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ACOUSTIC AND AERODYNAMIC PERFORMANCE OF A 1. 5-PRESSURE-
RATIO, 1.83-METER (6-FT) DIAMETER FAN STAGE
~ FOR TURBOFAN ENGINES (QF-2) |

by Richard P. Woodward, James G. Lucas, and Joséph R. Balombin

Lewis Research Center

SUMMARY

A 1. 5-stage-pressure-ratio, 1.83-meter (6-ft) rotor-tip-diameter experimental fan
stage designated QF -2, was tested for aerodynamic and acoustic performance at the
NASA Lewis quiet fan facility, The fan was externally driven by an electric motor, De-
sign features for low-noise generation included the elimination of inlet guide vanes, long
axial spacing between the rotor and stator blade rows, and the selection of blade-vane -
numbers to achieve duct-mode cutoff, Fan QF-2 was tested with three nozzle areas.

The fan QF -2 results were compared with those for another full-scale fan having essen-
tially the same aerodynamic design except for nozzle geometry and direction of rotation.
Fan QF-2 used a variable-area nozzle, which was somewhat longer and of slightly differ-
ent exit geometry than the fixed-area nozzles used on the other two fans. Also, the fan
QF -2 aerodynamic results were compared with those obtained for a 50. 8-centimeter
(20-in. ) rotor ~tip-diameter model of the opposite-rotating fan QF -2 design.

A comparison of the aerodynamic results for the full-scale and model fans showed
fan QF -2 with the variable-area nozzle to be operating along the same speed line but at a
lower mass flow than corresponding nozzle area results for the other fan with the fixed-

area nozzle,
Multiple -pure -tone generation for fan QF -2 became more significant at more open

nozzle areas,
Acoustic probes were radially traversed ahead of the rotor and behind the stator of

fan QF-2. A decrease in noise level with insertion distance from the outer wall was ob-
served at both locations at 60 percent of fan design speed.



INTRODUCTION

The QF -2 fan is one of a series of full-scale (1.83-m rotor tip diam) externally
driven experimental fans tested at the NASA-Lewis outdoor fan facility. (Fig. 1 shows
fan QF -2 installed in this facility.) These fans were tested as part of an overall tech-
nology program in support of the design of prototype low-noise turbofan engines. This
report presents the aerodynamic and acoustic results for the QF-2 fan tests.

Fan QF-2 was designed for low-noise generation and with features suitable for a
conventional takeoff and landing (CTOL) aircraft. The design stage pressure ratio is
1.5, and the stage is designed for a thrust of 105 960 newtons (23 820 1bf). Design fea-
tures for low-noise generation include the elimination of inlet guide vanes, large axial
spacing between the rotor and stator blade rows (3. 6 rotor chords), selection of blade-
vane numbers to achieve duct-mode cutoff at the blade -passage -tone fundamental, and
low design rotor tip speed (337.4 m/sec).

Another fan stage (QF-1), essentially identical in design to fan QF -2 except for di-
rection of rotation had been tested previously at the Lewis fan facility. Results for fan
QF -1 have appeared several times in the literature. The first fan QF-1 tests were per-
formed with the fan installed on a shorter shaft (i. e., closer to the drive-motor building)
than the installation used for fan QF -2 (fig. 1) and subsequent tests at the fan facility.
References 1 and 2 present results of these fan QF -1 tests.

The possibility of facility -induced inflow distortions is addressed in reference 3,
which compares results for fans QF-1 and QF-2. This reference concludes that there
was considerable inflow distortion, hence, increased noise generation, associated with
the fan QF-1 installation. Thus, the fan QF-2 acoustic results presented in this report
are considered more representative than those for the essentially identical fan QF-1
given in reference 2.

The one -third -octave sound-pressure-level analyzer used for the fan QF -1 analysis
was replaced by a more accurate system for the fan QF -2 data reduction and subsequent
fans tested at the Lewis fan facility. Hence, in addition to facility inflow improvements
due to the extended shaft, the fan QF -2 data reduction is considered more accurate.

The previously published information on fan QF-1 (i.e., refs. 1 and 2) provided
minimal information on the fan stage design, whereas a comprehensive discussion of the
fan QF -2 (also QF-1) design is presented in an appendix of this report.

More recently, the opposite-rotating version of fan QF-2 was also tested in the in-
stallation shown in figure 1, with the stage QF-1 now designated as QF -1B because of in-
strumentation changes. Fan QF-1B was only run with the design-area nozzle for far-
field noise data. Selected QF _1B results are presented in this report for far-field noise
data. Selected QF -1B results are presented in this report for comparison with those for
fan QF-2. Since the test installation is identical for these two fans, the only differences



between these stages is the direction of fan rotation and effects due to the different ex-
haust nozzles used on the two stages.

A 50. 8-centimeter (20-in.) rotor-tip-diameter model of fan QF-1 was tested in a
much more extensively instrumented indoor facility at Lewis (ref. 4). Selected aero-
dynamic results from these tests are included for comparison in this report.

Aerodynamic results are presented in terms of corrected mass flow, stage pressure
ratio, and stage adiabatic efficiency. The QF-2 fan far-field acoustic results are pre-
sented for sound pressure level at various azimuths, sound power levels, and perceived
noise levels, based on one-third-octave data. Selected narrow-band sound -pressure-
level spectra are also presented. Acoustic probes were radially traversed in the inlet
duct ahead of the rotor and in the exhaust duct downstream of the stator. Selected one-
third-octave and narrow-band results of the acoustic probe data are presented in this
report.

FAN QF-2 CHARACTERISTICS

An in-depth presentation of the QF -2 fan design is given in appendix A of this report.
Reference 4, which presents the model fan aerodynamic results, includes detailed design
and measured blade-element performance for this stage.

A summary of major design characteristics of fan QF-2 is presented in table I.
Figures 2 and 3 are photographs of the QF -2 fan rotor and stator blades. Figure 2
shows a closeup of a section of the rotor and a view of the entire rotor. The rotor is
viewed looking downstream, Figure 3 is a photograph of the stator within the partially
assembled fan stage - again viewing downstream,

Figure 4 is included to show how fan QF -2 relates to other fans tested at the Lewis
fan facility. The fan design points are plotted on a matrix of total-pressure rise and tip
speed with superimposed lines of constant work coefficient. Fan QF -2 has a moderate
work coefficient (about 0.47), indicating intermediate loading compared with other fans
represented on this figure.

