AJAA JOURNAL
Vol. 30, No. 5, May 1992

Study of Intensification Zones in a Rectangular
Acoustic Cavity

Linda F. Peretti* and Earl H. Dowellt
Duke University, Durham, North Carolina 27706

The interior acoustic field of a rectangular acoustic cavity, which is excited by the structural vibration of one
of its walls, or a portion of the wall, has been studied. Particularly, the spatial variations of sound pressure levels
from the peak levels at the boundaries (intensification zones) to the uniform interior are considered. Analytical
expressions, which describe the intensification zones, are obtained using the methodology of asymptotic modal
analysis. These results agree well with results computed by a discrete summation over all of the modes. The
intensification zones were also modeled as a set of oblique waves incident upon a surface. The result for a rigid
surface agrees with the asymptotic modal analysis result. In the presence of an absorptive surface, the character
of the intensification zone is dramatically changed. The behavior of the acoustic field near an absorptive wall
is described by an expression containing the rigid wall result plus additional terms containing impedance
information. The important parameter in the intensification zone analysis is the bandwidth to center frequency
ratio. The effect of bandwidth is separated from that of center frequency by expanding the expression about the
center frequency wave number. The contribution from the bandwidth is second order in bandwidth to center

frequency ratio.

Nomenclature
A = area
c = speed of sound
F = cavity acoustic modal function
I = frequency
k = wave number
L = cavity dimension
M = generalized mass
n = modal index
P = pressure
ry = real part of impedance
14 = volume
w = displacement
x,y,Z = spatial position coordinates
Xp = imaginary part of impedance
Zp = impedance at the boundary

AN = number of acoustic modes
¢ = damping ratio

0 = density

$ = power spectrum

2] = frequency

() = spatially averaged quantity
Subscripts

b = bandwidth

c = center frequency

f = flexible

o = reference value

r = acoustic modal index
Superscripts

A = acoustic

= time derivative

= (overbar on pressure) rms

= (overbar on impedance quantities)
nondimensionalized by pc
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Introduction

N structural-acoustic coupled systems, such as the interior

of an automobile or an aircraft fuselage, an acoustic field
is created by the structural vibration of a wall or walls of the
enclosure. This problem has been studied previously using
asymptotic modal analysis (AMA) on a rectangular acoustic
cavity.!? The cavity was assumed to be entirely rigid except for
a vibrating portion of one of its walls. The vibrating portion
contained a large number of structural modes, which in turn
generated a large number of acoustic modes in the interior
space. Acoustic theory predicts, and the previous numerical
work has shown, that there are intensification zones in the
acoustic field near the cavity boundary and an otherwise uni-
form response in the interior region. This is due to the lack of
spatial correlation in the interior and the imposition of spatial
correlation at the boundaries. For a rectangular acoustic cav-
ity, it is well known that the mean square pressures are eight,
four, and two times the uniform interior pressure levels at the
corners, edges, and faces, respectively.’-3

In designing acoustic spaces, allowances must be made for
these intensification zones. Therefore, it is important to deter-
mine the characteristic distance over which the response levels
change from their peak values at the boundary to the uniform
interior level. If the distance from a boundary is nondimen-
sionalized by the center frequency wave number k., then the
intensification zone can be described by the nondimensional-
ized spatial variable k.x and the bandwidth to center fre-
quency ratio f3/f.. Significantly, the parametric dependence is
independent of cavity dimensions. The spatial variation of
mean-square pressure is also independent of cavity dimen-
sions. The spatial variation of mean-square pressure is also
independent of the size of vibrating or absorptive surfaces on
the cavity wall, provided that the surfaces are very large com-
pared to an acoustic wavelength (high-frequency limit) and
provided that the damping is small.

