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The qualification of a 94 m® reverberation chamber for pure
. . - I

' tone. and broadband sound’ power testing in accordance with American
National Standarﬁ $1.21-1972 was achievea. * The room @odificationé
required were a rotating diffuser, low frequency panel absarbers and °
Helmholtz regsonaters. The eff;ct of these ﬁodif;catipns is documented

and discussed in light of current theory and previous research.
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INTRODUCTION

‘ The sound powe} outputkof a noise source is an essential
plece of information for the acousgicél engineer when designing areas
for noise control. Sound power, for most noise sources, is relatively
independent of the acoustica; environment surrounding the source, and ‘ :
thus unequivocally charécte;izes the ;oise emissions of the source, un-
like sound éressure, which is Highly dependenﬁ on the acoustical char-"

acteristics of the surroundings, hence where a sound pressure measure-

ment is made.

Unfortunately, sound power is not'directly measurable, as
there is currently no practical methog‘of measuring acoustic power or
fintensity over .the wide frequency range (100 Hz-— 10 kHz) genérally
used in noise éontrol Qbrk. However, the determination of the sound
power emitted by a source may be made via the measurement of sound
‘pressure and back-calculation th;ough known relationships. This ap-~
proach restriéts the surroundings in wh£ch the measurement of sound
pressure may be made to either of two "ideal" acoustic environments:
that of the free-field, achievable outdoors or in an anechoic chamber;
or a statistically diffuse field, achievable in a highly reverberant
room. In either case, the chamber in question must be put through

a "qualification" procedure to ensure that the results obtained are g

statistically satisfactory (in the case of the anechoic chamber, this

3

/

would amount to ensuring free-field conditions).

The purpvose of this thesis work was to develop the ninety-
four cubic meter chamber of the transmission loss suiﬁe at the Centre

for Building Studies, Concordia University, to the point where it wbuld

N\
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be qua%ifiable for both pure tone and broadband spectrum sound ﬁower

b & - - L]

> ﬁeasurément, accoxding to guideliﬁes specified by a North American stan-

dard. The project was primarily developmeptal in nature, although pre-

liminary measurements of the effects of modifiers on the chamber char-
- . - b v

acteristics were carried out in the process.

t

The thesis
A N * ° \

first chapter presents the background to sound power measuiement, both -

following is subdivided into faur chapters. The
from a theoretical viewpoint and from ‘the experience of other researd@j. \\
ers. The second chapter describes the standard to which the chamber
\ ©
was qualified, and the instrumentation and facilities used. The third

4
and fourth chapters present, respectively, the-results and discussion,

and copnclusions.of the:study. :

0
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" CHAPTER 1
. ' ' BACKGROUND TO SOUND POWER MEASUREMENT IN
" REVERBERATION CHAMBERS ¢ .
. a4 *

bt \' :. ’ . .lc

1.1 General.

e s

It will be of use further in this séction to first present .

several relevant parametersq developed from the wave theory of acous-

-

tics. These parameters are widely used in- reference .to acoustic pro-

R

cessesﬁin reverberation chambers.
3 .
L N -

S

A bounded air volume, suci'l as in a reverberar‘nt oom, will
have many resonant fgequencies, or normal modes. A mode (#ay be thought

1

.of as a travelling wave of parti.cular‘ ffequency whicﬁ, having startea
L) "

at a particular point, eventually passes through the startipg point

in the same direction ag it igft, effectively a "closed loop" path. -

It can be shown that é‘ré“'ctangixlar pafallélepiped of dimensions Rx, Qy, ,

¢_ having perfectly smooth, rigid’,' boundaries has resonant frequ‘enciés
2 , .

given by(‘)ﬁ:‘ \ -

3

¢ o 2. z a |%
g o= & (E_:s +(Ny +f‘_z_) (1)
- 2 .
, 5 L 2,
- ‘ ) y
- - . . 1
where . .
) u f ‘= frequency, Hz i .
' ‘n,", ny, n, =, positive integers,“, 1, 2, 3, vevesen o,
£ §. 2 = room dimensions, m o
x Yy 7z )
. T e = speed of sound in air, m/s ‘
L ' ' .
/ ‘ B _ - L -




The 1ntegera'nx, LI indicate wave direction relative

to the normalizig room bounddfies.' Thqs, a mode with one n, non-zero:

1
and the other two equal to zero indicates a wave travelling parallel

" to one’axis, and is known as an axial mode. Similarly, a wave moves

parallel to one pair of room boundary planes‘whep two n; are non-zero

and the last is equal to zero - a tangential mode. When all the ny

are non-zero, the wave.does not move parallel to any axis or room

_planes, and is called an oblique mode. '

a2

[

- The number of modes below a given-‘frequency can be expressed

N = number of modes %elow frequency £
H { ,

V = room volume, m®

wn
L}

. . -« ’
2 (zxny + m§zz+ zxzz), m |

4 (2 + bt 1), m

)
¥

For narrow bandwidths of frequency, Equation 2 can be differ-

entiated to obtain the number of modes within the bandwidth, or modal
density. For lafger bandwidths, e.g. /3-octave, the modal éénsity
is better obtained by subtracting ﬁééi;fﬁes qf N given by Equation 2
evaluated at the upper ana lo ef/gfequency limits Sf the band, and di-
viding by the bandwidth., is8 expression for n, the modal dénsity

is thus: e : '
A) . ,/

)

2

TS LA

Coby(M: '
“ f
4ny £2 | §S f?2 Lf ,
: LI ~ R ~ R @
where ' .-
/

J P P e )

§

P N et
N




' ! y ¢ . ' o
» 4uV (£23-£,° ws [£23-£.% , L | fa-f, (3)
. n & 3T . * s { T 8c\
¥ fg"fp \
"; -3

LV [£.%4£,6,46,% w8 L
. nE s - P 4c? 8¢ 5

where . '

fa, £, = upper, lower band limits, Hz \\\\/) -

¢
'

-

By inspection of Equation 2 and Equation 4, it can be seen
that both ths number of modes and %he modal density increase greatly"
) - . . .

with frequdncy, ‘the former preaominantly by an f3? term, and the latter

by an £? term.

\
.Therhalf-power_bandﬁi@th of an individual mode, Br’ is defined

as the width in frequency between the points 3 dB down in amplitude from
the peak of the amplitude respohse of the mode. An ekpression for this
bandwidth has been derived(?®), assuming a random absorption coefficient

. - [
" less than 0.16, and is given by:

\
\

S~ € € '
. Q¢ | X ¥y _ _Z
LA AR )
/ X y z
where g . - . \ .
ke Br = half-power bandwidth, Hz
/
@ = Sabine random incidence absorption coefficient
eg = 01if ny =0, and e, = 2 1f oy # 0 o
L, % room dimensions, m

T e
M
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Now if , '

d - 55.2 - '

a T' Sc . ' (6)

where . . !

Te¢o = reverberation time, s

.

and if the assumptions are made that .

N -

€y ™ ey'{ e, = 2, i.e. an oblique mod?

L =g =g =yi/®
x y z

3 - 2

and ,
s =6 v3/2

then

N R

B, = 2.2/Ts0 : ) (n

Thus, the bandwidth of a/:ypical. mode may be expressed in ‘terms of the

revérberation time, which is an easily measured quantity.

1

)

Ideally, the respomse of a réverberation room would be linear

with frequency. Due to the modal behav;our, this is, of course, not the

.

case. However, if the modes of the room which have finite bandwidths

-1,

' g

Br tend to overlap one another, then the response of the/:;iﬁ will become
more uniform. Thus, it is desirable that the separation”in frequency

between adjacent modes be.less, by some amount, than the mode bandwidth

n

mr. This is expressed by:

M = .Bn = 2.20/Teo u V()
where —

M =- modal overlap index

R



'} Clearly, for any given degree of modal overlap and frequency,.

u

the_maximum reverberation time can be evaluated and is given by(®):

-\ . ¥
. ) 2 .
Teo < 0.705 x 107 Y- 9
/ . [
Conversely, for a given reverberation\time, a modal overlap >
. of M will only exist above a frequency: :
NN '
£ > 1190 ‘ET—U-) , (10) -
- V- . .
~ : y

2

\ With the modal properties of such a bounded enclosure defined

1

“in .such a manner, pthe effects on noise source power output and distri-

14

i

bution of sound pressure in the room may be investigated.

.

1.2 Variations in Power Output of a Source in a Reverberation Room

» - -

In the free field,. the power output of a point monopole can

be expressed as(!):

- a ¢ !
, W, = Q' R, (1)
where . . ‘.«
W = power output, watts
, Q = _.source volume velocity, m?/s
\ »
R.o = real part of the complex radiation impedance,
‘ aks rayls/m? - ' .
] s
y]

ot For a source having high intermal impedahce such that Q is
' 4
a constant regardless of }he\impedance into which it is radiating, the

-

. ratio of sound power radiated in a reverberant room to that of a free-
» . ' o~

field 1s(?):

, . - - V]

;
{
:
!
!
- 1

o




L S (12)
w R
o} Q

Y

where , g i

W o= ureverb%rant room sound- power qutput| watts

) ‘ R = real component of radiégion impedance in « ~
.l ) v
reverberant room, mks rayls/m? , )
’ :’ ' ‘-
f . . B
/ ? .
‘ \ R = Ro +'Rr (13),
lwhere ‘ ) N . R

Rr = real componenﬁ of radiation impedance due

-

‘ to reflected waves, mks rayls/m?
Therefore(*) B . ‘
L A I+E£ ' , (14)
W R
0 ) _
> ’ .

The’reflected~radiatioﬁ impe&aﬁce depends on frequency and
location of the source with respect to the room boundaries. It has been
shown'theoretically * that a point moﬁopole source loéated on a flat
plane radiates twice the power, when considéring a puré tone, than in '
the free-field, i.e. W/W0 =.2 or 10 log(W/Wo) = 3 dB, as;uming that
modes are well overlapped. In a source located at the’junctiou of two
wﬁlls, 10 lbg(W/WO).= 6 dB, and for a trihedral corner of a room, the
value is 9 dB. 1In all cases W/WO approaches -1 as the source is moved

greater than one vavelength (1) away from the walls. Also at approxi-

mately '% away from the walls, 10 log(W[wo) can vary from ~1 to ~12 dB.
) .

3 o

~—

kY 4 v
v . . ' '
1S
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Another study has shown that w/wo is very nearly 1 for saurce positions

located within a volume defined by(?)

- 0.25 zx'¢x < o.75-zx'

0.25 & <y <0.752 :
. Yy v .
2
k4

0.25 <z <0.75 lz

|

where ' ‘i
. ) .

, , % ¥, z-Z, _ source position coordinates

It has also been shown theoretically that the ratio W/Wo
varies considerably over freqliency with the amount ‘of absorption‘in the
room(*’*). The random incidence absorption coefficient is relatei to

the normal admittance of a sﬁrface, if a is less than 0.16 and assuming

the conditions imposed upon Equation 7, by(’):

a

8 Re(B) - . (15)

where

normal admittance \ . - .

. ' B

Over a fange of 6Q316d ﬁz, the fatio 10 iog(w/ﬁo) for a particular source
position was found to vary by +12 to ;19 dB for B=0.032 (@=0.016) where
as it only varied By +4 to -9 dB for B-0.02 (E=0.16)(2): On a space
average basis, t@e‘ratio was found to vary from 0.1 to 10.0, with values

J
tending towards 1 for increasing B._

o A study of point dipole sources(®) indicated that W/W° also

varies highly for different source locations and dipole orientations.

Again, “at high frequencies, the value of w/wo tends to 1.

gb ' : It should be noted that W/W° for, a broadband source tends

. " A

n (R ATETESRTRT
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to be much closer to 1 even at lower frequencies as many more modes

are excited, thus averaging the power output over the varying re-

4
}

sponse levels of the modes.

>

is used to obtain expected sgpace-

i.e. the varia-

h!

A statistical approach

average deviations of sound power output of a source,

‘\ tion over source locations. This can be expressed by(’):
(16)

1 . ,
0 = 27 g(N/16 M

. ‘
: aw’ = normalized space-average variance of

: sound power ratio W/W0

AN
assuﬁinﬁ that the mode spacings are "next neighbour" Poisson distri-

H

buted. It can be shown that with respeét to reverberation time and

Ve
room volume(®)

A\ A\ o o
- an -~

. ; \ "
\ M = 1.1 (V/Teo) (£/1000)2

and thus ‘ \\ S - ‘, . j |
0 = 1.56 g(M) (Teg/V)(1000/£)* (18)

. , RS

The factor g(M), shoyn-in Ftgure 1¢’), is evaluated from a "next neigh-
. \\\ . RS . ’\

bour" ‘Poisson distribution for a givendegree of modal overlap.

¥ ‘\\\ . . ‘

/. » \
e ) ’

o
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Modal Overlap (M)
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Figure 1. Values of g(M) as a Function of
Modal Overlap

The value of aw’ is a "worst case" value(®), i.e/ for a point
monapole source radiating a pure tome. It should be noqed that u&ﬁgr n

& .
thie assumption of pure Poisson modal spacing, i.e. g(M) = 1

-

. , o, = 27/16 M . £ (19)

-
]
v

However, the values of cw‘ derived using the "next neighbour" digfri- v
bution appear to more closely agree with similar estimates made using ,

mode summation techniques(®).

Another approach(®) attempts to define cw2 in terég\of a
normalized space-average variance due to :source position, and one due

. to room-characteristics, with independency assumed, i.e.

0? = g*+0.2 (20)
w 8 r
. 5
" where ) osi' = normalized source position variance
ara = normalized Yroom variance

s

v o e o e e

B N R v Ty
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' ' Empirical relations found bet:weenscs3 and or’; and B, over

. . ¢
an average of gsix reverberation chambers of different configuration

) " \
" are :

c“s*‘::; 0.008/8 (21)

o

//‘ ’~

2 . n .
R o 2 &= 0.0004/p (22) ¢

e

a
~ / ! ‘s

for values ofAB between 0.00125 and 0.02. Agreement between these '

regults and that predicted by Equation 18 was not very good for - >

. . - o~
= B 2 0.0025, unless gSM)Cﬁas given the value 0.84. This was attributed

to the fact of ignoring axtal and tangéqtial modes in the normal mode
'analysis. It was also pointed out(®) that rooﬂ/dimenéions,‘temperature,
and pure tone oscillator sEability muét be very accurately coptrolléd
in order to accurately bredici modal resonances and perform appropriate

\

tests.

3 1
'

Typical requirements at low frequéncies are that the room

»

t

dimensions be known within 1 mm, the temperature be maintained within

0:1o:c,~§pd that oscillator deviations be kept within —

—

Af < 4Bc/57L ) (23)
_os¢

I3 N -, Af = ogcillation deviation, Hz ‘ .
‘ ‘ . - | [o]: {] |

- . L = V‘/’, m )
R / [ ’ R - '
‘e . ) .

) Also, humidity flpctuations affect the speed of sound c; which ‘shifts

modes in frequency. Severe examples of modal shifting were presented,

<




e

and the possibility of usihg these shifts via temperature changes

for averaging of the sound power output of a source is examined.
This method was found to be as effectived in hard—walled rooms in
averaging source output in order to reduce deviations as was altgra—

tion of the room boundary geometry, which inherently changed the mbdal'

response of the room. However, temperature averaging required in-

i

ordinately high temperature differences for the moderately hard-walled

room.

; -
N . ’
©
,

1.3 The Sound Pressure Field in Reverberant Rooms

The determination of sound power in a reverberant room is f
dependent on an accurate measure of the space/time average squared

pressure in the reverberant field related "by:

)

} 1

, e |
W o= i%c—s"—' (24)

" wheré

{p?*} = true space/time éverage sound préssure
équare, Pa’ ({ } denotes average)

.pe = characteristic impedancé of air, mks rayls

The above relationship‘is obtained under the assumption that .
the souné field is diffuse, that }s,'that‘the energy density (potential
and kinetic) M unifomm throughout the room, that the probability of
energy flowing and impinging on the room surfaces is équal for any -
direction and angle of incidence, that the sound field can be con~ °
sidered as a superposition of an infinite number of plane progressive

.waves having propagation directions that are equally probable, and

[y
mhm e sk e,
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-

thdt at any poiant in the room, the phase relatioms between the waves

are eqdally probable (i.e. f%ndom)(’). Thus, if these assumptions are
\ g
valid, and the abso%ption, temperature and humidity remain constant

(i.e. pc = constant), then W can be determined solely by a measure of

{p?}.

Since for small values of @, the Sabine reverberation equa-

.

tions hold, the sound power W can also be expressed by:

v
y
fy
N
]

3
: S § 10 A
W 1 24-8 pc Tgo (25)

It is the expansion of Equation 25 which leads to the §x-

e

pression for sound power level in current standards (see 2.1).

{ 'The assumptions ma&e in the derivation of Equation 24 afe
not generally walid. It has been shown(“) that due to lack of phase
randomness at the room boundaries, that the energy density within %
of the boundariés will be non~uniform and ﬁigher than that in gbe rest
of the sounq field, whether or not pure tone or broadband source char-

acteristics are used. Furthermore, the sparsity of room modes:at low

frequencies precludes the. possibility of having equal energy flow in

"all directions. If the sound pressufe is measured only over a volume -

lying at least % from every boundary, the resulting calculated sound
power will be lower. This is the rationale for the Waterhouse cor-

rection(®) used‘én the calculation in’ current standards, given by

.10 log {1 + gf‘v-) , ©(26)

e
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. one sampling position is omnly 16%. Thus many‘Sampliﬁg points are

15

A

It can be seeﬂ that the correctiﬁn only has significance at lower

frequencies when )\ becomes appreciably larger.

