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Abstract 

 

 

The ventilation ductwork system has become an important part of modern buildings that 

maintain good indoor air quality. However, transmission noise from a ventilation fan and 

flow-generated noise from the interaction of moving air and duct flow discontinuities are 

unavoidable. While the commonly used duct noise silencer can effectively reduce medium 

to high-frequency noise over a broadband frequency range, low-frequency noise control 

still remains a challenge to most engineers. The Helmholtz resonator (HR), with simple 

geometric structures and easy to manufacture and maintain, has become an effective 

strategy for low-frequency noise attenuation. In the present study, the low-frequency noise 

attenuation performance of silencers based on HRs in the presence of grazing flow is 

investigated. 

In the first part of this thesis, a dual HR system is designed by connecting a pair of HRs 

in series (neck-cavity-neck-cavity). The influence of neck length, cavity volume, and flow 

Mach number on the noise attenuation performance of a dual HR system is investigated. 

A three-dimensional numerical simulation is implemented to calculate the transmission 

loss results. The transmission loss (TL) results show the second neck length can influence 

the second resonance frequency and the TL peak. Changing the cavity volume will 

significantly influence the noise attenuation ability under lower flow rate conditions than 

the higher flow rate conditions. The flow field results show that air only enters the first 

neck and cavity. The flow Mach number has a more significant impact on the first TL 
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peak than on the second TL peak. 

In the second part of this thesis, the acoustic behavior of the HR model in the presence of 

grazing flow is investigated experimentally. The four-microphone method is performed 

to measure the transmission loss performance of the resonator model under flow speeds 

of 0-20 m/s, and the particle image velocimetry (PIV) measurement is adopted to evaluate 

the fluid characteristics of the resonator neck. The flow effect on the acoustic performance 

of the resonator model is derived by using the curve fit technique. An empirical model is 

established to predict the transmission loss of the Helmholtz resonator in the presence of 

the grazing flow. The empirical model is added to the transfer matrix method to predict 

the transmission loss of the period Helmholtz resonator model under different grazing 

flow speeds. The PIV experiment results reveal the fluid dynamics in the neck region of 

the resonator model.  

In the third part of this thesis, a lightweight and compact sound-absorbing metamaterial-

based Helmholtz Resonator Array (HRA) that exhibits broadband low-frequency noise 

attenuation performance even under low-speed flow conditions is presented. A semi-

empirical theoretical model is developed by integrating Guess's empirical model with a 

flow correction term to predict the transmission loss performance of the designed HRA 

under various grazing flow velocities. The designed HRA is composed of 8 single 

Helmholtz resonator models and is optimized to increase the noise attenuation band. 

Results show that the designed HRA can achieve around 20 dB/m in the prescribed 

frequency range of 200 to 800 Hz under grazing flow speeds of 0-20 m/s, and the proposed 
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theoretical model can accurately predict transmission loss performance under different 

grazing flow speeds. The design strategy of the HRA model offers an effective solution 

for noise reduction in ventilation duct systems. 
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Chapter1  

 

Introduction  

 

 
1.1 Duct noise control 

The term “noise” is defined as unwanted sound that causes people to feel unpleasant or 

disturbance. Noise can affect the mental health of humans. Thus, it is important to tackle 

the noise problems. Indoor noise has always been a significant source of noise pollution. 

Nowadays, people spend the majority of their time in indoor environments for work and 

entertainment. Therefore, attenuating indoor noise at all audible frequencies is a major 

task for engineers. The Heating, Ventilation, and Air-Conditioning (HVAC) ductwork 

system has become a crucial component of the modern building ensuring optimal indoor 

air. However, the ventilation fan, as a common component of the HVAC duct, can produce 

noise. The generated noise can be transmitted through the duct, subsequently propagating 

throughout the indoor environment. Traditional duct noise silencers can effectively reduce 

medium to high-frequency noise. Nevertheless, low-frequency HVAC duct noise control 

still remains a challenge to modern engineers.  

Meanwhile, airflow is present in the HAVC duct. In most practical engineering 

applications, flow conditions are always neglected in the designing stage of the duct noise 

muffler. Therefore, the development of a good HVAC ductwork system is set back by the 

noise generated by grazing flow. 
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In modern buildings, the HVAC duct system brings in fresh air and gives out exhaust to 

create a comfortable indoor environment for residents. However, noise can propagate via 

the ductwork system. Besides, flow in the duct can also generate noise. To improve the 

working and rest conditions, many approaches are adopted to attenuate the noise 

propagating in the HVAC duct. Generally, these approaches could be categorized into two 

main types: Active Noise Control (ANC) and passive noise control. 

1.1.1 Active noise control 

ANC reduces unwanted sound through utilizing wave interference techniques. By 

detecting noise, generating a corresponding anti-noise wave, and leveraging destructive 

interference, ANC systems can significantly reduce noise in the ductwork system. In 

1936, Lueg first proposed the idea of active noise cancellation, and provided several 

specific application environments including ductwork systems (Lueg, 1936). For a long 

time, ANC has been investigated from the conceptual perspective until Digital Signal 

Processors (DSP) were developed to achieve fast real-time noise cancellation(Carmona 

and Alvarado, 2000). Olson and May designed an electronic sound absorber consisting of 

microphones, power amplifiers, and secondary speakers to achieve active noise 

cancellation (Olson and May, 1953). Results showed that the designed ANC system can 

decrease noise by 11-24 dB between 40-120 Hz. Burgess investigated the sound 

cancellation in a one-dimensional ductwork system (Burgess, 1981). Besides, he 

summarized the existing ANC control algorithm and proposed the Filtered-X Least Mean 

Square (FXLMS) algorithm. Since then, the FXLMS algorithm has become an effective 
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method to reduce duct noise. This algorithm is both simple and efficient, making it widely 

used in modern ANC systems. Since then, researchers have dedicated their efforts to 

enhancing the FXLMS algorithm for improved active noise control performance. Felix et 

al. proposed MC-FXLMS/F to attenuate the fan noise propagation in a duct (Félix, 

Magalhães and Papini, 2021). Compared to the classical FXLMS algorithm, their 

algorithm performs better when considering a substantial number of filters.  

In practical application, Au Yeung et al. examined the validity of the noise cancellation 

of a commercial ANC device installed on a ductwork system (Au Yeung, Yiu and Chow, 

1996). Results indicated that the ANC technique effectively complements conventional 

mufflers in reducing sound generated by the air-conditioning system. Larsson et al. 

incorporated an outer microphone cavity into an ANC system to mitigate the impact of 

the background flow inside the ventilation duct (Larsson et al., 2009). Their results 

indicated that noise reduction of ANC can improve by more than 15 dB under a flow 

speed higher than 20 m/s. Rohlfing and Gardonio designed an ANC system to reduce the 

air-borne noise inside the air tube (Rohlfing and Gardonio, 2014). Besides, they integrated 

an active vibration control module on the ANC system to minimize vibrations and 

subsequently decrease the structure-borne noise radiated inside the air tube. Experimental 

results demonstrated that reducing vibration can significantly enhance the efficiency of 

ANC. Li et al. proposed the adaptive parameterized feedforward ANC algorithm applied 

to the U-shaped duct to minimize signal delay and the sound signal coupling of the 

different noise sources of the traditional ANC system (Li et al., 2022). Their results 
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revealed that the delay of the signal path of the adaptive parameterized feedforward ANC 

is reduced, indicating effective noise control of the time-varying noise signal. 

1.1.2 Passive noise control 

Compared to ANC, passive noise control is easy to manufacture and maintain, and 

therefore has been widely used in ductwork systems. Passive noise control can further be 

classified into reactive noise control and dissipative noise control based on whether the 

sound wave is reflected because of the surface properties of the structure or attenuated 

into heat. In practical situations, engineers always combine dissipative and reactive noise 

control to design high-performance mufflers.  

A. Dissipative noise control 

Dissipative noise control uses fibrous or porous material to attenuate sound energy into 

heat. The noise-absorbing performance highly depends on the acoustic property of the 

acoustic material (Morse and Ingard, 1986). The low-frequency noise can easily pass 

through fibrous or porous materials because of the long-wavelength characteristics. 

Therefore, dissipative noise control is always used to attenuate mid-to-high frequency 

noise.  

Duct lining has been extensively used as an effective dissipative noise control method. 

Morse investigated the acoustic wave propagation in a rectangular pipe with lining on 

duct walls theoretically (Morse, 1939). Utley and Mulholland proved that using double 

and triple panels of lining can improve the sound insulation properties (Utley and 
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Mulholland, 1968). Cummings and Chang demonstrated that the fluid inside the duct can 

influence the sound wave propagation within the porous material. Besides, they discussed 

the impact of sound absorption in terms of transmission loss in the muffler (Cummings 

and Chang, 1988). Olny and Boutin investigated acoustic wave propagation in porous 

materials and discussed how to improve noise attenuation within the specific frequency 

band. (Olny and Boutin, 2003).  

Perforated panels have been extensively used in industries and buildings to reduce noise. 

Bolt analyzed the acoustic behavior of the perforated panel (Bolt, 1947). He also proposed 

a design chart to provide absorption coefficients of the unfaced material. Maa designed 

the Micro Perforated Panel (MPP) and provided an empirical formula to calculate its 

acoustic impedance. (Maa, 1998). Experimental results showed that MPP demonstrates 

significant potential for broadband absorption across 3 to 4 octaves. In practical 

applications, an MPP absorber consists of a front panel made of MPP and a back cavity. 

Numerous researchers have been devoted to enhancing the noise attenuation performance 

of the MPP absorbers. Yu et al. applied the sub-structuring method to examine the 

influence of the internal partitions on MPP (Yu, Cheng and You, 2015). Results showed 

that the noise attenuation bandwidth can be enlarged by adding internal partitions with 

varying parameters. Wang et al. used parallel-arranged MPP arrays to design an absorber 

to achieve the most efficient sound absorption at around 500 Hz (Wang, Huang and 

Zhang, 2014). Researchers also combined MPP with porous material to design more 

effective absorbers. However, dissipative mufflers are typically inefficient at low 
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frequencies and can only be effective to use under strict hygienic conditions. If the 

surrounding environment is humid and is accumulated with ashes, the noise attenuation 

performance of the dissipative mufflers would decrease. 

B. Reactive noise control 

Reactive noise control is also named reflective noise control. The reactive muffler consists 

of elements with different acoustic impedances. At the joint position of the elements, 

sound waves would be reflected back to sound source due to impedance mismatch. After 

years of research, researchers have proposed various kinds of reactive mufflers.  

The Herschel-Quincke tube comprises two parallel pipes connected at varying lengths and 

cross-sectional areas. Stewart was the first to examine the noise absorption characteristics 

of HQ tube mufflers (Stewart, 1945). Over the years, the HQ tube mufflers have 

demonstrated their effectiveness in absorbing low-frequency noise. An investigation into 

HQ tube transmission loss was carried out through experimental, theoretical, and 

computational methods (Selamet et al., 1994). Subsequently, Selamet removed the 

geometric constraints of the HQ design and modified it into an n-duct configuration 

(Selamet, 1997). However, the HQ tube has significant drawbacks, as it requires multiple 

length parameters to determine its placement on the ductwork system and establish its 

resonant frequency (Lato, 2018). This complexity makes the HQ system less convenient 

compared to other reactive silencers. Additionally, some studies indicated that the 

installation of an HQ tube muffler could disrupt flow distribution inside the ductwork 

system and the side-branch mounted HQ tube (Torregrosa, Broatch, & Payri, 2000). 
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Researchers designed new mufflers based on HQ to overcome these disadvantages. Lato 

et al. enhanced the traditional HQ muffler by transforming it into the infinity tube, which 

combines the two connection points of the HQ into a single cross-section on the side of 

the main duct (Lato et al., 2019). 

Miles investigated the sound wave transmission within the pipes with varying cross-

sectional areas (Miles, 1944). Following his study, the expansion chamber was proposed 

as a solution for reducing low-frequency noise in the ductwork system. El-Sharkawy and 

Nayfeh presented experimental and analytical results of sound propagation in the 

expansion chamber with different expansion ratios and chamber lengths (El‐Sharkawy 

and Nayfeh, 1978). Afterward, the influence of the mode of the acoustic wave on the 

sound attenuation ability of the expansion chamber was investigated (Ih and Lee, 1985). 

Selamet and Radavich determined the sound wave propagation inside the expansion 

chamber based on numerical simulation and analytical investigation (Selamet and 

Radavich, 1997). Shi examined the acoustic wave dispersion characteristics inside 

periodically arranged expansion chambers (Shi, 2016). The results indicated that different 

configurations could shift the stopbands or improve transmission loss results. 

The Quarter-Wavelength Tube (QWT), also named side-branch resonator, is another 

commonly used reactive noise control muffler. The noise attenuation performance of the 

QWT is decided by its total length, which means only wavelengths equal to one-quarter 

of the QWT's length can be completely absorbed. Consequently, the QWT operates 

efficiently within a relatively narrow frequency range. Neise and Koopman installed a 
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QWT on a centrifugal fan to reduce the aerodynamic noise. Experiment results showed 

that noise pressure level is reduced by 29 dB (Neise and Koopmann, 1980). Howard and 

Craig tested QWT with different orifice geometries. Results showed that bell-mouth 

geometry can achieve the best noise reduction. Cervenka and Bednarik analyzed noise 

attenuation of a flush-mounted QWTs array by transfer matrix method (Červenka and 

Bednařík, 2018, 2020). An optimization algorithm was exploited to refine the geometric 

parameters of the QWT array to achieve effective broadband noise control. Yu studied 

the sound wave propagation inside a QWTs array featuring 11 side branches under grazing 

flow conditions (Ho Man Yu, 2020). Results showed that stronger sound pressures inside 

QWT can maintain better acoustic performance. Besides, the reversed arrangement of the 

QWT can minimize the impact of the background flow. Cambonie et al. proposed the 

bending QWT to reduce the space occupancy of the traditional QWT (Cambonie, 

Mbailassem and Gourdon, 2018). They discussed the noise attenuation performance of a 

bending QWT with different curvature ratios. Catapane et al. designed a coiled QWT to 

further reduce the space requirement (Catapane et al., 2023). They also manufactured the 

coiled QET model to develop an experimental study. Experiment results showed that 

coiled QWT can provide sound absorption even if the dimension is only 1/18th of the 

targeted wavelength.  

1.1.3 Hybrid noise control 

In practical applications, engineers always combine reactive noise control with dissipative 

noise control to design duct mufflers to improve the Transmission Loss (TL) results and 



9 
 

to achieve broadband noise control. Additionally, researchers tried to implement the ANC 

system on the mufflers of the ductwork system to further enhance noise absorption 

efficiency. Wu et al. combined an ANC system and a dissipative noise control muffler to 

reduce noise propagation in a ventilation duct (Wu et al., 2022). The dissipative noise 

control muffler consists of a shell constructed by a perforation panel with foam filler. Two 

sets of microphone systems of the ANC system are mounted in the melamine foam. 

Experimental results showed that dissipative noise control mufflers can achieve 20 dB of 

noise attenuation, while the active noise control (ANC) system can provide an additional 

10 dB of attenuation. Wang et al. proposed a broadband noise control muffler composed 

of an MPP plate and coiled QWT. They emphasized the noise attenuation mechanism 

through coupling effects and impedance matching (Wang et al., 2023). Ryoo et al. 

combined MPP with Helmholtz resonators to control low-frequency noise with a low-

level Q-factor (Ryoo, Yong Lee and Jeon, 2024). The parameters of the designed muffler 

were optimized through a machine learning algorithm based on an artificial neural 

network. Experimental results demonstrated that the muffler could achieve 90% noise 

absorption across a two-third octave band.  

1.2 Helmholtz resonator 

The Helmholtz Resonator (HR) is a widely used reactive noise muffler that is effective in 

reducing low-frequency noise owing to its ease of manufacture and maintenance. It 

consists of a thin neck and a large cavity. The HR is side-branch mounted on the ductwork 

system to reduce duct-borne noise. The air inside the neck and cavity forms a spring-mass 
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system to attenuate the noise through the resonance effect. As a duct noise control muffler, 

HR has been employed in all kinds of ductwork systems, such as HVAC ducts in urban 

buildings, exhaust ducts in automobiles, and aircraft duct systems (Nayfeh, Kaiser and 

Telionis, 1975; Dastourani and Bahman-Jahromi, 2021; Yang and Sheng, 2023). Besides, 

HR has various application scenarios. Sugimoto proposed using HR connected to a tunnel 

to suppress the sound wave generated by a traveling train (Sugimoto, 1992). Liu et al. 

presented an electromechanical Helmholtz resonator (EMHR) to achieve noise control 

and acoustic energy harvesting simultaneously (Liu et al., 2008). Their results indicated 

around 30 mW of output power under 160 dB sound pressure level. Wang et al. designed 

a noise barrier consisting of HR to absorb noise in the residential areas near the high-

speed railway (Wang et al., 2018). They also integrated an electricity-generating module 

on the HR to convert noise into electric energy. Experiment results showed that an output 

voltage of 74 mW can be generated by converting the absorbed noise from the surrounding 

environment.  

