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Summary 

The subject of this work is the investigation of low-frequency noise control in different areas of a 

common room model with a compound secondary source. Α primary source excites the room 

harmonically at a resonance, representing a steady-state low-frequency noise. Various topologies 

of compound sources are examined in multiple positions for the attenuation of the noise level, 

being used as control sources. The directivity of the latter is adaptive and dependent on the driving 

parameters. Numerical simulations of acoustic analyses are conducted with the finite element 

method. The simulation results show the effectiveness of compound sources for active noise 

control in small closed spaces. 

 
1. Introduction 

Τhe industrialization and mobilization of human 

endeavor have led to increased noise production. 

Low-frequency noise (LFN) is a major component 

of occupational noise and is emitted from a variety 

of sources such as rotating machines. Reduced 

perception abilities and risks to workers‟ health 

and safety are some of the effects caused by the 

exposure to low-frequency noise [1] [2]. It is 

highly pervasive to closed spaces and can be 

amplified by their modal behavior. It is also not 

easily attenuated due to the insufficient low-

frequency insulation and absorption of the room 

walls. Methods have been studied for assessing the 

noise-induced risk of the human hearing system 

during noise exposure [3] and the occupational 

LFN to prevent its effects on workers‟ 

performance [4]. 

Active noise control (ANC), is a method of 

suppressing an annoying sound. The basic concept 

of ANC, which is the destructive interference of 

acoustic waves among primary and secondary 

sources, was proposed as a sound damping process 

between waves having opposite phase [5]. In the 

free field, cancellation of a primary monopole's 

sound field using secondary multipoles has been 

studied [6]. A numerical study on the types of 

secondary sources for sound radiation control 

concluded that arrays of monopoles are suitable 

for controlling a large or time-variant primary 

source [7]. Regarding an enclosure, it was shown 

that when the control sources are placed at an 

antinode or at a pressure maximum of the primary 

field, substantial reduction of the latter is 

achievable for frequencies higher than the 

Schroeder frequency fs [8]. A proposed ANC 

system consisted of multiple compound secondary 

sources of two closely monopoles near to the 

primary source [9]. An equalization model [10] 

consisting of multiple low-frequency components 

driven each by a signal adjustable to amplitude 

and phase, can adapt to its surroundings to provide 

equal low-frequency coverage within a listening 

area. 

In this paper, the proposed method studies the 

attenuation of a LFN using one compound source 

through simulations in two Areas of Interest (AoI) 

of a common room model with low modal density 

sound field. A finite element model is developed 

using the “ANSYS Mechanical APDL” software. 

Simulation results present the control of a steady-
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state primary field using an adaptive compound 

source which couples to the acoustic modes of the 

room. A significant reduction of the noise level 

using different set-ups of compound sources is 

obtained. As the application of noise control in 

workplaces is focused on limited areas of 

occupancy, the proposed method shows the 

possibility of implementing the adaptive 

directivity sources to control a low-frequency 

noise in real cases. 

2. Compound sound sources in ANC 

A monopole, which is the simplest elementary 

sound source, at low frequencies can be 

approximated by a driver in a sealed box with 

dimensions much smaller than the radiated 

wavelength, so that     , where   is the 

wavenumber and   is the primary dimension of 

the source moving surface. A dipole source is 

consisted of two monopoles at a small distance  , 

radiating out of phase. The radiation conditions for 

the far-field are    ,    ,          and 

      where   is the wavelength and   the 

observation distance [11]. Considering the dipole 

as an elementary source, compound sound sources 

can be composed in many topologies [12]. 

Low-frequency directivity is controlled using the 

principles presented by Olson [13] concerning the 

gradient loudspeakers, which exploit two or more 

simple sources to achieve the desired radiation 

pattern. In a compound source, it is the result of 

the radiated wave superposition of the elementary 

sources and is dependent on the set-up and the 

driving parameters of each one. The control of the 

directivity pattern positively affects noise control 

by the superposition of a sound with the same 

waveform and inverse phase to the noise [14]. 

Compound sources can be used to substitute 

monopoles and reduce the number of channels of 

an ANC system [9].  

