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http://www.bme.hu/
http://www.gpk.bme.hu/
http://www.ara.bme.hu/
horvath@ara.bme.hu


iii

In the 1980s and 1990s multiple research institutions and aircraft engine developers

investigated counter-rotating open rotors as a means of reducing the fuel burn of aircrafts

while maintaining similar cruise speeds to that of turbofan aircrafts. Interest in this

technology diminished but has once again become a subject of interest as rising fuel prices

and the increasingly stringent limitations regarding aircraft greenhouse-gas emissions

and noise are addressed.

One of the reasons for abandoning the early research programs was that noise reduction

technology at the time seemed unable to lower the noise of counter-rotating open rotors

to acceptable levels. It is believed that many of the modern simulation and measurement

techniques developed since can help develop counter-rotating open rotors that meet the

noise requirements. This investigation is a part of the movement to advance the state

of the art of counter-rotating open rotor technology by implementing and advancing

modern day measurement techniques with the aim of reducing counter-rotating open

rotor noise.

In this dissertation phased array beamforming results of the F31/A31 historical baseline

counter-rotating open rotor blade set are investigated for measurement data taken on

the NASA Counter-Rotating Open Rotor Propulsion Rig in the 9´x 15´Low Speed Wind

Tunnel of NASA Glenn Research Center as well as data produced using the LINPROP

open rotor tone noise code. The planar microphone array used during the investigation

is positioned broadside and parallel to the axis of the counter-rotating open rotor. The

results provide insight as to why the apparent noise sources of the blade passing frequency

tones and interaction tones appear at their nominal Mach radii instead of at the actual

noise sources, even for instances where the Mach radius does not lie along the blade

span. Contour maps corresponding to the sound fields produced by the radiating sound

waves, taken from the simulations, are used to illustrate how the interaction patterns

of circumferential spinning modes of rotating coherent noise sources interact with the

phased array, often giving misleading results, as the apparent sources do not show where

the actual noise sources are located.

Though the results can be misleading, as the rotating coherent tonal noise sources will

be located at their Mach radii rather than at the source of the noise, this investigation

presents how a novel approach to comprehending the results provides a great deal of

important information regarding the dominant counter-rotating open rotor noise sources.

These results can be used to better understand and advance counter-rotating open rotor

technology, as well as providing a means of validation for computational aeroacoustic

simulations of counter-rotating open rotors. Two cases, the design takeoff nominal

and approach condition, are presented in greater detail, identifying the dominant noise

sources and their contribution to the noise signature.
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Chapter 1

Introduction

As a result of the increased fuel prices of the 1970s and 1980s, Counter-Rotating Open

Rotor (CROR) propulsion systems were investigated as a possible means by which to re-

duce the fuel burn of aircrafts while maintaining similar cruise speeds to that of turbofan

aircrafts.[2, 47] There are many questions and concerns with regard to the implemen-

tation of CROR technology, which were investigated, but only partially resolved during

these tests. One of these concerns was the challenge of reducing the noise of CROR

engines in order to meet noise regulations, while maintaining the aforementioned advan-

tageous propulsive efficiency. The interest in a radically new engine technology, such

as open rotor propulsion systems, diminished as fuel prices fell and therefore the re-

search and development programs of the 1980s were ended. A renewed interest in highly

efficient propulsion systems has been triggered by rising fuel prices, as well as the in-

creasingly stringent limitations regarding aircraft greenhouse-gas emissions and noise,

which have led designers of modern aircraft engines back to the further investigation of

CROR propulsion systems.[32]

In the early testing of CROR propulsion systems, many parameters were investigated

in order to better understand the noise production mechanisms and to test noise reduc-

tion concepts. These included inter-stage spacing,[47] angle-of-attack (AOA) effects,[48]

reduced aft rotor diameter,[49] advanced blade designs including blade sweep,[50] and

pylon and fuselage effects.[51] These investigations resulted in many questions being an-

swered and challenges being solved, while also formulating new ones. With the help of

many state-of-the-art technologies, which were not yet available during the time of the

1



Chapter 1. Introduction 2

previous investigations, it is believed that the present tests and simulations will help in

resolving these remaining questions and challenges and in making the widespread use of

CROR propulsion systems a reality in the near future.

In the 1980s, wind tunnel acoustic investigations of CROR were done using single mi-

crophones and arrays of microphones, which were fixed, or traversed along the sideline

or around the circumference of the measurement rig. The signals of the various mi-

crophones were individually processed, giving information as to the directivity and the

spectral content of the signals.[47] Today, state-of-the-art beamforming technology has

made phased array microphone measurements of complex aeroacoustic phenomena a

realizable task, by which the localization of noise sources is possible.[1]

In the case of propulsion noise, phased arrays have proven to be invaluable diagnostic

tools for pinpointing the dominant noise producing components of aircraft engines in

both model and full-scale applications.[7, 33, 34, 39] An essential element of any phased

array analysis is the so-called beamforming step,[1, 38] in which the acoustic data ac-

quired by the array is used to reconstruct a visual representation of the noise producing

region. Normally the beamforming process assumes that the noise is generated by com-

pact, stationary, incoherent sources, and in most applications this does indeed provide

source localization as a function of frequency consistent with the underlying physics of

the noise generation process. However, this is not always the case. This dissertation

discusses one example where beamforming CROR results using these conventional noise

source assumptions provides counterintuitive results. Contour maps corresponding to

the sound fields produced by the radiating sound waves, taken from simulations, are used

to illustrate how the interaction patterns of circumferential spinning modes of rotating

coherent noise sources interact with the phased array, often giving misleading results,

as the apparent sources do not always show where the actual noise sources are located,

but rather point to the Mach radius.

The first published phased array microphone measurements of a CROR describe results

attained using a linear microphone array.[10] These results evaluate the noise source

levels as a function of the axial source position, as well as giving emission angles for the

broadband noise as a function of the axial source position. Planar microphone array

results were first presented in 2013, when Kennedy et al. investigated the installation
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effects of CROR on multiple aircraft configurations,[4, 27, 28] and Horváth et al. inves-

tigated isolated CROR, localizing rotating coherent CROR noise sources to the Mach

radius.[15]

As presented in the results of [15, 16, 17], beamforming results of planar phased ar-

ray microphone measurements made with a phased array microphone system positioned

broadside of and parallel to the axis of a CROR are difficult to comprehend, as they can

be misleading in nature. On the other hand, phased array microphone source localiza-

tion measurements are expected to be very useful in the investigation of CROR noise

sources, especially when combining what can be learned from phased array microphone

measurements with what can be learned from other turbomachinery measurement and

simulation methodologies, such as those undertaken in the preliminary studies preceding

this investigation.[3, 19, 20, 21, 22, 23, 34, 35, 36, 41, 42, 43, 44, 45] As will be seen

in the results of the present investigation, the experience and knowledge regarding tur-

bomachinery aerodynamics and aeroacoustics acquired during these preliminary studies

was essential for correctly interpreting the beamforming results presented herein.

The second part of the dissertation examines the tonal noise sources of a series of wind

tunnel measurements, to see what information can be learned from the results. A novel

approach to evaluating the results has provided a link between what is currently known

about turbomachinery tonal noise sources and the beamforming results, by taking ad-

vantage of the localization of the noise sources at their respective Mach radii, resulting

in a great deal of more information regarding CROR noise sources than currently avail-

able from other acoustic measurement techniques. The dissertation provides a guide

for comprehending such results, identifying noise generation mechanisms and grouping

the results according to these noise generation mechanisms. From among these groups,

certain ones appear to have members which are highly related. For the most part the

groups are comprised of harmonics of a given tone which have the same noise genera-

tion mechanism, and will be referred to throughout the text as families. Two test cases

are presented, demonstrating how the evaluation methods can be used to identify tonal

noise sources which are significant contributors to the radiating sound field of uninstalled

CROR.

The investigation of the broadband noise of CROR was not a main goal of the early

research done on the subject. At the time all efforts were focused on lowering the



Chapter 1. Introduction 4

noise level of the predominant Blade Passing Frequency (BPF) and interaction tones in

order to meet noise regulations. As advanced CROR designs have managed to signif-

icantly lower tonal noise levels, the importance of understanding, localizing and elimi-

nating broadband noise sources has been realized.[5, 6, 31] Prior to the investigations

of Horváth,[13, 14] the few results published on the broadband noise of CROR have

introduced predictive schemes,[5, 6] have presented results of linear microphone array

measurements, determining emission angles for broadband noise as a function of the

axial source position,[10] and have investigated the broadband noise of installed CROR

using planar phased arrays.[28]

The broadband noise source results presented herein advance the state of the art of open

rotor technology by introducing a novel approach for investigating the broadband noise

sources of an uninstalled CROR with a planar microphone array positioned broadside

and parallel to the axis of the CROR. Two test cases are presented, demonstrating how

the evaluation methods can be used to localize broadband noise sources on the rotor

surface, identifying those noise generation mechanisms which should be dealt with in

order to most effectively reduce the broadband noise of CROR.



