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Noise of Two High-Speed Model Counter-Rotation Propellers at
Takeoff/Approach Conditions

Richard P. Woodward*
NASA Lewis Research Center, Cleveland, Ohio 44135

Modern high-performance turboprop aircraft offer the promise of considerable fuel savings while still allowing
for a cruise speed similar to that of current turbofan aircraft. However, there is considerable concern about
the potential noise generated by such aircraft, which includes both in-flight cabin noise and community noise
during takeoff and landing. This paper presents acoustic results for two model counter-rotation propellers which
were tested in the NASA Lewis 9- x 15-ft Anechoic Wind Tunnel. The propellers had a common forward rotor,
but the diameter of the aft rotor of the second propeller was reduced in an effort to reduce its interaction with
the forward rotor tip vortex. The propellers were tested at Mach 0.20, which is representative of takeoff/
approach operation. Acoustic results are presented for these propellers which show the effect of rotor spacing,
reduced aft rotor diameter, operation at angle-of-attack, blade loading, and blade number. Limited aerodynamic
results are also presented to establish the propeller operating conditions.

Introduction

M ODERN high-performance turboprop aircraft offer the
promise of considerable fuel savings while still allowing

for a cruise speed similar to that of current turbofan aircraft.
Advanced counter-rotation propellers may offer from 8-10%
additional fuel savings over similar single rotation propellers
at cruise conditions.1 However, there is considerable concern
about the potential noise generated by such aircraft, which
includes both in-flight cabin noise and community noise dur-
ing takeoff and landing.

This article presents acoustic results for two model counter-
rotation propellers which were tested in the NASA Lewis 9-
x 15-ft Anechoic Wind Tunnel. The test results are for a
tunnel Mach number of 0.20, which is representative of take-
off/approach operation. The first test propeller,2 designated
F7/A7, was primarily tested with 11 forward and 9 aft blades
(11 + 9 configuration), although data are included for an 8
+ 8 configuration for comparison. The second propeller,3
designated F7/A3 was only tested in the 11 + 9 blade con-
figuration. The forward F7 rotor was common to both pro-
pellers. The aft A7 rotor had almost the same diameter as
did the forward F7 rotor (Table 1); however, the aft A3 rotor
diameter was reduced by about 15% to minimize interaction
with the forward rotor tip vortex,4"6 and thus reduce its in-
teraction tone levels. Forward rotor tip flow calculations5-6

suggest that much of the forward rotor tip vortex will be
missed by the reduced-diameter aft rotor. However, no actual
flow measurements were made in this study.

These propellers were tested at three rotor-rotor axial spac-
ings and at propeller axis angles-of-attack up to ± 16 deg.
The propellers were primarily tested at two blade setting an-
gles to investigate loading effects. Acoustic data for rotor-

Table 1 Propeller design characteristics
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F7/A7 Propeller
Number of blades3

Design cruise Mach number
Nominal diameter, cm (in.)
Nominal design cruise tip speed, m/s (ft/s)
Nominal design advance ratio
Hub-to-tip ratio
Geometric tip sweep, deg
Activity factor
Design power coefficient based on annulus

F7/A3 Propeller
Number of blades
Design cruise Mach number
Nominal diameter, cm (in.)
Nominal design cruise tip speed, m/s (ft/s)
Nominal design advance ratio
Hub-to-tip ratio
Geometric tip sweep, deg
Activity factor
Design power coefficient based on annulus

11/9
0.72

62.2(24.5)/60.7(23.9)
238(780)

2.82
0.42

34/31
150/150

area 4.16

11/9
0.72

62.2(24.5)753.1 (20.9)
238(780)/203(665)

2.82/3.32
0.42/0.49

34/22
150/243

area 4.16
aForward propeller/aft propeller.

alone and interaction tones are presented for the two pro-
pellers showing the effects of angle-of-attack operation, blade
loading, and reduced aft rotor diameter on the sideline and
circumferential propeller tone sound pressure level (SPL) di-
rectivities. Results for the F7/A7 propeller with two forward
rotor blade numbers (11 and 8) are included to show the
acoustic effects of this parameter. Limited aerodynamic re-
sults are included to establish propeller operating conditions.
Data in this paper are for the uninstalled, or baseline config-
uration.

