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The characteristics of far-� eld noise from aircraft high lift systems are discussed. Analyses are made of the
data from an airframe noise test conducted in the 40 by 80 ft wind tunnel at NASA Ames Research Center, using
a 4.7% DC-10 aircraft model. Discussions are given on both far-� eld free microphone data and measurements
from a phased microphone array. Major trends are revealed and discussed from the free microphone data, which
include far-� eld frequency characteristics, dependence of the acoustic radiation on � ow Mach numbers, effects of
� ap and/or slat deployment, and far-� eld directivity. Data from the phased microphone array are used to identify
locations of major noise sources. Four subregions on the wing are identi� ed as important source locations, namely,
the leading-edge slat region, the inboard and outboard side edges of the outboard � ap, and the inboard � ap
region close to the hub of the wing. The source strength distributions in these subregions are integrated to reveal
dependencies of various noise sources on � ow conditionsand high lift system con� gurations. The effects of � ap side
edge fences on far-� eld noise are also discussed, which shows a reduction of a few decibels in � ap-related noise.

I. Introduction

A IRFRAME noise has long been known to contribute signif-
icantly to the total aircraft noise, especially for commercial

wide-body aircraft at landing approach.1¡4 A major source of air-
frame noise is believed to be associatedwith the � ow in the vicinity
of the aircraft high lift system. At landing approach when the high
lift systems, namely, the � aps and slats, are deployed, the � ow be-
comes very complex, involvingphenomena such as � ow separation
and shear-layer instability both in the slat region and near the side
edges of the � aps. These complex � ow features inevitably cause
� ow � uctuations that can escape to the far � eld as sound. To help
understandthe noise source mechanisms associatedwith these � ow
features and their far-� eld characteristics,an acoustic test was con-
ducted in the 40 by 80 ft wind tunnel at NASA Ames Research
Center, using a 4.7% DC-10 model aircraft. In this paper we discuss
the noise characteristics of aircraft high lift systems by presenting
the analysis of the data from that test. The test facility and mea-
surement implementation will be described in Sec. II. The far-� eld
measurements include sound-pressure spectra and directivities by
free � eld microphones and noise source amplitudes by a phased
microphone array. In addition to far-� eld measurements, � uctua-
tions of surface pressures are also measured by unsteady pressure
sensors, which are implemented on the components of the high lift
systems. The analysis of the unsteady surface pressures, including
their correlation with far-� eld noise, has been reported elsewhere,5

but the far-� eld noise characteristicswill be the main focus here.
Aircrafthigh lift systemsconsistofmany sharpedgesandcorners,

the trailingedgesof its components,thecuspsof the slatsand the side
edges of the � aps, for example. Because of this, airframe noise has
in the past been characterizedby a Mach-numberdependenceof the
� fthpower law,2;4;6 basedon the theoryof trailing-edgescattering.7;8

This � fth power law might well explain the noise from clean wing
con� gurations,where the � aps and slatsare retracted,and hence, the
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trailing edges of the wing are the dominant source mechanism. Our
data for con� gurations with fully deployed � ats and slats, however,
do not comply with this simple scaling law, essentiallybecause the
trailing-edgescatteringbecomes less important in comparison with
sources introduced by the � aps and slats. We will show that, while
low-frequency noise basically scales on � ow Mach number to the
� fth power, high-frequencycomponents are governed by the sixth-
power law. This dependence of Mach-number scaling law on fre-
quencycanappear to be puzzlingat � rst glancebut canbe readilyex-
plained by the existenceof multiple sources associatedwith aircraft
high lift systems and by the broadband nature of the noise sources.

It is known that high lift system noise in the low-to-midfrequency
domain (below 2 kHz full scale, say) is dominated by sources in
the slat region, probably associated with � ow separation in the slat
cove.9 In this case the � ow can be approximatedas two dimensional,
leading to noise source distributions along the spanwise direction
of the slats. This will be con� rmed by our source strength data from
the phasedmicrophonearray.For these two-dimensionalsources the
far-� eld radiationscaleson the � fth power law.10¡12 This � fth power
scaling law results entirely from the two-dimensional nature of the
sources and holds without the mechanism of shape edge scattering.
In the high-frequency domain airframe noise dominantly comes
from the � ow in the vicinity of � ap side edges, associated with
� ow separation in the � ap cross� ow.4;13¡15 Because these sources
are very broadband, covering the range from 1 to 100 kHz in our
model test, the acoustic wavelengths vary quite signi� cantly within
this frequency range, covering two decades. Thus, in terms of the
acousticwavelength,the sourcescanbe regardedas beingboth“very
close to” and “very far away from” any � ap side edges, respectively,
at low and high frequencies, even though they are located at � xed
physicallocationsin relationto theedges.This is becausethesources
are close if theyarewithinonewavelengthdistancefrom theedgebut
far away if they are more than one wavelengthaway. For the former,
theclosenessto theedge, in termsofwavelength,makes the radiation
to be dominatedby sharp edge diffraction, leading to the � fth power
law.7 For the latter, the distance of many wavelengths makes the
sources behave effectively unaware of the edges, in which case the
radiation follows the sixth power law of dipole radiation.16;17 This
also explainsthe Mach-numberdependenceobserved in aircraft � y-
over tests; noise data for � ap-related high-frequency components
have been shown to scale on a power law of approximately 5.8 for
a series of Boeing aircraft.18

As typically observed for airframe noise,2;6;18;19 our data will
show a very broad far-� eld directivity pattern. The maximum
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radiation occurs in the � y-over direction right below the aircraft,
but the falloff away from this direction is very gradual. Even at
positions 60 deg away from this maximum radiation direction, the
noise levels are still within 5 dB of the maximum. This broad direc-
tivity pattern results again from the existence of multiple sources
associated with the high lift systems. As analyzed in Refs. 5 and 9,
sources related to slats and � aps have maximum radiation in dif-
ferent directions. For slat sources the maximum radiation is in the
aft quadrant, whereas for the � ap sources the maximum occurs in
the forward quadrant. The aggregatedeffects of all of these sources
then lead to the broad directivity.

