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Abstract. There are a lot of principles for sound transmission in the 

pipeline for whether sound transmission structure or noise reduction 

structure. Even in ultrasonic testing, there is a large number of principles for 

using pipeline sound transmission. Based on the sound propagation model 

and the boundary conditions of pipe wall sound absorption, the sound 

propagation equation for pipe wall sound absorption is given by establishing 

mathematical model and solving mathematical equation in this paper. When 

the distribution of sound field along the cross-section of the pipe (outlet) is 

ignored, the transmission efficiency of sound with different frequencies can 

be calculated or the sound absorption efficiency can be calculated. The 

analytical solution of the sound transmission equation in the pipeline has 

great theoretical significance and practical value for guiding the structural 

design of sound transmission and noise reduction, improving the calculation 

efficiency and verifying the numerical analysis results. 

Keywords: Sound propagation equation, Sound transmission in pipeline, 

Sound absorption structure. 

1 Introduction 
The propagation of sound pressure in medium satisfies the wave equation. The essence 

of sound is the mechanical vibration of medium, and the sound propagation is determined by 

wave equation. The physical properties and spatial distribution of the vibration of medium 

can be derived from the wave equation. For example, the wave equation of string is a special 

case of sound phenomenon. In the process of sound transmission, the sound pressure of 

different volume elements is different at the same time, and the sound pressure is different in 

different time in the same volume element. It can be seen that the change of sound pressure 

is a function of time and space. Compared with the speed of sound propagation, the 

measurement of sound pressure is more easy to realize, so the model with sound pressure as 

a function has become a widely used physical model to describe the properties of sound 

waves. 
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Pipeline sound transmission is widely used in sound transmission structure and noise 

reduction structure [1-3]. The sound transmission process in the pipeline is characterized by 

relatively concentrated energy and relatively standardized waveform. The acoustic vibration 

of any point in the pipe is the result of the combination of incident wave and reflection wave. 

Thus, the sound pressure at any point in the sound propagation path is the synthesis of the 

incident wave sound pressure and the reflected wave sound pressure. During the process of 

sound propagation in the pipeline, when the section of the pipeline is transformed, the 

acoustic pressure and acoustic impedance are also transformed. One part of the incident wave 

will be reflected back to the original pipe, while the other part will continue to propagate in 

the new section pipeline. When the boundary effect of the pipeline is not considered, the 

sound propagation in the pipeline can be regarded as the plane wave propagation process. 

The characteristics of pipeline sound transmission are their unique boundary conditions. 

Sound is transmitted along the direction of pipe diameter. When there is no sound absorption 

effect on the pipe wall, it can be approximately the plane propagation of sound. When there 

is sound absorption effect on the pipe wall, the boundary conditions of the pipe wall sound 

absorption are added, that is, the sound pressure of the pipe wall decreases a certain 

proportion compared with the sound pressure in the center of the pipe. This ratio is similar to 

the absorption coefficient of the wall to the sound. When sound travels along the pipeline, 

because it satisfies the wave equation of sound propagation, corresponding numerical 

analysis method can be established. At present, most of the acoustic field analysis of the 

pipeline structure is carried out by numerical solution. The general flow of numerical 

simulation is: firstly, the mathematical model is carried out for specific problems, and the 

appropriate control equation is found. Then, the mathematical model is discretized by the 

corresponding numerical method, and the computer aided operation is added to solve the 

problem. In engineering and scientific research, numerical methods are often used to simulate 

corresponding problems. Compared with traditional theoretical analysis and experimental 

methods, numerical simulation experiments have many advantages, such as experiments 

which are not convenient for observation and calculation, and can be calculated by model, 

with strong operability and wide application. Finite difference is a common method in 

numerical calculation, and they are widely used in seismic exploration and logging. Stephen 

[4] et al. first used finite difference method to acoustic logging problem, and transformed 

displacement field equation into difference equation directly. Randall [5] and others have 

dealt with the acoustic logging problems of various strata by using the finite difference 

method of velocity stress proposed by virieux [6]. Especially, the problem of all wave 

acoustic logging for the non axisymmetric well bore has been improved. Takemoto [7] et al. 

