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Abstract. The Finite Element Method (FEM) and Boundary Element Method (BEM) are widely 
applied to predict the sound pressure level (SPL) in enclosed spaces for low frequency problems. 
However, a single method usually cannot fulfill the task for predicting the internal SPL in 
enclosures including objects in the interior due to external disturbances. Moreover, these methods 
have some disadvantages such as complex pre-processing, time-consuming and inevitable 
pollution effects. Based on these drawbacks, this paper attempts to combine the Meshless Method 
(MM), acoustical FEM and BEM into a hybrid method which can be applied to predict the SPL 
in an enclosed environment with external sound sources. Firstly, the hybrid theory for the acoustic 
problem and its implementation are illustrated. Next, numerical simulations and experiments are 
conducted to validate the peak value, SPL and computing efficiency using this method. 
Comparative results obtained from the proposed method, FEM and BEM using SYSNOISE are 
shown to be in agreement, and the proposed method is more efficient. Experimental results show 
that the average relative error of SPL in each location is less than 5.26 %. It is corroborated that 
the proposed method is applicable to the prediction of the internal SPL with the case of exterior 
sound sources existed. 
Keywords: meshless method, finite element method, boundary element method, cabin. 

1. Introduction 

A precise prediction of the sound pressure level (SPL) in enclosed spaces can provide 
theoretical bases to lower the SPL which is a significant index in the quality evaluation of the 
cabins. The acoustical simulation serves as a high-efficiency measure to make it clear about the 
acoustic behavior of the complicated structures such as cabins of vehicles or airplanes. More and 
more efficient methods are developed for acoustic engineers to get useful hints before optimizing 
the prototyping of the production in aviation and other engineering industry. Therefore, more 
economical and practical numerical methods are required provided the SPL are computed exactly 
and efficiently for complicated structures or acoustic fields. 

The finite element method (FEM) and boundary element method (BEM) are low-frequency 
numerical methods which are widely used for the prediction of the internal SPL in enclosed space 
[1-4]. But there are some restrictions when they are applied in such two circumstances. One is that 
desks, seats or lump-shaped vibrating objects exist in the internal space. This can be solved by 
multidomain FEM and BEM. However, the data transmission of the different domains is a 
troublesome process especially for several contacted surfaces with sharp shapes. Another one is 
the internal sound field generated by some external sources. Although that solution can be 
obtained by BEM and FEM, but some difficulties are unavoidable for FEM or BEM. FEM can 
provide a desired distribution of SPL for the exterior problem at the cost of dealing with many 
more freedoms than BEM, and BEM is applied in internal sound pressure computing with 
low-frequency breakdowns and artificial damping due to discretization errors [5]. Fortunately, the 
integrated FEM-BEM method is proposed to predict the structural acoustic radiation [6, 7] in 
which the dynamic response of the structure is determined by FEM and the acoustic field is 
obtained by BEM. Based on FEM-BEM method, the boundary condition for the external acoustic 

brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by Journal of Vibroengineering

https://core.ac.uk/display/323315104?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
https://crossmark.crossref.org/dialog/?doi=10.21595/jve.2017.17176&domain=pdf&date_stamp=2017-11-15


2676. 3D MESHLESS FEM-BEM MODEL FOR PREDICTION OF SOUND FIELDS IN CABINS DUE TO EXTERNAL SOUND DISTURBANCES.  
YANSHAN LIU, XIANGYANG ZENG, HAITAO WANG 

 © JVE INTERNATIONAL LTD. JOURNAL OF VIBROENGINEERING. NOV 2017, VOL. 19, ISSUE 7. ISSN 1392-8716 5347 

simulation can be obtained and the internal SPL is determined using FEM after mapping the data 
between the nodes of the finite domain and those of the boundary domain. However, there are 
some ineluctable disadvantages for the FEM-BEM similar to that for FEM and BEM methods. 
Several deficiencies are inherently inevitable in the numerical simulation with the FEM and BEM 
such as the upper frequency due to the spatial discretization of the problem domain, the 
preprocessing and post-processing in the wave-based methods which require a lot of time 
especially for complicated shapes. 

