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Abstract

Purpose — This study aims to analyze simplified methods for modelling the flow through perforated
elements (i.e. porous baffle interface and porous region), searching for a faster and easier way to simulate
these components. The numerical simulations refer to a muffler geometry available in literature as a case
study.

Design/methodology/approach — The installation of scrubber onboard ships to satisfy the
International Maritime Organization emissions regulations is a reliable and efficient solution. However,
scrubbers have considerable dimensions, interfering with other exhaust line components. Therefore, scrubber
installation in the funnels requires integration with other elements, for example, silencers. Perforated pipes
and plates represent the main elements of scrubber and silencers. The study of their layout is, therefore,
necessary to reduce emissions and noise. Numerical simulations allow evaluating the efficiency of integrated
components.

Findings — The study highlights that velocity and pressure predicted by the simplified models have a
strong correlation with the resistance coefficients. Even though the simplified models do not accurately
reproduce the flow through the holes, the use of such models allows a fast and easy comparison between
concurrent muffler geometries, giving aid in the early design phases.

Originality/value — The lack of general guidelines and comparisons in the literature between different
modelling strategies of perforated elements supports the novelty of the present work and its impact on design
applications. Study the flow inside scrubbers and mufflers is fundamental to evaluate their performances.
Therefore, having a simple numerical method is suited for industrial applications during the design process.

Keywords CFD simulations, Perforated pipe, Porous region, Porous baffle interface, Marine silencer
Paper type Research paper

1. Introduction

During the past few years, the global climate changes and the environmental problems
related to the extensive use of fossil fuels lead to an increasing interest in alternative energy
production systems (Neshat ef al, 2019). Also, in the maritime sector, with the rapid
development of the global shipping industry, the IMO (International Maritime Organization)
has restricted the limits imposed by MARPOL (Marine Pollution) 73/78 Annex VI (IMO,
2008) on ships’ emissions, especially considering SOy (sulphur oxides) and NO, (nitrous
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oxides). Nowadays, selective catalytic reduction (SCR) systems are the most effective
technology for marine NO, emissions control (Chen and Lv, 2015). The following strategies
are the most effective to reduce SO, emissions (Johnsen ef al, 2019): fuels with low sulphur
content (e.g. marine gas oil), alternative fuels (e.g. liquefied natural gas) or alternative
propulsion systems (e.g. fuel cell). However, the mentioned solutions present disadvantages
for costs and operating limits (Johnsen ef al, 2019; Mungodla et al., 2019). Moreover, the
adoption of such systems onboard ships already in navigation leads to the necessity of
refitting the entire propulsion system. A scrubber represents an alternative solution
granting an emission abetment system compliant with SO, regulation even using traditional
fuels (e.g. heavy fuel oil) with a high sulphur content and low cost (Johnsen ef al., 2019).

Therefore, the onboard installation of both SCR and scrubber systems represents a
reliable solution to satisfy NO, and SO, emissions limits, especially for existing vessels. The
scrubber installation does not present operational limits for ships, does not require the
propulsion system refitting, has a lower cost per ton of SO, emissions reduced and has a
lower climate impact in terms of CO, (carbon dioxide) emitted (Fan et al., 2020). However,
considering the vast size of the exhaust line components and the limitation of spaces
onboard, integrate systems such as SCR and scrubber with, for example, the silencer
becomes mandatory to mount the scrubbers in the funnels (Chen and Lv, 2015).

All these components contain perforated pipes or perforated plates. These elements
optimize the chemical reactions breaking down the SO, and NO, and the acoustic
performances (Chen and Lv, 2015; Selvakumar and Kim, 2016; Suganeswaran et al., 2014).
The design process of SCRs, scrubbers and silencers may use both CFD (computational fluid
dynamics) and finite element method analysis (Fu et al, 2021). However, CFD allows
evaluating flow pressure and velocity and chemical reactions effectiveness (Chen and Lv,
2015; Selvakumar and Kim, 2016; Zhang et al., 2018), being the most suitable approach to
study mufflers (Venkatagiri et al, 2020). The proper simulation of the flow field is a
particularly important aspect for mufflers designs as allows to calculate the acoustic
properties of the system in presence of flow and to evaluate the backpressure generated by
the muffler itself (Liu ef al., 2020; Shinde et al., 2020). In fact, the higher is the backpressure,
the lower is engine efficiency of engine (Thirumurugaveerakumar, 2020).