We will show that noise levels are also dependent on the high lift
system con� gurations, as can be intuitively expected. In general,
deployment of any components (slat or � ap) increases the far-� eld
noise level and the larger the deploymentangle, the higher the noise.
The changes in noise levels with the high lift system components
are, however, frequency dependent. It is found that the deployment
of slats mainly increases noise in the midfrequency domain. When
the slats are deployed at 20 deg, the noise level is increased, from
the case with slats retracted, up to about 4 dB within the frequency
band from 1 to 30 kHz. This covers approximately the frequency
band between 100 and 2.5 kHz in full scale. For � aps, increasing
� ap angle affects almost the entire mid- and high-frequencydomain
with the most signi� cant effects at high frequencies.When the � ap
angle increases from 0 to 50 deg, the increase in noise level can be
as high as 10 dB at high frequencies when the � aps are the only
sources, namely, when the slats are retracted. When both � aps and
slats are deployed, the increase in noise levels caused by � ap angle
increase is somewhat less signi� cant because the slat contributions
make the noise levels alreadyhigh at small � ap angles. These trends
are completely consistent with previously published data, both for
the same DC-10 aircraft model at full scale19 and for other types
of aircraft.18

In recent years the technology of phased microphone arrays has
foundmany applicationsin aircraftnoise research.20;21 The technol-
ogy is known to be especially helpful in locating noise sources. We
will show thatmajor sourcescan be identi� ed at the side edgesof the
� ap, appearing as quite concentratedsources, and in the slat region,
as distributed sources. The strengths of the sources vary with fre-
quency because different sources dominate in different frequency
domains. Similar to the noise they generate, the sources also de-
pend on the high lift system con� gurations. This will be discussed
in detail by analyzing the effects of changes in the � ap/slat con� gu-
rations on the integrated source strengths in different regions in the
high lift system. Compared with the analysis on the total far-� eld
noise, this has the advantage of explicitly bringing out the effects
of different sources. For example, the integrated source strength for
the slat region will be shown to be almost independent of the � ap
deployment angle, although the total far-� eld noise shows a strong
dependence on this angle at high frequencies. This implies that the
high-frequencycomponents of the total noise are dominantly radi-
ated by sources related to the � aps. Similarly, it will be shown that
� ap sourcesaremuch lessaffectedbychangesin the slat deployment
angle than those related to the slats. We choose to work with the in-
tegrated sourcestrengthbecause it is a more accuratemeasure of the
effects on the far-� eld radiation than the individual source levels.
This will be clearly demonstrated by the comparison between slat
sources and � ap sources. The beam-forming results of the phased
microphone array show that the levels of the sources in the slat re-
gion are much lower than those associatedwith the � ap side edges.
This does not, however, necessarily mean that slat sources radiate
less because the slat sources are distributed over a large spatial do-
main, whereas the � ap sources are highly concentrated.Indeed, we
will show that when integrated over their respectively regions the
two kinds of sources have comparable strengths, indicating their
comparable importance in noise radiation.

With the identi� cation of the � ap side edges as one of the major
noise sources, noise reduction concepts have in recent years been
studied, one of them being � ap side edge fences.21;22 Devices like
this seek to modify the � ow features in the � ap side edge region
favorably and, thus, achieve noise reduction. Although the exact

mechanisms by which � ap-related noise is reduced by side edge
fences are not fully understood, the effectiveness of the fences in
reducing� ap-relatednoise has beendemonstrated.This will be con-
� rmed by our test data, which show a quite noticeable reduction in
noise levels in the entire mid- to high-frequency domain, corre-
sponding to up to a 4-dB reduction in the effective perceived noise
level (EPNL). It is, however, appropriate to point out that the re-
duction is for � ap-related noise only; in the case of total aircraft
noise consisting of many other components, the reduction in EPNL
decibels can be expected to be much less. This is especially true
for cases where there are other major sources present, such as those
related to the slats, which are almost unaffected by � ap side edge
fences. Indeed, our data will show that, at low-to-moderate � ap set-
tings, as is often the case for modern aircraft, a signi� cant amount
of the total airframe noise comes from the slat-related sources. In
this case the total airframe noise would not be very sensitive to � ap
side edge treatment such as fences.

II. Test Facility, Measurement Implementation,
and Data Analysis

The aircraft model used in our test is a 4.7% small-scalemodel of
the McDonnell Douglas DC-10-30 transport airplane. Its high lift
system consists of two partial-span, single-element slats and two
partial-span, single-element � aps, which are, respectively, called
the inboard and the outboard slat/� ap. The engines on the small-
scale aircraft are modeled as � ow-through device without power.
Both the slats and the � aps on the small model are adjustable. The
model has a wingspan of approximately 8 ft (2.4384 m), and it is a
true scale-down of the DC-10 con� guration; the small-scale model
has all of the components, including all the stabilizers and landing
gears. A schematic drawing of the aircraft con� guration is shown in
Fig. 1. The tests, together with some data analysis, have also been
previouslydescribed,23 and a similar test with the same aircraft type
has also been reported.24

The test facility is the 40 by 80 ft wind tunnel at NASA Ames
Research Center, which is a closed � ow facility with partial acous-
tic treatment. The model is mounted with a sting connected with
a knife-blade-type support. The height of the model in the facility
was determined by reproducing the Federal Aviation Administra-
tion � y-overaltitudeof 394 ft (120 m) at model scale. A sting mount
was chosen to provide as great a distance as possible between the
support system and the model to reduce the potential contamina-
tion of the radiated noise measurements by noise generated on the

Fig. 1 Schematicsof the McDonnell DouglasDC-10 transportaircraft.
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Fig. 2 Test setup for the 4.7% DC-10 model in the 40 by 80 ft wind
tunnel in NASA Ames Research Center.

