas the other preferred
to integrate a new optimized component. The trade-off between the
two solutions may be carefully assessed, since the additional gearbox
also induces and increased weight. This remark applies to any ad-
ditional technology. For instance, for the same sake of optimizing the
air flow through optimal pressure conditions, Pratt & Withney tested
Variable Area Fan Nozzle (VAFN), i.e., sliding flaps that focus on pres-
sure discharge, versus the regime downstream of the fan. Although
the manufacturer claims some genuine performance gain, it avoided
implementing this technology on the PW1100G family, probably be-
cause of the increased weight and complexity that it would have in-
duced [26].

Beside this effort, some attempts have also been made to reduce the
fan noise downstream, through liners. Past endeavors to implement
porous materials on OGV did not show any evidence of actual benefit.
However, recent experimental tests made with carefully-computed
Distributed Aft Fan Liners (DAFL) in the secondary duct of a full scale
demonstrator achieved very significant noise reduction [24]. Ac-
cording to the data presented, the aft fan broadband noise reduction
was of up to 5 dB and important blade passing frequency tonal noise
almost completely disappeared. It is still unclear whether this per-
formance stems from standard absorption processes, or from more
subtle modal redistribution mechanisms.
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Active stators

A longstanding effort has also been conducted to reduce the fan noise
- both forward and rearward - through active devices. The idea is ba-
sically the same as that in any feedback loop, i.e., measuring the re-
sidual signal and acting in order to nullify the latter. Thus, the technol-
0gy requires measurement microphones, or sensors, and speakers,
or actuators. Efforts regarding these technologies were made within
national and European programs. Low TRL advances achieved, for
instance, in EU-funded programs such as RANTAC or RESOUND, led
to integrations attempts in SILENCER and OPENAIR [27].

Two competing technologies tested in SILENCER used inlet wall-
mounted and OGV-integrated actuators respectively. It is worth noting
that SILENCER tests were performed on a large-scale mockup at the
RACE and ANECOM anechoic fan noise facilities. In addition to this
program, it appears that active stator technology with OGV-integrated
actuators is better suited, both because their presence does not affect
the passive liners that can be implemented additionally and because
their intrinsic efficiency is higher since they are closer to the noise
source.

Figure 11 - Active fan stator and 3D measurement fitted with Piezo Actuator
System on and between blades at the RACE Anechoic Facility [21]

These preliminary integration works have been extensively continued
in OPENAIR with a special focus on the most significant fan contri-
bution, i.e., its rearward noise (whereas SILENCER focused on the
forward noise). At the beginning of OPENAIR, the project was aimed
at reaching TRL 5 for this technology. Currently, it reaches only TRL
4 because of both severe integration issues and limited achievements
in related control and signal processing. Moreover, some related is-
sues arise, such as the energy supply for these devices and trade-off
considerations for balancing rearward and forward noise reduction.
However, the proven benefits of these active stator technologies are
significant enough to pursue the effort in forthcoming research pro-
grams [21].

New engine architectures

Beyond these local improvements, some attempts have been made
to experiment far more dramatic modifications of the engine architec-
tures. Preliminary studies to probe various technologies have already
been conducted, or are being conducted, both for Ultra High Bypass
Ratio engines and for Open Rotors. These two technological tracks
are both presumed to lower fuel consumption and to reduce noise
emission (at least jet noise, since tonal noise may dramatically in-
crease for Open Rotors).

For instance, from 2008 to 2011, within the DREAM project (EC 7"
framework program), preliminary campaigns were led to compare
noise measurements and numerical simulations on some Open Ro-
tor configurations. Computational Fluid Dynamic (CFD) and Compu-
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tational AeroAcoustics (CAA) made by Onera (France) appeared to
be in good agreement with the measurements performed by Tsagi
(Russia) [29, 30].

Figure 12 - VP107 test vehicles in TSAGI T104 low speed wind tunnel. The
mock-up is a 0.6373 m diameter propeller at model scale with 12 blades on
the front propeller and 10 on the rear one [29]

Extensions of these works are now conducted within the CleanSky
Framework: In France for instance, Snecma’s Hera test vehicle un-
derwent preliminary testing in Onera’s S1 wind tunnel in July 2013.
Full-scale propeller tests are expected in 2015.

Figure 13 - Snecma’s Hera test vehicle mounted in Onera’s S1 wind tunnel
facility

Further new technological research programs have already been
launched. Especially, it is worth mentioning COBRA, a new EU-
Russia cooperation program that started in October 2013 and that is
considered as the continuation of VITAL and DREAM. Actually, CO-
BRA is dedicated to the consolidation of Ultra High Bypass Ration
(UHBR) ContraRotating TurboFan (CRTF) that was once explored by
Kuznetsov — one of the Russian partners —in the early 90s and further
explored within VITAL. CRTFs associate two contrarotating fans in a
nacelle and thus appear as a kind of hybrid between turbofans and
Open Rotors.

CRTFs envisaged by COBRA strongly differ from those experimented
with within the VITAL program and by the Russian engine manufac-
turer. Kuznetsov’s NK-93 (BPR ~ 16.5) depicted in the picture above
highlight the good behavior in term of performance of this concept,
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but the design was made over more than 20 years ago without the
current computational tools and free from present environmental con-
straints. At the time being indeed, first NK-93 full scale tests showed
that noise performances of such UHBR CRTFs were not so bad and
that the combustion chamber has been up to now one of the most
efficient among the Russian ones. Compared to VITAL, COBRA plans
to explore a higher bypass ratio (BPR ~ 11 within VITAL) with the
obligation to use a gear box in order to reduce the fan speed. This
reduction will directly impact the tip velocity and thus will allow the fan
noise to be reduced. Within the COBRA project, the BPR investigated
is from 15 up to 25, according to the detailed specifications proposed
by the partners in charge of this activity (Snecma and Kuznetsov).
A specific conception/optimization will be proposed by European
research centers (Onera and DLR) and by Russian partners (CIAM,
Kuznetsov, AEROSILA and MIPT). Both designs will be manufactured
by COMOTI and tested at CIAM’s C3-A test rig facility.

Jet noise and nozzle exhaust technologies

Though jet noise has been significantly reduced within double flux
engines, it remains an important source of noise, especially at take-
off. Towards the end of the 20th century, new momentum was given
to research aimed at its reduction, especially through US programs.
Phases 1 (2000-2005) and 2 (2005-2010) of the Quiet Technology
Demonstrator Program gave evidence that the so-called chevrons
lead to some jet noise reduction [32].

Chevrons

Chevrons are geometrical corrugations of the cylindrical exhaust of
either the primary jet (core chevrons) or the secondary one (fan chev-
rons). The detailed mechanisms through which chevrons act are still
under investigation. Actually, there is evidence that several mecha-
nisms may contribute to the efficiency of this kind of device and that
these mechanisms are strongly affected by the chevron geometry.
For instance, core chevrons are directed inward with respect to the
jet and are known to lower mainly the take-off noise. On the other
hand, fan chevrons are generally parallel to the engine axis and reduce
shock-cell noise, so they are rather efficient during cruising, when
this phenomenon appears [33].

Currently, several computations and experimental works are being
carried out to improve the understanding of the impact of chevrons on
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noise and especially to quantify this impact. However, while current
numerical simulations - mostly based on Computational Fluid Dynam-
ic and Acoustic Analogy — can provide qualitative ranking of various
geometries, or can lead to a good noise reduction impact, they have
not been able to provide reliable absolute noise levels in some cases.
This is especially true when considering installation effects, which are
now the big challenge for chevron computations. In addition, these
effects will become more significant as engine BPR increases and as
engines get closer to the wing. Complex effects such as the loss of
jet axisymmetry, jet instability and appearance of new noise sources
due to jet interaction with the wing or the pylon are then to be taken
into consideration.

However, despite their efficiency or the challenges that they entail and
though they have actually reached TRL 8-9, chevrons are not always
considered as mandatory from the standpoint of end-users and thus
they have not been generalized on all engines and all aircraft. Some
regulation issues may indeed interfere with the trade-off: Since the
chevron can be considered as an optional kit, it can help to achieve
few decibels in order to be compliant with the most stringent regula-
tions; for instance, chevrons lead to a 2 EPNdB additional cumulative
margin necessary for the A321 to be compliant with Chapter 4. As
far as the A320NEO is concerned, the jet noise is sufficiently reduced
for chevrons to not achieve a sufficiently large enough global aircraft
noise reduction compared with the aero performance penalty that
they generate when cruising.

Virtual chevrons

The true reason behind this reluctance to systematically add chevrons
is that they are suspected to increase the aircraft overall weight and,
above all, they lead to additional drag, which downplay their interest
with regard to fuel consumption. Therefore, current research is be-
ing conducted to develop what is known as “virtual chevrons”, i.e.,
microjet devices that would blow pressurized air into the main jet and
that are supposed to act as physical geometrical chevrons. Most ad-
vanced works are now dealing with continuous jets, which are easier
to implement, whereas low TRL works are carried out on pulsed jets.
In France, these works have been performed through various pro-
grams, such as OSCAR, ORINOCO or REBECCA, in connection with
European collaborations such as OPENAIR or even with international
cooperations with JAXA. However, few results have been published
[34, 35].
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Figure 14 - The 1980 s Kuznetsov NK-93 on a flight test bed (left) and expected position of COBRA's deliveries on a noise roadmap (right)
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Figure 15 - Double-stream nozzle with continuous microjets at the Martel
facility (Poitiers) within the framework of a French-Japanese cooperation
(left. A plasma-based pulsed microjet developed at Onera and tested at the
Ecole Centrale de Lyon (right)

For continuous microjets, several experiments have been made by
various teams, testing rings of several microjets (typically between
10 and 40) obtained with flaps and hatches scooping the main jet.
These tests have helped to explore various parametric configurations,
varying the number of microjets, the microjet nozzle shape and orien-
tation, the jet mass flow, or its pressure gradient. In particular, a large-
scale cooperation between France and Japan within this framework
is worth mentioning [36]. This cooperation, involving JAXA and IHI in
Japan, and Snecma and Onera in France features a large facility pro-
viding experimental simulation of microjets, the STA-R (Systéme de
Technologie Active Réduit). Measurement campaigns performed un-
der various conditions in the Onera’s anechoic wind tunnel CEPRA 19
have shown that continuous microjets could lead to nearly 1 EPNdB
reduction, even under take-off conditions at Mach 0.3. This reduc-
tion effect is measurable from 90 degrees (lateral side of the exhaust
nozzle) to 150 degree (i.e., downstream of the jet).

Pressure and Temperature
Measurements at interface
Between STAR and Nozzle

Figure 16 - sketch of the Japanese test rig mounted on the STA-R as de-
scribed in [36]; reprinted by permission of Nozomi Tanaka.

Additionally, several other integration technologies have been carried
out within the Level 2 EU-funded program OpenAir. As for the STA-R,
these tests basically showed that the order of magnitude of the overall
gain achievable from continuous virtual chevrons is roughly 1 dB, i.e.,
similar to physical chevrons.

Aerospacelab

Issue 7 - June 2014 - An overview of aircraft noise reduction technologies

) 1 PNdB

With Holes without
microjets

Zd Microjets Flows

" Rate1.5% (a)
arad]
/'— Microjets Flows Rate
1% (A)

N

Directivity 90 degrees

l | |14 ] ‘ | l

0 2 4 6 8 10 12 14 16 18
Length of time aircarft flies overhead [sec]

Figure 17 - overall noise reduction with additional microjet flows.

According to [36],roughly 1 EPNdB is achievable .

at Lateral 450 m (Altitude of Aircraft : 300 m/s)

Projected PNL [PNdB] for Full Scale

Directivity 150 degrees
| 4

Some complementary work is also being carried out, mainly by re-
search centers, on pulsed jets. This work tends to prove a poten-
tial increase of efficiency compared to continuous microjets, though
the physical mechanisms are still unclear. What is clear however, is
that this expected increased efficiency requires a fine control of the
microjet relative phases and frequencies, otherwise spurious addi-
tional noises nullify the expected benefit. It is also worth mentioning
that both the continuous and the pulsed microjets act on the broad-
band jet noise and not on its possible tonal components, such as the
screech noise. When using pulsed jets, the broadband noise reduc-
tion is achieved at the expense of the appearance of a tonal noise.
The frequency of this tonal noise is the frequency of the pulsed jets
— usually some kilohertz — and care must be taken to ensure that its
magnitude does not balance the gain stemming from the broadband
noise reduction at a lower frequency.

Airframe

The airframe is the other major source of noise. As for the engine
noise, this category may be divided into several subcategories,
among which the two main contributors are the landing gear and
high-lift devices (HLD) [37]. As could be expected, the larger the
plane, the more significant the effect of the landing gear is compared
to that of the HLD. For instance, the HLD noise is dominant in regard
to airframe noise for an Airbus A320, whereas the landing gear noise
is more important for an A380. Therefore, this latter source of noise
has been extensively studied and reduced on recent large carriers,
especially with regard to the critical Quota Count policy enforced in
London. One can even say that, in this regard, the A380 has specifi-
cally been designed to comply with this local regulation.

Nowadays, the physical mechanisms leading to landing gear noise
are well understood, but remain quite hard to simulate or to lead to re-
liable quantitative estimations. These noises are due to complex phe-
nomena of boundary layer separation, laminar-to-turbulent boundary
layer transition, shear layer transition, laminar separation bubble and
associated dynamic effects. Generally speaking, these sources ac-
count for some broadband noise, but are usually less noisy than high

ALO7-01 9



intensity tonal noise due to resonating cavities and holes. Though
easy to describe with academic geometries, these phenomena could
lead to odd behaviors when complex shapes are involved and even
more So in the case of interacting bodies. Predicting the overall air-
frame noise stemming from such geometries usually requires both
deep physical analysis and massive computation facilities. A good
example of such academic studies addressing both HLD and landing
noises is provided by the program VALIANT [38]. However, in parallel
with these scientific developments or even in their absence, some
technical recipes may be applied to limit the sources of this noise.
Figure 18 - Flow computation in and around a wing-flap gap (left) and a
two-strut landing gear (right) as performed in [38]. The computation on the
left is a so-called DES computation, whereas the one on the right is a LES
computation.

Landing gear

For instance, minimizing landing gear noise often requires the land-
ing gear geometry to be simplified, in order to avoid spurious noise
sources or interactions. Many experimental attempts have been per-
formed in this regard, within programs such as RAIN, SILENCER and
TIMPAN [39] or LAGOON [15, 16]. The preliminary work achieved in
RAIN was conducted on a non-operable mockup that featured com-
plete fairings. Though unrealistic from an industrial point of view, the
concept proved to potentially lead to a more than 10 dB reduction
over a wide span of frequencies. Work has thus been pursued within
SILENCER, with both a nose landing gear (NLG) and a main landing
gear (MLG). Tests were performed on A340 1/10 scaled mockups in
the German DNW LLF facility and some actual flight tests were also
performed at Tarbes (France).

These flight tests just featured “simple” bogie fairings, which allowed
a significant overall reduction of 2.0 EPNdB for the landing gear noise
and of 0.4 EPNdB for the aircraft as a whole. The tests done in the
DNW-LLF facility were performed on more advanced (but non-oper-
ational) configurations, both for the NLG and the MLG. These innova-
tions proved to account for a 4.1 EPNdB noise reduction in the LG
noise itself and 1.6 EPNdB for the whole aircraft.

Efforts on the landing gear noise have been pursued in TIMPAN and
OPENAIR. Since this latter program has not ended yet, a summary
of the progress made is not available yet. However, these new pro-
grams addressed the possible benefit of splitters between the bogie
fairing and the strut. It is expected that such fairing could attenuate

Figure 19 a - An actual landing gear with all its associated devices and
commands
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Figure 18 - Flow computation in and around a wing-flap gap (left) and a
two-strut landing gear (right) as performed in [38]. The computation on the
left is a so-called DES computation, whereas the one on the right is a LES
computation.

communication between shear layers, thereby preventing the forma-
tion of large scale and noisy vortices. It is even expected to explore
such splitters without fairings, the latter being quite unpopular among
manufacturers, since they increase the LG weight.

In addition to this research, some technologies have been applied to
the most recent aircraft, such as the Airbus A380 or A350: as previ-
ously mentioned, caps are used on cavities, for instance on inner and
outer hubs, and rims are applied on wheels. Moreover, some smart
dressing techniques are used in order to avoid putting cables, wires
and accessories in the wake of high flows. It has been shown that this
so-called “slow down flow” concept — i.e., putting bodies either in
front of the main strut, where flow velocity goes to zero, or behind it in

Figure 19 b - NLG and MLG fairings tested in SILENCER
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the quiet zone — significantly reduce the downstream turbulence and
noise. Optimizing this masking technique however requires advanced
capacities in simulation, in order to predict, or at least to assess, the
interaction between the involved parts and the bluff body and great ef-
forts are currently being made in this regard within OPENAIR. Howev-
er, caps, rims and the “slow down flow” concept, still enforced today
on some modern aircraft, allow the global aircraft noise to be reduced
at landing from 1 to 2 EPNdB. Moreover, it is expected that some 0.5
dB more can be gained from specific acoustic techniques, such as
plain perforated or even porous fairings, which are now at TRL 5.
More probably however, these techniques will be deployed only when
absolutely required as, for instance in 2018-2019 for the forthcoming
A350-1000, which is aimed at reaching the London QC/0.5 category
with the help of such fairings.

High Lift Devices

Compared to landing gear, the progress made on flaps and slats noise
reduction appears to be quite less mature. This is mainly due to the
fact that known technologies to reduce this noise strongly reduce the
lift performance. Currently, at landing, this degradation is so critical
that it often forces the aircraft speed to increase, and therefore the
regime, so that the expected gain is nullified. In addition to this techni-
cal limitation, HLD noise is quite complex to describe and to compute:
it involves challenging mechanisms of unsteady vortex recirculation,
free shear layer vortex flow reattachment, or edge scattering tone
noise. The overall result is a broadband noise with some tonal com-
ponents, the whole and especially the latter becoming more intense
when the angle of attack increases. Overall, the slat component gen-
erally dominates in that of the flap and fits a strong power law with the
aircraft velocity (v9/2). This slat component is rather rearward and
accounts for the tones. On the contrary, flap noise is purely broad-
band but the flaps also account for strong spurious interactions: For
instance, even though little is known about outboard spoiler deflec-
tion, these are known to modify the wing circulation and therefore
the slat noise. In the same vein, flaps may interact with the wake of
the main landing gear to produce a strong low frequency interaction
noise [31].
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Figure 20 - Gear wake / flap interaction according to [31].

Currently, few technologies are used to limit HLD noise. On the recent
A380 and A350, slats are tilted to avoid any gap between them and
the wings, so that the flow cannot pass in between. It is quite ef-
fective, both from the acoustic and performance standpoints, even
though this solution can be applied only on limited parts of the wing.
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However, some more advanced solutions are envisaged, among
which slat gap optimization or suppression (for instance with inflat-
able cuffs), HLD edges made of porous materials, slat chevrons or
even fractal spoilers are included. All of these solutions have been
studied within TIMPAN and are still under investigation within OPE-
NAIR. For instance, slat gap optimization has proven to be neutral
from the aerodynamic point of view, but beneficial for acoustics: 2D
simulation made in TIMPAN showed that slat noise may be reduced
up to 2 EPNdB with this technology. However, the TRL for this tech-
nology is currently only 3 and is expected to reach 4 or 5 by the end
of OPENAIR.

As for porous materials or fractal edges, or brushed edges, the idea
behind these concepts is always the same, i.e., to avoid sudden flow
discontinuities. Up to now, however, porous materials have been too
brittle to comply with the requested thinness of slat trailing edges and
solutions based on grids or metallic meshes are suspected to gener-
ate additional tonal noise. Investigations with a Kevlar cloth cover are
being continued in OPENAIR, but airworthiness considerations may
still hinder this kind of technology in the future. Slat chevrons, i.e.,
corrugations on their trailing edges, will be experimented with also in
OPENAIR, in order to suppress coherent vortex structures in the gap,
as well as fractal spoilers to limit or suppress the noise presumably
originating from both the spoiler side-edges and the interaction of the
turbulent spoiler wake with the downstream flap.

Some much more advanced ideas have been suggested, such as
adaptive leading edges (for instance with shape memory alloys or
more probably through actuators) that would suppress slat gaps.
However, safety concerns, which require traditional slats (in case of
rear wind for example) have prevented advanced investigations of the
concept up to now.

Globally speaking however, HLD noise reduction technologies are
quite recent and substantial progress may be expected even though
basic understanding is sometimes still lacking and though noise re-
duction may conflict with other requirements, such as performance or
airworthiness. The table hereafter summarizes expectations in 2007
about these technologies. Though new official assessment is not
available, these figures can reasonably be expected to remain true.
Airframe noise component Achievable with previous technologies
Overall gain including TIMPAN concepts.

Airframe noise Achievable with Overall gain including
component previous technologies TIMPAN concepts
Landing gear 4.0 dB 6.0 dB
High Lift devices 0.2dB 4.0dB
Overall airframe noise 1.7dB 5.0 dB
Overall aircraft noise N/A 25103 dB
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Table 2 - expected gains for various devices before and after TIMPAN
Cavity noise

In addition to Landing gear and HLDs, cavities are also a matter of
concern for noise. Actually, numerous devices are embedded in
the surfaces of aircraft, which have surface irregularities (hatches,
hooks, slits, holes) globally termed as “cavities”. These cavities usu-
ally trigger detachments of the turbulent boundary layer, which act in
turn as a noise source.
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As for HLD and landing gear, the theoretical way to avoid this spurious
noise source is well-known (i.e., basically filling the cavities!) though
this harms their operational purpose. Therefore, recipes leading to
the reduction of this noise source usually stem from compromises
between the operational optimization and noise issues.

Future noise reduction technologies

What will the challenges beyond 2020 be? Previous sections present-
ed different technologies applied, or to be applied, to still conventional
engine architectures, i.e., so-called “tube and wings” equipped with
turbofans. However, the challenge for reducing fuel consumption is so
great that new architectures are requested. As previously mentioned,
Ultra High ByPass Ratio engines (UHBR) are being studied, but with
very hard integration issues, since the fan diameter is even greater
than that presently used. With this option, noise reduction would ba-
sically entail pushing the same technologies further than those pre-
sented above.

However, it must be kept in mind that new noise sources could emerge
from these more “open” engines, especially if traditional ones, such
as fan and jet, are lowered. In this case, core machinery noise, such
as compressor noise, turbine noise or even combustion noise would
need to be considered. Currently, few things are known about these
sources, but some preliminary work suggests that they could be more
complex than expected. For instance, combustion noise is known to
be divided into “direct noise” — i.e., sound directly stemming from
the combustion process in the chamber — and “indirect noise”, due
to the conversion of vortices into sound waves through the turbine
stages. “Direct noise” was thought to be more important than “in-
direct noise”, however, a recent study tends to prove the contrary.
Investigation work is still underway.

In addition to UHBR, another strategy could also be to continue in-
creasing BPR using the Open Rotor architecture (OR). Noise is then
the most critical issue, along with safety: Whereas single propellers
radiate mostly tonal noise in the propeller plane, two counter-rotating
rotors without nacelle radiate many tones over a wide frequency-range
due to complex and intense noise interference mechanisms. Actually,
the radiated frequencies combine all of the possible linear combina-
tions between the two blade passing frequencies and this spectrum
is propagated in all directions. Ongoing research activities are fac-
ing this drawback and several tricks are being investigated to lower
this excessive noise: Tuning parameters, such as blades shape, blade
length (especially differentiating the length between the first propeller
and the second) and the gap between the two propellers, or even
their respective rotating speeds or clocking, are among the various
methods being experimented with [40]. Currently, there is reasonable
confidence that Open Rotors will be able to meet the strictest regula-
tion of Chapter 14 in a few years. From a programmatic standpoint,
the main framework for such integrated research is the CleanSky re-
search program, which will allow the engine manufacturer Snecma
to produce a demonstrator by the end of the decade. Through this
platform, new noise technologies, such as 3D-optimized blade design
and pylon blowing in order to strongly reduce the interaction of the
pylon wake with the blades, will be demonstrated. Current liner-based
technologies will probably be used less, since they are both inefficient
and impossible to insert into open architectures.
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Figure 21 - Open Rotor mounted on Hera vehicle (Snecma) and under test at
the S1 Onera wind tunnel and the simulation of interactions between the two
propellers (Onera)

It is also worth mentioning that the most recent trends tend to locate
these forthcoming Open Rotors rearward, near the empennage, be-
tween two vertical stabilizers, both to gain from the masking effect for
community and to increase comfort and safety for passengers. Cur-
rently, aircraft manufacturers have not yet chosen between the two
competitive technologies of UHBR and Open Rotors, but this critical
choice is considered as imminent and is likely to arise before 2015.
Neither the first nor the second technological route will be sufficient to
meet the stringent new objectives defined by ACARE for 2050 [21].
It is generally assumed that though 2020 objectives will be reached
through enforcing new Noise Abatement Procedures (NAP) in addi-
tion to NRTs, 2050 objectives will require a breakthrough in aircraft
architectures.

0
s -5 | Noise Reduction @ NRT ‘
= Technologies (NRT) Generation 2 |
g Generation 1+ Noise ©  Possible Gap in New Aircraft Configurations
=3 Abatement Procedures (NAPs) ,(D evelopmen "
0_10 . o . NRT Generation 3
5 SRAT Target ~ @ + Step Change in
;. including NAPS 2035 Target aircraft configurations
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i including NAPs
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Figure 22 - Further ACARE objectives for 2050 [21]

Clearly, these most silent configurations would then involve integrat-
ing engines into the aircraft fuselage, or architectures where the en-
gines would be completely shielded. Once again, these future con-
figurations would strongly reduce both fuel consumption — through
a dramatic reduction of the drag — and noise, with masking effects.
Succeeding to build up such a configuration is a huge challenge,
since it would involve fully reinventing the entire aircraft with unex-
plored aerodynamic effects and brand new propulsion systems. In
particular, these engines would ingest air flows with intense distortion
of the boundary layer, an unfamiliar configuration that remains to be
addressed by research. However, the greatest challenge is probably
not technical but commercial and psychological. Before engaging in
such developments, manufacturers need to convince airliners of the
expected benefits and the latter need to accustom their customers to
the idea of embarking on such new aircraft. These are challenges that
go far beyond technical issues [l
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Figure 24 - The previous configurations could be ultimately superseded by flying wings in case of acceptance by the market

Acronyms

ACARE (Advisory Council For Aeronautics Research in Europe) GV (Inlet Guided Vane)

BPR (ByPass Ratio) LG (Landing Gear)

CAA (Computational Aeroacoustics) NAP (Noise Abatment Procedure)
CFD (Computational Fluid Dynamic) NEO (New Engine Option)

CROR  (CountraRotating Open Rotor) NRT  (Noise Reduction Technology)
CRTF  (CountraRotating TurboFan) 0GV  (Outlet Guided Vane)

DAFL  (Distributed Aft Fan Liners) OR (Open Rotor)

DOF (Degree of Freedom) QC (Quota Count)

EC (European Commission) STAR-R (Systéme de Technologie Active Réduit)
EPNdB (Effectively-Perceived Noise Decibels) TOW  (Take-off Weight)

FP (European Framework Programs) TRL (Technological Readiness Level)
HLD (High-Lift Device) UHBR  (Ultra-High Bypass Ratio)

ICAO  (International Civil Aviation Organisation) VAFL  (Variable Area Fan Nozzle)
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From design to flight testing : overview
of rotorcraft acoustic research at Onera
for industrial applications

he reduction of noise emission has become a key commercial argument for heli-

copter manufacturers, such as Airbus Helicopters. For years, Airbus helicopters
has placed emphasis on the good acoustic behavior of its helicopters, as proven by its
communication on the fenestron concept, the acceptance of its aircraft for the Grand
Canyon tours and the presentation of its recent Bluecopter™ Technology. Thus, Airbus
helicopters has become one of leaders in the manufacture of low noise helicopters.
Some of its advances in this field have been made thanks to its cooperation with
Onera. The paper is aimed at presenting the way in which Onera has become a reliable
partner for industry to face the challenge. Partly thanks to wind tunnel tests, Onera has
developed a set of numerical tools and acquired a physical understanding of the noise
emitted by the rotors of helicopters. These tools have been used to design new main
rotor blades, optimized to reduce the vibration, to improve the aerodynamic perfor-
mances and to reduce the noise emission for specific flight conditions. Both active de-
vices and passive design have been developed and tested at model scale, before being
provided to the industry for scale one developments and for implementation on actual
helicopters and to be tested in flight. For the tail rotor, fenestron noise has also been
studied numerically and during flight tests, in order to determine noisy flight conditions

and to improve the tools and methodology for future definition and optimization.

Introduction

In the early 70s, acoustics became a key parameter for the design
of new helicopters. One of the main arguments, among others such
as safety, for the fenestron concept [16], developed by Sud-Aviation
(integrated into Aérospatiale and then merged with Daimler-Benz AG
to give birth to Eurocopter, which was renamed Airbus helicopters
in 2014) was the reduction of the noise emission. At the same time,
the first measurements of the noise emitted by helicopters were per-
formed by Aérospatiale and Onera. The first studies have shown that
noise is emitted by the engines predominantly under take-off condi-
tions. Turboméca and Onera have thus worked on the determination
of the noisy parts of the engines, by means of static bench tests.
Nevertheless, for most flight conditions, the rotors (main and tail ro-
tors) have been shown to be the main sources of noise.

In the 80s, Onera and the US Army started to collaborate within the
framework of a MoU (Memorandum of Understanding) to study noise
emission, by means of high and moderate speed flight tests and by
means of wind tunnel tests in CEPRA19, in descent flight [1]. Onera
then tested various different blades of a main rotor provided by Aéro-
spatiale in descent flightin CEPRA19 [2] and at high speed in S2Ch [3].

Aerospacelab

In parallel to these experimental studies, the HSI noise was numerical-
ly analyzed using CFD/CAA or CFD/Kirchhoff methods. Thanks to the
wind tunnel tests and to the numerical tools, some blade tip geom-
etries have been proposed to reduce the HSI noise in forward flight.

To answer to the industrial demand, the main emphasis was thus
placed on the understanding and acquisition of numerical tools for the
prediction of the most penalizing noise source during the landing of
helicopter (penalizing for implementation of helipads in urban areas):
the so called BVI noise. The computational chain (composed initially
of comprehensive codes and secondly by CFD/CAA) developed at
Onera was validated by comparison with two different databases [4].
The first one is the HART database [5], obtained in 1994 by testing a
four bladed BO105 rotor trimmed with HHC, within the framework of
a multinational research cooperation (between NASA, the US Army,
the DLR, the DNW and Onera), including aerodynamic measure-
ments (blade pressure, vortex positions, field velocities, etc.), dy-
namics (elastic deformations) and acoustics. The second one is the
ERATO [6] database, obtained in 1998 within the framework of the
bilateral French-German cooperation between Onera, DLR and Airbus
helicopters.
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The tools have been used to design and optimize new blades, which
were first tested at model scale in a wind tunnel, before being pro-
vided to industrialists for the scale one design and for flight tests on
real helicopters.

Another noise source, the BWI noise, which may be dominant under
some climb configurations, was studied at Onera mainly within the
framework of two PhD theses [7;8]; however, at the present time,
no activities are being carried out in this topic at Onera. As for HSI
noise, it could be possible to launch new activities, in the event of re-
newed interest by industry or the international community, especially
for flight conditions where BWI is more important than BVI in terms
of intensity, in a frequency domain between BVI noise and turboshaft
engine noise (around 1 to 3 kHz). BWI was studied during the HART
wind tunnel test campaigns and some climb configurations were also
analyzed. Onera showed that BWI was not related to isotropic turbu-
lence, but rather to the blade interactions with coherent large-scale
structures present in the flow, and linked these structures to short-
wave vortex instabilities. These instabilities occur when an external
strain field deforms the vortex core elliptically. The deformation induc-
es the resonant coupling of two vortex modes (Kelvin modes). Thus,
similarly to BVI noise, the reduction of BWI noise could be obtained
by an appropriate control of the vortex generation.

Forthe reduction of BVI noise, both passive rotor blade design (ERATO)
and active control concepts have been studied and optimized numeri-
cally and experimentally, such as active trailing edge flaps, which
have been tested at high speeds in the S1 Modane wind tunnel and
active twist (within the framework of French contracts and European
programs), which will be tested in the DNW-LLF wind-tunnel. These
solutions have been proven, both numerically and experimentally, to
be efficient for high BVI noise reduction, the challenge being to imple-
ment them on actual helicopters by solving the unavoidable difficul-
ties: adapting the model technologies to full scales blades and solving
the problems linked to vibrations, weight or electrical consumption. In
this second phase, the role of Onera is to provide support to industry
for the transfer from this model scale to full scale (like the Blade 2005
program for the passage from ERATO to Blue Edge™ [15]).

At Airbus helicopters, new rotor technologies resulting from these
helicopter main rotor BVI noise reduction studies have been devel-
oped within the framework of Bluecopter®: Blue Pulse™ active rotor,
which is based on piezo-driven flap modules on the trailing edge,
for both external noise and vibration reduction, and Blue Edge™, a
passive concept, derived from the double-swept shape of the ERATO
project. The full-scale developments of such technology have been
supported by the DGAC and tested in flight.

The Fenestron™, a technology used for helicopter tail rotors, has
been evaluated during a joint Airbus helicopters/Onera program in-
cluding CFD/CAA computations and flight tests, where onboard and
ground noise measurements were performed.

In parallel to these different programs aimed at reducing the noise at
the emission, the computer codes have also been adapted to take into
account maneuver flight conditions (such as decelerating or turning
flights) in order to study low noise flight procedures (mainly within
the framework of EU contracts). The purpose is to provide flight pro-
cedures to the pilots, in order to avoid noisy configurations during
specific missions.
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Experimental work in helicopter noise assessment

Two main kinds of helicopter tests are conducted. The first kind of
tests is generally performed on model rotors mainly for the purpose of
validating the numerical tools and showing the efficiency of the pro-
posed technical solutions. These solutions are mounted on a mock-
up, using dedicated technologies that may not be directly transpos-
able to actual full scale helicopters. The second kind of the tests is
performed by the industrialist on ground equipment, such as whirl
towers or static benches, and then validated in flight.

