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INTRODUCTION -

[ ]

This section priefly describes the cnhances that have
pbeen made to Volume I WADC TR 52-20L, Handbtcolt of Acoustic
Noise Control. The changes are essentlally elther of two
basic types. In some cases, new sections have been added
on subjects not covered in Volume I. liore c”%en, nIWever,
the new sections reflect changes in theory or preactice
which made a reorganization of the materieal desirable. In

terial was of a gsoirevhabt different na-

ended to the existing section.

These changes 2 1cd below to ald the rezder in rccog-
nizing the relatl ne old and new secv It
will be noted tha s proceded on & gection-
by-section basis. Thlis has nccesslitated certain changes in
the figure and equation numbering conventiont yhich are also
indicated below.

All of Chapter 4 has been revised although the bulk
of the changes areé in Sec. 4.1 vihich mekes up the main part
of the chapter. The discuss l1ler nolse has been
reorganized around the exlsting theory. Both rotational
noise and vortex noise have been treated and H. A. C. A,
charts constructed from the Gutin theory are glven, The
design procedur ] he empirical DUL chart is essen-
tially wnehanged although its extension to other than three
blade propellers involves a somevhat greater uncertainty
than indicated in the original sectilon. Chiefly, the
empirical chart yvorks in the transonic and supersonic tip
speeds where avallable theory 1s not as uwell developed.
plso, the two spectrum charts have been replaced by 2 single
curve which 1s similar to the transonic tip apeed casé of
the original section.

Section 6.3a adds t~ the empirical information on
axial flou compraasors presented in Sec. 6.3 The nevw
section discusses the physical principlec involved in noise
generatlon by an axial flow compressor. It contains a
short statement of the theoretical results to date and
{11iustrates them with a calculation of the absolute sound
pressure level for z compressor of given operating condli-
tions. Tre previous einpirical design procedure 1s still
applicable. Nothing new 1is presznted on centrifugal
compressors,

Section 6.5 on ventilating fans and noise from
ventilating systems i1s new. There 1s no section in Volume I
to which 1t corresponds.

xil
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The ~ections on wall construction and floating floors
in Volume I have been greatly expanded and reorganize
around existing theory. However, the original sections are
still correct in what they zav and they form a good intro-
duction to the more detalled disuesion of ivhe revised
Secs. 11.2 and 11.3. In particu’_.r. Sec. 11.3 on the Insula-
tion of Impact Sound corresponds only roughly to the
original Sec. 11.3 dealing with floating floors. The
original sectlion has more architectural details which may be
useful to tne reader.

The new section on the transmission of sound through
cylindrical shells is intended to replace completaly the
original section in Volume I. Research in this field 1is
continuing, however, and more expecrimental and theoretical
inforination may be expected in the future.

Section 12.1 on the apecification of socuna abgorptive
properties of materials is new. It replaces the very short
introductory section in Vol. I which simply listed several
topics to be discussed in connection with the control of
alrborne sound.

The section on the attenuation of sound in lined ducts
(sec. 12.2) has been greatly expanded. Several different
treoretical procedures for calculating the attenuation, each
of various degrees of accuracy and ucefulness arc presented,
and all the available srpirical information 18 surmarized.
A tabular svmmary of the various procedures 1s glven. This
revised section 1s intended to replace the oripginal section
in Volume I completely.

Section 12.6a discusses the use of acoustic resonators
in free space. Since the original section discusced regonators
attached to ducts, the subject matter of the old and new
sections are complementary rather than overlapping.

Finally, Section 12.9 prccents a new design procedure
for the prediction of acoustic shielding by an obstacle.
Although it is based on the same diffraction theory as the
original sectlon, several modifications found necessary in
actual practice have been introduced.

R . o e Yt e W WP SRR -
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Because the totul number of equations, figures, etc.
in each revised section do not, in general, equal the cor-
responding number in the section replaced, & new identifica-
tion scheme has been used. Previously equations, figures,
tables and refercnces were numbered consecutively through
a chapter and were jdentified by chapter and/or a serial
nupter. Now all 1dentification numbers refer to both chap-
ter and section in addition to a serial number. For
example, the Tifth equation in Ch. 12, occurring say in
Sec. 2 is now numbered Eq. (12.2.51 while previously 1t
would be numbered simply Eq. (12.5). References, instead
of being a single number, such as Ref. (7) now contain a
section identification also; the fourth reference 1s Sec.1l1l.5
and s now numbered (5.4). Finally, a letter 2 following
a section designation indicates that the gection does not
replace the previous section, but merealy suppleirents it, e.g.»
Sec. 12.6a. Azgure, equatlon, table and reference numbers
then contaln the letter also, €.8., Fig. 12.6a.5.

A list of errata to Volume I is given at the end of
this volume.

B e T S e o e
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CHAPTER 4

AIRCRAFT PROPELLERS AND RECIPROCATING ENGINES °

4.1 Propeller Noise

Introduction.

The propeller,

rather than the englne,

18 the chiet source of noise In the usual reciprocating-

engline aircraft of 200 horscpower or
considerable work has been done toward explaining
of this important noise source.

rom a theoretical standpolnt, but

the approxima
satisfactory for en
pellers cperating 2
to obstacles. Also,
the role played

in propeller nolse frieneration,
tip speed,
The results of this analysis are given here.
are cited and comparisons
Equations and charts for englneering

Their use 1s explained in a
of the scction.

povier, thrust,

shovm vhere possible.
calculations are glven.
ezample at the end

Gutin's_Theor

of Rotational Propeller Noise.

Tor this reason,
the action
yet

more .

The problem has not as
«hich has been done has proved
purposes in the case of pro-

plade specds and not too close

the spproximate analysis sovs clearly
by the various parameters wwhich are important

including particularly horse-
and number of plades.
lizasurements
experiment are

dlamzter,
petween theory and

nunevical

A rotat-

ing propeller bizde at constant speed carries vith it a

steady pregsurc distribution.
fixed 1in space witr. reference to
a period.c prassure varilation,
having the blade passage frequency as
This periodic pressurs variation is an acoustic

form, always

nenhal.

digsturbance, and is knovm a3 the rotational noise.

Hence, any non-axial point,
the alrcrafc, experiences
generally of complex vave

the funda-

For

points lying in, or very nearly in, the volume suept out by

the propeller blades,
overlap of tne pressure
the pressure

priate frequency,
an isolated blade.
the pressure
nearest blade,
ing negligivie.)
disturbance very

calculated
reglons near
the disturbance
ness disk

and for cases where there
distributions of adjacent blades,
disturbance due
can be approx1mated simply as
of the disturbance du
(In other words,
disturbance at a gliven
the 4influence of
To this approximation,
near the propeller can be simply expressed,
and the disturbance at more distant points can then be
by integrating
ghe propeller.
is considered to radiate from a zero-thick-
in the region syept out by the propeller.

1s negligible

to a multiple-blade propeller
at the appro-

passage of
for such near points,
time is due to the
distant blades be-~
the acocustic

the more

the signal propagated from all
To facliitate this calculatiocn,

This

1
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nonperiodic dis

small compared o the Speed of sound,

18 the harmonic number and t is the time.

over the width of the blade,

2

13 the basis for Gutin's analysis of the rotational pro-
peller noiue 11%/‘ The Gutin analysis does not consider
urbances (principally vortex noise), which
are produced by an actual propeller along with the periodie
rotational noise. These will be considered later., The
analysis assumes that the rorwart speed of the bropeller is

Qutint's analysis proceeds by writing expressions for
the reaction on the alr of the time-dependent thrust and
drag forces due to a single rotating bropeller bliade., Thege
forces are then eéxpressed as a TFourder serlea; the funda-
mental frequency is the blade passage frequency n (L where n
is the number of blades in the _iopeller and @ 1s the
rotational iregueney in radlans/sec, The force exerted on
the air by a rotating blade also depends on the thrust dis-
tribution along the biade. In the Fourier expansion, the
sine function is approximated by its argument mn &C t where m

This is Justified
provided that the discusasion i8 restricted to a sultably
small value of the product of number of blades and of har-
monlc number, and provided that the portions of the blade
near the hub (which procduce a relatively small rart of the
air forces) are ignored. Gutin also shows that his
éxpresaions, wihich are in no case valid for high harmonies,
are corrcct when the air forces are not uniformly distributed

Expressions for the eerodynamic disturbance in the
Propeller disk *aving now been established, the next step
is tc compute thne resultant acoustic effect at external
voints. The coordinates shoim in Mg, 4.1.1 are used,
From hydrodynamics, we can immediately write the velocity
potential for the resultant sound fleld from the lmown
forces acting on the air due to the rotating Propeller
blade 1.2/. The sound pressure 1s the time derivitive of
the velccity potential. That is, for an air density p,
the sound pressure p 1is pdF/dt. Vnhile this glves the
desired acoustic solution in principle, som
tions are desirable for ease in calculation

e simplifica-

Gutin

- . P ==

. S e
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+—PRCPELLER DISC

FIGURE 4.1.1

Coordinate 3ystems used in calculation of noise
radiated by a propeller.

restricts the point of observation to the xy plane, with-
out loss of generality, and also restricts r to values
much greater than the propeller diameter. The latter
stipulation will malke the succeedinrg woric inapplicable to
the near field, so that the results under this restriction
willl not apply to noise levels within the alrcraft itself.

3
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Tt 11 de Ll .ble to put the rennult in a form which
o a1 g Lotlod kncdede of the distribution
tong; the Ltlade. This is achleved
by oLer st ooIr g LLe total thrust P and the
Lo act at o rfectlve pean radll Ry and Ro

sure becomes

> ool e

>t oo

..\
_/, P

¢ nell “
- LR !
( 31 stn o) 5 J,. (sz sin )] .

sL"jm
1"2

(4.1.1)

Lol .1 «1 frequency 1s ap, ¢ 18 the veloclty

¢, J , ts the Progeld funeticon of order mn and k =a/¢
vy o+ > fuoeoeoncy of the @ th harmonic of wj. Gutin

Y. 3 that, Tor the lover harnonics produced by
ving a ‘'onall" number of blades, both Ry and

W oiooly equal to Re, the radius corresponding

Fooultant thrust for a single blade, which
of 0.7 or 0.8 of the propeller radius R, .

* _ui‘!w or

0 o

Lads to the rinzl ainplificd result,

ncll o
[ - P cos %-Fme (kRC sin?r)]
l¢c

(&.1.2)

‘his expression is a sum of two terms, the first of which
41‘3 the thrust term, and the second of which is the torque
term. The torque 1is proportional to the input power, W,

throuzh the relation

W=MQ& (4.1.3)

ey o e @ e
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FROM GUTIN
THEORY EQ.(4..2)
Rg=0.75 Rq \,7/
)
|
\
\
\

N KEMP'S MEASUREMENT

\J/(FUNDAMENTAL)

FROM GUTIN
THEORY EQ.(4.1.2)
R¢ =0.7 Ro

180°

DIRECTION OF
FLIGHT

Figure J.2.1

Calculeted and measured distributions of
fundamental -frequency sound pressure from a
propeller, The moasurements are by Kemp 1.4/,
The calculations are from the Gutin equation
(h.1.2), for values of B, cgual to 0.7 R, and
to 0.75 Rge

. - - e = -
e et et e e S e
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FROM GUTIN
|/~ THEORY EQ.(4.1.2)

KEMP'S MEASUREMENTS
/‘SECOND HARMONIC

DIRECTION OF
FLIGHT

FICURS b.1.3

Calculated and roaoured dictributions of cocond-
haroaaic gound progoure £x91 & propollor. Tae
Eoasurcziats are by e 1.4/. The ealeulntions

are froz the Gutin couation, (4.1.2), with Ry = 0.75 Ry

Declassmed in Part - Sanitized Copy Aproved for Release @ 50-Yr 2014/04/02 - |}
CIA-RDP81-01043R004000070005-1




Declassified in Part - Sanitized Copy Approved for Release @ 50-Yr 2014/04/02 :
CIA-RDP81-01043R004000070005-1 :

The thrust P is related to the input power by an
aerodynanic relation which Gutin gives in the form

P = (2psW2 n2)1/3 (4.1.4)

vhere S 1s the area of the propeller disk and W is an
erficlency factor estimated to equal about 0.75.

Gutin calculated the expected polar distribution of
radiated sound for the first two harmonics, for the follow-
ing situation: Two-b ade propeller, radius 2.25 meters,
1690 kg thrust, 515 kgm torque, 13.9 rev/sec. The results
were compared with experimental data for this situation
as taken by Paris 1.3/ and by Kemp 1.4/, with values of
both 0.7 and 0.75 being tried for R,/Ry,. The comparison
with the Kemp reaults is shown in Figs. 4.1.2 and 4.1.3.

The agreement is fair for the fundamental, but appears to
detericrate for higher harmonics. This would be expected
from the nature of the assumptions made 1n the derivation.
Fortunately, the fundeamental usually constitutes the
greatest single coantribution to the sound output. Gutin's
calculations shoiied slightly better agreement with the
Paris data (fundamental only).

The general features of the polar patterns in Figs,
4,1.2 and 4.1.3 are found in virtually all cases of noise
generation by a propeller free of cbstacles. The torque
term results in an acvoustic pressure pattern which is zero
on the propeller uxls and maximum in cvhe propeller plane.
The thrust term results in an acoustlc pressure which is
somewhat smaller than the maximum torque contribution (this
need not always be true), and which is zero in the plane
of the propeller as well a3 on the axis. The two contri-
butions arc out of pnase for positicns in front of the
propeller, but in phase for pcsitions to the rear. The
combined erfect of the two terms 1s a radiation pattern
having symmetry of rotation, which 1s zero on the propeller
axls and which 1i1s maximum at a position some 15° behind
the propeller plane.

N.A.C.A. Propeller Noise Charts Based on Gutin's Equa-
tion. No propeller noise analysis 1s available which does
not include at least some of the approximations made by
Gutin, Tortunately, the simplified Gutin relation,

- . o e e e s S e R e e e e e eI R
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(4.1.5)
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Eq. (4.1.2), seems to glve the maximum overall sound
pressure in the far field of 2 propeller to an accuracy
sufficient for the usual reaguirements of noise-~control
englineering, at least for those propellera operating at
subsonic tip speeds which are currently in use.

A convenient set of propeller-noise charts has been
computed from the Gutin relation by Hubbard 1. under the
auspices of the N.A.C.A, These ere reproduced in part
in Figs. 4.1.4 through 4.1.9. The 1ndependént variables
are input horsepower, propeller diameter, number of blades,
and rate of rotation or lMach number of the blade tip. The
result 18 read from the charts as sound pressure level at
a distance of 300 feet, at a position 105° removed from
the forward propeller axis (approximatel the pcesition of
maximum sound pressure in ordinary cases¥. The sound
pressure contributions from the first four harmonics have
been added on an energy basis to give thils result; hence,
the values obtained are closely representative of overall
sound pressure level, since ordinarily the contributions
of the higher harmonics drop off rapidly.

Analysis of a typical propeller radiation pattern
shows that the sound pressure level in the direction of
maximum output 1s about five db above the space-average
value. Hence, 5 db should be subtracted from the chart
values to obtain the space-averaze sound pressure level
at a distance of 300 ft. Adding 55 db to the N.,A.C.A.
chart values glves approximately the poirer level of the
propeller as a nolse source,

The Gutin result 1s found in the N.A.C.A. publica-
tions by Hubbard 142/ and others in the form and symbols
of Eq. (4.1.5). ¥his is adapted to simple engineering
computation.

169.3mBDMt[- Py
p = —
28 lf(o.smt)‘g

- T cos B JmB(o.smBMt sin g).

(4.1.5)
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FIGURE 4.1.6
Same as Fig. L.1.4, but for 4000 horsepovwer input.
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Propeller Diameter

FIGURE h.1.7
Same as Fig. 4.1.L4, but for 6000 horsepower input.
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Here m is the harmonic number; B8, number of blades;

D, propeller diameter, ft; Mg, tip Mach number; s, dis-
tance from propeller hub to cbserver, ft; A, propeller
disk area, sq £t; PH, input horsepover; T, thrust in
pounds; B , angle between forward propeller axis and line
of observations. The effective radius has been taken as
0.8 of the total. ’

In Hubbard's calculations, the thrust is derived
from the input horsepowcr by a relation equivalent to the
one used by Gutln, Eq. (4.1.4), except that a revised
value of the conatant gives thrust values which are 0.78
of those computed by Gutin's procedure., The procedure
ugsed by Hubbard is sald to be approximately correct for
propellers operating near the stall condition.

The sound pressure levels given in the N. A. C. A,
charts include an estimated contributicn from the non-~
periodic vortex nolse, which ordinarily constitutes a
small portion of the v~tal propeller nolse power. The
basis for calculation of the vortex noise will be discussed
later. The broken lines in the charts indicate the es-
timated levels of vortex nolse only.

Effect of Number and Shape of Blades on the Rotational
Noise. w0 of the most Importanﬁ parameEers winich can be
ailtered in the propelier with a certain amount of flexi-
bility are the number and shape of the blades. It is
readily visualized that the nwwber of thc blades determines
the frequency of the fundamental blade passage tone. On
the other hand, it can be showm that the intcnsity of the
sound will decrease as the number of blades 1s increased.

A qualitative explanation for the reduction of sound
output by an lncrease of the number of blades can be glven
on the basis of the phass cancellation of the several com-
ponent forces. A simple example 1s given by the generation
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of sound by a propeller consisting of one blade only. The
corresponding aerodynami: force is shown in TFig. 4.1.10.

In that figure the Fourier components have also been repre-
sented (not to scale). In Figure 4.1.10 the case of a two-
blads propeller 1s considered. The Fourler components of

the force shown in this figure indicate that the odd harmonlcs
(with reference to the original one-blade propeller) cancel,
while the even harmonlics are reinforced. A quantitative
calculation shows that the net effect, however, is an overall
decrecase in the sound intensity. For the speclal case in
which the tip speed, the thrust, and the input horsepower

are kept constant, while the blades are redesigned and in-~
ecreased in number, the acoustic effect can be scen directly
from Eq. (4.1.5%. The quantity which varies is mB [J
(0.8mBMg sin B )J. Exaninatlon of tables of Bessel functions
shows that, for typlcal values of the vacizbles, this quan-
tity decreases rapldly as mB Increases.

The effect of the blade width can be particularly
important for the higher harmonics. In the (utin approxi-
mation, the force produced in the propeller plane by the
passage of an individual blade is treated as an impulse.

This is equivalient to assigning the propeller blade a
negligible width. Regler 1.6/ has evaluated the spectrum
distribution corresponding to several more nearly realistilc
force-time characteristics, as shown in Fig. 4.1.11. All of
these distributions have equal areas under “he curves, and
thus exert equal forces on the propeller, The horizontal
line for the zero-width blade corresponds to the uniform
Fourier amplitudes in the Gutin approximation; thre other
curves show the new distributions which replace this one 1n
the case of finlte blade width. It is apparent that increas-
ing the width of the blade, whiie the thrust is kept constant,
decreases the intensity of the radiated sound through reduc-
tions in the amplitudes of the higher harmonics.

The role played by the number and kind of bplades
in the total noise radiated by a propeller is illustrated
in a series of experiments by Beranek, Elwell, Robverts,
a.ad Taylor 1.7/. The experiments consisted in measuring
the noise radlated in flight, by certain aircraft of less
than 200 horsepover, for propellers of two, three, four,
and six blades. The propellers exerted approximately
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equal thrusts
results may be
that the jntensity 1if lowered
the number of blades in

and were of nearly the same d

summarized approximately by
6 db for eac
the propeller,

and the speed of rotation remaining fixed.

Hicks and Hubbard 1.8
small propellers of two, four,
controlled conditions,
levels with calculations
gelection of typical re
The sound pressure lcvels re
propeller hub, in open alr,
forward propeller axis.

and

TABLE L4.1.1

I SASURED SOUND PRESSURE 1SVELS FROM L-FOOT DIAMETER PROPELIERS AID

CALCUIATED LEVELS FRO} THE GUTIN EQUATION - KEFEREN

SPL by
Wave
Analyzex
Vethod

db

179.6
95.9
1114
123.4

Input
Horee-
pover

Numter of  Tip ¥Mach
Blades Rumber

0.3 3.5
.5 20.5
T 65.8
.9 148.2

0. 6.0

5.8
9k.3

110.6

34.2

0 68.8
85.0

99.2
19

3

5

1

8 116.8
-3

5

.6l

in a directlo
The blade angle

jameter.
the statement
h doubling of
the input power

e e A s e

The

measured the noise from

geven blades under

red the measur
Gutin equatlon. A

Overall
SPL by
{iide-Band
Veasure-
ment

db

85.8
95.9
110.4%
121.6

81.9
956.9
111.5
116.14

78.3
89.9
100.0

ed sound

h.1.1.

£t from the
n 1050 from the
18 16.5°.

CE 1.8

SPL of
Rotational
Rolge, from

Gutin

Equation

db

83.8
98.0
1.1
123.0
65.8
0.9
110.5

38.4
80.9
g8.6

roved for Release

@ 50-Yr 2014/04/02 : i




Declassified in Part - Sanitized Co
py Approved for - .
CIARDPB1.01043R004000070005-1 N8 BCease Q2o

The results by the wave enalyzer method refer to the
square root of the sum of the squares of the amplitudes
for the first five harmonlcs of the blade passage fre-
quency. This method therefore measures the level of
the periodic rotational noise, provided that the effect
of other noise components falling within the pass band
of the wave analyzer (25 cps) 1s negligible. The
calculated values represent the square root of the sum
of the squares of the individual calculated amplitudes
for the first five harmonics.

For each propeller, the SPL measured by the wave
analyzer method and that measured by the wide-band
nethod in the range of lach numbers above about 0.6,
are both closely equal to the value predicted by the
Gutin theory. This means that the noiuse at the higher
ach numbers is almost cntirely of the rotational type,
and that 1ius overall level under these conditions is
adequately predlicted by Gutin's equation. Thus,
as operation at the higher liach numbers .s concerned,
theory and experiment agree & to the amount of reduction
in noise level which is obtaired by increasing the num-
ber of propeller blades and reducing the tip speed. Tor
example, in Ref. 1.8 it is found that for a tip Hach
number of 0.7, 66 horsepower can be absorbed by the 2-
blade propeller with a 16.50 attack angle, and 76 horse-
povier by the T-blade propeller with a 100 attack angle.
Although the horscpower 13 nearly the same, the second
configuration glves a wide-band sound pressure level of
101 db, as compared to 110 db for the first. The calcu-
lated values are 100 db and 111 db.

In the results for each propeller configuration in
Table 4.1.1, the overall SPL at the lower lach nurbers
i1s greater than the SPL by the wave analyzer method,
which is in turn greater than the calculated value from
the Cutin equation. These effects are explained at
least partially by the additional observation that the
sound at the lower lach numbers consists mostly of
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nonperiodic vortex nolse rather ‘than periodic rota-
tional noise. In the theory of vertex noise, which is
discussed at the end of this section, it is shown that
this should occur, because vortex noise decreases less
rapidly than rotational nolse as the tip speed 18 reduced .
The data in Ref. 1.8 do not show conclusively whether or
not the Gutin theory remains approximately correct for
rotational noise alone at the lower HMach numbers, since
it is not certain at vhat point the wave analyzer results
begln to represent vortex noise. These experiments seenm
to show, however, that the Gutin equation predicts
overall propeller noise to adequate engineering accuracy
under those cperating conditions where rotational nolse
is dominant.

Deming's Extension of the Gutin Theory. Deming 1.9/
attempted to improve upon the Gutin approximations by
including the finite thickness of the propeller blades
in the analysis, and by 1ntroducing the concept of distri-
pbuted aerodynamlc forces, instead of assuming the force
concentrated at one value of the radius. It was hoped
that considering the finite thiclmess of the blades would
improve the accuracy of the calculations for the higher
harmonics, for which the assumption that the propeller
thickness is much less than the wavelength of the radiated
sound is not justified. Deming also performed a careful
series of cxperiments. It was found that the particular
1mprovements which he had made in the Gutin theory did
not yield results appreclably different from Gutin's,
but that the experimental work shoved a greater disagree-—
ment with the theory than Gutin had originally suggested.
Figure 4.1.13 shous a comparison between Gutin's and Deming's
calculations, tcgether with Deming's measurenents.

The LEffect of Forward Speed upon Propeller Rotational
Noise. The Gutin equation must be modified, when it is
desired to find the noise radiated by a propeller moving
foruard in the air, to take into account the fact that
the forward speed. alters the effective acoustic path length
from an element in the propelier disk to the point of
observation. @Garrick and Watkins 1.10/ have worked out
the necessary changes in the theory. heir result for the
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far fleld is given in Eq. (4.1.6). The point of observa-
tion remains in a fixed position relative to the moving
propeller,

meo
o= 1 oM + X Be J

7 7 2I"mB\ /5 5 2,
2re m / x24 /B ayé f @Ry \x <24 Y4 2y2

(4.1.6)

In this equa ion, m is the harmonic number; w), funda-
mental frequency in radians/sec; c, speed of sound; B
denotes Vi -~ 1i2; M, lach number for forward speed; T,
thrust; Q, torque; B, number of blades; Rg, effective blade
radius; x,y, coordinates as in Fig. 4,1,1, Setting equal
tc unity gilves a result equivalent to Eq. (u.1.2) or

Eq. (4.1.5) for a statically operated propeller.

mmlyRc

1
'—é-Q

Tt is found from Eq. (4.1.6) that the effect of in-
creasing the forvard speed, for a propeller operating at
constant thrust, is to increase the noise output and to
alter the direcctional distribution in a somewhat compli-
cated fashion. Garrick and Watkins also glve equations for
computing the near field of the propelier with forward
speed.

The effect of increasing the forvard speed under condi-
tions of constant thrust corresponds to a hypothetical case
which is of less practical interest than the effect of
increasing the forward speed and allowing the thrust to
decrease in the manner of an actual propeller. Apparently
this decrease of thrust will usually cause the noilse of
an actual propeller to decrease with increasing forward

FIGURE 4.1.12

Co~paricon of obcarved cound preosure dictribution
around a propeller vith Cutin's and Paning's theories.
I'>acured distrivution, ; Gutin's prcdiction -~---
Devng's wodified vesult, . . __ . Part A, funda-
antal frequsncy; Part B, cocond harconie; Part c,
third har—onic; Fart D, fourth hartonic .
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Polar diagrams of the distribution of rme sound pre
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gpeed up to Mach numbers of about 0.4, Garrick and Watkins
have calculated the nolse output of a two-blade propeller
for various forward speeds, with the thrust values taken
from actual aerodynamic measurements. The results are
shown in Flg. 4.1.13. The initial drop of nolse output as
the forward speed lncreases is confirmed in a measurement
by Regler 1.11/, who found that the overall nolse Jeveloped
by a light trainer airplane in normal flight 1s 6 db less
than that produced by the same airplane in static ground
operation.

As a practical matter, the distinction between the
Gutin relation and the modified equation for the case of
forward flight, Eq. (4.1.6), may be neglected for forward
speeds up to M = 0.3. At this speed, the value of g ha
dropped only to 0.95, from the value 1.00 correspording to
gtatic operation. Therefore, within this range, the effect
of forward speed may be represented adequately by making
the appropriate changes in the thrust value used in the
original Gutin approximation.

Noise levels Very Near a Propeller. Calculation of
the nolise levels near 2 propeller by Gutin's method requires
that some of the convenient geometric approximations be

more complicated integrations be carried

These calculations have bcen done by Hubbard and
Regler 1.11/ for several cases. The work of Garrick and
Watlking on the moving propeller, described above, also per-
tains largely to the near field,

Hubbard a.nd Regler found that ncar-fleld calculated
sound pressures, for the firat few harmorlcs, were in good
agreement with experiments performed with model propellers
of diameters 48 to 85 inches, the range of propeller-tlp
Mach numbers belng 0.45 to 1.00. The chbserved pressure
increases very rapidly as zhe measuring point is brought
close to the propeller tips; this behavior corresponds
closely to what would be observed if the propeller tip
were the effective nolse source in the very near field.
The distribution of sound pressure 1in the propeller plane
can bpe expressed conveniently in terms of 4/D, where d is
distance from the propellcr tips, and D is the propeller
diameter, for a glven propeller shape and glven rotational
speed. On this basis, good agreement was obtained between
observations taken near the full-sized propellers, and
extrapolated results of* the model studles.
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The following generalizationa yere mades

(a) The SPL increases by aboub 2.7 dp for cach
jncrease of 100 ft/sec in propeller tip speed.

(v) The SPL increases by approximately 5.5 db for
each doubling of the horsepower per engine.

(¢) The SPL 1ncreases rapldly a8 the clearance
petween the propeller tips and the fuselage
is decreased pelow 8 inches, bubt pecomes rela-
Lively {ndependent £ ance when the
yvalue is gbove 20 inches.

Propellers with blunt tips produce more noise
ral db than propellers with fine pointed
The results are sumarized in Eq. 1.T).

= y3 _ 24 HP ]
SPL = 102+ 3= - d2+18.3 log 5+ 0-027(V, - 700)

(4.2.7)

Here d is the mninimun propeller-fuselage distance in
inches, HP 18 the horsepouer delivered to each propeller,
end Vo i8 the propeller-tip gpeed 1n ft/sec. This equa-
tion 18 intenced to give the SPL in eegch octave band
pelow 150 cE8, existing within a gypical cabin, at about
2 ft from the wall, in & gection of the airpiane within
6 £t of the plane of the near propellers, there being no
pbullthead between tne observation point and the propeller
plane. The relation represents data for tuo- and four-
engine aireraft, end refers primarily to 3-blade pro-
pellers. Subsonic tip speeds d. The aunthors
found thatb approximate noise levels for 4-blade and
2-blede propellers could be obtained from the sam2 equa-~
tion by rultiplying the actual horgepoter per engine by
3/4 and 3/2, respectively, before inserting the horsepower
value in the equation. The amount bY which the overall
propelier SPL in the cabin exceeds the above octave-band
value see ges, and more

gure will increase

a pecause of the rising pre- STAT

ponderance of mentioned by Bubpbard and
Regler.
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The Rudmose-Beranek experimental results can be
reconciled fairly effectively with the theoretical analy-
sis. The increase of SPL by 5.5 db for each doubling of
input power agrcces closely with the predictions of the
propeller charts, Figs. 4.1.4 - 4,1.9, which show that
this effect is generally 5 to 6 db per power doubling.

The increase of SPL at the rate of 2.7 db per 100 ft/sec.
increcase of %ip speed, 238 reported by Rudmose and Beranek
for the low frequencles, 13 somewhat less than that pre-
dictod in Figs. 4.1.4 - 4.1.9, wnere the effect is about
20 to 30 percent greater than this, for three-blade
propellers. This discrepancy is qualitatively reasonable,
however, beczause the charts include the combined effect of
four harmonics, and 1t is known that the effect of tir
speed goes up with increasing harmonic number. The
eritical effect of clearance petueen the propeller tip and
the fuselage 1s predicted in the analysis and measurements
by Hubbard and Regler 1.12/. The final observation of
Rudmose and Beranek, that propellers with fine pointed tips
produce a lower cabin sound level, 1is superficially in
contradiction to the findings of Hubbard and Regler, but
can probably be interpreted to mean that an extreme change
of blads shape, in thls sense, causes the effective sound
source for fine tip blades to be located further in from
the tip of the propeller. The absolute levels given by
Eq. (4.1.7) are considerably lover than those given by
free-space propeller theory, since Eq. (4.1.7) includes
the noise reduction afforded by a typilcal cabin,

Dual-Rotatinmg Propellers. Hubbard 1.14/ has applied
Gutin’s analysis to dual-rotating propellers, and has
found reasonably good agreement u.th the results of experi-
ments on a model unlt comprised of two, two-blade, U4-ft
diameter propellers. The sound field no l-onger has
circular symmetry about the propeller axis, put instead has
maxima in the directions of blade overlap. These maxima
of sound pregssure correspond closely to the ampli
which would be produced by a single propeller having the
same number of blades as the total in the tandem unit.
The intervening pressure minima have amplitudes corregspond-
ing closely to the ocutput of one of the dual propellers
only. If the two propellers rotate at slightly different
speeds, the pattern of maxima and minima then rotates,
and the sound reaching the observer 1is consequently
amplitude modulated. Uhen the number of blades is not
the same in the front and rear units, this modulation is
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found only for harmonics uliich are integral multiples

of both fundamental frequencies; for example, the lowest
modulated harmonic of a three-blade, two~blade dusl-rotat-
ing propeller is the gixth. The case of tandem propellers
operatlng side by side uas also investigated, and similar
phenomena were found. The results thus far mentioned are
not critically affected by the separation of the propellers.

in cdditional signal, the "mubtual interference nioise",
i3 developed when the spacing of the dual-rotating elements
is made small. This noige corponent appears to be a maxi-
mum on the forward axis of rotation, yshere the rotational
noise is small, and has a fundam2ntal frequency equal to
the blade passage frequency. The mutual interference
noise is undetectable at poslitions near the propeller plane,
vhere the rotational noise 1s strong, and apparently
consitutes only a small fraction of the total power
radiated by the propeller. The pressure amplitude of this
additional noisce component varies as the propeller pover
and as the cube of the tip speed, according to measure-
ments on the axis. The effect of spacing is critical; in
Hubbard's expveriment, the nutual interference noise is
the predominant signal on the foriard axis at a spacing of
6 3 :, but is not detectable with certainty at a spacing
of 12%.

The Rffect of Struts on Propcller Hoise. t‘hile no
theoretical analysis hos been mzde or the cifect of a
strubt near the propeller plane, the experimental evlidence
indicates that a much more serious disturbance is produced
by a strut shead of the propeller than by one behind.

This question was examined in the vork cn dual-rotating
propellers described above. llo strut effect vwas reported
for the tractor propeller, which was gupported by a strut
placed behind. The pusgher propeller (scupported by 2 strut
ahead) was found to give 3 db higher overall SPL than the
tractor when the pusher strut clearance was 11.75 inches,
and about 7 db higher SPL than the tractor when this
clearance was 5.75 inches. The effect 18 nearly independent
of tip speed.

‘i
|
|
|

~6

An increase of ncise resulting from a strut ahead of
the propeller waa also reported by Roberts and Beranek
1.1%/ in a series of experiments on quieting of a pusher STAT
amphibian. The total nolse power radiated by this air-
plane was greater than that from a tractor airplane operat-
ine at ereater power and tip speed. The sound level
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measured from the pusher did not drop off sharply to the
rear as it does for a tractor alrplane, and as the Gutin
theory predicts. VUhereas the nolse ouiput of a tractor
alrplane for specified power and tip speed can be de-
creased by increasing the number of propeller blades,

in at least qualitative agrecment with the Gutin theory,
the pusher ailrplane was found to become noisier as the
number of blades was increased above four,

Sunersonic Tio Speeds and FErnirical Propeller Nolse
Chert. 'rthe Gutin thcory or rotational noise and 1ts
various modificatiiona are all restricted to subsonic tip
spceds. At present, the knowledge of propeller noise
generation for supersonic tip speeds 1s restricted to

sperimental findings. In general, the experimental data
show that there is no discontinuous change in noise out-
put as the propeller goes lnto the supersonic range. At
or near the beginning of the supersonic range, however,
the noise poirer output becomes nearly independent of tip
spced, as showvn in N. A, C., A. experiments 1.16/ on a
model propeller, the sound output of which was 1in good
agrecement uwith the Gutin theory in the subsonic range.

A less extensive series of measurcments by a commercial
laboratory {umpublished), on full-scale propellers, seems
to indicatec that the noise output for supersonlc tip
speeds also becomes relutively independent of input pover.
This statement is based upon observations of 10- and 16-ft
diameter propeiiers in the raonge 800 to 2000 horsepower.

In the absence of a suiltable theory of ncise genera-
tion in the range of supersonic tip speeds, the empirical
chart in Fig. 4.1.14 has been prepared as an approximate

FIGURE 4.1.14

Propzller noice chart. conctructed fironl exmerirzatal data,
couling the cpproxirate cesustic pover level for tip cpeeds
into the crporccndce rongz. Ghe chart opplics o 3-blade
proz2llers, of aicooter opiwomirately 12 £4. Pover levels
for 2- end b-blage propollers lic egproxirately 2 @ above
cnd below the chkart valuzs, recpoctively. [or oporating
coznititions to the wwgnor ricat of tha broken lirne, propeller
noice ucrally emccecds the exl:icuct roice fxon 4 reciprocating
enrine, but for cporoting corditions to the lovwexr left,
exhaust noice ray predemincte {cee Gec. 4.3).
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summary of existing information. This chart gives the
overall power level of the propeller when the input horse-
power and the tip speed are xnown. The information for

tip speeds of 1000 ft/sec and greater was taken from the
two sources mentioned above. The subsonic portion of the
chart is arbitrarily drawn to have the dependence on tip
speed and input power which was reportcd by Rudmose and
Beranek for low frequencies, as shown in Eq. (4.1.7); on
the basis of propeller noise theory, slightly greater
effect of tip speed might be argued. The absolute

values indicated by the subsonic curves are determined

in part by the lcw-speed portions of the data on large
propellers mentioned above, and 1n part by several mea-
surerents of ground and flight operation of actual alrcraft
under Ynown conditions. Vhere meagurements vere taken with
a microphone very near the ground and within 50 ft of the
source, pressure doubling at the microphones was assumed,
end € db was subtracted from the SPL reading. \lhere the
microphorie was 200 ft or more from the source, so that
ground attenuation might be more important, this reflection
correction was arbitrarily reduced to 3 db. To get the
pover level for an outdoor propeller from the SPL measured
in one direction, use was made of the typical propeller
directivity curve chown in Fig. 4.1.15. The indlvidual data
points used to make the chart are gencrally conslstent

with the final chart values iulthin 4 db, The extension

of the curves into the supersonlc range 1s determined by
very few measurements and is therefore tentative.

The chart in Fig. 4.1.14 does not show the effect
of propeller diameter or of number of blades. The chart
is an approximate average of data for propellers of two,
three, and four blades, and 1s most nearly correct for
three blades. Very roughly, values for propellers of two
and four blades lie 2 db above and below the chart values,
respectively. The chart is most nearly correct for pro-
pellers of diameter 12 ft; for 3-blade, 12-ft propellers,
the subsonic portions of this chart are generally in agree-
ment with the charts based on Gutin's equatlion, Figs. E.l.h
tnrougn 4.1.9, within 3 db. ¥or propellers of about thils
size, the empirical chart in Fig. 4.1.14 may be used in
lieu of the detalled charts for engineering predictions.
Either this chart or the detailed charts, properly applied,
should predict overall static propeller nolse within + 5 db
in most instances.
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Parkins and Purvis 1.17/ have measured maximum
sound levels beneath a number of types of 2- and 4-
engine aircraft immediately after takeoff, and hav
reduced their results to a standard distance. If it 1s
assumed that the alrcraft as a whole has approximately the
same directivity as a propeller#*, so that the maximum SPL
is approximately 5 db abdve the space-average value, and
if it 13 assumed that the noise powvers from the propellers
on a given airplane are additive, these data can be reduced
to give the power level of a single propeller under take-
off conditions. It is found that the power levels obtalned
in this way are typlcally 8 db lower than those predicted
by the chart in Fig. 4.1.14, Therefore, 8 db shculd be
subtracted from the chart values to obtain power levels
for flight conditions following talteoff. This correctlon
18 in the expected direction, inasmuch as the chart refers
to static operation, for which nolse generation is greatest.

L

The Spectrum of Propsller Noise. The theories of
propeller noise do not give a generally successful treat-
ment of the frequency distribution of the sound energy.

The success of the theories in predicting overall sound
pover is attributable partly to the fact that a large part
of the energy radiated is found in the first feu harmonics
of rotationai noise. The thezoretical calculations of rota-
tional nolse generally underestimate the amplitudes of the
higher harmonics. lioreover, a large part of the high-
frequency energy often comes from vortex noise, the ampll-
tude of which is not rigorously predictable at present.
Theoretical considerations of both rotational and vortex
noise agree qualitatively, however; that the high-frequency
energy increases relative to the low-frequency energy as
tne propeller tip speed 1s increased (at least, in the
subsonic range).
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The octave-band spectra measurcd immediately beneath

several types of transport alrplanes shortly

after takeoff,

presumably under full-povier operation, are shovm in

Fig. 4.1.16.
planes, except that
lower horsepoier
noise in the two
drawm in this ¢

englinecering prediction of the

talzcoff conditions,

at takeoff is
here will be

The information
a remarkable simllarity in
the two-englne airplane
than the others)
highest octave bands.

for transport airplanes.
that the observed noise from a

due to the propellers.
duplicated only 1in measurements taken fairly
near the aircraflt and over a hard

is from Ref. 1.17. There 18
the results for the geveral alr-
(of considerably
gilves relatively less

The arbitrary curve
~coted design curve for
propeller noise gpectrum under
Tt 1s assumed
propeller-driven alrcraft

The results shown

surface. Because atmos-

pheric and terrain attenuation of sound rise with increasing

frequency, spectra

meagurcd over

absorbingz terrain, or at a

distance of the order of thousands of feet, will have
~npreclably lower relative levels in the higheat bands than

+jose shovm.

The relative high-frequency content of pro-
peller sound also decreases upon

change from takeoff to

cruising operatling conditions, but data are not avallable

to show precisely the

Vortex Nolse.
the nonperiodic

extent of the effect.

It has been generally assumed that
part of the propeller noise
less than the peilodic part)
shedding of vortlces (eddies)

(ordinarily
is assoclated with the
in the wake of the moving

propsller on &n G

FIGUR3 L4.1.15
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Tha divectivity
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blade. 'These vortices are a normal consequency of the
instabllity of fluid flow past an object of more or less
c¢ylindrical shape., Under idealized conditions, the
vortices form and tear away from the obstacle in regular
fashion, to form a Karman vortex trail 1.18/ as shown in
Fig. 4.1.18. thile pressure fluctuations are registered
by a detector placed in the t£rail, it can be proved that
the vortices in the trail cannot radiate sound; their
pressure distributions fall off very rapidly with distance,.
The sound radiated by the vortex shedding process must arise
from the immediate vicinity of the obstacle, as in the
region AO'O"B, and must be the result of the pressure im-
pulses which occur whenever the flow system of a vartex 1s
suddenly torn from the obstacle.

Some idea of the process is given by dimensional
analysis. The intensity of an acoustic wave is given by

I = p?/pc (4.1.8)

where p 1s the fluid density, and ¢ the speed of sound.
Let the acoustic pressure p be measured in units of

1/2 (pu2), where u is the flow velocity past the obstacle,
which can be expressed in terms of the HMach number,

M = u/c. Then the intensity is

4
I = 2. (4.1.9)

Cc

where B 1s a coefficient which may be a function of the
Reynolds number, Re = puf /p of the iach number i, orl /r,
where . 1s some dimension of the boedy and r the distance
to the point of observation, and also of 9,4, the

azimuth and zenith angles of the point of observation
with respect to some reference axes. The symbol p denotes
the viscosity coefficient of air.