Figure 5 is an isometric view of the QF-1B fan stage installed in the quiet fan test
facility. (Again, the only significant stage differences between QF-2 and QF-1B were
direction of fan rotation and nozzle design.) The fan was driven by an electric motor
through an inlet drive shaft. A 20-percent-thick, symmetrical, streamlined pylon is
clearly visible in this sketch. This pylon was present on all fans tested at the quiet fan
facility. This fan stage represents only the bypass flow as there is no core-flow sep-
aration as would be required in an engine installation.

The QF -2 fan tests used the variable-area nozzle shown in figure 6(a). The exit
area was adjusted by means of a translating tail cone, and the area was measured be-
tween the nozzle lip and the surface of the tail cone. The fixed nozzle used for QF-1 and
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QF -1B tests is shown in figure 6(b) for comparison. The exit area of the fixed nozzle
was measured between the nozzle lip and the cylindrical surface of the inner wall of the
flow passage. Mechanical requirements of the variable-area nozzle design resulted in
an approximately 155 centimeter (61 in.) longer fan duct than the fixed-geometry nozzle.

TEST FACILITY

Fan QF -2 is shown installed in the quiet-fan facility in figure 1. A plan view of the
test site is given in figure 7. The drive shaft extends to the drive-motor building. The
drive-motor ~building wall was treated with polyeurothane foam to reduce noise reflec-
tions. The microphones are located at the fan-shaft elevation (5.9 m (19. 3 ft)), on a
30. 5-meter (100-ft) radius, and at 10° increments from 10° to 160° from the fan inlet
axis. The test area was paved with asphalt. '

Aerodynamic Data

A cross section of the QF -2 fan stage showing the axial location and type of instru-
mentation used is presented in figure 8. Aerodynamic instrumentation included outer-
wall inlet-temperature thermocouples, outer-wall static-pressure taps in the inlet duct,
total-temperature and total -pressure rakes behind the stator, and total -pressure rakes
at the nozzle-exit plane. In addition, acoustic microphone probes were used in the inlet
and exhaust ducts. All probes were removed for the far -field noise tests.

The detailed layout of the aerodynamic instrumentation at the four axial measuring.
stations is shown in figure 9. Six equally spaced iron-constantan thermocouplés were
located on the bellmouth lip to determine the average inlet total temperature. These
thermocouples extended about 1 centimeter (0.4 in. ) from the surface to measure the .
ambient air temperature. Six static-pressure taps were located on the outer wall of the
inlet duct and were used for the inlet-mass-flow calculation using the assumption of uni-
form one -dimensional flow, zero total-pressure loss at the duct station, and a zero
wall - boundary-layer thickness. The location of this station was established from a
potential-flow calculation. For the inlet-mass-~flow calculations the ambient-pressure
reading was used for total pressure. 4

Four total-pressure and total-temperature rakes were used downstream of the
_stator -blade row to determine the stage-exit mass flow and mass-averaged stage total-
pressure ratio. Iron-constantan thermocouples were used on these rakes, which were
located so as to minimize stator wake effects. Finally, just downstream of the nozzle
exit, three equally spaced total-pressure rakes were used for exit-momentum or thrust
calculations. '
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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 the aerodynamic pressures and temperatures in
approximately 10 seconds. Several consecutive scans were made at each data point,
with the raw data samples arithmetically averaged and used to compute the desired flow
parameters. The arithmetic average of the computed parameters are presented in this
report. .

The performance parameters were corrected to standard-day conditions (150 C and
101 kPa (1 atm, 760 torr)).

Acoustic Data

Data acquisition system. - The 1. 3-centimeter (1/2-in.) diameter condenser micro-
phones used to make the far-field -noise measurements had sensitivities of -60 decibels
relative to 1 volt per 0.1 pascal (1 ybar). The frequency response of the system, as a
whole, was flat from 50 hertz to 20 kilohertz.

The acoustic data were reduced both on-line through one-third-octave filters and
recorded on magnetic tape for further analysis. Before each set of tests, 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 used a 4-second averaging time and stepped sequentially through the
angles from 10° to 160°. The 4-second averaging time was selected to accommodate all
angles within a 100-second sampling period. The one-third octave data reported are an
average of three 4-second integrations. Three 100-second samples were recorded on
magnetic tape for each fan speed. Options for the output of the analyzer included an
oscilloscope, which presents the sound-pressure-level spectrum, a digital printer, and
a digital, incremental, tape recorder.

Results of one -third -octave-~band sound-pressure-level (SPL) analysis yielded data
taken under ambient conditions of the test day at the microphone locations. The data
were referred back to the sound source (i.e., the effect of atmospheric absorption was
removed) by computing atmospheric absorption for the test conditions over the propaga-
tion path and adjusting the data accordingly. Atmospheric absorption was computed by
using continuous frequency-dependent functions derived from reference 5. The applica-
tion of procedures set forth in reference 5 were not used, as they presuppose a spectrum
typical of engine jet noise. For the QF-2 results, which have significant fan noise as
well as jet noise, the general shape of the measured spectrum was accounted for, and the
one -third -octave-band attenuations were obtained by integrating the continuous absorption
functions over each band (ref. 6).




For power calculations the sound pressure levels were presumed to be axisym-
metric and were integrated over an enclosing hemisphere. Implicit in this.procedure
was a perfectly reflective ground plane, in the sense that acoustic intensity was doubled
in the far field. No adjustment was made for signal interference effects at the micro-
phones because of ground reflections.

