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ABSTRACT

Acoustic data have been analyzed from a series of ground tests
performed onlén Aero Commander propeller-driven aircraft with an
array of microphones flush-mounted on one side of the fuselage.
The analyses were concerned with the propeller blade passage noise
during static operation at several different engine speeds and
included calculations of the magnitude and phase of the blade
passage tones, the amplitude stability of theltones, and the
spatial phase and coherence of the tones. The results indicate
that the pressure field impinging on the fuselage represents
primarily aerodynamic (near field) effects in the plane of the
propeller at all frequencies. Forward and aft of phe;propeller
plane aerodynamic effects still dominate the pressure field at
frequencies below 200 Hz; but at higher frequencies, the pressure
field is due to acoustic propagation from an equivalent center
located about 0.15 to 0.30 blade diameters inboard from the
propeller hub.
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1. INTRODUCTION AND OBJECTIVES

A series of ground runup experiments have been performed by per- .
sonnel of the NASA Langley Research Center involving a recipro-
cating engine-propeller driven Aero Commander airplane with an
array of exterior microphones flush-mounted on the starboard side
of the fuselage. Some analyses of the resulting acoustic data
have already been performed [1]. However, additional analyses
are now desired to obtain detailed information concerning the
magnitude and character of the noise impinging on the fuselage
originating from the propellers only. The specific analyses re-

quired fall into four categories, as follows:

a) The magnitude of all significant propeller blade passage

tones at various locations on the fuselage.

b) The magnitude stability of the propeller blade passage
tones at selected locations on the fuselage.

c) The relative phase among the propeller blade passége tones:
at each of several selected locations on the fuselage.

d) The spatial correlation and velocity of the propeller

This report summarizes the procedures and results of various types
of data analysis designed to obtain the above desired information.
The analyses were performed by Bolt Beranek and Newman (BBN) for
the NASA Langley Research Center (LRC) under Task Assignment

No. 15 of Contract NAS1-14611.



2. DATA AND INSTRUMENTATION

The data were provided for analysis by LRC in the form of magnetic
tape recordings of sound pressure signals on a llhd-channel tape.

The data were Frequency Modulated with a carrier frequency of 104 kHz
on intermediate range providing a recorded data frequency range

of 0 to 10 kHz at 30 ips.

2.1 Summary of Data

The recorded data included eleven channels of sound pressure signals
representing eleven different measurement locations for nine specific
test runs, as summarized in Table 1. The ten exterior microphone

locations are detailed in Figure 1. Microphone 11 was located in

TABLE 1

Summary of Aero Commander Test Runs

Run Number Operating ggmiggl Blade Passage
LRC BBN Engines Spged Frequency (Hz)
No. No. “(rpm) Nominal | Measured#¥
1 1 both 2100 66.7 . 67.6
2 2 both 2400 76.2 75.8
3 3 " both | 2600 "82.7 | 821
Yy - port only 2100 66.7 68.4
3b it both 2600 82.7 82.0
5 5 stbd only 2100 66.7 66.9
6 6 stbd only 2100 66.7 66.8
7 7 stbd only 1700 54.0 54.5
8 8 stbd only 1700 54.0 52.8

¥Determined from narrow band analysis of the data.



Location 1 2 3 4 5 ) 7 | 8 9 10 | 1+
x (Meters) |-.622]-.368 0 0 0 | .368|.622 (1,841]2,785] O
y (Meters) 0 0 |.584 |.279 -.3051 O 0 1.152 |,152 [.279
Propeller Diameter = 2,36m _
Distance - From Microphone to 3 4 3 6
" Propeller Tip (Along Radius) J140 [.121 |.178 {.330
* Location 11 is inside the fuselage 14
0.25 meters directly left of Location 4 -
Propeller
Plane
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the interior of the aircraft. Each channel of recording was pre-
ceded by a 124 dB acoustic calibration signal at 250 Hz. The
individual data samples were from 30 seconds to one minute in

duration.

Referring to Table 1, note that one of the test runs, designated
by LRC as Run No. 4, involved operation of the port engine only.
Since all the measurements were made on the starboard side of the
fuselage, the data from this run prbved to be acoustically un-
interesting. Hence, the data from this run were dropped early in
the analysis and the Number i was assigned to the repeat of Run
-No. 3, originally designated by LRC as Run No. 3b. Nevertheless,

for cbmpleteness in the data reporting, the acoustic spectra cal-
culated at all locations during operation of the port engine
(LRC Run No. 4) are presented in Table A-12 of Appendix A.

2.2 Summary of Analysis Instrumentation

The data records were reproduced for analysis using a Hewlett
Packard 3924B magnetic tape recorder with appropriate FM repro-
duce electronics. All analyses were performed using the appro-
priate function on a Spectral Dynamics Model SD360 Digital Signal
Processor. The stability studies of the propeller blade passage
tones required a narrowband analog filtering operation prior to
the SD360 Processor. This was provided by a General Radio Model
1564A Sound and Vibration Analyzer. Exact frequencies were gen-
erated using a General Radio Model 204D oscillator and calculated
with a General Radio Model 1192-B counter. A schematic diagram

of the data analysis setup is shown in Figure 2.

Some post analysis evaluations were performed by key punching raw
data for input to a general purpose digital computer. Such
evaluations were carried out on the CDC 6600 remote terminal in
the BBN Canoga Park office.
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FIGURE 2, SCHEMATIC DIAGRAM OF DATA ANALYSIS
INSTRUMENTATION



3. DATA ANALYSIS PROCEDURES

The required data analyses broadly divide into four categories,

as previously summarized in Section 1. For each type of analysis,
certain preliminary steps were required to select appropriate
analysis parameters and establish necessary calibrations.

3.1 Magnitude of Propeller Blade Passage Tones

This analysis was performed directly on the SD360 using Function 2
(1024 point forward transform) or Function 3 (2048 point forward
transform) with a Kaiser-Bessel time window. The first step was

to establish an apprbpriate resolution bandwidth for the analysis.
On the one hand, it is desirable to use as narrow an analysis
bandwidth as feasible so as to suppress the random background noise
and engine exhaust tones entering the resolution window. On the
-other hand, since the propeller blade passage tones are not perfect
‘'sine waves, but in fact have finite bandwidths, it is desirable to
use a resolution bandwidth which is at least as wide as the tones
being analyzed. Nothing is gained by using a smaller resolution,
and it further would complicate the calibration problem. The
desired compromise on resolution was achieved by repeatedly analyz-
ing selected records with various resolution bandwidths to identify
that bandwidth which provided the maximum tone level to background
noise ratio without significantly reducing the absolute value of
.the tone magnitude. By trial-and-error procedures, a resolution

bandwidth of Be‘= 2 to U4 Hz appeared to provide a good compromise.

The next step was to select a frequency range for the analysis.

The minimum resolution requirement of Be-=_2 Hz allows a maximum
frequency range of 0 to 2 -kHz. Using-the frequency translation box
on the analyzer, any multiple of this upper cﬁtoff freqﬁéncy could



also be achieved. However, preliminary analyses of selected data
samples indicated that the propeller blade passage tones usually
became insignificant in magnitude before the frequency reached

2 kHz. Hence, all data analysis was performed in the frequenéy

range from 0 to 2 kHz.

