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In this work, various microphone phased array data processing techniques are applied
to two existing datasets from aeroacoustic wind tunnel tests. The �rst of these is from a
large closed-wall facility, DLR's Kryo-Kanal K•oln (DNW-KKK), and is a measurement of
the high-lift noise of a semispan model. The second is from a small-scale open-jet facility,
the NASA Langley Quiet Flow Facility (QFF), and is a measurement of a clean airfoil self-
noise. The data had been made publicly available in 2015, and were analyzed by several
research groups using multiple analysis techniques. This procedure allows the assessment
of the variability of individual methods across various organizational implementations, as
well as the variability of results produced by di�erent array analysis methods. This paper
summarizes the results presented at panel sessions held at AIAA conferences in 2015 and
2016. Results show that with appropriate handling of background noise, all advanced
methods can identify dominant acoustic sources for a broad range of frequencies. Lower-
level sources may be masked or underpredicted. Integrated levels are more robust and
in closer agreement between methods than narrowband maps for individual frequencies.
Overall there is no obvious best method, though multiple methods may be used to bound
expected behavior.
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Nomenclature

CLEAN Radio astronomy deconvolution algorithm
CLEAN-SC CLEAN based on spatial Source Coherence
DAMAS Deconvolution Approach for the Mapping of Acoustic Sources
DR diagonal removal
M Mach number
N grid point count
NNLS Nonnegative Least Squares
SADA Small Aperture Directional Array
� Angle of Attack (deg)
� Dihedral angle (deg)
� functional beamforming exponent

I. Introduction

Recently, the microphone phased array community has come together in an attempt to document and
better understand the accuracy and variability of many data processing techniques. Many members

of the �eld recognize that, with the wide variety of beamforming and deconvolution techniques available,
common datasets are necessary for both qualitative and quantitative analysis of these methods. Common
datasets can be used to compare the various existing techniques, evaluate the variability of each technique
to its implementation and input parameters, and provide a mechanism for testing new techniques.

The community held a kick-o� meeting at the 20 th American Institute of Aeronautics and Astronau-
tics/Council of European Aerospace Societies (AIAA/CEAS) Aeroacoustics Conference in Atlanta, Georgia
in June of 2014. At the meeting, participants discussed the characteristics required of a benchmark dataset,
as well as the various types of data that could be considered. Within the interest range of experimental
aeroacoustics, sources may be discrete or distributed, may have arbitrary levels of distributed coherence, and
may experience unknown reection, refraction, and reverberance. Ideally, benchmark datasets would isolate
and address each of these conditions. Three types of benchmark dataset cases were discussed: analytic,
computational, and experimental. Analytic benchmarking cases contribute value through having known
solutions against which each analysis method could be compared. Computational cases contribute value by
being closer to experiments in complexity while retaining at least a well-approximated reference solution.
Cases stemming from a well-documented and controlled experiment provide a common baseline of real data
for comparison of methods and establish overall bounds and variability of the array methods considered.

Since the initial meeting, a suite of cases has been released to the community for study. Panel sessions
have occurred at the 21st and 22nd AIAA/CEAS Aeroacoustics Conferences, where interim results for these
cases were presented and discussed. Several of the original cases have now received su�cient attention to
warrant publication of the results. Two of the experimental cases, labeled `DLR 1' and `NASA 2', are
addressed in this work. Both of these cases are datasets from airframe noise wind tunnel tests, though with
di�erent problem scales. A companion paper considers two of the analytic datasets.1

II. Case: DLR 1

The DLR benchmark problem consists of a test con�guration with a Dornier-728 semispan (or half)
model in high-lift con�guration in the cryogenic wind tunnel at the DLR Cologne site (Kryo-Kanal Koeln,
DNW-KKK). The details of this test have been documented previously.2

II.A. Case description

II.A.1. General setup

The DNW-KKK is a continuous ow low-speed wind tunnel with a 2.4 m � 2.4 m closed wall test section.
By injection of liquid nitrogen, the wind tunnel can be operated in the range of 100 K< T < 300 K at Mach
numbers up to 0.38. It should be noted that the wind tunnel was operated at ambient conditions in this
benchmark case.
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The microphone array contains 144 microphones, each one recessed behind a cone and arranged in spiral
arms with an array aperture of 1 m � 1 m. The dimensions of the array fairing are 1756 mm in the streamwise
and 1300 mm in the vertical (normal to the ow) direction. The array protrudes 25 mm into the test section.
The leading and the trailing edges have a slope of 6� to reduce disturbances due to ow separation. Fig. 1
shows the test setup. The array is mounted onto the sidewall, and the Dornier-728 semispan model is located
in the center of the test section.

The model of scale 1:9.24 is arranged in a landing con�guration and has a mean aerodynamic chord
length of 0.353 m and a semispan width of 1.44 m. Boundary layer trips are only applied to the nacelle and
not the rest of the model. On the leading edge, the slat angle is 26.3� , and the Krueger ap angle is 80� .
On the trailing edge, the ap angle is 35� , and the aileron has an angle of 0� .

