DABCM

Assotiagao Brasileira de Engenharia e Ciéncias Mecanicas

18" Brazilian Congress of Thermal Sciences and Engineering

enCit 2020 November 16-20, 2020 (Online)
ENC-2020-0083

AN OPTIMAL NUMERICAL-ANALYTICAL METHODOLOGY FOR
MULTIPLE PERFORATED DISCS IN DUCTS

André Barrouin Melo

Guilherme de Souza Papini

Universidade Federal de Minas Gerais - UFMG
andrebarrouin@gmail.com, papini@demec.ufmg.br

Abstract. Many researchers address different models for perforated discs. However, no content in the literature helps
design engineers to correctly apply the models considering a set of perforated discs in series in the elaboration of an
industrial noise control project, as well as how to calculate certain flow parameters, such as the local Mach number in
a given hole in the disc. Therefore, the proposed work suggests an optimal methodology for applying a set of
perforated discs in series inside ducts. The developed analysis presents a unique and optimal numerical-analytical
methodology for the application of the perforated disc aiming at the attenuation of industrial noise in high-speed flows.
Through the application of the Transfer Matrix Method (TMM) coupled with the Finite Element Method (FEM) and the
finite volume method (FVM), an optimum procedure is presented for the placement and dimensioning of perforated
discs in ducts with high speed flows. The applied methodology is validated through a case study presented and
confirms the validity of its use for calculating the speed inside the holes of a perforated disc and the best set of those
inside a duct. Additionally, it shows the understanding of the flow downstream of a reduction valve that causes the
noise phenomenon, as well as the attenuation influence of fluidic parameters under the action of a passive reactive
device.
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1. INTRODUCTION

Currently, in the piping system that contains pressure reducing valves, many researchers focus mainly on the valve
structure to reduce noise, pressure loss, and cavitation (Qian, 2014). Chern et al. (2015) researched globe valves to
increase their control capacity, while Rao et al. (2015) and Song et al. (2010) focus their work on the optimization of
butterfly valves for noise perfomance. On the other hand, other researchers focused on valves flow study, considerably
developing knowledge about the phenomenon of sound propagation using both, experimental and numerical
approaches, which is the case for Amirante et al. with three articles published in 2014. Several authors such as Liu et al.
(2014), Wu D. et al. (2015), Song XG. et al. (2010) Song X. et al. (2014) Yuan X. and Guo K. (2015) and Valdés (2014
and 2015) present works demonstrating the importance of pipeline analysis using the computational fluidynamic
method. As quoted by Qian et al. (2015), many authors followed the path of transmission loss (TL) analysis, developing
widely known concepts, such as Guo F. et al. (2013), Zeng L. et al. (2015), Sekhar et al. (2015), among others. Further
specifying the theme and meeting the proposed work, authors made numerous analysis of this parameter using
computational and analytical approaches to perforated discs, which is the case for Phong et al. (2013), Mendez S. and
Eldredge JD. (2013), Antebas AG. et al. (2013), Mimani A. and Munjal ML. (2011), Rao and Munjal (1998), Mimani
A., Munjal ML. (2012), Phong and Papamoschou (2015), Betts (2000), Lee D.H. (2004) Iljae Lee (2005), and Phong
(2012).

The application of perforated discs in noise control is highly convenient and economical compared to other
alternatives that depend on the shape change of the ducts or physical changes in the properties of used fluids.

The analysis of perforated discs in ducts is relevant for the most diverse applications of noise control, such as
automotive exhaust mufflers, liners in aeronautical engines, and pneumatic exhaust valves, as highlighted by
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Papamouschou (2015). Such applications have already been proven effective and used for more than three decades
(Betts, 2000), especially the study regarding the bias flow is performed to optimize the construction of such important
components as performed by Yuanyuan et al. (2019).

