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I. Introduction

I N THE early 1970s the first twin cycle bypass turbofan engines
came into service. The development of such engines was

triggered by the need to reduce fuel consumption but also had a
beneficial side effect on aircraft noise impact through the cor-
responding reduction in jet noise. In the last decades the bypass ratio
of the following generations of turbofan engines was continuously
increased. As a result, aircraft engine noise now has come down to a
level comparable to that of noise originating from the turbulent flow
around the airframe for approach and landing conditions, that is, with
deployed landing gears and high-lift devices. Efforts in aircraft
noise reduction, therefore, must also focus on the airframe as relevant
noise contributor.

This problem was already perceived in the 1970s, when airframe
noise was first identified as a potential lower (aircraft) noise barrier.
At that early stage extensive studies were initiated to both quantify
airframe noise levels and identify themajor noise sources. Since then
almost 40 years passed by, but the efforts in airframe noise research
were not always as intense as in the beginning. The reason was two
fuel crises around 1980, which caused a redirection of national
government funding toward research for fuel saving in public
transport.

Yet, since 1995 aircraft noise impact again became an issue of
public interest, last but not least due to the ongoing growth in air
traffic and the corresponding needs for new airports or the expansion
of current ones. The political consequencewas the publication of the
European Visions 2020 [1] with the requirement, among others, to
“reduce subjective noise impact by half” (i.e., minus 10 dB per
operation by 2020 relative to the year 2000 technology). Almost at
the same time a still more stringent requirement had been spelled out
in theU.S. through the national AST (Advanced Subsonic Transport)
and Quiet Aircraft Technology research programs.

This paper is an attempt to subsume the most important findings
from experimental and applied research in airframe noise worldwide
without claiming to be complete, and the cited references only
represent selected examples out of the bulk of relevant publications.
The paper starts with a very brief review of airframe noise research in
the last 40 years in Sec. II, and then focuses on the description of the
major airframe noise sources in Sec. III. Noise from landing gears
and high-lift devices is covered in successive subsections, again

partitioned in the description of respective noise sourcemechanisms,
noise prediction capabilities, and reduction technologies.

II. Brief Review of Airframe Noise Research

When airframe noise was identified as the potential lower aircraft
noise barrier in approach, efforts were undertaken to first quantify
airframe noise through dedicated flyover noise measurements [2–6].
Such test campaigns encompassed a variety of different aircraft types
ranging from gliders to the Galaxy aircraft. Based on this dataset
Fink [7] developed the first semiempirical airframe noise prediction
method, which occasionally is still in use today. Both landing gears
and high-lift devices were identified as the two major airframe noise
contributors.

Parallel to such flight tests, laboratory-type aeroacoustic source
studies were launched, for example, noise testing of scale model
lifting surfaces or of small-scale generic landing gears [8] in quiet
freejet facilities. Building on the understanding of noise source
mechanisms from earlier theoretical work in aeroacoustics [9–11],
from 1975 on many of the basic noise reduction technologies were
invented, which are still relevant today. The primary technology is
porous [12] and perforated or serrated edge extensions [13,14] to
reduce trailing-edge noise. Porous edge inserts were tested [14] to
mitigate interaction noise from turbulent inflow toflap leading edges.
Also, flap side edge noise reduction was achieved through porous
edge replacements [14,15].

More recent research efforts in airframe noise source description
and noise reduction are essentially based on these early experimental
results, but now have available high-quality and large-scale aero-
acoustic wind-tunnel facilities combined with sophisticated
measurement techniques such as microphone arrays for source
location and, for example, particle image velocimetry (PIV) for non-
intrusive and accurate local aerodynamic datamonitoring.Moreover,
advanced numerical tools such as computational fluid dynamics
(CFD) and computational aeroacoustic (CAA) methods can be used
to support the experimental work, and vice versa.

III. Major Sources of Airframe Noise

For current commercial aircraft the major sources of airframe
noise can be listed in a typical rank order of priority as follows
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(Fig. 1): landing gears, slotted slats, flap and slat side edges, flap and
slat tracks, spoilers, and component interaction noise sources, for
example, gear-wake/flap interaction. However, the rank order of
these noise contributors may change depending on the specific
design of an aircraft under consideration. It should be noted that for
single aisle or regional aircraft the noise from high-lift devices is
quite close to that from landing gears, whereas landing gear noise is
the far dominating airframe noise component for current wide-body
aircraft.

There are still other potential sources of airframe noise which,
based on current knowledge, need only be considered after a drastic
reduction of the previously listed major noise contributors. This is
noise originating from wing tips, turbulent surface boundary layers
(including surface roughness and vibration), and free wake tur-
bulence downstream of airframe components, the latter for lowMach
number flows (say <0:3).

There are still other types of noise sources, which were detected
latelywhen thefirst full-scale original airframe component tests were
possible with the availability of large acoustic wind tunnels. Such
noise tests were performed on original landing gears and an aircraft
wing in high-lift configuration. Excess noise sources were detected
to originate from flow around construction details, which are unique
to a particular aircraft. Unfortunately such parasitic noise sources
could be that strong to mask noise as is radiated from classical
sources, for example, side edges or trailing edges of lifting surfaces.
Because such noise-producing construction details are never
reproduced at model scale, it is obvious that there is an inherent
problem with the comparison of results from full-scale flight tests
and those obtained from scale model wind-tunnel experiments.
Analytical or semiempirical airframe noise prediction models that
are calibrated with scale model wind-tunnel test data are, therefore,
endangered to underestimate airframe noise levels to be expected for
the corresponding full-scale aircraft.

It is due to the importance of this problem that in the following,
selected examples of parasitic noise sources are discussed first.

A. Parasitic Noise Sources

Parasitic noise can have either tonal or broadband characteristics.
Landing gear structures are composed of a variety of struts, which are
connected through joints with hollow pins. Flow-induced cavity
resonances in these pin holes can cause prominent tone noise, which
may govern the overall A-weighted landing gear noise level. An
example derived from full-scale gear tests in thewind tunnel is shown
in Fig. 2 [16].Whether or not such resonances are excited depends on
both the orifice geometry and the local flow conditions, the latter in
turn being affected by the position of the pin within the gear structure
and the actual aircraft operational conditions (e.g., cross wind).
Accordingly, it is extremely difficult to predict the potential of cavity
resonance related tone noise generation. Therefore, pin-hole caps
should be used to solve this problem. Manufacturers, however,
hesitate to adopt this cheap solution, referring to corrosion problems.