If the modal dénsi;y, and consequently, overlap, is-suf-
ficiently high, ¥hen a statistical viewpoint may be taken in order to
dé&ermine deviation parameters about {p®}. Above the Schroeder cut-off

frequency, where the modal overlap M=3, given by:

5

fc = 11900 (Tao/V)t ) A27)

where - | . N

113

fc = cut-off frequency, Hz ' ' '

g probability density fumction foxl' pure tone excitation was found
N 4 3 L 4
both theoretically and experimentally to beé exponential(*®). For

more than one injected tone, i.e. multitone excitation, the proba-

'

bility density function was found to be chi~squared distributed (spe-

cial case of the gamma distribution) only if the response to each tone
- -3

in terms of squared pressure had an identical mean, and that each tone

was uncorrelated from the next. The latter condition requires that

I - ¢ *
the ‘tones be well-spaced, such that no more than oné tone excites a

. single mode.

From a knowledge of the probaﬂility density functions of --.
'souﬁd pressure distribution, variances can be derived to enable pre-
dié;ioﬁ of the requirements for spatial averaging. It can be shown(*)

that the probébility of being within 1 dB of the mean of the dis-

1

/
tributed population of squared pressures for pure tone excitation and s

/ S

«

T Rk



_to reduce the error in the estimate of {p’}, hence W.

,asgsumed to be time averaged.

~ . ' , B

&
¢ . -

l1ikely to be required, and the basis for purguing'the‘statistical

approach is to determine how best to sampie the sound field in order

o

o
The normalized variance of reverberant sbund pressure squared

18 given by(}1?13), °

, ©oTpt = VR’/Neq . (28) .
where% o ., , '///, .
© “ 2 - » ‘ .
Op? = normalized variance of space-averaged ,
reverberant sound pressure squared .
VR‘ * = normalized variance of reverberant sound
ressure squared
‘ P qus P
Neq = number of uncorrelated sampling points

s
«

\

\

N\

The factor VR’ debends on room parameters and bandwith of -
0 * l >
the source signai, while Neq is a reducing factor based upon the ef~ ~
- G
fectiveness of the particular sampling configuration and is discussed

later. In all cases considered, both {p?} ahd its estimate, p?, are ,,

-

+ The parameter WR’ can be defined.as:
. N 4 )

R

vt o= (Gf - HT (23)

-

and is thé“mean-square deviation of a measured p? from the true room

9

average {p?} - When modal overlap is.high, i.e. £ > fc, the so-called




-

-statistical control region(‘?), the' variance V.? for multitone excita-

R A
tion can be shown to be(*?):
A . s ' ‘ ' " .
) R R R 2
. Vi = § £ A p(f - £ )/(Z A ) (30)
L y R a1 s T R A .
‘ % LY ) . .
where |
. - 5 J{
¢ & s
Q! ' = room-average pressure squared, - oo
, o - {p?}, for the j'th tone, Pa®
f j = fre‘quency of j'th tone, Hz ) -
. p(f 1 £) = Schroeder frequency autocorrelation ~
. function ‘
o -1 ‘ .
. ; £, - £)2 -
' . - 14 .JT_IE
s . r "
o ) R = number of tones . '

Seyeral points are.illustrated by Equation 30. First, since -

the autocorrelation function can only take on values 0 < p(fj - fj)',<1, /o
the maximum value of ‘jR’ 18 1 when only a single tone is presént. If
; ’ ’ .
the multitonés are well seﬁa:ated, i.e. fj - fk >> .Br’ then p(fj - fj)
( . *» 0, and then depending on the particdlar magnitudes of the individual
_tones, the variance i$ bounded by: ' ' A o
/ P AARS - - ™~ |
. T B . : - 76D ‘ :
’ < - ' ) :
. / . |
However, should the tones,not be welJ{ separated, ‘the variance VR2 1s . :
. s 3
-+ increased by a factﬁr depending on the value of the autocorrelatio ;
. L / ]
- N \ &
“ \ i{"

e
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-
<
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' oore

[y

fgnction. Since Br is inversely proportional to reverberation time,

the variance rises as reverberation time is lowered. .

For noise of bandwidth B, it can be shown that('®): |

V.2 ~

R

v 2

R

~

A

[1 + B Teo/6.9

fl + 0.32 B/B’
8 r

J”ﬁr —

J

1

1

"

(32)

© - (33)

Clearly, as B becomes large relgtive-to Br’ the variance de-

3
creases. This is attributed to the fact that a sufficiently wide sig-

nal bandwidth will excite uncorrelated room responses dith respect to

modal fiequéncy separatiagsk’s.

'/ group of narrow bandwidths of noise exciting uncorrelated respomse with
h «

.

The process may be thought of as a.

o

,,ﬁhe resultant total squared pressure at a location being the sum of

many narrower bandwidths. In effect, this reduces the variation at

the location relative to the room average.

«

.

At low frequeﬁcies (f < fc), there may be regions where m‘lés

+

do not ovexlap, because of the sparsity of modes available. Statisti-

cally, this lack of modes reduces the predictability of épatial vari-

ance,,aﬁd a rigorous treatment of variance in this range has yet to be

S

R

dome. A crude estimate of V_? for nolse exfitation has been made('!)

and is expressed by:

.

LY

-

°

VR’ ~ (1 + Bn/m)"%, 0.2 f,2£20.5f

c

-

(34)

18




3 OSSR ST S T
1y

1 . ' ‘o . ¢ /
. : L _ h ‘ 5
At high frequencies; air absorption and rising coefficients
of tOC'Jm boundary m.#ti%rialsamay give rise 'tp sen;i;-reverber,ant ‘condi~ i

tions, where a direct field bias is introduced. A'distance‘of" ' |

-

“
¢

d = 0.08 (V/no)? | _ ' (35)-

-

& '

- ] ! t
-~ .
will introduce a 3 dB bias error into the meas.urem\cgt(“). Expressions o _

A

P WSS

have also been derived(}?) for the pressure squared -variance when \‘
averaging takes place in the far fie?l.d along a radial line to the

source. This is given by:

\

. !
A

2 w2 v, % o i
Upzz = g_z_z_]',l—ifl)ir + Ti—_%"ﬁ')j‘ / - (36)
| ’ ' / - -
where | .
D = pO’r;’/{pR’}r;rz ‘
P, = direct field pr‘esgﬁre, Pa . . . :
L " = reference distance for measurement ‘of 150, m /

{pR’} = room.average of reverberant p?, Pa?
LiTa = endpoints of a radial line segment from the

. acoustic centre of a source, botl’\ in the far

field, m

for uncorrelated direct and reverberant fields. As the direct field

begins to dominate, the variance ¢ _,? begins to rise.

The variance VR’ can be effectively reduced by sampling over

a volume of the room away from the boundaries. Statistically, by

3

s o T



. +
~ o -

sampling N gquared pressui'es which are independent and.each have vari-
t v

ance VR’, then the variance of the mean squared pressure is VR’/N

(Equation 28). Since statistical independence is difficult to prove,
it is sufficient that the sampled squared pressures be uncorrelated.

J 3
The number of equivalent sampling points (for any sampling technique)

which give uncorrelated squared pressures is demoted by Neq. ‘

The normalizéd spatial ecovariance function(?*):

-
L]

2 : :
o R(D) = [sin(kr)'/kr] | )

where ’ - -

R(r) = normalized spatial covarignce function of

. ’ 3
5 squared pressure as a result of a separation

distance r in meters

~

k =  wavenumber

,  The function R(r) is plotted in Figure 2 as a function of
*r in terms. of wavelength.

. X .
/' /

Clearly, if two sampling points are spaced exactly %— apart,

the squared pressures are uncorrelated, and moreover, for greater sep-

- . y ‘ ‘
arations, the squared pressures are correlated only to an extremely

small degree (R(r) < 0.05). At lesser spacings, squared pressures be--

come highly correlated, that is, j.f a squared pressure p*-is higher
than the room average {p®}, then a highly cdrrelated point will also
tend’ C;J have a squared pressure higher tha;x {p®}. The samplinug of
highly correlat‘ed poinfs then tends to obtain squaréd pregsut'%;éwwhose‘

variance abput‘ the ro7m average 1s h}gher than for uncorrelated points.

20
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,The number of uncorrelated samples available for various
sampling techniques has been studied(:?’'“’13’!¢)  For g linear

traverse of length L, the number of uncorrelated samples Neq is

—_—

bounded by: “ B

2L/A <Neq <l + 2L/A - (38)

For a circular path of circumference L
J v . I ‘ .

’ (1 for 2L/A <1 ‘
Neq =~ (39)
2L/ for 2L/A > 1
- /“
For averaging over the surface of a disc of perimeter
length L

N °

Neq =~ 1 + (L/\)?*/n (40)

" While the above approximations are reasonably accurate for

_ design purposes, evaluation of exact expressions indiqat;*that for a
patﬁ@length,L, the linear traverse is always superior to the circular
traverse, and the circular traverse is superiqr to surface-of-disc C
averaging for L/A <4.6, whe;; surface‘averaging becomes superior to both
~ linear and ciggulg; averaging('®). However, it should be noted that

for a given available space, a linear paEP of length L or a circula;
path of diaﬁeter L may be used,'aﬂd tHus khe effe;tive path length forﬂ

the circular traverse becomes 7L, making it the better choice.

Discrete microphone arrays are also extensively used. For m .

— B

| oL .

22
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\

microphones spacéd -3- apart, Neq = m, Unlike traversing microphones.,

the number of uncorrelated gsamplings does not rise with frequency

(L.e. X getting smaller). However, the discrete array‘ does become

superior to the linear traverse of length L, for example, when approxi-

¢
v

mately .

£ < 2L ‘ (41)

Thﬁs, there is somewhat of a trade-off using a discrete array.

’

Should a sufficient path length not be available, a discrete array can

perform better at low frequencies, but with a'loss in uncorrelated

—

sa}mples at high frequencies:—

/ 1.4 Total Error in Sound Power Measurement '

Indigenous to all current standards is the.relation for total

-

variance in sound power detenﬁination, given _b}’t:

a

¥

I U 2 ’
o, NSvO"’+ op,) BN (42)

2 .
1
S

= total variance in measured sound power

g L
v t "
'Ns = number of goufce positions
- aw’ = variance in sound ‘poweT output
crpz'2 = variance in mean square pressure determination

_ ' The assumption made in Equation 42 is that the variation in
sound power Mut_: and the variation in pressure determination are

s
'
( 1 ‘

$

.
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. of reverberation time are negligible with respect fo owz apd op, .

independent druuncorrelatedgyiph respect to source position.’ This

ai;ﬁmption may hold at high frequencies, (high modal overlap), but is

not necessarily a good assumption at low frequencies('’), since there:

is some evidence, to show that there is a high correlation between mean

4

squared pressure and sound power output with source position(*®). ,

/ 4

It is also asgumed that the errors involved in determination

2

Reverberation time measurements can be made very accurately, ay results

are repeatable(*®). The other required parameter for the calculation |

. 4
of sound power level, the room static pressure, can also be measured

extremely accurately.

1 v
o

It might be noted at this poiﬁf that the well documernted(?°’?%)

1

deviations seen in reverberant room sound power measurements from free-

field measurements at low frequencies, may well be attributed to the
! ’ :
choice of Tso reverberation time rather than the early decay time(*').

This {s an area which warrants further study.

5

1.5 Effects.of Rotating Diffusers

[ -

4

More than any other means, the fotating diffuser has enabled

improved measurement precision for sound power in reverberant rooms.

[

" A complete theory of how the diffuser affects’both the radiated-sound

; power and pressure distributions in a room remains to be developed, but

/. o,
research to date does provide some insight as to reasons for diffuser
,effectiveness. ‘ ’ , -,
. a , : e |

It has been shown experimentally that at low freqﬁencies, a 4

rotating diffuser alters the radiation impéé;nce seen by a source
e ¥

>

R «
- L4
A v .
f
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y
" aged variance of pressure squared, op,

. i .
in a cyclical manner, the particular impedance depending on a parti-

culgr‘diffuser orientation(*?). The cyclical alterations :;re found

to have an averaging effect on the radiation impedance, hence ﬁb/;he
power output, and greater averaging was obtained with higher r;ta-
tional speeds. It appeared that the diffuser cghsed a cyclical shift-~
ing in modal response from that of the bare-room condition, which would

account for changing tad;stion impedance. Diffusers.were found to be

primarily effective down to frequencies where the vanes (i.e. panels)

" had dimensions in the order of A .

2

‘

With respect to the sound pressure field, it has been shown
J

that diffusers modulate the pressure in both amplitude and fiequeucy

(3723 with greater effects as source frequency increases. At low

diffuser speeds, the émplituge distribution is independent of diffuser
‘rotationql speed, while at higher speeds, a dependence exists. Fre-
quency sidebands appear about the source frequenﬁy (assuming a pure
ﬁone), and are gpaced at intervals corresponding to the diffuser ro-
tational speed in revolutions per second. The resultant sound field is

that of a multitone distribution, resulting in reduced spatial vari-

ance.

RS

At low frequencies, then, a reduction in ow2 may be expected,
but there 1s ingufficient data to be able to quantify the amount.. At’

high frequencies, a reduction in cp,’ may be obtained. The room aver-

* may then be expressed by('!): ¢

»

b

[ - .2 ] d i
cp, VR /M' Neq (43)




L

1.6 Stationary Diffusers

-

where
* -
« - '
‘M' = figure of merit for rotation
/b‘ < . diffiser. (RD) - pure tone omly .
‘ . ‘ ' A
\ . " ) 2 2 , 44
: VR lRD stationary VR lRD'totating ( ?

___ Typical values for Mi are in the range of 2 and 4, alihough
values above 10 have been found( *). This benefit has proven essen-
tial in qualifying many reverberation rooms, where a variety of dif-
fuser ;onfigurations have %eenlused(’“””""7). At ptesent, there
is still no complete information gnfthe effect of diffuser design

parametefs (e.g. vane shape, size, orientation) on achievable figure

\

of merit. ’

Stationary diffusers have been used to encourage diffuseness
in reverberant room sound pressure fieids, primarily in European fagil—
ities. They have been found effective(’), but are awkward with respect
to s¥ze and number of panels required. Moreover, ro?ating diffusers are

found to be more effective(’) and occupy lesser amounts of space.

4
“.
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_'CHAPTER 2

, - \

EXPERIMENTAL METHODOLOGY AND FACILITIES !

2.1 Description of Qualificﬁtion Standaxd
1 .

The qualification of the reverberation room for sound power

testing was made following guidelines set down in American National

w ‘ v

Standard Sl.21—19725\"Methods for the Detérmination'oﬁ Sound Power

Levels of Small Sourcps in Reverberation Rooms"(?®), published by the,
American National Standards Institute, Inc. (ANSI), and included tn
Appendix A. The standard provides guidelines for room Qesign and de-

talled procedures for experimental measurement in both 1/3 %pd 1/1

’

octave bands. It is similar in scope to standards published by the
International-Standards Organization (ISO), namely ISO 3741, 3742, and
3742;324ii’32). A brief review of the provisions of ANSI S1.21-1972

for 1/3 octave bands is presented below for completeness. , ‘

a

2.1.1 General

* Specified reverberation room requirements are summarized as

r

follows: -~ !
/

i)  Preferable room .volume for measurement in the 125 Hz octave

[l

band is 200 m®.

i1)  The absorption coefficient of the room should not exceed 0.06

except below a frequency of ‘ :

£ = 2000/v*/3 . (43)

'where V = room volume, m’®

4
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-

whére the coefficient may rise as high as 0.16. Also, the absorption
coefficient of the floor must not exceed 6.06, and no othet surfaée

should have a coefficient outside the range of 0.5 to 1.5 times the

mean absorption coefficient of the room.

[

iii) The background noise in the room must be at least 6 dB, pre-

+

-ferably 12 dB, below testing levels. ) .

iv) The product of temperature (°C) plus 5°C and relative humidity

.

during testing must be within 10% of the same product obtained at the

time of reverberation time testing.

The standard also presents proportional ratios of room di-

mensions which have been found to facilitate qualification.

I
¢
A

Measugement equipmeni provisions state frequency response
tolerances ranging from -2 to + 1.5 dB over the range of 100—8b00 Hz
(but depending on the individual 1/3-octave frequency band) for the
comélete instrumentation system. Precision microphones and high-quality

filters are specified according to existing instrumentation standards: °

1

Signal averaging is allowed either by integration over a fixed time

interval (preferred method) or by continuous averaging of the squared

signal voltage. 1In the former. case, the standard deviation of a steady-

state sine wave input must be less than 0.25 dB. Calibration of the
' N

measurement instrumentation must be mdde before each set of méqsure—
. N

ments using an acoustical calibrator with accuracy greater than 0.5 dB,
and electrical and acoustical calibrations of the entire measurement

sysEEh\mggg}be performed over the frequency range of interest annually.

Space—~averaging techniques can be either a fixed microphone

\
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et

array consisting of at least three microphones spaced at a minimum of
a half-wavelength of the lowest frequency of interest apart, or a micro-
phone .traverse of at least three meters in length. ‘Instrumentation

averaging must take place over a whole number of traverses or scans of

-~

the array (integration over a fixed time interval), or the period of

L

the traverse or scan must be less than twice the time constant of the

analyzer (continuous averaging). Also, no measurement microphone must

be closer to the source than

a

dmin = 0.08.VV/T meters - : ' (46)

\ -

where .. V = room volume, m?