To perform acoustic analysis, many analytical and computational methods are employed. Numerical methods such
as finite elements method (FEM), computational fluid dynamics (CFD), and boundary elements method (BEM) are the
main and most comprehensive to be used for acoustic analysis. From the analytical point of view, mathematical models
such as electroacoustic analogies, concentrated elements, vibroacoustic analogies and the Transfer Matrix Method
(TMM) represent the main and most comprehensive means of analysing the phenomenon of acoustic propagation for
sundry cases. Thus, authors such as Oriol Guasch (2017), Jae-Deok Jung et al. (2017), Noé Jiménez (2020), and
Mohamed Elmalki (2017), use and show the Transfer Matrix Method (TMM) as being extremely accurate and versatile
for the study of sound propagation.

1. Theoretical Basis

The internal noise in a duct can be considered as a result of Reynolds stresses, as well as pressure and flow
fluctuations as addressed by Reethof (1978). He states that, qualitatively, pressure and speed fluctuations result in the
development of noise sources, having directivity and intensity characteristics of their environmental acoustic nature and
singularities, of the environment in which it propagates. The following work aimsto mitigate the noise generated inside
pipelines through the application of perforated discs.

The study of non-linear acoustic phenomena is the key to understand and model perforated discs. Initially, numerous
experiments at different frequencies and varying the Reynolds number of the flow, inside the holes, were performed by
Sivian (1935), resulting in an empirical formula for the acoustic impedance of small holes. Later, in 1950, Ingard and
Labate (1950) experimentally demonstrated that the nonlinear behavior of the impedance in the orifice is due to the
interaction between the sound field and the circulatory effects of the flow. Continuing that research, Ingard and Ising
(1967) conducted experiments in orifices in which the particle velocity was directly measured using hot-wire
anemometry. To describe the behavior of an orifice's acoustic impedance, Ronneberger (1972) tried to determine the
orifice impedance in a disc inside a drained duct (impedance due to grazing flow). He observed that the orifice
resistance in high values of Ug / ro is independent of the frequency and increases linearly with the flow velocity, U,
along the radius duct, ro. He attributed this behavior to the appearance of a thin shear layer adjacent to the hole.

Perforated element mufflers had their functionality and acoustic efficiency attested by such authors against simple
tubular mufflers. However, the study of aeroacoustics systematically perforated elements began only in the late 1935s,
when Sivian (1935) introduced a model based on an empirical experiment.

Those authors presented different models that meet specific cases that each one highlighted. There are four cases:
without flow, with the flow, with bias flow, and in the presence of grazing flow (exemplified through Fig. 1).
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Figure 1 - Grazing flow and bias flow in a perforated disc (Betts, 2000).

In the analysis of perforated discs, certain parameters are spotlighted, such as i) the impedance of a perforated disc,
&, ii) the local Mach number of the flow (M); iii) the disc thickness, tw; iv) the hole diameter, dx; v) the noise frequency,
f, vi) porosity, o (it represents the ratio of open area and intrinsically takes geometric parameters such as the hole
diameter and the distance between the center of holes).

Based on the experimental results of Sivian (1935), Jayaraman conducted an analytical and empirical study
regarding perforated discs in 1980, isolating each constructive parameter, and presenting their influence on the
transmission loss. Therefore, the referred author presented a formula that expresses the influence of the geometric
parameters of perforated discs, given as:

wn? = (35) () @
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where, (wl)? represents the dimensionless parameter that groups all constructive characteristics of a perforated disc, r
denotes the diameter of the pipe, | denotes the length of the duct, and A denotes the length of the oscillating gas column
in the perforations. Thus, Jayaraman (1980), through Eq.1 and some experiments, came to the following conclusions:

e Asthe duct diameter increases, the natural frequency peaks will change to lower frequencies, so long as (1/
(1-r?)) does not change significantly.

e Increased porosity causes the peaks to move to higher frequencies.

e With an increase of the hole diameter, A will increase, leading to a decrease in the natural frequency peaks.

e The higher the number of holes, the less the parameters influence the impedance, since the non-linear part
becomes more significant.

2. Theoretical Modeling of Impedance Applied To Perforated Discs

Sullivan and Crocker (1978), using the two-microphone method, measured the impedance of a perforated element in
the presence of bias flow, however, it was also performed for a fully developed flow.

