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THEORETICAL AND EXPERIMENTAL INVESTIGATION OF MUFFLERS WITH COMMENTS
ON ENGINE-EXHAUST MUFFLER DESIGN'

By Dox D. Davrs, Jg., Geores M. Brokes, Dewsy Moors, and Gronce L. Srevens, Jr.

SUMMARY

Equations are presented for the aftenuation chavacteristics of
single-chamber and multiple-chamber mufflers of both the
cxpansion-chamber and resonator types, for tuned side-branch
tubes, and for the combination of an expansion chamber with o
resonator. Faperimental curves of attenuation plotted against
Frequency are presented for 7 different mufflers with a reflec-
tion-free failpipe lermination, and the results are compared
with the theory. The experimends were wmade atl room tempera-
ture without flow; the sound source was a loud-speaker.

A method 15 given for including the tailpipe veflections in the
caleulations, Erperimental atlenuation curves are presented
for four different muffler-tailpipe combinations, and the resulls
are compared with the theory.

The application of the theory fo the design of engine-exhaust
mufflers 1s discussed, and charts are included for the assistance
of the designer.

Noise spectrums are presented for a helieopler with each of the
Four mafler-tailpipe combinations installed.  These spectrums
are compared with the noise spectruam of the unmuffled helicopter.
The results show that the overall noise level of the helicopler was
reduced significantly by even the smallest of the four mufflers
tested.

INTRODUCTION

A theoretical and experimental investigation of the methods
of muffler design has been conducted at the Langley full-
scale tunnel of the National Advisory Committee for Aero-
nautics as part of a general research program directed toward
the reduction of nirplane noise, The acoustic theory and
muffler literature were studied with the aim of obtaining a
method of predicting muffler characteristics.  The theory of
acoustic filters is discussed in reference 1. Sections of par-
ticular inerest in connection with mufller design are the chap-
ters on change in area of wave front, transmission through
a conduit with an atlached branch, and the filtration of
sound, as well as the appendix which gives the branch-
transmission theory of acoustic &ltration. Experimental
checks have been found in the literature which demonstrate
that the theory of reference 1 is reasonably accurate for small

filters with stationary air at room temperature as the sound-
conducting medium. When the detivation of the equations
of the acousticfilter theory is studied, however, certain
assumptions are found which limit the maximum filter di-
mensions and also the maximum sound pressures for which
these equations are applicable. Only limited data are avail-
able regarding the accuracy of the theory when applied to
filters as large as engine-exhaust mufflers.

The British have studied the problem of aircraft mufflers
with limited model experiments and with engine tests
(refs. 2, 3, and 4). The model experiments show fair agree-
ment with theory as o attenuation for a particular multiple
resonator low-pass filter of the type described in reference 1
and for a multiple-expansion-chamber silencer. The experi-
ments also showed a definite tendency for increasing fiow
velocity to inerease the attenuation at low frequencies of
expansion-chamber silencers.  Ajr flow had listle effect on
the attenusiion of the multiple resonator. In both eases,
however, the flow velocities investigated were much lower
than those which are found in engine-exhaust pipes. Muftier
design has also been studied by the Germans with particular
emphasis on mufflers for single-cylinder engines {refs. 5, 6,
and 7). Ground tests of a large number of different mufllers
on an actual engine are reported in veferences 8 and 9.
The experimental results of reference § showed that, for the
particular mufler discussed, both the low-frequency cutofl
and the first high-frequency cutoff were near the caleulated
frequencies, which was encouraging. Unfortunately, how-
ever, the data of references 8 and 9 were not suitable for
detailed verification of the theory because of interfering
engine neise from sonrees other than the exhaust.

Although the lterature indicated that certain scoustic
theories could be useful in the design of engine-exhanst
mufilers, neither the range of validity of the various theories
with respect to muffler size nor the accuracy of the theories
in predieting the attenuation of mufflers installed on actual
engines could be deduced from {he available data. It
became apparent that, before more detailed information re-
garding the validity of the equations could be obtained, @
test method was needed which would sllow conditions to be

Gupersedes NACA TN 9803, “Theeretical and Measured Attenuation of Maflers ot Roem Temperature Without Flow, With Comments on Engine-Exhaust Muffler Desier’’ by Don
0. Davis, Tr.. George L. Stevens, Tr., Dewey Moere, and George M. Stokes, 1953 and NWACA TN 9643, “The Attenuation Characteristics of Four Spectally Designed Mufllers Tested on a

Praetica] Engine Setup” by George M. Stokes apd Don D Davis, Jr,, 1953,
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closely controlled and which would reducz the number of
variables involved. A relatively simple and fundamental
approach seemed to be to develop a suitable apparatus and
then to measure the attenuation characteristics of various
types of mufflers mn still air at room temperature. In order
to elimimaie the effects of tailpipe resonance, a termination
with the charvacteristics of an infinite pipe was indicated.
Such an attenuation-aneasuring apparatus was developed
for the first part of this investigation.

The objective of this part of the investigation was to
obtam from theoretical considerations equations for the
attenuation of various tvpes of mufflers and then to investi-
gate the validity of these equations experimentally through-
out & rather large range of muffler size in order to determine
the limitations of the various equations with respect to
muffler types, muffier dimensions, and sound freguencies.
Because it s inportant in airplane-engine mufiling to aveid
excessive back pressures, only those types of mufflers which
permit the exhaust gas to flow through the muffier without
turning have been considered in this investigation. ~ )

Of course engine mufflers must be terminated with a tail-
pipe of finite length in actual practice. The influence of the
finite tailpipe was studied in the second part of this investi-
gation. A method for L.cluding the effeet of the tailpipe ia
the muffler calculations was proposed, and an experiment
was then conducted to investigate the validity of this
method.

The problem of practical muffier design is discussed in
Part TI1, aud families of caleulated atienuation curves for
three types of mufflers are presented therein for the assist-
ance of the designer.

The final part of this report deseribes an application of the
theory o the design of four mufflers for a particular aireraft
engine and the tests of these mufllers installed on the engine.
The purpose of this part of the investigation was to study
-the practicality of the design methods and equations which
had been developed and, alse, to obtain some idea of the
gize of muffler which is required in practice to provide a
significant noise reduction. Of particular interest was the
guestion whether certain factors whiech had not been studied
in the previous parts of the investigation would affect
seriously the performance of the mufflers. Factors of
primary concern were the very large sound pressures in the
engine exhaust pipe and the flow velocity of the exhaust
gas. In order to make possible a comparison of experi-
mental data, the same mufflers were used for the finite tail-
pipe study and for the engine tests,

For an investigation of this nature, it is desirable to have
an engine dynamometer stand; however, in this ecase, a
helicopter was used for the cngine tests because it was
readily available. This was believed permissibie because
the helicopter rotor noise was expected to be lower than the
engine noise, at least for the unmuffied engine,

SYMBOLS
a radius of connector between exhaust pipe and
branch ehamber
A displacement amplitude of an incident wave

B displacement amplitude of a reflected wave
¢ velocity of sound
Co conductivity of connector bvt\wen exhaust pipe
and branch chamber - fﬁ“ﬁ
d diameter of expansion chamber
f frequency
ie cutoff frequency
i sound current
k wave-length constant, 2«f/e
r length of conical connector, measured along surface
f length of pipe between connectors of two successive
branches in & multiple resonator or length of
pipe between two chambers of a combination
muflier
L length of resonant chamber
I one-half of effective length of connector between
two expansion chambers or length of conneetor
between exhaust pipe and branch chamber
L length of expansion chamber
b effective length of tailpipe
m expansion ratio; ratio of chamber ecrossg-sectional
aren to exhaust-pipe cross-sectional area
M number of chambers in multiple-resonator muffler
1 number of orifices or tubes which form connector
between exhaust pipe and branch chamber
7 sound pressure
3 resistive component of impedance
S cross-sectional arves
¢ time
v volume of resonant chamber
& distance coordinate measured along pipe
X reactive component of impedance
A impedance
Za charscteristic impedance, acoustic resistance to
transmission of a plane wave in a pipe, pe/S
B constant in conduclivity equation
b wave length, eff
i coefficient of viscosity of sound-conducting medium
p average density of sound-conducting medium
[I
o=47% X
£ instantaneous displacement of a particle of the
medium i which a plane acoustic wave is
transmitted
I3 instantaneous velocity of a particle of the medium
in which a plane acoustic wave is transmitted
w circular frequency, 2xf
Subscripts:
b branch
¢ connector
i meident wave
7 resonant
re reflected wave
{ tailpipe
ir transmitled wave
Note: Bars are used  to denote the absolute value

{modulus) of a complex number,
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1. INFINITE TAILPIPE
THEORY

The equations that have been nsed in the caleulation of
attenuation for the mufflers discussed in this report are
derived and presented in the appendixes. Mufilers of the
expansion-chamber type are treated in appendix A. The
method used throvghout the derivation of attenuation equa-
tions for single expansion chambers, double expansion
chambers with external connecting tubes, and double
expansion chambers with internal connecting tubes is that
of plane-wave theory. In this theory the sound is assumed
to be transmitted in a tube in the form of one-dimensional or
plane waves. At any juncture where the tube area changes,
part of the sound incident on the juncture is transmitted
down the tube and part of it is reflected back toward the
source, An expansion-chamber muffler consists of one or
more chambers of larger cross-sectional area than the exhaust
pipe, which are in series with the exhaust pipe. This f¥pe
of mufiler provides attenuation by taking advantage of the
reflections from the junctures at which the cross-sectional
area changes. A three-dimensional sketch of a typieal
double expansion chamber with an internal connecting tube
is shown in figure 1 {a). The theory shows that below a
certain frequency, which is ealled the cutoff frequency, the
muffier is relatively ineffeetive. An approximate eguation
for deteymining this cutoff frequency has baen derived and
is presented in appendix A,

Mufflers of the resonator tvpe are treated in appendix B.
A typical single-chamber resonator is shown in figure 1 (b).
This type of muffler consists of a resenant chamber which is
connected in parallel with the exhaust pipe by one or move
tubes or orifices. In certain frequency ranges the impedance
at the connecior is much lower than the tailpipe impedance.
The regonant chamber then acts as an effective short cireuit
which reflecis most of the incident sound back toward the
source; thus, the amount of sound energy that is permitted
to go bevond the muffier into the tailpipe is reduced. The
attenuation equation for the single-chamber resomator is
first derived by the method of lumped impedances; that is,
phase differences between the two ends of the connector and
between different points in the chamber are considered
negligible. For this case, attenuation equations are de-
veloped first by considering the resistance in the connector
and then by omitting this resistance; then, two additional
equations, both of which omit the resistance, are developed.
The first equation considers the effect of phase differences in
the connector, whereas the second equation considers the
efect of phase differences mside the chamber.

A tvpieal multiple-chamber resonator is shown in figure
1 (e}, TFor mufflers of thiz type, the equation given in
reference 8 is used, In the derivation of this aquation resist-
ance is neplected, the connector and chamber are considered
as lumped impedances, and the central tube between the
regonators is treased as a distributed impedance. The sound
in this central tube is considered to be transmitted in the
form of plane waves. The multiple resonators, like the
muitiple expansion chambers, have a cutofl frequeney.  An

approximate equation for this cutoft frequency is also given
n appendix B.

The conductivity ¢ 1s a very important physical quaniity
which enters into the determination of both the resonant
frequeney and the amount of attenuation for resonator-type
muffers. The quantity pfes is, as is explained in reference 1,
the acoustic imertance that is associated with a physical
restriction in an acoustic conduit. Because this quantity is
determined by the acoustic kinetie energy that is associated
with the presence of the restriction and because this energy
is a function of the conduit configuration on either side of
the restriction as well as of the physical dimensions of the
restriction itself, the conductivity is physically a rather
elusive quantity which is predictable in only eertain special
eases, such as that of a cireular orifice in an infinite plane.
In most practical eases, it is therefore necessary to base an
estimate of ¢ on past expsrimental evidence.

The prediction of ¢ 1s discussed in reference 1. In the case
of 2 single connector, with diameter not too large in com-
parison with the exhaust-pipe diameter, the equation given is

where § is an empirical constant, which has been found to
be usually between #/2 and 4. 1f the connector is composed

c

© 77028

(a} Double expansion chamber with internal conunecting tube (mufler
19}

(b} A typical single-chamber rezonator.

(¢ Double-chamber resonator (muffler 54).

Fioure 1.—Sketehes showing internal details of several mufflers,
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of several orifices, a further uncertainty is introduced sinee
the interference effects among the orifices are not known.
In this report. the caleulated curves will be based on the
experimentally measured conduetivity in those cases where
the caleulated and experimental conduetivities show signifi-
cant differences.  In a section immediately [olowing the
presentation of the single-resonator and multiple-resonator
results, the problem of conduetivity prediction is diseussed
with the assislance of the experimental resuits.

Equations are derived m appendic ¢ for iwo types of
combination mufflers.  The first is 2 combination of #wo
resonators tuned ot different frequencies and the second is
a combination of an expansion chamber aud o resonator,
Combinations of these tapes are shown in figures 10d)
and 1 (e,

{e}

L-7702¢%

Combination of a resonator and an expansion chamber (maffer 7175,
Two resonators tuned 1o different [reguencies fmutfer 735
Combination of several guarter-wave rescnators (muifler 741,

Frovee 1 —Coneluded,

MUFFLERS

The mufflers used n the “infinite” tailpipe part of the
experimental investigation were constructed of 18-gage
sheet steel (0.049-in. thickness) and unless otherwise speci-
fied were of circular cross section. Seam welds were used
throughout to prevent leakage between the adjacent chani-
bers of the mufflers. In all cases, the exhaust-gas flow is
from lelt to right. Three-dimensional sketches showing
internal details of several of the mutfers arve given as figure 1.
Photographs of some of the mufflers ave shown as figure 2.
Results are presented for 74 muffiers that were buile to fit
a 3-inch-diameter exhaust pipe. These mufflers varied in
dinmeter from 4 inches to 24 incles and in length from 1 inel
to 96 inches. 1n addition, results are presenied for three
mufllers that were built to fit a 12-inch~diameter exbaust pipe.

Thie types of mufflers on which the most extensive tosts
were made are the single expansion chamber, the multiple
expansion chamber, the single resenator, and the multiple
resonator.  The single-expansion-chamber mufflers  were
empty exlindrical tanks with inlet and outlet tubes centraliy
located at the two ends, Multiple expansion chambers were
constructed by placing two or more expansion chambers in
series and conneeting then: with eitiier mternal or external
These conneeting tubes varied in length from (.05
el {the thickness of the central baffle in the muffer) to
42 inches and had & diameter of 3 inches.  Each of the
single-resonator mufflers consisted of an enclosed veolume
conmected to the exhaust pipe by either tubes or clreular
orifices.  The resonant chamber was located either as a
branch projecting from the side of the exhaust pipe or as
an annular chamber concentric with the exhiaust pipe. In
this tvpe of muffler and in others W which the muflling
element is located In “parallel” with the exhaust pipe, the
exbiaust gas. as o whole, is not required to flow through 1he
volune chamber as it is i the expansion-chambor ivpe of
muffler.  The multiple-resonator mufflers consist of twe or
more ientical resonators spaced at cqual datervals along
the exhaust pige. A few mufllers were consirucied of com-
binations of the shove types. In addition, side-hranch tubes
with oene end closed were investigated.

tubes,

APPARATUS

The test apparstus used i this investigation is shown
schematically in figure 3 and a pliotograph of the equipment
used for testing the muffers with 3-ineh mlet dianeter is
shown as figure 4. The sound was generaded by the 15-nch
conxial lound-speaker shown at the loft and was conducted
through a 3-inch tube to the muffler, which was attachedto tlie
tube by rubber couplings.  The sound whiel passed through
the muffler continued down & 3-inch tube to the termination,
which consisted of several feet of Ioosely packed eotton.
The section of the tube between the lowd-speaker and the
mufiler is called the exhaust pipe in this report, and the see-
tion of the tube bevond the mufiler is called the tailpipe.
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{a) Muffers for 3-inch-dismeter exhaust pipe.

Ficuvre 2.-—A group of mufflers investigated.

Measuring stations at whieh microphones could be in-
serted were installed in the exhaust pipe and the tailpipe.
These measuring stations had the same crosssectional area
as the tube and were so designed that the microphone, when
inserted, produced only a slight restriction n the acoustic
tube. Becausge of the internction between the incident sound
wave traveling toward the mulfler and the wave reflected by
the muffler traveling back to the loud-speaker, the seund
pressure varied with distance along the exhaust pipe. A
sliding measuring station wag, therefore, mstalled m the
exhaust pipe. Three stationary measuring stations, un-
evenly spaced, were inserted in the tailpipe between the
muffler and the cotton termination. With a 3-inch pipe in
the muffler position instead of a muffer, the cotton was ad-
justed untit the reflections from the termination were mini-
mizad. Reflections were detected by differences in the sound
prassures ab the varibus tailpipe measuring stations. With
the termination used in this mvestigation, the pressures at
these three stations varied by a maximum of about ¥
decibel for frequencies betawveen 120 and 700 eycles per second
and about = 1% decibels for frequencies between 40 and 120
eveles per seeotd.

A Ceneral Radio Company tvpe 750-B sound-evel meter
(h) Central-tube diameter, 12 inches; muffier T4, was wsed to determine the sound-pressure levels at the
Frovee 2.—Coneluded. measuring stations, The erystal microphone of this meter

32336250 e 2
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produced an electrical signal proportional to the sound pres-
sure when it was inseried at the measuring stations. The
meter indicated the sound-pressure level in decibels, defined

as 20 logy, ;;l where p, Is the standard base-pressure level of
i

0.0002 dyne per square centimeter. An oscilloscope and a
sound analyzer were used as auxiliary equipment to make
periodic cheeks of ths wave form (freedom from harmonics)
of the sound at the measuring stations.

The power supply for the loud-speaker consisted of the
output of an audio oscillator feeding into a 50-watt amplifier,

No harmonics were detectable within 40 decibels of the funda-

mental level in the input to the loud-speaker at the operating
conditions used in this investigation. An electronic volt-
meter was used to determine the input voltage supplied to
the loud-speaker. _

Part of the investigation involved the testing of three

large mufflers in a 12-inch-diameter tube, A photograph of :
In general, the "~

the apparatus used is shown in figure 5.

Loud - speaker

Meosuring stolion Meosuring stotions

(sliding} {stationary}
(& Mautfler 5O [T
Gottan 7
termingtion”
Sound - level
- mefer
Amplifier
Sound
onolyzer
Oscillator

Fravrs 3.-—8echematic diagram of experizental apparaius for infinite
tailpipe investigation,

Fmﬂﬁﬁ.é.«—Apparatas used for testing mufflers designed for a 3-inch
exhaust pipe.

