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SUMMARY 

A new concept of airfoil design to reduce the rotor rota
tional noise and a numerical method to compute the rotational 
noise of the rotor blade having arbitrary airfoil section have 
been developed. The rotational noise composed of monopole noise, 
dipole noise, and quadrupole noise were calculated for an arbi
trary airfoil section at a given angle of attack. The relation 
between the chordwise source intensity distribution and the com
puted waveform was studied and the basic concept of low noise 
airfoil design by shifting the phase of waveform of each noise 
component, or by changing the source distribution was investi
gated. So far as monopole and dipole are concerned, it is recom
mended to make a flat-top lift distribution because the big nega
tive peak of monopole noise might be canceled by the delayed 
positive peak of dipole noise in waveform. 

1 INTRODUCTION 

In these years, the mechanism of noise generation of heli
copter rotor noise has been studied and many approaches to pre
dict the noise characteristics have been tried. Our next interest 
is to develop a technique to reduce the noise level which needs 
the knowledge of the generation mechanism of rotor noise. Some 
methods of noise reduction were proposed. Tip shape modification 
was one of the successful methods. Ogee tip, swept back tip, and 
tapered tip are effective to weaken the intensity of tip vortex, 
and thus the blade-vortex interaction noise. The swept back tip 
has become adopted for the new model of production type helicopter. 
Making big rotor rotate slowly or adopting a small thickness ratio 
airfoil are other ways of noise reduction, but they have limita
tions based on the structural stiffness or other design parameters. 
In the present paper, a new concept of blade sectional shape or 
airfoil design to reduce the rotor rotational noise and a numeri
cal method to compute the rotational noise of the rotor with arbi
trary airfoil section have been developed. In our previous method n, 
the noise source was limited to the blade thickness noise and the 
blade section was assumed to be longitudinally symmetrical, however 
the computational time was considerably saved because the integra
tion was performed semi-analitically on the rotor fixed coordinates 
and the numerical time differenciation was replaced by the analytic 
one. In the present method, the rotor rotational noise composed 
of thickness noise (acoustic monopole source), loading noise (di
pole), and turbulance noise (quadrupole) can be calculated for an 
arbitrary airfoil section and angle of attack distribution. The 
angle of attack distribution over the rotor disk was computed by 
the Local Momentum Theory2) and the pressure distribution over the 
blade surface was calculated by the potential theory. 
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The intensity distribution of each noise source correlates 
strongly with the observed acoustic waveforms of each noise com
ponent, whereas the intensity distributions are related to the 
blade sectional shape. Then after clarifying these relations 
completely it must be possible to design a low noise airfoil sec
tion by shifting the phase of waveform of each noise component 
as well as by minimizing the level of each component independently. 

NOMENCLATURE 

B 
c 

m 

Tij 
t 

vi 
vi 
xi 
Yi 
a 
fl 

number of blades 
attenuation factor in Local Momentum Theory 
which means the attenuating rate of induced 
velocity in the rotor wake 
sound speed 
chord length 
thrust coefficient 
lift coefficient 
blade thickness distribution function 
integrated value of noise source (see eq. (3) ) 
normal component to the blade surface of local 
Mach number 
maximum thickness position as a fraction of 
chord length 
unit vector normal to blade surface 
stress tensor on the blade surface 
acoustic pressure 
acoustic pressure of monopole noise 
acoustic pressure of dipole noise 
acoustic pressure of quadrupole noise 
pressure distribution on the blade surface 
rotor radius 
rotor cut out radius 
vector from source to observer 
unit vector from source to observer (in other 
word, propagating direction) 
source intensity (see eq. (4) ) 
coordinate transfer matrics from the space 
fixed coordinate to the blade fixed coordinate 
(see eq. (11) ) 
Lighthill's stress tensor (see eq. (2) ) 
observer time 
aircraft forward velocity vector 
local velocity vector of blade element 
observer position vector 
source position vector 
angle of attack 
observer directional angle relative to the 
moving direction of aircraft 
observer elevation angle relative to the rotor 
plane (6>0 above the rotor) 
blade thickness angle (see eq. (9) ) 
blade fixed coordinate 
blade pitch angle 
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SUBSCRIPT 

