REEVALUATING NOISE SOURCES APPEARING ON
THE AXISFOR BEAMFORM MAPSOF ROTATING
SOURCES

Csaba HORVATH, Bence TOTH, Péter TOTH,
Tamas BENEDEK Janos VAD

! Budapest University of Technology and Economics,
Faculty of Mechanical Engineering, Department afiefiMechanics,
1111 Budapest, Bertalan Lajos utca 4-6, Hungary

2 CFD.HU Ltd., 1027 Budapest, Medve utca 24, Hungary

SUMMARY

This paper presents a beamforming investigationfdtases on the noise source appearing on
the axis of turbomachinery. Until now these noiseirses were often disregarded during
beamforming investigations, as they were associatgidl motor noise. With the help of the
Mach radius concept, it is shown that the noisecis not only resulting from motor noise,
but also from other noise sources which are locatedther radial positions. This shows the
importance of understanding these noise sourcesder to accurately evaluate beamforming
results of rotating noise sources. The resulthefitvestigation also provide the basis of a new
beamforming method designed specifically for roigitoherent noise sources.

INTRODUCTION

As legislations and regulations have become monagsint along with the expectations of
customers, the amount of research in the fieldudidamachinery aeroacoustics has progressively
increased. As a result of this, turbomachineryglesequirements are continuously evolving, often
pushing the limits of design practices. The drigefurther increase efficiency and reduce noise
levels is also pushing technology to develop atsi pace. Design, simulation, and measurement
technologies are therefore being refined and eaditally reformed in the process. With regard to
acoustic measurement technology, microphone teobgohas been improved, measurement
techniques have been developed, and a combindtitie éwo has helped us gain more information
from the recorded acoustic data than ever befossiple.
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Traditionally, microphones have been set up andrdex individually, with the spectrum of the
individual microphone signals providing a vast amoof information regarding the radiated noise
field of the investigated phenomena. The develogmémphased array microphone beamforming
technology has made it possible to extend thesabd#pes, simultaneously recording multiple
microphone signals and then processing the resulbsder to learn more about the noise sources
which are being investigated. Beamforming proceste®loped specifically for rotating sources
have provided a nonintrusive means by which theensources of turbomachinery can be localized.
Utilizing phased array microphones and these adameamforming algorithms we are able to
collect data for identifying turbomachinery noiseisces, which is becoming a common practice [1-
4]. On the other hand, the results are not so \easitlerstood. Most beamforming algorithms
assume that the noise is generated by compacternseihnoise sources, in most cases resulting in
beamform maps which localize the noise sourcefdo true locations. If the investigated noise
sources are coherent, the beamforming algorithtes dfave a hard time distinguishing one source
from the other, resulting in the noise sources riresztly being located on the map. With regard to
rotating coherent noise sources, the publicatidridoovath et al. have shown that the noise sources
are pinpointed to their respective Mach radii rathan their true noise source locations [5].

In this investigation, beamform maps for a synthatiial flow fan test case are investigated from
the axial direction. The focus of the investigatierthe noise source appearing on the axis of the
fan. In many similar investigations, noise sourtmEsated on the axis have been associated with
motor noise [1, 4]. Taking into account what is nlkmown about rotating coherent noise sources
appearing at their respective Mach radii, it isvehdiere that the noise sources appearing on the
hub can, in some cases, be resulting from noiseesuocated on the rotors or even on the guide
vanes, depending on how the results are processe@xplanation is provided as to why these
noise sources appear on the axis, and informasiagiven as to their true noise source locations.
This investigation is motivated by a desire to drettinderstand this phenomenon, which is
necessary in order to accurately process beamfgrmmesults of rotating coherent as well as
incoherent noise sources, and which provides thes lnd a new beamforming investigation method
designed specifically for the investigation of totg coherent noise sources.