Chapter 2

Measurement Setup

In the framework of the recent collaboration between National Aeronautics and Space

Administration (NASA) and General Electric Aviation (GE), investigating the design

space for lowering noise while maintaining the high propulsive efficiency of CROR propul-

sion systems, extensive testing of the F31/A31 Historical Baseline Blade Set, with regard

to aerodynamic performance, acoustic characteristics and detailed flow field features, was

conducted on the Open Rotor Propulsion Rig (ORPR) in the NASA Glenn Research

Center 9´x 15´Low Speed Wind Tunnel (LSWT). Details regarding the geometric con-

figuration and the general test setup can be found in [46].

The refurbished ORPR is the same rig which was used during the tests conducted

by NASA and GE in the 1980s. The ORPR provides an opportunity for independently

setting the rotational speeds, as well as the blade angles of the two individual rotors. The

ORPR is mounted on a turntable which allows for the investigation of AOA effects, and

a pylon can also be mounted upstream of the rotors, in order to investigate installation

effects. Details regarding the ORPR can be found in [46] and [50].

The F31/A31 Historical Baseline Blade Set was used during these tests. F and A refer

to the forward and aft rotors, respectively. The forward rotor has 12 blades, while the

aft rotor has 10 blades. Details regarding the blade set can be found in [46].

Regarding the phased array portion of the tests, they were conducted in the LSWT,

with the phased array being installed in a cavity along the Southern wall of the facility,

directly across from the ORPR. The array was recessed into the cavity, leaving a gap

between the array plate and the Kevlar® which was tightly stretched over the cavity. In

5
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this way, the plate of the array was located 1.597 [m] (62.875�) from the center plane of

the ORPR for 0°AOA. Figure 2.1 shows the ORPR and the phased array, as positioned

in the tunnel wall of the LSWT. No traversing of the phased array was attempted. The

array was recessed into the cavity in order to remove the boundary layer flow and hence

the boundary layer noise from its surface. The Kevlar® sheet was utilized in order

to provide a smooth aerodynamic surface for the flow, while also being acoustically

transparent for the array. This technique has been tested and applied by Jaeger et

al.[26] The phased array microphone system used for the tests is the Optinav Array48.

The microphone array consists of 48 Earthworks M30 microphones, which are built into

a precision machined aluminum tooling plate. An optical camera is also built into the

aluminum plate.

Figure 2.1: The Array48 system and its installation in the wall of the LSWT behind

a Kevlar® window.

Many test configurations were run in the given test matrix, giving an opportunity for

multiple comparisons. The configurations which were tested are the following:

� Rotors: F31/A31 vs. blades off

� Pylon vs. no pylon

� Takeoff nominal vs. approach blade angle settings

� AOA: 0°, -3°and -8°

� Ma: 0.2 (investigated for all cases), 0.22 (investigated for some cases at 0°AOA),

0.05, 0.1, 0.15, 0.18, 0.2, 0.22 and 0.229 (investigated during the blades off runs)
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� Rotor RPM: Multiple settings, ranging from windmilling to 7487 RPM (values are

corrected to standard day)

Measurements were made for all the cases which can be combined from the above men-

tioned parameters, with the sampling time and sampling frequency of each measurement

being 45 [s] at 96 [kHz].

The configurations to be investigated here are the takeoff nominal and approach, with the

takeoff nominal and approach blade angle settings being examined at the design point.

Here no pylon or AOA effects will be considered. The design takeoff nominal condition

for the F31/A31 blade configuration consists of the F31/A31 blade angle settings of

40.1°/40.8°, respectively, a wind tunnel Ma of 0.2 and a corrected standard day RPM

of 6450 RPM for both rotors. The design approach condition for the F31/A31 blade

configuration consists of the F31/A31 blade angle settings of 33.5°/35.7°, respectively, a

wind tunnel Ma of 0.2 and a corrected standard day RPM of 5598 RPM for both rotors.



Chapter 3

Simulation Setup

The synthesized phased array data were generated using the LINPROP open rotor tone

noise code.[9] The code computes the radiated open rotor tonal sound field from the

rotor blade geometries and unsteady aerodynamic blade loading distributions. The

unsteady loading distributions were computed using the commercial turbomachinery

Computational Fluid Dynamics (CFD) code FINE/Turbo�developed by Numeca Inter-

national. In these CFD investigations, the Nonlinear Harmonic (NLH) methodology was

applied in order to reduce the computational time required to run the time-dependent

simulations.[12] The NLH method solves a finite number of the BPF harmonic compo-

nents of the time-dependent solution, ignoring all other unsteady components. In the

results presented herein, the blade loading mean pressure and the first three harmonics

of the BPF of each rotor were solved. The computational domain consisted of one blade

passage per blade row, including elements such as the hub and spinner, and extending

out to seven tip radii in the radial direction. The resulting 27.1 million grid points were

split into multiple blocks and run on parallel processors. The agreement between the

measurement data and the simulation results encouraged the further investigation of the

sound field based on the CFD results. Further details regarding the CFD simulation

methodology and attained results can be found in [9].

LINPROP predicts the sound field using a high-blade-count asymptotic approximation

to the Ffowcs Williams- Hawkings (FW-H) equation. In its present form, the code

takes into account the loading and the thickness noise sources, but ignores the contri-

bution of the quadrupole source in the FW-H equation. In carrying out the asymptotic

8
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approximation to the integrals in the FW-H equation, LINPROP does not require the

assumption that the observer be in the farfield, making the results valid for any observer

position. Owing to the linear nature of the acoustic problem, the contribution of each

rotor to the sound field is computed separately and the results are added together. Since

the aerodynamic analysis includes mean pressure and perturbation pressures up to the

third harmonic, individual rotor tones nBPFF and nBPFA (arbitrary harmonic index

n) and interaction tones up to 3BPFF+3BPFA can be computed using LINPROP. Here

the subscripts F and A refer to the forward and aft rotors, respectively. Further details

regarding LINPROP can be found in [8] and [9].

The time-dependent acoustic field at each Array48 microphone location was synthesized

with the LINPROP code for the same blade angle settings as the measurement data, but

slightly different corrected RPM, namely 6436 RPM. This slight RPM difference does

not affect the results discussed in this paper. It should also be mentioned that LINPROP

does not predict the broadband noise, nor does it take into account the blade-to-blade

variations experienced in the wind tunnel, be that due to geometric imperfections of the

blades, blade angle variations or sensors mounted on the blades.



Chapter 4

Processing of the Results

Traditional single microphone measurements provide spectral content and directivity of

the sound field, but cannot be used to locate the noise sources. Beamforming is a pro-

cess by which a time series of simultaneously attained acoustic data can be processed

in order to point the array at a series of examined grid points and determine the source

strength distribution.[1] Beamforming, in essence, utilizes the phase difference measured

between the microphone signals to determine the direction of arrival of the wave fronts.

By adjusting the phase shifts (time delays) of the microphone signals relative to each

other, a maximum correlation can be obtained between them. The corresponding phase

shifts give information as to the direction of arrival of the wave fronts and hence the

locations of the noise sources. This forms the basis of the Delay-and-sum beamforming

method.[1] The method can be considered as forming a sensitivity curve, called main-

lobe, that is directed toward possible compact monopole noise source positions by phase

adjustments. These possible source positions are defined by the user, providing focus

points for the beamforming methodology, and the beamform maps display the strengths

of the investigated sources. Delay-and-sum beamforming in the frequency domain was

applied to both the measured and synthesized phased array data, providing a useful set

of basic results for all the test cases and frequency ranges to be examined in a finite

amount of time. The examined plane used throughout this study was the vertical plane

that is parallel to the microphone array and passes through the axis of the ORPR. The

cross-spectral matrices created during the processing of the data were made using a

transform length of 4096, with 6 [dB] being subtracted from the results to account for

the pressure doubling at the phased array plate surface.

10
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It can be seen in Fig. 2.1, that a sheet of Kevlar® is stretched over the phased array, the

array being recessed into the wall of the wind tunnel. As discussed earlier, the Kevlar®

provides a smooth aerodynamic surface for the flow going through the tunnel, removing

the boundary layer flow from the surface of the array, while also providing an acoustically

transparent surface through which the acoustic waves coming from the ORPR can reach

the microphones. In this way the signal-to-noise ratio at the microphones is improved,

which leads to the improvement of the dynamic range of the results.[26] For all the

results presented here, the use of a Kevlar® window, the removal of the diagonal of

the cross-spectral matrix, and a long sampling time are applied in order to increase

the dynamic range and remove the self-noise from the results. The microphone signals

therefore experience some modest attenuation, but a much cleaner beamforming map,

with a large dynamic range, can be reached.

