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ABSTRACT

It is demonstrated that the source strengths and direéetuitf all sound sources of a high
bypass ratio aeroengine can be determined from measureinesm open air test bed with a
line array of microphones, which is laid out parallel to tmgji@e axis in the geometric near
field of the engine. The method is based on modelling the matfrthe cross-spectra of the
microphones with a set of contributions from point monopakssumed in positions along
the engine axis and by solving the resulting set of linearagquos for the unknown source
strengths. The directivities of the sources are estimayeddoforming the analysis with a
subarray of microphones, sliding from the front to the refathe engine. The set of linear
equations is solved with the side condition that the sout@ngths must be non-negative.
The results demonstrate that the various sources of anragneehave a highly non-uniform
directivity. The source positions are resolved with a safian of 0.4 wave lengths.

1 INTRODUCTION

Beamforming has become a standard method for the localmsafithe sound sources on sound
radiating objects. The results are presented in form ofc®uoraps, which are mathematically
convolutions between the true source distributions andpthet spread functions of all sources
[12]. An estimation of the source strengths from these mapossible only in rare cases, e.g.,
when the source positions are sufficiently separated $lyat@ources along a line or distributed
over an area or over a source volume yield results that depetice beam width of the point-spread
function and on sidelobes and aliases. Additional problarnse when the source directivities are
non-uniform. The consequence is that amplitudes of soumates are very difficult to derive from
beamforming maps.

The problem can be solved with deconvolution techniques. dssumed that the point sources
have a uniform directivity. The point spread functions of tirray (or beamform maps) are cal-
culated for every possible source position and for eachomaband frequency of interest. The
source levels of the unknown sources have then to be detedmiith a least square fit for the
difference between the measured beamform map and the &stionghe sum of point sources.
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This deconvolution procedure yields huge and often badhditmned matrices. Special iterative
procedures are required to solve them with the side comdikiat only positive source levels are
permitted.

A first procedure proposed to solve the complete inversel@nolior microphone arrays was
published by Bruhl and Roder (2000) [7]. Brooks and Huneykr(2004-2006) [3, 4, 5, 6] de-
veloped a solution procedure called DAMAS and Dougherty)8)(Q8] proposed a simplification
DAMAS2, where a common point spread function is assumed |f@cairces as an approxima-
tion with the objective of increasing the computationaleghevarious deconvolution methods are
compared by Ehrenfried and Koop (2007) [9]. The deconvotutif the beamform maps of mov-
ing sources is more difficult, because the sidelobes of tlt gpread function have a different
frequency than the main lobe. Guérin et al. (2006) [11] pemul a method to compute an aver-
age point spread function for the broadband noise of movingces with the condition that the
narrow-band levels of the sources are constant in neightpfrequency bands.

Sijtsma [15] developed a different approach (CLEAN-SC) dtvs the inverse problem. He
makes use of the fact that the sidelobes in the beam pattearsofirce are spatially correlated
with the main lobe while the main lobes of other sources amourlated. CLEAN-SC iteratively
removes the part of the source plot which is spatially caftendth the peak source and attributes
it to a source of known strength. The resulting proceduremputationally rapid in contrast to
the deconvolution methods.

Blacodon andElias [1, 2] propose a different method for the determimatid the source
strengths of assumed sources. The method is based on mgdél cross-spectral matrix of
the microphone signals. Instead of determining the sowgeels that the beamform maps are best
approximated, Blacodon arielias determine the sources for a best approximation of thgse
spectral matrix. They generate a cross-spectral matrixeémh possible point source position
assuming a uniform directivity of the sources. The ampbtdf the sources are then determined
with a least square fit between the modelled and the meastwes-spectral matrix. The beam-
forming map is not required for their method.

