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A Mathematical Model for a Single Screen Barrier in
Open-plan Offices

C. Wang" and J. S. Bradley

Institute for Research in Construction, National Research Council,
Montreal Road, Ottawa, Canada

Abstract

In open-plan offices, single screen barriers are widely used to separate
individual workplaces as a means of improving acoustical privacy. In this paper,
a general model for calculating the insertion loss of a single screen barrier in the
presence of a floor and a ceiling is developed using the image source technique.
In addition to the acoustical properties of the floor and ceiling, this model also
takes the sound absorption of the screen, the sound transmission through the
screen and the interference between the sound waves into account. This model is
able to separate the contribution of reflected sound and diffracted sound from
the total sound pressure level at the receiving point, which can help indicate how
best to improve the acoustical design of an open office. The mean differences
between the predicted 1/3 octave band insertion loss values behind the screen

and the corresponding measured results are within 2 dB.

" now at General Motors, Proving Grounds, Mail Code 483-294-201, MI48380, U.S.A.
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1. Introduction

The open-plan office, or landscaped office, has become a widely accepted means of
accommodating large numbers of office workers. However, achieving satisfactory
acoustical privacy is a major problem associated with open-plan office designs. This
problem has been aggravated due to a trend to increasing occupant density in open plan
offices. In open-plan offices, free-standing screens (partial height partitions or panels),
are the basic elements. They not only provide visual privacy, but also serve as sound
barriers to provide improved acoustical privacy. Therefore, in order to efficiently obtain
a good acoustical environment in open-plan offices, the acoustic performance of a single
screen in offices has to first be fully understood. In the past thirty years, many papers
have been published discussing the effects of the screen height and width!" %, the sound
absorption of the screen surfaces”® *!, and the presence of a ground surface on sound
diffraction over the screen’ ®. Although most of these papers were based on barriers
used for road traffic noise control, the basic ideas adopted in these analyses and the

conclusions obtained, should apply to screens used in open-plan offices.

However, it should be noted that barriers for the purpose of controlling traffic noise have
an open, free space above the screen, while in an open-plan office, the ceiling which is a
sound reflective surface always exists. Consequently, the sound energy may reach the
receiver on the other side of the screen via two possible mechanisms: diffraction at the
screen edge, and reflection at the ceiling, as shown in Figure 1. For an open-plan office,
the most important component affecting the acoustical privacy is typically the ceiling
reflectiont”). As a result, it is suggested that the ceiling should be highly sound absorbing.
However in most practical cases, the sound absorption coefficient of a ceiling cannot be
100% over the whole frequency range simply due to the inferior performance of typical
absorbing materials at low frequencies, and also because of lighting systems in the

ceiling.

In order to evaluate the influence of sound reflections from the ceiling on the acoustic
performance of the screen, a mathematical model which includes the sound absorption
coefficient (or the sound reflection coefficient) of the ceiling must be developed. For this
purpose, Moreland et al®™ and Kurze" have presented two different models but both
assumed that the sound field in the room is diffuse. Obviously, these two models are only

[10]

valid when the ceiling and the floor are highly reflective. Kotarbinska treated the
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problem in a different way by using the image source method to represent reflections.
Although this model is more general, only the averaged sound reflection coefficients of
the floor and the ceiling were used in the model, which means that the effects of the floor
reflection and the ceiling reflection were not separated. Also, the effects of the screen
absorption and the interference effects, which are normally important at low frequencies

were not considered.

Ceiling

Floor

Figure 1. Sound propagation in a flat room (i.e. where the length and width
of the room are large compared to the height).

This paper, therefore, describes the theoretical analysis of the insertion loss of a single
screen in a flat room where the length and width of the room are large compared to the
height. This simplifies the problem to a two dimensional problem that closely
approximates conditions in actual open plan offices. Starting from Maekawa’s single
screen diffraction results''), a general expression, which not only takes the floor and
ceiling reflections into account, but also includes screen absorption and the interference
between the sound waves, is developed for calculating the insertion loss of a single
screen in a flat room. Then analytical results are compared with measured data for varied

configurations of the screen and ceiling.
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2. Theoretical Analysis

2.1. A single screen in free space

The acoustic behaviour of a single screen in free space has been studied extensively. The
most popular engineering method was developed by Maekawall who obtained an
empirical design chart by using a series of test data for estimating the sound diffracted
over a semi-infinite single screen. Based on this chart, Kurze et al'''! developed an
expression for the insertion loss of a screen (the difference of the sound pressure levels,
|2 2, at the receiving point with and without the screen present) for any

|p0 and |ps

position in the shadow region behind the screen.

