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Abstract

The acoustic performance of a typical Helmholtz resonator is important for optimizing sound absorption coefficient. The acoustic
impedance of the Helmholtz resonator varies with different geometric features. As such, various studies have been conducted to
investigate some parametric effects like neck length, extended neck, orifice size, cavity size and glazing flow speed. In this study, we
explore, numerically, the effect of cavity shape and geometric aspect ratios among other features. We determined the optimum geometric
shapes, dimension and flow condition for better sound absorption of the Helmholtz resonator.
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1. Introduction

Helmholtz resonator, once properly tuned, has strong sound
attenuation characteristics, therefore, it is commonly employed
as a noise attenuation device in ducted systems [1]. It has
received a lot of attention in the control of low-frequency noise
that propagates within the air conditioning duct channel in which
the flow rates are usually small [2]. A proper design of such a
resonator is important especially for low-frequency noise
control in buildings where the conventional dissipative type
silencers are not usually effective, thereby leading to a
significant loss in static air pressure. The problems of low-
frequency duct noise has been tackled by the development of
active control [3]. The robust performance and stability of the
Helmholtz resonator makes it generally acceptable in the noise
control industry.

The importance of the Helmholtz resonator has called the
attention of many design engineers and researchers. Recently,
several extensive studies have been undertaken to predict and
improve the transmission loss of resonators [4], [S5]. Many
different arrangements and complicated geometries have been
considered. For instance, Chanaud [6] explored the effects of
different shapes of orifice, Dicky and Selamet [7] studied the
effects of cavity aspect ratio, Selamet and Lee [8] proposed
extended neck into the resonator cavity and Griffin et al. [9]
suggested coupling two resonators. The idea of coupling
dissipative silencers with Helmholtz resonator has also been
proposed [10]. Although several suggestions have been made,
however, some of these suggestions appear complex or are
impractical. The aero-acoustic effect of the Helmholtz resonator
has also been investigated [11].

The acoustic impedance at the outlet of the Helmholtz resonator
has a significant effect on the obtainable sound absorption
coefficient. The highest transmission loss or sound absorption
coefficient takes place at the resonance frequency of the
resonator and the extent of the effect highly depends on the
acoustic impedance. The low-frequency plane wave theory
suggests that a reduction of the resistive effect not only results
in a high
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sound transmission loss but also only results to an increased in
sound absorption coefficient. with a resistance higher than that
of the medium. Tapering the neck of a resonator can improve its
performance since a gradual change towards the cavity from the
neck will have a lower flow resistance. However, this may affect
the resonance frequency of the Helmholtz resonator.
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Figure 1: Schematic illustration of the Helmholtz resonators geometric
features (a) For Rectangular cavity (b) For Circular cavity

In this work, the transmission power of a typical Helmholtz
resonator is studied numerically. A 2D model is developed
which represents a cavity connected to a duct via a neck of
negligible length. Incident plane waves propagate through the
duct. The Helmholtz resonator system consists of several
features of which five were investigated, these include: 1) the
neck length, 2) the orifice length, 3) the cavity shape, 4) the
cavity size, and 5) the cavity aspect ratio. In Sect. 2, the
numerical model and governing equations are described. The
model is validated with an experimental study found in the
literature. In Sect. 3, the effect of the geometric features of the
Helmholtz resonator is studied under a frequency range of 0 to
2000 Hz and the key findings are summarized in Sect. 4.

2. Model development

In the present study, we consider a Helmholtz resonator with
circular and rectangular shaped cavities as shown in Fig. 1. The
geometric features of the resonator are varied, and the effect is
studied. The mean grazing flow with the duct of the resonator is
considered negligible, i.e., the flow is simulated in stationary air.
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The problem is solved using the incompressible Navier-Stokes
equations.

2.1. The governing equations

The governing equations include the mass conservation
equation, linearized momentum equation for incompressible
viscous flow, and the energy equation given in Cartesian
coordinate.

The mass conservation equation
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Where, S;; is the acoustic perturbation generated from the wave
source. It is simulated as a monopole generated from a sinusoidal
perturbation source S;; = 2.N_; A, sin(wy,t). The perturbation
is given as pressure, velocity, temperature and density denoted

as p, u, T, p. The subscript 0 means steady-state flow
parameter.

The momentum equation
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Where @ is the viscous dissipation function. The equation of state is
p = pRT.

The conservative stress tensor equation and the linearized
equation of state are given as:
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Where, p = po(Brp — apT) - T is the viscous stress, u is the
dynamic viscosity, tg is the bulk viscosity, I is the identity
matrix. The time derivative dX/0dt of a given parameter in the
frequency domain can be replaced by multiplication with jwX

The term for the fluctuation velocity corresponding to the
Reynolds stresses results from turbulent motion. From various
turbulent flow models, kK — € model is adopted in this study, to
determine that the turbulent kinetic energy and rate of
dissipation. The k — ¢ turbulence model is given for turbulence
kinetic energy k as [12]:
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Where ¢ is the rate of dissipation of turbulent kinetic energy
given Eq. (6)
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Where, G;, and G, are the generation of turbulence kinetic
energy due to mean velocity gradient and buoyancy,
respectively.

