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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 investigatéd. The one~dimensional wave
equation is solved and leads to the representation of a
silencing element by a symmetrical fourpole. Attenuation-
frequency characteristics of entire systems are calculated
through matrix multiplication from computer prograumes.

Pwo 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 Hach number of 0.2 .
Resonators, expansion chambers with and without internal tubes
and combinstions of these elements have been investigated
within the freguency range of 50 Hz 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 sonme cases for inlet and outlet 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 anc
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 Qesonator.
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 acoustiec signal,
J:T
wave number = ”E%L
length of an acoustic element,
mean mach number of flow,
instantaneous pressure at any point,
complex.amplitude of acoustic pressure at any point.
cross~sectlonal 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.

impedance at any point = *2—.

v
characteristic impedance of an acoustic conduit without
c
flow = PS o

wave length,
displacement of fluid particle.
density of fluid medium,

angular frequency of an acoustic signal.



Subsecripts

b branch

in input

n neck ( of resonator )
open open=end

out outpuf

t 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 FREVIOUS WORK

2.1 ﬁefinition 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 consideérable 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 poscessed 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 _

- e . et TS

Areft Aot
FIG la
; MEASURING POINT

TO SOUND X
SOURCE )

" — Ast I

FIG 1b



la shows an scoustic filter in a pipe. The wave in the
; pipe comprises &n incident wave of zuplitude ‘Am and a
lected wave of emplitude Areft . In the ocutlet pipe, due
-F-ihe non-reflective termination, only the incident wave
ovt exists. When the filter is replaced by a straight pipe
2 will only be the incident wave of amplitude Ast
own in Fig. lb. Waen the 1mpedance of the sound source
h enougn, Ag = A -

Transnission Loss is defired as 20log, ﬁmb by

, Davis, MIRA etc. Igerashbi and co-workers instead

ded it es 20 loglo Ase which is mathematically

out'

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

| Stewart and Lindsay in a series of papers euployed a
‘transmission' which is the ratio of the transmitted
power to the incident sound power. When referring

,Aout'a
|Ain |

9,10,11,12). Lambert in two of his papers (13, 14)

ned experimentally and theoretically transmission

5 for a side branch resonator with the presence of a
gas flow, although he called these values insertion

S

fig. la, this term 'transmission' is equal to

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
sentation of the performance of a silencer on its own.
imental results obtained usually agreed well with

etical predictions.

artion Loss

A more practical gquantity is the 'insertion loss' which
fined 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 peoints in Fig.la and Fig.lb. Because an

calculation of the insertion loss is complicated, most
rs have only attempted to correlate their measurements
some simplified expression for attenuation. Although
al explanations were usually given, none were really
rincing, and the only justification would appear to be
1 agreenent between theoretical and experimental results.

D. D. Davis and his co-workers (4) took measurements of
tion losses with their test rig and compared them to some
tes of calculated transmicsion loss with an open finite

t,pipe. —Total reflection of the pressure,sm.th a phase shift
0" at the open end wes assumed. The Motor Industry



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

Tl Bk etical predictions. Engine tests were performed to
) insertion loss for the silencers in the presence of a
ow., M. Fukuda in his paper (15) performed cold tests
ine tests to obtain values of insertion loss for the
ion chamber {ypme of muffler. IHe also developed a theo-
1l expression for attenuation as the ratio of sound
re levels at inlet and outlet of the silencer. Calling
eoretical expression transmission loss he compared it
experimental insertion loss obtained from both cold
and engine tests. A. V. Sreenath and M. L. Munjal (16)
d, by means of an electrical analogy, an expression for .
1on loss as the ratio of power transferred to atmosphere
he system, with and without a silencer. Their expres-
when simplified, is identical to that of Fukuda.
r, 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 practlce. With the exception of those

y D. Davis and co-workers, all the results obtained
mentally for insertion loss by the above mentioned

8 do not compare well with the theoretical calculations.
r, insertion loss is still an important definition for
cal purposes.

" Definitions

part from the transmission loss and insertion loss

are other definitions for attenuation used by workers

field of acoustic silencing. A. H. Davis snd N. Fleming

efined 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
ttenuation and then built a test rig to obtain experi-

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

performed but no correlation of experiment with theory

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

ir work (18) defined attenmation in a similar way as

tio of sound pressure levels at the input and output

le silencer. The silencer used consisted of a series of

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

oped by Stewart and Lindsay (?3 By assuming an infinite

of identical resonators they obtained the attenuation

h resonator and the attenuation ofm such resonators will

times attenuation of cne resonator.



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 defiriticns have been given in vorious
papers for silencing with irternal duct flow.

Mechel, Mertens and Schilz (19), Meyer, Mechel and
- Kurtze (20), Teck and Lambert (21), Doak and Vaidya (22)
all presented their results in terms of attenuation per
unit duct length, while S. H. Ko (2%) 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 tae duct. This definition is
basicelly the same as that of . H. Ko.

R, J., Alfredson end P, C., 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 peoint and compared this guantity to the
meximum 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 matheumatical
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 ingertion loss of a silencer, a finite outlet pipe must
be assumed. Lindsay was among the first to investigate the
gffect 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 zero
radiation impedance and is Jjustified 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 zn open-ended
termination. Arguing that the sound pressure in the open air



due to zn open inlet pipe without muffler or a muffler with
a finite outlet pipe is, at s given frequency, directly
progortional to the pressure of the incident wave in the
resgective pipes, they went on to measure at a distance of
20 inches noise levels exitled from & muflfler aznd from an
open inlet pipe; the seme lcudspezker acted ss the noise
gsource in both czses. Attenuation, which wes in fact the
ingertion loss for the muffler, was found from these data.

A comparizon of the experimental and theoretical data showed
good agreement both in magnitudes and frequencies. The
effect of the finite ocutlet pipe as shown in Davis' paper
was to decrease the attenuation drastically around the region
of the resonant frequencies of the outlet pipe. s

M. Fukuda in his 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. Fukude 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 adecuately dezlt with,
A. H. Davis and N. Fleming as early as 1935 (17) 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. lMunjal
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:-

Z = _?U.: 4+ Jw 0:6a

Co S
where f, = frequency of sound wave, :
Co = velocity of sound at pipe outlet,
a = radius of pipe outlet,
g8 = area of pipre 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 outlel pipe. Measursument
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. DMeasurement of the radiated sound pressure
levels at a distance 3 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 iAlfredson's results
that at a wave length corresponding to twice the length of
the outlet pipe attenuation of the silencer drops to a low
value, 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 matbematical
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. His 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
assuned 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 that 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 microphone. 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 211, although this kind
of disturbance was found later to be unimportant in csaces
without flow.

In flow cagses most workers uvsed 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 vipe.
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 tc 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 &s critical as
transducer connection. The side connection method was adop-
ted in this project because an air flow could then beeasgily
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:-

I
The volume velocities V; and V, are related to the particle

displacements §. and ge‘by the following expressions:-

ok, 0§,
= Sl 3t and S 3%
Sl I_D; Vu E 52
Vo

Continuity of flow gives,

0%, >5
S s 5"&2

i.e. vl = V2

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,
lerge and small side branch resonstors and verious combin-
ations of the above. Agreement between experimental and
theoretical results obtained was very good and their paper
rempins, in terms of results, the most comprehensive reference
on the subject.

R. J. 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 31mple division by the density of
the fluid medium. Expansion chambers with asnd without
internal connecting tubes, and with a continuous mezn gas
flow were considered. The ratvioz cf 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
=particle 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 diemeter 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. DMass
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 problemns 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-
tance, 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 trensmission 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
metrix multiplication. This is known here as the liethod 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 kHz, 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 Fuvkuda (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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interral 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 tc 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
seme conclusion but in a slightly different form, in that he -
concluded that the effect of flow is to reduge the resonant
frequencies of the ducts by a factor of (1-Mc). 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 & side branch resgonator in & duct system. However, he did
not prove the identity [eq. 8] in his paper from the defini-
tions given [egs. 9a & 9b] and attempts by the author were
unsuccessful. The diagram shows the system Lembert was dealing
with:-

Zy
ey 7
U, U,
L L : L J
Without flow this system is represented by,
r’F’— r-cos 2kL + j % sin 2kL ‘z (- Zo Fan kL) si,n,a'kL—r !
: - sz 2. 22b
U L(J+ Zo ot kL) sin 2kL cos 2kL + J Zo g 2kl
e g e S 2Z,, 1.4
A . B] [R

|

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

cos 2kL + jez-—-zbsi.n 2Kl 8 4 o 22" Fan kL) sin 2kL
S (' = J Z‘° cot kL) sin 2kl cos 2kL + J Zo sin 2kL
| %o 27y 27 =

This matrix differs from that derived earlier and is
not a .reversible four pole which means the silencing systen
is not reversible. Even when Z,= e 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) ILambert 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 dsmping element snd 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 systenm,
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 2 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 & 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 eguation 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, %3) used a fourth order Runge-Kutta
method to solve the wave equation and calculate the pregsure
profile across the duct. With this method any velocity
profile can be assumed and the method weas 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 z2cross the duct. And the
conclusion drawn was that for engineering purposes & uniform-
flow profile zssumption, which is most accurate et low
frequencies, should be adequate.

V. Mascn (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 lMason'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

Presence of Flow

: With the presence of the air flow the definition and
measutrenent of the fesonanpe frequency of a Helmholtz resonator

becomes more important.

Mechel,. Mertens and Schilz (19), and Meyer, iMechel and
Kurtze (20) in their papers measured the:atteﬂqétion per unit length
‘of a line of damped and undamped Helmholtz resonators with

an internal flow in the system . lieasurenents
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were made with a travelling microphone. The measurements

in the duct for sttenustion per unit length against frequeny
showed that the attenuation magnitude decreases and the
maximunm atbenuation 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 phencmenon 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 fron

the equation ﬁf:iﬁ? /j%;v— . Where A is the cross

gectional area of the neck, leg 1is the effective neck length
and V is the volume of the resonator. A decreese in the
‘effective neck length legs will result in an increese of the
resonance frequency. Lambert 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 ¥urtze (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 that the resonance frequency of
the resonator shifted to a higher 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 CF ACOUSTIC TRANSMISSION IN DUCTS.

e

Bl Matrix Revresentation of an Acoustic Element.

e U]
Sp ——» --——-——S{P-P%.E_Cdx}
x x+W+§ x+dx x+dx+w+§+%ﬁ(w+ §)dx
Fig -1

Consider an element of frictionless fluid shown in Figure II-I ,

X = co~ordinate along the duct.
5 = cross-sectional area of the duct,
U = mean flow velocity along the duct.
w = displacenent of fluid particle due to mean flow in
time dt.
B = d.isplacement 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 t=-
dx + 2 (w+E ) ax =ax (1 + g_-';)
dx ox
ow _
63; - 0
For conservation of mass :-

6 Sdx = Pde(l-{-g_E'c)

and w being indepﬂideﬂt or X

where @ is the density of the undisturbed fluid, and P is the
density of the fluid with the wave passing through.

How since P= e, (; # 5) '
where s = -6, and is the condensation of the fluid mediun
Co
at the point considered.
L= (0 +s)(1 + g_i)

="'§§; m”l

neglecting second order terms.

Now , P =P

Thus , - dp = (‘i_lg) de = P

By definition , (@-6,)/€ = df/ @ = s

: db 2 '

And , (Eg) . m 2

where ¢ is the velocity of sound in the medium considered.
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d :
|> = taoc.as ;-ﬁ,c,z ai BTN v 3

The nelt force on the element = SRR g_gc dx.-
2 3
= Sp,c a_s%? dax
froduct of mass of element and acceleration 1is .
2
t 7+ 05) 2
pdx s TW+E) = pdxS{ % +(T+3) 3 }w+3)
p, dx S5 8 QDQ_Z +0° @_aa} (w+8) , since D>>é_§
ot? otdx - Odx ot
. p,dxcS [oE 4+ 20 28 0228
= (e (51?- ot 3x % Bx"'}
ience equation of motion is i~
2 g OB .,. dx [ %8 7 o6 2 )2
SGOC o ool A S(’. {é_i:z o ZUa‘E‘ax + U 5".;&}
AR T R o ME -2 R
Gk = eriane TRV T U a"xa}
_ M2 E £ OFE M 3E
(1- M )a“xa PEe e AR e W S

This is the wave equation for particle displacement withnmean gas

flow velocity . D'Alembert's method can be used to solve this partial
differential equation. By writing Dx for 9/dx the wave eguation uvecomes
e 5

L, 45 + 28 pxdd _ (-m7)DxEm0

dt

{m2 & 2Mc Dxm ~ (I-— Ma) c.a sz] T =0 , where m = gt

m< (-2Mc Dx * Ju MPcEDx? + k(1-M?)c® Dx* )2
= = ¢ D= (M-i_- 1)

g = ﬁ(x) e-CDx(M"")t & Fz(x) e—C-:Dx(M“')t

= F[x - c(M ol s T [« = c(M-D t]

Using the identity
- t
F(x) e D AL LU - AE)

E(x,bt) = -f[x—-(l-i-M)ct] + g[x +(!—H)ct]
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Write E(x,t) = 'F{_}E-FM [a_c -1+ M)ct]} + 9 (,{51.4 [x +(1-M)ct] }

Ii

Flwt-5,%) + 9(wty ,_ﬁMx)
= J-'{w(l: "(t_-;'-'M)c x)] + 9 {w(-t “‘(;".ZLM).-_’C)}

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 solutioan to the wave equation is
Ao K %) oty
E(x,t) = Aci@E-mm™) 4 Be
where A and B are complex amplitudes of particle displacement for

incident and reflected waves respectively.
'his solution represents one downstream wave with velocity

Ly >x) 14

¢(1+M) and an upstream wave with velocity ¢(1-¥) in the duct. Both

waves have frequency w.,

Pli e A ¥ <) i P2
.' S |
: (wt x) 1
e k= Bl

e { —
Fig. II1 -2
sigure ITI-2 shows a duct element of length { with downstreean

and unsiream waves.

As derived above,

2 aE 2%

P____PC 5 V':"' S g't

b = (J.CaJ‘-E—M A ej(wt "M %)
o pca"ﬂﬁl B e’ J(wt 4—-_ :X)

It is possible to add the two constants -k/(1411) and k/(1-M) to
the functions of §(x,t) since in this case the wave frequency is

invariant to a stationary transducer and eguals w,



V = jSw A ol (w PlienEg + jSw Bttt eifli- M)
f .
Put A it f’ca,—hA i Bl _._]‘oczr:f%;k B
Then 2 A’ej(wb “{K/(”M)}x) = B/ej(wt +{Kl1-mYx).
SR i (wt ~{Kkf(1 +M :
VR T T R P
Considering amplitudes only,
sbxwn o P e A LB (1)
SR Y /
Vi = ZOLA(HM) ~ B (:_M)} i)
T R e e 4 B’ej{"/(f*"’)}*f' N
Vo = 4 {aamed g eilitimse] )
: '-.f-<-— ’ 8.
From (3)  (1+M)f, = A'(1+M) e T*H e B(:+M)ef'“”£ (5)
Subtract (&) from (5), (H—M) Ps _'VE Z. & 2 B!e,J"_f_M t
Multiply (3) by (1-M) K 2 of
(-MPB = A'li-M)e JERY B"(:«M)fa”“-“"1€ 6)

add (4) to (6), .
(-MPB + Z\, = 2A edim?

