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SUMMARY.

Acoustic silencing systems with reactive elements are

investigated using an analogy with electrical transmission

line theory. Plane wave mode of propagation is assumed and

convective effects of the flow on the acoustic transmission

in the system are investigated. The one-dimensional wave

equation is solved and leads to the repfesentation ofa

silencing element by a symmetrical fourpole. Attenuation-

frequency characteristics of entire systems are calculated

through matrix multiplication from computer programmes.

@wo test rigs were constructed for obtaining experimental

results, one for systems without flow and the other for

systems with an internal air flow up to a Mach number of 0.2.

Resonators, expansion chambers with and without internal tubes

and combinations of these elements have been investigated

within the frequency range of 50 liz to 3000 Hz with reflection-

free inlet and outlet pipe terminations. Both the sound source

and the pick-up are connected to the test rigs from the side.

Theoretical results have been compared with those obtained

by the test rigs, and, in some cases for inlet and cutlet pipes

without reflection-free termination, to the results obtained

by other workers. The Fast Fourier Transform has been used

briefly as a technique for obtaining experimental results.

A survey of definitions for attenuation has been undertaken and

a comparison between the method of matrix multiplication and

the alternative method of continuity has also been made.

Computer programmes used for calculating the theoretical

curves are presented.
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NOTATION

radius of circular connecting neck of a pesonaton?

complex amplitude of incident wave in an acoustic element.

complex amplitude of reflected wave in an acoustic element,

velocity of sound.

conductivity of a resonator neck.

frequency of an acoustic signal.

J-T

wave number = at

length of an acoustic element.

mean mach number of flow.

instantaneous pressure at any point,

Couples: anpr tend of acoustic pressure at any point.

cross-sectional area. of an acoustic element.

cross-sectional area of the inlet and outlet pipes.

condensation at any point.

mean flow velocity.

complex amplitude of volume velocity at any point,

P
impedance at any point = Tr:

characteristic impedance of an acoustic conduit without

pe

omeflow =

wave length,

displacement of fluid particle.

density of fluid medium,

angular frequency of an acoustic signal.



Subscripts

b

in

n

open

out

branch

input

neck ( of resonator )

open-end

output

outlet pipe

(iv)

Superscript

' for quantities

related to straight

pipe configurations,
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INTRODUCTION

Sound propagation in ducts is of relevance in the

study of mechano-acoustic systems such as internal

combustion engines intakes and exhausts, reciprocating
compressor intake and delivery systems, refrigeration
and ventilating systems, intakes of turbo-jet engines,
nuclear reactors, pneumatic drills and air motors etc.

Although certain aspects of these systems are different,
the general principles involved are similar. One way of
attenuating the sound in ducts is by inserting an acoustic
filter or 'silencer'. These filters can be classified as
absorptive or reactive. Reactive filters comprise elements

such as resonators and expansion chambers which reflect

the sound back towards the source. Attenuation of sound
is achieved by the formation of standing waves in the system.
In this way no energy is destroyed during the silencing
process and such a technique is generally described as

reactive silencing,as opposed to absorptive silencing in
which sound energy is destroyed and dissipated as heat.

The transmission of sound through ducts and simple

reactive filters or silencers has been investigated on
many occasions, although most of the early work was, due
to experimental and theoretical difficulties, limited to
the element alone rather than to the entire system. The
theory previously developed was found to be inadequate for

complicated systems, and silencer design and installation
is still very much an empirical process based on experimental
trial and error. This is particularly true in the case
of the design of silencers for internal combustion engines.

In many instances where sound waves occur in ducts
there is superimposed upon the acoustic wave a mean gas
flow, which in various ways affects the performance of the
system. Although quite a few papers have appeared dealing
with sound propagation in ducts with internal flow, most
have been orientated towards specific applications, and in
general have been concerned with ducts with internal linings
of resonator arrays or linings of absorptive materials. The
need to reduce the sound from the intake of turbojet engines
has given an impetus to the work on resonator arrays. There
is a need for a general theory capable of handling the
entire silencing system, including the filter elements,
interconnecting pipes, source and outlet terminations.
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SURVEY OF PREVIOUS WORK

ea Definition of Attenuation

Transmission Loss

The theory of sound propagation in ducts has been

dealt with in standard texts on acoustics (1,2). However,
the original theory of acoustic filtration or silencing

was due to Stewart and Lindsay (3). Since then the subject
has received considérable attention and numerous publica-

tions have appeared dealing with various aspects of reactive
acoustic silencing in ducts, both with and without an inter-
nal gas flow. In these papers different definitions were

given to the term ‘attenuation’ to suit the author's inten-
tion and convenience of experimental measurements, and this
survey starts with a discussion of these definitions.

The most common definition is the ‘transmission loss'

which is defined as the ratio in dB of the energy in the
incident wave in the inlet to the energy in the transmitted
wave in the outlet pipe. The transmission loss can also be
written in terms of the ratio of the amplitudes of the
incident and transmitted wave. (Note here that the outlet
pipe is the pipe downstream of the silencer while the inlet

pipe is that connecting the silencer to the sound source).
This definition of transmission loss was used by D. D. Davis
and his co-workers (4) and the Motor Industry Research
Association (5).

Igarashi and his colleagues (6,7) used a mathematically
identical but physically different definition. Instead of
using the ratio of waves in the inlet and outlet pipes,

they compared the ratio of the wave amplitude in the outlet
pipe with the wave in an equivalent straight pipe. Since
the straight pipe possessed a non-reflective termination,

the incident wave in the inlet pipe of the silencer and that
in the straight pipe are the same.

MEASURING POINT

TO SOUND : x

SOURCE Ain : eas

Areft Aout

EIG la

p MEASURING POINT
To SOUND 

x

SOURCE

oe —— > Ag LOY

FIG 1b
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la shows an acoustic filter in a pipe. The wave in the

et pipe comprises an incident wave of amplitude Ain and a
ected wave of amplitude Areft . In the outlet pipe, due
e non-reflective termination, only the incident wave

exists. When the filter is replaced by a straight pipe

will only be the incident wave of amplitude Ast

own in Fig. lb. When the impedance of the sound source

gh enough, Ast = Ain -

Transmission Loss is defined as 20 log,, 52, by

Davis, MIRA ete. Igarashi and co-workers instead

ed it as 20log,, ae which is mathematically
oul

ical to the former, if the source is of high impedance. ©

Stewart and Lindsay in a series of papers employed a

‘transmission’ which is the ratio of the transmitted
i power to the incident sound power. When referring

2

g- la, this term ‘transmission’ is equal to att
9,10,11,12). Lembert in two of his papers (13, 14)
ned experimentally and theoretically transmission

es for a side branch resonator with the presence of a

gas flow, although he called these values insertion

OS.

All the work mentioned above defined the transmission

with a reflection free termination. This definition is

© means practical, but appears to be the only rational

esentation of the performance of a silencer on its own.

rimental results obtained usually agreed well with

retical predictions.

rtion Loss

A more practical quantity is the ‘insertion loss' which
efined as the ratio in dB of the sound pressure levels

red at some external point to the system, with and with-
he silencer in the system, i.e. ratio of readings taken

e measuring points in Fig.la and Fig.lb. Because an
calculation of the insertion loss is complicated, most

ers have only attempted to correlate their measurements

some simplified expression for attenuation. Although

cal explanations were usually given, none were really
incing, and the only justification would appear to be

agreement between theoretical and experimental results.

D. D. Davis and his co-workers (4) took measurements of
rtion losses with their test rig and compared them to some

es of calcvlated transmission loss with an open finite
et pipe. —Total reflection of the pressureawith a phase shift

80° at the open end was assumed. The Motor Industry



|Research Association in their reports used D. D. Davis' theory
and performed laboratory tests to determine insertion loss
for Silencers. Experimental results were compared with

= ical predictions. Engine tests were performed to

insertion loss for the silencers in the presence of a

. M. Fukuda in his paper (15) performed cold tests
eine tests to obtain values of insertion loss for the

ion chamber type of muffler. He also developed a theo-

. expression for attenuation as the ratio of sound

re levels at inlet and outlet of the silencer. Calling

jheoretical expression transmission loss he compared it

experimental insertion loss obtained from both cold

and engine tests. A. V. Sreenath and M. L. Munjal (16)

,» by means of an electrical analogy, an expression for

ion loss as the ratio of power transferred to atmosphere

jhe system, with and without a silencer. Their expres-

when simplified, is identical to that of Fukuda.

> no experimental results were given to prove the

ty of this expression.

nsertion loss, as defined at the beginning of this

n, is not satisfactory since it depends on source

nce, outlet pipe length, inlet pipe length and distance
nd of outlet pipe to the measuring point. All these

fixed quantities, of the silencing system and thus will

onsiderably in practice. With the exception of those

D. Davis and co-workers, all the results obtained

mentally for insertion loss by the above mentioned

rs do not compare well with the theoretical calculations.

rT, insertion loss is still an important definition for

cal purposes.

Definitions

Apart from the transmission loss and insertion loss

are other definitions for attenuation used by workers

® field of acoustic silencing. A. H. Davis and N. Fleming

defined attenuation as the ratio of sound pressure levels

ed at the inlet and outlet of the silencer. Using an

ical analogy they derived a theoretical expression for

attenuation and then built a test rig to obtain experi-

i results, with and without air flow. Engine tests were

performed but no correlation of experiment with theory

tempted in this case. D. D.. Davis and R. R. Czarnecki

eir work (18) defined attenuation in a similar way as
atio of sound pressure levels at the input and output

e silencer. The silencer used consisted of a series of

ical resonators, and the theo for this set-up was

oped by Stewart and Lindsay (35 By assuming an infinite
of identical resonators they obtained the attenuation

fh resonator and the attenuation ofm such resonators will

imes attenuation of one resonator.
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So far all the work mentioned was performed on silen-

cing systems without gas flow. There are papers dealing

with systems with flow, but none have tackled the problem

of sound propagation in an entire system, as has been

attempted in the no flow case. Due to theoretical diffi-

culties, changes in cross section of any kind were avoided,

and « variety of definitions have been given in various

papers for silencing with internal duct flow.

Mechel, Mertens and Schilz (19), Meyer, Mechel and
Kurtze (20), Tack and Lambert (21), Doak end Vaidya (22)

' all presented their results in terms of attenuation per
unit duct length, while S. H. Ko (23) gave attenuation over
a definite length of duct, and Mungur and Flumblee (24)

used attenuation per unit duct width.

E. J. Rice (25) employed the term sound power attenu-
ation which he defined as the ratic of acoustic energies at

the exit and entrance of the duct. This definition is

basically the same as thet of &. H. Ko.

R. Jd, Alfredson end P. O. A. L. Davies (26) defined
attenuetion as the ratio of maximum sound pressure level

in the inlet pipe to that in the outlet pipe. They also

measured the radiated sound pressure level from the outlet

pipe at an external point and compared this quantity to the

. I@ximum inlet pipe sound pressure level. This is very

similar to, but not exactly the same as, the insertion loss

of the system. All the tests reported were carried out on

an actual engine.

Effect of Finite Lengths of Outlet and Inlet Pipes

As has already been mentioned, to avoid mathematical

difficulties, the attenuation characteristics of acoustic

silencers are often calculated with the assumption of non-

reflecting terminations (4, 6). This means both the inlet

and outlet pipes are infinitely long. In order to calculate

the insertion loss of a silencer, a finite outlet pipe must

be assumed. Lindsay was among the first to investigate the

Las of a finite termination (11), purely on a theoretical
asis.

D. D. Davis in his paper also dealt with the effect of

a finite outlet pipe. Following Lindsay, by assuming total

reflection of pressure wave witha phase shift of 180° at the

open end of the outlet pipe-which is equivalent to sero

rediation impedance and is justified at low frequencies - they

defined the attenuation as the difference between the sound

pressure levels of the incident wave entering the muffler in

the inlet pipe and the incident wave leaving the muffler in

the outlet pipe, i.e. transmission loss for an open-ended

termination. Arguing that the sound pressure in the open air
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due to an open inlet pipe without muffler or a muffler with
a finite outlet pipe is, at a given frequency, directly

proportional to the pressure of the incident wave in the

respective pipes, they went on to measure at a distance of
20 inches noise levels emitted from 6 muffler sand from an

open inlet pipe; the seme loudspeaker acted us the noise

source in both cases. Attenuation, which was in fact the

insertion loss for the muffler, was found from these data.
A comparison of the experimental and theoretical data showed
good agreement both in magnitudes and frequencies. The

effect of the finite outlet pipe as shown in Davis' paper

was to decrease the attenuation drastically around the region
of the resonant frequencies of the outlet pipe.

M. Fukuda in bis paper (15) investigated extensively
the various effects of outlet pipe on silencer attenuation.

As far as the outlet pipe length is concerned Fukuda's

theoretical results, obtained with the assumption of the

outlet pipe being terminated with an open end, agree well

with his experimental results, and his findings were similar
to those of D. D. Davis. Fukuda also concluded experimentally
that the attenuation of a muffler decreases when the outlet
pipe diameter becomes large, thus, for a definite total

outlet pipe area, a large number of outlet pipe is generally
more advantageous than a small number.

The MIRA lst report (5) also presented very satisfactory

results for a simple expansion chamber silencer with a finite

outlet pipe; both theoretical and experimental results were
obtained using D. D. Davis' methods.

With the measurement of insertion loss the problem arises

of radiation of sound from the pipe outlet. Although, as

mentioned before, this problem was never adequately dealt with,

A. H. Davis and N. Fleming as early as 1935 CV) calculated
with the aid of network theory the expected sound level at an

external point four inches from the outlet of the silencing
system. Radiation from the outlet into a complete sphere was

assumed. The experiments were conducted in an anechoic

chamber and theoretical and experimental results for attenu-

ation agreed reasonably well. A. V. Sreenath and M. L. Munjal
in their paper (16) used a more exact value of radiation

impedance for the outlet pipe. They used the expression for

the acoustic impedance of an unflanged pipe, namely:~

Zan gilts eiepue i co. Os0.cncoe

Co S

where f, = frequency of sound wave,

Co = velocity of sound at pipe outlet,

a = radius of pipe outlet,

s = area of pipe outlet,

and w = circular frequency of sound wave.

This was expected to give a better representation of the

outlet pipe opening than the condition of Z=0 which was used
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by most workers. R. J. Alfredson (26) used a quantity
‘Reflection Coefficient' which was defined as the ratio of
incident to reflected waves in the outlet pipe. Measurement
of this quantity showed thet it is frequency dependent and
can exceed unity in some cases. With the value of the
‘Reflection Coefficient' known from measurement, the net
energy flux in the outlet pipe can be calculated, and with
it the level of the radiated sound, if spherical radiation
is assumed. Measurement of the radiated sound pressure
levels at a distance 4% ft. from the outlet pipe exit compared
very favourably with the calculated values. Measurements
showed that directional distortion at different frequencies
was absent. It can also be seen from Alfredson's results
that at a wave length corresponding to twice the length of
the outlet pipe attenuation of the silencer drops to a low
ners as had been shown earlier by D. D. Davis and M. Fukuda.
4,15

As with outlet pipes, the effect of the inlet pipe on
silencer performance was usually conveniently dealt with by
assuming an infinitely long inlet pipe. M. Fukuda (15) was
the first to include a finite inlet pipe in his mathematical
model, using a four element matrix representation of the
acoustic elements. His predictions of pass frequencies due
to the finite inlet pipe were successfully verified by actual
engine test measurements.

Earlier H. Martin (27) had already discussed the effect
of finite inlet pipe in relation to the ideal location of
a silencer along the exhaust pipe. H conclusion was that
the effect of the inlet pipe would always be balanced by
that of an outlet pipe of equal length in a single silencer
system or in the case of two silencers, by that of an equal
length connecting pipe.

Associated with the finite inlet pipe is the problem of
source impedance. The source impedance has generally been
assumed to be very high, so that the volume velocity emerging
from the source remains constant whatever the change down-
stream. Sreenath and Munjal (16) accounted for the source
impedance by assuming thet the source consisted of a com-
pliance, and hence the source impedance was inversely
proportional to frequency, rather than independent of it.
However, since the sound source must be different in each
application in practice consideration of source impedance
in a general silencer analysis is not justified.

Mounting of Transducer and Sound Source

The most widely used pressure transducer for measuring
sound in ducts is the condenser micPophone.. Two ways of
mounting the microphone have been used in non-flow cases.
The first way is to mount the microphone with its axis
parallel-with that of the duct so that plane sound waves
impinge normally on the diaphragm (4). The microphone size
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has to be kept small to avoid disturbing the sound pattern

in the duct. This method has the advantage that the

microphone position is infinitely variable and results proved

this method to be satisfactory in cases without flow.

The alternative is to insert the microphone from the

side of the duct in a perpendicular position (5,6,7,14,28)

In low frequency tests the microphone tip can be kept flush

with the inner face of the duct wall and hence will cause no

disturbance to the sound pattern at all, although this kind

of disturbance was found later to be unimportant in cases

without flow.

In flow cases most workers used transducers of their

own design (19, 20, 26, 29). ‘These transducers are usually
of aerodynamic shape to minimise turbulence caused by their

presence, so that only pressure fluctuations due to the sound

waves are recorded. The opening which leads to the measuring

diaphragm is so placed that the gas is flowing parallel to

the diaphragm. When a conventional condenser microphone is

used it should be inserted into the duct from the side to

avoid the gas impinging on the diaphragm. Nose cones often

cannot be used because of the small dimensions of the pipe.

Due to the presence of the boundary layer, which results in

a trapezoidal pressure gradient across the stream, the tip ;

of the microphone should be placed on centre line of the duct.This

will induce turbulence in the wake of the microphone thus

giving rise to results which will not be comparable to those

obtained by specially designed transducers.

The most common type of sound source is the electro-

magnetic loudspeaker and is often connected to the duct

axially (4,5). Igarashi, Lambert and Mechel (6,14,19,)

connected the loudspeaker to the duct via the side at a

right angle to the duct axis while Dean, Davis and Fleming,

Mason (17, 28, 29) made the connection at an acute angle.
Sound source connection appears to be not es critical as

transducer connection. The side connection method was adop-

ted in this project because an air flow could then beeasily

supplied through the ducts.

Methods of Analysis

Method of Continuity

In their book Stewart and Lindsay (3) formulated and

developed theories for acoustic silencers with reactive

elements by means of the one-dimensional theory of sound

propagation in ducts. Assuming continuity for both pressure

and volume velocity at discontinuities, they calculated

attenuation characteristics for silencers of various config-

urations and verified them with experimental results.

The diagram below shows the sound pressures and volume



velocities at an abrupt change in cross-section. The
sound pressure at the junction is P where:-

Shee

The volume velocities V, and Vo are related to the particle

displacements 5 and Eo by the following expressions:-

See hs Wes, ag

Continuity of flow gives,

S 05, S. 25,—- ea
1 3t 2 ot

i.e. Vy = Vo

Employing the same method, D. D. Davis and his co-

workers (4) made an extensive survey of the acoustic
performence of exhaust mufflers for internal combustion

engines at low frequencies. They calculated and measured

the transmission loss for about eighty mufflers, including

expansion chambers with and without internal connecting tubes,

large and small side branch resonators and various combin-

ations of the above. Agreement between experimental and

theoretical results obtained was very good and their paper

remains, in terms of results, the most comprehensive reference

on the subject.

R. Jd. Alfredson (26) in his thesis published in 1970

applied the conditions of continuity of pressure and mass;

the latter condition can be converted into continuity of

volume velocity through a simple division by the density of

the fluid medium. Expansion chambers with and without

internal connecting tubes, and with a continuous meen gas

flow were considered. The ratios of the magnitudes and the

relative phase angles between sound waves in various regions

of the tested silencers were calculated and obtained experi-

mentally. Agreement between theoretical and experimental

results was extremely good. A typical example is shown
below (26)..
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M. Fukuda in his paper (15) used continuity of impedance
rather than continuity of pressure and volume velocity; the
impedance was defined as the ratio of force to particle
velocity at the point concerned. This is again basically
the same as continuity of pressure and volume velocity,
since force=pressure X area of pipe while volume velocity
sparticle velocity X area of pipe for plane sound waves.
By concentrating mainly on the expansion chamber type of
silencers, Fukuda investigated various important factors
and the conclusions of note are ag follows: partitions
deteriorate the attenuation effect in the low frequency
region and improve attenuation at high frequencies; the
attenuation effect of a muffler decreases when an outlet
pipe has a larger diameter and when the number of outlet
pipes increases. In this paper different sonic speeds were
calculated at different sections of-the system in order to
account for the effect of variations in temperature. General
agreement between theoretical and experimental results was
satisfactory.
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A. V. Sreenath and M. L. Munjal (16) also calculated
attenuation values for various reactive silencers by using

continuity of an impedance which they defined as the ratio

of sound wave pressure to mass velocity of the wave. Mass

velocity was used instead of volume velocity because it was

assumed that gas densities were different in various sections

of the system due to differences in temperature. No direct

experimental verification of the theory was given in this

paper.

Method of Matrix Multiplication

The analogy between acoustic and electric filters had

been obvious for a long time and, because the method of

continuity becomes laborious when the number of elements is

large, acoustic filter problems have often been treated in

the same way as electric filters. (8,9,10,11,12,13,14,16,
17,18,27). At low frequencies the distributed mass and
elasticity of the acoustic system can be represented by an

electrical network with constant (or lumped) values of resis-
tence, capecitence or inductance, and properties such as

cut-off frequency and attenuation band can be predicted easily

and quite accurately. At higher frequencies this simple

analogy breaks down and the acoustic system has to be model-

led on an electrical transmission line with distributed

capacitance and inductance.

Igarashi and his co-workers (6,7) represented the acoustic
elements by appropriate four-element matrices. In this way

complicated combinations of filters could be analysed by simple

matrix multiplication. This is known here as the Method of

Matrix Multiplication and has been used to obtain the theo-

retical results presented in this thesis. With the use of

digital computers this method is extremely powerful, in that

numerical values can be substituted in the matrices at an

early stage and the attenuation calculated. Igarashi and

Toyama obtained some experimental results within the range of

50Hz to 3 kH2, and their results were in good agreement with

theory.

R. Lambert in his paper (13) derived a four-element matrix
to represent a side branch resonator in a system with uniform

fluid flow. This matrix was very similar to that used by

Igarashi and Fukuda (the difference between the matrices used
by Lambert end Igarashi will be discussed in detail later in

this chapter). In a separate paper (14) Lambert provided a
satisfactory experimental verification of his theoretical

prediction. It was thus shown that this method can be easily

extended to deal with systems with a uniform internal flow.

