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Introduction
Exhaust systems are exposed to large pressure pulsations
due to the periodically blown out exhaust gas. These
large pulsations may lead to structural vibrations of the
exhaust system by the transfer of energy from the fluid to
the structural parts of the exhaust system. Furthermore,
the vibrating structural parts of the exhaust system significantly contribute to the sound radiation of the system.
This phenomenon of the so called surface radiated sound
is reported in [1, 2, 3] and is experimentally investigated
on a production-model main muffler of which the inner
structural parts are removed.

(a) f2 = 393 Hz

(b) f5 = 479 Hz

Figure 2: Second and fifth experimental mode shape of the
main muffler.

In the next step, the two–microphone–method (TMM)
is employed to determine both the specific acoustic
impedance as well as the pressure on the inlet of the exhaust system. The TMM makes use of two microphones
located at fixed known positions x1 and x2 in a duct as
shown in Fig. 3. Under the assumption of plane waves
in the duct, which for the presented setup is guaranteed
up to a frequency of fu ≈ 2.8 kHz, the acoustic pressure
measured by the two microphones, p1 and p2 , is used to
back–out the reflection coefficient and thus the specific
acoustic impedance at the specified cross–section:

Experimental Analysis
The experimental investigation is divided into three
steps: In the first step, an experimental modal analysis (EMA) is carried out to determine the fundamental
vibration mode shapes and corresponding frequencies of
the production-model main muffler depicted in Fig. 1,
of which the inner structural parts are removed. In the
next step, in order to quantify the excitability of the exhaust system by the acoustic path, a test setup is created, where the acoustic pressure and the specific acoustic impedance on the inlet as well as the structural vibration on the shell of the exhaust system can be measured.
In the last step, the acoustic pressure is measured on field
points close to the surface of the upper shell for an harmonic acoustic excitation at the inlet to characterize the
surface sound radiation.

R=

H12 − HI 2iκx1
e
HR − H12

,

(1)

with H12 as the transfer function between the microphones one and two, and the time delay functions HI =
e−iκ(x1 −x2 ) and HR = eiκ(x1 −x2 ) . In Eq. (1) the only
unknown is the transfer function H12 . In the experimental setup a third microphone is used allowing the
computation of three different transfer functions Hij in
order to cross–check the quality of the measurement. The
magnitude of the reflection coefficient at the inlet of the
main muffler is depicted in Fig. 4 up to a frequency of
f = 1500 Hz making use of all three transfer functions
Hij , showing an excellent consistency of the measurements. The vertical dashed lines in the same plot represent the eigen frequencies of the upper shell. It can be
seen that the reflection coefficient strongly varies at many
of these frequencies, demonstrating the strong influence

For the EMA the main focus is set to the upper shell
of the main muffler: Transfer functions are measured
between 375 points and two reference points by use of
multi–reference fitting algorithms. Contour plots of two
experimental mode shapes are depicted in Fig. 2. The
mode shape in Fig 2(a) is a typical breathing mode, while
the mode shape shown in Fig. 2(b) looks analogue to a
(2,1)–mode of a rigidly fixed plate, though it is more
complex due to the given geometry.
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Figure 3:
Measurement configuration for the two–
microphone–method (TMM).

Figure 1: Test object: Production series main muffler
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Figure 4: Magnitude of measured reflection coefficient and
structural resonance frequencies of the upper shell of the main
muffler (vertical dashed lines)

Figure 6: Selected nodes on upper shell and field point plane
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Figure 7: Sound pressure level (SPL) at the field points in
dB at fh = 478 Hz.
600

sults of the field point measurement are shown in Fig. 7.
It can be seen that the contour lines of regions with the
same sound pressure level (SPL) are approximately of an
elliptical shape. There are two regions with high values,
which are colored red and magenta and reach a SPL up to
90 dB. Going back to Fig 2(b) it becomes clear that the
maxima are caused by the sound emission of the “(2,1)mode”. Since the two regions with maximal displacement
are phase-shifted by 180◦ the sound field is expected to
be similar to the sound field of a dipole. This also implies,
that in-between the two maximum regions the SPL will
be low due to destructive interference. As expected, the
green and blue colors indicate low acoustical pressures,
with a minimum value of 62 dB.

Figure 5: Normalized magnitude of transfer function Hpt vi
between the transmitted pressure pT and the normal velocity
vi on the upper shell.

of the structural dynamics on the interior acoustical behavior of the system.
The magnitude and phase of the pressure that is transmitted into the exhaust system pT can be computed by
pT = (1 − R)

1 − H12 HI −κx2
p1
e
HR − H I

(2)

This allows to determine the transfer function HpT vi between pT and the normal velocity on the surface of the
upper shell vi . Figure 5 shows the normalized magnitude
HpT vi in a frequency range between 300 Hz and 600 Hz
for four points located on the upper shell as shown in
Fig. 6. All transfer functions show a high level close to
the resonance frequencies. The transfer functions additionally indicate that the operational deflection shapes
are dominated by the mode shapes, e.g. at frequencies
close to 390 Hz the normal velocities in the middle of the
structure (points 3290 and 3756) are much higher than
the normal velocities at the outer part of the structure
(points 3287 and 3765) correlating well with the results
depicted in Fig. 2(a). The plot shows that there is a significant excitability of the structure by the acoustic path.
Thus both the acoustic and the structural domain mutually influence each other necessitating the use of a fully
coupled simulation method.

Conclusion
This work systematically identified the excitation of
structural vibrations by the acoustic path and showed the
surface radiation on the example of a main muffler. The
results demonstrate the need for an effective simulation
tool for the prediction of this phenomenon as proposed
in [2].
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