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This paperpresents an empirical model for predicting noise from high lift systems, derived from a large database
of airframe noise tests, involving various airplane models at various operating conditions. The model correlates
noise not only to gross airplane parameters such as the dimensions of the high lift system and � ight Mach number,
butalso to � ow quantities thatare physicallyresponsiblefor thenoisegeneration.Noise dataused in thedevelopment
of the model were acquired by using phased microphone arrays, which enables the decomposition of the total noise
into components, relating the noise to the six individualcomponents of the wing/high lift system. The methodology
and results of this component-based model is presented, including source identi� cation by source strength maps,
component integration to derive far � eld spectra, validation/calibration of the integrated spectra by conventional
free � eld microphone data, extrapolation of small-scale model test data to full-scale conditions with Reynolds
numberdependent scaling laws and the correlation between noiseand � ow quantities.Validationsof the predictions
with � ight test data are also given to show the accuracy of the developed prediction tool.

Nomenclature
b = wing semispan
CL = sectional lift coef� cient
C p = pressure coef� cient
D = directivity factor
F = normalized spectrum
f = frequency
ffull = full-scale frequency
fsmall = small-scale frequency
L = wing sectional lift
L full = full-scale model dimension
L small = small-scale model dimension
` = length scale
M = freestream Mach number
ps = surface pressure
p0 = mean pressure
R = radial distance
S = noise spectrum
Sr = Strouhal number
U = streamwise velocity
U0 = freestream velocity
V = spanwise velocity
® = wing angle of attack
0 = vortex strength
° = wing wake vorticity distribution
±F = � ap de� ection angle
±S = slat de� ection angle
µ = directivity angle
½0 = mean density

Received 26 February 2003; revision received 10 June 2003; accepted
for publication 17 June 2003. Copyright c° 2003 by The Boeing Company.
Published by the American Institute of Aeronautics and Astronautics, Inc.,
with permission. Copies of this paper may be made for personal or internal
use, on conditionthat the copier pay the $10.00per-copy fee to the Copyright
Clearance Center, Inc., 222 Rosewood Drive, Danvers, MA 01923; include
the code 0021-8669/03 $10.00 in correspondence with the CCC.

¤Engineer, Boeing Phantom Works. Member AIAA.
†Engineer, Boeing Phantom Works. Member AIAA.
‡Engineer, Boeing Commercial Airplane Company. Member AIAA.

I. Introduction

EMPIRICAL models have long been used for airframe noise
prediction.1¡5 These models usually rely on the test data avail-

able and the understanding of the source mechanisms. In recent
years, there has been much research on airframe noise with signi� -
cant progress in many aspects, including the understandingof phys-
ical sources6¡14 and the use of advanced measurement techniques
such as phased microphone array.15¡17 This has led to the devel-
opment of improved prediction tools that are more physics based.
In this paper, we present such a development. In comparison with
previous empirical models for high-lift system noise prediction, the
present model differs in two main aspects: It is component based,
and the noise from the components is related to � ow quantities as
well as gross geometry parameters. The former is made feasible by
the developmentof the phased microphone array for airframe noise
measurements and the latter results from our improved understand-
ing of the source mechanisms of aircraft high-lift systems.

Our empirical model is developed from a large acoustic database
consisting of elliptic mirror data for the Boeing 737, 757, and 777
airplanes and phased microphone array data for the Boeing 767,
DC-10, and MD-11 airplanes. The elliptical mirror data are the
database used by The Boeing Company to develop an early ver-
sion of component-based prediction models,5 whereas the phased
array data have been made available only recently. The data are ac-
quired in a series of tests in the Boeing Low Speed Aeroacoustic
Facility (LSAF), the NASA Ames Research Center 40 £ 80 ft wind
tunnel, and the NASA Ames Research Center 12-ft pressure wind
tunnel. For all of the models, the test conditions involve variations
in wind-tunnel � ow Mach number, model angle of attack, � ap an-
gle, slat angle, and landing gear on and off. The details of the tests,
including test setup, test matrix, model geometry, and data acquisi-
tion and reduction, have been previously reported5¡7;15;18¡20 so that
will not be repeated here. In all of the tests, the measurements were
done at locationscorrespondingto the overhead direction in aircraft
� ight test, which is the direction with the most signi� cant airframe
noise contribution.

One of the main advantagesof using phased array measurements
and elliptical mirror data, instead of the traditional free-� eld mi-
crophone data, is that the total noise can be decomposed into sub-
components. This is feasible because the beam-forming technique
used in the array data processing leads to source distributions on
the aircraft high-lift system. When the aircraft surface is divided
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into subregionsaccording to the source distributionand the sources
are integratedover these subregions,noise components from differ-
ent subregions can be derived. This component-based approach is
not feasible with only free-� eld microphone data because the mea-
surements from those microphones contain contributions from all
sources, and these sources are aerodynamicallyinterrelated to each
other, making it very dif� cult to separate one from the other. The
integrationof phased microphonearray data to derive far-� eld spec-
tra is, however, by no means a mature, standard procedure. It still
involvesmany unresolvedissues.15¡17 For example, it is known that
phased array measurements do not give absolute source levels and
that the integrationis sensitivelysubject to side-lobecontamination,
especially in cases of multiple sources of comparable amplitudes.
These are issues still under research. It is then important in develop-
ing empirical models from phased array data to calibrate phased ar-
ray measurementswith other conventionalmeasurement techniques
such as free-� eld microphone.For this purpose, some of the tests in
our database were done with both phased microphone array mea-
surements and conventionalmicrophone measurements, and it will
be shown that the methodologyused in integratingthe phased array
data gives results that are consistent with single-microphonedata.

