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l. INTRODUCTION

1.1 Scope of Report

Ar. acoustic test of a propeller mounted behind an airplane empen-
nage was performed by NASA Ames on a model in the Ames Research
Center No.l 7x10-foot wind tunnel during March-April 1984. Tech-
nical assistance in the planning and performance of the test, and
in the subsequent data reduction was provided by Bolt Beranek and
Newman Inc. (BBN). This report presents the results of the work
performed by BBN. It describes the model configurations and con-
ditions investigated during the tes%s, discusses the data acquisi-
tion, reduction and analysis procedures, presents acoustic data
acquired and provides data interpretation. The total test program
included measurements of the wake behind the empennage. Results
from these wake tests were analyzed separately by NASA and are not
included in this report.

1.2 Propeller Noise

In recent years there has been a resurgence of interest in the
generation and control of noise from airplane propellers. This
renewed interest has included both interior and exterior noise of
propeller-driven aircraft and has covered the range of propellers
from conventional general aviation (GA) designs to advanced
turboprops (ATP) for high-subsonic cruise. At the same time new
aircraft designs have included configurations with propellers
mounted on the rear of the airplane, acting in the pusher rather
than th: tractor role. Aircraft with aft-mounted propellers
include the Lear Fan 2100 [1], Beech Starship 1 [2], Gates-Piaggio
GP-180 [2] and certain configurations for the ATP airplane [3].
The propellers may be mounted on the centerline of the airplane
(1], on the trailing edge of wings on aircraft with canards [2] or
on the trailing edge of aft pylons or horizontal stabilizers [3].
However, in all cases the propellers operate in the wake of the



upstream control surfaces. It is this phenomenon of noise genera-
tion from propellers operating in the wakes of upstream surfaces
that is the main impetus for the present study.

Removal of the propeller plane to a location well aft of the pas-
senger cabin has the advantage of reducing the propeller-induced
sound levels in the cabin and hence the weight requirements for
soundproofing treatments. However, operation of -he propeller in
a non-uniform flow field, such as exists downstream of control
surfaces has the potential for increasing the far field radiated
sound levels during take-off and approach. There is also the
possibility that forward-radiated sound will enter the passenger
cabin.

The influence of a non-uniform flow field on acoustic radiation
from a rotating propeller has been observed in comparisons between
static and forward flight data. A comparison of this type for 1
conventional twin-engined propeller-driven airplane [4] shows a
marked reduction in the radiated sound pressure levels of higher
order harmonics of the blade passage frequency (Figure 1). 1In
this particular example the propeller tip rotational Mach number
was 0.85 and the corresponding helical Mach number in flight was
0.87. The physical interpretation of the results is that, under
static conditions, the turbulence eddies in the inflow are elonga-
ted and subjected to chopping by the propeller, as shown diagram-
matically in Figure 2.

The wake from an upstream surface can be considered, to some
extent, to be similar to the static conditions for a propeller
operating in free space. There is a repetitious interaction
between a propeller blade and an inhomogeneous flow field. There
have been several investigations of the effect as it pertains to
acoustic radiation from fans and compressor rotors operating
downstream of inlet guide vanes in turbofan and turbojet engines
[5-12] but the corresponding literature for propellers is sparse
[13,14].

o
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The fan noise studies resulted in several prediction curves for
sound level as a function of stator/rotor separation distance.
These curves are plotted in Figure 3 where the separation distance
is non-dimensionalized with respect to stator chord. It is seen
that there is a wide variation in slope for the curves in Figure
3, ranging from -6dB per doubling of separation distance, as given
by Smith and House [8], to approximately -2dB per doubling of
separation. The empirical curve of Lowson differs from the others
in that it shows two different relationships, one associated with
separation distances which are less than one chord length and the
other with separation distances greater than one chord. It is
possible that the two regimes might be associated with potential
field interaction and wake interaction respectively. Certainly
the -4 dB/separation doubling, as predicted by Lowson for small
separations, is similar to the range of -3 dB to -5 4B shown in
the data of Sharland [5] and Fincher [6]. However, other studies
[12] imply that the potential field and viscous interference
(wake) effects are equal at a stator/rotor separation of approxi-
mately about one-tenth of the chord length.

Published data for tractor and pusher propellers on the Cessna
02-T or Model 337 [13,14] are concerned mainly with static test
conditions, although the authors state that similar effects were
noted during flight tests. The Cessna Model 337, as shown in
Figure 4, is a twin-boom airplane with two engines and propellers;
the rear propeller is mounted on the aft of the passenger cabin
and the forward propeller is at the front of the cabin. The two
propellers are of similar design, and both have three blades and a
diameter of 2.13 m (84 inches).

Figure 4 also contains narrowband acoustic spectra associated with
static operation of the front and rear propellers separately. The
spectrum for the forward propeller shows components at the first
two harmonics of the blade passage frequency (mB = 3,6 where m is
the harmonic order, m = 1 being the fundamental, and B the number
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of blades), whereas the spectrum for the rear propeller contains
contributions from the first six harmonics (mB = 3 through 18).
In the case of the Cessna 337, propeller in-flow conditions are
influenced by the fuselage, the downwash from the wing and the
exhaust from the turboprop engine.

The conclusion to be drawn from inlet guide vane studies and the
measurements on propeller-driven aircraft is that propellers
operating in the wake of upstream surfaces will probably generate
higher sound levels than propellers operating in relatively
undisturbed airflow such as is encountered by tractor propellers.
The objective of the present experimental study is to extend the
understanding of the phenomenon as it relates to both discrete

frequency and broadband noise.

l.3 Overview of Test Program

The test program discussed in this report involved the operation
of a model scale propeller in the open test section of the NASA
Ames Research Center #1 7x10-foot wind tunnel. The propeller was
located immediately downstream of a model airplane fuselage on
which were mounted empennages of different configurations. Sound
pressure levels were measured at ten locations outside the flow in
the test section and at three locations in the flow. The acoustic
data were reduced in terms of narrowband and one-third octave band
spectra so that the different contributions to the acoustic field
could be identified and analyzed.

The majority of the acoustic measurements were made at two flow
speeds (45.7 and 62.5 m/s or M = 0.13 and 0.18) and three propel-
ler rotational speeds (4000, 6000 and 8200 rpm). Three empennage
configurations (Y-, V-, and I-tails) were tested and the airplane
fuselage was oriented in two configurations (¥ = 0°, 90°) to simu-
late sideline and overhead conditions. Consideration was given to
the influence of the flow shear layer on the sound pressure levels



measured outside the tunnel flow, and appropriate adjustments made
to the data. Finally, the effect of the empennage on the radiated
sound field was analyzed for the various test conditions.

l.4 Outline of Report

A description of the acoustic test performed on the propeller and
empennage is given in Section 2. The description includes the
wind tunnel test chamber and model configuration, data acquisition
and reduction procedures, and the test conditions investigated.
Data analysis procedures, including adjustments made to the meas-
ured sound levels to account for shear layer effects, distance
normalization and broadband effects on discrete frequency sound
levels, are given in Section 3. Then Section 4 presents an evalu-
ation of the data, including the roles played by various hardware
items in che tunnel test section. Section 5 provides an analysis
of the harmonic components of the propeller noise field:; a general
discussion of the results is given in Section 6.



2. TEST DESCRIPTION

2.1 Wind Tunnel Test Section

The acoustic tests were performed in the open test section of the
NASA Ames Research Center #1 7x10-foot wind tunnel. 1In the open
configuration the test section sidewalls and ceiling are removed
but the floor is retained. Thus, the section is open on three
sides. The floor of the test section is continuous with the
surrounding wooden floor of the platform which contains the tunnel
operator's stations and a work bench area.

The nozzle for the open test section is formed by the contraction
downstream of the tunnel settling chamber, and a collector is
installed at the entry to the first stage diffuser. A new
collector with a convex contour was installed for the present
tests, the collector being covered with sound-absorbing foam to
minimize acoustic reflections. A plan of the tunnel is shown in
Figure 5 and a photograph of the collector is given in Figure 6.
The open test section is 2.1 m (7 feet) high and 3.0 m (10 feet)
wice at the nozzle and has a length of about 4.3 m (14 feet) from

nozzle lip to collector entry.

