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Abstract. The Helmholtz resonator is widely used as an effective way to reduce noise around the
resonance frequency. But the resonator is a single degree of freedom and has a narrow resonance
frequency band which determined by its geometry. This paper used three-dimensional finite
element method to calculate the acoustic characteristics of different arrangement of the Helmholtz
resonant. It is can be found that 2 Helmholtz resonators connected in parallel, the narrow-band not
be changed and the performance of muffler is enhanced. As for the 2 degrees of freedom Helmholtz
resonator has two resonance frequencies, and the narrow-band has been broaden. From the
simulation, the performance of muffler has no significant change with distance change, but the
effect of two Helmholtz resonators has been changed by the angle between the two Helmholtz
resonators.

Introduction

Noise is the by-product of the industrial society, which is regarded as one of the three public
hazards in the world today!". The Helmholtz resonator (HR) is widely used as an effective way to
reduce noise around the resonance frequency”. While the disadvantage of HR is its effective
frequency range is restricted by its resonance frequency, which is decided by the physical
dimensions of neck area, neck length, and cavity volume. It is clear that the resonant frequency is
fixed when the geometry of the resonator fixed. There are 2 method to optimize the effect of
Helmholtz resonator, one 1is changing the geometry of the resonator or the
arrangement of Helmholtz resonators, anther is designing a tuned Helmholtz resonator. This paper
chooses the former, which using multiple Helmholtz resonator to optimize the performance by
changing the arrangement of mufflers.

Theoretical analysis

Helmholtz resonator is widely used to attenuate the narrow-band low-frequency noise™. In view
of the low frequencies of interest in this paper, the geometrical dimensions of HR considered here
are significantly smaller than the fluid wave length. The Physical dimensions is shown in tablel.
Then the model of Helmholtz resonator can be established by lumped parameter theory. The mass
significant for oscillation of single Helmholtz resonator in air medium is concentrated in the neck of
the resonator and the volume of resonator acts as a spring, and the mechanical-acoustical analogy
for single Helmholtz resonator in air medium which is a mass-spring system'). Assuming that flow
can be neglected, and the wave field in the duct is isentropic.

The resonant frequency of the resonator can be expressed as
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where ¢ and r» are the thickness and the radius of the neck, respectively, 4¢ is the sum of the end
correction at the inner and outer neck ends, ¢, = 343m/ s is sound velocity in medium, and v is the
cavity volume.
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Fig.1 Structure and Equivalent mechanical system of Helmholtz resonator
The transfer matrix method (also called the transmission matrix or the four-pole parameter
representation) has been widely used in electrical and structural engineering!”. With the transfer
matrix method, complex circuits or structures can be simply regarded as “black boxes” with one
input port and one output port. The interconnection of parallel, series-parallel, and parallel-series
network combinations can then be handled by simple liner addition or multiplication of the transfer
matrix.
The P-Q transfer matrix is given by
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Where P is the acoustic pressure, Q is the volume velocity and Ty 4, Ty, T21, T, are the four pole
parameters of the system.

If the temperature remains constant in the acoustic system, we can choose pyc U as the flow
variable instead of the Q. where pyc, is the characteristic acoustic impedance at this temperature.
And the transfer matrix is

A A

\ \_f

— Spring

TllpoCo T PoCo
3
[pOCOUl] [T21p"c° T22p° "] [pOCOUZ] )
Where the relationship between particle velocity U and volume velocity Q is
Q=US 4)

Dividing a complicated acoustic system into several subsystems for which the transfer matrix
model can be easily developed facilitates the derivation of the transfer matrix representation. The
transfer matrix of the Helmholtz resonator is comprised of the following three components: area
contraction, area expansion and duct element.

The matrix of the area contraction is given by

5
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where A,is the cross-sectional area of the neck of the Helmholtz resonator, Asis the cross-sectional

area of the tube, {, is the normalized specific acoustic impedance
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where the £ is the wave number, k = w/cy, ¢ is dynamic viscosity of the air.

