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j FOREWORD

This program was conducted as part of Contract DAHC04-
69-C-0087 from the U.S. Army Research Office, Durham,
North Carolina, under the technical cognizance of
Mr. James Murray. The work wras performed by the
Boeing-Vertol Acoustics and Aerodynamics ResearchStaffs. The principal investigator and prime author
was Mr. Harry Sternfeld, Jr., Supervisor of Acoustics.

Individual contributors to each section were:

Rotor Noise Prediction: D. Carmichael
Model Scaling: T. Fukushima,

H. Sternfeld
Effects of Rotor Design: R. Spencer,

H- Sternfeld
Impulsive Noise: C. Bobo,

T. Fukushima
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1.0 ABSTRACT

This study is a natural extension of the program to inves-
tigate noise generation on a hovering rotor reported in
Reference 1. That program acquired data on a large (60 ft.)
diameter rotor operating on a whirl tower, and evaluated
that data in the light of established analytical procedures.
The work described in this report compares the Reference 1
information with other available data in order to investi-
gate the effects of variations in rotor design. This data,
which was available from other test programs included
variations in number of blades of similar airfoil, airfoil,
and planform. Also included is an evaluation of model
testing by comparison of the results of the full size
helicopter rotor with a one-eleventh scale model.

A separate portion of the original test program evaluated
I the effect of tip vortex strength and trajectory or. the
impulsive (or "banging") noise generated by a hov,7ering
rotor. It wa5 found that although intersections between
the geaerated vortex and a following blade occurred over
a wide range of operating conditions, this condition, by
itself, did not result in the generation of an impulsive
acoustical signature. Reference 1 hypothesized that this
noise might be associated with an attached shock wave
which, under certain conditions, might undergo rapid
chordwise displacement thereby radiating sharp prc.ssure
disturbances. This concept is further examined in Section
5 of this report.

U
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2.0 ROTATIONAL NOISE PREDICTION METHODS

2.1 INTRODUCTION

The problem of predicting helicopter rotor rotational noise
has been treated by numerous investigators, one of the most -
comprehensive studies of the subject being that of Lowsos i
and Ollerhead (Reference 2). After carefully deriving the
equations governing rotor noise generation, they develop
two different calculation methods. The first, code named
HERON I, is designed to do very exact calculations u;ing
high speed digital computers. The limitation of this method
is that it requires extensive aerodynamic blade loading data
for input, which is generally not available, or at best,
exists for only several harmonics of the rotational fre-
quency. On the other hand, in their HERON II rmethod, they
make a variety of blade loading assLunptions and computa-
tional simplifications to come up with a series of design
charts which are quite z#T~le and convenient to usn,.
Reference 1 shows that noise predictions based on the
HERON II method agree quite well with measured data for
the first 3 or 4 harmonics of noise, after wehich the method
progressively underpredicts.

The primary objective of the present study is to develop a
method which produces accurate predictions for more noise
harmonics than HERON II does, without requiring a great
body of aerodynamic loading data, as required by HERON I.
In particular, there is a need to determine if the inaccu-
racies of HERON II are due to the blade loading assumptions
used, or to the computation simplifications used, or to
both. With these objectives in mind, the following plan
of work has been followed:

(1) Develop a versatile computer program which would per-
form the same basic functions as HERON I but without re-
quiring a large computer with disk storage. This program
uould have advantages over HERON I such as fast turnaround
time and the facility for multiple and frequent changes,
and would thus be a useful tool for performing parametric
studies to evaluate the influence of each variable on noise
generation.

(2) Perform sensitivity studies to evaluate the importance
of planform loading distributions, phasing of blade loading
harmonics, etc., on noise generation.

(3) Modify the computer program to have the capability of .
assuming a generalized blade loading distribution, so that
only basic operational parameters (thrust, RPM, dimensions,
velocities) need be used for input.

2



I

1 2.1 INTRODUCTION (Continued)

(4) a.,Chk out Lowson and Ollerhead's ccmputational simpli-
ficationz :-.y comparing exact with simplified calculations.

(5) Adjust blade loading assumptions to make noise predic-
tions agree with measured data, thus empirically deriving
blade loadings from noise data.

It was found that Lowson and Ollerizead's ccm.Putational
methods are generally quite accurate, and that greatly
improved correlation with measttred data is possible through
small changes in the assumptions of blade loading harmonicii decay. Noise predictions were found to be very sensitive
to the precise blad&. loading harmonic assumptions used.

This fact helps to explain the large scatter observed in
the measured data, since blade loadings are undoubtedly
affected by wind conditions, interaction with the wakes ofother blades, and other random phenomena.

S2.2 DEVELOPMENT OF A COMPUTER PROGRAM

A computationa:- tool s'uch as HERON I was needed to carry
out the desired studies, but HE-RON I was found to be rather
awkward to use because of the large computational require-
ments. Therefori, Lowson and Ollerhead's basic eguations
were re-programmed using a much simplified calcula:tion pro--
cedure requiring less storage and calculation time, and
thus suitable for a WATFOR compiler system of FORTRAN IV,
Swhich has the adventges of simplified inrut formating and
very fast turnaround ",me. in addition, this system allows
for program changes by simply switching or adding cards.
Thus, various assumptions of rotor aerodynamic loading could
be built into the program, while maintaining a high degree
of mathematical accuracy. Ultimately, after many modifica-
tions, this program was used as the framework for the des-
ired prediction method.

The heart of this program (as well as HERON I and HERON II)
is equation 21 of Reference 2, which can be written in the
following form:

|

; I
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2.2 DEVELOPMENT OF A COMPUTER PROGRAM (Continued)

where p is the instantaneous pressure at a point xi due to
a force disturbance Fi at a point yi which occurred at some
previous time. Lowson does not use this equation directly,
but develops othe-r equations from it, employing retarded
times, Bessel functions, and P variety of coordinate systems.
The newly developed program, however, does use the above
equation directly. For each of a predetermined number of
azimuthal positions of the most outboard radial station,
the program calculates and stores sound pressures and pro-
pagation times to produce a pe6zsure-time history, adds the
effects of the other radial stations to produce a pressure-
time history for one blade, and then adds in the effects of
the ether blades, taking into account the appropriate phase
shifts. Finally, after the program has produced the
pressure-time history for one blade passage period, it per-
forms a Fourier analysis to get tlie level of each sound har-
monic.

2.3 SENSI.T.VITY STUDIES OF AERODYNAMIC LOADINGS

One of the most fundamental requirenents of any rotor noise
computational program is aerodynamic blade loading data as
a function of position and time. Aerodynamicists have -

learned to predict with varying degrees of accuracy such
parameters a* lift and drag coefficients, aerodynamic angles
of attack, and local velocity components at various loca-
tions over the rotor disk. From such data, aerodynamic
forces (lift and drag) can be calculated. A number of
questions arise, however, regarding the suitability of
such data for calculating noise. Certain parameters, which
may need to be specified with great accuracy to calculate
rotor performance can perhaps be ignored in calculating
noise, while other parameters which have a significant
effect on noise generation may be to a large extent un-
known because there never has been a need to define them.
Therefore, the major objective of this section is to eval- 5l
uete the sensitivity of noise generation to a number of
different aspects of aerodynamic blade loadings.

Radial distribution of airloads is fairly well understood.
Figure 2.1 shows a typical distribution of lift and drag
on a blade as predicted for a hovering rotor. In this
case, the lift forces axý, defined as being those which are e
parallel to the rotor shaft, and the drag forces are de-
fined as being in the plane of ihe rotor. Only a small 4

part of the drag shown is due to form drag; most of the 5
drag is from the induced forces in the drag direction.
The radial lift and drag distributions can be varied 1

4



J 2.3 SENSITIVITY STUDIES OF AERODYNAMIC LOADINGS
(Continued)

I somewhat by varying twist, RPM, airfoil shape, etc., accor-
ding to the performance requirements of the helicopter.
Such changes can have quite significant effects on perfor-
mance. On the other hand, performance is relatively insen-
sitive to minor perturbations of blade loading as the blade
rotates, since these effects tend to cancel each other and
have little or no net effect on aircraft performance. How-
ever, it is believed that these azimuthal perturbations have
a great deal of effect on noise generation. To more fully
understand the situation, numerous hypothetical blade load-
ings as a function of position and time have been used as
input to the computerized prediction method, and the re-
sults are presented below.

