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ABSTRACT

The effects of vane/blade ratio and spacing on the noise characteristics of a high-speed fan were in-
vestigated experimentally and analytically. The experimental investigation was carried out on a
50.8 cm- (20 in.-)diameter scale model fan stage in an anechoic chamber with an inflow turbulence con-
trol screen installed. The forty-four blade rotor was tested with forty-eight vane and eighty-six vane
stator rows, over a range of axial rotor-stator spacings from 0.5 to 2.3 rotor tip chords. A two-
dimensional strip theory model of rotor-stator interaction noise was employed to predict the measured
tone power level trends, and good overail agreement with measured trends was obtained.
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SUMMARY

An experimental and analytical investigation of the effects of vane/blade numbe. ratio and axial
spacing on the noise characteristics of a high-speed fan stage was cariied out. The experimental niea-
surements were conducted on a 50.8 cm- (20 in.-) diameter fan stage having a design tip speed of
427 m/s (1400 ft/sec). The tests were carried out in the General Electric Corporate Research and
Development anechoic chamber fan noise facility. The objective of these experiments was to quantify
the effects of rotor-to-stator axial spacing for a typical *‘cut-off”’ fan design and a typical *‘cut-on’’ fan
design. The cut-off fan design is typical of current technology fan designs used in modern high bypass
ratio engines, where the vane number is approximately twice the blade number so that the fundamental
blade passing frequency tone produced by rotor-stator interaction is nonpropagating for subsonic tip
speeds. The cut-on fan design has approximately the same number of vanes as blades, producing a
propagating blade passing frequency tone due to rotor-stator interaction at subsonic tip speed. By em-
ploying fewer vanes but maintaining approximately the same stator cascade solidity, the vane perfor-
mance may be improved due to the lower resulting aspect ratio. Further, there may be a potential
weight and manufacturing'cost benefit.

A forty-four blade rotor designed by NASA (designated **Rotor 11'), with a forty-eight vane stator
and an eighty-six vane stator set was tested. Rotor-to-stator axial spacings of 0.5, 1.27 and 2.3 rotor tip
chords were tested for the forty-eight vane stator configuration, and axial spacings of 0.5, 0.9,, 1.27 and
2.3 chords were tested for the eighty-six vane configuration. Forward radiated noise measurements
were made with microphones placed on a 5.18 m- (17 ft-) radius arc every 10° from 0° (fan centerline)
to 110°. Inlet duct wall-mounted pressure transducers, an aft duct traversing sound probe, and a blade-
mounted transducer were employed to provide diagnostic and corroborative information to support and
supplement the far field measurements.

An inflow turbulence control screen, essentially a hemispherical honeycomb dome assembly, was in-
stalled over the fan inlet, along with a specially contoured ‘‘reverse cone’’ inlet bellmouth, to remove
and/or attenuate ingested inflow disturbances due to atmospheric and chamber generated turbulence,
vortices, and distortions. The objective of this scre:n-belimouth device was to reduce the inflow
disturbance-rotor interaction noise sources to a level well below the rotor-stator interaction levels, so
that changes in spacing and vane number could be detected and evaluated. The fan was tested over a
range of speeds from 54% to 100% of design cnd at two throttle settings corresponding to a medium
and a high loading level.

Theoretical predictions of rotor-stator interaction tone noise were carried out for all the
configurations tested experimentally. An existing General Electric Aircraft Engine Group computer
program was used for this purpose, this program having been previously developed under Independent
Research and Development Program funds. This computer program predicts the forward and aft radiat-
ed tone sound power level spectrum resulting from rotor-stator potential field interaction and rotor-
wake-stator interaction. The computer program model employs a streamline-by-streamline analysis of
the fan stage annulus from hub-to-tip accounting for spanwise variations in flow and geometric parame-
ters on the unsteady blade and vane forces and acoustic source strengths.

The experimental results obtained from this program showed that the fan inlet blade passing tones,
when they are cut on, exhibit a definite decrease in level with increasing rotor-stator spacing. The rate
of decrease was found to be small for the fundamental tone (n = 1), and became larger with increasing
harmonic number (n = 2, 3, etc.). Beyond a spacing of approximately 1.5 chords, the tone levels did
not change appreciably, probably due to contamination from residual inflow distortion turbulence-rotor
interaction noise and/or the proximity of the broadband noise flocr. No perceptible difference between
forty-eight vane and eighty-six vane harmonic falloff rates was observed in the far field tone levels,

Aft duct probe sound level measurements were analyzed to obtain relative estimates of the effects of
rotor-stater spacing on aft radiated tone levels. The results were in substantial agreement with the
trends observed for the forward radiated far field tones. One interesting trend observed is that the tone
fall off rate with increasing spacing is somewhat greater than that of the forward radiated tones, espe-
cially at the higher speeds and higher fan operating line.
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Comparisons were made between the theoretical model predictio1s of tone PWL versus spacing
trends and measured trends. On the whole, agreement between expe riment and prediction was quite
good, with the exception that the leveling off of tone PWL beyond a spacing of approximately
1.5 chords was not predicted by the model. This deficiency in the predicted trends was attributed to an
inadequate modeling of the wake merging process at large axial spacings and to the neglect of the resid-
ual inflow turbulence and distortion-rotor interaction noise generation in the predictions.

Conclusions from this study indicated that the fan tone directivity patterns are highly lobular, with
lobe widths that are rather narrow, such that microphones placed at 10° intervals are insufficient to ac-
curately define the field shapes. A traversing microphone arrangement that provides a continuous polar
trace is recommended in any future experimental evaluations.

The vane/blade ratio has a significant effect on the shape of the fan rotor-stator noise harmonic
spectrum. High vane/blade ratios (approximately two) tend to produce harmonic peaks at the second
or third harmonic of blade passage frequency, whereas low vane/blade ratios (approximately one) tend
to produce peaks at the first or second harmonic. Rotor-stator axial spacing also affects the harmonic
spectrum shape. As spacing is increased, the tone levels fall off at a raie that increases with increasing
harmonic number.

As speed is increased from typical low-speed approach power settings to high speeds such that the
fan tip Mach number goes from subsonic to supersonic values, the effect of spacing and vane/blade ra-
tio diminishes such that vary little effect is noticeable in the forward arc at supersonic tip speeds. The
aft duct noise, however, still exhibits the previousty described dependency on vane/blade ratio and
spacing at supersonic tip speeds. Conclusions from this effort showed that the forward radiated fan
tone noise becomes dominated by the rotor-alone field at supersonic tip speeds, whereas the aft radiated
noise is still controlled by rotor-stator interaction.
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Section 1

INTRODUCTION

Current high bypass fans used in commercial jet engines have, in the recent past, been designed
with rotor blades and stator vane numbers such that they do not produce acoustic energy in propagating
spinning modes at the fundamental blade passing frequency for sybsonic tip speeds. As a second pre-
caution, rather wide separations of the rotcr and stator are used to reduce the level of the harmonics of
the blade passing frequency, which in the usual case do propagate to the far field. With the ever-
increasing cost of fuel, engine manufacturers are being forced to reduce the rotor-stator spacing to raise
fan efficiency and to reduce engine weight. The acoustic penalties, particularly the possibility of in-
creased levels of the higher harmonic of blade passing frequency, must then be carefully evaluated. An
accurate, theoretically based fan noise prediciion scheme that has been calibrated against a set of high-
quality experimental data is required to make these evaluations. Such a combination of data and theory
has not appeared in the literature, apparently due to the lack of fan noise data that parametrically varies
rotor-stator spacing and is free of the excess noise generated by in'et turbulence and distortion interac-
tion with the fan rotor. One such data set fron® an anechoic wind tunnel aiong with rotor wake data has
appeared in References 14-16 but a comparison with analysis was not included. The objective of this
program was to provide uncontaminated data set and an analytical prediction. Preliminary results ap-
peared in Reference 18.

The experiments were conducied at the General Electric Corporate Research and Development
anechoic chamber in Schenectady, New York. This anechoic chamber facility has demonstrated the ca-
pability to produce fan noise data substantially free from excess noise caused by rotor-turbulence in-
teraction. Both inlet flow contouring and a turbulence reduction structure are used to achieve this end.
The test vehicle used in this investigation was a 0.504 m- (20 in.-) diamster fan model. A test matrix
with a large range of tip speeds (from subsonic to supersonic) was investigated. Two stator sets were
investigated in combination with a forty-four blade rotor; a cut-off set with eighty-six vanes and a cut-
on set with forty-eight vanes. For the eighty-six vane set, four rotor-stator spacings were tested and for
the forty-eight vane set, three spacings were tested. With both stator sets, the range of spacing was
from 0.5 to 2.3 rotor chords. Twelve microphones were used to measure the far field sound radiation
from 0° to 110° to the inlet centerline. The in-duct aft radiated fan noise sound level was measured
with a traversing sound probe.

A computational procedure for carrying out a sireamline-by-streamline analysis of rotor-stator in-
teraction noise has been developed at GE AERG under Independent Research and Development Pro-
gram funds. This procedure is designed to utilize the fan stage axisymmetric flow field streamline aero-
dynamic design analysis results as input. The model includes not only viscous wake interaction noise,
but also the potential field (blade pressure field due to loading) interactions of both the rotor and stator
upon each other. Compressibility effects are included in both viscous wake and potential field interac-
tion sources, although the potential field interaction source model is only valid for subsonic relative
Mach numbers. This analysis procedure was used to predict the rotor-stator interaction tone sound
power levels for all of the rotor-stator configurations tested in this program, and comparisons of predict-
ed versus measured trends were carried out.
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Section 2

DESCRIPTION OF FACILITY AND INSTRUMENTATION

A schematic diagram of the facility is shown in Figure 1. The anechoic chamber was designed ic
simulate a free field acoustic arena and provide adequate aerodynamic operation. It is approximaiely
10.7 m (35 ) wide by 7.6 m (25 f1) long by 3.1 m (10 ft) high as measured from the tips of the foam
wedges. A free field acoustic environment was achieved by covering walls, ceiling, and floor with an ar-
rzy of 0.7 m (28 in.) long polyurethane foam wedges, which provide less than 1 dB standing wave ra-
tio at 200 Hz.

To achieve the lowest possible amount of inlet distortion and turbulence. the sidewalls. ceiling and
floor of the anechoic chamber are porous. This porous box arrangement is achieved by a manifolding
system whereby air flow is disiributed from a filter house through 15.2 cm (6 in.) deep U-shaped chan-
nels surrounding the chamber. The array of foam wedges is secured 10 the channels so that the air flow
enters the chamber by passing through small openings between the wedges. It has been demonstrated
in a prior program [1] that such an aspirating chamber arrangement reduces in-flow distortion 10 the
fan.

To further reduce inlet distodtion, a flared reverse cone inlet. as shown in Figure 2. is used. The re-
verse cone inlet acts as a shroud covering all of the “‘upstream’” hardware associated with the inlet and
other test instrumentation. This hardware has. in the past. been identified as a major sour: 2 of inlet
distortion [1]. Along with the addition of the reverse cone inlet, great care was taken to acrodynamical-
ly clean up the chamber and remove all objects that protrude into the inlet flow field and, therefore,
possibly generate flow distortions and turbulence. To further eliminate flow distortions and turbulence
that reside in t%e boundary layer, the reverse cone infet is equipped with an internal suction surface. as
shown in Figure 3.

7.6m (25ft) LONG ———————ep
/ EXHAUST STACK
FAN INLET CLUTCH
3.1m (10ft) HIGH
FILTER 0'® - - DRIVE
HOQUSE MOTOR
10°9
- -~ GEAR BOX
w
e 300
4 .
= 40°
2 50°@®
E ¢ . L] .
S e 9 %1%
MINIMUM DISTANCE FROM
ACQUSTIC WAlt = 0.91m (3ft)

Figure 1. Schematic of General Electric Schenectady Anechoic Chamber Facility.
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The test configuration also employs a turbulence control structure (TCS) to condition the inlet flow
and is shown in Figures 3, 4 and 5. The TCS used for this program is very similar in size and shape to
that used in the earlier work of Shaw et al. (2] and Woodward et al. {3]. The major difference is that in
this current design, the inner fine screen is displaced 5.08 cm (2 in.) downstream of the trailing edge of
the honeycomb. This screen placement was based on the work of Morel [4] who found that in con-
tracting flows, the separation between the honeycomb and the screen was very beneficial in reducing
the axial turbulence intensity. This TCS was designed and fabricated by General Electric’s Aircraft Ea-
gine Business Group as part of a General Electric-3ponsored program. The TCS is nearly hemispherical
in shape — 2.10 m (82.5 in.) at its largest diameter, 1.31 m (51.38 in.) long, and is of a two-layer con-
struction. The first or outermost layer consists of aluminum honeycomb plus a support screen under
the honeycomb, as shown in Figure 4. The honeycomb is 5.08 cm (2 in.) thick with irregular shaped
cells measuring approximately 0.95 cm (3/8 in.) in width with a wall thickness of 0.063 mm
(0.0025 in.). The second inner layer is a fine mesh (20 by 20) of 0.356 mm- (0.014 in..) diameter
wire. As can be seen in Figure 5, the TCS is divided into twelve sectors with 10.8 cm (4.25 in.) deep
ribbing. The ribs are 0.318 em (0.125 in.) thick and the screens are welded 10 the ribs. The complete
structure was built and installed in such a way, see Figure §, as to minimize the wakes from the support
structure and, therefore, offer minimal flow distortion and self-generated turbulence.

The acoustic measurements were made in the anechoic chamber using an array of tweive 0.635 cm
(0.25 in.) microphones. The microphones were located every 10°, from 0° (fan centerline) to 110° at
an arc radius of 5.2 m (17 ft), as measured from the center of the inlet, one rotor diameter upstream
from the rotor face (see Figure 1). The microphones were calibrated by a piston-phone prior to each
run. Atmospheric absorption is accounted for via the Society of Automotive Engineers Specification
Number ARP866. No other acoustic corrections were applied to this data,

Data acquisition is controlled by a series ..:inicomputer that obtains the acoustic signals from a real-
time, one-third octave band analyzer and samples the temperatures and pressure signals. By the use of
a scanning multichanne! amplifier, each microphone signal is sequentially analyzed and the signal level

2-3

b

AR et e SR TR T S e S,

.