The meshless method is a potential solution to mitigate those restrictions. The meshless 
method proposed four decades ago uses only a certain cluster of nodes to solve the astrophysical 
problems [8] for the flexibility and simplicity. In the 2000s, it was introduced into acoustics for 
vibro-acoustic [9], acoustical radiation and scattering problem [10, 11]. In 2012, there were some 
new hybrid methods synthesizing of FE and meshless methods, the FE-LSPIM was applied to 
solve the interior SPL in 2D plane [12]. Recently, the meshless method was proposed to solve 
unbounded acoustic problems [13] and three-dimension exterior acoustic problems with irregular 
domains [14]. Meanwhile, the meshless method in mechanics [15] was introduced into the 
numerical acoustics for cabin sound field modeling [16] for author’s research. However, current 
models cannot simulate the prediction of the internal SPL if the sound source was located in the 
exterior of the cabin in which some lump-shaped objects existed. As a consequence, this paper 
settles the previous described FEM-BEM problems with a modified FEM-BEM method. The 
mathematical model used in meshless methods is derived by the Galerkin method to overcome the 
aforementioned time-consuming and tedious preprocessing in the simulation. The shape of the 
node distribution can be applied to structures or acoustic cavities with arbitrary geometry and the 
mesh process is eliminated. The most expectation is the accuracy improvement and fitness for the 
local predictions. Thus, the modified MFBM (Meshless method, FEM and BEM) is proposed. 

In this paper, the hybrid theory of the method which combines the meshless method with FEM 
and BEM is specified in Section 2. Section 3 simulates the sound field in a rectangular and cylinder 
cavity which is also simulated in SYSNOISE with the FEM and BEM as contrasts to verify the 
feasibility of the algorithm. Section 4 validates the veracity of the proposed numerical method 
through the measurements in a cabin structure. It should be noted that the wave equation, boundary 
integral equation and boundary condition involved in the following sections are analyzed in the 
frequency domain. 

2. Hybrid theory for acoustic problem 

Solving partial differential equations of the acoustic wave equations is essentially a numerical 
SPL prediction for practical acoustic engineered applications. The hybrid method which consists 
of MMFEM (meshless combined with FEM) and MMBEM (meshless combined with BEM) is 
proposed in this paper. The meaning of the combination is that the computation is implemented 
in two phases. The main phase is the process of MMFEM, and the MMBEM is implemented to 
determine the boundary velocity. The shape function in the MMFEM and MMBEM is constructed 
by the meshless method, along with the coordinates of those meshless nodes and integral points. 

The meshless method can also be named as MM (meshfree method) or EFM (element free 
method) [17]. The shape function involved in the meshless method is constructed as follows. 
Firstly, the coordinates of nodes of the geometric model are designed to approximate the SPL in 
the problem domain. Secondly the nodal weight function or kernel function is selected to relate 
the desired SPL of the node to its corresponding nodes in the nodal neighborhood. The 
neighborhood can also be named as a support domain specified by a weight function. The SPL in 
the influence domain can be approximated based on the weight function and shape function. 
Finally, the shape function can be determined through the approximation of interpolation with 
different nodal neighborhood. 

The numerical calculations of the two combined models are carried out in three steps. Firstly, 
the weighted residual method or the variation method is utilized to transform the acoustic wave 
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equation into an equivalent integral equation. Then the problem domain is discretized with a 
certain number of nodes and appropriate distribution of integral points. Next, the shape function 
is calculated based on the coordinates of the nodes and integral points mentioned in the above 
paragraphs. Finally, the predefined boundary condition is assigned at the nodes of the boundary 
domain, and the SP approximated for different nodes can be obtained by solving the linear 
equations which consist of the aforementioned matrices. 

As highlighted in the above argument, obtaining the SPL in the cabin is the main purpose when 
the sound source is located out of the cabin. As such this paper introduces the meshless method 
into the conventional FEM-BEM hybrid theory. Fig. 1 illustrates the main principle of the hybrid 
method. Firstly, the meshless method and BEM are combined to give an insight into the boundary 
velocity of the cabin or other structures due to external sources. The involved theory of this phase 
is listed in Section 2.1 and 2.2. Secondly, based on the obtained data on the boundary surfaces in 
the first step, the meshless method and FEM are combined to obtain the variables of the sound 
field of the interior domain of the cabin and the specific details are listed in Section 2.1 and 2.3. 
Based on the first combination, the normal velocity on the outer boundary of the cabin can be 
determined for the exterior domain, then the interior SPL can be computed with the second 
combination. Finally, the SPL in any internal location of the cabin can be determined by the 
interpolation of the shape function. To illustrate the hybrid method, the basic theory of the 
meshless method is first depicted, then the MM-FEM and MM-BEM are explained respectively 
in the following sections. 