It is also important to calibrate small-scale model test data with
full-scale test data to ensure the noise sources are scalable. This is
especially important for small models less than about 10% of the
full-scale model, in which case, possible Reynolds number effects
may alter the � ow features between the two model scales, render-
ing different source mechanisms for the model scale compared to
the full scale.6;18 Because of this, the noise data from small-scale
model tests may not be scaled to full-scale conditions by the con-
ventionalextrapolationmethodologythat basically involves scaling
down the frequency and scaling up the amplitude according to the
model size ratio. In this case, a Reynolds number-dependentscaling
should be applied. As is well known, the dependence of the sound-
generating � ow features on the Reynolds number is very complex
and not well understood.There is very little theoreticalwork on this
topic. In this paper, we use an empirical correction6 and will show
that it reconcilessmall-scaledata with full-scalemeasurementsvery
satisfactorily.Note that the differencebetween small-scale and full-
scale model test data and the need for corrections in addition to the
conventional geometry-based extrapolation by themselves do not
conclusively demonstrate the Reynolds number effects. The dis-
crepancy in the scaling may also be due to other causes. We call
these Reynolds number effects only as a hypothesis and regard it as
a possible explanation for the discrepancy shown by the data. For
the developmentof empirical tools, however, the corrections seems
to work � ne, although further research is apparently needed to fur-
ther our understandingof the Reynolds number effects on airframe
noise sources.

Features in the � ow around the aircraftgenerate airframenoise. It
is then intuitivelydesirable to establishthe cause-and-effectrelation
between the noise and the quantities that control the noise generat-
ing � ow features.This is an important aspect of the noise prediction
model presented in this paper, where each noise component in the
high-liftsystem is correlatedto aerodynamicquantitiesthatdescribe
the � ow for each component, in additionto the overallgeometry and
� ow parameters. This renders the approach more physics based,
and we think that this is an important step forward from existing
empirical models for airframe noise prediction, which almost ex-
clusively use the overall geometry and � ow parameters only in the
prediction.The noise–� ow correlation is helped by recent progress
in understanding airframe component noise sources, which guide
the selection of aerodynamicquantities for the correlationanalysis.
A good example is the � ap side-edge noise component. Whereas
someexistingairframenoisemodels assume that thedominantnoise
comes from the wing trailing edge,1;2;10 recent research has shown
that this may not be the case. Instead, � ap side-edge � ow may be
a signi� cant airframe noise source, and the source mechanism is
strongly related to the side-edge vortex,6;7;9;11¡14 which is a result
of the cross� ow separation at the side edge due to the large aero-
dynamic loading on the � ap. The phased array data show that this
is indeed a signi� cant noise component and that it is correlated

to parameters such as the strength of the side-edge vortex and the
cross� ow velocity. These quantities are readily derived from panel
method calculations [or can be found by any other aerocalculations
such as computational � uid dynamics (CFD)].

In the following sections, the process of the data analysis, the
identi� cation of component sources, the derivation of the far-� eld
component noises and their correlation with � ow parameters are
described in detail. The validation of the derived noise prediction
tools is also discussed and comparisons are made with free-� eld
measurements from both small-scale and full-scale tests.

II. Component Sources
The source maps from the phased microphone array and the el-

liptic mirror can be used to identify major sources and, hence, to
de� ne subregions for the source integration. Source maps are the
results of the beam-forming data processing.All our tests are done
in wind tunnels and there is no relative motion between the air-
craft model and the microphones. In this case, it is conventional to
use frequency-domainbeam forming, which is a standard and very
straightforward procedure.15¡17 The results of the data processing
give the relative source strengths on the beam-forming grids, which
are chosen to be the wing surface.

To illustrate the beam forming results, Fig. 1 shows the source
distribution for a 4.7% MD-11 semispan model at 10 kHz. The test
was done at NASA Ames Research Center in the 12-ft pressure
wind tunnel, where the phased microphone array was mounted on
the wind-tunnel wall, looking at the undersideof the wing.18;19 The
test conditionsshownin Fig. 1 are the � ow Mach number M D 0:207
and the � aps and slats deployed at 35 and 20 deg, respectively. For
this example, the source map shows dominant sources at the two
� ap side edges. Other sources with relatively smaller amplitudes
are also seen at the leading-edgeslat locations and the trailing-edge
locations of the wing/� ap system away from the � ap side edges.

To quantify the relative importance of the sources at different
locations further, we choose a few cuts on the source map and plot
the source strengthsalong these cuts. The cut locationsare shown in
Fig. 1, and the source strengths along these cuts are given in Fig. 2.
Cut 1 goes through the dominant source at the inboard edge of the
� ap. The source strengthplot (Fig. 2c) clearly shows the dominance
of this source. Along this cut, the � ap side-edge source is at least
10 dB stronger than the background. The slat noise source is also
clearly seen in Fig. 2c, which is about 6 dB lower than the � ap-
edge source, but is still well above the background. When the cuts
are taken at other locations, other sources are revealed very clearly.
Cut 2 (Fig. 2b) is at the middle span locationand shows both the slat
source and the trailing-edgesource. At this location, the amplitudes
of these two sources are quite comparable. Fig. 2a is the cut at the
outboard � ap side edge. Similarly to the inboard� ap edge, the noise

Fig. 1 Airframe noise source distribution example derived from
phased microphone array measurements: 4.7% MD-11, M = 0.207,
±F = 35 deg, ±S = 20 deg, and f = 10,000 Hz.
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a)

b)

c)

Fig. 2 Source strengths at three locations along the wing span: domi-
nant sources at the � ap edges, the slats, and the trailing edges for loca-
tions shown in Fig. 1.

source along this cut is dominated by the � ap side edge, though the
slat source is also seen here.

