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SUMMARY

A simple theoretical model of high speed helicopter impulsive noise is
developed which depends primarily on the large scale features of the rotor's
aerodynamic flow field. For acoustic radiation near the rotor's tip-path-
plane, monopole, dipole, and quadrupole sources all contribute — with the latter
term dominating for helicopter advancing tip Mach numbers (Mpy) greater than
0.5, Predicted peak amplitudes and temporal shape show good correlation with
experiment for the UH~1H helicopter operating below Myp = 0.9. Above
Map = 0.9, theoretical-experimental comparison is less favorable. It is postu-
lated that the differences at high advancing tip Mach numbers are traceable to
unsteady transonic aerodynamic and acoustic effects.

1. Introduction

Helicopter impulsive noise, sometimes called "blade slap,” is one of the
most annoying and easily detectable sounds generated by a helicopter; it is also
one of the more challenging topics of helicopter research. Many theoretical
approaches have been developed over the years to explain the aerodynamic and
acoustic causes of impulsive nolse, but they have been only partially success-—
ful. However, in recent years the situation has been changing rapidly. New
quantitative experimental results are available to check theoretical analyses
and to help guide the theoretical researcher — helping him to develop mathemat—
ical models that accurately describe the physical phenomena of impulsive noise,

A typical half period of a two-
bladed rotor that is generating impul- - (172 BEV) »
sive noise is shown in Fig. 1 (from 2000~
Ref. 1). The data were acquired using -
an in-flight measurement technilque 1000 L. BLADE
. with the microphone located directly O rION
in front of the helicopter and essen-— -
tially in plane with the rotor tip-
path~plane. fTwo distinct sources of
noise are present: a combination of
positive and negative pressure spikes
which are known to be dependent upon
blade~vortex interactions, followed by
a large negative pressure pulse whose
shape and amplitude are extremely sen-
sitive to advancing tip Mach numbers.
This latter pulse, called high-speed -3000 k- ASSOCIATED
impulsive noise, is the topic of this WITH THICKNESS
paper, This periodic phenomenon is
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known to occur on most hellicopters in -4000 -

high-speed forward flight, radiating

large amounts of acoustic energy in Fig. 1, Composite illustration showing
front of the helicopter near the dominant UH-IH acoustic waveform fea-
rotor tip-path-plane. tures (from Ref, 1).
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The first simple theoretical model of rotor noise was developed by Gutin?
who recognized that steady aerodynamic forces on a propeller act as acoustic
dipole sources. Working in the frequency domain, he was able to show that the
first few harmonics of rotor noise were related to the steady thrust and drag
forces on the propeller. In his simple theory, net forces were assumed to be
acoustlc dipoles acting at a distinct point along the blade. Thus, he
neglected the distributed nature of the forces and the retarded time effect —
a "compact" source assumption. Garrick and Watkins® extended this work to the
case of the uniformly moving propeller, At about the same time, Deming” looked
into the effect of blade thickness on the radiated noise. He replaced a sym-
metric airfoil by an infinite number of line pistons (sources and sinks) to
match the boundary condition of no flow through the rotor airfell surface.
Deming assumed, as Gutin had, that the problem was compact, that is, that there
were no retarded time differences between the sources and sinks at any given
radial station along the airfeil. Deming's comparison with experiment was less
impressive than that of Gutin's — the major finding was that thickness noise was
not a major contributor to the periodic noise of propellers. At the time the
research efforts were beginning to focus on discrepancies between experimental
results at high tip speeds and available theories, emphasis on jet propulsion
became popular, and most comprehensive efforts were halted.

Fundamental noise research was, however, increasing in level and scope.
Lighthill® formulated an exact acoustic analogy for sound due to turbulence.
Curle® extended this formulation to include the effects of solid surfaces.
Meanwhile, operational experience identified the acoustic detection problem as
important to combat survivability of the military helicopter. This inltiated
much research into potential causes of helicopter periedic noise — the two most
notable efforts were made by Lowson’ and Wright.8 Taking Lighthill's stationary
model, Lowson and Wright argued that in addition to steady forces (identified by
propeller researchers as causes of perlodic noise) the unsteady forces that the
rotor blade experiences as it traverses one revolution are very efficlent radia-
tors of periodic noise. They suggested that in order to predict the higher har-
monics of radiated noigse, one could use a compact source model but would need to
know very high harmonlcs of blade loading. Although the agreement with experi-
ment was not consistent, their theories did show more encouraging correlation
with the limited experimental frequency domain data available.

In this same time periced, Lyon? looked at monopole thickness and dipole
force noise of the helicopter rotor by replacing the blade by a progression of
accelerating "torpedoes." Using this unconventional approach, he found that
monopole thickness effects may be important at advancing tip Mach numbers near
unity. At about the same time, Arndt and Borgmant? applied the fluctuating
loads theory to the helicopter rotor under similar conditions and related the
high speed impulsive noise to the drag divergence phenomenon at high advancing
tip Mach numbers. Although this latter approach was used in many helicopter
preliminary designs, it was never quantitatively checked with experiment. The
lack of high quality time domain impulsive noige data made it impossible to
trace cause and effect mechanisms to validate either theory. At about thils same
time Ffowcs Williams and Hawkings'! rederived the classical acoustic equations
for bodies moving at high Mach numbers with respect to the medium. Their con-
tributions emphasized the noncompactness of the problem and set up the basic
theoretical formulation in use today.

More recently, Farassat!? and Hawkings and Lowsonl? applied the Ffowcs
Williams and Hawkings formulation to the high tip speed rotor problem. Using
noncompact monopole terms to represent thickness and distributed dipeles to
represent localized pressure, Farassat has reported close agreement in peak
amplitude and shape with test data. His method of solving the basic equations
was a straightforward numerical evaluation of the integral solution in the time
domain, Lowson, " using similar assumptions but working in the frequency domain
and comparing results with the data of Ref. 1, reported agreement with experi-
mental data within 3«6 dB for a number of measurement points. The present
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authors have also applied similar techniques utilizing monopoles to represent
thickness and dipoles to represent local forces and have obtained results simi-
lar to those of Lowson. In almost every case, the peak pressure amplitude at a
poilnt located in the path of maximum radiated high speed impulsive necise, was
underpredicted by a factor of approximately 2. In addition, the calculated
pressure—time histeory matched the experimental pulse shape only at the lower
advancing tip Mach numbers.

