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SOME OBSERVATIONS ABOUT THE COMPONENTS OF TRANSONIC
FAN NOISE FROM NARROW-BAND SPECTRAL ANALYSIS
by Arthur V. Saule

Lewis Research Center

SUMMARY

Qualitative and quantitative spectral analyses are presented that give the
broadband-noise, discrete-tone, and multiple-tone properties of the noise generated
by a full-scale high-bypass single-stage axial-flow transonic fan (fan B, NASA Quiet
Engine Program). The noise components were obtained from narrow-band spectra
in conjunction with 1/3-octave-band spectra. Variations in the pressure levels of the
noise components with fan speed, forward-quadrant azimuth angle, and frequency are
presented and compared. The study shows that much of the apparent broadband noise
on 1/3-octave-band plots consists of a complex system of shaft-order tones. The
analyses also indicate the difficulties in determining or defining noise components,
especially the broadband level under the discrete tones. The sources which may be
associated with the noise components are indicated and discussed.

INTRODUCTION

The dominant noise source in high-bypass turbofan engines is the fan stage, and
considerable experimental and theoretical research has bean devoted to understanding
the nature of this noise source and finding ways to reduce its output (e.g., refs. 1
to 5). The fan noise spectral analysis has proved to be a powerful experimental meas-
urement. in studying this noise. From au analysis of their spectra, the components
of fan noise can be identified as discrete tones, broadband noise, and multiple tones.
The spectral analyses are an important link with the theoretical studies which provide
models or mechanisms that dascribe the generation of these characteristic fan noises,

Much of the published data (e.g., ref. 2) consists of 1/3-octave-band spectral
analysis. While the degree of resolution provided by this analysis is satisfactory for
some purposes, it does not give sufficient resolution to allow precise identification



and quantification of the noise components. This problem has been recognized fcr some
time, but, for many reasons, narrow-band analyses, which would provide better spec-
tral resciution, are not routinely performed.

This report first presents some preliminary qualitative observations about the
noise signature and nature of the source from a full-scale transonic design fan as noted
from narrow-band spectra of the far-field data. Then a quantitative spectral component
analysis routine based upon these observations is presented for evaluating broadband-
noise, discrete-tone, and multiple-tone acoustic pressure levels. These noise compo-
nents are obtained interdependently from 1/3-octave-band and narrow-band spectra. The
experimental observations are presented and discussed in relation to noise generation
theories and mechanisms.

The data presented are for fan B of the NASA Quiet Engine Program (ref. 2) as
tested in the Lewis full-scale fan facility (ref. 5). The data are for far-field measure-
ments taken at 10° intervals along a 30. 5-meter-radius arc of the fan. The fan tip speed
was varied from 60 to 90 percent of the design value of 354 meters per second. The
results show the behavior of the noise components of this fan stage with tip speed and
with changes in angular position in the forword quadrant from 10° to 90° measured
from the fan inlet axis.

Although the data analysis routine has been developed from fan B acoustic measure-
ments, it is not restricted to this particular fan. On the other hand, the numerical
findings and conclusions discussed in this report are based solely on transonic fan B
noise data and may not represent the acoustic performance of other high-bypass fans
of similar configuration.

TEST APPARATUS
Facility

Figure 1 shows a plan view of the full-scale-fan acoustic test facility located at
the NASA Lewis Research Center. he test fan was positioned some distance from the
wall of the main drive building with the exhaust nozzle facing the free field.

Far -field acoustic measurements of the test fan were made by using 16 micro-
phones mounted on poles at the elevation of the fan axis, 5.8 meters above the grade
level. All microphones were located in the same horizontal plane on 30.5-meter
radii with the origin near the exhaust plane of the fan bypass nozzle. A more detailed
description of the apparatus and the instrumentation is given in the appendix and
reference 5.
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Fan Design Characteristics

Fan B was designed and built as part of the NASA Quiet Engine Program. One of
the objectives of this program was the application of the current state of the art to the
development of low-noise turbofans. Low-noise features incorporated in the fan B
design were (1) absence of inlet guide vanes, (2) use of a single rotor-stator stage,

(3) extended rotor-stator spacing, (4) selection of the number of rotor blades and their
angular design speed to cause fundamental tones to appear in frequency bands of low
annoyance level, and (5) use of a vane-blade number ratio in excess of 2 to reduce the
magnitude of the fundamental tone due to rotor-stator interaction. In addition, the
particular configuration considered in this analysis had fan frame acoustic treatment
and core duct noise suppression. This configuration is illustrated in figure 2, which
shows the arrangement of the flow passages and general design features.

The rotor of fan B had 26 aluminum low-~-aspect-ratio twisted blades without vibra-
tion dampers. The bypass duct stator had 60 vanes; the core duct stator had 60 forward
and 60 aft vanas arranged in tandem. The number of rotor chords axially separating
the rotor and stators was 2 in the bypass duct and 1. 25 in the core duct.