Using data referenced to the source, calculations of atmospheric absorption for a
standard day. of 152 and 70 percent relative humidity were made, and the data were so
adjusted. All one-third-octave-band sound-pressure-level data reported herein are ad-
justed to standard-day conditions. :

The perceived-noise values, calculated (ref. 7) from the standard-day data, 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 perceived-noise-
level determinations the data were adjusted to a 304. 8 -meter (1000-ft) sideline,

Narrow-band analysis. - Fine-resolution, constant-bandwidth analyses were made
of selected recorded data. These spectra were not adjusted in any way and present the
signals at the microphones under test-day conditions. The effective bandwidth of this
analysis is inversely related to the total frequency range of the spectrum, with a 32-
hertz bandwidth for a 10-kilohertz total range down to a 3. 2-hertz bandwidth correspond-
ing to a 1-kilohertz range.

RESULTS AND DISCUSSION
Aerodynamic Performance

The fan operating map of stage total-pressure ratio as a function of corrected inlet
mass flow is presented in figure 10 for fan QF-2. (Fan QF -1B results are included for
comparison, ) The 50. 8 -centimeter (20-in.) rotor-tip-diameter fan QF -1 model results
(ref. 4) were adjusted for scale effects and are also shown on this figure. Neither of the
full -scale fans were run at speeds over 90 percent of design (designated takeoff speed).
There is good agreement between the full-scale and model results of figure 10, although
the agreement is best at speeds below 90 percent of design.

Aerodynamic results for fan QF-1B are available only for 60, 70, and 80 percent of
fan design speed. Using the geometry considerations of figure 6, the QF -1B results pre-
sented herein are for a nozzle area of 9'7 percent of design. The design-nozzle area re-
f1xed-area nozzle (QF-IB) appears more open, that is, has a h1gher flow coeff1c1ent than
the variable area nozzle for the same measured exit area. The performance of fan QF -
1B with a fixed nozzle having 97 percent of design area approaches that of fan QF -2 with
the variable area nozzle set at 110 percent of design.
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Because only the barest amount of aerodynamic instrumentation is used, obtaining
good efficiency measurements has frequently been a problem at the quiet fan facility.
Values typically are nearly 10 points lower than corresponding results taken at the model
facility. A possible source of this error in the full-scale facility may be airflow recir -
culation, In addition, there was considerable scatter in the measured efficiency results
for fan QF-2. Therefore, they are not presented as part of this aerodynamic perform-
ance discussion, but they are used in the acoustic performance section to show efficiency
trends as an aid in understanding the fan QF-2 acoustic results.

Selected aerodynamic results for fan QF -2 for all tested nozzle areas and fan QF-1B
results for the 97-percent-of-design-area nozzle are presented in table 1.

Acoustic Performance

The acoustic performance of fan QF -2 will be presented in terms of sound pressure
level (SPL), sound power level (PWL), and perceived noise level (PNL). All results are
from a one-third-octave analysis, except for a few constant bandwidth SPL spectra.
Some comparison will be made with the 97-percent -of -design-area nozzle results for fan
QF-1B. The reader wishing to explore these acoustic results further is referred to the
complete listing in tables III to VI.

Sound pressure level. - One-third-octave SPL spectra are presented in figure 11 for
90 and 60 percent of fan design speed and for design nozzle area. These speeds are con-
sidered to be representative takeoff and approach, respectively. Fan QF-1B results are
included for compar"i;son. '

At 40° from the fan inlet and 90 percent of design fan speed (fig. 11(a)) the funda-
mental (BPF) and first overtone (2XBPF) are clearly evident, and there is good agree-
ment of the results for the two fans. However, the broadband results for fan QF-1B are
slightly lower than those for fan QF -2, The two fans compare in a similar manner at
120° from the fan-inlet axis (fig. 11(b)), although at this location the differences in broad-
band level are significant at frequencies above 4000 hertz, These noise differences are
thought to relate to differences in the aerodynamic operating point (see fig. 10) (i.e.,
nozzle performance differences) since otherwise the stages are essentially identical ex-
cept for direction of rotation.

The 60-percent-of-design -speed results at 40° from the inlet axis (fig. 11(c)) and
120° from the inlet axis (fig. 11(d)) show the results for the two fans to be nearly
identical.

The effects of nozzle area variations on the constant bandwidth SPL spectra are pre-
sented in figure 12. The SPL spectrum for fan QF-2 at 90 percent of design speed and
with design area nozzle is given in figure 12(a). Figure 12(b) shows the corresponding




SPL spectrum for the 110-percent-of -design-area nozzle, and the 120-percent-of-
design-area nozzle results are shown in figure 12(¢). Figure 12(d) is for fan QF-1B at
the same speed and a 97-percent -of -design-area nozzle. All spectra are for 40° from )
the fan inlet axis. The cutoff theory of reference 8 indicates that the fundamental blade
passing tone generated by rotor -stator interaction will not propagate if the number of
stator vanes is at least a few more than twice the number of rotor blades. Although the .
fan QF -2 de sign satisfies this criterion for the nonpropagation of the fundamental blade-
passage tone, this tone is still present in the spectra of figures 11 and 12, thus 1ndlcat1ng
the existence of another noise generating mechanism - most likely the rotor alone inter -
action with inlet flow turbulence and distortion.

The fan QF -2 multiple -pure-tone (MPT) generation became increasingly significant
as nozzle area increased. Multiple-pure-tone generation is associated with supersonic
relative velocity over the rotor blades. Increased nozzle area for a constant speed re-
sults in an increased mass flow (see fig. 10), a higher axial velocity component, and,
hence, a higher blade relative velocities. |

~ Somewhat more MPT generation is evident for the fan QF-1B results of f1gure 12(d)
than for the design-area nozzle results for fan QF-2 of figure 12(a). Inspection of fig-
ure 10 shows fan QF-1B to have the higher mass flow, and therefore a higher relative
blade velocity at this fan speed and measured nozzle area. As previously rhenfioned, the
fixed-area nozzle of fan QF-1B appears more aerodynamically open than the variable- |
area nozzle of fan QF -2 for a given measured exit area. o

The overall sound pressure level (OASPL) directivity is given in figure 13. At 60
percent of fan design speed (fig. 13(a)) the front- and rear -quadrant noise peaks are at
. about the same level. At 90 percent of fan design speed (fig. 13(b)) the OASPL is higher
in the rear quadrant. The high noise levels measured 20° and 50° from the fan inlet axis
for the fan QF-2 design-area nozzle configuration are not characteristic of the other re-
sults in figure 13 and are considered to be due to microphone calibrai;ion errors. How-
ever, these data do not significantly affect overall noise calculations, which include these
erratic points.

