
Algorithmic Localisation of Noise Sources in the Tip

Region of a Low-Speed Axial Flow Fan
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Abstract

An objective and algorithmised methodology is proposed to analyse beamform

data obtained for axial fans. Its application is demonstrated in a case study re-

garding the tip region of a low-speed cooling fan. First, beamforming is carried

out in a co-rotating frame of reference. Then, a distribution of source strength

is extracted along the circumference of the rotor at the blade tip radius in each

analysed third-octave band. The circumferential distributions are expanded

into Fourier series, which allows for filtering out the effects of perturbations,

on the basis of an objective criterion. The remaining Fourier components are

then considered as base sources to determine the blade-passage-periodic flow

mechanisms responsible for the broadband noise. Based on their frequency and

angular location, the base sources are grouped together. This is done using the

fuzzy c-means clustering method to allow the overlap of the source mechanisms.

The number of clusters is determined in a validity analysis. Finally, the obtained

clusters are assigned to source mechanisms based on the literature. Thus, tur-

bulent boundary layer – trailing edge interaction noise, tip leakage flow noise,

and double leakage flow noise are identified.
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1Corresponding author.

Preprint submitted to Journal of Sound and Vibration November 30, 2016



Nomenclature

Latin letters

a dimensionless amplitude of Fourier component

B number of fan blades

c number of fuzzy clusters

C blade chord length

d diameter

D Lieblein diffusion factor

f frequency

G gradient of source intensity level drop

h harmonic wave number

l dimensionless filtering threshold

m fuzzifier

Ma Mach number based on W

n circumferential wave number

N number of all points to cluster

N the set of natural numbers

P sound pressure

p dimensionless sound pressure

Re Reynolds number based on C and W

Sb blade spacing

Str Strouhal number

t thickness of blade plate

w membership value

W relative flow velocity

Z source – aperture distance

Greek letters
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α flow angle of attack

β angular position of base source

γ stagger angle (measured from axial direction)

δ boundary layer thickness

ϕ circumferential angle

κ factor in the resolution criteria

λ wavelength

µ cluster centre

τ tip clearance

θc camber angle of circular arc camber line

Θ angle between two sources to separate

ξ data point for clustering
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Superscripts and subscripts

0 refers to the threshold of hearing

a aperture

f third octave band index, referring to the middle frequency

i index of data points

j index of clusters

max maximum

peak related to source peak

t tip

opt optimal

Abbreviations
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FCM Fuzzy c-means clustering

LE Leading edge

PAM Phased array microphone

PSF Point spread function

ROSI Rotating Source Identifier

SPL Sound pressure level

SSL Source strength level

TBL Turbulent boundary layer

TE Trailing edge

XB Xie-Beni index

1. Introduction10

Noise reduction is a focal point in research related to low-speed axial flow

fans. Because of the large numbers of such devices and their role in everyday

life, their noise is to be reduced, in order to improve human life quality and

consumer satisfaction.

To achieve this goal, noise generation mechanisms are to be understood and15

controlled. Noise sources are to be localised, their strengths compared, and

connected to the phenomena that cause them. Correlations between aerody-

namic and noise source properties are to be determined, serving as a basis for

design guidelines, such as in [1]. Then, by modifying the geometry, the fan de-

signer aims at reducing noise and aerodynamic loss at prescribed aerodynamic20

performance (flow rate and total pressure rise). In order to obtain the afore-

mentioned correlations, the noise sources are to be investigated. The present

paper is focused solely on broadband noise sources.

Acoustic beamforming, relying on a phased array microphone (PAM) mea-

suring technique, is an effective tool for noise source localisation [2, 3]. It is based25

on processing simultaneously sampled microphone signals. The method can be

extended to localise sources in rotating systems [4, 5, 6]. In the present investi-

gation, the Rotating Source Identifier (ROSI) [4] method is applied, providing
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beamform results characterising the locations and strengths of noise sources

related to the rotating fan blades [7, 8, 9, 10].30

The results of beamforming are often represented visually as beamform

maps. The interpretation of such maps requires experience and involves sub-

jective and arbitrary elements. This is partly due to the complexity of the

noise generation phenomena, and partly to the uncertainty incorporated in the

beamforming method itself. This means the following difficulties.35

• Beamform maps contain sidelobes. These are false source locations that

result from partial coherence of the recorded pressure signals at locations

being different from those of the true sources [2]. Due to these sidelobes,

non-physical, false peaks appear on the beamform maps. Furthermore,

even the physically meaningful peaks may have values falsified by sidelobe40

effects.

• In some cases, uncertainty is present in determining the radial position of

rotating sound sources [11, 12].

• If an extended region of intense noise appears, its evaluation is charged

with uncertainty, due to the limitation in the spatial resolving power of the45

beamforming technique. It may be the manifestation either of multiple

small-scale sources being close to each other, or the manifestation of a

single but spatially extended source.

The issue of the last point, related to the spatial resolution of the technique,

is often attempted to be tackled with use of optics-based resolution criteria [8,50

13, 14, 15]. These were historically established for human vision, and therefore,

their application is dubious in acoustic beamforming. Some of such criteria are

the Rayleigh, the Dawes, and the Sparrow limit [16]. These criteria can all be

given in the form of Eq. (1), with only the factor κ varying.

sinΘ = κ
λ

da
(1)
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Here da is the diameter of circular the optical aperture, λ is the wavelength55

and Θ is the smallest viewing angle at which two sources can be separated. In

case of microphone arrays, the aperture size is usually taken as the diameter of

circumscribed circle of the array [14].

Mathematically, the criteria and the κ factors are based on the point spread

functions (PSF) of the sources. The different κ values were historically intro-60

duced in optics as subjective and arbitrary criteria, partly depending on the

resolving power of the eye of the observer. When a point source located at

infinite distance emits light that is observed through a circular aperture, an

image is formed, the intensity distribution of which is described by means of the

PSF. When two point sources of identical strength are observed, the resultant65

image pattern depends on the separation between the sources. Between the two

intensity peaks of the two PSFs, a “dip”, i.e. intensity decrease, occurs. Such

dip is expressed as the percentage of the peak intensity. The Rayleigh, Dawes

and Sparrow limits define the resolving power based on the magnitude of the

dip.70

The PSFs of the two incoherent point sources, their sum and the dip are

illustrated in Fig. 1.

