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SOMMARY

This paper summarizes the recent experimental and analytical studies of
helicopter rotor broadband noise sources performed at M.I.T. Both low
frequency broadband noise (IFBN) and high frequency breoadband noise (HFBN)
results are presented. The HFBN is due to boundary layer self noise (BLSN).
The effects of tip speed, advance ratio, blade loading, free stream turbulence
and blade tip gecmetry on both LFBN and BISN were studied experimentally.

The leading and trailing edge geometries were found to reduce the IFBN by 2-5
dB at low inflow turbulence intensities. A general theoretical model is
presented to predict IFBN spectrum and was found in good agreement with the
experimental results. Simple scaling laws for both IFBN and BLSN were also
found in good agreement with the experimental results. The effects of blade
loading on IFBN could not be explained by present theories. In the case of
BLSN, saturation of peak sound pressure levels were observed beyond tip Mach
mumber of 0.20.

Paper presented at the Ninth European Rotorcraft Forum, Stresa, Italy,
September 13 - 15, 1983.
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1. Introduction

This paper summarizes the recent experimental and theoretical studies of
model helicopter rotor broadband noise sources performed at M.I.T. (1-8). Both
the low frequency broadband noise (LFBN) and high freguency broadband noise
(HFBN) results are presented,

Most work in the past was focused on modeling rotational noise, mainly due
to blade slap (9-11). Broadbard noise research was mainly overlocked. Major
advances were made in this field by our group at M.I.T. and other (12-15), In
particular, we have been successful in simulating broadband noise for helicopter
rotors, at M.I.T.

Our broadband noise research consisted of both thecretical studies and
experimental studies. These studies included two broadband noise sources,
namely, i) low freguency kroadband noise due to inflow turbulence,and ii) high
frequency broadband noise due to boundary layer self noise. Before going into
details of present study, a brief discussion of helicopter rotor noise source
mechanism is presented in the following paragraph.

1.1 Helicopter Rotor Noise Mechanisms

» Depending on their frequency content, the basic source mechanisms of
helicopter rotor aerodynamic noise may be classified into two major categories,
namely: harmonic/rotational noise, and broadband noise. Refs. (1 to 8). Harmonic
noise is identified by discrete narrow peaks which occur at an integer multiple
of blade passing frequency. It may be attributed to steady and unsteady blade
loading, blade-vortex interaction, thickness effects and shock wave propagation.
The latter three are sometimes called blade slap. The harmeonic noise spectrum
due to steady and unsteady blade loading may extend over 20-25 times the blade
passage ‘frequency, whereas in the case of blade slap it may extend over 50-60
times the blade passage frequency. Beyord this range the noise spectrum is
continuous and broadband. It is convenient to classify this broadband noise
spectrum into two parts: low frequency broadband noise and high frequency
broadband noise. The LFBN is mainly attributed to random loading due
to inflow turbulence. The HFBN may by due to five mechanisms namely:

{a) boundary layer self noise (BLSN), (b) turbulent boundary layer noise,

{¢) edge noise, (d) incident turbulence noise, and (e) stall noise. BISN is
believed to be a direct consequence of a self excited feedback loop of
aerodynamic origin formed by the acoustic wave, laminar boundary layer and
angle of incidence. Boundary layer noise is due to boundary layer turbulence.
Edge noise is due to the interaction between unsteady flow and the trailing
edge. The mechanism of incident turbulence generated noise may extend up

to the region where other noise mechanisms discussed under HFEN are operative.
Stall noise is due to rapid load fluctuations during stall process or due to
the interaction of turbulence in locally stalled region with the rotor blades.