The fan is an axial-flow air compressor 1.86 meters in diameter designed to
deliver a bypass total-pressure ratio of 1.5 at a total flow rate of 431 kilograms per
second, 87 percent efficiency, and an angular design speed of 3625 rpm (tip speed of
354 m/sec). The design rotor tip circumferential Mach number is 1.07; the flow
relative to the rotor tip has a Mach number of 1.2. The corresponding Mach numbers
at the hub station in the rotor inlet plane are 0.5 and 0.8, respectively. The approxi-
mate Mach numbers at test speeds can be obtained by multiplying the design values by
percent of design speed. Further discussions of the fan design and configuration are
given in references 2, 6, and 7.

DATA REDUCTION

The acoustic testing of fan B was done at the NASA Lewis Research Center.
Altogether three separate sets of acoustic data were taken at each speed at each of
16 microphone locations. Data at 60 and 90 percent design speed were utilized for
the present study. The fan was not run at 100 percent design speed.

Each acoustic recording was 100 seconds in duration and yielded a 1/3~octave-band
analysis covering frequency bands with center frequencies from 50 to 20 000 hertz.
The test-day sound pressure levels of three sample runs were arithmetically averaged
to minimize the effect of random variations. In addition, a similar set of 1/3-octave-
band data was computed by removing the effect of atmospheric absorption from the



test-day data (ref. 4). The adjusted data were thus referred back to the source and
are called referred sound pressure levels,

Continuous narrow-band :.pectral analyses of the noise signals were also performed.
In general, this analysis system employed a 20-hertz nominal bandwidth filter. In this
report the bandwidth is identified by its nominal value. For quantitative evaluation,
however, the equivalent or effective bandwidths were used; they were obtained by
multiplying the nominal value by 1.6. The 20-hertz-bandwidth analysis together with
1/3-octave-band spectra provided the numerical data for a quantitative evaluation of
sound pressure levels of the noise components, which is discussed in the next section,
Narrow-band analyses with higher than 20-hertz-bandwidth resolution were limited to
the 40° azimuth angle and were used for a qualitative comparison only. Since all the
narrow-band spectra reflect the signals under test-day conditions, the sound p. essure
levels obtained from the narrow-band spectra were adjusted for atmospheric attenuation
of the test day, averaged, and converted to 1/3-octave-band referred levels for each
frequency band. Only data for bands with center frequencies from 400 to 8000 hertz
were usad in this study because this frequency range covered the major noise features
of fan B.

SPECTRAL COMPONENT ANALYSIS

The fcllowing component analysis determines the pressure levels of fan discrete
tones, broadband noise, and multiple tones. In this report, the tones which appear at
blade nassing frequency and their harmonics are defined as discrete tones. Random
acoustic signals with spectra whose extent in the frequency domain is broad, compared
with the analysis bandwidth, are called broadband noise. The tones which occur at
shaft rotating frequencies and their multiples (excluding blade passing frequency and
its harmonics) are called multiple tones.

Spectral Characteristics of Test Fan

A qualitative spectral investigation of the acoustic dawa ¢ fan B has been undertaken
in this section to examine those spectral features which may affect the quantitative
evaluation of the noise components. The qualitative analysis is also used in reccenizing
and more precisely defining the various spectral components from intricate noise
signatures. Furthermore, it serves to establish the guidelines for the subsequent
quantitative evaluation of the noise components. For this purpose, 1/3-octave-band
as well as narrow-band spectra are utilized,



1/3-Octave-band spectrum. - The spectral characteristics of fan B, described by
a conventional 1/3-octave-band spectrum, are illustrated in figure 3(a). The spectrum
represents test-day data of one of the three sample runs of the fan at 90 percent speed
and a 40° azimuth angle over a center frequency range from 50 to 20 000 hertz. The
bands with center frequencies from 400 to 8000 hertz are numbered from 10 to 23. The
band limits are delineated by vertical dashed lines.

The 1/3-octave-band spectrum is seen to be characterized by a relatively smooth
transition from one band to another from approximately 80 to 1000 hertz and above
5000 hertz. The exception is between 1000 and 5000 hertz, where five data points
protrude above the rest of the spectrum by approximately 4 to 15 decibels. The data
points in bands 15, 18, and 20 are associated with the fundamental tone at blade
passing frequency (1392 Hz) and its second and third harmonics at 2784 and 4176 hertz,
respectively. The other two data points in bands 16 and 19 can be identified with
band splitting of the fundamental tone and its second harmonic, respectively.

Thus, it appears from the figure that the discrete tones were superimposed on
some broadband base anchored at the data points in bands 14, 17, and 21, Sucha
concept of a two-component composition of the fan noise is consistent with the earlier
subsonic fan noise theories as advanced, for example, by Sharland (ref. 8), Smith
and House (ref. 9), and Richards and Mead (ref. 10) from their studies of similar
1/3-octave-band data.