2.3.1 Radial Distribution of Loads

ilNoise calculations were made for the steady blade loadings
presented in Figure 2.1, for incremental 1 ft. blade sec-
tions. Both incremental and cumulative effects are pre-
sented in Figure 2.2. It is to be observed that the areas
near the tip are by far the most important. In fact, ig-
noring the inner two-thihds of the blade produces an error
of less than 1 dB. It was suspected that within practical
limits the shape of the spanwise loading distribution has
a relatively minor effect on noise. Partly to evaluate
this hypothesis, noise was calculated for several spanwise
loading approximations shown in Figure 2.3. Table 2-I

compares calculated noise levels of these simplified load-
ings with the levels of the complicated loading shown. It
is apparent that such complicated loadings can indeed be
appro.imated by simplified geometrical patterns without
serious er-rz. pection 4 discusses the effects of blade

design on a spanwise loading distribution. Since spanwise
loading differences are normally rather small between heli-
copter rotors (because of design restraints imposed for
performance and structural reasons), only very minor dif-
ferences would be expected in noise generation. However,
if major design differences exist, such as would be found
between a helicopter rotor and the highly twisted configura-
tion used for tilt rotor vehicles, perhaps the effects on
noise would be noticeable, since the center of lift could
be moved inboard, where the velocity is less.

51.
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2.3.2 Harmonic Distribution of Loads

To evaluate the sensitivity of noise generation to the
order of blade loading harmonics, noise spectra were cal-
culated for individual harmonics, one at a time. The re-
sults are shown in Figure 2.4 for a load of 1000 lb. (peak)
exerted at the tip. It is noteworthy that noise generation
sensitivity increases with blade loading harmonic number.
This is undoubtedly because there is a frequency term in
the force derivative, bF/•t, appearing in the above equa-
tion of Lowson and Ollerhead. In reality, blade loading
harmonics drop off rapidly with frequency, but are still
very important for noise generation, not only because of
the above reason, but also because for the higher noise
harmonics in particular, many loading harmonics can have
a large cumulative effect, even though no particular load-
ing harmonic is likely to be very important by itself.

2.3.3 Phasing of Loading Harmonics

A study was performed to determine if the phasing of any
one loading harmonic with respect to the observer has a
significant effect on the observed noise. Harmonic loads
of varying phase angle were fed into the computer program. i
The results. are shown in Table 2-11. The conclusion is
that any phase angle can be used without serious error.

Another study was performed to see if the relative phasing
of two or more loading harmonics with respect to each other
is important. In this case, very large differences in
noise level were observed, Table 2-111, apparently because
of localized cancellations and additions. Since precise
harmonic phasing of the airloads cannot be determined
(being to a large extent a function of wind and other
random factors), the most logical assumption is that each
loading harmonic is randomly phased with respect to the
others. Of course, such an assumption is not necessarily
true for a specific situation. Relative phasing of load-
ing harmonics could certainly be a factor in the large ob-
served scatter of experimental data. iL
2.4 MODIFICATION OF COMPUTER PROGRAM TO USE SIMPLIFIED

INPUTS

2.4.1 Basic Approach

The level of each noise harmonic in the non-rotating system
is made up of contributions from a number of different
blade loading harmonics. If it is assumed that these load-
ing harmonics are phased randomly with respect to each I
other, then the level of each noise harmonic can be ob-

6 ý
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I 2.4.1 Basic Approach (Continued)

tained by adding incremental contributions from the signi-
ficant loading harmonics on an energy (pressure squared)
basis. Therefore, a decision was made at the end of the
sensitivity study to modify the program to have the compu-I• ter perform such a function, while at the same time making
generalized assumptions about the spanwise loading distri-bution and the blade loading harmonic decay, thus producing

a program which would serve the same function as HERON II.

Starting with the steady loading component, the program cal-
culates the noise spectrum for each blade loading harmonic,
the total number of which is a function of the number of
blades and the number of noise harmonics desired. Values
of pressure squared are stored in a two-dimensional array
as a function of blade loading harmonic number and noise
harmonic number. Finally, these values are sorted and the
level of each noise harmonic is obtained by adding the
incremental contributions from the various loading harmonics.

2.4.2 Assumed Loading Laws

The program was initially modified to assume six radial
loading positions on each blade, using the distribution
described by curve C of Figure 2.3. Later, it was found
that computer time could be saved, without serious loss
of accuracy, by assuming a concentrated load at a single
point on each blade. The critical assumption turned out
to be the decay rate of the loading harmonics. Figure 2.5shows the markedly different noise spectra that were cal-

culated using loading laws which differed only slightly
from each other. Curve A is based on the same loading law
used for HERON II. Here, the first loading harmonic has
a peak value equal to the steady, and the other harmonics
decay at a rate proportional to \-2.5, X being equal
to 1 for the first loading harmonic, 2 for the second, etc.
Curve B shows the effect of assuming a A- 2 decay rate.
Curve C shows the additional effect of beginning the decay
with the first rather than the second loading harmonic.
(In other words, the first loading harmonic has a peak
value of 1/4 of the steady, the second, 1/9, etc.). This
latter choice appears to produce excellent agreement of
calculated with test data, as can be seen in Figures 3.7-
3.9.

7



2.4.2 Assumed Loading Las (Continued)

Et 3s interesting to note that Lowson and Ollerhead recon-
mend a -2 decay *i, based on data of Scheian. Te,reason they use a A'•° decay rate for HM 11 is to
account for assumed rand=k phasing (lack• of crea~n
of noise generated at clifferent stations-along the spa of

the blade. However, it is quite likely that coirelation
is actually good, since most of the noise is geneated over
a relatively small part of the blade near the tip..

2.4.3 Computational Sipl ifications

Lowson and Ollerhead use several computational simplifica-
tions which deserve closer investigation, AIthough they
seem reasonable. One of their more basic a s-1 tions is
that drag forces are equal to 1/10 of the lift forces.
Figure 2.1 indicates that this is a fair assuupiion. To
futher check on the validity of this assumption, a cm-
parison has been made between noise levels calculated using
the actual lifts and drags shown in Figure 2.1 and noise L
levels calculated using the same lifts but drags equal to
1/10 of the lifts- The maximum error, occurring in the
plane of the rotor, where only the drag forces 'are of sig-
nificance, is still less than I dB. At large angles from
the rotor plane, the drag forces have very little influence -

at all on the noise radiation.

Another assumption used by Lowson and Ollerhead is that the
lift and drag forces are concentrated at the 80% radius
position on the blades. To check out this assumptibn, woise
calculations were performed with the. loads concentratedý -at
several radial positions (90%, 85%, 80%, 75%). , in Table
2-IV, these noise levels are compared with noise levels cal-
culated using six radial loading positions, based on the
distributions of Figure 2.1 and Carve C of Figure 2.3.
The 80% choice appears to be quite good. for some of the
higher harmonics, but the -predictions seem to be a bit low
for the lower harmonics. The errors are not very- great
for any of the cases, however, so this-seems like a reason-
ably good assumption.

Lowson and Ollerhead discuss the matter of the number of.
loading harmonics needed to calculate a given noise har-
monic, and come up with the following relationship for the
range needed:

rnB O•-M)'-z Ve=m? .+r

8



,,here m is tie order of the noise harmonic, 3 is the ner
of bla--s, M is the tip.-,Mach - r, and ) reresents the

tenth noise hammnic for a three bladed rotor T"th a tip[ mach u of .76, Loading ni m mr 7-53 wadW be
needed- Ekwever, Lawson. and Oflerhtead' base this canclusicn

Saz1itm, wen in fact they are normally dropping off with'increasing frequemncy. Therefore, a simple std has been
Xformed to d imp if such a large nmfuer of liharm=r-cs really n . Using the A-2 decay rate,

noise has been calculated for a large n of indiviAmal
biding - 1, a the ccmtributins a•ed together,
starting with the steady loading, to detmine the point
r.iere i _ -i v loading harm•nics are no Longer sicnifi-
cant•. 2es-uts are shordn in F-igures 2.6 and 2.7 for fifth
and tenth noise harnnics respectively. in Fi-ure 2.6,
the curve shori-og the incremental effects Tld be svn-
metrical about h = 15 with sigzificant values from A = 4
to = 24 if all loading harmonics were of the sme -

-itude, but because of the decay, all the loading haocs
beond = 9 contribute less than 1/2 d3 to the tota-l.
An automatic cutoff has been included -n the progran to
lit the nuier of loading harmonics, based on 1iiat has
been enMiricallV found to be necessary for the hihest
noise harmomic of interest. Cutoff points are shown in
Figures 2.6 and 2.7 for the cases sl*-~nm.

