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Abstract

Reflection silencers are installed in the exhaust system of stationary combustion engines to
attenuate low-frequency noise by means of destructive interference. The acoustic properties
of mulfflers are experimentally determined by the standard two-load method, which only
considers measurements without mean flow. In real engine operation, however, exhaust
mass flow is always present. Measurements are significantly more complex and expensive
if fluid flow is taken into account, which is why the available data is limited. Thus, the
impact of mean flow on the attenuation of silencers is not clearly known yet. This work
contributes to the state of the art by quantifying the influence of the Mach number on
the transmission loss of double-tuned straight-through mufflers based on reproducible,
noise corrected measurement results that include uncertainties. A frequency range between
20 Hz and 891 Hz is investigated at eleven different Mach numbers between 0 and 0.1
under ambient conditions. It is found that resonance peaks diminish with increasing Mach
number, while other frequencies remain unaffected by mean flow. These findings can be
transferred to operating conditions of stationary combustion engines and other exhaust
systems. The experimental data will serve as a basis for the validation of analytical and
numerical models in subsequent work.

Keywords: attenuation; mean flow; two-load method; silencer; extended inlet; extended
outlet; extended tube

1. Introduction

Stationary combustion engines can be dispatched flexibly and brought online in a very
short time, which is a decisive advantage over large central power plants. Furthermore,
the systems can produce electricity independent of weather conditions and time, which
is why they play an important role in the context of climate change. Additional areas
of application include combined heat and power plants as well as emergency power
generators for data centers.

Besides electricity and heat, air pollutant emissions and noise are generated during
engine operation. Reflection mufflers are installed in the exhaust system to attenuate
low-frequency engine noise by means of strong impedance changes at cross-sectional
discontinuities. Concentric silencers are primarily used here due to the low back pressure.
Pipe protrusions at the inlet and outlet ensure broadband attenuation [1].

Analytical and numerical calculation models are primarily used for design purposes.
Their validity, in turn, must be verified by using experimental data. In the case of a
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stationary medium, analytical and numerical approaches can be considered verified due
to the amount of existing data. Under real engine operation, however, there is always a
mean flow. The complexity and effort involved in the measurements increases significantly
when this mean flow has to be taken into account, which is why the available measurement
data is limited. As a result, the effect of the Mach number on the transmission loss is
not clearly known, yet. Furthermore, there is no reliable database for validating existing
calculation models.

This research advances scientific understanding by providing novel insights into the
influence of the Mach number on the transmission loss of straight-through mufflers with
extended tubes. Therefore, the measurements were carried out using the standard two-
load method [2], while the calculation is modified to take convective effects of the mean
flow into account [3,4]. The frequency range between 20 Hz and 891 Hz is examined at
different Mach numbers up to 0.1 on the silencer shown in Figure 1, which is an existing
industrial configuration. This specific frequency range ensures the investigation of several
resonance peaks. The experimental results are corrected for noise interference, provided
with measurement uncertainties, and were repeated on different days. The effect of the
Mach number on the attenuation has been determined from the generated experimental
data by detecting both the frequency ranges unaffected by the mean flow and those affected
by the mean flow, as well as the characteristic of the changes in the attenuation.
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Figure 1. Dimensional sketch of double-tuned straight-through muffler (dimensions in mm).

The transferability to other silencer geometries is discussed based on the findings
collected. During the measurements and data reduction, care has been taken to generate
high-quality results, which will be employed in the future to verify analytical and numerical
methods of calculation.

2. State of the Art

Silencers are designed in accordance with noise protection requirements based
on analytical or numerical models, which in turn must be verified by measurements.
Acoustic wave equations are used to describe one-, two- and three-dimensional sound
propagation [1]. Within circular ducts, a plane wave approach can be used, as long as the
wavelength of the sound wave is large in relation to the diameter of the pipe [5]. Higher-
order modes become propagating above their respective cut-on frequencies. For a circular
cross-section, the first higher-order modes are the (1, 0) diametral mode at kr = 1.84 and
the (0, 1) radial mode at kr = 3.83, where k is the wavenumber and r is the tube radius.