TURBOMACHINERY NOISE SOURCES

In categorizing turbomachinery noise sources, tteay be split into two main groups, tonal and
broadband noise sources. Tonal noise sources aractbrized by a discrete frequency, and are
associated with the regular cyclic motion of theordlades with respect to a stationary observer
and with the interaction of the rotors with adjacstiuctures [6]. These are referred to as Blade
Passing Frequency (BPF) tones and interaction taeepectively. Broadband noise sources are
characterized by a wide frequency range, and aeceded with the turbulent flow in the inlet
stream, boundary layer, and wake [6]. With respethe present investigation, the coherence of the
noise sources also needs to be taken into consaer&oherent noise sources are characterized by
a time invariant phase relationship. While by diéifain broadband noise cannot be coherent, many
tonal turbomachinery noise sources often are.

AXIAL FLOW FAN TEST CASE

In this investigation a synthetic axial flow farstecase is presented. The synthetic fan is used
instead of a real fan in order to provide a meanalich multiple noise sources can individually be
investigated. The left side of Figure 1 providesxchematic of the fan test case which is synthesized
herein. An axial flow fan having 15 rotor bladesl¢o5 are pictured in order to make the figure
clear) and 1 downstream guide vane is investigayed microphone phased array located 0.3 m in
the upstream axial direction. The diameter of thased array is 1m. The fan has a diameter of 0.4
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m and is rotated at -12000 RPM (-200 rev/s). Is thay the investigated frequency is maximized
while keeping the blade tip velocity subsonic.sltevident that this is not a common fan test case,
but is used in order to provide representative ddteh can easily be created and processed with
the available technology.

Figure 1. Schematic of the fan test case whiclymstesized in the investigation (left) and the Isgtit fan test case,
with monopole noise sources replacing the rotouiclg vane and motor (right)

The following three components of turbomachinerisaa@re investigated: motor noise, guide vane
noise radiating from the guide vanes as they iotexéh the rotors, and rotor noise radiating from
the rotors as they interact with the guide vané® motor is represented by 1 stationary monopole
noise source located on the axis. The guide vamepiesented by 1 stationary monopole noise
source located at the blade tip, and the rotorsrepeesented by 15 coherent rotating monopole
noise sources located at the blade tips. The mgie¢ of Figure 1 shows a schematic of the
monopole noise sources which replace the true soigeces. They are represented by small spheres
in the figure, and out of the 15, only 5 rotor mos®urces are shown, in order to improve the glarit
of the figure.

In order to account for the limited resolution bétfinite aperture array, the investigated freqyenc
is chosen as 3000 Hz. The parameters of the syniaal flow fan test case are set accordingly,
and therefore the results provide beamform mapsctwisiearly depict the investigated noise
sources. The stationary monopole noise sourceddcah the axis and representing the motor
radiates at 3000 Hz, and should be considered lesraonic of the motor noise. The stationary
monopole noise source representing the guide visoeradiates at 3000 Hz, as the potential field
and/or the viscous wake of the 15 rotor bladedirgat -12000 RPM interact with the guide vane.
The 15 coherent rotating monopole noise sourcestddcat the blade tips and representing the
rotors radiate at 3000 Hz, which is thé"Ifarmonic of the potential field and/or viscous wai

the guide vane interacting with the rotor bladdse Tagnitude of each noise source was taken as
equal for demonstration purposes.

MEASUREMENT SETUP

The synthetic measurement test case (referred toeasurement) is produced by two monopole
noise sources. One is located on the axis andtezds a frequency of 3000 Hz. This noise source
represents the motor and is stationary in bothateolute as well as the rotating reference frame.
The other is located at a radius of 0.2 m and tasliat a frequency of 3000 Hz. It represents the
guide vane and is stationary in the absolute raterérame, while rotating around the axis at 12000
RPM in the rotating reference frame. The measurésenp can be seen in Figure 2.
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Figure 2: Synthetic measurement test case

SIMULATION SETUP

The synthetic simulation test case (referred tsiamilation) is produced by three types of noise
sources. The first is located on the axis and tagliat a frequency of 3000 Hz. As in the case®f th
measurement, this noise source represents the aradds stationary in both the absolute as well as
the rotating reference frame. The second noisecedsrlocated at a radius of 0.2 m and radiates at
a frequency of 3000 Hz. It represents the singlerdtream guide vane and is stationary in the
absolute reference frame, while rotating aroundakis at 12000 RPM in the rotating reference
frame. The third consists of 15 coherent noise &siwhich are evenly distributed around the axis
at a radius of 0.2 m. These noise sources repreéseni5 rotor blades and are radiating at a
frequency of 3000 Hz while rotating at -12000 RRiMhe absolute reference frame. In the rotating
reference frame these noise sources are statioAasghematic of the simulation test case can be
seen on the right side of Figure 1. Note that theré does not show all 15 rotor noise sources, in
order to make the figure easier to understand.

