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Sumimary
Anew formula of the reverberation time is deduced taking into account the nonuniform distribu-
tion of absorption case in rooms. The formula is confirmed by an cxperimental analvsis, that we
present on the graphical recordings comparing our resulls with those of Fyring and Fitzroy.
Also we introduce in this paper u study of the effects of arca and location of the absorbing
material i a room. The resubts obtamed with the new formula are in pood apreement with the
experimenial measurements of Youny, Knudsen and others.

Eine verbeszerie Nachhaliformel

Fusammenfassung

Fs wird cine neue Formel [r die Machhallzeit abgeleitet, welche die ungloichfdrmiae Verteilung
der Absorption in Riumen beriicksichtigt, Die Formel wird durch cine experimentelle Untersu-
chung bestitigh in der unsere Ergebnisse mil denen von Eyring und Fiteroy verglichen werden.

I diegser Arbeil werden weiterhin die Finllisse der Flache und Lage absorhierender Materialien
mm Raum untersucht. Dic Erpebnisse, die mit der neuen Formel erhallen werden. stehen in guter
Ubcreinstimmung mit Meldalen von Young, Knudsen und anderen,

Line farmule améliorde pour la réverbéadion
Sommaire

On presente une formule nouvelle dommant la durée de Ta réverbération du son dans une salle
garnie d'une répartiion nom-uniforme de panneasus ahsorbants. La validile de |a formule est
controlee par une analyse cxpérimentale traduile cn enregistrements praphigques on) ses résuilats sont
compares avee conx des formules ' Tyring o de Fitzroy,

[rans le méme article on développe une étude des elfets de la situation et des dimensions des
materiaux absorbants disposés dans la salle sur la durée de la réverbération. Les prévisions de la
nouvelle formule se irouvent en bon accord avee les résultats expérimentaus de divers auteurs, et
nolammen| gvee coux de Young et de Knudsen,

1. Tntroduction

We have ever admired for many vears ago the em-
pirical Fitzroy's equation [1], by its simplicity, It has
been comprensible that important acousticians [2- 4],
included this formula in their books Lrying to explain
the nonuniform distribution ol absorption case in
refation to the sound decays process and the rever-
beration time of rooms. We recall that Fitzroy pro-
posed that the Eyring equation should be modified to
consider the possibility that the sound field decays by
4 comjunction of three simullaneous Eyring-type de-
cays between the pairs of parallel boundaries of the
enclosure,

The empirical formula proposed by Fitzroy consid-
ers the reverberation time of room behaves like an
area-weighted arthmetical mean of the reverberation
perinds in three directions,

We agree with the basic intuitive idea of Fitzroy, but
our demonsiralion realized in section 2 results into

another very different equation that we consider bet-
ter related to the real sound decays in rooms.

2. Theoretical approach

When the walls of 2 room have a nonuniform distr-
bution of absorption. it is nol possible, after one has
shut off the sound source, such as do Norris-Eyring
for uniform distribution, to assume that all sound rays
lose the same amount of energy in identical interval of
time.

The principal acoustical quantity, of interest m this
decay process, is the total amount of energy that re-
mains in the room and its varation with time, given
by the following equation:

Ey
101
«(2)
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where [} is the rate decay in dld per unit time. ¢ is the
lime interval of the sound decay, E is the remamder
enerey, E, is the initial energy,

It iswell known, thatl at each sound refleclion on the
walls of the room, the average sound encrgy density
level, and (herefore also the sound pressure level, expe-
rience a loss equal lo: —101g (1 — %), where  is the
mean energy absorption coellicient of the houndaries
of the room.

Thus il the average number of reflections per unil
time is &, the rale of decreasing sound pressure level
will be:

D= —10Nlg(1 — ). 2)
Calling a the term —In{l —2):

G- —In(l —a). (3)
We deduce the following equation:

I / S |
F= ) ; (4
WN lge
which allow me to describe & as mean decay rate
absorption coefficient of the room. associated to % by
means of the eq. (3
Also the coeflicient @ can be looked at as a Subine
coefficient [5].
1'he Sahine cocilicient may excecd unil, this reason
is inherent in its defimition (3), and therefore is prefer-
ahle state il as a pure number connected to the decay
soUnd process.
From eqs. (1) and (4) it is possible to demoenstrate
the following expression:

E=Eye "7 (5)

Knowing that the sound decay results from multiple
simultanecus and sequential reflections on the sur-
faces of the room, admiting that sequentials sound
reflections occurs with preference between pairs of
parallel walls and that the simultancous sound reflec-
tions are produced in adjacent perpendicular walls, we
establish the following coefficient @ in three directions
between parallel walls:

a = (@ @) (a5 (6)

where a is the mean decay rate absorption coellicient
in the direction 1 4, — —In(l —&,), &, the mean
decay rate absorption coefficient m the direction 2:
i, = —In{l —a,) a_ the mean decay rate abserption
coefficient in the dircclion 3:4, = —In{l — o), &, av-
erage energy ahsorptivity in x areas, 7, average cnergy
absorptivily in v areas, & average energy absorptivity
in z areas, x the ceiling + floor area, y the area of side
walls, and z the area of the boltom walls; conseguent-
ly-S=x+p+az

T ARAU-PUCHADES: REVERBERATION FORMULA

ACLUSTICA
Vol 65 (1988

Eq. (6), expresses the mean decay rate absorplion
coclficient a of the enclosure by its area weighted geo-
metric mean on each one of the directions of the room
that relate the different pairs of parallel boundaries.

The two conditions in our hypothesis are preserved
in this cquation:

1) The sequentiality is assured through the arithmetic
mean of energy ahsorption coefficient berween cach
pair of parallel boundaries,

7} The simultancously is kepl by means ol the area
weighted geometric mean of the decay rate absorp-
lion on each direction considered.

On the other hand, we see that the decay rate ab-
sorption coellicient @ given by formula (6), such as an
area weighted-geometric mean, is almost coincident to
an area weighted — arithmetic mean coefficient, that
for a near values of a,., a, &, or quasi-uniform distn-
bulion of absorbent material, we have;

= e ¥
d=aos gre Pkl a d

i a, +

Wl =

Tt means that for a uniform distribution of the absorb-
ing material, the two means will must be equals.

Also for small values of the energy absorption coef-
ficients (diffuse sound field), we oblain the following
expression approximated:

¥

|

s ¥ "
ﬂ_L.'f" 5-.’:+S-1‘.+ i,

Wl ta

i =

o ta
=

(=4,

However for a non-uniform distribution of the ab-
sorhing material in general we will the following un-
equality:

T

) b '
ﬂj,"‘ [¥] i += — g = PP
I

B2 TgeNg

i=ar

For this cuse, associated to a ol the eq. (6) there is an
&, obtained through @ = — Iln(1 — %), which is different
to & .. where is also:

_ |
(Hm. = E EI_:_ :1-1-\1‘) -

The dilference (%,, — a) shall give us a measure of the
anisotropy and inhomogeneity of the sound field.
However, if this difference is decreased, it shall means
that the sound [ield also shall be reduced nearly to an
homogeneous and sotropic field.

