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Frequency-Domain Method for Rotor Self-Noise Prediction

Q. Zhou∗ and P. F. Joseph†

University of Southampton, Highfield, Southampton, England SO17 1BJ, United Kingdom

A frequency-domain formulation is described for predicting the broadband self-noise radiation from an open
rotor, or propeller, situated in a smooth, mean flow. It is assumed that the noise is predominantly due to the
interaction between the hydrodynamic pressure associated with the turbulent boundary layer over the rotor blades
and their trailing edges. Integration of the aerodynamic sources is performed over the actual blade surface rather
than on the projected disk or nonthickness blade surface, as having being done in previous studies, thereby avoiding
the commonly made assumption of flat plate geometry. The validation is performed of predictions of the measured
broadband noise from an R212 propeller. Acceptable agreement between the measurement and predicted noise
spectrum is obtained. The broadband self-noise directivity is also investigated, which is found to vary only slowly
with azimuthal angle, with a main lobe in the direction of the propeller axis. The theory is used to undertake a
parameter study of the broadband noise radiation from the propeller. Effects due to chord, blade number, and
angle of attack are also discussed.

Nomenclature
Ā = amplitude of an oscillation quantity A

in frequency domain
Â = amplitude of an oscillation quantity A in

frequency-wave number domain
Ã = nondimensional version of quantity A
c = airfoil chord length
cu = convective velocity coefficient
c0 = speed of sound
D = directivity function, rotor diameter
f p = position-transfer function of the wall pressure

spectrum, defined by Eq. (11)
fT , fR, fD = forces per unit area exerted by the rotor blades

in y1, r0, and θ0 directions
G = Green function in the time domain
Ḡ = Green function in the frequency domain
Hl = transfer function of the lth mode between

p and pi

Hq = transfer function between pt and pi

Hs = transfer function between �ps and pi

K =
√

[μ2
0 − (kt/β0)

2]
k = streamwise wave number and spanwise wave

number, (ks, kt )
l = integer indicating the order of blade pasing

frequency, 0, ±1, ±2, ±3, . . .
l1 = boundary-layer integral length scale in the

streamwise direction
l2 = boundary-layer integral length scale in the

spanwise direction
M = rotor forward flight Mach number, U/c0

Mh = blade tip Mach number
M0 = airfoil or blade section Mach number, U0/c0

m = Nbl
Nb = blade number
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n = unit normal vector pointing inward from the
blade surface, (n1, nr , nθ )

p = radiated acoustic pressure
pi = incident pressure due to

boundary-layer turbulence
pref = reference pressure, 2 × 10−5 Pa
ps = scattered pressure due to trailing edge
pt = pressure on airfoil surface or blade

surface, pi + ps

R = mean-flow corrected distance defined by Eq. (20)
Rd = observation distance,

√
(x2

1 + r 2)
Rs =

√
(x2

1 + β2r 2)
r = radial coordinate of observation point in

cylindrical coordinate system
r0 = radial coordinate of source point in cylindrical

coordinate system
Spp = sound pressure spectral density
Sqq = frequency-wave number spectral density

of wall pressure, defined by Eq. (5)
S0 = boundary-layer frequency spectrum of point

wall pressure
S1 = wave number spectra in streamwise direction
S2 = wave number spectra in spanwise direction
t = time associated with arrival of sound wave at

observation point
U = rotor forward flight velocity
Uc = convective velocity
U0 = airfoil velocity or blade section velocity at a

rotor radius
x = coordinates associated with observation point;

(x1, r, θ ′) for cylindrical coordinates and
(x1, x2, x3) for rectangular coordinate system

y = coordinates associated with source point;
(y1, r0, θ

′
0) for cylindrical coordinates and

(y1, y2, y3) for rectangular coordinate system

yb = blade-fixed coordinates associated with source
point; (y1, r0, θ0) for cylindrical coordinates and
(yb

1 , yb
2 , yb

3 ) for rectangular coordinate system

yb
TE = coordinate value of yb at the trailing edge

y0 = reference point for position-transfer function on
the airfoil trailing edge or on blade trailing edge

α = attack angle at a blade radius section, βP − βH

β, β0 =
√

(1 − M2) and
√

(1 − M2
0 ), respectively

βH = inflow angle at a blade radius section
βP = geometric pitch angle of blade
�ps = scattered pressure jump across a flat plate airfoil
δ = Dirac delta function; boundary-layer thickness
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δ∗ = boundary-layer displacement thickness
η = curvilinear coordinate system on blade surface,

in streamwise direction and in spanwise
direction, respectively, (ηs , ηt )

θ = azimuthal angle of observation point in
blade-fixed cylindrical coordinate system

θ0 = azimuthal angle of source point in blade-fixed
cylindrical coordinate system

κ, κ0 = ω/c0 and ω0/c0, respectively
μ, μ0 = κ/β2 and κ0/β

2
0 , respectively

ν = flow region
ρ0 = density of steady background flow
σ1 = reduced frequency, ksc/2
τ = time associated with emission of sound wave at

source point
� = azimuthal angle measured from x1 axis,

cos−1(x1/Rd)

ψ = cos−1(x1/Rs)
� = angular speed of rotor
ω = observation frequency in forward-flight

coordinate system
ω0 = source frequency in blade-fixed

coordinate system

I. Introduction

T HE noise produced by rotating blades may be formulated either
in the time domain or the frequency domain. Lowson1 has ob-

tained a general expression in the time domain for the sound field due
to a point force in arbitrary motion. His expression provides clear
insight into the mechanism of sound generation in terms of the time
rate of change of the force distribution acting on the fluid and the ac-
celeration of the system in which the force is acting. An alternative
approach is taken by Ffowcs Williams and Hawkings,2 who gen-
eralize Lighthill’s acoustic analogy approach to include surfaces in
arbitrary motion. Lowson’s formulation and Ffowcs Williams and
Hawkings’s equations are quite general. However, both are time-
domain formulations, which involve convolution-type integrals to be
evaluated. Farassat3 has developed a practical time-domain method
for the calculation of rotating blade noise. The time-domain method
is readily applied to arbitrary blade geometry but requires source
strength time histories to be known, as well as requiring numerical
differentiation and calculations of the retarded blade positions to be
performed.