The third step was to calibrate the processor. This was accom-
plished by analyzing the 124 dB calibration signals on the. tape
using exactly the same parameter settings as would be used later
for the actual data analysis:. The peak spectral value of the
calibration signal on each channel was then fixed at 0 dB and all
spectral values for the actual data were read off relative to
this reference. It should be mentioned that because the digital
processor calculates spectral values at discrete frequencies 4 Hgz
apart, the indicated magnitudes of the calibration signals, as
well as the data signals, are influenced by the exact ratio be-
tween the signal frequency and the A/D conversion rate of the
processor. An effort was made to correct for this during cali-
bration, but the resulting data should not be considered accurate
to more -than +1 dB relative to the calibration signal at the
calibration frequency. Based upon the calibration of individual
components in the data acquisition system by LRC personnel, the
frequency response function of the acquisition system was assumed

to be acceptably flat.

Having selected analysis parameters and calibrated the processor,
the magnitudes of all significant spectral components at all
eleven locations in Figure 1 were calculated for all test runs

in Table 1. These data were then key punched along with the
associated attenuator settings used for the recordings, and input
to the CDC 6600 computer for attenuator corrections and post
processing.



3.2 Stability of Propeller Blade Passage Tones

Perhaps the best way to evaluate the'stability (closeness to a true
sine wave) of blade passage tones would be to use signal enhance-
ment procedures where the pressure time histories measured at a
given location during eacna revqlution of the propeller are
ensemble-averaged. Any variations of each tone from a true sinu-
soid will appear as noise and, hence, ultimately cancel out in

the ensemble-averaging operation. However, for signal enhancement
procedures to be effective, particularly at the frequencies of
higher order tones, it is necessary to have a very accurate refer-
ence mark defining when the propeller is in a specific position.
Unfortunately, no such prbpeller position marker was superimposed.

on the data records.

Another way'to evaluate the stability of blade passage tones is to
first isolate them one by one using a narrow bandpass filter and
then compute the probability density function of each tone. Dis-
crepancies from a true sine wave will appear as narrowband noise
superimposed on a sine wave yielding a probability density function
of the form [2]

. wer f™ Ix - A cos
p(x) = (wo ) fo w[ o ]de (1)
w2/
where ¢ [u] = 1 e /2
Yom
A = amplitude of sine wave component
n - standard deviation of narrowband noise component.



Plots of the function in Eq. (1) for various sine wave to noise

power ratios are shown in Figure 3.

This type of analysis procedure has been used in the past to evaluate
the stability of tones from large fans [3]. It has the advantage of
not being sensitive to time base variations and, hence, does not
require an accurate reference mark defining the exact position of

the propeller. The primary disadvantage of the procedure is that

it will not identify sine wave to noise ratios of less than unity.

To implement the procedure on the data at hand, the output of the
tape recorder was passed through a narrow bandpass filter which
could be tuned to isolate individual propeller blade passage tones.
The output of the bandpass filter was then ahalyzed on the SD360
using Function 14 (probability density histogram), as previously
illustrated in Figure 2. The bandpass operation was achieved using
a 1/10 octave (7 percent) filter which provided a bandwidth of at
least 4 Hz at the frequency of the fundamental blade passage tone.
This is consistent with the optimum analysis bandwidth determined
in Section 3.1. On the other hand, since the filter bandwidth in-
creases with frequency, the filtef would not provide a sufficiently.
narrow bandwidth to isolate propeller tones above about 500 Hz,
depending upon the measurement location and test run. However, the
stability of the propeller blade passage tones generally collapsed
rapidly with harmonic order. Hence, except for thé aft locations
(9 and 10) where isolation from exhaust tones was most difficult, the

7 percent filter proved adequate for the purposes of this analysis.

The primary parameter of concern in this type of analysis is the
record length T relative to the isolating filter bandwidth B. It
must be remembered that the output of the narrow bandpass filter
to a random noise input will appear as a sine wave with slowly

varying amplitude and phase. Hence, if a probability density is
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computed from too short a record, the result will tend to look like
a sine wave, even though the tone probability density of the noise
is probably Gaussian in form. As a rule of thumb, the analysis time
T should be such that BT > 50 to assure that the narrowband noise
will display a Gaussian probability density function.b For the case
at hand, this requirement is easily met with an analysis time of

T = 30 seconds, which was used for these evaluations.

The instrumentation was calibrated for the tone stability studies
by applying a sine wave from the oscillator in Figure 2 with the
frequency fixed at the exact center frequency of the propeller
blade passage tones summarized in Table 1. The narrow bandpass
filter was tuned to have the sine wave at the center of its band-
width. The probability density of this true sine wave was then
computed using the same analysis parameters which were employed for
the later analysis of the propeller blade passage tones.

Having selected the analysié parameters, the narrow bandpass filfer
was centered over various propeller blade passage tones of interest
in the data, and the probability density functions of the tones were
computed using the same input level that was employed for the sine
wave calibration analysis. The resulting probability density plots
were then reduced to a ratio of the average magnitude of the side
peaks to the magnitude of the minimum density at x = 0, called the
probability density ratio (PDR). This ratio can be converted to a
sine wave to noise power ratio as shown in Figure 4. Such analyses

were performed on the following tones.

a) The fundamental tone at all locations for Tests No. 2, 4,
5, and 7.

b) All tones at all locations for Test No. 4.

c) All tones at Location No. 6 for Tests No. 2, 4, 5, and 7.

-11-
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Tests 1, 3, 6, and 8 were omitted from the analysis because they

eséentially represent repeats of the four test runs analyzed.

3.3 Relative Phase of Propeller Blade Passage Tones

The correct way to determine the relative phase among the various
harmonics of the propeller noise signal measured at a given location
would be to first eliminate the noise by ensemble averaging the
signals fdr each revolution of the propeller, and then calculate the:
Fourier coefficients and phase of the residual deterministic signal.
However, as discussed in Section 3.2, this was not feasible for the
data at hand because no propeller position marker was provided with
the data. Hence, it was necessary to calculate the phase angles

of the individual tones using the raw sound pressure level signals

from the data recording.

Using the same analysis parameters established for the tone magni-
tude measurements in Section 3.1, the phase of short segments (0.25
seconds long) of the pressure time histories at each measurement.
location of interest was computed on the SD360 using Function 2
(1024 point forward transform). To assess the stability of the
phase calculations, the analysis was repeated five times on dif-
ferent segments of the pressure signals measured at Locations No. 1,
6, and 8 for Test Runs No. 2,‘4, 5, and 7. The three locations
were chosen for analysis because they represented interesting and
relatively clean signals forward, mid, and aft of the propeller
‘'plane. As for the tone stability studies in Section 2.2, Test

Runs No. 1, 3, 6, and 8 were omitted because they were essentially
repeats of the test runs analyzed.

No special calibrations were required for this analysis since the

SD360 calculates the phase of all components in a Fourier spectrum

directly. However, since the calculations were started in each

-13-



case at arbitrary times, the phase angles had to be reduced in
terms of a difference from the phase of the fundamental blade -

passage tone.

