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ABSTRACT

This analytical and experimental study explores concepts for jet noise
shielding. Model experiments centre on solid planar shields, simulating
engine-over-wing installations and 'sugar scoop' shields. Tradeoff on
effective shielding length is set by interference 'edge noise' as the
shield trailing edge approaches the spreading jet. Edge noise is
minimized by (i) hyperbolic cutouts which trim off the portions of most
intense interference between the jet flow and the barrier and (i1) hybrid
shields - a thermal refractive extension (a flame); for (ii) the tradeoff

35 combustion noise.

In general, shielding attenuation increases steadily with frequency,
following low frequency enhancement by edge noise. Although broadband
attenuation is typically only several decibels, the reduction of the
subjectively weighted perceived noise levels is higher. In addition,
calculated ground contours of peak PN dB (perceived noise level) show a
substantial contraction due to shielding: this reaches 66X for one of

the ‘sugar scoop® shields for the 90 PN dB contour.

The experiments are complemented by analytical predictions.  They are
divided into an engineering scheme for jet noise shielding and more
rigorous analysis for point source shielding. The former approach
combines point source shielding with a suitable jet source distribution.

The results are synthesized into a predictive algorithm for jet noise
shielding: the jet is modelled as a line distribution of incoherent

i
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sources with narrow band frequency ~ (axial distance) '1. The predictive
version agrees well with experiment { 1 to 1.5 dB8 ) up to moderate
frequencies. The insertion loss deduced from the point source measure-
ments for semi-infinite as well as finite rectangular shields agrees
rather well with theoretical calculations based on the exact ha'f plane
solution and the superposition of asymptotic closed-form solutions, An
approximate theory, the Maggi-Rubinowicz line integral, is found to
yield reasonable predictions for thin barriers including cutouts if a
certain correction is applied. The more exact integral equation
approach (solved numerically) is applied to a more demanding geometry: a
half round sugar scoop shield. It is found that the solutions of the
integral equation derived from the Helmholtz formula in normal

derivative form show satisfactory agr cment with measurements.




1. INTRODUCTION

Ever since the Wright brothers launched the age of aviation in 1903,
transportation by aircraft has had a major influence on our way of life.
With the coming of the jet age in the 1950's, noise from turbojet-powered
commercial aircraft has become a public nuisance, particularly for
people living in communities near airports. Typical examples of commer-
cial turbojets of the 1960's are the Boeing 707, and DC-8. The total
acoustic power radiated into the air during takeoff is typically several
thousand watts. In comparison, the acoustic power produced by one
-5

person speaking is about 107" watt, and only the latest outdoor multi-

kilowatt sound systems come close to that of the jet engines.

The innovation of the turbofan engine for modern commercial jet aircraft
(Boeing 747, [C-10, Lockheed L-1011) has alleviated the jet noise
problem to a substantial extent. However, the noise problem has intens-
ified as aircraft size increases, and as the number of flyovers
multiply due to the ever increasing volume of air traffic. Reactions
from neighbors of major airports have shown greater awareness of air-
craft noise. This has led to stringent noise regulations, such as the
FAR-36; this imposes noise Vimits for certification of aircraft. Still,
the hostile reactions of people around some major airports has clearly
indicated that the generated noise is well above the annoyance level.
Acceptability of aircraft noise in a community thus has become a chal-
lenging problem that requires disciplines from diverse fields such as

science and environmental studies.

4

The thrust of a jet engine scales with diameter and Jet velocity about as
DZUZ, whereas the noise power scales (for subsonic U) as uSp?. For
constant thrust, then, the noise scales as U6 (or as 0'6): thus jet
velocity is a very powerful parameter. Thig suggested the tradeoff of
reduced jet velocity against increased engine diameter as a major means
of noise reduction. The modern high bypass ratio turbofan engines have
exploited this. These new engines with low exhaust velocity and ever-
increasing diameter have resulted in the development of modern aircraft
that are some 20 PN dB (perceived noise level) quieter than the earlier

turbojet aircraft,

Noise suppression can also be achieved by modifying the turbulent mixing
of the flow. The first innovation made was the introduction of the
multi-tube or corrugated nozzles. These supposedly achieve noise re-
duction by allowing maximum entrainment of surrounding air, The aero-
dynamic mechanism is complicated and somewhat controversial. These
nozzles were used in early years. The observed noise reduction is
typically some 8-10 dB in the overall sound level, but only 2-3 PN dB in

perceived noise level (which is a better measure of ear response).

Modern aircraft have carried these jet noise suppression Concepts to the
point of diminishing returns. An alternative to suppression at the
source is the concept of reflective shielding. Here the radiation of the
Jet noise is redistributed such that the noise intensity is reducec in
the ‘shadow' zone. For example, by relocating engines above the wing,
the latter can be used to deflect a significant portion of the jet noise

skyward, so that what reaches the ground is reduced. Less




practical, perhaps, underwing engines could use add-on shields to partly
block downward radiation. The shields may be 'hard', such as a plate, or
'soft', such as a reflective thermal layer. These and combinations that

form composite shields are explored herein.

A number of studies of jet noise shielding have been undertaken in the
past ( Refs. 1,2 ) . A shielding-flap jet noise suppressor as indicated
in Ref. 1 is seen to provide a maximum reduction of about 17 dB on the
shielded side of a slit jet flowing over the upper surface of a wing.
However, this is achieved with a very long shield length equal to 190
times the s)it height. This causes a high thrust loss owing to ‘wall
jet' drag on the wing which makes the idea unattractive. Nevertheless,
the arrangement bears resemblance to the externally-blown-flap blowing

concept used on the STOL airplanes of the future.

The recent German-Dutch VFW-614 airplane features an EOW (engine-over-
wing) design. This configuration exhibits a noise reduction averaging 5
PN d8 over a wide range of downward directions in the shadow zone

(Ref. 3 ). This is an effect that is apparently due to shielding.

The engine-over-wing noise research has also been carried out exten-
sively in both model and full scale tests by NASA and Boeing for both
powered and conventional 1ift applications (Refs. 4, 5,6, 7). For some
full scale powered 1ift configurations, a reduction of 10 d8 in overall
sound pressure level s possible. This and other studies have shown that
the concept is a promising one for reducing jet noise. Thus further

investigation of this effect is considered desirable.

4

1.1 Present Investigation

The present study is in part an experimental study of further concepts of
jet shielding by reflective barriers. This is coupled - for aspects
accessible to theory - with analytical developments and comparisons. In
addition, an ‘engineering' approach is developed to provide reasonable

estimates of the expected jet noise shielding.

The experimental aspects are directed at conventional as well as
unorthodox configurations. The emphasis is placed on the concept,
feasibility being of secondary importance for now. The model
experiments center on solid planar shields (simulating EOW install-
ations), half round sugar scoop shields, and hybrid configurations com-
bining solid barriers and hot refractive gas layers. This hot gas layer
can play mich the same role as a solid plate barrier. The gradient in
sound speed of the heated medium along the underside of the jet can cause
the sound waves to bend upward. The net effect is largely equivalent to

reflection.

The solid planar shield consisting of a simple planar baffle acts simply
as a reflective barrier. The half round scoop shield is motivated by the
expectation of better shielding to the side than that with flat shields
of a limited span. Moreover, they are expected to provide a comparable
degree of downward shielding for a minimum expenditure of barrier

material.




One of the problems encountered in jet noise shielding arises on extending
the barrier length in an attempt to shield more and more of the jet: the
trailing edge eventually runs into the spreading jet. As the edge
approaches the 'conical’ jet boundary, an interference effect generates
intense ‘edge noise'. This produces an augmentation of the levels at low
frequencies. In fact there can be an increase in overall sound pressure
level (0ASPL). To this end, an interference probe is used to delineate
the boundary of closest approach to the jet for negligible edge noise.
In addition, an attempt is also made to quantify the extent of influence
of the edge-induced interference noise to the shielded jet noise

spectrum in terms of a d8.

The adverse influence of the edge noise is reduced if ‘hyperbolic
cutouts' are used. A hyperbolic cutout is defined by the intersection of
the shield and the cone of threshold interference mentioned above. This
allows one to extend the effective barrier depth without encroaching on
the boundary of closest approach for acceptably low edge noise, The
hyperbolic cutout is also supplemented by strategic removal of much
additiona) material elsewhere. This is a more practica! implementation
of the hyperbolic cutout. It turns out that this configuration attains

similar noise suppression even if most of the material is removed.

A scaling law is also examined. This fs used to give an estimate of the
shielding performance of the shielding configurations at 'operational’
frequencies. Its validity is examined via mode] testing of two different

size nozzles.

4

The perceived noise level measured in PNdB is a subjective measure of
hearing response: it weights the spectral bands in accordance with the
annoyance caused vy noise in each frequency band. It may differ much
from the corresponding change in sound pressure level, measured in dB.
Herein an indication of the effect of the shielding devices on the
annoyance levels is calculated in terms of ‘'footprints’ of peak

intensity in PN dB, for an assumed airplane takeoff.

A series of experiments and analyses is also carried out to illuminate
the mechanism of shielding of a jet by a barrier. The jet noise emitters
are modeled as a distribution of point sources along a line (jet axis).
The shielding of a single point source is determined as a function of
position and frequency. These results are applied to synthesize the jet
noise shielding, In addition, the shielding of point sources also allows
one to assess by difference the jet-shield aerocacoustic interference.
Measurements utilizing the point source are performed on all major
shielding configurations. These are carried out by a variety of methods,
including cross spectral meaurements using broad-band source excitation,
signal-averaged pulses, direct measurement via pure tone excitation,

warbled tone, and 1/3 octave filtered noise.

The experiments are complemented by a variety of analytical methods.
Thetr suitability to problems of the prediction of jet noise shielding is
also examined and tested. This includes the exact half plane solution,
Rubinowicz's Vine integra) theory, various asymptotic and approximate
schemes, and the more exact integral equation methods for complex
shapes.




2.  EXPERIMENTAL INVESTIGATIONS

2.1 Introduction

Consider a stream of particles impinging on an obstacle, such as a plate.
Those portions incident on the plate will be intercepted or reflected,
and the remaining portion will propagate without any disturbance. Hence
one would expect the plate to cast a sharply defined shadow. However,
wave motion is characterized by a phenomenon associated with the bending
of the wave front around any obstacle known as ‘'diffraction'. The
diffraction effect is more pronounced when a wave interacts with a finite
obstruction which has dimensions comparable to the wavelength of the
wave. With Yight, the wavelength is usually very small compared with the
dimensions of the obstruction. One can not observe diffraction with the
naked eye in ordinary situations, since the effect is observable only in
regions comparable with a wavelength (10’7 m). In this case, there
exists a sharply defined shadow behind the obstacle.

On the other hand, the wavelengths for audible sound waves are in general
of the same order of magnitude as the dimension of common obstacles (i.e.
approximately 2 cm at 15 kHz at the high frequency end to 7 m at 50 Hz at
the low frequency end}. Thus diffraction impairs the sound shadow fn
virtually 311 situations dealing with interaction between sound waves
and shielding surfaces. Quantitatively, the effectiveness of a shield
1s a function of the ratio of the wavelength of the incident sound waves

and the typical dimensions. The performance of a shielding configur-
ation also depends on the relative positions of the shield, the source,

and the observer.

Fig. ( 2-1 ) shows a typical configuration. As a first approximation &
barrier casts a ‘sharp' shadow, which is ‘filled in' to some extent, by
diffracted waves. Thus, for a given effective barrier height 'h', the
attenuation becames ‘more perfect' as the shadow angle r' increases.
This is equivalent to placing the observer closer to the barrier. A
similar effect is also observed in reverse if the source appoaches the
barrier while the observer remains at a fixed distance from ft. In this
sense, the relative position of the sound source and the observer can be
interchanged while maintaining identical sound reduction. From
geawetrical considerations, the situation {1lustrated tn Fig. ( 2-2 )
for elevated and depressed source and observer positions are identical
in character as far as the diffraction effect of sound waves s

concerned.

A similitude parameter for barriers, as defined in accordance with the

usage in the literatyre, is the Fresnel number

N = Path Difference / ( 2 /2 ) (2-1)
. 24/
8
-
.,
. o
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Here, the variable & is the difference in length between the shortest
path diffracted over the edge and the straight line path from the source

to the observer ( Fig. 2-3 ).

Insertion loss is a measure of the local attenuation of sound waves due
to a barrier. It is usually defined as the difference in the sound
pressure level as measured by a precision sound level meter, in decibels,
at a particular point in space with and without the insertion of the
barrier. In principle, the measurement of fnsertion loss, or
attenuation is not difficult, especially in the laboratory. Since the
effectiver’ of a shield is governed by the ratio of wavelength to
dimension, it is helpful to measure power spectral densities of the
received signals. This allows one to assess the shielding of narrow
frequency bands. Before the experimental results are presented, an

overview of the facilities and instrumentation is given,

I

2.2 Experimental Facilities

2.2.1 Anechoic Rooms

All measurements were performed in two of the anechoic rooms at the
University of Toronto, Institute for Aerospace Studies. The initial
phase of the investigation was conducted in the acoustic wind tunnel
facility, It has a test section surrounded by an anechoic chamber. The
tunnel is capable of air speeds of 12 to 92 m/s. This facility thus
allows simulation of forward flight effects, although such effects were
not studied here. The anechoic room has dimensions 4.1 x 5.9 x 2.1 m°
between the tips of the fibreglass absorptive wedges. Acoustically, the
anechoic chamber around the test section has a cutoff frequency of 150 Hz
(defined by deviation from inverse square law for far field acoustic

intensity). The background noise level is less than 25 dBA.

A second anechoic roam became available in the later stages of the
investigation. More than two-thirds of the relevant measurements were
carried out there. This anechoic room is slightly smaller than the one
in the acoustic wind tunnel factlity. It has dimensions 4.2 x 2.9 x
2.1 ma and 3 wedge depth of 20 cm. The walls have 3.2 mm thick lead sheet
to insulate the chamber against exterior noise from the outside. The
cutoff frequency of this room is approximately 300 Hz, and the background

noise 1s also acceptably low { 28 dBA ).




2.2.2 Mode] Air Jet

The two model air jets used in the experiement are of identical design.
The nozzles have circular exit diameters of 1.91 cm { 3/4 in. ) and an
area ratio of 110. They can be operated cver a range of flow speeds from
10 m/sec to 300 m/sec., The nozzle contour has been designed to produte 2
uniform velocity profile at the orifice { Ref. 8 ). A 1 m section of

.2 mcircular steel pipe is used as a settling chamber.

A silencer in the control room is connected to the model air jet via a
flexible air hose. A continuously operating campressor supplies 4.8 x
105 to 6.9 x 105 N/n? (70 to 100 psi) air to the system. It is regulated
down by a two stage regulator to provide any desirable flow velocity; the
second of these is & Fisher Governor Type 99 preciston pressure
regulatar. Any water {n the air supply is collected in 8 filter prior to
reaching the regulators. The static pressure in the settling chamber is
monitored by a mercury manometer. The jet, settling chamber, and other
equipment were wrapped in fibreglass to reduce reflections. Additional
details may be found in Refs. { B, 9 ).

11
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2.2.3 Microphone System

The sound pressure measurements were made with either a Bruel and Kjaer
{B & K} Type 4135 4¥* (0.635 om) or a Type 4133 &* (1.272m) condenser
microphone cartridge coupled to a B & K preamplifier. This is connected
to a 8 & K microphone power supply Type 2801 that provides the necessary
polarizing voltage. The frequency response of the microphone is essen-
tially flat between 20 Hz and &0 kHz and 100 kHz for §* {1.27 cm} and %*
(0.635 cm} diameters respectively, A Keithley model 102 B decade
amplifier with amplification factors of 20, 40 and 60 dB was used to
amplify the low level microphone signal. Further signal conditioning
was provided by an Ithaco variable electronic filter with a broadband
frequency range from 0.01 Hz to 1 MMz, A block diagram of the

instrumentation for the shielding measurements is shown in Fig. ( 2-4 ),

A microphone boom supports the microphone in the horizontal plane of the
jet at a distance of 1.63 m from the jet orifice. The boom allows
rotation about an axis aligned with the jet centre line and the nozzle
exit plane. Insertion loss measurements are performed with the shield
interposed between the jet and the microphone. They are held in place by
a specially constructed mounting., The arrangement allows the investi-
gation of the shielding effectiveness in the sideline plane as well as
the flyover plane and in-between { Fig. 2-5 ).

ie




2.2.4 Signal Processing Instrumentation

In a laboratory, determination of shielding effects of a barrier for
noise reduction involves measurement of overall sound pressure level or
power spectral density, depending on the specific application. The
analysis might be accomplished with either analog or digital equipment,
or a combination of both. A Bruel and Kjaer Heterodyme Analyzer and a
Spectral Dynamics Digital Signal Processor (DSP 360) were utilized
throughout the investigation. Both types of analyzer cover the fre-
quency range from near DC to an upper limit of 150 kHz, which is well

above the frequency range of interest.

The B & K Heterodyne Analyzer Type 2010 is a constant bandwidth narrow-
band frequency analyzer, It utilizes the swept analysis technique. This
instrument was used in conjunction with a B & K level Recorder Type 2307,
which provides hard copies of frgquency spectra on frequency calibrated

strip-chart paper.

The Spectral Dynamics DSP 360 is a two channel real time analyzer incor-
porating a small dedicated computer. It has a fast Fourier transform
capability, and can perform spectral analysis, cross-correlation, and
other signa) processing operations. This flexibility made possible
alternative methods of insertion loss measurement, sawe of which will be

discussed later on in the appropriate sections.

13
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2.3 Planar Shield Configurations

2.3.1 Introduction

An uninterrupted barrier placed between the noise source and the
observer will provide noise reduction in the geametric shadow. With this
in mind, imagine a jet exhaust, the principle source of aircraft noise,
placed above some structure such as a wing or some shielding configu-
ration. It follows that an observer on the ground will be partially
shielded from the noise sources. Jet noise shielding by these means is
similar to the methods used for environmental noise control on the
ground, Here, the erection of a solid barrier blocks any direct trans-
mission between the noise source and recipient. The principal differ-
ences in the present investigation are the nature of the noise sources
{i.e. convected field of random quadrupoles) and the relative dis-

position of sources, shield, and observer.

Under conditions of close proximity of the turbulent jet flow to the
shielding surface, the edge will interact with the dynamics of the un-
steady fluid flow; this will give rise to ‘edge noise'. Edge noise
(Ref. 10 ) is the additional noise produced by an interference effect
when the Separation between the jet boundary and the shield edge is
reduced below a certain minimum. This and other factors peculiar to jets
increase the complexity of the analysis as compared with that for 2

mathematical point noise source at a finite distance from a screen.

14




2.3.2. Mechanism of Edge Noise

The mechanism of surface effects in flow noise has been discussed

extensively in the literature (See, e.g., Ffowcs Williams, Ref. 10
and Crighton, Ref. 11 ). An overview is given below, together with
further references.

It is shown in Ref. 11 that if a source is placed closer than a
wavelength to the edge of the plate, the scattered field can be found
from Ref. 12 } { i.e. solving

incompressible flow arguments (

the Laplace equation that results on assuming the Laplacian operator

(?__1, + 2_") 3> k" in  the original Helmholtz equation
%t 5 ’

subject to the rigid surface boundary condition on the plate).
With the source at distance y normal to the axis (Fig. 2-8 ) in the
close vicinity of a half plane, for a monopole of radian frequency &= kc,
the field potential at a field point x . Eq.

7.15, p. 62).

takes the form (Ref. 11

¢ ¢ Cd’t
" X

e—ik Y siny

A %
(s )" tky) mf:hi;- ( 220

where Y is the complement of the angle between % and the 3 axis.

)

In the absence of the half plane, the direct ( incident) field at the observer

takes the form

ek~ o oo psime)- K s ¥
1771 x

(2-26)

where k =k cosy { component of the wave vector normal to the plate edge)
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Using the above expression for the scattered monopole field, the fields
due to quadrupoles can be found by suitable differentiation with respect
to source position {(Ref. 13 }. Fo' a quadruypole with both axes
normal to the plate near the edge' (YY quadrupole), the scattered field
is given as

¢1=

1 a#l

$n  ~ Kyt g

(2-3}

Similarly, the scattered field for guadrupoles with one axis in a
plane normal to the plate edge and the other parallel to tne edge

(VV3 quadrupole) is

'

Bio Ll hf %

(2-4)
While for quadrupoles with both axis parallel to the plate edge
(Yav3 quadrupole)
1 1 2
’ J é . ’
= —_— ~
¢7, ‘Jy" ¢Z' } ¢"‘ (2-5)
Since the direct field potential of a quadrupole is
1
¢7 ~ R ¢». (2-6)

and from Eq, (2-2) . Yo
/b ~ (k)
* Hereinafter the short phrase 'plate edge' will be used to signity
the plane of the plate near the edge.



it follows that the ratio of diffracted sound to direct sound (no
shield) for the differently oriented quadrupoles near an edge is:

(i} For the YY quadrupole

Pm QS[ -
o= TGy - R
7

~ (/6(9')‘2

(2-7)

(i1) For the Yy, quadrupole

3
P Pa
P Dy

&by, -1 A /2 (2-8)
0= P k) (A - (Ry)
2y (hy) (RY)

(i11) For the
¢”, ¢'l
P By ,

5= 2~ (k)"

Pr

Since y s assumed to be less than a wavelength from the edge, there is

~ (k})"

V3'3 quadrupole

~ (ky)

(-9

no enhancement of the sound from the Y3V3 quadrupole, and the radiated
sound field of the sz quadrupole is weaker than that for the YY quadry-
pole: the daminant contribution will come from the latter. The amplifi-
cation factor® s equal to (ky)'yz: this result was first obtained by

Ffowcs Williams and Hall (Ref. 10 ).
* The factor may be less than unity.
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From a dimensional argument, one can show that the power output from unit
volume of jet is proportional to U3N5 (HS is characteristic of
quadrupoles, Ref. 14 ). Due to the presence of an edge near the flow,
the scattered field of a free quadrupole is amplified by the factor

(ky)'alz. Since the wavelength of the emitted sound wave scales as
N o=/t = ciure) = Rwt (2-10)

where 1 is the length scale of a typical eddy, the above similarity

gives

T k)3 a3 = k)3 (2-11)

for the ratio of diffracted power/unshielded power for a quadrupole. The

corresponding sound power radiated from a jet near an edge will scale as

U3¢ Lyy)3 = wd( Lry)d (2-12)

Therefore, the power output from unit volume near the edge is amplified
by a factor of
A~ w3y’ (213)

This indicates that for subsonic, unheated jets there is a larger
increase in the edge noise generated as the Mach number of the jet

decreases.




An  alternative formulation of interaction noise s based on the
behaviour of a pressure field convecting past an edge. The edge Wmay be
regarded as a pressure release region where the impedance presented to
the turbulent pressure field abruptly changes from almost infinite {per-
fectly reflecting) to that of the characteristic value of the medium (pc).
As the unsteady pressure field convects over the plate, the associated
acoustic signals wil) tend to cancel, as the net force on the plate is
nearly zero. However, near the edge the cancellation {s imperfect, and
regions of high/low pressure will tend to accelerate the fluid around the
edge. These unsteady forces give rise to an acoustic field similar to

that due to a distribution of dipoles (Ref. I[4 ).

Exploratory measurements during this investigation have shown that the
edge-induced extra noise increases as the shield is moved closer to the
jet, more nearly simulating the hypothesized situation. Some of the
fundamental aspects and empirical prediction techniques for flow past
an edge have been discussed in some details by Hayden (Ref. 15 ) and

grosche (Ref. 2 ) for slot nozzles.
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2.3.3 Noise Characteristics of Jet Flow/Shield Surface Interaction
gffect

The presence of interaction noise due to shielding makes it necessary to
identify various mechanisms which influeace the acoustic shielding char-
acteristics. Therefore, extensive experimental studies have been per-
formed to obtain quantitative information about the additional sound
field generated along the edge. Far field measurements of a shielded jet
show that these additional sources of noise tend to enhance the spectral
compontents below the peak frequency of the jet (Fig. 2-7 }. This result
is to be expected, since the edge of the shield ts downstream of the jet
nozzle. Here the turbulent eddies exhibit lower characteristic frequen-
cies than in the source region close to the nozzle, Thus low frequency
noise is observed. The peak intensity of the edge noise is found to have
au® scaling law (Fig. 2.8) for the velocity dependence. (see also Eq. 2
- 12). This result is based upon experimental finding, it is
also consistent with prediction from theory of trailing edge noise ( Ref.
16 ).

Spectra of the near field pressure measured Dy a microphone placed near
the edge of the shield show a one to one correspondence between the near
field peak frequency and the frequency of maximum augmentation of the far
field spectra ( Fig. 2-9a ). The augmentation peak frequency s also a
function of microphone position( Fig. 2-9b ). This suggests that the
phenomenon of edge interaction noise is a local one; in other words,
interaction between the local near field acoustic pressure and the
shield surface. This leads support to the not uncommon notion that 'edge

noise' is generated by stationary dipoles at the shield trafling edge.
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2.3.4 Definition of the Cone of Threshold Interference

W wanted to identify the boundary of closest approach for negligible
edge noise without sacrificing appreciable shielding. To this end an
interference probe was used (Fig. 2-10a ), with dimensions as shown in
the figure. The small width and thickness of the probe were chosen to
minimize both its own shielding effect and the generation of strong

aeolian tones.

The far field spectrum of the jet noise was monitored at & = 90° as the
probe was moved in radially. The point of closest approach, or the
threshold of interference, is arbitrarily defined herein to be the
distance from the jet centre line at which the peak of the spectrum shows
a (barely perceptible) rise of 1 dB. The results suggest that this limit

is essentially a truncated cone (Fig. 2-i10b ).

There is uncertainty in the above measurement of the boundary of closest
approach. The recent results of Fisher & Head ( Ref. 18 ), as well
as our own experience indicate, that the above boundary may be
optimistic: too close to the jet. Fluid mechanica) effects for a shield
much larger than our probe may lead to generation of edge noise well
before the above boundary is reached. For instance, some of the flow
entrained by the jet would be incident on the shield. In addition the
Jet will tend to be drawn towards the shield due to higher entrained flow
velocity tn the confined region between the shield and the jet. This has
the effect of increasing the wetted width along the shield edge.
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Fig. 2-10b shows the measured threshold of interference cone {solid line)
in relation to the jet. The jet boundary is imprecise: we show the a =
10%; 15%, 20° ‘boundaries'. The truncated interference cone cuts across

these: it has a virtual origin much further upstream of the nozzle.



2.3.5 Semi-Ininite Planar Shields

The simplest geometric confiqurations tested were rectangular shields.
This concept is based on reflective shielding. It involves essentially
redirecting a portion of the radiatad acoustic energy in a particular
direction. In this way, the shield can simulate the engine-over-wing
configurations. Furthermore, it has the attraction of appearing amen-
able to theoretical prediction of the shielding attemuation. From the
experimental point of view, the shields can De easily constructed. This
simple shielding geometry also allows precision measurements to be
carried out easily. [In addition, large extensions can be added to the
shield so that it approximates a semi-infinite barrier in the anechoic
room., This is useful for deriving base-line data for diffraction

probiems.

The relative position of the jet exhaust and the shield is important since
it determines the extent of the shadow zone, as well as the intensity of
the noise generated by the jet flow/shield surface interaction. In order
to achieve significant shielding, the barrier must be Jong and close to
the jet boundary so as to increase the angle of diffraction ' ¥ °*
(Fig. 2-1 ). It is argued that a planar barrier is most effective as a
jet notse suppressor at high frequencies. This is plausible, for higher
frequency radiation comes fram the region close to the norzle exit.
Furthermore, diffraction into a shadow 2oné decreases with increasing

frequency, for fixed geametry.