The advantages of a faster and simpler model to simulate perforated elements are
underlined by the widespread study and optimization of mufflers (Barua and Chatterjee,
2019; Liu et al, 2019; Narasimhan et al, 2020; Liu et al, 2021) and the importance of
perforated elements (Jun et al, 2018; Mishra et al., 2018; Swamy et al., 2020; Kashikar et al.,
2021;) for the determination of acoustic properties and backpressure. In fact, for mufflers, the
cross-flow perforated pipes/plates are the most significant acoustic noise reduction elements
and the most critical ones for backpressure (Fu et al., 2016; Narasimhan et al., 2020; Wang
et al., 2013; Venkatagiri et al., 2020).

Analyzing the available literature, except for few studies investigating the acoustic
properties of perforated elements with simplified geometries that do not model the holes (e.g.
considering the impedance (Li et al, 2018) or the Rayleigh conductivity (Mendez and
Eldredge, 2009), there is the lack of papers reporting general guidelines and comparisons
between different CFD modelling strategies (e.g. porous baffle interface or porous region),
giving evidence of such modeling also on the pressure drop. Some cases are available for
heat exchangers, where the tubes bundles are modeled with a porous model that introduces
volume porosity, surface permeability and a distributed flow resistance as parameters
(Yang et al., 2014; Prithiviraj and Andrews, 1998), comparing obtained results with complete
geometry ones.



Considering perforated elements in mufflers, the holes diameter and the porosity are the
principal characterizing parameters (Rao and Varma, 2007; Chen ef al, 2020). Simplified
models can save modelling time during the initial muffler design process, especially for
multiple-holes geometries or configurations. In such cases, a porous interface/region
neglects the necessity to re-draw and re-mesh the entire geometry. Therefore, the process
needs the modification of only some input parameters. However, with the adoption of a
porous baffle interface or a porous region, the holes flow is not well captured, as the fluid
crosses the pipe through the entire interface/region length. Furthermore, a proper set of the
viscous and inertial resistance parameters is needed to simulate a reliable cross-flow.

This study compares numerical results obtained on a complete muffler geometry
(Panigrahi and Munjal, 2007), using the complete geometry and simplified models based on
porous baffle interface and porous region to model perforated elements. The simplified
model accuracies come from comparing the results obtained with the complete geometry
model, establishing whether it is convenient to use the simplified models in the muffler
design process. For this purpose, the pressure drop between inlet and outlet is as the
principal reference parameter. Moreover, the computational costs in CPU (central processor
unit) time and number of cells are evaluated and compared.

2. Muffler geometry

The presented study uses as reference a straight-through perforated tube muffler (Figure 1)
with an OAR (open area ratio) equal to 1 (Panigrahi and Munjal, 2007). The following
equation defines OAR:

OAR = % (1)

where L is the length, d is the diameter of the perforated pipe and & is the porosity.

The straight-through perforated tube muffler geometry used is reported in Panigrahi and
Munjal (2007): the inner pipe, outlined in green, ends with a plug, while the outer one,
depicted in grey, has an open end that represents the outlet of the muffler as the flow goes
along the y-axis. The perforated pipe, represented in blue, has a porosity of 7%, holes
diameter of 3.0 mm and a thickness of 1.5 mm. Table 1 reports the main dimensions of the
muffler.

3. Numerical implementation

This section presents the settings used in the numerical simulations, starting from the
resistance parameters needed to model with the porous baffle/region the dissipation caused
by the flow passing through the holes of the perforated element. Then, the focus is on the
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Figure 1.
Straight-through
perforated tube
muffler geometry




Table 1.
Straight-through
perforated tube
muffler main
dimensions

solution method and the boundary conditions adopted for the simulations. Finally, the last
part describes the grid independence study performed with the complete geometry model
and the simplified ones to select the mesh size.

