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l. INTRODUCYION

Dfiign of loudspukets is a challenging task. Many aspects must beconsidered. elem-ital, magnetic, mechanical

vibration and acouaics. Some loudspalrers are based on models which have evolved over many deadesand been
extensively tested. without the use of analytical techniques. However the consumer market is very competitive and
new designs have to evolve more rapidly nowadays. Analytical methods offer a tool which can be used to assist in
the design process and which can potentially pemtit the consideration ofvery radical changes using non-standard
components which wouldbe expensive to construct on a one-ofl' basis, thus accelerating the desiyt cycle. They also
have a role to play in helping the engineer to comprehend the phenomena and hence ntake more efficient design
changes.

The finite element method is a numeriml technique which can be applied to many fields of engineering, including

statics, dynamics, magnetic and acoustics It has been around s‘nce the l950's where it was initially used in the
aerospace industry. The increasing power and decreasing cost ofoomputer hardware together with the refinement
of numerical techniques and the evolution of commercial sofiware based on these techniques has encouraged the
spread of finite elements (FE) into many diverse applications. The boundary element method is a more recent
technique. Boundary elements (BE) are partly competitive with FE and partly complimentary. It is available in'
some commercial computer codes and its use is also increasing.

In this paper the FE and BE methods are dumbed and their application to loudspaker design is considerd.

Attention is mainly confined to acoustics with a little consideration of structural vibration.

2. ACOUSTIC EQUATIONS

For small amplitude oscillations in an inviscid, irrotational. compressible fluid. with no mean flow, the pressure
distribution satisfiesthe wave equation

V’ ———=0 ' V (l)

where c is the acoustic wavespcd, For steady state oscillations at circular frequency w . this reduces to the

Helmholtz equation

V’p+k’p = 0 _ (1)
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a)
where Ir = —- is the acoustic wavenumber. 0n the interface between the fluid and some structure there is

c
continuity of normal velocity

2— 3 3al—wpu, ()

and pressure with negative normal stress

p = —UM (4)

where n is the normal direction, p is the density, in is the displacement and a the stress. Ifthere is a point source
or incident plane wave in the fluid domain, then the total pressure field p can be decomposed as

p = pl +Ps (5)

where p, is the incident free field pressure and p, is the scattered pressure. For enemal problems the scattered
pressure field must satisfy the Sommerfeld radiation condition

which ensures that it consists only of outgoing waves.

 

0 (6)

3. ACOUSTIC Fl'NlTE ELEMENTS

The FE method requires the volume of the region modelled to be subdivided into elements. Within nch element
the pressure is interpolated from the nodal reference points, which define its shape, using polynomial functions. In
simple terms, the wave equation can be solved exactly, subject to these constraints on the pressure distribution. In a
rigorous manner, the equations can be derived using either variational or Galerkin weighted residual methods. The
general transient form of the equations is

[MJtifil +[A.1tpt+[5.1(p) = Ltmwr (7)

where {p} is a vector of the nodal pressures, u" is the normal displacement on the boundary F. [Sc], [Ag] and
[Ma] are sparse, square symmetric matrices and [N] is a row vector of interpolation functions. A more complete
theoretical description is given by Fun [I].

lIsteady state response at circular frequency a) is to be considered then the equation Imomes

([S,]+im[A,1— m’tM,])(p) = —a)1Ir[N]rundF (a)
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The rrumix [Al] arises from surface absorbency. lfvolume absorbency is lobe modelled,“ in a foam. their the

matrices [Sc] and [Mn] become complex.

The mun-a] frequency tabulation for a cavity can be done by solving the eigenvalue problem

([sa— w’rM.1)(p) = {0) (9)

I, WAVE ENVELOPE ELEMENTS

Aeoustie FE are not thebest method for solving exterior, infinite domain. problems It would be possible-tn model

up to a tnumtion surface with acoustic FE and then apply some impedance boundary condition, e.g.

P = pcV (10)

which would be an exam non-reflective condition for a plane wave impinging normally on the surface. To ensure

that this is tisfred adequately would require modelling to a large distance from the structme. but this would then

be computationally expensive. Furthermore at low frequency large elements would he most eflicient. whereas at

high frequency small elements would be required.