Apparatus

Anechoic Wind Tunnel
The NASA Lewis 9- x 15-ft Anechoic Wind Tunnel is

located in the low-speed return leg of the supersonic 8- x 6-
ft Wind Tunnel. The maximum airflow velocity in the test
section is slightly over Mach 0.20, which provides a takeoff/
approach test environment. The tunnel acoustic treatment
provides anechoic conditions down to a frequency of 250 Hz,
which is lower than the range of the test propeller fundamental
tones.
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Acoustic instrumentation in the 9- x 15- ft Tunnel consisted
of two remote-controlled acoustic probes, a "track" probe
and a "polar" probe. Figure 1 shows a model propeller with
acoustic instrumentation installed in the Anechoic Wind Tun-
nel. The probes were instrumented with 0.64 cm (0.25 in.)
condenser microphones. The track probe, which featured two
microphones, was fixed to the tunnel floor. The polar probe
was attached to the downstream propeller housing. Data pre-
sented in this paper are for the polar microphone probe.

The polar microphone probe had the capability to survey
much of the propeller noise field. Figure 2 is a sketch of the
polar microphone probe installed on the propeller housing.
The probe could acquire sideline acoustic surveys extending
from 45 deg forward of the aft propeller plane to 45 deg aft
of the plane. Circumferential surveys could be made over a
240 deg range at any sideline location (©), being limited by
support hardware interference. However, it was possible to
generate 360 deg directivities by combining the results for
corresponding positive and negative angles-of-attack (a). The
polar probe microphone was located 61 cm (24 in.) from the
propeller axis of rotation (approximately one propeller di-
ameter). Figure 3(a) shows the angular convention which was
used to identify circumferential angles for the polar probe
circumferential surveys. The track microphone probe was fixed
at the 4> = 180 deg circumferential location, which corre-
sponds to "below a hypothetical aircraft." Propeller axis an-
gle-of-attack was achieved by rotating the propeller in the
horizontal plane, with positive "a" values being away from
the track probe (Fig. 3b).

Test Propellers
Two model counter-rotation propellers were tested in this

study (Fig. 4). The forward rotor (designated F7) was common
to both propellers. Table 1 presents selected design param-
eters for the two propellers. Table 2 presents selected aero-

Fig. 1 Photograph of the counter-rotation turboprop model in the 9-
x 15-ft Anechoic Wind Tunnel.

POLAR niCROPHOME PROBE

TUNNEL FLOOR

Forward rotor
direction of
rotation

— 180°

s Tunnel floor
a) Circumferential angle convention (<J>) viewing downstream.

Flow—*•
b) Top view of model showing angle-of attack convention (a).

Note: "-a" is toward fixed sideline microphone probe.
Fig. 3 Angular conventions for circumferential position and propeller
axis angle-of-attack.

a) F7/A7 b) F7/A3, reduced diameter aft
propeller

^^s^^^

Fig. 2 Sketch of the turboprop model and polar microphone probe.

Fig. 4 Propeller configurations.

dynamic results for the two propellers at the Mach 0.20 test
conditions. The F7/A7 propeller was also tested in the 8 +
8 blade configuration, with aerodynamic results presented in
Ref. 7. The propeller installation in the 9- x 15-ft wind tunnel
was powered by two independent air turbine drives, allowing
operation of forward and aft rotors at different speeds. The
two rotors were operated at about 100 rpm difference to re-
lieve the higher test rig stress experienced with nearly equal
rotor speeds.