2.5- CrvM-USIoHIS

,This work has shmon that Lawson and Olerhead's calculation
procedures are basically sound, and that only a few minor
corrections are necessary to their assumntions to obtain
good correlation between calculated and measured data.
Another calculation procedure has been produced which gives
good correlation with test data for a wide range of thrusts.
RP•Ms, and rotor diameters. However, there is still a great
deal of work yet to be done in understanding and predicting
helicopter rotor rotational noise. Good correlation has
been shown here only for test stand data, simulating a
hovering single rotor helicopter. Other types of aircraft
in other types of situations would presumably have other
types of blade loading harmonic distributions. Work re-
cently done under an Army program (Reference 3), for in-
stance, has indicated that a A-1.4 decay rate is probably
more accurate than the -2 decay rate for the case of
an overlapped tandem rotor. in addition, the decay rate
is very likely less for high speed conditions than for

9
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2-5 -&MRS_______-ed

ovr rzywitims Certainly, vhem a rotor at mey hi~h

banm~, tim odn ahn-csrcue is; radically duif-
fer~t fr~ ~er ~odtic!. Cm the Other ae.ifEah

solutely qmiesceml Comiticms maJ be -hew, (peemaps
fran aircraft hov'ering on a windless day, out of grmm

effect) the loadim bar=== decay rate mis~t be greaterm
tTIGM A -2_ These - - - "Ms c; im r. be anSered wItbcou±
more test data, either in the F ri of noise e mens

b~ae oadngmeasuremets, or, preferably, both-. Finally,
sanme wozk shou~ld be done to help explaim the great scatter
of test data wbc has been obevd xt has bee smq~e-
ted above that the scatter is --- o~tdvt idadoh-
ran&= imbemomea, Trat mnsirabie scatter exists; bebmem
points even after the data has beem averaged for 30 se~mfs
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MEW~ 2-Lz

Uxdim mrve of Fig-. 2-3

Noise cztzv MW= mw
Sa~cA C 13

2 %-.6 95..? 96-.9 97-1

3 90-8 89-4 91-1 91..8

4 85-1 0032 85-4 85-.5

5 79.4 7-11-2 79-7 79-8

6 73-8 7.13 742 74-2

8 62-8 59-6 63-2 63-2

10 53-0 49.5 53-4 53-.4



10(i lb Peak Laft at nnp

moise AirIma
~rici Eric 1 2 3 4 9

2 :L1 -2 -1 I

3 -110 :10-2 :O..1 ±9

4 11-2 20.-2 t0 10-

5 112 10-.2 10-1 103

6 -1L3 IA..3 IVA 1 0.1 --ol-

a 4-1.4 t0.3 10-L2 10-1 to0.1I

10 :1L14 ::!0.4 ::ro.-5 20.2

hmmibers sbhown as ±dB are the range of varliaticnj
obained by varying noise azd airload barmxmoic

rhasing by 15w'icerns



TABLE 2-I11

EFFECT OF RELATIVE PHASING OF LOADING HARMONICS

Loading Harmonics
Noise

Harmonic Steady & 1 3 & 4 6 & 7 8& 9

1 *7.4 dB ±5.2 dB ±2.4 dB

2 ±7.2 ±9.9 ±3.2 ±10.6 dB

3 ±7.1 ±7.6 ±5.7

4 ±7.1 ±5.9 ±5.3 ±5.1

5 ±7.1 ±5.2 ±15.4 ±3.4

6 ±7.1 ±4.9 ±9.0 ±7.3

7 ±7.1 ±4.7 ±7.3 ±9.5

8 ±7.1 ±4.5 ±6.4 x8.1

9 - - ±5.7 ±7.2

10 ±7.2 ±4.6 ±5.6 ±6.9

NOTE:
Numbers shown as 1tdB are the range of variation
obtained by varying relative phasing between
adjacent,equal amplitude loading harmonics by
150 increments.

13



TABLE 2-ZV

UPPET OF BLADU LOADING APPROXCIZMATZONS

6 Radial 6 Radial Percent Radius
Stations Stations 9 .85 .80 i75

Noise Precise Simplified 1 90,I
HaN- Loading* Loading, Concentra ed Loadings

Mnatle curve A Curve c

1 113. dB 110.7 dB 112,5 dB 111.7 dB 111.0dB110.2dB

2 108.9 106.3 109.4 107.7 106.1 104.4

3 104.0 101.5 105.1 102.8 100.8 98.8

4 99.2 97.2 100.9 98.3 96.5 94.6

5 94.8 93.5 97.4 94.8 93.5 91.6

6 91.1 90.4 94.7 92.l 91.2 89.1

7 88.1 88.0 92.6 89.9 89.2 86.9

8 85.5 85.7 90.7 87.7 87.4 84.4

* Reference Figure 2.3

14
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3.-0 C ,PARISO OF FLT•". SCAW AM- TJE .•OUGM.., ER%

3.1 RWATIOXAL NOISE

3.1.1 Theoretical D m

In considering scaling parameters to be used in the ac=s-
tic measuremnt of helicopter rotor syste•m•, the different
equations and b d cd may be used for the fzac-
tional analysis suggested by Kline in Reference .4. -- |-
though the governing equation approach is advisable, rotor
noise scaling involves a number of problems wbich makes the
nondimensionalizing of the solution more attractive. Theprincipal one is to incorporate the transfer of axes fro-
the source to the observer.

The rotor noise equations of Lowson, Reference ,2, have been I
recast into the following form: instantaneous sound pressure -

P(t) due to the far field and near field terms is:

fl~tX -r F F I L

4 ,r (.-MraL

Ft1IJ: I-

The square brackets are incidental to the scaling problem in I
that they indicate that the included quantities are evalua-
ted at the time the noise is generated whereas the sound
pressure P(t) is that noise detected at a later time, by I
the observers located at a position i relative to the
source. The other terms in the equation are defined as
follows:

a. = speed of sound,

S= Mach number. (vector),

F = aerodynamic force on the blade (vector)
r=JrI
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3.1I.1 Theoretical Development (Continued)

M IRI
M -r 9 O magnitude of the Mach nwuberin

r the direction of the vector r

The characteristic time is the blade passage period,

t _ _ _ (2)
2. Tr / 6 w

and is the fundamental measure for both the waveform and har-
monic analysis of the sound pressure. All prime quantities
are non-dimensionalized.

iThe characteristic dimension used is the diameter D,

r (

The acloustic pressure will be nondimensionalized using the
free stream dynamic pressure V e v

and the aerodynamic load by some aerodynamic coefficient Cf,

FluF

+ e VC C A
where:

C - chord,

41 - element of span.
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3.1.1 Theoretical Development (Continued)

Equation 1 in changed by the inclusion of equation 2 through
6 as*

S4 -bt

+ 4 e 0 + ttCA.L FCp FO

z~lb.Ca-O, O.: +,-M.t V e4 r'

or,

?8 V L[c ax ., o w __

-Mr) r'2' D b ' t- r

Now it is understood that the variables are all nondimen-
sionalized and for convenience the primes will be dropped.

4.1 D at 1-4 at

+(/Irr D a t r -(7)

The nondimensional parameters on the RH side of the above
equation require the following model scaling parameters:

1) Geometric similarity of the rotor: , AA

2) Scaling of the observer location: 7. r

3) Mach number simulation of the rotor: M,, M, M, Mtip

4) Similarity in C which implies scaling Mach number d.
and Reynolds number. The scaling of the angle of

24



3.1.1 Theoretical Development (Continued)

4) Continued

attack implies kinematic similarity, i.e., similar
velocity triangles. As is the case in all model rotor
testing, Reynolds number matching in the most difficult
and is usually not attained.

The sound pressure parameter on the left hand side needs
further exploration since for hover noise measurements, the
absence of free stream, dynamic pressure will result in
anomalies of the sound pressure and the aerodynamic force.
Hence, the velocity V should include the rotational speed
uj R.

V U,. + W
U.0 free stream velocity

The Doppler shift will not directly affect the sound pres-
sure; however, it will affect the harmonic analysis since
the Doppler shift is given byU or m. t

A
Since Mach number and advance ratios are matched as a neces-
sity for kinematic similarity, the freestream velocity num-
ber will be matched. Hence, the Doppler shift will be cor-
rectly scaled with respect to frequency.

3.1.2 Comparison of Measured and Predicted Data

Verification of the suggested scaling parameters for the
hover condition was investigated by comparison of data taken
on the full scale CH-47 rotor, reported in Reference 1 and
data which was taken on a 1/11 scale model of the same rotor.
During the model testing, which was conducted by Boeing/
Vertol as part of a blade development program, one micro-
phone position exactly scaled the one diameter microphone
position of the Reference 1 full scale data as shown in
Figure 3.1. Bldde planform, airfoil, and twist were
modeled as closely as possible.