From the sourcestrengthplots in Fig. 2, it is clear that the sources
at the � ap sideedgeshavemuchhigheramplitudesthan thoseat other
locations, such as the slat and the trailing edge. This, however, does
not necessarily mean that the other sources are less important. This
is because, although the other sources may have weaker strengths,
they may have a much larger source area than the � ap side-edge
sources, which are usually very concentrated.The far-� eld noise is
determinedby the integrationof the source strength over the source
area. Thus, a weaker source distribution with a larger source area
may lead to more noise in the far � eld. The source strengthsare also
frequency dependent; the dominant sources at one frequency may
become less important at other frequencies.

Based on the analysisof the source maps and the source strengths
at different locations, we divide the wing area into subregions for
the componentanalysis.The subregionsare used for source integra-
tion to derive far-� eld spectra. They also correspond to subcompo-
nentsof the wing/high-lift system, each of which may have different
noise-generationmechanisms.There are altogethersix components,
namely, the leading-edge slat, the outboard � ap edge, the inboard
� ap edge, the trailing edge, the high-speed aileron, and a residue

Fig. 3 Subregion de� nitions example for source strength integration
to derive the noise spectra: 4.7% MD-11, M = 0.207, ±F =35 deg,
±S = 20 deg, and f = 10,000 Hz.

noise � oor. An exampleof the de� nitions for the subregionsis given
in Fig. 3 for the MD-11 data shown in Figs. 1 and 2. For other mod-
els, the subregions are similarly de� ned. It is appropriate to point
out that this de� nition of subregions does involve a certain degree
of arbitrariness,especially in the shapes and sizes of the subregions.
For example, the high-speedaileron component is de� ned as a rect-
angular region close to the wing tip. This region actually contains
some trailing-edge sources. It is not further divided for the sake of
simplifying the computations. The arbitrariness in the de� nition of
the subregions, however, does not pose a severe limitation on the
analysis for two reasons. The � rst is that the subregions are always
required to cover the entire wing area so that the sum of the noise
componentsis always equal to the totalnoiseof the wing, thoughthe
noise components themselvesmay vary with differentde� nitions of
the subregions.The secondreason is that the subregionsare required
to contain the respective dominant sources in the regions. Because
the dominant sources are much stronger than other sources within
each subregion, the variations in shape and size of the subregion
de� nition is not very critical in the source strength integration.The
integrationis dominatedby the major sources.Note also that the lo-
cations and the sizes of the subregionsare frequencydependent.As
frequency varies, the source characteristics also change. Thus, the
decompositionof the sources should also change with frequency.

III. Integrated Spectra
As discussed in the Introduction, there is no unique and reliable

way of deriving the far-� eld noise spectra from the phased array
beam-forming results. The procedure is, thus, highly empirical and
requires calibrationwith results from free-� eld microphones.From
the theory of beam-forming data processing, the source maps only
give relative strengths of the sources at the grid points. The result
for a beam-forming grid is the coherent addition of the noise levels
from the source at that grid point, seen by the microphones in the
array. Thus, it is intuitive to postulate that the noise level for a single
microphonecanbe simplyapproximatedby thebeam-formingresult
divided by the number of microphones in the array. The noise level
for a single microphonedue to sources in a region can then be found
simply by integrating the results over the region.

This would work well for very concentrated sources with arrays
of high resolution so that the integration does not pick up side-lobe
contributions.For most practical applications,however, the sources
are very likely to be distributed, such as the slat sources, and the
array resolution is always limited and frequency dependent. In this
case, the side lobes of the beam-forming results can contaminate
the integration.To overcome this dif� culty, we divide the integrated
results by a calibration integral, which is basically the response of
the array to an ideal, concentrated point source of unit strength.
Because the ideal source and the real sources are likely to generate
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Fig. 4 MD 11 airframe noise spectra example for different compo-
nents, integrated from phased array measurements.

comparableside lobeswhen viewed by the same array, the use of the
calibration integral eliminates, or at least reduces, the contributions
in the integrated spectra due to the side lobes. To further reduce
the side-lobe contamination in the integration, a local maximum is
identi� ed within each subregion at each frequency so that contri-
butions more than 6 dB below the local maximum are ignored in
the integration. This works well for subregions that contain dom-
inant sources with well-de� ned local maximum, such as the � ap
side edges and the slat region. For subregions with no apparent
dominant source, such as the residue componentand the high-speed
aileroncomponentat some frequencies,the 6-dBcutoffmay include
some side-lobe contributionsin the integration,which causes spec-
tral buildup in the far-� eld spectra, especially at high frequencies.
This in turn may affect the total noise when the components are
added. When this happens, the spectral buildup must be corrected
by imposing a falloff with frequency.The precise form of the falloff
is not critical because the components that need correction are usu-
ally not the dominant components; their contributions to the total
noise are usually not signi� cant. Clearly, this is an empirical ap-
proach to establish the relation between the source integration and
the far-� eld spectra, and it is important to validate the integrated
results with data from other conventionalmeasurement techniques,
such as free-� eld microphones.