A, = é eJT%'g[(f-M) Pa -+ VeZo}

TRl (). ot ARG P
B' = Zedrmt(+MP - VLZ}
Now, I,] -é[eJ .f-H"l"‘1 T e—'J}'f—'M -{.j 'P?.

F (2o - MR) g {7 Pt 3 E ]

il

. (1-M) kL =M
= J TmEme =) =Mt kE
z{e. 4— e } P2
S RE g 1M
i e gl thr t A

- {c.os ( )} {e_" FheX E.} PZ +b sim(l'fﬁmai}{efJ;%’kﬂ} (VaZO—MPz)
e.._,' ’-Ha'z g {(cos

+(jz°SLI'L I%Pl’-) Vz }

Il
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A
G = 3 fremied T a-mn « vz,
—(-Mp e ER fem B — Vv, 7,1)

- o glslaRe L o, ke
V, = ‘%-b{(pma)%_l_ge, MR 5 g ]

s = k{. 1 gkz
+(!+M)V220% P,J‘T%'z + (1- M)VZ-E ~ }

L ( 2 P J,'_M}'qu kt , . kL
= Zo I-M ) e J stn e
_ Mkt Jﬁ%zkf ; ]
+ Vo7, e At cos !—}_i!%z + MV, Z,e I jsin !ig%z“

¢ —J}ﬂM KEfG s Kb ) Ry

e ko k[ ' . .
P] e HiE=h cos kavla ~ jMsin k‘&dz J ('3-55 slnri_f--f;- P?_
s . Kt
vl _J _,'ES_C(L-M‘) Sin%g COS.—ﬁ 2 + M Slh"-p,z Va
L | LRY O

— JII-5

This matrix reoresents 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. For M=0, the no

flow case, the relation reduces to the form,

P cos ki J B sin kt %
-— II-6

V| : PC sin kil cos ki V,



3.2 Characteristic Impedance of a Duct 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,
R e A L i[5 sin 2T,

V, = j[20-m)sin KT P +[cos,—’:—ﬂM +m$mkﬂ]v

| J[F?C(I—ME) Sin |'|'<—‘£M2 ] P?_
= Eosr}i}%z '-JMS}n.r_’S%‘z] Zg 4o 55 [F.}:E sin _Jgﬁ, ]
J[AGHY sin Boo] 2, + [cos K, + iMsm .‘E-‘M] e 11370
Where Z, = PZ/VZ

For an infinite duct, impedances along the duct are constant, so Z1=22
Kkl . o kE soae Lo Rf
Z, oS e JZZMSJn.:Mz + (?g sin =X

I

Z, cos FLE;‘Q + JZ,Msin Hﬂnz + J— Z (v W)sm

20-M)2Z; + Mz, - £ =0
o Zy _ o—2mx ik waem)
2 2 (1-m)
Za s f%% TZ%M I]I
or Lo = & Trm I =

I11-8 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.
1I1-9 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 Pc/S for M = 0.
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3.3 Resonance in Ducts.

For a duct with an open end, Zz in equation 1II-7 would

be zero. ‘herefore,

P e = KL
A e
. KE M &inkt
cos (o e o Sin P T )
2
Zla_ (rz_sC)s‘mE ,I.S-Lz
I B cos? kb, + M? 5ln;l§%4a
For Z,I to be a maximum or minimum, dJZJi/dikt) =5 0
This leads to , sin l"e'_:%z =0
icea 2ke SRR G O ) | SRR
i- M2
i‘f‘%ﬁa =0 Tsz,TT,3T‘/?_
- i NI R ¢ N L N
c [-MT
t g, A A 3)
— 2 = U L 3~ 2 ) S e
i o W el by
For £/(-M2%) = O , A2 : p.) Z1..0.
This is the condition for resonance of an open duct.
For LI=ME) = DL 5 3X)G oo o 2, = (3;.4/5

Thus for M £ O , Z,.l varies between z minimum of zero and a maximum

of ({Jc/S)/M « For M

For a duct with a closed end , Za

be infinity. Hence,

0 Z,I varies between zero end infinity.

in equation 1II-7 would

i Bl re, A Kkt e M
4~ 3; 5 1- M2 cot T (3‘5' M2
For T:gﬁz= 0, A/2 , A
l%;-,.: 0 ) m 5 E'IT' and ?1 = e
For IL—L;M"—. = %,.“‘ ) %rl ..... .
RE/T-M%) = Q' 30[2. 0. and 2, = - (p</S) (M/(1-m2)
This is the condition of resonance of a closed duct, and is the
ul

condition of operation for the

iy

wave tubes',

It will be seen that for both the open and closed duct,
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when E/(I-Mz):: ’ﬂ% where = 1,2 3,...... a, is transferred to Z,I !

i.e. for a closed duct , Z1 = Z2 = and for an open duct, Z1=ZZ=O'

3.4 llatrix Element for Sound Source Connection.

SI l To séund source
: P}
x/_/PlVI 3%
| i) S,
LRy ERR Mt
at ot

Fig. 1113

Pig., III-3% shows the side brench connection to the sound
source. This type of arrangement is studied here because it is the
kind that is used in the experimental set-up described in this thesis.
V2 is the volume velocity in the pipe travelling to the right. The
vipe to the left of the comnection is terminated by non-reflective

material, thus giving an upstream characteristic impedance pQ/SJb-ML
¥ is the particle displacement due to the sound wave alonc and U

is the mean gas flow velocity along the duct.

Since pipe dimensions are small compared with the wavelenpgths

Assuming no gas flow down the side branch, continuity eof

flow gives,

A(5)- [ -0« 2B -

§ 9% . S& - 4 15 2Bs
ot ot
Le. Voo = Vo L 3
P/ S (1—M)

The connection to the source is therefore represented by the

following matrix -

[P'] 3 > | o - - Pa -
V, _%gc(i— M) L] Ve

- | 0 e - Pz._

W SQ/P(_. ! ] = Vz_ ;(nr M =pic) b




- Diha

3,5 #atrix Element for Transducer Connection.

Fig. III-k

I'dg., I1I-4 shows the transducer connection, The pipe to the

right is terminated by the downstream characteristic impedance 99/QJ4M}

Again P,l = P2 and assuming no flow down the side branch,

S0 - ) 0]

S E?.El R e 255 g_Es

o stk Z 'a-t-
e Vi My P,
Pc/ S (1+ M)
Thus
[P,J I 0 P,
VI il g—g(' "“M) , Vz
= o) FE for M = 0.
i S /p¢ l V,
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b.a THEORY FOR ACOUSTIC SILENCERS WITHOUT FLOW

Lheael Simple Expansion Chamber

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

Pin Poul:
Vin~. 4 2\ /3 lf‘\ o _/Vouh

és AR b T
R o

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,

P Fl 0 cos ki, J %co sin ki, cos k¥, J€ sinkd
in - _ %2 | j.g’g sink{, cos ki, ch sinkly,  coskd,
[ cos kix J E’B“o sinky | o) b,.t
J gg sinkl;  cos ki3 %g I Vout

It is proved in Appendix 2 that values for £,
and {3 are immaterial., Thus the expression is

simplified to :-

Q

Poct

Voot

[
1
"Qéﬂ

I ch sin ki cos ki,

m __l c

RO

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. byt 1is the pressure of the incident
wave in the outlet pipe,

Vi = coskis S—" [2 + Jglan kla(% k §o)] W
|Vin'2= cos® ki, (éa)a [4 + fan? ki, ( )]”,“tlz

If the simple expansion chamber is replaced by
a straight pipe as shown in Fig, IV-2, then S=95, in

the matrix and there is no reflected wave in the pipe
at all,

% _
Piﬂ Po &
Vlfl"l“\ x| - SD 4
L. '{| J: ‘{a J‘ ‘83 J -
Fig. IV=2 G5traight Pipe.
b | O| |coskle G sinkly T Bt
= — V- ¢
4 S T 1 S ‘
Vin 52, , J.5¢ SN ki, cos k ¢ ég Vout
§ = cos ki, §" (2 w J 2 tan k{a) l:)r:ut
/|2 s.f 2
= L" (_(;C)z Pout, = lv — 3

If the characteristic impedance of the branch
pipe connected to the sound source is much greater
than that of the inlet pipe, then Vi, = Vi, and
Pot €quals the pressure-of incident wave in the
inlet pipe with the muffer installed (Appendix 3),

Transmission loss or attenuation of the muffler
is defined as :~
bl ®

Attt ti =
| enuation 10 loglo , V-1,
[Pou
{v’la
L4 So
- lolog,, Itf?c'»:
ik Vin
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In general, any acoustic element in a no flow
case can be represented by a four-element symmetrical

|" a
matrix in the form 2 E] with A=D and AD-BC=1l and
the expression for tie system reads :-
pm. = l O A B l I O Eul:
Vi.. S‘, /Pc. i C D so/ P c ! Va ut

The trensmission 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.

Lhea.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,
Sy
e
P[“‘ 1 Pou‘t
V;n,\ 'cn_ ~ Vout
I~y O Sn, ¥ Y-
S
Fig, IV-3 Resonator.
R, t 8 O L I 0 Rt
= S
I
Vin] ISpe 1] Lz, 11 LSpe L] [V

ZR 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 jA¥ 4 AR L
Co Sb _jl:anklb

where sz cross—sectional area of the resonator.
Co = conductivity of neck.

Sn

{n

and where Shz cross—sectional area of neck.
£, = 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,U4,6,35),
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
neck.

When the freauency under consideration is low,
the 'Lumped Parameter Method' can be used, and

tan ki, — k-

. pw c |
ZR':JPE;'!—/?S-‘, ?Rb

& AN oc?
"‘JCo""fwvb

where Wb = Sp= volume of resonator cavity.

: i 2
ot i L e TR
[C ’ Sin
- — C =2 — C ey

This is defined as the resonant freguency of
the resonator snd at this fregquency the attenuation
is greatest.

The resonant freguency of a resonator depends
eritically on the value of C, and the shape of the
attenuation - freguency curve depends on the parameter

V,
okl
25, (1)
The larger this parameter becomes, the broader is
the attemuation 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 J%gEb $
295

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 regonator
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-4, It can be
Pin b
t
i, | 5 R L
A < S S X
o s

e [ 18 lc,

Fig. IV-4 Bxpansion Chamber with Internal Tubes.

Vt’n,
1
s
PC
LieaJy

treated as en expansion chamber, of length f; and
area 52, with two closed branch pipes of lengths
, and f;, and areas S,, and S respectively
connected to the ends. The matrix representation

of this element reads :=-

! 0 1 0 cos k, Jcha sinkl, Y e _Pou”
%% | JZ_; t J .23': sinkd, cos ki, —éé | -%.E '4 _Vout
of |1 o |coskty B sinkl |1 Sl o b ubh
l J %c:c"t ke, | j %‘c sinkly cos ki, - -%E:;Ekg 1_ ?’": ] X -th
where S, =353 =5,-5, womee: AN~ T

Z, is the impedance of the first branch pipe measured
at the exit of the inlet pipe, and Zzis the impedance
of the second branch pipe measured at the entrance

of the outlet pipe. (See Appendix 4)

Expansion Chamber With Resonator

This system consists of a simple expansion
chamber in series with a resonator as shown in
Fig. LV-5 and can be represented by equation 1V - 8,
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Fig. IV-5 Expansion Chamber in Series with Resonator.
VPia | 0) cosk?, R‘_f:’ sin k&, cos ki, j (’3‘-:0 sin kd,
Via %‘; | ] g—c sin ki, cos ki 3 gg sin kfp cos ki,
| ' ¢ I o) P.ot
w o S i
i paat ] =
1 /{ 4 PS,,, i, 43 PSh Jtan kfb} 1 §°c l_ V‘Wt

L.as5 Finite Outlet Pive

A silencing system with a simple expansion
chamber and a finite outlet pipe is shown in Fig. 1V-6.

Pin Asut 501:['. Aoben

\ﬁn\L}{l Boul:\ | ac"!/ oul / Bo]:?n

R L 2 3 k. x\
Po};en

£ fa _I_ €a 05 tt

L Lo e Lo

Fig. IV-6 Simple Expansion Chamber with finite Outlet Pipe.

The finite outlet pipe length is ¢ and it has an

o are mplit s of tl
open end. Aout and Bo b amplitudes of the
incident and reflected pressune waves respectively at point

L4 of the outlet pipe. Aopen and Bonen are

-

amplitudes of the incident and reflected pressure waves
respectively at open end of the outlet pipe.
This system reads :=-

,:),L ) coskl, €& sin kL, | | cos ks J ?7:_.:: Sin k{:s N 0 Pout
= ~ e - : ' l
VEn, ...Sé-:_ 11 'é‘c sin k{z cos k{z 1J g‘; Sin k{3 cos k-t3 7 ?‘éﬁ]ﬁl\ k{r I Vuu't'
: — I 9

I / JjBE tankf, is the impedance of the part of the
(=]

outlet pipe length fq; , measured between point L and
the open end. (See Appendix 5)
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The relationship between Pout and Aout at point 4
is given by,

Poutl =2 IAOU'EI + 2 sin kt; ( 8ce 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 (L), the attenuation of
this system is defined as :-

Attenuation = I0 Iogw lPﬂUt‘f Ia/leutle — 1V I0

Where P

out! 18 defined as under section L.a,l

of this chapter, (Sece eg. 1V - 3)

Another silencing system with a resonator and
a finite outlet pipe is shown in Fig., 1V=7.

Poot .
Pin 1 Eb‘ 3 gout | )’Q:ut Aopenr
VieN| | | [ 1\1:1, ovt,, 1 open
Pope.rv
L £\ _L ‘83 J ‘Et _|
Fig.IV-7 Resonator with Finite Outlet Pipe.
This system is represented by :-
B | 0 | o]
: = g 1" |
VlI‘l. 50/(30 I l/{.}-%'%t"’ + %b jmklblj {
cos ks i€ sin kis [ o] b
SRRl
22 sin kb 157
J oc ! 3 Cosktg f/J%orankft | Vout.J
— V-1l

where again ,Poutlg_lA"“tl - 2sin ki

Attenmation of this system is again defined.
as in eq., 1V -~ 10



w32

k,a,6 Tinite Inlet Pipe.

Fig. 1IV-8 shows a system consisting of a simple expansion

chamber with a finite inlet pipe.

e,
/Vin _J
X @) S XK
AT g
o

-

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

This system reads :-

F?n cos ki, j%co sin ki, cos kf, i B sinkt, l o ey
V;n o %E sin k¢, cos ki, J g’—c sin ki, coskf, —?;C | Vot

IV-12

Fig. IV-9 shows a straight pipe with its inlet side connected
to a loudspeaker while the outlet side is infinitely long.

Rt
| Cu
/V?t: i |x,|/vou'f:

X OSo 555
{ , |

ol

Fig. IV=9, Straight Pipe with finite inlet pipe.

This system is represented by the following matrix :-

F’,:L cos ki J %‘; sinkf I 0 Rt
! —
V. j e sinkt cos ki 2:‘-. | Vout
/1,2 ¢
Wt S, 1R — w1

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 pipe is defined as
1Pt |? |
out
]ﬁwtla
Another system with a resonator and a finite inlet pipe is shown in
Fig. IV~10.