Although it is tempting to blame the generally poor correlation cof theory
and experiment on experimental error, the data used to check the theory have
been gathered on a number of experimental programs, The experimental data are
not only consistent, but scale remarkably well in shape and amplitude for both
model and full scale tests.l® Thus, one is drawn to the inevitable conclusion
that the theoretical modeling is not yet adequate. One would suspect that some
important physical considerations have been omitted in the construction of the
basic mathematical model — a hypothesis this paper will attempt to prove.

Although the general integral solution to the wave equation for sources in
motiont! is straightforward, a physical interpretation of the acoustic sources
is more subtle. The main difficulties arise because the geometry of the rotat-
ing helicopter blade is so complex, when viewed in a nonrotating reference
frame, that simple analytical solutions are not readily available. Those that
have been attempted (e.g., Ref. 13) usually rely on a frequency domain approach.
This is quite unnatural because of the impulsive nature of the event which
results in many harmonics of noise. The direct approach is also not without
problems. Near M = 1.0, mathematical singularities arisel!? which should be
considered in the numerical computation of the time domain pressure. This can
lead to rather large, complex computer programs in which it may be difficult to
determine the significance of key design parameters. However, working in the
time domain is a more logical approach and by careful choice of analytical tech-
niques for the problem at hand, most of these removable singularities can be
handled quite well.

It will be shown in this paper that very simple models can yield good
correlation with experimental data for the advancing tip Mach numbers that are
important in current helicopter operations. In this theoretical model, the num-—
ber of singularities are kept to the minimum necessary to describe the physical
event; but in addition to monopoles and dipoles, quadrupole sources are shown to
be involved in the basic formulation of the problem. The idea that quadrupoles
might be radiators of acoustic energy is really not new — it has been suggested
by many researchers. In fact, Ffowcs Williams and Hawkings, 16 arguing from
~order of magnitude consilderations, suggested that quadrupoles could be the most
efficient generators of discrete fan tone noise. The development of the present
simple acoustic model allows a direct numerical evaluation of this important
phenomenon, and quantitatively shows that quadrupole thickness effects need to
be considered in the modeling of high~speed helicopter impulsive noise.

2. Basic Theoretical Approach

The general acoustic problem for sound generated by moving surfaces was
investigated extensively using general function theory.21 The formal solution,
given in Eq. 1, implies that the acoustic field generated by moving surfaces is
determined by not only the boundary conditions on the surfacel2:13 but also by
the local disturbed flow field off the surface.

v 3 Polin _— d pijnj >
4“359 (x,t) = E[[W e ds(y) - 3%, rll_M-rl e ds (y)

+ 2 i av(F) (1)
Bxiaxj r]1-M,| ot
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where Tij = puiuj “+ pij - agpéij and standard notatlons are used.

The right-hand side of Eq. (1) contains three types of "acoustic sources."
The first is a monopole source which is governed by the local time rate of
change of mass displaced by the moving surface. The second term is a dipole
source which is dependent upon a spatial derivative of local surface forces.
The third and last term is a quadrupcle source — a source which is often omitted
in many descriptions of nolse from moving surfaces. Its shape and magnitude are
governed by two spatlal derivatives of the Tij stress tensor in the volume of
fluld surrounding the moving surface.

In principle, Eq. (1) is the solution to the high-speed rotor problem,
because the rotor problem 1s really just a specialized case of the more general
acoustic problem of surfaces in motion. However, interpreting the acoustic
geometric complexities of the rotating blade and then choosing correct aerody-
namic boundary conditions for each acoustic source on the right-hand side of
Eq. (1) are not trivial problems. Both aspects of this solution procedure are
treated in the following discussions.

3. Some Acoustic Geometry

A three~dimensional sketch of the geometries involved in the helicopter
acoustic problem is given in Fig. 2, The rotor, located at position ﬁ, is
rotating about the hub at an angular
rate  and translating through air at
a constant velocity U,. The observer
gor microphone) is located at position
i X and can be considered stationary or
to be moving at the translational
speed of the helicopter, U,, through
the medium. Stationary ground-mounted
microphones are customary for "£ly-by"
testing and the moving microphone 1is
necessary when acoustic data is gath-
ered in—flightl or in wind tunnels,!S

e
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RESPECT TO THE MEDIUM
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There are several procedural
Fig. 2. Basic acoustic geometry. methods of evaluating Eq. (1)

{(Refs. 12 and 13) for translating
rotors. Although the methods have weaknesses, each has strong points that can
be used to advantage for certain classes of problems. TFor the more common
rotorcraft problems, the advancing tip Mach numbers never exceed 1 and, thus,
the integrable singularities appearing in each right-hand side term cause no
real numerical evaluvation problem. Therefore, a straightforward numerical solu-
tion is simple and physically enlightening. The apparent complexities are due
to geometry and the correct treatment of retarded time.

One of the first tasks in the construction of a solution is the development
0f a form that is easily calculable and physically interpretive. The mix of
spatial and time differemtiation in Eq. (1) is numerically cumbersome. However,
in the acoustic far field, Eq. (1) can be rewritten as

amaZo ' (E.t) ~ & Po’n s + 22|22 % as @)
magh (L6 ¥ oy [T LAAREPYR T I E vy Y
ret

ret
cos 8, cos 8, 3T
1 3 i i 1j >
iz Btf[ T[T - M| ac] W) (2)
ret

where cos 84, cos ej denote directional cosines between axis of acoustic
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sources and T,

three acoustic sources is necessary.

For simplicity of interpretation,
the following arguments consider the
in-plane radiation of impulsive noise
only.* An aerial view of the in-plane
radiation problem for a mlcrophone
moving at the same speed as the heli-
copter is shown in Fig., 3. A simple
point source of sound is assumed to be

In this expression (Eq.