: N
]L:1010g(%):2010g—f +5 (dB), for N, >0 (1)
|Ps| tanh \[272V , ‘

where N, zz[A +B~(d +1)] is the Fresnel number for the shortest diffraction path
r 7,

over the top of the screen. Here f'is frequency, ¢ is the sound speed in the air, and 4, B,
d, | are the distances of the various sound paths shown in Figure 2(a). In order to improve
the accuracy of the equation and have the whole range of Maekawa’s chart covered by
numerical expressions, several formulae have been developed over the past thirty
years''2). However, since most of these formulae are not a single expression, to facilitate

further analysis, Tatge’s result'*! is used in this study,

IL=10log(3+20N,)  (dB), for N, 2-0.1 )
Obviously, this equation is much simpler, and easier to use. Moreover, this equation

allows a negative Ny down to -0.1, corresponding to a receiving point in the illuminated

[1]’ as shown in Figure 2(b). According to Maekawa’s chart“], the

region of the screen
error of this equation at N/=-0./ is about 2 dB. For Ny >0, it has been shown that the
maximum error of using equation (2) is about 1 dB, which normally happens at low

frequencies and for the screens with very low effective height!'.
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(a) (b)

Figure 2. A single screen in free space: (a), receiver in the shadow region, N/>0;
(b), receiver in the illuminated region, Ny<0.

It should be noted that in obtaining equations (1) and (2), the screen was assumed to be
rigid, and sound reflection from the screen surface to be possible. Note that sound
diffraction over the screen mostly depends on the sound pressure along the screen edge. It
is expected that the acoustic performance of a screen with a sound absorptive surface is
different from that with a sound reflective one. G.F. Butler”! studied the difference
theoretically and presented a formula for calculating the excess attenuation when the
screen surface is highly absorptive (sound absorption coefficient = 1). More generally, for
a screen surface with a complex sound pressure reflection coefficient s, the incremental

effect on insertion loss can be further written as,
1 1

[2 (¢, +9. )} + [2 (. -9, )} ‘

0,co5 (9. +4,) | +eos 1 (6. ~4.)

AIL =20log

3)

where ¢, =tan™ (hiJ and ¢, =tan” (hl} are shown in Figure 2(a). It can be seen that
o o

for a highly reflective screen (Qs=1), AIL=0 as expected. When Q,=0, equation (3) is the
one obtained by Butler’”!. Equation (3) indicates that generally as the source or receiver
gets closer to the screen, the excess attenuation due to the screen absorption would
increase. Theoretically, the maximum attenuation due to this effect is 6 dB for a highly

absorptive screen.

In obtaining equations (1) and (3), the transmission loss of the barrier is generally
assumed to be very high so that the sound transmitted through the barrier is negligible. In
open-plan offices, since most screens are thin and lightweight structures, the sound
transmission through single screen barriers may not always be neglected. The
transmission loss of a single screen barrier can be written according to the mass law!'",

TL =-42 +20log,, Mf (4)
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where M(kg/m®) is the mass per unit area, and fis the frequency. Obviously, the heavier
the screen material, or the higher the frequency, the greater the transmission loss for
sound going through the screen. Actually, in comparing the transmitted sound through the
screen with the diffracted sound over the screen, Warnock!' found that if the surface

density of a single screen satisfies the following relationship,
M23JA+B-(d+1) (5)

the transmitted sound is negligible. Here 4, B, d, and / are defined in Figure 2. The
minimum acceptable value of M corresponds to the transmission loss at 1000 Hz being 6

dB higher than the theoretical diffraction loss.