This non-homogencous and anisotropic pattern of
the sound field established on the room, which is not
possible to explain with the traditional statistical
theories, il is produced by an uneven distribution of
the sound decay rate reflected from each wall of the
enclosure, after one has shut off the sound source, due

vy
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there is 4 sound rays lose in unequal amounts of cner-
gy to equality of interval of time on its boundaries.

By it is obvious that only the arca weighted-
geometric mean of the decay absorption coefficients,
given by the formula (6), which are proportionals to
the decay rates of the sound field, will enable us attain
the symmetrization of the decay distribution values of
the sound ficld non-homogencous, approximating it
to a normal statistical distribulion. In section 3 we
shall give a theoretical justification of iL

This area weighted geometric mean is especially
valid [or this statistical purpose and not happens the
same with the classical area weighted arithmetic mean
formulated before by other investigators in similar
form.

Hence in summary my ngw proposition:

= =a =R =&
a=aytal"a;.

Tt is a very powerlul area weighted geomelric mean
that, in results compuled, is coincident to traditional
absorption’s formules known for an homogencous
and isotropic sound feld and hence to an uniform
absorplion distribution cuase.

But for a non-uniform distribution of the absorbing
material it vields us two advantages:

1. A symmetrization of the decay distribution values
of the non-homogeneous and anisotropic sound
field.

2. An approximation of this sound figld to a normal
statisticul distribution behavior.

Gieneralizing (6) we may write:

=y ol b TR ] —x /%
TEE il A 1 (7)

«HExm 17

where a_, is the mean decay rate ahsorption coellicent
of two perpendicular walls to one defined direction f,
% is the total area of the two walls and § 15 the whole
area of the room.

Substituring (6) in {3) we have;

E = Eqexp{—Niassa)®az®) (8)
and laking logarithms:
n - = Nta=Saetay® (9]
)
Applying logarithms again and making vse of the
identity
A
Wwe can write:
x oy oz yii ‘x v z
+=+<]lnl —In =lnt +| 5+
(e s)al-m g )= (G55

InN + In(ay® ays az®) .

(10)
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Applying the equality
(x+y+2) A =In(4" 4" A7), ()

Wi CHn wrile:

() (o) ()]

= In[t N5 NS N5 guis guis gus) (12)
aT
E a8 E wE E Tif
(—ll’l—l) (—]I’L—) (—lﬂ—l)
[I'TJ t‘ﬂ' 'L"I'J
— f NEE NS g &:_-'.‘5 fIf'.s &:.'5 ) [13}
From this equation we find:
(14
2 ) I'.- wi ; E FE T l':- 2%
{_m ) (—ln—) (i )
io|>  Ee Eq . B/
a. N a,N a,N ’
MNow if = T corresponds o a sound energy drop

equal to 60 dB, i.e the reverberalion ume of room.
(E/E, =10 %) we have:

f (T G wa | EI =i
T=|— S B . (15)
a, Nlge i lge a Nlge

This formula can be expressed as:

i T -Ir,-.'f -I-'l:'n'?i '];*.""' . [16]

o @

with T, = T — T
= Nlge

a Nlge’ T a.Nlge

Lor a multiform regular room with # directions
comnecting pairs of parallel walls, substiiuting eq. (7)
in {5) and employing the same mathematical process it
is possible to find the peneral expression:

T= T4,

=1

17

: o il
in which T, = PN 18;.

Considering now by simplicity that:

is the classical mean free path, such as is accepted by
many acousticians, |6, 8—10] versus others who think
and prove that there is some dependence on room
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shape [11 - 15], we can write [rom eq. (16);

161V el V

x5 J_I.'S
T=—r' | |
[— Sln(l — .xxJJ [— 3 Inf i}.}—’

_ (5 135 S L
—&mm{l—=)|

In the general case for | + 4 V75 we have:

{18)

T Glatlee) U 6l 0ge)mt e
- — & ln{i — —ehnil — IE}.}
ol (lge)™' =¥
[—L']TI-I[I &1 © (19}

Both egs. (18) and (19), express the reverberation tme

ol room as the result of the arca-weighted geometric

mean of the reverberation periods in each one of the

directions comsidered. This is a new approach to the

acoustical problem of the decay rate of sound within

a room with a nonuniform distribution of absorption.
Supposing now that

i,

&=, =4,z
1e. the absorption uniformly distibuted in all walls of
the room, and introducing it in eq. (18) we obtain the
Evrning's formula:

T LT (20}

—S8In{l —a~ T
Also for low ahsorption values of 2, &, &, We can
deduce from eq. (18);

0161 ¥ [** D061 ¥ [0.161 ¥ =5
T=[—_ SRS e ; i21)
N Sa, S,
Il now were a, =4 =& =, we would derive the
Sahine’s equation:
D161
= — (22
ag

Also both egs. (18) and (21} must be ohserved respecs
tively as a modified Evring and Sabine equations, inte-
grating in them the possibility that the sound field
decays by a especial process ol three simulluncous
Eyring-type. or Sabine type, decays between the pairs
of parallel boundaries,

We are convinced that the formula (1¥) can express
with enough approximation the reverberation tme
vilue of a room with 2 sound [ield desrandomized and
therefore anisotropic and nonhomogeneous, because
of the different absorption of the walls.

Actually, in our demonstration, when the rever-
beration time is calculated on the basis of the number
of times, that the energy is reflected during a 60 dB
decay, we have it is strongly dependent of the product
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of the three simultaneous Eyring potential relations
between the inverse of absorption decays cocfficients
and the percentages of areas on each direction consid-
cred. However, in this case the inllucnce of the varia-
tion of the mean free path, nearly to 9%, because to
the dilferent dimensionals ratios of the room, as it was
indicated by Allred and Newhose [11], concern now
scarcely here. We will check in the four section the
applicability of our formula (18) in several practical
cases showing ity fullness validity.

Clarifying something more deeply our simple anal-
¥sis, is easy to demonstrate from the eq. (18) that the
reverberation time can be written so:

16l v 161 ¥

Sataras ~ sa

{23)

That is an especial Sabine form, more general that the
former equation (22), expressing it the reverberation
time as related to the degree of variation of the decay
absarption coellicient on various principal surfaces
weighted according in proportion to their respective
areas,

Hence the formula (23) is a general expression nec-
essary for caleulating the reverberation time of an
enclosure in where exists a non-uniform absorplion
distribution of material on its boundaries, which is
related also to the Byring formula through the eq. (3)
starting [rom the eg, (23);

0.161 ¥
Sl —#"

(24}

Formula also lormulated before in eq. (20), but in
where now the average energy absorption coefficient
gver musl be computed from the eq. (), being valid
only & = a&,,. as formulatled by Eyring, for the unmiform
absorption distribution casc in where exists an homo-
geneous and isotropic sound field inside a room. Rest-
ing so clear for us the general system of averaging
absorption process, question which has been ever a
very obscure subject. or as suys [3], except for the tacit
assumption that it be selected (o yield the correct
answer,

3. Theoretical justification of the absorption formula
product and calculation of the three dimensional
reverberation decay rate representation

In this section we shall develop a theoretical justifi-
calion of the formula product d given in eq, (6):
23 S = =%
a=ap”aran,
Aller we shall can compute. for an asymmetrical ab-
sorption disposition on the room, the reverberation
curved process of the decay as a superposition of a
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three dimensional reverberation, which governs the
“carly decay ume” and a following two-dimensional
reverberation, with a much longer reverberation time,
corresponding respectively to 2 mean decay rate fol-
fowed by u smallest decay rate, being therefors the
spund energy-density sphitted in three parts:

Eft) = E e 590 4 E o500 4 e~ (25)

where [} is the initial decay rate. {2, is the mean decay
ruie und D 18 the smallest decay rate.

