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Free-Field Correction Factor for Spherical Acoustic
Waves Impinging on Cylinders

C. R. Fuller*
Virginia Polytechnic Institute and State University, Blacksburg, Virginia

The scattering and diffraction of spherical waves by an infinite rigid cylinder is analytically studied for
monopole and dipole acoustic sources. A correction factor at the cylinder surface for the change in the free-field
radiation levels due to the presence of the cylinder is calculated. The results indicate that the correction factor
is sensitive to source frequency and location. Regions of negative correction factor due to shadowing and
creeping wave behavior are identified. The analysis is applied to a simplified representation of propeller lift noise
and the correction factor in the shadowed region is demonstrated to be strongly dependent on blade angle.

Nomenclature

a = cylinder radius

A, = scattered spectral amplitude

c = speed of sound

I,,I, = integrand functions

k., = radial wavenumber

k, = axial wavenumber

ko = free wavenumber

n = circumferential modal number

p; = free-field pressure

P; = scattered preessure

p, = total pressure

po = source amplitude (force/length)

r,8,x = cylindrical coordinates

R; = source radial location

0% = propeller blade angle

o, = scattering correction factor

e, =1,n=0;,=2,n>0

w = frequency (rads/s)

(') = derivative with respect to r
Introduction

NTERIOR noise in aircraft has recently received much at-

tention.! The main impetus for these works has been the
imminent advent of the advanced turbo propeller (ATP)
which, although being fuel efficient, is also an extremely loud
acoustic source. Research into cabin noise prediction has been
split into several areas.! Much work has been done in predict-
ing sound levels from ATP’s.? These predictions (e.g., the
ANOPP code) subsequently have been used as the exterior
acoustic forcing functions for analytical models designed to
estimate the interior sound levels of representative aircraft.?
However, the ANOPP code predicts the free-field pressure
distributions of high-speed propellers and does not include
scattering effects from nearby surfaces such as the fuselage.
Thus, e.g., in Ref. 3, the acoustic pressures on the model
aircraft fuselage are approximated by an empirically based
formula.

Presented as Paper 87-2735 at the AIAA 11th Aeroacoustics Con-
ference, Sunnyvale, CA, Oct. 19-21, 1987; received April 4, 1988;
revision received Feb. 14, 1989. Copyright © 1987 American Institute
of Aeronautics and Astronautics. All rights reserved.

*Professor of Mechanical Engineering. Member AIAA.

Although using this type of approximate approach to derive
the correct exterior acoustic forcing functions appears to give
reasonable results, it would be a significant improvement to
interior noise prediction to be able to calculate a more repre-
sentative correction factor for the presence of the fuselage.
Similarly, such an investigation would have the necessary for-
mulations to calculate the effect of a scattering surface on
far-field radiation patterns.

In this paper, the effect of the presence of an infinite rigid
cylinder on the free-field radiation of monopole and dipole
sources of various orientations is considered. The investigation
is a fundamental step toward understanding radiation from
more complex sources, such as propellers, in the presence of
scattering surfaces as these can be considered to be constructed
from sets of distributed monopoles, dipoles, etc. of appropri-
ate strengths, phases, and orientations.*

The problem is formulated in various stages and generally
follows the analysis of James,*> who considered the effect of a
cylinder of finite surface impedance on the far-field radiation
of a monopole. Previously, Uberall et al.® analytically studied
the scattering of plane acoustic waves incident upon a soft
infinite cylinder. Junger’ has also considered the radiation of
sound from a piston set in a sphere and a strip on the surface
of an infinite rigid cylinder. Both of these works used the
Sommerfeld-Watson transformation to reduce the wave-har-
monic series to a manageable form when ko is large. One of
the interesting outcomes of Uberall’s and Junger’s work was
the identification of ‘‘creeping waves’’ due to diffracted waves
traveling in angular directions around the scattering object.
Recently, SenGupta® has numerically evaluated the scattering
correction factor for a point source located near a rigid cylin-
der. His results show good agreement with experiments. When
the point source is replaced with a line source, good agreement
is also demonstrated between numerical and closed-form solu-
tions of the type to be used here.

Figure 1 shows the geometry of the situation. First, the
radiation from a monopole source is transformed to cylindri-
cal coordinates. Second, a scattered field from the cylinder
surface is assumed and the amplitudes of the scattered waves
are calculated by application of the appropriate boundary con-
dition at the cylinder surface. Thus, on obtaining the scattered-
wave amplitudes, the ratio of the free-field acoustic pressure to
the total acoustic pressure at the cylinder surface can be calcu-
lated.