3.1. Resistance parameters

The viscous and inertial resistance parameters used for the porous baffle interface and the
porous region are evaluated based on the Darcy-Forchheimer law. This relation, reported in
the following equation, is used to characterize the flow through porous media (Kizilaslan
et al., 2018; Tanner et al., 2019):
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where L is the length of the porous media, v is the kinematic viscosity, Vis the fluid velocity,
a and B are the viscous and inertial resistance coefficients, respectively. The following
expressions, proposed by Ergun (Berg, 2013), describe « and 8 depending on porous media
properties such as porosity ¢ and particle size dj:
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These expressions are valid for cellular media, made of small spherical particles.
Nevertheless, a cellular media constituted by solid filaments connected to form pores is a
suitable approximation for a perforated pipe, using the following equivalent particle
diameter d, (Innocentini et al., 1999) in equations (3) and (4):
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where d, is the hydraulic diameter.

In this work, the only resistance parameter considered is the inertial one; the mean local
Reynolds number inside the muffler is around 30,000, and, consequently, the viscous
contribution is negligible. The computed 8 parameter is equal to 80,422 m™, obtained with
a d, of 0.059 m. For the porous region, this value is used in the radial direction, while, in the
axial direction, the inertial resistance is set with three higher orders of magnitude, as
recommended in the Star-CCM+ user manual.

Component Length [mm] Diameter [mm)]
Inlet pipe 200.00 50.00
Outer pipe 650.00 100.00
Perforated pipe 178,57 50.00




3.2. Solution method and boundary conditions

The numerical resolution of the Reynolds-averaged Navier-Stokes equations has been
performed applying STAR-CCM+ software. The numerical simulations refer to the same
physical settings and boundary conditions of the literature reference case (Panigrahi and
Munjal, 2007), ensuring compliance between the simulations sets.

Therefore, computations have been performed in steady-state, using a segregated flow
model. The segregated solver solves the conservation equations of mass and momentum in a
sequential manner, basing on a predictor-corrector approach. A semi-implicit method for
pressure-linked equations-type algorithm models the pressure-velocity coupling.

The simulations adopt the realizable %-¢ turbulence model; it is a two-equation model
that solves transport equations for the turbulent kinetic energy and the turbulent dissipation
rate to determine the turbulent eddy viscosity.

The considered working medium through all the simulations is air, having an initial
temperature of 623°C, a constant density of 0.39 kg m > and dynamic viscosity of 4.0 e ° kg
(m s)~. The calculation domain is presented in Figure 1, showing the muffler geometry and

relative boundaries. The boundary conditions setup is as follows:

« velocity-inlet with a flow velocity of 60 ms™%;

* pressure-outlet with the atmospheric pressure applied at the open end of the outlet
pipe (Figure 1); and
» no-slip condition at the wall boundary, i.e. muffler surfaces.

The calculation domain has been discretized with trimmed mesh, selecting the base size
through a mesh sensitivity study reported in the next section. The prism layer has been
generated with a total thickness of 5.83 mm and 6 prism layers with a stretching factor of 1.5
to obtain a wall y* = 1. A refining area has been set around the perforated pipe, setting a
target value of 20% of the base size for the generated cells. The symmetry has not been
considered to capture possible flow cross-effects developing at the centre of the muffler.

l
.

Notes: (a) Complete geometry model; (b) porous baftle interface
model; (c) porous region (highlighted in grey) model

Figure 2.

Particular of the mesh
along the perforated
pipe




Figure 2 reports a mesh detail along the perforated pipe (both longitudinal and transversal
plane) for the three models analyzed in this study: the complete geometry model, porous
baffle interface model, porous region model.