2.2. A single screen in a flat room

When a single screen is put in a flat room, the existence of the ceiling and floor reflection
may change the acoustic behavior of the screen. Generally, more sound energy would
impinge on the screen and finally reach the receiver due to sound reflections from the
ceiling and the floor. An efficient approach to modeling such reflections is to employ the
image source method, according to which a sound reflection path can be effectively
represented by an image source with a source strength set to satisfy the acoustic boundary
conditions at the reflecting surface. Note that in a flat room, the floor and the ceiling form
two parallel reflective surfaces. To model the multiple reflections between the floor and
the ceiling, a series of image sources above the ceiling and the below the floor can be
generated. The accuracy of this method depends on the number of images considered,
because all images may influence the final results. The advantage of this approach is that
for each image, the problem can be simplified to that of a single screen in a free space

with different combinations of propagation paths between the source and the receiver.

In the discussions below, it is assumed that all of the acoustic units, such as the source,
the receiver, and the screen, have their own images with respect to the ceiling and the
floor. The image of the source with respect to the screen is not considered here because
the effect of the screen absorption has been included in equation (3) for the case of free

space.
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Oc

Or

Figure 3. Geometry of a single screen in a flat room.
In Figure 3, the geometry of a single screen in a flat room is shown. The sound pressure
reflection coefficients of the floor and the ceiling are assumed to be Or and Q.
respectively. When the screen is absent, only images of the real source S due to the floor
and the ceiling need to be considered. The total sound pressure at the receiving point R is
therefore the sum of the contributions from all of these images, which can be written as

(omitting the time component &%),

n=oo

n
act
cel (2)‘

n . 2 2
Toor(H eV

pO:Z(msz’ Q _—

where ceil(x) and floor(x) are two functions defined as:

ceil(x) = the smallest integer = x

(7

Also, W is the sound power of the source, g, is the air density, and & is the acoustic

floor(x) = the greatest integer < x

wavenumber in air. Also, d is the distance from the real source S to the receiver R.

nH, forevenn . ) ) [10] )
= is the y-coordinate of the n-th image source" . Negative
(n+1)H —2s, foroddn

n

n represent image sources located below the floor, while positive n represent image

. This is the

1

sources located above the ceiling. When n=0, p, :(Wp Ocojz E?_jk(dﬂ)
41T (d+1)

direct sound from the real source to the receiving point.

From equation (6), it can be seen that the sound pressure level at a receiving point very

much depends on the reflection coefficients of the floor and the ceiling. If the reflection

coefficients are zero, there would be only direct sound between the source and the

receiver, which is the case for free space. When the reflection coefficients are unity, the

only thing affecting the contribution of an image source at the receiving point is the
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distance between them. Note that generally the contributions from image sources
decrease as the order of the image source || increases. There would always exist an order
number after which the contribution of the image source to the total sound pressure at the

receiving point is negligible. For convenience, let this order number be N.

(a) (b)

Figure 4. The image space of a source and receiver in a flat room: (a) identifying the
reflected paths between the source and the receiver; (b) identifying the image receivers in
the shadow region.

When the screen is present, some of the sound waves will be prevented from reaching the
receiving point. In the image space, these waves are those generated by the image
sources, which are invisible to the receiving point behind the screen or the image screen,
as shown in Figure 4(a). Therefore, it can be proved from Figure 4(a) that only those
image sources whose y-coordinates Y, satisfy the relationship shown below would have

sound that reaches the receiving point directly.

d;l(z‘H+h—s)<Yn<dl+l

[i+2)H-h-s], i=0,+2,#4, 46,220  (8)

Here integer i only increases to 2n because it can be shown that for any i which is greater
than 2n, it is impossible for this relationship to be satisfied. For those image sources
whose y-coordinates do not satisfy equation (8), sound diffraction over the screen would
occur. To benefit further description, integers K, and / are used respectively to represent
those images whose y-coordinate does (Yx) and does not (Y;) satisfy equation (8). Thus

the reflected sound at the receiving point would be,

K
K
cel(z)‘

K
ﬂoor(;)‘ e—jk,ly,f +(d+1)?

p :Z(m]zQ Q
r - 47T c f ma

KAy 1 ©
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Here it is assumed that for any reflection path, the magnitude and the phase angle of the
reflected sound are not affected by the edge diffraction of the screen and the finite size of
the opening from the top of the screen to the ceiling. This implies that the model

developed may not apply at low frequencies or for small screen-to-ceiling gaps.