With this procedure, the far-� eld noise spectra for each of the
six subcomponentsde� ned in the preceding section can be derived.
Some examples of the integrated component spectra are shown in
Fig. 4, for the same MD-11 model and � ow conditions as those
for Fig. 1. In Fig. 4, the noise spectra for all six components, plus
the total, are plotted in full-scale frequencies. The procedure for
extrapolating the small-scale data to full scale will be discussed
in the next section. For the examples shown in Fig. 4, the most
dominant sources are the slat and the inboard � ap side edge (circles
and the triangles). The two have very comparable amplitudes in
the midfrequency domain from about 200 to 2000 Hz, which is an
important frequency domain for aircraft noise certi� cation. Below
this frequency domain, the slat is 1–2 dB noisier than the inboard
� ap side edge, and at high frequencies, the slat generates less noise.
Following these two most dominant sources is the outboard � ap
side edge and the trailing-edge component, which are comparable
in amplitude for frequencies up to about 1000 Hz. Above that, the
trailing-edge noise falls off very rapidly. Figure 4 also shows that
the high-speedailerons do not generate much noise, and the residue
noise is tens of decibelsbelow the others,meaning that the � ve high-
lift systemcomponentsubregionsessentiallycaptureall of thenoise.

Note that some of the seeminglyweak sourcesshown in Fig. 1 in-
tegrateto very signi� cantnoise spectra.The componentwith highest
amplitude in Fig. 4 is the slat noise, which is weak in Fig. 1 com-
pared with the � ap side-edge sources. This is because the spectra
are the integrated results. Although the slat sources have smaller

Fig. 5 Comparison between free-� eld microphone data and array
integrated spectra for 4.7% MD-11 aircraft model.

Fig. 6 Comparison of the integrated spectra of inboard � ap side-edge
sources for different airplane models.

amplitudes than the � ap sources, they are more widely distributed.
The former basically occupies the entire slat region, whereas the
latter is highly concentrated in the � ap side-edge region. The same
happens to the trailing-edge noise. From Fig. 1, it can be seen that
trailing-edgenoiseamplitudeis much lowerthan thatof theoutboard
� ap side edge, but when integrated, the two become comparable for
frequencies below about 1000 Hz.

Note that the orderingof the relative importanceof thecomponent
noise sources shown in Fig. 4 is by no means universal. It depends
on the � ow conditions and the high-lift con� gurations.The MD-11
aircraft is known to have heavily loaded � aps so that, when the � aps
are deployed at maximum angle, which is 50 deg, � ap noise will
become the dominantcomponentand overwhelmothers.7;18¡20 This
is not the case for the results in Fig. 4 because the � aps in this case
are at 30 deg, while the slats are fully deployed, which lowers the
� ap noise and makes the slats the most signi� cant noise component.
In general, the relatively old aircraft types, such as the MD-11 and
the Boeing 757, which usually have heavy � ap loading, generate
more � ap noise. The newer types, such as the Boeing 777, which
has more advanced � ap design, generate more slat noise.

As discussed in the Introduction, calibration is a crucial step in
developingempirical tools from phased array data. This is to ensure
that the spectra integrated from phased array beam-forming data
indeed represent the far-� eld noise. The calibration can be done
with free-� eld microphone measurements, one example of which
is presented in Fig. 5 for a 4.7% MD-11 model, for which free-
� eld microphone data are available, obtained from an earlier test in
the NASA Ames Research Center 40 by 80 ft wind tunnel.7;20 The
comparisons are satisfactory for both the spectral shapes and the
absolute amplitudes. Comparisons are also made for other models
in our database, and similar accuracy is seen in those comparisons.
Another kind of calibration can be done by comparing results for
different models, as shown as an example in Fig. 6 for the Boeing
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737, 757, and 767. Figure 6 shows the inboard � ap edge source.
The data for the � rst two models (the Boeing 737 and 757) are from
the elliptic mirror measurements,whereas those for the Boeing 767
model are from the integratedphased microphone array. Evidently,
both the spectral shapes and the absolute levels of the spectra show
quite reasonablecomparison,validatingthe method for deriving the
spectra from beam-forming source maps.

IV. Extrapolation to Full Scale
According to conventional procedures,5;20;21 the critical parame-

ter in extrapolating small-scale model test data to full scale is the
ratio of the modeldimensionto that of the full-scaleaircraft.This ra-
tio is important because both frequenciesand amplitudesare scaled
by it. The extrapolation procedure is quite straightforward and has
been previouslydescribed.Thus, it will be describedhere only very
brie� y. The process basically involves � rst extrapolating the mea-
sured wind-tunnel data from the microphone locations to unit dis-
tance from the assumed source location. This essentially scales out
the effects of spherical spreading, as well as atmospheric absorp-
tion under the test day conditions. The second step is then to scale
the results at unit distance from the source from small scale to full
scale, which involves scaling the frequencies down and amplitudes
up, both by the model dimension ratio. The scaled data are then
extrapolated to the far � eld, typically the certi� cation distance of
394 ft away from the aircraft center. By doing so, the losses due to
sphericalspreadingand atmosphericabsorptionat standardacoustic
day conditions are taken into account.