Fig. 3 Locations of far-� eld free microphones traversing parallel to
the mean � ow.

support. The test section with the 4.7% DC-10 model is illustrated
in Fig. 2, together with the instrumentation of the noise measure-
ments. These include two pairs of pole-mounted traversing micro-
phones, a phased microphone array of 40 elements, and an array of
six parabolic acoustic mirrors mounted in a fairing directly below
the model. The results and analysis given in this paper are based
on the free-� eld microphone data and the phased microphone array
measurements.The locations of the pole-mounted free-� eld micro-
phones are shown in Fig. 3. It is positionedright below the outboard
edge of the outboard � ap, which was anticipatedto be a major noise
source location.The pole-mountedmicrophonescan be traversed in
the direction parallel to the wind-tunnel � ow, providing directivity
measurements. The traversing microphones are B&K 0.25-in. type
� tted with wind screen nose cones developed by NASA Ames Re-
searchCenter,Moffett Field,California.22 Each pairof microphones
is 4 in. (0.1 m) apart with a 4-ft (1.2-m) separationdistancebetween
the two pairs. The microphones are calibrated with a piston-phone
before each test.

The tests are done for various aircraft con� gurations and � ow
conditionswith the angle of attack of the wing � xed at 5 deg. There
are altogether 33 runs in which far-� eld noise was measured. The
parametersrelevant to the discussionin this paper are the mean-� ow
Mach number M , the � ap angle ±F , and the slat angle ±S . The values
of these parameters used in the test are summarized here:

M D 0:2; 0:25; 0:275

±F D 0; 25; 35; 50 deg

±S D 0; 20 deg (1)

where the value of 0 deg means the component is retracted.Landing
gears are also modeledon the small-scaleaircraftand are testedboth
on and off. The size of the model gears, however, does not allow a
true scale-down of the real landing gears. The small model landing
gear only has the major components (struts and wheels), which
cannot be expected to capture the most important mid- to high-

frequency noise generated by the smaller components of the gear
assembly.Our data basicallyshowno signi� cant differencebetween
gear-on and gear-off con� gurations for the small model, in contrast
to the known fact that landing gear is a major source of airframe
noise for real aircraft. This indicates that the variations caused by
the deployment of the small gears might not be reliable, and so no
results will be presented here. Also tested are � ap side edge fences.
They are basically extension plates vertically attached to the side
edges of the � ap. They are contoured exactly the same on the top
side as the upper surface of the � ap so that their top sides are � ash
mounted with the upper surfacesof the � aps. The lower sides of the
fences extend beyond the lower surface contours of the � aps so that
the cross� ow is blocked by the fences. The fences are characterized
by their height h, which is de� ned by the part extending into the
� ow. Three values of h are tested, namely,

h D 0:5tF ; 1:0tF ; 2:0tF (2)

where tF is the maximum � ap thickness at the side edges. Some
other changes are also made in the tests, such as sealing the hinges
and fairing the � aps, but no signi� cant effects are found in the data
because of these con� guration variations. Boundary-layer tripping
is also tested on various components to ensure fully developed tur-
bulent boundary-layer � ow. Again, comparisons with nontripped
cases do not reveal any noticeable effects.

The far-� eld noise signals are measured and processed with up
to 100 kHz of usable data. The data are preprocessed by NASA
Ames Research Center, including removing electrical noise tones
and applying corrections for microphone gain, prewhitening, and
microphone frequency response, as well as free-� eld correction,
nose cone interaction correction, and test-day atmospheric condi-
tioncorrection.The data reductionfromtime-domainmeasurements
to spectra is done by standard fast Fourier transformwith ensemble
averaging,which is assumed to be equivalent to time averaging be-
cause the noise generationis statisticallystationary.The high-speed
dataacquisitionsystemallows a largenumberof ensembleaverages,
and all of the � nal results are statistically convergent. The details
of the data reduction have been previously reported.23¡25 After the
initial data reduction the data are then stored as sound-pressure
level (SPL) both in 1

3
octave-band and in narrowband (64-Hz)

format for later analysis. The phased microphone array consists of
40 B&K microphones of 1

4
-in. (0.635-cm) diameter. Details of the

array design and data-processingtechniquecan be found in Ref. 20,
and so they will not be repeated here. Because of limitations in the
dataacquisitionequipment,the frequencyrangeis limited to 20 kHz,
which scales to approximately2 kHz on the full-scale aircraft. This
limits the overall usefulnessof this technique for discerning all po-
tential noise sources on the real aircraft but still allows an insight
into a reasonable portion of the important frequency range.

Although the wind tunnel is only partially treated with sound-
absorbing materials, we � nd quite satisfactory signal-to-noiseratio
for the far-� eld measurements. Because our objective is to study
noise from the high lift systems, it is important to make sure that all
otherpotentialnoisesourcescontributeonly small amountsof noise,
in comparison with those from the high lift systems. These include
the � ow over the fuselage, as well as the tunnel background noise.
For this purpose noise levels are measured with only the fuselage in
the � ow. This is taken as the total background noise and is found to
be much lower than the levels with the high lift systems deployed,
indicating a satisfactory signal-to-noise ratio. An example of this
comparison is shown in Fig. 4 for M D 0:275. Plotted in Fig. 4 is
the noise spectrum in decibels, de� ned by

10 log
5. f /1 f

.20 ¹Pa/2
(3)

where 5 is the far-� eld pressure spectra, a function of frequency f ,
and 1 f is the frequencyband equal to 64 Hz. It is clear from Fig. 4
that when the � aps and slats are deployed the noise level is more
than 10 dB higher than the background for most frequencies. The
difference becomes smaller as frequency decreases, to a minimum
of about 5 dB. However, this is not a real concern because for air-
craft noise certi� cation the low-frequency components are lightly
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Fig. 4 Comparison of noise spectra between the case with fuselage
alone and that with both � aps and slats deployed but landing gears
retracted, both for M = 0:275:

weightedand, hence,are not importantcontributorsto the total noise
levels.