WIS s % e s e

— i ———— . -



e et w3 AN

HONEYCOMB
(FLEXCORE 5052/F40
~0.006 cm (—0.0025) x 5 cm (2) THICK
0.32 cm 06 cm  HEXCELL CORP)

SUPPORT SCREEN
(4 x 4 MESH
0.041 ¢ SCREEN 304SS)

NOTE — ALL DIMENSIONS IN cm (INCHES) CONTROL SCREEN

(20 x 20 MESH
0.041 ¢ SCREEN 304SS)

Figure 4. Fabrication Detail of Turbulence Contrel Structure.

of each one-third octave band (100 Hz to 80 kHz) stored on magnetic tape. For operational monitor-
ing, a three-dimensional plot of the one-third octave band analysis of the SPL of each microphone is
displayed on an oscilloscope as the microphone array is sampled. For backup, and when longer averag-
ing times are necessary, the acoustic signals are recorded simultaneously on a tape recorder. After all
the signals have been accumulated, the computer corrects the data for nonuniform response of the mi-
crophones and can correct for any known nonfree field effects of the arena. Using these corrected
values of the sound pressure level, the computer then calculates the overall average sound pressure lev-
els for each microphone, the one-third octave band acoustic power levels, and the overall acoustic
power level. The raw and calculated data are then stored on magnetic tape.

While the computer is processing the acoustic data, simultaneous measurement and calculation of all
pertinent parameters for determination of the fan flow conditions and ambient conditions are also car-
ried out and recorded on magnetic tape. As all the pertinent data exists on one magnetic tape, the
acoustic information is readily normalized by the computer immediately following the test.

In addition to the far field microphone array for measuring forward radiated noise, a probe was in-
stalled in the duct downstream of the fan stators to measure aft radiated sound levels. The probe was
originally designed to separate hydrodynamic turbulent fluctuations from random sound pressure fluc-
tuations when the source is broadband in nature, as described in [5]. The probe is illustrated in Fig-
ure 6 and contains two miniature pressure transducers as shown. For the present tests, sound-flow
separation techniques were not employed, since the tone levels were of primary interest and the acous-
tic signal dominates at the fan tone frequencies. The probe is traversable in the radial direction and
probe sound level measurements from boih sensors (designated K2 and K4) were recorded at two radi-
al immersion depths for all speeds and throttle settings of all seven fan configurations tested.

Two inlet duct wall-mounted miniature pressure sensors were aiso installed in front { the fan rotor.
One was located at the juncture of the inlet lip and the duct wall (KS), and the other was located just
upstream of the fan rotor (K6). Figure 6 shows the relative locations of these sensors.
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Section 3
DESCRIPTION OF FAN CONFIGURATIONS
The fan stage used in this investigation utilizes a forty-four blade transonic rotor with a 0.504 m-

(20 in.-) tip diameter, designated as NASA Rotor 11. The rotor flow path and blade design is given in
[6] and some of the important fan design parameters are given in Table 1.

Table 1

TEST FAN STAGE DESIGN CHARACTERISTICS

Rotor Inlet Tip Diameter
Pressure Ratio

Rotor Blade Number

Stator Vane Number

Vane/Blade Ratio

Inlet Guide Vanes

Rotor Inlet Hub/Tip Radius Ratio
Rotor-Stator Tip Spacing

Rotor Rotative Speed

Rotor Tip Speed

Rotor Tip Inlet Relative Mach Number
Rotor Chord (Midspan)

Stator Chord (Midspan)

Rotor Aspect Ratio

Stator Aspect Ratio

Rotor Tip Solidity

Stator Tip Solidity

Corrected Inlet Weight Flow
Adiabatic Efficiency

0.504 m (19.84 in.)

1.574

44

86

1.95

None

0.50

1.27 Rotor Chords

16100 rpm

424.9 m/sec. (1394 ft./sec.)
1.394

4.62 cm (1.817 in.)

2.55 cm (1.005 in.)

2.5

2.3

1.298

1.433

29.5 Kg/sec. (65 Ibs./sec.)
85.5% (80.9% Measured)

Two sets of stators or outlet guide vanes (OGV’s) were tested with Rotor 11 at various axial spac-
ings downstream of the rotor trailing edge. An eighty-six vane stator row, previously tesied in [1] at a
nominal rotor-stator axial spacing of 1.27 tip rotor chord lengths, was tested in the present investigation
at 0.5, 0.9, 1.27, and 2.3 chord spacings. The 0.9 chord spacing configuration, although not part of the
original contract effort, was built and tested as part of a GE Aircraft Engine Group internal research
and development program and the results from that investigation are included herein for completeness.
A forty-eight vane stator row, originally designed for the Rotor 11 stage at 0.5 chord axial spacing
in (6], was tested in the present investigation at rotor-stator spacing-tc-chord ratios of 0.5, 1.27, and
2.3.

The vane/blade ratio combination eighty-six/forty-four represents a typical high bypass ratio cut-off
fan design configuration where the rotor-stator interaction tone noise at blade passing frequency is
designed to be nonpropagating (according to classical spinning mode duct theory) at subsonic tip
speeds. The vane/blade ratio combination forty-eight/forty-four represents a cut-on design currently
being studied for advanced energy efficient engine designs. Cross-sectional sketches of the various fan
rotor-stator combinations tested are shown in Figures 7 and 8. Pitchline (50% span) solidities for the
forty-eight vane and eighty-six vane stator assemblies were 1.57 and 1.78, respectively.
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Section 4

AERODYNAMIC PERFORMANCE

Aerodynamic measurements were taken 1o determine the effects of the various staior configurations
on the fan stage performance. The instrumentation included four total pressure, total temperature
rakes with five radial stations each, located downstream of the rotor and a 0.56 m- (22 in.-) diameter
orifice located in the fan discharge piping for flow measurements. With this information, plus the
chamber static pressure (the inlet was assumed 10 be loss-free). the fan performance map was establish-
ed for various configurations (see Figure 9). Very little change in aerodynamic performance was seen
in going frem the smallest to largest spacing for the eighty-six vane set. as shown in Figure 9.

O (SICR)p = 0.5
A (SICRp = 2.3

1.6
1.5 PERCENT
CORRECTED SPEED
1.4
CLOSED THROTTLE

OPERATING LINE
1.3

1.2]

STAGE PRESSURE RATIO

OPEN THROTTLE
OPERATING LINE

1.0

1 i lf A |
18 (40) 22.7 (50) 27 (60)
CORRECTED WEIGHT FLOW (WCH), KG/SEC (LBS/SEC)

Figure 9. Fan Stage Performance Map for 86-Vane/Rotor 11 Configuration.
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Section §

INFLOW CONTROL CONFIGURATION SELECTION

Selection of the proper combination of inlet **cizanup™ elements was the first task at hand. The pri-
mary question to resolve was determining if the inlet duct should be a smooth, rigid wall, or if it should
contain a feltmetal surface 10 provide boundary layer suction as shown in Figure 3. To determine this.
the eighty-six vane (cut-off) stator design was investigated at the 1.27 spacing-to-chord ratio. As this is
a cut-off rotor-stator design below 74% speed, its blade passing frequency noise characteristic is a good
indicator of the amount of inlet turbulence and distortion being ingested by the fan. Figure 10 illus-
trates the comparison between the hardwall (smooth, rigid duct) case and ihe feltmetal suction surface
bleed duct (see [1]) at a suction flow rate of 5% of the fan flow. There are several items 10 note here.
First. the hardwall case exhibits a clear cut-on of the blade passing frequency (BPF) noise: secondly,
the presence of suction causes reduction of BPF level that is substantial for the cut-on speed conditions.
This reduction of BPF at cut-on fan speeds could be caused by the felimetal liner acting as a short sec-
tion of acoustic treatment. To better understand this observation, the SPL spectra at various far field
angles were examined as shown in Figure 11. Here the reductions are seen 10 be wide band in nature,
indicating a treatment-like effect. [t also should be noted that the hardwall data shows only slight evi-
dence of any BPF tone content. In view of the adequate performance of the hardwall inlet and the
complication of the effects of the feltmetal liner with suction. the hardwall inlet was used as the inlet
configuration for the rest of the test program.

. 8 = 60° * § = DIST. FROM ROTOR T.E.
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Section 6

,, FAR FIELD ACOUSTIC TEST RESULTS

6.1 One-Third Octave Measurements

C TR

The various fan configurations were run over a range of fan speeds from 54% to 100% of design
speed, at two throttle settings corresponding to the open throttle and closed throttle operating lines
, shown in Figure 9. The closed throttle operating line is representative of a typical high bypass ratio tur-
a2 bofan operating line at sea level static (test stand) operation. The open throttle operating line is typical
. of an in-flight operating line of a turbofan -engine (at low fan speeds) simulating landing approach con-
' ditions.

. The measured trends of the inlet arc one-third octave sound power level (PWL) versus fan speed
;_ for the band containing the blade passing frequency (BPF) tone are presented in Figures 12 and 13.
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Figure 12. Effect of Rotor/Stator Spacing on BPF Tone 1/3-
Octave PWL vs. Speed Characteristics for the
86-Vane Configuration.
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Figures 12a and 12b show the BPF PWL versu: uwpesid trends for the eighty-six vane configuration for
open and closed throtile operating lines, respectivel:. The corresponding forty-eight vane configuration
trends are shown in Figures 13a and 13b.

As mentioned earlier, the eighty-six vane statur d:te exhibits cut on above 76% corrected speed.
For this rotor-stator set, cut on occurs very near th: :otor tip relative sonic velocity point, as can be
seen in Figure 12.

At the supersonic speeds, the rotor-alone noise do:rirates, and the BPF noise emission is practically
independent of rotor-stator spacing. At the subsonic :ctor speeds, there is some variation of the BPF
tone. This could be due to three sources: (1) ingeswed turbulence or inflow distortion. (2) slight
misalignment of the inlet hardware causiag a protrusion into the tiow, or (3) a nonuniformity of either
the rotor or the stator blades. If this BP® tone were controlled by inlet turbuleace or distortion ingest-
ed from the anechoic chamber, then the tone level would be independent of the effects of stator
configuration or test buildup. If it were oue to0 a sligh! iotcr-stator nonuniformity that causes a once
per rev perturbation that can cause a cut-on spinning mode pattern, then the BPF level should reduce
as spacing is increased. The effects of misalignment during inlet buildup would be random and as such
should cause a BPF tone level that is random with respect to spacing. From the nature of the subsonic
BPF tone levels, it appears that the rotor-stator nonuniformity and inlet buildup variances are the prin-
cipal contributors to the residual BPF tones.
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For the cut-on stator set (forty-eight vanes), the effect of reducing the rotor-stator spacing is io
cause an increase in the BPF tone level (as seen in Figures 13a, 13b). Again as in the eighty-six vane
results. at supersonic tip speeds, the noise is controlled by rotor-alone noise and is independent of spac-
ing. It should be noted here that the individual microphone results should not be compared directly,
and the power level (PWL) results are more appropriate for comparisons of the eighty-six and forty-
eight vane results. This is due to the large differences in the vane numbers resulting in differences in
spinning mode lobe numbers and their radiation patterns. For the forty-eight vane set, these subsonic
BPF tones are expected, whereas for the eighty-six vane set, the subsonic BPF tones are anomalies.

The inlet arc power level versus spacing trends for the first three harmonics of BPF are shown in
Figures 14 and 15. At 54% speed, Figure 14, the second harmonic of the eighty-six vane configuration
decreases gradually from a spacing-to-chord ratio of 0.5 to 2.3. The third harmonic, on the ather hand,
drops very rapidly from s/cz = 0.5 10 s/cg = 1.27 and then levels out as s/¢; goes to 2.3. Thus, the
third harmonic tone level is much higher than the second harmonic tone level at the closest spacing,
s/cg = 0.5. At 69% speed, Figure 15, the second and third harmonics are nearly the same level, except
for the open throttle data at s/cg of 1.27 and larger. At 69% speed. the third harmonic trend has
changed as now the level increases slightly in going from s/cz = 0.5 to s/cg = 0.9.

The behavior of the forty-eight vane stator noise data is somewhat simpler, as seen in Figures 14
and 15. The second harmonic of BPF is always the strongest (for s/c » = 0.5 and 1.27), with the BPF
level only slightly lower, and the third harmonic the weakest. Increasing the pressure ratio {closing the
throttle) generally causes an increase in the tone levels.

The effect of rotor-stator spacing on the entire one-third octave PWL spectrum is shown in Fig-
ure 16 for 54% fan speed. For the eighty-six vane configurations, spacing appears to have negligible
effect on the spectrum for frequencies below the second harmonic of BPF. A small effect is observed
at the 1/3-octave band between 2X BPF and 3X BPF, which does not contain a tone, and the spectrum
is observed to drop. dramati-ally as spacing is increased for 1/3-octave bands at 3X BPF and higher,
which tnay contain a tone harmonic. For the forty-eight vane cases, the BPF levels drop appreciably
from 0.5 to 1.27 chord spacing. The second harmonic band level is much more sensitive to spacing
than the third harmonic band level, and just the opposite trend is observed for the eighty-six vane
configurations. Also, the forty-eight vane levels do not appear to be appreciably affected by spacing at
higher than 3X BPF frequencies, as opposed t0 the rather large sensitivity to spacing observed for the
eighty-six vane configurations at high frequencies. The effect of spacing does not appear to be material-
ly altered by the change in operating line at this speed. At the closest spacing, there is a marked
difference in spectral rolloff rate between the forty-eight and eighty-six vane configurations above
2X BPF.

Although substantial changes in one-third octave band levels containing BPF harmonic tones can be
observed in going from (s/cg),, = 0.5 to (s/cg)y, = 0.9 or 1.27, the trends between (s/cg),, = 0.9 and
2.3 are not very consistent or large. It is apparent that a clear understanding of the actual behavior of
the noise characteristics as a function of spacing cannot be deduced from examination of one-third oc-
tave band results alone. For most of the spectrum of interest, the frequencies are higher than 10 kHz,
and the true distinction between tone and broadband level contributions is not easily extracted unless
the tone dominates the 1/3-octave band. It can be speculated, for example, that the flattening out of
the PWL versus spacing trends shown in Figures 14 through 16 between (s/cg),j, = 1.0 and 2.3 is due
to the bands containing the tones becoming more controlled by the broadband noise, which is not ma-
terially affected by rotor-stator spacing. The remainder of the data presentation and analysis is, there-
fore, focused on narrowband spectral characteristics. All of the one-third octave data for all
configurations is tabulated in the Comprehensive Data Report, Volume 2.

