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Featured Application: The presented investigation indicates the feasibility of an a priori numer-
ical approach aimed at designing a multifunctional scrubber that includes muffler functionality
within the product. The integration between this component along the exhaust line, for example
scrubbers and silencers, allows for space to be saved onboard ships. The numerical investigation
allows to study the optimized acoustic properties of marine scrubbers during the design phase
while reducing the number of the prototypes that need to be constructed and tested. Considering
the large dimensions of a scrubber–silencer design allows for time and money to be saved.

Abstract: Scrubber systems abate the sulphur oxide emissions of engines when cheap fuel oils that
are high in sulphur content are employed as combustibles. However, the ships with these voluminous
devices installed on board is space demanding. This work analyses the feasibility of incorporating
the acoustic abatement of the exhaust gas noise functionality into the scrubber design to provide
a combined scrubber–silencer system. For this purpose, a finite element analysis is performed on
a simple expansion chamber, which is assessed using both analytical and experimental data. The
transmission loss is the acoustic parameter chosen in this work. The numerical model depicts a
good correlation with the transmission loss measured on a model scale scrubber. Finally, scrubber
geometry modifications alter the transmission loss, changing and/or enhancing its featuring. These
abilities indicate the feasibility to confer to scrubber silencing effects.

Keywords: marine scrubber; muffler; FEA; experimental test; transmission loss

1. Introduction

Although maritime transport accounts for approximately 10–15% of global sulphur
(SOx) and nitrogen (NOx) oxide emissions, the volume of seaborne trade has increased by
about 3% annually over the past 50 years or so, accounting for about 80–85% of world trade
by volume [1]. This has led to increasing concerns about the global impact of maritime
emissions, and, consistently, the IMO (International Maritime Organization) has restricted
the limits imposed by MARPOL 73/78 Regulations [2,3] on ship emissions, specifically
those of SOx [3] and NOx [2].

EGR (exhaust gas recirculation) and SCR (selective catalytic reduction) systems are
recognized as effective technologies for the control of marine NOx emissions [1,4]. However,
the former solution increases particulate matter emissions and fuel consumption by about
4% [5], making SCR the preferred option.

Different strategies allow for SOx emissions to be reduced [6]: alternative fuels
(e.g., LNG—liquefied natural gas), alternative energy sources (e.g., fuel cells), and conven-
tional fuels with low a sulphur content (e.g., VLSFO—very low sulphur fuel oil).
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Since January 2020, for ships using conventional fuels, the above-quoted regulations
have made the use of VLSFO mandatory, as its sulphur content is lower than 0.5 wt%.
Moreover, to sail in ECAs (emission control areas), ULSFO (ultra low sulphur fuel oil) must
be used, as the sulphur content limit in fuels has been pushed down to 0.1 wt% in these
areas. Whereas the adoption of alternative fuels or onboard energy sources represents,
besides the costs, the burden of entire propulsion system refitting, the use of low sulphur
content combustibles significantly impacts the total operating costs of a ship, with over
60% of them being associated with the fuel. Despite COVID-19 resulting in an extreme
reduction in oil prices, prices of USD 365, USD 472, USD 515, and USD 520 per ton were
reported for HSFO (high sulphur fuel oil), VLSFO, ULSFO, and MGO (marine gas oil),
respectively, at the Rotterdam/Antwerp hub on 22 February 2021 [7], indicating that use of
HSFO may represent higher savings compared to other fuels. Accordingly, an alternative
solution is to install a scrubber as an emission abatement device, ensuring compliance with
SOx regulations. Scrubbers represent a viable solution [8] and show a lower climate impact
than low sulphur fuels [9].

The installation of both SCR and scrubber systems onboard ships could represent a
reliable technical solution to satisfy the limits imposed on both NOx and SOx emissions;
however, this solution is hardly applicable because of space limitations, especially for
existing ships [10]. Indeed, pollution control devices are usually installed in the funnel and
are often large in size, so integrating such systems with other exhaust line components,
such as silencers, becomes mandatory in order to save space [1].

What is also remarkable is the importance of controlling and minimizing exhausted
gas noise. Several regulations [11,12] limit the perceived noise level at ship decks and have
prescribed distances from vessels. As such, the integration of pollution control devices and
silencers can represent a smart way to satisfy these regulations by saving space along the
exhaust line.

Concerning the acoustic performances of pollution control devices such as scrubbers,
in the literature, only a notable example of an SCR converter [1] is present, and a patent for
a marine scrubber with acoustic properties is deposited [13]. On the contrary, the acoustic
performance of mufflers has been deeply studied [14–18].