PSF 2PSF 1

dip

intensity

spatial
coordinate

Figure 1: PSFs (dashed), their sum (solid), and the dip

Table 1, based on [16], presents how κ and the dip vary for the various optics-

based limits. These are arbitrarily derived from - and, as such, are restricted to

- two neighbouring PSFs described using first order Bessel functions [17]. The75

0 % dip - i.e. a central plateau - obtained for the Sparrow limit means that
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the two neighbouring sources cannot be distinguished solely on the basis of the

intensity distribution along the line connecting the source centres. They can be

distinguished only on the basis of inspecting the full resultant pattern of the

two additive PSFs. This points to the fact that the Sparrow limit cannot be80

applied when the sources are to be distinguished along a line, such as the tip

circumference in the present case study.

Criterion κ Dip

Rayleigh 1.22 26.5%

Dawes 1.03 5%

Sparrow 0.96 0%

Table 1: κ factors and dip magnitudes for different optics-based resolution criteria

In evaluation of beamform maps, involving subjectivity (visual inspection),

the arbitrary use of the Rayleigh limit [8, 13, 14], as well as the Sparrow limit

[13, 15] is widespread. The application of the Rayleigh criterion and the Full85

Width at Half Maximum criterion is investigated in [18], where alternative limits

are also introduced.

Besides the subjectivity included in the choice of the criterion, the reliability

of application of optics-based criteria in estimating the resolution of beamform

maps is also questioned by the following facts (conf. [17]).90

a) The criteria were formulated for the case of two point sources of identical

strength. However, in general, a priori knowledge is available neither on the

point-like feature nor on the strength identity of the sources.

b) The criteria were originally formulated for a circular aperture, for which the

PSF is the Airy diffraction pattern [17]. In case of conventional beamforming95

with microphone arrays, however, the PSF is influenced by the positions of

the microphones [2], and, as such, will usually be different from the Airy pat-

tern. In the present study, the microphones are arranged along logarithmic

spiral arms, therefore the assumption of a circular aperture is unsubstanti-

ated.100

7



c) As the criteria rely on the Fraunhofer diffraction, the source shall be infinitely

far away from the observer. This means that the incoming waves should be

plane waves. In fan noise investigations however, the distance between the

fan and the array is often confined to the order of magnitude of the rotor tip

diameter. In [8], serving as a basis for the present investigation, the array105

was installed approximately 2 dt tip diameters away from the fan inlet, while

the size of the array is approximately 3 dt. With such a geometrical config-

uration, the validity of the plane wave approximation is doubtful, similarly

to the case in [15].

In the above overview, the difficulties in evaluating the beamform maps110

have been outlined. Furthermore, it has been pointed out that the optics-

based resolution criteria contain subjective and arbitrary elements, and their

assumptions are generally not fulfilled in the context of the PAM technique.

The aim of this paper is to propose a method for processing the beamform

maps, quantifying and localising dominant broadband noise sources in axial115

fans, while overcoming the aforementioned difficulties in processing.

The advantages of the method are the following. It is algorithmic, and

avoids the use of subjective judgement, such as visual inspection, and arbitrary

elements, such as the choice of resolution criteria. It allows for the concerted

evaluation of different third-octave bands simultaneously. It includes filtering,120

and enhances the periodic sources, by removing perturbations. The method is

robust, providing the same results for varied processing parameters. It is able to

identify and quantify the sources in a straightforward manner, without a priori

knowledge on them. The results are given in terms of the angular locations,

frequencies and magnitudes of the significant noise sources.125

Preliminary studies to this method are reported in [19, 20]. The application

of the method is presented through a case study of an axial flow ventilation fan,

the upstream-radiated noise of which has been subjected to PAM investigation.

A localised aeroacoustic source is defined herein as a cluster of base noise

sources correlating a) in space, characterised herein by the angular position β130
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at the fixed radius, and b) in frequency f . Each localised aeroacoustic source

of spatially correlating base sources will be assigned to a spatially coherent, or-

ganised flow structure, termed herein as flow phenomenon. A flow phenomenon

is defined herein as the multitude of spatially correlating elementary compo-

nents of turbulent flow. It is temporally stable, i.e. steady or periodic, in terms135

of Reynolds averaging of the turbulent flow characteristics. Flow phenomena

may interact and influence each other. The co-existing flow phenomena rep-

resent a superposition of the related noise mechanisms. Based on references

[21, 22, 23, 24, 25, 26], the following traditionally known classes of rotor aeroa-

coustic noise are considered herein for the near-tip region of an axial fan, as-140

signed to flow phenomena. The denomination of the flow phenomenon in point

is written italicized. The noise sources are listed in the sequence of their antic-

ipated approximate location, moving from the blade leading edge (LE) toward

the downstream direction.

a) Near-LE turbulence ingestion noise. It originates from the impingement145

of upstream turbulence. The source locates in the vicinity of the LE, in

aerodynamically non-compact cases (i.e. if the length scale of upstream

turbulence is relatively small in comparison to the blade chord length).

b) Turbulent boundary layer (TBL) noise. It originates from the wall pressure

fluctuation due to boundary layer turbulence. It radiates over the entirety150

of the TBL.

c) Separated flow noise. It originates from pronounced unsteadiness of flow

due to boundary layer separation. For deep stall, the noise radiates from

the entirety of the chord. For moderate separation, it dominates near the

trailing edge (TE).155

d) Profile vortex-shedding noise. It originates from coherent vortex shedding

over the blade profile. The source extends from the wake toward the region

upstream of the TE, within the thickened / separated / reattached boundary

layer.

e) TBL – TE interaction noise. It is due to the scattering of turbulence in an160

9



attached boundary layer, at the TE, as sound. The source locates in the

vicinity of the TE.

f) Tip leakage flow noise. It originates predominantly from the passage of tip

leakage flow turbulence over the TE of the blade tip region. The source

locates in the vicinity of the TE.165

g) Blunt TE vortex-shedding noise. It originates from coherent vortex shedding

from the blunt TE. The source locates close downstream of the TE.

2. Case Study

An axial flow industrial cooling fan was chosen to illustrate the capabilities of

the method proposed herein. A sketch of the fan is shown in Fig. 2. Its proper-170

ties as well as details of the instrumentation, data acquisition and processing are

available in [8, 9, 10], therefore only the most representative features are sum-

marised herein. The fan is a free-inlet, free-exhaust rotor-only configuration,

built into a short duct with a short inlet cone. The rotor has B = 5 blades, tip

diameter of dt = 0.30 m and hub-to-tip diameter ratio of 0.3. The rotor speed175

is 1430 RPM, while the tip gap size is 7 mm. The cambered plate blades are

of circular arc camber line, with rounded LEs and TEs, and rounded blade tip.

The geometrical data and aerodynamic conditions of the rotor cascade at the

tip will be discussed in detail in the Results and Discussion section.