(2)), only time differentiation of all

u SCURCE POSITION
2 AT TIME OF
SOUND

GENERATION

OBSERVER
AT TIME OF
SOUND ARRIVAL

=g

r
i | ; P
U= ' opgERVER
AT TIME OF
SOUND GENERATION

HUB POSITION AT

TIME OF SCUND
GENERATION

emitted at position P and to arrive
at the position of the moving
observer, 0', at some later time,
r/ag. The velocity of the point P
at any instant of time is + R,
and M, is the component of that velocity vector along the
divided by the speed of sound.

Fig. 3. Top view of rotor acoustic

in-plane geometry.

direction

As in all acoustic problems, correct treatment of the retarded time oper-
ator is essential, From the given geometry, observer time t is related to
emission time 7t by the implicit relationship

. rttzr)

a5

(3)

where

2
r2=(D+Rcosw+U05r—> + (R sin $)? (4)
[¢)

and the term (Uy/agy)r 1s necessary to represent the effect of observer motion.
Therefore, a point source which was emitted at the retarded time T takes time
r(t,1)/a, to travel the distance r arriving at time t. If the rotor is
rotating at angular velocity £, then pulses that are emitted at selected azi-
muthal positions, ¢(§ = Q1) obey the expression

o= 0t + Qrit,T)
o

QT = {5)

which is plotted im Fig. 4a. This figure shows that, as the Mach number
approaches 1, a large region of blade azimuth contributes to a narrow pulse
width. The result is an inherent amplification of local source effects by the
factor (dt/dt) which is illustrated in Fig. 4b.

Part of this amplification of acoustic energy is explicitly accounted for
in Eq. (2). The doppler factor l/(l-Mr), which is the Jacobian of a coordi-
nate transformation, already appears in each acoustic source term and represents
the formation of a velocity potential wave with respect to the medium. A second
doppler factor is implicit in Eg. (2) and does not enter until the time deriva-
tive of the potential function is taken. This doppler factor can incorporate
uniform observer motion. In each case large amplification effects are evident
as advancing Mach numbers approach 1. These simple expressions show that the
blade tip is acoustically the most efficlent portion of the rotor, with acoustic
efficiency decaying rapidly for inboard radial positions. It can also be con-
cluded from Fig. 4b that the dominant azimuthal source position is near the
tangency point of a straight line drawn from the observer to the circle

*This is not a real limitation to what is being presented, because 1lmpul-
sive noise is known to be at a maximum within the tip path plane of the rotor.?!
Furthermore, the fundamental procedure 1s applicable to out~of-plane acoustic
radlation and is used in a later section to calculate longitudinal directivity
profiles of radiated noise.
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described by the tip of the rotor
(¥ig. 4b). At this azimuthal posi-
tion, all line sources along the rotor
blade arrive at the observer position

OBSERVER TIME. 12 .

at approximately the same time.
These physical insights are quite
useful in the construction of a numer-
souRCE ical scheme to evaluate Eq. (2). It
OB“fXEL«~f””‘77Y<:T— is straightforward to choose blade
. \SE} coordinates in the numerical discre-~
tization of each of the two blade sur-

face integrals and the exterior volume

: : : : integral. Simple spacing of elemental

0 a0 180 270 360

SOURCE POSITION ANGLE. {2 = ¥ greas and volumes according toc blade
{a)

geometYy 1s quite natural. However,
all signals that arrive at an observer
position at time t, were emitted at
some earlier time rt1. Thus, it is
expedient to iterate on the retarded
time equation to find each elemental
gsource's position in ¢ space and then
calculate 1ts contribution to the
acoustic fileld at time t. By adopt-
ing this simple iteration procedure
(outlined in the appendix), no numeri-
cal interpolation is required. By
choosing observer time Increments
according to given positions of
(see Eq., (5)), an adequate number of

o)
dr.

AMPLIFICATION, &

0 90 180 270 360 +
SOURCE POSITION ANGLE, 517 = ¢ points is ensured where the function
b is amplified the most. When the final

time differentiatlon is applied, a
smooth differentiable function
Fig. 4. BRetarded time factors. results,

The details of this solution procedure are outlined in the appendix. TIts
simplicity, both numerically and conceptually, adds insight to the entire noise
generation process., The most complex calculation presented in this paper
requires no more than 5 sec of CDC 7600 execution time.

4, Acoustic Sources

The second half of the numerical evaluation of Eq. (2) involves the mathe-
matical description of the three source terms. Once thedir strength and physical
origins have been modeled, each term is then used as Input to the solution pro~
cedure outlined in the preceding section. The result 1is the far field pressure
time history of the radiated noise for each grouping of acoustic sources.

Monopole

The first and most obvious source of radiated far field noise is mathemati-
cally represented by the monopole term

p_u
9 o'n .
Btf T[L - |8
Physically, the term represents the equivalent acoustic source that is created
because each segment of the finite thick rotor blade must displace mass as it

moves through the medium., Thus, the portions of the blade that push fluid away
from the blade are represented as acoustic monopole sources while those that
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close the body (or reattach the flow)
act as sinks. A sketch of the result-
ing flow over a two-dimensional air-
foil section is given in Fig. Ja.