 
Fig. 1. Schematic diagram of meshless FEM-BEM 

2.1. Compactly supported trial function for meshless method 

There are currently several different forms of meshless methods. The main differences are 
equivalent integral forms and discrete ways of the partial differential equations which are based 
on the wave formulation of the practical application [17]. The weighted residual method based on 
the equivalent integral form of the differential equation can provide a highly efficient solution to 
the partial equation. The similar system equation can be derived in the meshless method using the 
weighted residual method or the variation method [18]. The most common weight functions in the 
meshless method include collocation methods, least square method, and Galerkin method. The 
Galerkin weighted residual method is applied to construct the system equation [17] in the 
subsequent calculation. 

The discrete form of differential equations can be determined by the shape function that is a 
trial function defined in the support domain of the node. The value of the shape function of the 
nodes in the exterior of support domain is zero. As to 2D problems, the geometric shapes of the 
domain generally are circular or rectangle as depicted in Fig. 2. The blue lines and green lines 
denote the boundary domain and support domain respectively. After the coordinates of nodes are 
determined, each node has a circular, rectangular or other support domain which is significant to 
construct the shape function. The SPL at the nodal location can be determined by the neighboring 
node and corresponding weight functions (It should be noted that this weight function is different 
from that in the weighted residual method). 
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The weight function generated by the node ܠூ is a compactly supported function defined within 
the local domain of the weight function ܠ)ݓ − (ூܠ ് 0. The weight function is a function of the 
spatial distance, that is ܠ)ݓ − (ூܠ =  is the distance vector from all the influential ܌ and ,(܌)ݓ
points in the local supported domain to the node ܫ. Commonly used weight functions include the 
exponential weight function, cubic spline weight function, quartic spline weight function and  
B-spline weight function and so on. The cubic spline weight function has been applied in the 
proposed method. 

 
Fig. 2. Nodal compactly supported domain 

In the problem domain, the sound pressure in an arbitrary location can be represented by the 
following equation: 

(ݔ)݌ ൎ (ݔ)௛݌ = ෍ ூܰ(ݔ) ⋅ ூ݌ = ்ܰ ⋅ ௡ܘ
ூୀଵ . (1)

In Eq. (1), ݊ is the number of discrete nodes. ூܲ is the value of sound pressure at the node ݔூ. ܰ and ݌ are given as follows: ܰ = ሾ ଵܰ(ݔ), ଶܰ(ݔ), … , ேܰ(ݔ)ሿ, (2)ܘ = ሾ݌ଵ, ,ଶ݌ … ேሿ். (3)݌

All the contributions of nodal sound pressure from other nodes can be computed by the 
meshless method to obtain the unknown pressure in any location, while in the FEM, only the 
contributions from the nodes included in the mesh element corresponding to the desired location 
are computed. In this context, the computational data using the meshless method is more than 
those using the FEM, which will be demonstrated in the following section. However, if the 
stiffness matrix and mass matrix are computed using the meshless method, the assembling process 
is needless and complex mesh process will be simplified. 

Based on the shape function constructed using the MLSM (moving least square method), FEM 
and BEM can be modified and combined with the meshless method. The details of MLSM can be 
found in [16]. The implementation of the hybrid mathematical model is listed as follows. 

2.2. Mathematical formulations for modified meshless FEM model 

Let’s suppose an enclosed space shown in Fig. 3 with a volume of ܸ, a total area of ܵ. ܵ1, ܵ2, ܵ3 are indexed as the rigid boundary surface, absorption boundary surface and velocity boundary 
surface respectively. ܖ is the out forward normal direction of the structure. 

The acoustic boundary condition is defined as follows: 
The normal gradient of pressure on the ܵ1 surface: ߲߲݊݌ = 0. (4)
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The normal gradient of pressure on the ܵ2 surface: ߲߲݊݌ = ߱ߩ݆− ௌ. (5)ܼ݌

