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INLET PLENUM CHAMBER NOISE MEASUREMENT COMPARISON OF

20-INCH-DIAMETER FAN ROTORS WITH

ASPECT RATIOS OF 3. 6 AND 6. 6

by Thomas F. Gelder and Richard F. Soltis

Lewis Research Center

SUMMARY

Noise from three 20-inch (50.8-cm) diameter fan rotors was measured over a wide
range of speeds and weight flow in a hard-wall inlet plenum chamber of an aerodynamic
performance rig. Noise calibrations of the facility indicate that significant broadband
and discrete-tone noise data were obtained although these data contain no directivity in-
formation, are for inlet only, and have not been verified by far-field measurements.
Detailed radial aerodynamic measurements were also made. All rotors were designed
for a total pressure ratio of 1. 53 and a tip speed of 1150 feet per second (350 m/sec).
Two of the rotors had different blade aspect ratios of 3.6 and 6.6 and corresponding
blade numbers of 45 and 90. The third rotor was a modification of the 6. 6-aspect-ratio
rotor that reduced the size of its part span dampers and also reduced its hub curvature.

Blade passing frequency, multiple pure tones (also called combination tones), and
broadband noise are compared with and also related to aerodynamic parameters. Funda-
mental blade passing-frequency sound pressure levels near peak aerodynamic efficiency
operation were less for all speeds for the unmodified 6.6-aspect-ratio rotor than for the
3. 6-aspect-ratio rotor - from about 9 decibels less at 70-percent speed to about 14 deci-
bels less at 100-percent speed. The modified 6.6-aspect-ratio rotor had much improved
aerodynamic performance over the original design with little change in blade passing-
frequency noise levels. Multiple pure-tone noise levels were about the same for all
rotors; also, the broadband noise levels did not vary much between rotors. The multi-
ple pure tones became significant as soon as the tip relative Mach number exceeded about
one, and then their combined sound pressure level had a higher value than single tones
at blade passing frequency. At constant speeds, the broadband sound pressure levels
continuously increased as the pressure ratio (or blade loading) was increased from near
choke to near stall weight flow.



INTRODUCTION

Jet engine noise has been an increasing community problem, because of increasing
thrust and frequency of flights, ever since jet-powered commercial service was intro-
duced in the early 1950's. Recent air transport designs that emphasize economy and
passenger comfort have introduced the use of high bypass ratio engines which require
large fans. With such engines, fan noise dominates jet exhaust noise as illustrated by
Kester and Slaiby (ref. 1). They also show the three noise components that are typically
generated by transonic fans: (1) single pure tones at the blade passing frequency and its
harmonics, (2) multiple pure tones, which occur at multiples of the frequency of shaft
rotation, and (3) broadband noise. In the present study these three noise components
were measured, and detailed radial aerodynamic measurements were also obtained for
three transonic rotors (without stators). The rotor designs differed mainly in blade as-
pect ratio, part-span damper size, and hub curvature.

Fan noise generation depends on aerodynamic design and operation. This has been
amply documented during the last decade, for example, in references 2 to 9. Unfortu-
nately, detailed measurements of both noise and aerodynamic performance from the
same tests, with realistic speeds and hardware, are not often found in the literature.
One reason for this may be that best noise, or best aerodynamic, measurements are
obtained from quite different test facilities. Also, some simplified scale model tests at
subsonic speeds cannot simulate all the real noise sources and complexities of transonic
fans. Typical outdoor noise test stands do not have the numerous, traversable, multi-
parameter aerodynamic probes that indoor aerodynamic performance rigs have, and, in
addition, they are subject to variable ambient conditions that could affect the data.. On
the other hand, typical indoor aerodynamic-performance rigs introduce some unnatural
noise effects. One such effect results from hard reflecting walls enclosing a symmetri-
cally shaped inlet plenum chamber. Such a chamber obscures the natural directivity of
noise components and may even induce strong standing wave patterns for low-frequency
tones. However, the possible benefits from noise measurements coupled with detailed
aerodynamic measurements in an indoor aerodynamic performance rig are very attrac-
tive. These coupled results may identify cause and effect relations between noise and
aerodynamic design and performance during the first phase of testing of advanced de-
signs. With care, useful noise comparisons and trends from design changes should re-
sult from such indoor tests, especially if the tone noise is high frequency.

The purposes of the present study are (1) to examine noise components measured
upstream of three fan rotors operated over a wide range of speed and flowrate in an in-
door hard wall aerodynamic performance rig and (2) to compare noise components and
aerodynamic performance from three rotors that differ mainly in blade aspect ratio,
part-span damper size, and hub curvature. Emphasis is on the trends of and differences
in each of the three noise components rather than on absolute sound power levels,



although these are also presented. Hopefully these and similar data where systematic
design changes can be compared may help clarify the relations between noise generation
and aerodynamic design so that noise reduction features may be properly assessed.

The 20-inch (50.8-cm) diameter rotors were designed for a pressure ratio of 1. 53
and a tip speed of 1150 feet per second (350 m/sec). They had either 45 or 90 blades,
corresponding to aspect ratios (ratio of mean span to axially projected chord at hub) of
3. 6 or 6.6 and were tested without stators. The resulting fundamental blade passing
frequencies at design speed were 10- or 20-kilohertz.
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SYMBOLS

2 2minimum area of flow annulus for rotor absent tests, 1. 34 ft (0. 125 m )

blade passing frequency

V - rV

diffusion factor, 1 -

incidence angle to suction surface, angle between inlet-air direction and line
tangent to blade suction surface at leading edge, deg

M

N

OASPL

P

P

PWL

r

SPL

T

V

V

w

6

Mach number

rotor speed to design speed ratio

overall sound pressure level, dB (referenced to 0.0002 microbar)

total pressure, lbf/ft2 (N/m2)
2

static pressure, lbf/ft
1 ̂sound power level, dB (referenced to 10 W)

radius, in. (cm)

sound pressure level, dB (referenced to 0.0002 microbar)

total temperature, °R (K)

air velocity, ft/sec (m/sec)

volume of plenum chanber (fig. 1), 470 ft3 (13.3 m3)

weight flow, Ibm/sec (kg/sec)

ratio of inlet total pressure to standard pressure of 2116 lbf/ft2 (101 400
N/m2)



6° deviation angle, angle between exit-air direction and tangent to blade mean
camber line at trailing edge, deg

<P2/*1
77 adiabatic efficiency,

(Tg/Tj) -1

6 ratio of inlet total temperature to standard temperature of 518. 6° R (288. 1 K)

a solidity of rotor blades, ratio of blade chord to spacing

T reverberation time of plenum chamber, sec

<P2 id - P2')co' rotor loss coefficient, - '—=- -
<P1 - Pi)

Subscripts:

id ideal

05 5-percent span from blade tip at trailing edge

1 station at rotor leading edge

2 station at rotor trailing edge

6 tangential direction

Superscript:

' relative to moving blades

APPARATUS

Test Facility

The test facility for compressor and fan studies is shown by an overall drawing in
figure l(a) and by a detailed schematic of the region near the rotor in figure l(b). Fig-
ure l(b) shows the two rotor positions and the microphone locations that are used for the
routine testing. The facility is sized for a maximum airflow rate of about 100 pounds
per second (45. 4 kg/sec). The air is usually drawn in from the roof of the building
although laboratory refrigerated air is available. The air passes successively through
turning vanes, a flow measuring orifice, another set of turning vanes, throttle valves,
more turning vanes, and then into the 72-inch (183-cm) diameter plenum chamber. As
shown by figure l(b), the air then enters a 48-inch (122-cm) diameter pipe leading to a
bellmouth which then reduces the flow path to the 20-inch (50.8-cm) diameter of the
rotor tip. About 24 inches (61 cm) upstream of the rotors in a relatively low velocity



section are four support struts, equally spaced and airfoil shaped. Downstream of the
rotor (fig. l(a)) the air is turned into a toroid-shaped collector, then through another
set of turning vanes and throttle valves to an altitude exhauster (although an atmospheric
exhaust line is available). Outside air, altitude exhaust, and downstream throttling
were used exclusively for the present tests.

