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ABSTRACT
An intensity-based boundary element method replaces enclosure boundaries with a continuous
distribution of broadband uncorrelated sources, which are described in terms of intensity vectors
and directivity functions. These directivity functions account for the local correlation between
neighboring infinitesimal sources and are used to include specular reflections.
Boundary
conditions for radiating and absorbing surfaces are expressed in terms of intensity. This boundary
element differs from the classical version in that the element size is large compared to an acoustic
wavelength and equations are not solved on a frequency-by-frequency basis. The method is
demonstrated for sample enclosures with comparison to exact analytical and experimental results
and good agreement is obtained. [Sponsored by the U. S. National Science Foundation]
INTRODUCTION
The prediction of sound pressure levels in the interiors of vehicles is of importance to the design of
such spaces. The design must consider passenger comfort, as well as functionality; this comfort
includes the elimination of unwanted noise and the reduction of remaining noise levels. Central to
the design process is the availability of computationally efficient modeling tools that enable one to
predict the outcome of different design decisions before they become reality.
The focus of this work is the modeling and analysis of broadband high frequency sound fields in
enclosures (such as vehicles or rooms) whose boundaries may be moderately damped, i.e., sound
fields which are not necessarily diffuse. However, because of the quasi-randomness of the sound
field (due to the large number of responding modes in the bandwidth of interest) those simplifying
assumptions which are usually used to allow the variable of interest to be energy rather than sound
pressure still apply. The rationale behind these assumptions in the high frequency regime is
discussed by many authors, for example, Kuttruff [1], Le Bot [2], or Lyon [3].

PREVIOUS WORK
Energy-based methods for analyzing broadband high frequency sound fields have been evolving in
recent years. The most common energy-based method for predicting steady-state sound pressure
levels in high frequency applications is Statistical Energy Analysis (SEA), which has been in use
since at least the mid-1970’s. The text by Lyon [3] is the standard reference for this method.
Individual papers involving the use of SEA for predicting sound pressure levels are too numerous
to mention. In the late 1980’s, Nefske and Sung [4] developed an energy-based finite element
approach for dynamic systems, resulting in a diffusion equation for the power flow in beams.
Bernhard and colleagues [5-9] extended their energy flow analysis work to various other dynamic
systems and subsequently developed an Energy Finite Element Method (EFEM).
The
aforementioned approaches assume a dissipative medium, and in theory, will fail if the medium is
non-dissipative. Le Bot and colleagues [10,11], as well as Langley [12, 13], have examined the
relationship between the heat conduction equation that was the basis for much of the previous
energy flow work and a wave approach solution. They found some discrepancies between these
approaches and in Ref.[11] an alternative energy approach is suggested.
Energy-based approaches which do not result in a diffusion equation have also been studied
recently. Work by Carroll and Miles [14], Miles [15], Kuttruff [1], Le Bot and Bocquillet[2], and Le
Bot[16] have involved analysis of high frequency diffuse sound fields. In each of these cases,
Lambert’s Law was applied to describe the reflections from the boundaries; specular reflection
effects were not included. The main difference between all of the previous work and the work
presented here is the consideration of specular reflection rather than Lambertian reflection. For
certain geometries and partially diffuse situations, an image source method has been used by
Kuttruff [17] in combination with the diffusely reflecting boundary condition in order to include some
effects of specular reflection. The image source method was not used in the work presented here.
Franzoni, Bliss, and Rouse [18] have shown that the acoustic field in an enclosure can not be
modeled by uncorrelated plane waves, unless the sound field is truly diffuse (i.e., no energy
gradient is present). In their work (and this paper), the assumption of plane waves is abandoned
and uncorrelated spreading waves are used instead. In addition, the uncorrelated sound sources
that comprise the boundaries of the enclosure are directional. The role of the directivity function is
two-fold: it includes the very local effects (within a fraction of a wavelength) of correlation between
neighboring sources, and it is used to account for specular reflection. It is the directivity function
that makes this particular energy-based method so unique.

THEORETICAL DEVELOPMENT
A thorough derivation of the intensity-based boundary element is given in Ref. [18], therefore only
the highlights of the derivation will be presented here. As previously mentioned, it was shown
mathematically that for enclosures with reflective and absorptive surfaces, where energy is flowing,
waves can not be both uncorrelated and planar. In the earlier work by others [Ref. 5-9], where
plane waves are assumed to be uncorrelated, the addition of a dissipative term allows for a nonzero gradient of energy. However, in non-dissipative media, where the only energy loss is at the
boundaries, it is physically incorrect to assume both plane waves and a lack of correlation.
In Ref.[18], the boundaries of the enclosure are replaced with broadband high frequency
infinitesmal acoustic sources which are assumed to emit directional spreading waves. An integral
equation over the boundary is derived for the mean-square pressure as a function of the distributed
power (dW/dS) and directivity functions (D(θ)) and known source power, Ws .
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This equation is discretized, and the integration is performed over boundary elements that are
assumed to have constant strength (i.e., one source strength assigned to each element). The
strength of each element is determined from a linear set of equations that come from the boundary
conditions applied at the node (control point) of each element. The boundary condition is a
statement of energy conservation: the power into the enclosure from the i element is equal to a
sum of that reflected due to the power incident from all of the other elements, j, (the reflection
coefficient associated with the i element times the incident power from each of the other boundary
elements) plus that reflected due to any interior sources, s. The power associated with the i
element is therefore a function of all of the unknown source powers associated with the j elements,
as well as their directivity functions and the angle of incidence from j to i. This condition is written,
in terms of intensity, as:
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z is the normalized boundary impedance, and R is the reflection coefficient.