The dependence on bandwidth can be separated mathemati-
cally from the dependence on center frequency through a
Taylor series expansion in f,/f, taken about the center fre-
quency wave number. It is found that the bandwidth depen-
dence is a higher order effect. The resulting mathematical
expression for mean-square pressure consists of a term that is
dependent only on the center frequency, plus terms that con-
tain the bandwidth to center frequency ratio; but these terms
are of order O[(f,/f.)?] and higher.
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Using AMA, the spatial variation of mean-square pressure
was found to be independent of cavity dimensions. This sug-
gests that the problem can also be analyzed as a local problem
consisting of an infinite number of oblique acoustic waves
incident upon a rigid surface from all possible angles. The
solution to that problem is equivalent to that derived from
AMA. ,

In the same manner, an expression can be obtained for the
spatial variation of mean-square pressure, which describes the
intensification zone near a boundary for a case where the
incident wall is nonrigid (i.e., finite impedance cases). This
result can be written in terms of a hard wall component plus
an absorption correction term, which contains the impedance
information.

The purpose of this research is to determine the structure of
these intensification zones and their relation to the entire
acoustic field. It is hoped that this work will lead to better
design and analysis of acoustic spaces by providing a more
thorough understanding of intensification zones for both rigid
and absorptive walls.

Background

Intensification zones for structures have been studied exten-
sively by Crandall® and others for random vibrations of plates
(see, e.g., Refs. 6-8). They have found that the response of the
plate at high frequency is relatively uniform, with exceptions
occurring at the point of application of a force and/or at the
boundaries, depending on loading conditions and boundary
conditions. Kubota and Dowell® found similar intensification
phenomena for a rectangular plate excited by random vibra-
tion of a point force. They used AMA to predict the response
of the plate, and they verified their results with experimental
data.

The study of intensification zones in acoustic spaces was
first begun by Waterhouse!® in the 1950s. His pioneering work
on interference patterns in reverberant sound fields was fol-
lowed by further research by Chu,!!!? Tohyama and Suzuki,?
and others 415 who were specifically interested in the place-
ment of microphones in reverberation chambers. The results
presented here for rigid wall boundaries agree with the earlier
work, although the derivations are different. References 10-15
were restricted to rigid walls only. Later work by Waterhouse
and Cook!® included the treatment of pressure release (p = 0)
boundary conditions.

Parameterization of Intensification Zone
Asymptotic Modal Analysis Approach

A rectangular acoustic cavity with five rigid walls and one
vibrating wall has been studied previously using AMA. A
diagram of this problem is shown in Fig. 1. The vibrating wall
was driven by white noise such that a large number of struc-
tural modes was excited in a particular. bandwidth. It was
assumed that a large number (approaching infinity) of acous-
tic modes was present in the interior acoustic cavity, and that
these modes were temporally uncorrelated. Although it is not
assumed in the AMA derivation, a consequence of the previ-
ous assumptions is that the acoustic modes are spatially uncor-
related as well. From Refs. 1 and 2, the expression for the
mean-square pressure for a finite number of acoustic modes
and an infinite number of structural modes is

p: T A F2(x.5,2)
= L P (w0 _tr el
o2y = 4 v2 WL Gy

X ” F? (%,3,2,) dx dy €]
47

As in AMA, M/ and {7 can be treated as constant in a band
and can therefore be evaluated at the center frequency. Thus,
for example, M becomes M/, etc. Normalizing p? by the
spatially averaged p? yields the following expression for the

nondimensionalized mean-square pressure in the rigid cavity
with one entire wall flexible and vibrating:

P B0/
®) "~ L{F2060a)/ (@

@

where the quantities in () are spatially averaged values. This is
the expression that describes the intensification zone near a
boundarys; it is a ratio of the local mean-square pressure to the
spatially averaged (or uniform interior value) mean-square
pressure. At interior points, this ratio will asymptotically (for
r —oo) approach 1.0, whereas at the boundaries, the ratio will
be 2.0, 4.0, or 8.0 for walls, edges, or corners, respectively.
There are several possible transitions to study: from a corner
to an edge, a wall, or the interior; from an edge to a wall or the
interior; and from a wall to the interior. For each case, there
are one-, two-, and three-dimensional modes to consider.
For the rectangular acoustic cavity, Dowell et al.!” have
shown that hard-box modes can be used to describe the inte-
rior acoustic field, even when all six walls are not rigid. There-