A 15 000-horsepower (11 200-kW) synchronous motor drives the rotors. Variable-
frequency equipment controls drive motor speed from 360 to 3600 rpm. With the gear-
box used, a range of rotative speeds up to 17 500 rpm is available within an accuracy of
±0.2 percent.

The walls of the plenum chamber and all piping to and from it are rolled steel plate
about 1/2-inch (1. 3-cm) thick with no acoustic treatment anywhere. The volume of the
chamber between the rotor and the first 90° bend upstream is about 470 cubic feet (13.3

3 2m ), and the corresponding wall surface area is about 388 square feet (36 m ).

Rotors

The rotor blades used in these studies were machined from Maragmg-200 steel bar
stock. The blades are rigidly attached to a rotor disk; this assembly is hereafter re-
ferred to as a rotor. Rotor 1-mod 1 is shown in figure 2(a) by a front quarter-view
photograph and in figure 2(b) by a side-view schematic drawing. Rotor 2 and rotor 2-
mod 1 are similarly shown in figure 3(a) and (b). Rotor 1 is not shown because incom-
plete noise data were taken from it.

Table I summarizes the aerodynamic design values for the three rotors tested. To
minimize blade vibrations, all rotors had plate type dampers that were located about
one-third of the blade span from the tip (figs. 2(b) or 3(b)). One of the two differences
between rotor 2 and rotor 2-mod 1 is that rotor 2-mod 1 had thinner and shorter damp-
ers than rotor 2 (fig. 3(b)). The other difference between the two is that rotor 2-mod 1
has less hub curvature than that for rotor 2. The static tip clearance for all rotors
averaged about 0.020 inch (0.050 cm).

Between the tests of rotor 2 and of rotor 2-mod 1 a facility change was made. This
change, made for future stator and multistage tests, increased the axial space available
between the inlet blade row and the collector. Thus rotor 2-mod 1 was mounted 15
inches (38 cm) upstream from where rotor 2 and rotor 1-mod 1 had been (fig. l(b)).

Instrumentation

Aerodynamic. - Radially traversable probes were used to measure temperature,
pressure, and air angle upstream and downstream of the rotor. These probes are



inserted through holes in the outer case at two circumferential locations and at two axial
locations near the leading and trailing edges of the blades. Static pressure is measured
by narrow wedge probes and also at the walls with flush taps. Total pressure, total
temperature, and air angle are measured with a cobra type of combination probe (fig. 4).

Acoustic. - A schematic diagram of the acoustics instrumentation is presented in
figure 5. A microphone calibrator of the pistonphone type was used with a 1/4-inch
(0.64-cm) diameter condenser type of microphone. The microphone diaphragm was
mounted perpendicular to the flow in the plenum chamber (fig. l(b)). Three microphone
locations were selected for routine testing based on noise calibration studies (described
later). A remotely controlled traversing mechanism positioned the microphone in the
plenum chamber to radii of 0, 18, and 26 inches (0, 45.7, and 66 cm) in an axial plane
108 inches (274 cm) upstream of rotor 1-mod 1 and rotor 2 or 93 inches (236 cm) up-
stream of rotor 2-mod 1.

The fractional-octave band analyzers (fig. 5) provide constant percentage bandwidths
from 1 to 1/12 octave. The microphone signal was connected to either a 50-decibel range
graphic level recorder, or a tape recorder, or both. The gain setting of the dc amplifier
(fig. 5) was adjusted to optimize the voltage level of the signal for the tape recorder.
Playback from the tape recorder is connected to either a (1) continuous constant band-
width (3, 10, or 50 Hz) wave analyzer or (2) the fractional-octave analyzers previously
described. Each analyzer is geared to its compatible graphic level recorder.

TYPICAL NOISE COMPONENTS UPSTREAM OF TRANSONIC FANS

Sound pressure level spectra from a fan rotor operating at subsonic- and
super sonic-tip relative Mach numbers are shown in figure 6. Although the data of figure
6 are from an indoor hardwall facility they are similar to outdoor data (ref. 10). The
continuous 50-hertz constant bandwidth spectra show three identifiable components of
noise. The fundamental blade passing frequency at 8 kilohertz dominates the spectrum
with subsonic-tip relative Mach numbers (Mj Q5 = 0.94; fig. 6(a)). In addition, a mul-
titude of tones appear with frequencies less than the fundamental blade passing frequency
when the tip relative Mach number becomes supersonic (Ml Qc = 1.18; fig. 6(b)). The
broadband level is generally 10 or more decibels below all the dominant tone levels in
their frequency ranges.

The fundamental blade passing frequency and its harmonics for the rotor alone are
primarily the result of the pressure distribution around each rotor blade. With uniform
inflow, the lift and drag reaction forces on the air resulting from the blade pressure
distribution are steady forces relative to the moving blade. However, at a fixed point on
the rotor case, the rotating pressure field appears as an oscillating pressure. The fre-
quency of the oscillation is the frequency with which a blade passes the fixed point or the



blade passing frequency.
The multiple pure tones (also called combination tones or supersonic fan noise) are

the result of the shock-wave system associated with each rotor blade when the tip sec-
tions become supersonic. These are manifested forward of the fan by discrete tones but
not at the blade passing frequency as ideal conditions would suggest. Instead, the wave
system repeats itself each revolution of the rotor or shaft; thus the discrete tones can
appear at all harmonics of rotor speed frequency. Reasons for this, as proposed in
reference 11, are that the actual pressure wave forms are not identical blade to blade
because of small manufacturing and assembly tolerances of rotor blades. According to
reference 11, these can substantially affect the detailed shape of the wave system
attached to each blade. Thus the real wave pattern at a distance from the blades repeats
only once per revolution of the rotor or drive shaft. The highest levels of the multiple
pure tones usually appear at frequencies below the fundamental blade passing frequency,
and not all multiples of rotor frequency appear above the broadband noise level (fig. 6(b)
and refs. 1, 10, and 11).

The third component, broadband noise, is the result of vortex shedding and possible
turbulence in the approach stream. Vortices or eddies shed from the trailing edge can
produce a sympathetic change in circulation, and hence lift force, on the blade surface.
The multitude of different velocities, both chordwise and spanwise, results in a broad-
band of shedding frequencies. Also, tip vortexes are generated and shed and add to the
broadband noise. Approach stream eddies or turbulence in the free stream or in the
wall boundary layers can cause momentary fluctuations in rotor incidence angle and
hence lift force. This random process also results in broadband noise.

A detailed review of the physics of broadband and periodic noise sources from rota-
ting devices may be found in reference 12.

NOISE CALIBRATIONS AND DATA REDUCTION

This section is a detailed account of facility calibrations and data reduction tech-
niques investigated for these noise studies. Briefly summarized, the section indicates
that significant broadband and discrete tone noise data were obtained although the data
contain no directivity information and have not been verified by far-field measurements.

Reverberation Time

These times are useful in assessing the uniformity of noise levels within an enclo-
sure and also in estimating sound power levels from the measured sound pressure levels.
Standard procedures for determining reverberation time (ref. 13, pp. 155 to 159) were



used to obtain the plenum chamber values shown in figure 7 for a wide range of frequen-
cies. A random noise generator, a band pass filter, and amplifiers were used with a
circular array of speakers in the annulus just upstream of the rotor to generate a noise
field. Contiguous bands of noise 2/3-octave wide were generated, in turn, over a range
from 0, to 20 kilohertz. One-third octave analysis centered within the various 2/3-
octave bands was used to trace the sound decay time on a graphic level recorder. From
these traces, the time for the sound to decay 60 decibels from a steady-state level
(definition of reverberation time) was determined. As show in figure 7, the reverbera-
tion times at two different locations in the plenum chamber gave essentially the same
result, especially above 1 kilohertz which is the frequency range of interest for these
studies. These reverberation times along with room volume and surface area can be
combined to calculate a total room constant as shown in reference 13 (p. 241). The re-o
suiting room constant is less than 50 square feet (4 .7m ) which indicates a reverberant
field. This means sound pressure levels should be the same anywhere in the plenum
chamber. Such uniformity of sound level is confirmed by other measurements described
next.