1.2 The LFBN

There are a number of theoretical and experimental studies (3, 5, 6, 12-15)
which support turbulence as the source mechanism of IFBN. As the rotor blades
pass through a non-uniform velocity field, they experience fluctuating angle of
attack causing unsteady lift forces. These random loadings are the result of
interaction of the blade with inflow turbulence or with the wake turbulence
generated by the same or other blades. As the inflow free stream turbulence
contains a spectrum of wave mumber components, the resulting loading spectrum
affects the acoustic spectrum over the entire range of frequencies. A systematic
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experimental investigation was carried out to study IFBN from model helicopter
rotors at low tip speeds and results are presented. The effects of tip speed,
advance ratio, blade loading, size scale arnd intensity of turbulence on the
sound pressure level of LFBN are discussed. A general theoretical model of IFBN
is presented. This theory can be used to predict absolute sound pressure levels
(SPL) of the LFBN spectrum. In addition, a simplified :expression for the peak
SPIL. of IFBN for the case of a sinusoidal gust is developed. This expression is
for a single wave number component of a continuous spectrum of a turbulent flow
which contains all wave nurber components. The simple theoretical prediction
model for scaling LFBN peak SPL is compared with experimental results.

1.3 The HFBN {due to BISN)

The discrete tones at high frequencies for stationary airfoils and the high
frequency broadband noise hump for rotors operating at subsonic tip Mach
numbers may be attributed to laminar boundary layer self noise. This mechanism
is highly dependent on Reynolds murber and angle of incidence. Experiments
indicate that this noise is operative as long as the boundary layer on the
airfoil surface or a rotor blade is laminar. It seeaus that this noise of
aerodynamic origin is a direct consequence of a self-excited feedback loop
formed by the acoustic wave, laminar boundary layer, and the wake flow of the
airfoil. This mechanism is alsoc known as vortex noise because some investigators
believe that the noise is due to vortex shedding that is caused by an interaction
of the airfoil's wake-induced velocity field and the airfoil itself (16, 17).
The shed vortices generate a pericdic pressure fluctuation over the airfoil
resulting in an edge dipole radiation. This mechanism is also known as discrete
tone noise because the spectrum of the noise signal of isolated airfoils within
a certain Reynolds number range shows the acoustic power concentrated in a
narrow band of frequencies (17). Experimental investigations indicate that
these tmes are well defined functions of velocity. Since the velocity is con-
tinuously varying alon the rotor blade span, the tone noise appears as a
broadhand noise hump for rotors under certain operating conditions.

In this paper, a simple scaling law for HFBN is presented. The experimental
investigation of HFBN due to BISN is based on the same parameters (tip Mach number
advance ratio, etc.) as those for IFBN. This paper also discusses some interestir
results of saturation of peak SPL as a function of tip Mach number and advance rat

2. Experimental Study

2.1 The M.I.7. anechoic tumel and rotor facility

The M.I.T. anechoic wind tunnel facility was used for the experimental
investigation of broadband noise generated by a model helicopter rotor. The
tunnel is an open jet closed circuit wind tunnel designed for low speed
aerodynamic experiments. The dimensions of the test section are 1.524 x 2.286 m:
top speed is 32.2 m/s. The open jet test section runs through an anechoic
charmber of dimensions 7.32 x 3.66 % 3.66 m. The side walls and ceiling of the
anechoic chamber is covered with Cremer blocks and the floor of the chamber is
covered with 0.152 m. thick polyurethane foam. The anechoic properties of the
tunnel were measured and the acoustic cut off frequency above which free field
corditions prevail was found to be 160 Hz. The effect of the shear layer of
the open jet on refraction and scattering of acoustic waves was studied by
using aeolian tones as sound source and was found to be insignificant under
the present test conditions. The model helicopter rotor system consists of a
1.27 m diameter rotor. Rotor blades are held by bolts to a root fixture. The
rotor hub can take any number of blades up to eight and is connected to a thrust
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measuring dynamometer. Details of the rotor and blades are given in Table I.

Controlled turbulence was generated with the aid of biplaner grids mounted
in the upstream section of the tunnel. The details of measurement of turbulence
properties are described in Ref. 18. Details of turbulence characteristics are
given in Table 2 of Ref. 8.