From small-perturbation theory for a o =

slender two-dimensional body, the nor- \g§z$¥g¥ﬂ1§3ﬁﬁgww
mal component of surface velocity is srmengTH - 20, <20 - 2
expressed as follows: LI v

U, = Uy * (local surface slope) (6)

where U, is the local freestream
veloeity of the blade element,

kb=

The integral of the monopole
sources can be evaluated by dividing N
the blade into chordwise and spanwise SWK;=QU43$%)AH =4U0an/
elements and summing each contribu-—
tion according to the geometric rules
developed in the preceding section. Fig. 5. Monopole source strength.
Thus, the monopole source becomes

(dy2)

B0

dyl i

2: 2: P . dy, dy (7)
at & Tl - M| 1, Vs

Although 1t is tempting to immediately divide (discretize) the blade into many
chordwise and spanwise stations, a more physically rewarding procedure is to
take as few stations as possible to describe the flow., Remembering that the
blade tip is the most efficient radiator of noise, the first model considered
represents only the outer 10% of the rotor blade. The effective chordwise line
of two-dimensional monopole sources is then assumed to act at the 95% radial
location. The numerical representation becomes

dy,
n Yo\&, /4

5
25 z; Pol TTT - M|

(0.1 R) (dy; ) (8)
i=1 1
«Similarly, the chordwise distribution of sources can be approximated in the
simplest case by two monopole singularities: a source of strength 2Ujdypax and
a sink of strength -2U,Aymax, Wwhere Aypyy 1s half of the maximum thickness of
a blade. A sketch of the approximate location of these singularities is given
in Fig. 5b. Notice that near the rotor blade the local aerodynamic flow is
badly distorted by considering this simplest of source models. However, it will
be shown that this very crude representation of the monopole source term is a
fairly good approximation of the acoustic radiation problem.

To make this entire presentation of acoustic source terms meaningful, the
theoretical results are compared with data taken in flight on a UH~1H helicop-
ter.! 1In particular, the pressure time history measured on a microphone located
nearly in the plane of the rotor tips at a distance of 111 ft is shown in
" Fig. 6. The nearly symmetrical shape and peak negative amplitude are character-
igtic of impulsive noise before the onset of radiating shocks.!® The calculated
pressure time history for the simple source and sink at the last 10% of the
blade is algo shown. Remarkable agreement in pulse shape is apparent although
the peak negative pressure is substantially underpredicted. If three sources
and sinks are judiciously chosen along the bhlade chord at the 0.95 radius posi-
tion, the peak negative amplitude increases slightly and the shape remains
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EXPERIMENT - REF. 1 similar, If a large number of singu-
T OUTER 10% OF THE ROTOR! larities are chosen, the shape con-

— — — MANY SOUHCES AND SINKS tinues to remaln simllar while the
amplitude approaches an asymptotic
limit which still substantially under-
predlcts the radiated peak negative
pressure., If more radial stations are
included, the final calculated shape
remalns similar and the peak negative
pressure from monopole thickness
remains underpredicted (Fig. 6).

e 10 msee

250

~250 The Interesting feature of Fig. 6

is that the simple source and sink
model works so well. Additional
sources and sinks do increase the peak
negative level somewhat, but do not
change the baslc shape of the impul-
sive noise pulse, This implies that
general airfoll thickness and chord

L

o
o
=1

PEAK PRESSURE @ SEA LEVEL | dynes;’cmz
&4
@
<

1000 are really first order effects while
thickness distribution for normal air-
Fig. 6. Monopele thickness noise. foil design i1s a second order param-

eter, Thickness controls source
strength while airfoil chord controls first order source and sink positions and
thickness distribution controls second order positioning. In practical terms,
increases In effective gsource and sink displacements result in less acoustic
cancellation and larger peak pressure amplitudes. Therefore, airfoils with
thick leading and trailing edges create more peak negative pressure than those
that are thick towards the alrfoil center. This simple argument substantiates
the detalled calculations of Ref. 12 and provides some physical insight as to
why the biconvex airfoil monopole thickness calculations are often lower in peak
acoustic amplitude than conventional helicopter alrfoils. It also shows that
wide chord alrfolls will generate more monopole impulsive noise than small chord
rotors of the same absolute thickness.

Another important feature of Fig. 6 is that the theory with only monopole
thickness underpredicts the radiated noilse by a factor of at least 2. Thus,
prediction gchemes that represent impulsive noise radiation by using monopole
thickness noise sourceg only, may be describing less than half the noise
generation process.

Dipole

The second source of radiated noise in Egq. (2) is mathematically repre-

sented by the dipole
pP: cos 9,
.,.:.1:... __3__ .._._.____.i — L dS(Sfy)
a, 3t |l - M.|

Physically this term trepresents the time derivative of the amplified sum of
local pressure forces exerted by the airfoll on the fluid in the direction of
the observer, As is usually done in inviscid two-dimensional airfoil theory,
this ggessure may be decomposed into that due to thickness and that due to

lift. Thus, the pressure on the upper alrfoil surface becomes
b o= APyife
u 7 “thickness 2
and that on the lower surface is
AP
P = p _ lifte
£ 7 "thickness 2
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where the net 1lift per unit length
along any airfoil section is repre-
sented by AP. A sketch of both the
thickness pressure and the lifting
pressure distributions for a symmet-
rical alrfoill section at an angle of
attack is shown in Fig. 7. Equal and
opposite local pressure forces
exerted by the airfoil on the fluid
are represented by the small arrows
distributed along the airfoil surface.

The contribution to the radiated
noise arising from local pressure
forces at zero 1ift is termed the
"thickness dipole." As sketched in
Fig. 8 for any chordwise station, the
components of these fluild pressure
forces normal to the mean cherd line
of the airfoil are equal and opposite
and, therefore, produce no radiated
noise. (For thin airfoils, surface-
pressures are assumed to act along
the mean chord line.) However, those
components that act parallel to the
mean chord line add to a nonzero

value at each chordwise station. The

LIFT

FLUID FORCES
DIPOLE THICKNESS

DiPOLE LiFY

Fig. 7. Separation of thickness and
lift airfoil pressure distributions.

resulting chordwise distribution of 'thickness dipoles' does contribute to the

radiated noise (Fig. 8).

Computationally, the thickness dipole term is repre-

dy2

Pthickness cos e(dyl)ki

sented by
L n
3 Ot T
where cos 8 = [¥- (*3&1)]/r and

-dy. is a unit vector along the air-
foii chord (forward direction).