In demonstrating the first purt of the guestion [or-
mulated we can assume with Kuttruff [9], but only for
cach pair’s parallel boundaries of the room, with the
ohjective be assured a minimum of the sequentiality
phenomena, that:

E (N ) = Bl — %)% (1 - (26)

-
Xeal™,

whete o, is the energy absorption coefficient of the
surface 8_, (Le. floor), and . is the energy absorption
cocllicient of the surface 8, (i.e. cailing); for a rectan-
gular room should be S, = 5,;. Further N are the
number of the sound collisions above area’s portion
8.1, and N, are the number of the sound collisions
above portion 5,,. Let be also N, = N, + N, and
X = 331 T S:n:I'

We have also that the probability be produced N,
collisions with wall of portion §,; among a total num-
ber of reflections N, on this direction 1, is:

y N (8. sﬂ)-"- =
- _.'\' A&l e : 2?
wa=(g )25

From (26) and (27) is possible shown with Kultrull:

— S.!-! ﬂ'.'n.'l + S.'r.! mx!)ﬂ'
X

-h.-:':ﬂ = lE':u:IZI (I

From which equation we have:

Ex[ﬂ - 'ExI:I e?‘r.”"'” :i:;:'l [Eﬁ.j

where &, = (5,2, + S5.,%,;)/x and assuming that
N =N.i
Writinng this fast eq. (28) for the two another direc-
tions 2 and 3 recollecting all equations together, we
have:
Ey=FE 8" Notd,
E}'Eﬂ =~ Evl:l [ Sl ’

Ez[:t} = E:EI ﬂ_lﬁ;‘rﬂ' = ‘.29]
where

a, = —In{l —ay);

d, = —In{l — &

a, =—In({l —&.).

Writing now the lotal energy £(1) let be so such that:
(300

Efy=iEy e = Fyp  Nathe Netth g — it
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In the real domain of &, values this equation gives the
mean energy of a sound ray with hits the x walls N,
times in time 1, the y-walls N, times etc.
Recopnizing here that E(f) let be a value depending
of three random variables E (1), E_(1), E,(r); being also
N=N+N+N:S gy B 0
]\.r,_‘z'f+‘”+l SOTEIEN N TR Y &
\—'. =3 cand ¢ the decay absorption coeflicient mean.

L

We ook that defining I:(1) we have a distribulion of
values E_(t), E (1), E_{t), for each distribution of values
d,, d,. d,, than in general are very different among
them hecause that &,, 4,, &, are also very un-equals
for an asymmeinical absorption disposiion on the
rocm,

Considering now other random distribution of £(i),
through E_(t), E (t), E_{t}. replacing in exponents &, by
lg a,, this new distribution is a logarithm-normal dis-
tnbution, we have:

E{l)=Ege N2 {31)
- EU a— M1 g, g e p—Aolga,

Comparing exponents we have:

s N’I . +N,! - +N=| -

a — - i AP a L i

S B B o o ke
being hence derived:

d=a’ ﬁ;.'-"s il 132)

For an umlorm or quasi-uniform absorption disposi-
tion in where E_it), E (t), E_(t) are very similar be-
cause that @, = a, = g, is not necessary in (his case (o
make a symmetrization of values Laking logarithms
above d;; then comparing exponents in eq. (30) we
find:

il U i O (33)

It our discourse we have assumed with Kuttroff, a
binomial distribution of the sound collisions on each
direction, which presents a normal statistical tenden-
¢y, heing only weighted with this procedure the asym-
metry due to the area’s proportion.

It is beautiful and good that the sound collisions
present 4 normal disiribotion lendency, and il is
logical und assured when the absorbing material is
distributed in uniform form on the walls of the room.

LHowever, when the absorbing material is placed in
asvmmetrical form on the room, also shall be asym-
metrical or unequal the different sound decay rates
reflecied from each wall of the room,

We ask you then: How is possible 1o connect the
normal distribution behavior of the sound collisions,
formulated by Kuttruff, with the sound decay rates
asvmmetty produced by the absorption of the differ-
ent malerials placed on the walls?
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We think that Kuttruff had reason above the sound
collisions but we look also is necessary to get that the
sound reflected, aller the absorption on the wall, pres-
ents a4 normal distribution tendency. 1t has been casy
[or us formulating the area weighted seometric mean
above the mean decay rate ahsorption coefficients a_,
. a_, that we know than also are proportionals to the
sound decay rates on each direction.

With it we are transforming the values 4., a,, a,
such as a logarithm-normal distribution: lga,, lga,.
lzd_. Where ils arithmetical weighted mean is:

e — xlga, + ]EEJ + zlga, ]

From which equation is deduced:

= aytarsar®
This ais the mean of the log-distribution. And also the
factor dispetsion d 1s:

d = untilog {; lga )? + % (lga, ) + ;[’Igci: EoO34)

Kioom e Jlu o i oo TR
—[Ejigax - : lga, + Elgu{] } ;

Being its central mass (68%:) ranging among;

d, = a(lactor dispersion} "' and

a; = alfactor dispersion) *. {35)

This central mass express the interval among a maxi-
mum and minimum values of the log-distribution in
where both are vet typical values of the distribution.

It is known [25], that the attainment of a logarithm-
normal distriibution can be produced by the conjunc-
uon of several random variables related by multiplica-
ton, meaning it also that the varations effect of a
random variable is proportional to the existent value
af it in this tme.

But we see it is confirmated as followed by Sabine’s
coclhcient, starting from his energy balance principle:

db

Fha k=10,
de *

From which T obtain:

3 k'dE

% E di '
This means that the instantaneous loss of cnergy is
always a constant percentage of the instantaneous
amount of energy. By another side inherent to the
same delinition of the energy balance principle of Sa-
bine we have that 4, coeflicient accounts only for re-
flections ocourring simultaneously but fails o allow
[or those that occur sequentially. However we recol-
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lect, inside of @, the sequentally effect of the reflec-
tions through the arithmetic mean of energy absorp-
tion coelhicients among each pair's boundaries, as for-
mulated by Kuttruff, taking us only parallel surfaces
and considering three principal directions: so we can
write:

e e A T
i, = —infl — &)
d, = —Infl — ).