2.2 Instrumentation and data analysis

Figure 1 depicts the schematic of instrumentation for acqguisition and
. reduction of aerodynamic and acoustic data. The details of the instrumentation
and data analysis are discussed in Ref. 8.

2.3 Rotor Blade Tip Shapes

Figure 2 shows the geometry of the rotor blades. The interchangeable tips
occupy the outer 15 percent of the radius of the rotor blade. The leading edge
and the trailing edge sweep angles were selected as 5, 10 and 15 degrees. All
blades have the thichness distribution of a NACA 0012 airfoil section. The
rotor blades with interchangeable tips consist of a metal spar with balsa wood
covered with fiberglass and epoxy. The metal spar extends cut from B85 percent
radius toward tip. The interchangeable tip shapes slide fit on the metal spar
and can be held in position by a metal pin. Details of rotor blade design and
fabrication ave given in Ref. 19.

2.4 The Test Series

The flowfield associated with a helicopter is quite camplex. In order to
get a clear understanding of the effect of various parameters of ILFBN and BISN,
tests were planned so that only one parameter was varied while keeping the cther
parareters fixed. The basic parameters were tip speed, advance ratio, blade
loading, size scale and intensity of turbulence, and blade tip geometry. In
order to form a baseline of the study, square tip blades were tested initially.
Then, the results of various tip geowetries were campared with the results from
the square tip blades. The following paragraph gives the range of various
parameters covered in the tests on each geametry.

The tip Mach mmber was varied fram .15 to 0.49 vhich corresponds to the
variation in the shaft xrpm of 750 to 2500. The advance ratio was varied fxom
0.075 to 0.25, and the blade loading was varied from 0.057 to 0.12 (cdbtained
from measured thrust). The blade loading covers approsimately, the range a
tvpical helicopter encounters. Size scale and intensity of hamogenecus
turbulence were varied by inserting different grids upstream of the test section
of the tumel. The measured rms intensities of the turbulence were found to be
1.7, 6.25 and 11 percent of the flow velocity at the test section of the wind
tunnel for the case of no grid, small grid and large grid, respectively.
VWhereas, the longitudinal scales of turbulence were found to be 0.2997, 0.0838
and 0.127 meters for the no grid, small grid and large grid, respectively.

For a given state of turbulence in the test section, three sets of tests
were plamned. For each of the three sets, zero shaft angle was selected. In
the first set of tests tip speed was varied by keeping advance ratio and blade
loading constant. In the second and third set of tests, advance ratio.and blade
loading, respectively, were varied keeping other parameters constant. The above
set of tests was repeated for square tip blades for the no grid, small grid and
large grid cases. Then, each tip geametry was tested in a similar mamner. The
rmodel rotor consisted of two blades for all tests.
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3. Experimental Results

Figure 3 shows a typical spectrum obtained by analyzing a noise signal on
the spectrum analyzer. Sound pressure level (SPL) in decibels (dB) is plotted
as a function of frequency. The ranges of low frequency broadband noise
and HFBN due to boundary layer self noise are shown in this figure. The BLSN
range was obtained by putting serrated tape on the rotor blade surface. The
serrations were cbtained by cutting the tape with pinking shears. The serrated
duct tape (.0127 m. wide) was placed at 0.0095 m. from the blade's leading edge.
Both suction and pressure side serrations were used. Experiments were conducter
to evaluate the effect of either suction side or pressure side serrations. It
was found that only the pressure side serrations were effective in reducing the
BISN. The suction side serrations had negligible effect on the BLSN spectrim.
This seems to be due to the presence of turbulent boundary layers on the suctior
surface of the rotor blades.

In our discussion, we refer to a peak SPL as the value of sound pressure
level at the intersection of a line which represents the average SPL at lower
frequencies of the LFBN spectrum with the SPL axis as shown in Figure 3. The
peak SPL of BLSN hump and corresponding peak frequency (frequency at which the
peak SPL occurs) are also depicted in this figure.