BEAMFORMING

The acoustical measurements are performed usin@ptieav Inc. Array 24: Microphone Phased
Array System. The microphones of the system awnged along a logarithmic spiral and mounted
on an aluminum plate. This system provides thewiard for carrying out the measurements, with
the phase difference measured between the micrepsignals providing the information which is
needed for localizing the noise sources with beamifoy algorithms [7]. For the simulation, in-
house virtual noise source generation and propagaoftware is used for creating the virtual
microphone signals at the same 24 microphone pasitiThe in-house code is able to produce
noise sources which are moving at subsonic speddke taking into account the Doppler Effect.
Both the measurement and the simulation data isegs®d by versatile in-house beamforming
software. Two types of algorithms are used: thesital frequency-domain based Delay & Sum
(DS) method [7], which can localize stationary s@srin an absolute reference frame, and the
Rotating Source Identifier (ROSI) method [1], whicdin localize the sources which are stationary
in a rotating reference frame. The results provsdamform maps, which display the magnitudes
and the positions of the strongest sources locatéde investigated plane for a given frequency
range. Using these two algorithms, the sound ssuociginating from both the stationary and
rotating elements of the fan can be localized.

Beamforming, in essence, utilizes the phase diffs¥e measured between the microphone signals
to determine the direction of arrival of the wavents. By adjusting the phase shifts (time delays)
of the microphone signals relative to each othenaximum correlation can be obtained between
them. The corresponding phase shifts give inforomatis to the direction of arrival of the wave
fronts and hence the locations of the noise souieis forms the basis of the DS beamforming
method [7]. The method can be considered as formisgnsitivity curve, called mainlobe that is
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directed toward possible compact monopole nois@csopositions by phase adjustments. These
possible source positions are defined by the ys@viding focus points for the beamforming
methodology, and the beamform maps display thegtins of the investigated sources.

The ROSI beamforming method is an extension ofitBemethod for rotating source models [1].

The main difference between the two methods is that ROSI method applies a so called

deDopplerization step in order to place the rotatinise sources into a rotating reference frame and
hence make them stationary. The positions and Welecof the possible noise sources are
accounted for by correcting the time difference antplitude data with regard to each receiver
position. The corrected source signals are thercegsed with a beamforming method that

corresponds with the DS method. For a more detailescription of the ROSI method, see

reference [1]. A more detailed description of theaged array microphone system and of the
beamforming algorithms applied in the in-house dsdevailable in [4].

In general, beamforming methods developed for iratoise sources, such as the ROSI method
[1] and the Rotating Beamforming method [2] areyvaseful for investigating rotating incoherent
noise sources. In examining the test cases thaprmaded in [1-2], it can be seen that the
investigators took this into account and invesgedatotating broadband noise sources and rotating
incoherent tonal noise sources. On the other hnde wants to look at cases where both coherent
and incoherent noise sources are present, the efftite coherent noise sources need to accounted
for.

MACH RADIUS

Coherent noise sources often give misleading beanirig results. The interaction patterns of the
wave fronts make it hard to distinguish one noisaree from another by most beamforming
methods. The interaction patterns of rotating cehienoise sources also give misleading results, as
the apparent sources do not show where the aabise sources are located, but rather point to the
Mach radius [5]. The name “Mach radius” or “sonaclius” refers to the mode phase speed, the
speed at which the lobes of the given mode rotatenal the axis, having a Mach number of 1 at
the Mach radius{ , a normalized radius, whe =1 refers to the blade tip) when examined from
the viewpoint of the observer [8]. For turbomaciynapplications, the Mach radius is calculated
using Equation 1, witm being the harmonic index8 being the blade count or guide vane count,
M, being the blade tip Mach numbevl, being the flow Mach number, ar@ being the angle of

the viewer with regard to the axis (upstream dioecteferring to0°), with subscripts 1 and 2
referring to the rotor or guide vane of the acauk@rmonic and loading harmonic, respectively.
The equation is formulated for a turbomachineryteysconsisting of two rotors or one rotor and
one guide vane which are moving relative to ondtero Acoustic harmonic refers to the rotor or
guide vane which is radiating noise while beingded by the potential field and/or the viscous
wake of the other, which is referred to as the ilogutharmonic. Both rows of rotors or guide vanes
need to be considered as acoustic as well as lpddirmonics in order to receive a complete and
accurate sound field, since each blade row loadsother blade row and also radiates sound
simultaneously [8].