The present work is a part of a research project (Project ABE: see funding) oriented to
integrate different functionalities within emission control systems and intending to develop
a methodology to achieve compact, efficient, and cost-effective scrubber-based marine
engine exhaust emission systems. In the first instance, the integration of silencing effects
within scrubber technology is addressed, and a FEM (finite element method) model that
can predict the efficiency of a scrubber–silencer is developed.

In this work, transmission loss (TL) was used as an acoustic parameter to evaluate the
acoustic performance of a model-scale scrubber; TL is a property of the muffler only, and it
can be easily evaluated with models available in the literature [15].

Here, the FEM model used to evaluate the TL is compared with both analytical and
experimental data.

2. Materials and Methods

The following sections first outline the theoretical aspects of the experimental mea-
surement techniques and numerical methods used to evaluate TL. Then, we present the
experimental set-up used to measure the TL of both a simple expansion chamber and a
model-scale scrubber; finally, we address the case studies analysed in this work.

2.1. Transmission Loss Measurements and Calculations

In general, the TL of a component can be calculated with the following equation when
considering an anechoic termination [16]:

TL = 10 log10
Wi
Wt

, (1)

where Wi and Wt are the sound power of the incident and the transmitted waves, respectively.
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2.1.1. Experimental Techniques for Transmission Loss Measurements

Three distinct techniques allow the TL to be measured for mufflers using an impedance
tube: the decomposition method, the two-source method, and the two-load method.

The decomposition method [19,20] properly measures the acoustic properties in
ducts [21] using a measurement set-up as depicted in Figure 1, where 1, 2, and 3 rep-
resent microphone locations. Sii, Srr, and Stt represent the auto-spectra of the incident
and the reflected and transmitted sound waves, respectively. The auto-spectra are defined
as the product between a function and its complex conjugate; they provide the power
distribution of the analyzed signal as a function of frequency.
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Considering a plane wave propagation and using two microphones at locations
1 and 2, the sound pressure can be decomposed into its incident and reflected waves.
The microphone at location 3 directly measures the transmitted sound pressure. The
decomposition theory provides an expression for the auto-spectrum Sii of the incident
wave, so the sound power of the incident and transmitted waves can be derived, and the
TL can be expressed as follows [15]:

TL = 20 log10
pi
pt

+ 10 log10
Si
So

, (2)

where pi and pt are the rms of the sound pressure of the incident and transmitted waves,
respectively, and Si and So are the cross-section area of the muffler inlet and outlet
pipes, respectively.

The major drawback of the decomposition method is that a fully anechoic termination
is difficult to reproduce in experiments, affecting the reliability of the TL measurement.

A muffler can also be modeled using the so-called four-pole parameters method [22].
The four parameters (A, B, C, and D) relate the inlet pressure (pi) and velocity (vi) to the
respective outlet values (po, vo), assuming a plane wave propagation.[

pi
vi

]
=

[
A B
C D

][
po
vo

]
, (3)

Two methods are available to calculate the four-pole parameters exploiting the transfer-
matrix approach: the two-source method and the two-loads method [15].

When using the two-sources method, four microphones are needed. Consequently, the
test has to be performed in two configurations to have the data required for TL parameter
calculation according to Equation (4). In Figure 2 the two configurations (a and b) are
reported. They are implemented by changing the source position while keeping the other
pipe termination open. The numbers 1, 2, 3, and 4 represent the microphone locations.

The muffler TL can be calculated as follows [16,23]:

TL = 20 log10

{
1
2

∣∣∣∣A23 +
B23

ρc
+ρc C23+D23

∣∣∣∣}+10 log10
Si
So

, (4)

where ρ is the fluid density, c is the speed of sound in the fluid medium, and A23, B23,
C23, and D23 are the four-pole parameters between microphones 2 and 3. The specific
expressions for the parameters are given in [15].
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Figure 2. Measurement set-up according to the two-source method.

Figure 3 shows the set-up of the two-load method; it requires two configurations
and leads to the same results as the two-source process by changing the outlet impedance
(expressed as load a and b in the picture) instead of the source location, resulting in the
TL being calculated with Equation (4) [14]. Additionally, in Figure 3, numbers 1, 2, 3, and
4 denote the microphones locations.
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Different strategies allow the termination impedance to be changed: two terminations
with different lengths, terminations with and without absorbing material, or even a closed
and an open end. Of course, if the two loads are very similar, the results will be unstable.

