ST N
o e e = = =

——

JDC FLE corYADAO 58388

T

;HII?AEL£> /4:11.';7I’¢2'o /'-'455‘

LEVEL

RESEARCH ON HELICOPTER ROTOR NOISE

Final Report

o D25

A. R, George

15 Auguot, 1978
«ngiEAG

U.S8. Army Research Office .w””jkﬁﬁgg;u.\
Contract DAH CO4~75-(G=0120 (i ...-f\\“

R ‘\

Sibley School of Mechanical and Auronpice Enginearing
Cornell University

Ithaca, N.Y. 14853

Approved for Public Release; Distribution Unlimited.

These findings in this report are not to he construed as an official
Department of the Army position, unless so designated by other author-
ized documents.

78 09 ﬂl ()OM

e e e b 2

I

Kl i S YA eV i oo i i




THIS DOCUMENT

IS

QUALITY AVAILABLE. T
FURNISHED TO DTIC CONTAINED

A SIGNIFICANT
PAGES  WHICH

REPRODUCE LEG

BEST

. COPY

NUMBER OF
DO NOT
LY.



-

SRCURITY CLABSIFICATION OF THIS PAGE (When Dot Entered)
READ INSTRUCTIONS

REPORT DOCUMENTATION PAGE BREFORE COMPLETING FORM
ORTHUM 2, GOVY ACCESSION NOJ 3. RECIPIENT S CATALOG NUMBER |

4. TITLE (and Sublitls) DBV 4
n APERL / - 7
/

Regearch on Helicopter Rotor Noise, / 1 Mareh@975-15 Junes@®7s,
e . PERFORMING ORG. REFORT NUMBRA

8. CoN UM D

PERFORMING ORGANIZATION NAME AND ADDRESS

Cornell University, Upson Hall
|L_Ithaca, New York 14853 pil 4404
11, CONTROLLING OFFICE NAME AND ADDHI!I

U.8. Army Resecarch Qffice

P.0. Box 12211

Resoarch Tri .__._._..__17
: ITORING A ¥ NAME & ADORESS(I! dilferent fram Controlting Offite) | 18, SECURITY CLASS, (af thin report)
Unclassified
"n—ggr'. ers—tl:l'c—F—T——ETA ION/GOWNORA mo"'j

ITe. GATRIBUTION STATEMENT (of thia Neporl)
Approved for public release, distribution unlimited.

17. DISTRIBUTION STATEMENT (of ihe abateact entered in Blook 20, i{ different trom Repori)

(@ARD | (3357136 3-E ]

th, SUPPLEMENTARY NOTKSR

19, KEY WORDE (Continue on roveras aide If necessary and identify by block number)

Helicopter Noise, Rotor Noise, Blada Noise, Shock Noise, High Speed Noise,
Broudband Noise

aa.\ﬂncv (Centinus on reveras elde If necesaary and Identify by block number)

Research was conducted on aspect of noilse generation by helicopters. A
g:neral review of helicopter noise was prepared and published as one part of
the work.

Methods were developed for the analysis of high frequency broadband noise
from rotors. Physical and analytical approximations were devised which allow Contn
pract.l.cnl calculation of nolse from various loading mechanisme., Atmospheric-——-220 ..

b0 ’:g:‘!” 1473  ®oiTioN OF 1 NOV o8 18 OBsOLETE

0 7 7 Oégcﬁw— mu of Yl.}{m'ﬁ()m“ ntered) “ﬂ p_,




e

leee T

L
!
t
b

s

ron

P W M LA e i R Ei o

SECURITY CLASBIFICATION OF THIS PAGE(When Data Entered)
P —

1 Yturbulence noise was investigated including some effects of inflow distribution|
A method for predicting trailing edge noise for rotors was developed. The
results show that trailing edge noise can be quite important at high frequencieqd

when the small scale components of ingested turbulence are weak compared to
those of the blade boundary layer turbulence.

In the area of high speed noise from high Mach number advancing blades the
research was primarily concentrated on the radiated sound from the Lighthill
stress associated with the occurrance of unsteady shock formation and disappear-
ance on advancing transonic rotor blades. A simplified model of an impulsively
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13 . 1. STATEMENT OF PROBLEMS STUDIED AND INTRODUCTION

The goals of the research undertaken under this contract were to devaelop

e

quantitative understanding of the various noise mechanisms and reduction

techniques for helicopter rotors. Analytical and computational methods were

developed to predict the noise from several of the more important rotor noise

mechanisms, The results of these analyses and computations were comparad to

LT e s

other researcher's experiments and examined for noise reduction implications.