All data sets are processed using order analysis, aligning the BPF signals, their harmon-

ics and the interaction tones of the various instances, making the processing, presenting

and comparison of the data sets easier. As a result of this, the bandwidths of the bins

do not agree with conventional bandwidths, but are determined individually for each

case by dividing the frequency range between two harmonics of the BPF of the aft rotor

(BPFA) into 50 equal bins.

As stated in the introduction, the beamforming process assumes that the examined noise

sources are compact, stationary, and incoherent. In most applications this provides

source localization as a function of frequency consistent with the underlying physics of

the noise generation process. However, this is not always the case, as will be seen in

Chapter 5.



Chapter 5

Mach Radius Concept

The recorded microphone array data was processed with the intent of locating the dom-

inant noise sources along the span of the forward and aft blades, in order to better

understand the noise generation mechanisms of CROR. Initially, the results were rather

surprising, as the beamforming analysis placed the beamforming peak locations for var-

ious tones either outboard of the blade tip or inboard of the blade root, within the hub.

An example of such results is shown in Fig. 5.1, which depicts the beamforming results

for the BPFF+BPFA interaction tone. In this figure, as in similar figures to be presented

later, the top half shows the simulated data using the LINPROP code, and the bottom

half shows the corresponding wind tunnel data. The left-hand side of the figure shows

the beamforming peak Power Spectral Density (PSD) spectrum, while the right-hand

side shows the beamforming map for the examined frequency bin, which is indicated by

the black asterisk in the PSD plots. Clearly, beamforming has placed the apparent noise

source near the axis within the hub instead of somewhere on the blade. Note that both

the measured and simulated data exhibit the same behavior. It should be noted that

while the LINPROP predictions indicate that this interaction tone is radiated by both

the forward and aft rotors, it is radiated disproportionately so by the aft rotor. Hence,

the location of the peak noise source is correctly identified in the beamforming maps as

being on the aft rotor.

Similar results were also observed for other tones. Consider the blade passing tone of

the aft rotor, i.e., BPFA. As can be seen in Fig. 5.2, the apparent noise source is now

pinpointed by the beamforming process as being located outboard of the aft blade tip.

12
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Figure 5.1: Takeoff nominal BPFF+BPFA interaction tone. Top row: simulated

results. Bottom row: measurement results.

These results once again stand in contrast to the expectation that the primary source

of noise is the blade, and hence the noise sources should appear along the span of the

rotors in the beamforming maps.

Other beamforming algorithms and deconvolution methods (besides the classical delay-

and-sum method illustrated here) were also applied. The various methods provided

similar results, indicating that the location of the apparent noise source is not influenced

by the processing method. A comparison of beamforming maps generated for the same

tone but at different RPM settings also showed similar results. These consistencies

verify that an underlying fundamental reason is responsible for the noise sources not

being located along the blade span, as noted above.

The earliest literature regarding dual-rotating propellers dates back to 1948, when Hub-

bard investigated the effect of multiple blade rows located on one axis, finding that

interference patterns exist, which vary azimuthally, forming lobes.[24] Much later Han-

son applied his unified theory for noise and performance analysis to counter-rotating

propellers.[11] He described how acoustic interference results in spinning modes develop-

ing for unsteady loading conditions, gave formulas for determining mode orders (number
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Figure 5.2: Takeoff nominal BPFA tone. Top row: simulated results. Bottom row:

measurement results.

of lobes around the axis), and discussed how the noise only radiates efficiently if certain

criteria are met. He compared the radiation efficiency of CROR to the cut-off frequency

of ducted turbomachinery, as previously described by Tyler and Sofrin.[40] Hanson ex-

plained that certain interaction tones would radiate more efficiently than others.[11]

Parry and Crighton further investigated the circumferential spinning modes, giving a

formula for calculating the radial station at which the radiation efficiency peaks for any

given mode.[30] This radial station, z∗ (a normalized radius, where z∗ = 1 refers to the

blade tip), is referred to in the literature as “Mach radius” or “sonic radius” (see Eq.

(5.1)). This name refers to the mode phase speed, the speed at which the lobes of the

given mode rotate around the axis, having a Mach number of 1 at z∗ when examined

from the viewpoint of the observer. The report goes on to say that if for any given

angle of viewer to flight axis (Θ) (see Fig. 5.3) there exists a section along the radial

span of the blade (z) where z = z∗ in that direction, then the radiation in direction Θ

is dominated by contributions from the vicinity of z = z∗ rather than the blade tip.

z∗ =
(n1B1 − n2B2)

(n1B1M t1 + n2B2M t2)

(1−Mx cosΘ)

sinΘ
(5.1)
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Figure 5.3: Diagram depicting the counter-rotating open rotor configuration and

variables used in calculating the Mach radius.

A formula is also given for determining the combination frequencies (f (n1,n2)) (frequen-

cies at which interaction tones are generated). The results discuss how the interaction

tones for instances of harmonic indices (n1 and n2) having opposite sign (difference tones)

have poor radiation efficiencies, since the mode phase speed will be subsonic along the

entire span of the blade. In the work of Envia,[9] a different explanation for the poor

radiation efficiency was given, showing the relationship between the radiation efficiency

and the azimuthal mode number (m), i.e., the absolute value of the difference between

the products of the harmonic indices and the blade counts, Eq. (5.2). B refers to the

blade count, with subscripts 1 and 2 referring to the rotor of the acoustic harmonic and

loading harmonic, respectively. A connection is shown between the magnitude of the

value attained with Eq. (5.2), and the radiation efficiency. Smaller values radiate more

efficiently. It can be seen in the comparison that, independently from the location of

the Mach radius, the radiation efficiencies of most difference tones are lower than those

of sum tones.

m = |n1B1 − n2B2| (5.2)

The location of the Mach radius (calculated for the angle Θ = 90°corresponding to a

point near the center of the phased array) is shown in Fig. 5.1 and 5.2 as the black

line on the beamforming map (the white line depicts the axis of the ORPR). It can

be seen that the Mach radius predicts the location of the apparent noise sources quite

well. Note, however that the black line does not pass exactly through the center of the
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beamforming peak (i.e., its peak location). This is likely the result of multiple factors.

First, the phased array in this investigation, i.e. the observer, is not in the farfield

(a stipulation for Eq. (5.1)). Second, the nominal Mach radius is calculated for the

center of the array, where Θ is assumed to be 90°. In reality the different microphone

locations would correspond to slightly different Mach radii because of the Θ dependence.

In examining the errors associated with this simplification, it was found that in this case

the errors are negligible, but could be more significant for a larger array of microphones

and should be taken into account. Third, there is also an uncertainty associated with

the position of the beamforming peak, as only a finite array numerical aperture and

finite integration time are used in conducting the investigations. This can result in a

beamforming map that depicts a noise source that is larger than the actual noise source

at low frequencies. Note that despite the slight misalignment with regard to the center

of the noise source, the Mach radius location agrees quite well with the beamforming

results for all instances, be that for z∗ < 1 or z∗ > 1. It should also be noted that

photographs which are used for the beamforming maps are calibrated by the Optinav

software in order to assure that the points in the investigated plane and the photograph

are correctly associated with each other in the figure.

The Mach radius corresponding to a given interaction tone is a function of the number

of blades and blade tip Mach number (M t) of each rotor as well as the location of the

observer (or, in this case, the phased array) relative to the CROR. Consequently, Mach

radius is a function of the rotor diameter and rotational speed (through the tip Mach

number dependence) but not a function of the actual blade shape or blade setting angle.

This indicates that the Mach radius corresponding to an interaction tone produced by

two different blade sets would be the same, provided both blade sets were examined from

the same viewer position and operating at the same flight Mach number (Mx), had the

same blade tip Mach numbers and blade counts. It follows that two different blade sets

would produce the same noise source localization maps (as a function of Mach radius,

but not necessarily amplitude), provided (as is often the case in the experiment, and

always the case in the simulation) that the beamforming map sources are located at the

expected nominal Mach radius.

Contour plots of the wavefronts predicted by the LINPROP code provide insight as to

why beamforming locates the sources of coherent rotating noise sources at the nominal

Mach radius (an apparent noise source location) instead of at the actual noise source
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location. These wavefronts are shown in the upper-right-hand corner of Fig. 5.4, 5.5

and 5.6, as well as in all similar figures appearing in the report. The view depicted is

from upstream-looking downstream and shows the pressure contours in the axial plane

containing the stacking axis of the aft rotor. The lobes refer to the regions where the

sound waves have maximum and minimum values, while the areas between them refer

to regions of intermediate values.

Figure 5.4: Takeoff nominal BPFF tone with contour map of the sound field. Top

row: simulated results. Bottom row: measurement results.