As in the case of monopole thick-
* ness, the effect of dipole thickness
can be modeled quite well by consider~
ing a small number of singularities.
For the UH~1H example case, six
dipoles representing net forces act-
ing parallel to the mean chord line
were distributed along each chord at
three radial stations comprising the
outer 30% of the blade. Local sur-
face pressures were calculated by
applying the well-known Prandtl-
Glauert compressibility correction to
the invigcid incompressible pressure
distribution for the two-dimensional
NACA 0012 airfoil at zero angle of
attack, Calculations for the example
case are shown in Fig. 9. The result
is a very small amplitude pulse whose
shape is quite different from

d d
AT~ %] Iy

(9)

COMPONENTS PARALLEL
TO THE CHORD SUM

NORMAL COMPONENTS
CANCEL

Fig. 8.
dimensional model of dipole thickness
noise sources.

A simple six-element, two-
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meagsured data. It can be concluded
that for typical helicopter condi-

95 |- & 10 msac ———] tions, dipole thickness noise 1s a
second order effect.
The remaining part of the dipole
. contribution to radiated noise is that

0 due to lift for the two-dimensional
\\\_ﬂ,f””’fﬂﬂﬂpmw inviscid airfoil. TFortunately, 1ift
should alter the in-plane acoustic
signature little because the 1ift vec-
~25 b tor acts normal to the in-plane
direction (cos 64 =~ 0). However, in
the real environment of the opera-
tional helicopter, induced and viscous
Fig. 9. Dipole thickness noise. drag pressure forces must also be con-
sidered, In fact, it is the drag con-
tribution that is expected to be the dominant scurce of radiated dipeole noise
because its vector lies nearly within the rotor tip path plane (when ¢ = 90°,

o

cos §4 1)y,

PEAK PRESSURE AT SEA LEVEL, dynesiem”

Calculations of the drag time history as a rotor blade traverses one revo-
lution and cycles between near stall and transonic conditlons are not trivial.
Fortunately, it is known from previous investigations!® that the advancing side
of the disc is the major contributor to impulsive noise. In addition, most
helicopter designs incorporate blade twist (washout) which shifts the aercdy-
namic loading at the tip inboard so that the induced drag at ¢ = 90° is small.
In this case, only local transonic effects need be considered. To obtain a
realistle estimate of these effects, a finite difference transonic rotor program
was run to calculate the peak drag coefficient of the NACA 0012 airfoil at zero
lift at the specified conditions. On the basis of this program the peak drag
coefficlent was assumed constant (Cp = 0.036) with azimuthal position and along
the rotor span, and the far field radiated dipole drag noise calculated from the
expression

2

k=1

1
L {CD E’QUg cos 6

+ chord - d (10)
r|l - M| ] 3y

13
a, dt
For siwplicity, point dipoles acting at the quarter chord at peak radial sta-

tions were assumed. {In this case, distributing the dipole strength along the
chord dees little to affect the strength or shape of the radiated noise.)

The far field radiated pressure due to this drag dipole model is shown in
Fig. 10, The most striking feature of the pressure time history is its asym-
metrical shape — it is totally different from that of full scale measurement.
It is also apparent that the peak amplitudes are low; this indicates that the
effect is quite small on the overall radiated impulsive acoustic signature.

While there are many assumptions in the preceding arguments, it is hard to
dispute the fact that aerodynamic forces that act in one direction along the
blade and are represented by distributed or concentrated dipoles can be expected
to produce a characteristic pressure time history similar to that shown in
Fig. 9. Even if the drag force were allowed to first increase from ¢ = 0° to
Y = 90°, and then decrease from ¥ = 90° to ¢ = 180° (Ref. 10), there is
a net drag on the blade at all times, and this would cause a radlated pressure
time history that is basically asymmetric in character and unlike the measured
data. Thus, 1t is difficult to see how these sources of noise could signifi-
cantly contribute to the measured high-speed impulsive noise phenomena.

Some caution must be exercised in using the above calculations when the
microphone ig not located near the rotor tip-path-plane. For out-of-plane
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locations, local lift effects will
become more important (cos 84 # 0)

. - + DRAG FORCES I
and can significantly influence the ON THE FLUID IR
radiated noise amplitude and tem— \ DRAG FORCES ON
ﬂ 'SR THE AIRFOIL.
CTTEETD

poral shape.
7R

-——

It can be seen from the above
calculations and arguments that high + CHOROWISE STATION
speed impulsive noise, as represented éi>‘1 3 RADIAL STATIONS
by monopole and dipole thickness as
well as the second order effect of
dipole drag, still underpredicts the
measured noise near the plane of the
rotor by a factor of about 2. This
finding generally agrees with the
results ¢f other recent
investigations.

|+—10 msec -]
/\ t
The last and most subtle contri-

bution to high-speed impulsive noise Fig. 10. Dipole drag noise.
1s traceable to the quadrupole term

+
~
@

dynesiem?
[+

]
)
W

PEAK PRESSURE AT SEA LEVEL,

Quadrupole

in Eq. (2)
1 9 cos ei cos Bj aTij dv(?)
aoz at r]l - Mr| t
where
= -+ - 2
Tij puiuj Pij a péij

It can be argued that the (Pij - azpéi-) term, which is due to viscous stresses,
variable sound speed, and heat conduction, iz probably small for most helicopter
rotors operating near or less than an advancing tip Mach number of 1. However,
the puju; term is not so easily dismissed., 1In fact, it will be shown to be
the most important part of high-speed impulsive noise. Substituting

Ti3 & ou4 Uy into the quadrupole term yields

cos 81 cos Bj a(puiu.)

Lo 3 3
a,? B¢ TEREET e |V (11)

In general there are nine separate components to the pujuy term.