6.2 Narrowband Spectra

Far field microphone 20 Hz bandwidth narrowband spectra were generated and plotted for the exper-
imental points taken. Spectra were generated at microphone angles of 30°, 40°, 50°, and 60° for eight
(8) speeds at both operating lines and for each of the seven (7) configurations. This resulted in ap-
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proximately 450 narrowband spectral plots. In addition, the spectra at microphone angles of 0°.t0. 202 . .o e - e
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and 70° to 110° were also generated for each configuration, but only at 54% speed and open throttle op-
erating line. It would have been desirabie to analyze the narrowband spectra at all angles for all speeds
and for both operating lines, but the time and budget allowed did not permit so extensive an analysis
(approximately 1350 spectra). In retrospect, as will be seen later, it probably would have been more
fruitful to forego some of the high-speed narrowband spectral analysis in exchange for more complete
(i.e., at all angles) spectral information at the lower speeds.

Some typical examples of narrowband spectra are discussed in the following paragraphs. All of the
spectra-generated cannot be presented in this report because of the large amount of space required to
do so, but sufficient samples will be presented to show trends. The blade passage frequency harmonic
tone levels have been scaled down from the narrowband spectrum plots and have deen tabulated for all
configurations, speeds, and angles. These tabulations, along with internal probe and wall sensor tone
levels (to be discussed later), are presented in Appendix B.

Narrowband (far field) spectrum comparison plots are presented in Figures 17 through 38. Each
figure shows the measured spectrum at a given far field angle 6, for a given combination of speed (%
Np) and throttle setting (open or closed), at the closest (s/cg = 0.5) and widest (s/cy = 2.3) axial
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spacings. Table 2 lists the different parameters which were varied from figure to figure and the associat-
ed figure numbers, for all of the narrowband spectra presented in this section. It should be noted again
that these are only a small fraction of the total number of spectra-generated and that they represent ex-
amples selected to illustrate certain observed features and trends.

The narrow band specira for the eighty-six vane configurations at s/cp = 0.5 and 2.3 are shown in
Figures 17, 18, 19, and 20 for far field angles of # = 0°, 30°, 60° and 90°, respectively. This set of
spectra is shown to illustrate how the effects of axial spacing are observed to vary around the arc from
0° 1o 90°. It can be seen that there is a large drop in tone Ievels from the closest to the widest spacing.
especially for the higher harmonic tones and that this reduction is observable at all angles shown.

Another interesting observation from examining these figures (17-20) is that the spectra at the
closest spacing show substantial **skirting™ at the tone frequencies. i.e.. the tone is not a sharp spike,
but exhibits a broad base. as if there exists modulation of the tone. Coincident with the “skirting,™
there is observed to be shaft-multiple harmonic tones of relatively tow level protruding above the

Table 2

LIST OF FAR FIELD NARROWBAND SPECTRUM COMPARISONS
FOR CLOSEST (S/Cg = 0.5 AND WIDEST (S/CR = 2.3) AXIAL SPACINGS

Ny 0 "%Ni  O/L  Figure

86 0 54 op 17
86 30 54 oP 18
86 60 54 op 19
86 90 54 op 20
48 0 54 op 21
48 30 54 orp n
48 60 54 op 23
43 90 54 op 24
86 30 69 op 25
86 60 69 orp 26
86 30 80 op 27
86 60 80 oP 28
86 30 93 opP 29
g6 30 54 CL 30
86 o6U 54 CL 3
86 30 69 CL R
86 60 69 CL 33
86 30 80 CL 34
48 30 69 op 35
48 a0 69 op 36
48 30 69 CL 37
48 60 69 CL 38
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broadband level between the BPF harmonic tones. It is speculated that these shafi-harmonic tones are
caused by irregularities in the rotor blading due to manufacturing differences from blade to blade
and/or slight (but randomly distributed) differences in rotor wake profile from blade to blade. It is
thought that the closest spacing is close enough for these irregularities 1o provide a modulation of the
rotor potential field-stator interaction lone generation process. thus producing the multiple-shaft har.
monic tones. Also, the blade-lo-blade variations in rotor wake profiles probably decay rapidly with
downstream distance and, therefore. do not contribute at larger spacings. Although not shown here.
the spectra for the 0.9 spacing configuration also exhibit the multiple-shaft harmonic phenomenon. A
final observation is that litile change in the base broudband levels is observed in going from 0.5 10 2.3
chord spacing.
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The corresponding spectra for the forty-eight vane configurations are shown in Figures 21, 22, 23,
and 24 for ¢ = 0°, 30°, 60° and 90°, respectively. In general, the tone levels for second harmonic
(n = 2) of BPF, and higher, are observed to drop considerably with increased spacing at all angles,
whereas the reductions in the fundamental tone (n = 1) are significant at 9 = 60° and 90°, with little
change observed at 9 = 0° and 30°. The multiple-shaft harmonic tones are again observed for the
closest spacing s/cg = 0.5. There appears to be a slight reduction in broadband noise due to increased
spacing for the forty-eight vane configurations, and this reduction varies from 0 dB at frequencies below
BPF to about 3-5 dB at 5.5X BPF, although not consistently from angle to angle.

Narrowband spectra for the higher speeds of 69%, 80%, and 95% are shown in Figures 25 through
29 for the eighty-six vane configurations on the open throttle operating line. Spectra at 30° and 60° are
shown for 69% and 80% speed. At 69% speed (Figures 25 and 26), increasing spacing reduces the 3
and 4X BPF harmonics, but has only a small effect on 1 and 2X BPF (1X BPF actually increases in Fig-
ure 25). A similar effect is observed at 80% speed for @ = 30°, but the effect of spacing is almost negli-
gible at @ = 60°. In fact, at @ = 60°, the rotor-alone and multiple pure tone or ‘‘buzz saw’’ noise ap-
pear to dominate the spectrum. At 95% speed, Figure 29, the rotor-alone and multiple pure tones
dominate the spectrum even at 9 = 30°, as the rotor inlet relative Mach number is greater than unity
over a significant portion of the fan rotor span. Thus, based on these results, rotor-stator spacing
effects are not very strong at speeds where the rotor inlet relative Mach number exceeds unity for for-
ward radiated noise. This is consistent with the one-third octave results presented in the previous sec-
tion.

The above narrowband results have all been for the open throttle operating line. Some examples of
narrowband spectra for the closed throttle operating line are shown in Figures 30 through 34 for the
eighty-six vane configurations. In general, the tone reductions due to increased spacing from
s/cg = 0.5 to 2.3 tend to be larger than those observed for the open throttle operating line cases and
some appreciable reduction in BPF tone levels is observed (Figures 32 and 33). The change in broad-
band level with spacing appears to be negligible at 54% speed (Figures 30 and 31), while the broadband
noise actually increases by about 5 dB at 69% speed.

Most of the narrowband spectra presented above have been for the eighty-six vane configurations,
with the exception of the 54% speed, open throttle forty-eight vane spectra shown in Figures 21
through 24. Figures 35 and 36 show narrowband spectra for the forty-eight vane set at 69% speed and
open throttle setting. Appreciable reductions in all harmonics of BPF with increased spacing are ob-
served for this speed, including the fundamental BPF tone. A sizable reduction in broadband noise is
also observed on the order of 5-7 dB on the average. The corresponding closed throttle setting spectra
are shown in Figures 37 and 38. Again, both tone and broadband noise are reduced as spacing is in-
creased with the exception of the second harmonic (2X BPF) tone at 9 = 30° (Figure 37).

6.3 Narrowband Tone Level Trends

As discussed in the previous section, the SPL values of the blade passage frequency tones, and
second and third harmonics, have been scaled from the narrowband spectra for all configurations at all
speeds tested, and these tone levels have been tabulated in Appendix B. For the 54% and 63% speed
points, the first five harmonics have been included. The tone SPL values are given for 9 = 30°, 40°,
50°, and 60° at all speeds, and for 54% speed, the values at ali twelve microphones (9 = 0°to 110°)
have been tabulated.

The 54% speéd, open throttle points are the only conditions for which complete narrowband tone
directivities have been obtained.

Figure 39 shows narrowband directivity patierns for the eighty-six vane stage as a function of axial
spacing ratio s/cy. Only second and third harmonic levels are shown, as the eighty-six vane/forty-four
blade combination should give a cut-off blade passing tone (BPF) at subsonic tip speeds. Although
there is qualitatively a general trend that the tone levels decrease with axial spacing, the trend at any
one observer angle is significantly different from that at any other angle.
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Figure 40 shows the measured narrowband directivity patterns for the forty-eight vane fan stage as a
function of axial spacing ratio. The fundamental BPF tone is included since this is a cut-on fan design.
Again, it is observed that although the general trend is for the tone levels to drop with spacing, the
trend is inconsistent from angie to angle.

It is believed that the scrambled picture given by Figures 39 and 40 is due in great measure to the
highly lobular structure of the interaction tone directivity patterns and the difficulty associated with get-
ting the peaks and valleys in precisely the same angular location relative to the microphones from run
to run. The shifting of the directivity lobes is believed to be very sensitive to changes in speed and
small differences in fan speed from point to point could conceivably produce significant changes in ob-
served tone levels at a given microphone location. Cursory comparisons of narrowband spectra from
this test with narrowband specira taken on the £ scale model test program (forty-eight vanes,
s/cg = 2.3) showed remarkably good agreement on broadband levels but tone levels differed by as
much as 10 dB, although the general trends of harmonic spectra shape were similar. Also, the
*‘sawtooth’ shapes of the directivity patterns are indicative of a lobular pattern with an insufficient
number of microphones to define them.

The partial directivity patterns (30° < 8 < 609 for 54% speed and closed throttle setting are shown
in Figure 41. The partial directivity patterns for 69% speed at open and closed throttle settings are
given in Figures 42 and 43, respectively. In general, the results for the eighty-six vane BPF tones
shown in Figures 41 through 43 indicate no really consistent effect of stator spacing, implying that the
source of the BPF tone for the eighty-six vane, cut-off design is probably not due to rotor-stator in-
teraction. For the 54% speed, closed throttle condition (Figure 41), even the second harmonic
(2X BPF) tone does not appear to be materially affected by rotor-stator spacing. With only a few ex-
ceptions, the previous observations made regarding the inconsistent variation in tone level versus spac-
ing from angle 1o angle appear to persist at the higher closed throttle operating line and at the higher
speed of 69% N, probably for the same reasons speculated earlier.

Tone power level calculations were carried out for the 54% speed, open throttle cases where nar-
rowband spectra had been reduced at all microphone locations from 0° 10 110°. In addition, a **partial
power level” was defined, using only the 30° through 60° microphone levels, and this “‘partial power
level,” designated as PPWL (dB re: 10~" waits), was also computed for all speeds and both operating
lines. Trends of PWL and/or PPWL versus spacing ratio were compiled and are displayed in Figures 44
through 48, corresponding to 54% through 80% speed, respectively.

Figure 44 shows the tone PWL versus spacing trends for 54% speed. Both the total tone PWL
(6 = 0°10 110°) and the partial tone PPWL (9 = 30°t0 60°) are displayed for the open throttle operat-
ing line. The two representations illustrate the degree to which the partial power (PPWL) approximates
the total power (PWL). For the eighty-six vane configurations, Figure 44a, it is observed that the two
measures of power versus spacing agree closely for the first and third harmonics. The agreement is not
as good for the second harmonic, however, because the sound pressure levels at angles less than 30°
exceed the 30° 10 60° levels by an appreciable amount. as shown in Figure 39. The discrepancy varies
erratically with spacing, however, because the directivity pattern itself changes erratically with spacing.

For the forty-eight vane configurations, Figure 44b, the PPWL versus spacing trends agree with the
PWL versus spacing irends very well, and the trends appear to be more regular and monotonic than
those for the eighty-six vane configurations. The apparent irregular trends of the eighty-six vane data
(Figure 44a) may, however, be due in part to the extra spacing data points at s/¢z=0.9 which are not
present in the forty-eight vane curves.

It can be seen from all of the data shown in Figures 44 through 48 that the BPF tone for the eighty-
six vane cases does not vary appreciably with rotor-stator spacing, at any of the speeds and throttle set-
tings shown. Moreover, the forty-eight vane BPF tones appear to be appreciably higher than the
eighty-six vane tones at the closest spacing and then approach the cighty-six vane levels asymptotically
as spacing is increased. From these results it was again concluded that the source of the BPF tone is
not rotor-stator related for the eighty-six vane configurations. This BPF tone source is. therefore, prob-
ably rotor/inflow distortion or turbulence related and is present in both eighty-six vane and forty-eight
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vane configurations. It exhibits levels comparable to the rotor-stator interaction levels (forty-eight vane
configuration) for axial spacings greater than about one rotor cherd.

The PPWL versus spacing trends for the second harmonic
through 48 are similar for the forty-eight and eighty-six vane configurations, €Xxcept at the tightest spac-
ing on the open throttle operating line. On the closed throttle operating line, the forty-eight vane cases
show higher levels, by as much as 5 to 10 dB. In general, the third harmonic (3X BPF) tone levels are
comparable for the forty-eight vane and eighty-six vane configurations at both throttle settings. It also
appears that the sensitivity of the tone PPWL to spacing decreases as speed increases, especially on 1he

open throttle operating line. At 80% speed, Figure 48, the tone levels change very little with spacing at
open throttle,

(2X BPF) tones shown in Figures 44

6.4 Tone Accel/Decel Characteristics

The results of the tracking filter analysis of the BPF tone versus
displayed in Appendix C for all those points which were analyzed in this fa
tle operating line accel-decel runs were analyzed and only at the 60° micr

thirty-two accels and decels are given in Appendix C for the various combi
axial spacing.

% speed characteristics are
shion. Only the open throt-
ophone location. A total of
nations of vane number and
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A typical BPF tone accel characteristic is shown in Figure 49. The tip speed Mach number is unity
at approximately 80% speed while the rotor inlet relative Mach number is unity at about 73% speed. It
can be seen from Figure 49 that the BPF tone level rises rapidiy at about 79% speed. indicaling the on-
set of the rotor-alone pressure field propagation. The characteristic of the tone level versus % speed
trace does not change appreciably between accels and decels except that the cut off of the rotor-alone
pressure field during a decel occurs about 2% higher in speed than the cut on of the rotor-alone field
during an accel.