For the image sources for which the direct propagation paths to the receiver are blocked
by the screen, sound diffraction at the screen edge thus becomes their secondary source to
the receiver'' ). Since this secondary source radiates in all directions, the diffracted sound
could be further reflected by the ceiling and the floor before it reaches the receiver. As a
result, a series of image receiving points are therefore expected. Similar to the discussion
above for image sources, the y-coordinates of those image receiving points y, can be

written as,

mH for even m
V, = , m=0,+x1,+2,+3-- N (10)
(m+1)H —2s, for odd m

Again, a negative integer m represents images below the floor, and a positive integer m
represents images above the ceiling. Note that it is assumed that the sound diffraction
only happens in the shadow region, which means that the image receiving point must be
invisible to the source behind the screen, as shown in Figure 4(b). Therefore for a
particular image source /, only those image receiving points which satisfy the relationship

shown in equation (11) should be considered.

d+1
Ym <7(hef—Y1)+Y1, (11)

This equation actually ensures that all the image receiving points considered are located
in the shadow region of the image source /. For those image receiving points which do
not satisfy this relationship, there must be a direct path (plus reflection) to the source,
which has already been considered in equation (9). Let integer J represents those image

receiving points which satisfy the above relationship.

Although it might be reasonable to ignore the variation of the magnitude and the phase
shift for the sound being reflected over the screen in equation (9), the corresponding
change for the sound being diffracted over the screen has to be considered. This is
because on the receiving side, the screen edge behaves like a secondary radiation source
of which the source strength depends on the sound field of the source side!'”). Generally,
to have an exact solution, a rigorous analysis which involves diffraction integrals is

needed”. However, it was recently argued by Lam!® that the phase shift of the sound
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wave after the diffraction at the barrier edge can be approximately represented by 774
radians, while the attenuation in magnitude still can be determined by Maekawa’s chart.
This result has been further verified by Muradali et al' with 2-dimensional and 3-
dimensional noise barrier simulations. Therefore, the total diffracted sound at the

receiving point is,

ceil(i) + ceil(i) ﬂoor(i) + ﬂoox(i)‘
2 2 2 2 e

1 At
_ Wpyc, 20 Qf Jk(Ar+8,) .
P ZZ ar Ly

1 J

(12)
e‘flzr O, CO{I (¢s] +9, )} + Co{l (¢s1 ~P )}

2 2

B B
3 +20N {; (¢ +4., )} +{; (2, _¢,,,)}

where L, =\/(d +1)* +(y, —-Y,)* is the distance from the I-th image source to the J-th

2f

image receiving point, N, ===—(4, +B, —L;) is the corresponding Fresnel number.
» ¢,

A4, = \/dz +(h, =Y, )? is the distance from the /-th image source to the top of the screen,

and B, =\/12 +(h, =y ,)? is the distance from the top of the screen to the J-th image

2l
4

e
J3+20N

and the last term relates to the screen absorption, in which ¢, =tan™

—J

receiving point. In this equation, term corresponds to the screen diffraction,

’

hy =Y,

1

@, =tan” . It can be seen from equation (12) that the total diffracted sound also

hef -V
depends on the sound reflection coefficient of the floor and the ceiling. When the
reflection coefficients are zero, only direct sound diffraction exists between the source
and the receiving point, which is the case discussed in Section 2.1. When the reflection
coefficients are unity, depending on the position of the receiving point, the indirect sound

diffraction could play an important role in the total diffracted sound.