10 log;10

i |
R, Sy | Pt
\/Vin > en_ x’/vout
7 >n 05, IR
/ T

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

This system reacds :=

Bq b cos k¥, J Pgi sin ke, i: :
8o
Vin J __P__c Sm.k?q coS k'£| { “ 2 i %&b j;an, EEB } i
g Po e Y e Ul
S | F
oc -

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

IPout |

10 log
10 lp tla
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L.b  THEORY FOR ACOUSTIC SILENCERS WITH MEAN FLOW

L.b.l 8Simple Expansion Chamber

Consider the system shown in Fig., 1IV-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 11l and
Appendix 2, and with again the assunption of
continuity of pressure and volume velocity at
dlscontlnuitles, the expression representing the
system can be written down as $-

Vin Sl-m) 1 J%('”z)s'"’ :‘:%ﬁ: CoS,-S{;+ My sin ,—'E-E;z
! 0 Pbut v 5
gg' (1+M,) I V,,t 5

vin can be obtained by applying a procedure

similar to that used in the no flow case,

Vip = %‘g [2cos kfe, Jj MM, sin E‘_Et-g + J("g gl )Sln,k—%,‘

i =M
=3 (%.,Mz r M) sinkln ] p oy

For steady flow S, M;=SM,
So
Vo= 5 [2cos Ko+ (8 + ) sin ey | Por

|Vn| (Cosz k'ﬂr_) ?3) [4 _;_(fan’z kl;)( Y s,) ] IPou

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,

Via | = E e Tk

Tpransmission loss or attenuation of the
silencing system is again defined as in a no-flow
case -

/|2
Attenuation = 10 '°9m lb&ﬂila st TUY o 47

il
)
o
«
Q
e |
-5
-+
—
énlﬂ
|
Vin
—
i
=
™
i
s
]
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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 freguency 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/(-M2and

thus the loops in the curve will be contracted. The
effect of this change in wave number for a simple
expansion chamber is egquivalent 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 guite small.

lleb.2 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 ils impedance remains the
same as that in a no-flow case. The system reads :~-

Pm a) | (v) I . 0 \ o Ruf L g
I:Vinj{h ['Sé':(l-l'“'lo\ l] [’ig I:l [.g.:(wﬁo) ;] [Vout:| IAVEF:

where ZR = impedance of the resonator

Sy c |
=B 4 5 jRaki,
S ak
V‘m = (2-[5—2 -+ Z'R) Pou’t
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 systemn
will not affect the above defined attenuation of the

gystem at all. The analysis of this system is
therefore similar to that of section L.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.

i.b.3 Expansion Chamber With Internal Tubes

This system is shown in Fig. 1V-L. The mach
number for the inlet and outlet pipes IS My and the
mach number for the central part of length £, is My
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In practice turbulence flow will exist in the
equivalent branches ¥, and 3. 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 :-

bin I o | ' o
=ile P
Vil [ge0-M) '] |- B aatke, 'l
cos k2, /(-M2) ~ M, sinke/fi-M]) i, sin ke, /(1-M)
Jgg (1-M2) sin k€, /i-17) cos k4./(1 —M:) + M, sinkf-M;

1 0 | o Poul.‘ =19
V(—_’; PS_E3 cok k{3) ! .%:-,("I‘Mo) | \ou

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.l4 Simple Exvansion 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,

EainJ _ | 0
Vin| {gz(l—m s i
cos k€/4-M2) - jM;sin kei-M2) 38 sin k2A-MP)

| J ?;c (1-M2) sin kE,/(I_Mg) i kﬁﬁ‘“.‘) F3WM, Sink?,/&—l‘l‘j
[cos k&, /l-M7) = jM, sin ke, /1-M2) I8 sink &0 -M7) |
J ‘?’E’ i~M2) sinke1-M2) cosk 8/-M.7) +] M,"sink{fl/&-m.j

: g : ol |Post
Ve t] [(S,H;QM.) l:] [Vou‘tJ g

Where '2.'R impedance of the resonator

Il

T 2N |
= J& + B —
Co %-b Jfan kip
M, = M,= mean mach no. in pipes with area 55

MI = mean mach no. in simple expansion
chamber with area 8.
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L.b.5 Finite Outlet Pive With Flow

The system shown in Fige. 1V-6 with a mean
flow * is considered. This system is represented as s-

. . 4 (R :
(o] cos k—-aﬁ‘z - M, sin IkTii: J P-gc sin '—k_!JM:
o é _ M2 ] k‘!Z kf . ) kf
F"T(I-M.) | JPC(I Mz) Sin —-—Mz Cos——%,!z o+ JMZ. sin T?lslf'
cos l—'iﬁla jM; sin ktSa j P—g sin _‘i{%s
. So kt ; . ke
| o] Puf
. . ) } % J — 1Y =~ 2I
(;2 M{ -] 'P*Z cot i‘:-l'"':l[é i Vout
( see Appendix 5)
o R 2!
|&u‘tl = |Aou‘t| + 2 sin -ﬁqz IV —22
¢ ( see Appendix 6)
_M| = M3 = Mt = mean mach no., in pipes of area 50
Ma = mean mach no. in simple expansion
chamber area S.
7
Aoﬁ;is then compared to F&; as defined in eqg. 1V-16
and :- :
[ P |
Attenuation = 10 log g oy IV — 23

IAout I2
Alternatively, A ,tcan 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 S5=5, and M,=M, =My =M, .
The final outcome of the mathematical manipulation
leads to,

IVin’I = & Sc)z | ou‘tl :

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

IV — 2k

/
Aoot= Incadent pressure wave amplitude in the finite
straight pipe.

In this case,

| Agut |2
IAoutlz

Attenuation = 10 log,, b V< 25

Comparison of eq. 1V-16 and eq. 1V-24 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,iof the
silencer system 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 equatlon V=26

s l o ) 0
- n
V. ) / wt, Pc }
in > (1-My) | L R T ]
= —
k
cos —-M)' d; — 3 My Sm———-zl R 14 J PS sm M £a
i
J —-E([-M;.) Slﬂ. z {3 3 K ’23 + JM Sm.k {3
¢ |- M, =My
! o fgot
— =2
: £
My ~J o cot Ko | Vot
QC R | — M3 gt
where again,
I ovt| = ou't 2 sin %tz
H1 = Hj = M = mean llach number in pipes of area BO .

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

chamber,

Theoretical results for rig. VII-2 to :ig. YII-44 were

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

TEST RIG FOR EXPERIMENTS WITHOUT FEOW

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=-Il.
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 vacked in. Satislfactory
absorption at low freguencies, 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-4a and V-L4b. 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.
Pige. V-iib 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 dtain 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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5«8.2 Description of Pirst Test Rig

Hebe
5¢b.1

The first test rig was set up as shown in
Fige. V-1 for the straight pive 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 loudspesker to a 0.013 m diameter brass
ripe, which in turn joined the inlet pipe at the
gide, 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
wes 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 &
concrete enclosure with 0.0l m wall thickness for
noise insulation. At the receiving end a Bruel and
Kjaer 1/8 in. condenser microvhone 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 persvex tube to avoid
the transmission of any vibration and impact to the
microphone, The pipe system and mierophone 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 second 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 pipe. To each end of this
main pive a metal cone 1 m long, diverging from 0.023m
to 0.07I 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 4 m of 0,07Im internsl
diameter brass pipes with internal foam lining for
further absorption. The foam lining for the brass
pipe was in the form of circular rings 0,07l m diametexr
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i e,

with a 0,023 m diameter hole at the centre. A piece of fine wire
mesh was rolled into the form of a cylinder 0,023 m in diameter
and inserted through the hole in the foam 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 1 m from the fan at the entrance of the
inlet pipe to reduce the turbulence of the flow, This arrangement .
manage< 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 Fane 50 W loudspeaker was used instead of the 20 W 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-static tube connected to the manometer
was fixed at 0,3 m from the measuring microphone to determin the
overall MHach nunmber 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 4B,
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 roon,

Test on Uoppler 1i‘requencj 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 iach number 0,1, and power of 4O W
was provided to the loudspeaker. The frequency of the signal
received by the microvhone was checked by another digital
frequency counter (not shown in Fig. V-2). This signal was also

displeyed on an oscilloscope. The following table was obtained,



L

Nominal Freag, Hz Signal Freq., Hz ' Pick-up Freq. Hz
100 ‘Severe Vibration
200 ' '

300 300 300
400 401 401
500 502 501
600 599 599
700 698 698
800 ' 799 799
900 900 900
1000 999 999
3100 11.02 1102
1200 : 1198 1198
1300 . 1301 1301
1400 1100 1400
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
2100 | 21100 2,00
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 did
not cause a Doopler freouency shift on the signal received
by the microphone, end thus the assumption of unchanged
frequency made in deriving the theory in section 11ll-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 dae 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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//, Pipe

Resonator H L
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li.ig - v-3 .
Details of the Connecting Neck of the Resonator.
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1/8 in microphone.

Perspex holder.

1 in pipe

J.'ig . V-’-I-a

lMicrophone Holder to Fit the Circular Shape of the Test Fipe.

Fig. V-i4b.

Microphone Holder turned 900 to provide an effective Ubstacle.
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lMicrophone 1 %
1/8 in B & K.

Microphone 3 :}E S| Ficrophone 2

% in B & K. 1/8 in B & K.

—

Fig. V=5.
Set-up for Determining Fhase Difference between

Signals picked up at Various Points.
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TESTING AND ANALYSIS

Discrete Sine Wave Test

In this method the freguency response curves
for the silencer and for the straight pipe were
obtained separately, and the transmission loss
determined from the difference., The frequency
responsge curves can be obtained by recording both
traces on frecuency 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 loudspesker at 50 Hz interval and output
signals recorded by the microphone. A digital
freguency 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
elight 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 & 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
godod 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,



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 freaquency equal
to the highest freaduency under investigation so
that unwanted high freocuencies 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 Fil tape
recorder with a fregquency response from D.C, to
5 KHz was used with a recording speed of 15 in./sec.;
the measuring amplifier was a B&K 2606 and the low
pass filter a Barr & Stroud variable filter with the
cut-off adjusted to 800 Hz. The megnetic 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 Ferrantli computer was used to produce
a computer compatible paver tape with L4096 numbers.
The paper tape then formed the input data for fast
Fourier Transform programmes written for the ICL 1905
computer. Details of these programmes cen 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 Fige. 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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RESULTS OBTAINED BY FIRST RIG (NO FLOW)

Straight pipe

The layout for the straight pipe test is shown in

‘Fig. V-1. 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-1. 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. 1little 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 - i.e. Sin kt=0. kf= nff
T-n 3
2 3

where ? = length of the simple expansion chamber.
1 R B R g

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$/8, -

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
theoreticallyit 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 g

Two sets of theoretical attenuation frequency
characteristig were calculated with 4€p = 0.0508mand 0.025k m,
Sp = 0.0022 m": one from a distributed parameter model and
the other with lumped-parameter as described in section
b.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 mn(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 b = % R

q g y e = Jf%o
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 (u).

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:-

DG i =
+ G T b

O
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Conductivity = combined area of all orifices
thickness of sheet metal + correction facto
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 €p = 0.058m, 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 l,, 1, and 13 were
as follows:-

4, (m) 4y (m) b3 (m)
0.127 0.406 0.0251
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
registered 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

KLy = %} ) %?’ ....... i.e. cot k1, = 0 and is given by
f = 343 g where T = 1,3,5.... For Fig VII-10 the

47,
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maximum corresponds to kl., = iT/Z = 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:-

£, (m) Ap (m)
0. 305 0.025L
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 k €, = 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.



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 £¢ = 0.7 m
and zero radiation impedance.

It can be seen from the attenuation frequency characteristic
that at frequencies corresponding to k€ = nT , 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 Hz,
1125 Hz, 1500 Hz etc. It 1is 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-11 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-11 is identical
to that from eq. D-10 in D.D. Davis' paper. A sonic velocity
of 2000 ft/sec was used in the calculation, 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 zeéro
radiation 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 minimum
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 = ¢ n

YA
length of the finite inlet pipe

where 4
w:l, 3’ 5’ - & & " " 8 8@
¢ 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 of = prominent negative
attenuation due to the finite inlet pive 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 51mple expansion chamber with finite inlet and outlet
pipes in Fig.1l9 of his paper and that obtained theoretlcally
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 respectlvely, comparison was made in the low
frequency region where the effect of the outlet plpe 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_Fquda with a 0.145 m long
outlet pipe, but agrees well with' fukuda's experimental reaults
for a 0,36 m long outlet pipe.up to around 500 Hz.

A system consisting of a resonator and a finite inlet
plpe 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 plpes
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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7.b. RESULTS OBTAINED BY SECOND RIG (NO FLOW AND WITH ATIR FLOW)

7.b.1. 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.
VII-31, VII-32Q VII-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 1.
Curves were obtained for M_= 0, 0.99 and shown in Fig. VII-30.
M =1 gives k L 2 and this can give

—_— = o0

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

From these theoretical graphs it can be seen that with
M =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 ) =0 g Ay, PR B

(*jtjqf £ . f =4 2£(l M%) where
£ is the length of the expansion chamber and M the mach
number in it; and n is an integer. This shows the internal
flow has effectively increased the length of the expansion
chamber from 4 to £ :

]_....HE
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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 ( €p = 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 coincide with that predicted by theory for
M = 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 with 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 8z which is a
s?ightly 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-5. 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 diff8rence in the case without flow is seen
to lie around 350 Hz and with the presence bf 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
: C A
equation f =
o 2T [ 4V

Where A is the cross sectional area of the neck, o

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.

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 M0= 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 technlque 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 €, , f2 and %3 respectively were used

to obtaln 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 comparg quite favourably to the theoretical
curve predicted for M_=0. The two experimental curves are
almost identical show?ng 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 mlcrophone 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



7.b.4.

-62-

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 Resonatonr

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:-

0. 305 0.38 0.0254
0.305 0.20 0.0508

Area ratio 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
ViT=4 |, The®curves rfveal 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,

{2

Sink oy = 0
- Mz
where fa = length of the connecting pipe.
M2 = mach no. in connecting pipe.

or f = n é%; ! - hﬂ%) s WhHere N = 1, 24 Biiee e

§ 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. In Bib
VII-40 for M _=0.8, the width of each of these ripples is
given by, 2

i 343

2, _
® 5x0.38 (1-0.8") = 162 Hz.

The corresponding value in Fig. VII-41 fop Mo=0.8 is,

} - 343

2y L
® 5%0.7 (1-0.8%) = 309 Hz.
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A minimum is clearly shown in Fig. VII-4I 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 in the 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
frequency characteristic of this system is negligible.

Finite Outlet Pipe with Flow

Expressions 1IV-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 F%g. 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 Points 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 cdutlet pipe no longer
coincide with the zero attenuation points due to the

" expansion chamber. The first of a series of minimum

attenuatiog 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

3?5 H . s .
“ Fig. VII-42, VII-43 and VII-h& 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-19 and
VII-20 , respectively.The results were calculated from equation
IV-26 and indicate the minimum attenvation points due to the outlet
pipe are, as in the case for a simple expansion chamber , given by
the expression 5

f = fo('l - Ho)

where f is the frequency of minimum attenuation with flow, f 4s the
frequency of minimum attenuation without flow, and ¥_ is the Mach
pumber in the outlet pipe. Again it is shown that the a?teguatlon
level is not affected by the flow. From the above analysis 1? may

be concluded that the internal flow will not have a substant}al
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 Muitiplication,(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 m2 and 0.0048km2 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 attenuwation 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 1lifts the attenuation level in that
region to around 30 dB. Three resonators all with a volume of
0.000338 m3 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
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above 3000 Hz can be reduced effectively by absorptive material.

