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1.0 INTRODUCTION

In today's industrial society, workers are often subjécted to high
noise levels. Nearly everyone is affected regardless of their occu-
pation. Examples range from the laborer 1in a steel plant to the user
of a lawn mower. In fact it has been estimated that nearly forty per
cent of the national working force encounters daily noise levels which
could cause some form of hearing damage. Industry strives for a con-
tinually greater output of a better product manufactured at lower cost
than yesterday. The systems developed to produce such a product
commonly become faster and noisier. Thus the environment of the
worker steadily worsens since the greater loads and speeds imposed on
manufacturing equipment usually produce greater noise levels.

Because of concern over noise levels and other environmental
factors faced by today's workers Congress passed the Occupational Safety
and Health Act of 1970 [1l]* as an attempt to curb these situations.

The section of this bill dealing with noise was an expanded version of
the guidelines presented in the Walsh-Healey Act of 1969 [2].

The primary thrust of the noise section of the Occupational Safety
and Health Act is to specify the allowed employee exposure times for
various maximum A weighted sound pressure levels. The A level weighting

system is simply a system which emphasizes higher frequency noise to

The numbers in brackets indicate references contained in the bibli-
ography.



more closely match the response of the human ear. The frequency range
more important in this weighting system would be from 500 to 4000 hertz.
By more closely matching the response of the human ear this weighting
system is thought to better describe sound pressure levels below which
no hearing damage will occur. Another provision of this section of

the Occupational Safety and Health Act (OSHA) provides fines for failure
of industries to comply with these limits. To make compliance an even
more important task there is a provision stipulating that earplugs and
other protective devices may be used only after all other reasonable
engineering means have been exhausted in attempts to alleviate the
noise problem.

Faced with this law and its penalties industries have revived
interest in available methods to predict and lower noise levels. The
greatest need is the prediction of noise in factory spaces and rooms.
Unfortunately present methods available to calculate soun& levels in
rooms have severe limitations and in some cases exhibit a great deal

of inaccuracy.
1.1 Limitations

One of the simplest and most practical means of calculating sound
levels is through the use of the room acoustics equation commonly
given in this form.

SPL = SWL + 10 1oglo(—-9-2— + ——4—4V— (1)
4mr s + ? m)



where:
SPL = sound pressure level, dB.
SWL = sound power level, dB.
Q = directivity index
r = distance from source to receiver, meters

S = total surface area of the room, square meters

Q1
]

average sound absorption coefficient

. v
for the room surfaces, sabines ;

V = the volume of the room, cubic meters

m = air absorption coefficient, meters
Descriptions and derivations of this equation may be found in any
fundamental text in acoustics, e.g., Embleton {3] and Kinsler and Frey
[4]. At this point only some general characteristics of this equation
will be discussed. A more complete description is left to later
sections.

This equation assumes that there are two types of sound energies
in a room. The first type of sound energy is the direct energy. This
is the energy which travels directly from the source to the receiver

with no reflections from the room surfaces. This sound energy is

described by the direct term of the room acoustics equation which is,

—Q (2)

4ﬂr2

This equation assumes that sound energy is radiated in a spherical
pattern from the source. Factors for directivity are commonly tabu-

lated which allows radiation patters which are convenient fractions



of a sphere to be considered. However, practically sources do not
radiate sound energy strictly in spherical or partially spherical
patterns. Therefore inaccuracy can result when this term is used
with presently available directivity indexes.

The second type of sound energy is that which has reflected from
the room surface several times before reaching the receiver. This
energy is described by the reverberant term which is,

4
s (a+-‘-‘é‘im>

3

The assumption is made in deriving this term that the reverberant
energy density is constant throughout the room, which allows the room
characteristics to be statistically averaged. It is generally
acknowledged that there are many rooms where this assumption is vio-
lated. Consequently there are many situations where the use of the
room acoustics equation results in inaccurate predictions of sound
levels.

There are also other limitations on the use of the room acoustics
equation. Because of the assumption made in the derivation of the room
acoustics equation it can only be used in rooms where the dimensions
are large with respect to the wave length of any frequency of sound
being considered [3]. For instance the center frequency of the 63
hertz octave band has a wavelength of nearly 18 feet. This length
would certainly correspond to possible room dimensions precluding
accurate analysis at this frequency using the room acoustics equation.

However, these low frequency noises are attenuated in importance by

the A weighted scale. Thus the overall dBA sound level predictions



may not be grossly in error from this effect unless low frequency
noise dominates in a very small industrial space.

When a receiver point is located near a wall it is possible for
the sound pressure wave reflecting from the wall to be of enough
magnitude to add significantly to the sound pressure level at the
receiver point. The room acoustics equation, however, has no pro-
visions to predict such a situation. Consequently, at receiver points
located near a wall this equation predicts lower than actual sound
levels.

The final limitation of this equation is simply the number of
calculations required to determine sound levels throughout a room.
Calculations would have to be made for each of as many as eleven
octave bands at several positions throughout the room and then re-
peated for each noise source present. The result is so many calcula-
tions that in practice they are seldom attempted.

The work reported here involved two primary areas of concern.
The first was the development of a modified version of the room
acoustics equation. The modifications made included improvements to
the direct term to allow radiation patterns other than convenient
fractions of a sphere to be considered. Also modifications were made
to the reverberant term to account for deviations from the assumption
of a constant reverberant energy density. Modifications were also
included to improve the predictive accuracy of this equation when
receiver points are near a wall and when wavelengths of the frequency

of sound being analyzed are greater than the room dimensions.



The second area of work was the development of a computer program
using this modified room acoustics equation to determine sound
pressure levels in rooms. Incorporated in this program were the capa-
bilities to generate an array of receiver points in a room and to
perform calculations through up to eleven octave bands and for up to
25 sources. Also this program has the capability to use sound'power
levels and sound pressure levels given for a source to determine sound
pressure levels throughout a room. Furthermore, logic was incorporated
into the program to convert several octave band sound pressure levels
to an overall dBA sound pressure level.

In order to make the development of this computer program a
tractable task the limitations on the number of octave bands and sources
mentioned previously were necessary. Another restriction was that the
program may be applied only to regular rooms, that is, quadralateral
parallelepipeds.

The following sections are presented to describe the work of
developing the modifications to the room acoustics equation, the
verification of the validity of the modifications made, and the develop-
ment of the computer program in which the modified equation is used.
Finally, two appendices are presented which thoroughly explain the com-
puter program and its use. Before discussing the modifications to the
room acoustics equation, a review of the developments of the room

acoustics equation and other aspects of room acoustics is necessary.



2.0 LITERATURE REVIEW

Although the science of acoustics spans centuries thevparticular
area of room or architectural acoustics can be traced to its beginning
around the first of the twentieth century. It is this area of room
acoustics which was of interest in this project. Many of the early
accomplishments in the area of room acoustics were the result of the
work of W. C. Sabine [5] during the late 1890's and early 1900's. oOf
course, the presently accepted equations and concepts were developed
over the years by many other investigators.

The following paragraphs will discuss the work of W. C. Sabine
and other important work in the area of room acoustics. More
specifically the controversy concerning mean free path, recent develop-
ments in room acoustics and work involving the application of com-

puters to room acoustics will be discussed.
2.1 Early Development of Room Acoustics

W. C. Sabine is generally credited with being the founder of
architectural or room acoustics [4]. Although he worked primarily in
the area of reverberation time and the acoustics of churches and audi-
toriums, Sabine created the three basic concepts which have resulted in
what is known as room acoustics. The first of these was the concept
of sound power absorption by the room surfaces. Sabine [5] even went
on to show that the amount of absorption was proportional to the sur-

face area of absorptive material exposed.



The important concept of an average distance between two consecu-
tive reflections of sound from the various room surfaces commonly re-
ferred to as the mean free path was also developed by Sabine. Sabine
[6] developed a formula for calculating this quantity much like that
used today.

The most basic concept Sabine fathered, however, was that the
position of absorptive material in a room had no effect on the sound
pressure levels throughout the room. This concept is, in general,
incorrect. However, at that time Sabine [6] was performing studies in
auditoriums which were basically cubic or hemispherical in shape. These
were cases in which the assumption that the position of absorptive
material had little effect on the behavior of sound energy in the room
was esentially correct. The independence of sound pressure levels
with respect to the position of absorption material is equivalent to
the assumption that the reverberant energy density is constant through-
out the room. This is the basic and underlying assumption in the
development of the reverberant term in the room acoustics equation.
Finally, it should be noted that Sabine attempted to develop simple
formulas to predict the behavior of sound energy in rooms. It was this
very same desire which brought about the development of the room

acoustics equation.

