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SUMMARY

The noise generated by supersonic tip speed propellers may be a cabin
environment problem for future propeller-driven airplanes. Active suppression
from speakers inside the airplane cabin has been proposed for canceling out
this noise. The potential of active suppression of advanced turboprop noise
was tested by using speakers in a rectangular duct. Experiments were first
performed with sine wave signals. The results compared well with the ideal
cancellation curve of noise as a function of phase angle. Recorded noise sig-
nals from subsonic and supersonic tip speed propellers were then used in the
duct to determine the potential for canceling their noise. The subsonic pro-
peller data showed significant cancellations but less than those obtained with
the sine wave. The blade-passing-tone cancellation curve for the supersonic
propeller was very similar to the subsonic curve, indicating that it is poten-
tially Just as easy to cancel supersonic as subsonic propeller blade-passing-
tone noise. Propeller duct data from a recorded propeller source and spatial
data taken on a propeller-driven airplane showed generally good agreement when
compared versus phase angle. This agreement, combined with the similarity of
the subsonic and supersonic duct propeller data, indicates that the area of
cancellation for advanced supersonic propellers will be similar to that meas-
ured on the airplane. Since the area of cancellation on the airplane was
small, a method for improving the active noise suppression by using outside
speakers is discussed.

INTRODUCTION

Advanced design turboprop-powered aircraft show significant fuel saving
advantages over equivalent technology turbofan-powered aircraft. However, the
cabin noise from the high-speed propellers may pose a passenger acceptance
problem for turboprop-powered aircraft. Active suppression has been proposed
as a method for reducing the cabin noise. 1In this method the propeller noise
is suppressed by adding sound that is out of phase with it. It has been sug-
gested that a speaker to broadcast the out-of-phase sound be placed inside the
passenger cabin (e.g., ref. 1). An excellent review of the state of the art
of active noise suppression (ref. 2) indicates that this technology is suffi-
ciently mature that the noise reduction could be significant.

The airborne noise from an advanced propeller is envisioned as entering
the passenger cabin somewhat as shown in figure 1(a). The noise impacts the
outer fuselage of the airplane over a somewhat 1imited area, as indicated by
the model tests of reference 3 and shown here in figure 1(b). The noise is
then transmitted into the airplane frame and stringer structure, into the air
between the trim panels and outer skins, and then into the interior floor and
trim, which reradiate the noise to the passenger compartment. In the airplane
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cabin the source may not be as compact as that striking the outer skin since
the noise could now be coming from different sections of the airplane trim.
Even if the noise comes from a localized area inside the airplane, it is prob-
ably composed of different components with various phase relationships since
it arrives via different transmission paths. In either case the active noise
suppression achieved by an out-of-phase speaker may be 1imited in extent. In
some canceling region the speaker radiates sound that is out of phase with the
propeller noise, but as one moves away from that region the phase relationship
of primary and canceling signals changes. - In these regions the sound from the
speaker is not 180° out of phase with the propeller noise and less suppression

occurs.

To evaluate the potential for active noise suppression in an airplane,
some laboratory experiments were performed with first sine wave and then
recorded propeller noise signals in a duct to determine the dependence of the
cancellation on the phase angle between the sound and the canceling signal.
The noise from an advanced propeller operating at a subsonic helical tip Mach
number was the first propeller signal used, and then noise from the propeller
operating at supersonic conditions was. evaluated. This was done to determine
if the different acoustic pressure pulse shape of the noise at supersonic
helical tip speed had any effect on the potential for active noise suppression.
The results of these experiments, some comparisons with previously published
airplane data and their implications, and some suggestions for improving the
active suppression of advanced propeller noise are described in this report.

APPARATUS AND PROCEDURE

The experiments were performed in a rectangular duct with a 3.81- by
10.16-cm (1.5- by 4-in.) cross section (fig. 2(a)). The test section
(fig. 2(a)) was the 1.42-m (4.75-ft) long section adjacent to the exponential
horn. This section consisted of hard side walls with removable hard plates on
the top and bottom. This duct and its acoustic characteristics are described
in reference 4. Two of the hard plates on the top of the duct were replaced
with sections containing horns and speakers. A third plate was replaced with
a flush-mounted microphone holder. One end of the duct terminated in a horn
open to the room, and the other end terminated in an acoustically 1ined section
before it also opened to the room. Figure 2(b) shows the duct apparatus and
the speaker and microphone installation.