The theory of two-component spectra leads to a relatively straightforward evalu-
ation of the spectral components: they are broadband noise and discrete tones, from
which the broadband level underneath the five data points is arbitrarily established by
connecting the given anchor points by straight lines (long and short dashes). As shown
in figure 3(a), the straight line approximation gives a relatively good fit to the rest of
the continuous spectrum. In this report the broadband-noise and discrete-tone pressure
levels obtained from the 1/3-octave-band spectrum are called apparent levels to dis-
tinguish them from similar component levels determined from the following narrow-
band analysis and designated as the actual baseline in figure 3(a) by the long-dash curve.

Twenty-hertz-bandwidth spectrum. - A 20-hertz-bandwidth spectrum over the
frequency range from 0 to 10 000 hertz is shown in figure 3(b) for the same sample run
as in figure 3(a). Compared with 1/3-octave-band analysis, the 20-hertz-bandwidth
spectrum reveals several marked differences.

The 20-hertz-bandwidth spectrum is characterized by closely spaced noise
clusters, prominently displayed all over the spectrum. The noise clusters appear in
the frequency range just below the fundamental tone and between the discrete-tone
harmonics at seemingly regular intervals. Closer inspection of a typical cluster,
for example, that in band 17, indicates that the clusters may contain a spectral




structure similar to a line spectrum., However, it is evident that higher resolution de-
tails are required to resolve definitely the nature of the clusters.

Another characteristic of the 20-hert: -bandwidth spectrum is the broadening of
discrete tones. The broadening spreads from the peak down in a skirtlike fashion and
terminates at relatively widely separated minimums. Otherwise, the discrete-tone
"'skirts'' on the 20-hertz-bandwidth spectrum do not seem to indicate any periodic
features similar to the clusters.

It is seen from figure 3(b) that the bands containing the straight line portion of the
apparent broadband pressure level discussed in the previous section (bands 14 to 21,
fig. 3(a)) contain most of the prominent clusters and skirts. The actual baseline shown
in figure 3(b) was arbitrarily established by connecting the minimums of the spectrum
by a continuous (long-dash) curve; this procedure is discussed in more detail in the
next section, which describes a quantitative evaluation of the spectral components.
Figure 3(b) also shows that the 20-hertz-bandwidth analysis does not offer conclusive
evidence to alter the two-component concept or the levels of the spectral components
established by the 1/3-octave-band analysis. Nevertheless, the extent and the nature
of the clusters and skirts suggest a need for still higher resolution spectra.

Higher resolution spectra. - The sample run used in figure 3(b) is shown in
figure 3(c), resolved into a 10-hertz-bandwidth spectrum. The figure indicates that the
clusters first noticed on the 20-hertz-bandwidth spectrum as closely spaced protrusions
can now be clearly identified as shaft-order tones, repeating at intervals of shaft rotat-
ing frequency. Also, the tones in the clusters are not equal in magnitude and show a
tendency toward a maximum about a central tone which seems to occur at multiples of
one-half of the blade passage frequency, 696 hertz.

Figure 3(c) also shows that all shaft-order tones can be ideniified, although a
definite count of the tones in each cluster is complicated by the adjacent discrete-tone
skirts. Examination of the skirts reveals that they do not fall uniformly toward the
broadband base, as was indicated by the 20-hertz-bandwidth spectra. Instead, the
skirts exhibit distinct periodic protrusions which also repeat at the intervals of shaft
rotating frequency.

The clusterlike structure of the discrete tones is resolved into even finer detail
in figure 3(d), a 4-hertz-bandwidth spectrum from 0 to 2000 hertz. The figure shows
the skirt protrusions around the fundamental tone as distinct shaft-order tones numbered
from 22 to 30, where the 26th shaft-order tone is also the fundamental discrete tone.
The 4-hertz-bandwidth spectrum also shows that several shaft-order tones exhibit
sidebands, which are tones formed immediately outside the assigned band. of shaft-
order tones. However, the magnitudes of these sidebands are relatively small. In
this report, the shaft-order tones and their sidebands are called multiple tones.
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Summary of basic components. ~ The previous step-by-step qualitative analysis
shows the basic spectral components of an initially relatively crude 1/3-octave-band
spectrum (fig. 3(a)). This analysis provides the groundwork for the quantitative de-
scription given in the next section. Figure 3(a) illustrates the conventional 1/3-octave-
band two-component spectral distribution of sound pressure level, where the discrete
tones are superimposed on an apparent broadband base. A 20-hertz-bandwidth spectrum
(fig. 3(b)) discloses the existence of clusters and discrete-tone skirts. Signs of possible
periodic signals in the clusters suggest the need for spectra of still higher resolution.

