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FOREWORD

All of the testing reported here was conducted in the Acoustic Research Tunnel at
United Technologies Research Center.

The authors wish to express their thanks for the support provided by the personnel
of the United Technologies Research Center. R.W. Paterson, W.P. Patrick, and
R. H. Schlinker were the UTRC personnel in charge of various portions of the acoustic
testing. R.K. Amiet provided the computerized analysis to correct for sound trans-
mission through the shear layer in the Acoustic Research Tunnel. J.C. Bennett was
responsible for hot wire anemometry measurements of the prop-fan model wakes.
R.J. Haas was responsible for acquiring the shadowgraphs showing bow and trailing
waves near the prop-fan blades.

T . r .
Vikeiy b as

iii/iv



TABLE OF CONTENTS

= ABSTRACT cctccvaccsvsvesscscsossaacoasosasscscscesasnsnssssssasaonse
=~ FORWORD tecotcceecescoscacessannvssersscvsnsocanvnssosssssssoscrse
= TABLE OF CONTENTS cecescescececcssoesacscasocconnscascssnssssncas
-~ SUMMARY cevccevvecaseccoscccnssvsassosnassosveavssssesconascassoas
- SYMBOLS AND ABBREVIATIONS «scccecccccscctscccscccssscsssssessnns
~ INTRODUCTION ccosecacsseosocscssscsesasscesscssnssosescsascssnsses
- TEST PROGRAM

Model Description
Test Model GEOMELLY cceccecssceceoscsorscscncscsscssassssses
Model Test Configurations ceceececscecensessessccescscosscenes
Structural Design AnalySiS ccecescecsscsroesecccscoccsscccnaes
Facility Description
Flow Capability c..ccecececcscescosecocescssnscsssssscsnnacs
Hot Wire Anemometry Study of Tunnel Shear Layer .,,....ccceae
Propeller Drive Rig .....veeseesccreccscsscscscssnssscscosnse
Instrumentation
Acoustic Data AcquiSition ,...eceseeessvsescccsecscccscsccnce
Shadowgraph Data AcquiSition ....eceeecesessessccsacsncssenns
Measurement of Operating Condition ,....cceeeeeecnncccccnces
Test Procedure
Acoustic Test Configurations and Conditions .....ccee00ee0ansse
Shadowgraph Test Configurations and Conditions .....eeeeeeevee
Data Reduction
Acoustic Test Datd ...cceeeecsecescreassssscosascscscosesnas
Shadowgraph Test Data ....eeeeeessceccscsssoscasncssssscnane

- RESULTS AND DISCUSSION

Analysis of Test Data
Background NOIS€ ,....cevseeeessecesscasssscessssscsesasoss
Shear Layer EffectS .,,.civiiveesencccccssscccsscesscssannns
8P Harmonic Trends ,,,...cesceceessesssssoscscsscrcoscnnnns
Sideline DireCtivity ....eeeieesescosecsesecsacecsncssscosasnss
Acoustic Pressure Pulse Waveforms seceececcessccsosacssacssns
Boundary LaYer TriD cucecoccssseccrscasscnscascssesssrsssanes
Linear Superposition of Two, Four and Eight Way Data .........
Hot Wire Anemometry Measurements of Blade Wakes .,...c000.0

\'4

PRECEDING PACE LLANK NOT FILMED

(Vo

wwwwc‘owww
t—a:;)-r-cs»br—b-

W



TABLE OF CONTENTS (Cont.)

Analysis of Theoretical Predictions
Prediction MethodologY .....eeceeeseessccsccsscssassccoscancsns
Comparison of Predicted and Measured Directivities ,,...ceece0ee
Comparison of Predicted and Measured Acoustic Pressure Pulses ,,
Shadowgraph Evaluation ...cceeeeescecsccccsscccscosssscsscscnss
Evidence of Non-Linear Flow Effects ,..ceeecoceecccrcscnrecssas
Full Scale Noise Projections ,.....eccecoeescescccccscascascoses

- :ONCLUSIONS R R R R R R N R N A R N A I S R R N A N N N RN N N NN
-REFERENCES © 0 55 080 00000 PCEB LS ELLENIIILRLEEERN0OPUIESLGBRSsOILNEBIIGIOELTS

- APPENDIX A. Predicted and Measured 8P Directivities and Acoustic
Pressure Plllses ® B 000D 0SS BDONSESEL RO PSSR OQAESIBSBOEPGEOEBSPEIES

- APPENDIX B. Shadowgraphs Used for Bow and Trailing Wave Analysis

vi



SUMMARY

Hamilton Standard under contract to NASA Lewis has completed an acoustic evaluation
of three 62.2 cm (24.5 inch) diameter models of the prop-fan, an advanced propeller
concept appropriate for energy efficient transport aircraft designed to cruise at 0.7 to
0.8 Mach number. Tests were conducted :-n the SR-2 model with unswept blades, the
SR-1 model with a small amount of sweep at the blade tips, and the SR-3 model with a
larger amount of sweep at the tip, The SR-2 model served as a reference for the other
blades as it has unswept blades like conventional propellers. The SR-3 model was
acoustically designed to produce lower noise than the SR-1 or SR-2 designs. This
reduction was expected 1) as a result of the phase cancellation of noise produced by
various spanwise locations on the blade resulting from sweep and 2) as a result of sup-
pression of non-linear noise sources which become important as the effective Mach
number of the air flow over the blade airfoil approaches 1.0 (sweep reduces the effective
Mach number of a blade).

The objective of the program was to obtain the test data necessary to show the acous-
tic benefits of blade sweep in the near field at cruise conditions and in the far field at
takeoff and landing conditions. In the near field this was accomplished by establishing
the correlation between model test results and the frequency domain noise prediction
methodology developed by !lamilton Standard and then predicting the full scale cruise
levels. In obtaining test data for cruise noise evaluation, measurements were made
at a 0.8 prop-fan diameters tip clearance, similar to the location expected for the fuse-
lage of a prop-fan aircraft. However, the flight velocity was limited to 0.32 Mach
number due to facility fan capacity. Therefore, the model was oversped to achieve an
operating condition with a tip helical Mach number similar to the full scale cruise condi-
tion. Also the propeller drive rig was limited in power so tests were conducted pri~
marily with two and four blade configurations rather than eight blades as in the full
scale design. At cruise the full scale prop-fan operates at 10,667m (35, 000 ft) altitude
so the ambient conditions differ from the sea level conditions of the test.

In order to evaluate the far field noise at takeoff and landing conditions, tests were
conducted at 0.2 Mach number flight speed and measurements were made at 4.9
diameters from the prop-fan axis of rotation.

Test results in both the near and far field show a gradually increasing noise level as
tip helical Mach number and/or loading (horsepower) per blade is increased. The near
and far field levels of the acoustically designed SR-3 are approximately 10 dB less than
those of the earlier SR-1 and SR-2 designs, at loading conditions and tip relative Mach
numbers approaching those of the prop-fan at cruise. Except for subsonic blade operating
conditions, the slightly swept SR-1 and unswept SR-2 designs produce essentially the same
noise level. Subsonically, in the near field at lightly loaded conditions, some noise
reduction is seen in the SR-1 design relative to the SR~2 design. The benefits of the
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SR-3 design are most apparent at highly loaded conditions typical of the projected
prop-fan operating condition. At lightly loaded conditions more like conventional pro-
pellers in cruise the noise reduction benefits of SR-3 are about 5 dB in both the near
and far field.

Correlation of test with predicted noise levels shows good agreement at the peak direc-
tivity point. Some lack of agreement was found aft of the plane of rotation which is be-
lieved due to be a discrepancy in predicted tip loading at the low through flow velocities
characteristic of this test program. The comparison of measured and predicted acoustic
pressure pulses generated by the blades shows good general agreement. The benefits
of blade sweep can be seen in these comparisons. The SR-3 shows a reduction in
integrated areas within the pressure pulse which causes a reduction in low frequency
noise and a reduction in sharp leading edge spikes which is beneticial for reducing high
frequency noise. The trailing edge spike which exists in both predicted and measured
pulses is believed due to lack of sufficient sweep at the trailing edge of the blade. The
predicted length of the acoustic pulses is less than measured. This discrepancy can
cause a difference in predictions of the high frequency portions of the noise.

Shadowgraph evaluations confirm the above pulse correlation results. The location of
the aft wave generated by the blades appears well predicted. Bow waves are predicted
to occur close to the leading edge of the blade. However, none were observed close to
the blade.