3.1 IFBN Results

Figure 4 shows the plot of the peak SPL as a function of tip Mach muher.
For comparison, a line representing sixth power tip Mach number law is also
drawn. It is seen that the peak SPL follows approximately a sixth power tip
Mach number law. Experiments of (Ref. 18) show that the rms velocity of
turbulence, @ is proportional to the mean flow speed in the test section of
the wind tunnel. Since the flow velocity is equal to advance ratio times tip
speed, and advance ratio was kept constant at 0.10 during this set of tests,
the mms velocity of turbulence is proportional to the tip speed. Therefore,
the peak SPL of IFBN follows a tip Mach number to four power law if the effect
of rms turbulance velocity is removed by subtracting 20 log(Ww) from the peak
SPL. This is in accordance with the earlier observation (3) for tip Mach
nubers less than 0.20.

It is also seen from Fig. 4 that the SPL curves for the no grid, small gric
and large grid cases are successively ohe above the other. This is due to the
increase in ms velocity of turbulence which is highest for the large grid, and
lowest for the no grid: and has intermediate value for the small grid.

Figqure 5 depicts the effect of advance ratio on the peak SPL of LFBN. It
is seen from this figure that the peak SPL of IFBN increases with the advance
ratio. This trend is.due to the following reasons. First, the advance ratio
was increased by increasing the wind tunnel speed. As the rms velocity of inflc
turbulence was proportional to the flow/tumnel speed, the peak SPL of LFBN
increased with the advance ratic. Second, the advancing rotor blade tip speed
was increased by a factor of (1 + p). Hence, there was a small increase in the
relative velocity of the rotor blade with respect to airflow on the advancing
side of rotor by a factor of u. This contributed to the increases in the SPL
of IFBN with increases in advance ratio to a small extent.

A scaling law developed in the following section predicts SPL increase witl
advance ratio as shown by a line in the figure, for constant tip speed and blade
loading. The prediction appears to be in a good agreement with the experimental
data. Again, the SPL curves for the no grid case, the small grid case and the
large grid case are successively one above the other. This is again due to the
monotonic increase in the rms velocity of the inflow turbulence which is highest
for the large grid and lowest for the no grid case.
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Figure 6 shows the peak SPL variation with the blade loading for no grid,
the small grid and the large grid cases. This figure shows that the peak SPL
of LFBN increases with the blade loading and is a function of the rms intensity
of turbulence. It also shows that for a given grid (rms intensity of turbulence),
the peak SPL of IFBN increases with blade loading.

It may by noted that the theories (12-15) do not predict any increase in
the sound pressure level with increases in blade loading keeping all other
parameters fixed. The present experimental study has revealed that the SPL is
a function of the blade loading. This is important because the helicopter rotors
do not operate at constant blade loading. Even for a given blade loading, the
SPL predicted by the LFBN theories may be different from the experimental results.
This is because the theories developed earlier do not incorporate the mechanism
of noise generation as a function of blade loading.

To further understand the increase in the peak SPL with blade loading, we
conducted two additional sets of experiments. These experiments were conducted
to find out whether the tip path plane (and therefore, the rotor wake) and inflow
velocity had any effect on the cbserved increases. Effects of tripping the
boundary layer by using serrations and forward tilting of rotor shaft were studied.
The test results were similar to those obtained earlier. Thus, it is still not
clear why the SPL of LFBN should increase with blade loading and should depend
on the intensity of ms turbulence.

Figqure 7 shows a typical camparison for the TE geometry with the scquare tip.
This figure corresponds to tests at constant blade loading of 0.106, keeping tip
speed and tunnel speed constant and for the no grid case. It is seen that
the SPL reductions of the order of 2-5 db can be cbtained at the lower end of
the IFBN spectrum. The SPL reductions were found to be higher for larger sweep
gecmetries. However, for the blades with larger sweep angles, the thrust levels
at high blade loadings were found to be smller campared to those for the square
tip blades. From the point of view of the thrust levels at high blade loadings,
our results indicated that the sweep angles should be limited to about ten degrees.