The test section is surrounded by a test chamber which has dimen-
sions of approximately 13.7 x 16.8 x 9.1 m (45 x 55 x 30 ft). The
chamber is of steel construction and has some acoustic treatment
in the form of acoustic tiles bonded to the ceiling and wall
panels. The average absorption coefficients for the chamber lie
in the range from 0.47 to 0.66 in the frequency range from 250 to
8000 Hz [15]. However, these values of the absorption coefficient
were not adequate for the propeller noise tests. Thus, additional
sound-absorbing materials in the form of foam panels were placed
on the platform, on either side of the test section, and inclined
relative to the vertical so that any residual acoustic energy
would be reflected upwards. In addition, sheets of foam 7.6 cm
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(3 inches) thick were placed on the test section and platform
floors, between the model propeller and the microphones used to
measure the acoustic field. The foam panels and the floor treat-
men’ in be seen in Figures 7 and 8. The photograph in Figure 8
als:. nows the permanent acougtic treatment on the chamber walls

and ceiling.

Optimum positioning of the sound-absorbing panels was achieved by
reviewing data associated with an impulsive noise source (pistol
shots) at the location of the model propeller. However, the geo-
metry of the test section, tunnel, and test chamber still influen-

ces conditions at some measurement locaticons.

2.2 Model Configuration

2.2.1 General Configuration

The general configuration of the test model can be seen in

Figure 8. It consisted essentially of two items; a model fuselage
with empennage attached and a propeller drive system consisting of
a motor and shaft contained in an aerodynamic housing. Essential-
ly the propeller was a tractor propeller mounted separately from
the airframe structure. Approximate dimensions for the set-up are

given in Figure 9,

The model fuselage was mounted on two swept airfoil struts which
could be moved parallel to the tunnel centerline in order to vary
the separation distance between the empennage and the propeller.
The propeller drive system was fixed in the longitudinal direction
but could be moved vertically to vary the height above and below
the selage centerline. The axial position of the propeller in
the test section was chosen to optimize the angular range avail-

able for acoustic measurewmcnts

-12-
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FIGURE 7.

OPEN TEST SECTION WiTH SOUND-ABSORBING PANELS ON SOUTH

SIDE (FUSELAGE ORIENTATION y = 0°)
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FIGURE 8.

OPEN TEST SECTION WITH SOUND-ABEORBING PANELS ON
NORTH SIDE
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Inspection of Figure 8 will show that the dimensions of the model
fuselage and empennage are not in correct proportions. This is
because the fuselage was used simply as an aerodynamic fairing on
which the empennage could be mounted. The dimensions of the
empennage were determined on the basis of the model scale for the
propeller rather than the fuselage. The model fuselage was
installed without a wing.

2.2.2 Model Empennage

Three empennage configurations were selected for test. These con-
figurations consisted essentially of a V-tail with and without a
dorsal fin, and a vertical fin. For convenience the V-tail with
dorsal fin is referred to in this report as the Y-tail and the
vertical fin as the I-tail. The fuselage model with the Y-tail
installed is shown in Figure 8. A view from beneath the Y-tail is
shown in Figure 10 and a head-on view in Figure 11. The fuselage

with I-tail installed is shown in Figure 12.

Tests were performed with the fuselage model oriented as shown
in Figure 8 so that sound levels could be measured to the side.
Then the fuselage was rotated through 90° and sound levels
measured beneath the airplane. These configurations are identi-
fied by v = 0° and y = 90°. 1In the y = 90° arrangement the
fuselage model was mounted on one side of the support struts, as
shown in Figures 11 and 13. The mounting was faired over to

minimize +*he generation of aerodynamic noise.

Representative dimensions for the test empennages are shown in
Figure 14.
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FIGURE 10,

Y-TAIL EMPENNAGE FROM BELOW
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FIGURE 11. HEAD-ON VIEW OF MODEL WITH Y-TAIL IN FUSELAGE
ORIENTATION y = 90°
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2.2.3 Model Propeller

The model propeller used in the test had four blades having the
designation SR-2. These blades have zero sweep, as is the case
for the majority of general aviation (GA) propellers but, compare.
to conventional GA designs, the SR-2 blade has a long chord and a
relatively low thickness-to-chord ratio of 2% at the tip. Typical
dimensions for the test propeller are given in Table 1, which also
contains a plan of the blade shape.

A photograph of the model propeller mounted on the spinner and
drive shaft is shown in Figure 15. The blade pitch angle was
adjusted manually. Appropriate values of the angle were deter-
mined for the different airflow speeds and propeller rotational
speeds, and the angle was adjusted prior to each test run.

The SR-2 propeller was selected initially by NASA as a baseline
for comparison with swept blade designs under evaluation for the
advanced turboprop (ATP) airplane. 1In the case of the ATP design
the flight condition of primary interest is cruise at M = 0.80 and
a blade-tip rotational Mach number of about 0.80, rather than
take-off and approach, the conditions explored in the present
tests. Wind tunnel acoustic measurements for the model SR-2
propeller (with 8 blades) under cruise conditions can be found in
References 16 through 18. The propeller was used in the present
tests because of its ready availability.

2.3 Instrumentation

2.3.1 Data Acquisition

Acoustic data from the tests were acquired using thirteen Bruel and
Kjaer Type 4133, 1.3 cm (0.5 inch) diameter microphones. Signals
from the microphones were passed through Bruel and Kjaer Type 222-2
conditioners to a l4-channel Ampex FR1300 tape recorder. The data

-22-
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Test Propeller Characteristics

Propeller diameter
Hub diameter

Chord

Thickness

Tip Sweep Angle

Table 1

M

SR-2

59.1 cm
9.8 cm
9.2 cm
0.16 cm

0°

-23-
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were recorded on magnetic tape for a minimum of 30 seconds per
run. During dcta recording the microphone signals were monitored
on & Tektronix Model 475 oscilloscope. In addition sample on-line
narrowband analysis was performed using a Hewlett Packard Type
5420B Digital Signal Analyzer. A block diagram of the data
acquisition system is given in Figure 16.

Locations of the B&K microphones are shown in Figure 17 and listed
in Table 2. Microphones 1 through 6 were arranged in an arc of
radius 4.27 m (14 ft) outside the tunnel flow with the microphones
pointing towards the model propeller. Five of these microphones,
mounted on 1.1 m (3.5 ft) high stands can be seen in Figure 7.

Two other microphones (#10 and #13) were located in the same
horizontal plane but on the opposite side of the test section.

One of the microphone stands can be seen in Figure 8. These two
microphones were out of the main flow of the tunnel but may have
encountered some buffet from the edge of the free shear layer.

The microphones could not be moved further from the flow because
of constraints imposed by access to the tunnel control area.
Microphones #11 and 12 were placed in the vertical plane ahove the
test section, also in an arc of radius 4.27 m (14 ft) centered at
the propeller axis. These microphones were not influenced by the
tunnel flow.

Three microphones were located within the tunnel flow. In these

cases the microphones were fitted with Bruel and Kjaer Type UA0386
nose cones and were oriented so that they pointed in the upstream
direction. Two of the microphone installations (#7 and #8) can be
seen in Figure 8. The third in-flow microphone was located ahead

of the model fuselage and close to the tunnel centerline.

The microphone array remained fixed throughout the acoustic test
program. When the test model was oriented (Vy = 0°) as shown in
Figure 8 microphones 1 through 6 and microphones 10 and 13
represented measurements to the side of an airplane in flight:

-25-



Total of 13 Channels
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FIGURE 16.
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microphones 11 and 12 were above the airplane. Then, when the
model was rotated througa 90° ( ¢y= 90°) the array of microphones 1
through 6 was located beneath the airplane and microphones 10 and

13 above the airplane.

