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1. INTRODUCTION

Accurate methods for predicting noise levels in factories are invaluable in-the planning
of factory buildings, equipment layouts and of potential noise-control measures. They
permit worker no ure levels to be stimated before the factory is built and its
equipment urchased. predictions show noise levels will exceed admissible limits,
the actory uilding and/or equipment and worker locations can be modified. Further,
the efficacy of potential noise-reduction measures - acoustic enclosurs and saeens,
absorbent surface treatments, etc. - can be evaluated for their cost effectiveness.

Many theoretical and empirical models etdst for predicting facto noise levels [1].Only ray-tracing models can account for arbitrary shape, as well as ar itrary abso tion
and content distributions. ln evious research aimed at determining the r tive
accuracies of the various mod , predictions have been com ared wrth controlled

‘ ts in idealized situations - specifically, in a scale in el and in a warehousewrth rectangular obstacles [2]. The conclusion of this study was that a ray-tracing
model [3], specifically designed for predicting factory noise levels, is highly accurate.

Unfortunately, the validation of ra «racing or other models in idealized situations doesnot guarantee the accuracy of ctions made for real factories. This is partly because
real factories do not have, or example, rectan ar fittings. Further, whereas therelevant value of certatn‘ parametas - for examp e, thegeometry, source power, source
and receiver locations - can be Stimated a-priori wi good accuracy, it is not yet
known how accurately to determine those of other parameters, such as the surfaceabsorption coefficients and the fitting density.

The objective of the study reported here was further to validate the ray-hadng model inthe case of a real factory. This was done by comparing ray-tracing predictions with the
raults of controlled measnrements made in a machine shop. .

1. THE RAY-TRAUNG MODEL

The ra —tradn model used in this work was that developed by the lNRSlin France and
m ' ed by e author. Full details of this model are published elsewhere [3] - only a
brief damption is given here. Of particular interest to factories is is ability to model
the effect 0 the enclosure contents - the fittings. The fittin are the various obstacles inthe :Race which scatter and absorb propagating sound. e distribution of obstacles,
whi scatter emu—directionally, is assumed to follow a Poisson distribution, Thefactory volume is subdivided into a number of sub-volumes; each sub—volume is
assigned a fitting scattering cross-section density and an absorption coefficient. As
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implemented, the model simulates an enclosure defined by placréeéfzpecularl deflecting
surfaces whose abso tions are quantified bytheir absorption dents. uroes are
assumed to be omni 'rectional points. Receivers are defined by a lane of cubic oells
of a certain side length and located at a certain height; Diffraction ects (such asthose
relevant to sound propagation over partial-height partitions) are not modelled.

The ra -tracin model was programmed in FORTRAN, with its compiled version run
on an BM 43 -2 com uter. Each sound level prediction (five octave bands) involved
run times of up to two ours.

. 3. THE MACHINE SHOP

The machine sho , shown in plan and section in Fi . 'l, is parallepipedic with
dimensions of 46. m x 15.0m x 7.2 m high. At one en was located a partial-hei t
artifion, separating the main machine shop from a small enclosure. The floor of e
uilding was of concrete, its walls were of unpainted blockwork, its ' ‘ was of

typical steel-deck construction (consisting of corrugated metal inside, ins tion, a
vapor barrier and gravel outside). The roof was supported by metal trusswork. The
average octave-band absorption coefficients of the surfaces of industrial enclosures of
this construction have previously been evaluated from measure-newts of the
reverberation time in the nominal] emgrt‘y buildings and have been found to vary little
from one building to another [51 the basis of these results, the absorption
coefficients shown in Table 1 were used in all predictions. Air abso 'on valua were
those, also presented in Table l, corres riding to a temperature of °C and a relative
humidity o 80%, the conditions prev ' g dunng the tests.

The machine sho contained man fittings distributed fairly uniformly over the floor
area. They inclu ed machine too 5 and other uépment, work benches, cabinets and
stock piles. The average fitting ha‘ght was about . in.

Table 1 - Octave band air and surface abso tion coefficients used in redictions.

Octave band (Hz)
   

  

     

 

so we woo moo mo
Surfaceabsorption coefficient 0.12 0.10 008 006 006
AirabsorptionexponenHNp/m) 0.0003 0.0005 0:001 0:003 0:006  

During the sound pressure level measurements, nine machinetool sources were in
operation; their posttions in the machine sho are shown in Fi e 1. Note that the
heights are those of the centres of avity o the machine es. The ZED-4000112
octave-band sound power levels 0 these soul-«5 were determined usin sound-
intensity techniques. A rectangular survey surface was defined around ea source.
The avera e normal sound intensity on each of the five sides of the surface was
measured fly continuously sweeuping the intensity prove over the surface for about 2
min. Soun power levels were etermined from the average intensities on the surfaces
and from the surface areas. During the intensity measurements, only the machine
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under test was in operation. The machine tools were ated without stock; thus, themain 'noise sources were electric motors, gearboxes, arings, ventilation fans andexhausts.