Quite similar tone noise effects were observed for aircraft wings
with small regular cutouts in the wing surface. Examples are antiice
vents or fuel pressure vents. The latter feature circular cutouts in the
lower wing surface with a backing cavity. Flow-induced cavity
resonances can generate excessive tone noise as is depicted in Fig. 3

based on noise data taken from aircraft flyover measurements [17].
A systematic investigation of this phenomenon revealed that the
excitation mechanism, that is, the unsteady shear layer in the cavity
orifice, can easily be suppressed through an upstream installed vortex
generator (see Fig. 3).

Also, broadband parasitic noise sources were detected fromwind-
tunnel tests on a full scale A320 wing. Such sources of aerodynamic
noise are 1) the cutouts in thewing leading edge to accommodate the
slat tracks, and 2) cavities in flap side edges (Fig. 4) [17]. Although
the side-edge design could easily be improved, sealing of the slat
track cutouts is difficult because in-flight wing bending causes the
tracks to move relative to the wing structure and thus, requires some
clearance between tracks and wing.

It should be emphasized again that parasitic noise levels can be
dominating or at least contribute significantly to the overall airframe
noise signature. Because such sources of noise are never reproduced
at model scale, it is doubtful how noise prediction tools based on
scale model data (or analytical methods) can compare or be validated
through aircraft flyover noise test data, unless the test aircraft was
subject to dedicated component modifications to suppress parasitic
noise contributions.

B. Landing Gear Noise

When airframe noise was identified as a major aircraft noise
component in approach scale model wind-tunnel experiments were

Fig. 1 Major classical airframe noise sources.

Fig. 2 Example of flow-induced tone noise from open pin holes in

landing gear structures.

Fig. 3 Example offlow-induced tone noise from fuel vent opening in the

lower wing surface from aircraft flyover noise measurements.

Fig. 4 Parasitic broadband noise sources on high-lift devices.
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conducted to quantify landing gear noise characteristics. The generic
landing gear models used in these experiments, however, provided
misleading results due to the lack of design details. As a con-
sequence, landing gear noise was erroneously considered a low-
frequency phenomenon. Only in the 1990s, when large high-quality
acoustic wind-tunnel facilities were available, was this error realized,
when full-scale landing gears (i.e., original gears) were noise tested
in such wind-tunnel facilities [18,19]. It turned out that the spectral
maximum of A-weighted noise levels occur in the range between 0.5
to 3 kHz, which corresponds to the most sensitive range of human
noise perception.More recently, high-fidelity scalemodel gearswere
also wind-tunnel tested and provided good results [20,21] (Fig. 5).

In fact, landing gears feature a vast number of small components
attached to the gear main structural components (last but not least the
dressings), which in turn are responsible for noise contributions at
high frequencies. In contrast, low-frequency noise levels are related
to the more bulky gear components, such as tires and large struts.
Therefore, a landing gear can be considered a cluster of aerodynamic
noise sources due to flow separation from the variety of struts, joints,
and dressings exposed to and interacting with the incoming flow.

1. Noise Source Mechanisms

Aerodynamic noise from landing gears is essentially broadband
in nature, although occasionally distinct narrow band noise com-
ponents are observed due to coherent periodic vortex shedding off
extended struts with smooth circular cross sections for Reynolds
numbers below a value of about 5 � 105 (based on strut diameter d),
that is, when laminar flow separation prevails. At a typical landing
speed of 160 kt (�82 m=s) this would correspond to strut diameters
of less than 100mm and thus apply to small struts only and hydraulic
lines (dressings) in particular. Vortex shedding tones would cor-
respond to a Strouhal number value of St� f � d=v close to 0.2. It
should be noted, however, that there is very little experimental
evidence that vortex shedding-related tone noise is a major problem
for current landing gear architectures.

Broadband noise from flow around landing gear structures is
generated by 1) turbulentflow separation off thevariety of bluff-body
structural components, and 2) the interaction of such turbulent
wake flows with downstream located gear elements. The respective
underlying noise source mechanisms are essentially identical. The
interaction of turbulent flow pressures with solid boundaries cause
a small fraction of the turbulence energy to be transformed into
propagating sound pressurewaves. In the acoustic analogy this noise
source mechanism is modeled by acoustic dipoles (compact source).
The major parameters that govern this noise generation process are
the flow turbulence intensity and the average turbulence eddy length
scale, as well as the local mean flow velocity. Regarding the latter,
sound intensity increases with flow velocity to the power of 6
(compact source). Also, low-frequency noise components predom-
inantly originate from large gear components (e.g., the tires) and vice
versa.

Interaction noise is primarily governed by the velocity of the
impinging flow and its turbulence characteristics. Systematic
investigation of interaction noise phenomena revealed that the
beneficial effect of reduced local inflow velocity, for example, in
the turbulent wake of an upstream located component, is more

substantial than the adverse effect on noise of increased turbulence
intensity. As a result it might be beneficial in certain conditions to
deliberately arrange components in line of flow to minimize aero-
dynamic noise generation [22].

In a complex gear structure both the local turbulence charac-
teristics and the corresponding mean flow velocities are different at
each individual gear element. Moreover, the dipole-type radiation
directivity, to be associated with each gear element, depends on its
geometry and orientation relative to a common and fixed coordinate
system. Accordingly, the resulting overall broadband landing gear
noise characteristic is very complex and not in reach for an accurate
noise prediction based on only global design and operational
parameters. It should also be noted that once one gear component is
redesignedwith regard to its outer shape and/ or position in the gears’
structure, the local flow conditions at adjacent gear components, and
thus their noise contribution, will change.

Landing gear noise is affected by installation effects. Although the
inflow velocity to a nose landing gear (NLG) is almost equal to the
flight speed, an under-the-wing installed main landing gear (MLG)
experiences a reduced local inflow velocity due to the circulation
flow as induced by the wings’ lift [23–25]. Because of the strong
effect of flow velocity on the noise level, it is imperative to account
for this installation effect when comparing test results obtained from
an isolated gear attached to a flat plate (zero lift) supporting structure
in a wind tunnel with test data from installed gears in-flight. The
corresponding level difference can be up to about 5 dB depending on
the source distance below thewing and the local lift coefficient of the
aircraft wing. Therefore, the transposition of noise data from wind
tunnel to flight conditions must account for this installation effect.

