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ACOUSTIC AND AERODYNAMIC PERFORMANCE OF A VARIABLE-PITCH
1.83-METER - (6-FT-) DIAMETER 1. 20-PRESSURE-RATIO
FAN STAGE (QF-9)
by Frederick W. Glaser, Richard P. Woodward, and James G. Lucas

Lewis Research Center

SUMMARY

This report presents the acoustic and aerodynamic performance for a 1.83-meter~
(6-ft-) diameter experimental fan stage with characteristics suitable for a low-noise
STOL engine. The fan was externally driven by an electric motor. Low noise features
included the elimination of inlet guide vanes, low rotor tip speed (213.2 m/sec
(700 ft/sec)), large axial spacing between the rotor and stator blade rows (two rotor
mean chord lengths), and a low number of rotor blades (15) which placed the fundamental
blade passage frequency in a lower frequency, lower annoyance region of the spectrum.
The fan had no acoustic suppression in the flow passages.

The fan features adjustable-pitch rotor blades which provided a means for testing
at several forward thrust blade setting angles as well as one for reverse thrust.

The tests were made at fan speeds from 60 to 120 percent of design speed, and the
aerodynamic loading was varied by using exhaust nozzles having 92, 95, 100, and 105
percent of design nozzle area.

The fan stage operated somewhat below design-predicted values of mass flow and
pressure ratio. The aerodynamic results indicate that performance can be improved by
either running the fan at speeds above its takeoff (design) speed, increasing the fan pitch
angle, or decreasing the fan exhaust nozzle area below its design area.

The fan noise level was at a minimum at the design rotor blade pitch angle (64°) for
takeoff thrust and at 57° for approach (50 percent of takeoff thrust). The perceived noise
along a 152.4-meter- (500-ft-) sideline was exhaust quadrant dominated and reached
100. 1 perceived noise decibels (PNdB) for the takeoff (design) configuration, which had a
stage pressure ratio of 1.17 and thrust of 57 600 newtons (13 000 1bf). For reverse
thrust the perceived noise level values are 4 to 5 PNdB above takeoff results at compar-
able fan speeds.



INTRODUCTION

Short takeoff and landing (STOL) aircraft are being considered for operation in
highly populated areas and in developing countries with inadequate highway systems.
Although no firm noise specifications exist at present for STOL aircraft that are com-
parable to Federal Air Regulation - Part 36 (FAR-36), a much-used goal for STOL side-
line noise is 95 effective perceived noise decibels (EPNdB) along a 152, 4-meter-
(500-ft-) sideline (ref. 1). This noise level is for the entire aircraft and will dictate
single-engine levels somewhat below this value. The reduction of engine noise is there-
fore an important consideration in the engine design. An engine suitable for a quiet
STOL application would require a large air flow with relatively low exhaust velocity re-
sulting in a bypass ratio of about 10 to 15 (ref. 2) and a fan pressure ratio of 1.20 to
1. 35.

This report presents the acoustic and aerodynamic performance of a full-scale ex-
perimental variable-pitch fan with characteristics suitable for a low-noise STOL engine.
The tests were conducted in the full-scale fan acoustic test facility at the Lewis Research
Center, in which the fans are driven by an electric motor. This 1.83-meter- (6-ft-) di-
ameter fan, designated QF-9, was designed and fabricated under contract for the Lewis
Research Center by the Hamilton-Standard Division of the United Technologies Corpora-
tion. The fan stage incorporated features for low noise including the elimination of inlet
guide vanes, low rotor-blade-tip speed, large axial spacing between the rotor and stator
blade rows, and low number of rotor blades. The low number of rotor blades (15) was
expected to yield a noise benefit by reducing the frequency of the blade passing tone which
would be reflected in a lower calculated perceived noise level (PNL). In addition, the
fan featured adjustable-pitch rotor blades. Although primarily incorporated for thrust
reversal considerations, the adjustable-pitch feature provided a means of optimizing the
thrust-noise relation for changing flight conditions (i.e., takeoff and landing). The fan
stage was designed for a pressure ratio of 1.20 and a rotor tip speed of 213.3 meters
per second (700 ft/sec).

The QF -9 fan was run without acoustic suppression in the flow passages. The con-
figuration tested included four exhaust nozzle sizes: the design takeoff nozzle, nozzles
with 95 and 92 percent of design nozzle area, and one nozzle with no exhaust contraction
resulting in an exit area 105 percent of design.

A scale model of fan QF-9 with a 50.8-centimeter (20-in.) rotor tip diameter was
extensively tested for aerodynamic performance in a highly instrumented indoor facility
(refs. 3 and 4). Selected results from these tests are compared to those obtained for the
full-scale QF-9 fan. Also, in this report optimum blade pitch angles are defined which
minimize noise at takeoff and approach conditions. Included are results for a reverse
thrust configuration. Data are compared with a noise prediction method. Broadband and
tone components of the one-third-octave analysis are considered in analyzing the fan
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acoustic performance.

The acoustic results for QF -9 are presented in terms of sound pressure level (SPL),
sound power level (PWL), and perceived noise level (PNL). Complete one-third-octave
data are presented in tabular form in reference 5.

FAN DESIGN
Acoustic and Aerodynamic Considerations

Fan QF-9, a 1.20-pressure-ratio experimental fan stage, was designed to have
characteristics typical of the type of fan which might be used in a turbofan engine for an
externally blown flap, engine under -the-wing STOL aircraft. This fan was designed to
be quiet within the constraints of conservative, conventional aerodynamic design prac-
tice. Among the acoustic considerations in the design are the absence of inlet guide
vanes, the low rotor-blade tip speed, and the large axial spacing between the rotor and
stator blade rows. These features have been used before in low-noise fans (ref. 6) and
are compatible with low-noise design practice. In addition, the QF-9 featured manually
adjustable pitch rotor blades.

Inlet guide vanes were omitted from the QF-9 fan because they produce a pattern of
wakes at their trailing edges which impinge on the rotor blades, and thus cause emission
of noise at the blade-passing frequency (ref. 7).

The low design pressure ratio could be achieved with rotor-blade-~tip speeds which
were low enough to avoid supersonic relative Mach numbers at the rotor blade tip. Thus,
the generation of multiple pure tones was not expected.

The fan stage was designed with a small number of rotor blades and stator vanes
with relatively large chords. The use of a low number of rotor blades in the fan design
was advantageous in reducing the frequency of the blade passage tone to a lower annoy-
ance region of the audio spectrum. Reference 8 indicates that long stator chords reduce
the response to incoming rotor wakes, possibly reducing the blade passing frequency
noise. The final contractor design resulted in 15 rotor and 11 stator blades (ref. 9).

The axial spacing between the rotor and stator blade row was made as large as
reasonably possible (two rotor chords at the mean radius, ref. 9) in an effort to reduce
rotor /stator interaction noise. This large spacing provides mixing length for the rotat-
ing wake pattern to dissipate significantly before impinging on the stator vanes. This
impingement on the stators causes the emission of sound at blade-passing frequency.
With the rotor wakes largely dissipated as a result of the large spacing and with no inlet-
guide-vane wakes, a reduction in blade-row-interaction noise generation at blade-
passing frequency was expected (ref. 10).



Low-noise fans are frequently designed with consideration of the ''cutoff'' theory
of reference 11 to prevent the forward propagation of certain spinning modes. This
technique requires the number of stator vanes to be slightly greater than twice the num-
ber of rotor blades. Fan QF-9 did not include the necessary number of stator vanes
required to acoustically cutoff the blade-passing frequency fundamental because of stator

solidity considerations.

Stage Design Parameters

A brief description of the more important features of the design is given here. In
tables I and II and reference 9, selected stage design configuration parameters are
given for fan QF-9. At the design rotor tip speed the rotor tip inlet relative Mach num-
ber is 0.865, somewhat less than that which would be expected to generate significant
multiple pure tones (ref. 12).

The energy input to the air by the rotor blades is a function of both rotor-blade-tip
speed and blade loading. Local blade loading is frequently expressed in terms of the
diffusion factor (D-factor), which is based on the diffusion in velocity on the blade suction
surface. QF-9 had a design rotor tip speed of 213. 3 meters per second (700 ft/sec) and
a maximum rotor diffusion factor of 0.53. At the rotor hub and tip the diffusion factors
were 0.53 and 0.43, respectively. These values for the diffusion factors are near the
generally used upper limit of 0,50 to 0.55, thus indicating that the fan QF -9 rotor is
relatively highly loaded.

