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Prediction of Sound Fields in Cavities
Using Boundary-Element Methods

R. J. Bernhard,* B. K. Gardner,! and C. G. Mollot
Purdue University, West Lafayette, Indiana

and
C. R. KippJ

AT&T Bell Laboratories, Whippany, New Jersey

Two boundary-element formulations of acoustical behavior exist: the direct boundary-element methods based
on the Helmholtz integral equations and the indirect boundary-element methods based on Huygen's principle. In
this investigation, both methods are implemented utilizing a simple linear superparametric element. In addition,
the indirect boundary-element method is studied using a quadratic isoparametric element. The accuracy and
relative efficiency of the various techniques are examined. In order to model aircraft interior cavities properly,
the additional capability to model wall treatments and internal point sources is added to the methods. The pro-
cedures are verified for several well-understood cavity problems. The relative merits of each boundary-element
method is examined.

Introduction

L OW-FREQUENCY aircraft interior sound fields are a
complicated function of geometry, source distribution,

and cabin noise treatment. Numerical prediction procedures
using generalized discretization techniques such as the finite-
or boundary-element method have the powerful and flexible
capabilities necessary to model interior cavities of aircraft.
The finite-element method has been most widely used for such
problems.1'2 In this paper, the feasibility of boundary-element
procedures for interior sound field prediction will be examined.

Boundary-element methods are numerical approximations
to boundary integral equations. The most frequent use of
boundary-element methods for acoustics in the past has been
for infinite-domain problems such as studies of acoustic
radiation or acoustic scattering.3'10 Tanake et al.11 have used
the method for two-dimensional interior acoustical prob-
lems. In this investigation, the utility of the methods for
three-dimensional interior problems is examined. In order to
address the general interior noise problem, the capability to
model wall treatments and acoustical point sources is also
added to the previous formulations.

There are two boundary-element formulations of the
acoustic problem.12 Both are applicable to the interior noise
problem and each will be examined. For the direct boundary-
element method (DBEM), the primary variables of the prob-
lem—in this case acoustic pressure and velocity—are solved
directly. The DBEM method utilizes the Helmholtz integral
equations. For the indirect boundary-element method
(IBEM), a secondary variable (a fictitious distribution of
acoustic sources at the boundary) is solved. The primary
variables at any point of interest are computed as a post-
processing operation. The IBEM in acoustics is a numerical
implementation of Huygen's principle.

Kipp13 and Kipp and Bernhard14 applied the indirect
boundary-element method to the solution of interior acoustic
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fields using a quadratic isoparametric compatible boundary
element. The results for spherical geometries having uniform
velocity profiles were very good. The capability of applying
point sources and impedance boundary conditions was also
demonstrated. However, in rectangular cavities and situa-
tions with locally incompatible boundary conditions, the
results were less encouraging. Kipp's studies suggest that in-
compatible elements are preferable to compatible elements
for IBEM formulations. Furthermore, while the quadratic,
isoparametric element is very accurate for the spherical
geometries tested, the numerical implementation of such an
element is significantly more complex than the more popular
incompatible, linear superparametric elements often used for
boundary-element programs. Thus, in the current investiga-
tions, Kipp's results are compared to results using linear
superparametric elements for interior acoustical sound fields.

Direct Boundary-Element Formulation
The direct boundary-element formulations in acoustics

utilize the Helmholtz integral equations, which can be writ-
ten as

cp(x0)=\ [p(b)q*(x0,b)-q(b)p*(x0,b)]dB (1)
J B

where p is the pressure distribution,

_ dp =
q dn (2)

where / = V - 1 and u is the normal velocity at the boundary,

p* = e-ikr/4vr (3)

where

r=\x0-b\ (4)

and

dp*
,•=__ = *. V/,* (5)
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The coordinates XQ and b are defined in Fig. 1. The param-
eter c is defined as

c = 0 for X0 outside D

= l/2 for XQ at a smooth point on B

= 1 for XQ inside Z> (6)

To implement the numerical approximation of the
Helmholtz integral equation, standard boundary-element
procedures are utilized. It is first assumed that the boundary
variables can be approximately represented by the interpola-
tion functions,

where PJ is the pressure at a discrete boundary point and
4>j(b) a Lagrangian interpolation function. Also,

where #7 is proportional to the normal acoustic velocity at a
discrete boundary point. Usually, </>7 is only nonzero on a
small region of the boundary, i.e., the boundary element.
When the interpolations are used in Eq. (1), an approximate
boundary integral equation can be written such that