Effects of Microphone Location

Typical effects on sound pressure level spectra of radial location within the plenum
chamber, 108 inches (274 cm) upstream of the rotor (see fig. l(b)) are shown for three
different but fixed radii in figure 8(a). Radial effects on selected single-tone levels are
also shown in figure 8(b) with the microphone slowly but continuously traversing the
plenum diameter. The 50-hertz bandwidth spectra of a rotor operating with supersonic
tip relative Mach numbers (fig. 8(a)) are within 3 decibels of one another at the 0-, 18-,
and 26-inch (0-, 45.7-, and 66-cm) radial locations. The 26-inch (66-cm) radius
divides the area normal to the flow in half, and the 18-inch (45.7-cm) radius further
divides the inner half flow area into equal parts. Remote radial traverses to radii
greater than 26 inches (66 cm) were not possible with available equipment.

The continuous radial traverses across the inner 52 inches (132 cm) of the 72-inch
(183-cm) diameter plenum (fig. 8(b)) reveal no consistent radial patterns. The peak-to-
peak variation in sound pressure level of these tones is 4 decibels or less, irrespective
of the frequencies shown. The frequencies of these tones nearly cover the range of
fundamental blade passing frequencies for rotor 1-mod 1 operation and are about one-
half the comparable frequency values for rotors 2. As frequency increases, the shorter
wave lengths improve the uniformity of tone sound pressure levels. Also, the sound
level variations of figure 8 are partly due to the inherent unsteadiness of the noise
source as discussed in the section Effects of Time. An estimate of overall accuracy of
the noise data as a function of microphone radius is presented in the section Reproduci-
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bility and Accuracy. In summary, strong standing wave patterns are not evident in the
plenum chamber for the frequencies of interest in this study.

The variation of broadband sound pressure levels with microphone radius was less
than 1 decibel (fig. 8(a)).

Microphone traverses were also made along the axis of the plenum chamber. No
significant variations in sound pressure level of tones or of the broadband noise were
found. These data confirm the reverberation time data (fig. 7) and the room constant in
that a diffuse sound field exists within the plenum chamber.

Background Noise of Facility

A 1/3-octave analysis of the combined auxiliary systems noises inherent to the nor-
mal operation of the compressor facility is presented in figure 9. From noise measure-
ments of each auxiliary system operating alone, these systems, in order of decreasing
overall noise, are the test cell ceiling exhaust fans, drive motor cooling air fans, and
the oil system. The total overall sound pressure level of all auxiliaries is about 99 deci-
bels referenced to 0.0002 microbar (corresponds to a sound power level of about 100 dB
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referenced to 10 W) and all this noise occurs below about 1 kilohertz. The noise of
the auxiliaries is too low to influence the rotor noise measurements as will be shown.

Another check on facility noise was to measure its value as typical flow rates were
induced by the altitude exhaust system (fig. l(a)) with the rotor removed. A blank disk
replaced the rotor and a smooth flow path was created in its place. The effects of flow
alone on noise are shown by overall sound pressure levels and sound power levels (cal-
culations described in PROCEDURES section) in figure 10(a) and by a 1/3-octave spec-
trum analysis in figure 10(b). Overall sound pressure (or sound power) of figure 10(a)
increases directly with the fifth power of corrected weight flow. This fifth-power de-
pendence is about that expected for flow noise as discussed in reference 14. The mini-o
mum area of the flow annulus was 1. 34 square feet (0.125 m ) at about 2 inches (5,1 cm)
downstream of the rotor (fig. 2). This area chokes at a flow of 66 pounds per second (30.0
kg/sec) (fig. 10(a)), and then the inlet sound pressure level drops sharply. The sound
level reduction was 4 to 8 decibels with the annulus choked. This reduction is a measure
of the flow noise contribution of the facility downstream of the rotor plane. As shown by
figure 10(b), most of the downstream flow noise is at frequencies above about 500 hertz.

Effects of Aerodynamic Measurement Probes on Noise

The stems of all radially traversable aerodynamic measurement probes had diame-
ters of 1/4-inch (0. 64 cm). The effect on noise of inserting these probes to within



1/4-inch (0.64 cm) of the opposite wall are shown in figure 11. The rotor was first
operated without any probes and at 70 percent speed. Then, four equally spaced probes
were inserted 3/4-chord length downstream of the rotor. Finally, three more probes
were added 3/4-chord length upstream of rotor. As might be expected, the upstream
probes created more noise than the downstream ones, and the presence of either ad-
versely affected all the noise components from the rotor. Thus when taking noise meas-
urements all traversable probes were withdrawn from the flow path.

Effects of Analyzer Bandwidth

A graphic level recorder trace of sound pressure level from spectrum analysis of
transonic fan noise looks considerably different depending on the bandwidth. The first
general problem is to select a bandwidth narrow enough to reveal all the tone noises of
interest but not so narrow as to make data reduction needlessly time consuming. One-
third-octave, 50-hertz constant, and 10-hertz constant bandwidth analyses are compared
in figure 12 with a transonic rotor noise source (rotor 1-mod 1 at 100-percent speed and
peak overall efficiency). The 1/3-octave analysis shows the fundamental blade passing
frequency at 10 kilohertz; however, the cause of the predominate noise between 2- and/
4-kilohertz is not at all apparent. In contrast, the 50-hertz constant bandwidth analysis
of figure 12(b) shows that the predominate noise is a cluster of multiple pure tones
spaced at the rotor frequency. The frequency at which a point on the rotor or shaft
passed a fixed point was 220 hertz at design speed. Therefore, a 50-hertz bandwidth
can separate adjacent harmonic peaks at all speeds that produce these shock-wave-
originated multiple pure tones. The 10-hertz constant bandwidth analysis in figure 12(c)
reveals little more than the previous 50-hertz analysis. The combined sound pressure
level of the multiple pure tones is less than a 1/2 decibel difference between the 10 and
50 hertz analysis. The broadband level between figure 12(b) and (c) is necessarily dif-
ferent by 7 decibels (= 10 log 50/10) because of the bandwidth change. The 50-hertz
constant bandwidth analysis appears to be about right for evaluating the three noise com-
ponents of the present rotor designs.

Effects of Time

The inherent unsteadiness in the sound pressure level of discrete tones from fans
is well known, even at constant speed and with ideal outdoor conditions (e. g., fig. 17 of
ref. 6). Therefore, a representative time average of tone sound pressure levels is
sought for best results. In figure 13 are typical indoor rotor data showing the effects of
time on the sound levels of discrete tones at four different frequencies. These cover the
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range of interest. The frequency-dependent parts of figure 13 show 1-kilohertz sections
of the continuous frequency-sweep records using a 50-hertz bandwidth and minimum
available writing speed or maximum pen damping. The time dependent parts (fig. 13)
show the sound level variation for 40 seconds of a 50-hertz bandwidth whose center fre-
quency is tuned to the discrete tone indicated. One of the multiple pure tones at 2.22
kilohertz (fig. 13(a)) shows a peak-to-peak variation with time of almost 7 decibels. On
the other hand, fundamental blade passing frequency tones from 5 to 18 kilohertz (fig.
13(b) to (d)) show about half that variation. Comparing the left side with the right side of
figure 13 shows that the continuous frequency-sweep analyses and pen damping which
were routinely used gave fundamental tone levels that were in excellent agreement with
averages over a 30- to 40-second interval. Also, for a single one of the multiple pure
tones (fig. 13(a)), routine analysis levels may deviate about 1 decibel from 30-second
time averages. However the total energy in all of them, based on 30-second time aver-
ages, is generally less than 1 decibel from the total indicated by the continuous
frequency-sweep analysis. Although less pen damping rates were tried on these data,
which in turn allows shorter analysis time, the results were not as good a time average
as those shown in figure 13. Therefore, maximum available pen damping (i.e., mini-
mum writing speed) was selected for all noise data reduction. With this pen damping,
tone levels are believed to be accurate time averages within less than 1 decibel, and
broadband levels within a few tenths of 1 decibel.