III. Mach-Number Dependence of Far-Field Noise
Our data show very consistentvariationswith � ow Mach number

for various aircraft con� gurations. Some examples are shown in
Fig. 5, which plots the 1

3 -octave SPL as a function of frequency at
three � ow Mach numbers, namely, M D 0:275, 0.25, and 0.2. In
this case the � aps and slats are, respectively, deployed at 50 and
20 deg, and landing gears are retracted. Evidently, far-� eld noise
levels show strong dependence on the � ow Mach numbers, and
they increase as the � ow Mach number increases. When trying to
collapse the data by scaling out the Mach-number dependence,we
� nd that the noise levels do not scale on a single Mach-number
law. Instead, low-frequencycomponentsapproximatelyscale on the
� fth-power law, but the high-frequencycomponentsfollow the sixth
power law. To illustrate this, the noise spectra are integrated over
differentfrequencybands to derive the overall sound pressure levels
in these bands. Figure 6 shows the results correspondingto the case
shown in Fig. 5. The spectra are divided into two frequency bands,
a lower band between 100 Hz and 10 kHz and a higher frequency
band between 10 and 100 kHz. The overall sound pressure levels
are normalized, respectively,by the � fth and the sixth power law for
the two frequency bands. This yields the nondimensionalquantity

10 log

Z f2

f1

5. f / d f ¡ 20 log.20 ¹Pa/ ¡ 10n log M (4)

where f1 and f2 are, respectively, the lower and upper limit of the
frequency band in which the overall SPLs are integrated and n is
the power index of the Mach-number scaling law used to collapse
the data in the band. Thus, we have

f1 D 100 Hz; f2 D 10 kHz, n D 5 (5)

for the lower frequency band and

f1 D 10 kHz; f2 D 100 kHz, n D 6 (6)

for the higher frequency band. The results according to Eq. (4)
are plotted in Fig. 6 as a function of the far-� eld directivity angle,
measured from the upstream direction. Clearly, the data collapse
quite satisfactorily for each frequency band.

The reason for the different Mach-number scaling laws in differ-
ent frequencybands is the existence of multiple sources in the high
lift systems and the broadband nature of these sources. The latter
is clearly seen in the results plotted in Figs. 4–6; the noise spec-
tra cover a wide frequency range from about 100 Hz up to about
100 kHz. Within this frequencyrange the acoustic wavelengthscor-
respondingly cover three decades. This makes the sources behave
quite differently at different frequenciesbecause the source charac-
teristics are governed by the closeness of the sources to features of

Fig. 5 Far-� eld noise spectra below the wing (84 deg from upstream
direction) at different mean � ow Mach numbers with � aps and slats,
respectively, deployed at 50 and 20 deg and landing gears retracted.

Fig. 6 Normalized overall sound-pressure levels, respectively, for the
lower (100 Hz to 10 kHz) and higher (10 to 100 kHz) frequency band at
different � ow Mach numbers, for the case of � apsand slats, respectively,
deployed at 50 and 20 deg and landing gears retracted.

thehigh lift systems,suchas shapeedgesandcorners.This closeness
is measuredby the typicalwavelengthof the source � uctuations.For
example, the behavior of an unsteady source in the � ow at a � xed
location in relation to a sharp edge of the high lift system is deter-
mined by whether the distance between the source and the edge is
smaller or larger than one wavelength. For a broadbandsource cov-
ering a wide range of frequencies, such as those for airframe noise,
the source can be both very close to and far away from the edge,
measured in terms of the typicalwavelength.At low frequenciesthe
wavelength is long so that the source can be within one wavelength
from the edge, in which case the radiation is dominated by sharp
edge diffractionthat is typicallygovernedby the � fth Mach-number
power law.7 In the high-frequencydomain where the wavelength is
small, the same sourcecan be manywavelengthsaway from the edge
so that the source is essentiallyunaware of the edge. In this case the
sixth power law for Mach number dependenceholds because in this
case the radiation is typically controlled by the unsteady forces on
the high lift system, corresponding to acoustic dipoles.16;17 Thus, a
broadband source can be expected to have radiation scaled on dif-
ferent Mach-number laws at different frequencies. This is clearly
the case for the results shown in Fig. 6. The sixth power law for
high frequencies has in fact been observed in � y-over data for var-
ious Boeing aircraft,18 where a power law of 5.8 is reported for
high-frequencynoise dominated by � ap sources.