The model propellers were operated at propeller axis angle-
of-attack up to ±16 deg. The propellers were tested with
forward rotor blade setting angles of 36.4 deg (measured at
I radius) at three rotor axial spacings, and at a higher loading
41.1 deg blade setting angle at the maximum spacing (Table
2). The aft rotor blade setting angles were adjusted for each
propeller to obtain an equal forward/aft torque split. The
higher blade setting angle (and blade loading) of 41.1 deg for
the forward rotor is more typical of what would be used on
a full-scale counter-rotation propeller at takeoff conditions.
The smaller-diameter A3 aft rotor required a higher blade
setting angle (and consequently higher spanwise loading) to
achieve torque (and thrust) output comparable to that of the
A7 rotor.

Aerodynamic Results
Figure 5 is a propeller operating map of the total power

coefficient (based on the forward rotor), PQAT1? as a function
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Table 2 Selected aerodynamic results

F7/A7 Propeller, 11 + 9

Speed, %
85
90
90
90
90

Spacing,3
cm, in.

15.0(5.9)
15.0(5.9)
8.5(3.3)

10.6(4.2)
15.0(5.9)

Blade
angle,
deg

41.1/39.4
41.1/39.4
36.4/36.5
36.4/36.5
36.4/36.5

PQAV
3.534
3.500
2.408
2.448
2.454

A
0.923
0.874
0.870
0.866
0.864

J2

0.942
0.892
0.889
0.885
0.882

rprrii
7201
7614
7649
7637
7633

rpm2

7261
7674
7703
7693
7695

Thrust,,
N

NA
1833
1416
1452
1517

Thrust,,
N

1464
1686
1349
1342
1277

Torque
split,
T,/T2

1.01
0.97
0.89
0.90
0.97

F7/A3 Propeller, 1 1 + 9

Speed, %
85
90
90
90
90

Spacing,3
cm, in.

15.0(5.9)
15.0(5.9)
8.5(3.3)

10.6(4.2)
15.0(5.9)

Blade
angle,
deg

41.1/46.4
41.1/46.4
36.4/43.5
36.4/43.5
36.4/43.5

PQAT,5

3.530
3.671
2.455
2.477
2.527

A
0.992
0.862
0.868
0.863
0.864

A
1.076
1.006
1.013
1.007
1.008

rpm.
7219
7655
7647
7633
7637

rpm2

7265
7708
7707
7691
7693

Thrust,,
N

1600
1844
1425
1450
1495

Thrust2,
N

1411
1663
1256
1250
1274

Torque
split,
T,/T2

0.96
0.93
0.88
0.88
0.93

4.0

I 3 ' 5

I 3.0

2.5

fe 2.0

1.5

0-deg Angle of attack, Mx = 0.2
Subscripts: 1 denotes forward rotor; 2 denotes aft rotor.
aSpacing is defined as axial distance between rotor pitch change axis.
bPQAT is defined as power/(p)(rev/s)3(D)3(annulus area) where p is the local air density, and D is the propeller diameter. PQAT is
based on forward rotor conditions.

and blade number. All data were analyzed at a 16-Hz band-
width.

The acoustic spectra for counter-rotation propellers may
be quite complex, consisting of both rotor-alone tone har-
monics for each propeller and an array of interaction tones.
Figure 6 presents a typical SPL spectrum for the F7/A3 pro-
peller. Rotor-alone tones typically show a maximum level
near the propeller plane, while the interaction tones are often
higher at forward and aft angles. The spectrum of Fig. 6 is
for 105 deg from the upstream propeller axis (relative to the
aft propeller plane) along the 61 cm (24 in.) sideline. The
fundamental rotor-alone tones (BPF, and BPF2) are clearly
seen in the spectrum, but the higher-order rotor-alone tones
are essentially buried in the broadband. Interaction tones
(such as BPF, + BPF2) dominate the spectrum at higher
frequencies.

.80 .85 .90 .95 1.00 1.05 1.10 1.15
FORWARD PROPELLER ADVANCE RATIO, J1

Fig. 5 Propeller operating map for maximum rotor spacing com-
paring F7/A7 and F7/A3 propellers (a = 9 deg, M. = 0.2).