(nB,-n,B,) (1-M, cos©)

Z =
(nlBlMtl+nZBZMt2) Slne

(1)

Examining the Mach radius equation for the cassemted in this study leads to some interesting
conclusions. The first thing that can be noticeth& examining the system from the axial direction
leads tosin®@ = 0 This would be true in an idealized case, if oalgingle microphone were used,
but since 24 microphones are used, none of whiehoaated exactly on the axi® #0°. A value
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of ®=1° was used for the calculation of the Mach radiutk wegard to an angle representative of
the center of the array, as was done in [5].

The next point of interest is with regard to thogeraction tones that result in a Mach radius that
equal to zero, or in other words, when the noisgcaligns with the axis of rotation. For cases of

subsonic flow, this can occur whénlBl—nsz) =0, as can be seen in Equation 1. In the test case

presented here, this will happen when tfiehdrmonic of the 15 blade rotor and thé" Harmonic

of the single guide vane are investigated at tim@raction frequency of 3000 Hz. The azimuthal
mode number ) provides some physical meaning as to what a Madlus of zero means (see
Equation 2) [9-10]. The azimuthal mode number gittes number of pressure lobes that are
rotating azimuthally around the axis as a resulthef rotating potential field and viscous wake of
the blades and their interactions with adjacenicttires [9-10]. For the case of= tBere are no
azimuthal lobes rotating around the axis, and sirtyilto duct acoustics, this results in axial modes
that produce plane waves which propagate in tha diiection [11].

m:|n181_n282| (2

PLANE WAVES

Though the mode pertaining tm= @roduces plane waves, it is known from the litematthat
plane waves that behave as prescribed by their Inegd@tions can only be produced in cylindrical
ducts at low frequencies [12]. The literature attates that plane waves can be considered as
behaving as spherical waves that are examinedaag@ distance from their source, or as spherical
waves which are examined in a space of small extemompared to the distance from the source
[12]. In the fan test case, the plane waves ardymed by a finite number of coherent sources
which are evenly distributed around the circumfeeeaf the unducted synthetic axial flow fan test
case. The wave front should therefore only be cemed as a plane wave if investigating the
circumferentially distributed coherent noise sosrfrem a small distance with a phased array that
has a smaller diameter than the noise source, owvdstigating the wave front from a large
distance. In our case, the array is located relbtiglose to the source, but the diameter of thayar

is relatively large as compared to the noise sourbe wave fronts are therefore not expected to
behave as planar waves.

In order to visualize what would happen if trulapar waves, the wave fronts of which are parallel
to the plane of the array, were investigated with applied beamforming methods, a simulated
synthetic plane wave test case is examined hete ttve DS method. In general, the DS method
assumes that compact monopole noise sources arg ibgestigated, and therefore should not be
able to localize noise sources in planes that arg #lose to it. The plane waves are produced by
the same in-house code used to create the simuledige of the axial fan test case. The results can
be seen in Figure 3. The DS method is used tortdylacalize noise sources in multiple planes
located at various distances from the phased asag function of array diameter. These are 0.5
array diameters (left side of Figure 3), 1 arragnaieter (middle of Figure 3), and 10 array diameters
(right side of Figure 3). Assuming that the souscéocated at a close distance (such as 0.5 array
diameters), the beamform maps show only sidelobegicial noise sources resulting from the
beamforming process, while assuming that the naeiserces are located farther away, the
beamform maps localize the noise source to the lmidtlthe investigated plane. As discussed
above, beamforming is akin to determining the ndrioathe wave front at the microphone
positions and tracing those back to their originefefore, for a plane wave that is investigatee by
beamforming method that is looking for monopoleseasources located far away from the phased
array, the beamform map should locate the noiseceda the center of the investigated plane.
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Figure 3: Investigation of plane waves using théape& Sum beamforming algorithm, assuming thatgberce is
located at different distances: 0.5 D (left), D diatlie), 10 D (right)