Systems With Internal Flow

Uniform Laminar Flow

The problem of acoustic silencing had been dealt with for
systems without a gas flow. In many cases there will be an
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internal gas flow in the system, and in order to obtain a more

realistic view the effect of flow has to be included.

The simplest way to include this effect is to assume
a uniform laminar internal flow in the ducts. The simple
wave equation will then be modified to the ‘Convective Wave

Equation' and its solution will give the convective effect

of flow on the performance of the system. J. D. Trimmer in

1937 (30) analysed an acoustic duct with internal uniform
laminar flow. His mathematical analysis revealed that the

open pipe characteristic impedance was modified by a factor

of (1-M¢) where M is the local mach number of the internal
flow. It was also shown that this flow acted as a resistive

element so that various infinite values that occurred in the
no flow case appeared as finite values.

D. S. Whitehead (31) in his work relating to the vibra-
tion of air in ducts with internal flow also came to the
same conclusion but in a slightly different form, in that he

concluded that the effect of flow is to eeauee the resonant

frequencies of the ducts by a factor of (1-M¢). Both Trimmer

and Whitehead's results imply that the length of the pipe is

effectively increased.

R, F. Lambert in his paper (13) solved the convective
wave equation and obtained a two by two matrix representation

of a side branch resonator in e duct system. However, he did

not prove the identity [eq. 8] in his paper from the defini-

tions given [eqs. 9a & 9b] and attempts by the author were

unsuccessful. ‘The diagram shows the system Lembert was dealing
with:~

2p

L | L |
Without flow this system is represented by,

R
Up

eZee pez a aPp cos 2kL + j 55 sin 2kL Z(j - 7,'0 kL) sin 2kL E

e Ae Z. : eZ ‘U, 7 (J + 5, kL) sin 2kL cos 2kL + of, sin 2kL U,

ar Ame aoe | eal

(can be derived by method
G D. U used in (6), but see chapter 3.)
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where Zj=characteristic impedance of main duct.

Zp=simpedance of side branch.

k=wave number

Since A=D and AD- BC =1 this four element matrix is a reversible
four pole and this agrees with the physical significance of the system

The four element matrix given by Lambert, when without

flow, simplifies to,

Nga 2cos 2kL + if sin pe -Z(1 +3 oo kL) sin 2kL

$= zo cot kL) sin 2kb eee A. sin 2kb

This matrix differs from that derived earlier and is

not a ‘reversible four pole which means the silencing system

is not reversible. Even when Z,=o when the matrix repre-

sents only an open pipe without flow, the condition of

AD ~ CB = 1 is still not satisfied.

In a companion paper (14) Lambert presented experimental
results for the silencer which he investigated. A graph of

attenuation against frequency was given at regions around the

resonance frequency of the silencer. The’ results showed that

the flow acted as a damping element and attenuation at this

resonant frequency was decreased as the flow velocity increa-

sed. An important point was that the frequency at which this

peak attenuation occurred did not shift with variation in

flow.

R. J, Alfredson (26) also assumed uniform mean flow.

He produced experimental results to support his claim that

neglecting the mean flow will lead to large errors in the

estimation of the attenuation of the silencing system,

especially when reflection at the outlet pipe opening is

strong.

Turbulent Shear Flow

Due to the presence of the shear boundary layer, more
realistic flow profiles have to be considered, particularly

in the high frequency ranges, to account for the refractive

effect of flow upon the sound wave. So far most of the work

involving a realistic velocity profile has been related to

ducts with internal linings of absorptive material. There

has not been any published work on a complete reactive

silencing system with internal shear flow. ‘The greatest

difficulty in such a project would be to establish the

continuity conditions at the junctions of the system.
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Findings from work-concerning absorptive silencing with

various flow profiles are not directly relevant to reactive

silencing but nevertheless a brief survey is thought to be

justified.

D. C. Pridmore - Brown (32) was the first to produce
a satisfactory mathematical model for sound propagation in

a duct with a shear flow. He considered both the constant

gradient velocity profile and the one-seventh power law

profile for the flow, and solves the wave equation analy-

tically with a series method which involved tedious

calculations and approximations.

D. Mungur in his papers with G. M. L. Gladwell and

H. E. Flumblee (24, 353) used a fourth order Runge-Kutta
method to solve the wave equation and calculate the pressure

profile across the duct. With this method any velocity

profile can be assumed and the method was proved to be more

accurate and versatile than Fridmore-Brown's method.

Tack & Lambert (21) considered a general power law
velocity profile for the flow. They also obtained a series

solution for the pressure profile across the duct. And the

conclusion drawn was that for engineering purposes a uniforn-

flow profile assumption, which is most accurate et low

frequencies, should be adequate.

Vv. Mason (28) dealt with modal cut-off frequencies for
sound propagation in a cylindrical duct with internal air

flow, and used experimentally obtained velocity profiles

for the determination of various acoustic modes. ‘These

velocity profiles took the form of a two-region profile in

which a constant gradient profile exists in the boundary

layer and a uniform profile at the centre of the stream.

The fairly low flow speed used in Mason's work only altered

the modal cut-off frequencies very slightly.

S. H. Ko (23) and S. D. Savkar (34) both employed a
two-region velocity profile. Results obtained by Savkar

were very much the same as those obtained by Mungur and

Gladwell using a one-seventh power law profile.

Shift of Resonance Frequency of a Resonator With the

Fresence of Flow

With the presence of the air flow the definition and

measurenent of the resonance frequency of a Helmholtz resonator

becomes more important.

Mechel,. Mertens and Schilz (19), and Meyer, Mechel and

Kurtze (20) in their papers measured the attenuation per unit length

‘of a line of datiped and uridamped Helmholtz ‘resonators with
an internal flow in the system. Neasurenents
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were made with a travelling microphone. The measurements

in the duct for attenuation per unit length against frequeny

showed that the attenuation magnitude decreases and the

maximum attenuation point shifts to a higher frequency with

increasing flow velocity. Their results agreed with what

was predicted theoretically by S. M. Ko for lined ducts (23).
The first phenomenon had been explained by Tack and Lambert

(21) as due to reduction in time for any action responsible

for attenuation to occur. The second point was attributed

by Mechel and his colleagues to a flow-induced reduction of

the oscillating mass in the resonator neck caused by irre-

versible turbulent movements there. This can be seen from

the equation oar Ta . Where A is the cross
ei

sectional area of the neck, leg is the effective neck length

and V is the volume of the resonator. A decrease in the

‘effective neck length les will result in an increase of the

resonance frequency. Tambert measured the transmission loss

of a single resonator and observed the change in resonance

frequency with change in flow speed. He found that the

resonance frequency did not change with flow speed, but the

transmission loss magnitude did.

Meyer, Mechel and Kurtze (20) also measured the resonance

frequency of a resonator by putting the microphone inside the

resonator with the sound source immediately outside the

resonator neck. They found at the resonance frequency of
the resonator shifted to ah er value with increase in flow

velocity. This is to a certain extent also verified in

Chapter 7. :

Phillips (41) used two microphones, one outside and the

other inside the resonator for measuring the resonance of a
single resonator mounted at the side of a wind tunnel. Both
microphones were placed as close as possible to the resonator
neck and the resonator was treated as a spring-mass system with
one degree of freedom. A shift of the resonance frequency was
observed up to a permissible mean flow velocity of 75 m/sec. and

no saturation of this shift was observed. McAuliffe (47)
determined the resonance of a resonator with two orifices using
a similar method but with a much smaller test rig. He started
to obtain a shift in resonance frequency at 1.5 m/sec but a
limiting value was reached at 4 m/sec. Anderson (48) with a
flow mach number approximately equal to 0.2 also obtained this
frequency shift with a simple resonator. He also discovered
that the end correction for the resonator neck depends not only

on flow velocity but also on the cavity volume. This to a

certain extent explains the discrepancies among results obtained
in references (41), (47), (48) and those presented in Chapter 7
of this thesis. *
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GENERAL THEORY OF ACOUSTIC TRANSMISSION IN DUCTS.

31 Matrix Representation of an Acoustic Element.

ey:

Sp —— + 5 {p+ 2B ax}

x xtwt se ax+doc x +dactwi5+ 2 (w+5) doc

Fig IL-1

Consider an element of frictionless fluid shown in Figure III-! .

x = co-ordinate along the duct.

S = cross-sectional area of the duct,

U = mean flow velocity along the duct.

w = displacement of fluid particle due to mean flow in

time dt.

Ss displacement of fluid particle due to acoustic wave motion

in time dt.

p = variation in pressure due to the sound wave.

From a one-dimensional analysis the - new length of the

element is :- $

ax+2( w+ ) ax = ax (1+ 2 )
ox ox

ow _
see 0

For conservation of mass :-

QSdx = eS dx (i+)

and w being independent of x:

where Q, is the density of the undisturbed fluid, and e is the

density of the fluid with the wave passing through.

Now since P= e& (I ce s) ’

where s = (-€, | and is the condensation of the fluid medium

‘°

at the point considered.

te (+ s)(V + 8B)
s= - 3% ee eee eee Tf

neglecting second order terms.

Now , p = P(e)

Thus , - dp = 4] de = P

By definition, (e@-@)/e = dP%Po = §

and dD Ee | an hee i3 (35) £
where c is the velocity of sound in the medium considered,
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The net force on the element = E559 ie dx
iS Spice cee dx
Rs oy exe

Product of mass of element and acceleration is
ri

yp a j+ 08) aPp a § Bw +8) = es ax S { 3, gee cari, | (+)

aphex a + ope + 02 & et (w+8) » since U> 3
J ot? ot ax x2 ot

0.dx S$ fa ae U? or= oe {es ei aU a ars}
Hence equation of motion is :-

2 nb doc { 2° 3 72 92
sactde FR = Sede {Uh + 2025 + 0 FS]

dabei tint ane oe ne 92
Weetee =. ce gre BO dau aft

— m2) a2 eis (08S M ae
(I M a = ce oe? tae c ax at jwhere HM = U/e .

This is the wave equation for particle displacement withmean gas

flow velocity 7. D'Alembert's method can be used to solve this partial

differential equation. By writing Dx for 0/dx the wave equation vecomes

ee Gs oer 2 Da 4h — (Mt) Dx? B= 0
Chard be

{ m? ab oe MemDoem: = (ate) ice Dx} % = O where m = d.

mnen(aoMe Doc te hao ec Dect + #(I-M2) c® Dx*)¥2

eke Dam (MEA!)

Eg = By goers + F(x) ere Dx (MIE

= Flx—c(mM+)te] + &F [oe - c(u-d E]

Using the identity

(rege EA)

E(x,t) = ff[x<-d+m)ct] + 9[% +(i-M)ct]
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Write E (x,t) = FEE [x -Ciem)ct]} + 9{ Mul +0-met]} *

i] F (wt- Ey %) + 9(wty Kx)

$ {w(t -Gemye x)} + g {wlt + qe *)}

This can be proved to be the most general and complete solution to the

wave equation. (See Appendix 1). If § (x,t) is a simple harmonic wave,

then the solution to the wave equation is

- K

SG,t) = Acl@trm =) ao petett ou *) — Try
where A and B are complex amplitudes of particle displacement for

incident and reflected waves respectively.

This solution represents one downstream wave with velocity

c(414M) and an upstream wave with velocity c(1-M) in the duct. Both

waves have frequency Ww.

A elt - An x)
t

I

Pi ——— Pe

peor
vi <— Bellet +AnTM fy,

ERG ere
Fig. I -2

Higure ITI-2 shows a duct element of length 4 with downstream

and upstream waves.

As derived above,

2.95 asp=- ec eos WeaiS <—

a Pp = ei, A edlwt - Em TM)
es +

a ee ih, B ellwt +S, 2)

It is possible to add the two constants -k/(1+) and k/(1-M) to

the functions of §(x,t) since in this case the wave frequency is

invariant to a stationary transducer and equals w.
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j(wt - j jlwt -m)
V Soars eilw eee + jSw ac lef pac)

t J /

re A ej phyA, B= ~ apt Ke

Then, =P Ae dive sot MP9 p/ed(wt {kfm} x).

ee 4 Alia) let “le + x) aE 4 Bi(-m) eat rinti-mby)

Considering amplitudes only,

at x =0 , B = Ae B! (1)

Vy, = 7, {4 (+m) = B/(1—m)} (2)

oer eae ee Aleit " eae ane

Vo es Zz {a’ (14M)e SLIM — Bi-mellt-mset (ht)

5 Tok, / en
From (3) (J4m)R = A(itM)e vt” 4 B(i+Me’TMTM (5)

ne

Subtract (4+) from (5), (/+M)R —VeZ, = 2 Bieimn?

Multiply (3) by (1-M) ke eon

(-MB = AGM PH” 4 BUm)elmTM (6)
Ada (4) to (6), ° £

(-M)% + ZVe = 2alediem

A’ = 4 eitul [(-m) PR + VeZe$

(cL 5 estnt {(+mTM) B = VeZay
ji kKNow, P, = $feiim* 4 1 aeM tere

EUR SNe REeee _ giant}
ee 2 {e! eae + ew rene ot ie

e1-M KE Lee, ke
+ 2 etree) Le ow =m A

yt= {cos te alae ~s Phe a E +b sin KE al{e “=r *} (v,7,-me)

8 ke : J= J ihe (cos athe - jy Msin nee) Pp

+(jZ, sin nee) Vp }
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ke

Yo= + {tems e’ #4 fmm + WZ]

-(1-M)% 2 od Kiam) P, Se

j ia é 1 -J tet kt
Vee + (Chel: See ee |

jt kt ; p JS ae kt+ (14M) Vp Z,% evieme K . Gm) V,2,4 & Heme }

; . kt

= Zz, {(i-m2) Paem ine j stn
1- Me

~M okt Geek’- a - Me

Ta Zee. at Oe a eM VesZ aes sink eee

= gem MG eet sin Hie) P,

+ (cos fee +jTMM SUN j Soe) Vp i

a5 ie kt , baat

\, igt-m) sin KE, cos Ke 2 + jM sings Ve

—— Il-5

This matrix represents the relation between pressures

and volume velocities at two general points a distance 1 apart in

an acoustic duct with mean flow. the matrix forms the basis of the

method of matrix multiplication, The exponential term can be

disregarded as it does not affect the amplitude. Yor M=0, the no

flow case, the relation reduces to the form,

230] cos kt J ee sin kt Py

; -—— m-6

\y Hee sin kt cos kt vO
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3.2 Characteristic impedance of a_buct with Flow.

The characteristic impedance of a wave in a duct is

defined as the impedance anywhere along a duct with an infinite

length.

From III-5,

ke, . kt i .fie [eos , eee ee ih ae + i[E sin Ane | V.

= [Sem om?) sin So be ie + [es ee + JMsins ke nee

Thus

vam P [cos we ~ jMsin KE, ie ay i [Fé sin Se] Ve
{es - -

Vv if 0-49) sin ee ] gz 1a [cos ue + Msn Sue] Ve

x [cos Ke ~jMsin ee] Ze, + J [RE sin KE, |
j[2tTM9 sin Ga] a + [cos eee + jMsn Se] IIF7

Where a, = P, /\2

For an infinite duct, impedances along the duct are constant, so 4,525

Zp cos pe - jZ,Msin KE, me ce sin ee

= Zz, cos KE, + jZ,Msin KE, +32 Z (= m2) sin KE. ke,

eee, 4; ENA, ee eae:

Sy eee ae ey
22 (-m)

Le) a een= =a eer!

eo fe= & tem ore Lae
III-8 is the characteristic impedance for upstream

wave propagation. The negative sign indicates that the wave travels

in the opposite direction to that of positive values of 1.

III-9 is the characteristic impedance for downstream wave propagation.

Thus for a duct with flow there exist two values for characteristic

impedance, depending on the direction of flow. Both these values

simplify to ec/S for M = 0.
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3.3 Resonance in Ducts.

For a duct with an open end, 25 in equation III-7 would

be zero. therefore,

ey esi
q

cos KE. +. j M.sin Bhe
2

race (S sin Me

a) cos? KE, + MA sin® koe

For 4, to be a maximum or minimun, lZ,1° 7b (Kt) = 0

This leads to , sin ae = 0

ise. ane, = 0,7, 2, 317, .....

BGe = 9.7/2, 7, 31/2

Te ake de ae eeang aes Tip cieUlasseoniece.

gs A
re Ue BE

For t/l-M?)= 0 , A/2 BAN cee 2, = 0.

This is the condition for resonance of an open duct.

For ¢/(1-M?) = A/& , 3A/4 . Z, = eis
t M

Thus for M #0, 2, varies between a minimum of zero and a maximun

of (ec/s)/M lRor a= 0., 4, varies between zero end infinity.

For a duct with a closed end , ao in equation III-7 would

be infinity. Hence,

a ant pe geet oe ome

Bor =e, = 0; 0/2, A

Sher os 1, 2, aa and 2, = @

Por Aue = * ) ao 5 sen

kt/im?) = Ne , 3n/2,..... and Z, = - (e¢/S)(M/i-m2))

This is the condition of resonance of a closed duct, and is the

condition of operation for the od wave tubes",

It will be seen that for both the open and closed duct,
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when thi-m4= ng where n= !,2,3

i.e. for a closed duct , 44 Z

34

Zs is transferred to Z, ’

and for an open duct, 4% OS:
@

llatrix Element for Sound Source Connection.

To

|

IRM

sound source

5
at

Fig. III-3 shows the side branch connection to the sound

source. This type of arrangement is

kind that is used in the experiment

nD
wipe to the left of the connection

studied here because it is the

al set-up described in this thesis.

is the volume velocity in the pipe travelling to the right. The

is terminated by non-reflective

material, thus giving an upstream characteristic impedance CEASA I- Me

5 is the particle displacement due

is the mean gas flow velocity along

Since pipe dimensions are

Assuming no gas flow down

flow gives,

S, { ei ES [2 Ef
ot : ot

2s, 25,
s ot So ats "s

Le. Vo +Mv =

The connection to the source is

following matrix

I
>

\

[sem
ec

I

Seine

to the sound wave alone and U

the duct.

small compared with the wavelengths

the side branch, continuity of

o} + 9
iS ce

0

Pe.

U

e</ §,(1—TM)

therefore represented by the

oO Ps

va

0
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3.5 Matrix Element for Transducer Connection.

fo transducer

a8.
ot

| Pe Ve

Fig. III-4 shows the transducer connection. The pipe to the

right is terminated by the downstream characteristic impedance pc/ 8,4").

Again Pp, = Py and assuming no flow down the side branch,

(Bo) = SCR) + sQb 0},
- 35 2Sonat os oe 4-56 abs

Le Vie Vp + Pe
ec/ S(1+M)

If < I Oo i

VJ ~ | s+) ! |
1 oO Ps for. Me= 0.

Thus
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hoa THEORY FOR ACOUSTIC SILENCERS WITHOUT FLOW

l..a.l Simple Expansion Chamber

Consider the configuration as shown in Fig. 1V-1.

4, i 4, “fi ts

Fig. IV-1 Simple Expansion Chamber.

Both inlet and outlet pipes can be considered to be

of equal cross-sectional area and of infinite length.

With the assumption of continuity of pressure and

volume velocity at discontinuities, the system is

represented by,

b, | Oo cos kt, J & sin kt, cos kt, i sink’

Vale = | jg sinkt, cos kt, je sinkt, cos kt,

cos kts Jj S. sinkls | ° Post

J = sinkt, cos kl3 = | Vout

It is proved in Appendix 2 that values for f,

and 4, are immaterial. Thus the expression is

simplified to :-

o PoutBa Pe cos ktp § & sin kt,

Vv. S) | Je sin kf, cos kp | oe | Vout

Iv- |
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Since the microphone has a very high impedance,

Vout= O and hence there is no reflected wave in the

outlet pipe. Put is the pressure of the incident

wave in the outlet pipe.

, SsVin = coskte $e [2 + Jtan kte( + %)] Poot -
2 2 2 2 Ss S, 2 2|Vinl = cos* kt, ae [4 + tan® kts (& + $e) ] IPsutl

If the simple expansion chamber is replaced by

a straight pipe as shown in Fig. IV-2, then S=S, in

the matrix and there is no reflected wave in the pipe

at all.

Pin %in : out= Vine~ |, | oe | az Vout

4, ao As |
Fig. IV-2 Straight Pipe.

. é : ’

pe \ oO cos kta J & sin kp \ ° Poot

= —l-¢

[ Min 2 \ j 3 sin kty cos kta | = ‘| Vout

’ S. : ,
Vin = cos kte = (2 + 5 2 ton kta ) Pout

ale oe | ‘2

Ivin|? = 4 eae Tou ——-Iv-3

If the characteristic impedance of the branch

pipe connected to the sound source is much greater

than that of the inlet pipe, then Vj, = Vin and.

Pout equals the pressure :of incident wave in the
inlet pipe with the mffer installed (Appendix 3),

Transmission loss or attenuation of the muffler

is defined as :~-

112

Attemation = 10 log [Poul
a ———Iv-4
[Pout

a 10 log,

Seis 2, Se (Ss a Secos* kt, Lo + tan<kt.( 2 +22 eo? L* 2( Se =)
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In general, any acoustic element in a no flow

case can be represented by a four-element symmetrical

matrix in the form [é i with A=D and AD-BC=1 and

the expression for the system reads :-

Faelea | oc} a Aa | 0} | Pe

Vin S./pe c D S./pe 1 Vout

The transmission loss or attenuation of the

system would be found in a similar manner as shown

above, i.e. by the process of replacing the acoustic

element by a straight pipe. The method is used to

obtain the attenuation for the other silencing

configurations in this chapter unless stated otherwise.

4.a.2 Resonator With a Neck

The system is represented by Fig. 1V-3 and the
matrix equation for the system is given by

equation 1V - 5.

Sp

4, a

Pin | Poot
Vines | fn 7 Vout:

x 0 Sa ¥ x

S

Fig. IV-3 Resonator.

p Pie Oo], Tt o] [Rul
= = VS

'
Vin [Spc j Zz 1 S./pé if Vue

Zp is the combined impedance of the resonator

and its neck. This impedance value equals the

resultant series value of the separate impedances of

the resonator cavity and the neck with damping

neglected and is given by ( 35 ) as itee PeSp Sah

where S.= eross-sectional area of the resonator.
C,= conductivity of neck.

