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ABSTRACT 

This paper focuses on improving the noise attenuation performance of the Helmholtz resonator (HR) at low 

frequencies with a limited space. Three different types of necks: an extended neck or a spiral neck takes the 

place of the traditional straight neck of the HR. The acoustic performance of the HR with these two types of 

necks is analyzed theoretically and numerically. The spiral neck is transformed to an equivalent straight neck, 

and the acoustic performance is then obtained by a one-dimensional approach. A length correction factor for 

the extended neck is developed through a modified one-dimensional approach to take the non-planar effects 

into account. The theoretical prediction results fit well with the Finite Element Method (FEM) simulation 

results. The results show that significant improvement of the acoustic performance of the HR can be obtained 

by introducing these necks. The acoustic characteristics of HRs with these two different neck types have a 

potential application in noise control, especially at low frequencies within a constrained space. 
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1. INTRODUCTION

A ventilation ductwork system is an essential components of modern buildings that maintains

comfortable indoor environments, for instance, air temperature, air quality and air humidity [1]. However, 

the unpleasant noise accompanied with the fresh air from the opening of the ventilation ductwork system in 

a room is a direct source of annoyance that seriously influence people’s living and working quality [2-6]. 

Moreover, the noise may also have negative impacts on residents in other rooms by transmitting from one 

room to the nearby rooms through the building structures [7,8]. It is therefore important to reduce 

duct-borne noise, especially the low frequency and broadband noise in the ventilation ductwork system. 

Helmholtz resonator is widely used as an effective device for low frequency noise in the ducted system due 

to its characteristics of tunable, affordable and durable [9-12]. Other traditional methods such as porous 

duct lining, expansion chamber still suffer from serious drawbacks in low frequency [13,14]. Through the 

development of active control has provided another possible way to tackle the low frequency problem, 

serious challenges still exist in engineering applications [15-17]. Therefore, a good design for a Helmholtz 

resonator is important for noise attenuation in ventilation ductwork systems and has attracted the 

attenuation of many researchers and engineers. 

Aiming at a more accurate prediction and a preferable transmission loss performance, a 

continuous effort has been made and documented in numerous pieces of literature [18-22]. While the 

HR is known to be an effective silencer at low frequencies, sometimes its application may be limited 

by space. It is important to shift the resonance frequency when there is a space constraint. This paper 

focuses on improving the noise attenuation performance of the HR at low frequencies when there is 

limited space. A spiral neck or an extended neck may by a feasible way to shift the resonance 

frequency in such situations. The acoustic performance of HRs with these two types of necks is 

analyzed both theoretically and numerically. 
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2. Analytical approach of the HR with different necks

2.1 Analytical approach of the HR with a spiral neck 

 The traditional short neck is replaced by a spiral neck to make the neck as long as possible when 

there is a space constraint. Meanwhile, the curvature of the spiral neck changes the impedance, and it 

can then be considered equivalent to the traditional straight neck [19, 23]. For these reasons, this kind 

of HR can improve noise reduction performance at low frequencies within a limit space, as illustrated 

in Fig.1. The spiral neck could be divided into three parts: two straight tubes of lengths LI and LII 

respectively, and the spiral tube (with N turns of total length LIII). 

Figure 1 – (a) A Helmholtz resonator with a spiral neck. (b) The spiral neck with three turns. (c) A section of 

the curved tube. 

The particle velocity along the toroidal axis in the spiral tube is determined by the radial dependence of 
the sound pressure and the curvature dependence of the sound pressure. However, the radial dependence of 
the sound pressure is quite small due to the low frequency range considered in this paper. This means that the 
sound pressure remains the same over the cross-section area. Therefore, the particle velocity could be 
expressed as:  
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where p is the sound pressure,   is the angular frequency, 
0

 is the air density,   is the curvature 
angle, and

0
R is the distance from the point of the curvature center.

The curvature changes the impedance of the spiral tube, and it can then be considered equivalent to a 
straight tube. For the spiral tube with cross-section area Sn and length LIII shown in Fig. 1 (b), the 
equivalent straight tube with cross-section area

n
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The equivalent coefficient F is 
2 2

0 0 0 0
0.5( / ) (1 1 ( / ) )r R r R  . The equivalent coefficient is practically 

less than unity, which means that the equivalent straight tube has a larger area and a shorter length. The 
spiral neck could therefore be considered a combination of three connected straight tubes in a theoretical 
analysis. The equivalent theoretical model of a HR with a spiral neck is shown in Fig. 2. 