Figures 1 and 2 are photographs of the fan rotor and stator blading. Figure 1 shows
a partial downstream view of the 15-blade rotor assembly. The rotor chord increases
from hub to tip, with a maximum value of 34.3 centimeters (13.5 in.) at the tip. The
partial upstream view of the 11-blade (constant chord) stator assembly (fig. 2) shows the
very low solidity, large chord blading. Stator outflow was designed for the axial direc-
tion.

The already existing structure also required axial stator outflow for fan QF-9. The
axial requirement was imposed by the centerbody support pylon shown in figure 2. The
pylon is a 20 percent thick airfoil in cross section. Any significant angularity of the flow
impinging on it would cause a large local flow separation which would in turn block a
portion of the flow path in this area and thus cause the fan to operate closer to stall.

Figure 3 compares the design rotor tip speed and stage pressure ratio of several
fans tested at the Lewis quiet fan facility. The lines of constant work coefficient give
an indication of the overall stage loading and show the fan QF -9 stage to have relatively
high loading. Fans QF-6 (ref. 13) and QF-8 (ref. 14) were also experimental STOL ap-
plication fans. Fan QF-9 had the lowest tip speed and highest work coefficient of the
three STOL fans. The remaining fans presented in figure 3 are more suited for conven-
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tional takeoff and landing aircraft.

Flow Path Parameters

The QF-9 design had an inlet hub-tip ratio of 0.46. The flow passage was designed
to have no inner - or outer-radius convergence through the rotor. This was necessary to
allow the rotor blades to rotate to a reverse thrust blade pitch angle. The rotor blade
tips were contoured to provide adequate clearance for adjusting the rotor blades. This
straight inner flow passage is shown in the stage cross section (forward thrust) (see
fig. 4).

The QF-9 fan was designed to be tested using part of the already existing structure
and exhaust-end flow ducting of the full-scale fan facility. The flow passage was de-
signed to have a single flow path. As a result, the fan rotor discharge flow was not
divided radially (see fig. 4) as would be the case in an actual turbofan engine where the
inner portion of the rotor flow is ducted into the core engine. The inner radius of the
flow passage of the full-scale fan QF -9 was decreased downstream of the stator (fig. 4)
to compensate for support pylon blockage (fig. 2).

Figure 5 shows the nozzle modification and instrumentation locations for reverse
thrust. The through-feather mode of rotor blade reversal was selected because of the
high levels of reverse thrust measured in the scale-model wind tunnel fan tested referred
to in reference 15. As may be seen in the sketch in figure 6, this mode of thrust rever-
sal results in the more aerodynamically preferred blade orientation with respect to
blade camber.

Figure 7, a cutaway sketch of the QF-9 fan installation as tested at the Lewis quiet
fan facility, shows the drive shaft in the fan inlet, relative positions of rotor and stator
blades, and the support pylon. In all testing the fan flow passage had no acoustic sup-
pression treatment.

TEST CONFIGURATIONS AND DATA ANALYSIS

A tabulation of the configurations for which aerodynamic and acoustic data are re-
ported is given in table III. Four separate exhaust nozzle configurations were used.
These were referred to as design takeoff, 95 and 92 percent of design, and 105 percent
of design. The design nozzle had an exit area of 2.02 square meters (21.75 ftz) .

The adjustable-pitch rotor was tested at six forward and one reverse thrust rotor
blade pitch angles. These angles, listed in table III, are measured from the tangential
‘direction (consistent with manufacturing specifications) at the 75 percent blade radius
(i.e., measured from the rotor axis). In the reverse-thrust configuration the incoming
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air stream entered through the exhaust nozzle which was flared open (45°) to form a
contracting flow path. The exit air flow left the fan through the bellmouth, was dis-
charged over the drive shaft, and was deflected from the drive motor building by a blast
shield (see fig. 8(b)). Results are given with and without this shield (table III). In the
reverse mode the stators acted like negative-camber inlet guide vanes whose wakes im-
pinged on the rotor blades, hence a likely noise source.

Facility

The QF -9 fan is shown installed at the outdoor full-scale quiet fan facility in fig-
ure 8. The forward thrust installation is shown in figure 8(a), while figure 8(b) shows
the reverse thrust installation with the blast deflector in place. Existing wind tunnel
drive motors were used to drive the fan through a gearbox and drive shaft.

Figure 9 is a plan view of the test site. The entire test site surface was asphalt.
The acoustic far-field data were taken with an array of microphones located at the fan
centerline elevation of 5.9 meters (19.3 ft) on a 30. 5-meter (100-ft) radius from the fan
at 10° increments from 10° to 160° from the fan inlet centerline. The center of the mi-
crophone array was located 37 meters (121 ft) from the face of the drive motor building.
Data were not taken at 0° because of the drive shaft, nor were data taken at angles
greater than 160° because of the high-velocity fan exhaust. In figure 8(a) the micro-
phones are shown covered with plastic bags to protect them from the weather. The bags
are removed during operation. Additional details on design of the quiet fan facility are
given in reference 16. Foam treatment is shown on the portion of the drive motor build-
ing wall that was considered likely to cause a sound reflection problem at the nearer

microphone locations.

Aerodynamic Instrumentation

To obtain fan aerodynamic performance, measurements were made at four axial lo-
cations for forward thrust and one axial location for reverse thrust. Figure 4 shows the
four axial locations for forward thrust. The detailed layout of the instrumentation at
each of these four measuring stations is shown in figure 10. Six equally spaced iron-
constantan thermocouples were located on the bellmouth lip to determine the average inlet
total temperature. These thermocouples extended about 1 centimeter from the surface
to measure the ambient air temperature. Six static taps were located in the outer wall
of the inlet duct. These static taps were used for the inlet mass flow calculation using
the assumptions of uniform one-dimensional flow, zero total pressure loss at the duct
station, and a zero wall boundarv laver thickness. The location of this station was es-
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tablished from a potential flow calculation. For the inlet mass flow calculations, the
barometric ambient pressure reading was used for total pressure.

Four identical total pressure and temperature rakes were used downstream of the
stator blade row to determine the stage exit mass flow and mass-average stage total
pressure ratio. Iron-constantan thermocouples were used on these rakes. These rakes
were located nominally at 90° intervals but were displaced slightly in order to avoid
being in a stator wake. Just downstream of the nozzle exit, three equally spaced total
pressure rakes were used for exit momentum or thrust calculations. All rakes were
removed for acoustic tests.

The outer wall static taps at the stator discharge station were used in the reverse-
thrust configuration (fig. 5) for the mass flow calculation using the assumptions of
uniform one-dimensional flow. No aerodynamic rakes were used for reverse thrust
tests. For the mass flow calculations, the ambient pressure and temperature readings
were used for total pressure and temperature.

The aerodynamic data were recorded through a pressure multiplexing valve, pres-
sure transducer, and data acquisition network. All temperatures were recorded by the
same network which takes one scan of aerodynamic pressures and temperatures in ap-
proximately 10 seconds. Nine consecutive scans were made at each data point, with the
raw data samples arithmetically averaged and used to compute the desired flow param-
eters. Two separate points were taken at each test condition of speed and configuration.
The arithmetic average of the computed parameters are presented in this report.

The appendix presents the equations used to reduce the aerodynamic results. Per-
formance parameters were corrected to standard day conditions of a temperature of
15° C and an atmospheric pressure of 101 325 pascals (760 mm of mercury).

Acoustic Instrumentation

Data acquisition system. - As mentioned previously, far field acoustic measure-

ments were made outdoors with microphones located on the horizontal centerline of the
fan 5.9 meters (19. 3 ft) above ground. The test site surface was asphalt. The 16 far-
field microphones were located on a 30.5-meter (100-ft) radius (fig. 9), except for the
120° and 160° microphone distances which were actually at 31.4 and 31.9 meters, re-
spectively, because of the presence of a walkway through the microphone field. Data
from the microphones were corrected to the 30.5-meter (100-ft) radius. The microphone
angular positions were measured from the normal fan inlet axis for both forward and
reverse thrust configurations. In making the noise measurements, 1.3-centimeter-
(0.5-in. -) diameter condenser microphones were used which had sensitivities of -60 dec-
ibels relative to 1 volt per microbar. The frequency response of the system, as a whole,
was flat from 50 hertz through 20 kilohertz.



The acoustic data were reduced on-line through one-third-octave filters and re-
corded on magnetic tape for further analysis. Prior to the set of tests for each config-
uration, a pistonphone signal was impressed on each far-field microphone for absolute
calibration.