A 10-hertz-bandwidth spectrum (fig. 3(c)) shows that the clusters are composed of a
series of shaft-order tones. Further investigation of the clusters on a 4-hertz-
bandwidth spectrum (fig. 3(d)) reveals sidebands of the shaft-order tones.

The wmajor results of this qualitative analysis of fan B noise spectra are indicated
by a model spectra in figure 4, where the observed spectrum is pictured as an idealized
synthesis of multiple tones (fig. 4(a)), discrete tones (fig. 4(b)), and broadband noise.
The superposition of these compo.uents results in the complete spectrum shown in
figure 4(c). In the model of figure 4(c), it is recognized that the broadband base may
not necessarily be '"'linear,'' especially under the discrete tones, where broadband
humps may be present instead of a straight-line interpretation.

Quantitative Evaluation of Spectral Components

In this section, the actual determination of the sound pressure levels of broadband
noise, discrete tones, and multiple tones is performed by an interdependent use of
1/3-octave-band and 20-hertz-bandwidth spectra. For this purpose, the examples dis-
cussed in the preceding sections are again used.

Broadband noise. - Methods for evaluating broadband sound pressure level of air-
craft engine fan noise have been reported previously (e.g., refs. 9 and 11 to 13). Many
of these methods established the broadband level from the analysis of 1/3-octave-band
spectra. For example, in the study of reference 11 the broadband noise level was estab-
lished on a 1/3-octave-band spectrum by fairing in a curve underneath the discrete tones
and the maximums of subharmonic tones (representing groups of shaft-order tones)
which existed in the fan spectra considered in that reference. The discrete-tone and
maximum levels of shaft-order tones were then subtracted from the overall sound pres-
sure level. The remainder was designated as the broadband-noise pressure level.

The procedure in this report differs from the method of reference 11 in that it
graphically establishes the broadband-noise baseline exclusively from a 20~hertz-
bandwidth spectrum after a rather systematic qualitative investigation of a series of
higher resolution spectra. This more involved route of probing consistently into higher
resolution spectra indicated that 1/3-octave-band spectra may not be adequate




for determining the broadband-noise base {ar this part.cular fan because of the presence
of multiple tones over the entire frequency spectrum and for all speeds tested.

The previous experience with higher resolution spectra suggested that multiple
tones in the clusters and skirts must, like discrete tones, be superimposed on some
broad continuous spectral substratum. When this idea is adapted from the two-
component concept, the multiple tone substratum is established as the broadband noise.
A baseline representing such a substratum is shown in figure 3(b) by a long-dash curve
to indicate this interpretation.

As shown in figure 3(b), the broadband baseline ig, in general, continuous and
touches most of the minimums of the sp:ctra, as implied by higher resolution spectra,
except underneath the discrete tones. It is obvious that this interpretation allows defin-
ition of the broadband noise without including any line spectra or tone content that might
be present but unidentified in 1/3-octave-band spectra. But it is also evident, for ex-
ample, from the spectra shown in figures 3(c) and (d) that this interpretation of broad-
band noise may be uncertain underneath the discrete-tone skirts and could be improved
if the behavior of the broadband noise in these regions is known. However, even a
straight line approximation of the broadband noise established from narrow-band analy -
sis (fig. 3(b)) appears to be already a definite improvement when it is compared with a
similar interpretation based on a 1/3-octave-band spectrum (fig. 3(a)). The range of
uncertainty of the broadband base underneath the fundamental tone on the 1/3-octave-
band spectrum extends over approximately 1000 hertz,; it is only approximately
500 hertz wide on the 4-hertz-bandwidth spectrum. Nevertheless, as shown in fig-
ures 3(b), (c), and (d), there is a possibility that the broadband level is underrated and
the magnitude of discrete and multiple tones is overrated for the frequency regions cov-
ered by the discrete-tone skirts.

Since the actual narrow-band continuous spectrum level cannot exceed the apparent
broadband level as a limit, the levels from the 20-hertz-bandwidth spectrum shown in
figure 3(b) were checked for consistency with the apparent broadband-noise levels given
in figure 3(a) on the basis of the 1/3-octave band. To aid the conversion, the frequency
range of interest in the 20-hertz-bandwidth spectrum (400 to 8000 Hz) was divided into
14 divisions. In figure 3(b), these divisions are drawn as rectangular columns separated
by vertical dashed lines which are made to coincide with the respective 1/3-octave-band
frequercy limits. The vertical extent of each rectangular column is terminated at the
point where the indicated broadband-noise baseline meets the geometric center at the
top of the column. The readings of sound pressure levels at these locations were
assumed to be associated with the average sound pressure in the corresponding 1/3-
octave band. The conversion from the 20-hertz-band level to the 1/3-octave-band level
was accomplished in the usual way by adding to the 20-hertz-band level 10 times the



logarithm of the ratio of the respective 1/3-octave bandwidth to the 20-hertz effective
bandwidth, taken to be approximately equal to 32 hertz (e.g., refs. 14 to 16).