This implies that it is necessary to know enough of the details of the
unsteady and possibly transonic flow field surrounding the blade to be able to
evaluate each term. While this is true, especially for umsteady transonic flow,
the situation is not all that hopeless. The far-field radiated noise is most
sensitive to the gross features of the local flow field at subsonic Mach num-
bers., Thus, those components of pujus, which mathematically represent the
largest variations in the distributed %Iow field over the nearby volume of fluid
surrounding the blade, are the most likely contributors to the radiated noise.
Using this reasoning, and expanding pujuy into its effective components in two
dimensions,

puiuj = p(UO + Aul)(U0 + Aul) + o (U, + Aul)Au2

+ p(Auy) (U, + Auy) + p(Auz)2 (12)

For simplicity in this calculation, consider the symmetrical NACA 0012 airfoeil
and assume it is operating at zero 1lift., TIn this simple nearly in-plane radia-
tion case, 1t can be argued that variations in Bu, over the upper and lower
surfaces of the airfoll will cancel leaving
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pu,u, ® p(U, + Aul)(Uo + buy) (13)

173

It can also be argued that variations in U, are really quite small over the
same interval when compared to changes in Aul; therefore

puiuj ~ 2pUghuy + pAu% (14)
Neglecting second order terms in Au, and substituting this expression into
(11) vields
1 JL;/ﬂ[zp c08” 8 d(AUI)}dV(*) (15)
a,? at r[l - M| ° dt y
cos Bi = cos §, = cos &

For first calculation purposes, it is further assumed that steady incom-
pressible airfoil theory can be used to calculate the flow field surrounding the
NACA 0012 airfoil at zero angle of attack. A sketch of the variation over the
airfoil is given in Fig. 11 for three chordwise stations. Fortunately, the Au,
component is neglipgible at distances greater than three chord lengths from the
airfoil. At any position along the alrfeil in steady flow,

d(bu;)  d(hu,)

dt - dy1 Yo
Therefore, {(15) can be rewritten as
d(Auy)
1 Bf[Zp cos® § o 1 :] >
— U dv(y) (16)
age 3t S [r|l - M| ° dy,
LD IS Equation (16) does have a simple
ACCELERATED  yyay iy DECEL ERATED AND physical explanation. Consider the
TO ELONGATE ELONGATION  BEGINS TO SHRINK two-dimensional airfoil sketched in

shibbid

f Fig. 11. As a fluid element passes
I] ;é2?§§;;fEE§§§§§§§E::T%L_~*-~__§ over the airfoil, it is first acceler-
— T — " ated and elongated and then deceler-
ORIGINAL FLUID R ated and compressed returning to its
original size in the freestream behind
the alrfoil. Consider an elemental
volume fixed to the airfoll coordinate
VELOCITY system. To first order in Aul, the
PROFILES OF Eulerian momentum equation for steady
THE FLOW
flow in the yy direction is

3P,y B(Aul)
an

which appears as a factor in Eq. (16).

Y2

M

Physically, the pressure gradient in
the chordwise direction 18 balancing
the inertial force of the fluid.
There 1s no net forece on the fluild and
thus no dipole radiation. However,
because momentum flux changes in the
Fig. 11l. Flow field of a two- chordwise direction create a pressure
dimensional airfoil. gradient, a longitudinal quadrupole
source results which can radiate
acoustlic energy. The numerical form of Eq. (16) becomes

1 2 n 9 m d(duy)

] 20 cos? B o
75 2 | Yo dy, dy, dys (18)
ao at k=1 i=1 j:]_ r|l | dyli j 1 )3

54 - 12



Although in principle the quadrupole expression requires the retarded time inte-
gration over the volume exterior to the airfeoil, the calculation is simplified
by symmetry. All of the resulting longitudinal quadrupoles are symmetrical
about the chord line of the airfoil. For a nearly in-plane microphone position,
all longitudinal quadrupoles on any line perpendicular to the chord line of the
airfoil can be summed at the same retarded time. Therefore, the velocity varia-
tion aleng y, can be summed to form a total integrated velocity change.

m
Ay = 20 By dy?_j (19)
i=1

where A, is a function of y, and y3 and has the dimensions of ft?/sec. Fig~
ure 12 illustrates how Au/(Uo + c) varies versus airfoil chord for the NACA 0012
airfoil in steady subsonic compressible flow. Using this definition, the
numerical form of Eq. (18) becomes

U 2 2 n d'(A )
o 3 cos? § Y
ZQ(*—) -— d d 20
8/ ot kz=:1 :igl Tll - My d‘»”li 1y Py 20

The total effect of the guadrupole i
field has been replaced by a distri- o5k
bution of singularities d(Ay  )/dy;.

along the mean line of the r:%%r +
blade. These simple singularities are 04 -
treated in exactly the same manner as
the monopole and dipole contributions
to the impulsive noise., The acoustic 03
field in the simplest case — that is, A
with an effective point gquadrupole
pointing forward over the front part 02
of the airfoil and another point quad-
rupole pointing rearward for the last
10% of the blade — is shown in ok
Fig. 13 for the UH-1H helicopter fly-
ing at 80-knots IAS. The shape
closely matches the measured data and ] i 1 | )
the contribution to radiated impulsive )
noise is significant. For a large
number of singularities distributed L. c

over the blade chord and span, the | !
shape remains similar and the ampli- ﬂ::::j“_—_—h~“ﬁ‘t::::::::::5"—“"
tude grows to about one~half the peak
pressure level measured in flight.

'

It may be concluded, based on these Fig. 12. Nondimensional integrated
simple physical arguments, that quad- velocity disturbance (A, /Uyc) as a
rupole radiation is an important part function of chord.

of high-speed noise.

A final plot comparing the monopole plus dipole model and the moncpole plus
dipole plus quadrupole model with experiment is shown in Fig. 14 for the 80-knot
data point. As indicated previously, the theoretical model which incorporates
only monopole and dipole sources underpredicts the far field in~plane radiated
noise by at least a factor of 2, However, when quadrupole thickness sources are
added to the monopole and dipole sources, the prediction of the measured noise
signature closely matches both the shape and amplitude of the measured data.
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Fig. 13. Quadrupolc thickness noise. Fig. 14. Monopole plus dipole and

monopole plus dipole plus quadrupole
contributions to radiated impulsive
noise.

5. Further Comparison With Experiment

It has been quite natural in the previous sections of this paper to trace
the aerodynamic origins of impulsive noise by using the pressure time history
of the radiated noise. Peak amplitudes and impulse shapes of theory versus
experiment were easily compared. For deterministic impulsive noise, it ig
important to realize that these time domain analyses are much better (more quan-
titative) measures of impulsive noise than power spectra of the same event. As
shown, a careful time domain analysis of the radiated noise isolates the basic
aerodynamic cause. Therefore, the following comparisons of theory and experi-
ment continue to rely on time domain characteristics of the impulsive noise
signal; in particular, peak negative amplitudes and temporal shapes are
compared.