Several testing facilities have been used for the characterization of
helicopter rotor noise. For the analysis of the HSI noise, tests have
been conducted in both the Onera S2Ch and STMA wind tunnels.

The tests in the S2Ch (In Chalais-Meudon, near Paris) were conduct-
ed in the wind tunnel fitted with removable acoustic lining [9]. The
test section had a diameter of 3 meters and the maximum wind speed
was 110 m/s. Two different rotors were tested, a straight-tip one and
a second one equipped with a sweptback tip, in order to compare
the transonic effects between the two kinds of blades (figure 1). The
measured dramatic increase of noise level when the tip Mach number
goes over a value of around 0.9 was linked to the phenomenon of
delocalization shown by aerodynamic computations. The sweptback
tip was shown to induce much lower noise levels, thanks to the delay
of the delocalization towards higher tip Mach numbers.
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Figure 1 - a) S2Ch two bladed rotor tests [9]. b) 7A and 7AD blade shapes

The conclusions were confirmed during a second test campaign [10]
conducted in the 8 m diameter S1 Modane wind tunnel, where two
rotors provided by Airbus helicopters were tested, the 7A and 7AD
rotors, which differ in their blade tip, the second one having a para-
bolic tip. The tests showed that at very high tip Mach numbers, the
delocalization phenomenon can be dramatically reduced with suitable
tip geometries, leading to noise reductions of up to 8 dBA, and also
showed the influence of the rotation speed.

Several test campaigns have been conducted for the BVI noise analy-
ses. During the first years of the studies on BVI noise, since no com-
putation was available, the tests performed in CEPRA19 [2] led to a
first quantitative characterization of the noise in descent flight.

Afterwards, the HART campaign in the DNW, ERATO in STMA and
DNW and RPA in STMA enabled both the development of numerical
methods and the validation of new rotor noise reduction concepts.

Due to the wind tunnel capabilities, noise measurements are generally
devoted to high speed noise in the S1 Modane wind tunnel (figure 2)
closed section facility, while BVI noise is studied in the open room of
DNW-LLF (figure 3).
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Figure 2 - a) Onera S1 Modane wind tunnel, b) Helicopter main rotor tests in
the S1 Modane wind tunnel (active rotor)

Both passive design (ERATQ) [11] and the active rotor RPA have been
tested in the S1 Modane wind tunnel [12, 13,14].

For the active flap rotor (figure 2b), a wind-tunnel test was first per-
formed in September 2004 in the S1 Modane facility, to check the
behavior of the active flaps under realistic aerodynamic loads. High
speed noise and thickness noise can be evaluated in the S1 Modane
wind tunnel, by means of in-plane microphones and the loading noise
and BVI noise in level flight can be evaluated using microphones lo-
cated below the rotor. Despite the unfitted geometry of the measure-
ment in the S1 Modane wind tunnel, thanks to an acoustic liner and
to the fact that the noise component of interest is tonal noise, the
BVI noise was shown to be extractable by using synchronous time
averaging of the signal, so that any background noise not synchronic
with the harmonics of the rotor rotation could be removed. The tests
were first conducted with a reference rotor and then using the studied
rotor equipped with active flap, under the same flight conditions, to
quantify the potential advantages of the concepts. Unfortunately, the
expected tests in DNW-LLF to confirm these first results have not yet
been conducted.

The DNW-LLF wind tunnel is particularly well suited to BVI noise mea-
surement, since it has a very wide open section, in which a translating
array of microphones can be implemented below the rotor, to obtain
noise contours in a horizontal plane, including the maximum BVI noise
zones on both sides of the rotor, as shown in figure 3b. It also allows
the acoustics to be linked to the wake and the vortices, by means of
PIV measurements performed simultaneously.
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Figure 3 - a) Helicopter main rotor tests in the DNW-LLF (passive design).
b) Typical BVI noise measurements at DNW obtained with 13 mic. (vertical
lines) at 17 streamwise locations (horizontal lines).

Complementarily to the wind tunnel tests, flight tests can be conduct-
ed. These are generally performed by industry once the new concepts
or design have proven to be efficient for the objectives set. For exam-
ple, the BlueEdge™ rotor [15] was successively tested in the labora-
tory for fatigue tests, then to check the main structural characteristics
of the blade and to identify the blade modes and to cross-check the
blade elastic model, then on a whirl tower to analyzethe dynamic be-
havior of the blades and finally in flight on an EC155 helicopter [15].
The rotor was tested during more than 75 hours. The performance
of the rotor in terms of figure of merit, power consumption, vibration
levels and dynamic loads was analyzed under different flight condi-
tions and the noise reductions expected during the ERATO program
were confirmed.

Onera and Airbus helicopters estimated that flight tests were appro-
priate for the study of the noise emission of a Fenestron because of
the difficulty of having access to a wind tunnel that is able to simu-
late actual flight conditions, including a complete helicopter (with the
fuselage and both rotors). A specific study was launched by Onera
and Airbus helicopters, with support from the French Ministry of Civil
Aviation (DGAC), to acquire an experimental comprehensive database
to validate aerodynamic and aeroacoustic simulation tools that are
accurate for Fenestron noise predictions.

The tests were conducted on a Dauphin 6075 [16, 17, 18] equipped
with a first generation 13-blade Fenestron. It was equipped with
steady wall pressure sensors on the rear part of the fuselage and tail,
and with unsteady wall pressure sensors in the duct (figure 4). The
blade pressures were measured by pairs of upper/lower thin layer
unsteady transducers, mounted on four blades. Two series of flight
tests were performed in 2009 and 2010, one for inboard noise mea-
surements and the other one for ground noise measurements. For
the first campaign, onboard acoustic measurements were performed
using four microphones located on the horizontal empennage. For the
ground measurements, eleven microphones were uniformly spaced
on a 500 m linear antenna perpendicular to the direction of flight.
Ground noise footprints were plotted for various flight conditions: level
flights, approach and take-off. The recorded signals were processed
in order to enable their comparison with CFD/CAA computations, by
taking into account flight measurement specifications, such as the
Doppler effect, propagation delays and aircraft location variation.
By means of frequency analyzes, the Fenestron noise components
were emphasized as function of the flight conditions and compared
to computed ones.
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Figure 4 - a) Fenestron set-up. b) Microphone settings - ¢) Instrumented blade

Modeling tools for rotor design and optimization

Over the years, Onera has developed a set of prediction tools aimed
at the computation of the noise radiated by the rotors as a function
of the flight conditions and the corresponding kind of noise source.
Indeed, there is a dominant type of noise source for each flight condi-
tion, which must be treated in a different way (typically quadrupolar
noise at high speed, BWI noise in climb, BVI noise in descent etc..).

Moreover, even for a given flight condition, different phenomena are
involved when considering the noise radiation at different microphone
locations relative to the helicopter. This is due to the different noise ra-
diation directivities, partly because of the nature of the noise (mono-
pole, dipole or quadrupole, etc.) and because of the noise source
displacement relative to the observation point. For example, during
the flyover in descent flight at moderate speed, several noise sourc-
es may successively be dominant for a microphone on the ground
close to the flight pass: first the main rotor thickness noise, then low
frequency main rotor loading noise, then main rotor BVI noise, pos-
sibly engine noise and finally tail rotor thickness and loading noise.
The common point of the various tools is the requirement of suitable
prediction of the aeromechanics, of the aerodynamic field (strongly
coupled) and then of the acoustic radiation.

For high speed noise predictions, the acoustic codes are based both
on Lightill Acoustic Analogy (LAA) and Kirchhoff formulation. At the
beginning of the studies at Onera, the aerodynamics were determined
using a full potential code (FP3D) or an Euler solver (WAVES) and
the acoustics were obtained with a LAA code and a Kirchhoff code
(KARMA) [19], [20], [21]. In the LAA formulation, the determination
of the quadrupole terms requires a volume integration of the Lighthill
stress tensor. Using Kirchhoff integration, the difficulty of the volume
integration is avoided thanks to the use of a prescribed surface, over
which the pressure field must be provided. HSI noise can now be
solved by the elsA solver [22, 23] followed by the Kirchhoff formula-
tion of KIM [24], both presented further on.

As mentioned in the introduction, Onera and Airbus helicopters have
mainly directed their efforts towards the prediction of BVI noise. The
computational method used at Onera for the prediction of BVI noise
[25] was implemented progressively between 1990 and 1995. The
wind tunnel tests have shown that the radiated BVI noise is a conse-
quence of several interactions between the vortices (generally tip vor-
tices, but not always) emitted by the blades and the following blades;
these interactions generate pressure fluctuations on the blades,
which are the source of the BVI noise. The goal of the computational
method is to accurately compute the unsteady pressure fluctuations
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encountered by the blades during their rotation. A key point is the
good prediction of the wake convection between the emission of the
vortices and the interactions; a change in miss-distance by a quarter-
chord can lead to a variation of more than 5 dB (mid-frequency range,
i.e., 6™ to 40" bpf). At the beginning of these developments, the CFD
methods (Euler or Navier-Stokes methods) were not accurate enough
to convect vortices over large distances (more than one rotor revolu-
tion), so it was decided to develop a chain of comprehensive codes
that could compute the wake characteristics and the resulting blade
pressure fluctuations separately.

Actually, the computational method consists of five main steps: the
rotor trim, the wake prediction, the roll-up model, the calculation of
blade pressure and finally the noise radiation. The first step of the
computational chain is to determine the rigid and aero-elastic dy-
namic response of the blades, depending of the flight conditions that
must be simulated (advancing speed, rotor thrust, flapping piloting
law, etc.). Up to 1996, this was done by the R85 code developed
by Airbus helicopters for isolated rotor simulations. A more general
tool (the HOST code), applicable not only to isolated rotors but also
to a complete helicopter, has been developed since then by Airbus
helicopters.

The wake model is computed by the METAR code and is defined by
a prescribed helicoidal geometry described by vortex lattices. A cou-
pling between R85/HOST and METAR [26,27] is made until conver-
gence is reached on induced velocities at the rotor disk level. The flex-
ibility of the blades is also taken into account by solving the Lagrange
equations. The rigid and aero-elastic blade motion being known, a
second step is necessary to iteratively distort the initial wake ge-
ometry under its own aerodynamic influence. This is performed by
the MESIR code, which computes (using the Biot&Savart law) the
velocities induced by all vortex lattices at each discretization point of
the wake and modifies the wake geometry accordingly. First, com-
parisons between computation and experimental data have shown
the necessity of an intermediate step between wake and pressure cal-
culations. Indeed, the vorticity carried by the last lattice is generally
not representative of the actual rolled-up vorticity. Due to the blade
motion, the tip vortex may slide inboard and multiple vortices may
appear. The vorticity roll-up code [28], called MENTHE, identifies the
portions of the MESIR predicted vortex sheets whose intensity is suf-
ficient to result in a roll-up. The intensities and radial locations of
the rolled-up vortices, which constitute the interacting vortices, are
determined at the emission azimuths. One important point is that this
code (possibly adapted) is mandatory to determine the actual vortex
roll-up for any kind of design resulting in unconventional vortex roll-
up, such as trailing edge flaps, vane tip, active twist, etc...
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Blade pressure distribution is then calculated by the unsteady sin-
gularity method ARHIS. This code assumes that the flow around the
rotor is inviscid and incompressible. It performs 2D-by-slices cal-
culations. Subsonic compressibility effects are included by means
of Prandtl-Glauert corrections, combined with local thickening of the
airfoil. In addition, finite span effects are introduced through an ellip-
tic-type correction of the pressure coefficients. The interacting vorti-
ces are modeled as freely convecting and deforming clouds of vortex
elements. The main advantage of this method is its ability to take into
account the vortex deformation during strong blade-vortex interac-
tions. A variable azimuthal step is used, depending on the impulsive-
ness of the interaction. Finally, the noise radiation is computed by
the Paris code, starting from the blade pressure distribution provided
by ARHIS[28]; PARIS is based on the Ffowcs Williams-Hawkings
equations and predicts the loading and thickness noise. It uses a time
domain formulation. One of the aspects of interest of Paris [29], is the
ability to link the acoustic pressure peaks for a given microphone to
the blade pressure fluctuations and to the blade-vortex interactions,
which means that the vortices responsible for the noisiest interac-
tions can be identified, as well as the blade portion that radiates most
noise. This is a very efficient tool for rotor optimization, since it greatly
helps to alleviate the noisiest phenomena. It was used, for example, to
define the backwards and forward sweeps of the ERATO blade, which
provide the main part of the noise reductions.

This numerical chain has been validated with the experimental data
from HART (1 and 2) in terms of wake convection, vortex charac-
teristics (number of roll-up vortices, spanwise location close to the
emission, vortex strength versus azimuth, vortex core radius, etc.),
blade deformations, blade loads and finally acoustics. Onera has
participated in a large number of workshops for code validation and
comparisons, within the framework of the HART programs, as well as
within the framework of the NASA Ames 80- by 120-Foot Wind Tun-
nel, called the Caradonna tests [30]. Thanks to this, each step of the
chain has been evaluated, validated or improved.

Thanks to its low CPU consumption, the comprehensive chain has
been widely used for rotor design and the optimization explained in
the following chapters; as from the year 2000, CFD methods began to
be able to preserve the vorticity of the vortices, from their emission
up to the interactions. Within the framework of the French-German
cooperation CHANCE (2001-2006) [31], the Chimera techniques
were developed and used for automatic mesh generation and adapta-

tion in the e/sA solver. In 2004, these methods were applied to the
HART Baseline test-case, but no BVl was simulated due to exces-
sively coarse blades and background grids. During the French-Ger-
man program SHANEL, thanks to the use of higher order schemes,
matrix dissipation and efficient vorticity confinement techniques, it
became possible for CFD to capture the BVI and, when coupled with a
Ffowcs-Williams and Hawkings (FW-H) code (KIM code at Onera), to
provide a correct far field acoustic radiation compared to wind tunnel
measurements. Nevertheless, these CFD/FW-H methods are still too
costly to be intensively used for rotor design or optimization.

The elsA code gives a solution of the 3D compressible Euler equa-
tions in a reference frame attached to the rotating blade. A space-
centered Jameson scheme is used for the spatial discretization and
the time integration uses a four-stage Runge-Kutta explicit scheme.
Onera developed a module called Cassiopée, which generates and re-
fines the Cartesian background grids around the blades automatically
and allows sophisticated methods to be used, such as high-order
schemes, matrix dissipation and Vorticity Confinement. The Vortic-
ity Confinement [32] method is a numerical technique that is aimed
at reducing the artificial diffusion of vortices by numerical resolution
schemes for the Euler/RANS equations. It was first introduced and
developed for the incompressible formulation of the Navier-Stokes
equations. During the SHANEL program, it was introduced in e/sA
and applied to helicopter BVI configurations.

The CFD field is treated by the integral method code KIM [24], which
uses either the FW-H solid or porous surface formulations or the
Kirchhoff formulation.

CFD/CAA methods are also used for the Fenestron noise predictions.
The aerodynamic flow over the entire helicopter is obtained by solv-
ing the URANS equations over the complete aircraft, using the e/sA
solver. The main rotor is modeled using a non-uniform actuator disk
method accounting for the load of the rotor over one revolution, in or-
der to reduce the cost of the unsteady computation to densify the grid
in the Fenestron area (figure 5a). The Fenestron blade motion is taken
into account using the Chimera method developed at Onera [33] (fig-
ure 5 b). The far field acoustic radiation is computed using KIM code,
by placing porous acoustic surfaces in such a way that they contain
all of the acoustic sources of the Fenestron and that they account for
any reflection or diffraction occurring in the shroud (figure 5¢). This
prediction method has been validated by comparison with acoustic
measurements obtained during the Fenestron flight test.

Figure 5 - Fenestron noise computation. a) Helicopter geometry. b) Chimera grids around the blades. ¢) Acoustic integration surfaces
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Complementarily to these numerical tools, Onera has been develop-
ing simplified models, mainly for the conception and pre-design of
new concepts [33].

Rotor optimization and design
HSI noise

Some experimental (S2Ch and S1 Modane wind tunnels tests) and
numerical analyzes of the HSI were performed and different blade tips
were proposed to reduce the Shock-like sound wave phenomenon
called delocalization, which is responsible for a dramatic increase in
the noise level, when the tip speed reaches Mach numbers close to
0.9. No specific studies on HSI have been performed at Onera for a
long time, since this topic has not been identified as a priority recently.

BVI Noise
Passive design

The BlueEdge™ rotor was first designed at Onera and DLR during
the ERATO program, which was a cooperative project between Onera
and the DLR with the involvement of Airbus helicopters (France and
Germany). The ERATO rotor was designed using the tools described
further on and the physical understanding of the BVI phenomenon. It
was than tested in two wind tunnels (DNW-LLF and STMA). In view
of scale-one application to a 4-to-6 ton helicopter, the ERATO pro-
gram was aimed at designing, building and testing a quiet model rotor,
which would be 6 dBA less noisy (in terms of averaged ground noise
level) than a current technology reference rotor under ICAQO descent
flight certification conditions, that is, 6 degree descent at 125 km/h.
Moreover, since the descent angle and the flight speed may vary in a
real landing approach , some stability of the noise level improvement
was sought with respect to the descent angle and to the flight speed.
Significant noise reductions were also envisaged for medium and
high-speed level flight. This ambitious goal was to be accomplished
with the constraint of minimum penalties with respect to rotor vibra-
tions and performance.

The main phase consisted in the continuation of the parametric stud-
ies, comprising refined rotor geometry parameters such as the air-
foil, twist and chord length spanwise distributions and the quarter-
chord line geometry. The goals of this new design were to reduce the

Figure 6 - a) ERATO blade shape. b) Noise reduction with ERATO blade measured at DNW (dBA) versus the descent angle at M
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blade vortex interactions, by modifying some of their characteristics.
Indeed, the HART tests and the Caradonna experiment, as well as
the numerical analyses, made it possible to rank the different param-
eters responsible for the BVI noise radiation. The design was thus
performed by means of the parametric analysis of the effect of the
selected parameters on the BVI noise.

One of the key features of ERATO is the double-swept planform
(figure 6).

An inboard forward sweep is followed by an outboard backward
sweep. The goal of this shape is to phase shift the impulsive pressure
fluctuations occurring in the span direction and leading to construc-
tive pressure accumulations for a given microphone. Moreover, the
spanwise chord, twist and thickness distributions were optimized
to reduce the intensity of the emitted vortices. An increased chord
length was defined to accelerate the vortex convection, from its emis-
sion up to the interaction, in order to increase the blade vortex miss
distance, which was shown to be one of the most influent param-
eters. The combination of the entire design parameter optimization
was checked, in order not to alter the expected benefits of each of
them taken separately.

The last phase comprised the structural design and manufacture of
the instrumented optimized rotor blades, the S1 Modane and DNW-
LLF wind tunnel tests and a thorough analysis of the test results for
validation of the design methodology.

At the end of 2000, Airbus helicopters signed a research agreement
with Onera that was supported by the DGAC, in order to develop
a full-scale blade for flight testing. Afterwards, Airbus helicopters,
with the support of Onera, starting from the ERATO design, took into
account the full scale constraints in terms of stability, deformation,
structures, etc... to design a new blade, keeping the main features
and advantages of ERATO, but able to fly on a real EC 155 helicopter.
The design was finally validated in terms of vibration, performance
and acoustics during flight tests.

Active design

Complementarily to passive design, active control solutions are ex-
pected to be more efficient, since it is possible to adapt the control
laws depending on the flight conditions and closed loop controls can
be expected to be efficient. The main constrains of this kind of solution
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are the cost, the weight increase, the additional power consumption
and the maintenance. Nevertheless, it was judged important for in-
dustry and research centers to develop their competences in the field
of active rotors. Thus, a project funded by the French Civil Aviation
Authority, called the DTP RPA, also known as ABC, was launched in
France at the end of 1998, involving Airbus helicopters and Onera.
Similar activities were being addressed in Germany by the DLR and
Airbus helicopters Deutschland, within the framework of ADASYS.
Three main objectives were targeted: to decrease the BVI noise radi-
ated during descent flight, to decrease the vibration level generated by
the rotor and, finally, to increase the aerodynamic performance of the
rotor, by either alleviating the dynamic stall effect, or decreasing the
consumed power in fast cruise flight. Since one of the key parameters
of the BVI noise emission are the blade vortex miss distances, the aim
was to dramatically increase the vortex convection, from their emis-
sion up to the interaction, by means of the blade trailing edge flaps,
so that the close interactions could be avoided. For a given rotor, the
maximum noise is generally obtained at around 6° or 7° of descent
angle. The level decreases very fast, by more than 6 dB (mid-range
frequency, 6" to 40" bpf) for a change of +2° in the descent angle.
A +2° modification in the slope corresponds to only around a half
chord in the vertical position relative to the blade. It means that a gain
of more than 6 dB can be expected by increasing (or decreasing) the
wake convection between the emission and the interaction by 7cm
for a model rotor. This can be performed by activating the flap for a
range of blade azimuths corresponding to the travel of the vortices
on the advancing side. Computations have shown that this effect can
theoretically be easily achieved if the flap is sufficiently large and deep
and can be activated with a sufficient deflection angle.

The flap is also expected to be able to reduce the vortex intensity
at their emission, by means of adapted flap control laws. Numerical
simulations have shown the efficiency of both effects. The main chal-
lenge remains to be able to implement efficient flaps (which means
large ones, with strong deflections) on actual model rotor and full
scale rotors.

As for ERATO, two wind-tunnel test campaigns were planned, one
in the S1 Modane wind tunnel, mainly focused on dynamic aspects
and one in DNW-LLF mainly dedicated to acoustic issues. During the
first phase, the comprehensive code chain was adapted to take into
account the trailing edge flap. Both the dimensions and locations of

g™ R2100
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R275
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Figure 7 - a) ABC blade dimensions and b) flap positions [13]
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active flaps were determined, by means of numerical studies car-
ried out on a full-scale ATR blade geometry provided by Airbus he-
licopters Deutschland. Since the efficiency of the flaps, in terms of
noise reduction or vibration reductions, were obtained for different
flap locations and dimensions, it was decided to keep the capability
to choose three spanwise locations of 15% chord flaps, depending of
the expected benefits: more inboard (70-80% R) for vibration, more
outboard (80-90% R) for noise, for example (figure 7).

For each flight condition and flap geometry, optimal flap deflection
laws were numerically determined at both full and wind-tunnel scales.
In parallel, an active flap device was defined that could be implement-
ed on the model scale blades to be tested in both wind tunnels. The
second phase of the project, which started in 2001, was devoted to
the manufacturing of a prototype blade by Onera and of a set of 5
“series” blades by the DLR for the tests in S1 Modane and DNW-LLF
wind tunnels. The test campaign began in December 2005 in the S1
Modane wind-tunnel. Fourteen microphones were available for the
acoustic measurements. Six of these were located on a vertical strut
in front of the rotor shaft, for the determination of the thickness noise
and eight were located below the rotor on the advancing blade side to
determine loading noise (including BVI).

Measurements were carried out for different parametric sweeps of
the phase actuation, for a given maximum flap deflection. For all of
the flight conditions and for both flap positions, noise reductions were
obtained with every flap deflection frequency for certain values of
the phase. An example is provided in figure 8 for two different flap
amplitudes in various phases, the flap being actuated at a frequency
of 4-per-rev. By increasing the flap amplitude from 0.7° (figure 8a), to
1°, the noise reduction is increased from -1.2 dBA to -2.7 dBA.

For the active flap, noise reductions of up to 3 dBA have been ob-
tained on the BVI component, although the flight conditions were
not a descent flight with high BVI levels, showing the capability of the
active flap concept for BVI reduction.

Blue Pulse™ technology, based on active flaps, has been flying since
2005, showing a noise reduction of up to 5 EPNDB [15]. Airbus he-
licopter evaluations with Blue Pulse™ are continuing on an EC145,
while the development of a miniaturized system for production ap-
plications is advanced.

Location (1-2)

Location (2-3)
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With the same objective as for the active flaps, a theoretically very
promising way of reducing the BVI noise consists in modifying the
spanwise twist distribution over the blade, in order to modify either
the vortex generation or its convection. As for trailing edge flaps,
numerical studies have been performed to show the theoretical ef-
ficiency of such a solution. The challenge is once again the capability
to make blades equipped with active twist devices. Thanks to suitable
twist laws, it is theoretically possible to dramatically decrease the
BVI by increasing the induced velocities in a selected blade azimuth
range. Onera performed an optimization of the twist laws within the
framework of the European project Friendcopter and during an Onera/
Airbus helicopter program [35]. The GADO optimizer was used to
couple the R85 aero-elastic code with objective function of the in-
duced velocity maximization near the blade tip on the leading edge.
Thanks to the optimized law, the vortices are convected faster and a
gain of more than 7 dBA is obtained on the maximum noise, which is
even more important if only the leading edge is considered (right hand
part of the contour plot in figure 9).

Low noise flight procedures

Complementary to the previous studies, numerous activities have
been carried out using the codes developed (including simplified
models [34] or using the Onera chain adapted to unsteady flight con-
ditions [36]), in order to provide low noise flight procedures to the
pilots for given missions, in terms of speed, rate of descent, etc.

Concluding remarks

Among the studies performed at Onera (with close cooperation from
the DLR) within the framework of helicopter acoustics, several have
led to industrial applications. To gain the confidence of industrialists in
the proposed solutions and the numerical tools, research centers must
prove the accuracy of their tools, using wind tunnel tests and thanks to
international cooperation, within the framework of workshops. Onera
has proven its capability to face this ambitious challenge, thanks to its
efficient numerical tools and wind tunnel facilities [l
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BVInoise (Blade Vortex Interaction noise)

BWI noise (Blade Wake Interaction noise)

CFD (Computational Fluid Dynamics)
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DNW-LLF (Deutsch-Niederldndische Windkanéle-Large Low-speed Facility)
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STAR
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HART  (Higher harmonic control Aeroacoustics Rotor Test)
HHC (Higher Harmonic (pitch) Control)
HOST  (Helicopter Overall Simulation Tool)
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his paper investigates the effect of a flow control device on turbofan sound

generation, applied to a low-speed axial compressor model in a laboratory
test rig. This treatment consists in a secondary mass flow ejected through the
trailing edge of the rotor blades, designed to fill the velocity defect behind the
rotor and to decrease the turbulent kinetic energy related to the wakes, so that
broadband interaction noise should be reduced. The design and implementation of
the blowing device is first briefly described, as well as the fan stage experiment.
Then, the paper focuses on computation methods devoted to the capture of
turbulent wakes and to the acoustic response of the stator (with and without
blowing). 3D steady RANS and quasi-2D LES approaches are considered for the
CFD, both coupled to an integral formulation based on the theory proposed by
Amiet, aiming at calculating the in-duct sound power and estimating the acoustic
performance of the treatment. Under optimal blowing conditions, significant
sound power reductions are predicted by the simulations. First attempts to relate
numerical predictions to available measurements, /.e., hot-wire data and in-duct
sound power spectra, are proposed and discussed.

Introduction

A major source of broadband turbofan noise results from the interaction
of turbulent rotor blade wakes with the outlet guide vanes (OGV). The
objective of this study is to assess the effect of a flow control device
on sound generation, applied to a low-speed axial compressor model in
a laboratory test rig and studied within the framework of the European
project FLOCON. This treatment consists in a secondary mass flow
gjected through the trailing edge of the rotor blades (Trailing Edge
Blowing, TEB). It is designed to fill the velocity defect behind the rotor
and to decrease the turbulent kinetic energy related to the wakes, so
that interaction noise should be reduced. Tone noise reduction has been
successfully investigated by Brookfield and Waitz [1] and by Sutliff et
al. [2], with optimal PWL tone reduction measured in the NASA Glenn
Aero-Acoustic Propulsion Laboratory (AAPL) of 5.4,10.6, and 12.4 dB
for the first three tones, respectively. Further investigations by Sutliff [3]
focused on broadband noise, showing a 2-3 dB average reduction on
the turbulent pressure spectrum measured over the stator vane surface.
However, only 1 dB attenuation of broadband PWL in the aft arc was
assessed by far-field measurements for optimal blowing rate, probably
due to the rotor noise dominating the contribution in the Advanced
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Noise Control Fan (ANCF) test bed. Noise benefits of rotor TE blowing
have been also investigated on an advanced model turbofan tested in
the NASA Glenn 9- by 15-Foot Low Speed Wind Tunnel (9x15 LSWT)
[4], confirming the acoustic performance of the TEB for the tones and
indicating some broadband noise reductions, possibly attributed to a
reduction of blade wake turbulence.

Another attempt is investigated here on a laboratory test rig with similar
TEB technology and using extensive numerical simulations, focusing
on the broadband noise component and only considering outlet duct
acoustic measurements. Previous studies [5] showed that, for most
loaded OGV conditions, the broadband sound power measured in
the outlet duct was mainly attributed to the rotor-stator interaction
mechanism. Compared to the 1.2 m diameter turbofan simulator used
in [3], this laboratory experiment is quite limited by the size of the rig
(0.45 m rotor diameter) and then by the thickness of the vanes (very
thin) at the trailing edge. Thus, practical blowing mass flow rates can
only be reached by increasing the jet velocity. As pointed out in [6],
the turbulent mixing of high-speed blowing jets can cause additional
broadband noise sources that might increase the PWL spectrum
(particularly the high-frequency part), as is also discussed in this paper.
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The design and implementation of the blowing device performed by
the USI (University of Siegen), already detailed in a more dedicated
communication [7], is first briefly described here, as well as the fan stage
experiment. Then, the paper focuses on computation methods devoted to
the capture of turbulent wakes and to the acoustic broadband response
of the stator (with and without blowing). 3D steady RANS and quasi-2D
LES approaches are considered for the CFD, both coupled to an integral
formulation based on the theory proposed by Amiet, aiming at calculating
the in-duct sound power and estimating the acoustic performance of
the treatment. Although restricted to a thin radial extent, LES permits the
turbulence spectrum content and the integral length scale to be locally
assessed. These methodologies and the resulting blowing effect on
turbulence characteristics and acoustic behavior are addressed. First
attempts to relate numerical predictions to available measurements, i.e.,
hot-wire data and in-duct sound power level (SPL) spectra are discussed.

Fan stage model and trailing edge blowing
implementation

The measurements were performed in a laboratory scale fan rig located
at DLR Berlin. For the design and the implementation of the blowing
devices, a new fan with 18 blades containing internal passages for
TEB was designed. Important design parameters are given in table 1
and figure 1. Two x-hot-wire probes located downstream of the rotor
trailing edge plane are used to measure the wake characteristics and
a microphone rake provides the acoustic spectra in the outlet duct.

Volume flow .
rate at the inlet 7, 252 [m%s]| Rotor speed, N 3159  [rpm]
Rotor diameter D, 0.4524  [m] Nb(iég;sm:gr 18
Hub diameter D, 0286 [m] | .00 32

Table 1 — Design parameters of the fan stage

For the rotor blade design, a NACA 6515-63 airfoil with span length
L, = 832 mmis used. The fan operates at its design flow rate

coefficient:
V.
.= e—=021 1
¢m ”ZDZN ( )

The position of the reference plane corresponds to the stator leading
edge. The wake velocity profiles and the turbulent quantities are
evaluated at a relative blade height of:

h*= —h

(D,-D,)/2 )
/1 rotor
N /2 \ 1 = Inlet nozzle

2 — Pressure supply tube
3 — Pressure plenum
4 — Flow restrictions
0 5-TEB blades
6 — AC motor
7 — Stator vanes

,"\

ful
‘I
I

~

IHY

Figure 1 — Schematic drawing of the TEB fan stage: meridional section (left)
and coaxial section of the cascade (right)

Aerospacelab

Figure 2 shows the internal passages with guide vanes, shaped
carefully to avoid excessive pressure losses. The internal passages
responsible for a specific blade height are connected to the pressure
plenum in the hub via flow restrictions, which control the individual
blowing mass flow rates. The inlet cross sections of the restrictions,
as well as the plenum pressure, were optimized claiming a flat wake
velocity profile. A pressure supply tube from the inlet nozzle to the
plenum delivers the needed pressure, as well as the overall TEB mass
flow.

Figure 2 — Rotor blade with internal passages, guide vanes and flow restrictors
at the passage entrances (left), and CAD geometry (right) provided by the USI

RANS-based and LES-based methodologies
3D RANS computations (USI)

RANS computations are mainly performed by the USI. The
computational domain consists of 1/18™ of the bladed annulus, from
1.0 D, upstream to 1.0 D, downstream of the rotor. It also covers the
five internal blade passages including the guide vanes, from their inlet
in the hub to their orifices, where the jet flow mixes with the main flow.
General grid interface (GGI) boundary conditions were imposed in the
circumferential direction. The inlet mass flow rate of the fan system was
imposed on the upstream boundary according to the operation point of
¢, = 0.21, while an opening pressure boundary condition was set at
the downstream boundary. At the entrance of each of the five internal
blade passages, the flow restrictions and the pressure plenum inside
the hub were modeled. Of course, no boundary conditions have to be
specified at the exit of the channels (i.e., the orifices), since the flow
mixes with the main flow. To solve the RANS equations, ANSYS CFX
with the standard SST-turbulence model and a 2" order approximation
(blend factor of 1) was employed [8]. The block structured numerical
grid consists of 7.1 million nodes. Special attention was paid to the
wake region, by using a very fine grid resolution of about 3 million
nodes. Common grid quality criteria were considered in most of the
fluid flow regions (grid angles > 20°). Due to geometrical restrictions,
some grid angles in the TEB injection orifices were as small as 13°. In
these regions, a finer grid was employed to ensure sufficient accuracy.
For the simulation, the maximum value of y* for the first node
adjacent to the blade surface was < 6, whereas the area averaged
»*,. atthe blade was < 1. The convergence criteria were set to 1.10°
MAX residuals.