3.4 Spatial Correlation of Propeller Blade Passage Tones

The spatial correlation characteristics of the propeller blade
passage tones over the fuselage surface were determined by computing
the coherence and phase between pairs of sound pressure signals on
the SD360 using Function 6 (transfer function B/A). Since coherence
is dimensionless and phase is relative, no special calibrations

were required. The coherence and phase measurements were made for
Test Runs No. 2, U4, 5, and 7 at the location pairs summarized in
Table 2.

The phase data measured at the‘exact frequencies of propeller blade

passage tones were interpreted in terms of trace velocities using
the relationship

U(£) = (360 £d)/e(£) (2)
where f = frequency of tone
d = distance between locations
¢(f) = phase angle in degrees between locations at frequency f.

The coherence data at the exact frequencies of tones weré analyzed

with a view to fitting exponential functions of the form

v2(0) = exs| OS] (3)
C

~-14-



TABLE 2

Location Pairs for Coherence and Phase Analysis

Position
Direction Relative to Location Numbers .
Propeller Hub
Longitudinal Forward 5 versus
5 versus 1
2 versus 1
ATt 5 versus 7
5 versus 8
5 versus 9
- 5 versus 10
5 versus 11%¥
7 versus 8
7 versus 9
7 versus 10
8 versus 9
8 versus 10
9 versus 10
Circumferential Above 4 versus 3
5 versus 3
Below h versus 5
b versus 6
5 versus 6

¥*Test Run No. 4 only

_15-




where f = frequency of tone
|d| = magnitude of distance between locations
Uc(f) = trace velocity
a = decay constant.

Various evaluations of these data were performed using programable

desk calculators.

In clbsing, it should be mentioned that the validity of the con-
clusions to be drawn later from the phase data are heavily depen-
dent upon the assumption that there were no relative phase shifts
introduced in the data acquisition and recording system. The
available calibration data are insufficient to verify this assump-
tion, but the analyzed data provided no reason to question its

validity.

-16-



4., RESULTS AND DISCUSSIONS

The results of the various studies are now summarized with brief

discussions of the interpretations of the results.

4.1 Magnitudes of Propeller Blade Passage Tones

The magnitude of all significant propeller blade passage tones
measured with a resolution of Be<=-U Hz ‘at all locations in Fig-
ure 1 and for all Test Runs in Table 1 are detailed in Appendix A.
The overall values of the significant propéllér bladé passage tones
are summarized in Table 3. Also presented in this table are the
engine speed in rpm, the engine operation (both or starboard onhly),
and the .actual propelleér blade passage frequency (bpf) in: Hz.

TABLE 3
Overall Values of Propeller Blade Passage Tones (4 Hz Resolution)

Location Overall Level in dB by Test Run (Table 1)
(Fig. 1)[ 1 2 3 4 5 6 7 8
1 128.9 | 131.9 |132.7 {133.1 |129.3 |128.4 |124.0 123.8
2 133.1 [135.8 }136.9 {137.3 [133.2 {132.5 }|128.2 |127.8
3 133.1 | 135.6 | 137.3 }137.4 [132.3 }132.0 }|127.2 |127.0
Y 133.8 | 136.5 | 138.4 {138.1 |132.9 {132.5 {128.1 }128.2
5 129.6 | 132.6 | 134.1 |134.0 | 129.1 |129.1 |123.6 |123.4
6 125.8 12879 130.5 [130.4 (125.2 {125.2 }129.7 |129.2
T 130.3 §133.0 {134.0 |134.2 {130.8 {129.6 {124.9 }125.0
8 126.7 1129.6 |131.7 |131.9 [126.7 {125.7 {121.0 |121.7
Q¥ 127.0 [129.6 | 131.7 |132.1 |125.4 [124.8 {117.9 |118.9
10 % 125.8 *¥ 130.5 | 130.8 |124.6 | 124.2 |118.2 |119.5
11 105.1 | 107.9 }109.7 }]109.8 |101.4 }101.0 96.6 97.8
rpm 2100 2400 2600 2600 2100 2100 1700 1700
engine both both both both stbd stbd stbd stbd
bpf 67.6 75.8 |- 82.1 82.0 66.9 66.8 54.5 | 52.8

¥Levels too high due to engine noise contamination and reflections
off the wing (see Appendix Tables A-9 and A-10).

*¥Data suspect due to auto-ranging of data acquisition equipment.

-17-



Three pairs of test runs represented essentially identical test
conditions, namely, Runs 3 and 4 (2600 rpm), Runs 5 and 6

(2100 rpm), and Runs -7 and 8 (1700 rpm). A review of the re-
sults in Table 3 reveals no major differences between the overall
levels of the two sets of data in each pair; at most locations,
the levels agree within *1 dB. Statistical tests performed by the
computer on the harmonic magnitudes detailed in Appendix A con-
firmed the lack of a statistically significant difference at
almost all locations. Based upon these results, the data for

Test Runs 3, 6, and 8 were excluded from further analysis.

Also of interest are Test Runs 5 and 6 versus Run 1, which
represented identical conditions (2100 rpm) except Runs 5 and 6
were performed with only the starboard engine operating while

Run 1 was performed with both engines operating. The results in
Table 3 reveal that the'Test Run 1 levels aré slightly higher
than the average levels of Runs 5 and 6 at the far aft microphone
locations (No. 9 and 10), and substantially higher (by about 3 dB)
at Location No. 11 inside the aircraft, as would be expected. At
all forward locations, however, theré is no significant difference
between the one and two engine runs. Hence, the data for Test |
Run 1 were excluded from further analysis.

Typical narrowband pressure spectra measured at Microphone
Locations 1, 6, and 10 are shown in Figures 5, 6, and 7, respec-
tively. Microphone 1 is located forward of the plane of rotation
of the propeller; and the spectrum in Figure 5 is therefore
féirly free from contamination by engine exhaust noise. Micro-
phone 6 is located in the plane of rotation of the propeller, and
the associated spectrum in Figure 6 is beginning to show more in-
fluence of the exhaust. Finally, Microphone 10 is well aft of
the propeller plane, and the spectrum in Figure 7 is dominated

~-18-
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by exhaust noise harmonics. These exhaust tones sometimes fall
very close to the frequencies of propeller blade passage harmonics
and, hence, contaminate the propeller noise level measurements.
This is particularly true-at Locations 9 and 10 where most of the
harmonics are probably contaminated somewhat and the 3rd, 4th, and

7th harmonics appear to be contaminated heavily, as seen in Figure 7.