2 BASIC EQUATIONS 

directivity parameter (see eq. (5) ) 
advance ratio 
density of atmosphere 
solidity 
source time 
blade twist angle 
blade azimuthal angle 
rotor rotational speed 

matrics transposed 
blade fixed coordinate 
space fixed coordinate 
vector 
unit vector 
blade upper surface 
blade lower surface 
leading edge position 
trailing edge position 
maximum thickness position 

By applying a well known Ffawcs Williams and Hawking 1 s 
equation to helicopter rotor, the following solution of acoustic 
pressure can be obtained as a function of observer time and posi
tion: 

-+ + -+ -+ 
p(x,t) ~ p 1 (x,t)+p

2 
(x,t)+p

4 
(x,t) 

a 
~ atil 

() 
41Tp2 ~ ati2 

41Tp4 
az 

~ ()t2I4 
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The gelt}metric relations between blade position and the 
acoustic sphere are shown in Figure 1. The acoustic pressure of 
each noise component, p, can be obtained by the time· differenti
ation of the integrated value, I, of each noise source, S, located 
on the blade surface at the retarded time. The influential sur
face is deformed from the original blade shape by the effect of 
the rotor rotation or the aircraft movement. The pressure dis
tribution on the blade surface of an arbitrary airfoil section, 
Pb, may be obtained by a two-dimensional potential theory, for 
example Moriya's Method for a given angle of attack. This is a 
dipole noise source whose axis is normal to the blade surface, 
inward normal for a positive pressure (Pb>O), and outward normal 
for a negative pressure (Pb<O). The noise component along the 
propagating direction (the direction of observer position rela
tive to the source position) of this dipole source vector gives 
the source intensity. An example of dipole source is shown in 
Figure 2. 

In the past calculation of rotor rotational noise, it has 
been often assumed that the directivity parameter of the upper 
surface of the blade, ~U' and the lower surface of the blade, ~1 , 
are equal. In the present method, however, the solution of 
acoustic pressure 11as derived with careful attension to the 
dependence of source intensity, S, or the directivity parameter, 
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A, or the location of noise source, i.e. whether it locates on 
the upper surface of the blade or the lower surface. Shown in 
Figure 3 is an example of comparison of two computing methods, 
in which more than 20% error in pressure amplitude for a rotor 
having NACA 0010 airfoil can be observed. It is thus recommended 
that the directivity parameter, especially for a rotor having 
airfoils of large tl~ist, camber, or thickness ration like a pro
pellar or comparessor blade shall be estimated precisely. 

The angle of attack distribution on the disk, which was 
calculated by the Local Momentum Theory2, is shown in Figure 4. 
The apparent effect of the tip vortex of the former blade on the 
angle of attack distribution can be seen. 

3 GENERAL RELATIONS BETWEEN CHORDWISE SOURCE INTENSITY 
DISTRIBUTION AND ACOUSTIC WAVEFORM 

The solution of acoustic pressure, from equation (1) to 
(4), can be denoted in a general form as follows: 

() 
P- at 

R 1jJL 
f R f ,1, Sr12 d1}Jd112 

' "'T 
(12) 

The boundary of the integral is limited by the azimuthal 
angles of the leading edge, 1jJL, and the trailing edge, 1J!T, at a 
retarded time. The azimuthal angle, 1}!, at the retarded time for 
a given position on the blade (n 1 ,n2) sutisfies the following 
relation, which can be obtained from geometrical insight shown 
in Figure 5: 

cos8 f112cos1}! -R)S"l I (co-VI) +1}!-1)1 t+2rr(i-l)/B-11!/11 2) =0. (13) 

under the condition of S=O, and r>>R. Substituting 1}!=1}JL or 1}!=1}!T, 
and i=O into equation (13) yields 

cos8(112Cos1jJL-R)S"l/(co-vl)+1jJL-Qt=O } 
(14) 

cos8 (n 2cos1jJT-R)S"l I (c 0 -VJ) +1jJT- (S"lt-ch/n 2) =0. 