The lower wing surface also acts as acoustic reflector. For medium
to high frequencies in particular (i.e., wavelength smaller than wing
chord), sound reflections cause distortions in the noise level spectra
due to acoustic interference effects. Fortunately, however, these
distortions are not extremely pronounced because the gear structure
represents a geometrically extended cluster of sound sources (with,
respectively, different distances to the reflecting wing) such that
interferences at correspondingly different frequencies partially
smear out [26].

Full-scale landing gear broadband noise spectra and directivities
can be derived from far-field noise measurements in aeroacoustic
open jet wind tunnels [16,18]. After correction of the test data for
bothwind-tunnel andmoving source effects, noise characteristics are
obtained for a stationary landing gear at rest. The reason for this latter
procedure is that in this way corrected data can be projected to any
flight speed (different from the wind-tunnel test speed) through
inversely applying moving source effects to this set of stationary
data.

MaximumA-weighted one-third octave band noise levels roughly
occur between 0.5 and 3 kHz at typical landing speeds for different
sized landing gears of current technology. To allow for an extra-
polation of available test results to both different gear sizes and
operational conditions beyond the test window, a nondimensional
data representation is required. In the first place, this concerns the
effect of flow velocity on noise level spectra. The assumption of
aeroacoustic dipoles as the dominant noise sources predefines the
squared sound pressure p to be proportional to the sixth power of
flow velocity v (i.e., p2 / v6). Similarly, the sound frequency f
should scale with velocity on a Strouhal number basis, that is,
St� f � s=v. Herein s stands for a typical source dimension, which,
however, cannot easily be defined, because a variety of differently
sized gear components contribute to the overall noise signature. The
nondimensional representation of landing gear noise data therefore
often refers to a unit scale of s� 1 m as reference source dimension.
A typical result of this data normalization is depicted in Fig. 6 for
three different polar radiation angles ’ (66 deg: forward arc; 90 deg:
overhead; 133 deg: rear arc). For the example test data it turns out that
the chosen data normalization (with one-third octave band levelsLm)
provides good results for both low and high Strouhal numbers
(corresponding to, respectively, low and high one-third octave band
frequencies fm). For the intermediate Strouhal number range some
data scatter is observed due to noise level peaks, which occur atFig. 5 High-fidelity B777 main landing gear models tested at NASA.

DOBRZYNSKI 355



constant frequencies independent of the test flow velocity. Similar
effects were also observed for other gears tested in the wind tunnel.

The radiation directivity is another important noise characteristic
thatmust be known to predict the corresponding flyover noise impact
on the ground. Current wind-tunnel tests were essentially limited
to the determination of the polar noise level directivity, that is, in
flight direction. Typical radiation directivities for different bands of
Strouhal numbers are depicted in Fig. 7 (the ranges of Strouhal
numbers withinwhich the levels were integrated,LBand, are indicated
in the graphs). Accordingly, for low Strouhal numbers a slight level
maximum occurs in the rear arc, and for higher Strouhal numbers a
successively pronounced levelminimum is obtained for a’� 90 deg
radiation direction (overhead). This same characteristic was found to
be true for all tested gear types with one exception: once a gear is
cleaned up from all small-scale add-on structures, which results
in a significant high-frequency noise reduction, then an almost
omnidirectional characteristic is achieved, independent of Strouhal
number.

2. Prediction Models

The first empirical landing gear noise prediction model as
developed by Fink [7] was based on both flight-test data and
simplified generic scalemodelwind-tunnel test data and turned out to
significantly underestimate high-frequency noise levels. Recent
efforts in the development of noise prediction schemes, therefore, are
based on full-scale noise test results and aim to incorporate maxi-
mum knowledge in basic physics, while being acceptable as an
engineering tool with limited access to detailed local flowfield
information.

The model of Smith and Chow [27] was the first to break down the
gear into its major components, compute sound intensities according
to the components’ dimensions and orientation with respect to an
observer location, and at the end sum up the noise intensities from all
components to provide the overall sound level spectrum. The
estimation of the sound intensity originating from flow around
individual components is based on Curle’s theory [10], thus
assuming dipole-type noise sources,which scale to the sixth power of
flow velocity and the square of the source characteristic dimension.

Of course, this procedure can only consider components of
reasonable size (primary structure). The variety of small-scale add-
on parts and voids in structural components (secondary structure),
which are likely to produce small-scale turbulence and thus high-
frequency noise, is accounted for in this prediction scheme in a
somewhat cumulative way through a so-called dressing factor to be
set by an educated user. Still, this procedure needs to be calibrated
against existing test data and thus has no full potential to predict noise
for novel unconventional gear architectures. Nevertheless, this tool
proved its capability to predict reasonably well the noise reduction
potential to be expected from a low-noise redesign of selected gear
components [28].

Essentially based on the same theoretical background, similar
noise prediction approaches were developed by Guo et al. [29] and
Guo [30], validated by both full-scale wind-tunnel and flight-test
data.Guo’s tool distinguishes between three sets of gear components,
i.e., large, medium and small scale elements, responsible for cor-
respondingly low-, medium-, and high-frequency noise contribu-
tions, respectively. To account for the effects on noise of small
construction details he defines a complexity factor (similar to Smith’s
dressing factor) that determines the high-frequency noise level
spectrum. The Aircraft Noise Prediction Program (ANOPP) of
NASA, which originally relied on the Finkmethod only, now is in an
upgrade process by combining the methods from both Fink and Guo
to improve the prediction accuracy for sideline radiation directions in
particular [31].

Computational methods for landing gear noise prediction could in
principle be general, meaning that such methods could be applied to
any novel landing gear architecture because they do not need to be
calibrated against existing test results. Currently, however, such tools
have not yet been applied to complex landing gears with all structural
details and results formore generic gear geometries have not yet been
validated [32].

3. Noise Reduction Technologies

From the knowledge gained through various wind-tunnel experi-
ments, noise reduction concepts either aimed at a reduction of the

Fig. 6 Nondimensional representation of landing gear noise spectra for

different radiation angles.