FIGURE 4.1.16
Propeller noiece spectra meacured beneath geveral types
of 2- and h-engine airplsnss ir—=diately citer takeoff.
Data from Ref. 1.17. The chart shows the acount by
vaich the pover level for cach octave band differs from
the overall pover level. The curve iz a sugsected basis
for enginesxring estirates of the, opectrun for transport
airplancs upder takeof? conditions.
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For large distances, the law of conservation of
energy will require that the intensity fall oi'f with the
square of the distance, as exprezsed by the next rela-
tion

B Ite rey b! g ’ Q) T '—2’ B ! (Re » M > g ﬁ)
( > r, I o P P .
(ll ol . 10)

Furthermore, the Mach nwnber effect must occur as a
multiplier, since the sound intensity must vanish for
incompressible fluids (e ——> o0}, Thus, the preceding
egquation may be rewritten as

B =§ (Z x«t“) B" (Re, 0, &)
n

(4.1.11)

where the Mach number effect has been generalized as a
pover series in M. An approximate solution will be
sought by retaining one term of the serles, It can be
shown that the exponent n = 1 corresponds to a simple
source, and n = 2 to a dipole. The sirmple source may be
ruled out on the basis that the observed radiation 1s
directional, or through a theoretical argument which
shows 1t to be inconsistent with the aerodynamic flow
situation. VUith the exponent n = g, it 1s evident that
the sound intensity will vary as u®, lhen the direc-
tional function for a dipole iga inserted, the final
expression for the intensity is

2 6
cos" g u
I =0 (Re) _:é——- Ap ;'3' .

(4.1.12)
Here A, the precjected area of the ohstacle in the
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d%rection of fluid flow, has been written instead of

L2, The coefficient (C(Re) cannot be determined from
dimensional analysis alone. In the case of a propeller
btlade, it 1s found that the dipole radiation pattern has
its maxima on the propeller axis.

llhile the nolse generated by vortex shedding is
not periodic in ordinary practical sltuaticns, the rate
of shedding vortices is in principle a constant in the
cage of steady flow around a uniform cylinder. Strouhal
argued by dimensional analysis that tne frequency of
vortex shedding t'rom a cylinder 1s

u
f = K'E (4.1.13)

where d is the diameter. He found an experimental
valuc of XK of about 0.185. This quantity 1s actually
a function of the Reynolds number, ﬁnd 1s 0.18 for
Reynolds numbers from 103 to 3 x.10

OBSTACLE L—VORTICES

FIGURE 4.1.17

Idealized Karman's vortex trail.
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Evaluaticn of Vortex Noise Intensity. The knowledge
of vortex noise 1s not yet entirely satisfactory from a
quantitative standpoint. Stowell and Deming 1.1%/ experi-
mented with a device in which circular rods, rather than
blades, projected from a rotating hub, and found the 1inten-
8ity of the radiated sound to be proportional to the
projected area A and tc the sixth pciwer of the velocity,
as predicted by Eq. (4.1.12)., 1In a later N.A.C.A. experi-
ment 1.20/, the constant c¢f proportionality was evaluated
from measurements on a helicopter blade. On this basis,
Hubbard adopted the engineering equation below tc give the
overall intensity level (essentially equal to SPL) of vor-
tex noise at a distance of 300 ft from a propeller, presum-
ably for those directions where the sound is strongest.

O

IL = 10 log,, E?gj%gl (4.1.14)

The value of k 1s given by 3.8 x 1072/, The symbol Vg
denotes section velocity at 0.7 of full radius, in ft/szc;
Ap denotes total plan area of blades, which is roughly
proportional to the area A of Eq. (4.1.12) if consistent
operating conditions somewhat below stall are assumed.

The relation Eq. (4.3.19) is the basis for the broken-line
curves showing vortex ncisc in Figs. 4.1.4-4,1.9, Hubbard
estimates these tentative results as being correct within
+ 10 db for conditions below stall, and points out that
the vortex noise may increase by 10 db when the propeller
1s operated under stalled conditions.

The uncertainty in the pregsent evaluation of vortex
noise may be explalned in part by recalling that the
coefficlent in Eq. (4.1.12§ is a function of the Reynolds
number, Evaluations currently available were made at
Reynolds numbers much smaller than those found in pro-
peller applications. Experiments at high Reynolds numbers
necessarlly bring in rotational noise and are therefore
more difficult in that the rotational and vortex nolse
contributions must be separated. Horeover, propeller
blades may operate at Reynolds numbers greatly exceeding
105, the value at which laminar flow in the boundary
layer 1s replaced by turbulent flow. Completely turbulent
flow generates broad-band noise through mechanisms other
than vortex shedding, and the vortex nolse analysis does
not apply rigorously.

Lo

\
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The Spectrum of Vortex Noise. The rotating-rod
experiments of Stowell and Deming 1.19/ and others
glve spectra in vhich most of the noise energy is lo-
cated in the frequency range given by the Strouhal for-
mula, Eq. (4.1.13). (The formula gives a range of
values rather than a single value in the case of a
rotating rod, since the section velocity varies con-
tinuously from the hub to the tip.) Noise energy is
observed over the cntire audible range, however, as
11lustrated by oscillograms given in Ref. 1.5. There
is sore evidence of peaks ia the spectrum at harmonics
of the Strouhal frequencies. The spectral distribution
of the noise needs further investigation.

Practical Imporiance of Vortex Noise. It appecrs
that vortex noise never constitutes a significant portion
of the distant sound produced by heavily loaded propellers,
operating at tip speeds of 900 ft/sec or mur2. Thus, it
18 not necessary to consider vortex noise in connection
with takeoff operation of transport airplanes, and it is
unlikely that vortex noise 1s important even in the sound
oroduced by transports under cruising conditions.

The 1intensity of rotational noise is much more
sensitive to tip speced and to blade loading (angle of
attack) than that of vortex noise. Consequently, it is
aliiays possible, by reducing the tip speed and possibly
the angie of attack, to reach a condition where the
propeller sound consists largely of vortex noise rather
than rotational noise. Vortex noisc %+~ becomes the
limiting factor when an attempt is msde to reduce pro-
peller noise by reducing the tip specd and increasing the
nunber of blades. Thils point was discussed in an earlier
paragraph.

An Exemple of Calculatling Propeller Noilse. Given
the follouing propeller data, it 1s desired to estimate

(a) the SPL near the ground (hard surface)
at 500 ft distance;

(b) the SPL at that pcint in the 600-1200 cps
band: Four propeller blades; tip speed 900 ft/sec STAT
(approzimately Mach 0.9); 2000 horsepower input.
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® From Fig. 4.1.5, the poier level is 112 + 55 =
167 db. The direction-averaged SPL at 520 ft distance,
in free space, would be the power level less 10 log
[hv(SOO)aﬁ, wvhich gives 102 db. Near the hard ground,
pressure doubling raises the SPL by 6 db to give 108 db,
still on a direction-averaged basis. If the typical
dircctionel distribution of Fig. 4.1.15 is assumed, the
SPL in the propeller plane (900) is 1 db less than the
direction-averege value; which yiclds 107 db. This is
anaver (a).

The glven condltions resemble takeoff oneration
for a large airplane. Therefore the spectral distribu-
tion in Fig. 4.1.16 should apply. According to this
figure, the SPL in the 600-1200 cps band 13 approximately
% ?b below the overall SPL, vwhich gives 99 db as answer
b).

Sometimes 1t is necessary to estimate sound pressure
levels external to a test cell, with the propeller operat-
ing inside. TFor a cell which has no sound-absorbing
treatment, and which has openings looking out in a hori-
zontal direction front and rear, a first approximation
to low-frequency sound levels is obtained by making a
calculation as given above, and using the space-averaged
value, since the cell disturbs the normal directionality
of the propeller. For higher frequencies, the cell
openings must be assigned the directionality of a stack
opening, and in general a proper allowance must te
introduced for sound-absorbing treatment. These toplcs
are reserved for later chapters.

The calculatlons above could also have been started
Ty reference to the empirical propeller-noise chart,
Fig. 4.1.1%, which is approximately correct for large
propellers of two to four blades. This chart gives a
power level of 167.5 db, from which about 2 db should be
subtracted to correct from three to four blades, glving
a pover level of approximately 166 db. All results would
then be less by one db than those obtained above.
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k.2 Moise from Aircraft Reciprocating Engines

Reciprocating engine nolse has been studled less
extensively than propeller noise, because the maximum
noise levels produced by propeller-driven alrcraft, under
full-throttle conditions, are usually attributable to
the propeller. The tentative gencrailzations given be-
low concerning engine noise are made on the basis of a
few observations (Refs. 1.13 and 1.7); also a ground
airplane test; and unpublished results of tests on an
800 horsepower engine in a dynamometer test cell).

1. The nolse developred by a reciprccating engine
is produced almost exclusilvely by the exhaust,
with possible exceptions in cases where
unusually c¢ffective mufflers are used.

The noise energy of the lowest-frequency
exhaust component of a reclprocating engine

¢ approximntely proportional to the total
pover devcioped. (Quantitatively, the power
level of* this exhaust component for an englne
without exhaust mufflers is not less than

Povicr level cf lowest frequency conponent =

122 + 10 log,, (horsepower).

(4.2.1)

On theoretical grounds, the horsepower value
used in Eq. (#.2.1) should include mechanical
losses in the engine. However, these are
usually not lmowvn. In cases where the mechan-
ical losses are large, they must be included.

The lowest-frequency exhaust component of
importuance usually has a frequency equal to the
number of exhaust discharges per second (two
discharges occurring simultanecously are counted

as one). This frequency is usually below 300 cps.
) aueney v STAT

Declassified in Part - Sanitized Copy Approved for Release @ 50-Yr 2014/04/02
CIA-RDP81-01043R004000070005-1




Declassified in Part - Sanitized Copy Approved for Release @ 50-Yr 2014/04/02 :
CIA-RDP81-01043R004000070005-1 -

Usually the spectral distribution of noilse
energy is approximatecly as follows: The power
level in the octave band containing the lowest-
frequency exhoust compenent lies about 3 db
below the overall power level. The levels in
octave bands above this one decrease at avbout
3 db per octave of incrcasing frequancy. No
significant noise is produced in octave bands
below the cne contalning the lowest-frequency
exhaust component. These conditions may ue
typical of englnes operated at cruising condi-
tions, and of small engines (150 horsepower
and less).

In the case of an e¢ngine of 800 horsepover
opcrated at full throttle, a uniform octave~-
band spectrum has been observed (equal poiuer
levels in the octave band containing the lowest-
fraquency exhaust component and all higher
octave bands). This may be typical of larger
engines under full-power conditions. In this
cese the overall power level is about 8 db
larger than that of the lowrest frequency
exhaust component.

Directional effects are much craller for engline
noise than for propeller noise. The total
variation in SPL uith direction is about 6 db
for the louer-frequency co.ponents of engine
noigse. This staterant probably holds for high
frequencies also in the case of an isolated
enmine, but no detalled reagsurec3nts for high
frequencies are avallable. In the casc of an
englne mounted on an airplane, the high fre-
quency dirsctivity will be affected by shadow-
ing produced by the alrplane structure.

Simple relations for the overall pover level of an
engine without mufflers are obtained by combining state-
ments 2, 4, and 5. TFor the case of erall cnzines (150
horsepower or less), or engines operated under cruising
conditions, the relation 1s

Overall power level = 125 + 10 log;q (horsepover) .

{4.2.2)
Ly

QR A A3 ) Pl -
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Por the case of a lerge englne opzrated at full load,
the relation if

Overall power level = 130 + 10 log; (horsepower)

(4.2.3)

Por example, according to Eq. (4.2.2), the overall

power level is 152 db for engines delivering 500 horse-
pouver under cruising conditions. ficcording to Bq. (4.2.3),
the overall pover level is 160 db for an engine deliver-
ing 1000 horscpower at full load.

4.3 Total External Noise of Aircraft with Reciprocating
Engines

According to Secs. 4.1 and 4.2, the overall noise
level of a propeller increases by approximately 5.5 db per
horscpoter doubling (plus 2.7 db or more for each in-
crease of 100 ft/sec in tip speed), whereas the overall
noise level of an engine increases at approximately 3 db
per horsepower doubling. It follows from thece principles
that the predominant noise source in a nropeller-driven
aircraft with very large engine powver will be the pro-
peller, but that engine noise will predominate when the
pover is low. ’

This expectation appears to be torne out in the
results of a survey 3.1/ of take-off noise level of vari-
ous airplanes ranging irom 65 to 5800 horsepower. In
this survey the microphone was located in the propeller
plane at a distance of 500 ft from the center of the
runvvay. At this microphene peosition the sound received
from both engine and propeller has approximately the
Space-average value, so that directional eftfects may be
neglected. It is found that the observed sound levels
for ailrcraft with more than 150 horsepovier agree with
values predicted from the empirical propeller chart,

Tig. 4.1.14, to the accuracy of the chart. TFor airplanes

of 150 horsepover and less, the overall noise levels

exceed these predicted from the propeller chart, but are-

in approxtrate agreement with levels for engine noise

as given oy Eq. (4.2.2). There ave, however, other take- STAT
off noise data 1.7/ for aircraft vith less than 200 horse-
power which are in agreement with propeller noise figures
rather than with estimated noise figures. The reason

for the discrepancy 1s not knowm.
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A convenient approximate expresslon for the over-
all power level of various aircraft under tale--off condi-
tions has been deduced from the data of Ref, 3.1. 7This
relation is

_ = 121 4+ 12 log horgsepower of
level take off) 10 alreraft

(4.3.1)

It hoppens that under the particular conditions found in
take-off jt 13 not necessary to consider propeller tip
Speed explicitly. Since the t1p speed 18 not considered
in Eq. (4.3.1), this relation cannot be applied to operag-
ing conditions differing materially from takeoff,

(Overall pover Total take-off‘)

The broken line drawn acrsas the empirical propeller
noise chart, Fig. 4.1.14, divides the chart approximastely
into a regicn in which the propeller is the major noise
source for an entire aircraft (upper right-hand portion)
and a region in which the engine 1s the major noise source
(lower left-hand portion). This line is constructed by
computing, for various values of total norcepover, the tip
speed at which the overall propeller noise power level
equals the overall engine noise power level given by
Eq. (4.2.2) 1s assumed. Operating data for small single-
engine alrcraft often fall in the region in which engine
noise 1s important (lower left). All data used in deriv-
ing this dividing line represent average trends from which
results for a particular alircraft may differ by as much as
5 db as regards either engine nolse or propeller noise.
Therefore, the lin= as draim on the chart will not 'indicate
accurately under what conditions Propeller noise 1is dominant
in a particular aircraft. Also, the results are averages
for reciprocating engine alrcraft as commerclally produced
up to 1952, and do not apply to specially constructed units
in which noise control measures are incorporated.

hat overall aircraft noise can
significantly by use of propellers with an increased number
of blades and by use of exhaust mufflers 1.6/.

FIcurs 4.3.1
Dirgctional dictribution of £YL for cortein discrete-
froquoney cononents of &irpnicne noica. Kzasurc—onts
50 ft freo hub; ground teot at cruloing porer. Tuo-
blade propeller; 1940 rpa; aiicct drive; 97 korccpotor;
blust tips, spced 66 ft/cec. (Proa Fig. 27a of Ref.1.7).
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The preceding remarks on total aircraft noise
refer to the space average of sound output. This con-
cept 13 inherent in the definition of power level, 1In
general, actual observation made in the propeller nlane
will agree approximately i:ith space-average results.
The directivity patterns of engine and propeller must be
considered in predicting noise levels observed in other
directions. A typical situation is 11lustrated in
Fig. 4.3.1, which shows the variation with azimuth argzle
of measured overall sound level and/or the levels of
selected propeller and engine noisc components for a
particular small airplane, These results were obtained
by operating the airplane at crulsing power on the ground
and by placing the microphone in various locations 50 £t
from the propeller hub, and approximately at the hub
level.

The tentative conclusions regarding external noise
or reciprocating-engine alrcraft are summarized below.

1. TFor large alrcraft, the overall PWL for
€ilther cruising or take-off conditions is
approximately equal to the overall PWL for
propeliler noise which may be estimated by
the methods given at the end of Sec. 4.1,

For aircraft of 150 horsepower or less, it
appears that the overall PWL under cruising
or takeoff conditions is approximately that
glven for the engine by Eq. (4.2.2).

The SPL in the propeller plane 1is approxi-
mately that wnich would be produced by a
non-directional source having the stated
overall PWL,

The overall PWL for various aircraft
under takeoff conditions is given approxi-
mately by Eq. (4.3.1).

The observed noise for positions directly
ahead of or directly behind, the ailrcraft

is approximately the engine noise alone
having a PWL given by Eq. (4.2.2) or (4.2.3).
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The preceding remarks on total aircraft noise
refer to the space average of sound output. This con-
cept is inherent in the definition of power level., In
general, actual observation made in the propeller nlane
will agree approximately iith Space-average results.
The directivity patterns of engine and propeller must be
considered in predicting noise levels observed in other
directions, A typical situation is 1llustrated in
Fig. 4.3.1, which shows the varlation with azimuth argle
of measured overall sound level and/or Lhe levels of
selected propeller and engine noise components for a
particular small airplane. These results were obtalned
by operating the airplane at cruising power on the ground
and by placing the microphone in various locations 50 ft
from the propeller hub, and approximately at the hub
level.

The tentative conclusions regarding external noise
or reciprocating-engine aircraft are summarized below.

1. TFor large alrcraft, the overall PWL for
€lther cruilsing or take-ui{ conditions is
approximately equal to the overall PWL for
bropeiler noilse vhich may be estimated by
the methods given zt the end of Sec. 4.1,

TFor ailrcraft of 150 horsepower or less, 1t
appears that the overall PWL under crulsing
or takeoff conditions is approximately that
glven for the engine by Eq. (4.2.2).

The SPL in the propeller plane 1is approxi-
mately that which would be produced by a
non-directional source having the stated
overall PWL,

The overall PWL for various aircraft
under takeoff conditions is given approxi-
mately by Eq. (4.3.1).

The observed noise for positions directly
ahead of or directly behind, the aircraft

is approximately the engine noise alone
having a PWL given by Eq. (4.2.2) or (4.2.3).
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The observed SPL for positions from 20° to

309 behind the propeller plane has the greatest
preponderance of propeller components. An
approximate indicatlion of the overall SPL for
this region m2y be obtained, for cither crulse
or takeoff conditiong by adding 5 db to the
value obtained by using the overall propeller
PUL (Sec., 4.1) and proceeding as for a non-
directional source.
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6.3a Nolse-Generating Mechanisms in Axial-Flow Compressors

An axlal-flow compressor consists of a sequence of
multiple-tlade propellers (rotors) operating within a duct.
several stators, which are essentially non-rotating pro-
pellers, are placed between successive rotors, and possibly
at the ends of the array. Since the axial-flow compressor
15 made up of propellers, the mechanisms of nolse genera-
tion ure very similar to those for airceraft propellers as
discussed in the revised Sec. 4.1. A familiarity with parts
of that section will be assumed 11. the present discussion.

The theory of propeller noise generation predicts
that the pericdic scund component (1.e. the rotational noise)
has zero amplitude on the prepeller axis. This is because
any point on the axis is, at all times, a fixed distance
from the steady rotating pressure pattern associated with
any one of the blades, and hence experiences no time-varying
pressure, or sound. If this concept i3 extended to the
axial-fiuw compressor, it appears that there should be no
propagation of sound doim the duct axis. A theoretical
calculation confirms that no sound energy from rotational
noise will be propagated down the duct, provided that the
rotors, the staters, and the duct all have perfect circular
symnmetry. There will be, however, a large-amplitude pres-
sure disturbance in the plane of each rotor having the
characteristics of an array of dipoles, one for each rolor
vane. This disturbance does not excite plans waves of sound
in the duct, but does excite high-order modes, the amplitude
of which falls to practically negligible values within one
duct diameter on either side of the rotor. The theory of
the sound-pressure distribution in higher modes has been
worked out in detail.

In addition to periodic noise, the compressor rotor
will generate nonperiodic vortex noise in the manrer of an
alrplane propeller. No phase cancellation of vortex noise
is possibie, because of 1its nonperiodic nature, and the
vortex noise is therefore radiated down the duct. As indi-
cated in Sec. 4.1, the souna power radiated as vortex noise
ia proportiocnal to the precjected blade area in the direction
of motion, and to the sixth power ¢f the blade speed.

Wlhere the duct, the stators, or the rotors, do not STAT
have perfect axial symmetry, rotational noise will be propa-
gated dowvn the duct as airborne sound. Since this effect
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depends upon departurcs from the nominal symmetrical de-
sign, 1t i1s difficult to make any general predictions,
However, case vibrations, as discussed below, are lmportant
for usual compressor design; asymmetry effects are of secon-
dary importancc compared to these.

The preceding considerations apply to sound within
the duct which is completely airborne, In additlon,
structure-borne sound is important. The pressure distur-
bances around the rotor blade tips apply oscilllating dipole
forces to the compressor cas immediately abeout the rotors.
The effect is similar to that of vibrational forces de-
veloped on an airplane fuselage in the vicinity of the
propeller. The case vibration will cause the rotatlonal
woise to propagate along the duct walls. If vibration breaks
are installed near the compressor, this has little effect on
nolse levels at a distance down the duct. In the absence of
vibration breaks, this structurc-torne sound may be the
major source of ncise within the duct at a distance from the
compressor,

The vibration of the case in the immediate vicinity
of the rotors 1s responsible for most of the external nolse
from the compressor. This external noise 1s largely perlodic.
The noise chart for axial-flow compressors, Fig. 6.7, refers
to the generatlion of external noise by the compressor, and not
to the generation of noise within the duct. The effective
pover levels given in ithe chart were obtained by finding the
total power delivered externally, on the basis of a multiple-
point survey.* Since the external sound is largely rotatlonal
noise, it 1s predicted theoretically that the level shculd
increase by 5 to 6 db per horsepower doubling, in agreement
with Fig. 6.5. It is difficult to calculate the absolute
level of the external sound theoretically because this in-
volves the vibrations of elastic plates (the case) under
complicated boundary and excitation conditions. Iiowever,
under simplifying assumptions, some theoretlical results may

Note that in the case of sxdial-flow compressors, the power
levels as glven in Sec. 6.3 refer to the noise external to
the compressor. On the other hand, the power levels for
centrifugal compressors r:’er tco the noise inside the com-
pressor ducte, so that the tramsmissicn loss of the duct
walls must be taken into account to cobtain the external
noise.
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be obtalned. They are not intended to replace the empirical
results of Sec. 6.3 but to glve further quantitative insight
into the problem.

It is possible to identify three important mechanlsms
that contribute to the {ntensity of the blade rotation noise:

(1) PRlade rotation itself, as in the case of a
propeller 1in free space.

(2) Aerodynamic {nteraction of the blades and
stators.

(3) Fluid flow between the blade tips and the
compressor case.

Only the mechanism agssoclated with (1) nas been evaluated
theoretically; preliminary calculations lndicate that (2)
and (3) are of secondary importance. In order to evaiuate
(1), it has been assumed that the distribution of the
thrust force along the blades 1s independent  f the dis-
tance along the blades. Further, it has been assumed that
the blade width and thickness 1is vary small, so that the
thrust force 1is concentrated on blade lines and so that
volume change effects of the air as the blade passes may
be neglected. Then, the mean pr¢3sure in the plane of
rotation is found to be:

1/2

P, = Tx (_g_f.i £n 5) (6.3a.1)

a the rms pressure for the fundamental frequency
18 the pressure riae across the plane of rotation

is the ratio of the inside compressor radlus Ro’
to the hub radius Rh'

The fundamental frequency is given by

N (rPM)

—o— , Cps (6.32.2)
0 STAT
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vhere N is the number of blades., Harmonlcs of the funda-
mental frequency are generated also. The pressure for the
harmonics depends upon the assumed force versus time
character at each element of the blade disc; for the
assumption used in Eq. (6.32.1), equal magnitudes are pre-
dicted for all the harmonics in the plane of rotation,
(Note that this result does not agree with the empirical
information given in Sec. 6.3, in which the second harmonic
is estimated to be the freguency of maximum radiation.)

e o e e ——_——

[P EPpR

The theoretical resalts above may be used to predicw
the excitation of the compressor case, and thus the sound
radiated from the case. As an &xample, consider the
following problem:

AP = €E0" HEO per stage

Number of stages 3
Distance between stages 3"

"
Ro 13

R, = 60

7200
HP = 1350

Then, for each stage,

1.2 x 10" dynes/cm2

or 155 db re .0002 dyne/em®
at = 7200 cps

The transmission loss (TL) of the compressor case 1s a
measure of the radlation for a given pressure excitation.
Assume the case 1s of cylindrical construction and about
1/4" thick. Then the TL i1s about 30 db. The resulting
pressure outside the case is thus about 125 db per stage.
According to the assumed thrust distribution, this value
of SPL 1is valid for all the harmonlcs as well as the funda-
mental. All three stages, however, are operating in
definite phase relation. Thus conservative practice dic-
tates that the combined sound pressure for the three
stages Jjust outside the case 1s the sum of the sound
pressures from each stage, glving SPL = 125 db + 20 log 3
= 135 db.
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Tt is instructive to compare the above estimate with
the values predicted by the empirical relations given in
Sec. 6.3. Flgure 6.7 ylelds a PWL value of 135 db for the
frequency of maximum output (the secound harmonic). The
relevant area for converting the Pl to SrL is not accurately
but may be assumed to vary between about 2 sq ft
he cross-sectional area petween the hub
hout & sq ft (corresponding to the surface
the case in the vicinlty of the blades). Thus the
resulting SPL 1s pvetween 128 db and 132 db, in reasonable
agreement with the value calculated avove from Eq. (6.3a.1).

Section 6.3 also indicates a method for estimabting
the spectrum below the fundamental frequency. Using the
spnformation given in Sec. 4.1 on vortex noise*, the spec-
£rum below the fundamental may be calculated. The result
is also 1in reasonable agreement with the empirical result
from Sec. 6.3.

Tn order to use the inforzation, account has to
be taken of the different drag coefficients and
Reynolds' number for the present example and the
experinents quotved therein.
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6.5 Noise from Ventilating Fans and Ventilation Systems

prerimentall

acoustic pover Jevel of & ventilating ran in
determined from the average sound pregsure across
The mecasuremen

“east several fan diameters avay from the fan and the sound
pressure must be the result
i.e.,
distant portions of the duct should be

passage.

avay from the source,
back from the more
negligible.
the back side of a fan
side only,

pressure at several points on a surface
This survey must
absence of reflecting objects.
of both of these methods are discussed in Chapter 3.

surrounds the
tne

gource.

The first method, yhich relates to a fan operating in
a duct, may be applied successfully when the duct is very
long and has gufficient sound attenuation to prevent re-
at all frequencles which are of importance, or
vhen the duct 18 connected to
speclally designed for use in
A laboratory gystem having a non-reflective
as describ%d by Beranek, Reynolds and Vilson
5.1,
for future measurements 18

flectlons

fan noilse.
termination,
5.1/, is shown in Fig.
of this system,
reference.

lieasurements performed with this 1aboratory system
on fans of both vaneaxial and centrifugal types, with in-
to six horsepoier,

5.1, 5.2, 5.3/-

put pover up
conclusions

Measured Power

Levels and Spectra. The

The pover level fcr a fan
vhich is connected to a
can be determined from measurements of the sound

2 duct may “e€
the duct
ts must be made at locabtions at
of acoustic cnergy traveling
the reflection of the sound

in cpen alr, or for
duct on one

in space which
ve performed in
The baslc principles

a non-reflective termination
laboratory measurements of

A recommended modification

given 1iu the

have led to the following

1.
rapidly

The spectrum for
uniform for cctave bands 20-75 cps to 1200-
2ll00 eps, incluslve,

higher bands.

The spectrum for centrifugal fans falls off
with increasing
crease of power level betueen successive
octave bands 18 5 db.

frequency. The de-

vaneaxial fans 1is nearly

but decreases in the
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The spectra on inlet and outlet sides of a
fan are similar, except that a narrow peak
protruding above the broad-band noise by

6 db or leas at the blade fundamental fre-
quency, may be observed on the inlet side,
but is scarcely observable in the exhaust.

The spectra and the power level are not
asignificantly changed by varylng the back
precsure on the fan.

o o A — + —— -

The exhaust spectrum is nearliy independent
of speed below the rated maximum.

KN

The open inlet to tne fan has very nearly
the came directional properties as a piston
of the same slze.

7. Reversing a vancaxial f{an has no significant
effect on the sound output.

The summary spectra resulting from the study are showmn in
Fig. 6.5.2 vihere the ordinate indicates octave pband power
level relative to the overall poter level. The ghaded
zones show the latitude within iyhich variations may be
expected according to the individual fan design and operat-
ing speed. :

FIGURE 6.5.1

Laboratory system for measuring noise delivered
to a duct by one side of a ventilating fan.

fan

conical adapter

canvas vibration-isolaticn coupling

straipghtenlng vanes

measuring section

manometer location

nicrophone opening

adapter

exponential horm section

acoustic termination

three acoustic wedges, euch 8" x 24"
base, 6 1b/ft3 Fiberglag

Fiberglas lining, 6 1b/ft3, 1" thick

adJustable'back—pressure panels 5.1/

61

NQHmowHUOw>

=

Declassified in Part - Sanitized C : ' »
opy Approved for Release @ 50-Y!
-Yr 2014/04/02 : CIA-RDP81-0104
: - 3R004000070005-1



Declassified in Part - Sanitized Copy Approved for Release

@ 50-Yr 2014/04/02 : CIA-RDP81-01043R004000070005-1

It has been found that the overall acoustic power
level is determ echanical pover delivered to
the fan. The relationship glven in Ref. 5.2 1s based on
measurements made on two centrifugal fanz. In order to

of input mechanical power, the fan speed

It was found that the PVL varied as 20 log HP

d of a single fan was decreased below the
rated maximum value. Since the horsepowver depends on the
5/2 power of the angular welocity of the fan in the range
near the rated load, the acoustic PUL varies as 50 log rpm.
Hovnever, when the PWL's of 2 series of different fans hav-
ing different maximum rated horsepower are compared, a
different dependence of PI/L on 1input mechanical power is
observed. In this case, the PVL for fans operating at
their rated norsepover varies as 10 log HP. That is, the
PVL increases by only 3 db per doubling of horsepower in
the second case put as 6 db per horsepower doubling 1in
the first case.

From Ref. 5.3, the overall PVWL, for different fans
operating near their maximum rated horsepower, is

PUL = 100 + 10 logyq HP do. (6.5.1)

Tor the case where the speed of a single fan 13 varied,

Eq. (7) of Ref. 5.1 1s wcill valid. However, the correc-
tions and 1imitations to the data of Ref. 5.2, 23 discussed
in Ref. 5.3 should be consulted. In particular, the con-
stant 120.%4 db ghould be 114 db.

It should be noted that a reduction in noise can be
obtained by using 2 fan having a maximum rated input power
larger than necessary for the jcb to be done and then
operating it at lower than rated power. The power level
delivered to the exhaust duct alone or the input duct alone
is approximately 3 db less than the total PUL glven by
Eq. (6.5.1)

Ventilation System Noise Level in a Room. thhen the
ventiTlating fan communicatves iith a room Through a section
of duct, the duct opening in the room becomes a source of
gound which, in any given octave band, has the same power
level as one side of the fan, less the attenuation intro-
duced by the duct in that band. The methods for finding
the attenuation cf sound in an acoustically treated duct
are discussed in 3ec. 12.2. Thus, when the properties of
the fan and of the duct are Xnown, the sound pressure level
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in the room may be found by the methoda which are

employed 1in any case where a sound sourcc of known proper-
tes 1s present. A method of calculating the level in

the room 18 discussed in Sec. 3.5. The quantities which
enter into the calculation are:

1. the power level of the source in the desired
frequency band

the directivity facior, Q, of the source in
this frequency band, in the directicn of the
observer

e

the distance, r (ft) between the observer in
the room and the source

4. the room ccnstant, R in sq ft.

—— Wty

The room coastant R 1s equal to S & /(1- &} where S
i1s the area of the r.»m boundaries in sq ft and o< is the
average value of th. absorption coefficient®. Ordinarily,
the chamber absorption coefficient 1s used. (Sec. 1l2.1

v
{4

The accompanying charts facilitate evaluation of
some of these quantities 5.1/. The effective directivity
factor for the source at low frequencles i1s affected by
the location at which the duct enters the room. Four
cases may be distinguished conveniently, as shovm in
Fig. 6.5.3. A duct which opens in the center of the room
volume (Case A) is assumed ©O radlate nondirectionally,
as into open space, at low frequencies. This corresponds
to a low-frequency value of 1.0 for &. At the other
extreme, radiation from an opening in the corner (Case D)
i1s restricted to one octant 1in space, with a minimum value
At sufficiently high frequencies the directi-~
vity in all cases approaches that of a piston ot radius a,
put in practice the directivity factor on the axlis rarely
rises aoove 50. The axial directivity factor for each
of the four cases 1s plotted as a function of a dimenslon-
less frequency parameter in rig. 6.5.4. The quantity a
1s equal to the radius of a circular duct opening, or to
L/ yr for a square opening of wildth L. Tor a rectangular

This quantity is called - in Chapter 3. STAT
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opening of widths Iy, Ly, the value of Q lies petwcen the
values for the corresponding square openings. The large
yalues of Q for high frequenciles represent beaming of the
gound in the axial direction, plane
of the opening. The off-axls values of aller
at high frequencies; for example, if the opening

center of 2 wall, the value »f @ for thec direction

from the axis is approxlmately 2 at all frequencles.

In some cases an accurate calculation 1is not required,
or information regardlng the absorption coefficient of the
walls may be insufficient for accurate calculation. In
thece cases, an approximate value of the room gonstant, R,
may be obtained by charagperizing the room as ti1ve”
(&= 0.05) or ngead" { &= .4) or by some jntermediate
designatlion, and by using the value of ot thus selected
with the knovn vall area. If the room shape 18 specified,
the wall area 1is uni 1y related U the volume; for
example, in 2 i s the wall area is six times
the tuwo- thirds pow . On this basis, the
chart of Fig. 6 en constructed to give values
function of room volume for four
jon cecefficien
. tnhile the chart 1s derived
anclosure, 1t may be used for ordinary rooms,
but is not applicable to extreme cases such as that of
a long corridor.

Grille llolse. In celculating the nolse produced in

a room LY & ventilating 1€ is necessary to consider
not only nolse generated directly by the fan, bub alr-flow
nolise produced at the grille opening into the room. No
extensive measurements of grille noise are avallable. The
following tentative relations, which indicate how the Wi

of nolse from a grille 1ic expected to vary with flow
yeloclty and with pressure drop across the grille, are glven
in the Heablng Vventilating AlT Conditioning Guide 5.4/.

e

FIGURE 6.5.2

Typical octave pand spectra for vaneaxlial and

centrifugal fans. Shaded areas ahow the expected

spread as a result of variations in detalls of STA
fan and plade design and speed 5.1, 5.3/. T
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Figure 6.5.3
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Illus{;?gzi::?xigfl ghe dlirectivit;y factor 13 &
room,

Fig. 6.5.4. Ref. 5.1.
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PWL change in db = 50 10g,q (vz/vl) (6.5.2)
V1 and V2 are flow velocities on the two sides of the grille
PVL change in db = 25 10g0 (Pe/Pl) (6.5.3)

Py and Pp are the pressures on the two sldes of the grille.
Also, on the vasis of very 1imited data, a typical value of
3PL at the grille 1s 48 db for a pressure drop of 0.1 in.
water. If this figure 18 accepted for use with EqQ. (6.5.3),
the power level for oné side of the grille 1is

PYL = 73 + 10 10859 A + 10310 P (6.5.4)

where A is the grille area in sq ft and P is the pressure

drop in inches of water. I of the limited evidence

on which this relation 1is pased, is prefcrable to work

from experimental measurements on & grille of type similar
to the one in questlon, rather than £oc use the ahove equa-
tions, when this 18 possible.

Available data on grille noise glve no detailed
information on the spectrum of the noise. Until adequate
data are available, it 1is suggested that Curve D of Fig.6.11
for noise due to air flow through a valve pe used in escimat-
ing the grille noise spectrum.

Example of Estimating yventilation System Yoise in a
Room. the application of these principles 1s now T1ius-
traced by numerical example. Suppose€ that 1t 1is desired
to estimate the 3PL in octave pands, for a location of

10 £t in front of the gril unde, the conditions
which are 1isted below. e has been astablished
that the alr £1ow nolse at the grille will not exceed
allowable limits, Wwe now estimate noise due directly to
the fan.

Room Data: Volume 105 cu ft. Medium-1live in the
Jower two octave bands, and medium-dead in the higher fre-
quency bands. The corresponding yalues of the room con-
stant, from Fig. 6.5.5, are 2300 sa £t for the lower two
bands and 4400 sq £t for higher bands.

Connecting Duct: Iength of duct, 40 ft. The total
attenuation of the duct, v 1it into several parallel
sections each with indivi fcal lining, 1s assumeSTAT
to be as shown in Taole 6.5.1. The grille opening 1is near

the center of 2 room wall, apd is 4 ft square.
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Fan: Centrifugal fan operated at 1ts rated pover of
5 HP.  ¥rom Eq. (6.5.1), the total PUWL 18 estimated as
107 db, and the PUL affecting the duct on one side of the
fan only 1s then 104,

From Fig. 6.5.2, which glves the 1imits of the spec-
trum to be expected, we derive the effective power levels
in the individual bands erall PUL of 104 db.

The individual band power levels arc chown in Table 6.5.1.

The axial directivity values arc obtalned from Fig.
6.5.4 for an opening £t square, at the frequencies cor-
responding to the centers of the octave pands, These
directivity (@) values arc also 1listed in the table.

The values of relative SPL at a distance of 10 ft
¢rom the opening are found from Figs. 6.3.3, 6.3.4, and
£.3.5 or from Eq. (3.10), for each band, by use of the
appropriate room constant (R) and directivity factor (Q)
already determined. These relative SPL values would be
numerically equal to the SPI, figures atbt the point of
observation if the grilie opening acted as a gource whose
PUL was zero db in each band.

Actual values of SPL in each pand, at the desired
point 10 rt in front of the grille, are obtained by sub-
tracting the duct loss from the sum of the band FWL of the
fan and the relative SPL. These actual values of SPL are
11sted in the final column of Table 6.5.1.

The resulting SPL spectrum falls off very rapidly
with increasing f£requency 1in the lowest few octave bands.
This effect 18 often found in ventila
In the present example, thils is the combined result of
the slope of the centrifugal fan spectrum and the extreme
slope of the duct attenuation function in the lower fre-
quency bands.

PIGURE 6.5.4

The directivity factor on the axis (perpendicular
to the plane of the openin%) for the four duct
opening iocations of Flg. .5.3. Speed of sound,
c3 A, wavelength; T, frequency in cps; 2, radius
of circular opening or (width /v/) for a square
opening 5.1/
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Usually, the designer is gilven the characteristics

of the fan and the allowable sound pressure levels in the

room, and the prcblem becomes one of finding the attenua-

tion that must be provided in the duct system 30 that the
18 will not be exceeded. The methods for

considered in Chap. l2.

In many cases, tment must be used 1f the

sound pressure level is to be substantially reduced in the

1ow~-frequency bands.

Tha same baslc phenomena are responsible Tor nolLse genera-
a wide varlety of fluid flow devices. These pheno-
mena include the mechanisms by which energy of flow 1s
converted into heat and into random acoustical energy in
the process of turbulcnce, and the mechanisms by which the
alr flow can be modulated to give an acouatic gignal hav-
ing a periodic waveform, as in a {an, propeller, turbine,
or other device with rotating blades. An understanding
of these phenomena enables the engineer 1o utilize prin-
ciples of noise reduction in the baslc design of ventila-
tion equipment.

Relation to Other Alr Flow Devicens as Noise Sources.

FIGURE 6.5.5

The room constant as a function of room volume,
e absorption coefficient categoriles
This assumes that the rela-
tion betwveen wall area and volume is approximatelgs1yAT
that for a cubical room, but may be applied in
usual cases where the room shape 1is not extreme.ﬁ.l/
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TABLE 6.5.1

CALCULATION OF SOUND PRESSURE LEVELS PRODUCED BY A VENTILATING SYSTEM

Octave Source Q R Relative Duct Resultiug
Direcc-

Band PWL in  tivity Room SPL-10* loss Band SPL,
Factor in Front db, 10'
on Axis of Open- in Front

Band of Open- Factor ing of
cps db ing (Eq 3.10) db Opening

e i o e o e

(™

20-75 102 -25 av 70

75-150 -24 62

o e s ® s e

150-300 93 -21 27
300-600 88 -15 23
600-1200 82 -1h 18
1200-2400 78 1k
2400-48650 3 9

4500-10000 68 L

v
|
1
!
|
|
|

g
14
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11.2 Insulation of Nirborneé sound by Rigid partitions

/

General Remarks. Since ouvr ear 1ls an airborne
sound receiver, the best jnsulation from nolse radiated
into the air 18 to interrupt the direct gound path by 2
rigild partition. This then forces the sound to become
structure-borne sound for some part of the way.

tlon may surround the sour
(FLg. 11.2.1a and

may sep jarge room into two rooms (
In the second case, the area of the par
only a part of the area 51 of the source room an
area Sp of the recelving room. v miltlplying Sy and
Sp by the corresponding mean absorpticn coefficients of
the source room and the recelver-room, we cbtain the so-
called absorption powers A} and Ap. If we now consider
as given the power of the source Po we may ask for the
mean scund pressure p2 in the recelver room, or for the
corresponding energy density E2 (energy /unit volume
which 18 proportional to the square of Po-

Wle split the problem into the following steps. Due
to the source of power P the energy density El in the
source room 18

E, = uPo/cal (11.2.1)

where ¢ 1is the velocity of sound in air. (These and the
following formulac are based on the assumptlon that the
sound ic distributed randomly over all regilons and direc-
tions in the room). The energy density Ej determines the
power P31 striking the wall under test .

P, = cSEl/u = POS/Al . (11.2.2)

Notice that Py can and usualiy will pe much greater than
Py, because t%e reflected energy in the souce roon is
included in Py. As a result of the power Py belng incident
on the wall, there is a transmitted power Po. 1TIhis

process 1s in 1y by the construction of the wall
and 1is characterized by the transmission coefficlent
defined by

STAT
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(p) (B)
FIGURE 11.2.1

Two possible ways of shielding a recelver R from a sound source
S in the same room. In (A) the source 1is enclosed by a rigid
partition while in (B), the receiving space 1s enclosed.

FIGURE 1l.2.2

A more common Situation where the source and recelver are
separated by a partition dividing the space in two.
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P, =Py T cSE,/B = Tse/ay -

[

(11.2.3)

Finally, Po results in an energy density Ep in the re-
ceiving rcom for which we require

(S/Aa) E, = 4S TP /cAiAy -
(11.2.4)

The equation relating E and Pg demonstrates the exis-
tennice of reciprocity; ig states that if you hear a
neighbor, he hears you just as well.

But this general law only segards the physical
part of the problem. \en the physiological part 1s
introduced, reciprocity may not hold. Suppose a mask-
ing nolse exists in one roon. Then the souvnd of speech
transmitted from a neighboring (quiet) room may be
masked completely; but in the quliet room, the noise level
is much lower (corresponding to the reduction of the
noise by the wall) and speech which is louder than the
noise in the source room will, after transmission through
the wall'still be heard very clearly in the neighboring
rooms.