The second and third harmonic tone level versus speed characteristics do not exhibit as sudden a
rise in level at the appuarent rotor-alone cut-on sneed (approximately 78-79% Ng) nor is the change in
level as large from subsonic to supersonic ‘conditions. Typical secund and third harmonic noise level
accel characteristics are shown in Figures 50 uand 51, respectively. It is observed that the lone levels
(Figures 49 through 51) do not climb steadily with increasing speed. but rather oscillate about a con-
stant mean value in the subsonic range. Once the speed exceeds the transition between subsonic and
supersonic operation. the higher supersonic level again remains fairly flat as specd is increused. The
fundamental tone does exhibit rather large swings in level. however, in the supersonic range. These
swings in the level are probably due to the lobe shifts in the radiation pauern and the number of lobes
excited with change in the speed.

The above described characteristics appear 10 hold for alf the configurations tested. One distinguish-
ing feature of the forty-eight vane results versus the eighty-six vane results is that the fine scale oscilla-
tions in tone levels with increasing speed are much lower in amplitude. There also uppears o be more
“lobufar’" or medium scale oscillation behavior in the tones for the subsonic speed range.
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Section 7

NEAR FIELD ACOUSTIC TEST RESULTS

7.1 Aft Duct Probe Spectra

As described in Section 2 and illustrated in Figure 6. sound level measurements were made in the
exhaust duct downstream of the stator vanes with a traversing probe. The probe sting aligned with the
flow contains two miniature sensors designated K4 (fogward position) and K2 (aft position). The mea-
surements were taken at lwo immersions. and outer immersion readings are designated by subscript
o (e.g.. K2, or K4,), while inner immersion readings are designated by subscript /" (K2, or K4,).
The immersion locations were 17.3 and 69.3% the duct height from the outer wall for the “‘outer™ and
“inner’’ immersions. respectively. for the eighty-six vane configurations.

Because of some confusion arising from changes in personnel during the test program. the data for
the forty-eight vane configurations was inadvertently taken at 2.5 and 30.5% of span from the outer wall
for the “‘outer’” uand “‘inner’” immersions. respectively. This inconsistency with the eighty-six vane
data with respect io immersion locations makes a direct comparison between eighty-six vane and forty-
cight vane results somewhat gquestionable in terms of absolute levels. but the trends with spacing,
speed. throitle settings and harmonic number should be reasonuabie. This difficully is further com-
pounded by the lack of in situ calibration of the aft duct probe.

Typical examples of aft duct probe sound pressure level specira are shown in Figures 32 through 60.
The format is similar to that for the far field SPL spectra shown in Figures 17 through 38. Figures 32
and 53 show the aft duct SPL spectra for the eighty-six vane configurations at 34% speed and open
throtile at the *“outer’ immersion for sensors K2 and K4. respectively. Figures 54 and 35 show the
corresponding results for the “'inner™ immersion. A large reduction in tone levels from the s/cgz = 0.5
spectrum 1o the s/cp = 2.3 spectrum is evident. A hump of broadband noise occurs in Figures 33 and
55, It was speculated that this hump in the broadband noise spectrum could be caused by probe vortex
shedding and/or vibration. to which the K4 sensor is particularly susceptible. The former appears un-
likely since. for a probe stem diameter of 0.635¢m (0.25in.) and a tlow velocity of 122 m/s
(400 ft/sec). the Strouhal number fd/V tor 26.000 Hz is 1.35. This is an order of magnitude higher
thun the classical Strouhal number of 0.15 10 0.25 usually associated with vortex shedding. Although
the source of this peculiar hump of noise ix not known, it does not affect the tone levels and does not
appear 10 be sensitive to stator configuration.

Some examples of aft duct spectra at the closed thrrottle condition are shown in Figures §6 and 57 at
69.3% immersion. The large tone reductions as axial spacing is increased are again evident, as is the
peculiar broadband noise hump tor the K4 sensor spectra. There does not appear to be any dramatic
change in the character of the aft duct spectrum in going from open 10 closed throttle.

The aft duct probe s 2ctra at 69% speed and closed throttle seuting are shown in Figure 38 for the
K2 sensor at 69.3% immersion. The trend with spacing is seen to be the same as that observed for 4%
Ny Figure 36, The tone protrusions are somewhat higher at the higher speed. however. At a very
high speed where the tip speed Mach number is supersonic, the effect of spuacing on tone level is still
quite large. as seen in Figure 539. This figure shows the aft duct K2 sensor probe spectra at 69.3% im-
mersion for the eighty-six vane configurations at- 95% speed and closed throtle. ft can be seen that
there is a significant reduction in aft duct tone levels with increased spacing in contrast to the trends
observed for the forward radiation far field spectra.  Also. there is little or no contribution ol multiple
pure tone (MPT) or "buzz saw’’ noise 10 the spectra, again in contrast to the forward radiated far field
spectra which were dominated by MPT noise at this speed tsee Figure 29 . A typical set ot forty-¢ight
vane configuration spectra are shown in Figure 60, and they cxhibit the same characteristics as the
cighty-six vine spectra, except tor the dominant BPF one.
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It should be remarked that the trends described in the preceding paragraphs and illustrated in Fig-
ures 52 through 60 are general observations that exhibit considerable variability from point to point,
immersion to immersion, and sensor to sensor. It was, therefore, desirable to perform some sort of
data averaging in order to better quantify the trends. The tone levels were, therefore, scaled from the
spectra and have been tabulated in Appendix B, along with the far field microphone tone levels. The
tone levels from each sensor-immersion combination were then averaged to ~btain a representative
duct average SPL value. These average levels were then examined in terms of tre.ds with spacing and
vane number.

The tone level spectra (SPL versus harmonic number n) have been plotted for each of the vane
number/spacing combinations tested, at 54 and 63% speed, for both open and closed throttle settings.
The values from all four sensor-immersion combinations are shown and these results are displayed in
Figures 61 through 67. These results indicate that aithough there is considerable spread or scatter in
the levels, there does not appear to be any one sensor-immersion combination which is consistently in
disagreement with the others.
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Figure 61.  Afyx Duct Probe Harmonic Spectra 86-Vanes and S/Cy = 0.5.
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Figure 62.  Aft Duct Probe Tone Harmonic Spectra 86-Yanes and S/Cy = 0.9.

The average SPL spectra derived from Figures 61 through 67 are shown in Figures 68 through 71, |
pe where the tone harmonic average SPL spectra at different spacings are compared. Examination of these
= comparisons shows several interesting features. The eighty-six vane configurations show a peak in the
spectrum at the third harmonic (n = 3), as was observed for the far field spectra. for the closer spac-
ings. The forty-eight vane configurations show a peak at the fundamental (n = 1) harmonic, and the
falloff with harmonic number is much more rapid than for the eighty-six vane spectra. The eighty-six
vane configurations show a more or less progressive drop in the spectrum with increasing spacing until
“ s/cp = 2.3, where the spectrum generally is as high as (or higher than) the spectrum at s/cy of 1.27.
For the forty-eight vane configurations, the drop with spacing is progressive for the 54% speed cases
(Figures 68 and 69), but very little change is observed between the two largest spacing levels at 63%
speed (Figures 70 and 71).

. The aft duct average tone SPL values, derived from an arithmetic average of the four levels ob-

- tained from the four sensor-immersion combinations recorded, have been plotted versus rotor-stator
axial spacing-chord ratio. These aft duct probe average SPL versus spacing trends are shown in Fig-

ures 72 through 76 for 54% through 80% correcied speed. respectively. These trends can be compared
3 with the corresponding trends obtained from the inlet radiated far field data shown in Figures 44

= through 48, and the data presentation format is similar. It is noted in passing that, if flow convection

, S
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Figure 63. Aft Duct Prote Tone Harmonic Spectia 86-Vanes and S/Ci = (.27,

effects are ignored and stendard day values of air density and speed of sound are assumed, the conver-
sion from average SPL to acoustic power PWL in the aft duct yields a correction of less than 1.0 dB. so
that the average SPL levels shown in Figures 72 through 76 (and 68 through 71 as well) arc roughly
equivalent to PWL within the above-stated assumptions and approximations, It can be seen that the
levels shown in Figures 72 through 76 are in reasonable agreement with the inlet PWL levels shown in
Figures 44 through 48.

The aft duct SPL versus spacing trends are similar 10 the intet PPWL versu: spacing trends with a
couple of exceptions. First, the dropoff rate with spacing increase is somewhat larger for the aft duct,
especially for the higher speeds. Secondly, the peculiar noise (inlet PWL) increase in going from
sfcg = 0.5 to 0.9 for the eighty-six vane second harmonic tone in most cases (eight out of ten) does
not occur in the aft duct SPL. Thirdly, the aft duct BPF to:e is much hugher {or the forty-eight vane
configurations than for the eighty-six vane configurations for most of the cases shown in Figures 72
through 76. In contrast, the inlet arc PWL BPF tones are comparatively closz for forty-eight and
eighty-six vane configurations. [t should be remembered, however, that the immersicn iocations for
the forty-eight vane configurations were different than those of the eighty-six vane configurations so
that a direct comparison of levels in the aft duct may be misleading.
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7.2 Inlet Duct Transducer Spectra

Pressure transducers were mounted on the inlet casing annulus wall, shown in Figure 6 as sensors
KS and K6. Narrowband spectra were reduced from the signals of these sensors at 54%, 63%, 80% and

The K6 sensor is very close to the rotor tip leading edge and, therefore, its 12sponse is undoubiedly
heavily influenced by the rotor steady flow pressure feld which rotates with the rotor. Detailed analysis
of this data was, therefore, not carried out, although the tone levels are tabulated in Appendix B for fu-
ture reference. Examination of the tone levels (Appendix B) for the K5 sensor spectra revealed no
consistent or sensible trend with spacing, so further analysis of this inlet duct data was abandoned.

7.3 Blade-Mounted Transducer Spectra

A blade-mounted rotating pressure transducer, designated as sensor K3 in Figure 6, was used in the
tests performed in this program. However, reliable data was only obtained for the eighty-six vane, 0.5
spacing configuration. Blade-mounted transducer (BMT) signal data was processed for 54%, 63%, 69%,
76% and 80% speed for this coinfiguration.
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Figure 65. Aft Duct Probe Tone Harmonic Spectra 48-Vanes and S/Cy = 0.5,

The character of the blade-mounted transducer (BMT) harmeonic spectra at 54% ana 80% fan speed
is displayed in Figure 81. A general observation is that the lower harmonics are much more prevalent
at the higher speed condition. Also a distinct eighty-sixth harmonic occurs at both speeds, which is at-
tributable to the potential field loading of the closely spaced eighty-six vane assembly on the rotor
biade. The progression of lower frequency harmonic activity with fan speed is illustrated further in Fig-
ure 82, where BMT harmonic spectra at 63%, 69% and 76% fan speeds are shown. Note that Figure 81
is for the closed throttle setting of 1.35, whereas Figure 82 is for the open throttle setting of 0.98.
Since both throttle settings suggest similar lower order harmonic behavior, this trend is believed to be
relatively independent of throttle setting. The cause of this increase in lower order harmonic strength
is not directly known: however, since it occurs over a range of harmonics, it may be due to inflow
turbulence/distortion components. At low fan speeds, which characterize lower flow rates through the
turbulence control structure, very little low frequency harmonic activity is observed. However, at
higher fan speeds and higher flow rates, more low frequency activity is observed. The waveform from
which the harmonic spectra were generated is obtained in the conventional manner of averaging the lo-
cal signal until a representative steady circumferential pattern is attained. An example of the BMT
waveform is displayed in Figure 83. The waveform again displays the information of the harmonic
spectra as it shows slowly undulating lower frequency components with a strong eighty-sixth order com-
ponent superimposed.
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The eighty-sixth order component is viewed as a potential noise generation mechanism for the
second harmonic of the blade passage frequency (BPF) tone. The amplitude of eighty-sixth BMT har-
monic component as a function of fan speed for open and closed throttle setting is shown in Figure 84.
The amplitude scale of Figure 84 is in volts to magnify the differences observed: however, on a dB
scale, the 63% speed eighty-sixth BMT harmonic was 9.5 dB lower for the closed throttle case compared
to the open throttle operating condition.
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Figure 81. Blade Mourted Transducer Harmonic Spectra for 54 and 80% Speed.
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Section 8

ROTOR-STATOR NOISE ANALYTICAL MODEL DESCRIPTION

8.1 Noise Source Mechanisms

The rotor-s°ator tone interaction noise model utilized for predictions to compare with measurements
is based on a simplified, two-dimensional analysis of the blade row interaction mechanisms, coupled to
a compatible two-dimensional acoustic radiation model. The model can predict the in duct acoustic
power level radiated upstream and downstream of a rotor-stator stage at blade passing frequency and its
harmonics. Four interaction mechanisms are considered in this model as follows:

1. Stator Potential Field-Roror Interaction — lnteraction noise produced by the steady pressure field
around the stator vanes, due to vane loading, interacts with the upstream rotor. Unsteady blade
forces are produced on the rotor and the rotor becomes the noise producing source.

2. Rotor Potential Field-Stator Interaction — Interaction noise produced by the steady pressure field (in
a rotating reference frame) around the rotor blades due to blade loading, interacts with the down-
stream stator. Unsteady vane forces are_produced on the stator and the stator becomes the noise

producing source.

3. Rotor Vortex-Stator Interaction — The unsteady forces produced on the rotor by the stator potential
field (first mechanism) results in regular, periodic vortices being shed from the rotor blade trailing
edges and these shed vortices interact with the downstream stator to produce unsteady vane forces.
The stator vanes become the noise source.

4. Rotor Wake-Siator Interaction — The viscous wakes shed by the rotor blades appear as a periodic
gust to the stator vanes producing unsteady vane forces and hence, tone noi‘e. The stator is the

noise source.

The first two mechanisms are thought to be small for rotor-stator axial spacings greater than half of
a rotor chord. The third mechanism is a second order effect of the first and hence is probably negligi-
ble. The fourth mechanism is thought to be the dominant one for most fan stage applications. All four
mechanisms are retained in the prediction model, however, so that a quantitative assessment of their
relative contributions t¢ the total interaction generated tone levels can be made for the fan stages for
which measurements have been made.

In order to simplify the computations, it has been assumed that each of the four mechanisms pro-
duces tone levels independent of the others, i.e., the relative phasing between any two mechanisms is
ignored; and the contributions from each mechanism are summed on a mean square pressure or acous-
tic power basis. This assumption was felt reasonable in view of the approximations made in modeling
the individual mechanisms themselves. Figure 85 illustrates the above described four mechanisms of

rotor-stator interaction.