The objective of this paper is the analysis of the sound ssuof an aeroengine during noise
tests on an open air test bed. A proven method to accompisisttine polar correlation technique
of Fisher, Harperbourne and Glegg (1977) [10]. The signaésmicrophone array installed on a
polar arc around the exhaust nozzle of the engine are eedluathis technique. The technique
yields the strengths of point sources on the engine and aatsstor a parametric model of jet
mixing noise. A prediction of the far-field radiation is naigsible from these results because the
directivity of the sources is not known for all emission agl

It is the purpose of the present paper to develop a methodstiaised on a line array of mi-
crophones, which permits the determination not only of thierse strengths but also of the di-
rectivities of the sources. The method of Blacodon &tfds [2] is used as a starting point but
extended to include the directivities of the sources. Théhotkeis described in section 2. The
procedure is then applied to data that were acquired durtegtaof a modern large bypass ratio
engine in an outdoor test facility. Results of a narrowbanalysis in frequency bands ranging
from 100 Hz to 3150 Hz are shown in section 3. Results for dire-octave bands are shown
in section 4. The directivities in narrowbands are used tamae the source distributions along
the engine axis in one-third octave bands for three emissighes 60, 90, and 120 deg relative to
the inlet. Finally, the directivities are predicted for ettird octave bands in the positions of the
far-field microphones, which are located on a radius witfY 45 around the centre of the test rig.
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2 METHODS

2.1 Set-up of microphone array

The microphone positions are shown in figure 1 in relationh lbcation of the engine. The
distance between the line array and the engine centrediadout 9.5 m. The microphones of
the array are in the acoustic far field of the sources but iggmmetric near field of the whole
source distribution. The axial spacing of the microphose&li7 mm in the centre. In front of the
intake and behind the primary nozzle the spacing increasgsthat the emission angle changes
by 1.25 deg between two microphones. The emission angleeomibst forward microphone is
25 deg relative to the inlet, the angle of the most rearwardi®i46.25 deg relative to the nozzle.

It is assumed that acoustic sources are located in knowtigrosialong the centerline of the
tested aeroengine. The spacing between the sources isndwobe(.4\, where)\ is the wave-
length of the narrowband or of the reference frequency obtieethird octave band. The source
positions in the analysis results of this paper started2t g1 in front of the intake and ended
at 9000 m(f/Hz) downstream of the primary nozzle. The downstream positéwadimited to
—30 m. The resulting number of sources is 27 for 100 Hz and 2731603z.

128 microphones were installed, of whigh = 127 usable signals were available for the anal-
ysis. The microphone signals were sampled with a frequeh®2©86 Hz. The available signal
length was 30 seconds and the FFT time segment length wasrchos 0.25 s with 8192 sam-
ples, yielding a frequency interval & f = 4.002 Hz. The fast Fourier transforms (FFT) were
performed with a Hanning window and an 50% overlap, resglitnan averaging over 240 time
segments and a subsequently statistically very stabls-sasctral matrix. Each frequency band
consists of a matrix’,, , of M by M complex values. The Matrix is Hermitian;,,, = C,
where the indicates the conjugate complex element.

Microphone layout and angine location
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Figure 1. Positions of the line array of microphones and @& #feroengine. The line array is longer
in the forward arc ¢ > 0) than in the rear arc. The jet is on the left side of the figurd artends
substantially past the left end of the array.

The engine was investigated in a range of power settings &lomost idle to maximum power.
The results shown in this paper are for a test point just béh@mappearance of tones at multiples
of the fan shaft frequency.

2.2 Evaluation of the source distribution

The measured matri«,, ,, is compared with a modelled matrix consisting of the sum efrtia-
trices generated by each of thleunknown sources. Blacodon aigias [2] assume a uniform
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directivity for each source, which yields the following edn for the modelled cross-spectral
matrix,

J
CP =" gmiSigh 1)

Jj=1

where .
Gy = €F9m fp )

are the steering vectors between the source posifiops= 1. .. J) and the microphone positions
x, (m=1...M). These vectors determine the phase of the cross spectra.