Following thisprocedure,the small-scaledata canbe extrapolated
to full scale at certi� cation conditions. The extrapolated results,
however, do not agree well with full-scalemeasurements, for exam-
ple, the MD-11 model shown in Fig. 7. The comparison between
the extrapolated results and the � ight data is between the triangles
and the squares. The comparisons in Fig 7 are reasonably good for
frequenciesbelow about 500 Hz, but show signi� cant discrepancies
for higher frequencies.The extrapolateddata signi� cantly underes-
timate the � y-over data in the middle- and high-frequency regions
by as much as 10 dB, which is unacceptable. From the acoustic
data alone, we cannot conclusivelyunderstand the reasons for these
large discrepancies. One hypothesis is that the small scale of the
model aircraft may cause quite different � ow behavior from that of
the full-scale aircraft, as is commonly described as Reynolds num-
ber effects.6;18 Because of the extremely complex relation between
the Reynolds number and the sound generating features of the � ow,
much research is clearly needed to gain a better understanding of
this issue.However, it is clear from Fig. 7 that correctionsare needed
to rectify these effects when using the small-scale data, no matter
what the cause of these effects is.

An attempt to derivea correctionfor the Reynolds number effects
has been made recently.6 In this case, we argue that the dominant
length scale in the � ow should be dependent on the Reynolds num-
ber, instead of the physical dimension of the model aircraft. There

Fig. 7 Extrapolationfrom small-scale model test data to full-scale con-
� gurations for 4.7% MD-11 aircraft model, showing the importance of
Reynolds number dependent corrections.

are many cases in which the � ow is governed by a length scale de-
pendenton the � ow conditions,turbulentboundary-layer� ow being
a typical example where the thickness of the boundary layer is de-
termined by the local Reynolds number (see Ref. 22). If this idea
holds for the � ow surrounding the high-lift system of the aircraft, it
implies that the procedure for the extrapolation from small to full
scale should be modi� ed. In particular, the length-scale extrapola-
tion should depend on the � ow conditions, as well as the physical
dimensions of the models. One consequence of this is a quite dif-
ferent frequency scaling law from that in the conventionalapproach
described earlier in this section.

This scaling law can be derived by equating the Strouhal number
in the small-scale model experiments to that in the full-scale test,
with the Strouhal number in both cases being based on a length
scale that is � ow dependent,such as the momentum thicknessof the
turbulent boundary layer. These � ow-dependent length scales can
be approximated from the � rst principles of boundary � ows,6 and
the frequency extrapolation law can be found as

ffull= fsmall D .L small=L full/
2 ¡ ° (1)

where the subscripts full and small indicate quantities in full-scale
and small-scale tests, respectively,and L is the physical dimension
of the model. The value of ° ranges from 1.1 to 1.2, depending on
� ow conditions. The upper bound ° D 1:2 corresponds to the case
of a fully developed turbulent boundary layer.

This shows that the frequenciesof full-scale tests and small-scale
model experiments are related by the physical scale factor of the
models to a power that is less than one, in contrast to the commonly
used lineardependenceand is independentof the Reynolds number.
The Reynolds number related frequency scaling (1) is especially
important when very small models are used to simulate full-scale
models. In our MD-11 small-scale model tests, for example, the
scale factor of the physicalmodels is 0.047, which, accordingto the
result (1), gives a frequency-scalingfactor of 0.0866 if ° is taken to
be 1.2. This is almost twice the physical scale factor of 0.047 and
can quite signi� cantly affect the spectra when small-scale model
test data are extrapolated to full-scale conditions. To demonstrate
this point, Fig. 8 shows the full-to-small scale frequency ratio as a
function of the physical dimension ratio, both for the conventional
scaling and the Reynolds number dependent scaling (1). It is clear
from Fig. 8 that the differencesbetween the two can be quite signi� -
cant for small-modeltests.For practicalapplications,Fig. 8 indicates
that for models larger than about 10% of the full-scale aircraft, the
conventional frequency scaling may be suf� cient, but for models
less than about 10% of the full-scale geometry, frequencieshave to
be scaled according to the Reynolds number dependent scaling.

Reynolds number effects can also affect the amplitude scaling,
for which there is little research and information available. To pro-
ceed with our empirical tool development, we rely on an empirical

Fig. 8 Reynolds number dependent frequency scaling, compared with
conventional scaling.
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correction derived from tests in pressurized wind tunnels.18;19 With
the corrections, the comparison between the extrapolated data and
� ight data can be greatly improved. This is also demonstrated in
Fig. 7 by the circles. Clearly, the comparison between small-scale
data and full-scale data becomes much more satisfactory when the
Reynolds number corrections are applied. Although the frequency
scaling (1) does have sound physical reasoning and the corrected
comparison in Fig. 7 shows good agreement with full-scale � ight
data, we emphasize again that the Reynolds number effects are a
hypothesis that needs further validation and con� rmation. In any
event, it can be regarded as an empirical correction, which serves
the purpose of this paper, namely, to develop empirical tools for
airframe noise prediction.

V. Aerodynamic Parameters for Correlation Analysis
In the precedingsections,we discussed some issues related to the

data reduction, ranging from subregionintegrationto derive the far-
� eld noise spectra from the phased array data to the extrapolation
from small-scale model data to full scale. Once the procedures are
established for the data reduction, a database of noise spectra is
developed for each of the six components of the high-lift system.
The database consists of a total of 233 noise data sets, including
many airplane models with variations in both con� gurations and
� ow conditions.Table 1 summarizes the database. For most phased
array measurements, the array is located in the overhead location
(90 deg). In addition to phased array and elliptical mirror data, we
also have free-� eld microphone data and � ight data, which are used
for calibration and validation.