Tests were also conducted for the small grid and large grid cases. Scmewhat
smaller SPL reductions were observed for various tip geometries ccmpared to those
for no grid case. The reductions cbserved were found to be closely related to
SP1L, variations.

3.2 BISN Results

The peak SPLs of BLSN hunp are plotted as a function of tip Mach number in
Figure 8. The effect of different grids on the peak SPL of BISN is also included
in this figure. For a given grid case, it is observed that the peak SPL of
BLSN appears to saturate or fall off as the tip Mach number is increased., This
observed trend is different from that reported earlier in Ref. 20. It was
reported in Reference 20 that the peak SPL followed a 5.8 power law of advancing
blade tip Mach mumber for tip Mach numbers less than 0.20 in the no grid case.

The explanation of this can be given based on the characteristics of the
BLSN phenomena. It should be noted that this phencmena is highly dependent on
the Reynolds mumber and the angle of attack. In fact, serration studies indic-
cated that a conssiderable reduction in the SPL of the BLSN peak was observed
with the proper use of serrations (Ref. 2, 20). The effect of serrations on
blade surface is to change the boundary layer from a laminar to a turbulent one.
Also, it was observed by Paterson, et. al. (Ref. 21) that the sound pressure
level associated with discrete tones on stationary airfeoils was a strong function
of the Reynclds mumber and the angle of attack {(which, in turn, are related to
tvpe of boundary laver on airfoil surface). Paterson, et. al. (Ref. 21) also
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observed that the far field tone amplitudes increased rapidly with velocity for
low velocities or Reynolds numbers, then the amplitudes saturated and fell off
rapidly after saturation for the airfoil at a given angle of attack. Our
experiments on model helicopter rotors alsc show similar dependence on the
velocity and angle of attack. It segns that up to a Mach number of 0.20, the
peak SPL of BLSN peak increases as M7 law as reported earlier by Refs, 1, 2, 20
and then saturation or reduction in the peak SPL occurred when the tip Mach
muber was varied from 0.20 to 0.40.

Note fram Figure 8 that the peak SPL associated with the test results for
small and large grid are lower than those for no grid case. This seems to be
due to the influence of inflow turbulence on laminar boundary layers on the
rotor blade surfaces. The observation of reduction in the peak SPL of BLSN
with increase in inflow turbulence intensity was also reported earlier. (Ref. 2)

Figure 9 shows the effect of tip Mach number on the peak frequency of
BISKN hump for no grid case. As discussed earlier, the peak frequency increases
with tip Mach number, The slope of frequency (Hz) versus tip velccity (ft/s)
was found to be 28, as compared to 54 reported in Reference 2. The explanation
for this may be given in the following way.

As the tip velocity is increased beyond Mach number 0.20 it is believed
that contribution to SPL from outermost region does not increase with M9-8
law and some portion of tip region of rotor blade radiates egual amplitude of
sound due to saturation phencmena. The area of this outer tip region radiating
saturated amplitude of sound gradually increases with tip speed. Therefore,
the peak frequency cannot be assumed to scale with the Strouhal mumber based
on tip velocity because a portion of the outer blade tip region radiates
saturated amplitude of sound. In fact, the Strowhal scaling law now should use
a velocity less than the tip velocity. If the Strouhal number is still assumed
to be based on the tip wvelocity, then naturally the slope of £ - Vi plot would
decrease. It may be noted that the saturation in amplitude for staticnary air-
foils is dependent on both the Reynolds mumber and the angle of attack and care
should be taken in applying this result for helicopter rotors since for rotors
in gimulated forward flight, the Reynolds number and angle of attack of a rotor
blade element depends on the radial and azimuthal locations.

Figure 10 depicts the effect of advance ratio on the peak SPL of BISN for
a two-bladed rotor. The results again show either saturation or fall-off in
the peak SPL of BLSN with increases in advance ratio. This may be compared to
previously observed 8 dB per doubling of advance ratic  (Ref., 2). The
explanation for the observed trends of the effects of advance ratio in the
present study are closely related to those discussed earlier for the effects of
tip Mach mumber.