Tjm = |Tm — €]| (3)

The goal is to determine the strengthisof the .J sources such that the mean square efi(d)
between the measured and the modelled matrix becomes a nmmim

2

M J
F(S) = Z Cm,n - ngJSjg:L,j (4)
m,n=1 7=1
The condition for a minimum of'(S) is
OF(9) .
— = f 1< < 5
which yields the set of linear equations
J
d ViiSi=Ui,  for  1<i<J (6)
j=1
U; andV, ; are given by [2]
M
Ui = Z gm,icm,ng;:,i) (7)
m,n=1

2

M
Vi =D GmiG; 8)
m=1
The exact solution of equation (6) may yield a solution veépwith negative source levels

for some of the source positiors. In order to ensure that afl; are positive, Blacodon ariglias
replaceS; in equation (4) byyjz. and search for the minimum of equation

M 2

Fla)= )

m,n=1

(9)

J
C o 2 %
m,n gmu] aj gTL,j
j=1

This is a nonlinear optimisation problem, which is solvedBgtcodon &Elias with a procedure
published by Shanno & Phua [14].

Instead of solving the nonlinear problem, one can alterabtisolve the linear problem (6) by
considering the side condition that tie must be real and non-negative. This procedure was ap-
plied for the results shown in this paper. A slightly modifiestsion of the Gauss-Seidel procedure
of Brooks & Humphreys [3] was applied. The modifications ddasthat a linear set of complex
rather than real equations has to be solved and that thesotatist be real.

One advantage of positioning the line array in the geomeesr field is that the solution of
equation (5) does generally pose no problem. No regulasisaf the matrix is necessary.
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2.3 Consideration of directivities of the sources

It is known that the radiation from the intake and the nozzekighly directive, violating the
assumption of uniform directivity in equation (4). Jet reo&édso has a distinctive directivity.

Jet noise is a volume source, in which the sources are ctadeteaver at considerable volume.
It might be questionable if these sources can be describeirrs of independent point sources.
However, it was shown by Michel (2007) [13] that the poweedpal density of jet noise in the
acoustic far field can be expressed as an integral over welated source volume elements. The
effects of source interference are considered by an im&rée integral, which has a strong direc-
tivity. It can be concluded that jet noise sources can oniyjbdelled correctly if their directivities
due to source interference are considered.

It was already proposed by BlacodonHiias [2] to determine the directivity of the sources by
changing the position of the microphone array. However,itoum directivity is still assumed for
all microphones of the array in each array position. The sarmeedure is applied here to yield a
first approximation for the directivity. A subarray of 21 mophones is used in all results presented
in this paper. This array is moved in increments of 5 micrapEhpositions over the whole length
of the line array, yielding 22 subarrays and 22 directivigyues for each of thd sources. The
directivity value for any required angle is obtained by iptdation. Outside the available range of
angles the directivity values are assumed to be constamt.rddults for the far-field directivities
shown in section 4.2 were computed with this procedure.

2.4 Determination of the directivities of the sources
The inclusion of the directivities of the sources in equati) yields

M J 2
F(D)= > |Con—>_ 9mjDmiDu;gi;| - (10)

m,n=1 j=1

whereD?, m.; 1S the directivity of the source intensity of sourceward microphone:. A minimum
of F'(D) requires that
OF (D)
0D, ;

=0, (m=1...M, j=1...J) (11)

The optimisation problem of finding a minimum B D) is a nonlinear one and requires a suitable
numerical procedure like the one of Shanno & Phua [14]. THetism procedure must either
observe a S|2de condition that( D) is real and positive or the directivitids,, ; have to be replaced
by Dy j = By, ;

Whllje the number of unknowns wakin equation (5) it has now increasedd.J in equation
(11). In the case o/ = 127 andJ = 100 we have 12700 unknowns. The total number of
independent real values in the cross-spectral matrix/ts which would in principle allow to
determine the directivities of < M sources. However, in the case of high frequencies, we have
J > M. As a consequence of the large number of unknowns, the proisiél-conditioned. We
need additional conditions to make the solution possiblee §lde-condition is that all solutions
D,, ; must be real and positive, which must be assured by theiiteraplution procedure. In
addition one may assume that the directivities of neighingusource positions are very similar, at
least in the jet source region. This can be described by tleniog two functions