A compound source radiates differently regarding 

a free, semi-free and closed space. A review [15] 

concluded that a system, which is subject to the 

characteristics and configurations of the sources, 

benefits from a reflective surface on noise control. 

As the number of the elementary sources 

increases, the radiation pattern of a compound 

source involves narrower radiating lobes 

comparing to monopole sources and the radiation 

efficiency decreases, especially at low-frequencies 

[16]. The radiation is adapted by changing the 

driving parameters of the comprising sources. The 

change of acoustic pattern towards different 

directions was confirmed in the free field, as 

various compound source topologies were 

investigated in a previous work. The adaptive 

radiation of a compound source can control a 

modal field, as it was tested for an axial mode 

excitation in a typical-sized room model [17]. 

3. Analysis method of noise attenuation 
with compound sources 

The modal field with distinct and intense 

resonances and the lack of sufficient low-

frequency absorption are common issues in closed 

spaces. The acoustic response of a source is 

determined substantially by its position and 

coupling with the acoustic modes. Below the fs, an 

important portion of LFN is included. When a 

noise source is located at an anti-node of a room 

mode, it can be amplified significantly due to the 

maximized coupling. Since room modes have all 

their anti-nodes at room corners, they will be 

maximally excited with corner source-placement.  

Therefore, the radiation of a compound source 

highly depends on its location in the modal sound 

field. A longitudinal quadrupole, which consists of 

two consecutive dipoles along the same line, has a 

similar radiation pattern to a dipole with higher 

directivity. At low frequencies, if it is placed in 

front of a reflective surface, maximal 

reinforcement of the pressure output can be 

achieved by turning the orientation of the dipole-

axis parallel to it, acting mostly as a gradient 

source. The defined directivity causes excitation 

of modes that travel in the direction of the dipole-

axis [18]. Consequently, the position of a 

compound source is important in noise control. A 

summary is given [19] about the influence on the 

sources efficiency due to the proximity to room 

boundaries, the coupling to room modes and the 

source directivity on room response. 

In this paper, noise control FEM analyses were 

made in a rectangular room model with 

dimensions (x, y, z) = (4 m, 3.5 m, 2.8 m) as 

depicted in Figure 2, which is comprised of 

tetrahedral elements and reflective boundaries. 

The air density ρ0 and the sound speed c0 were 

1.21 kg/m
3 

and 343 m/s respectively. Both primary 

and secondary sources were modelled as point 

sources inside the room model.  
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Figure 1. Compound sources: a) longitudinal, b) lateral 

and c) cross quadrupole.  

Regarding the sources excitation, point mass 

sources introduce pressure wave excitations with a 

time-varying mass flow rate in kg/s [20]. 

Therefore, a combination of point sources is 

included as a forcing term in the acoustical wave 

equation, which results in the inhomogeneous 

Helmholtz equation for the steady-state sound 

pressure response, 
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where  ̂ is the magnitude of a point mass source 

operating at the forcing frequency        in 

  .  
The noise field minimization is examined in two 

AoI by finding an optimal set of driving 

parameters of the compound control source. 

Considering that quadrupole control set-ups are 

used, the adjustable driving parameters are the 

strengths of the two dipoles and their relative 

polarity. A brute force approach is used with a 

stepped sweep of these parameters to find a set of 

values that minimize the noise field in these areas. 

The strength of each dipole of the control source is 

calculated in dB relative to the primary source (qn 

= 1 kg/s). The difference between the strengths of 

the dipoles should not exceed 10 dB. 

The aim is to investigate three quadrupole set-ups 

as control sources; the longitudinal, the lateral and 

the cross quadrupole. Each one is a combination of 

two dipoles with varying polarity separated by a 

small distance d. The topology of each source is 

depicted in Figure 1. These sources are placed in 

various positions inside the cavity to attenuate the 

primary field in the two small areas at some low-

frequency resonances as depicted in Figure 2. The 

fs is about 400 Hz. The simulations are carried out 

at the room‟s natural frequencies: a) 43 Hz (1,0,0), 

Figure 2. Schematic diagram of the enclosure modelled 

with finite elements for noise minimization upon a 

surface using three compound control sources.  

b) 49 Hz (0,1,0), c) 65 Hz (1,1,0) and d) 86 Hz 

(2,0,0).  