This is an oversimplification very uselul recollccting
all effects of simoltaneity and scquentiality on mini-
mum conditions required. Our assumption about 7 is
complicated by ils decp casiness, that only can be
explained it by the logarithm-normal distribution
above a,, d,, a, coefficients. With it we obtain the
symmetrization of the values distribution and its ap-
proximation Lo a statistical normal behavior in coher-
ence to the postulated by Kuttruff for W) collisions
or reflections. Do not made it should be not logical for
our case of non-umform disposition of the absorbing
matertal. But 15 15 not prohlem for unilorm casc in
where the statistical normality of the absorption pro-
cess 1% ussured by definition,

Answering to the second question formulated by us
in the beginning ol this section above the eg. (25)
showing the energy-density splitted in three parts, we
have:
As showed by this theory we write:

0461V
- 5a

T (36)

where 4 15 the arca weighted peometrical mean (see
cq- ()L And also is;

a0
=— {37
T
Hence from eqs. (33). (36) and (37) we have:
D,=D0,=ka,, (38.1)
D,=D =ka, (38.2)
Dy =D, = kag, (38.3)

where D, expresses the maximuom typical decay-rate of
the log-normal distribution, D, is the smallest typical
decay value of the distribution, and D iz the mean
decay of the same.

Therefore by introd ucing (38.1), (34.2) and (38.3) in
the eq. (23) we oblain the lotal energy of the room:

Eit)= E, a—hBidr 4 E, g— kil 4 E. o — kil (39)
We also see [rom the eq. (34) thal the [actor dispersion
disequal o 1 {d = 1) for the uniform or guasi-uniform
absorption case disposition in where a, >a, =a_.
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For this case from (39) we find;

Elf)=L'e ©F

and therefore will exist an only slope B defining the
absorption process. Tt is logical and known!
Analvsing it with more derail we have:

For uniform or guast-uniform disposition we musl
remem ber that:

@i aySai® = (x/5)a, + (v/8)d, + (z/9)a,

in where:
5 ‘
Ei= —111(1 2 SOt “ﬂﬂ>= —In(1 —&,),
X
S, + 8
i, =—In (1 — e ’31”) =—In{l — &),
¥
5, L
i.=—1In (1 WS T *JE) = —ln{l — &,).
Z

I, =3, = & = & (uniform disposition), we have for
this case:

Ay ais = —n(l — &
being hence:
ey
C —Sn(l —a&)°

This is the Eyring lormula and therefore 7 = {60/ T
shall be an Eyring decay rate, For this case we remark
that the factor dispersion is f = 1 and therelore only
exisl one slope.

However for a non-uniform absorption disposition
we have three slopes on the decay rate curve:

First slope
D, = Dd,
where [ is the mean decay rate and d is the [actor
dispersion given by formula (34).
Second slope
O {mean decay) = 60/ T,
061V

where T = W
Third slope
.ﬂr = ﬁ;‘d W

where D is the mean decay and d is the factor disper-
giom.

These first and third slopes are a logical consequence
of our logarithm-normal distribution defined by the
asymmetry of the coefficients a,.a,, a,.

H. ARAU-FPUCHADES; REVERBERATION FORMLULA

169

fo—

Fig. 1. Three components of u reverberation decay.

Experimentally the decay rate Dd can be confused
with the initial sags of the decay curve, or ulso some-
times we can regard its slope confused as incorporated
to the slope mean,

In the Fig. 1 we have represented schematically the
decay-rale curved process.

MNeow we shall compute two particular cases:

First case
Let he @, = 0472, x/§ = 0,326,
a, = 0,024, ¥/§ - 0.412,
a, = 0024, z/§ = 0.261.
This case was analyzed by Knudsen el al. and it is
showed in the example 7) of section 5 of this paper.
For this case Knudsen experimentally measured:
D =176dBjs, hence T, = 34004,
D_t- = 02dBfs. hence T, =967s.
We have computed by our procedure:
D, = 71.04 dB/s, being 7; = 0845,
] hence T, = 3413,

D =1755dRs .
D =D/d=433dB/s. hence 1; = 1383,

where d = 4.048 is the factor dispersion for this partic-
ular case and 1,, T,, T are the reverberation times
associaled Lo the decays,

Second case

I consider the same room with the [ollowing decay
absorplion cocfficients:

a,=0472, 4 = 0472, 4, =0.024.
For this case d = 344 and a = 0.217, Hence we have:
D; = 23347dB/s, being T, = (0.25s
(first slope: early decay rate)
D = 67.87dB/s. being T, = 0.8845
{second slope: mean) .

197 dBjs, being T, = 3045
{third slope: smallest value end)

=

This values are a logical values lor an asymmetrical
ahsorption disposition on the room.
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Fig 2 Graphical recordings of refl [23].

Following I present some graphical recordings reg-
istered by Bruel (23], see Fig. 2, showing the broken
lines for a typical similar cases,

In conclusion our new theory keep all the following
points:

1. For an uniform absorption distribution my for-
mula is coincident to the classical theory of rever-
berution, recollecting in a one expression all the
cffects of Sabine and Eyring formules of the rever-
beration phenomena,

. My lormula for an asymmelncal absorption dispo-
sition of material on the toom 15 in a good agree-
ment with the mean experimental values obtained
by several investizalors. We shall lock it in the next
sections,

3 My concept of logarithm-normal distribution en-
able us also to calculate the smallest typical value
ol the decay-rate. Never computed its value by
none theory antenior, but ever regarded in graphi-
cal recordings.

4. My theory is coherent with the normal tendency
distribution of collisions formulated by Kuttrull,
and ulso in coherence it also with lormulated by
Kosten und Clausius for the mean [tee path defini-
Lo

5. However, this formula is bad for extremal cases.
You have reason about it I for example a_ = 0,
d, = —Inil —&,), this should imply that be
T, = O Mevertheless this case does nol exist in the
praclical reality because all malerials have some-
thing absorption.

The worse case is that, for example, let be
i, = oo and a , a_ finites, Then associated to 3, we
havea &, — 1 when &, %, < 1, being hence d =
and T = 0. [t is 4 very bad result bur alse 1 dailicalt
that we have such so abhsorbent walls.

We believe you must regard our formula applied
[or a typical examples of the usual reality, for exam-
ple a flaor very absorbent 2., =~ 1 with a ceiling
very reflectanl =, = 0 being therefore in conse-
quende &, < 1. And so for similar distribulions on
the another surfaces of the room.

b-d
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4. Practical cases and measurements

Twelve cases are studied in the present work. Be-
tween them only four examples were selected from
acoustical references. Other cases have been collected
from our own-sell experience in measurements for
avoustica] designing of auditoriums, theaters and TV
rooms. We have considered in this article only the
300 Hz frequency by reasons of simplicity.