Since 1jJL and 1jJT are the function of t, the order of differenti
ation and the integration in the relation (12) is commuted as 

(15) 

where 

(16) 

When a source is in steady state, the first term in the right 
hand side of the relation (16) can be discarded or 3S/3tl1}!=0. 
By substituting 3n 1 /3t=n 2S"l, and 3S/3tl1}!=0, equation (16) becomes 
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( 17) 

Here, let us consider four typical chordwise source inten
sity distribution models shown in Figure 6(a) by solid line. 
Model I and model II show rectangular and triangular lift dis
tribution respectively and model III and model IV show symmetrical 
double parabolic airfoil section and double parabolic airfoil 
section of arbitrary position of maximum thickness respectively. 
The broken lines are chordwise derivatives of the source intensity, 
as;an

1
• From equations (15)~(17) and Figure 6, the acoustic 

pressures of each model can be obtained as an implicit function 
of time, 

I p-·~-'h_ ~T 
ot at (18a) 

II P- -2n2ll (l)J -l)J J+zah 
ch L T at (18b) 

III P--2n2qljJ -ljJ )+~L+~T 
ch L T at at (18c) 

IV (l8d) 

where al)J;at is derived from equation (14) as 

(19) 

Azimuthal angle, ljJ, and its time derivative, aljJjat, at retarded 
time are implicit functions of time given by equation (14) and 
(19). After some numerical calculation, these values at leading 
edge, ljJL and aljJLjat, and at trailing edge, ljJT and aljJT/at, and 
ljJL-ljJT are obtained as a function of time as shown in Figure 7. 
The time difference of the positive peak of aljJL/at and aljJTjat 
which are caused by the elongation of integral area can be ob
tained as follows: 

(co-Vll [1-n2ll sinljJ/ (co-Vll ]" 
(20) 

We can see from the above equation that l)J=TI/2 gives the positive 
peak of al)J;at. By substituting l)J=l)JT=TI/2, t=tL, n1 =0 and l)J=l)JT=TI/2, 
t=tT, n 1=ch, the following equations can be derived: 

{

- ~ /(c o - V 1 ) + TI I 2 -1.1 t L = 0 

-Rfl/ (co -Vt) +rr/2....,"1 tT+ch/n2=0 (21) 

Then the time difference, ~tch' is given as 

~tch =tL -tT=ch/n2Q (22) 

By superposing curves drawn in Figure 7 according to the 
equations (18 a-d), the acoustic waveforms of the respective 
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source distribution in Figure 6(a) are obtained as shown in 
Figure 6(b). Model I (rectangular) is the most basic model 
because arbitrary shape of distribution of source intensity can 
be modeled by successive sum of rectangular pulse. Then the 
waveform of any model can be given by superposing waveforms of 
this type, considering the phase delay associated with the chord
wise distance between the partitioned pulse position and the 
leading edge. An assymmetric waveform of this rectangular 
source model can be explained analytically as follows; the first 
term in the right hand side of the relation (15) was discarded 
owing to 3S/3A 1 J~;O, and the second and the third terms have the 
same absolute value but opposite sign. 

Model II shows a typical lift distribution featured by 
suction effect at the leading edge. This effect appeared as big 
positive peak in waveform based on the second term in equation 
(15) or (18 b). The waveform of model III shows a typical thick
ness noise waveform featured by big negative peak with two posi
tive peaks in both sides. When the maximum thickness is posi
tioned at mid-chord the waveform may be symmetric as in the case 
of model III, but when it approaches to the leading edge, the 
first positive peak becomes bigger than that of the second peak 
as shown by model IV. 

After studying these general relations between source 
distributions and waveforms, the waveform of any kind of distri
bution will be predicted by physical insight. 