The normal gradient of pressure on the ܵ3 surface: ߲߲݊݌ = ௡. (6)ݒ߱ߩ݆−

 
Fig. 3. Schematic of enclosed space 

The computation of the SPL in the enclosure mathematically solves a second-order partial 
differential equation of the acoustic wave equation defined in the internal domain of the structure 
with the inhomogeneous boundary condition. Introducing the Galerkin method into the hybrid 
method, the system equation can be discretized and integrated as follows [16]: (۹ + ۱߱ߩ݆ − ݇ଶܘ(ۻ = ۴, (7)

where ۹, ۱, ۴ ,ۻ are stiffness matrix, damping matrix, mass matrix and load vector respectively. 
The shape function in this paper is calculated using the MLS method [16] after discretizing the 
structure model and obtaining the nodal coordinates. Note that the algebraic expression is different 
from the conventional methods because of the MLS shape function. After substituting the MLS 
shape function into the system equation, the desired discrete matrix is computed as follows: 

۹ = ෍ ߱௜∇ۼ௜∇ۼ௜்௡
௜ୀଵ , (8)

ۻ = ෍ ߱௜ۼ௜ ⋅ ௜்ۼ ,௡
௜ୀଵ  (9)

۱ = ෍ ߱௜ۼ௜ ⋅ ௜்ۼ /ܼ௦,௟
௜ୀଵ  (10)

۴ = ௡ݒ߱ߩ݆− ෍ ߱௜ۼ௜௠
௜ୀଵ , (11)

where ݊, ݈ is the number of the integral point in the volume and the integral point at the impedance 
boundary, and ݉ is known as the number of the integral point at the velocity boundary. ߱௜ is the 
weighted coefficient of the Gauss point of the surface or volume to the node in the integral process, 
and ܰ is the aforementioned shape function whose element is the contribution from an integral 
point in the integral surface or the volume to a node in the volume. 

Assuming that the positional distribution of the node is determined, the MLS shape function 
of each node can be obtained from every Gauss point. The aforementioned boundary condition 
can be substituted into Eq. (10) to compute the damping matrix, and Eq. (6) is substituted into  
Eq. (11) to obtain the load vector using the meshless BEM explained in the next section. Then the 
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distribution of the sound field in any location can be computed by solving the linear Eq. (7). In 
practical engineering, the space occupied by seats or other absorption objects is always referred 
as a cavity encapsulated in the external acoustic domain, and the distinction is that the material is 
foam or other isotropic material. 

2.3. Mathematical formulations for modified meshless BEM model 

For the exterior domain, the sound pressures in any position are satisfied with the  
Kirchhoff-Helmholtz equation: 

(ܲ)ఠ݌(ܲ)ܿ = න (ܳ)ఠ݌ ,ܲ)ܩ߲ ܳ)߲݊ொ ߲݀Ωడஐ − න ,ܲ)ܩ ܳ)డஐ ఠ(ܳ)߲݊ொ݌߲ ߲݀Ω + ,ܲ)ܩ(଴ݎ)ఠݍ߱ߩ݆ ଴), (12)ݎ

where ܲ represents the point in the domain or on the boundary, ܳ is the integral point. The matrix ܥ formed by the coefficient ܿ of point ܲ is given as follows: 

۱ = ൦ܿ( ଵܲ) 0 ⋯ 00 ܿ( ଶܲ) ⋯ 0⋮ ⋮ ⋱ ⋮0 0 ⋯ ܿ( ௡ܲ)൪, (13)

where ߙ is the solid angle at ܲ. 
The boundary of the solution domain can be divided into a certain number of nodes. The 

system equation can be written as follows [19]: ۱ܘ = ܘ۵ − ܘ۶ + ۴, (14)

where ۵ and ۶ are the influence matrix formed by the contribution of each node from each 
integral point in the other location, and ۴ represents the exciting matrix obtained by the monopole 
or other sound source, and ܘ is a sound pressure column vector, and ூܲ is the contribution at node ܫ) ܫ =1, 2, 3,…, ݊) from all the integral points or Gaussian quadrature points. The mentioned 
matrix can be written as follows: 

۵ = ൦ܩଵଵ ଵଶܩ … ଶଵܩଵ௠ܩ ଶଶܩ … ⋮ଶ௠ܩ ⋮ ⋱ ௡ଵܩ⋮ ௡ଶܩ … ௡௠൪, (15)ܩ

௜௝ܩ = ߱௜௝ ,݅)ݎߨ14 ݆) exp൫−݆݇ݎ(݅, ݆)൯ ,݅)ݎ߲ ܖ߲(݆  , (16)