Analysis

The free-field pressure distribution radiated by a monopole
source located at r = R, 6 =0, x = 0, can be expanded into
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cylinder

Fig. 1 Geometry and coordinate system.

cylindrical coordinates using a Fourier transform and a special
case of the Bessel function addition theorem as>*

pi(r,0,x,R;) = l’% Y e cos(n6)
n=0

X S J.(k)H,(k.R,) explik,x] dk, for r<R, (1)

where k2 = k& — k? and the free wavenumber ky = w/c. If the
monopole source is positioned near an infinite rigid cylinder,
the free-field pressure term must be argumented by a scattering
term for reflections from the cylinder surface. The total pres-
sure field in the presence of the cylinder can be written as

P =pi +ps (2)

vhere the scattered field has the form of!¢
ps(r,0,x = _1 i cos(n6)
S\ Vs 27[_ =

x r Anlk)Hy(for) explikyx] dk, ©)

Application of the boundary condition of continuity of nor-
nal displacement at the cylinder surface, r = a, gives, for a
igid cylinder,

o
ar

=0 @

r=a

Chus, substituting Eqs. (1) and (3) into Eq. (2) and performing
he derivative gives

i% i €, cos(nf) r’ Jn (ka)H, (ksRy) explik,x] dky,
n=0 -
\/—: 2 05(”0) So_om A"(kn)err: (kfa) exp[lk”x] dk"
=0 at r=a ®)

Rearranging this equation to solve for the unknown spectral
mplitude of the scattered waves A4, gives

iN2mpy  Jn (k@)Hy (,R;)
2" H,(ka)

Anlkn) = — ©®
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Resubstituting the relation for A4,(k,) into Egs. (3) and (2)
gives the total pressure as

Pt(r) G’Rsax) -

NI'B'

B 5 s costnn t Ty Hy O R,)
X explik,x] dk,

% f: cos(né) S

x H,(k,r) explik,x] dk, for r <R, 7

* I, (ka)H,(k,R;)
- Hn (kra)

The calculate a correction factor in decibels between the
free-field pressure and the total pressure (blocked) at the cylin-
der surface, we need to calculate both p; and p, at r =a and
form the ratio as

p/pi i _ =1+p/p; ®
Thus,
Y e cosmd)l,
p/pi| =1-"g———— ©)
r=a Y € cos(nd)l
n=0
where the integrands are specified by
_|* Jn @) H, (kR .
5k ko x ,Rs) = S-JTI,,W H, (ka) explik,x] d(lzt(z);

Dk, ko,x ,Rs) = r Jn(ka)H, (k.Ry) explikyx] d(kna) (11)

Equation (9) can be easily expanded using superposition
principles for a dipole-type source consisting of two out-of-
phase monopoles as

(—1y+! i €, cos(nb);

n=90

i<
ol
u

=1-2=
a 2 -
= Y (—1F1 Y € cos(n)L
s=1

n=0

D/ Di (12)

where the index s corresponds to the two components of the
dipole. The scattering correction factor can then be calculated
from

a, =20 logm<pt/pi‘ B ) 13)

Results and Discussion

In order to evaluate the correction factor of Eq. (12), it is
necessary to evaluate the integrals numerically. This was done
using Simpson’s rule implemented on a Cyber computer. Like-
wise, it is necessary to truncate the modal sums of Eq. (12). As
values of kya considered were reasonably low, a wave-har-
monic series approach was possible. In this case, the correction
factor was found to converge to sufficient accuracy with 20
circumferential modes included, i.e., n = 19. Differing nondi-
mensional frequencies, source, and evaluation locations were
considered in order to uncover the scattering mechanisms. The
range of variation of the parameters was chosen to include
those that might correspond to a typical ATP application, i.e.
koa = 4.0 and R,/a = 2.0. Most of the evaluations are pre-
sented for 0 < 6 < 180 deg as the plots are symmetrical about
the source plane. Figures 2, 4, and 5 are for a monopole
source, while Figs. 6 and 7 compare monopole and dipole
radiation. For the dipole, two sources of equal amplitude and
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opposite phase are included with a radial spacing of A R,/
a=0.1.

Figure 2 gives the correction factor for a nondimensional
axial and radial source location of x/a = 0, R;/a = 2.0, respec-
tively. The nondimensional driving frequency is varied from
koa = 0.5 to 4.0. The scattering correction factor can be seen
to be strongly dependent upon frequency. At low frequencies
where the wavelength is much longer than the cylinder diame-
ter, the correction factor at 6 = 0 is of the order of +3.5 dB.
With increasing frequency, the correction factor at § =0
steadily approaches the expected value of a normal incidence
wave of 6 dB.