Fig. 7 Nondimensional representation of landing gear noise level
directivities for different ranges of Strouhal number.
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number and complexity of components exposed to the flow or the
reduction of flow separation off bluff-body components and, thus,
the ensuing wake/solid body interaction with downstream com-
ponents. A straightforward noise reduction approach, therefore,
would be to cover the whole gear structure with streamlined fairings.
This was done in a wind-tunnel study and revealed a basically
achievable noise reduction potential of more than 10 dB (Fig. 8).
However, such a solution is not practical because there are numerous
constraints to be considered ranging from operational and safety
aspects to cost issues.

A low-noise gear design, therefore, has to account for the
following major constraints. Regarding operation, 1) limitation of
runway loads defines number and spacing of wheels, 2) gear
locations are defined by lateral aircraft stability and rotation before
liftoff, and 3) brake cooling must not be disturbed to minimize
the turn around time in the airport. Regarding safety, 1) freefall
requirement (main landing gear leg door can not be used as spoiler,
2) mechanical gear downlock (affects main landing gear side-
stay design, and 3) tire burst (affects location of dressings and
enforces redundancy). Regarding cost (weight and maintenance),
1) effects on airframe (minimum bay size for stowing, 2) potential
add-on fairings may not obstruct quick routine inspection, and
3) systems complexity must be as low as possible (avoid articulated
components).

The development of noise reduction concepts distinguishes
between the application to an existing landing gear or for a future new
gear design. In the first case, only add-on fairings could be used to
cover complex gear structures, whereas in the latter case the overall
gear architecture and the detailed component design could be
optimized for low aerodynamic noise generation including the local
application of flow control devices.

Streamlined add-on fairings for current gears to protect complex
gear structure elements from high-speed inflow have extensively
been tested in numerous wind-tunnel experiments [33]. In Fig. 9
examples of such add-on fairings designed for Airbus A340-type
landing gears are depicted. An undertray fairing was designed to
completely cover the bogie area, including the brakes, from the flow.
Wind-tunnel tests indicated a noise reduction potential in the order of
3 dBA for such kinds of fairings. In subsequent flight tests Airbus
documented a landing gear source noise reduction of 2 EPNdB
(effective perceived noise level).

A similar approach was followed by NASA and Boeing with the
toboggan for the six wheel main landing gear of the B777 aircraft.
This device was successfully tested both in the wind tunnel and in-
flight (see Fig. 9) [20,34,35].

All these tests revealed that add-on fairings can also have an
adverse effect, that is, a noise increase due to the flow displacement
enforced by a fairing and the corresponding increase in local velocity
and, thus, noise from adjacent gear components. Therefore, a
partially flow transparent fairing design was considered. The flow
resistance should be selected as low as possible (to reduce the
displacement effect) but high enough to limit the wake flow velocity.

Accordingly, the next generation of fairings was manufactured
from flow transparent materials, such as meshes or elastic cloth

[21,36,37]. An example for the latter is depicted in Fig. 10, showing
elastic cloth membranes covering the bogie area of this gear, which
provided a local (component-based) average noise reduction in
the order of 2 dB. Most recently, mesh type fairings were also
investigated and provided goodnoise reduction, though coupledwith
a high-frequency noise increase. Because this excess noise is
generated by the interaction of theflowwith themeshwires, onlyfine
meshes should be applied so that mesh self noise occurs at cor-
respondingly high frequencies that are subject to rapid damping in
the atmosphere or even far off the audible frequency range.

The strategy for the development of advanced low-noise landing
gears can be based on knowledge gained throughout extensive noise
testing of different gear architectures. This process can be supported
by the use of semiempirical noise source models and CFD com-
putations with the primary focus on the modification of the noisiest
components.

Three-dimensional flowfield calculations help to identify and
potentially avoid local flow separations and the impingement of
high-speed flow onto critical gear structure elements. The evaluation
of such CFD results with respect to the expected effects on aero-
dynamic noise currently can only be performed on the basis of
common understanding of flow noise generation and related experi-
mental experience. Both low-noise NLG and MLG designs were
developed by means of such a procedure. For the NLG the major
improvements (comparedwith add-on fairing solutions studied in the
European Reduction of Airframe and Installation Noise (RAIN)
project [33]) are related to a deployable ramp-type spoiler to protect
the upper gear leg area from high-speed inflow and the inverted
steeringmechanism, that is, locating this complex structure in the bay
out of the flow. Such a low-noise design was studied in the European
project Significantly Lower Community Exposure to Aircraft Noise
(SILENCER) [38] and is depicted in Fig. 11. Also depicted is the
corresponding static pressure distribution on the gears’ surface and
the achieved noise reduction relative to the baseline A340 gear and
that achieved with add-on fairings as in RAIN. The SILENCER
low-noiseMLG design is marked by a telescopic side-stay to replace
the original folding side-stay (including the downlock mechanism)
and the retraction actuator, and to realize a much smaller and
aerodynamically shaped leg door design and avoid the necessity for
an additional hinged door. The brakes are protected from high-speed
inflow by means of a closure half and the articulation link is
eliminated, because the bogie is aligned with the inflow direction.
Subsequent noise testing on full-scale gear mockups in the wind
tunnel revealed a noise reduction potential in the order of up to 7 dB
(A) in the midfrequency range for these advanced gear designs (see
Fig. 11) relative to the original A340 gear architectures. The noise
reduction was accompanied, however, by some increase in gear
weight [21,38].

It is worth noting that a low-noise gear design through an almost
complete elimination of structure details provides lower noise levels
in the mid and high-frequency range, whereas low-frequency levels
occasionally tend to increase and the radiation directivity approaches
an almost omnidirectional characteristic.

Fig. 8 Basic noise reduction potential from initial full-scale landing

gear noise tests.

Fig. 9 Examples of landing gear add-on noise reduction fairings.
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Different from add-on fairings, to more or less completely cover
complex structures, flow control might serve in the future to locally
reduceflow separation and related unsteadywake shedding off single
struts. The application of such means focuses on struts with smooth
contours, that is, beams with circular or elliptic rather than H-shaped
(inherently noisy) cross sections. Accordingly,flow control is the last
member in the development chain toward low-noise landing gears.
There are both passive control means (e.g., splitter plates, truncation
of cylinders) [39,40] and active means such as blowing and plasma
actuation [41,42]. The practical application of such means, however,
requires still more basic research and development.