£

In order to understand the mechanlsms which lead to acoustic radiation

from rotors, consider Lighthill's acoustlic analogy. This formulation mani-

pulates the exact equations of fluld mechanics into an apparently conceptually

simple form. Beginning from the equations of mass and momentum conservation,

but allowing for mass sources and applied forces in the fluid, Lighthill (1)

showed that those equations could be put in the form of a wave equation on the

T e e e

left hand side with all other terms on the right hand side:

-
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density

3
©
]

the undisturbed speed of sound

0
[ §

; | o
ti i Q ™ mass source strength, mass/volume * time )

force/volume = momentum/volume * time ;

=
B

-3
[ §

2
Lighthill atress = puiuJ + (p ~- <, 0)613 - oij

i (4] = yigcoua stress tensor
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Lighthill's contribution was the simplifying concept of conasidering the
right hand side of this equation as known source terms, The right hand side
ia rarely known exactly but often can be satisfactorily estimated. If the
right hand side is written as a known function g(xi.c) then the inhomogeneous
wave equation (1) can be simply solved for the radiated sound. In this formu~
lation we consider the moving rotor blades and thelr associated flow fields as
being comprised of

i) moving sources and sinks to model the motion of the rotor
blade volumes,
i1) moving forces to model the motion of the forces betwaen
the blades and the fluid, and
1ii) a moving Tij distribution which accounts for the nonlinear
flow effects which have been moved to the right hand side
of equation (1) in order to leave a wave equation on the
left hand side., TLJ can include such effects as turbulencs,
compressible flow and shock wave affects, non-isentropic
effects and viscous flow effects.
The sounds due to forces may be conveniently divided into those due to
steady or periodic loadings and those due to random blade loadings. Both of
these classes of loadings can be important but the origins of the many
different types of random loads and the theoretical prediction of resulting
radiated scund are generally less well understood, Progress on several of
these mechanisms was made during the present contract.

The sound radiated by the motion of blade volumes, forces, and flow

changas becomes important at high advaneing tip Mach numbers and is often called
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studied extensively by other researcliers as well as under this grant. In the

|

;ff | 1 . high speed noise. A decade ago this noise was not understood but recently has been
|
J

T

last few years the large effacts of the Tij due to shock waves on high speed
noise have become appreciated and our work under this contract was primarily

concentrated in this area. &

! g Thus the research under this contract focuded on three areas in particular: '}

f (1) Broadband rotor noise due to random l«: Jings including the
effects of inflow turbulence and trailing edge noise, iﬁ
(2) Righ speed noise due to volume, forces, and unsteady shock f}

A waves .

'T'_ ; _ (3) Review of helicopter rotor noise mechanisms.
Bach of these areas is discussed separately in this report. A4s most of the
results have been published, the research is reviewed in the present final

|
a
!

|

ﬁ,g, report with emphasis on the most recent results.

-

.

by 2. HIGH SPEED AND SHOCK NOISE 4
;?i. During the initial months of the contract period we completed our basic %
fkf investigations of the methods of Ffowcs Williams and Hawkings (2) and ;

= Farassat (3) for predicting radiated sound due to the motion of solid body
volume and surface pressure distributions. We submitted and had published a b
R papexr on "The Sound Due to the Acceleration of a Sphere" (4). We obtained 3
excellent agreement between the theory o. Farassat and our measurements for
. this simple case. We concluded that the sound from a solid body at low

velocities but high accelerations is well suited to calculation by these methods. .}
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At high advancing blade Mach numbers, helicopter rotor blades genarate
severe impulsive noilse. A substantial portion of this sound has been shown
to be due to blade volume and preasure distribution effects. Existing calcu~
lation methods are based on the work of Ffowecs Williams and Hawkings and of
Farassat. Farassat made numerical calculations on thickness effects at NASA
and Pien obtained corresponding results here at Cornell on our previous grant.
However, another source of noise is apparently due to the radiation uf a shock
wave related to the unsteady transonic shock wave on the blade. Such effects
have been found in experiments by Tijdemann at NRL in the Netherlands (6) and
at AAMRDL by Schmitz, et al. (7,8).