1000 2000 3000
FREQUENCY, Hz

1000 5000

Fig. 6 Typical SPL spectrum for the F7/A3 11 + 9 turboprop. Data
is for the polar microphone at 105-deg sideline angle (90% speed, /3,/
j32 = 36.4 deg/43.5 deg, intermediate rotor spacing, a = 0 deg, M
= 0.2).

of the forward propeller advance ratio, A- (PQAT, is defined
in Table 2.) The results in Fig. 5 are for the rotors at maximum
spacing.

Acoustic Results
Sideline and circumferential sound pressure level (SPL)

directivities were taken with the polar microphone probe.
Data will be presented which show the acoustic effects of
propeller axis angle-of-attack, blade loading, rotor spacing,

Sideline Directivities at Angle-of-Attack
Rotor-alone tone levels are strongly affected by propeller

axis angle-of-attack.2'3'8 These tone level changes are asso-
ciated with local changes in the propeller blade angle-of-at-
tack, with higher blade loading producing higher noise. Pro-
peller tone noise typically propagates normal to the advancing
blade. Thus, tone level increases associated with local blade
loading increases would be observed approximately 90 deg
circumferentially ahead of the region of increased blade load-
ing.

Figure 7 presents F7/A7 sideline directivities "below the
aircraft" (4> = 180 deg, 61 cm (24 in.) sideline distance).
Positive angles of attack correspond to the propeller axis in
a "climb" orientation (positive a, see Fig. 3). Figures 7a and
7b show the rotor-alone (BPF, and BPF2) tone directivities.
The forward rotor-alone tone varies by about 27 dB over the
± 16 deg range of angles-of-attack. The corresponding aft
rotor-alone tone varies by over 20 dB. The directivity trends
for the two representative interaction tone orders (BPF, +
BPF2 and 2BPF, + BPF2) with propeller axis angle-of-attack
are much less defined, indicating that propeller axis angle-of-
attack is not a strong influence for these tone orders in the
aft rotor plane.

Figure 8 shows the F7/A7 SPL at three sideline locations
at </> = 180 deg. Results are shown for sideline angles of 0
= 60, 90, and 120 deg relative to the aft rotor plane. These
graphs show that the rotor-alone tones vary directly with an-
gle-of-attack, while the levels of the interaction tones at this
circumferential location are less affected by this parameter.
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ANGLE OF ATTACK,
DEC

J 100

130

120

110

100

140

130

120

110

100

B) BPF2 TONE.

I
C) BPF1 + BPF2 TONE.

I
10 60 80 100 120 110

ANGLE FROM PROPELLER AXIS, DEC
D) 2 BPF1 + BPF2 TONE.

Fig. 7 F7/A7 tone directivity along a 61-cm (24-in.) sideline for sev-
eral propeller axis angles-of-attack (90% speed, /5,//32 = 36.4 deg/
36.5 deg, intermediate rotor spacing, <£ = 180 deg, 0 = 90 deg, M
= 0.2).

The reader should note that the interaction tone levels often
change rapidly with sideline angle (Fig. 7). Consequently,
small changes in the sideline angle measuring point can sub-
stantially affect the interaction tone levels in Fig. 8.

The rotor-alone tone for the aft A7 rotor is typically about
5 dB higher than that for the forward F7 rotor in the region
of 0 = 90 deg (Fig. 8b). Both rotors are of about the same
diameter, and are operating at essentially the same tip speed
and blade setting angles. This tone level difference may be
explained by the difference in blade number for the two pro-
pellers.

