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SUMMARY

The effective quieting of helicopter cabins requires that the welight and
space of the treatments be minimized. The application of these treatments
;herefore requires that the paths by which the noise arrives at the cabin,
roupled with the radiating surfaces and the sources of origin be identified as
:learly as possible. The techniques described in this paper have been employed
15 part of comprehensive helicopter quieting programs which have achieved nota-
>le reduction of cabin noise on several existing helicopter designs.

INTRODUCTION

The continued expansion of and competition for the helicopter market, par-
sicularly in the 8-20 seat capacity range, has led to much .attention being
ziven to the provision of quiet and comfortable passenger accommodation. The
relicopter in this size range when fitted with the best "standard" interior
vill typically exhibit a cabin noise level of 93-95 dBA when flying at its
jesign speed, whereas a commercial transport will have a typical noise level
ranging from 75 to 82 dBA at its cruise speed. Figure 1 summarizes the typical
noise levels that can be expected with various interior configurations and
shows that, even with the best available treatment, the noise levels are above
those for a commercial transport. Of particular note are the tone levels which
control the levels in many portions of the spectrum and are of course more
annoying than the same levels of random noise which tend to predominate in
commercial aircraft. The selection of noise control treatments to reach the
lowest helicopter level in Figure 1 requires that the noise sources and their
paths to the cabin be carefully measured so that minimal additional mass is
applied and that the space occupancy is not affected. In this latter regard
the passenger headroom is often critical as the cabin roof may well be a major
radiating area.

The mechanical design of a helicopter presents a particular challenge to
noise control engineers in that it is usually a tightly coupled structure en-
cased with light rigid panels, which radiate sound efficiently, plus relative-
1y thin side walls and windows, which have a poor transmission loss. The '
presence of machinery located on the structure plus the location of the passen-
gers within the main structure further compound the difficulty.

The magnitude of the noise control task can be appreciated by reference to
Figure 1 which shows that even an engineering program which produces 20-30 dB
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reduction in cabin noise levels above 500 Hz from the bare interior is insuffi~
cient to meet commercial fixed wing jet aircraft levels. This is a formidable
challenge for any noise control project even without the constraint of minimum
weight. This unusuvally high target must therefore be met with the best possible
understanding of the details of the noise mechanisms and transmission paths per-
taining to the particular aircraft in question.

Cabin noise reduction may be achieved by modification to the source levels,
the sound path, and the receiver environment. It is not often possible to re-~
duce the source levels in helicopters as, for example, the impact of reducing
the gear noise by altering the mesh forces has wide implications in terms of
reliability and load carrying capability. It is thus a matter not lightly
undertaken. Accordingly the reduction of cabin noise on existing helicopters
is concentrated on modification of the paths between source and receiver.

For the purposes of further discussion it is convenient to consider sepa-
rately the major groups of internal noise sources in a helicopter. These may
be classified as propulsion machinery comprising engine and transmission, and
turbulent boundary layer effects.

The intrusion of main and tail rotor noise into the cabin we have not found
to be significant. Although some tail rotor blade rate harmonics may appear in
a narrow band spectrum taken in the cabin, the treatment applied to the interi-
or to correct other source levels also leads to reduction of these harmonics.
The broadband turbulent boundary layer blade noise may be considered as a series
of distributed dipoles which do not radiate effectively in the direction from
blade to cabin. u

I

PROPULSION MACHINERY NOISE -~ STRUCTUREBORNE

The tight structural coupling and proximity of the main gearbox and
englne(s) to the cabin usually leads to the dominance of machinery noise in the
cabin. Indeed, the main reduction gear mesh tone is usually a predominant sen-
sation in the cabin. It should be noted that work is being performed on the
feasibility and techniques for mesh noise reduction at the source; however this
is beyond the scope of this paper. Figure 2 is a representation of the ways in
which machinery noise arrives at the cabin - other paths are possible but in our
experience, the identification of the paths outlined is sufficient for all prac-
tical purposes.

In an overall sense, we attempt to measure directly the individual contri-
bution of the machinery vibration and its case-radiated noise to the sound field
in the cabin. We then analyze individually the paths for the vibrations and
noise. Consider as an example the methods used in analyzing the structureborne
noise from a main rotor gearbox. A very simplified diagram of the helicopter
as 1t relates to the structureborne noise from the gearbox is shown in Figure 3.
There are always more than two mounts. The flexibility and damping of each is
taken as the total that exists between the transmission attachment and the
structural frame attachment. Also shown is the usual honeycomb overhead panel
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hich forms an integral part of the structure and, at the same time, presents a
arge noise radiating area into the cabin. The walls of the structural frame
ill also usually form part of the cabin and may be significant radiators.