'Q) = ̂ PJ\ <l>j(6)q*(x0,b)dB-Lqj\ </>,(5)p*(*o,6)d£
J B v B

Equation (9) can be rewritten as
(9)

(10)

where

= \ <l>j(6)q*(xQ,6)dB
J B

/ = \ <t>j(b)p*(xQ,b)dB
J B

(11)

(12)

To solve a given boundary value problem, XQ is moved to
each boundary node point in turn. The resulting equations
can be rewritten in matrix form as

[C] [p] = [A] [p] - [B] {q} (13)

where the [ A ] , [B], and [C] are square matrices of dimen-
sion TV, the number of boundary degrees of freedom, and
[C] is a diagonal matrix of the c values for each equation,
usually l/2. For a well-posed problem, a boundary condition
is known at each boundary node. The boundary conditions
are applied to Eq. (13), which can be rearranged to yield a
fully determined matrix equation of the form

where the columns of [D] come from either [A] or [B],
the elements of (a ) are the unknown boundary conditions,
and the vector [F] is computed from the multiplication of
columns of [^4] or [B] by the known boundary conditions.

When pressures at points on the interior are desired, an
equation of the form of Eq. (9) can be written. The bound-
ary solutions PJ and #7 are known from the imposed bound-
ary conditions and the solution of Eq. (14). The position of
*0 is in the interior of the domain and hence, c= 1.

For a straightforward application of the boundary-element
methods to the Helmholtz integral equations, either p, or #,

Fig. 1 Geometry of the interior acoustic cavity problem.

a) Linear superparametric (LS) element.

1 5 2

b) Quadratic isoparametric (QI) element.
Fig. 2 Boundary-element parent shapes.

will be known at each boundary point. However, in most
realistic cavity problems (i.e., in aircraft interiors), the
boundary pressures are unknown. In addition, boundary
acoustic velocities are also not known, particularly on the in-
side surface of cabin trim treatments where the boundary
elements are located. One alternate modeling procedure is to
characterize the acoustic behavior of the wall treatments by
using specific acoustic impedance. The relationship between
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certain discrete boundary pressures in the model and the nor-
mal acoustic velocities at the boundary is assumed to satisfy
the relationship

[p} = [Z}{q] (15)

where the elements of [Z] are related to specific acoustic im-
pedances. The Z matrix is diagonal if locally reacting specific
acoustic impedance behavior is assumed. The impedance
boundary condition form of Eq. (15) can be incorporated in
matrix equation form by replacing the appropriate terms of
the p vector in Eq. (13) with the impedance relationship.

Sound sources in the cavity can be incorporated in the
model by several techniques. If the source is a reasonably
large vibrating surface, it should be modeled as another
boundary. The boundary-element method is generalized and
the accommodation of such geometry is straightforward.
When the source is much smaller than a wavelength, it can
be modeled as a point source or monopole. To include point
sources in the boundary-element formulation, it is necessary
to reconsider the derivation of the Helmholtz integral equa-
tion. Equation (1) is derived from the equation

[pL(p*)-p*L(p)]dD = g (pq*-p*q)dB (16)

where L is a differential operator of the Helmholtz equation,

0 (17)

In the. derivation of Eq. (1), it is assumed the domain is
source-free such that

L[p(x)]=0

and

(18)

(19)L[p*(x0,x)]=d(x-x0)

Thus, the domain integral is

( p ( x ) L [ p * ( x 0 , x ) ] -p*(x0,x)L[p(x)] }dD = cp0 (20)

If a point source of strength \l/ exists at point xs9 then

L[p(x)]=W(x-xs) (21)

Thus, the domain integral becomes

(p(x)L[p*(x0,x)]-p*(x0,x)L[p(x)] }dD

In matrix form, Eq. (22) is rewritten as

where the terms of Q are

(22)

(23)

(24)

The result is a minor change to the solution procedure
discussed earlier. The Q vector is added to the F vector of
Eq. (14) in order to model the effect of point sources on the
cavity sound field.