2.3.2 Data Reduction

The data reduction instrumentation is shown in the block diagram
in Figure 18. Signals from the Ampex FR1300 tape recorder were
reduced into narrowband or one-third octave band sound pressure
level spectra. The narrowband data reduction was performed using
a Hewlett-Packard system and the one-third octave band data reduc-
tion using a GenRad Model 1995 Integrating Real Time Analyzer.

The data reduction process was controlled by means of a Hewlett-
Packard 87XM Personal Computer.

One-third octave band spectra were reduced using the GenRad 1995
Real Time Analyzer with a flat response from 25 Hz to 20,000 Hz
and a linear weighting function. The spectra were obtained by
integrating over a 15-second sample length. The computer program
GENRAD3 (see Appendix A) was used on the HP87 computer as
controller, taking the integrated spectrum from the GenRad 1995,
adjusting for microphone gains, adding shear layer corrections to
the spectrum, normalizing the data to a distance of 4.3 m (14 ft),
calculating the A-weighted level and plotting and listing the
corrected or uncorrected spectrum levels. The spectrum levels
could be stored on disc, using the HP-9121D Flexible Disc Memory,
identified by run number, data point and microphone number for
future reference.

Narrowband spectra were obtained using the HP5420 FFT Narrowband
Analyzer. The set-up state used for the data reduction is shown
in Figure 19 together with an example of the spectrum for a cali-
bration gignal. The data were reduced in the frequency range 0 to
6400 Hz, with 512 spectral lines (high resolution auto-spectrum),
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DATA REDUCTION
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giving a frequency resolution of 12.5 Hz. At least 30 averages
were performed to produce the final spectrum.

The analysis mode selected for the HP5420 was that for Qinusoidal-
type signals. This mode has the property of giving the correct
maximum spectrum level for narrowband peaks of bandwidtih less than
the filter bandwidth. However it results in a relatively wide
filter bandwidth; for the conditions given earlier the effective
filter bandwidth was approximately 42 Hz (12.5 x 3.4). Since the
output of the analyzer in the sinusoidal mode is "power in the
band"”, the broadband levels must be adjusted by the filter band-
width (-16 dB) to give the power spectral density level.

Having obtained the average spectrum levels, the harmonics could
be indicated on the HP 5420 by setting the cursor on the first
harmonic {or fundamental) of the blade passage frequency and
selecting the harmonic indicator for a maximum of 21 harmonics.
This process stored the harmonic frequencies and associated sound

levels in memory for later retrieval by the HP 87 controller.

The narrowband spectrum levels (512 lines maximum), bandwidth,
harmonic frequencies and harmonic sound pressure levels could be
transferred from the HP 5420 to the HP 87 by use of computer pro-
gram CEDAR2 (see Appendix A). Adjustments were made for gain,
shear layer corrections and normalization to a standard radial
distance of 4.3 m (14 feet). The adjusted or unadjusted spectra
could be plotted and stored on disc; the harmonic frequencies and
levels could be listed and stored on disc. As for one-third octave
band analysis, run number, data point and microphone number were

used as identifiers for future retrieval of the data.
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2.4 Test Conditions

The test configurations and conditions are listed in Table 3. The
first five test runs were performed with the test section empty
and then with only the propeller system in the tunnel flow. Test
runs 6 through 8 were then conducted with the model fuselage
present without an empennage and at the ¥y = 0° orientation. Simi-
lar tests were performed later for ¥ = 90° (runs 60 through 64).
These two values of ¥ were selected so that the main microphone
array represented sideline (¥ = 0°) or flyover (V¥ = 90°) posi-
tions. Measurements for the Y-tail configuration were performed
in runs 9 through 25 and runs 30 through 40 for ¥ = 0°, and runs
65 through 73 for ¥ = 90°. Four runs (26 through 29) were con-
ducted with the dorsal fin off (V-tail) and ¢ = 0°. Then the
vertical fin configuration (I-tail) was tested in runs 41 - 49 for
¥ = 0° and runs 50 - 59 for y = 90°.

The tests involved a number of limited parametric variations. Two
flow speeds of 45.7 m/s (150 ft/sec) and 62.5 m/s (205 ft/sec) and
three propeller rotational speeds (4000, 6000 and 8200 rpm) were
used for most of the runs. Appropriate values were selected for

blade angle for each combination of flow speed and rpm.

The distance between the model fuselage and propeller was varied
in both longitudinal (x-coordinate) and vertical (y-coordinate)
directions with the main interest being directed to the Y-tail
configuration. The origin for the (x,y) coordinates given in
Table 3 was on the fuselage centerline at the rear-most point on
the tail cone. For most tests the empennage angle of incidence

was zero but this was adjusted to 5° for four runs (30 - 33) while
the longitudinal separation distance was varied for the Y-tail.
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2.4 Test Conditions

The test configurations and conditions are listed in Table 3. The
first five test runs were performed with the test section empty
and then with only the propeller system in the tunnel flow. Test
runs 6 through 8 were then conducted with the model fuselage
present without an empennage and at the ¥ = 0° orientation. Simi-
lar tests were performed later for Y = 90° (runs 60 through 64).
These two values of Yy were selected so that the main microphone
array represented sideline (¥ = 0°) or flyover (V¥ = 90°) posi-
tions. Measurements for the Y-tail configuration were performed
in runs 9 through 25 and runs 30 through 40 for V¥ = 0°, and runs
65 through 73 for ¥ = 90°. Four runs (26 through 29) were con-
ducted with the dorsal fin off (V-tail) and Yy = 0°. Then the
vertical fin configuration (I-tail) was tested in runs 41 - 49 for
Y = 0° and runs 50 - 59 for Yy = 90°.

The tests involved a number of limited parametric variations. Two
flow speeds of 45.7 m/s (150 ft/sec) and 62.5 m/s (205 ft/sec) and
three propeller rotational speeds (4000, 6000 and 8200 rpm) were
used for most of the runs. Appropriate values were selected for

blade angle for each combination of flow speed and rpm.

The distance between the model fuselage and propeller was varied
in both longitudinal (x-coordinate) and vertical (y-coordinate)
directions with the main interest being directed to the Y-tail
configuration. The origin for the (x,y) coordinates given in
Table 3 was on the fuselage centerline at the rear-most point on
the tail cone. For most tests the empennage angle of incidence
was zero but this was adjusted to 5° for four runs (30 - 33) while
the longitudinal separation distance was varied for the Y-tail.
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The origin of the x-coordinate was selected as the rear-most point
on the fuselage as a matter of convenience. However, the separa-
tion distance with most relevance to the test data is probably that
between the trailing edge of the empennage and the plane of rota-
tion of the propeller. This distance can be determined from the
x-coordinate if two other parameters are known -- the distance of
tre trailing edge of ths rout of the empennage from the x-origin
and the sweep oi the tra:: '3 «dge of the empennage. Estimates of
these parameters can be obtained from Figure 14. In the case of the
Y-tail, the root of the trailing edge of the V-structure is 0.5 cm
(0.25 in.) forward of the tail cone, and the trailing edge is swept
forward so that at the tip of the propeller the trailing edge of the
empennage is 5 cm (2 inches) forward of the tail cone. Thus if the
separation between tail cone and propeller plane is 23 cm (9 inches)
the propeller will be 23.5 to 28 cm aft of the V-trailing edge.
Corresponding distances ior the dorsal fin are 27 to 23 cm, the
trailing edge being swept back. The trailing edge of the I-tail is
swept backwards at an angle of about 22° and the root tip of the
trailing edge is 8 -m aft of the fuselage tail cone. Thus if x is
23 cm (9 inches) the separation between empennage trailing edge and
propeller plane will vary from 15 c¢cm at the empennage root to about
4 cm at the propeller tip.