۶ = ൦ܪଵଵ ଵଶܪ … ଶଵܪଵ௠ܪ ଶଶܪ … ⋮ଶ௠ܪ ⋮ ⋱ ௡ଵܪ⋮ ௡ଶܪ … ௡௠൪, (17)ܪ

௜௝ܪ = ߱௜௝ ,݅)ݎߨ14 ݆) exp൫−݆݇ݎ(݅, ݆)൯, (18)۴(߱) = ,ܲ)۵(଴ݎ)ݍ߱ߩ݆ ܘ଴), (19)ݎ = ෍ ܰ(݆, (ܫ ⋅ ூ௠݌
௝ୀଵ , (20)

where Eq. (16) and Eq. (18) are the representation of influence matrices, and ݅, ݆ is the serial 
number of the node and the integral point respectively. The influence matrix is obtained through 
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the ergodic process with respect to each node. The system equation in the meshless BEM can be 
determined by substituting the corresponding matrix into Eq. (12). Then all the variables on the 
boundary can be obtained by solving the system of linear equations using the Gauss elimination 
method or other solution methods. The prediction of SPL in any positions in the domain can be 
implemented using the boundary variables relationship through Eq. (12). Finally, the normal 
velocity of the node on the boundary can be determined. 

2.4. Data relation in hybrid process 

The meshless method is combined with the FEM and BEM in the proposed hybrid method. As 
for the MMBEM, the geometry model is discretely represented using a cluster of nodes firstly 
which means that the coordinate of the nodes and integral points is determined. Then the different 
influence matrix can be obtained after traversing all the node and integral points. Finally, the 
normal boundary velocity is computed through Eq. (11) and its relationship with sound pressure 
on the boundary. Likewise, in the MMFEM phase, the nodal position in the meshless method is 
generated firstly, then the corresponding matrix is integrated according to the integral 
discretization. In the end, the distribution of the SPL for each node is determined through the 
equation Eq. (7) after inserting the boundary condition into the equation. Fig. 4 depicts the data 
flowchart in the hybrid process. 

 
Fig. 4. Data flowchart for the hybrid method 

3. Numerical simulation 

To validate the proposed method, three examples are listed to illustrate the comparison of the 
results by the proposed method and that obtained from SYSNOISE which is a mature commercial 
software based on FEM and BEM. Case 1 is to illustrate the simulation of SPL in a regular cylinder 
with an external sound source. Case 2 is a simulation for a rectangular enclosure with a small-scale 
box in the internal space and with an external sound source. Case 3 is the qualitative evaluation 
about the computing time and resource used in a rectangular enclosure. The details can be found 
as follows. 

3.1. Circular cylinder with two closed end caps 

As in the aforementioned argument, the diagram of the cylindrical shell structure and location 
of sources and receivers are depicted in Fig. 5. The radius and axial length of the cylinder are 1m 
and 3 m. The origin of coordinates is located at the center of the left end-cap. The location of the 
sound source is (3, 0, 1.5), and the volume velocity is set to 1. The receiver positions of 3݌ ,2݌ ,1݌ are (0, 0, 0.9), (0, 0, 1.5), and (0, 0, 2.1) respectively. The impedance of each surface of the 
cabin is 200 ߩ଴ܿ଴, in which ߩ଴ is 1.225 kg/m3, and the air density at a normal room temperature 
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under the standard atmospheric pressure, and ܿ଴  is the sound propagation velocity at a room 
temperature respectively. 

 
Fig. 5. Schematic of cylindrical shell structure 

Fig. 6 illustrates the nodal distribution of the cylinder. The radius of the support domain is 
1.5 m. The same simulation is executed in the SYSNOISE with the FEM and BEM simultaneously 
with the frequency range of 50-250 Hz. 

 
Fig. 6. Nodal distribution of meshless model 

The frequency response at different field points in the interior domain is computed in this 
example. At field points 3݌ ,2݌ ,1݌, the peak frequencies are about 114 Hz and 208 Hz, and the 
total SPL at the frequency range for each point are 84.8 dB, 85.0 dB, and 84.8 dB respectively. 
To validate the accuracy of the proposed method, the data computed by the proposed method are 
compared with those simulated by FEM and BEM using SYSNOISE. 

 
Fig. 7. frequency response of magnitude at 2݌ (‘MFBM’ represents the result obtained using meshless 

FEM-BEM method, and ‘FEM’ and ‘BEM’ represents the result from SYSNOISE using FEM and BEM) 

The frequency response of the field point 2݌ in two methods is illustrated in Fig. 7. The results 
indicate that the peak value of the sound pressure obtained by the three methods gets close to each 
other. With regard to the total SPL, the result of the proposed method is 84.8 dB, and the result of 
FEM and BEM is 88.5 dB and 86.3 dB the errors are 3.7 dB and 1.5 dB with relative errors of 
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4.4 % and 1.8 %. 
It can be attributed to two reasons for that the results get deteriorated as the frequency increase. 