The principle of reciprocity also may not be
applicable from the physical point of view i1f we do not
regard the power of the sound source P, as the gilven
quantity but the energy density E1 in the source room.
This is the case in the usual measuring techniques for
air-borne sound insulation where we compare Ej and Ep
by measuring the sound pressure at several points in both
rooms. In this case we gect from Eq. (11.2.ﬁ)

‘T = E2A2/Els . (11.2.5)

STA
This means that in order to find T we have not only to T

compare E; and Ep but we have to measure S and Ap. Here
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we get different ratios of energy density depending on
which we choose to call the source and the recelving
room.

The absorption power Ap may be evaluated from the
measurement of the reverberation time T, in the recelving
roon using Sabine's formula

A, = 0.05 ve/'r2 (11.2.6)

where Ap and Vp are the room absorption and room volume
in units of sq ft and cu ft respectively.

Since we arc usually trying to minimize the amount
of sound energy transmitted to another room, we are
interested in values of T as small as possible. For char-
acterizing the quality of sound insulation, it is more
useful to define a reciprocal quagtity and, since this
quantity varles between 10 and 109, we define a logar-
ithmic measure called the Transmission Loss (TL) as

TL = 10 log 1/T . (11.2.7)

Calculated in this way, the TL is expressed in decibels*.
At first it was assumed that this logarithmic scale would
also correspond to our subjective valuation of sound
intensity which we call louéness. Although this 1is not
actually the case, we may say to a first approximation,

that each increment of 9 db in TL is equivalent to halv-
ing the loudness.

This quantity is internationally used, but is
called "transmission loss" in America only.

For a European Code, the British proposed to call

it reduction factor "R". In CGermany the quantity
is called "Schalidammzahl"and the letter K 1s used.
Kosten (Netherlands) proposed the name "insulation"
and the symbol 1.

T T TS A P DAy
R O e
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In the same way, the quantity
NR = 10 log El/E2 db (11.2.8)

may be called the noise reduction (NR). With modern
measurement equipment this quantity can be measured
directly. Then Eq. (11.2.5) in the logarithmic form 18

TL = NR + 10 log S/A,. (11.2.9)

The noise reduction to be expected with a given construc-
tion is

NR = TL - 10 log S/Az. (11.2.92)

Note that the noise reductlion depends on the area of the
separating wall. The smaller this area 1s,the lower the
transmission loss which will be tolerated.

The last remark is of special importance if the
partition conslsts of two parallel parts, for instance
a heavy wall and a door. It would be toou expensive to
give the door the same TL as the wall. Since the door,
however, has only a small surface So compared to the
surf{ace of the whole wall S + Sp the power entering the
second room, consisting here of two parts,

P, = cE (T8, + T8,)/%

(11.2.10)

will not be increased very much if‘fe is higher than Ti.
The resulting loss of TL is given by

T.S, + TS

171 272
L) = .

A (TL) = 10 1og ZE 5,

(11.2.11)

T =t T

<3

S

e e e A T i T i e R o T SR TNt
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T~ we chose a value for thils quantity, we might calcu-
\ e for the difference between both kinds of partitions

(TL)e—(TL)1=lO 1og‘T1/zé= -10 log [10A/1°(1+sl/sa)-sl/52].

(11.2.12)

In Figure 11.2.3 this ditference ic plotted as a function
of the ratilo 81/32 for A =1 and A = 3 db.

Now we may discuss the influence of the absorption
power in the receiving room. For measurements, we prefer
rooms with snall absorption power. In this case the mea-
sured NR may be greater than the quantity we wish to
measure, the TL. In the case of a closed box installed
in a large, nolsy room (Fig. 11.2.1b), all walls are trans-
mitting. Then A>/5 is equal to the mean absorption coeffi-
cient and thercfore i3 always smaller than 1. In this
case the NR 1s amaller than the TL. 1f, for example, it
is possible to make Xp = Ao/S = 0.5 (which is a rather

il igh value), we get from Eq. (11.2.9a)

NR = TL - 3 db (11.2.13)

provided that these statistical formulae are yvalid for
absorption coefficients which are 80 high. If we have

Lo = 0.25, we get
NR = TL - 6 db. (11.2.14)

Yle see that proper atsorption in the receliving room
has some advantage. In particular, very emall amounts
of absorptlion power must be avolded. If, ‘= the limit,
the aosorption power in the receiving roon 13 equal to
the transmissivity of the surface S only, Li.e., by Ao=Ts,
then we find from Eq. (11.2.5), E» = E1, or nd transmis-
sion loss at all. This result may eas ly be understood
from the atandpoint of energy balance. If the recelving
room and the wall itself present no energy iosses, then
the wall mzy have an arbitrarily high TL; as steady-
state is reached, the energy density at both sides of
the common wall is the same. On the other hand, even
large amounts of absorbing material in the receiving room
cannot result in a nigh noise reduction. The most we can
expect 1s to get a free-field condition in which we have

80
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Cryva—

near the wall, instead of Eq. (12.2.4)

E P,/cS = TE,/4

2

NR =TL + 6 db . (11.2.15)

At a greater distance from the wall, the sound level

will fall off faster than the inverse square relation for
a freec field. But excluding thils very unusual (and expen-
sive) case, we may summarize the last results by saying:
some amount of absorbing power in the recelving rocm 1is
necessary. #aAn absorption powver equal to half the surface
of the separating wall may easily be reached, even in a
closed box, but further amounts of absorption never would
bring more than a 9 db increase in enevgy density ratio.

Therefore, we see that we only 2ot high sound level
differences with constructions of high TL.

Since the TL depends on frequency, it 1s not realistic
to give only a mean value. Such a mean value can be at
best a very crude order of magnitude estimate of effective-
ness. In order to define such a mean value, one must first
decide on the limits of the frequency range, the quantlity
we would like to average and the particular frequencies
at which one measures values to average. In the European
code of sound insulation measurements, the lowest frequency
is given by 100 cps and the highest by 3200 cps. Below
100 cps measuring becomes very uncertain and, fortunately,
the sensitivity of our ears is small., Above 3200 cps
insulation is so good, generally, that we seldom have
trouble. The frequency scale is logarithmic. This cor-
responds to the common use of octave steps or third-cctave-
steps and may be Jjustified by the similar distribution of
response for different frequencies on the basilar membrane
in the inner ear. The most difficult question is to say
what should be averaged. It is usual to average the trans-
mission loss and therefore in the fcllowing [TL),, means
the TL averaged between 100 and 3200 cps over a Togarithmic
scale.

But we must realize that this kind of averaging 1is

justified only if the lcudness or the rate of nervous im-
pulses per unit of time 1is proportional to the sound level.

81
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e know that this assumption is not valid, but if .e try
to take into account the loudness function, the average
TI, will depend cn the spectrum of the sound in the source
room. However, this is the situation we have if we want
to make conclusions concerning the subjective effect of
nolise.

Therefore, 1% is better to concider the TL of a wall
as a set of values or a curve plotted over a logarithmic
frequency ccale than to characterize 1t by a single value.

Single Vall

1. Relationship betwecen the Transmisslon Coefficient and
the Transmlssion Impedance. In the following, we defilne
as a single wall each partition at which the normal velo-
city at the source side vy and the normal velocity at the
back side vo (and the velocities of all points between
them) are equal. Thus

Vi =V, =V . (11.2.16)

This does not require that the wall 1s of homogeneous
construction. It may consist of different shects, e.g.,
plaster, brick, plaster. It may even contain holes.
There are many inhomogeneous constructions which work as
a single partition, at least in the low and middle fre-
quency region. But there are also constructlons, as, for
example, concrete poured between plates of cemented wood-
shavings and plastered at both sides which would be
called single walls from a standpoint of construction but
which acoustically shou the behavior of multiple partitions
in the most of the frequency region. On the other hand,
even for a homogencous plate there exists a frequency

FIGURE 11.2.3

The loss in TL as a result of bullding a wall
with an area Sy of a construction having [TL],
and an area Sp of a construction having {TL]o.
The ordinate gives the necesscary TL of the
"ynsert" (1.e. door, window, etc.) when the
relative size of the wall and insert are known
and when the maximum tolerable loss of the total
TL has been chosen.
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limit, above which the assumption of Eq. (11.2.16)

loses 1ts validity., This limit 1s reached when the thick-
ness becomes larger than a tenth of the wavelength for

the longltudinal wave in the wall. But in most cases of
practical interest, this happens above the frequerncy
reglon in which we are interested.

Assuming Eq. (11.2.16) is true, wemy characterize
the wall by its "transmission impedance" Z+ which we de-
fine as the ratio of the pressure difference between inner
and outer wall to the normal velocity

Z'f = (pl - pz)/vn . (11'2'17)

It is to be expected that thls quantity is dependent on
frequency. This means that, in general, we have to
consider all the quantities in Eq. (11.2.17) as complex,
involving not only amplitudes but also phases. The
transmission impedance differs from the so-called wall
impedance

z, = pl/'vn (11.2.18)
which characterlzes the boundary condition for the source
room by the term po/vy. In the case of a wave radlated

at the angle ﬁb, which is the angle of incidence at the
source side, zw 1s gliven by*

Py/V, = pc/eos V- (11.2.19)

* Practically, the difference between Z~+ and
Zy 1s much greater; in order to get the ab-
sorption coefficient using Zys, we have to
take into account also all losses which are
glven by heat conduction and friction,
especially 1f the surface is porous. But for
the calculation of transmission, these effects
have no remarkable influence. Thus, 1f the
wall is covered with a layer of fiberglas,
we may split the whole problem into one of
absorption and one of transmission.
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The dimensionless transmission coefficient depends
on the ratio of the impedances defined by Egs. (11.2.17)
and (11.2.19)

T = l/\l + zZgcos ¥/ pe |2

(11.2.20)

It is clear that the transmission must become total (T=1)
if the transrission impedance vanishes. This means that
the pressures are equal at both sides of the wall. The
transmission is zero if the transmisslon impedance tends
to infinity.

We see that, in general, ‘7 depends on the angle of
incidence, even if Z-is independent of 2*. Thils means
that the transmission loss we observe experimentally,
where the sound 1s impinging the wall at different angles,
depends on the particular angular discribution of the
sound. Also one must realize that a given surface S
only subtends the arcz2 S cos ¥in the direction of the
incident wave. (See Fig. 1ii.2.4). Therefore, when
averaging T over different plane waves, we have to mul-
tiply T with the weighting factor cos ¥*. Hence

n
=_1 5 T, cos Yy . (11.2.21)
n =1 k

For a statistical sound distribution, as we may have in
the case of testing a wall between two reverbcrant rooms,
we may assume that the sound is egqually distributed over
all directions. This requires the introduction of another
weighting factor sin >~ because the reglon between * and
2+ d VX cuts cut a zone of a sphere 27 sin & d V-

Then we get for the average statistical transmission co-
efficient

}(2 T/2

J
T = o v}a‘ccsl}sinzﬂdﬂ = 2 Tcos z/a‘sian'dbL.
o/ cos ¥sin Va V- STAT

(11.2.22)
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Tnis may also be written

T = /'fd(cosa ) =/" Ca(stn® J7)  (11.2.22a)

which 1s more convenient since T always appears as a
function of cos Jor sin Yor even sin2 - direcctly. Such
averaging becomes more and more dependent on f;he accuracy
cf the assumption of random distribution of angles of
incidence the higher the 7L of the wall.

5. The "mass law". The TL of any single wall depends chiefly
on the mass per unit area® In general light ccnstructions

This iaw was first found experimentally by
Richard Berger in 1910 and is sometimes called
"Berger's Law" in the German iliterature.

(P77 77N Z T LLLLLN

]

//
)
FIGURE 11.2.4

An area S subtends an area S cos J-to a plane
sour:d wave incident at an angle
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are more sound transmitting than heavy ones; and if 1t
i1s necessary bto save weight, it will always be difficult
to have & high TL. However, there may be cases where
heavy constructions having speclal defects are worse
than other lighter constructions.

T

To a rough approximation, the mean TL may be
calculated from the formula

(TL), = 14 log G + 24 (11.2.23)

where G 1s the surface welght in 1b/sq ft. Tablelll.2.1
ashows the surface welghts of some conmon building ma-
terials.

A further emplrical fact is that the TL generally
inereases with frequency £. This may be gerived from the
mass law observation on the basis of similarity. If a
heavier wall 18 petter, then for a glven material, the
thicker wall is also petter. But 1n a sound field, all
thicknesses must be compared with the sound yavelength;
therefore, we have to cxpert a dependence on the ratio
n/) or on the product hf if we replace A by ¢/f. This
gencral rule also holds when, as sometimes happens, an
increase of frequency results in a decrease of TL. In
these cases, an increase in thickness also results in a
decrease of TL.*

To explain these general dependences on welght and
frequency, the simplest assumpblon we can .iake is that
the wall behaves like a mass. This means that we have
to consider the transmission jmpedance as a mass reactance

Z ¢ = Jom (11.2.24)

where m is the surface mass and ® the angular frequency.
Putting this into Eq. (11.2.20) we find

T=1/01 +(_uz_g_ch§_£’:) 21. (11.2.25)

See Beranek, Leo L., Phys. Soc. Acoustics Group
Symposium p. 1-6 (1949). STAT
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Excluding grazing incidence, we may also derive thils
result from Rayleigh's more general solution for the
transmission through a sheetb of non-rigid medium having
high specific mAass and small compressibllity 2.1/. This
shows that we do not have to discuss transmission through
a wall in terms of 1¢s movement of an inert mass and as

a result cf longitudinal waves excited inside the wall.
The first kind of motion is only & cpecial limit of the
second.

To compare Eq. (11.2.25) with experimentai results
found for walls betwecn reverberant rooms, W€ have to
average [ over cos® ¥ according to Eq. (11.2.22). Doing
this, we get

T-= (2fq/'am)2 in [1 + (em/2 P )2}

(11.2.26)

[7%) ndom = (TL), - 10 log (0.23 (TL],) .

(11.2.27)

wnere [TL]o is the transmission loss for perpendicular
incidence. This result sometines fits the experimental
results quite well because it gives values of TL lower
than [TLlo and also a less rapid increase of TL viith
surface mass and frequency.

However, this 1ast equation can hardly be regarded
as the real interpretation of what happens because plotting
T against cos2 ¥ for high values of wm/2f>c, we get a
very sharp peak at grazing incidence where T becomes one.

This dependence gsometimes is callzad the random-
incidence mass law.

e
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TABLE 11.2.1
SURFACE WEIGHT OF COMMON BUILDING MATERIALS
1b/sq ft/inch of thickness
14
10-12

Aluminum

Brick

Concrete
Dense
Cinder
Cinder Fill

P, ..,._,._\ —

Glass
Lead
Plaster
Gypsum
Lime
Plexiglas
Sand
Dry loose

Dry packed

e maer w4 et

T
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This dependence always has to be expected when Zc 1s
independent of the angle of incidence or 1is nearly in-
dependent in the reglon of grazing incidence. We may
call this the "component effe se it has as 1its
basis the f a wall is only
a component of U

source side and the ba \le must reallze, hovever,
that the limit T =1 for 2= 90° infers an infinite wall
and infinite plane waves and, therefore, cannot be realized
in practvice. Furthermore, vié know from wave acoustics
that in rooms, sound propagation exactly parallel to a
poundary plane can neyver occur.

Therefore, 1t seems reasonable Lo exclude angles
for which Eq. (11.2.28) does not hold

(z¢ cos W /2p0)% > 7 1. (11.2.28)

By integrating only to a 1imiting angle B, we find for
1

4
T'= /) 2 {2pc/wm cos 29)2d(00322})=(29c/um)21n ¥ cos? A
cos !

(11.2.29)
corresponding to
[TL];} = [TL], - 10 log 1n l/coszlﬁ .
(11.2.30)
Now wie have the gifficulty that the result depends
on the choice of the 1limit angle %', Taking B = 82.5°
as a value which guarantees that Eq. (11.2.2 } is satisfied
for [TL], > 2 db, we get
o
[TLJ°82'5 - [TL], - 6 db. (11.2.30a)

The same result is obtained 1if we calculate the TL for an
angle ¥ = 60° only, 30 W€ also may write

[TLlggo = (tLl, - 6 db (11.2.30b)
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We call this the "60° - mass law". It involves an
essential simplification for it replaces the averaging
over all angles of incidence by using a mean angle. In
the present case where the T is monotonically increasing
with 2%, the choice of 2*= 60° is reasonable.

It would seem better to choose 2*= 45° because this
angle is in the middle og the # range and has the highest
welghting factor (cos 45° sin 450 = 1/2). In the present
case we get

[TL]yg0 = [TL], -3 = 20 log G - 20 log f - 31 db
(11.2.31)

which also corresponds to the average ‘T value if we
restrict the 2*region from 00 to nearly 700, This "450-
mass law" fits the experimental results for ilght construc-
tions quite well. By averaging cover the frequency region
from 100 to 3200 cps (which means replacing f by the
geometric mean of 100 and 3200 cps),

['1‘1,]45,m = 20 log G - 24 db. (11.2.32)

where the second term agrees with that in the empirically
determined Eq. (11.2.23).

For higher values of G, all formulas which we have
derived from the assumption of Eq. (11.2.24) gives TL's
which are much too high. Therefore, we have to look for
other reasons to explain this discrepancy.

3. The Influence of Stiffness. It seems likely that

stiffness may be of importance. If we try to move the wall

very slowly, we feel its stiffness only as the reactlon to

the driving force. This stiffness is given by the support-

ing or damping of the wall at the edges and also will be of
importance if a very low frequency sound pressure is driving

the wall. However, several authors have observed higher TL's

at low frequencies than those corresponding to mass law 2.2,2.3/.
Although this problem has not been solved theoretically,

1t seems probable that such deviations may be accounted STAT

Vr e e et arme b b 2o o
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We call this the "60° - mass law". It involves an
essential simplification for it replaces the averaging
over all angles of incidence by using a mean angle. In
the present case where the T is monotonically increasing
Wwith 2%, the choice of 2*= 60° 1s reasonable.

It would seem better to choose %= 45° because this
angle is in the middle of the 2 range and has the highest
welghting factor (cos 45° sin 450 = 1/2). In the present
case we get

[TL)yg0 = [TL], -3 = 20 log G - 20 log f - 31 db

(11.2.31)

which also corresponds to the average T value if we
restrict the 2*region from 0° to nearly 700, This "U5°-
mass law" fits the experimental results for light construc-
tions quite well. By averaging cver the frequency region
from 100 to 3200 cps (which means replacing f by the
geometric mean of 100 and 3200 cps),

['131,]45,m = 20 log G -~ 24 db. (11.2.32)

vhere the second term agrees with that in the empirically
determined Eq. (11.2.23).

For higher values of G, all formulas which we have
derived from the assumption of Eq. (11.2.24) gives TL's
which are much too high. Therefore, we have to look for
other reasons to explain this discrepancy.

3. The Influence of Stiffness. It seems likely that
stiffness may be of importance. If we try to move the wall

very slowly, we feel its stiffness only as the reaction to

the driving force. This stiffness 1s given by the support-

ing or damping of the wall at the edges and also will be of
importance 1f a very low frequency sound pressure is driving

the wall. However, several authors have observed higher TL's

at low frequencies than those corresponding to mass law 2.2,2.3/.
Although this problem has not been solved theoretically,
it seems probahle that such deviations may be accounted
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for by stiffness. But cases where stiffness glves an
increase in the insulation power mst be regarded as ex-
ceptions for the present. Tgually stiffness 18 a dis
advantage because the reactive forces due to atiffness
and those due to mass are not added. Hovever, because
of their opposite phases they compensate for cach other.

(a) Resonence. There are two kinds of e¢ffects
where thls happens. The first is icell-knoun in acoustics
as resonance, and m2ans that the periodicity in timo of
the driving forces cquals the periodicity in timz of a
free motion, l.e., a motion possible withecut external
forces. If uve have a bar of the length £ supported at
both ends, the resonance 18 glven by the condition

L =2g/2 (11.2.33)

where )SB 13 the wave lenstn of the bending wave correspond-~
ing to the same frequency. TForulially uc have the sane
condition for an organ pipe open at poth ends or for a

tube closed at both ends

V4 =/}o/2 (11.2.3%)
vhers do is the wavelength in air. Bub there is an
essential difference petieen the tirc cases: in the caseé

of the propagation of the longitudinal waves in a tube,
the yave length is inversely Rropor’cional to the frequency

Ao =07 (11.2.35)

wvhereas in the casc of a bénding vave, 1t 1s inversely
proportional to the square root of ghe 1rave length

I
g = V'B/m y2u/t (11.2.36)

or, the phase velocity of bending waves is proportional
to the square root of frequency

I
cg = 7/B7m yeuf
(11.2.37)

Declassified in Part - S‘elﬁitized Copv A = — s m————
CIA RDPB1.01043R004000070005.1 IR D S0 T 201500 02 iy




Declassified in Part - Sanitized Copy Appr
oved - .
I ROPO1.01043R004000870000 |

|
|

ne
“~
v
1Y

e b n

In these equations, B is the bending stiffness. For a
rectangular bar with Youny'!s modulus E, height h and the
breadth b,

B =Ebhd/12. (11.2.38)

If we substitute m = f>bh and introducc the velcelty for
longitudinal waves

———

ey, = }/E/P ; (11.2.39)

we can write instead of Eq. (11.2.36)

Mg = 1.8 eh/f . (11.2.40)

In the case of pletes, Eqs. (11.2.38), (11.2.39) and
(11.2.40) should be modified because of the hindered
lateral contraction in one direction. Taking this into
account, we have

B' = Eoh3/12(1- 1?) (11.2.38a)

ot = JE/? (1-12) (11.2.39a)

~~

————

_$=
. it ity

Ag' = /1.8 cptn/f (11.2.40a)

yhere p 1s Poissorls ratio. Since this number i3 0.3 in
most cases, the differences petieen these tijo groups of
equations, especlally between Eqs. (11.2.40) and (11.2.40a)
become so small that we may neglect them and speak simply
of B, cp, and A p only¥. Furthermore, these valuey may
depend much more on the individual variation of samples

In the available handbook tables of gound ve-
1ocities, it is not even stated thether the
longitudinal velecity in a bar. a plate or an
Y leruita algstic medium 1s meant.
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of the same material for such things as concrete, brick,
+nd timber., For exact studies, it 18 recommended that

¢y, be evaluated by measuring the lowest natural frequency
£ of a bar. Then cj, 18 given by

£, = .45 cLh/i.a (11.2.41)

«hich follows from Eqs. (11.2.33) and (11.2.40). For
rougn evaluations,the data in Table 11.2.2 may be used.

f e eSS X e

TABLE 11.2.2
SOUND VELOCITIES FOR HGITUDINAL HAVES

Glass 18,000 ft/sec
Steel 17,000 ft/sec
Aluminum 17,000 ft/sec

Timber (fir, length-
wisg§ 16,000 ft/sec

Concrete 12,000 - 15,000 ‘t/sec
Bricks with mortar 8,000 - 15,000 «t/sec
Plywood 10,000 ft/sec
Asphalt 7,000 ft/sec
Porous Concrete 4,000 ft/sec
atr (20°C) 1,130 ft/sec

et ap s e o

FIQURE 11.2.5

The bending wavelength A as a functiof of frequenc
£ (in kc/sec) for plates of thickness h (in inchesX.
These curves apply to gteel and aluminum, for which
ep, = 17,000 ft/sec.
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Furthermore, Figs. 11.2.5-11.2.7 contain gronhs for the
dependence of length of a bending wvave on frequency for
plates of different thiclmeases for steel and aluminum,
concrete and plywood. Irom these graphs .2 also moy find
the notuvral frequency of a ractancular bar sunported at
the ends or a plate supported on an opposite pailr of edges
if we remsmber that the wavelength is the double of the
length .

For the case of plates of length Lx and bracdth dy,
vsually the four edges are supported. Then Lq. (11.2.33
must be changed to read

A = 2/l 9.0% + (/4,02

(11.2.42)

Fron Fig. 11.2.8, the value A p may be found for plates

of lencths and bresdths betucen: 0.2 and 20 feet. The
lotest natural frequency nay be found either frea this and
the graphs in Figs. 11.2.5-11.2.7 or by uslng direetly the
formula

£,, = 0.45 op h [(1/8 )% (1/24)% 1.

(11.2.43)

FIGURE 11.2.6

The bending wavelength ) as a function of frequenc
f (in kc/sec) for plates of thiclmess h (in 1nches¥.
These curves apply to concrete, for which e, =
12,000 ft/sec.
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r 1 13 loo¥k at two examples: for a steel plate of
11, .etens g = 6 fE, £y =3 It and h = 1/8 in. (which
: 20 ¥ htnenocad), we find with cp = 17,000 ft/sec,
' ;% 1ua the region of audibility and far below
o cton of 100- 3200 cps. put if we take a common con-~
L1 of i in. tnickness with Py = T2 It and £, = 8 ft,
©.-oep - 12,000 ft/sec, we find a frequency of”h0 cps.
« v, hlls and plates are seldom only supported at
, . alch m2ans that only the transverse motion 1is
1 1L nobt Lhe slope at the boundary. II we 2assume
+ g cpe at the boundary lc also hindered, that the
o22lly clamped, we have to expect natural fre-
, Lo 5 more than an octave higher. lHowever, clamp-
» .11y occurs very seldom. Usually, the boundary
<+ 1.3 correspond more to supporting than to clamping.
ne loiest natural frequencles arc in the low frequency
o~ ~nd an octave below tnis natural frequency we may
.o stiffness alone controls the tranamissivity of
111,

On c¢he other hand, we cannot conclude that above this

1. st netural frequency the wall is mas3 controlled., Thnis
. 5uld be the case 1f only this louest type of natural
_ic existed. But since a plate 18 a two-dimensional

continuum, we have to consider a doubly infinite number of

natural frequencies given by

fm= 0.45 ¢;h [n/,ix)2 + (m/.(y)al

2

(11.2.44)

FIQURE 11.2.7

The bending wavelength A as a function of
frequency f (in ke/sec) for plates of thick-
nes3 h (in inches). These curves apply to
plywood, for which ¢y = 10,000 ft/sec.
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let us look at two examples: for a steel plate of
dimensions £ x = 6 ft, 4, =3 ft and h = 1/8 in. (which
may occur in machinehood%), we f£ind with cj, = 17,000 ft/sec,
a frequency below the region of audibility and far below
the region of 100-3200 cps. But i1f we take a common con-
crete wall of 4 in. thiclkmess with #4 = 72 ft and £, = 8 ft,
assuming cp = 12,000 ft/sec, we find a frequency of’ 10 cps.
Certainly walls and plates are seldom only supported at
the edges which means that only the transverae motion 1s
hindered but not the slope at the boundary. I we assume
that the slope at the boundary 1is also hindered, that the
plate 18 really clamped, we have to expect natural fre-
quency tones more than an octave higher. HowWever, clamp-
ing actually occurs very seldom. Usually, the boundary
conditions correspond more to supporting than tc clamping.
Then the loiwest natural frequencles are in the low frequency
range and an octave below inls natural frequency we may
say the stiffness alone controls the transmissivity of
the wall.

On the other hand, ve cannot conclude that above this
lowest natural frequency the wall is mass controlied, Tnis
would be the case i only this lovest type of natural
mode existed. But since a plate 1s a two-dimensional
continuum, ve have to consider a doubly infinite number of
natural frequencies given by

£om= 0.45 c;h [n/jx)e + (m/jy)el

2

(11.2.44)

FIGURE 1l1.2.7

The bending wavelength A as a function of

frequency £ (in k¢/sec) for plates of thlck-
LY 4.

ness h (in inches). These curves apply to

plywood, for which ¢y = 10,000 ft/sec.
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FIGURE 11.2.8

gth A £
and Ly, (in feet), the S
at the edges.

The bending yavelen
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DIRECTION OF
BENDING WAVE
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and so we would have to expect the occurrence of
resonances in higher frequency regions too. Indeed, for
very undamped systems 1ike a bell, this is the case.

However, if there are energy losscs either in the
plate or at the boundarles, ve Jmow by experience, or on
the basis of an asymptotic 1ayu derived by Schoch ;,u »
+hat the higher natural modes have only & small intluence.

sound wave impinges pcrpendicularly
acts like an the higher the frequency of sound
13 compared to the lowest natural frequency of the plate.

Summarizing, stiffness 18 desirable only Lf the

lowest natural frequency i1s above the frequency reglon in
which ve are intercsted. This condition 18 usually diffi-
cult to fulfill. Thus, we must make the natural frequencies
of walls as low aspossible. This means V¢ should construct
walls of small stiffness but heavy mass.

(p) Trace latchin? (Coincidence Effect). The same
rule as above applics Gecause of another eiTect, uhere
inertia and stiffness also work ageinst one another and
which aeems to pe of greater imporcance since 1t may
happen in the middle of our frequency reglon. If a plane
sound wave impinges on a wall at oblique incidence Yhen
the pressure 18 working with oppcsite phases in the dis-
tance of half the “trace—wayelensth )\O/Q sin . So

the plate 1is forced to be defornad with the same periodi-
city as showm 1 11. TFor any obscrver moving
with the trace 2 along the plate, the
deformation appe e get if the plate 1is
periodical ances of Ay/2 sin . If
this perio iving forces agrees
with what the plate would present without rorces, i.e.,
if

—

(-

(
!
!
!
!
%
i
|
|

-~

¢

A /sin Y= Ag (11.2.45)

we have to expect total transmissivity Just as in the case
of resonance. Now LY putting this into Egs. (11.2.36) and
(11.2.40), we find that this ngoincidence" or, as we may
say more precisely, this "trace matching", happens for
special combinations of frequency and angles of incidence
given by

\

f = (002/2w sin® 2*) /m/B (11.2.46)
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and _ £ = 0.56 c /erh sir”® o (11.2.462)
Furthermore, since sin varies between zero and one,

we may f£ind these “grace matchings" only above a eritical
frequency given by

£, = (¢ 2/2r) ¥/m/B (11.2.47)
or £, =56 ¢ 2/ch (11.2.472)

In Fig. 11.2.10 these frequencies are plotted as a
function of the thickness for dirferent materials. The
reglon where t»ace matching is possible i1s to the right

of these lines. we see that jt 1is possilble over the whole
frequency range for thick walls and that it is 1mpossib1e
only in thin plates.

The questlon arises as to how this statement can be

in agreement with the general dependence on surface o tght
found empirically. To discuss this problem more quantita-
tively, we will again consider the transmiselss

which can be defined for a wall cf infinite

sn infinite plane sound wave 1s incident.

we get 2.5/

z = Jum - JB sinZ o* u>3/cou

= jor fm (1-f2 sinl‘ z,t/fcg) (11.2.1483.)

The first term gives the inertia reactance and 1s pre-
dominant below the frequency © atching.

second term gives thie reactance of the bending stiffness;
thls termn increasEes with the angle of incidence, belng
zero at perpendicular incidence, and 1is proportional to
the third power of the frequency. From simple resonance
phenomena we are accustomed to a stiffnesa reactance
inversely proportional to the frequency. But this 1s
«+111 the case here. The £3 dependence is overcompen-
sated by the fact that the stiffness of a beam supported
at its ends 1s jnversely proportional to the fourth
power of the length of the beaﬂ and this length 1is given
by ¢ /2f sin 23 hence B —1/L ~1/t4. STAT
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and A £ = 0.56 c/egh sir® (11.2.462)
Furthermore, since sin yvaries between zero and one,

we may find these "grace matchings" only above a critical
frequency given by

£, = (c 2/2m) ¥/m/B (11.2.57)
or £, = 56 c02/cLh (11.2.u7a)

In Fig. 11.2.10 these frequencies are plotted as a
function of th for dirferent materials. The
reglon where trace matching ig possivle 1g to the right

of these 1lines. we see that it is possible over the whole
frequency range for thick walls and that 1t is impossible
only in thin plates.

The quesbtlon arises as to how thils atatement can be

in agreement with the general dependence on surface . tght

found empirically. To discuss this problem more quantita-
we will aga the tsransmissicn im

which can be defined for a wall of infini

zn infinite plane sound wave 18 incident.

we get 2.5

Z = Jom - JjB sin2zﬁ-m3/c°u

=Jjor fm (1-f2 sin”z,t/f 2y (11.2.482)
Cc

term gives the inertia rea
freaquency of t

s the reactance O
this term s with the angl
zero at perpendicular incidence, and l1s prop
the third power of the irequency. From simple resonance
phenomena we are a a stiffnessd reactance
inversely proportion _ But this 1s
c+111 the case here. 3 compen-
sated by the fact that th orted
at its ends i{s inversely propo
power of the length of the beaﬂ
by c/2f sin 23 hence B —1/L
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From Eq. (11.2.48a) we get for the TL

[TL] 4y = 10 log {1 + (rfm cos UVpco)a(l-fQ sin”zz/fc)el.
(11.2.49)

In Fig. 11.2.11, a map is given chowing contours
of eqgual TL over a [1og f - cos22*] plane. Dark reglons
indicate good sound insulation; light reglons, poor sound
jnsulation. For ¢ = 00 we have a monotonlc increase of
TL corresponding to the 0° mass law. There 1s, in general,
a decrease from bottom to top due to the component effect.
The trace matching effect cuts a deep valley beginning at
the point (f,0) and curving asymptotically to the (cos2 = 1)
line. At the left of this valley the wall {s mass controlled
while at the right it is stiffness controlled.

Since for a glven material and a homogeneous wall,
stiffness alss lncrcases with thickness with the third
power, ve see that the heavier wall insulates better also
in the reglon where stiffness predominates. Since the
specific material constant, 1l.e., the longitudinal sound
velocity cp, only varies between 10,000 and 18,000 ft/sec
for most materials in which we are interested, it
has been very difficult to decide if the empirical
dependence on weilght means a dependence on mass only or
i1f stiffness is a factor too. From Figs. 11.2.10 and
11.2.11 we conclude that 1n most cases of walls in bulld-
ings, stiffness must be predominant except at perpendicular
or near perpendicular incidence. The speclal values for

FIGURE 11.2.10

The critical frequency ri plotted as a

function of the plate thlckness h (in
inches) for which the coincidence effect
is possible. At this frequency, the TL
is quite small.
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which Fig. 11.2.11 has been calculated corresponds to a
plywood panel of 0.8 in. thickness. But the type of de-
pendence may be regarded as general.

For comparison with measurements and also for most
of the practical applications, we are interested in the
average value for a statistical distribution of angles
of incidence. This requires putting Eq. (11.2.48a§
into Eg. (11.2.20) and then inteograting over sin2 ¢* cor-
responding . (11.2.22a). This integration has
been carrled out omitting only a small region above
f = f,. The results are given in Fig. 11.2.12 using the

imensionless parameters

£ = f/fc (11.2.50)
&, = vfcm/pco (11.2.51)

The last parameter determines the TL for the critical
frequency and perpendicular incidence

2y o
(L], = 10 log (1 + CLc )= 20 log (&,

(11.2.52)

The results are showvn in Fig. 11.2.12 and can be
usea to give a general idea of #hat can be expected for
very large, undamped walls. The experimental results
never show such a pronounced valley Jjust above feo. This
may be ecasily understood if we plot T as a function of

FIGURE 11.2.11

Contours of equal TL on a cos2 W - frequency

plane. The "yalley" at the right 1s a result
of the coincidence effect.
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FIGURE 11.2.12

for various values of

TL va. the frequency parameter § = f/fc ,
a, = afm/pe,
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sin2 % and see that this curve agaln has a sharp peak at
the angle of trace matching. Ve may write the expression
for T as

= 1/11 + (e/8)°) (11.2.53)

where € is the relative variation of the abscissa with

—————— e -

sin® ¥ = 1/8 (11.2.54)

o

€=sin® * - 1/ (11.2.55)
and 2 & 18 the bandwidth, which in the present case 18

§=1/12 @ty 1-1/8]. (11.2.56)

It is not important that the dependence on e given by
Eq. (11.2.53 only holds for a small reglon because the
integration we have to execute glves

<2
6[tan-162/6 + tan"t &,/ 8]
1
(11.2.57)

or with sufficient accuracy

T=78 (11.2.57a)

as long as the limits €, and éi are greater than 35 .
b

But these restrictions are possible only for higher fre-
quencies vhere trace matching no longer occurs at
grazing incidence. And in this reglon e wculd have to
expect

[TL] = 10 log (2 chga J I - 1/E /m) (11.2.58)
STAT

= (1/2) [TL] , + 20 1log (£/£,) - 2. (11.2.58a)
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It seems plausible that such sudden changes of transmis-
silvity with the angle of incidence will not really occur
and the assumption that under the conditions of trace
matching total transmissivity will be reached must be
violated; the conditions for trace matching must be also
violated 1if we take into account the finite length of
the wall or any kind of losses either in the wall itself
or at its edges.

e can treat the inner losses by introducing a
complex Young?s modulus instead of the usual real modulus
E

A
E =E(1 + 17) (11.2.59)
where n » the loss factor, characterizes the phase shift

between straln and stress and from experiment may be
regarded as independent of frequency.

Wlth this complex modulus the transmission impedance
becomes a complex quantity also, given by

Z¢= Y‘Bw3 sinl*%/co4 + jlam - BoS sin i—/cou].

(11.2.60)

Putting this into Egs. (11.2.20) and (11.2.22a), we again

may find Up and finally TL. The results of this even more
troutlesome calculaticn are given in Fig. 11.2.13 for the

case of &, = 100, 200, 400 and 800 correspording tc [TL]s¢
= 40, 46, 52 and 58 db.

The behavior at high frequencles again may be under-

stood by looking at the neighborhood of the peak only.
Here first the peak itself 1s lowered to the value

Ty = VI + NG /T - 17 12, (11.2.61)

FIQURE 11.2.13

TL vs. £ for various values of (X, when inner
losses are introduced into the plate.

B Ty —— = e re
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If we now write
T = T, /11 +e?/8%
\11.2.62)
and change 9 to
S=(1+ %, & /1-1/2) / (2 & €7 1-1/¢)
(11.2.63)

e gt for high frequenciles
Fer §T,, = w/l2 O, &2 /118 + 2 5@ 2( 47-67)]
(11.2.64)
or
[TL] = 10 log [2G &2 /1-1/& (1 + P& &/1-1/8)/r]
(11.2.65)

Tor 7 = 0_this 1s identical to Eq. (11.2.58); for
N e £ 1-1/& > 4, Eq. (11.2.65) becomes
[TLI=[TL] , + 30 log(£/f,)-10 log f/(fc-f)-lo log (1/n)-2

(11.2.652)

c

Tor a rou\(r*.h evaruation, the third term may be neglected.

Equation {11.2.65) also vanishes apsyrptotically but the
first order thecory of bending taves vihilch have becen used
is valid only as lonzg as Ap >6h. This will be the case
1f € = 3.2l ¢y, h/coAB <0.5% ¢I/cos for concrete where cyp=
12,000 Tt/sec. this means & < 5.8

The most essential fact which may be seen from
Tig. 11.2.13 ic that the insulation power lincreasss again
in the reglon sufficiently far above f,. One of the
physical reasons for this behavior may easily be understoocd
by looking at the contours of Fig. 11.2.11. There the
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"yvalley of trace matching" becomes smaller and smaller.
This is connected with the fact that the "peaks" at both
sides become higher and higher but the latter alone would
be of less importance because the tops scarcely influence
the result. In the case of inner losses, the bottom of
the valley inc 8 in the region of higher frequencies.
This general behavior is in agreement wlth experimental
results, but the valley in the neighborhcoed of g 1is not
as deep and the slope above f, 15 not as large as would
be expected. Also the influence of damping, which should
be very high, has not yet been confirmed. It ceems that
the energy losses at the edges and the finite length of
the wall are of more importance. This finite length has
to be compared with the wavelength of bending waves at
the critical frequency, which means the wavelength in alr
also. This may be the reason wthy pronounced trace match-
ing effects never have been found with thick, heavy walls,
e.g. brick walls, where the critical frequency 1is below
100 cps. Here the wavelength at 11 £t is of the same
order of magnitude as the length and breadth of the wall.

Generally speaking, we may avoild the trece matching
effects by eilther use of very thick and stiff walls or by
use of walls which have small stiffness, but not too
small a mass. For homogeneous plates this is a question
of thickncss. For example, we may say that walls of
porous concrete of thickness from 1 in. to 3 in., are
dangerous since the critical frequency 1is in the middle audlo
range. Also for wooden plates of common thicknesses the
critical frequencies are in the regilon of interest.

Fig. 11.2.14 shows the measured TL for a plate of about
5/8 in. thickmess. By cutting grooves in the panel, that
is, by decreasing the stiffness without remarkably alter-
ing the mass, 1t rras possible to increase the critiecal
fraquency above the reglon of interest and so to improve
the insulation 2.6/.

The decreasing of the stiffness not only increases
the critical frequency, it also decreases thz lowest
natural frequency, which is a further advantage. As may
be derived by comparing the formulas for the lowest
natural frequency for a bar or a plate only supported
at two opposite edges

' = (n/24%) /B/m (11.2.66)

STAT
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(follouing from Eqs. (11.2.33), (11.2.36), and (11.2.47),
£, £, = (oy/2 9)2 (11.2.67)

This 18 the square of the natural frequency of an open
organ pipe of the length 2 . Equation (11.2.62) may also
be used toO evaluate fc experimentally by measuring fl.

Another possibility for evaluating f¢ 18 by measur-
ing the shtatlc B2G £ max due to its welght of a bar or plate
of length X gupported ab the ends. This 18 proportional

to the surface mass and inversely proporticnal to the
bending astiffness

Cmax =5 1m;ﬂu/381413 (11.2.68)

vhere g is the acceleration of gravity. Combining this
with Eq. (11.2.47), we find

2 2
£, = 385 ¢ Cm&x/low,Q g

(11.2.69)

or since C, and g are glven constants

2
£, = 90000 p’{’mx/i (11.2.70)

uhere € max 18 given in inches feet. This equation
1s of gpecial int B t a plate sup-
ported ab 6 £t interv t least

2.5 in. 1f the critical frequency sh ve 4000 cps.
certainly auch plates could never But in all
cases where plates ithich are not too I to be
installed for noise apatement ¢cnly, this rule should be
observed as far as possible.
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FIGURE 11.2.14

d for the same
T equency for a single panel an
;gngiowﬁgnqthe gtiffness was decreased by cutting
grooves into one side of the panel.
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Double Walls. Improvement by a Second Rigld Partition.

To attack the problem of double walls, first we
may treat the case as one where a rigid partition 1is pr2-
sent. TFor example, the rigid partition may have been
constructed for structural reasons but was found to be
poor with respect to sound insulation qualities. From
the results derived for a single plane wall we may con-
ciude that we wculd have to increase the welght of the
wall. But even 1f 1t would be possible to double the
weilght of the wall, we would gain only about L4 gb for the
mean TL according to Eq. (11.2.23). In practice, we are
able to add only about a fifth of the original weight and
so as long as the second wall is fixed rigildly to the
first, we can obtain at most a 1 db improvement.

