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Abstract

:

In order to solve the problem of low-frequency noise of aircraft cabins, this paper presents a new Helmholtz type phononic crystal with a two-dimensional symmetric structure. Under the condition of the lattice constant of 62 mm, the lower limit of the first band gap is about 12 Hz, and the width is more than 10 Hz, thus the symmetric structure has distinct sound insulation ability in the low-frequency range. Firstly, the cause of the low-frequency band gap is analyzed by using the sound pressure field, and the range of band gaps is calculated by using the finite element method and the spring-oscillator model. Although the research shows that the finite element calculation results are basically consistent with the theoretical calculation, there are still some errors, and the reasons for the errors are analyzed. Secondly, the finite element method and equivalent model method are used to explore the influence of parameters of the symmetric structure on the first band gap. The result shows that the upper limit of the first band gap decreases with the increase of the lattice constant and the wedge height and increases with the increase of the length of wedge base; the lower limit of the band gap decreases with the increase of the wedge height and length of wedge base and is independent of the change of lattice constant, which further reveals the essence of the band gap formation and verifies the accuracy of the equivalent model. This study provides some theoretical support for low-frequency noise control and broadens the design idea of symmetric phononic crystal.
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1. Introduction


During take-off and flight, aircraft will produce huge noise, especially the low-frequency noise, which will seriously affect the physical and mental health of flight personnel and ground crew [1] and cause acoustic fatigue of the aircraft structure and electronic equipment [2]. According to previous studies, the low-frequency noise energy in a turboprop aircraft cabin is mainly concentrated in 0~500 Hz [3]. It cannot be effectively controlled by the conventional sound insulation materials currently applied due to the long wavelength of low-frequency noise [4]. In order to solve such noise problems of aircraft cabins, it is important to isolate the noise in the propagation path. Since aircraft has high requirements for structural strength and weight, it is critical to study and use a low-frequency sound insulation structure with lightweight and low density to isolate the noise in the process of noise propagation [5].



Phononic crystals refer to a class of materials with special acoustic properties [6]. Many phononic crystals are symmetrical in structure, which is a universal standard in acoustic research and design [7]. The periodic arrangement of symmetrical structures makes phononic crystals exhibit different acoustic properties. The special acoustic properties of such materials are generally realized through structural design. One of the important acoustic properties is the existence of elastic wave “band gap” [8], whose band gap characteristics are as follows: when elastic wave propagates in phononic crystal, it is affected by its internal periodic structure to form a special dispersion relation. The frequency ranges between the dispersion relation curve are called band gaps, which correspond to the frequency ranges in which no branch of the dispersion relation exists. Theoretically, the elastic wave propagation in the band gap frequency range is suppressed, while the elastic wave in the other frequency range (pass band) will propagate lossless under the action of the dispersion relation. Helmholtz cavity is a kind of common acoustic structure. Its main principle is to make use of the resonance characteristics of the air itself. The structure generally contains a small air channel and a large cavity. This makes the structure have good advantages in lightweight and low-frequency design. The structure has a wide range of applications in noise control [9,10,11,12,13,14,15], acoustic metamaterials [16,17,18], acoustic lenses [19], and acoustic metamaterials with negative refraction [20] and ultrasonic focusing [21]. In recent years, Helmholtz type phononic crystals using the principle of local resonance have become one of the hot research issues of acoustic metamaterials and phononic crystals. Nansha Gao et al. [22] proposed the composite meta-porous structure embedded multiple lateral plates of different lengths, finding that this structure has a high sound absorption performance in the range of 0~6.4 kHz. Guan et al. [23] increased the length of the air column at the opening through the helical design, reducing the first band gap range to 217~492 Hz. The cylindrical slit Helmholtz structure designed by Liu Min et al. [24] opens the low-frequency band gap below 100 Hz. Chen Xin et al. [25] constructed a coupling structure between the Helmholtz resonator and elastic oscillator, reducing the lower limit of the first band gap to 24.5 Hz.