To determine the effect of blade loading on the spectrum and intensity of
BLSN, the pitch setting of rotor blades varied while maintaining the rotor
rotational speed at 1500 rpm and advance ratio at 0.10. Figure 11 shows the
spectrum shapes for no grid case. It is seen from this figure that the peak
SPI, increases with increases in blade loading. This increase seems to be due
to increases in the angle of attack. The increase in angle of attack allows
a more favorable pressure gradient on the pressure side of the rotor blade
surface. The favorable pressure gradient in turn delays the transition of
laminar boundary layer.

Experiments were conducted on three leading edge and three trailing edge
swept rotor blade tip gecmetry are shown in Figure 12, Effect of both side
serrations is also included. It is seen that the serrations have a pronounced
effect on the reduction BLSN than the 15 degree trailing edge sweep. Results
of leading edge sweep blade tips are discussed in detail in Refs. 7 and 19,

Experiments were conducted on three leading edge and three trailing edge
swept rotor blade tip geometries. Typical results for trailing edge geametry
are shown in Figure 12. Effect of hoth side serrations is also included. It
is seen that the serrations have a pronounced effect on the reducticn BLSN
than the 15 degree trailing edge sweep. Results of leading edge blade tips are
discussged in detail in Refs. 7 and 19.
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4. Theoretical Study

In this section, theoretical models of both LFEN and HFBN are discussed.
In particular, a general theory of LFBN is presented and scaling laws for both
IFBN arnd HFBN are given.

4.1 Theory for LFBN

4.1.1 General Theory

Brief details of a general theoretical model® are discussed here.
This theory predicts absolute sound pressure levels of the low frequency
broadband noise due to inflow turbulence. This requires details of
inflow turbulence characteristics in predicting the acoustic spectrum.

The following are the important features which will be used in the present
formulation. The high frequency assumptionl? is used in the analysis. This
approximation allows the sound pressure to be calculated as if the rotor blades
were instantaneously in rectilinear motion. The sound generated by an airfoil
in rectilinear motion in terms of present coordinates {rather than retarded
coordinates) is given in Ref. 22. This gives the acoustic spectrum produced
by an airfoil encountering turbulence as measured by an observer fixed with
respect to the airfoil. To determine the spectrum in a ground fixed system a
Doppler shift is applied.

The procedure of theoretical analysis is similar to that given in Refs.
12, 13, 22. However, the following modifications are made. The effect of blade
twist and blade flapping is incorporated to accurately define the noise direc-
tivity pattern of each blade segment. A detailed expression for the chordwise
integral of the airfoil response function is given. Based on the experimental
results, the effect of blade to blade correlations is not included, i.e.,
correlation of sound from one blade passage with the sound from a different
blade passage is ignored. This assumption should be valid for helicopter
rotors but may not be appreopriate for compressors and turbines with many blades.

The final expression for the averaged power spectral density (PSD) of
acoustic pressure is given by (see for details Ref. 6 and 19).

. WY
TR o2 [wzpoc |L| }2 CDWW(KX, %01)- v (1)
Spp(x,y,z w) H dr av¥ ( ) oo
00 ov1
where _ iwtc
Ic B2 S M+- )
by (o) = Ak, Oyl Ky k) (3)
K% =-§ 14)
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O’ —
JT——
! x2+82 (y2+22) (5)
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The quantities x, y, z, in right side of Eg. (1) are the relative co-
ordinates of the dbserver with respect to the present location of the airfoil.
The square of Doppler factor was introduced in Egq. {1). One factor is intro-
duced to keep constant the energy in a given percent bandvidth when frequency it
Doppler shifted. The other factor is introduced to account for the fact that
the rotor spends .different amounts of retarded time at different azimuithal
locations (see Ref. 12). Once the function I and the turbulence field is knowm
then the PSD of acoustic pressure can be calculated from Eq. (1).