An optical transducer was used to measure the angular position of the rotor,180

being necessary for the ROSI algorithm. The pressure signals were recorded

using an OptiNav, Inc. Array 24 PAM system, and the accompanying processing

equipment, i.e. an amplifier, an analogue-to-digital converter, and a laptop

computer. The PAM system has 24 omnidirectional microphones, arranged

along logarithmic spiral arms in order to suppress sidelobes. The array plate185

has an octagonal shape, with the diameter of the circumscribed circle being 1 m.

It was placed perpendicularly to the rotation axis of the fan on the suction side.

The centre of the array coincided with the rotor axis. The array was installed

at a distance of 1.83 dt from the inlet plane of the fan casing. Preparatory
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Figure 2: a) Sketch of the fan. b) Interpretation of angle β

measurements carried out by means of a vane anemometer revealed that the190

impact of the array on the flow field inlet to the fan is negligible. Sampling

frequency was set to 44.1 kHz, and data was acquired for 20 s, meaning a total

of about 460 revolutions, or 2300 blade passages. In earlier investigations, this

averaging time was found adequate from a statistical point of view [10]. The

measurements were carried out in a laboratory environment with no special195

acoustical treatment.

Because the array has no rotational symmetry, frequency domain deconvolu-

tion methods, succesfully applied in other investigations [5, 15, 27, 28], were not

applicable. Therefore the acquired acoustic data was processed using the ROSI

algorithm. This allows the obtainment of beamform maps in a co-rotating frame200

of reference, by removing the effects of the rotary motion in time domain. Then

the cross-spectral matrix has been calculated by averaging the cross-spectra of

blocks with 1024 samples, windowed by a von Hann function, with 50% overlap.

About 1700 windows were averaged in total. To remove the effects of uncorre-

lated noise, the main diagonal of the cross spectral matrix has been removed.205

Due to the general arrangement of the microphones, deconvolution methods

were not available, therefore conventional frequency-domain beamforming has

been applied. The same procedure was repeated for each point of the beamform
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grid, thus narrowband source strength level (SSL) distributions were obtained.

SSL is the output of the beamforming process, e.g. Eq. (2.29) in reference [2],210

written in a level form. Based on reports on comparable measurement configu-

rations [5, 15], microphone directivity effects were neglected.

The beamforming computations were carried out in the third-octave bands

with central frequencies between 2 kHz and 6.3 kHz. The reason for omitting the

bands below 2 kHz is the limitation in the spatial resolution of the beamforming215

process.

The narrowband sound pressure level (SPL) spectrum recorded by the mi-

crophone being the closest to the array centre is shown in Fig. 3 in the 20 Hz

– 20 kHz range. As the figure shows, there are no significant tonal components

in the 2 kHz – 6.3 kHz range. Even out of this range, no outstanding tonal220

peaks are dominant, neither at the blade passing frequency at 119 Hz. It can

be concluded that the noise is of broadband origin. Therefore the appropriate

narrowband results were summed, and third-octave band beamform maps were

generated, centred on 2000 Hz, 2500 Hz, 3150 Hz, 4000 Hz, 5000 Hz, and 6300

Hz.225
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Figure 3: Noise SPL spectrum recorded by a single microphone. Frequency resolution: 5.8 Hz

The third-octave band beamform maps are shown in Fig. 4, reproduced from

[9]. The figures indicate the SSL in each third-octave band. In this view, the
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fan rotates in the counter-clockwise direction. The figures show a 5 dB dynamic

range. The details of noise patterns below the lower limit of the dynamic range

have been discarded.230

By visual inspection of Fig. 4, the blade-passage-periodicity of the noise

pattern is apparent. As the frequency increases, more and more details can

be observed. Generally, only a single source per blade passage can be seen,

however, the highest frequency maps suggest the presence of multiple sources.

Nevertheless, their exact number cannot be determined by visual means.235

The visual interpretation highlights the evaluation problems discussed in

the Introduction. The beamform maps can only be evaluated in a piecewise

manner, i.e. each frequency band separately, through visual inspection. The

data processing and evaluation algorithm presented herein incorporates each

frequency band in a concerted manner. The method is based on Fourier analysis,240

supplemented with fuzzy clustering.

3. The Proposed Method

3.1. Data extraction

For further data processing, an angular distribution of SSL, obtained from

the beamforming process, has been extracted from each beamform map. This245

means taking the SSL at a given radius as a function of a circumferential angle

ϕ ∈ [0, 2π), shown in Fig. 2.

The extraction can be carried out for any radius of the maps. For the

present purpose of illustrating the capability of the data processing method, the

tip radius of the fan, dt/2 = 0.15 m has been chosen. The reason for this choice250

is that the blade tip region exhibits a remarkable circumferential variation in

both aerodynamic and aeroacoustic features, as shown in e.g. in [15], and, as

such, it is expected to give illustrative results.

SSLf (ϕ) distributions have been extracted for each third-octave band under

processing. An analogy is considered between SSL and SPL. On this basis, SSL255

is used to define the dimensionless effective sound pressure p. p is taken as p =
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Figure 4: Beamform maps for each investigated third-octave band, reproduced from [9]. The

labels indicate the third-octave band mid-frequencies, the solid circles show the casing, while

the contours show the SSL [dB]. The rotor rotates in the counter-clockwise direction. Circles

in the top-left corner indicate the Rayleigh resolution limit at the centre frequency, calculated

as Z sinΘ using Eq. (1) on the basis of [14].
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P/P0. P is the fictitious effective sound pressure obtained from beamforming.

P0 = 2 · 10−5 Pa is the threshold of hearing. The following relationship is valid:

SSLf (ϕ) = 20 log
Pf (ϕ)

P0

= 20 log pf (ϕ) (2)

In what follows, the pf (ϕ) dimensionless pressure is used for the purposes

of the analysis, obtained from the SSL beamform maps, using Eq. (2). Its260

distributions for the various third-octave bands are shown later in Fig. 6 with

solid lines.

3.2. Fourier decomposition and filtering

The present work aims at contributing to the empirical background of con-

certed aerodynamic-aeroacoustic design of axial fan rotor blade cascades of low265

noise emission. Therefore, the beamform results are intended to be exploited

as follows. Those broadband aeroacoustic sources are to be localised, which are

assigned to the blade passages being ideally of periodically repetitive geometri-

cal and flow conditions - as treated in the rotor blade cascade design approach.