Wave envelope demerits are a more aoarrate technique. They explicitly model a zone extending to infinity and

assume that the wave travels nonnatly across the boundary and that it is composed ofa linear combination ofpoles

of various orders coming from a 'source'. The distance of the "source" can vary along the boundary. This

technique requires the (infinite) honndar-is to follow theray paths of the acoustic problem but can be used much

narer to the structure titan a simpler impedance condition The equations for these elements are ofa similar form

to (7) and they am he mergal into n FE solution procedure. A more fomial description is given by

Cremers [2].

5. ACOUSTIC BOUNDARY ELEMENTS

The boundary element method requires only the surface of the reg'on to be modelled with boundary element

patches. Within ash patch the pressure and its normal gradient are interpolated using polynomials. The surface

Helmholtz formula can be used, together with collocation at the surfloe nodal points to derive a set of equations of

the form

tH](p)=tGl{g-j}+tp.) on

where [H] and [G] are complex dense matrices and (p) and are vectors of prssum and pressure normal

gradients at the surface mesh points 'l1Ie surface Helmholtz formulation. described above, works well apart from at

I set ofcharacteristic frequencies, which become dense in the higher frequency range. A number of improved

boundary element methods are available, which overcome these difl‘rculu'es. eg. CHIEF, due to Schenck [3].
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Theacoustic BE method dos not requite the direction ofwave propagation to be normal to the boundary and it is
thus pomhle to use this technique right on the srrfaee of a vrhrating unicorn.

6. COUPLING T0 STRUCTURAL MODELS

Anacouflicl-‘EorBE meshcanbecoupledtoa stnrcturall-‘E malt. Afullycoupledanalys‘surnbeperfonned.
satisfying equations (3) and (4) on the fluidstructure interface and solving simultaneously for both displacements
on the structurearrdpm in the fluid The usual FE equations become modified to

([S]+iwiC]-w’iM])(u)+m’{p) = {F) (n)

where [T] is a coupling rrtau'ix such that -[TY gives the loading on the structure due to the pressure
distribution in the fluid. Evaluating the right hand side of equation (8) using the structural normal velociti results
in

([S.]+iw[A.l-w'[M.])ip) = w‘mtu) = (0) (la)

Coupling between structural FE and acoustic BE requires the construction ofa matrix [E] such that [E]r {it} gives
the normal displacements at the degrees of freedom on the BE mesh. Equation (1 l) becomes

[Him =‘w’piGiiEl'iul +02.) - ' (14)
It is posrble to couple acoustic FE directly to acoustic BE. as described by Macey [4], which is advantageous in
some circumstances,

For stnruures vibrating in light fluids the pressure loading on the structure is ofien assumed to be insignifitant,
tltus permitting an uncoupled solution, The structural vibration alculatt'on is performed without including the fluid
loading. and then the acoustic analysis is performed, using the structural surface motion to compute the right hand
side of equation (8) or (14). 11Iis is computationally more eflicient However in loudspeaker analysis the cone is
very light also and hence it is probably advisable to perform frilly coupled analyses

7. COMPARISON OF ME'fl-[ODS

Acoustic analysis techniques are still evolving and being refined. Thus the bat method for solving a particular
problem may not still be so in a few yars time it is certainlyasier to crate a surface mesh than a volume mail,
which givs BE some advantage. but then automatic SD meshing schemes are another area of current research FE
are Mnitetybetter ifthe fluid medium is has inhomogeneous properties. BE-do not deal as well with natural
frun calculations. For shady state exterior problems BE is more robust than FE combined with waveenvdope
elements, but les efl‘tcient However a technique for interpolating aeounie BE matrices between frequencies tan be
used to speed up BE analysis. at the cost of a slight ton in accuracy, For interior problems either’FE or BE could he
used; the author's opinion is that FE has the edge. The relative computational advantage of FE will incmse with
the ratio ofboundary to volume, as the geometry of the problem changed
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8. APPLICATION TO THE LOUDSPEAKER INDUSTRY