-

2.2 Controversy Concerning Mean Free Path

Several years after the death of W. C. Sabine, P. E. Sabine [7]
published a derivation claiming that

wrp = *V/ 4)



where:

3

mean free path, meters

<
]

volume of the room, cubic meters

S = total surface area of the room, square meters

In the ensuing years a heated debate raged as to whether this was the
correct formula for determining mean free path. V. 0. Knudsen [8] per-
formed optical experiments on scale models of auditoriums which indi-
cated that mean free path could vary from the value predicted by this
equation by as much as eighteen per cent. However, several of the
auditoriums examined by Knudsen were of odd shapes, that is in the
shape of crosses, L's, and other unusual shapes. The variations shown
by Knudsen were, therefore, somewhat questionable as far as predicting
the accuracy of Sabine's equation for determining the mean free path

in rectangular rooms. The emphasis on rectangular rooms was considered
important since this would be the room shape most often encountered.
Later Millington [9] provided a comprehensive derivation which con-
firmed the equation proposed by Sabine. Interest in mean free path
subsided until it was revived again after nearly 20 years in 1959

when R. W. Young [13] commented that the quantity had never been de-
fined and listed authors claiming greater than eighteen per cent
variation from the formulas proposed by Sabine and Millington. Even
today there remains doubt as to the value of mean free path. However,
noted authors such as Embleton [3] have persisted in using Sabine's

formula.
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Between the debate over mean free path in the 1930's and the late
1950's there were many measurements made and several studies con-
cluded [11,12,13]. However in general there were few theoretical
developments not only in the area of mean free path but in room
acoustics in general during this period.

Because of studies made in large auditoriums and open spaces
speculation arose during this period that there was some sort of
dissipation of sound energy as the sound passed through the air.
During the period between the 1930's and the late 1950's work began
on conducting experiments to quantify and apply air absorption in
room acoustics. Several experiments were conducted to determine the
values of air absorption at various air temperatures and frequencies
of sound. Work was also begun on developing theories of molecular

interactions involved in this disapation process.

2.3 More Recent Work in Room Acoustics

It was during the late 1950's that work and interest were renewed
in the area of room acoustics. Work began on the application of com-
puters to room acoustics calculations. Also work was dome in simulating
the acoustic response of rooms. For instance, M. N. Schroeder [14] did
work in simulating the quality of sound in auditoriums using several
speakers controlled by a computer. There were programs developed to
add sound pressure levels, to make dBA conversions, and to make
rudimentary sound pressure level calculations. But none of these

programs could perform the detailed calculations proposed here.
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In one interesting piece of work, Allred and Newhouse [15] used
a Monte-Carlo technique to statistically determine the mean free path
for various rooms. Here once again the values calculated by this
method varied by at most eighteen per cent from those calculated using
Sabine's formula.

Also during the late 1950's the room acoustics equation was re-
duced to the form described in equation (1). This development was
produced by Embleton [3], Kinsler and Frey [4], and others.

After the development of this equation the limitations of the
room acoustics equation began to be documented. H. J. Sabine [16],
stated in the 1950's that the room acoustics equation was quite in-
accurate in long rooms with relatively low ceilings. Lambert [17] and
Embleton [3] each published data demonstrating the difference between
the predictions of sound levels using the room acoustics equation
and actual measurements.

At present, the room acoustics equation remains in the form
shown in Equation (1). Although the above documentation has been
published for several years, no valid attempts have been made to modify
the room acoustics equation to correct for these documented failures.

In summary, perhaps it should be said that the lack of continual
work in room acoustics was due to the lack of need and of interest in
more accurate results in sound pressure level calculations. The need
and interest have greatly increased recently with the implementation
of OSHA. As for the question of mean free path, it would seem rather

straight forward to tabulate correct values for various room proportions
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using some statistical technique. Until this is done an error of at
most eighteen per cent or + 0.72 dB is not large. Moreover, this is

an error in only one term, the reverberant, which is often not the
dominant term of the two which determine the sound pressure level.
However, better knowledge in this area could improve the predictive
capabilities of room acoustics. The important point to note from the
previous work is that a comprehensive theory that provides accurate
results no matter what the rooms properties is needed in room acoustics.
If the calculations become involved they could be performed easily

and rapidly by a digital computer.



3.0 MODIFICATIONS TO ROOM ACQUSTICS

It became clear immediately that an area of primary concern was
going to be the room acoustics equation and the modifications necessary
to allow it to more accurately predict sound levels in actual rooms.
The purpose of this particular section is to outline the modifications
made to the room acoustics equation and to present a brief explanation
of each modification. These modifications were separated into four
major sections; those made to the reverberant term, those made to
the direct term, those made when wavelengths were greater than the
room dimensions, and those made when a receiver point was near a wall.
The first to be discussed is the modifications to the reverberant

term.
3.1 Reverberant Term Modifications

As stated previously, Lambert [17] and Embleton [3] published data
documenting the failure of the room acoustics equation to accurately
predict sound levels in a room. The rooms studied by these two
investigators were nearly the same in terms of physical size and shape.
An important quantity which varied between the studies of Lambert and
Embleton was the room constant. This parameter is commonly used as a
measure of the sound absorptivity of a room. The room constant is

defined as follows,

RC = S(a + % (5)

13
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where
RC = room constant, square meters
S = the total surface area of the room surfaces,
square meters
0. = the average absorption coefficient for the room,
sabines
V = the volume of the room, cubic meters

air absorption coefficient, meters—l.

m

This quantity is also used in the reverberant term of the room acoustics
equation as can be seen in Equation (3). Also there was a difference
in the sound pressure levels measured by Lambert and Embleton. Since
the data of Embleton were much more recent these were selected to be
used for this work. However, the general trend, departure of the mea-
sured and calculated data at large distances from the source, was
similar in the rooms described by both authors.

The room described by Embleton was 150 feet (45.72 m.) long,
75 feet (22.86 m.) wide and 15 feet (4.57 m.) high. The source was
placed 50 feet (15.24 m.) from one end of the room at a height of 6
feet (1.83 m.). The receiver points ranging in distance from 2 to 100
feet (0.61-30.48 m.) from the source were also at this height. The
room constant was given as 8000 square feet (743.22 m.z). This room was
further defined as a classroom with an acoustical tile ceiling. For a
more complete description the reader should consult Figure 1. Sound

pressure levels were measured at each of the receiver points and the

sound power subtracted to give the relative sound pressure level.
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Embleton's calculations were made assuming a sound power level of zero
to achieve comparable results. These relative sound pressure levels
were then plotted versus distance from the source as in Figure 2.

The room acoustics equation predicted relative sound pressure
levels in error by 5 dB at the end of the room. Fmbleton [3] and
Lambert [17] attributed this poor prediction of the room acoustics
equation to the lack of a diffuse reverberant sound field in the room.
This was caused by the large amount of absorptive material on the
ceiling and the strong departure from a cubic room shape. The lack of
perfectly diffuse reverberant sound energy would mean a violation of
the assumption used in deriving the reverberant term of the room
acoustics equation. Thus the reverberant energy density throughout
the room was not uniform.

The important trend which resulted in the 5 dB variation at the
end of the room was that while the measured values continued to decrease
with distance the calculated values approached an asymptotic value 5 dB
higher than the final value reached at the end of the room (see Figure
2). The level of this asymptotic value was simply ten multiplied by
the log of the reverberant term of the room acoustics equation.

The obvious conclusion was that a modification had to be made to
the reverberant term to reflect the continuous decrease in the sound
pressure level as seen in Embleton's data. It was decided that the
reverberant term should decrease directly with increasing distance
since this would coincide with the decrease in sound pressure level ex-—
hibited by Embleton's data. Therefore, the reverberant term of the

room acoustics equation was multiplied by the factor,
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MFP 4

—_ —_— (6)
r S(o + iy-m)
S
where:
MFP = mean free path, meters
r = the distance from source to receiver, meters.

However before applying this modification it was felt a proper
value for air absorption should be included in the calculationm.
Embleton had not stated whether air absorption, had been included in
his calculations. It was assumed he had not since no mention was made
of air absorption. Since Embleton did not specify what octave band
his measurements were made in or the temperature and relative humidity
during these measurements the inclusion of air absorption which is a
function of these variables was rather difficult. Since the room was
identified as a classroom it was assumed that the octave band at which
measurements were taken would be in the speech range from 500 to 4000
hertz. After several trials, comparing calculated values to those
published by Embleton, the 2000 hertz octave band was selected. Air
absorption values were averaged over temperature ranges of 15 C to 30 C
and relative humidity ranges of 30 to 70 per cent. It should be noted
that the inclusion of air absorption only resulted in a difference of
1 dB in the final value reached by the calculations.

The results when the modification to the reverberant term was com-
bined with the inclusion of air absorption were quite promising, as can
be seen in Figure 3. The curve shapes were generally the same and both
reached approximately the same values at the end of the room. However,

there were still modifications to be made to the direct term before the
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completely modified room acoustics equation was developed.

3.2 Direct Term Modifications

The essence of the direct term is the directivity index, Q, which
is the ratio of spherical surface area, of radius equal to the distance
between source and receiver, to the actual area through which the sound
energy must propagate. Thus the relationship for Q is,

4nr2

actual area of radiation

(7)

where:
r = distance from source to receiver, meters.