When the sound pressure levels of more complex noise spectra than that shown
in figure 3(b) were evaluated, it was more convenient first to convert the 20-hertz-
bandwidth broadband level to broadband spectrum levels, The corresponding 1/3-
octave-band levels were then determined by adding to the spectrum level 10 times
the logarithm of the 1/3-octave bandwidth. The spectrum level is defined as the average
sound pressure level in decibels referred to a band 1 hertz wide,

When the broadband noise was estimated, no attempt was made to achieve a
perfect match between the calculated 20-hertz-bandwidth levels and the given 1/3-
octave-band levels. It was observed that two noise spectra obtained from the same
tape seldom had exactly the same signature, principally because the acoustic recordings
(each 100 sec in duration) also varied somewhat from one portion of the magnetic
tape to another as a result of short-term fluctuations. Since the end product was an
average 1/3-octave-band sound pressure, three sample runs of 20-hertz-bandwidth
data were used to obtain the average level, and thus random variations were minimized.
Referred broadband-noise data were determined by correcting the test-day data for
atmospheric absorption.

Discrete tones. - The 20-hertz-bandwidth spectra are also utilized for determining
the discrete-tone levels. As show. in figure 3(b), all harmonically related tones can be
clearly displayed within the given frequency range. On the other hand, 1/3-octave-band
spectra, which are occasionally used to determine the discrete-tone content (e.g.,
ref. 11), 1. cal only the most prominent tones, and they are often complicated by band
splitting, as shown in figure 3(a). For a 20-hertz-bandwidth spectrum, discrete-tone
pressure levels are readily calculated from the established baseline broadband level
(as in fig. 3(b)) and the maximum :evels of th blade passing frequency harmonics.

The discrete-tone levels obtained from the 20-hertz-bandwidth spectra are directly
comparable with the corresponding 1/3-octave-band broadband levels without conversion
because the tone levels remain the same irrespective of the bandwidth. The only cor-
rection required is for atmospheric attenuation to establish the referred discrete-tone
pressure level,

Because of the multiple tones in the discrete-tone skirts (e.g., fig. 3(d)), the tonal
content of the skirts at the frequencies other than multiples of the blade passing fre-
quency was determined in the same manner as the multiple tones discussed in the next
section. This routine is also consistent with the basic definition of the discrete tone as
a single-frequency noise component.

Multiple tones. - Theoretically, the pressure levels of the multiple tones may be
obtained in the saine way as the levels of the discrete tones. The height of each multiple
tone could be measured above the broadband level. The gpultiple-tone level then can be




obtained from known quantities by using conveniional decibel algebra. This procedure,
however, would require a continuous use of high-resolution spectra in which the multijple
tunes and their bases can be clearly distinguished in the clusters and discrete-tone
skirts. Since such a direct way of obtaining multiple-tone levels is time consuming.

for the purpose of this report, an indirect approach was more convenie:.! - - fically,
the actual broadband level as established from the narrow-band data (¢ ., fig. .:ni)
and adjusted to the 1/3-octave-band sound pressure level (fig. 3(a)) was firsi logarith-.
mically added to the discrete-tone level as determined frcm the narrow-band data. The
sum was then logarithmically subtracted from the overall sound pressure leve! from the
1/3-octave-band analysis as defined in the next section. The remainder was designated
as the multiple-tone pressure level.

Calculation procedure. - In summary, the essential steps of the quantitative evalu-
ation of the fan noise spectral components are as follows:

(1) Establish graphically the broadband-noise baseline on 20-hertz~-bandwidth
spectra at the spectral minimums.

(2) Divide the 20-hertz-broadband spectra into frequency bands corresponding to
1/3-octave bands.

(3) Read the broadband sound pressure levels at the center frequencies of the bands.

(4) Convert the 20-hertz-bandwidth levels to 1/3-octave-band levels.

(9) Calculate the discrete-tone levels from 20-hertz-bandwidth spectra.

(6) Obtain the multiple-tone level by logarithmically subtracting the broadband
and discrete-tone levels from the known overall 1/3-octave-band levels.

Sample calculations are listed in table I to provide further explanation of the pro-
cedure. The example shown in figures 3(a) and (b) is used for the calculations. The
results represent test-day data with atmospheric attenuation for one sample run at
90 percent design speed and a 40® azimuth angle. This procedure was applied also for
twec other sample runs over 1/3-octave bands cf interest (with center frequencies from
400 to 8000 Hz) at both speeds considered (60 and 90 percc.t) and the forward-quadrant
azimuth angles at which the data were taken (from 10° to 90° at 10° increments).