The measurement program typically includes the installation of accelerome-
ers at the points located by A in Figure 3 which are chosen to track the vi-
ration from source to receiver (passenger). TFlight tests are then performed
ver the required operating range to obtain the magnitude of these vibration
evels which are recorded on seven or fourteen track tape machines. In this
egard it is important to obtain as much coincident time history of the accel-
ration levels as possible to allow the use of correlation analysis later on.
he actual direction and precise location of the accelerometers is a matter for
he experienced judgement of the experimenter as it is simply not feasible to
over all the possibly relevant vibration locations. The locations selected
re clearly influenced by his appreciation of the most likely structural paths,
nd will preferably involve the contribution of the structural designer.

In the flight tests, several cabin microphones will be employed to monitor
he total noise as well as to located obvious acoustic 'hot spots'.

A series of ground vibration tests are conducted with all aircraft systems
shut down in which vibration is applied to the transmission case from a shaker
;ystem. The object here is to reproduce only that phenomenon which one wishes
;0 study without any other acoustic interference. Notwithstanding the tightly
:oupled structure of the helicopter it is most desirable to attempt to shake
;he gearbox in such a way that the correct distribution of vibration levels is
seen in the mounts as occurs in flight. If the noise control program is being
serformed on just one helicopter then it may be necessary to adjust the shaker
ocation and direction to obtain the desired mount vibration distribution. If
wowever, it is possible to perform the static tests on another sample then an
1lternative method is to provide localized excitation at each mount pad. This
ypportunity will also allow the measurement of mount impedance looking into the
structure. This Information, in conjunction with the measured vibration in ‘
*light, allows determination of the vibratory power flow into the structure.

Given that one can achieve the correct distribution of vibration on the
static test at the mount pads, we then take readings of the induced noise in
she cabin at the selected locations. This allows us to establish the transfer
function: "Transmission Vibration-Cabin Noise". During this test measurements
are made at the selected structural frame and honeycomb panel locations to
arrive at the proportion of total vibration at these points to that induced by
the transmission vibration alone.

The final step in the procedure is to apply the derived transfer function
to the actual measured inflight vibration levels to arrive at the contribution
to cabin noise levels from the transmission vibration alone.

Figure 4 represents a typical result obtained on a light helicopter and
illustrates the methodology. In the example shown in Figure 4, the transfer
function was based on average mount acceleration versus cabin noise and not on
the actual transmission acceleration. The resultant computed cabin SPL due
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to the structureborne transmission noise agrees creditably with the overall
result as will be seen later. There is however some discrepancy in

the high frequency range which indicates that a more searching analysis could
be worthwhile depending on the methods of noise control being contemplated.
There are a number of traps for the unwary in this approach of which probably
the most significant is the implied assumption of linearity. As most shakers
are unable to drive the mechanical elements at frequencies and levels indenti-
cal to full-scale conditions, one must resort to testing at lower vibration
and acoustic levels and applying linear scaling. This method is usually satis
factory for metallically mounted machinery components, but may be unsuitable
for elastomeric mountings which exhibit a nonlinear load deflection curve,
hence changes in isolation performance, particularly rear mount resonance may
occur unless correct loading of the mounts is achieved. Depending on the par-
ticular helicopter design, it may be desirable to measure the isolation
provided by the mounts during flight and compare this to the ground test runs
with a view to verification of the mount performance.

Although constant bandwidth analysis is useful in determining the major
contributors to the cabin noise spectrum, we find that the line density is nor
mally so high that it is easier to analyze in 1/3 octave bands, rather than tr
to account for each individual discrete frequency. The use of correlation
techniques has been used in some of the analyses, but in view of the highly
correlated vibration signatures which appear at the mounts its success has bee
limited to a general overview of the contributions of transmission vibration t
cabin noise. We find that the method presented here yields adequate accuracy
and allows us to determine the most appropriate methods of noise control which
may consist of mount modification, isolated interior panels, or a combination
of these.

PROPULSION MACHINERY NOISE - AIRBORNE

The methods we employ to determine the contribution of case radiated nois
to the cabin noise levels are similar in principle to those described above.
Reference again to Figure 4 will show our assumed acoustic paths for airborne
noise which may be grouped as either direct acoustic leaks through holes be-
tween the machinery and passenger compartments or as the transmission loss of
the walls separating these compartments. The former case is usually easily
spotted by visual inspection as well as by localizing hot spots with a
roving microphone in the cabin. The latter case is investigated by measuring
the acoustic levels in the machinery compartment at a number of locations dur-
ing flight operations.

Static ground tests are then conducted to evaluate the transfer function
between the noise in the machinery compartment and the cabin SPL. Single
or multiple loudspeakers are placed in the machinery compartment to generate a
acoustic field distribution similar to that observed during flight and simul-
taneous recordings are made of machinery and cabin noise from which the trans-
fer function is derived.
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Figure 5 demonstrates a typical result of such a test and this may be com-
pared with the total noise in the cabin shown in a subsequent figure.

TURBULENT BOUNDARY LAYER NOISE

One source of broadband noise in the cabin is the turbulent boundary layer
which is present over the exterior of the helicopter. At low forward veloci-
ties boundary layer noise will be negligible compared to other sources, but as
helicopter speeds increase there is a likelihood that such noise will become
important.