RESULTS

As stated in the introduction, the focus of thigastigation is the noise source appearing on tie ax
of the fan. These noise sources are often neglektedg the investigations, as they are associated
with motor noise, as seen in [4] and [1]. Mach uadtalculations show that these noise sources are
not necessarily related to motor noise, suggestiag) they should be further investigated. The
measurement and simulation test cases investigadeel are designed to prove this point by
providing an opportunity for investigating each seisource separately. Each noise source is
investigated in an absolute as well as rotatingregfce frame with the help of the DS and ROSI
methods.

The first noise source to be presented is thatabrmmoise in the absolute reference frame. Figure
4 presents both the measurement (left side) andlaiion (right side) beamform maps of the
narrow band frequency range pertaining to 3000 Hz measurement results are realized by the
DS method and the simulation results are realizethe ROSI method, since the simulation was
created in the rotating reference frame while theasarement was executed in the absolute
reference frame. The application of the DS or R@®thods, as a result of differing reference
frames, does not cause any significant discrepameithe results, as can be seen here. As would be
expected from the results, the noise sources aiadized to their true noise source locations. It
should be noted that the measurement and simultdgis are independent of one another and the
levels are therefore not expected to agree.
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Figure 4: Absolute reference frame beamform magkemotor noise source:
Measurement case (left) and Simulation case (right)

In the absolute reference frame a single guide aedsteradiates sound at a frequency of 3000 Hz as
it is loaded by 15 rotor blades rotating at 12008MR(200 rev/s). Figure 5 presents both the
measurement (left side) and simulation (right sisEgmform maps for this case. The measurement
results are realized by the DS method and the siioul results are realized by the ROSI method.
The results show that the stationary noise sowaresnce again localized to their true noise source
locations. As seen in Figures 1 and 2, the guideesan the two cases are located in different
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locations. The guide vane in the measurement iatéoc at coordinate [0, 0.2], while in the
simulation it is located at approximately [-0.16,.12]. The position of the guide vane in the
simulation results depends on what position the R®&hod rotated all the results to during the
beamforming process. Starting the processing ofrékalts at an earlier or later time step would
rotate the noise source to a different positiom@lihe circumference.
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Figure 5: Absolute reference frame beamform mapkefjuide vane noise source:
Measurement case (left) and Simulation case (right)

When the 15 rotor blades pass the guide vane,dtejoaded by the guide vane at a frequency of
200 Hz. The 18 harmonic of this loading also radiates at 3000 He reason for investigating the
15" harmonic is that it is the harmonic which will gree an interaction tone that is located on the
axis according to the Mach radius calculations. [Effteside of Figure 6 presents the beamform map
of these rotating noise sources when investigatethe absolute reference frame by the ROSI
method. Only simulation results are shown, sincemsasurement data is available for this case.
Contrary to what would be expected if the Mach wadicalculations are not taken into
consideration, there is only a single noise souoocated on the axis of rotation. Taking into
consideration what we know about Mach radius, thisensource is correctly located on the axis
since the 15 coherent noise sources produce soanelswwhat add up constructively or destructively
producing a wave front similar to a plane wave witthe extent of the noise source. When
investigated with a relatively large array thalosated at a relatively large distance, the wawatfr
will be comprehended by the beamforming proces€amsing from a monopole noise source
located on the axis.
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Figure 6: Beamform maps of the simulation casdefrotor noise sources:
Absolute reference frame (left), Rotating refereiname (right)