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

Ve b

——— to satisfy specific
280

increasing the attenuation parameter
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 chanmbers, 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 regulta 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 prdcess, 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 1umped-§arameter 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 much'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 nresence
of flow. This increase starts with a lower flow rate in the case of
v ]avqev resonator than that of a Smallevresonator. 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 a2 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 asswaption
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
attenuvation-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. —

To prove E(x;t) = It [:’C- G+M)CtJ +"q ['x + (1-M) ct_-l

is the most general and complete solution to the convective wave
equation,

Put U = x-(1+M)ct ; V = x 4 {i=M)ct

thus g(x,t) = £ U 3 V]

S o s o L A o o €
0 T a dx >U +§"\/
(%}:= ! 5 g—i-ﬁ-— I )
R Y A {aE . dE) Al D Ja . 3N
> "a_("‘)‘“*é“u(é‘*cw)‘g‘ a"(a“*"v)a&
— a__e I 2326 8z€
d Aoy T ot
8 9 f0€ O [3€ , d€EY AU, 2 (€ oV
obdx bt( +W) SD(BIJJ“av)St‘L "V(au+av)at

z ; 2
=~ (1+M)c 3_52 - (H“M)C é—gv—l—(l—M)C 0°€ + (1-M)c _@_352

oVou
o ol MY 97€ ae _ ey B
) S 2 Mc 2= (1+M)c S5
05 ¥ U dE DV €
e S SR S _G+M)ca_L.J+;M)c3$
aeE: ( (I+M)c o€ (1-M)c
LR T il s ) ) t
d € P
+ aT/( (1+M)c o M) c 5_)
= (1 +M)*c?® o€ iy A 2 36 o
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. 2) 2 O°€ _m2) o2 %€ 2 2 JP€
= [|+M)c a——og*—Z(l M?) c SEJ_§Y+([_M)C e

Substituting these quantities into the differential equation

4 ,

L SRE M o5 A8

R~ Raas Ty ke "‘M)—xz“ &

1 a2 e 2 2
| 4+ M) o€ _me) O°E _ M2 0°€ iy ate
( )b 2 2(' M)aUav—!-' M) d V2 +2M(l M)g'\?a

2 z 2 2
—p M2 2E 2 M(1+M) 2°€ 2) %€ _ p(1-Md) J€
SUdV I+, = M) e — 20 M)auav
2
-—(T—Mz)—g—éz = 0
This leads 1-;0 —_ Ll-da;&av = O
Le %€ L

o
c|v
e =
Qi
<%
g

]

o

£

Integrating g_v = K (V)

¢ = J BUV) d¥. .+ F (L)
efu,v] = g(v) + §(u)
PRI ) T )c[x—(l-l-M)c‘t] 4 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 E (OC,‘E) as shown.
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APPENDIX 2.

Effect of Sound Source and Transducer Position.

To sound source

S
W o
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 AR

and the relation between F’l ,V1 and PE'VZ is b=
R g 0
v, _g.C(J—M) l
-J "r%zkgu -COS k€. M sin Kt k€, - RS <in Ke, P ™
e oM T - Ma 48 —M? 2
oty 2 ; ,E
| ec ("‘M) S'n,kTh'Az CoS ! kf, >4 Msn Bt k€. Vs
M
“Ji 'Zkgi
S (-M) ¢t =M oJ Rz V.
pc il
- k€ £ ke
Ji-M2 | ] KEy < > ke 2
Vl = ! _5(: (I—M) e 1-M?2 Pa e J'mM t JT=M \/2
k¢,
= {S0-Mm P, + V]
Thus |V|l = -§ (I—M) PZ + VZ’
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Since -3 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

e 0. zé
/ : \ , j

PN

A s b st

V, Y =

P

)

Figure b.

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

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

pipe is PSS T-lt—pl and the relationship between P,',V,I‘ and P 'VZ is
P -"iir:iﬁzk ke ‘M si kfa2 : ' BE sin ks
i CHE e — ISR e J 13 =2
_V[ I J'&,("‘M )5”" kﬂg colsi]i_i%a +JMsm. k£3
ghie 0 F%

20+ 1| [



11 P

o kf
PI e.Jr_Ml : 0SS l:_gg,ﬁ. 4.5 n«%.:z P S‘n— ktﬁlz F)a
== 33
V, FSCU +M) ed 1=M* cos K£3 .+ jMsin 'li%lz V,
M ! -kt
o eI sl I
| pc i
| ks
= (_,)SE:, (l ) M) (22 JiEm P?-
S
Vil = c (1+M) [F]
Thus T3 does not affect the attenvation and its representative

matrix 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

pogitioned 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,

R S
A &in_+ 5&

where ZA = characteristic impedance of the small branch, and

Zin= 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. Jith the mufflers replaced by a straight pipe
the inlet junction is represented as in figure e.

With Zin the parallel resultant impedances of the pipes

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

2, =12 2%,

B/ =da B = N [14— : ) e
in Zin + ZA zin + ZA
\'f i!n = 1:’:ij'rl = 2’
Zin Zin i ZA

With the muffler in position the impedance changes to zin + SZin

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

junction change to Pin and Vin respectively. A and B are the new

incident and reflected wave: amplitudes in the side branch.

B T §Z =%
el in in A
= - -
A Gyn * 8B4, + 3,
Bio % 4%, =G Z, + 8%
Pip=A+B=a(te o 00 ¥ )= 2 73 inz
in in A in in A
; 2A
B —in -
dns Z0 W hBne 2t 87 5B
in in in in A

Since the ihcident wave has not changed,

Wity
If ZA» Zin-r SZin y then Vin = Vg, =

.
(Note that P, # Pin )
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P
. in

i #/////

X

I

Figure c. Change of dimvedance a2t junction between two nipes,

' V-

Z.
T’

in

T B
ZA
Fipgure d.
/ !/
/Pin 3 vin » Zin
]
A ——— 7
B -—— A
|
Figure e.
Pin ! v:i.n 2 zin *E8h n

Figure f.
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APPENDIX &,

Expansion Chamber with Internal Tubes.

Quoting equation III-7 ,

eos ke — Msin el Ze + S8 sin iG]

) [éc (1 = M?) sin T%%a] Z, + |[cos _k_%?_ + j Msin 2= kE ]

Z, =

(cos k) Z, + J f€ sinki
J_g_c(sin. ke)Z, + cos kb

Z, + J %: fan kt
= B

S G + JZs fan k€

O

When Zz‘:'-d'ﬁ 3

[ o DC
R o B

Z1 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 Upen Pipe with ilow,

Quoting again equation III-7

[cos T—tgm"z - iMsin I—’_‘_%z ]Z?_ + J I:P—SQ sin |E—%f13]

Z, = T3 2\ ¢in Kb kt M i ke
For an open pipe, 232 =0, and
T J fe sin IK_—EMa

cos kb. + jM sin LS
L S : ke
A = — [M = Cot i:_-“Ma]

-é‘l s _gc (—Jco‘t kﬁ)

7 T %E tan ki
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APPENDIX 6.

Effect of Open-ended Outlet Pipe.

Consider the open-ended outlet pipe shown in figure 1V-6,

and B_ . are complex amplitudes of resultant, mcicenl ancl reflecled

Pout t Aout t
Fre95ure~waves respectively at the junction point of the output

side branch and the.outlet pipe. Popen 1 A0pen and Bopen -

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

velocity. Then,

kt
=3 ==
) 14+ M-
Aopen 5 Aout e
kf
) ==
, 5 - M
Bopen Bout o

Popen Aopen % BOpen "

. A = =B
.. open open
e : ke
eJ;;,ﬁ A e+J-lT,.'f1
out out
Pout i Aout * Bout

2k, ¢
) 3 TeM- T
= fout (L~ ¢ )

i Aout (I = Cos IszMa ‘Et + JS”‘L l—%-az‘f.t.)
]POutl = leutI’[ (1-cos zl-%g) + J sin |?_|V1E"Pt I
= [rout] + 2 sin ‘k e
'Aoutl = [poutl

2. 5in (k{}_—/“"mz)J

lpoutl
2 sin k‘tt

For M = 0 , ,Aoutl
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APPENDIX 7.

To_prove that the Transducer Position along an Upen 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 :-

: P . pe o ki
Py cos l-_—i,]"’a - 3 Msin -5:32 J 5 sin [qua
5 2) cin Kkt £ e
V% JEE;('“P1)_SH1 ;:}zz cosi%j;z +-Jh45|n-%%aa
S Z RS Bt
5 . S kd
pe M~ J e e i Vout |
(See Appendix 5)
A B Fgut
C D Vout
. { k€4
Where A = cos |I.<.{r-?t’ ¥ St i‘i '3"‘2 cot =
VS 2y S kf
| JFEU—M) Slﬂ.!k-_‘ts‘z fﬁ M cos ‘-—-_—342
+ é% M cot gi%ﬁ sin kb3
o & S k £
+ ] (é‘c' M In -IT‘:;Ma - (-3—6. Co't T_irda cos —g‘:i‘jz)
ke k¢ kte ]
Pz = [‘3’"5 e L e R SR
k{2 kis + kde v Kl
o Rl + B = c s
“:'3] [Co M2 - M M | © e Aou’c]
i
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For V =10,
out ;
g kf kh o Tkt
' IS

LS : ks £ okle, oin Kby AE
1V, | - {M ( cos —mz t+ cot Ko sin T___Ma)

V2

e K¢ a} kf’&
+ (Sm, Me cot e cos :4 ) 2 sin |A ot

5 Lot e ki ke kL kts \2
= Q(SE’{M (Stni—_—.—;acos ey 4-cos,.__?_sm 3)

o ks 2 ¢ z}*
+ (sin r:h::l‘z‘ sin F};a = cos iIS:T\de cos -lk_‘—:‘,_) IAOUH

2 s {MPsin®(te bk + cos? (2, + 450 7| A, 4

B I1-rg?
For M =0 I\/3| e Ll —g_c} cos k({'t + {3} Ion'tI

The above shows that individual lengths of €, and “£¢do 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 uninmportant.
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APPENDIX 8. COMPUTER PROGRAMS.
TRANSMISSION LOSS OF SIMPLE EXPANSION ~CHAMBER.

53

51

1
52

15
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MASTER ACOU
REAL LEN,IMP,RKON,LENK,HACH
COMPLEX X(7,2,2),Y(7,2,2) DA

DIMENSION KONC10G0), AREA(7), IMP(7),LEN(7), AREAH(?) LENN(7),MACH(7
1,ATTEN(S5G0?

ATTENUATION OF SIEENCERS BY MATRIX METHODS
LEN=SLENGTH OF MATRIX SECTICOK
AREA=AREA OF MATRIX SECTION
LENN=LENGTH OF RESCMATUR NECK
AREAN=ARZA UOF RESONATOR NECK

L=NO, OF MATRICES

P=DENSITY OF MEDIUNM

C=VELOCITY OF SOUND

NOL=NQ, 3F SETS OF INPUT DATA FODR LEN
NOA=ND. JF SETS OF INPUT DATA FOR AREA
MACH= LOCAL MACH NO., OF GAS FLOW
_READ (1,53) L

FURMAT (111

READ (1,31) NOA,NOL,NOMsP»C

FORMAT (311,2F1u,5)

NUMA=1
x(1s1!1)!x(1’2:2’!x(L*231!1)Jx{L*2!2:2)=CNPLX(1-JU.’
X{121,20sX(L+2,1,2)sCHPLXD,»0,)
HNRITE (2,52)

FORMAT (1H1,9HAREAS ARE)

PO 10 N=2,L+1

READ (41,54) AREA(N)

FORHMAT (FD.0)

WRITE (2,55) AREA(N)

CONTINJE :

NUML =1

KRITE (2,586)

FORMAT (1HO,1THLENGTHS ARE)

no 11 N=2,L+1

READ €1,57) LENI{N)

FORMAT (F0.0)

WRITE (2,58) LEM(N)

C FORMAT (1H L1F10.8,4%)

CONTINUE

NUMM=1

DD 17 N=2,L+1

READ (€1.,53) MACh(N)

FORMAT (FO.0)

CONTIMUE

KRITE (2.65) MACH(2)

FORMAT (1HO, p4HNACH. KO 1IN 1 INCH FIPE =,1F8.,4)
WRITE (2,59)

FORMAT (1HC,4HFREQ, 6X,5HATTEN,8X,4HFREQ, 6,

1BHATTEN, 53X, AHFREQ, 6X, SHATTEN,8X,4FFREQ, 6X,5HATTEN, 8X,
14HFREN, 6X,5HATTEN)

X(L+2,2,1)5CHPLY (AREA(L+1)/(P*C)#(1+MACH(L+1)),0.)
X€1,2,1)=CHPLX(AREA(2)/(P*C)*(1=MACH(2)),0.)
NOD=(

DU 12 M=50,3000.10

NOD=MOD+1

FRE:n‘f

DO 45 j=1;2

B} 45 J=1.2

DO 15 H=1,L+9

Y(N:I:J)=C“PLX(5010|)
KON(NDJ)=2.%3.14159%FRE/C

DO 16 H=2,L+1

TMPLMY=KOANICNNNDY#] FREMNYZ(4 N=BACKHINY#MACPHINY Y



16

20

0e
21

12

61

71
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XIN,1,1)=CHPLXC{CUSCIMP(N)), ~MACK(N)*SINCIMP(N)))
X(N,1,2)=CHPLX(O,,P*C/AREA{NI*SINCIMP(N)))

XKIN, 2, 1) =CHPLXC0«, AREACNI/Z(F2Cl e (1. 0-MACH(N)®*MACH(N) )#SINCIMP(N)))
X(N,2,2)=CHPLX(COSCIMPINS ), MACH(N)#SINCIMPIN)))

CONTINUE
DO 21 N

-A

]\- ~ -

%1
=1
=1

DO 20 K=1

Y NG T, Y=Y ON, Ly J)#X (N To KD aX (N+1, K, J)

L+1)20.21,29
1 .
1

B
H!MR;U-“MMMH}F

IF (il
DO 22 I=1,¢
pB 22 J=1,"
X(N#1,1,J)
CONTINJE
ATT=CABS(Y(L+1,2,1))

ATT=ATT/Z(2.%#AREA(2) )#PxC

ATTENCHUD)I=20.#ALOGI0CATT)

CUNTINUE

DO 71 NDD=¢,294,5

NOD1=NOO+1

NDD2=ND0+2

NOO3=N30O+3

NOO4=NI0+4

NOOS=N{ON+5

NADA=40+1 DMLY

NOO7=4a0+10%n0U2

NOO@=40+10+NOUZ

HOO9=4p+10%N004

NOOfO=40+10#N0O0DS

HRITE{E!61) NUU&!“TTEN(NFG#),Nﬁc?,ATTEN(NGUZ)’HUGS’ATTEN{N003J’

YN, 5,4)

ANODQ, ATTEN(NDOG) ,NOO10, ATTEN(NDOB)

FORMAT (1H ,114,4%X,1F8,4,7Y,114,4%,1F8.4,7X,114,4%X,1F8.4
1:7X5114,4X,1FB,4,7%X,114,4X,1F8.4)
CONTINUE

MUMM=MUMM+1

IFCNUMH=NOM) 3,53, 0

NUML=NUML*1

IF(NUML~NUL)Y2,2,0

NUMASNUMA+1

IFENUMA=N0A) 1, 1 0

STOP

END
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HELMHOLTZ RESONATOR WITH FLOW.