Transformation of the governing equation to the frequency do-
main eliminates the need for computing retarded blade locations
and provides clearer insight into the influence on noise of blade
geometry. Hanson4,5 has proposed a frequency-domain formulation
for propellers in flight via a helicoidal surface representation of
the blades corresponding to the path followed by a point on the
blade during flight. Hanson’s integration is evaluated on the heli-
coidal surface of the blade midchord, and hence, a thin-blade ap-
proximation has to be made. However, as pointed out by Peake and
Crighton,6 integration over the mean plane is inappropriate when
the airfoil thickness is comparable with the Doppler-shifted wave-
length. In particular, great care must be exercised when considering
Mach radiation for which the effective Doppler frequency is infi-
nite. Although Hanson’s helicoidal surface theory,4 which was used
for making tone noise prediction, may in principle be extended to
broadband noise predictions, the source integration is confined to
the nonthickness blade surface. This leads to potentially signifi-
cant phase errors at high frequency at radiation angles close to the
propeller axis.4 However, the broadband directivity predictions pre-
sented later indicate strong radiation in these directions. Therefore,
a new frequency-domain formulation without the use of the thin-
blade approximation is necessary for more making accurate rotor
noise prediction.

Frequency-domain approaches have recently been extended to
nonaxially symmetric sound fields based on the unsteady (once per
revolution) loading experienced by the propeller blades when the
propeller axis is at nonzero angle of attack to the freestream flow

direction.7,8 A simplifying assumption made in this paper is that the
uniform flow stream is along the propeller axis.

An important application of the new frequency-domain formula-
tion is that it can be easily extended for making broadband noise
predictions. Broadband noise radiated from a propeller or rotor can
be classified into either in-flow noise or self-noise (for example,
Brooks9). In-flow noise is due to turbulent flow impinging on the
rotating blades. Some early work on broadband inflow noise from
rotors is by Paterson and Amiet,10 Amiet et al.,11 and Homicz and
George.12 Self-noise is due to blade self-generated turbulence inter-
acting with the blade trailing edge. Howe13 has presented a review
of the literature on the theory of airfoil self-noise generation. A re-
cent study that includes the contribution of oblique pressure gusts to
airfoil self-noise radiation is given by Roger and Moreau.14 How-
ever, for rotor self-noise prediction, only semi-empirical models
(for example, Brooks and Burley15) have been developed. A gener-
alized theory for the prediction of self-noise radiation from rotors
is presented later.

This paper describes a frequency-domain approach for the predic-
tion of far-field broadband noise radiated from an open rotor or pro-
peller. The relationship between the spectrum of unsteady surface
pressure and the radiated far-field spectrum is clearly established.
The approach has also been used to calculate the tonal noise when
the surface pressure is taken as the steady force due to the lift and
drag acting on the blade.16 The approach has particular application
to rotor broadband self-noise; although with only small modifica-
tions, it is readily extended to include broadband in-flow noise. The
generalized formulation presented here allows for the integration
of the steady and unsteady forces over the real blade surfaces, and
hence, no thin-airfoil approximation is made, unlike in much of the
earlier work, where the sources are assumed to be distributed over
a nonthickness blade surface or on a plane of rotation.

The unsteady blade loading, which constitutes the aerodynamic
sound sources, is predicted by combining isolated thin-airfoil
theory,16 the Corcos model of the turbulence wave number pres-
sure spectrum,17 the measured boundary-layer frequency spectrum
obtained by Chou and George,18 and the boundary thickness mea-
surements made by Brooks et al.19 Strip theory is used to extend
the isolated airfoil theory for aerodynamic noise source to a rotat-
ing blade, which assumes that the boundary-layer turbulence at a
particular spanwise position is the same as an airfoil of infinite span
with prismatic cross section with the same incoming mean velocity
and angle of attack.

II. Coordinate Systems
The analysis presented here is formulated in a moving reference

frame (airplane-fixed coordinates), which moves with constant ve-
locity U = (U, 0, 0), as shown in Fig. 1. In the moving reference
frame, the coordinates of the observation point and source point in
a cylindrical coordinate system are denoted by x = (x1, r, θ ′) and
y = (y1, r0, θ

′
0), respectively. The relationships between the rectan-

gular coordinate system and the cylindrical coordinate systems are

x1 = x1, x2 = r cos θ ′, x3 = r sin θ ′ (1)

y1 = y1, y2 = r0 cos θ ′
0, y3 = r0 sin θ ′

0 (2)

In the blade-fixed coordinates, the observation point and the
source point are denoted by xb = (x1, r, θ) and yb = (y1, r0, θ0),

Fig. 1 Relation between mov-
ing coordinate system y =
(y1, r0, θ

′
0) and blade-fixed co-

ordinate system yb = (y1, r0, θ0).



ZHOU AND JOSEPH 1199

Fig. 2 Blade curvilinear
coordinate system (ηs, ηt)
and associated wave num-
ber (ks, kt).

Fig. 3 Geometric pitch triangle and hydrodynamic velocity triangle,
pitch angle βP, hydrodynamic angle βH , and attack angle α, where
arrow indicates direction of fluid velocity.

respectively. The transformations between the moving coordinate
system and the blade-fixed coordinate system are θ ′ = θ − �τ and
θ ′

0 = θ0 − �τ , where τ is the emission time and � is the angular ve-
locity of the blade rotating in the opposite direction of θ ′

0, as shown
in Fig. 1.

In addition to the rectangular coordinate system y = (y1, y2, y3)
used in this paper, we also make use of the curvilinear coordinate
system η= (ηs, ηt ) to express the surface pressure distribution, as
shown in Fig. 2. Here ηs = ηs( yb) is the streamwise arc length with
the origin located at the trailing edge and ηt = ηt ( yb) is the spanwise
arc length normal to ηs on the suction-side or pressure-side surface.
Correspondingly, we use ks and kt to denote the streamwise wave
number and the spanwise wave number, respectively.

If we use a cylinder of radius r0 cut through the propeller blade
with cylinder axis coincident to the propeller axis, the blade sec-
tion profile will closely fit on the cylinder surface. Unwrapping the
cylinder surface onto a flat plane forms a right-angled triangle, as
shown in Fig. 3.

The adjacent side of the triangle is the circumference 2πr0 of
the end of the cylinder circular. The opposite side is the advanced
distance (pitch distance) P of a point along the helicoidal chord line
when the point rotates with a full circular angle. The hypotenuse
of the triangle forms part of the blade section chord line as shown
in Fig. 3. The angle formed between the adjacent side and the hy-
potenuse is referred to as the geometric pitch angle βP . Figure 3
also shows the velocity triangle formed from the propeller forward
flight velocity U , the blade section rotational velocity �r0, and the
resultant inflow velocity given by U0 = √

[U 2 + (�r0)
2] . This ve-

locity triangle gives the in-flow angle as βH = tan−1(U/�r0) and,
hence, the attack angle of the blade section as α = βP − βH .