These studies are significant for improving the sound insulation effect of the Helmholtz structure. However, due to the limited opening length of the traditional Helmholtz structure, the equivalent oscillator mass is difficult to be further improved. If the lower limit of the band gap needs to reduce further, it is often necessary to increase the size of the structure, or reduce the volume of the inner cavity, which will affect the band gap characteristics of the structure and also limit its application in engineering [25]. In this paper, a new Helmholtz phononic crystal is designed based on the research of the Helmholtz phononic crystal designed by Chen Xin [26], who designed a phononic crystal using a Helmholtz resonator with a membrane wall. Although the starting frequency of the first band gap is reduced, the width of the first band gap is also reduced. In addition, the membrane needs to be fixed on a rigid frame, but the tension is not easy to control. When the structure is put into a practical application, each cell needs to be combined into a large plate-like structure. Thus it is necessary to consider how to fix the frame. Consequently, the new Helmholtz phononic crystal is designed with a rigid wall. The lower limit of the first band gap is further reduced without increasing the size of the structure or reducing the volume of inner cavity. The band gap mechanism is analyzed in detail, and the equivalent model is established. With a size of 60 mm, the lower limit of band gap is reduced to 12 Hz, and the width is ensured to be above 10 Hz. This is critical because it could better realize the control of large wavelengths with small size. The structure design breaks through the low-frequency limit of the traditional Helmholtz two-dimensional phononic crystal. It also broadens the design idea of low-frequency phononic crystal and expands its application scope in engineering.




2. Materials and Methods


2.1. Low-Frequency Band Gap Characteristics


The cross-section diagram of the new Helmholtz type phononic crystal structure is shown in Figure 1. Based on the Helmholtz phononic crystal structure, this paper optimized the air channel of the Helmholtz cavity. A certain number of wedges were added to the original smooth wall surface. The shape of the air channel was transformed into a “W” type channel. Since the existence of symmetry affects the function and performance of the structure [27], the symmetry of phononic crystal structure was emphasized in structural design. Under the condition of not reducing internal cavity volume, the design dramatically increased the length of the air channel, which greatly increased the equivalent mass of the oscillator of the equivalent model. Furthermore, the optimization of parameters further reduced the lower limit of the first band gap and also improved the performance of sound insulation. As shown in Figure 1, the specific parameters of the phononic crystal and the wedge were as follows: the whole cell was square and the lattice constant was a, the length of the cavity was l1, the thickness of the wall was b, the total length of the air channel was l2, the equivalent width of the air channel was s. Each wedge attached to the beam was an isosceles triangle with base d and height h, the length of the beam was l3, the thickness of beam was b, the number of beams was n1. Moreover, the direction of propagation of the sound waves and the arrangement of cells are also shown in Figure 1.



Under the conditions of l1 = 60 mm, b = 1 mm, s = 0.15 mm, a = 62 mm, d = 0.3 mm, h = 0.7 mm, n1 = 20, l2 = 2400 mm, l3 = 57 mm, using COMSOL Multiphysics software simulation, the band gaps in the range of 0–500 Hz were obtained by scanning the Helmholtz type phononic crystal structure along the irreducible Brillouin zone boundary. During the simulation, the pressure acoustics module and structural mechanics module were selected in the software. In order to prevent the vibration of the frame from interfering with the study of the bandgap mechanism, the structural frame was set to the fixed constraint state. Although the phononic crystal structure was not strictly centrally symmetric, its band gap mechanism was based on the local resonance principle, thus it can still scan according to the irreducible Brillouin zone of the square lattice during software simulation, which has been widely used in the study of band gap [28].



As shown in Figure 2a, the phononic crystal structure had 7 band gaps in the range of 0~500 Hz, and there was a low-frequency complete band gap with a lower limit of about 12 Hz and a width of more than 10 Hz (the starting point A and ending point B of the first band gap has been marked in the figure). The new Helmholtz phononic crystal structure had band gaps of 12.0~26.6 Hz, 74.1~82.8 Hz, 145.1~150.1 Hz, 216.7~220.2 Hz, 288.4~291.1 Hz, 360.2~362.4 Hz, and 431.9~433.7 Hz. The band diagram of the first and second bandgaps are shown in Figure 2b. As shown in the figure, the branches of the band diagram were extremely flat except at the proximity of the point Γ, which means the structure had almost the same natural frequency in different directions, the vibration energy was completely localized in the inner cavity of the structure. It suggests that, compared with standard phononic crystals, the Helmholtz resonator had excellent absorption and attenuation effect on low-frequency noise, and its working frequency was specific.




