Advances in Computational Design, Vol. 8, No. 4 (2023) 273-293
https://doi.org/10.12989/acd.2023.8.4.273 273

A new insight into design of acoustic liner arrays
arrangement in the presence of a grazing flow
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Abstract. This study evaluated the acoustic performance of two configurations of serial HR arrays and lined HR
arrays in the presence of grazing flow using a 3D numerical simulation. The dual, triple, and quad HR arrays were
compared to the conventional HR array. The simulation results showed that the number of resonant frequencies
increased with the number of serial HR arrays. The Cr did not significantly change with the number of serial HR
arrays. The acoustic performance of the two, three, and four-lined HR arrays was compared to the conventional HR
array. The results showed that the resonant frequency and TLmax increased with the number of lined HR arrays. The
Crw also increased with the number of lined HR arrays. The effect of the grazing flow Mach number (M,) was
investigated on the four-lined HR array configuration and compared to the conventional HR configuration. TLmax
and Crp decreased for both configurations with increasing M,. The four-lined HR array configuration had
significantly better acoustic performance than the conventional HR configuration. The TL.max and CTL increased by
more than 300% when the configuration was changed from the conventional HR to the four-lined HR array at M, =
0. The increment percentage decreased with increasing M.
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1. Introduction

The development of technology and the increasing use of machinery have both advantages and
disadvantages. One of the disadvantages is noise pollution, which is becoming more of a problem
as technology advances. Various methods are used to reduce noise. The most efficient way is the
reduction of noise generation by machinery by applying new manufacturing technologies to
control noise at the sources. Furthermore, sound-absorbing materials and acoustic liners are widely
used to suppress and reduce the noise emission from air-conditioning systems, ducts, and aircraft
engines (Qiu et al. 2018, 2019, Wang and Zhang 2013).

Aircraft noise is the second most annoying noise after road traffic noise, especially in areas
around airports. The International Civil Aviation Organization (ICAO) first introduced aircraft
noise regulations for noise control near airports in the late 1960s (Ziliené and Stankiinas 2002, Ma
and Su 2020). The main source of noise in aircraft is the turbofan engine. The turbofan engine
noise propagates out of the engine through the inlet and outlet of the engine. Acoustic liners are

*Corresponding author, Assistant Professor, E-mail: bahman@ari.ac.ir
2 Ph.D., E-mail: hadi.dast@gmail.com

Copyright © 2023 Techno-Press, Ltd.
http://www.techno-press.org/?journal=acd&subpage=7 ISSN: 2383-8477 (Print), 2466-0523 (Online)



274 Hadi Dastourani and Iman Bahman-Jahromi

PN Air Flow

- Noise Propagation

s Liner Location

\
Cold/hot et
mixing nuise'

’ ’

" "“Radiated fan &
... compressor

Radiated jet
iloe ~” noise

Acoustic liner

Fig. 1 (a) Noise radiation pattern of the aircraft engine, (b) SDOF, and (c) DDOF acoustic liner
(Bertolucci 2012)
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Fig. 2 The similarity between (a) SDOF liner and an array of single HRs (b) DDOF liner and array of dual
HRs

placed on the internal wall of the nacelle to reduce the turbofan noise, as shown in Fig. 1 (a)
(Bertolucci 2012). These liners are designed to attenuate noise at frequencies that are effective in
environmental noise pollution. There are two general types of acoustic liners used in turbofan
engines, including single-degree freedom (SDOF) and double-degree freedom (DDOF) liners
(Sugimoto et al. 2012, Jing et al. 2023, Zhao 2011).

An SDOF acoustic liner consists of a perforated sheet supported by a single layer of
honeycomb cells and a rigid backing plate (Fig. 1b). A DDOF liner has two layers of honeycomb
cells separated by another perforated sheet (Fig. 1c). In the conventional SDOF acoustic liner, the
honeycomb cavity has impenetrable walls. Therefore, the sound waves cannot move parallel with
the perforated face sheet (Ma and Su 2020). Hence, an SDOF acoustic liner is equivalent to an
array of single HRs and a DDOF acoustic liner is equal to an array of dual HRs (Fig. 2).