4

If a barrier is moved or Jengthened so that it penetrates the cone of
interference, then edge noise will increase the overall notse radiated
significantly at the larger angles. This induced low frequency noise
has, in effect, increased the overall noise level! radisted above that of
an unshielded jet at large angles (@ >50°) with respect to the jet axis
(Fig. 2 - 11a). The direction of the maximum intensity being normal to
the plane of the barrier, thus the shielding effectiveness suffers most
in the deep shadow zone., Moreover, a planar semi-infinite shield
extending Jjust to the cone of interference shows virtually no

attenuation in the vertical plame. (Fig. 2 - {ls}.
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2.3.6 Hyperbolic Cutouts

According to some of the measurements on source strength distribution of
jets ( Ref, 19 ), it seems that any shielding device should extend 15 to
*) jet diameters downstream of tne nozele in order to shield tne bulk of
the noise sources. However, if the shield length is extended in the
Jownstream Jirection, then it afll ultimately intercept the cone of
threshold interference. This will cause significant edje niise, which
could be avoided by setting the nozzle nigh enough ahove the shield. This
solution is not attractive on gractical grounds due tO aerodynamic ani
structura) requirements. Alternatively, a hyperbolic cutout defined by
the intersection of the extended ¢'at plate shield ani the cone of
threshold interference should afford further noise reduction, at least
in oblique planes, without 3 stgnificant increase of the edze noise. Tha
cutout section is that which would be within the zone of aeroacoustic

interference with the jet,

A series of cutout configurations were exanined with the nozzie placed
1

above at different heights 'n'. The half angle of ' & ' , the e of

closest approach, was varied from 5 to 20 degrees in 5 degree intervals,

{t s clear that some of those configurations will give rise tn edge

noise, particularly if the shicld-jet separat:on and the cutout “one half

N
angle are small. For the particular configuration, h/D = 1.5, « - 87, 127,

4

the jet noise shielding obtained at high freguencies is, as expected,
accompanied by a low frequency noise augmentation over that of the un-
shielded spectrum (Fig, 2-12 }. On the other hand, if a cone of 15° is
used & considerable reduction in the edge noise is achieved at the
expense of a reduction in shielding effectiveness at high frequencies.
The vertex of the hyperbolic cutout section for h = 1.5 0 and a cone half
angle of 157 is at about 12 D upstream from the trailing edge of the
shield (Fig. 2-10b ). From the geometry, one can see that a large
portion of the jet sources is not shielded from the observer. It thus
appears that for a nozzle height of 1.5 D above the shield, there is no
suitable ‘hyperbolic cutout' which can provide adequate shielding with

reduced jet-surface interaction noise,

However, considerable improvement was found by fncreasing the nozzle
height 'h' to 3 D where, by suitable choice of « , the maximum leve! of
the low frequency augmentation is less than the unshielded peak spectrum
level at most observer angles. Fig. ( 2-13 ) shows the shielding char-
acteristics for various cutout configurations at h = 3 D. 1t can be seen
that a cutout section corresponding to & = 10° s slightly wore
effective {inconsistent with the barrier theory) in the 1.5 to 10 kHz
range than the corresponding straight-edged shield with no cutout. This
behaviour appears to be associated with the edge interaction noise.
Generally speaking, although the extra edge noise generated has a
dominant low frequency noise spectrum, nevertheless, the noise increase

15 suffictently broadband to exert inf luence on the levels in the mid and




high frequencies, but to a lesser extent. This zan reduce the jet 1oise
shielding enefit at the high frequencies. [n this sense the shielding
configurations should be sought for best mutsal accammodation between
ta0 conflicting requirements: aerodynamic (ventilation) and acousti:-
shielding (blockage). For this particular configuration (i.e. = 12° Y
the shield with a cutout section reduces the interference effect, s>
that this smaller shield is actually more effective. This net benefi-
cial effect is less evident when the cutout area is large ( X = 150.200).

due to reduced shielding effect.

The low frequency levels in the 200 to 500 Hz range decrease rapidly when
the apex of the hyperbolic cutout is moved in the upstream direction
(i.e. as & increases). This indicates that the augmentation in this
portion of the spectrum is strongly associated with the trailing edgs
interaction, and hence depends on the shield proximity to the jet. In
the 'transition region' there is a balance between shielding and edge
noise. This occurs within the 1 to 2 kHz range for the cases examined,
The frequency of the cross-over point where shielding becomes dominant
increases with decreasing jet/shield separation (Fig. 2 - 13 ). This
is due to increased interference effects as the shield is moved closer to

the jet.

Strict)y speaking, one cannot estimate the shieldingy effectiveness of a
cutout configuration on a Fresael number basis since 3 portion of the
shield edge consists of a hyperdola. As a first approximstidn, one would

expect the frequency of the Crass-aver oIt where shielding occurs ¢
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decrease as the cutout cone half angle & is decreased or vice versa.
At larje observation angles (5'-90°). the cross-over frequency appears
to be invariant with a (that is, with cutout size); this indicates that
the noise from jet/surface interaztion is well above the shielded nozzle

spectral levels in this ‘transition region‘.

{1 can be seen that a cutout section corrasponding to X = 15% and
h = 30 is a good compromise between the favorable shielding and adverse
interference effects (Fig. 2-13b ). Here the maximum level of the low
frequency augmentation is less than or comparable to the unshielded peak
spectram level at most observation angles @ . Fig. 2-14 shows that
the 16 0 plate with hyperboli: cutout provides more attenuation on an
overall sound level basis than a comparable rectangular shield with

identical shield length at the vertex of the cutout (9 D).

It may be argued that it would be more meaningful to compare the
shielding of the same 160 plate with and without the cutout. For the
latter configuration the edge noise generated by interference is seen to
severely limit the effective shielding that can be obtained beyond # «
50° (Fig. 2-14 ).




2.3.7 Localized Extensions

Although the sources of noise in a jet are distributed over a considerable
length downstream from the nozzle, the cross sectional spread is
rather Timited in extent. It can be argued that the shielding effectiveness
of a barrier is governed by the barrier performance nearest the source
region (Ref. 30 ). Thus a more practical implementation of the
hyperbolic cutout would be a localized extension ( Fig. 8-15 ). Such a
scheme can also include the possibility of a retractable design. This
configuration is seen to provide virtually jdentical noise suppression
with a small shield area compared with the non-localized design

(Fig. 2-18).
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2.4 Half Round Configurations

There is no doubt that direct overflights generate the m0ost intense noise
levels. Nevertheless, sideline noise levels are quite high as well. [n
fact, it is standard practice to measure the maximum sideline noise level
at Yow grazing incidence at a fixed distance to the side of the runway
during aircraft takeoff. The ability of an aircraft to meet the noise
standard in Ffederal Air Regulation FAR 36 sideline requirement

(Fig. 2-16 ) 1is an important consideration in noise shielding.

The planar configurations provide variable noise reduction at points
below the shield. A more efficient sideline noise suppression is desir-
able. Consider a planar wing shield with side fence in the chordwise
direction, it should provide some reduction of sideline noise, In order
to provide sufficient shielding, the side fence should be as least as
high as the jet center line. A structure with such a large area attached
to the wing undoubtedly imposes aerodynamic and structure problems. An
2lternative is to use a half cylinder whose axis is is collinear with the jet
axis, extending downstream from near the nozzle. Such shields are
referred to herein as ‘sugar sCo0p’ shields. The scoop shields
approximately the bottom nalf of the sources, when viewed at side line
elevations (i.e. smallw). Thus these shields can offer better shielding
to the sides than flat shields of limited span. For underwing emimes,
the half round scoop shields can be used to block downward as well as

sideline radiation.

The effectiveness of a series of half round 'sugar scoop' shields of

diameters 5 D, 10 D, 15 D have been studied. The shields were made from
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galvanized stee) sheets of 0.43 mm thickness rolled into a cylindrical
shape. Variable shield length can be obtained by sliding a concentric

piece which extends the trailing edge {(fig. 2-17 }.

A1l tests were conducted with the shield axis collinear with the jet
axis. Owing to the limited length to avoid running into the spreading
Jet, the 5 D diameter provides negligible shielding (Fig. 2-18 ). A
contributing reason is the small lateral dimensions of this shield
relative to the dominant wavelength of the radiated jet noise. Further-
more, short shield lengths do not shield a sufficient portion of the
source region of the jet. The shielding capability of longer shield
length (above 6 D in length) is nullified by interference edge naoise at
large angles. The maximum shield length of this particular half round
configuration for negligible interference is about 7 D ( Fig. 2-18).
This is consistent with the boundary of closest approach as determined by

using & narrow probe (cf. Fig. 2-10 )

The 10 D shield achieved a reduction of the peak broadband noise by at
least three decibels for moderate lengths (12 to 15 D) (Fig. 2-19a ). In
the direction of pesk jet noise { 30 degrees ), no appreciable gain in
reduction can be achieved beyond 20 D in length. Fig.( 2-19b ) indicates
that increases in shield length cause an increase in edge noise. Up to
shield length of 22 D, there is increased edge noise; thereafter a de-
crease is observed. Thus although the longer shields give a greater
broadband (or spectral average) attenuation, the lower frequencies are

enhanced.
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Figure 2-19¢ shows the expected advantage of the half-round shields
over plarar shields in attemuating sideline noise. The planar shield

shows no lateral attenuation whatsoever: in fact, a sYight enhancement.

For the 15 D diameter shield, the jet is at sufficiently large distance
from the shield surface so that interaction between Jet flow and shield
surface is decreased considerably for fixed lengths. In spite of this,
overall improvement is exceedingly small as compared with the smaller
diameter shields of equal length. This is due to the decrease of

effective barrier height as the shield moves away from the jet sources.




2.5 Hybrid Configurations

2.5.1 Introduction

In principle, the problem with the noise generated by the interference
between jet flow/shield surface could be alleviated if the shield were
replaced by a hot slit jet. This ignores the introduction of other noise
sources. The concept stems from the principle that an acoustic wave
suffers reflection at a boundary of change of acoustic impedance, such as
a layer of hot gas which possesses a higher sound speed than the noise-
producing jet {Appendix A ). As a sound barrier, the hot gas can only
have a limited effective downstream length, for entrainment of colder
air progressively weakens the reflective/refractive capability.
Consider, however, a hot jet emanating from the trailing edge of a shield:
the combination would be effectively longer than either alone. The
trailing edge jet should form a reflective extension of the shield that

is free of interference edge noise.

In the past, theoretical and experimental studies of reflection and
refraction of sound at an interface have been carried out. Of these, a
comprehensive treatment of the theory of transmission and reflection of
plane acoustic waves at an interface of layered media can found in
Brekhovskikh's book ( Ref. 22 ). Earlier works published in this area in
the 1940's and 1950's for relatively moving fluid layers were found to
err in applying the incorrect boundary condition to the wave equation
(Refs. Rudnick23 (1946), Kellerz‘ {1955), Franken and Im;av‘dzs (1956) ).

4

Ribner (Ref. 26 )and Miles (Ref. 27 )} were the first one to solve the
problem of a moving fluid medium with the correct boundarv condition
applied at the interface of the discontinuity. (Continuity of normal

velocity component is replaced by continuity of particle Jisplacement.)

Experimental studies of the impedance layer shielding phenamenon have
been carried out by 1.S.F. Jones (Ref. 28 ), Norum (Ref. 29 ), and Cowan
and Crouch (Ref. 30 ). Of these studies, both Jones and Cowan and Crouch
used a heated sheet of gas as the shielding layer. Jones used a sheet of
acetylene flame lying on an arc to shield a subsonic jet, and obtained a
maximum attenuation of about 3 dB over a broad range O>f frequencies at
30 degrees to the jet axis. Cowan and Crouch made a nore extensive
experimental study of the shielding characteristics. They used a pure
tone sound source located sufficiently far away to obtain quasi-plane
sound waves incident on the planar slit jet 3aseous shield. Reasonable
agreement between the measured transmission 19ss and that calculated
from a theoretical model for plane waves (Ref. 31) was obtawned.
A high speed air jet was also used as a broadband and distributed noise
source to evaluate the effectiveness for practical application to jet
noise problem. The results of Cowan and Crouch show an attenuation of 10
to 15 dB across the spectrum at 25 degrees to the jet axis, However, to
achieve this the slit jet shield was enormously larger than the round jet

it was shielding.
Norum used a low speed helium jet to create an impedance layer. Shield-

ing obtained for pure tones emitted by a point source were in the order

of 12 dB for frequencies between 4 and 12 kHz. Thus, these earlier
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investigations suggest that substantial attenuations can be obtained

from a high sound-speed gas layer, albeit when the layer cross-section is

large compared with the jet cross-section and well removed. Subject to

this limitation, the concept may have application for reducing jet

noise.

2.5.2 Sugar Scoop Plus_Thermal Layer Extension

Although the gaseous layers appear to provide a considerable degree of
transmission loss, if extensive enough, it has been pointed out herein
that a combination of a 5014d shield and a trailing hot gas layer might
be more effective.Some relatively crude experimental tests gf this new

concept are reported below.

One of the hybrid configurations tested utilizes a thermal layer
combined with a half round sugar scoop shield. The composite shield is
constructed by attaching a spectally modified acetylene burner to the
trailing edge of a scoop shield. The burner is made of & € wm inside
diameter copper tubing drilled with holes and bent into an arc to hug the
tralling edge of the scoop shield. A 1,13 03 capacity tank supplies
acetylene to the burner. The acetylene is passed through a pressure
regulator and flexible tubing to a tee which is then connected with
additional tubing to the two ends of the burner Lv means of 90 degree
elbows. Some difficulty was experienced in obtaining a uniform sheet of
flame, Throughtrial anderror, a final design shown inFig.(2-20a) evolved.
It consists of forty five holes, each hole is 1.4 mn in diameter and
adj;cent hales are 6.4 mm apart. Although the overa)l flame sheet may be
varfed in size, allowance for the adjustment of individua) flames has not
been made. The length of the luminous core of the flame is sbout 3.8 cm
without the jet on. The individual flames merge and give the appearance

of an uninterrupted sheet which extends about 5 cm from the burner,
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For conical flames, Jost (Ref. 32) develops a simple formula for the
effective flame speed from geometrical considerations. Assuming the
velocity of combustion is normal to the cone (flame surface) he obtains

the flame speed as (Fig. 2-20b )

Y

Ve = o

sin @

where V, is the norma) velocity of combustion {1.35 m/sec for acetylene

C M, in mixture with air) and # the cone half-angle.

In the experimental set-up, the inner cone of the flame was estimated to

be about 0.64 cm.

Therefore g = tan~! (r/h)
«  tan7! (0.7/6.4)

= 6.28°

Thus, the speed of the hot gas close to the proximity of the burner can

be estimated as:

Ve = Vo / sin []
= 1.35 / sin (6.24°)

= 12.4 m/sec

k)4

The noise spectrum was measured for the gaseous shield (flame)} alone.
The flame noise is dominated by low frequencies. ( Fig. 2-21 ). At
150 Hz there is a spectrum level comparable to that of the unshielded jet

noise followed by a rapid decay at a rate of 16 dB/dec.

With this solid-gaseous combination, a 10 O dismeter shield of length 14 D
with a burner attached to the trailing edge provides a total of 4 to 5 d8
insertion loss for frequencies above 1 kHz ( Fig. 2.22 ). The visible
length to the tip of the flame is about 15.5 D. This is comparable with
or better than the attenuation provided at these higher frequencies by a
24 D long shield without a flame, The price is extra 'combustion noise’

below 1 kHz.

Further investigations were also carried out with a burner attached to
smaller diameter (5 D) shields of 7 D and 10 D in length. In this case,
the flame is closer to both the jet axis and the nozzle than with the
10 D configuration just discussed. As expected, the jet/flame inter-
action noise increases when the flame is moved closer to the jet
(Fig. 2-23 ). At the same time, the composite shield shows considerably
more improvement in shielding over the solid shield alone 2s compared
with the bigger (10 D) shield (Fig. 2-22 ). This is consistent with
expectation since the high frequency sources in the jet, i.e. those in a
zone near the nozzle -now lie closer to the hot shielding layer. A layer of
hot gas is more effective in blocking the short wave lengths. On the
average, 3 flame attached to the trailing edge of the 5 0 shields
provides an additional effective length equivalent to 3 3 0 lomg

extension of the solid material alone for shialding at high frequencies.




The effect of the hot gas layer is more evident as the observation angle
@ is decreased (towards the peak intensity direction}. At a particular
observation angle, the observer's direct line of sight that intersects
the shield edge is now interposed by a layer of flame. The sound waves
{generated by the turpulent flow) tha. travel through the impedance
layer at small @ to reach the observer are mostly from the high
frequency source region (Fig. 2-24 ). Also, sound waves incident on the
interface at a more grazing angle for small @ ( 20° — 40° ) are more
likely to fall within the ‘cut off' region of the layer in which an
exponentially decraying wave occurs within the shielding layer instead of

a propagating wave.

On the whole, these far-from-exhaustive model tests indicate that some
increase in noise reduction can be achieved with the composite shield.
The relatively smal)l dimensions of the hot layer together with the
jet/flame interaction noise caused the attenuation to fall short of
expectation, Analysis of sound transmission through a layered medium
(Appendix A ) shows that the transmission loss increases with both sound
speed ratio, and more strongly with layer thickness. Thus, much higher
attenuation should be attajnable by means of substantial increase in
mass flow, This could be accomplished, for example, by installing cascades
of burners. Hotter flames may be one other solut’on, but to be free of

Jjet/flame interaction noise, it might be better to utilize preheated air.

As discussed, previoys results in the literature (by Jones and
by Cowan and Crouch) have shown attenuation over a broad range of fre-

quencies of order B to 12 dB at 30% to the Jet axis: these referred to a

a9
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gas layer shield alone. This is considerably higher than values measured
in the present investigation for a hybrid shield: 'sugar scoop' plus hot
gas layer. However, their thermal layers were relatively massive com-
pared with the jet they were shielding, unrealistically so for practical

implementation for real jets.
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2.5.3. Hyperbolic Cut-outs Plus Sugar Scoops

Another hybric configuration examined was the combined planar and half
round shield. A hyperbolic cutout allows the barrier height to be
increased without unduly enhancing the edge noise. At the same time,
some of the source region remains exposed. This reduces the effective-
ness of the reflective barrier. Accordingly, a scoop shield was
tnstalied below the cutout area to shield the exposed region, This
provides an additional reduction over the simple planar conf iguration {
Fig. 2-28 }. On the whole, however, a lighter scoop shield alone is seen
to provide the same oegree of guwnward shielding as this hybrid configur-

ation,
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3. SUMMARY OF SHIELDING EXPERIMENTS

A variety of shielding concepts has been examined in the laboratory
(Fig. 3-1). Several factors appear to limit the effectiveness of the
shields. First, the finite size of the shield in conjunction with the
extended length of the source region in a turbulent jet allows direct
sound radiation from part of the region to be received at most observer
positions. Second, the decreasing frequency of noise sources with
distance downstream of the nozzle, coupled with the fundarentsi property
of barriers, permits significant noise reduction only & « derate an’
high frequencies. Third, when the barrier is made s, - .ently large tu
approach the jet boundary -- as it must for significant shieluing --
intense low frequency ‘edge noise' may mask the shielding effect. In
several cases a rise in the overall sound pressure level has been

observed.

Among the configurations tested, the half round ‘sugar scoop' shield was
found to be the most cost effective, providing a good insertion loss in
the order of 4 dB for a minimum expendityre of barrier material. The
effectiveness of the shielding can be enhanced by the use of a hot gas
layar; however careful attention must be paid to the problem of secondary
notise sources such as combustion noise and flame/flow interactions. In
our tests a longer scoop shield (L=24 U) provides comparable attenuation
at the high frequencies {and praoduced less spurious low frequency noise)

than the hybrid shield of visible length 15.5 D.
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Overal) insertion loss obtained is in the order of 3 to & d8, depending
on the particular configuration. As the high frequencies suffer more
attenuatijon, the change in the perceived noise leve) wil) most certainly
Qiffer from the corresponding change in physica) sound pressure level.
Owing to the increased sensitivity of the ear at high frequencies, the
subjective loudness of the received signal ought to decrease. This will
be examined in some detafl in the ground contour calculations

(Section 5 ).
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4. ESTIMATE OF SCALING EFFECTS

The noise data from the model jet must scaled up to a ful) size jet in
order to give estimates of barrier performance at ‘'gperational' fre-
quencies. Thus, scaling laws are required to convert the experimentally
measured insertian lass and frequency data of the mode) up to a full

scale system,

It is well known that to a first approximation the Jet noise cen pe
scaled to jet velocity U and diameter Dby 2 8 07 power taw. Further,
it is characterized by s universal spectrum whose peak freguency 'f°
occurs at a Strouhal number (S<fD/U) of the order of 0.3 . Based on
fresnel number considerations, for a fixed source and observer
configuration the effectiveness of a barrier increases with the ratio of
a typical dimension L (=nD, say) to the wavelength of the incident
sound, X . It is desirable to reduce the noise level at the peak
frequency (f = 0.3 U/D): this in turn determines the typica) dimension
of the shielding configuration (n0/2 ). The parameter D/ 1s called
the Helmholtz number, M; it can be expressed in terms of S apd Mach
number W [ B = D3 = [FD/UNU/C) < SM ). The criterion for similarity
fn fet noise shielding {s to match both the Helmholtz and the Strouhal
number between model and full scale. In general, it is not possible to
match both, so we match N = D/a , which governs the insertion loss at 4
given frequency. The resultant mismatch in S distorts the scaled model
scale spectrum from the correct full-scale spectrum. This is hendled by

the following argument.
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for shielding at any frequency 'f‘ to be invariant, the ratio D/» is to
be held constant for the model ( m ) as well as the full scale configura-

tion (j) (Fig. 4-1 ).

Dj/ Ay = Do/ A (4-1)
Since

A= c/f
where ¢ = sound speed,
therefore

Dj/ Ay ® ijJ/cj and B/ np = fo00/c, (8-2)

For the. case €5 % <p (4.3)

the above reduces to

fj 05 = f, 0 (4-4)

However , this requires that
F405/U;5 = flDg/Uy)tUg/ty) (4-5)
or equivalently, SJ * Sy Uy /7 {4-6)

This implies that if at a certain model frequency f_, the shielding data
yields an insertion loss of s&y A dB, then the full scale should
experience the identical 4 d8 at a different frequency fj defined by

€q.( 4-5 ).

3

To test the validity of the above conclusion, the original 3/4“ nozzle
was considered to be the ‘fyll scale’ jet. A 1/4" nczzle was constructed
and used as the 'model’. Flow speeds were varied from M = .3 to .9 50 as

to provide a2 variety of Ug / Ui ratios.

In principle, if the scaling law 25 stated was obeyed, then shielding
should be invariant for both model and full scale at properly scaled
Strouhal numbers ( see Eq. 4-6 ). Thus, if the atteaustion as measured
is plotted against this modified Strouhal number, the data should col-
lapse onto a single curve. However, it can be seen from Fig. { 8-2 )

that the experimental data do not quite collapse on a single curve.

At first, the deviation was thought to be due to interference trailing
edge noise arising from the shield being close to the jet, which modifies
the jet spectrum in addition to the shielding effect. Several tests were
then carried out with shields placed further away from the jet axis with
negligible interference with the jet flow, However, this does not re-
solve the dilemma (Fig. 4-3 ). After further investigation, it was
Jdiscovered that the jet spectrum of the small nozzle (1/4") did not
exhibit the expected Strouha! scaling. This is illustrated by the nor-

nalized dimensionless jet noise spectra (Fig. 4.8 ).

A factor that could contribute to the failure to collapse is as follows,
The assumption that insertion loss in dB for model and full scale is the
same when 0/ N 1s invariant ynderlies the analysis, This is Lased on the

geametric similarity assumption that the Jocation x of sources of wave
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length » along the jet axis scales with jet diameter D. But x/D is a
function of Strouhal number S = fD/U. Since S is not invariant by ( 4-5 )
or { 4-6 ) unless U, UJ-. then x/D is not invariant, This alteration of
x/D will have a more serious effect on diffraction for some shield length
spacing geometries than others. Without further quantitative analysis,
it ts not known how this might relate to Figs. ( 4-2 ) and ( 4-3 .
However, one can see that the small mode) data points do lie indeed quite

close to the large nozzle curve for U"l = UJ..

another reason for the fallure of the curves to collapse is believed to
be the altered Strounal scaling of the 1/4* jet. This in turn is
believed to be related to the dependence upon Reynolds number (based on
jet diameter) where transition from dYaminar to turbulent flow takes
place. 1t could be that, because of the low turbulence level in the air
supply, the boundary layer on the no2zle walls was laminar for the
smaller diameter nozzle {1/4"). For larger nozzles, the Reynolds number
increases accordingly. It should be pointed out that sound from low
Reynolds number jet flows has been observed to behave differently from

noise radiated by jets at Reynglds number in excess of 100000 (Ref. 33 ).
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5.  GROUND CONTOURS (Noise "Footprints”)

On average, 3 or 4 d8 reduction of the overall noise leve! has been
achieved. 3 dB represents a redistribution of about 50% of the incident
acoustic energy away from the microphone; on & linear scale, this is a
considerable amount. However, the human ear does not respond linearly,
but approximately as the one-third power of the intensity over a wide
range (Ref. 65). Thus the loudness reduction is only about 1 - (.5) 173
or 20.6%: not very much. A t dB reduction in intensity (7.4% in

loudness) s about the minimum variation detectable by the human ear.

Jo put this in perspective, a 10 dB change in noise level (10-fold in
intensity) is close to the hearing sensation of either two times or one-
half the loudness, according to the 1/3 power law. The following table
shows the subjective response to change in noise levels corresponding to

perceived changes in loudness,

Subjective Effect (Change in Loudness)

Change in Physical
§3una Tevel

1d8 Minimum detectible

3d8 Just perceptible

5 d8 Clearly perceptible

10 d8 Factor of two

15 d8 Factor of three approximately
20 dB Factor of four

a8
' ,

—




Thus an aircraft noise reduction of only 3 dB is barely detectable. A 10
dB reduction is substantial. A 20 dB reduction is very substantial:
it corresponds to a hundred fold diminuticn in the acoustic intensity at
the microphone. To achieve an aircraft noise reduction of this magnitude
by noise shielding alone is thought to be quite impracticable using

present technology.

However, in assessing the effectiveness of shielding, the non-uniform
frequency response of the human ear must be taken into account. It is
especially helpful if components of the signal that are most annoying can
be suppressed. To this end, an appropriate qualifier used in aircraft
noise assessment is the perceived noise level (PNL), which provides a
measure of the ear's response. PNL accounts for amplitude and frequency

with an associated decibel rating: the PN dB.

The PN dB is a measure of the noisiness of a complex acoustic signal,
The loudness of a noise is a function of frequency (Fig. 5-1 ); thus,
signals with equivalent overall sound pressure level may not be judged
equally loud or equally annoying. The total noisiness of a compound
noise is calculated by assigning a level of perceived noisiness (NOYS) to
each octave band from 63 Hz to 8000 Mz (Fig. 5-2 ). The total

noisiness Ny is calculated by using the relationship.

Np =Ny +0.3( ZN- N, )

)

where Ny * NOY value of the most noisy bands

and TN : sum of the noys values for al) eight octave bdands (This
equation reflects the masking effect of the noisiest band over the
athers )

'T 15 then converted to a logarithmic measure of the perceived noise by
the relation

PN 4B = 40 + 33.3 log N, .

There are several methods by which one can implement the PN dB calcu-
Tation procedure with a computer. The one described in Appendix B is
taken from Ref. ( 35 ). The present algorithm was validated and was

used to facilitate all such calculations.

Aircraft operations have the grestest impact on the population during
take-off and landing. [t is evident that an observer near the path of
the aircraft will be exposed to a higher sound pressure level. As the
aircraft moves along its flight path, so does the radiated sound pattern,
a portion of which intercepts the ground. Thus 'footprints' of equal
peak sound intensity can be defined. [f a reduction of jet noisc is
realized, then the respective footprint areas will be reduced. The
footprint will give a more complete picture of the effect of the shield.

ing devices.

We will consider a single aircraft take-off. The maneouver is taken to
be as close to the real 1ife situation as possible. A procedure have been

developed to compute the peak intensity level at points on the ground.




The computer results are used to estimate the effectiveness of the

addition of various shielding devices for aircraft noise reduction.

Contours of these footprints are calculated on a PN dB basis. The model
data consist of frequency spectra of the basic and shielded jet noise
measured at discrete points over a hemispherical syrface (Fig. 2-5 ).
To calculate the perceived noise level, the measured noise spectra are
analysed in octave bands. The noise radiated above the shield caanot be
heard in the community, it is not considered here. The model data have
been scaled to simulate a single jet engine delivering a thrust of 11000
Newtons (about 2600 1b). The ful) scale exhaust velocity and temperature
are taken equal to those of the model configuration (see last paragraph
on page 46 and £q. 4-3)}. Furthermore, the frequency of the jet noise is

scaled by the inverse of the geometric scale factor (Eq. 4.4).