By defining directivity in this manner it was assumed that equal amounts
of energy stream from the source in every direction when Q = 1. This
assumption is often violated when real sources are considered and can be
a source of error. For example if a source is located on a hard floor
then one half of the sound energy is reflected from the floor. There~
fore, a-spherical source has a hemispherical radiation pattern. The
directivity index would then be 2.

One of the primary limitations found in use of the direct term
was that directivity indexes which were tabulated in most fundamental
texts [3,4,17] were only for spherical, hemispherical and one eight
of a sphere radiation patterns. However, there are instances where
radiation patterns could be other than these.

If two parallel walls were within one meter of a source suspended
in space the radiation pattern produced would appear as a strip around

a sphere of width equal to the distance between the walls. The radius
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would be the distance between the source and receiver (Figure 4). 1In
most cases as discussed above the distances between the two walls

would be small compared to the distance from source to receiver. There-
fore, the radiation pattern could be approximated by a cylinder of the
same radius with a height equal to the distance between the walls. The

value for Q for such a case would be

~ 4Tr
Q= (27r) width . @)
where:
width = the distance between the parallel surfaces, meters
r = the distance from source to receiver, meters

There were several variations of this radiation pattern. For instance,
the source could have been located on the floor. This would have re-
sulted in a radiation pattern resembling a half-cylinder. Other
possible variations were included in the calculations for directivity
in the computer program. This type of radiation would be analogous

to sound propagation down a duct or tube.

It should be noted that in the previously mentioned directivity
calculations and others one meter was used as the distance between
the source and room surfaces before reflective effects were seen. This
was an arbitrary choice since Embleton [3] and others simply specify a
source as being '"near" a reflecting surface.

While examining the above possibilities for areas of radiation,
another limitation of the direct term became obvious. Normally the
directivity index is determined for the original source position

assuming any surface within a meter is a reflecting surface and alters
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the radiation pattern of the source. However, in some rooms this
practice could result in error. For instance, in a long narrow room
with a source located on the floor several meters from any other
surface, the directivity index would be calculated to be 2. For
receiver points near the source this would be the correct directivity
index (see Figure 5a). However for points at a great distance from
the source the radiation pattern would appear to be different resulting
in a new directivity index (see Figure 5b). To accomplish this same
effect in the analysis the distance from the source to receiver was
subtracted from the distance between the source and each of the

room surfaces. If the result of any of these subtractions is zero or
negative the surface is considered to alter the radiation pattern and
thus the directivity of the source as if it were within one meter of
the source.

Another feature of the directivity calculation commonly ignored
is that all room surfaces are assumed to reflect all sound energy
incident upon them. In the case of an acoustical tile ceiling or other
highly absorptive surface this would not be the case. Therefore, logic
was incorporated in this program to enable the user to designate a
surface as being highly absorptive. The directivity calculation would
then neglect any reflection from that surface.

The final modification made to the direct term was simply to in-
clude the absorption of sound energy by the air, Although air absorption
had been included in the reverberant term previous to this work no
attempt had been made to incorporate it on the direct term. Certainly

there is air absorption of the direct as well as the reverberant sound
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energy. For instance, in an open space or free-field environment the
reverberant term becomes zero leaving only the direct term to represent
the decay of sound energy. It would seem obvious that air absorption
should be included in such a case. In the case of large factory

spaces direct radiation can travel great distances which can result

in significant air absorption. Therefore, using the form Kinsler and
Frey [18] derived for the decay of sound energy in any fluid the

direct term was multiplied by

-mr
e (9
where:
o . -1
m = air absorption coefficient, meters
r = distance from source to receiver, meters

This completed the modifications made to the direct term. However,

there were modifications necessary in two special cases.
3.3 Wavelengths Greater than Room Dimensions

As stated in a previous section one of the limitations of the room
acoustics equation was that it could not be used when the wavelength of
the octave band center frequency was greater than any room dimension.
The reason for this limitation was simply that the sound wave began to
appear as a plane wave ﬁropagating down the room if its wavelength
became greater than the room dimensions. Moreover, significant standing
waves can occur resulting in less chance for diffuse sound fields being
generated in such small rooms. Therefore, in a case such as this the

analysis would include a special calculation for the directivity index.
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In this calculation any room surface within a wavelength, instead of
the previously used one meter, of the source was assumed to reflect
the sound energy incident upon it unless the surface had been designated
as soft by the user. The directivity index was then calculated
accordingly (see Figures 6a and 6b).

There was yet another modification required to account for the
wavelength being greater than the room dimensions. The second modi-
fication was to increase mean free path in these special cases to the
greatest dimension of the room. Beranek [19] stated that for plane
waves in a tube the mean free path was the length of the tube. Al-
though this would not be exactly the same conditions as in a room
with one or two dimensions less than the wavelength, it much more
nearly approximates the conditions than the standard equation for
mean free path.

This completed the modifications made to the room acoustics
equation when the wavelength of the octave band center frequency was
greater than one of the room dimensions. It should be noted that this
was only an approximation since room acoustics was never intended to
consider such a situation. The accuracy of this particular portion
of the program was not expected to be as great as for cases where the
wavelengths of sound were much smaller than the room dimensions. In
most cases, fortunately, the octave bands at which wavelengths would be
greater than room dimensions would be so low as to have little or no

effect on the dBA level calculation.
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3.4 Proximity of Receiver Points to Room Surfaces

The second special case considered was the situation in which a
receiver point was located quite near one or more room surfaces. As
stated previously there are reflections which occur at walls which
could increase the sound pressure level by several decibels. To pre-
dict this situation it was decided to apply corrections to the cal-
culated sound pressure levels in such situations.

Since the sound pressure waves arriving at the receiver point near
a room surface are traveling in many different directions, many sound
pressure waves are not reflected directly to the receiver point. For
this reason, assuming diffuse sound reflections, the sound power at the
receiver point is assumed to be reflected and not the individual sound
pressure waves. Assuming that the reflections occurred from an in-
finitely hard wall so that all of the incident energy was reflected an
increase of 3.0 dB in the sound pressure level would be expected. Near
two surfaces 4.8 dB would be the expected increase and near the junction
of three surfaces 6.02 dB would be the expected increase.

The corrections of 3.0, 4.8 and 6.0 dB were applied to the sound
pressure levels calculated by the program when appropriate. However,
after examining the experimental data discussed in later chapters it
became evident that there was a frequency effect to be considered in
the application of these corrections. It was evident from measurements
in two rooms that the increase in sound pressure levels near a surface
ceased in the 500 hertz octave band. Consequently, logic was incorpora-

ted in the program to eliminate these corrections at and above the 500
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hertz octave band.

Finally it should be noted that these corrections are somewhat
dependent on wall materials and other factors. No investigations were
carried out to further define these corrections or to determine at
exactly what frequencies they should be applied. The corrections as
applied in this analysis did predict measured sound pressure levels
quite well. This will be demonstrated fully in a later section.

To summarize the many modifications it would be useful to re-
construct eh modified room acoustics equation as used in the computer
program. It should be noted that also incorporated in this equation
were corrections for variations from standard barometric and tempera-

ture conditions. Therefore the modified room acoustics equation was,

* —mr
SPL = SWL + 10 log,, | L+o— + MEB 4 _
4T r 5@ + 5 )
A
Vaaal
T + 460 30
- 10 log10 537 + =P (10)

where:
SPL = sound pressure level, dB
SWL = sound power level, dB
Q* = directivity index which is continuously updated to
acknowledge changes in directivity because of room
geometry, dimensionless
m = absorption of sound by air, meters
r = distance from source to receiver, meters

MFP = mean free path, meters

S = total surface area of room, square meters
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average absorption coefficient for room surfaces,
sabines

volume of the room, cubic meters

temperature in the room, °F (temperature at standard
conditions is 527 R)

barometric pressure in room, inches of Hg. (barometric
pressure at standard conditions is 30 inches of Hg.)
the new equation developed it was necessary to compare

to measurements made in actual rooms to verify its



4.0 EXPERIMENTAL VERIFICATION

As stated previously, the published data upon which the modifica-
tion to the reverberent term of the room acoustics equation was made
were somewhat incomplete. Therefore, some experimental verification
was required to provide more concrete evidence of the validity of this
modification. The objectives for these verifications were, however,

more complex than simply justifying this one modification.

4.1 Objectives of the Experimental Measurement Program

The primary objective of the measurements was to demonstrate that
the modified room acoustics equation would provide accurate pre-
dictions of sound pressure levels in room configurations other than
those discussed by Embleton. Also, by using other room configurations
it was hoped to demonstrate the limits of accuracy of the sound
pressure level predictions. From these limits, estimates could be
made of the accuracy a user could rely upon from this program in
predicting sound pressure levels in regularly shaped rooms.