Reproducibility and Accuracy

Several of the operating points for a rotor were repeated a few days later and the
noise data from each run were compared. Typical data from such a comparison are
shown in figure 14. These sound pressure level spectra are from rotor 1-mod 1 oper-
ating at 100-percent speed and near peak aerodynamic efficiency. The microphone loca-
tion was the same for both runs. The level of fundamental blade passing frequency at 10
kilohertz is about 1 decibel different. The multiple pure tones from the repeat runs are
very similar in frequency content and in individual tone levels. Also, the broadband
level is about the same throughout the spectrum, especially so for the highest levels
between 2- and 4-kilohertz. There was only a 1/2-decibel difference in overall sound
pressure level (OASPL) between the runs.

A summary of the reproducibility of noise data for the three different operating con-
ditions and the three different microphone radii generally used is presented in table II.
The data in table II are for rotor 1-mod 1 operating at 100-percent speed, but the data
are similar to those for the other rotors and speeds. This tabulation is partly the basis
for estimating the accuracy of the sound pressure levels presented in the next paragraph.
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From the routine frequency-sweep analysis, the fundamental blade passing-
frequency levels (table n(a)) show a maximum difference between microphone locations
of 2.6 decibels for operation near peak efficiency (third run). For this run, assuming
that the radial average of 30-second time averages represents the true sound pressure
level, a single radius routine analysis could deviate as much as 1.8 decibels and a two-
radius routine analysis average could deviate as much as 0.7 decibel. These decibel
variations apply as well to operation near stall. However, near wide open throttle,
these decibel variations are about halved. From routine analysis, the reproducibility of
a particular tone level is within ±1.0 decibel at a particular microphone location and
within ±0.9 decibel for a two-radius average. When all known effects on accuracy of
the fundamental blade passing-frequency levels are considered (such as ability to define
and repeat the operating condition, obtaining representative time averages, tape record-
er effects, paper shifts and ink trace interpretation, and other possible calibration ir-
regularities), the estimated accuracy of a two-radius routine analysis average is ±1. 5
decibel. This inaccuracy applies to all rotors and operating conditions except near wide
open throttle operation, and there it is about ±1.0 decibel.

For the summation level of all the multiple pure tones (exclusive of the fundamental
blade passing frequency), a single radius value was ±2.4 decibels from the average, but
two-radii averages were reproducible within 0.9 decibel (see table n(b)). The estimated
accuracy of a two-radius routine analysis average for the summation level of multiple
pure tones is ±1.5 decibels when all known effects are considered.

For the broadband sound levels (table II(c)) the differences between a single radius
value and a two-radius routine analysis average was 0. 5 decibel or less. Thus, the es-
timated accuracy of broadband levels is ±1.0 decibel including all known effects.

PROCEDURES

Aerodynamic Data

With rotative speed stabilized, the downstream throttle valve (fig. l(a)) was adjusted
to the desired weight flow as measured by the upstream orifice plate. Then the aerody-
namic probes traversed the diameter in turn from the outer wall to 11 different radial
positions. At each radial position, aerodynamic data were taken and automatically re-
corded on paper tape. These data were later processed through a streamline analysis
data reduction program on a high-speed computer.

Immediately following the radial traverses for aerodynamic data, all these probes
were withdrawn from the flow path and the noise data were recorded before the operating
condition was changed.
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Noise Data

Sound pressure levels. - At the start of each day's operation the microphone dia-
phragm and protective grid were inspected and, when necessary, cleaned of dirt parti -
tides. Then a known absolute sound pressure level of 124 decibels (nominal) at
250 hertz was applied to the microphone by the pistonphone calibrator (fig. 5). This
signal was recorded on the graphic level recorder and on the tape recorder. Generally
about 2 minutes of data for each operating point and microphone location were recorded

(FM-mode) with the tape running at 7n- inches per second (19 cm/sec). Periodically, the

tape recorder range and center frequencies were checked and adjusted to maintain its
optimum performance. About one-half of all noise data were also graphically recorded
live for later comparison with the playbacks from tape. These comparisons generally
showed less than 1/2-decibel differences for all noise components and frequencies. Two
microphone radii were usually used for each operating point. Each component of the
noise data presented is an energy average of the radial positions used.

In analyzing the data from the tape, continuous sweep-frequency analysis with 50-
hertz constant bandwidth and maximum pen damping was routinely used to transcribe all
the noise data to a graphic record. A typical record is illustrated in figure 6. From
such a noise trace the broadband level was first drawn in as shown and used to calculate
the total broadband level from 177 to 22 400 hertz. Near-zero frequencies were ex-
cluded because of possible starting transients and electronic noise in the recorder sys-
tem; and above 22.4 kilohertz, the broadband level is generally low and of little practi-
cal interest. Next, all discrete tones were corrected downward by the amount of broad-
band contribution (insignificant correction for tone levels > 10 dB above the broad-
band). Finally, where multiple pure tones were present, the sound energies of each
corrected tone level (exclusive of the blade passing frequency level) were added together
to yield a total multiple tone level for each operating condition. It is this total or sum-
mation of multiple pure tones that is used for comparisons.

Although not presented in this report, overall sound pressure levels (OASPL) and
contiguous 1/12-octave records were also obtained for most of these data.

Sound power levels. - Although sound pressure levels are measured with standard
microphones, values of sound power levels are desired for basic comparisons that are
independent of the test facility and distance from the noise source. Therefore, an esti-
mate of sound power level was made for each of the three noise components from the
measured sound pressure levels and the volume v and reverberation time r of the
plenum chamber. The following equation from reference 13 (p. 177), which is derived in
detail in an appendix of reference 15, was used:

PWL = SPL + 10 log v - 10 log T - 19
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-13The sound power level PWL is in decibels (referenced to 10 W), and the sound
pressure level SPL is a radial space average value in decibels (referenced to 0.0002 p.
bar). Plenum chamber volume v between the rotor leading edge and the turning vanes
just upstream of the plenum chamber (fig. l(a)) is 470 cubic feet (13.3 m ). Reverbera-
tion times T at the appropriate frequencies were from figure 7. Both sound pressure
level and sound power level are presented for completeness in subsequent noise results.

RESULTS AND DISCUSSION

Aerodynamic Performance of Rotors

Overall performance of rotor 1-mod 1. - A map of total pressure ratio as a function
of corrected (or equivalent) weight flow is presented in figure 15. Constant corrected
speed lines, the stall line, and adiabatic efficiency contours are shown. Also indicated
is a peak efficiency line running through all speeds. (The speed lines shown are a well
defined fairing of at least 10 different weight flows per speed.) The stall points were
determined by slowly increasing the back pressure at constant speed (by throttling the
flow) until a rapid fluctuation was noted in the signal from a hot-film gage. This gage
was located near the rotor leading edge and outer case. The flow was then reset about
1 pound per second (0. 45 kg/sec) higher, and steady-state data were recorded. The
labelled stall line in figure 15 is drawn through these steady-state data points although
stall flow is really 1 pound per second (0. 45 kg/sec) lower.

Overall, the performance of rotor 1-mod 1 is good and near design values. For
example, at design speed and flow, the actual pressure ratio was 1. 51 compared with a
design value of 1. 53. The measured efficiency at design flow was about 89 percent com-
pared with a design value of 92 percent (table I). The measured peak efficiency, near
91 percent, occurs at 60-, 80-, and 90-percent speeds. There is a very good flow mar-
gin of about '25 percent between the peak efficiency line and the stall line.