One -third-octave band analysis. - The one-third-octave band analyzer used for on-
line data reduction employed a 4-second averaging time and was stepped sequentially
through the angles from 10° to 160°. The 4-second averaging time was selected to ac~
commodate all angles within a 100-second recording while preserving analyzer repeat-
ability. Three separate samples were taken for each data point and averaged.

Results of one-third-octave band sound pressure levels (SPL) analysis yielded data
taken under ambient conditions of the test day at the microphone locations. The data
were referred to the sound source (i.e., the effect of atmospheric absorption was re-
moved) by computing atmospheric absorption for the test conditions over the propagation
path and adjusting the data accordingly. Atmospheric absorption was computed by using
continuous frequency-dependent functions derived from reference 17. For the QF-9
spectra, which contained significant fan noise as well as some jet noise, the general
shape of each measured spectrum was accounted for and the one-third-octave band at-
tenuations were obtained by integrating the continuous absorption functions over each
band (ref. 18).

For power calculations, the SPL's were presumed to be axisymmetric and were in-
tegrated over an enclosing hemisphere. Implicit in this procedure was a perfectly re-
flective ground plane in the sense that acoustic intensity was doubled in the far field. No
corrections were made for signal interference effects at the microphones because of

ground reflections.
Calculations of atmospheric absorption for a standard day of 15° C and T0-percent

relative humidity were made using the data referred to the source and the data so ad-
justed to standard-day conditions. All one-third-octave band SPL data reported herein
are adjusted to standard-day conditions.

The perceived noise values were calculated (ref. 19) from the standard-day data.
The perceived noise values take into consideration the frequency -dependent sensitivity
of human hearing, thus giving an indication of the human annoyance of the fan noise. For
the sideline PNL determinations, the data were adjusted to a 152.4-meter (500-ft) side-
line.

Narrow-band analysis. - A fine-resolution, constant-bandwidth analysis shows more
detail of the SPL spectra than is possible with the one-third-octave analysis. Narrow-
band spectra of selected data were obtained using the magnetic tape recorded data. The
effective bandwidth of this spectra is 32 hertz for a 10-kilohertz total range and 3.2 hertz
corresponding to a 1-kilohertz range. It should be noted that these spectra were not ad-
justed in any way and present the signals at the microphones under test-day conditions.




AERODYNAMIC PERFORMANCE

The quiet fan facility was designed primarily for acoustic testing of full-scale fans.
The aerodynamic instrumentation, as described, was limited to obtaining an indication
of the aerodynamic performance of the fan. Consequently, the aerodynamic results for
QF-9 are not as precise as might have been obtained from a specialized aerodynamic
test facility such as that of reference 3. Table IV presents a summary listing of se-
lected aerodynamic results for QF -9 for the various configurations which were tested.

Figures 11 and 15 present selected aerodynamic results for QF-9. In general, the
aerodynamic results are shown as functions of the percent of corrected fan design speed
to facilitate a correlation of these results with the acoustic results.

A conventional fan operating map for fan QF-9 is presented for takeoff (design) rotor
blade angle (64°) in figure 11(a) and for approach (50°) in figure 11(b). The stage total
pressure ratio is plotted as a function of inlet corrected mass flow to give a series of
constant percent speed curves. The model (50.8-cm rotor tip diameter) data of refer-
ence 3 were scaled for mass flow differences and also presented on the map for the take-
off rotor angle. An estimated stall line for fan QF-9 is shown on the maps based on the
small-scale model results.

A The performance map for takeoff (design) rotor angle (fig. 11(a)) of the full-scale
fan shows good agreement with the model fan results. The measured values at takeoff
(design) speed and design nozzle area of the QF-9 fan stage fell somewhat short of the
design-predicted values of weight flow and pressure ratio. The measured weight flow
was 388 kilograms per second (855 lbm/sec) as compared to the predicted 403 kilograms
per second (889 1bm /sec), and the pressure ratio of 1.17 was less than the predicted
1.20. To achieve a higher pressure ratio, the QF-9 was run at speeds above its takeoff
(design) speed. The maximum stage pressure ratio of 1.265 was obtained at 120 percent
design speed with the nozzle having 92 percent of design nozzle area.

The performance map for approach rotor angle is shown in figure 11(b). Model data
were not available for the 50° rotor angle.

The measured performance values at the designated approach speed (86 percent de-
sign) and design nozzle area of QF-9 also fell somewhat short of the design-predicted
values of weight flow and pressure ratio. The measured weight flow was 274 kilograms
per second (604 lbm /sec) as compared to the predicted 284 kilograms per second
(626 1bm/sec), and the pressure ratio was 1.08 as compared to the predicted 1.096.

The approach configuration was also run at speeds above approach speed (86 percent of
design). The maximum stage pressure ratio of 1.129 was obtained at 100 percent of de-
sign speed with the nozzle having 92 percent of design nozzle area.

The overall stage pressure ratio and corrected inlet mass flow shown in figure 11
are plotted as functions of corrected fan speed in figures 12(a) and 13(a), respectively.
Figures 12(b) and 13(b) present stage pressure ratio and corrected inlet mass flow for



the design nozzle area for several rotor pitch angles in addition to design (640) and ap-
proach (500). Manually resetting the blades for a 69° pitch angle increased both pres-
sure ratio and mass flow. The measured pressure ratio at design speed and nozzle area
(fig. 12(b)) was 1.188, slightly below design. The measured inlet corrected mass flow
was 403 kilograms per second (888 lbm/sec) (fig. 13(b)), essentially the design value.

The stage adiabatic efficiency results obtained for fan QF -9 were low compared to
those obtained for the model fan (refs. 3 and 4) and design values. For example, at the
design operating condition the measured efficiency was 0.78 - considerably less than the
predicted value of 0.90 (table I). This appears to be a facility related problem, perhaps
due to recirculated airflow. Since there is this uncertainty in magnitude, the full-scale
fan efficiency results are not included with this aerodynamic results presentation. How-
ever, the relative levels are believed to be correct and are presented in a later section
on acoustic results as an aid in explaining the acoustic behavior of the fan.

For thrust-reversal the rotor blades were manually reset to an angle of 148°. The
limited aerodynamic instrumentation for the reverse thrust tests provided for only inlet
mass flow measurement. When compared to forward thrust, figure 13(c), the measured
inlet corrected mass flow for reverse thrust was reduced at comparable speeds. At
100 percent speed the corrected mass flow was 254 kilograms per second (599 lbm/sec),
or about 65 percent of the measured corrected inlet mass flow at takeoff design condi-
tions.

The stage corrected thrust as a function of percent of corrected fan speed (fig. 14(a))
shows that QF -9 at design-point operation developed less than the calculated design cor -
rected thrust of 71 705 newtons (16 120 Ibf). The maximum corrected thrust of 79 334
newtons (17 835 1bf) was obtained at 120 percent of takeoff (design) speed with the nozzle
having 92 percent of design nozzle area. Figure 14(b) presents corrected thrust for
several other forward-thrust rotor pitch angles, including takeoff and approach.

Aerodynamic results indicate that design goals could be approached by an increase
in fan design speed, changing the fan pitch angle from 64° to 690, and decreasing the fan
exhaust nozzle area to one having 92 percent of design nozzle area. These results are
consistent with the scale model tests of references 3 and 4.

The corrected nozzle exit velocity as a function of inlet mass flow is provided in
figure 15 as an aid to the reader who may wish to correlate the jet noise parts of the
acoustic results with the fan stage exit velocity.

ACOUSTIC PERFORMANCE

Fan QF-9 was tested at several rotor pitch angles (see table III). While pitch angles
were specified for takeoff and approach conditions, it is informative to compare the per-
formance at other blade pitch angles with that observed for the design pitch angles.
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This discussion on the fan QF-9 acoustic performance is divided into four main
groupings. The first section deals with the acoustics at the design takeoff rotor pitch
angle and covers the range of fan speeds and nozzle areas tested. The second section
similarly treats the performance at the design approach rotor pitch angle. A compari-
son of the fan performance at all tested forward-thrust rotor pitch angles is given in the
third section, while the fan QF-9 performance at reverse thrust rotor pitch angle is con-
sidered in the fourth section.

A complete listing of the fan QF -9 acoustic results and computer plots of selected
results are presented in the fan QF -9 data report (ref. 5).