The interpretationof the Mach-numberscalingfor airframe noise
can be further complicated by the sources associated with the
leading-edge slats. Although our data and previous studies show
the dominance of the slat sources and the scaling of their radiation
on the � fth power law in the low- to mid-frequency domain, the
mechanisms that lead to this scaling law are much less clear. In the
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past airframe noise has been scaled on the � fth power law,2;6 based
on the theory of sharp trailing scattering.7;8 As pointedin Ref. 4, this
might be true only for noise from clean wing con� gurations where
the high lift systems are not deployed and the trailing edges of the
wing provide the dominant noise mechanism. For the cases where
the � aps and slats are deployed, trailing-edge noise is commonly
known to be less important, in comparison with those from sources
such as � ap side edges and slats. This will also be con� rmed by
our data from the phased microphone array in a later section. Thus,
it is not clear whether the sharp edge scattering can satisfactorily
explain the � fth power law for the Mach-number dependenceof the
far-� eld noise. An alternativeexplanationmight be provided by the
distributed nature of the slat-related sources. As will be shown in a
later section, our data from the phased microphone array show that
the sources occupy almost the entire slat region. For frequenciesof
interest to aircraft noise, the typical wavelengths are much smaller
than the spanwise dimensions of the slats. If the � ow features in the
slat region have coherence lengths larger than the typical acoustic
wavelength, the slat-related noise sources can be approximated as
two dimensional. In this case the two-dimensionalsources cause ra-
diation that scaleson the � fthpower law of � ow Machnumbers.10¡12

This � fth power scaling law holds without any sharp edge scattering
and results entirely from the two-dimensionalnature of the sources.
A theory for such sources is proposed,9 in which slat-related noise
is attributed to the unsteady � ow separation in the slat cove region.
In that study Kutta conditions are imposed at all sharp edges and
cusps on the slats so that the scattering mechanism underlining the
Ffowcs Williams and Hall theory is absent. Because of the lack of
� ow measurements in the slat region in our tests, we cannot con-
clusively show the relation between the spanwise correlationlength
of the � ow features and the acousticwavelength, and hence, cannot
conclusivelydemonstrate the two dimensionality of the slat-related
sources. Further research is apparently needed.

Figure 6 also shows the typical far-� eld directivity pattern of
aircraft high lift system noise. The broad directivity is typically
observed for airframe noise2;6;18;19 and is very representative of all
of our data. The maximum radiation occurs in the � y-over direction
right below the aircraft, but the falloff away from this direction is
very gradual. As is shown in Fig. 6, even at positions 60 deg away
from the maximum radiation direction, the noise levels are still less
than 5 dB lower than the maximum. This broad directivity is again a
result of the multiple sources associated with the high lift systems.
As analyzed in Refs. 9 and 15, individual sources related to slats
and � aps also have broad directivity but have maximum radiation
in different directions. For slat sources the maximum radiation is
in the aft quadrant, whereas for the � ap sources radiation peaks in
the forward quadrant. The aggregatedeffects of all of these sources
then lead to the broad directivity.

IV. Effects of High Lift System Con� gurations
As can be expected intuitively, the noise levels also depend on

the high lift system con� gurations, namely, the slats and � aps. In
general, our data show that the deployment of any components of
the high lift system increases the noise level and the larger the de-
ployment angle, the higher the noise levels. This is clearly shown in
Figs. 7 and 8; Fig. 7 shows the effects of � ap angles, whereas Fig. 8
illustrates the dependence of the noise levels on the slat deploy-
ment. The cases shown in these � gures all have mean � ow Mach
number M D 0:275 andall with landinggearsretracted.The far-� eld
microphone is right below the wing at 84 deg from the upstream di-
rection.Figure 7 plots far-� eld noise spectra at different� ap angles;
the upper diagram is for the case with slats retracted, and the lower
diagram for the case with slats deployed at 20 deg. For Fig. 8, the
top, middle, and bottomplots are, respectively,for � ap anglesof 25,
35, and 50 deg. In all three plots the upper curves (with squares) are
for the cases of slats deployed at 20 deg, whereas the lower curves
(with circles) are for the cases of slats retracted.

Both Figs. 7 and 8 show that the increase in noise levels caused
by the slat/� ap deployment is frequencydependent.The upper plot
in Fig. 7 shows the effects of � ap angles without any other signif-
icant sources (slats retracted). In this case the increase in the � ap

Fig. 7 Dependence of far-� eld noise spectra on � ap angles for mi-
crophone location right below the wing (84 deg from upstream
direction). All results are for Mach number M = 0:275 and landing gears
retracted. The upper diagramis forslats retracted andthe lower for slats
at 20 deg.

Fig. 8 Slat-angle dependence of far-� eld noise spectra below the wing
(84 deg from upstream direction). All results are for Mach number
M = 0:275 and landing gears retracted. The top, middle, and bottom
diagram are, respectively, for � ap angles of 25, 35, and 50 deg. The
curves with squares are for slats at 20 deg, and those with circles are for
slats retracted.
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deployment angle causes the noise to increase in almost the entire
frequency range, from about a few hundred hertz to 100 kHz. The
higher the frequency is, then the higher the increase in noise levels.
The increase can be as high as 10 dB in the frequencyrange shown,
as the � ap angle increases from 0 to 50 deg. When the slats are
deployed at 20 deg, however, the effects of changing the � ap angles
are quite different, as shown in the lower plot in Fig. 7. In this case
the increase in noise levels caused by the � ap angles is mainly con-
� ned to the high frequencies above about 10 kHz. Below that, no
signi� cant increase in noise levels is seen. This is because the noise
in the low- and midfrequency domain in this case is dominantly
radiated by sources associatedwith the slats. These sources depend
mainly on conditionsof the slats and are not sensitive to changesof
the � aps. The high-frequencycomponents are still generated by the
� aps so that the noise levels in this frequency domain still change
signi� cantly with the � ap angle.

This effect of the slats can also be seen in Fig. 8; the bottom
plot shows a noticeable increase in noise level in the midfrequency
domain when the slat angle changes from 0 to 20 deg. The high-
frequency components are not affected by the slat angles because
these components are dominantly generated by sources related to
the � aps, which are deployed at 50 deg for this plot. The slat effects
in the midfrequency domain are seen for all � ap settings in the
three plots in Fig. 8, with slightly more increase in noise levels at
small � ap angles. The most signi� cant effects of the slats at high
frequencies come from the case of low � ap settings, for example,
the top plot in Fig. 8. In this case the sources caused by the � aps are
relatively weak so that the slat sources also contribute signi� cantly
to the high-frequency noise, which is why the deployment of the
slats can signi� cantly increase the high-frequency noise as shown
in this plot. This is particularly of interest to modern airplanes,
which usually have simple � ap systems and small � ap settings. For
airplanes of this kind, our data indicate that slat noise might be the
most important component for high lift system noise.