4. VALIDATION PROCEDURE

In order to validate the ray-tracing model in the machine shop, the following procedurewas followed:

a. The machine shop was modelled with respect to its geometry, surface absorptioncoefficients, fitting distribution, source power, source and receiver locations and airabsorption;
b, Measurements were made of the octave-band sound propagation in the fa . Thesound propagation - the variation with distance from an omni-direction pointsource of e sound pmsure level minus the source sound power level - is thevariable quantifying e influence of the enclosure on the variation of noise levelswith distance from a source. in a multivsource situation, the noise level at a receiverposition is the aiergetic sum of the contributions of the various sources, eachdetermined from the sound propagation curve for the appropriate source]receiverdistance, and from the source power;
c. The sound prtgpagation curves were predicted using the known parameter values;the unknown tting densities and absorption coefficients were vaned until a best fitwith the experimental mulls were obtained;

The sound power of the sources was measured;
Sound pressure levels were measured at positions on a grid throughout the machineshop, with all sources operating

f. Sound pressure levels at the grid positions were predicted using the known andbest-fit parameter value;
g. Measured and predicted sound pressure levels were compared.

5. WERIMWTAL DETAILS

5.1 Sound propagation
Measurements were made of the sound propagation in the machine shop, in octavebands from 125-400on An omnidirectional dodecahedral loudspeaker array,consisting‘of 12 KEF BIIO-B loudspeaker units, was located at 5 m from one end wall atmid wid , as shown in Fig. l; the source hght was 1.7m. The octave-band soundpower levels of the array had been previously measured usin sound-intensitytechniques. With this array radiatin broadband noise, octaveban sound pressurelevels were measured at distances 0 l, 2, 5, 10, 15, 20, 75 and 30m from the sourcealong the room centre line as shown in Fig. l. The sound propagation was calculatedfrom the octaveband sound pressure and source power levels. Fig. 2 shows themeasured curves. Note that, as is always the case in real factories, no constant-levelreverberant field existed far from the source - in general, levels deceased with distance.At low frequendes, the curves are 155 smooth at large distances than they are at highfrequencies. While the precise explanation of these low fretiuen variations is notknown, the can be assumed to be due to a combination 0 m a] effecs and theinfluence obstacla near the measurement positions.

w
e

Pm.l.0.A. Vol 11 Pan 9 (1989)
335

  



   

 

     

  

     

    

  

   

   

 

   

  
  

  

  
   

   

  

  

Proceedings of the institute of Acoustics

RAY-TRACING PREDICTION OF FACTORY NOISE LEVELS

5.2 Sound pressure levels _
Measurements were also made, with the nine noise sources in ation and in octave
bands from 250-4000 Hz, of the sound pressure levels at 161 receiver positions on a 7 x
73 'd as shown in Fig. 1. The receiver sitions were at 2m centres along the two
horizontal room axes, and at a height of 1. m. Positions within 1 m of a noise source or
large obstacles were noted Measurements were also made of the bactground noise
levels, which were found to be more than 15 dB below the noise lev due to the
machines at all positions and in all octave bands. From the measured octave-band
levels, the dB(A) levels were calculated. For information, Fig. 3 shows the measured
dB(A) levels in the form of an iso—contour map for an inter-contour interval of 1 dB(A).
Also shown in this figure are the noise source positions. Note that level peaks occur
near source positions as ed. Note also that a level peak occurs at a sition with
coordinates of approxima x -= 5 m, y =10 m. This occurred due to a hi level in the
500 Hz octave band only. 0 sound source was near this position and no explanation,
except measurement error, is known for the existence of this peak.

6. MODELLING THE WERIMENTAL CONFIGURATIONS

6.1 Sound ropagation
In order to eterrrune the effective fitting densities and abso tion coefficients, the
sound pro agation measurement configuration was mod ed by ray tracing.
Re arding t e fitting distribution, the shop volume was divided into upper and lower
su volumes at a height of 1.5 m, the average fitting height. On the basis of ious
comparisons between sound propagation measurements in P1P? factories 0 similar
construction and predictions 4], a fling density of0.03 m' an a fiflillllg absorption
coefficient of 0.05 were assi ed to the upper region, which was essenti y empty but
contained a mobile crane, lig ting fixtures and the roof trusswork.

in order to determine the fitting density and absorption coefficient of the lower region,
containing the main fittings, the followmg procedure was followed:

a. With the fittin absorption ooeffident set to 0.05 [2], the fitting density was varied.
While it was ound possible to find a fitting density which gave good agreement
with egrimental results at larger distances from the source, levels at smaller
source tanca were always overesu'mated by 1-2 dB.

b. With the fitting absorption coefficient increased to 0.1 in order to decrease predicted
levels at shorter source distances, the fitting density was varied until a best fit was
obtained in all octpve bands. Fig. 2 shows the curves predicted with the best-fit
density of 0.7.3 in" . The a eement is excellent at all equencies and distances.
Ultimatum or more than 1 d occur only at large diatancea and low frequencies. for
which significant local variation of the measured sound propagation levels
occurred, as previously discussed.