One is that the higher the computing frequency the more nodes it requires, another one is the 
nonuniform distribution of nodes for each model and the appropriate value for the support radius 
in the proposed method. The value for the support radius should always be designated as the  
2.8-5.0 times of the average distance of the nodes near the calculation point [16], and in this paper, 
it is set to 4.1. 

In order to compare the natural frequencies obtained by the proposed method with those 
obtained using FEM and BEM in SYSNOISE, the natural frequencies are determined by picking 
the peaks in the curve of Fig. 7. A comparison of natural frequencies is shown in Fig. 8. From the 
results, the locations of the peak frequency by the three methods are extremely consistent with a 
little difference for the third mode. 

 
Fig. 8. Comparison of natural frequencies calculated by MFBM, FEM and BEM analysis 

3.2. Rectangular cavity included small-scale object  

This second numerical example is carried out to validate the prediction case in cabins where 
other objects exist. This case simulates the sound field in a rectangular cavity, which has 
dimensions 1 m×1.1 m×1.2 m, and includes a small-scale box with a dimension of  
0.5 m×0.55 m×0.24 m. All the absorption coefficients of the boundaries are set to be zero except 
for the upper wall (0ݕ = 1.1 m), which is 200 ߩ଴ܿ଴. The sound source is a monopole with unit 
volume velocity as above. (3, 0, 0) and (0.8, 0.6, 0.9) are the locations of the sound source and the 
receiver respectively. The coordinate of the center of the bottom part of the box is (0.5, 0, 0.6). 
The density and sound velocity for the box are set to be 22 kg/m3 and 70 m/s. Fig. 9 is the 
schematic drawing of the rectangular space. 

 
Fig. 9. Schematic drawing of rectangular space 

The same numerical simulation is carried out with the proposed method, FEM and BEM in 
SYSNOISE as above. For the model in SYSNOISE, the numbers of the element, node and integral 
point are 125, 216 and 1000, while in the model of the proposed method, the numbers of the node 
and integral point are 216 and 1000. Fig. 10 illustrates the corresponding results for three methods 

Mode Number
1 2 3 4

100

120

140

160

180

200

220

240

MFBM
FEM
BEM



2676. 3D MESHLESS FEM-BEM MODEL FOR PREDICTION OF SOUND FIELDS IN CABINS DUE TO EXTERNAL SOUND DISTURBANCES.  
YANSHAN LIU, XIANGYANG ZENG, HAITAO WANG 

 © JVE INTERNATIONAL LTD. JOURNAL OF VIBROENGINEERING. NOV 2017, VOL. 19, ISSUE 7. ISSN 1392-8716 5355 

with the range of 0-300 Hz for the analyzing frequency. 
Fig. 10 shows the SPL obtained by MFBM, FEM and BEM. It can be indicated that the peak 

value obtained by three methods gets close to each other. With regard to the total SPL, the result 
using proposed method is 88.3 dB, and the result using FEM and BEM is 89.6 dB and 86.2 dB 
respectively. The relative errors are 1.3 dB and 2.1 dB with absolute percent errors of 1.5 % and 
2.3 %. The curve in Fig. 10 shows an excellent agreement can be obtained by three methods. 

To compare the natural frequencies, the peaks in the curve of Fig. 10 are picked out. A 
comparison of natural frequency for each method is shown in Fig. 11. As shown in Fig. 11, the 
frequencies of the peaks for three methods are nearly identical. The frequencies also correspond 
to the first few acoustic modal coordinates for the rectangular cavity. It is indicated that the sound 
pressure and peak frequency value can be agreed for these three methods. 

 
Fig. 10. Comparison of transfer functions using different methods 

 
Fig. 11. Comparison of natural frequencies calculated by MFBM, FEM and BEM analysis 

3.3. Evaluations of efficiency of the method in rectangular cavity 

Another case is carried out to evaluate the computing time and resources of the simulation with 
the proposed method. The sound field in a rectangular cavity with the dimensions of  
1 m×1.1 m×1.2 m is simulated. All the acoustic impedance of walls is 25 ߩ଴ܿ଴. The sound source 
is a monopole with unit volume velocity as above. The coordinates of the sound source and the 
receiver are kept consistent as above. The rectangular space parameter is also the same as above. 