For an individual element, the same directivity pattern is assumed for all the infinitesimal sources
distributed along that element. In two-dimensions, the directivity function is assumed to have the
form:

D(φ) = cos φ [ f 0 + f1 cos φ + f 2 sin φ + ...]

(3)

where φ is the angle from the normal of the element. Using the iterative approach of Ref [18], the
problem is solved first with only one term in the series, leaving only one unknown per element.
Truncating the directivity function series to a single term satisfies power conservation and happens
to represent Lambertian reflection. It is important to note that Lambertian reflection (i.e., a diffusely
reflecting boundary) is not an assumption in the model. For subsequent iterations, the incident
(and therefore, the reflected) intensity field is divided into sections. In 2-D the incident intensity is
divided into right- and left- components, relative to the local coordinate system of the element. The
normal component of intensity is also used. A relationship is derived between the components of
intensity and the coefficients of the directivity function series expansion. Intuitively, one can see
that if the incident intensity (and therefore, reflected intensity) is large in the normal direction
compared to either of the side directions, the f1 term in the series expansion will be large, resulting
in a significant cosine-squared contribution to the directivity. On the other hand, if the directivity is
skewed to one side, the f2 term will account for left- or right- tipping of the directivity function.
To solve for the unknown coefficients directly, rather than by an iterative scheme, the incident
intensity needs to be written in terms of the series expansion from the beginning. The boundary
conditions (including specular reflection) need to be applied to each element, resulting in equations
that are functions of angle at each element. Applying orthogonality allows the equations to be
separated into constituent equations, where there will be the same number of equations as
unknowns.
RESULTS
Comparisons between the BEM predictions and exact analytical solutions, as well as experimental
results have been made. In all cases, spatial-averaging very locally and frequency averaging are
done for the exact analytical results. The BEM result is assumed to be a local average in a
frequency band. Overall, both the experiment and the exact analytical solutions show good
agreement, although there are some expected discrepancies. For example, differences occur
where there are known regions of high correlation that have not been accounted for in the BEM
theory.

Rectangular Two-dimensional Enclosure: Comparison with Exact Analytical Solution
A two-dimensional model problem, consisting of a rectangular enclosure with absorptive parallel
walls along the lengthwise direction, and hard walls in the width-wise (shorter) direction, as shown
in Fig. 1.
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Figure 1. Description of 2-dimensional model problem with exact analytical solution
This is a problem that can be solved analytically, and was used for comparison with the BEM
results. Figures 2 and 3 show comparisons between the exact analytical solution, averaged in onethird octave bands for different center frequencies, at different spatial locations along a trajectory.
The data points representing the exact solution are averages of many points within a
representative quarter-wavelength around the center point. In Figure 2, there is only one interior
sound source, whereas, in Figure 3, there are two interior sound sources. Notice that in between
the sound sources in Figure 3, the boundary element method and the exact results do not agree
very well. This is due to the correlation on the centerline between the two sources.
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Figure 2. Different levels of absorption

Figure 3. Case with 2 sources

Rectangular Three-dimensional Enclosure: Comparison with Exact Analytical Solution
A similar verification was performed for a three-dimensional model problem with two absorptive
parallel walls and hard walls otherwise. Agreement between the boundary element results and the
exact analytical solution was comparable to that of the two-dimensional case. In the threedimensional case, the directivity function is expanded as a series of spherical harmonic functions
(Legendre polynomials with unknown coefficients).

Irregular Two-dimensional Enclosure: Comparison with Experimental Results
In order to verify the method for an irregular geometry, an experiment was performed for a twodimensional case, where the enclosure had no parallel side walls or right angles in-plane and was
shallow out-of-the-plane relative to a half-wavelength. Measurements of sound pressure level were
taken at points in the interior. The sound pressure levels were measured in octave bands and
fractions of an octave band. A schematic of the experimental enclosure is shown in Figure 4.
Results are currently being obtained for numerous spatial locations and different distributions of
absorptive material. An example comparison is shown in Figure 5.

Figure 4. The experimental enclosure (top view). Dimensions in cm.
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Figure 5. Comparison between 2-D experiment and BEM code.
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Two curves are shown in Figure 5, the curve with higher amplitude is a trajectory along a constant
radial line from the source (see Fig 4). The second curve corresponds to the theoretical prediction
of the direct field. The corresponding experimental data points are shown for the two cases: walls
partially covered with absorptive foam, and an anechoic condition. Good agreement between the
experiment and theoretical results is shown.
SUMMARY AND CONCLUSIONS
The intensity-based boundary element method that is presented here, containing specular
reflection effects is an efficient and accurate means of predicting mean-square pressure levels on a
spatially-averaged basis in a frequency band. Comparison between the BEM results and exact
analytical solutions, where the parameters are known precisely (for example, boundary impedance,
and spatial locations are explicitly given) show excellent agreement.
Comparisons with
experiment, where quantities such as impedance of wall coverings and precise spatial location may
not be that well known, show fairly good agreement. In general, the method shows promise;
further verification and development of the method is underway.
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