Design Rotor Pitch Angle

Sound pressure level, - The SPL results for fan QF -9 with design nozzle area are
presented in figures 16 and 17 at 20° and 1300, respectively, from the fan inlet. The
data at these angles are representative of front and rear quadrant results. Figure 16(a)
presents the one-~third-octave spectra at 20° from the fan inlet at design fan speed and

120 percent of design fan speed. The fundamental blade passing frequency (BPF) and
overtone (2 BPF) are well defined in these spectra. The spectrum at 120 percent of fan
design speed (256 m/sec, 840 ft/sec) shows a region of multiple pure tones (MPT) at
about half of the fundamental blade passing frequency. At this speed the rotor tip rela-
tive velocity is 315.2 meters per second (1034 ft/sec), which implies that local regions
of near-sonic flow relative to the rotor may exist (see fig. 16(c)).

The constant bandwidth (32 Hz) narrow-band spectra for the results of figure 16(a)
are presented in figure 16(b). Again, the blade passing tones and overtones are clearly
distinguished in these spectra.

Figure 16(c) gives a finer resolution (3.2-Hz bandwidth) narrow-band spectrum of
the region of multiple pure tones seen in figure 16(a) for 120 percent of design speed.
The multiple pure tone spikes, at the expected shaft rotation frequency spacing, are
more than 10 decibels down from the blade passage tone level.

The SPL spectra at 130° from the fan inlet are presented in figure 17. One-third-
octave spectra for 100 and 120 percent of fan design speed are given in figure 17(a) with
corresponding narrow-band spectra in figure 17(b). It should be noted that the blade
passing tone at design speed (fig. 17(a)) is split between two one-third-octave filters
with no distinct tone noise peak. This tone spike is seen to exist as expected in the
corresponding narrow-band spectrum of figure 17(b)). Data from both figures show a
marked increase in both tone and broadband levels, indicating higher noise generation in
the rear guadrant for 120 percent of fan design speed.

Directivity effects are presented in figure 18 which shows the overall SPL as a func-
tion of angle from fan inlet for selected fan speeds. These data are for the design area
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nozzle. As the fan speed increases, the peak noise level is seen to shift from the front
to the rear quadrant, with a marked rear quadrant dominance for speeds above design.
Higher noise levels in the rear quadrant are commonly seen for noncutoff fans and im-
ply that dominant noise generation in fan QF -9 occurs in the stator region.

Noise components. - As part of the one-third-octave analysis, an attempt was made
to separate the tone and broadband components of the fan noise. Beginning with the total
spectrum, an assumed broadband spectrum is drawn by disregarding those data points
thought to be influenced by the tone noise. In many cases the tone spike was shared by
two one~third-octave filters. The tone contribution to the SPL and PWL was found by
performing a decibel subtraction of the assumed broadband spectrum level at each fre-
quency from the data as shown in figure 19. All tone contributions, fundamental and
harmonic, were then added to give the total tone level. Finally, this total tone value
was subtracted from the overall for the spectrum to give the actual broadband SPL.
Operation of the fan with a rotor relative Mach number appreciably greater than 1.0
would make this separation of tones much more difficult due to the prominant existence
of multiple pure tones. For fan QF-9 this condition only occurred for the 120 percent
of design speed data. Since MPT values were more than 10 decibels down, they were
not separated into components. This method of separating the tone and broadband com-
ponents is an approximation. A more exact approach is to work from fine resolution
narrow band spectra. However, this greater resolution would also greatly increase the
complexity of the calculations. Hence, the one-third-octave spectra were deemed suf-
ficient for this study. A further discussion of the use of narrow band spectra for ana-
lyzing noise components is given in reference 20.

Using the tone and broadband separation method discussed with figure 19, the SPL
directivity plot of figure 18 was separated into tone and broadband components in fig-
ure 20. The SPL tone component, figure 20(a), shows much more variation with fan
speed in the rear quadrant than in the front quadrant. The over-design fan speed results
are especially high in the rear quadrant. At 86 percent of design fan speed and above
the tone SPL shows remarkably little variation with fan speed up to 60° from the fan in-
let. Similar trends are noted for the broadband directivity with greater fan speed sen-
sitivity observed in the rear quadrant (fig. 20(b)). However, the tront quadrant broad-
band SPL increases in an expected manner with fan speed,

Sound power level. - The overall sound power level (DAPWL) is presented as a
function of the stage pressure level in figure 21. At speeds below design (i.e., where
the stage pressure ratio is less than 1.20) the results for the design and smaller nozzle
areas are essentially the same. Opening the nozzle area to 5 percent over design added
about 1 decibel to the OAPWL at any tested pressure ratio. Above design speed there is
a marked difference in the results for the design and 92 percent of design area nozzle,
with the design area nozzle showing the higher OAPWL at comparable pressure ratios.
The increases in OAPWL above design speed in figure 21 may reflect the decrease in
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aerodynamic performance of these test points for the design area nozzle resulting in
more turbulent airflow.

The blade total loss coefficient gives an indication of the blade performance and has
acoustic implications since higher loss coefficients are associated with worsening blade
airflow conditions. The model fan results (refs. 3 and 4) include blade total loss coeffi-
cients. These results show a considerable increase in the total loss coefficient with a
fan speed increase from design to 20 percent over design, thus providing aerodynamic
rational for the higher noise associated with overspeed operation.

Another related aerodynamic parameter is the stage adiabatic efficiency. The effi-
ciency results for the full-scale fan QF -9 stage likewise imply worsening flow conditions
with operation above design speed. These efficiency results for fan QF -9 will be further
discussed under the acoustic results section dealing with the effects of several rotor
pitch angles.

The design-area nozzle OAPWL results of figure 21 were separated into tone and
broadband components and plotted as functions of fan tip speed in figure 22. The OAPWL
results are also given in this figure. The tone PWL component is seen to be a less sig~
nificant part of the OAPWL at fan tip speeds above 200 meters per second, thus implying
that broadband noise would control the overall noise.

Perceived noise levels. - The PNL's are frequency -weighted for human hearing,
and, therefore, are of major importance in selecting a suitable fan for a STOL aircraft
which is to operate near populated areas. The low number of rotor blades and relatively
low rotor tip speed of fan QF -9 take advantage of this perceived noise weighting. Fig-
ure 23 is a noy curve showing the perceived noise spectrum for a 100-decibel SPL oc~-
curring at all frequencies. The perceived noisiness is highest at 3000 to 4000 hertz.
The fan QF -9 fundamental first and second overtones are spotted on this noy spectrum
and are seen to occur in a region of relatively low noy levels.

A perceived noise directivity plot for fan QF -9 with the design area nozzle is pre-
sented in figure 24, The perceived noise is calculated along a 152. 4-meter (500-ft)
sideline. Near the fan inlet the PNL shows little variation with fan speeds above 86 per-
cent of design. However, past 50° from the inlet the fan speed effect is quite evident,
with the over-design speed results showing high rear quadrant PNL's, These high rear
quadrant levels are even more pronounced than for the OAPWL directivity (fig. 18) and
are controlled by the broadband noise component which is quite high in the region of
maximum perceived noise sensitivity. In figure 24 the maximum calculated perceived
noise along the 152. 4-meter (500-ft) sideline at fan takeoff (design) speed was 100.1
PNdB.

The perceived noise directivity at design fan speed for the tested nozzle areas
(fig. 25) shows only a slight but insignificant nozzle area effect in the rear quadrant,
while the PNL in the front quadrant shows a more significant 4 decibel change. This re-
lation between PNL and nozzle area is typical of that observed for other fans (e.g., see
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refs. 13 and 14).
A history of the tone corrected perceived noise level (PNLT) for an aircraft flyover

is presented in figure 26. The levels are calculated for four QF-9 fans operated at de-
sign speed and nozzle area each having a thrust level of 57 600 newtons (13 000 Ibf).
However, these results are not adjusted for core engine noise nor for possible aircraft
aerodynamic noise or for forward motion effects. The aircraft is considered to fly
overhead at a constant 152, 4-meter (500-ft) altitude at a velocity of 41 meters per second
(135 ft/sec). The peak flyover noise level occurs 2.5 to 3 seconds after the aircraft is
directly overhead, indicating higher rear quadrant noise. Effective perceived noise
level (EPNdB) is obtained by integrating the PNLT history with a standard normalization
(ref. 21). For typical STOL aircraft flight profiles, a comparison of EPNdB and PNdB
values shows that PNdB values are about 1 or 2 decibels higher than corresponding
EPNJB results. For figure 26 the EPNdB level for four QF-9 fans is 105.2, which is
considerably higher than the goal of 95 EPNdB. Hence, acoustic treatment would be re-
quired in conjunction with engines using the QF -9 fan to make it acceptable for use in a
quiet STOL aircraft.