Hot wire anemometry measurements downstream of the blades established the feasi-
bility of using such measurements as a diagnostic tool to evaluate the performance of air-
foils at various spanwise locations on a prop-fan blade during actual test. The resolution
of the measurements was sufficient to define the peak and width of the very narrow wake
defect created by a thin prop-fan model blade operating at very high rotational Mach
number.

Predicted full scale prop-fan levels adjusted on the basis of correlations of measured
and predicted model levels showed the SR-3 should produce 146 dB at blade passage
frequency at the high power loading, high tip speed, 0.8 Mach number cruise condition.
The overall near field level is estimated to be 3 dB above the blade passage frequency
level on the basis of model test data. At takeoff, the level for a large four engine air-
craft is estimated to be 91.5 EPNdB at a point 640 m (2 100 ft) to the side of the
aircraft. This estimate is based on scaling blade passage frequency levels from test
data and adding the broadband noise predicted for full scale propellers.
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SYMBOLS AND ABBREVIATIONS

r/R=1.0

AF Activity Factor/Blade = -—'-—10016000 f b/D (r/R)3 d (r/R)
r/R = HUB
TIP
b Blade Chord
C Speed of Sound = 20.05 yTs
Cip Design Lift Coefficient (Camber)
r/R=1.0
Cy, Integrated Design Lift Coefficient = 4 f CLp (r/R)3d (r/R)
/R = TP
D Prop-fan Diameter
dB Decibel = 20 log p/pREF
kW/m2 Kilowatts per Square Meter
M¢ Blade Tip Rotational Mach Number
MTy Blade Tip Helical Mach Number = (M 2, sz)l'/2
M, Flight Mach Number
PREF Reference Acoustic Pressure = 20 uPa
Pa Pascals
Py Atmospheric Pressure
Pg Static Pressure
Pt Total Pressure
P.D.R. Propeller Drive Rig
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SYMBOLS AND ABBREVIATIONS (Continued)

r Blade Radial Station

R D/2

RPM Rotations Per Minute

SHP Shaft Horsepower

SHP/D2 Shaft Horsepower Per Diameter (in Feet) Squared

SPL Sound Pressure Level (Decibels)

Tg Absolute Static Temperature = T/(1 + 0.2 M%)

Tt Absolute Total Temperature

Vi Blade Tip Rotational Velocity = %lglll D-m

Xe Corrected (For Tunnel Shear Layer Effects) Axial Microphone
Position

Xm Measured (Actual) Axial Microphone Position

XY, Z Axial, Horizontal and Vertical Position Relative to Propeller Spinner Tip

A Blade Tip Sweep Angle = Angle Between Relative Velocity and
Normal to 50% Swept Chord Line at Tip

1P Frequency = One per Propeller Revolution

8P Frequency = Eight Per Propeller Revolution

SI Units of measurement used throughout (U.S. Customary Units may be included in
parentheses to enhance communication).



INTRODUCTION

The occurrence of fuel shortages and increased fuel cost and the threat of future
worsening conditions for air transportation caused NASA to sponsor studies of new air-
craft and propulsion systems. One of the promising concepts established by these
studies is the advanced high speed turboprop (prop-fan). This propulsion system differs
from existing turboprops. The prop-fan has greater solidity than a turboprop, achieved
by more blades of larger chord. The turboprop has straight blades with relatively thick
airfoil sections; the pror-fan has swept back blades with thin airfoil sections to enhance
performance and reduce noise. The turboprop cruises at no more than 0.65 Mach
number; the prop-fan is designed to cruise at 0.7 to 0. 8 Mach number. The diameter
of the prop-fan is about 40 to 50% smaller than that of the turboprop. For maximum
performance the prop-fan makes use of advanced core engines of the kind being used in
modern turbofan engines. Performance is also enhanced by use of a spinner and
nacelle aerodynamically contoured to reduce compressibility losses by retarding the
high velocity flow through the root sections of the prop-fan blades.

Utilizing predicted aerodynamic performance data, weight estimates, and noise pro-
jections; several NASA sponsored studies by both engine and airframe manufacturers
have concluded that a fuel savings of approximately 20 to 40% depending on operating
Mach number should be achieved by a prop-fan aircraft, as colopared with a high bypass
ratio turbofan aircraft. With these encouraging results, a research technology effort has
been instituted to establish the design criteria for this new propulsion system.

The objective of the work has been the development of prop-fan configurations with
high efficiency and low noise. Propellers in the past that operated at the transonic helical
tip speeds of the prop-fan at cruise showed performance losses and high noise levels.
High performance is required to reduce fuel consumption. Low noise is required to
minimize the weight of the fuselage wall treatment used to reduce cabin noise to levels
consistent with those found in turbofan aircraft. Also, low noise is required for a
prop na aircraft to meet the noise certification levels established to control noise
around airports during takeoff and landing.

In this report the results of the acoustic tests of the first three prop-fan model designs
are summarized. Measurements were obtained in an acoustically treated wind tunnel at
conditions simulating high speed cruise as well as takeoff and landing conditions.

Acoustic measurements were obtained in the near field as well as the far field at
sufficient fore and aft locations necessary to define the directivity of the noise. This
report summarizes the measurements and their correlation with predicted levels. Also
the full scale levels of a prop-fan in the near field at cruise and in the far field at take-
off and landing are presented. In addition to noise measurements, shadowgraphs
showing the location of bow and trailing waves and hot wire anemometry measurements
of blade wakes were obtained at some conditions.

1-1/1-2



SECTION 2
TEST PROGRAM

Model Description

Three prop-fan model blades, SR-1, SR-2 and SR-3 (Figure 2-1) were used for
acoustic testing, The SR-2 and SR-3 models were used for shadowgraph testing. The
SR-2 model was used for the hot wire feasibility study.

The SR-1 model incorporates the thin airfoils and blade sweep inherent in the prop-
fan concept. The SR-2 (straight blade) model was included in the program as a refer-
ence for evaluating the effect of sweep in the tip sections. Except for the tip sweep and
a blade root modification to accommodate an area-ruled spinner, the SR-2 is essen-
tially the same as SR-1. The SR-3 model blade was more highly swept with reduced
tip chord to improve efficiency and reduce near field noise as compared to the earlier
designs.

All three blade models were designed to operate at 0. 8 flight Mach number,
10. 667 km (35 000 ft) altitude, 243 m/s (800 ft/sec) tip speed and a cruise power load-
ing of 302 kW/m2 (37.5 SHP/D2 where D is diameter in feet). The overall character-
istics of these models are listed below:

SR-1 SR-2 SR-3

Blades 8 8 8
Activity Factor/Blade (AF) 203 203 235
In‘egrated Design

Lift Coetficient (C Lj) 0.081 0.081 0.214
Riade Sweep ( A ) 23° 0° 34°
NACA Airfoils 16 & 65 16 & 65/ 16 & 65/

Circular Arc Circular Arc

The blade sweep is measured on the helix formed by the advancing blade. The aero-
dynamic design philosophy and test results are described in detail in Reference 2-1 for
the SR-1 model. The aerodynamic test results for SR-1, SR-2 and SR-3 are discussed
in Reference 2-2. The aeroacoustic design of SR-3 is described in Reference 2-3.

Test Model Geometry

The small scale models used for this test have a nominal diameter of 0.62 m
(24.5 in.). However, it should be noted that the diameter of the current variable pitch
prop-fan models with swept blades changes as the blade angle is varied. For example,



the diameter of the SR-3 model varies with blade angle as shown in Figure 2-2, The
static or zero RPM curve shows that the diameter varies from 62.2 cm (24.5 in.) at
approximately the feather angle to a maximum of 64.8 cm (25. 5 in. ) at nearly flat

pitch. As shown in the plot, the diameter of the model SR-3 blades is further increased
with tip speed as a result of centrifugal loads. The diameter of the SR-1 and SR-2
models do not increase significantly at test conditions.

The mechanism by which the diameter of the SR-3 model varies is shown schemat-
ically in Figure 2-3. The height, Y, of the tip airfoil center of gravity (CG) above a
plane passing through the propeller axis of rotation and perpendicular to the pitch
change axis is 31.12 cm (12. 25 in.). This ~2ight is shown in both the side and front
views. The top view looking from tip to hub shows the distance, Z, from the pitch
change axis to the tip airfoil CG. The tip airfoil offset, A, is the perpendicular dis-
tance from the projected tip chord line to the pitch change axis. This offset occurs
because the SR-3 model was swept along the advance angle line rather than the extended
chord line. These dimensions are constant for a given geometry. Finally, X is the
projected distance from the section CG to the axis of rotation and varies with blade an-
gle as a function of A and Z. Thus, the tip radius at any blade angle is given by
Rrip = (Y2 + Xz). For the SR~-3 model A and Z are 0.64 cm (0. 25 in.) and 8.76 cm
(3.45 in.), respectively. These values result in the static diameter variation with
blade angle shown in Figure 2-2. The static diameter variation of the SR-1 blade
model can be calculated in a similar manner.