III. Spectra of Incident Aerodynamic Pressure Field
To make self-noise predictions, it is convenient to use as input data

the boundary-layer pressures on the blade surface measured suffi-
ciently far from the trailing edge such that its effects on the boundary
layer are negligible. This distance is approximately one hydrody-
namic wavelength from the trailing edge, as demonstrated by, for
example, Ffowcs Williams and Hall20 and Brooks and Hodgson.21

We define the unsteady incident pressure pi as that developed be-
neath the turbulent boundary layer on an infinite surface in the ab-
sence of the trailing edge and the pressure subsequently scattered
from the trailing edge as the scattered pressure ps . The scattered
pressure may be deduced from pi by solving the wave equation and
imposing on the solution the boundary conditions of zero normal
particle velocity on the airfoil surface and zero pressure difference at

the airfoil trailing edge (Kutta condition). These two pressures add
to form the total airfoil surface pressure pt = pi + ps with trailing
edge present. Once the relationship between pi and ps is established,
the problem of broadband self-noise prediction is completely deter-
mined in principle from the incident pressure spectrum.

The unsteady wall pressure pi ( y, τ ) of the turbulence incident
upon the trailing edge can be written in terms of its wave number-
frequency components p̂i (k, ω0) by the Fourier transform relation

p̂i (k, ω0) = 1

(2π)3

∫ ∞

−∞

∫ ∞

−∞

∫ ∞

−∞
pi ( y, τ )

× exp[−i(ksηs + ktηt − ω0τ)] dηs dηt dτ (3)

where k = (ks, kt ),η= (ηs, ηt ), and ω0 is the angular frequency.
For broadband problems, it is useful to work with pressure wave
number-frequency spectral densities. For simplicity, we assume here
that the turbulent pressure field is spatially homogeneous and sta-
tionary with respect to time, that is, the space–time correlations of
the boundary-layer pressure field are dependent only on the sepa-
ration distance and temporal interval. Under this assumption, the
wall-pressure frequency-wave number spectral density Sqq(k, ω0)
are related to the Fourier components of wall pressure p̂i (k, ω0) by

E[ p̂∗
i (ks, kt , ω0) p̂i (k

′
s, k ′

t , ω
′
0)]

= δ(k ′
s − ks)δ(k

′
t − kt )δ(ω

′
0 − ω0)Sqq(ks, kt , ω0) (4)

where Sqq(ks, kt , ω0) is the wave number-frequency spectral den-
sity of the turbulence wall pressure, the asterisk superscript denotes
complex conjugation, E[· · ·] denotes the expected value, and δ is
the Dirac delta function.

The surface pressure boundary-layer spectrum is dominated by
its convective region22 in which eddies convect at speeds slower
than the speed of sound. The wave number spectrum of this region
has been investigated by Corcos,17 who proposes the following sep-
arable form for the frequency-wave number spectrum:

Sqq(k, ω0) = S0(ω0)S1(ks)S2(kt ) (5)

where S0 is the boundary-layer frequency spectrum, S1 and S2 are the
normalized wave number spectra in the streamwise and transverse
directions, respectively,

S1(ks) = (l1/π)
{

1
/[

1 + l2
1(ω0/Uc − ks)

2
]}

(6)

S2(kt ) = (l2/π)
{

1
/[

1 + l2
2 k2

t

]}
(7)

where l1 and l2 are the boundary layer integral length scales in these
directions, respectively. If the convection speed Uc is assumed to be
constant, data obtained from experiments performed by Brooks21

gives l1 = Uc/(0.11ω0) and l2 = Uc/(0.6ω0).
The pressure frequency spectrum S0(ω0) in Eq. (5) is predicted

here using empirical expressions obtained by Chou and George18

for the surface pressure spectrum using experimental spectral data
from airfoils obtained by Yu and Joshi23 and Brooks and Hodgson.24

Two expressions are proposed encompassing the low and high range
of frequencies. In the low-frequency range, ω̃0 < 0.06, the pressure
frequency spectrum is of the form

S̃0(ω̃0) = 1.732 × 10−3ω̃0(
1 − 5.489ω̃0 + 36.74ω̃2

0 + 0.1505ω̃5
0

) (8)

whereas in the higher-frequency range, 0.06 ≤ ω̃0 ≤ 20, the fre-
quency spectrum is given by

S̃0(ω̃0) =
1.4216 × 10−3ω̃0(

0.3261 + 4.1837ω̃0 + 22.818ω̃2
0 + 0.0013ω̃3

0 + 0.0028ω̃5
0

)
(9)
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where S̃0(ω̃0) = S0(ω0)(U0/δ
∗)/(0.5ρ0U 2

0 )2, ω̃0 is the non-
dimensional frequency defined by ω̃0 = ω0δ

∗/U0 (Strouhal number
with respect to δ∗), where δ∗ is the displacement thickness of the tur-
bulent boundary layer, and U0 is the freestream mean flow velocity
external to the boundary layer. The calculation of the displacement
thickness δ∗ for arbitrary chord, angle of attack, and flow speed
can be found from empirical formula based on measured data for a
NACA0012 airfoil data.19

A simplification of the boundary-layer turbulence description
may be obtained by making the assumption that turbulence con-
vects as a frozen pattern at the convection velocity Uc. For frozen
boundary-layer turbulence, the incident wall pressure spectrum may
be written as16

Ŝqq(k) =
∫ ∞

−∞
Sqq(k, ω0) dω0 = Uc S0(ksUc)S2(kt ) (10)

Corcos assumes that a stationary and homogeneous pressure field
is developed in the fully turbulent boundary layer without mean-
pressure gradients over the flat plate, whereby the statistical prop-
erties of the pressure field change very little in the streamwise di-
rection over a length comparable either to a transducer size or to a
typical turbulence scale. The characteristics of the boundary-layer
turbulence on a rotor blade differs from that on a flat plate in three
important respects: 1) Boundary-layer thickness varies along the
streamwise direction. 2) Local incoming velocity U0 is nonuniform
due to potential flow effects. 3) There is a pressure gradient in the
streamwise direction within the boundary layer. We assume here
that the boundary-layer thickness, the incoming velocity, and the
pressure gradient are uniform over a small facet of the airfoil sur-
face so that the Corcos pressure spectrum remain locally valid. We
further assume that an airfoil with the same local inflow velocity
U0( y) and boundary layer thickness δ∗( y) develops the same pres-
sure frequency-wave number spectrum as a flat plate under the same
conditions. Corcos’s model of pressure spectrum will, therefore, be
extended to a realistic airfoil by applying it locally to a small region
on the airfoil surface, which is small compared with an acoustic
and hydrodynamic wavelength. Although the Corcos model may
not apply in some conditions, such as nearly detached flows at some
spanwise locations (see Ref. 25), the Corcos model is used in this
paper due to a lack of more precise input data.