The transfer matrix method is an analytical approach for calculating acoustic proper-
ties such as transmission loss based on four pole theory [1]. Therefore, linear systems of
equations based on conservation of mass, momentum and energy are set up to calculate the
sound pressure and sound flux at the inlet of a silencer in relation to their values at the outlet.
These plane wave equations remain valid up to the so-called cut-off frequency [5], which is
the cut-on frequency of the (1, 0) diametral mode, resulting in a multi-dimensional wave
propagation in tubes. In addition to one-dimensional analytical methods, three-dimensional
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approaches take higher order modes into account [6-8]. Experimental, analytical and nu-
merical studies have demonstrated that in concentric expansion chamber mufflers, the first
higher-order mode (1, 0) often remains irrelevant, and plane wave propagation is ob-
served well beyond the theoretical cut-off frequency [6-9]. This occurs when the ratio of
the chamber length to the chamber diameter exceeds 1.64 for a concentric double-tuned
mulffler, as the (1, 0) diametral mode decays exponentially along the chamber axis and
becomes fully attenuated before reaching the outlet in acoustically long chambers [6,10,11].
As the frequency approaches the cut-on frequency of the first (0, 1) radial mode at
kr = 3.83, the evanescent modes decay less rapidly, and multi-dimensional effects propa-
gate throughout the entire chamber length [6]. By including the fluid mean flow, the com-
plexity of the transfer matrices increases significantly [12,13].

Numerically, transmission loss is determined using the boundary element method
(BEM) or finite element method (FEM). Taking fluid flow into account increases the compu-
tational effort enormously. On the one hand, sound propagation can be calculated simulta-
neously with the compressible fluid flow by solving the Navier-Stokes equations [14]. Due
to the transient calculation with fine mesh and small time steps, the computational effort is
correspondingly large. On the other hand, the flow can first be calculated using computa-
tional fluid dynamics (CFD) simulation and afterwards be mapped as a background flow
while solving the linearized Navier-Stokes equations with the FEM [15].

Measurements of the transmission loss are performed using the two-source method [16]
or the standard two-load method [2]: a transfer matrix of the mulffler is formed by decom-
posing the cross-spectral densities into incident and reflected sound waves. The standard
only specifies the case of a stationary medium for two-load measurements. With mean flow
involved, the wave decomposition must be performed in accordance with the modification
specified in [3].

Existing measurements on reactive mufflers mostly deal with smaller geometries than
those typically used in the exhaust systems of gas engines. Without flow, the analytical
and numerical calculation models are considered to be sufficiently validated [6,7]. Due
to the increased time and cost involved, there is little data available on measurements
in the presence of a fluid mean flow. Experiments on Helmholtz resonators have shown
that the magnitude of the resonance peaks diminishes with increasing mean flow [17,18].
These findings are in accordance with measurements on a double-tuned silencer [19].
In addition, a shifting of the attenuation peaks towards lower frequencies was observed,
while investigating the effect of a mean flow on the transmission loss of a two chamber
reflection silencer [20]. CFD simulations show that the reflection coefficient decreases with
increasing Mach number at a open end circular duct [21] and a sudden area expansion [22].
The measurement results from a marine engine exhaust silencer do not allow any clear
conclusions to be drawn about the influence of the mean flow [23]. As the flow increases,
flow-induced pressure fluctuations are generated, which will be detected by microphones
as pseudo-sound and consequently distort the results of the measurements. The measured
noise is particularly relevant for the downstream microphones, because the actual sound
pressure levels are reduced here due to attenuation of the test specimen [24].

Based on the measurement results obtained so far, no clear conclusion can be drawn
about the influence of the Mach number on the transmission loss of double-tuned silencers.
The studies did not conduct noise corrections, take into consideration the uncertainties of
the measurements or the reproducibility of the experimental results, and lacked the kind of
detailed variation of the Mach number which would have provided meaningful insights
into the influence of mean flow.
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3. Research Question

This research addresses the question: What influence does the Mach number have on
the transmission loss of double-tuned straight-through reflective mufflers?