At the blade angles and rotational speeds used in the acoustic test program, the
diameters of the models do not vary significantly. The actual model diameters, as
used for analysis of test data are as follows:

Model Actual Model Diameter
SR-1 0.631 m (24.84 inches)
SR-2 0.622 m (24. 5 inches)
SR-3 0. 648 m (25. 5 inches)

The nominal diameter 0.622 m (24. 5 in.) was used as a normalizing reference for
all set-up in the test program, such as microphone tip clearance and axial position,
i. e, tip clearances for the near field microphones were 0.6 nominal diameter, 0.8
nominal diameter and 1.6 nominal diameter.

Model Test Configurations

The current prop-fan model is designed to operate in an eight-blade configuration.
The eight-blade 10 667 m (35 000 ft) altitude cruise design power loading is 502 kW/m2
(37.5 SHP/D? where D isdiameter in feet), or 354 kW (475 SHP) for the 62.2 cm

2-2



(24.5 in, ) diameter model when operated at sea-level density. It was determined that
simulation of the prop-fan cruise condition in the UTRC tunnel required 22 to 45 kW
(30 to 60 SHP) per blade depending on tip helical Mach number. The UTRC Propeller
Drive Rig (PDR) has an available povser input of 112 kW (150 SHP) at 12 000 RPM,
which is not enough to simulate the eight-blade full scale loading. Thus, all three
models (SR-1, SR-2, SR-3) were run ia a two-blade configuration which required a
maximum of 90 kW (120 SHP) to simulate full scale loading. Testing of all the models
in an eight-blade configuration at lower blade loadings was performed for comparison
in order to confirm the validity of using two-blade configurations for simulating eight-
blade operation. In addition, the SR-3 model was run in a four-blade configuration.

The SR-1 model hub was used for SR-1 model blade testing. The SR-2 model hub
was used for a portion of the SR-2 model blade testing. The SR-2 model hub with some
modifications was used for the remaining SR-2 model and all of the SR-3 model blade
testing. These modifications included the addition of a light-weight spinner and backing
plate each with holes available for attachment of balance weights. Use of these two
planes of balance holes aided the high speed dynamic balancing procedure. Also, mul-
tiple blade angle locking pins similar to those used by NASA in aerodynamic testing
were used for high rotational speed (RPM) SR-2 and SR-3 model acoustic testing.

Structural Design Analysis

A structural design analysis of the SR-1, SR-2 and SR-3 model hardware was per-
formed in order to define the safe operating regime. This included a finite element
analysis of blade stress, detailed analysis of barrel lip and bolt steady stresses and
calculations of the blade dynamic characteristics. It was found that the SR-1 model
could be safely operated in both two and eight-blade configurations to 335 m/s (1100
FPS) tip speed (10 290 RPM). The SR-2 could be safely operated in two and eight-
blade configurations to 391 m/s (1283 FPS) tip speed (12 000 RPM). The safe operating
regime of the SR-3 model in two, four and eight-blade configurations is bounded by the
12 000 RPM speed limit, a steady blade stress limit, and zero power (windmill) limit.
The minimum static blade angle allowed at 12 000 RPM is 27.5° (at the 3/4 radius),
linearly decreasing to 22.0° at 11 300 RPM. Thus, the power and RPM conditions used
for acoustic testing of SR-3 (see Test Procedure section) could be run safely.

Calculations of the blade dynamic characteristics for all models show no blade
critical speeds within the test speed range for the more important 1P and 2P excitation
orders. The higher order excitations were calculated to be small and to pose no stress
problems. Vibratory strain monitoring during test verified this analysis.
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Facility Description

All acoustic and shadowgraph testing was conducted in the Acoustic Research Tun-~
nel (ART) at the United Technologies Research Center (UTRC) in East Hartford,
Connecticut. A detailed description of this facility is given in Reference 2-4. The tun-
nel, shown schematically in Figure 2-4 is an open-circuit open jet design (Eiffel con-
figuration). The inlet is provided with a high length-to-diameter ratio honeycomb sec-
tion and a series of turbulence suppression screens. Inlet nozzles of 1.067 m (42 in.)
diameter and 1.168 m (46 in.) diameter were used for this test program.

The open jet test section is surrounded by a sealed anechoic chamber 4.9 m (16 ft)
high, 5.5 m (18 ft) long (axial direction), and 6.7 m (22 ft) wide. The interior walls of
the chamber, shown in Figure 2-5 are lined with fiberglass wedges with a depth of
0.3 m (1 ft). The chamber has been found to be anechoic (Reference 2-4) for broadband
noise over a 200 Hz to 20 kHz range of calibration frequencies. That is, the sound
pressure followed a 6 dB decay curve per doubling of source-observer separation dis-
tance within approximately 1/2 dB over this frequency range.

The test section airflow enters the diffuser by way of an acoustically treated col-
lector ring which can be seen at the right of Figure 2-5. Initial facility tests (Reference
2-4) identified an accoustic coupling between the inlet nozzle and the collector lip re-
sulting in low frequency pulsations at high tunnel speeds. To suppress this noise tri-
angular tabs, which can be seen on the nozzle at the left of Figure 2-5, were distributed
around the nozzle periphery to disturb the azimuthal symmetry of the shear layer and
prevent the generation of pulsations. Although the shear layer thickness is increased
by the tabs, acoustic propagation through the shear layer is well predicted. This is
discussed further in a later section,

The diffuser operates unstalled and is thus not a major source of background
noise. To prevent tunnel fan noise from propagating upstream into the anechoic cham-
ber a z-shaped muffling section with two right angle bends and parallel treated baffles
is located between the diffuser and the fan, This muffler section can be seen in the
middle figure in Figure 2-4. The 1120 kW (1500 HP) centrifugal fan, which drives the
tunnel, exhausts to the atmosphere through an exhaust tower,

Flow Capability

The 1.067 m (42 in.) diameter tunnel inlet nozzle allows a maximum tunnel flow
velocity of about 0.34 Mach number. The 1.168 m (46 in.) diameter nozzle allows a
maximum flow velocity of about 0.29 Mach number. Tunnel speed is determined from
total pressure measurements at the inlet contraction upstream of the anechoic test
section and static pressure measurements within the anechoic chamber. Since losses
are confined to the boundary layer, total pressure upstream and downstream of the
contraction are predicted as well as measured to be equal. The test section velocity
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has been shown to be temporally steady. Due to the inlet honeycomb and turbulence
screens the test section velocity is spatially uniform to within 0.3% with a controlied
turbulence level of less than 0, 15%.

The open jet nature of the tunnel gives rise to a shear layer between the jet poten-
tial core and the surrounding quiescent air in the anechoic test section. The shear
layer increases .n thickness with increasing rxial distance from the nozzle. For this
test program the prop-fan was located totally within the potential flow so that there
would be no interaction between the shear layer and the blade tips due to inward shear
layer growth. The plane of rotation was located as far downstream of the nozzle as
possible to allow the greatest angle of measurement forward of the prop-fan. This is
illustrated in Figure 2-6. The optimum PDR location was defined as having the maxi-
mum axial separation between the tunnel nozzle exit and the plane of rotation while the
blade tips remain free of shear layer turbulence ingestion.

Hot Wire Anemometry Study of Tunnel Shear Layer

A hot wire flow study was made to determine the extent of penetration of the open
jet turbulent shear layer into the potential core of the tunnel test section and to thus
find the optimum Propeller Drive Rig (PDR) location. Three rig axial locations were
investigated: 0.46, 0.61 and 0.91 m (1.5, 2 and 3 ft) distance between the nozzle exit
and the prop-fan plane of rotation. For each location hot wire traverses were made in
a radial direction both 76 mm (3 in.) upstream and downstream of the plane of rota-
tion. During these traverses the tunnel was operated at 0.2 Mach number. The SR-2
model prop-fan was operated in an eight-blade configuration at 0,934 blade tip helical
Mach number with a power loading of 94 kW (126 SHP). This high power point at low
tunnel test speed was selected as the worst case from the standpoint of streamline
contraction and possible shear layer ingestion.

A 5.1 micron (0. 0002 in.) diameter tungsten hot wire with a measured frequency
response of 17 kHz was employed for the measurements. Both mean velocity and axial
turbulence component data were obtained. A linearizer was used in the anemometer
system to provide accurate measurement of turbulence intensities at the high levels
encountered in shear layers. The radial extent of each traverse was 38.1 ecm (15 in.).
For measurements upstream of the prop-fan the traverse covered a range of 5.1 to
43.2 cm (2 to 17 in. ) from the prop-fan tip. For measurements downstream, the cor-
responding range was 0 to 38.1 cm (0 to 15 in.).