T = reverberation time, .seconds

<9

The plane of the traverse or array should not lie within 10° of any .

room surface, nor should any micfophone be within a half-wavelength of

the .lowest frequency of interest of any room surface. ¢

‘The source should not be placed within 1.5 meters of any wall

of the room, should not be located on a geometric room center line,

© &

and source locations must be at least one quarter-wavelength apart at

the lowest frequency of interest.

e

2.1.2 Provisions for Pure Tone Qualification

¢

The standard describes two methods for qualification for pure

tone”sound power measurement. The first method entails‘the.calculationi

of the number of source positions and micréphone positions/traverse
length required to ensure meeting the specified uncertainty require-

ments. The second method, the oné used in this study, invblvés the

29
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in a 1/3-octave. The near-field freQueazy response~of a loudspeaker

o

‘octave over the frequency range of i0072500 Hz. The speakéf is ac-_

. ceptable if adjacent pressure level measurements differ by no more

; ) L = mean of the L

~ . e 30
- \ - T

oy PN

direct determination of- the uncertainty in measurement of a pure tone
“

1s measured at between 22 and 27 individual frequencies in each 1/3-

?

than 1 dB. The measurements provide correction factors to remove the '

- F

loudspeaker .response characteristic when using it for room qualifica-

tion. ‘Alsé, the terminal voltages across the loudséeaker voice coil

{
<

are maintained at the same levels for subsequeqt tests to avoid any

non-linear-efficiency characteristics. ¢ - ;

The s‘ne, frequencies 'are then input to the ‘room, and a space-
¢ ‘ .

time average is made via the microphone traverse (or array) and fre-

quency analyzer. The standard deviation in each 1/3-octave band is

, \
then obtained from:
r .7 14 S
A / n .
. S=(n-1) 1 I (L -L )? N YD
, “m
4 i=] ek
< ° .'Q"ﬁ;;‘ -
4
where T .

S = standard deviation, dB
L{ = space-time averaged sound pressure level
at a frequency in .a‘l/3-octave band, dB L

i's within a 1/3-octave band, dB

n = qnumber of test frequencies within a 1/3—octa€e - oo

1

band

>
PR
\
.

Multiple source positions can be used in an effort to average the power

LI
a 4

output of the ldudspeaker: Individual Li's”for different source posi~ .

i .

‘ . \ T 4
. . a ; .
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. _ tions may ‘then first be averaged on a pressure-squared basis prior to

e

evaluating the standard deviétién for the band.

" Tare shown in Table I.
i

v

TABLE I

o

.~ The standard deviations below which qualification is achie

| o~

- .Y MAXIMUM-ACCEPTABLE STANDARD DEVIATIONS

FOR PURE TONE QUAL/IFICA'I’ION

v

3

- 1)3 Octave Center ‘ Maximum Acceptable a
N ; Frequency (Hz) Standard Deviation (dB)
] 100 to 160 3.0
' 200 to 315 2.0
400 ta 630 1.5 .
1 c 800 to 2500 ) 1.0
{ i
s ) o ;- / It éhould be noted that this qualification procedure need only
§ - ERRR be carri:ed outw larger of . .
i S/ T % . .
. : £ = 6000/2 %8)
».z " | /., 1 and B ' N | |
. £ = 5000 (v)"}/° - “9)
C A where ‘
. i o= traversel length, m
% _ V = room vlolume,f .
: ’ - : .

. The “room respouéejfs’ -agsumed to be adeqn{;atély diffuse above -

¥

n , y = | ’ o
these "%tequencies to ensuré acceptable deviations in measurement.

a

Y

. -
e N i et HPSy B Liert L AT A 8 ST et M W ot




v

2.1.3 Broadband Qualification

-

1

/’ A reference sound source is used in this procedure to gener-

ate noise of a broadband frequency characteristic. Eight or more.

.source positions are used, with a space-time measurement in 1/3-octave
) ‘

bands made for each position. The standard deviation in each }7

octavg band is obtained using.

y
4

. S=(n- 1)7% )
\\\\\ . im1

e

where

&

n

3

- 'y 2
(L, - L)

-

~-.

"S = gtandard-deviation, dB

. Li'- sound pressure level in a 1/3-octave

L = mean of Li's for a 1/3-octave band, dB

band at a source position, dB,

=

n = number of source positions

PR

~.

g

32"

| "The room is said to qualify for broadband sound power measure- -

o )

‘ment if it meets the target standarﬂ deviations shown in Table II. )

s

TABLE II

MAXIMUM ACCEPTABLE STANDARD DEVIATIONS

P - FOR ' BROADBAND QUALIFICATION

1/3 Octave Center

Maximum Acceptable

Frequency (Hz)
100 to 160
200 to 630

800 to 2500

F

Standard Deviation (dB)

l.5
1.0

0.5

-
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. 2.1.4 Calculation of Sound Power Levels ’ ,

~

Once a qualified room is put to use to measure sound power
4 3 .

output of noise sources, the calculation of sound power level is pro-.

. ~ ¢

vided via: \ &

© L =L, - 10 log () +107log (V) + 10 log (1 + Sx/8V)

+ 10 log (B/1000) - 1& | (51) ‘
wheref )
Lw = gound power level in a‘l/ 3~octave band,
" dB re 1pW . .
Lp = s;ace-time ;veraged sound ﬁreésure leyel
, o in a 1/3-octave band, dB re 20 pPa
‘T = reverberation time; s y
. V;u/- room volume, m? x
A = ‘wavelength at the cen?e,r frequency of a
% 1/3-octave band, m
S = total surface area of room, m*
B = barometric pressure, ﬁbars .
; It should be noted that the sound power level of an unknown

source may also be obtained using a reference sound source in a pre-

viously qualified room. .

. 2.2 Reverberation Room and Instnﬁngntation

-

. i - N '
The reverberation room is the larger of two rooms comprising

the transmission loss suite in the acoustics laboratory at the Center

“for Building Studies. Its construction details-have préviou'sly been

reported(®?), and are summarized herein.
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+ ANSI standard. The room has d& 3 x 2.5 m opening to the smaller room,

o . . ' i 3

The enclosure is reétangula; with a volume of about 94 cublc

metérs, and dimensions of 5.10 x 6.14 x 3.00 m. The dimensional ratio

.

of 0,83 : 1 : 49 1is very close to that suggested in the aforementioned

curgently filled with a wall constructed of 50.8 x 101.6 mm studs cov-

ered on both sides by 15.87 mm gyproc, and the cavity filled with fibre-
glas insulation. The walls of the room proper are of staggered stud/

gyproc constructionf The outer surface is 12.7 mm gyproc fastened on

—_—

spring clips, while the interior is a laminate of 12.7 and 15.87 mm ¥
. i .

gyproc. Again, fibreglas fills the cavity. The ceiling is of similar

¢

construction but suspended'from the buildiné gtructure on vibration

hangers. The walls and ceiling are covered with 0.81 mm aluminum sheet.
The poured concrete slab, forming the floor. surface and supporting the ~
walls, is isolated from the building structunle on compressed fibreglas"

blocks. A triple solid-wood door system,’wit appropriate gaskets and. .o

seals, provide access to the room.

Py The microphone traverse runs linearly along the major body

diagonal of the room. The microphone is cable-driven from a small

electric motor controlled by an in-house designed and fabricated .digi-
|
tal circuitry. Endpoints for the traversing microphone, velocity, and
number of repetitive cycles are panel selectable. Due to room size,
vl

a 3 m path length cannot be aQﬁdeved under the provision of ANSI S1.21-

1972 necessitating a half-wavelength minimum distarice between micro-
/o : )

- . ,
phone and nearest room boundary. With a 3 m path length, the distance

. in this room is reduced to a quarter-wavelength, which has been recom-

[URTRRER L e e PP,

»
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mended in another study(®*“). : . el
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face. Data storage and software programs are achieved through the

(j - 35

The instrumentation system 'is shown in Figure 3. The 12.77 mm

e e L0 K g 2 Lo B

microphone, a Bruel and Kjaer (B & K) 4134, and B & K 2619 preamplifier

ride in the traverse mounting and are cabled to a B & K 2131 digital
1/3-octave frequency analyzer. This analyzer is digitally controlled
.

by a Hewlett-Packard (HP) 9825A desktop calculator via the IEC inter-

integral tape mechanism of the 9825A and through a parallel interface
with an HP 9885M flexible disk drive Data output is available on
either the 2131 CRT, tﬁti9825A internal printer, a Tektronix 4662 digi-

tal plotter on the IEC interface, or on a Centronics 3060 line printer.

Pure tones were generated by a B & K 1022 beat frequency

-

o§c111;tor. For all l/3joctave bahqs except 250 ﬁ;, the signal was
fed‘through‘é B & K. 4205 sound‘power source to its matched l?udspeaker.n
This loudéggzier was qualifiable in ail 1/3—oétave bahds except 250 Hz.
In this band, the signal was fed through a B & K 2706 amplifier to an
Electro-Voice EVM-12L. loudspeaker. The period or frequency of the

pure tones were monitored with an HP 5512A counter, while the terminal

voltages of the speakers were measured with a Fluke 8600A DVM,

o

For the broadband testing, an ILG reference sound source .
/ ’
" was used. -

Programs for the HP 9825A were written to control the B & K
2131 dﬁring data acquisition and storage, and for data retrieval and

calculation of standard deviations. Another program was developed to

. / .
automate reverberation time measurements through the B & K 2131, and

. , ,

"to -calculate appropriate statistical parameters.\ The program listings
are included in Appendix B. K
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2.3 Rotating Diffuser

The rgfating diffuser in the acoustics laboratory was de-

[

signed not only to assist in the qualification of the reverberation

L]

room but also to offer enough flexibility in its parameters to engble

further research into diffusion and diffuser performance subsequent to -,—///
N “~

this study. ' : . L

——

The diffuser, d4s shown in Figure 4, is essentially biconi~
cally shaped. It consists of a central steel shaft supported by two
thrust ball bearings. Three standard four-way pipe f;ttings are welded
" onto the shaft. Four pipe arms are connected to the uppen.ané lower
fittings by 45° elbows and pipe nipples. At the end‘of each of the
eight arms, a steel hinge 1s welded, with the moveable flap drilled to
accept two threaded U-bolts. From t;e center fohr-way fltting, four
threaded rods extend horizontally. 'The panel support rods are cen-
trally connected to a fitting which slides along the threaded r;d and
can be posi?&oned wigh two nuts. The ther ends of the rods are fas-

tened to the aforementioned hinges with the U-bolts.

The panels, eight in total, are trépezoidal shaped: 0.75 m
maximum width, 0.375 m minimum width, and 1 m in leﬁgth, and are made
- of 19 mp-plywood sealed with a polyurethane. coating to avoid high fre-

quency absorption. They are fastened to the suﬁport rods with U-bolts.

< —

7 ,
"The panels are moveable along ‘a 163-35° arc from.the vertical, and can

rotate about their support rods over a total arc of approximately 120°.

“

. The central shaft is rotated via an AC electric motor pulley

driving a 10:1 gear reducer box, and a reducing pulley arrangement.
3
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4-way ,,;7
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4

Figure b*

W

.

Same symmetry in pi&ne perpendicular

to this sgction.

chematic Section of Rotating‘Diffuser

Showing Layout of

Major Components

38

.
rtmthom e st 4 e oS A sgne o A




© Rotational velocities are changed by altering the pulléy configuration

between the gearbox and the idler and/or changing the diameter of the
lsplit—sheeve pulley on the motor shaft. Standard speeds for this

study were 7.5, 15, and 30 rpm.

2.4 Low Frequency Absorbers

. T&b different types of low frequeﬁgy absorption were intro-
Aduced into the room in its final configufation. Two panei absorbers,
each me;suring 0.93Qx 1.22 m, were constructed using 9.5 mm plywoqd as
a backplate, 27 mm thick softwood as framing member;, and 3.2 mm plexi~
glas as the panel. This combination gives a resonant peak, accordiﬁg

to theory(®®), of about 200 Hz. Fibreglas of 25.4 mm thickness .was

.placed in the cavities to increase the absorption. The exteriors were

sealed with polyurethane varnish, and joints of individual pieces were

sealed.
.4

sorption around 200 Hz. The volume of each is about 356,000 mﬁa,

Bottle absorbers, 143 in total, were used to add extra ab-

with a neck length of 28 mm, and a neék area of 239.5‘mm’. This gives,
<

according to theory(®®), a fundamental resonance of 215 Hz. Small

pieces of fibreglas were placed in each bottle to increase the band-

width of the effective absorption.

2.5 General Procedures

- The loudspeaﬁef qualification was done outdoors as no semi-
anechoic facility was available. Measurements of the sodnd pressure

level at a distance of 15 mm on a central éxis from the speaker face

39
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Qnd speaker terminal voltage were.made for each of the 361 test tones.
Correction factors normalized to the center-band frequenéy for the
loudspeaker were oBtained'and applied to later measurements in the re-

verberation room via the program software.
‘ LS

* Measurements in the reverberation chamber used primarily the

!

* 3 m traversing distance and 32 s linear average. The output voltage L

of the oscillator, whose output was previously checked with an oscillé#

scope to ensure a sinusoidal characteristic, was varied to match the | i :
préviously measured speaker terminal voltages. éorreqﬁion faetdrs«

for rolloffrof the digital recursive filters in the ffequency analyzer

we?e a%go obtaiged as a function of tome frequency normalized to the “\
center band frequency. The appropriate correction factors were then

added to each measured sound pressure level ;verage and stored via the

calculator tape facility. Subsequent calculations were software con-~

trolled.

‘Calibration of instrumentation and measurement of humidity

were performed before and after each group of measurements.

.
.
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CHAPTER 3

RESULTS AND DISCUSSION

K]

3.1 Loudspeaker Qualification .

©

Two loudspeakers were used since the B & K 4205 speaker did ~
not qualify in the 250 Hz band. Correction factors for the two loud-
speakers used are listed in Appendix C. In the process of testing for '

i . ' -
standard devlations, it was found that the deviations were abonormally

high in the 1000 Hz and 2000 Hz bands, since modal overlap in the room ~ ;
at these frequencies would be expected to be great. The ioudspeaker
qualif;cation routine was repeated using five microphone positions which
divided up the speaker face into equal areas. An area weighted cor-

rection factor for each freéuency within these bands was then obtained,

and resulted }n significantly lower standard deviations. Itvis possible
-that this discrepancy occurs due to interference patterns set up at

these ffequencies, cahsing an increase in the‘on axis response; or an

effect caused by the speaker housing vertical dimension being about 0.3 m,

f.e. A and % for the 1000 Hz and 2000 Hz bands respectively. The

data for this requalification is also included in Appendix C.

Ay -
It should be noted that there is some controversy as to/}ﬁe

provision of the standard requiring the microphone to be positionkd be-

tween 10-20 mm from the speaker face. The rationale for this is that

the_frée—field radiation impedance in the near field of a loudspedker
I/ Ranae SN
will be constant and frequency independent for ka<l, where "a™ is the

effective speaker radius. While experimental evidence supports this

'




—

[
—

theory('®), it is argued(?*?) that th ‘microphone should be no closer
than 55; to the source due"to speaker beaming. Whether or not the
10-20 mm distance and -%; criteria are both met depends upon the
speaker diameter. ’In the case of the speakers used here, a speaker of
approximately 63.5 mm effecéive radius is'used up to about 1500 Hz,
except for the 250 Hz band. This diameter requires .a minimum separa-

tion of about 17.5 mm at 1500 Hz. At frequencies above'LSOO‘Hz, up,

to-a maximum of 2780 Hz, the minimum required separation for the dome

tweeter of approximately lg<7 mn diameter (&t 2780 Hz) is about 1.5 mm.

At 250 Hz for the EVMI2L loudspeaker with an effective,radius of ap-
i ° f

proximately 133 mm, the separation should be in the ordeér of 13 mm.
L 7’ |

Since a separation of 15 mm was used for all speakers, it

can be seen that both criteria are met, or almost met, over the entire

1

frequency range of interest.

0

3.2  Pure Tone Qualification Results - Unmodified Room

4 -

The modal densities, reverberation times, absorption coef-

ficients, and modal overlaps for Ehe unmodified room are shown in‘Tablg

IIT for V = 93.9 m® and S = 130 m2. ' -

The absorption coefficient values rise at low frequencies,
which is likely attributable to the admittance of the room walls. The
double wall construction with fibreglas filler appears to be reacting

in much the same manner as low frequency absorber panels.

'
i

2.
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TABLE III o S

’
o

VALUES OF UNMODIFIED ROOM PARAMETERS

-
B
\

Center_ Freq. (Hz) n o - p Teo* a M
100 0.49 .1.86 0.06 " 0.58
) 125 0.70 2.33 0.05 0.66
160 : 1.06 2.69 0,04 0.87
200 \ 1.56 3.18 0.04 1.08
250" 02,32 4.56, | 0.03 1.12
315 . 3.53 5.05 | 0.02 1.54- 1°
400 ‘ 5.48 5.09 0.02 2.37°
500 8.34 5.27 0..02 3.48
630 12,94 4.68 [" 0.02 1 6.08
’ g0 | 20.48 4.01 | 0.03 11.24
1000 -1 31.55 3.69 0.03 18.81
1250 | 48.73 3.40 0.03 '31.53 |
1600 79.05 2.92 0.04 <59.56 ,
2000 122.62 " | 2.09 | 0.06 | 129.07°
2500 o 190,49 | 195 | 0.06 214.91

)
I4

o

* measured using’ corner microphone technique -

" The measured- total standard deviations for four source posi-

. .- tions are plotted against the allowable limits of ANSI §1.21 in Figures

' ' -5°and-6. The raw data used inscalculéting all deviations are included .

in Appendix D. The source locations are shown in Figure 7.

~  A.palfunction Pf the 200 Hz filter in thé B & K 2131-origin-

o

alky gave erroneous results in this frequency band. Fur'ther ﬁeaswfe-

i

a
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ments were made towards the end of this study for the sake of complete-

ness, and are included in all data reported herein. ’ .

4

Y

The deviations for the four source positions are very gimilar
:&p

in the bands higher than 500 Hz. JThis is to be expected as the

of ‘sufficfehtw modal overlap (i.e. M=3) occurs in the 460 Hz band. In
' 4

this range, the modes should sufficiently overlap such that W/W, tends ‘L ,

.

