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ABSTRACT 

This paper addresses first wind tunnel activities conducted in the GARTEUR Action Group HC/AG-24 
dealing with acoustic scattering of spheres. GARTEUR Action Group HC/AG-24 is established to 
address noise scattering of helicopter rotors in presence of the fuselage. This test is a necessary step 
to help establishing an appropriate test setup for acoustic scattering of a generic GARTEUR helicopter 
model. The tests are conducted in the DLR Acoustic Wind Tunnel in Braunschweig (AWB). Two 
source systems, including both DLR Laser generated sound and ONERA SPARC (Source 
imPulsionnelle AeRoaCoustique), are used to perform shielding experiments. The tests include three 
spheres, two support systems and three wind speeds of 0m/s, 30m/s and 45m/s. The sizes of the 
spheres, a small one with 12cm in diameter and a big one with 34cm in diameter, are derived 
according to the maximum dimension of the BO105 fuselage with 12.5 scales down in both lateral- 
and stream-wise directions to consider that the scaled rotor noise frequencies fit inside the effective 
frequency band of the noise sources. In the current paper, the analysis of the data post-processing 
steps required for obtaining correct spectral and time domain data for laser sound source is 
emphasized. The influence of the support systems on the acoustic scattering field is analyzed. The 
comparison of the test results with analytical solution of sphere sound scattering is used to verify the 
accuracy of the tests. In addition, the test results can also be used as database to validate numerical 
tools. 
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1. INTRODUCTION  

A negative undesirable by-product of the 
helicopter during its operation is noise 
generation. Both the main and the tail rotors 
(including Fenestron) of a helicopter are major 
sources of noise and contribute significantly to 
its ground noise footprint. The main research 
effort in the past was concentrated on the 
helicopter rotor noise generation and the 
reduction of the noise. Even though the 
scattering of noise generated by helicopter 
rotors has been recognized as a significant 
influence on the noise spectra and directivity, 
the research effort towards the scattering of 
noise by the helicopter fuselage, tail boom as 
well as stabilizer etc. has not been extensive. 
Therefore, the GARTEUR Action Group 
HC/AG-24[1] is established to address noise 
scattering in presence of the fuselage. The 
objectives of this AG are (1) to develop and 
validate numerical prediction methods and (2) 
to generate a unique noise scattering database 
through wind tunnel test using generic 
configurations, such as spheres and a 
GARTEUR helicopter model. This paper will 
focus on the results from the wind tunnel 
activities dealing with acoustic scattering of the 
spheres. One purpose of choosing spheres in 
the test is to verify the accuracy of the 
complete test system, such as support 
systems and noise sources, microphones as 
well as the reliability of the test results, by 
comparing with available analytic solutions for 
this configuration. In addition, the test results 
can also be used as database to validate 
numerical tools. The numerical activities 
carried out in this AG are described in a 
separate paper presented during the forum 
[16]. This test is a necessary step to help 
establishing an appropriate test setup for 
acoustic scattering of the generic GARTEUR 
helicopter. 
 
This paper is organized as following: the 
experimental setup; including wind tunnel 
model, noise source characteristics and 
acoustic instrumentation are first presented; 
and some samples of a small number of 
representative results using laser source are 
introduced, including; (1) the scattering results 
as function of frequency, (2) the influence of 
support systems, (3) the influence of the wind. 
In addition the analysis by comparing with 
analytic or numeric results is also presented to 
clarify the accuracy of the test system.  

 

2. DESCRIPTION OF TEST SETUP 

Figure 1 shows the complete test setup, 
including either laser source (B,C) or SPARC 
(Source imPulsionnelle AeRoaCoustique, E), 
sphere (D) and microphone (A). The detail 
description of the setup is given in following 
sections. 

 
(a) Test set up with laser 

 
(b) Test setup with SPARC 

Figure 1 Complete test set up including either 
laser source (B,C) (a) or SPARC (E) (b), 

sphere (D) and microphone (A) 

 

2.1 Wind tunnel Facility 

 
Simple shielding experiments on spheres are 
performed in the DLR Acoustic Wind tunnel in 
Braunschweig (AWB), as shown in Figure 1. 
The AWB has a cross section 1.2 0.8× 2m . 
The open jet test section is known for its 
excellent flow quality and anechoic properties 
as well as its low background noise. The AWB 
is an open-jet wind tunnel capable of running 
at speeds of up to U=65m/s and is optimized 
for noise measurements at frequencies above 
250 Hz. In current test program, the highest 
wind speed U=45m/s is used. 
 

