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This paper investigates the acoustic performance of two cases for reac-
tive muffiers using Boundary Element Method (BEM) analysis. Modeling
procedures for accurate performance prediction had led to the devel-
opment of new methods for practical muffler components in design.
The transmission loss (TL) is the more widely can be easily computed
with a BEM analysis. The author presents an overview of the principles
and theoretical formulation of BEM for predicting the transmission loss
of a muffier, the pressure and velocity distribution on surfaces of muf-
fler. At the end of the paper is presented a comparison of two cases of
muffiers for transmission loss. The predicted results agreed in some
limits with the experimental data published in literature.
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1. Muffler performances

The most widely used performance used to characterize mufflers is surely the
transmission loss (TL), other indexes are however available such as insertion loss
(IL) and noise reduction (NR), and a good understanding of the differences among
them is fundamental in order to apply the most appropriate to each situation. Con-
sidering a generic muffler or duct as depicted in Figure 1, we have that the pres-
sure p; at the inlet is composed by two waves one traveling towards right (enter-
ing the muffler) that is called p,* , and the other traveling in the opposite direction
and called p;".

At the outlet the situation is similar and the total pressure p, is composed by
two waves traveling in opposite directions. The velocity at the inlet (14) and outlet
(%) sections can also be expressed in terms of the two components of the waves.
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Figure 1. The inlet and outlet of muffler or duct.

The overall relations are [1,3,4,5]:

PL=p + P @
v, = o, &)dpy - pr) )
P, =P, + P, 3)
v, =/ 0, 2)t{p; - p;) 4)

where p, - is the air density

The 7L is defined as the ratio between the sound power that actually enter in
the muffler and the transmitted sound power. The sound power that enters in the
muffler is associated to the right traveling wave at the inlet (p,*), while the trans-
mitted sound power is associated to the right traveling wave at the outlet (p.*). In
other words the 7L is the ratio (p,")*/(p.*)%.

The transmission loss is the more widely used mainly because it can be more
easily evaluated theoretically since it is an intrinsic property of the muffler, while
the Insertion loss depends instead of the acoustic impedance at the inlet and out-
let. If the impedance at inlet and outlet are both equal to the fluid impedance,
then the insertion loss is equal to the transmission loss.

2. Evaluation of the transmission loss TL

The standard procedure for evaluation of TL is based on the evaluation of the
so-called four pole parameters (A, B, C, D) that characterize the muffler. In the
past several studies were conducted in order to analytically evaluate these pa-
rameters, but nowadays they can be easily computed with a BEM analysis. It is
simply required to execute two set of calculations that differs only for the boundary
conditions applied at the outlet. The calculations to be performed are respect the
Table 1[2,3,4]:
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Table 1. Boundary conditions

Boundary condition

Boundary condition

Set at inlet at outlet
1 Imposed velocity Imposed velocity
=1 v=0
2 Imposed velocity Imposed pressure
r=1 p=0

The four parameters (that are complex numbers that depends on frequency)
can then be computed as [2,3,5]:

A=(p./p,); C:(Vl/pz)from set 1 ©)

B:(pl/vz); D:(Vl/VZ) from set 2 (6)

An interesting properties of the above parameters is that they satisfy the rela-

tion AD-BC=1, and this can be used as an useful check for ensuring the accuracy

of the performed calculations. Using the equations (1), (2), (3), (4) and the above
definitions of 4, B, G, Dit is possible to obtain an expression for the 7L.

The transmitted pressure p," can be most easily determined if the outlet is

non-reflecting that is if p,° =0. Using then equations (1), (2), (3), (4) and the

above definitions the ration (2*)/(»") can be easily obtained and the transmission

loss writes as [2,3,4,5]:
/ 2} (7)

The basic equation for acoustic wave propagation through an elastic medium
is the linear wave equation [3]:

TL = 20Ioglo{

B
A+—+Clplt)+D
+,0E¢:+ (p )+

3. BEM acoustic theoretical formulation

1 0%
Du=—=-—
c? ot?

where u(x,t) is the velocity potential, cis the speed of sound, b(x,t) is the sound
source, x and tare the position and time variables. Assuming that the problem is

time harmonic, equation (8) can be transferred to the frequency domain so as to
obtain the Helmholtz equation [3,5]:

+b (8)

D%u+k?u=b 9)
where k =a/c is the wave number and « the angular frequency. Using the con-
cept of free field Green’s function (v*,u*), the Helmholtz equation can be con-
verted in the following integral equation, defined on the boundary[3,5]:
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c(Pu(P)+ J.v* udS= .[u*vdS (10)
S S

Equation (10) can be expressed in a boundary element formulation, in order
to aplly a numerical resolution method (in most cases the analytical treatment is
overwhelmingly difficult)

c(Pu(P)+ > _[v*udS: > fu*vdS (11)

Neiemems Sdemem Neiemems Sdemem

where C(P) is dependent on the domain geometry, v is the fluid particle velocity
and S hte boundary surface. By substituting in equation (11)

u(x) = - p(x)/icp (12)

where p is the mass density of the acoustic media, it is possible to write equation
(11) in matrix form:

HP =GV +B (13)

where P and V are vectors of nodal pressures and velocities on the BEM surface,
while B is a body source vector. For a given velocity field on the panel, an acous-
tic BEM direct frequency response analysis calculates and stores the following data
in the model database: pressure and velocities values in nodes on the BEM surface
and at field points. It is worth to point out that the matrices H, G are fully popu-
lated, involving long run times for the system resolution. The pressure at an arbi-
trary field point is obtained by postprocessing surface pressure and normal velocity
values: in this case only numerical integration is needed. There is one row and col-
umn for each boundary element node in the model and the matrices H and G
are frequencies dependent so as to require a full acoustic analysis for each fre-
quency of interest.

If the fluid is not supposed to be conservative its physical properties are com-
plex and consequently the solution is complex, existing phase relationships be-
tween the physical quantities like pressure and velocity, but this is not the case for
our problem where an ideal fluid is considered.

A critical issue for an accurate evaluation of 7L and /L is the correct applica-
tion of Boundary Conditions (in the following abbreviated as BC), in particular in
regions where they change.

For the inlet region, we need to apply a constant velocity at the inlet section
while in the other nodes of the duct the BC is still an imposed velocity but with
zero velocity [2]. The situation is depicted in the Figure 2.
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Figure 2. Inlet region Figure 3. Operation of splitting the nodes

Consider now the point P that is at the intersection of the inlet section with
the duct surface. Velocity has to be applied to this point, if we consider this point
as belonging to the inlet section we should impose a unitary normal velocity while
if we consider it as belonging to the duct we should impose a null velocity. The
correct velocity to apply, if we come back to the definition of the velocity BC we
remember that this BC consist in ensuring that the fluid velocity in the direction of
the perpendicular to the surface be equal to the imposed value. But what is the
direction of the surface normal for the point A. Theoretically speaking the normal is
not defined since the surface is not smooth at this point, however practically the
surface normal for a generic point is always computed taking the average of the
normal of all the panels at which the node is connected.

The right solution is the possibility to split the node Pin two nodes P, and A,
having the same geometrical coordinates but one connected to the panel of the
inlet section and the other connected to the panel of the duct, as depicted in Fig-
ure 3. In the picture the view is exploded and the points A, and A are showed at
different places but this is only for visualization reason and they should have in-
stead the same geometrical coordinates. The important thing is however that the
node P1 be connected only to the panel of the inlet section and the node A, be
connected only to the panel of the duct. Now the surface normal for the point A2, is
horizontal since the point is no more connected to any panel of the duct. Recipro-
cally the normal of the point A, is now vertical. This operation of splitting the nodes
is referred as disconnection, since the elements of the inlet are no more topologi-
cally connected to the elements of the duct [2].

The same kind of problem can appear for example at the outlet. In the point
at intersection of outlet and duct, this situation is also more difficult since we have
that different kind of BC should be applied to points of duct and outlet, since for
the outlet section we need to assign a pressure BC while for the duct we have as
usual a Velocity BC. The correct BC to be applied for the point at intersection can
now be easily obtained, also in this case we need to introduce two coincident
nodes, one connected to the panels of duct and the other connected to the panel
of outlet and apply the relative BC to each node.
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4. Muffler analysis and results

As a practical example we are now going to consider two cases of muffler.
Case 1 for a simple expansion chamber and Case 2 for two expansion cham-
ber[2,3]; then using the VNoise software we are going to evaluate the transmis-
sion loss 7L and finally compare them with each.