A single frequency-wave number component of the incident sur-
face pressure field can be written as pi ( y, τ ) = p̄i ( y, ω0)e−iω0τ ,
where p̄i ( y, ω0) = p̂i (k, ω0)eik · η. However, as pointed out by
Amiet,26 use of this expression suggests that the pressure field ap-
pears suddenly at the airfoil leading edge, which is nonphysical.
A more physically realistic representation of the incident pressure
would be one in which the pressure gradually increases from zero
at the leading edge, to reach its maximum value at the trailing edge,
and which was identically zero farther downstream. Accordingly,
Amiet26 introduces an exponential decay function f p = e−ε|ksηs |,
which multiplies pi ( y, τ ) to give the desired behavior, where ε is a
decay factor that is chosen arbitrarily and generally differs at each
frequency. Here, we define another function f p in a manner that is
consistent with the surface pressure spectra predictions made locally
on the airfoil surface, which has the requisite behavior of Amiet’s
decay function. Equations (8) and (9) suggest that the wall pressure
spectrum is a function of position y on the airfoil surface due to
boundary-layer growth. A less arbitrary choice of decay function is
the position-dependent function defined in terms of

f p( y, k, ω0) =
√

Sqq( y, k, ω0)

Sqq( y0, k, ω0)
(11)

where y0 is an arbitrary reference point at the airfoil trailing edge.
Note that unlike Amiet’s decay factor, Eq. (11) is identically zero
at the leading edge, reaching a maximum value at the trailing edge
for all frequencies and wave number components. A single spectral
component of the incident surface pressure field can, therefore, be
written as pi ( y, τ ) = f p( y, k, ω0) p̄i ( y, ω0)e−iω0τ .

IV. Unsteady Blade Surface Pressure Estimation
The relationship between a single wave number component of

pressure pi normally incident upon the trailing edge from one side
of a flat plate airfoil and the pressure jump � p̄s due to this pressure
being scattered from the trailing edge for a two-dimensional flat
plate airfoil was derived by Amiet.27 This was achieved by solv-
ing the linear Helmholtz equation subject to the imposition of the
Kutta condition at the trailing edge and the no-flow condition on the
blade surface. Amiet’s two-dimensional solution has been extended
to include wave number components of boundary-layer pressure ar-
riving at oblique angles to the trailing edge.16 The result has been
used to define a transfer function Hs that relates the pressure jump
� p̄s across the flat plate airfoil to the pressure p̄i incident upon the
trailing edge from one side:

� p̄s( y, ω0) = Hs( y, k, ω0) p̄i ( y, ω0) (12)

where Hs is given by

Hs( y, k, ω0) = erf
(√

i(K + μ0 M0 + ks)ηs

) − 1 (13)

where K = √
[μ2

0 − (kt/β0)
2], μ0 = κ0/β

2
0 , κ0 = ω0/c0, is the acous-

tic wave number related to the source frequency ω0, c0 is the speed
of sound, and M0 = U0/c0 is the Mach number related to the blade
section velocity, β0 = √

(1 − M2
0 ). Equation (12) is consistent with

the solution formulated by Amiet27 when μ0 and ks are set to be neg-
ative (note that Amiet uses eiωτ ) and kt is equal to zero and reduces
to the solution given by Howe28 for M0 = 0.

Equations (12) and (13) relate to the pressure jump for a flat plate
airfoil. For more realistic airfoil geometries, numerical methods
such as the boundary element method may be used to obtain more
accurate solutions but are prohibitive for broadband calculations
because the computation time required in the calculation of Hs at
each frequency and wave number, which involves a spectrum of
wave numbers and frequencies, is currently excessive. However, the
use of flat plate theory is likely to be a reasonable approximation
for trailing-edge noise calculations because the scattered pressure
is only significant close to the trailing edge20,21 where the airfoil is
thinnest and most closely approximates a flat plate, assuming that no
boundary-layer separation occurs. The effect of the airfoil geometry
on the aerodynamic response function Hs is, therefore, ignored,
although the effects of airfoil geometry on sound radiation, taking
into account retarded time effects, are included in the formulation
by integrating over the actual blade surface. We further make the
approximation of high-reduced frequency σ1 = κcb where b is airfoil
semichord, so that the effects of secondary scattering by the leading
edge may be ignored.25

The transfer function defined in Eq. (13) relates to the pressure
jump across the flat plate.27,28 Howe28 has shown, from a low-Mach-
number approximation to the trailing-edge problem, that the scat-
tered pressures on the surface of each side of the flat plate are iden-
tical in magnitude and equal to 1

2
|� p̄s |, whereas the phase of the

scattered pressures differs by 180 deg. When the position-dependent
function f p( y, k, ω) is taken into account in the definition of the in-
cident pressure pi , the total pressure pt distributed over the surface
of a real airfoil due to interaction with the trailing edge by a sin-
gle frequency, single wave number, surface pressure component,
pi ( y, τ ) = p̄i ( y, ω0)e−iω0τ , incident on one side of the airfoil may,
therefore, be approximated by

pt ( y, τ ) = pi ( y, τ )+ ps( y, τ ) = Hq( y, k, ω0) p̂i (k, ω0)e
i(k · η − ω0τ)

(14)
where Hq is the transfer function between the surface pressure at
any point on the airfoil surfaceη= (ηs, ηt ) and the incident pressure
at the reference point y0 along the trailing edge, of the form