: The source signal was input to speaker A (fig. 2(a)), and a canceling
signal of the same strength was input to speaker B located 50.8 c¢cm (20 in.)
away. The phase of the canceling signal was varied with respect to the source
signal, and the resultant noise was measured with a microphone placed approxi-
mately in the center of the duct cross section and 50.8 cm (20 in.) from
speaker B. These experiments used frequencies low enough so that only plane
waves were present in the duct. (Again see ref. 4 for the duct
characteristics.) ' '

For the sine wave experiments a sine wave generator was used that enabled
the signals coming from the generator to be varied in relative phase
(fig. 3(a)). For the recorded propeller noise experiments an analog phase
shifting network was used, and the phase was measured by a phase meter
instalied as shown in figure 3(b). The noise measured by the microphone was



analyzed on a narrowband analyzer with approximately a 25-Hz bandwidth. The
spectra were used to accurately determine the noise attenuation at the funda-
mental frequency.

RESULTS AND DISCUSSION
Ideal Cancellation

The summation of two sinusoidal pressure waves of amplitude Py with
relative phase angle & can be expressed simply as

P(t) = P0 sin(wt) + P, sin(wt + &)

0

where w s frequency and t 1is time. When the two sine waves are in phase
(¢ = 0), the pressure ampiitude is 2Pg; when they are out of phase (¢ = 180°),
the pressure amplitude is zero. If these two sine waves represent the sound
being generated by the duct-mounted speakers, an ideal cancellation curve of
sound versus phase angle can be calculated. Expressed in decibels relative to
the amplitude of a single wave (dB = 20 logyg P/Pg), the preceding equation
yields the ideal cancellation curve presented in figure 4. When the two sig-
nals are in phase, there is an additional 6 dB of noise; when they are out of
phase, the cancellation results in -». As shown in figure 4 the resultant
level is below the pressure of the single source for some 120° of phase angle,
between 120° and 240°.

Sine Wave Duct Experiments

Some 0.61-m (2-ft) diameter models of advanced propellers have been tested
in the NASA Lewis 8- by 6-Foot Wind Tunnel (refs. 5 and 6) and on the NASA
Jetstar airplane (refs. 7 and 8). At the cruise condition (axial Mach number,
M, 0.8; helical tip Mach number, Mht, 1.14), these propeller models generate
a blade passing tone at approximately 1000 Hz. (Full-scale propellers would
be significantly larger and have a correspondingly lower blade passing fre-
quency.) Experiments were performed in the duct starting at 125 Hz, corre-
sponding to a nominally 4.9-m (16-ft) diameter propeller, and were repeated in
125-Hz steps to 1000 Hz. A sine wave generator was set at the test frequency
and connected through an amplifier to speaker A (fig. 2(a)) while a signal of
equal strength but with varying relative phase angle was applied to speaker
B. The phase angle was varied in 10° steps except near the 180° position,
where the phase was varied in 0.1° steps to find the minimum pressure. The
resultant data, noise level as a function of phase angle, were almost identi-
cal for all eight frequencies tested. Rather than plot them all, four repre-
sentative frequencies (250, 500, 750, and 1000 Hz) were chosen (fig. 5). The
sine wave data indicated 30 to 35 dB of cancellation at the out-of-phase (180°)
condition and 6 dB of reinforcement at the in-phase (0°) condition. The data
fall on the ideal curve except near 180°, where the amount of duct cancella-
tion is probably 1imited by background noise. This good comparison with the
ideal gives confidence to proceed with the more complicated propeller noise
signals.