Similarly, as the source frequency is increased, the correc-
tion factor in the ‘‘shadowed’’ surface of the cylinder is re-
duced. At long wavelengths relative to cylinder diameter, most
of the acoustic energy is simply diffracted around the cylinder
and the correction factor is negative but small. At shorter
wavelengths, the cylinder tends to‘‘shadow’’ the region on its
trailing side, and thus the free-field pressure value is much
greater than the total pressure in this region with the cylinder
present.

Interestingly, the minimum correction factor for all cases
occurs at locations other than 6 = 180 deg. This behavior was
thought to be due to ‘‘creeping waves’’ traveling around the
surface as previously observed in Refs. 5 and 6. When an
acoustic wave impinges on a closed body of revolution, there
are two main effects, as illustrated in Fig. 3. First, there is
direct scattering due to direct reflection of the incidence wave
front from the surface. Second, the waves are diffracted
around the cylinder surface and travel circumferentially in
opposite directions. Thus, at some locations, the waves travel-
ing in opposite directions, called creeping waves, interfere de-
structively, resulting in a larger negative correction factor.

In Fig. 4, the effect of a variation in source location for
koa = 4.0 and x/a = 0 is given. At § = 0, the correction factor

10—
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Fig.2 Correction factor, monopole source, x/a = 0, R¢/a =2.0.
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Fig. 3 Cylinder scattering mechanisms.
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for all cases is 5.5 dB. Moving the source away from the
cylinder can be seen to increase the correction factor in the
region 0 < 6 90 deg due to the effective wave front incidence
angle decreasing (relative to a normal to the cylinder surface)
as the source location increases. Similarly, in the region of 90
deg =< 0 < 180 deg the correction factor increases with source
radial location. Decreasing the angle of incidence of the wave
front a cylindrical surface causes increased reflection of the
wave front off the surface and less diffraction, as there is more
projected cylinder surface area normal to the wave front.
However, the illuminated area of the cylinder surface increases
with source location as well, and this tends to increase the

. levels on the trailing side of the cylinder.

The influence of location of the axial evaluation point is
studied in the results of Fig. 5, where koa =4.0 and
R,/a = 2.0. Generally, for the range of 0<x/a < 2.0, the re-
sults are insensitive to axial location. For x/a = 2.0, the cor-
rection factor gradually decreases as x/a increases, again due
to the angle of incidence of the wave front increasing with axial
distance. Likewise, on the trailing side of the cylinder, the
correction factor is insensitive to axial location for 0<x/a
< 2.0. For x/a = 2.0, the amplitudes on the trailing side grad-
ually increase as more diffraction of waves around the cylinder
surface occurs due to increasing angle of incidence of the wave
front.

Finally, Figs. 6 and 7 compare correction factors for a
monopole and dipole source located at R,/a = 1.1 and 4, re-
spectively. In this case, the dipole is orientated with its minor
axis along a radius. In both figures, k@ = 4.0 and x/a = 0.
When the source is close to the cylinder surface, there are
significant differences between the correction factors of a
monopole and a dipole. It is apparent in Fig, 6 that while the
correction factor at # = 0 is unchanged, at other angular loca-
tions there is a significant difference. For the region 0<6=< 90
deg, the monopole correction factor is greater than the dipole.
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Fig. 4 Correction factor, menopole source, koa = 4.0, x/a = 0.
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Fig. 5 Correction factor, monopole source, koa = 4.0, Ry/a = 2.0
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Fig. 7 Correction factor, kya = 4.0, Ry/a = 4.0, x/a = 0.

The behavior can be understood with the aid of Fig. 8. The
effect is undoubtedly due to the highly directional nature of
the dipole source which will have large subtended radiation
angles when located near the cylinder surface and thus tend to
radiate most of its energy towards ¢ = 0, as demonstrated in
Fig. 8. Hence, the dipole free-field pressure will be less af-
fected on the front side of the cylinder. Similarly, the direc-
tional nature of the dipole source can be seen to cause some
increased shadowing on the trailing side of the cylinder, 90 deg
< 0 < 180 deg.

Again, peculiar oscillations in the correction factor curves
are observed for 90 deg < 0 < 180 deg and are thought to be
due to the aforementioned creeping waves. In particular, the
correction curve for the dipole at R,/a = 1.1 shows marked
oscillations. This is probably due to the overall pressure ampli-
tude being small, and thus the presence of the creeping waves
is readily apparent.