J M-1
=> Dy j = 0.5(Dim1j + D1 ) (12)
=1 m=2
M J—l
= Z Dy j = 0.5(Djo1 + Dy 1))’ (13)
m=1 ]:2
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Instead of finding a minimum af (D) a minimum has to be determined for

where the slack variables, and o, have to be optimised experimentally. A large valuesof

would force a more uniform directivity, a large value ®f smooths the axial variation of the

source strengths. The solution according to section 2.3dsmrve as the initial estimate.
Equation (14) has not been used for the results shown in &pemp

3 NARROWBAND RESULTS

The source distributions are calculated for subarraysisting of 21 microphones. Figure 2 shows
the results for the frequencly = 100 Hz with a bandwidth ofA f = 4 Hz. The results of three
subarrays are shown. The subarray consisting of microgh®heo 41 is located in front of the
inlet in the forward arc of the engine, the subarray of mibiapes 51 to 71 is located on the side of
the engine, and the subarray consisting of microphonesd 021 is located in the rear arc of the
engine. The black solid vertical lines indicate the axiaipons of the inlet and the secondary and
primary nozzles of the engine. The blue dashed verticatlindicate the limits of the subarray
used to create the figure.

C4, TP19, f=100.05 Hz C4, TP19, f=100.05 Hz C4, TP19, f=100.05 Hz
Array: mic1=21, mic2=41 Array: mic1=51, mic2=71 Array: mic1=101, mic2=121
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Figure 2: Source distribution for narrowband gt= 100 Hz, A f = 4 Hz.

The vertical stem lines indicate the strengths of the s@urcéhese positions. Please note that
one source is located at= —30 m in the subplots 2(a) and 2(b). This is likely a result of the
assumption of a uniform directivity in the modelling of thess-spectral matrix for the subarray.
It can be seen that the strengths change substantially etilve three subarrays.

Each figure contains a solid black curve, which shows the bmamng result based on the mi-
crophones of the subarray. The dashed blue curve is the beam§ result based on the modelled
cross-spectral matrix. The difference between the twoesiiy almost negligible. By comparing
the distribution of the sources with the beamform resulait be seen that the new procedure has
a far superior source resolution capability than the beamfmap at this low frequency. Almost
all sources forf = 100 Hz are located in the jet region. A considerable source caseba in the
inlet only in the forward arc.

The corresponding results for a frequenty= 200 Hz are shown in Figure 3. The results for
the angles in the forward and rear arcs may be influenced aflgarrrors. The inlet cannot
be seen from the rear and the emitted sound has to propagatedathe edge of the intake. As
a consequence the source position of the sound emitted frermlet is seen in the front of the
engine in Figure 3(c) when viewed from the rear arc. The sanreie for the bypass nozzle. The
part of the bypass ring nozzle that is located on the oppeglteof the engine with respect to the
microphone array is obstructed by the core nozzle. The sdaoation is seen further forward at
larger z-values as a consequence . In spite of the sources at thgodeion, most sources for



2" Berlin Beamforming Conference 2008

f =200 Hz are located in the jet region. The two beamform distrimaiof the measured and the
simulated cross-spectral matrix are seen to be almostiadénthe dynamic range of these curves
is more than 20 dB in the forward arc, nevertheless, the sdoations cannot be determined
reliably, not to mention the source levels.
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Figure 3: Source distribution for narrowband dt= 200 Hz, A f = 4 Hz.

The corresponding results for a frequenty= 400 Hz are shown in Figure 4. The distance
A¢ between adjacent sources gets smaller becAyss assumed to be proportional to the wave
length\. A strong source can be seen in the inlet and the exit of thads/pozzle for all three
angles.
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Figure 4: Source distribution for narrowband gt= 400 Hz, A f = 4 Hz.

The corresponding results for a frequernfcy= 800 Hz are shown in Figure 5. The inlet is seen
to emit sound primarily into the forward arc. The bypass ami@ ©0zzles dominate the radiation
into the rear arc. The beamform curves start to show aliases £ 12 m in the forward arc and
for x < —13 min the rear arc.