Helmholtz resonators (HRs) are a basic element in acoustic liner design. Advanced HR design
is essential for pipe noise abatement and combustion instability control (Zhang ef al. 2015, 2021).
According to aforementioned applications, increasing the acoustic performance of HRs has
attracted large attention in later researches (Meissner 2002, Langfeldt ez al. 2020, Zhao et al. 2017,
Mahesh et al. 2021). In the current study, the acoustic characteristics of different configurations of
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the HR arrays are evaluated. Before that, a brief overview of the research done in this area is
provided. Ingard (1953) investigated the impact of the neck geometry and Chanaud (1994) studied
the effect of the orifice section shape such as circular, rectangular and cross-shaped on the
resonance frequency of an HR.

Selamet and co-workers studied the effect of the resonator cavity volume, and the height to
diameter ratio of the cylindrical resonator. In this regard, they developed a three-dimensional
boundary element method and one, two, and three-dimensional analytical models (Dickey and
Selamat 1996, Selamat et al. 1997, Selamat and Ji 2000). The neck length affects the resonant
frequency of an HR. the extended neck is a way to increase neck length. Selamet and Lee (2003)
and Bi et al. (2012) appraised the effect of an extended neck on the HR acoustic performance.
Zhao (2012) and Zhao et al. (2022) investigated shape effect of coupled HR with two resonators
connected via a thin compliant membrane.

Numerical simulations are largely used in computational design (Igali et al. 2020, Rode et al.
2021). Selamet et al. (2011) used STAR-CD software and Lu et al. (2019) used COMSOL
Multiphysics to investigate the effect of the neck offset on the acoustic performance of an HR in
the presence of a grazing flow. Wu et al. (2019) evaluated the effects of the grazing flow and the
dimensions of neck on the aeroacoustics damping performance of a Helmholtz resonator
numerically.

They applied 2D numerical simulations by COMSOL Multiphysics software.

To improve the transmission loss performance of an HR, Guan ef al. (2020) proposed a
modified design of an HR by implementing a rigid baffle in its cavity. They evaluated the effects
of the rigid baffle width, location, implementation configurations (i.e. attached to the right sidewall
or left sidewall), and neck shape. They also considered the grazing flow Mach number and used
COMSOL Multiphysics for simulations. Mahesh and Mini (2021) studied the normal incidence
sound absorption characteristics of series and parallel configurations of Helmholtz resonators and
showed that the analytical model matches with the FEM results of COMSOL Multiphysics
simulations.

In the present study, the effects of different configuration arrangements, including the serial HR
array and the lined HR array, are studied in the presence of a grazing flow. In this regard, a 3D
numerical approach based on the COMSOL Multiphysics software has been applied. In section 2,
the numerical solution approach and the validation test are explained. The third section of this
paper presents the simulation results for different configuration arrangements of the HRs array.
Finally, the article closes in section 4 with a summary and some conclusions.

2. Solution approach and validation studies
The mesh dependency and validation tests are important considerations in the numerical simulation
of fluid flows. A brief overview of these tests is presented in this section, and a more detailed

discussion can be found in our previous paper (Dastourani and Bahman-Jahromi 2021).

2.1 Equations and solution approach

In this work, the acoustic performance of the Helmholtz resonators system with different
configuration arrangements, including the serial HR array (Fig. 3a) and the lined HR array (Fig. 3,
b), is investigated. In this regard, the numerical method has been used. Two physics, “single-
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Fig. 3 (a) Serial Helmholtz resonator array configuration, (b) lined Helmholtz resonator array
configuration

phase fluid flow” and “acoustic waves” are involved in this problem. In the current work,
COMSOL Multiphysics software is used and the simulations are performed in a three-dimensional
state. The single-phase airflow inside the duct and the Helmholtz resonator configurations are
defined as a grazing flow with a Mach number Ma. Ma in the current work varies between 0 to
0.40. Therefore, the Reynolds number for Ma >0.003 is greater than 3200 and the flow is
turbulent. Here, for the simulation of the turbulent flow field in the Helmholtz resonator system,
the Turbulent Flow k-¢ interface from the CFD module of COMSOL Multiphysics software has
been used (COMSOL AB, 2020).