Noise predictions. - QF -9 fan data were used in reference 22 along with data from
six other fans to develop a general fan noise prediction procedure. This procedure does
not consider the jet noise contribution to the spectrum. A comparison of the predicted
spectrum with QF-9 measured data at 40° and 120° is shown in figure 27, At 40° from
the fan inlet (fig. 27(a)) the prediction is seen to approximate the broadband spectrum at
most frequencies. However, the fundamental tone level is slightly overpredicted partly
because the measured tone is shared between two one-third-octave filters. Noise con-
tributions at frequencies below 200 hertz are associated with fan jet noise and are not
included in the prediction. The correlation at 120° from the fan inlet (fig. 27(b)) using
the method of reference 22 is also quite good, especially with respect to the fundamental
blade passage and overtone levels. A prediction of the fan QF-9 PNL along a 152. 4~
meter (500-ft) sideline is compared to fan data in figure 27(c). The method of refer-
ence 22 gives results which compare within 2 decibels of the measured PNL at all
angles; however, as noted, the QF-9 data were among the six inputs to the prediction
method.

Approach Rotor Blade Pitch Angle

The fan QF -9 acoustic results for the designated approach rotor pitch angle (50°)
will be presented in a manner similar to that used for the takeoff (640) results. The
designated approach fan speed for fan QF-9 is 86 percent of design, and the designated
approach thrust is 36 000 newtons (8100 Ibf), one-half of the takeoff (design) value.
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Sound pressure level. - Representative front and rear quadrant approach rotor pitch
SPL spectra are presented in figure 28. Results are shown for 86 and 100 percent of
design fan speed. Front quadrant results at 20° from the fan inlet axis are given in fig-
ure 28(a). The spectra are typical with the only unexpected feature being the high blade
passing tone level for 86 percent design fan speed at the front, 20° location. Even when
the sharing of the passing tone between two one-third-octave filters for the design speed
results of figure 28(a) is considered, the approach speed spectrum still has a slightly
higher passing tone level. The 86 percent design fan speed SPL results exhibited a rel-
atively high blade passing tone level at most measured front quadrant locations (see
ref. 5). Rear quadrant results at 130° are in figure 28(b). The specira are typical with
both the fundamental blade passing tone and broadband increasing with speed.

The SPL directivity for the approach rotor angle and design nozzle area configura-
tion is presented in figure 29 for five fan speeds. A few points at 150° and 160° from the
fan inlet appear erratic and may have been influenced by the fan exhaust impinging the
microphones. If these points are disregarded, fan QF-9 at approach has its highest SPL
in the front quadrant at 30° or 40° from the fan inlet.

Sound power level. - The OAPWL at approach rotor angle is plotted as a function
of the stage pressure ratio in figure 30. The nozzle area has considerable effect on the
OAPWL at tested pressure ratios for the 50° rotor pitch angle. This contrasts with the
slight nozzle area effect on the OAPWL at takeoff rotor angle (see fig. 21). At each
tested pressure ratio, the OAPWL results for the 95 percent design area nozzle appear
as a minimum.

The broadband and pure tone components of the SPL are plotted against corrected
rotor tip speed in figure 31. Except for rotor tip speeds less than 150 meters per sec-

ond, the tone and broadband components are essentially equal. In both figures 30 and 31
the acoustic data influenced by fan exhaust were modified by substituting adjacent micro-
phone data which were free of exhaust effects.

Perceived noise. - The approach condition PNL along a 152. 4-meter (500-ft) side-
line for fan QF-9 is presented in figure 32. Results are shown for four nozzle areas.
The maximum PNL is approximately the same in the front and rear quadrants for each
nozzle area. While the largest nozzle area, 105 percent of design, resulted in the high-
est PNL, the trend of minimum noise at 95 percent design nozzle area noted in figure 30
was also the case for perceived noise,

Comparison of takeoff and approach conditions. - A plot of the maximum sideline
PNL as a function of nozzle area is given in figure 33. Results are for the takeoff rotor
angle at design fan speed and the approach rotor angle at 86 percent design fan speed.
Changes in nozzle area resulted in very small PNL changes for the takeoff condition.
However, the results for the approach condition showed considerable sensitivity to
changes in nozzle area, again showing a minimum PNL for the 95 percent of design noz-
zle area.
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Results for Several Rotor Pitch Angles

Several other forward-thrust rotor angle positions were tested in addition to takeoff
(640) and approach (500) positions. In many cases minimum fan noise was found to occur
at off -design rotor pitch angles. The relation of fan noise to the rotor pitch angle will
be considered in this section in terms of PWL and PNL. Only results for the design
area nozzle will be considered. The results of this section will be summarized in a map
of stage thrust as a function of fan speed with superimposed lines of maximum sideline
PNL.

A further discussion of the relation of noise to rotor pitch angle for the fan is avail-
able in reference 23. The reference further establishes the role of the rotor loss coef-
ficient as it relates to fan noise generation with conditions of minimum fan noise corre-
sponding to minimum rotor loss coefficient.

Sound power level. - Reference 24 develops a method whereby noise results may be
normalized with respect to thrust by subtracting 10 log,, (thrust) from the noise values.
This procedure was applied to the OAPWL results and these adjusted results are plotted
as functions of rotor pitch angle in figure 34. On this basis, a rotor pitch angle of 57°
appears to produce the least noise,

Perceived noise. - The maximum PNL for several stage thrust values are presented
as a function of rotor pitch angle in figure 35. At constant thrust, the minimum sideline
PNL is seen to shift with increasing thrust. At approach, which has a thrust level of
one-half the stage design thrust, the minimum sideline PNL occurs at a rotor pitch angle
of 57°. This minimum noise rotor pitch angle shifts to the design value of 64° for thrust
levels approaching design. This relation of thrust and noise is summarized in the plot of
corrected thrust as a function of fan speed in figure 36. Lines of constant sideline PNL
are superimposed on the aerodynamic results.

Reference 9 comments that predicted maximum stage efficiency occurs at points of
minimum fan noise. The fan QF -9 efficiency results are consistent with the conclusions
as may be seen from the plot of stage adiabatic efficiency as a function of rotor pitch
angle (fig. 37). Because of the uncertainty in the magnitudes of the measured efficiencies
for the full-scale fan (as discussed in the Aerodynamic Performance section) the results
of figure 37 are plotted on a relative scale of efficiency points. The trends of the effi-
ciency levels as a function of rotor pitch angle are generally the inverse of the noise be-~
havior. The maximum efficiency occurs for a rotor pitch angle of 57° to 64° generally
following the fan speed relation for minimum noise noted for figure 36. Overspeed re-
sults, which show increased noise levels, show a reduced stage efficiency.
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Reverse Thrust Rotor Pitch Angle

One of the major features of the fan QF -9 design is the ability to adjust the rotor
blade pitch angle to achieve thrust reversal. The fan QF -9 rotor blade passes through
feather position to the reverse thrust setting or 148° (fig. 6). A blast deflector was
erected between the drive motor building and the fan stage (see fig. 8(b)) to protect the
drive motor building wall from possible wind damage during reverse thrust tests. For
reverse thrust tests, a nozzle with divergent walls was used as the inlet to simulate a
bellmouth. A similar arrangement would be required on an engine application of a re-
versing fan such as QF-9. Results for the scale model fan run in the reverse thrust con-
figuration are available in reference 25.

Sound pressure level. - Fan QF-9 was run in the reverse thrust mode both with and
without the blast deflector to determine the effect this deflector would have on noise

measurements. This comparison is presented in the SPL spectra of figure 38 for design
fan speed. Figure 38(a) presents one-third-octave spectra at 150° from the normal fan
inlet axis (drive shaft end), which is temporarily the inlet in the reverse thrust mode.
The spectral differences at blade passing frequency are due to slight fan speed differ-
ences which resulted in a different one-third-octave reduction of this passing tone. Dif-
ferent ambient temperatures for the two tests necessitated these fan speed differences to
maintain the desired corrected fan speed. Figure 38(b) presents spectra at 40° from the
fan inlet. Narrow-band SPL spectra corresponding to the one-third-octave results of
figure 38 are presented in figure 39 for the reverse thrust configuration with the blast
deflector installed. It is evident that the blast deflector had little influence on the
acoustic results.

Sound power level. - Figure 40 compares the PWL spectra for fan QF-9 for forward
and reverse thrust configurations at design fan speed. The forward thrust results are
for the takeoff (640) rotor angle and design nozzle area. Reverse thrust mode PWL re-
sults are higher than corresponding forward thrust results. This is true for both broad-

band and blade passage tone levels. In addition, reverse thrust operation generates a
significant facility related broadband noise contribution which peaks around 160 hertz and
arises from the high-speed exhaust flow scrubbing over the fan drive shaft and supports
during reverse thrust operation.