A theoretical model of the above mechanisms was originally formulated by Kemp and Sears [7. 8]
for two-dimensional, incompressible cascades. The Kemp-Sears theory was later extended to compres-
sible, subsonic flows by Osborne [9]. These models provided theoretical estimates of the unsteady lift
forces produced on the excited blade row due to the interaction mechanisms described above for a
stator-rotor stage. The tone noise radiated from a blade row due to periodic unsteady forces on the
blades was analyzed by Mani {10] for a two-dimensional flat plate cascade.

The present rotor-stator interaction tone noise prediction model is based on the theories of Refer-
ences 7 through 10 with several modifications. The expressions given in [9] for the interaction-induced
unsteady lift forces were first revised 10 apply to rotor-stator (rather than stator-rotor) stages. Also, in
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Figure 85. Illustration of Rotor/Stator Interaction Tone Noise Generation Mechanisms.

order to reduce the computational complexity and execution time, simplified approximations to the ex-
pressions given in [9] were derived by making use of the limiting forms of Bessel functions in the lim-
its of small and large arguments. These-approximations resuited in a considerable savings in computer
program size and execution time with only a few percent change in unsteady lift amplitude prediction
relative to the “*exact’” expressions given in [9]. Since the expressions given in [9], particularly for the
potential field interactions, were based on an idealized point source mode! of the potential field, more
precise estimates were not really warranted in view of the effort involved-to do so.

The unsteady lift response function utilized in the viscous wake interaction mechanism of [9] is a
so-called “‘low frequency’’ response function in that it was derived from a compressible theory which
assumes that a certain reduced frequency parameter  is appreciably less than unity, where © is
defined as Q = w/B?, and where @ = vc/2V. In the above, w is the reduced frequency; » is the dimen-
sional radian frequency of the disturbance incident upon the blade or airfoil of interest: ¢ is the blade
chord; V is the average or mean velocity of the flow incident upon the blade; B8 is a compressibility pa-
rameter 8 = +'1 — M2 and M is the incident Mach number V/co, where cg is the freestream speed of
sound. For a typical fan stage with Np rotor blade wakes impinging upon a stator row, { is on the or-
der of 10 for the fundamental blade passing frequency excitation. The ‘‘low frequency”’ response func-
tion is, therefore, not really applicable and a so-called *‘high frequency’ unsteady lift response function

developed by Amiet [11] was substituted in the unsteady blade force calculation for cases where 1 >
1.

As described in [10] for a two-dimensional cascade of Ny blades interacting with a cascade of N
vanes, acoustic spinning modes are generated at frequencies which are multiples of blade passing fre-
quency vz The n harmonic of v will have a spinning mode lobe number m given by

m = nNg = kN (D
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where k& is any integer. In order for a given mode of frequency nv 3 and lobe number m to propagate
upstream and downstream of the duct unattenuated, it must satisfy the duct mode cut-on criterion

(n1Ng— mo) M, > m /1 - M2 (2)

Thus for given values of n, Ng, and flow parameters M,, M, (the centerline value of the strip being
used) , and 6 (the normalized swirl Mach number), only certain modes can propagate, corresponding to
permissible values of k. The range of permissible values of k that produce propagating modes in can be
shown to gbey the inequality

nNB M‘, IINB Mv
(R 0 - g V< k< LRI+ ] (3)
where
M, = M
1 = M

For each of the mechanisms previously described, the resulting unsteady blade or vane lift force of
amplitude F,, will then produce a spinning acoustic mode of intensity /; (upstream) and /; (down-
stream) of the form

F2
2poco

x
17 =

n*. 4)

where n* is the acoustic duct radiation efficiency in the upstream (+) and downstream (—) directions
for the acoustic mode generated and depends upon the frequency and lobe number of the acoustic
mode as well as the flow parameters M,, M,, and 0 in the duct as discussed in [10], and given by Equa-
tions (22-28) of Reference [10].

It may be noted that for 8 > 0, i.e., when there is mean swirl upstream of the stator and down-
stream of the rotor, it is possible for a given mode to be propagating upstream of a blade row and be
cut-off or decaying exponentially with axial distance downstream of the blade row or vice versa. It has
been observed in certain predictions, for example, that stator-generated modes sometimes decay in the
downstream direction but propagate in the upstream direction where high levels of swirl are present,
only to be cut-off or reflected in the process of being transmitted through the upstream rotor.

The expected cut-on circumferential modes for the configurations tested in this program have been
calculated using Equations (1-3). The modes that propagate upstream of the rotor (9 = 0) have been
calculated for 1X BPF, 2X BPF and 3X BPF at each of the speeds tested. These expected modes are
listed in Tables 3 (48-vane) and 4 (86-vane). At the bottom of these tables, the value of k which
corresponds to each of the modes, is also listed. Nuic that k = 0 corresponds also to rotor-alone pres-
sure field radiation. It is also observed that the 48-vane configuration (Table 3), in addition to having a
cut-on 1X BPF tone at subsonic tip speeds, also hes more cut-on modes contributing to 2X BPF and
3X PF than does the 86-vane configuration (Table 4).

To account for transmission loss of acoustic energy through the rotor cascade for upstream propa-
gating modes generated by the staior cascade, a trancmission loss model for upstream propagating
waves through a rotaiing cascade was developed using an actuator disk approximation model of the ro-
tor similar to the semiactuator disk model of Kaji and Okazaki [12]. The actuator disk approach was
selected because it can be applied to blade rows with turning, which can be substantial in the hub sec-
tions of a fan rotor. The actuator disk approximation does not exhibit any explicit dependence on
sound frequency (wave number), but as shown in [12], this effect is relatively small on transmission
loss, while the effect of blade row turning or loading is substantial.

One additional modification to the formulations for rotor-wake-stator interaction of [8-10} was
made, consisting of incorporating a different rotor wake velocity deficit and wake width versus distance

. oy




Table 3

PREDICTED CUT-ON CIRCUMFERENTIAL MODE
NUMBERS (m) FOR 48-VANE CONFIGURATION

BN M, 1 x BPF 2 x BPF
54 0.682 -4 +40, ~-8, =56
63  0.766 -4 +40, -8, ~56 ‘
69 0.876 -4 +40, -8, ~56 ‘
76 0969 +44, ~4 +88, +40, -8, -56
8 1.022 +44, -4 +88, +40, -8, =56
8 1102 +44, -4, -52 +88, +40, -8, -56, -104
95 1.223 +44, -4, =52 +88, +40, -8, -56, -104
100 1291 +44, -4, 52 +136*, +88, +40, ~8, -56, ~104 !
k= 0 1 2 -1 0 1 2 3 4

e ol

* These Modes are.Cut Off for Closed-Throttle Operating Line

> -

3 - BPF

+84, +36, =12, -60
+84, +36, -12, =60, -108
+84, +36, -12, =80, -~108
+132, +84, +36, -12, -60, -108
+132, +84, +36, -12, -60, -108
+132, +84, +36, -12, -60, -108, -156
+180, +132, +84, +36, -12, -69, -108, -156
+180, +132, +84, +36, -12, -60, ~-108, -156, —204*

-1 0 1 2 3 4 5 6 7

!
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0 e S
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Table 4

!
PREDICTED CUT-ON CIRCUMFERENTIAL MODE i
NUMBERS (m) FOR 86-VANE CONFIGURATION :

TN M, 1 x BPF 2 x BPF 3 x BPF i
54 0.682 None +2 +46, -~40
63 0.796 None +2 +46, -40
69 0.876 None +2 +46, -~40

76 0969 +44, -42 +88, +2, -84 +132, +46, -40, -126
80 1022 +44, -42 +88, +2, -84 +132, +45, -40, -126 :
v 8 1.102 +44, -42 +88, +2, -84 +132, +46, ~-40, -126 Lo
| 95 1233 +44, -42 +88, +2, -84 +132, +46, -40, -126
100 1.291 +44, -42 +88, +2, -84 +132, +46, -40, -126

k= 0 1 0 1 2 ¢ 1 2 3
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correlation. The new velocity deficit and wake width correlations were taken from the results of a study
by Mugridge and Morfey (13] which was based on data for a wider range of airfoil types as well as cas-
cade data. It was found from parametric study computation results that this wake model gave a much
better prediction of harmonic spectrum shape than the Kemp-Sears model of [8] does. Details of the
prediction model formulation used are given in Appendix A.

8.2 Computational Medel Description

The computational procedure developed for predicting rotor-stator interaction tone noise utilizes a
streamline-by-streamline evaluation sequence whereby the noise levelz are calculated at several radial or
spanwise locations along the blades, corresponding to axisymmetric streamlines in the fan flow path.
Incremental annulus areas are assigned to each streamline and the tone acoustic power levels computed
from each streamline are then summed to give the total acoustic power generated and radiated
upstream and downstream of the fan stage. Figure 86 illusirates the streamline-by-streamline subdivi-
sion and evaluation procedure. On each streamline, the flow is characterized by an equivalent two-
dimensional cascade rotor-stator stage model with an equivalent average axial Mach number M,, tip
speed Mach number, M|, and rotor-stator gap swirl Mach number 9 M,, as shown in Figure 86. The ro-
tor wake development is characterized by the rotor drag coefficient Cpp, as discussed in [8] and [9].
The geometric parameters required are rotor and stator stagger angles yr and yg, rotor and stator soli-
dities o g and o5, and rotor and stator blade and vane numbers N and N,.

The basic rotor-stator computation scheme developed for the prediction of interaction tones is illus-
trated in Figure 87. A given fan stage flow path is subdivided into stream tube annuli as shown in Fig-
ure 86. The steady siate aerodynamic parameters and blading geometry parameters are determined
from prior calculations and/or experimental measurements. For each streamline, the unsteady blade
and/or vane forces are evaluated using the previously described modifications of the Osborne theory
[9]. This evaluation is done for each frequency or blade passing harmonic of interest for each of the
four interaction sources at all cut-on modes which abide by the criterion of Equation 3. For each

M, o M,

Mt M // Mt
Mg, My | s
X g E é] STREAMLINE

R\
Cr D /~~ CASCADE
\ — PLANE
MRZ_J/
—S
ROTOR STATOR

STATOR
(BYPASS) /STRUTS

STREAMLINES ROTOR  sraToR (CORE)

Figure 86. [Illustration of Streamline-by-Streamline Analysis of Rotor/Stator Interaction
Noise.
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Figure 87.  Rotor/Stator Tone Noise Prediction Computer Program Flow Chart.

md

stator-generated upsiream propagating mode, a transmission loss factor is applied as described above.
The contributions from all sources are then summed (on a sound power basis) to give the total power
in a given mode, and the acoustic power in all propagating modes are then summed to give the total
power at a given harmonic produced by a given stream tube or annular increment. Finally, a summa-

tion is made over all stream tubes to yield the total tone power in each mode and summed over all
modes.

The above analytical model approach is one step higher in sophistication compared to a straightfor-
ward two-dimensional calculation carried out at some effective radius in the fan annulus, It does pro-
vide some accounting for the radial or spanwise variations in acoustic source strengths, which may re-
sult from the existing radial variations in blade geometry, mean flow vector diagram parameters, load-
ings, and wake properties. As such, it should provide useful evaluations of the spanwise variation in
the source noise. It cannot, however, provide a truly three-dimensional sound field prediction in the
fan duct since phase relationships along the span are ignored in the present model. Nevertheless, it is
expected to provide reasonable estimates of total tone acoustic power and should prec.2t the correct
trends for variations in rotor-stator axial spacing and vane number.

8.3 Rotor-Stator Interaction Tone Predictions

Predictions were made of the rotor-stator interaction tones for the Rotor 11 fan stage vane/blade ra-
tio and axial spacings tested utilizing the analytical model described in the previous section. The aero-
dynamic parameters required as input to the prediction model were derived from the aerodynamic per-
formance measurement data reported in [6]. The aerodynamic performanc~ measurements reported in
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[6] were made on a configuration consisting of Rotor 11 (forty-four blades) and a forty-eight vane sta-
tor row at approximately 0.5 rotor chord axial spacing. It was assumed, since no additional data was
avajlable, that the rotor aerodynamic performance remained unchanged for the other vane
number/spacing configurations tested in the present program.

The fan flow path was subdivided into five annuli, with midradius locations at 10%, 30%, 50%, 70%,
and 90% of immersion from the casing. Input values of M,, M,, 6 and Cp, (rotor drag coefficient)
were derived from interpolation of the aerodynamic traverse data as a function of corrected fan speed
and rotor inlet flow coefficient. Cpg was calculated from measured total pressure loss coefficients. It
was found that the radial variation in axial Mach number M, was very small at the part-speed condi-
tions of interest (54% to 80% Ny), and it was also found that M, did not vary appreciably in the axial
direction either. Values of M,, 6 and Cpr evaluated at the rotor exit were used for prediction model
input. The rotor loading coeflicient @ was found to vary considerably from hub to tip but was rzfatively
invariant with fan speed for a given throtile (DV) setting. In going from open throtile to clossd throt-
tle, the axial Mach number M, decreases, while both swirl coeflicient 8 and rotor drag coefficient Cpp
increase.

Calculations of rotor-stator interaction tone levels were carried out for the Rotor 11 twenty-inch-
diameter fan stage (forty-four blades) for 54%, 63%, 69%, 76%, and 80% corrected speed. Results for
forty-eight vanes are given in Tables 5 and 6, while results for eighty-six vanes are given in Tables 7
and 8. Results for both open throttle (DV = 0.95) and closed throttle (DV = 1.35) are given. For
each vane number and throttle setting, results have been computed at nominal rotor-to-stator spacings
of 0.5, 0.9, 1.27, and 2.3 rotor chords.

It was found that the rotor viscous wake-stator interaction was by far the dominant mechanism for
all of the cases computed. The staior potential field/rotor interaction mechanism ranked second, but
was on the order of 50 dB lower in resul.ant noise level than that of the viscous wake interaction. A
comparison of predicted source contributions to tone harmonic levels for the closest rotor-stator spac-
ings tested (s/ci = 0.5) are given in Table 9 for the streamline closest to the hub, 90% immersion.
For this configuration, the noise sources are predicted to be strongest at the hub and typical variations
of tone PWL versus spanwise position are shown in Figure 88.

The noise source distributions shown in Figure 88 indicaie a strong hub dominance in both forward
and aft-radiated noise. This is due to the higher unsieady lift forces created near the hub because of
higher rotor drag coefficient, shorter spacing-to-chord ratio and higher relative velocity into the stator
(because of larger swirl at the hub).

