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Abstract. Vibro-acoustic coupling is one of the most concerned problems in the design stage of 
aircraft and aerospace vehicle. An algorithm that integrates the finite element method (FEM), the 
boundary element method (BEM) and an acquisition method of excitation correlation is proposed 
to conduct the vibro-acoustic coupled analysis under correlated excitations in time and spatial 
domains. The Corcos/Smol’yakov-Tkachenko (ST) power spectral density models are adopted for 
the correlated excitation with a divisional method, and the vibro-acoustic coupled analysis of 
complex structures can be greatly simplified. First, a simply supported panel under correlated TBL 
is investigated to validate the proposed algorithm. Then, the proposed algorithm is applied to a 
stiffened panel to carry out the vibro-acoustic coupled analysis under three types of excitation: 
(a) perfectly correlated TBL, (b) partially correlated TBL based on the Corcos or ST model, and 
(c) uncorrelated TBL. Parameters which may affect the vibro-acoustic coupled analysis, such as 
the coupled effect, the correlation of excitation and the speed and thickness of the turbulence, are 
also discussed. Results show that the proposed method is suitable for the vibro-acoustic coupled 
analysis of complex systems under correlated random excitations. The vibro-acoustic coupling 
effect will result in a decrease in both the natural frequency and structural response under perfectly 
correlated excitation, and an increase in the structural response for partial correlated and 
uncorrelated excitations. However, the coupling effect has little influence on the acoustical 
response. The structural and acoustic responses due to partially correlated excitation are larger 
than that due to perfectly correlated excitation. Moreover, the structural and acoustic responses 
increase with the increment in turbulence speed and thickness, and the difference among the 
responses under the three different types of excitations rapidly increase with the increasing of the 
turbulence speed. 
Keywords: vibro-acoustic coupled analysis, correlated excitation, turbulent boundary layer, FEM, 
BEM. 

1. Introduction 

Aircraft and aerospace vehicle often suffer from severe environment with the combination of 
heat, vibration and noise during their service life. Turbulent boundary layer (TBL), as one of the 
most important sources of vibration, is an indispensable load which should be considered in the 
design of aircraft and aerospace structures [1-5]. The coupled effect between structure and 
acoustic may amplify vibration of structure and equipment inside the vehicle, which will further 
result in structural and functional failures [6, 7]. Therefore, the vibro-acoustic coupled analysis 
has been drawing an increasing attention in recent years. It is also necessary to consider the vibro-
acoustic coupled effect to approach the real working conditions and achieve a more accurate 
prediction on structural response and acoustic radiation. 

Acoustic tests are powerful supports for the development of the vibro-acoustic coupled 
analysis. However, the experimental investigation are restricted by the problems of the huge 
consumption, the long period and the limited conditions. With the increasing promotion of 
computer technology, numerical methods have been widely utilized to conduct the vibro-acoustic 
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coupled analysis in recent years. The vibro-acoustic coupled analysis is generally carried out by 
using energy method [8-10] and discrete method [11-18]. The discrete methods are mainly based 
on the finite element method (FEM) and the boundary element method (BEM), such as FEM-FEM 
[11, 12, 19] and FEM-BEM [13-18]. In the FEM-FEM, both the structure and acoustic field are 
modeled by finite elements; when the acoustic field is modeled by 3-D solid elements, the 
computational cost is generally unacceptable. In the FEM-BEM, the structure and acoustic field 
are respectively simulated by finite elements and boundary elements, which can effectively reduce 
the degrees of freedom of the dynamic model in vibro-acoustic analysis. Therefore, the FEM-
BEM method is usually superior to the FEM-FEM method for the vibro-acoustic analysis under 
bounded and unbounded acoustic excitations. 

Vibro-acoustic analysis is usually conducted by using coupled or uncoupled approaches. In 
the uncoupled approach [12-14, 16, 18-20], the interaction between the structural and the acoustic 
is very weak and may be neglected. In this way, only one-way interaction is considered, and yields 
two types of dynamic problems for the uncoupled vibro-acoustic system. In the first type, the 
structural components are regarded as independent of the external acoustic excitations and the 
vibrations of the structural components generate acoustic pressures; In the second type, the 
acoustic components act as independent force excitations on the structural components. The 
distributions of the pressure caused by the acoustic waves along the fluid-structure interfaces 
generate vibrations in the structural components. Considering only a one-way interaction between 
the structural and acoustic components is a reasonable assumption for many vibro-acoustic 
problems, especially when an elastic structure with a high stiffness is surrounded by a low density 
fluid. In the coupled approaches [11, 15, 17, 20], the interaction between the structural and the 
acoustic components is no longer negligible and all components must be regarded as parts of one 
coupled system, instead of considering the structural components as independent excitations for 
the acoustic components or vice versa. Strong coupling effects may occur, for instance, when an 
elastic structure is submerged in a high-density fluid, or when a thin or lightweight structure 
contacts with a low-density fluid, etc. 