The PWL was separated into broadband and tone components, and they were plotted
as functions of corrected rotor tip speed in figure 41. At all tested fan speeds the broad-
band noise was the major component of the PWL as might be expected from the interac-~
tion of the rotor with the stator wakes for reverse thrust flow conditions.

Perceived noise. - In reverse. thrust operation the PNL along a 152. 4-meter (500-ft)
sideline is highest in the front quadrant as shown in the directivity plot of figure 42. The
PNL tended to be highest in the rear quadrant for forward thrust operation of fan QF -9
(see figs. 25 and 32). In short, the highest PNL is always observed in the exhaust quad-
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rant regardless of flow direction.

Figure 43 presents the maximum PNL along a 152. 4-meter (500-ft) sideline as a
function of percent of fan design speed. The design takeoff rotor angle, nozzle area,
and fan speed results are compared to the reverse thrust results at comparable fan
speeds on this figure. The reverse thrust PNL are about 4 to 5 PNdB above takeoff

results at comparable fan speeds.

SUMMARY OF RESULTS

This report presents the acoustic and aerodynamic performance for a 1.83-meter-
(6-ft-) diameter experimental fan stage with characteristics suitable for a low-noise
STOL engine. The 1.2 pressure ratio fan stage, designated QF-9, incorporated features
for low noise including the elimination of inlet guide vanes, low rotor blade tip speed,
long axial spacing between the rotor and stator blade rows, and low number of rotor
blades. The QF-9 fan featured adjustable pitch rotor blades which were incorporated
primarily for thrust reversal but also as a way to optimize thrust noise relations for
forward thrust operation.

The QF-9 was run without acoustic suppression in the flow passages. Four nozzle
areas were tested. Tests were made in the speed range from 60 to 120 percent of fan
takeoff (design) value.

Summary of Aerodynamic Results

The measured values of mass flow and stage pressure ratio fell somewhat short of
the design-predicted values. At takeoff (640) rotor pitch angle the measured inlet cor-~
rected mass flow was approximately 4 percent low and the stage pressure ratio was 1,17
as compared to the predicted 1.20. The maximum stage pressure ratio of 1.265 was ob-
tained at 120 percent of design fan speed with a nozzle area 92 percent of design.

At approach (509 rotor pitch angle the measured inlet corrected mass flow was ap-
proximately 35 percent low and the stage pressure ratio was 1.08 as compared to the
predicted 1.096. The maximum stage pressure ratio of 1.129 was reached at 100 percent
of takeoff speed with the nozzle having 92 percent of design area.

Adjusting the fan rotor blades to a pitch angle of 69° increased both pressure ratio
and mass flow. The measured stage pressure ratio at takeoff (design) fan speed (rotor
tip speed, 213 m/sec) and design nozzle area was 1.188, slightly below design. The
measured inlet corrected mass flow was 403 kilograms per second (888 lbm /sec), es-
sentially the design value.

Forward thrust data from a range of nozzle sizes, rotor angles, and fan speeds in-
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dicate that aerodynamic performance goals could be approached by either an increase in
fan design speed or resetting the fan pitch angle to 69° and decreasing the fan exhaust
nozzle area to 92 percent of design nozzle area.

When compared to forward thrust, the measured inlet corrected mass flow for re-
verse thrust at design fan speed was about 65 percent of the flow measured at takeoff de-
sign conditions.

Summary of Acoustic Results

The acoustic results for fan QF -9 were presented for several forward thrust rotor
pitch angles, including the takeoff (design) angle of 64° and the designated approach angle
of 50°, Also, results were given for the reverse thrust configuration with a rotor pitch
angle of 148°.

Some of the significant results of these investigations are as follows:

1. The maximum perceived noise along the 152, 4-meter (500-ft) sideline for takeoff
design configuration was 100.1 PNdB. However, the EPNdB flyover noise level calcu-
lated from the static measurements for an aircraft employing four QF -9 fans was 105.2
decibels at 152.4 meters (500 ft). Hence, acoustic treatment would be required to meet
present guidelines for use in a quiet STOL aircraft.

2. For takeoff, thrust, and with the design area nozzle, the minimum sideline PNL
occurred at a rotor pitch angle of 640, the design value. However, for approach thrust
level (one-half the takeoff thrust) the minimum sideline PNL occurred at a rotor pitch
angle of 57°.

3. The fan stage adiabatic efficiency generally showed a maximum value for mini-
mum noise run conditions. Likewise, the scale model QF -9 fan rotor loss coefficient
results minimized for operating conditions corresponding to those producing minimum
noise in the full-scale fan.

4. For the design configuration, the perceived noise was highest in the aft quadrant
with the most PNL variation with fan speed likewise observed in the aft quadrant.

5. The one-third-octave spectra were used to separate the broadband and pure tone
components of the fan noise. The broadband components of SPL were seen to be the more
significant part of the OAPNL at fan tip speeds above 198 meters per second (651 ft/sec),
thus implying that broadband noise would control the overall noise.

6. Reverse thrust operation resulted in PNL's 4 to 5 PNdB above takeoff levels at
comparable fan speeds. The noise peaked in the front quadrant (the exhaust quadrant for
reverse thrust operation). The SPL spectra for reverse thrust operation showed the
noise increase to include a significant jet noise contribution in addition to increased
higher frequency broadband noise relative to the forward thrust design configuration
results.
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7. The maximum sideline PNL was considerably more sensitive to nozzle area ef-
fects at the approach rotor pitch angle than for the takeoff pitch angle. For example,
the maximum sideline PNL was nearly constant over the range of tested nozzle areas for
the takeoff rotor pitch angle and design fan speed. However, a clear minimum was evi-
dent in about 6 PNdB variation over the nozzle area range tested at the approach rotor
pitch angle and the designated 86 percent design approach fan speed.

Lewis Research Center,
National Aeronautics and Space Administration,
Cleveland, Ohio, August 26, 1976,
505-03.
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APPENDIX - AERODYNAMIC CALCULATIONS

Symbols
A flow area, m?
a speed of sound at standard conditions, m/sec
CF bellmouth flow coefficient
F thrust, N
g gravitational constant
M Mach number
P total pressure, gage, N/m2
P, ambient total pressure, N/m2
PR pressure ratio
R universal gas constant
S static pressure, gage, N/m2
T total temperature, K
T, ambient temperature, K
TR temperature ratio
A" velocity, m/sec
W  mass flow, kg/sec
Y ratio of specific heats, 1.4 used for air
5 ratio of total pressure to standard pressure
n adiabatic temperature rise efficiency
6 ratio of total temperature to standard temperature
Subcripts:
C corrected
T total
0 ambient
1 inlet duct static measuring station
3 stator discharge measuring station
5 nozzle discharge measuring station
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9  bellmouth lip measuring station

Equations

Total temperature:

T =
6
Inlet duct static pressure:
6
S, = ———
1 6
Inlet duct Mach number:
2/1
P
0 > 9
P, +
Ml _ 0 1
0.2

Corrected inlet mass flow:

101 325 N/mz‘\/-y_; A

W 288.15 K R

c1= 3
(t+o0.2 M?)

where standard atmosphere is 101 325 N/m2 (14.70 psi) and standard temperature is
288.15 K (15° C, 59° F).
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Total inlet mass flow:

where
_ Py
5y =
101 325 N/m2
T, +273.15 K
5. -0

17 988.15K

Stator discharge Mach number:

) 12/1
P3(a) + Py 4
533 + Po

0.2

M,(a) =

Corrected stator exit mass flow:

101 325 N/m? _[rg V5 A.@) Ps@ + Py |
y288.1K VR 3 S,(@) + P,

Wes@ = —

P,(a) + Py 6/1

S3(a) + Py

where A3(a) is the flow area associated with each rake total pressure element, and for
n rake elements

Wez= >, Wes@)
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Total stator exit mass flow:

5o(a)
Wrno(@) = Wy —oe
T3 C3 93(a)
where
P,(a) +P
64(a) = 3% "0

101 325 N/m?