A commonly used performanceindiamr for a loudspaker box is the pmsure against them response at some
point on axis in front of it. Ideally this should be fairly flat for a constant electriai input against frequency.
Howeverthere are manyphenomena whichafi‘euthe final resulL The cone may bevihrating rigidly it'it is stifl'or
at low frequency. Under other conditions bending may occur, musing a difl‘erent Iadiation eflicienq. The loading
on the cone due to the prsnue field inside the box will generally be small compared with the forces driving the
system, but under some conditions there may be an effect at the cavity monance ofthe box. The loading otthe air
in hunt ofthe cone may have an'addedm chart at low frequencies, particularly it‘the cone is light. The sound
received at the mmsurement point will he afl'ected by diffraction from the edges of the speaker box and reflections
ott‘the walls. ceiling, floor and t'umitnre. Il'the designer does not understand why a particular system is producing
its response then new models can only evolve at a slow evolutionary pace. To acquire this comprehension it is
useful to isolate difl‘erent phenomena. This can be done experimentally. e.g. by using an mechoic chamber to
remove rdlection efl'ccts. measuring conevibration in air at low pressure to study the added mass contnhution etc.

However these will be time oonsuming. Alternatively each of these phenomena can he studied individually using
FEIBE models.

The natural frequencies and mode shapes otthe voice coil/mndsunound tan be detemined using structural
eigenvalue analysis. Results of this type are given by Fackrell [5]. The natural frequencies of the interior cavity
can he determinedby eigenvalue calculation on an acoustic FE mesh e.g. Fackrell [5]. The efl'ccts ofaddcd mass
of the external air will be incorporated in a fully coupled acoustic analysis, which will also include the radiation
damping associated with the external air. This has been done by modelling the external fluid as a combination of
acoustic FE and BE as in Fackrell [5], Wright [6] and Bank [7]. These three studies consider the case of radiation
into an infinite haifspaoe, i.e. ignoring difl'raction/reflcction efl'ccts. An example of this type using wave envelope
elements is contained in this paper. Radiation into a full JD space an be heated by anacoustic BE coupled directly
to a structural FE model oflhe cone/dust cover/box. The placement otspeakers in a room has been considered by
Wriyu [B] where a low ficquenq representation of the speaker as a point source was used in an acoustic BE model
ofthe room, In principle it would be possible to have an analytical model ofa spatter within a computational
model ofa room. This would be computationally expensive on today's processors, but should become a posibility
in the fitture.

11w drive unit is axisymmetrie, thus it is ohen sulficient to perform u computationally cheaper antisymmetric
analysis. where FEIBE methods require only a mesh of the generator plane to be cmted. 11te main diificultis are
determining the correct material properties for cone, smound and foams and the modelling of ports whee fluid
flow and/or viscosity efl'ects may need to be taken into account Another are which needs to be addressed is that
stwdy state FEBE analysis mumes that materials are operating in the linear region wheres in practice a
loudspeaker may be driven in the non-linear region. producing distortion, which is not taken into account in the
analytical models.

9. EXAMPLE RESULTS

The example ofa concave piston mounted in an infinite rigid hafl'le studied by Wright [6] has been analysed more
recently using the wave envelope element method The air inside the cone and extending out up to a hemispherital
surface are modelled using acoustic FE. The rest of the infinite halfspace is modelled with wave envelope
elements. The mesh is shown in figure 1. The computed impedance is normalised by peA where A is the
projected area of the cone. ln figtue 2 the graphs ofresistance and metance against normalised frequency lra,
where a is the radius of Ihe piston. are in close agreement with the results published in [6], The current units
computed with the wave envelope method took much Im time than those of [6] which used the BE method.
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[0. POSSIBI£ FUTURE TRENDS

lnthefiitiuecomwtultardmwillbe morepcvwerfulundsofiwarewillusemotesophistiatedandrobust
numerical techniques and be more user friendly. Application specific semi-intelligent programs will be much more
common, erg,promptingthedsignetforlhcdimettsionsofthehozgthepositionofthedfiveunimhemataials. the
fioquenq and automatically mating, running and displaying Mulls from an appropriate numerical

model. Posihly future systems will have optimisation fiinctionality, so that some ol'the redesign process tan he
more automatic. Some research in this field has almdyheen done by Gratch [9] where slupe optimisation ofa
cone is consideied. Perhaps futuie design systems for loudspeakus will integrate the calm-laden oftlte magnetic

field will: the vt'hroacmtstic analysis. This would permit computation of tire effect that changing components in the
elodriml matehingnetworkwitlhaveonthesoundfield. 11lmitsoemscertainthatanalyticmetltodswillplaya

greater role in loudspeaker design in the coming ym
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