Four types of sound pressure levels are listed in table I: band, combined, overall,
and total. They are, for the purpose of this report, arbitrarily designated as such to
distinguish various levels, When the band levels of any two r.oise components or several
band levels of the same component are logarithmically added, the resulting levels are
called combined levels (e.g., the tenth column), When the band levels of all three
components are added, the decibel sum is called the overall level (as in the sixtn
column). The decibel sum over all frequency bands of interest (with center frequencies
from 400 to 8000 Hz) is called the total level for any given azimuth angle.
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DISCUSSION OF COMPONENT CHARACTERISTICS

The relative significance of the individual noise components is shown in figure 5
for 60 and 90 percent design speed. The figure compares the angular distribution of
total, broadband, discrete-tone, and multiple-tone 1/3-octave-band average referred
pressure levels of fan B, The figure indicates that at the lower speea the discrete tones
have a relatively small effect on the total level, which it upproximately equally divided
between the broadband noise and multiple-tone noise. To indicate the relative contribu-
tion of tl.e broadband noise to the total level, the discrete- and multiple-tone levels are
alsn combined in a single curve. As the fan rotational speed is increased, the contribu-
tion of the broadband noise to the total level becomes less important except for the last
three angles. However, the contribution of multiple tones for the rest of the angles
still remains significant, Except for the first and last two angles, the discrete tones
are the dominant noise source for the rest of the azimuth angles.

Multiple Tones

Historically, the multiple tones in the far field were first associated only with fans
which had supersonic circumferential votor tip speeds. This phenomenon was related to
the occurrence of leading edge shocks (e.g., refs. 17 to 23). The reason for the cir-
cumferential Mach number dependence was that, although the Mach number of the {1«
relative to the blades at the rotor tip (and not the rotor tip circumferential Mach r)
is important for the generation process of the shocks, a ducted pressure fielda - 1
to and rotating with a subsonic circumferential tip speed rotor cannot of itself p  :gate
through the fan inlet duct and produce an acoustic pressure field outside the duct
(ref. 24). Conversely, a ducted pressure pattern can propagate only if it rotates at
supersonic circumferential speed, which in turn depends on the rotor circumferential
speed regardless of the generation process. Otherwise, the pressure pattern decays
exponentially within the duct before reaching the open end.

Figure 6 shows the variation of sound pressure level of multiple tones on a 2-hertz-
bandwidth spectrum for 60, 70, 80, and 90 percent design speed for the frequency range
from 0 to 1000 hertz at a 40° front arc azimuth angle. Figure 6 is noteworthy because
it shows that for fan B the multiple tones can be easily identified in the far-field spectra
of the front quadrant at a majority of shaft-order frequencies at all four subsonic cir-
cumferential tip speeds. The circumferential tip Mach numbers corresponding to these
speeds ranged from approximately 0.65 to 0.95. The aerodynamic in-duct measure-
ments of fan B (ref. 7) in this Mach number range indicated the existence at the blade
tips of pressure patterns resembling leading edge shocks.
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Figure 7 further demonstrates the multiple tones on 10-hertz-bandwidth spectra at
a 130° rear arc azimuth angle at 60 and 90 percent design speed. Figure 7 shows that
the multiple tones can also be identified in the rear quadrant spectra, where the mechan-
ism of rotor leading edge shocks does not apply. However, since the testing was done
in an uncontrolled outdoor environment, there is no way of telling whether and how much
of this rear quadrant noise was affected by the sound waves radiated from the inlet di-
rectly into rear quadrant space. The figure also shows that the multiple tones in the
rear quadrant have relatively small pressure levels at either speed, in contrast to the
multiple tones in the front quadrant

The appearance of the multiple (ones in the front as well as in the rear quadrant
spectra is not a unique phenomena of fan B. Recently there have been a2 number of arti-
cles published that show evidence of shaft-order tones generated by fans at subsonic tip
speeds (e.g., refs. 24 to 28). Similarly, the phenomenon of the sidebands of these
shaft-order tones has also been known for some time (e.g., refs. 29 to 33).

Nevertheless, more information is required about multiple-tone generation at the
fan subsonic tip speeds, duct propagation, and radiation into the far field. In particular,
more research is required on the multiple-tone clustering phenomena and the relation
of the clusters to the discrete-tone skirts and the broadband-noise levels inside the tone
skirts. Otherwise, there seems to be general agreement that multiple-tone appearance
in far-field spectra, regardless of rotor tip speed, can be linked to blade manufacturing
deviations such as blade spacing, stagger angle, twist, thickness, length, camber, and
tip clearance. These variations may create a nonuniform acoustic pressure field around
the blades which repeats only once per rotor revolution. An additional necessary condi-
tion for subsonic tip speed rotors to produce acoustic energy in ihe far field is the re-
quirement that the pressure fields attached to the rotor blades have to interact either
with a stator or with some other c..cuinferential duct or flow irregularity
(e.g., ref. 34).