The operating conditions for the propeller are given in Table 4.
Propeller tip rotational Mach numbers were in the range 0.36 to
0.74, and helical Mach numbers in the range 0.39 to 0.77. The
values can be compared with typical values for general aviation
aircraft [19] where both Mach numbers lie in the range 0.65 to
0.90. In the case of the propeller advance ratio the test values
were 0.59 to 1.59 which corresponds fairly closely to the flight
range of 0.8 to 1.5. Looking at sbecific test rpm conditions it
is found that the Mach numbers and advance ratio at 8200 rpm are
similar to flight values but the test Mach numbers are lower than
flight values at 6000 and 4000 rpm. Blade passage frequencies
associated with 4000, 6000 and 8200 rpm are 266.7, 400.0 and
546.7 Hz respectively.
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The test conditions can also be compared with design operating
conditions for the SR-2 propeller. 1In this case the prop design
conditions are associated with cruise at M = 0.80, and a propeller
tip rotational Mach number of 0.80. However the wind tunnel test
conditions refer to take-off flight rather than cruise, in which
case the 8200 rpm c:nditions are similar to the SR-2 flight
conditions.
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3. DATA ANALYSIS PROCEDURES

3.1 General Approach

The main emphasis of the data presentation in this report is di-
rected towards the narrowband acoustic spectra. There are several
reasons for this emphasis but the main reason is that discrete
frequency compcnents associated with harmonics of the blade pas-
sage frequency can be readily identified and separated from broad-
band contributions. While this is possible for low order harmon-
ics using one-third octave band analysis it is not possible at
higher frequencies because there may be more than one harmonic in
a given frequency band or the integrated broadband level may mask
the discrete frequency component.

The use of narrowband spectra also makes the task of identifying
"facility" noise components possible. These components may be
discrete or narrowband contributions from support struts and other
items immersed in the tunnel flow or may be general broadband
noise from the flow itself. One objective of the analysis process
is to identify such interference sources so that they can be

separated from the propeller noise data.

3.2 Adjustment to Harmonic Sound Pressure Levels

Visual inspection of narrowband acoustic spectra such as the
example shown in Figure 20 readily identifies several harmonic
components associated with the blade passage frequency when these
components stand well above the general background level. However
other harmonic components have associated sound pressure levels
which are fairly close to the adjacent broadband values. Although
these harmonics can be identified using the harmonic pattern
identification capability of the narrowband analyzer, the measured
sound pressure levels will contain significant contributions from
the broadband components. Thus an adjustment was made to the
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measured values in order to obtain estimates of the discrete fre-
quency contribution at the harmonics of the propeller blade pas-
sage frequency.

The adjustment was performed under the assumption that the dis-
crete frequency and broadband components were uncorrelated so that
calculations could be made on an energy basis. Furthermore, it
was assumed that the broadband contribution at the frequency of
the harmonic of interest could be estimated by interpolation of
the measured sound pressure levels on either side of the spectral
peak at the harmonic frequency. The discrete frequency sound
pressure level could then be estimated from the energy difference
between the measured data and the interpolated broadband contribu-
tion. As an example, if the measured peak at harmonic m = 6 in
Figure 20 is 71.8 dB and the interpolated broadband component is
67.8 dB, then the estimated sound pressure level from the propel-
ler harmonic component is 69.6 dB.

3.3 Distance Normalization

Since most of the microphones were located at a distance of 4.3 m
(14 feet) from the propeller hub, the data were normalized to this
reference distance. The normalization was performed according to
the inverse square law. The resulting adjustments are given in
Table 5.

3.4 Shear Layer Effect

The use of an open test section for the measurement of propeller
noise has the advantage that the microphones can be placed outside
the flow. Thus there is no problem of aerodynamic self-noise on
the microphones. However there is a disadvantage in that the
acoustic waves have to pass through the shear layer of the free
jet from the tunnel nozzle. The effect of the shear layer on the
far field sound pressure levels has been investigated by several

Y o



| Table 5. Distance Normalization

k Microphone Adjustment to Sound Pressure Level
(aB)
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authors [20-28]. Two phenomena have been considered -- refraction
when crossing the shear layer and scattering by the turbulence in
the shear layer. The influence of scattering on the present test
data will be discussed in Section 3.5; refraction effects are
considered here.

The scope of the present wind tunnel test did not permit any
investigation of the shear layer effects. Thus, recourse is had
to published results. Tests in the full-scale DNW tunnel [27]

have shown that the analytical results of Amiet [20] are adequate
up to a frequency of about 10,000 Hz for a tunnel flow speed of
40 m/s and up to 5,000 Hz for a flow speed of 80 m/s. Deviations
from the theoretical results were found at higher frequencies and
flow speeds. Empirical relationships are given by Ross et al [27]
but these are not required for the present test data where inter-
est is centered on frequencies up to 6000 Hz and flow speeds to
62.5 m/s.

The analytical model of Amiet [20] represents the shear layer as a
plane of zero tnickness and assumes that the observer is in the
geometric and acoustic far-fields of the source. However, there
is no restriction on the distance from the source to the shear
layer. The geometry of the model is shown in Figure 21, where the
source and observer are assumed to be in a plane normal +o the
shear layer and parallel to the flow. The line from the source to
the observer makes an angle 6 with the shear layer. The actual
path of a sound ray is represented by the line SCO, and location
O' is the position at which the sound would be heard in the
absence of a shear layer. Thus, in order to get the true direc-
tivity of the propeller noise in the absence of a shear layer,
adjustments must be estimated for the observed directivity and
sound pressure level. Using the notation of Figure 21, the
appropriate equations for the directivity adjustment at constant

=
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radius [20] are:-

tan 6' = z/(B%’cosb8"- M) ) (1)
Yocot6 = h cotf' + (yo-h) cot6" (2)
where
T = [(l + Mcos6")? - cosze"]"
and
B =(1-M2)"

The adjustment to the measured sound pressure level is

P
ASPL = 20 log (— ) dB (3)
pO
where
P ' " y
(o] h cosb "
—_ = sind"+(—1 [s:.n &) + ]
e -feeea [oamens (3¢ ]° !
- N [M2(1+Mcose")2 % (1-M2cosze")]"[c+sine"(1+Mcose")]
2 sinb
(4)

Ad justments to the angle and sound pressure level, calculated
according to Egs.(l) - (4) are listed in Table 6. It is seen that
the adjustments to the sound level are small, being generally less
than 1 dB; adjustments to the directivity angle are less than 10°.
Similar adjustments were estimated by Trebble et al [29] for tests
on model scale propellers at flow speeds of 30 m/s. When comput-
ing the adjustments listed in Table 6 it was assumed that the
distance h from the source to the shear layer was 1.5 m (5 ft) for
all microphone locations except 11 and 12 (Microphones 7 through 9
were excluded, of course, since they were located within the
flow). Microphones 11 and 12 were above the horizontal plane con-
taining the source and the other microphones. Strictly speaking
Microphones 11 and 12 do not satisfy the condition of Amiet's ana-
lytical model that the source and observer lie in a plane normal
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Table 6. Adjustments Due to Refraction at Shear Layer
Micro- ) V =62.5 m/s V =45.7 m/s
phone # degrees g’ A SPL 8' ASPL

degrees dB degrees dB
1 60 68.5 1.2 65.9 0.8
2 70 77.8 0.9 75.5 0.6
3 80 87.2 0.6 85.2 0.4
4 90 96.8 0.2 95.0 0.1
5 105 111.2 -0.2 109.7 -0.2
6 120 126.1 -0.6 124.6 -0.5

10 290 285.6 0.7 286.9 0.5

11 90 97.5 0.2 95.5 0.1

12 90 96.3 0.2 94.6 0.1

13 270 266.3 0.2 267.3 0.1
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to the shear layer. However, this violation is neglected for
present purposes and values of h are computed as though the source/
observer plane was normal to the shear layer. Estimated values of
h are 1.2 m (4.0 ft) for microphone 11 and 1.8 m (5.8 ft) for
microphone 12.

3.5 Turbulence Scattering

It has been observed [22,26-28] that when a discrete frequency
acoustic signal passes through the turbulence in a shear layer
there is a broadening of the frequency peak. The broadening is
associated with a reduction in the peak value of the sound level of
the discrete frequency, the total energy in the spectral peak
remaining roughly constant. This spectral broadening is of conse-
quence in the present test only if there is an observable change in
the sound pressure levels of the propeller harmonics. If the
filter bandwidth used in the data reduction is sufficiently larger
that the energy of the harmonic stays within the bandwidth, then
there will be no observable variation in harmonic level. On the
other hand if the filter bandwidth is less than the spectral peak
the observed level of the harmonic will be lower than it should be,
and an adjustment will be required.