V. Source Identi� cation Map by Phased
Microphone Array

Whereas the technique of phased microphone arrays has seen
many applications in aircraft noise research, it is by no means a
mature measurement method in that the interpretation of its results
still requires considerable understanding and calibration. Because
of this, it is appropriate to point out that our objective of analyzing
the phased microphone array data is not to derive any quantitative
results. Instead, our focus is on the identi� cation of major source lo-
cations in the aircrafthigh lift systems and the analysisof the source
variations with high lift system con� gurations and � ow conditions.
Furthermore, our results are calibrated with those from other mea-
surement techniques, such as free � eld microphones and unsteady
surface pressure sensors. As will be seen in this and the next sec-
tion, the results on source variations reveal trends quite consistent
with the analysis of far � eld microphone data, given in earlier sec-
tions. The identi� cation of source locations is also consistent with
the far-� eld/near-� eld correlation analysis.5

The phased microphone array data are originally processed so
that source strengths can be mapped at any frequency below 20
kHz because of limitations in our data acquisition system.20;21 The
narrowband data, however, show quite signi� cant � uctuations from
frequencyto frequency,making the interpretationof the results very
dif� cult. To smooth out the � uctuations, and to be consistent with
common practice in airframenoise studies, the sourcestrengthmaps
are converted to 1

3 -octave band source spectra. A representativeex-
ample of the source strength maps derived from the array data is
shownin Fig.9. This is for thecaseof � ow Machnumber M D 0:275,
� aps and slats, respectively, deployed at 50 and 20 deg, and land-
ing gears retracted. Each plot gives the source strengths for one
1
3
-octave band with its center frequency indicated on the plot. To

show the locations of the major sources for each frequency band
most clearly, the source levels are different for each plot, but all
plots have the same dynamic range of 10 dB. This is done because
maximum source levels at different frequencies differ quite signi� -
cantly; if the same levels were used for all plots, the sources at some

Fig. 9 One-third octave band noise source strengths for the case of
Mach number M = 0:275, � aps and slats deployed, respectively, at 50
and 20 deg, and landing gears retracted.

frequencieswould be extremelydif� cult to show up becauseof their
low levels compared with those at other frequencies.

It can be noticed that the source strength maps are not symmetri-
cal with respect to the fuselagecenterline.This is probably because
of one or both of the following two reasons: The � rst is simply the
fact that the array location in the test setup is not right below the
aircraft model and the distances from the array to any two corre-
sponding points on the two wings are different. This difference is
not corrected in the array data processing so that even two identical
sourcesat two correspondingpointson the wingswouldappear to be
different. However, because our objective here is to identify major
source locations and to show relative variations in source strength
for different aircraft con� gurations and � ow conditions this artifact
fromarraydataprocessingis not a real concern.The secondpossible
reason for the nonsymmetrical source strength maps might be the
directivityof the � ap edge sources.As shown in the color maps, the
port wing usually shows a higher source level at the outboardedges
of the � aps than the starboard wing. This might be caused by strong
directivity effects of these sources.A semibaf� ed dipole model that
is oriented at the � ap edge (perpendicular to the � ight direction)
would result in strong radiation in the direction of the microphone
array from the port wing and relativelyweak radiationfrom the star-
board wing, causing the nonsymmetricalarray maps. Because all of
the beam-formingdata processingassumes monopole radiators,this
source directivity issue cannot be resolved if it turns out be the true
reason for the nonsymmetry.

Starting from top left plot in Fig. 9, it can be seen that at low
frequencies,for example,4 kHz, the major sourcesare located in the
region close to the hubs of the wings, which includes the thrust gate
with two � ap side edges. The source maps show that the sources
are distributed quite extensively, covering the entire chord length
of the wing. Clearly, this makes it dif� cult to interpret the source.
Furthermore, the extensive source region might also be caused by
the limited array resolutionat these low frequencies.For frequencies
above 5 kHz, the source maps very clearly show the importance of
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the � ap side edges as major source regions; high source levels show
up in these regions for all frequencies all way up to 20 kHz. In the
midfrequency domain between 5 and 12.5 kHz, high source levels
are alsoseen in the regionnear the leadingedgeof thewing, resulting
from sourcesrelated to the slat � ow. All of these are quite consistent
with the results derived from the analysis of free microphone data;
� ap-related noise is seen there to cover the entire mid- and high-
frequency domain, whereas slat noise mainly manifests itself in
the midfrequencyregion. In the mid- and high-frequencydomain it
is also clear that the outboard edge of the outboard � ap is a strong
source.This hasalsobeencon� rmedbycorrelationanalysisbetween
far-� eld noise and pressure � uctuations on the � ap surface.5 It can
be seen, for example, from the plot for 10 kHz, that the slat sources
have lower amplitudes than those related to the � aps but are quite
extensivelydistributed in space. In the plot for 10 kHz, the leading-
edge slat sources cover almost the entire slat region, in contrast
to the � ap sources, which are highly concentrated. The individual
source amplitude for the slat sources is about 5 dB lower than the
maximum amplitude of the � ap sources.