Another objective of the measurements made for these verifications
was to determine the accuracy of a typical system for determining
sound levels in a room. Certainly the accuracy of the program's pre-
dictions does not have to exceed the accuracy of the measurement
system. In fact, the accuracy under controlled conditions for this
verification would be greater than that expected in an industrial
environment. Therefore, if the accuracy of predictions was nearly

equivalent to that of the measurement system used the predictive

31
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ability of the program should be adequate for most industrial environ-
ments.

Yet another objective of these measurements was to determine the
validity of modifications to correct for the proximity of a receiver
point to a wall and wavelengths greater than the room dimensions. Be-
cause of the high frequency sound analyzed in the room discussed by
Embleton these particular modifications were not involved in the cal-
culations made using the modified room acoustics equation.

There were several modifications made to the room acoustics
equation to correct for the effects of irregular room proportions
on the sound energy in a room. Therefore it was felt an important
objective to make measurements in regularly proportioned rooms to
indicate if these modifications had precluded accurate predictions of
sound levels in such rooms.

A final objective was to simply generate some accurate data cf
sound levels which included detailed descriptions of the rooms in which
the data were taken. This was something found lacking in existing
literature and something which would be greatly needed by later in-
vestigators in this area. Care was taken to provide the necessary
room information and to provide accurate measurements thus ensuring

that these data would be of value to other investigators.
4,2 Experimental Apparatus

To perform the sound pressure level measurements, a Bruel & Kjaer

2204 precision sound level meter with a B&K 1613 octave band filter set
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was used. A one-inch B&K 1445 microphone with a B&K UA0055 random
incidence corrector nose cone was used in conjunction with the sound
level meter. As a standard sound power source an ILG reference sound
source was used. For the purpose of calibrating the sound level meter
and microphone a B&K 4220 pistonphone was used. Also, a B&K Bourdon
tube type barometer was used to determine the barometric pressure in
the room. The Bourdon tube barometer was previously calibrated against
a mercury barometer. This measured barometric pressure was used to
arrive at an appropriate correction to the measured sound pressure
levels for the deviation from standard barometric conditions. Tempera-
ture and relative humidity were determined by the use of dry and wet
bulb thermometers. ASHRAE! psychrometric charts were used to conmvert
the tempteratures to relative humidity. These data were necessary to
select appropriate air absbrption coefficients, m, and to make tempera-
ture corrections to the measured sound pressure predictions.

Throughout the measurements every attempt was made toward not
introducing any uncertainities in addition to those present in the
tolerances of the sound generator and measurement system. The ILG re-
ference sound source proved to be a source of a great deal of inaccuracy.
Sound power levels were published with this sound source for eight
octave bands with center frequencies ranging from 63 to 8000 hertz.
However, these sound power levels were determined using three different
test procedures and three different sets of sound power levels resulted

(see Table 1). Two of the test procedures involved measurements taken

!pmerican Society of Heating, Refrigerating and Air Conditioning
Engineer.
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Table 1. Sound Power Level Ratings for ILG Sound Source*
Free
Field
Reverberant Room Method Method
o§§§ge ASAZ24 .10~ [USAS1 S1.6-|USAS1 S1.6-
c 1953 1967 1967
enter
Freq. Sound Power |Sound Power [Sound Power
Hz Level Level & Level
Accuracy
63 79.0 76.5 + 1.5 82
125 76.5 77.0 + .5 81
250 78.0 78.0 + .5 81
500 79.0 79.0 + .5 81
1000 79.0 79.0 + .5 81
2000 80.0 79.5 + .5 81
4000 78.5 78.0 + .5 79
8000 77.0 76.5 + 1.5 78

*Taken from ILG Data Sheet A 8501-032, ILG Industries, Inc.,

Chicago Division, Chicago, Illinois

60641.
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in an extremely non-absorptive or reverberant room. The third test
procedure consisted of making measurements in an open environment or
free-field conditions. The problem was that an actual room where
measurements were taken would have characteristics somewhere in between
those of a reverberant room or free-field conditions. 1In the 63 hertz
octave band a variation of + 3.5dB was found when all three sound
power ratings were considered. At the 8000 hertz octave band the
variation had dropped to + 1.5dB. Since every sound power reference
source was not individually calibrated there was an additional + 1dB
estimated uncertainty, according to ILG data sheet A 8401-032, among
individual sound sources.

Another source of uncertainty was the sound level meter-microphone
combination. The random incidence corrector and microphone combina-
tion was described in the B&K catalog as having "omnidirectivity ...
effective within + 3dB" [20]. It was assumed and later confirmed by
B&K that this meant that the sound pressure waves arriving at different
angles might be weighted differently. This was not the overall accuracy
of the combination. In the rooms considered in this verification it is
assumed that the sound will be diffuse and as such would have almost
certainly little or no effect on the sound pressure levels measured.
Although the precision sound level meter was accurate to + 0.2 dB
reading the meter within such accuracy was not possible since the sound
being read was somewhat time varying. At high frequencies an un-
certainty in reading the meter of + 1dB was possible. However, at lower
frequencies random fluctuations during a reading were sometimes as

great as 6-8 dB. An uncertainty of + 2dB was felt more reasonable at
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these frequencies.

Although no additional inaccuracy was introduced it was necessary
to make corrections to the readings taken in the 2000, 4000, and 8000
hertz octave bands [24]. These corrections were a result of deviations
in the response of the one-inch microphone because of its combination
with the random incidence corrector. Since the dBA levels read on the
meter are derived from the measurements at these and other octave
bands, the measured dBA sound pressure levels were disregarded. It
was then necessary to calculate dBA levels using the corrected, A-
weighted octave band data.

After combining all of the squares of the uncertainties in this
measurement system and taking the square root of the sum, as suggested
by Holman [21], the expected uncertainties were + 4dB at low frequencies
and + 2dB at the higher frequencies. Again as noted previously this
amount of uncertainty would certainly be much less than that encountered

in a typical factory space.

4.3 Description of the Experiment

To verify the validity of the modifications made to the room
acoustics equation two rooms were selected. Measurements were taken
in each of these rooms to be compared with the results of computer
calculations of sound pressure levels in these rooms. The first room
selected was a long relatively narrow hallway in Derring Hall, an
academic building on the Virginia Polytechnic Institute and State
University campus., This hallway was selected to further illustrate

the ability of the modified room acoustics equation to predict sound
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levels in irregularly proportioned rooms. Another reason for selection
was that its length would reveal any tendencies for the experimental
and calculated sound pressure levels to diverge which had not already
been revealed in Embleton's room.

The second room selected was a classroom in Randolph Hall on the
VPI&SU campus. This classroom was selected because of its regular
proportions. By comparisons of calculated and measured sound levels
in this room the ability of the modified equation to predict sound
levels in non-irregularly proportioned rooms would be demonstrated.
This comparison was desired since the room acoustic equation is
most accurate in these types of rooms. It was necessary to determine
whether this known accuracy had been lost with modifications presented

here.

4.3.1 Hallway in Derring Hall

This hallway had walls of painted cinder block, a tile floor, and
an acoustical tile ceiling. The hallway was closed at each end by
double wooden doors. There were also several wooden and metal doors
along the hallway. There was a small cork bulletin board located on
a wall of the hallway. This hall was approximately 97 feet (29.6 m.)

long, 7 feet (2.1 m.) wide and 8 feet (2.4 m.) high.

4,3.2 Classroom in Randolph Hall

This classroom was approximately 30 feet (9.1 m.) in length, 20
feet (6.1 m.) wide and 11 feet (3.4 m.) high. From the tile floor to a
height of 5 feet 6 inches (1.7 m.) the walls were made of glazed tile.

From this height to the ceiling the walls were constructed of painted



38

cinder block. The ceiling was covered with acoustical tile. There
was one wooden door for this room. Two blackboards and two cork

bulletin boards were located on the walls in this room.

4.3.3 Measurements

Sound pressure level measurements were conducted at various point
throughout each of these rooms (see Figure 7). At each position dBA
levels were measured. At positions 2, 5, 8, 11, 14, 17, 20, 23, 26,
29, 32, 35, 38, 41, 44, and 47 in the Derring hallway and every
position in the Randolph classroom octave band sound pressure level
measurements were made in the eight octaves from 63 to 8000 hertz center
frequencies. The octave band sound pressure levels were not measured
at all the positions in Derring Hall simply because of lack of time
to perform all of the necessary measurements.

Checks of background sound pressure levels without the reference
noise source operating were made throughout these rooms before the
desired measurements were begun. Special attention was given to the
points where the lowest sound pressure levels were expected and where
the background noise seemed to be the greatest. The background levels
were found to be 10 dB or more below the ILG noise levels. Therefore,
background noise was assumed to have no effect on the measurements.

Before and after the measurements were made in each of these rooms
the dry and wet bulb temperatures were checked along with the barometric
pressure and the condition of the sound level meter batteries. The
environmental conditions measured in each of these rooms were presented

in Tables 2 and 3. The sound level meter was calibrated with the
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Table 2. Environmental Conditions in Derring Hall.