2.2. Structural Equivalent Model


For the phononic crystal materials, the performance of sound insulation in the low-frequency range was important. Therefore, the vibration mode of the first band gap was studied in this paper.



The sound pressure distribution of point A and point B is shown in Figure 3.



At point A, as shown in Figure 3a, the sound pressure in the inner cavity was the highest, and the sound pressure in the outer cavity was basically 0. It shows that the air in the channel resonates locally with the air in the inner cavity under the excitation of sound waves. Sound waves were localized in the inner cavity, unable to spread further. It corresponds to the lower limit of the band gap.



At point B, as shown in Figure 3b, the sound pressure in the inner cavity was the lowest, while the sound pressure in the outer cavity was the highest, the air pressure in the channel increased gradually from inside to outside. It showed that the air in the inner cavity, the air in the channel, and the air in the outer cavity vibrated in the same direction and that sound waves can travel in the outer cavity. As the frequency of the sound waves increased, they began to travel into the cavities of neighboring structures. It corresponds to the upper limit of the band gap.



For this structure, this paper selected the spring-oscillator model to analyze it. Firstly, for the air in the channel, since the volume and width of the air channel was much smaller than the inner cavity, and the length of the air channel was much smaller than the wavelength of the sound wave, it could be assumed that the air in the channel was incompressible and moved synchronously. In other words, the vibration of the air in each part of the channel was approximately the same, and the air in the channel vibrated as a piston. Consequently, it can be regarded as a mass oscillator, and its equivalent mass was expressed by m; secondly, for the air in the inner and outer cavity, since the volume of the air in the inner and outer cavity was much larger than the volume of the air in the channel, the inertia force caused by air vibration can be ignored, thus it can be regarded as a massless spring, whose equivalent stiffness is represented by k1 and k2, respectively.



To sum up, as shown in Figure 4, the equivalent models were established for starting point A (as shown in Figure 4a) and ending point B (as shown in Figure 4b).



The equivalent model of this structure can be used to calculate the band gap by using the transfer matrix method [29]:



Firstly, the height of the structure was set to 1, and the cross-sectional area of the air channel can be expressed by s1. For the air in the inner cavity, it can be regarded as a massless spring, and its equivalent stiffness is:


   k 1  =   d F   d x   =    s 1  E d x   x d x   =    s 1  E  x  =    s 1    2  E    V 1     



(1)




and the formula of elastic wave propagation velocity in the continuous medium [30] is:


  c =    E   ρ  a i r        



(2)







Substituting Equation (2) into Equation (1), we can get:


   k 1  =    ρ  a i r    c 2   s 1    2     V 1     



(3)







Its transfer matrix is:


   U 1  =  [     1    −    V 1     ρ  a i r    c 2   s 1    2         0   1     ]   



(4)







In the formula, E is the volumetric elastic modulus, x is the air movement distance at the cavity mouth, c is the sound velocity in the air, ρair is the air density, and V1 is the volume of the inner cavity.



Secondly, for the air in the channel, this part can be regarded as the mass oscillator, and its free vibration equation is:


     ∂ 2  u   ∂  t 2    =  c 2     ∂ 2  u   ∂  x 2     



(5)







Its transfer matrix is:


   U 2  =  [      cos ( β  l 2  )       − sin  (  β  l 2   )    β  ρ  a i r    c 2   s 1          β  ρ  a i r    c 2   s 1  sin  (  β  l 2   )      cos  (  β  l 2   )       ]   



(6)







In the formula, u is the longitudinal amplitude, x is the transverse coordinate, t is the time, l2 is the total length of the air channel,   β =    ω 2  /  c 2     , ω is the angular frequency.



Finally, the equivalent model of the air in the outer cavity can be regarded as a massless spring.



Its equivalent stiffness is:


   k 2  =    ρ  a i r    c 2   s 1    2     V 2     



(7)







Its transfer matrix is:


   U 3  =  [     1    −    V 2     ρ  a i r    c 2   s 1    2         0   1     ]   



(8)







In the formula, V2 is the volume of the outer cavity.