The aircraft follows a flight path of 12° and climbs at a constant angle
and velocity. The flight path and the system of grid points on the
ground plane where the noise level is calculated are shown in Fig. §-3 .,
We start with a spherical polar coordinate system attached to the
aircraft and later make two coordinate transformations to ground-fixed
coordinates. As the aircraft flies along the track, the instantaneous
coordinates of the ground grid points (i.e. radial separation and polar
angles) relative to the aircraft are calculated. The levels at points
intermediate to the data 'points’ are estimated by means of a two

dimenstonal cubic spline finterpolation scheme. QOther effects such as
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geometric spreading (1~ l/rz) and atmospheric absorption
(Ref. 36 ) of sound are also considered. However, the effects of
sound propagation over the ground at shallow angles is ignored: this

provides additional absorption.

A computer program was developed to calculate the sound intensity at grid
points on a ground plane. Yhe rather complex sequence of operations is
indicated schematically in Figure -4 The intensity at the grid
points is calculated as function of time for the given flight path. The
maximum level is then selected to give the maximum PN dB level at each
grid point. Contours of constant PN dB are then interpolated from the

maxima calculated at each grid paint,

Comparative footprints with and without the various shielding devices
are shown in Fig ( 8-6 ). The rectangular shields are placed at a
shield-jet separation h/D = 3, and the half round snield to be coaxial
with the Jet. In all cases, the shielding achieves a significant
reduction in footprint area. As a basis of comparizion, the 90 PN dB
contour was considered. The ratio of areas within the 90 PN d8 contour

for different shields of equal length (L/D = 16)are as follows:




Shield Relative area within
90 PN dB contour
None (Jet alone) 1.00
Rectangular Wing .63
Localized Extension .57
Rectangular Wing with Cut-Out .46
Localized Extension + Scoop Shield .40
Scoop Shield (10 D diameter) .34

It can be seen from Fig. { 5-5 ) that the general shape of the footprint
has not been considerably altered; the scoop shield has, however, 3 signi-
ficant influence on the width. This reflects the improvement in sideline

noise reduction in section 2.4.

It should be pointed out that the extent of the reduction of the enclosed
area by a certain PN dB ground coutour as calculated, involved a
simplified apr-oximation to simulate full scale flight. Complex and
sti11 controversial procedures allow inclusion of the effects of air-
plane motion relative to a ground observer and forward fiignt effect on
the radiated noise field. The former will give rise to the familiar
Dopper shift, the latter not only alters the effective source strength
and directivity (Ref. 37 ) but also appears to have a weasurable
influence on the shielding effectiveness (Ref. 38 ). Al) this is beyond

the scope of the present investigation,

1

6. AN ENGINEERING SCHEME FOR JET NOISE SHIELDING PREDICTION

6.1 [Introduction

Scaling laws describing the radiated sound field of a turbulent jet can
be derived from the self preservation properties of the turbulence in the
mixing region (about 4.5 diameters long) and in the fully developed flow.
The turbulent quantities are approximately self-similar in these
regions, changing only in scale. As one proceeds in the downstream
direction along the jet axis, the jet velocity decre: .es and the length
and time scales increase, MHence one would anticipate that high fre-
quencies are preferentially generated near the nozzle and low fre-
quencies further downstream, A turbulent jet can be considered as a
broad band noise source, where narrow band spectra emitted from short
segments of a jet exhibit a characteristic peak frequency that is a
function of axial position. One can .‘mnlify the picture by letting a

given slice of jet emit & single characteristic freavency.

Based on the theoretical formalisms relating certain turbulence pro-
perties to the radiated sound, various analytical and experimenta!
diagnostic techniques have been devised; they deduce effactive acoustic
source strength per unit length as well as the approximate location of
the sound sources in the jet. These strength measurements are in essence

3 means of linking the far field noise field with the flow turbulence
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that generates it. Major source location schemes have been proposed by

Grosche { 1® )}, and Fisher, Harper-Bourne and Glegg ( Ref. 40 }.

In practice, solutions €or the diffracted field are sought for
relatively clearcut situations where the nature of the sources is well
defined, usually a monopole source emitting a pure tone. Even if a
reasonable estimate of the behaviour of the barrier can be made, one is
still faced with the probles of adapting the information to a jet noise
prediction scheme, The difficulty arises from the nature of the sources
of jet noise, being a collection of ‘correlation volumes' of random
instantaneous strength, radiating much like acoustic quadrupoles of
random orientation. It has been shown that the diffraction behaviour of
the higher order sources is expected to yield poorer shielding as com-

pared with simple monopoles (Ref. 43 ).

In the present investigation, the sources at different axial locations
are treated as statistically independent radiators. This facilitates an
approximate prediction scheme for jet noise shielding. 1t is assumed
that it is reasonable to construct an effective far-field spectrum by
sumning over all possible source positions and frequencies, while
accounting for any insertion loss due to shielding. This is in effect an
engineering approach. The performance of such 2 scheme is examined

below.

The scheme is based on modelling the jet sources as a distribution of

point scurces along a Jine {jet axis). The shielding of point sources is

.1
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determined (by theory and experiment) as a functior of position and
frequency. In order to synthesize the jet source shielding from tne
shielding of point sources, the frequency and intenstty distribution
along the jet axis must be known. For a given source intensity dis-
tribution of a particular frequency, the attenuation cue to shielding
can be subtracted from the unshielded level separately for each
position. The total attenuation for a particular frequency can then be
added logarithmicallv. In this way, a 'shielded' specirum can be burlt

up (Appendix D).

There are several factors tnat influence the accuracy of this ‘first cut'
prediction scheme. Howe.er, reasonable predictions ar~ possible 1f the
principal features of fliow noise generation and d “fraction are
accounted for. Aircraft nvise shielding involves both dit‘raction by
the solid boyndary of the shield as well as the effect of sour’-flow
interaction, such as refraction by the mean velocity gradient and
scattering by turbulence in a flow field. To simplify matters, the
sound-flow interaction effect will be consider2d separately: an experi-
ment was performed to assess whether ar not the simplitfying assumption
that diffraction with no flow present is applicabls; this will be dis-

cussed later,

As opposed to an gmnidirectional source, the amplityde of the incident
wave front from a jet that is being diffracted by a shield edge s
different from the corresponding unshielded level in a particular
direction due to the associated nonuniform directivity of the convected

jet noise pattern. This directional pattern peaks stromgly at an ob!ique
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angle in the downstream directicn. At 30% the basic unshielded jet noise
is dominated by high frequencies. When a shield is introduced, the
incident field in the neighborhood of, and thus diffracted by, the edge
will be mainly the low frequency noise component in the peak noise
direction. In this analysis, special consideration is given to tnhe

directivity factor.

Another important factor is the edge noise phenomenon, which is found to
exert considerable influence in raising the shielded spectrum level,

especially in the low-and mid-frequency region.

Exact theoretical solutions or, alternatively, chart solutions that com-
bine theoretical approximation with field experience on diffraction by
simple configurations (such as a point source and a semi-infinite
screen), are available in the literature. However, it is sti)) desirable
to measure the insertion loss of point sources experimentally in orde to
provide some experimental vertifications. Furthermore, the measured
point source shielding results can provide a basis for entailing and
adaptation of existing theory to deal with non-simple shield shapes. In
addition one can assess the effect of extra 'hidden' variables, these
are especially important when the source of sound lies at a distance from
the screen that is most typical for aeroacoustic applications. Thus
experiments have been performed herein to determine the shielding of

point sources as function of frequency and position along the jet axis.

87

4

5.2 Point Source Experiment

The experimenta) arrangement consists of the UTIAS point source (Fig.
6.1} {originally developed for refraction studies {Rof. 3}) placed at
selectad stations along the jet axis. the driver 3f the patat jource 1§
enclosed in a cylindrical container designed to suppress stray souni, The
only acoustic path is a 0.33 cm inside diameter hypodermic tubing
protruding from the unit (Fig. 6-2). The ratia of the tube drameter to
wavelengths (highest = 0.15 for 16 kHz) indicates that a agarly owni.
directional pattern is present for all frequencies of interest. The
symmetry of the sound field produced by the point source was confirmed by
sweeping a microphone in a circular arc in the horizontal plane of the jet
axis. In the absence of flow the source radiates an omnidirectional sound
field pattern as anticipated. The attenuation due to normal spherical
spreading from the source was also measured in the anechoic room. This

attenuation shows good agreement with the inverse square law,

Measurements of the insertion loss of a rectangular shield placed at 3 0
from the jet axis have been performed. The omnidireztional piont source
is driven by a broad pband random noise generator. The insertion loss of
the shield s determined by measuring the cross Spectrum of the input to
the point source and the received microphone signal (Fig. 6-3).
Interference effects of the sound field radisting from tha two edges of
the finite shield can be inferred fron the 'hills and valleys' of twe
measured shielding of the point sound source (seeFi3. 6-60r 7-21). The inter-

ference phenomenon is alsa confirmed by performing the neasurement; via
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the technigque of signal averaging (Fig. 6-4 ). Here a pulse train is
used as input to the point source. The signal is phase averaged
{successive repetitions aof the received signal are summed) so that these
periodic signals add coherently, whilst or any random backgound noise is
averaged to a small value. This technique enhances the signal-to-noise
ratios roughly proportional to the square root of the number of repeti-
tions N of the signal. This means a signal-to-noise improvement of

20 tog JN = 10 log W .

The phase averaged output signa) indicates multiple transmission paths
exist (Fig. 6-5 ). The signals going around the two edges of the
shield are identified on the basis of transit time. With the barrier
inserted, the diffracted signal arrives at a later time than the direct
wave, and is greatly reduced in amplitude, The mismatch in wave shape of
the phase averaged signals Supports the multiple transmission path tdea.
A simple argument based on the path difference between the signal coming
from the twg edges appears to account for the observed pattern
(Fig. 6-6). The interference pattern is eliminated when one of the edges
of the shield is extended sufficiently to approximate a single-edged
semi-infinite plane, Inside an anechoic chamber this experimental
arrangement is seen to be satisfactory for the condition of a semi-

infinite screen in a free field.

In principle, the pulse technigue used for identification of an inter.
ference effect can also be used to determine the fnsertion loss of the
screen, The phase averaged pulse signal and its power spectrum can be
estimated directly by a fast Fourier transform computer. Hence the

transmission loss as a function of frequency can be determined from the

9

difference in the Jevels of the shielded and unshielded spectra, This
method can be useful for evaluating the performance of a barrier in noisy
interfering environments such as along roadways, where a relatively
steady random background traffic noise is present. The phase averaging

tends to average out the background naise,

This pulse technique for insertion loss measurément was applied herein
to the measurement of the insertion loss of shields. It was found to
yield poor results, This was in part due to the sensitivity of the
discrete Fourier transform to small perturbations in a ‘single time
record' {obtained by phase-averaging). 1In addition the sound pressure
level of the puise obtained from the point source was rathar low, This
low signal strength s an inherent weakness of the ‘point source’
generator. Attempts at obtaining a stronger signal by gverdriviag tend

to cause failure of the horn driver.

Before attempting to apply the results from cross spectral measurements,
(using broadband noise input) to synthesize the jet source shielding
from the shielding of point sources, the insertion loss was also measured
using other measurement techniques. This is usefu) for comparison pur-

poses and provides cross checks.




The main alternate technique fcf. Fig. &-3 ) was comparison of time
average power spectra with and without shield. First, a pure tone input
to the point source was used. Within the shadow zone of the barrier the
sound field was found to be characterized by a series of peaks and
troughs: this indicates the presence of interference effects. This is a
consicerable departure from the prediction of the theory of diffraction
by a half plane where a monotonic function is predicted (Fig. 6-7 ). In
each case the calculated curve is arbitrarily shifted to envelop the
measured curve. The irregular pattern is also found at microphone

positions close to the shield.

A warbled tone input was used as an alternative. However, the bandwidth
of the warbled tone input is still narrow enough for distinct inter-
ference fringes to he formed, although the amplitude of the structure is
reduced. A comparison with theoretical prediction is shown in

(Fig. &8 ).

Finally, 1/3 octave band noise was used as an input, still comparing
time-average power spectra. Results from these runs are in good agree-
ment with the data from cross spectral measurements, and also with theory
(Fig. 6-9 ). A detailed discussion of these results in comparison with

theoretical predictions is presented in section 7.5.
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In summary, severa) measuring techniques were explored to determine the

insertion loss of a semi-infinite half plane shield:

Signa) Processing Scheme Signal
A. Time-average power (1) pure tone

spectrum (Fig. 6-3 )

B. Cross-spectrum { Fig. 6-3 ) {2) warble tone
C. Phase-averaging + F.F.T. (3) 1/3 octave
( Fig. 6-4 ) }randan noise

(4) broadband
(5) pulse train
Techniques

Ae (1) A+ (2); A+ (3); B+ (8); C+(5).

Insertion loss measurements using signals such as pure tones or warbled
tones (A + (1) or A + (2)) appear to suffer from interference effects.
The pulsed signal in combination with signal averaging (C + (5}) is
useful in identification of the relevant signal paths. 1/3 octave banc
noise source {A + {3)) and cross spectrum measurements with random noise
input (B + (4)) appear to be the most suitable for insertion loss mea-

surements.




The point source measurements discussed above were performed without jet
flow. One argument for this simplification is that sound refraction
effects within the jet manifest themselves in a small cone {the 'cone of
silence’). This cone half angle is about 20 degrees for a cold jet.
This also corresponds roughly to the threshold of closest approach. Thus
the diffraction should remain relatively unaffected by refraction
effects produced by the jet flow. Hopefully, scattering and *line
broading® by turbulence will also be small. The validity of this notion
that jet flow has relatively small effect was tested in an experiment

described below.

The sound generated by the turbulent flow must travel through turbulence
before reaching the microphone, especially at small angles to the Jet
axis where the sound generated must travel a long path (e.g. several
wave-lengths for frequencies > 8 kHz). Thus to assess the effects of

turbulence, smal) angles are preferred.

To determine the overall effect of the acoustic/flow interaction, the
point source was placed in the jet flow field and the results were
compared with the no flow case {cf. Fig. 6-3 , with the octave filter
connected instead of band pass filter). Measurements (Fig. 6-10} show
that the turbulent flow does not have a major effect on the insertion

loss characteristics determined from the no flow case.
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6.3 Synthesis of Jet Noise Shielding fram the Shielding of Point Sources

To synthesize the jet noise shielding from the shielding of point
sources, the distribution of intensity and frequency of the effective
sound sources along the jet axis must be known or estimated. The data used
herein was obtained from Grosche's measurements (Ref. 19 ); he used an
acoustic mirror-microphone to deﬂguce the source strength distribution

along the jet centeriine.

A universa) curve of axial source inteasity distribution for any given
frequency is shown in Fig.( 6-11 ). The peak normalized source

distribution is taken to be (Ref, 42 ),

Q(st) =

-4(%Y
x EARA
TO[C ) E] (6.3-1)
with Xo = Xo {st)
= xy(0m)

and e = base of natural logarithms

The location X, of the peak intensity ‘Q' as function of Strouhal
number (fD/U) is shown in Fig. ( 6-12 ) (Ref. 40 ). The values as
indicated by the graph are very close to the ones given in Ref. ( 42 )
where £q9. { 6.3-1) was obtained.
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The source strength distribution and the measured insertion loss data
are used to estimate the effective overall shielding at each freauency.
As is shown in section { 7.5 }, the point source measurement resylts are
in good agreement with those of the exact solution for diffraction by a
semi-infinite plane. MHence, for frequencies of interest that lie even
outside the measurement range performed, the analytical solution for

insertion loss for those particular frequencies can be considered valid.

Since the jet noise is not radiated equally in all directions, the
incident sound intensity appropriate to the direction at which it leaves the
source vefore diffraction by the edge must be determined first. From the
geometry of shielding configurations tested experimentally, the effect-
ive incident angle of the waves diffracted past a shield edge varies from
10° to 35° from the jet axis, depending on the shield length. However,
spectral measurement at angles less than 252 cannot be performed, since
this region fs well within the jet flow field. Thus, the basic jet noise
spectrum at 30° (i.e. referred to as the effective emission angle 'Ge' of
the jet sources before diffraction), is used as the baseline data for
computing the expected jet noise attenuation. This assumption is also
justified by the fact that the far field spectrum levels at 8 = 30° are
larger than those found at angles away fram this peak direction. [n
addition the peak frequency at 30° s also lower, which contributes more
to the diffracted field. The above consideration points out another
effect due to the directivity of the jet noise: the shielded spectrum
wil) show an apparent low frequency augmentation in addition to the edge

interference noise if the observer is at a position such that 9>9e'
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With the assumed source strength distripution (£q. 6.3 - 1 ) and the
measured insertion loss data, the effective overall shialding of a jet 1s
computed for three observer angles (40°, 60°, and 90%) ‘Fig. 6 - 13), In
all cases, the baseline data is the unshielded jet spectrum correspond-
ing to @ = 30%. Twomethods were used to imp lement the engineering approach,
The results indicated by dots give the expected attenuation achieved by
applying the point source insertion loss to the extended source distri-
bution, Eq. (6.3 -1 ). The tota) attenuation is calculated by summing the
source contributions in small steps along the jet axis {c.f. Appendix D).
The squares give the results computed by using the same point source
data (fitted well by later Eq. ( 7.3 - 4 )) with the extended }ine source
distribution shrunk, at each frequency, to a point; this point is located
according to Fig. 6-12. Surprisingly, the much more approximate
simplistic approach (squares), appears to agree much better with the

measurements than the 'rigorous’ approach (dots).
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6.4 Extraction of fdge Effect

An attempt is made here to quantify the extent of influence of edge
interference noise to the shielded jet noise spectrum. As explained in
previous sections, this additional edge-induced noise can be attributed
to a distribution of acoustics dipoles along the trailing edge of the
shield., For a given flow velocity, the edge noise depends on the dis-
tance between the jet axis and the shield. It has shown experimentally
that this additional sound weakens as the shield-jet separation is

increased.

Oue to the dipole characteristic of the 2dge noise, the angular dis-
tribution of the sound field of the edge noise has a pattern with zero
intensity in the direction of the jet axis, and maximum at 90°%. 1n this
investigation, an evaluation of the interference noise was made 2. an
angle of 90° with respect to the jet axis. At this angle, the edge-

induced interference noise should be strongest.

The amount of shielding obtained by placing a barrier between the
observer and the source depends on frequency and the respective
positions of the source, receiver, and shield, Furthermore,it is pointed
out in section 7.6.1 that the exact solution for diffraction by a half
plane depends on four parameters, namely the Fresnel number N, distance
from source to receiver kR, angle of source ray to edge Oo‘ and the
diffraction angle e-eo {Fig. 7-2 }. Thus identical shielding can be
achieved for certain differing shielding geometries if these four par-

ameters are identical. A possible shielding configuration is

a7
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iVlustrated in Fig.( 6-14 ) by which identical attenuation can be
réalized. Here both the source and receiver position are fixed,
therefore kR is held constant. To maintain the Fresnel number, it is
required that ‘c+d' be kept constant (Fig. 6-1¢ ). One can easily see
that the plane curve traced out by the tip of the barrier aust lie on an
ellipse with the nozzle and the microphone at the foci. However, a
barrier edge which extends to any point along the ellipse will not resylt
in identical shielding as eo and 9 will vary. B8ut 80 and O are inter-
changeable according to mirror image reciprocity. Thus a total equival-
ence of geometry A and 8 (Fig. 6-14 ) {s possible as far as point source

shielding is concerned.

The validity of the above was examined with a point source. This was
carried out with the point source placed at 8 D from the edge and 2
separation of 12 D from the shield (1.e. a=12 D) for both geametry A and
B (Fig. 6-14 ). Results show no difference in the measured attenyation in
both cases.

Based on the above reasoning, one can argue that for certain shielding
configurations if the jet-shield separation is increased while the four
parameters are kept constant with respect to the nozzle and the micro-
phone, one should realize a sin‘lar {asertion loss with considerable
reduction ( or complete elimination ) of the edge noise. An approximate
scheme for extracting the edge noise is to place the barrier near the
microphone at a distance identical to the original nozzle-shield sepa-
ratton. The additional edge noise fntroduced when the shield is placed
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close to the flow (geometry A) can be quantified in term of AdB by
subtracting the corresponding measurements made with the shield far
away from the flow (geometry B). The difference should be expected to
yield a somewhat quantitative description of the jet-shield interaction

noise.

There are two main sources of error associated with the 'two shield-
position' scheme. First, the jet sources are not all located at the
nozzle exit, but are extended along the jet axis ( at least out to 15 - 20
D ). Thus the lower frequency sources further downstream have larger
Fresnel number N (greater attenuation) for geometry B than geometry A.
This implies that part of the difference power spectrum AdBA-B at low
frequency is not edge noise, but is due to lower contribution of low
frequency jet noise to the shielded spectrum for geometry B. This effect
tends to exaggerate apparent low frequency edge noise. Another source of
error is attributable to the pronounced directivity of the jet noise
pattern. Thus, the incident wave front that is diffracted by the shield
is different for the two geometries considered. The two-shield-position
scheme assumes, on the other hand, that the sources are omnidirectional
(monopoles). As the jet-shield separation increuses, the effective
emission angle corresponding to the wavefront being diffracted by the
shield also increases, hence the proportion of the high frequency noise
contributing to the far field spectra increases. This leads to a
spurious high frequency contribution to the resultant 'difference’ curve

for edge noise.
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from the above considerations, one notes that the present two-shield-
position scheme yields error at both low and high frequency. The spatial
distribution of the noise source yields error at low frequency, and the
directivity factor yields error at high frequency. 1t appears that no
part of the 'edge noise' curve so deduced is free of error. However, 1t
is quite clear from our experimental result (see for example, Fig.2-7)
that the interference, or edge noise, effect is dominant at the point
where the shielded spectrum crosses above the unshielded basic jet
spectrum. For any configuration where sufficient edge noise is intro-
duced, such as the case when the shield penetrates the cone of threshold
interference, the edge noise augmentation is greater than 15 d8 for
frequencies below 700 Hz. Thus it is anticipated that the inherent error
of the scheme may have small effect in the frequency range of interest
(i.e. frequencies that lies below the crossover point) where the edge
noise is most significant. For this reason it may be possible to extract

the edge noise semi-quantitatively.

Figureg-18 1is a plot of the difference in spectrum level corresponding
to the cases when the jet-shield and shield-microphone separations are
identical. Positive AdB values indicated are attributed to an augmented
spectrum level due to edge noise. As the jet-shield separation
increases, the augmentation level decreases considerably. At a separat-
ionof 90 (i.e. a =90 of fig.e-14 ), the augnented level is reduced to
a negligible amount ( F1g. 6-15C ). The apparent residue excess level

existing at the high freq cy end 15 spurious; it is attributable
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primarily to the associated directivity of the jet noise pattern, This
excess level indicated by the A dB curve at the high frequency end

increases as the jet-shield separation increases.

It is possible to use the extracted edge noise spectrum { Fig.8-18 ) to
quantify the extent of influence of the edge interference noise. In other
words, to predict the augmentation level. One can first estimate the
shielding attainable for a particular frequency component from its most
probable source location ( Fig.8-12 ) and the corresponding Fresnel
number. Here, the baseline data is the unshieided jet spectrum at &=
30°. The difference spectrum (Fig.8-15), which reflects the amount of
augmentation, can then be added to the shielded level as estimated from
above to give the resulant level that combines shielding and inter-
ference effects. For example, the expected attenuation at about 1 kHz is
11 dB. At this frequency, the expected augmentation level due to inter-
ference (Fig.@-158) is about 15 dB. Hence the total effect corresponds
to an increase of 4 dB above the shielded level. This agrees reasonably

well with the shielded spectrum measured at 90 degree (Fig.8-18 ).
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7.  ANALYTICAL AND NUMERICAL STUDY OF DIFFRACTION BY ARBITRARY BARRIERS

7.1 C(Classical Diffraction Theory

Analytical solutions for the total sound field due to a collection of

sound sources opposed by shielding configurations are discussed below.

The diffraction of waves around obstacles is traditionally one of the
more challenging analytical problems in classical physics. Even today
exact soluttons for bodies other than the simple geometric shapes
{spheres ,cylinders, etc) are yet to be found., Thus many practical
problems are treated with approximate methods. The diffraction probles
arose in the discipline of optics. Since then applications have extended
to areas such as electromagnetic wave propagation and acoustics. The
following discussion centers on aspects central to severa) diffraction
theories permitting solutions to some of the body shapes studied
experimentally.

Diffraction theory deals mainly with perturbations in the shadow region
of an obstacle that has blocked portions of the advancing wavefront. The
perturbations can be regarded as an interference between the incident
wave field, treated as though the obstacle were absent, and a ‘scattered'
wave field due to the obstacle. The precise nature of the diffracted
field is governed by the reaction of the physical boundaries. A little
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thought will show that the reaction at each point on the surface will
influence all the other points on the surface. It is this feature which

leads to many difficulties, both analy:tical as well as numerical.

The relatively few known analytica)l solutions arise from tractable
boundary conditions as would be imposed by rigid bodies such as half
planes, discs, spheres, circular cylinders, and wedges (Ref. 43 ). For
these geometries the solution of the scalar wave equation is solved via
the method of separation of variables. Thus the scattered field is
expressed in terms of eigenfunctions. These idealized problems are
often used in development and testing of numerical solution describing

sound diffraction from complex shapes.

The classical theory of the diffraction of sound builds on the

inhomogeneous wave equation

l
VV Cz 9;{ = ‘j' (7.0-1)
where g(i,t) represents a spatial distribution of sound sources, The
wave function ¢ can be either acoustic pressure 'p' or velocity
potential '@ ‘. The wave equation governs the incident and diffracted
sound fields, subject to certain boundary conditions, as well as the
radiation condition. The boundary conditions specify normal acoustic
impedance z of the barrier (the generally complex ratio of the pressure

to the normal acoustic velocity); for the perfect reflectors dealt
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with herein, 2z = 00. The radiation condition ensures the

solution consists solely of outgoing waves.

Let V be the volume between arbitrary surfaces S and S, {Fig.7-1a). The
general solution to the field function ¢ at the field point R is given as

(Ref.4 4 ).

DL (A
veay —+VM/E—E.1[;] ¥

H1vd
ff /RA’.J .?‘n] [W]an/'x_-;y a/‘-ﬂhlﬂ /r./[ ]} S

(7.1-2)

where 2./3n denotes differentiation in the direction of tne outward
normal to the surface S and [ ] denotes the ratarded time t- l§-50| /co'
Tvis result is the well known Xirchhoff integral. The volume 1ntegeal
represents coniribution due to sources within the volume v. The surface
integral accounts for all disturbances due to sources outside V entering

the surfaces S, (e.g., those within Vo).

It is usually desirable to express an arbitrary time function ¢ (R,t) in
terms of its Fourier frequency components. By doing this, one can
simplify the problem greatly by considering each frequency component
separately; the results may then be summed {integrated) to give the

complete solution for ¥(R,t). This amounts to assJsming a harmonic time

ot

dependence e ' -, from which the velocity patential ¢ may be written as a

product of a space factor and a harmonic time factor

D (R¢t) =

(7.1-3)
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On specializing ¢ the form ¢ of ( 7.1-3 ), the wave equation { 7.1-1) for

4 source free region (g=0) reduces to an equation for ¢

v? ¢ + k'¢' = o {7.1-4)

where kz = nz/cz. This is the well-known Helwholtz equation. Equation
(7.1-2 ), when specialized to harmonic time dependence, is sametimes
referred to as the Helmholtz fntegral (not to be confused with Helmholtz
equation ( 7.1-4 }). This integral provides a method for solving
harmonic field problems where the source function and a prescribed set of
boundary conditfons are known. In diffraction problems the Helmholtz
integral staytes that if some physical property of a sound field such as
the velocity potential satisfies the Helmholtz equation in a region v,
except possibly at the sources, then the potential at a point P can be
expressed in terms of an integral evaluated over a closed surface S that

either surrounds or excludes the field point P (Fig. 7.1 a, b ).