Numerical calculations were made to predict the sound pressure levels of
LFEN from model helicopter rotor in farward flight. Equation (2) was used in
the numerical camputatians. Figure 13 shows a typical comparison of theoretica
and experimental results for the case of the effect of advance ration cn LFBN,
with turbulence generated by the small grid. The theoretical results are in
good agreement with the experimental results. Since the HFBN is operative at
low rotor rpm and at high frequencies, theory does not agree with the experimen
at the high frequency end of the LFBN spectrum. However, if the serratians had
been used in the experiments, then the agreement would have been better over
almost the entire frequency range shown in these figures. Note that the HFBN
hup occurs at high frequencies for a rotor rpm of 2000, hence, the theocretical
results agree with the experimental results up to about 8000 Hz. Details of
the complete comparisons are discussed in Ref. 6 and 19.

4.1.2 S8caling Formula

Several expressions (6, 12-15) for the prediction of LFBN are quite involve
and it becomes difficult to obtain a simplified picture of how the peak sound
pressure level varies with different rotor parameters. The fact that the LIFBN
falls off rapidly with freguency can be used to simplify the expressions for
the peak SPL predictions, since the peak SPL occurs at the low frequency end of
the LFBN noise spectrim.

We start with Lowson's expression23 for the sound field of a point dipole
in an arbirary motion. For a rotor blade at advancing position, wherse maximim
sound power is emitted by blades, and encountering a sinuscidal convected gust,
we can write a simple ration for |p |2 as follows.

, . [cos8Row | oR VE(1 + 5y + 10u%) [5]
|p| S5 o ) (6)

This expression states that for the sinusoidal gust the SPL is proportional
to the square of rms velocity of gust and to the fourth power velocity law. The
above formula, although not exact, gives an idea of how the sound pressure level
would vary as a function of rotor parameters. The above expression may be used
to scale the peak SPL of a helicopter rotor due to turbulent inflow. The
assumptions in deriving it are:

(i) acoustic far-field is assumed,
R/rl<<l

(ii) w >> §

(iii) B* =1,

(iv) (& )2<< 1,
AR2
v) Ms( <) <1,
AB?
. 2
{vi) f{L ( ‘i;z) > 1, (7)
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The trends of the peak SPL of IFBN with tip speed and advance ratio keeping
other parameters fixed is found to be in a good agreement with the experimental
results. Figures 4 and 5 show such camparisons for the effect of tip speed
and advance ratio, respectively. The trends of the peak SPL variation with tip
speed and advance ratio for no grid, small grid and large grid case are well
predicted by the scaling law. It may be noted that the present theory does not
include the effect of blade loading on the SPL of LFBN.

4.2 Theory for HFBN (BLSN)

In this section, we discuss theoretical model for BISN. Note that, in
Refs. 1, 18, the BISN is referred to as HFBH.

To obtain a similar scaling procedure for high fregquency kroadband noise
due to BLISN generated by a model rotor, we assumed that noise sources were
acoustically compact and camputed the instantaneous pressure due to an element
of an airfoil where vortices are being shed. Extending experimentally obtained
results for the spanwise correlation lengths for stationary airfoils to rotating
airfoils and assuming that the correlation lengths vary like the displaceament
thickness of the boundary layer, it was observed that the peak intensity of
high frequency broadband noise BLSN has a Vi°*® factor. An expression which
scales the location of peak intensity in the frequency domain was obtained
based on the rotor blade geometric parameters., The resulting scaling laws
for peak intensityl> 18 was found to be

Mt Cot
SPL; = SPL; + 60 log 2 + 20 log 2!
M cits
ti
+101og 2 - 20 109 T2 + 10 10g BD2
By I (ALY,

+10 log {1+ ¥/3 0, + 5 12)

L+ M+ s @

and the peak frequency was found to be given by

£ = 1.08V t
P, L 1r2 (9)

for two rotor systems (designated by suffixes 1 and 2).