Ak,

to 1. 0f course, ow’-O for‘é single source position. It should be

- ‘noted that current theory does not provide for variation in ow’ with
frequency at ‘a éingle position, although is recpgniz‘ed that‘this
occurs(®), a.nc'l in fact is included in the tokal measuremer.xc error ob-
t:ainefg by the procedures splecif‘ie;l by ANSI S1.21-1972. Nevertheless, at
high .frequencies, this variation is small, and the error is dominated by
uncertainty in the samp}ing of th;e sound field. From Equation 28, this

" uncertainty op,’, the normalized spatial variance, will decrease as Neq‘
increases.  The trend of decreasing standard deviation in the bands

above 800 Hz can thus be attributed to the increasing values of Neg with

P

frequency. Table IV shows the approximate.number of uncorrelated samples

vs. frequency for the 3 m traverse, as evaluated from Equatién 8.
¢

Clearly the increased sampling of the reverberant field will
reduce op,'. Unfortunately the use of a microphone traverse as opposed
- to a discrete microphone array allows no direct estimate of cp,’, or VR’, .

to be made.
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e Y AN

: TABLE 1V § ' ' 4
‘ NUMBER UNCORRELATED SAMI{LES VS. FREQUENCY - -
Freq. (Hz) " Neq.
o : | 100 1 7 2.7
125 32 y K o
" 160 . . 3.8 i , "
\ | 200 Cas ] ' g
VAR 250 ' 5.4
- 315 6.
a - 400 8.0 ]
’ 500 9.7 ;
630 - ' 12.0 N
| © 800 15.0 T
. N : . ’ ¢
j ) 1000 18.5 | o ‘ \
'1250 22.9 7
s h ~1600 . 29.0
% o 2000 | 36.‘0 ‘ -
| - 44.7 e
E \/) _ 2500 . 4.7 . -
%
‘

At frequencies below the Schroeder cut-off (i.e. M=3), the var-

iation in standard deviation from position to position becomes higher,

R

. \ .
and is attributable both to the relative power output of the source at '

P each position with-respect tp each individual mode, and to the decreased
effectiveness in sampling squared pressure as ;videnced by Neq in Table'_ .

- . b
IV. A source at a particular location in the room will excite the
available number of modes, but quite possibly to a dif‘fergnt( d;gree as

i compared to another position. Over the frequency band, therefore, one
I N

f

|

-
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13 N R ‘ \’
source‘poéition may excite modes more evenly than another position,
4 '
effectively offering a more uniform radiatiom impedance to the source.

This effect can be seen in the curves for all four positions. It would
&

be expected for a constant absorption at all frequencies that the stan-

.dard deviation would, rise as frequency was decreased from the 400 Hz

band down to the 100 Hz band, since the number of uncorrelated samples
is:'decreasing. However, the absorption in the room increases w%}h lower
frequency and, as has been shown in Chapter 1, the variatfgn in power
butput with frequency deéreases withlincre;sed absdiption. Thus, the
peak in deviation in the range of 160-200 Hz is a"trade;off point be-
éween errors. Above the peak in frequency, ‘the increasing effectiveness
of the spatiQ; average and decreasing fluctuationé in power output at
these higher frequencies results in deéreasiﬁg standard deviations. Be
low the peak, the risin; absorption appears to be'sufficient to offset “

the slightly increasing uncertainty due to reduced spatial averaging

effectiveness.

According to Equation 42, the meaSurement error should be re-
duceable by averaging the squared pressures at each frequency over source
]

position. Thé effectiveness of this averaging depends upon the degree

of correlation between the frequency®eharacteristics of sound ;ower out~-

put an& the méasured»squared pressure. The averages over source position
for pairwise, fhree-way and four-way averages are shown in Figures 8 aﬂd

9, 10 and 11, and 12, respectively.‘ In general; the standard deviations

of the averages are lowersthan for single. positions klone, over the en-

tire frequency range. The reason for better averaging over some posi-

tions at cegtéin frequencies is shown in Figures 13 and 1l4. In the

49
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125 Hz band, the squared pressu%e, hence levels, are highly correlated
for soutce positions 1 and 3. Therefore, the average over these two .
positions does'not substantially reduce the total measured deviation.

The averaged value is 2.8 (Figure 8) compared to the single position

values of 3.4 at position 1 and 2.9 at position 3 (Figires 5,6). It can

not be pdncludéd that at low frequencies the squared pressure is al-

ways highly correlated over source positions. In the 160 Hz band, the

¢

squared pressures (hence levels) for positions 1 and 3 are not correla-
ted éo'nearly as great a degree as in the previous case. Thus, a
greater benefit 1s obtained in averaging the two positions. The stand-

ard deviation for the averaged positioné is 3.3 (Figure 8) compared to

Ee -

the single position values of 4.6 at bosition 1 and 4.0 at position 3

(Figure 5).

1

» l
“n o
P

At higher frequencies, the correlation between source posi~-
tion and squared pressure over frequency islvirtually nonexistent, as
evidenced by Figure 15. In‘the 2000 Hz band, it can be seen that there

is virtually no correlation between the curves for position 1 and posi-

tion 3. o

Due to the relative ineffectiveness of the traverse at low
frequencies (i.e. Neq), it’ is difficult to sajp whether or not the majar
portion of the total error can be attributed to o_,* or cw“, when
\ ’ ¥
multiple source positions are considered. However, it can be seen from

'

Equation 42 that the total variance ct’ should decrease by a factor

of l/Ns,*where Ns is the number of source positions ov€r which an average °

1

i5 made. Shown in Figure 16 1s the calculated reduction factor for
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source position averaging compared to the theogétical value of llNB.,/ '
The factors shown are average values'over'all combinations of pairwisge,
three-way, and four-way combinations. The theoretical values are only

‘;pproached in the ranges of 315—800 H;, and 1250—1600 Hz, it can be o
l‘ seen from Figures 8 - 12 that these are the ranges where the most ef-

v

. . fective reduction in deviation due to source position averaging can be

A 4 .
With reference to the meagpred level values in Appendix

achieved.
for each source position, it can be shown that the theoretical value

. « of IINSAis approached when coF;elation between measured levels at in-
dividualufrequenc}Es and source position is ;egst, agd consequently, the

most efféctive averaging is achieved when correlaton of room frequency

response with source position tends to zero.

Pure Tone Quaiification Results - Room with ° . ¢

- 3.3
| Rotating and Stationary Diffusers

The reverberation times and absorption coefficients for the
reverberation room with both rotating and stationary diffusers installed
are shown in Table V. The rotating diffuser was aperated at 30 rpm,

s with panels set at 15° to the vertical and 30° rotated about the verti- Y

cal axis.

!
- . Y

The introduction of the diffusing elements has very slightly
raised the absorption of éhe room, comparing the values in Table V with
s ' - ‘those in Table III. The effect of the rotating diffuser on the rever-

L ,berati&h time appears to be insignificant. ‘ ’
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TABLE V

-

ROOM PARAMETERS WITH DIFFUSERS INSTALLED

LY

”61 .

: Freq.| Rotating biffuser Stopped Rotating Diffuser @ 30 rpm
) (Hz) - Teo a Teo * a '
100 1.89 J 0.06 1.95 0.06
125 1.82 0.06 1.94, 0.06
;160" 2.79 0. 04 2,78 0.04
1 200 3.05 - 0.04 2.98 0. 04
250 4,04 0.03 3.85 0.03
315 4.07 © 0.03 4.03 0.03
: 400 4.20 0.03 4,15 0.03 )
500 4,23 0.03 4.16 0.03
630 3.85 0.03 4.02 0.03 _
800 3.46 0.03 3.61 0.03
1000 3.28 0.04 3.33 0.04
1250 3.16 0.04 3.17. 0.04
1600 2.87 0.04° 2.98 " 0.04
2000 2.62 -0.04 2.63 0.04 °
2500 2.42 0.05 2,41 © 0.05

* gpace average measurements

-

-

At s it £1 5 4

ihe standard aeyiétions for position; 1, 2, and'3 are shown
in Figufes 17, 18, and 19, respectively, along with their respective
deviations for the unmodified room. Except. for positions 2 at 125 Hz N

and 3 at 200 Hz, there is improvement at all frequencies for all posi-

tions when compared with the unmodified room Tesults in Figures 5 and

s o

L S YO

e

oty e s

6: The deéreasa in deviation can be attributed to t“g existence of

o

sidebands around the source frequency caused by modulation of the source’

e mipe Ampme od < ey o
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tone by the diffuser vanes, a process which has been confirmed experi-
mentally(3?). A pure~tone spectrum is thus changed to a multi-tone
spectrum, with a corresponding decrease in normalized spatial variance

VR2 (Equation 31).  That is, VR’ =1 for a puretone, and if R sideband

. tones are generated, the value of V_? may go as low as 1/R. if the tones

R
are well separated. Also, as discussed in Chapter 1, the diffuser

should modulate the amplitude of the tone and sidebands performing.an

averaging effect. The diffuser should also time-vary the power output

of the source.

If it 1s assumed that the entire error at all frequencies is

error due to spatial sampling, then the figure of merit, M', (Equatiom

44) for the diffuser may be estimatqgg The calculated values are listed

in Table VI for positioms 1, 2, and 30

/

The averages are simpiy arithmetic averages of the figures of

merit for the three positions. It can be seen that the highest average
| .

figure of merit is approximately above 200 Hz. This coryesponds reason-

ably well with the premise that the largest pénél dimension should be

in the order of %‘ at the lowest frequency of interest to ensure good

" diffuser performance. With the rotating diffuser used in this room,

the -% frequency is about 172 Hz. The diffuser becomes generally lgss

effective as frequency, hence modal overlap, increases.

Q

The stardard deviations for a&érages over source position are
shown for pairwise averages in Figures 20, 21, and 22, and for the
N
three-way average in Figure 23. The averaging process is generally ef-

fective over the entire frequency range, but that no combination of

. A}
' 4
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i e e =

. A
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\/
\ TABLE VI
\ DIFFUSER FIGURES OF MERIT
' N
Freq.(Hz) Position Position "Position
1 2 3
100 1.3 3.8 1.9
125 2.4 0.6 1.4
160 2.0 , 1.3 1.8
200 1.2 1.1 0.7
250 ° 2.7 5.1 3.7
315 3.1 2.3 5.3
400 - 2.4 3.9 5.8
500 3.7 5.7 1.6
630 1.3 1.1 2.5
800 3.8 2.0 2.2
1000 3.2 1.5 2.0
1250 - . 3.4 2.7 1.9
1600 1.6 1.3 1.3
2000 4.5 1.3 1.9
2500 1.6 1.8 0.6
)
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positions will make the room entirely qualifiable. .Haﬁever, the

4 t

three-way average -leaves only the 200 Hz band unqualifiable.

Shown in Figure 24 are the responses at individual frequen—‘

'cieg in the 125 Hz band for source positions 1 and 3.

e
5]

A comparison:of Figures 13 and 24 shows that the combination

/

* of rotating“and stationary diffusers has uncorrelated positions 1 and

R
>

3 to a certain degree at the low end of the band, and has reducgg,the’
e - (

amplitude of the sharp resonances at 115.74 Hz and 121.36 'Hz. The(sharp

-

-peak around 133 Hz has not been affected significantly. The reduction

at the low end of the band accounts for the reduction in measured de-
viation, at each’ individual position, but averaging of the two posi-
tions is still not particularly effective as the two positions remain

highly correlated at the higher end of the band.’ !

.

Similar results f?r the 160 Hz band, shown in Figure 25, indi-

cate that the room response for positions 1 and 3 are not so nearly cor-

) 3 N !

related in this frequency range. \Again, in comparison with Figure 14,

'ché sharp resonént peaks at the lower end of the frequency band have

J

‘been reduced in amplitude, resulting in"lower total error. However, in

this frequency band, it is d;fficulﬁ to assess any significant change in

correlation with respect to source position.

The diffuserathen, at -low frequencies, must be averaging the
séurcé‘;bwer output with frequenéy, and/or providing a more diffuse sound

#

field via multitone generation.  The resultant reductions in measured

error at each source position depend upon the extent of power averaging

éfQECCiveneéé and/or diffusivity over the range of frequéncies within

[

3
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eat;h 1/3-octave band. The redl;c;tion in total error available via-
éVeragir:g over/Source position depends’ upori the degree "of correlation
of“room reé. es with source position. Of cm'xrse, at low frequenciés
degree‘. of gortelat_ﬂm between source positions will depend upon the

‘efficiency of coupling available to any given mode at each respective

. position which is a function of the source 'posiL:ion and room parameters. -

Thus, power -output would appear, as for example in Figures 13 and 24,

to be correlated with mgasured squared pressure. It is for this reason
". that the total error given by Equation 42 may underestimate the true
error since it assumes uncorrelation, hence addition of ow’ "and ¢ 2

It is for the ‘same reasbrn that the calculated values of Ns do not tend

to the theoretical-at low frequencies, because théy are reduced by the.

i

<
3

2

.correlation effect. = ° ' : v

v

At bigh frequencies, for example in the 2000 Hz band, it.is

found vthat averaging over source position is geﬁally less ef§ective
&

A

v:lth the diffysers in. the room' than without, although deviations

.at single positions are lower with the diffusers in the room. This can
be attributed-t:o the fact that as the frequency responses of the room
+  ger "flatter" at e c{1 source position, the responses are effectively

~getting more correlated, and hence averaging becomgﬁ less effective.:”,

However, if the difquée is reducing spatial aVeraged' variation gifth a-

frequency to the,order, f I:O,dB at 2000 ﬁ;, there is no necesbit): to

"tu

.. use more than gne soutce-position. T
The calculated 1/Ns factors are shown in Figu.r-e 26 for pair-"

) i

wise and three-way averagea. Wtien compared to those for the unmodi 1ed

>

room in Figure 16, the values of l/N gore clobely approach the theo-
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in more effective redﬁction,ﬂn e:ror;

o 76
™ ' ‘

retical at low frequencies, and generally diverge morewhighly at the

‘highest frequencies for the reasons discussed above.

4 3 0 ~
. L. ~
1

’

It might also be noted here that the partiqui;r‘diffuser con~

figuration used for the previous measurements resulted from error
. , .

measurements made in the 200*Hz band, for different diffuser configura-

ki

. . ,
tions. This frequency band was selected because it was recognized from
! ' °

previous measurements that the 200 Hz band would likely be the stumbling
block to .qualification throughout the total frequency range, as the dif- °

fuser was particularly ineffective in this band.

a

For each diffuser panelesconfiguration an% the swept volume -
per panel per second at a diffuser speed of 15 tpﬁ was evaluated, and
is plotted in Figure 27 against measured standard deviation at a single
source position. There does not appear to be any correlation between
swept volume aﬂé total standard‘deviation: As a’result.of this cur&e,

the panels were left set to provide a maximum swept volume per second .
- B /

/

of 0.586 m®/s at 30 rpm, compared to half that at 15 rpm. The 30 rpm

point at thig swept volume 1s also shown in Figure 27 and illust;ates

that the larger increases in swept -volume fvailable via increased ro-

tational speed as compared to alteration of panel configurationm result
' :

.
Kl

o L}

.+ 3.4 Pure Tone gualification Results ~ Final Room, Configuration - /
Addition of Low Frequency Absorption ' . /-

] !

. .
v . v
' "

The reverberation times and absorption coefficients for the .

room with rgsonator bott\bs and panel absorbers plus resonator bottles -

are shown in Table VII. .. ./ i - L

-y
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- \
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\y TABLE VII .

e e o por— R

) /

3

ROOM PARAMETERS WITH LOW FREQUENCY  ABSORPTION

kl

[PURN

78

Final Configuration
Freq.(Hz) Resonator Bottles Panel Absorbers d
Only + Resonator Bottles
Teo a Teo a ,
A N .
100 1.84 0.06, 1.89 0.06
2125 1.76 0.06 1.78 0.06
160 2.59 0.05 . 2.32 0.05
200 2.40 0.05 2.06 0.06
250 3.73 0.03 3.02 0.04 ’
315 3.76 | 0.03 342 | 093 |
400 4,11 0.03 3.76 0.03
500 3.99 |- 0.03 3.79 0.03 )
630 3.70 0.03 : 3.58 0.03
800 3.31 0.04 3.25 0.04
1000 3.17 0.04 3.13 0.04
© 1250 © 3.10 0.04 3.09 0.04 \’-J[ZL,
1600 2.82 0.06 '2.78 0.04
2000 - 2.53 10.05 2.49 0.05
2500 2,3% 0.05 2.3Q 0.05
—
i i 4

P

- WML

e et i o

ROV Y

A b

\




79

-
s
e S o e T K 1

In compar}son with the values in Table V,. the panels and

n e t——

& . 3 4
bottles can be seen to be only slightly effective in reducing rever-
\ } ’
' . beration times, and the absorption coefficients differ generally by no

mere than 0.01. At 200 Hz, the particular band of'j;tereet since it

was the only one not to qualify with the diffuser only, the absorption

- .

N -
coefficient was only raised by 0.02. Although the rise in absorption -

apgégzngmall, the effect upon standard deviation at some source posi—.

tions wgs .substantial. For one configuration of panel absorbers and

-

’ resonator bottleg, the deviations shown in Table VIIT were measured.

! ’ . . ’ %
S 0 . ’ TABLE VIII
: . A

IS

;o ' EFFECT OF SMALL INCREASE IN ABSORPTION
] ‘ ON MEASUREMENT ERROR AT 200 Hz

POSITION #1 POSITION #2 " POSITION #3
. “W/o W W/o W, W/o . W
" * |Absorption Absorption | Absorption Absorption]| Absorption Absorption

3.2 . 2.1 2.9 3.1 3.5 3.0
) .

Error (db) Error (db) Error (db)

While position 2 is actually adversely affected, there is a

% g

dramatic re&qction in de;iétion at bosition 1, And a moderate reduction y
at position 3. The reason for this.reduction is shown in Figure 28.:

,The measured levels over frequency are shown fo; the room with jand withqut
the low f;equency absorption. Also showp ?s the absorption curve for a
typical resonat;r bottle as measured in.a standing wave tube. The S

absorption broadens the modal respomse over the entire band, and is

;" ¢
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"effective in reducing the spike-like response over approximately two-

thirds of the band.

-

v

" Despite the beneficial effects of absorption at the one posi-

4

tion, the averages over any combination of these source positions still
féiled to qualify the band to the ANSI S51.21-1972 limit of 2.0 dB. Two

. larger panel absorbers were fabricated and installed in the.room but

rd / «
failed to achieve any further success at this frequency. Also, the

inclusion of large surface areas of the pauel\abéorber material was in— .