With the specified harmonic time dependence introduced into (7.1-2), it

takes the form

PP = un+ ffiom 5 n_ Geep ST ds

(7.1-8)
where G(P,q) 1s the free space Green's function

4

and /37 denotes differentiation along the outward norma) to the

surface S at point q (Fig. 7-1a ). The above equation is the Helmholtz

integral.

Usually the surface 82 s arbitrary; thus one can treat it as a mathemat -
ical surface which is displaced to infinity. The corresponlaing surface
integral represents contributions from inward-travell\ng waves due to
sources at infinity. One imposes the Sownerfeld radiation condition to

ensure that the field consists of outgoing wave only at infinity; this
PRI < ¢
and R(j’l;-s—ikg‘)) -0

takes the form

25 R+ (7.1-8)

It can be shown that when (7.1-8} is satisfied,the contribution to the
integral over Sz will tend to zero as the surface is displaced to
infinity. An additional support of tie above criterion is that if the
surface integral over S2 is not zero, the field potential at any point
within v is not uniquely determined by the boundary value over the
surface § alone (Fig,7-1a).

From a mathematical point of view the first term of £EQ.(7.2-8) is the
particular integral of the inhomogeneous wave equation due to the direct
effect at P of the sources within V. The second term (mrej];z =0)
represents the effect of the ascoustic disturbances - from simple

source/or whatever - originating within vu. If vq contains an obstacle
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- Nothing else - these disturbances will be those scattered or diffracted
from the obstacle. In the practical application the surface S is made to

shrink down until 1t coincides with the surface of the obstacle.

Equation 7.1-6 is the basis for diffraction calculations. This formula
is exact and the acoustic potential at any point in the appropriate
region as specified by the formula can be determined if both ¢ and

dé/3n are known at every point on the boundary. These values are
not known unless we have already sclved the problem. For applications to
obstacles only the normal derivative s usually known directly from the
boundary condition {for a rigid surface d#/3m = 0), Therefore, the
value of the potential on the boundary surface S must be determined. In
effect, this requires the solution to an integral equation (see Jater),
Usually, " is taken to refer to a single point source, not a volume

integral. Alternatively, ft refers to a plane wave fiald.

The solution to the integral equation (solved either analytically or
numerically} gives the required distribution of normal velocity, aO/an N
or, alternatively, §, induced on the surface. Although diffraction of an
incoming wave by obstacle ts a boundary value prodblem, the sbove formul-
ation determines an equivalent monopole and/or dipole layer on the sur-
face of the diffracting object such that the external field is the same
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as that of the original boundary value problem, This methad of solution
is generally known as the integral equation method (Refs. 45-48), for

obvious reasons.

The usual procedure to obtain the required integral equation is by plac-
ing the field point P(R) on the diffracting surface S. On taking the
Timit as P—p, where g is a point on the surface, one finds the resulting

integral equation for the unknown surface potential to be: (Appendix £ }

! 2GR 3
< PP = P +[ﬂ¢"7’a—w’,—7) - G(Pg) 3%‘7’] ds,

{7.1-2)

where 3/37n denotes differentiation in the direction of the outward

normal to the surface S and p, q denote variable points on the surface.

An alternative integral equation that holds for the normal derivative of
the field potential is ( Refs. 47,49

. 2% 6Gtry

{7.1-8}
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£gs.{7.1 - 7) and (7.1 - 8) are integral equations for the limiting value
of the total wave field potential and its normal derivative as the field
point P approaches 3 point p on the syrface along the external normal of
S directed into V (i.e. with respect to the internal normal for the
region V) (Fig. 7 - la). Eq.(7.1 - 7) is the Fredhoim integral equation
of the second kind for the Dirichlet problem [ ¢(p) specified) while
Eq.(7.1 - 8) applies for the Neumann problem ( Je(p)/dn specified).
The tntegral formulations of boundary value problems have the attraction
of reducing the dimensionality by one, and in principle these equations
could be solved numerically by quadrature, given sufficient computer
time and memory, This is just one of the alternate approaches to

diffraction problems,

Some closed form solutions are available for special cases obtained in
different fashions. One of these is diffraction around a semi-infinite
barrier, which approximates situations of practical interest. This

particular case is presented in the section below.

e

4

7.2 Exact Solution for the Semi-Infinite Barrier

Anglytical solutions for the diffraction of » plane acoustic wave by an
idealized semi-infinite wedge or straight-edge have been obtained by A.
Sommerfeld {1896) ( Refs. 13,50 ) . They have served as a foundation
for great many diffraction studies. M.S. Carsiaw (Ref. 39) obtained an
tntegral representation of the diffracted field by a thin half plane for
2 spherical incidental wave from a point source with ne vestriction on
source location. Tnis exact solution will be discussed here in order to
determine the validity of some approximate methods omployed )ater hereta
for prediction of shielding of jet sources By certain finite barrter
configurations.

Let @ be the total velocity potential of the acoustic wave at any point
in the sound Fleld; it must satisfy the Helwholtz equation wnd the rigid
boundary condition 3#/am=0 on the shield surface. The expressiom for
the total velocity potential in the sound field due to & point source gt
(ro.ﬂo.zo) (Fig. 7 -8 ) 15 given in terms of cont~ibutions from a req!

source and & image source as ( Refs, 43,51 @

¢ - [Jla)y + Ul-86) (7.8 1)

Potential due
10 image source

Potential due
to resl source

This combination ¢f source and image filelds, when suttanly chosen,
serves to cancel 3¢/3n on the plate, while allowing ¢ ang 3/ 2Mto be
continuous beyond the plate edge.
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The potential associated with each source in Eq. 7.2-1 is composed of a
direct potential ¢, (due to an unshielded point source} and a scattered

potential" ¢, (due to the shield), namely,

Ut = d e + H6.) (7.2-20)

Uea) = @83+ P,(-6) (7.2-25)

The rigorous solution for the potential (Ref. 51) is given in terms of
cylindrical coordinates (r, 9, z) whose z axis coincides with the plate edge
(Fig. 7-2). In what follows a harmonic time factor et s 1o be
understood, but not written out. Hence the unshielded point source
potential is ﬂ‘ - e"‘R/R. An appropriate representation of this incident
wave potential is in terms of Hankel functions of the first kind (Refs,
51, 52) as:

@ = ‘7[ H'" kR cosh > duu (7.2:3)

An alternate formulation wil) Yater be more convenient: the substitution
coshu = TYkR + 1

{1)

leads to @ = ik H cr k%) Iz
t
‘- VT")" Zk&

(7.2-4})

**  The 'scattered' field includes the 'diffracted’ field (as commonly

defined) plus ‘shadow-forming' fields; see later.

|

The scattered potential ¢, is given as (Ref.B51 ):

d (0]
. (T RR)
7%(6',) = T-t/é/ rh dT (i.2:5)

im T+ 2kR

where mn =:Jk(R‘-Ri, F.tfor cos({# -g}/2) 2 0. This choice results
from the requirement that the combined potential ‘.' e, for both

source and image should satisfy 34/3n =0 on the barrier, with
continuity beyond the edge.

Using Eqs. (7.2-4) and (7.2-5), and noting that the argqument of H''is an

even function of T , the two potenttals is combined to give:

Ues)

i

b6 + %,{9.)

-t
1Y 3 (1.2-6)
- ik / HP(rhkR)

.m VrIi+2kR

Similarly an expression can be obtained for U(-%) with R replaced by R,

Hence the total velocity potential due to diffraction is given by

ad [
HO 1 T .
&= u[——-—‘ LIkR) oy o f B0 wR)

T——— {1.2-1)
- VI'«2kR o VTR

i - - ) > BRGHT ZOnE
_Jk(Rl R) For C0S (8-,)/2 20 SHADUN ZONE

m’::{k(Rl-R’) i 1FOR COS (g+8,)/2 20

R« e ?etz-z)?- 2mr conte- )"
R = frz.rozo(z-z‘,)z-l’rr‘_‘cos(cooo)f’i
R, -
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The integration Hmit_[' rather than_/; in ( 7.2-8) represent a partial
cancellation between -.i and .. - This serves to block out the source
and image fields in their respective shadow xones'. It is common to
refer to the remainder after cancellation as the ‘diffracted’ field.
With this reinterpretation the waves in regions [,II,111 of figure
(7.2b) are as follows: region [: direct (incident), reflected and
diffracted waves; region []: direct and diffracted waves; region I[I:

diffracted waves only.

Returning to the resuitant potential, £q.(7.2-7), one can see that the
lower limit of integration 'm' is determined by the shortest diffracted
path over the edge (this is in the form of\/k_(Tl‘TR—) ~ /Fresnel number ¥ ).
The integral may be regarded as consisting of a superposition of
diffracted waves over all ray-paths over the edge, starting with this

minimum length path.

A conclusion applicable to the general case can be drawn from the limits
of integration in £q.(7.2-7): namely, as the Fresnel number N (see above)
increases, the total diffracted potential decreases re the free field
value. Hence one would expected higher attenustion as the shadow angle

increases.
. See earlier footnote re “shadow forming" fields.

4

If the argument of Hl“) is large enough, i.e.Z'wkR = le»l. the Hanke!
function
1
w8 (ke INCERETNCN:
diminishes in magnitude with increasing le (i.e. -kR;' ). The asymptotic

expansion of the Hankel function Ml(l)(x) for large x is :

T -
ar -3tg % . 5 £
O e s R N2
X 8x /28 x*
Taking only the first term,

%o 54
Lim //m/k) 2 o c¥ég
A = e e (7.2-8)
X Pao - [”1]

Substitution for the Hankel function in £q.(7.2-8) by the expression in
£9.{7.2-8 ) and integrating ( see for example Ref. 83 ) gives an
approximate expression for the shield potential, It is decamposed into s
geametrical field ¢, and a diffracted field ¢‘ as ( Ref, 54 )z

b= &+ Py (1.2-9)

where

kR e‘*Kl
b = N(T+a-8) -‘—R— + P (T~6-6) Py
7e0= g X33
and
r Cikf
& = e’{ 5gn (T+6-6) F [Vher=R)]
4 TR, Vi (K+R)
Sk

+ Sgn (T-6,-6)

(R~
i 1o
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where -1 >
H <

o

[\
3
Q.
™M
O
N
"

Fresnel Inchm(

[T at

0

In the later sections, numerical evaluations of both Eqs.( 7.2-7) and
(7.2-9) for the semi-infinite shield wi)l be adapted in various ways so
as to approximate the sound attenuation due to finite shieiding

configurations.

4

7.3 Approximate 4etiods

The above account illustrates that a considerable effort is required, if
an exact solytion to a diffraction problem 15 to be found, 1t 15 an accept-
ed rule that closed form solutions {sther than pure symeolic ones) ara
restricted to certain basic geometries and houndary conditions. For
arbitrary configurations, numerical solutions are a possibility. Tnesa,
however, are not always very cost-effective. An alternate approach
would be via an asymptotic tneory of diffraction: tnat is, a theory #hich
retains much of the underlying physics, but discards certain features so
as to make the solution more tractable. The Kirchhoff theory of dif-
fraction is such a theory. It 1s an application of Helmholtz's formu-
Tation of Huygen's principle for monochromatic scalar waves. The theory
requires a certain representat:ive function of a sound field such as the

velocity potential or pressure to have a harmonic time dependence.

The Kirchhoff theory of diffraction involves making reasonable assumpt-
ions about the unknown quantities ¢ and S¥/3M on the surfaces of
integration. These enable the integral tc be evaluated directly. The
approximation assumes that the actua) field on the side of the surface
that is visible from the source is to be replaced by the incident field,
and by zero on the shadowed side, This neglects tne effect of
diffraction aver the obstacle and ignores any mutua) interaction between
points on the oppositz2 sides, as if the bright side of the diffracting
surface is perfectly absorbent. Tnus tne assumption is :

28 ot

b=t n - on

on bright sige
(7.3-1;
P

¢ = 0O ’ -—¢ = O
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In this way, the Kirchhoff formula can be written as { c.f. Fig. 7-1a )

e_;lx/i-L/ 26 P e_a/e/i-i.:
o) = +[f[—/i_ﬁ_/ e 1(;’? ,

where o /JN denotes differentiation along the inward normal to S. The
assumption that the front surface of the diffracting plane is perfectly
absorbent is equivalent to neglecting the diffraction effect due to an
image source; whereas the exact solution for a semi-infinite straight-
edge (Eq. 7.2-7) does account for this effect. Further consideration
shows that the boundary conditions given in Eq. (7.3-1) make ¢ and
2@ /n discontinuous as one goes around the edge from the bright zone
into the shadow zone. Physically these quantities should be continuous,

hence this denotes a further shortcoming.

Comparisons with exact theory have shown that this scheme works best if
tne wavelengtn is very small in comparison witn the typical dimensions of
the object, as encountered in optics. In contrast most physical objects
encountered in acoustics are not smal) compared with wavelength, thus
Kirchhoff's method must be applied with some caution if it is to provide
a useful comparison base for rigorous diffraction analysis. Fig.( 7.3 )
shows a comparison between the exact and Kirchhoff solution. It fis
evident that considerable discrepancy exists for all observer points
within the shadow zone, the error increasing as one goes deeper into the
shadow. This is indeed the trend shown by Pierce in Ref.( 56 ), where
the Kirchhoff approximation is justified amalytically to be valid only
if the receiver is located at or near the 'diffraction boundary layer',
i.e. region where Fresnel number N ~ 0. This approximation is
expected to be increasingly less valid the further the observer is
from the edge of the shadow zone. Although the Kirchhoff theory
does have a rather limited range of validity, it is a
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basis for development of approximate theories. For laminar obstacles,
it can be cast into a particularly simple formalism due to Rubinowicz.

This will be used later herein.

An alternative method for deriving approximate solutions of diffraction
problems is based on geometrical acoustics. Although simple ray theory
does not explain diffraction pnenomena, J.B. Keller has proposed an
extension of geometrical optics which accounts for diffraction
(Ref. 57 ). The initial strength of the diffracted ray leaving the edge
is determined by multiplying the field of the incident rays by an appro-
priate diffraction coefficient. The diffraction coefficients are deter-
mined by the local geometrical and physical properties in the immediate
neighorhood at the point of diffraction, such as the direction of incid-
ence and diffraction, the wavelength, and the geometrical and physical
properties of the media. The edge diffracted rays are also found to obey
a certain law of edge diffraction, relating a cone of a diffracted rays
to the angle the incident ray makes to the edge at the point of diffrac-
tion. Keller shows that this approximate solution for diffraction is the
asymptotic expansion of the exac* solution for Fresnel numbers that are
large compared with unity. Keller's geometric optic approach is,
however, not very useful in the present context: the usual values of the
Fresnel numbers encountered in acoustics are much smaller than the
values attained in optics, the discipline from which the theory has

acquired most of its experimental confirmation.

For simple shapes, there are numerous engineering prediction schemes

based upon asymptotic or approximate solutions. These do not rely on




cumbersome solutions, instead charts and monographs are employed
(fefs, 58-61) . The solutions are mostly empirical formulas based on
theoretical approximation with field experience. Often explicit
correction factors are applied. Such methods are useful for a quick and

convenient estimate of barrier performance.

Keller has derived an asymptotic solution for diffraction of spherical

waves by semi-infinite barrier as ( Ref. 61 ): { Fig.7 - &)

d ey
AdB = -20 Io; f —.?ab;——-——-?ol"}
arfim Ats 1+ df(at8)
1 co5 £ (8-0)
sy (r+ Sin £ (Eh()) (7.2-3)

-do ZQ,

Kurze and Anderson in Ref. { 61 ) pointed out that Eq. ( 7.3 - 3 ) does
not yield the correct solution for the case when the Fresnel number N is
zero: this corresponds to the case when the source, the diffracting
edge, and the receiver are collinear. When the field point and the
source point is sufficiently far away from the plane of the barrier, the
exact value of the insertion loss for N = Q is 5 d8. The following
approximation to £€q. ( 7.3 - 3 ), altered by the S dB correction, is

given by Kurze ( Ref. 61 ) as

2N

Aank ¥ ATN

AdB = {20 /g} +5'} d8  (7.3-4)

€q. { 7.3 -4 ) is plotted inFig. { 7 - 5 ) and is in good agreement with

Maekawa's measurements for N > 1.

4

7.4 Rubinowic2‘'s Line Integral Theory of Diffraction

This section outlines a very attractive approach in which the diffract-
ion field component of the Kirchhoff integral is transformed into a line
integral along the edge of the diffracting body. Rubinowicz's diffract-

ion formula is (Ref.13 ):

_ka ckr . — J-
{ [e " € r-(fxdl
PP =xh(p - al7 T T

(7.4-1)

with o = 0 or 1, depending on whether the field point is or is not in
the geometrical shadow; » and T denote vectors fram the source and

field point to the edge element ET, respectively.

The above formula states that the diffracted field potential can be
regarded as being generated by a fictitious Vine of acoustic sources placed
on the rim of the diffracting body. Although this formalism also suffers
from the drawbacks arising from the Kirchhoff approximation, the contour
integral provides an approximate method for taking the effect of complex
geometry in diffraction into account ( For example, a hyperbolic cutout

section along the edge of a flat shield ),

The transformation of the Kirchhoff integral Eq.{7.3-2) from an

integral over the area of the surface of the thin barrier to a line

integral around the barrier is given in Refs.( 13 ) and { BO ). The

approach af Ref.{ 60 )} is cutlined here to illustrate the formalism with
80




the aid of Fig.(7.6a8 ). The illuminated side S2 of the abstacle is
separated from the 'dark' side 53 by the simple closed curve I' . Rays
from the source passing through points of [ and beyond define a kind of
cone. Since the surface So that encircles the source is arbitrary, the
value of associated surface integral will not be altered if the surface
is deformed, provided that the observation point P remains outside.
Here, with S, kept constant, S, is deformed as in Fig.(7-eb) such
that the original So is composed of two open surface S4 and S‘z with [’

as their rim. Hence one gets

5.t 52 RIS
Since the normals to S2 and S'z point in opposite directions, the
contributions to the surface integral over these portions will cancel.
The surface integral over So and S2 as indicated in Eq.{ 7.3-2) is
thus reduced to an integral over an ‘arbitrary‘ unclosed surface S‘. 1t
also fallows that the value of the integral does nat depend on the actual
shape of the open surface, but only on the form of the rim |° . In fact,
it has been shown in Ref.{ 50 , p.74-73 ) that the surface integral over
an unclosed surface can be transformed into a line integral along the rim

via the Maggi transformation :

_/_j e—il’/i—i.l )¢‘ _ _9 e_;k/i—i.l /s f é‘.‘(e-‘"rr‘.(fxd?)
47’! R~R, dn ' on /i-?.l] ";'{rr F gt
s
(74-2)

where 3/5w denotes differentiation along the inward normal to S.

Y

0
Hence, for the diffraction geometry of Fig. 7.1-a . the Kirchhoff

integral can be expressed as

_ikp Sk = = T
f e _C_ r-(Pxdl)
olp) ==hp - Erf AT d

where ol = 0 or 1 according as P is or is not in the geometrical
shadow. The effective source at the edge is of monopole type and its
strength is determined from the direct path fram the source to the

particular element of the diffracting edge. The term

F.(Fxdl)
re+ Ff

is the inclination factor of the edge wave, and the line integral is
sometimes interpreted as generating a ‘'boundary diffraction wave'.
Since this quantity is real, the edge wave has the same phase as the
direct wave that travels from the source to the edge before being diffr-

acted by the edge.




7.5 RESULTS AND DISCUSSION

Semi-Infinite Configurations ( Straight-Edged Barrier )

7.5.1 Comparison of Theory and Experiment

It was mentioned in section ( 6.2 ) that the shield insertion 1oss in the
point source experiments was evaluated by 2 variety of methods including
cross spectral density (for broad band excitation) and signal averaging
plus Fourier transform (for pulse train excitation). Comparative power
spectra measurements via pure tone excitation, warbled tones and 1/3
octave filtered noise were also used for the insertion lass measure-
ments. In general, these methods show comparable results with the
exception of pure and warbled tone excitation. Here an apparent wave
interference causes the data to shaw fluctuations about the smooth

results obtained by other measurement techniques.

The measured attenuation obtained by Cross spectral density measurements
of the input to the point source and the far field microphone signal is
shown in Fig.{ 7.7 ) together with the theoretical results from the exact
solution given by €9.( 7.2 - 7 ). The results are plotted as functions
of the Fresnel number N, defined geometrically as in Fig. 2-3. The
theoretical curve was generated by numerical integration of Eq.( 7.2 -7)
The infinite interval is reduced to a finite interval by ignoring
the 'tail’ of the integrand. This tail was estimated for various values
of the upper limit in the integral for negligible truncation error. A
computer program listing for the half plane diffraction using the exact

solution is given in Appendix G {Computer listing #1),

Referring to £q. (7.2 - 7)., tne tnesretical insartion 13ss 1n d3 15 2ivan
by -20 log |6 /¢;|. Tais is a function of the four indapandent
varlables'. R]. ], 00. 9, the first two of which are normalized Ny
wavelengtn, Tnis takes care of the frequency dependence. T2 dependenca
of the solution upon thase variables wmplies that a given degree of
attenuation can be achieved with various combinations of source and
receiver positions. An exanple is illustratad in Fig. {7 - 4}, where
the plane Oo is unfolded to the plane @. Tne nondimensignal shortest
distance is therefore a straight line in the unfolded plane. Here the
independent variables, hence the attenuation, are kept constant in each
case. These independent variables can be expressed in non-dimansional
form as kR, le. OQ and 8, the first two of wnich may can be combined to

form the Fresnel number

N ={2/a} Ry - R) {7.5.1)
=lk/x} Ry - R)
Replacing this four-fold dependence (xR, N, 00.0) by a dominant
dependence on the Fresnel number N is common, and 1s supportes by
experiment, There remains a weak dependence on three of the original
four variables. These three then become ‘hidden variables' in a plot of
insertion loss vs. the single variable N. A more detailed discussion is

postponed to a later section.

* From £q. 7.2 - 7, it appears taat the insertion 1oss is governed by
five non-dimensional variables kR, le. ¥R, and angles 8 and 00.
KR’ however, can be deduced fFron faur other paranaters:

. KR - (kR)* s
kR ={(kR)¢+ {Z_fak)m))/‘jj [ws(g- -)—CDS(O"’.ZI}
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The nine plots of Fig. (7 - 7) refer to three microphone positions at 40,
60,and 90 degrees with respect to the jet axis‘, and three effective
source frequencies 4, 6 and 8 kHz, The point source is located along
the jet axis and its position is varied from x/D = 1 to 15 (cf. Fig. 6 - 2)
to alter Fresnel number N. The range of N covered is approximately from 0
to 13. The plane of the microphone traverse direction is perpendicular

to the shield and also contains the line traversed by the point source.

With the use of the virtually ideal UTIAS point source and carefully
conducted experiments, there is, for the most part, very good agreement
(average deviation less than 1 d8 ) between the data and the theoretical
predictions. Some residual bumpiness suggests the existence of inter-
ference effects. The maximum deviation from the predicted values is 1.5
dB for data obtained at microphone positions of 40 and (4 kHz only) at 60
degrees.  The best agreement appears to pe obtained at 90° (al

frequencies) and for the two higher frequencies at 60°.

The experimental insertion loss points from Fig. (7-7) for various
combinations of source frequencies and shielding geometries are super-
posed onto a single graph of insertion loss vs Fresnel number (Fig. 7-
9a). For a fixed Fresnel number, it can be seen that the scatter range
is considerably larger than when each case is observed individually.
This was further examined by plotting the corresponding theoretically
determined points for all nine cases of Fig. (7-7) on the same graph
(Fig. 7-9b}. One can see that the calculated points do not fall nearly

along a simple curve, but instead they define a scatter band. This

* The jet nozzle is present to be used for . jet shielding
measurements; there is no jet flow in the presen. experiments.

represents an apparent indeterminacy due to ‘hidden variables',
mentioned earlier. It reflects the fact that although N is the dominant
variable, there are three other weak variables that have been hidden in
the plot. The scatter band arises from the uncontrolled variations in

these hidden variables from one to another of the nine cases.

The effect of these 'weak' variables (kR, @, 00) was examined by varying
each parameter one at a time. Curves of attenuation vs source/receiver
separation kR for a series of Fresne) numbers are plotted in Fig. 7-10;
the calculations are based on Eq. 7.2 - 7 with °o = 0% and any receiver
angle @ (i.e. source or receiver on shield suriace). For values of G
other than 0, similar curves have been obtained. It can De seen from
Fig. (7-10) that the weak parameters kR, 9, 0-00 have a noticeable
effect on attenuation besides that due to the strong parameter N. The
variation, however, decreases with increasing kR and approaches 2
certain value asymptotically. For each set of specified valyes of 9, Oo.
kR, and N, there are restrictions in allowable source/receiver positions
that are compatible with a given set of parameters. For example, for
given kR, 00, Q there 5 a maxtmum value of N that occurs at 2z - 7, " 0

*
and '/"u =] . This corresponds to the intersection points of the curves

* For given kR, O, °o one can show that Nn“ occurs when 2R,/2(r/r) and
3R /2(z-2,) vanish. From this one obtains the required conditions as:

z- 2, % 0 and r/r, = 1. Hence from Eq. (7.5-1) we have
Moy " wkR({2/(1-cosco-a,)~ l)
KRain  * "fN/ (/2 (1~costo-a)) - l)
9 -8
e alng)
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for constant N and 0-00 in Fig. {7-10). The abscissa of the intersection
point is the minimum allowable kR value to sustain a given fresnel
number For a fixed N, the minimum aliowable kR value generally
decreases with increasing angular separation 0-0o between the source and
receiver, This is because as the diffraction angle increases, a given
patn length difference can be maintained with a smaller source/receiver
separation R. These curves also show that the diffraction angle 0-00
clearly has a more noticeable effect on attenuation than kR for kR > 30
and N < 20. The dimensionless parameter kR of the measurement points is
quite large ( > 100); it is thus concluded that the scatter band is not
much contributed to by variations in kR, but is primarily due to

variations in the source angle 00 or 0-00.

The experimental attenuation points for all nine cases of Fig.(7-7)
are superposed on the theoretical band vs. Fresnel number (Fig. 7-9b) in
Fig. (7-11). The data collapse is very good, only occasionally departing

from the theoretical band by as little as 1.5 d8.

The asymptotic solution via the Fresnel integral £q. ( 7.2-9 ) has also
been computed with an asymptotic series representation for the real and
imaginary part of the integrand., As expected, the approximate solution
is in good agreement with the exact solution since the Fresnel number is
quite large and the dimensionless parameter le (Eq. 7.2-7 ) has a value

well above 100 for the geometry considered experimentally { Table 1).
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7.5.2. _Exact vs Approximate Solution

To examine the feasibility of the engineering scheme, the prediction

from Eq.( 7.3-4 )

b8 d8 = {zo log TN

+5 } dB 73 -4
lanh VTN

is plotted in Fig.( 7-13 ) together with the exact solution
(Eq. 7.8-7) for several source-receiver geometries. The approximate
formula is at most 1.5 dB from the exact solution. This agreement is
Quite good if we consider that only one parameter, N, is involved in the
formyla whereas the exact solution requires four: it depend on features
of the geometry as well as on N. As seen from Fig.( 7-12 ), the
approximate scheme consistently overpredicts the exact solution for

the geometry of the present experiments by 1.5 dB for these geometries,

The discrepancy in the approximate solution (Eq. 7.3-4) is in fact due to
the dependence of the solution upon some of the ‘weak’ parameters
contained in the exact solution, For the particular geometries
considered (Fig, 7-12 ), it can be shown that the disagreement is

explained by variations in the angular dependence, 00 and 8-90.