In this work, the two-loads method suits the experimental layout, as a fully anechoic
termination is difficult to build, and the impedance tube that used was designed to change
the tube’s end and not the source position.

2.1.2. Numerical Methods to Evaluate Transmission Loss

Two numerical methods for the estimation of the acoustic properties of a muffler are
reported in the literature: the CFD (computational fluid dynamics) approach [24,25] and
the FEM approach [26].

In the CFD approach, the pressure recorded at prescribed points during the simulation
run determines the TL [25]. This procedure allows the influence of the flow conditions on
the acoustic attenuation of the muffler to be considered. However, the CFD simulations
may represent a limit for the computational costs. Moreover, especially in the earlier stage
of the design process, the flow conditions at the inlet may be unknown, making difficult to
set the inlet parameters.
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The FEM approach, despite not considering the viscous flow, represents an easier and
faster method to estimate the TL. It was for this reason that a FEM model was adopted in
this study.

The FEM model uses the duct modes to simulate the incident and reflected pressure
waves at the inlet and the transmitted pressure waves at the outlet. Then, the global
pressure wave propagation inside the ducts results from a superposition of the duct modes
(Figure 4) [22].
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The duct modes follow an analytical representation of a semi-infinite duct (i.e., plane
wave propagation with no reflection at the boundaries) that does not need to be meshed
(Figure 5). This approach simulates the excitation at the inlet with imposed duct modes
and the anechoic condition with free duct modes.

Appl. Sci. 2021, 11, x FOR PEER REVIEW 6 of 22 
 

 
Figure 5. Schematization of the acoustic FEM model with duct modes. 

2.2. The Case Studies: Experimental Tests and Numerical Analyses 
In this work, two geometries (Figure 6) were analysed: a simple expansion chamber 

and a model-scale scrubber. 
The expansion chamber represents one of the simpler reactive mufflers, and its TL 

can also be easily calculated analytically with the following equation: 

TL = 10log10 ቆ1 + 1
4

ቀh− 1
h
ቁ2

sin2ሺklሻቇ    , (5) 

where l is the expansion chamber length (500 mm in the present case), k is the wavelength, 
and h is the expansion ratio between the cross-sectional area of the chamber and the in-
let/outlet pipe (12.7 in the present case), assuming the same diameter for the inlet and the 
outlet pipe [26]. Moreover, for a simple expansion chamber, the frequencies correspond-
ing to the minima (fmin) and the maxima (fmax) of the TL curve can be calculated using the 
following equations, where n is the number of the considered harmonics [27]: 

fmin = n c
2l

           n = 0, 1, 2,…  , (6) 

fmax = c
4l  + n c

2l            n = 0, 1, 2, …    , (7) 

The analytical expression was used to assess both the experimental set-up and the 
numerical model. 

Then, a model-scale scrubber with perforated plates was tested. The perforated plates 
of the model-scale scrubber (Figure 6b) are 1 mm thick, with holes featuring a diameter of 
6 mm. The spacing of the holes is 9 mm. The water at the bottom of the model-scale scrub-
ber, which is generated by the water spraying on the perforated plate in the chemical pro-
cessing of the exhaust gases to reduce emissions, was only considered numerically. The 
experimental set-up with the impedance tube was not designed to test the prototype with 
water inside. 

Figure 5. Schematization of the acoustic FEM model with duct modes.

2.2. The Case Studies: Experimental Tests and Numerical Analyses

In this work, two geometries (Figure 6) were analysed: a simple expansion chamber
and a model-scale scrubber.
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The expansion chamber represents one of the simpler reactive mufflers, and its TL can
also be easily calculated analytically with the following equation:

TL = 10 log10

(
1 +

1
4

(
h−1

h

)2
sin2(kl)

)
, (5)

where l is the expansion chamber length (500 mm in the present case), k is the wavelength,
and h is the expansion ratio between the cross-sectional area of the chamber and the
inlet/outlet pipe (12.7 in the present case), assuming the same diameter for the inlet and the
outlet pipe [26]. Moreover, for a simple expansion chamber, the frequencies corresponding
to the minima (fmin) and the maxima (fmax) of the TL curve can be calculated using the
following equations, where n is the number of the considered harmonics [27]:

fmin= n
c
2l

n = 0, 1, 2, . . ., (6)

fmax =
c
4l
+n

c
2l

n = 0, 1, 2, . . ., (7)

The analytical expression was used to assess both the experimental set-up and the
numerical model.