Reference 9 presents a discussion on how parameters such
as blade number and tip speed may affect rotor-alone tone
level. This reference gives the following Gutin-type analysis
for an estimate of the strength of the "w" harmonic for a
propeller as

mBJmB(Q.8MfmB sin 0)
where m is the order of the harmonic, B is the number of
blades, M, is the blade tip rotational Mach number, and Jn(x)
is a Bessel function of the first kind of order n and argument

140

130 -

Rotor alone

110

150 r-

a) 0 - 60°

110
b)e«90°

110'
-16 -8 0 8

Propeller axis angle of attack, a, deg
c)8« 180°

Fig. 8 F7/A7 tone sound pressure level "below the aircraft" (90%
speed, /8,//32 = 36.4 deg/36.5 deg, intermediate rotor spacing, <f> =
180 deg, Mx = 0.2).

x. Solving this expression for the fundamental tone, m = 1,
for the 9- and 11-blade rotors at 90% speed lead to a predicted
4.5-dB maximum sideline noise increase for the 9-bladed pro-
peller, which is in excellent agreement with the observed dif-
ference in tone level in Fig. 8b.

Circumferential Directivities at Angle-of-Attack
Figure 9 shows circumferential directivities in the aft pro-

peller plane (6 = 90 deg) for 8-deg angle-of-attack operation
(aircraft climb condition as seen "below the aircraft," $ =
180 deg). The results of Fig. 9 are consistent with the sideline
results of Fig. 7. The dashed curve shows the forward rotor
BPF sound pressure level at 0-deg angle-of-attack (essentially
no change with circumferential position). The maximum ro-
tor-alone tone levels occur "below the aircraft" at about <t>
= 200 deg. However, the interaction tone (2BPF! + BPF2)
shows a minimum at </> = 180 deg and a maximum value
slightly above the horizontal plane at </> = 280 deg. The rotor-
alone tones vary circumferentially by almost 30 dB, while the
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150

130

110

Tone order
BPF,
BPF2
2 BPF, - BPF2
Ref. BPF1 for a - 0°

60 120 180 240 300
Circumferential angle, 4>, deg.

360

Fig. 9 F7/A7 circumferential directivity in the aft propeller plane
(90% speed, /8,//52 = 36.4 deg/ 36.5 deg, intermediate rotor spacing,
a = 8 deg, 0 = 90 deg, Mx = 0.2).

Tone order
• BPF1
• BPF2
A 2 BPF1 - BPF2

———— Ref. BPF« for a - 0°140

120

100 I I I I I J
60 300 360120 180 240

Circumferential angle, 4>, deg.
Fig. 10 F7/A7 circumferential directivity (90% speed, fjfa = 36.4
deg/36.5 deg, intermediate rotor spacing, a = 8 deg, 0 = 60 deg,
Mx = 0.2).

interaction tone shows about a 16-dB circumferential varia-
tion.

The peak level for the interaction tone in Fig. 9 occurs
about 90 deg circumferentially from the location of the peak
rotor-alone tone. This is consistent with the concept that the
interaction tone is generated at the aft rotor, and the circum-
ferential delay in interaction tone response corresponds to the
swirl in the forward rotor exit flow. As expected (although
not shown here) the circumferential delay in the interaction
tone response is also a function of the rotor-rotor separation
distance.3

Figure 10 shows the circumferential directivities for the first
order rotor-alone tones and the 2BPFj + BPF2 interaction
tone at a — 8 deg, and an upstream sideline location of ©
= 60 deg. These results are similar to those at the aft propeller
plane (Fig. 9) in terms of circumferential directivity; however,
the sound pressure levels are somewhat lower. Although not
shown, similar results were observed at the higher, a = 16
deg, propeller axis angle-of-attack.

Effects of Blade Loading
The F7/A7 and F7/A3 propellers were tested at two blade

loadings, which were accomplished by different blade setting
angles. The more highly loaded case is thought to be more
representative of full-scale operation. Figures 11 and 12 show
the SPL directivities for two blade loadings for the F7/A3
propeller. Similar acoustic data trends with loading were ob-
served for the F7/A7 propeller. These results are for the polar
microphone probe with the propeller at 90% design speed.