2.2 Scattering bodies and support system 

2.2.1 Size of spheres 

Two sphere sizes, a small one with D1=0.12m 
diameter and a big one with D2=0.34m 



diameter are used. The sizes of the spheres 
are derived according to the maximum 
dimension of the BO105 fuselage with 12.5 
scales down in both lateral- and stream-wise 
directions, as shown in Figure 2b. Here the 
scale factor of 12.5 is chosen to consider that 
the scaled rotor noise frequencies fit inside the 
effective frequency band of the noise sources, 
so that in the test frequency range the high 
signal to noise ratio can be assured.  
For the smaller sized sphere D1, a wooden 
(beech) and an aluminum sphere were tested 
to determine the influence of the different 
material impedance. For both sizes of the 
sphere, tests with mean flow effect are also 
performed. 

 
(a) Two sphere used in test 

 
(b) BO105 model used to define sphere size 

Figure 2 (a): Sphere in two different size of 
radius (D1=12cm and D2=34cm) used in the test; 
(b): Corresponding maximum dimension derived 

from BO105 fuselage 

 

2.2.2 Support type in test 

The system to support sphere in the test can 
affect scattering results.  In order to check the 
influence of the support system on the acoustic 
scattering field, two support systems, sting and 
wires, are used in the test, as shown in Figure 
3. The sting support is required for the test with 
mean flow. A common sting support (Figure 3 
(a)) with L form is constructed for both small 
and large sphere. The sting is mounted in the 
direction parallel to tunnel central line or mean 
flow. The diameter and the length of the sting 
in flow direction are 0.028m and 0.385m 
respectively. To quantify the influence of the 

sting support on the scattering results, the wire 
support (Figure 3(b)) where the sphere is 
hanged with three 0.002m diameter wires is 
also used. But for the wired support, the test is 
conducted only without wind for safety 
reasons. 
 

 
(a) Sphere with sting support 

 
(b) Sphere with wires 

Figure 3 Sphere with different 
support system used in the test. (a): 

sphere supported by sting in the 
test, (b): sphere hanged by wires 

2.3 Description of noise sources 

The choice of the noise source is based on the 
criterial that the noise source should have non- 
or minimum-intrusive for both mean flow and 
scattered acoustic field. As shown in Figure 1, 
two point source systems, the one generated 
from laser plasma pulse (C) and the one from 



ONERA SPARC (E) are used to perform 
shielding experiments. Since two sources have 
two different frequency ranges, they 
compensate with each other for providing wide 
frequency range.  

2.3.1 DLR Laser Generated Sound 

By focusing a high energy laser beam to a 
point, it is possible to initiate the formation of a 
small plasma which rapidly expands [7][8], thus 
forming a pressure wave about its boundary 
which propagates through the surrounding 
medium. The wave equation for the pressure 
perturbation p′ in a stagnant medium of 
variable mean density emphasizes the 
importance of the temporal heat input τ∂∂ /pT  
in generating a high amplitude pressure wave 
[2][3]: 
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where γ  and ∞a  is heat capacity ratio and the 
speed of sound in undisturbed medium, 
respectively. The distance )(0 τr  is the 
magnitude of the vector from source at 
emission time τ to the observer r . Moreover 
such a pressure wave does not exhibit any 
directionality and decreases linearly away from 
its origin. The sound source is well-suited for 
the realization of scattering experiment at 
model configurations in quiescent [4][2][6] and 
moving mediums [3]. 
 

