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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 woik described in this report compares .-
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gate the effects of variations in rotor design. This data,
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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.
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This program was conducted as part of Contruct DAHC04-
69-C-0087 from the U.S. Army Research Qffice, Durham,
North Carolina, under the technical cognizance of

Mr. James Murray. The work was perfoprmed by the
Boeing-Vertol Acoustics and Aerodynamics Research
Staffs. The principal investigator and prime author
was Mr. Harry Stexrnfeld, Jr., Supervisor of Acoustics.
Individual contributors to each section were:

Rotor Noice Prediction: D. Carmichael
Model Scaling: T. Fukushina,
H. Sternfeld
Effects of Rotor Design: R. Spencer,
H. Sternfeld
Impulsive Noise: C. Bobo,
T. Fukushima
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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 dats, |
which was available from other test programs included !
variations in nunber of blades of similar airfoil, airfoil, ;
and planform. 2lso included is an evaluation of model :
testing by comparison of the results of the full size s
helicopter rotor with a one~eleventh scale model. ;

i 1.0 ABSTRACT A
g This study is a natural extension of the program to inves- i
'(

————

>

2 separate portion of the original test program evaluated
the effect of tip vortex strength ané trajectory on the
impulsive {or "banging") noise generated by a hovering
rotor. It was found that although intersections between
the generated vortex and a following blade occurred over
a wide range of operating conditions, this condition, by
itseli, 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 pressure

disturbances. This concept is further examined in Section
5 of this report.
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2.0 ROTATIONAL NOISE PREDICTION METHODS

2.1 INTRODUCTION

The problem of predicting helicopter rotor rotatiomal noise
has been treated by numerous investigators, one of the most
comprehensive studies of the subject being that of X.owsoi
and 0Ollerhead (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 uzing
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 method, they
make a variety of blade lcading assumptions and computa-
tional simplifications to come up with a series of design
charts which are quite simple and convenient to use.
Reference 1 shows that noise predictions based on tne
HERON II method agree guite well with measured data for
the first 3 or 4 harmonics of noise, after which the method
rogressively 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. wWith 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 witn disk storage. This program
would 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.
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2.1 INTRODUCTION (Continued)

(4) Chesk out Lowson and Ollerhead’'s computational simpli-
fications by comparing exact with simplified calculations.

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

It was found that Lowson and Cllerhead’s cceputational
methods are generally quite accurate, and that greatly
improved gorrelaticn with measured data is possible through
small changes in the assumptions of blade loading harmonic
decay. Noise predictions were found to be very sensitive
to the precise vplade: 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 of
other blades, and other random phenomena.

2.2 DEVELOPMENT OF A COMPUTER PROGRAM

A computatione: tool such as HERON I was needz2d to carry
out the desired studies, but HERON I was found to ke rather
awkward to use vecause of the large ccmputational reguire-
ments. Therefor:, Lowson and Ollerhead’s basic eguations
were re-programmed using a much simplifisd calculation pro-
cedure requiring less storage and calculation time, and
thus suitable for a WATFOR compiler system of FORTRAN IV,
which has the adventages of simplified inrut formating and
very fast turnaround sime. 1iIn addition, this system allows
for program changes by simply switching or adding cards.
Thus, various assumptions of rotor acrodynamic 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 ITI)
is equation 21 of Reference 2, which can be written in the
following form:

P = X - Ve (as;+F; .:mf)

ATa ™ (1-M >\ 3¢ (-Mr 2t
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2.2 DEVELOPMENT OF 2 COMPUTER PROGRAM (Continued)

where p is the instantaneous pressure at a point xj due to
a force disturbance F;j at a point yi which occurred at some
previous time. ILowscn does not use this equation directly,
bat develops oth/.r equations from it, employing retarded
times, Bessel functions, and a 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 pressure-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 cther blades, taking into account the appropriate phase
shifts. Finally, after the program has producea the
pressure~time history for one blade passage period, it per-
forms a Fourier analysis to get the level of each sound har-
monic.

2.3 SENSITTVITY STUDIES OF AERODYNAMIC LOADINGS

one of the most fundamental requirements 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 as lift and drag coefficients, aerodynamic angles
of attack, and iycal velocity components at various loca-
tions over the rotor disk. From such data, aerodynamic
forces (1ift 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 kecause there never has been a need to define them.
Therefore, the major objective of this section is to eval-
n2te the sensitivity of noise generotion 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 1lift and drag
on a blade as predicied for a hovering rotor. 1In this
case, the 1lift forces a:ss» defined as being those which are
parallel to the rotor shaft, and the drag forces are de-
fined as being in the plane of the rotor. Only a small
part of the drag shown is due to form drag; most of the
drag is from the induced forces in the drag direction.

The radial 1lift and drag distributions can be varied
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2.3 SENSITIVITY STUDIES OF AERODYNAMIC LOADINGS
{Continued)

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 hyrothetical 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 ILoads

Noise 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. 1In fact, ig-
noring the inner two-thiids 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
approyimated by simplified geometrical patterns without
serious erzo#. Section 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.




2.3.2 Harmonic Distributiocn 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 1lb. (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, 3F/dt, appearing in the above equa-
tion of Lowson and Ollerhead. 1In 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.
The results are shown in Table 2-~II. 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. 1In this case, very large differences in
noise level were observed, Table 2-III, 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.

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 aumber of different
blade loading harmonics. If it is assumed that these load-
ing harmonics are phased randomly with respect to each
other, then the level of each noise harmonic can be ob-
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2.4.1 Basic Approach (Continued)

tained by adding incremental centributions 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-
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 nunber of
blades and the nunber of noise harmonics desired. Values

of pressure squared are stored in a two-dimensional array

as a function of blade loading harmonic nunber 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 2.5
shows 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 a—2.5, ) being equal

o 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.