Blade-element performance of rotor 1-mod 1. - Radial distributions of several
blade element parameters are presented in figure 16 for design speed at four different
flows between choke and stall. Compared with the design values (dashed line), the loss-
es "co1 and deviation angles 6° are very high in the region of the vibration damper at a
68-percent span from the hub. Losses and deviation are especially high at the extremes
of weight flow, either near stall (57. 7 Ibm/sec or 26. 2 kg/sec) or near choke (76. 7
Ibm/sec or 34.8 kg/sec). Near design flow (74. 2 Ibm/sec or 33.6 kg/sec) incidence
angles i are near design over the outer half span but range up to 4° high near thess
hub. Consequently, losses near the hub are up somewhat from design values. Blade
loadings as indicated by the diffusion factor D are near design values at design flow
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operation. The radial distribution of relative Mach number M' matches the design
values. The relative Mach number at a 5-percent span from the tip M^ Q^ is the in-
dependent variable selected for subsequent noise data plots.

Overall performance of rotor 2 and rotor 2-mod 1. - A performance map for rotor
2 is shown in figure 17(a), and a map for rotor 2-mod 1 in figure 17(b). Rotor 2 per-
formance is far below design values of overall total pressure ratio (1. 53) and efficiency
(0.89). Also, rotor 2 performance was inferior to that of rotor 1-mod 1 (see fig. 16),
although both rotors were designed to nearly the same specifications (see table I).
The poor performance of rotor 2 prompted its modification. As shown in the section on
blade element performance, losses in the hub region and in the damper region of rotor
2 were much higher than design values, even near design flow. Therefore, rotor 2 was
modified by reducing hub curvature and reducing damper size as shown in figure 3(b).
The overall performance of rotor 2-mod 1 (fig. 17(b)) was much improved over rotor 2
in both pressure ratio and efficiency. The performance of rotor 2-mod 1 is almost as
good as rotor 1-mod 1. No detailed low-speed aerodynamic data were obtained with
rotor 2-mod 1 although noise data were obtained at all speeds. There was an error in
the recording of the low-speed aerodynamic data that was not discovered in time to
rerun it. By then, a rotor blade had broken off near the damper. Whether the reduced
damper geometry caused or contributed to the failure is not known.

Blade element performance of rotor 2 and rotor 2-mod 1. - The radial distributions
of blade element parameters for rotor 2 and rotor 2-mod 1 are presented in figures 18
and 19 respectively. Only design speed and flows near peak efficiency are shown. The
overall performance of rotor 2 was poor, as previously indicated, and figure 18 shows
why. Hub deviation angles and hub losses are very high, suggesting a stalled hub re-
gion. Also the losses in the vicinity of the dampers were very high. As shown by fig-
ure 19, the reduced hub curvature modification to rotor 2 was effective in reducing de-
viation angles and losses in that region by reducing incidence angles there. In addition,
thinning and shortening dampers (fig. 3(b)) greatly reduced the flow deviations and losses
in that region.

Inlet Noise Performance of Rotors

Typical effects. - Before the levels of each of the noise components are summa-
rized in detail, three typical effects on the noise spectra are discussed. These are the
effects of throttle position at constant speed (blade loading), number of rotor blades,
and an inlet lip disturbance during the testing of rotor 2-mod 1.

(1) Throttle position: Narrow band sound pressure level spectra at design speed
for rotor 1-mod 1 at three different throttle positions are shown in figure 20. The
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spectra are similar over a range between wide open flow at 75.8 pounds per second
(34. 7 kg/sec) (fig. 20(a)) and a flow between peak efficiency and stall at 68. 0 pounds per
second (30.9 kg/sec) (fig. 20(c)) in that the multiple pure tones and the fundamental
blade passing frequency are easily identified and protrude above the broadband by 5 to
20 decibels. The broadband level increases steadily as the throttle is closed but the
multiple pure tone content is somewhat less at the lowest flow shown. The noise levels
of the fundamental blade passing frequency are similar although their adjacent frequen-
cies have higher levels as the throttle is closed. Generally, noise data were not ob-
tained in a stalled condition because of possible mechanical damage to the rotor and the
facility. All subsequent noise data are from records similar to figure 20 where levels
of the various noise components change only moderately with throttle position but not
always in a predictable manner.

(2) Number of rotor blades: The fundamental blade passing frequency is a direct
function of the number of rotor blades and shaft rpm. On the other hand, the revolutions
per second of the rotor, which is the frequency spacing of multiple pure tones, is only
a function of shaft rpm. Typical sound spectra for the 45-blade rotor (rotor 1-mod 1)
and the 90-blade rotor (rotor 2) at design speed are shown in figures 21(a) and (b), re-
spectively. For either rotor the multiple pure tones are similar and dominate the spec-
trum from about 2 to 5 kilohertz. The broadband noise levels are also similar. How-
ever at design speed, the fundamental blade passing frequency for rotor 1-mod 1 rises
about 10 decibels above the adjacent broadband level, but with rotor 2 this tone, if
present, is below the broadband level which itself is a few decibels less than for rotor
1-mod 1. But fundamental blade passing frequencies for rotor 2 are clearly present at
speeds less than design, as shown by figure 22(a) for 80 percent of design speed.
Reasons for the drastic difference in fundamental tone level between these rotors at de-
sign speed is not known. Relative velocities are the same for both.

(3) Inlet lip disturbance with rotor 2-mod 1: A facility modification, which was
made after rotor 1-mod 1 and rotor 2 tests but before rotor 2-mod 1 tests, introduced a
circumferential break in the surface of the inlet bellmouth. This discontinuity was at
the downstream end of the bellmouth but ahead of the rotor leading edge (fig. l(b)). A
rotatable screen mechanism had been installed in this area for inlet flow distortion
studies. This discontinuity, which was also connected to a small cavity under the flow
surface, resulted in a stray tone near 2. 7 kilohertz as shown in figure 22(b). Compared
with rotor 2 at similar operating conditions (fig. 22(a)), the presence of the stray tone
(the frequency of which did not vary with speed) is the only difference in the noise spec-
trums at 80 percent of design speed. The inlet lip discontinuity was not corrected in
time to rerun the rotor 2-mod 1 noise data. Thus the multiple pure tone data of rotor
2-mod 1 is confused somewhat by the stray tone at 2. 7 kilohertz. However, it was not a
factor in determining either the broadband or the blade passing-frequency noise levels.
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Summary of blade passing-frequency sound levels. - Blade passing-frequency sound
pressure and sound power levels for rotor 1-mod 1, rotor 2, and rotor 2-mod 1 are
presented in figure 23. The independent parameter selected is relative Mach number
at a 5-percent span from the inlet tip Ml Q^. Relative Mach number was also selected
as the one most pertinent for noise correlations in reference 6. At each of six rotation-
al speeds, three different throttle positions or blade loadings were set, and noise data
were recorded. The blade loadings at each speed are shown in the figures (see key) in
terms of an overall total pressure ratio Po/^1 an(^ a*so *n terms of a diffusion factor
at a 5-percent span from the tip DQ,-. With PQ/^I an(^ *ne overaU performance maps
(figs. 15 and 17), overall efficiency and weight flow are thus also available for each
noise data point. The selection of DQc is somewhat arbitrary. Perhaps the maximum
diffusion factor which tends to occur in the region of the damper (figs. 16 and 18) is
more appropriate. Presently, the tabulation of Po/^1 an<^ ^05 are intgnded for ref-
erence and are not used here for further correlation of the noise data.