 
Figure 4 Optical setup for the laser 

sound source 

A minimum amount of energy is to be provided 
into the medium to reach the energy threshold 
for the initiation of plasma formation. Once the 
threshold is reached, the plasma starts building 
up and its temperature and density increases 
greatly while absorbing a large portion of the 
input laser beam energy [9][10]. A theoretical 
description of the process is provided by the 
multiphoton ionization and cascaded ionization 
mechanisms [11]. In its early stage, the 
expanding plasma generates a pear-shaped 
pressure front with initial supersonic 
propagation speed which becomes an almost 
omni-directional pressure wave in the far-field 
[11][12]. The initial shock wave slows down to 
the isentropic speed of sound after 
approximately 20 sµ at which point it 
propagates as an isentropic acoustic wave. 
Consequently the small plasma generated can 
be seen as a breathing sphere with 10 mm 
radius [4]. The value of the threshold is of 
about 12 23.5 10 /W cm×  for an irradiation of 
wavelength 532nmλ =  in air and at standard 
atmospheric pressure [13]. The optical setup 
for the laser sound source is shown in Figure 
4. 

The DLR laser sound source has the 
advantage of being non-intrusive for both 
mean flow and scattered acoustic field. 
Because of its small size and uniform 
directivity, it can be represented as a point 
monopole source [2]. The frequency spectrum 
in Figure 5  demonstrates that the peak 



radiation frequency is located at about 30 kHz 
and the useful frequency range extends from 3 
kHz to 100 kHz.  

 

Figure 5 Typical spectrum from DLR 
laser pulse source (in dB) 

2.3.2 ONERA SPARC (Source 
imPulsionnelle AeRoaCoustique) 

Above a given threshold, a strong electric field 
ionizes the air between two sharp probes [18]. 
In this way, an electrical channel is created 
and an abrupt current dis-charge occurs. A 
part of the released energy is then converted 
into heat in the small region between probes. 
This intense heat induces a local expansion of 
the air which generates an acoustic pressure 
wave. A detailed setup of the sharp probes is 
shown in Figure 6. 

 

Figure 6 A detailed setup of the sharp 
probes from SPARC 

 

 

Figure 7 Typical spectrum from 
ONERA spark pulse source (in dB/Hz) 

The maximum peak frequency for ONERA 
SPARC is located at about 10 KHz with useful 
frequency range starting from 1 KHZ, Figure 7.  
Therefore, the two noise sources cover 
different frequency ranges. 

2.4 Acoustic instrumentation 

In-flow measurements are performed using 
1/8” inch Bruel & Kjäer pressure field 
microphones equipped with a standard nose 
cone. One microphone is installed at a fixed 
position near the ground and serves as a 
reference measurement. The second 
microphone is mounted on a traversing 
system, which is either above or below the 
sphere depending position of the source, as 
shown in Figure 1 and Figure 8 in zoom. 
 

 
Figure 8: 1/8” inch Bruel & Kjäer 
microphone on traversing arm 

 
When a shielding object is present between 
the sound source and a remote receiver, one 
has to be more careful; in order to make sure 
that only the meaningful part of the measured 
signal is kept for further processing and the 
reflections from other objects (such as wind 
tunnel ground, nozzle, etc.) are excluded from 



the signal. The test from previous campaign 
[2][3] indicates acoustic treatment of the 
ground, nozzle and positioning elements was 
not necessary, as reflections generally don't 
play an important role when using the laser or 
SPARC sound source, due to the very short 
duration of the generated pressure pulses (less 
than 0.1 ms for laser as example). 
 
Because in-flow measurements are made, it is 
necessary to use a nose cone in front of the 
microphone sensing membrane. The main 
effect of the nose cone on the measurements 
is to force a shift of the spectral maximum to 
higher frequencies (in Figure 9, from 30kHz≈  
to 50kHz≈ ), while amplifying the high-
frequency spectral levels. Therefore, a 
supplementary and necessary correction is 
required to recover correct source powers and 
time signatures when measuring in-flow [4][2].  
 
However, the general assumption in [2] that 
the nose cone correction is mostly dependent 
on the nose cone geometry appears, based on 
the current experience with the source, not to 
be completely true. A derivation of the 
correction curves is necessary for each 
particular test case considered and is difficult 
to obtain and to generalize for the highest 
frequencies. In Figure 9, the source spectra for 
three different microphone positions at 0 0M =  

are plotted. The data are not 
corrected in any matter. Each group of lines 
contains three curves, one for a microphone 
position upstream of the source ( 90iθ > ° ), one 
for a microphone directly below the source 
( 90iθ = ° ) and one downstream of the source 
( 90iθ < ° ). A striking observation is that the 
nose cone effectively removes any significant 

iθ  dependency on the measurements in the 
range of measurements relevant for the 
present experiment (see Figure 9). This 
statement also holds when 0 0M > , although 
with a slightly larger spreading (less than 

1dB± ), of the microphone output over the 
same range of measurements. 
 