-

. 4

i

2.4.2 Assumed Loading Laws (Continued)

It is mterestmg to note that Lowson and ollerhead recom- g

mend a 2 decay rgtg based on data of Scheiman. " The "
reasontheyuseaA decay rate for HERON II is to T
account for assumed random phasing (lack of correlation) ' i

of noise generated at differemt staticons -along the span of |

the blade. However, it is quite hkely that correlation

is actually good, since most of the noise is generated owver

a relatively small part of the blade near the tip.
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2.4.3 computatioral Smphfzca*‘mns

Lowson and Ollerhead use several computatlonal s_@lz.f:.ca- i .
tions which deserve closer investigation, althougn they ,
seem reasonable. One of their more basic assuaptions is -
that drag forces are equal to 1/1C of the 1ift forces. . N
Figure 2.1 indicates thatthz.sz.safan:assunptmn TO : -~
further check on the validity of ‘this assu=ption, a2 com-

parison has been made between noise levels caicuiated using

the actual 1lifts and drags showr in Pigure 2.1 and noise )

levels calculated using the same lifts but drags egeral to -
1/10 of the lifts. The maximm error, occurring in the

plane of the rotor, where canly the drag FTorces are of sic-

nificance, is still less than 1 @8. At larce ancles from

the rotor plane, the drag forces have very 1lit ttle influence

at all on the noise radiation. * -

e

Another assumption used by Lowson and 9ilerhead is that the

lift and drag forces are concentrated at the 20% radius

position on the blades. To check out this assumptioOn, noise
calculations were performed with the loads .concentrated;at

several radial positions (20%, 85%, 80%, 75%). - In Table

2-1V, these noise levels are compared with noise ievels cal- -
culated using six radial loading ;ositions, based op the -
distributions of Figure 2.1 and Curve 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 l.ﬂfe a reason-
ably good assumption.

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

rangeneeded. B(U-M) < )“mg 1+ M
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2.4.3 Comsutationzl Simplifications (Contizmmed)

where m is the order of the mpise harmonic, B is the pumber
of blades, M is thz tip Mach mumber, and A represents the
renge of loading harmonics needed. Thes, to calculate the
tenth moise harmonic for a three bladed rotor with a tip
machk mEnper of .76, loading harmonics muxber 7-53 would be
needed. However, Loxwson and Ollerfirezd base this conclusiomn
oz the assmmption that all loading harmomics are of egumal
amplitade, wien in foct they are normally dropping cff with
increasing freguency. Therefore, a simple siudy bas been
uerfomdtodetemmezfsm&almemcflmdm&g
harmcnics is really meeded. Using the A2 decay rate,
nojise has been calculated for a large mmper of individeal
lc2ding harmonics, and the contributions added tocether,
start_ng with the steady loading, to determine the _point
where individual loading harmonics are mo longer Signifi-
cant. PResulis are showe in FPigures 2.6 and 2.7 for £ifth
amnd tenth noise bharmomics respectively. Im Ficure 2.6,

ihe corve showilg the incrementzal effects would be sym—
metrical gbout AN = 15 with significant values from ) = £
to A= 2&2 if all loading harmonics were of the sawe mac—
nitede, but beczuse of the decay, a2ll the locading bharmo=nics
bevond A = 9 comiribute less than 1/2 a3 to the total.

An zutomatic culoff has been included in the progran to
limit the nutber of loading karmonics, based on what kas
bDeen empirically found O be necessary for the hichest
roise harmonic Of interest. Culoff points are showzm in
Figures 2.6 and 2.7 for the cases showmn.

2.5, COXCIUSIOES

This work has showm that Lowson and Ollerhead’s calculation
procedures are basically sound, and that only a few minor
corrections are necessary to their assu=ptiorns to obtaimn
good correlation between calculated arnd measured data.
Another calculation procecdure has been produced which gives
good correlation with test data for a wide range of thrusts,
rpMs, and rotor diameters. However, there is still a great
deal of work yet to be done in understanding and predicting
helicopter rotor rotatioral 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. Wwork re-
ce.ntly done under an Army pr am (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. 1In addition, the decay rate

is very likely less for high speed conditions than for
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2.5 CONCLUSIONS (Comtimzed)

hover conditions Certainily, when a rotor at very kigh
speeds encounters drag divercence and prodoces 2 “Mach
bang™, the loading hammomic structure is radically dif-
ferent from hover conditices. On the other hand, if a2b-
soluntely geiescent conditions corld be achieved, (perbaps
for an aircraft hovering om 2 windless day, out of groumd
effect) the itcading harmomic decay rate might be greater
them A —2. These guestioms cannot be answered without
more test data, either im the form of moise measurements,
bliate loading measzrements, or, preferably, both. Fimally,
some work should be dome to kelp explain the great scatter
of test data which has been ohserved. It kas been sugges-
ted above that the scatter is associated with wind and other
random phenomena, rut oconsiderahie scatter exists between
points even after the data has beesn averaged Sor 30 seconds
or more.
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TASER 2-F

EFFECY OF SPANWESE LORDNENG ACFROXINATIONS OW NOESE

Epading Crrves of Fig. 2.3

hoise Curye Cozwe curve Curve
HEarmomic 2 B c D

z I92.1c2 101.748 ID2.548 102.6463

2 G5.6 e5.7 26.9 97.1

3 <0.3 8.2 2i.1 1.8

4 85.1 3.2 85.4 85.5

5 79.4 77.2 79.7 79.8

) 73.8 71.3 7£.2 7£.2

8 62.8 59.6 ©3.2 63.2

5 53.0 £9.5 53.4 53.4

11
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TRELE 2-TF
EFFECY OF AIRLORD ERCMONEC FEASING ON ROTCR NDESE
i000 Ib. Peak Lift 2t Tip

Soise 2iriced
Harncnic 1 2 3 4 9

fFigs .12 P 123 I i8S

2.2 .2 D 0

.0 3.2 Ip.1 0
2.2 .2 3.1

1.2 3.2 Ip.1 I3
1.3 p.3 .1 w1 H.iss

1.6 Fp.3 Fo.2 .3 6.1

1.4 0.4 0.5 0.2

¥umbers shown as ¥d3 are the ramge of variatics
obtained by varying moise azd a2irlozd harmonic
phasing by 15° increzents.
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TABLE 2-III1

EFFECT OF RELATIVE PHASING OF LOADING HARMONICS

Noise

Loading Harmonics

Harmonic Steady & 1 3 & 4 6 & 7 8 & 9
1 $7.4 a8 ¥5.2 aB 2.4 aB
2 ¥7.2 ¥9.9 $3.2 $10.€¢ aB
3 17.1 17.6 ts5,7
4 7.1 *5.9 *5.3 ¥s5.1
5 +7.1 $5.2 +15.4 t3.4
6 7.1 ¥4.9 $9.0 7.3
7 7.1 4.7 7.3 t9.5
8 7.1 $4.5 t6.4 x8.1
9 - - 1s5.7 $7.2
10 +7.2 t4.6 15.6 16.9

NOTE :

Numbers shown as +dB are the range of variation
obtained by varying relative phasing between
adjacent,equal amplitude loading harmonics by
15° increments.
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TABLE 2-1V