Broadband Noise

Figure 6 illustrates the angular distribution of the broadband levels for 60 and
90 percent design speed. Actual band levels are shown for the bandwidths with center
frequencies of the four blade passing frequency harmonics as well as of the two terminal
frequencies at 400 and 8000 hertz (added to the figure for comparison). Total actual
level (from 20-Hz spectra) and total apparent level (obtained from 1/3-octave-band
spectra without a reference to the narrow-tand analysis) are also shown.

Comparison of the total apparent and actual broadband levels in figures 8(a) and (b)
indicates that, in general, the apparent broadband level is greater than the actual level
because the 1/3-octave-band spectral analysis was not capable of distinguishing
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multiple-tone content. The degree of the overrating depends on the fan spead. There
is relatively good agreement between the actual and apparent broadband levels at the
lower (60 percent design) speed. When the fan rotational speed increases, the dif-
ference between the two values of broadband-noise levels also increases.

An identical observation was reported by Mugridge and Morfey in reference 26,
where a 1/3-octave-band analysis of a single-row low-tip-speed free-vortex type fan
spectrum indicated a broadband level 10 decibels higher than actually existed. For
this reason, the authors of reference 26 questioned the accuracy of an earlier study
by Smith and House (ref. 9) in deriving broadband-noise prediction formulas based on
1/3-octave-band analysis alone.

Comparison of figures 8(a) and (b) also shows that the pressure level of the broad-
band noise is highly dependent on azimuth angle and speed. At the 60 percent speed,
there is a difference between the maximum and minimum total broadband-noise levels
of approximately 9 decibels. At 90 percent speed, the broadjand-noise level is
relatively independent of the azimuth angle. The angnlar diswribution of the broadband
noise at arbitrarily selected frequencies indicates that the directionality of the iotal~
broadband-noise levels appears to be affected most by the high-frequency broadband
noise (above 4000 Hz for both speeds). Similar variations of broadband sound pressure
level with azimuth angles and speeds were observed in the investigations of rete: -
ences 12 and 13.

Further insight into the broadband-noise dependency on azimuth angle and speed,
as well as on frenuency, is given in figure 9 for 60 and 90 percent design speed. At
the lower speed (60 percent), the broadband-noise spectrum levels separate into two
distinct groups, depending on the azimuth angle, For angles between 10° and 500, the
spectrum levels indicate a relatively small dependence on the frequency with a slight
hump at approximately 4 kilohertz. On the other hand, the arithmetic mean spectrum
level at angles between 60° and 90° decreases as frequency increases at a rate of ap-
proximately 7 decibels per decade and passes through a 3-decibel-high hump above the
mean level (also at 4 kHz). Conversely, at 90 percent speed all azimuth angles appear
to correlate about one arithmetic mean level that decreases with increasing frequency
at an average rate of approximately 6 decibels per decade.

Distinct broadband-noise humps in the high-frequency region were also observed in
the studies of references 35 and 36, which showed that these humps tended to disappear
at higher speeds. Similar okservations were made in the study of reference 37, where
the low-frequency part of the broadband noise was attributed to inflow turbulence which
did not affect the high-frequency noise. In contrast, the high-frequency humps were
explained as resulting from sources at the fan tips. Clipping away part of the outer
trailing edges of the blades reduced the high-frequency humps by over 10 decibels.

For the rest of the broadband spectrum, there seems to be a general understanding that
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the principal sources of the broadband noise are the nonperiodic random fluctuations
of fan blade forces (e.g., refs, 26 and 38 to 41).

Discrete Tones

As discussed in the section Fan Design Characteristics, one of the lrw-noise
features of fan B was its vane-blade number ratio. According to theory (e.g., ref. 34),
vane-blade number ratios greater than 2 should assure reduction of the fundamental tone
because of the cutoff phenomenon. However, the previously discussed spectra (fig. 3)
show prominent blade passing frequency tones for 90 percent speed and a 40° azimuth
angle. Figure 10 shows that the fan exhibits significant blade passing frequency tones
which dominate the harmonic tones at all forward-quadrant azimuth angles at 60 and
90 percent design speed.

Figure 10 also indicates that, like the apparent broadband noise, the apparent
discrete-tone levels (from 1/3-octave-band spectra) exceed the actual tone levels
(determined from the 20-Hz narrow-band spectra). The overrating of the apparent
discrete-tone levels occurs because of the presence of the multiple tones in the clusters
and skirts not only in the parent bands, but also in the adjacent bands, due to the band
splitting of the discrete tones on the 1/3-octave-band spectra at both speeds.