In contrast to simple passive means, active control technologies
inherently increase the systems complexity. Therefore, significant
noise benefits from such means must be verified before a practical
application on an aircraft.

C. High-Lift Device Noise

The high-lift devices, that is, leading-edge slats and trailing-edge
flaps, represent the next important sources of aerodynamic noise.
Different from landing gears, however, systematic experimental
research for high-lift device noise source description and noise
reduction on complete wing systems with accurate flow simulation
cannot be performed at full scale due to the unavailability of
sufficiently large acoustic wind tunnels. In contrast, scale model
aircraft or wing configurations (i.e., of scale 1=4 down to 1=11) must

be applied. Figure 12 depicts examples of full or semispan aircraft
model test setups as realized in the 8 by 6 m open test section of
the German–Dutch Wind Tunnel and in the NASA Ames Research
Center 40 by 80 ft closed test section wind tunnel. As a result such
scale model data suffer from inadequate Reynolds number similarity
and not always accurately scaled components (e.g., slat/flap track
shape and trailing-edge thickness), which might cause unrealistic
tone noise effects.

The development of high-lift device noise reduction technologies
still faces another complication. This is the wind-tunnel flow
deflection (downwash) inherently coupled to the wing systems’ lift.
For an accurate aerodynamic simulation, therefore, preference is
given to closed test section wind tunnels, whereas acoustic far-field
noise directivities can only be acquired in open test section wind
tunnels. This dilemma could only be solved by future advanced
microphone array techniques (both hardware and software), which
would allow to determine quantitatively accurate noise level spectra
and directivities in closed hard-wall wind tunnels. Alternatively,
advanced CFD methods can be applied to compute the complete
open jet wind-tunnel flow with the model installed and, thus, also
obtain accurate local flow conditions for correlation with the noise
radiation from the high-lift component under consideration.

From complete scalemodelwind-tunnel tests [43–47] a rank order
of different high-lift wing noise sources was derived, that is, slotted
slats, slat tracks, slat horn (inboard slat side edge), flap side edges,
and flap tracks (Fig. 13). In contrast to flap side edges, slats feature
less noise source power per unit area. In terms of their respective total
noise contribution, however, flap side-edge noise is less important
compared with slat noise because the latter represents an extended
line source, the power of which integrates to finally dominate over
more intense point sources.

Different from slats andflaps, noise originating from tracks has not
yet been accurately quantified. The reason is that both slat and flap
track geometries were never accurately reproduced in scale model
aircraft. Nevertheless, initial comparative testing of different slat
track shapes proved that track noise is an issue for future low-
airframe-noise aircraft (Fig. 14).

Fig. 10 Example of an elastic cloth-type landing gear fairing [36].

Fig. 11 Advanced low-noise nose landing gear design and achieved

noise reduction (with 1=3-octave band level Lm at frequency fm).

Fig. 12 Examples of scale model aircraft acoustic wind-tunnel tests.
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It is interesting to note that for the same speed a high-lift wing
is about 10 dB noisier compared with the same wing in cruise
configuration. However, for typical flight operations this level
difference is much lower because the typical speed of an aircraft in
cruise configuration is higher compared with the speed of an aircraft
in high-lift configuration during approach.

The two major noise sources, best accessible to a physical
modeling of sourcemechanismswith support byCFD computations,
are slotted slats and flap side edges, which will be looked at in more
detail.

1. Noise Source Mechanisms

Tests on complete models in large wind tunnels (as is shown in
Fig. 12) are too expensive to be suited for time-consuming basic
research into complex noise sourcemechanisms. Therefore, this type
of research is typically conducted on two-dimensional unswept scale
model wing sections in smaller acoustic wind-tunnel facilities. This
again, however, is associated with another inevitable drawback:
unrealistic local flow conditions due to missing crossflow effects for
unswept high-lift wings.

The approach to gain insight into the local steady and unsteady slat
slot flow conditions was through both CFD computations and
corresponding flow measurement techniques (hot-wire and particle
image velocimetry, or PIV). Figure 15 depicts a schematic source
description and test result from dedicated work at NASA [48].
Accordingly, and this is current understanding, a vortex flow
develops in the slat cove driven by the flow through the slat slot.
Between this vortex and the undisturbed slot flow a free and,
therefore, unstable shear layer develops. It is assumed that the
impingement of the vortical shear flow on the downstream cove
surface represents one of the slat noise sources, followed by noise
that is generated when this unsteady flow is shed off the slat trailing
edge. Because the wing leading edge is located in the acoustic
nearfield of this trailing-edge noise source it can also be assumed that
thewing leading edge reacts as a sound source. Thevortex position in

the slat cove is not stationary but is slightly oscillating and could,
thus, contribute to the low-frequency part of the slat noise spectrum.

Coherent vortex shedding off a blunt slat trailing edge (see Fig. 15)
is often observed in two-dimensional scale model experiments and
thus was the subject of numerous CFD studies [49]. It should be
noted, however, that such tone noise phenomena are not likely to
occur (and was never observed) at a real full scale slat because its
relative trailing-edge thickness is smaller comparedwith that realized
for most scale model slats. As an example, for a 1=10 scaled slat
model a trailing-edge thickness of about 0.1 mm would be required,
whereas due to manufacturing and handling constraints the trailing-
edge thickness of slat models typically is between 0.2 and 0.5 mm.
Therefore, the occurrence of slat trailing-edge bluntness noise in
scale model experiments is considered a model artefact.

Still twomoremodel effectswere identified from two-dimensional
scale model slat experiments in particular, both being a consequence

Fig. 13 Typical noise source distribution (dB) on a scale model high-lift wing (unpublished data from the National Aerospace Laboratory (NLR).

Fig. 14 Ad-hoc slat track modification to prove importance of track

noise as tested on a scaled aircraft model.