In an effort to suppress this problem, the data for the runs of
interest (2,4,5, and 7) were reanalyzed using a resolution of Be =

2 Hz, as opposed to 4 Hz. The results are presented in Appendix A
(Table A-13 through A-16). The overall values of the significant
blade passage harmonics determined with the 2 Hz resolution are
summarized in comparison to the U4 Hz resolved data in Table U. Note
that. the overall levels for the two analyses are similar at all

locations except 9 and 10 where the 2 Hz resolved levels are

TABLE 4
Overall Values of Propeller Blade Passage Tones (2 Hz Resolution)

Location Test Run 7 Test Run 5 Test Run 2 Test Run 4
(Fig. 1) glggo rgm&z 22;00 rgm& éZgOO rgm& £2300 rgm&
z z z z z z

1 124.0| 123.3( 129.3] 128.4 1131.9| 130.9| 133.1 132.9

2 128.2| 127.0| 133.2| 132.2 |135.8 | 134.8 [ 137.3| 137.1

3 127.2| 126.3| 132.3}131.2 {135.6; 134.0 | 137.4 | 136.3

4 128.1) 127.1| 132.9 }31.7 136.5| 135.2 {138.1 | 137.2

5 123.6| 123.2| 129.1 4} 128.5 [132.6 | 131.8 | 134.0 | 133.9

6 129.7| 128.6 | 125.2 | 123.9 | 128.9{ 127.2 | 130.4}129.9

7 124.91 124.2| 130.8 | 129.6 {133.0} 131.5 | 134.2} 133.2

8 121.04} 119.8| 126.7 ] 124.8 {129.6 | 127.5 { 131.9 | 129.9

9% 117.9| 118.7| 125.4 1 116.8 { 129.6 ] 119.5 | 132.1 | 123.4

10% 118.2| 112.2| 124.6 | 115.1 *¥ k¥ 130.8 123'5J

¥Levels may be too high due to reflections off the wing.
¥¥Data suspect due to auto-ranging of the data acquisition equipment.
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substantially lower. Referring to the appropriate data in
Appendix A, this evolves from a dramatic reduction in the levels
bf the 3rd, 4th, and 7th harmonics in the 2 Hz analysis due to a
better separation of the propeller and exhaust tones at these
frequencies. However, even with the 2 Hz resolution, it should
be remembered that the data for Locations 9 and 10 are still
probably too high due to reflections off the wing which are not
present in the data at the other locations.

Comparison of the measured noise levels with availlable prediction
methods does not come within the scope of this investigation.
However, it is interesting, and relatively simple, to consider
the harmonic noise levels relative to the overall propeller noise
levels since such an analysis réquires no information regarding
the propeller performance except for tip rotational Mach number.
Measured data presented in this form are shown in Figures 8 and 9
for Microphones 1 and 5 and for the two extremes of the test rpm
range. The test data are compared with values of the relative
harmonic level obtained by means of the two prediction methods

in [4] and [5]. The prediction methods call for the propeller

. tip helical Mach number, but as the test airplane had zero forward
speed, the helical and rotational Mach numbers are the same. For
an engine rpm of 2600, the tip rotational Mach number is 0.594-
(Figure 8); and for 1700 rpm, the Mach number is 0.395 (Figure 9).

Figures 8 and 9 show that at the lower Mach number the predicted
harmonic levels decfease more rapidly than do the measured values,
as harmonic order increases from 1 to 5. At the higher Mach number,
the measured and predicted harmonic levels decrease at about the
same rate. For harmonic orders greater than 5, the prediction
procedures diverge, one predicting harmonic levels which decrease

more rapidly than do the test data, and the other less rapidly.

-23-
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4.2 Stability of Propeller Blade Passage Tones

The results of the probability density analyses of the individual
propeller blade passage tones were converted to sine wave to noise
power ratios (oé/og) using Figure 4. These ratios are summarized
in Table 5. Typical probability density data for Test Run 4,

Location No. 6, are presented in Appendix B.

Referring to the results in Table 5, the following general trends

are observed from the data.

2) The fundamental propeller-blade passage tones are relatively
good sine waves at all locations and for all testé except:
at the two aft méasurement locations (Nos. 9 and 10) and
inside the fuselage (No. 11).

b) The sinusoidal character of the tones diminishes rapidly -
with harmonic order, producing a sine wave to noise ratio
at all locations of less than unity at or prior to the
fifth harmonic. |

c) The most stable harmonics, at higher frequencies appear to
occur -at Location No. 6 (See Appendix B).

These results are broadly typical of similar data for the tones
generated by 1érge jet engine fans [3]. They demonstrate clearly
that the propeller~b1ade passage-pressures are not fully determin-
istic, but in fact have a stochastic character due to:-turbulence

in the inflow to the propellers.

4.3 Relative Phase of Propeller Blade Passage Tones

The results of the tone stability studies in Section 4.2 suggest
that the phase of the highef order propeller blade passage harmonics
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relative to the fundamental cannot be very stable. The relative
phase studies confirm this expectation,las is seen from the phase
data summarized in Table 6. Shown in this table are the relative
phases computed from four separate segments of each record of
interest plus the mean and standard deviation of the four calcu-
lations. It is clear from the standard deviation results that the
most stable phase data were provided by Test Run 4 (2600 rpm).
However, even for this case, the scatter in the phase data is

relatively large.

These results come as no surprise when a sample time history of the
propeller blade passage pressure at a given location is examined.

A typical time history is shown in Figure 10. Note that the
details of the time history change dramatically from one cycle to
the next. Some of this variation, of course, is reflected in the
random fluctuatioﬁs of the Fourier component magnitudes, as
evaluated in Section 4.2; but much of it also represenﬁs random

variations in the phasing of the Fourier components.

4.4 Spatial Correlation

As indicated in Section 3.4, the spatial correlation of the
propeller pressure field was reduced in terms of coherence and
phase angle spectra for selected pairs of microphones. This
format was used as it presents the data in a manner which is
readily usable for describing pressure forcing fields in the

calculation of structural response and noise transmission.

Sample coherence and phase angle spectra obtained for the pressure
field on the Aero Commander are presented in Appendix C. The
appendix also contains tabulated coherence and phase angle data-
for the noise components at the propeller blade passage frequency
and higher order harmonics.,
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The purpose of this section is to present a preliminafy analysis
of the coherence and phase information. The coherence data are
considered in terms of the spatial decay over the fuselage, and
the phase angle is interpreted in terms of the pressure field
trace velocity. The analysis is preliminary because within the
scope of the present investigation it was not possible to study
the phenomena in great detail. Instead, an elementary analysis
is presented on the assumption that further studies will provide
. a more comprehensive understanding of the phenomena involved.

For example, factors such as reflections from the ground and wing
surfaces, local airflow velocities induced by the propeller, the
relative contributions from acoustic near and far fields, and the
influence of the propeller ﬁotential field are either omitfed
from the present discussion or are introduced in a simplified

manner,

4.4.1 Phase Analysis

- The phase angle can be interpreted in terms of a trace or phase
velocity, as indicated in Equation (2) of Section 3.4, when the
pressure field is convected. This interpretation has been used
in describing aerodynamic pressure fields associated with turbu-
lent boundéry layers and acoustic pressure fields generated by

jet exhausts. Thus it is appropriate to apply the same approach
to the measured propeller near field, which is probably a combina-

tion of aerodynamic and acoustic components.

The first step in the analysis is to express the phase angle ¢(f)
in terms of a continuously increasing or decreasing angle rather
than an angle which varies only within the range *n. This con-
version requires some judgment regarding the addition or subtrac-
tion of multiples of 2r to the measured phase angles given in
Appendix C. An example of this computational procedure is given

: .
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in Table 7 for Microphones 9 .and 10 and Test Run 2. The example
shows several harmonic orders where 2n or Ur is subtracted from
the measured phase angle. The éxample also shows two instances
where there is some doubt as to the correct multiple of 2% to be
subtracted from the data. The uncertainty arises because the
phase angle values deviate from the general trend. In general,
these deviations occur for harmonic orders with low values of
coherence. Furthermore, on simple ray analysis there is also
evidence that at the frequencies of concern there is destructive
interference of sound waves due to reflections from the wing

lower surface or the ground.