3—m . apparatus( :

‘apparatus was similar in principle to the 3-inch apparatus.

Traversing’ microphones operated by a puﬂev and. cable
a1rangemeni; were used in both the exhaust pipe and the tail-
pipe. In order to simplify the apparatus; “the mlcrophoaes
were placed inside the 12-inch pipes, as shown ia figuie 6,
where they imposed less than a 4-percent maximum area
restriction. A cotton termination was again used; ﬁlthm]gh
it was not quite as eﬂ’ectwe AS Was, th9 termmatma of the

pparatus used

Fisors 6.—Movable-microphone arrangement in the 1%-inch tailpipe.
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METHODS AND TESTS

In the tests of each of the muffler configurations, the maxi-
mum sound-pressure level obtainable at the sliding measuring
station in the exhaust pipe and the sound-pressure levels at
the three stationary measuring stations in the tailpipe were
recorded. The data from the three tailpipe stations provided
a running check on the absence of reflections in the tailpipe.
The astenuation is defined as 26 logio ;)p—i, where p; is the

tr

incident-wave pressure in the exhaust pipe and p., is the
transtnitied-wave pressure in the tailpipe. The tailpipe
data obtained in these tests give the true transmitted sound-
pressure levels in the tailpipe, but the exhaust-pipe readings
de not give the incident-wave sound-pressure levels in the
exhaust pipe; instead, they give the maximum sound-pressure
levels in the exhaust pipe. This maximum pressure is due
to the superposition of the incident wave and the wave which
is reflected from the muffler. In some cases, it is possible to
calculate precisely the difference between the true attenus-
tion and the quantity measured in these tests. This meas-
ured gquansity is the maximum drop in sound-pressure level
between the exhaust pipe and the tailpipe. The caleulated
difference can be applied as a correction to the experimental
data. The corrected experimental data can then be com-
pared with the calculated attenuation curves. Although
this method provides an exact correction for the experimental
data, it has certain disadvantages. It becomes quite tedious
because separate correction calculations must be made for
each separate muffler. Also, each time the muflier type is
altered slightly, new equations must be derived. This
process would become quite difficult and time-consuming for
some of the more complicated muffler types. For these
reasons a much simpler method of correction was devised,
although at some sacrifice in terms of accuracy. This
approximate correction was obtained as follows:

Assume that all sound reflection takes place from a single
point and that the incident sound pressure is unity. If five
percent of the ineident wave is reflected, the rmaximum
pressure in the exhaust pipe, which occurs at that point
where the incident and reflected waves are exactly in phase,
is 1.05. Then the sound-pressure level In the exhaust pipe

. 1.05 . . L
will be 20 logy 1—33 or 0.42 decibel higher than the ineident-
wave sound-pressure level. Ninety-five percent of the in-
cident pressure will be transmitted, so that the iruc attenua-

tion will be 20 log é% or 0.45 decibel, The maximum

drop which would be measured experimentally would be
(.42--0.45 or 0.87 decibel. “By this procedure, table I was
compiled, from which the approximate correction curve shown
in figure 7 was plotted. This correction has been applied
to all experimental data presented i Paré T of this report.
Some idea of the magnitude of the error introduced by using
this approximate correction instead of the exact correction

may be obtained from figure 8, which was calculated for an
expansion-chamber muffler. The top curve is the caleulated
difference between the maximum sound-pressure level in the
exhaust pipe (at the point where the incident and reflected
waves are in phase) and the sound-pressare level in the tail-
pipe (sec eq. {A13)). The top curve is labeled ‘“measured”
heeause this is the quantity which, in the tests, was deter-
mined directly from experimental measurements. The lower
eurve shows the true attenuation of the mufiler, based on the
difference between the incident-wave pressures in the exhaust
and tailpipes {eq. (A10)). The middle curve was obtained
by applying the approximate corrections (fig. 7} to the
measured attenuation curve. Note that the difference
between the exact and approximately corrected attenuation
curves is quite small at the higher values of attenuation.
Insofar as was practicable, the attenuation was caleulated
for each muffler tested by the theory of the appendixes, and
the caleulated attenuation curves and corrected experimental
attenuation data were plotted. A maximum frequency of
700 cycles per second was chosen for the experiments because
most of the exhaust noise energy is contained in the range
below this frequency (ref. 9).
TABLE [—~CALCULATED CORRECTIONS TO MEASURED
ATTENUATION VALUES (PART I

e i oxhe True aticouation
Pereent re- R)';;““_] E‘:)}:‘;Fcit True attenua- | + Rise—Meas-
flection ipe tion, db ured attenuation,
tion, db db
5 42 Q.45
10 i .52
Py L8 164
30 2,28 3.10
44 2,93 4,24
et 4.82 6. 02
6 4.08 7.96
Fi 4.61 10, 46
80 5.1 1348
85 534 16 48
0 5.58 20. 43
05 580 26, 03
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The leakage of room noise into the microphone at the tail-
pipe measuring stations limited the minimum measurable
noise level,  Consequenily, the maximiun measured attenu-
ationn for any muffler tested was imited to about 50 decibels
and at the higher frequencies was somewhat Tess. Tf fhe
tailpipe measuring stations and the microphone had been
better wsolated from external noise and if the muffler walls
had been rigid and nonconducting to sound, higher values
of attenuation could have been measured.  No attempt was
made {0 eblain such measurements because values of attenn-
ation higher than 50 decibels did pot seem important to this
mvestigaiion.  In praclice, noise transmission through the
muflier walls prevenis the attaimment of even a 40-decibel
attenuation with the usual thinewall shecet-metal construe-
tion.  Furthermore, other neise sourees on an aivplane arve
normally loud enough so that an exhaust noise reduction of
the erder of 50 decibels 12 not warranted.

RESULTS AND DISCUSSION

The results of this part of the investigation are presented
in the form of curves of attenuation in decibels plotted
against frequeney in eveles per second.  The curves have
been ealeulated by the theory of the appendixes and they are
accompanied by experimental points.  The validity of the
theory is examined by comparing the theoretical and experi-
mental results. A skeich of cach mufHer iz shown beside the
carresponding attenuation curve.  The unit of length for the
dimensions or vonstanls given below the individual sketches

H
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is 1 fool. The results for the various types of mufflers are
presented in the following order:

Expansion chamber {(figs. 9 to 113

Resonator {figs. 12 to 14)

Side-branch wube (fig. 15)

Combinations (fig. 16)

Large-diameter mutflers (g, 17)

The speed of sound was aboui 1,140 feet per second and

this number has been used to determine the wave lengths

) ) e
corresponding to the frequencies presented ()\:?)-

SINGLE EXPANSION CHAMBER

The attenuation i decibels of a mulfler which consists of a
single expansion chamber is given by the following formula
(appendix A, eq. (A10)):

. 1/ R L
Attenuation=10 log |:1—3’—:1» (m —E) sin? .lslc]

This equation indieates that the attenuation inereases as the
ratio % of the chamber area to the exhaust-pipe area in-
cresses and that the attenuation curve is evelie, repeating
itsell at frequeney intervals determined by the length
of the muffier 1, and the velocity of szound iuside the
2y

mufliier ¢ ( ::—)
e,

Effect of expansion ratio.—The effect of varving the ex-
pansion ratio is shown in figure 9 () where m 18 varied fram

36 : P
o} T — o e | - —— i
i i
- i - ) "measured” | o
‘ .71 Approximote
T SExact :
L] e
24 . ‘ — / i i
~ 20 e ,'. - o
=] P e R R i -
= - ~ -
E . / \\ / /
£ p N
= y N 7
/ N /,
7
/
i8] 8b et 240 320 a0 480G 560 640 720
Frequency, f, cps

Frovre S.—Computed ecmparizon of exaer and approximately correeted attenuation curves for a single oxpansion chamber,
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4 10 64. 'This figure shows clearly that the requirement for
high attenuation is that the mufiler have a large expansion
ratio. Although the experimental points show some scatter,
it appears that the theory is valid for muifler diameters as
large as the wave length of the sound. This regien of
validity ineludes the region of practical interest in airplane-
muffler design. The failure of the theory to prediet the
large loss of attenuation for muffler 4 at 700 eyeles per second
is believed to be due to the fact that the theoretical assump-
tion of plane sound waves iz no longer valid.

The complete solution for the veloecity potential inside o
civeular tube shows thal there are an infinite number of
possible vibrational modes for the transfer of scund energy.
Equation (410} is based on the plane-wave mode, which may
exist at any frequeney.  Other modes, which contain angular
and radial nodes, are also possible at sufficiently high fre-
guencies. Because the tubes and chambers which make up
these mufflers are concentric, no vihrational modes which
involve angular nodes would be expected. 1f these modes
are eliminated, the lowest frequency al which any mode
other than the plane wave can be transmitted without atten-

. B0 .
o 2 24 —— Theoretical
Scole, in. 40 o Meosured
Muftfler T 20l
—
! il PO 201
4 10}~ cn 0 a
o o
o | H 1 ]
50+
40 -
. i 30k
3 201 o L2 %
m=iB 2 10+ ol
50 ' —
2
& 50
o 4D-
LT
m=36
a = Lr“
m=64 1 | ! ] | i ?
O 200 400 G600
(a) Fregquency, f, cps

(a} Effect of expansion ratio m,
Figoge $—Comparison of theoretical and experimental aticnuation
characteristies for single-expausion-chamber mufflers.
(A1),

Equation

uation is given by f=1.22 —. (The basic liniting condition
d '

i
is that J, (Ic g)-— 0, where .J; is the Bessel function of the first
. . Arf .
kind of order 1, which has ”:j gm 83 for is lowest rool.)

In terms of the wave length, this expression can be rewritfen
a5 A=0.82d. Thus, the assumption of plane waves is valid
for wave lengths down to somewhat less than the chamber
diameter.  For muffler 4 the eritical frequency given by this
formula is 694 cveles per second.  The experimental results
show a sudden loss of attenuation between 650 and 700
eveles per second, which indicates that the appearance of
this undamped higher vibrational mode has peduced seriously
the mufiler effectiveness.

Effect of length—The cffect of varying the lengtl of the
muffier is shown in figure 9 (b}. The peak attenuation,
aboul 20 decibels, iz essentially unaffected by the length
change and 75 a funcilon only of the expansion ratio. 'The
frequency at which this peak oceurs is rednced, however, as
the length of the muffier is inereased. The frequency at
which the peak attenuation ocewrs is inversely proportional
to the muffler jength. The evclic nature of the attenuation

. .
0O 12 24 50,
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40 o Meosured
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O L 1
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i 20+ o £
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Frovre 9-—Continued.
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curve is evident with the attenuation dropping to zero for
frequencies at which the mufller length equals an integral

: : : e
muaitiple of one-hall the wave length 272 (f:——-:
N

26,

The experiment and theery agree throughout
» = =l

where n 12
any in.t.('gor).

the range tesied which includes wave lengths as short as (4
of the muffler length in the case of the longest muffier.  The
theory contains no assumptions which directly limit this
length. TFrom the seale sketeh of muffler 5, however, which
has a diameter twice its length, it might appear that the
sound waves inside the chamber would hardly be plane
waves, Nevertheless, the experimental points are in good
agreement with the plane-wave theory, Inasmuch as agree-
ment is shown throughout the frequency range investigaged
(h==0.4l, to 571,), there appears to be no practical length
limitation on the plane-wave theory for expansion chambers,

Effect of shape.—The effect of shape variations is shown
in figure 9 (¢). Tapering either or both ends of the chamber

; :
o] iz 24

. 50~ Theoreticol
Sceale, in. i
aol o Measured
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T
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i 30
l 20 ]
=15 1o ) 2 e
¢} 200 400 500
(<) Frequency, £, cps

{e} Effect of shape.

Frouge 4.—Coneluded.

has little effect on the muffler performance excepi for some
loss of attenuation near 700 eveles per second.  The acousti-
cal length of these mufflers was measured from the longi-
tudinal center of the tapered sections. Although the
mufflers are relatively insensitive to the steep tapers tested.
it 1s probable that long slender tapers would act as horns
and would tend to reduce the muffler effectiveness severelv
at the high frequencies. This effect 15 demonstrated in
figure 10, which shows the attenuation for conical connectors
as a function of the wave length, taper length, and expansion,

ratio. The curves of figure 10 were calculated from the
eguation
. (v —112 £ 1—e0s 2
Attenuaiion=10 log {[1-#‘-”-2,;--%-5-- (1 C? ba)] s
i &

(A m—1)* /o—sin a):I'-’}
vm at

Se v . , .
where me= and o=4dr N This equation was derived from
3

equation (3.97) on page 86 of reference 1.

Changing from a cireular to approximately elliptical cross
section with the cross-sectional area held constant resulted
in u loss of attenuation above 600 cveles per second {muffler
11, fig. 9 (e)). At this {requency the wave length is slightly
less than the length of the major axis of the ellipse. The
loss of attenuation is probably due to the appearance of a
higher-order vibrational mode as was found in the case of
muffler 4. The solution of the wave equation in elliptic
coordinates (ref. 10) shows that the eritical frequeney for
the mode which was found to limit the circular muffler 4
{the I, mode in electrical terminology) is actually mcreased
as the chamber becomes elliptic, whereas the measured
critical frequency for muffler 11 is much lower than for a
circular muffler of the same perimeter. Thus, some other
vibrational mode, with a lower eritical frequency, must he
vesponsible for the loss of attenuation of mufHer 11 above
600 evcles per second. The lack of cireular symmetry in

1 [ [
o | > [ LT
b \/t/-. .
W — 5
é]N— U -
= .
- T
£ 5 s e S ™ m
2 [ 25
g —
S b T
T
2 -“‘-__m =} P
ML’__‘—H—““ \““"-____ \\\__ ‘-_\\3_
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Froure 10.--Acoustical characieristies of truncated eone.  {Sec

ref, i, p. 86.}
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tke elliptic case suggests consideration of the elliptical modes
com parable to the unsymmetrical cireular modes. Reference
10 describes two such modes oriented at right angles to each
other. The mode which most closely matches the measured
critical frequency is the odd 1, mode.

In connection with the effect of changes of shape, reference
9 shows that large flat walls should be avoided wherever
possible because of their tendency to vibrate and thus
transmit exhaust noise energy to the atmosphere.

MULTIPLE EXPANSION CHAMBER

Equations are developed in appendix A for the attenuation
of double expansion chambers with external connecting tubes
and with internal connecting tubes. The method used in
appendix A may also be used to develop equations for three
or more expansion chambers conneeted in series. The data
to be presented include caleulated attenuation curves for
the double expansion chambers.

Effect of number of chambers.—The effect of inereasing
the number of expansion chambers in a muffer is shown in
figure 11 (a) where data are presented for mufflers of one,
two, and three chambers. The maximum atteruation is
shown to increase as the number of chambers is increased,
although the addition of the third expansion chamber results
in only a small inerease in the measured attenuation. Be-
cause the attenuation of the three-chamber muffler was
found to be quite similar to that of the two-chamber mufier,
it appears that the addition of a third chamber will resuit
in little increased attenuation for mufflers of practical con-
struction. For this reason and because of the increased
complexity of the calculations, the theoretical attenuation of
muffler 13 was not calculated. A region of low attenuation
is encountered at the lower frequencies with the multiple

IR S | 50 o )
o 12 24 Theoretical
Scale, in, 40 o Measured
Mutfier r—‘""*““"]’ 20 £quetion
2
S 20
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¢]
=]
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(a) Effect of number of chambers.

Figurs 11— Multiple-eipansion-chamber mufHers.
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1
|
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expansion chambers. This region is predicted theoretically
and will be discussed further. In the case of muffler 12, the
caleulated values agree fairly well with experiment down to
a wave length about equal to the length of one of the
chambers.

Effect of connecting-tube length with an exfernmal con-
necting tube.— Figure 11 (b) shows the effect of changing
the length of the tube connecting the expansion chambers
when this connecting tube 1s external to the chambers.
The frequency at which the low-frequency pass region
{region of relatively low attenuation) oeceurs is shown to
decrease as the length of the connecting tube is increased.
An approximate formula for the upper-frequency Hmit,
which is called herein the cutofl frequency, of this low-fre-
quency pass region has been developed and is included as
equation (A18) in appendix A.  Cutoff frequencies deber-
mined from this equation are compared with those determined
from the moere exact equation {A17) in table I1. The
maximum attentation in the first attenuating band above
the low-[requency pass region is shown to increase as the
connecting-tube length s increased. With the longer con-
necting tubes, regions of low attenuation, with a width of
50 cycles per second or mOTe, OGCUT hetween the large loops
of the attenuation curves. These pass bands would be
objectionable in a muffler if & signifieant amount of exhaust

—— Theoretical
o Meosured

Lot
o 12 24 Equation
Muter  Scale in i

i2

[\
600

i
] 200 400

()] Frequency, f, ¢ps

(_h}lﬁlffectjof conneeting-tube fength with an external eennecting tube.

Fievre 11.—Continued. -



TABLE H ———CUTOFF FRFQUEB CY FOR DOUBLE EKPANSEOV .

: CHAMBERS
fo=1140 1ps] -

.. l R _f-c.r._C.DS'.

. | A N .
f Mufer . m e, 1t [0 : PO R
S ARERY SRR CE Approsimate | - Exact
I R L b leae(ALRY) (eq. (A7)}
12 . 16 2 0.1 . T BLE © 881
4 16 2 1. EE . 58,9 881
15 15 2 5 44 3.3
16 ‘18 2 nog: . 357 308
T i6. 2 .28 L E3.00 80.6 .
b 16 Lt s A T 4.8
19 16 20 o 37 37
P-4 16 L2 CLE0 264 - T 258
21 4 1 .58 . B B -
2z 9 SR R R -1 839 .
23 { 16 3 1.50 7 21.2.

.nosse was present Wlthm these b&mis The csﬂeuiatmns and

: expersment are in: &greement down to a wave Iength about

‘equal to.the- Iength of:-ane of the chambers

Eﬁ‘ect of connectmg -tube length with: an. mterna,l connect-.: _ _'
- ing tube ~—Tigure.11.(c) shows the effect of connecting-tube

_'.}engt;h wher the connectmg tube is symmetiically located
- inside” the - expansmn chambers. - The" low-frequeney pass
: _regmn is again present and the frequency at which it occurs

- 1is again lowered as- the connecting-tube length. is inereased S
- The' cutoif frequencv may be found &ppromateiy by using |

“the same formula. as in the case of the: external coanectmg
‘tubes (appendix A):.
attenuatmg band- above the low-frequency pass region is

" again increased as the connectmg-tube length ig increased.’