Our analysis, most of which has been published in reference 9 analyzes the
far field sound due to the formation and disappearance of shock waves on rotors.
We first conasidered the application of the original forms of the solutions
darived by Farassat in reference 3 to problems involving unsteady shock wavas,
These original forms were derived by bringing all of the differentiations in
the solution under the integrals. However the resulting forms are complex,
difficult to interpret, and required additional near fleld flow detail. In
order to overcome these difficulties in as simple a way as éossible and to
require a minimum of near field information it is more convenient to leave some
of the derivatives outside the integrals while transforming spatial to time
derivatives, Farassat (5) has carried out this type of tranaformation for
thickness and force terms and we carried out similar transformations for the
Lighthill stress term, Our order of magnitude estimates showed that for
impulsively started shocks the Lighthill stress radiation in the forward (flight)
direction i1s dominated by the jumps in properties across the shock. However
for finitely varying shock strengths the finite gradients in the flow can also

contribute significantly to the sound due to Lighthill stresses.
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Our approach was to analyze geometrically simplified models of shocks

which are "turned on" and "turned off" to model the appearance and disappear-

ance of transonic flow on advancing rotor blades. Since the actual blade

moves subsonically, the near field shock was modelled as a segment of a shock

discontinuity surface moving subsonically. We approximated its trajectory as

local straight line motdion.
Aerodynamic data for shock formation and decay based on work by Caradonna

and Philippe (10) and by Murman and Cole (11) were used as the basis of the

simplified model of an impulsively atarted and stopped disc shock. Our results

which are given in reference 9, show that the far field sound is an initial

sudden expansion followed by a sudden compression. A more realistic slower

“turning on" and "off" of the shock would give a smoother sound pulse which will

be included in Mr, Kitaplioglu's Ph.D. thesis which 18 in preparation.

3. BROADBAND ROTOR NOISE SOURCES AND PREDICTION

Helicoptera in hover on low epeed flight primarily radiate sound due to

asteady and unsteady rotor blade forces, At frequencies below about 100 Hz the

sound is primarily due to constant or azimuthally varying but steady loads.
However the more important middle and high frequency part of the noise apectrum
is due to higher order loading harmonics which are largely random in nature.

As the radiation from known azimuthally periodic loadings has been understood
for some time, previous prediction techniques have usually assumed empirical
loading laws without dealing with the causes of these loading harmonics. Under

our previous grants we showed that much of the previously unexplained noise is

due to random loadings from atmospheric turbulence or other inflow disturbances.
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oo : However our earlier analyses, although successful, required quite prohibitive -
numerical computations for sound frequencies above several hundred Hertz. This
was because a very large number of radiating modes had to be summed to obtain
the Doppler shifted and partly correlated signal at any given frequency and
observer location.

Under our present grant we waere able to show that the high frequency part
of the nolae spectra is due to loads which are uncorrelated between blades and

which then can be treated in a simplifiled manner. We were then able to develop

a considerably simplified high frequency theory based on a result of Ffowcs

Williams and Hawkings (12) for radiation from rotating randomly varying loads. -3

We then devised gome approximations to certain integrals appearing in the

) | analysis which made high frequency calculations possible. This new method and #
' i gome calculated results were reported in reference 13 and are not detailed here.
Calculation times with that method ranged from one to forty seconds CPU time
per point on an IBM 370-168 for all frequencies below 10,000 Hertz.

In later work which will be preaented here and in more detail in Y.N. Kim'as

" Ph.D, thesis and a subsequent publication we devised a further significant 3
T : simplification of the calculation procedure. The method of reference 13

4 requires evaluation of an expression of the form !

%\ ‘ Rt 5 M cosd 4
%“ : nzz_'“ Dr(|f"n9|)~ln (—'ﬁ——') P
,
é o ' where Dr(f) is a complex integral expression for the blade loading spectrum. !

For large f the number of DrJi terms which have to be evaluated becomes very i

A large. For this case we found that for appropriate n, we can approximate
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; and then uase the asymptotic result Ji(x) n %%-cosz(x - Eg-— EQ y (0 < x) to
N approximate the average over n at Jg by #& + This technique allowed us to

|
i . further drastically reduce the number of points needed to approximate
|
I

+n
. §nl Dr Jﬁ + This approximation reduced computation times by a factor of 10
1

at high frequencies with negligible loss in accuracy, making the new method
fully practical for routine use with a variety of loading apectra.

Our resaearch was also concerned with the origine of the random loading

spactra causing broadband noise. One important type of blade loading is due

f to inflow turbulence. A hovering or low flight speed rotor also modifies any

f ingested turbulence due to the distortion of fluid elements drawn into thae

o rarn

rotor plane. This effect can cause large changes in the properties of the

turbulencs., We presented some preliminary inveatigations of this effect in

e

reference 13.

