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This paper shows how the reverberation time can be calculated having nonuniformly distributed sound ab-
sorbing material in a room. In practice there is hardly a diffuse sound field but still classical theory is fre-
quently used. Calculations of reverberation time using Sabine’s or Eyring’s equation are convenient and to
some extent satisfying. In order to have a more accurate formula to compute reverberation time even when
the distribution of sound absorption varies widely in uniformity, a corrected Fitzroy equation is submitted.
Comparison of classical theory based calculated reverberation time is presented. Additional results are com-
pared for a corrected Eyring equation and a two-dimensional-reverberation-field equation. It will then present

measured results and discuss the results.

1. INTRODUCTION

One of the most important characteristics of a room or auditorium is its reverberation time.
To a large extent it is the reverberation time which still determines the suitability of a room for
a particular purpose and hence its acoustical quality. Therefore, current room acoustic tech-
nology is still focused on estimating reverberation time. This paper presents an examination of
the well known classical calculation techniques primarily developed by Sabine and Eyring.
Those theories are based on the randomness of sound fields which means they are valid only
when the sound field in the room can be considered to be sufficiently diffuse. This is among

others if there are: not large differences in the basic room dimensions, the walls are not parallel,
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the sound absorbing material is uniformly distributed, and most internal surfaces are divided
into parts. All of these requirements are usually not fulfilled in situ. The most common cause
of reduced diffusion is extensive sound absorbing finishes of the ceiling or of two opposite walls.
In concert halls e.g. it is the floor (area the audience sits over) while the walls reflect sound
well. With such finishes, sound waves propagating between the sound absorbing ceiling and the
surface of the seating area or between opposite sound absorbing walls attenuate much faster
than other waves. In such cases the reverberation time frequency characteristics cannot be
predicted using conventional reverberation theories as stated e. g. by Sabine or Eyring. A first
attempt to overcome this problem was suggested by Fitzroy in 1959 but was never considered
further seriously. Because this “two-dimensional-reverberation field problem” is a practical
important case a modification of Fitzroy’s equation is discussed in this paper and some prac-
tical examples are presented which compare predicted and measured values of reverberation

time in real rooms.

2. REVERBERATION THEORY

In practical room acoustic design, the reverberation time is predicted using the classical
equations, and most often by the Sabine equation. The procedure for reverberation time pre-
diction is described in sufficient detail in publications on auditorium acoustics e.g. in [1,2]. It
seems therefore reasonable not considering the prediction procedure in detail, but to pay atten-
tion to its validity and accuracy. The classical theory in prediction of reverberation time, if
Sabine, Eyring or other classical reverberation equations, is valid only when the sound field
in the room is diffuse or at least can be considered to be sufficiently diffuse. If this condition is
not fulfilled the reverberation process in the room deviates considerably from an exponential
one and the reverberation time differs from that predicted by the classical equation. In real
halls the absorbing material is usually not uniformly distributed and a diffuse sound field is
certainly not observed. Fitzroy published in 1959 [3] an empirically derived equation which

considers nonuniform distribution of absorption.
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where  x,y, z = total area of two opposite parallel walls in m*
0y, Oy, O, = average absorption coefficients of a pair of opposite walls

S = total surface area of the room in m2.

Fitzroy applies, as mentioned above, when absorption is unevenly distributed and allows
the reverberation time to be estimated independently for each room axis. The total reverbera-
tion time can be estimated from the sum of these three (X, y, z) components. The air absorp-
tion term may also, like for Sabine and Eyring, be applied to the Fitzroy equation if required.
Since the attenuation constant of air is small, typically 4mV is small for small rooms, and
hence can be neglected.

Kuttruff submitted in [2] a correction to the Eyring equation in order to overcome the prob-
lem if the absorption coefficient is not constant along the walls but depends on the location of
a certain wall element, or if one surface is highly absorptive, which means, if the sound field in

the room is not diffuse. He called this correction an “effective absorption exponent” (see also
[1] p-99).
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where p, = 1-a,, denotes the reflection coefficient of surface area S,

S = total surface area of the room in m?,

In a somewhat different but similar way Tohyama, Suzuki, Ando [4] derived an equation
which describes a two-dimensional-reverberant space. Tohyama et.al. states that even in a
small regular-shaped room with a carpet-covered floor the 2-dimensional reverberation formula
can be used. But we can expect, that in the case of a small room the sound field is something
between a 2-dimensional and a 3-dimensional field. Tohyama et.al. termed this situation an

“almost-two-dimensional” field, because the side walls are not very high.
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where  Oa., = OLyy(1-p)+a, 1 ; denotes the averaged absorption coefficient
a, = averaged absorption coefficient of the z-wall
a.,, = average sound absorption coefficient in the xy-2-dimensional field
L,, = 2(L,L,); Circumference in m; L, = Length in m

p=mcy /(L% 41f); m=nS5,/L,

2. DESCRIPTION OF THE NEW FORMULA AND RESULTS

Because the examples Fitzroy gives in the paper work so well with the three term formula,
it is worthwhile attempting it. Comparison calculated results reveal, however, no advantage
over the more simple equation provided by Sabine or Eyring. Since in this paper we are dis-
cussing an “almost two-dimensional” field which occur in real room when the absorbing ca-

pacity of the ceiling and floor exceeds that of the walls, Fitzroy’s equation may be written in a

modified manner.