———————

MASTER RESD 1 .
REAL LEN.IMP,KON,LENN,MACH
COMpILEXY ¥(20,2:2)

COMPLEX ¥(20,2.2)

DIMERSTON anr1000),ATTFM(1000)
DIMENSTON ARFACZO) (AREAH(20), IMP(20), LEN(20)Y, LENN{ZO)aHAPH(?n)
ATTENUATION OF STLEUHRERS BY MATRIX METHODS

SIHpLE EXPANSION CHAMBER

LEN=tENGTH OF MATRIX SFOTION :

AREA=AREA OF MATRIX SECTION _ A

LENN=LFNGTH OF RESONATOR NECK

AREANRARFEA OF RESONATOR NECK

~ L=Ng UF WMATRYCES

P=DENSTTY OF MEDIUM

CcaVELORTITY OF SOUND

NOL=NU OF SETS OF INPUT DATA FOR LEN
NOA=nNOD OF SETS OF ITHPUT NATA FOR AREA
MACH=LOCAL MACH NO, OF GAS FLOW

Mi 12 HIGHEST FREGQUENCY

123

L320 FOR INETHITE TMLET PIPE
L3241 FOR FINTYTE TNLET PIPE

S L3=s0

Limyed
M1a1nun

KU =



‘6%

55
54
57
52
56
72
65
569

53
51
60

10

117

15

NUARD

NOL=1

NOM <1 AT SRS B R S =St
p=1_ 2053 GREETs Y '

'05'-'3(53-7 R i e
NUMA=T oy :

FORHAT (4R 1114, 4K;1F8 Lo 7X 114, 4%, 1F8. ﬁryx 114 4X TF8. 4
p TR V14, LX 1 FB 47X 114, Ax.1rs 4)

i

FﬁanTt1H {TE10 . B 4X)

FORMATCER, 4)

FURHAT(Fn.a) o

FORMAT (1HT,90HAREAS ARE)

FORMAT(AHO,1THLENGTHS ARE)

FORMAT (A0, 18HAREAN AND LENN Anrh

FORMAT (1HO,24HNACH HO IN 1 INCH PIPE =,1F18.4)

FORMAT (AHO,AHFRFQ,OX,SHATTEN,BX . 4HFREQ,.6X,
YEHATTEN, AX ) 4AHFREQ X ' SHATTEN,8X . 4HFREQ.AX,SHATTEN 8,
T4RFRFEQR, 6Y,50ATTEN)

FORMAT (112)

FORMAT (312,2F10.5)

ﬁURHAT( 10,3

g g A
Xet,

1ot Y K01 2020 P XCL42,8,1) xc;+2 2:2)= PHPLX(1.,0 )
1023 . XCL*2,1+2)2CMPLX <ﬂ..0

CWRITE (2.52)

RO 10 N=2,L+1
READCT ,60) AREA(N)
WRITEL2,40YAREA(N)
cOMTINUE

NUMp =

WRITE(2,56)

 N=3 REFERS TN CYLINDRICAL CHAMBER OF RESONATAR

DO™ 14 N=2,L+1
REANEA L7 LENCGH
WRTy#(2,87Y LEN(N)
CONTTNUE

URI

TEC(2,72)

CAaLL DnTatlaARFAN.ItRN . L1 _ " )

NUMK = ¥

no

17 N=2, L+

READ(1.57)MaRH(N)

'nnMleuE
WRITYE(2,458) MACH(2)Y

WRITE t? 59)
YCLa2e2,)sCHPLXCAREA(L+1)/ (P&l t(1¢ﬂAPHtI+1!)on )

% (1

y 2010 2CMPXC0,0,0,0)

1FCL3? 0.0,917

X¢t,2

t1)=CMPIXCAREA(2) / (PxC) % (1=MACH(2)):0,)

CONYTHUE :
MO0 =1 X ;
PO 12 M=80, M*: {0 i
NOO=NO0G

FRE=M

o1 I KT T

no 15 J=512

PO 15 N=1,L+1 .
Y(N,1+0)=2CHPI X0, .0,

KON HONY 22, «3 14150 %FRE/D

no

1H Nz2,L+1,2

TMP (M) 2RDK(HOO) #LEN(N) 2¢1 . D=MACHINY *MACH ()Y

X (N

y V13 =CMPLY (COSCIMPEI) ) o =MACHINYR®SIN{TMP{NY))



-129-

XAN,1r2)2CMPLX(0.,P*C/ARFACNY*STIN(TIMP(N))Y)
X(N, 2,03=CMPLXCD. r AREACH) / (P#EIw (1, “-MALN(H>+HA0H<~))*qlwtrnpcn;a
X(N,2¢ 2‘-CMplebﬂQ(1HP(?\\,MAcHrN)*SINtlﬂpfnl))

48 CONTTHUE

b0 171 N=3,L.2 St
TMPIN) =KON(HNNOY « LEN(N)
XN, Ve 1) NN, 2:2)= CHPLX(1,,0.)
X (N, 1'?)3CHPiX(ﬂpr0 )
7~'P+L/{%RFAfN\*TAN(IHOfH))) . p-xoq(non)*c*aFNN(N)thFAN(N)
z=21/2'
X(N, 2 1)ucnw|xf0..2)'
179 FUNFI”HI

PO 2% Nz1,L+1
DO ?ﬂ "-‘l":?, ;
O 20 J=1,2
DO 20 K=4,?2

20 YN Trd)aY (N, J.J)*X(N,T, K)*X(N*1 Kedd)
TF  (Hu(141)) 0, ?.,21
bix-22 l=ut,2 ==
bo 22 J=4,2

27 XN 2T, 0)2Y(N,1,4)

21 coNTINDE
ATT=CARG Y (1L¢1.2,1))
ATT=ATT /72, wAREA(2) ) *pw(
1F(133123,123%,0

127 ATT=ATT/CAREA(2)% (1, 04MACH(2)) ) wDwl

123 CONTTIHUE

. ATTEN(ROO) =20, ¢*ALOGT0OCATT)

12  cONTHOE
ME2inTenid) fqn
PO 71 NOn=0,M2.5
MODY =illng+4 3
OO 2 =/nne 2
MO0 T =3
HNOOL=HO0a4
NOOR =045
NOQA=60.4 0wl
HODPabNenOwynp?

NOOR=4041 08003
NOOQO =60 QwrlO04

NODAO= F40+10%1005
WRITEC2,61) NO06.ATTEN(YNOT) +N0D07, ATTEN(NOO2) ,NOOB,ATTEN(NANTY ,
TINOOQ.ATTEN(NOOL) «HOO10, ATTENINOOS)

71 CONTTHUE
NUMp =N U e
TF(NUMHANEM) 3, 3,0 :

NUHL ENUiL+1

TR CHUML wh01)2,2,0
NUMAaNINg  «1
TFCuUMALMOAYT,1,0
STOpR

END

SUBROUTIHNE DATA (LeAREAN.LENN , L1
REAL LFNN
NTHENSTON ARFAN(I1);LENHt|1)
O AR Ne R p R
READCT ,A2)ARFAN(N) , LENN (M)
VRITEC2,73) AREAN(N) ,LFNN(N)
18 CONTIRUE
67 FORMAT(F10,8)
73 EORMATC(SH ,1FB.6,4X,1F8.6)
RETHRHN
FND
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EXPANSION CHAMBER WITH INTERNAL TUBES.

MASTER ACOU = = === e =
REAL LEWN, LHF, KON, L ENN, HACH A
COMPLEX X(7,2,2),Y(7,2,2) =
DIMENSINDN nPNtlﬂﬂﬂ).aﬂﬁnt7) fF(/):LFr{7) AREAH(?);LFN[(?).HALH(7
1 ATTEN(S G =i
ATTEHUAT'C! oF SITEHC&RS B iA:RiX M: HDDS 1 S
LENSLENGTH OF MATRIX SECTION B ==
AREA=AREA UF MATRIY SECTION . =i T s
LEAN=LENGTH OF RESONATOR NECK =
AREAN=ARZA OF RESIUHATON NECK
L=NO., OF RMATRICES

P=DENSITY OF MEDIUM
C=VELOCITY 0F SOUND

NOL=ND. OF SETS OF INPUT DATA FOR LEN
NZA=NO. JF SETS OF INPUT DATA fOR AREA
MACH= LOCAL MACH nN{. OF CAS FLOW

READ €1.,353) L

FURMAT (111)

READ €1.,31) NOA,NOL;NOM,P,C

FORMAT (311,2r10.5)

NUMA=1
XC1a1,1)2X01,2,2) 0 X(L*2,121), XL +2,2,2)=CHMPLX(4.,0.)
X019422) s X(L+2,1,233CHMPLXC0D.,D.)

WRITE (2,52)

FORMAT (1H1,9HAREAS ARE)

DO 10 N=2:0L+1

READ (1,54) AREA(N)

FORMAT (Fo.n) L

WRITE (2,55) AREA(N)

FORMAT (1H .1F10 8,4%)

CUNTINUE

NUML =1

HRITE (2,501

FORMAT (1hHu11HLENGTHS ARE)

DO 19 N=2,L+4

READ (1,57) LEN(N)
FORMAT (79.0)

WRITE (2,5%8) LEN(N)
FORMAT (1H ,4F10G.8,4X%)
CONTIMNUE —r
NUMM=1 =

DO 17 N=2,L+1

READ (1,583 MACHLN)
FORMAT (F0,0)

CONTINUE

WrITE €(2,65) MACH{2) 3
FURMAT (1HO,24HMACH.ND IN 4 INCH FIPE =,1F8.4)

WRITE (2.59)

FORMAT (1HO, dHFREQ, 6X,5HATTEN, 8X, 4HFREQ, 6%,
VBHATTEN, 3%, 2HFRER, 6X, 5HATTEN, 8X,4-FREQ., 6X,5HATTEN, 8X,
14HFRED, X, SHATTEN)

XCL#2, 2,1 ' =CHPLXCAREACL#1) /(F*C)a(1+MACH(L+1)),
X€1,2,1)3CHPLXCARFA(2)/(F#C)u(41=HACH(2)),0.)

NGz

DO 12 M=50,3060.10 e

NOO=NOD+1 .

FRE=M :

DO 15 [=1,2

bR 15 Jst1.2

DO 15 N=1,L+9

YN, 1, J)sCHPLX(D.50,)

KON(NOD)=2.93.141508FRE/C

DO 16 N=2.L+4:2

ITMREMYSKANCNAOLRYS! 60 EKY ZE04 . aM AT W TR N 24 i ey

e ———————— S



\"\_..' &

22
7

e

-131-

x(ﬂ,1,1}:CHPLx(cUStIHP(N)),-HﬁCch)aslu(IHPtN)))
X(N,1;2}=HHPLX(ﬁ.pP‘C/AREA{h)*SIH(IHP(ND))
X(N,2=1):CHPLX(U.sﬂREﬁiN}/(P*C)*(1-D'HACH(N)*HﬁCH(N))*SINIIHP(N)}
X(N,2,2)sCHPLX(COS(IMP(N) ), MACH(N)#SINCIMP(N)))

CONTINUE : .

DO 171N=3,L.2
IMPUN)sKININDU Y sLEH(N)

XN, 1,10, X(N,2,2)=2CHPLX(14+,0.)
X‘N'1l2}=CH?LXcJ|?DI)
X(N.2,1J=UMHLK(¢.:LREAiN)/IP*CJ*TAN(IHP{NJJJ
CONTINUE . , =
DO 21 N=t.,L+4 _ B iy

Do 20 1=1,2

DU 20 J=1,2

DO 20 K=1,2
Y(N,I.J)=Y(N.i,u)*Xth:l:K’*X(h*1;ﬁ;JJ

IF (Ne(L+12)0,24,24

DO 22 1=31,2

D022 J=1.,2 :
x(N+1,1,J)=Y(N,I:J)__ et
CONTINUE, - ==
ATT=CAB5(Y(L+1,2,1))
ATT=ATT/(2.%ARKEA(2))sPaC

_ATTEN(NDD) =20.%ALUGTO(ATT)

Bl AnaEnages B 0 L T o
NOO1 =NDO+1 S = :

T I T AN s =

6

.;‘.

NOO3z=NG0+3
NODa=M0 w4

HOO5 =00 +5
NODG=4g+1#nnny
NOD7=40+10#NQUID
NOOB=zap+1neNQug
NOD9=43+1 08004
NOD1O=40«7 GeNUDE Lo
WRITE(2,51) N“uﬁ,&TTEN{NEU1J,hmu?:ATTEn(NDGZ)oHUGﬂ:ATThNtNUUSJ.
1NUUQ.ATTE”(NUU4},“UH1B.ATTEN(Nnug)

FORMAT (1H ,414.4X,1F8,4,7X,114,4>,1F8.4,7X,114,4X,1F8 .4
107Xs114,4X01F8,4,7%,114,4X,1F8,4)

CONTINUE

NUMM=MUMM»1

IFANUMH=-N01) 3,3, 0

NUML=NUML+1

IF(NUML~NOL)Y2,2,0

NUMA=NUMA+1

IFCNUMA=NOA YT 21,0

STOP

END
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TRANSMISSION LOSS FOR SIMPLE EXPANSION

CHAMBER IN SERIES WITH HELMHOLTZ RESONATOR.

MaSTER aC0U
REAL LEN, IMP,ROM, LENN: HACH
CUMPLEX XKE2:2:2);X(7:2.,2) T

DIMENSINN KONC1000), AREA(T ), IMP(7),LENC(7), AREAN(7), LENN(T),HACH(7

1,ATTEN(S00)

ATTENUATION DOF SIEENCERS BY MATRIX METHODS

LENZLENGTH OF MATRIX SECTION

AREA=SAREA OF MATRIX SECTION

LENN=LENGTH OF RESONATOR NECK

AREAN=ZAREA OF RESONATOR NECK

L=ND. OF MATRICFS

P=DENSITY 0OF MERIUM

C=VELOCITY UF SOUND

NOL=ND, 3JF SETS OF IKPUT DATA FOR LEN

NitA=ND, OF SETS OF INPUT DATA FUR AREA

MACH= LOCAL MACH NO. OF GAS FLOW

READ (1.,53) L

FORMAT (111)

READ (1,517 NUALNOL,NOM,P.C

FURMAT (311,2r10.5%)

NUMA=1

XC1o121)YeX(122:,2)0X(L*254351)5X(L+2,2,2)=CMPLX(1.,0,)

x{";1;2)JK(L“2J112)=CHPLX‘G¢JU-}

WRITE (2,%2)

FURMAT (1H1,9HAREAS ARE)

PO 10 N=2,L+1

READ (4,54) AREA(N)

FURMAT (F0.0)

WRITE (2,55) AREA(N)

FORMAT (1H ,q9F10,8,4X)

CONTINUE

MuUML=1

WAITE (2,56)

FORMAT (1HU»11THLENGTHS ARE)

DU 11 N=2,L+4

READ (1,577 LEN(N)

FURMAT (FO0,.0)

WRITE (2,58) LEN(N)

FURMAT (1H ,9r10.6,4X)

CONTINUE

WRITE(2,72)

FURMAT(140,18HAREAN AND LEMNN ARE)

pi 48 N=S, k.4 .