Then, a model-scale scrubber with perforated plates was tested. The perforated plates
of the model-scale scrubber (Figure 6b) are 1 mm thick, with holes featuring a diameter
of 6 mm. The spacing of the holes is 9 mm. The water at the bottom of the model-scale
scrubber, which is generated by the water spraying on the perforated plate in the chemical
processing of the exhaust gases to reduce emissions, was only considered numerically. The
experimental set-up with the impedance tube was not designed to test the prototype with
water inside.

During the experimental tests, the room temperature and the pressure were 15 ◦C and
101,325 Pa, respectively. The same environmental conditions apply to the numerical models
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for air inside of the chamber and the water at the scrubber bottom. Table 1 summarizes the
characteristics of the fluids.

Table 1. Air and water characteristics used in the numerical model.

c (m/s) ρ (kg/m3) µ (Pa/s)

Air 340.0 1.225 1.78 × 10−5

Water 1448.9 999.1 1.14 × 10−3

2.2.1. Transmission Loss Experimental Measurements

The TL measurement was performed using an impedance tube featuring a diameter
of 45 mm. The two-load technique explained in Section 2.1.1 was adopted, and the two
loads were reproduced using a closed and an open termination (Figure 7).
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The speaker emits a sine sweep with the following parameters: duration 10 s, frequen-
cies range 50–5000 Hz, and variable amplitude between 0.05 V and 0.40 V.

The signals were acquired by two PCB Piezotronics 378C10 microphones connected
to a data acquisition device NI USB 4431, National Instruments, Austin, TX, USA. Three
measurements were performed for each set-up configuration, moving microphone 2 to the
locations 3 and 4 while keeping microphone 1 in its location (see Figure 3).

The acquired traces were elaborated upon in order to obtain the TL values using the
Main_TL software developed by Materiacustica s.r.l.

The distance between microphones 1–2 and 3–4 is equal to 30 mm, which is in accor-
dance with the standard ISO 10534-2 [21], which fixes the following limit to the distance s
between the microphones:

s < 0.45
c
F

, (8)

where F is the maximum considered frequency.
Moreover, the distance between the sample and microphones 2 and 3 is greater than

the 1–2 tube diameters suggested in the literature [28].
The ISO standard [21] also provides a frequency limit in order to ensure plane

wave propagation:
f < 0.586

c
D

, (9)

where D is the diameter of the largest pipe in the structure. In our case, the frequency
limit is about 1700 Hz and 2300 Hz for, respectively, for the expansion chamber and the
model-scale scrubber.

The experimental tests include three repetitions for each geometry and microphone
location; the results are reproducible, as the standard deviation between the tests’ mean
curve and the single experimental curve is less than 1%.

In this study, a bushing with O-rings (Figure 8) was realized to insert the pipes of the
tested prototypes inside of the impedance tube. This solution ensures the airtightness of
the system, facilitating the assembly of the setup but also creating discontinuity along the
pipe that influences the measurements. The effects of this geometry setup on the TL will be
analyzed using the FEM model in Section 3.1.2.
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2.2.2. FEM Simulations of Transmission Loss

The numerical simulations were performed using the software Actran VI [29].
The geometries were discretized with the Actran mesh generator. First, the surfaces

of the studied geometries were meshed, then the volume mesh was generated starting
from the meshed surface to discretize the interior volume. The guidelines [29–31] suggest
using a minimum of 8–10 linear elements per wavelength: in this case, the base size is
20 mm and 10 mm with a deviation of 0.1 mm for the simple expansion chamber and
the model-scale scrubber, respectively. A tetrahedral mesh was used due to its high
flexibility with complex geometries (e.g., scrubber with perforated plates and pipes). A
mesh sensitivity study was not performed since the mesh size was calculated on the basis
of the maximum wavelength to be considered, so the number of elements is sufficient to
adequately reconstruct it. Considering 10 elements per wavelength, as in this case, the
error on the pressure estimation remains less than 3% [31].

In Table 2, the mesh parameters ensuring the mesh quality [29,32] are reported.
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Table 2. Mesh quality parameters.

Max Mean Min

Jacobian 1 1 1
Aspect Ratio 6.42 1.76 1.03

Figure 9 shows the discretized geometries. Two configurations are used to analyse
the geometries: the simple one is analysed as it is (Figure 9(a1,b1)), and the other one
considers the discontinuity introduced by the connection (bushing in Figure 8) with the
impedance tube (Figure 9(a2,b2)). The bushing discontinuity was modelled by considering
a sudden change in diameter from 35 mm (prototypes pipe diameter) to 45 mm (impedance
tube diameter).
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The TL of the model-scale scrubber was evaluated with and without the presence of
water at the bottom (Figure 6).