The microphone signals are simultaneously sampled with an A/D conversion of 16 bits at a sampling
frequency of 120 kHz by a data acquisition system located outside the test section. The recording time
for each measurement is 30 s. To reduce inuence of the low frequency wind tunnel noise, a second-order
high-pass �lter with a cut-o� frequency of 500 Hz was used (compensated for in the processing afterward).

For the benchmark case, the model's angle of attack is� = 3 � and the free stream velocity is 87.97 m/s
(M = 0 :25). Table 1 summarizes the general measurement conditions.

Figure 1. Photo of the test section with the array mounted on the side wall and the DO-728 semispan model
in the center, view in the ow direction.

Table 1. DLR1 measurement conditions.

Con�guration Free Stream Velocity Angle of Attack Recording Time
High-Lift 87.97 m/s 3 � 30 s

II.A.2. Geometric details

The source maps are calculated on an equidistant discrete grid shown in Fig. 2. The grid covers the region
of interest in an observation plane of 1.05 m� 1.45 m of the semispan model. In order to reduce the
computational e�ort for the more costly algorithms, the grid resolution was set to dxz = 20 mm. This led
to 3869 scanning points for the baseline grid, though some contributors altered the grid layout slightly. The
initial grid is in the ( x,z)-plane and has a distance of �y = 1.045 m (position of the wing root) to the
microphone array. The microphone array is in the (x,z)-plane with the center microphone position at (x,y,z)
= (0 m, 0 m, 0 m). For the calculation, the initial scanning grid is rotated by:
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1. the mean dihedral angle of the wing � = 6.5� , rotation axis x, point of rotation ( x,y,z) = (0 m, 1.045
m, -0.675 m)

2. the angle of attack � = 3 � , rotation axis z, point of rotation ( x,y,z) = (0.130 m, 1.175 m, -0.902 m).

Figure 2. Scanning grid of the source map calculations and the microphone positions in the (x,z)-plane. The
location of the semispan model is sketched in the background.

II.A.3. Model details and acoustic sources

A photo and a sketch of the windward side of the semispan model is given in Fig. 3. On the leading edge, the
slats (not slotted) with seven tracks and the Krueger ap with two tracks can be seen. Here noise sources
can be expected to originate from the tracks, the slat horn (inboard slat side edge) and the gap between
the Krueger ap and the fuselage. At the low Reynolds numbers, also, tonal noise originating from di�erent
slat cove noise mechanisms may occur.2 On the trailing edge, the aps (not slotted) with three tracks and
an extension of the nacelle mount can be seen. Here noise sources can be expected at the ap side edge
and the ap tracks. Additional noise originating from the wing tip or nozzle ow in the ap gap occurs less
often. Furthermore, there can be sources from strakes (on the nacelle), interactions of the nacelle mount with
the accelerated nozzle ow, and other parasitic noise sources (i.e., cavities). From the results in previous
work,2 it is known that the ap side edge becomes a relevant source in the frequency range of 6 to 15 kHz.
Therefore, the frequency 8496 Hz is chosen for comparing source maps, and an integration area around the
ap side edge is indicated by the blue rectangle in Fig. 3.
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Figure 3. A detailed view of the lower surface of the wing as installed in the tunnel (left) and sketch (right).
The integration area for the ap side edge is indicated by the blue rectangle.

II.B. Algorithms

A brief summary of the di�erent algorithms that were applied to the benchmark case DLR 1 is given here.
The �rst, the conventional beamformer, is the standard algorithm, and the result is usually called the dirty
map. It is calculated by weighting and summation over all cross correlation coe�cients.3

Functional Beamforming was proposed by Dougherty4 and is a generalization of the conventional and
minimum variance beamformer (or Capon beamformer). A matrix function is applied to the cross spectral
matrix, and the beamforming output is normalized by the inverse of this function. For functional beam-
forming, the matrix function is f (x) = x � . In theory, this algorithm decreases all sidelobes by an arbitrary
factor without any signi�cant additional computational e�ort.

CLEAN-SC is a maxima-seeking algorithm to deconvolve the dirty map into incoherent source points
and was developed by Sijtsma.5 The computational e�ort is about twice that for conventional beamforming.

DAMAS is a deconvolution algorithm that tries to solve a Nonnegative Least Squares (NNLS) system
with a modi�ed Gauss-Seidel method and was developed for aeroacoustics by Brooks and Humphreys.6 In
general, the NNLS system can be solved with several suitable techniques, for example those given by Bro
and de Jong7 or by Lawson and Hanson.8 Since NNLS and DAMAS are working on dense matrices of size
N � N , where N is the number of scanning points, the computational e�ort increases quadratically with N .

The last algorithm is a Bayesian approach to the inverse method problem, which combines physical and
probabilistic assumptions about the source �eld, developed by Pereira et al.9

II.C. Results

II.C.1. Comparison of source maps at one narrowband frequency

In Figs. 4a and 4b, the source maps of conventional beamforming and functional beamforming with exponent
� = 30 are shown. The peak level in the functional source map is reduced by about 2 dB, and the map is
nearly sidelobe-free. This suggests that every part of the functional map corresponds directly to an expected
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