The blade-passage-periodic acoustic sources are the exclusive subjects of the270

present survey. Blade-passage-periodicity means that a source is present for

each blade passage with identical source strength distribution in space and in

frequency. Each source is considered as a composition of blade-passage-periodic

base sources. With consideration of the number of blades B, the base sources

periodically repeat themselves along the entire circumference B times as well its275

integer multiples. The effects violating blade-passage-periodicity are untreatable

by classic rotor cascade design means. Therefore, they are considered herein as

perturbations, and are arbitrarily excluded, i.e. filtered out, from source locali-

sation. The causes of such perturbations are classified as follows, together with

some examples.280

a) Irregularities of inlet flow condition. Asymmetric mean velocity field, due to

distortions in the upstream geometry. Randomly ingested, stretched, large-

scale eddies, due to upstream flow obstacles.
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b) Non-periodicity of geometrical boundaries of the blade passages, due to man-

ufacturing or assembling imperfections, or deformations. Non-uniform tip285

clearance along the circumference, due to the eccentricity of the rotor inside

the casing. It represents 1 perturbation period along the entire circumfer-

ence. Blade(s) of geometry being different from that of the regular blade set

- e.g. different span, stagger, or profile geometry -, leading to a local mod-

ification of the emitted noise. The number of irregular blade(s) correspond290

to the same number of perturbation periods along the circumference.

c) Non-periodicity of blade passage flow, unsteadiness in the Reynolds averaged

flow quantities. Rotating stall.

d) Perturbations caused by the acoustic environment. Background noise, with

non-uniform features.295

e) Perturbations caused by measurement and processing uncertainties. Side-

lobes resulting from the beamforming algorithm that are non-periodic along

the circumference within a rotation.

The wave-like intensity patterns in Fig. 1 suggest that a combination of

cosine functions is a reasonable approximate representation for a single source, or300

for interacting neighbouring sources. Together with the required blade-passage-

periodicity, these two suggest the application of Fourier analysis.

The pf (ϕ) angular distributions in each third-octave band are expanded into

Fourier series as expressed in Eq. (3).

pf (ϕ) =

nmax
∑

n=0

af [n] cos (n (ϕ− βf [n])) (3)

Thus, each distribution is expressed as a sum of cosine functions with ampli-305

tude af and angle βf depending on the discrete n circumferential wave number.

Blade-passage-periodic sources are represented by the Fourier components

of n = B as well as their physically relevant harmonics. Only those are to

be retained for further processing. The formerly listed perturbations, charac-

terised by m values being different from those for the blade-passage-periodic310

components, are to be filtered out.
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The harmonic wave number h is introduced in Eq. (4). Using this definition,

for a positive integer h, the value of af [h] is interpreted as the amplitude of a

mode that has exactly h periods in one blade passage, while h = 0 means the

circumferential average value.315

h = n/B (4)

An illustrative amplitude spectrum as a function of the harmonic wave num-

ber, a[h], is shown in Fig. 5.

The aim of the investigation is to identify the significant blade-passage-

periodic components that are related to physical aeroacoustic/aerodynamic phe-

nomena. These are expected to have a periodicity around the circumference,320

corresponding to that of the blades, and to appear once (h = 1), twice, etc. (har-

monics, h = 2, 3...) per blade passage. Thus the positive integer h values are

to be investigated. Components of other, non-integer harmonic wave numbers

are considered as perturbation. The previously mentioned rotor eccentricity

for example will cause a peak at the harmonic wave number corresponding to325

the reciprocal of the blade number, h = 1/B, while irregularities in the blades

will appear at the reciprocal of the number of the irregular blades. All of the

aforementioned effects may cause perturbation at their harmonics, too.

Therefore, only the physically relevant - “significant” - Fourier components

associated with integer h values are to be retained for further processing. At330

this point, a criterion is necessary to determine which of these components is

to be judged “significant”. The following criterion is proposed. Within a given

third-octave band, a component at an integer h is judged significant only if

its amplitude exceeds the amplitude of the maximum perturbation component,

e.g. the maximum of the spatial spectrum that is found at a fractional h. In335

other words, a significant peak has an amplitude larger than the limit in that

frequency band, see Eq. (5).

af [h] > lf (5)
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Here the limit is the maximum perturbation amplitude, that is, the highest

amplitude found at a fractional h, as described in Eq. (6).

lf = max
h/∈N

af [h] (6)

Here N denotes the set of natural numbers (including 0).340

As an example, a resultant spectrum is shown in Fig. 5 for the third-octave

band centred on 6300 Hz. The filtering threshold, determined as the maximum

perturbation amplitude being present at h = 3/5, is indicated in the figure with

a horizontal dashed line. When applying the inequality in Eq. (5) in selecting

the significant peaks, it is to be considered that the maximum perturbation345

amplitude has an error due to the amplitude uncertainty of the PAM technique

(as reported e.g. in [8]). A peak is judged to be significant if it is higher

than the maximum perturbation amplitude plus the half-width of the range of

PAM amplitude uncertainty. This choice guarantees that each component of the

blade-passage-periodic sources (at h = 1, 2, 3, . . . hmax) exceeding the filtering350

threshold, i.e. being more significant than the perturbations, is considered in

the identified sources.

Regarding Fig. 5, it is noted that, besides the significant components at

h = 1 and h = 3, a significant component is also present at h = 0, corresponding

to the circumferential average of the beamforming data under discussion.355

Using the decomposition and filtering technique, the source strength around

the blade tip can be represented in a simplified manner. First, only the sig-

nificant components are kept, and then, the distribution can be represented by

just the amplitude, harmonic wave number, and phase angle of those significant

components. Figure 6 presents the circumferential distributions reconstructed360

from only the significant base sources with dashed lines. The agreement between

the originally measured and the reconstructed distributions is fair.

By choosing the Fourier analysis as a processing technique, cosine functions

are chosen for characterising the circumferential variation in the intensity of

the base sources. When reconstructing the original distributions in Fig. 6, the365
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Figure 5: Spatial spectrum with the filtering threshold (horizontal dashed line) in the third-

octave band centred on 6300 Hz

circumferential average values (related to h = 0) as well as the cosinusoidal base

sources are applied. The applied process enhances the detectability of the blade-

passage-periodic sources, as perturbations at fractional h values are excluded

from further processing.

The good reconstruction shows that the method captures the most significant370

blade-passage-periodic aeroacoustic phenomena, even if only a few components

are used. The base sources retained after filtering are listed in Table 2. Here

the component ID consists of the third-octave band mid-frequency, then the h

value, then an ordinal number going from 1 to h identifying each component.

The subject of future work is the investigation of the performance of the375

presented filtering method throughout the whole annulus area.