Perforated elements were modelled inside of the software environment considering
their viscous dissipation. This was modelled by imposing a transfer admittance A derived
from the fluid characteristics and perforation geometry as follows:

A =
1

Zp
, (10)

Zp is the transfer impedance of the perforated element expressed as follows:

Zp =
Z
σ

, (11)

where Z is the transfer impedance for a single hole expressed by Maa’s formulation, and σ is
the porosity parameter reported in the following equations [33] according to a formulation
that is valid for triangular meshes:

Z =
8µL
a2

√
1+

(ksa)2

32
+jωρl

1+
1√

9+ (ksa)2

2

, (12)

σ =
2πa2
√

3d2
, (13)

where µ is the dynamic viscosity of the fluid, L is the thickness of the perforated shell, a is
the hole radius, d is the hole spacing, ω is the angular frequency, ρ is the fluid density, and
ks the shear wavenumber, which can be expressed as follows:

ks =

√
ωρ

µ
, (14)

As discussed in Section 2.1.2, at the inlet, the duct modes were used to model the
incident wave, imposing a plane wave propagation in a frequency range 0–1700 Hz and
0–2300 Hz for the expansion chamber and the model-scale scrubber, respectively. The upper
limits were selected according to the ISO standard guidelines reported in Section 2.2 [21].
In order to avoid reflection, free mode propagation was set in the direction opposite to
the excitation.

At the outlet, the anechoic condition was modelled using the duct modes and by
setting free mode propagation.

Environmental conditions and fluid characteristics were set in the same way as they
were during the experimental tests (Section 2.2.1, Table 1). The calculations assume the
presence of a fluid inside the muffler but are not simulating the flow developing inside the
geometry, as was the case during the tests using the impedance tube.

3. Results and Discussion

The comparison between the analytical and experimental TL of the simple expansion
chamber is first addressed to assess the experimental setup. The accuracy of the numerical
model is then evaluated. Finally, the assessed FEM model is used to estimate the TL of the
model-scale scrubber, which was also measured experimentally, and, more importantly, to
evaluate the influence of the modifications of the scrubber design on the TL.

In this work, to estimate the accuracy of the results, the guidelines suggested by
Wärtsilä Italy S.p.A. [34] were used: a difference of less than 5% and 10% between the fmin
and fmax, respectively, and a difference of 5 dB between the TL amplitudes were considered
as a criterion to assess the reliable fit of the TL curves. These are the same guidelines that
used to simulate marine engine behaviour in the industrial environment.

It is important to stress that the accurate detection of a system’s fundamental frequen-
cies is of paramount importance, which corresponds to the fmin of the TL (i.e., frequencies at
which the minima of the TL curve occur). The fmin are the so-called transparent frequencies,
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as they do not reflect the sound waves backwards, leading to sound attenuation at the outlet
but allowing them to propagate unaltered through the component. As such, to reduce
the exhausted gas noise, these frequencies must not coincide with the engine frequencies,
producing a null sound attenuation.

Regarding the geometry modifications, ideally, TL values will increase. Higher TL
values correspond to higher sound attenuation because the sound power transmitted
through the component is less.

3.1. Simple Expansion Chamber

In the following sections, for the simple expansion chamber, the experimental and the
numerical results are compared to the analytical TL to evaluate their accuracy. The FEM
model is then used to investigate its influence on the TL of the discontinuity caused by the
connection between the chamber and the impedance tube, as previously anticipated.

3.1.1. Experimental Transmission Loss Assessment

As previously highlighted, different parameters influence the measurement setup, so
the evaluation of its accuracy becomes mandatory.

Figure 10 compares the analytical (calculated with Equation (5)) and experimental TL
values as a function of frequency for the simple expansion chamber (Figure 6a).
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Figure 10. Comparison of analytical and experimental TL curves for the expansion chamber.

Table 3 compares the frequencies at which the minima (fmin) and the maxima (fmax) of
the TL occur, as calculated with Equations (6) and (7), respectively. Delta represents the
percentage difference between the analytical and experimental data.