Figure 2-7 shows a typical plot of mean velocity versus prop-fan tip clearance.
The traverse was conducted 7.6 cm (3 in,) upstream of the prop-fan plane with the rig
at the 0.46 m (1. 5 ft) axial position. The mean velocity falls to 99% of its potential
core value at a radial distance of 7.9 ¢m (3.1 in.) from the blade tip. This distance
can be considered one measure of the clearance between the blade tip and the tunnel
shear layer.



A second and more sersitive measure of the shear layer-potential core interface
is the onset of intermittency. Intermittency is defined as the occurrence of alternating
periods of laminar and turbulent flow in the instantaneous velocity signal at a fixed loca-
tion. It is caused by large eddies at the interface of turbulent and nonturbulent regions.
latermitteney is readily detected by observing the oscilloscope trace of a hot wire.
Using this technique, intermittency was found to occur at a radial distance of 6,1 ¢cm
(2.4 in,) from the blade tip at the traverse position described above. Although the
mean velocity criterion indicated a shear layer-tip clearance of 7.9 em (3.1 in,), the
intermittency criterion indicated a clearance of 6.1 em (2. 4 in,).

A third measure of shear layer position is the change in rms percent turbulence
level as a probe is traversed from within the potential core into the shear layer.
Figure 2-8 shows the results of a typical traverse conducted 7.6 ¢m (3 in, ) upstream
of the prop-fan plane with the PDR at 0,46 m (1.5 ft) axial position. Turbulence level
increased from 0. 85 within the potential core (5.1 ecm (2 in.) tip clearance) to 1.3% at
a clearance of 9.1 cm (3.6 in.). The high level (0.8%) in the freestircam is due to
acoustic excitation by the prop-fan. Applying the criterion that an increase of 0.5% in
turbulence intensity defines the shear layer boundary, the tip clearance for the 0,46 m
(1.5 ft) PDR position would be estimated to be 9.1 em (3.6 in.).

Figure 2-9 summarizes the results of the shear layer location study. Circles in-
dicate positions at which intermittency was observed. Squares denote positions at
which the rms percent turbulence level increased 0. 55 from potential core values.
This criterion could only be applied for traverses conducted 7.6 cm (3 in. ) upstream
of the 0.46 and 0.61 m (1.5 and 2.0 ft) PDR positions. At the 0.91 m (3 {t) position
the measurement at the upstream minimum clearance position of 5.1 em (2 in.) was
outside the potential core as indicated by the intermittency in the hot wire signal. For
traverses conducted downstream of the prop, the turbulence signal was contaminated
by a periodie signal arising {from the blade tip vortex.

Rasced on the data shown in Figure 2-9 it was concluded that the PDR could be lo-
cated at the 0,91 em (3 {t) position without encountering shear layer interaction effects.
At this positon, tip clearance to the intermittency boundary was 2.5 ¢em (1 in.). Loca-
tion of the PDR further downstream was considered unaceeptable.

Acoustic data were also acquired at the three PDR axidal locations.  Good agree-
ment among 907 (in the plane of rotation) near-field microphone spectra for the three
locations confirmed the conclusion that the 0,91 m (3 {t) rig position was acceptable
since previous studies have shown that when the prop-fan tip interacts with the shear
layer there is a marked change in the spectral character of the signal.
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Propeller Drive Rig

The Propeller Drive Rig (PDR) is powered by a constant torque, water cooled,
rariable frequeney AL Co motor rated at 112 kW (150 SHP) at 12 000 RPM. The drive
is shown in Figure 2-10, drawn to scale with a 0. 61 m (2 {t) diameter rotor installed.
The rig includes a low-noise slip ring assembly for transmission of blade dynamic
strain and torquemeter signals with good signal-to-noise ratio. A once-per-revolution
signal generator (1P Pipper) and a sixty-per-revolution signal generator (60P pipper)
were used to provide a rotational speed reference as well as trigger signals for some
portions of the test.

Instrumentation

Acoustic Data Acquisition

The UTRC acoustic data acquisition system is shown schematically in Figure 2-11,
FFor clarity only one of thirteen microphone channels is displayed. Numbers shown on
Figure 2-11 correspond to item mumbers in Table 2-1 where additional equipment infor-
mation such as manufacturer and model number are tabulated. Seven 6 mm (1 4 in)
diameter microphone systems (Items 1A, 2A) were used for all {ar field testing.  Six
mm (1 8 in) systems (Items 1B, 2B) were used tor all near field testing, The mi-
crophone test set-up is desceribed in another section.  The microphone signal from the
ancechoic chamber was amplified or attenuated in 6 dB steps by use of the amplifier
attenuator (Item 8y, to provide maximum allowable signal level (1.1 volts peak-to-peak)
to the tape recorder (Item 13).  Amplifier ‘attenuator output for each channel was mon-
itored on the oscilloscope (Item 11) prior to each tape record to easure that the tape
recorder input voltage lHmit was not exceeded. A real time narrow bandwidth spectrum
analyzer (Item 1-41) was used for on-lTine data reduction of one microphone channel as an
independent check on tape recorded data. Analyzed spectra were displayed on an os-
cilloscope (Item 16) and X-Y plotier (Item 15).  For cach test run, an on-line spectrum
wis made of the signal from the near field microphone in the prop-fan plane of rota-
tion,

Priov to the start of program testing, the gain attenuation scottings of the amplifier
attenuator were calibrated for cach of sixteen channels at all gain attenuation switeh
positions and for the frequeney range of 300 He to 20 Kkliv.  This was accomplished by
introducing white noise (using item 10) into the amplifier attenuator and spectrum an-
alyzing the output for the various switch positions. A similar technique was used to
calibrate the gain attenuation settings of the specetrum analvzer (Item 1D, The uncer-
tainty in each of these calibrations was ¢ 0.5 dB.  The cable response of the micro-
phone channels wis determined over the frequency range from 300 He to 20 k2. This
was accomplished by introducing sine waves from the signal genevator (Item 9) to the



microphone preamplifier (Item 3) via a preamplifier input adapter (Item 6). Compari-
son of rms voltage at the preamplifier (using Item 7) with the voltage at the tape record-
er input (using Item 12) yielded the required cable corrections. The uncertainty in the
cable calibration was + 0. 25 dB.

Prior to the start of program testing all the microphones were calibrated using a
variable frequency, electrostatic actuator to obtain open circuit sensitivity and fre-
quency response. The microphones provided essentially flat response (x+ 0.2 dB) be-
tween 300 Hz and 20 kHz. A sample calibration is shown in Figure 2-12. A piston-
phone (Item 5) was calibrated with an accuracy of + 0.2 dB. Regularly throughout the
test, each microphone channel was cali' "ated by recording the pistonphone signal. In
addition, before and after each test series, the pistonphone signal was monitored for
rms level and signal purity. The repeatability of the pistonphone calibration was
: 0,25 dB.

The tape recorder was set up for FM intermediate bandwidth recording under the
IRIG-B standard. Recording speed was 152. 4 cm’sec (60 IPS) giving 0-20 kHz {re-
quency response. Very near field (within several chord lengths) data for the SR-2 mod-
el was recorded at 304.3 em sec (120 IPS) to give 0-40 kHz frequency response. The
fourteen tape channels were allocated as follows: ten data channels, two 1P pippers for
prop-fan speed reference, time code and voice. Thus, the thirteen microphone chan-
nels were recorded in two tweaty second record passes for each test condition. The
seven near field microphones were recorded twice and the six far field microphones
were recorded three at a time. A 500 mV 250 Hz sine wave signal was recorded on all
data channels at the start of each tape as a reference level. White noise was recorded
to establish a frequency calibration. The uncertainty in this calibration was within
+ 0.5 dB.