81

creasing high frequency absorption beyond that desired, and the consider-

able size was occupying more of the already limited space available in
the room. . At this point it was decided to try other sourcé positions as
a route to qualification in tﬁe 200 Hz band, aa'posicion 1 had already

\dembnstrated that values app;oachiﬁg‘che required limit could be achieved

even at a single source position. , .

/

measure deviations for these positions are shown in Figures 29, 30, and

i

31, réapectively. Again, no single pééitionlwill enable qualification

The final positions used were 1, 4, and 5 (Figure 7). The

~ over the entire frequency range. The deviations at 125 Hz and 200 Hz

. ¢

for position 1 have been appreciably lowered by the addition of "low
frequency absorption. .It is likely that the modal broadening effect of

the low frequency abhorption is also resbonsible for the low deviations

\ .

at these frequencies for the other two positions.

»

The pairwise averages over source position are shown in

v . Figures 32, 33, and 34. Only the average of positions 4 and 5 does not ,
qualify at every frequency except 200 Hz, the other exception in this
. s ., v N % . ar
-
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case being the 500 Hz band. The three-way. average is shown in Figure .

35. The deviation in the 200 Hz band is lowered just to the 2.0 dB /¥
limit as a result ofjthe slight absorptibn increase ;n\the'b%nd. ThF

. ‘ ‘ SRV
deviations ‘at other frequencies are not significantly different from

those seen in Figure 23 for the room without low frequency absorptionm,

except at 125 Bz, - The three-way average is reduced from 3.0 to 2:4
at this frequency, and is attributable to'rgduced correlation between

the source positions 1 and 4 used in the final qualification as com-
o Q

pared to an&'cbmﬁination of positions 1, 2, or 3 previously used. The
average of‘posigions 1 and 4, with single position standard deviaticns p
of 2.9 and 2.8 r;speqtively, is 2.1 dB, giving a calculated 1/Ns value

of 0.45, very close to the theoretical of 0.50. Thius, the two posi-

»

tions give uncorrelated responses. The addition to the average of posi-
tion 5 actually raises the error, indicating that it is at least partially

correlated yithvthe other positions. An examination of the other pairwise

t

averages shows that position 5 is‘most.highly correlated with position 1.

. <
In summary, the final qualifiation of the 94 m® reverbera-

tion chamber resulted from a small increase in absorption in the 200 Hz

s

i ,
band causing increased modal overlap aws consequent reductions in spatial
. .

variation of squared pressure and fluctuations in source power output. -
s > 4

N ,
/ N -
Reduced variation at the lowest/frequencies resultédd from improved un-

~

3 . LI .
correlation of room response with respect to the chosen source positions.

)
a

3.5 Room Qualification for Broadband Excitation

- ’Q B i
Broadband excitation resﬁlts,in considerably lower error esti-
. , ' 4
mates. This can be seen from Equations 31 and 32.  For a pure tone,

—
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VR? = ], where as for a l/3—octav5‘hghd of noise centred, in the worst)
‘ -
. cage considered/fgr sound power esgtimation at 100 Hz, VR2 = 0.22. This

reduction in spatial,variance occurs because the band of noise simul-

taneously excites many more modes than a fpure tone, thus developing a

%more uniforin response in the room. “Also, Yhe Yar{ations in sound power

~
coutput over frequency tend to average under noise excitation. Thus both

" [ :

factors affecting the total measurement error are reduced. . It has been

. \ .
shown experimentally('') that there is close agreement between predicted

spatia] variance and measured values over the entire frequency range of
‘ i} quenc g

r

interest.

' s

%

Shown in Figufe 36 is the measured standard deviations versus

frequency and specified 1imit of ANSI S1.21-1972. An ILG reference sound

q

source was used to generate broadband'excitation at eight source loca-

-

tions spaced 1 m apart, corresponding to %- at the lower frequency é’
ehge of the 100 Hz band. The source was also kept at the required mini-

- L "y
mum distance from the microphone.

.

! It is not surprising in light-of the fact that the room quali-
fies‘for pure taone measurement that the standard deﬁiations are sub- ‘
‘stantially lower than those progplgated'by the standard. It is likely
_that due to the expected reduction in spatial variance for noise excita-

tion, many of the modifications required”for pure~tone qualification

would not be necessary for broadband qualification.

v

Since the sound power output of the ILG reference sound source
is well-documented(®® ), it is of interest to check the calculated‘valueé

of sound power from the reverberation room measurements. The sound power
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levels are calculated from the average pressure levels determined dur-

ing the broadband qualification process, and the final co;ifiguration )

reverberation times in Table VI{. using Equation 51. The comparison is

shownr in Table IX. ' \

' TABLE IX -

P K ' :
COMPARISON OF CALCULATED SOUND POWER LEVELS OF -
CE SOUND SOURCE USING FREE-FIELD AND
REVERBERANT ROOM METHODS (*¢)

&

3

SOUND POWER LEVEL (dB. re LpW)
Freq. Free~Field Other Concordia -
(Hz) . Reverberation Rooms CBS Reverberation Room
( | :

100 76 71 72.9

5 76 72 - , [14.2

160 76 73 L 76.2

200 6 T 74 ‘ 75.5

250 76 ! % 74.9

.315 ge ‘ 75 o < . 75.9

400 6 75 75.2

500 76 © 75 ' 75.2

630 |- 76 ' 74 . . 75.1

800 | . 76 74 74.9

1000 76 ) 75 . © 1 75.3

1250 76 . 76 , 75.8 . l»
1600 76 , 75 - 75.7 [
2000 76 75 75.6 e
2500. 76 % ) 5.4 l

4

N




N ’ . . . =,
. " In all cases, the calculated values 1lie between the free- s

! ¥

fjeld power levels and the avefage values baged on measurements in a

»

% number of reverberation rooms. The calculated power levels are also
. [ 4

w»

[] o
seen to roll-off "from the free—field/values at the lowest frequencies,

- "

. an occurrence well documented for rewerberant room sound power measure-

ment(?®). The roll-off 1s of sufficiént magnitude that the Waterhouse
correction is inadequate to compensate. This discrepancy may be at-
tributable to an actual reduction in.power oﬁtput due to inadequate

. [ ]
coupling to the sparse number of modes at low frequenciles, or pefhaps

because the 60 dB reverheraﬁion time 1s an inappropriate measure to use - .
/" ¢ .
an early decay time has been suggested(®'). This is an area which re-

" Quires furg?er research. ’ . "
. \\ .

\
»
4

' In summary, the room configuration used for pure tone " ‘
A ‘ .

A
. P
measurement alsb enables accurate sound power measurement of broadBand
i B o . o
" sources, with standard deviation of measurement well below the speci- d

fied 1imits of ANSI'S1,21~1972. It might also be noted here that for

fo : e
the final measurements of both the broadband and pure tone qualifica- ’

+ i

Fad

tion procedures, the product . Y

RH (t + 5°C) W N

RH = relative humiglit)t . oo

-

t = ambient temperature, °C

° . 4

remained within 4+ 10% ofrthe same product measured during revérberatton‘ f,{
, - s

control is - ;

time testing. This was fortunate as no provision for hu

available in the reverberation room.
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’ CHAPTER 4

~

CONCLUSTONS AND RECOMMENDATIONS

4.1 <tConclusions . 1 o
- * \
. The 94 m® reverberation chamber<bnder study is, to the author's

.

. \B : ,
knowledge, the first of its size to be qualified for discrete frequency

¢ °

sound power measurement under the conditions of ANSI Sl.él—l972. The

Pl .

predominant reasons for ‘the success in quélification are that:

+

i) the lightweight wall g#nstruction progides inherent low

Id

frequency absorption which would otherwise have .to be added

L

by space-occupying modifiéés such as panel absorbers. Thi;
low frequency absorption sufficiently broade;s modal re-
sponse in this range to reduce measured standard deviafions
to levelsgw%ich can successfully be fuﬁgher reduced to quali-
fiable limits via the use of other room'modifiers. Small in-
\ <
. \créases in room absorption at low-frequencies can have dram- ;
gtic\effects in reducing overall error. ‘This is, substantiated
by another study(®“) where qualificatibn for a room of similar
vo%ume was un&ttainable at 100 Hz, but'yhere the absorption

. coefficient at this frequency is about (0,57 times the value
' in the roomLconsidered here. At ;ther fréﬁuencies, the ab-
sorptions are similar. Consequently, it appears that the use
of lightweightAconstrucﬁijé for,sﬁall reverberation rooms
A

sﬂould be copsiéered 1n:the design stage of a ;ooﬁ, to~a$oid

the problem of having to introduce an 1norain§teinumber of

§
’I‘\', \
/ o
&) :
J

~

k

94

»

e TR T
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&' . ! R RS
. . 'low.frequency absorbers.

¢ 1

" o, ’ . ' . .
ii) it wasg fortunate to find source positions that gave r

[ s 4

easonably

.t
. [

, uncorrelated- room responses at ‘low frequencies, since there
» . )

is currently no method of determining where these positions

are located with respect to oné another. The use of such -

-\\u/fgiy£igg3\is hdighly beneficial in improving overall error

when averages over source position are required.
' ¢ - s 4
RN of % separation is not adequate in ensuring this uncorrela-

tion.
o

The figu?es of merfE for the rotatiné ¢if}user were found to

) be comparable .to others reported in the literature. No correlation be-
3 s

tween diffuser swept volume and overall error were found for simple

measprements in the 200 Hz band. The error, appears to be more dependent

‘upon diffuser rotational speed.

v £ o
¢

-

¢

JBroadband qualification for a room having previously been \

qualified for pure tone measurement is assured, and calculated sound

*

power levels of broadband sources can then be accurately determined.

2
)

The discrepancy between free-field and reverberant sound pbwer at low
frequencles remains to be resolved.

3

Although ANSI S1.21-1972 récommends a minimum room volume of

180 ms, the results of this study support the potential use of a room

N

of this size for both pure tone and broadband sound power ‘measurement,

even for frequency bands as low as the 100 Hz band. In particular,

{ )

the calfjlated sound power-of a broadband reference source was found

~

N )
N
Al

.

The critexria
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‘?% be extﬂémely accurate over the frequency range of interest (un-

1
¥}

,fortunately, there is presently no reference pure tone source). " The
. . . 1
room will accommodate sources with dimensions of about' 0.45 x 0.61 x

» ! .
0.61 m for pure tone measurément, encompassing, for example, such
.' 4 - -7

sources as compressed air tool§, and.will accommodate sources with
dimensions of about 1 x 1 x I'm for broadband fieasurement. The dif-

ference in dimensions relates té the fact that three specifif spurce

N
.

positions spaced %— apart at the Iowest frequency of interest, 1.5 m

P
from any wall, and 0.6 m from the nearest microphone traverse point,

- -

must be used for puré tque sound powef mdasurement, while only one posi-
’ ' - L]
tion located at least 1.5 m from any wall and 0.6 m from the nearest

v

microphone traverse point is required.

The measured pressure levels for a source in question must

-

be at least 10 dB greater than the current backgréund levels, shown in
. .

Table X.
a

~
4 s

v

If reduction in the rotating diffuser noise, which:pre-
A i .
dominates the baék§pbund noise, is made, then sources with correspond-

. 1 '
ingly lower sound power outputs, hence measured pressure levels, can

be made,

h)

d Sound power measurements made in tbis room should be an--
notated as having been made in accordance with ANSI S1.21-1972 except

for the room size criterion and the minimum microphone distance from the

K]

room surfaces. This is recommended as %— at the lowest frequency of

interest in the-standard, while room size restricted-the distance to

1

-% in this case. M

96
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TABLE X-

. ® BACKGR@!D SOUND PRESSURE LEVELS (re 20uPa)

"]

v

v Fa;eti. (Hz)

Level {(dB)
100 52
125 67
160 54
200 52
250 51
315 54
400 58
500 59
630 60
800 55
1000 48
1250 48
1600 46
2000 44
2500 41
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There can be no quarrel with the provisions of ANSI S1.21-1972.

There is at present inadequate theoretical background for predicting over-

= v

all error, sound power output variance, and spatial variance at low fre-

quencies.

Until the understanding of these processes and their inter-

correlation is obtained, it would appear pointlesé to attempt to tighten

qualification limits or alter measurement procedures.

4.2 Recommendations for Future Research

The following areas are suggested for future research in the

i

area of sound power determination in reverberant rooms:

1)

- 11)

1i1)

The correlation between source location and room response

L 4

should be examined in order to enable selection of "optimum"

s

]

source locations.

s

The variation in sound power output of a source as a function
. ° .
of frequency should be examined in order to quantify the

significance of this variable.

The variation in sound power output as a function of source

position should be analyzed. Current theory would appear to

overestimate this variation.

The discrepancy between free-field and reverberant sound
power measurement should be reviewed in light of recent pré—
posils for the use of eariy decay time in place of Tso for

sound power calculations.

ATy
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APPENDIX B°

SOUNR POWER PROGRAM SOFTWARE
\(written in HPL)
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dsp "HHSOUND FOMER DATA ACGUISITION PROGRAMF#4"

trk 0

dse "Please insert ""HERBIE 1" tare"iwait 3000;stp

dim BSCI8D, PL2T 4150, SKLTD, MCISD, CL36104 XK0D, Y502, ECZT, HKDi fxd 2.
dim AS2 -~ o

dim 18K 0810 DK, KT -
dim N5

-

B A LU 8 ko

1=CH=LT=C =LA . 2=CC18=019D=0C200 . 3=CC21D=(<2D

= T0230i = b=CC2A>=C{25%=C<26; = 5=C27>=C<28Y; -, 4=C<29%i -. 3=CL3M
¢ = 2208310, ~ 103D, -, 204530 1=0CE83=C{3T=CCR9Y=C40D; . 2=CC41D

11, . 3CUD=LADLA, 4085 ; ’
12, = 520460 =C{RTI=CCAG. - A=0C49%i = 3=CC500i = 2=C{S1D=L{SD=C53

13, = 120454, 120459, . 208000610 . 3LCbID=CCb3D=CL647; . 2=0(65> S
14, 3=CC600 . A=CL6T0=({E82=L<6=LLT02

15 = 3=CT10=0TL=C0=CCTAY <. 20T - 3=CT60 = 2=C<TToi - 1=(LTE=CLT>
16:  1=0{B5)) . 2=CCRED=((BT>=C<BBI=CLRII=CLI0, . 3=CE91Ds . 2=CLIDLLIB

17: = 120(98=0(9T=CL960=C{982=C990=CC100>=CL FO1D=CL102D=C{103D=C< 1047

18. = 1=C10D=L075=CCL08Y=CCI09=CHIO=CLL LD, = 2=0C1 2 =, 301D

19. = 3=CCUAD; - 220X1IDH=C16=CUALT .

20: - 1=TCLId=CCII93: . 1=CU21D=CK1 230 - 1=0C1369=C13T=0C 138D, -, 2=(<139
- 2=001400, - 3=CAIA(K14D

22: . 5=CK143%. 6=CCI48), . 5=C<145=CCL46)i . 4=C<14TDi 3=CL148=C<149>

23, 2=C1505=CAU51=CA5D=0C153% . 1=0C154Di -, 2=CC156Y=CCISTI=0{158>=(< 155>
4 - 3CSN=CLLA1220K1620 - 4=CU183DCCBAI=CCIBEY, = S=CX1b6Di - 6=CLILTS
5 6=CC168)) T=CK169%5 S=CAUTOI=CKUTID, . T=CCITDi. 6=CKITD0 4=CXITAY

26, 3=CLUTSI=CAUT8 . =0T -, 1=0C180); - 2=CIB1: - 3=C{18D - 4=CX183> .
7. = 6=C1BH; = 9=CK185D, ~1=C<186%; =1, 2=C{187=C{186%; -1, 3=CIED

26: 1. 5CLA0=C1913i | 319203 1. 2198, 1=CC194D, . 9=CC195: . 8=C196) ¢ . .
29070197, A=CC198Y. 22019905 . 1=CK20075 - 1=C<202; -, 3=C{2022, -. 4=C{204)

0 = S=0C05=CCR062; - 62077 = T=0(2087 - 8=C{209Yi - 9=C{2103=CL2110
231 =1 Z=0N21Di -1, 350213 -1 M=CC21 4D ’

52 2204210 1. 90421603 1. T=CE2I T 1. 55CC2187i 1. 3=C{219%i 1. 1=€2200, . 902215

33 . 8=C{222%; . 3=CCZ2D=0X224Y; -. 2=C<226)3 - 4=CL22Tyi~ 6=CX22835 - 7=(<229>

3 -1=0C230%i -1 1=CCTB0i -1, 2504200 -1, ACLIBDAL2M0i -1 54 1 —
35 -1 62042360 -1, 9=CL23T0i |, 73=C<238Di 1. 59=CL2390 1. 43=C240>
TP 1 29=(42810 1 12=C<2AD; . 97=CL2A . 180K 2840 ‘

37 67=CC245); . 5=CC246)i . 27=CL24Ti - 31=0<249%; -, 64=C{2507i -1. 01=C<2512

8. -1, 23=0<2927, ~1. 41=CC259; -1, 56=CI54D, -1, 47=C 255>

39: =1, 29=C<05ky - 18=C<25Ty; ~ 33=C(258D;. 29=C<2590

40, ~1. 9=C<260% -1, 6=CL2812, -1, 3=CC26DDi -1. 2=0<263Di =. 9=CCTbAY; - T=CL265D -

41; - 5=C{26bY, - 4=CC2677i -, I=CC268), - 1=0C2T07=CA211> . ‘

42, 12027 LTSY=CCT6I=CATTH=CL2T8Y=CL279D=C280, - 2=C{2B1>, - 1=CC28D -
42 - 1=0{284)=((285>=C{286>

44 . 7=CL287;. b=C(288>=0(289), . 7=C{290D; . 6=C{291>=(K29Zi . S=CLAIDL{294 -

45, . 3=0C2950; . 2=CC296%i . 1=CC290i -, 1=CC300=CC301Di = 3=C(02>=L{303>=C304>
86, - 2=CC3050=C<3060=C<307>=CL308D, -, 1=G{3097; -, 2=CC100=CL3ID | ,

47, -1, 21=0CR13), -1, 14=CCR14D; -1, 07=C315), -1=CC316%i -, 81=C{3IT, - 68=CC31> |

88 = S4=C<3190 - 4=0C3200; - 28=04321, -, 165C<322>; 18=((324> ) ‘.