Noise components. - As part of the one-third-octave analysis, fan noise components
were separated by the following procedure: Beginning with the actual spectrum, an as-
sumed broadband spectrum is drawn by disregarding those data points thought to be in-
fluenced by the tone noise. In many cases the tone spike was shared by two one-third-
octave filters. The tone contribution to the SPL was found by performing a decibel sub-
traction of the assumed broadband spectrum level at each frequehcy from the SPL data
as shown in figure 14. All tone contributions, fundamental and overtones, were then
added to give the total tone level. Finally, this total-tone value was subtracted from the
overall SPL for the spectrum to give the actual broadband sound pressure level. In those
instances where the fan operated with a rotor relative Mach number greater than 1.0, the
possible existence of significant multiple pure tones in the noise spectra makes the
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separation of tones much more difficult. This method of separating the tone and broad -
band components is an approximation and would be further enhanced by working from a
fine -resolution, narrow-band spectrum. However, this greater resolution would also
greatly increase the complexity of the calculations. Hence, the one-third-octave spectra
were deemed sufficient for this study. A further discussion of the use of narrow-band
spectra for analyzing noise components is given in reference 9.

Figure 15 presents tone and broadband SPL directivity obtained with the technique
described in figure 14. Front quadrant tone results 30° to 80° from the inlet axis show
increasing SPL for fan QF-2 with decreasing nozzle area. No particular trend is evident
in the rear-quadrant tone results. The fan QF-1B tone-component results roughly follow
the results for fan QF -2 with the 110-percent-of-design-area nozzle as might be expected
if equivalent aerodynamic operating conditions (fig. 10) are the controlling parameters.

The broadband SPL component (fig. 15) shows generally high noise levels for the
design-area nozzle fan QF-2 results, with the lowest noise levels indicated for the most
open nozzle-area results, This is consistent with the concept of broadband noise being
proportional to stage loading and nozzle -exit velocity.

Sound power level, - The overall sound power level (DAPWL) is presented as a func-
tion of corrected rotor-tip speed in figure 16. Again, the results for fan QF-1B are
nearly the same as those for fan QF -2 with the aerodynamically similar 110-percent-of-
design-area nozzle, ‘

The results of figure 16 are replotted in terms of tone and broadband components of
the OAPWL in figuré 17. As in figure 15(b), the fan QF-2 broadband noise level de-
creases as nozzle area increases. The tone component exhibits a more complex rela- -
tionship, showing ab]out the same noise level for all tested nozzle areas at lower fan
speeds. The levels for the design-area nozzle are essentially constant at 80 percent of
design and higher fan speeds. The tone levels are lower for the more open fan QF-2
nozzle at these higher fan speeds. The reduced tone levels for the more open QF-2 noz-
zle areas probably relates to a transfer of sound energy into MPT generation (see fig.
12), which, by the technique described in figure 14, would not be included in the tone
component. This explanation is supported by the continuing increase with fan speed of
the broadband results in figure 17, while the fan QF -2 tone results show little increase
at the higher fan speeds. This result would be expected if sound energy were transferred
from the tone component to MPT generation at the higher fan speeds. There is, how-
ever, an inconsistency in this argument with respect to the fan QF -1B tone results,
which continue to increase with fan speed. The fan QF-1B constant-bandwidth SPL spec-
trum (fig. 12(d)) showed more MPT content than did the corresponding design-area noz-
zle fan QF-2 SPL spectrum (fig. 12(a)). The reason for this difference in the tone gen-
eration characteristics of the two fans is not apparent.

Front and rear quadrant sound power levels. - The one-third-octave acoustic results
were processed through a computer program that split the sound-power levels into front
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and rear quadrant components. The results for 90° from the fan inlet axis were equally
shared between the front and rear quadrant for the calculations. The front and rear quad-
rant PWL spectra are given in figure 18.

The design-area nozzle results for fan QF-2 generally show the higher levels at all
frequencies in the front quadrant (fig. 18(a)). The high noise levels measured for this
configuration at 20° and 50° from the fan inlet axis (see fig. 13) only partially account for
this high PWL. For example, at 6300 hertz, which is in the broadband region of the
spectrum, adjusting the fan QF-2 results for the 20° and 50° microphones by substituting
SPL values of adjacent microphones only lowers the PWL for that frequency by slightly
more than 1 decibel. In general, an increase in nozzle area lowered the front-quadrant
PWL across the entire frequency range.

The rear -quadrant results (fig. 18(b)) show a similar nozzle area-noise relationship
with the highest PWL associated with the most aerodynamically closed nozzle. A typical
jet noise hump is centered at 100 hertz for all configurations.

Stage adiabatic efficiency related to noise. - An increase in measured stage adia-
batic efficiency has often been associated with a decrease in the overall sound power
level (e.g., seeref. 10). Figure 19 compares the fan QF -2 stage adiabatic efficiency
and the overall ~sound -power level as functions of nozzle area. The inverse relationship
of efficiency to noise is not nearly as convincing as that for the fan of reference 10 and
some other fans, This is primarily due to the scatter of the fan QF-2 efficiency meas-
urements. However, the OAPWL results do decrease in an orderly manner with increas-
ing nozzle area for all speeds. Disregarding the 80 and 85-percent-of-design speed effi-
ciency results, there is a trend for increasing efficiency with increasing nozzle area.

Perceived noise. - The perceived-noise level (PNL) is weighted for human hearing
sensitivity and therefore gives a more realistic measurement of the noisiness of the fan.
The perceived-noise levels along a 304. 8-meter (1000-ft) sideline for fans QF -2 and QF -
1B are presented in figure 20. The sideline PNL is higher in the rear quadrant for all
tested fan speeds. The previously noted high noise 50° from the fan inlet for the fan QF -
2 design-nozzle configuration is still evident in this sideline PNL. The sideline PNL at
60 percent of fan design speed is given in figure 20(a); the 90-percent-of-design-speed
results are given in figure 20(b). The previously noted noise increase with decreasing
aerodynamic nozzle area is evident in these PNL figures.