fore,
n,TX n,wy n, 7z
FX(x,3,7) = cos2< = >cos2< 2 )cos2 £
F6y,2) I L, L

(@) = (nch>2+ <ny7'rc>2 4 (1T 2
" L, L, L,

Orie-Dimensional

Considering one-dimensional modes only, F, = cos (nwx/
L,) and o' = nwc/L,. Assuming there are a large number of
acoustic modes, which is consistent with the AMA approach,
the discrete variable n can be treated as a continuous variable.
Equation (2) becomes,

j cos2<n£rx> / n3dn
n x

pZ
®) i, I/nddn ®)

This integration can be done analytically, and the result is,

2 2 2
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Fig. 1 Rectangular acoustic cavity that was studied.
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1-D Intensificaﬁon
Summation Vs. Integration

Integration
---------- Sum 15 modes
ﬁ sesssanans  Sum 547 modes

Non-Dimensionalized Mean-Sq. Pressure

o v L] ¥ ‘l L] ¥
0 10 20 30 40 50
kex :
Fig. 2 Nondimensionalized mean-square pressure vs k.x computed
three ways: as an integration in wave-number space, as a summation
over 15 modes, and as a summation over 567 modes.

where f. is the center frequency, f; the frequency bandwidth,
and f; and f, are defined as the lower and upper frequencies,
respectively, of the frequency interval as follows: f,~f; = f5,
and f. = ~/f, - f. The arguments of the cosines and the cosine
integral function Ci are defined by 6,= 2*k.x*/f., 0, =
2%k .x*f,/f., where the nondimensional distance k.x is equal
to Ruf)x/c. } :

The ratios f/f. and f,/f, can be obtained from f,/f, using
these definitions. In fact, the entire expression (8) can be
written in terms of f;/f, and k.x, where k.x is the product of
the wave number associated with the center frequency and the
distance from the endpoint. Knowing the ratio of frequency
bandwidth to center frequency (f»/f.) allows the pressure
function in the transition zone to be plotted as a function of
nondimensionalized distance k.x away from the éndpoint.
Note that the dimensions of the cavity do not appear in this
result. :

If we assume that the frequency is approximately constant
over the interval, and allow w to equal w,, the result would be

P 11
P 2 kel Se)

This is a decaying function that beats with some predictable
frequency, as is shown in Fig. 2. In Fig. 2, both the previous
approximation (5) and the discrete sum are plotted. The sum-
mation is performed for two different center frequencies, one
in which 15 modes are present and the other in which 567
modes are present. The summation expression requires an
additional parameter that is dependent on cavity dimension.
Although the AMA (integration) approximation is theoreti-
cally valid when there are a large number of modes, here the
approximation works well for relatively few modes. However,
the agreement is not as good in the two- and three-dimensional
cases.

{sin (9,) — sin (69} &)

Two-Dimensional Case

The transition zone for the two-dimensional case is slightly
more complicated. In this case, F, = cos (nax/L,) cos (m=ny/

D

L,) and (w?)? = c®[(nax/Ly)? + (mwy/L,)?]. Assuming there
are a sufficienitly large number of modes, m and » can be
treated as continuous variables and the summation can be
replaced by integration. Converting to wave-number space
(nwx/Ly =k, etc.) and transferring k, and k, into polar
coordinates by the relations k,, = k cos « and k,, = k sin «, Eq.
(2) can be written for the two-dimensional case as,

/2
jg [cos? (kx cos a)l[cos® (ky sin a)]/k? da dk
= /2 ' (6)

pZ
P? 1
) A 5 do dk
0

To show that this integral is dependent only on k.x and f,/f,,
let £ = kx. Then ky = ¢ y/x and d¢ = x dk. The nondimen-
sionalized pressure ratio becomes
pZ
@)~
(ku /keYee x
gj [cos?(£ cos a)][cos® (£y/x sin a))/¢2 d¢ da

k/kkex A
(ku /keYke
11
j j - = di da
kgt € 0]