3D RANS and quasi-2D LES computations (Onera)

3D RANS computations have been also performed on a baseline case,
using the CFD Onera code elsA that solves the compressible equations
in the relative frame with a cell-centered finite volume formulation.
Space discretization is ensured using the Jameson second-order-
centered scheme with the addition of an artificial viscosity. Turbulence
closure is achieved using the -/ turbulence model proposed by
Smith [9]. Inthis model,  (characteristic length scale of turbulence) is
a transported quantity. The computation is performed on a single rotor
passage using a multi-block grid of about 1 million nodes. Particular
attention has been paid to the mesh downstream of the blade, to keep
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a good description along the wake development zone. The mesh has
17 cells in the rotor tip gap. The exit plane is located approximately at
3 chord lengths from the rotor trailing edge.

Due to CPU and memory limitations, the LES approach is practically
restricted to a quasi-2D computation [10,11] so that the simulation
is only focused here on a thin strip (L, ) of the full spanwise
response. As in reference 10, the sub-grid scale viscosity is given
by the WALE model (Wall Adapting Local Eddy-viscosity) [12]. The
quasi-2D computation domain is a section in a circumferential plane
at mid-span (corresponding precisely to a half height of the central
injection slit for the blowing case) and extruded in the spanwise
direction over 20% of the chord (figure 3, left). The full 3D test-case
is thus converted to a cascade-like test-case for the LES simulation,
assuming that flow physics of the fan rig remains well captured by
this conversion. In the LES simulation, the incoming flow is perfectly
laminar. Any "background" turbulence thus comes only from the
unsteadiness created in the simulation (that is, from shear, even small,
outside the boundary layer and the wake zone). The mesh size (Ax,
Ay, Az) near the airfoil must verify some criteria for the validity of the
LES computation. The non-dimensional criteria used for this study are:
Ax* <40, Ay* <2, Az" <20.

The blowing mass-flow in the central injection slit obtained from a 3D
computation (USI) is translated in the quasi-2D LES as an equivalent
mass-flow, by using uniform blowing along the entire extrusion of the
blowing slit (figure 3, right). Optimal blowing conditions issued from
USI computations were obtained with s, = 142 ¢/s.

simulated part of

cut of the the blowing tube

blowing
tube at r,

0.2 chord

Figure 3 — LES spanwise extrusion (left) and simulated part of the blowing
tube (right)

Acoustic post-processing based on the Amiet broadband noise
theory

This section presents the Amiet-based theory [13] adopted here to
predict broadband interaction noise, using either 3D RANS or 2D LES
output data. A concise form of Onera formulation [14] providing the
power density spectrum (PSD) of the acoustic power, S, in the outlet
duct can be written as:

1) |E(rK0) U, 6, (K..0) @

S (f)=V Z Z(ﬂm rf

m==mp,. n=1

¢, 18 a kernel function related to the Green function (valid for an
annular duct and a uniform mean flow), £ is the aeroacoustic
transfer function obtained from the aerodynamic response of an
isolated (zero-thickness) stator vane. K_and U are respectively the
convection wave-number and the convection speed, taken equal to
the streamwise velocity (U). ¢, , is the 2-wavenumber turbulence
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spectrum related to the upwash velocity component, « , and adjusted
using standard Von-Karman model. ¢, can be expressed versus the
turbulent velocity spectrum, S and the spanwise correlation length
scale, ¢

4., (K.0)=225 (a)r

T

, (@) @)

¢, requires the knowledge of the mean-square turbulent velocity,
u, . (also related to the kinetic energy, k) and the integral length scale,
A. This information is usually obtained from a RANS calculation. In
(4), the upwash turbulent velocity spectrum and spanwise correlation
length scale may be directly post-processed from LES output data,
as done here for s, . However, assessment of /7 is practically not
feasible, because thé radial extent is too thin. An alternative approachis
to use an analytical expression for l,, deduced from the Von-Karman
spectrum and directly related to 4, as discussed by Lynch [15]. CFD
data extraction for RANS and LES output post-processing is sketched
in figure 4. The inter-stage red plane in figure 4 (left) corresponds to
the hot-wire position in the DLR rig. Inputs to (4) are taken at the stator
leading edge (LE) position. In figure 4 (right), LES data is interpolated
from the rotating frame to the fixed frame and uniformly distributed
along a mean streamline assumed to represent the path of convected
turbulent structures impacting the stator vane (chord aligned to this
path). This allows us to calculate the turbulent velocity spectra and the
integral length scale at mid span.

hot-wire ~ stator LE 7
plane plane

| I rotatlon ,

Figure 4 — CFD data extraction for aeroacoustic analyses: 3D RANS (left)
and quasi-2D LES (right)

) B .statorLE
streamllnes in the fixed frame

Aerodynamic and noise predictions, and comparison
with experiment

Rotor wake characteristics

Firstly, wake characteristics in terms of velocity defect and turbulence
intensity have been analyzed, in order to check the reliability of the
CFD computations (by comparison to the experiment in a baseline
case) and to estimate the effect of the blowing. Axial velocity profiles
computed by USI RANS are compared to the measurements for
two spanwise stations in figure 5. Predicted and measured blowing
effects are similar, showing a significant reduction at 74% span but
an overshoot at 44% span, revealing quite important radial effects.
Although optimal blowing conditions assessed by RANS were
estimated using a minimization process at several radial stations,
wake filling performances achieved by a blowing distribution through
the five slits and measured by the hot-wire probes reveal significant
differences (compared to the simulations), particularly when moving
towards the casing.
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Figure 5 — Axial velocity profiles issued from USI RANS and experiment at 74%
(top) and 44% (bottom) span

Turbulence intensity, 7' , scaled by axial, radial and tangential velocity
components is defined as:

1/2 1/2
T — uturb — uturb

LU Juisut+u?
(5)

T 360°-plots issued from USI RANS baseline computation (1 rotor
blade channel) and from baseline and blowing experimental cases (18
blade passages) are compared in figure 6. The agreement between
prediction and measurements is rather good, although the turbulent
wake level is over estimated by RANS. Intense turbulence spots
near the hub and casing can be also observed in the experiments.
Measured 7 wakes are clearly attenuated when the blowing is active
(figure 6, right), despite slight blade-to-blade irregularities. This effect
is highlighted in figure 7, comparing the 7' plots over 1 blade channel
(time-averaging using blade passing trigger in the experiment). The
reduction of turbulence intensity due to the blowing is fairly well
assessed by the CFD, but the levels are overpredicted, except near the
blade foot region, where the measurements are higher.

\ f
A : N 4
s 4’ N

Figure 6 — Turbulent intensity plots: RANS-SST (baseline, left) and exp.
(baseline, mid. and blowing, right)
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Figure 7 — Blade channel turbulent intensity plots provided by RANS-SST (left)
and experiment (right): baseline (top) and blowing (bottom) cases

The LES simulation is useful to capture unsteady phenomena, as can be
seen in figure 8, showing a snapshot of Mach number and Q-criterion
isosurface (with/without blowing). While both computations show a
separation with production of turbulent structures occurring on the
suction side of the blade, separation seems to be much less massive in
the blowing case. Downstream from the rotor, the turbulent structures
are also smaller and restricted to a thinner wake when blowing is
active. This phenomenon is highlighted in figure 9, related to the flow
near the blowing slit, obtained by an average of the LES solution during
a five rotor blade passage, which reveals a strong blowing effect that
tends to delay the separation and reattachment points of the boundary
layer almost up to the blowing slit. The turbulence kinetic energy in
the blade wake region computed from velocity fluctuations during the
five rotor blade passage is plotted in figure 10, for the baseline and
blowing cases. A strong reduction in the turbulence kinetic energy can
be clearly seen when the blowing is active.

These LES predictions were carefully checked by comparing the
relevant averaged fields to those provided by RANS at the same
spanwise position. Angular profiles of turbulence intensity deduced
from LES (with/without blowing) at inter-stage position are plotted in
figure 11 and compared to the RANS & — ¢ baseline solution. 7 is
strongly reduced by the blowing and baseline solutions are found to
be rather close to experiment, with an LES amplification that could
be attributed to confined grid (quasi-2D) effects. It should be noted
that the background turbulence level (about 2%) visible in figure 11 is
contributing to the theta-averaged levels of 7' profiles discussed below.
For reliability, we tried to obtain a similar value of this background
turbulence level between RANS and measurements at the inlet boundary
condition, as shown by the comparison addressed in figure 12.

Finally, the radial profiles of 7 obtained from a circumferential
averaging of GFD solutions at the hot-wire plane are compared to the
experimental values (blade passage trigger average) in the baseline
case in figure 13, showing the best agreement for the RANS-SST
model. Blowing efficiency provided by the USI RANS is found to be
comparable to the measurements in terms of 7 reduction (figure 13,
bottom). As already observed in figures 6 and 7, a strong turbulence
activity is measured in the vicinity of the hub, attributed to a flow
separation near the blade foot (laboratory test rig imperfections) and
giving rise to vortex shedding not captured by RANS and not reduced
by the blowing.
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Figure 8 — Relative Mach number and iso-surface of the Q-criterion
(LES snapshot): Baseline case, left, and blowing case, right

Figure 9 — LES-averaged relative velocity amplitude and streamlines near the
blowing slit, without (left) and with (right) blowing

Figure 10 — Turbulence kinetic energy (m2/s2) from LES velocity fluctuation
averaging: Baseline case, left, and blowing case, right
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Figure 11— LES T profiles compared to RANS % — ¢ at mid-span
and hot-wire axial position
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Figure 12 - 7 intensity (%) provided by RANS % — ¢
compared to measurement at the inlet
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Figure 13 — 7' radial profiles: CFD vs. experiment in the baseline case (top),
and blowing vs. baseline (bottom)

Turbulent velocity spectra and correlation scales

LES simulations data is post-processed, in order to assess the turbulent
velocity spectra and correlation scales. PSD of the upwash velocity
component (5, in (4)) calculated at the inter-stage for the baseline and
blowing cases aré compared in figure 14 to the Von-Karman spectra (used
in (3)). Slopes are similar, but a hump over a wide frequency range can be
observed inthe LES solutions. The streamwise 0-time shift cross-correlation
function (applied to the streamwise velocity component) is compared for
baseline case to the theoretical Gaussian solution [11] in figure 15 top,
showing a very good agreement. The integral scale 4 (deduced by integration
over x) is found to be close (at mid-span) to the RANS-based solutions
plotted in figure 15 bottom. RANS-based solutions are obtained from a
circumferential average of the integral length scale, directly extracted from
the CFD for the Onera result, because this length is a transported quantity
of the % — ¢ turbulence model. Turbulent (streamwise) velocity spectra
measured by hot-wire probes at 74% and 44% span are plotted in figure
16 top and bottom, respectively. These are compared to the LES solution
scaledin level (- 10 dB) and overplotted in figure 16 top, showing very close
attenuation slopes and similar trends of blowing effects at 74%. However,
blowing at 44% is much less efficient, with a level increase for frequencies
beyond 4 kHz. Thus the OASPL obtained with blowing for this radial station
would be just slightly lower than for the baseline case. A similar tendency
for measured turbulence intensity profiles can be observed in figure 13,
showing a lower level reduction around 45% span (discarding the spurious
baseline oscillating point), compared to 75% span. The rise of turbulent
velocity levels beyond 4 kHz (figure 16 bottom) should have a hard impact
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on the noise level in this frequency range, as will be discussed in following
section. The numerous peaks visible in the red spectra when the blowing
is active (whereas only expected BPF tones are present without blowing)
should also be noted. These might be attributed to small blowing jet variations
from blade-to-blade (non-homogeneous wake filling), giving rise to multiple
pure tones (rotor rotation harmonics). Such extra tones were pointed out in
reference [4], when investigating alternate blade blowing.

80
757 — LES (baseline)
----Von-Karman (baseline)
70 — LES (blowing)
) ----Von-Karman (blowing)

65}
60}

PSD (dB/Hz)
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Figure 14 — PSD of upwash turbulent velocity resulting from LES

and Von-Karman model
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Figure 16 — PSD of streamwise turbulent velocity at 74% span (top)
and at 44% span (bottom)

40

Assessment of sound power level broadband noise reduction

Previous RANS and LES analyses are used to estimate the PSD of acoustic
pressure in the outlet duct (observer at outer wall), as shown in figure 17 for
the baseline case. The LES-based prediction is achieved by applying a basic
scaling correction 1010g(Z,,, / L,,, ) On the sound pressure level (SPL). A
satisfactory agreement is obtained for the RANS-based solutions, whereas
the LES-based spectrum is over-predicted (certainly due to the quasi-2D
approach restrictions). However, the frequency slope using LES seems better
appraised. Finally, PSD of acoustic power (PWL spectra) using RANS-SST
and LES input data are presented and compared in figure 18 top. Sound
power (obtained by integrating acoustic intensity along the duct section) is
more suited than sound pressure to estimate the acoustic performance of
the TEB, and calculated PWL spectra have been smoothed for clarity. As
expected from turbulent wake analyses, significant reductions are observed in
the computation results, with relative level attenuations that are twice as large
for LES compared to RANS (about 7 dB vs. 3.5 dB max), but with quite similar
behavior with respect to frequency. This must be related to the experimental
SPL spectra, measured by a microphone at the casing wall, in figure 18
bottom. Unfortunately, experimental results do not show any noise reduction,
nor for the tones (see the non-filtered spectra), and moreover highlight a
broadband level increase for frequencies beyond 4 kHz. This sound increase
at high frequencies is certainly related to the rise of turbulent velocity spectra
already observed from the hot-wire probe results at 44% span (figure 16
bottom). This is quite disappointing, since numerical simulations suggested
significant acoustic performances of this TE blowing device, confirming
the previous published results from NASA Glenn tests [3,4]. A few possible
explanations of this test failure are addressed in the last section.
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Possible explanations of noise reduction failure in the experiments

Regarding CFD data and hot-wire probe analyzes, three main reasons
can be argued for observing no noise reduction in the experiments:

e This laboratory axial compressor rig is characterized by intense
turbulence structures in the vicinity of the hub and the casing, which
largely contribute to the RSI broadband noise and are poorly affected
by the blowing. The blowing mass flow rate was optimized assuming
no separated flows at the blade foot and thus under-predicting these
3D effects in the spanwise direction. TE blowing in this test rig is
certainly efficient with respect to turbulent wake reduction away from
these regions. This decrease in the turbulent wake intensity is balanced
by the interaction sources near the hub and casing. Similar spanwise
dependency has been noticed for the velocity defects (reduction at
75% and overshoot at 45% span), limiting the tone noise reduction
also;

¢ Anon-homogeneous wake filling from blade-to-blade is suspected
from rotor-clock average analyzes, revealing non fully periodic wakes
in the (r-6) planes and the presence of numerous tones in the hot-
wire spectra when the blowing is active. This may also be responsible
for minimizing the efficiency of the blowing, assumed to be fully
homogeneous in the simulations;

o Due to the small size of the slits, the blowing jet speed is very high
and jet mixing velocity fluctuations captured by hot-wire measurements
at some radial positions may contribute to self jet noise, particularly at
medium and high frequencies, as shown by the sound spectra.

Conclusions

A comprehensive study of turbofan broadband noise reduction using
a trailing edge blowing device has been carried out numerically and
experimentally in a laboratory axial compressor stage rig. The blowing
design and optimal settings were obtained through extensive RANS
computational studies. 3D RANS simulations have been supplemented
by quasi-2D LES, in order to better assess the turbulent characteristics
of the flow, and CFD post-processed data has been used as input
to an Amiet-based acoustic calculation. Wake analyses have shown
relevant reductions in the velocity defect and turbulent intensity,
in good agreement with the hot-wire measurements performed
in the inter-stage plane. These are responsible for significant SPL
attenuations in the outlet duct spectra (up to 3.5 dB for RANS-based
and up to 7 dB for LES-based solutions) with a similar response to
frequency, which lets this methodology appear reliable. However, the
acoustic measurements have not revealed any acoustic performance
of the blowing (moreover, some noise increase was detected at high
frequencies). This mismatch has been discussed at the end of the
paper and can be attributed to a strong turbulence activity in the test rig
duct wall hub and to a non-homogeneous wake filling from blade-to-
blade. The contribution of mixing jet sources not considered in these
simulations is also suspected Il
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GGl (General Grid Interface)
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usl (University of Siegen)

WALE  (Wall Adapting Local Eddy-viscosity)
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ter manufacturers use many resources to improve internal acoustic comfort. This task
is particularly difficult because, on the one hand, passengers are in close proximity to
the disturbing sources and, on the other hand, the noise frequency range is located in

the domain of high sensitivity of the human ear (500-5000 Hz). These activities are
often conducted in conjunction with external laboratories specialized in the aeronautic

domain.

The purpose of this paper is to describe how different European laboratories (affilia-
tions of the authors), involved in a "Helicopter Garteur Action Group" (AG20), usually
address this problem of helicopter internal noise, in particular in terms of design,
characterization or active control of vibration applied to helicopter panels, in order to

improve acoustic comfort.

Typical measurement techniques and applications of simulation methods are presented
to illustrate the activities of laboratories, especially the characterization and optimiza-
tion of the acoustic behavior of an isolated helicopter panel and, secondly, the evalua-
tion of its effect in a cabin mock-up or in flight. In addition, procedures of active (or
semi-active) control are described and applied to the vibro-acoustic transmission of an
isolated panel, then to an anti-torque plate of a helicopter mock-up and finally in flight,
in order to reduce the noise produced by gear-box vibrations.

Introduction

For several years, aeronautical industries have wished to improve inter-
nal acoustic comfort. This is particularly true within the cabin of a heli-
copter, where passengers are in close proximity to disturbing sources
that contribute to interior noise: main and tail rotors, engines, main
gearbox (tonal noise) and aerodynamic turbulence (broadband noise)
(figure 1).

These sources generate bending vibrations of the entire tail boom, in-
duced vibrations in the cabin at blade passing frequencies (up to 60 Hz),
transient vibrations of rotor blades (2-10 Hz) and structure borne noise
induced by gear meshing within gear-boxes (500-5000 Hz). External
noise (up to 4000 Hz) is also transmitted by acoustic leakages between
fuselage and doors.

For a safe, comfortable and healthy helicopter, the following require-
ments are decisive:

Aérospacela

* cabin vibration levels below 0.05 g for steady flight and 0.11g for
transition flight (derived from the EC Directive 2002/44/EC on whole-
body vibrations);

* cabin noise levels between (80+85) dBA for steady flight and 87
dBA for transition flight (derived from the EC Directive 2003/10/EC on
interior noise).

It can be noted that these values are higher than in airliner cabins (i.e.,
70 dBA) and don't correspond to jet smooth ride comfort (i.e., 0.02 g).

Several European projects have as objectives the reduction of cabin
noise and vibration levels: i.e., RHINO (Reduction of Helicopter Interior
NQise), FRIENDCOPTER (FRIENDIy HeliCOPTER), CREDO (Cabin noise
REduction by experimental and numerical Design Optimization) or HELI-
NOVI (HELIcopter NOise and Vlbration reduction).

It appears that conventional passive systems (trim panels and pas-
sive anti-resonance isolation systems, as well as classical vibration
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absorbers and pendulum absorbers) are still the main way to control
the acoustics of the cabin, whereas active systems (active vibration and
noise control), despite many studies in laboratories since the 1990s,
are really applied only in particular cases in complement to passive
solutions (structure piezo control, strut vibration control, active noise
reduction headrest, etc.). It is due to difficulties to provide algorithm
robustness (instability of time convergence), with a spatial reduction
(particularly in the medium and high frequency range) and due to a criti-
cal balance in terms of added mass and electrical power.

The purpose of this paper is to describe how different European labora-
tories usually address this problem of helicopter internal noise, in par-
ticular in terms of design, characterization or active control of vibration
applied to helicopter panels, in order to improve the acoustic comfort.
Itis based on a think tank, "Helicopter Garteur Action Group", devoted to
"Design and characterization of composite trim panels" (AG20).

The activities of the laboratories involved in this group (affiliations of the
authors) are presented through the description of mature or in-progress
measurement techniques and applications of simulation methods,
firstly, to determine and optimize the acoustic behavior of an isolated
passive and active helicopter panel and, secondly, to evaluate its effect
in a cabin mock-up, or in flight. Finally, in order to reduce the pressure
radiated by a helicopter cabin roof (mechanical deck), active control of
vibration transmission through the anti-torque plate and cabin roof is
also discussed.

LTI

Figure 3 - Honeycomb sandwich panel, front side open (left) or closed (right),
with absorption layer

Aerospacelab

Acoustic behavior of an isolated helicopter panel

With regard to passive systems, trim panels in helicopter cabins
(figure 2) are generally provided with a core in honeycomb and external
layers (laminates) in composite fibers, front side open or closed, some-
times with an absorptive layer (Figure 3)

This light trim assembly is not subjected to a high static force and must
simply ensure sufficient stiffness to not be damaged during the helicop-
ter life. Each material fulfills specific tests to be certified: behavior at
high temperatures, with humidity, etc. Nevertheless, these components
can worsen the internal acoustic comfort.

The Acoustic Transmission Loss (TL) of a trim panel (or fuselage)
allows its acoustic efficiency to be quantified. It represents the ratio
between incident acoustic power, produced by a diffuse acoustic field,
and the acoustic power radiated by the panel (figure 4).

N~

w

incident

Laminates

Core

Laminates

TL =10 log(W, ./ W.

ident transmitted)

Figure 4 - Acoustic Transmission Loss applied to a trim panel
Measurement of TL (NLR)

This type of parameter is currently measured in a laboratory on an
elementary panel, with a controlled excitation. The mounting condi-
tions of the test objects are of great importance for the measured
results. Due to practical reasons, the mounting can vary considerably
between various labs.

At NLR, the panels tested, representative of a fuselage section are
suspended on springs, free from the surrounding structure. The rea-
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son for choosing a free-free set-up is to have well defined boundary
conditions, in order to preclude possible difficulties in formulating the
boundary conditions correctly in a FEM model. Flanking noise has been
suppressed adequately by a specially designed panel support structure.

The TL is measured according to the method described in ISO Stan-
dard 15186-1, the TL in dB being determined from:

TL =SPL

'send

—6-SIL, —10log (%mj [dB] (1)

where SPL_,  is the sound pressure level in the sending room (in dB
re 20 Pa), measured with a microphone on a rotating boom, SIL is
the sound intensity level (in dB re 1 pW/m?), normal to and averaged
over the measuring surface S , and S is the area of the test specimen
(i.e., the part radiating sound to the receiving room).

The NLR test set-up is shown in figure 5. The volume of the reverberation
room is 33 m3, resulting in a diffuse sound field for frequencies of about
500 Hz and higher. In order to reduce the measuring error below 500 Hz
due to insufficient diffusivity of the sound field, the TL is determined from
successive measurements for different loudspeaker positions.

Sound intensity probe
(e N
Reverberation room

Rotating boom 'ﬂ'_ﬁﬁé
Microphone 7
Y

Test structure

Scanning robot

Semi- anechoic room
(Receiving side)

L
. \
NS \\@

Figure 5 - Set-up for transmission loss measurements on panels (NLR)
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Figure 6 - Principle (left) and CATIA picture (right) of the NLR flanking noise
suppression structure

Since the panels are mounted free from the surrounding structure, a spe-
cial provision has been designed for adequate flanking noise suppression
(Figure 6). On all four sides of the test opening, a U-shaped sound insula-
ting structure is mounted, filled with sound absorbing foam.

The panel frames are suspended on springs, which are selected so
as to obtain a mass spring resonance frequency of about 5 Hz. The
1mx1m test opening (niche) has a depth of about 1 m. The sound
power radiated by the panel is determined from sound intensity mea-
surements over the cross-section of the niche, using a robot to scan
the measuring surface. To suppress the effect of reflections on the
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walls of the semi-anechoic receiving room, sound absorbing foam is
installed around the test opening.

Simulation and passive optimization of TL (DLR / Onera)

In parallel, TL simulations, based on analytic modeling or FE / BE
calculation, can be achieved to evaluate the effect of the main para-
meters or to optimize the nature and arrangement of layers, especially
for trim panels.

The TL simulations performed, for example, by DLR, mainly focus
on the frequency range from OHz up to 2000 Hz, where active and
semi-active methods applied to panels can improve the TL. First of
all, the TL simulation, which is based on a FE element calculation and
a numerical modeling of the diffuse sound field, is described. One of
the main interests of the FE method is to be able to take into account
complex boundary conditions for finite panel sizes, which are present
in technical applications such as helicopter cabins or aircraft cabins.
The frequency constraint of 2000 Hz is due to the computational effort
that is needed if the mesh size has to be increased for higher frequen-
cies. Also, panels with foam cores are typically of a higher computa-
tional complexity. This is due to the modeling of the core, which must
be done with solid elements that have more degrees of freedom than
a shell element.

The computational effort is the most limiting method for the FE cal-
culations done at DLR. The advantage of a FE simulation compared
to the semi-analytical PIAMCO calculations is the ability to calculate
detailed transfer functions of the structure in order to further investi-
gate semi-active control methods.

The simulation of the TL can be described by three steps and is
shown in figure 7:

egenerating the diffuse sound field by modeling acoustic point
sources that are placed on a hemisphere [1] and calculation of the
nodal forces that are present on the FE-model;

«harmonic analysis with the FE software ANSYS®© of the excited
panel and calculation of the normal surface velocities;

< post-processing of the normal surface velocities by the radiation
resistance matrix [2];

«calculation of the transmission loss from the incident and radia-
ted sound power (figure 8).

-

Radiated
sound field

Surface
Applied velocities

loads

Figure 7 - Steps of the transmission loss simulation at DLR
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Figure 8 - Simulated (DLR) / experimented (Onera) TL (dB) of typical honey-
comb sandwich panel

Nevertheless, to increase the frequency range of interest and because
of the CPU time needed for an optimization process, analytical or
semi-analytical models are widely used, although suited to an infinite
panel size or a finite panel size with simple boundary conditions (sim-
ply supported, clamped or free conditions).

The following figure (figure 9) shows an example of a TL simulation
result determined by Onera from an optimization process for a honey-
comb sandwich pane [3], representative of a trim panel.

The assembly of materials has been defined from a fractional plan
using a database, composed of several Nomex honeycomb (with
variable thickness), fiber glass, Kevlar, carbon and viscoelastic mate-
rials.

The obtained optimal configuration, computed with a semi-analyti-
cal model (software PIAMCO [4]), has a maximum global TL in the
frequency range of 500-5000 Hz [5] and complies with initial requi-
rements, such as surfacic mass and thickness below 6 kg/m? and 20
mm, and presence of a viscoelastic layer on both sides of the core.
The panel surfacic mass and thickness are 6 kg/m?2 and 8.2 mm, with
a core of 5 mm thick.

It appears that, in the mentioned frequency band, the TL is similar
to that produced by a steel panel of equal weight. The coincidence
frequency, fc, and the double wall resonance frequency, fd (with a
"dilatation effect" of the panel), appear beyond the band (12 and 18.4
kHz) [6]. Thus, the TL follows only the mass law. Moreover, the high
damping provided by the viscoelastic layer (about 20 %) is not effi-
cient beyond the coincidence frequency.

This type of result shows that other trim panel designs must be pro-
posed to avoid the "mass effect", unfavorable to current cabins. For
instance, it may be interesting to use foam with open cells, offering
less stiffness than honeycombs, to decrease the double wall reso-
nance frequency and to thereby generate a high TL form medium
frequency range. Figure 10 shows the simulated and experimental
TL of a sandwich panel with an "open cell foam", whose surfacic
mass and thickness fulfill the previous requirements. In this case, the
double wall resonance frequency of around 550 Hz leads to a TL of
about 60 dB at 10 kHz, compared with figure 9. The influence of the
transverse Young modulus of foam Ecz is brought to the fore to shift
the double wall resonance frequency.

Aérospacela

We would expect similar curves as in figure 9 and figure 10, up to
2000 Hz, with FE element calculations with DLR tools.
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Figure 9 - Simulated TL of optimal "honeycomb” sandwich and steel panels
[3] (Onera)
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Figure 10 - Simulated / experimental TL of a sandwich panel with “open cell”
foam - simu 1: Ecz=0.1 Mpa - simu 2: Ecz=0.2 Mpa [3] (Onera)

However, this type of concept proposed by Onera has led Eurocopter
to propose improvements compatible to other constraints such as, for
example, fire resistance (patent [7]).

Nevertheless using open cell foam can generate a significant reduc-
tion of mechanical stiffness. A multi-objective genetic algorithm can
then be used to find an optimized panel with a good compromise
between acoustical and mechanical properties [8]. That is to say, to
perform a tri-objective optimization for a "lightweight stiff acoustic
panel". The main drawback is the computing time, but the advantage
is the quantity of information obtained.

Active or semi-active control of TL (Onera / DLR)

As a complement to the passive behavior of the optimized trim panel
described previously, active or semi-active control techniques have
been developed by laboratories to improve the TL of elementary pa-
nels in low frequencies (figure 11).

Active isolation is a good solution when a large part of the primary ex-
citation is transmitted to the trim panels through structural attachment
points. In helicopters, this is the case with the struts or the frames: the
vibrations coming from the gear-box excite the trim panels through
their attachment points. The idea is to reduce the incident vibration
levels, which excite the trim panels.

The trim panels are usually mounted with soft rubber parts, which
filter part of the incident energy. Nevertheless, these passive parts are
not efficient enough to drastically reduce the incident vibration levels
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and their efficiency is concentrated in the higher frequency range.
Moreover, a soft mount induces suspension modes that are added to
the primary excitation at low frequencies. An active isolation system
is efficient at low frequencies and will complete the passive part.

70 Transmission Loss of the optimised trim panel
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50 Active | — Passive

40 .
30 Vibration : :Actleel

absorber Gontrorfecnmiques
20 ol

10@

100 1000
Frequency (Hz)

R (dB)

10000

Figure 11- Complementarities of passive and active techniques

Active isolation system consists in replacing the attachments by ac-
tuators. The existent passive parts are usually kept. Depending on the
vibration levels and the static forces, the actuators used in isolation
system can be based on different technologies: hydraulic, magne-
torheological or piezoelectric, for example.

In order to reduce the structural noise and vibrations coming from the
trim panel, Active control methods with piezoelectric patches present
another solution to add damping in the panel [9][10].

This control approach is termed active structural acoustic control
(ASAC), in contrast to active noise control (ANC), where secondary
sound sources are used to lower the initial sound field.

Recently, a new approach has been developed to keep the best of
these two approaches: semi-passive, or semi-active techniques,
according to appellations [11][12][13]. These techniques consist
in connecting piezoelectric patches to an electronic circuit. In some
cases, the energy of a piezoelectric patch is dissipated in a RLC
(resistance, inductance and capacitance) electronic scheme, with a
resonant frequency tuned to the target frequency to be reduced.

ASAC pre-design tool

In DLR, for example, negative capacitance networks are applied to
a vibrating panel, in order to increase the total damping: To achieve
optimal results, due to the damping of negative capacitance networks,
the ASAC pre-design tool [14] is extended by an objective function
that calculates the performance of negative capacitance networks.
Figure 12 shows a flow chart of the ASAC pre-design tool of the DLR.

The working principle of a shunt damped active structure is presented
in figure 13. The piezoelectric patch actuator is used as an energy
transducer, which transfers mechanical energy to electrical energy.
The electrical energy is dissipated in the electrical domain and the
vibrations are thereby damped. For a multi modal system with varying
eigenfrequencies, the negative capacitance networks are well suited.
The capacitive reactance of the piezoelectric patch transducer is
compensated over a wide frequency range, in comparison to simple
resonant shunts. This is achieved by a circuit of active impedance
converters, which are presented for example in [15][16].

Negative
Capacitance
Shunt

Structure

Electric
energy

Figure 13 - Principle of a shunt damped structure (DLR)

To achieve a reasonable performance for a high number of modes
that are present in plate structures, a custom actuator placement is
needed. In a first study, a steel plate was equipped with actuators
designed with the ASAC pre-design tool. The calculated actuator pla-
cement is presented in figure 14.

Further details of the design and simulation process can be found
in [17]. The achieved modal damping improvement is presented in
figure 15. It can be seen that an improvement in modal damping up to
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Figure 12 - Flow chart of the ASAC pre-design tool (DLR)
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Figure 14 - Designed plate equipped with actuators, sketch and laboratory demonstrator (DLR)

17 dB can be achieved. Also, the prediction of the ASAC pre-design
tool compared to the achieved reductions is very good. The applica-
bility of negative capacitance networks to more damped structures
must be studied in the GARTEUR AG 20.
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Figure 15 - Damping increase of the shunt damped plate (DLR)

Applications in a cabin mock-up or in a fuselage

Optimizing the configuration of an isolated panel does not guarantee a
low noise level in a cabin. Using a cabin mock-up or a real fuselage
allows real boundary conditions to be taken into account and allows
a realistic loading to be reproduced. Nevertheless, the measured pa-
rameters must change: they will be, for instance, acoustic Insertion
Loss or reciprocal Transmission Loss. Moreover, active control pro-
cesses can also be extended to a particular area around the vibration
sources: for instance, the mechanical deck that supports the gear-box
struts.

Acoustic Insertion Loss in a cabin mock-up (Onera)

At Onera, a mock-up of NH90 cabin (figure 16), made up of carbon
frames and Nomex honeycomb sandwich panels placed between fi-
ber-glass and carbon laminates, is equipped with four electrodynamic
shakers fixed on the roof of the cabin (mechanical deck), at the same
locations as real gear-box struts, to simulate the vibration sources
generated by a gear-box (figure 17).

Figure 16 - Right: The strong frames of a cabin mock-up, right: cabin mock
up (Onera)
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Loudspeaker

Shakers Shakers

Figure 17 - Mechanical deck of an Onera cabin mock-up, with shakers and
loudspeaker

The structural intensity generated by local forces is measured on dif-
ferent composite multi-layered panels (separated by carbon frames)
of the mechanical deck [18].