8.4 Rotor Transmission Loss Analytical Study

The Fan Source Noise Acoustics Prediction Computer Program was used to study the effect of rotor
transmission loss on the predicted rotor-stator interaction forward radiated noise levels for the Rotor 11
stage configurations tested in this program.

Calculations of rotor-stator interaction noise tone power levels for the first five harmonics weare car-
ried out with the rotor transmission loss and without the rotor transmission loss. The difference in
upstream radiated tone power levels with, and without, transmission loss effects represents the
influence of rotor transmission loss itself. The effective rotor transmission loss was computed as a
function of rotor tip speed Mach number, and is plotted in Figures 89 through 92. Note that the net
transmission loss cannot be obtained by merely computing a transmission loss from the transmission
loss model or subroutine, because the tones are comprised of several spinning modes, each having a
particular amplitude relative to the total level, and each having its own transmission loss (and spanwise
disteibutions of same).

Figure 89 shows the net transmission loss versus tip speed Mach number characteristics fo: the
48-vane stator on the open throttle operating line. These results show that the transmission loss is rela-
tively constant, approximately 5-7 dB, for the higher harmonics n 2 2 for subsonic tip speeds. For
M, 2 1.0, a gradual rise in tone transmission loss is predicted, reaching 10 dB at M, = 1.3. The fun-
damental tone (n = 1) has a relatively small transmission loss of about 2-3 dB for M, < 0.9, and then
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Table §

PREDICTED ROTOR/STATOR TONE PWL 48 VANES
(8/Clpon. = 0.5 and 0.9

Upstream Downstream
A S/C DV %N n=1 2 3 1 2 3

48 0.5 0.95 54 1257 1284 117.6 1369 136.0 121.9
(oP) 63 127.2 1319 119.0 1374 1400 127.8

69 1277 1322 122,0 1375 1415 1311

76 1280 134.6 124.6 1424 1414 1347

80 1283 1344 124.7 1452 1420 1364

1.35 54 1311 1246 113.4 1396 1345 1139
(CL) 63 1321 129.6 116.1 1399 1394 121.8
69 1326 1323 118.C 140.2 140.2 125.7
76 1327 1327 1221 1401 1414 130.2
80 132.6 1344 1242 1459 1414 1335

0.9 095 54 1245 1249 1106 135.8 132.5 1144
(OP) 63 126.0 128.7 112.1 1363 136.8 121.6

69 126.6 129.2 1l6.1 1365 1384 1247

76 127.0 131.7 118.7 1415 138.5 128.8

80 127.2 131.6 118.9 1443 139.1 130.6

1.35 54  129.3 1187 105.7 137.8 129.0 105.3
(CL) 63 130.4 1244 108.2 138.3 1351 1125
69 130.9 127.7 1102 138.6 1359 1163
76 131.2 128.7 114.6 138.7 137.7 1219
80 131.2 1309 117.2 1445 137.7 126.5

exhibits a rapid rise, as M, exceeds 0.9, reaching a maximum value of 17 dB at M, = 1.1. Figure 90
shows the transmission loss versus tip speed Mach number characteristics for the 48-vane stator
configuration along the closed-throttle operating line. The qualitative trends are similar to those in Fig-
ure 89, but the levels are somewhat lower by 1-3 dB.

Corresponding transmission loss versus tip speed characteristics for the 86-vane stator configuration
are shown in Figures 91 and 92 for the open-throttle and closed-throtiie operating lines, respectively.
Fot this configuration, both the first and second harmonic trends differ from those of the higher ha;i-
monics. First, the first harmonic has no valuc until M, > 0.93, since this is the so-called cut-off stator
design. Secondly, once the fundamental tone cuts-on, the transmission loss is much higher, peaking at
27 dB, than for the 48-vane stator configuration. Finally, the second-harmonic characteristic shows a
rapid rise in transmission loss when M, exceeds 0.76, peaking at 14 dB at M, = 1.0. The trends for the
closed-throttle operating line (Figure 92) are similar to the trends for the open-throttle operating line
(Figure 91), but again the absolute levcls are somewhat lower.

To gain additional insight into the effects (predicted by the present analytical model) of rotor
transmission toss on forward-radiated tone power levels, the spanwise or radial distributions for the
tone power levels with, and without, transmission loss were compared. Two speeds were selected for
comparison:

(@) Ny = 69%, corresponding to M, = 0.88, and
(b) Ny = 74%, corresponding to M, = 0.94.
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Table 6

PREDICTED ROTOR/STATOR TONE PWL 48 VANES
(S/Clpom, = 1.27 and 2.3

Upstream Downstream
\4 S/C DV %N n=1 2 3 1 2 3

48 1.27  0.95 54 1237 1219 1039 1350 1293 107.6
(OP) 36 1253 1259 1057 1355 1339 116.1

69 125.8 126.6 110.8 135.7 1356 118.9

76 1263 129.2 113.4 140.7 1359 123.5

80  126.6 129.1 113.5 143.6 136.5 125.3

35 54 1281 1135 976 136.4 1237 96.9
(CL) 63 129.3  119.7 1004 137.1 131.1 103.8
69 1299 1233 102.5 1374 132.2 107.5
76 136.3 1249 107.4 137.7 1343 113.9
30 1303 127.8 110.6 143.3 1344 119.7

23 095 54 1215 113.6  85.0 132.6 1205 89.5
(OP) 63 1232 117.9 88.1 133.4 1258 101.7

69 123.9 119.1 969 133.7 127.9 104.1

76 1245 1220 997 138.6 128.6 190.6

80 1248 1219 99.5 1415 129.3 111.1

1.35 54 1247 994 741 1328 109.9 73.7
(CL) 83 126.3 106.8 779 133.8 119.9 80.4
69 127.0 110.8  80.3 1343 121.7 837
76 127.8 1143 867 1350 1249 917
80 128.1 1189 91.6 1399 1254 100.7

These speeds bracket the region where the fundamental n = | tone exhibits a rapid rise (see Fig-
ures 89 through 92).

The spanwise distributions of upstream radiated tone PWL with, and without, rotor transmission
loss are shown in Figure 93 for the 48-vane stator configuration on the open-throttle operating line.
The first three harmonic tones are shown. Similar comparisons for the closed-throttle operating line are
shown in Figure 94. One dramatic effect of rotor transmission loss depicted by the trends shown in
Figures 93 and 94 is that the transmission loss changes the tip-dominated *‘source™ distribution to a
hub-dominated distribution upstream of the rotor.

The 86-vane configuration spanwise distributions for open-throttle and closed-throttle operating lines
are shown in Figures 95 and 96, respectively. These trends show even more dramatically the reversal
from a tip-dominated spanwise distribution t0o a hub-dominated distribution produced by the rotor
transmission loss. It is also interesting to note that, at 69% speed (M, = 0.88), the fundamental tone
is cut-on at all but the hub streamlines before being transmitted through the rotor, and then is com-
pletely cut off by the rotor. This is due to the change in cut-off ratio or propagation wave number in
the downstream-of-rotor to the upstream-of-rotor tegions due to swirl velocity change.

A study of the relative transmission loss contributions to the various spinning modes contributing 1o
each tone harmonic level was also carried out for the tip streamline (10% immersion). The tip stream-
line was selected because it usually exhibited the largest transmission loss, according to the results
shown in Figures 93 through 96. The 74% speec (M, = 0.94) cases were examined. The modal tone
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Table 7

PREDICTED RGTOR/STATOR TONE PWL 86 VANES
(8/Caon. = 0.5 and 0.9

Upstream Downstream
\' S/C DV %N n=1 2 3 1 2 3
86 0.5 095 54 124.8 124.8 124.1 130.6
(OP) 63 125.3 128.0 125.3 131.7
69 125.9 1289 126.5 132.9

76  126.8 127.1 129.4 151.5 138.2 135.5
80 127.2 1279 129.4 154.7 142.0 -137.3

1.35 54 125.8 115.8 125.2 126.8
(CL) 63 126.9 124.6 127.0 127.5
69 127.9 126.0 128.4 128.4

76 131.2  129.7 128.2 1479 133.6 130.8
80 131.8 130.7 129.1 155.4 140.3 133.0

09 095 54 121.4 1179 120.6 123.9
OP) 63 122.0 121.6 122.0 125.3
69 122.8 122.7 123.3 1267

76 126.0 124.1 123.7 150.7 1348 1293
80 126.7 125.0 123.8 153.9 1389 131.2

1.35 54 121.5  105.2 120.7 119.8
(CL) 63 122.8 117.2 122.6 120.2
69 123.9 1189 124.1 121.0

76 129.5 1259 121.4 146.3 128.7 123.6
80 130.7 127:3 122.7 1539 135.2 1258

PWL values, in bar chart form, are shown for the 48-vane stator configuration, on the open-throttle op-
erating line in Figure 97. The open bars denote levels without rotor transmission loss, while the shaded
bars denote levels with rotor transmission loss included. Each circumferential mode (m) contributing
to the tone is shown, as well as the summed levels. For example, the fundamental tone (n = 1 har-
monic) in Figure 97 shows two circumferential modes contributing: m = —4 and M = —52. Without

transmission loss, the m = =352 mode domunates, giving a level of 139 dB. In contrast, with transmis-
sion loss included, the m = -$52 mode becomes cut-off and only the m = —4 mode contributes. The
m = —4 mode suffers about 12 dB in transmission loss, resulting in a net upstream radiated level of

110 dB (for this streamline), compared to the source level of 138 dB.

Similar results for the closed-throttle operating line, 48-vane configuration are shown in Figure 98.
It can be observed that, for each harmonic shown in Figures 97 and 98, the largest negative cut-on
spinning mode dominates the tone level if rotor transmissicz 13 is ignored, while the lowest negauve
or highest positive mode dominates the tone when rotor transmission loss is accounted for. Analogous
results for the 86-vane stator configuration are shown in Figures 99 and 100 for the open-throttie and
closed-throttle operating lines, respectively. Because of the higher vane number, there are fewer con-
tributing modes, and so a clear trend with mode numbers is not evident, although the transmission loss
itself does increase as mode number goes from positive t0 negative values.

As fan speed is increased, however, additional modes become ‘‘cut on,' at the tip region first, pro-
ducing higher noise levels out at the tip relative to the hub (see Figures 95 and 96). But, these modes
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Table 8

PREDICTED ROTOR/STATOR TONE PWL 86 VANES
(8/C)yom. = 1.27 and 2.3

Upstream Downstream
v S/C DV N n=1 2 3 | 2 3
86 1.27 - 0.95 54 118.3 111.2 117.5 117.2
OoP) 63 119.1 115.3 119.1 119.1
69 120.0 116.7 120.6 120.9

76 125.2 121.6 118.1 1499 131.7 123.6
80 126.2-—-122,6 118.3 153.2 136.2 125.8

1.35 54 117.4  93.9 1164 1119
(CL) 63 119.0 190.4 118.6 1124
69 120.1 111.2 120.2 1133

76 128.1 122.6 1143 1448 1245 116.4
80 129.8 1242 116.0 152.6 1308 119.0

2.3 095 54 1906 92.8 1089  98.5
(OP) 63 1119 97.8 111.0 102.2
69 112.2  100.0 113.0 105.0

76 123.0 1143 102.5 147.5 123.1 108.7
80 124.7 115.6 103.0 151.1 128.6 1l12.1

1.35 54 106.1  62.5 104.8  88.7
(CL) 63 108.3  86.8 1076  89.9
69 109.6 89.0 109.2 910

76 1240 1129 936 140.7 1136 95.6
80 127.2 1153 96.6 149.0 119.8 99.7

become ‘‘cut off”” in the forward propagation through- the rotor, and hence the noise is still huk-
dominated in the forward direction. The aft-radiated noise would still contain the additional mode con-
tributions out at the tip at thesc higher fan speeds (69 to 74%).

From the above results, it can be concluded that accounting for rotor transmission loss in predicting
upstream-radiated rotor-stator interaction tone levels is very important in predicting the correct levels as
well as the correct trends with tip speed and throttling or loading. In addition, the correct evaluation of
rotor transmission loss effects on the detailed modal composition is important in selecting the proper in-
let duct iiner/treatment design, since-the rotor transmission characteristics can change the dominant
mode contributing to the tone to be suppressed.
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Table 9

PREDICTED CONTRIBUTIONS OF ROTOR/STATOR INTERACTION MECHANISMS
TO TOTAL TONE INTERACTION NOISE LEVELS

o Upstream-Radiated PWL
* 86 Vanes

® Axial Spacing S/Cg = 0.5
e Open Throttle, DV = 0.95
¢ Hub Streamline

% Np n SPF/R RPF/S RV/S RW/S TOTAL
54 2 65.8 49.5 19.5 122.0 122.0
3 62.9 0 19.3 118.6 118.6
63 2 66.4 50.0 16.1 122.6 122.6
3 50.8 0 20.9 124.7 124.7
69 2 66.3 49.9 13.1 123.4 123.4
3 57.2 0 17.9 126.0 126.0
76 2 65.7 49.1 12.8 124.6 124.6
3 59.5 0 0 126.9 126.9

SPF/R — Stator Potential Field/Rotor Interaction

RPF/S — Rotor Potential Field/Stator Interaction
RV/S — Rotor Unsteady Vortex/Stator Interaction
RW/S — Rotor Viscous Wake/Stator Interaction
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PERCENT IMMERSION FROM TIP

Figure 88.

o 86 VANES ~ S/Cp =0.5
o OPEN THROTTLE ~ DV =0.95

STREAMLINE TONE PWL PER UNIT AREA PWL', dB

Predicted Radial Distributions of Tone Noise per Unit Annulus Area

(PWLSL - 10105 ASL)'
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UPSTREAM TRANSMISSION LOSS, dB

Figure 89.

UPSTREAM TRANSMISSION-LOSS, dB

Figure 90,
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Calculated Rotor Transmission Loss of Tone PWL vs. Tip Speed Mach Number
M, for 48-vane Configuration on Open-throttle Operating Line.
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Calculated Rotor Transmission Loss of Tone PWL vs. Tip Speed Mach Number
M, for 48-vane Configuration on Open-throttle Operating Line.
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Figure 91.

Figure 92.