Figure 2 – The equivalent Helmholtz resonator. 

   The frequency range considered in this paper is well below the cut-off frequency, only planar waves 
propagate in the neck and cavity. The relation of point 1to point 5 could be obtained through the transfer 
matrix method as [24]:  
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The relation of point 1 and point 2 could also be expressed as a simplified equation as:  
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Assuming the walls of the cavity are rigid, the particle velocity at point 5 equals zero (V5=0). The 
impedance of HR with a spiral neck could be derived as: 

1 1 0 11 21
/ /

r n
Z P V S T T  . Once the resonator 

impedance has been obtained, the transmission of a side-branch HR with a spiral neck can be described as:  
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2.2 Validation of the predicted transmission loss  

 The geometries of the HR with a spiral neck are: cavity length lc=21cm, cavity radius rc=6.6 cm, 

fixed neck radius rn=1 cm, straight tube length LI= LII=4 cm, neck radius R0=1.2 cm, and length of 

spiral tube LIII=7.54N cm (each turn is 7.54 cm length). The cross-section area of the main duct is 

Sd=36 cm2. The N should be an integer, which indicates the turns of the spiral tube. N equals zero 

means that the spiral tube is non-existent and the neck only contains two straight tubes, which 

actually make it a traditional straight neck. Besides, the spiral tube could be considered as equivalent 

to a straight tube in a theoretical mode, as illustrated in Fig. 2. The predicted transmission loss of a 

HR with different turn number (N= 0,1,2,3,4) is exhibited in Fig. 3. Added spiral turns will decrease 

the resonance frequency and narrow the attenuation band, as well. Fig. 4 compares the prediction 

results with the FEM simulation results, and the prediction results are in good agreement with the FEM 

simulation results. The resonance frequency of the HR without a spiral neck (N= 0) is 59Hz. However, 

the resonance frequency decreases to 45Hz, 38Hz, 34Hz, and 30 Hz for  N= 1,2,3,4, respectively. This 

also means that a spiral tube with 30.16cm (N= 4) change results in a 29Hz decrease in the resonance 

frequency without changing the cavity volume. The effects of a spiral tube on the resonance frequency 

are obvious, especially at a low frequency range. Moreover, more turns will result in a much lower 

resonance frequency. The solid lines represent the theoretical prediction and the dotted crosses 

represent the FEM simulation results in Fig. 4.  

 

Figure 3 –Transmission loss of the HR with a spiral neck. 



 

 

 
Figure 4 –Comparison of the analytical approach prediction and the FEM simulation for different 

spiral tube length. 

3. Analytical approach of the HR with an extended neck 

3.1 Analytical approach of the HR with an extended neck 

A two-dimensional approach is introduced to determine the length correction length. Fig. 5 shows 

the geometries of the circular concentric HR with an extended neck. The two-dimensional sound wave 

propagation in both the extended neck and the cavity are governed by Helmholtz equation as:  
2 2
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where P is the sound pressure and k is the wave number. The sound pressure and particle velocity 

could be solved by Eq. (5) as: 
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The walls of the neck and the cavity are set to be rigid. At x2=0 or x3=lr, the rigid wall condition 

gives v2=0, v3=0. At x1=le+ln or x3=0, the pressure continuity condition at the neck-cavity interface 

gives P1=P3. Similarly, at x2=le or x3=0, gives P2=P3. The volume velocity continuity condition at 

x1=le+ln or x3=0 gives V1Sn+ V2(Sc-Sn)=V3Sc. Once the initial oscillation sound pressure and particle 

velocity have been obtained, then all unknown constants in equation of pressure and particle velocity 

could be derived by combining all the boundary conditions above.  