The magnitude of the structural intensity is shown in figure 18, in the
case of excitation with 1 or 4 forces. In the 500-3000 Hz frequency
band, the energies are propagated mainly towards the middle of the
mechanical deck, from the excited source(s), with an important de-
crease in magnitude along the propagation path (due to high structu-
ral damping and the modal coupling).

91.00 ‘

89.00 =

“ )+
87.00 FapalfE...

Figure 18 - Structural intensity field on the mechanical deck for the 500-3000
Hz frequency band - Magnitude in dB (ref: 10-12 W/m2) - Excitation by 1
shaker (left) and 4 shakers (right) [18] (Onera)

Figure 19 shows the acoustic pressure field in the cabin 0.2 m away
from the mechanical deck, with the four sources between 500 and
3000 Hz. The maximum pressure is focused in the middle of the me-
chanical deck, which confirms the hypothesis of wave propagation
towards the middle.

Nevertheless, a contribution of energy flow through external panels,
which can produce side panel excitation and thus a radiating side
pressure, can also be noted.

To evaluate the efficiency of a trim panel located under the mechani-
cal deck (figure 20) facing the two main panels, Insertion Loss has
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been measured under the ceiling with the acoustic power measure-
ment procedure described in [19][20].

Figure 19 - Nearfield acoustic pressure under the mechanical deck for the
500-3000 Hz frequency band - Magnitude in dB (Ref: 2 10-5 Pa) - Excitation
by 4 shakers [18] (Onera)

The Insertion Loss is defined by:

IL=1, -1L, :1010g10(&j [dB] @)
2 1 VV]
where Ly, and L, , are the acoustic powers (dB) with and without
panel, respectively.

Figure 20 - Ceiling of Onera cabin mock-up without (left) and with trim panel
(right)

Two types of trim panels have been tested, one called a "usual" trim
panel with a honeycomb and the other called an "optimized" trim
panel, with thick foam to have a "dilatation effect" in the medium
frequency range (figure 21).

Comparisons are shown in figure 22, in the 1/3 octave frequency
bands.

Glass fabric

Glass fabric
Nomex honeycomb
——— Glue

Nomex honeycomb Melanine foam
— Glue

) Nomex honeycomb
Glass fabric Glass fabric

220mm - 5.2 kg/m?

20mm - 6 kg/m?

Figure 21 - Example of the usual trim panel (left) and optimized trim panel
(right) (Onera)

First, we compare the acoustic powers without panel and with the
"usual" helicopter panel. It can be noted that the Insertion Loss
increases with the frequency. Nevertheless, from 1/3 octave 5000
Hz, acoustic power due to the presence of "usual" panel is nega-
tive. This can be explained by a contribution of external acoustic
sources in the cabin (radiating from other panels) whose acoustic
power is much higher than the acoustic power radiated by the
panel. The behavior of the optimized panel, excited by the pressure
radiation of the mechanical deck, is consistent compared to the
simulated TL, with a decrease of radiated power from 1/3 octave
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630 Hz. From 1/3 octave 1250 Hz, the acoustic power becomes
too low to compensate for the external acoustic power produced
by other sources.

100
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60 | o000t t ¢ : MR .

w| X" : .
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20 1000
-40 n =
-60
-80

Acoustic power (dB)

2000 3000 4000 5000 GObO. 7000

A
u

Frequency (Hz)

| +LW1 = LW2 (optimized panel)  LW2 (usual panel) |

Figure 22 - Acoustic powers (dB) without and with trim panels (200-6300
Hz) (Onera)

We can deduce that the optimized panel can generate a higher Inser-
tion Loss than the usual panel, for a similar thickness and surface
mass (particularly from 1/3 octave 1250 Hz).

Nevertheless, these results show that the internal noise can come
from pressure radiating from adjacent walls, even if only the mecha-
nical deck is excited by vibration sources, which is consistent with
structural intensity propagation.

Vibro-acoustic characterization in a real fuselage
(NLR / Politecnico di Milano)

As seen previously, simplified mock-ups can be used for preliminary
testing activities, but they may not be fully representative.

As in a laboratory set-up, the reciprocal TL measurement can be per-
formed on a complete fuselage with a source inside the mock-up
having a known volume velocity and microphones (normal deriva-
tives) on the exterior side of (part of) the fuselage (figure 23).

Internal
noise source

Microphone
array

Figure 23 - Reciprocal TL measurement (NLR)

|
4

| = |
| —

i

)

Figure 24 - Array configurations, left: arc, right: row (NLR)
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In NLR, a dodecahedron is used as the sound source. The pressures
on the exterior side of the fuselage can be measured with different
array configurations, such as an arc around the fuselage, or a row of
microphones turned around the fuselage (figure 24).

Similarly, Agusta-Westland and Politecnico di Milano built a ground
based facility, suitable for experimental activities on internal noise,
using an actual helicopter fuselage, although an old one, therefore
not representative of current design and manufacturing technolo-
gies: it consists in the fuselage of an A109A [21], grounded at three
points; main and tail rotors, as well as engines are not installed,
while the actual gear-box is installed with actual structural fixtures;
in order to naturally reproduce noise due to gear meshing, it is
powered by means of electric engines and an aerodynamic brake
is used to reproduce the loading effect of gear tooth meshing. The
cabin is in green configuration, without any internal equipment and
sound treatments.

Most experiments and data presented hereafter have been carried
out and collected within the framework of the European IP Friend-
copter.

~ L ,
Figure 25 - Left: Helicopter mock-up, right: aerodynamic brake [21] (Poli-
tecnico di Milano)

Despite an installed power lower than the actual one, the dynamic
behavior (medium-high frequency vibrations and noise) is quite simi-
lar as that for in-flight measurement, although still lower, as depicted
in the following figure, which shows the acceleration at one of the
attachments of the anti-torque plate at audio frequencies. Thus, the
mock-up can be validated as a test-bench.

Mock-up
In-flight

A

10 dB/Div

Accel. Power Spectrum Amp. (dB)

) JA’ Ll A MM
i

0 500 1000 1500 2000 2500 3000 3500 4000 4500

Frequency

Figure 26 - Comparison of anti-torque plate attachment acceleration: in flight
vs. mock-up (Politecnico di Milano)

Thanks to the availability of this test rig an extensive study can be
carried out; some of these experiments aimed at understanding the
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complex dynamics of the cabin structure are described in the fol-
lowing page. Laser scanner measurement has been carried out, in
order to identify operational deflection shapes of the cabin walls, with
particular attention to the cabin roof.

Right side
Left side

Front side
Figure 27 - Comparison between the wall speed (left) and the noise map
(right) in the 1600 Hz band (Politecnico di Milano)

On the left side of Figure 27, the operational deflection shape of the
rear part of the cabin roof is presented for a 1600 Hz frequency. It is
compared with the acoustic map, measured 20 cm from the wall, in
the same area.

Due to the interference of reflected waves in the closed field, the noise
exhibits a very irregular behavior. This could make many actions cri-
tical, e.g., the placing of noise error sensors.

Application of the active control of gear-box vibration transmission
(Politecnico di Milano)

The design and tuning of active control systems can also benefit from
the availability of test rigs. The following figure shows an example
of installation applied to the active control of acceleration, based on
a MIMO FXLMS adaptive algorithm, with piezoceramic patches and
accelerometers on the anti-torque plate

Piezo actuators
Antitorque plate

_ Error sensor
.

§ < B V 4
Figure 28 - Installation of piezoceramic patches on the anti-torque plate [21]
(Politecnico di Milano)

Due to not yet fully solved problems in adopting noise - or mixed -
error signals, structural control is adopted; the results confirm those
of the literature experiments: a good structural effect, with a nearly
complete rejection of the disturbance and a hardly relevant noise
improvement.

As shown by figure 29 for the attachment points (strut and ATP), the
error signal is reduced at the controlled frequencies.
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Figure 29 - Acceleration (Control On-0ff) at error point — reference value for
dB: 1m/s? (Politecnico di Milano)

In the acoustic map presented in figure 30, one can appreciate that,
at the 1600 Hz tonal disturbances, most of the rear part of the cabin
exhibits a reduction (up to 10 dB), while at a few points the noise level
increases. The comparison of individual time averaged SPL levels
at the measurement points (figure 31) shows that, at most of these,
the noise is reduced; furthermore, it is possible to appreciate how
the active control produces a smoother SPL behavior with smaller
discrepancies between close points.

It can be noted in [21] that a mean reduction of 3 dB is obtained for
each target frequency band, over the whole measurement area.

SPL reduction (dB) 1/12 Octave : 1600 (Hz)

0.4 aam 10
— 0.3 5
£ k
S 0.2 : 0
2 0.1 -5
>

ol W . HEo

0 0102 0304 05 06 07 08

Frequency (Hz)

Figure 30 - Map of acoustic reduction due to active control at 1600 Hz
(rear cabin)

1/12" Octave: 1600Hz

0 5 10 15 20 25 30 35 40 45 50
Frequency (Hz)

I Open Loop Close Loop

Figure 31 - Time averaged SPL (1600 Hz) (Control On-0ff)
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Applications in flight tests

Once the passive concepts, or active control techniques, have been
tested in the laboratory or in a mock-up, new tests can be conduc-
ted in flight, with specific requirements (sound leaks, noise of the
turbulent boundary layer, limited added weight, low coherence
between signals, etc.). Some examples of application in flight are
given below.

Integration of optimized trim panel and active control systems
in a helicopter cabin (Onera)

In accordance with previous Onera simulations of TL, a helicopter
trim roof is manufactured by Onera with “open cell” panel composi-
tion (figure 32,table 1).

70

60 | | — Laboratory panel
5000 — Flight panel

— Reference panel
40 s
30 a — T N
20 1
10 E (
0

100 1000
Frequency (Hz)

Figure 32 - Simulated TL of a laboratory panel/ flight panel [22] (Onera)

TL (dB)

10000

characteristics Laboratory panel Flight panel Reference panel
Surfacic mass (kg/m?) 5.3 ~5.4 ~9
Thickness (mm) 10.5 18 10.7

Table 1 - Characteristics of laboratory, flight and reference panel (Onera)

This structure is mounted under the mechanical deck of an EC Dau-
phin, with elastomeric mounts to limit the transmission of vibration
(figure 33). This panel must theoretically improve the TL between 400
and 4000 Hz. The TL of a heavier damped panel with, among other
layers, a Nomex honeycomb core and a viscoelastic layer (9 kg/m?
for 10.7 mm in thickness), is also presented. This reference panel,
with its mass behavior, is less interesting from 700 Hz, with a diffe-
rence of about 30 to 40 dB at high frequencies.

Figure 33 - Trim roof with location of the elastomeric mounts (left) and EC
Dauphin cabin with trim roof (right) [22] (Onera)

In the Dauphin cabin, there is an acoustic pressure field with tones
(fundamental and harmonic frequencies) produced by 6 main sources
with gears, that is to say, 4 stages of the main gear-box, the rear
“fenestron” and the fan [5].
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We compare the acoustic level pressure, averaged from 6 micro-
phones in cabin, without trim panel and with the “open cell” or “refe-
rence” panels (figure 34). The tests have been conducted by Onera
for a stationary flight at 85 % of maximum torque.

In table 2, the acoustic reduction at the main tones and the global re-
duction between 300 and 5000 Hz are shown, with the presence of the
“open cell” panel. It can be noted that, contrary to the simulations (table
1), the pressure level is similar with the two types of trim panel. These
are efficient from 300 Hz and reduce the aerodynamic pressure and the
gear tones (except for the rear “fenestron”). Nevertheless, the reduction
reaches, globally, 6.5 dB, which is much lower than in the laboratory.

The “reference” panel, thanks to its high mass, and the “open cell”
panel, because of the “double wall” effect, can be assumed to reduce
the pressure in the cabin, up to the level produced by the other acous-
tic transmission paths, such as the side doors or the back surface,
which are insufficiently treated by materials.

This type of result, in accordance with tests in the Onera Cabin Mock-up, has
questioned the assumption of "major radiation from the roof panel excited by
the mechanical deck" proposed in [5] and justify the development of a metro-
logical tool, able to yield information on acoustic radiating areas in the cabin
[23][24], in order to target appropriate acoustic passive or active solutions.
110

100
90/

l —— Without panel
—— With "reference" panel
—— With "open cell" panel
80

70 L\!l/\ﬂ!\l

Rz Ve
L B N
50

10 1000 2000 3000 4000 5000
Frequency (Hz)

Figure 34 - Averaged pressure level in the Dauphin cabin (dB) - Stationary
flight at 85 % of the maximum torque[22] (Onera)

10 dB)

(A=

Pressure level (dB)

Tone2 | Tone | Tone | Tone | Tone
Tone | Fenes- 3 4 5 6 Tone
1 tron Stage | Stage | Stage | Stage 7
4 3 2 4

Global

Frequency | 708 | 1001 | 1074 | 1550 | 1880 | 2176 | 3235 | 300-
(Hz) 5000

Reduction | 53 | -07 | 8 3 | 10 | 86 | 126 | 65
(dB)

Table 2 - Reduction of the pressure level in the cabin with an "open cell" panel
(dB)) - Stationary flight at 85 % of the maximum torque [22] (Onera)

However, recently, in order to study internal noise comfort impro-
vement for an EC155 helicopter, Caillet et al. [25] determined the
acoustic radiating of cabin panels with Nearfield Acoustic Holography
applied in front of each cabin surface (to measure normal velocity
field), coupled with a GRIM software (ICARE based on Neumann
Green functions GV computed with a beam tracing algorithm [26])
to calculate the sound pressure at any point in the cabin (figure 35).

It appeared (figure 36) that, although the highest contribution in the dB
SIL4 frequency range was due to the roof panels, contributions of rear,
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right and left side panels was significant. Moreover, dissymmetry of side
contributions could be explained by the dissymmetry of the MGB struts
loads and by significant leaks measured on the right-hand side panels.

Figure 35 - Example of beam tracing calculation result with ICARE [25]
Leaks 2.6%

Front 3.4%

Rear panel 20.1%

Right side panels 19.9%

Left side panels 14.3%
——

Figure 36 - Average contribution in the EC155 cabin dB SIL4 [25]

Finally, in parallel to tests conducted with an optimized trim panel
under the mechanical deck, active control processes are applied by
Onera in an EC Dauphin, for a level flight at 85 % of the maximum
torque (speed of 140 kt), with 4 inertial actuators (PCB model 712-
A02) and accelerometers placed, located on the mechanical deck,
close to the 4 gear-box strut connections (figure 37).

PCB/accelerometer

Figure 37 - Installation of inertial actuators with accelerometers placed
(Onera)

Thus, an averaged reduction of 3 dB is obtained in the cabin from 6
microphones (i.e.,figure 38) at 1074 Hz (Stage 4 of the main gear-
box), using 4 SISO FXLMS applied to the accelerometers (for -4.4 dB
vibration).

It can be noted that these findings are similar to those obtained by the
Politecnico di Milano in an A109A mock-up [21].
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Figure 38 - Example of the acoustic pressure level in a Dauphin cabin (dB - re-
lative value), Control On-Off - Level flight at 85 % of maximum torque (Onera)

Thus, while it is difficult to reduce the cabin noise with the optimization
of only one panel (i.e., trim panel under the mechanical deck, as seen
previously) because of contributions of other transmission paths, active
control applied close to vibration sources ensures a reduction of several dB,
even at medium frequencies. Nevertheless, as specified in the introduction,
the " hard system added mass / electrical consumption" balance versus
"efficiency of control" must be evaluated with industrial requirements.

Panel noise contribution (Microflown)

Although the sound level inside a cabin can be determined rather
straightforwardly for a given position, it is harder to assess to which
degree each radiating surface contributes to the perceived sound.

As seen previously, Nearfield Acoustic Holography [25] can be ap-
plied to estimate the sound radiated from each surface, using an array
of sound pressure microphones. However, the radiation can also be
determined straightforwardly with a single probe containing a particle
velocity sensor. In this section, a procedure involving this sensor is
described to measure, not only the radiation, but also the sound pres-
sure contribution of each panel to a listener's position.

Although the history of sound pressure microphones goes back to
1876, it was not until 1994 that a convenient particle velocity sensor
called the Microflown was invented [27]. The latter provides a direct
measurement of the acoustic particle velocity and can be regarded
as a point sensor, due to its sub-millimeter dimensions; much smal-
ler than the wavelength of most frequencies of interest. Microflowns
are usually combined with a conventional microphone in a so-called
PU probe, where P stands for sound pressure and U for acoustic
particle velocity. PU probes have been shown to have advantages
because of their small size, wide operational frequency range [28]
and the direct measurement of particle velocity.

Several unique applications of PU probes emerged over the past de-
cade. Examples of applications for helicopter interior noise are in situ
absorption measurements [29], transmission loss measurements
without reverberant rooms and panel noise contribution: Contrary
to traditional PP sound intensity probes consisting of a pair of micro-
phones, particle velocity measurements in the near field are usually
affected little by background noise and reflections [30]. Furthermore,
PU probes can be extended easily to full 3D probes and can be used
in environments with a high pressure-intensity index [28].

Microflown has shown the potential of its "panel noise contribution"
method to measure the sound pressure contributions from certain
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interior panels to a reference listening position. The method consists
of two parts: the source strength determination and the transfer path
determination [31]. The contribution of each radiating section to the
sound pressure at the reference position is determined by combining
results from the two parts. The synthesized sound pressure at the
reference position is finally obtained by summing all sound pressure
contributions. The method has been shown to be accurate and fast,
compared to existing methods.

Description of the method

The Helmholtz integral equation relates the acoustic pressure and nor-
mal velocity on a closed boundary surface S of a vibrating object to
the radiated pressure field inside the fluid domain. With this equation,
the sound pressure pr at the reference position can be defined as
[31]:

pr= J; [g—zun,l —;—2191]615 3)

2

where u , and p —are the normal particle velocity and sound pres-
sure, respectively, at the surface boundary. Transfer functions and
describe the propagation of sound from surface boundary to the refe-
rence position.

In the panel noise contribution method, the normal particle velocity
and sound pressure at the surface, and the acoustic transfer functions
are measured separately in two steps. First, the radiation of the test
article in running conditions is determined. The surface is discretized
by dividing it into a number of panels and u,, and p, are obtained by
measuring the particle velocity and sound pressure at each panel,
with a PU probe. Second, the test article is stopped and the trans-
fer functions from the panel to the reference position are acquired.
Usually, it is convenient to determine these transfer function reci-
procally, because a direct measurement requires separate tests for
each panel with an omni-directional sound source radiating a known
volume velocity O, at the panel. Instead, the omni-directional sound
source is positioned at the reference position and the resulting sound
pressure p, and particle velocity «, at the panel are measured. This
reciprocal approach allows all transfer paths to the panels to be mea-
sured at once.

Ultimately, the sound pressure at the reference position is obtained by
summing the contributions from all panels. This synthesized sound
pressure should equal the sound pressure measured by a micro-
phone during step one, at the reference position. The measurement
quality can be checked by comparing both values.

Examples of helicopter tests performed

Panel noise contribution measurements have been performed inside
vehicles like cars, aircraft and trains. The following figure shows the
results of a test in a Type W3 Swidnick helicopter, with a distributed
array of 45 probes [32]. Such results show which panels should be
treated to reduce the noise inside the cabin at certain frequencies.

Alternative to measurements at fixed positions, the surface radiation
can also be mapped quickly and with high resolution using a scanning
technique called Scan & Paint [30]. It involves a probe that is swept
across a surface while a video of the measurement set-up is made.
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The position of the probe is obtained from the video with dedicated
software. The tracking procedure is automated, which speeds up the
post-process procedure.

Conclusion

The acoustic characterization of helicopter structures, in terms of
Transmission Loss (or a similar parameter), is dealt with differently
in laboratories (experiments or simulations on isolated or integrated
panels in a cabin). This is also true for approaches to increase the
Transmission Loss (passive optimization or active process).

This is the reason why one of the objectives of the "Helicopter Garteur
Action Group", devoted to the "design and characterization of compo-
site trim panels", is to apply:

« different types of simulation methods to design and optimize
composite trim panels according to common acoustic cost functions
and to validate numerical approaches by laboratory tests;

« different types of experimental techniques to characterize com-
posite trim panel acoustic radiation in both a standardized test set-up
and a generic helicopter cabin.

These simulations and tests will constitute a benchmark to assess
the appropriateness of tools for complex configurations (multiple
anisotropic layers with various mechanical characteristics, effect of
confined medium on internal noise, etc.). This benchmark will help
helicopter manufacturers to select the right tools to simulate or quan-
tify acoustic radiation from vibrating helicopter panels |l

1000 rl~ 9500 rl~

Figure 39 - Helicopter test. Left: probe installation on the roof section. Right: Example of panel contributions (Microflown)
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Acronyms

ANC (Active Noise Control)

ASAC  (Active Structural Acoustic Control)
IL (Insertion Loss)

SPL (Sound Pressure Level)

TL (Transmission Loss)
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facturers have made important efforts to significantly reduce fan and jet noise, which
increased the relative importance of combustion noise. Two main mechanisms of

combustion-noise generation have been identified: direct combustion noise, generated
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by acoustic waves propagating to the outlet, and indirect combustion noise, caused by

the acceleration of entropy waves (or hot spots) and vorticity waves through turbine
blades. The purpose of this paper is to describe some of the predicting tools used in
combustion noise, as well as to present an overview on some recent experimental

studies.

Introduction

Noise emissions are a major concern for both aircraft and engine
manufacturers. This is mainly caused by increasing restrictions
and regulations regarding the global noise generated by aircraft
during take-off and landing. At the same time, aircraft operators are
concerned with passenger comfort and therefore demand a quieter
cabin. Noise has become another pollutant source due to engines
and airframe, which must be controlled both outside and inside air-
craft and helicopters. For these reasons, the reduction of acoustic
emissions is now a major field of research both for industry and
research groups.

The first studies on the subject, carried out by Lighthill [32], showed
the great importance of jet noise among the overall noise emissions.
This was done in the context of the recently adopted jet engine,
which was significantly louder than its helix-propelled predeces-
sors. Lighthill showed that the jet-noise source scaled with the
eighth power of the jet-exhaust speed, meaning that doubling the jet
speed would lead to an increase of acoustic intensity level of nearly
50 dB. Jet speed reduction was at the time not only a noise concern,
but also a performance requirement, since the propulsive efficiency
increased significantly when the jet speed was reduced, increasing
aircraft range and reducing cost. The turbofan engine used nowa-
days achieved these goals, reducing jet speed and maintaining the
total thrust by increasing the mass-flow using a by-pass design.
The increase in the propulsive efficiency and the noise reduction
were significant, but the increase in air trafic and the construction
of airports near residential areas forced aircraft manufacturers to
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further decrease the global noise emissions. At the same time,
fuel costs and environmental concerns lead to further research on
consumption reduction. The reduction of jet speed may reach a limit
soon, since too high a by-pass ratio leads to heavier engines and
therefore higher fuel consumption. Research on jet noise reduction
continued in different directions, leading to solutions that were, in
many cases, opposed to those reducing fuel consumption and for
which a compromise had to be found. Chevrons, for example, were
adopted to enhance the jet mixing at the outlet of the nozzle, in
order to reduce jet noise, but this mechanism also had an impact on
the propulsion, reducing the total thrust of the engine and therefore
increasing the fuel consumption.

Other noise sources started to increase their relative contribution, as
jet noise was significantly reduced. Firstly, the turbofan engine with
high by-pass ratio reduced the jet noise, but at the same time added
a significant contribution: the fan noise. As jet noise was being re-
duced, research on fan and turbomachinery noise increased, since
there was still significant room for improvement. Airframe, landing
gear, flap and slat noise were also considered, since they mostly
contribute under approach conditions. Combustion noise was ini-
tially addressed in the work of Strahle [47], Chiu and Summerfield
[5], Hassan [17], Marble and Candel [33], and Cumpsty and Marble
[8], however, its relative contribution to the global aircraft acous-
tic emissions was still low. It was not until the development of the
new low NOx-emission combustion chambers, such as lean pre-
mixed, rich-quench-lean or staged-injection combustion chambers,
that noise emissions from the combustion chamber increased their
relative contribution and started to be a major concern. These new

Issue 7 - June 2014 - Combustion Noise in Modern Aero-Engines

ALO7-05 1



combustion chamber concepts have been adopted to reduce NOx
emissions [40], but their design has two major issues. On the one
hand, they can present combustion instabilities when the turbulent
flame interacts with the acoustics of the chamber in a constructive
way, increasing the acoustic energy, which can lead not only to
high levels of noise but also to severe damage of the combustion
system, where noise levels can exceed 200 dB. On the other hand,
and as the main subject of this paper, the turbulent flame induces
larger heat release fluctuations as the mixture approaches the lean
extinction point. These heat release fluctuations generate two types
of waves, acoustic and entropy, which are responsible for the two
combustion noise generation mechanisms discussed in the fol-
lowing sections.

The rest of this paper is structured as follows: First, the two com-
bustion noise generation mechanisms are presented. A description of
computational methods to predict combustion noise in modern aero-
engines is given and insights on previous, present and future expe-
riments will follow. Conclusions and perspectives are finally drawn.

The two combustion noise generation mechanisms

Combustion noise is generated inside the combustion chamber and
has to propagate through turbine blades. The problem of acoustic
wave propagation through accelerating flows was first studied by
Tsien [52] in a rocket engine combustion instability framework. It
was Marble and Candel [33], however, who first included the pro-
pagation of entropy waves through accelerating subsonic and su-
personic nozzles, explaining the two combustion noise generation
mechanisms: direct and indirect, as seen in figure 1. Direct noise is
generated by the acoustic waves produced in the flame region, which
travel downstream through the turbine stages to the outlet. Indirect
combustion noise is generated by the entropy waves induced by the
unsteady combustion process. These waves generate noise when
propagating through non-homogeneous flows, such as the turbine
stages.

)
) Direct
Acoustic noise
waves
Reactive - _ -
turbulent Turbine
flow blades
R
)
Entropy
waves Indirect
- noise
- J

Figure 1: The two combustion noise mechanisms

Indirect combustion noise

Any heat release generates entropy, as described by the equation

5 avs=L
ot

- with s:cvm(%j (1)
o)

P

where the usual definition of entropy is used. It is therefore straight-
forward to conclude that an unsteady heat release ¢’ of this heat
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source (due to turbulence for example) generates a fluctuating entro-
py term, s”, given by a linearization

& vy = [ Pgialvs with -2 _F ()
ot pT \p p

as shown by Dowling et al. [9] where the mean steady quantities are
represented by the non-primed variables for simplicity. This equation
shows first that entropy fluctuations are generated by both the flame
fluctuations (¢") and by acoustic fluctuations in regions with mean
heat release (second term on the right hand side). At the same time,
it shows that once generated, in the region outside the flame where
no mean or fluctuating heat release exists, the right-hand-side of Eq.
(2) is zero and the entropy wave is just convected with the mean flow
velocity () when neglecting any flow mixing or diffusion. Marble
and Candel [33] showed that a one-way coupling between entropy
and acoustics appeared when a flow gradient existed in a quasi-1D
nozzle. Using the quasi-1D linearized Euler equations for the flow
through the nozzle (neglecting heat release and diffusion),

' 2 ’ ’ ’ ’
|:g+ui:|(u_j+c_i i = S__zu_+(7/_1) L @(4)
o ox \u u ox\yp ¢, u yp ) |dx

the coupling between the entropy and acoustics appears on the right
hand side of eq. (4), where the entropy wave appears multiplied by
the velocity gradient, du/dx. If the flow is homogeneous with no acce-
leration, the right hand side of eq. (4) is zero and the well-known re-
sult for acoustic propagation in non-zero but constant-Mach-number
flows is recovered from egs. (3) and (4). However, when considering
a mean flow gradient, the coupling between convective and acous-
tic waves appears: the entropy wave acts as a source term in the
acoustic equation, generating entropy or indirect combustion noise.
This mechanism, which converts entropy waves into acoustic noise,
has been extensively studied from an experimental [2], analytical [53,
18, 44, 19, 31, 11, 20] and numerical point of view [24, 30, 50, 51].

Direct combustion noise

As seen in the second part of eq. (2), the entropy wave has an
associated density fluctuation. In the near region of the flame, this
density fluctuation is generated by the unsteady heat release and
generates a velocity perturbation (acoustic wave) due to the mass
conservation equation. This mechanism generates acoustic waves
directly in the flame region as a monopole source [25], which pro-
pagate through the turbine stages, generating direct combustion
noise. In free space, an acoustic analogy can be used to propa-
gate this noise source. For example, when considering Phillips’
analogy [38], which was extended to reactive flows by Chiu and
Summerfield [5] and Kotake [25], the wave equation reads,

2
D ﬂ_i CZa_” 22 (7/_1)0)T (6)
Di*  ox; ox; ) Dt| pc?
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where 7= (1/y)In(p/p_) and @, is the heat release of the flame.
Only this direct combustion noise contribution has been retained,
for simplicity, to illustrate the monopole nature of combustion
noise at low Mach numbers. Direct combustion noise has been
studied analytically [46, 47], combining numerical simulations
and acoustic analogies [22, 21, 48, 49] and experimentally [41].
These studies are mostly performed for free unconfined flames, a
situation that is never observed in an engine.

The indirect mechanism can be of great importance in modern
aero-engines due to the large accelerations of the flow in the tur-
bine blades, as seen by [4, 36, 39]. Leyko et al. [28] showed that,
for a 1D model combustor with a choked nozzle, indirect noise can
be one order of magnitude larger than direct noise, depending on
the mean Mach number in the combustion chamber. An order of
magnitude can be useful here: sending a 10K temperature fluctua-
tion through a choked nozzle can produce a pressure oscillation of
up to 40 Pa at the outlet.

Both combustion noise generation mechanisms depend strongly
on the propagation of waves through turbine stages: direct noise
is shielded by the effect of the turbine blades and the successive
accelerations and decelerations of the mean flow, while entropy
noise is, on the other hand, generated by these accelerations and
decelerations. For this reason, the study and the prediction of
combustion noise has focused both on the generation of waves by
the flame in the chamber and on the propagation of waves through
non-uniform flows, which is typical of turbine stages.

Predicting combustion noise in modern aero-engines

The prediction of combustion noise through numerical methods is
a challenging task. First, noise sources must be computed accu-
rately in the combustion region, then propagated through turbine
stages including the effects of velocity gradients where the entropy
wave generates indirect noise and, finally, noise must be propa-
gated in the far field. The hybrid method proposed here combines
Large Eddy Simulations (LES) of the combustion chamber with
analytical methods to resolve the propagation of waves through
the turbine stages and is illustrated in figure 2.

Noise at
Propagation using the outlet
analytlcal methods —

Reactive large
eddy simulation

Extraction of waves .
Direct

X4 1=
waves /

\ C—

Entropy \ Indirect

waves / > —

| —

Figure 2 - CHORUS hybrid method to compute combustion noise

Since noise sources (in this case the flame dynamics) must be
seized properly, RANS (Reynolds-Averaged Navier-Stokes) simu-
lations are less suitable, since the unsteady features of the flow
would have to be modeled. Indeed, the unsteadiness of the heat
release is mainly caused by turbulence-flame interactions and
acoustics-flame interactions, and thus a resolved compressible
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reactive LES is more suited. A proper LES simulation can resolve
the large turbulent structures of the flow, which are responsible for
the low-frequency wrinkling of the flame and therefore the unstea-
dy heat release that generates noise. Small-scale turbulence is
not resolved and must be modeled appropriately to consider its
dissipation in the mean flow.

The flame model is of great importance also. The flame thickness
is usually smaller than the grid size of any LES simulation and must
be modeled or thickened artificially to be properly resolved in the
computational mesh, thereby including an extra layer of modeling.
The modeled flame must react properly to velocity, temperature
and, in some cases, mixture fraction fluctuations in the flame front;
therefore, the model can be a key element when computing com-
bustion noise. The flamelet formulation has been used for non-
premixed cases [21], while the G-equation [34, 23] has been used
to model the flame in premixed combustion cases. A more general
formulation is to use the thickened flame model [3], which has the
advantage of dealing with both premixed and non-premixed flames.
This is the case of modern aero-engines, where the flow is partially
premixed and thus both premixed and diffusion (non-premixed)
flames can be present. The idea behind this model is to artificially
increase the flame thickness by multiplying the thermal diffusivity
(D) by a factor F and dividing the pre-exponential constant (A)
by the same factor. Since the flame thickness of premixed flames
scales as 5 ~+/D/ 4 and the laminar flame speed as s, ~~/D4 ,
the new flame would be F times thicker (in order to be resolved
by the mesh), while conserving the original laminar flame speed.
The drawback of this formulation is that the Damkdhler number,
D, ~t,/t,.,Iis also decreased by a factor 7, meaning that vortices
cannot wrinkle the thickened flame in the same way as they do with
the real thin flame. The wrinkling of the flame by turbulent scales
must be modeled through an efficiency function [7] obtained from
canonical DNS simulations. The advantage of this formulation,
however, is first that a multi-species combustion with different
non-unity Lewis numbers can be considered, since the flame front
is resolved in the mesh and not only as a discontinuity of the flow
and, at the same time, the level of modeling tends to zero when the
mesh size is reduced, which is not the case for the flamelet and
the G-equation models. This last point is of great importance since,
when performing resolved LES, one expects the numerical solution
to tends to the real one when the mesh size tends to zero.