Table 3. Comparison between analytical and experimental fmin and fmax of TL for the simple
expansion chamber.

n
Analytical

fmin
(Hz)

Experimental
fmin
(Hz)

Delta
fmin
(%)

Analytical
fmax
(Hz)

Experimental
fmax
(Hz)

Delta
fmax
(%)

0 0 0 0.0 170 220 +29.4
1 340 348 +2.4 510 508 −0.4
2 680 685 +0.7 850 919 +8.1
3 1020 1050 +2.9 1190 1226 +3.0
4 1360 1382 +1.6 1530 1520 −0.7

Table 4 compares the amplitudes of the experimental and analytical TL. Delta repre-
sents the difference between the analytical and experimental data.
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Table 4. Comparison between analytical and experimental TL amplitudes of simple expans-
ion chamber.

n Analytical Amplitudes
(dB)

Experimental Amplitudes
(dB)

Delta Amplitudes
(dB)

0 16.1 16.6 +0.5
1 16.1 19.0 +2.9
2 16.1 12.8 −3.3
3 16.1 20.2 +4.1
4 16.1 15.6 −0.6

A perusal of the data reported in Tables 3 and 4 reveals differences of less than 3%
between analytical and experimental fmin and differences of less than 5 dB between the
analytical and experimental amplitudes of TL; accordingly, the above reported fitting
criterion [34] is satisfied.

A somewhat worse fit is observed for the fmax, which can be attributed to the irregular
features of the TL peaks shown in Figure 10, which are reasonably caused by the disconti-
nuity introduced along the pipe by the bushing (Figure 8) used to connect the expansion
chamber and the impedance tube, as described in Section 2.2. The irregular feature of the
experimental TL will be studied in the next section using the assessed FEM model.

However, considering the fundamental importance of the fmin being measured cor-
rectly, as previously explained, the adopted experimental setup can be recognized as
sufficiently accurate in the selected frequency range from an engineering point of view.

3.1.2. FEM Transmission Loss Assessment

The accuracy of the adopted numerical model has to be evaluated to ensure the
correctness of the settings illustrated in Section 2.2.2. Figure 11 compares the analytical
(calculated with Equation (5)) and numerical TL values as a function of frequency for the
simple expansion chamber (Figure 9(a1)).
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Figure 11. Comparison between analytical and FEM-simulated TL of the simple expansion chamber
without discontinuity.

The analytical curve is nearly coincident with the FEM-simulated TL of the simple
expansion chamber: frequency differences much lower than 1% and amplitude differences
lower than 1 dB, as shown by the data comparison reported in Table 5. Delta represents the
difference between the analytical and FEM-simulated TL of the simple expansion chamber.
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The above-reported fitting criterion [34] is satisfied, clearly proving the reliability of the
numerical model.

Table 5. Comparison between analytical and FEM data of simple expansion chamber with-
out discontinuity.

n FEM fmin
(Hz)

Delta fmin
(%)

FEM fmax
(Hz)

Delta fmax
(%)

FEM Amplitudes
(dB)

Delta Amplitudes
(dB)

0 0 0.0 170 0.0 16.1 0.0
1 348 0.0 510 0.0 16.1 0.0
2 680 0.0 850 0.0 16.1 0.0
3 1040 0.0 1190 0.0 16.5 +0.4
4 1370 0.0 1530 0.0 16.7 +0.6

After comparing the numerical model against the analytical data, the discontinuity
along the tube caused by the bushing was modelled considering a variation in diameter
(Figure 9(a2)), as previously discussed. The tube discontinuity significantly affects the
FEM-simulated TL of the expansion chamber (Figure 12), reinforcing the above-reported
suggestion that the irregular features of the amplitudes are caused by the connection
between the chamber and the impedance tube (Figure 8).
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Figure 12. Comparison between experimental and FEM-simulated TL of the expansion chamber
with tube discontinuity.

The data reported in Table 6 highlight the good fit between experimental data and the
TL calculated with the numerical model considering the tube discontinuity: the industrial
guidelines [34] are satisfied, as the differences in the fmin value and amplitude are less than
1% and 1 dB, respectively. Moreover, the difference in terms of fmax is reduced compared
to the delta between the analytical and experimental TL (Table 3). Indeed, the analytical
model (Equation (5)) simulates an ideal geometry without geometrical variations along the
pipes and the chamber.
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Table 6. Comparison between experimental and FEM with discontinuity data of simple expans-
ion chamber.

n
FEM

Discontinuty
fmin
(Hz)

Delta
fmin
(%)

FEM
Discontinuty

fmax
(Hz)

Delta
fmax
(%)

FEM
Discontinuty
Amplitudes

(dB)

Delta
Amplitudes

(dB)

0 0 0.0 220 0.0 16.3 −0.3
1 348 0.0 510 +0.4 19.3 +0.3
2 680 −0.7 860 −5.7 12.0 −0.8
3 1040 −0.9 1220 −0.5 19.5 −0.7
4 1370 −0.9 1510 −0.7 16.4 +0.8