Temperature, dry bulb
Temperature, wet bulb
Barometric Pressure

Relative Humidity

73 °F
64.5 °F
710 mm. Hg.

58%



41

Table 3. Environmental Conditions in Randolph Classroom.

Temperature, dry bulb 77 °F
Temperature, wet bulb 66 °F
Barometric Pressure 710 mm, Hg.

Relative Humanity 55%
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pistonphone and the internal electrical calibration circuit before and
after each measurement session.

The microphone used for these measurements was also visually
checked for any irregularities or damage. Measurements were repeated
at random points to insure repeatability.

4.4 Description of the Input for Computation of the

Sound Pressure Levels in these Rooms

Obviously, it was necessary to put the basic dimensions, tempera-
tures, etc. for these rooms into the computer program. A more detailed
explanation of the required data input to this program can be found in
Appendix 1. However, there were some points of the input to the pro-
gram which should be discussed further for these particular rooms.

One of these was the sound power levels for the source required by
this program. There was some doubt as to which of the sound power
level ratings were correct because of the highly absorptive ceilings
and relatively large dimensions of the room compared to those of the
sound source, the sound power levels determined by the free-field method
were used.

To put in absorption coefficients for these rooms a calculation of
the average absorption coefficient had to be performed for each of the
octave bands being considered. The equation used for the calculation

follows,

m

_ sja + Sz_o'"z TS0, ket snocn+iz1 oy

o= : - , (11)
sl+s2+s3+.‘.+srl
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where:
o = average absorption coefficient for the room surface,
sabines
Sl’ Sz, 53, cee Sn = surface areas of various room surfaces,
square meters
al, az, a3, cee an = the absorption coefficients for the
room surfaces, sabines.
oy = the absorption for each of m objects within the room,
sabines,
The absorption coefficients for each surface in each octave band were
obtained from tabulations for various materials published by Knudsen
and Harris [25]. Values of absorption coefficients for the acoustical
tile ceiling in Derring Hall were obtained from the manufacturer.
These ceiling tile data were also used for the ceiling in Randolph.
The tile in Randolph was made by a different firm but no sound
absorption coefficients were available. Typically, absorption co-
efficients do not vary greatly for various manufacturers of similar
ceiling tile. The results of the calculations for average absorption
coefficients for the various octave bands in the two rooms are pre-

sented in Tables 4 and 5.
4.5 Presentation of Results

Comparisons of calculated and measured sound pressure levels for
the hallway in Derring Hall are presented in Figures 8-18. Figures
8-10 are the plotted dBA sound pressure levels for the following

lengthwise positions down the hallway; 1, 4, 7, ..., 46; 2, 5, 8, ...,
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Table 4. Average Absorption Coefficients for Derring Hall

Octave Band
Center Freq.,
Hz.

Average Absorption
Coefficient, Sabines

63 0.12
125 0.15
250 0.13
500 0.17

1000 0.22
2000 0.25
4000 0.25

8000 0.30
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Table 5. Average Absorption Coefficients for Randolph Classroom

Cegigivgrzand Average Absorption
Hz 4*> | Coefficient, Sabines

63 0.17

125 0.16

250 0.17

500 0.22

1000 0.29
2000 0.37
4000 0.31
8000 0.32
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47; and 3, 6, 9, ..., 48 respectively. Figures 11-18 present the plots
of sound pressure levels versus position in the room for the eight
octave bands for positions 2, 5, 8, ..., 47 down the center of the
room. It should be noted that the dBA values measured at positions 1,
4, 7, «o., 46 and 3, 6, 9, ..., 48 were not corrected for the micro-
phone-random incidence corrector combination. The corrections, how-
ever, amounted to only 0.5 to 1 dBA at the positions down the center
of the room. Figure 9 has corrected dBA levels while those of Figures
8 and 10 are those values measured with no corrections. Figures 8 and
10 are, therefore presented, only for general comparisons and not
comparisons of absolute levels.

Comparisons of calculated and measured sound pressure levels for
the classroom in Randolph Hall are presented in Figures 19-54, Figures
19-22 are plots of the measured and calculated dBA sound pressure
levels versus position for points 1, 5, 9, ..., 21; 2, 6, 10, ..., 22;
3, 7, 11, ..., 23; and 4, 8, 12, ..., 24 respectively down the length
of the room. Figures 23-30, 31-38, 39-46 and 47-54 are plots of the
octave band sound pressure levels at each of the sets of positions

lengthwise down the room.
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5.0 DISCUSSION OF RESULTS

The previous comparisons of measured and calculated sound pressure
levels illustrated much about the performance of the modified room
acoustics equation. Although the dBA sound pressure levels are the
primary concern of this project, the octave band sound pressure levels
reveal much more about the predictions of the modified room acoustics
equation. For this reason these comparisons are divided into octave
band and dBA sound pressure levels for this discussion. The octave
band sound pressure levels were also further divided into those with
wavelengths greater than and less than the room dimensions.

5.1 Octave Band Sound Pressure Level Comparisons with Wavelengths

Greater than the Room Dimensions

The 63 and 125 hertz octave bands had center frequencies with
wavelengths greater than two of the room dimensions in Derring Hall
(see Figures 11 and 12). In the classroom in Randolph Hall the 63
hertz center frequency had a wavelength greater than a room dimension
(see Figures 23, 31, 39, and 47). The most evident characteristic of
these figures was that the measured and predicted sound pressure level
curves did not have the same shape. Near the source these curves were
very similar in shape but as the receiver points increased in distance
from the source the calculated sound pressure levels decreased more
rapidly than the measured levels. Also at the most distant position
from the source, 47, the measured sound pressure level was approximately

10 dB higher than the level at the previous position, 44, in the
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Derring hallway. A similar situation was found in the Randolph class-
room. This sudden reversal in the decay of the sound pressure levels
with increasing distance was not predicted by the modified room
acoustics equation. Aside from this one point the maximum difference
between the measured and calculated sound pressure levels in these
octave bands never exceeded + 6dB. Since the expected error in these
low frequencies was + 4dB, this amount of error in real data was not
of great concern. It should also be remembered that the modifications
used for this special case were only approximations and were never
expected to exactly predict the behavior of sound energy at these
frequencies.
5.2 Octave Band Sound Pressure Level Comparisons with Wavelengths

Less than the Room Dimensions

The plots of predicted and measured sound pressure levels versus
position in the room generally have the same shape (see Figures 13-18,
24-30, 32-38, 40-46, 48-54). Although in general the shapes of these
plots were similar in each figure there were some differences in the
levels predicted and measured. In some instances the predicted curve
was shifted by a constant amount of nearly every receiver point.
There were also single points where errors existed between the predicted
and measured sound pressure levels. Even with these differences, how-
ever, the maximum error was within + 3 dB. This was considered accept-
able when compared to an expected error of + 4 to + 2 dB.

To better illustrate the accuracy of these predictions their

accuracy should be compared to the accuracy of predictions using the
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unmodified room acoustics equation. At the higher frequency octave
bands the inaccuracy of the unmodified equation would be the greatest.
In the 8000 Hertz center frequency octave band the unmodified equation
would have predicted sound pressure levels within only + 13 dB in the
Derring hallway. At the lower frequency octave bands the predictions
would have been better. In fact, in the 125 hertz octave band pre-
dictions would have been accurate to within + 6 dB in the hallway.
Certainly the predictions of the modified room acoustics equation are
as accurate and in most cases much more accurate than those of the un-
modified equation.

Another point revealed b? these comparisons of measured and pre-
dicted sound pressure levels was that above the 500 hertz octave band
there was frequently an increase in the sound pressure level at the
ends of the room as if reflections had occurred here. This increase
was predicted by the computer calculations. The reason for this
abrupt increase in the sound pressurellevel in the predicted data was
the continuous monitoring of directivity by the program.

This modified room acoustics equation predicted sound levels in
the higher frequency octave bands most accurately. This was signifi-
cant since these frequencies are weighted most heavily in determining

dBA sound pressure levels.
5.3 dBA Sound Pressure Level Comparisons

As in the previous case the shapes of these plots of calculated

versus measured dBA sound pressure levels were approximately the same
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(see Figures 8, 9, 10, 19, 20, 21, and 22). There were some deviations
at particular points as well as constant differences between the measured
and calculated levels at nearly every point. Although errors were pre~
sent they never exceeded + 2dBA. This error was the same as that ex-
pected from the measurement system at high frequencies. It would
therefore seem that quite acceptable accuracy had been obtained in

terms of dBA sound pressure level predictions. This fact is even more
evident when it is noted that unmodified room acoustics would have

predicted values in error by as much as + 8dBA in these rooms.