Sn
7

nr

and where Sa: = cross-sectional area of neck.
ne = effective length of neck

= physical length of neck + constant

x radius of neck.
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For no flow cases, this constant has been

found to lie somewhere between 1.5 and 1.7 (3,4,6,35),
and in this work the value of 1.7 has been used.

For resonator necks consisting of multiple

openings the determination of C, is very much an

empirical procedure. ‘The same can be said for

resonators with considerable viscous damping in the

necks

When the frequency under consideration is low,

the 'Lumped Parameter Method’ can be used, and

tan kt, — ky-

5 PY RE
beste 5, 7

= ae .=J@+ By,

where Y= Sib = volume of resonator cavity.

: S ict

Men J Ey ~ 0

C S
capac! — = pea oe

Coe i at

This is defined as the resonant frequency of

the resonator and at this frequency the attenuation

is greatest.

IV-6

The resonant frequency of a resonator depends

critically on the value of c, and the shape of the

attenuation - frequency curve depends on the parameter

Vy,
ob25, (4).

The larger this parameter becomes, the broader is

the attenuation peak. Thus in silencer design the

effect of a slight inaccuracy in the selection of

the resonant frequency can be minimised by choosing

a large value of Cob.
2S;

Viscous friction in the resonator neck can be

considerable if the neck diameter is small. This

friction is usually assumed to be proportional to

the particle velocity in the neck. For the resonator

necks considered in this work the viscous friction

term was neglected.
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h.a.3 Expansion Chamber With Internal Pipes

This system is shown in Fig. 1V-lh. It can be

Pin |
Vi 5, Ss tet

Sy So ees S, cs

t;ee

Fig. IV-4 &xpansion Chamber with Internal Tubes,

treated as an expansion chamber.of length ty and

area S35 with two closed branch pipes of lengths

t, and f3, and areas S,, and S3 respectively

connected to the ends. The matrix representation

of this element reads :-

Peale a elie 0 1 Of | coskte jE sink] |! Off) By

= = 3 ce + SoViv 2 1 Zook) \ase sinkl, cos kt, Ze! 2 ' | Mout

REL ise | of | cos k& iS sinkt,| | 1 oy} 1 Off ba

- \ ie
| | Gest, iz sinkl, —coskty | [i Zeotkly 1 z Toe

where S,=S3 = S,-S,

Z, is the impedance of the first branch pipe measured

at the exit of the inlet pipe, and Zz is the impedance

of the second branch pipe measured at the entrance

of the outlet pipe. (See Appendix 4)

h.a.4 Expansion Chamber With Resonator

This system consists of a simple expansion

chamber in series with a resonator as shown in

Fig. 1V-5 and can be represented by equation lV - 8.
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A Vout
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Fig. IV-5 Expansion Chamber in Series with Resonator.

\ oO cos kt, jE sin ke, cos kelp 5 i sin kl,

Se i j 2 sink, cos kf, } 22 sin kh cos ke,ec z J ec 2

' : oO ! ° Pout

ify ee, i} | af dy ae: Sn Sp Franke) ec ‘out

A silencing system with a simple expansion

chamber and a finite outlet pipe is shown in Fig. 1V-6.

Pin Aout Pout: Aopen.
Vin Bout Ne Neteg a e efi

1 2 a » te \b
oben

ft: Co | C3 Cb
Fig. IV-6 Simple Expansion Chamber with Finite Outlet Pipe.

The finite outlet pipe length is as and it has an
open end, A, ae and By eb are amplitudes of the

incident and reflected pressure waves respectively at point

of the outlet pipe. Aen and Bonen are

amplitudes of the incident and reflected pressure waves

respectively at open end of the outlet pipe.

This system reads :-

1 olf coskt, j@ sinkla || coskl, j@F simkls |] | © | [have |

Ss oe Sok: pile= I} JJ ee 5m kf, coskt, |] j = sinkts cos keg FRE Tent, nl Vout

\/ie tankf, is the impedance of the part of the
°

outlet pipe length ty » measured between point 1; and
the open end. (See Appendix 5)
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The relationship between eae and Anu at point 4
t

is given by,

boot] = [Aout] °2 sin kee ( Sce Appendix 6)

Since the sound pressure in the open air due to

an outlet pipe with open end is, at a given frequency,

directly proportional to the pressure of the incident

wave travelling in the pipe (4), the attenuation of
this system is defined as :~-

2

Attenuation = 10 log, | Pout” [[Aove|* — 1Vvi10

Where ee oret is defined as under section .a.l

of this chapter. (Sce eq. 1V - 3)

Another silencing system with a resonator and

a finite outlet pipe is shown in Fig. 1V-7.

PootPin o, , Aout Yost oben
VinS Lt by out. Bopen
ein: : ¥

opery

| t 43 4 |
Fig.IV-7 Resonator with Finite Outlet Pipe.

This system is represented by :-

Pin ! ° f o

Vin Sope | 1 /{j.9utn Hoe jtankly} |

cos key je sin khg I o Bae

0

i= sin keg coskls fi § fankte 1 Nout
— Iv-!where again [Rove |= [Aovt | yesinckty

Attenuation of this system is again defined,
as in eq. 1V - 10
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4,a.6 Finite Inlet Pipe.

Fig. IV-8 shows a system consisting of a simple expansion

chamber with a finite inlet pipe.

Fig. IV-8,. Simple Expansion Chamber with finite inlet pipe.

This system reads :-

ER cos ke, i sin ke, cos kf j & sinkt, \ ° ye

Vig J = sinkf, cos ke, j ie sin kf, coskf, a fale Vent

Iv-12

Fig- IV-9 shows a straight pipe with its inlet side connected

to a loudspeaker while the outlet side is infinitely long,

; :

Pp ut
Nin i | | Vout

x Os.

L t

Fig. IV-9. Straight Pipe with finite inlet pipe.

This system is represented by the following matrix :-

PL] [eos ke 5 BE sinkt \ 0 Rut
nls

ve j 5° sinkt cos kt S. | Vo.
ec A ec

2

Viol" = G22 | Ruel? se Drs
Equation IV-13 can be compared with equation IV-3.

As the impedance of the loudspeaxer is much greater than that

of the system connected to it the inlet volume velocity remains constant.
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Attenuation for a system with a finite inlet pive is defined as

‘-\e

[Pout | zt]
jPout[?

Another system with a resonator and a finite inlet pipe is shown in

Fig. IVe10.

10 lob, 9

C Sb > ty Put

on ite
on OS ‘ wW

Fig. IV-10. Resonator with finite inlet pipe.

This system reads :-

Ra il cos kt, i sin ke, o 0

Vin iz sinke, cos kf, /{ ing: tie € oore,} \

| 0 < ae

So |
eC a

Attenuation is again defined, with reference to equation IV-13, as

‘ ie

[eect
2

|Pout|
10 10819
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THEORY FOR ACOUSTIC STLENCERS WITH MEAN FLOW

Simple Expansion Chamber

Consider the system shown in Fig. IV-1 with

a continuous airflow in the system, M, , M, are

the mean mach numbers of the flow in the various

sections of the system of length, 4 , 42 etc.

A uniform flow profile is assumed in all sections

of the system. With reference to Chapter 111 and

Appendix 2, and with again the assunption of

continuity of pressure and volume velocity at

discontinuities, the expression representing the

system can be written down as i=

Pin i o] [cos Ket - jM, sin Ker, isin ke
= Rg

; Ss. -S Vee ee 3Vin $2 (-M,) I jo (M2) sin Sige ens Be jMysin ihe

! ° Pout

fd (1+M,) 1 Vout = eae

Vay can be obtained by applying a procedure

similar to that used in the no flow case.

Vin = 22 [20s Kee + j 2M\Me sin kte, 4 5(& +2) sin kG
i = I= My 1M,

“i(Q mt + $2) sin kh | Past

For steady flow S,M,= SM,

' EeeVin = 2 [2 cos ie + 3(% + 0) sin ite ] Pout

Mal = Gost i) (Slt Co + Cot) (+) Pa
If the muffler is replaced by a straight pipe

as shown-in Fig. 1V-2 then S=S. and as in the

no-flow case,

“ye 'S.\2 1 12

[Yin | = & fe) Pose —— Iv-16
Transmission loss or attenuation of the

silencing system is again defined as in a no-flow

case s—

Attenuation i

é

10 log, Wout! = ay 7

i 3 seo3 ES + Fe — ve|
oe

Se £5 s& ve ~% as
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Eq. 1V-16 shows that for a straight pipe the air

flow does not affect acoustic transmission in the pipe

in anyway. Since both sound source and transducer

were stationary with respect to a fixed reference

frame, a Doppler shift in frequency does not occur.

The final expression for the attenuation shows that

the Attenuation Frequency Characteristic for a simple

expansion chamber will have the same maximum

attenuation with or without flow. The effect of the

flow is to change the wave number from K to K/(-Miand

thus the loops in the curve will be contracted. The

effect of this change in wave number for a simple

expansion chamber is equivalent to increasing the

length of the chamber. Only the mach number inside

the expansion chamber will affect the attenuation and

this mach number is usually quite small.

Resonator With A Neck

The system is represented by Fig. 1V-3 with

mach no. M, in the pipe area S. . No flow is assumed

in the resonator and hence its impedance remains the

same as that in a no-flow case. The system reads :~

Pin — ' o | cl | eC Bou My iatFel= Lecena | h 1 [een j [| a
where Zp = impedance of the resonator

x 1

—— od ec Gh jian kt,
Vin = (222 + Gy) Post

This expression is identical to that for a

no-flow case, and thus according to the hypothesis of

no flow in the resonator the gas flow in the system

will not affect the above defined attenuation of the

system at all. The analysis of this system is

therefore similar to that of section .a.2

Attenuation has been calculated according to the

definition given in eq. 1V-17. Thus the entire

Attenuation Frequency Characteristic for a resonator

system with flow will be identical to that for a

system without flow.

In practice gas will enter the resonator and a

mathematical analysis for the flow in the resonator

is difficult. Discrepancies between theoretical and

experimental results are thus to be expected.

Expansion Chamber With Internal Tubes

This system is shown in Fig. iv-. The mach
number for the inlet and outlet pipes is Mo and the

mach number for the central part of length Ao is Mo
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In practice turbulence flow will exist in the

equivalent branches o; and t3 e However, to facilitate
a theoretical analysis, no air flow is assumed in

these branches. Thus the impedance for these branches

would be represented by.the expression given in
Appendix 4. The expression for this’ system reads :-

Pin \ ° 1 : °

Vin| | 22(-M,) 1 aan 1in ec! = Ks cot RE cot ke,

cos ke, /(- hg) — 5M, sin k?,/)- 2) JRE, sinkt/(/-M)
jzl- M3) sin kf, /i-MZ) Cos k4,/(1-M) + jM, sin ktd(-M,

1
oh 0; Pout

This mathematical model is unlikely to be

applicable in practice, especially in high frequency

regions and regions where the two equivalent branches

will be expected to have a prominent effect.

L.b.4 Simple Expansion Chamber In Series With Resonator

Fig. 1V-5 represents this system. Flow is

assumed only in the inlet, outlet, connecting pipes,
and the expansion chamber but not in the resonator.

: °
in]ie] “! [e- Valens

cos ke/t-M2) - gM, sin ktA- om?) 58 sin ke,l-M?)

Ee & (- M,?) sin keA1-M2) coskfAi-m) +5M, sinker
cos ke,/t-M2) -jM, sm kt, /i-mz) 5 sink 20-mz)

Je (-Mz) sinkt/a-Mz) ——coskt/-m2) 41M, sinkty(rg
: o Pout

Vig ‘| oa | [i To oe
Where Zn = impedance of the resonator

‘ |
jerefo S Jton ktp

M,= M,= mean mach no. in pipes with area oy

M,= mean mach no. in simple expansion
chamber with area S.
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4.b.5 Finite Outlet Pipe With Flow

The system shown in Fig. 1V-6 with a mean
flow: is considered. This system is represented as :-

. o £; is .a \ ° cos eee — jM, sin tee JE sin. aye

1 i Se \s in Kte ke ke,=n ieny | Jgel-mz) sin j iM 60s hye + 3M, sin ae

cos -kb te = j Mg sin Kee 5 RE sin oe
3

S. ke : nee,ize (-M 2 sin Ee cos te +My sin
' ° Rut

ke, — Iv-2l
be Me - it cot Se ii t Vout

( see Appendix 5)

If atl = [Asse * 2 sin ‘Se yet ( see Appendix 6)

iM) = M; = M. = mean mach no. in pipes of area oy

M, = mear
cha

mach no. in simple expansion

ber area S.

4

Aout is then compared to Rit as defined in ea. 1V-16
and :- r

[aoe |?Attenuation = 10 log 10 out 5 IV — 23
lout |

Alternatively, A, pcan be compared to the incident
wave in a finite straight pipe of the same length as

that of the silencer system with a mean flow. The

expression for this system can be obtained by

substituting in eq. 1V-21 5=S, and Mz=M,=M3= Me.

The final outcome of the mathematical manipulation

leads to,

Vin’ |? a4 ey |A Acct |
’

Where V,, = Inlet volume velocity of the finite
straight pipe.

WV die

4

Aout = Ineadent pressure wave amplitude in the finite
straight pipe.

In this case,
t

[Aout l®
| Aout! @

Attenuation = 10 log,, eV a5

Comparison of eq. 1V-16 and eq. 1V-2l) indicates

that the flow is in no way affecting the acoustic

transmission in a finite straight pipe and there is

no physical difference in comparing A,,of the
silencer sy m to the incident wave in a finite or

infintie sbraight pipe. This is applicable also to

a case without flow.
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A system with a resonator and a finite outlet pipe, as shown

in Fig. IV-7, with a mean flow is represented by equation IV-26

Rare g 
:

St poet. 4 RE Flan KEMire aU Mi) | ffi af ‘ Sp jlan iS

k : (make 5 FE sin Ss.
s 4, - 

in
eee Toye ty My sina ts Jf, Sin ng 4

as ee 
iM sinkj a lt-M3) sin ane oe os EM Sram eae

| 
oO ae

; 

— W-26

See kSe M, ~J Se cot ae | Vout.

where again,

[Ruel = [Aout | 2 sin -K.
My = M, = My = mean Nach number in pipes of area Bg e

Attenuation is defined as before for a system with a simple expansion

chamber,

Theoretical results for Fig. VII-2 to vig. WII-44 were

obtained by substituting numerical values in equations IV-1 to IV~26,
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APPARATUS

TEST RIG FOR EXPERIMENTS WITHOUT FLOW

Preliminary Tests

Before the test rig was constructed various

preliminary tests were carried out in order to gain

information which could be used in the design of
the test rig.

It was found that insulation between loudspeaker

and microphone was essential in order to prevent

transmission of vibration and noise from the loud-

speaker. Rigid holding of the test rig was also
necessary.

Foam and glass wool were tested as absorbent

materials and no substantial differences in

absorptive properties were found. Comparative tests

were carried out using the layout shown in Fig. V-l.
The outlet pipe was filled with foam, glass wool or

left empty and the signals received by the microphone

were compared when tested with the same input. Foam

was finally preferred because of ease of handling.
As much foam as possible was packed in. Satisfactory

absorption at low frequencies, particularly at below
100 Hz, was found to be extremely difficult.

Small obstacles were found to cause only slight

disturbance to the sound field within the range of
test frequencies. The effect of small obstacles was

investigated by recording signals with the microphone
holder at two different positions, as shown in

Fig. V-la and V-lb. Fig. V-la shows the microphone
holder in the working position. Its end face was

machined to fit the circular face of the test pipe.

Fig. V-lib shows the microphone holder turned 90°
along the vertical axis so that its curved end

effectively provided a small obstacle to the sound
field. Since readings taken in both cases were

identical it was concluded thaf a ~" microphone
could be used to dmtain experimental data accurately.

It has been shown theoretically that the

longitudinal position of the microphone has no

effect on the final result, and an experimental

investigation confirmed this theoretical prediction.
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Description of First Test Rig

The first test rig was set up_as shown in

Fig. V-1 for the straight pipe test. PVC pipes

of 0.028 m internal diameter were used as the

inlet and_outlet pipes. A Rank Wharfedale 0.3 m

diameter 20 W loudspeaker was used as the sound

source. A sheet metal cone 0.6 m long, converging

from 0.3 m to 0.013 m internal diameter, was made

to join the loudspeaker to a 0.013 m diameter brass

pipe, which in turn joined the inlet pipe at the

side. The characteristic impedance of the air in

the brass pipe would be about four times that of

the inlet pipe.

A Bruel and Kjaer type 1024 sine wave generator
was used to supply the signal through a Pye power

amplifier to provide an input of about 10 W to the

loudspeaker. The frequency of the signal was

measured by an Advance Instruments digital frequency

counter.

The loudspeaker-cone assembly was enclosed by a

wooden box, which was then covered by sand in a

concrete enclosure with 0.0 m wall thickness for
noise insulation. At the receiving end a Bruel and
Kjaer 1/8 in. condenser microphone was used as the
signal pick-up. It was inserted into the outlet

pipe at the side through a short perspex tube. A
concentric layer of silicone rubber was inserted
between the microphone and the perspex tube to avoid

the transmission of any vibration and impact to the

microphone. The pipe system and microphone were

placed in sand to avoid interference from other sound
sources and to prevent transmission of vibration.

Both inlet and outlet pipes were terminated by foam
strips, 1.3 m long, packed into 1 m of pipe length
to simulate an infinite pipe. The noise level

measured by the microphone was displayed on the

meter of a Bruel and Kjaer type 2606 measuring
amplifer.

TEST RIG FOR EXPERIMENTS WITH FLOW

Description of Second Test Rig

A seconi rig was constructed so that tests

with an air flow could be carried out. See Fig. V-2.

Brass pipes of 0.023m internal diameter were used as
the test section which would take various silencer

configurations later in the experiment. This will be

referred to as the main pive. To each end of this

main pipe a metal cone 1 m long, diverging from 0.023

to 0.07! m internal diameter, was connected. The

interiors of these two cones were lined with foam

for sound absorption. To each of the cones was then

connected approximately h m of O.07Im internal

diameter brass pipes with internal foam lining for

further absorption. The foam lining for the brass

pipe was in the form of circular rings O0.07Il m diameter
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with a 0,023 m diameter hole at the centre. A piece of fine wire

mesh was rolled into the form of a cylinder 0.0235 m in diameter

and inserted through the hole in the foan rings. This was used

to ensure a smooth flow of air through the pipes at both ends

of the rig while the noise carried by the flow was absorbed. The

air flow was supplied by a centrifugal fan giving a liach number

up to 0.2 . A piece of 60 gauge wire mesh was placed across the

stream at a distance of 1m from the fan at the entrance of the

inlet pipe to reduce the turbulence of the flow. This arrangement

managed to reduce the overall measured flow noise from 75 dB to

65 dB, Spectral analyses of the flow noise revealed that it had

a substantially flat response between 50 Hz and 3 kiiz. The effect

of the fan was also reduced by connecting it to the inlet pipe

through a flexible connector. Another piece of mesh was placed.

across the connecting pipe between the loudspeaker cone and the

main test pipe to minimise the flow going down to the loudspeaker,

A Pane 50 W loudspeaker was used instead of the 20 Wi Wharfedale

loudspeaker in the first rig. The cone that was used in the first

rig was used again for connecting the loudspeaker to the inlet

pipe and was reinforced by fibre glass to minimise vibration.

The power provided to the Fane loudspeaker during the test with

flow was about 40 W. A Pitot-statie tube connected to the manometer

was fixed at 0.3 m from the measuring microphone to determin the

overall Mach number of the flow in the ducts. The measuring

equipment used was identical to that used for the first test rig.

As the input signal level during these tests was as high as 120 dB,

the interference from other sources was relatively small and the

test rig was not surrounded by any form of insulation, although

the loudspeaker was placed in an adjacent room,

Test _on Doppler Frequency Shift. |

The test was carried out to check the existence of a

Doppler frequency shift, The straight pipe set-up of Fig. V- 2

was used with an air flow of Mach number 0,1, and power of 40 W

was provided to the loudspeaker. The frequency of the signal

received by the microphone was checked by another digital

frequency counter (not shown in Fig. V-2). This signal was also

displayed on an oscilloscope. The following table was obtained,
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Nominal. Frea. Hz Signal Freq. Hz F Pick-up Freq. Hz

100 ‘Severe Vibration

200 : ;
300 300 300

4.00 401 401

500 502 501

600 599 599

700 698 698

800 ; 2199 yes]

900 900 900

1000 999) ooo

1100 1102 1102

1200 ; 1198 1198

1300 - 1302 1301

14.00 1:00 14.00

1500 1500 1501

1600 1598 1598

1700 1698 1698

1800 1798 1798

1900 1901 1901

2000 2002 2001

2100 2101 2101

2200 2200 2200

2300 2298 2298

21,00 24.00 200

2500 2500 2500

2600 2598 2597

2700 2700 2699

2800 2802 2802

2900 2899 2899

3000 3000 2999

This table proves clearly that the air flow aid

not cause a Dovpler frequency shift on the signal received
py the microphone, and thus the assumption of unchanged

frequency made in deriving the theory in section 111-1 is
correct.

The signal received was displayed on an oscilloscope

and apart from the range between 100 Hz to 300 Hz and at

800 Hz when vibration of the loudspeaker cone assembly

became very severe, the signal was a reasonably good sine

wave. Between 100 Hz to 300 Hz no recording was made die to
severe vibration of the test rig. This appears to be one

of the reasons for poor results within this frequency range.
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Layout for Straight Pipe Test

Measuring
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of First Test Rig.
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Layout for Straight Pipe Test of Second Test Ris
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a Pipe

Resonator yb
—

Fig. V-3.

Details of the Connecting Neck of the Resonator.
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1/8 in microphone.

Perspex holder.

1 in pipe

Fig. V-4a

Microphone Holder to Fit the Circular Shape of the Test Pipe.

Fig. V-4b.

Microphone Holder turned 90° to provide an effective Obstacle.
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Microphone 1 H
1/8 in B& K,

Microphone 3 Se ET Microphone 2
< im Box, 1/8 in B& K.

Fig. V-5.