The Linearized Navier-Stokes equations are used to simulate the acoustic field. In this case, the
equations of continuity, momentum and energy in the frequency domain are as follows,

iwpy + V- (pellp + poliy) = M 1)
po(iwly + (U - Viy + Gy V)Uy) + pe(ty Vg = V.o + F —tigM )

pocp(l(l)Tt + ﬁt " VTO + ﬁo " VTt) + pth(ﬁo " VTo) - apTo(l(l)pt + ﬁ)t ) Vpo + ﬁo " th)
— Ty (- Vpo) = V. (kVTY) + & + Q ®)

where U , p and T are the velocity, the pressure, and the temperature, respectively. In addition, the
variables with zero subscripts are the background mean flow values. Also, the subscript “t”
represents the total acoustic field variables, that is, the sum of the scattered fields and the
background acoustic fields as follows,

Pt =DP+Dp, Uy = U + 1, T:=T+T, (4)

where the subscript “b” refers to the background acoustic field. In the Egs. (1) to (3) M, Q and F
are the source terms. Also o, @, and p; are the stress tensor, the viscous dissipation, and the
density, respectively. They are presented as,

0 = —pd + p(Vie + (V)" + (up — 1) (V - I (5)

where p is the dynamic viscosity, pg is the volume viscosity, I is the identity tensor, 7 is the
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Fig. 4 A schematic of the Helmholtz resonator

Table 1 The geometry dimensions and the flow conditions for the conventional HR

Parameter Value Parameter Value
Lu (cm) 70 Mq 0-0.10
La (cm) 60 f (Hz2) 10 - 300
Ln (cm) 8.05 co (ms™?) 343
Dr (cm) 15.32 po (kgm3) 1.2
Da (cm) 4.86 Po (atm) 1.0
Dx (cm) 4.044 To (°C) 25
Hr (cm) 24.42 Uair (LPA.S) 18.5
Ju;
?=1y o, U (6)
pt = po(Brpe — “th) (7)

viscous stress tensor, By is the isothermal compressibility, and a, is the thermal expansion
coefficient. The Linearized Navier-Stokes (LNS), Frequency Domain interface from the Acoustics
module COMSOL Multiphysics software is applied here for modeling the acoustic field
(COMSOL AB, 2020).

The geometry of the duct with a conventional HR is shown in Fig. 4 and its dimensions are
shown in Table 1. As mentioned before, two physics of the CFD and Acoustics are involved in the
present simulation. For the simulation of CFD, a very fine and as much as possible, structured
mesh is required. For modeling acoustics, a coarser mesh rather than CFD and non-structure is
better suited. Accordingly, two different meshes are considered to solve the flow and the acoustics
fields, as shown in Fig. 5 for a conventional HR. After the Mesh independence investigation, the
mesh with 1192483 elements was chosen for the CFD field and the mesh with 128330 elements
was chosen for the acoustics field. The mesh dependency is discussed in section 2.2.