It all of the above levels of uncertainty are combined as suggested in Reference
2-3, the uncertainty in the sound pressure level (at an arbitrary frequency between
300 Hz and 20 kHz) obtained from a spectrum plotted by the spectrum analyzer (Item
1) is+ 1.1 dB,

Shadowgraph Data Acquisition

The shadowgraph data acquisition system is shown in Figure 2-13. Two distinct
light systems werce used in this test. A high voltage spark gap point light source (Item
17) was used to project an image of the prop-fan blade and its associated wave patterns
on a screen (Item 18) which was photographed using a remotely-controlled camera
(Item 19). The light source consisted of an air gap spark placed in a casing directly
behind a 1 mm (0. 040 in.) pinhole to approximate a point source of light, The flash of
light projected through the pin hole produced a shadowgraph with high resolution and a
light intensity strong cnough for the light-to-screen distance required for this test.
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A 16 kV electric discharge of very short duration (1/2 usec) was remotely triggered
into the spark gap from the control room. This was done using a variable time delay
trigger unit (Item 20). To provide a range of precise viewing angles of the blade this
unit was synchronized to the prop-fan rotor using a once-per-revolution (1P) and sixty-
per-revolution (60P) photoelectric pulse generator (Item 21) (pipper). The pipper pro-
vided the reference input pulse to the trigger delay unit (Item 20) and the 60P pipper
pulse was used to digitally delay the output trigger pulse in increments of 6° of prop
rotation. The output pulse was also independently continuously variable within the 6°
increments and could be adjusted for a single trigger pulse or a repeated once-per-
revolution trigger pulse.

The blade position was calibrated statically using ¢° increment position markings
on the hub ard PDR. These positions could be monitored during test operation using
the trigger delay unit (in the repeated 1P trigger mode) and a xenon strobe light (Item
22). The strobe emitted a short duration (12 usec) flash with the prop-fan at some
azimuthal position relative to the 1P pipper firing and appeared to "freeze' the pattern
of position markings on the hub.  The trigger delay was adjusted until the hub markings
indicating the desired shadowgraph test position could be seen in the viewing scope at
the window. Once the initial trigger position was set, a series of test positions at 6°
increments could be casily set using the digital delay to fire the shadowgraph spark
light source when the desired azimuth position was obtained.

The reflective sereen material (Item 18) was attached to a heavy board which was
rigidly fixed in the test chamber. The screen is highly reflective over a relative small
acceptance angle (< 5 ) and was thus oriented as close to normal as possible to the
spark line-of-sight across the blade. Due to the small reflection acceptance angle and
also to avoid parallax errors, the camera line-of-sight was coincident with that of the
point light source within a few degrees.

The camera used {or this test was a 35 mm Single Lens Reflex with remote-
controlled shutter and motorized film advance drive (Item 19). A 55 mm /1. 2 lens
focused on the screen (at a distance of about 2.2 m) and ASA 400 film (TRI-X) were
used. Test procedure for each shadowgraph was as follows. The desired trigger
delay was set. The camera shutter was opened in the darkened test chamber. Then
the point light source was triggered for a single flash producing a shadowgraph image
of the moving blade on the screen which was captured on film. The camera shutter
was then closed and the film advanced to obtain additional shadowgraphs.

Measurement of Operating Condition

Tunnel Speed Measurement - Figure 2-14 shows the arrangement for measuring the
Acoustic Research Tunnel speed. Test section total pressure (P) was obtained from a
Pitot probe (Item 23) located outside the wall boundary lave. :n the tunnel inlet downstream
of the Iast inlet sereen.  The pressure was read on a water manometer open to atmospherice
pressure (Item 25) which was located in the Acoustic Reseavch Tunnel control room. With
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scale divisions of 2. 5 mm (0. 1 in.), the measurement uncertainty was less than + 2,5
mm (+ 0.1 in, ) water, Test section static pressure (Pg) was obtained from static pres-
sure probes (Item 27) located inside the sealed anechoic chamber in a region of negligible
room recirculation velocity. Static pressure was obtained from a differential pressure
gage (Item 26) in which one port was connected to the total pressure probe (Iltem 23) and
one port connzcted to a static pressure probe (Item 27). Prior to the start of testing the
gage was calibrated by a dead weight tester. The gage uncertainty is 2.5 mm (¢ 0.1 in,)
water. An independent measurement of test section pressure was obtained from a second
static pressure probe connected to a water manometer with 0.1 in. scale divisions., At-
mospheric pressure (PA) was obtained from a barometer (Item 29) with scale divisions
of 0.1 mm Mercury. From measurement of Py, PA-Pp and P7-Pg, tunnel pressure
ratio (P1/Pg) was obtained. Tunnel Mach number follows from isentropic flow equa-
tions. Applying the uncertainties of 2.5 mm (+ 0.1 in.) water for PoA-Pp, 2.5 mm

(£ 0.1 in.) water for Pp-Pg and + 0.2 mm Mercury for P,, and using equation (?- ) of
Reference 2-5, the uncertainty in tunnel Mach number was 0.6% or less depending ~n
tunnel speed.

Total Temperature - Test section total temperature (T) was obtained from a
thermocouple (Item 24) located in the tunne] inlet. Temperature was read on a thermo-
couple readout (Item 30) in the control room. The temperature system was calibrated
using a Fisher Model 15-043A thermometer with 1/10°C scale divisions.

Rotor RPM - Rotor RPM was obtained from a once-per-revolution shaft signal gen-
erated by a photo cell on the PDR (1P pipper) (Item 21) and a frequency counter (Item
31). Prior to the start of testing the counter was calibrated. With 2 counter resolution
to 0,1 Hz, the uncertainty in rotor RPM was + 6 RPM.

Rotor Horsepower - Rotor horsepower was obtained from a measurement of shaft
torque and rotor RPM. The strain gage system mounted on the rig shaft was calibrated
prior to start of testing using a weight of 222.4 N (50 lbs) and a lever arm of . 305 m
(1 ft). The estimated accuracy of this static torque calibration is 2%.

Blade Vibratory Strain -~ Strain gages for the measurement of the blade bending at
two locations, and blade torsion at one location were bonded to one SR-1, SR-2 and
SR-3 model blade as shown in Figures 2-15, 2-16 and 2-17, respectively. The strain
gages were wired into four-arm wheatstone bridges at a hub-mounted terminal board.
From there, wires passed through the rig drive and motor shafts to an aft-mounted
slip ring assembly which provided the rotating/stationary electrical interface.

Strain gage excitation, signal conditioning and signal amplification were provided
by a UTRC electronic system. The amplified strain signals were displayed on a four-
beam oscilloscope in the rig control room. A once-per-revolution pulse signal was
simultaneously displayed on the oscilloscope as an aid in determining blade mode
shapes. The "as~installed” gage factor of the strain gages was estimated to be accu-
rate to within 1-1/2%,.
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Rotor Balancing - In addition to measuring required test parameters, measure-
ments of rotor dynamic unbalance were made. Accelerometers (Item 32) were fixed on
the rig housing above two of the rotor shaft bearings. The peak vibration amplitude
and phase relative to the 1P pipper for both locations was read on a digital phase meter
(Item 33). This information, for the initial test run of a model configuration and for
runs with trial weights of known size and location in each of the two balance planes, was
used in a two-plane dynamic balance procedure. This procedure was stored in a pro-
grammable calculator (Item 34) for on-site determination of the resultant balance
weights needed for high rotational speed (RPM) operation.

Test Procedure

Acoustic Test Configurations and Conditions

Near Field and Far Field Tests - The acoustic test configuration is shown in
Figure 2-18. Acoustic data were obtained at locations along lines parallel to the axis
of the tunnel (also the axis of prop-fan rotation) at four distances. A moveable line
array of seven near field microphones was placed parallel to the prop-fan axis of rota-
tion at a tip clearance of 0.8 and 1.6 prop-fan diameters (nominally 62.2 cm (24. 5 in.))
for SR-1 model testing. The near field microphones were at 0.6 and 0. 8 diameter (D)
tip clearance for SR-2 and SR-3 model testing. The microphones were placed axially
in the plane of rotation and symmetrically fore and aft of the plane of rotation at
+0.25D, + 0.5D and + 1.0 D (see also Figure 2-5). Fixed far field microphones re-
mained at 70, 80, 90, 100, 110 and 120° relative to the axis of rotation and 3.05 m
(10 {t) from the tunnel centerline for SR-1 model testing. This corresponds toa 4.4 D
tip clearance. The far field microphones were in the 60, 70, 80, 90, 100 and 110° po-
sitions for SR-2 and SR-3 model testing. By convention, the 0° position is assumed to
be on the axis of rotation upstream of the prop-fan and the 90° position is in the prop-
fan plane of rotation.