While the existing literature has already dealt with two-load measurements, there is
little data available that takes the fluid mean flow into account. Accordingly, it is not clear
how the Mach number affects attenuation, even though there is always an exhaust gas
mass flow present under the real operating conditions of stationary combustion engines.
For the correct design of silencers, all relevant parameters need to be taken into account to
ensure compliance with noise protection measures.

This paper presents noise-corrected, reproducible experimental results including mea-
surement uncertainties for eleven different Mach numbers. The data is used to determine
the influence of the Mach number on the muffler’s attenuation by identifying those areas
with high and those with low or even no influence of mean flow. The focus is set on the
resonance peaks generated by extended tubes, the regions between two peaks, and the
areas with minimal attenuation. In addition, a distinction is made between an extended
inlet and an extended outlet.

The investigation is limited to a frequency range of 20 Hz to 891 Hz under ambient
conditions and to Mach numbers between 0 and 0.1. In addition, the research is limited to
silencers based on the single-chamber principle with concentric pipe connections. The find-
ings will be discussed in terms of their transferability to other geometries and sizes as well
as to higher temperatures. The results will serve as a basis for the validation of analytical
and numerical calculation models in subsequent work.

4. Materials and Methods

The piping system is set up in DN125. The measuring instruments used are specified
in Table 1. Technical specification of the measurement devices as well as the calibration
report of each used microphone are provided as Supplementary Materials. The geometry
of the muffler is shown in Figure 1. The measurements were carried out according to the
two-load method with four pressure field microphones at a frequency resolution of 1 Hz.

Table 1. Utilized devices to determine measurement conditions.

Device Parameter Symbol Unit Uncertainty
Unitherm TC 301 ! Temperature T °C 0.1% + 0.7 °C
Testo 511 2 Absolute pressure Pabs mbar 3.0 mbar
Wohler DC 2000pro 3 Differential pressure Pdif mbar 3%
GRAS.46AG* Sound pressure level Lp dB 0.15dB

1 (Unitherm Messtechnik GmbH, 63486 Bruchkobel, Germany). 2 (Testo SE & Co. KGaA, 79822 Titisee-Neustadt,
Germany). 3 (Wohler Technik GmbH, 33181 Bad Wiinneberg, Germany). * (GRAS Sound & Vibration, 2840
Holte, Denmark).

This section presents the experimental setup, measurement procedure, calculation of
acoustic properties, data reduction, measurement uncertainty, and reproducibility, as well
as the processing and evaluation of the data.

4.1. Experimental Setup and Measurement Procedure

The two-load method has been standardized according to ASTM E2611-2024 [2].
To ensure valid measurement results, the two impedances used at the end have to differ at
each frequency. For this purpose, an open duct as well as an anechoic termination is used.
Before performing the two-load measurements, the sensitivities of the microphones
need to be calibrated and a channel correction must be performed in order to adjust the
cross-spectral densities between the four microphones by exchanging the microphone
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positions in successive measurements without mean flow present [2,25]. The channel

correction setup is shown in Figure 2.

_ 1000 mm _,_ 1000 mm__,. 1000 mm _,
| |

sound : e
00 oo | anechoic termination

source
750 mm

125 mm

Figure 2. Setup for channel correction (above: sketch, below: photo of real appplication).

The choice of reference microphone is not important for measuring acoustic parameters
using the two-load method [26]. Therefore, microphone 1 was selected as the reference in
the following.