This $s illustrated in Fig.{7-18) by plots of exact solutions

showing the effect of the angular dependence of the solution on the
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source angle 00 and the observer angle © in reference to the barrier
plane, For each N, the dashed line shows the attenuation calculated by
the approximate solution (Eg. 7.3-4}, which is clearly a constant
function of (0—00). Over the range of Fresnel numbers for those
geometries considered in Fig.( 7-12 ), the approximate solution over-
predicts the exact solution far N > 1 and underpredicts for N < 1. A
case is considered below where the expected discrepancy, which can be
deduced from Fig. { 7-13 ), is shown to be compatible with the trend
indicated in Fig. { 7-12C ). For this shielding configuration simple
geometrical calculations show that the measurements for ¥ > 1 correspond
to a change in value of 8 from 119 to 37° and 8-8, from 270° to 2849 as &

approaches 1 from the higher values. More precisely,

N2l ~ 08, =280%, 8 - 3°
O - Q
N=5 — 9-8 =264°, g =17

The computations are based on kR = 200; a value tm’ca) for most cases
exaninec experimentally, For the above values of the parameters, one can
see that the expected discrepancy, as estimated from Fig.(7-13)
(indicated by arrows}, carresponds very closely to the error indicated in
Fig. (7-12C) for the corresponding N. For N-=0, 8-8 —180°, it is
quite clear from Fig. [7-13} that the approximate solution predicts a
fower attenuation than the exact solution, this aliso confirms the trend
inFig, (7 -12). [t should be noted that the boundary of the shaded zone in
Fig. {7-12) marks the minimum allowable diffraction angle 8-0; for
designated values of Fresnel numbers. Effectively, the attenuation

occurring at {9-0

o )min ts the maximum attainable for given N, kR and 8,
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7.5.3. Modified Semi-Infinite Configuratioms { Hyperbolic Cutsuts )

Other than the integral equation approach, there is nc known analytical
solution for predicting the difffraction of sound for complicated
geametries. Although the solutions for the classica) problem of diffrac-
tion by semi-infinite thin screen sre adequate for many practical sit-
uations, it i5 sometimes necessary to consider the effect of a pertur-
bation to the shape of basically similar barriers. When dealing with a
geometry such as a hyperbo)ic cutout along an edge of a thin barrier, the
straightedged solution is clearly nat applicable.

As dfscussed in section ( 7-4 }, the approach due to Maggi and
Rubinaw{cz shows that the vaiue of the surface integral in the Kirchhoff
formula depends only on the shape of the rim of the unclosed surface; in
fact, the surface integra) is replaced by a Tine integral. Thus, one
would expect that the Yine integra) could accommodate a change in shape
of the contour along the edge.

In recent publications Embleton { Ref.@82,83) has applied the line
integral to calculate the barrfer attenuation in the presence of the
ground. Embleton has gone further and transformed Eq.( 7.4-1) from a
1ine integra) to an ordinary single variable integral. His modified
versfon of Eq.{ 7.4-1 ) which gives the diffracted field in the shadow
zone is ( Ref, 6@ ) ( Fig. 7-14 ) :




A & psine
m E

b= -

N/lt/e

E = (Bt s ) [ 1. sing o' coslpr s’ % - 13 s 0 o5p]

{(7.6-2)

However, the above transformed integral is only applicable for a
P straightedged barrier. For the present purpose, the original form as in
Eq.( 7.4-1) is more appropriate when the diffracting object is arbitra-

rily shaped,

For a semi-infinite barrier, the line integral is evaluated along the
edge which extends to infinity and joins by a semi-circular arc to both
ends. In the present configuration, the point source is located much

closer to the edge than is the observer. The dominant contribution to

the line integral for the diffracted field, which can be thought of as
representing fictitions acoustic sources along the edge of the barrier,
will come from a relatively short section of the edge located nearest to
the source. Hence the 1ine integral need not necessarily be performed

over the entire length of the barrier.
To test the above assumption, Eq.( 7.4-1 ) is evaluated for a straight-

edged barrier with the line integral performed over various distances on

one side of the axis of symmetry (and doubled), The value of the
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integral exhibits a damped oscillatory <characteristac  apout an
asymptotic value (Fig. 7-15 ). For a frequency of 3 kHz, the :alcalat-
tons indicate that a half-span about 6 wave-lengths from *ne point of
closest distance to the source is sufficient for a source located at
about 15 0 (6.7 wave-lengths) from the edge (F1g. 7-15b ). If the source
is moved closer to the edge, the half-span integrating distance required
by the line integral decreases. For a source-to-edge separation of less
than 8 D (3.6 wave-lengths), it is only necessary to perform tne line
integration for 4 wave-tengths along the edge to yield an error of less than
0.5 d8 (Fig. 7-15¢ ). In each case, the half-span line segment of
integration is approximately equal to the source/edge separation, This

i5 also found to be true for other frequencies.

The strength of the sources at the edge is inversely proportional to the
distance of the point source from an edge element. The length of the
effective line source (see above) equals about twice the source/edge
separation. Thus the diffracted field effectively originates éram a
finite distribution of simple sources with a sound source intensity
varying fron 2 maximum valye, determined by shortest distance fram the
edge to the source, up to a point where the effective stirength is

decreased by a factor of 707 {i.e. 3 dB).

For comparison, Embleton‘'s formula (£q. 7.5-2 ) is also evaluated for
various value of 8 for a straight-edge. 4§ is the angle specifying the
location of the line element along the edge relative to the receiver
(Fig. 7-14 ), Taking symmetry into account, the edge wave is generated

as B varies from 0 to x/2 for an edge that oxtends to infinity. The
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calculations indicate that an upper lmit of 8 = 10° gives an error of
less than 0.5 dB. From the geometry, this corresponds to a distance of
about 6.5 wave-lengths from the axis of symmetry, in good agreement with

the previous result.

In view of these findings, the sound field as predicted by the line
integra) theory is calculated herein with the lowest appropriate upper
limit in the numerical integration. This is done to save CPU time on
computer. Calculations comparing the exact solution with the line
integral approximation are shown in Fig.( 7-12 ). Since the line
integral formulation is a development of the Kirchhoff theory of diffr-
action, it also contains all the shortcomings of the original Kirchhoff
approximation. The results show a discrepancy similar to that in
Fig.( 7-3D )}, namely an over-prediction. Generally speaking, the
accuracy improves in the region close to the shadow boundary where the

Fresnel number N approaches zero.

As discussed earlier, Rubinowicz's diffraction integral suggests that
the strycture of the edge wave generated at the rim of a barrier depends
only on the separation and orientation of the sdge elament, with respect
to the source, at the point of diffraction: this determines the strength
of the simple sources on the edge and the inclinatfon factor. [t 1s also
noted that in this theory each point on the contour does not influence
the other points on the contour. This assumption of no mutval inter-
ference seems unrealistic in the case of the field diffracted by narrow

stits or cutouts whose opening is less than a few wave-length across.
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To evaluate the diffracted field due to a cutout by means of the line
integral (Eq. 7.4.1), suppose (x,y,2) denotes an arbitrary point lying
on the edge (Fig. 7-16). One can write:

F= (x-z) + Fs] + 2k @

]

R
it

7 -~} +2hk (k)

Frdi = [gdaji +[2dn-ce-sode]}~[ 0T ko
F(Pxdl) =[- 24 ) dx + [X s + g (x-%)] dz )
Fof = 2 (x=2s)~ fsffr + 27 e

(7.5-3)

where source point = (x,. -y., 0), and field point = (0, ¥,.. 0).

Along the straight portion of the edge

dx = dl

whereas along the cutout portion

4X = .A.!———-
V7 +(d2/dx)*
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applies for constant step of dl. The diffracted field is calculated by
substituting £q. (7.8-3) into Eq. (7.4-1). As for the straight-edged
configuration, the line integral need only be performed numerically
along the shield edge for some distance where the sources along the rim

contribute significantly to the diffracted wave.

Prigr to applying this prediction scheme to the hyperbolic cutout, the
present method was examined on a cutout following a cosine shape. This
form allows the cutout contour to blend fn smoothly with the straight
portion. A feature which is appropriate for examining the effect of

varying the cutout width. The form of cantour chosen was

/D = 12 - cos ( NZ/T,) 78-4

where 2z, denotes the cutout halfwidth. The straight-edged portion
(z 2 2.} has a shield length of 16 D. The vertex point of the contour 1s
at 8 0. The source and field points are located as in Fig. (7-18 }, This
particular geometry and the basic shield lengths are typical of config-

urations tested experimentally.

The change in attenuation of a cosine cutout is plotted in Fig. ( 7-17 }
with respect to a semi-infinite straight-edged barrier without a cutout.
The source frequency is 8 kHz, and the attenuation is plotted against
normalized cutout half-width z./ . There s no change in attenuation at
Zy /A ® 2.4 . Surprisingly, if the cutout width is narrower than this
value, there is an apparent improved shielding performance over that of

the datum rectangular shield. This may be due to interference due to
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close proximity of the edges. For cutout widths of the order of 3 or 4
wave-lengths the performance of the barrier deteriorates at a rate of
about 1 dB per wave-length increase in width. Beyond a cutout width of 6
wave-lengths, the attenuation is relatively insensitive to further
increase in the cutout width. This is consistent with the previous
results for a straight-edge calculation where, for that shielding
geometry, only a limited extent of sources along the edge make signifi-

cant contribution to the diffracted sound field.

This cosine shape calculation leads us to computation of the diffracted
field due to a semi-infinite planar straight-edged shield with a hyper-
s0lic cutout section via the Yine integral approach. [f one takes the
center point of the nozzle exit as the origin of coordinates, the cutout

is represented by the equation of & hyperbola in the form ( Fig, 7-18 .,

oyl 2

tan A (7.5-5)

X =

Where
h = distance of jet axis from shield
D = jet diameter
« = half angle of cone
(later identified with threshold cone of interterence of a

Jet).
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The diffracted sound field due to this cutout can be calculated by using
€q. (7.5 - 3) and Eq.(7.5 - §). The result for this configuration shows
higher attenuation than the corresponding cosine cutout with identical
cutout width at the edge. This shows that the shielding effect is very
much influenced by the geometry of the contour (i.e. the inclination

factor).

[t is quite clear that the discrepancies in the Rubinowicz Yine integral
results are quite substantial in the shielding calculation for a straight-
edged barrier. Depending on the source and receiver positions, the error
can be as large as 8 dB over a wide range of Fresnel numbers (Fig.7-12).
Similarly, there should be comparable errors in the same direction
between the measurements and the results from the line integral theary
evaluated for a cutout. This expected trend is consistent with the fact
that the inclination factor of the edge wave depends solely upon the
geometry of the boundary. Each line element dl can be interpreted as a
portion of a hypothetical straight-edged barrier (Fig. 7 - 19). In
general, therefore, one can anticipate that the error associated with a
cutout configuration should be comparable to that of a straight-edged
barrier.  Thus, for similar source-shield pasitions, the numerical
results calcutated for a cutout configuration can be adjusted via an
appropriate approximate correction factor that can be determined from
the straight-edge calculations. It can be seen from Fig. (7-19) that the
hypothetical straight-edged barrier height ‘h' corresponding to a line
element di varies as the slope of d1 varies, 1In general ‘h* is a
function of distance along the contour. For a hyperbolic cutout, 'h* is

largest for a line element at the vertex point and decreases to fts
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smallest value at the end point of the contour. It is quite clear from
Fig. (7-12) that as the Fresnel number decreases, 1.e. as barrier height
decreases, the accuracy of the line integral improves. To this end, the
decision was made to derive a correction factor that was based on the
largest ‘n', i.e. a point on the contour corresponding to the path of the
shortest diffracted ray, for the particular source/receiver geometry.
For example, comparison between the exact solution (€q. 7.2 -7) and the
Vine *-tegral solution for frequencies between 4 k to 8 kHz shows an
= " ranging from sbout 6 dB at a source to edge distance 's' of /D=6
to 3., dB at s/u = 2 for a semi-infinite straight-edged barrier. With
these values applied with reversed sign as a correction to a cutout
configuration with similar source-shield positions, one can see that the
calculated results agree with experimental measurements within
acceptable limits (Table 2-A). Here the shielding geometry is identical

to Fig.(7-16), with the hyperbolic cutout replacing the cosine cutout.

Furthermore, ignoring any mutual interference effects that might exist
between the boundary diffraction waves that are generated along the
cutout contour, it is expected that the shielding performance of a hyper-
bolic cutout which occupies a certain portion of a straight-edged barrier
should be between the attenuation provided by the corresponding
straight-edged barrier without a cutout and one that extends up to the
vertex point. This behaviour is indeed observed for sources located at
less than 2 D from the vertex point of the cutout along tve axis of
sywretry. Thus correction factors based on the average per-ormance of
such a configuration can be derived. The analytical predictions so
deduced are seen to track the point source measyrements with an improved

accuracy (Table 2-8).
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Finite Configurations

7.5.4 Planar Rectangular Shields

The semi-infinite configurations were studied in order to provide a
baseline comparison with other shielding configurations. As opposed to
empirical correlations, it has the attraction of being amenable to
rigorous theoretical prediction of the shielding attenuation. As
discussed below, the analysis also serves as a basis for approximate

solutions for finite planar configurations.

In practical applications we must consider finite shielding configur-
ations. The boundary value problem formulated for a planar configur-
ation usually involves Wiener-Hopf techniques. These give a system of
integral equations that are often very difficult to solve exactly. Among
the few cases where solutions exist, the one that has the closest resem-
blance to a planar rectangular shape is that of a semi-infinite strip.
The solution is expressed in terms of Mathieu functions and is not
directly applicable for finite size ( Ref. 4 3 ). Because of the
short-comings, it may be preferable to obtain approximate closed form

solution for finite barrier in terms of semi-infinite barrier solutions.

One method for approximating the shielding by a finite rectangular
shield is suggested by Broadbent and others ( Refs. 55,52,54,61 ) : one
apply the semi-infinite half plane solution for the potential to
each edge of the shield. The magnitude of the sum of the complex valued

pressures is considered to approximate the total field. This method is
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justified by the principle of stationary phase when tne :ncijent wive-
length is sufficiently small comparei to other distances, From
Eq.( 7.4-1 ) or Eq. { 7.3-2 ), one sees that the inteqrand -onsist. of
the product of a complex exponential with a phase dependance of x, @+ ¢

and an obliquity factor in the form of f((-")/fr. When the wave number k
is large, the dominant contribution to the integral comes from points at
which the phase is stationary {Refs. 52,55) . For a straight edge, this
corresponds to the points at which the path length from the source to the
observer is minimum. This then implies that in the high frequency limit
one can take a given edge of a finite shield, and calculate the shielding
due to that edge as if it were extending to plus and minus infinity, by

means of the semi-infinite half plane solution.

This method of approximating shielding of a finite barrier by summing the
diffracted field calculated for each edge separately using the cor-
responding semi-infinite solution also amdunts to assuming there is no
mutua)l interference between the incident wave at the diffracting edges,
This can be justified if the separation ‘d' of the edges is a few
wavelengths across. For the present configuration, the ratio of the
widtn to wavelength dm = 3.6, 5.4, and 7.2 for frequencies of 4, 6, 8 kHz

respectively.
The accuracy of the above scheme was tested with a source/shield arrange-

ment as shown in ( Fig 7-20 ). The location of the point source is

varied between the two long edges. At any source position, the two long
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edges will contribute more significantly than the short edges which are
relatively far away fram the point source. This geometry has practical
relevance to typical jet-source/wing-shield configuration, and hence it
is desirable to determine the accuracy of the method for wing shielding

of jet sources.

The effect of the corners of a rectangular shield is discussed in Ref. 52.

The contribution of a corner is shown to be substantially less than that
of an edge in the regime where the method of stationary phase is
applicable. Hence, for a rectangular shield where the corners are
sufficiently far away from the point of minimum path length, the main

contribution will be due to edge diffraction alone.

The predicted and measured shielding are plotted as a function of dis-
tance fram one edge in Fig.( 7-21 ). The top and bottom edges were
neglected in the calculation due to their large distances from the point
source as compared to the other two edges. Also, in the experimental
setup, the bottom edge was secured at several points to a base in close
contact with the edge for maintaining proper orientation. In contrast to
the semi-infinite configuration, the diffraction pattern for a finite
shield consists of a series of peaks and troughs of considerable

amplitudes.

11

The quantitative agreement is very good except for several of the highest
peaks.  Any discrepancies in the form of overprediction or under-
prediction of the amplitude are )imited to the range of 1 to 4 dB. This
could be due to inaccuracy in positioning of the point source. This
source of experimentally induced error is more apparent in the finite
configuration than in the semi-infinite case. Another contributing
factor to the error is the presence of the settling chamber for the mode)
air jet in the close proximity of the shield (Fig. 7-20 ) in the experi-
mental setup. Even though this chamber is covered with fibreglass there
may be some reflectfons. These will alter the incident sound field at

one edge to some degree.

At source locations near the downstream edge and at ¢ = 40° , there is
more significant contribution from this edge than other edges by virtue
of the large difference in Fresnel number. It can be seen that the
prediction scheme shows fairly good agreement with these measurements,

where the error caused by reflection is less significant.
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7.5.5 Half Round Shields

The half round cylindrical scoop shield is a more complex shape than the
planar shield. Exact or approximate closed form solution are not
available in the literature. The alternative is the generalized
integral equation approach which can be formulated specifically for any
particular problem. Diffraction by thin sheets have been solved by the
integra) equation methods (Refs. 46,49). In particular, the formulation
and method of solution due to Terai (Ref.4® ) will be developed and
adapted herein to solve the diffracted sound field around a rigid haif

circular cylindrical shell.

As discussed in section71, £q9s.{ 7.1-7) and { 7.1-8 ) are central to
the calculation of acoustic scattering from arbitrary shapes. These are
integral egquations of the second kind characterizing the diffraction

phenomenon in the form of :

f(x) = ) + [K(x,;)f(y) df (7.5-6)

with g , and k given and f is the unknown function. In general for
arbitrary body shapes, numerical procedures must be employed to obtain

sclutions.

As stated before, the field potential ¢ in E s.{ 7.1-7 ) and

( 7.1-8 ) ts that of the total wave and is comp.sed of the incident

freld potential and the diffracted potential ﬂa. For an acoustically
hard surface, the appropriate boundary condition is Ap/an =0on S. [a
order to take adventage of the homogenity of the boundary condition for a

hard surface, it 1s usually more convenient to use Eq.( 7.1-8 ).

Now, a thin rigid plate can be considered as the limit at which the

thickness of a finite body decreases to zers. In this case, €qs.(7.1-2)

and  (7.1-8), which are appropriate for finite bodies, require

modifications. The following integral equations replacing Eqs. (7.1-7)

and (7.1 - 8) respectively are appropriate for thin plates as presented ‘
by Terai (Ref, 49):

3190+ dm)- 4 + [[{[#m- ¢(¢,;JgTG’(w_
[2261 9¢fm] Gonlds,

an,
(7.5-7)

obm , 29w ' Glep
[371, FEN ] + /f (o9~ 2915755 o7,

[3_1) Qﬂﬁ)] ”}C/S
ony Im, 1%
(7.5-8)
were 3/3M denotes Jiffersntistion tn tne 4 rection of tae normal 1
the plate takan outward from gne of tne surfaces of tne plate ing ten

supscripts (1), (2) denots poiats an AAPASIts o1 dag Af sns oty oy,
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Using Eq.{ 7.5-8), with d¢/3n= 0 applied on both surfaces of S, the

integral equation reduces to

' Gtr.
- // ¢(7:)‘ ¢(7 )] 27 ;7;; 45’ (7.5-9)

Eq.{ 7.5-8 ) is an integral equation of the first kind written in the

g = f fa Kexyy dy

with g(x) and K(x,y) given. The prablem is to solve for the unknown
function f(y). The function K 1is call the kernel of the integral
equation. With the free space Green's function defined as (see Fig.

7.228):

G(P,0) = GREEN'S FUNCTION
-ik|R-Ro
[

= AT IRR

and v « RE, r ARA[, the kernel K 1s expressed as :

z ik,

e
K(?/j) = '3—71/’3'"’ [T]

s___{[/('r’ 3ikr-310F- RI0F- M) 411 + ke, g1}

4

(7.5-10)

(7.8-11)

The kernel can be interpreted as the gradient in the ﬁq direction of the

field at point g due to a unit dipole with axis ﬁp at point p.

A numerical representation of the integral equation can be obtained with
the elementary discretization method : that is, the surface is divided
into a finite number of elemental areas. The area of each element must be
taken sufficiently small, i.e. dimensions << A . From this, we can
assume that the surface potential within the element is constant and

represented by the value at the center.

Under these considerations, the unknown potenttal function in EqQ.(7.5-8)
can be taken outside the integral sign and the resulting integral
equation is discretized and converted into a system of simultaneous

algebraic equations :

i (76-1238)

which may also be written as
(F]=[x][e] (7.5-12b)
Here [o] is a column matrix for the unknown surface potential jump.
[K] is a square matrix defined by the kernel function.

[F] is a known column matrix denoting the negative of the

incident normal velocity component 3@ /am . on the surface.
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Thus when p=q, r vanishes (Fig. 7-22a ), and the integrand (kernel)
-ikr/r3 .

The body surface is subdivided intoc m elemental areas (finite elements)

(Fig. 7-22b). F, refers to the center of the i-th element, ¢, to tne becames singular due to the factor e the form in Eq.( 7.5-13 )

. then i licable. To ine th havi f the si kernel,
center of the j-th element, K\'J is the mutual influence kernel is then inapplical examine the behaviour of the singular kerne

(£q. 7.5-11) referring to both elements one may consider the use of planar elements that are sufficiently small
q. 7.5- .

in size to fit quite reasonably well into a surface to approximate an

N ical solution of Eq.( 7.5-12) involves arbitrary body. In any event, even when planar elements can not be used
umer olu . 7.5-

readily, regardless of the t chosen, the curvature of the element 1s
1) Evalyation of the kernel function Kig = [K] over all Y. ey ype

. usually small. Thus, the behaviour of the kernel as the point
combinations of i =1.,..m, and j = 1 ...m, y P e

(2)  Evaluation of [#] via [Ki'[F] . the matrix inversion approaches the point q can be investigated by considering a planar

element in the neighborhood of such a point.
and subsequent multiplication is performed on a digital g P

computer,

To treat the singularit the first step is to transform the surface
The input data includes the coordinates of the control points where the ¢ Y P

integral to a line integral around the boundary of the element
surface potential jump is to be calculated, the outward normal at each 9 9 y

Ref. 49 ). Assuming a point P is at a distance 2z above the plane that
point, and the normal component of the acoustic velocity 3¢ /am at the ( 9 4

. contains the element (Fig. 7-23b ), one can write
control points.

2z 2
Recall that the matrix coefficient are definea by integrals of the form: r’f =r 2
= f’-]’ z
a" ~ikr —ikr rdr = 4 a’f
€ = e "—'—';-7/)‘ ren bt
ffW?_)’[T]JS ff ’_’{[kr 31kr 3.)[ ,][ 7] + dm{ ﬂ“{ssz ’.d’.da
" A
[/ +ikr] [71,777]}515 element 6 n
(76-13) If the element contains the point p, then the kernel becomes singular at

the point where p=q, 8s a point P off the surface approaches the point p

along a norma!l Rp {Fig. 7-23b ). For this particular case, one excludes
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the point where {’= 0 and surrounds it with a small circle of radius o .

1t follows that
A A A 2
(F-Mp Y F-mg) = (B/F)
Therefore, Eq.(7.5-13 ) can be written as

o]

T (/+2kr)} rdrds

Re) _ikr 2.2
i; {[ 3crikry+Ckr?*](£) -
r (7.5-14)

The integration with respect to the variable r is evaluated by m:ans of

integration by parts, applied successively to terms of the form :

ik —ikr .
e’ dr = = £— - [ik é‘krdr
re 3rs 3rs
~ckr -ckr . ~ckr
]‘ [ A _/‘ ck € gn
r3 ar? 2 r
~ikr —ikr —ikr
and e _ _ € ~f ik & r
/ — dr = — f — 4

The integration yields :

e

ar e—ikr ] 2.2
K= —[dﬁ"—,_—[”*‘k")(’;’) -1]r

(7.5-15)
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In the limit as P.p, z tends to zero. The value of the integral evaluated

along the outer boundary »sc#) is

-ck po)
e

£

For the inner boundary as ¢ tends to zero,

(Fpy , (Fe7g) = ~1
hence

4 A " A 2

(r.n,)(r.'nz)=(£’_) -+ 1
this yields a factor independent of & :

—ikr 'k
e _[1+ikr-1]] =¢
o
00
Thus for an element which contains the point ‘p' where the kerne) becomes

singular, the matrix coefficient has the value

~ik pre)
Ke-d & do - amk (7.5-16)
2
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If the diffracting surface is planmar, the matrix coefficient for an
element lying in the same plane as, but not containing, the point 'p' is

given by the first term of Eq.{ 7.5-16 ). For any element,

and n-n_ =1

Eq.{ 7.5-13 ) is reduced to

K=[/£:Iir['/+ikr] dSs ) (1.507)

fdg/[__r + ¢k i_]dr

_ckr
= [ do /'[_i'f'_ ik e " ik £-)dr
—Akf(')
"f 26) (1.5-18)

where £(6) and (4(6) are the intersection of the radius vector with the
boundary and its near and far side respectively (Fig.7.23a). Eqs.(7.5-9),
{ 7.5-11 ),{ 7.5-16 ) and ( 7.5-18 ) can be used to determine the

.
distribution of the acoustic potential jump ‘Play) - $laz)' on the
surface of any thin plate by solving the system of equations (Eq. 7.5-12 )

121

4

with complex coefficients., Once the surface potential is found on the
surafce £.(7.1-56) with A@ /an = 0 can be used to calculate the total

acoustic potential at any point in the field off the diffracting body.

The accuracy of the method was tested for a rectangular plate so as to
compare with published experiemental results (Ref.49 ). This also
allows one to investigate the limitation of the formalism before
applying it to more complicated shapes. The diffracted field was
computed for a rectangular rigid panel of dimension .2m x .3m with source
- panel distance of 5 m and panel-receiver distance of .3l m. A point
source emitting a 1000 Hz tone is situated on the central axis of the
panel. The panel has been approximated by 96 square elements with
dimension L = .025 m for each side. The control points are taken as the
centroid of each element. Here the boundary condition is imposed; it

requires that the normal velocity component be

3 e-;k/n-n.r

X
<
N

27y 971, 47 | R-R,]
Sk R-R.]
- [ik+ ]w,mx.
4T )R-kl /R
{719
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where i'-i‘. denotes a vector directed from the point source to 3

control point 'p' on the body.

The ratio of the acoustic wavelength to the linear dimension L of the
element chosen is quite large, of the order »/Lz13. Thus it is clear
that kr does not vary greatly over the element. In addition if L/r is
also small (i.e. the control point is far away from the element), a first
approximation to the value of the integral of Eq. (7.6-17) can be

obtained by setting r = r where LS is the distance between each

o
control point. Under those circumstances the integrand can be treated as

a constant. Thus the matrix coefficients are determined as follows:

(a) ifp #q, Eq.{7.5-17) s approximated as

-ikr 3
e o/r0

(1 + 1kr°) . area of element
(b) 1f p =aq, Eq. { 7.5-16 ) is approximatd by replacing the
element by a disk of equal area and peforming the line integral

over the circumference (Ref. 46 ).

The results from this first approximation are plotted in Fig. {7-24 ).
The experimental measurements of Reference 49 are also shown. It can
be seen that the calculated results show only qualitative agreement and
fail to predict the locations and magnitudes of the peaks and valleys. A
further decrease in size of the element (half-divided) does not show
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noticeable improvement. The abaove approximation requires that
Liry be small., This is valid only if the element is far away from a
control point ‘'p', whereas L/r0 is not small for elements in the
immediate vicinity of point 'p'. Since the boundary condition can be
applied accurately, it is felt that the error is largely due to inability

of the approximations (a) and (b) to evaluate the kernel accurately.

An obvious alternative for a more accurate evaluation of the integral of
the kernel is to further divide the element into a number of smaller area
subelements, If necessary each subelement can be further subdivided
until an accurate- representation of the integral is obtained. However,
the subdividing scheme is time consuming on a computer; furthermore, it
is anticipated that the accuracy increases rather slowly and a more

elegant second approximation should be devised.

To this end Eqs. { 7.5-16 ) and ( 7.5-18 }, due to Terai { Ref. 49 ), are
the starting points of the present development; they give the potential
in terms of a line integral along the boundary of an element. In this
approach, it is convenient to evaluate the line integral in terms of a
loca) coordinate system sttached to an element in which the origin of the
coordinate system is taken to coincide with the control point ("1"1)

of that element.