The sound pressure levels shown (fig. 23) are generally an average of two different
radial positions of the microphone. The sound power levels are calculated as previous-
ly discussed and only differ from the sound pressure levels by a value that is within 2
decibels of a constant for all frequencies of interest. Therefore, noise trends and com-
parisons will be based on the measured sound pressure levels although they should apply
within a few decibels to the sound power levels as well. Also, in general, the level of
the fundamental blade passing frequency is at least 10 decibels above its next harmonic
for all rotors and speeds, except for rotor 1-mod 1 at low speeds. Here, the fundamen-
tal is either about 8 or about 5 decibels above the next harmonic at 60- or 50-percent
speed, respectively. Thus the sound levels of blade passing frequency shown in figure
23 are within about 1 decibel or less of the value of the fundamental frequency alone.
However, the harmonics were also analyzed and their levels included for rotor 1-mod 1
at low speed.

For rotor 1-mod 1 (fig. 23(a)) there is no consistent trend of blade passing-
frequency tone noise with loading at constant speed. The trend of this tone noise with
tip relative mach number Ml QC at a loading near peak efficiency is shown by a broken
line through solid symbols. Sound pressure increases directly with about the fifth power
of ML QC up to a Mach number near 0.9, above which the tone noise level decreases.
Theory and experiment (ref. 6) indicate a sixth power variation with speed for blade
passing-frequency noise. The drop off in inlet sound levels at the higher speeds has
been observed by others (refs. 6 and 11). Although the absolute axial Mach number at
the rotor inlet is always subsonic, the maximum relative Mach number, which occurs
downstream of but near the leading edge, becomes supersonic over the outer span of
the blade. This occurs even with leading edge relative Mach numbers Ml Qr of 0.9.
Thus, at least part of the noise generated on the rotor blade surface downstream of the
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leading edge region may be choked off from propagating upstream.
Another feature about the blade passing-frequency levels for all rotors and all

speeds tested is the propagation of all these tones into the plenum chamber. According
to the so called cutoff theory, described by Tyler and Sofrin (ref. 16), rotor-only funda-
mental blade passing-frequency levels should decay exponentially whenever the tip speed
is subsonic. According to reference 16, these decay rates would be about 40 and 80 deci-
bels per axial inch for rotor 1-mod 1 and rotors 2, respectively. All rotor tip speed in
figure 23 are subsonic, excepting the 100-percent speed data, and yet there is no apparent
effect of operating below or through the cutoff speed. Propagation below cutoff has been
observed and discussed by others (e.g., refs. 8 and 10). It seems to be the rule rather
than the exception. Incoherence of the source and/or upstream turbulence could explain
this contradiction of theory. Unfortunately, such nonideal features are typical of real
machines and their environment.

For rotor 2 (fig. 23(b)) the level of blade passing frequency noise is down substan-
tially from that of rotor 1-mod 1 at all speeds. For example, near peak efficiency load-
ing, the blade passing-frequency levels for rotor 2 with a blade aspect ratio of 6.6 are
about 9 decibels less at 70 percent speed to about 14 decibels less at 100 percent speed
than those for rotor 1-mod 1 with a blade aspect ratio of 3.6. The rate of increase with
speed below a Mj Qg of 0.9 was also much less with rotor 2 than with rotor 1-mod 1.
The fundamental blade passing frequency at design speed is 20 kilohertz for rotor 2 and
10 kilohertz for rotor 1-mod 1. However, for the distances and plenum conditions in-
volved in these tests, there are insignificant variations in atmospheric attenuation be-
tween the 20- and 10-kilohertz frequencies. Also, the response of the 1/4-inch (0.64-
cm) microphone used (fig. 5) is flat to frequencies well above 20 kilohertz. The reasons
for this large reduction in blade passing-frequency levels with the higher aspect ratio
blades are not presently known.

For rotor 2-mod 1 (fig. 23(c)) the levels of blade passing frequency noise at peak
efficiency operation are about the same as for rotor 2 with the possible exception of 90-
and 100-percent speed. Here, the blade passing frequency noise for rotor 2-mod 1 may
be at least 3 decibels less than that for rotor 2. The modifications to rotor 2 that re-
duced the dampers and reduced the hub curvature did not change or even slightly less-
ened its noise. At the same time though, the aerodynamic performance was greatly im-
proved to near design values as previously discussed (figs. 17 to 19). The unstalled.hub
and reduced damper losses of rotor 2-mod 1 were probably responsible for both the
aerodynamic and blade passing-frequency noise improvement.

Summary of multiple pure-tone total sound levels. - Total multiple pure-tone sound
pressure and sound power levels for rotor 1-mod 1 and both rotors 2 are presented in
figure 24. The sound levels shown are a total (energy) of all apparent multiple pure
tones exclusive of the fundamental blade passing frequency. As before, the different
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blade loadings are tabulated and a dashed line is drawn through solid symbols to show
peak efficiency operation. For reference, another dashed line shows the level of blade
passing frequency near peak efficiency from figure 23.

For rotor 1-mod 1 (fig. 24(a)) multiple pure tones are not apparent below a relative
tip Mach number of about 0.97. As this Mach number increases to supersonic values,
the multiple pure-tone sound level increases sharply and is about 19 decibels above the
level of the blade passing frequency at design speed. Although the level of the blade
passing frequency decreases as ML QC goes supersonic, the level of multiple pure
tones does just the opposite. The multiple pure tone noise are not choked off with in-
creasing Mach number because the source of this noise is the shock wave system itself.
These trends are very similar to those shown in reference 11 for an 86-inch (218-cm)
diameter fan demonstrator engine.

For rotor 2 and rotor 2-mod 1 (fig. 24(b)) the multiple pure-tone sound levels are
about the same and are also not much different from those of rotor 1-mod 1. From the
data of figure 24, it appears that for these rotors the relative Mach number is the most
important parameter in determining the sound level of multiple pure tones, with blade
loading having only secondary effects. For all rotors, the summation of multiple pure
tones at peak aerodynamic efficiency points has a higher sound pressure or sound power
level than single-tone levels at the blade passing frequency whenever the relative Mach
number at the blade inlet tip exceeds about one. A similar crossover is shown in ref-
erence 11.

Summary of broadband sound levels. - The broadband sound pressure and sound
power levels for rotor 1-mod 1, rotor 2, and rotor 2-mod 1 are presented in figure 25.
A flow noise ceiling or maximum possible flow noise is also indicated by a dashed line
for each rotational speed. This ceiling is from figure 10(a) at the same corrected
weight flow. The dashed ceiling line is an attempt to separate that broadband noise
caused by the rotor and its nearby ducting from that broadband noise caused by the facil-
ity ducts and valves which are not realistic simulations of rotor environment. The flow
noise ceiling lines in figure 25 are believed to be at least 3 decibels too high for the
situation with rotor present. This is because there was no inlet noise reducing effects
because of baffling or reflection of downstream noise by the high solidity rotors in ob-
taining the flow noise data of figure 10(a). Figure 10(a) also indicates a maximum
downstream flow noise increment of about 6 decibels from choking the annulus just aft
of the rotor trailing edge. Thus we conclude that the broadband noise level data for all
rotors (fig. 25) were not influenced by unrealistic noises from the facility for blade
loadings near peak efficiency and higher. Only the wide open throttle data, that is, the
highest relative Mach number data, at each speed, may be unrealistically high because
of facility flow noise.
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Broadband sound levels were less than 3 decibels different for all rotors at compa-
rable operating conditions. Also, near peak efficiency operation, the broadband noise
for all rotors varies directly with about the fifth power of tip relative Mach number. A
sixth power variation is shown in references 3 and 6. For all rotors and speeds above
50 percent of design speed, the broadband sound levels at constant speed continuously
increased as the pressure ratio or blade loading was increased from near choke to near
stall weight flows. The increase in broadband noise level as stall incidence angle is
approached was also noted in reference 3.