3.3. Grid independence study

For the mesh sensitivity study, the pressure drop (AP) between the inlet and the outlet is the
reference parameter and the base size is varied in the range 1.25-20.00 mm with a
refinement ratio equal to 2. The grid convergence index (GCI) (Kwasniewski, 2013) allows
identifying whether consecutive mesh refinements have a solution laying or not in an
asymptotic region. The index has the following formulation:

GCI = 1.25{ (F“F_ F) [(rpi 1)]} 6)

where 7 is the refinement ratio, F; are the model values obtained with each grid refinement
and p is the solution convergence order, expressed in the following equation:

n(et)
p — 1 (7)
In(r)

The searching process for the asymptotic solution requires comparing two successive
values of GCI using the following equation:

Gl
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When the value of the parameter A, is near 1, the desired condition is satisfied.

The results of the grid convergence study are summarized in Figures 3 and 4 and
Tables 3, 4 and 5. Figure 3 gives a global overview of the AP variations among the base size
range tested for all three modelling options. Figure 4 reports the convergence curve obtained
on the data set with the associated order of convergence p. Both plots represent the pressure
drop as a function of the relative step size, which means the actual base size is normalized by
the smaller one.

For the complete geometry model (Figure 3), the process reaches convergence decreasing
the cell dimensions. An A, value equal to 1.0 corresponds to base sizes between 2.5 and 5.0
mm (Table 2). Moreover, the convergence order p is around 6.5, which indicates that the high
base size meshes are too coarse for the analyses. Accordingly, for the complete geometry
model, a mesh base size of 5.0 mm was selected for the computations as it is in the
asymptotic range.

Considering the simplified models, a perusal of Figures 3 and 4 shows that the results
obtained with the porous region model converge (p = 1.585), while the results obtained with
the porous baffle interface model have a low convergence order (p = 0.473). For the latter
case, a mesh base size smaller than 1.25 mm may increase convergence order. However, a
test performed with a smaller size still confirms the nature of the results. In any case, a finer
mesh increases the computational costs, and the porous baffle interface model may result in
no more practical convenience. The low convergence order can be due to the porous interface
modelling, as, probably, the Darcy-Forchheimer law is not suitable for proper modelling the
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flow through perforated elements. The adoption of experimentally derived resistance
coefficients may improve the results. However, such an approach requires a dedicated study
in that direction.

Concerning the porous region model, Table 4 summarizes the parameter used to estimate
the convergence of the results. The convergence order is here above the linear order,
indicating that also higher base size may be appropriate for the study. However, is more
appropriate considering also GCI as selection parameter for the base size. As per the
complete geometry case, the base size of 5.0 mm grants an A, value near 1.0 between 2.5 and
5.0 mm. Therefore, regardless of the aforementioned convergence issue, also the porous
baffle interface model adopts the same base size as the other simulation sets. Of course, the
porous baffle interface simulations will have a higher uncertainty than the other two models,
as the simulations will have a higher discretization error.

Comparing the grid independence study performed on both the complete geometry model
and the porous region model, the GCI5 of the complete geometry model is smaller by about
2.5 times in respect to the GCI5 of the simplified model (Tables 2 and 4). However, the 5 mm
base size is in the asymptotic range (Figures 3 and 4) for both models and represents the best
compromise between computational costs and accuracy of results. A comparison with the
GCI values for the baffle interface is not proficient, as these values are three orders of
magnitude higher (Table 3) compared to the other models.

4. Results and discussion

This section firstly compares the results obtained with the complete geometry model with
data reported in the literature to evaluate the reliability of the numerical model adopted.
Then, the results obtained with the simplified models are analyzed and compared with the
complete geometry ones.