Used the finite difference time domain method to analyze the three-dimensional acoustic 

model accurately in 2010 and revealed the acoustic characteristics of the internal structure of 

the channel. In the experiment, it analyzed five Japanese vowels in detail. Wang Yuguang et 

al. [8] used the finite difference time domain method to simulate the two-dimensional and 

three-dimensional models of Mandarin Vowels in 2012, and good results were obtained. The 

results of these numerical analysis show that the numerical solutions of sound propagation 

have obtained very high precision analysis results in many cases, and play a good role in the 

analysis of sound transmission. However, the function and value of theoretical solution can 

not be replaced by numerical solution in the application of the law, trend and structure design 

of sound transmission. 

In this paper, we use the sound pressure wave equation and the boundary condition of the 

sound absorption of the pipe wall to establish the mathematical model and solve the 

mathematical equation, and the sound transmission equation of the pipe wall is given. When 

ignoring the distribution of sound field along the pipe (outlet) section direction, we can 

calculate the transmission efficiency of different frequencies of sound through the pipe or 

calculate its sound absorption efficiency. The analytical solution of pipe sound transmission 
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equation has great theoretical significance and practical value for guiding the structural 

design of sound transmission and noise reduction, improving the calculation efficiency and 

verifying the results of numerical analysis. 

2 The construction of sound propagation equation, sound 
transmission boundary condition and its solution 

2.1 Sound propagation equation and boundary conditions of pipeline sound 
transmission 

Under the condition of normal temperature, normal pressure and small amplitude of sound, 

the propagation equation of sound in the air is as follows: � ����� + ����� + ������ 	 = 
�� �
����                (1) 

where p is sound pressure and � is sound propagation velocity. This is the free propagation 

equation of sound in the air. 

When sound propagates along the pipe, it is absorbed or reflected by the pipe wall. 

According to the boundary conditions of different pipe walls, different solutions can be 

obtained. According to the different shape of the pipe section, the boundary conditions can 

be described. In general, the equation of pipe wall is as follows: �(�,�) = 0                 (2) 

For example, when the pipe wall is elliptical, the equation is as follows: ���� + ���� = 1            (3) 

Figure 1 shows the width �� and height �� of the pipe section when the pipe wall is of 

any section. 

 

Fig. 1. Pipe wall section. 

The pipe can absorb the sound pressure to a certain extent. As a qualitative analysis, in 

order to simplify the calculation, it is advisable to set the sound absorption coefficient of the 

pipe wall as �(�)����������	
����������������������������
�����Absorption coefficient is 

a function of angular frequency of sound, abbreviated as �� . The sound pressure in the 

center of the pipe is defined as 	�. Then the boundary conditions of sound transmission can 

be defined as: 	(�,�,�,) = 	�(1 � ��), (�, �) � �|�(�,�) = 0                (4) 
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Using boundary condition (4), equation (1) can be solved by trial method. 

2.2 The construction of the solution of the equation 

According to the form of equation (1), as a complex mathematical and physical equation, its 

solution will be a complex function. With the change of boundary conditions, the solution 

function will be expressed in different forms. 

The input sound pressure at the initial end of the pipeline is: 	� = 	���� !                     (5) 

In the process of sound transmission, the sound pressure should keep its coordination 

characteristics. It can be concluded that: 
�� �
���� = ����� 	                             (6) 

According to the characteristics of the wave equation, the factors matching the above 

factors should be included in the wave conduction of sound pressure, so that the calculation 

results of the second derivative in the left formula of equation (1) are consistent with those 

in the right formula. Referring to the characteristics of general wave function, it can be 

assumed that the solution of the equation contains one term:  �
(�) = ��� ���                              (7) 

Obviously:  ��"#��� = ����� �
                            (8) 

This factor will be equal to the derivative operation on the right side of equation (1). On 

this premise, equation (1) should also contain the corresponding factor, which satisfies the 

following homogeneous equation and its boundary conditions:  � ����� + ����� + ������ 	 = 0                            (9) 

The solution of the equation must include two parts, one is the residual sound pressure 

waveform of the sound absorption part of the pipe wall, the other is the sound pressure 

waveform of the sound absorption part of the pipe wall. The two parts are separated by the 

weight of 1 � �� and ��. 