T3(a) +273.15K
288.15 K

93(a) =

for each rake total pressure element a.

n
Wr3 = z Wrs(2)
a=1

Stage pressure ratio:

n
[Py(a) + Py
=1

a W

(a)
T3
Py

Wors

PR =

Stage temperature ratio:

n
21 [T,(a) + 273.15]- Wrg(a)
TR = 22

W, « (T + 273.15)

T3
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Stage adiabatic efficiency:

pPR2/T .1

17:——-.
TR - 1

Nozzle discharge Mach number (calculated at each discharge rake element location c):

P5(c) + PO 2/1 i
Sc(e) + P
M5(c) = 5 0
0.2
Local exhaust velocity:
M.(c) * a - VG
V() = — 5 2

where

Stage thrust:

14 M A P P
) = - (C)#v ,FC)M + [As(c) . S(c)]

{1 + 0.2[M5(c)]2}7/2

where A5(c) is the flow area associated with each rake total pressure element, and for
n rake elements

F5(c

n
Fp = 2 Fe(c)
c=1
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Corrected stage thrust:
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TABLE I. - AERODYNAMIC DESIGN PARAMETERS

Overall total pressure ratio . .. ... s e e et e e e e e e e ... 1,20
Corrected rotor tip speed, m/sec (ft/sec) . . . . . .. ... ... 213.3 (700)
Predicted overall efficiency, percent . .. .. .. ... ... ..... 90.2
Corrected inlet weight flow, kg/sec (lb/sec}. . . . . . . . . .. ... 403 (889)
Corrected inlet specific weight flow, kg/sec-m2 (lb/sec-ftz) ... 194.8 (39.9)
Stage thrust, N(lb) . .. ....... e e . .. 71705 (16 120)
Work coefficient . . .. .. ... ... e e e e e e e e e e e e e e 0.369
Rotor head-rise coefficient . . . . . .. .. .. . ... ... 0.348
Stage head-rise coefficient . . . « « « . . . . v e i bt e e 0.334
Rotor tip diameter, m (ft) . . . . . .. .. 00000 oL 1.829 (6.0)
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TABLE M. - BLADE DESIGN PARAMETERS

Number of blades
Chord, cm (in.)
Hub
Tip
Solidity
Hub
Tip
D-factor
Hub
Maximum
Tip
Camber angle, deg
Hub
Tip
Chord angle, deg, relative to fan axis
Hub
Tip
Mean aspect ratio
Rotor inlet hub-tip radius ratio
Tip relative inlet Mach number
Material
Corrected speed, rpm
Blade passage frequency, Hz
Mean rotor ~stator separation, rotor
chords

Rotor

15

21.5 (8. 46)
34.3 (13.5)

1.219
0.893

0.530
0.530
0.431

44.89
18.40

5.61

41.14

1.70

0.460

0.865

Composite and titanium
2227.0

557

2

Stator

11

38.1 (15.0)
38.1 (15.0)

1.406
0.714

0.512
0.512
0.363

52..50
56. 40

16.30
11.32
1.23




TABLE HI. - TEST CONFIGURATIONS

Configuration description

Rotor blade

Nozzle area,

Comments

pitch angle, percent of
Bg, design®
deg
64 (takeoff) 100 Far-field noise
95
92
105
50 (approach) 100 Far-field noise
95
92
105
57 100 Far-field noise
69 100
45 100
59 100 Far-field noise, overspeed
64 100
64 92
148 (reverse) 105 Far-field noise

9Design nozzle area, 2.02 m2 (21.75 ftz) .
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TABLE IV. - SELECTED AERODYNAMIC RESULTS

Configuration description | Percent of| Corrected, | Corrected tip |Inlet duct|Stage | Corrected inlef Corrected
design rpm speed Mach |pres- weight flow thrust
Rotor blade |Nozzle area, speed number | sure
pitch angle, | percent of m/sec|ft/sec ratio | ke/sec b/se¢] N 1b
Bg, takeoff
deg

64 (takeoff) 100 80 1328 128 421 0.223 |1.060} 238 526 | 21 300 4 790
70 1550 149 490 .262 |1.081 276 608 | 28 600 | 6 440

86 1898 183 601 .327 |1.126' 336 742 | 42900 | 9 650

93 2059 198 651 .357 |1.146 363 800 | 49 600 |11 200
100 2214 213 | 700 .386 | 1.170 388 855 | 57 600 |13 OOOJ
1

95 60 1338 128 | 421 | 0.212 |1.061 226 | 498 | 20700 4660

70 1554 149 490 .249 |1.084 263 580 | 28 000 | 6 300

86 1905 183 | 601 .310 |1.128 321 708 | 42 100 9 470

93 2068 198 ' 651 .340 [1.152 349 769 | 50 400 11 300

100 2222 213 700 .367 - 1.175 372 820 | 56 900 12 800

92 60 1328 128 421 0.202 1.064 216 476 | 20 700 4 640

70 1546 149 491 .237  1.087 251 554 | 28 000 6 300

86 1893 183 601 .297  1.133 308 680 | 42 100 9 460

93 2051 198 651 .323  1.157 333 T34 | 49 400 11 000

100 2210 214 702 .352 1.185 358 790 | 57 500 12 900

105 60 1335 128 421 0.233 1.059 248 546 | 22 000 4940

70 1557 149 491 .2T4  1.080 287 634 | 30 200 6 790

86 1904 183 601 .342 1,123 349 770 44200 9930

93 2068 198 651 .371 1,144 375 827 51 200 11 500

100 2220 213 700 L400 1,166 400 881 58 700 13 200

50 (approach) 100 60 1343 128 420 0,182 1.040 195 431 14300 3220
70 1567 149 490 .211  1.054 225 497 19 400 4 360

86 1920 183 601 .760  1.080 274 604 28 800 6 480

93 —- U -- T

100 2238 213 700 .302  1.107 313 691 38 500 8 660

95 60 1308 128 420 0.177 1.043 190 419 14800 3 320

70 1526 149 490 L205  1.058 220 484 19 800 4450

86 1868 183 601 .252  1.087 266 586 28 900 6 500

93 2026 198 651 .273  1.101 287 633 33800 7590

100 2178 213 700 .294  1.117 307 676 39 200 8 810

92 60 1312 128 420 0.169 1.045 182 402 14500 3270

70 1531 149 490 .201 1.063 215 473 20 400 4600

86 1874 183 601 .246 1.094 260 574 30 400 6 840

93 2036 199 653 L7639 1.112 282 622 35300 7940

100 2186 214 101 L2900 1.129 303 667 40900 9190

105 60 1304 128 420 0.189 1.039 203 448 13500 3030

70 1519 149 490 .220  1.051 235 518 18 800 4220

86 1858 182 599 .268 1.078 282 622 28 400 6 390

93 2018 198 651 .291 1,090 303 669 33400 7510

100 2168 213 100 L311 1.104 322 711 38800 81730




€€

57 100 60 1327 120 422 0.203 1.050| 217 479 17800 4010

70 1546 150 492 .239  1.068| 253 558 24400 5490

86 1894 183 602 .295 1.101| 308 678 36 300 8 150

93 -—-- smmmme e e cmm eme e eeees

100 2204 214 701 347 1.136| 354 780 47800 10 800

69 100 60 1314 128 421 0.234 1.066| 248 547 24500 5510

70 1533 149 491 .276  1.091| 290 639 33100 7440

86 1878 183 601 .345 1,140 | 352  TI7 48700 10900

93 2037 199 652 .378  1.165| 381 839 57400 12 900

100 2190 214 702 .404 1.188| 403 888 65700 14 800

45 100 60 1324 128 421 0.171 1.035| 184 406 | 13000 2830

70 1545 149 | 491 198 [1.047| 212 | 468 | 17400 3920

86 1890 183 601 .241  1.069 255 563 25300 5680

93 2051 198 652 .260  1.080 274 604 29500 6 640

100 2205 213 700 .279  1.091 202 644 33800 7590

59 100 100 2159 214 701  0.368 1,155 373 822 52 700 11 800

110 2369 235 770 .407 1.185 403 888 62 900 14 100

115 2475 245 806 416 1.196 412 908 64 700 14 600

120 2586 256 840 424 1.202 419 923 67 500 15 200

64 (takeoff) 100 100 2163 213 | 700 | 0.395 |1.177 395 871 60 300 13 600

110 2382 235 | 770 .431 |1.210| 424 | 935 68800 15500

115 2489 245 | 806 .440 |1.222| 431 | 950 71900 16 200

120 2596 256 | 840 .446 |1.231| 435 | 959 | 73 60016 500

92 100 2162 213 | 700 | 0.348 [1.180 | 355 | 783 | 58 30013 100

110 2385 235 | 770 .390 |1.224| 391 | 861 | 68 800|15 500

115 2486 245 | 806 .409 | 1.246| 407 | 897 | 74 400/16 700

120 2599 256 | 840 .425 |1.265| 419 | 923 | 79 300(17 800
148 (veverse) 105 86 1935 183 | 601 | 0.269 |----- 223 | 492
93 2100 198 | 651 B R 239 | 521

100 2257 213 | 700 1§ R —— 254 | 589 | —--mou|-omme-




¥e

Drive shaft

Figure 1. - View of QF-9 rotor blading. Figure 2. - View of QF-9 stator blading.
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Figure 3. - Matrix of design parameters for fans tested
at Lewis quiet fan facility.