Figure 21 presents the maximum PNL on a 304. 8-meter (1000-ft) sideline as a func-
tion of fan speed similar to the PWL presentations of figures 16 and 17. The high noise
levels at 50° from the fan inlet for the fan QF -2 design nozzle case had an appreciable ef-
fect on the maximum sideline PNL at higher fan speed because of the nonlinear weighting
of higher sound pressure levels. Thus, the fan QF-2 design-area nozzle maximum -
sideline PNL results are presented in figure 21 in two ways: with consideration of the
sideline PNL at all measured locations and with the 50° angular location disregarded.
With the PNL results 50° from the fan inlet axis disregarded, the design-area nozzle
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QF -2 maximum sideline PNL results are in good agreement with those for QF-1B (97-
percent-of-design-nozzle area). The PNL results of figure 21 approximate those the
PWL tone component results of figure 17. This is reasonable, since the blade-passage
tone for QF-2 occurs in a region of this PNL sensitivity (about 3000 Hz at 90 percent of
fan design speed).

In-duct noise. - An acoustic probe using a porous nose cone on a 6.4-millimeter

(0. 25-in. ) diameter microphone was inserted in the inlet duct ahead of the rotor and in
the exit duct downstream of the stator as shown in figure 22. Data were taken with these
probes at several insertion distances,

Typical 32-hertz-constant-bandwidth SPL spectra for the inlet and exhaust ducts are

presented in figure 23, Figure 23(a) presents a typical inlet duct spectrum for the fan
. QF -2 design gggle conf1gurat1on at 90 percent of des1gn fan speed. The spectrum is
similar to. the correspondmg far'-field SPL. spectrum at 40° from the fan inlet, showing
pronounced blade passage and overtones Of course, the noise levels are much higher
in the duct.

The downstream blade passage tone and flrst overtone (2XBPF) for the same fan con-
~ ditions (fig. 23(b)) show about the same levels as for the upstream data. However, the
broadband levels are considerably higher, such that higher order overtones are not evi-
dent at the downstream location.

Figure 24 presents the blade-passage tone SPL as a function of insertion distance
from the outer duct wall for 60 and 90 percent of fan design speed and the design-area
nozzle configuration. Results are presented at the inlet and exhaust acoustic probe loca-
tions. The blade-passage tone SPL were obtained from constant bandwidth spectra.

The 60 percent of design speed results show the most tone SPL variation with inser-
tion distance, with the highest noise level observed near the outer wall. The 90 percent
of design speed results show little variation in noise level with insertion distance. Also,
there is generally good agreement between corresponding inlet and exhaust noise levels

at each fan speed. '

SUMMARY OF RESULTS

A 1. 5-stage-pressure-ratio, 1.83-meter (6-ft) rotor-tip-diameter experimental fan
stage, designated QF -2, was tested for aerodynamic and acoustic performance at the
Lewis quiet fan facility. Design features for low-noise generation included the absence
of inlet guide vanes, long axial spacing between the rotor and stator blade rows, and se-
lection of blade -vane numbers to achieve duct mode cutoff.

Acoustic and aerodynamic results are included for an essentially identical fan stage
except for direction of rotation and nozzle design. This stage was also tested at the out-
door fan facility., Aerodynamic results are compared with those obtained for a
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50. 8-centimeter (20-in, ) rotor -tip~diameter model of the opposite-rotating fan, which
was tested in an extensively instrumented indoor facility at Lewis.

The following summarizes the significant results of the fan QF-2 tests:

1. The aerodynamic performance of the variable-area nozzle used on fan QF-2 and
the fixed-area nozzle used on the opposite -rotating fan differed for the same measured
exit areas. The results implied a higher nozzle flow coefficient for the fixed-area noz-
zle. Thus, the fixed-area nozzle performed like an oversized variable nozzle, The ef-
fective aerodynamic operating point rather than nozzle-exit area determined correspond-
ence of acoustic test points for the two fans.

2. Acoustic probes were inserted in the inlet duct in front of the rotor and down-
stream of the stator. The measured blade-passage-tone sound-pressure level showed
more radial variation at 60 percent of fan design speed than at 90 percent of fan design
speed, with the highest noise levels observed near the outer -duct wall at the lower fan
speed.,

3. Multiple -pure-tone generation became stronger with increased nozzle area. Ap-
parently, increasing the nozzle area produced an increase in the rotor-blade relative ve-
locities, which was large enough to enhance the multiple -pure-tone generation process.

Lewis Research Center,
National Aeronautics and Space Administration,
Cleveland, Ohio, November 19, 1976,
505-03.
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APPENDIX A

AERODYNAMIC DESIGN CHARACTERISTICS

The QF -2 fan is essentially identical to the QF -1 fan whose aerodynamic design was
discussed in reference 1, with the differences confined to an opposite direction of rota-
tion and a minor difference in the fairing between airfoil and mounting boss contours at
the tips of the stator vanes. Much of the design information from reference 1 is repeated
here, although it is amplified somewhat to provide sufficient data for the reconstruction
of velocity d1agrams and blade shapes. '

. The acoustlc-de51gn considerations for this fan which have already been detailed,
"led to a number of constraints on the aerodynamic design. The mass-averaged stage-
total-pressure ratio of 1.500 was desired with a radially constant rotor -pressure ratio.

The resulting rotor -pressure ratio of 1. 541, when obtained with the required low tip
speed of 337 meters per second, caused the rotor-hub-section air turning angle to be
quite high (59. 40), even with flow path convergence and the relatively high hub-tip radius
ratio of 0.50. Rotor —diffusion factors near the hub were high, but were kept within ac-
ceptable bounds by the flow convergence. However, the rotor-out-flow conditions caused
the stator hub region to operate at inefficiently high inlet-Mach numbers and diffusion
factors even with some small amount of diffusion-factor relief from flow convergence in
this blade row. The combination of high inlet-Mach number and high diffusion factor at
the stator hub produces very high losses in this area. The flow-path convergence in the
two blade rows at the hub combined with the long spacing between the rows (dictated by
acoustic considerations and in which an essentially constant flow area must be main-
tained) causes the hub-wall contour to be stopped rather than smoothly curved. Coor-
dinates for this wall and the outer-flow path wall are listed in table VII.