Next, once the noise sources are computed using LES, to obtain
the direct and indirect noises generated, the acoustic and entro-
py waves must be propagated from the outlet of the combustion
chamber to the outlet of the turbine. This propagation through a
non-homogeneous flow is responsible, on the one hand, for the
attenuation of the acoustic waves and, on the other hand, for the
generation of indirect noise through the successive acceleration
and deceleration of entropy waves in each turbine stage. However,
including the turbine in the LES numerical simulation is not fea-
sible using state-of-the-art computational codes and resources,
and some kind of acoustic analogy or modeling should be used
to account for the propagation and generation of indirect noise
through the turbine. Acoustic analogies such as that of Lighthill
[32] are widely used in the aeroacoustics community and easily
applied with a low computational cost. When writing the complete
acoustic analogy for reacting flows [1],
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the |nd|rect combustion noise source (last line) appears on the right
hand side of the wave equation, in terms of the excess density,
p. =p—p.)—p -p,)c,, ie, the density fluctuation that arises
over and above isentropic acoustic contributions and associated with
entropy fluctuations. A first drawback, however, is that the mean flow
is considered at rest in the propagation region and therefore indirect
noise, generated where velocity gradients are strong in the mean flow,
cannot be predicted using this method and must be given in advance.
Moreover, an acoustic analogy requires the medium to be broken
down into a source region and a propagation zone, which can hardly
be done in the indirect noise context. Assuming that the sound can
be split into generation and propagation, the source term given by the
excess density (right hand side of Eq(7)) must be part of the sources
solved by LES to be propagated by the wave operator (left hand side
of Eq(7)), which remains a daunting task.

(puas,~7,)

+

The alternative is to solve analytically (under several assumptions)
the propagation of waves through the non-homogeneous flow. Marble
and Candel [33] first solved the propagation of waves through a qua-
si-1D subsonic and supersonic nozzle analytically using the compact
assumption, where the wavelength of the waves is small compared
to the nozzle transversal length (and therefore the result is valid in
the low frequency range only). Thus, the linearized Euler equations
(3)-(5) are assumed to be quasi-steady, giving three jump conditions
between the inlet (;) and the outlet (o) corresponding to the mass,
total temperature and entropy fluctuations, namely

()3
m ); m),
7
T) \1)
S| st (10)
¢, ; ¢, )

These matching conditions are written as a function of the dimen-
sionless upstream and downstream acoustic propagating waves w+,
w~ and entropy wave w* defined in Eq((11), (12) and (13)) and solved
analytically. Fully analytical solutions exist also when considering
non-compact frequencies for a specific nozzle geometry [52, 33, 35,
15], for any nozzle geometry using an asymptotic expansion up to
first order [45, 16] and, more recently, using the Magnus expansion
for any frequency and any nozzle geometry [10]. These methods,
however, are based on a quasi-1D formulation, neglecting the real 3D
flow of the turbine and, in particular, the flow deviation imposed by
the stator and rotor blades.

Aerospacelab

P (1)
yp yc

A (12)
yp rc

w oS (13)
CP

Cumpsty and Marble [8] used the same compact assumption as
Marble and Candel [33] to write the jump conditions of the acoustic
and entropy waves, as well as vorticity waves w>,

- (14)
m

where &' is a vorticity fluctuation, through a two-dimensional sta-
tor blade row combining Marble’s equation’s with the Kutta condition
at the outlet of the row. This formulation is still based on the same
compact assumption and is therefore only valid for low frequencies,
but considers the 2D azimuthal component of the flow though neglec-
ting radial effects, which are small below the radial cut-off frequency,
which is typically of the order of 10° —10* Hz. The model includes
the effects of flow deviation, vorticity, the different azimuthal modes
present in the combustion chamber and their cut-off frequencies,
being therefore more suitable for the propagation and generation of
combustion noise in turbine stages.

Finally, once the acoustic waves are obtained at the outlet of the aero-
engine (direct and indirect), an acoustic analogy or a linearized 3D
computation is used to obtain the far field combustion noise spec-
trum. The complete hybrid computation chain (named CHORUS) is
illustrated in figure 2: The compressible unstructured reactive LES
solver AVBP [42, 55] is used to compute the noise sources in the
complex geometry of an actual combustion chamber. From this com-
putation, the outgoing dimensionless waves defined above are extrac-
ted at the outlet of the combustion chamber and propagated through
the blade rows using analytical method [8]. The waves at the outlet of
the turbine can be finally propagated to the far-field using the acoustic
solver AVSP-F, which solves the 3D linearized Euler equations in a
quiescent flow in the frequency domain.

This hybrid method has been successfully applied in several state-
of-the-art industrial aero-engines. The results of one of such simu-
lations are presented here as an example. The LES simulations of
the combustion chamber are performed on a single sector, using
the unstructured compressible reactive code AVBP [42]. The waves
at the outlet of the combustion chamber (acoustic, entropy and vor-
ticity) are plotted in figure 3. It can be seen that the acoustic waves
(figures 3(a) and 3(b)) are mainly longitudinal. It should be noted
that, since the LES simulation is performed on a single sector, the
low-order circumferential modes cannot be computed and only the
plane mode will be taken into account. The circumferential mode in
figure 3 corresponds to the first multiple of the number of sectors
(m =18).

Using the analytical methods of Cumpsty and Marble [8], CHORUS is
able to propagate these waves through the turbine stages and com-
pute, on the one hand, direct combustion noise generated by acous-
tic waves and, on the other hand, the contribution from entropy and
vorticity waves in indirect combustion noise. Below 8400 Hz, the
azimuthal mode, visible at the outlet of the chamber in figure 3, is
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Figure 3 - Spectra of the waves at the outlet of the combustion chamber for the plane mode (m)
and for the first circumferential mode of the sector, m =18 (a)

evanescent. As a consequence, in this computation, the plane mode
is the only contributor to noise generation through the turbine. Noise
terms are plotted in figure 4 in dB, showing that vorticity noise repre-
sents the weakest contribution and that indirect noise is stronger than
direct combustion noise, though the latter is still significant and can-
not be neglected.
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Figure 4 - Combustion noise at the outlet of the turbine stages induced by
plane waves.Indirect noise (), direct noise (=) and vorticity noise (o)

Experiments on combustion noise
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Strahle [46], Giammar and Putnam [13, 14] give reviews about expe-
riments performed before the 1970s on combustion noise, mostly
focused on direct combustion noise. Recent experiments have focused
on indirect combustion noise, on the one hand to identify whether this
mechanism is significant and, on the other hand, to assess the existing
analytical theories for the prediction of this type of noise. Two of the
most recent experiments are discussed here: the Entropy Wave Gene-
rator (EWG) and the Turboshaft Engine Exhaust Noise Identification
(TEENI) experiments.

The entropy wave generator

Leyko et al. [30] showed, using the analytical theory of Marble and
Candel [33] and a model 1D combustor, that indirect combustion noise
could be stronger than direct noise, but only when large accelerations
follow the combustion process. This is generally the case of aircraft
aero-engines, where the turbine stages generate strong accelerations
of the mean flow. Experiments on combustion performed in laboratories
are, however, generally carried out at ambient pressure, with a low velo-
city exhaust, and therefore only produce direct combustion noise. The
first successful experiment on indirect combustion noise was the entro-
py wave generator (EWG), carried out at the German Aerospace Center,
DLR, by Bake et al. [2], and included an electrical heating device that
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modeled the combustion process, followed by a convergent-divergent
nozzle, allowing both subsonic and supersonic flows with a shock
wave. Figure 5 shows a sketch of the experimental set-up, where the
heating device and the convergent-divergent nozzle are shown. Table 1
presents the main geometrical parameters.

Mics

EE

Outlet

|| 20 7g52
/ / 13 7%
Inlet Electrical heating

Figure 5 - Diagram of the Entropy Wave Generator experimental set-up
(lengths are given in mm). Figure reproduced from Leyko [27]

250
[

Convergent Divergent Throat Inlet Exit
length length diameter diameter diameter
13 mm 250 mm 7.5mm 30 mm 40 mm

Table 1 - Main geometrical characteristics of the EWG nozzle

The flow through the nozzle could be either subsonic or supersonic with
a shock wave, depending on the mass flow rate. Table 2 shows the
main physical parameters of the EWG experiment for the supersonic
case. When the heating device is triggered, it generates a temperature
pulse shown in figure 6, due to the unsteady heat release. This unstea-
dy heat release generates an entropy wave and an acoustic wave, as
explained in § "The two combustion noise generation mechanisms".

Plenum pressure QOutlet pressure Inlet Mach
117000 Pa 100800 Pa 0:037
Outlet Mach Pulse duration, Pulse amplitude

0.023 100 ms 9K

Table 2 - Main physical parameters of the EWG experiment in the supersonic
case with a shock wave.

60

400

P'(Pa)

0 0.05 0.10 0.15 0.20 0.25
1(s)

Figure 6 - Temperature pulse of the EWG in the supersonic case: experimental
data (— ) and numerical simulations (---) [31]

The experimental configuration has been studied for both the super-
sonic case [31] and the subsonic case [11, 15, 19, 29, 28]. For the
supersonic case, the analytical model of Marble and Candel [33] was
shown to correctly predict the entropy noise generated by the configu-
ration, taking into account the propagation of waves through the nozzle
and the interaction of these acoustic and entropy waves with the shock
wave present in the divergent section [29, 31]. It was also shown that

Aerospacelab

the main noise source in this case was the indirect mechanism. The
pressure waves at the outlet of the EWG are shown in figure 7, showing
a perfect agreement between numerical simulations and analytical
methods. The slight disagreement with the experimental data is pro-
bably caused by the uncertainties on boundary conditions, as explained
by Leyko et al. [31].

Howe [19] showed that, for the subsonic case, the large levels of pres-
sure fluctuations measured experimentally at the outlet of the nozzle
could not be attributed to the indirect mechanism. Duran et al. [11]
showed that the heating device generated acoustic waves, due to the
density fluctuations induced by the fluctuating heat release. These
acoustic waves generated a direct noise contribution that was shown to
be larger than the indirect source.

The EWG will be followed by the HAT nozzle with high pulsation ener-
gies, within the scope of the RECORD project funded by the Seventh
Framework Program (FP7) of the European Commission. In this experi-
ment, other aspects of indirect noise will be studied, such as non-linear
effects, since entropy waves generated in real combustion chambers
are expected to be large enough to present non-linear effects. This ex-
periment will study the generation of noise by large-amplitude entropy
waves and how the dissipation of entropy waves should be taken into
account. The RECORD project will also focus on the understanding of
core noise generation and transmission mechanisms, in real combus-
tors and academic burners, using LES simulations coupled with low-
order models and validated with experimental data.

10

T'(K)

0 0.05 0.10 0.15 0.20 0.25

a) Comparison between experimental data (—)
and numerical simulations ( ---)

60

401 i

20

0

P(Pa)

20

-40
0 0.05 0.10 0.15 0.20 0.25

(b) Comparison between numerical simulations ( ---)

and analytical methods (- + -)

Figure 7 - Indirect noise measured at the outlet of the EWG nozzle
in the supersonic case [31]

TEENI: Full-scale combustion noise measurements
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The TEENI program (Turboshaft Engine Exhaust Noise Identification)
funded by the FP7 of the European Commission is focused on tur-
boshaft engine noise, where jet-noise is negligible since the outlet flow
speed is very low. The main aim of the project is to determine which of
the other noise sources (turbine, combustion noise, etc.) is dominant in
such engines. To do so, the objectives of the program are to:

* develop and test sensors that will allow the measurement of
acoustic pressure and temperature fluctuations and are resistant to the
engine environment (particularly high-temperatures);

* discriminate the origin of the sound field generated at the outlet of
the turboshaft;

* understand the propagation of broadband noise through turbine
blade rows;

* develop noise-source breakdown techniques, in order to locate
the origin of the noise inside the engine.

Though the purpose of the project has a very wide scope, there is a
particular interest in combustion noise identification. Experimental iden-
tification of other sources is relatively easy compared with combustion
noise: turbine blades, for example, can be mounted in an experimental
rig and tested individually; on the contrary, since combustion noise is
generated both in the combustion chamber and caused by the propaga-
tion of entropy waves through turbine blades (generating indirect com-
bustion noise), any aim at identifying combustion noise experimentally
must be done in a complete engine test-rig, where other noise sources
will add up interfering with combustion noise. Traditionally, in turbo-fan
engines, combustion noise was measured indirectly by subtracting the

PSD (P,2/Hz)

0 500 1000 1500 2000 2500 3000 3500 4000
frequency (Hz)

(a) Combustion Chamber

individually tested noise contributions (such as compressor, turbine,
fan and jet noise) from the noise of the complete test-rig, yielding what
was usually known as ‘excess noise’, ‘excess broadband noise’ or
sometimes simply ‘core noise’. One of the goals of TEENI is to develop
sensors and experimental procedures that will allow combustion noise
to be identified accurately in a full scale aero-engine, performing cross-
correlations of the pressure signal at the outlet with the pressure and
temperature signals measured inside the combustion chamber.

30 pressure
sensors along the
circumference

Temperature and
pressure sensor

Pressure
Sensors

Combustion
chamber

(NGNS

S

X

)/
=~

Free turbines Oulet nozzle

High pressure (FT1 and FT2)
turbine

Compressors

Figure 8 - Diagram of the TEENI experimental set-up

LOdB
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0 500 1000 1500 2000 2500 3000 3500 4000
frequency (Hz)

(b) High Pressure Turbine

PSD (P ?/Hz)

I1 0dB

0 500 1000 1500 2000 2500 3000 3500 4000
frequency (Hz)

(c) Free turbine

Figure 9 - PSD of pressure fluctuations (—) measured in the outlet nozzle and coherent PSD of pressure fluctuations correlated between different locations
within the engine and this reference pressure probe using the three-sensor techniques (—).
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Figure 10 - Acoustic PSD (—) measured in the direction of maximum acoustic radiation at the far-field and coherent PSD of pressure fluctuations correlated
between different locations within the engine and this reference microphone using the three-sensor techniques (—).

The experimental set-up consists of an entire Turbomeca engine, modi-
fied to install the instrumentation. A diagram of the configuration is shown
in figure 8. Probes have been developed by the DLR to be adapted to the
engine environment. Each pressure probe is a flush-mounted pin-hole
with a remote microphone placed perpendicular to a semi-infinite tube,
limiting standing wave effects [37]. To prevent microphone effects from
hot combustion products, a cooling system injects a controlled air flow
rate through the tube [12]. Temperature sensors were based on a twin
thermocouple design, in order to be able to detect fluctuations of up to
700Hz. Since the project is aimed at identifying different noise sources,
these sensors are placed in the combustion chamber, the high pressure
turbine, the two free turbines and the exhaust nozzle. In total, 36 acous-
tic internal probes, 9 twin thermocouples and 18 far-field microphones
were used. The harsh conditions, especially in the combustion cham-
ber, required an original probe design and a cooling system, ensuring
high-quality measurements.

Due to broadband nature of combustion noise, characterization of this
contribution in the core noise requires broadband-noise breakdown
techniques. In particular, it is possible to extract coherent power spec-
tral density (PSD) of pressure fluctuations between three probes, using
the three-sensor technique [54, 43, 6, 26] applied between two probes
within the engine and a reference probe in the outlet nozzle, or in the
far-field. Results are plotted in figures 9 and 10.

A narrowband coherent PSD is visible in figure 9(a) in the frequency
interval [200Hz, 400Hz], between the combustion chamber and the
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outlet nozzle, which corresponds to the direct combustion noise, unlike
the far-field reference microphone (figure 10(a)). On the other hand, the
three-sensor technique applied in the high pressure turbine shows a glo-
bal increase of coherent PSD in the interval [200 Hz, 1000Hz] in figures
9(b) and 10(b). However, the lack of noticeable spectral contents in
temperature fluctuations in this frequency range does not allow indirect
combustion noise to be clearly identified as major contributor. Finally,
the three-sensor technique does not show an important contribution of
the free turbine stages in the generation of coherent broadband PSD
below 4000 Hz, as seen in figures 9(c) and 10(c).

Conclusions and perspectives

Combustion noise is a complex phenomenon involving at the same time
combustion mechanisms, turbulence, chemistry, acoustics and turbo-
machinery. This noise source is not the main one in industrial aero-en-
gines, though it has been shown to have a direct impact on helicopter
certification levels. Its influence increases as other noise sources are
reduced. At the same time, new low-NOx emission combustion cham-
bers have been found to generate more combustion noise than their
predecessors. For this reason, research is being carried out in order
to predict this noise source and to develop noise-reduction methods.
The dificulty of predicting combustion noise lies in its nature: direct
noise is generated in the combustion chamber, but can be attenuated
when propagating through turbine stages, while indirect noise is due
to the acceleration of the entropy waves (generated in the combustion
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chamber) when propagating through the blades. In this article, a hybrid
method (CHORUS) is presented, in which large eddy simulations of
the combustion chamber are combined with analytical solutions for
the propagation of waves through turbine blades, in order to obtain the
noise (direct and indirect) at the outlet of the aero-engine. The analytical
method is based on strong assumptions, which must be validated with

chambers at high pressure (with an outlet nozzle), which will be then
available for validation purposes, and on the propagation of acoustic
and entropy waves through a real turbine stage, in order to validate the
2D analytical models |l

Nomenclature

experimental data. With this purpose, the EWG experiment was per-

formed, showing first the importance of indirect noise and allowing an . -
. . . . ¢ | Sound velocity & | Vorticity
experimental comparison with the analytical methods.
c, Specific heat at constant pressure | p | Density
The TEENI experiment is also a good example of the progress being ¢, | Specific heat at constant volume | p, | Excess density
made by the combustion noise community. In this case, a complete 7 | biftusion flux Ratio of specifc heats
turboshaft engine has been mounted and instrumented with state-of- : ’
the-art pressure and temperature probes, in order to identify combus- P | Pressure 7, | Shear stress tensor
tion noise (and other sources) through detailed signal post-processing. 0 | Unsteady heat release o] | Heat release per unit volume
These noise identification techniques are of great importance, since they . .
. . . pe . r | Specific gas constant | Pulsation
allow the most significant noise sources to be identified. The objective
is to later apply noise reduction technologies, such as acoustic liners, s | Entropy ¢ | Total state
appropriately focused on the dominant source to obtain the largest pos- ¢ | Time i | Inlet
sible noise reduction. T | Temperature o | Outlet
In the near future, the RECORD project (funded by the 7 FP of the Euro- i_| Velocity vector " | Fluctuation
pean Commission) will further investigate combustion noise. In particu- w | Wave o | Far-field value
lar, the first part of the RECORD project will study the influence of the + | Axial component + | Upstream
pulse nature on the generation of waves. At the same time, the RECORD
project will focus on the noise sources inside experimental combustion Downstream
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An analysis of shock
noise components

Screech and broadband shock-associated noise linked to the presence of a shock-
cell structure in supersonic jets are reviewed in this paper. Only underexpanded
supersonic circular jets issued from a convergent nozzle are considered here. An
overview of the flow and of these two noise components is presented, based on recent
experimental and numerical work. Flight effects on broadband shock-associated noise
are also introduced, within the framework of aeronautical applications.

Introduction

The purpose of this introductory paper is to provide an overview of
shock noise generated by underexpanded supersonic jets. This addi-
tional component to the mixing noise produced by turbulence is asso-
ciated with the presence of a shock-cell structure in the jet supersonic
core. Shock noise is composed of screech tones and a broadband
shock-associated noise (BBSAN). Flight effects on the BBSAN are also
discussed, within the context of aeronautical applications. The secon-
dary stream of commercial engines is indeed underexpanded during
the climb and cruise phases of a flight. While BBSAN comes alongside
screech in model laboratory jets, the latter is not observed on civil air-
craft engines, since the nozzle is not axisymmetric. Screech is however
known to have a strong impact on the turbulent jet dynamics. Screech
suppression is therefore an essential effort for studying BBSAN. This
analysis of shock noise components is also based on recent experi-
mental and numerical work carried out by the authors. Several methods
have been successfully implemented to characterize the jet flow and its
acoustic field: high-speed Schlieren technique, crossed Schlieren appa-
ratus, static pressure measurements and velocimetry (LDV, PIV), as
well as acoustic measurements. A statistical modelling of BBSAN using
a steady solution of averaged Navier-Stokes equations is also assessed.

The paper is organized as follows. A brief description of underex-
panded jets is first given. An analysis of Screech and BBSAN is then
proposed. Flight effects on BBSAN are finally discussed and conclu-
ding remarks are drawn.

Underexpanded supersonic jets

A jet issuing from a converging nozzle is sonic for a nozzle pressure
ratio greater than a critical value, where the nozzle pressure ratio (NPR)
is defined as the reservoir or stagnation pressure p, divided by the am-
bient pressure p,,, NPR = p, / p,, . For an air flow, this critical value
is given by [(y +1)/2]"™" =1.89, where y is the specific heat ratio.
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A perfectly expanded jet, that is, a shock-free jet, is then obtained for
this particular value since the exit pressure p, is equal to the ambient
pressure p_, noting also that a converging nozzle is characterized by a
design Mach number M, equal to unity at the nozzle exit.

For higher values of NPR, the Mach number at the nozzle exit is still
equal to unity, but the exit pressure p_ no longer matches the ambient
pressure p_. As a result, a weak shock-cell structure appears inside
the transonic jet jet to adapt the jet pressure field to this ambient pres-
sure and the jet is said to be underexpanded, since p, > p_. The fully
expanded jet Mach numbeer. defined by

-1
2 =
sz\/ﬁ[NPR ¥ —1J (1)

is also often used to define the jet operating point. This Mach num-
ber corresponds to the design Mach number M, of a convergent-di-
vergent nozzle, which should be considered to obtain a shock-free jet
at this given NPR.
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Figure 1 - Spark Schlieren visualization (conventional Z-type system,
4 us time exposure) of an underexpanded jet at M =115 and stagnation
temperature T, = T, issued from a notched (to avoid screech, see An-
dré et al. [6]) convergent nozzle of diameter D. The Reynolds number is
Re,=uDly = 1.27 x108. Longitudinal density gradients are visualized here
thanks to the orientation of the knife-edge, light and dark regions correspon-
ding respectively to expansion and compression regions for the flow in shock
cell diamond patterns [5].
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As an illustration, an instantaneous view of a supersonic jet at
M ;=1.15 is shown in figure 1. The quasi-periodic diamond pattern
associated with expansion and compression waves trapped inside
the jet plume is clearly visible from the nozzle exit, as well as the
developing turbulent flow. The NPR is not high enough to observe
a Mach disk inside the first shock cell in this case [1], but it can be
seen at M ; =1.5, for instance [5]. Various experimental techniques
can be used to obtain an accurate picture of the jet flow development
[7]. The longitudinal and transverse mean velocity components of the
underexpanded jet at M ; =1.10 obtained from particle image velo-
cimetry, are displayed in figure 2. The axial mean velocity increases
during expansion stages, which occur within light right-pointing
triangles of the Schlieren view shown in figure 1, and decreases du-
ring compression stages associated with dark left-pointing triangles.
It thus reaches a maximum corresponding to axial edges of shock-cell
diamond patterns. Expansion and compression zones are also clearly
identifiable by looking at the mean transverse velocity.
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Figure 2 - Measured longitudinal (top) and transverse (bottom) mean velocity
field (color scale in m.s~") in a plane containing the jet axis for M, = 1.15,
with a notched convergent nozzle and an additional slow coflow at M,=0.05
to ensure seeding of the supersonic jet surroundings. The PIV set-up leads to
about 190 velocity vectors over one jet diameter. More details regarding the
quality checks can be found in André [5,10].

The quasi-periodic shock-cell structure can be approximated by a
vortex sheet model first introduced by Prandtl (1904) and modified
by Pack (1950), as discussed in the review by Powell [28]. The cor-
responding axisymmetric pressure disturbance p,(x,,x,), where
X, = (x% +x32)1/2

P! P = ) Ay (x, ) cos(k,x) (2)
n=l1

is obtained as the solution of the Euler equations, linearized around
a perfectly expanded supersonic jet, assuming that p, —p_ remains
small. The complete expression for the amplitude A , the radial distri-
bution of each mode ¢, and its wave number & _can be found in Tam
et al. [32,33]. One useful result of this simple model is the estimation
of the shock-cell length, given by

Ly, =271k =13064D,; (3)
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where D is the fully expanded jet diameter at M, and the parameter
B is defined as B = (M7 —1)"*. For weakly imperfectly expanded
supersonic jets, it can been shown that D, / D = 1+0(p*). There-
fore, the nozzle diameter D will be used as a reference length scale
thereafter.

Narrow-band acoustic spectra measured in the far field for an unde-
rexpanded jet at M = 1.10 are plotted in figure 3, as a function of
the Strouhal number St =fD/u,, where u, = ¢ M_is the jet velocity
defined from (1), and for different angular positions of the obser-
ver. There are three contributions to these spectra: mixing noise,
screech and broadband shock-associated noise. Mixing noise is
produced by jet flow turbulence and is the only component encoun-
tered in both subsonic and supersonic jets. It can thus be identified
by continuation as M, increases and forms the whole broadband
part of the spectrum at 6= 30°. This is discussed in detail by Bogey
& Bailly [13] and the reader can refer to the review by Tam [34]
for Mach waves. The tonal component and the subsequent harmo-
nics are screech, indicated by arrows in figure 3, and broadband
shock-associated noise (BBSAN), indicated by the dashed line, and
corresponds to the broadband hump dominating mixing noise in
the upstream direction. These last two components are linked to
the presence of a shock-cell structure in the jet. At this stage, it is
important to observe the high amplitude of screech, with an emer-
gence of the fundamental peak of about 30 dB at & = 130°. While
BBSAN comes alongside screech in model laboratory jets, the latter
does not seem to be observed on civil aircraft engines. Screech is
however known to have a strong impact on the turbulent jet dynami-
cs [29], leading to a completely different jet development. Screech
suppression is therefore essential for BBSAN study [6].
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Figure 3 - Narrow-band acoustic spectra of M, =110 jet, measured at
/D =53.2 as a function of the Strouhal number S, and for different angular
positions. The angle 6 is taken from the downstream jet axis. The red dashed
line corresponds to relation (7) and the red arrows indicate the fundamental
screech frequency and its two first harmonics. Data from André [5].

Issue 7 - June 2014 - An analysis of shock noise components

ALO7-06 2



Screech

Screech is described as a feedback mechanism along the mixing
layer of the jet, as studied at length by Powell [25-27] since the fifties
for rectangular and round choked jets. Vortical structures are gene-
rated at the nozzle lip, and are convected downstream in the mixing
layer. These perturbations interact with shock-cells and create acous-
tic waves that propagate upstream to the nozzle lip in the ambient me-
dium and then trigger subsequent instability waves, which form new
vortical structures along the shear layer bounding the jet. A simple
acoustic model can be derived to explain the frequency selection. The
pressure field resulting from a phased array of acoustic monopole
sources by considering the axisymmetric mode as an illustration,
each fixed source being located at the end of a shock-cell with a
phase shift determined by the convection velocity, can be written as
[22,30]

p(r,0,t)= eXI{

S.
X z%eXP{_iZHj I:{'h [ML_ cos Qﬂ

i s c

27(c t—r)
A

)

(4)

The observer position (r, 0) from the nozzle exit is assumed to be in
the far field, the source to observer distance and strength of the j-th
source are r;and S, 4, is the acoustic wavelength, M = u_/c, is the
convective Mach number and c, the ambient speed of sound. The
mechanism is sustained only if all of the acoustic waves reach the
nozzle lip in phase, that is
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Figure 4 - Correlation function R,, measured by PIV at x, =3D along the lip
line (x, = D/2) for a screeching M,=1.10 jet, as a function of the axial sepa-
ration &, normalized by the nozzle diameter. The length wave 2, = u_/f, =D
can be identified with «, = 0.65u, and £, = 5870 Hz.

The sum of the convection time of vortical structures along the shear
layer plus the acoustical return time to the nozzle lip is an integer of
the screech oscillation periods. Using the value «_= 0.65u indirectly
measured [6], the Strouhal number associated with the fundamen-
tal mode n = 1 for the M, =110 jetis St = 0.65, in good agree-
ment with experiments reported in figure 3. The screech frequency
does not vary with the angular observer position. The directivity

D(O) =lim, 1 p / (p,c2)’
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of the phased array sources (4) presents a maximum in the upstream
direction for this frequency. The simplicity of expression (5) should
not hide the complexity of the physics involved. The structure of low-
frequency instability waves and of the acoustic field can indeed take
different modal forms [2, 27, 29, 30]. Screech for the M, = 1.1 jet
corresponds to the axisymmetric mode A , for instance.

Identification of shock-cells contributing to screech can be conducted
through the examination of correlation functions among other quanti-
ties. The following two-point velocity correlation function,

M‘Z(xat)u'2(x+§9t)

Ry (x,8)= > >
u'(x) u'y(x+¢)

(6)

is shown in figure 4, as a function of the longitudinal separation coor-
dinate £= (£,, 0, 0), and for a reference point x along the lip line.
The wavelength A, = u_/f. associated with Powell’s model (5) can
be clearly identified. By examining R, and the integral length scale, a
particular behavior can be identified along the five first shock cells for
the M =1.10 jet, which could suggest that these cells are involved in
the screech generation [5,23,24,31].

Broadband shock-associated noise

As mentioned previously, screech must be suppressed in small-scale
studies. This tonal noise can be removed by means of a notched
nozzle [6] in a less intrusive manner than by introducing a protrusion
or tab on the nozzle lip [8] in a laboratory facility. Harper-Bourne &
Fisher [14] were the first to model BBSAN by a phased array of mono-
pole sources similar to (4). The far-field results from the interference
of these sources, with a peak frequency for the hump given by
u

= < 7
P L,(1—=M_cosO) "

This relation is in agreement with experimental observations reported
in figure (3), by adjusting the value of the mean shock-cell spacing
L, . Harper-Bourne & Fisher also noticed that over a wide range
of B, the BBSAN intensity varies as 7 o« (M —1)* for convergent
nozzles. Another approach was developed later by Tam et al. [32,34],
considering the interaction of instability waves u, ~ ¢"**~) where
a =w/u, , Withthe shock-cell structure (2), thatis, u, ~ cos(k,x)
with &, =27/ L, . Perturbations are given by their product

(a—ksh)x—a)t]+ei[(a+ks,,)x—a)t] (8)
w- w*
The phase velocity of waves W™ is v, = @/ (a —k,,) - For values of
k, slightly greater than «, this phase velocity is negative and can be
greater than the ambient speed of sound ¢,. Mach waves are then
generated in the upstream direction, as illustrated in figure 5, with
an emission angle such that cosé=c, /v, . Note that expression
(7) is recovered from this condition. Regarding waves W+, the phase
velocity can be written as v, =@/ (a+ky)=u.0/(0+kgu,)
and is thus always smaller than the convection velocity «_ . For the
jet conditions considered here, «_and thus v, remain subsonic.
Moreover, Tam & Tanna [32] found that for a convergent-divergent
nozzle of design Mach number M , the acoustic intensity of BBSAN is
proportional to 7 oc (M —M)>. This expression is compatible with

i
Uy, ~ e
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Harper-Bourne & Fisher’s result for convergent nozzles, for which
M, = 1. Note also that expression (3) still holds for a convergent-
divergent nozzle. Interaction between convected turbulence and the
shock-cell structure is also experimentally investigated in Pao & Sei-
ner [24], and a critical review of the previous models is provided.

wave front

wavy wall

Figure 5 - Generation of Mach waves by a wavy wall moving at supersonic
phase speed «_, the direction of the radiation cos& =c,, /v, is obtained
by matching the velocity trace along the flow direction. There is an analogy
with the acoustic radiation of a vibrating plate for the reader familiar with
vibroacoustics.

Morris & Miller [20] have developed a numerical model to predict
BBSAN, in extending what has been done for mixing noise within
the framework of statistical modelling [11, 21]. The inputs of such
models are provided by a Reynolds-Averaged Navier-Stokes (RANS)
solution. As a starting point, flow variables are split up among four
contributions associated with the mean flow, the turbulent flow, the
shock-cell structure and the fluctuations generated by the interaction
between shocks and turbulence, including acoustic perturbations.
For instance, the pressure term written as 7 =(1/y)In(p/ p,), is
decomposed respectively into 7 =7+ 7, + 7, + 7', where only 7'
is assumed to be unknown. For an isentropic flow, it can be shown
that at the leading order, fluid dynamics equations can be reduced to
the Euler equations linearized around the mean flow (7,u), denoted
hereafter by ; fori=0t0 3. 0ne has L,(z',u") =0 for the energy
equation written for the pressure variable here, and ¢,(z',u’) = f;
for the momentum equation (: = 1 to 3). The main source term for
shock noise is given by f =-u,,*Vu, —u,+Vu, and corresponds
to the source term already identified by Tam [34] for the interaction
between turbulence and shocks. A vectorial Green function technique
is introduced by Morris & Miller to solve this inhomogeneous linear

system. The Green functions (IT”,V"), with 0 < n < 3 linked to the
number of scalar equations, must satisfy
L V") =5(x - p)S(t-1)3, 9)
fori=0,...,3.Since there is no source term in the first equation for
pressure (i = 0), one hasT1° =0 and ¥;° = 0. The fluctuating pres-
sure p' = p, cox' is then directly related to the source term through
the following integral

3
'(x,t)= Z‘UH” (x,t;3,7) 1, (y,7)dydr (10)
n=1

Assuming that the I1,, functions are known, this point is discussed in
the nextsection, the pressure autocorrelationfunction ® ,, (x, 7), as well
as the power spectral density S ,,(x,®), can be calculated under the
assumption of anisotropic turbulence. The source term £ is approxima-
tedbynotingthat (u,,), ~ w7, and 7, = p,.c2 p,;, andbyassuming
a local isotropy. Inthe end, f;(,7) = py,(»)u, (,7)/ (Ppcl()),
where [ (y ) is a turbulent characteristic length scale. The final expres-
sion [16, 20] involves local turbulent characteristic scales, which are
estimated from a RANS simulation. The static pressure p , associated
with the shock-cell structure is also directly provided by the numerical

solution.
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Figure 6 - Mean axial static pressure of the M, = 1.15 jet normalized by p ,,
— RANS calculation [15], — ¢ — measurements [7].
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Figure 7 - Acoustic spectra in dB/St as a function of the Strouhal number St = [Dlu;, of the M = 1.15 jet for an observer angle & = 130°, 110°, 90° and 70°;— mea-
surements [5], — predicted BBSAN component [15], which is expected to dominate in the rear quadrant. The observer angle 6 is taken from the downstream jet axis.
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As an illustration, the computed mean axial static pressure is shown
in figure 6 for the M =115 jet, and is compared to measurements
[5, 7]. The RANS calculations were done with the elsA CFD solver
developed by Onera. A spatial Roe scheme was used and turbulence
was modeled using the k—w—SST model. The mesh contains ap-
proximately 150000 nodes with about 30 points in the first shock-
cells in the axial direction and 20 points in the mixing layer for the
radial direction. The shock locations are correctly predicted by the
simulation and the overall agreement is quite satisfactory, though the
shock damping is overestimated. The difference between calculations
and experimental data for x /D > 6, where the flow becomes subso-
nic, stems from the pressure probe, which is designed to work at
supersonic Mach numbers. The BBSAN component predicted by the
statistical model is plotted in figure 7, as well as experimental results.
The peak frequency 1, is correctly captured numerically and the emer-
gence of BBSAN increases in the inlet direction (6 - ), as predicted
by expression (7). The model is not expected to account for mixing
noise and the good agreement observed at low frequencies (St <
0.5) is rather a coincidence. Finally, this model makes BBSAN source
distribution easy to study, through the examination of the integrand
providing S (x ,w) ata given frequency. Close to the peak frequency
7., sources are found to be widely spread along the shock-cell boun-
cfary in the mixing layer.