Later, Sullivan (1979) reviewed all existing perforated literature at the time and selected the model that best
described the behavior of a perforated disc (for the case without flow) and a muffler (for the case with bias flow).

For the grazing flow case, however, the impedance in the stationary medium was simplified, assuming that the mean
flow had no contact with the cavity. Thus, there is a need for an empirical understanding of the formula for a grazing
flow in concentric tube resonators.

Identifying such a gap in the literature, Iljae Lee (2005) made a Ph.D thesis to experimentally obtain the impedance
of different perforated discs, denominating the following generic formula through her experiments:

_ Reiko(tw+ady)
g

§ )
where, ko denotes the wave number, R is the resistance, and a the correction coefficient of the output for reactance,
which is associated with the interaction between holes (see Iljae Lee, 2005).

The Eq. 2 is used at the calculation of Transmission Loss in the Transfer Matrix Method.

3. Transfer Matrix Method Applied To Perforated Discs

For the current work, the analytical method called the Transfer Matrix Method (TMM) was chosen, the choice was
based on the fact that, for performing acoustic analysis of more than one perforated disc, this method is computationally
cheaper to use, meets the requirements of the problem. Also, it is validated by several literatures, and it is capable of
analyzing an entire assembly along with an acoustic system and it can be easily modified for adding or subtracting
elements in the analysis, facilitating the development of an optimal and flexible methodology for the most diverse
projects.

The transfer matrix of an acoustical element is a function of geometry, medium state variables, average flow
velocity, and duct properties (Beranek, 2006).

In this methodology, each component of the circuit relates the acoustic pressure to the volume speed at the ends of
the circuit with the input data (Ataide de S., 2018). See Fig.2.
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Figure2 - Representation of a four-pole acoustic element (Lee, 2002).

Thus, the element r relates the state variables (p, v) to the input with elements r + 1 of the output (Munjal, 1987).
This circuit can be represented by a four-pole element. In the matrix form it is known as the transfer
matrix (Munjal, 1987), (Instvan & Beranek, 2006). Therefore, we obtain:

pn _ T11 T12] pn+1
[Vn] a [T21 T2, ”n+1] 3)
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And, for a complete set of perforated discs, for example, the transfer matrix of a system composed of n elements can
be obtained by successively applying Equation 3 (Thieme, 2000), (Munjal, 1987), (Candido, 2016), (Instvan &
Beranek, 2006).

Toystem == TOT@ T . TM 4

It is possible to develop transfer matrices for the most diverse elements in a system. For the following work, two
necessary matrices to solve the proposed problem will be analyzed: 1) Transfer matrix for a uniform duct, 2) Transfer
matrix for a perforated disk.

For the uniform duct:

cos(kl) jY,sin(kl)
Tduct,without flow = Yisin(kl) COS(kl) (5)
or, for the flow case:
" cos(kl) jY,sin(kl)
) — o) :
Tduct,wwh flow e Yisin(kl) COS(kl) (6)

where k denotes wave number, | the length of the duct, M the number of Mach, and Yr denotes the specific acoustic
impedance of the medium (pc).
In the case of perforated discs such as the four-pole transfer matrix, it can be expressed by (Lee, 2002):

Py PIZ] z[(l) Poiof] (7)

T, . =
Perforated discs
! P21 P22

where & represents the normalized acoustic impedance of the panel.

The expression developed above is based on the premise that the thickness of the panel is so thin compared to the
acoustic wavelength, that it is possible to neglect the phase difference of the particle speed between the two faces of the
attenuator.

More than a single perforated disc can be used, as shown in Fig. 3.

Rigid wall
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Figure 3 - Multiple perforated discs (Lee, 2002).

In the case of applying multiple perforated discs separated by a certain length of duct, as seen in Fig. 3, the total
transfer matrix still obeys the rule:

[T] = [Tepli[Teelr = [ToplnlTteln (8)

where [Tpp]1 is referenced to the transfer matrix of the perforated disc with index one and [Te]: indicates the transfer
matrix of the uniform tube with flow index one until index n.