Figure 3.
Pressure drop AP for
different base sizes
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Table 2.
iﬁiﬁﬁrﬁlﬁf B Base ize ) GCI AP [Pa] No. of cells
asymptotic solution 95 1441073 866 16,728,484
estimation: complete 50 2.88-107° 868 4,091,228
geometry model 10.0 0.08 870 900,612
Table 3.
Summary of grids .
data for the Base size [mm] GCI AP [Pa] No. of cells
asymptotic solution 95 145 986 15,613,684
estimation: porous 5.0 202 980 3,630,510
baffle interface model 10.0 0.29 979 795,636

4.1. Comparison of results with literature data

A comparison between the axial velocity calculated with the complete geometry model and
data reported by Panigrahi and Munjal (2007) has been performed to estimate the validity of
the numerical model. In Figure 5, it is possible to notice that the velocity trends are in good
agreement, although the results obtained in this study show high fluctuations probably due



to the different mesh sizes, especially in the proximity of the perforated pipe. Moreover,
Table 5 reports the comparison between velocities in four control points as follows: inlet, the
inlet of perforated pipe, the outlet of perforated pipe and outlet. Except for the perforated
pipe end, the difference between results is less than 2% and confirms the validity of the
numerical model used in this paper. The difference at the outlet of the perforated pipe (peak
on the black line) is due to the fluctuations captured with the mesh refinement area set
around the perforations to better capture the phenomena generated by the flow through the
holes. In conclusion, the adopted modelling for the complete geometry is in line with
reference calculations available in the literature. The mean values of the quantity of interest
are close, and only the axial velocity in the outer presents significant additional oscillations.
However, these fluctuations are in line with the flow observed during the simulations
(Figure 6a), as they are representative of the flow coming outside the holes and suggest that,
most likely, the data presented in the literature are already a smooth fitting of the axial
velocity. In any case, without the availability of experimental data, it is only possible to state
the global compliance between the two simulations.

4.2. Comparison between complete geometry and simplified models

Figure 6 shows the velocity fields along the muffler calculated with the complete geometry
model and the simplified ones. It is immediate to notice how the porous interface/region
(Figure 6b—6¢) model does not adequately reproduce the flow through the holes as in the
complete geometry (Figure 6a). The flow crosses the porous interface/region through its
entire length. The resistance to cross-flow follows the resistance parameters (see Resistance
Parameter Section).

It is interesting to notice the differences between the flow across the holes among the
three different models. The complete geometry gives, reasonably, the best overview of the
flow across the muffler. However, the two simplified models present different solutions for
the axial velocity. The baffle interface (Figure 6b) detects the flow crossing from inner to
outer pipe only in the last part of the interface. The modelling of the porous resistance
coefficient can be responsible for this phenomenon, as the porous region model (Figure 6c¢)
allows the crossflow through the entire region length.

Table 4.

Base size [mm] Gal AP[Pa] No. of cells Summzz; g’f iﬁz
25 385103 974 14998561  asymptotic solution
5.0 768-107° 977 3484614  estimation: porous
10.0 254-107° 983 727,944 region model
Table 5.

Comparison between

. . . . . . . modelled velocity
Position Calculated axial velocity [m/s]  Literature axial velocity [m/s]  Difference [ %] (complete geometry
Inlet 60.0 60.0 0.0 model) and data
Inlet perforated pipe 59.0 60.0 -17 reported in literature
Outlet perforated pipe 280 190 +47.0 (Panigrahi and
Outlet 20.0 20.0 0.0 Munjal, 2007)




Figure 5.
Comparison between
calculated axial
velocity (complete
geometry model) and
literature data
(Panigrahi and
Munjal, 2007) along
the inner and the
outer pipe

Figure 6.

Velocity field with
streamline calculated
along the muffler

The pressure trend calculated with the three models along the inner and the outer pipe of the
muffler is reported in Figure 7: pressure fluctuations are visible only in the complete
geometry model, consistently with the velocity fields in Figure 6.

A perusal of Table 6 shows that the AP calculated with the porous baffle interface and the
porous region models differ from the value obtained with the complete geometry model of about
13% and 12%, respectively. These results are in line with data reported in literature about the use
of a simplified model on modelling tubes bundles in heat exchangers (Yang ef al, 2014; Prithiviraj
and Andrews, 1998). The esteemed pressure drop with the porous model has a deviation of about
10%—20% from both the whole model and experimental data.