TABLE 7

Sample Phase Angle Analysis

Microphones 9 and 10 - Run 2

el R T Pe— P i R I
1 76 .31 - 14 -.08 0 - .08
2 152 .11 -105 -.58 0 - .58
3 227 41 168 .93 =27 -1.07
4 303 - .98 128 .71 =27 -1.29
5 379 .34 -176 -.98 | -0 or 27| - .98 0r -2.98
6 455 .43 116 .65 |-2n or Uw| -1.350r -3.35
7 531 .70 -119 -.66 -27 -2.66
8 606 .48 121 .67 ~lUg -3.33
9 682 .24 12 .07 by -3.93
10 758 .33 - 21 -.12 ~4q -4.12
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In order to minimize the influence of deviations in the phase
angle data, no phase data have been included for harmonic orders
where the coherence is less than 0.05; and phase data associated
with coherence values less than 0.15 have been treated as having
reduced statistical confidence. Estimates of pressure field trace
velocity have been made mainly on the basis of data points where

the coherence was greater than 0.15.

Consider first convection in the circumferential direction, as
recorded by Microphones 3 to 6. Figure 11 shows, as an example,
phase angle-frequency data .for Microphone pairs 4-5 and two '
propeller rotational speeds. It is seen that the data points
closely follow straight-line relationships. The empirical curves
shown in the figures were fitted to the data using regression
analysis, with each curve being constructed to pass through

the origin of the axes. These and other similar curves were

used to estimate trace velocities for the pressure fields, using
Equation (2). A straight-line relationship indicates that the

~velocity is independent of frequency.

Circumferential trace velocities estimated for five microphone
pairs are listed in the upper portion of Table 8, where it is seen
that there is a general trend of increasing trace velocity with
propeller rotational speed. It should be emphasized, however,
that there has been no attempt made to establish an empirical
relationship between trace velocity and propeller rpm, nor has

the trend been checked for statistical significance.

As the microphone locations associated with the circumferential
direction measurements are located in the plane of rotation of the
propeller and are close to the blade tip; a crude engineering
mddel is proposed whereby the pressure field on Microphones 3 to 6

-33-
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Table 8

Estimated Trace Velocities

Test Run i 2 5 7 | Average
Engine RPM 2600 | 2400 2100 1700 |
Microphone Pair . Trace Velocity¥* (m/s)
Circumferential
4y - 3 217 216 180 160 -
5 - 3 217 203 176 150 -
5 - 1 209 193 171 143 _ -
6 - U 246 239 207 172 -
6 - 5 326 317 24} 201 -
Longitudinal |
5 - 2 -97 94 -79 ~78 -
5 -1 ~153 ~153 | -132 120 -
2 -1 - - - - ~608
5 - 7 98 95 80 60 | -
5 - 8 129 131 | 118 109 -
5 -9 - - - - 334
5 - 10 - - - - 369
7 -8 - - - - ©U4y5
7 - - - - - 413
7 - 10 - - - - 394
8 - 9 - - - - 417
8 - 10 - - - - 391
9 - 10 - - - - 353

¥Positive sign indicates convection in rearward or upward directions.
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‘is dominated by a potential pressure field which rotates with the
propeller as a "rigid body." The trace velocities associated with

such a model can be easily calculated by

bad (1)

' =
c a
where © is the propeller rpm and a is the angle subtended at the
propeller center by the distance d between the pair of microphones.
Ué can then be compared with the measured values UC in Table 8.
The ratio Uc/Ué’ of measured to calculated trace velocity, is given
in Table 9, where the values of the ratio are seen to be close to
uﬁity. This result suggests that the hypothesis of the rotating
aerodynamic pressure field is a possible physical explanation of

the observed phenomenon.

TABLE 9

Ratio of Measured Circumferential Trace Velocity to Trace Velocity
Based on Simple Pressure Field Model '

Test Run vaﬁ'u 2 5- 7 Average
Microphone Pair || Velocity Ratio¥ Uc/Ué
4-3 0.97 1.05 0.99 . 1.07 1.02
5-3 || 0.95 0.96 0.95 0.99 0.96
45 0.90 0.90 0.90 0.92 0.90
4_6 0.99 1.04 1.02 1.04 1.02
5-6 “ 1.22 | 1.30 1.13 1.14 | 1.20

Velocity Ratio = (Measured Circumferential Trace Velocity from
Table 7) : Trace Velocity Calculated for "rigid
body" Pressure Field) [See Equations (2) and (U4)]
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A similar analysis has been followed for the longitudinal direction,
although the interpretation is somewhat different. The results
show a more complicated pattern than do the circumferential data,
as can be seen from a study of the example phase angle data in
Figures 12-14. These figures again show the variation of pressure
field phase angle with frequency for the propeller harmonics.
Figure 12 contains data for Microphone pair 5-8, where one micro-
phone, 5, is in the plane of rotation of the propeller; Figure 13
contains data for the Microphone pair 1-2 ahead of the plane of
rotation; and Figure 14 presents results for Microphone pair 9-10
which is well aft of the plane of rotation.

These results show several different characteristics. The data in
Figure 13 show a phase angle which is essentially independent of
frequency at low frequencies; but above 200 Hz, ¢ decreases as
frequency increases. The fitted regression line at high fre-
quencies gives a highly supersonic trace velocity in the forward
direction. The linear regression line fitted to data in Figure 14
gives a slightly supersonic velocity in the aft direction. There
is, however, a certain amount of data scatter about the empirical
curve; and this scatter is believed to be associated with acoustic
reflections from the wing and ground. Finally, the data with

‘ Microphone 5 as reference (Figure 12) show a low frequency region
where the phase angle is independent of frequency, followed by a
region where the phase angle frequency relationship results in a

subsonic trace velocity.

A summary of the estimated trace velocities in the longitudinal
direction is given in Table 8, where it is seen that all pressure
disturbances, either acoustic (supersonic trace velocity) or
aerodynamic (subsonic velocity), propagate away from the plane of

rotation of the propeller. -The subsonic trace velocities occur

~37-
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when one of the microphones (specifically No. 5) lies in the
plane of rotation of the propeller. It is possible that near-
field components dominate these results. The frequency-
independent phase angle at low frequencies may also be associated
with near-field or aerodynamic factors, the pressure field ro-
tating with the blades of the propeller. There is some indica-
tion in the data that the value of the subsonic trace velocity

is dependent on propeller rotational speed, but the supersonic
trace velocity is essentially independent of propeller rpm.