Rayleigh provided a generalized description of energy variation in the HR with a spherical 

cavity (Rayleigh, 1916). Since then, researchers have focused on improving theoretical 

models to predict the noise attenuation of HR. Ingard examined the resonance frequency 

of HRs featuring various combinations of neck and cavity shapes (Ingard, 1953). He also 

proposed the end-correction formula to describe the actual influence of air motion near 

regions of the HR model. The influence of various shapes and positional combinations of 

the neck and cavity was also incorporated into a semi-empirical formula for calculating 
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the resonance frequency of the HR. Alster proposed a theoretical expression to determine 

the sound transmission loss of HR (Alster, 1972). His expression has involved the cavity 

shape of common geometries. Selamet and Lee used an extended neck to extend the total 

neck length of HR to change the resonance frequency (Selamet and Lee, 2003). Wang and 

Mak used the Bloch wave theory to predict the noise attenuation in a ductwork system 

with the side-branch mounted HRs array (Wang and Mak, 2012). The theoretical 

predictions were validated by experiment results and numerical simulations. Cai and Mak 

proposed an equation to calculate the noise attenuation capacity (CTL) of mufflers (Cai 

and Mak, 2018c). They calculated the CTL of HRs with different geometrical parameters 

and discussed the relationship between CTL and sound transmission loss. 

In practical applications, researchers have focused on utilizing Helmholtz resonators to 

achieve broadband low-frequency noise control while enhancing noise attenuation 

efficiency by minimizing space occupancy. Xu et al. proposed the dual Helmholtz 

resonator and developed the expression to calculate its transmission loss (Xu, Selamet and 

Kim, 2010). The peak frequency and the noise attenuation band can be changed by 

adjusting the neck length and the volume of the dual HR. Shi and Mak modified the 

Helmholtz resonator by incorporating a spiral neck, allowing it to be installed in 

constrained places. (Shi and Mak, 2015). Cai and Mak compared the sound attenuation of 

different HR configurations theoretically (Cai and Mak, 2018a). Huang et al. proposed an 

acoustic metamaterial consisted of HR with an embedded neck (Huang et al., 2019). Their 

designed structure has a tunable resonance frequency range between 137-300 Hz and can 
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achieve perfect absorption. Besides, their structure has been proven to achieve the same 

noise absorption performance as the HR with a normal aperture. Seo et al. achieved 

broadband low-frequency noise control of HRs array under high sound pressure (Seo, 

Kim and Kim, 2016). Guo et al. designed and manufactured a structure with HRs array 

for low-frequency noise absorption (Guo, Zhang, et al., 2021). They used an optimization 

algorithm to combine HRs with different parameters to design an array. Their structure 

can absorb 90% of the noise in a broadband frequency of more than 400 Hz. 

1.3 Helmholtz resonator with grazing flow 

The side branch-mounted HR in a ductwork system can be regarded as a rectangular T-

junction structure (Du et al., 2016). The aero-acoustical activities of the rectangular T-

junction structures under various Mach numbers have been extensively investigated. 

Gikadi et al.(Gikadi, Föller and Sattelmayer, 2014) predicted the shear layer instabilities 

of a T-joint structure under different flow speeds by numerical simulation. Tonon et 

al.(Tonon et al., 2011) analyzed the aeroacoustics behavior of pipe networks with side 

branch tubes with different geometric parameters. Dai et al.(Dai, Jing and Sun, 2012) 

investigated the flow field near the orifice of an HR influenced by vortex convection. 

These studies have shown that the sound attenuation and the acoustic impedance of 

Helmholtz resonators are consistently affected by the combination of the orifice and neck 

geometry, vortex convection, flow rate, and sound pressure level. These effects bring 

difficulties in predicting the sound transmission loss under flow conditions.  
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Researchers have built empirical formulas to calculate the acoustic response of the small 

orifice under grazing flow conditions. Mak et al. proposed an empirical formula to predict 

the flow noise of a ventilation duct. Lee and Ih (Lee and Ih, 2003) derived an empirical 

formula to determine the impedance of circular orifices with varying diameters, 

thicknesses, and perforation ratios. Seo et al.(Seo, Kim and Kim, 2018) employed curve-

fitting analysis to establish an empirical flow term for calculating the acoustic impedance 

of small orifices under low flow Mach numbers. They incorporated this flow term into an 

empirical impedance model for circular orifices to predict transmission loss performance. 

Li and Choy (Li and Choy, 2024) indicated that the depth of the backing cavity can change 

the value of the acoustic resistance and the velocity field near the small orifices. They 

proposed a semi-empirical formula for incorporating the cavity shape factor of the 

perforated panel. This empirical formula can also be utilized to calculate the resistance of 

the orifice with backing cavities in the frequency range under different flow Mach 

numbers. Based on these empirical formulas of orifice, the relations between transmission 

loss of HR and the background grazing flow could also be established.  

1.4 Objectives and Scope of Research 

The main challenge of the HVAC ductwork systems is to achieve broadband low-

frequency noise control under grazing flow conditions. Among all the duct noise control 

methods, the Helmholtz resonator offers a simple and cost-effective solution. The noise 

attenuation frequency band can be extended by using a periodically arranged HRs array. 

By modifying the geometry parameters of every HR in the array, the resonance frequency 
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could be adjusted to achieve effective low-frequency noise control. Without grazing flow, 

HR can effectively control low-frequency noise. However, grazing flow cannot be 

neglected in the HVAC ductwork systems. In practical applications, the impact of grazing 

flow on the low-frequency noise absorption of the Helmholtz resonator muffler is often 

overlooked during the design stage. 

Consequently, the objective of this study is to design an HRs array muffler for effective 

broadband low-frequency noise control under grazing flow conditions. To achieve this 

main objective, this study has been organized into four parts. In the first part of this study, 

a flow duct system is designed and manufactured to experimentally measure the sound 

wave propagation of the side-branch mounted HR model. The second part focuses on 

understanding the relationship between sound attenuation performance, the geometrical 

parameters of the HR model, and the grazing flow speeds. A CFD-acoustic coupled 

numerical simulation has been applied to finish this study. The third part examines the 

noise attenuation of HR under different flow conditions experimentally. A Helmholtz 

resonator model has been manufactured and installed on the flow duct system to record 

the sound signals under different grazing flow speeds. An empirical formula is established 

to estimate the transmission loss results of the single HR and the periodic HRs array under 

different grazing flow speeds. Finally, the fourth part proposed a lightweight and compact 

duct noise control muffler composed of the HRs array. Each single HR of this array is 

optimized to improve the noise absorption bandwidth. A semi-empirical formula is 

developed to predict the transmission loss results of the designed muffler under various 
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grazing flow velocities.  

1.5 Outline 

The thesis is organized into six chapters. This chapter provides the background 

information for this study, encompassing the research background, a review of the 

relevant study, and the objectives of this research. 

Chapter 2 introduces the research methodology of this study. It includes a numerical 

simulation method, experimental setup, and theoretical investigation. To measure the 

sound attenuation performance of the side-branch mounted HR muffler, a flow duct 

system has been developed and constructed. This section outlines the design process and 

the function of each component within the flow duct system. The Transfer Matrix Method 

(TMM) is utilized as a theoretical method for computing the acoustic wave propagation 

inside the duct and the mufflers. Besides, a Curved HR is proposed to replace traditional 

HR. The transmission loss performance of the Curved HR will be analyzed by TMM.  

Chapter 3 analyzes the noise reduction performance of a side-branch mounted dual HRs 

model numerically. Two HRs are arranged in serial on the same side of a main duct to 

form a side-branch mounted dual HRs muffler to increase the sound transmission loss 

results. A three-dimensional numerical simulation is implemented through a CFD-

acoustic coupled approach. The sound pressure field and flow field results are presented 

to illustrate the fluid dynamic and acoustic behavior of the side-branch mounted dual HRs 

system under grazing flow. The impact of grazing flow speed, neck length, and cavity 
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volume on the sound transmission loss results are discussed in this chapter. 

Chapter 4 presents experimental investigations into the noise attenuation characteristics 

of the side-branch mounted Helmholtz resonator under different grazing flow speeds. A 

three-dimensional model of HR has been manufactured and side-branch mounted on the 

test section of the flow duct system to test the sound transmission results under different 

grazing flow speeds. The relation between the flow speed and transmission loss result of 

the HR model would be achieved through curve fitting techniques. A semi-empirical 

formula is proposed to forecast the noise attenuation ability of the HR under different 

grazing flow speeds. This empirical model is integrated into the TMM to predict sound 

transmission loss results of the period Helmholtz resonator model under different grazing 

flow speeds.  

Chapter 5 proposes a lightweight and compact duct noise control muffler composed of the 

Helmholtz Resonator with Embedded Neck (HREN) array. The constructed muffler 

consists of eight individual HREN models and is optimized to provide effective noise 

reduction of the low-frequency band. The normal absorption results of the single HREN 

models are experimentally obtained using an impedance tube. A semi-empirical formula 

has been proposed to calculate the noise absorption results of the designed muffler under 

various grazing flow velocities. The designed muffler is installed on the flow duct system 

to test its sound transmission loss results under grazing flow conditions.  

Finally, Chapter 6 provides a summary of the whole studies and findings discussed in this 

thesis and suggests potential directions for the next research based on current work.  
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Chapter 2 

 

Methodology 

 

 
2.1 Introduction 

The methodologies used to assess the noise attenuation ability of the Helmholtz Resonator 

(HR) models are presented in this chapter. The whole research is carried out via theoretical 

analysis, numerical simulations, and experimental studies. By specifying the geometric 

parameters and physical field of the Helmholtz resonator model, the acoustic and fluid 

dynamic responses could be determined by numerical simulation. Additionally, the 

numerical results can elucidate the relationship between geometry parameters, flow speed, 

and sound wave propagation. The numerical simulation strategy will be introduced in this 

chapter. 

In this study, the experiment procedure involves two phases. In the first phase, an HR 

prototype model has been manufactured to measure the noise absorption results. The 

experiment results will be compared with numerical simulation and analytical prediction. 

The second phase of the experiment will investigate the noise attenuation performance of 

a side-branch mounted muffler consisting of a periodic HRs array. To finish the acoustic 

experiment, a flow duct system has been designed and manufactured. The design details 

and performance of the experiment setup have been reported in this section.  
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The sound propagation inside the ductwork system would be solved by the Transfer 

Matrix Method (TMM). If the muffler is treated as a lumped-parameter model, its acoustic 

impedance could be determined. Consequently, the sound propagation within the duct and 

the noise attenuation ability could be calculated using TMM. This section will introduce 

the TMM by calculating the wave propagation of a Curved HR side-branch mounted on 

a ductwork system. Compared to straight HR, Curved HR can save space, making them 

suitable for installation in restricted areas. This feature is particularly important in 

practical applications.  

2.2 Numerical simulations  

This study employs COMSOL Multiphysics to conduct a numerical investigation of the 

noise attenuation ability and fluid dynamics of HR. The numerical method consists of 

three steps: first, a Computational Fluid Dynamics (CFD) simulation is applied to solve 

the background flow under a very fine mesh; then, the flow field results are mapped to a 

course mesh. Finally, the acoustic results would be solved using a coarse mesh. A detailed 

numerical strategy is presented in this section. 

2.2.1 CFD module 

The Reynolds Averaged Navier–Stokes (RANS) model has been widely applied to 

simulate the background flow of the HR. Researchers have used the RANS model to 

simulate the flow inside ductwork systems and HRs. The numerical results indicate that 

the RANS model can effectively capture the time-averaged flow and vortex in the 
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ductwork system (Ghanadi et al., 2015). Researchers have also used the Large Eddy 

Simulation (LES) turbulence model to capture the vortex-acoustic coupling behavior of 

HR (Shahzad, Hickel and Modesti, 2023). In this research, the RANS model is sufficient 

for simulating the background flow, and it could save computing resources. For a 

compressible, steady-state airflow, the governing equations are as follows:  

∇ ⋅ (𝜌𝐮) = 0      (2.1) 

𝜌(𝐮 ⋅ ∇)𝐮 = ∇ ⋅ [𝜇(∇𝐮 + (∇𝐮)𝑇) − 𝑝𝐈 −
2

3
𝜇(∇ ⋅ 𝐮)𝐈] + 𝐅  (2.2) 

where 𝜌 denotes the density of air, 𝐮 is the velocity of flow, 𝐈 represents the identity 

matrix, 𝜇 denotes the dynamic viscosity coefficient, and 𝐅 represents the source term.  

The k-ε turbulence model has been widely used to simulate the turbulence inside a 

ductwork system. Therefore, this model has been selected to module the turbulent flow. 

This model utilizes the following equations to solve the dissipation rate of the turbulence 

kinetic energy (ε) and the value of the turbulence kinetic energy (k): 

𝜌(𝐮 ⋅ ∇)𝑘 = ∇ ⋅ ((𝜇 +
𝜇𝜏

𝜎𝑘
)∇𝑘) + 𝑃𝑘 − 𝜌𝜀    (2.3) 

𝜌(𝐮 ⋅ ∇)𝜀 = ∇ ⋅ ((𝜇 +
𝜇𝜏

𝜎𝜀
)∇𝜀) + 𝐶𝜀1

𝜀

𝑘
𝑃𝜆 − 𝐶𝜀2

𝜀2

𝑘
𝜌   (2.4) 

where 𝜎𝑘 = 1.0, 𝜎𝜀 = 1.3, 𝐶𝜀1 = 1.44 and 𝐶𝜀2 = 1.92 are constants, 𝜇𝜏 is the turbulent 

viscosity, 𝑃𝑘 is the production term.  
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2.2.2 Mapping Between CFD and Acoustics Mesh 

In this study, two different meshes have been built to separately calculate the CFD results 

and acoustic responses. Therefore, a mapping study must be used to map and smooth the 

grazing flow of CFD results into the acoustic mesh by solving an additional set of 

equations. The mapping strategy is achieved by solving:  

𝑃0,𝑎𝑐𝑜 − 𝑃0 = 𝛿ℎ2∇ ⋅ (∇𝑃0,𝑎𝑐𝑜)    (2.5) 

𝒖0,𝑎𝑐𝑜 − 𝒖0 = 𝛿ℎ2∇ ⋅ (∇𝒖0,𝑎𝑐𝑜)    (2.6) 

𝜌0,𝑎𝑐𝑜 − 𝜌0 = 𝛿ℎ2∇ ⋅ (∇𝜌0,𝑎𝑐𝑜)    (2.7) 

𝑇0,𝑎𝑐𝑜 − 𝑇0 = 𝛿ℎ2∇ ⋅ (𝑇0,𝑎𝑐𝑜)    (2.8) 

𝜇𝑇,𝑎𝑐𝑜 − 𝜇𝑇 = 𝛿ℎ2∇ ⋅ (𝜇𝑇,𝑎𝑐𝑜)    (2.9) 

where 𝑃0, 𝒖0, 𝜌0, 𝑇0 and 𝜇𝑇 are the pressure, velocity, density, temperature and turbulent 

viscosity of the mean background flow, respectively; 𝑃0,𝑎𝑐𝑜 , 𝒖0,𝑎𝑐𝑜 , 𝜌0,𝑎𝑐𝑜 , 𝑇0,𝑎𝑐𝑜and 

𝜇𝑇,𝑎𝑐𝑜 are these parameters mapped onto the acoustic mesh.  =0.01 is constant and h is 

the mesh size.  

2.2.3 Acoustic Module 

The Linearized Navier-Stokes solver of Frequency (LNSF) interface of the COMSOL 

Multiphysics has been utilized to simulate the acoustic field of HR model. The governing 

equations are given as follows: 
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𝜌0(𝑖𝜔𝐮𝑡 + (𝐮𝑡 ⋅ ∇)𝐮0 + (𝐮0 ⋅ ∇)𝐮𝑡) + 𝜌𝑡(𝐮0 ⋅ ∇)𝐮0 = ∇ ⋅ 𝜎 + 𝐹 − 𝐮0𝑀 (2.10) 

𝑖𝜔𝜌𝑡 + ∇ ⋅ (𝜌0𝐮𝑡 + 𝜌𝑡𝐮0) = 𝑀    (2.11) 

𝜌0𝐶𝑝(𝑖𝜔𝑇𝑡 + 𝐮𝑡 ⋅ ∇𝑇0 + 𝐮0 ⋅ ∇𝑇𝑡) + 𝜌𝑡𝐶𝑝(𝐮0 ⋅ ∇𝑇𝑡) − 𝛼𝑝𝑇0(𝑖𝜔𝑝𝑡 + 𝐮𝑡 ⋅ ∇𝑝0 + 𝐮0 ⋅

∇𝑝𝑡) − 𝛼𝑝𝑇𝑡(𝐮0 ⋅ ∇𝑝𝑡) = ∇ ⋅ (𝑘∇𝑇𝑡) + Φ + 𝑄  (2.12) 

where 𝐮𝑡, 𝑝𝑡, 𝑇𝑡 and 𝜌𝑡are the acoustic perturbations of velocity, pressure, temperature 

and density, respectively. The right-hand terms, M, F and Q are the source terms. 𝐶𝑝 is 

the heat capacity. 𝜎 is the stress tensor and Φ is the viscous dissipation function.  

2.3 Experimental measurements 

A flow duct system is designed and manufactured to investigate the sound transmission 

loss performance of the side-branch mounted HR model under grazing flow conditions. 