But we may galn an appreciable improvement, at least
for higher frequencies, if this additional partltion 1s
scparated by an alr space of several inches., It is plau-
sible that such a fourfold change of medium results in
better insulation than the twofold change in the case of
a single wall. Ilowever, there are exceptions vhere we
do not improve the sound insulation, but rather decrease
the sound insulation over that of the original wall.

In general, we have to expect that the resulting
transmission coefficient now will depend on the trans-
mission impedances of both walls, 2 ; and Z o, and on
the distance d between the walls. gneralizing a very
elegant representation given by London 2.7/, vie may write
instead of Eq. (11.2.20

2
AR/ 2 cos< V-

+
1 Tl "2 2
Lol1 4+ —5—=cos?V+ > 1
‘T 2 p.Co b p 2 c 2 (
o ©

_e~2Jud cos 2%/c)| .

(11.2.71)

First we may see that the third term vanishes for d = 0O,
Tn this case we get Eq. {11.2.20) vhere both impedances
are simply added. If both impedances are mass reactances,
the wall behaves like a single wall of mass (my + mp).

If both impedances are bending stiffness reactances, they
are added also. But in this case, two plates of the same
material with thicknesses h; and hp, do not behave as one
plate of the thicimess (hj F hp) because the bending
stiffness is proportional to the cube of thicknesgs; here
the possibllity of tangential motlon of one plate against
the other decreases the stiffness in the ratio

116
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(n, + h2)3/(h13 +hy0).

Since we are jnterested only in very large values
of Zv¢y and 2 T2, the product 2 c1 2?2 is always a
large quantity. Therefore, a gmall value of wd is suffi-
cient to make the third term equal to the sccond, We may
expand the expression in vrackets in the ghird term for
amall axl and obtain

l_e~2.iwd cos e _ 2j(ad cos We) + 2(ud cos 7/”‘/c)2 .

Now considering 2T 1 and 2 ‘T o to be pure reactances, we
may split up Eq. (11.2.71) into real and imaginary parts

N

Z..-2 cos ¥ (z + 7 os) cos?d
<1 2.2,2 Tl 2
1/~c-=(1+ 29;:2“ w=d®)c + ( 2pc

__‘-_,._. - —— =

3
2 Z‘f2 cog”-ud

+ 0
2;::a 02

e e -

Now if Z 2 is a mass reactance and 2«1 2222
term vanishes at a Trequency glven by

w =/ pcz/med cos® o~ (11.2.72)

(o}

For 2~ = 0, this frequency corresponds to the free oscilla-
tion of a mass m2 combined with the resilience of the air
gpace pc</d. Furthermore, it can be derived that the
resilient reactance of such an air space 18 increased Dy
the ratlo 1/cos V-1if the sound impinges at an oblique
angle and 1ateral motlon in the air space is not hindered.

But if lateral motion in the alr space i1s hindered,
whlch always may be assuned when sSome absorbing material
is put into the air space, we have to set cos 22 =1 2n
Eq. (11.2.72), regardless of the angle of incidence.
Furthermore, if we express mg by the surface welght Gp
in 1b/sq ft and the thiclmess d in inches, we find

STAT
£, = 170/ /Gad . (11.2.72a)
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If both reactances can be agsumed to be pure mass
reactances snd the surface weight of the first wall Gy
{s not much greater than Gp, we have to substitute for
Go the "resultant surface weight"

Greg = Glce/(el + 02) . (11.2.72p)
In this case, both masses oscillate out of phase wlth

the ratio of the amplitudes of oscillation 1nverse1¥
proportional to the ratio of the weilghts. At this '"zero
mode" frequency of the double wall, the transmission loss
13 very small; for two equal mass reactances the TL may

be zero. In the neighbornood of this frequency, the

double wall is worse than a single wall even of the welght
of the heavier partition only. Thus the second partition
has not improved the sound insulation.

e e e e e .

The first step in calculating a double wall construc-
tion 1ls to make the product of (pd or Gpegd so large that
fo 1s below the region in which we are interested. In
most practical cases, 1t will be sufficlent to choose
fo < 54 cps; this means that we have to make

S
v
.__. — e
~3

G,d > 10 1b in./sq ft . (11.2.73)

e ate

The only way to save welght .1s to enlarge the distance 4,
and even this holds only 1if d 1s not too large, as we
will see later.

One octave above fn, the second term in Ec. (11.2.71a),
1s very much greater than the first. Comparing the cor-
responding TL with that given by a wall of Z¢3 only, we
find that the improvement of transmission loss 1s

A [TL] = 20 log (madm2 coszf/pce) = 40 log (uyhb) .

(11.2.74)

If the lateral motion in the alr space ls hindered, we
may replace Wy by W03 the improvement of TL becomes then

A [TL] = 40 log (f/foo) . (11.2.74a)

This very simple formula allows a rough evaluation of the
slope of TL vs frequency in the region of f/foo from one
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to two and sometimes to eve:n three octaves above Lqg-

But then the slope of TL, which would pe 18 db/octave

{f both walls follow the mass 1s., decreases. Onc of

the reasong may be 5723\ { ). The expres-
sion (1-e-2jwd cOs #/¢) only inc frequency for
small ad, but 1t 1s never greater than 2. This highest
value cccurs at

y = c
T(en + 1), (en + 1) T3 cos &
(11.2.75)
or when lateral motion in the air space 18 hindered, avt
fion +1),0 (2n + 1) c/hd (11.2.75a)

The corresponding highest values of the 1mprovement in
TL are

given by

T

A [TL] = 20 1og@un2/poc) cos 2*. (11.2.76)

This improvement 13 6 db higher than the TL ve would
expect from the second wall alone. The straight lines
given by Eas. (11.2.74a) and (11.2.76), the jatter calcu-
lated for ¥ = 150, may be used as upper 1imits for the
1mprovement by & second partition.

But we have to expect that between the frequencies

of maximum transmission 1oss, glven by Eq. (11.2.75),
there are always rrequencies at which the gransmission
loss is very amall, or even zero for two identical
partitions. For Z‘C‘l >)w My, these frequencies are glven
by

£, = ne(l + pd/1r2n2m2)/2d cos * (11.2.77)
or approximately

£= ne/2d cos V. (11.2.77a)
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The difference betwecn Egs. (11.2.77) and (11.2.77a) is
of interest only if the minlnumn transmission coefficient
Equation (11.2.77&) is true when
he air space at the opposite points
or 1800 out of phase.

£, = no/2d (11.2.770)
which 1s the well known formula for the eigenrrequencies
of one dimensional sound motion bvetween parallel rig;d
walls. Therefore W€ may call the Iy the resonance fre-
quencies of the alr space and fo t¥e regconance frequency
of the double wall.

Yitn increasing gaparation of the two partitions,
the lowest of these resonance frequencles decreases.
This is the reason why increasing this distance may not
always be helpful. I, for example, W€ want to avold
the case wnere £, becomes amaller than about 1000 cps,
we should keep

d <« T in. (11.2.78)

Again Eq, (11.2.77p) has to be used instead of

Eq. (11.2.772) if the lateral couplling in the ailr space
1s hindered. If this is done by a porous material, the
difference petween minima and maxima of TL in this
frequency region will decrease.

Influence of Absorbiag Material in the Air Space.

As has been shovm by London, 1n most cases Wwe would
not expect any improvement in sound insulation by an
additional partition wilthout introducing any absorption
The reason 18 that for each frequency above fpo, (0 + 13
angles of incidence exist for which total transmission
occurs. BY averaging the sound trans-
mission in the neign f les predominates

results in an average tr coefficient that
is higher than that for the single wall. This may be
gubstantiated in a manner similar to that shown for the
problem of transmissivity in the case of trace natchling.
As in that caseé, it may be showmn that the results for
the avevrage transmission coefficient are influenced
strongly by any kind of energy losses.
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The differcnce vetween Eas . (11.2.77}-&n&3(ll.2.77a) 1s
of interest only 1if the‘mianum‘transmission‘coefflqient
must be calculated. Equation - 11.2.772) is true when

the sound pressure in the alr space at the cpposlte polnts
of the walls is elther in phage or 1800 out of phase.

Tor 2~ = 0, the conditlon becomes

£, = nc/2d (11.2.7'@)
tihich is the well xnoun formula for the eigenfrequcncies
of one dimensional gound motion vetveen parallcl rig}d
walls. Thevefore weé may call the i the regsonance fre-
quencles of the air space and Lo 72 resenance {recquency
of the double wall.

1yith increasing geparation of the two partitions,
the lowest of these resonance frequencies decreases.
This is the reason why increasing thls distance may nov
always be helpful. ir, for example, Ve want to avoid
the case wnerc 3y pecomes sialler than avboutb 1000 cps,
we shculd keep

d < T in. V(11.2.78)

Again Eq, (11.2.77p) has to be used instead of
Eq. (11.2.77a) if the lateral coupling in the alr spa
18 hindered. If this is done by a porous material, ©
difference petueen minima and maxima of TI in this
frequency region yill decrease.

ie

ey e e (e e

e
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Influence of Absorbing Material in the Air Space.

As has been shovm by London, in most cases we ~aeuni .0
not expect any 1mprovement in sound jpsulation byran’ .-
additional partition without intreducing any absornh il
The reason is that for each frequency above fnos (3 ° 1
angles of incidence exist for which total transniss
occurs. BY averaging over all angles,-the gound trant-
mission in the neighborhood of these’angles preﬂomyrate
and results in an average pransmissipnwgqgifiw’
is higher than that for the ‘single wall. ccsl
substantiated in a manner’ similar to tThat sh
problem of tpansmissivity in the case cl u¥
As in that case, it may be shown that the”
the average transmission ~aefficient 2 -3
strongly by any kind of 39
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Tc get agreement between the experimental data
obtained with reverberant rooms and theoretical calcu-
lations, London introduced extcrnal friction terms in
the impedances of the partition walls which he assumed
to be inversely proportlonal to cos 2%, There is no
physical evidence for such resistance terms and, there-
fore, the physical propertles cf walls offer no data for
the evaluation of these resistances.

Ar.other possible way to introduce encrgy losses
i1s by means of a complex Young's modulus, as was done in
the case of trace matching effects. Bul hLere also an
adequate value of the loss factor can only be found by
experiment and must be assigned a much higher value than
the loss factor corrcsponding to thne material alone.

The only kind of encrgy losses which we are able
to calculate from measurable physical data are those
which occur when the space betwcen double walls 1s filled
with porous material. The theory of those materials has
been developed to such a degree (see Sec. 12.1) that
sufficlent agreement between theory and experiment has
been achileved. Ve are intercsted only in porous materials
that do not make an elastic connection betwecen the walls
by virtue of thelir skeleton. Under this assumptlon, we
need only two quantities to characterize the porous ma-
terial. The first is the propagation cocfficient for
propagation perpendicular to the walls inside the porous
material, which 1s asswned to be a complex quantity

N
k, =k - J & - (11.2.79)

The second is the characteristic impedance of the porous
material, which is defined by the ratio of sound pressure
to the component of the veloclty perpendicular to the walls
for a propagating wave

gx = p/vx . (11.2.80)

This algo is a complex quantity. W/ith these definitions,
we Tind for the transmission coefficient
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T=][1+(Zl+-22)coslt/etxc]cosh(,jfcxd)ﬂ(Zl+22)/2£x+zx con/2pe

coszf/zgxpc] sinh(Jllc\xd) -2

A
+pe/ezZ, cos i 2,2,

(11.2.81)

Fortunately for mogt practical applications the last term
predominates so that we may simplify the cumbersow: ex-
pression in Eq. (11.2.81) to

A

22 [¢] A
T-= S P sinh(j k_d)
Z, Z, cos * x

(11.2.81a)

and writc for transmission los3 of the whole con-
struction

{TL) 2 sinh(j %k d)

A
sinh(J kxd).

(11.2.82)

Finally, we get for the improvement of the transnission
loss given by the second partition and the air space
filled with absorbing material

A
Z inh d
[TL] = 20 log 2 ° ~ (4 *x )

2%
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To simplify the theory, it seems reasonahle for the
present problem to neglect the gmall vibrations of the
fivers. These vibrations are of importance 2at low fre-
quencies only. fhen we may write

?{x = [ (- gin® #) - jro/w p]1/2 /c

(11.2.84)

2 [X-jr /o p] pc/a ’
x " (% - sin2 ) - Ir o/wp) /"
(11.2.85)

Here o is the porosity, 3.e. the ratio of air volume
inside the porous material to its total volume, for which
a mean value of 0.8 may be usged. Nop will taking o = 1
for simplicity changs the results seriously. llore im-
portant is the structure factor 2% v:hich may vary between
1 eand 10, or even 25. Tor fiberglas blankets, the lover
1imit is usually appropriate. But the nwost important
gquantity for sharacterizing a porous naterial 1is 1its
specitic flow resistance r. 'This can pe measured wWith a
steady state flow ariven by 2 fixed pressure difference
across a cample of the material.

1f
rd > pec, (11.2.86)

which ig easy to fulfill, we may shov from Eqs. (11.2.78),
(11.2.84) and 11,2.85) that at the jover frequencles
ihere sinh (J &k d) may be replaced by (J % d), the improve-
ment 1s gilven b§ the simple reiation of qu (11.2.74a for
all angles of incidence.

A

At high frequencles, we may replace sinh (J k d) by

(1/2) e@xd, which means neglecting some fluctuatiofis aebout
this value. Then we get for the improvement 1in TL

A [TL] = 20 log (ze/zég) +8.7g4 - (11.2.87)
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In the limit of surficiently high frequencies, we Fet
for 6 =1 and X =1 from Eqs. (11.2.79), (11.2.84%)

A [TL] = 20 log (z, cos 2/-,/2Pc) + 4.3 (rd/pc).
(11.2.88)
The first term of the above equation corresponds to
the transmission loss which would be expected 1 only
the second partition were present. If thig partition
behaves 1like an inert mass, we find that
A ITL] = 20 log (am2 cos I}/eloc) + 4.3 (rd//c)

(11.2.88a)

The presence of damping material in the Space between

the walls causes an addition to the transmission losses
over those of the 8ingle walls. Furthermore, the second
term taltes into account that even in the ghort distance
betiieen both valls, the propagating sound wave is damped.
From this point of view, 1t scems advantageous to make

u3e of materials with high flow resistance. But there
may be restrictions bccause materials with high flow
resistance 11111 introduce higher stiffness at low frequen-
cles and so increase the resonance frequency foo-

A general experimental evaluation of Egs. (11.2.83),
(11.2.8%) and (11.2.85) has not heen made as yet, not
only because the corresponding calculations would be very
cumbersome, but also because the results probably would
glve much higher values of TL than are actvally achieved
in prectice. The reason for this disagrcement between
theory and pra
through the air space f
wvall but a2lse through the rigid bridges found at either
the edges or at commion studs of the wgll. The present
ailm of research in this field is to decrease those
influences elther by using special types of bridges for
which calculations can be made (see Sec. 11.3) or by us-
ing flexible panels whose critical frequencies are as
high as possible 2.8/.
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11.3 Insulation of Impact Sound

Excltation of Impact Sound. In the discission of
the insulation of airborne souad in the previous section,
we had to deal with structure-borne sound problems be-
cause every airborne sound will be transformed into
structure-borne sound 1f 1t impinges on a structural ele-
ment.  But structure-borne sound may also be excited
directly. This 1s the case, for example, 1f any vibrating
apparatus 1s mounted on a wall. Also, a very common type
of dlrect excitatlion of structure-borne sound 1is the impact
of rigid bodies against a rod or a plate.

The chief difference between the excltation by air
gound pressures and by forces transferred by rigid bodies
ls a difference in the extent of the area cver which the
driving force is applied. In the last case, we may regard
this area as being concentrated at a point, Therefore,
we are interested in knowling the reaction of the driven
continuum to a "point source”. 1In other words we are
interested in the mechanical point Impedance, i.e., the
ratio of an alternating drivinz farce to the resultant
alternating velocity.

For a rod infinite in one direction and set in
lergitudinal vibrations at the free end, this mechanical
impedance 1s

(11.3.1)

Here A is the area of Lhe cross section, p the density,

E Young's modulus of the material, m the mass per unit
length and cj, the velocity of longitudinal waves in the
medium composing the bar. In this case, the input immped-
ance, which also 1s equal to the characteristic impedance
of a progressive longitudinal wave in the rcd, is real
and, therefore, independent of frequency.

But i1f the force 1is acting transversely at the fre:z
end of the infinite rod, the impedance becomes complex,
it being gilven by

25 =/ 0% a2 < (14 1) mey2 (11.3.2)
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where B is the stiffness agalinst bending and cp the
phase velocity of bending waves; sec Eqs. (11.2.37
and (11.2.38). The input impedance is complex
because in addition to a pro,ressive Dending wave a
quusi-stationary motion which dies audy exponentially
with increcasing distance from the gource 1s excited.
Tne general differential cquatlon for bending vaves in
a rcd

duv 2

Bagy =moV (11.3.3)

ig of the fourth order. This equation allows wave
motions,

v =exp (T1 kpx) (11.3.%a)

as well as motion of the quasi-stationary type,

" +
v = exp (I kgx) (11.3.4b)

where

Ky =;?r b /mw?

el
B

B (11.3.5)
(See Eq. (11.2.36)). Usually both types of motions are
needed to fulfill the bcundary conditions for the force F,
moment of bending !, transverse velccity v and angular ve-
loelty w. A further conseguence of the complex character
of this impedance is its dependence on frequency, which
13 included in the dependence of the phase veloclity of
vending waves on fregquency.

If the transverse force 13 acting at any point on
a rod that 1s infinite in both directions, the impedance

has the same character but four times the magnitude. In
this case

Zg = 2(1 + J) m cy - (11.3.6)

The most important point impedance is that of an
infinite plate driven by a transverse force. Since here
also bending vibrations are excited, a complex impedance

128
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as in Eqs. (11.3.5) and (11.3.6) would be expected.

In addition, the problem is more complicated due to its
tvo dimensional character. Fortunately both complica-

tions compensate for each other in thecase of the point
impedance. In this case it 1s real and independent of

frequency and is given by

z - 8 /B (11.3.7)

vhere m 1s the zurface mass density 1in, say, gm/bme. For
a homogeneous plate of thickness h, thils formula may be
written

z = 2.3 cph° . (11.3.7a)

Fig. 11.3.1 gives the values of Zg as a function of
the thicaness for nomogeneous plates of steel, aluminum,
concrete, asphalt and plywood. For the last three kinds
of materlal, the values are mean values. The straight
lines are draun between the limits of thickmesses which
are of practical interest. It may be remarked that the
values for Z vary over the very large range from 102 to
106 kg/sec.

For large, thin, damped plates, the values give . by
Eq. (11.3.7) are in fz2irly good agreement with measurements
3.1, 3.2, 3.3/. For thicker "plates" such as walls and
ceilings, important deviations must be expected 3.2, 345/.
For this recason the line for concrete walls in Fig. 11.3.1
is dotted and shows only thc order of magnitude. Xor
cemparison with measuremen”.s, the assumptions of the
Eqs. (11.2.7) and (11.3.7a) must be considered. First,
the plate is assumed to be infinite or at lecast large com-
pared to the bending wave length. This fixes the limilt
of validity for low frequencies where the eigentrequenciles
are well separated. Here we have to expect large devia-
tions because of resonance phenomena. On the other hand,
the simple theory of bending only holds as long as the
bending wave length i1s at least six times greater than
the tnickness. This fixes the 1limit of validity ror high
frequencies. These 1imlts have been given in Fig. 11.2.5,
For the present problem this 1limlt may te lowered further
because of the point-ceoncentration of the force. TFor
thicker plates, one must aluays take into account the GTAT
elasticity which diminishes the motlon of the plate from
that of the driving point.
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Finally, for all frequencies 1t is important that

the plate be homogeneous., However, in many practical
cases this assunption {s not valid. Tor example, some-
tles a plaster sheet 18 not in good contact with the wall
to which 1t 1s attached. In such cases, especlally if the
construction 1is obviously inhomogencous, 1t may be neces-
sary to measure the Impedance. Often it will Dpe sufficient
to know the absolute value of the impedance. This can be
measured by exciting the plate with an clectrodynamic

scund source, wlth the moving ccll fixed directly to the
wall or celling. The magnet system should be connected

to the wall only by means of a resilicent element. ‘fhen

the same force (glven by the magnetic f1eld and the electric
current) acts on the mass reactance of the coil in serles
with the plate i.apedance and on the mass ) eactance of the
magnet system. if now thc same pick-up 13 uscd to measure

1pst the velocity vi (or accelerationﬁ of the plate and
then that of the nagnet system Vo we get

ve/vl = (J wm  + 7)/ Juz (11.3.8)

where M is the ma

a3 of the magnet system and mo the magss
of the moving coil.

From this we find for the absclute value of 2
yA z(ﬂﬂ\ vo/Vy \ , (11.3.8a)

or i 2 >>mmo,

- [(an)? \Ve/vl 2 (un )?1?
|

(11.3.8b)

assuming that Z is real. In other cases, the phase angle
petween vy and vp must also be measured. One must be
sure tnhat the magnetb system pbehaves as a rigid body 3.3/.
If it does not, the force must be obtained from the
current in the coil and the absolute valuae of the velo-
city must be measurcd 3.2/.
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The Spectrum of Impact Sound. The knowledge of the
rcchanical 1mpedance has scveral advantages. For example,
we may estimate whether or not a load will change the
vibration of the body under test. Ve can calculate the
velocity which may be obtained using a sound source of
known force and known internal impedance. Also, the case
ol impact sound may be treated using the mechanical point
impedance.

tYhen a rigid body of the mass mg strikes a rod or
plate with the velocity Ug.we get the some result as if
a force Impulse (mouy) works on the mass reactance Jum
and the impedance of the rod or plate Z in series, rro-
vided that the latici increasces less rapidly with fre-
quency than wag. In this case, the mass reactance Juing
may be regarded as the internal impedance of the source.
Since the freguency components of the force impulse are
all equal, namely myus/ir, vie find for the corrcsponding
components of the velocity of the plate

u, = mouo/w(Jmmo +2Z) ; (11.3.9)

1fZ>7mb

u, g:mouo/#z (11.3.9a)

For thin, large and fairly well-damped plates, we

may take for Z the values given by Eq. (11.3.7) or

ig. -3.1. In these cases, the mass reactance is greater
than the wall impedance in the audio frequency region.
The neavier the mass my and, therefore, the lower the "cut-
off" frequency given by the inereasing mass reactance in
series with Z, the hollcwer the impact sounds. Also,
this 1s in agreement with our cxperience that an impact
sounds hollower, the thinner, lighter and more flexible
the plate 1is.

For thick walls, Eq. (11.3.9) is no longer valid
because of the local elasticity around the point of impact.
However, if we take into account a resilience K which for
simplicity 1s assumed to be linearly dependent on ampli-
tude between the striking mass snd the impedance of the
wall calculated according to Eq. (11.3.7), the velocity
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— ey, =
:

in vhich we are interested 1s no longer the veloclity u
of the mass , but the velocity of the plate v outside
the local resilient region. As may be derived caslly
from the schematic given in TFig. 11.3.2, the spectrum
for this velocity is given by

m u
o 9

v =- s
® Flyeme +2 (1 - wzmo/li) )

(11.3.}0’)‘

FIGURE 11.3.2

liachanical schematic diagram for the lupact of
a mass mg with veloclity ugy on an infinite plate
with local resilience represented by the spring K.
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In Fig. 11.3.3 the spectrum of vy 1s plotted for fixed
values of my and Z and different values of K. Since
encrgy losses are neglected, the  lack of high {reguency com-
ponents results in an emphasls of the lower frcquency
components.

For comperison with measurements, it should be noted
that Eq. (11.3.10) assumes constant bandwidth. Vhen using
octave band filters or third-octave filters, thc neasured
results must be reduced to equal bandwidth, 1.e., the
measured amplitudes must be multiplied by w-1/2 .

In the routine technique of impact sound measurcments
in buildings, instead of v the mean gsound pressure in the
receiving room is measured. In this case the radiation
power of the wall or celling, which depends on the ratio
of the frequency to the critlcal frequency (see Eq. 11.2.47)
and the absorption power of the receiving room, enter into
the results.

Improvement With a Resillent Layer. In the last
gection we have 1ntroduced an unavoldable resilience K
petizeen the striking mass m and the plate chavacterized
by Z. However, as we lnow from common experience with
thick rugs, such an elastic layer 1s simple and effective

as a remedy for impact noise.

The improvement of such a covering nay be expressed
by the difference of the sound pressure levels in the
receiving room measured vith and without the covering.
Since the absorption pouer and the radiating power of the
ceiling is not altered, the "smprovement”" may also be
expressed by the ratio of the corresponding velocltles
of the ceiling or wall at the place of jmpact

AL = 20 log (vl/ve) . (11.3.11)

For not too high frequencies, we can use Eq. (11.3.9a) thet

uo=vy o= mouc/%z

S U SR U U O SRR PSRy ST S o O ey 2 o
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and for not too low frequencies we get for the covered
ceiling from Eq. (11.3.10)

u
v = - Mo%
2 w 4

so that we find

AL = 40 log (w/m') = 40 log (f£/t!) (11.3.12)

1 K
£ o= 5= \/5;- (11.3.13)

is the elgerfrequency of the system consisting of the
striling mass mg and the stiffness K of the elastic layer.
This stiffness is not only given by the propertles of the
layer, but also depends on the compressed area, or in other
words, the form of the strilking body. Furthermore, in
most cases the area changes during the imvact. Therefore,
the linear resilience vhich has been assuned can be
regarded only as a simple model, From this model e sce
that the improvement depends not only on the kind of
covering but also on the strilking body, especially on

its masa m,. As may be seen from Egs. (11.3.12) and
(11.3.13), the improvement increases with .

The gstandardized European test techmique for impact
sound control uses a falling mass of 500 gm (1.15 1b).
Compared to a person walking, this masec seems to be too
small to represent step noise 3.4/. However, step noise
13 not the only kind of impact noise. In the case of
light switches, for example, the striling masses are much
smaller, but the neise 1s still annoying.

It may be noticed that the improvement is independent
of the 1mpedance of the ceiling provided that it is suf-
ficlently large and provided the iocal elasticlty may be
neglected. This is in agreement with messurements 3.5/.

= e mvrmes
D e i L IS iy e

a*
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Improvement by a Floating Floor. Ideal Conditions.
It is not always possible to cover a ceiling with only
a resilient layer. In addition, a durable finish is
needed. Covering the resilient layer with a rigid plate
not only protects the layer, but 1t also has an acoustic
advantage. tle speak of a "Tloating floor" if the layer
is highly resilient and the plate 1s stiff enough to
bear the load of furniture and persons without too great
a deformation.

In this case the improvement{ may he calculated.
The formula is similar to Eq. (11.3.12) 3.6/

—— s Sy A —

AL = 140 log (f/fl) . (11.3.14)

But now the reference frequency 1is the eigenfrequency of
the system consisting of the surface mass unit area of
the floating floor mj and the stiffness K; per unit area
of the elastic layer. Thus,

1 Xy
—- &~ — 4
£1.= 7 y i . {11.3.15)

Here the quantlity Kj is well-defined. It consists of
two parts, Kj' and Ky" where

K, =K'+ K" (11.3.16)

{1' 1s the stiffness of the fibers of the layer wvhich
holds the floor at the distance 4 from the ceiling

(11.3.17)

and K-" 1s the stiffness of the alr enclosed between the
floating floor and the ceiling

K" = foc%/oni. (11.3.18)
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Here o 13 the porosity of the filber blanket and may be
assumed to be nearly one, The elastic modulus By may be
evaluated by measuring the eigenfrequency of a ven niass
on a small portion of the blanket 3.7/. In this case the
resilience of the alr may be neglected since the air can
escape laterally. But for an area of floating floor
which is lerge compared to the wavelength of the cound
frequencles, the air under the floor must be compressed,
Generally it is of no acoustlc adventamge to male the
blanket more resilient than the air but it iould be a
disadvantage from the structural vieynpolint,

If we assume Ky = Xy' = pocz/d, f1 becowes equal to
£, defined by Eq. (11.2.71a), L.e.

£, = 170//?}'1'5 (11.3.19)

where Gy 1s the surface weight density of the floating
flcor in 1lb/sq ft and d is the distance between the float-
ing Tloor and the ceiling. Thisg distance has to be noa-
sured for the finished floor. It may be mzasurcd uith a
part of the blanket loaded by about 20 1b/8q ft, corres-
ponding to the weight of floor and furniture.

it may be remarked that the improverant of the float-
ing floor with respect to impact sound is the saxme ap the
improvement with respcect to cirborne sound tthich was given
by Eq. (11.2.74). But it may be rention2d that the deri-
vations of both formulae and the physical basls ave quite
diffarent. In one respect, hovever, 12 nay make further
use of this analogy. For the alrborme sound problers,
we mentioned that for a wave a2t oblique incidence, lateral
motion in the air space 1s excited and results in a
higher stiffness. Houcver, with a fiberglas blancet in
the air space, this motion 1is hindered and the stiffncgs
for waves of perpendicular incidence is obtained for all
anzles of inclidenze. From this analegy, we can see that
in the cage of impact sound also, the flow reslstence of
the blanket is effective in preventing lateral motlon of
the air. Hence an air space without a blanltet hes a
higher stiffness, thus gives a smoother imoroverent.

From Eq. (11.3.14), it is seen that the improverent
of a floating floor is independent of the type of celling.
This is also in agreement with measuresments talien 3.2/.
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Turthermore, the improvement 1s tndependent of the strik-
ing mass. However, this statement holds only as far as
the point impedance of the fleat ng flecor 7 may he con-
sidered as being large compared to the reactance cf the
falling mass (wmg). Tor thin rigid coverings and high
frequencies, we have to add to Eq. (11.3.14$ a second term
to obtain for the improvement of the floating floor

AL = 40 log (£/f)) + 10 log [1 + (27rfm0/Zl)2] .
(11.3.20)

As in the casc of the improvement of airborne sound
insulation by a separabted, gecond partition wall, Eqs.(11.3.14)
and (11.3.20§ are valid only if they glve values which are
not too high. However, the equations are useful for design
because the frequency region uvhere they are valid is the most
important reglon.

There are several reasons for the deviation of
experimental results from Eq. {(11.3.14). First, thiy for-
mula is derived on the asgumption of an infinite ceiling
and a floating floor. Since the floating floor ig care-
fully separated from the side walls, there 1s total reflec-
tion of bending wvaves at the sides. These reflecting iaves
+i11l also contribute to the mean gound pressure in the
recelving room. Iurthermore, it seems that the {angential
motion in the elastlc layer cannot be prevented at higher
frequencies. But the most usual and dangerous deviation
heppens if there are rizld connections betueen the float-
ing floor and the ceiling, which may be called "sound-
pridges."

giqgovement by a Floatins Floor. M.th Sound-Bridzes.
tje now will consider tvhe improvem:nt or igolation by a
float1n§ floor and how it can e degreased if point "sound
pbridges” are present 3. /. Such mors or less rigid bridges
may not only cccur as an error durirz the constructlon of
a floating floor, they may alsc be a result of the con-
struction, as for exarmmle when the floor is laid on
rubber mountings. In all these cases there are tiio wWays
for the sound energy to pass from floor to celling. The

CIA-RDP81-01043R004000070005-1
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first 15 thot over the air space inside the Tiberglas
blanket which is considered in Eq. (11.3.20). The second
i the path through the bridges. AT high frequencies, the
internal impedance of the source (Jusmg) has to be con-
sidered for both ways. Therefore, the second term of

Tq. (11.3.20) remains unchanged.

Qenerally the expression for the improvement (actually
a deterioration by the bridges) may be written as

n {
(k, ry) 2
AL = --10 log (rl/f)” +.§£: T =) 2

212 < f\la Zl
i=1

+10 log [1 + (27 fm/2,)%] .

(11.3.21)

Here rq 1s the distance betyeen the place of impact and
the ith of the n bridges and k; is the propagation para-
rater for a bending wave in the floating floor, which in
general is a complex quantity glven by

e, =2 (1 - in/4) /M (11.3.22)

a
-~

b

he lenzth of the bending wave and n loss factor
en introduced in Eq. (11.2.59) but which also
by the measured attenuation per wave length.

t
2

The function M (lkyr) gives the ratio of the trans-
verse velocity of the floor at a distance r which would
be present without the bridge to the vclocity of the floor
at the point of impact,

T Geyr) = v(r)/v(0) {(11.3.23)
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Therefore, in all cases we have

() =1 . (11.3.23a)

Tor an infinite floating floor without damping,_ﬂ‘would
increase as klr increases

T (yr) = Vo/mlyr exp - Iy - 7/4)

[ S

~

‘—ﬂ_\e = 2/T kKT . (11.3.23b)

But the assumption of an infinlte size 1s not as
valid in the case of the floating floor as it is in the case
of the ceiling. The floating floor 1s carefully separated
from the wall so that the reflection of bending waves 1is
total. The energy losses only occur during the propagation.
If these losses are high, as in asphalt floors, we may
neglect the reflectlons and set

| T2 = (e kyr) exp (-, r/2) (11.3.23c)

R Y-

P

If the loss factor is small, nosiever, many reflections
must be taken into account. The resultant velcelity will
be given by a statistical guperposition of all the re-
flected waves. In this case |T[|2 becomes

hﬂz =4 oy hy/Se M /3 (11.3.23d)

where S is the surface area of the floating floor, cL; is
the velocisy of propagation for longitudinal waves and hy
the thiclimess of the floor.

The velocity at the distance rj, glven by Wv(0), has
to be distinguished from the velocity vi which occurs if
a bridge is present, according tosthe formula

v, =Tv(o) - 7 /2, . (11.STAT
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FIBERGLAS
BLANKET
\__ o

FIGURE 11.3.4

Sketch of a floating floor senmarated by a
fiberglas blanket and a scund bridge from
the celling below. The various quantities
ugsed in the analysis are shown in the figure.

Here Z 18 the point imnedance of the floating floor, Zo
that of the ceiling and F; is the transverse force acting
between the floor and the bridge. See Fig. 11.3.4,

The quantity in which we are interested is the

veloclty vo at the foot of the bridze. This is related
to vy and I'j by

Z)p = Fy/v, (11.3.25)

/'\12 =vy/Vy (11.3.26)
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The first of thece coefficients has the dimonsion of
an impedance and 1s,therefore, characterized by the
letter Z. 3Since the second is a purc number, a Grecl
letter has been chosen. The double subseripts 12 indi-
cate the coupling between quantitics berfore and after
the bridge.

Tor a short, prismatic hridge of the length 2,
cross sectional area A, density p and Young's modulus E
ve find

Zyp = %p o 2 Ap (11.3.25a)

12

Np =1+ u)QZQ/AE . (11.3.26a)

Then the denoninator of the sccond term of LEq. (11.3.2)
bacones

225
Zip + NpZy = (2, + 2Z5) + o2 (Ap + ~5 =) .

(11.3.27)

The detaila of the bridge eppear cnly in this cecond tern,
uvhich increases with frequency. Ve iilch to 2l this
term as large a8 poocible. This ozans thot we have to
avold the minimum velue for the term in the broclets that
occurs vhen the characteristic impcdence of the bridge
equals the geosztric mzan of the point irnzdances of
flcor and ceiling. That 1is, when

A J/Ep = /2y Z, (11.3.28)
Thie cage 18 of importance for double wall con-

structlons consisting of equal penels, wnere Eq. (11.3.28)
becomes

AVEp =Apcp =7 . {11.3.28a)

There it is easy to sBee that the sound encrfy froa one gTAT
wall will be transmitted to the other most easily if the
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chervacteristic impedance of the bridge Ap cy, matches the

point impedances of the plates Zj.

Avoiding this match-

ing does not necesoarily mean that the bridege should be

as resilient as possilble.
thin wooden panels of the

If the bridge connects two
thiclmess h, a wocden bridge of

cross sectional area A glven by

A =2.310°

weuld just give the perfect impcdance
(11.3.28a) and (11.3.7).

and Zp as ter as possible.

derived by comparison of Eqe.

18 better to mismatch Z&
for example, leyer foun

3.9/.

In the cese of floating floors,

mismatching occurs only vilth

Eq. (11.3.21) becomes

AL =

mission line equatlons.

to mzasure This can be

12-
exclting force.

very resilient Lridges.
means th.S we may neglect ph in Eq.
have thc guantity AE as small as possible,

_ 10 105{ (e /)" + Z:

+ 10 log (1 + @r fn,/Z,)

v1 and vp with the same device and wlth
But it should be remarked that Njp is

(11.3.28b)

match, as mzay be
It
So

experimentally that with wooden
panels, heavy iron hridges gave

the pest sound insulation

Zo is so large that
This

|

. (11.3.29)

(11.3.27) and thus
In this case,

HE2 |

(2,42,) + Jo 2yZy/AE l

2

The more resilient the bridge becomes, the more the length
becomes comparable to the wave length
in the bridge and the formulas, Egs.

(11.3.26a), have to be replaced by the corresponding trans-

of longitudinal waves
(11.3.25a) and

Algo we are interested in bridge constructions
which at present cannot be calculated at all.
cases we have to mzasure 2Zjp and Nqo.
be neglected co pared to Al Zy, SO

In these
Usually le can
“hat it is surficient
one easily by comparing
any kind of

I e O e o e
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DL =

Impact sound,

the structure.

Por a
3.10, 3.11/.

clastic layers.
work of Cremer

defined in connection with a special celling Z2
In this case Eq. (11.3.21) may be wrltten

-10 log [(fl/f)b' +Z\Tl’ze/ Ao Zq

+ 10 log [1 + (or fmo/Zl)al .

as well as structure-~borne sound in
ceneral, not only exclites on2 wall, but propagates thrcugh
Such vibrations are propagated with relative
ease and are not usually hinderad by bends or changes in
croas sectional arsa of the structural member;
rnay be interrupted by vibration breals consisting of
discussion of these matters, see the

only.

'

(11.3.30)

but they
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11.5 Transmission of Sound Through Cylindrical Pipes

The discussion of Sec. 11.2 of the transmission of
sound through walls 18 valid for curved plates 1f the ra-
dius of curvature 1ls large compared with the sound wave-
lengths in both the air and the plate. But we have to
add a third term to the transmission impedance (see the
discussion on single walls in Sec. 1l1l.2 Tor a concept of
transmission 1mpedance) if the radius of curvature becomes
comparable with either of these wavelengths. This added
term is larger than the first two when the radius of curva-
ture 1s small compared with the wavelength, as is the case
in cylindrical pipes with small diameters at low frequencies.
Here the sound pressure inside the pipe 1is uniform over the
croas-section. The constant pressure inside tends to en-
large the dlameter and gives rise to elastic restoring
forces on account of this tension. Then the transmission
impedance 1s a resilient reactance equal to

Zv =‘]5ZB %% . (11.5.1)

Here a is the radlus of the pipe and h the thickness of
1ts wall, E ic Young's modulus and w = 2w x frequency;
we always assume thab h << a.

In the ideal case that th2 pressure inside the pipe
1g constant along the pipe, Young's modulus would have to
be divided by (1-p2) as 1n Eq. (11.2.38a). In this case,
axial contraction 18 hindered. But 1in practice axial
contraction 1s always possible; if the pipe 1o short, the
edges can move; oOr if the pipe 1s longer than the wave-
length of sound 1n alr, the radial expansions and centrac-
tions of the diameter involve the necessary axial moti%n.
In practical cases, the difference between E and E/1-p
is too small to be cC tical calculations.

It is easy to show that the tension term ziven by
Eq. (11.5.1) is much greater than the inertla term. The
sum of both may be writien

1 Eh Eh STAT
z-c=—55-;§+ Juma—d-—a:;?- &g (11.5.2)
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w = cD/a or f = ch/zwa . (11.5.3)

This 18 the angular frequency w, or the frequency of the
zero order mode of a ring of dlemeter 2a. The correspond-
ing motion of the pipe is mostly radlal with oniy small
axial motion. Since this frequency is a characteristic
gaantity for the behavior cf the pipe, uve may relate all
frequencies to it py introducing the dimensionless fre-
quency parameter given by

Vo=t (11.5.4)

For small vV, the tension term is L/I’z times greater
thon the mass term, this means that ve expect the "trans-
mission loss" to be 40 log 1/v higher than that glven by
the mass law for normal incidence.

For a steel pipe of 4 in. diameter, the zero mode
frequency would be about 16,000 cps. Assuming a thiclmess
of about 1/8 in., the "mass law for normal incidence" would
give at 1000 cps, TL = 46 db; but to this haa to be added
48 db (40 log 1/2), so that the theoretical value of the
TL would be 96 db. PFurthermore, we have to realize that
according to Eq. (11.2.9a) the radiating surface of such
a plpe is always small compared with the absorption poier
of the recelving room. Iet us assume that the pipe has a
length of 8 ft; its surface will be about 8 sq ft ihereas
the absorption power of even a small room may be 80 oq ft.
According to the discussion in Sec. 11.2; thip r2ansg that
10 db has to be added in order to get the pressure level
difference*. TFinally, we must rem2mber that the radlation
power of a pipe is not proportiovnal to its surface area if
the perimeter becomes smaller than a wvavelength. Talding
everything into account, the calculated pressure level
differences are so high that at 1000 cps, a sound pressurs
of 100 db inside the pipe would not be heard outside and
at lower frequencles even much higher pressures inside

. — —— i e - — e ——— .~

e s o it o A o s it e o =

Althougn Eg. (11.2.9a) was derived under the
assumption of a large source room with statisti-
cally distributed sound waves it can be proved
that 1t 1s also valid for a source room small
compared to the wavelength.

148




Declassified in Part - Sanitized Copy Approved for Release @ 50-Yr 2014/04/02 : CIA-RDP81-01043R004000070005-1

would not be audible outside. The amount by which the TL
of small pipes exceeds the mass law has not been studled
experimentally. But there is no doubt that practical
observations do not correspond to these sample calculations.
One of the reasons may be that the pipe is always fixed

to a wall with the possibility of transferring sound encrgy
to the walls which may then radlate it. Also, even if the
diamcter is small compared to the wavelength, small asym-
metries wlll excite other modes with higher amplitudes.