Engineering structures are often subjected to uncorrelated and correlated random dynamic 
loads in time and/or space domains. In most cases, these excitations are assumed as uncorrelated 
which may result in inaccurate of structural or acoustic responses. It is necessary to develop 
appropriate methods to simulate correlated excitation effectively. Spatial correlation representing 
the level of interplay of excitation at different locations, which can be expressed by cross power 
spectral density functions in frequency domain. The distribution of TBL fluctuating wall pressure 
considering spatially correlation is usually obtained in three ways: experimental tests [9, 10], 
computational fluid dynamics (CFD) [21] and empirical formulations [22, 23]. Experimental tests 
can give exact distribution of the TBL fluctuating wall pressure. However, they are restricted by 
the problems of huge consume and limited conditions. CFD can also give the exact distribution of 
TBL, but this method requires a large amount of calculation which is very time consuming and is 
not conducive for complex structures. The empirical formulations fitted by experimental test data 
are widely used due to its simple practicality. Some patterns are often adopted, such as the Corcos 
model [22] and the Smol’yakov and Tkachenko model [23], et al. 

In most of the previous works, the vibro-acoustic coupled analysis under correlated TBL 
excitation was generally limited to systems with a small number of DOFs. For complex structures 
under correlated TBL excitation, the vibro-acoustic coupled analysis was not deeply investigated. 
In order to study the influence of correlation on response and to obtain more accurate response, 
an algorithm that integrates FEM, BEM, and an acquisition method of excitation correlation is 
proposed to conduct the vibro-acoustic coupled analysis under correlated TBL. The outline of the 
work is as follows: in Section 2, the theory of vibro-acoustic coupled analysis under correlated 
TBL is firstly addressed; Then, a simply supported panel excited by correlated TBL is presented 
to validate the proposed algorithm in Section 3; In Section 4, the proposed method is applied to a 
stiffened panel and the effect of vibro-acoustic coupling, correlation of the excitation, the speed 
and thickness of turbulence on the structural and acoustic responses are studied. Finally, 
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conclusions will be drawn in the last Section. 

2. Vibro-acoustic coupled analysis excited by correlated TBL 

2.1. Vibro-acoustic coupled analysis based on FEM-BEM 

In this work, an algorithm that integrates finite element method (FEM), boundary element 
method (BEM), and an acquisition method of excitation correlation is adopted to carry out the 
vibro-acoustic coupled analysis under correlated TBL. 

2.1.1. Finite element method 

A time-invariant linear second-order system subjected to a forcing function can be written as: (۹௦ + ݆߱۱௦ − ߱ଶۻ௦)ܝ௦ = ۴௦, (1)

where, ܝ௦ is the nodal displacement vector, ߱ is the circular frequency, ۻ௦, ۱௦ and ۹௦ are mass, 
damping and stiffness matrix of the structure, ۴௦  is the nodal forcing vector and the ݆  is the 
imaginary unit. The subscript “ݏ” denotes the structure. 

The acoustic pressure difference between both sides of the structure along the 
acoustic-structure coupled interface can be regarded as an additional normal load. As a 
consequence, the additional load produced by the acoustic pressure difference should be added to 
the structural finite element model, yields: (۹௦ + ݆߱۱௦ − ߱ଶۻ௦)ܝ + ܉ۺ = ۴௦, (2)

where, ܉ is the IBEM acoustic variables, ۺ is the acoustic-structure coupling matrix and can be 
expressed as: 

ۺ = −  ቆන ௦்ۼ ݀Ωஐೞۼܖ ቇೞ
ୀଵ , (3)

in which ݊௦ is the number of structural finite elements, Ω௦ is the area of the acoustic-structure 
coupled interface, ܖ represents the unit normal vector of structural finite elements, ۼ௦ and ۼ 
are the shape function of structure and acoustic, respectively. 

2.1.2. Boundary element method 

Assuming the air is ideal gas, the Helmholtz equation can be expressed as: ∇ଶ + ݇ଶ = ,ݍ߱ߩ݆− (4)

where,  is acoustic pressure, ߩ is the density of the air, ݇ = ߱ ܿ⁄  is the acoustic wavenumber, ܿ 
is the speed of sound and ݍ is unit volume. 