For the sake of evaluating the computational efficiency of the proposed method, the numerical 
simulation of a rectangular room is carried out with the proposed method and BEM in SYNOISE, 
as above, in a common computer. The configuration of the computer is Intel Pentium CPU G630 
with a RAM of 10 GB. The code for the proposed method is operated in MATLAB R2015a. The 
number of the nodes of the model in MFBM and SYSNOISE are kept consistent and is designated 
as 5×5×5 = 125, 6×6×6 = 216, 7×7×7 = 343, 8×8×8 = 512, 9×9×9 = 729, and 10×10×10 = 1000. 
The range of the analyzing frequency remains 0-300 Hz. The elapsed time is integrated in  
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Table 1. 
As shown in Table 1, the elapsed time of each method increases with the number of nodes. 

The elapsed time of the proposed method is less than that of SYSNOISE. In the last row of the 
table, MFBM takes a little bit more time than the SYSNOISE. 

Table 1. Comparison of computing time between proposed methods and SYSNOISE 

Number of nodes MFBM SYSNOISE 
Time (s) Time (s) 

64 1.6 16.4 
125 3.8 35.2 
216 9.4 48.7 
343 23.1 73.5 
512 55.7 113.7 
729 120.3 168.6 
1000 253.6 238.4 

3.4. Discussion of results 

With respect to numerical acoustic simulations, the most concerned mainly includes the peak 
value, total SPL and natural frequencies. In Section 3.1, 3.2 and 3.3, the simulation in different 
conditions is demonstrated to illustrate the peak value, SPL and natural frequencies of the 
proposed method in different aspects. The prediction of the SPL in a regular cylinder with an 
external sound source is illustrated in the first case. The second case is a simulation for a 
rectangular enclosure with a small-scale box in the internal space and with an external sound 
source. Qualitative evaluations about the computing time in a rectangular enclosure are illustrated 
in case 3.3. 

The cases in Section 3.1 and 3.2 indicate that the similar peak value and SPL in cubic or 
cylindrical enclosures can be obtained using the proposed method and the conventional methods 
(FEM and BEM). However, the cylinder bending surface requires a lot of nodes to model the 
envelop for the curved surfaces. Therefore, the rectangular cavity can be discretely represented 
more readily than the cylindrical cavity using a cluster of nodes. Accordingly, the comparison 
obtains better results for the rectangular cavity. As for the natural frequencies in the results in 
Section 3.1 with Section 3.2, it is shown that similar results can be obtained for the proposed 
method and the conventional ones. Based on the evaluation in Section 3.3, it can be concluded 
that the proposed method has much more potential than the conventional method in the 
computational efficiency. 

It can be concluded that the main advantages of the proposed method with respect to the 
conventional ones are the convenient pretreatment of the mesh and the satisfying computational 
efficiency. As a consequence, for 3D interior acoustic computing with an external disturbance, the 
proposed method can be implemented as a potential one to simplify the pretreatment. 

4. Measurement and validation 

4.1. Experiments in a circular cylinder with two closed end caps 

In order to validate the applicability of the proposed model, the sound pressure in a cylindrical 
cabin structure shown in Fig. 12 is simulated using the proposed method and measured in a  
semi-anechoic chamber. The sound pressure levels in seven different positions 7ݏ-1ݏ are recorded 
in the cabin with the radius of 0.6 m and length of 2.4 m respectively. The structure of the cabin 
is placed on the floor supported by some wide boards. 

The measurement system is configured as Fig. 13 with a Dell-PC, B&K Pulse 3560B and B&K 
Audio Power Amplifier 2716-C. The source signal is the Gaussian white noise with frequency 
from 16 Hz to 12.8 kHz played by the omnidirectional spherical sound source B&K 4292, with a 
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distance of 3 m to the boundary of the cabin and a height of 1 m to the floor. Seven BSWA’s 
MA211 microphones are fixed following as the distribution shown in Fig. 14 with a distance of 
10 cm to the upper surface of the model. 

 
Fig. 12. Cabin model 

4.2. Results and analysis 

The measured sound pressure is compared with the simulation by the proposed method. That 
structure and the model in the simulation are approximately identical and the reflection of the floor 
is ignored in the simulation. The comparisons of the SPL with different methods, and the error of 
the sound pressure at field point 2ݏ, are shown in Fig. 15 and Fig. 16. 