The direction of transmission was set to propagate from the outer cavity to the inner cavity. At the upper limit of the band gap, since the air in the outer cavity can transmit sound waves, the transmission order is “outer cavity-channel-inner cavity” thus the overall transfer matrix can be written as:


   U  u p   =  U 1   U 2   U 3   



(9)







At the upper limit of the band gap, the boundary is the air spring of the outer cavity, thus the boundary condition is the fixed constraint state. The total transfer equation of the equivalent model of point B can be written as:


   [     0       N  2 b        ]  =  U  u p    [     0       N  1 b        ]   



(10)







Simplifying Equation (10), we can get:


   {     [     (  β  V 1   V 2  −  ρ  a i r    c 2   s 1    3   )  sin ( β  l 2  )    ρ  a i r    c 2   s 1    3    −    V 1  +  V 2     ρ  a i r    c 2   s 1    2    cos ( β  l 2  )  ]   N  1 b   = 0      N  2 b   =  [  cos ( β  l 2  ) −   β  V 2  sin ( β  l 2  )    s 1     ]   N  1 b        



(11)




where N2b and N1b are the forces exerted by the inner and outer air cavities on the boundary respectively in the equivalent model of point B, and the units are in [N]



At the lower limit of the band gap, the air in the air channel resonates with the air in the inner cavity, and the sound wave cannot propagate in the outer cavity. The transmission order is “channel-inner cavity.” Then, its overall transfer matrix is:


   U  d o w n   =  U 1   U 2   



(12)







At the lower limit of the band gap, the boundary is the air oscillator of the channel, thus the boundary condition is the free state. The total transfer equation of the equivalent model of point A can be written as:


   [     0       N  2 a        ]  =  U  d o w n    [       X  1 a        0     ]   



(13)







Simplifying Equation (13), we can get:


   {     [  cos ( β  l 2  ) −   β  V 1  sin ( β  l 2  )    s 1    )  ]   X  1 a   = 0      N  2 a   = β  ρ  a i r    s 1   c 2  sin ( β  l 2  )  X  1 a        



(14)




where X1a is the displacement of the air oscillator in [m], N2a is the force exerted by the inner cavity on the boundary in the equivalent model of point A, and the unit is in [N]. Substituting the parameter values in Table 1 into Equations (11) and (14), the upper and lower limits of each band gap of the structure can be respectively solved.



In this paper, 2 methods, the Finite Element Method (FEM) and Transfer Matrix Method (TMM) were used to solve the upper and lower limits of all band gaps of this structure in the range of 0~500 Hz. As can be seen from Table 2, for the 2 band gaps of the structure, the results obtained by the 2 methods were basically the same, which shows the correctness of the hypothesis of the model. The main cause of the errors was that when the channel length and width were evaluated, due to the existence of wedges, they could not be accurately calculated and can only be used for equivalent approximation. The approximate value was taken as the equivalent length l2 and equivalent width s of the air channel, which leads to certain errors in the calculation. In addition, when the equivalent width s of the air channel was large, the theoretical calculation value will have large errors. This was because the ratio of the volume of the inner and outer cavity to the volume of the air in the channel was small, and the influence of compressibility of the air in the channel cannot be ignored.





3. Results


3.1. Structure Sound Insulation Characteristics


In order to study the sound insulation performance of this structure and compare the similarities and differences between the actual structure and the simulation model, a two-dimensional model of the periodic phononic crystal structure was constructed in this paper. As shown in Figure 5, 7 cells were connected in longitudinal series, and the background pressure field was arranged at the left end of the periodic structure (part 2 in the figure). The perfect matching layer (part 1,4 in the figure) was set at both ends of the periodic structure, respectively, to simulate the infinite air domain. Finally, periodic boundaries were set at the upper and lower boundaries to simulate the horizontal infinite period. The cell of the structure is also shown in the figure.



The sound reduction index was used to measure the level of sound insulation provided by a structure. The calculation formula of the sound reduction index is as follows:


  T = 20 lg  (     P  i n      P  o u t      )   



(15)




where, T refers to sound reduction index, Pin represents the incident sound pressure, and Pout represents the output sound pressure.