First, it is appropriate to review the published experimental find-
ings [26-28]. The data indicate that spectral broadening becomes
increasingly important as frequency, shear layer thickness, and
flow speed or Mach number increases. Ross [26] used measurements
in the scale model of the DNW wind tunnel to develop an empirical
relationship between the spectral broadening and reduction of peak
level on one hand and the flow parameters on the other. The
relationship between the peak bandwidth Afj;op (at the 10 dB down
points) and the flow parameters was given as

0.67

Afy, = 380 (M&/2) 15)
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where M is the flow Mach number, § the shear layer thickness and )
the acoustic wavelength. Significant effects on the peak sound
pressure level were observed when (MS§/)) exceeded 0.5.

In later work Ross et al [27] determined somewhat different rela-
tionships based on measuremens in the fullscale DNW tunnel.
Although they do not give a specific equation for the spectral
bandwidth they note that it increases almost linearly with tone
frequency, approximately as the third power of airflow speed, and
somewhat weakly with shear layer thickness. From the small amount
of information given [27] an empirical relationship can be develop-
ed for the bandwidth Af3 of the 3 dB down points.

Af3

- -6 ,2.1424

where flowspeed V is measured in m/s.

Suppose now that it is assumed that the dependence of Af3 on ¢
is the same as that given in the earlier work [26].
0.67

i.e., Af3 x §

Then the empirical relationship of Eq.(6) becomes

Af3

= = 3.14 x 10

6 V2.1020 0.67

S (7)

In deriving Eq.(7) it was assumed, as in [26], that the shear layer

thickness can be estimated from
6= 0.16 x (8)
where x is the distance downstream from the nozzle lip.
Eqs.(7) and (8) can now be applied to the current propel-
ler/empennage test configuration. With V = 62.5 m/s and § esti-

mated to be 0.26 m at the propeller plane, then
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Af3
— e - 0.89%

Thus, at f = 500 Hz, Af3 = 4.4 Hz and at £ = 6000 Hz f3 = 53 Hz.
Here it is assumed that ® = 90°. For propagation in the forward
direction (6 < 90°) the shear layer will be thinner but the path
through the shear layer will be increased because of the angle of
incidence. The net change, relative to 6 = 90°, is probably
small. In the aft direction (6 > 90°), the path through the shear
layer will be longer than at 6 = 90°, with a consequential in-
crease in the scattering effect. To estimate this effect consider
microphone location 6 at 6 = 120°. Using Eq.(8) the predicted
thickness of the shear layer is 0.40 m but the path traveled by
the acoustic ray will be about 0.46 m because the ray will not be
incident normally to the layer. The empirical prediction method
now gives

Af3 = 6.6 Hz at 500 Hz
and Af3 = 79 Hz at 6000 Hz.

It is now possible to review the measured narrowband spectra.

This can be done in several ways.

(a) by comparing the bandwidths of the spectral peaks at
different frequencies to see if the bandwidth increases
with frequency,

(b) by comparing the bandwidths of the spectral peaks at a
given location outside the shear layer with and without

tunnel flow, or,

(c) by comparing spectra at locations in (#7) and outside
(#5) the flow.
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Figure 22 compares narrowband sound pressure level spectra meas-
ured at microphone location 2 without (Figure 22(a)) and with
(Figure 22(b)) flow in the test section. Qualitatively, the band-
widths of the harmonic peaks appear to be independent of both fre-
quency and flow speed. In all cases the bandwidth of the peaks is
that of the effective narrowband filter used in the data reduction
process, i.e., 42 Hz (see Section 2.3.2).

In Figure 23* spectra are compared for microphone locations 5 and
7 at the same test condition. The spectrum measured in the flow
exhibits a peak bandwidth which is independent of frequency,
whereas there is an indication that the bandwidth of the harmonic
peaks increases slightly with frequency outside the flow.

Finally, spectra measured at microphone locations 2 and 6 are
compared in Figure 24*. It is apparent that the bandwidth of the
peaks increases with frequency at location 6 but not at location
2. This result is consistent with the spectral broadening predic-
ted earlier. If the broadened peak has a bandwidth less than the
data reduction filter bandwidth of 42 Hz then there will be no
observable change in the apparent bandwidth of the harmonic peaks.
However when the broadened peak bandwid*“ exceeds 42 Hz, there
will be an apparent increase in the bandwidth in the measured
spectra. Using the simple empirical analysis presented earlier,
the broadening of the harmonic peaks would start to become evident
at location 6 at frequencies above about 3200 Hz. At location 2
the corresponding bounding frequency would be approximately

6000 Hz. Thus spectral broadening would be expected at location 6
but not at location 2 -- in agreement with observations.

Determination of the effect of this spectral broadening on the
measured harmonic sound pressure levels is a more difficult propo-

) sition. None of the references [22, 26-28] develops an empirical
. relationship which specifically addresses the problem, and the
’ shapes of the broadened peaks show different characteristics from

* See Appendix B ror further discussion.
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(b) Flow Speed = 62.4 m/5
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FIGURE 22. NARROWBAND PROPELLER NOISE SPECTRA MEASURED WITH AND
WITHOUT AIRFLOW (MICROPHONE 2)
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(a) Microphone 7 (In Flow)
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(b) Microphone 5 (Out of Flow)
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FIGURE 23. COMPARISON OF NARROWBAND PROPELLER NOISE SPECTRA
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(a) Microphone 2 (Forward of Plane of Rotation)
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(b) Microphone 6 (Aft of Plane of Rotation)
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FIGURE 24, COMPARISON OF NARROWBAND PROPELLER NOISE SPECTRA
MEASURED FORWARD AND AT OF PLANE OF ROTATION
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test to test. Ross et al [27] develop an empirical equation to
modify Amiet's analytical model at high frequencies and emission
angles of 40° to 120°. They speculate that the modification in-
cludes the influence of shear layer turbulence because the correc-
tions are greatest at the most forward and rearward angles. How-
ever the correction is positive in one case and negative in the
other; it seems more reasonable to expect that spectral broadening
due to turbulence would always cause corrections of the same sign
(positive) for discrete frequency components.

In the absence of any well-defined approach, no corrections to
sound pressure level have been made in this report to account for
spectral broadening of the harmonic peaks. Corrections can be
introduced at some future date when the evidence is more clear.

At this time only a warning is made that measured sound levels of
the high frequency harmonics may be low due to spectral broadening
induced by shear layer turbulence. It is probable, however, that

the general results of the study will be unaffected by the omis-
sion of this correction.



4. EVALUATION OF TEST DATA

4.1 Introduction

The main objective of the test program is to determine the noise
generated by interaction between the propeller and the wake from
the empennage. First, however, it is necessary to determine the
background or baseline sound pressure levels associated with the
presence of the test hardware in the test section. The hardware
includes microphone stands, model fuselage with support struts and
propeller drive system. Also it is necessary to determine the
sound pressure levels generated by the propeller (with and without
the fuselage present) before the empennage is introduced.

A review of the background sound pressure levels is presented in
this section, before the propeller sound pressure levels are
discussed in detail in subsequent sections of this report. It is
not necessary in the review to present data for all the microphone
locations since it is found that, at least for the broadband
noise, the acoustic field is not highly directional. Thus
conclusions drawn, for example, for microphone 2 locations are
generally applicable to other microphones, except for the three
microphones in the flow. Consequently the data presented in this

section are usually associated with one microphone location,
namely #2.

4.2 Noise due to Test Hardware

Broadband sound pressure levels were measured in the test chamber
when the propeller drive system (without propeller) and the fuse-
lage (without empennage) were present in the test section.

Figure 25 compares narrowband spectra measured at microphone
location 2 for the two test flow speeds. Similar comparisons can
be obtained for the other microphones located outside the flow.