In Eq. (7), the only independent parameters are k.x and the
ratios k,/k. and ky/k., which can be derived from f,/f.. The
ratio y/x is known from the desired location within the cavity.
The geometry of the cavity itself (i.e., the cavity dimensions)
is not an important parameter in determining the nondimen-
sionalized pressure ratio of the cavity interior.

If we assume that k£ is a constant (i.e., Ak/k < 1), this
expression can be integrated explicity with the result that

p* ;

52—) =1+ JyQ2kx) + Jo2koy) + Jo(Rk:x) - Jo(Rk.y)

8 (-] @
+ Y Y (1) 2Rk x)am(2key)

m=1n=1

sin (m—n)x/2
1% 2(m~—n)

sin (m + n)xw/2)
2(m + n)
(/4 m=n

m#n

Notice in the limit as k.x and k.y asymptotically approach
infinity, the Béssel functions decay and the nondimensional-
ized pressure ratio asymptotically approaches 1, whereas the
k. and k.y approach zero (i.e., near the corner), the higher-
order Bessel functions decay, but Jy(0) = 1 and so the nondi-
mensionalized pressure ratio asymptotically approaches 4.

Three-Dimensional Case

For the three-dimensional case, F, = cos (nxx/L,) cos
(mmy/L,) cos (bnz/L;) and «; = c*[(nw/L,)* + (mn/L,)* +
(x/L,)]. Substituting these expressions into Eq. (2), making
theé appropriate assumptions to allow the summation to be
replaced by integration (large number of modes, etc.), and
transforming from modal index space to wave-number space
yields the following expression in spherical wave-number co-
ordinates:

" SS SS [cos?(kx sin § cos ¢) - cos?(ky sin 8 sin ¢) - cos*(kz cos 0)/k] sin 6 d6 d¢ dk
k0,6

-

SH (1/k) sin 6 d6 de dk
k,$,0

®
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1-D Intensification Curves

________ FB/FC = .005
FBFC = .2329
smsaensse  FRFC = .500

Mean-square pressure ratio

KCX

Fig. 3 Nondimensionalized mean-square pressure vs k.x, one-dimen-
sional case, three fp/f. ratios plotted: f5/f. = 0.005, 0.23, and 0.50.

2-D Intensification Curves
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Fig. 4 Nondimensionalized mean-square pressure vs kcx, two-dimen-
sional case, three f3/f. ratios plotted: fp/fc = 0.005, 0.23, and 0.50.

Again, it can be shown that the nondimensional pressure
ratio is independent of cavity geometry and is, in fact, only
dependent on the parameters k.x, y/x, z/x, and f3/f. by per-
forming a change of variables, as in the two-dimensional case.
When the spatial variables are nondimensionalized by wave
number, the transition zone can be plotted as a function of
mean-square pressure vs position if the bandwidth to center
frequency ratio is specified. )

As the number of dimensions increases, the ratio f,/f. plays
a less significant role in the shape of the transition zone, as can
be seen upon comparison of Figs. 3-5. In each of the three
figures, curves corresponding to three different f,/f. ratios are
overlayed. The three f,/f. ratios are f,/f. = 0.005 (which cor-
responds to a narrow bandwidth at a high center frequency),
Jo/fe = 0.23 (corresponding to a ¥4 octave band), and f,f. =
0.500 (which corresponds to an octave band). For the one-di-
mensional case, Fig. 3 shows three distinct curves for the three
different ratios. In the two-dimensional case, the three sepa-

" rate curves are beginning to converge (Fig. 4), whereas in the

three-dimensional case (Fig. 5), convergence occurs more
rapidly. This trend is due to the large number of two- and
three-dimensional modes for a given center frequency at fixed
bandwidth.