3.2. Model-Scale Scrubber

The simple FEM model was extended to simulate the TL of the model-scale scrubber.
Considering the model of the scrubber with the tube discontinuity, a perusal of Figure 13
shows a good fit between the FEM-simulated and experimental TL curves in the frequency
range up to 1500 Hz, where the discrepancy between fmin is less than 3%, and where
between amplitudes, it is less than 5 dB (Tables 7 and 8). At higher frequencies, the
discrepancy between the TL amplitudes becomes higher. This inaccuracy is caused by a
non-plane wave propagation of the sound at higher frequencies in the model-scale scrubber
due to a change of the wave propagation direction caused by the angle between the inlet
pipe and scrubber body [35]. In this regard, it should be remembered that the hypothesis
of plane wave propagation was adopted both in the experimental measurements and in
the numerical model.

However, the FEM model shows appreciable accuracy (Tables 7 and 8) [34] in the
frequency range 20–1000 Hz, the range in which human hearing is the most sensitive [36]
and the range that is taken as a reference by industry [34]. Therefore, the assessed FEM
model can be employed to analyse the effects of scrubber modifications (e.g., water presence
or geometry modifications) on the TL.

For this purpose, a model-scale scrubber without tube discontinuity was first modelled
in order to avoid the influence of such discontinuity on the TL. Indeed, the scrubber is
usually connected to the exhaust line without tube discontinuity. A perusal of Figure 14
shows that the discontinuity influences the TL amplitudes in the frequency range of interest
(20–1000 Hz) and the fmin and fmax at higher frequencies.

Table 7. Comparison between experimental and FEM fmin and fmax of TL for the model-scale scrubber
with discontinuity.

n
Experimental

fmin
(Hz)

FEM
fmin
(Hz)

Delta
fmin
(%)

Experimental
fmax
(Hz)

FEM
fmax
(Hz)

Delta
fmax
(%)

0 0 0 0.0 119 120 +0.8
1 195 190 −2.6 288 290 +0.7
2 351 350 −0.3 448 460 +2.7
3 511 510 −0.2 584 570 −2.4
4 668 675 +1.0 731 750 +2.6
5 838 840 +0.2 911 930 +2.1
6 1008 1020 +1.2 1110 1130 +1.8
7 1206 1220 +1.2 1304 1310 +0.5
8 1376 1375 −0.1 1467 1480 +0.9
9 1527 1545 +1.2 1632 1660 +1.7

10 1674 1680 +0.4 1754 1710 −2.5
11 1848 1860 +0.6 1918 1930 +0.6
12 2015 2020 +0.2 2098 2100 +0.1
13 2182 2160 −1.0 2248 2250 +0.1
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Table 8. Comparison between experimental and FEM amplitudes of model-scale scrubber
with discontinuity.

n Experimental Amplitudes
(dB)

FEM Amplitudes
(dB)

Delta Amplitudes
(dB)

0 9.4 6.3 −3.1
1 14.8 12.2 −2.6
2 23.0 21.2 −1.8
3 67.3 62.5 −4.8
4 18.0 16.2 −1.8
5 9.0 7.4 +1.6
6 5.2 5.3 +0.1
7 8.6 7.2 −1.4
8 9.4 13.4 +4.0
9 13.7 23.1 +9.4

10 49.9 48.8 −1.1
11 15.0 10.2 −4.8
12 10.2 7.3 −2.9
13 6.1 9.2 +3.1
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Using the model of the scrubber without discontinuity, the influence on the TL of the
presence of water in the model-scale scrubber bottom (depicted in Figure 6b) has been
considered: the TL peak at around 500 Hz is completely dumped, while the TL above
920 Hz is increased (Figure 14). This effect should be kept present when interactions with
exciting frequencies are considered.

3.3. Effects of Scrubber Design on Transmission Loss

The basic design of the scrubber (i.e., characteristics of the perforated plates and
scrubber diameter and height) should comply with the requirements of the chemical
processing of exhaust gases and cannot be modified to improve the acoustic performance
of the component. As such, the influence of modifications on the TL that do not influence
the chemical process, such as the inlet/outlet pipes diameter and length, were investigated
using the assessed FEM model without tube discontinuity. Moreover, the influence on the
acoustic performance of the insertion of elements as perforated pipes or filler was studied.