It is seen that, in general, there is an increase of 9 to 10 dB

-58-

b : e e e e W — -



120 NARROY BANS SPECTRUM CORRECTED FOR SMEAR ! AYER AND 4.3 m DISTANCE
| uic 2 TEST 708 RUN 68 DATA PCINT 2 U =82.4 n'sec
- TEST 7C6 RUN 8 OATA POINT 1| U =45.7 a/esc

CNE - “—So0 e
00 1000 1
2 ™ 120 7% TH RO VN QN 0% R0 N &0

FREQUENCY, Mz

FIGURE 25. SOUND PRESSURE LEVEL SPECTRA MEASURED OUT OF FLOW
(MICROPHONE 2) WHEN PROPELLER NOT OPERATING
(FUSELAGE WITHOUT EMPENNAGE)
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FIGURE 26. SOUND PRESSURE LEVEL SPECTRA MEASURED IN FLOW
(MICROPHONE 7) WHEN PROPELLER NOT OPERATING
(FUSELAGE WITHOUT EMPENNAGE)
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in sound pressure level when the flow speed is increased from 45.7
m/s to 62.4 m/s. This increase corresponds to a velocity law of

p? « v8:6 to v 74

where 52 is the mean square acoustic pressure. This relation-
ship is similar to the V6 power law generally associated with
acoustic radiation from a dipole-type source.

Exceptions to the general velocity law occur at peaks in the spec-
tra which exhibit a trend of frequency increasing linearly with
flow speed. At 45.7 m/s the frequency of the prominent peak is
1780 Hz and at 62.4 m/s the corresponding frequency is 2470 Hz.
During the course of the test program it was determined that these
components were generated by flow interaction with the support
struts for microphones 7, 8 and 9 which were located in the tunnel
flow. Following Run 46 boundary layer flow trips were placed on
the leading edges of the support struts and the associated noise
components were eliminated from the acoustic spectra for

subsequent runs.

A comparison of narrowband spectra measured at microphone 7 in the
flow is shown in Figure 26. In this case, however, the sound
pressure level increases more slowly with flow speed than was the
case for the data in Figure 25. The law relating mean square

pressure and flow speed is now

This law is similar to that predicted for aerodynamic self-noise
on the microphone rather than radiated acoustic noise. This is
physically reasonable, particularly when it is observed that the
pressure levels recorded by microphone 7 are higher than those
measured in the acoustic radiation field (see Figure 27). The
difference in pressure levels is such that the peaks associated
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(a) V=45.7m/s
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FIGURE 27. COMPARISON OF SOUND PRESSURE LEVEL SPECTRA MEASURED IN
AND OUT OF FLOW WHEN PROPELLER NOT OPERATING
(FUSELAGE WITHOUT EMPENNAGE)
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with radiation from the microphone support struts are masked by
the aerodynamic self-noise of microphone 7.

The effect of the empennage on sound pressure levels in the test
chamber was found to be negligible. This can be seen in Figure 28
which compares sound pressure levels measured at microphone loca-
tion 2 when the fuselage was installed first without an empennage
and then with the Y-tail. The data are associated with a flow
speed of 62.4 m/s and fuselage orientations of y = 0° and 90°.

A direct comparison of sound pressure level spectra measured for
the two orientations of the fuselage is provided by Figure 29. 1In
this case the data were measured at microphones 2 and 13, located
on different sides of the test section. The spectra show no sig-
nificant effect of angle of orientation except for the elimination
of broadband peaks associated with noise generated by flow over
the microphone support struts. As stated earlier this acoustic
component was eliminated following Run 46 by the attachment of
flow trips to the strut leading edges. The strut noise is present
for Run 9 but not for Run 73.

4.3 Propeller Noise

The propeller noise field generated by the test model can be con-
sidered from a number of viewpoints. However, since the purpose
of the present test is to investigate the effect of the empennage
the evaluation of the data will place emphasis on this aspect.

Narrowband sound pressure levels rieasured with and without the
propeller operating are shown in Figures 30 through 35. The data
in Figures 30 and 31 refer to propeller rotational speeds of

4000 rpm and Figures 32 through 35 are associated with 8200 rpm.
In all cases the fuselage has an empennage attached at the rear.
Results for the lower propeller rpm show that the broadband sound
pressure levels are not much higher than the background levels,
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FIGURE 34, COMPARISON OF SOUND PRESSURE LEVELS AT MICROPHONE 2 WITH
AND WITHOUT PROPELLER OPERATING (Y-TAIL, ¢ =90°, 8200 RPM)
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FIGURE 35. COMPARISON OF SOUND PRESSURE LEVELS AT MICROPHONE 2 WITH
AND WITHOUT PROPELLER OPERATING (I-TAIL, y =90°, 8200 RPM)
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particularly at the higher flow speed and frequencies below about
2500 Hz.

As propeller rpm increases the broadband and discrete frequency
components generated by the propeller increase relative to the
background, as can be seen by comparing Figures 30 and 32 or
Figures 31 and 33. Even so the difference between propeller and
background sound ievels is smaller at the higher flow speed than
it is at the lower flow speed. For example, Figures 31 and 32
show that the propeller broadband noise at high frequencies is
about 13 dB above the background at a flow speed of 45.7 m/s and
only 7 dB at a flow speed of 62.4 m/s.

Figures 34 and 35 show that the general relationships between
propeller noise and background noise for a fuselage with empennage
are also observed for a fuselage orientation of ¢ = 90° and for
other empennage configurations (I-tail).

An alternative approach to evaluating the propeller noise is to
compare sound levels generated by a propeller with and without a
fuselage structure upstream. Such a comparison is shown in

Figure 36 for two fuselage orientations (0° and 90°) and a flow
speed of 62.4 m/s. In this case it is seen that the presence of
the fuselage (without empennage) causes an increase in the propel--
ler broadband sound pressure levels but it is usually small. For
the test conditions shown in Figure 36 the increase is about 1 dB
for Y = 0° and about 3 dB for ¥ =90°.

The discrete frequency components in Figure 36 show no identifi-
able trend, some harmonics increase in sound pressure level when
the fuselage is introduced, others decrease in level and yet
others remain unchanged. However, harmonic sound pressure levels
will be discussed in greater detail in Section 5 of this report.
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FIGURE 36.

(a) ¥=0°
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COMPARISON OF PROPELLER SOUND PRESSURE LEVELS WITH AND
WITHOUT FUSELAGE UPSTREAM (NO EMPENNAGE, 62.4 M/S, 8200 RPM)
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Perhaps a more important approach, from the standpoint of the
present study, is to compare sound levels generated by the propel-
ler when the fuselage is without, and then with, an empennage.
Comparisons of this type are shown in Figures 37 through 39 where
it is seen that there is only a very small (sometimes negligible)
increase in broadband socund pressure level when the empennage is
introduced. Separation distance between empennage and propeller
also appears to have only a small influence (Figure 40) on the
broadband sound pressure levels.

In summary, broadband sound pressure levels generated by the
propeller downstream of an empennage are higher than those for the
propeller alone, but it is difficult to determine the precise role
played by the empennage because the changes in sound level are
small relative to the case of a fuselage without empennage. The
situation for discrete frequency components at harmonics of the
blade passage frequency is different in that the empennage can
cause a significant increase in the level of the higher order har-
monics. This will be discussed further in Section 5.

4.4 Repeatability of Data

One question that often arises in propeller noise tests, particu-
larly those which involve flight test studies, involves data re-
peatability. Time constraints did not allow much scope for repeat
runs at identical ccnditions but it was possible to perform one
condition on three different occasions (with small changes in the
value of the separation distance x). The three runs are 1l1l-1,
16-1, and 22-6, and they are associated with the Y-tail, flow
speed of 62.4 m/s and 8200 rpm. For run 1ll-1, X = 229 mm and for
runs 16-1 and 22-6, X = 238 mm, a difference of less than 4%.