Flight effects on the BBSAN

The motivation for studying flight effects on the BBSAN is of course
linked to aeronautical applications [17], as already mentioned in intro-
duction. Figure 8 (top) illustrates the case of a dual-stream engine
with a high bypass ratio. The central plug, the primary hot jet and the
secondary cold and supersonic underexpanded jet can be identified.
A RANS solution of a generic configuration is also shown. The shock-
cell structure is confined between two shear layers [36], namely the
inner shear layer between the primary and secondary stream and the
outer layer between the secondary and the external stream.

It is not easy to reproduce this geometry in an anechoic wind tunnel,
with a flight Mach number such as 0.8 < M,<0.9. Moreover, amore
basic configuration permits the role of key parameters to be better
clarified. In this study, it has been chosen to set an underexpanded jet
in the potential core of a larger subsonic jet to reproduce flight effects.
As illustrated in Figure 8 (bottom), there is only one shear layer. The
case of a free round underexpanded jet is thus recovered when the
flight Mach number M, goes to zero.

By referring to the work by Seiner [30], Tam [34] and Morris & Mil-
ler [20], the BBSAN source term is expected to be directly linked
to the shock-cell strength and turbulence intensity, since BBSAN
source term is proportional to pshut . From Schlieren visualizations
and PIV data [5,9], the strength of the first shock cells, calculated
as (p,, —P,.)/p,,, inside each shock cell, has been consistently
observed to become reduced in flight as M is increased. Moreover,
an impressive expansion of the cell structure is observed with more
shock cells visible. The evolution of each shock-cell length is repor-
ted in figure 9 for different flight Mach numbers. Except for the first
cell, the shock length increases as Mf increases, in agreement with
the vortex sheet model developed by Morris [19]. The external boun-
dary layer thickness could slightly modulate this result by controlling
the flow conditions at the nozzle exit, see figure 8 (bottom), but it is
not easy to investigate this issue experimentally. Moreover, BBSAN
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acoustic sources are expected to be located downstream, unlike
screech sources.
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Figure 8 - Top — sketch of the exhaust of a commercial engine with a high
bypass ratio, consisting of a central plug, the primary hot jet, the secondary
cold underexpanded jet and the external stream characterized by its flight
Mach numbeer. The Mach number field taken from a RANS simulation of
a generic configuration is also shown [16]. The shock-cell structure in the
secondary stream can be identified.

Bottom — sketch of the configuration to study flight effects in an anechoic
wind-tunnel, with the shear layer between the supersonic stream and the
external stream. The mean velocity profile induced at the nozzle exit is also
shown, where o, ; is the external boundary layer thickness.

Regarding velocity fluctuations, turbulence develops more slowly in
space, since the mean velocity gradient is reduced, Au ~ u,—u,,
which can explain a small reduction of acoustic levels. In addition,
the intrinsic time scale, that is, the integral time scale of turbulence in
the convected frame, is found rather to be independent of A7, . Finally,
examination of acoustic spectra [5] leads to the conclusions that the
peak amplitude is practically not changed and that the overall ampli-
tude is decreased by a few decibels.
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The general formulation symbolized by expression (10) allows the
inclusion of refraction effects in the BBSAN model of Morris and Miller
[20]. This point is discussed in what follows. First, the vector Green
functions can be analytically determined in the absence of a mean
flow. The linearized Euler equations Zi(ﬂ’,u? = f; (with f, = 0) can
indeed be reduced to a scalar wave equation 0;7z' —c2V?z' =~V f
for which the free space Green function is well-known. Therefore, it
can be shown [16,20] that

M (x,y,w) = —lk"’z X pikslx=y] (11)
4reix x
inthe far field for x >>y and in the frequency domain with £, =@/c,, .
The free space scalar Green function is however not known analyti-
cally in a more general context, but can be numerically determined
by reformulating the problem for the adjoint Green function [35], for
instance.
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Figure 9 - Individual shock cell length Z , normalized by D as a function of
the cell number and for three flight Mach numbers, M,=0,*M =022,
* M,=0.39. The experimental data are obtained from Schlieren visualizations
forthe M, = 1.10 jet [5,9].

An alternative approach is to account for mean flow effects using geo-
metrical acoustics, since the associated assumptions are quite well
satisfied by BBSAN [15,16]. Ray-tracing is an efficient and intuitive
way to compute mean flow effects. The guiding idea consists in wri-
ting that each elementary volumetric source term oW =W (y,w)Sv
of the BBSAN model radiates a fraction of this energy in a ray tube
connecting the source y to the observer position x, where W(y ,w)
is the power spectral density per unit volume of the BBSAN source
term. The conservation of energy along this ray tube permits the pres-
sure fluctuation to be expressed at x and the scalar Green function
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Acronyms

BBSAN (BroadBand Shock-Associated Noise)
CFD (Computational Fluid Dynamics)
LDV (Laser Doppler Velocimetry)

NPR (Nozzle Pressure Ratio)

PIV (Particle Image Velocimetry)

RANS  (Reynolds-Averaged Navier-Stokes)
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to be identified. The link between this scalar Green function and the
I1" functions is more difficult to establish. In Henry et al. [15, 16],
the mean flow is assumed to be parallel, in order to consider the
third-order wave equation of Lilley [18] and to express this relation
analytically [12]. Finally, the direct determination of eigen rays from
the source at y to the observer at x is not very efficient. To compute
BBSAN at a given position x, an adjoint problem is considered by
reversing the mean flow and by shooting from an observer position x
to the source domain, as illustrated in figure 10.

20
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x,/D a\ ‘
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Figure 10 - lllustration of ray-tracing in the direct and adjoint problems,
* observer positions, * source, — adjoint ray to the source domain at a given
x, — direct ray from the source y to the observer location x.

Conclusion

Some properties of shock noise generated by underexpanded round
jets issued from a convergent nozzle are briefly introduced in this
paper. They are illustrated by experimental and numerical results from
two recent studies [5, 16]. The work is aimed at developing a com-
plete view of noise induced by a shock-cell structure, including flight
effects. It can be emphasized that the characterization of flight effects
on broadband shock-associated noise illustrates the good combina-
tion between experimental and numerical approaches, to complete
the experimental test matrix for high subsonic flight Mach numbers,
for instance. Identification of shock-cells contributing to screech and
broadband shock-associated noise, characterization of the receptivity
at the nozzle lip, or more quantitative analyzes of high-speed Schlie-
ren images are topics that still require research efforts |l
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his article focuses on advanced noise prediction methodologies, in regard to aircraft

noise mitigation. More precisely, the so-called aeroacoustic hybrid methodology is
first recalled here, before illustrating its potentialities through several examples of ap-
plication to realistic aircraft noise problems. Among other things, this paper highlights
how Onera has contributed to the development of reliable computational methodologies
over the last decade, which can now help in solving aircraft noise issues.

Introduction

A few years ago, noise annoyance by aircraft was officially identified
as the major obstacle to sustainable air traffic growth. Therefore, all
stakeholders involved in the development of aircraft systems or com-
ponents are now focusing on practical ways to reduce the acoustic
signature left by their products. On the other hand, since acoustics
is a complex discipline, they are often bound to make intensive use
of numerical simulation, which constitutes a powerful tool for R&D,
when combined with experimentation. This, however, requires a con-
tinuous development and a proper application of advanced modeling
and solving techniques, which are mandatory for simulating the noise
generation and/or propagation phenomena occurring in realistic situations.

Aircraft noise prediction via aeroacoustic hybrid
methodologies

Aircraft noise prediction

The noise signature of aircraft includes two main contributions, re-
spectively of propulsive and non-propulsive origins. The first one,
namely the engine noise, is due to all engine propulsive devices (tur-
bofan or turboprop), whereas the second one, namely the airframe
noise, is induced by the airframe and its appendages (fuselage,
wings, slats, flaps, landing gear, cavities, etc.). Although the engine
noise accounts for a dominant portion of the overall aircraft noise
during take-off, the airframe noise component becomes equally im-
portant during the approach for landing, when the engine thrust is
considerably reduced.

Aerospacela

From a more phenomenological point of view, such a distinction be-
tween engine and airframe noises vanishes at some point, since both
components result from the contribution and combination of a large
number of acoustic sources and phenomena. Indeed, noise originates
from numerous source mechanisms, such as structural vibrations,
fluidic motions, flow interactions with structures, gas combustions
or explosions, and so on. Once they have been generated by these
sources, acoustic waves propagate within the surrounding environ-
ment, which is generally constituted by one or several media of vari-
ous complexity (e.g., comprising solid bodies and/or medium hetero-
geneities, etc.). During this propagation phase, acoustic waves may
be subjected to numerous and important alterations in terms of am-
plitude, phase or frequency. Such effects all result from mechanisms
as diverse as reflection and diffraction effects by solid structures,
convection by fluidic motions, refraction by the medium heterogene-
ities, diffusion by the medium turbulence, absorption by the medium
viscosity and so on.

Many of the acoustic generation processes and most of the acoustic
propagation mechanisms are relevant to the physics of fluid dynamics
and can thus be simulated by numerically solving the Navier-Stokes
equations. At the present time, however, and despite the continuous
development of computational tools and resources, it is still extremely
challenging to solve aeroacoustic problems following a direct man-
ner, that is to say, via a single calculation. Indeed, except in particular
situations (e.g., simplistic configurations, academic cases, etc.), it
is nearly impossible to simulate at the same time the noise genera-
tion and its subsequent propagation, whose underlying mechanisms
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greatly differ by their intrinsic characteristics (e.g., energy, length
scales, etc...). As an example, most of the noise annoyances due to
modern aircraft come from the so-called aerodynamic noise, which
results from either the interaction of airflow with the structure itself
(e.g., airframe noise), or from its ingestion by the engines (e.g., fan
and/or turbine noises, etc...). On the other hand, the aerodynamic
noise physics is made up of complex phenomena covering a broad
range of spatiotemporal scales, with noise generation processes that
are driven by turbulent structures of high amplitude and small space-
time correlations, while propagation ones are associated with sound
waves of low amplitudes and large space-time correlations. Thus,
and although both phenomena are ruled by the same compressible
Navier-Stokes equations, they cannot be easily predicted via a single
calculation, because the computational resources required to resolve
all of the relevant scales would be far too high.

Therefore, to make the numerical approach tractable in a practical
context, the overall acoustic problem is usually broken down into a
set of coupled sub-problems that focus on individual sub-regions of
the overall spatial domain. Each sub-problem has a specific range of
amplitudes and physical scales that can be addressed using a nu-
merical method that is customized to the dominant physics occurring
at this stage. Thus, methods involving a mix of techniques are classi-
fied as hybrid approaches for the acoustic prediction.

Aeroacoustic hybrid approach for aircraft noise prediction

In general, aeroacoustic hybrid methods are comprised of two to

three stages (see figure 1), which are respectively devoted to :

« the noise generation and near-field propagation (over regions
where the aerodynamic flow is unsteady, e.g., turbulent) ;

» the mid-field propagation (over regions where the aerodynamic
flow is steady but heterogeneous) ;

» the far-field propagation (over regions where the aerodynamic
flow is steady and virtually homogeneous).

The acoustic generation and early propagation (Stage #1) can be
simulated with a compressible unsteady CFD approach, whether it
involves DNS (Direct Numerical Simulation), LES (Large Eddy Simula-
tion), unsteady RANS (Reynolds Averaged Navier-Stokes equations),
or a judicious mix of these techniques, such as DES (Detached Eddy
Simulation). The main advantage offered by these CFD techniques is
that they are very close to the physics, with an accuracy level that is
proportional to the costs that they entail (in terms of computational
time and memory consumption)*.

The acoustic far-field radiation (Stage #3) can be predicted with an
Integral Method (IM), such as those relying on Kirchhoff [25], Lighthill
[29] or Ffowcs-Williams & Hawkings (FWH) [21] integration tech-
niques. The main advantage offered by these methods is that they are
relatively cheap (in terms of computational resources), while being
rigorously exact - provided however that their underlying hypotheses
are strictly verified. Indeed, these various IM techniques all assume

* Here, one can notice that, in some situations, the acoustic near-field generation
can also be mimicked with less sophisticated (and, thus, less accurate / expensive)
methods, such as those relying on semi-empirical models (to be calibrated through
experiments), or on stochastic/statistical techniques [39, 27, 6, 26]. These alternative
approaches are however of more restrictive use, since their underlying assumptions
generally narrow their range of validity and/or applicability.
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that the acoustic propagation phase can be modeled by an elemen-
tary Green function, which allows meshing and computing the propa-
gation medium to be avoided - and, thus, offers to greatly lower the
computational time and memory requirements.

— —

Near-field Region
— (unsteady turbulent flow),
Noise Generation

Mid-field Region
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Figure 1 - Aircraft noise emissions by high lift wing and undercarriage
systems; sketch of the overall problem and splitting of the latter into several
distinct sub-problems, to be addressed following an aeroacoustic hybrid
approach

Concerning now the acoustic mid-field propagation (Stage #2), this
step can be neglected in particular situations, such as for instance
when the noise source radiates in an unbounded medium at rest. This
step cannot however be ignored when the noise emission is to be
followed by other phenomena, such as acoustic reflection / diffrac-
tion effects by solid obstacles or acoustic refraction effects by the
medium, which is something likely to occur in many aircraft noise
problems [47]. As an example (see figure 1), when installed under a
wing, landing gear is located within a region where acoustic waves
may be subjected to both strong reflection effects (induced by the un-
dersurface of the wing) and non-negligible refraction effects (induced
by the mean flow gradients, which generally extend up to one chord
away from the wing surface). As mentioned above, due to the variety
and complexity of all of the physical phenomena involved, numerically
simulating such a propagation phase is not a trivial task*. In particular,
although they do not need to account for turbulent fluctuations nor vis-
cous effects, computational techniques required for handling this noise
propagation step must accurately simulate the propagation of acoustic
waves over relatively large distances across possibly heterogeneous
media, while accounting for the possible presence of solid obstacles
(e.g., when the configuration is installed). This may typically be ac-
complished with higher fidelity acoustic propagation approaches, such
as a Computational Aeroacoustics (CAAT) method relying on the Euler
equations, or a linearized version thereof [43, 44]. Indeed, one can here
recall that only a CAA method* can simultaneously account for both

* Although this would constitute an ideal solution, this mid-field acoustic propagation
phase cannot be incorporated within Stage #1, because of the increased cost of ex-
tending the viscous, nonlinear CFD computations to include refraction by the medium
heterogeneities and reflection by solid obstacles away from the noise source region(s).

*Here, it should be noted that the generic name “CAA” was first introduced to de-
note this young and rapidly growing discipline devoted to the numerical simulation of
acoustic propagation within complex aerodynamic flows. This specific label is now
often used in a wider sense and has been extended to simpler techniques, such as
Integral Methods (e.g., Acoustic Analogy). Such extension could be seen as inappro-
priate, since most of these techniques belong more to the linear acoustic domain than
to the non-linear aero-acoustic one, which CAA originally comes from.

* Whether it relies on high-order Finite Difference (FD) schemes operating on multi-

block structured grids [28, 30, 56, 57] or on the so-called Discontinuous Galerkin
Method (DGM) [1], which is based on unstructured grids.
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the reflection/diffraction effects by solid obstacles and the refraction
effects by the medium heterogeneities, contrary to other techniques
that can only model the former (such as the Boundary Element Meth-
od, BEM), or even none of them (such as Integral Methods, IM).

Coupling processes of the aeroacoustic hybrid methodology

A critical aspect of developing aeroacoustic hybrid methodologies
corresponds to the coupling process, i.e., the information exchange
occurring between the various stages respectively associated with
the individual sub-problems.

The nature of this coupling is problem dependent, because of signifi-
cant variations in the inter-dependencies between the various stages
from one problem to another. However, except in problems involv-
ing acoustic feedback (e.g., screech tones, in jet aeroacoustics), the
coupling between these stages is weak, i.e., primarily unidirectional.
Under this scenario, feedback from a given stage to the previous one
can be ignored and the successive stages of an aeroacoustic hybrid
calculation can be coupled in a weak sense, all possible retro-actions
from a given step to the previous one being then neglected [47].

Such a weak coupling process occurring between two successive
stages of an aeroacoustic hybrid approach is constituted with a data
transfer, whose role is to transmit all of the acoustic information gath-
ered at each step to the next level. Needless to say, such an operation
must be properly achieved, so that it does not degrade the acoustic
signal information to be transferred. This requires the weak coupling
technique to both rely on sound physical principles and offer suf-
ficient numerical robustness, especially in regard to an application
within a realistic context [47, 12].

Two- to three-stage aeroacoustic hybrid methods

When circumstances allow the acoustic mid-field propagation (Stage
#2) to be neglected, one ends up with the so-called two-step aero-
acoustic hybrid method, which addresses only Stages #1 and #3
via a weak coupling of CFD and IM calculations (see top of figure 2).

Over the last decades, such 2-step aeroacoustic hybrid approach
became one of the most popular techniques for simulating applied
problems of external noise and use is now often made of 2-step hy-
brid calculations that couple CFD and IM modules, whether the latter
IM module is based on the Acoustic Analogy by Lighthill (e.g., for an
isolated jet) or by Ffowcs-Williams and Hawkings (e.qg., for an isolated
rotor). In particular, over the past decade, Onera widely promoted
such a 2-step aeroacoustic hybrid approach by jointly developing
CFD solvers (such as the e/sA platform [3, 4]) and IM tools (such as
the KIM code [41, 40]), which it later applied to realistic aircraft noise
problems, as will be partially illustrated in the following paragraphs.

On the other hand, more recently, the three-step aeroacoustic hybrid
approach also emerged, which combines Stages #1, #2 and #3
via a weak coupling of CFD, CAA and IM calculations (see bottom
of figure 2). As was mentioned, and although it is more complicated
to handle, such a 3-step aeroacoustic hybrid approach allows more
complex problems to be simulated, since its CAA-based propagation
stage can account for refraction and/or scattering effects that may
occur in the midfield. As an illustration, the internal noise propagation
problems that occur in nacelle and exhaust ducts of engines can be
exemplified. Indeed, here, once their generation has been properly
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Figure 2 - Numerical prediction of the noise emission by landing gear in isolat-
ed (top) or installed (bottom) configuration, via either a 2-step (CFD-IM, top)
or a 3-step (CFD-CAA-IM, bottom) aeroacoustic hybrid approach.

simulated via a numerical method (e.g., Computational Fluid Dynam-
ics, GFD) or modeled by analytical means (e.g., duct mode theories
[61]), acoustic waves can then be transferred to a CAA solver, for
the latter to propagate them through the duct, while accounting for
all internal effects to be possibly induced by the presence of flows,
solid devices or any other disturbing elements (such as noise absorb-
ing panels, etc.). Another typical situation for which an aeroacoustic
hybrid approach relying on a CAA-based Stage #2 is mandatory con-
cerns those external noise problems whose propagation phase oc-
curs within a complex environment, such as for instance the airframe
noise emissions by aircraft appendages (e.g., landing gear, etc.). In-
deed, here again, once their generation has been properly simulated
(usually via an unsteady compressible CFD method), acoustic waves
can then be transferred to a CAA solver, for the latter to propagate
them up to the far-field, while accounting for all of the installation
effects induced by either the aircraft structure (e.g., reflection/diffrac-
tion) or the air flow surrounding the latter (e.g., convection/refraction).

Here too, over the past decade, Onera largely promoted such a 3-step
aeroacoustic hybrid approach, by both i) developing the CAA solver
SAbrinA [43, 44, 46, 50, 42, 6], before ii) allotting it with proper CFD-
CAA weak coupling features [43, 44, 58, 47, 48] and iii) applying it to
various (either isolated or installed) aircraft noise problems (see the
next paragraphs). At this stage, one can recall that alternative three-
step aeroacoustic hybrid approaches also exist, such as those based
on the combination of CFD, CAA and BEM methods. In this case, the
IM stage is simply replaced with a BEM one, which allows the far-field
noise to be predicted, while taking into account additional scattering
agents located in the far field region. This approach was also pro-
moted by Onera, through dedicated joint projects [45, 37] conducted
in collaboration with Airbus.
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Two-step aeroacoustic hybrid method : noise predic-
tions based on CFD and IM calculations

A few examples of aircraft noise predictions that were achieved fol-
lowing a two-step hybrid approach relying on CFD and IM weakly
coupled calculations are presented hereafter. The latter were all con-
ducted with the help of Onera tools; more precisely, the CFD calcula-
tions (Stage #1) were handled with either e/sA [3, 4] or CEDRE [5]
codes, which are two unsteady compressible CFD solvers that oper-
ate on structured and unstructured grids, respectively. On the other
hand, the far-field noise extrapolations (Stage #3) were all achieved
with the help of the KIM code [41, 40], which relies on a time domain
IM (Integration Method) based on the FWH acoustic analogy [21].
Please note that the few examples presented hereafter are here for
illustration purpose only; in particular, they do not claim at presenting
the entire portfolio of application works that were achieved thanks to
the two-step hybrid approach and tools developed at Onera.

Noise emission by an isolated CROR engine, via CFD (uRANS)-
IM(FWH) weakly coupled calculations

Within the framework of an Airbus/Rolls-Royce project whose long
term objective is to assess the sustainability of CROR*-powered air-
craft with respect to noise regulations, a dedicated action was re-
cently conducted by Colin et al. (Airbus). The aim here was to further
assess and validate existing CROR-noise prediction methodologies,
in regard to a use within an industrial context. With that view, joint
experimental measurements and numerical calculations were per-
formed, in order to characterize the aeroacoustics of a CROR engine,
which was allotted either a high or a low speed flight condition; the
aeroacoustic test campaign was performed at DNW* , whereas its nu-
merical counterpart was performed at Airbus. All computations relied

Al
w o

Ng

= DNW

on a 2-step aeroacoustic hybrid approach and consisted in CFD-IM
weakly coupled calculations [7-9].

The CFD computations were achieved with the help of a structured
unsteady RANS approach, for which the Onera solver e/sA was used.
Some of these CFD(uRANS) calculations were handled via a full 3D
approach relying on a Chimera technique (that is, with overlapping
grids), which allowed part of the experimental set-up to be account-
ed for (see figure 3, left side) and, thus, its potential agrodynamic
installation effects to be assessed. On the other hand, alternative
CFD(uRANS) computations were performed using a chorochronic
technique * (see figure 3, right side), which permitted the meshing /
computing efforts to be lessened, but however prevented any of the
test set-up devices (and subsequent installation effects) from being
accounted for.

Concerning now far-field acoustic extrapolations, all IM calculations
were achieved following a FWH approach, for which use of Onera’s
solver KIM was made.

Figure 3 - CROR engine considered under either a facility installed (left)
or an isolated (right) configuration. Reproduced from [9] with permission.
Courtesy of Airbus
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Figure 4 - Noise emission by an isolated CROR engine at take-off, predicted via a CFD(uRANS)-IM(FWH) hybrid calculation based on either a solid (top left)
or a porous (bottom left) surface integration. Right side; far-field radiation of noise emissions associated with the BPF (Blade Passing Frequency) and its first
harmonic, as extrapolated in a ‘solid’ (top: black line, bottom: ‘FWH-SOL) or a ‘porous’ (bottom; ‘FWH_PERM’) surface sense. Numerical (solid lines) against
experimental (black dots) results. Reproduced from [9] with permission. Courtesy of Airbus

* Counter-Rotating Open Rotor
T German-Dutch Wind Tunnels, established by the German Aerospace Center
(DLR) and the Dutch National Aerospace Laboratory (NLR)
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Some of these IM (FWH) computations were based on the solid sur-
face approach, with only the noise emission coming from the blades
(loading noise, etc.) being accounted for (see top of figure 4). On the
other hand, alternative IM (FWH) calculations relied on the porous (or
permeable) surface strategy, with all noise emissions coming from
the immediate vicinity of blades being integrated also (see bottom
of figure 4). As one can see in figure 4, results delivered by these
CFD(uRANS)-IM(FWH) weakly coupled computations were favorably
compared to experimental data.

In addition to this, specific parametric and/or comparative studies
were conducted, which provided key insight of either phenomenologi-
cal or methodological nature; concerning in particular methodological
aspects and regarding first the CFD stage, results have shown that,
whenever installation effects are to be accounted for, making use of
the full 3D approach is mandatory, despite the increased meshing/
computing costs that such an approach may involve. On the other
hand, making use of the (lighter and cheaper) chorochronic approach
is effectively to be privileged, as long as installation effects can be
considered as negligible enough. Regarding now the IM stage, results
have shown that the FWH porous (or permeable) surface integration
approach allows far-field acoustic extrapolations to fulfill a higher de-
gree of fidelity to the physics, since it incorporates additional effects*,
compared to its solid surface counterpart. The latter, however, ap-
pears to be more flexible to use, since it avoids some of the issues
of the formert, whereas it allows the noise generation mechanisms
to be investigated further (here, by discriminating the various radiat-
ing parts of blades). For more details about this study, the reader is
referred to [7-9].

Noise emission by a double stream jet with pylon, via CFD(LES)-
IM(FWH) weakly coupled calculations

The so-called AITEC research project focused on the jet noise emis-
sions by a double stream nozzle (of By-Pass Ratio value 9), which i)
included a pylon and ii) was running under high power conditions.
Within this context, near-field aerodynamic and far-field acoustic mea-
surements had been gathered during a dedicated dual aero+acoustic
campaign, which was conducted in the Onera wind tunnel CEPRA 19.

The configuration was then simulated by Vuillot et al. following a
2-step aeroacoustic hybrid approach, that is, via weakly-coupled
CFD and IM calculations [62] ; the CFD computation consisted in

an unstructured LES, which was achieved with the help of the Onera
solver CEDRE, whereas the far-field noise was IM-extrapolated using
a time domain/porous FWH calculation, for which the Onera code KIM
was used.

As can be seen in figure 5, both aerodynamic and acoustic predic-
tions were very favorably compared to experimental data. In particu-
lar, and although the turbulent transition was not perfectly reproduced
by the CFD calculation, the latter succeeded in correctly capturing the
aerodynamic installation effects (such as the flow deviation) due to
the pylon’s presence. More importantly, the latter’s effect on acoustic
far field radiation was properly predicted, both in terms of directivities
and amplitude (absolute levels). In addition, despite the fact that the
CFD grid had induced some filtering of the near-field acoustics, its low
frequency content (St < 1) could be correctly captured by the FWH
extrapolation. Finally, a proper investigation of the latter results al-
lowed the tonal noises observed to be related to the pairing of jet vor-
tices. For more details about this study, the reader is referred to [62].

Noise emission by a nose landing gear, via CFD(ZDES)-IM(FWH)
weakly coupled calculations

To better predict the physical mechanisms associated with landing
gear noise emissions, the so-called LAGOON research program was
initiated by Airbus a few years ago. The objective of the project was
to acquire an extensive experimental database associated with ele-
mentary landing gear configurations, so that computational methods
dedicated to landing gear noise predictions could be accurately and
thoroughly validated.

Within this framework, combined experimental and computational
campaigns were thus carried out, focusing on both the aerodynamics
and the acoustics of a simplified nose landing gear (see figure 6). The
model geometry was that of a nose gear of an Airbus A320 aircraft,
with a scale factor of 1:2.5 and with only the main elements (leg,
wheels, etc.) considered. Such geometry was taken as isolated, and
allotted either a take-off or an approach flight condition.

P e
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Figure 5 - Noise emission by a double stream jet, via a CFD(LES)-IM(FWH) hybrid calculation. Left : steady flow, as measured (top) and CFD-computed (bot-
tom). Right side : far-field acoustics, as measured (dots) and IM-extrapolated (lines) from the CFD-IM weak-coupling surface (top). Reproduced from [62]

with permission

* such as the so-called quadrupolar noise sources, the near-field flow refraction phe-
nomena, etc...

tsuch as spurious noise sources due to an improper handling of wake vortices con-
vected downstream from the blades
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Figure 6 - Noise emission by a simplified nose landing (NLG) under approach flight conditions (LAGooN program). NLG model (seen from behind), as
installed in both the aerodynamic facility (left side) and the open jet anechoic wind tunnel (right side) of Onera. Reproduced from [55] with permission. Cour-

tesy of Airbus

The aero+acoustic dual experiments were performed by Manoha et
al. in Onera’s aerodynamic (F2) and anechoic (CEPRA 19) facilities,
respectively [32, 33] (see figure 6).

The computational counterpart of this aero+acoustic experimental
campaign was conducted at Onera, following a 2-step aeroacous-
tic hybrid approach [55]; unsteady aerodynamics predictions (Stage
#1) relied on structured CFD calculations that were based on a ZDES
approach [18, 19] and that were conducted by Ben Khelil et al. using
the Onera solver efsA (see left side of figure 7). As can be seen on the
left/bottom side of figure 7, those calculations were favorably com-
pared with the aerodynamic measurements through direct compari-
son of near-field results (this, to the exception of mismatches over the
low and high frequency ranges, which can be reasonably attributed
to the high pass filtering induced by the experimental acquisition and
the numerical simulation techniques, respectively). In particular, both
experimental and numerical outputs exhibited tonal noises (with fre-
quencies of approx. 1 kHz and 1.5 kHz), whose emission was inferred
to be associated with resonances coming from the inner cavities of
the wheels.

These unsteady GFD results were then acoustically extrapolated to
the far-field by Sanders et al. via an IM(FWH) approach, which was
based on either a porous or a solid surface integration and for which
the Onera code KIM was used. These CFD-FWH weakly coupled cal-
culation results were also favorably compared to the experimental
measurements recorded in the far-field (see right/bottom of figure 7).
Depending on the far-field location, however, an overestimation of
acoustic levels could be observed for results that had been obtained
via IM(FWH) calculations relying on a porous (rather than a solid)
surface integration, this being due to side-effects coming from the
FWH-integration of vortices convected by the wake of the landing
gear. More details about this study can be found in [55].

Three-step aeroacoustic hybrid method : noise predic-
tions based on CFD and/or CAA calculations

A few examples of aircraft noise predictions that were achieved follow-
ing a 3-step hybrid strategy, that is, via CFD and/or CAA calculations
are presented hereafter. These computations were mostly conducted
with the help of Onera solvers. In particular, all CAA calculations were
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handled with the help of the Onera solver sAbrinA [43, 44, 46, 50],
which is a highly-accurate time-domain CAA solver operating on
multi-block structured grids. Here again, please, note that the appli-
cation examples presented hereafter constitute a non exhaustive list
excerpted from the range of works that were achieved thanks to the
three-step hybrid approach and tools developed at Onera.

Aftfan noise emission by an engine at take-off, via CAA calculations

Fan noise is a major harmful aircraft sound source, especially dur-
ing take-off and approach flight phases. For a long time, engine or
aircraft manufacturers mainly focused on the numerical prediction of
fan noise upstream components, which are emitted by the air intake
of the engine. Over the past few years, however, they have also fo-
cused on the more complex problem of predicting their downstream
counterparts, which propagate through the exhaust and its highly het-
erogeneous jet flow.

Within such framework, several collaborative Airbus-Onera studies
were carried out, which consisted in performing out computations
following the 3-step aeroacoustic hybrid philosophy, with a noise
generation step (Stage #1) that was handled via analytical means
(based on the modal theory* [61]), whereas the noise propagation
step (Stage #2) was conducted using CAA calculations.

Among others, a study was conducted by Redonnet et al. a few years
ago [50], with the purpose of assessing how far a time domain struc-
tured CAA method (such as the one underlying SAbrinA solver) could
predict the noise propagation phase associated with aft fan noise
emissions by a realistic bypass exhaust. Besides its realistic geom-
etry (which incorporated the pylon and internal bifurcations of the
nozzle), such exhaust was assigned representative thermodynamic
conditions (take-off conditions) and relevant fan noise contents. The
latter were analytically derived according to the modal theory* [61],
being then CAA-forced at the upstream of the secondary exhaust, for
the CAA solver (sAbrinA) to numerically propagate them up through
the bypass exhaust.

* which delivers the elementary solutions of the acoustic propagation problem within
an infinite annular rigid duct and a homogenous medium, with these solutions being
characterized by an azimuthal periodicity of order »2 and a given radial distribution

of order n [61].
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Figure 7 - Noise emission by an isolated nose landing gear (NLG) under approach flight conditions, via a CFD(ZDES)-IM(FWH) hybrid calculation. Left side:
near-field aerodynamic results (top: Q-criterion iso-surfaces colored by the stream wise velocity component and instantaneous pressure fluctuation field),
with validation (bottom) via direct comparison of the Power Spectral Density (PSD) computed by CFD (in blue) and recorded in the experiments (in red and
green), for a probe of the right wheel. Right side; validation of the far-field acoustic results, via direct comparison of the PSD predicted by CFD-FWH (black
and blue) and measured in the experiments (red), for two microphones located at 90° from the model in the flyover (top) and side line (bottom) directions.