The sideline directivities of the rotor-alone tones (Figs, lla
and lib) typically show about a 5-dB increase with the higher
loading. There is no change in the directivity shape. The first
interaction tone, BPF{ + BPF2 (Fig. lie) is even more sen-
sitive to loading. Higher loading is seen to greatly increase
upstream noise levels, showing an increase of 15 dB near 0
= 60 deg. This higher blade loading is likely associated with
larger wakes, and hence, increased interaction noise. Also,
the minimum noise "trough" moves somewhat forward with
higher loading. The results for the 2BPF! + BPF2 tone like-
wise show a noise increase with loading.

Figure 12 shows the circumferential directivity results at the
aft propeller plane (0 = 90 deg) for 16-deg propeller axis

1*10
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110

100

130

120

110

100

BLADE ANGLES,

O 36.1°/13.5°

I I I I I I I I I
A) BPF* TONE.

I I I I I I I I
B) BPF2 TONE.

0 BPF1 + BPF2 TONE.

50 60 70 80 90 100 110 120 130
SIDELINE ANGLE FROM PROPELLER AXIS, 0, DEG

110

D) 2 BPF1 + BPF2 TONE.

Fig. 11 Effect of F7/A3 blade loading on sideline directivity (61-cm
(24-in.) sideline, 90% speed, maximum rotor spacing, a = 0 deg, aft
propeller plane at 0 = 90 deg, Mx = 0.2).

angle-of-attack. The rotor-alone tones (Fig. 12a) show no
angular change in the directivity shape with loading. There is
about a 5-dB tone level increase with loading at most angles
except near </> = 200 deg, where the tone increase with loading
is somewhat less. The dashed lines on Fig. 12a show reference
levels for the forward rotor BPF at 0-deg angle-of-attack for
both loadings (corresponding to the levels at 90 deg in Fig.
lla).

The results for the first two interaction tones with loading
(Fig. 12b) are more complicated. The BPPl + BPF2 tone
level is 3 to 5 dB higher with increased loading in the <f> =
50-230 deg region. The smaller SPL variation with loading
for the BPFt + BPF2 tone may be because this circumferential
survey was performed in the aft propeller plane where the
SPL for this tone is minimum (Fig. lie). The 2BPF! + BPF2
interaction tone is more sensitive to loading, showing as much
as a 10-dB increase near 180 deg. However, the increase with
loading is only 2 dB near </> = 270 deg for this tone.
Effects of Rotor-Rotor Spacing

Blade row spacing is expected to have a significant effect
on the interaction tone levels, which are primarily generated
from interaction with the forward rotor viscous wakes and tip
vortices. Of these two mechanisms, the decay of the tip vor-
tices is slower with downstream distance. The reduced di-
ameter A3 propeller was designed to reduce interaction with
these vortices, leaving the more rapidly decaying viscous wakes
as the main interaction tone generating mechanism. (As pre-
viously mentioned, there were no actual flow measurements
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140
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Tone order
O • BPF1
D • BPF2

———— Ref. BPF,, for o - 0°, high loading
—-— Ref. BPFj for a . 0°, tow loading
Open symbols denote 01/p2 - 36.4°/43.5°
Close symbols denote P1/p2 * 41.1°/46.4°

140

120

100

a) Rotor-alone tones

Tone order
O 4 BPFj + BPF2
A A 2BPF1f + BPF2

——— Ref. 2BPF, BPF2, for a « 0°, high toading
—- — Ref. 2BPF, BPF2 for o - 0°, low loading

60 300 360120 180 240
Circumferential angle, <f>, deg.

b) Interaction tones
Fig. 12 Effect of F7/A3 blade loading on circumferential directivity
in the aft propeller plane (90% speed, maximum rotor spacing, a =
16 deg, 0 = 90 deg, Mx = 0.2).

140 r-

§ 130

120

140

130

120

O
D

BPF,
BPF2

J_ _L
a) Rotor-alone tones.

O +
A A

BPF1 + BPF«
2BPF1 + BPF2

Solid symbols denote F7/A3
Open symbols denote F7/A7

10

I

12
cm

14 16

_L
3 4 5 6

Axial blade pitch axis spacing, in.
b) Interaction tones.