To meet test objectives acoustic measurements were made for a variety of test
conditions. A test condition is defined as one (1) blade angle (measured at the refer-
ence station), one (1) near field microphone array location, one (1) tunnel Mach number
and one (1) modecl test configuration. The acoustic test conditions were allocated be-
tween the three blade models, SR-1, SR-2 and SR-3 in both two-blade and eight-blade
configurations. The SR-3 model was also tested in a four-blade configuration. All the
models were tested at both 0.20 and 0. 32 tunnel Mach number. Limited testing was
performed at 0.1 tunnel Mach number. The test conditions for all the models form a
distribution of tip speeds and blade power loadings which simulate takeoff, landing and
cruise operation. Test conditions for which acoustic measurements were made at the
0.8 D (nominal) tip clearance near field microphone array location were generally re-
peated for the complimentary microphone array location (1.6 D for SR-1, and 0.6 D
for SR-2, SR-3). The power loading per blade vs. blade tip helical Mach number for



test conditions with two-blade and four-blade configurations and 0, 8 D tip clearance
are shown in Figure 2-19. Blade loading conditions ranged from 1.5 to 46.6 kW (2 to
62.5 SHP) per blade at blade tip helical Mach numbers ranging from 0. 591 to 1.235.
Test conditions with eight-blade configurations and 0.8 D tip clearance are shown in
Figure 2-20. Blade loading conditions ranged from 3.6 to 14.9 kW (4.9 to 20.0 SHP)
per blade at 0.592 to 1.150 tip helical Mach number. Shown next to the symbols indi-
cating blade model type are test run numbers. These are useful for cross reference
of operating conditions in data analysis.

Background Noise - An investigation of the background noise in the tunnel was con-
ducted with the tunnel, the PDR and all instrumentation in operation. A dummy hub
without blades was installed for this test. Measurements were obtained at the 0.6 D
and 0.8 D (nominal) tip clearance near field microphone locations and at the far field
microphone locations. Two tunnel speeds, 0.20 and 0.32 Mach number, and three rig
rotational speeds, 8, 10 and 12 krpm were tested. Measurements at a complete range
of attenuator/amplifier rettings were obtained as well.

Boundary Layer Trip - Acoustic measurements at 0.8 D near field and far field loca-
tions were made with a 51 mm (0. 002 in.) diameter boundary layer trip wire attached to
the camber side of the unstrain-gaged blade of the SR-2 model in a two-blade configura-
tion. The wire was at the 5% chord position to cause transition of the normally laminar
boundary layer. The wire size was chosen using the Braslow Method (Reference 2-6) for
determining the critical trip height for boundary layer transition. The wire as installed
on the blade and the conditions tested are shown on Figure 2-21, Immediately after the
boundary layer trip test, the trip wire was removed and acoustic testing with clean
blades was conducted. Atmospheric conditions were the same and thus a valid com-
parison between the tripped and untripped conditions could be made.

Very Near Field Microphone Traverse - Detailed very near field acoustic mea-
surements were made for the SR-2 model in a two-blade configuration. The PDR was
located such that the prop-fan plane of rotation was 46 cm (18 in.) downstream of the
nozzle exit to maximize the clearance between the blade tips and the inner boundary of
shear layer turbulence. Measurements at three operating conditions were obtained at
transonic tip speeds and at low to high loading as shown in Figure 2-19. A 3 mm (1/8
in.) diameter microphone was mounted on a traverse mechanism which allowed move-
ment normal to the prop-fan axis in the plane of rotation as shown in Figure 2-22,
Measurements at ten radial positions were obtained, with distances between the blade
tip and the microphone diaphragm as listed below.

1.9 cm (0.75 in.) 12.7 cm (5.0 in.)

2.5cm (1.0 in.) 20.3 cm (8.0 in.)

3.8 cm (1.5 in,) 27.9 cm (11.0 in.)

5.1 cm (2,0 in.) 37.3 cm (14.7 in,, 0.6 D)
7.6 cm (3.0 in,) 49.8 cm (19.6 in., 0.8 D)
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On-line oscilloscope photographs of the acoustic pressure pulse traces were taken
in addition to wape recorded measurements made at the above discrete microphone lo-
cations. At the highest tip speed and loading condition, a continuous traverse of the
microphone from the 1.9 em (0. 75 in.) position to the 37.3 cm (14.7 in., 0.6 D) posi-
tion was done at a uniform traverse rate of 20.3 cm/min (8.0 in. /min). A tape record
of this traverse was made.

Within-Flow Microphones for SR-3 Model Testing - Limited acoustic measure-
ments of the SR-3 model in a four-blade configuration were made at three fixed mirro-
phone locations within the tunnel stream potential core, as shown in Figure 2-23. 'tThe
1.168 m (46 in. ) diameter nozzle was used for this test with the PDR mounted 3.8 cm
(1.5 in.) off center and 46 cm (18 in.) downstream of the nozzle exit. The prop-fan
and microphones were located within the inner boundary of shear layer wrbulence as
defined by the intermittency criterion. The three 3 mm (1/8 in.) diameter microphones
were mounted such that they did not mutually interact in the flow. Their common ra-
dial location was 5.1 cm (2.0 in.) outboard of the blade tips and they were axially lo-
cated in the prop-fan plane of rotation at the prop-fan tip, 0.5 D (nominal 62.2 cm) up-
stream and 0.5 D downstream, respectively. Also, measurements were made in the
plane of rotation at 1.6 D clearance. Data was taken for three transonic operating con-
ditions at moderate to high blade loading as shown in Figure 2-19.

Shadowgraph Test Configurations and Conditions

The general shadowgraph test configuration is shown in Figure 2-24. Looking up-~
stream while on the axis of rotation of the prop, the camera and point light source are
on the left and the screen is on the right, and the prop-fan rotates counterclockwise.
Thus, because of blade twist, the blade planform shadow is viewed by directing the line
of sight under the hub. The edge is viewed from this viewing position by directing the
line of sight over the hub. The camera line of sight and light source line of sight
across the blade were coincident within a few degrees. The position of the point light
source relative to the spinner tip and screen are given in Figure 2-24 for the three con-
figurations tested. They were the SR-2 two-blade and SR-3 four-blade planform tests
and the SR-3 four-blade edgewise test.

Four views of the test set up are shown in Figure 2-25. Figure 2-25A shows a
close-up of the point light source and camera. Figure 2-25B displays the set-up for
plan-view shadowgraphs and the edgeview testing set-up is seen in Figure 2-25C. A
simulation showing how planform and edgewise views are obtained is shown in Figure
2-25D. The operating conditions for the test are shown in Figure 2-19.

The shadowgraph system was triggered by a dual pipper system. The prop-fan az-
imuth zero reference was an arbitrary position at which the 1P pipper fired. There
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was also a 60P pipper input which allowed the choice of discrete 6° intervals in azimuth.
Prop-fan azimuth positions are numbered in these 6° intervals relative to the 1P zero
reference. Table 2-]I gives a list of measurements from the point light source to the
blade leading and trailing edges at the reference station for the prop-fan azimuth posi-
tions photographed. The absolute location of the photographed blade in the zero posi-
tion for the two models is also given.

Since the blade is twisted, there is only one radial location at which the blade chord
is normal to the line of sight for a given azimuth position. For another azimuth position
the blade chord will be normal to the line of sight at a different radial location. In order
to avoid parallax errors in reducing the data, it is necessary to know the radial location
on the blade at which the blade chord is normal to the line of sight for each azimuth po-
sition tested. Using the measurements given in Table II and knowledge of the blade
twist distribution, the radial location at which the blade chord is normal to the line of
sight can be calculated for each azimuth position. For the SR-3 model blade, this ra-
dial location was measured for four azimuth positions. The location on the blade which
was normal to the line of sight is given as radial distance from the trailing edge of the
most inboard station of the blade as follows:

Azimuth Position Blade Normal
0 0° 2.2 cm (0. 85 inches)
6 36° 2.3 cm (0. 90 inches)
10 60° 6.2 cm (2.45 inches)
15 90° 15.7 cm (6.2 inches) (Reference Station)

For the SR-2 model blade, the blade chord was normal to the line of sight at the
reference station with the model in the Number 10, or 60° azimuth position.

Data Reduction

Acoustic Test Data

The acoustic data were reduced in three forms, narrow band spectral plots, one-
third octave band spectral plots, and oscilloscope trace photographs of acoustic pres-
sure pulse waveforms. The spectra were produced using the set-up diagrammed in
Figure 2-26. This five part system consists of the following equipment with associated
accuracies:

1. 1" FM tape playback system

- Amplitude: + 0.5 dB

- Frequency: + 0.2%
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2. Amplifier (System corrector)
- Amplitude: 1 0.1% of full scale

- Frequency: Essentially flat response

3. 1/3 octave band analyzer (with self-contained plotter)
- Amplitude linearity: + 1 db

- Filter center fregquency: + 2%

4. Narrowband (60 Hz bandwidth) analyzer
- Amplitude linearity: + 0.25% of full scale
or: + 0.5 dB whichever is greater

- Frequency linearity: + 0.2% of full scale

5. X-Y plotter
- X, Y linearity: : 0.2% of full scale

The system for 1/3 octave band data reduction includes items 1, 2, and 3 above. It
has a total uncertainty of + 1.1 dB amplitude and + 2% center frequency. The system for
narrowband data reduction includes items 1, 2, 4 and 5. It has a total uncertainty of + 1
dB amplitude and + 1% frequency. When these playback accuracies are combined with the
record accuracy of + 1.1 dB, it is seen that the total uncertainty for data acquisition and
reduction is + 1.5 dB on a root-sum-squared basis.