Set-up for Determining Phase Difference between

Signals picked up at Various Points.
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TESTING AND ANALYSTS

Discrete Sine Wave Test

In this method the frequency response curves

for the silencer and for the straight pipe were

obtained separately, and the transmission loss

determined from the difference. The frequency

response curves can be obtained by recording both

traces on frequency calibrated paper and the

subtraction carried out manually at discrete

frequency points. Due to inaccuracy in freauency

determination on the traces, the results obtained

by this method were unsatisfactory. A digital

version of this method was used with signals fed

into the loudspeaker at 50 Hz interval and output

signals recorded by the microphone. A digital

frequency counter was used for accurate recording

of the input signal frequency. Recordings were

made for both the straight pipe and the silencing

systems. Subtraction was then made at each

experimental points. This digital method has one

slight disadvantage in that sharp changes in the

response curves might be overlooked. The major

advantage of the method of difference is that any

undesirable inherent resonances in the system as a

whole are eliminated and would not affect the final

result. The discrete sine wave method was used in

obtaining most of the results in this thesis.

Method of Broad Band Noise Input

Instead of using a single freauency signal as

input to the loudspeaker a broad band (20-20 000 Hz)
frequency random signal was used. The signal

received by. the microphone was recorded on magnetic

tape. The recorded signal was replayed and filtered

by a constant bandwidth (2 Hz) wave analyser. A
level recorder was mechanically coupled to this wave

analyser through a drive shaft so that the frequency

response of the system could be directly traced on a

chart. The difference method was agein used for

obtaining the attenuation frequency characteristics.

With this method it was impossible to calibrate the

chart in terms of frequency with sufficient accuracy

due to the continuous nature of the filtering process,

particularly as the frequency increased,

Fast Fourier Transform Method

The test method using discrete sine wave as the

input is a lengthy test and in the presence of air

flow the level of the input signal has to be very high

in order to obtain a high signal to noise ratio for

good results. As an alternative a test method was

developed in which a broad band input was fed to the

loudspeaker and the signal analysis performed

digitally using fast Fourier Transform programmes.
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The method consists of recording the signal on

magnetic tape through the microphone amplifier and

a low pass filter as shown in Fig. V-6.a. The low
pass filter should have a cut-off frequency equal

to the highest frequency under investigation so

that unwanted high freauencies and consequently

aliasing errors are eliminated. In practice the

highest frequency that can be investigated is

determined by the fastest available sampling rate.

In this case a Thermionic T 3000 FM tape

recorder with a frequency response from D.C. to

5 KHz was used with a recording speed of 15 in./sec.;
the measuring amplifier was a BeK 2606 and the low
pass filter a Barr & Stroud variable filter with the
cut-off adjusted to 800 Hz. The magnetic tape was
then replayed into an analogue to digital converter

capable of sampling at a rate of 2048 times per
second and linked to a Ferranti FM 1600 B computer.
The sampling frequency was more than twice that of
the cut-off of the low pass filter, thus the Nyquist

sampling criterion was satisfied and aliasing errors

reduced. The Ferranti computer was used to produce

a computer compatible paper tape with 4.096 numbers.
The paper tape then formed the input data for fast

Fourier Transform programmes written for the ICL 1905

computer. Details of these programmes can be found

in reference (49). Thus the digitising process and
the power spectrum computations were performed in
two separate stages. A schematic diagram of the

digitising process is shown in Fig. V-6.b.

Some> of the graphs presented in this thesis

were plotted from results obtained by the fast

Fourier Transform method.
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Signal in the outlet

pipe of test rig

wa Bak Barr Thermionic

EL - > type 2606 He strona
$" microphone

Measuring ||Low Pass

Amplifier ||Filter

T 3000

FM Tape Recorder

Fige V-6.a. Recording of Simal for Fast

Fourier Transform Method.,

ntriggerl-

FM Tape Recorder} > Analogue to
Digital

Converter

Ferrante

FM 1600 B
>] Computer

Fiz. V-6.b,. Schematic Diagram of the

Py ae
8 hole

punched

tape for

ICL 1905

digital

computer
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RESULTS OBTAINED BY FIRST RIG (NO FLOW)

Straight pipe

The layout for the straight pipe test is shown in
“Figs: VaLe Sine wave signals from 100 Hz to 3000 Hz were
fed into the loudspeaker at 50 Hz intervals with + 2 Hz
accuracy. The output was measured by the microphone and
the measuring amplifier. Tests were made with the microphone
at distances of 2.35 m, 2.45 m and 2.65 m from the
loudspeaker and the results shown, in Fig. VII-l. The noise
level in the pipe varied from 70 to 100 dB, with
approximately 10 watt power input to the loudspeaker.

The curves are not independent of frequency as
expected theoretically for 100% absorption but, however,
differ. little with different microphone positions. The
only appreciable discrepancies among these curves occur.
between 100 Hz and 300 Hz. This is extremely important
as it verifies that the frequency dependence was not, for
the most part, due to standing waves inside the pipe, and
justifies the use of the method of difference described above.
The curve for the microphone at 2.65 m from the loudspeaker
was used as the master curve for obtaining the attenuation
frequency characteristic for this test rig. Care was taken
to ensure that the end pipes were not disturbed throughout
the test series.

Great effort was expended in attempting to obtain a
flat response curve for the straight pipe by varying the
tightness! of the foam packing in the inlet and outlet pipes,
but due to the inherent resonances of the loudspeaker and
connecting cone, plus the complication due to their
connection to the main duct from the side, a response curve
with sound pressure level variation up to.30 dB had to be ,
accepted.

Simple Expansion Chamber

An expansion chamber as shown in Fig. IV-1 was used to
replace the straight pipe CD. The expansion chamber was
made from a PVC pipe of 0.076 m internal diameter. Brass
end pieces 0.025 m thick were made having a sliding fit with
the inside of this 0.076 m pipe and the outside of the
0.028 m diameter pipe so that length 42, could be altered.
Signals up to 5000 Hz were fed into the loudspeaker to check
the validity of the assumption of plane waves with ¢ = 0.535 m
(Fig. VII-2). The experimental method so described was
found to be generally satisfactory. The assumption of plane
wave started to fail at about 4300 Hz when the wavelength
was approximately 0.08 m, the maximum diameter in the pipe
system. At this frequency propagation of higher order modes
would be expected in the expansion chamber.

Tests were then run up to 3 kHz for simple expansion
chambers with @ = 0.305, 0.406 and 0.460 m (Fig. VII-3,
VII-4, VII-5), with the signal input identical to that for
the straight pipe test. Attenuation frequency characteristics
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were obtained by eq. IV-4 and are in good agreement with
the theoretical curves, particularly the zero attenuation
points. These points can be obtained by using the formula

£ = 343 a i.e. Sin kt=0, kt= nT
2e

where ¢ = length of the simple expansion chamber.

Say ay ee

343 is velocity of sound in m/s at typical
laboratory conditions.

Karal's correction factor (39) for the expansion chamber
length was not used due to the relatively small expansion
ratio at discontinuities and this omission was proved
justified.

Maximum attenuation obtained was about 13 dB and will
increase with the term S/S,.

Graph VII-6 shows the attenuation frequency
characteristic of a simple expansion chamber with length
0.58 m. This graph was obtained from the second test rig
by the Fast Fourier Transform Method with 4096 numbers
split into 16 groups. Thus the number of samples per group
was 256 and the resolution between points was 8 Hz.
Comparing these results in graph VII-6 to those obtained
theoreticalyit can be seen that the zero attenuation
points agree very well with that predicted by calculations.
Unfortunately due to the limited number of data points
(4096) that could be handled by the Ferranti computer the
analysis could only be carried out up to a frequency of
800 Hz with a resolution of 8 Hz, and this is the only
apparent disadvantage of an otherwise satisfactory method.

Resonator with a Neck.

A resonator in the form of cylinder with a neck was
tested as shown in Fig. IV-3. Length of the cylinder was
varied to obtain different volumes for the resonator.
Fig. V-3 shows the detail of the connecting neck under
consideration and the physical significance of as :

Two sets of theoretical attenuation frequency
characteristig were calculated with 4, = 0.0508mand 0.0254 my,
Sb = 0.0022 m: one froma distributed parameter model and
the other with lumped-parameter as described in section
4#.a.2. The length of the neck was 0.0076 m while the
diameter was 0.00953m, i.e. a = 0.004765m.

The effect of end corrections to the connecting neck
was investigated (Fig. VII-7 & VII-8) and was found to be
significant. The curves with end corrections applied to the
neck agree. with experimental curves considerably better
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than the curve without, the value for the end correction
being 1.7 times the radius of the circular cross-section
of the neck as given in(35). This is the end correction
applied to an open pipe having infinite flanges at both

ends. As expected, this correction appeared to be slightly

too large, since the neck did not have infinite-flanged

terminations. The correct value for the correction should
be between 1.7 times and 1.2 times the radius of the neck,

the latter being the end correction applied to an open pipe

with unflanged terminations.

Errors in this case might also be due to the fact

that the neck was not curved to fit the pipe, that
should be measured from level H instead of level L as

shown in Fig. V-3, and that measurements of the neck

dimensions were not accurate enough.

For the two resonators tested, the lumped-parameter

method agree very well with the more exact distributed-
parameter method in predicting attenuation. However, the
lumped-parameter method would only give the first of a

series of resonant frequencies as given by eq. IV-6 while
the distributed-parameter method also gives the higher

resonant frequencies as given by = j Rw CS ae ie
Zea ns . Jtan ke,

although only the first was detected to fall within the
frequency range investigated in this project.

Viscous friction affecting the air mass moving in
the resonator neck was neglected, thus resulting in a very
sharp attenuation peak. Experimental results agree fairly
well with theoretical curve showing that, for the neck
dimensions considered, viscous friction can be neglected.
The Theoretical investigation of viscous friction effects
is generally difficult owing to the involvement of the
friction factor which usually has to be determined
experimentally. For most practical purposes viscous
friction of fluid inside the resonator neck can be ignored.

Another quantity which is of an empirical nature is
the 'conductivity' of the resonator neck. In systems
with more than one orifice forming the neck of the resonator,
the neck area and neck length are not clearly defined and
determination of end corrections to the neck becomes very
arbitrary.

In necks with a large number of orifices the
attenuation peak is very broad and exact location of the
resonant frequency of the resonator is usually not too

important, as was shown in Fig. 13-b of (4).

Computer programs were also used to investigate the
nature of conductivity, and comparisons with D.D. Davis!
experimental results for mufflers 78, 79, 80 were made.
All three mufflers had more than one orifice. Different
values for the term 'conductivity' were tried in the

computer programs. It was found that good agreement can

be obtained by using the empirical formula as follows:-
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Conductivity = combined area of all orifices
thickness of sheet metal + correction factor

X radius of one orifice.

“The results were shown as Fig. VII-18, VII-19, VII-20, the
correction factor for Fig. VII-19 and VII-20 being 1.7.
Again, as shown in Fig. VII-7 and VII-8, this value is
slightly too large. The correction factor for Fig. VII-18
is 1.5 and this gives very good prediction for the
attenuation peak of the resonantor.

Graph 9 shows an attenuation frequency characteristic for a
resonator with f, = 0.0508m,4, = 0.0193m and a = 0.004765m.
This graph was obtained from the second test rig by the
Fast Fourier Transform method with an 8 Hz resolution, and
the resonant frequency of the resonator can be seen clearly.

The attenuation level of around 15 dB attained by this
method was comparable to that obtained by the Discrete Sine
Wave Method. The location of the attenuation peak has been
predicted accurately in this case with the 1.7 correction
factor for the resonator neck.

Expansion Chamber With Internal Pipes

As shown in Fig. IV-4 the inlet and outlet pipes were
pushed into the expansion chamber to form the equivalent
branch pipes. Cross sectional area of the branch pipes would
be the difference between the areas of the expansion chamber
and the inlet pipe. Attenuation frequency characteristics
were obtained with the procedure given in section 4.a.3 and
the three different sets of values for 1,, 1, and 13 were
as follows:-

4, (mm) 4,(m) £3 (m)
0.127 0.406 0.0254
0.127 0.356 0.0762
0.127 0.305 0.127

The attenuation frequency characteristics obtained
(Fig. VII-10, VII-11, VII-12) were complicated but good
agreement appeared between theoretical and experimental

results. A few of the zero attenuation points were not

vegistered because they were between steep slopes on the
graph. Readings at high attenuation points (above 25 dB)
were not satisfactory. The highest attenuation recorded in
this set of experiments was around 45 dB.

The loops on all three attenuation frequency
characteristics correspond to an expansion chamber length
0.558 m. This ~ is the overall length of the expansion
chamber tested. For all three curves two maxima occur
at 675 Hz and 2025 Hz. These frequencies correspond to
kl, = 4 ) an ee i.e. cot kl, = 0 and is given by

f£ = 343 where T = 1,3,5.... For Fig VII-10 the
48,
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maximum corresponds to kl, = 1/2 = 3375 Hz and thus did
not appear in the graph, While for Fig. VII-11 this

frequency ..is 1125 Hz and the maximum can be seen quite
clearly, For Fig. VII-12, with 1, = 1,, maxima due to
each length coincided resulting in‘extrémely high

‘attenuations at the corresponding frequencies, although

experimentally these attenuation levels were not achieved.

In locations of maximum attenuation points slight
discrepancies occur between theoretical and experimental
results. The predicted frequencies for these maxima are

slightly higher than the experimental and the difference

becomes more apparent with increasing frequencies. This may

be explained by the fact that the end corrections to the
equivalent branch pipes have not been applied. As in the
case for a resonator neck, the value for the end correction

is determined empirically.

It can be seen that the introduction of internal tubes

in expansion chambers is a simple and effective way of
obtaining high attenuation at particular frequencies and
this method has been used widely in silencer design.

Simple Expansion Chamber in Series with Resonator

The simple expansion chamber and the resonator were

combined to give the system shown in Fig. IV-5. Tests

were conducted with the dimensions of the expansion chamber

and resonator as follows:-

2, (m) Ap (m)
0.305 0.0254
0.305: 0.0508
0.460 0.0508

The distance between the expansion chamber and
resonator was kept constant at 0.38 m. Fig. VII-13,

VII-14 and VII-15 show the theoretical and experimental

curves and the agreement can be considered as satisfactory.
In Fig. VII-13 and VII-14 at around 800 Hz the experimental
curve shows slight fluctuations in attenuation level.

This may be explained as due to the effect of the resonator
on the attenuation characteristic of the expansion chamber.
As frequency increases and the effect of the resonator
diminishes the curve settles to that of a simple expansion
chamber with zero attenuation points at 560 Hz, 1120 Hz,
1700 Hz, 2250 Hz and 2800 Hz corresponding to sin kf, = 0.
In Fig. VII-15 experimental results agree very well with
calculated values although experimental peak attenuation
due to the resonator was missed. End corrections of 1.7
times neck radius had been applied to the resonator neck
in all cases in the theoretical calculations.
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Finite Outlet Pipe

No test rig was constructed to carry out tests for the
effect of a finite outlet pipe. Theoretical curves were
plotted for a simple expansion chamber with a finite outlet
pipe as shown in Fig. VII-16 and VII-17 using the
arrangements described in section 4.a.5. The area ratio
between the simple expansion chamber and the pipe was
approximately 8 to 1, the terminating impedance of the outlet
pipe was assumed zero. Fig. VII-16 shows the attenuation
frequency characteristic for a simple expansion chamber
length € = 0.460m with an outlet pipe length f = 0.7m
and zero radiation impedance.

It can be seen from the attenuation frequency characteristic
that at frequencies corresponding to kf, =n , i.e. at
245 Hz, 490 Hz, 735 Hz etc., the attenuation is always at
a minimum. These minima reach a magnitude of around -17 dB
and indicates that at these frequencies the sound level
emitted by the system with a simple expansion chamber is
higher than that by a straight pipe. Also at frequencies
corresponding to k€ =nT , the attenuation is always zero,
a characteristic of a simple expansion chamber.

Fig. VII-17 shows attenuation frequency characteristic
for a simple expansion chamber €= 0.460m with an outlet
pipe of equal length. Due to the equality in length of the
expansion chamber and outlet pipe, the minimum points due
to the outlet pipe coincide with the zero attenuation points
due to the simple expansion chamber at 375 Hz, 750 z's
1125 Hz, 1500 Hz etc. It is shown clearly on the graph
that at this frequency zero attenuation was obtained at a
point which would otherwise be a minimum point.

Expression IV-1l1 was used to evaluate the attenuation
frequency characteristic for a system with.a resonator and
finite outlet pipe, shown in D.D. Davis' paper (4) as
mufflers 78, 79, 80. These theoretical curves were compared
to the experimental results given in the same paper and
presented in Fig. VII-18, VII-19, VII-20. The conductivities
of these mufflers were calculated as described on page 54 .
The calculated minimum attenuation point due to the outlet
pipe did not quite coincide with the experimental minimum.
This might be due to inaccuracies in determining the length
of the outlet pipe or due to the omission of the 0.6R end
correction in the calculation. In Fig. VII-18 two minima
due to the finite outlet pipe can be seen. General agreement
between D.D. Davis' experimental results and that calculated
is satisfactory. In any case, it had been proved mathematically
that attenuation obtained through expression IV-1l is identical
to that from eq. D-10 in D.D. Davis' paper. A sonic velocity
of 2000 ft/sec was used in the caleulation, the same value
used by Davis in his paper.

M. Fukuda in his paper (15) also looked into the effect
of outlet pipe length on attenuation of a silencer with zéro
vadiation impedance. The silencing system considered was a
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simple expansion chamber with finite inlet and outlet pipes.
Area ratio between the expansion chamber and the pipes was
25° to 1. The silencer was shown in Fig. 17 of his paper and
the results in Fig. 19 of the same paper. The experimental
results obtained by Fukuda were compared to the theoretically
calculated attenuation frequency characteristics obtained
by eq. IV-9 and IV-10 for this particular silencer and are
shown in Fig. VII-21, VII-22 and VII-23. Locations of minimun
attenuation points due to the finite outlet pipe were
predicted despite the omission of the 0.6R end correction.
The theoretical attenuation levels generally did not agree
well with the experimental results obtained by an engine
test. This is expected since the experimental results were
obtained with the system having a finite inlet pipe whereas
an infinite inlet pipe was assumed in the calculation.
A uniform temperature, and hence one sonic velocity of
450 m/s was assumed in the silencing system, as compared to
different sonic velocity values in different sections of
Fukuda's set-up.

Finite Inlet Pipe

Again only theoretical results are given for systems
with finite inlet pipe. Fig. IV-8 shows a simple expansion
chamber connected directly to a loudspeaker with the outlet
pipe having a non-reflecting termination. Area ratio
between the expansion chamber and the main pipe was
approximately 8 to 1. Attenuation is defined as in section
4.a.6.

Fig. VII-24 shows the attenuation frequency
characteristic for a simple expansioh chamber length equal
to 0.46 m with a finite inlet pipe 0.35 m long. The first
zero attenuation point at 373 Hz due to the expansion
chamber is clearly seen. At around 245 Hz a minimum of
-12 dB is present which is the first of a series and can be
predicted by f= ec n

ae

where ¢ = length of the finite inlet pipe

iz aad. Sis ee eee

ce is the velocity of sound in m/sec.

The second minimum due to the inlet pipe is around
735 Hz.

The same simple expansion chamber with an inlet pipe
0.23 m long was investigated and the attenuation frequency
characteristic shown in Fig. VII-25. Since the length of
the inlet pipe is half that of the expansion chamber the
minima due to these two sections coincide at 373 Hz. The
graph shows the negative attenuation due to the finite inlet
pipe being brought to zero because the simple expansion
chamber has zero attenuation at this frequency.
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it can be seen that to avoid the presence ofa prominent negative

attenuation due to the finite inlet pipe the length of the inlet pipe

can be chosen to be half that of the expansion chamber in the system.

As in the case of the finite outlet pipe, comparisons
are made between experimental results given by Fukuda (15)
for a simple expansion chamber with finite inlet and outlet
pipes in Fig.19 of his paper and that obtained theoretically
by eq. IV-12 and IV-13. Since the theoretical curve is
calculated for a system with an infinite outlet pipe and

Fukuda's systems have finite outlet pipes of lengths 0.145 m
and 0.36 m respectively, comparison was made in the low
frequency region where the effect of the outlet pipe is not
predominant. From Fig. VII-26 it can be seen the minimum
due to the 0.36 m long inlet pipe was accurately predicted
in each case. The level of attenuation calculated for the system is

considerably above that obtained by Fukuda with a 0.145 m long
outlet pipe, but agrees well with’ Fukuda's experimental results

for a .0.36 m long outlet pipe, up to around 500 Hz.

A system consisting of a resonator and a finite inlet

pipe as shown in Fig. IV-10 was also considered. The
dimensions of the resonator and neck assembly used were
identical to that used for mufflers No. 78, 79 and 80 in
D.D. Davis' work (4) and the lengths of the inlet pipes
were chosen to be half of the lengths of the outlet pipes

used by D.D. Davis. The attenuation frequency
characteristics drawn as shown in Fig. VII-27, VII-28 and VII-
29 show much resemblance to Fig. VII-18, VII-19 and VII-20
respectively. It can thus be concluded that theeffect of
a finite inlet pipe on the attenuation of a system is
similar to that of a finite outlet pipe with twice the
length.
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RESULTS OBTAINED BY SECOND RIG (NO FLOW AND WITH AIR FLOW)

Simple Expansion Chamber

A simple expansion chamber similar to that shown in
Fig. IV-1 but with a diameter 0.071 m was used in the
test rig shown in Fig. V-2. This simple expansion chamber

would replace the central test pipe of 0.023 m dia. The

method of ‘Discrete Sine Wave Testing' identical to ‘that
used in the no flow case was used for a frequency range
between 50 Hz to 2.5 kHz. Three different lengths of the

expansion chamber were tested. An air flow with a local
Mach number of 0.1 in the inlet. pipe was going through the
rig.

Simple expansion chambers with ¢ = 0.305, 0.406 and
0.58 m were tested and the attenuation frequency characteristic

obtained for M. = 0.1. These curves are shown as Fig.
ViL=315 VII-329 ViL=33;, The experimental results agree
reasonably well with theoretical curves although the degree

of agreement was inferior to that in the no-flow case with
the first rig. At below 300 Hz errors become more apparent.”
Generally the results are more erratic than those for the
no-flow case. There appear to be a shift of zero

attenuation points towards the higher frequencies with the
presence of flow for all three graphs indicating the shift
predicted by theory is inaccurate . However, tests
conducted with and without flow for the same simple expansion

chamber showed a flow of M. = 0.1 gives no measurable shift
of zero attenuation points and it was concluded that this
shift shown in the graphs might in fact be due to inaccuracies
in measuring the length of the expansion chamber. The
agreement on level of attenuation between theoretical and

experimental results was satisfactory. During the straight

pipe test it was observed at various frequencies the reading
obtained by the microphone was reduced by up to 5 dB due to
the presence of air flow.