VI. Component Analysis
The source strength plots in Fig. 9 reveal four subregions on the

wing that are of particular interest, namely, the inboard � ap close to
the fuselage,two side edgesof the outboard � ap, and the slat region.
To reveal the variationsof the sources with changes in high lift sys-
tem con� gurations and � ow conditions, the source strengths such
as those shown in Fig. 9 are integrated over these four respective
subregions.The integrationsubregionsare illustratedin Fig. 10.The
integration is done by simply adding the sources in the subregions
incoherently,namely, the source strengths are integrated on the en-
ergy base (pressure squared). This is a reasonable assumption for
airframe noise whose sources are mostly incoherent and broadband
in nature. For the case shown in the Fig. 9, namely, for M D0:275,
� aps and slats, respectively,deployed at 50 and 20 deg and landing
gears retracted, the integrated source spectra are plotted in Fig. 11,
respectively, for the four subregions as a function of frequency. We
choose to work with integrated source spectra, instead of individual
source amplitude, because the integratedstrengthis a more accurate
measure of the effects on the far-� eld noise; the noise is the sum of
the radiation from all of the sources.

When the source strengths are integrated, the relative importance
of differentcomponentscan be quitedifferentfromthatderivedfrom
the amplitudes at individualpoints such as those shown in Fig. 9. In
these � gures the maximum source strengths,namely, the maximum
contour level, are mostly identi� ed to be at the outboard edge of
the outboard � ap. The integrated results in Fig. 11, however, show
that the slat subregionis consistentlycomparableto or stronger than
those related to the � aps in all frequency bands. This can be easily
explained by the fact that sources associated with slats have a very
extensive spatial distribution, whereas those related � aps are quite

Fig. 10 Illustration of the subregions for source strength integration.
The wing is divided into four subregions: the outboard edge of the out-
board � ap,the inboard edge of the outboard � ap, the inboard � ap, and
the slat.

Fig. 11 Source spectra integrated from phased microphonearray data
for the four subregions shown in Fig. 10 for the case of Mach number
M = 0:275, � aps and slats deployed, respectively, at 50 and 20 deg, and
landing gears retracted.

concentrated in space; the integrated effects can then be quite dif-
ferent from the comparison between single points in the respective
source regions. This also demonstrates the need for caution when
interpretingresults from phasedmicrophonearray measurements.It
is sometimesmisleadingto regard the most intensesource identi� ed
by the phased microphone array as the most signi� cant contributor
to the far-� eld noise. This is because, in the presence of distributed
sources, most or a large part of the noise can come from the inte-
gration of the source distributions,even though their source density
(source strength per unit volume) might not be the highest.

The integrated source strengths can also be utilized to study the
dependence of the sources on high lift system con� gurations. In
general, the variations in noise source strengths caused by changes
in slats and � aps are consistent with the trends revealed in the far-
� eld spectra,as discussedin precedingsections.The integratedarray
results can add more insight to those far-� eld trends because the
sources in the subregions can be separated. An example is given
in Fig. 12 to show the effects of � ap angles on the strengths of
the four source regions. For the three subregions on the � aps, the
source levels are evidently affected by the � ap angles; the higher
the � ap angle is, the higher the source levels, consistent with the
far-� eld trends analyzed in the preceding sections. The sources in
the slat region, however,do not seem to be affectedby the � ap angle
changes, as clearly demonstrated in the top diagram of Fig. 12.
By comparing the levels of the curves for the lowest � ap setting
(±F D 25 deg, indicated by diamonds) in all four of the plots in
Fig. 12, it is clear that the slat sources are the most important. This
is again consistent with our far-� eld analysis; as the � ap-related
sources become less strong at low � ap settings, the slats take over
the leading role in generating high lift system noise. This can be of
importance for more recent aircraft types that typically use much
smaller � ap defection angles than the DC-10 model.

The effects of the slat deployment on the noise source levels are
shown in a similar way in Fig. 13. The comparison here is between
the case with slats retracted and that with slats deployed at 20 deg.
Other conditions for the two cases are exactly the same, namely,
M D 0:275, � aps deployed at 50 deg, and landing gears retracted.
Apparently, the comparison immediately reveals that the levels of
noise sources in the slat region are signi� cantly reduced when the
slats are retracted,up to 6 dB. However, the sources associatedwith
the � apsare much lessaffectedby the slat angles,as can be expected.
For instance, the inboard � ap region actually has an increase in the
levels of noise sources at higher frequencies, and the sources at
the outboard edge of the outboard � ap only have a small reduction
in level above 8 kHz. It can be seen from Fig. 12 that the effects
of � ap angles on slat sources are basically negligible, but Fig. 13
shows that the slat angles have some effects on the � ap sources.
This is probably because the slats are located upstream of the � aps
so that the aerodynamiccoupling,which affects the source strength,
is stronger from slats to � aps than the other way around.
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Fig. 12 Effects of � ap angles on the source spectra integrated from
phased microphone array data in different subregions, for the case of
Mach number M = 0:275, slats deployed at 20 deg, and landing gears
retracted.

VII. Effects of Flap Side Edge Fences
In recent years � ap side edge fences have been studied as a noise-

reduction device, both on simple � ap models22 and in � y-over test
of real airplanes.21 Though the exact mechanisms by which noise
is reduced are not fully understood, it is commonly accepted that
fences can reduce � ap-related noise by a noticeable amount. This
is con� rmed in our test. Some results are shown in Fig. 14 for
the cases of � ow Mach number M D 0:275, � aps at 50 deg, and
both with (lower plot) and without (upper plot) slats deployed.The
fences are shown here to be most ef� cient for high frequencies,both
with and without slats. This is because the noise of the DC-10 air-
craft model is dominated by � ap-related sources, which is mainly
in the high-frequency domain. Also note that the reduction when
the slats are retracted is slightly higher (about 1 dB) than that when
the slats are deployed, apparently because the fences only affect
the noise components from the � aps. The effects of different fence
heights are also shown in this � gure. For the three fences tested, it
seems that large fences have the most noise reduction.However, the
amount of noise reduction does not increase linearly with the fence
height. From the case without fence to that with the 1

2
-thickness

fence, a signi� cant reduction is achieved. As the fence height in-
creases, the increase in noise reduction becomes very gradual. This
is especially clear in the lower plot of Fig. 14; doubling the fence
height from one to two � ap-thickness does not seem to yield any
bene� t.