Indirect Boundary-Element Formulation
The acoustical indirect boundary-element methods (IBEM)

are numerical implementations of Huygen's principle. It is
assumed that the boundary can be replaced by a fictitious
source distribution which will reproduce an identical sound
field in the domain. The pressure at any point x0 is the in-
tegral of the fictitious source distribution multiplied by the
fundamental solution for pressure, as

(25):o)= 0(b)p*(b,x0)dB

The fundamental solution is essentially the same as defined
in Eq. (3). Acoustic velocity can be found at point XQ by the
integral of the product of the source distribution and the
velocity fundamental solution

(26)

The velocity fundamental solution is essentially the same as
that shown in Eq. (5) except that, in general, the velocity in
the direction of any vector s is found by using

3s
(27)

o . o o i . o o a . o o 3 . 0 0 4 . 0 0 5 . 0 0 6 . 0 0 ? . o o

Frequency (k)

00 9 . 0 0 1 0 . 0

Fig. 3 Pressure at r = 1A of a pulsating sphere of radius a = 1 with
velocity of 1 m/s (p0c = l): —— analytical solution 0 = 1, - - - -
analytical solution (a = 0,944), + DBEM solution with 96 LS
elements, o IBEM solution with 96 LS elements.

Thus, the acoustic velocity anywhere in the domain in any
direction can be found. To solve the boundary-value prob-
lem, normal velocities at the boundary are used.

For numerical implementation, the source distribution is
discretized by the same procedures used earlier for the
pressure and velocity variables. The source distribution a(b)
is assumed to be approximately

where ay is the value of the source distribution at the yth
boundary node. The unknown parameters ay are found by
applying either Eq. (25) or (26) at a sufficient number of
discrete boundary points using known boundary conditions.
For example, if p is known at boundary point bit Eq. (25) is
used. The boundary integrals are evaluated to develop an
equation

(29)
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where

If the normal velocity at point ft, is known, then

where

In matrix form

If impedance boundary information is known, then

or

(30)

(3D

(32)

(33)

(34)

(35)

(36)

(37)

The N unknown discrete values of a,- are found by applying
N boundary conditions using Eqs. (29), (31), or (37). The
resulting equations can be written as

[D][a] = {a] (38)

where dtj is either gij9 hijy or giJ — Zhij9 depending on which
boundary condition is used and a, is the value of the bound-
ary condition.

If the pressures or velocities at other points (including
boundary points) are desired, the fictitious boundary source
distribution can be used in Eq. (29) or (31) to compute the
desired solution.

Modeling internal point sources is straightforward for the
indirect boundary-element method. A real point source of
strength \l/ is treated in the same manner as the fictitious
sources. The pressure at a point XQ is the sum of contribu-
tions due to the boundary source distribution and the inter-
nal point source.

discussion are consecutively evaluated on a piecewise basis
over each element. Each element evaluation is performed by
mapping the boundary element to a well-defined shape,
hereafter called the parent shape. The discretization varies a
great deal in complexity, depending on the sophistication of
the element. A relatively sophisticated element uses high-
order interpolating functions </> and is thus capable of closely
approximating the physical behavior that varies significantly
across an element. Inherent in the mapping procedure is an
additional geometric interpolation procedure in which the
boundary-element geometry is mapped to the local coor-
dinate system of the parent shape. If the same functions are
used for both interpolation procedures, the element is
classified as isoparametric. If the mapping interpolation is of
higher order than the functional interpolation, the element is
classified as super parametric. When the mapping interpola-
tion is of lower order than the functional interpolation, the
element is classified as subparametric. In general, more
sophisticated elements will be more accurate and require
fewer elements to achieve a given level of accuracy. On the
other hand, more sophisticated elements require more
elaborate evaluation procedures and greater computational
time per element. The most efficient element for a given ap-
plication depends on the complexity of the geometry and the
acoustical field.

The two elements used in this investigation will be referred
to as the linear superparametric (LS) element whose parent
shape is shown in Fig. 2a and the quadratic isoparametric
(Ql) element whose parent shape is shown in Fig. 2b. For the
LS element, the functional interpolation is assumed to be
constant over an element, </>j(b) = 1. The mapping interpola-
tion is assumed to be linear such that

(42)

The LS element is the simplest three-dimensional boundary
element possible and has been used for most of the previous
studies of boundary-element acoustics. There is one degree
of freedom for each LS element. Thus, the number of
degrees of freedom in a model is equal to the number of
elements.

The Ql element uses quadratic interpolating functions for
both the functional and mapping interpolations. The map-
ping interpolation is quadratic such that ^ = ^(x^*X2>X^1?2)-
The interpolation functions in the local coordinate system of
the parent shape are

(39)

where xs is the location of the point source. Similarly, the
acoustic velocity is

) =
J B

(40)

Thus, when internal point sources exist, the boundary
distribution is found using

[D] [a] = [a] + [Q] (41)

where Qf is the appropriate vector term due to internal
sources from Eq. (39) or (40).