Fig. ( 7-25 ) illustrates the geametry used to calculate the potential

at a general control point p due to an element lying in the same plane.
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With reference to the local coordinate system, the angle a changes from

0 to 2r for a complete integration around the perimeter.

On maving the change of variable

P4
ds = i dot (1.520)

E,. (75-18) naduces [

_ikpeo)
- fe ¢® 2 du
ple) &

(7.5-21)

The quantities that are varied during the integration of Eq. (7.56-21 ) are
* » ' and the Jacobian of the transformation 36 /30 . Fromthe cosine law,

is expressed as (Fig. 7-25 )

L =VL + [ —2f L cosp (1.5-22)

The Jscobian 38 /3c can be expressed as follows (Appendix F )

9

For sides . and 3 (Fig. 7-%8 )

P4 -2 tan s

Er . p

where

pw) = [’ 4 £ 28d Can o, atas smo]

Yan o = [§.2d] /14,2t deta]
e -fi[a/'a’s:x csla 4
£ d(cose, o' + sinzcotd—coz‘n(smwasa,_)]

st for Side !
For sides 2 and 4 3 (7.5-23)

Where
Pl) =[d*se’a + L2 F 2Ld C562 6, bim o + cos a.)]%

lan 0= [fo¥dtana]/[X,54] ;

¢ 1 e
W = -?-[ﬂ' qu.*t’«}'

A d (Sinb, lan's + o5 6, tandl ~ Tam & 05 6, 5 A)]
- F ﬁr Side 2
+ (1.5-24)
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The evaluation of the singular element (Eq. 7.5-18) requires but a single

integration along one line segment.

The numerical evaluation of the matrix coefficients may be performed
by many existing numerical integration schemes such as Simpson's rule,
the trapezoidal rule, and some general quadrature formulas. However,
for most bounded integrals the Gaussian method is known to yield
remarkable accuracy with only a few ordinates. In the present
calculation, a four point Gaussian quadrature formula is used to
evaluate the line 1ntegral. The Gaussian integration formula that
approximates the integration of f(x)dx between the limits 'a’ and 'b' is

expressed as

b
_ o b-a &, (b-arti + (btay
[ 00 dx $ w f[ Gmabir e

2. (1}
(7.5-25)

where w, are weighting coefficients and

t, are roots of the Legendre polynomial Pn(t) =0

In the presert context,

e-ikf(o) 26

f(x) = (7.5-26)
£ X
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For each segment of the boundary, the ordinates are given by

Xy = (0.25 t+ .5) side 1
K= (0.25¢, + 1) side 2
Xi = (0.25 L 1.5) side 3
)(i = (0.25 ti) side 4

The weighting coefficients ws and associated points t; are

t; ",
+ 0.339 981 044 0.652 145 155
+ 0.861 136 312 0.347 854 845

The matrix equations as indicated in Eq.( 7.5-12 )} are conventional
linear matrix equations except that the matrix elements are generally
complex valued. For the present work, the IMSL library subroutine LEQTIC
was used for solving these equations to obtain the surface potential. An
integral equation computer program listing for point source diffraction

by 2 rectangular flat plate is given in Appendix G (Computer Listing #2).

The calculated results from the line integral approach are compared with
the experimental ones at field points off the plate in the field at a
radius of 0.31 meter. For these results the panel was again divided into
96 elements. MWith this method, excellent agreement between the measured
and predicated value of the acoustic potential due to diffraction is
obtained (Fig. 7-26 ) except at small angles. Positive dB8 values
tndicate attenuation while negative values indicate ampltfication. Such

{s the case for the 'bright spot' on the axis of the shadow (9-180°).
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To check the number of elements needed for accurate solution, the
acoustic potential was talculated as before except for double element
size. For the cases tested a four-fold reduction in the number of
elements does not appreciably alter the results except in the region near
the peak behind the plate. This is the region where approximations
(a) and (b) (see p.123) also show the largest discrepancy (c.f. Fig.7-24).
Table 3 lists the magnitude of the surface potential jump '@(q;) - B(a,)"
obtained with N = 96 and N = 24, where N = number of elememts. Because of
symmetry, cnly one half of the distribution from one edge is shown.
Despite the difference in the values of the calculated surface potential
jump, the final solution that expresses the diffracted sound in a
logarithmic reprsentation (dB levels) appears to be accurate enough. On
a whole, it appears that the total field potential is adequately

predicted by element size less than /6 for a flat plate.

The accuracy of the integral equation scheme has been demonstrated by the
thin flat plate diffraction problem. In the next section the same
approach is adapted to the more complicated half round configuration

with slight modification due to the curvature of the surface.

4

7.5.6 Numerical Solution for Half 3Rgund Snields by DJavelopment
of Integral Ejuation Method of Terai

For a general body surface, it is possible to approximate it by a large
number of small plane elements. In the present analysis, however, there
is no real adventage to implementing this procedure for solving the
diffraction problem of a half round shield. There are two reasons.
First, the element equations can be readily formulated in terms of the
natural coordinates. From experience, this leads to considerable
simplification in the analysis. Second, although the surface can

approximated accurately by plane elements if the gridwork s
sufficiently fine. However, the number of elements that can be used is
limited by the computer storage requirement. It is sometimes
impractical to increase the accuracy by 1increasing the number of
elements; an increase in the number of element by a factor N is
accompanied by a N2 fold increase in the size of the coefficient matrix.
In some cases, the increase is in excess of the storage space available.
Aside, for comparable size of the coefficient matrix, one can expect a
higher accuracy of the solution from the cylindrical coordinate
formalism. This is due to a more accurate evaluation of the kernel

function which depends solely on the geometry of the surface.

In view of the above considerations the element equations are derived in
terms of cylindrical coordinates. Referring to F1g. ( 7-27 ), the half

round configuration is represented by the equation of a cylinder

Fix,y) = xz + y2 - R2 <2

where R is the raaius of the half =ylinder,
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The inward normal at any point p(x,y) on the surface is
A
-7F
Ny =
IvF]

A 1
—Xpl -
= __P__&_/ (7.5-27)

t 1 VL
%'+ 41

In clindrical coordinates, n_ can be expressed as np(r"p. 9"9)

p
- - -1
where Top * 1, enp tan (yp/xp) + T
Define T a vector directed from the point p to point q
where rErg - T
and where g © xqi + yqj + qu

= + +
TRl NI

The unit vector T may be written as

-7 ¥ -7 7.5-28)
rp)lqu rp| {
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In cylindrical coordinates, the two components of * are:

’ 2 '/-l
Crp = —— [ X3+ §,4°
7 TEoEI ¥9']
6’7 = /&’l-’ ¢ ,’/ x’) (7.5-29a )
Ery = 29/17- R
and
&, -1 AR e
P == Ll% 4]
s 7p
brp = 't"‘-'[é’p/ﬂ’,] (7.5-29 )
Zrp = 2p/153-1)
Thus, the dot products required by the kernel function can be expressed
as:
iyt =y A
lrg- 11

2 v1% LY 7%
=[Xy™+¥'] £05 (Oay-bry) _[x_i__*‘ ¥rl o5 (Onp-Brp)

-7l Iy~ %1
R
= = [ o5 COn=6ry) = o5 (6= 6rp)]

(7.5-300)
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ad similarly
Using Eqs. {7.5 - 30), the integrals in Eg. (7.5 - 13) can be written

2 as:

”;"“ = ‘7.;[“5(9"','5"’)—“5(5”’-57)] (5.300) :
K= [[£55 {[r-sibe- 53 B3+ sk A} ds
iRk { 2R3 [1- cosCO-B1)] + CE-2,) J%
- ﬁ e{jf(:‘[/—a-w:-o:]ﬂf;-;,){]x
E[,‘S[/n'k { 2R 1-20 (8.4,)] + (%-27}4) -
2K R [ 1~ cos (By-8)] +(2y-20] -

A A
Mp Ty = cos (Bap = 6ry) (7.5-30¢)

stnce (R, ?p) and (?-q_ ?q) potnts in cpposite direction (Fig. 7-28),

therefore
Onp = brp ;, Omp=-brp = 7

This implies R’ {(/'2 cos (97-07)4- Clﬂ‘( 9?-3?) } +

Cos ( By~ 8ry) 5 €4S (917-97) = -1 ,zfzﬂ[/—m(57—a7) + (t,—el).
R Cos (9,,~97)[ ik {2R7[ c.sco,,-o,,>]r(z,-2,)'}"ﬂ 44,42,

Upon using Eq.7.5-30, we get
" . 2 ] .‘ = -Rz
(M F)Mg-r) T,[/+ws(er,nwr—ar,)][w Cos (Oryt - 0rp] N

=-Kr-2 cos(bn~bry)+ “’-“(9’/"9’1)]
r‘

(7.5-30d)
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The muitiple integral of Eq. (7.5-31) can be evaluated by applying
successively the formula for one-dimensional integration. Thus the

double integral is expressed as

8
K = _[[f(ﬁ.z) de 4z

= 4z 49 W () 2
7 3 Z? Wy £C6:5 2;)

where
b = %gf: +¢9r7
zj= 224+ %

and where t, , w, are abscissas and weight factors for Legendre -Gauss

integration.

The accuracy of this quadrature formula for two dimensional integration
was also tested for the planar configuration considered earlier. The
calculated results are extremely close to the resylts from the line

integral scheme (fq. 7.5-18).

When the points 'p’ and 'q' coincide, the kernel is singular, as is the
case for the planar shield. It is shown in Refs (47) and (48) that the
singular integra) { £9. 7.5-13 )

J e
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1 —ikr
2

|

is equivalent to the sum of three regular integrals. The integral is,
therefore, finite in spite of the singular kernel. [n the calculations
performed in this study, the surface of the half round scoop shield is
divided into equal cylindrical elements. If the mesh used to approximate
the surface is sufficiently fine, the surface can in fact be fitted quite
well by planar surface element in the neighborhood of each control point.
Aside from this, the error introduced in the evaluation of the self-
induced influence coefficient $s also small for planar element
spproximation. For example, if the control points are separated at 12°
intervals in the circumferential direction of the scoop shield, this
would correspond to a 15 x 15 gridwork subdividing the surface into 225
equal curved elements. The problem then requires solution of a 225 x 225
system of compiex equations. A coefficient matrix of this size is still
within the limitations imposed by computer storage available. In the

computation aspect, the difference in direction of the normal near the

boundary to that of the centroid of the element where a control point is
denoted will be at most 6°. Thus if the surface element is assumed to be

fiat, the maximum error induced in the dot products in the integrand of

~ A A A L »
£q. (7.5-13), namely g reig and fy g

0.5% respectively. In addition, the error in the magnitude of T is also

ts not greater than 0.]% and

not greater than 0.5%. This suggests that the local effect term can be
estimated with sufficient accuracy by means of Equation 7.5-16, namely:
-ik i)
e P
£
An alternative approach to evaluate the singular kerne) is outlined in

K= _ J’—)"/lk

Reference (45) page 26, 27, Therein an spproxmiste expression for the
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local effect term is given for ko &1 where '"'bz =S5, and S is the area of
an element. Numerical solutions to various cases investigated ( see
Figure 7-28 } using this approximation for the self-induced coefficient
show that, on the average, the magnitude of the surface potential is
different by about 6 ¥ and the diffracted sound field is different by
less than 1 dB compared with the former approach (i.e. self induced

coefficient evaluated by Eq. 7.5-16).

Using the formulation described above in terms of integral equations, a
suitable numerical procedure has been applied to predict the total sound
field due to diffraction for a 100 diameter scoop shield of length 160.
The point source is located at a certain point on the axis of the scoop
shield. The surface of the shield is assumed to be perfectly reflecting.
For all cases considered, the predicted results are compared with

laboratory measurements.

Numerical approximation of the integral equation is obtained by sub-
dividing the nalf round shield into equal curved elements. A point is
then chosen in the center of each element where the potential will be
determined. The total number of control points examined are 96 and 225
which corresponds to a 12x8 and 15x15 grid on the shield surface
respectively. The ratio of the element area is about two to one.
Solutions to the diffraction problem thus require 96x96 or 225x225 sys-
tems of complex equations. For the second approximation (225 elements),
computation of the surface potential and the resulting diffracted field
required under 3.5 minutes of computing time on the y.of T. [BM 370

computer, The storage requirement is about 850 kilobytes, which is below
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tne full capacity of 1000 x1lobytes. These bHasiC regquirements are
indicative of all cases considered. In all cases the integ~1! squation
methods are found to be adequate within the frequency range tested. For
the present configuration, the ratio of waveleagth/scatter dimension is
about 3.5 to 1.5. [n this mid frequency region, neitver low nor high

frequency approximate solutions are applicable. A computer progran

listing for the half round diffraction problem is Jiven in Appendix 3

(Computer Tisting #3).

Figure 7-28 shows the computed and the experimental results. The general
agreement between the predicted and measured sound fields is seen to be
good in all cases; in general, the finer the mesh tie better the agree-
ment. In Fig. 7-28 a,b the total sound field is plotted against source
positions along the axis of the half cylinder. The receiving point is at
90° to the shield axis, and the problem has symmetry with respect to the
line connecting the mid point of the shield to the receivar, For the two
freguencies considered, good degree of symmetry is observad in the
measured resylts. Maximun attenuation is found at source positions
close to the edge, gradually decreasing to a minimum at the center.
In Fig.7-28 ¢,d the curves also show attenuation versus squrce position
but the receiving point is at 40° with respect to the axis of the $Co0p
shield. For this geometry, maximum shielding occurs for Sources located
further away from the edges. The measurad shielding fur 700 Hz at this
maxinum can not be det2rmined accurataly fron the recorded spectrum is
the level is too close to the nois2 “loor, MNavertreless, the ag-eement

is satisfactory.
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The cases considered next were the diffraction of spherical waves into the
region surrounding the scoop shield. The sound source is located at the
mid point of the shield axis. The angular variation of the sound field
about the source point is surveyed both in the shadow and bright region.
In the experimental set-up, the source and microphone are fixed; the
measurement was carried out by turning the scoop shield about the point
source every 10%. It can be seen that agreement is again satisfactory,
but the accuracy deteriorates as the frequency increases. It should be
noted that the surface potential distribution is obtained by solving the
matrix equation with certain input vectors which depend on the source
position., Hence the accuracy of the subsequent calculation of the
directivity pattern is largely dictated by the accuracy of the
calculated surface potential. The general shape of the curve for the
1000 Hz case is similar to that of a flat shield. The first peak at 20°
is compatible with the corresponding peak calculated for flat plate
geometry. This points out possible error in Terai's measurement in this
range (Fig. 7-26). Maximum attenuation occurs at the same direction (0
=40°) into the shadow region for both flat and curved configurations. In
the region between 0:30° and 90° and directly behind the shield at
8=180°, the results for the curved shield are somewhat different from
those of the planar shield because of diversified shielding geometry and
hence diffraction effects. In the planar configuration, the source is
closer to the shield than the receiver, hence the diffraction pattern is
expected to be different to some degree. The curved shield shows less
loca) maxima or minima and the sound field in the region directly behind
the shield is not higher than it would be if there were no shield, The so-

called Arago's spot appears to be a phenomenon characteristic of flat

surfaced obstacles with no curvatures such as thin plate, disk, and

parallelpiped (Ref. 49).
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8.  CONCLUDING REMARKS

The present study is aimed at the exploration of shielding concepts in
jet noise reduction. A variety of shielding configurations have been

examined experimentally and analytically.

The extensive collection of measurements suggests that two factors Timit
tne effectiveness of the shields: namely, the finite size of the shield
and the source distribution in a jet flow. The former in conjunction
with the non-compactness of the source region allows some direct radiat-
10n to be received at most observer positions. Furthermore, the source
distribution along the jet axis, as well as the very nature of diffr-
active barriers, favours noise reduction only at moderate and high
Strouhal numbers. [n order to be effective barriers must be large and
close to either the source or the cobserver. When a barrier is moved
sufficiently close to the jet flow intensive 'edge noise' is generated.
This severely limits the shield length, and hence the effective shield-
ing that can be obtained. A hyperbolic cutout allows the barrier length
to be increased without unduly enhancing the edge noise. Such configur-
ations offer significant improvement over a straightedged barrier gener-
ating comparable edge noise. A localized wing extension of the cutout
configuration attains similar nofse suppression with a smaller shield

area.
Zomposite shields that extend the effective length of a shield by means
of a hot refractive layer have also been examined. fur example an array

of flames emanating from the trailing edge of a snield constitute a
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refractive extension of the shield. As a sound barrier it has only a
1imited effective downstream length. This is due to the entraimment of
colder air that progressively weakens the refractive capability. This
shielding configuration results in a marginal increase in shielding at
high frequencies, suggesting a potential for significant increase in
shielding capability if a large flame mass flow can be generated.
Spectral measurements show that this scheme, where the burning occurs
near the turbulent jet, suffers at low frequencies from spurious or extra

noise due to jet/flame interactionm.

On the whole, the measured insertion loss or overall decrease in the
sound pressure level has not been spectacular. [t is of the order of 3
to 4 dB in the direction of peak noise, depending on the particular
configuration. Scoop shields offer comparable reduction at a signifi-
cant savings of materiel. The 10 D and 15 D shields provide peak
broadband reduction of 4 d8. Maximum reduction of 5§ dB 15 obtainable at
a shield length of 20 D. Nevertheless, owing to the frequency sensit-
jvity of the ear, the subjective impact on perceived noise level,
measured in PNdB is more impressive. On the average a 5 to 6 drop in PN
dB level has been measured. More importantly, up to 66% decrease in the
area of certain equal PNdB contours ('noise footprints') for simulated

flyover sitvations has been demonstrated.
There are several factors that influence the relatively poor performance

of the shtelds. The edge-noise phenomenon appears to be a principal

agent., The shield effectively acts as a sounding board for the nearfield
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pressures. The Jargest portion of these are otherwise nonradiating and

therefore would not normally contribute to the far field sound.

Secondly, the extended nature of the jet flow gives rise to a spatial
distribution of noise sources. This results in an unfavourable diffr-
action effect which is dominated by the lowest Fresnel number: the high
frequency noise source generated close to the nozzle will suffer sub-
stantial shielding, whereas the Jow frequency noise generated in the
downstream region, possibly close to the shield edge, is affected by
diffraction only. Furthermore, due to the non-uniform directivity of
the jet noise pattern, the low frequency scund, which has a directional
maximum at small angles to the jet axis, is the principal source of

incident waves diffracted by the shield edge.

The low frequency augmentation of jet noise (edge noise) is found in
almost 211 shielded jet noise spectra. The peak noise level of this
effect has a fifth power velocity dependence, a trend characteristic of
dipole sources for two dimensional configurations. The nearfield mea-
surements of the low frequency augmentation level at the shield trailing
edge show a one-to-one correspondence with the far field measurements.
The experimental validation of the noise scaling Jaw shows quantitative

agreement with the predictions.

The experimental work is complemented by a programme directed at the

prediction of the acoustic performance of shields. This is broadly
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divided into an engineering approach for jet noise shielding and a more
rigorous analysis for point source shielding. The former approach
starts with measurements (or prediction) of the shielding of ‘point
sources' as function of frequencies and positions along the jet axis.
For the specified source pattern of jet naise the results are summed in
such a way as to give the overall attenuation of the jet noise at each
frequency. A scheme for extraction of edge noise could also be incor-
porated. On the whole, the predicted augmentation and shielding effects
are found to be in reasonable agreement with measured spectra if the
principal features of flow noise generation and diffraction are accounted

for.

For point source shielding theoretical calculations based on the exact
solution for a half-plane are successful for simple planar shield con-
figurations. The line integra) approach involving the Kirchhoff approx-
imation results in large error. However, reasonable predictions for
rectangular configurations fncluding cutouts, are possible if certain
corrections are applied. Integral equation methods (solved numerically)
are considered for more demanding geometries such as half round sugar
scoop shields. A computer code has been developed to deal with problems
of diffraction by thin obstacles. Generally speaking, the method is
found to give satisfactory agreement with measurements within the

frequency range examined.
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TABLE 1 TABLE 2-A
Comparison between exact (A,) and asymptotic (A,)solution computed Numerical Results for Cutout Configuration via Line Integral
for thin barrier
Q- 40° F <4 KHz 9 = 40°, £= 8 kiz Correction
shortest
N Ry Ag)(dB) Ay, N kR Are)(d8) Ay (dB) Uncorrected  diffracting  Corrected
_— _— — Frequency results path results Measurements
1.14 1216 12.67  12.64 2,21 243.2 15.50  15.43 o o _(H2) (d8) {dB) {8 d8
1.03 118.9  12.37  12.35 2.06  240.5 15.20  15.18
0.92 17.5  12.04  12.02 1.85  237.8 14.83  14.86 3 & 37.6 -6.2 3.8 21.5
0.82 116.2  11.69  11.66 1.63  235.1 4.4 14.42
¢ 0.71 nas 1,29 11.27 1,42 232.4 14,01 13,91 &« 31.8 -6.2 2.6 2.0
0.60 113.5  10.85  10.83 1.20  229.7 13.52  13.40 & 27.3 -6.3 21.0 21.0
0.49 112.2  10.3  10.33 0.99  227.0 12.97  12.89
0.39 110.9 3.79 9.76 0.78  224.4 12.29  12.28
‘ 0.29 109.6 9.13 9.11 0.57  221.8 e 1Ly 5 & 33.3 -5.3 28.0 23.0
‘ 0.19 108.4 8.37 8.35 0.38  219.3 0.50 0.49
0.11 107.2 7.46 7.04 0.21 216.8 9.26 9.29 6K 29.1 -5.3 23.8 21.4
0.04 106.2 6.36 6.35 0.08  214.5 7.70 7.70 & 24.7 -5.3 19.4 16.5
0.00 105.3 5.04 5.03 0.01 212.4 5.72 5.72
7 & 25.1 -3.3 21.8 19.5
1 9=90° f = 4kiz 0 = 90°% f = 8 kiz 6K 24.1 -3.7 20.4 18.0
\ « . R R & 20.6 -3.8 16.8 13.0
, 1 ()(d8) A(,(d8) N KRy (e)(38) A, (d8)
| 6.14 138.4  19.52  19.38  12.29  276.8 22.53  22.50
‘ 5.70 137.0  19.17  19.08  11.40  274.1 22.16  22.14
i 5.25 135.7  18.81  18.71  10.51  271.3 21.85  21.75
4,80 134.3  18.41  18.23 9.561  268.6 21,38 21.32
4.35 133.0 17.99  17.92 8.76  265.9 20.99  20.86
3.90 131.6  17.92  17.54 7.79  263.2 20.50  20.36
3.44 130.3  17.00  16.92 6.88  260.6 20.00  19.84
2.98 129.0  16.45  16.38 5.96  257.9 19.42  19.27
2.52 127.7  15.82  15.76 5.05  255.3 18.79  18.65
2.07 126.4  15.09  14.98 214 252.8 18.05  18.06
1,63 1252 1a.25  14.24 3.26  250.4 17.18  17.15
1.20 124.0  13.25  13.25 2.40  288.0 16.14  16.07
0.80 123.0  12.04  12.01 1.60  245.9 14,79 14.71
0.45 122.1  10.50  10.47 0.89 244.2 13.05  13.00
0.18 121.5 8.54 8.52 0.35  242.9 10.60  10.57
180 151
—
—
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Numerical Results for Cutout Configuration via Line lntegra}

Frequency
(Hz)

2R

ynconnected
results

{d8)

3.6
.8
27.3

3.3
29.1
24.7

25.1
24,11
20.6

Correction
based on

average

performance

d8

-1.1
-1.2
-1.2

-6.5
-6.5
-6.6

-5.4
-5.6
-5.6

152

Corrected
results

(d8)

30.5
24.6
20.1

26.8
22.6
18.1

19.8
18.5
15.0

Measurements
_(d8)

27.5
25.0
21.0

23.0
2].4
16.5

19.5
15.0
13.0

Y

96_elements
{12 x 8)

24 elements

(6 n 8)

JABLE 3

Magnitude of the Surface Potential

(8(ay)-8(qy)) On Plate

L343
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-698
698
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-660

.45%
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.674
.674
618
.507
.3
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313
473
.57%
.625
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.473

2313

406

5715
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406
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422 .348
spe 415
.551 447
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.292
.96
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NOISE REDUCTION BY BARRIER
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FIG. 2.1 NOISE REDUCTION BY BARRIER PLACED BETWEEN NOISE
SOURCE AND RECEIVER (Ref, 54)




FIG. 2.2 GEOMETRIES OF SOUND SOURCE AND RECEIVER FOR
IDENTICAL DIFFRACTIVE ATTENUATION

Fresnel number
N=2(a+b-c)/ A

Source
Receiver

FIG. 2.3 GEOMETRY OF SOUND PROPAGATION PATH OVER A BARRIER
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PEAK SPECTRAL INTENSITY
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FIG. 2-10a ARRANGEMENT OF INTERFERENCE PROBE
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Fig2-20a VIEW OF SOLID (SCOOP) SHIELD PLUS HOT GAS LAYER
IN OPERATING MODE

F16.2-20b GEOMETRY OF THE BURNING CONE FOR ESTIMATION OF FLAME SPEED
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Flow Chart for Ground Contour Calculations

Maximum level of PN dB level
at each grid point is selected
from time history of the SPL

Set up grid points
on ground plane

I

Obtain equation of

flight path (@)
Interpolate the contour of
i constant PN dB from maxima

calculated at each grid point

\ 4

Obtain coordinates of
grid points (x,Y,Z,)
reference to A/C frame

(x,Y,2,) 0
4
Transform (x212 z,) Scale level to simulate
to spherical coordinate a full size engine
(R,8, ) ©)

i |

Determine the sound
pressure level at (R, |p)
from experimentally measured

value at (R,0,.) ®

The circled number in the boxes refer to sets of equations in Appendix C

FIG. 5-4
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FIG. 6-14

LOCUS OF CONSTANT
FRESNEL NUMBER

MICROPHONE

GEOMETRIES A AND B PROVIDE SIMILAR INSERTION LOSS FOR
POINT SOURCE. THIS IS USED AS A FIRST-CUT APPROXIMATE

SCHEME FOR THE EXTRACTION OF INTERFERENCE EFFECT FOR
JET NOISE SHIELDING
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FIG. 6-15 EXTRACTION OF EDGE NOISE: DIFFERENCE IN SPECTRUM
LEVELS BETWEEN GEOMETRIES A AND B IN FIG. 6-14 IS THE
EDGE NOISE
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6-16 PREDICTED JET NOISE SAIELDING FROM A POINT SOURCE
MODEL (e) (cf. FIG 6-13), OPEN CIRCLE ( o ) INDICATES
SHIELDED LEVEL WITH EDGE NOISE INTERFERENCE TAKEN
INTO ACCOUNT




(a) Field point outside surface of integration

(b) Field point Inside surface of integration

FIG., 7-1 POSSIBLE DIFFRACTION GEOMETRIES
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FIG. 7-2 GEOMETRY OF SEMI-INFINITE BARRIER SHIELDING
OF POINT SOURCE IN CYLINDRICAL COORDINATES
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FIG. 7-3 DIFFRACTION BY A HALF-PLANE.
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ATTENUATION

FIG. 7-4 (A) PERSPECTIVE VIEW OF A BARRIER
(8) PROJECTION ON THE X-Z PLANE  ( Ref. 61 )
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FIG. 7-5 ATTENUATION OF SOUND FROM A POINT SOURCE BY RIGID
BARRIER AS A FUNCTION OF FRESNEL NUMBER ( Ref. 60)
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FIG. 7-6a GEOMETRY OF THE DIFFRACTION CONTOUR IN
RUBINOWICZ'S LINE INTEGRAL
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FIG. 7-6b DEFORMATION OF THE SURFACE So AS IN FIG. 7-6a
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ATTENUATION

180

FIG. 7-13

210 240 270 300 330
©-6,

PLOTS OF ATTENUATION (CALCULATED BY EXACT SOLUTION,
EQ. 7.2-7) vs. DIFFRACTION ANGLE FOR DIFFERENT VALUES

OF FRESNEL NUMBER N AND SOURCE ANGLE 8 IN REFERENCE
TO THE BARRIER PLANE, DASHED LINES SHOW APPROXIMATE

SOLUTION BY EQ. (7.3-4).