To calculate the efficiency of the system, it has opted for the use of transmission loss, PT, which is defined as the
difference between the sound power level between the incident wave, i, in the muffler and the transmitted wave, t, for
the case of an anechoic termination (Munjal, 1987), (Instvan & Beranek, 2006).1t can be expressed by the following
equation:
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where ¢ denotes the speed of sound at the desired temperature and S is the cross-sectional area of the duct.

Among the performance criteria, PT is the easiest to predict, as the source impedance is not taken into account and
the output is modeled as anechoic. Thus, this performance parameter is the most used in the design stage of the
mufflers, (Instvdn & Beranek, 2006).

T11+(§)T12+(§)T21+T22
2

PT = 20log<

4. Steps to apply the project methodology

This methodology is being developed to apply a set of perforated discs inside ducts through the following steps:
e Step 1: Analysis of separate perforated discs through analytical modeling by Papamoschou D., 2012;
e Step 2: Definition of the optimal location of the first perforated disc through FEM;
o Step 3: Definition of the optimal location of the subsequent perforated discs through FEM;
e Step 4: Analysis of the fluidic phenomenon and the physical parameters obtainment for the application of
analytical modeling through CFD;
e Step 5: Use of the TMM model for the final calculation of transmission loss.

Step 1 is performed by defining the transmission loss of the perforated discs separately to know which frequency
bands it is sized on. Steps 2 and 3 are performed using Finite Element Method (FEM) software (Hypermesh), to
perform the modal fluid analysis inside the duct and then making the modal superposition until the duct cutoff
frequency aiming to identify the region under the highest pressure. Then, in step 4, computational fluid dynamics
software (CFD) is used to obtain the necessary parameters to fill the transfer matrix of the perforated disc, aiming for
the transmission loss in step 5.

5. Case of Study

The following chapter presents one proposed problem of a case study provided by the UFMG School of
Engineering. It is a research work by FAPEMIG, in association with ISOBRASIL, entitled “Development and
Evaluation of the Performance of Noise perforated discs for Electro-Control Valves electronic”, whose process number
is EDT-101864/05.

The proposed case study is based on an experimental test bench consisting of a butterfly valve and subsequently
modules for pressure reduction. It consists of perforated discs arranged in a unit or a set, as shown in Fig. 4.

Figure 4 — Attenuation bench and perforated discs.
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As we can see in Fig. 4, the number 4 represents the butterfly valve, 7 is the measurement sensors, and 5 the location
of perforated discs.

Such discs illustrated by Fig.4, have different geometric parameters and were used in the duct in different positions
aiming the optimal use for the reduction of the sound pressure level. As a result, an optimal distance of 50 mm between
the perforated discs was obtained.

6. Results and discussions

Applying step one for each of the disks exemplified by Fig. 5, we obtained:

Transmission Loss - Evaluation of single perforated disks

500 1000 1500 2000 2500 3000
Frequency [Hz]

Figure 5 — Evaluation of single perforated disks
In this chart, it is possible to identify the peak attenuation of each disk separately as a function of frequency.

Then, the position of the first perforated disc in the duct is defined by applying step 2. The modal superposition
performed for the first disc is shown in Fig. 6.

Figure 6 — Modal Superposition for the first perforated disc.

Through the modal superposition, 467 mm from the butterfly valve is the best position for applying the disc aiming
to increase the local impedance (in the experiment it was placed at 500 mm).

As the assembly has three perforated discs, for the application of the other two perforated discs (Fig. 7 and Fig. 8),
step 2 is applied again, respecting the choice of perforated discs through the performed experiment and, for their
location, they are placed following the theory of modal superposition.



18" Brazilian Congress of Thermal Sciences and Engineering
November 16-20, 2020 (Online)

BUPERPOBTION 0 Unew Sepwponton (7 vams | Frame 25

53.8 mm

Figure 7 — Modal superposition for the second perforated disc.

Then, the optimum distance of 53.8 mm from the first disc is obtained for the second disc and it is applied again for
the third disc.

Figure 8 — Modal superposition for the third perforated disc.