-
T

Another aource of rotor noise is unsteady blade loadings due to downwash 'k

oo ke
s

LI,

fluctuations in blade boundary layers or from other turbulence. Turbulent ﬁ

BRI
-

velocity fluctuations in a boundary layer or separated region are convected
at speeds less than free stream velocity and the resulting pressure distribu~

K

vﬁ» tions are somewhat different than those found in classical analyses of convected
?t.l gusts.
In work in I.¢. Theocleous'as M.S. thesis the method of Miles (14) was

extended to obtain the pressure distributions on flat incompressible inviscid ':

airfoils in a free utream of velocity U and subjected to an upwash field moving

with velocity U/A. 1In order to determine the character of the preassure distri-

it
-
R\

T

butions assoclated with turbulent fluctuations the response to gust shapes of
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] . the form 8§(x-Ut/A) and H(x-Ut/A) were calculated. The pressure distributions A

were found using Laplace transform methods from the integral relation between

re—

! ‘ pressure difference and upwash as given by Schwartz or Kussner. For upwash

gusts convected at less than free stream speed, as would be the case for

! boundary layers or separated reglons, we find that negative 1ift peaks occur 7

at the gust front. Conversely for upwash gusts propagating at faster than free

stream speed positive lift peaks occur. A typical result is shown in figure 1.

e R T e .

Unfortunately the Laplace transform inversion is only asymptotic for certain

and trailing edge can not be computed dccurately.

e e Eeinare

{

|

I ranges of time and results for times when the gust is between the midchord 4
]

i

. Our most recent work on broadband noise has been on the prediction of
? rotor noise associated with the 80 called trailing edge noise mechanism. This
: work is a part of Y.N. Kiwm's Ph.D, theails and will also be written up for
journal publication. i
We first investigated existing empirical trailing edge noise correlations,
most of which were developed for jet flap or for airframe noise configurations,
These were unsatisfactory for helicopters as they overpredicted experimental
helicopter rotor noise spectra by over 15 dB as we reported in reference 15. f
We next investigated theoretical models of exiating trailing edge noise |
and trailing edge loading. Vortex shedding does not appear to be important for E

full scale rotors and was not investigated. A range of physical models related to

trailing edge nolse and loading exist and have been analyzed by various authors
but they differ with each other on important items such as whether to apply the

1 Kutta condition, and on the locations, convectlon speeds and types of multipoles

F ‘used to model the phenomena. A recent critical study by Howe (16) compared :

2 many of the conflicting models but it is still not clear which of these models

. e .
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are most realistic, On the other hand Amiet (17,18) analyzed the radiation
from a fixed airfoll assuming only that surface pressure spectra are known

far from the tralling edge and that the associated velocity field is statis~
tically stationary as it moves past the edge. We used an extension of Amiet's
analysis to determine the statistical induced loading at the trailing edge,
estimating the effects of spanwise load correlation. We used the measured
buundary layer pressure spectra of Willmarth and Roos (19) and our broadband
rotor noise calculation techniques to find the results shown in figures 2 and
3, In figure 2 for a rotor at altitude the calculated trailing edge noise is
geen to become as important as atmospheric turbulence noise at high frequencies,
This 1s because the small boundary layer eddies are stronger than the eddies of
that scale in the ingested atmospheric turbulence. However in figure 3 where
the inverted motor is near the ground the small scale atmospheric turbulence

eddies remain stronger over the range of frequencies.

4, REVIEWS OF HELICOPTER AND ROTOR NOISE

As part of our program of identifying the significant uoise sources for
helicopter rotors an invited review of helicopter external noise was prepared
by the principal investigator. Other recent reviews of helicopter noise had
been orliented toward various empirically~based prediction methods rather than
toward identification of individual source mechanisms and their analytical
description., The review prepared under this grant emphasized the physical
mechanisms of noise generation and evaluated their importance for helicopters.
Potentially important mechanisms which have not yet been sufficiently investi-
gated were identified and the status of prediction capabilities were discussed.
Thls review was pnblished as AIAA Paper 77-1337 and a revised version is

scheduled to appear in the AIAA Journal of Aircraft in November, 1978, The




uy

- 10 -

i ; required twenty-five reprint copiles will be furnished to ARO when they are
avallable.
Also a short veview and perspective of rotor noise prediction was prepared

for the ARO/NASA/AHS International Specialists Symposium on Helicopter Acoustics,

May 22-24, 1978{ The review will appear in the published proceedings which

will be published shortly.
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