Table 3 shows the circumferential average values, the threshold limits, and

the percentage of the latter to the former. The percentages in the last column

show that the filtering method is able to capture fine oscillations. The percent-

ages are significantly below the half-value of the dip for the Rayleigh criterion,380

being 13%, according to Table 3. This means that the Rayleigh criterion is

overly conservative, and the presented method is able to extract fine details

even below the Rayleigh limit.
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Figure 6: Distributions of pf (ϕ) along the circumference: measured (solid) and reconstructed

after filtering using the significant components only (dashed)
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Component ID Cluster assigned af [−] β [◦]

2000 / 0 — 120.00 —

2000 / 1 / 1 1 9.26 14.9

2500 / 0 — 89.42 —

2500 / 1 / 1 1 9.78 10.5

3150 / 0 — 49.86 —

3150 / 1 / 1 1 8.68 28.9

4000 / 0 — 25.83 —

4000 / 1 / 1 1, 2 16.45 22.8

5000 / 0 — 18.52 —

5000 / 1 / 1 2 8.23 24.1

5000 / 2 / 1 2 1.69 18.0

5000 / 2 / 2 3 1.69 54.0

6300 / 0 — 15.08 —

6300 / 1 / 1 2 3.74 20.8

6300 / 3 / 1 2 1.32 7.0

6300 / 3 / 2 2 1.32 31.0

6300 / 3 / 3 3 1.32 55.0

Table 2: Base sources

Figure 7 shows the maximum SSL spectrum, i.e. the maximum SSL values

in the tip region in each beamform map. The tip region is defined as those d385

diameters where |d−dt|
dt

< 0.05. The figure confirms that the noise has broadband

characteristics in the investigated frequency range.

The [β, f ] coordinates for the maxima composing the SSL spectrum are

shown in Fig. 8. When creating this figure, the periodicity of the blades was

taken into account. As illustrated in Fig. 2, and will be presented later in390

Fig. 10 as well, the angle β representing the position of a source within a blade

passage is zero at the TE, and increases as one moves towards the TE of the

adjacent blades, located at β = 360◦/B = 70◦.
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f [Hz] af [0] [−] lf [−] lf/af [0] [%]

2000 120.00 6.08 5.07

2500 89.42 2.70 3.02

3150 49.86 2.33 4.66

4000 25.83 2.64 10.22

5000 18.52 1.32 7.13

6300 15.08 0.83 5.50

Table 3: Resolution thresholds

Fig 8 suggests that the elementary narrowband sources form “clusters” over

the [β, f ] plane. This observation inspires the concept of clustering for the base395

sources in Table 2.

3.3. Clustering

The peaks of the cosine-shaped significant Fourier components are considered

as base sources. A Fourier component characterised by a harmonic wave number

h originates base sources in number of h per blade passage. These base sources400

are to be clustered for identification of the physically distinct noise sources.

The aspects of clustering are the spatial location, characterised by angle β,

and the frequency f . β is included, because base sources originating from the

same source mechanism are expected to be located close to each other. f is used,

because broadband sources are investigated, which have continuous amplitude405

distributions as a function of frequency. The clustering method was chosen

considering that the clusters can overlap in both spatial location and frequency

range.

Based on these arguments, clustering was carried out in the [β, f ] plane for

the significant peaks identified by the filtering process. The number of significant410

elements to cluster is the number of terms in Table 2 with h > 0, N = 11.

The ξi data points contain the angular location and the frequency of the
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Figure 7: Maximum SSL values in the tip region. Frequency resolution: 43.1 Hz

base source (see Eq. (7)).

ξi =
[

β̂i, f̂i

]

(7)

A widely applied method is the Fuzzy c-means Clustering (FCM) [29]. It

creates a predefined c number of clusters based on the ξi, i = 1 . . . N data

points. This is achieved by choosing the µj , j = 1 . . . c centres in a way, that

the point-to-centre distances are minimised, see Eq. (8). The method is fuzzy, as415

it contains wi, j membership functions connecting each element to each cluster

centre. This way, an overlap between the clusters is allowed, i.e. each data point

belongs to each of the c clusters with a certain membership function. These wi,j

values quantify how well a data point belongs into a certain cluster, and serve

as weights for the element-to-cluster distances. A constraint on the membership420

functions is that the sum of those for a data point with respect to each cluster
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Figure 8: [β, f ] coordinates for the narrowband maxima, merged into a single blade passage

region
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is unity, i.e.
∑N

j=1 wi,j = 1∀i.

argmin

N
∑

i=1

c
∑

j=1

wm
i,j ||ξi − µj ||2 (8)

The equation contains a parameter m, the so-called fuzzifier. For m = 1,

crisp (e.g. traditional, non-fuzzy) clusters are obtained, with no overlap between

them. On the other hand, as m → ∞, all membership values converge to425

a uniform value of 1/c [29], i.e. the ability to differentiate between clusters

diminishes. In absence of any a priori information on choosing the relevant

m value, m = 2 is usually set [30]. In order to avoid this arbitrary choice, a

parameter sensitivity study has been carried out.

The method of calculation is the following. First, wi,j values are initialised430

randomly. Then, the µj cluster centres are given as the weighted average of the

data points (Eq. (9)).

µj =

∑N
i=1 w

m
i,j ξi

∑N
i=1 w

m
i,j

(9)

The membership values are then calculated using Eq. (10). After that, Eqs

(9) to (10) are iterated until the change of wi,j values is less than a prescribed

criterion.435

wi,j =

(

1
||ξi−µj ||

2

)
1

m−1

∑c
k=1

(

1
||ξi−µk||

2

)
1

m−1

(10)

Some applications of the FCM method related to acoustics, fluid mechanics,

or processing of measurement data are the following. It has recently been ap-

plied for aero-engine failure detection [31], and for the processing of magnetic

resonance images to identify different tissue types [32, 33], with special attention

on repeatability and objectivity, thus without including human operators. It has440

been applied to improve source localisation in reverberant environments [34]. In

the field of fluid dynamics, the vortex field of an oscillating cylinder has been

analysed with clustering after a reduction of dimensions with proper orthogonal
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decomposition [35]. Patterns in a turbulent flow have been analysed in [36].

Clustering has furthermore been applied to recognise user-specific sound pat-445

terns [37], and detect organic compounds based on sensor array measurements

[38].

To the authors’ best knowledge, the present application of clustering is the

first one in analysing acoustic beamform maps related to rotating fluid machin-

ery.450

3.4. Number of clusters

The number of clusters per blade passage, c, has to be set as input data

for the clustering algorithm. It has a significant effect on the results, therefore

special attention is to be paid to its setting. The appropriate c value may be

approximated by visual inspection of the data set, on a trial-and-error basis,455

but such method involves subjective elements, and, as such, it cannot be algo-

rithmised. Therefore, another approach was implemented that is automatised

and objective. Cluster validity indices are calculated, describing how reliable

the clustering is, for possible values of c. Then the optimum number of clusters

is set based on these validity indices.460

There are several cluster validity indices, with many of them summarised in

[39]. However, none of them is generally applicable and always reliable [39, 40].