EFPECT OF BLADE LOADING APPROXIMATIONS

QN_SOUND _PRESSURE LEVEL
6 Radial - 6 Radial Percent Radius
Stations Stations '.90 .85 .80 ;75|
Noise Precise Simplified
Har- Loading N Loadinq* concontraYod Loadings

m Curve A Curve C

BN

1 113.148 110.7 4B 112,548 111.74B 111.0dB 110.24B

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 9.8 93.5  91.6
6 o1.1 90.4 94.7 92.1 o1.2  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



. o e sbaRua ARt 4 AU

e T T T - - ) S
i i
iv
I
| I
£3
7 2
i =
o 400
i &
H o
i = EFT
o
[}
B
g 300
(=9
=
L. =
1
o 200
g
5
e
| .
100
DRAG
/R
0 6 5 ilo
i9 14 i F Z Z6 30
DISTAKCE FROM HUB - FT.
' FIGURE 2.1 RADIAL DiSTRIBUTION OF BLADE LOADINGS

15




T e e

- e o e

T TR TE i N St BN SR e B e S S R T A e N N A N B e B e

AR | “ _

]

L
-

fummmae tuox mi

[~ =4 R . 2 sR.Sfenn . tead »ruﬂuﬂﬂm LK. Gt AR (muuhﬂrﬂ ViRt ozt ™
h
' B

t t % i

30

ESY 3 v —

R

DTAL, BOISE

ISR 221 & ‘
t
, . %
m.. .
=t w lni s Al &3 W-.
)
1 ew_ [ 1 . 1 [} ” R \n ]
‘ i ! N I~
[ t [ ] ]
PR S P 2% - ¥ L e W:;;.ﬁ 3 gralfrr e gt g [S RINEEE SRR |
! «Q
[ 4 \ ]
,_ ' .
~i
LA PRIISITTITL  TPITID ﬂ‘.—.ﬂ TIWLT LB 1L AEE ﬁ.h:::a%» 1 AR ERE fOum At ey (1
\
.
' 1 i m i ' ) 7 H
[}
4 1 [} 1 3 -. ' Jam m O
_ ol
[ -a
t - § STTTXL 82 SRR CRTIEL A, [T02 8 % 3 SR S0 £ X € 53] Tt e omeasy 6 0 &
¢ '
" ¢ . . m
[ 138 S t | ] '
. _ t={
-3 § P S1 . 3 R X3 xr».:oLﬁum.f Jasuet vt (IS 73 [ ff ‘ tE ok §oe g ¥ 1 u PR D

.5
15

REEE ~ L . wa

P RPN

8
i
i

FIC. 2.2 IXFLUERCE OF EACH RADIAL STATION OH

g 3




- -~ — e
- Iit..r\.dva Erianid

v
> e o ¢
¥ ; . [ : m
b Ty Y N o1 « " ' .
N . T EXRERTEEEY X ve B c D Y & [EEEEE R ] B
Y ' . |
' _ ; _ IR it :
;.:..M . 1 "8 . LR L3 3 18 -u-9.w.g-.u [RELE 1% BEpgts L -‘s_.nu! 4T MHemimy A LR LT Lo 3
1 . '
| '
i [ XL ' ' . e [ ._‘ — '
| ‘ My
ﬂﬂnwﬂnn ) MECAEL S I UREL ERBEMEIARIEE K L3 € $23 1S v - 1
_ ’ .
“ |
] LN}
y 4
‘ w ..r Do y N ' *
4.«:*“#&» 135 315 9 % 19 [ Lt Sita 4 s
h A
»
.

W

t &3 ] r“ ) N %
i , ’ $
¥ £33 gesmbomore cfaoiane oW Ealy i
i ,4
& t

1st

2na Soemon
3:3 AEQ:RQ}_L -

2nd

t t L ) ¢

3 BB _uﬂ [ PY 1Y

i

4
i

et BB SRLE [ RS _m

nzﬂdu% mu.-nr r:_pﬂn. f od 1ka TEQATMSAL
S
]

DISTANCE FROM HUB-FT.

4
: Teme w-vﬂnﬁﬁn-: —.!, Thtaste s
.
\

LOPDING APPROXIMATIONS

FES:TID STEsD

4
3
(539

i

FIGURE 2.3

.
qAVIE g ‘od uida ‘Ul - 31

17




.4 N e e g

e

Qe | et Vraeworn| (eemmen - | [y fovarrssape | [ Stwwnt e | e v vl o oo b ostopeed | oroerd | e | Bosc

OINOWIVYH ONIAVOTI

—.
LA

X : . ) ro
w.m . . . .
. — : M‘T\ : :
R4 N7 AN Y 4’4 :
L - b A5 ANNNS SRR
I o s LASL :

T . .

. : Ry 4748 ) ) ;
3 -1 T e
o P i : :
m : Twl.l.

8

.........................................

ORDER OF NOISE

FIGURE 2.4 EFFECTS OF LOADING HARMONICS ON NOISE
1

r” bt ) catin, e Secasaiie o indestus atliihesctee ol b fietemsesihatnefteliestibtthonnnangmmailio sentttestencnecilNANRattec e




i Do S PR AT T LRSS S
Zvpad SRTavoll oINpWavH 40 Ipadad - - mjwﬂm
u = du1
AN ay H
14 A° ort 8PT G Z 17 ] 12 18
zH - Apusnbpad
oL
7”
S
””” _ |
N € z|oanbtad oogo1oI$d
08
¥
w
! 2
! £
: 06 o
w &
j
4
00T
!
{011
4
b
w
S
l;i!liT....“r:Lw-.u“‘, e e e
I o B




T ARTE SRR AT T

“sz “358.. —.,g“  chad | Tl Fosrmrnd R | [~ o | jrreieton | ol [ommann | ot e o ) ot | Paces | e S

b I
_
ks
| k
f | oIkowdvli ©SIPN HIE NO FOINONMVH PNIQYDPT J0 Ioddlim ~ bz ohnbra
||..T« z 2 o[t FT 3 p 1
Y] otTuquureH jour pyol
F30hND
e S 9
w /f\\/,
3

ap ~ 1ds
20

sjtuowjey byrpeo]y TengrATpL

T““"‘f"""J "'r"‘ -t e

apTaRThwnD

et/ B K et ol - et itusie desnettiibusetiihe. it e WS PRVGVENORSRRSSS N




- e g IR YA NI TR e T
s RPN W ¢ FUE v
p. il

h
J
' olNowude ashoN HJot Nd soINOWNVH ONIGWOT J0 IO0HJdE 4 L°Z [eanbyd N / \
oe
g2 He [t 14 9T qt 4 a
X JruocwgeH byrpeo
oy
\ -‘l‘ = - N ‘\“.‘
3 =
’ 4
[ 4
0s
w F393nd
weaboxd b .ﬁ
& ~
] N
} ’ 09 &
(4
(4
/ A
’
£ oL
\\~
sgtuowgey bBytpeo] TenRTATPYT » ’
-
r 4
r 4
2 08
24T3eTRuUnd -
-'n w hw e “'f"- "’rv‘-.mub

MR e bioerd e ] e

N TR el e Siintun e il etetttecdhe.