Figure 41 presents comparisons of the narrowband spectra for the

three runs measured at three microphone locations. Several obser-
vations can be made:-
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(a) Microphone 2
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i TEST 206 RN 11 DATA PGINT 1
\ NIC 2 THETA = 772.8 deg (corrected) U =82.4 a/eec GAIN=20

mi»

= === Fuselage without Empennage (Run 7-1)
Fuselage with Y-Tail (Run 11-1)
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(b) Microphone 6

120 NARROY BAND SPECTRUM CORRECTED FOR SHEAR LAYER AND 4.3 m DISTANCE
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| NIC 6 THETA = 126.1 deg (corrected) U =62.4 m’eec CAIN=20
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FIGURE 37. INFLUENCE OF EMPENNAGE ON NARROWBAND SOUND PRESSURE
LEVELS WITH PROPELLER OPERATING ( y =0°)
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(a) Microphone 2
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(b) Microphone 6
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FIGURE 38. INFLUENCE OF EMPENNAGE ON NARROWBAND SOUND PRESSURE

LEVELS WITH PROPELLER OPERATING ( ¥ =90°, 8200 RPM)
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(a) Microphone 2
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(b) Microphone 6
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FIGURE 39. INFLUENCE OF EMPENNAGFE: ON NARROWBAND SOUND PRESSURE
LEVELS WITH PROPELLER OPERATING ( y=90°, 6000 RPM)
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(a) Microphone 2 OF POOR QUALITY
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(b) Microphone 6

120  NARROY BAND SPECTRUM CORRECTED FOR SMEAR LAYER AND 4.3 m DISTANCE
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FIGURE 40. INFLUENCE OF SEPARATION BETWEEN EMPENNAGE AND PROPELLER

ON NARROWBAND SOUND PRESSURE LEVELS (Y-TAIL)

= -



(a) Microphone
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(b) Microphone 5
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FIGURE 41, COMPARISON OF NARROWBAND SOUND PRESSURE LEVELS FOR
REPEATED RUNS (Y-TAIL, 62.4 M/S, 8200 RPM)
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(c) Microphone 6
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FIGURE 41. CONTINUED
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(a) Multiples of the propeller shaft rotational frequency
are in more evidence in some spectra than in others

(b) Broadband noise levels show good repeatability at some
locations but not at others, and

(c) There appears to be a fairly wide variation in harmonic
sound pressure levels.

The appearance and disappearance of harmonic components at mul-
tiples of the propeller shaft rotational frequency were observed
several times during the test program. While it was not possible
to obtain definite evidence, it is believed that the phenomenon
was associated with the changes in blade angle from run to run.
These adjustments were made manually and it is possible that small
misalignments could occur on one blade with a resulting generation
of acoustic components at the shaft rotational frequency.

Omitting the shaft rotation components, the broadband spectral
components generally show good repeatability from run to run at
microphone locations 5 and 6 but rather poor repeatability at

high frequencies at location 2. In this latter case the data band
is 3 to 4 dB wide.

Evaluation of the repeatability of sound pressure levels at har-
monics of the blade passage frzquency is not practical from spec-
tral plots such as those in Figure 41. A more informative presen-
tation is in terms of harmonic level as shown in Figure 42. 1In
some cases, such as microphone location 12, the data show very
little variation from run to run whereas in other cases (e.g.
microphone 3) the sound pressure levels for a given harmonic show
a range of 10 dB or more.
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FIGURE 42, COMPARISON OF BLADE PASSAGE FREQUENCY HARMONIC LEVELS
FOR REPEAT RUNS (Y-TAIL, 62.4 M/S, 8200 RPM)
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(c) Microphone 3
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FIGURE 42, CONTINUED
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(g) Microphone 11
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(h) Microphone 12

120~ HARMONIC LEVFLS CORRECTED FOR SHEAR LAYER AND 4. 3m DISTANCE
i AND ADJUSTED FOR BROADBAND CONTRIBUTIONS

H Sysbol  Mic  RunDeote pt-dic

- one-1-12
”",L -+ = 02812
| —_—- 12 oi1-1-12
|
SN
N
'Y
UlL \
Horsonic
Level i
d8 Ul-
| e —
o+ s B
i
i
SN Znt Bus an s S MW ARE Bk Ba e e
Harmonic Order

FIGURE 42, CONTINUED

-84- c " 9_

- L
- —



Visual inspection of Figure 42 does not indicate any particular
trend with harmonic order or microphone location. Thus, the range
of sound pressure levels at each harmonic order was averaged over
all eight locations and linear regression performed on the aver-
ages. The results indicated that the repe tability of harmonic
sound pressure level was slightly better at higher harmonic order
than at lower order. The linear regression equation for the
average range of sound pressure level, ASPL for a given harmonic
order m was

ASPL = -0.14m + 4.63 dB

with a regression coefficient of -0.59. The equation indicates

that the average range of data at a given microphone location will
be 4.5 dB for harmonic m = 1 and 3.1 dB for harmonic of order 11

In an alternative analysis the range of sound pressure levels for
each harmonic can be averaged for each microphone location. The
averages can then be plotted as a function of radiation angle 6'
(defined as in Figure 17). The resulting relationship is shown in
Figure 43, which suggests that data repeatability is worst near
the plane of rotation of the propeller.

The large variability in the data for nominally identical test
conditions is of concern because it can mask trends associated
with parametric variations. A similar problem occurs during

flight test. A better understanding of the phenomena involved

would be a useful addition to propeller noise technology.
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FIGURE 43, AVERAGE RANGE OF HARMONIC SOUND PRESSURE LEVELS
FOR REPEAT RUNS AS A FUNCTION OF ANGLE OF RADIATION
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4.5 Summary

This evaluation of the narrowband acoustic spectra has shown that
the background noise generated by the test hardware without the
propeller is usually lower than that generated by the propeller.
The exception to this rule occurs for broadband noise at low fre-
quencies. However, the presence of the empennage causes only a
small change in broadband sound pressure level. Consequently a
detailed analysis of broadband propeller noise does not appear to
be worthwhile.

Visual inspection of the narrowband spectra indicates that the
presence of the empennage has a significant effect on the sound
pressure levels of the higher order harmonics. Thus further
discussion of the harmonic levels is contained in Section 5. The
data evaluation did show, however, that the repeatability of the
harmonic sound pressure levels is not particularly good; this will
impact the accuracy of parametric studies.
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S. HARMONIC SOUND PRESSURE LEVELS
5.1 General

The wind tunnel test program described in this report generated an
extensive data bank and it is possible to present here only a
limited discussion of the measured sound pressure levels. The
discussion in this section is restricted to the sound pressure
levels at harmonics of the blade passage frequency and the intent
is to point out some of the main features of the data.

Much of the data is associated with a propeller rotational speed
of 8200 rpm and it is convenient to use harmonic order rather than
actual frequency as a means of identifying the harmonics of inter-
est. The same approach is followed when data are presented for
lower rotational speeds, and data for different rpm are compared
or the basis of harmonic order rather than actual frequency. This
means, for example, that sound pressure levels at harmonic order
10 are compared directly for propeller speeds of 4000 and 8200 rpm
even though the sound pressure levels occur at 2667 and 5467 Hz
respectively.

Data are presented for harmonic orders 1 through 11. This range

was selected as it contained most of the harmonic information for ~

the test conditions investigated and, at a propeller speed of
8200 rpm, corresponded to the data reduction frequency range 0 -
6400 Hz.

5.2 Propeller Operating Alone

Measurements made when the propeller was operating in the absence
of the model fuselage and empennage give some indication of the
basic acoustic characteristics of the propeller. Harmonic sound
pressure levels were measured when there was no flow in the tunnel
and when the tunnel flow was 45.7 and 62.5 m/s. Sample harmonic
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levels measured at microphone 2 are shown in Figure 44 for flow
speeds of 0 and 45.7 m/s and propeller rotational speeds of 4000,
6000 and 8200 rpm. The data indicate that the harmonic levels
decrease rapidly as harmonic order increases for the lower rota-
tional speeds. The rate of decrease is less at 8200 rpm with the
5th harmonic being about 20 dB below the first harmonic level.