Figure 5.5: Takeoff nominal BPFA tone with contour map of the sound field. Top

row: simulated results. Bottom row: measurement results.

The BPFF wavefront exhibits a 12 lobe pattern (corresponding to the 12 rotor blades,

Fig. 5.4) that rotates clockwise about the rig axis in the same direction as the front rotor.

The wavefront for the BPFA (Fig. 5.5) exhibits a 10 lobe pattern corresponding to the
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Figure 5.6: Takeoff nominal BPFF+2BPFA interaction tone with contour map of the

sound field. Top row: simulated results. Bottom row: measurement results.

10 aft blades and rotates counter-clockwise about the rig axis in the same direction as the

aft rotor blades. The wavefront for the BPFF+2BPFA interaction tone (Fig. 5.6) has an

8 lobe pattern corresponding to the azimuthal mode number of this interaction tone as

given by Eq. (5.2). The pattern shown in Fig. 5.6 is a superposition of the contribution

to this interaction tone from both rotors, though for this case it is dominated by the

contribution from the aft rotor and hence it rotates in the same direction as the aft

rotor.

The propagation of the sound waves from coherent noise sources away from the model

coupled with the rotation of the noise sources about an axis produces the spiral patterns

depicted in these contour plots, as the sound waves add up constructively or destruc-

tively. The gray rectangle superimposed at the right in the contour plots depicts the

location of the Array48 phased array system relative to the CROR. The phased array

beamforming process attempts to locate the source of the sound waves intercepted by

the array microphones. In essence, the process is akin to determining the normal to the

wavefronts at each microphone location and tracing these normals back to the source

region. Their crossing point represents the estimated apparent noise source location.

Three such normals spanning the vertical span of the array are shown in Fig. 5.4, 5.5

and 5.6. These crossing points do in fact converge at the source location identified by the

beamforming process in all cases. These clearly illustrate how the beamforming process

can place the noise at an apparent (as opposed to real) noise source location because
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of the spiraling nature of the wavefront propagating away from the CROR. The fact

that the virtual source locations are the same for most of the measured tones indicates

that the same sorts of spiral wavefronts are also generated in actual experiments. As

was stated earlier, the theory in Parry and Crighton states that the noise sources will

radiate most efficiently from the Mach radius for supersonic tip speeds,[30] i.e., if the

Mach radius is located on the blades. As can be seen in the results, the rotating coherent

noise sources always radiate most efficiently from the nominal Mach radius, and give the

apparent noise sources as being located at these positions.

It should be noted that, while the apparent noise source locations for the actual and

simulated data agree well in most cases, this is not a general result. There are cases for

which the experimental beamforming maps do not line up with the expected nominal

Mach radius. Fig. 5.7 shows the case corresponding to 2BPFF. The simulation results

line up with the corresponding nominal Mach radius as would be expected, while the

measurement results show the sources in an entirely different location.

Figure 5.7: Takeoff nominal 2BPFF tone with contour map of the sound field. Top

row: simulated results. Bottom row: measurement results.

Each nominal Mach radius location corresponds to a specific tone. Therefore, in calcu-

lating the nominal Mach radius corresponding to a given frequency bin, the first step

is to determine the tone which is expected to dominate the noise source map. In Fig.

5.7, the 2BPFF tone was expected to be the dominant noise source in the map, and the

black line corresponds to the Mach radius for this tone. The beamforming maps pro-

vided in Fig. 5.7 show the noise coming from the Mach radius corresponding to 2BPFF
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in the simulation but not the experiment. The simulation predicts tone noise result-

ing from the loading and thickness noise produced by identical blades. For cases such

as this, where the experimental results do not line up with the expected Mach radius,

some source other than the loading and thickness noise produced by identical blades

(i.e. those sources included in the simulation) dominates the given frequency bin. The

possible noise sources not taken into account in the simulations include blade-to-blade

variations, noise sources which are not rotating about the axis, quadrupole noise, and

broadband noise.

The Mach radius concept and the spiral wavefronts discussed above apply to noise

sources rotating about the axis. When the principal source is not rotating about the

axis, such as would be the case for a pylon wake being chopped by a downstream rotor,

the Mach radius concept does not apply. As an example, consider the situation depicted

in Fig. 5.8. The presence of the upstream pylon augments the front rotor content at

the BPFF, 2BPFF, 3BPFF, etc. Unlike the isolated rotor, in this case the pylon-rotor

interaction source is stationary. As such, the associated wavefronts do not spiral like they

do when the sound field is produced by the rotating blades. In this case the beamforming

process correctly images the noise source onto the blade itself.

Figure 5.8: Takeoff nominal at Ma 0.22 with a pylon 2BPFF tone.

The sound field of a CROR is not composed of only tonal components. The simulations,

as can be seen in the PSD spectra, do not investigate the broadband noise sources. The

measurement results on the other hand show that the broadband noise is significant,

with many interaction tones, especially those at higher frequencies, being buried in the

broadband. This section does not deal with the broadband noise, but it should be

mentioned that noise sources which appear at nominal Mach radii should be rotating
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and coherent in order to form the rotating lobes depicted in the figures, and therefore

broadband noise will not appear at a nominal Mach radius.

In this section, the application of beamforming analysis to CROR was examined. It

was shown that conventional beamforming techniques place the apparent sources of

noise for certain tones off the blade (outboard of the tip or inboard of the root). These

misleading results were explained by appealing to the concept of Mach radius and further

elucidated by examining the predicted spiraling wavefronts emanating from the CROR.

The Mach radius is a theoretical construct indicating the location of the maximum

radiation efficiency of rotating blades. A more intuitive picture emerges by tracing the

normal to the wavefronts at the location of the phased array back to the apparent source

region. Together, these theoretical devices provide a robust explanation of the nature

of the beamforming maps. It was further shown that the apparent source location

corresponding to a rotating coherent noise source will always be at the Mach radius

regardless of whether the Mach radius is smaller or larger than the blade tip radius. For

real blades, beamforming may place the dominant noise source of a tone at a location

other than the Mach radius due to variations in the blade geometry, due to sources

which are not accounted for in the simulations, or due to the tonal components being

buried in the broadband.



Chapter 6

Investigation of Tonal Noise

Sources

This section explains the evaluation methods applied in investigating beamforming

phased array microphone data of tonal noise sources of CROR. After explaining how

these results can be evaluated, the design takeoff nominal and approach results are

investigated, organizing the results into families of dominant noise sources for CROR.

Figure 6.1: Takeoff nominal BPFA tone.

In examining the dominant tonal noise sources, the largest BPF and interaction tone

peaks that were located on the beamforming maps (referred to as beamforming peaks)

are investigated with the help of the beamforming peak PSD spectra and beamform-

ing maps depicting the noise source positions of these beamforming peaks (see 6.1).

XF + Y A refer to interaction tones, comprised of harmonics of the BPFF and BPFA,

22
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respectively, where X and Y are positive whole numbers. Difference tones, having har-

monics of opposite sign, are not taken into consideration during the investigation, since

they do not propagate efficiently.[9, 30, 37] The beamforming peak PSD spectra and

the beamforming maps present the results in a way which enables us to recognize many

patterns in the results of uninstalled CROR.

Tables, such as Tables 6.1 and 6.2, were assembled to help organize the results found on

the beamforming maps and PSD spectra. They are limited to the 20 largest peaks of

the respective beamforming peak PSD spectra, and are organized into rows according

to increasing BPFA and into columns according to increasing BPFF. Interaction tones

(XBPFF+Y BPFA) can be found by locating the intersection of a given column (BPFF)

and row (BPFA). Tables 6.1 and 6.2 present the rank of the 20 largest beamforming

peaks in the beamforming peak PSD spectra.

Table 6.1: Twenty largest peaks of the beamforming peak PSD spectrum of the design

takeoff nominal condition.

F 2F 3F 4F 5F

7 12 18

A 2 5 3 11

2A 14 1 13 8 20

3A 16 4 9

4A 10 6 17

5A 15 19

Table 6.2: Twenty largest peaks of the beamforming peak PSD spectrum of the design

approach condition.

F 2F 3F 4F 5F

10 16

A 6 7 8

2A 4 2 3 13

3A 1 15 14 9 18

4A 19 12 5

5A 11 20

6A 17
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It can be seen on the beamforming map of Fig. 6.1, that the noise source of BPFA is

located at a radial span of the blade lying outboard of the blade tip, which coincides

with its Mach radius. It was shown in the previous section and in [15, 17] that rotating

coherent noise sources will not be located at their true noise source positions, but will

have noise sources located at their respective Mach radii, regardless of whether that

is along the blade, inboard of the hub, or outboard of the blade tip (see Eq. (5.1)).