FIG. 7-14 SCHEMATIC DIAGRAM SHOWING COORDINATE SYSTEM
AND PARAMETERS USED IN EQ. 7.5-2  (Ref. 62)
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FIG. 7-15a GEOMETRY FOR COMPUTATION OF THE DIFFRACTED WAVE
BY LINE INTEGRAL ALONG BARRIER EDGE
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FIG. 7-15b, ¢ VALUE OF DIFFRACTED POTENTIAL RE FREE FIELD AS FUNCTION
OF INTEGRATING DISTANCE ALONG THE BARRIER EDGE
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FIG. 7-15d, e, f,g VALUE OF DIFFRACTED POTENTIAL RE FREE FIELD AS FUNCTION
OF INTEGRATING DISTANCE ALONG THE BARRIER EDGE




CHANGE IN ATTENUATION ( RE 16 D HIGH BARRIER )

a N9
X b - L5
COSINE cuTOUuT 2 ..

D (12-4coswz/z,]

7 m (3D
7m

FIG. 7-16 GEOMETIRY FOR DIFFRACTION BY CUTOUT CONFIGURATION

27 SOURCE FREQUENCY = 8 kHz

[
[e)}

'
~

-3} _________________________________
8 D HIGH BARRIER

Fl.3. 7-17 CHANGE IN ATTENUATION OF COSINE CUTOUT RE SEMI-INFINITE
STRAIGHTENGED BARRIER
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FIG. 7-19

dl;

di,
dl

h h : EFFECTIVE BARRIER HEIGHT FOR
2 CORRESPONDING LINE ELEMENT

DIAGRAM OF A HYPERBOLIC CUTOUT CONFIGURATION:
EACH LINE ELEMENT dl CAN BE INTERPRETED AS PORTION
OF A STRAIGHTEDGED BARRIER OF CERTAIN EFFECTIVE

HEIGHT 'n'
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FIG. 7-20 EXPERIMENTAL ARRANGEMENT FOR MEASUREMENT OF SOUND
ATTENUATION BY A FINITE BARRIER
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Fig. 7-22a GEOMETRICAL QUANTITIES FOR CALCULATION
OF POTENTIAL AT p DUE TO SOURCE
LAYER ON ELEMENT q.
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FIG. 7-22b DISCRETIZATIONS FOR ACOUSTIC
DIFFRACTION PROBLEM




FIG. 7-23a GEOMETRY FOR AN ARBITRARY SURFACE ELEMENT
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FIG. 7-23b GEOMETRY FOR SURFACE ELEMENT CONTAINING
CONTROL POINT 'P'
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P(x,Y,)

t1G. 7-25 GEOMETRICAL QUANTITIES USED IN THE LINE
INTEGRATION OVER A SIDE OF AN ELEMENT
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FIG. 7-27 GEOMETRY AND PARAMETERS FOR DIFFRACTION BY A HALF
ROUND SHIELD
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APPENDIX A

(A) REFLECTION AND REFRACTION OF SOUND WAVES AT AN INTERFACE,

Consider a plane harmonic sound wave of frequency & incident at an
angle el (Fig.A-1) to the vertical upon an interface separating two half
spaces of characteristic impedance elcl and f’z"z respectively. The
boundary conditions at the interface are

{I) continuity of pressure

(11) equality of normal component of particle velocity
There will be a reflected wave at angle 8 to the vertical in medium I and
a transmitted (refracted) wave at angle 02 to the vertical in

medium 1i. Straight forward analysis using (1) and (II), yields

) W e Wiy mtmsmtld (A~)

e, Tg'.

(i) ky sin 8y = k, sin 8, (Snell's law) (A~ 2)

along the boundary. ((i) and (ii) implies common angular frequency and
the continuity of the component of wave number along the interface).
Further applications of (i) and (ii) result in expressions for the
reflected amplitude R and transmitted amplitude T. After some work,

f H
one finds 2

2 R
mcosel- n -sme1

R = (A-3)

m cosOl + n2 - sin 291

and Ta(1¢R)/m wherem={,/p,. (A-4)
ns C;/Q‘-sinb./s;“,‘

Define 2)= Pyc,/cos B; I, s,/ cos 8, . The reflected amplitude R
can be written as

R= (2, - 1)/(2y + 2y (A-5)

A-1

|

£q. (A-3) indicates the possibility of complete reflection if cy>cy,
hence n<l (n = sin 9‘/sin 02 = cllc2 = index of refraction). If the
angle of incidence satisfies the condition sin 8;>0, R becanes complex

and [R] = 1, which indicates complete reflection of inCident wave,

This simple analysis serves to illustrate tne major concept of a
reflective gas layer shield. A layer of gas with higher sound speed than
the medium of the jet will partially shield an area below it. The
situation will become more complex when the reflective layer is of finite
thickness and the medium is in motion. For layered media, it can be
shoan that the reflection and transmission coefficients are frequency
dependent (Ref. 64),and in goneral, both coefficients will show a series
of maxima and minima as a function of frequency at a particglar angle of
incidence. The frequencies and amplitudes of the maxima and minima will

also be functions of the angle of incidence.

18) REFLECTION AND TRANSMISSION OF SOUND WaVES IN LAYERED MEDJUM IN
RELATIVE MOTIDN

In case there is relative motion between the two media, Ribner Ref.{ 26 )
and Miles (Ref. 27) have generalized the second boundary condition as

given in {A) to

(11 a) cntingity Of tha narmal componant of sarticle dis-

placament acrosy tne interface,




Equality of trace velocity on the interface yields
clcscel-U=c2csc82=v
Here U is the relative velocity of the upper medium to lower in the
direction of the incident sound rays. The boundary conditions II and Ila
are equivalent when U = 0, but differ when U # 0. Earlier workers on the
problem erred in using boundary condition (I11). The equality of wave
number component along the boundary implies
kisin 91 = kzsin 92 = m
Thus, common angutar frequency ( w = mv ) requires

kltcl* visin 6y) = kz(czo vpsin 82)

The above expressions are the equations of constraint. Together with the
appropriate boundary conditions, Yeh (Ref. 31) has generalized the above
equations to sound incident on a two dimensional moving gas layer (jet)
(Fig. A-23) that can be used to model a fluid-layer acoustic shield. He
originally used the incorrect 8.C.(11}, but later corrected on advice
from Ribner. The resulting complex reflection and transmission

coefficients are:

R= ez;k"a‘wao[u—ﬂn cos (k,Javo,)- SCR-T1) sin ch,d as&,)]
[t+rT) cosChdcosa)s 1 (T +R)sin Ch d coss)]

(‘koJCd’.
T = 2e

[+ TT) cos(hdesso, 14 s (T+ R Snthdcaso)]

whire T = ﬁc,‘t:ﬁ?’: , L= L6 5in 26
£ Grsin26e £ Gt Sin 24,

A-3

4

Fig.( A-2 ) shows the transmission loss as a function of the different
parameters of the medium. The values of ¢ and ¢ of the media, the
thickness d and the velocities all affect the transmitted amplitude T,
Also, increasing vie €0 d, and decreasing the incident angle towards the

glancing direction all results in predicted increased shielding.
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APPENDIX 3

MATHEMATICAL FORMULATION OF THE NOY TABLES FOR PN dB CALCULATIONS BY

COMPUTERS (REF. 35)

The subjective sensation of loudness of a complex noise signal is
evaluated from the octave band sound pressure levels of the noise at
centre frequencies of 63, 125, 250, 500, 1000, 2000, 4000, and 8000 Hz.
According to Fig. ( 5-2 ), each octave band has a loudness index (NOY
value) depending on the sound pressure level and frequency. To implement
this into a computer code for calculating PN dB levels, a table of NOY
values (Fig B-1) can be stored in the computer. This is inefficient in
terms of both computer storage and time. An alternative is a math-

ematical formulation of the NOY tables.

The feasibility is apparent if the NOY tables are plotted as sound
pressure level loglo (NOY): a series of straight lines are obtained
(Fig. B-2 ). For frequency bands with centre frequency fc such that
50 <fc<3]5 Hz, and 6300<fc<1000 Hz, the plots appear to consist of two
intersecting straight lines. Whereas for 400<fc<500 Hz, a single
straight line is adequate. Hence, by specifying the slope and the
intercept of the straight lines for different bands (Fiq. B-3 )}, a

mathematical formulation of the NOY tables is possible.

B-1

4

The following procedure illustrates the evaluation of PN d8 from octave

band SPL by means of the constants shown in Fiq. B-3.

(1) Input data consists of 8 octave band SPL values at corresponding

centre frequencies from &° to 8000 Hz.

(2) Each octave band SPL value is then converted into NOY values

according to
noy = 1oM(SPL-S)

where values of M and S depend on band centre frequency as well as SPL
magnitude as indicated in Fig. B-3. For band centre frequencies such as
fc£25 or > 8000 Hy

If SPLL L

Nov = 1M (SPL-Sp)

If SPL > t

NOY = 10M2(SPL-S,)

For 5005fcsd000 HZ

NoY = 19M2(SPL-Sp)




{3) The MOY values for all 8 octave bands are then converted into
perceived noise level (PNL) according to

8
logo (Mg ¢ 0.3 0 2z Ny -¥y)
PR > 40 + ie]

0.03

Where ZN = summation of all NOY values for all 8 octave bands
N, * maximum NOY value in the octave bands.

Bl i Pn b i b 2R - S

~

4

s AN e S e

SRR TGOS
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Noy * &nhlogip M(SPL- 5)
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logp Noy
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where A, = slope of first line to intersection at L,
M), = slope of second line from intersection at L,
S, = intersection of first line on the SPL axis,
Sy = intersection of second line on the SPL axis,

Noy 2Achiog g A, (SPL-5,) L~ SPL ordinate of intersection,

s, Noy = Antilog, M{(SPL - S) with suffices as appropriate,
logg Noy M, S, - M, S,
Applicable 10 bands 400106300 Mz Inchrie L==N
Band Centre
freq.(Hz) M 51 L " 52
b—— e e e e — e e —~——-——v——-1L--—--~~--
63 .040570 60 85.9 .030103 51
125 .035336 51 79.8 .030103 46
250 .032051 44 74.9 .030103 42
500 .030103 40
1000 .030103 40
2000 .029960 32
4000 .029960 29
8000 .042285 37 44.3 .029960 34
B —_— -l

FIG. B-3  TABLE OF CONSTANTS FOR PN dB CALCULATIONS (Ref. 35)
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APPENDIX C

EQUATIONS AND PROCEDURES FOR GROUND CONTOUR CALCULATIONS
(RE: FLOW CHART, FIG. 5.4)

@ Equation of flight path
X = Vvt cosy
Y= ¥
= Vtsiny

where V = aircraft speed

@ Coordinates of grid point on ground plane reference to aircraft

frame 0..
Xl =X - XG
V1 =Y
Zl’ b4
O
ol
x, @
X
2
z,%%2
z
y=12
o' X X

|

Rotate about the Vl axis to obtain coordinate relative to coordinate

system with Xgah'gned with the jet axis

' x1 cosy + Zl siny
=V1

i = Z1 cosY - X; siny

@ Coordinate transfarmation ()(2 Y, lz)-o(R. 8, ¢ )

Z,

q: tanl (1,/%,)




@ The levels at points intermediate to data points' are estimated

by means of a two dimensional cubic spline interpolation scheme.

* (Actually measured values are S?(ao,o1. vj)
where 8, = 20°, 30°, 40, 50°, 60°, 70°, 80°, 90O

" 0°, 159, 30°, 45°, 0%, 75°, 9o°

JET AXIS

MICROPHONE POSITION IN TERMS OF r,8,¢¢ OVER A HEMISPHERICAL
SURFACE CENTERED AT THE JET NOZZLE.

SIDELINE PLANE ¢ =0° o
FLYOVER PLANE ¥ = 90




APPENDIX D

SYNTHESIS OF THE JET NOISE SHIELOING FROM POINT SOURCE SHIELDING

Let 92(8) be the unshielded jet noise level corresponding to a particular

observation angle 8 and frequency fl.

F(O) = fo(fl,O,x) df) dx

where ¢(f1,o,x) is the source intensity distribution as function

of frequency and distance 'x' along the jet axis (Fig. D-1 )

Similarly, the corresponding shielded level can also be expressed

as

pzs,,(o) = W(f).0,x) df dx

where \lr(f‘,o,x) is the equivalent shielded intensity distribution

(Fig.D-1 )

For a particular source position Xy and frequency fl‘ one

can express the observed attenuation AﬂBi as

Atten. dB(f,,8,x,) = AdB, = 10 log @,/ v,

_— I .(10-“’1' /10)4,i |
f

1 fy

Let ZQ('l'xpe) * O(fl-e)
1]

and D2 ¥(f).x,,8) = ¥(f),0)
[}

D-1

4

The total contribution from all sources located along the jet axis
then equals

T ¥(Fx0) =T 2% 10 o (s, 00

The overall attenuation of frequency fl at angle @ is obtained from

the ratio
To/Tv
[ i

% Atten dB (§8) = o 103 PIRAT VL)

Y. Cfy X:,0)

e o loj @ ({1,0)

w(ﬁ,o)
A shielded spectrum can be built up to synthesize the Jet noise shielding

if Q(fl,xi,e) is known. This can be modelled by using €q. {63-1),
which is

2
®ix,8) = @ (6) x/xo[e'.'(‘/'o) J;]

where LR (Strounhal number)




Hence, the overall attenvation for a particular frequency can be estimated

from

Al dB (S = lo ’”J[t?;“‘o))]

= lo % 2 °(X.',ﬂ,f,)
T 104" ot o)

Where 4dB, is the attenuation of a point source determined (either

experimentally or analytically) as function of position and frequency
along the jet axis.

x. .
$x; No shield Yo Shielded

FIG. D-1 ASSUMED PROFILE OF SOURCE INTENSITY DISTRIBUTION
AS FUNCTION OF POSITION ALONG THE JET AXIS

4




APPENDIX E

EVALUATION OF VOLUME INTEGRAL IN KIRCHHOFF EQUATION (EQ. 7.1-5)
FOR FIELD POINT ON SURFACE OF INTEGRATION

In diffraction problems, an exact representation of the induced surface
potential is possible via Kirchhoff's integral. An integral equation
could be derived by placing the field point P(Tz) on the surface of the
obstacle (Fig, E-1). On taking the limit as P p, where p is a point on

the surface, one finds the resulting integral equation tobe (c.f. Eq.7.1-7)
¢ _ 4 ff $q) 00 _ Gp9) 29| ds
2O -t [P0 "7’37,7]

where 9/dn denotes differentiation along the outward normal to S and p,q
denote variable points on the surface. The derivation of the integral
equation requires the following mathematical relation: The Green's

theorem for a region Vv in three dimensions bounded by a closed surface S is:

[era-arela = ff[goa-gr] 45 cen

where 3/am denotes differentiation along the outward normal to S.

Now, let f(i.t) be the velocity potential of the sound field in volume V

of Fig. (E-1) which satisfies the wave equation:

r_LIE_ 5 (£-2)
rE -G o -
If the disturbance is monochromatic, ¥ is of the form
~ ~ (awl .
ERY = PR € (a3

where ¢('§) is a function of position only.

E-1

4

since & satisfies Lq. (E-1), P () satisfies
(72+ R*) PR) = o in VR)
{ -4
The free space Green's function G'i-'ll.ol . wherg ?o locatas the source
points and -R. Tocates the field points is the solution for a system
excited by a point source type of forcing function. Hence Gﬁ-a.ohs the
field at an observer point R caused by a unit point soyrce at 71'0. It
follows that the required Green's function is the solution of the
inhomogeneous Helmholtz equation
V6 + kG = - SUR-R.D
{ €-5)
for a unit point source at -R.o whose general solution for three
dimensional space is
. —ik|R-R.]
GlR-RI = &

4T |R-R
( E-6)
This function depends only on the scalar distance between the source
point and the field point. One lets ¢ correspond to $()and fto G( li-iol)
and writes Eq. (E-1) as

fff(wzc%— Gyp) dV =/f(¢§~i -c—gg)r}s




From egs. (E-8) and (E-5), follows

VP (R)=z k¢ (R) (E8)
7 G (18R = K GUIR-R)) - §()7-7) (e9)
Substituting £qs. (E-8) and (E-9) into the volume integral of
Eq. (E-7),Eq. (E-7) then becomes

[ s 512y v =J;j[¢@.)§% -6 Bys

( E-10 )
From the diffraction geometry of Fig. (E-1), the surface of integration
L is composed of an integral over Sl plus integrals over S0 and 52'
Here surface S1 is taken to coincide with the syrface boundary of the
diffracting obstacle, and Helmholtz equation is assumed to be valid
ever ywhere outside Sl' The point source is excluded from the volume of
integration by surrounding it by a small sphere S, centered on the
source. The surface integration over S2 will tend to zero as the surface
is displaced to infinity while the Sommerfeld condition is satisfied
{Section 7.1 ). Hence the surface integral in €q. ( E-10 ) is restricted

to So and Sl only.
Using a relation for the delta function

L 7.7
v e 41 SOIR-RN)

( £-11)

)

The volume integral of Eq. (E-10) can be written as

I~ [ #5) viher ] avid

( E-12)

sice g2 ——L_ - g umere |RR) s fini
]i—R ‘ ] ol nite, therefore
the volume integral is zero if R is not within V. For the case if?is
. < o - -
within v , | R-Rol becomes infinite as R-Ro. We can exclyde the point
located by R by surrounding it with a small sphere of radius € , and
: ol . e

volume vV, (Fig. E-2). Hence f(ko) is essentially equal to $(R) by virtue
of their small separating distance € . In view of the above, Eq.(E-12)

ncw becomes

¢<ﬁ')/ 7
/[ )H, dv(R)

) aa (-0
The Laplacian of 'R-Ro, is the same regardless of whether it operates

( E-13)

on the source points or the field points.
That is,

f i 1!
ML= TAACHT = Iy
We may write £q. (E-13) as

I- ¢"*"f o
[V |R-R.| v

( E-14 )
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The right hand side of £q. (E-19) is the solid angle subtended at R by
Applying the divergence theorem, we have surface A, . Since the solid angle subtended by a surface surrounding a

point is always 47 | we have

1- §@) JIVO (___’_.}.ds(i')

AT j R, ( £-15 ) 1 MR 4y {£-20)
Ae¢ AT
Now since - ’(5)
-
Vo l—i—;‘T = I?ﬁ.—l;_ On the other hand, if R is allowed to approach the boundary of V, the
- o
° ( €-16 ) solid angle subtended by A, on the surface of V is only 27 (Fig. E-3).
Thus, the volume integral in Eq.(E-10) has the value of
e R RR ) VR, = PR Rinv -21a)
where © isaunitvector inthedirectionof R-R,, Eq. (E-15) then becomes fffﬂ( o) 8l 0|) V(R,) = -$(R} R in (E-21a)
= 0 R outside v (E-21b}
A = M R on boundary of
- - y of V (E-21c:
1=_$Q®) h( L% dsiRy) 2
at ne ARl (E17)
Substitution of Eqs. {E-21) into the left hand side of Eq. (E-10), and
A
i f S.
where n is the outward normal of S noting that the surface integral over S is ¢b., i.e. the free field
contribution, it foliows that the potential at a point P(Tl) lying on the
from the definition of the solid angle dfL , we have surface is given by
A A
Q) = L=l ds (p) G (
2 In in (£-22)
€q. (E-17) thus becomes
3 where 3/5m denotes differentiation along the outward normal to S (see fig.
1= -2® 4o (€19 )
4T E-1) . Equation (E-22) is the required integral equation.
E~S E- @
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FIG. E-2 Es)lgglégglNG FIELD POINT R FROM VOLUME V WITH A SMALL

FIG. E-1

DEFINITION OF SOURCE AND FIELD VARIABLES

FIG. E-3 FOR A SMOOTH SURFACE, A TYPICAL ELEMENT CAN BE APPROXIMATED
BY A TANGENT PLANE. PORTION 2 OF dft SUBTENDED BY A POINT
LYING ON THE SURFACE IS EXTERNAL TO THE SURFACE AND DOES
NOT CONTRIBUTE TO THE TOTAL VALUE OF ffdﬂ . HENCE THE

SOLID ANGLE SUBTENDED BY A SURFACE SURROUNDING A POINT
ON ITS SURFACE IS 217
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Tan @ can be found using:
APPENDIX F
@ cos ®=x, - [sin (of-772)
é
EVALUATION OF THE JACOBIAN 36 /It s 8. %ot lcta(_
_ikgm '
To evaluate .{‘eﬁa in terms of a local coordinate system with
& as the variable of integration (Fig. F-1 ), one must evaluate the Yot d
So that tan 0 =
Jacobian of the transformation J#/2x | Let a(xg,y,) be the origin of d“ T
x + d co
the local coordinate system attached to the element (i.e. 'q‘ is also °
taken as the centroid of the element). This origin can be specified in Now, )p/d-u can be evaluated by using Eg. ( £-2 ). The various
terms of the cylindrical coordinate ([’o' 00). terms are as follows:
Due to the lack of symmetry, the Jacobian 99/7% (required to change the 1L . { ¢ cscat) (-d csc o cot )
variable of integration) is not constant over different portions of the o
element's perimeter: sides 1, 2, 3 and 4. - ~d? cosx
sin 30(
From the cosine law, P can be expressed as (Fig, F-1)
f- (s (02 .2 fo!”sp ] cos = cos ({T-0)+8) " (-dcsca cota)
hence _;_z-:L[[)P_P(o.,ﬁi!._z s,‘np)ﬂ) s 8. cos? .
RN Sl e T = e o, i "of"‘:]
(F-2) sinf o sin &
Now, for side 1, we have (Fig. F-1)
£ sino=y +d yi sinp?ﬁ_ s-{¢escx) [ sind cos B - cosel sin @)
I
=d{ - ) i
then 9 sing+ poeos o 2 .4 (F-3) (- cos @ + cot & sin @)
F3 k3
Hence, by (F-3), we have ..3_9. . '__D_f‘_ tan @ (F-4)
da « P
Thus to evalyate the Jacobian )9/81 . we must know 3?/3.( , tan @ and
£ 2long the perimeter of an element. F-2
f-1
e
—
.
-




For side (2), we have (Fig. F-1 )

Lan 6 = %,-d

N N S A
T A fan 8

H

also, /;,‘,g g« /’ + 4 scec(T-&)

Y Fam 6 = St A Hrn

Xo—d

The various terms as required by J¢/da ( Eq. F-2 } over this portion of

the line intergral are as follows:

222, cdpecnt)-d seca Tamat)
P2 ]
= d*pind [ cos®a

cr 3 24 = ~ (coo ot oo Bst S 8, sima )(-A seca Lamd)

= o (L & cos 8, + 3in 6 Fan'x)

/(‘I‘ld 2—’5 = A(/"ud)(" cos X sin Oo+ Sin & Co$ 9,)
= Adlew b b~ 5m b))

F-3

9

In an analogous manner, one can show that the various terms required to

evaluate the Jacobian 99/J«  over the remaining 2 sides are as

follows:
For side 3,
2 - femi pp s femd
EX LN x-d ecol
and

1% = (A coex)(d cacat cot )

e - A Cowa cac3x

wd (caex et d){ Crool e B, + S 8o SnX)

m}f_[,
x A (etn cmb + of L SINE)

i)

A cac ol ( Sinat co> 8, ~ ovat S ®)

lfl.nﬂ _7_,i =
Jx
A (co0 8 — 5in &, col o)

u

For side 4
a1 f . gt d
L plums o xXotd
ad ILI_'_J_ d sec ¥ tan of
ol G x
- dzsinz.(
cosal

“’sﬁ il_ . -9 sec & tan of(cos o cos 8, + sin of sin 8,)
28

= .d (tan o cos 8+ nnza( stn 8

Y.

and l slnllpT = d sec of (cos o sin 8, - sin ol cos 6)

=d (sin °o - tan & cos Oo)

F-4
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FIG. F-]1 GEOMETRICAL QUANTITIES USED IN THE LINE INTEGRAL OVER
THE PERIMETER OF AN ELEMENT

F-s

(r

®



+JM8y

DDA B~

ANnN

25

21
13

101

9]

APPENDIX 6
COMPUTER LISTING #1

EXACT SOLUTION FUR FINITE STRAILMTEDGLU BASRIER

COMPEN/CIUST/PT s FRaLAMADA
COMNDM/XLENITZ A

REAL ArevSel CalACADAARING
COVPLEX TATITAT24TEKR "14TE
Plua ®ATAMN(L,)

TFul2,

TER (5.8 (TF=32,)/9s10273,
CsSCRT(1,483085448T¢)
LT YY)

CAr]2,

NC22425

AvaTH,

ARITE 16425}

FCAVAT (3H1e/¢iXs?5TRALOST EDGE SHIELD OF LEGTR 46 D'e/)
F=R000.