Inlet Inlet static Stator discharge total Nozzle discharge
temperature pressure temperature and pressure  total and static
pressure
94.0 145.8
~(37) (57. 4) 153.7 (60. 5) 205.7 (8L, O) —=
Infet

bellmouth +

Drive
shaft — -

. | |
[ ]

Figure 4. - Forward thrust configuration of QF -9 stage showing axial location of instru-
mentation. (All dimensions given in c¢m (in.).)



Bellmouth Stator infet Nozzle
{discharge) static pressure (inlet)
393.5

(154, 9)

s

n//i 450

Drive
shaft

Figure 5. - Reverse thrust configuration of QF-9 stage showing axial location of
instrumentation. (Al! dimensions given in cm (in. ).}

Forward thrust
(design rotor
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Reverse thrust \\\
(rotor blade angle, \\\\

B = 148%) W\ blade angle,
N Bp =64
RN R
\
(A
* Flow AN ‘ Flow

————-
Direction of rotation

Figure 6. - Rotor pitch angle geometry, Blade passes through
feather to reverse thrust position,
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Figure 8. - Test site showing QF-9 in place,

{b) Reverse thrust configuration,
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Figure 9. - Plan view of test site. (All dimensions given in m (ft), }
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Instrumentation

o Total-pressure element
o Total-temperature element, T
| o Static-pressure tap, S

¢ vertical ¢ vertical

Temperature at lip of belimouth inlet Inlet static pressure taps

Three identical rakes: 16 total pressure
elements and 3 static pressure taps
{expanded view shows element distribution)~

~Four identical rakes: 10 total pressure
/ elements and 9 total temperature elements Rake A
y ! (expanded view shows element distri bution)

LA\ Qe
R 8%,
Rake L o501} 2500 S-4 u . Rake C Rake B
¢ vertical ¢ vertical
Stator discharge total pressure and temperature. Nozzle discharge total pressure only.

Figure 10. - Detail of fan aerodynamic instrumentation, All views looking downstream.

Rake C
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Figure 11. - Fan operating map.
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Stage total pressure ratio

1.28

1.24

L16

108

Nozzle area, B
percent of Rotor blade
design pitch angle,
— A0 L ER'
o 100 rDesign a :3
0 9% .
o @ O 64 (takeoff) f Design
— - S5 ® pein
Open symbols der})ote takeoff A 57
rotor angle, 64 N
Solid symbols denote approach A 32 {approach)
rotor angle, 50°

-~ Design
point

Approach Takeoff Approach Takeoff

60 70 80 90 100 110 120 60 70 80 90 100 110
Percent of corrected fan design speed

{a) For two rotor blade pitch angles and four nozzle area. {b) For six rotor blade pitch angles at design nozzle area.

Figure 12. - Stage total pressure ratio as function of percent of corrected fan design speed.

120



Nozzle area,

percent of
design R
1000 — _ _ otor blade _
0 A 05 pitch angle,
¢} 100 0O Bp. ‘
5 — O 95 o _ d _ - Rogor angle
i
° ” . Design ¥ o 4 Designz ! t(,I‘IrLIgtrvdI:?iIgn
900 — L Open symbols denote < % o} 64 (takeoff} / ' nozzle
400 takeoff rotor angle, A I— <& 59 —_ i
64° 3 S ’ A 57 | 7
_ Solid symbols denote _ [N 50 (approach) /
3 315 approach rotor ] D 45 - /
2 00— 8 0 7
£ a angle, 50 03
=2 = v/ /
R = 350 — [0 — —_ /
g z /7
- = ¥~ Design point
8 a 325 — . —
E 700 — ¢
= B
= £ MW — s / — —
DL - 4
2 b .
2 @ i
5 60— £ 5 — — _
[ o
© - Design point
250, —
0
500 — 225 -
)
FiLYY- Approach Takeoff Approach Takeoff
40 75 I | I I I I | I I I | I I I | I
60 70 80 90 100 110 120 60 70 80 90 100 110 120 8 90 100
Percent of corrected fan design speed
{a) For two rotor blade pitch angles and four nozzle areas. (b} For six rotor blade pitch angles at design nozzle area. (c) At reverse thrust rotor
blade pitch angle (148°).

Figure 13. - Corrected inlet mass flow as function of percent of corrected fan design speed.
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(a) For two rotor blade pitch angles and four nozzle areas.

Figure 14. - Corrected thrust as function of percent of corrected fan design speed.

Percent of corrected fan design speed

{b) For six rotor blade pitch angles at design nozzie area,
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Figure 15. - Corrected nozzle exit velocity as function of corrected inlet mass
flow. Design (takeoff) rotor angle, 64°.
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(a) One-third-octave spectra. Bandwidth, 32 hertz.
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(b) Comparison of narrow-band spectra. Bandwidth, 32 hertz.
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{c) Low frequency detail of multiple pure tone spectra, Bandwidth, 3.2 hertz; tip speed, 256 meters per second
(840 ft/sec).

Figure 16. - Sound pressure level specira at 20° from inlet axis on 30. 5-meter (100-ft) radius. Design (takeoff)
rotor angle, 64% design nozzle area.
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(a) One-third-octave spectra.
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(b} Comparison of narrow-band spectra. Bandwidth, 32 hertz.

Figure 17. - Sound pressure level spectra at 130° from inlet on 30. 5-meter (100-ft) radius. Design (takeoff) rotor
angle, 64°% design nozzle area.
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Figure 18, - Effect of fan speed on overall sound pressure level on
30,5 meter (100 ft) radius. Design {takeoff) rotor angle, 64%
design nozzie area.

PWL, Broadband,

dB dB
Fundamental 144.9 130.7
passing tone 143.3 138.7
First overtone 1419 140.5
. Second overtone 141.2 140.2
~Blade passing L
/" frequency (554 Hz) Overali tone contribution, 146. 6 dB

Total PWL, 152 0dB

140
130— — -8 — Assumed broadband
spectrum
O8I T Y Y
315 400 800 1600 3150

Frequency, Hz

Tone,
dB

144.0
141.5

136.3
1343

PWLRROADBAND = PWlrgrar - PWlrone = 150.5 dB

Figure 19. - Separated pure tone and broadband sound pressure and power levels in one-third-octave
spectra. Data shown for takeoff configuration at design speed.
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Figure 20. - Angular distribution of noise components on 30. 5-meter
{100-ft} radius. Takeoff configuration.
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Figure 2L. - Overall sound power level as function of stage pressure
ratio. Design (takeoff) rotor angle, 642,
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Figure 22. - Fan speed effect on sound power noise components.
Design (takeoff) rotor angle, 64% design nozzle area.
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Figure 23. - One-third-octave perceived noise levels for 100-decibel (ref. 2107 Nim?)
sound pressure level at all frequencies.
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Figure 24, - Effect of fan speed on perceived noise along 152, 4-meter
(500-ft) sideline. Design (takeoff) rotor angle, 64% design nozzle

area.
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Figure 25, - Effect of nozzle area on perceived noise along 152, 4-meter
{500-ft) sideline. Design (takeoff) rotor angle, 64% design fan speed,

Tone-corrected perceived

noise level
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Figure 26. - Flyover noise history for four-engine STOL aircraft at
152, 4-meter (500 ft) altitude. Aircraft velocity, 41 meters per
second (135 ftisec); effective perceived noise level, 105, 2 EPNdB;
design nozzle area and fan speed (no relative velocity effects).
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Figure 27. - Comparison of fan noise predicted data to measure QF-9 data for takeoff design
configuration and design speed.
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Figure 28, - One-third-octave sound pressure level spectra on 30 5-meter (100-ft) radius.
Design (approach) rotor angle, 50°%; design nozzle area.
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Figure 32. - Perceived noise level on 152. 4-meter (500-ft) sideline,
Approach design speed, 86 percent of design; approach rotor angle.
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Figure 33, - Maximum perceived noise along 152. 4-meter (500~ft) sideline as
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Figure 34. - Thrust-corrected overall sound power level as function
of rotor angle for design nozzle area.
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Figure 38. - One-third-octave sound pressure level spectra on 30. 5-meter (100-ft) radius.
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Figure 39. - Narrow band spectra (32-Hz bandwidth) on 30, 5-meter (100-ft) radius.
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