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T. INTRODUCTION

The acoustic's group of the University of Sherbrooke 1s currently undertaking
.research on the prediction of factory noise. A reliable factory nolse predic-
tion method is a wvaluable tool. It allows the estimation of worker noise
exposure levels and should be an integral part of any prevention programme.
Tt allows noise level to be predicted in, for example, the following cases:

- for new Installations, to optimize the building design;

- for different equipment layouts, so that rthe layout can be optimised;

- without and with noise control measures, to evaluate their effectiveness.
Accurate prediction requires two things:

- a2 comprehensive accurate predictive model;

- accurate values for the prediction parameters.

This paper discusses current research almed at developing and validating pred-
iction models and determining the relevant parameters.

The prediction variable used In this work is the sound propagation, defined as
follows:

The Sound Propagation (SP) 1s the variation with distance from an omni-
directional point source of the sound pressure level (L ) minus the
source sound power level L,

SP(R) = LP(R) - L, in dB

IE. FACTORY-ACOUSTIC PARAMETERS

A comprehensive factory noise prediction model must incorporate the relevant
factory atoustic parameters. These parameters are as follows:

GEOMETRY The positioens of the factory surfaces, including barrfers and
obstacles constituting barriers;

SURFACE Factory surfaces absorb and reflect incident sound. Sound

PROPERTIES absorption i3, ideally, described by the impedance, or approxima-
tely, by the absorption coefficlient. Sound reflection may be more
or less specular or diffuse.

CONTENTS- Factories contain a myriad of obstacles which absorb and diffuse
propagating sound - the fittings.

SOURCE/ The sources are characterized by thelr powers and directivities.
RECEIVER The locations of the sources and recelvers are tmportant.
AIR Can be significant at mid and high frequencies.

ABSORFTLON
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In the case of omnidirectional sources, assumed in these studies, in general
the unknown parameters are the surface properties and the fitting density.

III. PREDICTIGN MODELS
Numerous prediction models, based on several theoretical approaches, exist:

Sabine theory [1] - This easy-to-use theory assumes a diffuse sound field;

that is, that the factory is empty, quasi-cublc and with uniformly-
distributed surface absorption.

Empirical formulae (eg Friberg [2]) - Such formulae are derived from measure-

ment results. They are simple but ignore many impertant parameters and
provide limited frequency informatioen.

Method of images (eg Jovicic r3], Lindgvist [b], Hed ason [5], Lemire and

Nicolas 61) - This appreach replaces waves by rays and reflections by image

SOUTCES . For parallelepiped factories, isotropically-distributed
fittings can be considered. The Borish algerithm [7] allows extension to
arbitrary shape for empty factories. Arbitrary absorption distributions
are incorporated.

Ray tracing (eg Ondet and Barbry [8]) - also assuming rays, this approach

involves mathematically sending rays from the sources and following then
te the receivers. Arbitrary room geometry, and firting and absorption
discributions are considered.

IV. EMPTY FACTORY PREDICTION

As a first step to investigatieog factory nolse prediction we considered
nominally—empty factorles - that 1is, vacant factories with no equipment ins-
talled. 1In this way, in principle, the gsurface properties could be studied in
the absence of fittings. The octave band SP's and reverberation times {RT)

were measured in 10 nominally-empty parallelepiped factories. These results
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were first compared with those predicted by the Sabine theory, by 'a standard
method-of-images model and by ray tracing. At first the firting density was
set to zere {(empty factary}. Since the absorption coefficlents were not known
the following procedure was followed: the absorption coefficient, assumed the
same or all surfaces, was varied until a best [it with the experimental
results was obtained. The conclusions of these predictions were as follows

{(refer to Fig. 1):

- In the case of quasi-cubic factorles, predictions using the absorption
coefficients derived from the measured reverberatioen times using the Sabine
theory (the Sabine coefficients) gave good agreement with experiment. 1In
the case of more disproportionately-shaped factories no value of Lhe absorp-
tion coefficient gave a good apreement with experiment. Using the Sabine
coefficients the Sabine theory underestimated levels at low source/recelver
distances and overestimated them at larger distances;

~ The method of images and ray tracing gave similar resvlts. In all facto-
ries, at most frequencies and for distances up to about 30 m, the Sabine
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coefficient gave close agreement with experient. At larger distances pre-
diction overestimated levels. The latter resultr can be explained by hypo-
thesizing that the factories are not truly empty but contain fittings. 1In
general predictions by ray tracing, assuming a uniform fitting density of
about 0.03m ~, gave close agreement with experiment at all distances. The
effective fitting density can be explained by the presence of roof beams and
surface contouring and objects.

Note that the above results occurred as much at low frequencies, at which
geometric—acoustic models are expected to be less accurate, as at other fre-

' guenciles.

With respect to the accurate estimation of the Sabine coefficients, these do
not vary significantly from one factory to another in the case of factories
with the same roof construction. Table 1 shows the Sabine coefficients for
factories with the following two types of roof: Type A - Double asbestos panel
roof, typical of older British factories; Type B - Steel deck roof, typlcal of
newer Bricish and most North American, factories.