 
Figure 9: Effect of the nose cone on 

measured noise spectra ( 0 0M = ) 

 
In effect, the in-flow microphone gives the 
same output independently of its position 
relative to the source. As the source is known 
to radiate uniformly with monopole character 
[4][5][7] the assumption is absolutely correct. 
This independence vs. iθ  of the measured 
data simplifies greatly the calculation of 
accurate shielding coefficients as the 
application of correction procedures can be 
omitted. This is particularly interesting in cases 
where a precise propagation direction of the 
radiated sound field, and therefore of its 
incidence on the microphone, cannot be 
determined precisely or at all. All the noise 
shielding results presented later on were not 
corrected prior to the computation of the 
shielding factors. 

 

 

Figure 10: Source and microphone positions. 
Same microphone traverse for the y 

direction 

The measurements were done on linear 
microphone traverses in both x (where the 



sting is located in this axis) and y directions 
and the positions of sources and microphone 
traverse in x direction are shown in Figure 10.  
As the spheres are located directly between 
the source and microphone, the maximum 
sound shielding can be measured by the 
arrays. Two microphone traverses are 
necessary in order to test the influence of the 
support system, such as the sting. The 
definition of the coordinate center is chosen as 
center of the sphere.  

3. WIND TUNNEL TEST 

The tests conducted include: Two sources 
(Laser and SPARC), three source positions 
(0.2m,0.32m,0.5m) and two array positions 
(0.3m and 0.6m), as shown in Figure 10,  three 
spheres (D=0.12m in aluminum and wood, 
D=0.34m in wood) and two support systems 
(Figure 3) as well as three wind speeds of 
0m/s, 30m/s and 45m/s. 

3.1 Data Acquisition and Processing 

3.1.1 Data using Laser source 

For the present experiment a laser repetition 
rate of 10 Hz and an acquisition time of 20 s 
were chosen. This means that approximately 
200 pulses are recorded per data point. 
 
Sound measurements, for each configuration, 
are performed with a continuously running 
laser operated at full power, in order to get the 
maximal possible signal to noise ratio (SNR). 
The laser output trigger signal is 
simultaneously recorded to facilitate data post-
processing. For each configuration all pulses 
are extracted from the measured time series 
by correlating a reference pulse signal with the 
raw measurements. In cases where 0 0U >  
m/s, the time signals have to be band-filtered 
between 3 kHz and 110 kHz at 0 30U = m/s and 
between 5 kHz and 110 kHz at  0 45U = m/s 
respectively, to remove low-frequency 
contamination of the data through flow-induced 
noise on the microphone body as well as from 
vibrations of the microphone support. Filtering 
of the raw time series is necessary for a better 
extraction of the pulses during post-
processing, especially when investigating the 
shielded sound field, where the absolute 
amplitude of the sound pulses is greatly 
reduced. 
 
Prior to the calculation of averaged time 
domain data, the individual extracted pulses 
are superposed through peak locking of the 
first pressure maximum. Fourier analysis, of 
the individual and averaged pulses, is then 

performed using non-overlapping blocks zero-
padded to a total length of 4096 samples for a 
frequency resolution of 61f∆ = Hz. This block 
length is kept constant throughout the post-
processing even when single pulses were 
measured. The reasons behind this choice are 
twofold. First, enough samples are needed to 
ensure the complete recovery of the 
meaningful part of the signals when measuring 
with the shielding object installed. Second, a 
constant and consistent block length has to be 
defined for a correct representation of the 
pulses full energy content in both the shielded 
and free-field cases and a necessity for the 
recovery of correct shielding factors. Finally, no 
window function is applied to the signals prior 
to FFT computations as the pulses are short-
time signals which tend to zero quickly towards 
the block’s bounds. 
 
Since dealing with a pulse of very short 
duration ( 0.1≈ ms), very high sampling rates 
are needed.  The available acquisition unit 
(GMB Viper,48 channels) was therefore used 
at its maximal acquisition rate of 250 kHz with 
an anti-aliasing filter cut-off frequency fixed at 
100 kHz. This setup enables a correct 
sampling of signals with frequencies up to 
approximately 100 kHz. Although, in cases 
where 0 0U >  m/s, an upper frequency of 80 
kHz is considered in the analysis due to a poor 
SNR for frequencies above this limit. In order 
to measure at such frequencies, 1/8" G.R.A.S. 
40DP microphones with a 140 kHz dynamic 
range were used. 
 