Oblique-Wave Approach

Alternatively, the problem of intensification near
boundaries can be analyzed as a local problem. At the walls,
for example, the problem can be modeled as an infinite num-
ber of sound waves incident upon a rigid surface from in-
finitely many directions. The expression for the pressure at a
point in the x,y plane due to a single sound wave, as shown in
Fig. 6, is p(x,y,t) = P e/@=%»_ where P = 2 A cos k, x, and
A is the amplitude of the incident pressure wave. Assuming
equal amplitude incident waves with random phase and ran-
dom incidence angles (all equally probable), the summation of
the mean-square pressures is

Y p?2= Y 2 A2 cos® (kx cos 6)
Awd Ak
where k, has been replaced by & cos 6.

Assuming there are a large number of frequencies in a
particular bandwidth, as in AMA, the mean-square pressure
in the band is '

/2 k upper
p’= j 2472 j cos? (kx cosf) dk do

—-7/2 k lower

3-D Intensification Curves

e EB/FC = .005
1 —— FBFC=.2329
ssensamnnn FBFC = .500

Mean-square Pressure Ratlo
F-S
1

—— —" —

o] 2 4 6 8 10
KCX

Fig. 5 Nondimensionalized mean-square pressure vs k.x, three-di-
mensional case, three f;/f. ratios plotted: fp/f. = 0.005, 0.23, and
0.50.

e

(reflected) 2b, (reflected)
B B
X X
transmitted L
or %}%
absorbed
A . A
5 (incident) % 5 (incident)

Fig. 6 Reflection from a rigid surface (left) or from an absorptive
surface (right).
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In order to compare this result to the AMA result, it must be
nondimensionalized by its asymptotic far-field value (.e.,
large k.x), which is 2742 (k,— k). The corresponding result
derived from AMA is Eq. (6). However, Eq. (6) contains
variation in both the y and x directions. The nondimensional-
ized mean-square pressure ratio is equivalent to Eq. (6) for the
two-dimensional AMA intensification from a wall providing
that the y variable is held constant and the wave number is
assumed large, such that the product ky approaches infinity.
Note that the 1/k? terms in Eq. (6) are contained in the
pressure amplitude P for the oblique waves. These results also
agree with the earlier result of Waterhouse!® which was
derived using methods similar to the oblique-wave formula-
tion.

Similar relations can be derived for the two- and three-di-
mensional incident sound fields with reflections from one,
two, or three rigid surfaces. The methodology is similar to that
presented here, and the results are in agreement with the AMA
results.

Absorptive Wall Intensification

Using the oblique-wave approach outlined earlier, the effect
of an absorptive wall can also be analyzed. Assume that an
infinite number of oblique waves are incident upon an absorp-
tive surface (of finite impedance, z,) from infinitely many
directions. Figure 6 shows one such pressure wave. The ex-
pression for the pressure from one wave is

e-—ikxx
p = PeX'~kN =244 cos kyx ——————(e' -k
7, c0s 6 +1

and

Zp = 2,/ PoC

Rewriting, p = |Ple!“*—%y+%p) where P = |Ple* ., Then
Prea = |P1 cos (wf—ky,y + ¢,). The mean-square pressure is
equal to

No. of waves |Pj IZ

22 —
p =
j=1 2
As in the previous analysis, assume that there are a large
number of modes and replace the summation with integration.
For equal amplitude waves, the expression for the mean-
square pressure is

T

Absorption Results: 2000 Hz Center Freq.

analysis
—— experiment

Non-Dimensionalized Mean-Sq. Pressure dB

-6 T
0 10 20
kex

Fig. 7 Comparison of theoretically computed and experimentally
measured nondimensionalized mean-square pressure in dB vs kcx:
2000-Hz center frequency, Y3 octave band.

easy to implement. This involves changing k. from a constant,
evaluated at the center frequency, to a k, a variable, and
integrating the expression over the band Ak.