UPSTREAM TRANSMISSION LOSS, dB
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Calculated Rotor Transmission Loss of Tone PWL vs. Tip Speed Mach Number
M, for 86-vane Configuration on Open-throttle Operating Line.
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M, for 48-vane Configuration on Closed-throttle Operating Line.
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With and Without Rotor Transmission Loss; 48-vane Configuration on Closed-
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PREDICTIO!N VERSUS ME*“$.UREMENT COMPARISONS

The forward radiated tone PW 1 versus :paciny: ends are stiown in Figure 101 with both measured
(from far field microphones) arl predicie L 2. compared. The results in Figure 101 are for 54%
speed. the only speed for which nutiowbar 'y 4l a;ind the are (L 10" 110°% were reduced. Looking
first at Figure 1014, the eighty-si. vine cor.d:-a~1s, the agreement between measured and predicted
PWL at open throttle is seen 0 b: excellevt ex..p for the 3X BPF level at ile widest (s/cp = 2.3)
spacing. The closed throttle cases fo not shaw as ,0.ad agreement — the predicted levels underestimat-
ing the measured levels by 10-.7 4B for t5e 3N BPF tone. The agreement between prediction and
measurement is again reasonabls good f.r ta. forty-eight vane configurations ut open throtile
(Figure 101b). but agaip *1e 2X BF¥ and > BYF (une level- are underpredicted at the closed throtile
condition. It also app..ars that the futloff vits ipacing is correctly predicted at close spacings (0.5
S s/eg £1.27), but is overpredicied :i fangt spacings. The change in falloff rate with harmonic num-
ber is predicted reasonably well.

C300 THROTTLE CLOSED THROTTLE
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Figure 101(a). Predicted vs. Measured Tone PWL vs. Spacing Trends ai 54% Np; 86-Vane
Configurations.
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Figure 101(b). Predicted vs. Measured Tone PWL vs. Spacing Trends at 54% Speed;
48-Vane Corifigurations.

Measurement versus prediction comparisons are shown in Figures 102 through 105 for 63% through
80% corrected speed. respectively. The solid symbols denote the predicted levels. while the open syme-
bols denote the measured levels. The measured levels are partial PWL values. i.e.. the PWL computed
from integrating from # = 30°*'to™ 60°, whereas the predictions are total forward radiated PWL values.
The predictions are lossless, i.e., no air attenuation is included. whereas the measured values include
atmospheric atlenuation losses which vary from ~0.2 dB 10 ~2.0 dB over the frequency range of 6.3 10
20 kHz. At the lower speeds. Ny = 354% and 63%. the agreement between measured and predicted
irends is better al open throttle than at closed throttle, whereuas at the higher speeds. the closed throttle
cases give better agreement,

For the cut-on stator design (forty-eight vanes), the BPF tone is overpredicted by 5-10 dB except at
the highest speeds (76% and 80%) where agreement between prediction and measurement is quite
good. Note that the eighty-six vane configuration is predicted to have a cut-on BPF tone (from both
rotor-stator interaction and rotor-alone noise) at 76% speed and above. and this is reflected in the mea-
sured trends.
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Figure 102. Predicted vs. Measured Tone PPWL vs. Spacing Trends at 63% Ny.

It was mentioned previously in Section 7 that the aft duct average SPL was a close approximation to
the PWL because of the annulus area and conversion factor magnitudes involved. provided convective
terms in the estimation of PWL from SPL were neglected. [, therefore, seems reasonable to atiempt
to compare measured duct average SPL versus spacing trends obtained from the aft duct probe with
predicted aft radiation tone PWL versus spacing trends. Figure 106 shows the predicted (PWL) and
measured (average SPL) tone levels versus spacing trends for the aft duct at 54% speed. The predicted
BPF tones (forty-cight vane configurations) were so much higher (approximately 135 1o 140 dB. see
Tables 3 through 6) than the measured ones that they had to be omitted from the figure. Also. some
of the predicted 2X BPF tone levels at the closer spacings had to be omitted from the figure for the
sume reason. The agreement between predicted and measured 3X BPF tone levels is relatively good.

OPEN THROTTLE
OPERATING LINE

& e
\\ .""*-«-...

-

-

MEAs_go—o 86 VANES
{ O 48 VANES

PRED, | © 48 VANES
A 86 VANES

CLOSED THROTTLE
«~ OPERATING LINE

130 u‘**.‘
‘\~ "-‘
~
o 1 x BPF
120 o

o—o\o/‘-e

110

130

L0

120 -
2x BPF

1ok

130

3x BPF

1208

AL o

100

0

ROTOR—-STATOR AXIAL SPACING/CHORD RATIO (S/Cg)y,,

both in magnitude and trend with spacing and vane number.
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One consistent trend in the measurements not simulated by the prediction procedure. however, is
the tendency for the tone level versus spacing characteristic 10 level out above a spacing (s/cg) of
about 1.5. The inability of the model to predict this trend can be due to at least three effects. First,
the tonc levels tend to approach the broadband noise flow level at large spacings so that any reduction
in tone level below the broadband level cannot be observed. Second. the aerodynamic characteristics
(vecior diagrams, Mach number levels. etc.) may be significantly different from those estimated (based
on the traverse data) for the largest spacings, since the traverse data was obtained for the closest spac-
ing [6]. Referring to Figures 7 and 8. it is seen that the flow path geometry from s/cg = 0.5 to
s/cg = 2.3 changes quite significantly and this may impact the radial distribution of flow properties at
the stator leading edge. A third source of this discrepancy is postulated to be an inadequate modeling
of the rotor wake behavior in large spacings. The Kemp-Sears model employed (8] does not take into
account the merging of adjacenl wakes at large spacings and the exponential (Gaussian profile) nature
of the wake shape used forces rupid falloff of the wake gust harmonic coefficients (and hence noise lev-
el) at large axial spacings. As a final note, it is possible that another source of tuan tones (inflow distur-
bances?) is creating a *‘floor’’ to the tone levels so that further increases in axial spacing would have
little or no effect.
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Section 10

¥ CONCLUSIONS

Based on the results obtained from the combined experimental/analytical program documented in
the preceding sections, several conclusions were drawn. First, for subsonic tip speeds, the inlet arc fan
harmonic tone level spectrum shape depends on both vane number and spacing. For the high
(Ny/ Ny =2) vane/blade ratio and close spacings, the third harmonic tone is higher in level than the
second harmonic level. As spacing is increased, the higher harmonic tones drop miore rapidly, shifting
the spectrum peak to the second harmonic. For vane/blade ratios of about unity, the second harmonic
- tone dominates the spectrum at small spacings. Again as spacing is increased, the higher harmonics fall

off more rapidly and the spectrum peak shifts to the first harmonic. These trends are qualitatively
. predicted by the theoretical model described herein, suggesting that the analytical model contains the
i correct physical mechanisms for predicting fan tone noise.

At supersonic tip speeds, the rotor-alone noise field generation dominates the forward radiated tone
spectrum and spacing, and vane/blade ratio effects are minimal. In the aft duct, the effects of axial y
spacing and vane number are still evident, although not as siongly as for subsonic tip speeds. For a '
cut-off design (e.g., eighty-six vane configuration tested herein), the blade passing tone is not sensitive ,
to axial spacing at speeds below the cut-off speed. Once the cut-off speed is exceeded, however, the !
BPF tone depends on spacing for the aft radiated nioise. The forward radiated BPF tone does not, how-
ever, depend on spacing for the aft radiated noise because of the presence of a predominant rotor-alone
field.

The blade passing tone for a cut-on fan design (e.g., the forty-eight vane configurations tested
herein) is not nearly as sensitive to changes in spacing as the second and higher harmonics. Because of 1
this, much larger spacings may be required to achieve noise levels equivalent to those of a cut-off ‘
design. This tradeoff is a function of the vane/blade ratios involved since the vane/blade ratio deter-
mines the number (and radiation efficiency) of spinning modes contributing to the tones and, there-
fore, their relative levels for a given spacing.

The effects of spacing and vane/blade ratio are not as dramatic on a one-third octave basis, since the
higher harmonic tones become a smalil contributor to the one-third octave bands because of the wide
band widths. The effect of spacing on tone level, i.e., falloff rate, becomes larger with increasing har-
monic number. Since the tone contribution to the one-third octave band diminishes with increasing :
harmonic number, the net effect on the one-third octave spectrum is diminished. i

S At adah o anbhen iioe RPN UEdAS Atttk b S

o
3

The utilization of an inflow turbulence control screen (TCS) has permitted the measurement and
detection of changes in the ‘‘internal’’ noise sources. Scme residual inflow turbulence and/or distortion 1
5 is still present and can produce residual BPF tones for a cut-off design as well as set a **floor” for the
| tone levels at large spacings. These conclusions are based on the observed insensitivity of forward radi- 1
ated tone levels to spacing once the spacing exceeds approximately 1.5 chords and the evidence of low
order (1 through 20 per rev) rotor excitation from the blade-mounted transducer measurements. !
i

The directivity patterns of the fan tones, on a narrowband basis, are highly lobular, and the precise
positions of the lobes are sensitive to speed. The measurement of tone directivities with discrete micro-
phones every 10° is probably not sufficient to truly *‘capture’’ the tone directivity characteristics and the
changes in these characteristics with speed, spacing, vane/blade ratio, etc. A traversing microphone
would have provided better estimates of the actual characteristics.

The aft duct probe measurements reported herein have yielded encouraging results and the trends
deduced from these measurements supported the trends observed from the forward arc for field mea-
surements as well as having indicated some interesting differences between forward and aft radiated
tone noise behavior. The two-immersion sampling method employed herein was, however, inadequate
to provide more than qualitative trends. It may be possible, however, to obtain reasonably accurate
quantitative trends if a continuous traverse of the aft duct probe were employed.
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Section 11

RECOMMENDATIONS

From the results obtained in this program, and from the conclusions drawn from these results,
several recommendations can be made regarding future activity in the present area of investigation.
First, it would be useful to extend the present narrowband analysis of the far field microphone data to
include the ¢ = 0°, 10°, 20°, 70°, 80°, 100°, and 110° spectra at the higher speeds (above 54%) and
both throttle settings. This would provide more accuraté estimates of tone power levels for use in
correlating with spacing, vane/blade ratio, and operating condition and would remove some of the un-
certainty associated with the use of partial power level (30° — 60°) employed in the present study corre-
lations. The uncertainties are largest for those tones that contain modes having small spinning lobe
numbers such that the peak noise angle is less than 30°, and for modes having a large spinning mode
number (near cut-off) such that the peak noise angle is greater than 60°.

A second recommendation worth considering is that detailed flow field measurements should be car-
ried out on the configurations tested acoustically herein. These measurements should include radial
rake (or traverse) measurements of total pressure, temperature, and flow angle at the rotor leading edge
and trailing edge stations and arc rake measurements behind the stator at several radial immersions,
An axisymmetric flow streamiine analysis should then be carried out using the radial profile measure-
ments as input, to construct the inlet and e it vector diagrams for each blade row at the speeds and
throttle settings tested acoustically. This information would remove the uncertainty in the analytical
model predictions associated with the input aerodynamic data since this input involved a considerable
amount of interpolation, extrapolation, and ‘‘educated guessing™ for the study reported herein.

A third recommendation to be made, which can be done in combination with the second, is that
rotor-wake profile measurements should be made using hot wire probes. These measurements could
provide information for correlating the acoustic results with the aerodynamics of the rotor wakes and
also could provide necessary and scarce information for developing an improved model of rotor wake
behavior. It is currently thought that much of the disagreement between model prediction and mea-
surements observed in the present study is a result of an inadequate model of rotor wake behavior, es-
pecially at-very small and very large distances from the rotor trailing edge.

A fourth recommendation to be made is that a more refined, analytical model of blade row potential
field interactions should be developed. The current model employed for the present study is based on
thin, small-camber airfoil approximations with the loading field concentrated at the point, usually the
one-quarter chord point. It is known that hub sections of fan rotors have considerable camber and
thickness; their loadings are distributed over most of the blade chord; thus they have a much greater
potential field influence on a downstream stator than is currently predicted with the present technique,
Similarly, the stator potential fields probably have a larger influence on the rotor than the present analy-
sis predicts. This is suggested by the strong eighty-six per rev signal observed on the blade-mounted
transducer at s/cz = 0.5.

Finally, it is recommended that the acoustic tests be repeated with the fan turned around so that the
aft radiated noise can be measured in the anechoic chamber with the far field microphones. This would
provide aft radiated noise data to complement the forward radiated data base and would remove some
of the uncertainty associated with proper interpretation of aft duct probe data. The aft duct probe mea-
surements could be taken simultaneously, preferably as a continuous traverse from tip to hub, and
these results could then be calibrated against the far field results. If such a calibration proves success-
ful, future fan noise tests and experiments could employ (a verified) aft duct probe measurement for
obtaining aft-radiated PWL spectra when only forward mode test operation is feasible.

Although some of the above recommendations are ambitious, the acoustic data bank established in
the present program represents one of the few sets (if not the only set) of high tip speed design fan
parametric noise data available, which is applicable to modern high bypass turbofan designs. These
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recommendations are designed to ‘‘complete the picture’” and to remove some of the uncertainties
identified in the present study. These recommendations also aim at extending and verifying our present
understanding of fan noise generation mechanisms through an intimate linkage with a logical prediction
procedure — a procedure that shows much promise.
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Section 13
NOMENCLATURE
A - area
A - annulus area
) Ag - annulus area associated with a given streamline

BPF - blade passage frequency
C, - speed of sound
Cr - rotor chord
Cpr - rotor drag coefficient
F.. - unstead lift force on blade or vane associated with mode m

- frequency, Hz
1z - acoustic intensity generated at mode m radiated upstream (4) and

downstream (—)

K2, K3, K4, K35, K6 - kulite sensor designations, see Figure 6

M, - axial Mact: number

. M, - effective Mach number Mt/~/ 1- V12
M, - rotor blade transverse (wheel speed) Mach number
M, - rotor exit swirl Mach number, &M,
m - circumferential (spinning) mode number

- Ng - number of rotor blades

- N, - number of stator vanes

n - blade passage frequency harmonic number
Pz - fan stage total pressure ratio

PPWL - sound power level. re: 10~'3 watts (summation of acoustic
intensity from @ = 30° to 60°)

S - axial spacing between rotor trailing edge and stator leading edge
\Y - velocity of flow relative to noise producing blade row
W - fan inlet corrected flow (corrected to standard day
59°F inlet temperature, 14.696 psia inlet pressure dry air). ib/sec
B - Mach number parameter Vi=m?
YR - rotor blade stagger angle. deg.
vs - stator vane slagger angle, deg.
! mt - fan duct modal radiation efficiency in the upstream

(+) and downstream (-) directions
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: © - far field observer angle from fan inlet centerline, degr
iy also used for fan rotor work coefficient. in Seciion 8
] v - source excitation radian frequency, rad/sec
‘“ Po - ambient air density
. Tg - rotor cascade solidity
Ts - stator cascade solidity
Q - rotor radian frequency, 2I1 (RPM}/60, rad/sec
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Appendix A
DETAILS OF ROTOR-STATOR INTERACTION NOISE PREDICTION PROCEDURE

The acoustic intensity radiated upstream and downstream of a blade row eclement in the two-
dimensional cascade approximation is given by

[P H - (A-1)
m 2poCo Nm -

where /7 is the upstream-radiated intensity and /; is the downstream-radiated intensity.
Also, p, = ambient density in duct.
C, = ambient speed of sound in duct.
F, = unsteady blade force per unit annulus area for the m * circumferential mode.
7., = duct radiation efficiency (»;, for upstream, n,, for downstream) for the m " circum-
ferential mode.