For the remaining part of the pipe wall, it can be assumed that: 	
(�,�,�,) = 	���� ! $ ��� %�� (1 � ��)                 (10) 

For the sound absorption part of the pipe wall, the form of the factor included in the 

solution can be constructed according to the homogeneous equation of equation (9) and its 

boundary conditions. In this case, because the influence of the remaining part of the sound 

absorption is separated, the boundary condition is modified as follows: 	&(�,�,�,) = 0, (�, �) � �|�(�,�) = 0             (11) 

For the above boundary conditions, the solution of equation (9) can be 

constructed as follows: 
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��� '(�*�-)./ ��� '(�*�-).2 3�	4�56�'./�& + 7'.28&9         (12) 

This solution function is only a factor in the solution of equation (1). Considering that the 

solution of equation (1) is composed of two parts: the sound absorbed by the pipe wall and 

the sound remaining after the pipe wall absorbs the sound, they should keep some same 

factors and can be defined without changing the conditions of the definite solution: 	&(�,�,�,) = 	���� ! $
��� %�� �� :��� '(�*�-)./ ��� '(�*�-).2 3�	4�56�'./�& + 7'.28&9;         (13) 

The function is still the solution of equation (9) satisfying the boundary condition (11). 

3 Solution of sound transmission equation and pipe transmission 
equation 
According to the construction process of the above solution, the sound pressure solution in 

the hole can be assumed in the form of: 

	(�,�,�,) = 	���� ! $ ��� ��� <(1 � ��) +
�� :��� '(�*�-)./ ��� '(�*�-).2 3�	4�56�'./�& + 7'.28&9;>          (14) 

where �� and ��  is the starting point of x and y on the boundary. The above analytical 

solution is the characteristic solution of the equation, where ��  and �� are regarded as 

discrete quantities, and their derivatives of sound pressure pair are 0. For the convenience of 

calculation, a component function is defined 

�&(�) = 3�	4�56�'./�& + 7'.28&9              (15) 

These factors can be used to calculate the components of equation (1) Right = 
�� �
���� = ����� 	         (16) 

Left = � ����� + ����� + ������ 	 = � ����� + ����� + ������ (	
 + 	&)           (17) 

Abviously:  � ����� + ����� + ������ 	
 = ����� 	
        (18) 

Aimed at 	&:  ����� 	& = �'�./� 	&          (19) 

MATEC Web of Conferences 355, 01016 (2022) 

ICPCM2021

https://doi.org/10.1051/matecconf/202235501016

 

5



����� 	& = �'�.2� 	&           (20) 

����� 	& = ( ���"#� �
�"#��� + ���"�� �

�"���� )	&                  (21) 

The above formula can be calculated separately:  ���"#� �
�"#��� 	& = ����� 	&              (22) 

���"�� �
�"���� 	& = ?�'./�& + 7'.28&@ 	&              (23) 

Therefore, the left side of equation (1) is:  

A B&B�& + B&B�& + B&B5&C (	
 + 	&) 
=����� 	
 + ��'�./� 	&� + 7�'�.2� 	&8 + ������ 	&� + ?�'./�& + 7'.28&@ 	& 

= ����� (	
 + 	&) + ��'�./� 	&� + 7�'�.2� 	&8 + ?�'./�& + 7'.28&@ 	& 

=����� (	
 + 	&) = ����� 	             (24) 

Compared with equation (11), the analytical solution of equation (6) can satisfy equation 

(1), and the left and right sides of the equation are equal. 

According to ��� '(�*�-)./ ��� '(�*�-).2 , when(�, �) � �, the value of sine function is 0, 

which leads to 	& = 0. The sound pressure at the boundary is: 	
(�,�,�,) = 	���� ! $ ��� %�� (1 � ��) = 	D(1 � ��)               (25) 

It can be seen that the analytical solution of equation (6) satisfies the boundary conditions 

defined in equation (4). 