In the presented study, the two simplified models predict higher pressure drop values
compared to the complete geometry one. Even though the two simplified models have
specific uncertainties (due to the convergence order studied in the grid independence study),
they are far away from the complete geometry value. The higher uncertainties of both
simplified models compared to complete geometry is not sufficient to justify it. Therefore,
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-===Porous Baffle Interface Model_Inner Pipe =~ «++-+=+ Porous Baffle Interface Model_ Outer Pipe inner and outer pipe
Model No. of cells CPU time [s] AP [Pa] Table 6.
Complete geometry 4,091,228 74,533 867 Computational costs
Porous baffle interface 3,630,510 (~11%) 72,850 (—2%) 986 (+14%)  and AP of studied
Porous region 3,484,614 (—15%) 64,423 (—14%) 977 (+13%) numerical models

being the initial and the boundary conditions and the solver the same between the three
models, the reason for the result divergence must be searched in the interface modelling. In
conclusion, the analysis of the results allows us to affirm that the inertial resistance
parameter, calculated with equation 4, is not adequate to model the interaction between the
perforated pipe and the flow.

Table 6 also reports the number of cells and the CPU Time of the three numerical models
presented in this paper: the reduction of the number of cells and CPU Time is at most of
about 14%-15%. The hardware used for the computations has the following characteristics:
one physical processor Intel(R) Core (TM) 17-8565U CPU @ 1.80 GHz 1.99 GHz with four
cores and eight logical processors, an installed random access memory of 16.0 GHz and a
graphics processing unit NVIDIA GeForce MX250 with 2.0 GB of dedicated memory.
According to the reported data, a porous region saves more time than the complete geometry
case. A faster calculation increases the attractively of the method once the discrepancy of the
results is tolerable for design purposes.

As a final consideration, a porous region model can be even more convenient once the
dimension and number of the holes increases. For such cases, modelling issues concerning
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the resistance coefficients may be less significant for the final results. Moreover, the
complete geometry model will require an even finer mesh to capture the flow through the
hole, increasing the calculation time reduction.

5. Conclusions

In this work, the use of both the porous baffle interface and the porous region has been
investigated for the perforated elements modelling, using a straight-through muffler
available in literature as case study.

Setting the resistance parameters according to the default equation for the porous baffle/
region, the AP obtained with the numerical simulations is about 13%—14% higher than the
value obtained with the complete geometry model, regardless of the simplified model
adopted, results that are in line with data reported in literature on heat exchanger modelling.
So, the computed inertial resistance parameter is not adequate to properly reproduce the
flow through the perforated pipe.

Moreover, for the porous baffle interface model, modelling issues already arise during the
grid convergence study. The results highlight that the convergence order was low, pointing
to values different from the other models. The divergence of such results suggests
dedicating further attention to the baffle interface parameters.

The simplified modelling of the holes does not significantly reduce the computational
costs. With the porous baffle interface model, the number of cells is reduced of about 11%.
On the other hand, for the porous region model the reduction of cells is around 15%.

However, the use of simplified models allows saving time during the design of the CAD
(computer-aided design) model, when possible different values of porosity and hole
diameters need to be studied. As an example, a macro allows changing the parameters of the
perforated elements without the necessity of re-drawing and re-meshing the model.

It is noticeable that the simplified models do not accurately reproduce the flow through
the holes, being the porous pipe crossed by the fluid through the entire interface/region
length. This approximation does not allow capturing the local-flow phenomena as pressure
and velocity fluctuations or vortices.

According to the presented investigation, only the adoption of the complete geometry
model ensures a detailed and accurate analysis of the flow through perforated elements.
However, the use of simplified models as porous region and porous baffle interface could be
convenient to simplify the CAD modelling and the mesh generation processes during the
initial design, obtaining with less effort an estimate of the properties and a comparison
between different muffler geometries. The latter option should be tested also for different
geometries and holes dimensions to define the range where it is not only convenient but also
reliable to use porous region models.
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