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t.  INTRODUCTION

Following an extensive series of tesis using a full size
(56ft./17.07Tn diameter) rotor run in an inverted (up~side—down) mode,
detailed analysis was performed which enabled the rotational, broadband
and overall noise characteristics to be assessed (1, 2). Although there
are a munber of theoretical and semi-empirical models and formulae available,
the data did not appear to follow the trends suggested. This was pari-
icularly true in the case of the high speed results which were for all
practical purposes independent of the Sotor thrust (T) and hence very
different from the commonly accepted T dependency. At this time correlation
was limited, due %o the lack of a suitable modal, to simply studying the
variation in level with tip speed (V) and thrust (T). This was far from
satisfactory since the data could not be ccllapsed in a meaningful manner.
I+ did, however, appear that although the trends observed could not be
explained, a mechanism based on 'profile drag' (which at constant speed
is practically independent of the blade angle) or blade thickness could
be used to account for the results obtained. It was also found from a
brief review of the data published by previous investigators that,in the
majority of cases, the measured noise levels followed a similar pattern to
those found during this particular study, and that the T2 rslationship
proposed resulted simply from the method used to correlate the data. It
has also been assumed prior to this study that the rotational noise
characteristics were very different from those associated with broadband
noise. This was found to be true to some extent when making comparisons
with the fundamental and low harmonics of the rotational noise, but the
high harmonics and the broadband noise exhibited, as intuitively expected,
very similar characteristics. PFor both the rotational noise and broadband
noige the variations in level with operating condition appear to be well
defined and repeatable and, although the spread of resulis over the
complete test range was well over 20dB, it was considered that it should
be posaible to establish a relatively simple relationship to account for
the trends observed. This paper discusses the procedures adopted and the
empirical relationship obtained. These are equally applicable to the
1, 2 and 4 blade rotors tested, although the date illustrated in this
paper has been mainly limited to that derived from a2 2 blade 555 rotor,
the general characteristics of which are summarised in Table 1.

2a ROTOR NOISE CHARACTERTSTICS

The broadbami noise and the rotational noise levels as a function
of thrust (at constant tip speed) and tip speed (at constant thrust) are
illustrated in figures 1 to 4. The broadband noise levels refer to the
maximum level {measured with a 20Hz constant bamdwidth analyser) in the
region below 2kHz and to distinguish from the broadband noise which exists
at higher frequencies it is denoted as "low frequency broadband noise”.

The value quoted has been termed the "Flat SPL" since the hump or peak of
broadband energy has a relative "flat" appearance (2). The data shown
refers to a microphone (F7 broadband noise/F13 rotationmal noise) positioned
11 .59 above the inverted test rotor, which in conventional notation, is

17 -1



141,59 below the rotor disc". There are variations with angle to the
rotor disc plane, but the general trends illustrated still apply (1, 2).
Similarly, az can be seen in figure 1 for the broadband noise, the
characteristica illustrated are equally applicable to the 1, 2 and 4
bladed rotors tested,

It will be cbserved that the rotational and broadband sources
both show, except in the case of the fundamental rotational noise
component, very similar trends. At constant speed {(figures 1 and 3) the
levels tend, as thrust is initislly increased, to decrease slightly in
level until a point is reached where the levels rise according to .
This change over point between the two characteristics is dependent on
the actual tip speed and as can be seen from a examination of the thrust/
velocity parameters appears to occur at a constant Cpp value*. The
velocity dependencies (at constant thrust-figures 2 and 4) are less well
defined and clearly a functicn of the actual thrust level, It will also
be noted that the 'best fit' to the data on the log velocity plots shown
is & curve indicating that the power of the velocity law is not comstant
" over the test range. It is also obvious from this data that the yere
relationshipsoften associated with broadband noise and rotational noise
are not applicable,

3 CORRELATION OF TEST DATA

The initial correlation, which took the form of establishing the
generalised velocity and thrust dependencies illustrated in figures 1 to
4, did not appear to offer a method of collapsing the test data or
explaining the trends observed. The constant velocity data (figure 1 and
3) suggested, as mentioned previously, that a Crp type relationship
controlled the change over point on the "dips". Apart from this, the
dependence on the value of Cpp appeared to be small., A re-examination
of the data was therefore made, This showed that in addition to the "dip"
being a function of Cymp, it correlated to some extent to the case where
the local pitch angle at the blade tip was zerc. A brief review of the
data indicated that the blade pitch, or more likely the projected hlade
thickness=t - could explain the 3.P.1,. relationships obtained. It soon
became cleag that the latier was more appropriate and the test data was
correlated on this basis. This gave & fair collapse of the data, as
illustrated for the broadbamd noise in figure 5, and suggested a t 4
relationship. Relative to the general tremd, however, the "zero lgf.t"
results tended to be 2/4dB low as can be seen on figure 5. Projected
thickness (t,) values were re—calculated for the blade section at 0.95R
and G.9R. Use of the latter improved the overall correlaticon but the
'zero 1ift' results were still relatively low.