6.0 CONCLUSIONS

There are of course several conclusions to be drawn from this work
concerning the accuracy of the modified room acoustics equation and
other aspects of the program. In order to present these in a clear
and concise manner this section was subdivided into three subsections.
These subsections were: the accuracy of predictionms, the value of this

program, and the limitations to its use,

6.1, Accuracy of Predictions

The error shown by the octave band and dBA sound pressure level
predictions was discussed in the previous chapter. However it was of
importance that the greatest accuracy was exhibited by the dBA sound
pressure level predictions. The ability to predict these dBA levels
well was a primary goal of this project. These levels were considered
important since these would be desired by the industrial firm concerned
with employee safety and compliance with the Occupational Safety and
Health Act.

The octave band sound pressure levels were also of importance.
For instance if dBA sound pressure levels were found to be too high in
an area the octave band levels would be consulted as an attempt to
determine the cause of the excessive noise or at least to isolate the
particular octave band which caused the dBA level to be excessive. Of
course, there are other instances where octave band levels would be

important.,

Although the errors exhibited in these sound pressure level pre-

diction, + 3dB, were greater than those of the dBA predictions, + 2dB,
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they still were much more accurate than the room acoustics equation's
predictions. These predictions in fact would probably be within the
range of uncertainty of most measurement systems in an industrial
environment.

In general the sound pressure level predictions were always as
accurate and usually more so than the unmodified room acoustics
equation. The accuracy achieved in these predictions would seem
acceptable in all but the most critical of situations. In fact only
when predictions were within + 2 dBA of the OSHA specified exposure

limits would there be any concern about the accuracy of the predictioms.

6.2 Value of This Program

The most obvious use for this program is in the original design of
a factory space. By its use, alternative pieces of equipment or even
equipment locations could be selected to produce the best environment
from a noise standpoint. Machines could be specified accurately as to
the maximum allowed sound power levels. Thus the program could be used
to help ensure suitable noise enviromments of the future. Moreover,
design decisions concerning the installation of absorptive material or
the purchase of higher cost acoustically controlled equipment can be
evaluated for its ultimate in situ noise reduction value.

As for the factory already constructed, this program has valuable
uses there also. It can be used to determine the effects of a new
pilece of equipment on noise levels throughout the area. This could be
accomplished by adding noise levels predicted for a piece of equipment

in a room to those already present in the room. This program could
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also be used to aid in specifying the maximum sound power levels for a
new piece of equipment or the noise reduction necessary on an old
piece of equipment. This program could also be used to determine the
placement or arrangement of machines or people in a factory space to
achieve the best noise environment. Another use would be to check

the value of improvements to the factory space such as the addition

of absorption material on large surfaces in the factory space. Thus
the program has uses in the selection of replacement equipment and

other functions in existing factory spaces.

6.3 Limitations of This Program

The primary limitations are concerned with the type of room to
which this program may be applied. Certainly it should not be applied
to extremely small rooms because of the inaccuracy introduced when the
sound wavelengths become larger than the room dimensions. It should
also be remembered that irregular patches of absorption or small
irregularities in the room shape can lead to errors in the predictions
of sound levels at or near these points. Another significant limita-
tion is that irregular rooms such as Figure 55 cannot be analyzed.

The number of noise sources is limited to 25 in the present version of
the program.

This program has the ability to use a sound pressure level measured
in another room and the acoustical description of the room, to generate
a sound power level for the sources, and then to calculate sound
pressure levels in the room where the source is to be located. This

program will also calculate sound pressure levels from a given sound
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Irregular Rooms.

Figure 55
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power level for a source. Although these conversions can be made the
program requires a spectrum of sound power or sound pressure levels.
Frequently this data is unavailable. Provisions have been made for
the future insertion of a subroutine which would generate a spectrum
of sound pressure levels given a dBA level and a source type.

Limitations on the accuracy of this program were discussed in the
previous chapter. Although the sound pressure level predictions of
this program are not absolutely correct, they are certainly within the
tolerance of many measurement systems likely to be used in an industrial
environment. However, if the program is used to analyze a room, the
limits of accuracy in its predictions should be kept in mind.

In summary it should be said that this program, though having
limitations, provides an easy, accurate means to calculate sound
pressure levels in a room. However, there are improvements and

changes to be made.



7.0 RECOMMENDATIONS

The two primary areas of concern in this work were the development
of a computer program to determine noise levels in industrial areas and
the modifications made to the room acoustics equation to provide reason-~
able accuracy in the necessary calculations. Therefore in suggesting

areas for future work these subjects will be considered separately.

7.1. The Computer Program

0f the areas mentioned previously where further work is needed
the most important would seem to be the capability of the program to
analyze irregularly shaped rooms. Very few industrial spaces are
regularly shaped. Additions to factories and other physical plant
changes usually cause very irregular geometries. Consequently, this
would seem to be an urgent need before widespread use of this program
would be possible.

Probably the second most important area to be investigated is the
capability of generating a spectrum of sound pressure levels given a dBA
level and a source type. At present very little is available in terms
of sound power levels for equipment and a spectrum generated from dBA
levels might be the most accurate if not only means of providing the
necessary starting point for this program.

One other area where further work is needed is the classifying of
walls as hard or soft for the directivity calculations. This classi-
fication should be broken down to graduations between the extremes of

hard and soft. Another addition should be applying this classification
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of wall absorption at each octave band, resulting in directivity
varying with octave-band as well as with distance between receiver
and source and the location of the source.

Further work is also needed to improve the corrections when a
receiver point is close to room surfaces. The present method seems
to correct for this situation quite well. However different wall
materials and different distances from microphone to surfaces could
produce much different results. Some sort of investigation, perhaps
using this program,needs to be carried out to develop a fundamental
relationship between the proximity to the wall, the wall material, the
octave band, and the increase in sound pressure level.

A possibility in factory spaces not considered in this program
are barriers or partial walls. These barriers could be large
machines, partial walls, or even acoustic enclosures around machines.
Provisions must be made in this program to perform calculations in
rooms containing these barriers. The present program would simply ignore
these barriers and possibly be greatly in error.

At some future date logic should be incorporated in this program
so that if desired by the user the source causing the worst dBA levels
would be identified.

Another area of this program needing improvement is the calculation
of absorption coefficients for a room. Presently the average absorption
coefficients must be calculated by the user and entered into the program.
It should be possible to develop a subroutine which would perform the

necessary calculations to determine the average absorption coefficients
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for a room. This would involve either entering descriptions of the
room surfaces or the absorption coefficients for each octave band for
each surface.

An additional feature which should be added to this computer pro-
gram would be a statement printed out warning the user that octave
bands were being analyzed where the wavelengths of center frequencies
were larger than the room dimensions. This would seem necessary since
an increase in the uncertainty of sound pressure level predictions is
involved in such cases.

The area of input and output with respect to this program was
purposely neglected in the previous chapters simply because this was
relegated to future work. It was felt that problems such as this could
only be dealt with after a working program was developed. It is
obvious, however, that some sort of option must be included in this pro-
gram to plot dBA sound pressure levels to enable the user to select
the worst and best positions for his personnel.

In general, it is suggested that this program be tested in many
more rooms for several reasons. First these tests would determine
whether the accuracy shown here holds in other situations. Further
data wouid help support improvements to the logic involved in the
calculation of the proximity of receiver points to walls corrections.
Of course, there are other reasons for further measurements but these
need not be listed., The important fact is that more reliable data is

badly needed for any work in the area of room acoustics.
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7.2. Recommendations for Further Work in the Area of Room Acoustics

Basically the recommendations for future work in this area fall
into one general catagory. This is simply new derivations of the com-
ponents of the room acoustics equations. As mentioned previously the
derivations of the reverberant term including mean free path have been
questioned for several years. It seems now with government legis-—
lation forcing the issue accurate predictions of sound levels are
becoming more essential. The only way to achieve such accuracy is
through new derivations of the components of the room acoustics
equation or an all together new equation.

These derivations should consider the possibility of other than
spherically shaped room as in room acoustics presently. The many
assumptions based on plane wave theories must be re-examined. Finally
the quantity, mean free path, should be examined to determine whether
it is really valid and if so how it is to be evaluated. There is
certainly much work to be performed in room acoustics and it is hoped

that this work is at least a small step in the correct direction.
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INTRODUCTION

This program was designed to calculate sound pressure levels in
regularly shaped rooms, i.e., quadralateral parallelepipeds. It per-
forms these calculations using a modified room acoustics equation.
There are also corrections incorporated for receiver points at walls
and other room surfaces. Additional features of this calculation in-
clude the capability to consider up to 25 sources and to generate an
array of receiver points at a particular vertical height throughout
any size room.

One of the more important features of this program is that it
allows either sound power levels to be put in for each source or
sound pressure levels for each source and the characteristics of the
rooms where these levels were measured. From the sound power levels
sound pressure level are calculated directly. If sound pressure
levels are put in sound power levels are first calculated for each
source. Sound pressure levels are then calculated for points through-
out the room as in the previous case.

The following sections describe the necessary data input for
this program and the output options available to the user. In the
final section a listing of the program is given containing a great

deal of the program documentation in itself.
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INPUT

In order to illustrate the necessary order and correct format for
data input, the input forms are provided (see Figure A.l). However,
in a program such as this with the many options available a few in-
structions are required in addition to those presented on the data
forms.

