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Prediction of sound-pressure level in an occupied enclosure

S. K. Tang, Daniel W. T. Chan, and K. C. Chan
Department of Building Services Engineering, The Hong Kong Polytechnic University, Hung Hom,
Hong Kong

(Received 7 June 1995; revised 17 January 1997; accepted 23 January 1997

In a room with inadequate sound absorption, occupants may suffer from low speech intelligibility
due to the high noise level resulting from human activities. For effective communication, they tend
to raise their voices. In the present study, a method which takes into account the effect of raising
voices is derived to predict the variation of A-weighted sound level inside an enclosure in which the
number of occupants changes with time. Site measurements are also performed in a canteen of
capacity around 250. The model predicts the variations of A-weighted sound levels with a number
of occupants with sufficient accuracy for engineering applications.1997 Acoustical Society of
America.[S0001-496607)05605-1

PACS numbers: 43.55.Hy, 43.55.Br, 43.50.JBQ]

INTRODUCTION Ref. 4. The resultant A-weighted sound level framsound

. sources at the position of thj¢h occupant is thus given b
When people speak freely in an enclosure, the average P h P 9 y

A-weighted sound level inside the enclosure increases as the n : Q 4
number of people increases. However, this growth in noise ~ SPL =10 log > Wo (47_”_2_ TR
level gradually interferes with dialogue, and lowers the = o !
speech intelligibility. To preserve the latter, the people havevhere the suffixi denotes the quantity associated with the
to raise their voices. This is a positive feedback, since théth sound sourcéthat is, theith occupant andr;; denotes
people keep on raising their voices, resulting in a rapid inthe distance between thith and thejth occupants.
crease in the A-weighted sound level inside the enclosure. In this model, the sound in the enclosure is assumed to
This “cocktail party effect” was first discussed by Pollack be solely due to human voices. Human voice may have a
and Pickett MacLear? proposed a theory to explain this particular directivity pattern such th&; in general is not
effect but his model involves grouping of occupants, whereunity. However, in the situation modeled, the orientations of
in reality the group size cannot be determined. The rise ithe human faces in the enclosuind thus the voice direc-
voice level is also not considered in his theory. Legget andivity) are expected to be random. This randomness makes it
Northwood conducted noise surveys in cocktail parties, butreasonable to tred@®; as unity on average. Other values of
no suitable method for predicting A-weighted sound levelQ; do not appear to be justified.
was found. Very often, this “cocktail party effect” is ig- The room constarR changes with the number of people
nored in practice, resulting in overdesign for absorption orinside the enclosure. Ry, S, andA, are the room constant
failure to achieve an acceptable acoustical environment. of the empty enclosure, the total surface area and the average
For the design of an acceptable indoor acoustical envisound absorption area of each occupant, respectively, the ab-
ronment, the variation of A-weighted sound level with the sorption area of the empty enclosukg is given by the ex-
number of people inside the room is required. In this study, @ression
method is derived to predict the A-weighted sound level in R
an occupied enclosure. It includes a simple model for eleva- R0=—0:>A0=—0, (3a)
tion of the human voice and the effect of sound absorption 1-Ao/S 1+Ro/S
inside the enclosure. Site measurements were also conductgfld the total absorption area in the enclosure including the
to test the proposed A-weighted sound level predictionpresence oh persons isAg+ nA,. The room constanR
method. when there are persons present can be approximated by the
following formula:

: 2

|. THE SOUND LEVEL PREDICTION MODEL R A+ nAp Ro+ nAp(1+ RO/S) (3b)
The A-weighted sound-pressure ley8PL) in an enclo- 1=(AgtnAIS  1=(nA,/S)(1+Re/S)

sure due to a sound source of powércan be estimated by Here, A, is taken to be 0.44 fin the following numerical

the following well-known formula: computatior?.
W o) 4 For normal conversational speech without raised voices,
SPL=10 |0910<W +10 logqg me ﬁ)' (1)  the A-weighted sound power lev@V is estimated from the
0

speech spectrum shown in Fig. 13.3 of Kinsler and Feayd
whereW,=10"*2 W, Q is the directivity of the sourcdg is  the A-weighting attenuation curve given in Sharldntihe

the room constant of the enclosure, ands the distance estimated A-weighted sound level & m from the human
between the observer and the sound sodimeinstance, see mouth is about 62.5 dB. As a speech power level of 73 dB
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gives an overall sound-pressure level of 65 dBLan from  Il. SITE MEASUREMENT SETUP
the human moutf W is taken to be 70 dB for all occupants.