Of that model and full scale data which was available, five
sets were found which were suitably matched for valid com-
parison. These data were analyzed, using digital averaging
techniques, and the resulting frequency spectra are presented
in Figure 3.2 through Figure 3.6. Figure 3.7 through 3.9
compare each modeled and full scale measured harmonic. Also
shown are the corresponding analytical predictions using the
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3.1.2 Comparison of Measured and Predicted Data (Continued)

Lawson method with modified loading law developed under this
program and discussed in Section 2. in evaluating this data
an experimontal accuracy of ft dB should have been considered
for the model data and 13 dB for the full scale data. This
is based on an instrumentation and analysis accuracy of 1
dB for both systems and a possible f2 dB ground reflection
effect on the full scale data (see Reference 1, Figure 22).
The location of the microphone in the wind tunnel was suf-
ficiently close to the blade tip that it appeared that wind
tunnel wall effects could be neglected.

In general the agreement between model and full scale mea-
sured data is of such a high degree that it appears reason-
able to conclude that by matching Mt and Ct/r in hove;
the absolute values of near field harmonic data of a full
scale rotor and a high quality model will duplicate each
other with respect to trend and absolute value. That this
should be so is analytically verified by the close match
between predicted and measured data for corresponding con-
ditions.

3.2 BROADBAND NOISE

Broadband noise (sometimes referred to as vortex noise) is
defined, for purposes of this program, as the sound pressure
spectrum over the frequency range in which harmonically
spaced discrete frequencies are not evident.

In measuring broadband noise it is important to recognize
that a clear representation of broadband noise requires
averaging techniques in addition to frequency analysis.
Narrow band spectra are required at least for initial data
screening in order to separate the rotational or harmonically
related components of the rotor noise from the purely broad-
band part of the noise.

Figure 3.10 shows a typical spectrum acquired near the
Boeing/Vertol engineering whirl tower. This spectrum from
0 to 2000 Hz was analyzed using a 1.6 Hz bandwidth filter
and averaging over 30 seconds of data. The advantage of
averaging spectra can be seen in the comparison with Figure
3.11 which shows the same data point unaveraged. The
averaged record gives a statistically significant level
which can be measured whereas the unaveraged record ob-
viously is too small a sample to exhibit a consistent level.
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3.2 BROADBAND NOISE (Continued)

Another feature of narrow band analysis of broadband noise
in that the relative level between broadband and harmonic
signals is inversely proportional to the bandwidth of the
analysis equip.nent. If the analyzer is set up to produce
levels according to the RMS value of the pressure (i.e.,
SPL=20 logPrma/Pref) the levels of any pure tones, har-
monics included, will be independent of the analyzer band-
width. The RMS value of the broadband noise will be pro-
portional to the square root of the energy passed by the
filter. This, in turn, is proportional to the bandwidth
of the filter. Thus the level of the broadband noise will
drop at -10 log A f where Af is the bandwidth of the
filter.

A more correct method of displaying broadband noise is to
use power spectral density. Power Spectral Density (PSD)
expresses the level in units of (power/l Hz), the amount
of acoustic power transmitted through a one Hz wide filter.
(See Reference 6,. p. 15 and p. 364.) However, in
these terms, the level of a sine wave (a pure tone or a
harmonic) is dependent upon the filter bandwidth, increas-
ing as 10 log Mf.

Thus, care must always be exercised when analyzing a signal
containing both pure tones and broadband noise. If a PSD
is used, the broadband level remains constant with band-
width and the harmonics increase with decreasing bandwidth
by 10 log &f. If a sound pressure level (RMS pressure)
spectrum is used, the harmonics remair, constant and the
broadband level decreases with decreasing bandwidth by 10
log 0f.

In comparing broadband levels, Figures 3.2 - 3.6, it is
therefore necessary to apply a correction of 10 dB to allow
for the fact that the full scale data bandwidth is .1 that
of the model.

In order to convert these broadband levels to an equivalent
overall sound pressure level, it is also necessary to sum
over the frequency range in question. Thus for the full
scale data analyzed over a range of 500 Hz with a 1 Hz
bandwidth filter the overall sound pressu 980level is the
peak of the brgpaand plus 27 dB (10 log1.0). A similar
value (10 log 2.•) is added to the model data. Figure
3.12 shows the cmparison of full scale and model broad-
band noise and indicates that, in general the model data
is low with respect to the full scale data.
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3.2 BROADBAND NOISE (Continued)

The origins of broadband noise generation are not as well
defined as rotational noise and no rigorous prediction
methods are currently available. At least three sources
are generally considered as probable major contributors.
They are turbulence in the wake, random airloads on the
blade, and vortex shedding. Although the latter is a
discrete frequency at any single point along the blade,
it varies radially along the blade, and results in what
would be described as non-harmonic noise when the data
is measured in the non-rotating far field. Paterson,
et al (Reference 5) have shown that the conditions for
noise due to vortex shedding appear to be a function of
Reynolds number and angle of attack as shown in Figure
3.13. Also shown are the ranges covered by the test data
which indicate that no pure tone region would be encoun-
tered on the model but that the portion of the full scale
blade inboard of about 20% r/R would be expected to gen-
erate this type of noise. Therefore scaling of even the
proper mechanism of noise generation is Reynolds number
dependent.

Once the vortex or turbulence noise has been generated,
its propagation and decay are dependent on the molecular
structure, and hence kinematic viscosity, of the medium,
but blade Reynolds number is no longer a consideration.
This implies that scaling of Reynolds number by operating
in gasses other than air will not serve for fixed system
noise measurement and that the characteristic dimension
(chord) and tip speed may be the more valid scaling para-
meters. It therefore appears that further refinement and
understanding of what generation mechanisms are responsi-
ble for the so-called broadband noise generated by a rotor
are needed before the important scaling parameters can be
separated out.
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TABLE 3-I

SYMBOLS FOR FIGURES 3.7 - 3.9

SYMBOLS

SET VT(FPS) CT/o- MEASURED PREDICTED

1 600 .0730 0 0

2 700 .0789 £ A

3 750 .0850 U

4 8oo .0819 0

5 850 .0797 D D
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I ~FUL 115 SCALRE
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0
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Figure 3.2
COMPARISON OF MODEL & FULL SCALE NOISE DATA
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MODEL
RUN T-" LGS

V= FPS SPLL+ DB R'M = 2415
T = 151 lbs

S = 704C•Ir = .o0-L,

to DAMC4-69-0087 -AVG"2X

FREQUENCY - KHz

SiiFULL SCALE]
RUN T 17700 LBS SPLL+47FDBU="

ml I -Z = 700 FPS RPM 233
In T =17,700 lbs

VT = 703 ft/sec
Cp/a, = .0789

3 00 500
HC04-69-C-0087 G. 32X

FREQUENCY - Hz

Figure 3.3
COMPARISON OF MODEL & FULL OCALE NOIrE DATA
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I
I

I MODEL

MIC- -'-''F pS SPLL+,,DB RPM = 2591
T = 176 lb

SVT = 755CT/V = .0828
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RUN.5"5 T = . /50 0 LB L' "B.

7 V RPM = 239

T = 21,,500 L:bs

VT = 753 Rt/,ec
CT/- =a- 08..

Up K°)4 3A

FREQUENCY - Hz

Figure 3.4
COMPARISON OF MODEL & FULL SCALE NOISE DATA
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tFigure 3.4
COMPARISON OF MODEL & FULL SCALE NOISE DATA
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kUH LBS MODEL

RPM =2742V

T = 196 lbs.