Hq( y, k, ω0) ={
f p( y, k, ω0) + 1

2
Hs( y, k, ω0), y on the turbulence side

− 1
2

Hs( y, k, ω0), y not on the turbulence side

(15)
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The application of Eq. (14) to a rotating blade requires the as-
sumption that the blade section develops the same surface pressure
distribution as an airfoil with the same local incoming velocity U0,
the same angle of attack α, and the same section geometry. For a ro-
tating blade, the turbulence wall pressure pt ( y, τ ) is measured in the
blade-fixed coordinate system, which we now denote by pt ( yb, τ ).
This surface pressure varies along blade spanwise direction. The
variation is accommodated in the position transfer function, which
we now indicate by f p( yb, k, ω0). Note that f p( yb, k, ω0) varies
in the streamwise direction as well as the blade spanwise direc-
tion because the incoming velocity U0 and the angle of attack α
vary with the rotor radius r0. For an airfoil of uniform profile,
f p( y, k, ω0) = 1 along the airfoil trailing edge. However, for a rotat-
ing blade, f p( yb, k, ω0) �= 1 along the blade trailing edge. To ensure
that the Kutta conditions are satisfied at any radius of blade trailing
edge, Eq. (15) must be reformulated as

Hq

(
yb, k, ω0

) =
{

f p

(
yb, k, ω0

) + 1
2

f p

(
yb

TE, k, ω0

)
Hs

(
yb, k, ω0

)
, yb on the turbulence side

− 1
2

f p

(
yb

TE, k, ω0

)
Hs

(
yb, k, ω0

)
, yb not on the turbulence side (16)

where yb
TE is the position at the trailing edge in the coordinate sys-

tem aligned with the blade and η= {ηs, ηt } = {0, ηt }. Note that the
quantities M0, β0, μ0, and K in Eq. (16) take their local blade section
values at radius r0.

For the general case of a turbulent pressure field incident upon
the trailing edge, which involves a continuum over all wave number
and frequency components, Eq. (14) generalizes to

pt ( yb, τ ) =∫ ∞

−∞

∫ ∞

−∞

∫ ∞

−∞
Hq

(
yb, k, ω0

)
p̂i (k, ω0)e

i(k · η − ω0τ) d2k dω0 (17)

where p̂i (k, ω0) is given by Eq. (3). Note that p̂i (k, ω0) and its
related spectrum Sqq(k, ω0) now take values at a reference point y0

along the trailing edge.

V. Radiation Transfer Function
and Pressure Spectrum

Our derivation of the theory of broadband noise radiation from
a rotor begins with Goldstein’s version29 of the acoustic analogy.
This is the fundamental equation governing the generation of aero-
dynamic sound in the presence of solid boundaries and takes the
form for a flow region ν(τ) exterior to an impermeable closed sur-
face S(τ )

p(x, t) =
∫ T

−T

∫ ∫ ∫
ν(τ)

∂2G

∂yi∂y j
T ′

i j ( y, τ ) dy dτ

+
∫ T

−T

∫ ∫
S(τ )

∂G

∂yi
fi dS( y) dτ +

∫ T

−T

∫ ∫
S(τ )

ρ0V ′
n

D0G

Dτ
dS( y) dτ

(18)

where fi is the i th component of the force per unit area exerted
by the boundaries on the fluid, T ′

i j is Lighthill’s stress tensor for
isentropic flow, V ′

n is the normal velocity of blade surface S(τ ), the
superscript primes on T ′

i j and V ′
n indicate the quantities are mea-

sured in the Earth-fixed reference frame, t is the time associated
with the arrival of sound wave at the observation point, and T is
some large but finite interval of time. In Eq. (18), G = G(x, t; y, τ )
is the Green function solution for the free-space wave equation
relating to a medium with uniform mean flow. This moving-
medium Green’s function in an unbounded medium is given by
(see Ref. 16)

G(x, t; y, τ ) = (1/4π R)δ
{
τ + (

1
/

β2c0

)
[R + M(y1 − x1)]−t

}
(19)

where β2 = 1 − M2, M = U/c0 is the Mach number of the mean
flow, and R is the mean-flow corrected distance,

R =
√

(y1 − x1)2 + β2
[
r 2 + r 2

0 − 2rr0 cos(θ0 − �τ − θ ′)
]

(20)

Volume displacement source and quadrupole source are only im-
portant at relative flow speeds close to the sound.30,31 We shall,
therefore, confine our attention to the sound radiation due to the un-
steady blade forces exerted by the blade surface on the adjacent fluid
due to turbulence interaction with the airfoil and its trailing edge.
Thus, we are concerned only with the second term of Eq. (18).
Substituting the Green function of Eq. (19) into the second term of
Eq. (18) and performing Fourier transformation with respect to t ,
we obtain the radiated pressure due to a single blade surface Si , of
the form

p̄(x, ω) = 1

2π

∫ T

−T

∫ ∫
Si

f j ( y, τ )eiωτ ∂

∂y j
Ḡ(x, y) dS( y) dτ (21)

where ω is the observed frequency related to time t at the observation
point x and Ḡ is the Fourier transform of Eq. (19) of the form

Ḡ(x, y, ω) = (1/4π R) exp{iμ[R + M(y1 − x1)]} (22)

where μ = κ/β2 and κ = ω/c0 is acoustic wave number related to
the observation frequency ω.

We now make the far-field approximations: r0, y1 	 Rs , where
Rs = √

(x2
1 + β2r 2) is the flow-corrected distance from the origin of

the blade-fixed reference system to the observation point. Substi-
tuting the derivatives ∂/∂yi of Eq. (22) into Eq. (21) and ignoring
second-order terms, one obtains

p̄(x, ω) = −iμ

8π2

eiμRs

Rs

∫ T

−T

∫ ∫
Si

{
− fT (y, τ )

[
(y1 − x1)

Rs
+ M

]

+ fR(y, τ )β2

[
− r0

Rs
+ sin ψ cos(θ ′

0 − θ ′)

]
− fD(y, τ )β2 sin ψ sin(θ ′

0 − θ ′)

}
× eiωτ exp[iμM(y1 − x1)]