The standards only provide for measurements in a flow-free state, which is why
some modifications must be made in order to carry out the measurements. To generate
a volume flow, a centrifugal fan, model EHND 315 LG (Rosenberg Ventilatoren GmbH,
74653 Kiinzelsau-Gaisbach, Germany), was used for the experiments. The three-phase
motor of the fan was driven by a variable frequency drive with a digital display, enabling
continuous speed control in the frequency range of 15 Hz to 60 Hz. The fluid flow within
the pipe generates turbulence-induced pressure fluctuations, which are mistakenly detected
as sound by the microphones [24]. Thus, a powerful sound source must be used to achieve
acceptable signal-to-noise ratios (snr). In this research, the 18LW2400 4 Ohm loudspeaker
(Eighteen Sound S.r.l., 42124 Reggio Emilia, Italy) was utilized. The measurement setup is
shown in Figure 3.

1000 mm _,, 1000 mm . 1000 mm | <1000 mm _, . 1000 mm _, 1000 mm _,

flow
source |

oo ) [ muffler [ 00 ) [ anechoic termination

o .
@
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<© &
&0

sound source

microphone 1 microphone 2

Figure 3. Setup for two-load measurements with and without mean flow (above: sketch, below: photo
of real appplication).
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The mathematical validity of the wave decomposition is determined by the speed
of sound ¢, the diameter of the pipe d and distance between the two microphones
s [2,25]. The lower frequency limit f; and upper frequency limit f, can be calculated by
Equations (1) and (2), respectively.

fi=005° (1)
fu = min (0,58 2,045 %) 2

The upstream and downstream pipes of the test specimen are each equipped with
several weld-on ports to ensure distances of 1000 mm, 750 mm, and 125 mm between the
respective microphone pairs. The resulting validity ranges overlap, allowing a broadband
frequency spectrum to be covered.

A linear sine sweep was used as the excitation signal, as it is superior to random noise
due to its higher input level at the microphones and easier signal processing. In addition,
better signal-to-noise ratios can be achieved with less processing time [27]. Table 2 summa-
rizes the start and stop frequencies of the linear sine sweep with corresponding microphone
distances. The individual measurements were then combined, resulting in one data point
per frequency between 20 Hz and 891 Hz.

Table 2. Combination of sine sweep excitation and microphone distance.

Sine Sweep Microphone Distance
Start Frequency Stop Frequency Upstream Downstream
Hz Hz mm mm
20 141 1000 1000
22 204 750 750
131 457 125 125
437 891 125 125

This procedure was carried out with eleven different Mach numbers, including the case
of a stationary medium. The Mach number was determined in each case by means of airflow
measurement blades, whose technical specification is provided in the Supplementary
Materials. The experimental setup is shown in Figure 4.

airflow
. ™ .measurement blades

differential pressure
measurement device

Figure 4. Setup for flow velocity measurements.

4.2. Calculation of Acoustic Properties

The measured parameters, the temperature T (in °C), absolute pressure p,ps (in mbar),
and differential pressure pg; (in mbar), are used to determine the variables velocity of
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sound c (in m/s), wavenumber k (in m~!), and Mach number M. Equations (3) and (4)
were employed to calculate the velocity of sound and the density p [2].

¢ =20.047v27315+ T 3)

_ Pabs 273.15
p= 1‘290(1013.25> (273.15 T @
The wavenumber follows from the frequency and the velocity of sound according to
Equation (5).

Compressible effects of the flow can be neglected for Mach numbers less than 0.3 [28].
The flow velocity v is calculated from the density and dynamic pressure, which equals
the measured differential pressure. In addition, the blade coefficient C, of the airflow
measurement blades used must be included to calculate the flow velocity by means of
differential pressure and density according to Equation (6). This yields Equation (7) to
calculate the Mach number. The blade coefficient of the measurement blades can be
obtained for the investigated flow conditions from the calibration certificate, which is
provided in the Supplementary Materials.

0= Cp | 2Pl ©)
P
M=2= Co 2Pt 7)
c c\ »p

The convective effect of the sound wave propagation has to be taken into account for
the calculation of acoustic properties. For this purpose, the wavenumber k is split into the
downstream traveling wave k™ and the upstream traveling wave k~, which are calculated
according to Equations (8) and (9), respectively [1].