In conjunction with the calibration of the duta acquisition system, a test tape was
made at the test facility and played back at the data reduction facility. A known pure
tone signal input was applicd at the amplifier ‘attenuator for each data channel and
evaluated over a frequency range of 250 Hz to 20 kilz, Upon playback the signal level
was measured. The variation in level between the recorded signal and that played back
was within + 0.7 dB uacross the cntire {requency range. The uncertainty of each com-
ponent (amplifier, tape record and tape playback) is + 0.5 dB. The test tape uncer-
tainty is + 0.9 dB as calculated on a root-sum-squared basis. Thus, uncertainty in
actual practice is less than that calculated,

Acoustic pressure pulse waveforms were made by photographing several oscillo-
scope sweeps of the data signal obtained during tape playback through items 1 and 2
above. Additionally, signal enhanced pressure pulse waveforms were made of the
SR-2 model data obtained during the boundary layer trip test. These were processed
through a Saicor SAI--43A in the signal enhance mode to derive 400 line waveforms of
the coherent portion of the acoustic pressure pulse.
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All of the data obtained during the program were reduced on a narrowband basis.
The frequency range covered was 0 to 20 kHz on a linear frequency scale for most of
the data. This frequency range gives an effective filter bandwidth (half power) of 60 Hz.
A limited number of SR-1 model test runs obtained in an earlier test series were ana-
lyzed for a frequency range of 0 to 10 kHz on a linear scale giving an effective filter
bandwidth (half power) of 30 Hz. The very near field SR-2 model test runs were re-
corded at 305 cm/sec (120 IPS) tape speed. When played back at 152 cm/sec (60 IPS)
tape speed and spectrum analyzed from 0 to 20 kHz the actual range of analysis for
this data became 0 to 40 kHz with an effective filter bandwidthk of 120 kHz.

One-third octave band plots were made for all far field data taken on test runs for
which the near field microphone was located at 0. 8 D (nominal) tip clearance. The
range of analysis included all standard bands with center frequencies from 25 Hz to
20 kHz. Also, A-weighted and linear overall levels were obtained.

Oscilloscope trace photographs of the acoustic pressure pulse waveforms were
made for selected test runs. In these traces, time moves from left to right and posi-
tive acoustic pressure is toward the top of the photograph. The total time covered by
each trace is equal to one period of revolution of the model prop-fan, and thus changes
with test condition.

Shadowgraph Test Data

Data reduction of the shadowgraph pictures was straight forward. The view is nor-
mal to the blade chord at one radial position on the blade. The locations of the bow and
trailing waves can be accurately located relative to the blade leading and trailing edges
by scaling distances in tL.~ photographs and normalizing by the local blade chord.



Item

Number

1A

1B

18
19

20

21
22

23

24

25
26

27

Table 2-I,

Item

Microphone Cartridge
(6mm)

Microphone Cartridge
(3 mm)

Adaptor

Adaptor

Microphone Pream-
plifier

Power Supply

Pistonphone

Adaptor

RMS Meter

Amplifier/Attenuator

Signal Generator

White Noise Source

Oscilloscope

RMS Meter

Tape Recorder

Spectrum Analyzer

X-Y Plotter

Oscilloscope

Spark Gap Point
Light Source

Projection Screen

Camera W/Motor
Film Drive

Variable Time Delay
Trigger Unit

1P and 60P Pipper

Xenon Strobe Light

Pitot Probe
Thermocouple

Manometer

Differential Pres-
sure Gage

Static Pressure
Probes
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Instrumentation data
Manufacturers
Manufacturer Designation Location
Bruel a.d Kjaer 4136 A.C.
Bruel and Kjaer 4138 A.C.
Bruel and Kjaer UA0035 A.C.
Bruel and Kjaer UA0036 A.C.
Bruel and Kjaer 2619 A.C.
Bruel and Kjaer 2801 A.C.
Bruel and Kjaer 4220 A.C.
Bruel and Kjaer JJ2615 A.C.
Hewlett Packard 400D A.C
UTRC ~- C.R.
Hewlett Packard 3311A C.R
Scott 811-A C.R.
Tektronix RM31lA C.R.
Bruel and Kjaer 2113 C.R
Honeywell Model 96 C.R.
Spectral Dynamics SD301C/302C C.R
Hewlett Packard 7035B C.R.
Tektronix 545A C.R.
EG&G Microflash A.C.
3M Scotchlite A.C.
* Nikon F2 A.C.
UTRC - C.R.
UTRC - A.C.
General Radio 1540 A.C.
Strobolume
UTRC -~ Tunnel
Inlet
Project Inc. Ch-Al Tunnel
Inlet
UTRC -- C.R.
Wallace Tiernan 62B-4C-0120 C.R.
UTRC - A.C.



Table 2-1. (Continued)

Item Manufacturers
Nuwinber Item Manufacturer Designation Location

28 Thermocouple Project Inc. Ch-Al C.R.

29 Barometer Sargent Walch 1215 C.R.

30 Thermocouple Read- ERC T/C Type K C.R.
out

31 Frequency Counter Systron Donner 6202 C.R.

32 Accelerometer Columbia 902 A.C.
W/Amplifier Endevco Dial-a-Gain A.C

33 Phase Meter Spectral Dynamics SF-119B C.R

34 Programmable Hewlett Packard HP-97 C.R
Calculator

A.C. denotes Anechoic Chamber
C.R. denotes Control Room
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Table 2-II. Shadowgraph planform tests. Distance from point
light source to blade edge @ reference station

SR-2 Model SR-3 Model
Prop Leading Trailing Prop ~ Leading Tralllng
Azimuth Edge Edge Azimuth Edge Edge
Position cm (in) cm (in) Position cm (in) cm (in)
Zero  0° Zero 0° 109.9 431/4 107.6 42 3/8
1 6 112.6 445716 110.5 43172 1 6° 111.3 43 13/16 108.6 423/4
2 12° 114.3 45 111.9 44 1/16 2 12° 113.2 44 9/16 111.0 43 11/16
3 18° 115.6 4512 113.3 44 5/8 3 18 114.6 451/3 111.4 43778
4 24° 117.2 4618 114.9 151/4 1 24° 116.4 4513 16 113.5 44 11/16
5 30° 118.3 469716  116.5 457’8 5 30° 118.1 461 2 114.9 451/4
6 36°  119.4 47 118.0 46716 6 36° 120.0 4714 117.0 46 1/16
7 42° 120.5 477.16  119.4 47 7 42°  121.8 4715’16 119.1 467/8
8 48° 122.2 481 8 121.0 47 5/8 8 48° 123.5 41858 120.7 471/2
S 54°  122.6 4614 121.9 48 9 54° 124.8 491/8 122.2 481/8
10 60" 123.2 43172 123.2 4812 o 60° 126.4 49374 124.0 48 13/16
11 66~ 123.8 4834 124.1 48778 11 66° 127.6 501/4 125.7 49172
12 727 1243 4315716 124.6 149116 12 72° 128 7 5011716 127.3 501’8
13 78 124.6 49116 125.3 49516 13 78" 129.7 511/16  128.7 5011716
14 84° 124.6 491 16 125.9 49916 14 84° 130.5 51378 130.0 513716
15 99  124.6 48116  127.0 50 15 90° 131.3 5111716 131.3 5111716
16 96~ 124.5 49 127.2 50115
17 102°  124.1 45778 127.3  501/8
13 1087 123.7 431116 127.0 50
19 114° 123.0 457 16  126.8 4915°16
20 120 121.9 48 126.5 4913°16
21 1267 121.3 4731 126.0 495 8
SR-2 Blade 2 past downward vertical in direction of rotation for zero position.
SR-3 Blade 4 past downward vertical in direction of rotation for zero position.
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SIDE VIEW FRONT VIEW

/—————————-PITCH CHANGE AXIS——ﬁ

f

TiP AIRFOIL
CENTER OF
GRAVITY

TIP AIRFOIL

TOP VIEW

FIGURE 2-3. THREE VIEW SKETCH OF SR-3 SHOWING RELATIVE LOCATION
OF TIP AIRFOIL AND PITCH CHANGE AXIS
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LNED ACOUSTIC CORNERS
L TURBULENCE
L BCREENS ACOUSTIC WEDGES
CONTRACTION
OUTLET