Figure 2.1 depicts the setup of the flow duct system. The flow duct system comprises a 

centrifugal fan, a diffusion section, an anechoic termination, a sound source, a flow 

development section, and a test section. The whole system is supported by an aluminum 

frame to lift about 50cm above the ground. The anti-vibration mats are stuck at the 

connections between the bracket and the instrumentation system to isolate the low-

frequency vibrations from the surrounding environment. Additionally, a flexible duct is 

used to connect the fan and diffusion section to minimize the effects of fan vibration. All 

these section connections are fixed with silicone sealant to prevent air leakage and sound 

leakage. 
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Figure 2.1 Photograph of the flow duct system. 

A variable-frequency drive regulates the rotational frequency of the centrifugal fan to 

adjust the flow rate inside the duct system. The maximum airflow velocity is around 20 

m/s, which is typical in building ventilation systems. The airflow generated by the fan 

enters the flow duct through a diffusion section. The diffusion section gradually reduces 

the cross-sectional area to 10 cm × 10 cm, while maintaining a constant cross-sectional 

area in other sections of the flow duct. A loudspeaker is located at the downstream side 

of the diffusion section as the noise source to generate acoustic waves with a Sound 

Pressure Level (SPL) of about 120 dB. The reflected acoustic wave is absorbed by the 

anechoic termination. Four microphones are flush-mounted at both sides of the test section 

to capture the sound signal at both sides of the side-branch mounted HR model under 

different grazing flow conditions.  

2.3.1 Anechoic termination 

Two anechoic terminations are located at the downstream side of the test section and the 

upstream side of the diffusion section. As illustrated in Figure 2.2, the anechoic 

termination features a cross-section with continuous expansion, which resembles a 

catenoidal horn. The design and manufacture of the anechoic termination follow the 
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guidelines of EN ISO 5136:2009 (‘EN ISO 5136:2009 - Acoustics - Determination of 

sound power radiated into a duct by fans and other air-moving devices’, 2009). The height 

of each anechoic termination is about 50 cm, and has a total length of 75cm. A perforated 

plate of an open-area ratio at around 55% is located between the duct and the expansion 

region. The expansion region of the horn is filled with fiberglass of a density of 

approximately 48 kg/m3, which can attenuate the sound power from both the centrifugal 

fan and the loudspeaker. Therefore, the noise from the background flow can be attenuated, 

and the reflected acoustic wave can be suppressed, which could improve the accuracy of 

the acoustic measurements.  

 

 

(a) (b) 
  

Figure 2.2 Anechoic termination. 

2.3.2 The sound source and the flow development section 

The sound source and the flow development section are shown in Figure 2.3. A 

loudspeaker functions as a noise source to generate the acoustic wave at the upstream side 



24 
 

of the flow duct system. To overcome background noise, the loudspeaker is amplified by 

the B&K power amplifier Type 2706 to produce white noise with SPL above 115 dB. The 

white noise is generated via the B&K signal generator Type 1405. The loudspeaker is 

mounted in the middle of the flow development section. A honeycomb flow straightener 

is placed within the flow development section to improve flow uniformity. The length of 

the flow development section is 2m, which is long enough to guarantee flow uniformity 

near the test section.  

  
(a) (b) 

  

Figure 2.3 The sound source and the flow development section. 

2.3.3 Test section 

As illustrated in Figure 2.4, the test section is manufactured by an acrylic plate for 

observing the flow field inside the test sample. An HR model is side-branch mounted on 

the test section as the test sample. The transmission loss performance of the test sample 

would be assessed by using the four-microphone method. Consequently, four mounting 

holes are positioned 50-60 cm from the test sample to install the acoustic microphone. 
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The acoustic pressure signals are captured by four B&K type 4189 ½ inch microphones 

that are installed on the side walls of the duct through these holes. The collected signals 

are recorded through a B&K Type 3506 PULSE system. The flow field results near the 

test section are also measured. A Pitot tube is positioned at the upstream side of the test 

sample to measure the velocity profile and the pressure fluctuation in a separate 

experiment.  

  
(a) (b) 

  

Figure 2.4 The Helmholtz resonator model and the microphone mounting holes.  

2.3.4 Performance of the flow duct system 

The velocity profile near the test sample is assessed by a Pitot static tube. The probe is 

moved vertically from bottom to top in 10 mm increments, allowing for the measurement 

of nine velocity points. As shown in Figure 2.5, symbols and lines are velocity profiles 

measured by Pitot tube and calculated by an analytical equation from Spillere et al 

(Spillere, Cordioli and Boden, 2017). When the average velocity V equals 10 m/s and 15 

m/s, the velocity distribution demonstrates good flow uniformity. However, at the top side 

of the duct, velocity has a slight decrease. The installation gap between the duct sections 
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may cause the non-uniform velocity distribution.  

  

Figure 2.5 Velocity profile when average velocity equals 15 m/s and 10 m/s.  

The Pitot static tube also measures the dynamic pressure at these nine locations. As shown 

in Table 2.1, the high consistency between the dynamic pressure results and the velocity 

distribution results indicates the uniformity of the velocity distribution. After the field 

flow measurement, the Pitot static tube is removed, and the hole used for installing the 

probes is sealed to avoid any interference with the acoustic measurement results. 

Table 2.1 Dynamic pressure at nine measure points 

Points 

Dynamic Pressure (Pa) 

V=10 m/s Relative error V=15 m/s Relative error 

1 51.20 [43.3~54.7] 115.00 [106.8~123.0] 

2 58.30 [51.0~64.6] 124.90 [116.3~135.6] 
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3 66.90 [61.9~70.2] 144.50 [131.9~152.4] 

4 70.00 [64.5~75.7] 165.10 [154.0~178.2] 

5 74.10 [70.3~77.4] 166.70 [155.8~177.6] 

6 73.70 [69.8~76.1] 167.60 [158.2~179.9] 

7 73.60 [69.9~75.6] 156.00 [149.0~167.3] 

8 66.20 [62.2~69.4] 147.10 [140.6~155.6] 

9 56.70 [49.0~61.1] 130.40 [122.0~136.9] 

Figure 2.6 (a) illustrates the absorption coefficient result of the anechoic termination. 

Measurement and data processing adhere to the guidelines outlined in ISO 10534-2 (‘ISO 

10534-2:2023 - Acoustics — Determination of acoustic properties in impedance tubes — 

Part 2: Two-microphone technique for normal sound absorption coefficient and normal 

surface impedance’, 2023). It is evident that the anechoic termination can absorb over 

80% of acoustic energy within the target frequency band (200 Hz - 1600 Hz), thereby 

ensuring excellent acoustic measurement performance. Figure 2.6 (b) shows the 

background noise near the test section when the flow speed generated by the centrifugal 

fan equals 20 m/s. The background noise is much lower than the acoustic signal generated 

by the loudspeaker, which indicates that the background noise from the centrifugal fan 

would influence the experiment results.  
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(a) 

 

(b) 

Figure 2.6 (a) Absorption coefficient of the anechoic termination (b) Background noise of 

the centrifugal fan.  

2.4 Analytical model 

In this research, TMM would be utilized to analytically calculate the acoustic wave 

propagation inside the ductwork system with side-branch mounted mufflers. TMM has 

been utilized for many years to determine the sound transmission loss performance of 
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mufflers. This method is particularly suitable for one-dimensional muffler systems.  

By introducing TMM, a Curved HR is proposed in this section. As shown in Figure 2.7, 

a curved HR is side-branch mounted on a main duct and features two curved necks with 

a curved cavity. Compared to traditional HR, Curved HR can reduce space occupation 

while maintaining the same neck and cavity volumes. This feature is crucial for the 

practical application of HR-based mufflers that are side-branch mounted on ductwork 

systems that are often installed in confined spaces. In this section, the sound propagation 

inside a side-branch mounted Curved HR is analyzed by TMM. The actual noise 

attenuation performance of the Curved HR will be discussed in detail.  

2.4.1 Sound wave propagation and the transfer matrix method  

Assuming that only planar sound waves are present within the ductwork system, the 

characteristics of sound waves along the longitudinal orientation of the duct is described 

as follows: 

∂2𝑝

∂𝑥2 =
1

𝑐2

∂2𝑝

∂𝑡2     (2.13) 

where c=343 m/s denotes the sound speed of air, p represents the acoustic pressure, and t 

represents the time. Supposing wave is time-harmonic, the sound pressures and particle 

velocities along the longitudinal direction of the ductwork system can be solved by 

Equation (2.14) and (2.15): 

𝑝(𝑥, 𝑡) = 𝑝𝐼𝑒
𝑗(𝜔𝑡−𝑘𝑥) + 𝑝𝑅𝑒𝑗(𝜔𝑡+𝑘𝑥)   (2.14) 
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𝑢(𝑥, 𝑡) =
𝑝𝐼

𝜌0𝑐
𝑒𝑗(𝜔𝑡−𝑘𝑥) −

𝑝𝑅

𝜌0𝑐
𝑒𝑗(𝜔𝑡+𝑘𝑥)   (2.15) 

where 𝜌0=1.2 kg/m3 is the air density, 𝑗 = √−1 denotes the imaginary unit, and 𝑝𝐼 and 

𝑝𝑅 are acoustic pressure magnitudes representing acoustic waves traveling in opposite 

directions. Additionally, 𝜔 refers to angular frequency, 𝑘 = 𝜔/𝑐 is the wave number.  

 

Figure 2.7 Schematic of a Curved HR 

The Transfer Matrix Method (TMM) has been generally employed to assess the noise 

reduction performance of mufflers (Morse and Ingard, 1986). The acoustic transfer matrix 

for a ductwork system with a uniform cross-section and length, such as between the duct 

of points C and D in Figure 2.7, is represented as follows: 

[
𝑝(0, 𝑡)

𝜌0𝑐𝑢(0, 𝑡)
] = [

𝑇11 𝑇12

𝑇21 𝑇22
] [

𝑝(𝐿𝐶 , 𝑡)
𝜌0𝑐𝑢(𝐿𝐶 , 𝑡)

] = 𝐓𝐂𝐃 [
𝑝(𝐿𝐶 , 𝑡)

𝜌0𝑐𝑢(𝐿𝐶 , 𝑡)
] (2.16) 

where LEC denotes the length between points C and D. The volume velocities 𝑢(0, 𝑡), 

𝑢(𝐿𝐶 , 𝑡), and sound pressures 𝑝(0, 𝑡), 𝑝(𝐿𝐶 , 𝑡) can be solved from Equation (2.17) and 
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Equation (2.18):  

𝑝(0, 𝑡) = [𝑝𝐼 + 𝑝𝑅]𝑒𝑗𝜔𝑡       (2.17a) 

𝑝(𝐿𝐸𝐶 , 𝑡) = [𝑝𝐼𝑒
−𝑗𝑘𝐿𝐶 + 𝑝𝑅𝑒𝑗𝑘𝐿𝐶]𝑒𝑗𝜔𝑡

= [(𝑝𝐼 + 𝑝𝑅)cos⁡ 𝑘𝐿𝐶 − 𝑗(𝑝𝐼 − 𝑝𝑅)sin⁡ 𝑘𝐿𝐶]𝑒𝑗𝜔𝑡
 (2.17b) 

𝑢(0, 𝑡) =
1

𝜌0𝑐
[𝑝𝐼 − 𝑝𝑅]𝑒𝑗𝜔𝑡     (2.18a) 

𝑢(𝐿𝐸𝐶 , 𝑡) =
1

𝜌0𝑐
[𝑝𝐼𝑒

−𝑗𝑘𝐿𝐶 − 𝑝𝑅𝑒𝑗𝑘𝐿𝐶]𝑒𝑗𝜔𝑡

=
1

𝜌0𝑐
[(𝑝𝐼 − 𝑝𝑅)cos⁡ 𝑘𝐿𝐶 − 𝑗(𝑝𝐼 + 𝑝𝑅)sin⁡ 𝑘𝐿𝐶]𝑒𝑗𝜔𝑡

(2.18b) 

Assuming the time-harmonic terms are ignored, Equation (2.17) and Equation (2.18) 

could be rearranged into the matrix form: 

[
𝑝(𝐿𝐶)

𝜌0𝑐𝑢(𝐿𝐶)
] = [

cos⁡ 𝑘𝐿𝐶 −𝑗sin⁡ 𝑘𝐿𝐶

−𝑗sin⁡ 𝑘𝐿𝐶 cos⁡ 𝑘𝐿𝐶
] [

𝑝(0)
𝜌0𝑐𝑢(0)

]  (2.19) 

TMM can also be applied to determine the transfer function at the junction points. Based 

on the principles of equality of pressure and continuity of air flow, the transfer function 

between points B and C in Figure 2.7 can be expressed as follows:  

[
𝑝(𝐵)

𝜌0𝑐𝑢(𝐵)
] = [

1 0

0
𝑆𝐶

𝑆𝑁

] [
𝑝(𝐶)

𝜌0𝑐𝑢(𝐶)
] = 𝐓𝐁𝐂 [

𝑝(𝐶)

𝜌0𝑐𝑢(𝐶)
]  (2.20) 

By determining the product of the transfer functions of each part of the Curved HR, the 

particle velocity and sound pressure between point A to point F in Figure 2.7, are 

expressed as follows: 
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[
𝑝(𝐴)

𝜌0𝑐𝑢(𝐴)
] = 𝐓𝐓 [

𝑝(𝐹)
𝜌0𝑐𝑢(𝐹)

] = [
𝑇𝑇11 𝑇𝑇12

𝑇𝑇21 𝑇𝑇22
] [

𝑝(𝐹)
𝜌0𝑐𝑢(𝐹)

]

= 𝐓AB𝐓BC𝐓𝐶𝐷𝐓DE𝐓EF [
𝑝(𝐹)

𝜌0𝑐𝑢(𝐹)
]

  (2.21) 

where TT denotes the total transfer matrix of the Curved HR, TAB to TEF denotes the 

transfer matrix of each section of the Curved HR. The transfer matrix from TAB to TEF 

can be readily calculated using Equation (2.20) and Equation (2.21). 

2.4.2 Transmission loss of the Curved HR 

Once the relationship of the acoustic property has been established using the TMM, the 

next step is to examine the sound attenuation ability of the side-branch mounted mufflers. 

In this study, once the transfer matrix between point A and point F is acquired through 

Equation (2.21), the subsequent step involves calculating the transfer matrix from point L 

to point R. The equality of pressure and the continuity of volumetric flow at the connection 

position can lead to the following equations:  

  (2.22) 

By rearranging Equation (2.22), we can obtain: 

𝑈(𝐿) =
𝑆𝑁

𝑆𝑀
(𝑈(𝐴) − 𝑈(𝐹)) + 𝑈(𝑅)   (2.23) 

By integrating Equation (2.23) with Equation (2.20) and Equation (2.21), we can 

determine the results of particle velocity 𝑢 and sound pressure 𝑃 from point A to point F: 
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{𝑃(𝐴) = 𝑇𝑇11𝑃(𝐹) + 𝑇𝑇12𝜌0𝑐𝑢(𝐹)
𝜌0𝑐𝑢(𝐴) = 𝑇𝑇21𝑃(𝐹) + 𝑇𝑇22𝜌0𝑐𝑢(𝐹)

   (2.24) 

Then, by rearranging these equations, the transfer function of the side-branch mounted 

Curved HR (from point L to point R) can be determined:  

[
𝑝(𝐿)

𝜌0𝑐𝑢(𝐿)
] = 𝐓𝐌 [

𝑝(𝑅)
𝜌0𝑐𝑢(𝑅)

] = [
𝑇𝑀11 𝑇𝑀12

𝑇𝑀21 𝑇𝑀22
] [

𝑝(𝑅)
𝜌0𝑐𝑢(𝑅)

]

= [
1 0

𝑆𝑁

𝑆𝑀

𝑇𝑇12𝑇𝑇21+(𝑇𝑇22−1)(1−𝑇𝑇11)

𝑇𝑇12
1] [

𝑝(𝑅)
𝜌0𝑐𝑢(𝑅)

]
  (2.25) 

Lastly, the sound Transmission Loss (TL) result of the Curved HR model could be solved 

by: 

𝑇𝐿 = 20log10⁡ |
1

2
(𝑇𝑀11 + 𝑇𝑀12 + 𝑇𝑀21 + 𝑇𝑀22)|  (2.26) 

2.4.3 Results and discussion 

The FEM numerical simulations are conducted by using COMSOL Multiphysics to verify 

the correctness of the TL results obtained by TMM. The geometrical parameters for the 

Curved HR of this case are detailed in Table 2.2. In this study, the frequency range of 

interest is lower than 1000 Hz, which is the common frequency range of the reactive noise 

control muffler. As illustrated in Figure 2.8, the Curved HR model exhibits three 

resonance frequency peaks within the chosen frequency range. The results from the TMM 

calculation and from the FEM simulation are very close, especially near the first resonance 

peak. The frequencies associated with the resonance peaks are provided in Table 2.3. It 

can be observed that the resonance peak results show a minimum 4Hz error near the first 
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peak and a maximum 10Hz error near the second peak. Overall, the TMM predictions 

exhibit a high level of accuracy about the resonance frequency. However, there are some 

errors when predicting the resonance peak.  

 

Table 2.2 Geometrical parameters of the Curved HR in verification case. 