READ €1,62) AREANCH),LENN(LH)

FURMAT (FO.0)

WRITEC2, 73)AREANIN) ,LENN(N)

FURMAT(1d »1F10.8,4X,1F10.8)

CUNTINUE

NUMM=14

PO 17 H=2:.L+9

READ €4,53) HACH{N)

FURMAT (F0.0)

CONTINUE

WRITE (2,65) MACH(2)

FURMAT (1HD,24HMACH 40 IN 1 INCH FIPE =,1F8.4)

WRITE (2,59)

FURMAT (1HG,4HFREG, 686X, BHATTEN,GX,4HFREQ, 6X,
16HATTEN, 83X, 4HFREQ, 6X, SHATTEN, BX, 4FFREQ, 6 X, SHATTEN, 8X,
14HFREN, 6 X, HHATTEN)

X{L+2,2, 1 1=CHPLX{AREA(L*1 )/ (P#*C) e (1+MACH(L+1) ), 0.)

X(04,2,1)=CHPLXCAREA(2)/7(P*C )= (1=-MACH(2)),0.)

NUD=D

By 12 H=50.30080-180

M I =0n"+1
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Tersna = yyp el = ¥
FRE=M

pit 15 I=s1,2

pid 45 J=1,2

DO 15 N=1,L+14

YN, 1,Jd)3CHPLX(Ds204)
KON(MDD)=2.%3.141598FRE/C

DO 16 N=2,L+4,2
JHPENY=KINCHOUYSLENIRN) /(1 « 0-HACHIR)®MACH(N)Y)
X(N,1,1)=CHPLX(COSCIMP (N} ), -MACH(N)#SINCIMP(N)Y))
X(M,1,2)=CMPLX(”.sP*C/nHEA(h)*S]H{IHP(N)))
X(N,2,1)=CHPLX(0., AREA(NY/(F2C)# {1 . B=MACH(N)Y#MACH(N) Y®#SINCIMP(N))
X(N,2,2)2CHMPLX(COSCIMPINY) ,HACH( ) =SINCIMP(N)))

CUNTINUE

DU 19 N=3,L,4 v
IMPCNY=KONCNOU) #LERCN) /(1 0=HACK{RK)SHMACH(N))
X(N,1,1)SCHPLX(COS{IMP(N) ), ~MACH(N)#SIN(IMPIN)))
XCNs1,2)=CHPLXC(D,.,P*C/AREA(N)I*SINCIMPIN)))

KON, 2,1)=CHPLA(U. AREA(MYZ(P#CI# (1, 0-MACH(N)*MACH(N) )®SINCIMP(N) )
X{Ns2:s2)=CHPLX(COSCIMP(NY)  MACH(N)®SIN(IMP(N)))

CUNTINJUE

D 171N=5,L,4 :

ITMP(NY sKINCNDU) #LENN)

X(N;1;1):X(F'hﬁ;?)=CHFl.X‘1-:U.)

X(N!1r2]=CMPLX(".:OO}
Z2==PuC/(AREA(N)* TANCIMPANY ) )+P#KOMN(NCD)#CaLENN(N) ZAREANCN)
Z2=4/1Z 2

X(N;2,4)2C0MPLX{D » 2)

CUNTINUE

Dt 21 H=1,0L+1

po 20 I=s),2

DO 20 J=1,2

pu 20 K=|:2

YON, T, 0)=2YON, D, 0)+X (N2 T K)aX(N*,K,J)

IF (Ne(L+1))0,21.,21

Do 22 I=1:2

pu 22 J=1:2

XiNeq, 1) (N, T1:.0)

CUNTINUE

ATT=CABS(YC(L+1,2,1))

ATT=ATTZ(2.%AREA(2) YnP=(C

ATTENCNDD)=20.#AL0G10CATT)?

CONTINUE

DU 71 NDO=0,294,5

NUQ4=Na0+1

NOO2=N0+2

NUODZ=NOJ+3

MitD4=N01+4

NUDB=HIO+5

NUDGE=40+1 0#NOU

NIO7=40+10%0002

NUDB=40+102HU3

NUD9=40+10#00l4

NUO10=40+10#H1NS

WRITE(2,51) 0006, ATTEN(NCU1 ), NCD7ATTENC(NOD2) 1008, ATTEN(NODZ),
1MEDO, ATTENCNGUAY , NOD10, ATTENINULE)

FURMAT C(IH 2114.4X,9F8.4,72%,114, 4X.1F8.4:7X,114.4X.1F8.4
1,70t 18; A% 1FB4:7X,11428%,1FB . 4)

CONTINUE

HuUMM=NUMY+1

IF (NUMII=NOH) 3,3, 0

NUML=NUMo*+1

I (NUML-NOL)2:2, 0

HUMA=NUMA+1

I’(NU”;‘\"‘ ‘IDJ\)11‘1:U

s ip

ENnD
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SIMPLE EXPANSION CHAMBER WITH FINITE OUTLET

53
51

54
55
10
56

57
58
11
74
66
75
63
17
65

59

MASTER ACOU
REAL LEN, IHMP,KNN, LENN,MACH, IMPT,LENT
COMPLEX X(7,242),Y(7.2,2)

DIMENSION KON(4000),AREAC7),IMP(7),LEN(?), AREAN(?);LENNt7),HALH(?

1 ATTEN(500)

1:GDT(7)

ATTENUATION OF SILENCERS BY MATRIX METHODS
LEN=LENGTH OF MATRIX SECTIDN
AREA=AREA OF MATRIX SECTIUN
LENN=LENGTH 0OF RESONATDR NECK
AREAN=AREA OF RESONATOR NECK
LENT=LENGTH DF TAIL PIPE

RTsRADIUS OF TAIL PIPE

LeNQ, OF MATRICES

P=DENSITY OF MEDIUM

CsVELOCITY OF SOUND

NOLeNO, OF SETS OF INPUT DATA FOR LEN
NOAsND, OF SETS OF INPUY DATA FOR AREA
MACH= LOCAL MACH NO, OF GAS FLOW

READ (1,53) |

FORMAT (111)

READ (1,51) NOA,NOL,NUM,P,C

FORMAT (311,2F10,5)

NUMAEY
XC10101)aX01,2,2),X(LW2,1,1),X(L42,2,2)2CMPLX(1.40.)
XC121,2) 0 X(L#2,1,2)3CHMPLX(0,,0,)
WRITE (2,52)

FORMAT (1H1,9HAREAS ARE)

DD 10 N=2,L+1

READ (1.54) AREA(N)

FORMAT (FD0,0)

WRITE (2,55) AREA(N)

FORMAT (1H ,1F40,8,4%)

CONTINUE

NUML =9

WRITE (2,56)

FORMAT (1HO,11HLENGTHS ARE)

DO 11 N=2,L+1

READ (1,57) LEN(N)

FORMAY (F0,0)

WRITE (2,58) LEN(N)

FORMAT (1H ,4F40,8,4X)

CONT INUE

NUMME1

WHRITE(?2,74)

FORMAT(4140,15HLENT AND RT ARE)
READ(1,65) LENY,RY

FORMAT(FO,0)

WRITE(2,75)LENT,RT

FORMAT(1H ,4F10,8,4X,1F10:8)

DD 17 l=2,L+1

READ (1,53) MACH(N)

FORMAT (FD40)

CONTINUE

WRITE (2365) MACH(2)

FORMAT (1HO,24HMACH ND JN 4 INCH PIPE =,1F8,4)
HRITE (2,59)

FORMAT (4HD,4HFREQ,6X,5HATTEN,BX,4HFREQ,6X,

15HATTEN, 83X, 4HFREQ, 6X,5HATTEN, 8X, 4KFREQ, 6X,5HATTEN, 8X,

14HFRED, 6X,5HATTEN)
X(1,2,1)SCHPLX(AREA(2)/(P2C)#(1=MACH(2)),0,)
NOD=n

DD 12 M=50,3000,10
MAM=MNATM &g

PIPE.
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FRE=M

DO 15 1=1,2

DO 45 J=4,2

DO 15 MNz=q,L

Y(N, 1,J)8CHPLXC0,,20,)

KONC(NDD ) =2, #3,:141590=FRE/C
IMPTEKONC(NOO) LENT/ (4, 0=MACKHEL*1 ) ¥ MACH (L))
ZTReEMACH(L*1 ) *AREA(La1)/(F2C)
ZTCaeAREA(LS1)/(P2C)2CNSCIMPT)/SINCIMPT)
X(L#2,2,1)2CHPLX(ZTR,2TC)

DO 16 N=32,L%1,1 :

IMPCN) aKONINND)SLEN(N) /(4 4 D=MACHIN) ®MACHIN) )
X(N,1,1)SCHPLACCOSCIMPINY), =MACH(N)#SINCIMP(N)Y))
XENy1,2)2CHPLXCO, ,P#C/AREACNISSTINCIMP(NY)) :
X(Ny2,1)3CHPLXLD , ) AREA(NY/ (PoC)®(1,08MACH(N)EMACH(N) ) &SIN(IMP(N)))
X(Ny2,2)=CHPLX(COSCIMP(N) ) MACH(N)2SINCIMPINY))
CONTINUE

DO 29 Met,l+1

DO 20 I=1,2

DD 20 J=1,2

DD 20 Ksi,2

YANG Lo ISYIN, T oYX (Npl oK) X IN®q,K,J)

IF (Ne(L®1))0,21,29

DO 22 I=1,2

D0 22 Js1,2

X Nwy ! IIJ’BY(N' [,J)

CONTINUE

ATT=CABSCY(L%1,2,1))

ATT=ATT®ABS(2,«SIN(IKPT))
ATTEATT/ (2, 8AREA(2) ) *P4(
ATTENCHOD) =20, SALOGIGCATT)?

CONTINUE

no 71 '10330;294;5

‘NOO4=NDO 1

NOO2=ND0+2

NDOBZ=NID*3

NOD4=HN( =4

NDOS5=NT0«5

NOOQ6=40+1 0NN

NOD7=40¢10«NND2

NODB=4010#NOD3

NON9=40+10#NNO4

NDO1R540+40#N0MI5

WRITE(2,61) NOGE,ATTEN(NGUY),NOD7, ATTEN(NOD2),NODB, ATTENCNDOS ),

{NOD9, ATTENINODA) 4, NDU40,ATTENINDCS)

FORMAT (1H aﬁ14o4X.1F3.4:7xc1l4a43s1F8.4:7X.1ld;4x,1Fﬂ.4

1a7Xa11424Xp1FB,4,7%,414,4X,1F8,4)

CONTINUE
NUMMaNUMM+4
IF(NUMN=aNOM)Z,3,0
NUMLasNUML+1
IF(NUML=NOL)2,2,0
NUMANUMA®Y
IFCHUMA=NOA)M 1,0
sSTOP

END
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RESONATOR  WITH FINITE OUTLET  PIPE.

53

51

54
55

10

57

58
11

72
62
73

18

74

MASTER QUTLET _ _
REAL LENs IMP KON+ LENNs MACH, 1P T+ LENT
L:MPLEX X(15,2:2).Y(15,2,2)

IMENSION KON(100G0), ARCA(15),1HP(15) LEN(15) , AREAN(15), LENN(1S

1ﬂC*t15}
1, ATTEN(500)

1,C07(¢(13)

ATTENUATIDN OF SILENLtHb BY HAIRIX METHUDS
LEN=LENGTH OF MATRIX SECTIUN

AREAZAREA OF MATRIX SECTIUN
LENNSLENGTH Or RESONATOR NECK
AREAN=AREA UF RESONATOR NECK
LENT=LENGTH Of TAIL PIPE

RY=RADIUS OF TAIL PiPE

L=NOs OF MATRICES

P=DENSITY OF MEGIUM

C=VELOCITY OF SUunND

NOL=ND+. OF SETS GF INPUTY DATA FOR LEN
‘NQA=ND. OF SETS OF INPUT DATA FUR AREA
MACH= LOCAL MACH NO, OF GAS FLUW

L=3 .

FORMAT (11!0)

NUA=3

NoL=1

NUM=1

T pP=1 |21

C=61U.Q
FORMAT (311.,2r10.5)
VUHA 1
X€t23,1)0%(%22,2), X(L*2:1J13 X(L+2, 2:2’ CMPLX(1.

_X€10122) 0 X(L*201:2)2CHPLXC0..0.)

WRITE (2,52)

FORMAT (141,9HAREAS ARE)
DO 10 N=2,1L+1
ReAD (1,54) AREA(N)
FUORMAT(F10.8)
WRITE (2,55) AREA(N)
FORMAT (1H 24F1048,4X)
CUNTINUE
NUML =1
WNRITE (2,56)
FORMAT (1H0,11HLENGTHS ARE)
DO 11 N=2,L+1
RdAn (1,57) LEN(N)

R%AT(FS 4)
wnITE (2,58) L:N(NJ
FORMAT, (14 »,1r10,.8,4X)
CUNTINUE
W ITE(2,72)
FuRMAT(1HUa1dﬁanaN ANJ LENN ARE)
pu 18 N=3,L,2
READ (1,62) AREAN(N),LENN(N)
WRITE(2,73)AREAN(N) ,LENNIN)
FURMAT (14 29r10.8,4x:1F10.8)
CONTINUE
NUMM=1
WRITE(2,74)
FURMAT({HD, 15HLcNT AND RT ARE)

o)
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READ(1:,66) LENT,RY

FURMAT(F10.8)

WRITEC2,75)LENT,RT

FURMAT(1H 21F10.8,4X,1F10,8)

DU 17 N=2,L+y

READ (1.,63) MACH(N)

FORMAT(FB.4)

CONTINUE 3

WRITE (2:65) MACH(2) _

FORMAT (140,24H4ACH NO IN 1 INCH PIPE =2,1F8.4)
WRITE (2:59)

FURMAT (1HO0,4HFREQ, 6X25HAT I EN,B8Xs4HFREQ,BX
15"*ATTEN,GX.4H*'Rt':(},6x,5HATH:N,5X,4HP R:U,OX.5HMTL‘N:8X,
14HFREQ, 6X:5HATTEN)
X(1;2r1)’CMPLX(PRtAtalflP*U)*(1ﬂHAUH(Z)):0.J
NOD=Q ael S
DO 12 M=10,1000,10

NOD=NOO+1

FRE=M

D0 15 [=1,2

DR B J2,2

aLJ 15 ﬂ=1JL*1

YIN: 1o J)SCHPLXL U »05)
KON(NDGD)=2.#%3.14159%FRE/C e _
IMPTSKONCNOU) #LENT/Z (1, 0-HACH(L*1)#MACH(L*1))
CZTREMACH(L*1 )2 AREA(L+1 ) /(P : g
ZT1C==AREA(L*1)/(FPRCI*COSIINP II/ZSINCINRT)
X(L+2:2,1)5CHPLX(ZTR,ZTL)

il 16 Nsd. ey ,2

[APENY =0 (NDO) #LEn(NYZ (17 0-HACHCR ) #HACHIN) )
X(N 1, 1)=CHPLXCCOSCIMPINDY ), =HACHIN) #SINCIMPIN) )
X{N)1,2)SCHPLXCO.PRC/ZAREA(N)#SINCIMPIN)Y))

XIN,2s1)=CHPLXC0 4 AREA(NIZ(P#0)% (1 0-MACHIN)I®MACHIN) ) #S INCIMPIN))

X(N)2,2)SCHPLXCCUSCINPIN) ) » MACHCN)®SINCIMP(N)))
CUNT INUE S

DU 174N=3:L+2 .