3.0 COMPARISON OF FULL SCRALE AND MODEL ROOUTSTEICAL DRTR ’
3.1 ROTATIONAL MNOISE

3.1.1 Theoretical Development

In considering scaling parameters to be used in the accus-
tic measurement of helicopter rotor systems,*the different
eguations and boundary conditions may be used for the frec-
tional analysis suggested by Klinme in Referemce 4. 2Al- -
though the governing eguation approach is advisable, rotor
noise scaling involves a mmber of problems which makes the
nondimens.onalzzmg of the solution more attractive. The
principal one is tc incorporate the transfer of axes from

the source to the observer.

¥ %

The rotor noise eguations of Lowscn, Reference .2, have been
recast into the follow:mg form: imstantanecus sound .pressure
P(t) due to the far field and near field terms is:

_ P (;F _? n)
P(t) = 4T (1-MY ra.Zat -, at

. FoF 6-M) . = —% 0
— - FeMT¢l
+ 4"('*".-) rz {‘r (,"Mr) ]

l
The square brackets are incidental to the scalz.ng problen in
that they indicate that the included quantities are ‘evalua-
ted at the time the noise is generated whereas the scund
pressure P(t) is that noise detected at a later time, dy
the observers located at a position T relative to the
source. The other terms in the equation are defined as

follows:
2o = speed of sound,
M = Mach 'number-.(vecto;:) , i ; i
F = aer?dynamic force on the blade (vector) ,
r = |IF| ,
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3.1.1 Theoretical Development (Continued)

M= IRl

Mp - Fi of magnitude of the Mach nunber_in

r the direction of the vector r
The characteristic time is the blade passage period,
' /
t = % , Q)
LM/ bw

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

' The characteristic dimension used is the diameter D,

r= 2 , (3)
D

r - L 4
D

The acoustic pressure will be nondimensionalized using the
free stream dynamic pressure + Py?*,

p’ = P : ()

} .
and the aerodynamic load by some aerodynamic coefficient Cg,

|
L

. F, it £ S (¢)

where:

C = chord,

; 4L = element of span,

23



3.1.1 Thaeoretical Development (Continued)

gquntion 1 is changed by the inclusion of equation 2 through
as,

D 7 $ evice Cat oF
o'l $)= oY oY Cf AL —_—
£t Pee) [4n(l-ﬂr)‘ bt ra, 5”/540 ot

'5 Eve G AL F _!j,:g / 5#(\/‘(,01 Fer

’”'Ibuf =Mp)  at')  ar(-MY DR r
ML Levie. cal ng]
- M ;

or,

P ()= '[LC ot G Dw ¢ §.L'E"+_?'.._*£‘.r.g

4tlLoDd D 20, at’ - ot
r—t & g.F‘. P felf i]
U-MF*D B Foo-My

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

Pm__[rn,,,c. M F °§al'= o F m,g

D ot  I-M at
G € oh SFeF =M = = | 2
TTPFE D D i e T Mg] o

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

1) Geometric similarity of the rotor: '8 ) Aé
2) Scaling of the observer location: ¥, r
3) Mach number simulation of the rotor: M, M, Mr, Mejp

4) Similarity in G 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 is 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
WR.

V Uy + wR
Uo = 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 byg. or Us 4

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/l1l1 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. Blade planform, airfoil, and twist were

modeled as closely as possible.

Oof 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

25



3.1.2 Comparison of Measured and Predicted Data (Continued)

Lowson method with modified loading law developed under this
program and discussed in Section 2. 1In evaluating this data
an experimontal accuracy of 1 dB should have been considered
for the model data and dB for the full scale data. This
is based on an instrumentation and analysis accuracy of 1

dB for both systems and a possible %2 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/ in hover,
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
b:tzeen 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 fregquency 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
is that the relative level between broadband and harmonic
signals is inversely proportional to the bandwidth of the
analysis equipnent. 1If the analyzer is set up to produce
levels according to the RMS value of the pressure (i.e.,
SPL=20 logPrms/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
digp at ~10 log A f wvhere Af is the bandwidth of the
filter.

A mure 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 djfendent upon the filter bandwidth, increas-
ing as 10 log 4f.

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 aAf. If a sound pressure level (RMS pressure)
spectrum is used, the harmonics remair. constant and the
?roai?and level decreases with decreasing bandwidth by 10
og Af.

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 pressugs level is the
peak of the brgagsand plus 27 4B (10 log °), A similar
value (10 log ) is added to the model “data. Figure
3.12 shows the Egmparison 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.

27



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 Reynclds 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 | Vm(FPS)| Co/or MEASURED PREDICTED
1 600 .0730 [ o
2 700 .0789 A A
3 750 .0850 . o
4 800 .0819 ¢ 0
5 850 - .0797 J D
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Figure 3.9
COMPARISON OF FULL SCALE & MODEL ROTATIONAL NOISE
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2.0 EFFECT A ROTOR PESICN
2.2

Resegreners Im motary wing dconstiss ve continmrailiy corm-

fromted with the task of rediocins noise lercis 3 robtor per-
formaroe Jerels gre croi@rcalily imcredsed. Rlomg with these
mﬁsmm&mm often by modificatise to
Elade 2irfipil a=d oiazform m”mxwm

Wam&.@l&e@m@lﬂmmmm
of 2 systemeiic sinfy of e roie which 2irfoil aod piz=Seem
ceomeiry can bate im estamlishimg robor roise lerels. The

ax2ilzsiliity of cata cm rotoes of {he same dlameiesr a=d biade

meer, ot of cifferent afirfoil section and of diffierest
siaxforn oeomeiry made it attractive o conoere tHe roise
ofmmw.@smmm&_mllyma:n.mm
accomiished in e pest. These desicn wariatlies will be
Sescrited for each Iotor oier consideration 2=d if wiil be
secm 2t ©e roors @isplay some interesting simdlarities
a2s well 25 differemres.