Theoretical attenuation frequency characteristics were
given for ? = 0.305, 0.406 and 0.460 m for a simple
expansion chamber with an expansion ratio of roughly 7.8 to l.
Curves were obtained for M. = 0, 0.99 and shown in Fig. VII-30.

Mil gives k t s and this can give
T= ME ice

irrational conditions for some configurations and was thus
not dealt with.

From these theoretical graphs it can be seen that with
Mo=0.99, i.e. mach number of approximately: 0.1 in the simple
expansion chamber, the effect of flow was just barely

noticeable and the zero attenuation points can be determined

by sin k ) =O ~ 2.62 E Copeacae 4 A f= n gg CL M“) where

4 is the length of the expansion chamber and M the mach
number in it; andn is an integer. This shows the internal

flow has effectively increased the length of the expansion
chamber from 4 to 4 =

eve
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The Fast Fourier Transform Method was then used to

obtain attenuation frequency characteristics for an expansion

chamber with length equal to 0.58 m. Tests were performed

on the same chamber with an air flow of M=0.1 with 4096 nos.

split into 16 groups (Fig. VII-34). A comparison with

Fig. VII-6 shows no detectable shift in zero attenuation

frequencies. Attenuation frequency characteristics obtained
for the same simple expansion chamber with and without flow

look very similar.

Resonator with a Neck

A resonator similar to that used in the no-flow case

was employed in the tests with air flow. Details of the

resonator neck were esentially the same as those shown in
Fig. V-3. The outside of the neck the actual length of
which is 0.0193 m was threaded so that the resonator can
be screwed on to the.side of the main pipe inside which was

an air flow. Radius of the neck is 0.00476 m and an end
correction factor of 1.7was used. Tests were conducted
with two volumes of the resonator ( €, = 0.0254 m and
0.0508 m) as in the case without flow and attenuation

frequency characteristic was obtained in each case.

Fig. VII-35 shows attenuation frequency characteristics
for a resonator with length equals 0.0254 m. In cases for

M.= 0.105 and M = 0.123 the peak of attenuation obtained

eXperimentally Goincide with that predicted by theory for
Mu 0 at around 370 Hz. This is in agreement with results

presented in (14), (20), (47) and indicates at low mach
numbers the resonant frequency of a resonator is not duly

affected. When M.= 0.2 this peak shifts to around 400 Hz.
For a resonator wifh length equals 0.0508 m the peaks of
attenuation obtained by experiment for M = 0.105 and
M.= 0.123 were seen to occur around 275 fz which is a
slightly higher frequency than the 260 Hz obtained
theoretically for M = 0.0 (Fig. VII-36). Thus flow effect

at low mach number $s more prominent on larger resonators.
All the experimental curves are broader than the theoretical
and this can be explained by the neglecting in theory the
turbulence which penetrates into the resonator neck and

increases the acoustic resistance there. The shift of the

maximum attenuation points shows the effective mass

oscillating in the neck was proportional to a shorter length

than the corrected neck length but not to the extent of
the uncorrected length as suggested by Phillips (41). The
resonant frequencies calculated for the 0.0254 m and 0.0508 m

resonators using the uncorrected neck length are 440 Hz and
310 Hz respectively. ;

Two microphones, one placed at the end of the resonator
(mic. 3) and the other opposite the neck (mic. 2) in the

main pipe were used for recording sound pressure levels

as shown in Fig. V-S. Difference in these sound pressure

level readings are shown in Fig. VII-37. Test data were
obtained for a resonator length of 0.0254 m both with
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internal air flow M = 0.2 and without flow in the main duct.

The maximum of diffrence in the case without flow is seen
to lie around 350 Hz and with the presence of flow this

peak shifts to around 400 Hz. This shift is in agreement

with that for maximum attenuation in Fig. VII-35 and

suggests the maxima measured by the two different methods

are similar in nature. Both can be calculated from the

fea A
oO” aM J tig V

Where A is the cross sectional area of the neck, logy
is the effective neck length and V is the volume of the
resonator. It has been shown by Phillips (41) and
Anderson (48) the two microphone method of measurement

registered a shift at a lower flow rate than the measurement

for transmission loss. It is also found that the sound

pressure level recorded by microphone 2 opposite the

resonator neck is always at a minimum at the resonant

frequency of the resonator as stated in (41). Treating

the resonator as a single degree freedom system the phase

difference between the signals recorded by the two
microphones should be 90° at resonance. However, phase

measurements were unsuccessful due to the lack of a phase

meter.

equation

Fig. VII-38 shows the attenuation frequency

characteristic for a resonator 0.0508 m long obtained by

the Fast Fourier Transform method. The air flow in the

system was M = 0.105. 4096 numbers splitted into 16 groups

with a resolUtion of -8 Hz were used for the analysis.

A signal to noise ratio of 20 dB was provided for both the

tests for the resonator and the straight pipe. Apart from

a slightly lower attenuation level, the curve obtained is

very similar to that obtained by the discrete frequency

method shown in Fig. VII-36. Thus the Fast Fourier

Transform can be a useful technique in obtaining attenuation

frequency characteristics of various silencing systems,

with or without flow.

Expansion Chamber with Internal Tubes

A system similar to that shown in Fig. IV-4 with

a mean flow was considered. Lengths of 0.127 m, 0.305 m

and 0.127 m for € , ft, and 3 respectively were used
to obtain the theoretical attenuation frequency characteristic.

Experimental results were obtained for the silencer

both for M.= 0 and M. = 0.1. As shown in Fig. VII-39,
these results compare quite favourably to the theoretical
curve predicted for My =0. The two experimental curves are

almost identical showtng that the flow has little effect
in this system. Input into the loudspeaker for these tests
was reduced to around 10 W so that the lowest sound pressure

level from the loudspeaker recorded by the microphone was
comparable with the noise level produced by the air flow.

The aim of this was to see the behaviour of attenuation when

flow noise and signal have comparable levels. Apparently
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no unexpected interaction between signal and flow noise was
observed apart from inferior results for the flow case at
regions of high attenuation due to the presence of flow
noise. Locations of the high attenuation regions due to
resonance of the equivalent branch pipes remain unchanged
with presence of flow substantiating the assumption of no
flow in the branch pipes. At regions of low attenuation
the magnitude of attenuation has been predicted fairly well.
At frequencies below 300 Hz discrepancies between theoretical
and experimental result are quite obvious.

Simple Expansion Chamber in Series with Resonator

No experimental results are available for this
configuration shown in Fig. IV-5. Theoretical results
were obtained by computation for systems with the following
dimensions: -

£,(m) : t, (m) ty (m)
0.305 0.38 0.0254
0.305 0.20 0.0508

Area patio between the simple expansion chamber and
the straight pipe was about 8 to 1 as in the case without
flow. No flow was assumed in the resonator and end
correction of 1.7 times neck radius was applied to the
resonator neck. Attenuation frequency characteristics were
plotted for M =0 and M_=0.8 and shown as Fig. VII-40 and
VETH4 1. The°curves r&veal clearly the high attenuation
due to the resonator and the attenuation loops are due to
the simple expansion chamber. When M_=0.8 ripples can be
seen superimposed on top of the main aftenuation loops.
These ripples are due to the resonance effect in the
connecting pipe and frequencies for the minima can be
determined, to a fair degree of accuracy, by,

Sin k SO
ene

where t, = length of the connecting pipe.

My = mach no. in connecting pipe.

2or f =n of (1- M2) SapHeMe TS l 5c9e, ON eee ese

F calculated by the above formula does not give
the exact locations of the minima since effect due to the
other elements in the system has been neglected. It can be
seen that larger the effective length of the connecting pipe,
smaller is f and the ripples become prominent. Lin Pigs
VII-40 for M.=0.8, the width of each of these ripples is
given by, ©

ee 343 ay- OROLaA CEaoeoe) = 162 Ha.

The corresponding value in Fig. VII-41 for Mo=0.8 LS: x

eee Deo, oFf = Peg) 1 leOe A= )e= d00N Hz.
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A minimum is clearly shown in Fig. VII-4! around this

frequency. In the case without flow in Fig. VII-40 a
minimum at 451 Hz was calculated by the above method and

the graph shows the minimum at 400 Hz.

As inthe case of no flow, while frequency increases

the effect of the resonator diminishes and the connecting

pipe becomes part of the infinite outlet pipe. The

ripples can then be seen to subside. It would be obvious

with M. < 0.5 the effect of air flow on the attenuation

frequeficy characteristic of this system is negligible.

Finite Outlet Pipe with Flow

Expressions IV-21, IV-22 and IV-23 were used to

calculate the attenuation frequency characteristic for a

simple expansion chamber with a finite outlet pipe and a

mean flow described in section 7.a.5. No

experimental results were obtained for this system and the
theoretical curves are shown in Fig. VII-16 and VII-17 for

M.=0.2 and 0.4 respectively. Zero radiation impedance is

aSsumed as in the case without flow. Shifts of minimum and

zero attenuation points for the finite outlet pipe and the

expansion chamber as a consequence of the air flow can be

seen. The first minimum attenuation point due to the outlet

pipe on Fie. VII-16 is at 245 Hz without flow and shifts to
245(1-0.2") = 235 Hz for M.=0.2 in the outlet pipe. The

other minimum attenuation Soints shift accordingly and the
accumulative effect is obvious as frequency increases.

The shift for the zero attenuation points are not so obvious

due to the much reduced mach number in the expansion chamber.

The magnitudes of maximum and minimum attenuation were not

much affected by the presence of flow. A similar situation

occurs in Fig. VII-17. In this set up since the flow has
effectively increased the length of the outlet pipe the
minimum attenuation points due to the outlet pipe no longer
coincide with the zero attenuation points due to the
expansion chamber. The first of a series of minimum
attenuation points has been seen to shift from 375 Hz to
375 (1-0.4")= 315 Hz. The first zero attenuation point

due to the expansion chamber almost remains unchanged at
375 Hz. E ‘

Fig. VII-42, VZI-43 and VII-44 show the theoretical

attenuation-frequency characteristics for systems consisting

a resonator with a finite outlet pipe with flow. The dimensions

for the systems are the same as those in Fig.VII-18, VII~i9 and

VII-20 , respectively.The results were calculated from equation

IV-26 and indicate the minimum attenuation points due to the outlet
pipe are, as in the case for a simple expansion chamber , given by

the expression 2

f£=2,1 -M))

where f is the frequency of minimum attenuation with flow, f, is the

frequency of minimum attenuation without flow, and M_ is the Mach
number in the outlet pipe. Again it is shown that the attenuation

level is not affected by the flow. From the above analysis it may

be concluded that the internal flow will not have a substantial

effect on the attenuation performance of the finite outlet pipe

of a silencing system.
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Designing a High Performance Silencer with the Method of Matrix

Multiplication

For illustrative purpose a silencing system without flow is

designed by computing its attenuation frequency characteristic with

the Method of Matrix Maltiplicaricns (Fig. VII-45). Overall length of

the system is 0.6 m while the areas for the inlet and outlet pipes

and the silencing section are 0.000616 ma and 0.00484m? respectively.

Two expansion chambers, both 0.16 m long with internal tubing at one

end, form the basic design of the silencer. The maximum resultant

attenuation obtained with the two expansion chambers in series is

more than 50 dB. Zero attenuation points due to these two expansion

chambers occur at 1072 Hz, 2144 Hz, 3216 Hz etc. The finite outlet

pipe considered is designed to be 0.16 m so that its zero attenuation

points coincide with those due to the expansion chambers. In order

to increase the attenuation level at 1072 Hz the internal tube in one

of the expansion chambers is made 0.077 m long. This brings the

attenuation at 1114 Hz to 60 dB. The internal tube in the other

expansion chamber is 0.04 m long and this eliminates the zero

attenuation point at 2144 Hz and lifts the attenuation level in that

region to around 30 dB. Three resonators all with a volume of

0.000338 = are used to increase the attenuation level at various

specific points. One with a conductivity of 0.15 helps to broaden

the high attenuation level around 1000 Hz. Two others with conduct-

ivities 0.01 and 0.0014 are used to increase attenuation at 300 Hz

and 100 Hz respectively. The low frequency content below 300 Hz

usually is very difficult to eliminate while high frequency content



=65=

above 3000 Hz can be reduced effectively by absorptive material.

Attenuation band due to a resonator can of course be broadened by

Veo
280

increasing the attenuation parameter to satisfy specific

requirements. Effect of inlet pipe is not considered since this

part of the system varies for different cases. Overall attenuation

of the presented silencer is above 30 dB which if achieved in practice,

would be considered satisfactory. Different silencing elements can

be incorporated in the system by simply adding matrices to the computer

program without affecting the rest of the system.
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Conclusion.

The method of matrix multiplication has been proved to be a very

convenient method for evaluating the attenuation-frequency characteristics

of silencing systems consisting of reactive elements. Representation

of an element by a four-pole enables any element to be included or

excluded from a system by simply inserting or removing the appropriate

matrix in the calculations. Theories developed for fairly complicated

systems comprising resonators, expansion chambers with internal tubes,

finite inlet and outlet pipes were found to be adequate and the systems

can easily be investigated theoretically with the aid of an electronic

computer. Thus the method of matrix multiplication is expected to

supersede the conventional method of continuity. Connection of the

sound source and the signal pick-up made from the side of the test

rig was experimentally convenient and was also justified by theory

and test results.

For simple expansion chambers, resonators and other systems with

reflection-free terminations for both the inlet and outlet pipes, the

calculated curves agree well with experimental data obtained under

laboratory conditions, For systems with a finite outlet pipe results

obtained by D.D.Davis and Fukuda were used to verify the theory.

The system used by Davis was a resonator and his results were obtained

with a loudspeaker as the sound source. These results have been predicted

fairly accurately by the matrix method, Fukuda employed a simple

expansion chamber and data were obtained from an engine test,

Amplitudes of attenuation were not calculated accurately, but maxima

and minima were predicted, This indicates that the present theory

will give a correct estimate for the locations of the pass bands of a

silencer when fitted to an engine.

Determination of the quantity 'conductivity' of a resonator

neck remains an empirical process, especially when the number of

orifices in the neck becomes large. Nevertheless, conductivity for

a neck in the form of a small tube can be fairly accurately determined

using an end correction factor of approximately 1.5 . when the neck

was not too long the lumped-parameter method was found to be a
suitable alternative to the more elaborate distributed-parameter

method in calculating the fundamental resonant frequency of a resonator.
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The effect of a uniform internal air flow of Mach number of 0.2

or less in the inlet and outlet pipes has been proved to be negligible

for the expansion chambers because of the nuch reduced flow speed in
these elements, and this was successfully predicted by theory.

However, the behaviour of systems with resonators was different in that

the resonant frequency of a resonator is increased in the presence

of flow. This increase starts with a lower flow rate in the case of

a larger resonator than that of a smalfevresonator. The developed

theory which ignored-the flow entering the resonator through the neck

was found to be inadequate in dealing with these systems.

Neglecting the viscous friction of the fluid medium has been

proved justified except for the case of a resonator with flow when

the viscous effect of flow in the resonator neck becomes predominant

near resonance. Neglecting Karal's correction for the expansion chamber

length was found to be acceptable for the expansion ratios considered,

but the omission of the 0,.6R end correction to the internal and outlet

pipes might have caused slight discrepancies between theory and

experimental results, particularly at high frequencies. The assumption

that only the plane wave mode exists in the system is seen to be true

when the wavelength of the signal investigated is less than the

maximum diameter in the system,

The fast Fourier transform has been shown to be very successful.

as an alternative to the discrete frequency method in obtaining 4

attenuation~frequency characteristics for simple expansion chambers

and resonators. The only limitation experienced was that of the

equipment available,

Expansion chambers with internal tubes were shown to be capable

of producing fairly high attenuation levels in both flow and non~flow

cases, Thus this configuration was used as the core for a theoretical

design of a silencing system by the method of matrix multiplication.
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APPENDIX 1. ee

To prove Bice) i a [x- G+m)ct] + g [x + (I-M) ct]
is the most general and complete solution to the convective wave

equation.

Put U = x -(i+M)ct Vie + (i-M) ct

thus S(x,t) = € IU ,V]

See, BU 4). 26 BVI ae). de
ex 0U ax aV dx Sis sav

Ses >V

Mga aa eaten
us Seo 05 d (ex , d€\ aU do /2%€ , d€) avi selax) ~ $y (su+ 3s wee & (+) R

pare Ont ae d7€
me 2 sav av?

os 3

FL~ (5+ 8) CB e HOLD
2 2 2

ae a deme FE Ome 28 + (rm)e XE,
2 GleMyic 26. ae _ ae) Rae 2 Mc 2 SV (+m)c 28,

Oe Re a dé av a
gee oy ap EO ye 5 = — G+ Me 3 a (emo 26

3° 2 Myc 3€ aepie a ee Al) 1c 1-M)c 2€ ) dU0 t2 aa ( ) aU te ) a) 5
t

n/a o€ - € V+ §(-U+m)c cat Me oC ) st

= (+ Mic? ve, —Ceme SE m9) ate
dV ou
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2 - a
= (ame 26, — a(i-m)ct 2 eG M)°c ee

Substituting these quantities into the differential equation

Le oo5 Maseo, +2 jbx - (-n4) ¥5,- 0

et 2 2

i + M\pcreas 2) o€ 2 a%€( ys a 2 mM?) Sav + ¢ M) rue + 2M(I- m)
2 2 2

=e 2M(14m) 2-€ 1— M2) Of€ +) xe
dUev (Ube ee Ke) a soe Mi) oe

ee

-(-m) 24, = 0

aoe leads as — 4 2 = oO

ome
Pee ms

oU 0 e

Oo Oe

au (3) a
Integrating a = F (vy)

e= | g(yav + F(U)

e[u,Vv] = 9(v) + f(v)

dua Slay tc, oe F [x-(iem)ct] + g[x +(1-M) ct]

This solution is.complete because it has two constants and is general

because any solution must take the form of S (ert) as shown.
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APPENDIX 2.

Effect of Sound Source and Transducer Position.

Vp>

Figure a

We refer to figure a and assume that no gas flows down the

sound source connection. The non-reflective termination at the left

hand side of the pipe provides a characteristic impedance of & tl
-M

and the relation between Py Vy and PosV, is !

P ! °

V, St-M) |

-J opaekbs cos 8 —jM Sits KE ye ae site nt ee i

ry 2) sin kt Kei Rie ikeJc (-m?) See CoS eta nS ea Vp

Mt ke—Jry2 Bs

im cos = gM sin foe a fe sin KE Pe
ad - ke, kh

S (-m) ed = ev =m Vp

aj Myo ke, jee “Mo akt, | ktys
Vy CUM Sem ei Mt py oo MKh ite y,

Thus lv = os i at V, |
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Since £, does not appear in this expression, it will not affect
‘the attenuation and the matrix representing this portion of the
duct can be neglected.

For the transducer location :-

To the transducer

: 2
ae So

a Ly eer
F Mv

Figure b.

We refer to figure b and assume no gas flow down the transducer

connection. The characteristic impedance at the right hand side of the

pipe is RS Sa and the relationship between PV, pane Pa1Vp is

ithe Tog ke Kes jE ‘sin KbsFel we cos S35 — jMsin S°3) Sls Se Ey 2

. Sq ve) cia kee tsa \Men ktV, Mic! ig&l-m ) sin ane cos Kis, “+ Moin S55

ee oO ie

ec +TM) a | Vo
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ey 82 eeP ove ees as eo sink’, i % Sire ae p,

ia t
V, (4M) ed 1M cos - 2+ jMsin- a \,

Vou 50

kt.
Jieme KE ereVee iar Sl M) e =m Py

ee
= = +M) e~'*M PB

vee . (i+m) ||P,

Thus ts does not affect the attenuation and its representative

natrix can be neglected. Physically this simply means that because

of the non~reflecting nature of the outlet pipe only an incident wave

is propagated down the outlet pipe and wherever the microphone is

positioned it always measures the magnitude of this wave.
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APPENDIX 3.

To prove that Volume Velocity in the inlet side branch remains

constant for the Straight Pipe and the Silencer Configurations.

Consider a system with a change of impedance as shown in

fig. c. Taking x=0 at the point of discontinuity (35) we have,

sy oa
a 2,0 +%

where cy = characteristic impedance of the small branch, and

ean resultant impedance of branches to the right of the

discontinuity.

The inlet junction of the system considered in this report

is shown in figure d. With the mufflers replaced by a straight pipe

the inlet junction is represented as in figure e.

_ With 455 the parallel resultant impedances of the pipes

going to the left and to the right in figure 4,

22.

San + ay

With the muffler in position the impedance changes to as + 82.

as shown in figure f, while the pressure and volume velocity at the

junction change to Ba and a respectively. A and B are the new

incident and reflected wave: amplitudes in the side branch.

B Za + 625" - Z
‘in—- in A

“ Peet PR

RH) OZR oes Zh Z. + 62,
in in A in inP, = A+Be=A(1+ )= 2ain ( Gn 620+ ‘A 45, + 4; + Sy

Pe 2A
oat eR ES Si micemeeee
se Sie kee OIE A ain ‘in in in A

Since the incident wave has not changed,

Vie
If 2,2 25,7 $2.) » then Vin eV. = =

a
re

(Note that Pen * an?
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eae
in in

A ee

ees — ”*

Figure c. Change of impedance at junction bétween two pipes.

| B

eK

Figure da.

Peta ve tkeVay Se

7, in in in

Pigure e.

Figure f.
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APPENDIX 4.

Expansion Chamber with Internal Tubes.

Quoting equation ee >

[cos 5 ke, - 5M sin hee] Ze + 5 Le sin 5S kt —2

if (=m?) sin jhe] Ze + [cos a2 +) M sin-Ke 7 2]Z, =

For M=0,

(cos kt)Z, + Jj f§ sinkt

Z = 5-2, (sin ke) Zp + cos kt

j PF tanka eae an

§ RE + jZe tan kt

?
When Zp =00

Z- es = -j %& cot kt

4, is the impedance of a duct , cross-sectional area S, length 1,

and with a closed end. Internal tubes in expansion chambers can be

represented by this expression of impedance.
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APPENDIX 5

Impedance of an Open Pipe with Flow.