 Length (mm) Area (mm2) 

Main duct LM=1000 SM=5674.5 

Neck LN=95.91 SN=1418.6 

Cavity LC=958.19 SC=5674.5 

 

 

 

Figure 2.8 A comparison of the theoretical and numerical transmission loss results for the 

Curved HR (solid lines indicate TMM predictions, and crossed dots indicate FEM 

simulation).  
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Table 2.3 The resonance frequency results from TMM calculation and FEM simulation. 

 TMM calculation  FEM simulation 

Peak1 115Hz 119Hz 

Peak2 403Hz 409Hz 

Peak3 733Hz 743Hz 

 

The transmission loss results for the Curved HR and the Parallel HR are compared to 

examine their effectiveness in noise attenuation. The sound transmission loss performance 

of the Parallel HR model has been examined by Cai and Mak (Cai and Mak, 2018a). As 

shown in Figure 2.9, the Parallel HR can be regarded as two single HRs mounted within 

the same section of a ductwork system. Equation (2.27) has been used to calculate the TL 

results of the traditional HR: 

𝑇𝐿 = 20log10⁡(
1

2
|2 +

𝜌0𝑐

𝑆𝑁

1

2𝑍𝑟
|)    (2.27) 

where 𝑍𝑟 represents the impedance of each HR. In this study, the geometrical parameters 

for the Parallel HR match those of the Curved HR outlined in Table 2.2. The dimensions 

of the neck for the Parallel HR are Ln=95.91mm and SN=1418.6mm2. The cavity 

parameters for the Parallel HR include LC=958.19 mm and SC=5674.5mm2. The volume 

of the cavity of the Parallel HR model is equal to half that of the Curved HR.  
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Figure 2.9 Configuration of a parallel HRs system.  

As presented in Figure 2.10, the TL characteristics of the Curved HR differ from those of 

the Parallel HR model. The Curved HR only has three resonance peaks within the 

frequency range lower than 800 Hz, whereas the Parallel HR exhibits two. Besides, in the 

lower-frequency range (1-350Hz), the Parallel HR has a resonance frequency of 133 Hz, 

representing a 14 Hz increase compared to the Curved HR. In the medium frequency range 

(350-650Hz), the resonance frequency of the Parallel HR is 473Hz, indicating a 64 Hz 

increase compared with the Curved HR. These resonance frequency characteristics 

indicate a significant distinction between the Curved HR and Parallel HR systems, even 

though they share the same geometric parameters. The Curved HR has a lower resonance 

frequency, making it more effective for attenuating low-frequency noise. Besides, the 

Curved HR provides an additional resonance peak which is not found in the Parallel HR 

system. Consequently, the low-frequency noise attenuation performance of the Curved 

HR surpasses that of the Parallel HR. 
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Figure 2.10 Comparison of the transmission loss results between a Curved HR model and 

a Parallel HR system (the red lines correspond to the results for the Curved HR, while the 

black lines correspond to the results for the Parallel HR system). 

 

Figure 2.11 Comparison of the TL results for the Curved HR at various cavity length 

ratios. 

The Curved HR with varying geometrical parameters is examined to evaluate the impact 

of geometry parameters on transmission loss performance. Figure 2.11 displays the 

transmission loss result of the Curved HR with various length ratios. The neck and cavity 
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lengths vary with different ratios from 1/10 to 1/4, while the overall length of the Curved 

HR is fixed at 1150mm. These length values are detailed in Table 2.4. The FEM 

simulation and TMM calculations are performed to ensure the accuracy of the 

transmission loss. The Curved HR typically exhibits three resonance peaks, which emerge 

near the frequency ranges between 0-350 Hz, 350-650 Hz, and 650-1000 Hz. 

Consequently, these frequency ranges are separated into three sub-domains to 

differentiate between lower, medium, and higher-resonance peaks. In the lower-frequency 

range, the resonance frequencies of the Curved HR with different length ratios are close, 

whereas more differences emerge in the medium and higher-frequency ranges. The 

following principles can be summarized for the Curved HR with various length ratios:  

In the lower-frequency range, the length ratio has a minimal impact on the bandwidth and 

resonance frequency of TL results. Curved HR with a higher length ratio exhibits 

minimally lower TL peaks and narrower TL bandwidth. However, in the medium 

frequency range, length ratios can significantly affect the transmission loss result. The 

Curved HR model with greater length ratios shows higher resonance frequencies with 

narrower TL bandwidths. Compared to the lower-frequency range, the Curved HR 

demonstrates a much narrower TL bandwidth in the medium-frequency range, suggesting 

that increasing the length ratio is less effective for noise absorption in the medium-

frequency. In the higher-frequency range, length ratios greatly influence transmission loss 

results. As the length ratio increases from 1/10 to 1/4, the resonance frequency rises by 

nearly 100 Hz. Additionally, the Curved HR featuring a length ratio of 1/4 exhibits a much 
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broader TL bandwidth than other Curved HR models, indicating that increasing the neck 

length enhances higher-frequency noise attenuation performance. 

Table 2.4 Parameters of LN and LC of Curved HR in Figure 2.11 

LN/LC LN LC 

1/10 95.91mm 958.19mm 

1/6 143.75mm 862.5mm 

1/4 191.65mm 766.67mm 

 

 

 

Figure 2.12 Comparison of transmission loss based on varying cross-section area ratios of 

the cavity (dots represent TMM prediction results, while lines represent FEM simulation 

results). 

The effects of the cross-sectional area are also examined here. As detailed in Table 2.5, 

three AN/AC ratios are associated with three distinct expansion chamber radii, while the 
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neck radius remains constant. The TL results are presented in Figure 2.12. From this 

figure, it can be observed that a greater cross-sectional area ratio is more effective in 

attenuating noise in the lower-frequency band. The Curved HR with an AN/AC ratio of 1/4 

exhibits the lowest resonance frequency and the broadest noise attenuation band in the 

lower-frequency range. Conversely, a lower cross-sectional area ratio proves more 

advantageous for higher-frequency noise attenuation. The Curved HR with an AN/AC ratio 

of 1/1.44 displays a broader noise attenuation range and a higher resonance frequency in 

the higher-frequency range.  

 

Table 2.5 Parameters of AN and AC of the Curved HR in Figure 2.12 

AN/AC RN RC 

1/1.44 21.25mm 25.5mm 

1/2.25 21.25mm 31.875mm 

1/4 21.25mm 42.5mm 
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Figure 2.13 Comparison of transmission loss based on varying lengths of the Curved HR 

(dots represent TMM prediction results, while lines represent FEM simulation results). 

Figure 2.13 illustrates the TL results for the Curved HR of different total length values. 

The total length has adjusted to 0.75 and 0.6 times of the initial length 

(L=LC+2LN=1.15m), while LC and LN are scaled down accordingly, keeping the radius of 

the neck and cavity constant. As depicted in Figure 2.13, a shorter total length can lead to 

a broader TL bandwidth, with the TL peak shifting into a higher frequency range that can 

even exceed 1000Hz, the upper bound of this study. Additionally, the Curved HR model 

with 0.6L shows a greater discrepancy compared to the FEM results, probably because of 

the length of the neck being too short. According to the research of Ingard (Ingard, 1953), 

an end correction is non-negligible to enhance the correctness of calculating the TL results 

of the short-neck HR. Therefore, the TMM calculation result of a short LN case (0.6L) is 

not accurate enough. The results from TMM and FEM suggest that Curved HRs with a 
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shorter length provide a wider sound attenuation bandwidth, but the resonance frequency 

would move to high frequencies.  

2.5 Summary 

In this chapter, the numerical, experimental and theoretical methods employed in the 

current study have been presented. A CFD-Acoustic coupled numerical simulation has 

been applied to finish this study. The detailed simulation results will be presented in the 

following chapter.  

A flow duct system is designed and manufactured to assess the sound absorption 

performance of the HR-based muffler. The velocity profile of the flow duct system and 

the sound absorption characteristics of the anechoic termination are tested. The 

performance of the flow duct demonstrates that it can produce a steady grazing flow with 

an average speed ranging from 0 to 20 m/s, with up to 80% of reflected acoustic waves 

being absorbed within the frequency of 200 to 1000 Hz. The characteristics of the flow 

duct system demonstrate that it is suitable for testing the sound absorption performance 

of the side-branch mounted mufflers under grazing flow conditions. 

TMM has been adopted to determine the sound transmission loss of the ductwork system 

with side-branch mounted mufflers. By introducing TMM, a Curved HR is proposed in 

this section. The design of the Curved HR allows for reduced space occupancy while 

preserving the same neck and cavity volumes as traditional HR. The TL performance of 

the Curved HR is analyzed by using TMM, with results indicating that the designed 



43 
 

Curved HR muffler is effective for reducing low-frequency noise. Besides, a parametric 

study is performed to examine how geometrical parameters influence the TL results of the 

Curved HR. Transmission loss results for the Curved HR are obtained through TMM and 

FEM, focusing on variations in length ratios, cross-sectional area, and total lengths. These 

findings offer valuable insights for selecting geometric parameters to optimize duct noise 

reduction with the Curved HR. 
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Chapter 3 

 

Numerical investigation of a dual Helmholtz 

resonator under grazing flow conditions 

 

 
3.1 Introduction 

In this chapter, a numerical analysis has been performed to discuss the noise attenuation 

ability of a dual HRs system under different flow Mach numbers. The dual HRs system 

was first introduced by Xu et al. (Xu, Selamet and Kim, 2010). This kind of HRs system 

includes a pair of necks and cavities connected in series that are side-branch mounted on 

a main duct. Cai et al. compared the acoustic characteristics of different HRs array 

configurations theoretically and numerically (Cai and Mak, 2018a). The results showed 

that dual HR could increase the broadband noise reduction ability. In practical 

applications, the dual HR can utilize the constrained space and provide two resonance 

frequencies, which means it can be an effective muffler in ductwork systems. However, 

it is still not clear about the relationship between the transmission loss performance of the 

dual HRs system and the geometry parameters under grazing flow conditions, particularly 

regarding the acoustic behavior of the additional second neck and cavity. It can be seen 

that these results could provide help in designing high-performance duct mufflers.  
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3.2 Simulation model 

As illustrated in Figure 3.1, the geometry for the numerical simulation features a dual HR 

model mounted on one side of the rectangular main duct. The dual HRs include two necks 

and two cavities, and these parts are connected in series. The volumes of the two cavities 

are V1 and V2. The lengths of the two necks are Ln1 and Ln2. This study will examine the 

influence of neck length and cavity volumes. The lengths of the neck are changed from 

0cm to 7.62cm (0in to 3in), and the cavity volumes are changed from 926.3 cm3 to 1852.6 

cm3. The flow Mach number, Ma, ranges from 0 to 0.12. Table 3.1 summarizes the 

geometric dimensions and flow conditions for the dual HR system. 

  

(a) (b) 

Figure 3.1 Schemes of a dual HRs system: (a) 3D model, (b) cross-section view.  
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Table 3.1 Geometric parameters and flow conditions of the dual HRs system. 

Parameters Values Parameters Values 

Dd 4.3cm Dn2 3.5cm 

Lu 25 cm V1,V2 926.3-1852.6cm3 

Lm 10 cm f 1-1000Hz 

Ld 30 cm P0 101.325kPa 

Ln1 8.5 cm c 343m/s 

Lc1,Lc2 
10.16-20.32 

cm 
Ma 0-0.12 

Ln2 0-7.62 cm ρ0 1.2kg/m3 

Dn1 4 cm T0 293.15K 

By considering the symmetry of the geometry model, numerical simulations are 

performed for half of the dual HRs model. For CFD simulations, the inlet is configured 

as a fully developed flow condition, while the outlet is designated as a pressure outlet. 

The boundaries of the main duct and the dual HRs are set as no-slip walls. For the acoustic 

simulations, the upstream and downstream are implemented as perfectly matched layers 

(PML) to minimize the reflected acoustic wave. A background acoustic wave is generated 

in a small area behind the upstream PML. The boundaries of the acoustic simulations are 

set as slip wall and adiabatic conditions. Figure 3.2 shows the detailed boundary 

conditions. 
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(a) (b) 

Figure 3.2 Boundary condition of the simulation models. (a) CFD module; (b) acoustic 

model. 

As shown in Figure 3.3, two different meshes are used to simulate the flow and acoustic 

field. To capture the turbulence accurately, it is necessary to refine some specific areas of 

the numerical mesh. Figure 3.3(a) illustrates the mesh refinement near the boundary layer, 

resonator neck, and junction area between the resonator and main duct. A swept mesh is 

used to reduce the computational resources near the main duct. Figure 3.3(b) illustrates 

the computational mesh for the acoustic simulation. Swept meshes are also used in the 

PML region. The other parts used an unstructured tetrahedral mesh.  
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(a) 

 

(b) 

Figure 3.3 Schematics of meshes distribution. (a) mesh for CFD simulation with details 

of the inlet, boundary layer, resonator neck, and junction area; (b) Mesh for acoustic 

simulation. 

This section presents a grid convergence study conducted to determine an appropriate 

mesh for completing the CFD simulation. As shown in Figure 3.4, four sets of meshes are 

used to calculate the velocity distribution near the neck inlet along the x-axis. The 

numbers of grids are 662229 (mesh1), 753,394 (Mesh2), 874,094 (mesh3), and 1,271,660 

(mesh4). Finally, Mesh3 has been chosen for CFD simulation. The CFD grid comprises a 

total of 874,094 cells, while the acoustic grid consists of 284,937 cells.  
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Figure 3.4 Grid convergence verification. 

3.3 Numerical validation 

The results of the numerical simulation are compared with the experiments performed by 

Kim and Selamet (Kim and Selamet, 2020) to examine the accuracy of the acoustic 

simulation method.  All geometric dimensions in this simulation match those used in the 

experiments, and the flow Mach numbers also correspond to the experimental conditions 

(Ma =0, 0.05, and 0.1).  The frequency range selected for this analysis is 1-300 Hz. Figure 

3.5 presents the transmission loss results for the dual HR system at various flow Mach 

numbers, with experimental data from Kim and Selamet. The transmission loss is defined 

by Equation (3.1): 

 𝑇𝐿 = 20log10⁡(|
𝑃𝑖𝑛

𝑃𝑜𝑢𝑡
|)     (3.1) 
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where 𝑃𝑖𝑛  is the incident acoustic pressure of the inlet side, and 𝑃𝑜𝑢𝑡  denotes the 

transmitted acoustic pressure at the outlet side. It can be seen that the numerical 

simulations are consistent with experiment results under different Ma numbers, indicating 

that our simulation model can accurately capture the acoustic field inside the ductwork 

system.  

 

(a) 

 

(b) 
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(c) 

Figure 3.5 Comparison of the TL results between existing experiments(Kim and Selamet, 

2020) and present simulations (a) Ma=0; (b)Ma =0.05; (c) Ma =0.1. Black lines and red 

dots represent the experimental and numerical results respectively. 

To confirm the correctness of the CFD simulation, the velocity profile of the main duct is 

compared with analytical results. According to the power law, the velocity profile is 

determined by (Spillere, Cordioli and Boden, 2017): 

 𝑈(𝑦∗) = 𝑈𝑚𝑎𝑥[−4𝑦∗(𝑦∗ − 1)]2/7   (3.2) 

where y* is the non-dimensional y position, 𝑈max is the maximum velocity. The main duct 

velocity profile at 5cm before the dual HRs model is calculated by using Equation (3.2). 

As shown in Figure 3.6, when Ma=0.05, the time-averaged velocity profile of the CFD 

simulation is consistent with analytical results, which means the flow field of the 

simulation is correct.  
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Figure 3.6 The velocity profile of simulation (solid line), analytical (symbols) and 

averaged result (dashed line), Ma=0.05. 

3.4 Results and discussion 

3.4.1 Effect of the neck length between two cavities 

This section examines the impact of the neck length between the two cavities of the dual 

HR system. An HR could be regarded as a mass-spring system.(Cai, Mak and Wang, 

2017), and the mass is fully determined by the neck geometry. Therefore, for a dual HRs 

system, the neck length between the two cavities can influence the sound absorption 

ability. The transmission loss results for various second neck lengths are evaluated and 

summarized in Figure 3.7. The flow Mach numbers are selected as 0.05 and 0.1, which 

are typical flow speeds in the duct system of the building acoustic research area. Neck 

lengths are selected as 0in, 0.5in, 1.5in, and 3in. The geometrical parameters of the main 
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duct and cavity volume are the same as the dual HRs model in Section 3.2. 

 

(a) 

 

(b) 

Figure 3.7 Transmission loss results of various neck length values (a) Ma=0.05; (b) 

Ma=0.1. The first neck length is 3.35in, and the second neck lengths are selected as 0in, 

0.5in, 1.5in, and 3in.  

For the dual HRs system, two resonant peaks of the transmission loss are present within 

the frequency band between 1-300 Hz. It is evident that as the length of the second neck 

increases, the first resonant frequency stays constant, while the second resonant frequency 
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decreases. Additionally, the maximum transmission loss, TLmax, has been increased with 

the increase of the length of the neck. In particular, with a long neck length (3in), the 

second TLmax is higher than the first peak when Ma=0.1. Table 3.2 summarizes the 

resonance frequencies and TLmax for various Mach numbers and neck lengths. For the first 

TL peak, TLmax has decreased about 7dB when Ma is increased from 0.05 to 0.1. However, 

with a shorter neck length (0in and 0.5in), the second TL peak is increased around 3 dB. 