One important point is simply that not all of the data illustrated
in the forms are necessary for every case where this program is ued.
In such a case the unnecessary data should simply be ignored and the
next card considered. For instance, if only sound power levels are
entered for each source there are no sound pressure levels required to
be inputed. Therefore, the sound pressure level cards should be
skipped and the surface index cards examined if they are necessary.

With each card set the number of cards required and, where appro-
priate, the number of values per card are indicated. The data input
sheets indicate one of several cards in a series in some cases. If no
indication is given for the number of cards required only one is
necessary. Also, if the number of cards required is zero that parti-
cular variable is not required.

Descriptions are presented of each of the data cards which
could possibly be required by this program. It is hoped that these
descriptions will clarify any questions concerning the order, units,
or other characteristics of the variables being inputed.

Card Set 1--This card contains important parameters used in this

program. Each of these parameters is discussed below.
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N is the number of sound sources in the room being analyzed. The
maximum number of these sources is 25.

NSWL is the number of sources with given sound power levels. The
maximum value of this parameter is 25.

NSPL is the number of sources with given sound pressure levels.
The maximum value here is also 25.

NOB is the number of octave bands to be used in this analysis.
The following octave band center frequencies are represented by the
given octave band numbers: 1-16 Hz., 2-31.5 Hz., 3-63 Hz., 4-125 Hz.,
5-250 Hz., 6-500 Hz., 7-1000 Hz., 8-2000 Hz., 9-4000 Hz., 10-8000 Hz.,
and 11-16,000 Hz. Obviously the maximum number of octave bands is
eleven. If zero or no value is entered for this variable the program
defaults to using ten octave bands. Also it should be noted that the
first octave band is always 16 Hz.

NIR is the number of irregularities in the room. Until pro-
visions are made for this program to consider irregular rooms this
parameter must always be zero.

IP is the index for printing. If IP is zero there will be no
printed output from this program. If IP is any other value control of
the printed output is shifted to another section of the data input.

NC is the number of temperature and barometric pressure corrections
to the calculated sound power and pressure levels to be made. These
corrections simply account for variations from the standard environmental
conditions of 30 inches of mercury and 77 F. The first correction is

always made to the sound pressure levels calculated for the room being
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analyzed. All following corrections are made in the sound pressure level
to sound power level conversions that are made when sources with given
sound pressure levels are present. Also all conversion included by the
number of corrections selected have corrections applied to them. For
instance if the third sound power to sound pressure conversion was of
interest, that is, if the given sound pressure level were measured at

a temperature and barometric pressure other than standard conditionms,

NC would be 4. The first three barometric pressures and temperatures
would have to be the standard values. The fourth, however, would be
those in the room where the measurements were taken.

NRUN is the number of data sets to be analyzed after and including
this particular one. In other words, if there were two other factory
spaces to be analyzed after this one NRUN would be 3. The first cards
of the next two data sets would have values of 2 and 1 for NRUN, re-
spectively.

NSURF is the number of absorptive surfaces to be considered by the
program. This number is common for the room being analyzed and the
rooms in which sound pressure levels given for sources were measured.
Therefore the largest number of surfaces to be considered in any of
these rooms should be entered here. In a room which has fewer surfaces
one or more surfaces may be divided into several parts to result in the
proper number of surfaces. The maximum number of these is 31. The
minimum number of surfaces allowed is one. This minimum is used when
average absorption coefficients are calculated externally and entered

into the program. Until further modifications are made to the ABSORB
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subroutine this is the only means to enter and use sound absorption co-
efficients in the program.

Z is the vertical height of receiver points in the room being
analyzed. Z may be expressed in meters or feet provided the proper
value for the units index is used. This aspect is discussed in more
detail in a later sectionm.

Card Set 2--The variable entered with this card set is the sound
power levels for the sources, SWL. These are entered for the entire
octave spectrum for each source on each card. Therefore the maximum
number per card is eleven and the maximum number of cards is 25. The
number of sound power level octave entries per card should equal NOB.
The number of cards should be NSWL. It should be noted that the order
used in entering data here must be maintained in entering source
positions and other data pertaining to these sources.

Card Set 3--The variable entered with this card set is the sound
pressure levels of the sources, SPL. Again the same limits apply as
above. The number of entries per card should be NOB and the number of
cards should be NSPL. Again variables pertaining to these entries
should be placed in the same order as these sources were entered.

Card Set 4 --Coefficients, ISURF, are inputed on these cards to
determine what absorption coefficients are used for the room surfaces.
Until a more complete sound absorption routine is developed this
number simply indicates which one of a set of average absorption
coefficients calculated by the user are selected. Average absorption

coefficients for each octave band must be calculated by the user and
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inserted in the ABSORB subroutine for use in the program. For further
details consult subroutine ABSORB of Appendix 2.

Card Set 5--The variables of this card determine whether unit con-
versions are performed on several variables. The variables inputed here
are: ITEMP, IBP, IXYZ, IXYZ1l, IXYZ2, IXYZ3, IR1l, and IXYZ4. 1In
general the variable controlled by an index is identified by the
letters following the I in the index name. For instance, IBP controls
whether unit conversions are made on BPF, the barometric pressure. There
are some cases in which the naming convention is not strictly followed.
IXYZ1 controls conversion from feet to meters of X1, Y1, and Z1.

Another exception is IXYZ which controls unit conversions of XX, YY, ZZ
and Z. It should be noted that all variables controlled by a single
index must have the same units. If the units of a variable are metric
its index should be one. If the units are english the variables index
should be zero. The computer program converts every variable to metric
units for its calculations. However, the possibility of using english
units for input was incorporated because it was postulated that much

of the information available to a user would be in english units. For
further details see subroutine UNITS.

Card Set 6--The variables inputed here are the temperatures, TEMP,
and the relative humidities, HUMID, in the rooms involved in the
necessary calculations. The units of TEMP may be either °C or °F. The
order of input of these variables is for the room being analyzed first
followed by the values for each of the rooms in which sound pressure

levels were measured for the sources in the order of input of the
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sound pressure levels. Consequently the number of cards in this input
set should be N-NSWL+1l. The reason for this value instead of NSPL+1 is
that there could be sources with dBA levels given for them. In this
case spectrum would have to be generated for each source. Although
this capability has not been incorporated into the program, provisions
have been made for it such as this system for determining the necessary
cards. There is a possible maximum of 26 cards in this section includ-
ing values for the room which is being analyzed and the 25 rooms where
sound pressure levels for the sources were measured.

Card Set 7--The dimensions of the rooms involved in these calcula-
tions are entered here. These are XX, YY, and ZZ. XX and YY are the
horizontal dimensions while ZZ is the vertical dimension. YY should
always be the larger of the horizontal dimensions. These sets of
dimensions must be in the same order as discussed in previous sections
of the room being analyzed first followed by the rooms where sound
pressure level measurements were made in the order the sound pressure
levels were inputed. These variables may be expressed in feet or
meters providing IXYZ has the proper value. The number of cards re-
quired is N-NSWL+1. The maximum number of courses would be 26.

Card Set 8~~The variable, SA, the surface area of absorptive
material in the room is inputed in this data set. These surface areas
may be expressed in square feet or meters. Each card contains 8
surface areas. When the number of necessary surface areas is reached
for a particular room regardless where this is on the card the next set

of areas should be started on a new card. The number of surface areas
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required is NSURF per room. The number of rooms is N-NSWL+l. Again

the order followed is the room being analyzed is first followed by
data for the rooms where sound pressure levels for the sources were
measured.

Card Set 9--The variablé inputed on this card, Rl, is the distance
from source to receiver in the rooms where sound pressure levels for
the sources were measured. The number of these required would be
N-NSWL. It should be noted that there are eight Rl's per card. The
maximum number of these variables is 25. These distances may be ex-
pressed in feet or meters.

Card Set 10--Inputed on these cards are the positions of the source
in the rooms where sound pressure levels were measured. These variables
X4, Y4, and Z4 may be expressed in feet or meters. Since there is only
one source per room where the sound pressure levels were measured there
is a maximum of 25 sets of positions possible. The number of cards is
N-NSWL.

Card Set 11--This card contains the positions of the sources in
the room being analyzed, X1, Y1, Z1. The number of cards is of course N.
The maximum number of cards is therefore 25. These positions may be
expressed in feet or meters providing the proper value of IXYZ1l is used.

Card Set 12--Inputed on this card are the positions of any
irregularities in the room being analyzed, X2, Y2, and Z2. Irregulari-
ties are of course branches from the main room. These are commonly
characterized as a "T" or an "L". The maximum number of cards here

would be 5 since there are only 5 irregularities allowed. The actual
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number of cards is however NIR.

Card Set 13--On these cards the dimensions of the irregularities,
X3, Y3 and Z3, are inputed. The same limits and conditions apply as
above.