3 DESIGN OF LOW NOISE AIRFOIL SECTION 

In the previous section, the relation between four typical 
models of chordwise source intensity distribution and the respec
tive waveforms were discussed, where it was shown that the strong 
correlation between the source distribution and the waveform 
existed. As stated before, the rotational noise of a helicopter 
consists of monopole noise, dipole noise and quadrupole noise, 
and the total acoustic pressure is obtained by summing up these 
components. Then it may be able to find the way to reduce rota
tional noise by shifting the phase of waveform of each noise 
component, or by shifting the chordwise source distribution. 
That is to say, in the ideal extreme, when the summed up source 
intensity is equal to zero over the rotor blade, the noiseless 
rotor will be produced. 

But in the actual case, the source distribution of mono
pole and dipole cannot cancel each other. Figure 8 shows an 
example of source distribution for NACA 0010 airfoil. It can be 
seen that the dipole source distribution depends strongly on the 
angle of attack. Besides, the dipole changes its sign according 
to the observer's position. Considering these facts, it seems 
to be impossible to design a low noise airfoil of a rotor 
producing an arbitrary thrust for an observer located at an 
arbitrary position by the concept of "phase-shift." 
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But actually we are interested in fly-over noise, which 
means the observer locates under the rotor (6<0), and also we 
know that the observed noise is dominated by the source distrib
uted on the surface near the tip of approaching blade especially 
right in front of the observer (~=~/2). This means that the 
angle of attack at ~=~/2 and adequate span position near tip can 
be a representative of a distributed angle of attack. As it is 
sufficient to consider the noise under these consitions, the 
concept of "phase-shift" is effective in noise reduction. 

Let us check the levels of each source intensity, because 
if their magnitudes are quite different, canceling effect cannot 
be expected. From equation (4), the order of intensity of mono
pole source and dipole source can be checked as 

(23a) 

(23b) 

where 

Then the ratio of two kinds of source intensity is given as 

(24) 

where M is a local Mach number. The ratio of chordwise integral 
of these two sources is given as 

/~Stdfh 

f~Szdnt 
thickness ratio 

MC 1cos8(m/2) =ol (25) 

where m is the position of maximum thickness as a fraction of 
chord length. Then it can be said that the order of the source 
intensity of monopole and dipole is nearly equal. 

The monopole source distribution is featured basically 
by the following characters: (1) a big positive value at the 
leading edge; (2) zero at the maximum thickness position; (3) 
a moderately negative value in the rear part of the airfoil. 
As it is impossible to change these basic characters of monopole 
distribution, we must improve mainly the dipole distribution by 
adopting adequate distribution of thickness and camber or leading 
edge radius to cancel the monopole distribution as foliows. 
(1) To cancel the big positive value of monopole at the leading 
edge, the big negative value of dipole source around this area 
is desired. This distribution is obtained by taking a high angle 
of attack. (2) To cancel the moderate negative value of monopole 
in the rear part, the positive dipole in this area is disirable. 

They are corresponding to the following phenomena in the 
waveform. By seeing the right hand side of Figure 3, it can be 
said that the general features of each waveform are: (1) mono-
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pole: first positive peak followed by big and steep negative peak 
and moderate recovering to the second small positive peak; (2) di
pole: positive peak just after the first positive monopole peak, 
zero at the time near the negative monopole peak, and negative 
peak before the second monopole positive peak. Then it is desir
able to shift the whole dipole waveform rearwards to cancel the 
big negative monopole peak with the positive dipole peak, which 
is corresponding to the rear part of airfoil sharing high lift or 
to the flat-top lift distribution. 

Of course, each source intensity must be decreased. And 
also the source concentration must be avoided as much as possible 
because it will produce a big peak in the waveform by a locally 
elongating effect in the retarded time integration. 

By considering these facts, it is desirable to adopt a 
thin airfoil to avoid a sudden increase in thickness in the case 
of monopole noise, and to realize a uniform lift distribution in 
the case of dipole noise. 

5 EXAMPLES OF COMPUTED RESULTS 

Figure 9 shows the extreme example of the relation of 
chordwise source distribution and the observed waveform in the 
case of thickness noise. The intense source at the leading edge 
produced by the blant leading edge gives the high first positive 
peak in the waveform whereas the blant trailing edge gives the 
high second positive peak. 