A positive Mach radius refers to the side of the axis on which the rotor is spinning

toward the observer. To help visualize this, take the plane in which the rotor is being

investigated and subdivide it into four quadrants, with the axis of the ORPR splitting

the investigated area into a top and bottom half, and a line between the forward and

aft rotor splitting the plane into a forward and aft section, as can be seen in Fig. 6.2. If

a noise source were to be located at a given Mach radius in the top-forward quadrant,

then it would be located at a positive Mach radius of the forward rotor. This will be

referred to as the positive-forward quadrant. For the bottom-forward quadrant, it would

be located at a negative Mach radius of the forward rotor, referred to as the negative-

forward quadrant. For the bottom-aft quadrant, it would be located at a positive Mach

radius of the aft rotor (positive-aft quadrant), and for the top-aft quadrant it would be

located at a negative Mach radius of the aft rotor (negative-aft quadrant). The sign of

the Mach radii corresponding to a given quadrant and the names of the quadrants are

marked in the figure.

Certain exceptions are given in the literature, which will place a noise source at a location

other than the Mach radius. The first is the case of a noise source other than the expected

BPF or interaction tone dominating the frequency band, such as that resulting from

blade-to-blade variations. The second is the case of a non-rotating noise source, such

as the interaction of a rotor with the wake of a pylon. The third is the case of rotating

incoherent noise sources, such as broadband noise, which will be located at the noise

source. All BPF and interaction tones investigated here are therefore expected to align

with their respective Mach radii, and all cases which do not will be disregarded during

the rest of this investigation of tonal noise sources. They will, instead, be considered

along with the broadband noise sources.

In further examining the remaining noise source localization maps, it was determined

that the axial locations of the noise sources also give information about the sound

generation mechanisms responsible for them. As an example, the noise source of a BPF
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Figure 6.2: Quadrants of the beamforming map, + and - referring to the sign of the

Mach radii in that quadrant.

tone would be expected to be aligned with the positive Mach radius of the investigated

rotor, as is the case for BPFA in Fig. 6.1. On the other hand, locating the position

of an interaction tone noise source, it is not evident where the noise source should be

located. In comparing the beamforming peaks in Fig. 6.3 and 6.4, one might ask why

the 2BPFF+1BPFA interaction tone appears at its Mach radius in the positive-forward

quadrant, while the 1BPFF+2BPFA interaction tone appears at its Mach radius in the

positive-aft quadrant.

Figure 6.3: Beamforming results for the takeoff nominal 2BPFF+1BPFA interaction

tone.

The literature gives information which helps explain this.[9, 11, 30] It is known that
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Figure 6.4: Beamforming results for the takeoff nominal 1BPFF+2BPFA interaction

tone.

interaction tones are produced at combination frequencies given by Eq. (6.1), where Ω

refers to the angular frequency of a given blade row, the sound radiating from the one

blade row, marked here with subscript 1, and referred to as the acoustic harmonic, which

is loaded by the other blade row, marked here with subscript 2, and referred to as the

loading harmonic. Both the forward and aft rotors need to be considered as acoustic as

well as loading harmonics in order to receive a complete and accurate sound field, since

each blade row loads the other blade row and also radiates sound simultaneously.[30]

f (n1,n2) =
n1B1Ω1 + n2B2Ω2

2π(1−Mx cosΘ)
(6.1)

The sources of loading are divided into two categories, viscous wake and potential-flow

fields. Viscous wake refers to the flow which is shed off the trailing edge of the rotor.

Potential-flow is comprised of two subcategories, strong shocks and everything which can

be calculated from potential theory.[11] Therefore, in the case of an isolated CROR, the

loading on the aft rotor is due to a combination of the viscous wake and the potential-flow

field of the forward rotor, while the loading on the forward rotor is only resulting from

the potential-flow field of the aft rotor, since the viscous wake will not travel upstream.

The possible sources of loading pertaining to each quadrant are listed in Fig. 6.2.

In determining which sources of loading will dominate the noise field, Parry and Crighton

show that directivity patterns for CROR show a quieter noise source on the forward rotor

and a louder noise source on the aft rotor for the case when nFBF < nABA, and vice

versa, a louder noise source on the forward rotor and quieter noise source on the aft

rotor when nFBF > nABA.[30] This shows that the rotor with the smaller product
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of the harmonic index and blade number will be the dominant loading harmonic out

of the two (weaker noise source/stronger potential-flow field), and the rotor with the

larger product will be the dominant acoustic harmonic out of the two (louder noise

source/weaker potential-flow field). With regard to the Mach radius calculations, the

relationship between nFBF and nABA is also important. For nFBF < nABA the Mach

radius will be positive on the aft rotor and negative on the forward rotor (placing the

noise source below the axis), and vice versa, the Mach radius will be positive on the

forward rotor and negative on the aft rotor when nFBF > nABA (placing the noise

source above the axis), as can be seen in Eq. (5.1). It is also shown in the quadrants of

Fig. 6.2 whether nFBF < nABA or nFBF > nABA.

According to the information given thus far, one would expect the noise sources of the

investigated BPF and interaction tones to only be located in the positive-forward and

positive-aft quadrants, depending on whether nFBF > nABA, or nFBF < nABA, re-

spectively, radiating from the positive Mach radii of the dominant acoustic harmonics.

Taking the effect of both the potential-flow field and the viscous wake into considera-

tion, as was done by Parry and Crighton,[30] one finds that though the Mach radius

is determined according to which blade row is the dominant loading and which is the

dominant acoustic harmonic with regard to the potential-flow field, the effect of the

viscous wake also needs to be considered in order to determine which blade row the

noise source will be aligned with. In studying the beamforming maps of the interac-

tion tones and applying all information which is known regarding CROR tonal noise

sources, it was found that noise sources are located at their respective Mach radii in the

positive-forward quadrant if nFBF > nABA and the potential-flow field of the aft rotor

is the dominant source of loading (dominant noise generation mechanism) for the given

frequency bin. Noise sources could only be located at their respective Mach radii in the

negative-forward quadrant if nFBF < nABA and the dominant source of loading would

be the aft rotor potential-flow field. Since nFBF < nABA tells us that the forward rotor

will be the dominant loading harmonic and the aft rotor will be the dominant acoustic

harmonic in this quadrant, it is not surprising that no such noise sources were found dur-

ing this investigation. For the positive-aft quadrant, nFBF < nABA and the dominant

source of loading is a combination of the potential-flow field of the forward rotor and

the viscous wake of the forward rotor. For the negative-aft quadrant, nFBF > nABA
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and the dominant source of loading is the potential-flow field of the forward rotor com-

bined with the viscous wake of the forward rotor. These results are summarized in Fig.

6.2. It has also been marked in Tables 6.3 and 6.4 which quadrants the noise sources

are located in. The names of the quadrants are abbreviated in the figure: negative-aft

(NA), negative-forward (NF ), positive-aft (PA), and positive-forward (PF ).

Table 6.3: Quadrant in which the beamforming peak is located in for the design

takeoff nominal condition.

F 2F 3F 4F 5F

PF

A PA NA PF PF

2A PA NA NA PF PF

3A PA PA NA

4A PA PA NA NA

5A PA PA PA

Table 6.4: Quadrant in which the beamforming peak is located in for the design

approach condition.

F 2F 3F 4F 5F

A PA PF NA

2A PA NA NA PF NA

3A PA PA NA PF PF

4A PA PA PA NA

5A PA PA NA

6A PA PA PA PA

Organizing the highly related tonal noise sources into groups, the first to be identified

are the BPF tones of the forward and aft rotors. These tones and their harmonics

form families which are only dominant at low frequencies, quickly dropping off as the

harmonic index increases. The steady loading and thickness noise associated with the

first BPF of each BPFF and BPFA is the only one to have a peak which is large enough

to be a dominant tonal noise source. For the rest of the harmonics, either the broadband

noise or other noise sources in their bins are louder, placing the noise source at a location
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other than the expected Mach radius. This group can be subdivided into BPFF and

BPFA subgroups, since the noise sources align with their respective rotors. These BPF

tones are not included in the following groups of interaction tones, as investigations of

the beamforming maps and beamforming peak PSD spectra showed that they are not

related to any of the other groups of tonal noise sources.

Further investigating the interaction tones, Tables 6.3 and 6.4 show which interaction

tones could be highly related. The tables consist of two sections. The bottom-left section

contains interaction tones which are radiating from the positive-aft quadrant. The top-

right section is made up of interaction tones which are radiating from the positive-

forward and negative-aft quadrants. The group XBPFF + XBPFA separates the table

diagonally. The reason for the change occurring here can be explained by the number

of blades associated with the given rotors. As was stated above, the product of the

harmonic index and the blade number determines which of the two rotors is the dominant

loading harmonic and which is the dominant acoustic harmonic, depending on whether

nFBF < nABA or nFBF > nABA. Since the forward rotor has 12 blades and the aft rotor

has 10 blades, a change from less than to greater than must occur at XBPFF +XBPFA.