The sound reduction index of the structure was calculated by COMSOL Multiphysics, and the transmission spectrum is shown in Figure 6. As shown in the figure, firstly, there were seven peaks in the spectrum, and the location of the peak was the same as the lower limit of the band gaps, which indicates that peaks were in good agreement with the calculated results of the bandgap. Secondly, the sound reduction index of this structure reached the maximum value of 88.4 dB at about 432 Hz. In the range of the first band gap, a peak of more than 40 dB appeared at about 12 Hz. Moreover, it can also reach 23.4 dB in the low-frequency domain of about 74 Hz. The result shows that the structure has great low-frequency sound insulation performances. Thirdly, the sound insulation effect of the structure in the high-frequency range was greater than that in the low-frequency range, which was consistent with the general sound absorption law of phononic crystals. Finally, the sound insulation index was negative at some frequencies. This was because the sound waves were reflected on the wall of the structure many times. The output sound waves from all directions interfered with each other, which makes the output sound pressure larger than the incident sound pressure, making the sound reduction index negative.




3.2. Study on the Influencing Factors of Band Gap


In order to study the influence of structural parameters on the first band gap, and further reveal the essence of the formation of the band gap, this paper used COMSOL Multiphysics software for simulation experiments and the equivalent model for theoretical calculation. The finite element method and transfer matrix method were used to calculate the frequency variation of the band gap with the change of parameters. As shown in Table 3, the experiments changed the structural parameters: the length of wedge base d, wedge height h and lattice constants a; other structural parameters remain unchanged: the length of the cavity l1, the thickness of the wall and the beam b, the length of the beam l3 and the number of beams n1. Through the experiment, we found that the structure had better bandgap characteristics and sound insulation characteristics. When the initial structural parameters were selected, we can get a low-frequency complete band gap with a lower limit of about 12 Hz and a width of more than 10 Hz.



3.2.1. Influence of the Length of Wedge Base d on Band Gap


Figure 7 shows the relationship between the upper and lower limits of the first band gap and the length of wedge base d. During the experiment, the length of wedge base d was changed, and other parameters remain unchanged. As shown in Figure 7, as the length of wedge base d increasing, the upper limit and lower limit of the first band gap constantly increased. Meanwhile, the width of the band gap tended to widen. This was because, under the condition that the length of the beam l3 was not varied, the length of the wedge base d kept increasing, thus that the number of the wedge attached to the beam kept decreasing. Finally, the length of the “W”-shaped air channel l2 decreased correspondingly, leading to the constant decrease of the equivalent mass m of the air in the channel, thus making the upper and lower limits of the first band gap rise continuously. These results showed that the increase of d will lead to the upper and lower limits of the first band gap moving to the direction of high frequency.




3.2.2. Influence of the Wedge Height h on Band Gap


Figure 8 shows the relationship between the upper and lower limits of the first band gap and the wedge height h. During the experiment, the wedge height h was changed and other parameters remain unchanged. As shown in Figure 8, with the increasing of h, the lower limit and upper limit of the first band gap continuously decreased, and the width of the band gap tended to narrow. This was because, under the condition that the length of wedge base d was given, the width of gap between the wedges decreased with the increase of the height h, thus that the equivalent width of the air channel s decreased correspondingly. Finally, it will lead to the reduction of the equivalent stiffness k1 and k2 of the spring in the equivalent model, thus that the upper and lower limits of the first band gap continued to decrease. These results showed that the increase of the wedge height h will lead to the upper and lower limits of the first band gap moving to the direction of low frequency.




3.2.3. Influence of the Lattice Constant a on Band Gap


Figure 9 shows the relation between the lower limit and upper limit of the first band gap and the lattice constant a. In the process of experiment and theoretical calculation, other structural parameters remain unchanged, and the lattice constant a was changed. The result is shown in Figure 9. It can be seen from the figure that the change of the lattice constant a basically did not affect the lower limit of the first band gap, because the total transfer matrix of the equivalent model at the lower limit of the band gap was independent of the air in the outer cavity. The change of lattice constant a only changed the equivalent stiffness of the air in the outer cavity, thus the lower limit of the band gap will not be affected. For the upper limit of band gap, the increase of lattice constant a will directly lead to the increase of the volume of outer cavity V2, leading to the decrease of the equivalent stiffness k2 of the air in the outer cavity. It will lead to the limit moving to low-frequency direction. The results prove the consistency of the simulation experiment and theoretical calculation. For this structure, when making a periodic arrangement, the smaller the spacing between the cells, the wider the band gap will be.