Comparisons between theoretically calculated results and
experimentally measured data are shown in Figs. 7-9 for three
different center frequencies: 2000, 3250, and 4000 Hz, respec-
tively. The impedance of the foam is different at each center
frequency. At 2000 Hz, the normalized resistence (7,) is 1.17
and the normalized reactance (x,) is — 0.84. These imped-
ance characteristics correspond to an equivalent random inci-
dence absorption coefficient « of 0.85. At 3250 Hz, r, = 1.44,
X, =0.15, and the corresponding o =0.95. At 4000 Hz,
r, = 1.47, %, = 0.64, and the equivalent value for « is 0.91.

The theoretical results are for the three-dimensional case
with bandwidth included. These three examples are plotted for
a Y4 octave bandwidth. The experimental data were taken as
an extension of an experiment that was used to validate the
asymptotic modal analysis method for a rectangular acoustic

(7, cos 6 + 1) cos (k.x cos §) — X, cos 6 sin (k.x cos 0)

pr=2lA IZSZ {cos2 (kox cos 9) — 2 cos (k.x cos 0)[

x
2

1
+— — d
(7, cos 8 + 1) + (x, cos 0)2}

Consistent with the assumptions of AMA, the wave number
has been replaced by its value at the center frequency, assum-
ing a narrow band with many modes. The first term in the
expression is the same as in the rigid wall case. The far-field
value (i.e., the limit for large k.x) is

2 T, cos @
p2=21A12 1- b 0
o j_’zf { (7, cos 8 + 1)2 + (%, cos 0)2]

T

After dividing by the expression for the far-field mean-square
pressure, the end result is an expression that is equivalent to
the rigid wall mean-square pressure result, but with a set of
terms added to include the effects of absorption.

These expressions can be extended to three dimensions by
integrating in spherical coordinates around both angular di-
rections. If desired, inclusion of the bandwidth effect is also

(7, cos 8 + 1) + (x;, cos 6)? ]

cavity with rigid walls. The apparatus and details of the exper-
iment are described in Ref. 18. However, the original appara-
tus was modified by placing an open-cell acoustic foam on one
wall of the cavity. The experimental data were taken by mov-
ing a microphone into the cavity from the foam-covered wall
and recording the measured sound pressure levels.

The theoretical curves show clear asymptotic behavior,
whereas the experimental curves settle down less rapidly. The
physical system in the experiment was a three-dimensional
enclosure with rigid walls. Provided that the rigid walls were in
the far field of the microphone, so that their intensification
zones were not penetrated by the microphone, the experiment
should be analogous to the theoretical model. Although this
condition was satisfied, it appears from the experimental data
that the interior of the cavity was not uniform. Previous work,
both analytical'-? and experimental'® have shown that, when
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Absorption Results: 3250 Hz Center Freq.

-4

-5 ————— analysis
—— experiment

Non-Dimensionalized Mean-Sq. Pressure dB

6

T v
Y 10 20
kex

Fig. 8 Comparison of theoretically computed and experimentally
measured nondimensionalized mean-square pressure in dB vs kcx:
3250-Hz center frequency, Y3 octave band.

Absorption Results: 4000 Hz Center Freq.

analysis
——— experiment

Non-Dimenslonalized Mean-Sq. Pressure dB

-6 Y T
0 10 20

kex

Fig. 9 Comparison of theoretically computed and experimentally
measured nondimensionalized mean-square pressure in dB vs k.x:
4000-Hz center frequency, V3 octave band.

the damping in the cavity is small, the cavity interior is uni-
form except in the intensification regions. Covering one wall
with the absorptive foam apparently added enough damping
to prevent the interior sound pressure levels from becoming
uniform.

The wall impedance dramatically changes the character of
the intensification region. In fact, as Figs. 7-9 show, the
sound pressure levels at the wall can be reduced well below the
interior levels if the wall is sufficiently absorptive. Despite the
discrepancies away from the wall, the curves show reasonable
qualitative agreement between the analytical and experimental
results near the wall, as is consistent with the local nature of
the intensification process.