VT = 799 ft/se,,.
CT/ar = .0825

DAHCO4-.69-0087, rAVG 32XI
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w2 FULL SCAL3E

S RUNC ZIP T-. -Z3_9oo LBS SPi=+5 DB

T = 23,900 lbs.

wVT = 797 ft/sec
CT/a- = .0819

FREQUENCY -Hz

Figure 3.51
COMPARISON OF MODEL & FULL SCALE NOISE DATA
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S6 T = 26,600 lbs.
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I - = .0797

AVG. 32X

D ~~~04- 9-C-0087 AG 2

FREQUENCY- Hz

Figure 3.6
COMPARISON OF MODEL & FULL SCALE NOISE DATA
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I ~ ~~mise 2levels of tl --- ~ains ~i
V-Sae 4.1. w~e re=zee arinm pat. test. p~~n a--e
ted M the Euain-Merto ±inzr 0-afft1 Se ac~ui 8tw

d escrisbed ;- Ref-erem- Ithe bs f-2* t--,v
is ermow-ad ano the 0ý-47c and is rectiuan! in Olanfomij (Figz;re 4ja) --- d has a etl2M -1D-L53 section, constant
alon3g the radius.. A second crnigrtoalso rc-M5
in wlanfobi bas an !M 0012 airfoI d is the blade zsed
on the (s-47A air-Crafit (Figur-e 4~1?A third CM-1niruration.I - , is ta=ered in Pl~anfom~ along the outboard 30W%
of span, but maintainsý a osat00:12 section. along the
bza'de(igr 4.1b) - A -4barth- co figuration. lmow as the
Advanced Georeftzy Blad--e (PAO) is also an exper~ineta.] ma~-
firgaration and is --aried in plan-ftyrn as shoisn (Figure 4.10c
but in addition ha an airzfoill section ~ihicbn varies F-o

j12% thick at r/RP = 0-325 to 6%p thick at the ti-p. 2he
-effect of these two vwarriables, 1planfo6rn configuration and

airfoil section, are inseparable- in the noise data ofA= the
Advanced Geometry Blades, but the conf iguration Provides
an interesting copparison with the standard reference blade-.

The theory used f6or predicting the effects of planfotrin and
airfoil was developed by Lowson and oUerbead (Reference 2)
and modified as described in Section 2 of this report. As
noted by the authors of the Reference 2 study and discussed

I in Section 2 of this report, the ability of the method to
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szeeds of -650 and --125 f t/sec. onl'-y.. Eere again the-re
av:ears to be litst-le or no effect on lowser rotational
ha-73=2cs.. At the low~er timspeed, bmwever, the tapered
blade produces highier broadband noise levels at the
highest. thrust sh wn iiile at 750 ft/sec. both blades
display very similar noise spectra. !iiiis again confirmas
the conclusion that blade design has a secondary effect
on the noise of a rotor systema.

4-.4 E-FF.Crý OF a)-MBm'ED PLANiFOMI A!ED AMEFOIL EFFýTS

Data from 3 bladed rotors with both a vlanfori3 and air-
foill modification (A.G3) relative to the 23010 rectangular
blade is illustrated in Figs. 4.7-4.9.. Although the Cri/d
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t=mthe t Tip is not disa-yed. atboag•h the A con-

ztgmatin oe e2zbft conidercbly lower levels than time
I 23•2h0 at thrs of M lb.. a V = 7-W f /sec. Since this

no • .ni a b drai. that the statis-

,aen~ erel coc •_z -- e• to aw•m;iaey h ae m_

War ati• •ai n be ez•ected -in s Mher -•7nonoc
c "ta is greate than the z ito de of caigr e due to the
tjpes of bld-e varisatics whisb wre infeso ateionau

1 4..5 OF vAý-3&s
IWa7%efOMMS Were nqZWrm -Alize to - - tely the sam ampli-

for Q - - purpses- Thle standard CEE-47C -rotoirIis -r1 1-Ldwith the Am rotor in Figure 4-11. A com~pari-
son. Of waefokrurs such as tihis reveals in 1maio about
the t; d of rotor noise not available from an
averaged spectra plot such as previously illustrated. The
Wwavefor-ms for_ each rotor configuration generally display as;!M_'P arity_ im- rise tie be&. sbcr a trend, as a whole,
t -ard s~ný moetrf the AC1 soavefora about the peak pressure
*_hat is not generally present for the rectangular blade.
Time histories for this latter configuration have an initial
symmetry about'. the peak, but then dec-ay much less rapidly
indicating a trend !Drard higher harnonic content as re-
-ealed by the high frequencies i3mosed on the waveform of
the rectangular blade.

Some of the data in the cosmarisons in this section can be
grouped to iR1 iust-rate that While the lowest harmonics are
e ý.tremely stable the higher harmonics of a given blade plan-
form or airfoil may display a trend with tipspeed or thrust
Vnen coinrared with the reference blade, and there are trends
aassociated with ti- speed or thrust for any specific blade
in the study. But, just as important in making a comparison
of this nature, is that trends in rotor noise data must be
vieoed in the light that measurement programs on whirl towers
frequently result in scatter in data which may be as much as
6 dB for repeated points. Figure 4.12 shows, for example,
the scatter of 6 repe.-ated test points and reveals that a
trend or effect displayed by a change in blade design can
be at least partially contained in the scatter of repeated
data. It has already been noted, in Section 2, that small
changes in the phase of rotor airloads can result in sub-
stantial changes to the noise of the rotor.
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4.5 (DMPARISON OF WAVEFORMS (Continued)

On the other hand, only small changes in noise level in the V
law harmonics are expected with large blade design changes,
since airload predictions do not distinguish between design
variations of the magnitude being evaluated. This is par-
ticularly true for the low harmonics of rotational noise,
where the data substantiates only small magnitude varia-
tions in the first five noise harmonics. It is only in
the higher harmonics of rotational noise and in the region
where broadband noise governs that identifiable and repeat- I
able effects are displayed. Since this is where the largest
change in noise is displayed, it is where future research
should be concentrated.

Ambient wind, both in magnitude and direction, plays a sub-
stantial role in the wake geometry of a given rotor and
there-Fore of the noise which that rotor radiates. It must
not be concluded, however, that improvements to the geo-
metry of a rotor blade should not be studied in order to
achieve the ultimate magnitude of noise reduction that can
be realized by proper design. But the total effect of rotor
blade design variations on radiated far field noise is an
order of magnitude below the potential which can be rea-
lized from rotor tip speed alone. Perhaps the optimum rotor
should be defined in terms of a blade geometry which permits
the rotor to be operated at tip speeds which achieve good
performance while maintaining acceptable noise levels to
the observer in the near and far fields.

4.6 EFFECT OF NUMBER OF BLADES ON ROTATIONAL NOISE

Given the pressure time history of a one bladed rotor )!
P1(t) with period T and frequency Wu, -zr/T, the pres- It
sure time history of a B bladed rotor, PB(t), can be
found by adding the one bladed waveform to itself but
shifted by the blade passage period, T/8.

K i

K.:. I

The Fourier Analysis of this gives components A (which
are ccmplex numbers): 't ?ie

(-2-)
a ,hro we 2.7r
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4.6 EFFECT OF NUMBER OF BLADES ON ROTATIONAL NOISE
(Continued)

Substituting from equation (-1-) gives:

IE 5 XPT+) e it

or, interchanging the integral and the summation becauseI they are over different parameters, k &.4 *)

iT ka,3 -I z (.(I8 K•-)WB
k " - )I\0I °

'I
.":e Fourier analysis of the one bladed waveform pr'oduces
h, -monics of cu, given by:

C, p M (*eL" ,it(" 'I c : 2. (--

j or by c', .iding up the limits of integrrtiA.on into B segments
each T/•- long we can write

II JTie At

I Jai (IjI)Tla

I Changing - le from t to " j /TB gives:

C f frot + L)wmn(ttj

T At
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4-.6 EFFECT OF NUMBER OF BLADES ON ROTATIONAL NOISE

(Continued)

Ak comparison of equationsL-3-)andf÷)shous that when 1- j and

e_ L l = .e Li. u', + I B1 ) P°• W. t ( -7-) ii t

thenAl Cris

Equation (-7-) is true when the exponents differ by 2 V or
sonee integral multiple of 2V, 2 W (Z): I:o@. l t....

m i - u,.n(tr*jt/8)tZ a4

In order for this to be true for all time:WIS n
M•IS -w, t oa - (-8-) nt

and Wtr'Tj +.i T. =0

B

Recalling that T - 2W then U

-7 a=2ir W, nj ~W l
WBI

and substituting from (-8-) gives

n

which must always be true because the product of two inte-
gers m and J must be an integer,- k
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4.6 EFFECT OF NUMBER OF BLADES ON ROTATIONAL NOISE
(Continued)

Recalling that w, = VinT and w. 8 2 /ra we find that
(From Eq.(-8* this condition reduces to:

I h__B

Thus, it has been shown that the MnP% harmonic of a Bbladed rotor is B times the r e4 = v*h harmonic of a

one bladed rotor with the same loading per blade:

Ain, BKh.

This leads to the conclusion that for a given thrust, tip
speed and diameter, the envelope of the Sound Pressure
Level-Frequency spectrum is independent of the number of
blades in the rotor system but the frequencies at which
rotational harmonics occur are not. This is illustrated
in Figure 4.13 for a rotor of the size tested in the
Reference 1 program at a thrust of 10,000 pounds. Note,
for example that the 6th harmonic of a two bladed rotor,
the 4th harmonic of a three bladed rotor, and the 3rd har-I monic of a 4 bladed rotor all have the same sound pressure
level since they all fall at the same frequency.