Fig. 15 Schematic of potential slat noise source mechanisms [48].
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of too low Reynolds numbers. This is 1) low-frequency tone noise
due to coherent laminar flow separation at the slat hook (Fig. 16), and
2) high-frequency tone noise due to Tollmien–Schlichting boundary-
layer instabilities on the slat suction side (Fig. 17). For about a 1=10
scaled high-lift model low frequency means between about 1–4 kHz
and high frequency between about 10–20 kHz. Experiments with
different tripping devices showed that low-frequency tone effects
(occurring in a limited range of angles of attack) could be attenuated
or even eliminated through massive tripping at the slat hook (see
Fig. 16) [44]. This low-frequency tone mechanism is considered to
represent a kind of cavity resonance in the slat cove in combination
with the adjacent wing leading edge, but it is not yet fully understood.
Some researchers found a correlation with Rossiter modes, and
others speculate about open cavity resonances (Parker modes) and a
potential excitation through trailing-edge vortex shedding. In this
context it is interesting to note that no such tone phenomena are
reported from comparable studies in the United States. It seems that
potential resonance effects are extremely sensitive with respect to
slight differences in the slat gap/overlap geometry, which are known
to exist between typical high-lift profiles developed in Europe or in
the United States, respectively.

In contrast to the low-frequency phenomena, high-frequency tone
effects occasionally also occur in three-dimensional models (see
Fig. 17), that is, with sweep, and can easily be eliminated through
tripping on the slat suction side to enforce transition to turbulent
boundary-layer conditions and avoid the formation of a laminar
separation bubble.

Yet, the application of any slat tripping is a matter of ongoing
debate between aerodynamicists and acousticians. Whereas the
acousticians aim at the determination of broadband slat noisewithout

a deterioration of the result through unrealistic tone contributions, the
aerodynamicists fear a corruption of flow conditions and thus the
related high-lift performance.

With the exception of these tone noise artifacts, slat noise is
broadband in nature with highest levels at Strouhal numbers around
2, when the slat chord is taken as the relevant source dimension
in default of a value representing the physics of the complex
combination of different noise-generating mechanisms. Figure 18
depicts correspondingly normalized slat noise spectra from test
results obtained for a 1=7:5 scaled A320model and a full-scale A320
wing (with all construction irregularities covered from the flow)
partially immersed in the wind-tunnel core flow [50]. Respective
measured noise data provide the best fit when scaled on the 4.5th
power of flow velocity, which is close to the theoretically obtained
fifth power law for trailing-edge noise and also accounting for the
source dimension, that is, thewetted slat span (SF in Fig. 18). The slat
noise directivity shows maximum levels in rear arc direction and
levels decrease slightly with increasing aircraft angle of attack. This
latter finding, however, is only valid for low and moderate values of
angle of attack (typical for landing conditions), whereas for higher
angles a rapid and massive level increase is observed (Fig. 19).

Flap side-edge noise represents the next important contribution to
airframe noise from high-lift systems and is of particular interest for
aircraft without slotted slats (e.g., some regional aircraft). Numerous
investigators have performed CFD computations and detailed
experimental flow surveys to characterize the complex three-
dimensional vortex structure that develops at flap sides edges
[51,52]. One example is depicted in Fig. 20 showing a primary vortex
developing from the flap pressure side close to the flap leading edge.
A secondary vortex then evolves from the edge toward the flap

Fig. 16 Application of slat hook tripping on two-dimensional scale model high-lift wings to attenuate low-frequency tone noise phenomena (with 1=3-
octave band noise level Lm, corresponding frequency fm, and slat chord cs).

Fig. 17 Application of slat suction side tripping on scalemodel high-lift wings to avoid high-frequency tone noise from boundary-layer flow instabilities

(unpublished data from NLR).
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suction side. Both vortices merge and finally separate from the flap
suction side surface. The location of this separation process depends
on the flap deflection angle (among other parameters) but can
typically be detected around a 70% flap chord position. Flap side-

edge noise, therefore, is assumed to be a composition of the classical
trailing-edge noise source mechanism, noise from the interaction of
the vortex flowwith the flap upper surface and noise originating from
accelerated free turbulence in the vortex flow. Broadband flap side-
edge noise scales on a Strouhal number basis and levels increase
with flow velocity corresponding to a fifth power law. The radiation
directivity is found to be quite complex and frequency dependent
[53]. According to [54], one of themajor noise parameters is the edge
directed crossflow velocity on the flap pressure side.

2. Prediction Models

Again, the first empirical high-lift noise prediction model was that
developed by Fink [7] based on flight test data from a variety of
different aircraft. Accordingly, the somewhat statistical analysis of
this data could only aim at a correlation of noise levels with global
wing design parameters. One major pitfall was that slat noise could
only be accounted for by a broadening of the spectrum toward higher
frequencies combined with a level increase by 3 dB relative to clean
wing trailing-edge noise.

Although some aircraft manufacturers still apply this model with
reasonable success, the major aircraft manufacturers developed their
own prediction codes based on more detailed physical knowledge
obtained over the years. Typically such codes are company con-
fidential or the distribution is limited to partners in dedicated research
projects, and only general descriptions are published in the open
literature [23,55–57].

It should be mentioned that the need for high-lift device noise
prediction codes is twofold. For the development of noise abatement
flight procedures, noise source models are needed that do not require
excessive computer power. Therefore, semiempirical tools are
needed to describe the noise characteristics of the engine and,
preferentially, all airframe noise components individually, depend-
ing on the aircraft configuration (e.g., high-lift devices setting) and
operational conditions [58]. For this application a high-prediction
accuracy is not required, because either only level differences are of
interest or integral noise levels are computed to assess the overall
noise impact in the vicinity of an airport.

In contrast, high-fidelity methods are needed for a high-lift
components’design for noise approach. Such capabilities are offered
by advanced CFD tools (e.g., large eddy simulation, or LES) in
combination with computational aeroacoustics’ tools (CAA), the
latter being in the process of development since the late 1990s.
Such toolsmust incorporate the description of the noise source terms,
that is, local turbulence spectra and length scales, and the sound
propagation through inhomogeneous flowfields in the presence of
complex three-dimensional solid boundaries. Various codes are
under development and validation worldwide, for example for two-
dimensional high-lift device applications. One essential feature of
such methods is the adopted philosophy for source description.
Through a LES the turbulence source terms can accurately be
determined, but the computations are excessively time-consuming
and thus not applicable for a low-noise development in an industrial

Fig. 18 Nondimensional representation of slat noise spectra (with 1=3-octave band noise level Lm, corresponding frequency fm, and slat chord cs).

Fig. 19 Effect of angle of attack on noise from high-lift wings (scale

model test results).