Reproduced from [55] with permission

As an illustration, figure 8 provides the acoustic field radiated by the
exhaust at take-off, as CAA-predicted for an aft fan noise mode of
azimuthal / radial orders (m, n) = (13,1) emitted at the Blade Passing
Frequency (BPF).

First, from a phenomenological point of view, this study allowed the
installation effects to which acoustic waves may be subjected when
propagating inside and outside an exhaust to be numerically char-
acterized, thus highlighting how far the geometry and/or flow of a
turbofan engine can affect its fan noise emissions. This conclusion is
of importance, since it shows that a high fidelity to reality is required
for numerically predicting the acoustic signature of an engine.

Secondly, and from a more methodological point of view, this study
also proved that a time domain structured CAA method could be ac-
curate and robust enough to offer both a high fidelity and a minimal
flexibility, when applied to realistic engine noise problems. Indeed,
for this study, special emphasis was placed on the validation stage,
for which the results delivered by each CAA calculation were very
favorably compared against those coming from alternative numerical
techniques (BEM or DGM, see details in [50]). For more details about
this work, the reader is referred to [50].
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Here, it is worth mentioning that this particular study opened up the
way to an intense applied research activity that was conducted at
Onera since half a decade, and that aimed at numerically character-
izing both the aft fan noise radiation in itself [50, 42], but also its
possible mitigation via passive noise reduction devices - whether the
latter relies on innovative installation concepts [45, 46, 38], novel
exhaust designs [49, 37] or use of absorbing materials [52]. For in-
stance, as a direct continuation of this study, more recently, alter-
native CAA calculations were conducted by Redonnet et al., to nu-
merically assess the effect of acoustic absorbing materials on aft fan
noise emission by realistic exhausts [52]. Indeed, nowadays, most
of the engine noise reduction is achieved thanks to noise absorbing
panels, which are set up inside intake and exhaust ducts. Therefore,
the lined exhaust counterpart of the previous (rigid nozzle) simulation
was conducted, with acoustic liner panels being modeled at end of
the secondary exhaust (see top / left side of figure 9). The right side
of figure 9 depicts the acoustic power emitted by both the rigid and
the lined exhausts; as can be seen, the latter radiates much weaker
acoustic levels than the former*, which obviously comes from the
noise attenuation occurring within the downstream part of the sec-
ondary duct, due to the absorbing material.

* with, in this particular case, a Sound Pressure Level radiated by the lined
exhaust of approx. 6dB lower than the one emitted by its rigid counterpart [52]
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Figure 8 - Aft fan noise emission by an isolated exhaust at take-off, via a CAA calculation forced with analytical source contents. Counter-clockwise, from top
left: steady mean flow field (axial velocity), internally propagated and externally radiated instantaneous perturbed pressure fields

Figure 9 - Aft fan noise emissions by a possibly lined exhaust at take-off.
Top left ; acoustic liner panels (in pink). Right side : Root Mean Square
perturbed field radiated by the rigid (top) and the lined (bottom) exhausts

This alternative study allowed the efficiency of passive noise reduc-
tion technologies to be better highlighted, in regard to their application
to engine noise problems. From a methodological point of view, this
study has also shown that, once associated with proper post-pro-
cesses, a CAA method could advantageously be employed to not only
predict, but also to investigate some of the mechanisms that underlie
the physics of acoustic liners (e.g., effects by ruptures of impedance
or grazing flows - see [52]). Additional details about this study can
be found in [52].

Aft fan noise emission by a partly installed engine, via CAA
calculations

Over the past few years, several French national and European proj-

ects have been aimed at assessing how the aft fan noise emitted by
engines could possibly be attenuated through the installation effects
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Figure 10 - Low Noise Aircraft based on the Rear Fuselage Nacelle concept
(courtesy of Airbus)

(or acoustic shielding) offered by structural elements (wing, empen-
nage, fuselage) of non-conventional airplanes. As an illustration,
figure 10 depicts an Airbus concept for a low noise aircraft, with the
engines installed in RFN (Rear Fuselage Nacelle) configuration, so
that the aft fan noise radiated through the exhaust is shielded by the
rear fuselage and empennage.

Within this framework, several experimental and numerical studies
were conducted at Onera [46, 45, 37], all aimed at characterizing the
shielding effect provided by a simplified empennage wing on the aft
fan noise of a coaxial exhaust under take-off conditions. Some of the
computations performed were achieved by Redonnet et al. [40] fol-
lowing the 3-step aeroacoustic hybrid philosophy, with a noise gen-
eration step (Stage #1) relying on analytical means [61], whereas
the noise propagation one (Stage #2) was handled via CAA calcula-
tions (sAbrinA solver). The latter calculations directly benefited from
an advanced Chimera technique developed by Desquesnes et al. [20]
relying on the use of overlapping grids; this technique greatly helped
in lightening the meshing tasks, while allowing the entire configu-
ration to be simulated through simultaneously and strongly coupled
CAA-CAA calculations.
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First, the overall methodology was carefully validated by considering
the installed exhaust as emitting within a quiescent medium, calcula-
tion results being then very favorably compared to those delivered by
a reference BEM computation (see details in [46]). Then, the actual
configuration (take-off flight conditions) was addressed, allowing the
relevance of the RFN concept to be highlighted. As an illustration,
figure 11 shows the instantaneous perturbed pressure field associ-
ated the acoustic emission of an aft fan noise mode (2, 2) emitting at
one half of the BFP. By observing what occurs in the lower part of the
domain (under the airfoil), one can observe that the empennage wing
actually acts as an efficient shield, since only a fraction of the sound
emitted in the aft direction succeeds in diffracting around the airfoil
and propagating towards the ground.

Figure 11 - Aft fan noise emission by a coaxial exhaust installed over an em-
pennage airfoil, via a CAA calculation (fed with analytical source contents)

From a phenomenological point of view, the conclusions of this study
were that RFN configurations are particularly efficient in regard to aft
fan noise reduction, thus constituting a promising approach for di-
minishing acoustic signatures by aircraft. From a more methodologi-
cal point of view, this study had further shown that a time domain
structured CAA approach could allow realistic engine noise problems
to be handled in an accurate and flexible manner, as long as some of
its intrinsic constraints (e.g., meshing effort) could be relaxed through

additional features (e.g. the Chimera-based CAA-CAA strong coupling
technique used here). Main outcomes and conclusions of such work
(which details can be found in [46]) were further confirmed by sub-
sequent Onera studies devoted to the numerical and experimental
characterization of the RFN concept [37].

Noise emission by the slat cove noise of a high lift wing, via partly
decoupled CFD and CCA calculations

The leading edge slat is known as a major airframe noise source on
large transport aircraft. Its underlying mechanisms are complex, as
shown by several attempts to characterize slat noise emissions via
unsteady CFD techniques [52, 2, 17-19].

Among other works, a few years ago, a dedicated research action
was jointly conducted by Onera and Airbus; the computational tasks
were based on a 3D-zonal unsteady CFD(LES) approach [36], calcu-
lations being performed by Ben Khelil et al. over the slat region of a
2D high-lift wing, which was considered in an as-like approach flight
configuration [2]. Once they were properly post-processed by means
of spectral analyses, the unsteady CFD results acquired over the slat
region revealed the presence of strong local tonal sources within the
cove area (see figure 12).

Although the final objective was to simulate the complete slat cove
noise production chain following a 3-step hybrid aeroacoustic strat-
egy based on a CFD-CAA weakly coupled calculation, the latter was
first replaced by a analytical-CAA one; indeed, post-processes of
the unsteady CFD data had delivered enough information about the
noise generation stage for equivalent sources to be able to be analyti-
cally synthesized, based on the characteristics (location, frequency,
relative magnitude, etc.) of the principal tonal emissions occurring
within the cove area. Based on these elementary sources (harmonic
monopoles), several CAA calculations [20] were then conducted
by Desquesnes et al., enabling an interesting qualitative study to be
achieved at a reasonable cost. Here, one can notice that, as for the
computations presented in the previous paragraph, these CAA calcu-
lations directly benefited from the chimera-based CAA-CAA strong
coupling technique (which was however used here in its one way
version).

v
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Figure 12 - Noise generation by a slat cove of a high lift wing at approach, via an unsteady CFD (zonal RANS/LES) calculation. Left side ; steady (top) and
unsteady (bottom) aerodynamic fields. Right side : turbulent kinetic energy and acoustic spectra within the slat cove
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Figure 13 - Noise radiation by the slat cove trailing edge of a high lift wing at approach, as predicted by a CAA calculation based on an equivalent (analytical)
source. Left side; instantaneous perturbed pressure field obtained over the domain (top) or within the slat cove (bottom left), to be compared with near-field
CFD results obtained for an alternative configuration (bottom right, calculation by NASA). Right side; mid-field directivity diagram (in lines, to be compared
with its quiescent medium radiation counterpart, in dashes). Reproduced from [20] with permission

Figure 13 presents the results associated with an (equivalent) noise
source of 30 kHz, mimicking the acoustic emission by the slat trailing
edge, due to the vortex shedding occurring at this location. As can be
seen, the noise radiation patterns are very complex, resulting from the
multiple interactions that occur between the acoustic waves and their
environment; such interactions primarily come from the reflection/dif-
fraction effects by the wing and the slat geometry, as was numerically
highlighted here through a preliminary calculation conducted within a
quiescent medium (whose results were very favorably compared to
those delivered by a BEM computation, see [20]). These interactions
also come from the convection/refraction effects by the associated
steady flow, which were underlined here by comparison with results
obtained for a quiescent medium (see right side of figure 13). Among
other things, all of this leads the slat wing gap to act as an ‘acoustic
focal’ device, which redirects part of the noise emission towards the
ground direction in a very directive manner.

From a more methodological point of view, this study further showed
the importance of accounting for realistic flows and associated re-
fraction effects, when numerically predicting the acoustic propagation
phase of airframe noise problems. This study also indirectly demon-
strated the pertinence of handling such problems via a multi-stage
aeroacoustic hybrid method based on partly decoupled CFD and CAA
calculations, along with proper equivalent sources. For more details
about this study and its outcomes, the reader is referred to [20].
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Noise emission by truncated trailing edges, via weakly coupled
CFD/CAA calculations

A few years ago, a couple of CFD-CAA weakly coupled computa-
tions were conducted, in order to assess the noise emission by airfoil
truncated trailing edges; first, the numerical prediction of the noise
emitted by the blunted trailing edge (TE) of an in-flight NACA0012
[35] was achieved by Manoha et al. following a 3-stages hybrid
method strategy, via CFD-CAA-IM weakly coupled calculations [34,
59] (with an IM step consisting in a Kirchhoff extrapolation, see left
side of figure 14).

Then, such TE noise simulation was extended to a thick plate configu-
ration (see right side of figure 14), which was handled via a CFD-CAA
weakly coupled calculation by Guenanff [22].

These studies first allowed an innovative CFD-CAA weak coupling
procedure developed by Redonnet [43, 44] to be assessed and vali-
dated, in regard to its application to practical airframe noise problems.
Beyond that, they also allowed specific key aspects of theoretical and
methodological natures to be pinpointed, regarding the proper exploi-
tation of unsteady CFD calculations via an acoustic-based method
[34].

Lately, such aspects were addressed more thoroughly by Redonnet et
al. [47, 48, 12, 13], which led to improving and optimizing the CFD-
CAA weak coupling procedure, thus facilitating its application to real-
life problems. As shown below, these recent works and associated
outcomes helped to pave the way to the emergence of an accurate
and robust 3-step aeroacoustic hybrid method.
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Figure 14 - Noise emission by either a blunted airfoil (left side) or a thick plate (right side) trailing edges, via a CFD-CAA-IM and a CFD-CAA weakly coupled computation,

respectively. Right side image reproduced from [22] with permission

Noise emission by a facility installed tandem cylinder, via CFD-
CAA weakly coupled calculations

With the view of better understanding landing gear noise sources,
an experimental and numerical dual campaign was conducted by
NASA Langley Research Center (LaRC), such campaign focusing
on both the aerodynamics and the acoustics of a Tandem Cylinders
(TC) configuration (see figure 15). To this end, extensive experimen-
tal data [24, 23] were collected, being then compared to results of
CFD-IM weakly coupled computations [31] associated with a 2-step
aeroacoustic hybrid method. Although such comparisons provided
a very favorable experimental vs. numerical agreement, there was
still concern about possible installation effects that could have been
induced on acoustic data by the experimental set-up (see right side
of figure 15), thus biasing such a validation exercise.

Therefore, a dedicated study was performed within the framework
of a dedicated NASA-Onera collaboration*, whose objective was to
numerically assess and investigate the various acoustic installation
effects that could have been effectively induced by the experimental
set up on the acoustic data gathered during NASA/LaRC experiments.
To this end, several CFD-CAA weakly coupled calculations were

conducted by Redonnet et al. [48], this being achieved through a
weak coupling of (i) the CFD stage that had been performed by NASA/
LaRC over the isolated TC and (i) various CAA stages for which the
TC configuration was considered as (either partly or fully) installed
within the facility. All calculations relied on the so-called Non Reflect-
ing Interface (NRI) [47, 54], which constitutes an improved version
of the CFD-CAA weak coupling technique previously recalled, and
whose non-reflective character allowed the acoustic backscattering
effects that were expected to occur due to the facility devices (e.g.,
collector, side mounting plates, nozzle - see right side of figure 15)
to be properly handled here. As an illustration, the right side of figure
16 displays the CFD-CAA results obtained for the fully installed TC
configuration, which included all main devices of the facility, along
with its confined and sheared jet flow.

All of these CFD-CAA calculations delivered results that were found
to be closely consistent with outcomes previously acquired by NASA
with the help of less advanced approaches, which either relied on the
CFD-IM hybrid method previously recalled [31] or on alternative tech-
niques (such as the so-called Equivalent Source Method, ESM — see
[60]). On the other hand, compared to the latter approaches, the NRI-
based CFD-CAA hybrid method allowed the fidelity of the TC noise

Shbigies Collector plate

Figure 15 - Noise emission of a Tandem Cylinder (TC) installed within NASA/LaRC’s Quiet Flow Facility (QFF). Left side: TC model, with some of the QFF
devices (nozzle, mounting side plates). Right side: sketch of the whole installed TC set up, with all the QFF devices (nozzle, mounting side plates, collector

plate). Courtesy of NASA

* namely, the International Agreement between NASA and Onera on “Understanding
and Predicting the Source of Nose Landing Gear Noise*
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Figure 16 - Noise emission of a Tandem Cylinder (TC) installed within NASA/LaRC’s anechoic facility QFF, via CFD-CAA weakly coupled computations. Clock-
wise, from top/left: instantaneous perturbed fields obtained via either i) the CFD calculation of the isolated TC or ii) the subsequent CFD-CAA computation
of the QFF-installed TC, and iii) deltas (in dB) between the Sound Pressure Level fields associated with both configurations, as recorded in within two lateral

planes (xy and yz)

propagation stage to be improved, by i) accounting for the acoustic
emission that had been effectively predicted by the CFD stage (rather
than by modeling it via equivalent sources, as is implicitly or explicitly
done by IM or ESM techniques), as well as by ii) including the facility
apparatus and associated (confined sheared) jet flow characterizing
the experiment (rather than to consider a simplistic homogenous free
field medium, as necessarily assumed by IM and ESM techniques).

As a result, this study primarily allowed the various acoustic installation
effects that could have been effectively induced by the experimental
apparatus on the acoustic data gathered during NASA/LaRC tests to
be investigated (see left bottom of figure 16), highlighting not only the
reflection / diffraction by the experimental set-up, but also the (partial)
convection / refraction by its confined and sheared jet flow. From a
more methodological point of view, the study allowed the innovative
NRI-based CFD-CAA weak coupling procedure to be further assessed
and validated, as well as making it possible to illustrate how far an
aeroacoustic hybrid approach relying on the latter could effectively han-
dle practical airframe noise problems involving installed configurations.
More details about this work can be found in [48].

Noise emission by a nose landing gear, via CFD-CAA weakly coupled
calculations

As was mentioned previously, the so-called LAGOON project [32, 33]
focused on a simplified nose landing gear (NLG) in approach flight, in
order to assess/validate the 2-step hybrid methodology by comparing
to experiments the numerical results of CFD-IM weakly coupled calcu-
lations (see above).

Lately, such an assessment exercise was extended to the 3-step hybrid
methodology, by completing these CFD-IM weakly coupled calculations
with CFD-CAA ones. Here too, the objective was to further improve
the fidelity of the acoustic propagation stage, by i) accounting for the
acoustic emission that had been effectively predicted by the CFD stage
(rather than to model it via equivalent sources, as implicitly done in the
IM approach), as well as by ii) including the realistic jet flow character-
izing the experiment (rather than to model it via a simplistic uniform
mean flow, as is also done in the IM approach). To this end, CFD-CAA
coupled calculations were conducted by Redonnet et al. [53], which
were i) based on the unsteady aerodynamics data coming from the CFD
computations previously achieved (see above), and i) conducted with
the help of the NRI-based CFD-CAA weak coupling technique.

First, CFD-CAA coupled calculation corresponded to an isolated NLG,
that is, was allotted a computational set up similar to that of CFD-FWH
computation (incorporating in particular a steady mean flow corre-
sponding to a homogeneous free field). Such a calculation allowed the
CFD-CAA outputs to be validated through direct comparison against
both the numerical (CFD) and the experimental results, which had been
acquired and/or processed under the same "homogeneous propaga-
tion medium" conditions*(see right side of figure 17). An alternative
CFD-CAA calculation considered the NLG as installed in the anechoic
wind tunnel, with a (heterogeneous) mean flow matching the sheared
steady jet occurring in the facility. This alternative calculation (see
left side of figure 17) made it possible to assess the sole mean flow
effects that could have been induced by the facility jet on the experi-
mental data.

* with experimental data that had been corrected from the refraction effects by the open jet shear layers
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Figure 17 - Noise emission by Nose Landing Gear (NLG) installed within Onera’s CEPRA19 anechoic facility, via CFD-CAA weakly coupled computations.
Left side: instantaneous perturbed field radiated by the facility-installed NLG. Right side; validation of the isolated NLG calculation, via a cross-comparison of
far-field results (Power Spectral Density recorded at four probes, P1-4) obtained for both the experiments (in black lines), the CFD-CAA (in red lines), and the

CFD-FWH (in black dashes)

Here, it is worth mentioning that, beyond its sole applicative con-
cerns, this study allowed the overall CFD-CAA coupled approach to
be optimized further [11, 51, 12], so that it can be applied to realistic
configurations in a safer and easier way. More precisely, the impact
that its manipulation (sampling, interpolation, etc.) can have on an
unsteady GFD dataset was studied from both a fundamental and a
methodological point of view, allowing several innovative solutions
to be proposed (including (i) specific guidelines for the preservation
of aeroacoustic signals [13, 14], (i) a novel interpolation method
[10, 15] and (i) a new class of finite difference derivative schemes
[16]). Based on this, the CFD-CAA hybrid methodology was en-
hanced with key improvements (methodological guidelines, advanced
methods, etc.), so that it can cope with all stringent constraints that
are dictated by real-life problems without being jeopardized by some
of their unavoidable side-effects (CFD data manipulation, acoustic
signal degradation, etc.). For additional details about this work, the
reader is referred to [53].

Conclusion and perspectives

This article focused on the so-called aeroacoustic hybrid approach,
whose ultimate objective is the numerical prediction of realistic air-
craft noise problems. More precisely, here, we recalled some of the
efforts deployed over the last decade at Onera to improve aeroacous-
tic hybrid methods, through both the development of computational
tools and their subsequent application to practical problems of air-
craft noise.

Acknowledgements

With that view, it was first recalled here what aeroacoustic hybrid
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Acronyms

AITEC French national project (supported by DGAC) LAGOON  Transantional project (supported by Airbus), devoted to landing
devoted to jet aeroacoustics) gear aeroacoustics

BEM Boundary Element Method LaRC Langley Research Center (NASA)

BPF Blade Passing Frequency LES Large Eddy Simulation

CAA Computational AeroAcoustics NACA Airfoil profile geometry

CEDRE Onera’s CFD solver (unstructured approach) NASA National Aeronautics and Space Administration (USA)

CEPRA19  Onera’s anechoic facility NLG Nose Landing Gear

CFD Computational Fluid Dynamics NLR Dutch National Aerospace Laboratory

CROR Counter-Rotating Open Rotor NRI Non Reflecting Interface

dB Decibel Pa Pascal

DES Detached Eddy Simulation PSD Power Spectral Density

DGM Discontinuous Galerkin Method Q-criterion  Positive 2" invariant of Jacobian

DLR German Aerospace Center QFF NASA/LaRC’s anechoic facility

DNS Direct Numerical Simulation RANS Reynolds Averaged Navier-Stokes

DNW German-Dutch Wind Tunnels RFN Rear Fuselage Nacelle

elsA Onera’s CFD solver (structured approach R&D Research & Development

ESM Equivalent Source Method sAbrinA  Onera’s CAA solver (structured approach)

F2 Onera’s aerodynamic facility St Strouhal number

FWH Ffowcs-Williams & Hawkings TC Tandem Cylinder

M Integral Method TE Trailing edge

KIM Onera’s IM solver uRANS Unsteady RANS

kHz Kilohertz ZDES Zonal DES
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ithin the context of the two major European Research Projects, NACRE and

OPENAIR, the potential of acoustic installation effects on the aft fan noise radiated
by innovative installations of coaxial turbofans are evaluated. Three different installation
concepts are considered: a semi-buried engine, a rear-fuselage nacelle and, finally, a
scarfed nozzle. The main objective of these concepts is to reduce the acoustic radia-
tion of fan noise through the engine nozzle towards the ground, without significant
losses in the aerodynamic performance. This evaluation relies on numerical simula-
tions achieved with Onera’s solvers, namely sAbrinA-V0 (CAA) and BEMUSE (BEM).
The nozzle configurations are typical of coaxial turbofans with a large bypass ratio,
including 3D effects from the internal bifurcation and, possibly, the external pylon or
fuselage. To obtain a representative fan noise effect, several levels of complexity are
used to numerically model the fan noise sources. The most advanced acoustic com-
putations rely on Random Phase Multi-modal Injection (RPMI), an innovative technique
based on the optimization of the modal phases, in order to obtain, with @ minimum
number of CAA computations, the contribution of all cut-on modes with evenly dis-
tributed acoustic power, summed in an un-correlated way. Noise propagation also
accounts for the refraction effects, due to the large velocity gradients in the coaxial
flow. For this purpose, non-homogeneous RANS mean flows were computed by Onera,
AIRBUS and SNECMA respectively, for the reference (isolated) and the installed confi-
gurations, allowing their respective aerodynamic performances to be checked. For all
three configurations, the installation effect is evaluated as a combination of the result
of the CAA computation in the near-field and an extrapolation in the far-field, using the
BEM or Kirchhoff integral methods to take into account the acoustic scattering on dif-
ferent fuselage parts. Undeniable benefits in noise reduction by the use of such instal-
lations are demonstrated. However, additional studies are still required to confirm these
benefits, especially by improving the modeling of the fan noise sources and optimizing
the acoustic shielding process.

Introduction scale. Moreover, the development of innovative numerical methods

must rely on a dedicated experimental database, achieved on aca-

After decades of continuous reduction of the noise radiated by aero-
nautic powerplant systems, and especially by modern turbofans with
high by-pass ratio, further improvements are now expected from
engine installation effects, which means by using the airframe (fuse-
lage, wing, empennage), or even the nacelle itself, as noise shielding
surfaces through innovative engine integrations.

Current acoustic studies of innovative engine installations rely on
combining numerical predictions and experiments, mostly at model

Aerospacelab

demic configurations for validation. This was the case, for example,
in the European project NACRE (New Aircraft Concepts Research in
Europe, 2005-2010) where Airbus recently led studies relating to
the RFN concept [1, 2, 3] (Task 3.1 “Rear Fuselage Nacelle”, see
figure 1b) combining experiments performed in Onera’s CEPRA19
aeroacoustic open-jet windtunnel and several up-to-date numerical
prediction methods for isolated/installed jet and fan noise from a
turbofan engine. In the case of the Payload Driven Aircraft (PDA) or
“flying wing” configuration [4, 5, 6] (figure 1a), also studied in NACRE
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(Task 3.2 “Radical Engine Integration” coordinated by Onera), radical
solutions were tested [7, 8, 9] with the engine installed as close as
possible to the airframe, or even partly buried inside, following inte-
rests expressed by the airframer (reduced pitching moment, weight,
and noise).

a) Payload Driven Aircraft

b) Rear Fuselage Nacelle

c) Scarfed aft-fan

Figure 1 - Configurations tested to evaluate the potential of acoustic shielding
effect

Although less revolutionary, the nacelle itself can be used to gene-
rate acoustic installation effects on fan noise, as is already the case
for nacelles equipped with a scarfed air inlet. Indeed, on several
aircraft, the positive scarf of the inlet (the upper part of the lip is
upstream from the lower part) offers optimum aerodynamic flow
properties for high incidence angles at takeoff, but tends to increase
the fan noise level radiated to the ground. A decade ago, studies
performed by Airbus France [10], within the European research pro-
ject SILENCER, on scarfing the lower part of the lip [11] (Negatively
Scarfed Intake — NSI) showed, as expected, opposite effects on
acoustics with benefits of up to 1.4 EPNdB under both take off and
approach conditions, but with major drawbacks on aerodynamics.
The central conclusion of several studies [12, 13, 14] addressed to
counterbalance this drawback was that both acoustics and aerody-
namics must be accounted for conjunctively, from the beginning of
the design process. Within the European project OPENAIR (OPtimi-
zation for low Environmental Noise impact), the “scarfing” (Scarfed
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Aft-Fan — SAF) concept is tentatively applied to the downstream
nozzle of the turbofan (figure 1c), with the objective of decreasing
fan noise levels radiated towards the ground through the turbofan
nozzle [15].

However, major issues can arise from these types of installations ;
for example :

« structure “fatigue” problems may arise with the RFN concept;

« for the scarfed configuration, the thrust axis may be deviated
and the mass-flow affected ;

« for a semi-buried engine, the proximity of the airframe surface
may result in a strong distortion of the intake flow ;

« for extreme configurations, the possible ingestion of the thick
airframe boundary layer may occur.
In addition, certification issues can become critical, especially for the
case of engine burst events and, for this purpose, material and energy
absorption analysis must be considered.

The numerical prediction of engine acoustic installation effects is very
complex, because it requires the combination of:

« the simulation of the noise generation by the engine and the
near-field acoustic propagation of this noise in a complex flow ;

« the acoustic scattering over the aircraft surface and propagation
up to the observer ;

« finally, the possible strong coupling between the two previous
approaches, through the retroaction of the acoustic field on the noise
generation mechanisms.

One possible simplification, applied in this paper, is to rely on a hybrid
methodology, which deliberately neglects this possible retroaction
(figure 2). The successive steps are the following:

Step 1 - The noise generation and propagation from the isolated
engine up to a near-field control surface is predicted, for example, by
using an accurate CAA (Computational AeroAcoustics) solver.

Step 2 - The acoustic field collected on the control surface is used
to compute an incident acoustic field on the aircraft scattering surface
and at the observer position, for example, by the use of a Kirchhoff
method (note that this step is also able to provide the noise radiated
by the isolated engine to a far-field observer).

Step 3 - The acoustic field scattered by the aircraft surface is
computed by solving a Helmholtz equation (possibly accounting for
the convection by a uniform mean flow) with specific surface boun-
dary conditions, which can be done by another acoustic method, for
example based on the BEM (Boundary Element Method).

Step 4 - Finally, the total acoustic field at any observation point is
the sum of the incident and the scattered fields.

Isolated propulsor

(turbofan, propeller)
noise computation

Scattering surface
(fuselage, wing)
dp/dn=0

Incident field
computation (Kirchhoff)

Scattered and total field
computation (BEM)

/ N \ Nearfield control surface

/

/ *Pressure
«Normal pressure gradient

Figure 2 - Simplified strategy based on a hybrid methodology
for the prediction of engine noise installation effects
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For several years, Airbus, SNECMA and Onera have collaborated on
the development of such hybrid methodology for the prediction of
isolated/installed fan noise propagating in the aft direction [16, 17].

This collaboration recently continued within the framework of the
NACRE and OPENAIR programs, with the objective of validating this
hybrid methodology against available fan noise experimental data-
bases. In NACRE, the acoustical measurements were collected during
Onera’s above-mentioned CEPRA19 campaign, in which a turbofan
nacelle equipped with a TPS (Turbine Powered Simulator) was tested
in RFN configuration, with an Airbus model at scale 1/11 (figure 3).
The NACRE program ended in early 2010, but the collaboration on
this approach between Airbus and Onera continued using their own
funding. Regarding the OPENAIR program, an experimental campaign
took place in 2012, at QinetiQ, in the NTF open-jet acoustic wind tun-
nel. In this campaign, fan noise was simulated with in-duct loudspea-
kers rings, instead of the TPS used in NACRE.

NACRE fan noise experiment

The NACRE experimental fan noise campaign was conducted in GE-
PRA 19 (figure 3). Realistic interaction fan noise generation was per-
formed by using a scaled TPS placed along the WT axis and attached
to the side wall of the chamber by a symmetrical wing profile covered
by acoustic absorbing foam. Real aircraft geometry (a commercial
single aisle Airbus aircraft model at scale 1/11) was used to account
for the installation effects. The aircraft model was mounted on a trol-
ley support allowing 3D positioning around the TPS position. This
set-up was ideally designed to allow the validation of the numerical
prediction of a real fan noise source with a complex scattering object.
The test matrix included the survey of three TPS regimes (approach,
cutback and take-off conditions) and various external flow Mach num-
bers and relative positions of the aircraft w.r.t. the TPS. The influence
of individual airframe components (wing, empennage) and also para-
meters such as the slat and flap settings were also evaluated.

In this work, we only considered the configuration corresponding to
the approach regime and the M = 0 case, either isolated or installed
with the complete aircraft model with retracted slats and flaps. Other
cases with non-zero external flows were not considered because, at
that time, the BEM solver BEMUSE was not able to account for a non-
zero mean flow. Since then, this capability has been implemented
using the formulation proposed by [18].

The characterization of the acoustic field inside the bypass duct of the
nacelle was performed using an azimuthal array located just upstream of
the exhaust, made of 54 Kulite unsteady pressure transducers. The far-
field acoustic measurements mainly relied on a circular array with a dia-
meter of 5 m containing 48 microphones (azimuthal step 7.5°), circling
the wind tunnel open jet, and centered on the jet axis. This circular array
could be moved in the axial direction over a distance of approximately
one meter, providing the acoustical field along a circular cylinder.

Figure 3 (bottom) shows typical results obtained with the circular ar-
ray of Kulite wall pressure sensors located inside the nacelle. On the
upper plot, the RMS pressure at the BPF (Blade Passing Frequency)
measured by the sensors show strong oscillations in the azimuthal
direction, over an amplitude larger than 10 dB. These oscillations of
the RMS pressure are generated by the non-axisymmetry of the by-
pass duct, and especially by the bifurcation, which generates azimu-
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thal standing waves by interaction with spinning modes. The lower
plot displays a decomposition in azimuthal modes, also at the BPF, of
this wall pressure field. The strongest mode (m2 = -8) corresponds to
the fan-OGV interaction mode.

=~

Flyover - v

Flyover

0 90 180 270 360
Azimuthal angle (°)

as 1 ‘ 10dB
[P | T [T |
-27 0 26
Azimuthal modes (m)

c) Wall pressure fluctuations at the BPF measured by the internal array of Kulite trans-
ducers located inside the bypass duct. Top: RMS on each Kulite sensor. Bottom: azi-
muthal Fourier transforms

Figure 3 - Views of the NACRE experiment in CEPRA 19
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Figure 4 (top) compares the far-field RMS pressure field measure-
ment at the BPF, for the TPS either isolated or installed with the aircraft
model, measured with the circular array of diameter 5 m displaced in
the axial direction. In these plots, the bifurcation and the pylon of the
TPS are oriented at the azimuthal angle of 180°, whereas the flyover
direction, which is mainly of interest for aircraft noise, is located at 0°
(mixed dash-dot lines). Note that all measurements are projected on a
sphere of radius 6 m. The plot on the right side of the figure compares
the RMS pressure in the flyover direction, showing a shielding factor
by the aircraft of about 10 dB.

180t Isolated _Installed

120

Azimuthal angle (°)
o %

'
D
o

Ty

-120 |

-180 |

Axial angle (%)

10d8| |-

P, (dB)

Flyover - experimental (isolated)
- — — — Flyover - experimental (installed)
| I N RN T SN ST N SR N N N SO T R N N
20°

Axial angle (°)
Figure 4 - RMS sound field of the isolated/installed TPS, measured by the cir-
cular array of 48 microphones (diameter 5 m, extrapolated to r = 6 m). Top :
azimuthal/axial distribution. Bottom: cut in the flyover direction.
Note: the internal bifurcation is located at the azimuthal angle 0°/360°

Numerical methodology based on experimental
measurements
Selection of numerical methods

Returning to the 4-step process described in § "Introduction”, numeri-
cal methods that meet the constraints must be selected at each step.

The first step is the propagation of fan noise from the fan plane, in-
side the nacelle secondary duct and nozzle, then through the external
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highly non-homogenous coaxial mean flow, up to a near-field control
surface. Even though the engine is considered as “isolated” at this
stage, this is a very challenging computation that must take into ac-
count significant acoustic refraction effects, due to the strong velocity
and temperature gradients in this region. This constraint assumes that
Euler equations are solved locally on a grid with sufficient resolu-
tion to propagate acoustic waves without dissipation and realistically
model the flow gradients, which involves relying on CAA techniques,
for example solving (non-linearized) Euler equations in perturbations
with high-order finite difference scheme on block structured grids.