The matrix of the area expansion is given by

[pocous] k (Azﬁszﬂ [pOCOUZ] (7

where Ajis the cross-sectional area of the neck of the Helmholtz resonator, A, is the cross-sectional
area of the cavity, (3is

s = ( 2Upe® + "‘;‘;T)CA‘*) +282(1-1.257) (8)

Assuming the wave field in the duct is isentropic, The matrix of the duct is given by
P, 1 _ [cos(kL) jsin(kL)
PoCoUz] B [jsin(kL) cos(kL)] [pOCOUl]
The transfer matrix of the Helmholtz resonator can be written as

T, T,T. [ ] 10
[pOCOUl] 17253 pocoUs (19)
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where T, T,, and T are respectively the transfer matrices of the three parts. 7 is the transfer matrix
of the straight duct, 7, is the transfer matrix of the neck and 73 is the transfer matrix of the cavity.

The FEM model analysis

The three-dimensional finite element method (FEM) was used to simulate the performance of
HR muffler . The comparison between simulation and theoretical results were analyzed.

According to the theory of acoustic waves, each duct has a corresponding to the cut-off
frequency. When the vibration frequency of the sound source is less than the cut-off frequency of
duct, the duct can only transmit the uniform plane wave. At low frequencies, the dimensions of the
HR are much smaller than the wavelength of interest. Assuming the wall of the cavity is rigid, and
the incident and emergent side is plane wave radiation. Then choose the analysis of frequency
domain.

(a)series (b)parallel
Fig.2 FEM model of Helmholtz resonator acoustic
Table 1 Physical dimensions of HR

d d; 1y 1,
10mm 90mm 10mm 45mm
Fig.2(a) shows the 2 degrees of freedom Helmholtz resonator, which has two cylindrical necks
and cavities connected in series. And Fig.2(b) shows the structure of 2 Helmholtz resonators
connected in parallel. Where d; and /; are the lengths and diameter of necks, d, and /; are the
lengths and diameter of cavities respective.
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Fig.3. (a)The transmission loss of 2 DOF HR; (b)The transmission loss of 2 Helmholtz
resonators connected in parallel

As shown in fig.3 (a), the 2 degrees of freedom Helmholtz resonator has two peak values of
transmission loss, which beside the resonance frequency of the original single Helmholtz resonator.
One resonance frequency moves to low frequency, another shifts to the high frequency.

As shown in fig.3(b), if choose the arrangement of 2 Helmholtz resonators connected in parallel,
the transmission loss will be overlap on the original resonance frequency, which means that the
performance of muffler is enhanced.

It is can be seen that when 2 Helmholtz resonators connected in parallel, the narrow-band not be
changed and the performance of muffler is enhanced. As for the 2 degrees of freedom Helmholtz
resonator, the narrow-band has been broaden.
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Fig.4. (a)The effect of distance between two Helmholtz resonators; (b) The effect of angle
between two Helmbholtz resonators

As shown in fig.4(a), we can neglect each transfer matrix and the distance between any two
nearby resonators. The performance of muffler has no significant change with distance change.

As shown in fig.4(b), we can find that the effect of two Helmholtz resonators has been changed
by the angle between the two Helmholtz resonators. The best effect of angle is 0 and 180, the angle
of 90’s absorption effect is the worst. Hence, it can be concluded that in the installation of a
plurality of Helmholtz resonator, it is necessary to try to install on the same plane and avoid
absorption effect caused by the angle decreased.
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Conclusions

This paper use three-dimensional acoustic finite element method to calculate the acoustic
characteristics of Helmholtz's resonant muffler. And the results show that the resonance frequency
of the HR can be effectively enhanced by changing the arrangement of Helmholtz resonators.

The 2 degrees of freedom Helmholtz resonator has two resonance frequencies, and the narrow-
band has been broaden. The 2 Helmholtz resonators connected in parallel can significantly increase
the noise elimination effect and the frequency of the noise is constant. It means that the narrow-
band not be changed and the performance of muffler is enhanced.

As for the effect of distance between two Helmholtz resonators, the performance of muffler no
significant change with distance change.

Final, the best effect of angle is 0 and 180, the angle of 90’s absorption effect is the worst.
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