For the present study, the Xie-Beni index (XB) [41], defined in Eq. (11), was

chosen as the cluster validity index to be examined. The reason for choosing XB

is that it characterises clustering in a way being relevant to the present stud-465

ies. The numerator quantifies the variation within clusters, which is analogous

to the error caused when replacing a data point with the cluster centre. The

denominator contains the distance of the two closest cluster centres, thus char-

acterises the separation of the clusters. Since well separated, compact cluster

are sought for, XB has an absolute minimum value at the optimum number of470

clusters. Supporting the choice of XB, references [35, 36] report on clustering
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related to fluid dynamics, with effective involvement of XB.

XB =

∑N
i=1

∑c
j=1 w

m
i,j ||ξi − µj ||2

N min
i 6=j

||µi − µj ||2
(11)

From the definition of XB follows that at least two clusters must be present

in the data for the proposed algorithm to provide meaningful results.

Figure 9 shows the XB values for different cluster sizes and differentm values,475

inspired by [35, 36], in the present case study. For the first approximation of the

maximum number of clusters to be tested,
√
N is suggested as a rule of thumb

[30]. In the present case study, the number of elements to be clustered is the

number of the base sources, N = 11. For an extended investigation, a value of

c = 5 (exceeding
√
11, rounded up to 4) was set herein as an upper limit. The480

minimum of XB indicates the optimum cluster number is copt = 3, regardless

of the choice of the m fuzzifier. Therefore the optimum number of clusters was

robustly found at copt = 3, and clustering was carried out with 3 clusters.

c

2 3 4 5

X
B

0.05

0.1

0.15

0.2

0.25

m = 1.4

m = 1.6

m = 1.8

m = 2.0

m = 2.2

Figure 9: XB index as a function of c for different m values

It has to be taken into account, that the β and f coordinates of the data

points (base sources) to be clustered are charged with error. The error of β is485

due to the uncertainty of the angular encoder. It is estimated conservatively as

±2.5◦ in [10]. The dominant error of f originates from the 1024-point discrete

27



Fourier transform applied in creating the beamform maps. It is estimated as

±22 Hz.

It is to be investigated whether the determination of optimum number of490

clusters is affected by the uncertainty of the [β, f ] coordinates of the base

sources. It has been observed that varying m results in a scatter of the localised

cluster centres (not presented herein) pessimistically exceeding the aforemen-

tioned uncertainty ranges of β and f . Therefore, the analysis of m-sensitivity

of locating the cluster centres is an implicit representation of the [β, f ] error495

propagation analysis. As it has been concluded, the variance of m does not

affect establishing the optimum number of clusters. An additional note is that

the uncertainty of β and f , implicitly represented by varying m, does not affect

establishing copt, either.

4. Results and Discussion500

Fig. 10 shows the result of clustering. It was obtained using an in-house

implementation of the FCM method. The horizontal axis of the diagram rep-

resents the angular range associated with one blade passage, corresponding to

360◦/B = 72◦. The circular arc-shaped circumferential range at the blade tip

radius has been rectified for an easier representation. Segments of the two505

neighbouring blades bounding the blade passage are drawn to the bottom of

the figure for a lifelike explanation of the results. The angular position of the

blades is determined by the angular encoder. β = 0◦ is aligned with the tip TE

of one certain blade, as illustrated on the sketch at the bottom of the figure.

The blade LE, TE, and the blade tip is indicated with labels in the sketch. The510

circumferential extension of the projection of the blade tip region is realistically

scaled (i.e. 45◦). The blade motion is considered as being from the right to the

left in the figure, as indicated in the sketch by an arrow. The vertical axis of

the diagram represents the frequency range under evaluation. The [β, f ] data

points (base sources) are indicated in the diagram by means of cross symbols.515

They are related to either of the h = 1, 2, 3 harmonic wave number values.

28



For h = 2 and 3, the angular difference is 36◦ and 24◦, respectively, between

the neighbouring base sources. The β angle and the central frequency f of the

related Fourier component determine the position of each base source in the

diagram (along the horizontal and vertical axis, respectively). The identified520

cluster centres, corresponding to copt = 3, are indicated in the diagram with

diamonds. The clusters are labelled at their centres as Cluster 1, 2, and 3.

Each point of index i has c number of membership functions: wi,1, wi,2, ...wi,c.

In Fig. 10, the contour lines indicate the largest of those, max
j

wi,j , that is the

membership value of the point with respect to the closest cluster.525

Figure 10: Representation and interpretation of the results of clustering. The scaled contour

lines indicate the wi,j membership values corresponding to the closest cluster, the crosses are

the base sources, while the diamonds show the cluster centres.

Comparing Fig. 8 to Fig. 10, the following conclusions can be drawn. The

third-octave band peaks represent the narrowband maxima well, as they have
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similar angular positions. The identified clusters 1 and 2 are also in agreement

with the maximum locations, as most narrowband maxima fall into these peaks,

with only a handful of them being localised elsewhere. No narrowband max-530

imum falls into the area of Cluster 3, though. This means that there are no

narrowband maxima in that region, and the identification of Cluster 3 is im-

possible by looking only at the maxima. It can only be found with the Fourier

decomposition process, or by considering local maxima as well.

The present case study is taken as an illustrative example for evaluation of535

the results obtained from the algorithmic localisation method described herein.

The discussion adds to the authors’ previous work [8, 9, 10] from the following

points of view. In the cited references, the identification of the noise sources

was carried out for the same fan on an intuitive basis. The present evaluation

takes the benefits of algorithmic localisation. It incorporates a systematic and540

comprehensive review of all noise sources possibly occurring in the same fan

in the tip region. It is based on a quantitative comparison between charac-

teristics derived from the measurements as well as those estimated from the

semi-empirical aeroacoustic models established in reference [21]. The quantita-

tive comparison is combined with a concerted analysis of the spectra (Figs. 3545

and 7) and the cluster map (Fig. 10). Furthermore, the present discussion is

supported by literature references, serving as basis for evaluating the observed

qualitative trends.