If we now treat the case of a large cylindrical shell, we
w11l sec that these other modes may offer much smaller
transmission 1mpedances.

tlhen the dlameter 2a 1s large, the zero-mode frequency
will be in the middle audio range. For instance, for an
aluminum shell 7 ft in diameter, corresponding to an air-
plane structure, this frequency would be 770 cps. At this
freguency, the perimeter equals the length of longitudinal
vaves in the shell. Since the corresponding velocity of
propagation cy 1is about 15 times greater than the sound
velocity in air Cqos We have 15 wavelengths of alrborne
sound along the perimeter and we may say that in this re-
glon the radius a 1s large in comparison to the wavelength.
Then the behavior of the shell will be similar to that of
a plane wall. Thercfore, we have to add a term repre-
senting stiffness against bending as in Eq. (11.2.48);
this would change Eq. (11.5.2) to

Z1 = Jum - 3(En/wa®) - J(Bm3/col‘) sin’t

jorfm (1 - (fo/f)2 - (f/fc)2 sint 1 .
‘ (11.5.5)

Thus, the critical frequency f,, defined by Eq. (11.2.47)

appears as a second characteris»ic frequency for the shell;
in terms of

1}c =f /f = Y12 (ccaa/cLeh (11.5.6)

STAT
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FIGURE 1il1.5.1

Coordinate system used in the analysis of the
transmission of sound through a cylindrical
shell.

appears as a new parameter. For the example of a 7 ft
aluminum shell, we get v, = 2 1f h is 0.2 1in. and V 4=0.5
for h = 0.8 in. The angie 13 the angle between the
perpendicular to the shell, i.e., the radial direction,
and the direction of the incident wave as shown in

Fig. 11.5.1. But now we have to consider another angle, P,
wnich determines whether the propagation for ¥ = 900 in-
volves an axial or a longitudinal motion. For the first
case; l8 18 90° while in the second, P = 00,

It;, is simple to demonstrate that the second term
in Eq. (11.5.5) must depend on this angle. If we curve a plece
of paper into a cylindrical shape, we see that it is very

CIA-RDP81-01043R004000070005-1
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easy to bend the cylinder in a direction corresponding
to B = 09, but that it 1s very difficult to bend it in
any plane containing the line ﬁ = 90°. Omitting only a
small region of nearly perpendicular incidence given by
sin2 Y- < 8(1 +}1)(CQ/CL§2, we can include this dependence
by multiplying the tension term of Eq. (11.5.5) by sink
to give
. 3
27 = Jum - § _B~1_1_2 sinup -J B_a% sinu I

c
wa o

L
Jomem [1- 306 (v/,)? sin].

(11.5.7)

Again vie are especlally interested in the conditions of
vanishing impedance. Ue may plot the corresponding (2%, 7))
lines (contours of equal TL) with f as parameter on a
(log V', sin2 ) plane as was done in Fig. 11.2.9. The
results are given in Figs 11.5.2 and 11.5.3 for c =2

and ¥, = 172 respectively. For sin2p s1n2 Y-<< /2

and, therefore, for ﬂc >> 2, two ditferent types of
trace matching appear. (In Fig. 11.5.2 this is the case
except for the curve P = 900 in the region sin2 V" >0.8).
One is the trace matching for bending waves already dis-
cussed in the case of plane walls. This is independent of
P and 1is given by Eq. (11.2.46) with new parameters glven
by

Yo=Y/ sin? (11.5.8)

This situation occurs only above v = Ié or f = fc.

The second type 1s a trace matching for tensional
waves. Here the two first terms of Eq. (11.5.7) are equal.
This is independent of U but dependent on f3 by the relation

V =sin® g . (11.5.9)

Thig occurs only below V) = 1 or £ = £. STAT

»
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For a given direction of the incident sound, we may say

that the sound 1insulation of the shell is stiffness-controlled
below V = sin2(3, that it i1s mass-controlled in the region
sin? B < V < VY, /sin® Y- and that it 1s again stiffness-con-
trolled above p/./sin2 5.

If ﬂc < 2, as may bc the case for thicker shells, the
two kinds of trace matching cannol be separated further and
the lines for Z = 0 continually pass over from the one
limiting case to the other (see Fig. 11.5.3 except B =_159).
Here for special values of J-and 8 given by sin2 b¢31n2;37}§/2,
the wall is always stiffn2ss-controlled; at low frequencies
it 1s controlied by the stiffness for tenslon and at high
frequencies by the stiffness for bending.

For a given direction of the incident sound we may also
calculate the transmission coefficlent T by putting
Eq. (11.5.7) into Eq. (11.2.20). Here Eq. (11.2.20} has to
be considered as an approximation because it was derived
for plane waves wvhereas here we have cylindrical waves in
the radial direction. But the difference is important
only at low frequencies. Also, here the reglon of grazing
incidence must be excluded. But for all other cases we may
write

o r 2 1n4 a2 2
[TLlg, g = 10 log [1 +(1fﬂ_.°_°_§.’zi*) ( (o o P £%in z}‘-)

foco T ff

(11.5.10)

There 1s seldom a preference for special angles of
incidence. In practice we have mostly a distribution of
sound over various angles of incidence. Then the result
for a given frequency reglon essentially depends on whether
or not an angle for trace matching appears. If it does,
most of the transmitted sound energy 1s due to this special
direction. Furthermore, the result will depend on the damp-
ing of the shell and also on the size of the shell. In the
cage of a plane plate, all this happens above f only. Here,
for a curved shell, it also happens at rrequencies below fg4
with the result that the TL will be much lower than the
mass law would predict. The proper value will depend on
the maximum transmission coefficiznt and on the bandwidth
as in Eq. (11.2.64).
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PIGURE 11.5.2

value he
Contours of equal TL for varlous values of t
frequency parameter = f/fo, sin2f and P o =

fJflze.
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¥When averaglng over the various angles of incidence,

we have again to hake into account the fact that a portion
of the wall S will intersect only the area S cos R of the
wave front, whereas with respect to § no such weighting
factor appears. Also with respect to the probability of
a special direction, all ﬁ will have the same probablility.
Therefcre, no speclal welghting factor la required but if
it can be assumed that the sound inside will be distributed
over all directions equally the reglon betwecen ¥ and o -
has to be muletiplied by sin ¥ . But in the case of a
cylindrical enclosure, two further aspects render the pro-
blem more difficult. First, not all comblnations of and

appear inside a given cylinder. It is ecasy to under-
stand that in the tangential direction around the perimeter,
the perioaicity must be a proper iraction of the perimeter.
A second, not so simple coundition, holds in the radial
direction. From both it can be derived that in the above-
mentioned case of a eylindrical shell of 7 ft dlameter,
at 500 cps there exist only 17 different pairs of angles
Y+ and £ . TPurthermore, these angles are not equally
distributed over all the possible directions. This is a
consequence of the well-known fact that each curved wall
results in focusing of the scund. If the sound source is
located in the center we will get perpendicular incidence
for f =0, t.e., 2% = 0° only. If the source 1s located
near the perimeter, the incidence will be grazing. It can
be seen geometiically and may be proved more rigorously
by the wave theory that a really tangentlal sound propaga-
tion, 1.e., V= 90° for @ = 00 is possible only in the
limit of infinitely high frequenciles. On the other hand,
the focusing qualities ¢f & cylinder will be destroyed 1f
there are deviations from the ideal geometric form and
especially if there are any kind of obstacles inslide.
Therefore, it 1s hazardous to base extensive calculations
on the angular distribution of sound in a perfect cylinder.
To the same degree of approximation, we may assume a
uniform distributlon of anglez of incidence as in the case
of a plane wall.

If we assume a statistically uniform distribution of
angles of incldence, the average is glven by

v/z 1
Trandom =72r‘ / / Td (Sinevq)cl/? . (11.5.11)

o]
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For 1jc >2, 1.e., for thin walls and a pipe of large
diameter, above the critical frequency T becomes in-
dependent of ﬁ and the results are the same as 1n the cas2
of the plane wall., Therefore, we may use the Eqgs. (11.2.58)
and (11.2.65) in this reglon or Figs. 11.2.10 and 11.2.11.

In the mid-region 1 < Y & 1, we can expect the
mass law to hold if the frequency reglon is sufflciently broad.

For 1/ < 1 we may calculate the mean transmission
coefficlent with respect %o £ in the same way as we did
for the case of bending wave trace matching. In regard to

2>, it may be reasonable to choose the mean value of
= U50, fhen we get for 7/ < 0.8

[TLlys,

a, 5
= 10 log (T) + 5 log (V-7°) + 1.5

random

(11.5.12)

where a, i1s the value given by Eq. (11.2.51). Therefore,
the first term which corresponds to the 00 mass law at the
zero mode frequency represcnta one half the transmission
loss. Thus we see that the transmission loss will be, in
general, smaller than would be calculated using the mass
law. Furthermore, we see that the frequency response 1s
rather flat. In Fig. 11.5.4, [TL]MS, random +8 plotted
against frequency for the region
0.05 « V< 0.8 for different values of a,/A/e. As in

. Fig. 11.2.10, the practical value of these curves 1s doubt-
ful since even a small amount of damping will change the
results,

Introducing encrgy losses by means of a loss factor
as defined in Eq. (11.2.59), we have to «add to Eq. (11.5.9)
a further term '

[Tlys  random = 10 108 (8,/7,) +5 log (V- Y8y + 1.5

10 log (1 + 0.71Na, ¥/ V)

{11.5.13) STAT

- . - - - - - - ~_ - ————— ~ -
e e o e S e T S e R . — e = =

Declassified in Part - Sanitized Copy Approved for Release @ 50-Yr 2014/04/02 : CIA-RDP81-01043R004000070005-1




Declassified in Part - Sanitized Copy Approved for Release @ 50-Yr 2014/04/02 . CIA-RDP81-01043R004000070005-1

e P e

|
|
|

f

Y <
o ]
é}zUjS<——-

FIGURE 11.5.3

Contours of equal TL for various values of the

frequency parameter vV = 2;
frequency pa £/f,, sin2? and VY, =
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FIGURE 11.5.4
STAT

The TL through a cylindrical chell for a rendon distribution of
angles of incidence g ond V' = 15O ap a functlon of the frequoney
parca2ter = £/fo. Scveral ourves ard plotted for variocus

valucs of tho paromotor &,/ o o

157

’

S e
= = 3 S e e e e L o .

P T =

et v e a4 v g b et o o

L e ———

Declassified in Part - Sanitized Copy Appro:/ed for Release
CIA-RDP81-01043R004000070005-1

® 50-Yr 2014/04/02 - g




Declassified in Part - Sanitized Copy Approved for Release @ 50-Yr 2014/04/02 . CIA-RDP81-01043R004000070005-1

1 Qc/l/c:" 800

/M

_..-s""a‘

/

/

;/ ~
/

//“

—

—

//"’\
-

0]

0] . 0.2
.—->y

FIGURE 11.5.5

. STAT
The TL through a cylindrical chell for a rondon distribution1oftanglii ofr;;:iiigzz p
d = 58 fa = 0.01L. This latter valuz
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In Fig. 11.5.5,
plotted as a function of 7

as in Fig. 11.5.4 and for a loss factor of n
(which may bc assumed 1in most practical caues
there is no special material used for damangS. For

small ap/Ve,lhis asount of damping does not essentially
alter the results shown in Fig. 11.5.4,
generally if 0.71
(11.5.13) by

of agV/Va,
approximate Eq.

[TL]MS,random

Here ye see that doubling the loss factor increases the
it would be advantageous to 1in-
crease the loss factor of a shell for both high and low

Tf. by 3 db. Therefore,

frequencies.

the corrcsponding values o’ TL are

= 20 log (;‘i) + 5 log (1)3—71"') + 10 log y(
C

for various va.ues of ao/Ve
= 0,01
even 1if

For high values
N acV/ie > 4, we may

(11.5.14)
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12.1 Specification of Sound Absorptive Properties

In connectlion with certain problems in the control
of alrvorne sound, and in the special problems of sound 1n
rooms, the acoustical designer has to deal with the pro-
perties of sound absorbing materials., It is necessary,
therefore, to describe briefly the physical principles of
absorbing materials, the manner in which the physical
properties and the sound absorbing propertles are mcasured,
and In a general way, some of the applications of the data
which describe the materials.

In this ilimited discussion, it is possible to describe
the significance of several of the concepts only in a quali-
tative way. The reader who desires a fuller knowledge of any
of the topl:zs touched on 1n this secticon should consult more
extensiﬁe dlscussions which have been published 1.1, 1.2,
1.3, 1.4/,

The Several "Coefficicnts" for an Acoustical liaterial.
The energy-absorblng abillty of an acouctical material at a
glven frequency is most commonly specified by an "absorption
coefficient”. The widespread use of such a quantlity suggests
that this single measure 1s sulficient to indicate the per-
formance of the material in all situations. However, this
i1s not true. Detailed acoustical theory shcws that the
specific acoustic impedance has much wider applicabillity in
descriving the material. This quantity, i1 general a
complex number, varies with fregquency and may vary with the
angle of incidence of the sound. Under speclal conditions
some real number (a "coefficient") may describe the behavior
of the material. Actually there are several different
coelfficients, each useful in special circumstances as a
measure of energy absorption. Each 1s derivable from the
specific acoustic impedance. Since the complex specific
acoustic impedance contains two parts, it cannct, in generai,
be calculated from any single value of any of the
coefficlents.

Before discussing the energy-absorption ccefficlents,
it will be helpful to review the behavior of a simple oscil-
lator. A "simple oscillator” may be a mechanical system
equivalent to a mass, a spring, and a damping element, anfSTAﬂ_
analogous simple electrical circult or a confined volume of
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alr in which one of the natural ginusoidal acoustical vibra-
tions .1as been excited. In any casc, elementary theory shows
that the energy of vibration of the simple oscillator decays
exponentially with time when the gystem is in free vibration
(no external driving force). Thus, if the instantaneous
energy of vibration is W, and if the initial energy of vibra-
tion is wo, the energy at any time t follows the equation:

W=, e -2kt (12.1.1)
where k is the damplng constant. By differentiation of

this relation, the definition of the damping constant 1s ob-
tained in the form:

K = - d‘%dt (12.1.2)

Ordinarily a sound source in an enclosure excites
more than one mode of acoustical vibration. t/hen a sound
source 1s turned off, each mode which has been excited acts
as a simple oscillator at its natural frequency. In general
cach mode has a different decay rate, but it is found that
in a rectangular enclosure there exist three groups of modes,
within each of which the damping is roughly the same for all
modes. The mode groups are deslgnated as axial, tangentlal,
and oblique. It will be seen later that these designations
refer to the extent to which the wave motion of 2 particular
mode invclves tangential or obligue incidence on the various
walls.

The detailed wave theory shows that the damping rates
of the various modes can pe related to quantities called
wall ccefficients. The wall coefficients depend upon the
size ana shape of the enclosure, the distribution of the
absorbing material, and the mode of vibration which 1is ex-
cited, but in certaln cases the special forms of the wall
coefficients can be regarded as intrinsic properties of the
absorbing materlal.

The normal wall ccafficient of a surface, &p, 1s
defined as elght times the real part of the admittance ratio
(impedance and admlttance are discussed later in this sezticn).
This quanti iy measures, for a wall which i1s not highly absorb-
ing, the damping of waves which meet the wall at normal or
oblique incldence.
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The grazing wall coefficlent Ct, 1s a measure of the
amount by whicn a wall in a chamber of regular shape contri-
butes to the damping of an acoustical vibration consisting
of wave motion "parallel" to that wall. For a relatlively
nonabsorbent wall, however, there exlsts in place of the
grazing ccefficlent a supplementary wall coefficlent, whicnh
in the case of a rectangular enclosure, depends upon the
properties of the opposite wall. These coefficients can be
computed from the acoustic impedance. then both walls of a
pair are not highly absorblng, both the grazing coefficient
and the supplementary coefficlent are nearly equal to ¢ /2.
(See Ref. 1.1 for a discusslon of limits of validity ol
these several cocfficients.)

The wail coefficlents above are related to the damping
of the energy of an acoustical mode of vibration in an en-
closure. Another set of coefficlents, which will now be
described, has to do with the fraction of incidcnt power
which is absorbed when a free sound wave in gspace strikes an
absorbing surface. There is no general relation between
these absorption cocfficients and the wall coefficients given
above, bhut 1t will be shown that under special conditlions
the absorption coefficients are related to the rate at which
the total energy ©of a group of modes of vibration in an
enclosure decays with time. This leads to the very restricted
reverberation theory of elementary acoustics, and to the
ordinary procedure of characterizing an acoustical material
by an absorption coefficient as measured in a "peverberation
chamber” .

The basic quantity in the absorption of 2 single wave
at a wall 1s the free-wave absorpuion coefficlent, o (9)
This coefficient 1s simply the fraction of the power in the
wave, incident ac an angle 0, which 1s absorbed by the wall.
The notation indicates that the free-wave absorption coeffi-
cient is a function of the angle of incldence. ©, The con-
cept of abscrption as a function of angle of incidence (the
angle between the normal to the absorbing surface and a 1line
perpendicular to the wavefront striking the surface) 1s valid
in practice for angles as great as 800, However, the concept
of a free-wave absorptlon cocfficlent breaks down for larger
angles of incldence, because of distortion of the wave by the
absorbing boundary¥*.

*
The case of 6 = 90° 15 meanipngless in any case, because a wave

cannot travel absolutely parallel to a surfece having absorption; STAT
the wave fronts are curved by coutinucus flow of energy into the
surface. For this reason, quotation marks were used above in

statements concerning waves traveling "parallel" to a wall.
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The free-wave absorption coefflcient can be obtained by a
airect measurement of the amplitudes of incident and re-
flected uaves, or by techniqgues which depend upon the effect
of an abaorbing sample at the end of a tube in which "stand-
ing waves" are set up.

The nornal free-vave absorption coefficlent, denoted
by ¢t , is the value of the free-wave absorption coeifficient
in thd gpecial case of normal incidence (0 = 6°). Therefore,
K o is the fraction of jncident power which 1is absorbed
when a free plane wave is normally incident on the absorbing
surface.

Finally, when the pover incident on the absorbing
surface is carried by an infinlte number of plane waves uni-.
formly distributed through all possible anzles. The fraction
of the power which 1s absorbed is defined as the cbatisticel
absorption coefficlent & ggat. For reasons which will be
given, this coefficient is gomebimes cz2lled the Jebine abgorp-
tion coefficlent, and at high freguenciles this ccerficlent
1s closely cqual to the chember absorntion coefficient
ordinarily reported by the manufacturers of acoustlcal aboa b-
ing materials. The statistical absorption coefficient 18
simply a sultably averaged value of the free-uave absorption
coefficient, which may be defined by the equation:

hia
Lgpat = eof < (8) cos @ sin @ de. (12.1.3)

Relation of the Statistical Coefficlient to Reverberation.
W. C. Sabine, in the earliest systemabic vork on sound .uves
in rooms, suggested on the basis of 2 scries of experiments
that the total sound energy decays exponentially in the "rever-
beration® which occurs after the sound source is turncd off 1.5/
The damping constant of thc exponential decay is proportional
to the average "sound absorption coefficient” of the walls.
A mathematical analysis shows thet the sound abgorption
coeificient which is important in reverberation is identical
with the statistical coefficicent defined above, if cervalin
very speclial conditions are realized. These conditions are;

1. Only a small fraction of the total energy 1s lost
in the time required for sound to travel the greatest dimen-
sion of the enclosure.
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2. The sound energy in the room is diffuses, so that
for each wall, all directions of 1ilncldence are equally
likely during the reverberation process.

3, The energy density in the enclosure is substan-
ti1ally uniform, so that the transfer of energy to the walls
may be considered a continuous process of absorption of a
random group of free waves.

If these conditions are realized, it is readily shown that
the rate of loss of sound energy is proportional to the
average value, for all the wall surfaces of the statistical
absorption coefficlent or the Sablne absorption coefficlent.
The equation for the decay of the total gsound cnergy is

¢ st
W= W e W (12.1.4)

where S is the total wall area, V is the volume of the enclo-
sure, ¢ 1s the spced of sound, and < 1s the Sablne absorphtion
coefficient averaged over all walls according to the relation

&S = (c':lsl'+ S, + S G- J SR I (12.1.5)

373

Here 331, S5p, 83 . . . are areas in which the ctatistical
absorption ccefficlent has uniform values <4y, %o, €3, .

The quantity &S is called the total absorption, and is in
units of Sabins when its dimensions are sqg ft. That 1s, one
Sabin equals the absorption of one sq ft of perfectly
absorbing surface, under the special assumptions of the Sabine
plcture.

By comparison of Eq. (12.1.4) with (12.1.1), the Gecay
process can be descrlbed by an effective damping constant

K= c &k S/8V. (12.1.6)

This is not really the damping constant for any single
oscillator; the detailed wave theory shows that this dampingSTpﬂ_
constant is only an average of slightly differing values for

a1l the individual modes of vibration, even when the very

special assumptions behind Eq. (12.1.4) are Jjustifled.
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The customary way of stating the result of the simple
reverberation theory 1s in terms of the reverberation time
T, which 1is defined as the time required for the total
sound energy to decrease to 10-0 {one millionth) of its ori-
ginal value, In units of feet and seconds, the reverberation
time formula as obtained from Eg. (12.1.4) 1s

T = 0.049 V/ & s, (12.1.7)

A somewhat different form of the reverberation for-
mula, dvue to C. F. Eyring, has proved to be more satisfactory
than (12.1.4) in cases where O is larger than one tenth. The
conditions azsumed in Eyring's derivation are the same three
already stated, except that now the sound energy is imagined
to exist in discrete wave trains. The energy in a wave
train remains constant as the traln travels a mean path /s
between reflections, and decreases discontinuously 2t each
reflection. Since a fraction (1 -@&) of the energy is re-
flected in each encounter and the average time between
reflections is UV/cS, the intensity at a time t is propor-
tional to (1 -@) Sct/4V. Tnis relation can be written in
the form of an exponential function as in Eq. (12.1.1), or
the result can be written as a reverberation time forrmula
as shovm in Fq, (12.1.8) with units of feet and seconds.

T = 0.049 V/[-S 1n(1 -&)] (12.1.8)

The average absorpticn coefficient is def'ined, as before, by
(12.1.5). Equation (12.1.8), although sometimes seriously
in error when the absorption coefficlent varies greatly be-
tween different wall areas, 1s the basis for most practical
czlculations for sound decay in rooms. Equations (12.1.7)

and (12.1.8) give essentially ldentical results when & is
less than 0.1.

e et e A A et o A . e e o e e . e e

Reverberation Chamber lMeasurement of Absorption Coeffi-
cient. Xauatlon (12°1.7) or (12,1, 8Y¥ 13 commonly used to
derive values of the absorption coefficient from the experi-
mentally measured reverberation time in a speclally designed

The two equations give the same recult for the values of &
ordinarily used in these messurements.
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room known as a reverberation chamber., Typlcally, a rever-
beration chamber i1s an enclosure of 10,000 to 20,000 cu ft
volume and with walls of very small absorption so that the
reverberation time 1s long (preferably greater than 10 sec
vhen no absorbent sample s present). Heasurements of the
reverhberation time with and without a sample of absorbing
material in the chamber give sufficient data to determine

both the effective absorption dus to the walls and the en-
closed alir, and that absorption due specifically to the

sample, Slnce the finite patch of absorbing material which

1s used as a sample has more absorption per unit area than
would a complete wall covering (because of diffraction effects),
sultable empirical corrections are used to derive effective
values of the absorption coefficlent for a large area, Fur-
ther references to the measurement method are glven in Ref.1.2.

. e+ - ———
. »

The absorption coefficient derived from these measure-
ments 1s, by delfinition, the chamber absorption coefficient.
Detalls of Lhe testing proredure must be staited in order ©o
specify a chamber coefficient completely. Various artifices
are used in reverberation chiambers to procduce random direc-
tlons of sound travel (i.e., a diffuse sound field), with the
aim of producing conditions which will allow the chamber co-
efficient to be identified with the statistical absorption
coefficlent. It is impossible, however, to obtain a diffuse
socund fleld in the required sense unless the smallest chamber
dimenslon 1s many times a wavelength. For this reason it
appears that the chamber coefficients which are commonly
reporved are a close approzimation to the stabistical coeffi-
clent only for frequencies of 2,000 cps and higher. The
chamber ccefficient at lower frequencies becomes more nearly
equal to the normal wall coefficlent, <{ 5, which governs the
decay of most of the acoustic modes of vgbration in a oom
where the largest dimension is only a few times the wave-
length.

It appears that the departure from dirfuse conditions
in the reverberation chamber at the lower frequencies is
responsible for a disagreement between calculated and measured
values of the lew-frequency reverberation time for large
auditorla or other enclosures of several hundred thousand cu
ft volume, when the chamber coefficient 1s used for calcula-
tions by means of Eq. (12.1.8). The sound field in a large
auditorium or other large room of irregular shape approaches
the diffuse condition at all audio frequencies. The observed
reverberation time is longer than that calculated on the basis
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of the chamber coefficient. Thic 1s because the chamber
coefficient approaches &, at low frequencies, and <, is
generally larger than the quantity (gtat which should be
used in Eq. (12.1.8) for diffuse sound fields.

Table 12.1.1 shows a comparison of the statistical
coefficient and the chamber coefficient fcr one particular
absorbing material. The cffects Just mentloned are apparent.
The statistical coefficient was calculated from acoustic
impedance data. The chamber cocfficlent is the result of
measurements of the same sort as thcse reported by the
Acoustical Materials Association 1.6/. This organization
publishes sound absorption data for commercial materials, as
measured by a carefully standardized reverberation chamber
technique. The large discrepancy at 512 cps is found in
other data comparisons and 1s probably a systematic effect
in the chamber measurements.

TABLS 12.1.1

COLPARIEQ! OF STATISTICAL ABSORPTION

COEFFICIENTS AND AMA CHAMBER COEFFICIENTS
(meterial: 10.5 3b/ft3 PF Fiberglas, "
thick, hard backing)

Frequency Statistical  AMA Chamber
Coefficient Coefficlent

Letat
128 0.53 0.66
256 0.69 0.69
512 0.753 0.99
1024 0.82 0.88
2048 0.90 0.90
4096 . 0.93 0.93

cps
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Comparison of Statistical Coefficlent ond Wall Coeffi-
clenta. The statistical absorption coefiicient applico to
problems of sound absorption only where a diffuse sound ficld
exists. In this special case Eqs. (12.1.7) or (12.1.8) may
be uged to compute the reverberation time, Thepe equatlons
infer that the absorption coefficient of the acoustical
material at a glven frequency 1is independent of the shoape
of' the room, of the position of the materlal, and of the
sound gouvce in the room.

et e o i B e g A e o e
L4 H

The detalled theory of wave acoustics, wnich hag heen
vicrked out for enclosures of simple shape, showg that in
general the acougtical damping produced by absorbing raterlal
in a room depends upon the materlal, the shape of tihe roon,
the position of the material in the room, and which rodes of
acoustlical vibration in the enclosure are eiclted by the
sound source. The Sabine asswumptidns represent only a spe-
clal limiting case, which can be approached uhen the enclo-
sure (or the arrangement of absorbing patches ulthin the
enclosure) is irregular, and vhen the wavelength is very
omall compared to the shertest dimension of the enclogure.
Also, the general vave theory indicates that, because the
camplng constants differ for the various groups of vibrational
modes, the decay of the total acoustical energy in the onclo-
sure 1s not a single eiponential function, and the reverbera-
tion phenomenon cannot be degeribed adeguately by & slnsle
reververation time except under the special Sabine conditions.

The distinction between the two approachezg may be
1llustrated for the case of a rectangular enclogure, Lot the
dimensions of the enclosure along the x, y, and z oxeg »3
Ly, Ly, and Lz. According to wave theory, the frequencies
of free acoustical vibration of the enclogure are glven
approximately by

e(ngngn,) = (e/2)  (n/L)? (n/L)? (ny /)3

(12.1.9)

where each n may be equal to any integer (including zZero).

The value of nx 1s equal to the number of pressure maximi

betiieen the walls x = C and x = Lx in the wave pattern of the STAT
vibration; for ny = O, the pressure is nearly uniform in the

X direction. The other n's have corresponding interpretations.
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Oblique waves correspord to the case of none of the nts
equal to zero. Tangentlal waves correspond to one n equal
to zero; for example, for ny = O, the wave motion is tan-
gential (grazing) with respect to the x walls (the walls at
x =0, X = Lx). Axlal waveg correspond to two n's equal to
zero; for example, for ng = 0, ny = 0, the wave motion is
grazing with respect to both x ahd y walls.

The damping of any one vibration in the rectangular
enclosure, according to wave Lheory, 1s computed by using
in Eq. (12.1.6), in place of the Sabine abscrption 3, the
room absorption factor, ay, defined by Eq. (12.1.10). 1t
1s assumed that each wall has uniform acoustical properties.

&N 7 LyLz(OLxl'*' 05:2) + L::Lz(ogrl * Q%:'?) * LXLY(Q?J * %2)

(12.1.10)

The .'s are the wall coefficients. Subscripts x1, x2 refer
to the walls at x = 0 and x = Ly respectively, and so forth.
While considerable calculation may be required to find the
&L 's from acoustic Jmpedance data for the walls, simple
appbroximatlions hold when the walls arc "hard".* For a room
with hard walls, each & for a wall whare the wave motion is
obliquely incident ig approximately equal to the normal wall
ccefficient » and each « for a wall subject to grazing
incidence i3 equal to the grazing wall coefficient, which
in this case is approximately db/2.

rical example, consider an enclosure having di-
nz equal respectively to 10,15, and 20 ft, with
ng acoustical vibration in the mode ny = 0,

According to Eq. 12.2.9), the frequency of
cps (using ¢ = 1100 ft/sec).

A "hard" wall 1s one for which the specific impedance
retic is greater then twice the length of the rpom in
wavelengths, measured perpendicular to that wall; all
ordirary acoustical tiles on massive backings mey be
consldersd hard pelow 200 eps 1n rooms nqt larger than
20' in eny direction.

e e e e = en
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Let the normal absorption coefficient for each wall be 0.05
at this frequency. The o's in Eq. (12.1.10) are then each
agual to 0.05 except that grazing incidence occurs on both
of the 10 x 15 ft walls, and the < value for each of these
18 therefore 0.025. The room absorption factor ay from
Iq. (12.1.10) 3s 50 £t2. This value can be used in place of
&S in Eq. (127.1.6) to obtain_the damping constant. The
value of the Sabine quantity of ¢-S 1s 65 ft2; hence appre-
ciably greater dampirg would be realized under the Sabilne
conditions than for tne case considered here, 1in which the
(0,1,1) mude is excited. The discrepancy 18 more gevere if
only the 15 x 20 It ceiling is absorptivs; then ay 18 7.5 £t2
and & S (the Sabine factor) is 15 £t2. In the hard wall
approximation, there is no disagreement between the wave
theory and the diffusc-rooum reverberation formula for oblique
modes. Thnus, in practice the oblique modes decay most rapidly,
at rcughly the rate given by the Sabine relation, and leave
the axial and tengential vibrations dying out at slower rates.
This effect is especially pronounced when all the absorbing
paterial is on one surface.

Vhen the hard-wall approximation 1is not intrcduced,
the corplete wave theory indicates further effecte of thec
position of the naterial and the nature of the excited modes
upon the demping. TFor exammle, the effects of opposite walls
are nct necessarily additive. The presence of a soft wall
nay result in a concentration of the acoustical energy in the
ong of' the room near that wall. This 1n turn increases the
effectlveness of the soft wall as a sound absorber, so that
the normal wall coefficient for a soft wall nay be greater
than unity.

The Snceific Acoustic Jmnedance and Related Quantities.
A E2asureé ol the acouctical properties of a curtace vihs.ch has
more general application than any of the "coefficients" 1s
the norral specific acoustic iripedance. This guantity 1is
defined by che relation

z =r + jx =p/v, (12.1.11)

where p is the ecoustlic pressure at the surface, and v 18

the renulting velocity commonent norzal to the surface of ailr
particles Just in front of the surface. Ordinarily p is 1n
dwvnes/cn2 and v in cm/sec. The resulting unit for 2z is called

a rayl. The acoustic preassure 18 the sunm of the instantaneouvg
presgure produced by an incident acoustlc wave and of the STAT
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instantaneous pressure of any reflected wave which
may be set up.

The normal specific acoustic impedance is independent
of the angle of incidence of the sound if there 1s no effec-
tive wave propagation behind the surface in a direction
parailel to the surface. This requirement means that such
wave motion mugt te highly attenuated or have a velocity
much smaller than the velocity of gound in air; this is the
condition of "local reactlon" discussed in Sec. 12.2. It
has also been shown experimentally that z is practically
independent of the incldent angle for materials representa-
tive of commercial acoustlc tilles 1.7/.

The impedance 1s usualily a complex number. The complex
representatlon, which has meaning only for ainusoidal signals,
has the same significance as that used in aliernatling current
theory. Thus, the real part of z 1s the ratio to v of the
component of p which is in phase with v, while the 1maginarg
nart of z is the ratio to v of the portion of p which is 90
out of phase with v. The real and imaginary parts of z, r
and x, are regpectively the normal speclfic acoustic resis-
tance and the normal specific acoustic reactance. The adjec-
t1ve "normal" will be omitted except where there 1s a possi-
bility of confusion with some impedance not concerned with
the norinal component of particle veloclty.

The specific acoustic 1mpedance for a perfect absorber
of plane waves (or for an infinite body of air, which 1is
effectively a parfect absorber) is Pc, where P 1s the density
of air (Fig. 3.1) and ¢ is the speed of sound. It 18 often
convenlent to express z in units of ¢c. The dimensionless
quantity obtained in thils way is called the specific acoustic
impedance ratio dencted vy

& e s+ X .

The reciprocal of the speciflc acoustlc impedance 1s
the specific acoustic admittance, y. The reciprocal of the
specific acoustic impedance ratio is the specific acoustic
admittance ratio, m & 1l/g = 4 + Jk. The quantity.« is the
specific acoustic conductance ratio, and k 1s the sgecific
acoustic susceptance ratio.
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several methods for the measurement of the speciflc
acoustlc impedance are described in the literature 1.2/.
A1l the methods have to do, in a general way, with measuring
various aspects of the system of incident anad reflected waves
which is set up when an acoustic wave is incident on the test
surface, either in open space or in an enclosure. Ordinarily
acoustic impedance measurements are made on samples not
larger than one sq ft; usually the samples are much smaller,
particularly If measurements in a standing-wave tube are to
be made to several thousand cps.

Because of the limitations on sample 21ze, an averaging
problem arisas in cornection with materliais having large-
scale variaticns in structure. Also, with small samples it
i{s difficult to reproduce any kind of backing other than
that of an effectively rigid wall. In the techniques most
commonly used, the sample is cut to fit snugly withln the
end of a containing tube. It has been shown that materials
naving a very light skeleton (not heavier than about 2 1p/ft3)
must be treated with great caution in tube mountings, because
the clamping effect of the walls ninders the ordinarily
appreciable motion of the skeleton in response to the sound
wave and serlously changes the impedance. \lhen the above
difficultles are not important, impedance measurements can
be made wuith laboratory apparatus to wlthin 3 per cent on
acoustic tiles and blankets. The angle of 1incldence 1is Q°
in most impedance measurements,

Relation Betueen Impedance ard Absorption Coefficients.
For surfacee which can be characterlized by a normal impedance
independent of angle ov incidence (this includes ordinary
acoustical tiles and blankets with hard backing), the relation
between impedance and free-wave absorption coceffliclent is
simple. This reiation can pe derived by setting up expressions
for incident and reflected waves, and imposing the condition
that the phase and amplitude relations between the uaves shall
be such that the relation betueen total pressure at the surface
and the normal particle velocity is just that corresponding
to the specific acoustic impedance. It 1s then possible to
compute the difference of intensity of the incident ané re-
fiected waves, and to obtain the absorption coefficient, which
i1s the fractional less of intensity. In this way, it 1s found
that the free-wave absorption coefficient, where the angle of STAT
incidence as measured from the normal 1is 6,
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@ (0) = —y—tt 08 O 5 (12.1.12)
k“ + (L + cos Q)

where L and k are the real and imaginary parts of the
speclific acoustic admittance ratio. Tor a wall having an
acoustic impedance scveral times pc, so that [p + Jk| <<1,
it follows from this relation that the normal free-wave
absorption coefficient (@ = 0°) is simply equal to i,

The method for computing the statistical (Sabine)
absorption coefficient from a(®) has been shown in
Eq. (12.1.3). Yhen the indicated averaging procecss 1is
applied to (12.1.12), it is found that the statistical
coefficlent is gilven by:

2,2
_ 21t 4 1 L=k -1 k
O:stat = 8n {l—uln[l + —_m-’-é_.] + [T] tan [m]}

This relation is derlved for the case in which 1y 1s
independent of angle of incidence. Flgure 12.1.1 is
derived from this equation but it reads in terms of im-
pedance rather than admittance. Ulhen values of the real
and imaginary parts of the specific impedance ratio are
avallable, this chart glves the statistical ccefficlent
directly. DNote that a surface must have a resistive
impedance of almost 1.6 pc to give a siatistical absorption
coefficient of 0.951, which is the largest possible value,
whereas the impedance must ve pc to give the normal free-
wave coeff'icient, (0°), its largest possible value (unity).
This difference represents an averaged effect of the varia-
tion of (V) with angle of incidence.

FIGURE 1l2.1.1

The statistical absorption coefficient, K gint in terms
of the real and imaginary parts of the normal specific
acoustlic impedance ratio . It is agouned that the normal
inpedance is independent of angle of incidence.
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Behavior of B8coustical Mazterials in Terms of Their
Physical Structure. VWhile the normel specific impedance
is a2 quantity of wider applicability than any of the coeffi-
cients, the physical structure parameters of the material
sometimes have even wlder applicability than the specific
impedance. For materials whose acoustic behavior 1is readily
subject to analysis, a knowledge of several structural
parameters permlts the calculation cf the lmpedance for any
vhickness of material, suvject to a varlety of backing condi-
tions, and for any angle of incildence, even when the
impedance varles with angle., Since the structure purameiers
can be measured simply, we can determine the acoustical
behavior of a material with a nminimum of experimental «ffort,
oreover, verking from the basic physical properties of
material sometimes makes 1t possible te derive much more
ugeful design equations or charts, showing the complete
frequency behavior of a sound-reducing structure in termg
of a few simple guantities. An example of this is found in
Sec. 12.2, in the discussion of a duet lined with a2 norscus
material.

Considerable published material is available for the
calculation of acocustical properties from structural zon-
stants 1.1, 1.2. 1.3, 1.8, 1.9/ The present discussion will
be restricted toc the simple case of an lsotropic porous
material with a rilgld skeleton 2nd mounted on a rigid backing.

It will appear that the important parameters are the porosity
(the fraction of the total volume uhich is occupled by air),
the structure factor (related to the increased effective
inertia of air which is accelerated in small passages), and
the flow resistance.

The porosity can be obtained from an experiment which
involves finding the apparent compressibility of the air
In the sample. ZREecavse the s0lid 1s virtually imcompressible,
the specimen ecte like a volume of air in vhich the modulus
of compression is 1/h times the true compressional modulus
of alr, where h is the porogity. TPFor practical materials,
h 1s at least 0.7 and 1s uswually not less than 0.9. The
flow resistance of a sample is obtained by direct measure-
ment of the pressure drop across the samples when alr 1is
forced at a lmown, steady rate through a slab of knovin area
and thicimess. The result is usually reduced to the specific
flow resistgnce (rf) (rayls per cm thickness). This is
nurmerically equal to the pressure drop associated with an
air flow of one em3/sec through a sample of area one sq cm
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and thickness one cm (sometimes gpecific flouv rcsistance

18 reported in rayls per ineh of thicknens}). The structure
factor, the exact definition of which can be obtained from
Eq. (12.1.15): must be found from an cxperircental measurc-
ment of iwpedance or of propagation constant in the material.
This does not discourage the use of this epproach because
(1) the structure factor ordinarily does not vary repidly
with frequency, so that extienaive measurements are unneces-
sacy; (2) i1t ip not necessary to know the structure factor
jn order to compute the irmedance of & rizidly backed layer
which 13 thin compared to =2 uvavelength,

The theory of the absorbing layer glves the surface
jwpedance in terms of the propagation constant, the char-
acteristic irpedance for waves traveling in the leayer, and
the thiclmess, The case of perpendicular incidence will be
congldered here, since 1t is an experimental Tact that the
result is substantially independent of angle {for most porous
layers. Suppose that a sinusoldal pregsurs variation at the
gurface of the porous layer sets up plane waves in the layer,
traveling normally to the surface. The pressure in the wave
entering the mzterial 13 proportional to cxp (-Jklx), where
dicstance is measured from the surfsce into the layer, and
kj 1s the propagatlion constant whi.a is to be found. The
layer thiclmess 13 t. At the backing (x = t) a reflected
vave is set up. The ratio of the pressure in the reflected
wave to that in the incident wave, at x = t, 18 defined as
exp \2}?). Then the refiected wave muat have precsure pro-
portional to exp (2 ¥ + Jiyx - j2k1t). It is desired to
£ind the speecific surface impedance, which i3 the ratio of.
pressure 8o particle velocity at x = 0. The total pressure
at x = O ig proporticnal to 1 + exp (2 ¥ - j2xt). The
particle velocity at the surface gue to either wave 18 equal
to the pressure divided by Zy, which 1s the characteristlc
impedance of the layer material (analogous to the quantity
pc for open air). Since the waves are oppositely directed,
the particle velocities must be subtracted, and the total
gurface particle velocity 13 proportional to (1 - exp
(2 ¥ - j2%yt)]/Z;. Bividing tre pressure by the particle
velocity gives for the yurface specific impedance

z = Z; coth (jklt ~Y¥) (12.1.14)
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and thickness one cm (sometimes speciflc flov resistance

is reported in rayls per inch of thicknens). The ptructure
factor, the exact definition of which can be obtained from
Eq. (12.1.15); must be found frou an experimental measure-
ment of impedance or of propagation constant in the material.
This does not discourcge the use of this epproach because
(1) the otructure factor ordinarily does not very repidly
with frequency, 8O that extoensive meadt ericnts are wineces-
sacy; (2) 1t in not necessary to iqiow the structure factor
jn order to compute the inmmedance of u rizsidly backed layer
ythich is thin compared to a uavelength,

The theory of the absorbing layer glves the surface
impedance in terms of the propagatlon constant, the char-
acteristic irpedance for waves traveling in the leyer, and
the thiclmess. The case of pergendicular incidence will be
considered here, since it is an experimental fact that the
result 1s substantially independent of angle for most porous
layers. Suppoce that a sinusoidal predsursz variation at the
surface of the porous layer sets up plane waves in the layer,
traveling normelly to the surtace. The pressure in the wave
entering the material is proportional to exp (-Jklx), vhere
distance is neasured from the surfasce into the layer, and
k3 is the propagation constant whi.a 1s to be found. The
layer thiclmess is t. At the becking (x = t) a reflected
yvave is cet up. The ratilo of the pressure in the reflected
wave to that in the incident wave, at x = t, 1s defined as
exp \257). Then the refiected vave mist have prcssure pro-
portional to exp (2 ¥ + Jigx - J2kyt). It is desired to
£ind the spccific surface impedance, which 1sa the ratlo of.
pregsure o carticle veloclty at x = 0. The total pressure
at x = O is proporticnal to 1 + exp (2 ¥ - jekyt). Thne
particle velocity at the surface due to either wave is equal
to the presoure divided by Zq, vhich is the characteristic
impedance of the layer naterfal (analogous to the quantity
pc for open air). Since the waves are oppositely directed,
the particle velocities must be subtracted, and the total
gurface particle velocity 13 proportional to [1 - exp
(2 ¥ - j2ct)]/%;. Dividing the pressurs by the particle
velocity gives for the surface specific impedance

z = Z, coth (3%t =) (12.1.14)
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The value of ¥ depends upon the reflectivity of the backing.
For a rigid backlng, complete reflection occurs with no
pressure phase shift, so that ¥ 1s zero and the specific
surface impedance 1s

z = 2, coth (Jklt) . (12.1.1ha)

(Rigldly backed layer)

If the layer is thin encugh that klt <<1,
. . Jd 2
zx - J(20/%8) 1+ 5 (8)71 . (12.1.14b)

(Rigidly backed layer thin compared
to wavelength)

The negative of the imazinary part of kj 1s the attenuation
constant 1/8.69) times the attenuatlon in db per unit dis-
tance) for wave motion in the layer. For -Im(ky) > 1/t, a
condition which will be realized at high frcquencies, the
toctal abtenuation 1s sufficlently large that the effect of
the reflected wave may be neglected. Roughly speaking, this
condition occurs when the thickness of a practical porous
material is greater than A/4. Tor this case, the surface
impedance is

z £ 7 (12.1.14¢)

1
(Thick layer, any backing)

The propagation constant and the characteristic imped-
ance will now be related to the structure parameters of the
porous layer. It is assumed that motion of the skeleton can
be neglected, which in practice seems_to require porous
materials having a density of 6 1b/ft3 or more. A sinusocidal
wave in the layer with pressure proportional to exp (jwt—Jklx)
1s assumed. The volume velocity®* per unit area, which at the
surface 1s equal to the ordinary particle velocity in the
outside air, is vy. The negative of the pressure gradient
13 jkip. A portion of the pressure drop in a thin volume
element, a8 described by this quantity, 1s associated with

The volume velocity is the rate of volume flow
(e.g., cm3/sec).
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the acceleration Jewv; of the volume fliow in the element,
and another portion with overcoming the frictional resistance
to air flow, as indicated in Eq. (12.1.15).