One could design the CROR to have this jump occur at (X + 1)BPFF + XBPFA by

changing the number of blades on the forward rotor to be more than that on the aft

rotor. Most other combinations are difficult to realize, since the one rotor would have to

have many more blades than the other. The group which divides the table diagonally,

here being XBPFF + XBPFA, consists of interaction tones located in the negative-aft

quadrant. For another CROR of similar design XBPFF + XBPFA interaction tones

could be located in the positive-forward quadrant, depending on the strength of the

viscous wake noise source. Based on the results seen in these tables, interaction tones

are sorted into subgroups depending on whether they are along the diagonal, or on one

side or the other of the diagonal.

It can be seen in Tables 6.1 and 6.2 that most of the largest beamforming peaks are

harmonics of the BPFF and BPFA or interaction tones containing the first or second

harmonics of the BPFF or BPFA. According to the literature, as the azimuthal mode

number of a BPF or interaction tone is increased, its radiation efficiency will decrease.[9,

37] It is also expected that the loading of a higher multiple harmonic will not be as strong

as that of a lower multiple. This is why only those BPF and interaction tones which

have harmonic indices of relatively small value appear among the largest beamforming
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Table 6.5: Azimuthal mode number for the design takeoff nominal condition

F 2F 3F 4F 5F

12 24 36 48 60

A 10 2 14 26 38 50

2A 20 8 4 16 28 40

3A 30 18 6 6 18 30

4A 40 28 16 4 8 20

5A 50 38 26 14 2 10

Table 6.6: Azimuthal mode number for the design approach condition.

F 2F 3F 4F 5F

12 24 36 48 60

A 10 2 14 26 38 50

2A 20 8 4 16 28 40

3A 30 18 6 6 18 30

4A 40 28 16 4 8 20

5A 50 38 26 14 2 10

6A 60 48 36 24 12 0

peaks (see Tables 6.1 and 6.2). The azimuthal mode number of each element is given in

Tables 6.5 and 6.6. In applying Eq. (5.2), it is seen that moving toward the right, every

step increases/decreases the value of the azimuthal mode number by BF, here being

12, depending on whether we are in the top-right or bottom-left sections, respectively.

Moving down increases/decreases the value of Eq. (5.2) by BA, here being 10, depending

on whether we are in the bottom-left or top-right sections, respectively. Moving along the

diagonal the value of Eq. (5.2) increases/decreases by the value of |BF−BA|, here being

2, depending on whether we are in the top-right or bottom-left sections, respectively.

Therefore, the dominant noise sources should be located near the diagonal, as they are

(see Tables 6.1 and 6.2). Moving farther down along the diagonal in Tables 6.5 and

6.6, we can see that though the interaction tones have small azimuthal mode number

values, they are not among the top twenty peaks in Tables 6.1 and 6.2. It was stated

above, that as the harmonic index of the loading harmonic increases, the strength of the

loading is expected to decrease. This can also be seen as we move farther away from the
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diagonal, perpendicularly to it, where the noise sources can no longer be associated with

the expected interaction tones, as they do not line up with their respective Mach radii

(see Tables 6.3 and 6.4). In these cases the main peaks for the given frequency bins are

associated with noise sources other than the expected BPF or interaction tones.

In summarizing the above information, the investigation has shown the following:

� If a tonal noise source is not located at its respective Mach radius, then the noise

source is not related to the expected noise generation mechanism assumed in the

Mach radius calculation and needs to be further investigated.

� For a tonal noise source which lines up with its Mach radius, the product of the

harmonic index and the blade number determines which is the dominant loading

harmonic and which is the dominant acoustic harmonic.

� For a tonal noise source which lines up with its Mach radius, whether nFBF <

nABA or nFBF > nABA determines which side of the axis a noise source will be

located on.

� For a tonal noise source which lines up with its Mach radius, the quadrant in which

a noise source is located (see Fig. 6.2) identifies the main source of noise generation

(potential-flow field, or a combination of potential-flow field and viscous wake).

� The product of the harmonic index and the blade number of each rotor determines

which family of interaction tones will divide the interaction tones into three groups,

those making up the division line (diagonal), those radiating from the positive-

aft quadrant, and those radiating from either the positive-forward or negative-aft

quadrants.

� The azimuthal mode number will be smallest, and will increase at the slowest rate

in the family of interaction tones which make up the division line (diagonal) of the

presented tables. This family of interaction tones will play a key role in the noise

signature of CROR.

� The families of interaction tones which have a harmonic index of small value for

their loading harmonic can play a key role in the noise signature of CROR.

� Based on the methods presented above, families of related dominant noise sources

can be found among the tonal noise sources of CROR. This gives an opportunity for
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determining which families of tonal peaks and which noise generation mechanisms

should be dealt with in order to reduce CROR noise most effectively.

The above described methodology was applied in order to determine the dominant noise

source families which have the greatest influence on the noise signature of the investi-

gated uninstalled CROR. The noise source family expected to have the greatest influence

is the diagonal of the table, XBPFF + XBPFA. Other noise source families expected

to exhibit a key role in determining the noise signature are those interaction tone fam-

ilies which have loading harmonics of small harmonic index value: XBPFF+1BPFA,

XBPFF+2BPFA, 1BPFF + Y BPFA, and 2BPFF + Y BPFA. These families of interac-

tion tones were analyzed to determine whether their members appear at their respective

Mach radii, whether the peaks of the harmonics in the beamforming peak PSD spectra

follow trends, and whether the interaction tones of the given interaction tone families

play a significant role in determining the noise signature of the investigated CROR. Other

possible interaction tone families were also investigated in the same way, and it was de-

termined that the dominant noise source families influencing the noise signature of the

investigated isolated F31/A31 CROR at design takeoff nominal and approach conditions

are XBPFF +XBPFA, 1BPFF + Y BPFA, 2BPFF + Y BPFA, and XBPFF+2BPFA.

In this section, a series of planar phased array microphone measurements conducted

on the F31/A31 Historical Baseline Blade Set in the LSWT of NASA Glenn Research

Center were investigated. The design takeoff nominal and approach conditions were

investigated using a novel approach in analyzing the tonal noise sources. Though the

results do not provide noise source distributions along the blades, they are significant,

identifying the noise sources which are truly responsible for the investigated BPF or

interaction tones, separating them from all other noise sources. The axial and radial

positioning of the noise sources was investigated, giving insight into the effects of the

potential-flow field and viscous wake loading of the rotors on the noise signature of

CROR and organizing the interaction tones accordingly. The state of the art of CROR

noise reduction has therefore been advanced by a means of localizing noise sources to

a given rotor and sorting them according to noise source mechanism. The results were

then organized into groups, setting out families of interaction tones which dominate

the sound field of CROR at design takeoff nominal and approach conditions from the

rest of the interaction tones. This advances the state of the art of CROR noise reduc-

tion by limiting the tonal noise sources to a few families, which need to be taken into
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consideration when designing CROR of low noise. The dominant noise source families

of the uninstalled F31/A31 CROR at design takeoff nominal and approach conditions

are XBPFF+XBPFA, 1BPFF+Y BPFA, 2BPFF+Y BPFA, and XBPFF+2BPFA. For

other designs, a shift of the dominant noise source families within the presented tables

(e.g. (X + 1)BPFF+XBPFA instead of XBPFF+XBPFA), as well as the reduction of

the significance of given families of interaction tones is expected. The tools and method-

ologies presented in this investigation will be applied in future studies, comparing the

other elements of the test matrix to the design cases presented here.



Chapter 7

Investigation of Broadband Noise

Sources

This section explains the evaluation methods applied in investigating beamforming

phased array microphone data of broadband noise sources of CROR. After explain-

ing how these results can be evaluated, the design takeoff nominal and approach results

are investigated, organizing the results into families of dominant noise sources which

need to be dealt with in reducing the noise of CROR.

7.1 Broadband Noise Sources

In the literature CROR broadband noise sources are sorted into three main groups:

leading edge noise sources, trailing edge noise sources, and blade tip noise sources.[5, 25,

29] Though multiple names are used for the given noise sources, these are used here as

they are intuitive for locating the noise sources seen on beamforming maps.

Leading edge broadband noise sources result from the interaction of nonuniform tur-

bulent inflow with a rotor blade.[5, 25, 29] The noise level depends on the magnitude

of the inflow turbulence, being quite significant for high turbulence at low speed, such

as takeoff and approach conditions.[25] According to [25], the noise sources should be

localized to the leading edge for high frequency cases when the wavelength is smaller

than the blade chord, but could span the entire blade chord for low frequencies, when

the blade can be considered as a compact noise source. The source of the nonuniform
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turbulent inflow can vary, with typical examples for the case of uninstalled CROR being

atmospheric turbulence ingestion,[5] the rotor-wake of the upstream rotor,[5, 29] and

the turbulent blade tip vortex of the upstream rotor.[5]

Trailing edge noise, otherwise known as boundary layer self-noise or rotor self-noise,

occurs when the turbulent boundary layer developing on a blade surface passes over the

trailing edge, resulting in fluctuating blade loading.[5, 25, 29]

Blade tip noise, also called vortex self-noise, occurs as the turbulence in the core of the

blade tip vortex interacts with the rotor blade.[25, 29] According to [25], this occurs as

the blade tip vortex interacts with the trailing edge.