× exp
{−iμ

[
y1 cos ψ + β2r0 sin ψ cos(θ ′

0 − θ ′)
]}

dS( y) dτ

(23)

where cos ψ = x1/Rs , sin ψ = r/Rs , and fT , fR , and fD are the
forces per unit area exerted by the rotor blades in the y1, r0, and θ0

directions, respectively. Here, the usual far-field approximation is
made whereby 1/R is replaced by 1/Rs . The forces in Eq. (23) are
related to the blade surface pressure of Eq. (17) by⎧⎨⎩

fT

fR

fD

⎫⎬⎭ = −

⎧⎨⎩
n1

nr

nθ

⎫⎬⎭ pt ( yb, τ ) (24)

where n = {n1, nr , nθ } is the unit normal vector pointing inward
from the blade surface. To enable the integration with respect to τ
to be performed in Eq. (23), the following generating function32 for
the Bessel function Jm(Z) of the first kind of order m,

exp(i Z cos θ) =
∞∑

m = −∞
Jm(Z) exp[im(θ + π/2)]
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is used. Substituting Eqs. (17) and (24) into Eq. (23), and performing
the integration with respect to τ and ω0 for Nb blades, gives Eq. (25)
for the radiated pressure of the form

p̄(x, ω) =
∞∑

l = −∞

∫ ∞

−∞

∫ ∞

−∞
Hl(x, k, ω, ω + Nbl�)

× p̂s(k, ω + Nbl�) d2k (25)

Note that the effects on the radiated sound field of scattering be-
tween adjacent blades are ignored in this formulation. Here, Hl is
the transfer function between the radiated acoustic pressure at x
and the lth harmonic pressure component on the blade surface of
frequency ω0 with wave numbers ks and kt and is given by

Hl(x, ks, kt , ω, ω0) = iμNb

4π Rs
exp[iμ(Rs − Mx1)]

× exp

[
im

(
θ ′ − π

2

)]∫ ∫
Si

{
−n1

[
(y1 − x1)

Rs
+ M

]

− nrβ
2

[
r0

Rs
− i sin ψ

(
m

Z
− Jm + 1(Z)

Jm(Z)

)]
+ nθ

β2m

κr0

}
× Hq( yb, k, ω0) × exp(ik ·η) exp[iμ(M − cos ψ)y1]

× exp(−i Nblθ0)Jm(Z) dS(yb) (26)

where Z = κr0 sin ψ and m = Nbl is the circumferential mode num-
ber and l = 0, ±1, ±2, ±3, · · · . For a steady force distribution on
the blade surface, l is the order of the blade-passing frequency.
For an unsteady force distribution on the blade surface, the pres-
sure at frequency ω is due to the blade surface pressure at the fre-
quency, ω0 = ω + Nbl�, which is the observed frequency shifted by
the blade-passing frequency, Nbl�.

For broadband excitation, p̄ may be regarded as a random process
that is most suitably expressed as a power spectral density defined
by

Spp(x, ω′)δ(ω′ − ω) = E[ p̄∗(x, ω′) p̄(x, ω)] (27)

Inserting Eq. (25) into Eq. (27), making use of the statistical or-
thogonality relationship of Eq. (4), and integrating the result with
respect to ω′ gives the power spectrum of far-field pressure in the
form

Spp(x, ω) =
∞∑

l = −∞

∫ ∞

−∞

∫ ∞

−∞
|Hl(x, k, ω, ω + Nbl�)|2

× Sqq(k, ω + Nbl�) d2k (28)

When frozen turbulence is assumed, l1 → ∞ and S1(ks) →
δ(ks − ω0/Uc), which in Eq. (28) leads to

Spp(x, ω) =
∞∑

l = −∞

∫ ∞

−∞
|Hl(x, k, ω, ω + Nbl�)|2 S0(|ks |Uc)S2(kt ) dkt

(29)

where ks = (ω + m�)/Uc, Uc = cuU0 = cu
√

[U 2 + (0.7�rt )
2], cu

is convective velocity coefficient, which is typically in the range
cu = 0.65 ∼ 0.8. Note that the reference point for the position-
transfer function f p is taken at trailing edge of 0.7 rotor disk
radius rt .

The derived results for far-field radiation are shown by the au-
thors to reduce to the classical solution due to Gutin33 for tonal noise
when the flight speed is set to zero and the steady source integral
is confined to the projected disk of the rotating blades.16 Homicz
and George12 extended Gutin’s results for application to broadband
in-flow noise from circularly shaped unsteady sources. Although
Homicz and George claim that the approach is formally applicable
to arbitrarily shaped source distributions, the source integration on
real blade surface corresponds to a more general case, which cannot

be obtained from a straightforward integration of the source distri-
bution over a projected disk. This is because the source integration
must be performed on the blade-fixed reference and the τ integration
in Eq. (23) cannot be directly carried out as for the case of projected
disk integration. Furthermore, the mean-flow effect has not been in-
cluded in Homicz and George’s formulations. On the other hand, a
simplified analysis based on the approach by Paterson and Amiet10

and avoiding Bessel functions calculations could be simpler and
faster in a high-frequency approximation. However, care should be
taken because the source frequencies ω0 are shifted by all possible
negative and positive blade-passing frequencies, Nbl�, to give an
observation frequency ω [see Eqs. (25) and (26)] and the source fre-
quency ω0 may take a low value for a given observation frequency ω.

VI. Comparison of Self Noise Predictions
with Experimental Data

Predictions obtained from the just developed theory are now com-
pared against the experimental results reported by Trebble.34 Noise
radiation measurements were made for a four-bladed Dowty Rotol
R212 propeller (NACA 16 sections) in a 24-ft wind tunnel. The
propeller was mounted in a 1.2-m-diam nacelle with a quiet electric
motor that is capable of drive speeds up to 2000 rpm. Figure 4 shows
the geometry of this four-bladed propeller. The main geometric pa-
rameters of the full-scale propeller may be found in Ref. 34. The
propeller diameter is 3.66 m. Trebble’s measurements were made
at propeller rotational speeds n of 1000 rpm at stream speeds U of
30 m/s for blade-setting angles βs equal to 15.1, 17.3, 20.1, 22.4,
and 32.1 deg. The blade-setting angle βs is defined as the twist angle
at the 0.70 radius. The blade setting angles βs are related to the pitch
angle described in Sec. II by βP = βT + βS‚ where βT is the blade
twist angle relative to that at the 0.70 radius station, which is the
standard position for setting the blade angle.

A numerical scheme has been developed for the efficient compu-
tation of the mode transfer function Hl (Ref. 16). The blade surface
is meshed into triangle elements with a maximum dimension of
8–10 times less than the acoustic wavelength. This allows analytic
integration over each element facet, whose integrand involves the
rapidly oscillating source terms in Eq. (26). Figure 5 shows the
pressure-side mesh (βs = 20.1 deg) used to perform the numerical
integration of Eq. (29). The mesh shown in Fig. 5 with a maximum
element dimension of 25 mm is valid for frequencies of less than
1300 Hz. In Fig. 5, 1298 triangle elements are meshed on pressure
side of the blade surface.