The solution approach is: at first, in the mesh of Fig. 5(a) the equations of single-phase airflow
with the k-¢ turbulence model are solved by considering the velocity as input, based on the Mach
number studied in the current study, then applying the mapping method and Solving PDE
Equations (the Weak Form PDE interface from the Mathematics module), output parameters
including pressure, velocity and turbulent viscosity are mapped from the flow field mesh (Fig. 5a)
onto acoustic field mesh (Fig. 5b). Next, for the acoustic field, the linearized Navier-Stokes
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Fig. 5 A schematic of mesh for (a) the flow field solution (b) the acoustic field solution

equations are solved in the frequency domain by applying the background flow parameters from
the flow field solution and the plane wave from the noise source as the input data. The Perfectly
Matched Layer (PML) boundary domain is used at both ends of the duct as a non-reflecting
boundary condition. The plane wave variables are defined according to,

pp = pie ", k=w/(CosUp) (8)
5 a
tiy = (0.0~ 75 (©)
a,Ty
T, =2 10
b oCo Pb ( )

where pi is incident the acoustic wave amplitude, kO is the wavenumber, w is the angular
frequency, c0 is the sound speed of air, Uin is the input velocity (Uin = Mac0, Ma is Mach
number of airflow), p0 is the air density, and Cp is the heat capacity at the constant pressure. After
solving the acoustics field, the transmission loss (TL) is calculated as,

Di

TL = 20l0g10(
Pout

) (11)

where Pout represents the transmitted acoustic wave on the upstream duct.
2.2 Mesh dependency

As mentioned before, in the work, two different meshes are used to solve the CFD field and the
Acoustics field. For a conventional HR (Fig. 4), the solution independence of the CFD field from
the mesh size is done. In this regard, three meshes with the domain elements of 623912 (D,,/Az =
22), 1192483 (D,,/Az = 34) and 1631428 (D,,/Az = 41) are considered in the HR system. Fig. 6
shows the velocity profile in the neck inlet for M, = 0.1. According to this figure, the mesh with
1192483 elements and D,,/Az = 34 was choose for the CFD field. The same work is
accomplished for the acoustics field. The simulations were performed in chosen mesh of the CFD
field, M, = 0.1 and three meshes with 65016, 128330 and 345378 domain elements for acoustics
field. According to Fig. 7, the mesh with 128330 elements was choose for the acoustics field.
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Fig. 7 Transmission loss for the various mesh size of the acoustics field

2.3 Verification study

To determine the accuracy of the numerical approach, as well as the correctness of the achieved
results, the simulations are performed for a conventional HR geometry and flow conditions
according to the experimental work of Selamet et al. (Selamat et al. 2011). The dimensions of the
HR system and flow conditions have been shown in Table 1. Fig. 6 depicts the TL versus the
frequency for the results obtained in the current study as compared with the experimental work of
Selamet et al. (2011). As can be seen, the present numerical results are in good agreement with the
experimental data, which proves the validity of the results in addition to the appropriateness of the
simulation approach utilized in this study.

3. Results and discussion
In the present study, the transmission loss performance of the HR arrays has been investigated

in the presence of the grazing flow. In this regard, the configuration effects of the serial HRs array
and lined HR array have been evaluated at various flow Mach numbers.
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Fig. 9 A schematic of serial HR array (a) single (or conventional) (b) dual (c) triple and (d) quad HR array

3.1 A serial Helmholtz resonator array

A serial HR array is formed by several (more than one) HRs connected in series, as shown in
Fig. 9. Applying two HRs, i.e., neck-cavity-neck-cavity, (Fig. 9b) is known as the dual HR system.
A dual HR could be equivalent to a part of a DDOF acoustic liner. In this section, the acoustic
performance of single, dual, triple, and quad HR arrays will be evaluated in the presence of the
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Table 2 Flow conditions and geometric dimensions of the serial HR array

281

Parameter Value Parameter Value
Lu (cm) 70 Vs (cm?®) 1432.86n
La (cm) 80 Vsz2 (cm®) 716.43n
Lx (cm) 8.05 Vs3(cm?®) 477.62n
Da (cm) 4.859 Vsa (cmd) 358.22n
Dn (cm) 4.044 Ma 0-0.10
Dy (cm) 17.7 f (Hz) 5-500
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Fig. 10 Transmission loss versus frequency for the different serial HR array configurations in various Mach
numbers

grazing flow. Here, the resonator cavity volume for all configurations (Fig. 9) is equal to each
other, so VS,1=2VS,2=3V5,3=4VS,4=1432.86m cm3. The dimensions of HR configurations and the
other required parameters are presented in Table 2. In the section, the simulations are performed
for various HR configurations according to Fig. 9 in the grazing flow Mach numbers of 0, 0.05,
and 0.10. In the figure, i represent to Configuration type (single, dual, triple, and quad HR array), j
represent to array number in serial HR array.