Prominent blade passing frequency tores in the inlet far-field spectra have been
reported for other fans tested at subsonic tip speeds in the same test site as fan B
(e.g., ref. 42). Many of the agents that produce blade passing frequency tones, such
as inlet flow distortion, have been traced, at least in part, to the flow obstructions of
the test site. For other cases (e.g., ref. 29), theories have now been advanced that
relate the appearance of the fundamental tones to inlet flow distortions, inlet turbulence,
duct irregularities, crosswinds, irregularities in the boundary-layer thickness, and
blade vibration.

CONCLUDING REMARKS

Qualitative and quantitative component and source analyses were performed on ar-
bitrarily selected examples from the acoustic measurements of a transonic fan (fan B
of the Quiet Engine Program). The appearance of discrete-tone skirts, multiple~tone
clusters, and sidebands on high-resolution narrow-band spectra during the qualitative
portion of the component analysis indicated the inadequacy of 1/3-octave-band data
(which did not show these components) as a sole source in establishing the proper com-
ponent levels, It was also indicated that more information is required on the
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multiple-tone clustering and coupling phenomena forming the discrete-tone skirts so
that the broadband substrata underneath these skirts can be more accurately determined.
The quantitative evaluation of the sound pressure levels of broadband .noise, multi-
ple tones, and discrete tones was accomplished from narrow-band spectra in conjunction
with 1/3-octave~-band spectra. The results showed that the discrete tones and the
broadband-noise levels are not as large as they may appear from evaluation of the
1/3-octave-band spectra.
The evaluation of the fan noise spectral components also made it clear that there
is a need to replace the long-hand procedure for narrow-band spectra analysis with a
programmed procedure which can be adapted to machine calculations. A significant un-
resolved question is how to program a subjective judgement, which is frequently re-
quired in the analysis.

Lewis Research Center,
National Aeronautics and Space Administration,
Cleveland, Ohio, July 9, 1974,
501-04.
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APPENDIX - FACILITY AND INSTRUMENTATION

The full-scale-fan acoustic test facility (fig. 1) is located in the open ai‘ea adjacent
to the 10- by 10-Foot Supersonic Wind Tunnel Main Compressor and Drive Building at
the NASA Lewis Research Center. The acoustic meas :ment errors which may be
caused by the sound reflection from the building walls are reduced by an acoustic damp-
ing material consisting of an open-cell polyurethane ether foam applied to th2 wall
facing the fan. The damping material has relatively good sound absorption p."operties,

The test fan was located cn a concrete foundation about 33.5 meters from the wall
and 5.8 meters above the ground level. The fan was positioned to exhaust away from
the building. The test fan was driven by the supersonic wind tunnel main drive motors
through a speed increasing gearbox, a reversing gearbox, and a series of drive shaft
extensions. A semiautomatic speed control held the fan speed to within 3 to 5 rpm of
the set speed. The gearboxes and the drive shaft bearing struts were supported by a
concrete '"'viaduct'' extending from the building wall to a short distance from the
foundation.

In this outdoor environment, far-field acoustic measurements were made by using
16 microphones mounted on the poles at the elevation of the fan axis (fig. 1). All micro-
phones were on 30. 5-meter radii in the same horizontal plane with the origin near the
exhaust of the fan bypass nozzle.

The condenser microphones used for the measurements had 1. 3-centimeter diam-
eters. The microphones were omnidirectional to give a normal incidence free field
frequency response which was flat within 1 decibel over 20 to 20 000 hertz. The
sensitivity of the microphones was -60 decibels relative to 1 volt per 1()'1 newton per
square meter (1 V/ubar). A 124-decibel, 250-hertz piston phone was used for
calibration.

All microphones were equipped with preamplifiers located close to the microphone
cartridge for driving the signal over a 152-meter-long cable back to the control room.
The control room, located in the main drive building, housed all instrumentation
equipment for the test facility, Microphone amplifiers were used for signal condition-
ing and also for signal monitoring. They also furnished polarizatioa and microphone
preamplifier voltage.

All microphone signals were recorded on two 14-channel FM magnetic tape re-
corders at a tape speed of 152 centimeters per second with a 108-kilohertz center
frequency. The individual settings of amplifier gain or attenuation needed to increase
or reduce the signal to the amplifier nominal output voltage were manually recorded
for each channel. The data reduction equipment consisted of an instrument system that
automatically converted the microphone signals to the sound pressure levels. The
instrument scanned the incoming signals, passed them one at a time into parallel
1/3-octave-band filters, and then converted the filtered signals into digital voltages

16



proportional to the root-mean-square values. The recorded level of each filter was the
average of a 4-second sample,

Although the fan was also instrumented for aerodynamic testing, no aerodynamic
data were used for the present study. The aerodynamic rakes at all stations were
removed during the acoustic data acquisition,
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Figure 10. - Angular distribution of referred pressure leve! of discrete tones.
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