The literature states, as can be seen in typical CROR spectra, that the relative impact

of broadband noise on the noise level increases at higher frequencies, as the amplitudes

of tonal noise sources decrease.[31] It can also be seen in the results of [10], that the

maximum levels of broadband noise can be measured in the lateral direction, where the

microphone array of the present investigation is positioned.

7.2 Removal of Tonal Noise Sources from the Stack of

Beamforming Results

In preparing the results for the investigation of the broadband noise sources, all the

beamforming maps which point to known tonal noise sources are removed from the

complete stack of beamforming results. Since the processing of the data produces a large

stack of beamforming maps, one for each frequency bin that is investigated, this is easily

done by deleting all beamforming maps from the stack which localize the noise sources

to their respective Mach radii. All other beamforming maps, regardless of whether they

belong to a frequency bin which is expected to be tonal or broadband, are left in the

stack.

7.3 Evaluation of Shaft Order Noise Sources

Investigating the beamforming peak PSD spectrum peaks that remain in the stack after

removing the rotating coherent tonal noise sources, such as the one appearing in Fig.
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7.1, it can be seen that not only the broadband noise sources remain in the stack. The

frequency investigated in the figure is associated with a shaft order. The spectrum

shows a peak which rises out of the broadband, while the noise source appearing on the

beamforming map is not located at its Mach radius. The results presented in [15, 17]

show that the beamforming process will locate the noise sources of CROR at their actual

source locations rather than their respective Mach radii in cases such as incoherent noise

sources and rotating incoherent noise sources. Investigating all the beamforming peak

PSD spectrum peaks remaining in the stack, it is found that they are all shaft orders

and that they are all localized to the same noise source, which appears on the pressure

side of the aft rotor near the blade tip. According to the literature, measurement

instrumentation mounted on the blades can result in shaft order tones appearing in

the CROR spectrum.[47] Investigating the present case more closely, it has been found

that instrumentation was mounted in the vicinity of the noise source, providing an

explanation as to why shaft orders appear in the results and why their noise sources are

localized to this area.

Figure 7.1: Beamforming results for a takeoff nominal shaft order tone.

These results explain why the noise sources of certain harmonics of the BPF and inter-

action tones were not localized to their respective Mach radii. An example of this can

be seen in Fig. 7.2, which presents results for the 2BPFF tone. This noise source would

be expected to align with the forward rotor and positioned outboard of the blade tip at

its Mach radius, but is instead located at the above mentioned position associated with

the measurement instrumentation.

Though broadband noise measurement data is customarily processed in octave bands

or one-third octave bands, custom narrow bandwidths were used in this investigation
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Figure 7.2: Beamforming results for the takeoff nominal 2BPFF tone.

in order to take advantage of the benefits of order analysis. This approach made the

identification of the noise sources which dominate over some of the BPF and interaction

tone noise sources possible.

7.4 Evaluation of Broadband Noise Sources

After the removal of the rotating coherent tonal noise sources and the affected shaft

orders, the remaining beamforming maps provide information about the broadband

noise sources. In this section the various broadband noise sources discussed above are

identified on the beamforming maps. Since CROR broadband noise sources are rotating

incoherent noise sources, they are expected to appear along the blades at their actual

radial and axial positions, as they do.

Investigating the leading edge of the aft rotor, a leading edge broadband noise source is

identified. At lower frequencies the noise source appears on the suction side of the rotor,

as can be seen in Fig. 7.3. The gray area of the schematic shows the typical area of

the CROR where the noise sources appear for this case. At higher frequencies the noise

source is localized to the leading edge of both the suction side as well as the pressure

side of the rotor, as can be seen in Fig. 7.4. In determining the source of the inflow

turbulence, it is found to be associated with the wake of the forward rotor, as given in

[5, 29]. The forward rotor does not show signs of a dominant leading edge broadband

noise source, as might be expected, since no pylon, rotor, or other turbulence generation

device is located upstream of it. The beamforming results do not show any signs of a

turbulent blade tip vortex from the forward rotor interacting with the blade tip of the
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aft rotor.[5] The noise source would be expected to appear in the form of a dominant

broadband blade tip noise source on the aft rotor, which is not seen.

Figure 7.3: Typical beamforming results for low frequency leading edge broadband

noise sources.

Trailing edge broadband noise sources appear at mid to high frequencies, increasing

in significance at higher frequencies. Typical trailing edge broadband noise sources

experienced during these investigations can be seen in Fig. 7.5. These noise sources

appear along a large portion of the span of the pressure side for the forward rotor,

not localizing to only the blade tip or the hub. In this case, this is the dominant

broadband noise source for the forward rotor. Unlike the leading edge noise sources,

trailing edge noise sources are found on both the forward and the aft rotors investigated

here. Investigating the trailing edge noise sources which appear on the aft rotor, they are

weaker noise sources that only appear on the beamforming maps of the bins for which

the other noise sources are insignificant. Typical aft rotor trailing edge broadband noise

sources can also be seen in Fig. 7.5.

The noise sources appearing on the beamforming maps associated with trailing edge

noise are not concentrated to the blade tip. They appear along different portions of

the span for various instances. Therefore, it is believed that blade tip noise is not a

dominant noise source for the investigated cases.
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Figure 7.4: Typical beamforming results for high frequency leading edge broadband

noise sources.

Figure 7.5: Typical beamforming results for trailing edge broadband noise sources.
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Summarizing the shaft order and broadband noise sources identified in this section:

� Noise sources appearing at shaft orders and associated with measurement instru-

mentation are localized to the pressure side of the aft rotor.

� Leading edge broadband noise sources are localized to the suction side of the aft

rotor for low frequencies and to the leading edge of the aft rotor for high frequencies.

� For the frequency range above 1BPFA, leading edge noise sources are the dominant

broadband noise sources for both of the investigated cases.

� No significant leading edge broadband noise sources are noticed on the forward

rotor.

� Trailing edge noise sources are the dominant broadband noise sources of the unin-

stalled forward rotors investigated here, appearing at mid to high frequencies.

� Trailing edge noise sources are seen on the aft rotors, though these noise sources

are relatively insignificant as compared to the other broadband noise sources.

In this section, a series of planar phased array microphone measurements conducted

on the F31/A31 Historical Baseline Blade Set in the LSWT of NASA Glenn Research

Center were investigated. The design takeoff nominal and approach conditions were

investigated using a novel approach in analyzing the beamforming results, localizing

broadband noise sources of CROR to given sections of the forward and aft rotors. The

method advances the state of the art of CROR measurement technique by providing a

means by which CROR broadband noise sources can easily be localized, identified,and

sorted according to noise generation mechanism. The results have been analyzed, setting

out broadband noise sources which dominate the sound field of the F31/A31 Historical

Baseline Blade Set at design takeoff nominal and approach conditions from other possible

broadband noise sources. The results also give an answer as to why certain shaft order

peaks in the PSD spectra do not align with their Mach radii in the beamforming maps.

The localization of the noise sources of the given shaft orders advances the state of the

art of beamforming for turbomachinery by presenting how beamforming can be used

to identify the true noise sources in all cases where the noise source is an incoherent

noise source or rotating incoherent noise source. Without such a beamforming method,

the true source of the noise would be unknown and would misleadingly be associated
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with either the broadband or the rotating coherent tonal noise sources of CROR. The

methodologies presented in this investigation will be applied in future studies, comparing

the other elements of the test matrix to the design cases presented here.



Conclusions

The application of beamforming analysis to counter-rotating open rotors was examined.

It was shown that conventional beamforming techniques place the apparent sources of

noise for certain tones off the blade (outboard of the tip or inboard of the root). These

misleading results were explained by appealing to the concept of Mach radius and further

elucidated by examining the predicted spiraling wavefronts emanating from the CROR,

tracing the normal to the wavefronts at the location of the phased array back to the

apparent source region. Together, these theoretical devices provide a robust explanation

of the nature of the beamforming maps. It was further shown that the apparent source

location corresponding to a rotating coherent noise source will always be at the Mach

radius regardless of whether the Mach radius is smaller or larger than the blade tip

radius. For real blades, it was shown that beamforming may place the dominant noise

source of a tone at a location other than the Mach radius due to variations in the blade

geometry, due to sources which are not accounted for in the simulations, or due to the

tonal components being buried in the broadband. These results support the findings,

giving evidence that only rotating coherent noise sources will be localized to the Mach

radius, and incoherent noise sources and rotating incoherent noise sources of CROR will

be localized to their true locations.