However, it is not known exactly what A-weighted sound : . . .
o - . . teen of the Hong Kong Polytechnic University, which has a
level will trigger the raising of voices, and a theoretical for- . : .
. . S . capacity of around 250 and dimensions of 2XK21 mx2.8
mulation of how people raise their voices according to sur-__" - . .
high. The average separation of the occupants is about 1

roundmg noise level does npt currently exist. It 'S PTOPOSEq, " A" canteen is chosen for the present study because the
in the present study that if the people start raising their

voices at an A-weighted sound level of SRIB, they have noise inside it is primarily due to human voices, and there is

to produce a sound level that at least keeps the differenca rapid change of occupant number within a relatively short

. . : . eriod of time. For the measurement, a computer program
between their voice level and the surrounding noise leveP P brog

unchanged during the raising of voices. Therefore, the soung2® developed so that the number_ of people going into and
? . . out of the canteen could be logged into a notebook computer.
power level generated by thH¢h occupantW, is estimated

: . . The corresponding time of people going in and out of the
using the relationship . . oo
canteen was also recorded by this program using the built-in
W, clock of the notebook computer.
10 |0910( W) —70=SPL— SPL, 4 The equivalent sound-pressure level, and the
0 A-weighted level exceedandg g andL 4o were recorded ev-
for SPL=SPL . The increase inV; further increases the ery 1 min using a calibrated Metrosonic db3100E integrating
A-weighted sound level in the enclosure, and thus may resuiound level logger. The built-in clocks in db3100E and the
in further increase iW; as other occupants may raise their notebook computer were matched before the start of each
voices at the same time. The A-weighted sound level at eactheasurement. The location of the A-weighted sound level
occupant position is then calculated using E).and itera-  measurement was far away from walls and at ear height.
tion continues until the voice power level of each occupanach measurement was done within busy hours and in gen-
convergedless than 0.1 percent change in two consecutiveral lasted for 3 h. Four site measurement trials were carried

Site measurement results were obtained in the staff can-

iterations. _ o out in the present study, so as to reduce the impact of random
The last parameter required for the prediction ofpccupancy pattern on the measured A-weighted sound levels.
A-weighted sound level is;; [Eqg. (2)]. In reality, rj; cannot The room constant of the empty canteen is estimated

be exactly measured due to the randomness of occupangdsm the measured reverberation time using Sabine’s
pattern, unless the capacity of the enclosure is reached. In thgjuatior The reverberation time was measured using a
present study, the enclosure is modeled as a rectangular megfiel & Kjaer 2236C precision sound-level meter and @&ru
and each occupant occupies one small rectangle of this mesR.Kjeer 2144 dual channel frequency analyzer in the multi-
The predicted A-weighted sound level discussed in thepectrum mode with averaging time of 1 ms. The sound was
present study is calculated at the center of this mesh, sudfenerated using a JBL 4604B 20-in. loudspeaker with a
that white noise signal fed to the loudspeaker through a power
. - amplifier. Four measurements were done with different
rij= ‘/{[J —(Me=1)/2]Ac}*+H{[i —(m, —1)/2]A}?, (5) souFr)1d level meter locations, but the difference in the rever-
beration times obtained in these measurements is insignifi-
wherem, Xm, is the mesh siz€odd numbers A, andA.  cant. The average reverberation time for the unoccupied can-
the row and column widths in the mesh, respectively. teen is 0.47 s, giving a room constaRy of 680.7 nt. The
Since the actual occupant location pattern is not knowndecay curves from the reverberation time measurements also
the predicted A-weighted sound level does not directly reshow the presence of flutter echo between parallel walls in
flect the dynamic variation of A-weighted sound level due tothe canteen. This canteen is not a very reverberant space. The
occupancy. It is known that the sound pressure varies witlharge sound absorption in the canteen is probably due to the
the reciprocal of spatial separation; the highest growth rate dfurniture, an open door, measuring 2<h m, and the acous-
A-weighted sound level at the mesh center occurs when theical suspended ceiling having an NRC of 0.95. Other sur-
rectangles closest to the mesh center are occupied first arfiices of the canteen are either painted concrete, glass win-
occupancy occurs gradually outwards from mesh centedows, or concrete floor covered with plastic tiles, which are
That is, calculation commences with the eight rectangles sureflective. Although the canteen may not be very symmetri-
rounding the mesh center occupied first. Then, the next ineal acoustically, which makes the application of Hd)
nermost set of unoccupied rectanglestside the first eight questionable, the point is whether the error induced, if there
occupied rectanglgsare occupied, and calculation is re- is any, is within engineering tolerance or not. This will be
peated. This procedure is repeated until all the rectangles athscussed later.
filled up. The results calculated in this manner form the up-
per bound of the A-weighted sound level. Similarly, the
slowest increase in sound level occurs when the rectangles
the perimeter of the mesh are occupied first and occupancy
moves toward the mesh center, layer by layer. A lower Figure 1 is a typical example showing the time varia-
bound of A-weighted sound level is thus obtained. The actions of occupant number, andL., These variations ap-
tual A-weighted sound level in the enclosure should liepear to be very similar to each other. The sound levels in-
within these two boundaries. crease as the occupant numbencreases. However, abrupt

lIl. EXPERIMENTAL RESULTS AND COMPARISONS
ITH PREDICTIONS
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FIG. 1. Time variations of occupant number and A-weighted sound level.
Thin continuous lineiLq; thick straight lines: mean variation lines):
occupant number. 50

changes ofL.q occur at the time 12:00 and 13:23. The

gradual varlat|0n§ of occupant number at the tlme§ of thes IG. 2. Comparison of predicted and site measurement re@itBredic-