Jiyp e Jmpw vy 4 TpVy . (12.1.15)

Note that this equation effectively defines the structure
factor, m. The rate of change of volume 1s related to the
rate of presesure change by the cffective modulus of compres-
sion of the gas. The adiabatic modulus of free alr 1s pc?,
but on account of the solid content present, the effective
modulus is @ c¢2/h in the adiabatlc cace, or 0c2/h in the
event that the compression 1s isothermal. Here ¥ is the ratio
of the specific heat at constant pressure to the specific

heat at constant volume, which for zir i3 equal to.1.40.

Thus:

(o]
jklt'}c" vl/h (%) = Jwp . (12.1.16)
(7 to be omitted for the adiabatic case)

Combining Eqs. (12.1.15) and (12.1.16) gives for the propa-
gation constant,

ky =k /n(m - rf/Pw) ('o’). (12.1.17)

(4 to be omitted for the adlabdatic case)

where k denotes the propagation constant for open air, equal
tocs/c. To obtaln the characteristic impedance, which 1is
the ratio of pressure to volume velocity in a plane wave,
Eq. (12.1.16) may be used. This gives 2, = kP c2/(¥)h w,
or:

—————

Z, = Qc /(m - Jrf/(:w Y/ () (12.1.18)
(4 to be omitted for the adlabatis case) .

The specific acoustic impedance of the rigidly backed layer
can now be calculated by golng hack to Egs. (12.1.14), and

the statistical absorption coefficlent can be calculated

from the impedance. Where the layer is thin compared to tSTﬁﬂ'
wavelength, so that Eq. (12.1.14v) applles, a varticularly
simple result 1s obtained. The surface specific impedance
then 1is:
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2 .
1 C t
z - -§ I‘ft - J ‘(-a(i—)—-cu:[:-ﬁ (12'1.19)

(¥ to be omitted for adiabatic case)

Thus, the thin liayer behavesa like a rzsistance added to the
reactance of a stiffness element, the latter representing
simply the stiffness of air in the layer. The cquation
agrees reasonably with the experimental behavior of mineral
wool or glass wool tiles under the igsothermal assumption,
whereas conditlons are more nearly adlavatic, even at the
low frequencles, in materials having larger pores. Further
applications of the theory arc made in Sec. 12.2 in Lhe dls-
cussion of lined ducts.

skeleton cannot be considered rigid. Beranek 1.8/, however,
has developed computaticn charts for a "soft blanket" in
which the skeleton rigidity can ke neglected completely.
Certain special cugses where the skeleton has finlte rigidity
are described by Zwikker and RKosten 1.3/.

Perforated Faucings for Acoustical Iiateriels, By suilt-
able selection of a perforated facing for an absorbing material,
the designer can either insure that the facing does not ma-
terially alter the performance of the material, or bring about
a greatly increagsed sound absorption in a selected freguency
range, sometimes at the expense of absorption at other fre-
quencies. Two cases which have appeacred in the literature
1uill be reviewed. In thne first case, the perforated facing
lies directly against an acovstical material vhich is des-
cribed only in terms of a normal impedance, independent cof
angle 1,10/, In the second case, the perforated facing 1is
separated from s rigid backing by an air layer, and the absorb-
ing material, which 13 described only in terms of 1tz flow
resigstance is elther a thin cloth in contact with the facing,
or a highly porous substance 1.11/. It is necessary to con-
sider separately the effect of an air apace with cellular
partitioning and the effect of an umpartitloned space, since
the latter arrangement makes tne impedaance dependent on angle
of incidence.

For the first case, in which the facing lies directly
against a layer of gilven angle-independent impedance, the
symbols below are used:

CIA-RDP81-01043R004000070005-1
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normal specific acoustic 1mpedance of
absorbing layer

number of holes per sq ft

diameter of hole in inches

thickness of facing 1in inches

welght of perforated facing in 1b/ft2

frequency in cps

Wlhere the holes are non-circular wilh area S per hole, the
results will apply approximately if 4 is taken to be yus/r.
Applicatlion of the theory to slit perforations will also Dbe
described. The analysis considers only the effectes of adding
to the impedance of the acoustical matericl tlhie masc-like
reactance of the facing. The mass-like facing reactance 1is

a combined effect of the surface mass (which 1s counted only
if the facing is a flexible material) and the alr mass in the
roles., The air mass is compuied by relations which are valid
only if the wavelength of the incident sound 1s greater than
the hole circumference, and also if the spacing of the holes
is not less than two hole diameters. These considerations
require

d < 4000/f
a<6/yn .

Since the flow resistance of the holes 1s neglected, the
following conditlion must alszo be observed:

d < 0.01 t{/T/nd°

This condition insures that the hole resistance 1s less than
C.2pc, 30 that its effect 1is negligible under ordinary
condltions.

The moving mase of air asscclated with a hole of radius
a in a plate of thickness b 1s 1.11/:

M, ¥ p (ra® 4 16 a3/3), (12.1.20)

where @ is the density of air. The specific reactance of one
hole is Mh c;/va% and multiplylng by the ratio of total
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facing area to hole area glves the Specific reactance for
the facing as a whole, which 1s My w/n(7a2)2, mhe add1-
tional specifie reactance Mw, where M is mass per unit area
in the case of flexible facing material, 1s in bParallel
with the previous reactance. in the engineering
uniits origlnally defined, impedance ratio of
the facing 1s:

X

by
= J 55 o J(0.072)M ¢

(1 +1.18 t,/d)/nd

(12.1.21)

These equations are répresented 'rn the left upper, right
the design chart in
m Ref. (1.10). For a further
discussion of the charts and equations, see Rer, (l.lO).
The lower two sections of the chart give the normal wall
coefficient Clp n ceafficient
when the values Rp and
The chart fop the
m the relation

Tp = 87 = 8(R/pe/[(R/pe)? 4 (x/pe)2),

while the chart for the statistical absorption cosff

coof ent

ici
1s obtained from Eq. (12.1.13).  The left center section

FIGURE 12.1.2

Design chart for perforated faecings, to glve trans-
mission loss for isolateqd facing, or to glve sta-~

tistical absorption coefficient vhen facing 1is useqd

with an acoustical roterial of known impsdance.Ref. (l.lO).
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Frequency cycles per second

o o N e 0 =

(55043;0) AU0TUTII0) uoT3daonqy 18073373848
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shows in addition the transmission loss for the perforated
facing alone, on the basis of pc lmpedances on both sides.
The transmission loss chart represents the mass law dls-
cussed in Chap. 11l.

The use of Fig. 12.1.2 1is as follows: Glven a facing
specified by n, d, t, and o, enter upper left graph with
nd on the abscissa, move up to specified value of t/a,
move right (crossing X value) to specified value of 0 ,
move down {crossing M value) to desired frequency, move left
to read X/pc (facing reactance).

To obtain transmission loss read left from X,/ pc &0
heavy line marked TL, and find value on upper scale of (left
center) section of chart.

To obtain absorptivity read left from X/pc to curve
for given value of Xp/pc, move dovm, crossing Xp/pc which
is total reactance of facing and backing material, to (one
of the two) heavy slant lines and read on right scale of
{ieft lower) section the total reactance magnitude |Xpl /pc
of facing and backing; move left or right to given value of
Rp/pc as marked along lower scales and read Tggat (left
lower section or Cﬁp (right lower section) from curves.

The charts of Fig. 12.1.2 also apply approximately in
the case where the perforations consist of a series of long
narrow slcts, each slot of width d inches, and the on-center
spacing of the slots equal to s inches. To use the charts
in this case, replace nd by 183/s.

An example of the effects of the perforated facing 1s
shown by the calculations plotted in Fig. 12.1.3, where
several different facings as listed in Table 12.1.2 have
been used. The assumed impedance characteristic for the

FIGURE 12.1.3

Computed statistical absorption coefficient versus
frequency, for the various facings of Table 12.1.2
used with an acoustical material having the impedance
characteristic of Fig. 12.1.h.
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absorting layer 1s shown in Fig, 12.1.4. The impedance is
selected to be representative of experimental data for one-
inch blankets on rigld backing. The resonance effect indi-
cated by the calculations 1s closely observed experimentally,
but the observed absorption does not always fall off as
rapidly on the nigh frequency side of the resonance as the
calculations predict, This disagreement has been wnttributed
to the existence of a small amount of wave propagation
within the material, parallel Lo the backing. This greatly
Incre~ses the high-{requency absorption. The experimental
high-frequency value of A stat 18 of the order of several
tenths.

In general, a facing having a speciflc reactance ratio
¥X/ec of less than 0.5 will have little effect on the absorp-
tion of common acoustical materials. On the other hand, if
X/cc exceeds 20, the absorption will generally be reduced
to less than 10 per cent, except 1n unusual cases where the
stiffness reactance of the acoustical material may cancel
the large facing reactance at a particular frequency.

The second perforated facing analysis, 1.10/ where only
the flow resistance of the acoustical material i8 specified,
w11l now be described. At first, we assume that the accus-
tical material is a cloth appiied to the facing; a modifi-
cation when the space between the perforated facing and the
rigid wall is completely filled with mineral or glass vool
will be given later. The symbols are defined below. Vhile
the analysis involves dimensionless variables, the design
charts are for an air layer thickness in centimeters,

L air layer thickness, from perforated
Tacilng to the rigid wall, cm

radius of hole in facing, cm

FIGURE 12.1.4

Normal specific impedance characteristic used in
calculating the results of Fig. 12.1.3 for perforated
facings. The characteristic is typical for a one-
inch homogeneous, porous tile (e.g., rigid glass

sran - ‘t .
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TABLE .2.1.2

PERFORATED FACING DATA USED TO COMPUTE THE ABSORPTION CHARAC-
TERISYICS IN F1G. 12.1.2 REFERERCE 1.10
n 4 t o /) M
holes hole facing surface open total

dlameter thicknegs density g:ﬁ:z:;Ye

per aq' inches izches 1o/0t2 area /142

9 5/8 3/16 1.5 1.92 o0.22
36 5/8 3/16 1.5 7.65  0.06
5/16 3/16 1.5 7.5 0.038
5/32 3/16 1.5 7.65  0.027
0.068 0.0179 0.75 11.67 0.0046

frequency of incident sound, cps

regonance frequency in cps for normal
incidence

speed of sound in air

proragaticn constant for air at
frequency Uo

fraction of arca vhich is open

total flow resistance in rayls of
material atteched to facing. The
specific flow resistence of the
materiol (unit thickness) is r,
and the effective thickness of the
miterial is £ .

statistical absorption coefficient

the ratio of the frequency Y to the
resonance frequency P
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The analysis assumes that the facing is rigid. The
specific impedance due to the perforations 1s obtalned on
the basis of the effective air mass from Eq. (12.1.20).
The adcded specific lmpedance due to the flow resistance of
che cloth 1is rﬁ/b*. The specific impedance due to the air
layer of depth L 1s -]Jpc aot(koL), as may be shovm from
Eq. (12.1.1%a), if the air layer 1s partitioned into cells
or if the incoming wave 1s at normal incidence. A more
complicated relation 1s necessary for oblique incidence on
a nonpartitioned layer. The total specific impedance of
the layer is the sum of the three contributions (ailr mass
reactance, cloth flow resistance, alr layer impedance).

Resonances occur at those frequencies where the re-
actance of the ailr layer is just sufficiently negative to
compensate for the hole reactance. Large abscrptlon nay
occur at these resonances if the resistive component of
the impedance is properly chosen. The statistical absorp-
tion coefficient 1s computed by use ol Egs. (12.1.12) and
(12.1.3). In the case of the unpartitioned air layer, the
relations are sufficiently complicated to require numerical
integration.

The results of the analysis outlined above are gilven
as the statistical zbsorptlon coefficient vs a frequency
parameter, in Fig. 12.1.5, (for the partitioned air layer)
and Fig. 12.1.6, (for the unpartitioned case). An auxiliary
chart, Fig. 12.,1.7, is required to compute the lowest normal
incidence resonance frequency, corresponding to ¥ = 1. This
provides numerical values for the dimensionless frequency
scale used on the preceeding absorption coefficient charts.

The open area factor p is used here because the
air flow is confined to the parts of the cloth
which are behind perforestions. For a cloth much
thicker then the hole dicmeter, the f£low would
sprecd out sufficiently that the factor p should
be omitted.
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A method for using the charts is the following: The
designer selects frcm cne of the charts in Flg. 12.1.5 or
Fig. 12.1.6 an absorption-frequency characteristic which
will be acceptable, and decides upon the frequency in c¢ps,
Vos at which the normal incldence resonance 13 to be
established. Fig. 12.1.5 or 12.1.6 shows the values of ©
and koL which must be used to obtaln the desired character-
istic. In Flg. 12.1.7, the set of lines sloping upward to
the rignt is then used to obtain the required value of L,
in centimeters, from the xnown values of V, and kyL. The
set of cirves sloping upward to the left then indicates a
relationship which must be realized becween t/ry and ry/pL.
Successive trials may be necessary to discover an available
facing which will give the required relation, or it may
prove that 1t 1s necessary to start w/ith an available facing
panel, and to select a somewhat different frequency
characteristlic whicih can bhe reallzed with this. The working
method is 1llustrated by the numerical example which follows.

Suppose that 1t is desired to obtzain the absorption
characteristic (with unpartitioned air backing) given by
6 =4, koL = 1.0, in Fig. 12.1.5 with the frequency V
correspcnding to 300 cps. Suppose also that the avaiiable
perferated faclngs are those in Table 12.1.2. TFrom Fig.12.1.7
it is found that the ailr layer depth, L, nust be 18 cm, to

make Vg equal to 300 c¢ps with 5L equal to 1.0. It 18 now
possible to calculate values of rg/pL for the various facings,
as tabvlated In Table 12.1.3. Then, as also shown in the
tabulation, the required value of t/ry for each facing 1s
found from Fig. 12.1.7. The required t/ro values are ccmpared
wilth the vtlues actually found in each facing. The lacing B
1s selected, since 1ts value of t/ry 1s sufficiently close to
the desired value tc place both Vg anG kgL within 2 few per
cent of the origilnal design values. If none of the available
facings had given this agreement, it would have been necessary
to select a new design curve with new values of 0 and koL.

FIGURE 12.1.5

Statistical absorption coz=fficient, as a function of
frequency parameter lf/ Yy, for perforated facings with
unpartitioned eir backing of depth L, and material of

knowvn flow resistancc, Lowest freguency of normal-
incidence resonance is Up. 6 is equal to flow resis-

tance ia rayls, divided by pes ks is equal to 2x Ifo/c 1.11/
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TABLE 12.1.3
CALCULATIONS OF PERFORATED FACING CHARACTERISTICS

Facing (from
Table 12.1.2

Hole Radius

r,, cm 0.0993

t/ro 2.4

Fraction Open
Area p

ro/pL for L=
18 cm

Required t/r

from Fig. 12.1.7

Fig‘ure 1_20106

Statistical absorption coefficient, as a function

of frequency parameter v/ ¥, for perforated facings

with partitioned air backing of depth L and material STAT
of nown flow resistance. Lowest frequency of normal-

incidence resonance is Vo. O i3 equal to flow

resistance in rayls, divided by Qc. ky is equal to

29 V,/c. Ref. (1.11).
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Since O = 4, the speciflc acoustic resistance
(r4/p) must be Lpc, or about 165 rayls. If a thin cloth
is used 1mmediately agalnst the racing as in Fig. 12.1.8a,
its flow resistance rf must be p(hpe) = 0.0765 %Mpc) or
about 12.5 rayls. If a blanket 1is used as in Fig. 12.1.80,
where tne blanket thickness is several times the hole dia-
meter, it may be assumed that the rlow spreads out OVEr
the whole area, and the flow resistance rf must be simply
¢ {pc), or 16% rayis. This is also true 1£ the cloth or
blanket is spaced from the facing by one OT more hole dla-
meters, as in Fi1g. 12.1.8¢c, but avill complotely sontained
within a distance L/4 of the facing. 1f the air cavity 18
completely filled with a2 porous material as in Fig. 12.1.84,
the total flow resistance rf must be 39 (pc). The last
relation 1s accurate only for a partitioned packing, however.
Intermediate cases are more complicated.

e e e e e o e e e 47 TN S 2

Nee

- o ———

Generally, the value of © should be not less than 1.8
for the unpartitioned paclking, and not less than 1.6 for
the partitioned backing. These values glve tne highest
absorption maxima. smaller S valucs glve smaller absorption
at all frequencles than do the optimum values. Values of ©
larger than 1.8 and 1.6 give proadened maxima with somewhat
increased absorption at frequencles far from the peak, but
with decreased absorpbtion at the peak.

The unpartitioned air backing gives a greater high-
frequency statistical absorption coefficient than does the
partitioned backing. Vhen the backing 1s unpartitioned,
there is always at least one angle of incidence for which

s

+he absorber 1s rescnant at any given frequency. Practical

FIGURE 12.2.7

Design chart for perforated fecing vith air vacking,
which may be ueed in comnection with Tigs. 12.1.5
end 12.1.6. The family of cuvves sloping upwvard to
the right determines the air oacking depth L to plece
the lowvest pormal-incidence resonance at frequency 2/0
when kgl nas besn chosen. The family of curves
sloping upward to the left determines thc nccesseXxy
relation between t/rg and ro/pL vhet Kol bas been
chosen. Fecing thickness, t; hole dlameter, Tros
fractional open ares, P. Ref. (1.11).
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measurements with partitioned backing show performance
which 1s intermediate between the partitioned and non-
partitioned predictions at very high freguencies; as the
wavelength becomes smaller than the width of the cells
formed by partitioning, the performance approaches that
€Aipewcled fur no partitions. At and below the frequency of
maximum absorptlion, the absorption 1is increased by the
presence of partitions.

The method of calculation applies with reasonable
accuracy if the facing 1is perforated by long narrow slots
rather than by circular noles. The calcuiations should be
based on an &quivalent hole radius equal to half the slot
width.

Flow Resistance Data for Acoustical Materials.
Figure 12.1.9 summarizes measured values ol g ¢ific flow
resistance for several porous materials as a l'unction of
volume density in 1b/ft3. Individual samples may vary by
- some 20 per cent from the nominal values.

It has been found 1.13/ that the flow resistance of
loos” sand can be expressed approximately by the equation

r = 19/4%-3 (12.1.22)

FIGURE 12.1.8

T1llustrations of special cases for which the effective
flow resistance r' in the expression 6 = r'/?c is easily
computed in the perforated facing analysis. Case A,
cloth adjaccant to faecing, cloth thickness much less than
hole diameter, use r' equal ta rf/n, where rfis flow
resistance of cloth in rayls and p is fractional open
area of facing. Case D, blanket wilh thickness greater
than bole diameter is adjacent to facing, but located
entirely in left-hand quarter of backing space, use

r' = rQ, flov resistence of blenket in rayls. Cace C,
cloth or blanket spaced from facing by at least one hole
dismeter, but within left-hand quarter of backing space,
use r' = rf, flow resistance in rayls. Case D, entire
space filled, use r' equal to one-third of blanket flow
resistance in rayls.
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where r is the specific flow resistance in rayls/cm and

d is the average particle diameter in mm. This result
applies where the particle size 1s reasonably uniform SO
that an average diameter can be given. The f{low resis-
tance in rayls for a number of cloths and screens is given
in Table 12.1.h.

Porosity values for several materials are given in
Table 12.1.5. The porosity of fibrous blankets of the
materials given, put having a different density may be
estimated by means of the principle that (1 - porosity)
is proportlonal to the density.

The structure factor m has been evaluated in @ few
cases. A value of 2.7 for a structure consisting of many
wire screens in close cont.act for the case of pcrpendicular
incidence has been reported. However, considerable varia-
tion with frequency was observed,l.g/. The computed

value of m 1is 3.0 for a structure which contains long
narrow pPassages oriented at random angles,;,;/. The experi-
scntal value for loose sand is 4.3,1.13/. Generally, m
appears £o be about 1.5 for blankets of porosity 0.95 or
more, 1.9/

Propagatlon Constant. Iliustrative propagation data
for two welghts of riberglas, based on measurements 1.14

in the rangeé 50-1000 cps, are summarized in Table 12.1.0.
The propagation constant 1s the quantity k) corresponding
to the expression eXp (—Jklx) for the phase and amplitude
pehavior of a plane wave. Expressions for the phase
velocity ané the attenuationr are glven separately in the
tavble, Measurements of the propagation constant for & rock
wool (J-4 Stonefelt, Type 1) 1.9/ and for loose sand, 1.13/
have also bheen published.

FIGURE 12.1.9

specific flow resislance (rayls/inch) for various
glass and mineral wools, a& & function of volume
density. A, PF (voard) Fiberglas (the materisl
meant by reference tO “pp" Fioerglas unless 8 sPe=
cific style is ctated); B, TWF white wocl Fibverglas;
¢, PF 450 Fiberglas; D, Aerocor Fiberglas; B, J-¥
Thermoflex; F, B-H rock wool, Style #l, with wire
facing; G, B-H rock wool, Style 2; H, J-M #305
mineral wool.
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maRZE 12.1.1
F1OW RESISTANCE OF CLOTHS AND SCREENS
WIRE MESH

Number of Wires Wire Diameter Flow Resiotence
per Linpear Inch cm rayls

30 0.033 0.567
50 Q.022 0.588
100 0.0115 0.910
120 0.0092 1.35
200 0.0057 2.4%6
30 0.0305 0.111
us 0.0203 0.17h
85 0.0101 0.430
210 0.005 0.980

I,—\.—«_.__..._h_. —— — ‘
. o e o e
~ et &

e et e e

CLOTHS

Peak STL
for V2
Manu- Increase Thick- Con-
facturers of Flow pess struction
Designa- Resis- per Weilght ends x picks
tion Finish tance inch o'z./)rd2 per inch

|

63 none . -— 16 x 1k
82 pone 13k . . 6C x 56
8L none 120 . . h2 x 36
120 none 118 . . 60 x 58
126 none .5 108 . . 34 x 32
138 none y 130 . . 6h x 60
138 none Y130 64 x 60
181 none 130 . . 57 = 54
1032 none . ——— _—
10k 11k 3. 106 . a.2 1 x 1k
15h4h 1b . - . . 1 x b
1550-24 none . 103 24 x 32
2 oz matte 11k ‘ .

.

-

Declassified in Part Saniti ' ~
- Sanitized Co ST L
T ROPET01043R00400007000 1 TR




Declassified in Part - Sanitized C
o}
CIA-RDP81-01043R004000070005|-o1y Approved for Release @ 50-Yr 2014/04/02 :

.ABLE 12.1.5
PORDSITY VALUES

Material Porosity Source (Ref.No)

Cclotex QT Duct Liners 0.90 1.8
J-M Permacoustic 0.875
Fiberglas, 9 1b/ft3 PF 0.965
Fiberglas, 4.25 1n/£t3 TWF 0.985
J-M Sanaccustic Pad 0.94

J-M Stenefelt Type H Refined Rock Wool
2.7 1b/ft3 0.97

USG Quietone 0.93
USG Perfatone Pad 0.56
Kanok 0.99

Sand, Hearly uniform particle size packed 0.36

Sand, nearly uniform particle size loose 0.4) av

Spccific Acoustic Impedance Data. Specific impedance
data for a number of acoustical materials are shown in
Figs. 12.1.10-14. While the data zre in all cases obtained
urder ncrmal inclidence in a standing-wave impedance tube,
usually of 3" in dlameter, the normal impedance may be
asaumed practically independent of angle of incidence for
the materials which are considered. 1In some cases, the mea-
sured impedance-frequency curves are supplemented by curves
which are calculated by assigning suttanle physical constants
to the material. Ccalculations are made by the procedures STAT
of Ref. 1.9; for rigid tiles (materials more dense than
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TABLE 12.1.6

PROPAGATION CONSTANTS FOR FIBERGLAS BLANKETS

.25 1b/ft3 THE 9 1o/£t3 PF (hard)

Propagation

Constant, cnl  1073(2.67 £0.66_3.90 £0+48) 10~3(1.96£0-74-5.0 £0.48

Phase Velocity;

om/zec 2.35 x 103 £0-3b 3.20 x 103 £0+2

Attenuation,
db/cm 0.034 048 0.43 058

f is frequency

‘l’ in cps
A\

6 1b/ft3), the procedure 18 equivalent to using Eqs.(l?.l.lh)
and (12.1.17) or, if the layer i1e also thin compared to the
wavelength, to using Ea. (12.1.19). Reasonable agreement
betvieen calculated and measuread values 18 ohtained, but the
calculations are restricted to homogeneous materials. It

will be observed that the impedance function for other
materials (e.g., celotex C-4, & perforated material) shows
additional complexity, particularly in the reactance behavior.
No rigorous method for calculating the impedance has been
advanced in tnese cases.

gtatistical Aosorption ceef =nts., The statistlcal
absorption coefricient is showvm as 2 Tunction of frequency,
for several acoustical materials, in Fig. 12.1.15. The data
are obtained by calculation from the specific impedance
curves 1n the preceding figures.

Normal Absorption coefficient Data. Fig. 12.1.16 shows
£he normal apsorption eoefficient, as a function of frequency;
for several 'soft blankets" of Fiberglas. The information
was obtained by measurements in a standing-viave impedance tube.
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Chember Absorption Coefficlents. rFigs. 12.1.17-19
ghow the absorption coefiiclients ar a function of frequenc
for perforated acoustical tiles of thickness 1, 1/2 and 1/
in. In each chart individual curves show the behavior of
material of given thickness on standard mountings 1, 2 and
7 as defined by the Acoustical Materials Assoclatlon. The
charts are constructed frcm averages of the AIA chamber
absorption coefficients for perforated tiles of the various
manufacturers. The data for the different tiles are suffi-
ciently close together to Justify the use of these average
charts for most engineering purposes. Detatled infcormation
for individual products is avallable in Ref. 1.6.

Average values of the noise reduction coefficient are
also showvn for each mounting condition and for each tile
thiclmess. The nolse reduction coefficient is defined as
the average of the chamber absorption coefficlents at 256,
512, 1024 and 2048 cps, given to the nearest 5 per cent.
(The average values glven here are not roundcd to the near-
est 5 per cent).

The mounting conditions are defined as follows:

Mounting 1.

Sample cemented to plaster board.
Considered equivalent to cementing to
plaster or concrete celling.

Mounting 2.

Sample nailed to 1 in. x 3 in. wood
furring, ordinarily 12 in. on centers.

Mounting 1.

Sample mechanically mounted (spaced
from ceiling).
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(huditons porforatod) (1*); B, Armstrong Cor-

cycles/second

GURE 1Z.1.11
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1000

/_ -
Fregquency cvelen/zecond

PICYRD 12.1.13

'.."-‘..‘CL,L’ \.d (CQ' id cCurvo ) £aa CC’..J—"“C‘\X) ore.cl Cul"«"G'S) C\)Ccific
| Coes! g S ( pachyy
Ccot“‘i’!‘c ‘u",!"‘l—"“co a0%: Ly Balouw ”‘ul IJD.lOO..D,l\ h LV Or 1]

B, 105 1b/€e3 PF Fiborgloo (A7 layor).
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1 and 2.

Frequency

tandard mountings

shambor sbsorption coefficionts and noiso roduction coefficionts
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12.2 Lined Ducts

A lined duct consists of a set of walls, usually
assumed to be acoustlcally rigid and imperwvious, covered
with an absorbent material which surrounds a channel or
gpace of uniform section. This is shown in Fig. 12.2.1.
The absorbent lining 1s usually a porous acoustical ma-
terial, but it may atso include a facing and an alr layer.
The passage ls the central op2n section through which alr
can Tlow. The important dimensions for design discussions
are the lining thickness, the width or widths of the pas-
sage (measured between lining surfaces,) and the total
length. In the case of a circular duct, tus Atomater of
the open section will be considerad the effective passage
width.

\ ,////////
— Y

e

FICURE 12.2.1

Sketch showing geometry of rectangular lined duct, and
coordinates used 1n enalysis.
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A lined duct is usually designed to have an attenua-
tion-frequency characteristic posscssing a broad maximum,
The frequency of the maximum is governed pvoth by the passage
dimensions and by the properties of the 1ining. In most
practical cases, the condition of maximum attenuation 1is
realized when the wavelength of sound 18 of the order of
the smaller passage width. The frequency of maximum
attenuatlon can be iowered somewhat by increasing the lin-
ing, thickness. For this reason, the 1ining sometlmes
consists of a layer of porous material (e.g., mineral wool
or glass flber blanket) which 1s separated by an air space
from the enclosure wall. This arrangement economically
increases the effective depth of the 1lining for a given
amount of acoustilcal materizal.

Qualitative Discussion of Attenuation in Ducts. The
acoustic attenuation of 2 1ined duct 1s the result of con-
version of acoustical energy into heat in the absorbing
layer. Thls energy absorption is most readily discussed
for the case in which the iining reacts locally with the
sound wave. Local reaction means that there is no
important transmission of waves within or behind the absorb -
ing material, in the direction parallel to the duct axis.
Such wave transmission may materially reduce the attenuation
of sound in the duct; therefore, in all applications to be
disc 4, it is assumed that lccal reaction approximation
18 valid. In order bto prevent longitudinal wave motion 1n
an air space behind the lining, 1t is necessary to insert
rigid partitions which are perpendicular to the duct axis,
successive partitlons should be spaced by about one tenth
of the wavelength at whlch maximum attenuatlon is obtained.
Yhen the 1lining extends to the wall without an ailr space,
1ateral partitioning is usually unnecessary pecause of ihe
large attenuation of sound in the lining material.

The duct lining may be characterized by its normal
specific acoustic impedance, which 13 the ratio of accustic
presgure to particle velocity normal to the surface. For
the case of local reaction, the normal specific acoustic
impedance 1s independent of the angle of incidence and hence
is the same for all directions which the incident wave 1n
the duct may have with respect to the lining.

The normal lmpedance of the lining usually contains
a reslstive term, so that there is a component of the normal

218

Declassified ih:I—D-art-Sémitizéa‘Co A == - e
roved
CIA-RDP81-01043ROO4000070005I-31y pproved for Release @ 50.r 2014/04/02 -




Declassified in Part - Sanitized C
opy A
CIA-RDP81-01043R004000070005|-o1y pproved for Release @ 50-Yr 2014/04/02 :

particle velocity at the 1ining surface which 1s in phase
with the pressure. Thus, power 1s delivered to the lining
2t a rate proportional to the product of acoustic pressure
and the in-phase particle velocity. Physically, this

power 1s transformed into heat due to both viscous friction
within the 1lining and compression by the acoustlic wave of
the gas contained within the lining.

The simplest analysis of duct action is obtalned if
1t is assumed that the acoustic pressure 13 uniform across
the open portion of the duct. It 1is then an easy matter
to compute the effects cf air flow into the lining, and to
find the attenuation of sound in the duct.

The uniform-pressure assumption 1s always reasonable
(though not rigorous) for the special case 1n which the
wavelength of sound is greater than the narrowest passage
width, and at the ssme time the absorpticn coefficlent of
the lining is much less than unity. For thils reason, simple,
approximate attenuation formuias obtained from the uniform
pressure treatment are almost always satisfactory in prac
tice ror freguencies well below the attenuation peak for
a given duct. Moreover, 1f the lining has & relatively hign
impedance, such simple formulas are valid for frequencies
closely approaching the peak. Since i1t can be shown that
the low-frequency formulas can be expressed 1in terms of
the abgorphbion coefficient of the 1ining, it is not ncces-
sary to know the specific acoustic impedance of the lining
for this approximate analysis.

Unfortunately, gerious errors may te made by injudi-
cious application of the approxXimate results obtained with
the uniform plane-vave assumpbion. If the {requency is
sufficiently high to aliow the formation of cross-modes 1in
the duct, or if the 1ining has very large absorption, the
acoustic pressure near the lining will be ~ppreciahly less
than that at the axis of the duct; in this case the result-
ing attenuatlon will be less than that computed on the
plane wvave assumption.

It 1s po o solve the acoustic wave equation
to determine the propagation of sound waves in 2 duct of
simple shape for any frequency and for any boundary
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impedance. The rigorous solution has been relatively
1ittle used, because the practical work 1s laborious even
with the ald of computational wraphs. 1t is possible,
however, to derive from the wave solution approximate,
1imiting "ormulas which are much more accurate at relatively
high frequencles than the results of the uniform pressure
approximation. A combination of the approximate formulas
obtained by the two methods leads to simplified charts from
which the designer can very quickly form a rough estimate

of the performance of a glven duct. Althougn these charts
(Figs. 12.2.2-6) must pe supplemented for preclse work by
experimental data and by more elaborate calculations, the
charts and the analysis leading to them are valuable becausé
they show in 2a direct way the operation of several of the
jmportant design parameters.

Calculated abtenuation values for 2 certain frequency
should not be expected to apply to a section of duct having
a length less than the wavelength of sound at that frequency.
while it will be shown that end effects of one typc (asso-
cilated with cross modes in the duct) will cause the measured
attenuation to exceed caicnlated values at high frequencles,
other effects (assoctated with the impedance change at the
Gu«t ends) often cause a relatively short duct to glve less
attenuation than Lhe calculated value.

(R

@

|
|
1‘.

‘he behavior of ducts in the frequency range of
maximum attenuation cannot be greated by simple formulas,
for the various approxﬂmations fail in this range. A further
difficulty in practice, for frequenciles in and above this
range, 1is that scund can be carried through the duct by
various modes of propagatlon; not only by gthe princlpal,
or axial wave. wut by ovvligue waves which are, in a sense,
reflected back and forth betwveen the duct walls. The

Figure 12.2.2

Approximate design chart for attenusticn in rectangular duct

lined on two opposite «alls with a porous layer of knowm flow
resistance. For a given value of the flow resistance parameter

0, the attenuation curve for low, mid and high frocquencles is

given by three line segments, representing respectively Eqgs.

(12.2.25), (12.2.26), and (12.2.24). Broken lines show where

the first approximation is extended beyond nominal limit of STAT
validity. Arrow on horizontal axis shows the nominal lower

1imit of validity for the second approximation. Entire chart

is for (t/ 2x) = 0.2.
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attenuation is greater for the high~r modes (oblique waves)
than for the principal waves. Thus if a large portion of
the acoustlcal energy 1is carried in the higher modes, the
attenuation will be greater than that predicted by calcula-
tion, since calculatlions are ordinarily made for the
principal wave.

in principle, acoustical theory would permit
calculation of the distributlon of the energy among the
various mocce of travel, but in practicc this calculation
is almost never feasible. To make the calculation requires
much more detailed information about the acoustical field
near the sound source than is ordinarily available. For
these reasons, consliderable use is made of experimental
data for frequencies in or above the range of the attenua-

tion pesk.

The remainder of this sectlon contains brief
derivations of the simplified attenuation formuias based
on both the unif.s » pressure approximation and the wave-
theory treatment; design charts summarizing the results
fprom these approximations and additional charts based on
typlcal experimental data are given.

Quantitative Treatment Under the Uniform Pressure
Assumption. The expression for a unidirectional plane wave
traveling in the positive X directlon contains the space
factor exp (-Jjkx), where k is the propagation constant and
x is the distance coordlnate., For sound waves in a lossless

Figure 12.2.3

Approximate design chart for attenuation in rectangular duct
lined on two opposite walls with a perous layer of known

flow resistance. For a given value of the flovw resistance
parameter 0, the attenuation curve for low, mid and high
frequencies is given by three line segaents, representing
respectively Eqs. (12.2.25), (12.2.26), and (12.2.24). Broken
lines show where the first approximation is extended beyond
nominal limit of validity. Arrow on horlzontal axis shows

the nominal lower limit of validity for the second approximation.
Entire chart is for (t/2,) = O.h.
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tube (or in open air) the propagation constant* 1s glven
very closely by:

k=‘é’=—27—:’-= w (ke )2, (12.2.1)
where K is the compressibility of air, < is the density,

¢ is the speed of sound In ajr, and w 1s radlan frequency.
wnhen the ~igid boundary of the lossless tube is replaced
by a non-rigid boundary, (the duct 1ining), the moving mass
is not changed as far as the wave motion 1is concerned, but
+me effective compressiblilty i1s changed by the flow of

alr into the lining. Thls effect 1ls conveniently expressed
in terms of the admittance index of the 1lining, W , which
is equal to the reciprocal of the impedance index. (See
Sec. 12.1). 'The effective compressibility is defined as

K' = (1/p)(dvVAV), where dV 1s the change of volume for an
i{nitial volume V, under the excess pressure p.

The passage area of the duct will be denoted by A,
and the ftotal perimeter oy P. If a sinusoidal excess pres
sure p 1s applied across a length dx of the duct, the volume
of air inflow is that due to the compressibility of the
gas in the passage which 1s pKA dx, plus that due to the

flow into the lining, which is PP W\ ax/(-Jjwe c). If the

The term propagation constant is used in thic literature in some
cases to denote k and in some cases to denote the complete
coefficient of x, which is -JK.

Figure 12.2.4

Approximate design chart for attenuation in rectangular duct
lined on two opposite walls with a poraus layer of laxown flow
~osistance. For a given value of the flcw resistance parameter
0, the attenuation curve for low, mid and high frequencies is

jven by three line segments, represenving respcctively Eqs.
%12.2.25), (12.2.26), and (12.2.24). Broken lines show vhere
the first approximstion is extended beyond nominal limit of
validity. Arrow on horizontal axis shows the nominal lower
1imit of valldity for the second app imation. Entire chart
is for t/ § ) = 0.6.
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definition of the compressibility 1s now appllied, where
the volume of gas in the gection is V = Adx, 1t 1s found
that the effective compressibility 1is:

[ - P
K' = K + —’ﬂ—-—_Jw”A

The propagatlon constant for the lined duct 1s then computed
by substituting (12.2.2) into (12.2.1). By standard wave
theory, the atteruaticn constant is equal to the negative
of the imaginary part of the propagation constant and the
attenuation « in db per unit length 1s 2,60 times as great,

s =-8.69 Im(k‘rl_—-——%-). (12.2.3)

so that

This 1s the desired attenuaticn formula. The quantity L

equals the ratio A/P and k 1s the propagation constant (e /c)
for open aivr. In case the passage perimeter 18 not uniformly
treated with a single material, the admittance W\ is glven by:

W = (qlP1 +10 P, + Pn)/P (12.2.4)

where the length P, of the perimeter has the admittance y 4>
the length P, has the aamittance W - ete.

Figure 12.2.5

Approximate design chart for attenuation in rectangular duct

lined on two opposite walls with a porous layer of known flow
resistance. For a given value of the [low resistance parametes

0, the attenuation curve for low, mid and high frequencies is given by
three line segments, representing respectively Ege. (12.2.25),
(12.2.25), and (12.2.24). Broken lines show where the first approxi-
mation is extended beyond nominal limit of validity. Arrow on
horizontal axis shows the nominal lover 1imit of validity for the
second approximation. Entire chart is for (t/izx) = 0.8.
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The formula (12,2.3) is a good approximation only

for I} << 1 ( a "hard" wall); otherwise the uniform pres-
sure assumption may be unwarranted. In practice the lining
usually has |4l ¢ < 1 for frequencles well below the
attenuation maximum. Also, the relation will often be
inaccurate for frequencies sufficiently high that the weve-
length is less than the narrowest passage width of the duct,
for again the pressure is not likely tc be uniform.

A further simplification may be made 1if, 1in addition
to the condition |n] 4 4« 1, the condition Inl > kL 1s realized*
Then the radical in (12.2.3) may be expanded to give the

It can be shown for ordinary tiles and blankets that this condi-
tion is substantially cgquivelent to rcquiring that the lining
thickness be much less than L.

Figure 12,2.6

Approxlmate design chart for attenuatien im rectangular duct

lined on two opposite walls with a porous layer of known flow
resistance., For a given value of the flow resistance parameter O,

the attenuation curve for low, mid and high frequencies is given

by three line segments, representing respectively Fgs. (12.2.25),
(12.2.26), and (12.2.24). Broken lines show where the first approxima-
tion is extended beyond nominal limit of validity. Arrow on hori-
zontal axis shows the nominal lower 1limit of validity for the second
approximation. Entire chart is for (t/jlx) = 1.0.
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approximate result

S L=4.3} pdb (12.2.5)
vhich is a compact expression for the decibel loss 1in a
section of length L. The quantity u, the conductance ratio,

is the real part of M . Another way of writing (12.2.5)
is

G L &1.1Kydb (12.2.6)

wherc(in is the normal free-wave absorption coefflclent

of the lining. The expression may be justified by noting
that this absorption coefficient 13 approximately equal

to 4p (Sec. 12.1) provided that |W| < <1, which is a condi-
tion already assumed.

The approximate expressions for duct attenuation
which have been given in the iiterature are generally sim-
1lar to (12.2.3), (12.2.5) or (12.2.6). These expressions

ive useful results within their limitations. Equation
%12.2.6) ig less accurate than the former tuo relations,
and always predicts smaliler values of the attenuation than
are measured experimentally.