'Aiso, pas:: regions are again encountered at the higher {re-

quencies, The: c&iculatmns agam seem valid - throughout

‘most of the Tange. mvest1gated When extremely h}gh values.

“of, a,ttenua,tmn are’ calcuiated the measurements are not
acourate because of: limitations of the apparatus: (See sec-
tion” entitled “Methods and Tests.””) Very interesting re-

" gults were obtained with muﬁ‘ier 19; for which the connect-

. 1ng~tube iength was the samie as the chamber length.. The |."
. pass_frequency at about 280 cycies per’ second which is |
“due to half-wave resonance of: the expansion-chambers, was’

- ehmm&ted Althongh: the. attenu&tmu did decrease in this

in-the ~design of -a muffler which is required - to attenuate
. over & wide frequency band.  Further calculations and ex-

Effect of ha.vmg the internal- cnnnectmg-tube length equal’
to: the chamber length.—Results are shown in figure 11 (d)

for four mufflers of different expansion ratios and lengths
which had the common feature of an internal connecting
tube of the same Eength as one of the expansion chambers.
The results show, in all cases, that the pass region which

normally occurs when the length of the expansion chamber

is one-half the wave length is eliminated. This region is
replaced by a region of reduced attenuation. The calcula-
tions for muffler 23 show that this phenomenon again occurs
when the muffler length is 3/2 times the wave lepgth. The
pass region which occurs when the muffler length is equal
to the wave length is not affected. The calculations show

2.'. ENEUEIR R '_ REPORT 1392wNATI€)NAL ADVISORY COMMI’I‘TEE FOR’ AERON’AUTICS

The maximum attenuation in the first

(c} Eﬁeet of- eonnectmg-tube length with an mtemal eonnectmg tube ._

‘- 'revlons where the attenuation increases mpidly to mﬁmty

. region, the minimurs ‘attenuation measured. was, 27 decibels.  Except for some discrepancy shown by the lower attenuation -

The elimination of this pass region could prove quite useful:

"'equal fo- the length of oné of the chambers.

eriments have been made. to mvesti ste this henomenon : :
P g P _attenuatmn caleulations, do mnot show points of extra- -

. sion chamber of the type shown in figure 11 {d) can be used,.
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"~ Figuse 11—Contmuezd

poirits in these regions, the calculations agree ‘moderately
well with the measurements down to a.wave length about g
“The expert~
ments, which were performed i advance of the detailed

ordinsrily high attenuation in these regions. JA carefnl
expérimental survey which has since been made on another’
muffler of this general type, however, revealed in each such
region a point of very high attenuation which was so sharply
tuned that it appears to have no praetmal value. _
Figure 9 (b) shows that, if a broad attenuation band is
desired with a sibgle expansion chamber, the chamber .
length shouid be reduced, but this reduction lowers the
attenuaiion at low frequencies. If a longer double expan-

& broad attenuation band may be obtained without the loss
of low-frequency attenuation, if the cutoff frequency is not
t00 high. (Compare mufBiers 6 and 19.)
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Fraure 11—Concluded,

PRINCIPLES OF SINGLE-CHAMBER RESONATORS

Figure 1 (b} is & sketeh of a typical resonator-type muffler
which consists of an enclosed volume surrounding the ex-
haust pipe, the volume being connected to the exhaust pipe
through two short tubes. The pressure Huctuations in the
exhaust pipe are transmitted Lo the velume chamber through
the two smail connecting tubes.  Since these tubes are short
compared 1o the wave length of the sound, the phase differ-
enees between the two ends of the Lubes can be neglected.
Thus, the gas in the tubes can he considered to move as a
solicl piston of a certain mass upon which the tube walls
oxerl o certain viscous or friction foree. As this effeelive
piston of gas moves in and out, the gas inside the volume
chamber undergoes alternate compression and expansion.
The attenuation of such a resonator can be computed by
substituting cquations (B7) and {B8) into cquation (B4} ol
appendix B, In a large number of practical cases, the frie-
tion force between the air and the walls of the connecting
tube is sufficiently small that it can be negleeted in compar-
ison with the mass foress neting on the air in the conneeting
tube and the compression forces within the volume chamber.
Beenuse of this fact, the cquation for the attenuation of
a [rictionless resonator iz also presented in appendix B
(eq. (B10)).

Single resonaiors of two very different physical configura-

B2ER6I— 5

13

tions were investigated. The first configuration ‘consisted
of a resanant chamber lacated as o branch from the exhaust
pipe. These resonators were, in general, relatively small
and the caleulations included viscous forees in the connecting
tubes. TIn the second configuration, the resonator was an
annudar chamber swrevnding the exhaust pipe (Ag. 1 (b))
The resonstors of this configuration were generally somewhat
larger than these of the first configuration and viscous forees
woere omitted from the ealeulations.

BRANCH RESONATORS

Effect of varying resonator volume.—The elfeel of varying
the chamber volune of a resonator is shown in figure 12{a}.
The ealeulated and experimental eurves are in general agree-
ment although there is here, as in the succeeding data of
figure 12, & general tendeney for the mufller (o give a higher
than ealeulated attepustion al frequencies above resonance
and o lower thay ealeulated attenuation at the resonant {re-
quency. As the ealeulations indieate, decreasing the volume
1" raises the resonant frequeney. These resonators are quite
offeetive at the resonant froquency but the attenuation falls
ofl rapidiy at lower or higher frequencies.

Effect of varying ¢, and ¥V with the ratio cy/V constant,—
Figure 12(b) shows the effect of varving ¢ and V. together
while keeping their ratio constant. The resonator equation
states that the resonant fregqueney of & group of mufflers
should be constant if the ratio yeo/V is constant. This ratio
will be called the resonance parameter. Mufllers 27 and 23
are found to have the same resonant {requeney, but mufter
27 has a broader region of attenuation. This broader attenu-
ation region is predicted by the theary and is due to the
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Firsupe 12,—Continued.

farger values of both cs and V for muffler 27. The value of
the pm'amei-erfﬁﬁ;g’z& which will be called the attenuation
parameter, is increased to more than twice that for muffier 25,
The data for muffler 28 show a decrease in the resonant
frequency. This apparent contradiction of the theory is
dne to the fact that the connecting tube in muffler 28 is not
negligibly short compared to the wave length. The calcu-
lated attenuation curve for mufller 28 was obtained by taking
into account the wave nature of the sound flow in the con-
necting tube. {See appendix B, eq. (B11}.) At the resonant
frequency of this muffler, the length of the connecting tube
is of the erder of one-fifth of the wave length.

Effect of varying cross-sectional area of the connecting
tube.—Increasing the connecting-tube area increases ¢o;
thus, the values of both the resonance and attenuantion
parameters veo/V and yeoV /28 are increased. Consequently,
the resonant frequency is inereased and the attenuation
region becomes broader (fig. 12(c¢)). A comparison of
mufllers 29 and 30 shows that, if an attempt is made to
obiain low-frequency attenuaiion simply by decreasing o,
the result may be very disappointing. Both the magnitude
of the attenuation and the width of the attenuation regton
decrease as ¢ decreases,

Effect of varying length of connecting tube.—lncreasing
the connecting-tube length decreases g, and, therefore, has
the opposite effect from an inercase of the connecting-tube
area. This is shown in figure 12(d}. Note again that, when
ihie resemant frequency is decreased without changing the
volume, the attenuation region becomes narrower.

Effect of changing connecting-tube configuration with
¢ held constant.—Although the conductivity ¢, is an im-
portant quantity in the attenuation equaftion, the physical
configuration of this eonductivity enters into only the
viseous resistance term which is very small for most of the
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resonators tested.  Thus, the characteristics of a resonator
arc theoretically neatly independent of the manner in which
the conductivity is obtained. The actual effect of changes
in the phvsical configuration of the conduetivity was investi-
gated by testing three mufflers which had different connect-
ing tubes but the same ¢ and V (g, 12 (¢)). Although
mufflers 26 and 3% give shout the same results, muffler 34,
which has the smallest connecting tube, gives koss attenua-
tion than either of the other mufflers.  In this connection,
a definite, though often unrecognized, lmitation of the
linearized acoustic theory is of interest. 1f the three
resonators in figure 12(0) are to have the same attenuation,
it is neeessary that the mass flow in the conmecting tubes
be the same.  But this condition requires a higher velocity
as the tube diameter is reduced.  Inasmuch as the linearized
theory requires that the changes in veleeity, pressure, and
density be small, it follows that for a given pressure in the
exhaust pipe a limiting tube diameter exists below which the
velocity is so high that the theory is not valid. This
phenomenon has an important bearing on the design of
engine-exhaust mufflers.  The velocity in a connecting tube
of fixed diameter will inerease as the sound-pressure level
in the exhaust pipe inercases. Inasmoch as the sound
pressures inside an engine exhaust pipe are extremely Tigh,
care must be exercised to avold a connecling tube which
is too small to permit the required flow into and out of the
chamber. Apparently this mufller limitation has never been
investigated on an actual engine. Muffler configuration
30 of reference %, however, is interesting in this connection,
The performance of (his mulller was initially disappointing,
bt when additional conductivity holes were added (con-
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ficuration 31, ref. 8 the attenuation was markedly improved
g ; A I »
even though the ¢, was much larger than was desired.
Perhaps this muifler would lhave been even better if the
Y-inch orifices hiad been veplaced by a fow tibes of ¥-ineh
to i-inch diameter which had the same ¢ as the J-inch
orifices.
CONCENTRIC RESONATORS

In general, the resonalors so far discussed have had
relatively narrow attenuation bands. They would be
useful in quicting a fixed-frequencey neise source but are
inadequate for use on o variable-speed engine er even on &
fixed-speed engine with objectionable noise spread over a
wide frequency band. For engines of these types a much
broader attenuation band is desired. Basicallv, a broader
band requires increasad chamber volume and conductivity.
Resuits are pressnted in figure 13 for single-chinmber reso-
nators of larger volume than those presented in figure 12.
The mufflers shown in figure 13 are of conventional arrange-
ment with the chamber located concentric with the exhaust
pipe.

Effect of varying v,V /29 with the resonance parameter
constant.—The data of figure 13(a) show the expected
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broadening of the attenuation region as the value of the
attenuation parameter is inereased while the resonance
parameter 4 g/3 is kept constant.  The resonant frequency
wis constant as predicted by the theory. Viscous forees were
omitfed from the ealenlations for these and ail other mufffers
shown 1 figire 13,

A similar investigation was made with the resonaiors
tuned for o higher frequency and with orifices used fov the
connector instead of tubes {(Ag. 13 (by).  All fowr mufflers
were designed for a vesonant freguencey of 280 eveles per
second. but muBlers 40 and 41 resonate at higher reguencies.
in each of these two mufllers the conductivity was nwch
higher than was expeeted.
problem in muffier design—that of predicting the condue-
tivity of a group of erifices.  This problem is considered
further nfter the multiple-resonator dals have been diseussed.
The ealeulated curves for muflers 40 and 41 were obtained
by using the ¢, as determined from the measured resonant
frequency and the chamber volume.  No definite vesonant
frequeney was observed for muffer 42,

The mensured attenuation of muffiers 41 and 42 falls
helow the caleulated curves in the region near 608 exvcles per
seeond.  The chamber is abent one-hall wave fength Jong at
this frequency and thus violates the theoretieal agsumpiion
that the dimensions of the chamber arve small compared Lo
the wave length of the sound.  Mufller 40, however, does not
show this loss of attenuation at 600 eyeles per second.

This result illustrates a sericus
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Effect of varying the chamber length and connector ioca-
tion with the chamber volume constant—:A group of muillers
was investigated in which the length and diameter of the
resonator chamber and the location of the conncctor were
varied while holding the chamber volume and the conneetor
cortfiguration constant (Ag. 13 (¢}).  The measured atlenua-
tion of mufier 41 agrees with the ealeulated values except for
the previously mentioned dip at 606 eyeles per second. The
yesonator theory gives the same ealeulated attenustion for
all of the mufflers shown in figure 13 (¢).  Actually no two of
the ive muffiers have the same measured atienuation.  The
explanation is found in the Iength of these mufflers. At the
frequeney al which mufiler 41 resonates, the length of mufiler
43 is about two-ihirds of the sound wave length; therefore,
it geeins necessary 1o consider the wave nature of the sound.
With this considevation, 1t is found that, when the distance
from the eonnector to the end of the chamber is approxi-
mately one-fourth wave fength, the reflection from the elosed
endl of the chamber is 180° out of phase with the incoming
pressure wave at the connector location. This resuits b
high atlepuation. For the configuration ol mufller 43
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(centrally loeated connecior), this condition occurs when the
nmuffler length is one-half the sound wave length. Inasmuch
as this condition is satisfied at a frequeney lower thau the
resonant frequency predicted from the values of ¢ and v,
ihe fact that the resonator caleulations fail to predict the
characteristies of this muffler 1s not surprising.

Because the resonator theory was inadequate for mufflers
43 to 46, it was necessary to develop a different theory, hased
on the distributed impedance of assumed plane waves in the
chambers.  An eguation derived for this case {appendix B,
ee. (1313)) was used to caleulate the attenuation of mufilers
43 to 46, In applving equation (B13) to the mufllers with
the e in the conter (muffers 43, 44, and 46), the chamboers
were considered to be the equivalent of chambers of twice the
cross-seetionn! avea and half the length of the actual chambers.
Thus m was replaced by 2m, S, by 28, and/; by 34, in making
the ealeulations. The value of ¢ for these mufflers was
first assumed equal to the measwred ¢ value for mufler 41,
heenuse the hole conficurations were identical.  The resull-
ing attenuation curves are shown by the golid lines in figure
13 (e). The eaiculated curves (solid lines) did not give the
correct resonant frequencies.  Consideration of the sketehes
of these mutflers indicaled that it was probably incorrect to
assume a constant ¢ for this group of mufflors,

A simple consideration can be used to show that the ¢ 18
& function not only of the connector but also of the objects
which it connects. Consider a thin baffle, containing a
small orifice, placed in a tube of very large diameter. The
eq of the orifice then equals the orifice diameter. 1, now,
the diameter of the large tube be continuousiy decreased
until it reaches the orifice diameter, the same orifice will
simply form paet of the tube and the ¢, will be infinite. In
figure 13 (), the effective arvea ratio between the exhaust
pipe and the euter chamber varies from 27.7 1o 4.3, and if
seemns rensonable to expect that as this ratio decreases and
the pipe and ehamber areas become better maiched the o,
for the same orifices, will increase, Az a test of this reason-
ing. the attenuation was caleulated for mufiler 43 by using
co==6.60 and for muffiers 44, 45, and 46 by using the limiting
value ep=2. Comparison of the dashed and sobid curves
with the experimental data shows that the ¢, must be mueh
higher for these mufilers than for mufller 41,

A comparison of the simple resonator theory with the
more exact plane-wave theory will help to define the limita-
tions of the simple theory, whicluis a “Jumped impoedance”
theory,  The impedance of the volume chamber is given as

. pt

—i P cot k.
by the plane wave or “distributed impedance” theory (note
seeond term of g (B12)). I the assumption iz made that

& -
tan irlj:fd-_,:"(; L. the ehamber impedanee beecomes
.oopet LopeT
N s
u.HS;;]g wI

This is the value used in the lamped-impedance theory, and
the difference in chamber impedance is the only difference
hetween the two theorics.  When /7y is one-eighth of the

sound wave length, this diffevence is about 10 pereent of
the chamber impedance, and the error inercases as the ratio
Lix increases.  Because col by is a evelie function., the

‘distributed-impedance theory predicts a sevies of resonant

frequencies, whereag only a single resonant frequency s
predictedd by the lumped-impedance theory, The experi-
mental results show that with the appropriate value for ¢
the distributed-impedance theory is valid throughout the
frequency range for mufflers 43 to 46, inclusive.

Comparison of the two theovies indieates that the lumped-
impedance theory is valid i the region near and below the
Brat resonant frequency if /; is less than enc-pighth of the
wave length al the resenant frequency. In onder Lo compare
further the two theories, the attenuation of muffler 41 has
been ealeulsted by both methods.  The value of ¢, computed
by the distributed-impedance theory {from the measured
resonant frequency, was found to be almost double the value
that was used in the lumped-impedance caleulation (fig.
13 (). The attenuation calenlated with this higher value
of ey in the distributed-impedanee equation (B13), however,
differed from that caleulated with the lumped-impedance
eguation by a maximum of only 1.4 deeibels at a freguency
of 700 cveles per seeond.  Thus, in the case of mullier 41,
the Jumped-impedance theary has heen extended te a case
where £, is 0.175 times the resonant wave length by the
axpedient of using » fictitious value of ¢ that is muclh Jower
{han the actual ey as given by the distvibuted-impedance
theory,  This fictitious value of ¢, was determined hy using
the equation

[

b= VT

from (he lumped-impedance theory and by using the meas-
ured resonant frequeney to determine .

A comparison of the results for mufllers 44 and 43 showa
that the attenustion region botwosn two eonsernfive pass
regions s wider when the conductivity is in the center of
the muffler than when it is at one end, beeause of a decrease
in the effective chamber Tength and an increase in the cffec-
tive aren ratio. The effect of the difference in chamber
fength, which changes the resonant frequency, can be elimi-
nated by dividing the width of the attenuation region for a
particular muffler by the vesonant frequency of that muffer.
A eomparison on this hasis shows that in the Grst attenuation
hand mufller 44 provides 10 decibels or more of attenuation
over a frequency range of abeut 1.2 times the vesonand
frequeney, while muffler 45 provides this atlenuation over a
range of only 0.8 times the resonant [requency. Thix
difference in relative widtl of the attenuation bands is due
to the difference in the effeetive area ratios.  Mufllers based
ot this phenomenon of plane-wave resonance of the chambers
are discussed further in a subsequent section of this repors.