Fig. 13 Effects of slat angles on source spectra integrated from phased
microphone array data in different subregions, for the case of Mach
numberM = 0:275,� apsdeployedat50 deg,andlandinggears retracted.

From the noise spectra at all far-� eld angles, the radiated noise
can be calculated in terms of EPNL, which is an important metric
in aircraft noise certi� cation. For the cases shown in the top plot of
Fig. 14, the reduction in EPNL is about 4 dB. This is clearly quite
signi� cant. It is, however, appropriateto point out that the reduction
is for � ap-relatednoiseonly with both the slats and the landinggears
retracted, both being known to be also important airframe noise
sources. In practical application of total aircraft noise consisting
of many other components, the reduction in EPNL decibels can be
expected to be much less. This is especially true for cases where the
� aps are not the dominant sources. Examples are new commercial
airplanes developed in recent years, such as the Boeing 777, which
have relatively low � ap settings. In this case the total airframe noise
would not be very sensitive to � ap side edge treatment such as the
fences.

One can see from Fig. 14 that although the fences are effective in
reducinghigh- frequencynoise they actually increasethe noise level
at low frequencies. For example, the case with the two-thickness
fence (the curve with diamonds in the top plot of Fig. 14) has higher
noise levels at low frequencies than all other cases, including that
without fence.From our unsteadysurfacepressuredata5 we � nd that
the maximum levels in the surface-pressurespectra are also shifted
downward in frequency when the fences are applied. This can pro-
vide a possible explanationfor the role of the � ap side edge fences.
The downward shift of dominant frequencymight be caused by the
effective increase of the � ap thickness by the fences. The features
of sources are essentially determined by the characteristic time of
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Fig. 14 Effects of � ap side edge fences on far-� eld noise spectra below
the wing (84 deg from upstream direction). All results are for Mach
number M = 0:275 and landing gears retracted. The upper diagram is
for slats retracted, and the lower for slats at 20 deg.

the � uctuations in the � ap side edge � ow. With increaseddimension
in the thickness direction caused by the attachment of the fences,
the � ow has more time to evolve before it has to interact with the
sharp corners. Correspondingly, the � ow has lower characteristic
frequencies. This leads to a downward shift of the spectra of both
near-� eld pressure and far-� eld noise from the case without fences.
Even without any reduction in sourcestrengths, this downward shift
in frequency can appear as a noise reduction. This is because air-
frame noise typicallyhas a spectrum with a negative slope in almost
the entire mid- to high-frequency domain, which is also the most
sensitive domain for aircraft noise certi� cation. Thus, for any � xed
frequencybandsa downwardshift of the spectrumreplacesthe noise
levels in these bands with the lower levels at higher frequencies. In
this way a reduction in noise level is achieved for � xed-frequency
bands even if the total radiated acoustic energy remains unchanged.
It is appropriate to point out that our limited database does not en-
able us conclusivelyto show whether there is a weakening in source
strength as a result of the fences, which might also contribute to the
observed reduction in far-� eld noise. Our data, however, do reveal
the downward shift in characteristicfrequenciesof the � ow features.
This indicates that at least some part of the noise reduction caused
by � ap side edge fences comes from the shift of the acoustic en-
ergy out of the frequency bands that are important to aircraft noise
certi� cation.

VIII. Conclusions
In this paper some major trends in the far-� eld noise of aircraft

high lift systemshave been analyzedby making use of both far-� eld
free microphonedata and measurements from a phased microphone
array. Some of these trends might be speci� c to the DC-10 air-
craft model, whereas others are quite general with applications to
other types of aircraft. It has been shown that the noise scales on
the � ow Mach number according to the � fth and sixth power law,
respectively, in the low-to-mid- and high-frequencydomains. This
is because the slats and � aps are dominant noise sources in these
two respectivefrequencydomains. For slat noise the approximately
two-dimensionalgeometry can introduce two-dimensionalsources,

yielding the � fth power scaling law, and for � ap noise the radia-
tion is typically that of the dipole type caused by unsteady pressure
� uctuations on the � aps, which leads to the sixth power law. Al-
though the main wings might be the main noise sources for clean
con� gurations with all high lift devices retracted, it has been shown
that for the more practical cases with � aps and/or slats deployed
the � aps and/or slats dominate the far-� eld radiation. Concentrated
high-frequency noise sources have been identi� ed in the � ap side
edge regions, and the slats have been shown to be responsible for
distributed noise sources of low- to midfrequencies. The far-� eld
noise has been shown to have a strong dependence on the high lift
system con� gurations. In general, the higher the deployment angle
of any of the components in the high lift systems is, the higher the
noise levels. In terms of the total noise, for example, the effective
perceived noise level, the � aps are most important at high � ap de-
� ection angles. The leading role in generating noise, however, is
largely taken over by sources associated with the slats at moderate
and low � ap de� ection angles, a trend con� rmed not only by far-
� eld data but also by phased microphone array measurements.This
is probably a feature of interest to aircraft types developed in recent
years, whose � ap settings are usually lower than that of the DC-10
model.

It has been demonstrated that � ap side edge fences are effective
at reducing noise related to � ap side edges for the DC-10 aircraft
model.The reductioncanbe as highas 4 dB at some frequencies.Our
data have shown some evidence that this reduction can come from
a downward shift of the noise spectra, which itself can be caused
by a similar shift in the source spectra, resulting from the increased
characteristic length scale of the � ow causede by the fences. The
fences are less effective in reducing the total airframe noise because
they have negligible effects on the slat sources that might be the
dominant or a major contributor to the total airframe noise.
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