On the Table T we present for all the rooms, the

geometrical ratios, the percentages of area on each
dircction, the average energy absorption coefficients
between pair parallel of boundary walls its particular
associated decay absorplion coellicient and also the
average absorption energy coellicient ol the whole
boundaries.
Wi must remark that normally &, is different to the &
obtained from eq. (3) with @ deduced by means eq. (6,
Cinly for sound diffuse condition, or also for a uniform
distribution of absorption, will be truth that #,, — &

The live first rooms analyred belong to Katalonien
Television TV 3, of the Generalitat of Katalonien,
where we have wotked in the acousbcal design
prvject, The case 1 is the called “Estudi Audio™. This
is a very especiul room used for double purpose. The
fluor is moguette, the ceiling is composed by a metallic
perforated system with fiber ghass, of 30 kg/m? densi-
tv. in its back zone with an air cavity of 80¢m of
thickness.

In the front and rear walls are located 15 Resona-
tors A1, 5 Resonators A2 and & Resonators A3

The Al, A2, AJ resonators were calculated using
Ingard-Bolt method [16] and were manufactured espe-
cially lor this aconstical wark.

The remaining zones of the bottom walls are of
concrete painted.

The side walls of this room 1, there are 20 A1 reso-
nators, 10 A2 resonators, 10 A3 resonators and Lhe
remainder is concrete painted,

The case 2 15 the "Estudi 37 of TV 3, The materals
composition are described in reference [17]

The case 3 is the “Polivalent” study of TV 3, where
the [loor is a especial rubber pavement.

The caling is a fime shaving of wood called Landa
in commercial terms. The four meters, starting [rom
floor level, in all the walls, is concrete painted.

In a lateral walls there are placed Tpakell moduius,
materigl similar to egg box, in random form with air
cavities of 5cm and 25 om, The composition of the
rear wall is similar to the side wall described before. In
the opposite side wall there 15 an especial foam called
Soundcout of 25 mm of thickness fixed.

The front wall is composed with Soundcoat foam
material fixed von the wall surface.
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Table 1.
Dimensional ralios and absorplion coelTicients.
Case Dimensions Percentage Absorption coefficients
aren
%, (energy] a, (decay) i, (whaole energy
averags)
1 Ratio:
X
a = 16im ¢ (453 &, = 0,306 d, = (0.303 &, = 0.269
= TA0m }'
= 5.15m 7= 0.328 it, = 0232 a, = 0289
V= 38042 5
§ = 3300 §= 0219 &, = 0213 d, = 0246
2 Ratio;
a= 2220m E= 0.439 g, = 0211 a, = 0237 g, = 0.489
h = 1740 m ¥
c 1284 1m 3 = [L.310 E:.- =[0.718 &r = 1266
V= 302158 =]
§ = 180849 S = 0250 i, = 0.693 a, = 1.182
3 Rualio:
a=  2260m ;f = (1463 g, =035 .= 0378 £, = 0311
b= 14%0m ¥
L= 11,04 m = 0227 o =10.303 i, = (0.361
Y= 3717 2
8= 14350 i 0310 aF, =0312 a =034
4 Ratio:
2= 1480m ; = 0420 a, = 0315 a, = 0.37% "2 = 0158
b= 10 m y
c=  &23m = =0.2%3 &, = 045 a, — D046
V= 1218 “f'
5= 704 5 =345 B, = 0443 a, = 0046
b Ruatio:
4= 3480m % . D.4%9 £, - 0212 a, = 0,238 %, = 0124
b= 1310m 3
o= 145 m s 0.307 o, = 0040 e, = 00408
¥ = 11 636 2
5= 1286 ; = 0204 o, = (L) a, = 00408
fi Ruatio:
&= 5.73m ¥ = 0473 2, =009 a, = 0.094 &, = 0074
b= 558m 3
¢ = J5m § = (). 26 i, = 006 a, = 062
F= 10071 i
5= 13519 §= 0.267 i, =006 . = 0062
7 Ratin:
Non T D640 i, =187 &, =0210 i, = (.23
rectangular ¥
form = 0194 Z, = 0,368 a, = 0.439
= 2240 s
&= 1347 — = {162 ¥ = 0415 a, = 0536
5
b Ratio:
Non J—; 0.407 %, - 0.250 a, = 0287 7, = 0385
rectanpolar ‘L__
form -c,' = (.29 x, = 1.543 a, =784
F=10352 Iz
5 = 2438 ¢= (L.297 @, =0413 d, = 0,532
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Table 1. Continued.
Case Mhmensions Percentage Absorption coefficients
ATE:L e
%, (energy) a, {decay) i, iwhole energy
average}’
9 Ratio:
Non % (486 x, = (368 a, = D4548 a,, =10.264
rectanpgular }
formm ip 0.287 g, =0176 a, = 0.1%4
Vo= 81000 :
5= 16471 ; = 0227 T =153 a. =166
L Ratio:
Mon ; = (L4886 &, = 0084 @, = 00877 #,, = 0126
rectangular y
form = =287 &, =0176 &, = 0194
¥ = 81 000 2
£ =164 3 = 0,227 g =1L133 &, = (.166
i1 Ratin:
Non ; 0527 1, = 0410 a, =528 ., = 0,290
rcetangular '1:
form '.-; = (L2586 = 0120 a, = 0128
Vo= ET 48 '2
§ = 15340 S 0187 4, =0.210 a, = 0236
12 Ratio:
Non % 0527 4, = 0410 a, = 0528 .. = 0403
rectangnlar j
form S 0,286 &, = 0450 i, = 0,600
F = BT 480 A
§ 15340 % =0L187 & =0310 a, = 0370
. 1 < - %, - ¥ z
h %T=EE’-";~*1 and also 7, L R

The absorption energy coefficient of the materials,
were tested in our laboratory using the reverberant
room method (IS0 R 354),

The case 4 s the “Estudi de Noticies™ of the TV 3,
Its description corresponds to the moment befors be-
ginning the acoustical treatment, Only n the ceithng
there was a fine shaving of wood material. The
remainders walls and floor were of concrete,

The case 5 is the “Estudi 1™ of TV 3. lis description
obevs Lo g room without acoustical treatment, only
the ceiling was lrealed with Lunda material. An other
surlaces were of conerete.

The case§ is an empty of room concrete with
7.33 m* of absorptive material tested by us,

The case 7 i3 a hall, acoustically desgined by us,
called Poliorama Theater. Its description corresponds
to the final state after the acoustical treatment,

The architects were the Martorell-Bohigas-Mackay
group. The composition of this hall can be found in

reference [18]. The volome in cubic meters indicated in
Table I is the real air volume.

Tn this case the amphilheater zone has been consid-
ered to belong to the rear wall assuming that is Lotal
surface is added to it

The casc ¥ is the “Palau de la Musica Catalana of
Barcelona™ This hall is a very important one, This
building is an historical monument of Katalonien, is
the most famous hall of Spain intended for choral and
symphony music. Designed by Lluis Domenech |
Maontaner, Architect, was builded m 1908, following
the modernisme canons style.