G 8)

= 9)

The modification according to [3,4] is used to calculate the transmission loss on the
basis of wave decomposition from the measured cross-spectral densities in the presence of a
mean flow by using k™ and k~ instead of k. The modification does not affect the measured
raw cross-spectral density data.

4.3. Data Reduction

A flow causes pressure fluctuations within the sound-carrying fluid, which are
recorded by the microphones and distort the results of the measurement [24]. In order
to ensure valid experimental data, the difference between the measured signal and the
background noise must be at least 10 dB at each microphone [2]. Accordingly, the back-
ground noise was determined in a third measurement in addition to the two loads. If the
signal-to-noise ratio fell below the threshold at one of the four microphones, the respective
data point was declared invalid and is not taken into account in the subsequent analysis.
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4.4. Measurement Uncertainty and Reproducibility

All measurements were carried out four times, each one on a different day to ensure
reproducibility. During the experimental procedure, care was taken to swap upstream and
downstream pipes in order to rule out any uncertainties caused by manufacturing-related
deviations in the positioning of the weld-on ports. Calibration and channel correction of
the microphones were carried out to ensure high quality data recording. Measurement
uncertainties based on inaccuracies of the microphones, experimental setup and procedure
are estimated to be 0.5 dB.

Uncertainties in the measurement of the temperature, absolute pressure and differen-
tial pressure must be taken into account during evaluation using linear error propagation.
Equations (10) and (11) therefore apply to uncertainties regarding the wavenumber and

= (Bar) s (ac)’ a0

SM 2 SM . \? SM 2 SM . \?
AM‘V (wb“b) *(&AC> *(mﬁ’dif) *(&AP) an

The uncertainties of the independent measured variables result from the accuracy of

Mach number.

the measuring devices. An additional statistical error is present when metering the differ-
ential pressure, which must be considered, as well. The uncertainty of the blade coefficient
results from the calibration certificate of the airflow measurement blades, which is provided
as Supplementary Materials. Due to the frequency resolution of 1 Hz, a frequency-related
uncertainty of 0.5 Hz can be expected.

4.5. Data Processing and Evaluation

The attenuation of a reflective muffler depends on the wavelength instead of the
frequency. To ensure the comparability of measurements performed on different days
and at different temperatures, the transmission loss must therefore be plotted against the
wavenumber. In addition, the transmission loss is plotted against the Mach number for
specified wavenumbers in order to precisely determine its influence.

5. Results

The procedure according to which the measurements were carried out was given
in Section 4.1 and the acoustic properties have been calculated for each frequency as
described in Section 4.2 for eleven different Mach numbers. As mentioned earlier, the use of
the wavenumber is appropriate to present the attenuation independently of the temperature.
Thus, the values of the transmission loss are plotted against the wavenumber in Figure 5a,b
for two examples of Mach numbers, 0 and 0.075.

To ensure valid experimental results, data reduction is necessary as per Section 4.3.
Therefore, the signal-to-noise ratios of each microphone are plotted against the wavenumber
for these Mach numbers in Figure 5¢,d. The illustrated threshold of 10 dB must be exceeded
at each data point to ensure its validity. Otherwise, it is considered invalid and will not be
taken into account for further examination.

While high signal-to-noise ratios are obtained in the absence of a mean flow, this is not
the case with increasing Mach number. The noise generated by the flow increases, which
yields data points under the threshold of 10 dB and thus being eliminated. Figure 5e f show
valid experimental transmission loss results for the two cases of M = 0 and M = 0.075,
which will be used for further investigation.
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Figure 5. Data reduction by signal-to-noise (snr) correction to evaluate valid measurement results for dif-
ferent Mach numbers: (a) Transmission loss according to two-load method for M = 0. (b) Transmission
loss according to two-load method for M = 0.075. (c) Signal-to-noise ratio for M = 0. (d) Signal-to-noise
ratio for M = 0.075. (e) Valid transmission loss according to two-load method for M = 0. (f) Valid trans-
mission loss according to two-load method for M = 0.075. With: (—) microphone 1, (—) microphone 2,
(=) microphone 3, (=) microphone 4, (=) threshold and (¢) data point.