Card Set 14--The barometric pressure, BP, in the various rooms is
inputed here. The number of cards is equal to NC with the maximum
being 26. The units that this variable is expressed in may be either
inches or millimeters of mercury. Again this variable must be inputed
first for the room being analyzed and then by the order of the input
of the sound pressure levels the conditions for the rooms where sound
pressure levels for the sources were measured. If no corrections are
to be made to a particular sound level BP could be entered as 30 inches
of mercury.

Card Set 15--These variables, DINCR and IYINC, are the increments
of the array of receiver points in the X and Y directions respectively.
If 0.0 is entered for DINCR a value is automatically selected most
compatable with the number of sources in the room and the room size.
If 0 is entered for IYINC the value of 2 meters is automatically
selected by the computer program. It should be noted that any value
entered for these variables is assumed to have units of meters.

Card Set 16--These variables, IXO, IXMAX, IYO, IYMAX, IZO, and
IZMAX, -are indexes signifying a wall as "hard" or "soft" with respect
to sound absorption and are used in the directivity index calculation.
These indexes refer to the walls perpendicular to the principal axes

of a room. For instance the IX0O index refers to the wall perpendicular
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to the x-direction axis from which the x component of the source
positions in the room are referenced. If a source had an X1 position
component of 0 it would be at this surface. IXMAX refers to the other
wall perpendicular to the X axis. If these indexes are zero the wall
is treated as hard in the directivity calculation. If the value is

one the wall is assumed soft. Concrete would be a hard wall. An
acoustical tile ceiling would be a good example of a soft surface. The
number of cards of these variables is N-NSWI41l. The maximum value is
of course 26.

Card Set 17--The input here is IWALLS which indicates the proximity
of a measurement point to room surfaces in a room where the sound pres-—
sure levels were measured. The value of this index is the number of
walls including the ceiling and floor that are within six inches of a
measurement point. The number of these is N-NSWL+l. There can be as
many as 25 of these values. These are all on one card.

Card Set 18--The variables on this card, IDBA and NPOB, are an
index to determine the type of output desired and the number octave
bands to be printed out respectively. The values of these variables
are explained fully in the output section.

Card Set 19--This card is the octave bands, OB, for which sound
pressure levels are to be printed out. The number of these variables
is equal to NPOB.

In order to more clearly demonstrate the data input to this pro-
gram the following example is presented and coded on example input

sheets (see Figure A.2). A source is located on the floor in the center
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of a 10 feet high, 12 feet wide, and 100 feet long room. Sound
pressure levels were given for the source and these are, in octave bands
1-8; 76, 78, 82, 81, 75, 76, 74, and 70. These levels were measured
with the source in the center of a room 20 feet high, 10 feet wide, and
50 feet long. The receiver point was at the source height, six inches
from a wall. Temperature and relative humidity in both rooms was 700 F
and 50%. The receiver height for the calculations in the room being
analyzed was ear height, 5 feet. Two sets of average absorption co-
efficients have been calculated and inserted in the program for these
rooms. ISURF=1 specified the absorption coefficients for the room being
analyzed. ISURF=2 specifies the correct absorption for the room in
which the sound pressure levels were measured. Measurements in deter-
mining the sound pressure level for the source were taken at a distance
of 12 feet. The barometric pressure in the room being analyzed was
26.9 inches of mercury necessitating corrections to the calculated
sound pressure levels. All of the surfaces in the room where sound
pressure levels were measured are assumed hard. In the room being
analyzed the ceiling is assumed to be soft. The only other necessary
inputs required not specified here will be those controlling the output
options which are discussed in the next paragraph. For this example it
was assumed that sound pressure levels in the third and eitht octave

bands were desired to be printed out.

OUTPUT

There are several possible combinations of output with this pro-

gram. It will print out full octave band data for each receiver point
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and/or dBA levels at each receiver point. These values are printed in
the same arrangement as the receiver points which were determined
throughout the room.

The first index controlling output is IP entered on the first data
card. If IP is equal to zero, no output of any kind is produced. How-
ever, if IP is any number other than zero control of the output shifts
to the index IDBA. 1If IDBA is equal to 2 only dBA levels will be
- printed. If IDBA is equal to 1 only octave band levels will be printed.
However, if IDBA is any other number both octave band and overall dBA
sound pressure levels are printed out.

If octave band sound pressure levels are to be printed out the
user must specify the total number of octave bands desired and what
particular octave bands these are. The variable NPOB is the total
number of octave bands at which sound pressure levels are desired to be
printed out. The numbers OB(1)-OB(NPOB) are the particular octave
bands at which print-out is desired.

The output produced by the preceding example is shown in Figure
A.3. It is hoped that enough information has been provided to enable
the user to successfully run this program. It is also hoped that the

program so used provides solutions to meaningful acoustics problems.
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THE DEVELOPMENT OF A COMPUTER PROGRAM USING A MODIFIED
ROOM ACOUSTICS APPROACH TO DETERMINE
SOUND LEVELS IN REGULAR ROOMS
by

James Kent Thompson

(ABSTRACT)

A program was developed which calculated sound pressure levels at
an array of points in a room. Necessary inputs are the room dimensions,
sound power or sound pressure levels for the sources, absorption co-
efficients for the room surfaces, the temperature, relative humidity,
and if sound pressure levels are given for the source a description of
the room in which this measurement was taken. This program allowed a
maximum of twenty-five sources. Calculations were made at eleven
octave bands from 16 Hz. to 16,000 Hz. and converted to dBA levels.

The basis for these calculations was a modified room acoustics
equations. The modifications were: a factor modifying the reverberant
term, continually monitoring directivity with respect to changing dis-
tance of receiver points from the source, the inclusion of air ab-
sorption on the direct term and corrections for receiver points in
close proximity to room surfaces. The modification to the reverberant
term was to simulate the departure from the assumption of constant
energy density in irregularly proportioned rooms. The modification
when receiver points were near a room surface was simply the addition

of corrections to calculated sound pressure levels.
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SAMPLE QUTPUT FROM PROGRAM

N= 1 NSWL= 0 NSPL=
= 5.00

SPL= T76.0 78.0 82.0
[SURF= 1

ISURF= 2

ITEMP= O IBP= 1 ISA= 0
TEMP= 70.0 HUMID=
TEMP= T70.0 HUMID=
XX= 12.00 YY=

XX= 10,00 YY=

SA= 10.0

SA= 0.0

Rl= 1240

X4= 500 Y4=

X1l= 6.0 Yl= 50.0
BP= 29.6

DINCR= 0.0 IYINC=
IWALLS= 1

FIGURE A.3.1

1 NOB= 8 NIR= O
81.0 75.0
IXyi=
50.0
50.0
100.00 2Z= 10.00
50.00 = 20.00
25.00 Z4= 0.00
ll= 0.0
0

1P=

1

760 74.0 70.0

NC

1

0 IXYZl= 0 IXYZ2= 0 IXYZ3= 0 IR1l=

NRUN= 1

0 IXYZ4=

NSURF=

0

1



FIGURE A.3.2

O. Be SOUND PRESSURE LEVELS

FIRST POSITION
3 62.8 61.0 61.0 61l.0 62.8
8 5543 553 ' 5543 55.3 - 5543

NEXT POSITION
3 61le3 58.4 58.4 5843 61.3
8 54.9 54.9 54.9 54.9 54.8

NEXT POSITION
3 61«7 58.8 58.8 58.8 61a.7
8 5546 55.6 5547 55.6 55.6

NEXT POSITION
3 623 594 59.4 59.3 62.3
8 565 5665 5645 565 5644



FIGURE A.3.3

NEXT POSITION
63.3 60.4 604 60.4 63.3
575 57e6 576 576 574

NEXT POSITION
645 0618 ©6le8 61leT7 645
588 59,0 59.1 59.0 58.7

NEXT POSITION
66.3 63.8 63.9 63.6 66.1
60.6 61.0 61.2 60.9 60.4

NEXT POSITION
68e5 6Tel 678 6646 6840
6248 644 65.1 63.9 62.3

NEXT POSITION
69.0 68.2 69.5 674 68.3
63e3 6545 6648 64T 626



FIGURE A«3.4

NEXT POSITION
668 O6heh 640 6442 6646
6lel 6le7 619 615 60.8

NEXT POSITION
650 6242 622 62.1 648
5942 5944 59.5 59.4 59.1

NEXT POSITION
63.6 60,7 60.7 607 63.5
578 5749 579 579 57.7

NEXT POSITION
625 59.6 59.6 59.6 62.5
56e7 5608 5648 5647 5647

NEXT POSITION
61«9 58.9 58.9 58.9 6l.8
5508 5548 55.9 558 55.8



FIGURE A<.3.5

NEXT POSITION
614 584 58e4 58.4 6le4
550 55.1 55.1 55.1 55.0

NEXT POSITION
6lel1 58.1 58.1 58.1 61.1
554 55.4 55.4 55.4 55.4

NEXT POSITION
62.8 61.0 61.0 61.0 62.8
553 5543 5543 5543 - 55.3