It should be noted that for each image source /, since the direct propagation path from the
source to the receiver is blocked by the screen, there should also exist a path for the

sound transmitted through the screen. Therefore, the total transmitted sound is,
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ceil(i)‘ ﬂom(g )‘ e —jk(4;+B;)
2 r

1
— Wp,co |2
re e "
where T, is the sound pressure transmission coefficient. Normally, it is difficult to get the
phase information of the transmission coefficient. However, if a high transmission loss
screen is used, the contribution of this term can be neglected. Therefore, the insertion loss
of a single screen in a flat room with the interference effects included (i.e. p,, ps and p,
are coherent) is,

|P0|
IL=20log — 20 14
Og{pﬁpﬂptl (9

Note that for an engineering approach, 1/3 octave band analysis is widely adopted. If Aw
represents the 1/3 octave bandwidth, the corresponding 1/3 octave band insertion loss can

be obtained by using the following equation.
~ | -
— dw
Aw J‘|po|
Aw

Pt p,tpldw

1L =20log (15)

Aw

Aw
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3. Validation of the Model

3.1. Test environment
To verify the model developed above, a series of experiments were carried out at the

Institute for Research in Construction, National Research Council Canada. Figure 5
shows the configuration of the test room. In the experiment, single screens with two
heights, 1.22m, and 1.52 m were tested. The length of the screen is 4.66 m, which is the
width of the room. The source and microphones are located along the center line of the
room, and at a height of 1.22 m. The output power and the directivity of the sound source
were measured in a reverberation chamber and an anechoic chamber respectively. All of
the walls of the room are covered with 0.1 m thick absorbing foam. The empty room
(without the screen) test results show that above 250 Hz, the influence of wall reflections
can be neglected. Thus the experimental conditions were a good approximation to those

of the two-dimensional analytical model.

I ceiling _ _ _____. 1

0.1m foam 0.1 m foam

357m ¢ —»

H
—a —d — — —
1.22m h \
1]
j

h 921 m "

Figure 5. The configuration of the test room.
The floor of the test room was covered by a thin commercial carpet with SAA = 0.19.
(SAA, the Sound absorption Average is the average of the 1/3 octave band absorption
coefficients from 200 to 2500 Hz, ASTM C423-99). The normal specific acoustic
impedance of the carpet ({y) was measured in an impedance tube. Therefore, the sound
pressure reflection coefficients at a particular incident angle can be determined by using
equation (16) and assuming the carpet to be locally reacting!'®’.

_{,sinf-1

- ¢,sinf+1

(16)

where @is the incident angle shown in Figure 5.
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Typical of most open-plan offices, the T-bar ceiling system of the test room was
composed of ceiling tiles and a backing space, as shown in Figure 5. In these
comparisons, two ceiling systems, 25 mm thick H-B-type high absorption ceiling tiles
(SAA=0.97) with a backspace of 0.787 m, and 13 mm thick L-A-type low absorption
ceiling tiles (SAA=0.67) with a backspace of 1.09 m, were examined. Since sound
propagation may exist in the backspace, it is not appropriate to assume that the ceiling
system is locally reacting. Normally for a non-locally reacting ceiling system, it is
difficult to give a theoretical description for its sound absorption behaviour. However, if
the ceiling tile can be assumed to be not moving, the specific acoustic impedance of the

system for oblique incidence can be written as!'” ¥,

-J cot( 2775 sin Hj cosh )L + {, sin @sinh )L

c

(=4 (17)

-J cot(ziﬂ) sin 9] sinh )L + { , sin@cosh )L

C
where b is the depth of the space above the ceiling, yis the sound propagation constant in
the material, L is the thickness of the ceiling tile, and {.pis the normal specific acoustic
impedance of the ceiling tile material. Then the corresponding sound pressure reflection

coefficient Q. can be obtained using equation (16). Here {.pcan be obtained by

400

Sound Absorption Coefficients

1.0
300
08 g s
w
e g -
06 { s bemg=® T $ =
: ) , S 200 - _'__.--'-'- it
0.4 4 £ e
& @ -
@
¥y =
024..5 B gt ™ L 1049 B |
v o v o —o— 13 mm thick 0SB
e i
00 +——+—+—+ +—+— T o 50 mm thick foam
100 160 250 400 630 1000 1600 2500 4000 0.0 . . — . —_—
1/3 Octave Center Frequency (Hz) 100 160 250 400 630 1000 1600 2500 4000

1/3 Oct Center Frequency (Hz)

Figure 7. The transmission loss of the OSB
panel and the foam.