SR-2 Propeller Noise in Duct

The recorded noise from the SR-2 propeller model on the Jetstar airplane
(ref. 8) was used in the duct apparatus to measure its cancellation potential.
Airplane data were used for the propeller operating at a subsonic helical tip
speed (M = 0.606, Mp+ = 0.85) and at a supersonic helical tip speed (M = 0.792,
Mpt = 1.11). Here the recorded signal was played through speaker A; the signal
was also put through a phase-shifting network and adjusted to equal strength
and played through speaker B. The SR-2 model data had blade passing tones of
approximately 750 Hz at subsonic conditions and 975 Hz at supersonic condi-
tions. For these experiments the tape recorder was slowed to one-quarter of
its normal speed so that the tones came at approximately 187 and 244 Hz to
simulate full scale. Typical wave shapes for these conditions (fig. 6) were
taken by triggering an oscilloscope with a once-per-revolution signal that was
recorded with the propeller noise data. The wave shapes are different at sub-
sonic and supersonic conditions. Pulse shape differences exist between each
successive blade passing. The nonrepeatabiiity of the signal is important
because the distance between the speakers means that, when the wave arrives
from speaker A, the wave being canceled is not the same one as being emitted
by speaker B. This nonrepeatability of the signal would also be important for
canceling propeller noise in an airplane because an active noise synthesizer
would probably not be able to account for these apparent blade-to-blade dif-

ferences either.

Spectra of the propeller noise as played into the duct (fig. 7) show
blade passing tones at 187 Hz (subsonic) and 244 Hz (supersonic). Although
both spectra are dominated by the blade passing tone and the first harmonic,
the supersonic spectrum also has several higher harmonics.

For the blade-passing-tone data obtained with the subsonic propeller
noise signal (fig. 8(a)), the amount of noise cancellation was significant but
somewhat less than observed with the sine wave. The differences can be more
easily seen in figure 8(b) where the SR-2 data and the 250-Hz sine wave curve
are shown on the same plot. Here the subsonic SR-2 data show less maximum
cancellation and also a smaller cancellation range (45°) than the sine wave
(120°). These results are possibly related to the nonrepeatability of the
SR-2 wave shape.

For the blade-passing-tone data obtained with the supersonic propeller
noise signal (fig. 9(a)), the amount of noise cancellation was again signifi-
cant but less than observed with the sine wave. It was very similar to the
subsonic noise cancellation (fig. 9(b)). Thus it is potentially as easy to
cancel the blade passing tone of supersonic propellers as that of subsonic
propellers.

Comparison with Airplane Experiments

Experiments were performed (ref. 9) wherein a single speaker was used in
an airplane to actively suppress propeller noise. This airplane had a conven-
tional subsonic helical tip speed propeller operated such that its blade pass-
ing tone was at approximately 100 Hz. 1In the airplane experiments the system
was optimized to give maximum cancellation at a given location. The amount of
canceliation at other positions was measured by a microphone array. The
airplane data at the different microphone locations can be converted to phase
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plots for comparison with the duct data. The amount of cancellation at each
grid point is shown in figure 19 of reference 9. This figure is redrawn and
presented here as figure 10. By assuming that the position where the maximum
cancellation occurred (-25 dB) was where the canceling speaker signal was 180°
out of phase with the propeller signal, the phase at the other positions could
be calculated. It was first assumed (as indicated in fig. 1) that part of the
noise at the other positions was coming either from another component (some
other part of the trim) or from the same area but with different phase. The
positions of the microphones were known; so the distances from the out-of-phase
(180°) position were used to calculate a phase angle change based on the wave-
length of the signal and the distance to the canceling speaker (fig. 10).
Because the available data only showed one-half of the range the curve was
assumed to be symmetric. The resultant plot (fig. 11(a)) has the same general
shape as the propeller noise curves from the duct experiments, exhibiting
roughly a 25-dB maximum cancellation and showing a noise increase when the
signals were in phase. '

The airplane data taken at 100 Hz compared well with the propeller duct
data taken at 187 and 244 Hz (fig. 11(b)). 1In the plane-wave duct test, where
the phase was adjusted to achieve maximum cancellation, the cancellation was
observed everywhere in the duct downstream of speaker B. The duct data were
obtained by the intentional variation of phase angle. On the airplane the
active noise suppressor was adjusted to give maximum cancellation at a par-
ticular location. The amount of cancellation decreased with distance from
this location probably because of multiple, separated components or components
of different phase in the same area and the interior geometry of the airplane.
When the spatial variation of the airplane cancellation was converted to a
phase plot, the airplane data fell surprisingly close to the subsonic propeller
data taken in the duct. This, combined with the similarity of the subsonic
and supersonic propeller duct data, indicates that the area of cancellation
for advanced supersonic propellers would be similar to that measured with a
conventional propeller on the airplane.