These results indicate that the neck length significantly affects the noise attenuation ability 

of dual HR systems. Specifically, increasing the second neck length can increase the TL 

performance, and a short neck length can increase the TL performance under a higher 

flow rate. 

The resonance frequency of an HR can be calculated using Equation (3.3): 

 𝜔0 = 𝑐0√
𝑆𝑛

𝑙𝑛𝑉𝑐
     (3.3) 

where ω0 represents the resonance frequency, ln denotes neck length, Sn denotes the 

sectional area of the HR neck, and Vc denotes the cavity volume. In this study, the dual 

HRs have two resonance frequencies. Each resonance frequency is decided by the 

geometrical parameters of each cavity and neck region. According to Equation (3.3), the 

second resonance frequency is decreased when the second neck length increases. Besides, 

the length and radius of the first neck are kept constant. Hence, the first resonance 

frequency stays the same in Figure 3.7.  



55 
 

Table 3.2 The resonance frequency and maximum transmission loss for different 

Mach numbers and neck lengths. 

 

Peak1 Peak2 

Frequency 

(Hz) 

TL(dB) 

Frequency 

(Hz) 

TL(dB) 

Ma=0.05 

0in 85 17.81 290 5.37 

0.5in 85 17.7 245 5.55 

1.5in 85 17.23 195 10.09 

3in 80 18.8 165 16.3 

Ma=0.10 

0in 80 11.41 290 7.22 

0.5in 75 11.45 250 7.99 

1.5in 75 11.45 205 10.44 

3in 70 11.48 170 13.36 

 

  

(a) (b) 

Figure 3.8 Diagram of the main duct with a side-branch mounted HR model. (a) dual HRs 

system with neck length Ln=0; (b) single HR system. 

As depicted in Figure 3.8(a), when the second neck length Ln2 equals zero, two cavities 

of the dual HRs system are connected and separated by a perforated wall. If this perforated 

wall is removed, the dual HRs system can be regarded as a single HR with the same cavity 
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volume (Figure 3.8(b)). The sound transmission loss of these two structures is compared 

and shown in Figure 3.9. The thickness of the perforated wall of the dual HRs model used 

in this study is 2mm, and other geometric parameters are the same as the model in Section 

3.1. The cavity volume of the single HR model is 2778.9 cm3, which is the same as the 

total volume of the dual HRs model. It can be observed that dual HRs can provide another 

TL peak than single HR. For the first TL peak, when Ma=0.05, the TLmax of the single HR 

is higher than that of the dual HRs. When Ma=0.1, the first TLmax is nearly the same. 

Therefore, the noise attenuation ability of dual HRs is better than that of a single HR under 

higher flow rate conditions.  
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(b) 

Figure 3.9 Comparison of the transmission loss versus frequency for a dual HRs system 

and a single HR. (a) Ma=0.05; (b) Ma =0.1 

3.4.2 Effect of the cavity volume 

The impact of cavity volume is examined and illustrated in Figure 3.10. In this study, the 

total cavity volume of all the dual HRs models is V1+V2=22778.9 cm3, while the neck 

length and main duct geometrics are the same as the parameters in Section 3.2. Table 3.3 

presents the detailed cavity volumes of each dual HRs system. The influence of cavity 

volume has been studied under two different flow velocity conditions: Ma=0.05 and 

Ma=0.10. It can be observed that changing the cavity volume influences the resonant 

peaks and the resonant frequency. When V2 is increased, the second resonant frequency 

tends to decrease, but the first resonant frequency tends to increase. When Ma=0.05, 

increasing V2 leads to a higher second resonant peak. When Ma=0.1, resonant peaks are 

much smaller owing to the high flow rate, and the effect of changing the cavity volume is 

not obvious. Therefore, adjusting the cavity volume is an effective way to improve the 
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noise attenuation with the lower grazing flow rate conditions; however, it is not suitable 

for a higher flow rate.  

In this study, Equation (3.3) can explain the variation of the resonance frequency by 

changing the cavity volume. From Design1 to Design 3, the first cavity volume V1 keeps 

decreasing. According to Equation (3.3), the resonance frequency increases as cavity 

volume decreases. Therefore, the first resonance frequency is increased from 60Hz to 

80Hz when Ma=0.05. Besides, it is evident that the variation of the second resonance 

frequency is also consistent with Equation (3.3). 

 

Table 3.3 Characteristics of the dual HRs system with different cavity volume 

Dual HRs design V1(cm3) V2(cm3) V1/V2 

1 1852.6 926.3 2 

2 1389.5 1389.5 1 

3 926.3 1852.6 0.5 
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(a) 

 

(b) 

Figure 3.10 Transmission loss results versus frequency for different cavity volume values 

(a) Ma=0.05; (b) Ma=0.1 

Figure 3.11. shows the flow field results of the dual HRs system with different cavity 

volumes. The velocity magnitude inside the cavity has been converted to a non-

dimensional Mach number (Ma=v/c0) to clearly show the velocity distribution. As can be 

seen in the figure, air entered the first cavity through the downstream side of the neck. As 

the air enters the cavity, the flow rate decreases gradually. Figure 3.12 illustrates the 
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acoustic pressure fields of the dual HRs system under the resonant frequency. The acoustic 

pressure inside the main duct is extremely low due to the resonance occurring. Near the 

downstream side of the dual HRs system, a secondary acoustic wave source has emerged 

as a result of the combined effect of acoustic wave and grazing flow. This phenomenon is 

also mentioned by Dastourani and Bahman-Jahromi (Dastourani and Bahman-Jahromi, 

2021). The secondary acoustic wave source can generate noise. Consequently, the noise 

attenuation ability of the dual HRs system is reduced owing to the grazing flow effect. 

 

(a) 
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(b) 

Figure 3.11 Velocity fields of dual Helmholtz resonators with different cavity volumes 

under different grazing flow speeds (a) Ma=0.05; (b) Ma=0.1 

 

 

(a) 
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(b) 

Figure 3.12 Acoustic pressure fields of dual Helmholtz resonators with different cavity 

volumes under different grazing flow speeds (a) Ma=0.05; (b) Ma=0.1 

3.4.3 Effect of the grazing flow Mach number 

In this section, the flow Mach numbers are set as 0, 0.03, 0.05, 0.07, 0.10 and 0.12 to 

investigate the influence of grazing flow speed on the transmission loss performance. 

Table 3.4 summarizes the resonance frequencies and TLmax values for various flow Mach 

numbers. Figure 3.13 illustrates the impact of the grazing flow Mach number on 

transmission loss performance. It can be seen that as Ma increases, the first TLmax and the 

second TLmax both decreases. The first TLmax dropped from 37.0dB to 10.7 dB. The second 

TLmax dropped from 24.5dB to 11.0 dB. The results indicate that flow Mach number has 

a greater influence on the first transmission loss peak compared to the second. As Ma 

increases, the first resonance frequency is increased from 70Hz to 85Hz in the first place, 

and subsequently drops back to 70Hz. The second resonance frequency is increased from 
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165Hz to 170Hz. The resonance frequency of HR is influenced by acoustic impedance. 

As the Mach number increases, the acoustic impedance also rises, resulting in a higher 

resonance frequency. Conversely, a higher Mach number also produces higher 

background noise, which may reduce transmission loss performance in the higher 

frequency range. The resonance frequency is influenced by these two factors. Therefore, 

as Ma increases, the first resonance frequency increases first and then decreases in this 

study.  

 

Figure 3.13 Transmission loss results for different flow Mach numbers. 
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Table 3.4 Summary of the resonance frequency and TLmax for different Mach 

numbers  

Ma 

Peak1 Peak2 

Frequency (Hz) TL (dB) Frequency (Hz) TL (dB) 

0 70 37.0 165 24.5 

0.03 75 34.4 165 17.7 

0.05 80 18.8 165 16.3 

0.07 80 14.2 170 22.3 

0.10 70 11.5 170 13.4 

0.12 70 10.7 170 11.0 

 

 

 

Figure 3.14 Velocity fields and streamlines of the dual HRs system under different flow 

Mach numbers  

Figure 3.14 shows the velocity magnitude and streamlines of the dual HRs system under 

different flow Mach numbers. As indicated by the streamlines, the main flow enters the 

first cavity through the left edge of the first neck. Afterward, the streamlines inside the 
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first cavity indicate two vortex centroids emerged. One of the vortices is positioned just 

below the second neck and rotates counterclockwise, while the other vortex is situated 

near the center of the cavity boundary. The airflow near the second neck also generates 

two vortices rotating in opposite directions. Finally, airflow exits the first cavity from the 

right side of the cavity. When the flow rate Mach numbers increase from 0.03 to 0.12, the 

locations of the vortex centroids remain unchanged. The velocity magnitude indicates that 

as Ma increases, the average velocity in the first cavity increases. However, the velocity 

magnitude inside the second neck and cavity tends to be zero. The velocity magnitude 

shows that the first neck is located between a high flow rate area (main duct) and a low 

flow rate area (first cavity). The velocity difference causes the velocity magnitude inside 

the first neck to reach nearly 10m/s. Conversely, the velocity magnitude within the first 

and second cavities is lower than the velocity magnitude inside the main duct, leading to 

a tendency for the velocity magnitude in the second cavity to approach zero. 

3.5 Summary 

This chapter presents a numerical analysis aimed at investigating the effect of the 

geometric parameters and Mach numbers on the sound attenuation ability of the dual HRs 

model under grazing flow conditions. The effect of neck length is first investigated. The 

results indicate that the second resonant frequency and TLmax increase as the length of the 

second neck is increased. Compared with the single HR system, the dual HRs model can 

provide another TL peak and is more suitable for mufflers under higher flow rate 

conditions. Altering the cavity volume significantly affects the resonance frequency and 
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the TLmax under lower flow rate conditions; however, it is not suitable for higher flow rate 

conditions. The acoustic pressure field results demonstrate that a secondary acoustic wave 

source emerges downstream of the neck. Increasing the Mach number of grazing flow 

leads to a reduction in the TLmax of both peaks, while the second resonance frequency 

increases. In contrast, the first resonance frequency initially rises and then falls. The 

transmission loss results suggest that the flow Mach number has a greater impact on the 

first transmission loss peak compared to the second. The velocity field results reveal that 

as Ma increases, more air enters the first cavity, and the average velocity in the first cavity 

is also increased. However, the velocity magnitude inside the second neck and cavity 

tends to be zero. Understanding the relationship between the noise absorption ability of 

the dual HR system and the geometric parameters as well as the flow Mach number can 

be beneficial for designing noise mufflers.  
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Chapter 4 

 

Experimental investigation of the Helmholtz 

resonator under grazing flow conditions 

 

 
4.1 Introduction 

When grazing flow occurs in the ductwork system, the sound absorption of the side-

branch mounted HR could be affected. Additionally, the interaction between the shear 

layer and the background grazing flow can introduce a new noise source (P. Wang et al., 

2018). These two effects pose challenges in investigating the noise attenuation ability of 

the HR model under different grazing flow conditions. Current research has focused on 

the flow mechanics near the orifice, with little attention given to the flow field within the 

neck regions of HR. In this chapter, an acoustic experiment is performed to assess the 

transmission loss results of an HR model under different grazing flow speeds. A PIV 

measurement experiment is performed to measure the fluid characteristics near the HR 

neck. An empirical formula is developed to estimate the transmission loss performance of 

the HR model under grazing flow conditions.  

4.2 Transmission loss of a Helmholtz resonator  

Figure 4.1 illustrates the experimental configuration used to test the transmission loss 

result of an HR model. The test rig is consisted of a silent centrifugal fan, a diffusion 
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section, a flow straightener, a loudspeaker, and two anechoic terminations. The main duct 

of the experimental setup features a square cross-section with dimensions of 10cm×10cm, 

resulting in a cutoff frequency of approximately 1700 Hz. For this research, the upper-

frequency limit is set at 800 Hz to ensure that only plane waves are present inside the 

main duct. An 80W loudspeaker (OPEL AP 6510C8) is amplified using a B&K 2706 

amplifier as the sound source to minimize the influence of background noise in the room. 

This sound source can generate acoustic waves of a sound pressure level (SPL) of more 

than 110 dB. The centrifugal fan is installed inside a soundproof box to reduce the noise 

of the grazing flow. Two anechoic terminations are installed upstream of the loudspeaker 

and downstream of the microphones to reduce the acoustic wave reflection. A signal 

generator (NTI MR-PRO) is connected to the amplifier to generate white noise, and four 

free-field microphones (B&K 4189) are flush-mounted near the test section to collect the 

acoustic signals of the HR model. The microphones are connected to the B&K 3052 

PULSE system to log the data. The rotation frequency of the centrifugal fan can be 

controlled by manipulating the variable frequency drive, allowing for adjustment of the 

airflow velocity in the duct within the range of 0-20 m/s. This range of airflow velocities 

falls within the common ventilation systems of buildings. The longitudinal distance 

between the centrifugal fan and the test model exceeds three meters to ensure a fully 

developed velocity profile. 
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(a) 

 

(b) 

Figure 4.1 Schematic and photograph of the flow duct system and instruments for 

measuring the TL result under grazing flow conditions 

In this experiment, the four-microphone method has been employed to measure and 

calculate the transmission loss result of the test sample. As depicted in Figure 4.1, the 

acoustic pressure at positions 1 and 2 on the upstream side of the resonator can be 

expressed as follows:  

𝑃1 = 𝑃𝑖𝑒
−𝑗𝑘+𝑥1 + 𝑃𝑟𝑒

𝑗𝑘−𝑥1    (4.1) 

𝑃2 = 𝑃𝑖𝑒
−𝑗𝑘+𝑥2 + 𝑃𝑟𝑒

𝑗𝑘−𝑥2     (4.2) 

where 𝑘+ = 𝑘0/(1 + 𝑀𝑎) and 𝑘− = 𝑘0/(1 − 𝑀𝑎), 𝑀𝑎 = 𝑈/𝑐  denotes the flow Mach 

number, 𝑃𝑖  and 𝑃𝑟  denote the acoustic pressures of the incident and reflected acoustic 

wave, 𝑘0 represents the acoustic wave number, and c denotes the sound speed of air. ∆𝑥 

represents the distance between positions 1 and 2 of this flow duct system, which is 

equivalent to the distance between positions 3 and 4. Then, the incident wave can be 
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solved by: 

𝑃𝑖 =
𝑃1𝑒

𝑗
𝑘0

1−𝑀𝑎
𝑥2−𝑃2𝑒

𝑗
𝑘0

1−𝑀𝑎
𝑥1

2𝑗sin⁡
𝑘0Δ𝑥

1−𝑀𝑎2𝑒
𝑗
𝑘0𝑀𝑎(2𝑥1+Δ𝑥)

1−𝑀𝑎2

    (4.3) 

The transmitted wave pressure amplitudes 𝑃𝑡 also can be solved according to Equation 

(4.3) by using the acoustic pressure at positions 3 and 4. Therefore, the transmission loss 

can be calculated by(Wu and Wan, 1996): 

TL = 20log10⁡(
𝑃𝑖

𝑃𝑡
) =

𝐻21𝑒𝑗𝑘−𝑥2−𝑒𝑗𝑘−𝑥1

𝐻23𝑒𝑗𝑘−𝑥4−𝐻24𝑒𝑗𝑘−𝑥3
𝑒

𝑗
2𝑘0𝑀𝑎

1−𝑀𝑎2(𝑥3−𝑥1)
  (4.4) 

where 𝐻𝑎𝑏 means the complex transfer function between positions a and b. In this study, 

Equation (4.4) would be utilized to compute the sound transmission loss (TL) result of the 

side-branched mounted HR model. In chapter 2, the reflected acoustic pressure is less than 

10% between 100Hz and 1000Hz, which means that the anechoic terminations could 

eliminate most of the reflected wave to prove the accuracy of the test. 

Figure 4.2 shows the TL results of the HR model at various flow speeds. The HR model 

used in this experiment features a rectangular neck and cubic cavity and is manufactured 

from Plexiglas. The neck had a length (𝑙𝑛) of 5mm and a side length of 4mm, while the 

cavity had a side length (𝑙𝑐) of 120mm. Additionally, the HR model has a width (W) of 

100mm, which matches the geometry of the duct model. Results indicate a TL peak at 

around 303Hz when background flow velocity U=0m/s. As the background flow speed 

increases from 0m/s to 20m/s, the TL peak gradually decreases from 28.4dB to 14.1dB, 
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and the resonance frequency increases from 303Hz to 319.5Hz. Furthermore, the 

transmission loss performance can be significantly affected at higher flow rates. As 

demonstrated in Figure 4.2(b) and Figure 4.2 (c), as the background flow rates have 

increased from 0 m/s to 10 m/s, the TL peak is only reduced by about 4 dB. Besides, the 

resonance frequency is only increased by 1 Hz. However, in Figures 4.2(d), (e), and (f), 

if the increment of the flow rate is higher than 10 m/s, TL peaks and resonance frequency 

have changed significantly. As indicated by Du et al. and Gikadi et al. (Gikadi, Föller and 

Sattelmayer, 2014; Du et al., 2016), the variation of the TL results at a higher flow rate is 

due to the additional attenuation caused by interactions between the shear layer and 

acoustic wave.  

 

 

(a) 
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(b) 

 

(c) 

 

(d) 
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(e) 

 

(f) 

Figure 4.2 Transmission loss results of the HR model at different flow speeds. (a) U=0 

m/s, (b) U=4 m/s, (c) U=8 m/s, (d) U=12 m/s, (e) U=16 m/s, (f) U=20 m/s.  