Boundary Discretization
The boundary-element model of a particular problem is

developed by discretizing the boundary of the problem into
boundary elements. The boundary integrals of the previous

<t>5 = (43)

This element has been used in boundary-element investiga-
tions by Kipp13 and Seybert et al.7 There are nine degrees of
freedom for each Ql element. In a model constructed of Ql
elements, however, there is a sharing of grid points between
the elements. The number of total degrees of freedom is then
equal to the number of grid points in the model, which is
somewhat less than nine times the number of elements.

The element discretization can also be used to make the
pressure and velocity equal on both elements at the nodes
shared by the elements. This effect is referred to as enforcing
the compatibility at the interelement boundaries. The finite-
element method requires compatibility of the primary vari-
able as part of the formulation of the problem. However,
compatibility is not necessarily required for boundary-
element methods. In fact, compatibility considerations are
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different, depending upon which boundary-element formula-
tion is used. For the DBEM where the functional interpola-
tion is of pressure and velocity, it would seem appropriate
that the pressure should be compatible across the element
boundaries. On the other hand, the velocity across the ele-
ment boundaries is discontinuous in many cases. For exam-
ple, along an edge, the elements on either surface adjacent to
the edge will probably have different velocities. A model can
be made noncompatible simply by leaving a small gap be-
tween the elements. Unfortunately, for standard element
discretizations, either compatible or noncompatible elements
must be used for both the pressure and velocity interpola-
tion. The QI element used in these investigations is a com-
patible element. Because the interpolation for the LS element
is piecewise constant, the LS element is noncompatible.

In IBEM formulations, the functional interpolation is for
the fictitious source distribution. There is no reason for this
source distribution to be compatible. Thus, noncompatible
elements are acceptable and perhaps even desirable for the
IBEM formulations.

An entire family of noncompatible elements exist that can
be used for boundary-element studies. These noncompatible
elements have nodes only in the interior of the element
parent shape. Thus, the functional interpolation is not
forced to have the same values on either side of the element
boundary. Such elements also avoid the circumstance
whereby the boundary conditions are applied at nodes
located in extreme locations of the geometry, such as on
edges and in corners.

Numerical evaluation of the boundary integrals is also im-
portant when considering boundary-element methods. The
boundary integrals are evaluated consecutively on a
piecewise basis over each element. For most of the elements,
standard Gaussian quadrature procedures can be used with
reasonable accuracy until the frequency becomes high
enough to permit the element characteristic length to ap-
proach the wavelength of sound. However, for elements near
point *0 on the boundary, the fundamental solutions contain
a singularity and the integrands are not evaluated accurately
by Gaussian quadrature. One efficient procedure to evaluate
such integrals is to transform the local coordinate system
into polar coordinates.15 In polar form, the radial dependence
can be easily integrated analytically. The remaining angular
dependence of the integrand is well behaved and can be
evaluated accurately using simple Gaussian quadrature
procedures.

Results
To verify the adequacy of the boundary-element methods

for cavity problems, each element type was tested for several
problems with known analytical solutions. The LS element
was used for both the IBEM and DBEM formulations. The
point source and impedance boundary condition capability
were also verified. The QI element was used with the IBEM
formulation.

The LS element used to model the interior cavity response
is a pulsating sphere with both the DBEM and IBEM for-
mulations. A spherical geometry is one of the most difficult
to simulate with the LS element since the boundary is highly
curved throughout. The first model used 96 elements. The
vertices of the elements were placed on a sphere of one-unit
radius. The predicted pressure at one-half the sphere radius
is shown in Fig. 3. The solid line is the predicted analytical
solution using a sphere radius of one unit. Because the node
points are on the sphere, the 96-sided polyhedron resulting
from the model is smaller than the sphere. The boundary
conditions for this element are actually applied at the cen-
troid of the triangular element. The dashed line shows the
analytical solution when the radius of the centroid (r = 0.944)
is used. The computed results are approximately the same as
the centroid radius solution. This result is not unexpected,
since the boundary-element solutions are much like the col-

2.00 4.00 6.0

Frequency (k)

Fig. 4 Pressure at r = Vz of a pulsating sphere of radius a -1 with
velocity of 1 m/s (p0c = l): —— analytical solution, o DBEM solu-
tion with 48 LS elements, * DBEM solution with 96 LS elements, +
DBEM solution with 192 LS elements.

location solutions; the discretized equations are written to
satisfy the boundary conditions applied at a number of
discrete points. For the LS elements, the points where the
boundary conditions are applied is at the centroid. Thus, the
location of the boundary condition points will control the
solution accuracy. The predicted solutions for DBEM and
IBEM are very similar. In all of the studies made using these
elements, no significant difference was found between the
IBEM and DBEM solutions.