Enlarging Airplane Noise Cancellation Area

In the duct experiments, where cancellation occurred, it occurred every-
where downstream of speaker B. The reason was that the duct had a singie
coherent source, speaker A, producing a plane wave in the duct that was can-
celed by the downstream speaker B. The phase variation was input to obtain
the data curves of cancellation as a function of phase angle. 1In the airplane
experiments either multiple, separated sources or out-of-phase sources in the
same area and the airplane interior geometry significantly limited the area
over which the cancellation occurred. A number of methods for enlarging the
area of cancellation have been suggested, such as more speakers inside the
airplane and the use of optimum speaker locations. There is, however, some
indication that a better active noise suppression scheme might be to provide
the cancellation outside the airplane.

In a study of noise reduction by synchrophasing (ref. 10) 1t was concluded
that the propeller noise enters the airplane exterior wall in a 1imited area
about one propeller diameter in size and then propagates through the airplane
interior. This is also suggested by model supersonic propeller data from
figure 18 of reference 3. Thus on the outside of the fuselage a much smaller
area would need to be controlled by active noise cancellation. This concept
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is supported by reference 11, where it is indicated that active noise suppres-
sion can be effectively used at a boundary to block the passage of noise from
one subfield to another (i.e., across the boundary). In this case the outside
noise would be blocked from entering the airplane. Although reference 1 indi-
‘cates the difficulty of canceling noise outside the fuselage because of an
assumed large area, the study of reference 10 and the data of reference 3 sug-
gest the area would be Timited. Reference 12 shows that exterior speakers
mounted behind the nacelle of a model propeller can provide significant can-
cellation but also indicates some of the possible problems with external
speakers, such as high power requirements.

Another support for the outside scheme as possibly the most promising is
the airplane experiment itself (ref. 9). A microphone placed on the outside -
of the airplane was found to be the most effective method for providing input
to the active noise suppression network; an interior microphone was found to
be the least effective. Because of the relatively limited area over which
outside cancellation would have to be applied, as contrasted to the interior
cancellation area, externally mounted speakers may be a more effective active
noise suppression configuration than speakers mounted inside the airplane.

CONCLUDING REMARKS

The potential of active suppression of advanced turboprop noise was ini-
tially evaluated by using speakers in a rectangular duct. Experiments were
first performed by using sine waves and varying the phase angle between the
source speaker and a canceling speaker. This resulted in variations of sound
pressure level with phase angle that were very close to the predicted ideal.
The maximum cancellation observed in the duct test was probably 1imited by the
background noise level. Recordings of subsonic and supersonic advanced pro-
peller noise data were used in the duct to measure the ability to cancel the
blade passing tone resulting from their realistic pressure-time wave shapes
and to examine the relative noise canceling potential at subsonic and super-
sonic conditions. The amount of cancellation observed for the subsonic pro-
peller was significant but less than that of the sine wave. The subsonic
propeller data showed less maximum cancellation and a smaller range of phase
angles over which cancellation occurred than did the sine wave data. The
supersonic propeller blade-passing-tone cancellation curve was very similar to
the subsonic curve, indicating that it i1s potentially just as easy to cancel
the blade passing tone of a supersonic propeller as of a subsonic one.

The cancellations were performed at the blade passing tone of the recorded
propeller signals. It has been implied (fig. 19 of ref. 9) that it is harder
to cancel the harmonics of the blade passing tone than the tone ttself. If
so, it may be harder to completely cancel the supersonic propeller noise signal
since it has more harmonics than the subsonic propeller signal (fig. 8). This
would also apply to counterrotating propellers with their even higher harmonic
content.

Some existing data from active noise suppression experiments on an air-
plane were compared with the duct data. This experiment had used a speaker
inside an airplane at cruise. The variation with distance that was observed
on the airplane was converted, by using the sound wavelength, into a phase
variation. The resulting variation in sound pressure level with phase angle
was similar to that obtained for the propeller source in the duct experiments.
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The good comparison of the airplane subsonic propeller data and the duct data,
combined with the similarity of the subsonic and supersonic duct propeller
data, indicates that the area of cancellation for advanced propellers will be
similar to that measured on an airplane with conventional propellers.

Some discussion of the method of active noise control was undertaken. It
was inferred that the mounting of speakers on the outside of the airplane might
provide better active noise suppression that using speakers inside the cabin.
This was based on the concepts that the noise enters only through a limited
portion of the fuselage and that active noise control works well in stopping
noise from propagating across a boundary.
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