The unsteady blade loading, which constitutes the aerodynamic
sound sources, is predicted using Eqs. (5–10), (13), and (16).
Figure 6 shows a comparison between the predicted sound pres-
sure level (SPL) spectral density in the transverse plane, that is,
90 deg to the axis, 5.49 m from the axis (black broken line) and
the measured noise spectrum (solid line). Also shown is the back-
ground noise spectrum (light broken line) to indicate the quality of
the measured data. The calculations are taken at a rotational speed
of n = 1000 rpm, a forward flight speed of U = 30 m/s, and a blade
setting angle of βs = 20.1 deg.

Fig. 4 Geometry of R212
propeller.
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Fig. 5 Mesh for numerical calculation of R212
propeller, pressure side, βs = 20.1 deg.

Fig. 6 Measured and predicted broadband self-noise from a R212 pro-
peller at Rd = 5.49 m from the axis in plane of propeller, with rotational
speed n = 1000 rpm, forward-flight speed U = 30 m/s, and blade-setting
angle βs = 20.1 deg.

The SPL is defined in decibels relative to x = (x1, r, θ ′) referred
to pref = 2 × 10−5 Pa, based on an analysis bandwidth � f of 11 Hz,

SPL = 10 log10

4π� f Spp(x, ω)

p2
ref

(30)

where the factor 4π is included to account for 1) converting to a
single sided (0 < ω < ∞) spectrum and 2) converting from radian
frequency to a 1-Hz bandwidth.

Agreement between predictions and measurements at frequencies
above about 700 Hz are generally within 6 dB. Below 700 Hz, agree-
ment is generally poorer. This may be due to the large background

noise levels at these low frequencies. However, spectral shape is
closely predicted. The underestimated error over the whole fre-
quency range may be due to the differences between the far-field
assumption, on which Eq. (26) is based, and the measurement point,
which may not be far enough from the propeller to justify the use
of the far-field approximation. Additional error is introduced by
making the frozen turbulence assumption, which is now known to
underestimate the radiated noise.16 The third possible reason for the
error is that the surface pressure spectrum and the boundary-layer
thickness, which determine the acoustic source on blade surface, are
measured on a NACA 0012 airfoil rather than a NACA 16 series air-
foil of which the R212 propeller is made. To assess the sensitivity of
changes in the noise prediction to the source spectrum, the spectrum
of the radiated pressure (dotted line) due to tripped boundary-layer
turbulence is also plotted in Fig. 6. The tripped boundary-layer thick-
ness used here is that measured by Brooks et al.19 for a NACA 0012
airfoil. Boundary-layer turbulence tripping was achieved by placing
random distributions of grit (nominal particle diameter of 0.29 mm
with an application density of about 380 particles/cm2) in strips from
the leading edge to 20% chord. Figure 6 predicts a 3-dB increase
in noise radiation due to tripping of the boundary-layer turbulence,
suggesting that the radiated noise is sensitive to the details of the
boundary-layer spectrum, for example, the location of the point of
transition to turbulent flow. The fourth reason for the underestimated
error may be due to a lack of knowledge of the wall-pressure loads
because Corcos’s model may not apply in some conditions, such
as nearly detached flows at some spanwise locations (see Ref. 25).
Furthermore, the noise due to the ingestion of turbulence may con-
tribute to the radiated pressure at low frequencies. This contribution
can be expected to be significant if the residual turbulence intensity
in the oncoming flow is typically about 2%. Unfortunately Trebble34

did not specify this value in his paper to allow quantification of this
noise source. The formulation presented here can be used for both
broadband and tone noise prediction. The tonal noise is predicted in
very good agreement with measured data in Ref. 16 because in this
case the acoustic source due to steady blade surface pressure can be
predicted accurately.

VII. Directivity and Parameter Studies
of Broadband Self-Noise

In this section, the theory developed in Sec. V is used to predict
the directivity of the broadband noise radiated by the propeller. The
directivity is defined by

D(�, ω) = 10 log10

[
lim

Rd →∞
R2

d

4π Spp(x,ω)

p2
ref

]
(31)

where x = (Rd cos �, 0, Rd sin �) are the observation coordinates
and the observer distance Rd is measured from the coordinate origin
in the x2 = 0 plane. For numerical calculation, we take Rd = 100 m.
Figures 7 and 8 show the self-noise directivities in decibels of the
R212 propeller in a 1-Hz bandwidth with center frequencies of 300
and 900 Hz, respectively.

Fig. 7 Directivity D(Ψ, ω) −−56.0 at 300 Hz for axial flow velocity
U = 30 m/s, blade rotational speed of n = 1000 rpm, Rd = 100 m, and
βs = 17.3 deg.
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Fig. 8 Directivity D(Ψ, ω) −−52.0 at 900 Hz for axial flow velocity
U = 30 m/s, blade rotational speed of n = 1000 rpm, Rd = 100 m, and
βs = 17.3 deg.

Fig. 9 Broadband self-noise at Rd = 5.49 m from propeller axis in
plane of propeller, axial flow velocity U = 30 m/s, shaft rotational speed
n = 1000 rpm, in a 11-Hz analysis bandwidth.

The self-noise radiation exhibits fairly weak directionality, with
the variation of D(�, ω ) in Figs. 7 and 8 being less than about
15 dB over the entire range of polar angles. The main lobe of broad-
band self-noise directivity is in the direction of the propeller axis,
whereas the main lobe of the tonal noise directivity due to a steady
blade surface pressure distribution is normal to the propeller axial
direction.16 Mathematically, this is due to the following characteris-
tics of the Bessel function in Eq. (26): J0(0) = 1 and Jm(0) = 0 when
m �= 0. From Eq. (26), the source frequencies ω0 are shifted by all
possible blade-passing frequencies, Nbl�, including the zero-order
blade-passing frequency, that is, l = 0 in Eq. (26). For an unsteady
source, the term l = 0 in Eq. (26) gives large contribution to the
broadband noise in the propeller axial direction (ψ = 0) because
J0(0) = 1. However for a steady source, only the terms l �= 0 pro-
duces noise at the blade-passing frequencies, and these terms make
no contribution to the tonal noises in the propeller axial direction
because Jm(0) = 0. The theory predicts a reduction in broadband
noise near the plane of rotation. Experimental evidence for this pre-
diction can be found in the classical work presented by Paterson and
Amiet.10 Here, the measured directivities near the plane of rotation
are for broadband inflow noise, but is expected to have similar di-
rectivity characteristics as the broadband self-noise. Unfortunately
Paterson and Amiet did not measure the rotor noise directivity in
the axial direction.