Venturi-shaped central tube.—The data that have been
presented show that the width of the attenuation band can
be increased by increasing the value of the attenuation
parameter 4 ¢V /2S5, 1t is obviousty possible to increase the
value of this parameter without inereasing the external size
of a muffler if the area S is reduced. A significant reduction
of the exhaust-pipe and tailpipe area is, however, impractical
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or most aircraft engines be(:ause‘ of the resultant incredse in’

engine back pressure. An ides for avoiding this difficulty
‘has nevertheless been devised. ‘Tt was believed . that a
significant decresse in the central-tube ares at the connector
location might be obtained without exeessive back pressure
if the central tube of the muffler were built in the shape of a
venturl with the eonnector loeated at the threat. The
_acousties of such a muffler were investigated by designing

" and testing a muffler with the same external dimensions as -

muffer 40 but with a ventwi-shaped central tube which
‘reduced the area at the connector by a factor of four. The
data of figure 13 {d) show that the modified muffler 47
provides much irore attenuation than muffler 40. This
inerease is particularly striking in the region above the
resonant frequency. For comparative purposes, a theoretical
curve is shown which gives the attenuation of a mufller
having the same values of ¢y and V' as muffler 47 but which
has an exhaust pipe of constant diameter equal to the
minimum diameter (1.5 in.) of the pipe of mufler 47, For
frequencies above about 70 percent of the resonant frequency,
muffler 47 provides approximately the attenuation of such
a muffler, Thus, in cases where some additional back
pressure is perinissible, the venturi-shaped central tube is a
powerful means for inereasing -the attenuation of a muffler
‘of fixed external dimensions. Design curves based on
equation (B10) show that a sigpificant attenuation increase
is obtained if the area is reduced by a factor of two.

MULTIPLE RESONATORS

if it is desired to increase the amount of attenuation from
a resonator-type mufller, one obvious possibility is to com-
bine two or more resonators in a single muffler. A muffler
of this type with two consecutive identical resonators is
discussed in referenee 8. An eduation for the atienuation
is included along with other approximate equations useful in
the preliminary design of such mufllers. The attenuation
equation of reference 8 has been modified in appendix B
(eq. (B15)) to emphasize the impertant parameters, In
addition to the attenuation parameter eV /28 and the
resonance parameter eV, the distance hetween connectors
l, is found to be a third impertant parameter. The attenua-
tion is directly preportional to the number of resonant
chambers in the muffler. The validity and range of appli-
cation of this atlenuation equation have been investigated

by testing a group of mufflers of the multiple-resonator

type (fig. 14}.
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. section for single resonators.

Eﬂ'ect of number of chambers. mThe calenlated and meas-

“ured attenuation chardcteristics’ of mufflers composed of

one, two, and three consecutive resonators are shown in
hgure 14 {a). For the smgle—chamber resonator, muffer 48,
the aitenustion has been caleulated by both th& mulm_p!e—
resonator equation and the equation used in the preceding
The single-resonator equation
is fairly accurate. for wave lengths longer than 44, but is
considerably in error for shorter wave lengths (higher fre-
quencies). As would be expected, however, it does predict
the resonant frequency. The multiple-chamber equation is
insccurate through most of the range but predicts the
resonant frequency and the pass frequencies aceurately.
Inssmuch as the multiple-resonstor formula is derived for -
an infinite filter of identical chambers, the experimental

results show that a single resonator produces less attenuation

than is predicted for one resonator of an infinite filter.

The data for mufflers 49 and 50 show that the attenuation
increases with the number of chambers. Limitations of the
apparatus prevented the measurement of the extremely high
peak attenuation of these mufliers. General agreement witn
the theory is found except at the higher frequencies, There
is some question as to the cause of the loss of attenuation
at high frequencies. Bince the attenuation, even though
less than predicted, is still quite high, it is not certain that
failure of the attenuation equation is responsible. Vibration
of the muffler walls may be transmiiting high-frequency
sound into the tailpipe. Also, the leakage of external noise
into the microphone at the measuring stations, which limited .
the maximum measurable attenuation at lower frequencies
to about 50 decibels, may have increased at the higher
frequencies, so that the measurable attenuation is limited
to somewhat less than 50 decibels. '
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Effect of diameter with resonance parameter constant.—
1f the diameter of the muffler is inereased while the resonance
parameter remmains constant, the value of the attenuation
parameter will ineresse. The experimental data of fgure
14 (b} confirm the theoretical predietion ithat this inerease
in the value of the attenuation parameter will result in an
inerease in both the magoitude of the attenuation and the
width of the first attenuation band., The low frequeney
cutoff oecurs at lower freguencies as the diameter is in-
ereased.  The cutoff frequency for these three mufters has
heen computed in three different wavs. The results are
shown in the following tahle:

Vahues uf /o

MMutHer Eountion

{H3] af rel- |
erenee 8

; Exact Approxlinaic
| bofug. {BIA)} fer. (B163}

a3l K76 1565
A2 B302 4. B
54 0.1 45,7

This table shows that for thege particular mufflers equa-
tion: {316} is sufficiently accurate for preliminary design
slealatiens The assumption made in ebtaining equation
(133} of referenee 8, however, 1= not permissible for these
muffers.

Although both muffiers 31 and 52 show a sharp drop in
measured attenuation atl the predicted cutoff frequency, the
atienuation does not drop to zero until well below the pre-
dicted ecutoff frequeney. This lack of agreement may be
due to she faet that the mufiers had only two chambers,
whereas the theorctical catofl frequency was based on an
nifinite number of chambers, 1% i3 known that for a single
chamber the catofll Trequency 18 zero, and it seems plausible
that 7. may approach the predicied value only as the number
of chambers hecomes large.
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Effect of length.—MufTlers 53 and 54 differ in both length
and volume hut the resonance parameter has been kept con-
stant (fig. 14(c¢)). Comparison of these two mufflers shows
that increasing the length decreases the frequency at which
the first upper pass band ocewrs.  The atienuation charaeter-
istics of mufller 55 are of an altegether different type. It
has heen pointed out i connection with single resonators
that an attenuation curve of this type is characteristic of
mufflers in which the plane-wave nature of the sound in the
chamber is predomunant. Muffler 55 is so long that the
plane-wave resonanee occurs in the chambers at a lower
frequency than the volume resonance. Consequently, it
has been necessary to consider the wave nature of the sound
field in the chambers in making the ealeulations.  This was
accomplished by making nsc of equation (312) for the branch
mmpedance.  The dashed curve shows the attenuation of
two chambers of an infinite filter and was obtained by sub-
stituting equation (Bi2) for Z, in equation (B14). The
solid cwrve shows the attenuation of a two-chamber muffler
terminated by an infinite tailpipe and was obtained by using
equation (8} in equation (C7). The braneh mmpedance
was again obtained from equation (B12}, The attenuation
of mufller 54 has alse been computed by using equation
(B12) for the branch impedance.  The results, shown by the
dashed curve, indicate that the sudden inerease in attenuation
at frequencies of 320 and 600 cyeles poer second is due to
length resonanee in the chambers.
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Muffier 56 differs physically from muffler 54 in length
alone. This decrease in length, however, affects all three
mufiler parameters. The result is an inerease in the outeft
{requency, an inerease in the resonant frequency, an inerease
in the width of the first attenuation band, and an increass in
the width of the first upper pass band.

Effect of conductivity,.—Figure 14{d) presents results for a
group of mufflers identical -except for values of ¢ In all
cases, tubes were used to obtain the conductivity. In
general, the effects of increasing the conductivity arve cor-
rectly predicied by the theory. For instance, both the ex-
periment and the theoryshow that the cutoff and the resonant
frequencies are raised, the first attenuation band is widened,
and the first upper pass band is narrowed.  The attenuation,
however, did not drop completely to zero at the caleulated
cutoff frequency. Muffler 57, which had & very low con-
duetivity, failed to produce the high attenuation predicted
near the resonant frequency.  This s believed o be due to
viscous effects.  Another indication of the effect of viscosity

is obtained by comparing mufflers 59 and 60.  Although
both muffiers had the same values of ¢, mufler 60, which had
L d o ! 50 .
o2 24 Theoretical
Scale, in. 40 o Meosured
il e 30
I LD 20
C‘O* coz2 10
V=0T
o736 o
50
40
30
8 o S
i 20+
CO=O. 10 10
V=0.736 o 02 1 0] P
. 50
2 a0
53 £ 30
(=] o -
T 3 20
ok .14 g 10
¥ -0.736 T, Lo 098§
BTN T
&l "o o}
014 .
V-0.736 o 0.5 0/
B TP R o
&l [} [=4
T o
£0=040 o
V0738 T -
o] 200 400 800
(d) Frequency, £, tps

(dy Effect of conductivity g wsing tubes. Eguation (Bi5}.
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larger diameter tubes, gave more attenuation at {requencies
near resonance. Fhe firsh attenuation band extended to
higher {requencies than were predicted for both of these
mufflers, although the attenuation was less than 10 decibels
at thesge higher frequencies,

Figure 14 (e) shows results from a group of mufters similar
to those shown in figure 14(d}.  In this case, however, orifices
were used to obtain the conduetivity. The trends are quite
similar to those shown in figure 14(d). Note from the ex-
perimental data that, if the value of ¢ s sufficiently high,
the first apper pasg band is narrowed until it is almost elini-
inated. At the same time, however, the cutofl freguency
is continually inereased.

Elimination of the first upper pass band.~—Consideration of
equation (B15) indicates that it might be possible to elimi-
nate the first apper pass band {sin %,==0)} by choosing
the resonant frequency such that %:1 when sin &,=0. A

g

case of this type is shown in the design eurve for Adi==r. In
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the usual construction of muflers of this type] however,
the chamber Jength is cqual o 4. Then when b li=mw,

m . " -
kdy==s and the wave length is one-hall the ehamber length.

Therelore, the ehamber cammot properly be considered as a
jumped impedance at the resonant frequency. I plane-wave
motion s assumied i e chamber, b, will approach ;T ( :g})

al . =L3.
only as the value of ¢ approaches infinity tsee eq. (Bi23).
Tn order (o determine whether it is possible in practice to
diminate the first upper pass band, muflier 67 was built.
This mubiler was tested alter most of the data presented
Berein had been atalvzed. 1o order to aliow the measure-
ment of higher values of attenuation than those i the
previons tests, the experimental apparatus was reassembled
in another loeation with the loud-speaker cutside the reom
i which the measurements were made. The exhaust pipe
optoped the roomn threugh a hole in the wall which was
sealed with sponge rubber. The tailpipe extended oul the
other end of the room thirough a similar hole. With this
aprangement, 11 was possible to measure an attenuation of
655 deetbels.

Two theovetical eurves are presented in figure 3417 The
solid euwrve, which shows the complete elimination of the
pass band, was calenlated Tor o=, The dashed curve,
which shows a very narrow pass region, was calculated for
cy=9.95. The experimental points follow the solid curve
up to about 340 cycles per sceond.  In the erilical first
upper pass region, however, the measured attenuation drops
from 65 docihels at 340 cveles per second to 29 decibels at
360 eveles per second, then rises sharply to 51 decibels at
380 eyeles per sccond, drops again to 24 deetbels at 400
eveles per second, and then hegins to rise again.  Both
the initial drop and the final rise parallel the dashed curve
(6e="1.95), but the theory gives no explanation for the
intermediate peak attenuation of 51 deeibels which eccurs
gt the point where the dashed ewrve goes to zero. Of

course the actua) behavior of a mufller in this very eritical
region cannot be acenrately predicted without ineluding
P

viscous torms in the impedsnees. When s-=1 the branch

reaclanee s sero, and when sin B=0 the pipe reactance
s zoro.  Sinee these events both ocewr st nearly the same
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to

frequeney for mufiler 67, only (he resistaness are left 1o
control the sound How, Therefore, it
neglect them in this region,

The points ai about 360 aned 400 eyeles per second were
determined by eareful survey Lo he points of minimum
altenuation.

s innecurate

tor

Thus, the experimental vesults prove that #
is possible to obtain significant attenustion in n frequency
region which is normally w pass band. The second upper
pass band, owever, was not eliminated,

CONDUECTIVITY PREDECTION

The results that have been presented show that the con-
ductivity is u very hmpertant physieal guantity wlich
enters into the determinstion of beth the vesonant fre-
quency and the amount of attenuation for resonator-type
mufflers. Tt is unfortunate, therefore, that the conductivity
should be, ns has been mentioned in the seetion entitled
“Tlheory,” s somewhat elugive quantity to prediet. In an
atlempl to oliminate some of the uncertainly regarding
the prodietion of e, it was compuled by the following equation
for those volumme-controlled resonators
woell-defined resonant fregueney:

which showed a

o

>

- B

Two values for 8, #/2 and =4, were used. Where more
than one connecting element was used, the calenlated con-
duetivity of a single element was multiplied by #, the number
of clements. The results of this ecaleulation are tabulated
in table TIT slong with the values of ¢, that ave listed hoeside
the corresponding attenvation curves. In cach ease, the
listed ¢, was used in caleulating the theoretical curve,

The data of table 11 indicate that, within the range of
this investigation, when tube counectors are used, § may be

TARLY HE—COMPARISON OF CALCULATED
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taken as =/2 with suflicient accuracy for design purposes.
In the case of orifice connectors, the results are not so
conelusive. In general, however, 1t appears that g can be
taken as =/2 if only a few orifices are used. The experi-
ments indieate thas, as the number of orifices is increased,
the conductivity per orifice tends to increase (compare
mufflers 39 and 40, or mufflers 51 and 47). The determi-
nation of an accurate method of predicting the value of ¢
for a group of orifices would require a study of sueh param-
cters as the number, diameter, and spacing of the orifices
as well as the diameter of the central tube. Unti the
results of such vesearch become available, however, the
designer should, wherever possible, use only a few tubes or
orifices, unless he has available the relatively simple equip-
ment required te determine the resonant frequency experi-
mentally after construction of a sample mufiler.

TUNED TUBES

Two acoustical civenit configurations have been considered
which make use of the veloeity at which plane sound waves
travel to oblain interference and resulting attenuation.

Side-branch tubes.—The first of these configurations con-
sists of a side branch of constant area with the end closed.
At a frequency for which such a tube is, for instanee, one-
quarter wave length long, a wave traveling from the exhaust
pipe to the closed end and back to the exhaust pipe will
arrive in phase opposition to the incoming wave in the
exhaust pipe.  The interference bhetween the two waves
results in atlenuation. Appendix B gives the equation for
the sttenuation of mufflers of this iype (eq. (B13)). The
attenuation characteristics of three of these mufflers are

presented in figare 15, For each of these mulfiers the tube
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diamefer ¥s equal to the exhaust-pipe diameter so that the
ares railo 7 is one. Although attenuation sbove 20 decibels
can be obtained, this high attenuation is Limited to very
narrow frequency bands. Consequently, the mufflers shown
in figure 15 would not be suitable for variable-speed engines.

The analysis of the results obsained with resonator-type
mufflers has shown that several of these mufflers with high
ratios of length to diameter exhibit the characteristic be-
havior of tuned-tube mufflers (mufflers 43, 44, 45, and 46
of fig. 13 (e} and mufller 55 of fig. 14 {(e)). These mufflers
had much wider attenualion bands than the tuned tubes of
figure 15. The calculations show that this increase in the
width of the attenuation band is a direct result of the in-
creased ares ratio m.

Quincke tubes.—The second type of tuned-tube muffler is
commonly known as the Quincke tube. It consists of two
tubes of different lengths conmected in parallel, with the
combination inserted in series with the exhaust pipe. This
arrangement is discussed in reference 1. Because of the
characteristies of sharp tuning and narrow attenuation
bands, an arrangement of this type seems unsuitable for an
engine-exhaust muffler. Consequently, no mufflers of this
iype were included in this investigation.

COMBINATIONS

After investigating several types of muftlers, a few
mufflers were tested which either combined two of the types
or combined two or more sections of different size but of the
saane type. Mufflers 71 and 72 combined a resonator with an
expansion chamber (fig. 16 and fig. 1 (). The results show
the importance of the loeation of the conduetivity for, al-
though the mufflers are tdentical in all other respects, the
attentation of muffler 71 is much higher than that of muffler
72, Apparently the enirances to the two chambers are too
close together in the case of muflier 72.  The theory (appen-
dix C, e, (C18)) correctly predicts the better effeetiveness
of muffler 71.

It appearcd probable that the requirement of a very broad
attenuation region could best be satisfied by combinations of
resonators which were tuned to different frequencies.  Con-
sequently an attenuation equation was developed for a
combination of twe resenntors (appendix €, eqs. (O3} to
(7). and one such combination was investigated experi-
mentatly {(muffier 733, This muffler is shown in figure 16
andl in figure 1 (@), The results show an attenuation of more
than 10 deecibels over an uninterrupted frequeney band of
width equal to aboul six times the lowest frequency of the
band, in spite of the face that this muffler is relatively small
{12-inch diameter and 12-inch length).  Muffler 73 was also
tested i the reverse position (muffler 73R), with the high-
frequency chamber te the front.  The results show no ap-
preciable differenee exeept in the region below the first
resonant frequeney.

Muflier 74 is effectively & combination of four tuned tubes.
The internal detaids of this malller are shown in figure 1 (f1.
Although seme ntlenuation is obtained over a wide frequene;
hund, the altenuntion spectring consists of a series of very
sharp penks and bhoilows,
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MUFFLERS FOR A $2-INCH EXHAUST PiPE

All equations which have been presented include, In one
manper ot another, the assumption that the dimensions of
certain elements are small compared o the sound wave
length. In order to determine the effect of violating this
assumption, three muffiers were designed for installation In
a 12-inch-diameter exhaust pipe (fig. 17;. Mufller 75 is a
large expansion-chamber-type muffler.  Inasmuch as the
wave molion s accounted for in the expansion-chamber
equation, it might seem, at first, that no size assumption has
been made, The discussion of expansion chambers, how-
ever, showed that the plane-wave assumption ecarried an
implicit assumption regarding the diameter.  For muffler 75
the critical frequency for the first radial mode of vibration
is 463 evcles per second.  The experimental resulls show a
loss of attenuation between 400 and 500 eveles per second.
Below 400 cycles the caleulations and experiment are in fair
agreement, except that the cffective Iength of the chamber
seems Lo be somewhat sherter than the actual length.
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Muffier 76 is a double resonator and muffler 77 is a single
resonator. Tor both of these mufflers, the lack of agreement
between caleulations and experiment is quite pronounced.
The results show that it iz possible to obtain attenuation in
pipes of this size but they also show that, because of the
assulptions made, the equations used in this report are not
adequate to predict this attenuation.  Calcalations for such
muafflers must include consideration of other vibrational
modes in addition to the plane-wave mode.

II. FINITE TAILPIPE

Tor the first part of this investigation, a reflection-free
muffler termination {an cffectively infinite tailpipe) was used
i order to reduce the number of variables involved. In
some cases a mufBer or filter in a long duct or pipe line may
have an oessentially reflection-free termination. Engine
mufflers, however, must he terminated in a tailpipe of finite
length in actual practice. In Part IT of this report, there-
fore, a method is presented which permits the tailpipe to be
included in” the muffier ealculations. The validity of this
method has been investigated experimentally by testing four
muffer-tailpipe combinations. The dimensions of these
mufflers are within the limits for which the basic mufher
theory has been shown to be valid in Part L The apparatus
used in the tailpipe mvestigation is described briefly and the
results of the tests are discussed.