SUMMARY OF RESULTS

Noise from three 20-inch (50.8-cm) diameter fan rotors (no stators) was measured
in a hard-wall inlet plenum chamber of an aerodynamic performance rig. Noise calibra-
tions of the facility indicate that significant broadband and discrete-tone noise data were
obtained although these data contain no directivity information, are for inlet only, and
have not been verified by far-field measurements. The three rotors were designed for
a pressure ratio of 1. 53 and a tip speed of 1150 feet per second (350 m/sec). Two of the
rotors had different blade aspect ratios of 3.6 and 6.6 and corresponding blade numbers
of 45 and 90. The third rotor was a modification to the 6.6-aspect-ratio rotor that re-
duced the size of the part span damper and reduced its hub curvature. The following
principal results were obtained:

1. Blade passing-frequency sound pressure levels or sound power levels near peak
aerodynamic efficiency points were less for the unmodified 6.6-aspect-ratio rotor than
for the 3.6-aspect-ratio rotor for all speeds: about 9 decibels less at 70 percent speed
to about 14 decibels less at 100 percent speed. Modifications to the 6.6-aspect-ratio
rotor that thinned and shortened its part-span damper and reduced its hub curvature
greatly improved the aerodynamic performance of the rotor with little change in blade
passing-frequency noise levels.

2. For all rotors, the summation of multiple pure tones (combination tones) has a
higher sound pressure level or sound power level than single-tone levels at blade pass-
ing frequency whenever the relative Mach number at the blade inlet tip exceeds about
one. Sound levels from the summation of multiple pure tones were about the same for
all rotors when operating at the same tip relative Mach number.

3. Broadband sound pressure levels or sound power levels differed by less than 3
decibels for all rotors at comparable operating conditions. For all rotors and speeds
above 50 percent of design speed, the broadband sound levels at a constant rotational

20



speed continuously increased as the overall pressure ratio or blade loading was in-
creased from near choke to near stall weight flow.

Lewis Research Center,
National Aeronautics and Space Administration,

Cleveland, Ohio, October 12, 1970,
720-03.
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TABLE I. - AERODYNAMIC DESIGN VALUES FOR ALL ROTORS

Tip diameter, in. (cm)
Tip speed, ft/sec (m/sec)
Tip Mach no., M^ Q5

RPM
Pressure ratio, 'P^/'P^
Solidity, chord/gap, aQ5

Blade shape

20 (50.8)
1150 (350)

1.2
13 180

1.53
1.3

Double circular arc

Rotor

Rotor 1-mod 1

Rotor 2

Rotor 2 -mod 1

Aspect
ratio

3.6

6.6

6.6

Number
of

blades

45

90

90

Chord length

in.

1.82

.93

.93

cm

4.62

2.36

2.36

Hub to tip
radius
ratio

0,4

.4

.45

Corrected flow,

w\/e/6

Ibm/sec

73.9

67.8

72.0

kg/sec

33.5

30.8

32.7

Tip diffusion
factor,

D05

0.38

.40

.44

Overall
efficiency,

ri

0.92

.89

.87
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1
-A i r inlet (atmosphere)

* ^Exhaust to atmosphere

N r36in. (91. 5 cm) butterfly valve
t -, HA
< $ A\ "* 7 -* -*

ghtener screen- \ ^^—ftr* ^^^ — ̂ n

v Orifice plate
\ n

NT
H

^rVaned elbows

1

\

^"v1

' ~~~-

Work platform^ 16 in- (4°-6 cm) butterfly valve-_J:

\ /rCompressor 48 in. (122 cm) butterfly valve
,' on test

16 in. (40.6cm) butterfly valve

I L Straightener screen1-15000hp(U200kW)
'-Gear box (speed increaser)

LPlenum chamber

'-Refrigerated air riser

(a) Overall view.

rRotor(20(50.8) o.d.l rScreen (0.054(0.137) diam wire,

,' 50 percent open)

^

P
/

:ollect

; 93 (236) for rotor

y^///"^// '
jQ__-.n // //
-̂ .v- CD ) •-:-. 1 48 (

Tr~rr\\ \\

Dr

X \ V- x- \V \V_\\

122)

— 24(61)—

108 (274) for rotor 1-r. od 1 a

2-mod 1 •

26(66) '

-V-
18 (45. T\->'

id rotor 2 >

i
i

O
^-Microphone

C* locations
(rotated 90°
about centerline

O from actual)
72( .83) -Flow

(b) Rotor and microphone locations. (All dimensions are in inches (cm).)

Figure 1. - Compressor test facility.
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-67-2985

(a) Front-quarter view

90(25.2) rad

5.75(14.6,

2.875(7.3) rad

(b) Side-view schematic. (All dimensions are in inches (cm). )

Figure 2. - Rotor 1-mod 1.
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C-67-751

(a) Front-quarter view of rotor 2.

10.0(25.4) rad

5.92(15.0)

6.0(15.2)

to 2.875 (7.3)

2.875(7.3) rad

^ Rotor 2

(b) Side-view schematic. (A l l dimensions are in inches (cm).)

Figure 3. - Rotor 2 and rotor 2-mod 1.
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C-68-1281
Figure 4. - Cobra-probe measures total pressure,

total temperature, and flow angle.

1. Calibrator

2. Microphone

3. Cathode follower

i — •-

4. Frequency
analyzer

5. 1/3-octave
filter set

~*

J6. dc amplifier

u. Graphic level

8. Magnetic tape
recorder
i
i

i
1
1

A

p

iii

9. Wave
analyzer

recorder

« Playback

1. Bruel and Kjaer, type 4220
2. Bruel and Kjaer, type 4136
3. Bruel and Kjaer, type 2615
4. Bruel and Kjaer, type 2107
5. Bruel and Kjaer, type 1612
6. Dana
7. Bruel and Kjaer, type 2305
8. Consolidated Electrodynamics, type VR 3600
9. General Radio Co., type 1900-A

10. General Radio Co., type 1521-B

Figure 5. - Schematic diagram of acoustics equipment.

Live or direct
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blade passing f requency

(a) Subsonic tip relative Mach number, 0. 94; corrected speed, 80 percent of design.

Multiple pure tones (combination tones)

100 5 6
..Frequency, kHz

(b) Supersonic tip relative Mach number, 1.18; corrected speed, 100 percent of design.

Figure 6. - Typical inlet sound pressure level spectrum; 50-hertz constant bandwidth analysis. Rotor 1-mod 1.

8. 2

Microphone location
from rotor face

Axial, Radial,
in. (cm) in. (cm)

'—O— 84(213) 0 (0)
--O- . 132(325) 26 (66)

Q-D i I i I i
,310
One-third octave center frequency, Hz

Figure 7. - Reverberation time of plenum chamber.

10'
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WO pp:

130

120

110

100

140

130

120

110

100

140

130

Microphone radius, 0.

Microphone radius, 18 inches (45.7 cm).

.fflzWĵ ^

Frequency, kHz

Microphone radius, 26 inches (66 err:),

(a) Spectrum levels at three fixeci microphone locations.

Figure 8. - Typical effects of radial location on 50-hertz bandwidth sound pressure levels in plcnuir. changer 108 inches (274 cm) upstream of rotor.
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6400 Hz 1 4dB

9000 Hz

11 600 Hz

36 in. (91.5cm)
to plenum wall

J_3dB

— 25 sec —

26 in. (66 cm) _
"radial traverse

(b) Single tone levels as microphone continously traverses.

Figures. - Concluded.

105

95

85

™ 75

65

55

OASPL-

10 100 1000

Frequency, Hz

10 000

Figure 9. - Compressor test facility background noise of auxiliaries: room exhaust fans, drive
motor cooling fans, and oil system. Overall sound power level, 100 decibels (referenced to
10 W). One-third octave spectrum analysis.
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140

130

120

110

-/e/6)5 '

140

130

120

110

L
10

~(wV0/6)5-\

Chokeiiannulus, Aan,
1.34 ft2 (0.125m2)

30 40 50 60 70
Corrected weight flow, wV5 /6, Ibm/sec

15 20 25
Corrected weight flow, w

30
kg/sec

35

(a) Overall (177 to 22 900 Hz) sound pressure level and sound
power level.