4. Discussion


In this paper, a new Helmholtz type phononic crystal with a two-dimensional symmetric structure was designed. The air channel was modified based on the W-shaped air channel, and wedges were added to the original smooth wall surface. The equivalent model of the system was established, and the study shows that:




	
First item; the symmetric structure design can break through the limit of the traditional Helmholtz cavity structure band gap, reducing to 12 Hz with a structure size of 60 mm, and ensure the band gap width of more than 10 Hz. It has engineering significance for the application in the field of low-frequency vibration reduction and sound insulation of aircraft cabins.



	
Second item; in this paper, the spring-oscillator model is used to conduct equivalent analysis on the structure. The upper and lower limits of the band gap are solved by the finite element method and the transfer matrix method. The results obtained by the two solutions are basically consistent, which shows the correctness of the model hypothesis.



	
Third item; the effects of structural parameters such as the length of the wedge base, the wedge height, and the lattice constant on the upper and lower limits of the first band gap are analyzed. It can be seen from the analysis that the wedge with a smaller base and higher height is beneficial to improve the sound insulation performance of the structure in the low-frequency range. Keeping a small lattice constant is one of the key factors to obtain a wide band gap.









5. Conclusions


This paper focuses on the low-frequency band gap characteristics of the new Helmholtz type phononic crystal and comprehensively uses the transfer matrix method, finite element method, equivalent model method, and other methods. Firstly, the band gap mechanism of Helmholtz phononic crystal was analyzed, and then the equivalent model of the spring oscillator was constructed, and its acoustic performance was studied. The study includes the formation law of band gap, the influencing factors of band gap, and the performance of sound insulation.



Based on existing research, this paper has made some innovative research on improving the low-frequency sound insulation performance and band gap characteristics of the Helmholtz type phononic crystal. However, there are still some problems that need to be further discussed. For example, thermal viscosity is a factor to be considered. This paper is only discussed in the range of pressure acoustics. If the designed structure is to be applied in practice, thermal-viscous acoustics should be added for a more detailed study. In addition, the research content of this paper is still mainly limited to the linear field, the flow of air is also an important factor. In future research, these factors can be taken into consideration to carry out further research.
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Figure 1. The schematic diagram of the structure cross-section and arrangement of cells. 
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Figure 2. (a) Band diagram of 0~500 Hz; (b) band diagram of the first and second bandgaps. 
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Figure 3. (a) Sound pressure distribution diagrams of point A; (b) sound pressure distribution dia-grams of point B. 
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Figure 4. (a) The equivalent model of point A; (b) the equivalent model of point B. 
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Figure 5. Schematic diagram of sound insulation volume simulation. 
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Figure 6. Transmission spectrum. 
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Figure 7. Influence of the length of wedge base d on the first band gap. 
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Figure 8. Influence of the wedge height h on the first band gap. 






Figure 8. Influence of the wedge height h on the first band gap.



[image: Symmetry 13 01379 g008]







[image: Symmetry 13 01379 g009 550] 





Figure 9. Influence of lattice constant a on the first band gap. 
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Table 1. The values of structural parameters.
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	Parameters
	ρair (kg/m3)
	c (m/s)
	s1 (m2)
	V1 (m3)
	V2 (m3)
	l2/m





	Value
	1.25
	343
	1.5 × 10−4
	1.16 × 10−3
	2.44 × 10−4
	2.4
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Table 2. The low-frequency band gap range obtined by the two methods.
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	Computing Method
	Lower Limit of First Band Gap
	Upper Limit of First Band Gap
	Lower Limit of Second Band Gap
	Upper Limit of Second Band Gap





	FEM
	12.0
	26.6
	74.1
	82.8



	TMM
	12.1
	26.5
	73.6
	82.2



	Error
	0.83%
	0.38%
	0.67%
	0.72%
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Table 3. The combination of structural parameters.
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	Parameters
	d/mm
	h/mm
	a/mm
	l1/mm
	n1
	b/mm
	l3/mm





	Initial structural parameters
	0.6
	0.8
	62
	60
	20
	1
	57



	Variation range of structural parameters
	[0.5, 3.0]
	[0.3, 0.8]
	[62, 70]
	60
	20
	1
	57
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