The same noise sources will now be investigatedl riatating reference frame in order to remove
the rotation from the rotors, as is customary mdmachinery investigations. The beamform map
for the 18" harmonic of the 15 stationary rotor blades casden on the right side of Figure 6. This
beamform map is produced by the DS method. Afteroreng the rotation of the noise sources, we
are left with 15 stationary coherent noise souredsch are evenly distributed around the
circumference. The beamform map once again localize noise source to a point on the axis, as
well as producing many sidelobes in the investggtiane. The 15 coherent noise sources do not
appear on the beamform map at their true locations.
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While the rotating reference frame removes theadlyeexisting rotation from the rotors, it also puts
all objects into rotation which would otherwise $tationary. The guide vane is one such object.
Figure 7 shows the rotating reference frame beamimaps for the measurement (left side) and
simulation (right side) of the guide vane noiserseuThe measurement data is processed using the
ROSI method, and the simulation data is processed)uhe DS method. Looking at the results for
3000 Hz, it can be seen that a noise source apperdhe axis, as is expected according to the Mach
radius calculations. Though the noise source ig@les rotating noise source that is radiating at
3000 Hz, rotating it at 12000 RPM (200 rev/s) itctmmes coherent with itself, producing 15
sections of high and low pressure along the ciremenfce. For each rotation, the pattern is repeated
in the same locations. In the measurement resulisgashaped sidelobe can be seen at a radial
position halfway between the axis and the rotatjngle vane noise source. The simulation results
show sidelobe characteristics similar to those seéfigure 6 for the simulated rotor noise sources
also investigated with the DS method.
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Figure 7: Rotating reference frame beamform mapbefyuide vane noise source:
Measurement case (left) and Simulation case (right)

Rotating reference frame beamform maps for the areagent (left side) and simulation (right side)
of the motor noise, which is stationary in both #iisolute as well as rotating reference frame, can
be seen in Figure 8. The results are very simildhé results seen in the absolute reference frame,
though some slight differences can be seen ineield.

SPL [dB]

SPL [dB]

L 50.5 L 80.0
04 . 50.0 04 . 795
495 [ 79.0
0.2 49.0 0.21 78.5
48.5 I 780
48.0 775
>0 ) ﬂ 475 >0 ® 770
47.0 [ I 765
0.2+ 46.5 -0.2F 76.0
l 46.0 [ I 75.5
o4l 455 _0_4’ 75.0
1 L Il 1 Il 1 1 Il Il | -l
04 02 0, 02 04 04 02 0, 02 04

Figure 8: Rotating reference frame beamform maps@fmotor noise source:
Measurement case (left) and Simulation case (right)

The above results present the beamform maps prdducéhe individual noise sources. In reality
these noise sources occur simultaneously. Thewwoilp sets of figures will compare instances
when only the motor, the motor and the guide vamghe motor, guide vane, and the rotors are
simultaneously investigated with beamforming method

An investigation of the absolute reference franmeusation results with the ROSI method is looked
at in Figure 9. The left side of Figure 9 presehéssimulation results for the 15 rotating rotorseo
sources. The middle section of Figure 9 presergsstmulation results for the 15 rotating rotor
noise sources and the stationary guide vane noisees The right side of Figure 9 presents the
simulation results for the 15 rotating rotor nagseirces, the stationary guide vane noise source, an
the stationary motor noise source. The results show the levels of the 15 rotating rotor noise



FAN 2015
Lyon (France), 15 — 17 April 2015

10

sources and the motor noise source add together thleg are investigated simultaneously. If only
seeing the results for all three of the noise sssiradiating simultaneously (right side of Figuye 9
and not taking into account the Mach radius concepe gets the impression that only the motor
and the guide vane are radiating noise, and theormist the dominant noise source in the
investigation. Reemphasizing that all of the monepmwise sources included in the simulation have
the same level, this investigation shows that alityethe 15 rotating rotor noise sources made the
largest contribution to the noise sources appeanimghe beamform maps. The possible noise
source and the Mach radius concept cannot be riedletprocessing the results.
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Figure 9: Absolute reference frame beamform mapkesimulation case investigated with the ROShoukt
Rotor noise sources (left), rotor noise sources gmide vane noise source (middle), and rotor ne@sgrces, guide
vane noise source, and motor noise source (right)