Fig. 20 Three-dimensional flap side-edge vortex flow structure from

CFD computations [51].

DOBRZYNSKI 361



development process. A more convenient approach is the random
particle mesh (RPM) method [59], to just cite one example. This
method (Fig. 21) is based on a Reynolds-averaged Navier–Stokes
(RANS) flow solution to obtain the local mean flow features in
the noise source area under consideration including the integral
turbulence kinetic energy and the corresponding turbulence length
scales. Based on this input the turbulence spectrum is reanimated
through a stochastic model, thus providing the turbulence source
terms to be fed into a CAA code to compute the far-field noise
signature. This method proved to be accurate enough for the
determination of (at least) noise level differences, for example,
variations in component geometry, and is several orders of
magnitude faster compared with a LES computation.

3. Noise Reduction Technologies

As for landing gears, the development of low-noise high-lift
devices must account for a variety of constraints with the additional
and mandatory requirement to not degrade the devices’ aerodynamic
performance. The latter, in fact, turned out to be a show stopper for
many ideas brought forward for slat noise reduction. The major
problem is a certification requirement that links the maximum lift
coefficient to the minimum landing speed (linearly related to the stall
speed). As an example, if the maximum lift coefficient is reduced by
10% through a noise reduction modification, the landing speed must
increase by about 5.4%, which results in a 1.4 dB increase in overall
airframe noise and thus can compromise a previously achieved
benefit in source noise reduction.

In summary, the following constraints must be considered within a
low-noise high-lift device design. Regarding operation: 1) main-
tenance of maximum lift, and 2) provision of sufficient lift for
moderate angles of attack (prevent tail-strike for takeoff). Regarding
safety: 1) reliability (malfunctioning of low-noise treatments must
not affect the aircraft performance), and 2) handling quality (no
sudden changes in lift/moments with activation of control devices).
Finally, regarding cost: 1) weight, 2) structural constraints (e.g., slat
tracks should not affect front spar design), and 3) system complexity
and maintenance.

When detailed research into noise reduction for slotted slats, as
one major noise contributor, started around 1995, the first ideas
focused on add-on devices and were based on the current know-
ledge of unsteady flow characteristics in the slat cove/slot area.
Consistently a slat cove cover was designed to attenuate the strength
of the vorticity in the free shear layer between the cove vortex and the

slot flow [47], that is, a reduction of the actual source quantity. Such a
device was tested on a three-dimensional scale model aircraft in the
wind tunnel and indeed showed a promising broadband noise
reduction (Fig. 22). However, the application of a rigid cover is not
easily implemented on an aircraft, because afixed cover shape is only
optimal for one selected angle of attack, and the cover must not
prevent the retraction of the slat for cruise flight. A similar but more
realistic approach is an extended seal attached to the slat hook [60] as
is shown in Fig. 23. Again, a meaningful noise reduction potential
was detected and finally triggered the idea to completely fill the slat
cove through a streamlined body. Such slat covefillerswere designed
and tested at NASA, European Aeronautic Defense and Space
Company, and the Japan Aerospace Exploration Agency [61–63],
and provided a significant noise reduction potential for the design
point (Fig. 24). It should be emphasized that the noise reduction
result shown in Fig. 22 (for the slat cove cover) pertains to the
complete aircraft far-field high-lift noise signature, and the more
pronounced noise reductions shown in Figs. 23 and 24were acquired
through microphone arrays, thus providing the reduction on slat
source noise level.

Regarding the application of a slat cove filler, it was noted that the
filler’s outer contour is an extremely sensitive parameter and a cove
filler can as well cause a noise increase for angles of attack, which
only slightly deviate from the design point. This behaviormakes such
devices not the first choice for practical aircraft applications.

Other noise reduction means aimed to alleviate the transformation
of boundary-layer flow turbulence into propagating sound waves at
the slat trailing edge through flow transparent edge replacements, for
example, perforated/foam material or brushes. The latter, in fact,
turned out to represent an extremely effective device for trailing-edge
noise reduction (Fig. 25) [64,65]. However, the appropriate brush
design and installation must be carefully chosen to not degrade the
high-lift performance, and the airworthiness of such materials must
be proven through dedicated studies.

Slat cove and wing leading-edge liners were also considered [66].
In contrast to cove fillers and trailing-edge modifications, liners do
not affect the source mechanisms in the first place but aim at the
attenuation of sound waves on their propagation path between the
slat cove and the wing leading edge. Recent experimental studies on
wing leading-edge liners indeed provided some meaningful noise
reduction.

Because all these technologies did not really provide a break-
through in terms of noise reduction, but rather were accompanied
by either some degradation in high-lift performance or were not

Fig. 21 Low-cost CAA using a stochastic approach for turbulence simulation.
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practical for aircraft application, the noise reduction potential of a
balanced aerodynamic and acoustic design of both slat shape and
setting was envisaged and indeed showed a marked noise reduction
potential. As one example, Fig. 26 depicts the lift polars for a
conventional three-element high-lift system (denoted reference in the
figure) in comparison with the polar measured for an advanced three-
element system with a so-called very long chord slat (VLCS) [67].
According to Fig. 26 the VLCS device achieves a higher maximum
lift coefficient. At the same time slat noise is reduced be about 4 dB
for the VLCS for the identical lift force (Fig. 27), achieved at a
slightly different angle of attack. It should be emphasized that such
solutions can only be developed with reasonable effort through the
application of validated CFD and CAA tools, and corresponding
experimental investigations would be both extremely time-
consuming and costly.

Because flap side edges represent the next important sources of
high-lift devices’ noise, almost in parallel to research into slat noise
reduction technologies efforts were undertaken to develop means
for side-edge noise reduction. Corresponding edge modifications
comprised both add-on side-edge fences and flow transparent edge
replacements, for example, porous metal foam or brushes (Fig. 28)
[47,64,68–70]. The latter proved to be very effective but still suffer
from the practical problem that no such material has yet been
approved for aircraft applications. Aerodynamic tests with either
side-edge fences or a flow transparent edge design showed that the

side-edge vortex diameter is increased and shifted outboard (for
constant overall vortex strength), which is assumed to be the reason
for the observed noise reduction. A still more drastic approach is the
elimination of the edge through the so-called moldline technology
(Fig. 29) [71,72], providing a significant noise reduction potential.
Here the former single edge vortex breaks up into a spanwise
distribution of weaker vortices due to a more continuous spanwise
variation of the wings’ circulation. The practical application of this
solution, however, would require quite complex flap structures and
articulation mechanisms.