The corresponding results for a frequenfcy= 1600 Hz are shown in Figure 6. The aliases in
the beamform maps move toward the engine. Both nozzles cadistieguished in Figure 6(b).
Their source positions are slightly moved downstream dukda@onvection effect of the jet flow.
An additional source can be seen on the engine at approximate 1 m. The jet and the two
nozzles hardly contribute to the sound radiation in the &rdharc.

The corresponding results for a frequenty- 3150 Hz are shown in Figure 7. It can be seen
that the sources can still be localised at this high frequekigure 6(b) shows that the radiation
to the side is dominated by the region between the primarysandndary nozzles. The rear arc
is dominated by the secondary nozzle, which is seen at algligiifted position due the parallax
effect already discussed on page 6.
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Figure 5: Source distribution for narrowband gt= 800 Hz, Af = 4 Hz.
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Figure 6: Source distribution for narrowband gt= 1600 Hz, Af = 4 Hz.
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Figure 7: Source distribution for narrowband gt= 3150 Hz, Af = 4 Hz.
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4 ONE-THIRD OCTAVE BANDS IN FAR FIELD

4.1 Source distribution as function of emission angle

The source distributions along the engine centreline anestmwn for the one-third octave bands
100 Hz, 200 Hz, 400 Hz, 800 Hz, 1600 Hz and 3150 Hz as seen frempdkitions of the far-field
microphones at 60 degrees, 90 degrees, and 120 degreexdlatcat distance of 45.7 m. The
sources of all narrowbands of a one-third octave band aremdhup and shown. The positions of
the engine inlet (not visible in figure 8) and the two nozzlesiadicated by vertical red lines. The
majority of the sources for 100 Hz are located in the jet negidhis is true for all three angles.
Please note the large dynamic range of about 20 dB betwedouithest and quietest sources.

Source Distribution on Engine Axis

Source Distribution on Engine Axis

TP19 - 100 Hz One-Third Octave Band - 90 deg

Source Distribution on Engine Axis
TP19 - 100 Hz One-Third Octave Band - 120 deg
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Figure 8: Source distribution of one-third octave band 100 & seen from the far-field micro-
phones at emission angles 60 deg, 90 deg, and 120 deg.

The situation has hardly changed for 200 Hz. It is intergstm see that the source region
extends to 25 m downstream of the nozzle, where the soueragstrhas reduced by about 20 dB.
Please recall that the line array ended:at —17 m (figure 1), which indicates that the source
levels in the jet far downstream are determined by extrdjpolas explained at the end of section
2.3 on page 5.
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Figure 9: Source distribution of one-third octave band 200 & seen from the far-field micro-
phones at emission angles 60 deg, 90 deg, and 120 deg.

At 400 Hz we start to see a substantial noise emission fronrmteéetoward 60 deg. The source
strength for 120 deg peaks at the location of the two nozzles.

For 800 Hz the radiation from the inlet becomes the most pnentione for 60 deg. The sound
appears to be emitted from a position downstream of the axtetlposition, more toward the fan
face. The two other angles are dominated by the radiation the two nozzles.
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Figure 10: Source distribution of one-third octave band #0as seen from the far-field micro-
phones at emission angles 60 deg, 90 deg, and 120 deg.
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Figure 11: Source distribution of one-third octave band 80 as seen from the far-field micro-
phones at emission angles 60 deg, 90 deg, and 120 deg.

For 1600 Hz and 60 deg the peak radiation is from a positiorndtn@am of the intake. Both
nozzles dominate at 90 deg. The rear arc is dominated by thedzzles and the region between
the two nozzles.

Source Distribution on Engine Axis Source Distribution on Engine Axis Source Distribution on Engine Axis
TP19 - 1600 Hz One-Third Octave Band - 60 deg TP19 - 1600 Hz One-Third Octave Band - 90 deg TP19 - 1600 Hz One-Third Octave Band - 120 deg

SPL/dB
5dB per Division
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SPL/dB
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2 -4

-6 -4 -2 0 2 4
Source Position in x-Dimension / m

(a) 60 deg (b) 90 deg (c) 120 deg

0 0
Source Position in x-Dimension / m Source Position in x-Dimension / m

Figure 12: Source distribution of one-third octave band Q6{z as seen from the far-field micro-
phones at emission angles 60 deg, 90 deg, and 120 deg.