The theory has also been used to undertake a parametric study
of the broadband self-noise radiation from propellers with fan tip
speed, number of blades, chord, and blade setting angle. Figure 9
shows a prediction of the pressure spectrum at Rd = 5.49 m from the
R212 propeller axis in the plane of the propeller for various blade-
setting angles. Increasing the blade-setting angle βs is observed to
increase self-noise radiation due to larger angle of attack and, hence,

Fig. 10a Broadband noise at Rd = 100 m for various blade tip Mach
numbers Mh, in 11-Hz analysis bandwidth, βs = 17.3 deg.

Fig. 10b Predicted PSD to sixth power of blade tip Mach numbers Mh
at Rd = 100 m, βs = 17.3 deg.

Fig. 10c Predicted PSD to 4.5th power of blade tip Mach numbers Mh
at Rd = 100 m, βs = 17.3 deg.

larger boundary thickness and unsteady surface pressure. For each
degree of increase in the blade-setting angle, the noise is predicted
to increase by about 1.4 dB, except at the largest blade-setting angle
of βs = 32.1 deg, where flow separation is likely to have occurred.

Figure 10a shows the predicted dependence of the broadband
noise frequency spectrum on the blade tip Mach number Mh for
the R212 propeller. Note that in each case the angular speed � of
the propeller and the forward-flight speed U are adjusted to keep
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the tip section attack angle unchanged at α = 2 deg. To deduce how
the noise scales with blade tip speed, the result of Fig. 10a are
replotted in a dimensionless form in Figs. 10b and 10c. In Fig. 10b,
the ordinate is the dimensionless power spectrum density (PSD)
Spp/p2

ref divided by the blade tip Mach number Mh to the sixth power,
whereas in Fig. 10c the ordinate is Spp/p2

ref M
4.5
h . In Figs. 10b and

10c, abscissas are ωD/Uh , where Uh = MhC0. The far-field PSD
is found to scale very closely with the sixth power of the blade
tip Mach number at low frequency (ωD/Uh < 30) and to the 4.5th
power at high frequency (ωD/Uh > 50). Thickness noise and the
noise due to the quadrupole source are ignored in the prediction of
Fig. 10a. Note that these two sources may become important when
the tip Mach number approaches unity.

We now consider self-noise radiation from two hypothetical pro-
pellers conceived specifically for the parametric study presented
here. One has the same geometry as the R212 propeller already dis-
cussed but with the twist angle chosen such that a constant attack
angle of 4 deg is obtained at an axial flow velocity of U = 30 m/s
and a shaft rotational speed n = 1000 rpm. We refer to this geome-
try as the one-chord propeller. The blade number of this one-chord
propeller is Nb = 12. The other propeller has the same geometry
and the same constant attack angle of 4 deg as the one-chord pro-
peller, but with a chord length of three times greater than that of the
one-chord propeller. We refer to this as the three-chord propeller.
However, this three-chord propeller has only 4 blades so that both
the one-chord propeller and the three-chord propeller have approx-
imately the same thrust area. Figures 11 and 12 show the geometry
of these two propellers used in the calculation.

Because the two propellers have the same angle of attack, they
should be able to provide approximately the same thrust. However,
their noise levels are predicted to differ appreciably, as shown in
Fig. 13, where the dashed line shows the SPL for the 12-blade one-
chord propeller and the solid line denotes the SPL of the 4-blade

Fig. 11 Geometry of one-chord propeller.

Fig. 12 Geometry of three-chord propeller.

Fig. 13 Self-noise comparison between one-chord and three-chord
propeller at Rd = 5.49 m from propeller axis in the plane of the propeller:
axial flow velocity U = 30 m/s, shaft rotational speed n = 1000 rpm in a
11-Hz analysis bandwidth.

Fig. 14 Self-noise comparison between propellers of constant and non-
constant angle of attack at Rd = 5.49 m from propeller axis in plane
of the propeller: axial flow velocity U = 30 m/s, shaft rotational speed
n = 1000 rpm in a 11-Hz analysis bandwidth.

three-chord propeller. The calculations are made at Rd = 5.49 m
from the propeller axis in the plane of the propeller with an axial flow
velocity of U = 30 m/s, a shaft rotational speed of n = 1000 rpm,
and an 11-Hz analysis bandwidth. Figure 13 shows that the propeller
with small chord and large blade number radiates the least noise,
especially at low frequencies, where a difference in SPL of more
than 10 dB is observed.

The main difference between the R212 propeller and the one-
chord propeller is the blade twist angle. With the blade-setting an-
gle equal to βs = 17.3 deg, the attack angle of the R212 propeller
varies from 10.2 deg at the blade root to 2.0 deg at the blade tip for
an axial flow velocity of U = 30 m/s and a shaft rotational speed
n = 1000 rpm. The one-chord propeller, however, has a constant at-
tack angle of 4.0 deg. When it is noted that the blade tip section has
a higher speed than the root section, and that the airfoil lift depends
on both the attack angle and the airfoil velocity, these two propellers
should deliver roughly the same thrust if the one-chord propeller has
the same number of blades (equal to four) as the R212 propeller.
Figure 14 shows a comparison between the self-noise due to this
change of attack angle at an observation distance of Rd = 5.49 m
from the propeller axis in the plane of the propeller. The SPL is cal-
culated in an 11-Hz bandwidth. The propeller with constant angle of
attack is predicted to radiate a SPL 4–6 dB lower at low frequencies
and about 2-dB lower noise levels at higher frequencies.
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VIII. Conclusions
A far-field frequency-domain formulation has been presented for

making broadband noise prediction from an open rotor. Predictions
of the broadband noise from the R212 propeller are shown to be
in reasonable agreement with measured data. The directivities of
broadband self-noise are obtained. The predicted feature shows that
the main radiation lobe is located along the propeller axis. A prelim-
inary parametric study of the broadband self-noise radiation from
propellers with blade tip Mach number, number of blades, chord,
blade-setting angle, and angle of attack has been carried out. It shows
that a propeller with small chord, large blade number, and constant
angle of attack produces lowest noise radiation.
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