 
Fig. 13. Schematic of experimental measurements 

 
Fig. 14. Positional distribution of microphones and source 

As shown in Fig. 15 and Fig. 16, at the frequency of 0-200 Hz, the deviation between the 
numerical results and measurement stays within 5 dB. While at the frequency of 200-500 Hz, the 
deviation gets larger, with the largest value occurring at 250 Hz. That is caused by two factors. 
One is that the low order interpolation cannot approximate the sound field in high accuracy in the 
frequency above 200 Hz, and another one is that the number of required nodes increase with the 
increase of the required frequency. However, the overall trend suggests that the results of the 
numerical simulation and measurement at field point 2ݏ are basically consistent. 

To determine the total SPL for each field point, the data obtained from numerical and 
measurement is processed using the logarithmic mean method in the frequency range of  
63 Hz-500 Hz. The comparison of the SPL between numerical calculation and measurements is 
listed in Table 2. 

As shown in Table 2, the relative error of SPL for each position of the sensor is below 7.5 %. 
However, the values in 3ݏ ,2ݏ ,1ݏ, and 4ݏ are slightly more than those in 6ݏ ,5ݏ, and 7ݏ. The 
dominating influences are the sound reflection from the floor of the semi-anechoic chamber and 
the sound source in farther distance from 3ݏ ,2ݏ ,1ݏ and 4ݏ. And the cabin contains a lot of stiff 
ended-plates, and the ribbing structure cannot be intactly modeled in the simulations. Other causes 
include the difference of the locations in the simulation and measurement, the channel noise 
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induced by the experimental equipment and other background noises, etc. 
On the basis of the SPL value at each point, the average relative error for the seven receivers 

is 5.26 %. These comparisons indicate that simulations by the proposed method are very close to 
the measurements, and the proposed method can be applied to the prediction of the sound field in 
the cabin when the sound source is located outside. 

 
Fig. 15. SPL comparison at 2ݏ 

 
Fig. 16. SPL error at 2ݏ 

Table 2. Comparison between numerical calculation and measurement 

Receiver Total SPL / dB 
Simulation Measurement Relative error 4.93 73.0 77.6 7ݏ % 2.49 72.4 74.2 6ݏ % 3.26 73.7 71.3 5ݏ % 7.27 74.3 79.7 4ݏ % 6.32 72.8 77.4 3ݏ % 6.68 73.4 78.3 2ݏ % 5.87 69.9 74.0 1ݏ % 

4.3. Limitations  

It is noted that some conditions should be satisfied to apply the proposed method. Firstly, the 
proposed method is only applicable for meso-scale and small-scale enclosed structures. The 
large-scale spaces require geometric acoustical simulations or statistical energy analysis methods. 
The second item is the upper limiting frequency due to the spatial discretization of the problem 
domain. The maximum nodal distance shall be at least larger than one sixth of the minimum 
wavelength to ensure the accuracy of the calculation. The main cause is that the MLS shape 
function cannot simulate the fluctuations for the high wave number due to the inferior 
interpolation of lower order polynomial basis functions. Finally using thin plates as the boundary 
structure in the simulation by the proposed method might be one of the causes of calculation errors. 

5. Conclusions 

Conventional methods of SPL prediction in the cabin have some disadvantages such as 
pre-processing, smoothing processing and inevitable pollution effects. If sound waves are emitted 
from a sound source outside the cabin, FEM and BEM should be combined to predict the internal 
SPL. Based on these issues, this paper attempts to propose an alternative hybrid meshless method, 
which combines the meshless method, FEM and BEM to predict the SPL in cabins with an external 
disturbance. 

The models and formulations of the proposed method are derived using the Galerkin method 
and Kirchhoff-Helmholtz equation. The model is implemented for numerical validation using 
three cases, and the measurement is subsequently carried out to validate the hybrid method. The 
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comparative results of SPL obtained from the proposed method and SYSNOISE in numerical 
examples 1 and 2 are shown to be in agreement. The evaluations of efficiency and data size in 
numerical example 3 indicate that the proposed method has much more potential than the 
conventional method. The SPL of measurement show that the sound field can be predicted 
accurately at a low frequency with an average relative error of 5.26 % with respect to the 
measurement. Therefore, the proposed method is applicable to the prediction of SPL which 
involves combining internal cavities including objects with the case of exterior sound sources 
existed. 
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