The radiation into the forward arc in the one-third octavedaf 3150 Hz is dominated by the
positionz = 3 m downstream of the intake toward the fan face. The intakeinmies for 90 deg
and the two nozzles for 120 deg.
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Source Distribution on Engine Axis Source Distribution on Engine Axis Source Distribution on Engine Axis
TP19 - 3150 Hz One-Third Octave Band - 60 deg TP19 - 3150 Hz One-Third Octave Band - 90 deg TP19 - 3150 Hz One-Third Octave Band - 120 deg
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SPL/dB
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Figure 13: Source distribution of one-third octave band @t as seen from the far-field micro-
phones at emission angles 60 deg, 90 deg, and 120 deg.

4.2 Directivity in far field

Using the directivity of each individual source, one can pate the sound radiation to any position
in the far field. The predictions for the positions of the fiatd microphones located in a radial
distance of 45.7 m are compared in the following figures ferttiree microphones at 60 degrees,
90 degrees, and 120 degrees with the experimental data. ifgotidty of the one-third octave
bands of 100 Hz, 200 Hz, and 400 Hz are shown in Figures 144&))land 14(c), respectively.
The valid range of the predictions is indicated by two veitred lines. This is the range, where
directivities are available for all sources. It can be séathe predictions are too low by between
0dBand 1.5 dB.

Far Field Comparison - Modelled CSM and Measurement Far Field Comparison - Modelled CSM and Measurement Far Field Comparison - Modelled CSM and Measurement
TP19 - 100 Hz One-Third Octave Band TP19 - 200 Hz One-Third Octave Band TP19 - 400 Hz One-Third Octave Band
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(a) 100 Hz (b) 200 Hz (c) 400 Hz

Figure 14: Far-field directivity for one-third octave ban@60 Hz, 200 Hz, and 400 Hz in compar-
ison with measured results.

The results for the higher frequencies 800 Hz, 1600 Hz, art) 31z are shown in Figures
15(a), 15(b), and 15(c), respectively. While the preditditor 800 Hz and 1600 Hz are very good,
the predicted directivity for 3150 Hz has its minimum stifte a slightly smaller angle than the
corresponding measurement. None of the refraction dimplgee rear arc are predicted correctly
because the microphone array was too short in the downstigaotion.

Far Field Comparison - Modelled CSM and Measurement Far Field Comparison - Modelled CSM and Measurement Far Field Comparison - Modelled CSM and Measurement
TP19 - 800 Hz One-Third Octave Band TP19 - 1600 Hz One-Third Octave Band TP19 - 3150 Hz One-Third Octave Band
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. 4 4 . .
0

SPL/dB
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Figure 15: Far-field directivity for one-third octave ban@®9)0 Hz, 1600 Hz, and 3150 Hz in
comparison with measured results.
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5 CONCLUSIONS

The initial results of a new source localisation proceduesvary promising. The distribution of
the sources appears physically realistic, and the levéibita large dynamic range. The predicted
directivities for far-field positions agree very well witkgerimental data. So far, the directivities
are only derived from the results of a sliding subarray. Tinysis in each subarray is based on
the assumption of a uniform directivity of the sources. Attier improvement can be expected
when the directivities of the sources are included in the elld) of the cross-spectral matrix as
proposed in section 2.4.

The new method provides the directivities of all sources tangine and is superior in this
respect to the polar arc correlation method [10]. The marinanalysis frequency with the current
microphone layout is about 3 kHz. Future tests should beopadd with an array that extends
further downstream to about = —30 m for a better modelling of the low-frequency portion of
jet noise. This would increase the numbers of microphonésararray to about 140. Raising the
maximum frequency of the analysis to 4 kHz would require #herrincrease of the number of
microphones to about 180.
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