49 . 38=CL3250i ST=CC326):. 16=(<32T> ) L .

S0 . 89=C<3280, 1. 06=C<329%: 1. 36=CC330D 1. 57=C<33100l. 820433 o

- Ly
<. -

s

*

S 2=T0=0C30=0A0=C(T0i . 1=LCO0=C{TH=CL8Y=L{S> P



$$$$$$§?5$§3‘4$ﬂ$?§?~?%‘

L 94-‘f‘ a3 2 6=C12347

1. 8=L4335=CC32675 1, 6=C¢23T 1. 32003080, 1=C (3390043003, 8=CMD,
 T=CCOADY . 50430 2 034, = 12034 - 2203365 -, 1~C<34T =L{349>
- 1=C<350:" 1’6(.352:: “C‘:..-Su')l w‘C(us‘L‘l 6*[:{355:31 3—(1\9 v
9=C370i 1. 1=CL338%, 1. 3=CL3397 1. 5=C<3600 1. T=0(3b12

for I=1"to 30

£, 135- 0051=X<I>

next I

3 1=YI 2 A=Y, 1 TV(T0 1 3V, TS AN 1RV

= 1=Y(D=YCL0=Y110) - 005y L,, I RL S T EAIN

el SOVACHL 6D (O R A DEL LA DES DI CL S YL S0 s VAV N Y
- 1=YC2BY=YCAO=Y CO0D=Y L3V CIEN ) Sy YIS
AFYCAD=YADEYCATY; 22Y88), A=A, BeYd6 L 3V AT L, "~‘=Y(48}
2 b=YKA9; 3 Y402

Z2=NCLNCNCHIDNCI A 23N 20NN 11 Gy 255N W—N b ANTo=NCTD
28=NCE2, TN 25=NTESD TN

ent "AVERAGING TIME (22, 44001285) >, D

if D=32; \0="=5% '

9 if DebA; 038

0 if P28 008

71: buf *in",B$,3 } '
72. ent "RUNR", 7; {1-1)%3 61=E ‘

33@3#3@333%3&&%@3

29:

] .
Dif D=4 (1-0)4381=E;5 trk 112
: ent "1/3 OCTAVE BAND IN HI™".L

if L=100; 72N 11 1=A; 10.0793-B; . 1=, 1=K, sto 52

if L=129; 23=N; 8. 88=0; 8=B,  08=U; 2=K, ato 92 =

if L=160; 25-N; 7 08=Ri & 24%%=B; 0411, 3K, ato 72 *
S\if L2200 23245, 6=Ai S 0397=B; 05=U, &-¥, ate %2

©Vf L=250; 24=N; 4, 48=A, 4=F; O04<1), 5245 sto 2

if L=315; 75°Nid S4=i 3. 1748=B; 03U, b= sto 92 °
i,L=400; 25D T6= 7 S1987F, 02U, ok, sty 2

if L=500; 222N; 2, 257, 2=F; 021, 32K, ata 2

if Leb30, 15N, S6A=R, 629 96178, ~o-U, 7oK, sto 72

if L2800; 23=N; 7127 725 TOLRE, -3- Lo, oty %L

if L=1000; 22=H; 300=A; 1000=B, -10=U, {{=¥, aro 7

it L=1250; 27=N; b130=A; 1759 921=R, ~10=ik 127K, sto 92
if L=1600, 26=N; {410=p, 1587 101-B, -15=U; L3545 ata 92 -
if L=2000y 22N, 1200=f; 20008, -30=U, 14=k, sto 72

if L=2500; 27N, 22404, 2519, 84%=B, -0l 15k sty 22
dop "INVALID FRED. ".wait 1000, sts T ‘

ent "TONE ¥\IN BAND?",V \

for &=V to N , ' A
0=0 \ ‘
if £5500; sto 97
dse "PERIOD #7.\l, "TONE: ", A=(V-1 i), "ac,wait LG st E .
dsr *K®. int{d), "WEST FRED = &={y=1 5} %" war b 1000, 3t0 ¥
SUA-1V=1 )40y =C; 3ta 100

V-1 40 /BT \

100. for Il t2 50 . : '

i
\ |

B.2



" 101
102:
< 102
104
105
106:
107:
108
109:
110:
11
112
113.
114:
15
116:
1nr
118:
t1e;
- 120
121,
122
123
124:
125
126

127:~

e

129
130+
131

ar
s 8,

133
ELY
135.
13

el

if X{1D<=Ciate 103 oo

next I o

(C-XCI= 1) /D= X T= 1Y ID=YT =10 ) +Y (T 10l
clr Tivait 30icli Tiwart 50

for 1=l to 17¢ . ’

wrt 717, &

next 1 .

if Legp0iwrt 717,"N; " ste 110

wrt 717, "N wert 100 .

wrt 717, "M?%, 88, "LOMD" e te

wrt 717, "%="

if B=32%wait 20000, vait #0000

1f D=bdiwait 200005 wart 20000iwart 13000iwart 16000
if D=128;wait 32000 wait 22000, wait 32000, wait 32000, wart 15000
wrt 717, YE7% wait 100

buf *in®

tfr 716, %in", 302

ime rds("in")#-1

wrt H17,"E=" yait 100

for I=! to 35K, urt 717, "D?"inext*]
127+7%=

for R={ to K-1,NCR+@=,next R ™
prt Ciery ESDprt S704D

vaiiBhul [+A2 14EDHERL P4 I
Al=h .

fti (10#P{J, K3 =08
if H=3,5-70=0 .
dee "NEXT FILER =", GhotE, "TRACK™ Wywai b 2004
enti "RECCAD (YorNJ;",Ss ’
if numiD$)=73 or numlD$)=110, sty 137
ept "Lact filex", G+ E
rof Geoed 0% : -
ent "LAST MESSLREMENTT - or Ni 3%
it oumi[$:=£7 v ausi§isil.. sto 137
fnent
3t 75
gna - C
- /
L
! \
» ¢
= ) \ \ -
. .

v S



W

1

¢

. .

6
7:
8:
9:
10
11
12;
13
14
13.
16:
17:

<18

19:
20:
21
‘22
pi

24: if L=100; 2=h; sto 40

235
26.
21
78:
29,
30
31
kY&
B
34
3

.3

37

38
39
40
41

42
43..
N,
45,
46
47
48
49
S0:

‘dse "rei+SOUND POWER QUALIFICATION CN.ULATIGJW

wait 2000

din AKD

din NC16) DXITD, CHCED, HCLTD, RECLD: F4CAD, 35(4}, FIORTON LEK16

*FREG"=F$; "(HI)"=H$; “STD"=58; ‘IEV‘-VS D aaa—— |

o tek O /- . )

fat 1,¢8,c8 o L - ‘ v

fat 2c1b £ -

fat 3,€8.0.18 2

100=HC1D3 125WDD; 160=W(33; 200=WC42; Z%diﬁ) 315=HCH
400=WTi S00=H(8D; 630=H(FDi B00=W(107; 1000-WK11>

1250=0<1 205 1600=4<132; 2000=WC14); 2500=W{15>

O=NCED; 22N, A5=NCD; T0=NCAY; 93=NC0; 117=NC6D

14Z=NCTD; 16T=NCBD; 180=NCT%; 214=RC100; 237=M(11D

Z39-NC1 2 286°NC130: 31 Z=NC 14 3341, 361=N<16>

ent *SINGLE BANDS (ALY (YorN)?*,R$

if num(R$)=78 or nun}i) =110;c1} ’aHbansd’send

1€

ent "% OF SOURCE POSITIONS":R ‘ \

if Coxlyato 21
dia TI50, PL3610, NS g

ent “RUN 8§75 IN SEQUENCE", N$ ’

for I=1 to Rival(M<I, D3=T<Dinext 1. . ,
ent “1/3 OCTAVE BAND 7L Ty

if L=125 3=hi sto 40
1f L=160; 4=fi ato 40

if L=200; 5=4; sto 40 ’ , _ <

If L=250i 6°Ri sto 40 N s
if L=315, 7= sto 40

if L=400; 8=A; sto 40" o
\f L=500; 9= sto 40 - o N\

if L=630; 10=4; sto 40

lf L=8®1 11=4; sto 40

if L=1000; 12=A; ato 40 . ,
if L=1250; 13=7; sto 40 .
if L=1600; 14=A; sto 40 :

if 1L=2000; {5=A: ato 40

if L=2300, 16=; sto 40 .
dsp “INVALID FREQUENCY"; mait 2000, sto 23 T
ina P _ —

for D=l toR - . )
{T<D51)4361=E ’ .

if TCD20=4; (T4 %3b4RE; trk 1

ent "CHANGE TAPE (YorN1?*,C$

1 num(C3)=78 or numiC8)=110; ste 50

ent "TAPE CARTRIDGE & 7°.H / T

ent "TRACK #". W . " .
trk W .

0=25p=T

if H=2i (TX00-5)423+722=E 2=A; 23=NCR)

<

B.4

4




[ .

A for I=1+NCA-1> to NCAY
32 prt I4E
33. 1df 146,08
© ¥ PLI+L/Retni (i tf(AS) /100)=P<LID
3. next |
3. next D '
57, 0=8=P=T . .
38 for I={+NA-1> to NAD° )
59: P+{1010a(P{I>)=C)=P
¢0; ert C
bl: S+(10loatP<Yi2ss . %
62; next 1 )
63. MAO-NCA-1>=T; Pi2=F .
64 TLS-P/TI/{T-1) ) =D4A- 1
83; wrt 16 1,F$, 5% wrt 16,1, HS, V8
8. wrt 162,18
67: wrt 163 LIKA-1> -
68: ent "LAST CALCULATION (YorN) ?*,C$
89: if nua(C$)=69 ‘or num(C$)=121; sto 71
70: C+1=C; i=H; " "=N$<1-15D, sto 18
71. end .
72. *allband™: p
73: ent "% OF SOURCE POSITIONS®R
74; dim P<R, 361>, N$<RYI TRD, SR, 3610
75: ent "RUN #’s IN SEQUENCE", N$ R
- 76: for I=1 to RivaliN$CL ID)=T<{1Dinext 1 .
77: wet 16 1,F$, S8 wrt 16. L, HS, VS
78 wrt 16. 2,08
79: for D=t to R —
80: (T<D>~1)¢€3b1=
81. ent “CHANGE TAPE (YorN)?",C$
82. if num(C$)=78 or num(C3)=110; sto 85
83 ent “TAPE CARTRIDGE- # ?*,H - ‘
8% ent "TRACK #", W /
85. trk W \ )
86 if H=2, (TQD-4)4361=E
87 for AR2 10 16 |
88; for I=1HKA-1Y to NCAO
89: 1Jf I+E,A$ ‘
%0 1tf{A$)/10=PD, 12 e
91 next 1
92: next A o i .
93. next D ' )
94 for D=1 {¥ 364

95 0=X
"9k for I=f to R
97: X+tni (P<L, DX/10) /R=A
98. next 1 ' , v
29: 10los(X)=P<1, DO
100: next D

Q
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.q%)

J01:
102.
103;
404"
105
106:
- 107
108
109:
110
114

for A=2 to 14

0=5=P=1 )
for [=14NA-1D to NKAD
P+P{L, 1P '
SHP{L, 1226

next 1
NR-NCA-15=Ti Pi2=P
HH{S-PMIAT-1)=DKA-1D
wrt 16 3 WGEA=12, IKA-1
next A ‘

ret

B.6

.
St e T T, LRI, £ i SRR 7 R N




e G e G G i e Bt
OO NO-A RO

P

dse "FHHREVERBERATION TIME PROGRAMswese"
dim AK2L BC213, BC318D, W21, FCD, FI0

. dim PCA5, 213, 0210, IK212, X2

din AKB700D, YC210, 121D

dim RS, T4<2, USCDD, 54210 IKZLD4 TC210, LC21D, RELOD

100=HK1D; 1252W20; 160=WC3D; 200=HCAY: 250=HCDD; 315=WCb; H00=KTD
S00=H(BD; 630=H(Di 800=HC10D7 1000=RC11Di 1250=H(I i 1600=K13> w
2000=HC142; 2500=HC15Ds 3150=0C162; 4000=HK172; 3000=H{18)
6300=HC19D; B000=H{Z0; 10000=H21>

ent "NO.OF MIC. POSITIONS?",0

o fxd Litrk § ,

cclr Tivait 1005¢11 Tiwait 100i1cl 7iwait 1000

. dse "SET GEN/AMP A BIT BELOW CLIPPIm'.lalt 5000, dsp * "
c 1= ‘
© il ‘set’/(U)

. T8CL, D281, D5 650~ { 10+10numiUSL2, 20))=4

. buf "in",B%: 3

c 1=A

. for G=1 to O

o 1=

: ent "MIC POSITION #*,F<R)

: for R=1 to 20000

ct) ‘lin’

. B$<134, 2800=A%C1, 147D
+ for I=1 to 21;val (RSCTI-6, TID)=T{IDinext 1 .

cir Zivait 100icli 7;wait 100

o wrt 717, Ui wait 50i1¢) 7 : . N

: wrt 717, “0A%; wait 5000 : )

C el ‘time’

. for I=1 to 21;for J=1 to 45 1474+71-153=X; X+b=Y
: val (AKX YO ) =PCJs DD next Jinext 1

o clr Tivait 100icli 7iwait 100

res Tiwait 3000

3 if Wlhiste 41

 O=MEL=C=DE=N
: for K=5 to 43 °*

el ‘sét” ) ‘ oo
cll “tin’ -
B<127, 27>=A8<1, 1AT>

for Izl to 205 val {MCTI-6, TN

if 650—10nun(U$(2, D))L(D.bSO—lOnu.(Ut{Z D=0

next I

1f U=l;sto 44

trk 15 14f. SHCAD, A8, Y<ED, 1¢H .

for 1=1 to 21; for J=1 to 45;901-90+2J-1=K; X+1=¥

10708 L/R¥(tni (i tFCASKX, Y2)/100)+tni (PCd 13/100))=P<U, 1D
next Jinext I

for 1=l to 18

it P& IADTCL sto A
(i POKH, IADKD or P<K+2.‘D)T<Da sto 54
‘if P(K; I)HV(L(D. sto 55

B.7 -‘
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§?$§$$$S$$sgsggﬂgggggg'

~d
L2%]

= Iy e

8283

96
_ 5T
98:
99:

cmext I 7

o next R

ﬁ#ﬁﬁ?ﬁ%&?%%?

.

NN
© MPCK, D5 L+, 0625HR=L E+. 06250MIFCK, 1D=E
: O, DF2G D4 06251 2:D

next K.
(E—H*LfN)/(D—LQ/N)-B
if 'BY=0; 0=X<{I3; sto b1

o (C-MiZ/N-B# (E-MEL/N) 1/ (YN-2) (D-Li2/N) )=§

BY 2=BC1D; ~B=X<127 N=YCIDi K-N-1=2C12i §=8C12
if K=44; 43-N-1=1CT1>

 {968SCI/ (I R) 5K 60/ KD=KD

next I

Dif Uslisto &4
Tif U1 sto 89
. for I=1 to 18; far J=l to_45

01-90424-1=X; X+1=Y

o fti {10PCU, ID)=A$X, Y

: next Jinext 1
:ate 73

for 1=1 to 18ifor J=I to 45
901-90+2J~1=); X+1=Y

fti (100108(Rtni (P 12/100))=Ag<X.
next Jinext I

otk Livef SHECRD, RS, YCED, l(i>

1 Ul=l

o if Retjato 83

: for I=] to 4 .

i SCIDMisto 83 | o ’

pext 1 .
for I=5 to 18 ;
if SCID02; sto 83 ) ‘

< 4

sto 54 T

cll ‘revi’

R=RCAD ’ '
for 1=1 to 18

CCIHCTY=CCDD D<I>+X<I>12-D<I)
next I

of 0=1; for 1=1 to 18; XCID=CKID: SCID=DKIYi next L sto 112

if FCR=0;sto 95
dsp "MOVE MIC TO NEW POSITION" wait 4000

dse "PRESS CONTINUE TO RESUME"iwait 4000; sts
A+i=A

next G

for I=1 to 18
'((D(I)-C(I)Q/O)/(O—l))—D(D
DD

next I

\

srt “AVERMGE OF  SPATIAL REV.TINE™isec 3

400: for A=) to O

o

ey e Ao <
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-

2

101:
102:
.. 103
< 104
" 105
106:
107:
108:
109:
110;
11
112:
3
4
" 1f5:
116
17:
118:
119:
120:
124;
122:
123
124;
125
126:
127:
128:
129
130:
131:
132:
133:
134
135
136:
137:
138
. 139
140:
{41,
142:
143:
14
145:
146:
147:
148;
149
150:

rrt *MIC POSITION=",FCD ‘o - , ,
prt "# OF DECAYS=",R(RDisrc 2 T

next A : L <
for I=1 to I8

fxd 0 prt . "CHANNEL NO.", I;ert “FREQ. (HZ) JHKD o

“if CCId=0isto 108

sto 109 . e

fxd LiPrt REV. TIME= uﬁm *STD. DEV= ###%; spc 1i sto 110 - y

fxd Ziert "REV. TIPE"',C(I),rrt *STD. DEV.=",IXDDisec 1

next Iy . ’ T
prt “#x# =CALCULATION IMPOSSIBLE" ‘ . : o T
ent “DISPLAY:MIC POSITION #*,0 ' )
trk LR 540, A%, YC8), ICHDi 11 " “displar”i sto 112

end . -
"set":.

if U=1;1cl Tiwait 1000 .

for I=33 to 63;114-1= L' ""T‘(Ll); chur(l)‘TQ(Z:Z)

wrt 717, T$;wait 1000; "a"=R$; wrt 717,R$i wait 1000 = .

red 717.R8iwait 500 . , -
if nuR(R$)=62; sto 122 ’ ; . &
116-1=Linext I “ S

ret T - Cy ¢

“time": . . : : _ ,
for J=1 to 45
wrt 717, oo . . ,
buf *® , - ; PO L
tfr 716:']“'1 302

imp rds{"in")é#-1 .

if JOirem?7 * .

wrt 717, =" . ‘ ' .
wait . 01858 . ' . :
B$<134, 2800>=R$<C147J-146, 147> R
mext J - R : .

ret A$ : ] ' \
“Tin": ’ .
if U=1 or U=0;i U-1U

cir 7iwait 30icli 7imit 50 +

if U=—liwrt 717, T$:m:§t 50; sto 140 .

urt 717.U$,Ualt 5Q :

if Ub-1;1c) 71Uﬂ|t 5000

wrt 717, "M0:L2" wait 7000 S

wrt 717, "E?%vait 100

buf *in )

tfr 716, “in*, 302 . : .

imp rds("in")#-1 o
wirt 717, "E="iwait 100
wrt 717, "N203LO" -
rem 7 o . T

if U=—1iU+2=U : !

ret BS . ﬁ : . : . -

. e A et Akl S e
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181 “diselay™: . : ’ \

152: Yk Oil=l | - ' . -

153: "A":1-i=1;9to 155 . ' '

154: "B": I+1=l ‘ . o J;
159: clIr Ziwait 300: cli 7.la|t 500 4 N

136 wet 717, "FOJ?° . )

197: fat 1,f25.1 *a -

158: wrt 716. 1,V : ‘ .