Fig. 10 depicts the TL against frequency for four configurations of conventional (single), dual,
triple, and quad HR array (Fig. 9) in three Mach numbers, Ma, of 0.0, 0.0,5 and 0.1. It can be seen
in the figure, that for the single HR, one resonant frequency is generated. While for the dual HR,
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Fig. 12 Vorticity contour (Steady State) for the different serial HR array configurations in M.=0.05
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two resonant frequencies are generated. In other words, with increasing the number of HR arrays
the number of resonant frequencies increase so that for any configuration, the number of resonant
frequencies is equal to the number of HR arrays. The change of configuration, lead to the changes
in the fluid flow pattern in the HRs. As an example, Figs. 11 and 12 depict the velocity, vorticity
for the various configurations in M, =0.05 respectively. The Changes of the flow pattern affect the
vortex-sound interaction in the HR. In Figs. 13 and 14 the total acoustic pressure (P;) and sound
pressure level (SPL) have been present for the various configurations in M, =0.05 respectively. It
can be seen in the figures, P; and SPL change with changing configuration.

Fig. 15, corresponding to Fig. 10, shows the quantitative value of the resonant frequencies for
the different configurations for the various M,. In this figure, i represent to Configuration type
(single, dual, triple, and quad HR array), j represent to array number in serial HR array (Fig. 9) and
symbols of 0, 0 and A represent to Mach number of 0, 0.05 and 0.1 respectively. As can be seen
in Fig. 15, in comparison to the configuration type effect, the Mach number has no significant
effect on the resonant frequency, while increasing the Mach number the maximum transmission
loss, TLmax, decreases. In addition, the resonant frequencies decrease with increasing the number
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of HR arrays. In contrast, the TLax has a different treatment so that with increasing the number of
HR arrays in the Mach numbers of 0 and 0.05, the TLnax corresponding to the first resonant
frequency decreases and for others increase. In Mg =0.1 the TLnqx corresponding to the first and
the second resonant frequencies decreases and for the third resonant frequency increases.

Another point in Figs 10 and 15 is the pattern of resonant frequency generation in different
serial HR array configurations. In other words, with the addition of each new HR array, the new
resonant frequency is generated. Fig. 16 displays the fitting curve for resonant frequency from
numerical results for different serial HR array configurations and various Mach numbers.
According to this figure, the approximate value of the resonant frequency is equal to the product of
89 (resonant frequency for single HR in M, =0) in the number of serial HR arrays. This conclusion
is limited to the simulation results of this article.

In Fig. 10 the TL index is shown to investigate the acoustic transmission performance in the
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frequency domain. However, it is not sufficient to analyze the attenuation characteristics
quantitatively. The concept of energy storage capacity, based on the TL index, represents a suitable
parameter to investigate the ability and acoustic attenuation performance of different
configurations such as a conventional HR or an array (Cai and Mac 2018). The energy storage
capacity is calculated according to the following equation,

f

Cpp = fTLdf=Z

i=0

TL; +TLiyq

— = (fr — ) (12)
where Cry is the energy storage capacity, f is the frequency and i is the counter, Fig. 17 exhibits
Cr. against the number of serial HR arrays. It can be observed that the number of serial HR arrays
has little effect on Cr;. In other words, the area under the TL-f curve in Fig. 10, which is
equivalent which is equivalent to the acoustic attenuation performance, has not significantly
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Fig. 18 Schematic of lined HR array with (a) one (b) two (c) three and (d) four resonator cavity

changed with increasing the number of serial HR arrays. Of course, the presence or absence of
grazing flow affects the Cr., so by setting up a grazing flow in the duct, there is about an 11%
reduction in Cry.