£.1.2 Pescriptiom of tHe Rotors

Eoise lecsis of e rotor comficorefisss 233csizatat im
Figpre 4.3 memmzngg@s‘@“pmm
ted oz 22 Doeing~-Tericl Encgincerinmg WRirl Tower facilidy
cescrived im Referesre 1, ‘Hc_a.tza_gaaseofta.ssm
The bilade wsed 25 fee beselime for Bis comparison sndy
is empioved o mc&-&icaaa.s*ecwga.ar.nplm&m
(Ficure £.12) z2d bhas 2 Ferbol 23010-1.38 section, comsiazt
22ong e radins. 2 second comficguraetion, 2150 recianmguiar
in planfcrm B2s an NRCA GPI2 2irfoil =»d is ke Dlade ©sed
on the (E-47A aircraft (Figrre 4.1z}. 2 third comfiguration,
experinental, is tzpered iz pizaform along (he ouitboard 30%
o?sm,mtma.mamstantoo.zmalongta.
bilagde (Ficure £.1D). A Sourth conficoration knowu 25 the
Adgvanced Geonetry Blade (A@)_sa]soanmenmta.mn—
figuration and 3is zaried in planform as skown (Ficure 4.1c¢)
but in addition has an airfoil section which varies from
127 thick at r/2 = 6.325 to 6% thick at the tip. The
effect of these two variables, planform configuration and
airfoil section, are imseparabie in fhe noise data of the
Advanced Geometry Blades, but the configuration provides

an interesting cosparison with the standard reference blade.

The theory used for nredz.ct.ng the effects of planfoxm and
airfoil was developed by iowson and Ollernead (Reference 2)
and =odified as described in Section 2 of this report. As
noted by the authors of the Reference 2 study ard discussed
in Section 2 of this report, the ability of the method to
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4.2.12 Drroriction of the Dotors (Cootdxened)

predict the moise of 2 oottr with oy accoracy Iz descendest
oz the aizised ozed @ Immet 6o accoretely derive hisher
Icadfing basmonies. oz this redcom, e airloads osed im
the surject stody fmposed 2 IEmit o the ooise coedictiom
zrnonics. The initizl rofse Fermomics (E~5) Eawe Beex
sthowe o Be cery similzr for rptors of the same DEade
mmﬁcm&:mgcmﬁimmmm:sem:ze-
dictioms fior secondery comficowration chamges of plaaform
ad 2irfoil befog m&eﬂmm.ssmxrm.ﬁm&nml

4.2 EFFECT OF RIRRONE, SSCTION

Comperison of the symmetricel =od canbered airfoils om the
msofmwmmmmmmzsi—
mm.nnmazma-- It stoeld be pointad
ount that the Iow harmonics of Diade pessege display a rezs—
on=hle ecrecment for both bhilades znd a2t mearliy 211 cperat-
ing conditioes, mwm&m«:m@m
ot stastentiaily infirence this regiom of &2 noise SDec—
tra. Some gemeral freofds are dispiayed Dv (e hicher bhar-
monic portion of the spectra. Por ex=npile, 2t low &ip-
speefs end recerdiess of the tharast, sound presscre levels
for the mmn Zre consistently hicher Eham
that of the canbered airfpi AL ¥ = 750 £t/sec. mo com-
sistesu“@.sd.sa.amﬁ%a«."g_—sw £i/sec., e
symmeirical airfoil dispilzys logwer moise lowels in the

2.3 EXFeCY OF FriSzo=Y

A iimited =mommE OFf dzta is aveilzbile o imvesticate the
effect of planform on noise. A comparisom of the noise Of
t@efec‘m.arnlaﬁenmsymm@. 2irfoil is made with
2 set of blades whicn kad Deen tapered im planform in
Figures 4.5 arnd £.6. Cozparison dzia exists Sor Tip
speeds oF ~ 650 and ~T725 £t/sec. only. Eere again fhere
appears o b2 1itile or »o effect on iower rotationzal
harsorics. At the lower tipspeed, hiowever, the tapered
blade produces higher broaddand ncise levels at the
highest thrust shown, while at 750 £i/sec. both blades
display very similar poise specira. This again oconfirms
the conclusion that blade design has a secondary effect

on the noise of a2 rotor system.

4.4 EXreCT OF COMBINED PLANFORY AND ATRFOIL, EFFECIS

Data from 3 bladed rotors with both a planform and air-
foil modification (2G8) relative to the 23010 rectangular
blade is illustrated in Pigs. 4.7-4.9. Although the Cp/
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2.4 EFFECT OF COMEINED FLATRORM AYD RIRFOIL EFFECES
{Comtimned)

for th 2GS is aSout 25% khicher at any given condition, the
2irioading distributive for these two blades is very similar
25 showm inm Ficore 4.10 zzd therefore 2 large difference im
mpise lewel would not be expected. A comsistent trend be-
tween the two blades is mot displayed, 2Rthough the 2GS com-
ficrration does exhibit consideradbly lower levels than the
23010 2t threst of 9000 Ib. a=d ¥e = 750 £t/sec. Since this
trend is ot contimped for this tipspeed at higher thrusts,
oo ceneral conclmsion can be drawm, except that the statis-
t.mlmzatxmwhidmmmemected.nhigh&chamm
ézta is greater than the macnitiite of change dre to the
tipes of blade variations which were imyesticated.

4.5 COMPIRESON OF WAVECORMS

Waveforms were normalized to approximately the same ampli-
tude for comparison pmrposes. The standard CH-47C rotor

is compared with the AGS rotor im Pigure 4.11. A compari-
son Of waveforms such as this reveals information about
the time dependence OFf rotor moise mot available from an
averaged spectra plot such as previously illustrated. The
waveborms for each rotor coxmfiguration generally display a
similarity in rise times but show a trend, as a wihole,
toward symmetzry of the ACGB waveform about the peak pressure
that is mot gemerally present for the rectangular bizde.
Time histories for this latter configuration have an initial
svmmetry aboat the peak, but then deray =uch less rapidly
znd.cat;ng 2 trend toward hicher haz:mmc content as re-
vealed by the hicgh freguencies i=posed on the waveform of
the rectangular blade.

So=e of the data in the comparisons in this section can be
groupsd to illustrate that while the lowest harmonics are
extrezely stable the higher harmonics of a given blade plan-
form or airfoil may display a trend with tipspeed or thrust
wiien compared with the reference blade, and there are trends
associated with tip 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
viewsed in the light that measurement programs on whirl towers
freguently result in scatter in data which may be as much as
6 dB for repeated points. FPigure 4.12 shows, for example,
the scatter of 6 reprated 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. 1It 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 COMPARISON OF WAVEFORMS (Continued)

on the other hand, only small changes in noise level in the
low 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-
able effects are displaved. Since this is where the laxgest
change in noise is displayed, it is where future research
should be conceatrated.