Fig. 13 Comparison of F7/A7 and F7/A3 blade row spacing effects
(61-cm (24-in.) sideline, 90% speed, F7/A7: ft/ft = 36.4 deg/36.5
deg, F7/A3: ft/ft = 36.4 deg/43.5 deg, a = 0 deg, <£ = 180 deg, Mx
= 0.2).

made during this study to quantify the character of the up-
stream rotor tip vortex.) Figure 13 summarizes the effect of
rotor spacing for the two propellers. These results show the
maximum observed sideline tone levels for the polar probe
with the propellers at 0-deg angle-of-attack. The propellers
were operated at the lower loading blade setting angles and
at the three rotor spacing values described in Table 2.

The rotor-alone tones for the two propellers show essen-
tially no level change with rotor spacing (Fig. 13a) with the
possible exception of the lower tone level observed for the
forward rotor of the F7/A3 propeller at the intermediate spac-
ing. However, corresponding results at the further 137 cm (54
in.) sideline of the track probe did not show any significant
change in rotor-alone tone level with rotor spacing. The tone
level for the forward F7 rotor (common to both propellers)
is the same for both propellers at the "minimum" and "max-
imum" spacings. The tone level for the aft A7 rotor is about
7 dB higher than that for the aft A3 rotor. Again referring
to the Gutin-type analysis which was outlined earlier in this
discussion, it is seen that the propeller tone level is a function
of both blade number and tip speed. Both the aft A7 and A3
rotors have the same blade number; however, the A3 rotor
operates at a lower tip speed for the same rotational speed.
Applying this analysis to the two aft rotors yields a predicted
10.7-dB rotor-alone tone level difference based on tip speed
ratio. Although this expression was formulated for change in
the same propeller, the predicted SPL change is close to what
was observed for the two aft rotors.

The plot of interaction level with spacing (Fig. 13b) shows
that the interaction tones for the F7/A3 propeller decrease
more rapidly with increased spacing than do the correspond-
ing tones for the F7/A7 propeller. Also, the F7/A3 interaction
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CONFIG- J1
URATION

Cp THRUST,,
1 N

O 8
D 11

0.864 0.965
.865 .937

1393
1681

41.8
39.0

I
A) BPFr

140

120

100

CONFIG- J2
URATION

O 8 + 8 0.876
O 11 + 9 .883

1.174
1.219

THRUST,

1637
1646

38.4
38.6

B) BPF0

140

120

100

CONFIG-
URATION

O
D

8 + 8
11 + 9

PQAT,

3.147
3.135

TOTAL
THRUST,

N
3029
3327

B1/B2'
DEG

41.8/38.4
39.0/38.6

40 60 80 100 120 140
ANGLE FROM PROPELLER UPSTREAM AXIS

C) BPF, + BPF2.

Fig. 14 Comparison of F7/A7 tone noise along a 61-cm (24-in.)
sideline for the 8 + 8 and 1 1 - 1 - 9 configurations (90% speed, rpm,/
rpm2 = 7650/7750, aft propeller plane at 0 = 90 deg, M^ = 0.2).
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tones are higher at the minimum spacing, but lower at the
maximum spacing. The measured rates of decrease in tone
level with spacing are consistent with the assumption that the
A3 rotor is responding primarily to the upstream viscous wake,
which decays more rapidly with distance than does the tip
vortex. Also, the higher tone levels of the A3 rotor at the
minimum spacing may relate to the higher spanwise loading
of that rotor (higher blade setting angle to achieve perform-
ance similar to that of A7), and consequently, greater acoustic
response to the upstream viscous wake.

Effects of Blade Number
The F7/A7 propeller was first run in the 8 + 8 blade con-

figuration. Mismatching the blade numbers allowed for easier
acoustic analysis as well as providing data on the acoustic
effects of loading per blade. Figure 14 compares the sideline
directivities for the two configurations at 0-deg angle-of-at-
tack. Data are presented for two closely matched blade angle
configurations with respect to total stage thrust.