Whenever a supersonic trace velocity is measured, it is possible
to use a simplified ray analysis to locate an effective source.
To illustrate this method, it can be assumed that the trace

velocity UC is given by

UC = ¢c/cos © (5)

where ¢ 1is the speed of sound and 6 is the angle of incidence of
the sound wave on the structure. The effective source locations
are then determined by geometric construction as indicated in
Figure 15. In constructing Figure 15, the effect of local air-
flow velocities was neglected. Furthermore, the construction was
made assuming a two-dimensional rather than a three-dimensional
system. It is interesting to note, however, that the effective
source locations lie between 30 percent and 75 percent of the
propeller-radius, on the fuselage side of the propeller center.
Also, with some exceptions, the acoustic center moves towards

the center of the propeller as the observation location moves
away from the plane of rotation. Thus the'results are physically

reasonable within the constraints of the simplifying assumptions.
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4.4,2 Coherence

In many cases of aerodynamic or acoustic forcing fields on aero-
space structures, it is possible to normalize the pressure co-
herence function in terms of the Strouhal number fd/Uc where d

is a separation distance and Uc a trace velocity. For the present
case, the pressure field is strongly inhomogeneous, and a data
collapse using this Strouhal number may not be successful. The

following discussion considers this topic.

Two sets of coherence data measured by microphones in the circum-
ferential array are presented in Figures 16 and 17, with frequency
non-dimensionalized with respect to d and Uc‘ For a given-pair
of microphones (fixed d) the data show a reasonable collapse; but
this is not too significant as the wvariation in Uc is small for
the test range of propeller rpm (see Table 8). If the data in
Figures 16 and 17 are compared, it is immediately obvious that
data associated with different values of d do not collapse onto

a common spectrum shape.

An alternative non-dimensional system is shown in Figure 18 where
the frequency is represented by the harmonic order. Although
results are presented for only one propeller rpm, it is seen that
the data collépse is much better than where the parameter f‘d/Uc
is used. In this format, the coherence appears to fall off
rapidly at about the 10th harmonic order

If one were to assume an exponential decay for the coherence in

the form

Y2 = e-n/a

where n is the harmonic order and a is a decay factor. then the
data in Figure 18 give a % 28.
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When coherence spectra for the longitudinal direction are
analyzed, it is again found that the Strouhal number fd/Uc
provides a poor collapse of the data. The situation is, in any
case, somewhat more complicated than in the circumferential direc-
tion, since the estimated trace velocities are not strictly ap-
plicable at low frequencies (as is discussed in Section 4.4.1).

Two example coherence spectra are shown in Figures 19 and 20,
the data corresponding to the phase angle data presented in
Figures 13 and 14, respectively. For the Microphone pair 2-1,
the separation distance 1s small and the trace velocity high.
Consequently, the range of fd/Uc is small, and the coherence re-
mains high. In this region the pressure field is dominated by

the propeller, as shown in Figure 5.

The coherence spectrum is quite different at the most rearward
transducers, where there are also significant contributions from
the engine exhaust (Figure 7). Figure 20 presents coherence

data measured by the Microphone pair 9-10. 1In this case.the range
of values for fd/UC is about seven times that in Figure 19. The
coherence shows a wide range of values and the pattern is very
irregular showing no particular relationship with Strouhal number.
Even when plotted in terms of harmonic order, there is no well-
defined relationship. In this structural regidn it is anticipated
that reflections from the ground and structure will influence the
data. Other factors include the effect of the aerodynamic wake

from the propellers.and the engine exhaust noise.

The third set of data considered is that associated with microphone
pairs in the 1ongitudiﬁal array where one microphone lies in the
plane of rotation of the propeller. For most of these cases,

Table 8 shows that the mean trace velocity is subsonic, indicating
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that the dominant pressure field is aerodynamic. Again the
Strouhal freguency fd/Vc does not collapse the coherence spectra.
Thus harmonic order was used as a non-dimensional frequency since
it appeared to give an improved data collapse for the aerodynamic
field propagating in the circumferential direction. Figure 21
contains coherence data for the Microphone pair 5-7, with harmonic
order as the parameter on the abscissa. At low harmonic orders,
where the phase angle is constant, the coherence remains high.
Then the coherence decays rapidly with increasing harmonic order
in the frequency range where the phase angle indicates subsonic
trace velocities. Use of harmonic order gives reasonably good
collapse of coherence data for the four lowest harmonic orders,

but at higher orders there is very poor data collapse.

4.4.3 Summary of Correlation Analysis

A brief analysis of the coherence and phase angle data measured
on the Aero Commander has shown that the pressure field has com-
plicated characteristics. Consequently, it is not possible to
fit simple analytical representations to the coherence and phase
angle spectra. ' |

Phase angle data show the existence of regions where the pressure
field can be approximated as an incident acoustic field, other
regions where the characterisitcs suggest the presence of a con-
vected aerodynamic field, and other regions or frequency ranges
where the pressure field appears to be a potential field rotating
with the propeller. It is likely, however, that the situation would
become more amenable to analysis if the twin-engined airplane had
the plane of rotation of the propeller well forward of the cabin
and the engine was a turboprop design.
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A rather cursory analysis of the coherence spectra failed to
identify any Satisfactory non-dimensional frequency parameter
which would allow good collapse of the data. Conseguently, much
more effort is required to search for a suitable description of
the coherence for use in analytical models of structural response

and ‘interior noise.
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APPENDIX A

Magnitude of Propeller Blade Passage Tones
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APPEND

IX B

Typical Probability Density Plots for Propeller Blade

Passage Tone Stability Studies

- Test Run 4,

Location No. 6
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APPENDIX C

Pressure Coherence and Phase Angle Data



"APPENDIX C
Pressure Coherence and Phase Angle Data

This appendix presents measured values of coherence and phase

angle for several pairs of microphones and several test conditions.

Sample spectral plots are given for four microphone pairs, all
the spectra being associated with Test Run 4, Figures Cl-CY4 con-
tain coherence spectra for Microphone pairs 4-5, 2-1, 5-8, and
9-10, respectively, the coherence by definition having a value in
the range 0 < y2-< 1. Figures C5-C8 present phase angle spectra
for the same microphone'pairs. The phase angle ¢ is presented
such that -m < ¢ < n. Consequently, when ¢ reaches *rv the plot
switches over to ¥n, respectively, showing a full-scale sweep on

the figure, as can be clearly seen in Figure C6.

For present purposes, interest is concentrated on the contribu-
tions from the propeller pressure field. Consequently, values
for coherence and phase angle at the propeller harmonic frequen-
cies were read directly from the digital meter on the SD360
analyzer, and the resulting values are listed in a series of

tables presented in this appendix.



COHERENCE AND PHASE ANGLE

Run 4 ~ 2600 rpm| Run 2 ~ 2400 rpm| Run 5 - 2100 rpm | Run 7-1700 rpm

Hanmmic

Order Coherence| Phase | Coherence | Phase | Coherence | Phase | Coherence| Phase

(deg) (Geg) (deg) - (deg)

Microphones 5 and 2

1 .99 47 .99 49 .99 53 .99 48
2 .96 53 .95 56 .96 59 .94 56
3 .90 | 16 91 40 .94 by .82 28
4 LT7 - 2 LT5 -1 .61 25 .70 23
5 .18 ~112 .23 | - 64 .17 | - 76 .33 | - 34
6 .27 9l .12 154 .29 135 .50 | -122
7 .07 64 |~ .05 55 .05 25 .16 | 147
8 .02 | -100 .00 | - 14 .25 |- 81 .21 | -180 |
9 .09 149 .13 | <160 .14 141 .07 | =157
1.0 .01 - 30 .07 89 .11 103 .11 170
11 .25 | 117
Microphones 5 and 1.
1 .99 L7 .99 51 .99 57 .99 52
2 .84 85 .19 80} .90 177 .90 69
3 .70 42 .69 31 .76 51 .53 50
4 42 - 76 .35 | - 74 .11 | - 18 .51 | - 21
5 .53 146 .28 | —174 .34 167 .34 | -113
6 .45 33 .24 85 U3 86 .u9 171
7 .10 - 19 J11 | - 23 .06 | - 52 .18 | - 93
8 .07 118 .00 | -106 .13 | -156 .09 9l
9 .12 46 .17 105 .10 77 .11 109
10 .00 138 .11 | - 32 .23 14 .08 76
11 : .07 18