Ambient wind, both in magnitude and direction, plays a sub-
stantial role in the wake geometry of a given rotor and
therefore 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 W,=2mw/T, the pres-
sure time history of a B bladed rotor, Pg(t), can be
found by adding the one bladed waveform to itself but
shifted by the blade passage period, T/8.

B = 3 PErEF). (-1-)

k)

Th2 Fourier Analysis of this gives components A, (which
are ccmplex numbers):

T ,
G j YR8 €t gt

(~2-)

IWQM (Wl At M%l
H H e

(tw ‘lM CMN m m} !mat-z

1]

{

{MM

P ’ My (z/“ ,& per e |
LSS W S e, -t
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3 4.6 EFFECT OF NUMBER OF BLADES ON ROTATIONAL NOIAHE 1
. (Continued)
§ Substituting from equation (-1-) gives: 3
A, 2_5 Y P(t+EE) e77 4t
T A T

oxr, interchanging the integral and the summation because
they are over different parameters,k and ¢,

8 TIB kT “'mwf
_8 p(t+5F) ™™ 4t
A T le j . (-3-)

-

"":@ Fourier analysis of the one bladed waveform produces
h ' monics of w, given by:

T
T o+ | Py etwnt (-4-)
Ca T So ()e | dt

or by c'riding up the limits of integrztaon into 8 segments 4
each T/, long we can write

i .
P oy ettt gy (-5-)

Changing var wle fromt te ¢+ ;T/8 giyes:

.
A

Cn ° L ?‘_‘ | P(t+ 169) ec’.w.n(t.fit’la) It
(-¢)

.. NS
L G v T R A
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4.6 EFFECT OF NUMBER OF BLADES ON ROTATIONAIL NOISE
{Continued)

R comparison of eguations(3-)and(6)shows that when k-~ j and

m uat

e -e Lo, nlt 'I-J.rIB) -cov- all £ s (' 7’)

theﬂ Ah =B.Ch.

Eguation (-7-) is true when the exponents differ by 2T or
some integral multiple of 21T, 2T (2): 2=0,21, 22.,...

mw,t Zw,n(t+;T/8) + 21 2

mwo‘t.' S, nt +w,a"c nj 4+ 2T&

in order for this to be true for all time:

= w,
mwyt Swnt o0 — - (-8-)
w),; re
and .
wThi +2mz =0
B
Recalling that T _ 2I then
B8 ~wyg ?

-272 = 20w, Nj  Qiving -2 = W]

we we

and substituting from (-8-}gives

-2 = mnj = mj -9-)
n

which must always be true because the product of two inte-
gers w and j must be an integer,-g.

48

fuscacainy romsoszasy [ummeasy Jhascuey BNRAKESY i | sy

Pt !W\ (w ‘W

£,

rotnganns

e




G o [ROa—

L T e

i
1
|
!
!
!
!
3

4.6 EFFECT OF NUMBER OF BLADES ON ROTATIONAL NOISE
(Continued)

Recalling that w, = 2m/T and Wyz2wa /T we find that
(From Eq.(8J) this condition reduces to: ?

h
w =B,

Thus, it has been shown that the mt® harmonic of a B
bladed rotor is B times the mgt® =nt*® harmonic of a
one bladed rotor with the same loading per blade:

A, =BC,.

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-
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 =t o R* @ V: (Reference 7)

where = Thrust

= Thrust coefficient

= Rotor solidity

T

tc.

c

R = Blade radius
€ = Density of air
\4

= Tip speed
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4.6 EFFECT OF NUMBER OF BLADZS ON ROTATIONAL NOISE
(Cbntinued)

n

since " MR?* is the total blade area this may be rewr:.tten
} T = t,nA e\lt

[l
1

L

\

et

where: ﬂs

The area of one‘plade

} n = HNumber 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 speed 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 ;- t
Boeing/Vertol Advanced Geometry Blade rotor of varying opti- g
mized airfoil and planform. If the blade aerodynamlc de- . -
sign is fixed the role of number of bladés is either to re-
locate the harmonic frequenc1es, at constant tip speed, or
to permit a reduction in tip speed. 1In-evaluating the merits .
of these approaches it becomes 1mportant to carefully spec- | -
ify the definition of rotational noise. Flgure 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 Level is 100 dB. This spec- : 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 pressure
levels, the first several harmonics are substantially de-
graded (as shown in Figure 4.14)° and the resultant Overall
Sound Pressure Level is reduc¢ed to 93 dB.

2

e

| M.

pup——Y

[

-t
——

1o

L=

. . .
Other frequency weighting systems, such as dBA, PNdB, etc., : b
may also be considerably affected by relatively small shifts g
r in the frequency of the lower harmonics as conirolled by :
nunber 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 speed: Figure 4.15

illustrates this effect and:by 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 ’ Yo
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 v
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£.6 EFFECE OF KUMBEER OF BLADES ON ROFAFIONAL. NOISE
{Continued)

comined with the added blade and hub weichts can impose
severe weight penalties on the helicopter. 2Am example of
the weight increase of a CH-47 helzcopter which accompanies

a 750 FPS to 650 PPS (3 to 4 blade) change is:

Drive System + 455 Ibs.
Blzdes + 600 Ibs.
Hub + 470 1bs.
Piight Controls + 90 1bs.
Total weight increase + 1615 1Ibs.

Since the aircraft gross weight increases approximately two
pounds for every pound of weight empty, the gross weicht

“increase to maintain performance is 3230 pounds or am in-

crease of approximately 10%. This in turn will raise the
rotational noise by about .8 dB thereby decreasing the net
improvenent.
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CE-47R CE-g7C TACERED RDVANCED CEOMZTRY

BIXOE (AGB) L)
Nenber of -
Blades 3 3 3 3 i
Rirfoil 0012 23010-1.58 0012 Varies (see sketck)
Radims 29.5 f£t. 30 Ft. 29.5 30 ft. [
-
Cirord 23~ 25.25~ varies{c) varies (c)
Fwist 9.0° . 9.147° ge 6° I‘
Cutont 5.7 £t. 5.8 ft. 5.7 £t. 5.0 £t. L
- S = 5 -
. [
7I
=/R i
.167 [] c=10.6" -
| i F il
c=23 //' |3
.325/— §23012- =<
~=37.32" o
'y
-
.70 }—¥23010- g
1.58
c = 23" o
,__t
Vv13006- &
C = 7.66" 0.7 5
(a) (b) 1.007c) -
c=31.05" .
¥
[, ¢
Figure 4.1 - BLADE DESIGNS ’ $
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COMPARISON OF ROTOR NOISE WAVEFORMS FOR HOVERING AIRCRAFT

l»-wm hd
e
A T o

62

}

3 %

'E 4

£
3

i




1

SN
o
[aod
o

750 ft/sec.
22,0004

=
Q
o
o
Q
=
N
A
=
]
||

804

= 750 ft/sec 4 runs
. 60 . = 27,000 # . CH-47B
100 200 300 400 500
1207
# Effect of Planform
100+