_aerpt Ch_ange_s in sound Ievgl_suggest that th? first aprul%ns with occupant number increases from perimelirpredictions with

increase inLq is due to the raising of human voices, while occupant number increases from core;—: mean values of predictions

the other discontinuity results from the restoration of normalfrom the two occupant number increase modesfirst site measurement
- . . - P results;[J: second site measurement resulis; third site measurement re-

voice output. It is noted from Fig. 1 that discontinuities, bOthsults;v: fourth site measurement results.

in slope and trend, occur &t around 65 dB and 73 dB for

the increasing and decreasing occupant number cases, re-

spectively. Such a phenomenon basically appears in all trialSoundaries seems to give a reasonably good estimation for

(not shown here However, for simplicity, it is more desir- the variation of A-weighted sound level inside the enclosure.

able to assume a single,q at .Wh'Ch voice OUtpqt IS ra|sed,. In, order to test how well the predicted mean A-weighted
because the actual mechanism which determines the raised L ) .

. e : sound level variation fits the experimental data, a hypothesis
voice level is still not well understood. It is therefore as-

sumed in the prediction model that the occupants raise theltF.Stmf‘J using the studettest \was performeii. The prese'nt”
ituation is the same as that in the case of “matched pairs

voices when an A-weighted sound level exceeding 69 dB

(mean of 65 dB and 73 dBs heard. This 69 dB A-weighted llustrated in HoeP The null hypothesis is that the mean of
sound level is also approximately equal to that just afteIIhe differences between the predicted and experimental re-

normal voice is restoretFig. 1), suggesting further the pos- sults vanishes. While the correlation coefficient between the

sibility of humans raising their voices at around this noisePredicted and experimental results is 0.91, the so calculated
level. Thus, SPL= 69 dB. t value is 1.96, giving a pr_obablhtyb:0.0S and suggesting
Although Fig. 1 suggests that,, depends not only on that there is no significant dlffer_ence between the two sets of
the number of occupants but may also depend on whethdfSults at the 95 percent confidence level. In view of the
this number is increasing or decreasing, the difference if€latively high uncertainties in the human voice power level
Leqin these “increasing” and “decreasing” occupant num- and the critical A-weighted sound level that triggers the rais-
ber modes is not significant in view of the large randomnesdg of voices, the present model gives reasonable estimates
in occupancy patterfnot shown here Therefore, data from ©f the A-weighted sound levels in the canteen.
these two modes are not separately considered in the rest of A large scattering of data is observed for occupant num-
the discussion. Owing to the large degree of scattering in theern<50. It is probably due to granularity of where people
site measurement data, the variation of noise climate wittgit, not all of them talking at the same time, and the relatively
occupant number is not discussed. large difference in individual voice power levels at small
Figure 2 gives a comparison between the site measurdsuch that the measured A-weighted sound levels depend
ment results and the predictions using Ed). A 17x17  substantially on measurement locatioiVhen n becomes
mesh is used in the calculations. It is assumed that humaarge, this randomness is smoothed out. It is also noted from
beings raise their voices when the A-weighted sound leveFig. 2 that there is a tendency for lower rate of increase of
exceeds 69 dB. Over 90 percent of the site measuremehtweighted sound level witm for n>250, suggesting that
results fall within the predicted A-weighted sound levelthe present model may significantly overestimate the
boundaries. Although sophisticated occupant distribution staA-weighted sound level at large occupant numbers. This also
tistics are not obtainetithe mean value of the two computed suggests that there is an upper limit of voice power level,
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although this could not be estimated from the present siteandomness in occupancy pattern, the mean values of the
measurement results. two mentioned A-weighted sound level limits give, allowing
It is also found that an over 30 percent changeAjn  for scattering, a satisfactory estimate of the A-weighted
results only in less than 1-dB difference in the predictedsound level.
A-weighted sound level fon<200, showing that the method It should be noted that the present model is limited to
does not depend very much @y, in the present situation.  one, highly absorptive, space, and the raised voice threshold
In view of practical use of the proposed sound levelin this study was chosen empirically and thus may be spe-
prediction method, the base room sound absorption of anific to the present experimental condition. Further investi-
enclosure can be estimated once the capacity and function ghtions into the subject are needed before the present predic-
the enclosure are known. The function of the enclosure detion method can be extended to enclosures of other
termines the maximum allowable A-weighted sound level functions.
while its capacity is used to determine the mesh size in the
prediction method whose algorithm is depicted in Sec. ILACKNOWLEDGMENTS
Optimum room absorption can then be found by iteration.
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