The Green’s kernel function ܚ)ܩ,  excited by an ܚ ) represents the free-field pressure in pointܚ
acoustic point source at ܚ, which satisfies the Helmholtz equation: ∇ଶܚ)ܩ, (ܚ + ݇ଶܚ)ܩ, (ܚ = ,ܚ)ߜ− .(ܚ (5)

In the three dimensional space, the Green’s kernel function is: 
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G(ܚ, (ܚ = exp(−݆݇|ܚ − ܚ|ߨ|)4ܚ − |ܚ . (6)

In an interior/exterior coupled acoustic problem, there are two domains of air: a bounded 
domain which is interior to the closed boundary surface and an unbounded domain which is 
exterior to this boundary surface. Based on the definition of the boundary surface normal direction ݊ having a negative orientation into the unbounded air domain, the pressure and normal pressure 
gradient distributions along the positive and negative side of the boundary surface are denoted as ି(ܚ), ା(ܚ) and ∂ି(ܚԦ) ∂݊⁄ (Ԧܚ)ା∂ , ∂݊⁄ , respectively. 

Based on the Green’s kernel function ܚ)ܩ,  and the (ܚ) ), the pressure distribution functionܚ
second Green formulation, a general indirect boundary integral formulation can be obtained as: 

(ܚ) = න ቈߤ(ܚ) ,ܚ)ܩ∂ ݊∂(ܚ − ,ܚ)ܩ(ܚ)ߪ )ܚ ݀Ω(ܚ)ఆೌ ܚ) , ∈ ܸ|Ω), (7)

where the single layer potential ߪ(ܚ) = (ܚ)ା∂ ∂݊⁄ − (ܚ)ି∂ ∂݊⁄  is the difference of normal 
pressure gradient between both sides of the boundary surface Ω  which can be regarded as a 
distribution of monopole sources on the boundary surface; the double layer potential  ߤ(ܚ) = (ାܚ) − ିܚ) ) is the pressure difference between both sides of the boundary surface Ω 
and represents a distribution of dipole sources on the boundary surface. 

The indirect boundary element equation can be obtained by discretizing the acoustic boundary 
surface Ω and expressing the boundary variables by boundary element node variables as follows: ۲܉ = ۴ଵ, (8)

where ۲ is the IBEM influence matrix, and ۴ଵ  is the acoustic load along with the acoustic 
boundary surface Ω. 

Similar to the treatment of acoustic loading in FEM, the influence of force loading on acoustics 
can also be regarded as an additional external load. As a consequence, the additional load can be 
added to the acoustic boundary element model, yields: ۲܉ = ۴ଵ + ۴, (9)

where, the coupling force matrix ۴ is expressed as: 

۴ = ܝ்ۺ߱ଶߩ− − ߱ଶߩ  ቆන ഥ݀Ωஐೞܝۼܖ்ۼ ቇೞ
ୀଵ . (10)

2.1.3. FEM-BEM method 

Combining the modified structure finite element model as Eq. (2) and the modified acoustic 
boundary element model as Eq. (9), simultaneous equation of the coupled FEM-IBEM model is 
obtained as: 

۹௦ + j߱۱௦ − ߱ଶۻ ்ۺ߱ଶߩۺ ۲ ൨ ቄܝ܉ ቅ = ൜۴௦۴ൠ, (11)

where: 
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۴ = ߱ଶߩ−  ቆන ഥdΩஐೞܝۼୣܖ்ۼ ቇೞ
ୀଵ . (12)

2.2. Power spectral density and correlation of the TBL excitation 

Vibration and noise generated by the TBL has been and continues to be of interest in many 
engineering applications. To estimate the structural and acoustic response due to the TBL 
excitation, the nature of the TBL on the structure should be ascertained [24]. Measurements have 
shown that the TBL can be seen as a stationary and homogeneous random process. The power 
spectral density (PSD) of the TBL is usually obtained through wind tunnel scale model tests. The 
definition of auto PSD function of TBL is used from the tests or empirical formulation. In this 
work, the auto PSD of TBL is given by a test formulation as shown in Eq. (13) which is obtained 
by a TBL excitation with wind tunnel tests [8]. The auto PSD of TBL can also be replaced with 
any other expressions. However, the change of spectra will not affect the proposed methodology: 

ܵிிߩଶℎܷଷ = ൞0.0004ିݔ.,0.0012,0.0001ିݔଶ.ଶ,24.5ିݔଽ.ଵ,
0.06 ≤ ݔ ≤ 0.17,0.17 ≤ ݔ ≤ 0.32,0.32 ≤ ݔ ≤ ݔ,6.0 ≥ 6.0, (13)

where ݔ = ߱ℎ/ܷ, ߱ is the circular frequency in rad/sec, ℎ is the fence height in the experiment 
conducted by Han and Bernhard [8], ܷ is the free stream velocity, ߩ is the density of air. 