COHERENCE AND PHASE ANGLE

Run 4 - 2600 rpm | Run 2 - 2400 rpm| Run 5 - 2100 rpm| Run 7 - 1700 rpm
Harmonic | Coherence| Phase| Coherence| Phase| Coherence (Phase| Coherence Phase
Order | (ceg) (deg) (deg) (Geg)
Microphones 2 and 1
1 1.00 0. 1.00 2 1.00 it .99 1
2 .oU 30 .91 22 .96 17 91 15
3 .85 -4 .90 -12 .91 i 7 21
4 .79 63 .73 ~66 .70 -Lo .83 -27
5 .70 73 .69 -63 .61 18 .84 -55
6 .90 -73 .88 -61 .88 =57 .93 -55
7 .93 -91 .88 82 .89 -61. 92 56
8 .90 -116 .93 -84 .88 -75 .82 -68
9 .89 -118 .89 . | =100 .87 =81 .86 -67
10 .85 -130 .84 -116 .79 -90 .78 -73
11 .80 -T2
Microphones 5 and 7
1 1.00 —9OA 1.00 -9l 1.00 -93 .99 -111
2 .95 -93 .95 -92 97 -93 .98 -89
3 .85 -91 .88 -88 .89 =97 .79 -115
y .56 -164 Ly -158 Lo -123 .55 -109
5 o) Ly .19 81 .11 33 .15 118
) - 37 -88 .03 . 123 .24 -35 .37 86
7 .2 -69 .00 -130 .32 131 .05 -96
8 .11 149 .02 -84 .05 134 .24 110
9 .15 -8 .20 72 11 -138 .07 30
10 .02 -161 .18 -100 .20 -16 .03 -152
11 .03 y

C-3




COHERENCE AND PHASE ANGLE

Run 4 - 2600 rpm| Run 2 - 2400 rpm| Run 5 -~ 2100 rpm | Run 7 - 1700 rpm
Hg;gggic Coherence | Phase | Coherence| Phase | Coherence| Phase | Coherence{ Phase |
(deg) (deg) (deg) (deg)
Microphones 5 and 8
1 .97 -105 .98 ~111 .98 ~108 .97 | =137
2 .88 -86 .84 -83 .90 -100 , .86 -97
3 al ~-125 .68 -111 .69 -112 .43 -134
4 .35 104 .34 147 .06 173 .16 -174
5 .51 -37 .33 3| .18 ~20 .09 134
6 4o -168 .30 -122 45 -106 .16 151
T .31 48 .07 170 11 127 31 | -124
8 .11 -126 .05 -70 .10 8 .16 | -163
9 .06 -68 .01 ~153 .28 177 .03 -49
10 .02 -142 .08 -140 .14 118 .12 | -128
11 .05 176
Microphones 5 and 9
1 .66 -93 .54 -67 .07 -T2 47 137
2 .21 148 .02 ~120 .18 143 .02 174
3 .25 -33 .51 R B 1 5 .0k 7
y .26 95 .53 122 .01 37 81 | -7 ‘
5 45 -lg .29 -60 .08 -14 .26 76
6 .14 71 .34 134 .09 -109 .28 | -165
7 .22 152 .06 175 .27 87 .05 | -104
8 .16 53 .19 9l .19 119 .38 60
9 .23 178 .39 -88 .23 12 .14 | -180
10 .03 13 .16 ol .34 -154 .07 89
11 .01 -15
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COHERENCE AND PHASE ANGLE

Run 4 - 2600 rpm | Run 2 - 2400 rpm |{Run 5 - 2100 rpm| Run 7 - 1700 Tpm
Hgigggic Coherence| Phase | Coherence| Phase | Coherence| Phase| Coherence | Phase
(deg) (deg) (deg) (deg)
Microphones 5 and 10
1 .72 -92 .54 -46 .16 11 .56 106
2 .27 18 .01 -57 .16 -33 .05 109
3 .55 98 .18 124 43 -162 .05 -l43
l .35 98 .15 -128 .Ql -63 .33 20
5 .09 -112 .07 115 24 32 .32 170
6 27 12 .16 -149 .12 137 Y4 47
7 .20 -145 .03 25 A5 =127 14 105
8 16 |17 .05 ~130 .23 14 U7 169
9 27 | 137 .21 Ly .26 148 .24 23
10 .00 _ -4 .15 128 27 -116 .13 -110
11 17 79
Microphones 7 and 8
1~ .99 -15 .98 ~-16 .99 -13 .98 -25
2 .ol 6 .92 7 .96 -8 .92 -9
3 .89 -30 .91 -28 .90 -18 .67 -12
it .71 -73 vl ) .38 -37 .65 il
5 .86 | -86 .84 77 77 74 .08 | -l6
6 7 =97 RSN -a1 .28 -68 .26 13
7 21 155 .11 -149 el -58 .31 -36
8 .30 168 .26 178 .59 -90 .12 =37
9 .25 -129 Rile -162 .19 -124 .79 -92
10 <17 -88 .46 =127 .36 -167 .28 -113
11 .25 -120
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COHERENCE AND PHASE ANGLE

Run 4 - 2600 rpm

Run 2 - 2400 rpm

Rom 5 - 2100 rpm

Run 7 - 1700 rpm

Harmonic
Order Coherence} Phase | Coherence| Phase | Coherence} Phase | Coherence| Phase
(deg) (deg) (deg) (deg)
Microphones 7 and 9
1 .66 -3 .53 27 .08 12 A6 | -109
2 .37 -128 .01 -67 .14 -133 .05 -103
3 .50 . -13 .69 51 .64 99 .16 -157
it 146 -85 27 -40 .18 -19 .54 -1
5 .56 -100 b2 -131 Ly -73 .33 -26
6 .36 114 .15 -20 .23 -166 .29 70
7 .09 -134 .38 -30 J1h -3 .16 130~
8 45 -108 .23 -76 .02 97 RV -86
9 .70 166 .64 -151 .03 90 A1 70
10 .51 131 .31 161 U -121 .18 =55
11 12 148
Microphones 7 and 10
1 .72 -3 .46 48 .12 99 .55 -145
2 .33 104 .05 72 .17 90 .09 176
3 .67 169 .55 -148 .60 -68 .03 =37
by R -86 .74 134 .24 59 .50 -6
5 12 -154 .14 -93 .05 21 .56 70
6 .18 112 b2 86 .22 =97 .61 -150
7 .15 -95 .23 -124 57 109 .51 -116
8 21 -82 .17 12 .25 -84 b7 54
9 .09 -89 .29 -161 .28 -3 .07 106
10 .36 61 .07 176 .09 -120 .04 -145
11 .09 -34
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Run 4 - 2600 rpm