4 Deduction and application of pipe sound transmission equation 
In general, the analysis of sound field does not pay attention to the distribution of sound field 

along the cross section of the pipe: 

	(�,) = 	���� ! $ ��� %�� <(1 � ��) + ��3�	4�56�'./�& + 7'.28&9>   (26) 

where �� and �� are the width and height of the pipe section. 

The distribution of sound pressure fluctuation amplitude along the pipe diameter direction 

is as follows: 
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	(�) = 	� <(1 � ��) + ��3�	4�56�'./�& + 7'.28&9>          (27) 

When the absorption coefficient of sound pressure is 1, the distribution of sound pressure 

fluctuation amplitude along the pipe diameter direction is further simplified as follows: 

	(�) = 	�3�	4�56�'./�& + 7'.28&9                 (28) 

In this simplified case, the ratio of the amplitude of sound pressure fluctuation to the 

amplitude of input sound pressure is as follows: 

	(�)/	� = 3�	4�56�'./�& + 7'.28&9                   (29) 

 

Fig. 2. Relationship between sound pressure and tube length at 	�=1. 

Figure 2 shows when 	�=1, the relationship between sound pressure and tube length. It 

can be seen that the sound pressure decreases exponentially along the pipe diameter when 

the sound propagates in the sound-absorbing pipe. The decreasing exponent is directly 

proportional to the length of the pipe and inversely proportional to the section size of the pipe. 

When z=��=�� = F, the ratio of the output amplitude to the input amplitude is about: �GHI�JK = 3�	M�NO2Q S 0.1                    (30) 
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Therefore, when the sound absorption efficiency of the pipe wall is high (nearly 100%), 

the amplitude of the output sound pressure will reach about 0.1 as long as the pipe length 

reaches the same level as its cross-section size. This conclusion provides a theoretical basis 

for the sound absorption of pipes. 

Meanwhile, in the scene where voice and music need to be shaped, some sound that needs 

to be removed can be effectively suppressed by pipeline transmission, and an effective voice 

transmission structure can be constructed for the sound to be clean and tidy. This feature can 

also be used to load useful information for sound. For example, voice is to adjust the length 

of �� and �� and speech channel (pipe) through the change of mouth type to suppress some 

speech frequencies, so as to send out different voice and represent different information. 

5 Conclusion 
The sound propagation in the pipeline conforms to the general law of sound propagation in 

the air, that is, it satisfies the wave equation of sound pressure. When sound propagates in 

the pipe with sound absorption on the pipe wall, the boundary conditions of sound absorption 

on the pipe wall should also be satisfied. Based on the wave equation of sound propagation, 

this paper analyzes the analytical solution of sound propagation along the pipe when the pipe 

wall absorbs sound. Through the calculation of the related equations and formulas, it is 

proved that the analytical solution equation recommended in this paper satisfies the sound 

pressure wave equation of sound propagation in the air, and satisfies the sound transmission 

boundary condition of pipe wall sound absorption. Therefore, the equation is the analytical 

solution of the pipe sound transmission equation with sound absorption on the pipe wall. 

The analytical solution recommended in this paper shows that the absorption coefficient 

of the pipe wall to the sound pressure is a key parameter. When the absorption coefficient of 

the pipe wall to the sound pressure is less than 100%, for example, a part of the sound pressure 

at the input end propagates to the output end through the pipe. When the absorption 

coefficient of the pipe wall to the sound pressure is close to 100%, the sound absorption 

efficiency of the pipe can be very high. When the length of the pipe is equal to its cross-

section size, the sound absorption effect of the pipe is close to 99%. 

In the process of pipe sound transmission, the overall absorption effect of sound is 

inversely proportional to the cross-section size of the pipe and directly proportional to the 

length of the pipe. This feature can be used in the design of sound absorption structure, also 

can be used in the design of musical instrument structure which needs certain filtering 

function, and can also be used in the frequency analysis of speech in the process of 

transmission. 
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