Quoting again equation III-7

[eos oe - gMsin ie |Z. + J [es sin BE]

ES ife (+) sin Ke | Ze fn [cos Abe + iM sin ke]

For an open pipe, 2

Z,

27 oO, and

zg. tf sin Kee
eer COS Bee + JM sin Bee

z-2 [mM - j cot KE]

For M = 0

ae = (-Gcot ke)

Zeems fe tan ke
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APPENDIX 6.

Effect of Open-ended Outlet Pipe.

Consider the open-ended outlet pipe shown in figure IV-6.

coe : are and Bout are complex amplitudes of resultant, incident anel reflected

pressure waves respectively at the junction point of the output

and Bside branch and the ourle’ pipe. Popen ’ Aopen ‘open are

amplitudes at the open end of the outlet pipe. U is the mean flow

velocity. Then,

eakte

SA eo FH
open out

kee
im et i-m

open out

= = 0
open open open

o open open

-j Ke ke
Ate en etiam
out out

Pout aE Sout a Bout

(1 ~ cos 2K ste + jsin EF Bk utes)

|Pout | _ lout I] (1 - cos ektr) + J sin Bk Pe |

Mout] + 2 sin a

Pout|

2 sin(kte/(-m2))

[Pout|

2 sin kt

[A‘out|

ForM=0, [AQ
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APPENDIX 7.

To prove that the Transducer Position along an Open Outlet Pipe

is Immaterial to Amplitude Measurement.

Consider the outlet pipe end of a system similar to that shown

in figure 1V-6 with a uniform internal flow U in the outlet pipe.

The system reads

ee cos KE, - 3M sin Kee, J PE sin kts

aS a aE 4 MeiNe Jee (i-m?) sin oo cos Kes + jMsin kis,

! 0 Rut

Si S kb
ec ~ J ge cot Tene ! Vout

(See Appendix 5)

A B lan

C. D Vout

g keeWhere A = cos ae eo sin . “es st =

s Ss igCee: J pe eH) sin kts, + pc M cos Ke

Say ke. e+ Re M co ; t, sin = 2

+ 5 (& MP sin Kee, - & cot KE cos Ke.)

£ kepo = [cos sy eee cot roe | Pout

kt kt, ke tfe ee ed

Sneed sind lta eee)
Ble Se) | Aut
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For Vous = 0,

ks t kg, := [é M (cos ee + cot Th? sin KE 2)

sie
as pe (sin ae -~ cot kh, cos Ke) | Rut

ieo'S ‘ kes Kia horn) Kes eyeIV3 1 = {m (cos foe? cot Ate sin £32)

Ye5. 2

cs (sin rae Hee = o> ee) } 2 sin = [Agutl

= 2 & [M*( sia: Ke cos kh + cos Ate ie sin kts ae
= F

+ (sin kes, sin Kees — cos ke, cos ite SF Asst

Beant

= 2S {mPsint(te tk + cotta ty)" [Agutl

For ft *o |v. a a cos ke, +3) | Aout |

The above shows that individual lengths of and £:co not

affect attenuation. The combined length f+, of the outlet pipe is

the.important dimension. As long as this length remains constant, the

position of the transducer is unimportant.
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APPENDIX 8. COMPUTER PROGRAMS.

53°
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TRANSMISSION LOSS OF SIMPLE EXPANSION . CHAMBER.

MASTER AcOU

REAL LEN, IMP, KON,LENN- NACH

COMPLEX X¢7,2-2),Y(7,2,2) Op eaears

DIMENSION KON(4000),AREA(7)> IMP(7),LEN(7), AREAN(7)» LENN(7),MACH (7)
sATTEN( 509)

ATTENUATION OF SILENCERS BY MATRIX METHODS

LENSLENGTH OF MATRIX SECTION

AREA=AREA OF MATRIX SECTION

LENNSLENGTH GF RESONATOR NECK

AREANZAREA UF RESONATOR NECK

LENO. OF MATRICES

P=DENSITY OF MEDIUM

CeVELOCITY OF SUUND
NO. OF SETS OF INPUT DATA FOR LEN

NO. OF SETS OF INPUT DATA FOR AREA

H= LOSAL MACH NO, OF GAS FLOW

READ (4,53) L_

FURMAT (114?

READ (4,51) NOA, NOL, NUH, P2C

FORMAT (311-2F40.5)

NUMA=4

K 04510490 X 04 Bo 2) XL M5404) XML 4202.2) =CMPLX 64.50.)

X(141,2),X(L42,1,2)SCMPLX(0.,0.)

WRITE (2,52)

FORMAT (1H1,9HAKEAS ARE)

DO 10 Ned,l+4
READ: (4,54) AREA(N)

FORMAT (F0.0)
WRITE (2,55) AREAC(N)
FORMAT (1H 41° 1068,4%)

CONTINUE

NUMLE4

WRITE 62.56)

FORMAT CINO+4THULENGTHS ARE)
AO 14 N=2,l+4

READ (4.57) LENCN)

FORMAT (F0.0)

WRITE (2,56) LEN(N)

FORMAT (1H 44610.8,4x)

CONTINUE

NUMM=4

DO 17 N=2,L+4

READ (1,53) MACH(N)

FORMAT (F0.0)

CONTINUE

WRITE (2,65) MACH(2)

FORMAT (1H0,24HNACH. KO IN 4 INCH FIPE =,1F8,4)

WRITE (2,59)

FORMAT (10, 4HFREQ, 6X, SHATTEN, 8X, 4HFREQ, 6X,
4 BHATTEN, 5X-4HFREQ, 6X, 5HATTEN, 8X, 44 FREQ, 6X, SHATTEN, 8X,

14HFREN, 6X, 5HATTEN)D

X(L#2.2,1)=CMPLY CAREASL4#4)/(P*C)#(4 +MACH(L44)),0-)

X(15241) SCHPLXCAREA(2)/(P*C)*(1=MACH(2))+0.)

NOO=Q
DU 42 M=50,3000-10

NOO=NOo+4

FRE=H

DO 45 Nei,i+4

YON, Te JD EOMPLA CI Oe)

KONCNOO)=2.*3.141-59#FRE/C
DO 16 Y=2-L+4

TMP ON IN ONADI SL EN OND 704. 2K BaACHEN DeMACHONYY
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KON, 444) =CHPLX(COSCIMP(N)),-MACH(N) ® CIMP(N)))

XN, 4,2) 5CMPLX(O.,P®C/AREACN*#SINCIMPON)))

KON, 2,42 =CHPLX(0.,AREACN)Z (PC) #(1.0-MACH(N) #MACH(N) )#SINCIMP(N)))

X(N, 2, 22=CHPLX(COSCIMPOCN) ),MACHON #SINCIMPCN) ))

CONTINUE

DO 21 Neisbe4

DO 20 151-2

DO 20 Jz1,2_
DO 20 K=152
YON, T,SVEYONs ba JD*X (Ne Te KX CNH4 KJ)

IF (Ne CL+4920+21,24

DO 22 121.2

DO 22 Ja122

XON#1, 1, J 2YCN, Tad)

CONTINJE

ATTSCABS(Y(L41,2.1))

ATTSATT/ (2+ #AREA(2) HPC

ATTENCHUOD)S20.*ALGG1OCATT)

CUNTINUE

DO 74 NOD=u,294,5

NOO1=NO0+1

NOO2Z=No0+2

NOOS=ENQN+S

NOOS=NO0+4

NOOS=NO0+5

NNI6S4 0-4 1#NDU4

NOO7=40+] Dengue

NOOB=40+1 U*NOUS

NOO92404+108NOU4

NOO1G=49+70#NODS

_ WRITE(C2,61) NUD6,ATTEN{ NEOs), NOC7/ATTENENGO2)» NOO8,ATTEN(NOOS),
ANOOQ,ATTEN(NOO4),NGO10,ATTENCNOOS)

FORMAT (1H 4414,4X%51F8.4,7%,114,4%51F8.4,7X%111454X,1F 8.4

167Xs41454X24F 8.6 447X511405X,4F 8.4)
CONTINUE

NUMM=NUMM+4 ;

IF (NUMH~=NOM)3,3,9

NUMLSENUML+4

IF (NUML-NUL)2,2,0

NUMASNUMA4

IF (NUMA~NGAD4 04-0

stap

END
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HELMHOLTZ RESONATOR WITH FLOW.

MASTER RESO 2
REAL LEN. IMP, KON; LENN MACH

COMPLEX ¥(20,2:2)
COMPLEX ¥(20,2-2)

DIMENSTON KONC1090) ,ATTENC10005

PUMENSTON ARFACZ0) AREA C20) -IMP C20) -LENC 20), LENN(C 20) -MACHO20)

ATTENUATION OF STLENCERS BY MATRIX METHODS

SIMPLE EXPANSTON CHAMBER

LEN=LENGTH OF MATRIX SECTION

AREAsAREA OF MATRIX SECTION :

LENNSLENGTH OF RESONATOR NECK

AREANFAREA OF RESONATOR NECK

LENG OF MATRICES

PsDENSTYY OF MEDIUM

CaVELOerTY OF SOUND

NOLSNO OF SETS OF INPUT DATA FOR LEW

NOAuNO QF SETS OF INPUT DATA FOR AREA

MACHeLOCAL MACH NO, OF GAS FLOW

Mi TS HIGHEST FREQUENCY

(33

L330 FOR INFINITE INLET PIPE
L384 FOR FINITE INLET PIE

L3e0

Lisiee

M1=4000

NUM Qs



NUARO

NOL=4

NOM=4 == SSeS = : =

p=1_ 2053 : ;
C=343.7 : SSS
NUMA=1 ‘ :

“64 FORIIAT CAH 414, 4Kr1F8. br 7X e114, 4X, 1 FB. Gere TEN: TFB.4
POX ALE AXA ae TXs1TG4, AX TFB. 4)

55 FORMATCVH 615410,874X) 21 =
54° FORMATCER,4)

5? FORHATCERLA) :

5? FORMAT (4HT,9HAREAS ARE)
56 FORMATCQHO,17HLENGTHS ARE)

bes FORMAT (AHO, 1 RHARBAN AND LENN ARE)
65 FORMAT (1HO,24HHACH HO IN 1 INCH PIPE 3,1F18.4)
59 FORMAT C1HO, 4HERFEQ- 6X, SHATTEN, 8X + 4HEREQ, OX,

TSHATTEN, BX, AHFREQ¢6X/ SHATTENs 8X, GHFREQ.GX, SHATTEN SAX,

TMHFR EQ, OY, SHATTEN)

53. FORMAT (412)
54 FORMAT (%312,2610.5)

60 FORMAT CETO,8) =
X(1,404),K01.-2, Ps XCLH2, 141), XCL#2, 2-2)= CMPLXCT. 0, )
XC1, 102d ,XCL #2 P2.2CMPLXCO, 60,

4 WRITE (2,52)

DO 10 Ne2eh+i

READ(1,60) AREACN)

WRIPEC2, 40) AREACN)

49 CONTINUE

NUM st

2 WRITE(2,.56)

=

Ne3 REFERS TO CYLINDRICAL CHAMBER -OF RESONATOR

DO 44 Na2e Let

READ ET. 5?) LRH)

URTvEC2,57) LENCN)

44 CONT TNE

4 WRITEC2,72)

CALL DATACL,AREAN-SLENN , LT. ae ’

Nuns
a DO 47 Nar,

READ CT, 57) MACH CNY

17 CONTINUE
WRITE(2,45) MACH(2)

WRITE oe 59)
¥CL+202,4)5 CHPLXCAREACL#1)/ (P40) #(14MACH(LO1)) +0, )
¥C1 207) 20MP1X(0.070.0)

TFCL3)? 0.0,147 :

X(4,264) SCMPLXCAREA (2) / (PHC) C1 =MACH(2)9 20.)
117 CONTINUE 4

NOOs) i

DO 12 Me 50.Mi,1 9 :
NOOD=NOOet

FREoM :

DO 15 re4-2 : -

nO 48 J21,2

DO 15 Nat, Let

45 YON, Det SCMPILX CO. 20,9

KON CHOON) 32.43, T4A159HFRE/C

DO 16 Na2elLoie2

TMP CH) SKONCNOO) #LENCN) £04. O@MACH ON) #MACHON))

KON, 144) =OMPLY (COS CIMP OND) eeM CNI#STNCIMPOND))
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XEON, 172) aCMPLX (CO. -PHC/ARFACNY #SINCTMP (ND)
XON 241) =CMPLX CO. FAREACN) / (PHO) * (4, O=MACH ON) sMACH ON) )#SINCTNP (ND)
KON, 212) =CMPLX (COS CIMPO(N) > >MACHCN) #SINCIMPON)))
CONT IME 

é E

00.471 Ne3,L.2 :
TMP EN) KON (NOO) *LEN OND

KON, 1999 ¢XON, 22 .SCMPLXC1, 0.)

XEN, 4+ 2)=CMPLX(0.+0,)

Zempels CAREACNY*TANCTMPCND)) + P¥KONCNOO) *CwLENNON) /AREANCN)
2a1s7°

XON, 264) @CMPLKX(O. 42)
CONTINUE

NO 24 Nat, Let aa =

DO 20 1=4,2

DO 20 J=at,2

DO 29 Kset,2

YON, Trd RY CMs Te JHXON, TR) HX CNET Kad
TE (Nm (itt) 0,24,21

DO 22 124,72

DO 22 Jaut,2

XONe TT, JEYON, Tedd

CONTINUE

ATTSCARS CY (18152599) =
TECL3) 0,0,494

ATTSATT/¢2, #AREAC2) ) *Pwe

TFC, 394123,123,0

ATT=ATT/ CAREAC2) 4 (4, OFMACH(2)) )eD¥C
CONTINUE

ATTEN CHOO) S20, *ALOGIOCATT)
CONTE

Mea Mies) /40

DO 71 NOOzO,M2,5

NOO4RNNOS4

NADP ANH Qe?

NOOSsHOO+3

NOOA=NO0a4

NOOS5ahOO4S

NO062404408N001
NOOP ah AL 1 OwNaO2

N00 554044 OeHNOS

NOG =49u4 OwHNOOd

N00105406108H005

WRITEC2 7 a4) 8006 +ATTENCNO01) ¢NOO7LATTEN(NOO2) ,NOOBSATTENCNANS) +
INOO9 ATTEN CNOOS). -HOOT0,ATTENCNODS)

CONTINUE

NUME SN Ue 4

TF CNUNMR NOM) 3,3,0
NUAL FNUML ed

TECHUML SOL) 222.0
NUM AGNI, a e4

TFCHUMARNOA) I, 1,0

STOp

END

SUBROUTINE DATA (LeAREAN+LENN 744
REA) LENN

NTHENSTON ARFANCL1), LENNCL4)

DO 48 NES,L,2

READ CT,» 62) ARFANCN) » LENNON)
WRITEC2,73) AREANCH) ¢LENNOND

18 CONYTAUE

6? FORMAT (E10,8)

73 EFORMATCUH .1FB.G,4K,1F8.6)

RETURN

END
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EXPANSION CHAMBER Millis INTERNAL TUBES.
== MASTER AcGU

Fs REAL LEN, LHP, KON, LENN, ACH ote Eten
5 COMPLEX X{7,2,2),¥(7,2,2) =DIMENSION KONC|000)-ANEAL?), INPLTS-LENGTISAREAIC TL ENG?) AER?

1, ATTEN( 5982

ATTENUATION OF SILENCERS BY
LENSLENGTH GF MATRIX SECTIUN

AREA=AREA UF MATRI¥ SECTION

LENN=LENGTH OF RESGNATOR NECK
REANSARGA OF RESINATOR NECK

LENO, OF MATRICES

P=DENSITY OF MEDIUM

C=VELOCITY GF SoHUND
NOLENO. OF SETS OF INPUT DATA FOR LEN

NOASNO. JF SETS OF INPUT DATA FOR AREA
MACHS LOCAL, MACH NG. OF GAS FLOW

READ (4,35) L

FORMAT (111)

READ (4,51) NOA,NOL,NOM,P.C

51 FORMAT (314,2*149.5)

NUMA=4

XCH914199X041,2,2)+X0L 429404), X(0 4252.2) 5CMPLX(4.00.)

XC49492) XL 42445238CMPLX(0.,0.)

4 WRITE (2>52)
52 FORMAT (1H41,9HAREAS ARE)

DO 10 N=2eb+4

READ (41,54) AREACN)

+54. FORMAT FOOD)
WRITE (2,55) AREACN)

— 55 FORMAT (1H »4F40.8,4x)

19 CONTINUE

NUML=4

2 WRITE (2,50)

56 FORMAT (i HU.T1HLENGTHS ARE)
DO 144 Ns2,l+4
READ (1,37) LENCN)

57. FORMAT (79.0)
fe WRITE (2,58) LENCN)
58 FORMAT (1H .4F40.8,4x)

_A4. CONTINUE ore

NUMMs1 =

DO 17 Ns2,be4

READ (1563) MACHI(N)
3 FORMAT (£90.60)

7 GUNTINUE

WRITE (2,65) MACHi2) 3

63 FORMAT (1H0,24HMACH-NO IN 4 INCH PIPE =.1F8.4)
WRITE (2,59)

52 FORMAT (140, 4HFREQ, 6X, 5HATTEN, 8X, 4HFREG, 6X,

ISHATTEN, 8%» 4HF REQ, 6X, SHATTEN, 6X, 4+ FREQ, 6X, 5HATTEN, 8X5
14HFREO, 5X, 5HATTEN)

XCL #22251 SCMPLXCAREACL #4) / (PC) C1 +MACH(L41)).0.)
X€442,1) SCHPLXCARFA(2)/(P8C)# (4 =HACH(2) 20.)
NOOs0

bo 142 Me50.3000,10

MATRIX METHODS

aQaaqgaaiacdada
wo mw

DO 15 ieee
DU 45 Jst-

DO 15 Paks
15° YON, I,J) 5CHPLX(6.:20.)

KONCNOD) 52.43.1441 50#FRE/SC

DO 46 N=2.i+4:2
TMP ON QIN ONAN Vet Ba (wey she. he MAUR NaeMarurane
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SHPLX (COS ({MP(N}) 5 =MACHENIMSTNCIPPEN)) )
X(N541:2 MPLX( 0, »P#CZAREACN)#SINGIMP(N)))
XON, 204 HPLXC Os 2 AREACN)Z (PC) #64 6 O-MACH(N) @MACH(N) )#SINCIMPCN) )XON,2, 2)=CHPLXCCOSCIMPCN)), HACHCN?*SINCIMP(ND1)
CONTINUE

DO 171N53,4.2
IMP CN) SKONCNOO)*LER(N)

XON,4124)+X(N, 2,2) 3CMPLX(40,0.)

XON,4,2)5CHPLX(0.56,)
XON, 2,1) SCMPLX(0.2AREA( PCRS CP OTANC ME ON
CONTINUE

DO 24 Natsb+4 -

DO 20 Ta1,2

DU 20 JRisd

DO 20 KR1,2

YON, TD, J28YON, La D#XENe DK) #X (N41 Kad)
IF (Ne(L419)0724424 :
DO 22 1=1.2

DO°22 Jsi-2

XON*#1,1,J5)5 YON, Ty) _
CONTINUE

ATTSCASS(Y(L41,2,1)) eas
ATTSATT/ (2, #AREA C2) )#P aC
ATTEN(NOO)=20. SBE

CONTINUE
DO 741 NOIJ=0,294,5__
NO04 =NOD+4

NOO2=Ng0r2 a
NOOZ=NI0+5

NOQasNan es

nous 5

NO06=40+10*#N004

NOO7=40+10eNQgUa

NODBeag+1 NOUS

NOO9=40"108NDUg
NO01 024041 O#NUDS

WRITEC2,51) Mae AaRENCNGOS } »NOO7: ATTENCNODZ) + HO08, ATTEN(NOOS),
1NO09, ATTENCNO04),NON40, ATTEN(NDOS
FORMAT (1H 4414.4%,4F8,4, WX.114,a401F a. 407%,11454X%51F 8.4
157X3114,4X01F 8.40 7Ks11404X,1F 8.4)

CUNTINUE

NUMMSNUMM 44

IF (NUMH-~NOH)3,3,0
NUMLENUML +4

IF (NUML~NOL)2,2,0

NUMA=NUMA+4

IF (NUMA=NDAD 40440

sTop

END

KOU
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TRANSMISSION LOSS FOR SIMPLE EXPANSION

CHAMBER IN SERIES WITH HELMHOLTZ RESONATOR.

MASTER AcQU

REAL LEN, IMP, 5ON, LENN? MACH

COMPLEX X€7,2,2),Y(7,2.2) =

DIMENSION KON(4000),AREA(7), IMP(7),LEN(7),AREAN(7),LENN(7),MACHO7

J, ATTEN( 590)

ATTENUATION OF SIEENCERS BY MATRIX METHODS
LENSLENGTH OF MAT SECTION

AREARAREA OF MATRIX SECTION

LENNSLENSTH OF RESONATOR NECK

AREANRARZA OF RESONATOR NECK
L=NO. OF MATRICES

P=DENSITY OF MEDIUM

CEVELOCITY OF SOUND
NOLSNO. OF SETS OF INPUT DATA FOR LEN

NUASNO, OF SETS OF INPUT DATA FUR AREA

MACH= LOCAL MACH NO. OF GAS FLOW

READ (1,53) L

FORMAT (114)

READ (4,51) NDA NOL NOM, P eC
FURMAT (311,2449.5)

NUMAS4

XC40101)2X01,272) X(L420104) XC L4+2,2,2) =CMPLX(1.,0.)