4.3 Empirical transmission loss model 

A commonly used prediction model can be utilized to calculate the TL results of the HR 

model without the background flow. This model treats HR as a mass-spring system, 

allowing for accurate predictions. The TL results of an HR without flow can be solved by 

the analytical equation(Kinsler et al., 1999): 

TL𝐻𝑅 = 20log10⁡ |1 +
𝜌𝑐

2𝑆𝑛

1

𝑍0
|    (4.5) 
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where 𝜌 represents the air density,⁡𝑆𝑛 denotes the area of the HR neck section, and 𝑍0 is 

the acoustic impedance of the HR model.  

The acoustic impedance of HR model could be theoretically determined by: 

𝑍0 = 𝑅0 + 𝑗𝑋0 = 𝑅0 + 𝑗(
𝜌𝑙𝑛

′

𝑆𝑛
𝜔 −

𝜌𝑐2

𝑉
)   (4.6) 

where 𝑅0  represents the acoustic resistance,  𝑋0  represents the acoustic reactance. 𝑉 

denotes the cavity volume, 𝑙𝑛
′  is the neck length modified by the end correction factor. 

Therefore, 𝑙𝑛
′  can be referred to Ingard and given as(Ingard, 1953):  

𝑙𝑛
′ = 0.85(

𝑙𝑛

2
)(1 − 1.25

𝑙𝑛

𝑙𝑐
) + 0.85(

𝑙𝑛

2
)   (4.7) 

Figure 4.3 compares the sound transmission loss results from theoretical predictions and 

experimental measurements. We could find that the TL peak and the resonance frequency 

fit well between experimental measurement and analytical prediction. Besides, the results 

denote that the HR model can be regarded as a lumped parameter model without 

considering the background flow. However, using Equation (4.5) to predict the 

transmission loss of HR is only suitable for non-flow conditions. Therefore, in the next 

study, the flow effect would be considered as a correction term to be added to Equation 

(4.5) to compute the TL performance of the HR model under grazing flow conditions.  
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Figure 4.3 Transmission loss results for the HR model (with red dots indicating 

theoretical calculations and black lines representing experimental results). 

An empirical transmission loss formula for calculating the TL results of the HR model is 

derived from experiment data using the curve fit technique. The Curve Fitting Toolbox of 

MATLAB is employed to analyze the experiment data. In Figure 4.3, it can be found that 

the resonance frequency could be considered as the symmetrical axis of the TL results. 

Therefore, a curve-fitting process is undertaken to find the relationship between resonance 

frequency and flow speed in advance. As shown in Figure 4.4, the resonance frequency 

begins to increase when the background flow rate becomes higher than 10 m/s. For the 

HR model used in this experiment, the resonance frequency in the absence of background 

flow 𝑓0 is 303 Hz. Then, the resonance frequency 𝑓𝑟 can be represented by: 

𝑓𝑟 = {
𝑓0 (𝑢 < 10m/s)

𝑓0 + 0.01785𝑢3 − 0.5744𝑢2 + 6.343𝑢 − 22.9(𝑢 ≥ 10m/s)
 (4.8) 
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Figure 4.4 Comparison of resonance frequency between prediction and experiment result. 

Once the relationship between 𝑓0 and 𝑓𝑟 is established, it becomes possible to derive an 

empirical formula for the transmission loss under varying background flow speeds. The 

formula can be expressed as: 

TL(𝑓 + 𝑓𝑟 − 𝑓0) = TL𝐻𝑅(𝑓) − (𝑙𝑛𝑈)TL𝑓(𝑓)   (4.9) 

where TL𝐻𝑅 is the transmission loss of HR without grazing flow in Equation (4.5), and 

TL𝑓 is the transmission loss correction term. Owing to the significant symmetrical features 

observed in the distribution curve of TL𝑓, a piecewise function is employed to accurately 

fit the TL correction term. TL𝑓  is nondimensionalized by geometry parameter and the 

grazing flow, which can be represented by: 

TL𝑓

𝑙𝑛𝑈
= ∑  𝑛+1

𝑖=1 α𝑖𝑓
∗𝑛+1−𝑖     (4.10) 

where 𝑙𝑛 and 𝑈 are neck length and flow speed, 𝛼𝑖 represents the coefficient of curve-

fitting, and 𝑓∗ denotes the non-dimensional frequency, which can be represented as 𝑓∗ =
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|(𝑓 − 𝑓0)/𝑓0|. n+1 represents the polynomial order, while n denotes the degree of the 

fitting. In our research, n=4 is utilized to fit the data. Figure 4.5 shows the curve fitting of 

TL𝑓

𝑙𝑛𝑈
 and the polynomial fitting is used to fit the experiment data. The non-dimensional TL 

correction term can be written as:  

𝑇𝐿𝑓

𝑙𝑛𝑈
= {

𝑎1𝑓
∗4 + 𝑏1𝑓

∗3 + 𝑐1𝑓
∗2 + 𝑑1𝑓

∗ + 𝑒1 (𝑓 ≤ 𝑓0)

𝑎2𝑓
∗4 + 𝑏2𝑓

∗3 + 𝑐2𝑓
∗2 + 𝑑2𝑓

∗ + 𝑒2(𝑓 > 𝑓0)
   (4.11) 

where regression coefficients are: 

𝑎1 = 390.27, 𝑎2 = 36.30     (4.12a) 

𝑏1 = −764.40, 𝑏2 = −134.74    (4.12b) 

𝑐1 = 526.87, 𝑐2 = 171.16    (4.12c) 

𝑑1 = −149.72, 𝑑2 = −85.35    (4.12d) 

𝑒1 = 14.13, 𝑒2 = 13.22     (4.12e) 
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Figure 4.5. Curve fit of the non-dimensional TL correction term. 

Figure 4.6 (a)-(e) shows the contrast of the TL results of a single HR model between the 

experiment data and the empirical formula prediction in Equation (4.10) under different 

grazing flow rates. As the flow rate increases, the results show that the resonance 

frequency of the HR model rises to a higher value, while the TL peak decreases. The 

empirical formula prediction fits well with the experiment data, especially under higher 

flow speed conditions. The results indicate that Equation (4.10) can be employed to 

predict the TL results of the HR model under grazing flow conditions. 
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Figure 4.6 Transmission loss results of theoretical prediction and experimental 

measurement of a single HR.(a) U=4 m/s, (b) U=8 m/s, (c) U=12 m/s, (d) U=16 m/s, (e) 

U=20 m/s.  

 

4.4 Analysis of the grazing flow effect on the Helmholtz resonator 

model 

4.4.1 Prediction of the transmission loss of a periodic HRs array 

Multiple HRs are commonly employed to improve broadband noise absorption 

performance. If the HRs are side-branch mounted periodically within a ductwork system, 
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the periodic mufflers can introduce unique noise attenuation in the overall TL spectrum. 

In this part, the empirical model proposed in section 4.3 is utilized to predict the TL results 

of a muffler array consisting of periodic HRs. For the HRs array, the Transfer Matrix 

Method (TMM) could be utilized to determine the acoustic wave propagation. As 

illustrated in Figure 4.7, the acoustic wave transmission through a main duct and a side-

branch mounted periodic HRs array system can be described as: 

(
𝑃0

u0
) = [

𝑇11 𝑇12

𝑇21 𝑇22
] (

𝑃𝑛

u𝑛
) = 𝐓all (

𝑃𝑛

u𝑛
)    (4.13) 

where 𝑢, P denotes the particle velocity and the acoustic pressure. Besides, the transfer 

function 𝐓all of all sections of the ductwork system be solved by: 

𝐓all = [
1 0
1

𝑍1
1] 𝐓duct [

1 0
1

𝑍2
1]𝐓duct …𝐓duct [

1 0
1

𝑍𝑛
1]   (4.14) 

where 𝑍𝑛  represents the acoustic impedance of the n-th HR model. 𝐓duct  denotes the 

transfer function of the main duct section between each HR model, which can be 

represented by: 

𝐓duct =

[
 
 
 𝑒

−𝑗
𝑘𝑀𝑎

1−𝑀𝑎2𝐿
cos⁡

𝑘𝐿

1−𝑀𝑎2 𝑗𝑒
−𝑗

𝑘𝑀𝑎

1−𝑀𝑎2𝐿 𝜌𝑐

𝑆𝑑
sin⁡

𝑘𝐿

1−𝑀𝑎2

𝑗
𝑒

−𝑗
𝑘𝑀𝑎

1−𝑀𝑎2𝐿

𝜌𝑐/𝑆𝑑
sin⁡

𝑘𝐿

1−𝑀𝑎2
𝑒

−𝑗
𝑘𝑀𝑎

1−𝑀𝑎2𝐿
cos⁡

𝑘𝐿

1−𝑀𝑎2 ]
 
 
 

   (4.15) 

where L represents the length of the duct between each HR model.  

The TL results of a periodic HRs array without grazing flow can be obtained by:  
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TL𝐴𝑟𝑟𝑎𝑦 = 20log10⁡ |
1

2
(𝑇11 + 𝑇12𝑆𝑛/𝜌𝑐 + 𝑇21𝜌𝑐/𝑆𝑛 + 𝑇22)|   (4.16) 

Therefore, the TL of a periodic HR array under grazing flow conditions could be solved 

by: 

TL(𝑓 + Δ𝑓 − 𝑓0) = TL𝐴𝑟𝑟𝑎𝑦(𝑓) − 𝑛 ⋅ (𝑙𝑛𝑈)TL𝑓(𝑓)    (4.17) 

In this study, a periodic HRs array model has been installed in the flow duct system to test 

the TL results under different flow speeds. The periodic HR model consists of 3 single 

resonators, all of which share the same geometric parameters as the model described in 

Chapter 4.2. L denotes the distance between each HR model. In this study, L is set as 100 

mm.  

 

Figure 4.7 A ductwork system with periodic HRs array systems. 

Figures 4.8 (a)-(e) present the results of transmission loss from theoretical predictions and 

experimental data for a periodic HRs array at various grazing flow rates ranging from 4 

m/s to 20 m/s. Comparing Figure 4.8 and Figure 4.6, using the periodic HR array can 

increase the TL performance by improving the TL peak and expanding the bandwidth of 

the noise attenuation results. Besides, it could be observed that the experiment results fit 

well with formula prediction, which means Equation (4.17) could be utilized to predict 
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the TL performance under different flow speeds. However, discrepancies exist at the 

resonance peak in Figure 4.8 (d) and (e). The experiment TL peaks are always lower than 

the formula prediction. These phenomena are mainly due to the limitation of 

measurement. As indicated by Oh and Jeon(Oh and Jeon, 2022), if the TL results are too 

high, the acoustic signals at the downstream side of the main duct would be buried in the 

background noise. Therefore, the experimental results have plateaus at the frequency 

range between 295-340Hz due to the background noise of the high-speed grazing flow. 

 

(a) 

 

 

(b) 
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(c) 

 

(d) 

 

(e) 

Figure 4.8 Transmission loss results between theoretical prediction and experiment result 

of a periodic HR array. 
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4.4.2 Effects of the grazing flow 

To deepen our understanding of the fluid dynamics of the flow over the HR model, a PIV 

experiment is performed to capture the fluid characteristics near the neck region under 

varying grazing flow rates. Figure 4.9 illustrates the arrangement of the experiment setup 

employed for the flow field measurements of the HR model. The test rig used in part II is 

placed in a darkroom to finish the measurement procedure of the PIV experiment.(Li, 

Mak, Wai Ma, et al., 2021) The Di-Ethyl-Hexyl-Sebacate (DEHS) oil droplets are utilized 

as tracers for this study. These droplets are generated using a particle seeding generator 

(10F03). The middle plane of the HR model is illuminated using a YAG laser system, 

which has a total energy of 50 mJ and a wavelength of about 500 nm. The internal 

cylindrical lenses of the laser system are adjusted to generate a light sheet that has a total 

thickness of 2 mm. A high-image-density CCD camera (Dantec Speedsence M140) with 

a resolution of 2560×1600 pixels is positioned 800 mm in front of the test region to capture 

the seeded airflow patterns. The camera records a series of 900 consecutive images of the 

seeded flow at a rate of 30 Hz. To determine the time-averaged velocity fields, a standard 

PIV cross-correlation algorithm is employed, which includes distortion correction, 

window offset, and sub-pixel recognition in the Dynamic Studio software. The detailed 

experimental procedure can be referenced in Li et al.’s study (Li, Mak, Ma, et al., 2021). 

The size of the interrogation window is configured to 16×16 pixels with an overlap value 

of 50%, resulting in a test grid of velocity vectors spaced at intervals of 1.6×1.6 mm. The 

errors in the PIV test can be categorized into systematic errors and statistical errors, which 
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collectively contribute to an overall velocity field error of less than 3.5%.  

 

(a) 

 

(b) 

Figure 4.9 Illustration of the PIV measurement for the flow field of the HR model. 

Figure 4.10 (a) to (c) shows the measurement result of the time-averaged velocity field 
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near the neck region of the HR model when the average grazing flow speeds in the main 

duct are 4 m/s, 8 m/s and 12 m/s, respectively. The velocity direction is shown by the 

black arrows. It can be seen that the flow patterns are similar under different flow speeds. 

A uniform, high-speed grazing flow can be shown in the main duct, while the low-speed 

region is shown in the resonator neck. As the grazing flow speed rises, the average flow 

speed inside the neck region is also increased. A shear layer emerges at the connecting 

place of the main duct and the neck region of the HR, and the shear layer area also 

increases as the grazing flow speed increases. 

  

(a) (b) 

  

(c) 

Figure 4.10 Flow field near the neck region of the HR model under different grazing flow 

speeds (a) U=4m/s, (b) U=8m/s, (c) U=12m/s. 

Figure 4.11 (a) to (c) illustrates the vorticity magnitude distributions near the neck region 



88 
 

of the HR model when the grazing flow rates inside the main duct are from 4 m/s to 12 

m/s, respectively. A high vorticity region appears at the upstream and downstream side of 

the connection area between the neck and main duct. The emergence of vorticity is closely 

related to the interaction of the sound waves and the shear layer at the neck region (Li and 

Choy, 2024). As the grazing flow speed increases, the interaction becomes stronger, 

which leads to a vorticity increase inside the neck region. According to Li and Choy (Li 

and Choy, 2024), the shear layer can increase the dissipation rate of the acoustic energy. 

Besides, the shear layer can decrease the resistance of the mufflers. Therefore, as the 

grazing flow rate increases, the noise attenuation ability of the HR model decreases due 

to the increase in the total area of the shear layer. 

  

(a) (b) 

 

(c)  

Figure 4.11 Vorticity distribution near the neck region of the HR model under different 

grazing flow speeds (a) U=4m/s, (b) U=8m/s, (c) U=12m/s.  
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4.5 Summary  

Understanding the acoustic response and flow field characteristics of the HR model is 

crucial for designing the muffler under grazing flow conditions. This chapter presents an 

experimental study of the transmission loss results of a single HR model under grazing 

flow conditions. Besides, a PIV measurement experiment has been performed to analyze 

the fluid dynamics of the neck region of the HR model.  

An empirical formula is proposed to estimate the sound transmission loss performance of 

the HR model under different grazing flow speeds. The non-dimensional TL correction 

term has been fitted from measurement data to predict the TL correction term. The 

proposed empirical formula has been utilized to predict the TL results of the HR model 

across a grazing flow speed range of 0 to 20 m/s. 

The fluid dynamics of the neck region of the HR model under different flow speeds are 

investigated experimentally. With the increment of the grazing flow rate, the transmission 

loss performance of the HR model decreases due to the increase in the shear layer area. 

The empirical formula is utilized to predict the TL results of the periodic HRs array model 

under grazing flow conditions. The formula used in this study could improve the accuracy 

of predictions for the noise absorption results of the mufflers derived from the HR model. 
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Chapter 5  

 

Broadband low-frequency noise attenuation of a 

Helmholtz resonator array 

 

  
5.1 Introduction 

Over the last few years, the Acoustic Metamaterial (AM) has emerged as a fascinating 

way to control sound waves under low-frequency ranges. The term ‘acoustic 

metamaterial’ typically refers to artificial materials composed of small structures that 

could manipulate sound waves. The development of AM inspires researchers to develop 

various functional devices across multiple research fields, such as urban noise control 

(Kim and Lee, 2014), acoustic levitation (Memoli et al., 2017), acoustic focusing, and 

acoustic stealth (Yu et al., 2021). Among these applications, many Sound-Absorbing 

MetaMaterial (SAMM) have been fabricated to reduce low-frequency noise. In contrast 

to traditional SAMs, SAMMs are characterized by their lightweight and compact nature, 

providing the advantage of space-saving. Besides, HVAC duct systems often encounter 

challenges related to constrained spaces, and traditional SAMs are bulky in the low-

frequency range. As a result, SAMMs have emerged as a useful way to control low-

frequency noise in the HVAC duct systems of modern buildings. 