TABLE 1 — QOctave band Sabine absorption coefficients
of two common rocof types

FREQUENCY {Hz) | TYPE A TYPE B
125 0.16 g.10
250 _ 0.10 0.12
500 0.09 .09
1 000 .07 0.07
2 000 0.06 0.06
4 000 .06 0.06
In the case of non-parallepiped factories - such as factories with pitched

roofs, common in Britain - the situvation is slightly different. As illustra-
ted in Fig. 2, at low frequencies the SP varfes with orientation of the
measurement axls relative to the roof pitech. Levels along a line parallel to
the pltch are generally higher than in the other direction. The effect
decreases with Increasing frequency and is usually negligible in octave bands
above 500 Hz. Predictions using ray tracing, taking account of roof pitch,
agree better with experiment than predictions assuming a flat roof — however
the agreement is still poor. Thus the rocf pitch effect is not purely geome-
tric ~ it is likely that modal effects are In operation here, though this has
yet to be proven.

V. BORISH METHOD OF IMAGES
The standard method of images {s limited to parallelepiped factory shape.

Borish [?] presented its extenslon to arbitrary polyhedra. Thus most factory
shapes, and factories containing barriers, can be considered, though the
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method 1s limiced to empty factories.

The principle of the Borish algorithm is simple. Using vector gecmetry, every

image source of evéry real or image source Is found in every surface. Tests

are performed on each image-sourcefreceiver ray to determine 1if the ray repre—

sents a real propagatlon path from the source to the receiver:

- Validity test — do all ray segments reflect from Interlor surfaces?

- Visibility test — does each reflectlion occur on the real surface as opposed
to its infinite extension in space?

- Obstruction test - is the ray path obstructed?

If an Image source passes all three tests it contributes energy to the recei-

ver.

The Borish method has been programmed and run on an IBM-4351-2 mainframe com-—
puter. Because of the large number of tests, runtimes are long and naximum
image orders of only up te 15 can be achieved in the simplest cases.

Fig. 3 compares octave band SP's measured in a nominally-empty, L-shaped fac-
tory with those predicted using the Borish algorithm and the Sabine absorption
coefficients. Clearly the agreement is excellent.

VI. FITTED FACTORY PREDICTION

In order to investigate SP prediction in fitted factories - that 1s factories

containing wmachines, equipment, etc. - and determination of the fitting
density, predictions were compared with controlled experiments 1in idealised
scale-model and full-size factories. First it shouwld be wentiored that
Joviclc [3] supgested that the fitting density 1s equal to S§/4V, where § is
the total fitting surface area and V is the factory volume. It was of

interest to investigate the accuracy of this methed.

Comparisons were made between predictions made using seven models and experi-
ments, in a parallelepipedic scale medel with wniformly-distributed cubic
fittings [9], and 1In a parallepipedic factory containing uniformly-
distributed, polystyrene blocks as fittings {8]. For prediction, best-
estimate absorption ceoefficients, and the fitting density calculated from the
well-defined fitting surface areas, were used. Fig. 4 shows the results for
the full-size factory at 2kHz. The conclusions of these comparisons are as
follows:

- the Fribaerg empirical model and the Lemire and Nicolas model give poor
agreement with experiment;

=~ the Kurze and Jovicic models which ignore side-wall reflections agree poorly
wich experiment In the fairly narrow, full-size factory;

- the Kurze, Jovicic and Hod&ﬁgn models apgree poorly with experiment at low
fitting densities (Q € 0.05m R

-~ the Lindgqvist model consistently underestimates levels by several dB;

- the ray tracing wmodel agrees well with experiiment in all cases.
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These results, combined with the fact that this model can account for non-
parallelepiped shape and non-isotropic fictting density, show that ray tracing
is the most accurate and flexible factory-noise prediction model available.

In order to demonstrate the flexibility of the ray tracing model, Fig., 5 shows
noise levels predicted in a factory containing wvarious sources, internal
barriers and fitted regions.

It remains to investigate how to estimate the fittiog density in real facto-
ries. This is currently being done by comparing ray tracing prediction, using
the Sabine coefficient, with the octave band SP's measured in 5 factories when
first nominally empty and then fitted. Provisional results suggest that the
factory fitting density is several times greater than that expected from, for
exanple, the surface areas of rectangular boxes of the same size as_fhe ma jor
fitetings in a factory. Fitted regions with densities 0.2 - 0.3 m are not
uncommon.
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Figure 1 - Octave band sound propagation in a nominally-empty factory
(110m X 31l m X 6.5 m) as measured {0) and predicted by the

Sabine theory {—— —— )}, and ray tracing ( ) with
Q=0 m'l, and by ray tracing {(—— — - with Q= 0.03 m‘l,
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Figure 2 - Sound propagation at 250 H; measured in two perpendlcular direc-
tions in a factory with a pitched roof.
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Figure 3 - Octave band sound propagation in an L-shaped factory as measured

(x) and predicted by the Borish method (
absorption coefficlents. A larpe obstacle was located at

5mg RS 10 m.
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Figure 4 - Sound propagation in a fitted factory as measured {0) and as pre-
dicted by the following models:
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Figure 5 -~ Noise levels predicted by ray tracing for a factory containing
10 sources, 14 internal barriers and 3 fitted regions.
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