[MP(N)=KON(NOQU) #LENIN)

XCN;1,1)5X(Ns2,2)3CHPLX(1..0.)
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X(N21:2)=2CMPLXC0.50.) :
"'P*C/(AREA(NJ'TAN(IHPIN))}*J*KUV(NUU}*b*LEJN(N)/AREﬂNiH}
2=1/2
X(’ha;‘i )-IJHPLX(G. p&{)
171 CONTINUE
Dy 21 ?‘431;‘.*1
Pl 20 [=1,2
po 20 J=1,2
DU 20 Ks1.,2
20 . Y(N, 1, JIBY(Ng Lo d)*X(N, [ K)*X(N*1JK;JJ
IF ¢(N=(L*1))0:21.,21
DO 22 1=1,2
DUy 22 J=1,2
22 XIN+*1,1,J)3Y(NsLb»J)
21  CUNTINUE
-ATT=CABS(Y(L*%1,2,1))
ATT=ATT#ABS(2.#SINCIMPT))
ATT=ATT/(2,.%#AREA(2) )sPe(
ATTEN(NOJ)=20.#ALUGT10CAIT)
12 CONTINUE
D 71 NQD=0,959,5
N3D1=NOO+1
NUO2=NJ0*2
NUOO3=ND0O+3
NOO4=NO0+4
NUOS=NI0O*+5
NUD6=10#ND01
NUG7=10«K002
NUDB=10%N003
NOD9=10#N504
NUDOT0=10*n005
WRITE(2,61) NOUG,ATTEN(NODY), ~UDT, ATTtNtNﬂﬂzj.unﬁ ATTEN(NDI3),
JIJQ.ATT_.(vgu4),1ui1u,aT1cm\wau5)
61 FORMAT (14 »114,46%,178.4, 7%:114,4%, 1o 4;7Xa114;4x 1F8.,4
s7%:114,4%,1F8, 4,7Xs1 14, 4x,1f8 4)
71  CUNTINUE _
: NUMH=NUMM+1
IF (NUMM=MNIM)S,5,0
NUMLENUML 1
IF (NUML-NDL)2,2,0
NMUMASNUMA+1
[F(NUMA=NDA)1,1,0
ST10P
EnD

o R 3
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SIMPLE EXPANSION C_H‘AMBER WITH FINITE ~ INLET PIPE.

—

1
1

MASTER RESO ==
REAL LEH.IMP.KON:LENQ.HACH
COMPLEX X(20,2,2)

COMPLEX Y(20,2.2)

DIMENSION KON(C1000) ,ATTEN(1000)
DIMENSION AREACZ0),AREANC20) , IMP(20), LENC20), LENNC20) 4MACH (20
ATTENUATION OF SILENCERS BY MATRIX METHODS
SIMPLE EXPANSION CHAMBER

LEN=LENGTH OF MATRIX SECTION

AREA=AREA OF MATRIX SECTION

LENN=LENGTH OF RESONATOR NECK

AREAN=AREA OF RESONATOR NECK

L=NO OF MATRICES

P=DENSITY OF MEDIUM

C=VELOCITY 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 IS HIGHEST FREQUENCY

L=3

L3=0 FOR INFINIYE INLET PIPE

L3=17 FOR FINITE INLET PIPE

L3=1
L1=L+2

M1=1000

NUMA=1

NOA=1

NOA=1

NOL=2

NOM=2

P=1.2053

C=343.0

NUMA=1

FORMAT C(T1H 114, 4X o TFB. 4 7Xs 144X, 1F8.4,7Xe 114, LX,1F8.4
e X e VUL X VFB Ly 7X 114, X, TFB.4)

FORMATC(IH »1F10.8,4X%X)

FORMAT(F8.4)

FORMATC(FR.,4)

FORMAT (1H1,9HAREAS ARE)

FORMAT(THO,11THLENGTHS ARE)

FORMATCAHO, 1T3HAREAN AND LENN ARE)

FORMAT (1HO,24HMACH NO IN 1 INCH PIPE =,1F18.4)
FORMAT (T1HO,4HFREQ,6X ,SHATTEN :8X . 4HFREQ,6X

SHATTEN BX, 6HFREQ 6%, SHATTEN ,8X, 4HFREQ,6X,SHATTEN,8X,
4HFREQ, 6%, SHATTEN)

FORMAT (112)

FORMAT (312.2F10.5)

FORMAT(F10.3) ;
KC1sT61)eX(1:2¢2) e XCL42,1,1),X(L42,2,2)= FMPLX(1 ¢ Q)
XC1:162) o X(L42,1,2)=CHPLXC0.,0.)

WRITE (2.52)

DO 10 N=2.L+1 E

READ(T,60) AREA(N)

WRITE(2,60)AREA(N)

CONTINUE

NUML=1

WRITE(2,56)

N=3 REFERS TO CYLINDRICAL CHAMBER OF RESONATOR
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DO 11 N=2.,L#+1
READC1,57) LEN(N)
WRITE(2:.57) LEN(N)
CONTINUE
WRITE(2,72)

NUMM=1

PO 17 N=2,L+1

READCT.57)MACH(N?

CONT INUE

WRITE(Z2,65) MACH(2)

WRITE (2,59) ’
XCL+2,2,1)=CMPLXCAREACLHT) /(P*C)*(1+MACH(L+1)),0.)
XC1,2:1)=CMPLXCO.0,0.0)

IFCL3) 0,0.,117
XC1:2:1)=CMPLXCAREA(Z2)/(P*C)*(1=MACH(2)),0.)
CONTINUE ; :

NOO=0

PO 12 M=50,M1,10

NOO=NQO+1

FRE=M

PO 15 I=1.,2

DO 15 J=1.,2

PO 15 N=1,.L+1

Y(N:,T1,d2=CMPLXC0,.,0.)
KON(NOO)=2.*3.14159%FRE/C

DO 16 N=2,L+1

IMP(N)=KON(NOO)* LENCNY/(T1.0=-MACH(N)*MACH(N))

X(Ns 1, 1)=CMPIXCCOSCIMP(NY) ,~MACH(N) *SINCIMP(N)))
X(Ns1:2)=CMPLXC(O, (P*C/AVEA(N)*SINCIMP(N)))
K(N.7.1J=CHPLX(0..ARFh(H)!(P*C)*(1.H-MACH(N)iMAUH(N))*SIN(IMP(N)
X(N»2,2)=CMPLXCCOSCIMPCN)) sMACH(NI*STNCIMP(IN)))

CONTINUE

CONTINUE

o 2%
bo 20
Do 20
no 20
Y(N«T,J NeToJdY+X(N, T KY*RX(N+T,K,d)

fF (N“(l+1)) 0121!21

Do 22 1=1.,2 2
PO 22 J=%;,2

X(N+71,1,J0)=Y(N,],J)

CONTINUE

ATT=CABS(Y(L+1,2¢1))

IF(L;) 0900121

ATT=ATT/(2.*%AREA(2))*Px(

TF(L3)123,123.,0
ATT=ATT/CAREA(2)%x (1, 0+MACH(2)))*PxC
CONTINUE

ATTEN(NOO) =20 . *xALOGT10C(ATT)

CONTINUE

M2=(M1=60)/710

DO 71 NOO=(Q,M2.,5

NOOT=NOD+1

NOOZ=NOO+2

NOO3=NOO+3

NOD&L=NQO+ 4

NOOS=NOO+5S _ b
NOO6=40+10%xNOOT

¥

T e = =
N = 3.3 2

L
2
2
2
(

)

'
[
’
r

Y



NOO7=40+10%*N002

NOOB=40+10%N003

NOOY=40+10*NGOA

NOOT0=40+10%N005

WRITE(2,61) NOOG6,ATTEN(NOCT) ,NOO7 ATTEN(NOO2) ,NOOB,ATTEN(HNOO3) .
TNOOY ,ATTFEN(NOOG) ,NOOT0,ATTEN(NOOS)

Bl CONTINUE

NUMM=NUMM+1

TF{(NUMM=NOM)3,3,0

NUML =NUML+1

IF(NUML=-NOL)2,2.,0

NUMA=NUMA +1

IF(NUMA=~NOAYT,1.,0

STOP

END

SUBQUUTJNE DATA (L,AREAN,LENN ,L1 )
REAL LENN :
PTMENSION AREANCLY),LENNCLY)
DO 18 N=3,L.2
READC1:62)ARFAN(N) ,LENN(N)
WRITE(2,73) AREAN(N) » LENN(N)
18 CONTINUE
62 FORMAT(F10.8)
/3 FORMAT(IH ,1F8.6,4X,1F8.6)
RETURN
END
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HELMHOLTZ RESONATOR  WITH FINITE INLET PIPE.

MASTER RESO

REAL LEN,IHMP,KON,LENN, MACH
COMPLEX X(20,2:2)

COMPLEX Y(20,2,2)

DIMENSTON KONC1000) (ATTENCI000)
DIMENSTON AREAC20) ,ARFANC20), THPC20) + LENC20), LENNC20) sMACHL2D)
ATTENUATION OF STLENCERS BY MATRIX METHODS
SIMPLE EXPANSION CHAMBER

LEN=LENGTH OF MATRIX SECTION

AREA=AREA OF MATRIX SECTION

LENN=LENGTH OF RESONATOR NECK

AREANZAREA OF RESONATOR NECK

L=NO Of MATRICES

P=DENSTITY OF MEDIUM

c=VELOGITY NF SOUND

NOL=NO 0f SETS OF INPUT DATA FOR LEN
NOA=NO 0F SETS OF INPUT DATA FOR AREA
MACH=LOCAL MACH MO, OF GAS FLOW
M1 1S HIGHEST FREQUENCY - o

L=3

L3%0 FOR INFINITE INMLEY PIPE . . .
L3=4 FOR FINITE INLET PIDE -

L3=1

LY=L

NUMA=1
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NOA=3
NOL=1
NOM=2

=1,2053
£=610,0
NuUMa=1

FORMAT (1R ,114,6X 1F8.4:7Xs 104, 4%, 1F8.4,7X0114,4X,1F8.4

-

o TR, 104, 6%\ FB 47X 114,6%X01F8,.4)

FORMAT(IH ,1F10,8,4X)

FORMAT(FER, &)

FORMAT(F8.4)

FORMAT (1H1,9HAREAS ARE)

FORMAT(IHO, 11 HLENGTHS ARE)

FORMAT(IHO,18HAREAN AND LENN ARE)

FORMAT (1H0,24HMACH NO IN 91 INCH PIPE =,1F18.4)
FORMAT (¢1HO, 4HFREQ, 6X,5HATTEN,BX)4HFRER, HX,
1SHATTEN, BY  LHFREQ, 86X, SHATTEN,8X, 4NFREQ, 6X, SHAYTEN/8X,
14HFREQ, 46X SHATTEN) -
EORMAT (¢112)

FORMAT (312,2F10,5)

FORMAT(F10,8)

XC1,101) X(1,202) e X(L22,1, 1):!(L*2.2:2>=CHPLR£1..0 )
XC1,102) 2 XL#201+2)5CMPLXCO,004)

WRITE (2.52)

DO 10 N=2,L#+1

READCT,60) AREA(N)

URITEC2,60)AREA(N)

CONTINUE

NUM| =1

UR!TE‘ZISG,

N=3 REFERS TO CYLINDRICAL CHAMBER OF RESONATOR

DO 11 ﬂﬂZtL+1
READ(¢1,57) LEN(N)
WRITEC2,57) LENCN)
CONTINUE
WRITE(2,72)

CALL DATACL,AREAN,LENN , L1 . )

NUMM=1

DO 17 N=2,L»1

READ(Y,57)MACH(N)

CONTINUE i

WRITEC2,65) MACH(2) S Tl

WRITE (2.59)
X(L4202,1)=CHPLXCAREACL1)/(PaCIN(I+MACHC(L#*1)),0.)
2(1:2!1)=CHPLX(0.000.0) :
1F€L3) 0,0,117

) 4, & 2:1)-CMPIX{AHFA(?)f(b*ﬂ)*t1-HACH(Z));0 )
COHTINUE . -
NOO=0

PO 42 Ma50,M1.10

NOQaNOD4+1 : E g . - Srsie
FRE=M . - - e
PN 15 1=1,2 S - = = 3

NO 15 Jd=1,2 Ll - £.3

DO 15 N=1,L+1 == = =
Y(N,TeJ)=CMPLX(D,,0,) . s i tan
KON(NOOD)=2,23, 14159*?9&;0 - = -

DO 16 N=2,L+1,2

TMB (M) =KON(NOOY *LENCN) /{1, OmMACH(N) *MACH (N))
XN, 1 21) =EHPLXCCOSCIMPENY) s MACHCN) #SINCIMPENY )Y
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21
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X(N, 1rZ)nCHPLX(O.rP*C/lRFA(N)iS!N(INP(H)J)
X(N,2¢9)=CMPLXC0, s AREACN) /(PRC)I%(Y,0" HACH{Ns*MArH(H))*S!NtrMP(N))‘

X(N,2:2)=CMPILX(COSCIMPINY), MACH(N)*SIN(IMP(N)J)

CONyINUE

PO 171 N=3,L,2 _ bt S e

THP (NI =KON(NOO) *LEN(N) '

XCN,1e1) o X(N,2,2)SCHMPLXC(1.40.)

X(N,122)2CHPLX(0.r0.)

zznpaﬁ/(AREA(NJ*TAN(IHP(H))) ‘ PEKONCNOO)wCe LENN(N) /AREANC(N)
281/2

X(N,2¢1)=CHPLX(D,,2)

CONTINUE

DO 21 N=1,Le1

b0 20 $=1,2

b0 20 J=1.,2

DO 20 K=1,2

YN, TeddaYeNo 1o)X (N, T, KIRX(NST, K, J)
IF (Nw(L#1)) 0,21,29
DO 22 Im1.2 .

b0 22 J=1,2
X(NeteT,0)myY(N,1, J)
CONTINUE
ATT=CABS(Y(L*1:2:1))
TFCL3) 0.,0,1219
ATY=ATT/ (2, %AREA(2))wpeC
1R(1L32123,123,0
ATY=ATT/C(AREA(2) % (1,0eMACH(2)))wpwC

CONYINUE

ATTENCNNO)=20,*ALOGIOCATT)

CONTINUE

M2=(M1e60) /10

DO 79 NNO=O,M2.5

NOOT=aNOOR

NOO2=NOO=2

NOOZ=NQO+3

NOOL=NOOS

NOOSuNOOAS

NOQG=40410uNODY

NOO7=b0u10uN00O2

NODB=40e10aN003

NOOGub 0wl Quyn0h

NOO4O=40&]0%NO0S

WRITEC2,61) NOOG,ATTEN(NOOY) ,NOO7,ATTEN(NOGDY, NoOB.ATTEN(Nnnsj,
INOOO ,ATTEN(NNOL) sNOOTO,ATTEHN(NDOS)

CONTINUE

NUMMeNUHM+1

TF(NUMMeNOMY3,3,0

NUML =NUML¢1

1E(NUML=NOLY2,2,0

NUMA=NpHA«]

1F(HUMALNOAYT,1,0

$TOp

END

SUBROUTINE DATA (L,AREAN, LENN T E F 2
REAL LENK
DIMENSTON AREANCLY) ,LENN(LY)
b0 18 N=3,L.,2
READ (1 ,62)ARFANC(N)  LENN(N)
WRITEC2,73) AREANCN) LENNC(N) -
18 CONTINUE
62 FORMAT(F10,8)
73 FORMAT (9 H t1FB.6:4X1FR.E)
RETURN

[l Va1
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Additional section,

HOISE PROPAGATION THROUGH RIGHT=-ANGLED BENDS,

SUMMARY ,

The transmission of noise through a sharp right-angled
bend in a circular pipe has been investigated for the frequency
range from 4 kHz to 6 kHz. Theory developed for right-angled
bends in sqguare 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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HOTATION.

amplitude of incident pressure wave in an acoustic

element.
length of one side of square pipe.

amplijude of reflected pressure wave in an acoustic

element,

velocity of sound.
diameter of circular pipe.
frequency of wvibration.