K(1,1,2),X0042,7,295CNPLX66,,0.)
WRITE (2-52)

FURMAT (1H1,9HAREAS ARE)

D5 40 Na2,b+4

READ (4,54) AREACN)

FURMAT (F0.0)
WRITE (2,55) AREACN)

FORMAT (1H .41°10.8,4X)

CONTINUE

NUML=4

WRITE (2,56)

FORMAT (THOT THLENGTHS ARE)
DU 41 Ne2sb+4

READ (4,57) LENCN)

FURMAT (F0.9)

WRITE (2,58) LENNON)

FORMAT (1H »4*16.6,4x)

CONTINUE
WRITE(2,72)

FURMAT(140,78HAREAN AND LENN ARE)
pO 18 N=35,L,4

READ (4,62) AREANCN), LENNGH)

FORMAT (FO.0)

WRITE (2s 732. AREANCN)LENNCN)

FURMAT(14 41F10.8,+4X,1F10+68)

CUNTINUE
NUMM=4

DU 17 Ne2el+4

READ (4,53) HACH(N)

FURMAT (F0.0)

CONTINUE

WRITE (2,65) MACH(2)

FORMAT (1HO,24HMACH NO IN 4 INCH PIPE =,1F6.4)

WRITE (2,59)

FORMAT (i Hd, 4HFREG, 6X2 5HATTENs 6X, 4HFREQ, 6X,

TBYHATTEN, 8X, 4HFREQ+ 6X, 5HATTEN, 6X, 4+ FREQ, 6X, 5HATTEN, 8X,

1GHFREON, 6%, 5HATTEN)

XCL#22 2,1 =OMPLXCAREACL #4 / (PHC) C1 +MACH(L 419), 0)

X%04,2,14)=CHNPLXCAREAC2)Z(P*#C) #04 MACH(2) 2,0.)

NUOEO

DU 42 4=50,5000,19

Mey INV 4
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FRE=M

DU 15 Is1,2

DU 15 Je1,2

DO 15 Net,b+4

YON, 1, J) sCHPLXC0.,0,)

KON( NOD) =2.%3.14159#FRE/C

DO 16 N=2,1+1,2

TMP (N) SKONCNOO) #LENCNI/ (1 O-MACHOCN) #MACHON) )

XN, 1,1) 2CMPLX(COSCIMP (NS ),-NACK(K)#SINCIMPON)))

XON,1,2)=CMPLXC 9. > PRCCAREACNI#SSNCIMPOND))

XON,2,1)SCHPLX(U.,AREACN)/(P*#C) * 07. 0-MACH(N) #MACH(N) )#SINCIMP(N))

XON, 2-2) 2CMPLX(COS( TMP(N)),MACH(HI*#SINCIMPON)))

CONTINUE

DO 19 Ns3,b.4

IMP(N) = KONENOU) #LENCNIZ (4 « DrHACKCH)#MACHON) )
XON2 4214) FCMPLXC COSC TMP O(N) ),-MACK(KI#SINCIMP(N)))

X(No4 4) 2) SCHPLX (Oe PAC/AREA CH *STNCIMP CN) ))
XON, 2,17) SCMPLACU.s AREACN)Z(P#C) #04. O-MACHOCN) #MACH(N) )®SINCTIMPCN))

X(Ns 2s 2) =CMPLX(COSCIMP(N) )+MACH(ND#SINCIMP(N)))

CONTINUE

D2 1741N55,L,4

IMP (NY SKON(NOO) #LEN ON)

XON0104)22XC4,2,2) 3CHPLX (16,0)

XON,1,2)=CMPLX(5.50.)

Z=-PHC/CAREA(N) #TANC IMP (ND) )+#P#KOK (NOD) #CHLENNON) ZAREAN(N)

2472
XN, 2,4) SCMPLA(O.+2)

CONTINUE

DU 21 Nstl,bet

DO 20 1=1,2

DS 20 Jets2

DU 20 Ke122

YON, T,JDEYCN, 1, *X (Ne TeX CNA1 Kd)

IF (N= (L4+4))10221224
DY 22 beted

DO 22 J=1+2

XCNe1, 1, J02Y ON, 150)

CUNTINUE

ATTRCABS(Y(L41,2,1))

ATTHATT£ (2. #AREA(2) HP HC

ATTENCNOD) R20, "8AL5G40CATT)

CONTINUE

DU 71 NOI80,294,5
NUO*sN00+4

NUO@=NaN +2

NUD. U+3
NuO a+4

nud O0+5

0+1 0#NOU4

O+10#NGUD

O+108NGUS

NUO9R4U+1 Ogg

NUO10540+10#NUNS

WRITE(2,51) (O06, ATTEN(NCO1), NO07-ATTEN(NOO2), 1008, ATTENCNOOS),

ANCOO,ATTENCNOU4), NO010,ATTENC NUS)

FURMAT (1H 5414,4X,41F8,4,7X.114,4X,1F8.457X011454X91F 8.4

4, 7X04114,4X%21F5.457%5114,4R%,1F 8.4)

CONTINUE

NUMMENUMM#1

IF (NUMH=NOH)3,3,0

NUMLSNUMO#+4

1* (NUNL~NOL)2+2,0

NUMASNUMA#4

T© CNUMA~NOA) 1 +440

sioep
can
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SIMPLE EXPANSION CHAMBER WITH FINITE OUTLET

53

at

54

a5

40

56

57

58

74

66

75

63

47

65

59

MASTER ACOU

REAL LEN, LHP, KON, LENN@ MACH, JMPT,LENT
COMPLEX X(742s02),Y(7,2,2)

DIMENSION KON(4000),AREAC7),IMP(7),LEN(7),AREAN(7) »LENNO7) , MACHO?
VeATTEN( 500)

1,C0T(7)
ATTENUATION OF SILENCERS BY MATRIX METHODS

LENSLENGTH OF MATRIX SECTION
AREASAREA OF MATRIX SECTION

LENN&LENGTH OF RESONATOR NECK
AREANSAREA OF RESONATOR NECK

LENTSLENGTH OF TAIL PIPE

RTSRADIUS OF TAIL PIPE
LENO, OF MATRICES

PSDENSITY OF MEDIUM

CsVELOCITY OF SOUND
NOLeNO, OF SETS OF INPUT DATA FOR LEN

NOASNO, OF SETS OF INPUT DATA FOR AREA
MACHs LOCAL MACH NO, UF GAS FLOW

READ (41.53) L

FORMAT (4114)

READ (4,51) NOA,NOL,NOM,P,C

FORMAT (314,2F40,5)

NUMAS4
XV tat daXC1e2e2d eX (L294 494) XC 42 22,2) SCMPLX 61a Oe)

KV ate QdaKCbweet 2 2dSCMPLX 60.200)
WRITE (2,52)
FORMAT ({H1,9HARGAS ARE)

DO 10 Ne2Qehe4

READ (4454) AREA(N)

FORMAT (F0,0)

WRITE (2.55) AREACN)

FORMAT (1H 44F40.8,4X)

CONTINUE

NUML eq

WRITE (2,56)

FORMAT ({HO,14HLENGTHS ARE)
DO 14 NB2eke4
READ (1457) LEN(N)

FORMAT (F0.0)

WRITE (2,58) LEN(N)

FORMAT (41H 24F40,8,4x)

CONTINUE

NUMME4
WRITE( 2.74)

FORMAT(4H0e45HLENT AND RT ARE)
READ(1,66) LENT,RT

FORHATCFO,0)

WRITE (2,752 ENT,RT
FORMATCAH 49F10,8,4X,1F10¢8)

DO 17 Ne2,le4

READ (4253) MACH(N)

FORMAT (F010)

CONTINUE

WRITE (2165) MACH(2)
FORMAT ({HO,24HMACH NO IN 4 INCH PIPE =,4F8,4)

WRITE (2,59)
FORMAT (€4HO,4HFREQ, 6X,5HATTEN, BX, 4HFREQ, 6X,

TBSHATTEN, 8X2 4HFREQ, 6X, SHATTENS OX, 4KFREQ, 6X, SHATTEN, BX,

14HFREO, 6X, 5HATTEN)

X(44224 SCMPLACAREAC2) 4 (P#C)# (4 = MACH(2) 920.)
NOOeo

DO 12 M=5023000,10
NNMeRAinnad

RIPE:



13

16

20

22

24

42

64

74

-135-

FREE

DO 15 81,2

DO 45 Jet.2

DO 15 Neteleq

YON, T, J) SCMPLK(0400,)

KON( NOD) =2¢#3444159#FREZC
IMPTEKINCNOO)#LENT/ (4 DEMACHEL#4 #MACH(LO4))
ZTREMACH(L#4) #AREACL #1) /¢P#C)

ZTCHeAREACL #1) / (PO) #COSCIMPTY/SINCIMPT)

XCL#22 201 SCMPLX(ZTR,ZTC)

DO 16 Na2sheiet

TMPCN) 2KONCNOO) MLENCNIZ (4 pe DeMACHON) #MACHEN) D

XONe 4 e142 SCMPLA(COS(IMPON)), eMACHCN) #SINCIMP(N) 9)
XONg4, 2) 8CHPLX (Og, P*#CZAREACNIMSINCIMPOND))

XONg 244) SCHPLX CD, pAREA(N)/ (PAC) #64, OeMACH(N) @MACH(N) HSINCIMPCN) ))
XONa 202) BCNPLA(COS(IMP(ND),MACH(N)#SINCIMP(N)))
CONTINUE

DO 21 Netaled
DO 20 Is122

DO 20 Ja1.2

DO 20 Ke1,2

YONa Ta JD RYONG De Ud eX (Ne De KD HXENAT Kad

IF (Ne (L44290024024
DO 22 151.2

DO 22 Je1,2

XONeq aT, IBY CN Tadd
CONTINUE

ATTSCABSCY (Lat e249)

ATTBATT#ABS(2,#SINCIHPT))

ATTSATT/ C2, #ARFA(2) )#PaC

ATTENCTOD) F209, #ALOGTOCATT?
CONTINUE

nO 74 N00s0,294,5

“NOO4RNOO#4

NOQ2END0e2

NOOSENDO4S

NON4=NO084

NOOSENI065

NOO6E40410#NND4

NOO7E40e10#NND2

NOOGe4he1O#NN03

NON9s 4044 0#NNO4
NO01 054044 0#N005

WRITE (2.61) NOG6,ATTENCNOU4 ),NOO7,ATTEN(NOOZ) sNODB, ATTEN CNOOS),
(NOOO, ATTENCNOO4) .NDO40,ATTENCNDOS)
FORMAT (41H 9414¢4X,4F8,407%0114,4%04F 8, 407% 01140 4Xe F864

Va7X ot 14a AX et Foe 7X et 14eGXs4F 8.4)
CONTINUE

NUMMSNUMM#4

IF (NUMM#NOM)3,3,0
NUMLSNUML #4

IF CNUML® NOL) 222.0

NUMASNUMA4
IF CNUMA®NOA) 4 94,0

STOP

END
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RESONATOR WITH FINITE OUTLET PIPE.

53

54

54

55

10

57

58

41

te

62

73
138

74

MASTER OUTLET

REAL LEN» IMPs KON+LENN? MACH, LaPT» LENT
Cee X(154222).Y(45,2,2)
iMENSTON KON(4000),AREA(15), 1HP(15), LEN(152,AREAN(15),LENN(15aHACH ESS

124TTEN(500)
1,COT(15)

ATTENUATION OF SILENCERS BY NAIRIX METHUDS
LENSLENGTH OF MATRIX SECTION
AREASAREA OF MATRIX SECTION
LENNSLENGTH QF RESONATOR NECK
AREANSAREA OF RESONATOR NECK
LENTSLENGTH OF TAIL PIPE
RTSRADIUS OF [AIL PiPE

LSNO. OF MATRICES

P=DENSITY OF MEDIUM
ELOCITY OF SoUND

NOL=NO. OF SETS GF INPUT DATA FOR LEN
NOASNO. OF SETS OF INPUT DATA FOR AREA
MAGHS LOCAL. MACH NO. OF GAS FLUW

bss.

FORMAT (110)
NGASS

NOLF4

NOM=4
P=1.21

=610.0.

FORMAT (311.2F10.5)

NUMASY

ere eee CHPLX(4.40,)
-XC401 22) X(L 426122 02CMPLX (0.2002
WRITE (2,52)
FORMAT (141,9HAREAS ARE)

Do 10 Ne2,L+4

READ (1454) AREACN)

FORMAT(F10.8)

WRITE (255) AREA(N)
FORMAT (1H 646 10+8+4X)

CUNT INUE

NUML=4

WRITE (2256)
FORMAT (1H0,41HLENGTHS ARE)

DO 11 Ne2,L+4

READ (1,57) LENCN)

FORMAT(F8.4)
WRITE (258) LEN(N)
FORMAT, (1H 91°10.854X)

CUNT INUE

WRITE(2,72)
FORMAT (4H0.16rAREAN AND LENN ARE)
DU 18 NF3,L.2
READ (4,62) -AREAN(N),LENN(N)

FURMAT(F10.6) 3
WRITE (2,73). AREAN(N), LENNON)
FORMAT (14 04710.8,4x24F40.8)
GUNTINUE

NUMM=4

WRITE (2,74)

FURMAT(1HO, 15HLENT. AND RT ARE)
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READ(1.66) LENT,RT
FORMAT(F 10.8)

WRITE(2, 75), ENT, RT

FORMAT(1H 91F10,8+4X,1F10.8)

00.17 NeQ,b+4

READ (1463) MACHIN)

FORMATCFS, 4)

CONTINUE

WRITE (2565) MACH(2)

FORMAT (1H0,24HNACH NO IN 4 INCH PIPE 5,178.4)

WRITE (2-59)

FORMAT (1HOs 4HFREQs OX 5HATIEN, 8Xs 4HE REQ, 6X

TSHATTEN, 8X,4MFREG, OX, SHATIEN, 8X, 4HE REG, OX, SHATTEN, 8X,
14HF REQ, 6X2 5HATTEN)
X(10201) =CMPLX(ARE Baan Sees eas ?
NGo=0

DO 12 N=410-1600,10

NOD=NGO+1

FREEM

DQ 15 [21.2

DO 15 J21,2

DU 15 NSi,L+4

YON, 1, J) SCMPLX(CO.05)

KRON(NGQ)=2.%3.14159#FRE/C

IMPTSKON( NOU) #LENT/ (4. 0-KACH(L +4) #MACH(L41))
ZTREMACH(L +4 D#AREACL41)/(P#C)

ZICS*AREACL #4 / (PRG HCOSC INP LY/SINCLNPT)

X(L#2,2,1) =CMPLX(ZTRAZTC)

No 16 Ne2.Letpe2

LAP ON) =KON CONDO) #LEN(NIZ (1 6-H ACH CN) #HACH(N) D 5 :

XON¢ 454) SCMPLX(CUSCIMPON) ), -HACHON) ®SINCIMPON) )

XON,122 PLX(0.+P#C/AREA(N) #SINCiMPOCN)))

XN, 291) =CMPLXC Oe» AREAC KZ (PHO)#(1 OF ee

XON2 222) =CMPLX(COS( LMPON) ep MAGHOND#SINGIMPCIN)))

CUNTINUE

DU 171NsSsb02 =

IMP(N) KON (NOU) HLEN OND
XONS451429XON2292)5CMPLX(1..0.)
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XONa1¢2)5CMPLX(0..0-)
P¥C/(AREACN) ®TANCINP(N)) +P *KON (NGO) *CaLENN(N)/AREAN(N)

1/Z : Se
XON, 261) 5CMPLX(G..2) 5

171 CONTINUE

DU. 24 Netsbeq .

DU 20 21.2

DO 20 JF1,2
DG 20 Ke1,2 >

20 YONa Te JQEY ONG Le +X (Ne LAK EX CNT Ke d)
IF (N"(L*1))0+24-24
DO 22 121-2

DU 22 JR1,2

22 X(N+1 1, J) 8YOND 1,5)
21. CUNTINUE

-ATT#CABS(Y(L414251))

ATTSATT#ABS(2.*SINGIMPT))
ATTEATT/ (2. #AREAC2) ) #P8C

ATTEN(NOS) 220. 8ALUG1OCATT)
12 CONTINUE

DQ 71 NOO=0,95,5

NIO1=N00+4

NUD2=N00+2

NOOSSNOO+*3

NOO4=NO0+4

NUOS2N00+5

NU06=10«ND04

NUD7s40eKgu2

NOOQ6=4 OeNG0S

NOO9=4 0#NGO4

NUO10=10*.U05

WRITE(2, 61) NOO6s ATTEN( NOD), NO07,ATTEN(NOOZ), NUO8, ATTEN (NU93)>
TNOOMATTENCNGO4) NOY G.ATTEN (NUNS)

61 FORMAT (TH PULA, FX e TF 86447X4 1140 4X51F 8649 7X91 140 4X51 68.4
15 7X941404X01F 844. 7X5114049X096 8.4)

71. GUNTINUE

2 NUMM=NUMM4+4

T¥ (NUMMeNOM) 55.5.0

NUMLENUML +4

Tr (NUML-NUL)2,2,0

NUMASNUMA+4

IF (NUMA*NQA)454,0

STOP
END
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SIMPLE EXPANSION CHAMBER WITH FINITE INLET PIPE,

MASTER RESO

REAL LENs IMP + KON, LENN MACH
COMPLEX X(20+2,2)

COMPLEX Y(20,2e2)

DIMENSION KON(1000) ,ATTEN(1000)

DIMENSION AREACZ0) /AREANC 20), IMP (20), LEN( 20), LENN(20) -MACH(20

ATTENUATION OF SILENCERS BY MATRIX METHODS

SIMPLE EXPANSION CHAMBER

LEN=LENGTH OF MATRIX SECTION

AREASAREA OF MATRIX SECTION

LENN=LENGTH OF RESONATOR NECK

AREAN=AREA OF RESONATOR NECK

LENO OF MATRICES

ENSITY OF MEDIUM

CaVELOCITY OF. SOUND : :

NOL=NO OF SETS OF INPUT DATA FOR LEN

NOA=NO OF SETS OF INPUT DATA FOR AREA

MACH=LOCAL MACH NO. OF GAS FLOW

M1 1S HIGHEST FREQUENCY

L=3

L3=0 FOR INFINITE INLET PIPE

L3=1 FOR FINITE INLET PIPE

l3=1

Li=L+2

m1=1000

NUMA=1

NOA=1

NOA=1

NOL=2

NOM=2

P=1.2053

C=343.0

NUMAS1

FORMAT CVH cVT4s 4X eT FBG 7X eT LG e 4X TFB 4 TX e114 Xe TF BLG

CPX eV AX VFB. Gr TK e114 Xe 1 FBL4)

FORMATCVH 71F10.8+4X)

FORMATCF8.4)

FORMAT (F8.4)

FORMAT (1H1,9HAREAS ARE) |

FORMAT(1HO,17HLENGTHS ARE)

FORMAT((HO,18HAREAN AND LENN ARE)

FORMAT (1HO,24HMACH NO IN 1 INCH PIPE =,1F18.4)

FORMAT (1HO,4HFREQ, 6%, SHATTEN + 8X, 4HFREQ,6Xe

TSHATTEN, 8X, 4HEREQ+6Xs SHATTEN? 8X 4HEREQ? OX se SHATTEN 1 BX,

V4HFREQ, 6X ¢SHATTEN)

FORMAT (112)

FORMAT (312+2F10.5)

FORMAT(F10.8)

KODA Ve Dd eXC1 tr 2d eX H2eT eV eX CLH20202)= CMPLX(1.-0,

X16 1402) eXCL 420122) =CMPLXCO.,70.)
WRITE (2,52)

DO 10 N=2,L41

READ (1.460) AREACN)

WRITEC2,60)AREACN)

CONTINUE

NUML=1

WRITEC2,56)

N=3 REFERS TO CYLINDRICAL CHAMBER OF RESONATOR
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DO 11 N=2,L41

READ(1,57) LENCN)

WRITE(C2-57) LENCN)

CONTINUE

WRITE(2,72)

NUMM=1

DO 17 N=2-L+1

READ (1,57) MACHC(N?

CONTINUE

WRITEC2,65) MACH(2)

WRITE (2,59) 7

XCL#2 62,1) =CMPLXCAREACL #4) /CP¥C)*C14MACH(L41)) 70.)

X(1201)=CMPLXC0.0,0.0)

IFCL3) 040,117

X(142e1)=CMPLXCAREAC2)/(P#C)*(1-MACH(2)),0.)

CONTINUE ,
NOO=0

DO 12 M=50-M1,10

NOO=NOO#14

FRE=M

DO 15 T=1,2

DO 15 J=1-2

DO 15 N=1-L41

YON + Tedd =CMPLX(0,,0.)