The thrust of a hovering rotor is:

T - 1" ka e L (Reference 7)

where T = Thrust

I = Thrust coefficient

a" =Rotor solidity

R Blade radius

= Density of air

V = Tip speed

II
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4.6 EFFECT OF NUMBER OF BLADES ON RiVATIOMAL N)ISE
(Continued)

since ariT R2 is the total blade ar~ea this may be rewritten-:

where: A= The area of one blade -

n = Number of blades

An example of this can be seen in that the thrust of a CH-47 -
rotor using three (3) 23010 blades at a tip sp!ed of 750 FPS
is very closely matched at •a tip speed of 650 FPS by a four
(4) bladed rotor of the same airfoil or by the three bladed ,-
Boeing/Ver;tol Advanced Geometry Blade rotor of vaxying opti-
mized airfoil and planform. If the blade aerodynamic de-
sign is fixed the role of number of blades is either to re-
locate the harmonic frequencies, at constant tip speed, or "
to permit a reduction in tip speed. In -evaluating; the merits
of these approaches it becomes important to carefully spec-
ify the definition of rotational noise. Figure 4.14 pre-
sents the calculated values of the first nine harmonics of
a three bladed rotor at a tip speed: of 750 FPS. The corres-"
ponding Overall Sound Pressure rievel is 100 dB. This spec- T I

trum however has high amplitude low frequency components to &

which the human ear is relatively insensitive. If one ap-; -
plies the conventional "C" weighting network which is gen-
erally used to specify acoustical overall sound pressuie
levels, the first several harmonics are substantially de-
graded (as shown in Figure 4.14)band the resultant Overall
Sound Pressure Level..is reduced to 93 dB.

Other frequency weighting systems, such as dBA, PNdB, etc., :
may also be considerably affected by relatively small shifts
in the frequency of the lower harmonics as controlled by
number of blades.

Despite these "number games" which must be played very care-
fully, the most powerful effect on the noise generated by. a
rotor of a given thrust remains tip speed4 Figure 4.15
illustrates this effect andiby returning to the example of
equal thrust for a 3 bladed rotor at:750 FPS or a 4
bladed rotor at 650 FPS it can be seen that the latter will
reduce the noise by 6 dB.

The problem in resorting to tip speed reduction~however lies
in the fact that for a fixed radius lower tip speed means
lower rotor speed and hence higher torque, which in turn
requires larger components in the drive system. These
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I4-6 EPP=C OF NUMER OF BLADES ON ROYA2IOMM M
(CoDntinued)

I cuicbined with the added blade and hub weights can impose
severe weight penalties on the helicapter. An example of
the weight increase of a CE-47 helicopter which

Sa 750 FPS to 650 EPS (3 to 4 blade) change is:

Drive System + 455 Ibs.
Blades + 600 lbs.
Hub + 470 lbs.
Flight Controls + 90 Ibs.

"" Total weight increase + 1615 lbs.

Since the aircraft gross weight increases approximately two
pounds for every pound of weight empty. the gross weight
increase to maintain performance is 3230 pounds or an in-
crease of approximately 10%. This in turn will raise the
rotational noise by about .8 dB thereby decreasing the net
improvement.

I.
I
I.

I

I
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Figure 4.1 - BLADE DESIGNS
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1 5.0 HOVERING SINGLE ROTOR IMPULSIVE NOISE

S5.1 SUMMARY

A series of whirl tower test programs were completed in 1968
and 1969, studying the acoustical properties of a variety
of hovering rotors over a wide range of test conditions.
During these test programs, subjective ratings of the im-
pulsive nature of the rotor noise were recorded by a ground
observer located 100 ft. from the rotor. Correlation of
these subjective ratings, local flow conditions, vortex
position studies, and two-dimensional airfoil characteris-
tics have led to a postulated mechanism of single rotor
impulsive noise as described below and illustrated onFigure 5.1i.

During tests of two, three and four-bladed rotors, flow
visualization studies of vortex position were made using
smoke trailed from a blade tip. Details of the three
bladed study were presented in Reference 1. For each of
the test conditions recorded, the vortex was found to
intersect or closely approach the following blade. Based
on this photographic data, the blade radial location of
vortex intersection or near intersection was obtained.
The local life coefficient and Mach number were then cal-
culated at this intersection point for the test conditions.

Subjective ratings of each of the test conditions for two,
three and four-bladed rotors identified banging and non-
banging points and established a conmmon boundary between
banging and non-banging conditions.

A study of two-dimensional Cl versus Mach number data for
the Vertol 23010-1.58 airfoil used in these tests indicates
that the lift divergence boundary ( dCl/ dM = 0) agrees
well with the subjectively rated hover banging boundary.
Examination of upper surface pressure distributions for
this airfoil reveal that below the lift divergence boundary,
the flow is essentially shock-free and above the lift diver-
gence boundary shock waves exist on the surface of the
airfoil.

The mechanism of hovering single rotor impulsive noise is,
therefore, postulated to depend on the interaction of a
blade tip vortex with a following blade, producing short
time duration changes in the local flow conditions and
either shock wave formation or motion of an existing shock
wave. The pressure pulse created by these localized changes
in flow conditions has been termed "hover bang".
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5.1 sum-nARY (continued)

In the discussion that follows, subjectively rated test
data and two-dimensional airfoil data are presented in
more detail for a two, three and four-bladed CH-47C rotor
as well as advanced geometry and swept tip blades to verify
this approach to the hover banging boundary. An analytical T

method for predicting sound pressure level is presented Y

which describes the mechanism of single rotor impulsive

noise. Using this method, calculation of sound pressure
levels for conditions subjectively rated as banging and
non-banging have been made and compared with test recorded
levels.

5.2 CRITERIA FOR HOVERING SINGLE ROTOR IMPULSIVE
NOISE GENERATION

From the vortex visualization studies of Reference 1, blade
intersections with the vortex from the preceding blade were
found to occur or nearly occur for all of the recorded test
conditions. The radial locations of these intersections
for the two, three and four-bladed rotors were found to be
approximately .90R, .93R and .96R, respectively. Using
these intersection points, values of local lift and Mach H
number were calculated for test points of each of the
three rotor configurations. This data has been presented
in Figure 5.2 along with the subjective ratings of each
of these test conditions. Solid symbols were rated as
banging points and open symbols as non-banging. In this
figure, a boundary is defined outside of which no single
rotor impulsive noise has been observed, for these rotors - I
and within which the data do not group by blade number.

The two, three and four-bladed rotor tests all utilized
cH-47B/C blades which use the V23010-1.58 aircoil. Cl
at constant angle of attack vs Mach number data for this
airfoil are plotted in Figure 5.3 and the locus of points
at which the lift coefficient significantly deviates
dCl = 0) from the Karman-Tsien growth rate with Madi

number is shown. Figure 5.4 compares this lift divergence
boundary with the "no impulsive noise" boundary of Figure
5.2 and demonstrates that the two boundaries are very
similar. This implies that hovering single rotor impulsive
noise can be controlled by utilizing airfoils with increased
Mach number for lift divergence on rotor blades at span-
wise stations subject to vortex intersections. Figure 5.5
shows the lift divergence boundaries for several airfoils u.
and indicates that airfoils such as the V13006-.7 can sub-
stantially improve the allowable rotor "no impulsive noise"
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5.2 CRITERIA FOR HOVERING SINGLE ROTOR IMPULSIVE
NOISE GENERATION (Continue-3)

operating boundary. A rotor with this airfoil, the AGB
rotor, has been tested by Boeing-Vertol. Results from
the whirl tower tests are shown in Figure 5.6. The rotor
was tested at tip speeds and thrust levels at which the
CH-47B/C rotor produced impulsive noise; no impulsive
noise was noted subjectively or in the waveforms of the
AGB testing. RPM restrictions on the rotor prevented test-
ing at conditions above the lift divergence boundary for
the V13006-.7 airfoil; however, the testing does clearly
demonstrate that blade loading and tip speed alone are in-
sufficient criteria for defining hovering shigle rotor im-
pulsive noise avoidance boundaries as the AGB spanloadings
and tip speeds did achieve levels identical to those atf which the CH-47B/C rotors produce impulsive noise (Figure
5.7). Similarly, test of a "swept" tip rotor produced no
impulsive noise at conditions identical to the spanloadings
and tip speeds at which the CH-47B/C isolated rotor pro-
duces impulsive noise (Figures 5.8 and 5.9). Figure 5.9
illustrates that the lift divergence boundary applies to
this swept tip data if the local sweep angle at the most
probable radial station for blade vortex intersection is
used to define an effective local Mach number.