The QF-2 fan was designed without a radially split flow duct behind the rotor so it
would match the single-flow duct of the test facility. In an actual engine the flow path
would be split to allow a portion of the rotor flow near the hub to be ducted into the core
engine. The lack of this flow division imposes both a difficulty in the aerodynamic design
and a potential source of a typical noise. The difficulty results from the fact that a sin-
gle flow path does not allow the designer the freedom to tolerate a step change in the
static pressure at the division, which in turn gives the designer less latitude in choosing
design parameters near the hub. The result is the previously discussed poor condition
of the flow in the stator hub region. The noise measured at the aft end of the fan, which
has a single flow path, is slightly higher than the noise of the fan in an actual engine for
two reasons: First, the exit airflow is greater than in the engine because some of this
flow near the hub would normally have entered the core engine and the greater airflow
alone will create additional noise to the rear. The additional noise from this source is
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estimated to be less than 1 decibel. Second, this additional flow includes the aerody-
namically poor flow from the single -flow-path stator hub region, which could be a poten-
tial generator of extra noise. However, because the portion of the total exit mass flow
suffering the poor flow conditions is very small, the actual increment of additional noise
was estimated to be negligible. y

Figure 8 shows a cross section of the fan assembly with several axial reference
planes of interest. The inlet face of the rotor assembly in this figure and in table VII,
where the leading edges of the rotor blades intersect the hub wall, is at axial station
13. 21 centimeters (5.20 in.). The rotor-blade stacking line, a radial line passing
through the centers of gravity of the various rotor-blade sections, is at axial station
19. 05 centimeters (7.50 in.). The inlet face of the stator-blade assembly is at axial
station 75. 58 centimeters (30. 15 in. ).

Because this fan stage did not use inlet-guide vanes, the absolute inlet-flow vector
to the rotor was axial. The fan stators were designed to return the airflow at their exit
plane to the axial direction over the full passage height. This is typical of fan bypass
flow, though not of the flow from normal fan-core stators, which can direct the air to the
core engine with some residual swirl. The cutaway view of the fan installation (fig. 5)
shows that it is important that the stator discharges axially because of the large down-
stream pylon. " If the flow impinging on this pylon has swirl in it, separation could easily
occur, which would cause a restriction in the effective flow area of the exhaust passage,
and in turn could possibly cause the fan to stall.

Rotor. - There are 53 rotor blades in the QF-2 (and QF -1) fan, built of aluminum,
and having no part-span dampers. A photograph of the rotor aésembly is shown in fig-
ure 2. The blade sections are all composed of multiple circular arcs. The details of
the rotor -blade aerodynamic and section design are presented in parts (a) of tables VIII
and IX along flow streamlines that are separated radially by 10~percent increments of
flow and that include the inner - and outer -wall streamlines. Definition of the velocity
diagram terms will be found in figure 25, and the blade-section geometry terms are de-
fined in figure 26. The symbols used on these two figures and in the design character -
istic tables will be found in appendix B for both rotor and stator blades. The sections
were designed so that the incoming flow vector relative to the blade was tangent to the
suction surface at the leading edge. For the circular arc blade sections used in this de-
sign, this causes the incidence angle to be one-half of the blade inlet wedge angle in-
cluded between the suction and pressure surfaces.

Stator. - There were 112 vanes used in the stator assembly, each made of
~ investment-cast stainless steel. . End fixing of the vanes_provided.proper-restraint for - . --
stress and vibration considerations, yet allowed re-setting of the blade aligles for the ad-
justment of the fan overall aerodynamic performance, which might be necessary because
of swirl in the exit duct. As is the case with the rotor blades, the stator vane sections
are composed of multiple circular arcs. A photograph of the stator assembly is shown
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in figure 3. Details of the stator vane aerodynamic and section design are presented in
parts (b) of tables VIII and IX along extensions of the same streamlines presented for the
rotor blades in parts (a). Definitions of the terminology used in the tables are found in
figures 25 and 26 and in appendix B.
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APPENDIX B
-SYMBOLS

axial distance between rotor exit and stator entrance

specific heat

blade chord measured along conical stream surface

diffusion factor = 1 - (Vrelz /Vr ell) + (AVT/ZG v, ‘311)

gravitational constant

ratio of specific heats

Mach number

overall stage total-pressure ratio

blade -to -blade spacing in tangential direction on cylindrical surface
standard-day temperature, 288.2 K (518. 7° R)

blade tangential (rotative) velocity

velocity

change in tangential component of velocity across blade row
distance from leading edge to camber -line transition point along chord
location of camber-line transition point along chord, X/c

distance from leading edge to maximum-thickness point along chord
location of maximum -thickness point along chord, Y/c

angle between axis and relative velocity vector

Bin = Bout A

angle between axis and blade chord

angle between axis and tangent to either end of blade camber line
solidity, ¢/s at mean station radius

blade thickness

included angle of constant turning section of blade camber line
work coefficient | |

total -pressure-loss coefficient



Subscripts:

abs
in
LE
max

out

rel

absolute component of velocity

inlet

leading edge

maximum

outlet

radial

component of velocity relative to rotor blade
tangential component of absolute velocity
trailing edge

tip

éxial direction

first and second portions of camber-line curvature

17



10.

18

REFERENCES

. Leonard, Bruce R.; et al.: Acoustic and Aerodynamic Performaﬁce of a 6-Foot-

?

Diameter Fan for Turbofan Engines. I - Design of Facility and QF-1 Fan. NASA
TN D-5877, 1970.

Goldstein, Arthur W.; Lucas, James G. ; and Balombin, Joseph R. : Acoustic and:
Aerodynamic Performance of a 6-Foot-Diameter Fan for Turbofan Engines.
II - Performance of QF -1 Fan in Nacelle Without Acoustic Suppression., NASA
TN D-6080, 1970,

Povinelli, Frederick P.; Dittmar, James H.; and Woodward, Richard P.: Effects
of Installation Caused Flow Distortion on Noise From a Fan Designed for Turbofan
Engines, NASA TN D-7076, 1972.