Special attention should be given to an empirical
expression, comparable to Eq. (12.2.6), which was used by
Sabine 2.1/. In the present notaticn, it may be written?

oL =1.050 4

(12.2.8a
where L is the chamber absorptlon coefficient of the

lining as ordinarlly reported by acoustical materigis manu-
facturers. This relation applies to a duct uniformly lined
on all sides. Uhile no theoretical justification for the
exponent 1.4 is provided, it appears that this compensates
approximately for both the differences beviicen {firee-wave
notmal abscrption ccefficients and chamber coefficients,

The original form is (db/ft) 12.6 OLI'“(P/A), where
P and A are expressed in inches and square inches
respectlvely.
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and for the errors of approximation inherent in a formula
of the nature of (12.2.5) as the absorption coefficlent
increases with increasing frequency. Sabine showed that
(12.2.62) is approximately in agreement with experimental
attenuation measurements up to frequencles of 2000 c¢ps for
six ducts whose open dimensions were comblnations of 9, 12
and 18 inches. These ducts were lined with rigid mineral
wool one jnch deep. According to Beranek's interpretation
2.2/ of the Sabine experiments, the value of inl did not
exceed 0.3; hence 1t may be considered that (12.2.6a) was
verified for M} <« < 1, Beranek further shcwed that
(12.2.6a) was in approximate agreement with rigorous
calculations from wave theory, under the stated conditions,
and showed that the formula should not be applied if the
duet shape 1is far removed from sguare, This approximate
relation has been widely used in attenuation calculations
for ventllating ducts, and 1s to be recommended when used
within its limitations. Practically, it is advisable to
restrict application to cases where the long passage-width
is not greater than twice the short passage-width.

Special Expressions for Boundary Consisting of a
forous Layer. The relatlons developed above convey no
the manner in which the attenuation will
vary with frequency in a practical case. he frequency de-
pendence comes about in part through the behavior of the
admittance index, W , and thls can be stated only when the
nature of the lining is specified. In many cases, however,
the liningz conaists of a porous layer; i.e., & homogeneous
acoustical blanket or tile. Consequently, it will be
helpful to analyze thils common case in detall by utilizing
available theory for the porous layer (Sec. 12.1). The
resulting expressions will enabdle cne to predict the
frequency dependence tc te expected 1n certaln speclal cases,
even though complete experimental admittance or absorption
measurements for the lining are not available. The symbols
which will be used in discussing the porous lining are
listed below:

m structure factor
layer thickness
porosity
density of alr
specific flow resistance of the lining material

231
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k, = k[h(m-—Jr/ec~>)]1/2(Propagat10n constant in
porous 1ining)

2, = ¢ {(m —Jr/g oa)/h]l/e(Characteristic impedance
of lianing material)

= rL/Pc

speed of sound in air

o

c

k propagation constant in air
L

ratio of passage area to passage perimeter

By the theory of absorbing materials (sec. 12.1), the
admittance of the layer 1is

M = (e/2y) tanh (Jk; ). (12.2.7)

This expression may bde replaced in certain reglons of
frequency by suitable approximations. rirst, a low-frequency
region may ove defined by k.t 1«<1. For frequencies in this
region, the hyperbolic tange%b in Eq. (32.2.7) may be replaced
to good accuracy by the first two terms in a series expansion,
When this is done, and when the appropriate approximations

for k, and 2, are introduced, (12.2.7) beccmes

W~ 1§ nZo(1r)?($)> + ynlke + -15 mh(ke)3] . (12.2.8)

7o obtaln the spe=zd of sound in the duct, c', and the
attenuaticn in db per unit length, & , it is necessary to
use the standard relaticns of wave theory, c' =w/Re(k'),
and & = =8.69 Im(k'). With the restriction glven below

in Eq. (12.2.14), Egs. (12.2.1) and (12.2.2) can be expanded
to give the simple relations

otz o/f1 + Lm(UL/2 (12.2.9)

& =2 4.3% Re(M)/L(1 + %(’3)]1'/2. (12.2.10)

Ccombination of these relations with (12.2.8) glves the
followlng low-frequency equations for the phase velocity
of sound, and for the db attenuation in a length L, in a

232
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duct with a porous lining.
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The restrictions imposed 1n
relatlons are summarized in

-2
2 L

( )7<< 2. 2.2
mh"t

KL <<% (%)3 .

The first of these expreasses
the second expresses the condition Re (M) /kxL(1
which allowed the radical in (

0 1is the flow
arameter.

Tn Eq. (12.2.12),
while kL 1s the frequency p

Another range of
with porous material,
tion,
iayer." The
1ining is suf
the lining perpen
after experiencing
pleting a round trip in
returned to

the

does exist. The

.y

nt1/2

1.45 h2e(1x)”

G2
m

is obtained when the 1ining may e
Hghicl-layer” condition means that the porous
thick that any wave motion,

reflection

the surface 1s negligible.
necessarlily any frequency range in which the wavelength is
short enough for this assumption to be
which also the uniform pressure assumption 1s applicable,
but in a number of cases of practical interest such a
"thick layer" conditlon,
ve defined in terms of the attenuatlon constant for

(12.2.11)

%511/2 (12.2.12)

(%)3/[1 +

deriving these arproximate
the two relations:

(12.2.13)

ht
1+

—s=

(12.2.14)

the conditlon likytl ¢< 1, while

+ ht/L) ¢4 1,
1) to be approximated.

resistance parameter rL/

pe

approximation for the duct lined
sti1l under the uniform-pressure assump-

regarded as a "£hick
entering
111 be so highly attenuated

at the duct wall and then com-
layer that the energy
There is ot

lining
applicable and in

rangeS TAT

as described above,
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wave motion in the porous material, «hich is

a reasonable definition for the thick-layer condition is

t > 1/-Im(ky). For porous materials likely to be chosen
in practice, this 1s gggghlz equivalent to saying that

the lining thickness must exceed one-eighth the wavelength
of sound in alir.

The quantitative significance of the thick-layer
condition is that thi admittance of the thick layer 1s
closely egual to 2 -1 fhe expression for 2y has already
been given; 1t 15 ovident that this expression is a radical
wnich can be expanded in onc form if the frequency para-
meter kL 1s much less that o/m, and in another form if the
reverse holds. The low frequency condition (that 1s, kL <<
9/m) will be assumed. The admittance for this condition
is approximately

n= (1 +1J) (hkL/z‘e)l/2 . (12.2.15)
This value for the admittance is put 1into Eq. (12.2.3) to
give the attenuation., It will be assumed that the frequency
znd the flow resistance are sufficiently large that (2kLe/h)
i1s much greater than unity. Then, approximately, the
attenuation in db per length L 1s glven by Eq. (12.2.16).
L '->“3.l(hkL/9)1/2 . (12.2.16)

The assumptions made in obtaining this relation are:

1
t > :-]-:Tn—(}—czy , Or roughly t 77\/8

mkL/e > 71
2k1e/h >>1
Uniform pressure across the duct opening.

Althougn these special conditions are not found over any
appreciable range of frequencles 1in a practical design,
Eq. (12.2.16) gives useful information regarding the fre-
quency dependence of the attenuation in a duct with porous
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1ining. Thic equaticn shows that the attenuation 18
proportional to the square root of the frequency, while

in the low frequency range, according to Eq. (12.2.12),

the attenuatlion increases with the square of the frequency.

Finaliy, in the thick-layer approximation and at
sufficiently high frequencies, it 1s found that 2y 1o approxi-
mately equal to pc “ n/h. The criterion for this range is
KL >> ©/m, The attenuation per length L 18 approximately

e ~ 4,314 n/m  db. (12.2.17)

This limiting formula will almost never apply in practical
cases because uniform preassure 18 not found ordinarily in
the freaquency raange for which it is valid. 1Its importance
13 that it seems bto represent an upper 1imit, not normally
abttainabple, for the atienuation in a2 duct wlth porous lining.

The uniform-pressure approximation has been discussed
in the 1literature by Bosquet, Sivian, and Willms 2.3,2.4,2.5/.

Quantitative Treatment by Wave Theory. The rigorous
treatment of wave propagation 1n a duct is restricted to
ducts whose croas-gsection is of simple shape. A rectangular
section (Fig. 12.2.1) ls asgsumed for the prescnt discussion.
The solution to the acoustic vave equation for the rectangular
duct may be written, for a sinusoidal wave, as

J»t

p = X(x) Y(y) z(z) e

%{x) = cosh (-Jk, x + %IX)
Y(y) = cosh ( Jkyy + k}'y)
2(z) = e ¥z 2, (12.2.18)

The propagation constants must obey the relation
k2 + k2
x Yy
To determine the attenuation, Im(k,) must be found.
Basically, the solution i3 obtained by finding kx and ky,
each of which 1is determined by the frequency and by the
impedances on onhe pair of walls, and then by computing kz

235

£, = K. (12.2.19)
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from (12.2.19). The relation glving k. for example, 18

~jk, 8 = cotn™ (tx )+ coth™t (tx )y, (12.2.20)
o 1x Nox

where 4 . 1s the passage width in the x direction, Mix is the
admittance of the wall at x = 0, and Noy is the admittance
of the wall at x = 44. A similar relation hclds for ky.

In general there is no simple calculation procedure
for solving Eq. (12.2.20). Morse has discussed a graphical
method of solution 2.8,2.9/. This method is recommended
for accurate work, but 1t 1is time-consuming and 1is sufficlently
complicated that it permits little insight into the r=2lation-
ships between the properties of the lining and the acouctical
performance of the duct. For lou frequencies or for suffi-
ciently high frequencles, approximate formulas may be derived
by expending (12.2.20) in serles form, by procedures which
have heen glven by iorse in connection with the problem of
sound waves in rooms 2.10/ .
The low-frequency series approximation for Eq. (12.2.20)

gives

BNOSE R N PR (12.2.21)

This is a good approximation 1f both |k 2 N1kl and ik.fx lexl
are less than unity. The equation in the above form

shows the addltlve effect, at low frequencies, of the treat-
ments on opposite walls. Henceforth, for simpllcity, it will
pe assumed that all of the lining material has the same
admittance, so that Nix = Mox =7 . A similar approximate
equatlon can be dertved for the effect of the linings on the
walls y = O and y = -Qy Tf the attenuation 1s then found
from Eq. (12.2.19), the result for a square duct is, to the
approximations employed, the same &S that already obtained

at low frequencies with the uniform pressure assumption.

0f more interest, however, i1s informatlon regarding
the attenuation of oblique waves (higher order modes) which
can be obtained from the wavc theory but which cannot be
obtained using the uniform-pressare annroximation.

A case involving higher order modes 1s obtained by
letting the dimension Ly be considerably greater than f, such
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that m pressure ncdes exist between the floor and celiling
of the duct (y = O and V¥ =Ay). For simplicity, the rloor
and celllng are considered to be non-absorbing. Then the
y-axis wave constant 13 glven by Ky _Qy = mr. The attcnua-
tion consktant, equal to -Im{k,), 1S ~omputed from (12.2.19).
he result 1s

[
2, = -Im{(k 9% - (—f;)"(mw)a-aznwﬁxll/e.

i (12.2.22)

It is still assumed that ik?x n\ 1s less than unity. The
term -G%/.ﬁy)e (mr)2 makes a large contribution to the
imaginary part of the expression, and therefore to the
attenuation. Thus the attenuation for higher modes (m >0)
{s in general greater than that for the principal wave. The
case treated here (1ong, narrow opening) i1s most nearly re-
lated to the practical situation found in parallel baffles
(sec. 12.3), but gualitatively the behavior of obllque waves
i1s the same in all duct problems.

Experimentally, when a large part of the energy 1is
carried into the duct in the form of oblique waves, these
higher modes have the effect of making the total attenuatlocn
exceed the calculated value, which ordinarily refers to the
principal wave. There may be a re fon Just inside the source
end of the duct where the signal level drope mere rapidly
with distance than 1s the case further slong in the duct.
This first reglon is the one in which the higher modes are
rapidly reduced. It follOWS that if the duct 18 relatively
short, so that thils first reglion occuples a large fraction
of the length, the reported attenuation per unit length
may bc considerably greater than the principal-wave value.
Since there 1s orédinarily no practical way to calculate how
much of the acoustical energy will be carried by the higher
modes this effect can only be estimated on the basis of past
experilence with particular structures and sound sources.

The effect 1is usually significant only for frequencles above
that where the attenuation peak for the principal wave occurs.

§
j
i
|
1
\
!
*
|
!
L]

Otrer aspects of the low-frequency approximation STAT
discussed in the textbook by Morse 2.9/.

From the wave theory vieupoint, the approximate solution
for high frequencles 1s obtained by finding a serles expan-
sion for EQ. (12.2.20) which 18 valid when Xfx N 27 1.
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If, in addition,
K 24 >7(n + 1),
tion in a duct with t

oy

the mode number,
nodes bebveen X
for the highe
cipal wave. Most important,
proportional to the sguar
yrange. Tnis i1g the resul
ergy in the ce
amount of

Here n 1is
of pressure
attenuatlon

if the duct 1is
reasonable to expec
thick-1 7 impedance
frequency range.
approximated by
in distance £x

lined

ays ary

Gt

9

-X

-

The quantity 7 m/h
porous 1inings; Lius th
1s nearly indep

Other
wave theory nave veen
Scott 2.12/.

—_ 2 e
given

et

Scott 2.1.2/ has shown that
for the attenuation is pro
(k24)2 in the ¢
is instead a yave-propagatin
tical blankets and tiles arc
frequencies and that the Sco
number of casesS.

———

*

t
PO

the frequency 1s 8
the resulting exp
wo walls lined is

2 2
17 n+ 1) T

equal in thi
r modes excee
e of freaquency

nter of the

17 .4w2y/m/n
(x2)

is roughly equal to
e attenuation 2
endent of the material.

aiscussions of the

ase where the 1lin

ufficiently high that
ression for the attenua-

Re 3

k&x)g (12.2.23)

s case to the number
x. Agaln, the
ds that for the prin-
ttenuation 1s inversely
in this high-frequency
ntration of
requencles,

= 0 and X

the &

energy absorbed by the

with a porous material,
t that the
roximation v

As was the ca
v/ h/m, so that
for porous 1lining

high-frequency ferm
111 arply in
se in (12.2.17), ki
the principal-wave
s on two opposite

this high
may be
attenuation
walls 1is*

5 (12.2.24)

X

st practical
frequencles

unity for mo
t very nigh

duct from the astandpoint of

by ¥Willms 2.5/, Cremer 2,11/ and

he high-freguency 1imiting expression
rtional to (k.Qx)—3721rather than to

ing is not locally reacting but

g mediunm. 1t appears that many prac-
not locally reacting at high

tt result may therefore apply in a
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Theoretical Design Charts for

Duct with Porous Lining.

Figures 12.2.2 through
to permit

ferred for economy and

The effect of lining four v
to double the attenuation 1
The principal wave attenuav
increased by making the lining thi
covering all four walls, however,

tinect advantage 1in four-wall lining in many

constant .

In order
the dimensions of duct
resistan

in rayls, for a sample

(where 9y

™

meter O

An indi

studied.
the relation

rapld calcutation from
which have been develope
in a duct lined with porous material
constructed for the case
opposite walls 1s lined,

Lo use the charts, 1t 1
ce of the porous material 1.e.,

i1s given in terms of s
tance equal to the passage
In each case, frequency 1is
in terms of the parameter
refers to a singlie value of the ratio t
ness t to passage width R4).
pumber of approximate attenuation-frequency curves;
curve 1s for a specified val

2 2
2.9n%, (k2)2(t/2,)3

i5 5.6 arc & series of design charts
the approximate formulas

d for the principal-wave attenuation
. These charts are

in which only a single pair of

for this arrangement is often pre-
simplicity over four wall lining.
alls instead of two 1s, roughly,
f the lining thickness 1s kept
ton can be as readlly
cker on two walls as by
so that there is no dis-
practical cases.

s necessary to know
ining, and the specific flow
the flow resistance,
centimeter thick. The attenuation
the attenuation in db in a dis-
wldth Ry between the lined walls.
read from the ncrizontal scale
2/A = f%4/c. Each chart
/(&x (1ining thick-
On each chart there are a
each
ue of the flow resistance para-

Pfx/PC)-

and 1

one
b 24

vidual attenuation -frequency curve consists of
three straight-line segments on the logarithmic chart.

These segments represent the three frequency ranges already
The low frequency segment of each curve represents

oy =

2

(L + 2nt/ ,Qx]l/Q (12.2.23)
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which 1s the
are lired.*
peen taken as unity.

form taken by Eq. (12.2.12) when two walls
In plotting the curves,

the porosity h has

The middle-frequency gegment of each curve is glven

by
fopi\

X

This i3 obtained from Eq. (12.
walls lined.

~ 6.2 (nkﬂx/ol )

/2 (12.2.26

.16) for the case of two
Again h has been taken as unity.

The high-frequency segment 18 tdentical for 2ll charts

and is given by Ea.

The use of

lower owo approximations has been extended
The arrow on the horizontal axis of
the lower 1imlt of waiidity of the
basic tn the middle approximation.
o5 use this approximation

of validlty.
indicates approximately
thick-layer agsumption,
In some cases it

(12.2.24), with

is necessary b

y/m/h taken as unity.

nrolken lines indicates where one of the

peyond the range
ecach chart

beicw the limit {.adlcated by the arrow.

The method of approximation used in tnese charts does
not give a good quantitative description of the attenuation

peak, but the re3ults at low

at high

{requencies

frequencies (25/A > 1.5) are sufficiently accurate

(£x/A < J5.2) and

that the attenuation-freguency function as a whole 1s fairly

well defined.

Experimental Design Curves for Ducts

Lined with Porous

pMate i Eg._ .
obtatned for
to be encountered in practice,
a design chart 1n B
covers & more restr
ceding charts. However,

The discussion up to this point has not been concerned

Experimental attenuation data,
a series of ducts under
are summarized in the form of

which have been
certain conditions 1likely

The experimental chart
conditions than do the pre-

the experimentally determined curves

with the

difference between 1ining only two opposite walls or all four walls.
However, if only two walls are lined, L is defined as the passage

area to the lined perimeter.

of length ¢, using this definition L =

240

Therefore, for a square passage area

2 2/28 = 2,/2.
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approximate formulas.

e e e o St St it g i o e
“

11sted helow:

where applicable, will prove more
in the range of peak attenuation

detailed and accurate
than those based on the

The variables plotted on +he chart axes are the same
as those for the previous charts - db attenuation in 2
length £ as a function of
width between the treated palr cf walls.
{dentiried by the proper value of t/«.-
these curves were cbtained with structures having the 6 values

p./A , where 2, 1is the passage
Each curve 18
The data for

Vﬂyeoft/ﬂx

5

?——._‘_.—..._.N ———
r

.1

These values correspond

et i et s A ? e

|
|

Further experimental

At low fregquencles
proportional to 6,
previous charts.

below 94/A = O.1.

The experimentally
consarvative vaiues for
having lengths up
short (length less

length 2 x

sents end effects,

.25

to a region in vhich the shape
and height of the attenuation peak
to changes in flow resistance.
curves can be applied over an appreciable range of 9 values.
data,
tndicate that the peak ar.d high-frequency
curves (9,/A > 0.3) are not
betveen half the nominal value and four times that value.
the attenuation must be approxiu.sely

as indicated by Eq. (12.2.25) and by the
A full allcwance
ing the flow pesistance should be

are not highly sensitive
Therefore these design

ohtained for the case (¢/9%) = 0.25,
portions of these
seriously affected by varying ©

for this effect of vary-
made for frequencies

determined chart represents

the attenuation per 1ength L¢ in ducts
to 15 .ﬁx.
than 40x)
in the region of the peak may be about 25 per ceSTAﬂ-
greater than that shown by the chart.

when the duct 1is relatively
the observed attenuation per

This discrepancy repre-

jneluding the attenvation of higher modes.
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The designer who uses the complete theoretical
computation charts will discover that certain critical
combinations of the parameters will glve attenuation as
great as 12 db in a length 14, 2.8/. Unfortunately, the
large attenuation given by these critical combinations is
usually confined to a very narrow frequency band, and may
also be difficult to obtaln because of practical varia-
tions in flow resistance of the lining and of dimensions
in actual construction. The emplrical chart of Fig., 12.2.7
shous broad-band attenuation which can be expected without
critical design. Because cof the effects of higher modes,
the effective attenuation in a practical installation, for
frequencics above the peak, may be well above the values
indirated by this chart,

The results shown in Fig. 12.2.7 are attenuation per
length 2, for a duct having effectively infinite length.
The experimental measurements show that the end effects in
a finlte length of duct are approximately explained if a
length Q x 1is imagined to be added to each end of the duct,
Therefore, the attenuation for a duct which has an actual
length of 3 {4 for example, shculd be computed as though
the length were 5 4.

Under the non-critical conditions represented by
Flg. 12.2.7, the indicated attenuation can generally be
obtalned either with two opposite walls lined as indicated,
or, 1n the case of a duct which is not too far from square
(ratio of passage widths less than 2:1), with the same

Figure 12.2.7

Attenuation design chart, derived from a set of experimental
measurements, for ducts lined on two opposite walls with porous
layer of approximately-known flow resistance. Flow resistance

is not critical for the conditions shown and results are
subzstentially wnchanged when O varies from half the indicated
values to four times indicated values. The curves pay be applied
approximately to ducts lined uniformly on all four sides if per
cent open area instead of (t/2,) is used to specify amouat of
lining. To allew fcr end effects, add 2%, Yo the actual length
of a duct and compute total attenuation from this corrected

length.
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amount of materlal redistributed to give uniform coverage
of all four walls. For this reason. the parameter (t/ x)
can be represented alternatively in terms cof ger cent of
open area, and values of this quantity are indicated beside
the curves.

Scaling of Duct Designs. When the designer already
has performunce data for a duct which is sultable for the
intended purposs in all respects except slze, the entire
design procedure may be replaced by a process of changing
the scale of slize of the knoun duct. The proper method
for scaling 1s apparent from the parameters which uwere used
in the design charts. Thus, the attenuation-frequency
characteristic, if expressed as (oly) vs. (€x/A), is
independent of the physical size of the duct, provided that
9 and (t/2x) are kept constant as the aize i3 varled. This
that the specific flow resistance of the absorbing
*1al used in the model will be different from that used
full scale design since 6~r1I, When L 1s decreased,
must be increased by the same factor to keep © constant.

When a very costly duct installation 1is toc be designed,
it has proved advantageous to perform tests on a model of
reduced scale and then to use the principles above to transfer
the data to the full-scale case. It is preferable that scal-
ing include length as well 28 width dimensions, so that a
reallstic evaluation of end effects will be in~luded. It is
also desirable that the sound source used in model tests shall
have approximately the relative size, position and directional
properties found in the full-scale situation so that the
higher modes will be exclted in approximately the proper rela-
tive amplltudes.

Experimental Results for Specific Installations.
Filgure 12.2.8 shcws experimental attenuation in octave bands
for several specific duct installations. Included among these
are several designs in which an air space is used behind the
lining. Dimensiuns and deslignin details for the several cases

-

Figure 12.2.8

Attenuation as a function of frequency (in octave bands) for the STAT
lined duct siructures of Table 12.2.1. The vertical scale gives
attenuation in decibels for a length of duct equal to the

narrover passage width.
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are given in Table 12,2.1, The performance data for these
designs have proved useful as a basls for scaling.

The performance of structure F illustrates the nature
of a dlsagreement which scmeties occurs betiween theory and
practice. This structure, according to the rigorous wave
theory. should have a maximum attenuation of approximately
12 db per width unit of length. The observed attenuation peak
has half of this value, and 1s broader than the computed
maximum. This Is a case where the theoretical design uses a
critical set of values which are not realized because of
practliceal tolerances.

Commercial Mufflers. Prefabricated circular ducts with
absorbent linings, usually constructed with heavy asteel shells,
are avallablc commercially under the generic term "mufflers.,"
Other atructures commercially designated as mufflers including
resonators as well as absorbent linings, wjll not be discussed
here. The measured attenuation for several commercial mufflers
(Maxim and Industrial Sound Control Prcducts) is shown in
Filg. 12.2.9. Physical data and dimensions for these mufflers
are shown in Table 12.2.2.

Duct with Resonant Lining. The attenuation for a selected
band of lower frequencies can be greatly increased by the use
of a llning which resonates (has a purely resicstive impedance)
at the center of that band. This is considered in detail in
Sec, 12.7.

Attenuation in Smooth Pipes. Even iIf the absorbent
lining were rcmoved from a duct so that the structure could
be considered a smooth pipe, some souand attenunation would
remain. This attenuation results from viscous drag of the air
at the walls, and from heat loss to the walls. Ordinarily
the attenuactlon resulting from these mechanisms is smaller by
orders of magnitude than that in a2 lined duct and is therefore
neglected 1in duct calculations. Attenuation in smooth pilpes
18 discussed briefly in Sec. 12.15,

Effects of Nonrigid Side Wails. The discussion in this
section has assumed that the duct enclosure is formed by

Figure 12.2.9

Attenuation as a function of frequency (in octave~bands) for
the commercial mufflers of Table 12.2.2.
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TABLE 12.2.1
INFORMATION ON DUCTS FOR WHICH ATTENUATIGH IS GIVEN IN FI3. 12.2.5, ¥INI-
MUM LENGTHS, 10 FT, MICRCPHONE PLACED AT 2 FT INTERVALS FOR ATTENUATION
MEASUREMENTS

Duct

Dimensions of
open areas, ft 3.38x12

Number of
sides lined

Lining thick-
ness, inches 16

Lining
material¥ 2.5{PF 6#PF _3#PF 3. 5ifPF

Depth of Ailr
space behind
lining, inches

Frequency

bands for moca-

surement 1/3 oc- octave octave octave
tave

Jet Reciprocating engine
Sound source engine

3
# Linings of PF Fiberglas, figures give density in 1b/ft .
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TABLE 12.2.2
INFORMATION ON COMMERCIAL MUFFLERS FOR WHICH ATTENUATION IS GIVEN IN
FIG. 12.2.9, ALL LENCTHS 15 FT OR GREATER

Muffler A

Inside

diameter,

inches 6
3

Lining

thickness, (a) 2

inches 5 i
. 5.3 (b) 4 in.

Lining
Lining | Copper (a) Monoblock
¥ool (b) Ju-305 PF
blanket

Air space

behind

lining,

inches 13

(a) layer next to air stream

(b) layer between a and shell
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acoustically rigid, impervious walis. This assumption 1s
reagonable for concrete or masonry ducts and usually for
metal or wooden ducts with heavy walls. The assumpbion is
not valid for the lower frequencies (several hundred cycles
per second and lower), however, in the case of light sheet
metal ducts used in ventilatlon systems. Evidence of the
effects of nonrigid walls is found in Sabine's measurements
2.1, 2.2/. Nonrigid walls cause the low-frequency attenua-
tlon to exceed calculated values. The amcunt of this effect
cannot be estimated accurately except on the basis of
experience with fuil -scale structures. Furtherimore, ronrigid
walls radiate scund. In a case where large attenuation 1s
required, side-wall radiation from a light structure may
constitute an acoustic leak great enough to negate the
attenuation in the duct. The amount of sound transmitted
throngh the durt wallz may be estimated using Secs. 11.2 and
11.5.

Summary of Design Methods for Lined Ducts. The tabular
summary below shows the applicabllity of the various deslgn
equations and charts which have been presented in thls sec-
tion and will facilitate reference to them. The statements
as to restrictions on the uses of the various relations are
greatly simplified for compactness in this listing. DMNore
accurate statements of the valldity conditlions have been
given in the previous discussion of the individual relations.

The symbols 1listed and defined below are conslstent
with the usage in the preccding parts of this section.
A wavelength of sound in open air
% acoustic admittance ratio of the lining
M real part of
& chamber absorption coefficlent
CX“normal free-wave absorptlon coefficient
tnickness of lining
passage area divided by passage perimeter
nurrowest passage width
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Design Methods for low frequencies - A >.Qx

I. Relations where lining 1s described by admittance
or absorption data

Nature of Data
on Lining Ma- Further
terial Use Equation Restrictions

n known 12.2.3 Inl << 1

4L known 12,2.5 nl €< 1,
and t << L

dnknown 12.2.6 Int << 1,
and t << L

A& known 12.2.6a t <<
If duet nearly square,
results useful for A
as small as one-third
of greatest width.

II. Relations where lining 1s a porous layer of known
flow resistance

12.2.12 or low- t ¢ A/10 and other

frequency segments restrictions; range

of Figs. 12.2.2-6 indicated in Figs.
12.2.2-6

12.2.16 or middle- 2y, < A48t

frequency segments
of Figs 12.2.2-6

B. High frequencles - {4 > A

12.2.24 or high- 4, several fimes A
frequency segments
of Flgs. 12.2.2-6

AT ~ 5 g A g T %3
e .
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C. General theoretical methods - all frequencies -
impedance data available for lining. Use method glven by
Morse 2.8, 2.9/ and discussed by Beranek 2.2/

D. Design from experimentally determined charts - all fre-
quencles - flow resistance of porous lining known very
approximately. Use Fig. 12.2.7, where applicable.

E. Design by scaling from specific cases, 1nciuding instances
with atr layer behind lining. Fiow resistance of materiais
must te known for scaling. Use ac1ling principles with Fig.
12.7 where these specific designs are applicable.

Note Added in Publication

Theory. Cremer 2.13/ has developed charts giving the attenua-
tion soefficient that would be found by solving Eq. (12.2.20)
by the rigorous wave theory. While these charts cannot be
applied to an arbitrary frequency {except in the frequency
ranges far below or above the attenuatlion peak), they have the
advantage of showing *n simple form, at certain frequencies,
the relation between lining impedance and attenuation. This
relation is not apparent in the more general charts of Morse.

The Cremer charts are shown in Filgs. 12.2.10-14, The
first and last of the series of five charts represent respec-
tively the low-frequency and hlgh-frequency cases correspondirg

PIGURE 12,2.10

This chart givos F§ as a function of ¢ end IS1/F. Fis a
froqueney parcmetar equal to 2 £/ NA, @is tho phaco angle
of tho normalizcd impedonce &  and 15l is the magnitude cf the
normzlizcd impodsnce; B is tho attonuation paramoter, defined
a8 1/27 times tho duet ettenustion in nepors per wavelength.
This chart is volid for low frogusncios.

*

Tty

o ~
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to Eq. (12.2.5) and (12.2.23). The first chart is more
general than Eq. (12.2.5) for low frequencies, however, as
the chart 1s correct for any lining impedance, whereas the
equation assumes a "hard"” lining. In the case of any imped-
ance value which 1s too large for the chart, the approximate
equation gives sufficient accuracy. In addition to the two
charts for low and high frequenciles, there are three charts
that apply when the wavelength of sound bears certain speci-
fled ratios to the pessage wldth. The Greéemer charts apply
to a duct with two opposlte walls linsd, or with cne wall
i1incd. Where the attenuation constants for two different
mcdes of propagation are nearly the same, the chart value i3
for the mode having the: lower attenuaticn, in order that the
attenuation wiil not be cverestimated. The use of the charts
1s illustrated bclow by a numerlical cxample. The symbols,
some ¢f which have been glven previously, are defined below,

N number of walls lired (cne or tweo)
freguency parameter, equal to
passag: width normal to lined
attenuation constant in db per unit length
normal impedance index of lining (reciprocal cf n)

phase angle of § in degrees, positive values
representing mass-like impedance

ﬁ attenuation parameter, equal to (1/2r) times attenua-
tion in nepers per wavelength

Suppose that it 13 desired to calculate the attenuation,
for various frequencles, for a duct having a passage width of

PIGME 12.2.11

Somo as Pige 12.2.10, but for a frequensy varanusts: 7 = 0.25.

i o ———

k23
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“Qx = 34 cm, 1lined on two sides. The calculation can be done

*- for low frequencies (say, ¥ < 0.1}, for high frequencies (say,
for F > 3), and for the frequencies representing F values of
0.25, 0.5, and 1.0. From the definition of F, these values
represent frequencies of 250, 500, and 1000 cps in the present
example. To proceed further, it 1s necessary to know the lin-
ing Impedance for frequencies at which the attenuation is to
be found. Thre values tabulated below wlll be used for

Frequency, cps 80 1000 3000
0.08 o, 1.0 3.0

F
\tl 9.0 . ) .3 1.2
6

#, degrees -79
#/13.2 ~6.0 -2.0 . .5
0.0222 0.184

2

er
(db in distance . 10.1 11.6 4.7 1.0

&X

Also shown in the tabulation are the values of the attenuation
in the form ﬁF or \3F9 as glven by the various charts, and
finally the attenuation values reduced to o R, (that 1s, db
in the distance L,). The relation bcuween 7 and TR, is

This relation follows direct

While cnly one frequency in the range of F > 3 is shown,
and only one in the range F C.1, calculations can be car-
ried cut 1n these ranges for any number of frequencies for

PIGURE 12.2.12
Same ag Fig. 12.2,10, but for a fregusncy paramoter 2 = 0.5
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which the lining impedance is known. The resultz for fre-
quencies near the peak are restricted to the frcquenciles
corresponding to the three intermediate charts.

Use of these charts 1s to be recommeinded whenever
duct attenuation is to be calculated on the basls of a known
lining impedance. While the results do not show in detail
the sharp attenuation veak which 1is shown by careful use of
the Morse charts, they do show the peak in sutticlent detail
for design work dealirg with wid2-vtand noilse, and in much
more detall than the charts in Figs. 12.2.2-5. The latter
charts, on the other hand, are simpler to use than the Cremer
charte in the cgecial case for which they are intended, where
the 1iining Is a pecrous blanket.

Difficulty in obtaining normal impedance data for the
lining will to some extent limit the use of the Cremer charts.
Normal impedance data for a few materizls are given in
Sec. 12.1. Normal lmpcdance for porous blankets may be calcu-
lated from Eq. (12.1.14) or, for long wavelengtns, from
Eq. (12.1.19).

In the Cremer charts, Figs. 12.2.10-14, the values of
lining impedance which give greatest attcnuation are evidenced
by inspection. Cremer 2.13/ gives the followling simple for-
mula for the cotimum lining impcdance index as a functicn of
frequency:

= 1.2 e‘°'71(2N.9x/A ) {(12.2.27)

&optimum

For a duct having the lining impedance versus frequency
characteristic given by this relation, the attenuation if one
wall were lined would be 19 db per distance Ax up to F = 0.3;
for higher frequencles the attenuation would bt (3.5 A/ .2,) db.
These flgures wculd be doubled if two sides were lined. R2ll
actual ducts, in which this idezl impedance behavior cannot

be perfeclly realized, will have an aitenuation versus fre-
quency characteristic which lies below the one given by the
preceding values.

FIGURE 12.2.13
Samo as Pig. 12.2.10, but Ffor a3 frogucncy parszater 2= 1
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12.6a The Resonator as a Free-Ficld Sound Absorber

The use of the resonator to attenuate sound in a
duct was considered In Sec. 12.6. Another use, that of
absorbing sound in rooms, is considered in the present sec-
tion. In this application, the behavior of a resonator
1 hest deacribed by giving 1ts zound ahsorptlion in sablns,
rather than by giving a pressure r2duction ratio.

The efiect of a resonator in a room, for frequencies
ncar the resonance, is simllar to that of a pabtch of highly
effictent sound absorbing material. The reduction of saud
pressurée in the recca 1s depcendent upon the position of the
abzorbing element, as pointed out in Sec. 12.1. Therefore,
thie sound aksorption cf a resonator can be stated only for
specifled positions in the room. Two idealized cases will
be considered, namely, (a) the resonator in open air (free
rield); (b) the resonator with 1its opciing in a plane wall
bounded by cp23n alr. The practlical situations represented
by a resonator necar the center of a room, or by a resonator
in a room wall, are approzimations to these ideallized cases.

The properties of a resonator as a sound absorber are
summarized briefly in the next paragraph. Following the
summary, a brief cerivation of the equations for the resonator
in free fiecld is given. In the remainder of iiie section, the
roles of the various parameters are considered in detalil, and
design procedures are developed.

Summary of TPropectics of ©
Absorber.

(1) Tune maximum absorption of a single resonator,
in sabins, is approximately A2,/U4w if the resonator is in
substantially free air, and is A2 _/or if the resonator open-
ing is in a large wall, where Ay Is the wavelength of scund,
in feet, at the frequency of resonance.

(2) The minimum @ (corresponding to maximum bandwidth)
whici. can be obtained in a practical resonator having maxi-
mum absorption of the amount indicated avbove is about 25 for
a resonator in free alr, or about 13 for a resonator having
its opening in a wall.

(3) The width of the frequency band in which the STAT
absorption is not less than half the value found at resonance
is equal to the frequency of resonance divided by Q.

263

P LMD e P oY Ay

- e - X

Copy Aprove?j fof Release @ 50-Yr 2014/04/02 :
CIA-RDP81-01043R004000070005-1




Declassified in Part - Sanitized Copy Approved for Release @ 50-Yr 2014/04/02 :

e .. - TF T

CIA-RDP81-01043R004000070005-1 |

e
.

@

(4#) wWhile the pbandwidth of the absorption can be
varied over wide 1limits by adjus:ing the size of the resonator
and the resistance materlal placed in thre aperture, the ab-
sorption for all {requencies decreases greatly as the band-
width ls incrcased, so that it 1s usually not proritable to
reduce the Q below the values given in (2) above.

A rescnator 1s, tnerefore, useful primarily when
relatively large sound absorption 1s required in a narrow
frequency band. The resonator has greaft practical value
particulariy for freguencies below about 200 cps, where 1t
1s often difficult tc obtain large absorption by other me-
thods. For cexample, & resonator (ov a group of resonators
not tou close to one another) can be used effectively to
reduce the 120 cps "hum" in a transformer room. A group of
resonators tuned to successively larger frequencles is some-
times used to gilve sound absorption in a wlder frequency

band.

Te Absorptlon Cross Section. A resonator placed in
a progressive planc wavc absorts energy at a rate proportional
to tnc intensity of the wave, The power absorbed by the re-
sonator can be expressed as the power which the undisturbed
plane wave would deliver 1n some effective area, C,,
perpendicular to the direction of wave travel. The quantity
o5 is the absorption cross section of the resonator; if
expressed 1n squarc feet, the absorption cross section becomes
the absorption in sabins. The absorption cross section at
resonance will be denoted by 6,,. (The subscript zero with
any quantity will always reter €0 the resonance condition.)

For purposes of analysls, the resonator is assumed
to have the spherical shape shown in Fig. 12.6a.1, where the
symbols for the dimensions are also shown. In all practical
designs, the resorator is small compared to the wavelength
of sound abt resonance, Ag. Therelfore, diffraction effects
may be neglected, to a fgrst approximatlion, and the rms
acoustic pressure at the opening is equal to Py, the rms
pressure in the incominyg plane wave. If the resonator 1s
mounted in a wall, the pressure at the opening becomes 2P,
beczuse of reflection at the wall. Both of these situati8ns
will be covered by writing the driving pressure as < 2> E.
Throughout this section, a quantity cnclcsed in broken
Prackets 1s UnGerstood o Jpply ohly wWhen tne resonacor is
mounited in a wall, and 1s to ve rerlfaced by unity iIf The
Tésconator 1s in free air.
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in the analysis.
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Let Z be the acoustic impedance at the resonator open-
ing, and let R be the real part of Z. The aperture resis-
tance R ls the sum of two quantities, Ry, the resistance
representing losses wilthin the resonator and at the opening,
and Rj, the resistance associated with re-radiation of sound
by the moving air in the aperture. The volume velocity in
the opening is <272,/ |2Z]) . The power dissipated in the
resonator 15 Ry times the square of the volume velocity, or

{#> Py2 Ry/ {221 . By definition of the absorption cross
section, the power absorbed is also equal to GéPoe/pc, since
POQ/Hc is the intensity of the incldent wave. Thus, the
absorption cross section 1s

o, = Lh>pcR,/ 12°) . (12.6a.1)

It will be showm how Lhe absorptlon varies with frequency,
with the physical properties of the resonator, and with
sound pressure.

The maximum absorption of a given rescnator occurs at
the resonance frequency {5, where the resonator impedance 2
is simply equal to Ry + R.. The resonance absorption cross
section is therefore -

{}4)pcRy
—
(R1 + RP)

It is assumed that the circumference of the resonator aper-
ture 1s appreciably less than the vavelength of sound. This
makes 3t possible to approximate the radiation resistance
by R, = (22 pew/AZ2, where A is the wavelength. The
resonance-Irequency absorption cross section then becomes

<2 A2 (R,/R.)

o P
T (1 + Ri/Rr)

ao

(12.6a.2)

This functlon has a maximum value of {2) Aoe/uw vhen
(Ry/R.) = 1. A slight correction to this caleulation will
be introduced later.
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Variation of the Absorption Cross Section with
Freguency. The acoustic Ilmpedance of the aperture can be
expressed as

z = R[1 + ja(y - 1/7)] {12.6a.3)

where

£/t

2mwMl o/ R

R, + R

i r

acoustic mass of zir in the resonator
opening; see Eq. (12.6a.5).

Tt follows that, if the relatively slow variaticn of
R with frequency is neglected, the varlation of absorption
with frequency can be expressz2d in the form

o/ o =+ ¥y - 1,7)%171 (12.6a.4)

The bandwidth, defined as the frecuency range within which
o, is not less than ocne-half of U5, is given by BW = fo/Q.
The acoustic mass of the air in the resonator opening 1is
proportional to the "effective” length of the opening, equal
t. the wzll thickness t plus an "end correction” 8. This
ena correction 1s proportional to the radius of the aperture
and accour%s for the fact that some air not directly in the
resonator opening moves as if 1t were in the opening. For
a small opening in a large flat plate, the end correction

ig 8' =1.70 ro = 0.96 V' &, where A is the area of the
aperture. The value given for M in Scc. 12.6 is derived on
this vasis. In many cases b is somewhat different from &t;
typically, B = §/6' is avout 0.9. The acoustic mass may

be written as

1.70 pr
- 5 _ —— (f +0.59 (12.6a.5)

o}
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Methods for computing in certain special cases are given
at the nonclusion of this section. Tor present purposes, the
value B = 0.9 will be assumed.

The frequency of resonance, g, can be computed by the
procedure of Secc. 12.6; 1t may be expressed as:

s V2
= 0.666 (c/2ma) 2 T
Bt ¢.59 —

r

(12.62.6)

e}

Total Aperture Resistonce 2t Resonance. The internal
resistance of the resonator is the sum ol the frictional
resistance due to air flow within the aperture, the resis-
tance due to air Tlow over Lhe surfaces at the ends of the
aperture, and the acoustlc resistance due Lo any cloth or
ser2en which may be placed in the aperture. The values of
the first two contributions are approximately b6a.l/

Frictional acoustic
registance within aperture EtRc/Aro

Frictlional acoustic
resistance of end surfaces HRS/A

1172
where Rg [rupL]™

|

Here s and p are respectively the viscosity and density of
alr, as in Sec. 12.6. The acoustlic resistance due to the
cloth or screen will be described by introducing the para-
meter

|

€=1+1£'—
S

where R!' is the flow resistance in rayls* of the cloth or
screen.

% The flow roolotenco R' must not bo confucod with the othor ncouctic
rocict-ncos cnd impsdancos. By dofinition, acoustic impcdance is
mocdnce in reyle, divided by apsriure aroa.
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The total internal acoustic resistance (that is, the
resistance other than that due to radiation) is then
expressible as

3 (12.6a.7)

R, = ImS/A [€ + o.5r—o-

i

Except for the introductlon of a resistance due to a screen
or cloth, this is equivalent to Eq. (12.6a) in Sec. 12.6.