Each rectangular AoI is sampled with sixteen 

measurement points distanced 0.3 m across the x 

and y directions upon a surface perpendicular to 

the third dimension (z = 0.5 m). Therefore, two 

areas of 0.9 m
2
 are tested for noise reduction. All 

sources are placed in this surface. The d between 

the comprising monopoles of each compound 

source is 15 cm, which satisfies the radiation 

conditions for the investigated frequencies.  

The metric for the evaluation of the control system 

is the noise level reduction calculated using the 

average sound pressure level Lav determined by 

 

         (
 

 
∑         
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where    are the sound pressure levels L1 to L16 at 

the measurement points in each AoI. Also, the 

standard deviation of the noise level reduction for 

the investigated modes is used. 

4. Simulation results and discussion 

An optimal location for each compound source 

was found to attenuate the primary field in both 

areas. The optimal one for using the longitudinal 

quadrupole is in position 1. Likewise, position 2 is 
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for the lateral quadrupole and position 3 for the 

cross quadrupole source, as shown in Figure 2. 

The performance of the three cases with the 

highest attenuation in the two areas is given in 

Tables I and II. From these results, it is obtained 

that for the AoI 1, the cross quadrupole provides 

the higher average noise level reduction among the 

four modes, whereas for the AoI 2, this stands for 

the lateral source with a slight precedence over the 

longitudinal. 

The optimal noise attenuation for the two areas 

and every mode using the three control sources is 

depicted in Figure 3. The spatial distribution of 

sound pressure level (SPL) is represented 

graphically for the investigated resonant 

frequencies in the enclosure, upon a surface 

perpendicular to the third dimension (z = 0.5 m). 

The SPL with ANC was obtained by superposition 

of the calculated primary and secondary source 

fields. 

For each resonant frequency, the SPL reduction of 

the noise field is important. While the sound field 

produced by the primary source is highly non-

uniform, all the major contributing modes of the 

enclosure are attenuated and the sound energy is 

distributed more equally after the control with a 

compound source.  

For every acoustic mode, the optimal driving 

parameter values of the secondary source are 

different, depending on the location of the area 

under investigation. The AoI 2 is next to a corner 

and consequently, upon the pressure maxima of 

each mode. On the contrary, many modes have 

pressure minima upon the AoI 1 which is located 

at the center of the room, as it can also be seen in 

Figure 3. Nevertheless, there are occasions where 

the noise attenuation is sufficient enough in both 

areas, using the optimal control set-up and driving 

parameters for one area only. Such an example can 

be observed in Figure 3 for the (1,0,0) mode, 

where while the lateral quadrupole in position 2 is 

optimal for noise attenuation in the AoI 1, it also 

provides sufficient reduction in the AoI 2. 

Additionally, there are cases where the highest 

noise attenuation for both areas is obtained using 

the same compound source set-up in a steady 

position without having to change the driving 

parameter values. This is depicted in the same 

Figure for the resonances of 49 Hz and 65 Hz 

using the longitudinal and the cross quadrupole in 

positions 1 and 3 respectively. Furthermore, other 

distinct areas than the two investigated inside the 

enclosure are also seemed to benefit under this 

state. 

While for each AoI and mode examined the 

optimal driving values of each compound source 

usually differ, ANC combinations for the two 

areas by implementing the parameter values of 

each other were examined. The comparative 

results are shown in columns in Figure 4 for each 

compound source, with the average noise level 

reduction and the standard deviation for the four 

modes. Regarding the four cases across the 

horizontal axis, „1from1‟ shows the case of 

average noise reduction to AoI 1 for the four 

modes using the optimal parameter values of the 

specific compound source for the same area. 

„2from1‟ is the case of AoI 2 reduction using the 

optimal values of the secondary source for the AoI 

1 and the opposite stands for the „1from2‟. 

„2from2‟ is the case of primary field reduction to 

AoI 2 using the optimal values for the same area. 