159 if 1=0;1=] i e

160; if I=19;i18=1 . : P .

161: for J=1 to 42 wrt 716, LPCS, 1> next J . L. .

O 182;, fxd 0idse “TINEAXIS AT™. HCID, “HL " fxd. 1
163. for J=i to I{IDiwrt 717, "DD>"iwait 50inext J
164: for K=l te 3 . %
165 if Z<INAYCIN30i 11 “two’i sto 169 %
166: for J=1 to YCI-1iwet 717, *DO%iwait 50 next Jiwait 500
167: for J=1 to Y(I)—l.urt 717, "D?" wait 30i next Jiwait 300
168 next K
169; dsp *USE FO & F1 FOR OTHER TIMEAXES"iwait 2000
170: dse "USE F2 7O RETURN TO PROGRAM";wait 2000; stp .

171; sto 155 ' .
172: *C*: :
173 ret .. _
174: " *two™: 4
{75 for K=1 to 3 / . ‘
176; for W=l to 29-I<IDiwrt 717, *DD"iwait 50i next W

177 wrt 717, D"

“178; for W=l to ZCI+YCI-30iwrt 717, "DX"wait 50; next H.ult 00
179; for =l to KIAYCI-30wrt 717, °D?% wait 50inext W

180: wrt 717,"J7"

181: for W=l to Z9-Z<I2iwrt 717, "D7?"iwait 50i next Wiwait 500

182: next K . ‘

183: ret o s
- 184: "revi™: . e -

185: prt "MIC POSITION=", FCA Y
-186: ert "NO. OF DECAYS=".Risec 2 | : '. )

187: for I=1 to J8, , et

188 fxd 0;ert "CHWNEL NO. " Liprt "FRED(HI)™, W(I> : "

189: if X<ID=0i sto 191 . .

190: sto 192 o

-191: fxd Liprt "REV. TIME=  ®ex*;ert *Y UNCERT/Y= ##¢"isec 1;ato 193
192. fxd Ziert "REV. TIME=", X{Idiert "X UNCERT‘Y=", §{ID;ispc 2

1937 next I

194: prt "#+x=CALLULATION IMNPOSSIBLE" , i °
195: ret . )
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APPENDIX C

}

LOUDSPEAKER QUALIFICATION AND

14

EVALUATION OF CORRECTION FACTORS

’

. The loudspeaker of the B & K 4205 Sound Power Source was
) / .

\

tested outdoors on the Loyola Campus of Concordia.University to determine

if it could be qualified according to the specifications of ANSI S1.21-1972.

1

| Shown in Figure é—%&a) are the resulté of- measurements made tocﬂgsgrhine
_1f the test site.chosen Qas indeed a free—figld. Octave bands of noise
wereﬁgenerat!’ and the s?gnd pressure Ievels‘were measured. at prog;es-
} sively doubiing distazées. Thé average drops in‘soundxpressure levelé

R . Non
over the five: octave bands from 125 Hz to 2000:Hz are plotted in Figure
C-1(a), and agree very closely with the theoretical line of 6 dB per
doubling of -distance. ‘The speakgf rested upon hard-packed ground, closely

Al

épﬁroximating a highly reflecting surface. .
. , { ; .

- The loudspeaker did not qualify in the 250 Hz 1/3-octave
?anq._ A 2 dB step was gbserveé‘in this bhﬁd,'and might be attributed to
a cone or basket resonance. As a result, an EVMléL loudgéeaker was quali-

* fied in the 250 Hz band. The test site for this qualifibation was on the

roof of the Center for Building Studies facility. The free-field re- \\

b sponse of this area is shown in Figure C-1(b), and was evaluated as pre-
vi;usly described. Agaiﬁ, the agreement w}th free-field theory is excel-
lent. The roof. surface is gravei and fﬁ;, ggsultiné'in ad'excellent

\‘ " reflecting plane. ) . /

~
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-

- e U

5

e

"'30 L v L v
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Figure C~1. Free-Field Measurements at .
' (a) Loyola Campus and (b) CBS Roof
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It was discovered during the cogrse'of room qualification

that the 1000 Hz and 2000 Hz bands would not qualify, even with the

rotating diffuser installed. This was distinctly peéuliag as the modal

overlaps at these frequencies was high and other bands such as 1600 Hz
qualifieé easily. Moreover,, the measured levels i; the 1000 ﬁz band

. consisteﬂtly decreased from the lower end of the band to the upper, while
in the 2000 Hz band the levels rose ;cross the band. In the 1600 Hz

band, the levels were essentially uniform across the band. As a result,

Il ¥

\ it wasg’ decided to Qake a4 space-average over Ehe Eace of the speaker in
potﬁ the "bad" 1000 Hz and 2000 Hz bands, and in the "good" 1600 Hz bands.
- The microphone locations and face areas fér weiéhting purposes are shown
/ in'Fig&re C-2. The correction factors for each frequency in the band
at each microphone position and average correction factors are shown in
Tables C-I, C-II, and C-III; for the 1000, 1600, and 2000 Hz binds, re-

3

spectively.

It céq be seen that at microphone position 1, the on-axis

posiEion, the correction factors at 1000 Hz and 2000 Hz'are distinctly

different from the off-axislposi;lons, which are reasonably similar to
each other. Conversely, at 1600 Hz all microphone positions give reason- !

, . ably similar correction factors. | . |

These discreyancies could be attributed to the particpla?
distribution of cone break-up at Fhese high frequencies, wh;re the cone

2 does not act like a rigid piston. At particular lécations in the ne;r
field, the waves generﬁted by various areas of the cone will add or cancel

. to.some degree depending upon their phase relation. Thus, large fluctua-

L4




14.14 cm?

}¥4.14 cm?

le

7.07 cm?

14,14 cem?

o

f et e a wt ot

- Khtes: " 1. All peripheral microphones are at
3 cm from the central one

2. Overall diameter = 9 cm .

/
\ ' :
Figure C-2. Microphone Locations and Area Divisions

for Measurement of Space Average Loudspeaker
o
' Correction Factors
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c.s

TABLE C-1

CORRECTION FACTORS OVER LOUDSPEAKER FACE AT 1000 HI

4

MICROPHONE POSITION NUMBER

\

AVG.

BWBWMWRHWﬂNmMMﬁM%””m%H
»
-
-
—
LSRRI RRIBLIISEKIR/’IKR=z=ER
SRR R R et nfiurhe b b ph e pupaie

o

-

RS SRRTSIRE=/ILIgRES
SH-- oSS SSSSEPITFFTITSFS

1
)

IRIAIRRRILSSBSREBRRBI]S

BERIIZB8AS

0.00
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TRBLE C-I1
‘; CORRECTION FACTORS OVER LOUDSPEAKER FACE AT 1400 HI

A

HICROPHONE POSITION NUMBER

1 2 3 A 5 M5
9 A
0.30 0.90 0.9 0.70 0.70 b7
0.30 0.60 0.80 0.70 0.60 0. 63
" 0.30 0. 60 0.8 0.60 0.50 0.59
0.30 0.40 0.70 0.40 0.50 0.52
0.20 0.5 0.70 0.40 0. 40 <04
0.20 0.50 0 0.60 0.4 0.30 0.42
0.20 0.40 0.50 0.40 0.20 0.3
0.20 0.30 0.3 0.20 - 0.20 0.24
0.20 0.30 0.% 0.10 0.10 - 0.20
0.10 0.20 0.30 0.10 0. 10 0.17
0.10 0.10 0.20 0.00 - 0.00 . 0.08
0.10 0.00 . 010 0.00 0.00 ©0.03
0.0 ©0.00 0.00 0.00 0.00 0.00
C 000 -0.10° 0.00 -0.10 -0.10 -0.07
- 0.00  -0.20 -0.10 -0.20 -0. 10 Vo013
0.00 ~0.20 ~0.20 -0.30 _~0.10 -0.18
0.00 ~0.30 -0.30 0.3 0,20 -0.24
0. 00 ~0.30 0.40 ~0/20 .20 \ -0.24
9. 10 -0. 40 - =050 ~0.20. -0. 10 0.26 -
\ 0.10 010 0% * 0 0.10- .17
0. 10 -0.10 ~0.70 -0.10 0. 10 ~0.28
0.10 0. 40 -0.70 ~0.10 -0.10 ~0.21
0.00 0.00 -0.40 -0.10 -0. 10 -0. 18
0.00 -0. 10 ~0.40 ~0.10 0.00 -0. 13 o,
0.00 . -0, 10 0.5 -0.10. 0.00 0. 16
' 0. 10 010 0 0.6 -0.10 0.00 -0.17
. . ‘ \
4 \ / s ,
» ¢ i «
Y !
' - /}./? -



Ao

© TABLE C-IT1

CORRECTION FACTORS OVER LOUDSPEAKER FACE AT 2000 HI

MICROPHONE POSITION NUMBER

A

\

SEE253IBLR2BBELSIIGHIZ .

FFFTTITTTFFSSSSSs~~~-d

R22RRAIRBIBIIIRIZRAIRS

TFTPPFTPFPOSSSS S~
-

2222823232232 38883
pio R A S A A AL LA Sl

—

L80

Avmvmvnwnw0000011117.22

-090

SR2SIIRRASUILIRIRRR2R
TTETTTIPTPPIOSSSS A"l
SRR IILILSRSLRIRR
.,.A.q.._l..ﬂﬂmv.mv.mumv.ﬂDOOOOQOOOOO.o.

wwwwomwwm%wmwmomz.




C08 '
)

tions in measured sound pressure level will occur. Alﬁo, these dis-

. ‘crepancies may be caused by interference patterns as a result of the ' ‘ ) ‘

\ L ‘ :
speaker face height above the reflecting plane being in the order of ' ;

» A at 1000 Hz and at 2000 Hz. “ : B

A
p)

: Using the~space average corrections at 1000 Hz and 2000 Hz, '
the measured deviatitns were substantially‘xeduéed,'and qualification

enabled in these bands. The final correction factors for all bands are

shown in Table C-IV (dote that zeroes at bottom of columns are not cor=

rections factors -~ number of tones in each-band are different).

. 2
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\

TABLE C-IV

FINAL LOUDSPEAKER CORRECTION FACTORS

- 1/3 OCTAVE CENTER FREQUENCY (HI)-

200 230 35 400 500 430 800 1000 1250 1600 2000 2500

160

100 125

1

BRIINIIIIRBI/I=IZT=2R==
lllL.n..l..OO.Av.O.nw.Aw.n.v.O.mv.Aw.
NIRRT BVRAIVEI=SBBERS
RIIRIIBRILSIZI=IBSIKIt|=a8s=
SIS RERLRIJIII2IZZIRS2Saz2Eeg22ace=
YT TP PP CFPS SO TSSSSFFSFTT
CERINRCCRRNRITISIIRSAIZLGSRIRER
111!1000000@@4444.1_14.44000000
sRRR82R288888T3RESeeR3RES S
RS S A A A A
RRBSSS BRI 22R2RRISRRR8e8S
LR EEREERE R R R R R e
IR %mOwwmmwwwmmmwwwwmwmwwwwww
BIRRSIBBRIARRIIIIACRIB/SIILRISS
R R L L E LR R R R R R DR R
FEICESIISEIISIINIISI2E2LRK[IRKIRS
ﬂmvoo000000000000004Avﬁmvnwﬁﬁ00
22282222222Y/22222]IR”BILKII
PP FTFFFTITTIFFTTITTIFTPIFTS S
SIS RCCSSIBISKK/IRLRI|IS2IRRE
Aﬁﬂvﬁﬂmvﬂnw.mvﬂwo0.00.00.0.0;0.00.0.0.00.&0.0
PRRARIBICSIIRIIICLIISLILIFLR
RIBIIBIREI=EEL SEE228RIIK8E82R82
mv.ﬂmv.nw.ﬁ.mv.nw.ﬁ.aﬁ.ﬂnﬂo.o.o.onﬁ0.MU.0.0.Q00.0.0.00
mmommwmwwwwwwwwwwmmmwwwwmww
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a TABLE D-1 :
° " UNMODIFIED ROOM - SOUND FRESSURE LEVELS AT POSITION 1
{\:“s o )
1/3 OCTAVE CENTER FREQUENCY (HD)
100 125 ° 160 200 . 250 315 400 500 630 800 1000 1250 1600° 2000 2500
%0.8 9.0 887 90.9 100.8 946 9.5 937 974 982 1035 9.4 950 988 94
8.0 9.8 9.0 8.9 L3 926 9.7 9.2 936 9.0 1001 991 955983 927
8.6 937 923 852 W3 942 934 949 954 945 1000 9.2 948 0 4
8.6 977 898 9L1 1041 906 90.8 948 946 971 1029 9.3 959 92 94
8.8 916 5905 5 1030 %0 %01 9.3 956 9.2 %8 971 ‘%68 95 9IS
%4 886 9.3 81 L4 9.4 9.7 930 980 95 W6 9.2 ¥B5 W8 MO
8.3 873 845 83 114 906 902 8.7 98 986 1001 95 951 983 9l
8.1 625 623 847 1080 827 852 958 965 983 1043 9.5 970 983 9.5
834 822 822 858 110.9 9.2 89.7 961 944 973 101.8 957 9.1 983 90.9
828 855 8.9 8.9 1102 8.8 %3 9.8 959 991 1019 %6 950 99.1 923
827 90.2 W7 89.% 110.2 922 927 90:8 954 988 1009959 956 9.5 929
&84 875 881 94 1113 894 918 8.7 97 95 100.5 933 BT 96 97
.5 87.6 @59 8.0 1085 920 9.9 985 %6 7.2 1016 939 %6 9.0 928
83.8° 912 924 8.5 1081 898 676 9.3 %1 %3 W3 940 9.6 W2 26
8.7 9.1 928 948 1036 892 885 921 9.5 9%9 1003 9.3 936 %4 9287
8.9 919 928 89.4 1085921 934 941 959 982 .9 9A2Z 950 %8 97
8.5 97.2 872 87.3 10.5 877 930 9.5 9.5 97.8 100.4 957 %5 9.2 9.7
8.9 953, 8.7 27 180 91 9.2 923 928 97.8 97 929 9.8 94 %1
9.0 988 8.1 951 109.0 927 9.1 945 948 979 B9 94? 957 90 9BY
933 -922 859 ‘842 1038 97.1-933 944 949 982 100.3 947 9% 4 965 99
927 835 8.0 B8bb6-107.3 885 893 938 955.980 9.2 949 957 94 R0
9;\? %00 8.4 8.2 1042 926 858 %9 %88 9.7 97 %86 HBI 75 N
0.d 941 9.3 85 110.3 9.8 938 00 91 9O 00 954 978 00 944
0.0 00 92 00 1032 9.0 523 00 9.3 00 - 00 958 s 00 B3
0.0 0.0 97.3° 0.0 00. 937 939 00 9.4 00 00 &9 s 00 %7
00 00 00 00 00 00 00 00 00 00 00 96 93 00 B9
0.0 0.0 00 .00 0.0 006 00 00 00 97 00 00 97
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* " NMODIFIED ROOH - SOND PRESSURE LEVELS AT POSITION 2 y B B
° ) . " ,,ﬁ";‘» {';T%
. T . 5 \) :
’ .- . 173 OCTAVE CENTER FREQUENCY (HI) y
100 /@X 60 200 250 315 400 500 830 800 1000 1230. 1600 2000 2500 «
A : « :
. ~ 948 894 9.2 8.7.107.4 955 90.7 8.2 934 97.3 1026 9.2 951 9.8 %2
935 923 89.2 926 1068 89,4 895 931 94 985 027 9.7 %4 987 N7
0.8 957 922 A0 107.5 923 9L5 957 964 9.7 022 977 971 9.1 943
83.0 982 987 922 129 887 938 958 98.2 944 1022 984 960 9.3 924 -
R 8.2 95.4 920 8.1 1059 931 944 958 %9 99.8 1001 9.6 9.3 9.5 927 -
6.4 919 87.7 897 109.4 923 913 916 956 1014 1007 974 9.5 100.0 913
#.9 9.0 85 8.3 1029 93 923 %9 9%7 9.1 0.8 %6 %4 9.0 92b
8.7 89.9 855 887 108.0 “88.3 872 926 90.5 95.7 1020 956 971 960 9.8
8.9 87.0 926 45 1133 92 9.0 92 96 82 0.3 9.1 9.5 985, 928
\ 87.2, 88.2° 954 844 101.9. 87.0 95.8 931 955 986 100.7 97.5- 947 993 931 .
88.5 847 89.8 8.4 107.5 953 985 9.8 956 97.4 1026 959 967 100.0 922
i 0.7 85.8 928 8.6 111.7 873 906 83 9.4 9.0 9.9 953 9.3 989 916 ‘
: 9%.0 8.5 89.8 838 1154 9.7 936 953 995 9.3 9.2 953 %1 9.4 917
5.8 925 824 906 1050 89.6 928 932 959 9.7 1008 9.1 %0 9.7 9
i 9.6 95.5 853 921 1038 817 910 930 964 974 1013 9.2 96’4 984 934
- 8.5 89.7 91.3 888 107.6 887 934 Sh1 979 962 995 9™ 960 100.7 933
. F SOl 945 964 889 1091 80 959 931 958 9%.7 109 952 9%2 973 951
o 91.395.2 893 91.6_1065 '95.5 V64 909 940 984 1027 948 968 9.3 933
g 9.2 924 89.1 931 1067 .88.8 90.8 93 944 9.4 1006 952 978 9.7 928
; 8.5 8.1 931 90.3 1093 8.9 9.7 98 9.1 %8 9.0 9.6 97.1 9.8, NS5
x . 858 8.0 8.8 89.7 1027 8.4 945 954 954 981 101.8 A3 974 990.b° 944 J
T 87.6 87.6 '90.2 937 1059 91L& 916 946 964 969 101.0 957 97.8 977 984 - -~ .
| ' 0.0 950 98.0 9L6 1135 9.9 954 00 97.7 9.8 00 950 97.8 0.0 935 .
y 0.0 00 90 00 1083 8.7 95 00 9720 00 00 %5 99 00 %% 4 ,
L, .- T00 0.0 %06 00 00 881 92 00 %7 PO 00 95 %9 00 %9 .
B 0.0 0.0 00 00 00 00 00 00 00 00,00 955 %7 00 95 o
R 00 00 00 00 00 00 00 00 00 00 00 956 00 00 950
) R
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TABLE D-111
UNMODIFIED ROOM - SOUND PRESSURE LEVELS AT POSITION 3
] . C
¢
\ 1/3 OCTAVE CENTER FREQUENCY (HZ)