The acoustic resistance due to radlation will be
expressed by the approximate relatlion

R, = < 27 pcv/)\a

as already noted. In order to incorporate this resistance

in a fashion which is convenient for the final design for-
mulas, it 1s necessary to define two dimensionless paramecters,
h and C, as follows:

(B +0.59 7)°
h = G (12.6a.8)
€ + 0.5 T
(o]

5,
C:= (koa)'6 (RP/Ri) (12.6a.9)

Here k_ denotes Qm/ko, or 2m fo/c. The latter parameter
is givén by

C = 0.316 <22 hpe/Ry (12.6a.10)

as may be shown by ccmbining Egs. (12.6a,b)} through (12.62.9)
Therefore the total resistance R = Ry + Ry can be expressed
as

(llRS/A)( € + 0.5 TE“) (1 + (koa)6 cl (12.6a.11)
O
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It is useful to notice that if no cloth or screen 1s used,
G 1is equal to unity, and if also (t/ro) << 1, then also
h is approximately equal to unity.

Resonator Formulas in Terms of Generailzed farameters.
The baslc resconator formulae. when expressed in terms of
the dimensionless parameters (koa) = 2rfy/c, are suitable as
a basls for orderly design work or for the construction of
general design charts. The rclations below, wnich give the
absorption cross section, the Q, and the reverberatlon time
of the resonatcr, are particularly useful.

The absorption cross section ai resonance is

<2> 2 u(koa)6 CF
L (1 + (koa)6 c]?

1 +-% (koa)2 (Resonator in space)
(12.
(Resonator in wall)

The correction factor F, which 1s of the order of 1.2
practical rescnator 1in space, is obtained by detailed
theory analysis of the spherical resonator.
The generalized expression for the & 1s obtained
combining She expressions for fg and M to glve
o PRTP I ; 2
emnf = O.aho&zrlo) p/a(koa)

and by combining the expressions for R, £y, and C to

N

clfl + (koa)6C]

2
R = €27 [0.0793 g/ (xoa)

Thus, the @, which 1s equal to 2anO/R, is glven by
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(12.6a.14)
1+ (koa)bc

The reverberation time (the time for the power re-radlated
by the resonator to decrcase by 60 db after the external
signal ceases) 1s equal to 2.19 Q/fo. Therefore, the re-
verberation time 1s

1 (koa)JC

T = 6'65 —_——
@ T, 1y (koa)sg

Optimum Design Values. Uhen values are assigned to
two of the three auaniities fg (frecuency of resonance), h
(hole parameter), and V (cavity volume), there then exists
an optimum value for the remaining parameter such that the
resonance absorption cross section O,, will be as large as
possible. For the resonator 1n space, this maximum possible
value of 0,4 for any given set of conditions usually lies
between Ao 70T and 1.5 (Ao2/lw). These limits correspond to
values of F between 1.0 and 1.5. The calculation of optimum
values where o and the hole parameter h have already been
chosen will be considered here. The value of n is dependent
upcn choices of t/ro and € , the latter quantity oeing an
index of the amount of flow resistance introduced by a
cloth or screen. The problein is then one of finding the
optimum value of the spherical cavity radius, aj, for which

the absorption cross section is maximum. (The subscript 1
will refer to an optimum value.) The required value of the

aperture radlus, rgp 1s also easily found.

Since the frequency is given, the quantity C 1s a
constant. From Eq. (12.6a.12) it is found that gSe maximum
absorption cross sectlon i3 obtained when (koay)®C =1, or

_ 1.08
( ¢(2) gen)

ko2 175 [uvppfoll/le (12.6a.16)

Yhen numerical values for room temperature are inserted,.
the optimum sphere radius 1s
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= 1080 fo'lL/lg h'l/scm (resonator 1in space)

963 fo'll/lz h—1/6cm (resonator in wall)

(12.6a.17)

a cavity having the cptimum radius aj, the absorption,
@, and the reverberation time are glven by the relatlon3s
where the numerical forms are for room temperature

S 3%%S.

o, = (A, 2/4T)F (12.6a.18)
a, = 0.85(npe)/2/L(mupr ) VE) ] = 189 /F/ (0, %r27)
(12.6a.19)

= 1.87(hpc)1/2/(wup)l/“ro5/”<¢§'>=415qﬁi/(fo5/“<f§>)
(12.6a.20)

Sometimes, when the optlmum value of a has been ottained,
r is desirable to be able to calculate directly the change
s the above quantities which wlll result from changing to a
on-optimum value for a. For this purpose, the equations
an be rewritten in the normalized rorms

6
Sa M (12.6a.21)
Sa1 (1 +B)

(12.6a.22)

where B = a/a;

- R - N e e

RS sEes = = e 5 i
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Almost all calculationa necessary to evaluate the
optimum resonator design, for given resonance fregnuency
and hole parameter, can be performed using the charts of
Figs. 12.6a.2-7. For those calculations which involve B8,
the value g8 = 0.9 has been used in constructing the charts.
Room temperature values of the alr constants have been used,
and where the relations for resonator-in-space differ from
those for resonator-in-wall, the charts apply to the in-space
case. The use of the charts 1s explalned velow.

Procedure for Cptimun. Design Calculation. It 1is assumed
that Lhe resonance frcquency and Li:e hole constants (the
ratio t/ro and the f{low resistance of the cloth or screen in
the aperture) are known, and an optimun design 1s desired.
Alternatively, if the value of the hole parameter h is known,
the first step in the calculation 1is reversed, and possible
values of t/ro and of flow resistance are found which will
permit the desired h value to be realized. The calculations
may be made in the order shown below.

1. Cocmpute h, from known values of t/ro and of flow

resistance R', from Eq ’12.6a.8) or from Fig. 12.6a.2.
The chart assumes p = 0.9.

Compute the optimun cavity radius, aj, from
Eq. (12.52.17) or from Fig. 12.6a.3." (For resonator-
in-wall, multiply result from chart by -1 6 = 0.890)

Compute kgay = orfyay/c, or obtain this quantity
from Fig. 12.6a.4.

Compute ro/a (and hence ro) from Eq. (12.6a.6) or
obtain this value frem Fig. 12.6a.t. The chart
assumes g = 0.9.

Compute F from Eq. (12.6a.13).

Compute the maximun absorptlion cross section,

oy = 42> F A 2/bT

Compute Q3 from Eq. (12.6a.19), or from

Fig. 12.6a.5. The pandwidth in which the absorption
eross section is at least 9p1/2 is BW = £/ -

(If the resonator is in wall, multiply result from
chart by 1/ v2.)

CIA-RDP81-01043R004000070005-1 D S0 T 201508 02



Declassified in Part - Sanitized Copy Approved for Release @ 50-Yr 2014/04/02 :
CIA-RDP81-01043R004000070005-1

Ty e——— = e re—————

|

/f

/

1.

/)

’
!

¥,

CJ 7

'

r 14
L
h

Y

//

e immm e e e ambn. int

= -, - e e e
- e P e T e =

Declassified in Part - Sanitized Copy Approved for Release @ 50-Yr 2014/04/02
CIA-RDP81-01043R004000070005-1

AT e R e




Declassified in Part - Sanitized Copy A
CIA-RDP81-01043R004000070005I-3¥ pproved for Release @ 50-Yr 2014/04/02 :

s eeis

o eemeemanan}

Ir desired, obtain the reverberation time Ty from
Eq.(12.6a.20) or from Fig. 12.6a.6. (If resonator
is in wall, multiply result from chart by 1/ Y 2.)

If it is desired finally to explore the efrect of
changing to a cavity radius a other than the
optimum value aj, consvlt Egs. (12.6a.21,22) or
Fig. 12.6a.7. (Nob vallid if resonator operatlion
is in the nonlinear orifice resistance range, See
Sec. 12.6 and the later discussion in this section;

Eq. (12.6a.31) gives the non- linear resistance.)

Seleclion of Efficilen® Desipgn. The calculation pro-
cedure outlined above shows how to obtaln an optimum set
of related values, once the resonance frequency and the
hcle parameter avre specified. Some further consideration
must be given to indicate on what basis the designer can
make the original cholce of the hole parameter h, and to
show certain other practical aspects of the design problem.

1. The smaller values of h correspond to resonators
having relatively large volume, but relatively low Q and
hence relatively large bandwidth. Conversely, the larger
values of h correspond to small-volume, high-Q, narrow-
band resonators.

2, Small h is ottained by use of a short-neck
aperature (t/ro <X 1) in which a cloth or screen has been
introduced to Cncrease the resistance (€ >1); larger
values of h are obtained with apertures having longer necks,
with no added resistance.

The basic equations are not applicable unless the
radius of the aperture 1s appreciably 1less than the radius
nf the cavity. In practice, it 1s considered that rp/a
should not exceed 0.3. AL any gilven Trequency, unls
requirement indirectly determines the smailest value of h,

FPIGUIB 12.6a.2
Fho hole paramdtor, h, when tha flov rooictenco pavamater, c,ond
the rotio §/rp of apaTourd thiolkmnoos to rodius, & lnowm. The
chors roproconts Lqe 12.62.8) for tho caeo f = 0.9 From
Iﬂz&rd _6_;}_.___/ .
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and hence the smallest @, which can vbe obtainad. This 1is
because rg/a increases with increasing rcsonator volume, and
hence with decreasing h. (It will be shown that the Q can-
not be less than 25 for optimum-design resonators in space,
or less than 13 for the wall location, i1f the restriction on
(ro/a)ts observed

L. From the foregoing considerations, 1t follows that
efficient design (minimum volume used) for a resonator which
is to absorb sound of only one frequency is cbtain=d when
thie aperture (neck) length t is made several times the aper-
ture radius rg, and no additional resistance is added. This
design results 1in small volume, large @, and small bandwidth,
put the absorption obtained at rescnance, with an optlmum
combination of values, 1s always Roa/e? for the resonator 1n
a wall or of the order of 302 w for a resonator in space.

The greatest pcssible absorption in the greatest
possible bandwidth, for a single resonatcr, is obtained by
putting (L/ro << 1, and choosing the largest allowable
vclume, which corresponds to (ro/a) = 0,32. Opt'mum design
is then completed by finding the value of h for which the
resulting cavity radius aj is an optimun value, and selecting
a cloth or screen of suitable flow resistance to glve a value
of & which will result in this selected value of in.

The effect of using a cavity radius a other than
raluc which 1s optimum for a given f and h is to decrease
e absorption 6,5 at resonance and to increase the bandwldth,
in such a way that the prcduct GQO(BW)Z is constant.
Specifically, the relation 1is

5, (BN)Z = (U 2.8 VT /n (12.6a.23)

PICUER 12.63.3

ko optimm roddiuw, &y, for a cphordeal rccoantor cavigy viion the
frcouszey of rosomomes Py, cnd $ho hole parcmator h, are giren.

Thig ig for cir ab room teoporcturc ondy. For a rocomabor in spacs
this chare 1o tho zomo oo Ige (12.63.17). initiply mwoult by 0.590
if rocomstor opcaing is in or vory noar tho walle From Ingard 6n.&/.
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i}cre G,o 18 in rt2 (scbing), and BY and f, are in cps.
Mnis relation may be obtained by comtining Eqs. (12.6a.12},
(12.6a.14), and {12.¢a.10). For optlmum design, O, 18
equal to O3, or F Ao2/Mr, and for other designs Ogq is
less than that value.

7. From Eq. (12.7a.23) or from the bvasic eguations,
1t follows that the optimum design (the design which maxi-
mizes absorption fer a glven h) represents tre maximum
nossible @ Tor & glven h.

8. By further inverpretation of Eq. (12.62.23), it

15 found that a departure from the cptimum design, for a
glven h, rcduces the absorption not only at resonance but
at all frequencles, even though the @ 18 decreased. VYor
this reason, it is preferable to use opftimum combinations
ot values cxcept in unusual circumstances where a low Q 1s
_absolutely necessary and greatly reduced absorption can be
F:cepted (or in cases where nonlinear effects necessltate
1 “peduced @, as will be shown later).

The cavity need not be gpherical, but can have any
shape for which the volume is equal to 4wal/3, and which
presents a sharp change of cross section at the aperture.
Similarly, the aperture can be square rather than circular,
if the same area is maintalned.

10. The analysis does not conslider interactions be-
tween adjacent resonators tuned to the same frequency, and
_applies only when the separatlion between individual
7% sonators tuned to the same frequency 1s Ay/2 or more.

FIGURE 12.6c.4%

L2lntion botison tho raconcnco frcquency ond hio rocomator dmoa-

gicau, for air cb reen bLoporadurc. Tno brulica linss givs tho

SCCOnTHSS froeueney Po, 3B CRSG, &5 O function of ke, for varicus
Jun £ covity rediuv Ti 1id c 4 SRTOE0oH

voluss of covity redius a. T colid curves, uirdch reprosont

Ta. (12.65.6) for the casze § = 0.9, rolste rofa to kea for various

voluas of tfves 4psvburs thiclmoss, t; eporsure rodius, ros

k,= 2T fc; ¢ i3 tho spcad of covad. TFren Ingard 63.3/.
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The case of a large area continuously covered oy resonators
tuned to the same frequency 18 treated 1n Sec. 12.1, under
the toplc of perforated facings for acoustical materials.

11. Adjacent resonators can be considercd non-interacting
when the difference in the resonance frequencies 1s g.eater
than either of the bandwidths. Vhen this restrictlion 1s ob-
scrved, the analysis applies to banks of adjacent resonators
which are "stagger-tuned" to cover a wide band of frequencies.

12. When short-neck resonators are uscd 1in an optimum
design, as is necessary to secure large bandwidth, the band-
width is proportional to the resonator volume. Therefore,
tile volume occupled by a "stagger-tuned" array for a given
frequency band 1s a constant fer cptimum design, no matter
whether, say, n resoni:tors are veed with one set of Q values,
of 2n rescnaters are used with individual Q's twice as large.

Simplified Design for Short-Neck Resonators. It is
evident from the preceding list of design considerations tha
resonators intended for largs bandwidths represent a speclal
case in which the neck is very short, or t/ro = 0. The
design procedure can be greatly shortened for this conditlion.
The simpliried relations for the short-reck resonator are
given below, wlth numerical coefficients given for the case
of rocm temperature alr and B = 0.9. These relations
represent optimum-design combinations; that is, combinaticns
which represent maximum possible rescnance av ption and
maximum possibla @ for a glven resonator opening at a given
frequency.

The optimum volume, in terms of the optimum @ and the
frequency of resonance, 1s

.
v, =3:53 x 10 (12.6a.24)

1 2y 1,

PIZURE 12.6a.5

Tho @ volus; @y, obiained in é&n optioum roconttor dociga winca tho
freguesiey of rocenines ia cps, Fos end tho iele paraiiier, h, aro
glven,  Poprescots Eq. (12.83.19) for cir et roen tcmporeturd.

Proa Ingard 63.1/. STAT
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lere V1 1s in £t3, and £, in cps. This relation is derived
by combining Egs. (22.6a.17) and (12.64.19). Tne required
aperture radius is

(12.6a.25)

where rg is in inches, [, i8 in ecps, and Vy 1s 1in ft3.
relation follows from Eq. (12.62.6). Using Eq. (i2.6a.24j,
the radius (in inches) can also be expressed as

r, = 6.70 x 103/r.0, <2 ' (12.6a.26)

While the value of h, the hole parameter, is not
required for the prasent calculations, 1% 1is helpful to be
able to compute this gquantity in order to refer back to the
more extensive design charts. From Eq. (12.6a.19), the
value of h for the present special conditions 1is

n =<2)2.82 x 1072 VT, Q.2

Qy {(12.6a.27)

tshere fo is in cps.

The required flow resistance of the screen of cloth
in the aperture is found by combining (12.63.27) with
(12.62.8), and making use of the definitior of € . The
required added flow resistance in rayls 1is given by

R =<1_Z;__j -(3.26 x 1073) VT, (12.62.28)
« «

The maximum allowable volume fcr a resonator repre-
senting an optimum combination of value 1s=t by the condi-
tion (rg/a;) 4 0.3. The value of this maximuf allowable
volume is found by writing Eq. (12.6a.25) in the form of a
relation between ry and aj;; impesing the required

PIGURE 12.63.6

Tho rovorboradicn tine  in sccomds, T3, obteincd in ca optimum
roconntor dasipon whon the frequsncy of resennncs in eps, F,, and
tho helo poeromstor, h, eve glvea. This roproceats Eq. (12.62.20)
for oir ot voca tcapercturo. Proa Ingard 63:1/.

282

CIA-RDP81-01043R004000070005-1



Declassified in Part - Sanitized Copy Approved for Release @ 50-Yr 2014/04/02 :
CIA-RDP81-01043R004000070005-1

e

R — —————

777

~

pd

1,4

e

SV
7

-7

G

17

e
A

&

Ay

e e =

o O e .,‘éﬁzmﬂfwmuﬁu—r_ i

Declassified in Part - Sanitized Copy Approved for Release @ 50-Yr 2014/04/02 -
CIA-RDP81-01043R004000070005-1




Declassified in Part - Sanitized Copy Approved for Release @ 50-Yr 2014/04/02 :
CIA-RDP81-01043R004000070005-1

LT e v_;- --_-r——:r ':L‘-r.—r.—o .\-—'-’_r_vg' e " S

Declassmed |n Part Sanihzed Copy Aproved for Release @ _50 Yr 2014/04/02 :
CIA-RDP81-01043R004000070005-1




Declassified in Part - Sanitized Copy Approved for Release @ 50-Yr 2014/04/02 :
CIA-RDP81-01043R004000070005-1

conditions, and then finding the volume from the resulting
value for aj. The resulting restriction on the volume is

6
v < _];.llX].O

)

3 (12.6a.29)

The minimum O which can be obtained with optimum deaign
conditlons is obtained in a recsonator of maximum volume, and
1s found by combining (12.6a.29) and (12.6a.24). 'This mini-
mum value of Q) is approxlmately 25/ {2?. Correspondingly,
the mipimum reverberation time in optimum designs 1s approxi
mately

Ty min = 55/ 42> £, sec. (12.6a.30)

Finally, the procedure for obtaining the optimum deslign
of short-neck resonators can be summerized as follows:
decide upon the cesired resonance frequency. Then chouse a
resonator volume not exceeding the limit given by Eq.(12.6a.29)
or choose a Q not less than 25/'<2) .  The remalning design
quantities can then be found directly from the preceding
equations if the resonator operates in air at room temperature.

The numerical coefficients, and the limiting values of
the volume and the Q, will be different if other values of
the density and the viscosity of the gas are used, and it will
be necessary in that event to go to the basic equations given
previcusly in this sectlon.

PIGRS 12.60.7

Tha rolativo cffceto vnea tha rocontace cboorpiicn ereso ccotion,
O%os h3 Toverboretica tiul, T, cnd tho @, wacn o dcpardurc is
poéo £ren optiramy rogomctor dogign. It io ascumcd that the
rocontace freqroney £o cnd tho holo poramsior h robodn tho woluco
for uaich tho opbimcva cavity radtus gy erplica, buh, that tho cevidy
roddus has Losm chagod avbitsorlly fTom gy Yo somo value g, cnd &
corrocpoading chongo nado in tho epordturs rodius. Proa Incard &a)f e
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Effects of Non-lincarity. The internal resistance of
the resonator inciudes a non-linear contribution which be-
ccomes important when the resonator 1s exposed to large
incident sound pressures, as vas found in Sec. i2.6 in
connection with the design of a resonator attached to a duct.
The effect of non-linearity may become significant when the
SPL of the incident signal exceeds 80 to 90 db, but in
large, low-frequency rescnators this threshold may be much
higher. The effect of the non-linear resistance i3 to de-
crease the resonance ahsorption and the @ of the system.

To include the non-linear resistance in the basie gquations
would lead to results so cumbersome as not to be highly
useful. Therefore, onliy gspecial aspects of the problem
will be considered.

In the general case, the non-linear resistance depends
upon Lhe oriflce thickness, the particle velocity, and the
particle displacement. The effect of frequency 1is
apparently not great, but this question has not been ex-
plored extensively. Non-linear resistance data are experi-
mental, because no general theory has been given yet. For
the present pusposes, an empirical relation 6a.1l/expressed
by Eq. (12.6a.31) will be used for the non-linear resistence.
This relaticn is. more accurate over a wide range of condi-
tions than the one used in Sec. 12.6, although both formulas
jead tc approximately the same value of sound pressure at
which the response of the resonator is scriously aftected
by non-linear resistance. Only the effect of particle velo-
city is showm, since this is the variable of major importance
in the non-linear reslstance unless the particle displace-~
ment amplitude exceeds the oriflice thickness. The non-linear
acoustic resistance 1s

o v—————— S — e g
DU Aot et 2
—

Ul.T/A2.7 (12.6a.31)

- 1.36 x 107°

Ryr,

where U is the rms golume veloclity in cm3/sec and A is the
aperture area in cm-.

The effects cf the added resistance R} uponi the @ and
the peak absorption of a resonator designed to meet optimum
conditions in the absence of the non-linear resistance are
casily ecxpressed. Tne total resonatcr resistance 1s Ry + Rps;
in the optimum design, this i1s simply 2Rp. When non-linear
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effects are present, the total resistance 1s 2R, + Ryp.
Thus the Q, which iz inversely proporticnal to resistance,
is changed according to the relation

;
2R

“NL r (
= 12.6a.32)
i 2R, + Ry,

The effect upon the resonance-frequency abhsorption cross
sectlcn is found by inserting the appropriate resistance
values into (12.6a.2). It is convenient to express the re-
sult in terms of the change in the Q, by using (12.6a.32).
This leads to <he relation

Q
(2 - §§E ) (12.6a.33)

The sound pressure required to bring the Q down to
the value &y, will be calculated 1n the speclal case where
the resonator vepresents an optimum design combination
characterized by @) for small sound pressures. Because of
the cumbersome manner in which the nonlinear resistance
enters into the resonator equations, the procedure to oe
followed in this and other related calculations is to solve
tre non-linear reslstance expression for the volume veloclity,
and to work back from this to find the pressure. The pro-
cedure is shown in suffizient detail to suggest a general
method of approach. The volume veloclty is

U = (Ry, A% 7/1.36 x 1075/ T

The quantltiy ?§£ w11l be replaced by its value in terms of

g
Rp, from Eq. 6a.32), which is

R, = 2R [(-El
L

Y -
. ) - 1]

-
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The pressure 18 p = URgogay = U(2R, + RNL)’ which can be
cxpressed as

p = 2R (Q)/Q )V

Phe radiatlon resistance 18 Rp = (22 2wpr02/c. When this
sequence of caiculations is cuoisbined and expreased in
nuncrical values for alr at room tempcrature, the result 1is

i Q, .2
p=3.0(6.8 x 10’6)(1'01‘0)3'2 Ql— '§l~ - 1)0‘59 rms dyne/cm2
NL NL

(12.6a.34)

where ro is the aperture radius in inches. For example, 1if
a resonator 1& designed for optimun small-signal operation
in open space at 55 cps, with an aperture radius of 4.7
inches, Eq. (12.6a.3&§ indicates that the pressure which
will reduce the Q to Qy/2 1is approximately 600 dyne/cmz,
corresponding to a sound pressure level of 130 db (re 0.0002
dyne/cm2) . Furthermore, according to (12.6a.33), the
resonance absorption 18 seduced to 0.75 of the small-signal
value.

The non-liinear behavior of a
orifice may L€ dirfferent from that of the orifice 1itself,
and may beccme important at smaller sound pressures. For
+his reason, the regult zbove 1s mosn accurate when the orl-
fice contalns no additional resistive material.

Another speclal non-linear »esonator problem which can
pe treated easily is a8 follows: gilven the sound pressure
ievel at which a resonator with no added resistance material

s to represent an optimum design, find the effective value
of € (which now represents the added resistance due to
non-linearity rather than that due to cloth or screen), SO
that the optimum deslgn can pe computed with the charts
alveady given. This problem can be solved by a procedure
similar to the one used in the preceding case, but the
resulting equatlions are much less convenlent for direct
calculation. Therefcre the rzaulic are expressed in chart
form, in Fig. 12.6a.8. The results shown apply tc a
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frequency of 220 cD3, but are sufficicntly accurate for all
audlo frequencies Lelow 500 cps. Experience in the use of
thig chart will show that the rescnator volume for optimum
aesign increases with increasing sound pressure, SO that
there is always some sound pressure level sbove which an
optimum design 13 not practical.

The non-linear resistance 18 less important in relation
to the other resistances and causes less reduction in absorp-
tion, in those resonators which are desligned for broad-band
operation. Those are the maximum-volume, large-aperture
resonators. Therefore, when the sound pressurc 1s so large
that an optimwa design 1s impossible, the greatest absorp-
tion possible under the circumstances is ovtained by using
a short-neck rescnater of maximum allowatle volume. The
absorption under these conditions can be calculated by mak-
ing successlve apnroximations anti1l a value of volume velo-
city is rfound which is consistent both with the driving
pressure and with the non-linear resistance wnich was
assumed in arriving at the volume velocity.

The driving pressure, D, 1s equal to Lwice the incident-
wave prescure in the case of the resonator in a large wall.

All reiations derived for non-linear effects in this
discussion have applied to frequencies in the vicinity of
resonance. The non-linear effcet is much less important at
frequencies outside the normal bandwidth reglon.

The End-Correction Factor in Special Cases. Ynhe value
of the end-covrrection factor § has been computed for a
number of cases in which the aperture and the cavity cross
section have simple shapes 6a.1/. The total value of
for a given aperture is the sum of the values for its two
ends. The value f for onc end of the aperture 1is given
by the relation

g =0.5 - 0.625 §

e

(e £0.4) (12.6a.35)

where the variable & 1s defined for the following cases: STAT
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Concentric circular hole of radius ¥, opening
into circular tube of radius R, &= ro/R.

Concentric circular hole of radius ro opening
into square tube of side 2a, ¢ = ry/a.

Concentric square hole of side 2a) opening into
square tupbe of side 2a, £ = a,/a.

Circular or square nole cpening in large plane
wall, & = O.

Tor cxample, for 2 circular hole of radius 3 in. whlech
opens on one sjide in a large wall and on the sther side into
a concentric circular tube of radius 1C in.,

Q=[0.5—0.625(0)] + [0.5-0.625(3/10)) = 0.5 + 0.31 = 0.81

Tenrverature Effects. The temperature coefficient of
the irequency ol Tesonance is equal to that of the speed of
gound. Thus, o 18 propcrtional to the square root of the
absolute temperature; SO that under ordlnary conditiona
the frequency of resonance lncreases approximately one per-
cent for a temperature increase of 100F. It is easily
possible to design a resonator having sufficiently nigh §
(50 or more) that a ore percent Irequency change will reduce
the abgorption at constant frequency to one-half. Thus 1t
is desirable to design for the smallest optimu-design Q
when a single resonator must absorb a constant frequency

FIGU?:‘J 1263 8

T cffcet of nonliray rcaictenes in o opbir=nds3iin roconstor,
fop olr ob rocn hooperaturd. Taluge org derived for 270 ¢ps, but
coy bo vetd for cuilo froguczeico balcy 500 cude it 10 coou=zd
th-g ro cxhra ficy rocisteneo ole=iid koo BSC2 aci~d %o tho opid=
turd.  To uco the chaTd, dssornira tho cxmoched ravod prosceRd
joval c=d tho capocted zotlo $/r, of cporiurs entelmsco to opoT=
Lurs goddus, oot thin 2ind tho reclctonce-inescacd parc=otor

fpe 4hs chord. Cozploto on optizun rocemater droizn co Zor ol
olr2nio, with thio voluo Of « o6 & sotTeiad pointe  Tmv optios
dccirn norforTonco 31 thea bo penddoscd watd tho roooanbor 1o
orpocsd o tho couvnd precoweo lovol oricinally ascu=td, rathor
e wndor coolleodgnol coxildions. Frea Ingard 6301/
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under conditions of fluctuating temperature. This aifrfi-
culty is not pronounced in the case of 2 stagger-tuncd

array of resonators, since a1l frequencies of resonance

are affected by the same factor when tne temperature cnanges.

gractlcal Tuning of Rescnators. The approximations
made 1In calculating the Trequency of resonance, or tolerances
in construction, may result in serious mistuning of a high-
o resonator whlch 1s intended to operate at a spec:ific
freqguency. The most rcliable solution to the tuning pro-
blem is to adjust the resonator Lo the proper frequency after

The adjustment may be perfurmed by varying

the opening. &n indication
a sound level

meter connec ed outside
the resonator next to the resonator opening. \inen the
resonator 1is exposed to constant intensity sound of the fre-
quency that one wishes to absorb, the resonatoris tuned by
ad justing the resonator variable for a minimum scund level
meter reading cempared to the initial sound pressure level.

o

Another source of tuning error 1is the non-linear
contributicn o the accusbic mass, which becomes important
at high signal levels. This non-linear effect is generally
less important than the non-linear resistance and hence has
not teen conziderad in the analysis, Provision for tuning
adjustment 18 particularly desirable %o compensate for this
effect where strong signals are expected.

N

Significance of Reverberation Time. When a rescnator 1s
used as a sound absorber in a room intended for listening to
music or speech, the reverceration time of the resonator
should be less than that of the rocm at the frequency of
resonance, in order to avold a 1ocalized "hold over" follow-
ing tranrsient signals. This requirement on the reververa-
tion time is ordinarily not difficult to satilsfy. TFor
example, stagger-tuned resonator arrays have pecn successfully
used to provice low-frequency absorption in small radlo
studios.

|
|
;
3
L
i
!
}

Numerical Examples OT Resonator Deslgn. As a first
exampie, 16 will be supposed that an optimum-design, wall-
mounted resonator 18 required to operate at 55 cps, with a
bandwidth of 2.2 cps.
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Since the & 18 relatively low (25), 1t will bve desir-
able to use the simplified design procedure for the short-
neck resonator. The design 1is possible, since a Q as low
as 13 can be obtained with a wall-mounted resonator.

spom Eq. (12.6a.24), the required volume is 4.2 £t3.

From Eq. (12.6a.25), the aperture radius 1s 2.44 in.

Frcm Eq. (12.62.28), the added flow resistance 8%
be 0.15 rayls.

The reverperation time 1s 2.19 Qr/fo’ or 1.0 sec.

TFrom Ea. (12.6a.3u), ¢he driving sound pressure at

ived is 110 dynes/cm? correspond-
g to a sound pressure of* 55 dynes/cmé in the wave
incident on the wall, 2 sound pressure 1evel of 1G5 dab.
This i1s also the incident sound pressure at which the
center-frequency absorption 1s reduced to 75 percent
of Lnhe smaii-signal valuc due UvO non-iinear operation
accerding to Eq. (12.6a.33).

The maximum small-signal absorption (Roe/ew) s 6L
azhins at 2 wavelengch of 20 f¢t.

As a second example, suppose that it 1is gesired toO
determine the dimensions of a short-neck resonator, with no
added resistance in the aperture, ¥ shall represent an
optimum design at 60 cps when used in spaceé where the inci-
dent SPL is 110 do. The initial step 1s to consult

Fig. 12.5a.8, according to which e = .9 urder the glvea
conditions. The remal g asteps are carried out according
to the "Procedure for O timum design calculation", glven
following Eq. (12.6a.22§.

From Fig. 12.6a.2, h = 0.18

From Fig. 12.6a.3, 24 = 3% cm.
From Fig. 12.6a.4, kja, = 0.39
Fig. 12.6a.h, ro/a = 0.29, so that v = 9.9 cm.

EgQ. (12.62.13), F = 1.34.
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The méximum abgorption cross section
13 1.35 7\02_/'4“— = 37 sabins.

Trom Fig. 12.6a.5, Q = 29.

Peferences for Sec. 12.6a

6a.l Ingard, Uno, "On thc Thcury and Design of
Acoustic Resonators" J. Acous. Soc. Am.

25 1037 (1953).
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12.9 Acoustical Shielding Properties of Wallg and Stru tures

A cumnon problem 18 that of using a wall or vullding
to obtain acoustic shielding from a noise source. This type
of sclution is of value when she noise source is movable or
where covering it completely with a muffling structure would
interfere witn the operation of the device. Tor example,
annoyance to nearby vesidences due to the nolse of large, out-
door pewer substation transtormers can scmetimes be reduced
by partially enclosing them by walls. Or engine run-ups in
alrports near residential areas can be made less annoying if
hanger strucbures are suitably placed to provide acoustical
shielding.

General Design Procedure. Data showing the nolase
reduction provided by walls have been reported by Fehr and
by Hayhurst §.1,9.27/. The chart presented by Fehr ig based
on the Fresnel diffracticn of a wave from a line source
parallel to an infinitely long edge. As a result of field
measurenents, scveral modifications to the Fehr formula have
been made. In additlon, several factors which Fehr has not
considercd but which enter into the practical acoustical pro-
blem such as a finlte wall, atmospheric turbulence and ground

attenuation are also discussed,

Figure 12.,9.1 shows the geomstrical situaticn telng
conasidered. The sound scurce 1is at a distance R on the ground
behind a wall or structure of helight H. At a distance D on
the other side of the wall, also on the ground 1s the point
where the sound level is to be calculated.

Gne caleunlates the parameter X given by

X = 2[R('\jl + (H/R)2~1) #D(V1 + (H/D)z-l)]/)\[l + (11/3)2],

For the common situation where D >7 R and R > H,

X = He/)\R (12.9.2)

where A 1
guency f
ing #ffe¢

s the wavelength of sound in air which for a Tre-
(in cps) is 1120/f ieet. As one expects, the shield-
t denends on freaquency. At low frequencies, the STAT

o)

235

CIA-RDP81-01043R004000070005-1



Declassified in Part - Sanitized Copy Approved for Release @ 50-Yr 2014/04/02 :
CIA-RQE81-01043ROO4000070005-1 =

diffraction around the obstacle leads to relatively high
sound levels at D while for high frequencles the "beaming"
tendency causes D to lle in an acoustic shadow zone.

Figure 12.9.2 glves the noise reductlon (NR) in decibels
for a glven value of X. The line is a plot of the equation

(KR) = 10 log 20X (12.9.3)

Factors Modifyinz Shielding Noise Rcduction. The value
of NR calculated from %g. (12.9.3) or Fig. 12.9.2 would
actually be measured if the source were on the ground, the
ground presented an infinitely high impedance and the atmos-
shere were a gquiescent; haomogeneous medium. As pointed out
in Sec. 12.8, the presence of wind and temperature gradients
in the atmosphere can lead to the deflectlon of sound upward
or dovmward. In the first case, there is an acoustical
shadow zone formed, while in the second, sownd energy
originally traveling upward 1is deflected down. For a quanti-
tative discuasion of these effects, the reader is referred
to the work of Ingard and Pridmore-Brown 9.3, 9,4/ and
Stevens and Bolt 9,5/. In the following sections, e cc..sider

SOUND l
SOURCE LISTENER

N

FiGUh! 12.9.1
Sketch chowing geeoatrical arranfclat congidercd. A cound
gource is os the ground £ a distenmce R bohind a chielding
211 or ciructurc of height H. The listener 13 cn the other
sids of ths w2ll or obstacle at o distonee D. For a thick
structure, D is ccasured froa the side neorest the couvnd cource.
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the mcdifications necessary to account for
1. the sound source not being on the ground
2. absorption by the ground
3. atmospheric turbulence
4, "flankinz" around the side of & structure

1. Consider the situation shown in Fig. 12.9.3
where a sound source 18 located some helght h above the
ground and at a distance R from a shielding wall or struc-
ture. Ray A shows the direct path from the source to the
obstacle. For very high frequencies, this ray also marks
the 2dge of the shadow zone. Any sound cnergy found below
Ray A on the receiving side of the shield must be there
because of diffraction, by virtue of the wave nature of
sound. For a certain frequency 91 the distance SO along
path B is longer than that along path A by A/2. The two
waves then destructively interfere, causing higher shleld-
ing than would otherwise be the case. For this to occur

- o/2 .
((H+m2+ RAIVZ - [(u-n)?+ V2

(12.9.4)

Vi

When the path length difference between the direct and re-
flected ray is one wavelength, there will be pressure doubl-
ing at point O. Consequently the sound pressure will be 6 db
higher and there will be a minimum in the shielding effect.
This second case will occur at a frequency Vg ziven by
Yo = 2¥). ¥hen (Hth) and (H - h)<<R, we find for V;

v, = cR/4Hn (12.9.5)

Y
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2, Now consider the effect of the avsorption of sound
due to the finite acoustic impedance of the ground. In the
abscnce of the shieid, sound would travel from the source to
the recelver wiih an attenuation due to inverse square spread-
ing (6 db per distance doubling) plus some additlional ground
attenuaticn. However, when an obstacle 1g present, the
sound which reaches the receiver has traveled over the obstacle
and so has suffered less ground attenuation. Therefore, a
meaanrement of the gound level with and without the obstacle
should show somewhat 1ess shielding than diffraction theory
(which assumes infinite ground impedance) would predict. Add-
ing the obstacle has introduceé shilelding but has prevented
the terrain attenuation from being as great as when the
ground was fully exposed.

o correct this effect, onc must know the ground
attenuation for the type of terrain involved (concrete, bare
carth, low or high grass, etc.). Then plot the attenuaticn
expected for the distance R + D as a function of frequency.

n the basis of this, estimate the expected terrain attenua-
tion considering the heignt of t {

¢ the total path lengt
shielding obatacle. Such a curve for the special case of high
grassy terraln is shown in Fig. 12.9.4. The estimate of the
percent of the terrain attenuaticn which should be taken
when a shizlding structure is in placc 1s, of course, some-
what arbitrary. However, it is important to make some
estimate of the effect in the frequency region where 1t 1is
important, even if the magnitude of the correction 1is
doubt:ful.

3. Next conslder the effect of atmosphere turbulence.
So far, it has been assumed that the alr 1is sti121l and that

FIGURS 12.9.2

lodcc rcduction (1) ia cécelbolo duo +o o shioc)ding ctructuro.
7o £ind tho chiolding for a wavolczobh A for givea valuoo of
R, H cnd D, ecleulebs X bF rg. (12.9.1) or (12.9.2) and rccd
the (2} fron this chovk. This voluo of (IR)mush be corrccbed
for the hoisht of tho soursa absvo tho ground,; %orroin ghtenua-
ticn and turhbulent senbiovring iv ©ho cyoocphara, co digcussed
4n the followlng cactions.
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there i3 no turbulence. TFor wind veloclties less than 5 mph,
this is approximately true aithough even in "still"air,

there i1s a turbulent layer of air about 100-300 ft thick at
the surface of the varth. Therefore, there will always be
some sound scattered down into the reglon bounded at the top
by Ray A of Fig. 12.9.3. Bub since the amrount of turbulence
incrcases with wind velocity, it 1s expected that the
scattering effect, and thus the deviatlon from the nolse
reduction predicted from Fig. 12.9.2 would incorase with wind
velocity. This effect should be relatlively independent of
wind direction as leong as the turbulence is roughly isotropic.

thite the amount of turbulent scattering 1s independent
cf wind direction, 1t must be remembered that except for the
case of a crosswind, the wind may create a shadow zone. The
presence of a shadow zone will, of course, modify the shield-
ing predlction. The reader 1s again referred to Refs. 9.3-
9.5.

B
= A

SHADOW
SOUND S
SOURCE ZONE

L SHIELDING
l STRUCTURE

FICGULS 12.9.3
Gror~bric GXustration of tho offcet of having ths courco ehove
ths grovnd. Froegumey=dopondent Indsviercaco offccts will bo
cboorezd cud Lo dho w0 posciblo patha frea tho cound cource to
tho shiolding GLEUCIUTS.
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Figure 12.9.5 shows approximzte corrections to the expected
nolse reducclon which were {ound from a sct of field measure-
ments. The curves glve the correction to be subtracted

rrom the predicted noise reduction to account for turbulent

scattering.

4. The last point, flznking around an obstacle due
to lts finite length, can best be i1llustrated by a set of
reasurements taken with a socund source loccated abt a peint
R = 56 £t and 50 ft from the edpe of a structure Lo rt high
and 200 ft deep. Flgure 12.9.6 shows measurements in four
frequency reglons. From these polar plots, 1{ can be seen
that the maxlmum shielding effect is nct obtained unless the
recelving point 1s on the 00 1ine, or directly opposite the
source. The U459 1ines show the geometric “shadow'. Near
this line, the shilelding 1s quite small compared to the
calculated (maximum) value. In general, a good idca 1s to
-ave the distance from Lhe sound source to the edge of the
shieid at least twilce the distance R, If the shield has
"..ings" such as to enclose the sound source on more than
one side, this precaution will, of course, be unnecessary.

Numerical Example. Consider the following case. He
wish to calculate the shielding at a distance of 400 ft of

a structure 40 ft high along the 00 line. There is a cross-
wind whose speed 18 10 mph, the ground 1s covered ny long
grass (this is the type of ground for which Fig. 12.9.4 was
drawn) and the sound source is 50 ft from the wall and well
back frem the edge of the structure. Table 12.9.1 shows

the calculations for octave bands (carried out for the
geometric mean frequency of the band limits). Then R = 50,
H = 40, D = 400 ft. Consider the sound source to be on the
ground.

wrom the approximate Eq. (12.9.2), one can see that
the shielding increases with frequency and wilth the wall
heignt, bubt decreases as the sound scurce is moved back
from the wall (R inereasing). The shielding also decrz=ases
as the 1istener moves back from the wall (D increasing).
Atmospheric turbulence and the effect of ground absorption

decrease the snielding from what diffraction theory would
predict. .
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Thoss curves shew the average mepcurad cibenuatien in four frequoncy zf‘gz.:.tio:n
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{s shown at various cngles with respoct to tho cdgo of the gsvmeurical ©

croated by ths hangar (marked by the hcavy linme ab 459).
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Eyrate to WADC TR 52-204, Volums I

line (17} for wrapping read wrappings

line (6) for temperaturcs read temperabture

add Sec. 15 "Attenatlon of Sound Within Piping"

title Fig. 3.4 rcad Q> 1

title Fig. 3.5 read Q<1

title Fig. 6.4  for of read between

line (8) for scund pressure read sound pressure level
1ine (5) for result read results

linc (5) o2 text for .sedian read medians

line (7) for .75 reasd 0.8%

~ ~

the remark made in connection with Fig. 2.5 1s true
only In the limit of low frequencies

linc (22) write to
Natlional Noise Abatement Council
9 Kockefeller Plaza
New York, N, VY,
Nolse Control
57 East 55th Street
New Yerk 22, N, Y.

A bi-monthly journal published by the
Acoustical Society of America, directed Lo the
reader wilth practical noise problems. In addi-
tien to technlcal information, this magazine
presents cdiccussions cf the legal aspects of
nolse control and pertinent news ltems concerning
noilse problems.

ine (35) read Fig. 4.1
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read Eq. (5.2a)

s3(r - Ta)3

f'A]P

W = [5.70] e
286

line (11) for T, read T,
Caplion Fig. 6.2 reas VLA
1line (29) for centrifugal read axjal-flow

line () for k t read k.t
see Fig. 12.1.9 for a more complete figure,
with all materials identifled

Tines (1) - (6) of text read:

The action of the berd may be explained
qualitatively by the statement that

incoming sound waves travel across the bend
to scrike the absorbent lining, where a large
portion of the energy may te absorbed. A
smaller portion of the energy, reflected back
toward the source, is partially absorbed upon
agaln traversing the incoming duct section.

ref. (22) ror Reference (10) read Reference (8)
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