3.2 A lined Helmholtz resonator array

A conventional HR (single HR) has a transmission loss (TL) peak at its resonant frequency.
Combining several HRs in a line is a possible way to increase TL peak and improve noise
attenuation. In this section, the acoustic performance of one, two, three, and four-lined HR arrays
will be evaluated in the presence of grazing flow. Fig. 18 presents a schematic of the lined HR
array. The resonator cavity volume for all configurations is equal to each resonator cavity volume
for all configurations is equal to each other, i.e V=2V =3V =4V, 4=1432.86m cm?. The
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Table 3 Geometry dimensions and flow conditions of the Lined HR array

Parameter Value Parameter Value
Ly (cm) 70 Vi1 (cmd) 1432.86n
La (cm) 120 Viz (cm®) 716.43n
Lx (cm) 8.05 Vis(cm?3) 477.62n
L, (cm) 20 V14 (cmd) 358.22n
Da (cm) 4.859 Ma 0-0.10
Dn (cm) 4.044 f (Hz) 5-500

Table 3 Geometry dimensions and flow conditions of the Lined HR array

Configuration Theoretical Resonance Frequency (Eq. 14)  Predicted Resonance frequency (Hz)
RFtour_lined_HR 2 XRF oneHrR 2*90=180
RFthree_Iined_HR \/§ XRF one HR \/§ * 90 = 155
RFuwo_lined_HR V2 XRF one Hr V2 %90 = 127

geometry dimensions of Helmholtz resonator configurations and the other required parameters are
presented in Table 3. The simulations are performed for various HR configurations according to
Fig. 18 in grazing flow Mach numbers of 0, 0.05, and 0.10.

Fig. 19 demonstrates the TL versus frequency for lined HR array configurations including
conventional (one), two, three, and four HR arrays (Fig. 17) in three Mach numbers of 0, 0.05, and
0.1. The resonant frequency of a conventional HR (Fig. 17a) can be theatrically determined by
using the following equation (Zhao and morgans 2009)

1 | c?S
21 VLeff

RFipeo = (13)

where c is the speed of sound, S is the cross section area of the resonator neck, V is the volume of
the resonator and L, is the effective length of the resonator neck. With the parameters listed in
Table 3, the theoretical predictions of the resonant frequency is 102 Hz and it is about 90 Hz in
numerical simulation (Fig. 19). According to Fig. 19, TLmax frequency increases as the number of
lined resonators increases. This frequency shift is due to the decrease in the volume of each
resonator as the number of lined resonators increases. The relationship between the resonance
frequency of a Helmholtz resonator and the cavity volume is given by the Helmholtz formula, Eq.
13.

RFtheo x (14)

Vv
We know that in lined configuration: V=2V ;,=3V;3=4V 4 . The predicted value of RF are
listed in table 4. According to table 4, Predicted Resonance frequency is in good agreement with
numerical simulation (Fig. 19).
Fig. 20 illustrates the quantitative value of the resonant frequency and TLmax for the different
lined HR array configurations on the various M, As can be observed in these figures, with
increasing the number of lined HR arrays, the resonant frequency and TLnax increase so that, with
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Fig. 19 Transmission loss versus frequency for the different lined array configurations in various
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changing configuration from one array to four arrays 304%, 297%, and 394% increase in TLpx is
seen for Mach numbers of 0.0, 0.05 and 0.1 respectively. Furthermore, for resonant frequency, the
increase percentage is 101%, 66%, and 94% for Mach numbers of 0.0, 0.05, and 0.1, respectively.
Figs. 21 to 23 show the flow velocity, total acoustic pressure and sound pressure level for the
different lined array configurations in M, =0.05 respectively. As can be seen this figures with
changing configuration, flow and acoustics properties change.
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Fig. 23 Sound pressure level (Frequency-Domain at 100 Hz) for the different lined HRs array confi
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9000 | —m-M_=0 _ = i
""Ma=0'05 .//// N
7000 ./’ — A d]
—-A-M_=01 T ZE—
a ca D
= S o
5. 5000 e S
3000 - ! /,’.*'/"’N-‘ | | A
[ 2
1000 1 1 1 1
1 2 3 4