4. ANALYTIC SOLUTION OF ACOUSTIC 
SCATTERING FROM RIGID SPHERE 

There are analytic solutions of the acoustic 
scattering of a point monopole source from a 
3D hard sphere in a medium in rest. The 
solution can be derived from the Helmholtz 
Equation using Green’s function, solid wall and 
far field bound condition. The formulation 
described in following section can also be 
found in [14][15][16]. 

4.1 Formulation for analytic solution 

Consider the acoustic scattering of a point 
monopole source by a rigid sphere of 
radius R , with microphones located at the 
spherical coordinates ( , ,r θ φ ) and a source 

located at a distance sr  positioned on the z 
axis at 0 , 0θ φ= ° = ° as shown in Figure 11). 

The analytical solution of the total pressure is 
given in equation 2: 



 

Figure 11 Scheme of acoustic scattering of 
a point monopole source by a sphere 
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The spherical Bessel and Hankel functions are 
related to the Bessel and Hankel functions by 
the following identities: 

(1) (1)
1 1

2 2
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z z
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Detail description on numerical activities within 
this GARTEUR AG 24 is given in [16]. 

Figure 12 shows the contour plot of the total 
pressure totp  (Equation 2) on a receiving 
plane (microphones) located at 0.30mZ = − m for 
three different frequencies, 3000Hz, 7500Hz 
and 15000Hz, which are used in the following 
section for evaluating test results. For the 
analytic solutions, a point source is located at 

0.32sZ = m on the z axis and the size of for 
sphere chosen for this example is D=0.12m. 
Two dashed lines represent two traverse 
directions during measurements. The Points 
Per Wave length (PPW) used in the simulation 
are 28 for 3000Hz and 7500Hz and 22 for 
15000Hz, respectively. This number will be 
used to discretize the sphere in all following 
simulations, unless it is redefined. 

 
(a) f=3000Hz, 6.65kD =  

 
(b) f=7500Hz, 16.63kD =  

 
(c) f=15000Hz, 33.26kD =  

Figure 12 contour plot of the total pressure 

totp for D=0.12m, 0.32sZ = m and various kD  
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The general shielding characteristics can be 
observed by the shielding pattern with 
symmetric bands of higher and lower shielding 
levels in the plot. The higher and lower levels 
are represented by different colors in Figure 
12.  The “silent zone” direct below the sphere, 
where no incident wave can be propagated 
there directly, are determined entirely by the 
diffracted waves, which has a small peak 
showing in red area for the given 

(2 / )kD Dπ λ= . The area of the peak is then 
decrease with increasing kD . In addition, with 
increasing kD , the number of bands of higher 
and lower shielding levels is increased, 
indicating the increases the complexity in wave 
interference in high frequency. In general, the 
complexity of the scattering pattern increases 
with increasing kD . These shielding 
characteristics are more visible in Figure 13, 
when comparing the values taken directly from 
the microphone traverse marked as dashed 
line in x and y direction. As limited microphone 
traverse positions in the measurement were 
measured, the comparison with experiment in 
the following sections is limited to the area 
marked as vertical dashed line in Figure 13.  

 
(a) f=3000Hz,  6.65kD =  

 
(b) f=7500Hz,  16.63kD =  

 
(c) f=15000Hz,  33.26kD =  

Figure 13 the total totp and incident 

ip acoustic pressure as well as shielding 

factor ( )( ) ( )
tot

T
i

p ff p fγ = for a sphere 

(D=0.12m) scattering 

 

When comparing with incident pressure 

ip (green line) in Figure 13, the total pressure 

totp  (red line) under influence of the sphere 
has created local peak value underneath the 
sphere (x or y=0) which is greater than ip  for 
all three frequencies given here. The peak 
area decreases with increasing the 
frequencies. The smooth curved surfaces of 
the sphere lead to smooth transition of the total 
pressure from one region to another. As 
explained before, the complexity of the 
interference increases with increasing kD  and 
is in general dependent on the source location 
in relation to the diffraction edges (sphere 
surface), as well as the source directivity, the 



source coherence (diffraction from different 
part of the surfaces) and kD . 