With the noise spectra derived for the components, the next step
is to correlate them to the controlling geometric, operational, and
aerodynamic quantities. Geometric parameters include the dimen-
sions of the components, such as the chord length, the span, and
the thickness.Operational parameters are those such as the angle of
attack and the angle of deployment. There are common � ow quan-
tities for all of the components, such as the freestream � ow Mach
number. Each component also has unique � ow quantities, which
are identi� ed by analyzing each noise source separately. For � ap
side-edge sources, for example, the side-edge vortex strength and
the cross� ow velocity are two quantities that are unique to these
sources.

The correlationanalysisis to deriverelationsbetween the far-� eld
noise spectra and the � ow and geometry parameters. To this end,
we assume a functional dependence, for each component, between
the noise spectrumand the geometric,operational,and aerodynamic
parameters of the form

S D S0 F .Sr/D.µ/M b1 C b2
L .`=r/b3 .sin ®/b4 .sin ±/b5 (2)

Here S is the noise spectrum for a particular component, and S0 is
a constant. The frequency dependency of the noise is given by the
normalized spectrum F.Sr/ in terms of the Strouhal number,

Sr D f `=U0 (3)

with ` a length of the component, its thickness, for example. The
directivityof the noise is given by the directivityfactor D.µ/, where
µ is the directivity angle in the � yover plane, and the spectrum is
assumed to be proportional to some powers of all of the other pa-
rameters, which include the � ow Mach number M D U0=c, with c

Table 1 Model con� gurations and � ow conditions
in the acoustic database

Airplane
model Mach number Angle of attack Flap angle

737-300 0.18, 0.2, 0.22, 0.24 0, 4.7, 6.7, 8.7 25, 27, 30
737-700 0.2, 0.24 0, 4, 6, 8 25, 30, 40
757 0.18, 0.2, 0.22, 0.24 0, 5.7, 7.7, 9.7 20, 25, 36
767 0.2, 024 0, 2, 4, 6, 8, 10, 12, 14 30
777 0.2, 0.24 0, 7.34, 9.34 30
DC-10 0.21, 0.26, 0.28 4.7 25, 35, 50
MD-11 0.26, 0.28 4.7 35, 50

the constant sound speed, the angle of attack ®, the sectional lift
coef� cient of the componentCL , the de� ection angle of the compo-
nent ±, and the length of the component normalized by the far-� eld
microphone distance r . These are the parameters common to all of
the components.For each particularcomponent, parameters unique
to that component are to be added to the general expression (2).
For example, the strengths of the side-edge vortex and the velocity
of the span-wise cross� ow are added for the � ap side-edge noise
sources. Similarly for the slat noise sources, the vortex strengths in
the cove region, the velocity of the � ow in the gap between the slat
trailing edge and the main wing and the width of the gap are added.
As indicated in the general expression (2), the dependenciesof the
noise spectra on these parameters are assumed to be of the simple
form of a power law. The indices of the power laws (b1, b2 , b3 , : : :/
are to be determined by the regression analysis of the database.

The regressionanalysis is basically to correlate the acoustic data
to the geometrical, operational, and aerodynamic quantities. The
aerodynamic quantities include the static loading on the high-lift
system components(slats, � aps, and ailerons).To � nd this, potential
� ow panel methods are used for all of the models, which are known
to givereasonablyaccurate loadingcalculationsand are the methods
routinely used in aircraft design. In applying the results developed
here, other aerocalculationmethods such as CFD can also be used
to derive the � ow parameters. The potential � ow panel method is
chosen here because of its computational ef� ciency. Needless to
say, it would be very costly to do CFD calculations for all of the
airplanes and for all of the con� gurations in our database.

The drawback of using the potential � ow methods for the aero-
dynamic calculations is that there are quantities that are needed for
the regression analysis but are not directly given by the panel code
calculations. For these parameters, simple derivations are done to
compute their values. One such parameter is the side-edge vortex
strength at � ap side edges. From the de� nition of the side-edge vor-
tex, it is given by the jump in the wake vorticity distribution across
the side-edge location, namely,

0 D °2 ¡ °1 D 1° .´/ (4)

where 0 is the strength of the side-edge vortex, ° .´/ is the wake
vorticitydistributionalong the nondimensionalspanwisecoordinate
´ (physical distance divided by the semispan), and the subscripts 1
and 2 denote the two locations on the left and right sides of the side
edge, respectively (Fig. 9). From aerodynamics, it is known that the
wake vorticity is related to the wing lift by

L.´/ D ½0U0° .´/ (5)

where L is the sectional lift (lift per unit span) and ½0 is the constant
mean density. From this, the side-edge vortex strength (4) can be
related to the lift by

0 D 1L.´/=½0U0 (6)

When the de� nition of the sectional lift coef� cient is used further,
this can be rewritten as

0 D 2bU01CL (7)

which relates the side-edge vortex strength to the semispan b of
the � ap, the freestream velocity U0, and the jump in the sectional

Fig. 9 De� nition of � ap
side-edge vortex.
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lift coef� cient across the � ap side edge. The last quantity can be
derived directly from the panel code calculation or any other CFD
calculations.