- 135

125 -

- 115 -

105

95

^
lbm/(sec>(ft2)
(kg/(sec)(m2))
43.6(1.84)

Overall
sound

pressure
level,

dB

—132

,-127

85
10 100 100001000

Frequency, Hz
(b) One-tliirii octave spectrum analysis at too flows, one of which chokes the anr.ulus.

Figure 10. - Effects of corrected weight flo'.v induced without rotor.
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3 3
-£•§.
o> CM

CL-H

"3 -'

100

Overall sound
pressure level,

dB ,-Four downstream plus
/ three-upstream probes

across flow

IxBPF

4 5
Frequency, kHz

Figure 11. - Typical effects of aerodynamic measurement probes on sound pressure level spectrum,
50 hertz bandwidth; rotor 1; corrected speed, 70 percent of design.
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100 1000
Frequency, kHz

(a) Bandwidth, one-third octave.

10 000

Frequency, kHz

(b) Bandwidth, 50 hertz (constant).

100

Frequency, kHz

(c) BEnd'.vidih. 10-heriz (constant).

figure H - Topical e//ecvs of analyzer ba.-jd'.vitji;:. en sound pressure level spectrur,:.
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•i.
a

•g
CD

1351-

125

115

105 _L
1.5 2.0 2.5

<a\ Multiple pure tones. Rotor 1-mod 1-, cor-
rected speed, 100 percent of design.

120

110

100

r—40 seH

Time, sec

9.2 9.7 10.2

110

100

90 J_
4. 2 4.7 5. 2

\W Fundamental blade passim' f re-
quency. Uotor 1-mod 1; corrected
speed, 50 percent of design.

110

100

—40 sec—!

Time , sec

17.3 IS. 3
Frequency, kHz

(c) Fundamental blade passing frequency. Rotor 1- (d) Fundamental blade passing fre-
mod 1; corrected speed, 100 percent of design. quency. Rotor 2; corrected speed,

90 percent of design.

Figure 13. - Typical effects of time on sound pressure levels in 50-hertz bandwidths centered
on various tone frequencies. Maximum pen damping.
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140

130

120

110

First run
Repeat run
(days later)

Overall
sound

pressure
level,
dB

140.5
140.0

•5" 140

£ 130

120

110

100

I x B P F

8

Frequency, kHz

Figure 14. - Typical reproducibility of inlet sound pressure level spectrum. 50-Hertz bandwidth; rotor 1-mod 1 corrected speed,
100 percent of design; near peak aerodynamic efficiency.

1.6'

1.5

1.4

1.3

- 1.2

1.1

1.0

Constant Design pointy

efficiency
contours, ^-Peak eff i -

ciency line

Corrected

30 40 50 60 70 80

Corrected weight flow, wVf/6, Ibm/sec

_| |I _|_ I
15 20 25 _30 35

Corrected weight flow, wVO/6, kg/sec

Figure 15. - Overall aerodynamic perform-
ance of rotor 1-mod 1.
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6r—

Correct weight flow,
wV0 /6

Ibm/sec

76. "i
74.2

63.7

57.7

tkg/sec)

(34. G)
(33.6)
(31. 2)
(26.2)

Design, 73.'-) Ibm/sec
(33.5 kg/sec)

1.21—

1.0

.6

30

20

.2 10

20 40 60 80
Percent span

100

Figure 16. - Radial distribution of blade element
parameters. Rotor 1-mod 1; corrected speed,
100 percent of design., various weight flows.
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.4

0

Design
Actual

1. U

1 (11.0

a^l____^

I I I ' '
) 20 40 60
Hub Percent span

1
80 100

Tip

Figure 18. - Radial distribution of blade-element
parameters. kotor2 ; corrected weight flow,
71.6 pounds per second (32. 5 kg/sec); corrected
speed, 100 percent of design;' near peak effi-
ciency.
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Design
Actual

20

10

-10

-10, 20 40 60 80
Percent span

100

Figure 19. - Radial distribution of blade-
element parameters. Rotor 2-mod 1; cor-
rected weight flow, 70.8 pounds per second;
corrected speed, 100 percent of design; near
peak aerodynamic efficiency.
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16
Frequency, kHz

(b) Rotor 2-mocl 1.

Figure 22. - Comparison of inlet sound pressure level spectrum for rotor 2 and rotor 2-mod 1. Corrected speed, 80 percent of design; near
peak efficiency.
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.7 .o .9 1.0
Relative Mach number at inlet tip, Mj

(a) Rotor 1-mod 1.

1.1 1.2

Corrected Relative Total Diffusion
speed, Mach pressure factor at
N/Ve", number, ratio, 5-perceni

percent Mj ̂  ?2^l sfar1'
DC5

1.3

O 100

D 90

O 80

70

V 60

D 50

Solid symbols denote operation near peak effi-
ciency

1.202
1.191
1.156
1.092
1.068
1.000
.973
.938
.896
.864
.818
.771
.759
.696
.661
.654
.574
.546

1.258
1.511
1.528
1.178
1.389
1.397
1.118
1.290
1.308
1.058
1.213
1.234
1.026
1.149
1.170
1.008
1.103
1.118

0.070
.434
.482
.006
.372
.421

-.060
.328
.421
.112
.294
.540

-.115
.272
.502

-.104
.256
.543

Figure 23. - Slade passing-frequency inlet sound pressure levels and sound power levels.
Sandwidth. 50 hertz.
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Relative Mach number at inlet tip, Mj 05

(b) Rotor 2.

1.3

O

D

O

A

7

Corrected
speed,
N/-/8,
percent

100

9)

30

70

60

5U

Relative
IVach

number ,
IV/1 05

1.186
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1.429
1.457
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1.325
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1.365
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1.172
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.262
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-0. 010
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.401

-0. 106
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.339

-0. 090
.030
.341

Rotor 1-mod 1 frorr. part (a)

Solid symbols denote operation near peak effi-
ciency

Plain symbols dencte>5 dB above broadband
Tailed svrr.bols denote <5 dB above broadband

130 r

120-

110-

100 L

> -^

130 r

120 •

110

100 "-
.5 .7 .8 .9 1. 0

Relative (Viach number at inlet tip,

(c) Rotor 2-mod 1.

Figure 23. -Concluded.
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speed,
M/-/B ,

percent
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.889
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(.65)

(0. 65)
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M ]
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1.377

(1.225)
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(1.09)
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Diffusion
factor at
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span.
D05
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.470
.523
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.504
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Rcior 2 from pan (I))

Sclid symbols denote operation near pea;; ef f i -
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Plain syn,i»ls denote>5oB above :)road')ano
Flagged symbols denote broadband level.

no apparent tones
( ) Estimated
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Corrected
speed,
M/-/B ,
percent

-100

90

SO

Relative
Mach

number,
Ml,05

-- 1,202
1.191
1.156

1.092
1.068

.973

Total
pressure

ratio,
P2/P1

- 1,258
1.511
1.52S

1.178
1.3G9

1.118

Diffusion
factor at
5-percent

span,
D05

_ - 0. 070
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.432

.006

.372

-.060

140 r—

130
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~ s
13 L̂
E CNJ

OJ O

CD ki_-

110

140

130

120

Solid symbols denote operation near peak effi-
ciency

Blade passing -frequency
levels near peak effi-
ciency from fig. 23(aK

o

110

Blade passing-frequency
levels near peak efficiency
from fig. 23(aK

o

Q/

".'7 .3 .9 1.0 1.1 1.2
Relative Mach number at inlet tip, Mj gj

(a) Rotor 1-mod 1.

Figure 24. - Multiple pure-tone total inlet sound pres-
sure levels and sound power levels. Blade passing-
frequency tones not included in total. Bandwidth,
50 hertz.
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(b) Rotor 2 and rotor 2-mod 1.

Figure 24. - Concluded.
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fig. 23(b) or (c)

Solid symbols denote operation near peak efficiency
( ) Estimated
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Fiqure 25. - Broadband inlet sound pressure levels and sound power levels. Bandwidth,
177 to 22 400 hertz.
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