In summary, with the machine shop modelled as discussed above, ray-tracing predicts
the measured octave-band sound propagation with excellent accuracy.
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62 Sound pressure levels
With the room modelled as discussed above, and using the measured source power
levels and bat-fit fitting density and absorption coefficient, octaveband sound
pressure levels were predicted or all 16] grid positions. The redicted levels
conspond to the average level in a 2 m cube centred at the grid point e octave-band
levels were used to calculate dB(A) levels. As an example, the predicted dB(A) iso-
contour map is shown in Fig. 4‘ .

In order to evaluate the accuracy of prediction, measured octave-band and dB(A) levels
were subtracted from the corresponding predicted levels for all grid positions. The
ranges, avfles and standard deviations of the differences were then evaluated - these
are presen in Table 3. As an example, Ftp. 5 shows the iso-contour mapof the
difference between the predicted and meas dBtA) levels, with the source positions
superimposed.

Table 3 - Ranges, ave-ages and standard deviations in dB of the differences between the
pliedicted an measured sound pressure levels at 161 grid positions in the machine

op.   
Average
Standard deviation

With raped to these results, several observations can be made:

a. Differences between predicted and measured levels range from -7 to +6dB at
individual points, though the average differences are, in eneral, v small. The
standard deviations are of the order of 1.5 dB at 250 and 50 Hz and 0. dB at higher

uencies. On avera e, the prediction accuracy is very high.
b. Pr 'ction accuracy is cwest at low frequency. This is probably partly due to the

fact that the local variation of the sound rpflagation curves at low frequencies were
not modelled, as discussed above. At , the unexplained high measured level
near it = 5 tn, m = 10 m makes the accuracy appear artificially low. '

c. As a rule, prediction overestimates levels at as many positions as it underestimates
levels. In certain cases, the prediction accuracy is low at positions near noise sources
(e.g.. source 1). This is not surprising since the sources may not have beenomni-
directional as modelled, and since levels near sources depend highly on the exact
positions of the active sources and the receiver, thse not havin been accurately
modelled. Note however that the prediction aocura was 'gh for receiverpositions near certain other source (eg. source 2). F er, the accuracy was, in
general, no worse at positions near large obstacles than far from them.

general, the prediction accuraz was lower than average at positions near the
partial-height partition, both insi and outside the enclosure. Levels inside theenclosure near its short wall were underestimated at all frequencies. This can be

Proc.l.0.A. Vol 11 Pan 9 (1989)
337



   

Proceedings of the Institute of Acoustics

RAY-TRACING PREDICTION OF FACTORY NOISE LEVELS

explained by the fact that the ray-tradng model did not model diffraction over the

top of the partition, this tendingaeto increase levels in the shadow zone of the
partition. Also, levels tended to ova'stimated at high frequencies outside the
enclosure near its long wall; the reason for this is not known.

7. CONCLUSION

Ray-tracing has been shown to predict noise levels throughout a worksho - whether
close to or far from noise sources or obstacles, and in an enclosure created a: a partial-
height artition - with very ood accuracy. The accura is lower at low uencies

than at 'gh frequencies, pro ably due to modal effects. e accuracy is also tively
low inside the enclosure in the shadow zone of the partition; work is in progress to
acoount for diffraction effects in the ray-tracing model. .

While these tests were carried out for a real factory, this clearly still represents a
somewhat ideal situation. First, it was possible to sfimate surface absorption
coeffidents from previous research. Further, it was possible to measure the source
powers under good conditions. More im rtantly, it was possible to measure the
sound ropagauon in the existing factory w en not in operation in order to Stimate the

fitting ensity. It is not yet known how to determine the factory fitting density a priori.

With the machine shop modelled with such accuracy it would, of course, be possible to
investigate the efficacy of noise control measures such as surface absorbent treatments
and acoustic screens.
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Figure 1 - Plan and section of the machine shop shoving coordinates, dimen-
sions, source positions. receiver, grid and the sound propagation measurement
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Figure 2 - Octave-band sound propagation curves for the machine shop as
measured (at) and predicted(-); also shown for reference is the free-field
sound propagation (—).
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Figure 3 - Isocontour map of A—weighted sound pressure levels measured in the

machine shop .
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Figure 4 - Isocnntour map of A-Ueighted sound pressure levels in the machine

shop as predicted using beet-fit parameters.
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Figure 5 - Isocontour map of the differences between the predicted and

measured A—weig‘nted sound pressure levels.
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