As further evidence that the geometric inaccuracies of the
LS model is the source of the frequency shifts illustrated in
Fig. 3, additional data were generated using 48, 96, and 192
element models with element vertices on the sphere using the
DBEM formulation. The results are shown in Fig. 4. With
more elements, the geometry of the sphere is better modeled
and the results converge to the analytical solution. However,
convergence is slow for the LS element. Unless a different
modeling philosophy is used to place the element centroids,
it will take many additional elements to lower the error.
However, models using a judicious placement of nodes, such
that the centroid of the elements are on the surface and the
boundary conditions are carefully applied, should be as ac-
curate as the best models of Figs. 3 and 4. For typical air-
craft interior geometries with a less sharply curved geometry,
it should be relatively easy to develop a good model with the
LS element.

In those cases where the geometry of interest is not flat, an
element of more sophistication may be more efficient. The
pulsating sphere is also modeled using the QI element with
an IBEM formulation using 98 nodes and 24 elements.
Therefore, this model has 98 degrees of freedom. The QI ele-
ment does not exactly model the geometry of the sphere, but
it is a very close approximation. All of the nodes, where the
boundary conditions are to be applied, lie on the sphere sur-
face. The prediction of the acoustic pressure at the surface
of the sphere is shown in Fig. 5. The results are much better
than any of the LS predictions. The QI element does a much
better job of modeling the sphere geometry than the LS ele-
ment models and produces good results with relatively few
degrees of freedom.

In Fig. 5, several points have more significant errors than
others. These stray points have been checked and consis-
tently give the same results. No explanation is apparent.

It is also apparent in Figs. 3-5 that the results deteriorate
at low frequency for all cases. This result is due to the inade-
quacy of the integration quadratures used to evaluate the
surface integrals. All of the previous results for the LS ele-
ments have used a simple one-point integration quadrature.
Figure 6 shows the low-frequency results for the LS element
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• Sphere Radius Is
O.5 Meter

0.00 1.00 2.00 3.00 4.00 5.00 6.0O 7.OO 8.00

• Response Is For A
Point On The
Sphere Surface

FREQUENCY (kr0)

Fig. 5 Pressure at the surface of a pulsating sphere of radius a = l/2
with velocity of 1 m/s (p0c = 415): —— analytical solution, • IBEM
solution with 24 QI elements and 98 degrees of freedom.

with the DBEM program using more sophisticated 4 and 13
point integration quadratures. The results improve signif-
icantly. Thus, the low-frequency error can be solved using bet-
ter integration quadratures at the expense of using more
sophisticated integration procedures.

The point source modeling capability was verified by
modeling a rigid sphere with a point source at the center.
The analytical solution is

sin&(r — a) +ka cosk(r — c
ka coska — sinka

(44)

_c
0.

90.00 -

0 .000 -

0

v o o o T,
Y O

0
o

X x x w M M M & f f i f f i & f t f t A f i A A i

00 200 400 600 800 1 £

Frequency (Hz)

Fig. 6 Pressure at r= l/2 of a pulsating sphere of radius a = l with
velocity of 1 m/s (p0c = l) and 96 LS elements (DBEM solution):
—— analytical solution, o DBEM solution with 1 point integration
quadrature, Y DBEM solution with 4 point integration quadrature,
o DBEM solution with 13 point integration quadrature.

The results are shown in Fig. 7 for the 48 element LS model
and the DBEM formulation. The results follow the analytical
solution very well except for the frequency shift illustrated in
Figs. 3 and 4 that is caused by the inaccuracy in the
geometric models. A low-frequency limit is also apparent,
evidently resulting from the integration error since the
analysis was done with a one-point quadrature.

The modeling procedures for the impedance boundary
condition were verified using a point source in a sphere. In
this case, the impedance boundary conditions were used at
the sphere surface to simulate the free-field conditions. For
spherical radiation, the pressure and velocity are related by

(45)
1 + ikr

Thus, the specific acoustic impedance at the surface of a
sphere of radius r is

ikpQcr
1 + ikr (46)

The impedance was applied to the sphere model using the
element centroid radius to compute the acoustic impedance.
The results using the 48 element LS model and the IBEM
formulation are shown in Fig. 8. The results are excellent.
The results for this model are better than the earlier ones
shown in Figs. 3 and 4 since the element centroids were used
to compute the boundary impedances. Similar results were
obtained using the DBEM formulation and the QI elements
with the IBEM formulation.