Vp = 750 ft/sec

22,000 # } 0012

63 ft/sec
a9 1 0,0804. }Tapered
. 8of -
3 '
o .
60 =) 4 $
100200 360 400 580
120 9
Combined Effects
100 A
Vp = 700 ft/sec
/{TT = 10065454 23010
Vm = 700 ft/sec
k 80 RLLLr {¥r 2 39%864°°°t ace
4 \\\\\\\'.fggg |
g
60 - et + -+ | i
100 200 300 400 500 l
( Frequency - Hz :ﬂ
H
[ Figure 4.12 - COMPARISON OF VARIOUS EFFECTS L

| s




e T———r V) U R SN RN, AP R

S T T e I B e B P e B e T e~ S et O oot B e B orns B B S O .
i SEAYTE JO WHEWAN ANV JHEdS dIL 4O I0Fddd dEIOIA®d-- €1°p °InbTd - - . :
i - - zH -- Aousnbazd ] - . ) . - -
-8 Ot 09~ oc - op . 0e .. Q¢ —2L
; _8da 0s9 = Iao :D ] -
. ) sds osL = dA g
- Sdd 0sg8 = In ¥ -
08 -
. - }
@ )
e
|
K
06 @
i \te]

(4244

-*3snIy3 3O BuTTqnod/dp 9 Aq Pe3ITUs pue

00T
ToTTeaed =q TIIM sonfea 3snayl Isylo MMMWWIJmFIIQ

*asnIy #000‘0T IOF ST WMOYS UOT3IOTpaxd :HILON T¢ 1z

JaCuUNN OTUCWIRH = U
sopeTd JO JXoqUINN = €

Ug uoraeaon OTT




e e e o o

100
' .Absojute $PL (PASPL|= 109 dB)
i ' /;_"c" eighfed SPL (ORSPL § 93 {iB)
90 : / No. ©f Blbdes & 3
.. T {= 10}000 ¥bs.
v~ -
\
=m 80 Y <
ho] ~a
[}
|
[a7]
[} ‘\‘
H : 70
| 7] D
Harponic| Numbgrs
0 5 150

Freghency|] - HZ

i

Figure 4.14 - COMPARISON OF ABSOLUTE & "C" WEIGHTED SPL

65




110

850 Absol

te 0,

PL

80

750
| :

(100 450~ 3o

“““‘n“-“
a 750 — Bkl S
® TR ~fF==- ——

‘-‘

\ l--““““‘
90 650 v ™ - - -
1;\1““‘ -
= W - - - P v eelawa
ok

I“‘

er oj

F Blades

Figure 4.15 - EFFECT OF NUMBER OF BLADES

!

66

N

1

il

R . ]

i

.
bt

e

L

C s
fin

3
o

I'I-"

L

e e W b o~

-
4

!.,‘...- .

ar0 BB Aot

B Mkt AT EN,

e S 5 bt e § i, S ZEL

k3 AR 3 L

FREwa—

RSN,



PRERY e e

5.0 HOVERING SINGLE ROTOR IMPULSIVE KOISE

5.1 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 conditionms.
During these test programs, subjective ratings of the im-
pulsive nature of the rotor noise were reccrded by a ground
observer located 100 ft. from the rotor. Correlatio» 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 on
Figure 5.1.

During tests of two, three and four-bladed rotors, flcw
visualization studies of vertex position were made using
smoke trailed from a blade tip. Details of the three
bladec 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 common boundary between
banging and non-banging conditions.

A study of two-dimensional Cl1 versus Mach number data for
the Vvertol 23010-1.58 airfoil used in these tests indicates
that the lift divergence boundary ( dci/ 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 SUMMARY (Continued)

n 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 analyticai
method for predicting sound pressure level is presented
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 wOTOR IMPULSIVE
NOISE GENERATION

From the vortex visualization studies of Reference 1, blade
intersections with the vortex from the preceding blade were
found t6 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
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. 1In this
figure, a boundary is defined outside of which no single
rotor impulsive noise has been observed, for these rotors
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. Cl1

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

gg; = o) from the Karman-Tsien growth rate with Mach
nu%ber 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
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 POR BHOVERING SINGLE ROTOR IMPULSIVE
NOISE GENERATIOX (Continued)

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 2bove the 1lift 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 single rotor im-
pulsive noise avoidance boundaries as the AGB spanloadings
and tip speeds did achieve levels identical to those at
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 MECHANISM OF VORTEX INFTERACTION

R

The vortex shed from the tip of a hovering rotor is ermbedded
in the flow field wihich is moving axially downward with an
accompanying small radial moticn. 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 bz 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.
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The empirical equation given in Reference 8 for the position
of the tip vortex before interaction with the following

blade is: i!
Z(Y) =.25 (Cr le + 001 9 )Y w ..
H
oSy <2m/b o
|
where Z = 2/R N.D. l
8 = Twist in degrees . !
W = Azimuth position behind the blade shedding

R Sl Y
T

‘«

of the vortex

LR
.
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An expression for the radial position of the vortex at the
following blade has been given by Landgrebe in Reference 8 P
as a function of rotor thrust coefficient. However, a e
study of the data presented in his reference indicates

that for the time period of one blade passage and for the Lo
range of thrust coefficients presented, the radial vortex [
position is relatively insensitive to changes in rotor
thrust coefficient. Based on Boeing-Vertocl test data,
the vortex radial positions at the following blade have, .
therefore, been assumed to be .90R, .93R and .96R for the s
two, three and four-bladed rotors, respectively.
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The position of the tip vortex is further altered by the
presence of ground wind. From potential flow theory, lift o
is generated when a uniform flow field is imposed perpen- B
dicular to a vortex filament. The tip vortex rotates in
the direction from the blade lower surface to the upper ’i
surface at the tip of the blade. Hence, the vortex

motion is up at the upwind azimuth location and down at
the downwind location. At the 90° and 270° azimuth, the
orientation of the vortex filament is parallel to the
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5.3 MECHANISM OF VOREEX INTERACFTION (Continued)

velocity and no 1lift is generated. Relative to the follow-
ing biade, the tip vortex is at its lowest position at
Y= 0° and at its hichest position at W = 130°.