Another � ow parameter that is correlated to the noise for the
� ap side-edge component is the velocity of the spanwise cross� ow,
which needs to be estimated from the results of aerocalculations.
This velocity can be related to the velocity of the steady potential
mean � ow on the � ap surface away from the side edge. From the
theory of potential � ows, it is known that the velocity near the � ap
side edge decreasesaway from the edge. We argue that this potential
� ow behavioronly occurs in the immediatevicinityof the side edge,
probably on the order of the local � ap thickness, where the static
loading difference between the upper and the lower surface is not
signi� cant. Away from the side-edge region, the cross� ow is driven
by the loading on the � ap. Thus, we assume that the cross� ow
velocity is maintained at V by the loading difference on the � ap.
In this region, the total velocity is the sum of the cross� ow and the
chordwisemean � ow originatingfrom upstream.The applicationof
the Bernoulli equation then leads to

ps C .½0=2/.U 2 C V 2/ D p0 C .½0=2/U 2
0 (8)

where U and V are the velocityon the � ap surface in the chordwise
and the spanwise direction, respectively, ps and p0 are the pressure
on the � ap surfaceand at in� nity, respectively,andU0 is the constant
freestream velocity at in� nity. When the de� nition for the pressure
coef� cient

C p D .ps ¡ p0/
¯¡

0:5½0U
2
0

¢
(9)

is used, Eq. (8) can be rewritten as

V 2
¯

U 2
0 D 1 ¡ C p ¡ U 2

¯
U 2

0 (10)

where C p is a function of the chordwise coordinate. When the � ap
is deployed, the streamwise � ow is bent to follow the � ap. Thus, we
write

U D U0 cos.® C ±F /.1 ¡ C p/ (11)

where ® is the angleof attackof the main wing. With this substituted
into Eq. (10), we � nd that

V D
©

sin2.® C ±F / C Cp cos2.® C ±F /
ª 1

2 .1 ¡ C p/
1
2 U0 (12)

Through this, the cross� ow velocity V is related to the aerodynamic
propertiesof the � ap, as well as the geometry parameters.Note that,
in the limiting case of � at plate airfoils where the wing is at zero
angle of attack with the � ap retracted, we have ® D 0 and ±F D 0,
which would lead to zero pressure coef� cient C p D 0. In that case,
the cross� ow velocity would be identically zero, as expected. Also,
at any stagnationpointon the � apwhere Cp is close to unity,both the
chordwise and the cross� ow velocitybecome close to zero, again as
expected from the de� nition of stagnation points. All of these can
be regarded as a partial validation of the estimate. Also note that
the velocity V is also used in the empirical correlationpublished in
Ref. 5. In that case,a valueof V for theBoeing737 aircraftwith � aps
deployed at 40 deg is given as 0.4974U0. By using the preceding
results with ® and ±F taken to be 5 and 40 deg, respectively,and with
a typical value of C p taken as 0.5, we estimate that V D 0:6088U0

very close to that used in Ref. 5.

VI. Results of Regression Analysis
The functionaldependencyof the noise on the geometrical,oper-

ational, and aerodynamic quantities is assumed to follow form (2).
The indices of the power laws (b1, b2, b3; : : :) are found by cor-
relating the overall sound pressure levels (OASPL) at the overhead
position(90 deg)with theseparametersby standardlinear regression
analysis. This leads to a set of indices for each of the components,
which are summarized in Table 2. These are the correlation param-
eters common to all of the components. There are also parameters
unique to each individual component. For example, the � ap side-
edge noise is also related to the strength of the side-edgevortex and
to the velocity of the spanwise � ow. For the two side edges, the
results for these two parameters are given in Table 3. A cautious

Table 2 Summary of indices in Eq. (2)

Coef� cient Aileron Inboard (IB) � ap Outboard (OB) � ap Slat

S0 37.3 0.65 0.86 219.8
b1 5.8 5.3 5.3 5.6
b2 3.36 0.05 0.05 4.45
b3 3.46 1.78 4.12 1.15
b4 3.46 0.0 0.0 1.03
b5 3.36 2.02 2.02 0.0

Table 3 Indices for � ap side-edge nosie

Coef� cient IB � ap OB � ap

0 0.12 0.21
V 0.11 0.11

Table 4 Coef� cients of the normalized spectra

Coef� cient Aileron IB � ap OB � ap Slat

a0 ¡14.05 ¡13.18 ¡14.51 ¡12.73
a1 9.02 10.03 9.20 4.05
a2 ¡6.04 ¡9.41 ¡4.79 ¡4.30
a3 ¡4.33 ¡6.62 ¡3.89 ¡1.85
a4 2.11 4.10 1.32 0.19
a5 0.57 1.42 0.41 0.22
a6 ¡0.71 ¡1.07 ¡0.59 ¡0.40

note about the linear regression analysis is that the results, namely,
the indices of the power laws (b1, b2, b3; : : :/, would be unique if the
parameters on the right hand side of Eq. (2) were truly independent
of each other. This is apparently not the case here, and some of
the parameters in Eq. (2) are clearly coupled to each other aero-
dynamically. For example, the lift of the wing is a function of the
angle of attack. Because both parameters appear on the right-hand
side of Eq. (2), their individual contribution to the noise may not be
uniquely revealed by the regression analysis. At this stage, we are
unable to resolve this issue and have to leave it to future research.