For the quantitative comparison, the geometrical and aerodynamic data of

the tip section, summarised in Table 4, have been taken as basis. These charac-550

teristics have been derived from the data available in [8, 9, 10]. For moderately

loaded blades, reference [42] presents a clear distinction of the blade boundary

layer and tip flow regions. Therefore, the use of the Lieblein diffusion factor D

as blade loading indicator, correlating with the thickness of the blade boundary

layer, has been judged reasonable in the tip region - even though the concept555

of D was originally applied to rectilinear, i.e. two-dimensional blade cascades

[43]. This view is supported by the fact that such use of D is widespread in the

analysis of three-dimensional axial fan rotor flows, also incorporating the vicin-
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ity of the annulus walls (e.g. [44]). D, presented in Table 4, was considered for

estimating the wake momentum thickness as 0.01C, using Fig. 148 in [43]. A560

shape factor - i.e. displacement-to-momentum thickness ratio - of 1.4 has been

assumed, as suggested in [45], and confirmed by the data in [46]. The above

data enabled the estimation of the displacement thickness, presented in Table

4 as boundary layer thickness δ, being used in the semi-empirical aeroacoustic

models.565

Property Dimension Value

C [mm] 130

θc [◦] 28

t [mm] 1

γ [◦] 63

C/Sb [-] 0.69

τ/C [-] 0.053

W [m/s] 23.2

α [◦] 2

Re [-] 2 · 105

Ma [-] 0.07

D [-] 0.4

δ [mm] 2

Table 4: Characteristics at the rotor tip

Table 5 presents the characteristics of the aeroacoustic noise sources briefly

estimated with use of the semi-empirical models published in reference [21].

As input to semi-empirical modelling, the data shown in Table 4 have been

used. The calculations are based on the following parts of reference [21]. Profile

vortex-shedding noise: Eqs. (53-60), Fig. 85. TBL – TE interaction noise: Eqs.570

(30-34), Fig. (78). Tip leakage flow noise (considering that τ/C in [42] is in fair

agreement with the data in Table 4): Eqs. (61-65). Blunt TE vortex-shedding

noise: Eq. (68), Figs. 95, 97. The table contains the estimated Strpeak Strouhal
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numbers related to the peak intensity associated with the various sources. The

Strouhal number definitions incorporate various length scales and velocities for575

the various sources [21], which have been derived from the quantities in Table 4.

With use of the aforementioned data, the fpeak frequencies related to the source

peak intensities have been estimated, as shown in Table 5. The G gradient of

drop of source intensity level, also incorporated in the table, has been obtained

as follows. Lower and higher limiting frequencies have been approximated at580

which the source intensity drops by 10 dB relative to the peak value. G has

been taken as the mean absolute value of the slope of the frequency-dependent

source intensity curve within the range tailored by these limiting frequencies.

Aeroacoustic noise source Strpeak [−] fpeak [kHz] G [dB/kHz] Cluster assigned

Profile vortex-shedding 0.2 2.3 12.6 –

TBL – TE interaction 0.1 1.2 8.6 1

Tip leakage flow 0.5 5.2 2.2 2, 3

Blunt TE vortex-shedding 0.2 4.6 9.7 –

Table 5: Model-based data

Using the data in Table 2, characteristics comparable with the “Model-

based” data have been obtained for the three clusters, shown in Table 6. The585

peak intensity was estimated for each third-octave band of middle frequency f

as follows, using the Component IDs in Table 2 as references in the explanation.

For clusters 1 and 2, the af values related to the components “f / 0” and “f

/ 1 / 1” have been added. For Cluster 3, the af values related to the compo-

nents “5000 / 0” and “5000 / 2 / 2”, as well as “6300 / 0” and “6300 / 3 /590

3”, have been added. 20 times the logarithm of the ratio of the peak intensi-

ties estimated for the neighbouring third-octave bands resulted in characteristic

drops of source intensity level. Dividing such drops by the difference between

the middle frequencies resulted in representative G values. Within each cluster,

fpeak has been established as the middle frequency of the third-octave band of595

highest calculated peak intensity. Further quantitative evaluation of the mea-
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surement results will be necessary for consideration of the spatial and spectral

distribution of absolute values of SSL. Such evaluation, offering a potential for

refinement of semi-empirical aeroacoustic models, is a subject of future work.

Cluster ID fpeak [kHz] G [dB/kHz]

1 2.0 7.0

2 5.0 2.3

3 5.0 1.4

Table 6: Measurement-based data

In what follows, the possible dominance of the various noise sources, listed600

at the end of the Introduction, will systematically be discussed. As summary of

the following discussion, the clusters are assigned to the relevant noise sources

in the last column of Table 5. These results confirm the conclusions drawn on

an intuitive basis in [8, 9, 10].

a) Near-LE turbulence ingestion noise. As references [22, 23] suggest, such605

noise occurs if the upstream turbulence impinges on the blade in the vicinity

of the LE. Upstream turbulence is generated e.g. by means of a protection

grille installed in front of the rotor. In the present case study, free inlet was

provided to the rotor, i.e. no upstream turbulence was generated. On this

basis, the occurrence of near-LE turbulence ingestion noise is excluded in the610

present case study.

b) TBL noise. The D = 0.4 value in Table 4 indicates moderate load for the

blading under present investigation ([43, 24]). For moderately loaded blades,

reference [15] concludes that noise generated on the blade surface due to

boundary layer turbulence becomes less significant, and noise occurring near615

the TE dominates. This view is in accordance with reference [24] stating that

the TBLs noise is usually less significant than the TBL – TE interaction noise.

Fig. 10 suggests that the majority of the base sources locate out of the region

of the blade chord along which the boundary layer develops. Therefore, the

dominance of TBL noise is excluded for the presented case.620
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c) Separated flow noise. D = 0.4 indicates moderate blade load, i.e. stall-

free operation [43, 24]. Therefore, the occurrence of separated flow noise is

excluded in this case study.

d) Profile vortex-shedding noise. As illustrated in [24, 25], the signature of such

noise appears as a remarkable peak in the spectra. Therefore, it is expected625

to be characterised by a relatively large G value. In Table 5, the model-based

fpeak = 2.3 kHz value is in fair agreement with the measurement-based fpeak

= 2.0 kHz data related to Cluster 1. However, the measurement-based G

= 7.0 dB/kHz data for Cluster 1 is significantly below the model-based G

= 12.6 dB/kHz value. The SPL spectrum in Fig. 3 does not present an630

outstanding peak near 2 kHz. Based on the above, profile vortex-shedding

noise is considered as of minor importance in this case study.

e) TBL – TE interaction noise. As Table 5 presents, the model-based fpeak =

1.2 kHz value is near the measurement-based fpeak = 2.0 kHz data related

to Cluster 1. It is noted here again that 2.0 kHz is a lower limit in the mid-635

dle frequency of the third-octaves in the present evaluation of beamforming

results. The measurement-based G = 7.0 dB/kHz data for Cluster 1 briefly

agrees with the model-based G = 8.6 dB/kHz value. In the range of 1 to 4

kHz, the SPL spectrum in Fig. 3 is in qualitative agreement with the trends

shown in [21, 23, 24] for turbulent boundary layer – TE interaction noise: a640

plateau-like range (with apparent local peaks) at lower frequencies, exhibit-

ing a moderate, gradually increasing slope toward higher frequencies. In the

cluster map in Fig. 10, the centre of Cluster 1 locates between the TE of

the preceding blade and the LE of the adjacent blade. It is to be considered

that the occurrence of near-LE turbulence ingestion noise has formerly been645

excluded. Therefore, Cluster 1 is to be assigned to the vicinity of the TE of

the preceding blade. The above arguments support the view that Cluster 1

represents the TBL – TE interaction noise generated by the preceding blade.

f) Tip leakage flow noise. According to Table 5, the model-based fpeak = 5.2

kHz value is in fair agreement with the measurement-based fpeak = 5.0 kHz650

data related to Cluster 2. The measurement-based G = 2.3 dB/kHz data for
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Cluster 2 also agrees with the model-based G = 2.2 dB/kHz value fairly well.