Steps 2 and 3 assume that an incident field can be derived (from
step 1) over the scattering surface, an then a scattered field can com-
puted from this incident field using boundary conditions on the sur-
face. The CAA technique used for step 1 could obviously provide this
result, at the price of including the scattering surface in the CAA grid,
which would be too expensive in most cases and, moreover, unne-
cessary as long as the flow gradients can be neglected at the vicinity
of the scattering surface, which is often the case. With these restric-
tions, integral methods are much more straightforward, for example
the Kirchhoff integral for the computation of the incident field and the
BEM for computing the scattered field.

sAbrinA-V0 solver

The initial CAA computations of the fan noise propagation through
the non-uniform mean flow in the by-pass duct, are achieved with
Onera’s CAA parallelized solver sAbrinA-V0 [19], which solves, in the
time domain, the full (non-linear) Euler equations in conservative and
perturbation form, using high-order finite difference and spatial filte-
ring schemes (6™ order spatial derivatives and 10™ order filters) and
RK3 Runge-Kutta time marching scheme, on structured multiblock
meshes. sAbrinA-V0 benefits from Onera’s significant progress in
High Power Computing provided by a parallel supercomputer, SGI
Altix ICE 8200 EX, equipped with Intel “Nehalem-EP” quadriproces-
sors at 2.8 GHz, with a total of 3072 nodes.

BEMUSE solver

Modern numerical methods for the solution of BEM equations pro-
vide an approximation of the solution, by solving a perturbed linear
system where the associated matrix is easier to handle. Onera’s BEM
BEMUSE [20] code uses a Brakhage-Werner [21] integral formu-
lation, an algebraic approach of the kernel approximation based on
the Adaptive Cross Approximation (ACA) method initially published
by Bebendorf [22] for asymptotically smooth kernel operators, and
improved by Grasedyck [23]. Thanks to the algebraic approach, the
ACA method can be used as a “black box”, computing a low—rank
approximation of appropriate matrix blocks, independent on the kernel
operator. The size of the final matrix to be solved, within the above
considerations, is largely diminished from an N to an N<logN order.

Computational global parameters
Semi-buried engine for the Payload Driven Aircraft concept

The main entry data are grids containing the geometries and the
RANS mean flows computed by Onera’s Applied Aerodynamics
Department. One of the objectives of these aerodynamic compu-
tations was to evaluate the influence of the “offset level”, corres-
ponding to the vertical distance between the fuselage level and
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the lowest position of the engine fan plane, divided by the fan
diameter. Two different nacelle shapes (figure 5, left) have been
designed by Onera, with the offset level targets of 8 % (shape 1)
and 15 % (shape 2). This “offset level” difference induces slight
differences in the upper lip shape. For both shapes, the fan plane
is located at x = 1.23R (where R is the fan radius or internal
nacelle radius) from the inlet lip. For both nacelle shapes 1 and
2, GAA structured multi-block grids were derived from the RANS
grid with specific criteria based on homogeneous cell size, de-
pending on the acoustic wave length to be propagated. The grid
is adapted to acoustic “in-flow” computations. In these cases,
the flight Mach number considered is rather low (approach, M =
0.25), but the flow inside the nacelle can be much higher (up to
M = 0.8 in the fan plane), so the acoustic waves in the nacelle
travel against a strong adverse flow with very small apparent
acoustic wavelength. This leads to a considerable increase in
the grid resolution in this region. The final grid was obtained
by using the mesh generator GAMBIT and contains 4.9 millions
points.

Shape 1
Shape 2

Kirchhoff

Payload Driven Aircraft

Rear Fuselage Nacelle

Rear Fuselage Nacelle concept
CAA Computation

The 3D acoustic mesh used for these computations is presented in
Figure 5 (center), showing the split blocks for parallel computing on
256 processors. The geometry of the aft TPS with its axisymmetrical
non-homogenous mean flow was provided by Airbus. sAbrinA-VO0 is
used to compute the propagation of fan noise modes, through the na-
celle bypass duct and the turbofan exhaust, up to a cylindrical control
(“Kirchhoff”) surface surrounding the engine. In order to “acoustically”
take into account the three-dimensionality of the by-pass duct, an inter-
nal bifurcation was added inside the duct, between the fan plane and
duct exit, with the same axial extent as in the actual TPS. For simpli-
city sake (the mean flow remains axisymmetrical), the bifurcation was
modeled as a rigid wall (Wall Boundary Gondition) with zero thickness.
The final grid contains a total of approximately 10 million cells. Each
computation was performed on 256 processors, the steady state being
reached after 60 acoustical periods in about 10 CPU hours.

Reference (blue)
Scarfed nozzle (red)

Scarfed

Reference

Reference

Scarfed aft nacelle

Figure 5 - From top to bottom: (1) geometries, (2) acoustical grids and (3) mean flows used in the CAA computations
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BEM Computation

The final objective is to use Onera’s BEM solver BEMUSE to compute
acoustic installation effects from the acoustic fields collected on the
Kirchhoff surface. The position of the control surface is critical. It must
be close enough to the nozzle so that the grid stretching in the radial
direction does not induce significant numerical dissipation, but not
too close, in order to avoid mean flow gradients on the surface. This
optimal position was generated with GAMBIT and the acoustic field
for each computation was simply interpolated using the graphic sol-
ver TECPLOT. The radiation surface was discretized, within classical
BEM constraints (6 p.p.w.), with an unstructured grid of about 135000
points. The objective of this work is to simulate the acoustic installation
effects of the TPS in the presence of the aircraft model. Figure 5 (top,
center) shows the configuration that is targeted to investigate this pro-
blem. The complete aircraft geometry is drawn in green and the control
(“Kirchhoff”) surface, which is used to compute the incident field, is
shown in grey (corresponding to the black line in the respective CFD
plot). Considering the TPS aft fan noise directivity, with a main lobe
directed in the downstream direction, and with a view to considerably
lighten the BEM computation, only the rear part of the aircraft (shown in
green/red in figure 5, top-center) will be considered in the simulations
of installation effects (note that this part contains about 25% of the
elements of the entire aircraft, about 118 000 points).

Scarfed aft-fan (SAF)

The acoustical grid of the reference case for the CAA computation
was designed by scaling the one described in references [24, 25]
and modifying it to propagate all cut-on helicoidal modes in the outer
field with at least 16 ppw (points per wavelength). The aerodynamic
optimization process of the scarfed nacelle geometry was perfor-
med by SNECMA and the final configuration was proposed for the
acoustical numerical computation. The scarfing of the nozzle was
performed by distorting the reference CAA grid into the prescribed
shape, keeping the same grid topology. The final CAA computational
mesh is composed of about 24 million cells. The RANS stationary
mean flow (Figure 3, right, bottom) for both configurations was also
performed by SNECMA (using Onera’s Navier-Stokes code e/sA),
using the same inflow conditions as for the reference case. As was
expected, preserving the mass flow rate through a smaller section
involves flow acceleration in the axial direction, as can be observed in
figure 5 (right, bottom), where the longitudinal velocity component is
[dB]
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presented in the symmetry plane. One interesting point is that the flow
is highly accelerated in the engine axis vicinity and in the downstream
part of the pylone, where the acoustical waves generated by the fan
are less energetical.

Fan noise sources

In an infinite annular duct with uniform flow, any acoustic field can
be decomposed as a sum of rotating mode patterns with circumfe-
rential and radial (order m and n) pressure distributions, which are
the elementary solutions of the convected Helmholtz equation with
rigid wall boundary conditions. For real wave numbers, the modes
are “cut-on”, which means that they propagate in the upstream and/
or the downstream directions. Fan tonal noise is generated by rota-
ting forces on blades and periodic load fluctuations due to the wake
interaction between the fan rotor and stator and the interaction of the
fan with the ingested part of the stationary non-uniform mean flow.
Note that fan noise also includes a broadband noise with two main
components; firstly, the interaction noise [26] due to the turbulence
ingested by the rotating fan (low frequency) and secondly the trailing
edge noise (or self-noise) [27] generated by the turbulent boundary
layer developed on the blade (and vane) surface (high frequency).
However, this broadband noise is beyond the scope of this work. In
sAbrinA-v0, the modes are injected, in terms of the usual boundary
condition (BC), by imposing the downstream analytical solution in
fictitious cells at each time step and taking into account the phase
dependency.

For the PDA concept, the acoustical cut-on modes in the fan plane
were prescribed by MTU at the first harmonic of the BPF (harmonic
index » = 1) corresponding to the normalized frequency kR = 2xfR/c
= 22.30. A total number of 16 modes were injected, representing:

«the rotor/stator interaction (according to Tyler and Sofrin [28],
the interaction of a fan with B blades with a stator with V vanes gene-
rates modes at the frequency » BPF with azimuthal index m = nB+kV
withk=...-2,-1,0,1,2..);

«the inflow distortion / rotor interaction. The objective of this study
was to compare the acoustical noise emitted in the upward direc-
tion by both configurations (Shape 1 & 2), using a limited number
of simulations. According to the computing capacities at that time, a
“coherent broadband” source was used, meaning that all considered
cut-on modes were accounted for together in a coherent way, with
amplitudes prescribed by MTU (figure 6a).

Numerical simulation

Experimental measurements

b Experimental measurements (Sliding average)
r Numerical simulation (Sliding average)

Exact

Approximated

n -180 -90

a) Payload Driven Aircraft

Figure 6 - Modal content injected into the CAA computations.

0 90 180

Azimuthal angle (°)
b) Rear Fuselage Nacelle

c) Scarfed aft-fan nacelle

From left to right: PDA (MTU predictions), RFN (reconstructed amplitudes on Kulite positions), SAF (RPMI technique)
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Lately, within the RFN program, this assumption has been revisited.
The acoustic radiation resulted from the un-correlated sum of “cut-
on” modes and the Kulite circular array was assumed to provide a
good approximation of this modal distribution. From the experimen-
tal mode detection shown in figure 2, we only retained 13 azimu-
thal modes within a dynamics (or level range) of 10 dB below the
maximum (shown in blue in figure 3), each contributing with one or
two “cut-on” radial modes (» = / and » = 2). Finally, 23 different
computations were performed for individual modes with an arbitrary
amplitude of unity. Then, for each mode, a Kirchhoff integral method
was used to derive the far-field noise from the control (“Kirchhoff”)
double layer surface, with a section as indicated with a black line
in figure 5.

The experimental in-duct detection does not provide any information
on the relative power of two different radial modes having the same
azimuthal order, as was the case with the MTU prescriptions. For
this reason, in the final summation, the amplitudes of the (m, /) and
(m, 2) modes were arbitrarily adjusted to have the same acoustic
power. In the process of summing the contributions of all 23 modes,
each injected mode distributes its own energy to many other azimu-
thal (and probably radial) modes, due to the presence of the bifur-
cation. In order to solve this amplitude problem, the assumption
of acoustic linearity was considered. The modal detection process
was applied to the acoustic field radiated by all 23 individual modes
and these results contributed to building a matrix problem that is
used to find the source modal distribution (again, assuming that
radial modes » = 7 and » = 2 have identical power) generating the
experimental modal detection. These amplitudes were finally used
to combine all modes and obtain estimations of the acoustic near-
field and far-field. The near-field results are presented in figure 6b,
in the form of the distribution of the RMS pressure at the positions of
the Kulite sensors, compared to corresponding experimental data.
The raw data (in thin lines) shows that there is a fair qualitative
and quantitative agreement between the simulation and the mea-
surement, although the amplitude of the oscillations is larger for
the measurements. The same results are shown after applying a
sliding average (thick lines), showing a good agreement (maximum
difference inferior to 4 dB) between the numerical fitting and the
experimental measurements.

The approach used to simulate the source in the RFN configuration
was possible because the acoustical modal content was well known
and the number and acoustical properties of modes were available.
When experimental data on the in-duct modal content does not
exist, which is the case in the scarfed nozzle configuration studied
in OPENAIR, all cut-on modes must be considered, generally with
amplitudes that are scaled with the assumption of evenly distri-
buted acoustic power. This approach is often denoted as “broad-
band sum”, although the context remains in the “tonal noise”, at
frequencies harmonics of the BPF. Using this approach involves an
important number of numerical simulations. On the other hand, if all
modes are injected simultaneously (coherent sum), strong interac-
tions will occur between modes and the final solution may not be
representative of the physics.

In this context, the RPMI (Random Phase Multi-modal Injection)
method was developed [29, 30] to associate a random phase to
gach duct mode and to launch a limited number of independent
simulations, or “RPMI events”, much smaller than the original num-

ber "n” of modes, preserving the non-interaction effects. Finally, a
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hundred azimuthal/radial cut-on modes are injected simultaneously,
their amplitude being set to obtain the same acoustic power for
each mode. Using this RPMI technique, only 10 different simula-
tions were needed to achieve duct convergence.

Results
Payload Driven Aircraft concept

For the “coherent broadband” case (figure 7, top), there is an inte-
gration (or averaging) of the effects by all superimposed modes
and the level difference between both shapes is less pronounced,
although in favor of shape 2. For this case, it is interesting to notice
that, whatever the nacelle shape, either n° 1 or n° 2, the radiated
noise field is not symmetrical with respect to the nacelle median
plane (y = 0). In these figures, we compare iso-contours of the
RMS pressure, in horizontal and vertical planes. This very different
acoustic behavior for shape 1 and shape 2 is not easily explained.
It makes sense that, in the case of shape 2, the steeper slope at the
lower part of the nacelle increases the proportion of acoustic energy
that is reflected back, in the inward direction. These reflected waves
should combine with the incident waves and produce some weak
“standing waves” and a close examination of the RMS field inside
the nacelles actually shows slight oscillations, which are more pro-
nounced for shape 2 than for shape 1. However, those reflected
waves are rapidly convected downstream and should fully reflect on
the fan plane, where the acoustic mode is injected (a surface that
acts as arigid boundary for the waves coming from within the com-
putational domain). One last unknown point is how much acoustic
energy can be dissipated through the acoustic propagation in strong
mean flow gradients.

Rear Fuselage Nacelle concept

In this part, installation effects have been computed with BEMUSE
for all individual modes, from their own surface pressure fields indi-
vidually computed with sAbrinA-V0 on the control surface. Then, the
total (scattered + direct) acoustic field was computed as an uncor-
related sum of all mode contributions. The results are presented
in Figure 7 (bottom). On the left side (bottom), we compare the
experimental result to the numerical result obtained with BEMUSE.
From a qualitative point of view, the comparison is satisfying, espe-
cially with a shadow zone that is shifted towards the positive azi-
muthal angles, due to the relative engine aircraft position. However,
a detailed comparison of the levels, either observed or computed,
in the flyover direction (right-side plot) shows that the computation
underestimates the experimental level by 7-8 dB. Two points are still
very encouraging. It can be observed that the same modulation is
preserved between the simulation and the experiments, and also the
same slope of directivity. Within these considerations, the engine
can be now moved in its axial direction to find the optimum posi-
tion. In the future, the differences between the prediction and the
measurement for this axial position may be reduced by increasing
the amount of cut-on modes, which is limited in this simulation,
and propagating them over a more realistic internal mean flow (the
bifurcation thickness is not taken into account in the CFD). The re-
cent implementation of the mean flow in the BEM solver now allows
some flow gradients to be taken into account. Finally, a supplemen-
tary effect could be added, by also taking into account the inlet fan
propagation, as shown in [31].
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Scarfed aft-fan concept

The instantaneous view of near-field pressure fluctuations (figure 8,
left) shows the acoustic pattern, but does not provide a global evalua-
tion in the far-field domain. To overcome this problem, a semi-sphe-
rical observation surface was placed at a distance of about 400 R
from the centre of the fan exhaust plane. The far-field results were
averaged in an un-correlated way between the 10 simulated RPMI
events. In Figure 8 (right), the angular extension of the observation
surface around the engine is represented. In this view, it is clear that
the scarfed nozzle globally radiates lower levels. In order to quan-
tify this overall noise reduction, an azimuthal integration of the RMS
pressure levels over the semi-spherical surface was computed,
showing that, for almost all axial angular positions, the attenuation is
of between 1 and 3 dB.
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Conclusions

Based on three concepts of future innovative aircraft, this work of-
fers insight on current possibilities of numerically investigating the
potential of installation effects for aircraft noise reduction. Most of the
acoustical tools presented have now reached some maturity and can
be successfully used for industrial cases. For all three studied confi-
gurations, the shielding effects obtained by different rigid surfaces can
be considered as effective (of course, with possible consequences
for other aircraft performances). For example, in the case of the scar-
fed nozzle, a small extension of the lower nacelle may induce signifi-
cant noise reduction, according to predictions [32]. In all numerical
simulations, one critical point is the description of the noise sources,
an issue that is particularly addressed in this study, mainly based on
assumptions driven by experimental data. Comparisons with analy-
tical solutions or simplified configurations also allowed phenomena
to be isolated and understood (see references 1-15). In the case of
the RFN configuration, the proposed hybrid methodology is particu-
larly suited to parametric studies of installation effects, especially the
relative position of the engine and the aircraft. For this purpose, the
NACRE fan noise experimental database remains a valuable tool for
further validations of numerical codes and methods. This will also be
the case in OPENAIR, where specific measurements will be devoted
to the investigation of installation effects [l
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Capabilities of the High-Order Parabolic
Equation to Predict Sound Propagation
in Boundary and Shear Layers

he so-called parabolic equation (PE) has proved its capability to deal with the long

range sound propagation as an alternative to the ray model. It was shown that the
High-Order Parabolic Equation (HOPE), based on a Padé expansion, significantly in-
creases the aperture angle of propagation, compared to the standard PE and the wide-
angle PE. As a result, for the in-duct propagation it allows us an accurate prediction
close to the cut-off frequency. This paper concerns the propagation using the HOPE in
heterogeneous flows, including a boundary layer above a hard wall and in shear layers.
The thickness of the boundary layer is some dozens of centimeters while, outside of it,
the Mach number can reach 0.5. The flow effects are investigated showing the refrac-
tion effects at a propagation distance of 30 meters, up to a few kilohertz. Significant
discontinuities in the directivity patterns occur in the shear layer. Comparisons with the
Euler solution are considered, including configurations beyond the theoretical limits of

the HOPE.

Introduction

The propagation of waves in a heterogeneous medium is a problem
widely encountered in aero-acoustics for the prediction of the noise
radiated by an aircraft. For instance, the fan noise radiation from the
aero-engine represents a significant acoustical source during take-
off. The optimization of absorbent liners on the nacelle walls and the
design of the nacelle shape are efficient means to reduce the noise.
The modeling of this configuration includes the liner absorption and
the flow effects. To deal with such a problem in the very large fre-
quency range of interest, from a few dozen Hertz to few a kilo-Hertz
(i.e., a reduced wave number k,a varying from 1 to 100, where £,
is the wave-number and « is the duct radius), several complemen-
tary methods are required. Recent progress in Computational Aero-
Acoustics (CAA) allows us to analyze wave propagation in a complex
medium for realistic configurations, solving the Euler’s equations with
a high-order finite difference scheme. Among the CAA techniques, the
|atter are the less restrictive regarding the flow properties. They can
handle a rotational flow such as the one that evolves in an exhaust
jet. However, at present time, they are still limited to the low frequen-
cy range, due to the CPU time requirement. The Boundary Element
Method (BEM) is applicable over almost the entire frequency range of
interest, assuming a homogeneous flow in the radiated far-field [12].
As an approximation to the BEM, the fast multi-pole method allows
realistic configurations in aero-acoustics to be modeled, including the
shielding effects [8]. The coupled FEM/BEM and the FEM/Infinite ele-
ments can be used to take into account a potential flow [18], [1] in
the low and mid frequency range. The ray-model is widely used in the
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high-frequency approximation. In addition to propagation in a hetero-
geneous medium, it has been applied for predicting the propagation
of broadband fan-noise and to analyze the effect of scarfing on the
radiation from an intake [11]. However, taking into account both an
obstacle and a non-uniform flow is difficult, especially integrating the
ray equations together with the implementation of the scattering ef-
fects and creeping waves on the obstacle surface. There is a need for
the modeling of wave propagation in the high frequency range. This
paper is aimed at illustrating that the High-Order Parabolic Equation
(HOPE) is a candidate for computing propagation in the mid and high
frequency range.

The Parabolic Equation (PE) is used in many domains, such as elec-
tromagnetic propagation, seismic waves, underwater acoustics and
long range sound propagation in the atmosphere [4]. Numerical so-
lutions of wave scattering problems in the parabolic approximation
are presented in [5], for instance, the scattering of plane waves by
a refraction index inhomogeneity with an elliptical cross—section and
the scattering of plane waves by a viscous core vortex, which are of
interest for problems such as propagation in a shear layer of a free
jet. These situations may occur for internal noise radiating from the jet
engine pipe, or in anechoic open wind tunnel facilities used to simu-
late the forward flight effects. The solutions are in good agreement
with the Born approximation, including on the right hand-side an index
of refraction and its derivative in the incidence direction.
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This paper describes sound propagation in the presence of refrac-
tions. It starts with a brief derivation of the High-Order Parabolic Equa-
tion. Its application to propagation in boundary and shear layers is
then presented. The results are compared to reference solutions.

Theoretical background

The PE is derived from the elliptic wave equation in a heterogeneous
medium. Neglecting the back-scattered field, the PE uses a march-
ing method to efficiently solve the forward propagating field. The PE
involves an approximation of the square root operator, including a
second order derivative of the pressure field.

The PE is currently used for outdoor propagation and underwater
acoustics. Few applications are also devoted to duct acoustics, to
predict the noise radiated from an aeroengine nacelle. In the past,
Baumeister [3] proposed the numerical spatial marching techniques
for in-duct propagation, where he examined the stability problem of
the finite difference technique. Dougherty [9] developed a method
based on the parabolic approximation to the convected Helmholtz
equation in an orthogonal curvilinear coordinate system, to analyze
the effects on sound propagation in non-uniform, softwall ducts. Nark
et al. [15] coupled the duct propagation in the parabolic approxima-
tion with the radiation technique in the far-field based on the Ffwocs
Williams-Hawkings approach.

In the past, Onera developed the PARABOLE code based on the Wide-
Angle PE (WAPE) for outdoor propagation, taking into account the
temperature and the wind gradients, the sound absorption by the
ground and the soil topography [13]. The HOPE is based on the
Padé expansion, using a high order to approximate the square root
operator. The theoretical background of the HOPE was analyzed by
Bamberger et al. [2]. It has been used by Collins [7] for underwater
acoustics in presence of an elastic bottom and by Malbéqui [14] for
duct acoustics, to take into account scattering effects at very large
angles, allowing the propagation close to the cut-off frequency to be
predicted accurately. This latter work has also shown the interest and
the capabilities of the PE for applications on the aeroacoustics prob-
lems and has motivated this study dealing with the propagation in
heterogeneous flows.

Wave equation in a heterogeneous medium

It is not straightforward to appreciate the validity and the limitations
of the PE. Making use of reference cases and of increasing progress
in CAA to solve the Euler’s equations, it is convenient to examine its
validity domain.

Starting from the Lighthill equations and assuming a medium charac-
terized by velocity fluctuations much smaller than the sound celerity
(u/c, << 1), temperature fluctuations much smaller than the ambi-
ent temperature (77, << 1) and a low mean flow Mach number
(M, =u,/c, << I),the propagation of a weak acoustic field in the
medium may be described by the following wave equation [5]:

2 ' o*uv,

ap-Lp__ 010 ,, T (1)
ox; \ T, ox, Ox;0x ;

where T, p,, ¢, are the mean temperature, density and sound veloc-

ity, 7' and u; represent the temperature and velocity fluctuations in
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the medium, and p and v, are the perturbations associated to the
acoustic field.

In the case of the propagation of a monochromatic sound field
(ky =@/ c, With a exp""™" time dependence) in an almost time in-
dependent medium, Eqn. (1) is transformed into an elliptical wave
equation.

Parabolic equation

We consider the sound propagation in two-dimensional cylindrical
coordinates (», z), where » is the range and z is the altitude. For
compactness, the linear partial differential [P] and [Q] operators
are introduced:

[P]-— (2a)
[0]=[1+x]" (2b)
[X]= {Nz —1+ki2§—22} (2c)

Assuming small variations of the index of refraction N = ¢,/ (c+u,)
along the main direction of propagation , where w, is the horizontal
component of the flow velocity, after a certain amount of algebra, the
elliptical wave equation can be factored into forward and backward
propagating components :

[P+ik0Q][P_ik0Q]P =0 (3)

The paraxial approximation consists in neglecting the backward field.
The pressurefield p is writteninthe form p (r,2) = w (7, z) exp (ik,r),
using a plane wave assumption, exp(ikor) and an envelope function
with slow variations with respect to the phase of the wave, y (r, z).
Thus, equation (3) can be transformed into :

[Ply = ik, [0-1]y @

Finally, to obtain a parabolic equation, the square root operator Q is
approximated. The simpler approximation, based on the Taylor expan-
sion of the first order in X, provides the standard PE [10]. The High-
Order Parabolic Equation (HOPE) is derived, using an approximation
of O with a Padé expansion of order » :

n

aj,nX
[Q]:{Hznb X

J=1 Jon

:|+ O(X2n+1) (5)

When = equals 1, the so-called wide-angle parabolic Equation pro-
posed by Claerbout is obtained [6].

Numerical method

The PE is solved using a finite difference technique and a Crank-
Nicholson scheme. We consider ¥, the field at point (/4r,mAz),
where Ar and Az denote the steps with respectto » and z . The
second derivative &7 /627 is estimated with a central difference of
order O(A4z). At each marching step, from 74z to (/+1)4r, the
discretization of the PE leads to a linear tri-diagonal system. For its nu-
merical implementation, the HOPE associated to the Padé expansion
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of order » is transformed into a set of » successive PEs. For com-
pactness, we set :

a. X
L, =—2"—
I 1+b, X
and the HOPE becomes

[Pl =ik, [i%}w ()

Applying the Cranck-Nicholson finite difference scheme on the P op-
erator, Eqn. (7) can be transformed into a set of » successive PEs,
using the alternating directions technique. The ;* PE is written as:

LoAr g n LoAr g O/n
{1 —ik, 72; L, :I pln = l:l +ik, 72; L, :l el (8)
= =

(6)

The first PE, when j = 7, makes use of the known field ' at range
7, and the last one, when ;j =n , provides the expected field '+ at
the range »+ 4r.

Boundary conditions

For the numerical implementation of the PE, a Gaussian function is
generally used as the starting field, at » =, . This reduces the aper-
ture angle of the field, in agreement with the paraxial approximation.
Using the HOPE, allowing a larger aperture angle of propagation, a
spherical radiation from a monopole source can be used (in presence
of the image source for the configuration of the boundary layer above
a wall).

Two techniques are available to avoid artificial numerical reflections
in the upper part of the mesh, at z =z, to fix the wave imped-
ance of the field on the boundary, or to mesh additional absorb-
ing layers. The first one has been successfully applied for the long
range sound propagation in the atmosphere. The wave impedance
of the acoustics field, at z =z, , is obtained from the pressure
and acoustical velocity, approximated from the solution of spherical
waves in a homogeneous medium. In comparison with the absorb-
ing layers, this reduces the mesh size and the CPU time, but for the
configurations of interest in this paper with significant gradients it is
not efficient. The second technique, with a sponge domain, is applied.
Its thickness corresponds to about 50 % of the domain where the
sound field is computed. In practice, in the absorbing layers, we add
an imaginary part ig(z)to the real wave-number k,, where g(z) is
proportional to z2, introducing a damping of the field according to a

law exp(-g(2)).

Using the PE, no boundary condition is required at the end of the
mesh, »=r,,., avoiding here the tricky problem of the implementa-
tion of a non-reflective boundary condition.

Propagation in a boundary layer

For the Euler solution, the code Sabrina developed by Onera includ-
ing a high-order finite difference scheme is used [17]. The mesh is
regular in the domain of interest and stretches in a sponge region to
avoid artificial numerical reflections on the boundaries. The solution
is time dependent, with a time step 4¢ of 6.10 5 s. A few millions of
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grid points are required to simulate the propagation up to 1 kHz, in a
range propagation of 30 meters, corresponding to about one hundred
acoustical wavelengths, and an altitude of 15 meters.

For the PE solution, the spatial steps in both vertical and horizontal
directions are of about a tenth of the wavelength, and the Padé num-
beris 5.

Figures 1, 2, 4 and 5 (next page) compare the PE and the Euler solu-
tions, for various flow conditions. The pressure is plotted in a verti-
cal plane(0, r, z)in decibels and referenced to 0 dB at the distance
of 1 m from the point source. It must be noted that, for the Euler
method, the point source in the fluid is approximated by a normalized
Gaussian-distribution [16], while for the PE a starting field modeling
is considered. As a result, level differences are observed very close
to the source between the PE and Euler solutions.

The PE and the Euler solutions are plotted in figures 1 and 2 for a
Mach number 0.01 and 0.5, in the case of a homogeneous flow. The
pressure is plotted in a vertical plane (0, r, z) in decibels. A quite
good agreement is shown, including the expected interference pattern
between direct and reflected fields (a good agreement is also found
with the analytical solution derived from the direct field and reflected
fields).

For the sound propagation in the boundary layer, the Mach number
profile is defined by : M(z) = M,z /(z +e ), where M, represents
the Mach number limit when z goes to infinity and A, /& is the
slope of the profile at z=0 (figure 3).

O = N W U1l N oo
T T — T

0 0.1 0.2 0.3 0.4 0.5
Mean flow (Mach number)

Figure 3 - Profile of the boundary layer above a wall :
M, =05 a =01

Figure 4 shows the directivity pattern in presence of the boundary
layer (M, =0.5, « =0.1). The point source is located at 4 m above
the wall, where the gradient of the flow velocity is weaker, so no sig-
nificant difference is observed between the uniform and the hetero-
geneous configurations. However, as expected with refraction, the
energy tends to be bent towards the wall. A satisfactory agreement
between the two solutions is obtained, while the flow velocity and its
fluctuations are beyond the theoretical PE assumptions.

Figure 5 illustrates the comparisons at 2 kHz in presence of the

boundary layer, where a satisfactory agreement between the Euler
and the PE solutions is found.
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Propagation in a shear layer

For the propagation in the shear layer, the Mach number profile is de-
fined by :

Mz)=M,-Myz/(z-B),ifz<0 (9a)
Mz =M, +M, "z /(z +B), ifz> 0 (9b)

where M, and M," represent the Mach number limits when z goes
to =+ infinity, M, equals (M, +M,)/2 and M,"/j is the slope of
the profile at z = ¢, see figure 6.

30

20

10 +

-30 ; i i i . i .
0 0.1 0.2 0.3 0.4 05 06 07 08
Mean flow (Mach number)

Figure 6 - Profile of the shear layer: M,,” = 0.0, M,” = 0.8and = 0.5

We first consider in figure 7 the propagation of a spherical wave in a
homogenous medium, with the two Mach numbers 0.1 and 0.8. The
directivity pattern shows the HOPE limitation at a very large aperture
angle, where a false increase of the pressure level appears from about
75°, when the Mach number reaches 0.8.

5 10
b) M,=0.8

15 20 (m)
a) M,=0.]

Figure 7 - Propagation in a uniform flow with the Parabolic Equation,
f =1kHz
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Figure 8 - Propagation in a shear flow with the Parabolic Equation,
f =1kHz
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Figure 8 plots, on the left hand-side, the directivity pattern and on the
right-hand side the profile of the shear flow (the red point indicates
the source location). First, the pattern at the aperture angle of about
75°, where the solution is not valid arises, as observed in figure 7.
Figure 8a and figure 8b show the influence of the shape of the shear
layer on the sound radiation, when the source is located at the origin.
It is found that the increase of the slope variations in the flow modi-
fies the directivity pattern, in particular, it accentuates the differences
between the radiation in the upper (z > 0) and the lower half planes
(z < 0) . Figures 8c and 8d compare the results with the same shear
flow profile at two source locations. As expected, when the source
gets closer to the origin, the wave refraction becomes more intense.

Figure 9 superimposes the PE solution (constant contour lines)
and the Euler solution (scale of color levels) for a shear flow with
M, =04, M, = 0.5, 3= 5, when the source is located at z = -5 m .
A marked influence of the shear layer appears on the pressure field.
A convenient agreement is obtained between the two solutions in the
lower half plane, but differences occur on the upper half plane. It must
be noted that, in addition to the constitutive equations, the problems
solved with the PE and Euler are not exactly the same : as a starting
field, the PE solution assumes the radiation of a spherical wave, while
in the Euler solution the source radiation modified by the shear layer
is no longer a spherical wave.

15

5 10 15 20 r(m) 25
Figure 9 - Propagation in a shear flow, # = 1kHz. Constant contour lines :
parabolic solution ; scale of color levels : Euler solution.
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Conclusion

The High-Order Parabolic Equation (HOPE) is derived from the wave
equation under successive assumptions to predict sound propaga-
tion in a heterogeneous flow, within a short CPU time. It is solved
with a finite difference scheme, together with the alternating direction
method. The HOPE includes an approximation of a square operator
using a rational function with a Padé expansion. It is then possible to
overcome the limitation of the aperture angle, when using a high Padé
order. It seems that neglecting the back-scattered field is not too re-
strictive, especially in the high frequency range. The PE being derived
from the wave equation, its more restrictive assumption concerns the
propagation in a potential flow. The PE results are in good agreement
with the Euler solution for propagation in a boundary layer above a
rigid wall. Differences between the two solutions occur in the case of
the shear layer, but the starting fields are not the same. Using the PE,
a boundary condition is introduced in the far-field. When solving the
Euler equation, a monopolar acoustical source is modeled in the fluid
and the modification of its radiation pattern in the near field by the
heterogeneous flow is taken into account through the computation.

The PE saves significant computational time compared to the exact
solution of the Euler equation, remaining attractive nowadays, espe-
cially for applications in the high frequency range, such as the design
of a liner on the intake walls of an aeroengine nacelle and, more gen-
erally, optimization problems.

Further studies concern the parabolic computations using the Euler
solution as starting field, with the application of the HOPE to more
realistic geometries using an implementation with a system of curvi-
linear coordinates. Numerical developments are also required for the
extension from 2D to 3D modelization [l
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