Figure 6. Measured normal incidence absorption
coefficients: ¢ — carpet,; A----- L-A type ceiling
tiles with a backspace of 1.09 m; X+ H-B type
ceiling tiles with a backspace of 0.787 m;

o---- foam on the screen.

measuring two ceiling tile samples with different thicknesses separately in the impedance
tube!'™. In Figure 6, the measured normal incidence absorption coefficients of the carpet

and the two ceiling systems are shown.
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3.2. Experimental and predicted results

The single screen used in the experiments was the 13 mm OSB (Oriented Strand Board,
surface density 8 kg/m?) panel covered with 50 mm thick sound absorbing foam. The
sound pressure reflection coefficient of the foam Q; was determined using equation (16)
and by measuring the normal specific acoustic impedance in an impedance tube. The
calculated normal incidence absorption coefficients of the foam are also shown in Figure
6. The transmission loss of the panel and the foam were separately measured according to
ASTM E90 (1999) and shown in Figure 7. It can be seen that for a single layer OSB
panel without absorbing foam, the transmission loss is about 10 dB higher than the
diffraction loss over a single screen with an effective height of 0.31 m, which is the worst
case studied here. Therefore, in the calculations, the sound transmission through the

screen is neglected.

Figure 8 to Figure 11 compare the measured insertion losses at different positions behind
the screen with those predicted by equation (15). Figures 8 and 9 show the cases of two
different source positions, 0.91 m and 1.83 m away from a 1.52 m high screen, for L-A
type ceiling tiles with a back space of 1.09 m. Figures 10 and 11 show the cases of two
different screen heights, 1.22 m, 1.52 m, for H-B type ceiling tiles with a 0.787 m
backspace. The agreement between the estimation and the measurement is generally quite
good. As discussed in Section 3.1, the larger differences at low frequencies are thought to
be due to the sound reflections from the walls of the test room. At mid to high
frequencies, the errors may be caused by the estimates of the sound absorption
coefficients of the ceiling systems. For example, the assumption, that the ceiling tile is
not moving, made in calculating the sound reflection coefficients of the ceiling system,
may not be completely valid for both types of ceiling tiles. For example, the error for H-B
type ceiling tiles may be higher than that for L-A type ceiling tiles because H-B type
ceiling tiles are lighter and softer than L-A type ceiling tiles and more likely to vibrate.
Also, the different installation conditions of ceiling tiles in the test room may introduce
some difference in the sound absorption coefficients relative to those obtained from the
impedance tube measurements. However, as shown in the figures, the interference

effects, indicated by the mid-frequency peaks and dips in these figures, are successfully
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Figure 8. The insertion loss at different positions behind the screen: L-A type ceiling tiles with
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=10 e
1600 2500 4000

Mathematical model, single screen -15



fai I=0.91'm
-10 S T S
100 160 250 400 630 1000 1600 2500 4000
1/3 Octave Center Frequency (Hz)
20
[
e T
e T g
w
¥
(ch1=2.74m
B T e e
100 160 250 400 630 1000 1600 2500 4000

1/3 Octave Center Frequency (Hz)

IL (dB)

(hi I=1.53m

250 400 630 1000 1600 2500 4000

1/3 Octave Center Frequency (Hz)

(di I=3.66 m

250 400 630 1000 1600 2500 4000
1/3 Octave Center Frequency (Hz)

Figure 10. The insertion loss at different positions behind the screen: H-B type ceiling tiles with a back
space of 0.787 m, d=1.83 m, h=1.22 m, H=2.74 m, s=1.22 m, ¢ — experiment; X----- prediction,
0 ------ prediction(two-path calculations).
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Figure 11. The insertion loss at different positions behind the screen: H-B type ceiling tiles with a back
space of 0.787 m, d=1.83 m, h=1.52 m, H=2.74 m, s=1.22 m,

& — experiment, X----- prediction; o ------ prediction(two-path calculations).
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estimated. The mean absolute errors in estimating the insertion losses above 250 Hz
shown in Figures 8 to 11 are 1.3 dB, 1.6 dB, 1.8 dB, and 1.9 dB respectively.