5. TEST RESULTS AND DISCUSSION 

In following sections, only the comparison of 
the shielding factor for the test and analytic or 
numerical results is conducted. The shielding 
factor is defined as the ratio of total pressure, 

totP and incident pressure ip ,  

( )
( )

( )
tot

T
i

p f
f

p f
γ =  

Where ( ) ( ) ( )tot s ip f p f p f= + and 


are the 
ensemble averaged total and incident pressure 
fluctuations. The ( )sp f  is scattered pressure 
fluctuation which can only be obtained from 
simulations. Therefore the shielding factor 
deviation from 1 can be considered as the 
effect of the scattering from any obstacle.  

In case of evaluating shielding factor for 
analytical or numerical simulation, the shielding 
factor is direct evaluated from 

( )( ) ( )
tot

T
i

p ff p fγ =  and no ensemble 

averaging is required. 

The advantage of using shielding factor to 
evaluate the scattering effect is that no 
corrections on signal amplitude are required. In 
addition, when the microphone equipped with 
nose cone during the measurement, the 
corrections on microphone directivity are not 
required as the nose cone effectively removes 
any significant dependency on the 
measurements in the range of measurements 
relevant for the present experiment. 

In this section, the test results are also 
compared with the calculations obtained with 
the analytical formulation (2a or 2b), to verify 
the accuracy of the complete test system, such 
as support systems and noise source, 
microphones as well as the reliability of the test 
results.  

The following sphere scattering results will be 
presented: 

1. Comparison of the measured shielding 
factor with analytic results at selected 
frequencies; 

2. Comparison of the influence of the support 
systems at selected frequencies; 

3. Scattering under the influence of different 
wind speeds. 

5.1 Case1: 0 0U = m/s, 0.12D = m and 
0.34D = m, Source at 0.32sZ = m, 

microphone traverse 0.30sZ = − m 

The arrangement of the source, microphone 
positions and the sphere for case 1 is given in 
Figure 14. 

 

Figure 14 Source and microphone positions 
for case 1 

 

5.1.1 At f=3000Hz with laser source 

The acoustic signal at 3000Hz has a wave 
length at about 0.113λ = m, which is close to 
the characteristic length of the small sphere 
diameter D=0.12m. Therefore a strong 
interference in space is expected for this 
frequency. The tests have been conducted 
using two different support systems, sting and 
wire as shown in Figure 3 to verify if the effect 
of the sting can be identified.  
As shown in Figure 15, the measured shield 
factors for the sphere hanged with wires 
(D=0.002m, Figure 3b) fit the best with analytic 
(blue line) in both array directions. Both the 
analytic solution (blue line) and measured 
results indicate the troughs and peaks of an 
interference pattern around the shadow region 
where the microphones are located below 
sphere around (x,y) = (0,0). The interference of 
the diffracted wave from the sphere has 
caused a resultant wave with a greater 
amplitude than incident wave ( Tγ >1) 
underneath the sphere. It has to be mentioned 
that there is slightly offset in the microphone 
coordinates in the test (within 0.01m) in x or y 
direction, which has been corrected in Figure 



15. As expected, the scattering of the wires is 
negligible in this frequency.   

 

Figure 15 Measured shielding factor Tγ for 
the wood sphere D=0.12m with cable 

support at 3000Hz (offset in microphone 
coordinate corrected) 

 
As no analytical results with respect to the 
configuration with the sting support can be 
used for comparison, the numerical simulation 
using DLR fast multiple boundary element 
method (FMBEM) [16][17] is conducted in 
order to demonstrate the influence of the sting. 
Figure 16 shows the numerical simulation of 
the contour plot for the total pressure totp  on a 
receiving plane (microphones) located at 

0.30mZ = − m. Due to the contribution of the 
diffraction waves from the sting support the 
shielding pattern is no more symmetric in 
comparing with Figure 12 (a), especially for the 
area underneath the sting support. 