This allows observing what happens 

simultaneously in the two areas using the optimal 

parameters for each one and whether important 

differences exist. 

In all cases, sufficient noise attenuation of more 

than 25 dB is attained for the three secondary set-

ups and their combined optimized values with the 

two areas. From these results, it seems that the 

cross quadrupole source has the most uniform 

functionality for the observed four combinations, 

giving more than 25 dB average noise reduction 

and having the lower standard deviation. 

The longitudinal quadrupole has the most 

diverting behavior, showing up to 20 dB deviation. 

Table I1. AoI 1: Noise level (dB). 

Mode 100 010 110 200 average 

Noise 84.9 89.6 69.6 83.3 81.9 

Table I2. AoI 1: Noise level reduction (dB) with three 

compound set-ups. 

Mode 100 010 110 200 average 

Pos.1 44.5 42.1 5.4 19.8 28.0 

Pos.2 30.5 30.7 15.6 33.5 27.6 

Pos.3 30.5 40.2 29.6 26.1 31.6 

Table II1. AoI 2: Noise level (dB). 

Mode 100 010 110 200 average 

Noise 95.0 98.0 87.7 80.2 90.2 
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1-0-0 

(43 Hz) 

0-1-0 

(49 Hz) 

1-1-0 

(65 Hz) 

2-0-0 

(86 Hz) 

Primary field AoI 1 AoI 2 

 

Table II2. AoI 2: Noise level reduction (dB) with three 

compound set-ups. 

Mode 100 010 110 200 average 

Pos.1 50.8 56.2 8.0 29.0 36.0 

Pos.2 46.3 45.9 29.0 29.5 37.7 

Pos.3 40.6 28.6 38.8 13.2 30.3 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Regarding the case of AoI 2 using the 

corresponding optimal values, the longitudinal 

source can provide about 6 dB more average noise 

attenuation than the cross quadrupole. 

The lateral quadrupole shows a similar behavior to 

the longitudinal source regarding the noise 

reduction for the four modes, but the deviation for 

each combination is much lower. 
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Figure 3. Optimal noise attenuation of the SPL (dB) using a compound control source for each area and mode.  
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Figure 4. ANC results with three secondary 

quadrupoles. Blue and red columns show the four-

modes average noise reduction and standard deviation 

respectively. 

5. Conclusions 

Three set-ups of compound sources were 

investigated in a common room model as a new 

approach for ANC application in enclosed spaces. 

It was shown that by adjusting the strength and 

polarity of the comprising dipoles, attenuation of a 

primary field in different areas of interest can be 

achieved through the exploitation of the adaptive 

directivity of a compound source located in a 

steady position. There is no need to turn or 

relocate the source for attenuating the noise field 

in different areas, as this can be achieved only by 

changing the directivity of the former through its 

driving signals. Furthermore, regarding the 

attenuation of a different frequency region of the 

primary source, only an intervention to the driving 

parameters of the control system is required.  

The topology of the compound source depends on 

the excitation of modes, the area under control and 

the availability of space. Longitudinal sources can 

offer a good solution, especially regarding the 

attenuation of a specific acoustic mode. Instead, 

quadrupoles like the cross or lateral, which do not 

have their dipoles along the same line, can also 

offer a satisfying solution if more areas are to be 

controlled at the same time and there is no 

capability of driving the compound source with 

different signals.      

This study of noise attenuation was attempted in 

two different restricted areas of a small room, as a 

generalization of a problem encountered in 

industry. In many cases from the above simulation 

results, noise reduction was shown to be achieved 

in more distinct areas than those tested with the 

same driving parameter values.  

In such a small space, a factor of limitation is the 

number and dimensions of the compound sources 

in combination with the available space for 

implementation. While in conventional control 

techniques the secondary sources tend to be more 

than one and distributed monopoles inside the 

space, this method offers the alternative to use one 

source concentrated in a single position. 

The results of the present study show the potential 

of the technique that uses the specific compound 

sources in noise control applications and indicate a 

direction to their topology. Further investigations 

including different set-ups of compound sources 

with more poles should be investigated. 
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