THEOQRY
The problem of vadiation from an unflanged vircular pipe
has been selved for the ease where the incident sound is of

the plane-wave mode (ref. 11). It is possible by use of this
information to compute the tailpipe inpedance and, thus, to
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introduce the tailpipe into the muffler caleulations. A less
accurate, but somewhat simpler, method is to add an end
correction of 0.61 times the pipe radius to the length of the
pipe and to assume that the pipe is terminated in & zero
impedance (total reflection) with a phase shift of 180°
between the incident and reflected waves. This method is
justified at sufficiently low frequencies, because the reflection
coefficient approaches unity as the frequency approaches
zero.  In order to determine the frequency range within
which this approximation is applicable, the attenuation of a
single-chamber resonator with a tailpipe has been caleulated
by both methods. The results (table 1V) show that the
approximation gives resulls within less than 0.1 decibel for
frequencies up to 520 cvcles per second. The attenuation
curve is plotted in figure 18 (a). Note that the caleulations
have been made for ¢=2000 fps. This value is typical of
the speed of sound in the hot exhaust gas from an aircrafl
engine.  The attenuation hLas been based on the vatio of
the absolute values of the incident-wave pressure just ahead
of the conductivity openings and the incident-wave pressure
in the tailpipe. The equation used for the approximate
ealenlation is developed in appendix I (eq. (12103},

Before proceeding further with the consideration of tail-
pipe effects, some discussion 18 necessary coneerning this
hasis for calculating the attenuation.
ordinarily thinks of the attenuation due to a muffler as being
the difference, al some point in the open air, between the
sound Ievel from an open exhaust pipe aad the sound level
after a muffler has been installed. The sound pressure in
the open air due to an open exhaust pipe or a tailpipe 1s,
at & given frequency, divectly proportional to the pressure

TABLE TV —~COMPARISON OF TWO METHODS FOR CALCU-
TATING THE ATTENUATION OF A SINGLE-RESONATOR
MUFFLER WITH TAILPIPE

[Muffter constants: co=0.26) [t; F=0.88 15 o= 2000 {ps
Tailpipe length=20 in.; S=0.0247 sq {4
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of the incident wave traveling in the pipe. Therefore, the
attenuation can also be defined as the diffevence between
the sound-pressure levels of the incident waves mside the
open exhaust pipe and the tailpipe. Tt has been shown that
the reflection coefficient from the end of an open exhaust
pipe is nearly unily for the frequency range of this nvesti-
eation. Also, for frequencies at which the attenuation of &
mufller is high, there is a very strong reflection from the
conductivity location back into the exhaust pipe. {(See
table 1.) Now consider an engine to which are attached
glternately an open exhaust pipe and another exhaust pipe
of the same length as the open pipe but one that is termi-
nated in & muffier and tailpipe.  The reflected waves in the
exhaust pipes are very strong in both cases; furthermore,
the same sound source is feeding the fwo exhaust pipes and
the pipes have the same length; thevefore, it follows that
the incident waves will have about the same strengthi.
Thus, it is possible, in approximation, to caleulate the
attenuation as the difference between the sound-pressure
levels of the incident wave entering the muffler in the
exhaust pipe and the-incident wave feaving the muffler in
the tailpipe. This approximation should be valid in the
frequency range for which the open-pipe reflection coefficient
is near unity and for which the muffler also provides attenu-
ation of the order of 15 decibels or more. Although the
exhaust-pipe length has a very definite effect on the sound
characteristies of a complete cngine-exhaust syvstem, it is
possible by this method to separate the effect of the exhaust-
pipe length from the rest of the system. Since the open
exhaust pipe itself reflects a large part of the sound, it is
entirelv possible that under certain conditions a muffler could
permit more sound to escape than does the opent exhaust
pipe, with a resultant negative altenuation. A negative
attenuation value, under the present definition of attenu-
ation, dees not imply that sound energy has been created
inside the muffer; 1t means simply thag the percensage of
the sound energy which reaches the atmosphere is greater
with the muffler installed than it is without the muffler.

Consideration of equation (I210) (appendix D) has jed to
an idea which may permit the elimination of the first upper
tailpipe pass band of a single-chamber-resonator mufler. If
the rosonater is tuned to the usual pass frequency, then, when
ki,=m, hoth the tailpipe impedance and the resonator im-
pedance will equal zero. In this event the pass frequency
may be ecliminated. A calculation has been macie for a
mutfler identical with the muffier of figure 18 (a), except for
the large change in conductivity required to tune the reso-
nator to the [requency at which f,==. Theresults shown in
figure 18 (b) indicate that the width of the attenuation band
is nearly doubled. At the same time, however, the cutoff
frequency is increased slightly and the magnitade of the at-
tenuation is lowered in the low-frequency region.  Although
no experimental data are available for this muffler, it seems
possible, in view of the experimental results for muffier 67
(fig. 14 (£)), that some attenuation may be obtained near the
vesonant frequency. with the resultant elimination of the
first upper tailpipe pass band.

The ease of a single expansion chamber with a finite tail-
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pipe has also been considered, and an equation I8 presented
in appendix 1 for the atienuation of sueh a muter.

MUFFLERS

Sketehes of the muflles-tailpipe combinations that were
wsed in the experimental investigation of ithe efleet of tatlpipe
Iengih ave shown in figure 19, These mufflers were designed
for use on a particular giveraft engine. The design of these
mufflers will be discussed later in the report i connection
with o test of these mufflers on the engine for which they were
designed. The mulllers were made from Yg-inch mild =steel.

APPARATUS AND TESTS

Thwe experimental investigation of the effect of the tailpipe
was conducied outdoors in an open area and in ealm air
Tn these tests, ps m the previous experiments, the air insude
the muffiers was ot the ambient temperature and there was
no steady aie flow. Henee, these tests will be referred to
“eold tests”  The apparatus that used i shown
sehematically in figure 20, The cleetronic equipment in-
cluded an audie oscillaior, & power amplifier, o speaker, an

HE
AR

oseilloscope for monitoring the wave form, and a sound-level
meter.

Flie cold-test dala were obtained by sending sound waves
ai a single frequency alternately into & muffler and nto an
open exhaust pipe and by taking the difference between the
sound-pressure level observed in the open air at a distance of
20 inches from the outiet of the mufller tailpipe and that
observed at a distance of 20 inehes from the outlet of the
open exhaust pipe.  Inorder to insure that the mufflers were
tested for the same wave lengths in the cold test as m the
subsequent engine test, the cold-test [requencies were ad-
justed to produce the wave lengths for which the mufllers
were designed. Inthe presentation of the
the experimental frequencies are multiplicd

cold-test results,
by the mtio of

20
the sonic velocity in the actual exhaust gas to the sonie
veloeity in the cold testin arder 1o correct for the lemiperature
difference between the two conditions.  TFor the cold test,
the {requency range was from 30 eveles per second to 400
eveles per second; for the engine test, the frequency range
having cqual wave lengths 1s 52 to 700 cxveles per second,
The ambient toise level for the cold tests was about 60
decibels.
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RESULTS

The experimental results obtained from the mufller cold
tests and the theoretical attenuation predicted for each
muffler are shown in figure 21. The theoretical eurves for
mufllers 78, 79, and 80, which were computed from equation
{D10), show that these mufilers were designed to have
chamber resonances (points of maximum attenuation} at
approximately 280 cycles per second and tailpipe resonances
at about 400, 530, and 580 cycles per second, respectively.

A comparison of the experimental and theoretical data
shows good agreement for thase three mufflers. For ex-
ample, the higher frequency cutoff peints, which are a fune-
tion of talpipe length, are seen to fall very close to the pre-
dicted frequencies; furthermore, the measured attenuation
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Figene 21.-~Cold-test dats and theoretical curves for mufflers
tested,

falls near that computed theoretically at all frequencies ex-
cept those near the computed chambar resonance. The
mufflers were not expected to provide the infinite attenua-
tion caleulated at the chamber resonant frequency, the cal-
culated infinite values oceurred only because the viscous
forces were neglected in order o simplify the caleulations.
With this limitation, it may be concluded that equation
{D10) s valid for predicting the attenuation characteris-
ties for muffler-tailpipe combinations under the cold-test
conditions,

The double-chamber vesonator curve computed for mufer
81 shows two chamber resonant frequencies and no high-
frequency tailpipe pass bands. The difference botween the
curve shapes for the single-chamber and double-chamber
mufflers is, of course, due to the changes in the acoustical
cireuit. The attenuation for muffer 81 was computed by
substituting the tailpipe impedance (X, from appendix D
for the impedance Z; in the equations given for a combina-
tion of two resonators in appendix C and working out the
expression for the attenuation.

For the cold tests, tle two largest mufflers {mufflers 80
and 81) were wrapped with several layers of felt. In the
absence of the felt wrappings, the maximum attenuation was
limited to about 25 to 30 decibels by the radiation from the
He-inch-thick outer walls. Reduetion of .this radiation
would be an Important factor in the design of a mufiler from
which a higher attenuation,is desired,

111, APPLICATION TO. MUFFLER DESIGN
VARIABLES DEPENDENT ON OPERATING CONDITIONS

Uader the conditions of the investigations diseussed in
Parts T and 11 of this report, acoustic theory has been shown
to prediet the performance of several types of mufflers
within a frequency range which is governed by the dimen-
sions of the muffler elaments, These investigations were
designed to allow the study of several of the dimensional
variables involved in exhaust muflling.

In order to isolate the effects of these variables, it was
necessary 1o eliminate certain other variables dependent on
operating conditions which could be separately investigated
at some future time.  The three major variables which have
not been diseussed ave exhavst-gas temperature, exhaust-gas
velocity, and exhaust-pipe sound pressure. A discussion of
these variablas fellows,

TEMPERATURE

The preceding investigations were made al room tempara-
ture or at atmospheric temperature and the velocity of
sound was about 1,140 fect per second. The higher tom-
perature in the engine exhaust gas will result in a higher
sonie velocity.  From the data of figure 8 of reference 9 and
from temperature measurements made during the engine
tests deseribed in Part IV of the present report, the senic
veloelty inside the tailpipe 18 estimated to be about 2,060
feet per second. It is believed that the primary effect of a
change in the exhaust-gas temperature is the corresponding
change in the velocity of sound. 1t is necessary in the de-
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sign of mufflers to use the actual sonie veloeity of the ex-
haust gas. 1f the exhaust-gas temperature ig known, the
approximate velocity of sound may be determined by using
the relation which has been found for air c=404T feet per
second, where T is the absolute temperature on the Falren-
lieit seale.

The caleulations that lave heen pregented have inciuded
the tacit assumption that the temperature and average den-
gitv m the muther chambers are the same as those in the
pxhaust pipe. I significent differenees are found in prac-
tice, they can he agcounted for by using the most accurate
available values for o and e at cach clement in ealeulating
the impedance of that clement. Ta s connection, it is
interesting to note that the impedanee of & resonant cham-
ber is proportional 1o pc® (eq. (B, But smee ¢ is propor-
tional to 7' and p is proportional te 17, the chamber in-
pedance is independent of 7' The connector impedanee is
a function of 7, huat, unless it is a long tube, the connector
will be at the exhaust-gas temperature.  Thus, for resonator-
tvpe mudflers, a temperature difference betwesn the axhaust
pipe and the chamber would be expected to have little effect
on the performance of the muflier.

EXHAUSTGAS VELOCITY

Tu an actual engine-exhausi-mulifer installation the ex-
hiaust gas which transinits the sound is in motion, whereas in
the preceding investigations there was no net flow of air.
The aetual case may he considered to consist of an alternat-
ing, or sound, flow superimposed on A steady exhausl-gas
flow. A theoretical approach to the probiem of determining
the offeet of the steady flow on the scouslic characteristics
of an exhaust system has been made in reference 120 No
experimental data, however, are ineluded.  The conelusion
of the theory is that the velocity effeet i a function of
\ VAP where A ts the Mack number of the exhaust flow,
1 the theory is assumed to be pssentiallv correct. the
[ollewing results are obtained.

Consider first the characteristies of the mittler itself.  Tu
the useful range of expansion ratios. the exhaust-gas veloeity
nside an expansion chamber is muels Tower than that in the
exhaust pipe.  Because the permissible engime back pressure
Himits the Mach number in the exhaust pipe to a valae con-
siderably less than 1, the Anel number inside the expansion
chamber will be so low that 4% s negligible when cormpared
with 1. Thus the exhaust veloelty will have no appreciable
“ffeet on the atienuation of a single expansion chamber. In
the case of multiple cxpansion chiambers, however, the
exhaust-gas veloeity in the conmecting tubes may be high
cnough to alter the mufller charactoristics sigpificantly.
(See vef. 2 for experimental dota)  In the resonant chamber
of a resonator-type muliler there is no steady exhoust-gas
tow: therclore, the single resonater will not be affected by
exhaust-gas low.  In the case of muliiple resonators, as i
multipie expansion chambers, the spedanee of the connect-
ing tubes will be affected by the exhaust-gas volocity.

Consider next the tmipipe chareierstics. The talpipe
impedance will vary with the Hlow velopity.  This will, of
course, affect the attenuation of any proctieal mufller st al-
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lation. According to the theory, the main effect of ncrensed
exhaust veloeity is to lower the resonout frequencies of the
taiipipe and to reduce the sttenuation due to the tailpipe at
those frequencies for which the tailpipe impedance reaches &
maximumn.  On the whole, these offects are probably rela-
tively small, inasmuch as the tailpipe vesonant frequency is
recluced by only 9 percent at o Mach number of 0.4, which
corresponds 1o an exhaust veloeity of 600 feet per seconid
when ¢ is 2,000 feet per secontl.

Note that most of the preceding conclusions regarding the
offect of exhaust-gas veloeity must be regarted as Lentative,
heeause they have been based on wn unproved theory.
Furthermore, the experimental data of veference 2 tend Lo
cnst some doubt on the validity of the theory.  This uneer-
tainty shows the need for additional research on the effeets of
exhaust-zos veloeity.

INCREASED SOUND PRESSURE

In the
asavned
parison with

derivation of the classical acoustic theory it s
that the sound pressures are Very small in com-
the slatic pressave of the medinm (ref. 1),
This assumption is made in owder 1o permit the linearization
of the differential equation of motion, However, in connee-
tion with engine tests previously made at this laboratory
(ref. ) coertain nenlinear effects were observed, particulasly
the buildup of sharp wave fronte in long exhaust pipes as
evidenced by the explosive chavacter of the sound from such
The detection of sueh nonlinear offeets indientes
inside the pipes is high

pipes.
(hai the exhaust sound pressuee
that the classical lnearized theory may
are somewhat in error. Further study of the
slements—resonators, orifices, and
sound fields is required

enouglt so wive
results which
behavior of acoustic
tubes—in the presence of nonlinear
belore the effects of very bigh sound pressures o the per-
formance of an acoustic system will e gquantitatively
known.

RELATIVE MERITS OF MUFFLER TYPES INVESTIGATED

None of the muffler types discussed shoulil have excessive
back pressures if the exhaust pipe is the proper size becnuse
the oxhaust gas is not foreed around sharp 180° twms. The
expansion chambers will prebably have the highest back
pressures of the (vpes Losted becguse of the enerzy losses in
the expansion and contraction processes but, at least for the
single expansion chambers, this back pressure should be
witlin allowable limits,

In general, single-chamber muiflers are useful where the
required frequency range is amall; whereas, for higl 2ttenua-
tian over a very wide [requency range, Lwo or mon! different
chambers will be regaived in order ta obtlain attenuation at
the pass [requencies of the individual chambers and the
tailpipe.

Referonce 7 indieazes that, in the case of engine exhausss
having large sound pressures, mufflers of the expansion-
used, beeause the attenuation of a
resonator is dependent on the existence of small sound pres-
The experiments of velerence 9, however, have shown

chamber type must be

SHLeS,
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that resonator mufflers can be quite effective in an engine-
exhaust system, even though the theoretical assumption of
small sound pressures is violated. (This assumption is
actually made also in deriving the equations for the attenua-
tion of expansion-chamber mufilers.) The muffler designer
is, therefore, not necessarily restricted to cxpansion cham-
bers. The answer to the question as to which type, for a
given muffler size and a given back pressure, is the more
effective depends in part upon the relative magnitudes of
the effects of high sound pressure and of exhaust-gas velocity
on the two tvpes.

In case the adverse effects of high sound pressures ave
found to be excessive for resonators, it is suggested that o
combination mufiler, with the expansion chamber first in
order to rednce the sound pressures entering the resonator,
may he most effective.  (See muffer 67 of ref. 8)

MUFFLER-DESIGN PROCEDURE

On the basis of the theory whick has been presented, a
muffer-design procedure was developed. Beeause some of
the important variables have not been investigated as vet,
the procedure must be judged by the results ebtained in
practical applications.  Modifications of the procedure are
t0 be expected as a resuli of experience gained in the appli-
cations.  This procedure begins with the determination of
8 required attenuation spectrum, which defines the noise
reduction that the mufller is expected to produace.

REQUIRED ATTENUATION SPECTRUM

The fivst step in muffler design is to determine, st a known
distance from the exhaust pipe, the sound-level spectrum
of the engine which is to be quieied. This should be done
at several speeds and loads within the operating range or,
at the very least, at the maximum and minirsum speeds of
the normal operating range. In estimating the eritical
aperating conditions likely to be encountered from the stand-
point of noise, it is useful to recall that for a particular engine
the mavmttzde of the noise is controlled largely by the engine
torque, Whoreas the fr requencies are controlled by the engine
s;}eeT (refs. 8 and 9).

TAfter the engine-noise spectrum has been determined, an
allowabie spectrum should be established, consisting of the
maximum ailowable sound-pressure level as a function of
frequency. The fact that other noise sources (such ag engine
air intake, engine clatter, and the propeller) place a practical
limit on the attainable reduction m overall airplane noise
will influence the chotee of the allowable spectrum.  As the
desired notse recduction inereases, it becoimes necessary to
treat more of these other noise sources. In particular, it
was necessary to treat both the engine exhaust and the
propeller to obtain signifieant noise reduction for the laison
airplane of reference 8.

The difference between the measured and allowsble spec-
trums will establish the minimum atienuation which is re-
guired at each frequency; this difference w 111 be called the
required attenuation spectram.