2.1. Model validation

The linearized Navier-Stokes equation with k — & model is
solved by the COMSOL MULTIPHYSICS using UMF Direct
solver based on the Finite element method. The validation study
is conducted on a 2D Helmholtz resonator with a cylindrical duct
as shown in Fig. 2.
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Figure 2: The schematic representation of the validation

Table 1: Dimensions and flow condition of the validation model

Parameters Values Parameters Values

Ly 65.0 cm v, 2250 — 4500 cm®
La 65.0 cm Ma 0—0.1

Dy 4.86 cm po 1.2 kg/m®

Ly 1 —8.05cm Py 101325 Pa

Dy 4.04 — 8.08 cm /21 50— 500 Hz

D, 1532 cm To 297K

H, 24.42 cm Mayp 0—0.03

The flow conditions as well as the dimension of the Helmholtz
resonator is determined from a study [13] and given in Table 1.
In the validation study, the turbulence model is selected due to
the presence of grazing flow [14]. The numerical model is
compared with the experimental results obtained by Selamet et
al. on the same dimensions and flow conditions [15]. The
frequency range of 50-200 Hz is used for consistency with the
experimental test.

The present numerical results are compared with that of Gang et
al. [13] and the experimental results of Selamet et al. [15] The
simulation is conducted with a time step of 1 X 10™* s.

The plane waves are assumed to propagate through the duct from
inlet to exit. Both the inlet and exit are assumed to perfectly
match the layer boundary. The transmission loss (TL) of the
Helmholtz resonator is given by the relation:

bal) N
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Where p; denotes incident acoustic waves at the upstream of the
duct and p; is the transmitted acoustic wave at the down scream
of the duct.
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Figure 3: Validation of the developed model with experimental and
numerical studies found in the literature.

3. Results and discussion

The validation model in Fig. 3 shows that numerical settings in
commercial code, COMSOL MULTIPHYSICS, can predict the
performance of the HR with a reasonable level of accuracy.
Hence, the present model is implemented under the same study
type and physics.

The geometries selected in this study and the flow conditions are
illustrated in Fig. 5 and the parameters are given in Table 2.
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Figure 4: Illustration of the present model

Table 2: Dimensions and the flow condition of the present model.

Parameters Values Unit
v, 1600, 2500, 3600 mm?
L, 50 mm
Lg 50 mm
L, 1, 10, 20, 30 mm
Dy 10 mm
D, 1,5,10,20 mm?
Medium fluid Air -

Shapes Rectangular, Circular -

Aspect

05,1,2

3.1. Mesh independence test

A Mesh dependency test was conducted on the 2D Helmholtz
resonator, and a triangular mesh is adopted, with grid elements
sizes as shown in Fig. 6. The present model, having the
rectangular shape cavity, is tested for the effect of mesh element
size on the TL. Under a frequency range of 0 — 2000 Hz, the
result shows that the TL slightly changes with the mesh element
size and attains a convergence at about 520 element size. The
resonance frequency remains constant for all the sizes of the
mesh as shown in Fig. 6.
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Figure 5: Numerical triangular mesh on the 2D model with difference mesh
element sizes: (a) 384, (b) 520, (c) 642, and (d) 1254.
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Figure 6: Transmission loss for different mesh element size
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Figure 7: Effect of neck length on the transmission loss for different length
of the neck
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Figure 8: Effect of cavity volume on the transmission loss
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Figure 9: Effect of cavity Aspect ratio on the transmission loss
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Figure 10: Effect of orifice length on the transmission loss

The effect of various geometric parameters is investigated. Fig.
7 shows that, for rectangular cavity shape, the TL decreases with
an increase in neck length until a certain minimum TL which
occurs at about 10 mm. However, this effect is opposite in the
circular shape cavity and the maximum TL occurs at 10 mm.
Although the cavity volume remains constant, the volume to
surface area ratio is not the same for the two shapes. Therefore,
this accounts for the counter-effect.

Fig. 8. shows how the cavity size affects the TL. The sensitivity
of cavity size to TL is higher for the circular cavity. Also, the TL
reduces with cavity volume linearly but in the rectangular shape,
the sensitivity of TL becomes very low for lower cavity
volumes.

As shown in Fig. 9 the Aspect ratio (AR) of the cavity cannot
provide a wider range of resonance frequency but an inverse
relation is found for the two shapes selected in the present study.

At AR =1, the TL is highest in the rectangular cavity while
having the lowest in the circular cavity.

In Fig. 10, considering only the circular cavity, the orifice length
of HR is investigated. The TL increases with orifice length until
a certain optimum value above which the TL begins to reduce.
In this study, it was seen that an Orifice length of 10 mm has the
highest TL.

4. Conclusion

The acoustic properties of an HR of varying cavity shape, size,
aspect ratios, neck length, and orifice length are studied
numerically. The HR operates in monotone and serves as an
excellent absorber for flow with frequency same as its natural
frequency.

The transmission loss (TL) of the HR serves as the metric for
performance measurement. Various parameters that affect the
performance of the HR are varied and the present study covers
an assessment of the best configuration for the HR because a
proper prediction of the TL will enhance the resonator’s
application range in the desired operating frequency.
Considering the shape effect of the HR, the numerical simulation
shows that the cavity shape has an interactive effect with other
geometric parameters. The HR with circular shape cavity has
maximum TL at a lower resonance frequency than the
rectangular shape cavity. TL increases steadily with neck length
for rectangular shape cavity unlike in circular cavity where the
TL increases in a parabolic shape with neck length until a certain
optimum value (10 mm) before dropping to lower TL. The
orifice length of 10 mm is the optimum in the present study. The
optimum parameters can be utilized in design an HR with high
sound absorption property.

The shape effect of the HR can be formulated analytically, and
the TL can be optimized based on the desired application and
frequency range.
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