Figures 15 and 16, taken from Ref, 1, illustrate the lateral and longitud-
inal directivity of impulsive noise for the 80~ and 115-~knot IAS cases of the
Ud-1H helicopter. The peak amplitudes shown in these figures should only bhe
treated qualitatively because of relatively large excursions in separation dis-
tance between the rotor and the microphone during the testing. Also shown on
these plots are the peak levels predicted by the present theoretical model
incorporating monopole, dipole, and quadrupole thickness noise sources. At
80-knots IAS (Fig. 15), comparison with experiment is quite good in amplitude
for all lateral and longitudinal microphone positions. At 1l5-knots IAS
(Fig. 16), theory and experiment are reascnably close but do not compare as
favorably as in the 80-knot case. However, comparison of the current theoreti-
cal model with the monopole-dipole model of Hawkings and Lowsonl" shows the
current model to more nearly represent the phenomena of high-speed impulsive
noise. As noted in the introduction, none of the analyses to date has included
quadrupole contributions to the radiated noise and, therefore, all have under-
predicted its level,

A more definitive comparison of the present theory with experiment is shown
in Fig. 17. Advancing tip Mach number of the helicopter's main rotor is known
to be a primary parameter iIin the generation of impulsive noise.l5 Therefore,
peak pressures measured on a microphone located nearly within the tip-path-plane
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of the rotor directly in fromt of the
helicopter are plotted in Fig. 17;
the peak pressures are plotted versus
advancing tip Mach number. The data
were gathered from two separate
in-flight test programs; the first
utilizing a OV-1C aircraft! and the
second utilizing a YO-34 "quiet' air-
craft as the measurement platform. A
nominal separation distance of 75 ft
between the aircraft and the subject
helicopter was attempted. As indi-
cated in Ref. 1, this distance was
not maintained consistently during
acoustic testing with the 0V-1C,
Therefore, the peak pressures from
this test, which are shown in Fig. 17,
have been corrected in level to the
desired 75-ft separation distance by
using the standard 1/r pressure ampli-~
tude change with separation distance.
In the second flight test program,
the nominal separation distance was
held much more accurately (5 ft).
Therefore, the data from this test,
which are shown in Fig. 17, have not
been scaled with separation distance.

The data from both in-£flight
tests establish a consistent trend.
As previously noted by many investi-
gators, peak pressure levels of impul-
sive noise increase dramatically with
increases in advancing tip Mach num-
ber. The peak pressure levels, which
are calculated by utilizing the pres-
ent theoretical model, are also shown
in Fig. 17. At low advancing tip Mach
numbers (Myr ~ 0.8 > 0.87), good
agreement with data is apparent. As
the advancing tip Mach number
" increases, the calculated and peak
pressure amplitudes show only fair
agreement.

The strengths and limitations of
the theoretical model can be illus-
trated further by comparing the cal-
culated and measured pressure time
histories (bottom of Fig. 17). At
moderate tip Mach numbers, theory and
experiment compare quite well in both
amplitude and shape as explained in
the previous section of this paper.

el EXPERIMENT (REF. 1}
— A — A -~ PRESENT THEORETICAL MODEL

LATERAL
IRECTIVITY

LONGITUDINAL
DIRECTIVITY

Fig. 15.
pressure pulse (80-knots IAS and
400 ft/min R/D).

Directivity of peak negative

——ifp—— EXPERIMENT {REF. 1)
— & & — PRESENT THEORETICAL MODEL
— § == we LOWSON (REF. 14}
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Jom?  -4000  -3080  -2000 -1000
10 -4000 DIRECTHIVITY
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-

dynes.
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Fig. 16. Directivity of peak negative
pressure pulse (115-knots IAS, level
f£light).

However, as shown in the bottom right of Fig. 17, theory and data do not compare

as favorably at higher advancing tip Mach numbers.

The theoretical predictions

are basically symmetrical pulses and the measured data are sawtooth pulses of

larger amplitude and width,

Mach number measured pulse is indicative of a radiating shock wave,1?

The sharp pressure rise of the high advancing tip

The fact

that the current model cannot predict this event is not too surprising; the

assumed aerodynamic model and the neglect of the

Pyy - azpdij term in the
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acoustic formulation of this simple approach, do not incorporate any transonic
or unsteady phenomena. The apparent success of this simple model below an
advancing tip Mach number of 0.9 for an NACA 0012 airfoil, indicates that these
nonlinear and unsteady aerodynamic phenomena become important for the calcula-
tion of impulsive noise when they occur over a subgtantial portion of the rotor
disc. Fortunately, the next generation of helicopters in the United States
employ thinner airfoil sections and operate at lower advancing tip Mach numbers.
Therefore, the impulsive radiating shock signature of the UH-1H (bottom right of
Fig. 17) is not a characteristic of these newer vehicles. For these new heli-
copters, the current theoretical model, which incorporates quadrupole thickness
noise sources in addition to monopole and dipole noise sources, should work
quite well.

6. Some Additional Thoughts

The finding that the volume of fluid surrounding the high~speed rotor (eor
propeller) is important in the generation of in-plane impulsive noise naturally
leads to the question: How important is quadrupole noise over the entire Mach
number range? Of course, extreme care must be exercised when answering this
question. The model itself is marginal above an effective Mach number of 0.9
for reasons already mentioned. At much lower advancing tip Mach numbers, the
severity of the noise decreases dramatically -~ so much so, that thickness noise
may not be the dominant noise source. Nevertheless, it is instructive to esti-
mate the magnitude of the competing in-plane nocise sources.