Gelder, Thomas F.; and Lewis, George W., Jr.: Aerodynamic Performance of a
0. 5-Meter -Diameter, 337-Meter -per-Second -Tip-Speed, 1. 5-Pressure-Ratio,
Single -Stage Fan Designed for Low Noise Aircraft Engines. NASA TN D-7836,

1974.

Standard Values of Atmospheric Absorption as a Function of Temperature and
Humidity for Use in Evaluating Aircraft Flyover Noise. Aerospace Recommended
Practice 866, SAE, Aug. 1964.

Montegani, Francis J.: Some Propulsion System Noise Data Handling Conventions
and Computer Programs Used at the Lewis Research Center. NASA TM X-3013,
1974,

Definitions and Procedures for Computing Perceived Noise Levels of Aircraft Noise.
Aerospace Recommended Practice 865A, SAE, Aug. 1969.

Tyler, J. M.; and Sofrin, T. G.: Axial Flow Compressor Noise Studies. SAE
Trans., vol. 70, 1962, pp. 301-332.

Saule, Arthur V.: Some Observations About the Components of Transonic Fan Noise
From Narrow-Band Spectral Analysis. NASA TN D-7788, 1974.

Woodward, Richard P.; Lucas, James G.; and Stakolich, Edward G.: Acoustic and
Aerodynamic Performance of a 1. 83-Meter (6 Ft) Diameter 1.2-Pressure-Ratio
Fan (QF-6). NASA TM X-7809, 1974.



TABLE 1. - QF-2 ACOUSTIC AND AFRODYNAMIC DESIGN RESULTS

Overall stage total pressureratio .. ... ... ... ....... 1.500
Corrected inlet mass flow, kg/sec (lb/sec). , . . .. ... ... 396 (873)
Specific inlet flow, (l*:g/sec)/m2 ((lb/sec)/ftz) ........ 201.7 (41.32)
Stage adiabatic temperature rise efficiency. . . . .. ... ... .. 0. 850
Rotor inlet tip speed, m/sec (ft/sec) . . . . . . . .. .. .. 337.4 (1107)
Rotor inlet tip diameter, m (in.) . . . .. ... . ... ... 1.824 (71.82)
Rotor speed, rpm . . . ., e e e e e e e e e e e e e e e e e e e 3533.2
Rotor inlet hub-tip diameter ratio, . . .. ... ... .. ... ... 0.499
Stator inlet hub-tip diameter ratio . . ... .. e e e e e e 0.590
Mean radius rotor -stator spacing, a/c, rotorchords . . . .. . ... 3.6
Rotor total pressureratio. . . . . .. .. ... . ..o, 1,541
Rotor adiabatic temperature rise efficiency . . . .. .. ... ... 0.909
Rotor work coefficient. . . . ... .. .. ... ... ... 0., 0.368
Input shaftpower, kW (hp). . . . . . ... ... ... ... 16 600 (22 300)
Stagethrust, N@bf) . . .. ... .............. 105 960 (23 820)
Number of rotorblades . . . ... .. ... ... ... 53
Number of stator vanes . . . . . . . . . . . . i i i it i e 112
Blade passage frequency, Hz . . . . ... ... ... ... .. .... 3121

TABLE II. - SELECTED AERODYNAMIC RESULTS

Fan (Nozzle| Fan speed [Corrected tip | Inlet Stage Corrected mass flow
area, speed duct |pressure
% of % of | rpm Mach ratio Inlet Stator discharge
design design m/sec| ft/sec number kg/sec |Ibm/sec | kg/sec |lbm/sec
QF-2 100 60 2112 203 664 0. 207 1. 150 221 488 218 480
70 2464 236 776 .241 1,209 253 557 257 566
80 2816 270 886 .278 1,277 292 644 293 646
85 [2994| 287 942 . 300 1. 320 308 679 306 694
90 ]3166] 304 997 . 320 1. 365 331 730 332 733
110 60 |[2084| 203 665 | 0.224 1. 150 239 528 243 535
70 |2430] 236 775 .264 1,205 278 613 286 631
80 2779 270 8817 , 307 1.274 319 704 327 720
85 |[2955| 288 944 . 3217 1. 316 338 745 353 778
90 (3119( 304 997 . 348 1. 356 356 785 3175 826
120 60 12089 203 665 0,233 1. 145 248 547 257 566
70 2436 2317 776 . 274 1.198 289 636 299 658
80 ]2784| 270 887 . 321 1.266 332 731 344 758
85 2959 287 942 kS| 1.299 350 72 362 799
90 ]3133| 304 998 . 368 1. 339 3173 823 385 848
QF-1B| 97 60 |2053| 203 665 | 0.220 1.153 235 518 240 530
70 2396 | 237 1176 .258 1,212 273 602 280 618
80 2738 270 8817 .296 1,278 308 680 318. 700
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TABLE VII. - NACELLE FLOW PASSAGE

WALL COORDINATES

Axial Outer Inner
station® diameter diameter
cm in, cm in. cm in,
-25.4 |-10 187.2(73.70 | 71,07 ]27.98
-7.62| -3 187.2|73.70 | 80.37|31.64
0 0 187.2173.70 | 88,40 (33,23
T.62 3 186.773.50 | 88.47 34,83
13. 34 5.25|183.7|72.34 | 91.57(36.05
24.76 | 9.75|175.3(69.00 | 96.7238.08
30.48| 12 173.4(68.26 | 98,70 (38. 86
38.10| 15 (172.5167.93 | 99.75 39.27
50.80| 20 1100.5 |[39.57
63.50| 25 100.5 |39.57
71.12| 28 100.9 |39.74
76.20| 30 101.8 [40.08
83.31( 32.8 104.6 (41.20
91.44 | 36 106.4 |41.89

AReference plane for axial positions shown
on fig. 8.
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Foam
treatment
on building—

,— Microphones -

/

r Bellmouth Drive
I inlet shaft

Figure 1. - Test site with fan QF-2in place.