As summarized by Gao et al. (Gao et al., 2022), SAMMs can be classified into four types: 

pre-stressed membranes (Allam, Elsabbagh and Akl, 2017), thin plates (Fang et al., 2022), 
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labyrinth structures (Li and Assouar, 2016; Pavan and Singh, 2024), and Helmholtz 

Resonator (HR) based absorbers (Gao et al., 2022). Among these structures, HR has 

simple geometric structures and is easy to manufacture and maintain (Cai, Mak and Wang, 

2017; Cai and Mak, 2018b), and therefore becomes an effective strategy for low-

frequency noise attenuation. HR is comprised of a cavity that is connected to the main 

duct with the neck, enabling attenuation of sound waves through the resonance effect. 

Huang et al. proposed constructing a SAMM built by an HR with the embedded neck as 

an acoustic tunable absorber capable of achieving perfect absorption (Huang et al., 2019). 

Ryoo and Jeon developed a SAMM consisting of a two-dimensional array constructed by 

four HRs and investigated the absorption spectra through an equivalent fluid model (Ryoo 

and Jeon, 2018). Guo et al. (Guo et al., 2020) reported a SAMM constructed by HR with 

spiral extended necks to reduce low-frequency noise. However, HR-based SAMMs 

exhibit local resonance, leading to significant dispersion that greatly restricts the effective 

bandwidth.(Cai and Mak, 2016; Zhou et al., 2022). 

To enhance the broadband noise attenuation capabilities of HR-based SAMMs, the 

common approach is to cascade-couple the HR in both lateral and vertical directions to 

construct an array. Guo et al developed an HR-based AM with multi-layer mufflers and 

optimized the noise attenuation performance in the low-frequency range. (Guo, Zhang, et 

al., 2021). Besides, they investigated the influence of the open-area ratio of HR and the 

multi-layer effect. They also designed an inhomogeneous HR with an Embedded Neck 

(HREN) array with multiple perforations to achieve broadband sound absorption (Guo, 
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Fang, Qu, et al., 2021). Ryoo et al. (Ryoo, Yong Lee and Jeon, 2024) used an artificial 

neural network to design an AM consisting of HR installed on the MPP to reduce noise 

between 380-790 Hz. Duan et al. (Duan et al., 2021) applied multi-layer HR to design an 

absorber with multiple absorption peaks. Mei et al. (Mei et al., 2024) proposed a parallel-

coupled absorber constructed by two layers: one of HREN and another of segmented neck 

HR. This design enables to choose noise attenuation range due to the different resonance 

peaks. These implementations of cascade-coupled HR-based SAMMs present a promising 

solution for sound attenuation in ductwork systems.  

Recently, the development of HRs-based SAMMs has drawn researchers’ attention to 

designing acoustic liners for their potential to control low-frequency noise in ductwork 

systems (Hasan, 2023; Li et al., 2024; Liu et al., 2024; Zhang et al., 2024). Oh and Jeon 

proposed a metaliner consisting of two different HRs to insulate the duct noise under 

different grazing flow speeds (Oh and Jeon, 2022). Guo et al. (Guo, Fang, Jiang, et al., 

2021) studied the noise attenuation properties of an acoustic muffler consisting of HRENs 

in a frequency range between 700-1000 Hz under grazing flow conditions. The results 

showed that the designed metaliner had effective noise attenuation ability in flow 

conditions. Huang et al. (Huang et al., 2021) presented a metaliner build up by a 

perforated plate with an HREN array to enhance the broadband sound absorption in the 

ductwork systems. This kind of metaliner is able to attenuate the acoustic wave in a 

broadband frequency between 700-3000 Hz with and without grazing flow. However, 

there is still limited discussion on the noise attenuation performance of metaliners under 
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grazing flow conditions. Inspired by these studies of SAMMs, this chapter will design an 

HR-based SAMM for broadband low-frequency noise control of the HVAC duct systems.  

5.2 Acoustic absorption coefficient of the HREN 

This section outlines the design of both single-layer and double-layer Helmholtz 

resonators with embedded necks (HREN) and provides a theoretical formula to predict its 

sound absorption analytically. In Figure 5.1(a), the proposed double-layer HREN is 

cascade-coupled by two single-layer HRENs with the same cavity radius 𝑟𝑐 . The 

embedded neck can decrease the weight of the whole structure (Huang et al., 2019). 

Compared to a single-layer HREN, the extra layer can provide an extra resonance 

frequency. Therefore, this kind of design features a high-efficiency sound absorption 

ability.  

5.2.1 Theoretical prediction model 

The equivalent fluid model developed by Stinson has been widely adopted to investigate 

the acoustic wave propagation inside the sub-wavelength scale structures (Stinson, 1991). 

The efficacy of this model in predicting the sound absorption coefficient of the AM has 

been validated in previous studies. (Ryoo and Jeon, 2018; Guo et al., 2020; Ryoo, Yong 

Lee and Jeon, 2024). In addition to the equivalent fluid model, some semi-empirical 

models have been proposed to describe the acoustic performance of the orifice under flow 

conditions (Elnady and Boden, 2003). In this study, Guess’s semi-empirical model will 

be utilized to determine the acoustic impedance of the HREN (Guess, 1975). This model 
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calculates the resistance and reactance of each section of a resonator by taking into 

account the influences of viscous and thermal effects. It was validated for acoustic 

structures whose dimensions are smaller than the wavelength (𝑘𝑎 ≪ 1), and grazing flow 

speed is less than 70 m/s (Seo, Kim and Kim, 2016, 2018).  

The normalized specific impedance 𝑍 of each layer of the HREN can be divided into two 

parts, neck impedance 𝑍𝑁 and cavity impedance 𝑍𝑐𝑎𝜈: 

𝑍 =
1

𝜎
(𝑍𝑛 + 𝑍𝑐𝑎𝜈) =

1

𝜎
(𝑍𝑣 + 𝑍𝑅 + 𝑍𝑐𝑎𝜈)   (5.1) 

where 𝜎 = 𝑆𝑛/𝑆𝑐. 𝑆𝑛 and 𝑆𝑐 are neck area and cavity area. The neck impedance 𝑍𝑛 can 

be further divided into viscous and mass effect 𝑍𝑣 and radiation impedance 𝑍𝑅, which can 

be calculated by: 

𝑍𝑣 = 𝑘𝛿𝜈(2 +
𝑙𝑛

𝑟𝑛
) + 𝑗[𝑘𝛿𝜈(2 +

𝑙𝑛

𝑟𝑛
)]    (5.2) 

𝑍𝑅 = 𝑘𝑟𝑛
2 + 𝑗[𝑘(𝑙𝑛 + (

16𝑟𝑛

3𝜋
)𝜙𝐼𝜙𝐺)]    (5.3) 

where 𝛿𝜈 = √2𝜈/𝑘𝑐  is the viscosity effect, 𝑐  and 𝜌  denote the sound speed and the 

density of air, 𝜈⁡is the kinematic viscosity, 𝑙𝑛 and 𝑟𝑛 represent the length and the radius of 

the neck of the HREN, 𝑘 is the wave number, 𝜙𝐼 and 𝜙𝐺  are end correction factor of the 

neck proposed by Ingard (Ingard, 1953) and Groeneweg (Groeneweg, 1969), which can 

be calculated by: 

𝜙𝐼 = 1 − 1.41√𝜎      (5.4) 
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𝜙𝐺 =
1+5×103𝑀0

2

1+104𝑀0
2       (5.5) 

where 𝑀0 = 𝑢0/𝑐 is the dimensionless particle velocity at the neck region. 𝑢0  can be 

determined by (Ingard and Ising, 1967): 

𝑢0 =
𝑐𝜎

1−𝜎2
[√

1

4
+ 2(

𝑃𝑖(1−𝜎2)

𝜌𝑐2𝜎2
) −

1

2
]    (5.6) 

where 𝑃𝑖 denotes the pressure amplitude of the incident sound wave. 

The cavity impedance 𝑍𝑐𝑎𝜈 can be calculated by: 

𝑍𝑐𝑎𝑣 = −𝑗
𝑆𝑛

𝑘𝑉c
     (5.7) 

where 𝑉𝑐 is the volume of the cavity. 

The Transfer Matrix Method (TMM) is utilized to compute the acoustic wave propagation 

inside the double-layer HREN. The transfer function of the double-layer HREN can be 

expressed as: 

𝐓all = [
T11 T12

T21 T22
] = [

1 0
(𝑍1 + 𝑍2)/𝑍1𝑍2 1

]   (5.8) 

where 𝑍1  and 𝑍2  are the acoustic impedances of the i-th layer. Therefore, the total 

impedance can be determined by: 

𝑍𝑎𝑙𝑙 =
T11

T21
     (5.9) 
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After the total impedance is acquired, the absorption coefficient of the double-layer 

HREN model can be determined by using the following formula: 

𝛼 = 1 − |
𝑍𝑎𝑙𝑙−1

𝑍𝑎𝑙𝑙+1
|
2

    (5.10) 

  

(a) (b) 

Figure 5.1 (a) Illustration of the cross-sectional view of the double-layer HREN, (b) A 

3D-printed model of the double-layer HREN 

5.2.2 Experimental sound absorption  

The B&K type 4206 impedance tube kit is utilized to test the absorption coefficient of the 

designed HREN. A pair of B&K type 4187 ¼ -inch microphones are connected to B&K 

data acquisition system (DAQ) module type 3052 to record the sound of each channel. 

The calculation of the absorption coefficient can be described as: 

𝛼 = 1 − |
𝐻𝑖𝑗−𝑒−𝑗𝑘𝑠

𝑒𝑗𝑘𝑠−𝐻𝑖𝑗
𝑒2𝑗𝑘(𝑠+𝑑)|

2

= 1 − |𝑟|2   (5.11) 

where 𝑟 represents the reflection coefficient, 𝑘 denotes the wave number, 𝑠 represents the 

distance between two microphones, and 𝑑  denotes the distance from the second 

microphone to the faceplate of the HREN. 𝐻𝑖𝑗  is the transfer function from the i-th 
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channel to the j-th channel and can be calculated as 𝐻𝑖𝑗 = 𝑆𝑖𝑗/𝑆𝑖𝑖, where 𝑆𝑖𝑗 is the cross-

spectrum between the i-th channel and the j-th channel, and 𝑆𝑖𝑖 is the auto-spectrum of the 

i-th channel. The details of calculating 𝑆𝑖𝑗 and 𝑆𝑖𝑖 and 𝐻𝑖𝑗 can be found in international 

standard ISO 10534-2 (‘ISO 10534-2:2023 - Acoustics — Determination of acoustic 

properties in impedance tubes — Part 2: Two-microphone technique for normal sound 

absorption coefficient and normal surface impedance’, 2023). The arrangement of the test 

equipment can be found in Figure 5.2. 

 

Figure 5.2 Absorption measurement of the double-layer HREN in an impedance tube. 

Figure 5.1(b) shows the photographs of the double-layer HREN. The HREN is fabricated 

using a photopolymer resin that undergoes UV light curing at a wavelength of 405 nm, 

employing the Masked Stereolithography (mSLA) 3D printing method. The fabrication 

precision is 0.1 mm. The radii of the cavity 𝑟𝑐 is 19mm. The neck length 𝑙𝑛1 and 𝑙𝑛2 are 

10mm. The neck radius 𝑟𝑛1 and 𝑟𝑛2 are 4mm. The cavity lengths 𝑙𝑐1 and 𝑙𝑐2 are 55mm. 

The thickness 𝑡 of the model is 1mm. In addition, the absorption result of a single-layer 

HREN is also evaluated. The geometry parameters of the single-layer HREN are the same 
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as the first layer of the double-layer HREN.  

Figure 5.3 displays the absorption coefficient result of the single-layer HREN and the 

double-layer HREN. The results demonstrate that analytical results fit well with the 

experimental measurements, indicating the high precision of the theoretical predictions. 

The resonance frequency of the single-layer HREN is approximately 406 Hz, whereas the 

resonance frequencies of the double-layer HREN are at 250 Hz and 658.5 Hz. By 

increasing the layer number of the HREN, the first resonance peak can reach a lower 

frequency. This result indicates that the low-frequency noise reduction of double-layer 

HREN is better than that of single-layer HREN. The theoretical model suggests that the 

interaction between each layer alters the acoustic impedance, leading to a decrease in the 

first resonance frequency. For the noise attenuation frequency band, the absorption 

bandwidth (∆fr/fr) (Huang et al., 2019) of the single-layer HREN is 10.5%, while the 

absorption bandwidths of the first and the second resonance frequency of the double-layer 

HREN are 12.4% and 4.2%, respectively. The noise attenuation frequency band results 

indicate that increasing the layer number can be more suitable for broadband noise control. 

Several discrepancies can be noted between the theoretical predictions and experimental 

results, which are attributed to the gaps between the inner walls of the impedance tube 

and the 3D-printed model. Additionally, the loudspeaker is unable to produce a consistent 

white noise signal below 200 Hz, leading to a discrepancy in the absorption results 

between the tests and the theoretical prediction. However, it should be emphasized that 

the frequency range of interest in this study is above 200 Hz, allowing any inaccuracies 
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below this threshold to be disregarded. 

 

(a) 

 

(b) 

Figure 5.3 Predicted (solid lines) and measured (circles) results of the sound absorption 

coefficient of the HREN: (a) single-layer HREN, (b) double-layer HREN. 
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5.3 Optimization design of the Helmholtz resonator array 

5.3.1 Optimization design strategy 

The double-layer HREN exhibits a limited bandwidth due to its strong dispersion 

characteristic. In practical applications, the absorber with broadband noise attenuation 

ability is very attractive. However, the absorption bandwidth (∆fr/fr) of the proposed 

double-layer HREN in section 5.2 is not sufficient for practical applications. In this part, 

an optimization strategy is applied to design a Helmholtz resonator array (HRA) to 

achieve broadband low-frequency noise attenuation performance by using the single and 

double-layer HRENs arranged in an array. The geometric parameters are optimized to 

increase the sound absorption capacity within a specified frequency band. [fmin, fmax]. The 

objective function in the optimization process is set as:  

Max: 𝐶𝛼 = ∫ 𝛼𝑑𝑓 = ∑ 𝛼𝑖(𝑓𝑖)
𝑁𝑓

𝑖=1
    (5.12) 

where 𝐶𝛼  is the sound absorption capacity(Cai and Mak, 2018c); 𝑁𝑓  represents the 

number of the discrete frequencies within the specified frequency band; 𝛼𝑖(𝑓𝑖) represents 

the sound absorption coefficient in the i-th discrete frequency 𝑓𝑖 . The total acoustic 

impedance 𝑍𝑎𝑙𝑙
𝑎𝑟𝑟𝑎𝑦

 of all the double-layer HRENs in the array can be determined by: 

𝑆𝑎𝑙𝑙

𝑍𝑎𝑙𝑙
𝑎𝑟𝑟𝑎𝑦 = ∑

𝑆𝑁

𝑍𝑎𝑙𝑙
𝑁

𝑀
𝑁=1      (5.13) 

where 𝑍𝑎𝑙𝑙
𝑎𝑟𝑟𝑎𝑦

 denotes the acoustic impedance of the array, 𝑆𝑎𝑙𝑙  is the total area of the 

array, 𝑆𝑁 is the area of each single HREN, 𝑍𝑎𝑙𝑙
𝑁  represents the acoustic impedance of the 
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N-th HREN. Once 𝑍𝑎𝑙𝑙
𝑎𝑟𝑟𝑎𝑦

 has been obtained, the total sound absorption 𝛼  can be 

determined by Equation (5.10).  

The designed frequency range is chosen as 200 to 800 Hz. For the geometrical parameters, 

cavity radius 𝑟𝑐  is fixed as 19mm, and thickness 𝑡  is fixed as 1mm. Other geometry 

parameters are optimized and constrained as follows:  

𝑟𝑛1, 𝑟𝑛2 ∈ [2.0, 6.0] mm;     (5.14a) 

𝑙𝑛1, 𝑙𝑛2∈ [5.0, 15.0] mm;    (5.14b) 

𝑙𝑐1, 𝑙𝑐2∈ [40.0, 80.0] mm.   (5.14c) 

 

(a) 

 

(b) 
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(c) 

Figure 5.4 (a) Illustration of the design of the optimized HREN array. (b) Photograph of 

the optimized HRA model. (c) The iteration history of the optimization process. 

Besides, the overall length of the array is set at 124 mm, which means that the final 

constraint is: 𝑙𝑐1 + 𝑙𝑐2 + 3𝑡 ≤ 124⁡𝑚𝑚 . A MATLAB-based genetic algorithm (GA) 

package is utilized for the optimization process (Wang and Mak, 2018b, 2018a). To 

guarantee enough absorption bandwidth in the prescribed frequency range, a total of 8 

HRENs are selected to construct the HRA. As shown in Figure 5.4 (b), the array is divided 

into two groups, and the HRENs are arranged vertically and horizontally within each 

group. Each HREN is installed in a 50mm × 50mm cell. 

5.3.2 Optimization design results 

Table 5.1 shows the parameters of each single cell in the HRA model. Besides, the 

theoretically calculated resonance frequency is also presented in Table 5.1. The optimized 

HRA is consisted of 6 double-layer HRENs and 2 single-layer HRENs. It is evident that 

the resonance frequencies of both layers are located in the optimization range of [200, 

800] Hz. Figure 5.5(a) illustrates the normal sound absorption coefficient of the optimized 
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array theoretically calculated by the GA program. For comparison purposes, the sound 

absorption results of the first four cells are selected to illustrate and compare with the 

array. The resonance frequency of each single cell is uniformly distributed in the 

prescribed frequency range. The photograph of the optimized array is displayed in Figure 

5.4(b). It is clear that the designed array achieves effective sound absorption within the 

optimization range. Figure 5.4(c) shows the iteration history of the optimization process. 