Figure 10 shows the comparison of computed waveform between 
two airfoils keeping the same lift and thickness ratio. Super
critical airfoil fits the design principle because the loading 
noise (p 2 ) was reduced by the flat chordwise pressure distribution 
and the positive peak of loading noise was delayed to cancel the 
negative peak of thickness noise (p 1). It was shown that this 
supercritical airfoil presents lower total noise level (p) com
pared with the NACA 0011 airfoil. The respective pressure distri
butions are shown in Figure 11. 

In Figure 10, the observer times when the leading edge or 
the trailing edge passes the rotor azimuthal angle ~=90~ where 
the most intense source is generated and also the most dynamically 
the integral region is elongated are shown. The interval of these 
two times can be estimated roughly from equation (13) as about 
ch/Rll. 

Here are some examples of computed results of peak to peak 
pressure amplitude as functions of observer position, disk loading, 
or airfoil sectional shape. Figure 12 shows the noise level as 
a function of observer elevation angle. Thickness noise (p 1) 

radiate most strongly in the rotor plane (o=0°) whereas the 
loading noise (p 2 ) radiate most strongly about 20" under the rotor 
plane (o=-20'). Though both noise components radiate almost sym
metrically about the rotor plane, the directivity of total noise 
has lost the symmetric character. This is caused by the difference 
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of the effect of phase shift of two components which is expressed 
here by p/(p1 +p 2 ) as a chain line. The smaller the value of 
p/(p~+p2 ) becomes, the more the phase shifting is effective in 
noise reduction. When the observer is above the rotor plane, the 
noise level is low because the first positive peak of thickness 
noise is canceled by the negetive peak of loading noise. The 
negative peak of thickness noise is also canceled a little by the 
positive value of loading noise. 

Figure 13 shows the noise level as a function of thrust 
coefficient over solidity, cT/o. The phase shifting effect is 
effective at high cT/o, because the dipole source distribution 
is resembling to the monopole source distribution at low angle 
of attack whereas the dipole source distribution is favourable 
at high angle of attack. 

Figure 14 through Figure 17 show the parametric study of 
the effect of airfoil or sectional shape on noise level. Airfoils 
studied are all in NACA-4 digit series, whereas thickness ratio, 
maximum thickness position, leading edge radius, or camber are 
parametrically changed. Rotor thrust is equated as cT/o~0.091 
through all examples. 

In these parameters, the influence of camber is most re
markable on the phase shifting effect. An adequate amount of 
camber realizes a favourable dipole source distribution as in 
the case of high angle of attack as stated before. Small leading 
edge radius and maximum thickness near mid-chord are preferable 
but they have little influence on phase shifting. Making blade 
tip thinner will be very effective in reducing thickness noise. 

6 CONCLUSION 

The concept of low noise airfoil design by controling 
the chordwise source intensity distribution of each noise com
ponent was shown. It was concluded that a flat-top lift dis
tribution which could be realized by well designed camber or 
taking moderate angle of attack was favourable because the big 
negative peak of monopole noise might be canceled by the delayed 
positive peak of dipole noise in waveform. Here although only 
monopole source and dipole source are discussed, this concept 
for noise reduction is effective for the case including other 
noise source as quadrupole. Solving an inverse problem to design 
an optimum blade sectional shape might be the next step. 
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TABLE I 

Dimensions: 

Rotor radius; R, m 
Blade cut out; R0 , m 
No. of blades; B 
Blade chord; ch, m 
Blade thickness ratio; hmaxlch 
Airfoil sect ion 
Thrust coefficient; cT/a 

Operating Conditions: 

Forward speed; V1 , m/sec 
Tip Mach number; MT • • · 

Observer: 

Observer distance; r, m · 
Observer elevation angle; o,deg 
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5.0 
0.7 
2 
0.4 
0.10 

NACA 4-digit series 
. . . . . . 0.091 

0 or 55.08 (~;0.18) 
. . . . . 0.9 

so 
-30 
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