Bandwidth Effect

The key parameter in all of the previous studies was the
bandwidth to center frequency ratio f;/f.. In order to isolate

the contribution of the bandwidth from that of the center
frequency, a Taylor series expansion was performed. For ex-
ample, Eq. (6) for the two-dimensional waves in the intensifi-
cation zone is a double integral in £ and «. It can be written as
a Taylor series expansion about the center frequency wave
number k. as follows:

T Cku L
jzj F(k,a)dkda:jzj F(k, o) dk da
0

6 Jky ke

z ku
+ jz j Fko) | k) dk de
0

ke ok ke

3 [Pk, 0) | (k—k.)?
4 2 k d . )
+ So jk[ e T dk do + ©

Using the arithmetic definition of center frequency, i.e.,
k. = (k, + k972, the integrals of odd powers of (k—k.) will
equal zero, leaving only the integrals of even powers of band-
width. Nondimensionalizing introduces a factor of bandwidth
in the denominator. Therefore, the resulting function will
consist of a term that is dependent only on center frequency
plus higher-order terms that contain bandwidth squared and
the higher even powers of bandwidth.

An illustrative example, which can be solved in closed form,
is the intensification in a corner approaching along an edge,
where the motion of the wall is such that the displacement is
relatively constant (white noise) in the bandwidth. For this
case, the nondimensional mean-square pressure expression is

j,” cos?(kz cos 6) k sin § d6 d¢ dk
: k6,0
5= (10)

‘/sSSj k sin 6 d6 d¢ dk
ko8

This equation differs from Eq. (8) by a factor of k2 in the
integrals, since Eq. (8) is for the case where the white noise
assumption is applied to the acceleration of the moving wall,
rather than its displacement. The z axis is taken as the edge
along which the intensification is studied. This expression has
the closed-form solution:

ko]

5

1‘7_2 _ 4+ 2 sin (2k,z) sin [(kp/k Yk 2)]
®% (kzY(kp/kc)
All center frequency subscripts here refer to the arithmetic

center frequency. Alternatively, the Taylor series expansion
procedure outlined in Eq. (9) and performed on Eq. 10 yields

an

p? sin(2k.z) 1 <k,,)2 ,
=g g (2E) 2k,
) + 2z 3\k. (kcz) sin (2k.z)
+ higher order terms 12)

Expanding the sine (k,/k. k.z) term in Eq. (11) in a Taylor
series about the center frequency wave number produces an
identical result. This approximate solution is only valid in the
region where the sine function is closely approximated by a
two-term Taylor series. For greater accuracy, the solution
would have to include higher-order bandwidth to center fre-
quency ratio terms. The two-term Taylor series for sine is only
valid up to arguments approximately equal to 1.25. Therefore,
in this example, the combination (k,/k.)(k.z) must be =< 1.25,
or conservatively =< 1.0, which means that k.z < 1/(ky/k.)
for the approximate solution to be accurate. Typically, inten-
sification occurs close to the wall, edge, or corner where the
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"CF Curve" - No Bandwidth Effect

Mean-square pressure ratio units

3 M 1 T v
o} 5 10 15

kcz

Fig. 10 CF curve that is dependent upon k.z only: nondi_fnensional- ‘

ized mean-square pressure ratio vs k.z for the example problem.

"Correction Curve"
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-6 v r v r v
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Fig. 11 Correction curve that is to be multiplied by f3/fc ratio
squared: this curve by itself is also independent of bandwidth.

values of k.x, k.y, or k.z are small. In fact, usually, k.x, k.y,
and/or k.z <2w/3. Therefore, in most cases, the two-term
solution should be sufficient. For a ¥5 octave band, for exam-
ple kp/k. is 0.23, which satisfies the requirement that k.2 <1/
(kp/kc).