Fig. 22 Far-field high-lift noise reduction potential of a slat cover from
tests on a scale model aircraft (transposed to full-scale conditions).

Fig. 23 Slat source noise reduction potential of an extended slat hook

seal from wind-tunnel tests on a scaled aircraft half-model [60].

Fig. 24 Slat source noise reduction potential of a slat cove filler from

wind-tunnel tests on a scaled aircraft half-model [61].

Fig. 25 Trailing-edge noise reduction through brush-type edge

extensions.
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Somewhat similar to the flap side-edge noise problem is that to be
associated with spoilers (airbrakes). The potential application of
airbrakes to enable or enhance the aircrafts’ capability to perform
low-noise steep continuous descent approaches (and also contribute
to alleviate the wake vortex problem) requires a low-noise design
of airbrakes. However, there is very little data available to date to

quantify and characterize spoiler noise, and the knowledge in the
relevant noise mechanisms is also quite limited. The latter might be
extremely complex regarding the effect of a deflected spoiler on the
wing aerodynamics and thus on slat noise. This interdependencewas
revealed from a dedicated experiment on a scaled aircraft model in
the wind tunnel [73]. It turned out that excess spoiler self noise is
primarily a low-frequency phenomenon. But it was also observed
that a deflected spoiler can reduce slat noise through its local effect on
the corresponding wing sections’ lift (Fig. 30).

Fig. 26 Comparison of lift polars for a conventional three-element

high-lift system (reference) and one with a very long chord slat (VLCS-

CL,max). Note that theVLCS-L/Dmax polar is valid for reduced takeoff

slat and flap setting.

Fig. 27 Slat noise reduction as achievedwith the advancedVLCS high-

lift system relative to a conventional three-element device for the same lift

force.

Fig. 28 Flap side-edge fences and porous-edge or brush-type edge replacements for side-edge noise reduction.

Fig. 29 Outboard flap side-edge (FSE-O) source noise reduction

through moldline technology (continuous moldline flap) from scale

model experiments [71].

Fig. 30 Example of the effect of spoiler deflection on the noise source
distribution on a scale model high-lift wing (unpublished data from

NLR).
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Last but not least, interaction noise originating from a deployed
flap when exposed to the turbulent wake of an upstream installed
landing gear must be considered. An experimental investigation of
this phenomenon [74] revealed the generation of low-frequency
excess noise at the flap leading edge, which could be reduced by
locally applied inserts of absorbing porous material in the leading-
edge area.

IV. Conclusions

Low-noise levels of modern high-bypass ratio aeroengines cause
airframe noise to now represent one of the dominating aircraft noise
components during approach and landing. Therefore, efforts were
directed toward a significant reduction of airframe noise to copewith
the challenging aircraft noise reduction visions of minus 10 dB for
the year 2020. Landing gears represent the dominating sources of
airframe noise for large commercial aircraft, and noise from landing
gears and high-lift devices are of almost equal importance for single-
aisle and regional aircraft.

Much progress was made in the last decades regarding enhanced
capabilities of both aeroacoustic measurement techniques and
computational tools (CFD and CAA), which led to a more detailed
insight in a variety of airframe noise source mechanisms without,
however, providing final answers on the relevant dependences of
noise on local three-dimensional steady and unsteady flow and
geometrical parameters. Such information would be needed by
engineers to develop low-noise airframe components. Because noise
originating from most of the relevant airframe components can be
considered to represent a composition of different and interacting
source mechanisms, it seems unlikely that one could pick individual
local geometric and flow parameters and combine them in an
engineering design tool. Therefore, it is inevitable to make all efforts
to further the development and validation of three-dimensional CAA
tools applicable in an industrial design process.

Experimental work dedicated to the development of landing gear
noise reduction technologies has been quite successful thus far.
Essentially based on long-standing experience in aeroacoustics,
engineers came up with add-on noise reduction solutions and a
low-noise gear component design, which finally provided a noise
reduction potential of up to about 5 EPNdB on landing gear source
noise level (i.e., ignoring the contribution of all other aircraft noise
sources) relative to the year 2000 technology. Such low-noise
landing gears typically are equipped with numerous fairings to
protect complex gear structures from high-speed inflow and thus,
obstruct maintenance procedures and increase the gears’ weight
and system complexity. Therefore, further efforts are necessary to
eliminate these drawbacks and still increase the currently achieved
noise reduction potential.

Similar research endeavors were undertaken to reduce noise
originating from high-lift devices. However, most of the developed
noise reduction technologies either led to a degradation of the high-
lift performance or can not readily be applied to aircraft structures.
The latter is true for flow transparent, porous material trailing- or
side-edge replacements, whereas adverse effects on lift performance
were observed for various slat modifications. Still, a significant noise
reduction potential was identified for a balanced aerodynamic and
acoustic optimization of slat shape and setting without major lift
penalties for new high-lift devices’ designs. The current achieve-
ments for add-on noise reduction technologies is still limited to
about 1 EPNdB on high-lift device source noise level relative to the
year 2000 technology. Therefore, further efforts must aim at the
airworthiness certification of flow transparent materials for both flap
side-edge and slat trailing-edge add-on solutions.

To cope with the �10dB noise reduction goals for the year 2020,
efforts in landing gear noise reduction must be directed toward the
development of fuselage-mounted short, and thus quieter, landing
gears, which of course necessitates engine installations either at the
rear fuselage or over the wing and corresponding changes of the
airframe structure. Low-noise high-lift devices might benefit from
flow control technologies to avoid slotted slat configurations. At that
stage it will be imperative to also develop low-noise slat and flap

tracks aswell as low-noise airbrakes. The lattermight be necessary to
produce low-noise drag for noise abatement steep continuous
descent approaches.

Accurate noise prediction tools are a prerequisite to design and
assess the potential noise benefits as expected from new aircraft
configurations. The aircraft design should aim at a reduced approach
speed, and the gear’s drag should be minimized. The latter would
allow for a lower engine thrust setting on the final glide slope and in
turn would also contribute to engine noise reduction.
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