The expiessions for ns as a function of n, B, V, M,, M, and M, are given by Equations (22-28) of
Reference {10]. They are as follows:

- M, + kyfSmP+ Kk}

1= (— kM, + mM,\)/ (nBM,) (A-2)

";-Afi Mo+ kySm + k2 ]

1I'— (kM + mM,2)/ (nBM,)

n;-Anz[

(A-3)

where  M,, = upstream axial Mach number
M,, = downstream axial Mach number
M, = upstream absolute swirl Mach number
M,; = downstream absolute swirl Mach number
M, = blade speed (swirl) Mach number
B = number of rotor blades Np
n = blade-passing frequency harmonic number

The coefficients 4, and 4, are the normalized acoustic pressure amplitude functions for upstream (A4,)
and downstream (4,) tadiation, respectively. The term in brackets in Equations (A-2, A-3) above
represents the conversion from acoustic pressure amplitude to acoustic intensity, accounting for flow
convection effects. The coefficients 4, and A, represent the conversion from unsteady lift energy to
acoustic pressure amplitude. The grouping (nBM,) in Equations (A-2, A-3) represents the non-
dimensional acoustic frequency at which the sound is being radiated.

Expressions for 4, and A4, are given in Reference [10] as follows:

A = -}3 [kiAg cos & + m (1 = M%) kikj sin &] (A-4)

AZ- -113 [—' sz[ Cosf +m (1 - Mazl) k]kz sin g]

D= (- Mp3) kA + (1 = M}) kA, (A-5)

A-A-1
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where k|, kj, A; ané A, are defined as follows:

Ay=xi-m? (A-6)

A= x’2 - m? (A-7)

ki = ‘—317 M, x + (xf = Bim)*] (A-8)

ky= Bl_z’[_ M X+ (cd=RimD%] (A-9)
and

X1 = (nBM,) - '”Myl (A-10)

x2 = (nBM)) — mM,, (A-1D)

B =~/1- M} (A-12)
By=~1 - M} (A-13)

The mode number m is given by
m = nB — kV (A-14)

where B and V are blade and vane number, respectively, and & is an integer. The angle § is the angle
the unsteady lift vector makes with the upstream axial direction. The unsteady lift vector is assumed to
be normal (o the mean flow direction.

Equations (A-1) through (A-14) are used to compute the spanwise distribution of acoustic intensity
of a given acoustic mode produced by a given spanwise distribution of unsteady blade force F,. The
parameters M,, M,, M,, ¢ are functions of spanwise position or radius. The parameters k; and K;
given by Equations (A-8) and (A-9) are the upstream and downstream axial wave numbers, respective-
ly. The determination of propagating modes m is governed by whether the term (xf - BEmH* in
Equation (A-8) and/or (xzz— B#m¥* in Equation (A-9) have positive roots, such that k| and/or k, are
always real.

T ursteady blade force per unit annulus area Fy, is a function of the interaction mechanism .ro-
ducing it as well as the various operating parameters listed above. The unsteady force F, is related to
the unsteady vane lift force per unit span L', by

L,
R ~ee— )
Fn 2ar (A-15)

if the stator is the source; and to unsteady blade force L'g by

BL'g
Fp= ST (A-16)
if the rotor is the source (stator potential field-rotor interaction). The unsteady lift per unit span is
evaluated using the unsteady gust models of Kemp and Sears {7.8), as modified for compressibility by
Osborne {9]. The following paragraphs list the equations used to compute L'g or L'y for the various
rotor-stator interaction sources.
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1. STATOR POTENTIAL FIELD-ROTOR INTERACTION

For this interaction, the rotor is the source and Equation (A-16) applies. The unsteady lift on the
rotor blade section, L'g, is given by the general expression.

Lgl's

Lgm
B TrBr

1= -p8s) e *cos x] G Ky (A-17)

where Ly = rotor biade steady lift,
'z = rotor blade steady circulation,
I's = stator vane steady circulation,
B = rotor compressibility factor \/'I——T,%
Bs = stator compressibility factor m

X =agr+tas
Mg = Vi/C,, rotor average relative Mach No.

Ms = Vs/C,, stator average absolute Mach No.
ag = rotor average relative flow angle
ag = stator average absolute flow angle

The parameter G; defines the stator load-induced pressure field harmonic amplitude as seen by the ro-
tor. The parameter K, defines the unsteady lift response functicn of the rotor blade-section. These
functions (G, and K;) are complex functions of Mach number Mp and Mg, and of blade and vane
solidities and stagger angles. Expressions for these functions are given in Reference [9], and also in
Appendix II of Reference [17].

2. ROTOR POTENTIAL FIELD-STATOR INTERACTION

For this interaction, the stator is the source, and Equation (A-15) applies. The stator vane unsteady
lift is given by the general expression
LsT &

L'y= =—=[1-(1-8g) ercosx] G, K, (A-18)
CsBs

All terms in Equation (A-18) are as defined following Equation (A-17). The function G, is now the
rotor load-induced pressure field harmonic amplitude as seen by the stator. Also, K; now defines the
unsteady lift response function of the stator vane section. Expressions for these functions are given in
Reference [9] and Appendix II of Reference (17].

3. ROTOR VORTEX-STATOR INTERACTION

For this interaction, the stator loading-induced pressure field excites the upstream rotor, producing
an unsteady lift on the rotor. The unsteady rotor lift produces shed voriicity which convects down-
streain as a “‘gust.”” This *‘gust™ excites unsteady lift on the stator vanes, and the stator is again the
source. An expression for this unsteady stator vane lift was derived trom the analysis of Reference [7],
and is of the following form:

1 1?20'R0's Nk : -f?kﬁk
L' = L ; m E Cie (A-19)
where
HVRB
Cm= YTAZ (A-20)
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N, = W (kA )18 (ke IS (e ) N H (A-21)
D, =1 + [(cos x = C,)/sin x}? (A-22)
(A-23)

e = ogr (V/B) 26/ Cp)

The function HJ is a complex Bessel functions summation, given in Reference [7], involving the aero-
dynamic loading characteristics (i.e., stagger, camber, angle-of-attack) of the stator vane airfoil section.
The functions S(kw,) and S(nws) are convected-gust ““Sears functions,” Reference (8], and J(kAg)
is defined as

J {kag) = Jg (kxg) — iy (kxg) (A-24)

where Jg and J, are Bessel functions. The parameter Xz is given by

Ar=mnog (V/B) exp [~ i (n/2 = ap)] (A-25)
The parameters oz and ¢ s are the rotor and stator cascade solidities (chord/spacing), respectively, b is

the rotor-to-stator ridchord-to-midchord axial spacing, and Cp is the rotor chord. Note that only the
amplitude of L'y is given by Equation (A-19); it is assumed that the individual sources act independent

of each other, and the relative phasing between sources is neglected.

4. ROTOR. WAKE-STATOR INTERACTION

For this interaction, the rotor wake velocity profile is seen as a convected gust by the downstream
stator cascade. The unsteady lift on the stator vane is calculated using the expressions given in Refer-

ences [8,9,17). The calculation is of the following form:

L'y= 2oV CsG, T, (A-26)
where
Cy = stator vane chord
G, = rotor wake gust amplitude
7, = stator vane unsteady lift response
The wake gust amplitude is given in Reference (81 by the following:
G, = -2—\1/?— —u‘—sFl:-l—x- exp (= m2n¥ K (A-2D)
where
4 (A-28)

K-\/;cosme—;-

and
dg = Cg/eo  totor blade spacing

Y = wake half-width

u. = wake centerline velocity defect
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The expressions {or wake half-width Y and velocity defect u. given in Reference [8) are as follows, in
terms of distance X’ downstream of the wake effective origin in the wake streamwise direction:

Y = (0.68/~/2) Cr (2Cpr X'/ CR)* (A-29)
U, = 2.42 Vg fCpr/(2X'/ Cr + 0.3) (A-30)

where Cpr = rotor blade section profile drag coefficient. Alternative expressions for Y and u, are
given in Reference {13], and these were found to give better agreement with e.:periment in terms of
predicting wake grst harmonic spectra. These expressions are as follows:

Y=2587u/V) ’ (A-31)

u . =2Ve/ 2X,/CrCpr) + 4.0 (A-32)
where

8" = 3 CkCp [1 + 2.0 exp (~0.16 X/Cx Cpr)] (A-33)

Here, 8" is the wake displacement thickness, and X, is the streamwise distance downstream of the rotor
blade trailing edge, X, = X'~ 0.8 Cr. The wake effective origin for the Kemp and Sears model,
Equations (A-27) and-(A-28) is located at 30% of the rotor chord upstream of the trailing edge.

5. TRANSMISSION LOSS THROUGH THE ROTOR

For all the stator source mechanisms, the upstream-radiated acoustic modes must propagate through
the upstream rotor before radiating from the inlet duct. An estimate of the pressure amplitude
transmission loss is made for each computed spinning mode which propagates upstream. A two-
dimensional (high-radius-ratio approximation) model based on actuator-disk theory is employed. The
model accounts for rotor loading through the specification of swirl coefficient §. Transmission loss is
computed for each spinning mode which contributes to each tone separately, since the transmission loss
is a function of mode number. At each spanwise location, the calculated upstream-radiated source lev-
els are adjusted for transmission loss for each mode. The mode levels are then summed for 2ach tone
harmonic.

The actuator disk model employs conservation of mass and momentum across a blade row, as well
as specifying a Kutta condition at the blade row trailing edge. For simplicity, a circumferentially con-
stant rotor exit relative flow angle is assumed as the Kutta condition. This results in three equations
to solve for three unknowns: (1) transmission coefficient 7, (2) reflection coefficient R, and (3) vorti-
city wave amplitude V. For an upstream propagating incident wave, incident upon a rotor with down-
stream swirl Mach number My and no upstream swirl, the equations for calculating 7 are as follows:

G R+ 6T+ V=g (A-34)

where
a, = M, — cos 0p
a; =1 - Mg;cos (g + B
a; = sin (8; + 8g)
b = M, —cos @r
by = 1= Mg cos (8- 8)
by =0

¢y -]
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c; = —[cos By — (k,/k,) sin B3] My,
¢; = (k. k) cos B, + sin B8,

dy = M, ~ cos 8,
d2 =] - MR2 cos (01 - Bz)
d; = —sin (8; - B,)

The above equations 2re for equal axial Mach number, density and speed of sound upstream and down-
stream of the rotor. Equations (A-32) can be solved for R, T, and ¥ by matrix inversion techniques
or by direct substitution. The incident wave angle 4, is related to spinning mode number m, frequency
parameters (n = nBM, ~ mM,) and axial and swirl Mach numbers M, and M, by the following equa-
tion.

—n— M, \[oT = m (=MD
o+ ml M

sin g, = m (A-35)

The reflected wave angle 6z and transmitted wave angle 6y are then calculated from the following
equations:

(1=M)sing,

1an fg = (A-36)
MmeR= U+ M2) cos 6, - 2M,
GIM,- J1-G*(1 - M}
tan 9, = (M, - v 5 ( 2 (A-37)
Gi-1
where
sin 8,
G=1o M, cos 8, ~ M, sin 6, (A-38)
The axial-to-tangential wave numbrr ratio k,/k, is given by
ko ky = —(1 — M, cos 0/ (M, sin 8 (A-39)

A sketch of the relevant parameters and nomenclature is shown in Figure 109. Note that the transmit-
ted acoustic pressure amplitude P; and reflected pressure amplitude Py are related to incident pressure
amplitude P; by the following:

PT-' TP[ y PR- RPI
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Figure 109. Parameters and Nomenclature for Rotor Transmission Loss Model Described
in Appendix A.
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Appendix B
TABULATION OF NARROWBAND
' TONE LEVELS
) Table RunNo. N, S/Cg
B1 9 8 0.5
B2-. 1l 86 09
- B3 6 8 127
B4 10 8 23
BS 12 48 95
B6 13 48 127
B7 15 48 23
;
4
) :
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=
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L
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Appendix C

TRACKING FILTER TONE ANALYSIS RESULTS

Fig. Run Rdg. Ny S/Cg RunType Harm.
Cl 9 67 86 0.5 Accel. 1
C2 86 0.5 Accel. 2
C3 86 0.5 Accel. 3
C4 9 68 86 0.5 Decel. 1
Cs 86 0.5 Decel. 2
Cé 86 0.5 Decel. 3
c7 1 5§ 8 0.9 Accel. 1 ?
C8 86 0.9 Accel. 2
C9 86 09 Accel. 3 '
Cl10 11 54 86 0.9 Decel. 1 :
C11 86 0.9 Decel. 2 §
Cl12 86 0.9 Decel. 3 1
C13 8 22 8 127  Accel 1 J
Cl4 8 1.27  Accel 2 ~,
C15 86 1.27  Accel 3 |
Clé6 8 21 86 1.27  Decel. 1 ‘i
C17 86 1.27  Decel. 2 ’
C18 8 127  Decel 3 i
C19 10 69 86 2.3 Accel. 1
C20 86 2.3 Accel. 2 {
C21 86 2.3 Accel. 3 !
C22 10 68 86 2.3 Decel. 1 i
C23 86 2.3 Decel. 2 Q
C24 86 2.3 Decel. 3 by
C25 12 32 48 0.5 Accel. 1 1
C26 48 0.5 Accel. 2 !
C27 13 32 48 1.27  Acecel. 1 ;
c28 48 127 Accel 2 }
C29 48 1.27  Accel, 3 o)
C30 15 33 48 2.3 Accel. 1 2
C31 48 2.3 Accel, 2
C32 48 23 Accel. 3 ,
!
!
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