160, 200 2% 315 400 500 480 800 1000 1250 1400 2000
9.6 888 1040 953 884 921 981 99.1- 1034 998 959 1001 954
939 8.7 111 8.7 949 9.6 982 100.3 101.3 98.7 9.3 994 9.0
932 895 1055 89.4 87.3 9.9 97.8 985 1038 97.0 951 100.6- 9b.1
97.0 9.8 1126 90.7° 945 945 -100.4 961 1021 986 980 9.6 943
94.7 90.7 10L9 8.0 .87.4 956 9.5 99.7 1015 9.6 9.4 B9 %1
8923 923 110.8 8.6 946 89.9 95.6 1011 103.3 993 97.0 984 949
8.2 925 1093 911 924 951 949 955 1006 9.9 98 987 927
867 90.2 1085 87.6 950 9L1 99.6 984 1025 957 9.1 990 950
1 8.8 80.7 1090 95.8. 934 95.8 966 97.5 1035 960,974 995 945
8.5 90.3 901 1021 933 9L4 954 937 1001 1021 965 9.0 %9 953
89.7 .93.4 950 1027 89.9 87.0 924 960 97.9 1020 9.0 97.3 9.6 935
0.1 872 916 1127 959 9.3 9.3 9.9 9.3 1022 %8 980 9.9 954
9.8 9.7 87.4 1128 8.9 917 9O 97.0 97.9 1039 959 9.9 994 934
9.6 8.1 95°101.4 8.0 82 92 939 9.2 10.8 97.3 %O 9.2 $52 -
97.9 8.2 816 107.6 950 €7 925 9.1 981 1005 9.2 980 9.4 944
925 8.4 940 1048 90.8 941 954 9.9 98271027 951 980 100.1 940
9.9 935 925 1049 855 9.9 9.2 9.2 9.4 100.2 9.2 986 9.1 5.0
.9 975 923 917 1062 90.0 951 9.9 948 97.7 1011 962 979 99.2 955
4 975 90.8 927 1064 920 880 67.4 959 981 1005 950 922 9.3 94.5
.7 9L7 926 8.7 1048 B9.7 931 952 AL 98.7 1014 94b 97.0 991 954
6 874 818 1025 844 9.8 946 %36 988 1021 9.2 95 1009 943
9.9 85.1. 90.2 1020 911 9.3 9.6 9.2 97.7 1021 9.0 9.6 %5 95.2
0.0 885 97.5 938 106.2 9.0 9.0 0.0 952 99.0 0.0 9.6 9.2 0.0 9.3
0.0 , 0.0 90 00 1064 928 9.0 00 97.3 0.0 o.\o %9 984 00 953
0.0 00 918 0.0 8.3 9.2 00 9.3/ 00 00 9.4 ,980 00 954
0.0 0.0 0.0 0.0 00 0.0 00 00 00 .00 97.9 9722 00 954
0.0 00 0.0 0.0 00 00 00 9.\9 0.0 00 9723 00 00 957
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UNMODIFIED ROOM -~ SOUND PRESSURE LEVELS AT POSITION 4 -

" 173 OCTAVE CENTER FREQUENCY {H1)
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3 00
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§ -

+5 OCTAVE CENTER FREQUENCY (HZ)

00 15 2 315 300 | 630 1250

82 8.3 811 87.? 4.9 %00 928 9.4 91.3 7.

885 87.2 90.7 1041 50.1 94 93 97 9 %. 2

885 832 9.2 107.%9 89.3 M0 94 9.9 7.8

B0 9.2 83 9.7 107.9 926 e 9.8 97.6 7.0

861 384 895 8146 1082 815 7.4 949 6. 2 95,9

€78 88 83 %1 109.3 917 90.6 9.0 %7 W7 2

89.6 83 923 884 1052 890 AL Wb 54 9.0 957

89.9 823 920 891 107.2 87.3 91.5 945 %5 90 959

861 853 938 245 109.5 883 35 744 ESHVERRY S SR 951

337 202 8.7 0.6 83 93.0 9.1 949 %0 3

825 888 925 103.0 824 8.9 %7 WS T b

829 9.0 8.6 1037 90.8 0.2 9.0 435 %6 57

g3 90.4 8.6 1021 880 924 9.9 982 %8 753

8.3 813 913 106.6 864 9.9 9478 4.3 %I 95D

€3 8.0 ¢ 1 L3 &9 6. NS5 Wb %3 Wb

9.2 9L5 €15 949 {064 B9 BT w3 %.2 %38 9b

9.2 955 g6 883 1131 659 921 944 NI 76 %l

922 923 ®#8 9.6 1000 832 9.9 927 32 %2 N3

.4 903 839 915 1044 g9 2.7 %5 M4 %3 D

7.3 0.3 WL 888 107.6 922 946 928 Me W5 BN

927 9.8 806 %47 107.3 858 f0.9 N7 B[O W7

9.9 928 9.5 835 1053. 901 926 %0 9%:0 969 7 :

00 €9 9.6 896 107.5 8.8 0.0 %0 97 0.0 %3 972 00 %

0.0 0.0 %6 0.0 107.0 90.4 0O %49 00 00 %0 T4 0D AT
00 00 8% 00 00 911 00 927 00 00 %2 975 060 %I

0.0 00 00 00 00 GO 0.0 00 00 00 WI YIT 00 74

00 00 00 00 00 00 0.0 00 00 00 94 00 00 ¢
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TABLE D-V1

DIFFUSERS ONLY - SOUND PRESSURE LEVELS AT POSITION 2

1/3 OCTAVE CENTER FREQUENCY (HI) .

2000 2500

~

TIVERRSBEI

X

coococcBRRBIBBIES

R BTy e e

BT T U R L L il Tty

100 125 00 750 3157 40 500 630 1000 1250 1600

21 9.4 861 685 1059 943 90.4 95.0 981 1029 9.7 9.6 957 944
7 86.2 87.2 107.3 9.1 90.2 95.5 99 100, A 95.9 b6 941
s 83.7 9295 106.8 9%0.9 902 9%.1 9.0 1619 9.3 9.4 13 M3
8 90.2 87.7 110.9 921 915 97.0 984 1020 9.9 966 960 9293
5. B7.7 %4 109.9 9.7 897 97.0 9%.1 1022 97.4 97k 959 929
6 867 €1 106.8 891 90.% %g 97.8 {01.4 9.6 965 %7 _93.0
9 89.1 8.44107.7 90.6 881 958 951 1026 963 5 7T 93}
7 8.0 874 81 1083 9.6 90.7 97.4 98.1 1027 955 B4 Bb
0 93.3 868 109.3 839 80 9.7 988 101.3 958 70 9.4
13 87.3 849 106.8 920 927 9.1 985 101.9 963 %.2 931
3 88.1 665 1041 9.3 934 9.4 99.0 100.6 95.4 955 951

87.5 82.3 840 1099 %0.8 504 94,9 9.2 101.7 95.9 %4 933

87. 6 85.1 89.6 1059 8.9 9.7 9%.5 977 9.9 9.2 5.2 934

87.4 85.4 90.8 10B.&4 829 90.0 95.9 9.4 100.3 95.7 BT 935
3 9546 853 930 1067 %10 90.8 951 976 0.3 G2 ®/7 95
9 0.6 8.8 922 1057 9.5 926 %2 976 10L.4 91 969 953 NE
7 85.7.80.1 937 103.7 8.2 9.5 5.0 959 96 956 DA W2 M9
& 8.2 859 920 110.4 834 525 936 96.9 100.6 957 WO WD 940
5 8.8 90.3 924 1083 £9.4 883 '3 %0 1001 953 9.8 %0 342
3 833 915 885 110.3 8.5 1.0 4.7 10,4 %4 9.7 953 955
6 843 826 910 107.0 819 89.3 5.0 1020 %4 91 %35 5
8 887 §.3 920 1061 "527 850 96.7 100.5 9.2 98.3 948 957
0 835 920 8.8 407.8 8.7 50.1 97.7 0.0 %1 9.7 00 ¥
0 00 986 00 107.3 838 90.2 97.3 0.0 %2 %5 00 957
0 00 922 00 00 921 914 9.1 0.0 «97 1 97.7 0.0 ¥K.7
0 00 00 00 00 00 00 0.0 0.0 9.4 380 00 9
0 (00 00 00 00 00 00 0.0 0.0 956 090 00 957
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TABLE D-Vil

*  DIFFUSERS ONLY - SOUND PRESSURE LEVELS AT POSITION 3

>,

1/3 OCTAVE CENTER FREQUENCY (HD)

200 250 315

400

300

1060

1750, 10

2.
8.
8.
87,
7.
8.
8
%
9
®
%,
8.
8.
%,
90,
91,
7.
.
8.
8.
9.
9.

0.0

Nt e D DN W OO WO O k)~

R R A ]

7

SRR 2RNBBRARITIRES
NLAHI*J\OJ(L"«OCO\J‘O-EMO)MO“O“O‘%O
EEEEREEEEEELEEEER
D 0 0,0 — UL N0 U B e 00U D

) 0D ba

9 106.0 9.7
4 1041 894
%1 109.0 93.0
.4 1083 89.0
97.0 1085 927
%8 109.7 922
9.2 105.9 90.4
20.7) 107.5 9.7
8.7 105.4 €87
9.7 1042 911
939 107.7 914
L3 26 906
588.9 '107.4° 924
89.97102.2  89.4
872 1040 924
90.1 1042 915
§7.7 105.6 0.1

/981 103.8 885

30.1 1065 %00
91.2 103.9 8.5
93.4 105.6 882
98.8 107.6 872
91.2 1073 89.5

0.0 107.7 917
0.0 0.0 916
0.0 0.0 00
0.0 00 00

81.2
21
0.8
91. 4
85.9
L6
88.5
89.6
91.9
90.8
20.9
91, 4
89 3

9% 3
921
919
93.8
731
92.9
924
3.9
91.2
9.4
93.3
5.1
8.9
93 4
9.7
924
95.1
923
91.9
920
938
924
0.0
0.0
0.0
0.0
0.0

0y

102. 1
100 4
100.8
102. 1
101.3
1020
101.0
101. 1
101.3
161.5
102.9
1007
10t 4
100.7
100.5
100. 1
100. 3
100.7
100. 2

%.8

100. 1
10£.0

coceoo
Lo 2 o B o QY - QY o}

CO O~ O WP ND SO RO

97.9 952
972 95.2
9% 9 9.1
%.1 9.3
95.9 9% &
%.2 9.9
9.0 9.9
951 968
9.8 9%.3
95,4 9.0
94.5 974
5.3 9.8
9% § 9.8
%6 960
7.1
7.0
97.3
9.8
97 6
57.2
9% 4
I57.0
93,2
97,1
97.8
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Vo ‘ TABLE D-VIII

FINAL CONFIGURATION - SOUND PRESSURE LEVELS AT POSITION 1

~ N\
\

173 OCTAVE CENTER FREGUENCY (HZ)

100 125 160 200 20 315 400 500 630 800 1000 " 1250 1600

8.5 8.6 8.1 8.7 1033 8.8 896 928 951 955 1004 9.2 9590

8.6 876 907 8.3 1044 894 920 933 %2 9.0 104 9.5 N3

88.7 90.1 8.3 886 1049 €9 93 A1 946 %I 9.9 I3 Kb

88.3 928 879 91.2 107.3 8.9 886 924 989 %1 1025 %K9. %7

87.3 %0.0 8.5 932 1066 87.7 8.3 934 925 9.4 1010 %61 P9

8.5 897 8.5 9.6 1086 90.6 892 89.9 941 9.8 101.8 962 975

8.3 8.5 8.3 .2 159 941 &4 897 9T 7.7 108 WL N3

- 885 824 9L1 857 1060 8.2 %00 9.8 937 986 i00.7 958 73
85.9 8.0 90.9 8.4 1059 878 882 947 9.7 93 1027 94 571

8.4 888 290 87.3 110.2 876 908 9.8 937 976 1017 949 3.3

826 881 914 8.3 109.6 8.4 914 887 955 %2104 939 %1

841 8.1 892 869 1029 8.4 8.5 9.3 934 9.9 1005 944 K

- 8.2 888 947 88! 1046 23 &6 9Lb 9.6 94 105 948 9%B7
8.8 8.7 931 87.9 1023 858 85 8927 9.9 970 {009 9.9 %3

89.2 87 838 8.6 107.4 849 8.4 922 937 962 100.7 949 9790

91.6 940 877 90.7 1066 881 885 9.5 940 961 94 957 52

3 923 939 8.5 8.0 111.2 87 %09 909 940 %2 1002 %7 %6
926 921 BA0 90.7 1053 87.2 9.8 524 945 974 100.1 W47 97

9.3 920 .84 1 88.8 1039 BY.6 8.6 934 941 962 9.6 K2 4

M %y 793 B0 1045 925 905 %26 932 9.8 ¥I B0 967

y 923 927 819 949 1044 90.0 90.1 932 945 980 99.7 949 93
2.9 922 8.2.50.3 1049 5.5 %06 917 950 9.1 1008 N4 %7

0.0 87.4 .91.8 816 1061 8.6 916 0.0 %47 9.5 00 %45 %8

00 00 9.9 ,00 1051 83 &89 00 99 00 00 %0 .0
0.0 00 933 00 00 7 %9 00 938 00 00 %5 3.2

. 66 00 00 00 00 0O 00 00 00 00 00 958 NI
0.0 00 00 00 00 00 00 00 00 00 00 W3 0.0

§
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TABLE D-IX

FINAL CONFIGURATION - SOUND FRESSURE LEVELS AT POSITION 4

1/3 OCTAVE CENTER FREQUENCY (HI)

100 125 160 200 250 315 400° 500 630 8O0 1000 120 1600 2000 2500
§7.8 9.6 9.8 .9 107.5 8.2 88.0 9.8 958 953 1003 975 W2 %3 W)
883 917 89.2 917 1058 80 912 906 949 978 1007 977 953 ) W9
V8.6 927 @11 9¥3 107.6 L8 885 528 9.4 987 1013 %7 956 9.0 O
&7 939 9.2 678 1059 8.5 6.1 938 950 %82 1022 0 91 By %3
@1 F7 8.9 903 027 07 84 %6 954 980 1018 959 %2 B/ 1S
g41 852 857 850 1053 85 8.7 905 955 %0 1014 957 %3 %6 93D
%7 970 @189 1109 &2 9.2 91 935 %4 1003 951 %9 %69 935
9.5 859 80.7 8.4 1059 85 %09 8.2 954 %4 1013 %1 %5 %¥5 %2
.1 8.7 8.3 &2 1072 %4 911 9.0 953 985 0.2 954 %3 %2 LB .
280 891 .6 856 1084 9.8 90.8 937 -926, 957 108 e BT 53 %
9.4 861 §7.0 675 1079 B2 90.4 924 936 9% 4 1002 958 957 & 95
B1:2 90.0 874 8.5 1053 €83 €.1 911 .9%9 9.4 1005 i WY W] 5
B4 LA 08 891 1034 B89 €79 883 953 %64 1006 5 %35 95% 938
819 925 9.9 915 1064 B72 90.8 9.2 96 B 1007 950 %I WO W3
8.9 %93 528 977 1063 89 938 L9 955 948 OL1 57 T B4 W2
8.2 813 0 8§88 1058 83 90.5. %6 943 %6 1007 957 %5 952 93
§.1 8.7 &1 904 107.2 €7 L1 910 934 %0 9B 9527 %5 I 52
0.4 9.1 8.0 926 1081 885 874 924 949 9.2 100.2 %0 BF /T ML
930 89.8 8.4 89 1047 583 8.0 923 A5 97.2.1001 T %3 B/Y I
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