The turbulent boundary layer will excite the cabin structure and the win-
dows. However, since the structure will be covered by insulation material and
interior trim, the windows will be the important surfaces radiating boundary
layer noise into the cabin. In order to estimate this contribution to cabin
noise levels, it is necessary first to estimate the vibration of the window
and then the acoustic radiation. '

For typical helicopter speeds and window thicknesses, the acceleration
power spectral density Sa(f) of a window pane can be estimated using statisti-
cal energy analysis, under the assumption that resonant response is dominant.
The window vibration can be estimated using

O.1h3Uc Sp(f)

& one m‘z £

where Sp(f) is the boundary layer pressure excitation at frequency f, U, is the
pressure convection velocity, N the panel loss factor, C. the longitudinal wave
velocity in the panel, Mg the panel surface mass density and K the radius of
gyration. Acceleration spectra have been estimated for the cabin windows assu-
ming n = .01l and u, = 0.8 U0 (UO is the forward flight speed).

The above equation has been used to estimate one-third octave band levels
for windows, on a helicopter flying at its normal cruise condition. The re-
sulting spectrum is shown in Figure 6 where it is compared with levels measured
on three window panels, The agreement is quite good. The forward door windows
show higher levels than predicted, which are probably due to increased turbu-
lence, as these windows are Jjust downstream of the most extreme bends of the
fuselage contour and also may be affected by increased turbulence due to rotor
downwash. The passenger door window vibration is considerably greater than
predicted at frequencies below 400 Hz as this panel responds in a resonant
fashion to the rotor pressure field.
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The radiated sound pressure levels can be estimated using an equation of
the form

22
S, (f) = Pot® | b 5 ()
i ﬂga Aa f2

where 8;(f) is the power spectral density of the interior sound field, Aq is
the transmitting area, Ay is the absorbing area with average absorption coeffi-
cient o, p, is the air density, c, is the speed of sound, and 0 is the acoustic
-radiation efficiency of the transmitting structure. As an upper limit, O can
be assumed to be unity.

The value of Sg(f) can be calculated, as indicated above, or obtained from
measured vibration levels. An example of the latter case is shown in Figure T,
where the spectrum represents the acoustic power radiated by all windows of the
helicopter cabin. In this particular case, the predicted sound levels result-
ing from turbulent boundary layer excitation were below those predicted for ]
other sources. However the boundary layer contribution will become more impor-
tant as helicopter speeds increase and noise control techniques are applied to
other sources.

OVERALL RESULTS

Summation of the individual contributors calculated from the noise source
diagnosis results should yield a value close to that measured in flight. Fig-
ure 8 shows the individual contributors determined for one model of helicopter
and is a summary of data presented earlier with the addition of engine struc-
tureborne noise. Addition of these contributors yields the solid line shown
in Figure 9 and by contrast the directly measured level in the cabin is shown
dashed.

The general agreement is quite good considering certain simplifying
assumptions such as averaging of the gearbox mount vibration levels. It is
certainly adequate for the design of interlor noise treatments although further
refinements are necessary if it is desired to change the machinery mounting
arrangements so as to modify the vibratory power flow or its distribution into
the structure.

The estimated level above 2000 Hz in Figure 9 is about 2 dB below that
measured and may indicate that an important contributor has been missed. How-
ever, given that the spectrum shapes are similar, it is more likely that there
is an error in the transfer function determination. A more searching analysis
is expected to resolve discrepancies of this order. A similar situation, al-
though reversed, exists below 1200 Hz and may be caused by errors in the experi-
ment where the same path contributes to two source mechanisms. As an example,
when performing structureborne noise tests on the machinery, the casing will
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radiate noise which can also arrive at the cabin via the acoustic path as well
as the structural path under study. Experimental care and anticipation of this
effect will ensure that nasty surprises are avoided.

CONCLUDING REMARKS

We have shown that by using relatively simple concepts together with care-~
ful experimental work it is possible to generate reliable dats on which to base
the design of high performance noise control treatments.

As an indication of the weight penalties associated with the noise control
treatments derived from a thorough study of the source paths we have been able
to achieve the best levels shown in Figure 1 for an added weight of some about
40 kg (100 1b) over that for the unfurnished interior. From this can be sub-
tracted the weight of a normally furnished interior which would produce the
levels shown in Figure 1. It has also been our experience that it is possible
to redefine some interior furnishing arrangements, which have noise control
built in, so that no weight penalty is incurred. This is achieved by remov-
ing and relocating or redesigning the noise control treatments to obtain the
best efficiency.
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Figure 1.~ Typical helicopter interior noise.
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Figure 2.~ Paths of engine and gearbox noise to the cabin.
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Figure 5.~ Computation of cabin noise due to airborne machinery noise.
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Figure 7.- Predicted cabin noise level induced by turbulent boundary
excitation of cabin windows.
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Figure 8.- Composite of noise spectra in cabin unfurnished interior.
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Figure 9.- Comparison of measured and computed cabin noise.
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