In Figs. 3,4 and 3 we present the interior of this hall

Before the remodelation works, carried by the ar-
chitect’s group formed by Oscar Tusquets, and Thuis
Clotet et al.. the principal architectonic components
of the hall were:

Floar: Upholstered chairs above plataform of
waod.
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Fig 4. General view uf the semicirele,

Small mosaics of coloured ceramic, and in
ils center a large and wide chandlier in-
corporaled inside of skylight zone, com-
posed of the light glass leaded that in Ger-
many, where they were manufactured in
1908, were called Orfeo glass.

A great arca ol glass leaded.

Plataform of wood on Ooor of the Tateral
hoxes plus upholstered chairs.
Remainder zones: Mosaic ceramic, stone
and plaster.

Ln plant Tevel: Slone painted and curtains.
Second level: Chairs above plataform of
wood plus curtains,
Remainders regions:
stone and plaster.
Third level; Chairs above plataform of
wood. Glass leaded windows, Remainder
zones; Mosaic ceramic, stone and plaster.

Ceiling:

Side walls:

Rear wall:

Muosalc ceramic,

Frontal wall {scenary): Mosaie, glass leaded, orgun,
curtains, stone and plaster.

The real volume air is 10 352 m
of upholstered chairs is 2100,

* The total number
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Fia. 3. Concerts drawing — hall Irom the stage.

In our study we have considercd the area of amphi-
theaters floor as added to the real area ol he rear wall,

On side walls we have assumed 800 chairs, in bol-
tom walls we have considered 600 chairs, in plant we
had 700. The energy absorption coefficient of chair
was 0,24, The reverberation time was measured in an
empty hall,

The cases Y and 10 were deduced from reference [19]
on the Cleveland Public Auditorium, The first cuse 9
corresponds to the auditorium after treatment, and
the case 10 [or the hall before acoustical treatment. In
both cases the surlaces on where resting the audience
has been considered forming part of the area of walls,

The cases 11 and 12 can been found in reference
[20], The first case treats the Rochester War Memorial
Auditorium without audience, and the second consid-
ers the same hall with a 6000 persons altendance.

The Tahle 1T shows the values of the reverberation
time obtained from ey.(18), wvsing the values of

lahie 1T,
Reverheration time using the values of Table [

Case Reverberation time
Wew for-  Eyring Fitzroy Fxperi-
mulae (18] mental
3 & 5 &
| [X,78].) (590 0613 (Lot
2 075 .66 1.02 084
3 .12} 1.108 1.1 116
4 149 1.62 L 24
3 3,90 432 8532 ]
il 1.5% 1.55 1.68 157
7 095 0.90 1.02 096
b .44 1.37 1.57 147
0 LEQ 2a1 313 -
10 .26 596 73 6.3
1 307 27 75
12 1.E1 1.80 1.84 1.81
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Table I, in comparison to the Eyring and Fitzroy
methods, and the experimental values determinated.
The fgures referring to graphic tecorder decay
curves applying to the specific rooms, are indicated
from Figs, 6 to 13,
The differences existent between theoretical and ex-
perimental values of the reverberation time in the two

B Hz

Fig. 6. Recorder praph in room 1.

500 Hz —
Fig. 7. Recorder praph in room 2.
: 1% :
GO0 Hz
Fig. 8. Recorder graph in room 3.
]
=
0 04 08 1z 18 20 24 s 24

Fig. 9. Recorder graph o room 4.
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Fig. 10. Recorder graph in room 3.

a
d8
10
=40

=30

=40

s

=50+
Fig 11, Recorder graph o room

1s

Fig. 12. Recorder graph in room 7,

Fig. 13. Recorder graph in room 8.

first cases, can be due to the fact that the absorption
energy coefficient of the resopators Al, A2, A3, were
caleulated but not measured in a reverberation cham-
ber. In other cases the agreement is better.

5. Other examples analyzed:
area and location material

Tn this section we will make a comparison between
different cases proposed by us. With them we would
mayv deduce important conclusions concerning our
[ormula.

|y T.et be first a cubical room of 3mx3mx3m
of dimensional ratio, placing absorbing material
iz = 0.4) on the two opposite walls. Being the remain-
ing walls, for example: concrete, {x; = 0.U3).
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In these conditions, we have:
I

'E -—I'E L 0.3% & =005, & =0051;

g, =005, a,=0051;

g,=040, 4 =051; & =0167.
Calculating the reverberation time, we find:

T: (Eyring) =044 5,

Ti (Fitzroy) =111s,

T(New formula) = 0.73 s,

2} Let be the same case 1) except that the absorptive
malerial i5 placed on adjacent walls.
For this example we have:

'; - g =§ —033% & =005, & —0051;

8, =0225, a,= 0255;

&, = 0225, a =0255; &, =0167.
Evaluating the reverberation time, we find:

I (Eyring) = 0445,

15 (Fitzroy) =074,

T (New [ormula) = 0.54 5,

Comparing this last value of T'with the one obtained
in the case 1), we see that the effect of the absorption
is greater if given amounts of sound absorbing materi-
al are placed on adjacent walls of a cube rather than
on opposile walls. This effect was observed, as ex-
plains Young [5], by C. A, Andree (1932).

3) Let be now a new room of equal chord 41§
lo the one described before., Its dimensions are
fim x 3m = 2 m. Supposing that we place any absorp-
tive {(x = (.4) material between the ceiling and floor, so
such that the mean arithmetic energy coefficient of the
room &,, be the same to the before case. The remain-
ing surfaces are of concrete (o, = 0.05).

We have now:

%= 0.500, & =0284, a,=0334:
L=0333, & =005, @ =005i:
S ¥ Ed
%= 0166, =005, & —0051:
g, =0.167,

The reverberation time will be:
T (Eyring) — 03165,
T {Fitzroy) =091 5.

T (New formula) = 0616 5,
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4) We consider the case 3) placing the absorhing
matetial in side walls, being the remaining surfaces of
concrele, to obtain the same &, = 0,167,

Therefore we can write:

§= 0.500, &, =005, & - 0.051:
g =0333, & =0402, & =0515;
:i;= 0166, & =005, a =0.051;
%,, = 0.167.

Calculating the lime of reverberation, we have:

T: (Eyring) =0316%,
T (Fitzroy) = 1.10s,
T (Mew formula) = 073 5.

5) We will consider a roaom of dimensions: 3m =
10m x 3m, treating the two bottom walls with ab-
sorbing material with 2 = 0.4. The remaining walls are
of concrete (x; = 0.03).

In this casc we have:

0714, 7, =005, a,—005;
5
% —0.214, & =005, a,=0051;
-
=007, =040, a =051;
5
&,, = 0.075.

The reverberation time are:
T (Evring) =222s,
T (Fitzroy) =316%,

T (Mew formula) = 288 5.