LA“BDAaC®]12,/F

FXm2 o8P 1/LAVADA

THETA=RD,

2C 50 I=1s2

THETARATHETASPI/LEN,

wRITE (69211 THETA

FORMAT {1Xa'THETA = "oFb.l)

wAUTE (61 F

FORWAT LaXs 'FREU s 9F5eCriRe'HZ'y// )

wXsheL

DG 60 KLmleg

HNSur X80 e TS

KRITE {helS) aX ,
FORVAT (1Xe'x/2 ®#'elxXeFoel)

IFLTHETAGLELTPe) OO TC 9]

SARSURTLRCam2e(CA anb)en2)

wauCA=NS

KIWNRRCOS( THETAR)

aQu a8 I I THFTAR)

PHeROeYC

SGavG=NS

CBuSCAT (PRes e GR2)
ARWSGRT (FPASE2+4P 1902
598501 T (SCeape30002)
WHIOSATANZ {NCori)
PHIn2, 8P J=ATANZIFRPA)
PHIO28ATANINC/ NS}

IF (NuelbEeQol) PHI2e3e®b1/240
IF (INQsLESDel) G TG 131
PHI282,8PlwATAN{FR/NG)
CSoS0RT 1 ¥S#aS#CoNC)

GC TO 9¢

avez2,2%

SABSQRT (A4eave i CA=iS) 802}

sawe

4

Y

16
17

5C

ta

ARshaeCUSITHETAR ) =CA

AUSNRESINITHETAR 1=AY

ARESORT(ACSAQ+BCRAN)

SM=Ca=yS

SPESURT [ (SVEAC) #8204 (Avetd) W8y

PHICRATANIAYZS )

PHIaP[eATANIBS/AC)

CQeCA®AQ

PHI282 . #P1=ATALIAO/CQ)

PHIC22ATANINC/IS)

CSaSORTINGSFSeNnCON)

CRaSURT (CanCue3IQnny)

CALL HAXKEL (P41 +PHIDsSA«ADISBTATL)

CALL HAKKEL (PH124PHID2CS+CBSBITATL)

THARTAT1eTAT2

RYEM=CABSITOA)

AR« BALOGICIRTEM)

WRITE 164161 rX»TDA

FORMAT (1Xe'X/D m'slXefhelodXe' vk a'eF10ebelRe’ ¢ J'4lXsFlOeb)

WRITE (60171 RTE44NR

FORVAT (1X¢*ATTENUATICN FOR FIANITE SHIELD «1TH TeQ tDGLS ='e2Xe
/KR ®'sFl0eb02Xy! ®'3F9a2s1Ke'DR e/ /)

wxs1240

COMTINUE

THETA=THETA4L10. 0

CONTINUE

STOP

END

SURRCUTINE HAUKEL {PM]+PHIOISA+ARISHIDAS)
COvMQH/CUNSTZ P oFK oL AVADA

covvan/xLIviT, X+

REAL®& MVBSJ)

REAL LAMRDASNR

COVPLEY RNAS1eNIS1 eRNRS2eRA[S2sDAR DAL s TLARTEAT oA
COVRLEX C2eTFR19TERV240AS

21=PH10%1804/°1

22=Pu]el80./P]

IRBPH=pM]O

21sPR1eFnI0

ReSORT{ [SABSA)+ LARSAH )= (7, 2ARS <ostzar )
OORIMESQRT ((SAPSA)+ [ARRAS I ={ 2 BANESARCUSIZIN)
RleSA¢Al

I1ReR =i

WINPeR L =PP [

ARCOS{ZR/20)

Hel0S(21/24C
TAUReSGRT (FreR] )

TALRPeSURT (FKO P

IF (AeLTo0el) TAYImaTAUK

IF (EelTeCe™) TAURGAaTAYFE

RQueI @] /LAVEIA

ova LA DL

FR*An] ey

SOITE (hodl) Z1ed708an

FOWRMAT (2Xo"0MIY 8 ' oFnaZe2Xethul o ' FbedeoNo FRESVEL AUNMBENR 'y
1xeF8,2)

TNARECYPLX{UeSY 0 i)

TDALaCYPLX [ ews e V)

AL NINTH

G-2
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1nR Alw=TAUR
19 X2®=TAURDY
110 25 wlsXxlaxleFxeRr
n s2uX28X7eFKORPR]
112 GISSORTIX1WAI+424 #FK Q) APPENDIX €
113 52mSQAT{X29X2+2+ *FK#RP<IV)
l1le NRJlervasylinle1€ER LY COMPUTER LISTING #2
115 DIJ) = VESJ I w2e [ERS)
11& CALL AESY{wl,ledxYlelEn3s
117 CALL QESYix2elenIYlaltie) sJnaw
e ~YLerRIL/GL 4
119 N1J1=D1J2/62 c SOUNN FIELD ARJUSD A RECTANGULAR PLATE 3Y INTEGRAL cuUATLON METRGO
129 NRY1=DRY1/G1 C
121 O1yleniylsng 1 REAL NR
122 RNIS1eCVPLX PRI ¢DRYLT I3 COMPLEX TFoDIRFLDGCE10C650CHT 0020 TERVEE s TEANOI2CH2,C030DF
123 RUISICVILXIDIJLe01Y)) i) COMPLLX C220TER "210C/30TLRV220t sV sSToT0A
124 Xlex]e5T “ REAL wAL26)
123 X2mX2eST 5 NIVENSIUN El2602400vii24)
128 AleX]eX)eFROR 6 NIMENSTIUA WWG(24)
121 A2=XP9N2SFRARPRIY 7 COMMON/RCGTS/T (&) awta) o8
178 L1wSORTIXIwX]e2. BFKHR] 8 COMMON/CONSTZ P oFR
179 GZBSTHT (X28X242 o SFR¥RPNI M) 9 CCUMUN/PARY 7 $e 1D
130 NRI2=MIRSIL (Wle JERS) ¢ COVVON/VALUE/ TIA
131 D1J2=VMRASILLa2s 1EREY 1t COVNON/SINE/ M1 om? ¢RHCSWICOW P [GeTs
132 CALL RESY(WlelsDRY2,JERT) 12 Plu6,9aTAN].)
133 CALL HESY{w2eleDIY241€0u1 13 Fralfoon
114 HRJ28DRI2/G1 14 As4S.eP] /180,
135 nN1J2enlv2/62 1% T11180.339901C6
11 NIY2eBAY2/6] 16 Ti21v0088113¢31
137 DIY2uDIY2/02 17 TitsaTi)}
138 RARS28CVALX (DRJ2 sORYZ) 18 Tie)a=Ti2}
139 RNIS2aCYPLX(NIJIZ0D1Y2) 19 W1190.6%214510
140 DAR® (RNRSI#RNRS21/24u 2 wl2)eC,246785485
11 DAJw(INISIeRNIS21/7240 21 “ivtangly
142 TDAR=TAR+DAR 227 Alelwall)
1a3 TCAI=TDAL+DAL 23 ayal
et IF 1X1eGTexr) 55 YO 10C 26 RLew0415
1e% sC¢ To 20 28 X0u0,3}25
loe 120 TDAR®TDAR®ST 26 vOuel,075
167 TRAT=TDAI#ST 27 DELTAR NS
14R DACTDARSTDAL ’a DeAELTAZ2.0
149 CleFReR 29 SelELTAREQ
150 C2uCVPLRIGLG4=C L) 19 CALL KEREL ($T)
151 TERVIaCMBLX[1e29CT) 1 XSe5en
152 TERV2CEYP(C2) ?2 YSet.C
131 NASRTERY J#TERVZRUA a3 I5e0e%
154 “TF”eCABS(DAS) b 181
1%% KR#=20+%ALCGIIATE) b1 xBaxp
156 wRITE (645011 TDAR " "Wev0
187 801  FORVAT (2X 0 'MASKEL (REAL SOUACE) *o1XsFlusbolXs's J'olXeFlUes) 37 20enen
1%8 aRITE (654502} TD&I e Jnt
159 507  FORMAT (2X s 'MANKEL(IYAGE SUUNCE ' o1X ek 10e6s1Xste Jto2XsF1lUueb) 39 xQexc
160 WRITE (6418} DA 40 Yaevu
161 1F  FORVAT (3Xe'DIFFRACTED FIELD FOR Gt LUGE ® 'sF1Ce60" ¢ u 'oFluet) (3] «Cel
162 wRITE (6417) DASENR &2 N0 220 LLetes
PN 17 FORMAT 13xs'aTTENUATION #'4)XsF10e0s' » J "oF10ebs’ = 'y o3 N0 110 KKe)ea
Fbe2e}Xe'DR') b IF thCekDel) G2 TL b
166 RETHRK (34 XQexp
148 EAR X} YC avPeLFLTA
«? 1P (YueLTaY'i) KosRUDELTA
(14 IF IYGatLToYvE Yiayy
G-3 (4 IF (XQelTokL) 33 TG 40
L1 dwle]
G4
. . »
' .
—
.
i
. ~
[ ]
t -




?¢

e

223

25

ERY

a0 10 10

1F (1=3) 1a2s}

E(leJ)asT

¢ 10 3

Jed+l

TOARCHPLY (GadrJel)

RMOSO8{ XU=XP ) #2824+ (YQ=YP 188,

TIeSGRT (RHOSQ)

H]wXQ=XP

H2aYO=YP

FISHRSURT{H1#®2er2ee2)

CoweM1/F I SH

P1GaH2/F1SH

CALL KERRE]

CALL KERVE2

CALL KERNE)

CALL KERANEG

Etled)eeTDA

FtJellm=TDA

YQuYQeDELTA

1F LYG=YY) lebsd

AXA®XQ=DELTA

[F (AxAlLT AL} 30 TO 2V

XOwAXA

YosYO0

a0 101

CONTINUE

WSOSUR'((XP-XS)0020(VP-YS)OOZOKZP-ZS)QQQ)

C21=~FK®R]S

C229CMPLXI0eNC2Y)

TERM218CEXPIC221 /14, oPI O8RS

C238CVPLI 10, DeFL)

TERL729iC23+1/RS)

TEAM23I=(ZP=25)/S

votlle TERM21#TERW22¢TERV2)

1ule*l

YReYP+DELTA

KC=Z

CONTIVUE

XPeXP=DELTA

YPaYO

CONTINUE

DC 25 lw=le2é

ElIWaln)=sT

ConTINVE

WRTE (60311 ((1adeEllodlegnlo2adelnlalel

FORMAT 1311701300%Xs1303XeF100002ReF 10,00
N8 26

1As24

tw]

1Re26

1JO0R=0

CALL LEGTIC (EovtelAsvievslbeliBoahsiln)
nC 52 18126

vvQi11aCARSIVOL ]

CONTINGE

wRITE (60120

FQLVET t7793%et SUSFACE PUTENTIAL WISTUUTIUY Oy RiolD RECTANGULAK
DLATE AT FACH CALCULATIONAL #CINT')
wRITE {6013

G-$

-r
—
’ .
11n 13 FOIVAT {1Xe'FIRST POINT AT LUWER MIUMT CURNENSLAST PUINT AT UPBEN
LFFT CURNERs FACING POINT SUURCE'e// 1}
m ARITE (60111  VRUI avvGi] e 31426}
112 11 FORMAT (201747 (' eF¥ee! & J "aF 345" ' s! #74FT7451)
113 WRITE (6418)
1la 19 FORVAT (1r1e1Xe *OIFFRACTION BY A RECTANGULAN SCREENe MAGAITUUES UF
TSTAL FIELD ARE THE WATIO TC TwE LIKECT SCUND AT LACH POINT' /71
11% PHIR®0,0
114 WRang3]
11? N0 77 (7410
11e (FaCYRLX 00404 )
119 PrlePNIR®PE/182,
12¢ XPapieSINIPNT)
121 YR=D.N
122 ZR=RROCOS(PH])
122 DSPASORT( {XR=X5) 982+ (YH=Y5) 882+ (ZR=151%42)
124 Co0m=FKERSF
12% CHLaCHPLXIC0eCH0)
12+ DIRFLDSCEXPICH1) /14, #PT®RSK}
127 XQax0
12r YQ=YO
129 ZUus0.0
120 ie}
131 N0 221 LL=lse
132 0Q Lll remlea
191 ANRSSORT ( (XW=XG) B020 (Y=Y )#02e(In=11)%02)
1% CoLeaFR aRUR
139 COSCPLX(DoUsCOOGH
138 CHTRCEXP(CE5) /TaoePoRUR)
137 €62 sCHPLXICeDrFKR]
138 CoI=],/RIR
139 TEIVpleiCs24C53)
180 TERVE2e (IR=7() 7R
161 TEIVEYav {1 10CLTRTERVELOTERME2
142 OFaDFeTEINB IS
161 Tale)
1k YIeYOeDELTA
la8 111 COrTINGE
168 xNwxQeDELTA
la7 YGnvn
140 221 CONTINE
149 CRouwCARSIDF)
150 TFaDF «DIRFLD
181 Crlw Frersp
152 CRI2aCPLX{DeNeCB1)
1%y CAraQSRECEXP(CA218TF oL, oP]
156 RTEMeCAPSICER)
15%% NRe=20,0ALOGI0IRTEN)
155 WRITE (6¢17) P4IRDFICHY
157 17 FORVAT ( /olXo*ANGLF ®!olXoF5ela3Xs'DIFFRACTED FIELD *92X4F 10060
e JtalxeFidele2iy *+1XeF1046)
158 CRITE (6018} T2I4RTFU AR
159 18 FORMAT (22X¢'TOTAL FLIELD *e2XsF1Cebs T e U WlReFL0ebe2Xe ety
LY sF10ebeBX0 't oFR20lXe'DBYY
160 PHRePHI®20
a1 77 CouTINVE
162 STCP
183 a0
166 SUARDUTINVE KERNEL (STH
G-6
-
’
—




1&%
lee
187
164
165

171
172

17
175

177
17a
179
150
19
1A2

183
186
188
bLLY
187
ire
189
100
191
192

194
19%
196
187
loe

10

10

COMPLEX CoFsTOT4SIGVAWCHST
COMMON/ZCONSTZ Pl oFK
CCVMON/RCOTS/ TG ) oWt a) R
COMYON/PARY/ SwusD
DIVMFASIGH TUTiS)
00 18 I=lee

# ePle(0,25%T([}+leb)
Aw=FKeD/SIN(R)
CaCYPLX(JeJea)
FaSIN(RI®CEXPIC)I/D
TCT(I)ea(])0F
CO*TINUE
SIGVABKROUL,eTOT{114TUT(2)+TOTIAI+T0T LG ]
CSn2,eP]F<
CAsCUPLX (DetieC5)
STe=iS10AeCh)/t4,*P])
RETURN
Enr

SURRDYT INE KERNE]
COVPLEX SIGYALTCT.TDA

COMPLEX TINTO

DIVENSION TOT(4)

COMVONSCONST/ P14FK
COMMONSRTCTS/TLO LW (@) 4B
COMMON/VALUE/ TDA

COVMON/FACTCR/ RHOONTH

COMPON/TATGY CIs8LaTA

00 10 lelea

RePle(N.25T(1)+0,5)

StelarSintuy

C0eCOSIR)

CALL EvaLl
TOTL1an (L IRTINTGLARG DTN

CONTIUE

SIGHARR® (TQT(11+TOT{21+TOT(31T0T (o))
TOASTDA+S1G-a

RE TURN

E4n

SURRCUTINE KERNE2

COPLEX TINTG

CCMPLEX SIGLVASTOT,TDA
NIVENSION TLT(4)
COVVEN/CCNST/ P oFK
COVVOR/RCDTS/TIA) swit)sB
COVYEr/FACTOR/ INCWDTH
CCVMMON/VALUE, TDA
COMMOR/TRIGY CUSTTA

DO 16 Jelee
RePlo{y.250T1I+],0)

COel, 7/COS LI

SIsSTIALR)

TAeTAN(R)

CALL EVAL2
TOTUIIwu 10T aTHIRMNO 30 TH)
CONTINUE
SICVASR®ITOTI1I+TOT (21« TCT3)eTOT (&)
TDARTRASS1GvA

KETURY

G-?7

4

223

224
225
2?76
227
27
229
230
%1
232
273
2%

23%

21s
227
23¢#

239
260

241

242
263

264
265
246
267
2468
269
250
251
252
5%
254
255
254
257
25¢
259

260
261
2R7

263

266

265
266
287
26%
289
270
271
212
273

274
278
2T
a1t
278

10

eND

SURROUTIVE ®xFR\E S
COVPLEX TI4TG
COVPLEX SICYASTOT,TPA
DIMENSILUNY TUTIG !
COMNIN/CONST, P oFx

O IROUTS/ T L) gmtad op
COMMCN/FACTURY RAD,OTH
COMYMON/VALUE, TOA
COVWAN/TRIGY €8T 4TA
N0 10 fsles
ﬂlPl'(OoZ5'7lll’l.5l
COnCOSIRY
Si=l./8IN(F}
CALL EvaL?
Tb'll)!w(l).1!1TQ|RHOQDTMI
CONT INUE
SlG"AlF'(TOT(lI'YOT(Zl‘TOTll)oY01(&l)
TDA=TDASS 1 g
PETURN
END

SURRCUT INE KEPNEL®
COMPLEX SIGVASTCT . Tpa
COMPLEX TIATG

DIVENSICN TOTi&)
COMVEN/CONSTZ D] oFK
Crvvox/HOCYS/Y(«l--cal-s
CD““OH/FACTUG/ RML T
COVMON/VALUE/ TDA
COVMON/TRIGY COsS1aTA

DT I 1=)e4

RePlag,25eT(})
CO%14/COSIRY

Si»Sintky

TASTAAN(R)

CALL EVALSG

oY I mw 11T 1T GIRNO DTN
CONTINUGE
SIGVARBECTUT (11 eTUTIZIeTLT(31et0T i1}
TOAeYCASSfGmA

RETURN

END

COVPLEX FUNCTILY TINTGIRMC yDTw)
COMYON/CORST/ B oFx

COVPLEX C74C3

ClaaFRaing

CZeCVMRLX (4 0CY)

C1RCEXP L3
TINTCRDTHSCS/ (4, #2] eqMO)

IE TUMA

END

SURROLTINE EvaLl

CTYMON/ISINE, HleH2 eRHGSACTa oD LLrT s
CONNONIPARY 7 Sy,

< OM/FACTOR, AMUWDTH

CO ON/TRIGY Coe8laTh




279
280

200
26}

ng

308
06
In?
3ra
Ny
311

312
313
3le
315
314
117
310
319

320
371
372
323
326
378
s
327
320
329

EX))
312
3313
3%
3358
314

E XY

LB

Alm)+poCOnS]

IF 1ARS(ALI.LTelaUE=1%) GO TS 2
TTis=nNeneCOesien)
TT2aPa{CUNBCUSR205 I BR2eP [ 0CURST )
TTAaD# (PISHCO*S I~COW)
TauCaeyasSlen)
T1237.8T38D8(CCaCORSISPIG)
FHOBS?T LI TE+RHOSG*TL2))

DYHE= (24D I #(TTI=TIR(TT2=TT3 1)/ (AL uRNCER2)
GC TC 3

IF (H2) Gebes

RKO® T340

DTIWaN/Rr0

GC TC 3

Hum 13«0

OTHe=L /RHC

RETURA

£ND

SURROUT IRE EvAL2

COVON/SIDF 7 Hlor2 sRHUSUSCUNIPIGOT S
CUMNON/PARN/ S4eD
COV-ON/FACTIRZ D LTI
COVYON/TRIG/ CUoS1eTA
A28M2«naTA

IF (ARS{AZ14LTe1e0E=15) LC Ty 2
TTlaDagssiaCien3

TY2=D8 (TASCLwroPlGoTARR, )
TTIsne(CLasTamP IG)

TosraneCOne?

T1282.% TH8DR(COn+TARPIG)
IHORSCRT (TASRHISG=T12)
PTHEIHI=D)I#(TTl= TS®(TT2=TT4) )/ (A243N0002}
GO TG 3

IF (H1) 64648

RM(s T3-D

NTHE=D/RHO

50 T0 3

RO T3eD

DNTH=( /910

RETURP,

ExD

SUFROUTIVE EvAL3

COVVON/SIOF / H1am2 s 3MCSGICUNsP[Ga TS
COVMON/FACTUR/ IMCeDTH

COMVON/PARY / Syiel

COMMON/THIGZ CoeSTeTA

Adsh]=DelCaS]

1F LARSIAI)I LTelenF=1%) GO Tu 2
TT)seDapoCnegIoe?

TT22=DR {CONRCCRI 20500241 1GRCLR5] )
TT308 (CommP]GRCUSST)

TreDaDSS R0,
T128=2,413800(COwaCO*SI+PIG)
RHO*SORTETRIHISWT]2)
DTN--(&?-Dl'(Tfl*'J'(TTZ-TY}l)/(AJ'RHC"Z)
60 10 3

IF (H2) asbes

WO T 3=

G-9

327
3=
139
342
341
367

26
LYAN
24
L0
167
L
149
ase
351
157
351
LT
ves
364
157
e
364
n
3n1
25
L LY
LYy
365

~

BT 2 VTSl
oTe 1

GHraT e

BRI CEHY ST

TETURN

¥

SUBCMLT[ Wt ivals

LMY /SIDL =i emi ety a2ltel s
TP 7eARY S & .43
CCeG FACTLYY, Imite T
CONTHI Tl C g8 eTA

Absre j8T2

IF (rrsiet)alTele t=lb) 0 T 4
T8=iefeClLiany

V1282012008, eTARD],,)

FROBK T (Trev=ig seT1 )
TTlel s aglal on,

Tlist @i [RaToeC n)
TTraeo0(TiaC »2 e Th00y)

T [l eD) 8 tTT el 4o (1T emTTa10/0RGe < Yooy
LeOTLo

IF (m]) aetec

EINES PSS &

vTeshysomg

G T

wT A=
[ T TUYEINN

RETUR

[
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APPENDIX 6
COMPUTER LISTING #3

INTEGRAL EQUATION METHOD FOR DIFFRACTION OF SOUND WAVES BY HALF ROUND

SCOOP SHIELDS

REAL Ak oLAMENLY w JD
COVPLEX CooTER10CE79TERY214Ce30TE R e sl sV aadUL

COUPLEX TFLOIRFLUNCH12CES54CETvCH2 4 TE S Lo TLR"623L22eC2+DF

COVPLEX TCTaTER“2TERMIeTCA LR eSK

DIERSIUN F 122502251 0002254229) 0viit205) 0AE 12220 awhlegn)

cQ AIPARE S BLaFRaT(6)aal6)4RS
Plubo#ATANIL,)

DeNgTY

TF=6Te
TRa(S5.#{TF=32,1/%414773,
C2SORT(1ea®30804neTr)
F=120Gs
LA/RDARC®#124/F
FXu7,#D] /LA ADA
HTNOu]2.

N7s0.R

NXP=]S

\YOuld

MFLe225
NTHePIR0TD/iu0,
RS=3,75

P T

GUaDTHMECZ /Lol

‘Pwg

T1)20e%5326695]
Ti2)=0,6£120939
Ti2,20423861915%
Tia)e=T(1)
Tia)==T{2)
Tibra=T(2)
WE11mNe17132449
Wl218Ce360T76157
“13)12N6E791293
wlhlewt]l)

plS)muil)

wib)mn(3)
THNaTH/ 240

7G8NZ2 /2.0

Isl

THPRTHG

2P=20

Js]

T THC

23220

CALL KEPNEL [NPoSKOTHDZ)
KCe]

NC 220 LL=1ls*XP
0116 Res1ohYP

1F (¥ CeEQel) &I TG S
THeTHP

G-l

4

109
110

L3
30

20

112

220

25

22
21

23

LIsZPeN?

IF 02 a0TaZ" ) TuuzTr jo0Tw
IF {2:.4GTe2 ) 2,2

IF (TrianTekl) 30 TO 20
Jele]

GLoTC e

IF tl=0) 14302

Jxde}
SUTRCVELI (N " el ")

00 37 33140
HeNTHETII3) /00 Thy
A1mlCSETHP )

"0 & JAm]ep
Gel2leT (3N /243020
RESURTI o #S#828 (Jamp])eln=/Pluay)
CleFrey

Cxe=C}

C2oCPLYID4C4LlX)
TFuV1a3,8(].eCi)=Clun
TEQV2m(PSe®s)@(jemloalontens) 00y
TR amisn(],=C2) %Al

TR RCEXRICZIMITE U IRTER 2OTER Y 31/ (oo [onney)
TOT=- (1318 (J3)mTER
SuveSuveTCY

Co . TInuE

CONTINUE

E(lsJlehesiv

Etdellet (1o)

238210402

IF (Z7=2") lsaes
ATARTH#DTH

IF {ATALOLTWRY) 530 TG 20
THO®ATA

2qeiC

neoTo )

CONTINUE

1=]+}

20eZPeD?

KC=2

CONTIMLE

THPRTHP+LTH

2P=20

CONTINUF

DO 2% FawlehEl
Etleslatnsk

CONTINUE

D0 21 Is)letEL

N0 22 JslevEL

ROTe ) eCPILXICIUICLT)
ConTiave

CONTINUE

DO 22 =) erEL

RIS IDIaCVRLXI140004C)
CONTINGE

NenFL

TAstEL

ran

ILERTIN

TJd0u=n

CALL LECTIC (FovolAoHeslHol Ol qnanlt )
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172
17
1 ) XY 112
nz Do TJuelels 172 vooe? eexmle
113 X521 176 SIS0 ALKl Te e )
lle YS®L ot 17= Moobew Jusly P
1% AL NNLL 17¢ MOE AT T, T
e THO S THE 177 Yo BIGEL L mIF
117 Pt T &) 170 Y- sihas] (et )
11° 1=1 179 TDOEEE Jumlend
119 I 626 Lxlalorx? 120 U4 SENTI PSPl 70
1»" X2858CUS(THP) 151 TEiRmg o alY =Y JaR, el =] 28,
1 voawSeL] (TRP) 1w2
132 oGz LePwlel YR ez C1SEr BLv{0e e
123 IPSuGURT L i XPmXS) B84 (Yavs)anse (b= )nn?)} lva CoTalt Y- 40N )/ {aobo o o}
126 COSMRESOSORTIXP R eYPOu, )} 1-% Cornt-bLvd
12% C21s=Fxespy I Coletg/=.¢
124 €253C"FLY(eNeC2)) 1:=7 (T 88 Tix #e eV o0}
127 TEn PISCEXPICZT )/ Lbo¥ Pl naPn) lea TE e lmlCheeCh!
1w CZ21nlHPLYLONFK) 1+9 T R2em{y ®(x(lar [eY @V iav }}i/CT.
129 TEG-2201C23%],/RPS) lon Thbh RleCa f8TF~ Giefh "vi iy
120 TELVIIBIXPRIAP=XS)+YPR{YaYC}) /(5% 1v) T Y oFealI0)® (Jr)8TE< D
12 VeI a=TERVZL1OTE < 1278 T PVe3 1u? SU FESL e eTUTOF
12 le]el 1n3 LETN SR § NV
122 Zhazpen? 19 039 (T WGt
134 25  CconTiuLE 1a% CFaYE eSS VDR AL ([al)
1% THE s THOS[ T 154 lsle}
136 i0=Z0 197 VAt YT Aars
127 479 COLTInUE 19+ &2 LT e
14F SRITE (69990) S ,LA"RDAGF 1ve TH mTHLe T
119 Q95 FCRYAT (1rlelxe'FREY 7o FAedelr o' HZ? 43X s fnAvEeLLault 2% sFnels 200 [4N T4
IXe"1Rat shMotuAVE NUWHER 2! oFNele//) anl el e TI e
lat CRITE taeRak) wJo 217 (L T
16} S48 FNRVAT (72Xy'x/) m'eFbage/} 203 CRysCALS{NF)
147 Ke] 2 TC€a b o] FLO
142 o0 19 ll=leFL 0% C¥ls Fre.s
146 ECI1eKI®{loursor) 206 Ch2eC DLl a6 0}
169 GE 32 JlelefL 27 Ceen L0 (C- ) eThen 0k
16k FLIYam st {1140 RETI1041 00V LIV 277 STE mCabSIC-Y)
147 32 CorTINue 2ne Sewmscesa( L T
140 15 CaNTIWE 21 SITE el Luue baCoe
149 P LA {43 FINTH 211 17 EQc AT L Zeike' X177 siveEoelean ' lrr Wkl el Yeagcteriluels
180 AFCICIaCANSIR(IC oK)} LRSS ERTE PSR ENS L NS PRT N T |
181 LYe) (428 & BTV 217 CHITE KR elEd 7 oaeTr el
152 “RITE {b6e668) 213 16 €00 AT (/7«3 Tva 'Y .TAL tli iy Yelre-laeiet = Ltaltarisersgantut,y
153 665 FOEVAT 1///791Ke! SURFACE PUTENTIAL LISTYIUTION /) Pr ot ThaTandalut o€6 20l 1at)
1% YRATTE (6011 (Et1e)deab (T holuloner) 214 ES0 RN YN B Dalr
15% 11 EORVAT (3 LN eFseSelr eFseegXxeFTanecal) 218 Lt [ AT /703 0na 0101 Flre 2'e- tunfosaszivaler-ntir xtazleats
1%6 PHIO=&D, Jig Jealt
157 ARITE (80700 2mID FAL) Tt g =l
pL L 701 FOONAT (///e1Xe? FIELD BGIAT AT 959400 ixe? ety vl JeT 4X}ST) 217 1 [l & BT
1%9 PrIsPHlDePI /182, 21% ST
180 X78040 21y .
sl YR264¢BSIN(PH])
162 ZRa66#COASIPN]I 4640 270 ATE b s TL T HeaR e L T )
16 BSRESOHT LIXR=XS ) #8242 (YeaYE ) 0020 ([ 2nmzg)8ug) 2?21 CF F 0 fbbe 7 PLeF sl de sty ¢
166 CHOR=FK 9482 27 (YIRS N ITI IULIS SV AU S0 IR
1% COIRCPLXLDe(eCoY) 2213 CVCLIY € by ST A
166 CIAFLNSCERP(CH1) /{4 o®M]OKSR) 724 Trimt bLrlie 0.0 )
187 NEACVPLX {04000, 0) 2/% G ET g el e )
169 SsHSeDTwenZ
a9 TrGeTHY
G-l
G113
-
-
.
-
..
- c\
v
1 . o
! -
"t




226
227
228
229
23C
231
232
233
2%
235
236
237
2138
2139
240
261
242
203
264
245
266
267
244
249
250
251
252
253
254
255
256
257
258
259
260
261

13

DlwsyZ/240
N2aRS#ST/2.0
CX1=P[/240
TH1=ATANID1/D2)
BlaTH1/2.0
B2a(CK1=TH1} /2.0

DO 10 l=1enP

H2 {TM18T{1)eTH1) /2.0
CHCOS{H)
AneFK#02/CH
CRCMPLX (e oA}
FaCHeCEXP(C)/DL
TOTmx (1) eF
SUvssyv+TeT

CONT INUE
THA=TDA+RI#SUY
SUMECMPLX{OeNs0e )
TH2aCK1=TH]
TH3I=CK1+TH]

NO 11 IslenP

Ha (TH2BT(]14TH3) /2.0
SHeSIN(H)
Ax<FKeni/sH
CoCMPLX{0400A)
FeSHeCEXPICI/DL
TOT=wi])eF
SUM=SUM+TOT

CONTINUE
TOASTRA«H285UY
C5m7,2P]eFFK
CReCMPLXL02¢L5)
SKu={bo#TDASCEH) /tbonP])
YRITE (6+13) SK
FORMAT (1Xo'KERMEL #'s1Xstloe/92XsEd6s/)
RETURN

END
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