FHEE JET
COLLECTOR

e EXHAUST
TOWER

HONEYCOMB

HEATER AND & - Y O PARALLEL
MUFFLERS £ ﬂ 4 - CONTROL ROOM BAFFLES

” L 25 MPa {400 PBH AR SYSTEM

TOP VIEW
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INLEY ANECHOIC DIFFUSER MUFFLER DRIVER

CHAMBER
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Sl i

e S FAL Rk i et s

L
CEMTRIFUGAL FAN - DRIVE MOTOR

SI0E VIEW

FIGURE 24 UTRC ACCOUSTIC RESEARCH TUNNEL
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ANECHOIC TEST
SECTION WALLS

PHOPFANTOOQ FAR BACK -
POTENTIAL FIELD CONTRACTS

MaecLe SHEAR LAYER INTO PROPFAN

BLADE TIPS

UNDESIRABLE
POSITION FOR
PROF FAN -

NO SHEAR
LAYER
INTERACTION,
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FORWARD
MEASUREMENT
ANGLE

FIGURE 2-6. PROP-FAN BLADE TIP/SHEAR LAYER INTERACTION
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MEAN VELOCITY M/S

80r

-]
(-]

s
I

N
=)
|

RIG POSITION - 45.7 CM (1.5 FT})
TRAVERSE - 7.6 CM (3 IN) UPSTREAM PROP

99% OF FREE
STREAM VELOCITY

10

{2}

T
(5} (8} (11) (13) (17)
TIP CLEARANCE CM {IN)

FIGURE 2-7. MEAN VELOCITY TRAVERSE
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% TURBULENCE LEVIL

18.6%
12.3 —
RIG POSITION - 45.7 CM (1.5 FT)
TRAVERSE - 7.6 CM (3 IN) UPSTREAM PROP
9.2\
6.1}
0.5%
3.1}— INCREASE
o 1 1 1 | 1 l j
10 20 30 40
(2) (s) (8} (11) (14) (17)

TIP CLEARANCE CM (IN)

FIGURE 2-8. AXIAL TURBULENCE COMPONENT TRAVERSE



RADIAL DISTANCE FROM TIP CM (IN.)

DISTANCE FROM TUNNEL INLET, €M (IN.)

TO TUNNEL C/L 45.7CM 60.96 CM 91.44 CM
12.25 IN. TIP {18 IN.) TIP (24 1N.) TIP (36 IN.)
} (4) (8} {12} (18) (20} (28) (32) (40)
1 [ 1 [ i 1 1 . -
| 1 | I | | | | 100
- 10 20 30 40 S0 60 70 80 90
=] NDARY
cy 8oY
- \NTERMITTEN
o =f [o)

{3}
—l

(z) (8} (5) (&)
I i 1 LI
10

0

i

{ATUNNEL INLET TAB

(8.7s)(8)
.2\ 2

22

 a—_ 8

Q INTERMITTENCY OBSERVED
0 0.5% INCREASE TURBULENCE LEVEL
A 99% MEAN VELOCITY

FIGURE 2-9. SHEAR LAYER STUDY SUMMARY

2-28

| winDmILL
{ conpiTiON



HUB MOTOR ROTATING AMPLIFIER

SLIP RINGS

BLADES

1 N .

FIGURE 2-10. UTRC 112 KW (130 HP) DRIVE
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MICROPHONE
CARTRIDGE

PISTONPHONE

QL

O

PREAMPLIFIER

POWER
f SUPPLY

T 0

ADAPTOR
ADAPTOR

©

/— RMS METER

Gy

FREQUENCY

[ COUNTER

©

SIGNAL
GENERATOR

ANECHOIC CHAMBER

L

B

—

CONTROL ROOM

/-— RMS METER

AMPLIFIER/
ATTENUATOR

/

\ WHITE NOISE

SOURCE

©

TAPE
RECORDER

\ OSCILLOSCOFE @

®

X-Y

PLOTTER \

L

PLAYBACK
— —— ——— ——— — __I

OSCILLOSCOPE -\

|

\spscrnum

ANALYZER

FIGURE 2-11. ACOUSTIC DATA ACQUISITION SYSTEM
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+1 -~

T

CARTRIDGE TYPE 4138
FOLLOWER TYPE 2618
ADAPTER TYPE 0036

S.P.L. x 120 DB (80 Vryps TO ACTUATORY)

EQUIPMENT:
SIGNAL SOURCE - OPTIMATION AC-50 CAL
SIGNAL LEVEL - FLUKE 931A
ACTUATOR DRIVER - B&K 4142
POWER SUPPLY - B&K 2801
QUTPUT VOLTAGE - GR 1808

-8

-6

dB8 (RE- 250 HZ LEVEL)

-7

-8

| 1 1 ]

10 100 1K 10K 100K

-9

FREQUENCY ~HZ

FIGURE 2-12. MICROPHONE FREQUENCY RESPONSE BY ELECTROSTATIC ACTUATOR METHOD
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HONEYCOMB

/scnesns

7N
15

T

TUNNEL
INLET

ATMOSPHERIC
INTAKE

FROP PLANE
TUNNEL OF ROTATION
NOZZLE
PITOT FLow F
PROBE -
THERMOCOUPLE

ANECHOIC
CHAMBER

@)

STATIC PRESSURE PROBES

Ps A PS Ts

DIFFUSER

r—.

L

=" cnoc

)
MANOMETER
BOARD

BAROMETER — |

CONTROL
ROOM

FIGURE 2-14. UTRC ACOUSTIC RESEARCH TUNNEL SPEED MEASUREMENT SYSTEM
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GAGES ON FACE SIDE

UNE::>\\
MAXIMUM 311 cm
THICKNESS LEADING (12.251N.)
EDGE
I CM \
{12.23 IN.) \‘
A
—\ &
\
\
\
(R
'
1
19.1 CM :
{7.51N.) i 19.1 CM
éo {7.5 IN.)
84CM __81cCM
(3.31N.)  (3.21iN.)
‘ { PROP-FAN AXIS 4 i

FIGURE 2-15. SR-1 BLADE STRAIN
GAGE LOCATIONS

!
22.9
{90

GAGES ON FACE SIDE

OF BLADE

8.4 CM
(3.3 1IN "y3.21N)

LEADING
/EDGE

d

30°

81 Cm

PROP-FAN AX1S

.
FIGURE 2-16. SR-2 BLADE STRAIN
GAGE LOCATIONS

GAGES ON FACE SIDE

\ 0.5 CHORD LINE

LEADING EDGE

FIGURE 2-17. SR-3 BLADE STRAIN

GAGE LOCATIONS
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PROP FAN 112 KW (150 HP)
ELECT. MOTOR

—— b

——+H—+——o60

NEAR

Mevs —F—HHHH——— o0
MICS

——tt44-——1.6D

/ \
|oo/ \soo
0 5o

aliie

05D 4.9D
0 25D 0.25D
FAR FIELD
M:CS
Vi / / | \ LN BN
/ / I [ ) A\ \
60 70 893 90" 100° 110" 1207

FIGURE 2-18. PROP-FAN ACOUSTIC TEST MICROPHONE LOCATIONS PLAN VIEW



0.8D TIPCLEARANCE

NOTE: TEST RUN NUMBERS

O sr-3sway ARE NOTEO NEXT TO
{SHP/BLADE) D SR-32WwWAY 3YMBOLS
Kw
SLADE O SR-Z2wWAY
(o) - O sr-22wavy (1976 TEST)
S0 — QO SR-1 2ZWAY (1976 TEST)
) sR-22WwWAY (1977 TEST)
A VERY NEAR FIELD SR-2 2 WAY g8t Oas Orz7
(eo) r‘ B POTENTIAL CORE SR-3 4 WAY '<;°
@ SHADOWGRAPH SR-3 8 WAY
@ SHADOWGRAPH SR-2 2 WAY
10 — D3os
{so} —
Di3oa
Osr ao'Do“. [N
) 29
| 159 .205 . O
30 - O 158 301 OO
{40) o 6350 319 3031:7
I
331 3%0 Q’ 120
129 O o O. (’
84 125
28" D
S 317 'y .
(30) }— 157 329
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{10) N ay
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16 o
. 77 .
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06 07 30 o8 7349 ' 1 12 1

™M
T HeLicAL

FIGURE 2-19. PROP-FAN ACOUSTIC TEST CONDITIONS WITH TWO OR
FOUR BLADES INSTALLED
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NOTE: TEST RUN NUMBERS ARE
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