The effects of intensity and size scale of turhbulence were less chwicus in
the study of high frequency broadband ncise (BLSN). One of the effects of free
stream turbulence is to alter the correlation lengths of shed vortices (24).
To this end, we used an existing integral boundary layer calculation to predict
the turbulent boundary layers developing in a turbulent free stream. The
results indicated that increase in the intensity of free stream turbulence in
general, would tend to decrease the correlation length, thus resulting in
reducing the intensity of BLSN,

A comparison of predicted peak frequency and sound pressure levels with
experimental data showed good agreement except for the case of effect of
turbulence on the intensity of BLSN for tip Mach numbers less than 0.20. However,
above tip Mach number 0.20, we observed saturation in the peak SPLs of BLSN
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(as discussed in section 3.2). Thus, the present scaling law is valid up to a
tip Mach munber of (.20 for M.I.T. model helicopter rotor.

5. Conclusions:

Results of experimental and thecretical investigation of broadband noise
radiated from model helicopter rotors are presented. Conclusions are summarizec
for both the IFBN and HFBN (due to BLSN) below.

5.1 IFBN

1) The experimental results on the effect of tip speed and advance ratio
on the peak SPL of IFBN can be explained on the basis of present LFBN theories.

2) The experimental results on the effect of blade loading on the peak
SPL of IFBN is still not clearly understood.

3) The experimental results showed 2-5 dB reductions for swept gecmetries
carmpared to square tip blades at constant blade leading.

4} A general thecretical model is discussed which can be used to predict
absolute sound pressure levels of IFBEN due to inflow turbulence. Theoretical
results were found to be in good agreement with the experimental results.

5) A simple peak SPL scaling law for noise from helicopter rotor in
forward flights due to a convected sinusoidal gust is developed. The trends
of variation of peak SPL of LFBN with advance ratio and tip speed predicted by
the scaling law showed very good agreement with the experimental results.

5.2 HEFBN due to BLSN

1} The peak SPL of BLSN showed either saturation or fall-off as the tip
Mach number was increased from 0.20 to 0.40 and advance ratio was increased
from 0.075 to 0.250.

2) The magnitute of peak SPL of BLSN hump decreased with an increase in
inflow turbulence intensity.

3) The peak frecquency of BLSN hump increased somewhat slowly with rotor
blade tip velocity, as compared to that dbserved earlier and reported in Ref. 2.

4) The magnitude of peak SPL of BLSN was found to increase with blade
loading.

5) The BLSN hump seems to become broader with increases in blade sweep
angle. The peak SPL of BISN was found to decrease with an increase in the
trailing edge sweep angle.

6) Serrations on both rotor blade surfaces had pronounced effect on the
reduction of BISN. Suction side serrations had negligible effect on the re-
duction of BISN, as compared to pressure side serrations.

7) The mechanism of BILSN seems to be closely related to the presence of
laminar boundary layers on rotor blade surfaces. The BLSN is found to be
sensitive to both Reynolds number and blade loading. '

8) The scaling law for BLSN is found to predict the experimental results

upto tip Mach munber of 0.20. Experimental results indicate that saturation
effects are important above tip Mach number of 0.20.
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Table |. Model rotor characieristics

Radius (R} 0635m
Chord (0} 0.0508 m
MNumber of blades (B} 11to 8
Section NACA 0012
Twist ~8 degrees

Shait tilt capabitity +20 degrees
Testing rpm range 400 to 2650

Lead-lag None
Cyclic pitch None
Collective pitch By adjusting pitch of

individual blade
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Fig. 1. Schematic of instrumentation for
broadband noise study.
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Table 1. Mcdel rotor characteristics

Radius (R)

Choxd (c¢)

Number of blades (B)
Section

Twist

Shaft tilt capability
Testing rpm range
Lead-lag

Cyclic pitch
Collective pitch

0.635 m

0.0508 m

1 to8

NACA (0012

~ 8 degrees

+ 20 degrees

400 to 2650
None

None

By adjusting pitch of
individual blade
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