MUFFLER SELECTION

Compare the requived spectrum with the design curves
(figs. 22 to 24) and seleet from these curves o muffler design
which will provide somewhat more than the required attenua-
tion throughout the frequeney range, ({The use of these
design curves will be discussed.) In the case of a single
expansion chamber or resonator, the tailpipe musi be care-
fully selected.  From the required cutof! frequency compute
the necessary tailpipe length by using the approximate
equations which have been presented {eq. (D6) or (ID12)).
Next, by use of this tailpipe length, determine the location
of the high-frequency pass bands. I the first pass frequency
1s too low, it will be necessary to choose a larger mufiler in
order that the tailpipe may be shortened or else to add
anether chamber which will provide attenuation at the
tailpipe pass frequency. If a double vxpamioil chamber or
multiple resonstor has heen selected, the spproximate equa-
tions ov the design curves may be used to determine the
eutofl and pass frequencies. Several of the muffler types
may be considered in this manner in order to determine
which will result in the smallest muffler that will provide the
required attenuation in a particular case. It is usually not
necessary 1o carry out detailed attenuation calculations
until the final configuration has been closely approached.
The detailed calculations will then provide a final check on
the theoretical suitability of the selected muffler.

A test of the chosen muffler installation on the engine may
show that moedifications are required, owing to the influence
of factors which have not been investigated as vet (in par-
ticular, the high exbaust-pipe sound pressures), FEven with
the assistance of the information presented in this report,
it 1s likely that a certain amount of trial and error will be
necessary in muffler design when the goal is 2 very highly
efficient muffier in terms of attenustion per unit of weight
or volume.

DESIGN CURVES

Three sels of design curves, showing the attenuation of
mufflers terminated with the characteristic pipe impedance
Zy, are presented in figures 22, 23, and 24; these curves have
been calenlated from equations (A10), (B10), and (B15),
respectively, of the appendixes. Simple examples will be
given to indicate how these charts can be used to eliminate
the need for detailed attenuation caleulations in the prelimi-
nary stages of muffler design.

SINGLE EXPANSION CHAMBER

Figure 22 shows the attenuation of single expansion cham-
bers in terms of nondunensional parameters.  The parameter
kl, is & combination length and frequensy parameter. The
other parameter is the expansion ratio m.

Suppose that a mufller is desired to provide a minimum
attenuation of 10 decibels between frequencies of 100 and
300 eyeles per second.  An expansion raiio of 9 will provide
10 decibels ot &0,==0.8. At three times this value of F/ {1 e
fl=2.473, it will also provide about 10 decibels.  Thas, m=9
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is satisfactory,  The length of the mufiler is determined by
the foet that 100 eveles per second corresponds (o k.= 0.8, s0

L2 Ie ( 2000 0.8
Bz ot . =2 . o ety e
0. 1060 \i( & e=2000 gqu then !,, S5 100

that ~
p
=22 54 %’t). If the exhaust-pipe dizmeter is 2 inches, the

expansion-chamber diameter will be 2 48 or 6 inches.
If this muffier is too long, another procedure is possible.
Liet m==25: thus, the diameter s neregsed to 10 inches. The

design  curve shows 10-decibel attenuation at A,=0.25

At o K, of 3{}0—><0.252{%.75, {he attenuation is mare than

- . o 2000€0.25
adequate.  The length of this mufller w il be l= ERT

or 0.795 {oot.

SINGLE-CHAMBER RESONATOR

Figure 23 shows the atienuation of single-chamber resona-
{ors in terms of pondimensional parameters.
ation is plotted against f/f, which is the ratio between the
sound frequency and the resonant frequeney of the resonator.
Clurves are plotied for several values of the attenuat 101 parsm-
eter AoV /25,

Suppose again that the mulfier is desired Lo provide a
minimum attenuation of 10 decibels between =100 and 300
eveles per seeond.  In tevms of the chart this means that the
frequency at which the right leg of the attenuation eurve

L

The attenu- -

|
|
|
|

’1
|

1
|
1

24

crosses the 10-decibel Tine must be three times the frequency
at which the left leg crosses the 10-decibel line.  The chart
shows that this requires a value somewhat higher than 3.16,
say approximately 4, for the attenuation parameter.  The
value of fif, vorresponding to 100 cveles per seeond will be
about .53

Therefore,

=0.57 {t™!

The exhaust pipe is 2 inches in diameter so that

o Ca¥

Vel =208 Yy

: .)><4:n.;74 fi?

Any combination of length snd diameter which will give
this volumne is permissible, aslong as the dimensions are not
too large in comparison with the 300-cvele wave length at
the exhaust-gas temperature {(see experimental results). 1f
o length of 1 foot is selected, the diameter hecomes 0.645 foot
or 7% inches,

ptternotion, db

klp, radions

1 i i
LG L8 20 24 26

Freure 22— Expansion-chamber design curves.
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Figure 23.—Bingie-chamber-resonator design curves.

MULTIPLE-CHAMBER RESONATOR

Figure 24 shows the attenuation per chamber of multiple-
chamber resonators in terms of nondimensional parameters.
Because three parameters are involved (appendix B), several
charts are required to describe fully the possible configura-
tions. Three such charts are presented.

As an example of the use of these charts, assume that for
5 particular engine spectrum the sound level at the funda-
mental frequency (100 cycles per second) is to be reduced 13
decibels. The levels at the other frequencies are to be re-
duced to the point where the speech interference Is nowhere
greater than at the fundamental frequency. This criterion
results in a requived attenuation of 13 decibels ¢ 100 cyeles
per second, 4 decibels et 200 cveles per second, and zero at

higher frequencies. The top chart of figure 24 (k,liz%)

T
VooV oo
55 1 fora

‘two-chamber muffier with f,=100 cvcles per second. By

shows that this objective could be met with

using these values the muffler dimensions are found as
follows:

k,:%%%e@mo.:m fto= %&2
llﬂﬁ%ml..ﬁg f6=19 in.

VeV =25 ((g;x 1==0.0436 ft?
co=0.3143 0.0436:=0.0137 {t==0.164 in.
vz%‘%i@zo.lsg fis

Tn order to obtain this volume with a concentric resonant
chamber 19 inches long, a chamber diameter of 4.5 inches Is
required. The overall length of the two-chamber mauflier is
38 inehes, The use of a tube connector seems advisable m
order to obtain the low ¢ required without creating excessive
sound velocities In the connector.
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1V. ENGINE TESTS

In order te study the practiecality of the design methods
which have been described and, also, to obtain some idea of
the size of muffler which is required in praetice to provide
a significant reduction of engine noise, four mufilers were
designed for and tested on an actual aircralt engine. As
was stated in the introduction, the engine of a helicopter
was used for these tests. The design of the mufflers followed,
in general, the design procedure which has been presented,

BASIC DATA

The first step in the design procedure is the determination
of the engine-exhaust noise spectrum of the anmuffled en-
gine. In the case of the helicopter the spectrum of the ex-
haust noise alone could not be determined. Instead the
overali noise spectrum of the helicopter was measured. This
gpectrum, which includes an unknown amount of extraneous
noise from such sources gs the engine air intake, rotor blades,
and engine clatter, is presented in figure 25.

Temperattre measurements showed the speed of sound in
the exhaust pipe to be approximately 2,008 fps.

MUFFLERS AND DESIGN

In order to nsure that an adequate test range would be
covered in the investigation, four resonator-type mufflers
were designed and constructed, Three of the mufflers had
single resonant chambers, whereas the fourth had two res-
onant chambers. The double-chamber muffler was designed
with the intent to provide enough exhaust-noise attenuation
g0 that the extraneous noise level could be measured. Figure
19 shows schematie drawings of these mufllers.

The mufflers were designed to give successive increases n
attenuation and to have the acoussical properties shown in
the following table: =

‘ Attenuatton parameier,

{hawmber resonant Talipipe resonsnt

A . fepil
Mufer {refuenicy, eps i frequency, e¢ps : l:i{ H
\ 7S 284 : 410 i 2,33 |
78 280 i 580 | 6.08 :
&0 . 280 b 580 ) }2}. 0 H
[f140, large chamber  Ttndebermiine 0.5, large chamber :
‘ 8t ;{40&), smail chamber } Undetermined !{16.15, small chamber
| ] } : A
20~
| |
Bok |
o H 1
e i
ER |
2 70~ I
o i
2 /\] |
8 1 B,
% BO~ =8 —
: @
4 ; g l
5 D
& 51
50- . |
=
: 2|
40! ! ; e |- i L [
10 20 50 1el8] 200 -B00 10060 2000 5000

Fraquency, /, cps

figure 25.— Unmuffled-helicopter-noise frequeney analysis.

MufHers 78, 79, 80, and 81 were made from }e-inch mild
steel and weighed 12, 17, 21, and 32 pounds, respectively.
Figure 26 shows the mufflers installed on the test helicopter.

Tt may be of interest at this point to indicate the method
used in the design of these mufflers with a specific example
ineluded for muffier 79, The fact that the test helicopter
had two exhaust systems, one exhausting three eylinders
and the other exhausting four cylinders, did not require the
design of different mufflers for the two exhaust pipes. Al-
though the exhaust-pressure pulse from each eylinder con-
tains compenents at the individual exlinder firing frequency
pud at harmonics of this frequency, the phase relationships
are such that, when the pressure pulses of 2ll seven eylinders
are combined in the atmosphere, the components at the
evlinder firing frequency and et many of the harmonics are
partially canceled. The mufllers must attenuate those fre-
quency components in both exhaust pipes which combine
to cause undesirably high noise levels in the atmosphere.
Consequently, the muffiers are designed on the basis of the
noise in the atmosphere, rather than that inside the indi-
vidual exhaust pipes, and, as 2 result, the two mufflers are
identical. The seventh harmonic of the cylinder firing
frequency is referred Lo 2 the engine fundamentsl] frequency.
The prominence of this harmenic in the unmuffled engine
noise (see fig. 25) is due to the fact thet this {frequency is the
lowest 2t which the components of all seven eylinders are
neerly together in phese.

{1} The noise spectrum of the unmuffled helicopter (fig.
25 showed that most of the disturbing noise fell in the fre-
guency range from 70 to 350 eveles per second and that 10
decibels of overall attenustion would reduce the noise to a
desired level, "The muffler must be made to resenate within
this frequency bend in order to obtain maximum- quieting;
thus, 280 cyveles per second wes chosen for the muffler
vesonant frequency. In order to provide o 10-decibel ve-
duetion from 70 to 350 cveles per second, a mufHler having

i,
; . eV .
an attenuation parameter VY value of approximeateiy 6.0
i 58 PP 3

)

wes selected from the design curves,

(2) A tube for conducting the exhaust gases through the
muffler for filtering must be chosen. The engine-exhaust
back pressure should be kept small; consequently, & tube
used for this purpose must be large enough to keep the back
pressure within acceptable limits. The tubing selected for
muffler 79 was 2% inches, the same size as the existing ex-
haust ducting on the test helicopter. 1t should be noted

that the attenuation parameter LQCg shows that the internal-

tube area governs the muffier size for a given attenustion;
for this reason, the tube should be selected as smell as
practieable.

(3) In order to obtain the length for this central tube, a
desired tailpipe length is computed and added to the length
necessary to conduct the exhaust gases to the conductivity
holes. The conductivity holes mark the origin of the tail-
pipe for single-chamber mufflers.  Before the tailpipe length
can be computed, however, some specific {requency for tail-
pipe resonance must be selected.  This frequency must fall
within a range in which little or no attenuation is needed
hecause, as the tailpipe resonant frequency is neaved, the
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muffler attenuation drops to & negative value over a narrow
band. The tailpipe resonant frequency selected for muffler
79 was 580 cveles per second, The effective tailpipe length
is computed as follows:

Ao 200012

=t St s ==20.68 inches

By applying the end correction AlL=0.81r where v is the
tailpipe inside radius, the resulting true tailpipe length 3s

20.68—0.61(1.125—~0.063)==20.03 inches

Inasmuch as the tailpipe length also affects the low-
frequency cutoff of the muffler, a check is required to see
whetlier this eutoff falls within the desired attenuation band.
The cutofl frequency is determined from equation (D123

2

B0 g8 ops
2r250 20.68
2000 12

Since the cutoff frequency is within the {requency band
in which muffling was desired, a decision must be made as
to whether it is beneficial to inerease the tailpipe length and
thereby lower the high frequency eutoft or to increase the
chamber size in ovder to obtain a small attenuation gain in
the low-frequency range. The tailpipe length was nos
changed, and the resulting loss of low-frequency attenuation
was accepted because all available criteris for jndging the
offects of noise agree that somewhat higher noise levels are
tolerable at low frequencies than at higher frequencies.

(4) The conduetivity factor o determines the muffler
resonant frequency for a given volume. The equation

—
f L 6
T 273_\{ “i“v

shows the relationship that exists among the conductivity,
volume, and resonant frequeney.  With the use of this ex-
pression and for the values of the parameters chosen, the
volume and conductivity for muffler 79 can be determined
as follows:

-
&

—271_\;’!‘;:")80 cps

5—0.125)"

Tid 0.295

e \;’ %U VeV = 0.8800.285=0.260 ft
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By substitution
0.260

I,- :WSO»QIQ‘Mﬁ cu ft

This volume and a chosen muffier length of 2 feet were
used to caleulste the muffler diameter, 5.9 incles. For the
sake of construction simplicity, the dismeter was chosen to
be 6.0 inches. This diameter change required small adjust-
ments to be made in the values of volume and conduetivity;
the new values calculated were 0.338 cubic foot and 0.261
foot for volume and condnetivity, respectively.

(5) The required muffler conduetivity was obtained by
drilling several Li-inch holes in the central tube of the muffler.

K
In determining the number of holes required, & value of 5

was used for the constant 8 in the conductivity equation.
The calculation follows:

¢ chosen for muffier 79
L “Ynch hole
¢ per J-1mch hole

-———-«m%}—q—wf’.% or 7 holes
-;r(,l, i .
412,
11 . 711
J6127 2412

Experience has shown that there are some effects on the
conductivity caused by the close spacing of holes which
often require the number of holes to be changed in order to
obtain the desired conductivity e, or resonant frequency.
The actual conduetivity ¢, can be determined by experi-
mental tests.

(6) After all dimensions for the muffler have been deter-

Froure 27.— Muffler 79 instailed on helicopter with tail rotor removed.

mined, the theoretical attenuation characteristics of the
resonator should be computed and analyzed with the use of
equation {D10). This equation may also be written in the
following form:

Attenuation=10 log. (%l)
[

1

If the predicted attenuation does not conform to the desired
conditions, smail changes in the originally selected design
values may be made to achieve the desired results.

APPARATUS

The test helicopter (fig. 27) was used as the muffler test
bed in this investigation. The tail rotor was removed for
the tests to prevent its noise from interfering with the sound
measurements. The noise emsnating at the main rotor
fundamental frequency (13 cps) was known to be of lietle
stgnificance in these tests. However, a possibility that the

higher harmonics of the rotor might interfere with the ex-
haust noise measurements was recognized.

The helicopter was powered by a R—550-1, 180-horsepower,
7-cylinder engine having twin cexhaust stacks. One stack
exhausted three eylinders and the other, four. Figure 28
shows a diagrammatic sketch of the fjeld-test setup and
surrounding terrain. ;
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Tiaure 28.— Kngine-test arrangement.

The sound measuring equipment used in the field tests

eonsisted of & General Radio Company type 759-B sound-
level meter, a General Radio Company t¥pe 760--A sound
analyzer, and a Western Electrie type T00-A sound-level
meter and filter set. Both the frequency analysis and the
overall sound pressure level were recorded on a twin recorder.
This equipment gave an oversl] measaring accuracy of about
2 decibels when operating under field conditions. The
response of the equipment was found to drop rapidiy for
frequencies below 40 cycles per second. A water-cooled
crystal pressure pickup was atilized to obtain a time history
of the pressure variation inside the exhaust pipe ahead of the
mufler. Indieations of the exhaust-gas temperatures were
obtained through use of chromel-alumel thermocoupies and
2 Lewis potentiometer.

TESTS

The field tests were conducted before sunrise on the
Lengley landing field. The ambient field noise level was
approximately 62 decibels at the start of the field tests.
Changes that may have oecurred in the ambient field noise
after the helicopter engine was started could not be deter-
mined. The muffler field test included the investigation of
the four mufflers of different size on the modified helicopter
to determine the attenuation characteristics of the mufflers
at an engine speed of approximately 2,200 revolutions per
minute. In order to determine more fully the conditions
under which the mufflers were operating, internal exhaust-
gas sound pressures and bemperatures were mensured during
one of the test runs.

As a further check on the practicality of the muffler design,
the helicopter was flown with the first three mufflers attached.
The pilot, who had considerable flying experience with the
test helicopter, reported no noticeable change in performance.

RESULTS AND DISCUSSION

The results of these muffler tests, which are discussed in
the following sections, show the effectiveness of the mufiler
in reducing the exhaust noises along with the merits and
shorteomings of the theoretical equation under investigation
{eq. (D10)). The mufller experimental results are presented
in the form of tables and curves.

MUFFLER-ENGINE TESTS

The muffler-engine-test results are shown in figure 29 and
table V. These data describe the manner in which the
amplitude of the exhaust noise varies with frequency.

AND EXPERIMENTAL
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Fiours 28-~-Comparison of recorded frequency analyses of helicepter
naige with and without mufflers.

Yigure 20 (a) shows the unmufied-exhaust noise spectrum
in addition to the noise spectrums for both mufflers 78 and 74
Similarly, the spectrums for muffers 80 and 81 are shown
in figure 29 (h).

Frequency analysis.—The curve describing the envelope
for the unmuffied-exhaust noise frequencies shows that the
fundamental firing frequency (noted by the dashed line)
is by far the largest noise-predueing harmonic and, thus, is
the frequency which should be given the greatest at tenualion.
The peaks occurring at 75 and 205 cycles per second are the
next jargest sound-producing frequencies of the engine noise.
These two peaks, along with the fundamental peak mentioned
previously, define the frequency band where most of the
annoying noise is found to exist and, consequently, the
range which should be given the greatest attention. When
the noise speetrum from each of the four mufilers is compared
with that of the unmuffied engine, it becomes obvious that
considerable mufliing was obtained in the 75 to 205 cycles
per second frequency band. In general, the curves are scel
to have the same characteristic shape.