As shown in Fig. 18, in-plane
thickness noise for the NACA 0012 air- -1000 —
foil at a constant advance ratio dra- -
matically decreases in amplitude with -
reductions in advancing tip Mach num-
ber, (Note the log scale for peak n
pressure amplitude.) It is also sig-
nificant to observe that guadrupole -100 —
thickness is the largest contributor
to the radiated acoustic field above
an advancing tip Mach number of
approximately 0.5. Near Mach number
(0.9, quadrupole thickness sources
account for about 60% of the radiated
in-plane noise. Below an advancing
tip Mach number of (0.5, monopole
thickness becomes the larger contrib—
utor to the very weak acoustic field.

QUADRUPOLE

=10

/

PEAK PRESSURE AT SEA LEVEL, dynesfcm?2

In principle, a more accurate
estimate of in-plane impulsive noise 1
for 12% and thicker airfoils operat-
ing above an advancing tip Mach num-
ber of 0.9 is quite straightforward.

However, much care must be observed //
in both the solution and modeling of
acoustic sources and the modeling of IPTE | // | ! L | I
aerodynamic boundary conditions. 3 A AnwicmGTgmmmwﬂmun B S
With shocks and a local supersonic
region present over a significant

portion of the rotor disc, the Fig. 18, Relative contribution of
assunptions of no heat conduction, sources to in-plane acoustic
constant speed of sound, and negli- radiation.

gible viscous stresses should be
questioned. The change to the acoustic equations is thut the stress tensor,

Tij’ should include the terms, Pij - aZQSij. In addition, there are several
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aerodynamic questions that should be addressed — all of which could be signif-
icant in the accurate prediction of the pressure time history.

Consider the two dimeunsional
sketch (Fig. 19) of a section of a
helicopter rotor at transonic Mach
numbers. Local transonic aerodynamic
effects become important and alter
the entire flow field. The peoint of

LOCAL SHOCK
|

e minimum pressure shifts rearward,
leading to the formation of a local
SHOCK-{NBUCED .
SEPARATION attached shock. This usually causes

separation over the trailing edge of
the airfoil. For the rotor, this
pilcture is further complicated by the
fact that the flow field is unsteady
co and three dimensional (especially near
the tip). Aerodynamically, such prob-
lems are solved in the near field
using numerical techniques.lB Using
these solutions, in principle, it is
posgible to specify the correct mono—
pole, dipole, and quadrupole sources
Fig., 19. A sketch of the aerodynamic necessary to accurately describe the
environment of the transonic rotor. acoustic far fileld.

The current theory does shed some light on the most important practical
question: How can the helicopter designer reduce high-speed impulsive noige?
Fortunately, some of the more obvious solutions have already been arrived at
through trial and error and the requirement that high-speed aerodynamic loads be
kept to a minimum, TFirst, the advancing tip Mach number and, therefore, the
hover tip Mach number, should be kept as low as possible; this is the most effi-
clent method of reducing the amplification of in-plane acoustic energy. ZIts
main disadvantage as a design rule is that the helicopter will weigh more (thus
be more expensive) for the same mission compared with a helicopter utilizing a
high tip speed rotor. Secondly, the tip of the rotor blades should be thinned
as much as possible — remembering that the most acoustically efficient place on
the rotor is at the tip but that the rotor also has to operate in a region near
maximum lift on the retreating side of the disc. On current helicopters, this
rule has evolved to a thickness ratio of from 6 to 9%Z in the tip region.

A more subtle result of the current simple model is the idea that "sweep-
ing" the tip of the rotor will reduce high-speed impulsive noise. By sweeping
the blade, the phase of the simple sources can be positioned to facilitate can-
cellation in the far field. This, too, has been tried with some success in the
industry. However, the current theory suggests that there are definitely more
optimum methods of combining the important parameters to achileve less noise
than those previously tried.

7. Concluding Remarks

Perhaps the most important finding of this present study 1s that the phe-
nomenon of high-speed impulsive noise is a manifestation of large scale aerody-
namic effects. The smaller details of the local flow and pressure fields sur-
rounding the rotor blade are not necessary for the prediction of far field
radiated noise when local compressibllity effects are not severe. However, it
has been shown that the resulting simple acoustic model must incorperate mono-
pele, dipole, and quadrupole noise sources. Correct estimation of the strength
of these scurces requires knowledge of the entire flow field surrounding the
roter -~ not just an estimate of local thickness and pressure distributions.
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The neglect of quadrupcles as nolse sources by previous investigators has

sometimes been rationalized by classical arguments — comparing a single station-
ary quadrupole's radiation efficiency with the dipole and monopole. Although
the single stationary gquadrupole is admittedly less efficient, the flow field
surrounding the rotor includes an effective volume of moving quadrupole sources
which, when added together, become important in the far acoustic field of the
helicopter.

The establishment of quadrupoles as noise sources for helicopters may have

important implications for the prediction and control of all rotor equipment.
As in the case of the helicopter, it may well be that the peak pressure level,
especially at in—-plane positions, has been characteristically underpredicted
becaugse of the neglect of these important noise sources.
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APPENDIX

In order for signals from twe separate positions on the rotor blade to
reach the observer simultanecusly, the following equation should be satisfied

2
T = (1)

where notations are defined in the following sketch of the retarded time
gaometyry.

SOURCE AT
EMISSION
TIME

SINK AT
— £MISSION
TIME

s G

o

; . OBSERVER'S POSITION
; AT EMISSION TIME
OBSERVER'S POSITION

AT ARRIVING TIME HELICOPTER HUB'S

POSITION AT
EMISSION TiME

From simple geometry, the following expression for r; and y; 1s obtained.

U\ 4
Y A | R *yr. - (D2 : T HRD =
1 . T 2 o (D+Ry cos lpi)ri (D% + 2DR; cos by + Ri) 0 (A2)
where
. wl for 1i =1
\Ui—

IE
B

wz - azimuthal angle between source positions (radiams) for 1

For a given azimuthal position of the first source, that is ;, the posi-
tion of the second, Y,, can be found by minimizing the function F wusing stan-
dard techniques.

g

4o

F = (r]_ - r2) + lpz - i‘bl (A3)

Additional source positions are found by repeated application.
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