_10326*V || H(L+W) L*Ww
Tdﬂ_{ Sz ]*( a*ww +a*CFJ (4)

where V, S = Volume in m? and total surface area of the room in m?
o* ., 0¥cp = average effective absorption exponent of walls, ceiling + floor

H, L, W = room dimensions height, width and length in m
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| Differances between Fitzroy's, Sabine's and Eyring's referberation time calculations
‘ and comparison with the new formula
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Fig. 1. Comparison of calculated RT at small room absorption.
Differences between Fitzroy's, Sabine's and Eyring's referberation time calculations
and comparison with the new fermula
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Fig. 2. Comparison of calculated RT with high room absorption.

As can be seen from the graph there is no significant difference between calculated RT by
using Sabine, Eyring, Fitzroy or New Formula if the overall sound absorption is small. This

small absorption is typically for empty rooms with usual building materials [5], i.e. with no fur-
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niture, carpets and so on. This behaviour is changing considerably if the room absorption rises.

The results in Fig. 2 are not surprising since Sabine has its limit if the average sound ab-
sorption is higher than about 0,2 whereas Eyring is preferable. The results by using the
Fitzroy equation is, however, astonishing. Comparison with Eyring and the New Formula re-
veals an excellent agreement. In order to compare measured reverberation time and calculated
ones using equations above the absorption coefficients of the room surfaces are needed. Since
all room dimensions are measured it is assumed that the averaged sound absorption coefficient
of the walls is about 0,05. Then we can use Sabine’s equation to fit the measured reverberation
time to get the averaged sound absorption coefficient of ceiling and floor. The absorption coef-

ficients for the calculation are given in Table 1 (for a frequency range of 500 Hz).

Length | Width | Height | Volume | Suw | Scr S Ocr | Olww o* Qalxy | Measured
m m m m’ m? | m? m? [-] [-] [-] [-] RT in s
4,45 3,30 | 3,55 52,1 | 550 29,4 | 84,4 | 0,13 | 0,05 | 0,101 | 0,053 1,25
519 | 3,72 | 3,215 | 642 | 573 | 38,6 | 959 | 0,11 [ 0,05 | 0,075 | 0,053 1,44
5,30 5,0 2,55 68,0 | 52,5 | 53,0 | 105,5| 0,06 | 0,05 | 0,067 | 0,051 1,91
6,30 54 277 94,0 | 64,8 | 68,0 |132,9| 0,23 | 0,05 | 0,157 | 0,068 0,80
712 6,89 3,04 149,1 | 852 | 98,1 | 183,330,146 0,05 0,10 [ 0,06 1,28
9,35 6,98 2,98 1945 | 97,3 | 130,5|227,9| 0,35 | 0,05 | 0,254 | 0,086 0,62
12,0 | 9,87 3,20 | 379,0 |140,0]236,9|376,8| 0,34 | 0,05 | 0,244 | 0,091 0,67
15,0 10,0 5,0 750,0 |250,0|300,0|550,0| 0,29 | 0,05 | 0,205 [ 0,065 1,19
18,6 17,0 3,0 950,0 |213,6|632,4|846,0| 0,17 | 0,05 ] 0,122 | 0,082 1,30

17,2 16,0 6,0 1.650 |398,4|550,4|948,8| 0,18 | 0,05 | 0,138 | 0,058 2,25

Table 1. Geometric and acoustic parameters for the reverberation calculations in Fig. 3.

In figure 3 it is seen that the two-dimensional-field model is not appropriate to predict the
measured reverberation time. One explanation could be that the rooms were not sufficiently
damped so that the presuppositions of deriving that equation are not fulfilled. Comparison of
the Eyring-Kuttruff equation and the New Formula show, however, good agreement with the
measured data. It can be seen that the measured data are best approximated using the New
Formula. Although the Eyring-Kuttruff equation shows good agreement to the measured data
the New Formula deviates just at a room volume above 1.200 m? but is still closer to the

measured value than the calculated value using the Eyring-Kuttruff equation. The reverberation
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time using the Eyring-Kuttruff equation tends to predict shorter reverberation times as meas-

ured.
Comparison of various calculations of RT
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Figure 3. Comparison of calculated and measured RT.
3. CONCLUSION

The result of the classical reverberation calculation often are not suitable for predicting the

reverberation time in real rooms with highly absorbing ceiling and floor and poor absorptive

walls. If the averaged sound absorption coefficient exceeds 0,2 the New Formula gives best re-

sults followed by the Eyring-Kuttruff equation. Since both equations need to be corrected,

preferable by Kuttruff’s effective absorption exponent, one can easily use the New Formula

to get more reliable results.
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