Suppose now that a comparison is made between the cold
tests and the engine tests. (See figs. 21 and 29.) Figure 21
shows that rufllers 78, 79, and 80 should have vielded their
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TABLE V.—BAND-PASS ANALYSIS OF HELICOPTER NOISE
AT 200 FEET
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greatest attenuation st 280 cyeles per second and no atéenu-
ation in one lower and one higher frequency cutoff band.
A point-by-point comparison between the dats of these two
figures showed that the helicopter noise spectrum was not
reduced by the amount predieted for the muffier in the cold
test. Tor instance, the cold-test data for muffler 79 showed
about 11 decibels of attenuation was obtained at 128 cycles
per second ; the engine test, however, showed that 7 decibels
of attenuation was realized when the muffler was tested on
the helicopter. Similarly, at 200 cycles per second, approxi-
mately 20 decibels of attenuation may have been expected
bus only 11 decibels were measured during the engine test.
After inspecting the data for all mufflers tested it was
concluded that, although effective muffling was received,
no muffler reduced the helicopter neise by the amounts
predicted from the muffler cold tests. .
Band-pass analysis—In order to provide a rough check
on the frequency-analyses data, certain band-pass analyses
were made. These band-pass data (table V) give sound
pressure levels with overlapping octaves for irequency
bands, ranging from 0 to 1,200 eycles per second. Before
further discussion of these data, it should be pomnted out
that the meser used in taking these measurements was of a

different type from that used for the frequency analysis. |

A constant 2-decibel calibration difference was found to

" exist between the two meters used. For identical sound
signals, the meter used to record the band-pass analysis
always read 2 decibels more than the meter used to record
the frequency spectram.

Good agreement hetween these data was found m the
frequency range of 75 to 400 cycles per second. This range
is most important in the present study becanse most of the
annoying noise falls within these limits. The band-pass
analysis generally is not as useful for analyzing the data
as the frequepcy spectrums; nevertheless, it can be used
profitably to check other data and to find regions of large
sound energies.

Tailpipe characteristics—The theoretical data previcusly
discussed (fig. 21) showed that certain pass bands ocearred

at frequencies both above and below the mufller resonant

frequency. For muffier 78, these bands are from 0 to 93
eveles per second and from 375 to 400 cyeles per second,
Although the theoretical data showed no attenuation should
have been oblained in the frequeney range from 0 to 93
cyeles per second, the frequency analysis of figwre 29 {a)
indicates that some effective quieting was received. Some
muflling also was obtained in the predicted high-frequency
pass band. In this band, however, the attenuation is very
small, ranging from ¥ to 2 decibels. The marked decrease
in attenuation in the frequency range from 375 to 400 cycles

per second is sufficient to indicate that the tailpipe resonance
mugt have occurred in this frequeney band; this result
agrees with the theory. The cold tests also showed this
attenuation decrease. It may therefore be concluded that
the theoretical expression is valid for predicting the taiipipe
resonance of the muifler under engine test conditions and
that some slight attenuailon may be realized during such
resonances. Further evidence of these tailpipe resonances
may be found by checking the data for mufflers 76 and 80.

Internal sound pressures of the exhaust system.--As
stated previously, the test engine had two separate exhaust
manifolds, one exhausting three cylinders and the other,
four, A schematic drawing showing this arrangement
appears in figure 30.  Sound-pressure data, as signaled by =&
erystal pickup gage piaced in the left exhaust manifold, are
presented in figure 31.  The eurve of figure 31 (a) describes
one cyele of this sound variation. The curve of figure 31 (b},
having 4 humps, shows the exhaust-pressure variation for
the 4-cylinder exhaust. This curve was not obtamed
directly from recorded data but was synthesized with the
aid of the measured 3-cylinder exhaust curve.

Close examination of the plot showing the 3-cylinder
exhaust pressure reveals that the sound pressure in the
system did not go as high when the second consecutive
exhaust valve opened as when the first valve opened:  An
examination of the exhaust system reveals that the first
eylinder exhaust valve remains open for a considerable
time after the second cylinder valve opens; thus, the volume
of the system 1s increased. This increased volume allows, in
effect; an additional ekpansion of the exhausting gases and
provides a damping of the peak sound presgures.

The maximum peak exhaust pressure measured is shown
to be approximately 7 pounds per square inch. This value
corresponds to a sound-pressure level of 189 decibels. This
pressure is far greater than both the pressure assumed in
theory and the sound pressure used for the cold tests. The
peak. pressures measured entering the muftlers attached to
the cold-test setup were of the order of 141 decibels or 0.028
pound per square inch.  In order to reduce large peak sound
pulses, collector rings may be employed. The pressure
records of figure 31, for example, indicate that, if a complete
cirenlar collector ring had been installed on the engine, the
magnitude of the pressure peaks might have been reduced
by over 50 percent. In addition, only one muffler would
have been required.

Left exbous!

port Right exhaust

port

Fiarre 30,—Bchematic drawing of helicc}pter—cngine—exhau.:'t:s,vsi-mn.
Firing erder: 1,38, 3, 7.2, 4, 6
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the test helicopter.
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helicopter as estimated from 3-cylinder data.

Fiours 31.

Exhaust-pipe sound pressure.

POSSIBLE RE-ASONS FOR IHSCREPANCIES BETWEEN COLD TESTS AND
ENGINE TESTS

Some reasons may be given to account for the discrepancies
that exist between the atfenuations obtaied from the cold
tests and those obtained from the engine tesis. These
ressons include (1) the large differences in operating condi-
tions, and (2) the prevailing extrancous noises of the engine
tests,

Differences in operating conditions.—In the seeiion
entitled “Variables Dependent on Operating Conditions” in
Part 111, the possible effects of three variables were discussed.
The offeet of temperature was taken into account in the
design of the engine mufflers by using the speed of sound in
the hot exhaust gas.  The exhausé-gas velocity was not taken
inte account, but 1% 1s doubtful whether this factor could
have caused a loss of atlenuation, inasmuch as the avatlable
evidence indicates that the exhaust-gas velocity either
causes an inerease in attenuation or has little influence on
attenuation. The exhaust-gas velocity for this engine is
estimated to be about 500 feet per second. The cold-test
experiments were conducted with peak sound pressures of
the order of 141 dectbels (0.028 psi); whereas, the peak
sound pressures from the engine entering the mufflers were
about 189 decibels (7.0 psi). This sound-pressure increase
of 250 times in the muffler system raises the sound pressure
to & pomt where it is no longer small with respect to the
static (alinospheric) pressure.  An original assumption made
in the development of the theoretical equation was that the
sound pressure would be small in comparison with the
static pressure. It is obvious that this assumption was not
satisfied during the engine teste, and this fact may be
responsible for some loss of attenuation,

Extraneous noise.—Another factor which may account for
some of the discrepancies between data iz extraneous noise.
The influence of this factor on the exhaust neise speetrum
presented is difficult to determine. No pure extraneous noise
specirum could be obtained whereby & quantitative poing-
bv-poini comparison could be made. The extraneous nose,
as discussed herein, is made up of all noisez which originate
from sources other than the exhaust gas. These noises
include engine air intake, engine blower, engine clatter,
vibrating fuselage, main votor, wud distant aweraft.  The
combination of these noises, when integrated with those
from the cxhaust gases, yields all the curves deseribed in
figure 20, Tf the exhaust-gas noise is the most pronounced

noise in a system and if it s reduced continuously, some

point will be passed where the exhaust and extraneous noises
will be equal. At this point the extraneous noise will be
equally as important as the exhaust in determining the noise
spectrum. Thus, the spectrum will stop defining the shape
of exhaust noise in detail and begin to show some characteris.
tics of the extraneous noises. A reduction of the exhaust
noize well below that of the extraneous noise will leave a
spectrum containing prineipally extraneous noise.  With
this fact in mind, the large, two-chamber mufller (81) was
designed to attenuate the exhaust noise so much that the
extraneous noise specirum counld be approximately deter-
mined. The spectrum for mufller 81 (fig. 20 (b)) has prac-
ticalty the same shape as that for muffler 80. This observa-
tien indicates that mufiler 80 must have reduced the exhaust
noise to a pomt where the extraneous noise becane prevalent
and that muffler 81 could have only fwrther reduced the
exhaust noise; conseguently, only slightly more overall noise
reduction was provided. Overall sound-pressure measure-
ments showed the same sound energy (81 decibels) was
present at the mierophones when both muffiers 80 and 81
were installed, Thus, the exact attenuation provided by
the mufflers could not be determined because of the extrane-
ous neise level. Tt is of interest to note here that, as the
extraneous noise level is approached, the mufflers must
reduce the exhaust noise in greater increments to reduce the
overall noise level by equal amounts. For instance, if the
extraneous noise is 85 deeibels and the exhaust noise is 100
decibels, the overall noise will be 100.1 decibels. TIf a muffler
reduces the exhaust noise by 12 decibels, the overall noise
will be reduced by 10.4 decibels to 89.7 decibels. If the
exhaust noise is reduced another 12 decibels (to 76 decibels),
the overall noise level is reduced by only 4.2 dectbels to
85.5 decibels. This explanation shows very clearly that the
amount of overall noise reduection which can be gained by
the use of a given muffler is dependent upon the relative
intensities of the extraneous and exhaust noises. It may be
concluded, therefore, that a muffler used to attenuate a noise
level which considerably exceeds that of the extraneous
noise can provide much more overall noise reduction than il
it were working in & noise range close to the extraneous noise.

SIGNIFICANCE OF MEASURED NOISE REDUCTION

In order that the significance of the noise reductions
oblained may be interpreted, some comparisens and com-
ments are made on the basis of the inforination contained in
reference 13 regarding the sound levels of aireraft traffic.
For those familiar with the noise of various Lypes of airplanes
on takeoff, figure 27 ol this reference provides a meaningful
comparison. The noise of the unmuliled 180-horsepower
helicopter has about the same intensity level as that of the
1a0-horsepower Stinson Vovager or the 165-horsepower
Beech Bonanza. The smallest mufiler tested on the helicopter
reduced the intensity to about that of the quuetest airplane
of figure 27 of veference 13, a G5-horsepower Fiper Cub,
These comparisons are made at takeoff power at o distanee
of 200 feet. The three airplanes mentioned were all equipped
with standard production muffiers.

As a further indicatien of the significance of the sound
levels measured in this investigation, a compsarison in terms
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of relative loudness is made. Relative loudness is defined
herein, as in reference 13, as the perceived loudness of sound
heard by the average car relative to the loudness of the normal
conversational voice at a 3-foot distance. The variation in
perceived loudness with the loudness level (in phons or
decibels) is taken from the American Standards Association
Standard 724.2-1942. Relative loudnesses of the five
configurations of this investigation, based on the overall
sound levels given in table V, are approximately 5.3 for the
unmufiled helicopter, 2.9 with mufflers 1 and 2, and 2.5 with
muffiers 3 and 4, all at a distance of 200 feet at takeolf power.
Flras ~maffter 78, for-example, reduces the Joudness of the
noise as perceived by the average ear by about 45 percent.
This ‘example gives an indication of the magnitude of the
noize reduction obtained although, of course, the human mind
takes into account other factors besides loudness in judging
the annovance due to a particular noise. On the basis of
the data in reference 13, the distances at which the helicopter
noize would have the same loudness as the reference conver-
sational voice are estimated at about 1,800 feet for the un-
muffled belicopter, 800 feet with mufflers 78 and 79, and
630 feet with mufBers 80 and 81. Tt is evident from this
discussion that the mufflers produced a very significant re-
duction in the noise of the helicopter,

CONCLUDING REMARKS

Attenuation curves have been calculated for a large num-
ber of muffiers, all of which are designed to permit the exhaust
gas to flow through the mufflers without turning. Compari-
som of the caleulated curves with experimental data has shown
that it is possible, by means of the acoustic theory, to predict
the attenuation in still air at room temperature of mufflers
of the size required for aircra{t engines. There are, however,
certain limits to the muffler size and the frequency range
within which these equations are applicable. These limits
include:

(a) For expansion chambers, the acoustic wave length must
be greater than aboutl 0.82 times the chamber diameter.

() For resonators, if the connector is longer than about
one-fifth of the wave length ai the desired resonant {re-
quency, the wave nature of the sound flow In the connector
must be taken into account.

(¢) For resonators, if the acoustic path length from the
connector 1o the closed end of the chamber is of the order

of one-eighth wave length or more, the wave nature of the
flow in the chamber must be accounted for.

The conductivity was predieted with reasonable accuracy
for connectors composed of & small number of holes or tubes.
Where large numbers of holes in close proximity were used,
the conductivity was not accurately predictable. In such
cases, the designer must rely on an experimental determina-
tion of the conductivity through measurement of the resonant
frequency.

Methods have been found which, in theory, will eliminate
pass bands in three specific cases. The pass bands that can
be eliminated are:

{a) The odd-numbered upper pass bands of a double-
expansion-chamber mullier.

(b) The first upper pass band of a multiple-resouator
muffler,

{¢) The first upper tailpipe pass band of a single-resonator
mufHer.

A method has been presented which permits the effect of
the tailpipe to be included in the muffler ealculations. Spe-
cific equations have been developed for the attenuation with
tailpipes of single expansion chamber and single-chamber-
resonator mufflers. Experimental verification of the equa-
tion for the single-chamber resonator was obtained under
cold-test conditions. '

Four resonator-type mufflers have been tested on a heli-
copter engine. Even the smallest of these mufflers reduced
the overall noise by a significant amount. DBecause this
overall noise included a considerable amount of extraneous
noise, an geeurate determination of the exhaust-noise redue-
tion was not possible. The experimental results seem to
indicate, however, that the exhaust-noise reduction may have
been considerably less than that which was obtained in the
cold tests of these same mufflers, The theory is handicapped
severely by the fact that the sound pressures inside the
exhaust pipe were found to be much larger than those
assumed in the basic theory. Tn order o isolate the effects
of large sound pressures and exhaust-gas flow velocities on
the attenuating properties of muffiers, further tests are neces-
sary in which extraneous neises are held to & low level.

LANGLEY AERONAUTICAL L:ABORATORY,
NATIONAT ADVISORY COMMITTEE FOR ABRONAUTICS,
Laxauey FiELn, Va., Oclober 0, 1952,



APPENDIX A

ATTENUATION OF EXPANSION-CHAMBER MUFFLERS

ASSUMPTHING AND GENERAL METHOD

In the derivation of the equations for the attenuation of
expangion-chamber mufflers, the following conditions are
assunied:

(1) The sound pressures are small compared with the
absolute value of the average pressure in the svsten.

(2} The tailpipe is terminated in its characteristic imped-
ance (no reflected waves in the tailpipe).

(3) The muffler walls neither conduct nor transmit sound
("ﬂ(‘.l'g;\‘.

(4) Only plane pressure waves need be considered.

(5) Viscosity effects may be neglected.

By definition, the attenuation in decibels due to a com-
bination of acoustic elements placed in a tube is

10 }ng ( ......... - ) (Al)

Average transmitted sound power
In the manner of veference 1 {p. 72), let the displacements
and particle velocities of the incident and reflected waves
at an arbitrary peint x be written as

£ i Gt D)

£ =i et

£, = Retluttin E, = iwBetivttin

where the positive a-divection is taken as the direction of

propagation of the incident wave and the constants A and

B are, in general, complex numbers.  For plane waves the
B =

. . , ot .
acoustic pressure p is equal to F pef 50 where p is the aver-
s
age density of the gas.  The incident and reflected pressures

wn therefore be writien as

. T |
gre== Twped et el TH

(A3)

Iigl+kr)

o= 1wpe Be

The average sound pewer in the incident wave is

w IJ 25 w’piéis i

2r Js

where, since this is w ealeulation of actual power, only the
veal parts of p, and £; can be considered.  After the Integra-

tion is performed, the average soutd power is obtained as
i S ko
5 prng;l i”)

1f the attenuation belween two points located at cross sec-
tions of equal area is desired, the formula is

;1 1i ; .
;'1 N {‘\;4)

Attenuation=10 log

provided there are no reflected waves at the point 2.
SINGLE EXPANSION CHAMBER

A schematic diagram of a single expansion chamber is
shown below:

[
i
A Ag Ay e le
5 Se ¢ 4 S
8 & ) 3 i
l 2 B‘rgé‘mie

]

I i1

The origin of @ is taken at junction 1. If constant factors
are omitted, the equations for conlinuity of pressure and
flow volume ai junction I ean be written, with the assistance
of equations (A2) and {(A}), as

4.\ P ]})1:“12"“” .B_‘ (A\:a}
Sj(‘""iz"‘f;;) = Szﬁ:;lz—‘B-_»)
or
A Bi=m{A—0) (A6}
Similariy, at junction 1, the expressions are
Aae” i 5B é‘m . (AT)
i (Ase By Ay {AS)
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Tf, now, equations (A3), (AB), (A7), and (A8) are solved
simultaneously for the ratio A./4s the result is

A 1N
aﬁcos kl—+1 5 (7n+m> sin kI,
(AD)

A TN
A %——\/1+£(m~—;g> sin® kf.

Ag
and the attenuation (see eq. (A4)) is
Attenuation=10logy, [1-}—% (mm%)“smz ki,] (A1)

The design curves of figure 22 were obtained by plotting
this equation against kf,.
If the equations are solved for B/, the result is

B ,'l 7 L ain ki
A, "2\’3 pog R

(ALT)
When measurements are taken in the manner described in
the section entitled “Methods and Tests” m Part 1, the
maximum pressure measurable in the exhaust pipe to the
left of junction I will be proportional to

| B |

A, .
Aai+i~433

and will be found at the station z at which the incident and
reflected waves are in phase with each other. The maximum
measured attenuation will thus be given by

A VBV

1E}logm(%f—11§i+iﬁ—"l (A12)

Substitution of equations {A9) and (All) into equation
{A12) results in

Maximum measured aftenuation=10 logw [Hé (m——

N L, I S T N
;;;) sin kle—}—(mm—ﬁ) sin ﬂ.!c\/lm&z (‘m——a> sin? Me]
‘ {A13)

The upper curve of figure 8 was computed from this equation.