Since the bandwidth correction is second order in band-
width, the mean-square pressure can be approximated by a
simple curve that is dependent on center frequency (CF) only
for small bandwidths. This curve (the CF curve) for the cur-
rent example problem is plotted in Fig. 10. It is a function of
k.x alone, and is independent of bandwidth. The effects of
increasing bandwidth can be taken into account by adding
another function of center frequency that has been multiplied
by the ratio (f,/f.). This function, called the correction curve,
is shown in Fig. 11 [before multiplication by (f,/f.)?] for this
example.

In Fig. 12, the correction curve has been multiplied by
(0.23)? and then added to the CF curve. The results are ex-
pected to be accurate up to k.z around 4.0, as explained
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Fig. 12 Comparison of exact solution vs the approximate solution
consisting of CF curve + (f5/f:)? correction curve, for fp/fc = 0.23 (V5
octave band).
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Fig. 13 Comparison of exact solution vs the approximate solution
consisting of CF curve + (f3/fc)? correction curve, for f3/f. = 0.500.

earlier. However, the exact solution and the approximate solu-
tion agree with each other well beyond 4.0. In Fig. 13, a
similar comparison between the approximate solution and the
exact solution is made for f,/f. =0.5. Here, good agreement is
expected up to 2.0. Once again, the agreement actually extends
beyond that predicted. From the plot, it is also easy to see that
the approximate solution fails for large k.z.

Conclusions

In previous work, asymptotic modal analysis was used to
predict interior sound pressure levels in a rectangular acoustic
cavity. Local response peaks in sound pressure level were
found at the boundaries; otherwise, the interior levels were
nearly constant. In the present work, the spatial variation of
sound pressure level between the boundary and the uniform
interior was studied, i.e., the intensification zone.

It was found that using such AMA techniques as treating
the discrete summation as an integration, and evaluating cer-
tain parameters at the center frequency, etc., provides accu-
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rate results even when the number of modes is relatively few.
In addition, the AMA formulation allows estimation of the
mean-square pressure ratio as a function of nondimensional-
ized distance into the cavity, without knowing the cavity
dimensions. The family parameter for the curves of nondi-
mensionalized mean-square pressure vs nondimensionalized
distance (distance multiplied by the center frequency wave
number) is the bandwidth to center frequency ratio f,/f,.
Plots of one-, two-, and three-dimensional intensification
zones have shown that the dependence on f3f, is less important
as the number of modal dimensions increases, i.e., the effect
is least important in the three-dimensional case.

The bandwidth dependence was separated from the center
frequency dependence through a Taylor series expansion
about the center frequency wave number, which was per-
formed on the expression for mean-square pressure. As a
result, the mean-square pressure can be expressed as a func-
tion of center frequency plus terms that are of order band-
width to center frequency ratio squared, and higher (even
powers). Therefore, if the bandwidth to center frequency ratio
is sufficiently small, the expression can be simplified. If sev-
eral bandwidth to center frequency ratios are to be considered,
their effects can be added on as corrections that are of order
(fb/f 0)2- .

The intensification zones were also analyzed as local prob-
lems consisting of an infinite number of oblique incidence
sound waves impinging upon a rigid or an absorptive surface.
The result for the spatial average of the sound pressure levels
in the rigid wall case was identical to that obtained from the
AMA methods. The result for the absorptive wall was found
to contain the rigid wall result as well as additional terms that
contain the impedance information. The shape of the intensi-
fication zone is strongly affected by the choice of wall
impedance and can be remarkably different from that near a
rigid wall. In particular, minimum rather than maximum lev-
els may occur in this zone. The absorptive wall analytical
result was compared with experimental results and found to
agree qualitatively near the wall.

The results of this work provide physical insight into the
intensification zone behavior in acoustic cavities by providing
analytical expressions that describe the sound field in terms of
universal components that show the importance of various
parameters. The analytical techniques that were used here
provide efficient and accurate methods for predicting sound
pressure levels in rooms with intensification zones.
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