Run 2 - 2400 rpm

Run 5 - 2100 rpm

Run 7 - 1700 rpm

Harmonic
Order Coherence | Phase | Coherence| Phase |Coherence| Phase |Coherence| Phase
(deg) (deg) (deg) (deg)
Microphones 8 and 9
1 .67 12 .53 iyl .06 16 .43 -82
2 .39 -134 .08 -91 37 -123 .08 -86
3 .43 36 .60 . 81 .69 121 .48 173
Y .Th -3 .86 -56 .82 -146 Rt =75
5 Y -16 .55 -45 .70 ] .34 -116
6 42 -152 .63 -86 .06 32 81 24
T .68 110 .30 -136 .26 -107 .18 ; 1l
8 32 | 115 .36 146 .06 166 43 | -103
9 22 | -110 .10 59 .29 -149 13 | -
10 .66 | -166 .37 -119 .35 86 L .
11 .35 | 174
Microphones 8 and 10
1 .70 11 A1 68 Jd2° 121 .52 -120
2 .37 101 11 110 .21 103 .13 -167
3 ) ~-156 .63 -118 .65 -50 .22 -142
y .26 11 .61 13 .06 -82 .13 -30
5 27 -68 .14 -103 Q11 101 .26 -9
6 .08 174 .10 30 41 -113 .50 144
7 .35 -168 41 T4 .09 81 .25 -144
8 .10 179 .15 -100 .58 21 .23 ~-40
9 .14 -36 .06 -6 .20 -95 .10 136
10 .26 144 .10 -148 .08 130 .28 3
11 : .12 -93
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COHERENCE AND PHASE ANGLE

Run 4 - 2600 rpm| Run 2 - 2400 rpm| Run 5 - 2100 rpm Run 7 - 1700 rpm
Hg;gggic Coherence | Phase | Coherence| Phase | Coherence| Phase | Coherence| Phase
(deg) (deg) (deg) (deg)
Microphones 9 and 10
1 .53 -3 .31 -14 .02 | -70 .59 =35
2 .16 -128 11 -105 .51 9 .14 -61
3 .62 166 41 168 42 -172 4o 67
Y .29 37 .98 128 77 92 .27 104
5 .01 -57 .34 -176 .28 89 .80 87
6 .22 ~157 43 116 Ly 125 .58 114
7 .82 88 .70 -119 .36 131 A48 | 134
8 .02 148 48 121 .oU ~114 .53 107
9 .03 140 .2k 12 .59 94 .29 -168
10 42 68 .33 21 .21 125 | .27 | -180
11 : .19 140
Microphones 5 and 11 o
2 .56 -15 : ;
3 .79 65 | | o 2 |
4 .05 66 ‘ : 5 | ' :
5 .81 177 Pl i L
6 40 n | i - .
7 26 | -135 | ¢! | | |
8 .53 0| 11 .
9 30 | 60| i 3
10 10 | <20 | - P
1 N -
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COHERENCE AND PHASE ANGLE

Run 4 - 2600 rpm| Run 2 - 2400 rpm {Run 5 - 2100 rpm Run'7 - 1700 rpm
Hgigggic Coherence| Phase | Coherence| Phase | Coherence| Phase | Coherence | Phase
(deg) (deg) (deg) (deg)
Microphones 4 and 3
1 .98 ~-U46 .97 -45 1.00 -4o .98 ~-41
2 1.00 -69 .99 -65 1.00 -63 .99 -62
3 .98 -118 .99 =110 1.00 -107 .96 -92
it 97 =152 .94 -148 .93 -156 .97 -143
5 .98 168 .98 176 .96 173 .91 172
6 - .83 121 .91 135 .86 133 57 139
- T A7 80 .70 93 L7 77 .82 | 101
8 .67 34 69 | 50 .70 3Y .90 | 58]
9 .71 -10 .70 6 .32 | =36 .85 | 19
10 .35 95 | = .b3 -31 .59 -53 64 | 7]
11 | .39 | -61
Microphones 5 and 3
1 .99 -83 _ .98 -79 1.00 ~-78 1.00 =77
2 1.00 -154 .99 -142 .99 -141 .99 -128
3 .98 126 .98 133 .99 130 .89 138
4 o 46 .93 53 .96 Ly .96 60 -
5 .95 ~l40 .95 =21 .93 =31 .82 -12
6 .86 -128 .79 -106 .78 -107 17 -81
7 .65 174 .84 172 .30 160 .68 -162
8 .62 80 .65 95 .62 58 .52 99
9 .57 -4 .67 11 .33 -9 .62 29
210 .32 =77 U5 -87 b9 -67 7 -48
11 : .21 -131
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COHERENCE AND PHASE ANGLE

Run 4 - 2600 rpm

Run 2 - 2400 rpm

Run 5 - 2100 rpm

Run 7 - 1700 rpm

Harmonic

Order Coherence | Phase | Coherence | Phase | Coherence| Phase | Coherence Phase
(deg) (deg) (deg) (deg)
Microphones U arid 5

1 .98 36 .98 33 .99 38 .98 37

2 .97 84 97 17 .98 7 97 67

3 .96 117 .97 117 .98 123 .88 127

4 .9h 163 .87 159 .89 160 .90 153

5 97 -152 .95 -163 91 -157 .69 -163

6 .91 | -104 79 | -116 71| -116 .30 -117

7 .51 -92 .73 -84 .48 -55 .85 -89

8 .86 -48 .81 -45 .86 -37 .55 -39
9 .76 1 el -12 .67 -29 7 -8
10 .54 23 45 Lo .54 16 .34 14
11 .38 43

Microphones 4 and 6

1 97 66 .97 66 -99 72 .97 78
2 .99 166 .98 158 .96 158 .96 142
3 .98 -145 .94 -155 .97 -149 .92 -140

Yy .91 -80 71 -99 .91 -86 .76 -83

5 .63 -27 .70 -29 .T4 -17 .64 -48

6 57 57 .43 60 .03 -3 .36 36

7 .49 119 .29 -125 27 93 .00 176

8 .13 -122 .34 161 .22 -166 .12 -131

9 .22 -92 .0l 178 .01 47 .04 -67
10 .22 by .15 =73 .75 20 .02 -99
11 .02 6




COHERENCE AND PHASE ANGLE

Run 4 - 2600 rpm

Run 2 - 2400 rpm

Run 5 - 2100 rpm

Run 7 - 1700 rpm

Harmonic
Order Coherence| Phase | Coherence| Phase | Coherence| Phase| Coherence | Phase
(deg) (deg) (deg) (deg)
Microphones 5 and 6
1 .99 28 .99 32 .99 34 .99 il
2 .96 79 97 80 .97 7 .96 74
3 97 98 .93 87 .96 90 .19 90
4 .85 117 RV 99 .82 115 .54 123
5 .55 126 .73 131 .61 141 .21 137
6 .72 158 .34 155 .09 -141 .15 -163
7 .01 1711 01 48 .08 43 14 -88
8 .10 -75 .2l -156 17 -114 .16 -28
9 .18 -71 A1 151 .10 170 .12 -61
10 .04 49 .01 73 .13 28 .12 -8
11 .03 -30
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