Figure 14a compares the forward rotor BPF tone directiv-
ities for the two configurations. There is a significant differ-
ence in blade numbers (8 and 11). The 11-blade rotor pro-
duced the higher thrust (1681 N vs 1393 N) at a lower blade
setting angle (39 deg vs 41 deg). The results of Fig. 14a show
that the rotor-alone tone SPL for the eight-blade rotor was
as much as 8 dB higher. This relates to the higher loading per
blade of the eight-blade rotor and clearly shows the acoustic
advantage of increased blade number.

The aft propeller rotor-alone tone level for the eight-blade
rotor (Fig. 14b) is about 2 dB higher than that for the nine-
blade rotor. Here the blade numbers (8 and 9), blade setting
angles, and propeller thrust are more nearly matched.

The BPF! + BPF2 interaction tone, Fig. 14c, shows no
clear noise advantage for higher blade numbers. Different
modal generation mechanisms for the two configurations re-
sult in higher upstream tone levels for the 9 4- 11 blade
configuration, and higher downstream tone levels for the 8
+ 8 blade configuration.

The Gutin-type analysis of Ref. 9 may again be applied to
help understand the rotor-alone tone differences between the
8 - 1 - 8 and 11-1-9 blade propellers. Solving this expression
for the fundamental tone, m = 1, for the 8- and 11-blade
forward rotors leads to an expected 6.7-dB maximum sideline
tone level increase for the eight-blade rotor, which is in good
agreement with the observed 8-dB tone level increase (Fig.
14a).

Similarly, solving this expression for the fundamental tone
for the eight- and nine-blade aft rotor leads to an expected
2.2-dB difference in maximum sideline noise levels. Again,
this prediction is in excellent agreement with the experimental
results of Fig. 14b.

Summary of Results
Two advanced-model counter-rotation turboprops were

acoustically tested in the NASA Lewis 9- x 15-ft Anechoic
Wind Tunnel at a simulated takeoff/landing speed of Mach
0.20. The propellers were tested over a range of rotor axial
spacings and propeller axis angles-of-attack. Data were taken

at two blade setting angles to investigate blade loading effects.
The following significant results were observed in this study:

1) The first-order rotor-alone tones (BPF! and BPF2) dom-
inate the sideline directivities near the rotor plane. The in-
teraction tones (BPFj + BPF2, etc.) show high levels through-
out the sideline directivities, with the highest levels often
observed toward the propeller axis.

2) The sideline noise levels for the rotor-alone tones are
strongly influenced by propeller axis angle-of-attack. The for-
ward rotor BPF tone increases by about 27 dB over the range
of ± 16 deg, with slightly lower increases observed for the aft
rotor. Interaction tone level showed significantly less sensi-
tivity to this parameter.

3) A Gutin-type analysis yielded a first approximation of
relative rotor-alone tone levels based on tip speed and blade
number. This procedure accurately predicted the 10-dB tone
level reduction observed for the aft A3 rotor relative to the
A7 rotor due to reduced tip speed with the same blade num-
ber. This procedure also accurately predicted observed rotor-
alone tone level differences between the 11 + 9 and 8 + 8
blade configurations of the F7/A7 propeller when operated
at the same tip speeds.

4) The interaction tone levels for the F7/A3 propeller de-
crease more rapidly with blade row spacing than do the cor-
responding results for the F7/A7 propeller. This result sug-
gests that the interaction tones for the F7/A3 propeller are
primarily controlled by the forward propeller viscous wake.
The rotor-alone tone levels were not affected by rotor-rotor
spacing.

5) Increased blade loading (i.e., higher blade setting angles
at the same rotational speed) increases the rotor-alone tone
levels, but does not affect their angular directivity. However,
the first interaction tone (BPF! + BPF2) shows a substantial
noise level increase with loading accompanied by a shift in
the maximum tone level toward the upstream axis.
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