In practice the "effective thickness", or projected thickness
relative to the inflow, would be dependent on the angle of incidence
(angle of attack), « » at the section of interest and mot soley on the

*Cp = 92 = T where Cp = thrust coefficient,
T F W g2~ NeR S~ = rotor solidity,
T = total thrust,
p = density,
Vp = tip speed, ¢ = blade chord,
3 = rofor radius
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pitch angle. 1t appeared logical, therefore, to correlate the data

with a value based on ¢ . This required a knowledge of the angle of
attack o in the tip region and presented difficulties since the available
momentum theories are unable to predict <A accurately for the low thrust
values because the tip region goes into negative pitch and the inflow

at the outer portion of the disc reverses. Values of o. {(as a function
of cuff pitch) were, however, calculated and in the negative o region
the values were adjusted empirically. A typical case is shown in

figure & for O0.9R. The results from the momentum theory, which overw
estimates the value of o in the negative flow region since it assumes
uniform inflow, are given by the contimous line and the "adjusted values"
used in the calculations by the dashed line. Use of such an apgroach,
combined with the assumption that the noise was dependent on t s gave

a considerable improvement in the correlation and brought the Bero ard low
1ift results in line with the other values.

The variation of t % (40logt ) is shown in figure 7 as a function
of rotor thrust for threefrotor spegds. It will be observed that the
t 4 term exhibits the same characteristics as the broadband noise and
rBtational noise results presented in figures 1 and 3 respectively. It
can also be seen that the "change over point" or dip is a function of
the rotor operating parameters amnd that at the higher thrust values,
particularly at the low tip speeds, tp* approximates to T2,

4o BROADBAND NOISE

Assuming that a t.% relationship applied, the velocity dependency
was determined by plotting the "FLAT SPL - 40 log tp" as a function of
tip speed. A typical result is shown in figure 8 and as can be seen the
noise followed, as anticipated, a vb relationship. Similar results were
obtained for two other sets of data; but in one other case a better
correlation appeared to be obtained if a v8 law was considered. A
careful examination of this data revealed that the broadband levels

were being influenced at the high velocity conditions by rotational
noise, which as discussed later, appears ito be dependent on VS at the
higher tip apeeds.

Assuming a V6tp4 relationship, the test data was collapsed in the
form illustrated in figure 9., In this case the standard deviation is
2B which is considered extremely good when taking into account the
type of experiment and that the test results refer to a thrust range
of O to 50001b and a tip speed range of 408ft/sec. to 758ft/sec.
(140RPM to 260RPM).

Based on the above a formula for rotor noise of the formi:w
S.P.L. = 60logV + 4010gtp + K

has been developed., K obviously contains such parameters as mumber of
blades, rotor radius, blade chord etc but to date there is insufficient
data to enable the determination of these parameters. The influence of
blade number has been examined to a limited extent amd although no
precise dependency can be proposed, it is clear that it is s;gﬂlflcantly
greater than the 10logB usually assumed.
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5 HOTATIONATL NOISE

The rotationzl noise components have been examined in a similar
manner to the broadband noise. Again the tp model correlates well with
the test data, but the variation or scatter is relatively large. This
is,to some extent,expected when studying rotational noise components
because of the large variation in level associated with individual
harmonics and the known sensitivity of the higher harmonics to minor
changes in operating condition/inflow characteristics. The large spread
of the test results amd the general trends are, however, predicted fairly
accurately by the approach adopted,