6) Let be the same case 5) removing the 60 m? of
absorbing material of the bottom walls, and sctting it
on cgiling, assuming that the remainder surfaces are of
concrate, we have:

-‘_; =0714, 2 =0083, 4, =0089;
Y0214, & =005, a —0051;
S ? :

g =007, =005, & =0051;
7, = 0075,
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Caleulating the reverberation time, we find:

T, (Evring) =222s,
Ty (Fitzroy) =23535.
T (Mew formula) = 227 5.

7) Let be a room of the following rectangular di-
mensions: 30t = 19t x 24ft. This case is considered
cxperimentally by Knudsen et al. [21]. We suppose
with them a [loor absorplive 560ftsq (x = 0.74 to
250 Hz). The remaining surfaces are reflectants
{i; = (LO24),

In this case we have:

x _ .
= 0326, & =0376, a, =047
1; — 0412, & =002, a, 0024,
S=0261, %,.=0024, G =0024;
&, ="0139,
Calculating now the reverberation me, we can write:
T (Eyring) = 1285,
Ty tFitzroy) =53524%,

T (MNew lormula) = 3.42 5.

The decay assoctated to the time of reverberation
by ouar new formula, results in; 17.535 dB/s.

Comparing this theoreucal result with the experi-
mental value measured by Knudsen et al: 17.6 dB/s,
at 230 eps and microphone at 18 i, Fig, 10, it is shown
the remarkable agresment concordance belween mea-
sured and predicted values.

&) Here we will describe the experiment performed
by B. W. Young [5]:

We have a rectangular concrete room of volume
1350 ft*, with sound absorbing material (area 265 fit%)
covered the ceiling and lop third of side walls, at
L0O0 eps Lthe effective Sabine coefficient was 0.25; but
when the material was arranged in a border 11 wide
around the ceiling area {area of the border 46 ft%), the
effective Subine coeflicient of the absorptive material
was 0.93. Tn these conditions we have approximating:

X

E:u.ﬂa, Balio® 11.22ft= 19.56 (L= 6,161
£=D.1ﬁ38, S: 817112,

7;=u.4m. 1 1350 13,

We start assuming to be true that the effective Sabine
coefficient for second case, was a, = 0.93; from which
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we obtain the following energy absorption coefficient
of material o« = 0.61:

Applying this value to the first case shown by
Young, we have:

g, =0330, a, =040, &,=0231, a =0268;
& =005, & =0051; &, =024,

Evaluating the eq. (), we obtain the following decay
rate gbsorption coefficient of the room:

a = (0.40)"-33% . (0.268)"-1589 . (0.051)%41% = (.101 .

Associated to this value a, there is a mean energy
ahsorption coefficient of the room given by eq. (3):
%= 0.09% which is very different to the above indi-
cated &, = 0.24!

Assuming now thal, & = 0096 =1/s% s, 2, solving
for the unknown o, we will obtain the effective value
ignored of the absorptive material in its actual ubica-
tion inside of the room: 2 = 0.193, and hence calculat-
ing we obtain the following effective Sabine coefficient
of the absorptive material a, = 0.214. We recall that
Young measured 0.25 for this case,

Studying now the second case of Young, we have:

%, =0133, a,=0120; & =005, a,=005;
7, =005, & =0051; &,=0089,

From the eq. (6) we obtain @ = (LUB]1 that has one &,
connected to 4, equal to: & = 0078

Assuming now to be true for us that 3 = 0078, we
get % of the absorbing material, from the eguation:
D078 =1/8% 8.

We have obtained the following result for the mate-
rial & = {.598 that it has associated the Sabine coeffi-
cient g, = (191 in front of the expenimental value (.93
determinated by R, Young

Therefore is true that the effective absorption per
unit area changes with amount of material present in
a room. Also, by another side, can be understandable
casily lor us thal when the acoustical measurements
arc made in a reverberant chamber, on any absorbing
material, the experimental values determined a, of the
malterial will be rights il 1s verilied, with enough ap-

proximation, the following equality:

§ ==

-Infl — &,,) = & &% & 24)

This relation involves that in each different rever-
berant room, depending of its dimensional ratio, will
must exisl a maximum area of absorbing material
preserving Lhe sound dilfuse condition, in the neees-
sary amount, for which be fulfilled the eq. (24); or that
let be &,, = &

9} Let be the following non dilfuse reverberation
room: 6G80m =32mx56m, F=1% mi §=
203 m2.
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X ¥ r
=034, = =037, —=0287.
5 58 5 1

Supposing, with empty room, that the rever- i

beration time T, is T, =4.02 seconds (300 Hz), we e

have x, = 0,038, where x, is the enerpy absorption L

coefficient of the walls of the room. Introducing now og b

an ahsorptive material on the floor of the chamber,

with an area F =4 m2, we oblain the following ex- i

perimental Sabine coefficient a, = 1.35 for the absorb- 07k

ing material (x = 0.74) oceupating a surface on floor B

e 05 t
Fiv¥ =012 i

The Table 11T shows the values calculated. for the dif- 03 T T RS TR Sl WO

ferent coefficients, in relation to F/F273.

Tahle 111
Variation of @, with the absorptive occupation parameler.

File Coefi- Parameter: F/1>7
cients

036 06 g 1

o1z 024

0.306
1038
0.038
01y
0.305
(038
0.038
0082
0.079

1.157
0,038
0038
(L069
0471
0,038
(.03%
0063
0.061

0239
(034
0.038
0108
(273
0038
0.038
0074
oM

0,373
0038
(L.038
0,155
0.467
0.038
0038
(L0
(0BG

n.ov2
(034
0038
nos2
0.081
0038
0.038
(1045
{48

0117
038
0038
0066
0125
.038
0038
0.037
0055

= ':ﬁn IF" !Fh Hﬂ: _‘ﬁn =rgFe.-

W GE o BRouh s L B ==

- - T -

0423
D452

.39
0L.06%

(466
037

(L5357
Q018

133
i, —o D04

0.653
.01

._._.
-
o

The values of @, belonging to file 8, are calculated
from eq. (6); and other hand the & coefficients, shown
on file 9, are deduced from file § values using eq. (3).

The values written in file 10 are derived from file 9
by

e
Ii=§z|5|-9!1

clearing up a of the absorptive material, assumed this
# unknown in this step, and computing after the effec-
tive Sabine coefficient a. from = by using the eq. (3).

In the Fig. 14 we have plotied ag against F/}*3
irying fo explain the dependence of 4, in correlation to
the absorptive occupation parameter.

Ohserving the Fig, 12 we see there is a tendency o
a high value of g, for small areas F, and at values
F(¥23 =04 the absorption coefficient decreases less
rapidly.

Also analyzing the same figure we see that the differ-
ence between the results of ag with F = 12 m* and with
4m? is of the order of 2.