Investigating the same three noise sources in tbatimg reference frame is also interesting.
Figure 10 presents the simulation results in thatimy reference frame which are investigated by
the DS method. The left side of Figure 10 prest#mssimulation results for the 15 stationary rotor
noise sources. The middle section of Figure 10gmtssthe simulation results for the 15 stationary
rotor noise sources and the rotating guide vansergource. The right side of Figure 10 presents the
simulation results for the 15 stationary rotor e@surces, the rotating guide vane noise source, an
the stationary motor noise source. Though the alkd appearing in these beamform maps
dominate the peak values, it can once again be thetrihe levels of the three noise sources, all
appearing on the axis, add together. The noiseceswof the 15 stationary rotor blades and of the
guide vane cannot be seen at their true radiatipnsi If one would not take into account what is
known about the Mach radius concept, the resultsldveuggest that the only noise source
appearing in the results is the motor. This is egilg emphasized since the sidelobes are located a
a larger radius than the rotor blade tip, and waoligtefore be excluded from the investigations|t i
once again shown that the Mach radius concept nieebls taken into account when investigating
rotating coherent noise sources from the axialctiva, regardless of the reference frame in which
they are being looked at.
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Figure 10: Rotating reference frame beamform mdph® simulation case investigated with the DS oukth
Rotor noise sources (left), rotor noise sources gmide vane noise source (middle), and rotor nesarces, guide
vane noise source, and motor noise source (right)
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CONCLUSIONS

The investigation looked at a synthetic axial fliam test case in order to learn more about theenois
sources appearing on the axis. Until now theseerssirces were associated with motor noise, but
these results show that this is not necessarily dge. The Mach radius concept provides
information regarding the origin of these noiserses, and the beamform maps presented in the
investigation results confirm that rotating cohenmeoise sources can produce noise sources that are
located on the axis. This information is necessarprder to accurately process beamforming
results of rotating coherent as well as incoherems$e sources, and provides the basis of a new
beamforming investigation method designed spedifidar the investigation of rotating coherent
noise sources.

BIBLIOGRAPHY

[1] P. Sijtsma, S. Oerlemans, H. HolthuserLecation of rotating sources by phased array
measurementdNational Aerospace Lab., Paper NLR-TP-2001-2861

[2] W. Pannert, C. Maier Rotating beamforming — motion-compensation in tleguency
domain and application of high-resolution beamfargrialgorithms Journal of Sound and
Vibration, Vol. 333, Issue 7, pp. 1899-192P14

[3] J. Kennedy, P. Eret, G. Bennett, P. Castdllifh Chiariotti, F. Sopranzetti, C. Picard, A.
Finez —The application of advanced beamforming techniqoeshe noise characterization
of installed counter rotating open rotors9th AIAA/CEAS Aeroacoustics Conference, Paper
AlAA 2013-2093, Berlin, Germany013

[4] T. Benedek, P. Téth -Beamforming measurements of an axial fan in an strehl
environment.Periodica Polytechnica: Mechanical Engineering). \&7, No. 2, pp. 37-46,
2013

[5] Cs. Horvath, E. Envia, G. G. PodboyLimitations of phased array beamforming in open
rotor noise source imagindAlAA Journal, Vol. 52, No. 8, pp. 1810-1812014

[6] M. J. T. Smith -Aircraft noise.Cambridge University Prest989

[7]1 T. Mueller, C. Allen, W. K. Blake, R. P. Douegtty, D. Lynch, P. Soderman, J. Underbrink —
Aeroacoustic measurements: chapteBpringer (first edition)2002

[8] A. B. Parry, D. G. Crighton Prediction of counter-rotation propeller noisAlAA 12th
Aeroacoustics Conference, AIAA-89-1141, San Antpiliexas, 1989

[9] E. Envia —Open rotor aeroacoustic modellin@onference on Modelling Fluid Flow,
Budapest University of Technology and Economicdhest, Hungary, pp. 1027-10£012

[10] A. Sharma, H. Chen Prediction of aerodynamic tonal noise from operorstJournal of
Sound and Vibration, Vol. 332, No. 16, pp. 383288doi: 10.1016/}.jsv.2013..02.020013

[11] S. W. Rienstra, A. HirschbergAn introduction to acousti¢2012

[12] M. Roger Fundamentals of aeroacoustieen Karméan Institute for Fluid Dynamics Lecture
Series 2007-01: Experimental Aeroacoust86