Based on the above evidence and results of model rotor
testing, the criteria for single rotor hover impulsive
noise to occur has been postulated as:

1. The vortex from a preceding blade must pass near
the blade producing the noise and must also change
its position relative to that blade.

2. A shock wave must exist (or nearly exist) on the
surface of the blade where the vortex passes.

Thus, the mechanism of hovering single rotor impulsive noise
is postulated to depend on the interaction of a blade tip
vortex with a following blade resulting in short time dura-
tion change in local flow conditions and either shock wave
formation or motion of an existing shock wave. The pres-
sure pulse created by these localized changes in flow con-
ditions has been termed "hover bang".

A study of tip vortex motions and blade-vortex interactions
as related to the mechanism of "hover bang" is given in the
following paragraphs.
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5.3 MELMU-ISM OF VORTEX IIVERACTIUON
The vortex shed from the tip of a hovering rotor is embedded

in the flow field which is moving axially downward with an -

accompanying small radial motion. This axial motion has
been measured by Landgrebe and reported in Reference 8.
The downward drift of the tip vortex is shown in this
reference to be very slow until the passage of the follow-
ing blade. Figure 5.10 illustrates that the following --

blade causes an increase in the drift rate after its
passage. Therefore, the nominal position of the tip vortex
is closer to the following blade than calculated by a uni-
form drift assumption.

The empirical equation given in Reference 8 for the position
of the tip vortex before interaction with the following --
blade is: il

T 1.PICW) : .2S (¢-r/ + .oo, 9O,r,,IW O

0 ; 1it - ff/b

where Z = Z/R N.D.

0 = Twist in degrees --

r = Azimuth position behind the blade shedding
of the vortex

An expression for the radial position of the vortex at the
following blade has been given by Landgrebe in Reference 8
as a function of rotor thrust coefficient. However, a
study of the data presented in his reference indicates
that for the time period of one blade passage and for the
range of thrust coefficients presented, the radial vortex
position is relatively insensitive to changes in rotor
thrust coefficient. Based on Boeing-Vertol test data, j
the vortex radial positions at the following blade have,
therefore, been assumed to be .90R, .93R and .96R for the
two, three and four-bladed rotors, respectively.

The position of the tip vortex is further altered by the
presence of ground wind. From potential flow theory, lift
is generated when a uniform flow field is imposed perpen- "
dicular to a vortex filament. The tip vortex rotates in
the direction from the blade lower surface to the upper j -
surface at the tip of the blade. Hence, the vortex i
motion is up at the upwind azimuth location and down at
the downwind location. At the 900 and 2700 azimuth, theorientation of the vortex filament is parallel to the
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5. DEMMIS-M OF VMX I7ý Q (CCT ontnud

velocity and no lift is generated. Relative to the follow-
L ing biade, the tip vortex is at its lo-est position at

I= 00 and at its highest position at 1 = 1300.

- 'nhe measurements that were made for Figure 5.11, show
this nearly sinusoidal oscillation of the tip vortex. The
amplitude of the "apparent" oscillation of the vortex rela-
tive to the following blade was obtained from the data of
Reference 8 as:

1A = 512.4T/,,•c 9 (13)1.3577 ( ieV), o1.o422

where A = amplitude in inches

S= I - M2 TIP

Vg = ground wind velocity

Vn = average induced velocity

Hence the vortex position may be given by:

h - Z + A cos r (3)

1- A further consideration relating to the effects of blade
vortex interaction is that the velocity field induced by
the vortex is not established instantaneously. The vortex
core is established during the initial roll-up over the
blade tip. Additional vorticity is fed into it from the
trailed wake from the outer portion of the blade. However,
the vortex induced velocity field is established by visco-
sity over a finite time. When considering the problem of
blade vortex interactions, this time element relates to the
blade passage frequency. For a representative case of a
three-bladed rotor at 240 RPM, the time for one blade pas-
sage is 1/12 second.

The diffusion of vorticity is given in Reference 9 as:I V :_ ~r' e-,,/*-)t

2nrr
r = radius of vortex
r= strength of tip vortex
V= kinematic coefficient of viscosity
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5.3 13CMU9 0? VDRY= 'A t"i.Iou (ntned)

Considering that the viscosity for tarbulent flow mray be
greater than the kinematic viscosity, and the representa-
tive time for one blade passage, the exponential tern is
sufficiently small so that the flow field due to the tip
vortex is not established by the ti the following blade
encounters the vortex.. Tnerefore, the vortex induced
velocity at the following blade results primarily from .-
the vorte: core-. j

A literature search has been conducted to determine a re-
presentative core size. However, the available data does
not give a definitive value. Johnson, Reference 12, and
Widnall, Reference 13,used core radii on the order of 18v
to 20% of the blade chord. On the other hand, the data of
Dosanjth, et al, Reference 14, and McCormick, Reference 15, -
result in core radii of 8% of the chord. The more recent
data of Rorke, et al, Reference 16, gives a core radius
to blade chord ratio of .05. Measurements by Chigier and
Consiglia, Reference 17, give core radius equal to .09 -,

chord. The measurement of vortex velocity necessary to -

establish the core radius is sensitive to the oscillation
of the vortex especially when probing the region where the
velocity reaches its maximum value. Other data indicate
that the vortex core size measured from wings may differ -

substantially from core size of vortices generated by rotor j
blades.

Because of this variation in the published core size data,
the numerical calculations have been carried out for three
core sizes, rcore equal to .20, .143 and .08. When the

chord
vortex is very close to the blade, Johnson, Reference 12,
showed that following modifications are required:

P [L 3S i s-. 02-ii/0]t~( /0~ -s

N4T 6

rc= core radius of vortex
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5.3 PSCAVOISM OF V X 1MERACT1IO-5! (Continued)

The velocity change at the blade is calculated assuming
that the thD vortex is an infinite line vortex of finite
core size located at a distance h below the blade as given
in the expression. above. The vertical component of the
vel.ccity resuls in a change of both the total velocity
perpendicular to the blade and an angle of attack change.
The first results in a change in Mach number and a signi-
ficant chordhoise shift in the shockwave when the blade
segment is at or near the critical .Mach number. The data
of Reference 10 indicate that only slight changes in shock-
wave position occur due to changes in the angle of attack.

To properly evaluate the influence of these localized
changes in flow conditions created by the proximity of
a tip vortex, airfoil chordwise pressure distributions
were required for a range of Mach numbers and angles of
attack. Since experimental pressure data for the Boeing-
Vertol airfoil section BV23010-1.58 was not available for
the wide range of Mach numbers and angles required, theo-
retical pressure distributions were obtained from the
Boeing computer program TSONIC for the mixed subsonic-
supersonic flow. The composite plots of upper surface
pressure distribution obtained from the program indicate
the magnitude of the loading changes associated with the
shock motion, Figures 5.12 to 5.15. The change in normal
force coefficient,•CN, between two Mach numbers is equiva-
lent to the difference in area under the respective Mach
number curves. Figure 5.16 presents the changes in normal
force coefficients computed from the data of Figures 5.12
through 5.15. The reference CN value at each angle of
attack was obtained from the pressure distribution which
indicated no shock formation. With the finite number of
data obtained from TSONIC, the reference CN value for each
angle of attack could not be pinpointed accurately. The
change in CN with Mach number is, therefore, assumed linearand is based on the higher Mach number curves where the
shock wave is well established.

The analytical expression for the vortex position as a
function of blade azimuth and, thereby, time can be com-
bined with the theoretical velocity induced by a vortex
core, to produce a variation in velocity locally on the
blade as a function of time. This change in velocity
and, thereby, Mach number with time produces a change in
pressure or normal force as indicated in Figure 5.16. The
resulting short time duration pressure pulse has been
identified in test recorded waveforms of hover banging
data.
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5.3 MECHANISM OF VORTEX INImRACTION (continued)

5.3.1 Sound Pressure Level
4:

The sound pressure corresponding to the change in lift was
obtained from the acoustic theory presented in Section 3
earlier in this report.

I .1' -0A

+ 4 1T (I - fr 3' (IITIM

Only the first two terms on the right hand side, •
and i , are due to changes resulting from thesi hock
motion and contribute to the impulsive noise. The other
two terms are rotational noise terms. The sound pressure
in the above equation is that measured at the observer
while the square bracket indicates that all of the terms
are calculated at the point where the sound is generated. I

The vector r is the distance from the source to the obser-
vation point and the term MX is the component of the Mach
number in the direction of F.