 
Figure 16 the contour plot of the total 

pressure totp for D=0.12m, 0.32sZ = m and 
f=3000Hz, influence of the sting included 

 
Figure 17(a) and (b) show the comparisons of 
measured shielding factor Tγ  for both the 
aluminum and the wood sphere with analytical 

one (solid blue line). In comparison with the 
analytical one (without the sting), the general 
characteristics of the local peak and valley 
from the scattering of the sphere are captured 
for both spheres. The deviations of the test 
results from the analytical one in the positive x 
directions indicate the interference from sting 
support. The shielding factor Tγ  for the 
microphones on Xtrav underneath the sting 
support (in red line) is larger than that for the 
Ytrav microphones, which indicate the 
enhancement of the sound field from the sting. 
As expected, with increasing the distance from 
the sting, for example in positive x or y 
direction, the influence of the sting decays. The 
test results from Ytrav indicate symmetric 
pattern along y direction for both aluminum and 
wood sphere. The test results from both 
aluminum and wood sphere display similar 
behavior, except the test results from the 
aluminum sphere showing a clear offset in 
amplitude from analytic solution in comparing 
with wood sphere. This systematic offset also 
occurs for the other frequencies given in 
following sections. The reasons may devote to 
the possible deviation of the source position 
relative to sphere or microphone, changing 
source strength in the measurement with and 
without sphere, microphone position relative to 
source or sphere, etc., but this offset still need 
to be clarified. 
 

 
(a) aluminum sphere 



 
(b) wood sphere 

Figure 17 Shielding factor Tγ for the 
aluminum and the wood sphere D=0.12m 

with sting support at 3000Hz 

 

 

Figure 18 Shielding factor Tγ for the wood 
sphere D=0.34m with sting support at 

3000Hz 

 
In case of large sphere ( 0.34D m= ) 
scattering where Dλ   as shown in Figure 
18, the shielding factors exhibit a narrow 
shadow region and lower value of the shielding 
factor in comparing with small sphere for this 
frequency. The interference of the diffracted 
wave has caused a resultant wave of lesser 
amplitude (quieter) than the incident wave ip  

( Tγ <1) and form a clear two side lobes along 
edge of the sphere, which indicate increasing 
complexity in the interference of the diffracted 
wave and more reflection of the energy by the 
sphere in the direction opposite to the 
microphone. The measured shielding factors 
on two arrays almost coincide with each other, 

which indicate decreasing the influence of the 
sting on the shielding factors.  
The comparisons of the shielding factor for two 
sizes of spheres indicate that the coherence 
between test and analytical results for this 
frequency is captured by the test. More 
shielding effect and less effect from sting 
support system interference are observed for 
large sphere.  
 

5.1.2 f=7500Hz with laser source 

The acoustic signal at 7500Hz has a wave 
length at about 0.0453λ = m, which is now 
smaller than the characteristic length of the 
small sphere diameter D=0.12m. The 
interference pattern in space, as shown in 
Figure 19, indicates a local peak in shadow 
area and two side lobes in the displayed area. 
The width of the peak area in the shadow zone 
becomes narrower in comparing with 3000Hz 
case (Figure 17), but the amplitude of the peak 
increases slightly. The offset observed for 
aluminum sphere at 3000Hz in comparing with 
the results of the wood sphere (Figure 17) 
occurs also for this frequency. The sting effects 
for the small sphere (Figure 19, Figure 20) 
indicate a decreasing the shielding factor of the 
Xtrav for the microphone positions underneath 
the sting, which is opposite to the results from 
the previous section with f=3000Hz.  
For the large sphere the interference patterns 
(Figure 21) become more complicated by 
showing more side lobs. The tests resemble 
the similar behavior as the analytic one and 
demonstrate the small effect from the sting. In 
addition, the test has captured at least the first 
two lobes. 
 

 

Figure 19 Shielding factor Tγ for aluminum 
sphere D=0.12m with sting support at 

7500Hz 



In general for this frequency, although there is 
some level of disagreement in representing the 
side lobs, the test results are comparable with 
the analytical one in acceptable accuracy.  
 

 

Figure 20 Shielding factor Tγ for the wood 
sphere D=0.12m with sting support at 

7500Hz 

 

 

Figure 21 Shielding factor Tγ for the wood 
sphere D=0.34m with sting support at 

7500Hz 

5.1.3 f=15000Hz with laser source 

The offset observed for aluminum sphere 
(Figure 22) is again observed in this frequency. 
As the acoustic signal at 15000Hz has a wave 
length at about 0.022λ = m, which is close to 
the diameter of the sting (D=0.028m), a strong 
influences of sting support for the shielding 
factor in the small sphere (Figure 22 and 
Figure 23) cases are expected for 
microphones beneath the sting (positive x).  