A typical set of results for the fundamental {1st harmonic),
10th harmonic and 50th harmonic are plotted against the projected
thickness (based ont at 0.9R) in figure 10. It can be seen that the
50th and 10th harmonics increase according to tp4. In the case of the
fundamental however, the correlation with tip breaks down completely.
This is not surprising since the fundamental is essentially controlled
by the steady forces on the blade whereas the 0th harmoniec {and above)
are controiled by fluctuating forcea. The corresponding velocity
dependency, assuming that t,4 applies, is illustrated in figure 11.
These results suggest that the velocity relationship is not a simple
"power law" and that the rate of increase with tip speed tends to in-
crease with the actual tip speed. As illustrated ou the figures, the
departure over the test range from a single power law relationship was,
however, small with the mean slope being in the region of V8, This
applied at all angles to the rotor (although the actual laws differed)
except in the rotor disec plane where the departure from a single
relationship is larger,

6. OVERALL NOISE

: The dB.LIN (OASPL) and dBA levels for the rotor follow similar
trends to the broadband noise and higher harmonics of the rotationsal
noise. A typical result for the dBA measurements is shown in figure 2.
Superimposed on this figure are the resulits of a prediction method
derived from the low frequency broadband noise characteristics and
agsuming a vht,4 relationship. This method obviously needs further
refinement, but it is clear that the generally accepted methods which,
with a few exceptions, sll have a T2 term, would not predict the measured
variations in noise.

T DISCUSSION OF RESULTS

The results and in particular the suggestion that the low frequency
broadband noise and the higher harmonice of the rotational noise are
dependent on tp4 may at first glance appear umrealistic. As already
pointed out data published by many other investigators can be re-interpreted
in a form similar to that found during this study. It iz also of interest
to note that Wright in a paper in 1973 (3) suggested that broadband
rotor 'self noise' wag directly dependent on 1.5l {where £ is the angle
of attack), After further correlation Wright subsequently modified this
term to 2A (4). Wright's method cannot be used for blade pitch angles
of zero degrees, but if typical operating conmiitions are considered it
can be shown that 2A is approximately the same as 40logt,. More recently
correlation of "in flight" propeller data (5) has shown a dependency on
tip thickness and although the dBA data presented cannot be compared
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directly with tp4 relationghips, the variations with blade thicknesa
appear to be of a similar order.

8. ONCLID ING

The dependence of broadband noise and higher harmonic rotational
noise on tp4 hag been clearly established from the results of this study.
This conclusion was reached despite theoretical evidence = particularly
in the case of rotational noise = which indicates that the "+thickness“
term is unimportant.

_ Broadband noime appears to correlate well with V6tp4 and an empiriecal
method based on such a model gives good agreement with overall rotor noise.
At low thrusts tp4 varies as V*i, while at high thrust it is approzimately
y=2.5, Thus the velocity dependency (at constant thrust) can vary between
v7 and v3:5 depending on the actual thrust value, At intermediate thrust
values the relationship can change from V=2 to V*1 as the tip speed is
increased and hence the velocity law (at comstant thrust} can vary from

V4 to V7 as tip speed is increased. This could explain the poor agreement
often obtained when correlating data on a velocity basis. These valuee,

of course, refer aspecifically to the rotor examined, although the general
trends are applicable to &ll twisted helicopter rotors,

The higher harmonic rotationsl noise levels follow approximately
a V8tP4 relationship, but in this cese it would appear that the velocity
power increases - as suggested by many previous investigations - with
increasing tip speed. This obviously needs further imvestigation,
although the relationghip established can be used to predict the frends
asgociated with rofational noise on conventional helicopter rotors.

The approach outlined in this paper has been hased soley on
calculations referred to O.9R. It could be argued that, rather than use
a single point, the assessment should have been made integrating along
the blade according to, in case of broadband noise, V tp4. Although
ideally desirable this is, at this stage, d{impracticable because of the
difficulty of calculating ol . A4lso because the velocity term implies that
the major noise is generated near the tip it is most likely that only
the outer 10/20% of the blade would have to be considered.
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TABLE 1
ROTOR BLADE PARAMETERS

Type - 855
Number of Blades - 1, 2 and 4
BRadius, - 28ft. = 8.54 metre
Section - NACA 0012
Chord - 1.37 £t. = 0.417 netre
Thickness - 0.164 ft. - 0.05 metre
Twist - 8°

TEST CONDITIONS

Tip Speed Range 408ft.sec. - 758 fi/sec.

Rotor RPM Ranee {140rpm - 260 rpm

Mach Number Rangse 0.37 =~ 0.68

Thrust 0lbs = 50001bs

Microphone distance 250ft. (5 rotor diameters)
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