To utilize the impedance boundary condition capability of
the boundary-element method, the specific acoustic im-
pedance must be known at the model boundary. There are
several methods that might be used to determine the specific
acoustic impedance of typical cabin trim treatments. The im-
pedance of a small sample can be found using standard im-
pedance tube procedures.16 However, in many realistic situa-
tions, it is not convenient to measure an actual trim sample

180.0 •

90.00 -

0.000 •

-90.00 •

.1Aft A -

0

o

0

0.00 1.00 2.00 3.00 H.OO 3.00 6.00 7.00 8.00 9.00 10.0

1000.0

0.0000
0.00 1.00 2.00 3.00 H . O O 3.00 6.00 7.00 8.00 9.00 10.0

Frequency <k)

Fig. 7 Pressure at the surface of a rigid sphere of radius a = 1 with
point source of strength ^ = 1 nrVs at the center of the sphere: ——
analytical solution, o DBEM solution with 48 LS elements.

in an impedance tube. Alternatively, two microphone
methods can be used, i.e., those described by Chung and
Blaser17 or in ASTM E1050-85a.18 With extreme care, the
two-microphone method may be used "in situ" if necessary.
All of these measurement methods assume locally reacting
behavior. In many instances, trim treatments are bulk react-
ing. Significant additional work is necessary to develop
either theoretical or experimental procedures that can be
used to determine the complete impedance matrix discussed
in Eqs. (15) and (36).

One practical aspect of the boundary-element models not
addressed here is the discretization requirements of the
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Fig. 8 Pressure at r = 1A of a sphere of radius a = 1 with a point
source of strength ^ = 0.5 mVs, and free-field radiation boundary
conditions: —— analytical solution, + IBEM solution with 48 LS
elements.

methods. As illustrated in this paper, there are high- and
low-frequency considerations when using boundary-element
methods in cavities. The low-frequency limits can be over-
come by using good numerical integration procedures. The
high-frequency limits are established by the wavelength of
sound and the sophistication of both the integration
quadrature and the interpolating functions used. Figures 3
and 5 illustrate the high-frequency limits of the methods. In
Fig. 3, the solution begins to diverge from the adjusted
analytical solution above ka = 8 for a 96 LS element sphere
model with a 1 point quadrature. It is difficult to translate
this result directly to an element-to-wavelength ratio.
However, using a characteristic radius dimension for an in-
dividual element, the element characteristic length-to-
wavelength ratio at ka = S is about 0.3. Thus, three or four
LS elements per wavelength are required. In Fig. 5, the QI
model with 24 elements is still very good at ka = 8. The cor-
responding characteristic length-to-wavelength ratio here is
above 0.5. Thus, two QI elements per wavelength should be
sufficient. Thus, the boundary discretization can be quite
coarse and still produce good results.

Conclusions
The boundary-element formulations of the Helmholtz in-

tegral equation and the Huygen's principle have been suc-
cessfully verified for three-dimensional interior spaces using
several spherical geometries. There appears to be little to
distinguish the two formulations in the terms of accuracy.
The IBEM formulation requires only one boundary integral
evaluation in the development of the matrix equation and,
thus, the boundary solution is found more economically.
However, the boundary solution for the IBEM formulation
is a fictitious source distribution. If the boundary solution of
acoustic pressure and velocity is desired, numerous postpro-
cessing functions will be necessary and, thus, both methods
will have similar computational requirements.

Both a simple [the linear superparametric (LS)] and a
sophisticated element [the quadratic isoparametric (QI)]
were studied. For the current studies of spherical geometries,
the QI models produce better results than the LS models

with similar numbers of degrees of freedom. When accuracy
is of primary importance and the geometry is not flat, the QI
element is better in most circumstances. However, the QI ele-
ment requires more computations to assemble the model
matrices. For flat geometries, the issue of which element is
most efficient is not clear.

The formulation of the effects of the interior point sources
has been implemented and verified. Such capability is
anticipated to be important for the study of active noise con-
trol systems in three-dimensional geometries. The formulation
of impedance boundary conditions has also been implemented
and verified. Impedance boundary conditions can be used to
model the effect of cabin trim treatments on the interior sound
field. Currently under investigation are numerical procedures
that utilize the impedance boundary condition capability of
the DBEM to identify the acoustic behavior in a cavity under
operating conditions and, consequently, to identify the noise
sources in the cavity.
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