For the results from large sphere (Figure 24), 
the strong reflection of the acoustic energy 
from sphere causes large shadow region 
( Tγ <<1). For this case, there is general 
agreement in averaged form between the test 
and the analytic results, except the test shows 
several side lobes which are not given in the 
simulation.     
In comparison with the results from other 
frequencies, the general shielding 
characteristics indicate that with increasing the 
frequency, the width of the peak area in the 
shadow zone becomes narrower, the side 
lobes become sharper and the number of side 
lobes becomes larger. 

 

Figure 22 Shielding factor Tγ for the 
aluminum sphere D=0.12m with sting 

support at 15000Hz 

 

 

Figure 23 Shielding factor Tγ for the wood 
sphere D=0.12m with sting support at 
15000Hz 

 



 

 

Figure 24 Shielding factor Tγ for the wood 
sphere D=0.34m with sting support at 

15000Hz 

 

5.2 Case2: 0 30.0U = m/s, 0.34D = m, Source 
at 0.32sZ = m, microphone location 

0.30sZ = − m 

A schematic representation of the experimental 
system is given in Figure 14.  

Both Figure 25 and Figure 26 show the 
comparison of shield factor in the condition 
with and without mean flow in two frequencies. 
In the case with mean flow, the width of the 
main peak area (red or green line with solid 
symbols) in the shadow zone (around x or y 
=0) becomes narrower which is similar to the 
phenomenon by increasing the frequency 
observed in the previous sections in the case 
without mean flow. Therefore, this 
phenomenon may be corresponding to the 
Doppler Effect caused by the mean flow 
speed. Another effect of the presence of the 
mean flow is to refract the scattered sound so 
as to shift the location of the lobes.  The effect 
of mean flow has smooth up the side lobes 
especially for microphones in the direction of 
the flow (x-direction). 

 

Figure 25 Shielding factor Tγ for the wood 
sphere D=0.34m with sting support at 

3000Hz 

 

 

Figure 26 Shielding factor Tγ for the wood 
sphere D=0.34m with sting support at 

7500Hz 

 

6. CONCLUDING REMARKS  

In this paper, experimental investigations of the 
shielding characteristics of spheres and 
comparison with analytical solution are 
presented. One purpose of the test is to verify 
the accuracy of the complete test system, such 
as two support systems and two noise 
sources, microphones as well as the reliability 
of the test results. Following concluding 
remarks can be drawn as following: 

The laser-based non-intrusive sound source 
utilized in this study allows a direct 



measurement of the shielding factors both in 
quiescent and moving mediums. The noise 
shielding results provide clear and consistent 
trends for all cases considered. The 
dependency of the shielding factor on 
frequency or sizes of the sphere or support 
system are captured. For the present shielding 
configuration, the test setup with laser source 
provides an acceptable level of accuracy in the 
test. But the offset in shielding factor for 
aluminum sphere and oscillations of the side 
lobes in measurement results for large sphere 
at 15000Hz are still need to be clarified. 

The influence of the sting on the shielding 
factors of the sphere cannot be ignored for the 
small sphere. Therefore when using the test 
data for the purpose of the code validation, the 
sting influence needs to be considered in the 
numerical simulation. The wire support 
provides least influence of the wires on the 
measurement data. 

With respect to the microphone corrections, as 
the nose cone effectively removes any 
significant dependency on the measurements 
in the range of measurements relevant for the 
present experiment, therefore no corrections 
on microphone are required in determining the 
shielding factor. When the focus is on 
recovering correct absolute quantities from 
measurements, the aspect of microphone 
corrections is found to be of critical importance 
both in the time and frequency domains, and 
for frequencies above 10 kHz. 
 
In this paper, the test results and their 
comparisons with the analytical solutions 
provide a high confidence on establishing an 
appropriate test setup for acoustic scattering 
problems. The next step is to apply the 
experiment procedure to noise shielding 
investigations of the generic GARTEUR 
helicopter. 
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