These data are in accordance with the view in references [21, 42] that tip

leakage flow noise is a high-frequency broadband noise. At 5 kHz, a break

(starting point of a “hump”) is slightly visible in the SSL spectrum (Fig. 7).655

Such qualitative feature also appears as a signature of tip leakage flow noise in

[21, 47]. The slope of the SPL spectrum above 5 kHz is in fair agreement with

the slope valid for the spectrum in [47] in the tip leakage flow noise-dominated

range. As explained for Cluster 1, Cluster 2 also locates in the vicinity of the

TE of the preceding blade, as indicated by the cluster map in Fig. 10. Based660

on [21, 23, 26], some part of the tip leakage flow noise can be interpreted as

specific, concentrated TE noise sources. These arguments support the view

that Cluster 2 represents the tip leakage flow noise generated by the preceding

blade. In addition to the TBL – TE interaction noise represented by Cluster

1 , the tip leakage flow noise represented by Cluster 2 is also related, at665

least partly, to the TE [21, 23, 26]. The two noise mechanisms are linearly

superimposed [21]. Consequently, Clusters 1 and 2 overlap both spatially as

well as in the frequency domain. The cluster map in Fig. 10 shows that

the centre of Cluster 2 locates at an angular position being approximately

identical to that of the centre of Cluster 1. Furthermore, the base source at670

4 kHz is nearly equally assigned to both clusters.

For Cluster 3, the related fpeak = 5.0 kHz and G = 1.4 data agree fairly

well with the measurement-based data for Cluster 2, as well as with the

model-based data for the tip leakage flow noise. This suggests that Cluster

3 represents a variety of tip leakage flow noise. However, its peculiarity is675

that its centre locates within the tip clearance region of the adjacent blade,

i.e. downstream of the blade to which Cluster 2 has been assigned. The

experimental and computational fluid dynamics studies in [8, 9, 10] support

that the source related to Cluster 3 adds to the list of traditionally known

noise classes presented in the Introduction. Cluster 3 represents the double680

leakage flow noise. Double-leakage occurs by such means that the tip leakage

flow associated with Cluster 2 from noise generation point of view reaches
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the pressure side at the tip region of the adjacent blade, and leaks across

again [48].

g) Blunt TE vortex-shedding noise. As suggested by [23], the signature of such685

noise is a remarkable peak in the SPL spectrum. Therefore, it is expected to

correspond to a relatively large G value. Table 5 presents model-based G =

9.7 dB/kHz and fpeak = 4.6 kHz values. For 5 kHz, the measurement-based

G values are significantly below the model-based gradient. Neither the SPL

nor the SSL spectrum shows any outstanding peak near 5 kHz. Therefore,690

blunt TE vortex-shedding noise is regarded as of minor importance in this

case study.

5. Conclusions

A method has been proposed herein to localise and characterise blade-

passage-periodic broadband aerodynamic noise sources in an axial fan, and to695

assign them to the underlying dominant aerodynamic phenomena. It is based

on beamforming in a co-rotating system. A third-octave band evaluation of

the beamforming results has been found as a suitable representation of the

broadband sources. The method relies on the spatial Fourier expansion of the

measured source strengths at a given radius. By such means, Fourier ampli-700

tude and phase spectra have been obtained for each third-octave band. The

amplitude spectra enable the identification of significant Fourier components,

by means of an algorithmic significance criterion. After a filtration process,

the peaks related to the significant Fourier components have been retained as

base sources. The localised noise sources, being extended both in space and705

in frequency, have been considered as clusters of the base sources obtained for

the various bands. The FCM algorithm has been applied for clustering. The

XB index has been involved as a robust means in determining the physically

reasonable number of clusters, in an objective, algorithmic manner.

The proposed method offers the following advantages. By such means, it710

adds to the literature related to evaluation of beamforming results obtained for
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axial fans.

• The method is algorithmised, being free from any subjective and arbitrary

elements (such as visual inspection of beamform maps, and optics-based

resolution criteria).715

• A concerted quantitative evaluation of beamform data within multiple

frequency bands is carried out.

• The Fourier analysis enables a filtration as well as detection enhancement

technique. The removal of perturbations enhances the detectability of

each significant blade-passage-periodic source.720

• Thanks to the application of the XB index, the number of significant

blade-passage-periodic sources can robustly be determined, without any a

priori knowledge on the aerodynamic and aeroacoustic characteristics.

• The base sources originate from the Fourier analysis. As such, they are

characterised by frequency, amplitude and angular position. The fuzzy725

clusters are characterised by middle frequency, and angular position of

the cluster centre. Such straightforward quantification makes possible a

convenient utilisation of the experimental results in refinements of semi-

empirical aeroacoustic models.

For demonstrating the capabilities of the proposed method, an illustrative730

case study has been presented. The case study aimed at localising and charac-

terising the significant broadband aeroacoustic noise sources in the tip region

of a free-inlet, free-exhaust, rotor-only, low-speed fan rotor. The upstream-

radiated noise has been recorded and processed by means of beamforming. The

algorithmic method resulted in the localisation of three significant noise sources,735

represented in a cluster map. The paper reports on a systematic and compre-

hensive evaluation of the experimental results. All possible noise sources have

been reviewed. Quantitative characteristics of the measured noise sources have

been derived. They have been compared to data based on semi-empirical mod-

els set up in the literature for various noise sources. The measurement-based740
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spectra and the cluster map have been analysed in a concerted manner. The

qualitative trends observed in the experimental results have been compared to

those available in the literature. Based on the above, sources of TBL – TE in-

teraction noise and tip leakage flow noise have been identified. The third source

has been found as being different from the traditionally known noise classes. It745

has been identified as the source of double leakage flow noise.

The restrictions of the method proposed herein, besides the generally known

limitations of frequency-domain beamforming (mutually incoherent monopole

sources, and limits in spatial resolution at low frequencies), are the following.

Only blade-passage-periodic sources are taken into account, therefore the effects750

of non-uniformity cannot be investigated. Furthermore, at least two clusters are

to be considered in the data set for applicability of the XB index.
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