Jjﬁ

wave number = 2T/ X

resultant pressure amplitude.
cross-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 Hiles (5). Assuming plane wave propegation
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 problen.

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 measﬁring 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 theorefical prediction and
Experimental results was obtained. Approximately 80/ of the incident

wave vas transmitted at a wave length egual 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 liles'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 ansles smaller than 90°,
the wave amplitudes znd 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

A rounded right angle bend was also investigated and the resulis

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

P1 . V1 and P2 3 VZ can be related by the following relationship :

AMI I + PH?2
T it i o coom 00}
i AM|l S | 3 SR | + PH2
LV, 3 o EE{.WISM. (PH2) sin (PH \}
. AMU pe [ 1 sin (PHD)  + sin(Phi+ PH2) P
e S K
%_H_i,z {E‘m cos (PH2) —cos (PHI + PH z)} N,
where,
P T L -
AMI = Ch
,J(i + V/p2 —Co‘tle)z' + L-cot™o
AMZ = < /{ e//(,.*_ ‘/@1 on Cc’tze)?- ks L'_c.of;?-e}
Pl = T + fan'{2cot@/( +/0*~cot*0)]
DD = =l {O.+vy-—cdf6)/2mt9}
e = Z‘_I-I_Q = ka.

A
(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 lMiles's theory
can also be applied to circular pipes. Four hypotheses were '
investigated and listed as follows :

d = 0,0287 m ,

(b) Equal cross-sectional area a =JE? d = 0.0254 m .

(a) Hydraulic radius a

1
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FI=y

(¢) Equal wetted perimeter a = d = 0,0225 m , T

(d) Equal volume between input and output planes a = g d = 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 EXPERIMENTAL METHODS.

Following the literature survey on sound provagation through

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 #50 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 microphoné was inserted into the pipe as shown
and was covered by sand to avoid interference. Sine wave signals
from 100 iz to 6 kiz . at 50 HEz intervals were fed to the
loudspeaker. The sound measured by the microphone was recorded,
The same procedure was repeated with a stréight pive, the distance
travelled by the sound between the loudspeaker and the microphone
beeing 2.45 m in both cases. iLttenuation-frequency characteristics

were plotted and are shown in Graphs 1 and 2.
DISCUSSICHN 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 U4t kHz and 6 kiiz because attenuation was significant
only at frequencies above % kilz, 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=0,0225m .,

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
bekave rationally up to the frequency corresponding to a wave
length egual to twice the characteristic dimension of the pipe ,

i.e. N = 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 noice transmission through square pipes can
be modified to suit circular pipes by using a suitable relationship
between 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.

REFERENCES

(1) LA, 2.6, - "Theoretical and Experimental Attenuation Characteristics
of Acoustic Filters.'
The City University Research Memorandum No ML 30, 1971.
(2) LIPPERT,W.K.R. 'A Hethod of Measuring Discontinuity Effects in Ducts,
Acustica, 4 , 307 , 1954, :
(3) LIPPERT,W.K.R., ' The Keasurement of Sound Reflection and Transmission
at Right-angled Eends in Rectangular Tubes,'
Acustica, & , 313 , 1954,
(4) LIPPERT,W.K.R, 'Wave Transmission around Bends of Different Angles
in Rectangular Ducts.!
Acustica, 5 , 274 , 1955,
(5) MILES,J.W,. 'The Diffraction of Sound due to Right-anzled Joints
in Rectangular Tubes.'
Journal of the Acoustical Society of America,
19 , no & , July 1947,



-1 54=

PV

i — %

B g e
\ [
A2
Fig, 1
Perspex-gilicone=

microphone assembly

To measuring

%

—0.45 m—

amplifiex samd
pve cylinder
l_....._—-.-— T —— e —— i — —— — . — -
wooden block
gand

To signal
generator



RESULTS

Attenuation due to a Sharp Right-Angled Bend in a Circular Pipe
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Freq, Hz

Atten. dB

100
150
200
250
300
350
400
450
500
550
600
650
700
750
800

850
900
950

1000
1050
1100
1150
1200
1250
1300
1350
- 1400
1450
1500

Hz

1550
1600
1650

. 1700

1750
1800
1850
1500
1950
2000
2050
2100
2150
2200
2250
2300
2350
2400
2450
2500
2550
2600
2650
2700
2750
2800
2850
2900
2950
3000
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Hz

3050
3100
3150
3200
3250
3300
3350
3400
3450
3500
3550
3600
3650
3700
3750
3800
3850
3900
3950
4000
4050
4100
4150
4200
4250
4300
4350
4400
4450
4500
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. Hz

4550
4600
4650
4700
4750
4800
4850
4900
4950
5000
5050
5100
5150
5200
5250
5300
5350
5400
5450
5500
5550
5600
5650
5700
5750
5800
5850
5900
5950
6000
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Appendix 1.

Referring to Figure 1 , the reflection

znd transmission factors
of the right-angled bend are (3) :

. s 2cot B
B A= {52 + cot?e J[Tr * fhn'(f—}—‘é‘*a—c‘o‘fz(‘)]
= L
A ./(; + -é?_ —co‘tze)a + L cot®O
T
A > _J[f&n_"'(ff B”Lz “Cof‘?@)]
PR _—
A o1+ L, —ctO) + heot?o e ReaCR
Lf PHZ
— AMZ ¢
PH
P|= AI+B| = A‘[IJ-AMIQJ ]
= A [ +am cos (PH1) +_jAM|srn(PHh]
PH
¥, = (%(A,-l3,§ = -gc 5 [r= amue

R W [ AMI cos (PHD) - AMI sfn(Pm]
GC
_j PH?
F;:AZ:A,[AMZQJHJ

= A, AM2 [cos(PHz) —jsn I(Psz:\

Vz = '§'Aa -5 A, AMé [cos (PH2) —j sin (PHz)]
% ey
Assune,
P R+ i as b + b, e
V, _ c, +3C, di + jda \/2—
Fu?ther assume , Qz, b: y Sv d-g = )

P = a P—;_ + JbZ \]2- S ek (")
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Real part of (1) is | + AMI cos (PHI)

= a, AM2 cos(PH2) + b, é% AM2Z  sin(PH2)
| | — (2}
Imaginary part of (1) is AMI| Sin (PHY)
= —a, AM2 sin (PH2) + b, -[;51 AMZ cos(PH2)
— @)
sin (PH2) x (@) 4+ cos(PHD) X () gives
bz = _A._M_' (Dc [j—-—- Sm(PHﬂ + an.(PHI +PHZ)}
AM2 S AMI
cos (PHZ) x @ = st (PH2) X (33 gives
A AMI |
o —— cos(PH2 S r PH?_}
| AMZ{AMl il SRS COUREL
Vi = § % Pz + d,V, (%)
Real part of (4) is g {l—AMl Cos (PH!)}
= Ca, AM2 sm.(PH?_) + d. —- AM2 cos(PHZ)
Inagi —_ {5}
maginary part of (4) S AL oS [PHl\ L
ec
= c, AM2 cos (PH2) — d, f’-CAMz sin (PH2)
& (0
cos (PHZ) x (6) = Sin (sz) x (6) gives
d, = _AM {_'_.. cos (PH2) — cos (PHI +PHZ}
b A M2 AMI e 2= )
sin (PHZ) X (5) 4 Cos (PH?) % () gives
S AM| l : . }
Lo - — == — St (PH2) — s PUL + PH2
2 RC  AM2 {A”“ ke . )
¥ = _AM[ { : os(PH?.) +- CoS(PHt +PH2)}
VIJ_ AM2 L AMID
aMl 8 [ L sin(PHY) - sin (PHI +—PH?_)}
1aMz oc [A“‘ )
L :
 AMY e § ot an (pag) somin, PHHPHZ)} P
> AM2 S{AMI Hligas ( 5
AMI ! cos (PHZ) = cos PHlJI—PH?-} V,
. {AH! cos (PH2) co ( ) | 2
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RIGHT _ANGLE  BEND.

MASTZR ACDU
REAL LEN, IMP, KON, LENN,HMACH, IMPYT,LENT
COMPLEX X(7,2,2),Y(7,2,2) oty Ts:
DIMEMSTION KOHC1000), AREACZ ), IMP(7),LEN(7), AREANCT7 ), LENN(7),MACH(7
1,ATTEN(500)
1.00T(7) .
ATTEMUATION OF SILENCERS BY MATRIX METHODS
LEN=LE'IGTH OF MATRIX SECTIONM
ARZA=AREA OF MATRIX SECTIONM
LENN=LENSTH OF RESONATOR NECK
AREAN=ARZA OF RESONATOR NECK
LENT=LEN3TH OF TAIL PIPE
RT=RADIUS OF TAIL PIPE
L=iNd., OF MATRICES
P=DENSITY OF MEDIUM
C=VELDCITY OF SOUND
NOL=NO. JF SETS OF INPUT DATA FOR LEN
NOA=ND, JF SETS OF INPUT DATA FOR AREA
MACH= LOCAL MACH N0, OF GAS FLOW
READ (1.,33) L
53 FORMAT (111)
READ (1,31) NOA,NOL,NOH,P.C

51 FORMAT (311,2F10.5)

NUMA =4
X01,1,1),X¢1,2,2),%(L+2,1,1),X(L+2,2,2)=CMPLX(1,,0.)
XC1,1,2)s X(L*2,1,2)=CHPLX(0,,0,) "

1 WRITE (2,52)

52 FORIMAT (1H1,9HAREAS ARE)

DO 10 N=2,L+1
READ (1,54) AREA(N)
54 FORMAT (70.0)
WRITE (2,55) AREA(N)
55 FURMAT (1H ,1F10.8,4%)
10 CONTIMUE
NUML=1
2 WRITE (2,56)
56 FORMAT (1HO0,91HLENGTHS ARE)
DO 11 "=2,L+4
- READ (1,37) LEM(N)
57 FUORMAT (F0.0)
WRITE (2,58) LEN(N)
58 FORMAT (1H ,1F10.8,4X)
11 CONTIMNUE
. NUMM=1
3 DO 17 '=2,L+1
READ (1,53) MACH(N)
63 FORMAT (70.0)
17 CONTIMNUE
WRITE (2:65) MACH(2)
65 FORMAT (1HO,24HMACH NO IN 4 INCH FIPE =,1F8.4)
WRITE (2,59)

59 FORMAT (1HOD,4HFREQ,6X,5KATTEN,8X, 4HFREQ, 6X,
15HATTE 1, 83X, 4HFREG, 6X, SHATTEN, 8X, 4FFREG, 6X, SHATTEN, 8X,
14HFRE0, 84, 5HATTEN)

X01,2,1)=CHFLX(AREA(2)/(P*C)#(1=MACK(2)),0.)
X(L+2,2,1)=CMPLXCAREA(L+1)/(P#C)#(1+MACH(L+1)),0.)
Nag=n _

DI 12 '1=4009,7000,10

NAOD=00+1
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KON(NDU)=2.%#3.14159%FRE/C
D3 18 N=2,L+1,2
IHP(W):Kjwtﬂﬁﬂ)*LEH{N?lfﬁ.G—HACH(h)iHACHIN))
XCH,1,4)=CHPLXCCOSCIMP(MY) , =MACK(N)#SINCIMPIN) )
KANs 1, 2)=CHMPLX(D, ,PECZAREA(N)®SINCIMP(N)))
XAN,2,1)sCHPLX(C, , AREA(NI/(F#C)#(1.0~MACH(N)*MACH(N) Y#SINCIMP{N)))
X(N,2,2)=CHPLX(COSCIMP(N)Y), MACH(N)#SIN(IHP(N))) :
16 CONTIMNUE
Do 179 N=3>L:2
IMPCNY=KIN(NDD) *LEN(N)
COTINY=1 . ZTANCIMPIN)Y)
ALsq . #q , ZIMP(N)242-COT(N)®*&2
AMIEC(1 =1 o A THP () %4 2=COT(N)#%2) /SCRT(AL##2+4, #COT(N)#%p)
A42=2./{IMP(N)*SGRT(AL*GQ*é,*CDT(h)**?)}
PR1=3,14159+ATAN(2,.4COT(N)/ZAL)
PH2=ATAN(ALZ(2,#COT(N)))
COAMT=AMY/AM2
PHT=PH]+PH2
KAN,1,1)=CHPLX(AMT#(COS(PH2)/AM1+CUS(PHT)),0.)
X(M,2:2)=CMPLX(AHT%(CDS(PHQ)/AH1~CDS(PHT)),U.J
fo.1,2)=CHPLX(G..AHT*P*C/éREA(N)*(SIN(PH2)/AH1*SIN(PHT)5)
er.2,1):CHPLX(U..ANT*ﬁFEA(N)/(P*C)*(SIN(PHz)/AM1-SIN(PHT)})
171 CONTINUE
DO 29 M=1,L+4
pl 20 I=1,2
DO 20 J=122
N0 20 K=1,2
20 YUN, I D=Y(N, I, J)+Y (NI K)eX(N+1,K,J) f
IF (N=(L+1))0.,21,21
DO 22 I=1,2
DD 22 J=1,2
22 XUHN+9,1,J)=Y(N,1,J
21 CU“JTIHI\}E 2 .
ATTECABS (Y TL+1,2,1))
ATT=ATT/{2.#AREA(2) )#P»C
ATTENLN0D)=20.#ALOGI0CATT)
12  CUNTINUE
DO 71 M0O2=20,294,5
NOO1 =NOO+1
© HOO2=NO0+2
NODOB=NDO+3
NOD4=NOO+4
NIDs=NOO+5
NODE=3900%10#NM01
WOD7=3990+10=N0102
NO0a=3200+1 0N003
HOD9=3990+1 0#N004
ND10=3920+10#N005
WRITE(2,51) NOO6, ATTEN(NCOT ), NOO7,ATTEN(NDO2), NDDB, ATTENINDDR),
THDO, ATTZHNCNNDA) , NOQY 0, ATTEN(NTGGS)
61 FORMAT (1H .1I4:4X;1F3.4,7X,1I4.4%1FB.4:7X.1I4;4X.1F‘8.4
1,7X,114,4X,1F8,4,7%,114,4X,1F8,4)
71  CONTINJE
NUMM=NUM+1
TFCMUM =033, 0
NUML=MUML+]
IF(yUML-NOL)2,2,0
HUMA=MUMA+1
TF(NUMA=-NOA)1 1,0
TP
EnD