Figure 6 shows valid transmission losses plotted against the Mach number and
wavenumber. The resonance peaks, which stand out in the case of a stationary medium,
are caused by the extended tubes and can be assigned to either the inlet or outlet [1].
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The acoustic resonator length can be determined by means of the wavenumber according
to Equation (12),
2n—1 7
2k
where 1 is the mode number. The calculated resonator lengths are slightly larger than
the geometric lengths, which is due to the end correction of the expansion and the
contraction [1]. According to Equation (12), resonance peaks at the approximated wavenum-
bers 1.7 m 1,54 m™ 1,87 m 1,122 m~!, and 15.6 m~! are attributed to the extended
inlet, whereas resonance peaks at roughly 3.4 m~!, and 10.4 m~! are associated with the
extended outlet.

L=

n=1,23,... (12)

40

Transmission Loss TL / dB

Mach Number M 5 8 10 12
0.10 ) 4

Wavenumber k / m

Figure 6. Valid transmission loss results plotted against Mach number and wavenumber.

With increasing Mach number, these peaks diminish, resulting in lower attenuation.
As stated earlier, a fluid mean flow has a negative impact on signal-to-noise ratios, yielding
fewer valid data points with increasing Mach number. An evaluation of the measurement
results in terms of the research question is possible nevertheless, because, even at low Mach
numbers with a high percentage of valid data, the fluid flow has a negative effect on the
resonance peaks. In contrast, the region between two peaks as well as the minima of the
attenuation seem not to be affected by the Mach number at all.

To verify these findings, the experiments were repeated on several days and the
measurement uncertainties taken into account according to Section 4.4. In the following,
three examples of the relevant regions are studied, containing a resonance peak caused
by an extended outlet, a resonance peak caused by an extended inlet, and a minimum of
the attenuation.

Figure 7a,c,e show the transmission loss plotted against the wavenumber for three
selected Mach numbers. In addition, the transmission loss is plotted against the Mach
number for specific wavenumbers in Figure 7b,d f.

All the measurements are in very close agreement with each other, considering the
measurement uncertainties. The resonance peaks diminish in the presence of a mean flow,
regardless of whether they are caused by the extended inlet or extended outlet. This occurs
even at low flow velocities and becomes larger with increasing Mach number. Wavenum-
bers beyond the proximity of a resonance peak remain unaffected by the presence of a flow,
which leads the local attenuation peaks to vanish, if not becoming local minima. Actual
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Figure 7. Influence of Mach number on the transmission loss of a double-tuned straight-through
muffler: (a) Transmission loss of resonance peak caused by the extended outlet plotted against
wavenumber for different Mach numbers. (b) Influence of Mach number on transmission loss at
k =10.36 m~!. (c) Transmission loss of resonance peak caused by the extended inlet plotted against
wavenumber for different Mach numbers. (d) Influence of Mach number on transmission loss at
k = 1220 m~!. (e) Transmission loss minimum plotted against wavenumber for different Mach
numbers. (f) Influence of Mach number on transmission loss at k = 13.98 m~!. With: (O) M = 0,
(A) M =0.05, ([O) M = 0.10, orange: trial 1, blue: trial 2, green: trial 3 and black: trial 4.
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6. Discussion

The number of valid data points decreases with increasing Mach number. The signal-
to-noise ratios of the microphones downstream from the silencer are crucial here, as they
are negatively affected by both the pressure perturbations in the flow and the attenuation
of the silencer. As the wavenumber increases, flow-induced pressure fluctuations decrease,
resulting in an improvement in the number of valid measurement points at a given Mach
number. The findings collected are in agreement with [24].