Using the method employed, the last disc applied has an optimal distance of 52.5 mm from the second disc. This
ends the calculation for the best location of the perforated discs in the analysis.

Continuing the application of the methodology, step 4 aims to perform a fluid dynamic simulation.

The CFD simulation is extremely important for data acquisition to feed the analytical resolution program and for the
understanding of the fluidic phenomenon involved. Thus, representing recirculation areas of high speed and pressure
behavior in the duct, as illustrated by Fig.9.
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Figure 9 — Velocity contour at the butterfly valve.

In Figure 9, it is possible to identify areas of recirculation at the extremities after the throat, in which the velocity is
extremely low and, logically, the central region of the flow with the highest velocity to a certain distance.
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For achieving the flow velocity and pressure data, the graph in Fig.10 was used. Extracting the data from a
concentric line to the duct, it is possible to identify the absolute value of the velocity easily, both in the throat and in the

perforated disc.

Velocity 2 Pressure
e 14.000
120 l waejm—ort——t——— ]
Q. 0
100 -{ ‘ 10.000 -|
? 8.000
: 80 - | z 1
z | £ 6000
£ e i
g h 4.000
40 = |
1 ! 2,000
] | |
0
|| o W -
|
ul N W P
e . e e e e e e
o 0.5 1 ] 25 3 3
& 0.5 1 25 3 3,
aly,d H[Lm]

Figure 10 — Velocity and pressure at the centerline.

Such values identified in Fig. 10 can validate the performed simulation, in which experimental data attested a value
of approximately 136 m/s in the valve’s throat (representing a difference of 0.26% in comparison to the simulation) and
12500 Pa of pressure difference (2.08% difference compared to the simulation - 12240 Pa).

Finally, step 5 is feasible to be performed using such simulations and it is shown below in Fig. 11.

As the modeling provided by lljae Lee in 2005 (Equation 4) is based on the discs built by him, it was decided to use
the data of the discs that most resembled the present work, those named A4 and B4 (see the dissertation “Acoustic

Characteristics of Perforated Dissipative and Hybrid Silencers”).
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Figure 11 - Response of the TMM model using the lljae impedance for 20 m/s and without flow.

In agreement with the CFD simulation, Fig. 11 illustrates that the speed inside the hole in the drilled disk is
extremely low. Therefore, it does not produce significant effects on the acoustic response.
Despite the low speed on the disc, the study was also performed considering the speed was higher, thus resulting in

Fig.12.



18" Brazilian Congress of Thermal Sciences and Engineering
November 16-20, 2020 (Online)

T
——
|
—
——

%
I

g

T
-

S

—

SPDLIAE]
;

1500 200 20 )
Frequency[Hz]

Figure 12 - Response of the TMM model using the lljae (2005) impedance for Mach 0.5 and without flow.

By investigating Fig.12, it is possible to confirm the importance of taking into account the high speed in a
compressible flow for the analysis of transmission loss in perforated discs. It is possible to perceive a displacement of
the transmission loss peaks in comparison to the frequency (x-axis), as well as a change in their amplitude. Such effects
are relevant for the design of perforated discs.

7. Conclusions

The test-bench was performed repeatedly until the optimum section of the perforated discs was found, as well as the
speed of the fluid in the throat in the butterfly valve and the pressure difference between the inlet and outlet of the duct
was measured.

Through the performed methodology, it was possible to reach the same conclusion as the optimum places for
perforated discs, as well as the CFD simulation were validated through experimental data, thus attesting the
effectiveness of the proposed method.

The optimal methodology applied is extremely useful, since it can assist engineers to design and apply perforated
discs inside ducts for sound attenuation. Besides, an extremely cheaper and faster methodology was developed
compared to the previous need to perform experimental tests and purchase of sensors and actuators capable of
performing the procedure.

Finally, the developed methodology makes possible the correct use of the most diverse impedance formulas present
in the literature, since it can determine the speed and pressure inside the holes of a perforated disc without the need for
experimental tests and laser sensors that are extremely expensive to determine the flow speed inside these passive
reactive attenuators.
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