5.3.2 Calculation of Sound Pressure Level 7
The analytical model for the single rotor hover impulsive
noise postulated has been applied to two cases monitored
during acoustics tests of a three-bladed CH-47 rotor con- I
ducted by Boeing-Vertol in 1968. The two data points
selected are located on the noise criteria plot of Figure
5.17 as test points 43 and 14. Test point 43 was sub-
jectively rated as a heavy banging point and is located i
close to the impulsive noise boundary. Test point 14
showed no indication of banging, however, it does have a
reasonable blade loading as reflected in the lift co- ,
efficient.

For these two test conditions, calculations have been made
of vortex position, induced velocity, and sound pressure
level as outlined in previous paragraphs. Table 5-I sum-
marizes the blade characteristics, the test conditions along
with the principal numerical results from the computations
for three assumed core sizes (rc/c). The strength of the
tip vortex is relatively more significant for TP14 and the ij
amplitude of the apparent oscillation is greater. However,
the Mach number in the vortex interaction region is small
and the increase in Mach number due to the vortex inter-
action does not result in an attached shock. -
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1 5.3 MECHANISM OF VORTEX INTERACTION (Continued)

5.3.2 Calculation of Sound Pressure Level (Continued)

The calculated sound pressure levels for both banging and
non-banging test points are lower than the measured overall
sound pressure level at these two conditions. This was ex-
pected since only the two terms relating to the shock motion
in equation (8) were used in these computations. The sig-
nificant result of the computation, however, is the agree-
ment between the calculated and measured increment between
banging and non-banging conditions, especially for the{ smaller core size assumptions.

Since the calculated values represent an impulsive type of
loading this would evidence itself as a growth in many har-
monics of the airload on the blade and hence of the acous-

I tic radiation. The distribution of this energy and there-
fore the spectral distribution of the change in acousticalI signature cannot be accounted for at the present time.
The proposed mechanism of single rotor impulsive noise
based on the interaction of a trailed vortex with the
following blade and the resulting production or displace-
ment of a shock wave, however, has lead to a reasonable
prediction of the peak to peak value pressure pulse asso-
ciated with hover bang. A more rigorous methodology for
computing this increment in sound pressure level would
require improvements in the state-of-the-art of predicting
vortex geometry and trajectory.

I7
1
1
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TPBLE 5-I

em-47C mtmr Syste Chord = 25.25 inches
Vmber of Wzs = 3 Solidity = .067
Ra; = 30 ft. Twist = -9.14 degrees

Test Point 43 Test Point 14
"Banging "Non-Banging"

Sb -nst - Mhs. 22007 20006 i
•/ .00567 .00673
Tim S•e• d - FPS 754 660
Ti; _ e E .682 .597
-r~cad Wind - Pzs10 1.0
eam Psitiam of Vortex

Se~I Follar-img Blade-
Imes 14.2 17.5

•mi~ of Vortex
"Uscillationm - inches 23.7 341.7 I

Endia-D Position of
Inmterse~ti - K/R .93 .93 1

ECOall _3063 BVwYzer* .633 .55
Lw A Lift ceficejL .567 .667
local Angle of Attack* 4.5 5.7

"I•TI

Ceaized Soun Pressure
Lewe! SPL - & rc/c = .08 97.9 U1.1 86.2

rF/C = .143 94.7 1-.3 83.4 1
rc/ý = .20 89.2 6.5 82.7

mea-saed O-eraU lSl - 5
(ki-erage) (Pýe to Peak) 119 12 107

( I re M.Pac nuxber and angle of attack distribution along I
the blade w-ee oibaine-i iron the Boeirg-Vertol hover
and a;zI flight analysis compnter program, B-92. i

3!
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I
SINGLE ROTOR HOVER IMPULSIVE NOISE CRITERIA

F Subjective Evaluation

I ISUBJECTIVE~ 0 Banging
TEST 0 Nonibanging

I BOUNDARY1 CALCULATE based on

C1 and Mach No. subjective 'FULL SCALE:
at evaluation ROTOR

intersection TEST

0 o 00

I-I 00 0 BANGING

000-0 0 0

H )IONBANGING 0H • 0
"" 0 -SHOCK BOUNDARY
Sr •or lift divergence

- 0 boundary

4MACH NIMBER AT INIERSECTION

Pressure Distribution 12-D °RFOL CHARAM RISTICS

g"pper Surface = 7 H = .75

No shock Shock SHOCK BOUNDARY
- or lift divergence

/7>7 Cl
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VERTICAL SEPARATION BETWEEN
TRAILED VORTEX AND FOLLOWING BLADE

Hz H

I ROTOR THRUST = 27,000 POUNDSSYMBOL
CYCLE Vt = 750 FEET PER SECOND

1 0NR = 239 RPM

2 

R

3 Bladed Rotor
30 Ft. 23010-1.58 Blades

20. Run 116

VORTEX
UNDER
BLADE

AZIMUTH - DEGREES
0 I 

I

100 200 300 400
VORTEX
UNDER STATIONARY CAMERA
BLADE

20 MEASUREMENT
IV

200.

U
z Reference Figure 38 Reference 1

400. 40'
0I aH

60

FIGURE 5.11
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APPENDIX

WHIRL TOWER FREQUENCY CALIBRATION |
A major concern in recording data when measurements of noise
are made near the ground plane is the influence on a par-
ticular microphone of the combined wavefront from incident
and reflected waves. The Reference 1 program utilized cor-
rections to the measurements based on rotor noise as i
source being similar to the impulse generated by the firing
of a blank pistol cartridge. This method, while simulating
impulse wavefronts, does not allow for phase changes in re-
flected rays based on frequency of an arriving front and
does not totally explain differences between theory and
data. It was desired to perform a more detailed acoustical
calibration of the whirl tower by single frequency and then
apply these corrections to the data prior to correlation
with predictions.

The frequency calibration performed as part of this program
did not explain the remaining differences between data and
predictions and this may be due to the following factors.
First, for simplicity the source of noise used consisted
of a speaker mounted at the rotor hub and not along the
blade radially where the source of the noise occurs during
rotor operation. If blades had been available, mounting
of a speaker along the radius might have been considered. :1
Second, the source of noise consisting of pure tones rather
than broadband impulse noise gives rise to corrections
which are likely to be invalid for rotor noise which is
a pulsed source consisting of a broad range of fr-equencies.

It must be assumed that a calibration combining the correct
source location with a pulsed broadband source would achieve
the desired correction f0r the tower data.

From the above it also appears that if data io being taken
for the purpose of scientific investigation of rotor noise
that microphones mounted in the ground plane may be pre-
ferable to avoid distortion. a

The test setup which was used to accomplish this is shown
in Figure !-i. Pure tones of noise were used for the cali-
bration over a range of frequencies beginning at 100 Hz I
and extending to about 5,000 Hz. A speaker was mounted on
the rotor hub and oriented toward the ground microphones.
A microphone was located near this source as shown in
Figure I-1 to monitor the level of the source. A micro-

phone was placed on a tripod at the height and location
where measurements were recorded for the Reference 1
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program, and also as close to the ground plane as possible
at the point where the reflected wavefront for the data
microphone intercepted the ground plane. In addition a
fourth microphone was located along the wavefront midway
between the ground and data microphone. Although not re-
quired for this program, data from this latter microphone
could be used to verify the calibration corrections for
the data microphone, even though it contains a phase angle

shift.

Tapes of pure tones were played on an Ampex SP-300 tape re-
corder and the output was put through a power amplifier toJ" the tower speaker as well as tc one channel of an Ampex

- AR-200 tape recorder. The tones generated werr at the 1/3
octave band center frequencies, and were approximately 35
seconds in length. Due to limitations of the speaker, tones
below 1GO Hz at a suitable level were not reproducible and
corrections below this frequency are not available.

Microphone 3, Figure I-1, records only the incident wave-

fronts from the speaker, while microphone 1 records both
incident and reflected waves. Therefore the difference in
data of 4-3 from 4-1 (or 1-3) is due to reflection aiid is,L by definition, the correction which should be applied to
the data microphone to obtain free field levels. A very
small correction, +0.5 dB, should also be applied to the- difference in level of microphone 4 to microphone 3 before
it is subtracted from the level difference between micro-
phone 4 and microphone 1 since microphone 4 is positioned
7.9 feet short of microphone 1.

Figure 1-2 compares the level difference between microphones
4 and 3 with the level difference between microphones 4 and
1. Note that the ground microphone amplitude (4-3) is rela-
tively constant with frequency while the data microphone
(4-1) display•. a large amplitude variation. The difference
between microphones 1 and 3 is plotted in Figure 1-3.

I
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