The presence of a mean flow causes the resonance peaks to diminish, regardless of
whether these are caused by the extended inlet or the extended outlet. The effect occurs
even at low flow rates and magnifies with increasing Mach number. All other wavenumbers
investigated remain unaffected by the presence of a fluid mean flow. As a result, local
resonance peaks either vanish or turn into local minima with increasing Mach number,
which must be taken into account in future methods of designing silencers. Contrary to [20],
no clear shift in the resonance peaks was observed and a reliable determination was not
possible because the resonance peaks diminish so significantly with increasing flow.

The periodically recurring attenuation domes indicate that the plane wave propagation
inside the muffler is present even up to the maximum wave number analyzed, which is
16.4 m~!. Multiplying with the radius of the muffler results kr = 3.11. This contradicts
the cut-off frequency theory according to [5], but is consistent with research from [6-9,19].
According to [6,10,11], the (1, 0) diametral mode at kr = 1.81 remains irrelevant for length-to-
diameter ratios above 1.64 because it decays exponentially along the chamber axis, becoming
fully attenuated before reaching the outlet in acoustically long chambers. The ratio of the
chamber length to the chamber diameter of this concentric double-tuned muffler is roughly
4.75. Consequently, plane wave propagation remains dominant up to the highest wavenumber
investigated, which corresponds to kr = 3.11. The experimental results are in good agreement
with the literature. The extent to which a fluid flow affects the attenuation of reflective silencers
in higher order modes was not part of this research.

The geometry investigated is a straight-through reflection silencer with one expansion
chamber and extended tubes. The findings are consistent with [19], although the geometry
examined here has significantly larger dimensions and more Mach numbers were analyzed.
The transferability to other muffler sizes appears unproblematic as long as these involve
axisymmetric pipes with uniform incident flow. When applying this to multi-chamber
systems, it should be noted that the influence of the Mach number on the damping behavior
of chamber connecting pipes was not part of this investigation.

The experiments were conducted under ambient conditions at temperatures between
8.5 °C and 18.0 °C. Cumbustion engines usually operate at temperatures up to 500 °C.
Based on the high temperature, the sound velocity of the exhaust gas from stationary
engines is usually above 500 m/s. The present work is limited to Mach numbers up to
0.10, which would correspond to a flow velocity of at least 50 m/s. Such high speeds
are intentionally avoided in real applications due to excessive pressure loss and flow
noise [29,30]. However, the transferability of the results to realistic engine conditions is
not assured because temperature-dependent effects, such as viscothermal losses, boundary
layer thickness, thermal gradients, and potential condensation or particulate effects in real
exhaust gases were not investigated in this research [31,32].

7. Conclusions

The influence of the Mach number on the transmission loss of a double-tuned straight-
through muffler has been examined experimentally in this research. The measurement
procedure has been carried out according to the standard two-load method [2]. For the data
evaluation, a modification has been used, which considers the convective effect of fluid
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mean flow in the calculation of the transmission loss [3,4]. Furthermore, a data reduction
has been performed and the measurements were repeated on different days, to generate
valid and reproducible experimental results.

The resonance peaks diminish with increasing Mach number. This applies both to the
peaks caused by an extended inlet and to those caused by an extended outlet. Frequencies
outside the influence-area of resonance peaks are not affected by the presence of a mean
flow. This leads the local attenuation peaks to either vanish or change into local minima
with increasing Mach number. Consequently, fluid mean flow has a negative impact on the
transmission loss of a double-tuned straight-through muffler.

All evaluations were performed using the temperature-independent wavenumber.
The corresponding frequency may be calculated by means of Equation (5) for a desired
temperature. Therefore, the outcome is transferable to the real operating conditions of
an engine.

The findings are limited to frequency ranges with plane wave propagation. The be-
havior of the transmission loss in the presence of a mean flow in higher order modes was
not part of this research.

The materials and methods described have led to the compilation of high-quality,
reproducible experimental data accompanied by measurement uncertainties. The collected
data may be used in subsequent work to validate analytical and numerical approaches.
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