The base models of the two cases are defined inserting the nodes that define
the profile of the muffler and then is generate a revolution surface from them. The
nodes coordinates to be inserted are presented in Table 2 and Table 3, and then
connecting them with edges we obtain the base model represented in both cases
Figure 4 and Figure 5.

The two cases differ only because of introduction or deflector panel (NsNg in
Figure 5), thus dividing the inner chamber into two chambers that communicate
with each other by a certain circular section.

Table 2. The nodes coordinates for case 1
M N N Ny Ns Ne N N
x|-041-041]-03|-031(03 |03 (04 |04
0 0,05|005(02 |02 |005|005|0
z|0 0 0 0 0 0 0 0

<

Table 3. The node coordinates for case 2
M M N N, N Ne N N N Nyg

x| -0,40 | -0,40 | -0,30 [-0,30| 0 | O |0,30|0,30 | 0,40 | 0,40
y| 0 |005]| 005|020 ]0,20]0,05|0,20|0,05]|005| 0
z| 0 0 0 0 ol o o] o] o]l o

N4 NS

. N,
I_“ s e "—I X\

M o Ns

Figure 4. Base model of muffler for case 1 (N; ... Ng)
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Figure 5. Base model of muffler for case 2 (N; ... Nyg)

We apply the required BC and then perform the discretization using 6 points
per wave at 4500 Hz. Figure 6 show discretization of muffler, for example to gen-
erate a 90° revolution surface and use symmetries during calculations.

a. b.
Figure 6. Discretization of muffler:
a) case 1— one expansion chamber; b) case 2— two expansion chamber

In Figures 7 - 10 is show velocity distribution and pressure distribution on sur-
faces of muffler with single expansion chamber and for a muffler with two expan-
sion chamber for 3000 Hz. In the second case are presented in Figures 11 and 12
is show velocity distribution and pressure distribution on surfaces of inside baffle
plane with two expansion chamber for 3000 Hz

In order to evaluate the transmission loss (7L) we need to execute two set of
calculation, one with =0 at the outlet and the other with p=0 at the outlet (see
Table 1).

First of evaluating the TL it is a good practice to check that convergence is
achieved. In muffler analysis a good method to check convergence is to check the
values of [1-(AD-BC)]. In our example the values of [1-(AD-BC)] are much smaller
then unity [3] and therefore it can be a good indication that convergence is
achieved.
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Figure 7. Velocity distribution on sur-
faces of muffler at 3000 Hz for case 1-
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Figure 9. Velocity distribution on sur-
faces of muffler at 3000 Hz for case 2
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Figure 11. Velocity distribution on sur-
faces of baffle plane at 3 kHz for case 2
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Figure 8. Pressure distribution on sur-
faces of muffler at 3000 Hz for case 1
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Figure 10. Pressure distribution on sur-
faces of muffler at 3000 Hz for case 2

Press. Distr. :3000.0 Hz

Figure 12. Pressure distribution on
surfaces of baffle plane at 3 kHz for
case 2
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5. Conclusion

We consider a calculation in the range of (50-3300 Hz) with a step of 10 Hz,
using a rotational symmetry, consider only a % of the muffler. In this case on Fig-
ure 13 is presented transmission loss ( 7L) for muffler for both cases.
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Figure 13. Transmission loss ( 7L) for muffler with:
Case 1 - one expansion chamber; Case 2 - two expansion chamber

Once that we provide the two set of calculations, the two nodes respectively
of inlet and outlet to be used for 7L evaluation, then will may automatically evalu-
ate the four parameter A,B,C,D and transmission loss (TL) are given in Figure 13.
The predicted results agreed in some limits with the experimental data published in
literature[6,7,8].

It may be noted that although not easily grows length dimension, just by en-
tering a baffle plane the transmission loss increases slightly. The experience of the
author, most relevant characteristic of a muffler is the ratio between total length
and its diameter dimension.
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