I CD-69-192

Figure 2. - Fan OF-2 rotor.
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Total-pressure rise, PR-1

CD-69-1610

Figure 3. - Fan QF-2 stator.

A QF-2 (QF-1B)
N QF-3
.8— OQF5
N QF-6
- O QF-8
> QF-9
O Fan A
.6— QO FanB
A Fan C
.5 Stage work
coefficient,
AVy
A tip speed
.3F
|
150 200 250 300 400 500
Tip speed, m/sec
I | ]
500 1000 1500

Tip speed, ft/sec

Figure 4. - Matrix of fan parameters - design valves.
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 ri mbl Outer ducting
Support ring —*\‘ Stator assembly /r

/ / .
: Inner ductin
Rotor assembly — \ / / ?

. \ / ~Tailcone
Spinner— \ /
\ \

Inlet «
\

CD-10680-11

/

LFan drive \ /
AY

shaft __—""Bellmouth

Figure 5. - Quiet fan nacelle assembly.

. «=38cm (15in.)
[«——155cm {61 in.)
—p m \15°
—
o Flow Exit area plane

R ———
Translating tailcone

(a) Variable nozzle (QF-2).

}_1‘ ‘I‘—30. S5cm (12in.)

amp 1~ EXit area plane

- - - - -_ ._¢'._

(b} Fixed nozzle (QF-1and QF-1B).

Figure 6. - Comparison of exhaust nozzles used on fans QF-2 and QF-18B.



Microphones

10- by 10-Foot .
Supersonic - ~wall
Wind Tunnel ! acoustic
main drive /

treatment

Paved area
motor building—
A

140°

Drive motor < 35maLsft—= [~ 30,5 m (100 ft)
[D]:f]m] K 2 '
" ! N
‘ \\
Control : \ .
room  Gearbox Fanrotor - Testfan nacelle
Figure 7. - Plan view of test site. (All dimensions given in m (ft).)
Station: N )
-014-79)  -107'(-42) -8(-3) 117 (96) 356 (1400
Inlet - Inlet static | Microphone Stator discharge Nozzle discharge -
temperature |pressure "- | probe total pressure total pressure
o 0 total temperature
and pressure, and
- | 1 |microphone probe
Flow v I
- Drive shaft - i - - — -
r Pylon /
P~ - 4
Rotor blades — ] | j , 4 -
\ . e ———— - B

N Stator blades )
L B

Figure 8. - Fan QF-2 cross section showing"axja! locations of measurements. (Station numbers are in ¢m (in. ). )




Stage total-pressure ratio

Instrumentation

o Total-pressure element
« Total-temperature element, T
» Static-pressure tap, S

¢ vertical
S-1 S-6

52

S-3 S-4
Inle_t duct plane

Rake A

¢ vertical  pove ¢ ¢ vertical

# Rake B
Stator-discharge plane Nozzle-discharge plane

Figure 9, - Detail of fan aerodynamic instrumentation. (All views looking
downstream,)

1.50— Nozzle area, Fan _ Design point @
percent PpEN Cos;';%tea
of design // \ 8
B : . . s \ percent
8 i(l)g . e 1 of design
1. 40— A 120 yd 100
N 97 QF1B N
B ~ — — Model fan results it G\%go
. (ref. 4) pid \
L30— a d Cass -\
Near-stall line— i Soanan SN :
L : )/ ~<80
1. 20— /’/,——:- R ‘ﬂﬂ\
7 T~
// ~70
o O—M3A60
L 10 | | | | | | | | | |

175 200 25 20 275 300 325 3% 315 400 425
Inlet corrected mass flow, kg/sec

400 500 600 700 800 900
Inlet corrected mass flow,_ Ibisec

Figure 10. - Fan operating map.



Sound-pressure level, SPL, dB (ref. 210 Pa)

Blade passage frequency (BPF)

100—

Fan  Nozzle area,
percent
of design

-2 100

-1B 97

N L Ll L0 bl

{a) 90 Percent of fan design speed; microphone angular position, 40° from inlet.

N N R S T T R NS R )

(b) 90 Percent of fan design speed; microphone angular position, 120° from inlet.

ol Lo Ll L Ll Ll |
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(d) 60 Percent of fan design speed; microphone angular position, 120° from inlet.

Figure 11 - One-third-octave sound pressure spectra.
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Figure 12. - Constant bandwidth sound pressure level spectra. Fan speed, 90 percent of design.
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(b) 90 Percent of fan design speed.

Figure 13. - Overall sound pressure level as function of microphone angular position.
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Data SPL  Broadband Tone

Fundamental 103.9 97.4 102. 8
passage tone 104.3 97.6 103.3
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Fiqure 14, - Separated pure tone and broadband sound pressure and power levels in one-third-octave spectrum.
Fan QF-2; microphone angular position, 4P from inlet; design area nozzle; 90 percent of fan design speed.
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Figure 15. - Tone and broadband sound pressure level directivity.
Fan speed, 90 percent of design.
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Figure 16, - Overall sound-power level as function of corrected
fan speed.
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Overall sound-power level, OAPWL, dB

(ref. 0.1pW)
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Figure 19. - Overall power level and efficiency as functions of nozzle area.
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Figure 20. - Perceived-noise level on 304. 8-meter (1000-ft) sideline.
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Figure 21. - Maximum perceived noise on 304. 8-meter (1000-ft)
sideline as function of fan speed. ’
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Figure 22 - Acoustic probé installation, (Dimensions are in cm(in,).)
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Sound-pressure level,” SPL, dB (ref. 1077 Pal
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(b) Exhaust probe inserted 19 centimeters from outer wall.

Figure 23. - Typical in-duct narrow-band spectra. Fan speed, 90 percent of design; design nozzle area.
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Figure 24. - Acoustic probe result: passage tone sound-pressure level from
narrow-band spectra (upstream inner wall at 56 centimeters (22 in.))
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Figure 25. - Blade velocity diagrams. (Components are shown in axial-tangential plane. Radial component is

perpendicular to this plane. Positive radial velocities are radially outward. )
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