The results given in Tables 2 and 3 determine the functional de-
pendenciesof the OASPL on the geometrical,operational,and aero-
dynamic parameters. The frequency dependence is then found by
subtracting the OASPL from the data sets and then � tting the data
in terms of a sixth-orderpolynomialequation.This leads to normal-
ized spectra as a function of the Strouhal number. A general form
used in the curve � tting is

10 logfF .Sr/g D
6X

n D 0

anflog.Sr/gn (13)

where F.Sr/ is the spectral function de� ned in Eq. (2) and the
Strouhal number Sr is given by Eq. (3). The coef� cients in this
equation are given in Table 4. To illustrate, Fig. 10 shows two ex-
amples of the normalized data sets for the outboard � ap side-edge
noise and the slat noise. For both cases, the data include all of the
con� gurations, and the smooth curve is the results of Eq. (13). It
is clear from Fig. 10 that the data collapse quite well around about
unity Strouhal number, but discrepanciesare noticeableat both high
and low Strouhalnumbers.This may be an indicationthat more than
onecurveshouldbe used to collapsethe data,which means that there
may be more than one major sourcesfor each component.For exam-
ple, the slat noise may come from both the cove vortex � uctuations
and the gap � ow � uctuations, each contribute differently in differ-
ent frequency domains. In this case, each source would correlate
to different geometric and � ow parameters. This decomposition in
frequency is not done here, but will be pursued later.

VII. Validation of Prediction Method
To validate the prediction model developed, comparisons were

made with � ight-test data. The noise of each component was com-
puted, and then all components were summed to obtain the total
noise. The addition of the components is performed on an energy
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Fig. 10 Normalized spectra for the outboard � ap side edge and the
slat sources.

Fig. 11 Comparisonbetween prediction and � ight data for Boeing 737
airframe noise at overhead position (394 ft) with M = 0.238,±F = 40 deg,
and landing gear up.

Fig. 12 Comparison between prediction and � ight data for DC-10 air-
frame noise at overhead position (394 ft) with M = 0.26, ±F = 50 deg,
and landing gear up.

basis, implying that the sources of the components are assumed
to be incoherent and statistically independent of each other, which
is a reasonable assumption for airframe noise. Two examples are
shown in Figs. 11 and 12, both for approach con� gurations at air-
craft noise certi� cation conditions.Figure 11 shows � ight-test data
vs predictions comparison for the Boeing 737 airplane and Fig. 12
for the DC-10 airplane. For both cases, reasonably good agreement
is noted. The presentmodel seems to capture general featuresof air-

framenoise.Thegoodagreementshownin Figs. 11and12 is perhaps
expected because both the Boeing 737 and the DC-10 airplanes are
in the database used to develop the empirical codes. For aircraft
con� gurationsoutside the database,we think the codes should yield
satisfactoryresultaswell becausethecomponent-basednatureof the
method, provided that the con� gurations of components are within
the parameter ranges in the database.

VIII. Conclusions
We have presented the development of a component-based em-

pirical tool for airframe noise prediction. In comparison with pre-
viously developed empirical methods, there are many advances in
the present approach. One is that the component-based approach
relies on a new classi� cation of the noise sources, which is made
feasible by recent progress in airframe noise research. For exam-
ple, � ap side-edge noise is now commonly known as one of the
dominant contributorsto the total airframe noise.Thus, this compo-
nent is emphasized in the predictiontool developedhere, in contrast
to previous models that emphasized more trailing-edge noise. An-
other advance in our method is that the prediction tools are derived
from data correlation for all of the individual components, which
is again in contrast to previous methods that divide the total noise
into components but have to rely on modeling for each component.
This is because recent developments in phased microphone array
measurements have made it feasible to � nd the noise sources for
individual components,whereas for conventionalmeasurementsby
free-� eld microphones, source separation is very dif� cult and not
practical. The present approach is also more physics based. This
is because the predictions are made not only from airplane gross
dimensions and gross � ow parameters, but also from local � ow
quantities that are directly responsiblefor noise generation.This in-
corporates the cause-and-effectrelations of sound generation in the
empirical method and represents a step forward in airframe noise
prediction.It also points to directionsof noise reductionby reducing
the source strength. For example, the roll-up vortex at the � ap side
edge is identi� ed as the main source of � ap side-edge noise. It gen-
erates noise by unsteady oscillations and by scattering of vortical
energy into soundat the sharpcornersof the � ap side edge.With this
understanding,potential noise reductionconcepts can be developed
by either reducing the vortex strength or moving the vortex away
from the sharp corners.

As discussedearlier, there remain many unresolvedissues related
to the empirical approach presented here, some of which deal with
very fundamental aspects of aerodynamic noise research that may
impact much more than just empirical prediction. For example, the
measurement technique of phased microphone arrays has shown
wide applications in many branches of aeroacoustics, but there is
still no reliable way of converting array measurements into far-
� eld noise spectra. Because of this, an empirical approach has been
utilized in this paper with calibration that heavily relies on other
measurement techniques. Another issue is whether there is signi� -
cant Reynoldsnumber effect in small-scalemodel tests, the progress
of which would de� nitely bene� t not only empirical tool develop-
ment, but also our fundamentalunderstandingof the airframe noise
sources.

We have presented the methodology of developing the
component-basedempirical tool and have given details for the � ap
side-edge component. The methodology is clearly also applicable
to all of the other components in the aircraft high-lift system. For
example, we have postulated that slat noise is very likely related to
the slat cove vortex, the geometry of the gap � ow between the slat
trailing edge and the main wing, and the gap � ow. It is then desirable
to correlate slat noise to quantities related to these features.
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