The measurements that were made for Pigqure 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:

9349 13517 .04
Az522.4(Cle) " (B) v, Y @

amplitude in inches
B =1-Mqp
ground wind velocity

2
A
(0]
b
I

m<
il

V, = average induced velocity

Hence the vortex position may be given by:
h—Z+Acos(v 3)

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:
3
r -r/4vt
V: e
anr

@

r= radius of vortex
['= strength of tip vortex
¥ = kinematic coefficient of viscosity
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5.3 MECHANESM OF VORFEX INTERACFION {Continumed)

Considering that the viscosity for turbulent flow may be
greater than the kinematic viscosity, and the representa-
tive time for one blade passage, the exponential term is
sufficiently sm=all so that the flow field due to the tip
vortex is not established by the time the following blade
encounters the vortex. Therefore, the vortex induced
velocity at the following blade results primarily from
the vorte:x core.

A literature search has been conducted to determine a re-
presentative core size. However, the available gGata does
not give a definitive value. Johnson, Reference 12, and
Widnall, Reference 13,used core radii on the order of 18%
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. Othar data indicate
that the vortex core size measured from wings may differ
substantially from core size of vortices generated by roto:
blades.

Because of this variation in the published core size data,
the numerical calculations have been carried cut for three

core sizes, J%ﬁg%g equal to .20, .143 and .08. When the

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

Loc [L35 + 0es (JE?./::)] n0-rree) ®)
e =62 -0)” | ' ©
Voun™Toe__ ()
417 heq :
r, = core radius of vortex
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5.3 MECHANISM OF VORTEX INTERACTION (Continued)

the velocity change at the blade is calculated assuming
that the tip vortex is an imfimite line vortex of finite
core size located at a distamce h below the blade as given
in the expression above. The vertical component of the
velocity results in a chamnge of both the total velocity
perpendicular to the blade and an angle of attack change.
Tne first results in a change in Mach number and a signi-
ficant chorGwise shift in the shockwave when the blade
segrent 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.

Tc 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 availabkle 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,aCn, 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 Cy 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 Cy value for each '
angle of attack could rot be pinpointed accurately. The
change in Cy with Mach number is, therefore, assumed linear
and 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

a .

{
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 i
resulting short time duration pressure pulse has been )
identified in test recorded waveforms of hover banging » 8

data.
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E 5.3 MECHANISM OF VORTEX INTERACTION (Continued) 3 )
i '
5.3.1 Sound Pressure Level % f
i |
The sound pressure corresponding to the change in lift was
obtained from the acoustic theory presented in Section 3 -
earlier in this report. - - ﬁ
_ T XF F M
P(t) - & 2 ° + __ﬁ e
47 (1-M,) r'a, it (1Y) ot 7
! FefF G-M) =& =
R 3 - Fe ®
? 4n (1-MYr r (1~N) ;;;f ‘
= = 1
L . Only the first two terms on the right hand side, 2F
and 2 , are due to changes resulting from the’ shock %
motion and contribute to the impulsive noise. The other i
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

l are calculated at the point where the sound is generated.
The vector r is the distance from the source to the obser-~

vation point and the term My is the component of the Mach

number in the direction of F.
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5.3.2 calculation of Sound Pressure Level

o N e s SOA WA Sk i et e WA R

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-
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-

P jectively rated as a heavy banging point and is located
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.
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ror these two test conditions, calculations »ave 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 (r./c). The strength of the
tip vortex is relatively more significant for TP1l4 and the
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 voxrtex inter-

A action does not result in an attached shock.
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5.3 MECHANISM OF VORTEX INTERACTION (Continued)

g' 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 incrament 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-
} tic radiation. The distribution of this energy and there-
fore the spectral distribution of the change in acoustical
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.
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TABEE 5-I l
CE-47C Rotor System Chord = 25.25 inches l
Tmber of Blades = 3 Solidity = .067 -
R2dins = 30 ££. Twist = -9.14 degrees :
Fest Point 43 Test Point 14 I i
“Banging” “Kon-Banging" ’
Th-nst - 1bs. 22007 20006 l
Cy -00567 .00673 ¢
Tip Speed — FPS 754 660
Tips Mach Nimper .682 .597 l '
Cround Wind - KTS 10 10
Mezm Rosition of Vortex
Eclow Foliowing Blade — I ]
Inches 1£.2 17.5 '
Zmplitede of Vortex
“Oscilliation™ — Inches 23.7 34.7 T
B=dia® pPositiom oOf 4
Infersection — X/R .93 .93 F,
Eocal Machn Nunbers® .633 .55 ¢
Focal LAFT (o=fficient -567 .667
Eocal Ragle of Attack® £.5 5.7 ]
SPL, 1
k
Caicuiceted Sound Pressure =
ievel SPL - & X/c = .08 97.2 111 86.2 ’
/e = 143 92,7 11.3 83.4
*/c = -20 89.2 6.5 82.7 -
Measured Over=211 SPL — O
{average) (Pezk o Pezk) ilo 12 107
(£ The ¥=ch pwmiver and angle of attack distribution along
the Dlade were obtained from the Boeirg-vVertol hover

and axaal flighkt apalysis cosputer prograza, B-92.
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SINGLE ROTOR HOVER IMPULSIVE NOISE CRITERIA
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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 o
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 perferm 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 oif the noise occurs during
rotor operation. If blades had been available, mounting
of a speaker along the radius might have been considered.
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 frequencies.

It must be assumed that a calibration conbining the correct
source location with a pulsed broadband source would achieve
the desired corrxecticn for the tower data.

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

The test setup which was used to accomplish this is shown
in Figure I-1l. Pure tones of noise were used for the cali-
bration over a range of frequencies beginning at 100 Hz
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 correcticns 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 to
the tower speaker as well as tc one channel of an Ampex
AR-200 tape recorder. The tones generated werz at the 1/3
octave band center frequencies, and were approximately 35
seconds in length. Due to limitations of the speaker, tones
below 1C0 Hz at a suitable level were not reproducible and
corrections below this frequency are not available.

Microphone 3, Figure I-1, records oniy 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 and is,
by definition, the correction which should be applied to
the data microphone to obtain free field levels. & 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 I-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) displays a large amplitude variation. The difference
between microphones 1 and 3 is plotted in Figure I-3.
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