When the source is located at Ry/a = 4.0, well away from
the cylinder, there is little difference between the results of the
dipole and the monopole, as demonstrated in Fig. 7. This
result is most likely due to the subtended radiation angles of
the dipole source being small in this case, as shown in Fig. 8,
and thus directivity plays little role.

Application to Propeller Noise

It is of interest to aeroacousticians to apply the analysis to
propeller noise. As a simple approximation, the lift compo-
nent of propeller noise can be modeled as a dipole* positioned
as in Fig. 9a. For this case, it is assumed that the noise source
is due to a single blade orientated at 45 deg to the x axis. As the
blade rotates, the dipole changes it position and orientation as
depicted in Fig. 9b. Thus, for various angles of the blade
relative to the vertical, the installation correction factor of the

Ry /0

Fig. 8 Dipole geometry and radiation directivity pattern.
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Fig.9 Arrangement and coordinate system of rotating blade and
dipole: a) top view, b) front view.

cylinder (representative of a fuselage) can be calculated. It
should be noted that the analysis does not include various
important characteristics such as translation of the dipole and
convection of the propagating medium. However, it is ex-
pected that the results will still shed light on an area that has
received little attention in propeller noise, and the added com-
plexity could be the topic of further work.

Figure 10 gives the correction factors calculated for three
blade angles, v = 0, 45, and 90 deg. For these cases, the source
frequency and location (at v = 90 deg) is again assumed to be
koa = 4.0 and R;/a = 2.0. The coordinates of the source com-
ponents calculated from Fig. 9b are given in Table 1.

When the blade is vertical, ¥ = 0 deg, the maximum correc-
tion factor occurs near # = 10 deg on a line directly toward the
dipole for reasons discussed previously. As the observation
angle & increases, the correction factor decreases until on the
backside of the cylinder, near § = 180 deg, substantial shadow-
ing effects are indicated by a large negative correction factor.
Oscillations in the curves in these regions are again thought to
be associated with creeping wave behavior. Rotating the blade
to y = 45 deg causes little change in the curve except that the
locations of the minimum are shifted somewhat due to differ-
ing dipole source orientation affecting the phase of the creep-
ing waves.

When the blade is positioned at v = 90 deg, or horizontally,
the results are significantly different. The maximum correction
factor on the illuminated side is still around 5 dB but has
moved location to near 6 = 0 deg. However, on the backside of
the cylinder near 6 = 180 deg, the correction factor is positive
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Fig. 10 Correction factor, koa = 4.0, x/a = 0.

Table 1 Coordinate location of dipole vs blade angle

=0 v =45 deg v =90 deg
Source 1 2 1 2 1 2
Rs/a 2.787 2.719 2.288  2.205 2.0 2.0
x/a —0.0353 0.0353 —0.0353 0.0353 -—0.0353 0.0353
0,deg 1391 14.27 12.81 11.45 1.01 -1.01

and around 8 dB. A limit study confirmed that the correction
factor at § = 0 and 180 deg does converge to the values men-
tioned even though p; is zero at both locations in this case.
These results imply that the presence of the cylinder has led to
a large increase in the free-field levels at this blade orientation.
As discussed previously, the reason for this behavior is largely
due to the fact that at v = 90 deg the dipole is much closer to
the cylinder surface, resulting in a large increase in the diffrac-
tion of the waves around the cylinder, ultimately causing large
increases in pressure amplitude.

Conclusions

The scattering and diffraction of spherical waves impinging
on a rigid infinite cylinder have been analytically studied. Both
a monopole and a dipole acoustic source have been considered.
A correction factor at the cylinder surface has been calculated
for the presence of the cylinder in the source free-field pressure
radiation distribution. The results indicate that the correction
factor is sensitive to source frequency and location and rela-
tively insensitive to axial location of observation point. When
the source is well away from the cylinder, there is little differ-
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ence in the correction factor for a monopole or dipole source.
However, when the source is very close to the cylinder, the
directional nature of the dipole source causes significant dif-
ferences.

Regions of negative correction factors on the trailing side of
the cylinder were shown and are associated with acoustic shad-
owing of the cylinder. Oscillations in the correction curves
with circumferential angle were found and are thought to be
due to creeping waves traveling circumferentially around the
cylinder.

Application of the analysis to a simplified situation repre-
sentative of propeller ‘‘lift’’ noise shows that the blade angle
has little effect on the correction factor for the illuminated side
of the fuselage cylinder. However, on the shadowed side, the
correction factor is strongly affected by blade angle, primarily
due to the noise source near field impinging on the fuselage as
it approaches the scattering surface. This resuit underlines the
importance of considering a closed body of revolution as an
acoustic scatterer representative of an aircraft fuselage.
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