It can be seen that after around 100 iteration steps, the total sound absorption capacity 𝐶𝛼 

of the optimized array is 0.78 in the designed frequency band. 

Table 5.1 Parameters and resonance frequencies of each cell in the optimized HRA 

model. 

Cell index N 
𝑟𝑛1  

(mm) 

𝑙𝑛1 

(mm) 

𝑟𝑛2 

(mm) 

𝑙𝑛2 

(mm) 

𝑙𝑐1 

(mm) 

𝑙𝑐2 

(mm) 

Resonance 

Frequency 

1  

(Hz) 

Resonance 

Frequency 

2  

(Hz) 

1 4.5 9 3.5 11 60 46.9 238 537 

2 4.5 9 3.5 11 46 60 213 601 

3 4.5 9 - - 53 - 469 - 

4 4.5 9 3.9 9 46 50.4 271 683 

5 6 5 3.8 5 77.5 42.4 316 671 

6 6 5 4 5 70.6 40 348 722 

7 4 7.9 - - 44.3 - 400 - 

8 5.1 5 3.2 5 75.7 44.3 261 578 

 

Figure 5.5(b) illustrates the complex plane analysis of the optimized HRA. The black 

dashed line denotes the “real frequency” that is related to the actual sound absorption 
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conditions (Ding et al., 2022), and the black circles represent the perfect 

absorption(Romero-García, Theocharis, Richoux, Merkel, et al., 2016) of each cell. The 

contour indicates the variation of the sound reflection coefficient |𝑅|  under different 

complex frequencies. In the lossless cases, |𝑅|  displays a zero-pole pair that is 

symmetrical around the Re(f) axis (Romero-García, Theocharis, Richoux and Pagneux, 

2016). In the realistic case, each zero-pole pair represents an absorption peak of each cell 

as presented in Figure 5.5(a). For each cell in the HRA, the zeros are shifted downward 

because of the energy loss resulting from visco-thermal losses in the neck region. All 

zeros are situated close to the real frequency line, indicating that high absorption of each 

cell can be achieved. In addition, the zeros are nearly uniformly distributed, suggesting 

that broadband absorption is attained.  

 

(a) 
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(b) 

Figure 5.5 (a) Sound absorption performance of optimized HRA (black line), and the first 

four HREN cells (dashed lines). (b) Contour of 20lg(|𝑅|) of the optimized HRA in the 

complex frequency plane.  

 

5.4 Acoustic performance in a ductwork system in the presence of 

grazing flow 

5.4.1 Flow duct system and noise attenuation performance 

measurement 

As shown in Figure 5.6, the side-branch mounted HRA is installed on the flow duct system 

for measuring the sound attenuation performance under grazing flow conditions. A 

centrifugal fan has been used to generate background grazing flow. The stable flow 

magnitude can be reached up to 20 m/s, which is the common flow rate in building 

acoustics for the HVAC duct design. White noise is generated by a B&K type 1405 signal 

generator and is produced by a loudspeaker (OPEL AP 6510C8). The sound power level 
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(SPL) is set as 115dB through a B&K type 2706 power amplifier. Two anechoic 

terminations are installed at both end sides of the main duct to reduce the reflected sound 

wave. The test section consists of three Plexiglas ducts, featuring square cross-sections 

with total dimensions of 100mm(H) ×100mm(W) ×1000mm(L). The HRA model is side-

branch mounted on the middle duct of the test section. Two pairs of B&K type 4189-A-

021 microphones are flush-mounted at the different sides of the test section to receive the 

acoustic pressure signals, and a B&K DAQ module 3160D is used to record the acoustic 

signal data. 

 

Figure 5.6. Sound transmission loss test in a grazing flow duct. 

The four-microphone method is used to calculate the sound transmission loss per unit 

length (TL/L). At the same time, the absorption coefficient (𝛼) of the side-branch mounted 

HRA is also calculated. After turning the acoustic pressure signal to the transfer function 

between each channel, TL/L and α can be calculated by (Wu and Wan, 1996; Guo, Fang, 
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Jiang, et al., 2021): 

TL/𝐿 =
20

𝐿
𝑙𝑔|

𝑃𝑖

𝑃𝑡
| =

20

𝐿
𝑙𝑔 |

𝐻21𝑒
𝑗

𝑘
1−𝑀𝑥

𝑥2
−𝑒

𝑗
𝑘

1−𝑀𝑥
𝑥1

𝐻23𝑒
𝑗

𝑘
1−𝑀𝑥

𝑥4
−𝐻24𝑒

𝑗
𝑘

1−𝑀𝑥
𝑥3

𝑒
𝑗
2𝑘𝑀𝑥

1−𝑀𝑥
2(𝑥3−𝑥1)

| (5.15a) 

𝛼 = 1 − |
𝑃𝑖

𝑃𝑡
|
2

− |
𝑃𝑖

𝑃𝑟
|
2

    (5.15b) 

where 𝑃𝑖  and 𝑃𝑡  are the pressure amplitudes of the incident sound wave and the 

transmitted sound wave, respectively. 𝑘 is the axial wavenumber. 𝑥1 − 𝑥4 represent the 

axial position of four microphones. In this flow duct system, the distance between 𝑥1 to 

𝑥2⁡and 𝑥3 to 𝑥4 are 100mm, while the distance between 𝑥2⁡ to 𝑥3 is 1500mm. 𝑀𝑥 is the 

flow Mach number. 

Figure 5.7 (a) illustrates the measured sound absorption coefficient of the side branch 

mounted HRA without background grazing flow. Compared to Figure 5.5 (a), there is a 

reduction in the absorption coefficient when the HRA is switched from normal installation 

to side branch mounting. This result suggests that the sound absorption performance of 

the HRA is somewhat lower in practical applications than in experimental testing. In 

Figure 5.8 (b), the TL/L result indicates that the HRA model can maintain a high TL 

performance of more than 20 dB/m between the prescribed frequency band of 200 to 800 

Hz. The results suggest that the designed HRA can be an effective absorber when installed 

in an operational HVAC duct system.  
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(a) 

 

(b) 

Figure 5.7 The acoustic performance of the side-branch mounted HRA model without 

grazing flow. (a) Sound absorption coefficient results. (b) Transmission loss spectra. 

5.4.2 Acoustic performance of the HRA in the presence of grazing flow 

A theoretical formula is presented here to calculate the TL/L results of the HRA under 

grazing flow conditions. According to Oh and Jeon (Oh and Jeon, 2022), the acoustic 

impedance of the HR model under different grazing flow conditions 𝑍𝑓𝑙𝑜𝑤  can be 

influenced by adding a flow term:  
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𝑍𝑓𝑙𝑜𝑤 = 𝑍𝐻𝑅
′ +

𝑅𝑓

𝜎
     (5.16) 

where 𝑅𝑓 = 𝑀𝑥(𝛿𝜈/2𝑟𝑛)−0.2/(2𝛽2)  is the flow correction term, 𝛽  is an empirical 

coefficient. Based on the research conducted by Seo et al.(Seo, Kim and Kim, 2018), 𝛽 =

3.64 is a suitable value in our model. 𝑍𝐻𝑅
′  is the acoustic impedance in Equation (5.1) 

with a modification in radiation impedance 𝑍𝑅: 

𝑍𝐻𝑅
′ =

𝑆𝑐

𝑆𝑛
(𝑍𝑣 + Z𝑅

′ + 𝑍𝑐𝑎𝜈)   (5.17a) 

Z𝑅
′ = 𝑘𝑟𝑛

2 + 𝑗[𝑘(𝑙𝑛 + (
16𝑟𝑛

3𝜋
)𝜙𝐼𝜙𝐺𝜙𝑅)]   (5.17b) 

where 𝜙𝑅 = 1/305𝑀𝑥
2 is neck length correction owing to the grazing flow rate. 

Equation (5.17) is utilized to compute the acoustic impedance of each layer of the HREN. 

Then, Equation (5.16), Equation (5.8), Equation (5.9) and Equation (5.13) are combined 

to calculate the total impedance of the HRA under grazing flow conditions. The TL per 

unit length results can be determined by: 

TL/𝐿 =
20

𝐿
𝑙𝑔 |1 +

𝜌𝑐

2𝑆𝑎𝑙𝑙𝑍𝑓𝑙𝑜𝑤
|    (5.18) 
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(a) U=5 m/s 

 

(b) U=10 m/s 

 

(c) U=15 m/s  
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(d) U=20 m/s 

Figure 5.8 Transmission loss performance of the side branch mounted HRA under 

different flow speeds. (a) U=5 m/s, (b) U=10 m/s, (c) U=15 m/s, (d) U=20 m/s.  

Figures 5.8 (a)-(d) present the TL/L results at various grazing flow speeds: 5 m/s, 10 m/s, 

15 m/s, and 20 m/s. The black solid lines illustrate the TL/L results derived from Equation 

(5.18), while the red dashed lines represent the measurement results. It is important to 

note that the loudspeaker used in this experiment is unable to generate a consistent white 

noise in the frequency range below 100 Hz. Therefore, the experimental TL/𝐿 data below 

100 Hz are not available. The experimental TL/L results between the specified frequency 

bands of 200 to 800 Hz reasonably fit well with the analytical results from Equation 

(5.18). This indicates the effectiveness of incorporating a flow term modification in 

Equation (5.18) for accurately predicting the influence of grazing flow on the transmission 

loss results of the HRA model. The TL/𝐿⁡ results can achieve around 20 dB/m between 

200 to 800 Hz under 20 m/s grazing flow speeds, demonstrating that our optimized HRA 

can be an effective low-frequency broadband absorber. 

5.5 Summary 
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In this chapter, we propose a Helmholtz Resonator Array (HRA) aiming at attenuating 

broadband low-frequency noise in the HVAC duct system under low-speed grazing 

conditions. The absorber is constructed by single and double-layer Helmholtz Resonator 

with Embedded Neck (HREN). A theoretical model is presented for determining the 

normal absorption coefficient of the designed HREN. The accuracy of the theoretical 

prediction is validated by experiments. An optimization process is employed to design an 

HRA with broadband low-frequency noise attenuation performance. The optimized HRA 

is composed of 8 single HRENs, and can achieve a sound absorption capacity of around 

0.78 of the designed frequency band between 200 to 800 Hz. Then, the designed HRA is 

side branch mounted on a flow duct to investigate its noise attenuation performance under 

grazing flow conditions. A flow correction term has been added to the theoretical model 

to consider the effect of different grazing flow speeds on the transmission loss 

performance of the designed HRA. The results show that the proposed theoretical model 

can effectively predict the transmission loss performance of the HRA under different 

grazing flow conditions. The designed array can achieve around 20 dB/m of the prescribed 

frequency band between 200 to 800 Hz under flow speeds lower than 20 m/s, 

demonstrating that optimized HRA can be an effective low-frequency broadband 

absorber. The total work can provide a systematic procedure for designing metamaterial-

based absorbers for the duct systems.    
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Chapter 6 

 

Conclusion and Suggestions for Future Work 

 

 
6.1 Conclusion 

The HVAC ductwork system has become an essential part of modern buildings as it can 

provide fresh air to indoor environments. However, the ventilation ductwork system often 

becomes a significant noise source, as it can propagate low-frequency sound over long 

distances into the room. The traditional design strategy for duct silencers focused on static, 

no-flow conditions, overlooking the background grazing flow. Additionally, noise 

transmitted from the fan and flow-generated noise at duct discontinuities have been 

recognized as the primary noise sources in the ventilation ductwork system. Therefore, 

enhancing low-frequency noise attenuation performance in the ventilation ductwork 

system under grazing flow conditions is vital for improving the indoor acoustic 

environment. This thesis aims to use the Helmholtz resonators array to control low-

frequency noise in the HVAC ductwork system in the presence of grazing flow. 

Experimental, analytical and numerical investigations are adopted to examine the fluid 

dynamics and acoustic performance of the Helmholtz resonator under various flow 

conditions.  

First of all, a flow duct is designed and manufactured to investigate the acoustic and flow 

dynamic performance of the side-branch mounted HRs model under grazing flow 
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conditions. This system enables a steady and silent background flow, with velocities 

ranging from 0 to 20 m/s, which is typical for building acoustics in ventilation ductwork 

design. Two anechoic terminations can attenuate 90% of the reflected acoustic wave 

between the frequency band of 50-1600 Hz, ensuring the correctness of the transmission 

loss measurement. The test section is constructed from an acrylic plate, allowing for 

effective flow visualization using particle image velocimetry.  

Secondly, the noise attenuation performance of a dual HR system under different grazing 

flow conditions has been examined numerically. The study first examines the effect of 

neck length. The results indicate that both the second resonant frequency and the 

maximum transmission loss (TLmax) increase when the length of the second neck extends. 

In comparison to a single HR system, dual HR provides an additional TL peak and is more 

effective as noise mufflers under higher flow rate conditions. Modifying the cavity 

volume significantly affects the resonance frequency and TLmax at lower flow rates; 

however, it is less effective at higher flow rates. Acoustic pressure field results show that 

a secondary acoustic wave source emerges downstream of the neck. By increasing the 

grazing flow Mach number, TLmax of both peaks has been decreased, and the second 

resonance frequency increased. Transmission loss results reveal that the flow Mach 

number has a greater impact on the first TL peak than on the second. Velocity field 

analysis indicates that as the Mach number increases, more air enters the first cavity, 

resulting in a higher average velocity in that space, while the velocity magnitude within 

the second neck and cavity approaches zero.  
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Thirdly, the sound transmission loss performance of a single HR model has been 

investigated experimentally. A semi-empirical formula has been proposed to estimate the 

TL results of the Helmholtz resonator model under different grazing flow speeds. The 

non-dimensional transmission loss correction term is fitted from measurement data to 

determine the transmission loss correction term. The proposed semi-empirical formula 

has been applied to the prediction of the TL results of the single Helmholtz resonator 

model under the grazing flow speed range of 0-20 m/s. Besides, the semi-empirical 

formula has been used to predict the TL results of the periodic Helmholtz resonators array 

under different grazing flow speeds. The fluid dynamics of the neck region of the 

Helmholtz resonator model under different flow speeds are investigated experimentally. 

As the grazing flow speed increases, the sound attenuation performance of the HR model 

decreases due to the increase in the shear layer area.  

Finally, a noise muffler consisting of a Helmholtz Resonator Array (HRA) has been 

proposed to reduce broadband low-frequency noise in the ductwork system under grazing 

flow conditions. The absorber consists of single and double-layer Helmholtz Resonators 

with Embedded Necks (HREN). A theoretical model is proposed to calculate the normal 

sound absorption coefficient of the designed HREN, and an experiment test is conducted 

to validate the theoretical model. An optimization process is employed to design an HRA 

capable of achieving effective broadband low-frequency noise attenuation. The optimized 

HRA comprises eight single HRENs and demonstrates a sound absorption capacity of 

approximately 78% across the target frequency range of 200 to 800 Hz. The designed 
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HRA is then side-branch mounted on a flow duct to evaluate its noise attenuation 

performance under grazing flow conditions. A flow correction term is incorporated into 

the theoretical model to predict the transmission loss result of the HRA under varying 

grazing flow rates. The results indicate that the theoretical model effectively predicts the 

TL results of the HRA under different grazing flow speeds. The designed array can 

achieve around 20 dB/m of the prescribed frequency band between 200 to 800 Hz under 

flow speeds lower than 20 m/s, demonstrating its effectiveness as a low-frequency 

broadband absorber. This work provides a systematic procedure for designing 

metamaterial-based absorbers for duct systems. The total work can provide a systematic 

procedure for designing metamaterial-based absorbers for the HVAC duct systems. 

6.2 Recommendations for future study 

Based on the current studies, several suggestions for future research are proposed as 

follows: 

In Chapter 5, the Helmholtz resonator-based acoustic metamaterial has proven to be a 

useful method for reducing low-frequency noise. The ventilation ductwork systems are 

often located in constrained spaces, and acoustic metamaterial can achieve perfect 

absorption with a light and compact geometry. Therefore, acoustic metamaterial 

represents a prospective solution for controlling low-frequency noise in the HVAC duct 

system. However, existing studies seldom consider the grazing flow conditions in the 

design stage of the acoustic metamaterials. In this study, we have conducted both 
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experimental and theoretical investigations into the noise attenuation ability of an HR-

based acoustic metamaterial in the presence of grazing flow. Further research should be 

conducted to develop high-performance acoustic metamaterials for controlling low-

frequency flow noise in HVAC duct systems.  

In this research, time-averaged Particle Image Velocimetry (PIV) has been performed to 

measure the velocity field and vorticity distributions near the neck of the Helmholtz 

resonator. Research shows that vortex convection of the side-branch mounted structures 

is highly associated with the acoustic cycles of the oscillation of the shear layer. The 

experimental techniques need to be improved to finish a phase-averaged PIV 

measurement to discuss the acoustic response of a side-branch mounted Helmholtz 

resonator in a complete acoustic cycle. The results could help us to understand the sound 

production mechanisms of the shear layer, and enable us to develop a more accurate 

theoretical model for predicting sound attenuation characteristics in the Helmholtz 

resonator under grazing flow conditions. 
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