Note that in previous practical calculations, single screen behavior in a flat room was
mostly predicted based on the direct diffraction and the first ceiling reflection paths'”'*,
In order to show the benefits of considering higher order paths, the insertion losses of the
screen based on the two-path model are also shown in Figures 8§ to 11. The corresponding
mean absolute errors above 250 Hz were a little larger for the simple two-path
calculations in Figures 8 to 11 and are 1.8 dB, 2.0 dB, 2.1 dB, and 2.2 dB respectively.
However, at some points in the mid and lower frequency range, below about 800 Hz the
complete model led to larger improvements of up to 5-7 dB relative to the simpler model.
This is primarily due to the inferior performance of ceiling absorption at lower
frequencies, which makes sound reflection more efficient. Generally speaking, the higher
order paths are more important for: low ceiling absorption, low ceiling heights, and

source/receiver positions further away from the screen.

8
3

s
o

Sound Pressure Leval (dB)

S Bl NI

T T
-2 o 2 4 & -1 10

Order of Image Sources Order of Image Scurces

Figure 12. The contribution of each image source at different positions behind the screen: H-B
type ceiling tiles with a back space of 0.787 m, f=500 Hz; d=1.83 m, H=2.74 m, s=1.22 m,
[=0.91 m; (a) h=1.22 m; (b) h=1.52 m,

U, sound diffracted over the screen; B , sound reflected over the screen,

3.3. Contributions of diffracted and reflected sound

In Section 2, it was argued that the sound generated by the source reaches the receiver in
two different ways, by being diffracted over the screen and by being reflected from the
ceiling over the screen. Also, it was shown that except for the distance between the
source and the receiver, the sound reflected over the screen only depends on the floor and
ceiling absorption, while the sound diffracted over the screen primarily depends on the

effective screen height. Therefore theoretically, it is possible to separate the contribution
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of the diffracted sound and the reflected sound in the total sound pressure level at the
receiving point so that the design and renovation of a single screen in a flat room can be

carried out more effectively.

In Figure 12(a), the contributions of 21 image sources to the sound pressure level at a
position 0.91 m behind a 1.22 m high screen under H-B type ceiling tiles are shown for
500 Hz. The abscissa of the figure, the order of the image source, represents different
image sources, for which zero represents the real source, and positive numbers
correspond to image sources above the ceiling and negative numbers to those below the
floor. It can be seen that as the image order |n| increases, the contributions decrease. This
is simply because the ceiling and the floor are sound absorptive. After being reflected
several times, either the diffracted sound or the reflected sound would loose considerable
sound energy. Therefore, the two sound propagation paths, »=0, and n=1 which are the
direct propagation path between the source and the receiver and the first reflection path
from the ceiling respectively, are usually most important. From Figurel2(a), it can be
seen that the diffracted sound dominates the total sound pressure level at this position.
Under this circumstance, if more attenuation behind the screen is required, one must first
increase the screen height. Figure 12(b) shows the results for a 1.52 m high screen under
the same ceiling condition. It can be seen that the diffracted sound has been successfully
reduced. Obviously, if further attenuation is expected, both the screen height and the
sound absorption of the ceiling tile have to be increased because the diffracted sound and

the reflected sound contribute almost equally to the total sound pressure levels.
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4. Conclusions

This paper describes the development and validation of an analytical model for an office
screen (i.e. partial height partitions or panels) in the presence of a floor and a ceiling. A
general model based on the image source method is presented. This model not only
includes the effects of floor and ceiling reflections, but also takes the screen absorption,
the sound transmission through the screen, and the interference between the sound waves
into account. Moreover, this model is able to separate the contribution of reflected sound
and diffracted sound from the total sound pressure level at the receiving point, which can
indicate how best to improve the acoustical design of a single screen in a flat room. The
mean differences between the predicted 1/3 octave band insertion loss values of the

screen and the corresponding experimental results are generally within 2 dB.

Although the new model provides only small average improvements relative to a simpler
two-path model, it is easily argued that such small average improvements are important
in open office design. Larger errors were found at mid and lower frequencies and in
general it is the largest errors that will create the more significant problems. Also, in
typical open office situations, adequate speech privacy is usually only possible by careful
optimisation of all details and hence all small improvements in the prediction model are

important.

The model developed here has been used as the basis of a more extensive analysis of
multi-screen structures in open-plan offices, which will be described in future

publications.
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