When flow is introduced there is an increase in the broadband
sound pressure levels which tends to mask the higher order harmon-
ic components (see Figure 45). Thus it is not possible to deter-
mine whether or not the higher order harmonic levels are lower
than for the zero flow case, as they are for the flight case shown
in Figure 1. At low orders, the harmonic components can be iden-
tified (Figure 44(b)) and the sound pressure levels are similar to
those for zero flow speed. This is consistent with airplane test
data such as that shown in Figure 1.

5.3 Influence of Empennage

The main interest is in the influence of the fuselage and empenn-
age on the propeller sound field. This influence can be seen in
the spectral comparisons presented in Figures 46 and 47. The data
were measured at microphone 2 for two flow speeds and two fuselage
orientations, and for comparable separations between empennage and
propeller plane.

The first observation is that, at low orders such as m = 1 to 4,
the harmonic sound pressure levels appear to be independent of
empennage configuration. In fact the sound levels do not change
significantly when the fuselage and empennage are introduced. The
situation is different at higher mode orders. 1In this frequency
regime the harmonic levels are too low to be identified when there
is no fuselage present. When the fuselage is introduced there is
a small increase in sound pressure level so that additional
harmonic components can be identified in the mid-frequency range
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FIGURE 44, HARMONIC LEVELS FOR PROPELLER OPERATING ALONE
AT DIFFERENT RPM (MICROPHONE 2)
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FIGURE 45. NARROWBAND SOUND PRESSURE LEVELS FOR PROPELLER
OPERATING ALONE (8200 RPM; MICROPHONE 2)
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FIGURE 46. COMPARISON OF HARMONIC SOUND PRESSURE LEVELS

MEASURED AT MICROPHONE 2 FOR DIFFERENT EMPENNAGE
CONFIGURATIONS ( ¢ = 0°, 8200 RPM)
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FICGURE 47.

COMPARISON OF HARMONIC SOUND PRESSURE LEVELS
MEASURED AT MICROPHONE 2 FOR DIFFERENT EMPENNAGE
CONFIGURATIONS ( ¥ = 90°, 8200 RPM)
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(m =5 to 7). Finally, when the empennage is added there is a
significant increase in harmonic levels for harmonic orders
greater than 4 or 5. The precise magnitude of the increase cannot
be determined in the absence of data where the empennage is not
installed, but in scme cases it is about 5 to 1C dB.

The general review given in Figures 46 and 47 for data measured at
microphone location 2 can be considered in somewhat greater detail
by considering each empennaje separately. Figures 48 and 49 pre-
sent representative harmonic spectra measured at several locations
and two fuselage orientations for the Y-tail empennage. The spec-
tra compare sound levels with and without the Y-tail installed.

In Figure 46 data are included for microphone 9 which is in the
flow, upstream of the propeller and fuselage. This spectrum is
different from those at other locations in that the sound levels
vary very slowly with harmonic order rather than decreasing rapid-
ly. Even so, it is more difficult to determine the change in
harmonic level induced by the empennage because the high self-
noise level due to flow over the microphone masks most of the har-
monic components when there is no empennage installed.

The spectra presented in Figures 48 and 49 are consistent with the
conclusions drawn from Figures 46 and 47. At mode order 1 to 4
the empennage has no significant effect on the sound levels but at
higher mode orders the sound levels increase when the empennage is
installed. The term "no significant" is used here in the sense
that any changes in sound pressure level that do occur at lcw
values of harmonic order m are within the cdata variability range
observed in Figure 42 for the repeated runs.

A comparison of harmonic sound pressure levels associated with +he
Y-tail and V-tail configurations indicates that there is no signi-
ficant difference between the two empennage with respect to radia-

ted noise. The representative data given in Figure 50 show sound
pressure levels which are similar for the two configurations.
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FIGURE 48,

INFLUENCE OF Y-TAIL ON HARMONIC LEVELS (8200 RPM,
62,4 M/S, X = 23,8CM, V= 0°)
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(c) Microphone 4
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FIGURE 48. CONTINUED
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(a) Microphone 2

HARMONIC LEVELS CORRECTED FOR SHEAR LAYER AND 4. 3m DISTANCE

1200 AND ADJUSTED FOR BROADBAND CONTRIBUTIONS
Sysbel  Mic  MunrDete pt-Mic
ol —— ow-1-2 Y-Tail
- 2 ouR-1-2 Fuselage Only, No Tail
|
L NG
A
.,!,, {/ \\\\
Harmonic A
Lc:l | \’(\.\‘
o} SN
| ~
i \
nr \3
|
o
i
L i St e T & B Y ¥ -
% T ¢ 3 &« § €& 7 & @8 10 11

(b) Microphone 4
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FIGURE 49. INFLUENCE OF Y-TAIL ON HARMONIC LEVELS (8200 RPM,

62.4 M/S, X = 23,8 CM, ¥ = 90°)
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(c) Microphone 6
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FIGURE 49, CONTINUED
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(a) Microphone 9
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(b) Microphone 2
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FIGURE 50. COMPARISON OF HARMONIC LEVELS FOR Y-TAIL AND V-TAIL
EMPENNAGES (8200 RPM, 62.4 M/S, X = 23.8 CM, ¥ = 0°)
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(c) Microphone 4
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(d) Microphone 6
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FIGURE 50. CONTINUED
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Harmonic spectra for the I-tail empennage are presented in Figures
51 and 52. The data are quite similar to those in Figures 48 and
49 for the Y-tail. Thus the general conclusions remain the same.
However, one additional comment can be made. The increase in har-
monic level for large values of m appears to be most pronounced as
the angular coordinate 6 of the measurement location tends toward
0° or 180°. The smallest changes in sound pressure level occur at
measurement locations closest to the plane of rotation of the
propeller.

5.4 Blade Angle

For most of the tests the blade angle B was adjusted to the design
value for the appropriate rotational and flow speeds. However,
one test was performed during which B was given several off-
design values when the propeller rotational speed was 8200 rpm and
the flow speed was 62.4 m/s (Runs 22 through 25). The design
angle for this test condition was 21°; measurements were also per-
formed for blade angles of 19°, 23° and 24°. A comparison of the

resulting harmonic sound pressure levels is given in Figure 53.

Inspection of the data indicates that the design angle of 21° is
not always associated with the lowest sound pressure level at a

given harmonic order and measurement location. There are some
instances where the design angle is associated with the highest
measured sound pressure levels. It is interesting to note, how-
ever, that the spectra contained in Figure 53 are quite similar to
those in Figure 42 for corresponding measurement locations. The
similarity occurs in both spectral shape and the range of measured
sound pressure levels for a given harmonic order and microphone
location. The data in Figure 42 are associated with nominally
identical test conditions so that the variation in sound pressure
level is an indication of data repeatability. It wis speculated
in Section 4.4 that errors in blade angle setting could be one
cause of the data scatter. The data in Figure 53 indicate that
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(b) Microphone 2
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FIGURE 51, INFLUENCE OF I-TAIL ON HARMONIC LEVELS (8200 RPM,

62.4 M/S, X = 30.8 CM, ¥ = 0°)

-102-



| o—— S smm—

ORIGKVAL PAG:
(c) Microphone 4 OF POOR QUALITY

.20 HARMONIC LEVELS CORRECTED FOR SHEAR LAYER AND 4.3m CISTANCE
r AND ADJUSTED FOR BROADBAND CONTRIBUTIONS

i Sysbol  X(m) Run-Dotc pt-Mic

110} -t .1 oud-1-¢ |-Tail
!’ — & - .00 on-1-4  Fuselage Only, No Tail
: :
=l
mL Y N
Hormonic | X
“evel \
dB \ \

wl o I : A A 1 1 A ! Il Il J

1 2 3 4 -] 6 2 | ] 8 10 1
Haormonic Order

(d) Microphone 6
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FIGURE 51. CONTINUED
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(b) Microphone 4
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FIGURE 52. INFLUENCE OF I-TAILON HARMONIC LEVELS (8200 RPM,

62.4 M/S, X = 30.5 CM, ¥ = 90°)
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(c) Microphone 6
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(d) Microphone 11
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FIGURE 52. CONTINUED
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