Number of lined HR arrays
Fig. 24 Energy storage capacity for Lined HR array configurations

Fig. 15 demonstrates Cr; against the number of lined HR arrays. As can be seen, with
increasing the number of lined HR arrays, the acoustic attenuation performance increases so that,
with changing configuration from conventional HR (Fig. 18a) to a four-lined HR array (Fig. 18d)
with the same total resonator cavity volume, 316%, 278% and 251% increase in Cr. is seen for
Mach numbers of zero, 0.05 and 0.1 respectively.
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Fig. 26 Transmission loss against frequency, (a) four-lined HR array, and (b) conventional HR con
figurations

3.3 The grazing flow Mach number effect

In this section, we investigate the effect of the grazing flow Mach number, Ma, on the four-
lined HR array configuration and compare it to the conventional HR configuration. Fig. 25 shows
a schematic of the configurations. The sum of resonators cavity volume for a four-lined HR array
is equal to conventional HR, i.e. V=4V =1432.86m cm?. The simulations are performed in various
Mach numbers of 0.0, 0.05, 0.10, 0.15, 0.20, 0.30 and 0.40. The dimensions of conventional HR
and four-lined HR array configurations are in accordance with Fig. 18, (a) and (d), respectively.

Fig. 26 depicts the TL against frequency in various Mach numbers for two configurations of
conventional HR and a four-lined HR array. It can be seen in this figure, that the TL versus
frequency has an increasing-decreasing trend and has a peak (maximum transmission loss) in
resonant frequency. Fig. 27, corresponding to Fig. 26, shows the maximum transmission loss,
T Liax, for various Mg and two configurations. In addition, Fig. 28 demonstrates Energy storage
capacity, Cri, as the quantitative attenuation characteristic, against M, for two configurations. As
can be seen in the figures, with increasing Mach number TLax and Cr, decrease for both
configurations. In addition, it is observed that the four-lined HR array configuration has a better
acoustic performance than the conventional HR configuration. In Table 5 the increment percentage
in T Lmax and Cry (8;) has been presented with changing configuration from the conventional HR to
the four-lined HR array. §; is calculated using Eq. 14,
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Table 5 Acoustic performance comparison of two configurations

Mach Four-Lined HR array Conventional HR
8 Lmax () 8cpy (%)
number  TL,a (dB)  Cri(dB.Hz)  TLmax (dB)  Cri (dB.Hz) max T
0.0 177.25 9045.60 43.86 2173.03 304.13 316.26
0.05 83.02 7848.94 19.83 2073.10 297.17 278.62
0.10 57.45 7120.42 11.62 2026.31 394.40 251.39
0.15 40.65 7037.90 8.85 2022.12 364.57 248.04
0.20 42.05 6881.49 7.71 1992.61 445.39 245.35
0.30 22.80 6015.08 5.85 1871.16 289.74 221.46
0.40 16.40 5022.12 4.75 1788.24 245.26 180.84
51' _ llJ four—lined HR array — llJ conventional HR % 100 (14)

liJ conventional HR

where i represents TLmax and Cr;. As can be seen in table 5, with changing configuration from the
conventional HR to four-lined HR array, 304% increase in T Lmax and 316% increase in Cr;, for M,
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= 0 occur. As the Mach number increases, this increment percentage decreases so that, for M, =0.4
it reaches 245% and 180% for T Lmax and Cri, respectively.