KONCNOO)=2.%5.141594%FRE/C

DO 16 N=2,L+1

IMP(N)=KON(NOO) *LENOCN)/ (1. 0-MACHCN) *MACHON) )

X(N +121) =CMPLXCCOSCIMPCN) ) p-MACHON) *SINCIMPCN)))

CMPLX CO. Fe PHEC/AREACN) *SINCIMPON)))

=CMPLX CO. FAREACN) /CPHOY* CT. O=MACH OND #MACH OND )*SINCIMPCN)
KON 4222) =CMPLXCCOSCIMP CN) ) +MACHCN)*SINCIMP CN) ))

CONTINUE

CONTINUE

dO 24

DO 20

dO 20

po 20

VONe Te JD HY CNe Ted tX CN Te KD *X CNT Ke dd

Utes N= CES4)): Or et e2%

DO 22 I=1-2

DO 22 J=1,2

XON+1+1,d)=YCN,T ed)

CONTINUE

ATT=CABSCYCL#14241))
TFC(L3) 6-0-1214

ATT=ATT/ (2. *AREAC2)) &P RC

JF(L3)1235123-0

ATT=ATT/ CAREAC2) (1, O+MACH(2)) > *PHC

CONTENUE

ATTENCN0)=20, *ALOGIOCATT)

CONTINUE

M2=(M1-60)/10

DO 71 NOO=0.M2,5

NOOT=NOU+1

NOO2=NOC+2

NOO3=NO043

NOO4=NO044

NOOS=NOO+5 >

NOO6=40410«N001

1

pe
elt

02

re

rezACes oun y
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NOO7=40+10*NOO02

NOO8=404+10*N003

N009=40+10*NO04

N0010=40410*N005

WRITE (2,61) NOOOsATTENCNOG1) -NOO7-ATTEN(NOO2) ,NOOB,ATTEN(NOO3).
TNOOISATTENCNOO4) -NO010,ATTENCNOOS)

71 CONTINUE

NUMM=NUMM+1

TF (NUMM~NOM)3,3,0

NUML =NUML4+1

LFCNUML-NOL) 2,-2.0

NUMA=NUMA41

IF (NUMA~NOA)1,1,0 2

STOP

END

SUBROUTINE DATA (L,AREAN+LENN 714

REAL LENN

DIMENSION AREANC(L1),LENNCL1)

DO 18 N=3+be2

READ (1462) AREAN(N) » LENNON)

WRITE(2,73) AREANCN) » LENNON)

18 CONTINUE

62 FORMAT(F10.8)
73 FORMATCAH 41F8.6+4X+1F8.6)

RETURN

END



MAM RAKFABReAABAAAAA

~ ee

HELMHOLTZ RESONATOR WITH FIN TESINCET 5 ePIRE:

MASTER RESO

REAL LEN, IMP, KON, LENN»MACH

COMPLEX X(20,202)

COMPLEX ¥(20,272)

DIMENSTON KON(1000) ¢ATTEN(1000)

DIMENSTON ARFAC20)-AREAN(C20),1NPC20) +LENC20),LENN(C20) »MACHC2N)
ATTENUATION OF STLENCERS BY MATRIX METHODS

SIMPLE EXPANSION CHAMBER
LENSLENGTH OF MATRIX SECTION

AREARAREA OF MATRIX SECTION

LENNSLENGTH OF RESONATOR NECK

AREANSAREA OF RESONATOR NECK

L=NO OF MATRICES
P=DENSTTY OF MEDIUM

caVELOCITY OF SOUND
NOLZNO Of SETS OF INPUT DATA FOR LEN

NOA=NO OF SETS OF INPUT DATA FOR AREA

MACHSLOCAL MACH NO, OF GAS FLOW

M1 IS HIGHEST FREQUENCY f

Ls3

L390 FOR INFINITE INLET PIPE ee =
L324 FOR FINITE INLET PIPE

L334

LIsLe2

121000

NUMA)
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NOAaS

NOL=4

NOM=2

p21, 2053

€=610.0
NuUMA=1

61 FORMAT (AH pT rGXe1 FBsbe TX eV Lbs OX oT FB br TX eI LashXot FOG
VT ATG AMER 4e TK0 1 T4s 4X01 FB. 4)

55 FORMATCVH 44 F10,844X)
54 FORMAT CF8,4)
87 FORMATCF8,4)

52 FORMAT (1H1,9HAREAS ARE)
86 FORMATCHHO,;11HLENGTHS ARB)

72 FORMAT(4HO,18HAREAN AND LENN ARE)
65 FORMAT (1H0,24HNACH NO IN 4. INCH PIPE 3,1F18.4)

59s FORMAT (10, 4HFREQ? 6X, 5HATTEN, BX se QHFREQ, 6X

SHAY TEN, BX eGHFREQ, 6X + SHATTEN, 8X, GHFREQ, OX, SHATTENT OX,
16HFREQ,6X+SHATTEN) a

53 FORMAT (112)
51 FORMAT (312,2F10,5)

60 FORMATCFI0,8)

MCV V 01) NO1 0202) eX 211d MCLH2 e202) SCMPLXC1, 002)

MCV 102) XCL%207 02) SOMPLX (00000)

4 URITE (2.52)

DO 40 Na2-be4

REAND(1,60) AREACN)
WRETEC2,60) AREACN)

10 CONTINUE
NUML=1

2 WRITEC2,56)

Ne3 REFERS TO CYLINDRICAL CHAMBER OF RESONATOR

DO 14 Ne2ehnt

READC1,57) LENCN)
WRITE(2,57) LENCN)

11. CONTINUE

4 WRITE(2,72)

CALL DATACL,AREAN,SLENN 5 U4 i )

NUMM=1

3 DO 17 N=2,L¥1

READ CT, S57) MACH(ND

17. CONTINUE
WRITE¢2,65) MACH(2) eee

WRITE (2,59)

XCL#202,1) SCMPLXCAREACL#1)/ (PAC) MCT EMACHC L449) 100)

¥(1,271)aCMPLX(0,0,0,0) :

TFCL3) 0,0,117 =

XC, SOU CUPUX CARER (22 ESO) e Ce pete} os
AA 7. CONT iue :

NOO0a0 : :
DO 12 Ma50.M1-10- sos ===- = se

NOOnNO0#1 = E = Ha

FRESM : - St

dO 415 8142 a = =

pO 18 d=1e2 “= —- = = ee
DO 15 Naty bed = = = =

15 YON, TeJ)=CMPLX(0.70.) = :
KON (N00) =2.%3,14159%FRB/C — =

DO 16 Na2,Let,2

TMP CN) SKONCNOO) SLENCND / (1, O@MACHOCN) RMACH OND)

KON, 171) SCMPLXCCOSCEMPCN)) se MACHCN) MSINCIMPOND DD
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474

20

22

24

124
123

Ae

74

athe

XON, 102) 8 CMPLX (Oe e PHC/AREACN) HSINCIMPCN)))
XN, 204) SCMPLX (Oe AREA CN) / (PAC) *(4 OMMACH ON) #MACH CN) )*SENCEMP CN) D:
X(N, 272) =CMPLX (COS CIMPCN)) »MACH(N) #SINCIMPOND)?
CONTINUE

DO 171 Ne3,Le2 aE a
IMP ON) #KONCNOO) *LENCN)

XCM, 161) eX ON, 2620 SCMPLK(C1.00.)
XON,4 62) 8CHPLX(O. 0.)
ZawpHC/CAREACNI*TANCIMP(ND)) & PKON(NOO) #CeLENN(N) /AREANCN)
z21/2z
KON, 204) SCMPLK(0.72)
CONTINUE

DO 24 NateLet
0O 20 fa1,2

DO 20 Jate2

DO 20 Katr2
VON, Tedd eYONe Ded #X (Ne TKI EXONGA Kod)

TF (NwCL44)) 0721021

BO 22 Tet1/92 f
bO 22 J=1,2

XONST OT JIBY CNG Tedd
CONTINUE

ATT=CABS(VOL#12201))
TFCL3) 0,0,124
ATTSATT/ (2, *#AREAC2)) wPHC

TFOL324234123,0
ATTSATT/ CAREA(2Z)#(1, O8MACH(2)) e pel
CONTINUE

ATTENCNOO) 820. *ALOGIOCATT)
CONTINUE

M22(41"60)/10

DO 74 NNOFO.M2-5
NOO1=N00#4

NOO2=NO0%2

NOOS2 NGOS
NOO,RNODS4

NOOS5SeN0045

NOO06=40%108N001
NOO7#40410¥N002
NO08240410eN003
NO002404400N 004

N0040#40440%N00S

WRITEC2,61) NOOGsATTENC(NOO4) ,NOO7,ATTEN(NOO2) NOOBS ATTENCNOO3) >
1NO09 ,ATTEN(NOO4) sNOOTOsATTEN(NOOS)
CONTINUE
NUMH ENUM Me

TF CNUMMeNOM)3,3,0
NUML FNUML#4

TECNUMLRNOLD2,2,0
NUMASNUNAS4

TECNUMARNOA)1,1,0

STOP

END

SUBROUTINE DATA CLsAREANSLENN +L4) ~~
REAL LENN

DIMENSTON AREANCL1) ¢LENNCL4)
DO 18 N=sebe2

READ(1,62) AREAN(N) + LENNON)
WRITE(2,73) AREANCN) pLENNON)

48 CONTINUE
62 FORHATCE10,8)
73 FORMATCGH 64 F8.654X04FB.6)

RETURN
ew
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Additional Section.

NOISE PROPAGATION HROUGH RIGHT-ANGLED BENDS.

SUMMARY.

The transmission of noise through a sharp right-angled

bend in a circular pipe has been investigated for the frequency

renge from 4 kHz to 6 kHz. Theory developed for right-angled

bends in square pipes is modified to suit the circular pipe.

Various hypotheses for this modification have been tried, and

the method of matrix multiplication used to obtain theoretical

results.
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NOTATION.

amplitude of incident pressure wave in an acoustic

element.

length of one side of square pipe.

amplifude of reflected pressure wave in an acoustic

element.

velocity of sound.

diameter of circular pipe.

frequency of vibration.

a

wave number = 21/

resultant pressure amplitude.

ceross~sectional area of an acoustic element,

Volume velocity amplitude.

wave-length

density of fluid medium,
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INTRODUCTION.

Various forms of discontinuities in ducts and their effect

on noise propagation has been investigated in the past. One of

the most important of these discontinuities is the right~angled

bend. The method used for these investigations is usually the

electrical analogy and the discontinuity is represented by an

equivalent circuit. The theory for wave propagation through a right-

angled bend with non-reflective termination in a square tube has

been established by Miles (5). Assuming plane wave propagation

through the pipes, except at the bend, and by means of variational

methods, he derived a step-by-step approximation as the complete

solution to the problem.

Lippert in a series of papers investigated noise transmission

in rectangular tubes through bends of various forms (2) (3) (4).

In his paper (3), he calculated for a right-angled bend in a square

tube the reflected and transmitted wave amplitudes and phase angles

by measuring the wave patterns in the input and output tubes, and
compared the wave amplitudes with the theoretical prediction by

Miles's theory. Good agreement between theoretical prediction and

experimental results was obtained. Approximately 80); of the incident

wave was transmitted at a wave length equal to three times the length

of one side of the square tube. During the measuring process, it

was found that the standing waves in the input tube were very regular

and the progressive waves in the output tube had constant amplitudes,

showing that disturbances by higher nodes was confined to a short

distance from the bend and that the non-reflecting terminal was

effective. it was also found that the loss of sound energy within

the bend was small and that the first order approximation of Miles's

theory is sufficiently accurate. Second order approximation gives

only slight improvement.

In another paper (2), Lippert again measured the wave

patterns in the input and output tubes and then obtained the

reflection and transmission factors and hence the impedance matrix

for this discontinuity. Theoretical analysis for this case has not

yet been attempted. By using the same method, Lippert went on to

determine the amplitudes and phase angles of the reflected and

transmitted waves for bends of smaller angle and larger angle than

90° (4), It was found that for bends with angles smaller than 90°,

the wave amplitudes and phase angles underwent systematic changes

with change of frequency. This systematic change disappeared for

bends having greater angles than 90°
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A rounded right angle bend was also investigated and the results

obtained were quite different from those of a sharp right-angled bend.

* THEORY.

For a right-angled bend in a square pipe as shown in Figure 1

Py ’ Vv, and PS ’ V5 can be related by the following relationship :

P, a {am cos (P H2) + cos(PHI + pu2)}

|. AML S ft g 2) — sin(PH! + PH2)IV > Ame oper eh ui }
AMt ec f_!_ sin (pH2) + sin(PHi+ P12) le5m gfe) dome} ]

1a | a cos (pH2) —cos (PHI + ex) | NB

where,

saree js me + cot?O

ai + Yet —cot > + 4cotO

fave 2f{e 1+ Ye* — cot?6)* + ecto |

pHi = TT + tan! {2cot@/( + '/e*-cot *6)}

PH2 = taw'! {(1 + Yet —cot*®)/2cot 0}

Cee ee eG ri kas
N

(For proof see Appendix 1)

Thus the effect of the right-angled bend can be accounted for

by inserting the appropriate four element matrix in the series

representing the whole set-up.

Value of the Ecuivalent ‘a'.

Since Miles's theory was derived for a pipe with a square

cross-section, therefore, 'a' , the length of one side of the

square cross-section and 'd', the diameter of the pipe under

investigation has to be related in such a way that Miles's theory

can also be applied to circular pipes. Four hypotheses were

investigated and listed as follows :

(a) Hydraulic radius a=d= 0.0287 m,

(») Equal cross-sectional area oq = 0.0254 m
’
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(c) Equal wetted perimeter a = = a= 0.0225 0, ,

(d) Equal volume between input and output planes a = a a = 0,0265 m.

These four , together with three other values of a (a = 0.0235 n,

0.0240 m , 0.0245 m ) were used in the computer program to calculate

the theoretical attenuation of sound due to the bend.

APPARATUS AND EX) TAL METHODS.

Following the literature survey on sound propagation through

ERE

bends, the test rig described in another report (1) was modified

to investigate the behaviour of a sharp right-angled bend in

circular pipes. The set-up was as shown in Figure 2.

Two pieces of 1 in diameter p.v.c. pipes were used as shown.

One of the énds of each pipe has a 45° cut. They were then joined

by means of a wooden block to form a sharp right-angled bend. The

other end of the pipes are terminated by foam to form non-reflective

terminations. The microphone was inserted into the pipe as shown

and was covered by sand to avoid interference. Sine wave signals

from 100 Hz to 6 kHz . at 50 Hz intervals were fed to the

loudspeaker. The sound measured by the microphone was recorded.

The same procedure was repeated with a straight pipe, the distance

travelled by the sound between the loudspeaker and the microphone

peeing 2.45 m in both cases. Attenuation-frequency characteristics

were plotted and are shown in Graphs 1 and 2.

DISCUSSION OF RESULTS.

Graph 1 shows theoretical attenuation-frequency characteristics

for a = 0.0225 m, 0.0235 m , 0.0240 m, 0.0245 m and 0.0254 m .

Experimental results are also shown in the graph. All results are

shown between 4 kiz and 6 kilz because attenuation was significant

only at frequencies above 4, kiiz. Due to the scattered nature of

the experimental results, they appear to agree fairly well with

all the theoretical curves , but the best agreement is with

a = 0/0225 m .

Graph 2 shows theoretical attenuation-frequency characteristics

for a = 0.0287 m and a = 0.0265 m from 5 kHz to 7 kiiz . The curves

behave rationally up to the frequency corresponding to a wave

length equal to twice the characteristic dimension of the pipe ,

i.e. A = 2a. At this point the theoretical attenuation equals

infinity and the theory breaks down beyond this point.
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CONCLUSION.

The theory for noise transmission through square pipes can

be modified to suit circular pipes by using a suitable relationship

petween the diameter of the circular pipe and one side of the square

pipe. It has been found that the values of ‘a' derived from the

hypotheses of equal cross-sectional area and equal wetted perimeter

form the limits of a region for values of theoretical attenuation,

The experimental results substantially fell within this region.

Attenuation of noise started to occur at around 4.5 kHz, the frequency

corresponding to a wave-length equal approximately to three times

the diameter of the circular pipe.
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RESULTS

Attenuation due to a Sharp Right-Angled Bend in a Circular Pipe
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Appendix 1.

Referring to Figure 1 , the reflection and transmission factors

of the right-angled bend are (3) :

: a 2cot 8

B 1 — se + cot®e ifr + toa! (Fe ell
Sie eee On a ae Sea ee, €

Ai [+ ge ~eotPO + eat

; PHI

= NN

A 2 aj tan=' (1+ e ccot’e)]
SS ee o

A” efit debt + bette © Ze

~j PH2

eA Me ee.

jPH!

Pe Bee Ay Pee aM

be A,[1 + AMI cos (PHI) + j AMI sin(PHd}

jPH!
s i

vy, = & (A. 8.) = ec A, [i= AMI ]
S= & A, [1 Amtcos (PHI) - 5 AMI sin (Pai)
ec

Bie Ay eatAy{ AM2 ce]

=a AaPAM2 [cos (PH2) — 3 sin (PH2)]

NA es Ain, aS A, AM2 [cos (PH2) —J sin (pH2)]
Ce Ce

Assume,

P, ay+ 3 Qz b, + jb, A

Vv, Cy, +5Ce d, + jdg V2

Further assume , Qa,, b, salma de =O

e = Qa, Pp + J by Ve
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Real part of (1) is | + AMI cos (PH)

= a, AM2 cos(PH2) + b, a AM2 sin(PH2)

— 2Imaginary part of (1) is AMI Sin (PH!) e
= ~a, AM2sin(PH2) + b5 a AMZ cos(PH2)

— 6)

sin (PH2) x (2) + cos(PHa) x (3) gives

bites AMI iz i si ° \2 ( ie in(pn2) + sin (PHI + PH2)

cos (PH2) x @) —- sin (pH2) x (3) gives

asl AMI |
Aye — Cos(PH2aes [ me (PH2) + cos(pHi + PH2)

Veer he Fe 8 ha (4)
Real part of (4) is S { 1—AMI cos rey

= Cp AMZ sin (PH2) + oe S AM2 cos(PH2)

Imagi t of (4 SSeSee POEs oh NPY Sa tat vein (PA 2)
ec

= cz AM2 cos (PH2) _ ad, & AM2 sin (PH2)
e ()

cos (PH2) x (5) — Sin (eH2) x 6) gives

= AMI !dy a. om cos (PH2) — cos(PHI + Pra) |

sin CPH2) x (5) + cos (PH2) x © gives

S AMI \ : é(Ge Na eeeg (Aa eS PH2) — en2)}2 eae [ a sin (PH2) — sin (Put +PH2)

P| _ | AMI ![f- AMY L ararcos(ree) + cos(PHl Pha)

AM! S (_!_ sin(eHa - sin (PHI + Pua)
VAMe ec [ ari 4

pl pg Pua)} rSee | am sin (PH2) + sin (PHI+PH2) P,

AMZ

AM) !{ am cos (PH2) = cos(PHt + pHa) V,
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RIGHT ANGLE BEND.

MASTER ACOU

REAL LEN, IMP,KON,LENNs MACH, INPT, LENT

COMPLEX X(7s2+2),Y(7,2,2)

DIMENSION &ON(4000), AREAC7), IMP(7),LEN(7), AREAN(7),LENN(7),MACH(7
1,ATTEN(500)

1,COT(7) r

ATTENUATION OF STLENCERS BY MATRIX METHODS
LENSLENGTH OF MATRIX SECTION

EA OF MATRIX SECTION
LENA NGTH OF RESONATOR NECK
AREANSAREA OF RESONATOR NECK

LENT=LENGTH OF TAIL PIPE

RT=RADIUS GF TAIL PIPE

L=NO. OF MATRICES

PSDENSITY OF MEDIUM

C=VELOCITY OF SOUND

NOLSNO. JF SETS OF INPUT DATA FOR LEN
NOA=NO, JF SETS OF INPUT DATA FOR AREA

MACH= LOCAL MACH NO, OF GAS FLOW

READ (1,353) L

FORMAT (111)
READ (4551) NOAJNOL,NON,P2C
FORMAT (311,2F10.5)
NUMA=4

XC459,1)5X01,2,2),X(L42,104),X(L42,2,2)5CMPLX(1,50.)
X(45122)+X(L*2.4.2)5CMPLX(0,,0.) -
WRITE (2,52)

FORMAT (1H1s9HAREAS ARE)
pO 40 N=2,L+4

READ (4,54) AREACN)

FORMAT (70.0)

WRITE (2,55) AREACN)
FORMAT (1H 44F40-8,4X)

CONTINUE

NUML=1
WRITE (2,56)

FORMAT (1HO,41HLENGTHS ARE)

pO 441 "N=2,b+4
READ (1,57) LEN(N)

FORHAT (F0.0)
WRITE (2,53) LEN(N)
FORMAT (1H »41F40.8,4x)

CONTINUE

NUMM=4

DO 17 N=2.L+4

READ (1,53) MACH(N)

FORMAT (70.0)

CONTINUE

WRITE (2-65) MACH(2)

FORMAT (1HU,24HMACH NO IN 4 INCH PIPE =,14F8,4)
WRITS (2,59)

FORMAT (1H0,4HFREQ, 6X, 5HATTEN, 8X, 4HFREQ, 6X,

ISHATTEN, 8X>4HE REO, 6X, 5SHATTENs 8X, 4HFREO, 6X, SHATTEN, BX,
14HFREO, 6X, 5HATTEN)

X(142,4) SCHPLX(AREA(2)/(P#C)* (4 -MACK(2))40.)
X(L+2, 2,1) =CMPLXCAREA(L#4)/(P®C)#(44+MACH(L44)),0.)
Noosa

po Ae 34009,7000,10

a O-)
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KON (NOG) =2.%5.14159*FRE/C

DO 16 N=e2,L+1.2

TMP OM) SK INCNOO) #LEN CN) Z (4 +e O-MACHCK) *MACHON) )
XCM, 1,4)2CMPLX(COSCIMPON)),-MACH(N)#SINCIMP(N)))
X(N, 1¢2)=CMPLX(0.,P#C/AREA(N)#SINCIMP(N)))
XON, 2,4) SCMPLX(O.,AREACND/(P#C)#(4.0- EAU UND BHAGHCN) 1S IN GLUE N)))
X(N, 2,2) =CMPLX(COS(TMP(N)),MACH(N)#SINCIMP(N)))

16 CONTINUE

DO 174 Ns3sl22

IMP CN) SKINCNOO)*LENCN)
COTCN)=1./TANCIMPC(N) )

AL=1,44,71MP(N)##2-COT(N) #2
AMPRCA Te ZIMP CN) &#2-COT(N) ##2)/SGRTCAL##24+4.#COT(N) #42)

f CCIMPCND#SORT CAL #H244, #COT(N) #2) )
e141 594ATAN(C2.eCOT(N)/AL)

PHA=ATANCAL/(2,#COT(N)))
AMTSAM4/AM2

PHT=PH4+2H2

XN, 1,1)=CMPLXCAMT#(COS(PH2)/AM1+COS(PHT)).0.)
KON, 2,2) 3CMPLX(CAMT# (COS (PH2)/AM4-COS(PHT)),0.)
X(N, 1,2)2

XCM, 2,4) SCHPLX(O., AMT#AREACN)/ (PHC )®(SIN(PH2)/aM1-SIN(PHT)))
474 CONTINUE

po 24 ahrg
DO 20 151.2

DO 20 Je 72

no i 2

20 Y(NOI, YEN, T,J)4+XONe Te K)#X (N44, Kid) £
IF (N=(L4#1))0,21,21

DO 22 1812

DO 22 Ja1.2

22 AGN VT S00 CNG Loe)
21 CONTINUE

ATTSCABDS(Y(L41,2,1))

ATTHATT/ (2. #AREAC2) ) #P a

ATTENCNOI)=20.*ALNG10(ATT)

12 CUNTINUE

DO 71 NOI=0,294,5

NOO1SN00+4

- NOOZsNd0+2

NOOS=NoO0+3

NOO4=NO0+4

‘OO5=N00+5

990+40#N002

3990+10#N003

3990+4 GeNOO4

NO01023990+10*N005

WRITEC2,51) NOO6,ATTEN( NODDY ),NOO7,ATTEN(NDO2), NOOB, ATTEN(NODOS),
INODO,ATTENCNNO4), NOO1 0, ATTEN (NOGS)

61 FORMAT (1H 4114,4X,1FB.4,7X,114,4%01F8.457%0114,4X51F 8.41.7K, 414,4X,1F6.4, 7%, 414, 4Xs4F 8. 4)
74 GONTINUE

NUMM= NUM 84
TF OMUMiH=$0H13535,0

NUMLSNUML +4

IF CNUNL=NOL)2,2,0

NUMASNUMA+4

TF CNUMA-NOA) 15140

sTap

Env