DOUBLE EXPANSION CHAMBER WITH EXTERNAL CONNECTING TUBE

A schematic diagram of a double-expansion-chamber
muffler with the connecting tube external to the chambers is

shown below, with the symbols to be used also included:

4 Ap Aae""‘k"e Ax ﬁ3e‘f‘ﬁ2£c Ay A4e"'""fe
5, N S, p s, w4
| 8 B 2 gzefﬂe By 1 & emazc 8, G Bq_er'ﬂ! 5 5
| : 21, — I z
[ ¢ I c 3 e "
I I it o

The effective length of the connecting tube 2I; is equal to
the physical length plus an end correction. If the same basic
method is used as for the single expansion chamber, the
equations of continuity of pressure and flow at the four
indicated junctions are:
At junction 1
A+ By=A,+ 8B,
14]‘““'8]:73’1 (.{12“".82}
At junction IT
j’.’lzewi“"!‘B‘_Ae’iMFS-ﬂig”%’Bs
m(AQeWi“"—Bgem‘):AgmBa
At junction 1T
Ay im'-ﬁ—Bg(:'MlCﬁA4+B4
;‘138“11:2%*‘“838”2%2 miA,—By
At junction IV
A,‘e_m"+Béqam!:A;,
m{d.e e B = A

The simultancous solution of these equations results in

LAy 3

2(’4”?'2__ 1)262%%_!_2(”2'?4 },)Eeuziklc,—

(mi— 1}262”"“«”%’ Lim— i)ie—zuc:z'p_—zc)l
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This equation ean be written, in terms of trigonometric
functions, as

44-171 (74, . @ Al{] 4 ; Fayr . 1Y ST
T [am(m 1) cos 28,5 1) —4mim 19° cos 2k{.—1.)]
L q[2(m 4 D(m 4107 sin 2k 410~

W11 (m—1)" sin apef], 1y 4 (1) sin 2k ] PO{AlY

The attenuation is

Attenuation=10 log. {[R ( —})]-{1 (31—1)]} (A15)

when R and T are used to denote the real and imaginary

parts, respectively.
DOUBLE EXPANSION CHAMBER WITH INTERNAL CONNECTING TUBE

A schematic diagram of a double-cxpansion-chamber
muffler with the conneeting tube internal to the expansion
chambers i shawn below, with the symbols to he used also
indieated:
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The basic cquations of continuity of pressure and flow at the
four indicated junctions are:
At junction 1

A—Bi=mid,— D)
At junction 1

f,"kfi;,—ﬂ} H FESL =02 . [
WS R STy By AT

A af

7n.(xige—mz‘”(“)wB-:(f:ik"i”_l'l} = A= Bt in—NlG— B

|
|
|
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At junetion ITT
A Bette= A L By=A et By
A= F e B et (i 1) (A By)=m — B
At junction IV
A ML Bt = 4
(e e B0y =

. . r :
In nddition, beeause of the total refiection from the bulkhead
separating the two chambers,

By=ilge™ e
B A o5
g
The simultaneous solution of these equations results in

A
—L=cos

opl,—(m—1) gin 2kf, tan k. +

7

; {(mm}r%) sin 2k, (m—1) tan k.

[(ln’t—i‘j}%) cos:%!&-—(l\rnw—%\)]} {A16)
)ir} {(A1D)

In Lhe design of double-expansion-chamber muftlers, it is
important to be able to predict the low-frequeney Himit of the
first offective atienustion vegion, This frequency is called
the cutofl frequency 7. It may, of course, be found from a
plot of equation (AI7) but o more rapid method of estimat-
ing f. s desirable for use in the preliminary design of :a
mufller.  The semiempirieal equation

The attenuation is

Attenuation==10 logn {[R (:;I)]—i—[T (': !

CUTOFF FREQUENCY

: 1
]r(%:._%_ o

(ALS)

s heen fourdd quite saiisfactory for this purpose within the
range of variables covered in this investigation (see table 115,




APPENDIX B

ATTENUATION OF RESONATOR MUFFLERS

SINGLE RESONATORS

In the derivation of the equation for the attepuation due
to a single resonator in a side branch, assumptions (1), (2,
and (3) of appendix A are required. Assumptions {4) and {5)
are modified as follows:

{4) Only plane pressure waves are propagated in the ex-
haust pipe and the tailpipe.

(5) The influence of the viscosity of the fluid may be
neglecied everywhere except in the tubes or eorifices which
form the conmmector between the exhaust pipe and the
volume chamber of the resonator.

The following two additional assumptions are necessary:

(6) The boundary-layer thickness is small compared to the
diameter of the tube or orifice in which viscosity effects are
considered.

(7) The dimensions of the resonator are small refative to
the wave length of the sound considered.
~ Consider the effect of w side branch of impedance
Zy=R,+iX, opening into a tube in which plane sound
waves are propagated. At the point where the branch joins
the tube, the conditions of continuity of pressure and sound
current give :

{(B1)
(B2}

I)i""!'rprempb"ﬁp!?
I{‘""Ircxl’b"‘}’ltr

“where subscripts 1 and re refer to the ineident and reflected
waves ahead of the branch, b refers to the braneh, and tr
refers to the transmitted wave behind the branch, For &
plane wave p=-Z,I, where Z, is the characteristic impedance
of the tube. If the currents are written in terms of pressure
and impedance, equation (B2) becomes

1 o1 ,
-Z_D (’pi""—p?e:)"'p!r:(_z";'"{k“z_ﬁ (B3)

If, now, equations (B1) and (B3) are solved simultaneonsly
for the ratio p./p., the resuit is

Pl g B
PRV ARLEIT IS5 &

Hence the attenuation is

ZN | v
. - (Rt) +%5
Attenuations10 logyg |+ BYH

; —101 S
Pt OB TR X

A schematic diagram of a single-resonator muffler is shown
42

helow with the svmbols that are used indicated:

~fer -
¥

On the basis of the listed assumptions, the impedances of the
various components are {ref. 1, p. 118)

2
Volume-chamber impedances==--i p_C:; B5)
ol
Clonnector im edancem«m‘lrL 2 pos - (E,E+ L. 2 pte
: p . '—m'fra:"\ wpw -t o 11'(143\. 18 O
’ (B6)

where ¢ is the conductivity and [, is the effective length of
the connector. Since, in the resonator side braneh, the
volume chamber and the connector are in series

L 5 (B7

Rr—“;}? +2upw 7

e p e g (B8)
r Co (:J-V 3V

These values, when substituted into equation (B4), give the
attenuation of a single-resopator muffler.

In many cases it is possible to neglect the effect of viscosity
without introdueing excessive error, except ab the resonant
frequency. 1If p=0C. eguation (B4) simplifies to

. Zi
Attenuation=10 logw | 1+5= (B)
4XD-
By inserting the value of X, and making use of the fact
ot [es
that }r,r*zr" ~\} ?

it is possible to bring equation (B9) into
the form l

Attenuation=10 logy { 1+ (B1o)
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The design curves of figure 23 have been obtained from this
equation, Since viscosity has been neglected, the predicted
attenuation rises to infinity at the resonant frequency
Lo
JT

If the effective length of the connector 7. is not sufficiently
short compared to the sound-wave fength, assumption {7}
of appendix B is violated and the wave nature of the flow in
the connector must be considered, Mutlier 28 is an example
of this case. For a connector of length 7, and area S, ter-
minated by a volume V7, the branch reactance {(with vis-
cosity omitted) Is

f tan k[rw%v
=0 (B11)
S| S tan ki1 '

[t o

This expression can be obtained from equation 5.30, page
125, reference 1 by substituting the volume-chamber im-

2
) gl - . . . .
pedance —1 e for the impedance which is symbelized by Z:
W .

in the reference. Having obtained the branch reactance, the
attenuation, with viscosity neglected, is caleulated from
equation (B9). The attenuation of mufiler 28 was caleulated
in this manner. Strietly speaking, an end correction Is re-
quired at both ends of the connector in determining the
effective connector length [, when equation (B11) is used.
This correction will reach a maximum of about 0.8 times the
connector radius, at each end of the connector, if the con-
nector radius s much smaller than that of the exhaust pipe
and the volume chamber.

If the resonant chamber is itself long, the resonanece be-
comes a length-controlled phenomenon instead of a volume-
controlled one and the attenuation can be determined by
assuming plane-wave motion in both the connector and the
chamber.

In ease the connector is short and the chamber is long, as
inr the following sketeh, another approach may he used;

| |

| 2

_7_2

.

Again, the problem is to determine the branch impedance.
For a closed chamber the branch impedance is (again with
viscosity omitted)

o fBw_ pt " .
Abﬂ((‘u & cot kL ) B12)
The attenuasion is therefore
i 7 )

10 Jogu | 143 7o (B13)

48 kS,

- ~—cot kl,
{1

For a muffler in which the connector is located at the center
of the resonant chamber, rather than at the end, the effec-
tive chamber length is ene-half the actual chamber length I:

f
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and the sffective expansion ratio is twice the physical expan-
sion ratio 7. These effective values should be used in equa-
tion {B12) or (Bi3). Because of the fypieal attenuation
characteristies of resonators of this type (eq. (B13)3, they
are called “quarter-wave' resonators.

MULTIPLE RESONATORS
The attenuation of 3 identieal chambers of an infinite

Alter composed of branch resonators is given by (sce ref. 8)

|
i

Attenuation=-8.6911 e:osh“‘|cos kL2 5Z°— sin kl;%i B14
Zhap

where

2,

By use of the substitution ; this equation may also

he written as

Za__; 2 >
22, Ik
fo f
Substituting this expression in equation (B14) and making
2
use of the fact that kr——'JTfT gives
Attenuation = -—3.69A
| LS:'_ |
cosh™! ‘!c.os (kril T{)—{—z‘i@ sin (krh%)gi (B15)
1 o

where the inverse hyperbolic cosine is taken with a negative
sign. Thus at a given frequency the attenuation, per eham-
ber, of a multiple-resonator muffler is a function of three
basic parameters: {EW_/QS, ki, and Vol V (sinee f, is con
trolled by +e,/V). The design eurves of figure 24 were eal-
culated from equation (B13).

{1 reference 1 the cutoff frequency is given as

{B16)

In terms of the resonant frequency equation (B16) can be
written in the form

{B17)

/ :
YV oTas
These equaiions for f. are, in reality, approximations since
tumped impedances were assumed in the derivation (see ref. 1}
The approximsation should be valid within the range of
variables where tan k. can be taken as kd within the
permissible limits of accuracy.

In the case of mufflers with long chambers the CXPression
for Z, given by equation {B12) can be used in equation (Bi4).
Instances where this substitution has been made are peinted
out in the text and in the figures.



APPENDIX C
COMBINATIONS
TWO RESONATORS TUNED AT DIFFERENT FREQUENCIES

| The equation for continuity of pressure at the junction is
A schematic diagram of a muffler composed of two resona~

tors tuned at different frequencies is shown below with the At Bi=A4+Bs
subseripts that will be used to indicate various locations also B.
shown: 1, 1 _§_W_ﬂ

A5 B,

Substituting from equations (C1) and (C2) gives
[11 Zg Z}+70

[

+
k,
=

i PR R ! 5 ;l-; ZI 73—?“70
i 3 4 6 Similarly
l % A4 Zb Z;+/9 4“"1’"1'0
\ | l : k Ay L, Lyt 2 A
\,
i l‘ l | l since Zy==2, Now
| 1 ‘I i A”i-;“—_-c’ial‘?‘ml
i\ l ‘ | so that
| i; Ali 4’:11 14 gi £1+/0 Z{+Zﬂ P
| == a2y o
;"}g -1 C iAlﬁ 2 7 [G?} /—:’%
The assumptions made are the same as for the single resona- 1+ """""

tors. At station 1 let

The values of the impedances in this equation are -
gl Bee g Ak By ‘ !

= ]1 uuS ”11' Bl)ﬁe A-**B . mé}‘?‘?ﬂ, o
Trom this relationship mere
Z 2y cos bl 412y sin &l

B Z Sl Ty 5

Ai Zl—rZ(; Cn Zo 2y €08 B+, sin kly ©5)
where Z;is the impedance of the first branch and the circuit Zye=e Zis (C6)
to the right of this branch in parallel. Similarly 7t Zs

By Zy—Zo The attenuation is determined by inserting the values given

ik ol W (C2) . =

Ay 2t in equations {C4), {C5), and (C6) into equation (C3) and

working out the expression for

42
Attenuation=10 log fi | (o}
ol .

It the branch impedances have no resistive compenents, the result obtalned is

A

) (B Xt ZoR 2 2 (X ot X - iRy 4 X Xy (Xo+- X)) o
As

[R:X 7 cos kh+ZXoRy sin kL] [B2X XX (XK cos bli—ZoXs (XX g sin ki)

(C8)

l\:ﬂ»—-l

44




THEOGRETICAL AND EXPERIMENTAL INVESTIGATION OF MUFFLERS

where
/OXE(ZD’ + X5

By= 77X 7 cos bli— ZoX s sin T X5 s Ky
. 1., . e {C9)
70‘3}1 (702+Xw2) 008 '7kl1+— (ZU"JT?&X?) sin Oklx

A=

These equations were used 1o caleulate the attenuation of
mufller 73 (see fig. 16). It has been found necessary to
include the length I;, even though it may be much less than
the sound wave length under COIL‘:‘:d(’E ation.

A RESONATOR AND AN EXPANSION CHAMBER

A schematie diagram of a muffler (ompesed of a resonator
in combination with an expansion chamber is shown below:

.

The boundary conditions to be satizfied at station I are

441"*1}71#—»' B?—' ";kBg (CiO}
Si (44.1_]31):82{-13‘“"1}2)4“ S; (1'13—83) (Ciﬂ
From equations (C10) and (C11)
18 L
.a'i]ﬂ% E‘; (4'12*3_))“1“413 (0}2)
For the side branch
7P if_ﬂ,ﬁ‘ﬁe)ii oo Ayt Be
h Iﬁ lwb (410 2){’““ Sg 1124
from which
AnggASf/) (fiﬂ TB )—§Z {Ai;;TB‘;) (Cj.g)

If equation {(C13) is substituted into equation (C12), the
result is
S pe

=08 87

(At Byt
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ity

R ik 1] .
Sinee d,=Ae §, B=Be #and %EZQ, the preceding
A

equation can also be written as

Aée*“ur Bie*‘“ (C14)

Let the subscripts 1 and 3 of equations (A9) and (A11) be

replaced by 4 and 6, respectively. Then the ratios Ayl A
and B4 can be written as

A . HR .

;‘i—mcos kil -1 3 (m—i—;};) sin ki, (C15)

%:—" — % (mm;ﬁ—) sin ki, (C16)

By using cquations (C14),
A jA; can be written as

[il—( + )l—cos bli s (mniw—) gin kl:] g
21Xb ["?’ 3 (W°"W> sin U] -ty

__{(1“"? Ty )[(os El 4= (m%-») sin &l :l_ﬁ
41X, ( 1“‘—) sin K, Cm-ml}eml

(C15), and (C16), the ratio

p
l\ ﬂJLcos k!’e-k;é}; (m 47% sin kl—
b
\ {”;? (m—%) cos 2kl sin kls%wi[;l; ("”+1—]ﬁ) sin kl,—
1 Y : £ g
\ %YI, cos ki, +-{3X (m——%) sin 2kl sin klg]}e‘“
' (823!
\ The attennation is given by
l Atienuation=10 logw |’/i I
l - G\
Ll =16 l()qw{[(,oq ki, +{Y (m +—) sin ki, —
1 . .
‘1 f;ﬁ—h m-—%} cos 2k sin Fc!c] 3
l\ l: (m—%——m) sin ki, "—5"3;' cos kl.+
| 3—‘3 ( mm%)sin 2kl sin lci,'e];} (C18)




APPENDIX D
ATTENUATION OF MUFFLERS WITH FINITE TAILPIPES

SINGLE EXPANSION CHAMBER

Consider a muffler composed of an expansion chamber
with expansion ratio m terminated with a tailpipe of effec-
tive length /,. At the upstream end of the mufiler,

L"}L]“*“B]ﬁ‘a?“%“ffi
A—Bi=m{A,—By)

D1
b2)

At the downstream end, assuming total reflection {rom the
end of the tailpipe

A ek Byg™ o= Ayt By=Ay (1—e” ) (D3)

m{AQewikithgeikIg) :::[13 (}_i_‘efiikl‘) (D4}

These four equations, when solved simultaneously for 4;/4;,
give

AL ([am cos kl,—2(m*—1) sin 2k, sin kl,|+
;"‘13 YA

i [2(m?+ 1) sin kl,-—2(m*—1) cos okl sin kL }

K 2
The attenuation is 10 logi Lé—! | where

[ A

I.AI'!__ (mg"‘“l)2 2l mi—1 . okl sin 2
i ‘ =1 +W_27:}1T’ sin U*_szm:w sin 2kl sin 2kI,

4.
”’;mﬁ cos 2k, sinkl,

(D5}

The approximate cutoff frequency is found by setiing the
preceding expression equal to zero and solving for k, with
the approximations that

sin kl,=kl,
sin 2&l,= 2k,
sin 2kl,= 2k,

cos kl,=—1
The result is

(D6)

4

. SINGLE RESONATOR

A schematic diagram of a single-resonator muffler with a
finite tailpipe is shown below:

e 1 —

The method of appendix C gives

h_Z Lty
rngZj Z¢+Zﬂ

If now the substitution

Z.Z
AL
. Lot 2y
is made, the result is
i
ALl % (D7)
Ay gf).{, 1
Z,

If the correct values for Z,/Z, and Zy/Z, dre inserted in this
equation, the attenuation may be ealeulated from equation
(A4). As an example, the attenuation equation wili be
developed for the case where Z, 18 a pure reactance and total
reflection is assumed at the open end of the tailpipe. In
this case

Ay Lli (DS)
A, --Zi-l-i i
e
Upon reduction this gives
A4 2‘(20/)(&){20![-}(!) {Zobe}z ;
miLE 3 e DS : ; _ ) i
vl 6 w6 S W
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Finaliy, for the single-branch resonator with a tailpipe
substitute

-

%zcm kL,

where I, inclodes the end correction mentioned in Part 11
of this report under the heading “iheory,”  Substitvte also

f
M=k, =
jr

and

with the result

H !

i

. sin® kri %

Attenuation = 10 log N DN T 1) S
Attenuation=10 log, | 1+ S + & (i__fi 5
N g 7
M1

Noie that in equation (D10) the parameters which determine

the attenuation characteristics are 6V /S, bl and fr
(or Veo/V).

The pass frequencies can he found by setting the sum of
the second and third terms of equation (D1 equal to zero,
with the result

tan kf,=—28 E——Al‘r) (D11}

Lo
The attenuation will be zero for any value of & which satisfies
this equation. For the cutoff frequeney this equation can be
simplifiedd by the use of the approximation

tan kl,=Fkl,

with the result

{Di2)

47

Use of this equation gives 2 value of approximately 88 eycles
per second for the cutoff frequency of the mufiler of figure
18 (a). 'The more exact caleulation gives f.==85"cycles per
second. Note the similarity in form between equation
(D12} and equation {B17).
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