A series of planar phased array microphone measurements conducted on the F31/A31

Historical Baseline Blade Set in the LSWT of NASA Glenn Research Center were pre-

sented. These CROR beamforming results provide a means for validating research tools,

as well as offering the research community a data set for the investigation of CROR. The

design takeoff nominal and approach conditions were investigated using a novel approach

in analyzing the tonal noise sources. Though the results do not provide noise source dis-

tributions along the blades, they are significant, identifying the noise sources which are

truly responsible for the investigated BPF or interaction tones, separating them from
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all other noise sources. The axial and radial positioning of the noise sources was investi-

gated, giving insight into the effects of the potential-flow field and viscous wake loading

of the rotors on the noise signature of CROR and organizing the interaction tones ac-

cordingly. The state of the art of CROR noise reduction has therefore been advanced by

a means of localizing noise sources to a given rotor and sorting them according to noise

source mechanism. The results were then organized into groups, setting out families of

interaction tones which dominate the sound field of CROR at design takeoff nominal

and approach conditions from the rest of the interaction tones. This advances the state

of the art of CROR noise reduction by limiting the tonal noise sources to a few families,

which need to be taken into consideration when designing CROR of low noise. The dom-

inant noise source families of the uninstalled F31/A31 CROR at design takeoff nominal

and approach conditions are XBPFF+XBPFA, 1BPFF+Y BPFA, 2BPFF+Y BPFA, and

XBPFF+2BPFA. For other designs, a shift of the dominant noise source families within

the presented tables (e.g. (X+1)BPFF +XBPFA instead of XBPFF+XBPFA), as well

as some slight variations regarding the significance of given families of interaction tones

is expected.

The broadband noise sources of the design takeoff nominal and approach conditions were

also investigated using a novel approach in analyzing the beamforming results, localizing

broadband noise sources of CROR to given sections of the forward and aft rotors. The

method advances the state of the art of CROR measurement technique by providing a

means by which CROR broadband noise sources can easily be localized, identified,and

sorted according to noise generation mechanism. The results were analyzed, setting out

broadband noise sources which dominate the noise signature of the F31/A31 Historical

Baseline Blade Set at design takeoff nominal and approach conditions from other possible

broadband noise sources. The results also give an answer as to why certain shaft order

peaks in the PSD spectra do not align with their Mach radii in the beamforming maps.

The localization of the noise sources of the given shaft orders advances the state of the

art of beamforming for turbomachinery by presenting how beamforming can be used

to identify the true noise sources in a case where the turbomachinery noise sources are

incoherent or rotating incoherent. Without such a beamforming method, the true source

of the noise would be unknown and would misleadingly be associated with either the

broadband or the rotating coherent tonal noise sources of CROR.
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The methodologies presented in this investigation will be applied in future studies, com-

paring the other elements of the test matrix to the design cases presented here. The

novel beamforming methods also provide other researchers with a tool for evaluating

their own results. The methods and the results presented in this investigation will help

in advancing CROR technology to a new level, hopefully not just meeting, but going

beyond the expectations of environmental regulations.



Thesis Statements

1. Turbomachinery tonal noise sources are investigated and a novel approach is pre-

sented for investigating the beamforming results of tonal noise sources of unducted

turbomachinery.

(a) The approach applies the Mach radius concept in order to locate the noise

sources which are truly responsible for the investigated BPF or interaction

tones, separating them from all other noise sources in the given frequency

bin.

(b) The approach is applied to uninstalled counter-rotating open rotors. The

axial and radial positioning of the tonal noise sources is investigated, giving

insight into the effects of the potential-flow field and viscous wake loading of

the rotors on the sound field of counter-rotating open rotors, organizing the

interaction tones accordingly. This advances the state of the art of counter-

rotating open rotor measurement technique and noise reduction by a means

of localizing dominant tonal noise sources to a given rotor and sorting them

according to noise source mechanism.

(c) The tonal noise sources of uninstalled counter-rotating open rotors at de-

sign takeoff nominal and approach conditions are investigated. The results

are organized into groups, setting out certain families of interaction tones

from the rest of the tones which are prone to be dominant noise sources.

This advances the state of the art of counter-rotating open rotor noise re-

duction by organizing and limiting the critical tonal noise sources to a few

families that need to be dealt with. The critical noise source families of

uninstalled counter-rotating open rotors at design takeoff nominal and ap-

proach conditions include the diagonal dividing the tables (XBPFF+XBPFA
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or (X + 1)BPFF +XBPFA, depending on the blade count), and families

of interaction tones which have loading harmonics of small harmonic in-

dex value (e.g. 1BPFF+Y BPFA, 2BPFF+Y BPFA, XBPFF+1BPFA, and

XBPFF+2BPFA).

Publications related to this thesis statement: [14, 15, 16, 17, 18, 34, 35, 36]

2. Turbomachinery broadband noise sources are investigated and a novel approach

for investigating the beamforming results of broadband noise sources of unducted

turbomachinery is presented.

(a) The method is able to separate the broadband noise sources from the rotating

coherent noise sources as well as other incoherent noise sources and rotating

incoherent noise sources that are not broadband noise sources. This advances

the state of the art of unducted turbomachinery beamforming by locating the

noise sources which are truly responsible for the investigated broadband noise,

separating them from all other noise sources.

(b) The approach is applied to uninstalled counter-rotating open rotors. Broad-

band noise sources are localized, identified, and sorted according to noise

generation mechanism. This advances the state of the art of counter-rotating

open rotor measurement technique and noise reduction by providing a means

by which dominant counter-rotating open rotor broadband noise sources can

easily be localized, identified, and sorted according to noise generation mech-

anism.

Publications related to this thesis statement: [3, 13, 14, 15, 16, 17, 19, 20, 21, 22,

23, 34, 35, 36, 41, 42, 43, 44, 45]

3. Turbomachinery shaft order noise sources, otherwise known as multiple pure tone

noise sources, are investigated and a novel approach to investigating the beamform-

ing results of shaft order noise sources of unducted turbomachinery is presented.

(a) This advances the state of the art of unducted turbomachinery beamforming

by locating the noise sources which are truly responsible for the investigated

shaft orders, separating them from all other noise sources.

(b) The approach is applied to uninstalled counter-rotating open rotors. In a

case where the noise sources are neither rotating coherent nor broadband, it
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is significant that the method clarifies results, localizing the shaft order noise

sources to their true noise sources, which are located on the rotors, and which

are associated with blade nonuniformities. The method advances the state

of the art of counter-rotating open rotor measurement technique and noise

reduction by associating the shaft order noise sources with their true noise

sources instead of the broadband or the rotating coherent tonal noise sources.

Publications related to this thesis statement: [13, 14, 34]

4. The Mach radius literature is supplemented and further clarified.

(a) By examining beamforming results and the predicted spiraling wavefronts em-

anating from counter-rotating open rotors, it is shown that the noise sources

are localized to the Mach radius due to the wave patterns emanating from

the counter-rotating open rotors intercepting the observer in the same way

as one emanating from a noise source located at the Mach radius would.

(b) It is shown that the apparent source location corresponding to a rotating

coherent noise source will always be at the Mach radius, regardless of whether

the Mach radius is along the blade span, on the hub, or is located beyond the

blade tip.

Publications related to this thesis statement: [15, 16, 17, 18]

5. The beamforming literature regarding unducted turbomachinery is supplemented

and further clarified.

(a) It is shown that rotating coherent noise sources will be localized to their

respective Mach radii by beamforming.

(b) Prior to this, beamforming investigations localizing shaft order noise sources

to their true noise sources have not been published in the literature. Beyond

the scope of unducted turbomachinery beamforming literature, these results

show that not only stationary incoherent noise sources, stationary broadband

noise sources, and rotating broadband noise sources, but all stationary and

rotating incoherent noise sources will be localized to their true noise sources

by beamforming.

Publications related to this thesis statement: [13, 14, 15, 16, 17, 18, 34]
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6. The open literature has been supplemented with a basic set of processed planar

phased array microphone beamforming data for an uninstalled counter-rotating

open rotor, providing the research community with a comprehensive set of data

for the investigation of counter-rotating open rotor noise sources, as well as for the

validation of research tools.

Publications related to this thesis statement: [13, 14, 15, 16, 17]
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[42] J. Vad, Cs. Horváth, and J. G. Kovács. Aerodynamic and Aero-acoustic Improve-

ment of Electric Motor Cooling Equipment. Proceedings of Institute of Mechanical

Engineers, Part A: Journal of Power and Energy, 228(3):300–316, May 2014.
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