The first modification that was performed was the increase and the reduction of the
inlet pipe diameter by 20 mm in respect to the original one (35 mm) while keeping the
other dimensions constant. The results reported in Figure 15a clearly show that reducing
the inlet diameter leads to an increment of the TL along the whole range of considered
frequencies, whereas the opposite occurs upon increasing the inlet diameter.

Figure 15b reports that the results for the outlet diameter change by 20 mm, while the
other dimensions were maintained as the originals, reducing the diameter, allowing the TL
amplitudes to increase but decreasing the TL minima. The increase in the diameter also
leads to a worsening of the TL in this case.

Considering the effects obtained by alternately varying the inlet and outlet diameters,
it was decided the influence of the simultaneous reduction of the diameters by 20 mm
should be evaluated.

Considering the effects obtained by alternately varying the diameters of the inlet and
outlet pipes, the influence of the simultaneous reduction of the diameters of both the inlet
and outlet pipes by 20 mm was evaluated. Figure 15c shows a clear increment of the TL due
to this change. This result is consistent with the literature [22]: increasing the expansion
ratio between the cross-sectional area of the expansion chamber (body of the component)
and the inlet/outlet pipe, the TL amplitudes increase. In the presented study, the expansion
ratio of the original model-scale scrubber and the modified one with inlet and outlet pipe
diameters of 15 mm were, 5.9 and 32.0, respectively.

The lengths of the inlet and outlet pipes were also increased and decreased by 50 mm
without any appreciable effects on the TL (data not reported for brevity), which is consistent
with the plane wave propagations in the tube [37].

Finally, the insertion of perforated pipes and filler into the model-scale scrubber, as
illustrated in Figure 16, was investigated. Two perforated pipes with the following charac-
teristics were considered: a pipe with a diameter of 17 mm, a thickness of 1.5 mm, holes
featuring a diameter of 4 mm, and holes spacing of 8 mm. The filler had a flow resistivity
of 3000 Pa·s/m2, which is typical of a rigid metal foam, and was 30 mm thick. Moreover,
the water at the bottom of the scrubber was removed, as a water drain can be added to the
scrubber in order to increment the TL and without influencing the chemical properties.

A perusal of Figure 17 shows that the insertion of the perforated pipes not only
increases the TL amplitudes but also changes the fundamental frequencies of the system;
this aspect has to be taken into account when considering coupling with the engine, as the
transparent frequencies must not match with the exciting ones. The insertion of the filler
clearly improves the TL and changes its features due to the viscous dissipation generated
by the passage of the sound waves through its porous structure. The simultaneous addition
of filler and perforated pipes further increased the TL, coupling the dissipation effects of
the porous structure and the holes.
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4. Conclusions

The results of the present investigation clearly indicate the feasibility of an a priori ap-
proach aimed at designing a multifunctional scrubber that includes a muffler functionality
within the product. As a matter of fact, the assessment of the proper FEM model on the
expansion chamber creates an effective tool that can be used to forecast the TL as a function
of the small and subtle modification of the existing scrubber, the construction of which is
dictated by the chemical requirements for exhaust abatement. In particular, this research
highlighted the following points:

1. The importance of the geometry of the experimental set-up (i.e., connection between
prototype and impedance tube) on the measured TL (Sections 3.1 and 3.2);

2. The removal of the water at the bottom of the scrubber (e.g., letting the water to
directly flow out), allowing the TL increase at low frequencies (Section 3.2);

3. Decreasing the inlet and outlet pipe diameter of the scrubber, allowing its TL to
increase along the entire frequency range (Section 3.3);

4. The addition of perforated pipes and/or a filler inside of the scrubber is possible to
increase the TL and change the fundamental frequencies of the system (Section 3.3).

Clearly, further work is necessary as to assess the effect of the potential coupling of
the transparent frequencies with those exciting frequencies emitted from engines that can
be measured, for example, with the method proposed by [38], as an example to consider
the influence of the viscous flow inside of the component. More studies on the number and
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type of perforated pipes and fillers considered inside the scrubber should be performed.
The evidence reported here shows that even small geometry modifications allow for the
acoustic properties of the scrubber (i.e., increase the TL) to be optimized and possibly
allow the transparent frequency to be tuned (i.e., be able to shift the fmin away from the
engine frequencies). These aspects lead to the possible reduction of the silencer dimension.
Increasing the TL of the scrubber, the sound pressure exiting the system is minor, so the
silencer has to ensure an inferior abatement in terms of dB that results in a lower volume.
Notice that the volume of the scrubber is dictated by the chemistry/chemical engineering
of the emission abatement process.
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