0 02 04 0B 0B 1

[ S——

Fig 14, a, o function of FrFH2

Both conclusions were also cited by Kosten in [22].
From Table IT a potential curve fit the relation of the
Sahine coeflicient with the parameter F/F*7 is ob-
taimed:

Foyonas
Starting from (25) we deduce:
W .36 )
o= 036 (;--1 5) (26)

This prove that a, decreases with F and increases
with ¥, and therefore also will be certain that to arrive
at the same result of ag in rooms of different size, it is
required a larger sample in a larger room, conclusion
that also it was shown experimentally by the Round
Robin test [22].

Applying the eq. (26) to the example § analyzed by
Young for F = 265 [t? and V= 1350 ft* we arrive to
iy = (124, being the value measured o, = 0.25,

10) We consider now the experimental example in-
dicated by Briel [23].

Let be a pair of rooms of dimensions: 6.1 x 6.2
®3H2 =144 m.

The first room named DB had the sound absorbing
material situated at the ceiling, the rest being furniture
and carpets placed on the floor,

The second room named GB the same absorbing
material in equal amount was uniformly spread all
over the bounding surfaces of the room.

We have assumed for the absorptive material an
cnergy absorption coefficient o = 0.6 for 1000 Hz, and
the remaining surfaces let be w =005 Being x/§
= 0.446; y/8 = 0279, z/5 = 0275 we have:
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For the DB room;
g, =030, a, =0370; =z, =005,
& =005, a,=0051

a, = 0051 ;

by using (18) we establish 7= 1.1 5. being the value
measured T=1s.
For the GB room:

&, =0142, a,=0153; & =019, & =0218;
g, =0212, a. — 0238,

By (18} we calculate T = (.71 s, being the experimental
valug T=10.68s.

We muost remark that the theoretical results are
cvidently in good agreement with expectation.

11} We consider now the imporiant experimental
examples analysed by Mchta-Mulholland [24].

They worked with a rectangular room 4.5m =
273m = 240 m, in where measuted Lo 1000 He, with
gmpty room, 8 reverberalion time equal to 2.2 s

From the different cases analysed by them, T now
select five cases recollecting very different conditions.
Let he the following:

Case fd): Samples fullv covering the two opposite
walls 4.534 m = 240 m

Case o) Bamples fully covering the wall 4.50m x
2.40m

Case §10): Samples [ully covering the floor and the
Lwo opposite walls 273m = 240 m

Case 11): Samples fully covering the floor and the
wall 273m = 240m

Case fe): Samples fully covering the three mutually
perpendicular walls,

The sample have a absorption coefficient x = 0.86
(1000 Hz). Following I shall make a comparison of the
reverberation lime among:
— Cremer (231 eq. ref. [7]} = Millington formula for

this case
— Kutteull {2.80 eq. vef. [7])
— Eynng
— Sahine

Fitzroy
— Arau (18 eq))
— Experimental (obtaincd by Mehta-Mulholland)
for all the combinations which before | have exposcd
here.

L first slep I write the geometrical conditions of the

enclosure considered,

F =29484 m¥:
. 5 5,
8, = 12285 (Roor): — =—=020725;
55
& 5
S, = 12.285 (ceiling); ; = ?‘ =10.1822;
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85 = 10.8 (side wall); % = % = 01105
5, = 1.8 (side wall) ;

5. = 6552 (bottom wall) ;

S = 6,552 (bottom wall);

§ =L 5 =50.274;

x
V=834 8,=216; g;u.s.m;
z =8, + 5, = 13.104; E:n_zzm-,

As second step | pul the absorption conditions of the
different cases (Table TV):

Table IV.
Ahsorption and reflection cocfficients of the case 11),
1d 1¢ 1k 1i le

%, 0036 0036 086 086 D86
%, 036 0036 0036 0036 0036
%, 086 086 0036 0036 086
& 086 0036 0036 0036 0036
s (036 (036 086 086 086
o 0036 0036 086 0036 0036
a1 00366 00366 1966 1966 1.966
4, 00366 00366 00366 00366 00366
a 1966 1966 00366 0.0366 1966
a, 1966 00366 00366 0.0366 00366
a, 00366 00366 1966 1966 1966
g 00366 00366 1966 00366 0.0356
gy 0964 0964 014 044 014
o, U964 0964 0964 0964 0964
o 014 014 0964 0964 014
04 014 0964 0964 0984 0964
2 0964 0964 014 014 D14
2 0964 0964 014 0964 0964
7, =01 D036 0036 0448 0445 0448
7, =TT 086 0448 0036 0036 0448
Fimis ;I'* 0036 0036 086 0448 0488
i, %::I;'.s, a 0332 0186 0388 0237 0448
F=(1-4,) 06638 0814 0612 0763 0552
a,=—In{1—%) 00366 00366 059 0594 0594
i, =—In(l—4d,) 1966 0594 00366 00366 0.594
i, =—In(1—&) 00366 00366 1.966 0594 0594
a=a*@fa® 0156 0101 0282 0215 0.5%
aifa=—Inil—] 0.194 009% 0246 0.194 0488
(&,, — ) 0192 0090 0142 0043 0
Cremer:

%, (eq. 231 [7]} 0740 0388 0863 0650 1.00
Kuttrufl;

#"(eq. ZEO[7]) 0442 0223 0551 0291 0653

Yip=l—o e =—lnil—a)
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Table V.

Reverheration lime of the case 1)
Reverberation 1d i 1k 11 1¢
time
Experimental ! 0.32 oM 0.29 .40 017
T.: Arau 051 079 0.8 037 14
T Sabine 24 143 0.21 .34 (18
Te: Eyring 020 039 016 023 .14
1y Kutirull 18 0,36 015 (.28 012
Tha: Millimgton 011 0.21 0.09 niz (.08
Iy Fitzrov? 1.31 1.36 (81 084 14

! Measured by Mehta-Mulhalland
? Caleulated by Mehta-Mulholland

Calculating the reverberalion lime and comparing
the several theories in front of the expenmental values,
for the combinations described, we have from better
agreement to worse the following results (Table V)

Let see us again the good agreemeni of the results
obtained from our new formula (18) with the experi-
mental values measured by Mehta-Mulholland.

5. Conclosions

In this paper we have developed a mew rever-
beration formulae, illustrated wilh many cases and
examples, that permit us to obtain important conclu-
sions above the effects of area and lTocation ol absorp-
tive material in & room. We have demonstrated the
experimental work of Young and Knudsen and others,
agalso the good agreement of our experimental results
with theoretical work, that conlirm the validity of our
method (reating the non-uniform distribution of ab-
sOrption In ToOoms,

We deduce that the empirical Fitzroy's formula

only should have physical sense in those especial cases
of rooms in where the reverberation periods T, T, and
1, are near to 0.5 s, that in conjunction with the per-
cenlages of area values, enable us to keep also T nearly
to .55 Under this hypothesis taking logarithms in
eq. (18), or {16), and approximating (—InT;) by T; on
gach term, we artive 10 the Fitzroy's formula:
S ¥ = b
T.-ST;+,1}+ST:. (2)
This last formula has been the live-motive inspiring
our simple investigation; and with it we have tried to
explain somc aspects almost unknown of the sound
behavior on rooms,
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