The frequency range considered in this paper is well below the cut-off frequency of the resonator 

neck and the cavity. This means that the non-planar wave excited at the abrupt cross-section change 

(the neck-cavity interface) will decay exponentially. Therefore, it is assumed that only planar waves 

exist in the HR. The multidimensional effects associated with evanescent high modes at a sudden area 

change are considered the “length correction factor.” Based on the two-dimensional analytical results, 

an approximate formula for the length correction factor could be obtained as  [18,25]:  
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   The approximate length correction factor fit well with the condition of rn/rc<0.5. Combining 
only one-dimensional propagation in the axial x direction in the neck and cavity direction with 
regard to the effects of the non-planar wave as length correction factor, the transmission loss of such 
HR could be expressed as:  
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Figure 5 –Helmholtz resonator with extended neck. 

3.2 Validation of predicted transmission loss 

The geometries of the HR with an extended neck are: cavity length lc=21cm, cavity radius rc=6.6 

cm, fixed neck radius rn=1cm, and base neck length ln=8cm. The cross-section area of the main duct 

is Sd=36cm2. The effects of extension length on the transmission loss are studied here.  

The transmission loss of a HR with different extension lengths that is analyzed by a modified 1D 

approach is shown in Fig. 6. It can be seen that with the increase in neck extension length, the 

resonance frequency decreases with a narrower attenuation band. Fig. 7 compares the predicted results 

to the FEM simulation results. It is shown that the modified 1D analytical approach predictions fit well 

with the FEM simulation results. Note that a 15.08cm change in extension length results in a 22 Hz 

shift in the resonance frequency, while the resonance frequency of a HR without an extended neck is 

only 59Hz, as shown in Fig. 6. The alteration in resonance frequency is apparent and significant at low 

frequency range. Furthermore, no change in cavity volume is required for the  reduction in resonance 

frequency. The solid lines represent the theoretical prediction and the dotted crosses represent the 

FEM simulation results in Fig. 7. 

 

Figure 6 –Transmission loss of the HR with different extension neck lengths. 

 

Figure 7 –Comparison of the analytical approach prediction and the FEM simulation for different spiral tube 



 

 

length. 

4. CONCLUSIONS 

This paper focuses on improving the noise attenuation performance of the HR at low frequencies 

within a constrained space. This paper presents theoretical and numerical studies of a HR with an 

extended neck and a HR with a spiral neck. The modified 1D analytical approach with length 

correction factor is used in this paper to make an accurate acoustic performance prediction of a HR 

with an extended neck. The length correction factor is introduced to account for the non-planar wave 

effects. For the HR with a spiral neck, the curvature of the spiral neck changes the impedance, and the 

spiral neck can then be considered equivalent to a straight neck wi th a corrected neck length and 

cross-section area. The spiral neck is then translated to a traditional straight neck, and the acoustic 

performance prediction is derived using a 1D analytical approach. The predicted theoretical results fit 

well with the FEM simulation results. Additionally, the prediction results for the HR with an extended 

neck also agree nicely with the existing experimental results documented in the literature. With the 

increasing of the extension length or the spiral neck length, resonance frequency decreases 

significantly. An identical change in the extension neck length or the spiral neck length will produce 

the same decrease in resonance frequency. It is clear that a 22Hz decrease in resonance frequency is 

obtained without changing the cavity volume, a significant difference from the resonance frequency of 

59Hz that exists for HRs without these two types of necks. The extension neck length is flexible but 

limited to the cavity length. Although there is no limit to the spiral neck length , more spiral turns could 

be added to lengthen the neck. However, the spiral tube length of each turn is fixed. For a certain 

designed resonance frequency of HR, the utilization of the extended neck or the spiral neck can reduce 

the cavity volume. The acoustic characteristics of HRs with these two different neck types have a 

potential application in noise control at low frequencies within a constrained space.  
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