Another important issue in Fig. 26 is that the conventional HR practically losts its performance
as a tonal noise absorber for M, > 0.1. While the four-lined HR array configuration to M, = 0.2
acts as a tonal absorber.

4. Conclusions

In this paper, we investigated the effect of configuration type on the acoustic performance of
HR in the presence of grazing flow. We considered two configurations: serial HR array and lined
HR array, in association with turbofan acoustic liners. A serial HR array is formed by connecting
several conventional HRs in series. A dual HR array, i.e., neck-cavity-neck-cavity, is the simplest
serial HR array and is equivalent to a part of a DDOF acoustic liner. A lined HR array is formed by
combining several conventional HRs in a line and is equivalent to a part of an SDOF acoustic
liner. We used a 3D numerical approach, and COMSOL Multiphysics software was utilized for this
purpose. The numerical approach was validated by comparing it with experimental data. This
comparison confirmed the accuracy and precision of the numerical approach.

In the serial HR array, the simulations were performed for single, dual, triple, and quad HR
arrays in the Mach numbers of 0.0, 0.05, and 0.10. Here, the resonator cavity volume for all
configurations is equal to each other. The simulation results showed that for any serial HR array
configuration, the number of resonant frequencies is equal to the number of serial HR arrays. Also,
the acoustic attenuation performance, Cr; (the area under the TL-f curve), has not significantly
changed with increasing the number of serial HR arrays. Moreover, the resonant frequencies
decrease with increasing the number of HR arrays. In contrast, the TLmax has a different treatment
so that with increasing the number of HR arrays in the Mach numbers of 0 and 0.05, the TLmax
corresponding to the first resonant frequency decreases and for others increase. In M, = 0.1 the
TLmax corresponding to the first and the second resonant frequencies decreases and for the third
resonant frequency increases.

In the lined HR array, the simulations were performed for one (conventional HR), two, three,
and four-lined HR arrays in the Mach numbers of 0.0, 0.05, and 0.10. The total resonator cavity
volume for all lined HR array configurations is equal to each other. The results demonstrated that
increasing the number of lined HR arrays, the resonant frequency, T Lmax and Cr;, increase so that,
with changing configuration from the conventional HR to the four-lined array 304%, 297% and
394% increase in TLmax is seen for for Mach number of 0.0, 0.05 and 0.1, respectively. For the
resonant frequency, the percentage increase is 101%, 66% and 94% for Mach numbers of 0.0, 0.05
and 0.1, respectively. Furthermore, 316%, 278 and 251% increase in Cr.is seen for Mach numbers
0f 0.0, 0.05 and 0.1, respectively.

The grazing flow Mach number's effect was investigated in the four-lined HR array
configuration and compared with the conventional HR. The sum of resonators’ cavity volume for
the four-lined HR array is equal to conventional HR. The simulations were performed in various
Mach numbers of 0.0, 0.05, 0.10, 0.15, 0.20, 0.30 and 0.40. The simulation results depict that with
increasing Mach number, TLyax and Cr; decrease. In addition, it was observed that the four-lined
HR array configuration has a better acoustic performance than the conventional HR configuration.
so that, with changing configuration from the conventional HR to the four-lined HR array, 304%
increase in T Lmax and 316% increase in Cr, occur for M, =0. As the Mach number increases, this
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increment percentage decreases so that, number increases, this increment percentage decreases so
that, for Ma=0.4, it reaches 245% and 180% for TLmax and CTL, respectively.

The results of this investigation showed that the serial HR array configuration can be helpful in
the design of turbofan acoustic liners if the purpose is to reduce noise in several frequencies. The
number of resonant frequencies is equal to the number of serial HR arrays. However, if the
purpose is to increase the performance of acoustic liners in the resonant frequency, increasing the
array number in the lined configuration at flow direction leads to increasing the maximum
transmission 10ss (7Lmax). The TLa value is directly related to the number of lined HR arrays.
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