The cross PSD of TBL is usually used to obtained the correlation of TBL in time and spatial 
domains. The Corcos model [22] is one of the classical models for describing cross correlation of 
the TBL. Corcos assumed that the longitudinal and lateral correlations can be presented as an 
exponentially decaying oscillating function in the flow direction and a simple exponentially 
decaying function in the cross flow direction, respectively, as follows: 

ܵிி(ߦଵ, ,ଶߦ ߱) = ܵிி݁ିఊభฬఠకభౙ ฬ݁ିఊమฬఠకమౙ ฬ݁ିఠకభౙ , (14)

where ߦଵ and ߦଶ are the separation distances in the streamwise and spanwise directions; ߛଵ and ߛଶ 
are the decay rates; ܷ is turbulent convection speed, ܷ = 0.65ܷ, ܷ is the mean flow velocity. 
The model originally developed for TBL over flat plates, is widely used for various flows because 
its mathematical simplicity. However, the use of this model provides satisfactory results only 
when the stream wise wave number ݇ is in the neighborhood of the convective wave number  ߱/ ܷ. When ݇ is in the subconvective range, the Corcos model tends to over predict the result 
significantly. 

For the purpose of comparative analysis, another cross PSD function model of TBL is 
generated by using Smol’yakov and Tkachenko model [23] (ST model). Smol’yakov and 
Tkachenko measured cross spectral densities as a function of spatial separation and boundary layer 
thickness, and fitted exponential curves to their results. Rather than using distinct lateral and 
longitudinal separations like the Corcos model, the ST model used a combined correlation and 
used Fourier transforms from. In the ST model, the influence of energy convective and boundary 
layer displacement thickness can be considered. It is found that the ST model can improve the 
accuracy in the low wavenumber levels over the Corcos model, but still higher than experimental 
data. Therefore, a correction factor is added to bring the model into agreement with experimental 
values as follows [23]: 

ܵிி(ߦଵ, ,ଶߦ ߱) = ܵிிℎ(߱) ቈ|ߛ(ߦଵ, ,ଶߦ ߱)|݁൬ఠకభ ൰ − Δߦ)ߛଵ, ,ଶߦ ߱), (15)
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where: 

ℎ(߱) = ቈ1 − 1)ܣ0.153 + ଶ)ඥ(0.2ܣ + ଶ)(1.025ܣ + ,ଶ)ିଵܣ
,ଵߦ)ߛ| ,ଶߦ ߱)| = exp ቌ−ඨ൬ߦ߱ܣଵܷ ൰ଶ + ൬6.45ߦ߱ܣଶܷ ൰ଶቍ, 
Δߦ)ߛଵ, ,ଶߦ ߱) = ܤ ∙ exp ቌ− 0.9975(1 + ଶ)√0.02ܣ + ଶ1.025ܣ + ଶܣ ඨ൬߱ߦଵܷ ൰ଶ + ൬߱ߦଶܷ ൰ଶቍ 
      ∙ exp ቆ݆ 1 + ଶ1.025ܣ + ଶܣ ଵܷߦ߱ ቇ, 
ܤ = 1√ܣ0.153 + ଶඥ(0.02ܣ + ଶ)(1.025ܣ + (ଶܣ , ܣ = 0.124ඨ1 − 0.2߱ഥ + ൬0.2߱ഥ ൰ଶ , ഥ߱ = ܷߜ߱ .
2.3. Vibro-acoustic coupled response analysis excited by correlated TBL 

When multiple correlated random excitations are applied to the structure, the cross PSD 
function is generally adopted to obtain the correlation between different excitations. The PSD of 
the structural or acoustic response ܁ can be calculated as follows: ܁ = ிி۶், (16)܁∗۶

where ۶ is the transfer matrix of vibro-acoustic coupled function, which can be obtained by 
applying unit load on Eq. (11). ۶∗ is the conjugate matrix of ۶. The expression of ۶ is as follows: 

۶ௗ = ێێۏ
ଵଵܪۍێ ⋅⋅⋅ ଵܪ ⋅⋅⋅ ⋮ଵூܪ ⋮ ଵܪ⋮ ⋅⋅⋅ ܪ ⋅⋅⋅ ⋮ூܪ ⋮ ଵܪ⋮ ⋅⋅⋅ ܪ ⋅⋅⋅ ۑۑےூܪ

(17) ,ېۑ

where ܭ and ܫ are the total number of data recovery points and total number of locations where 
an external excitation is applied on the vibro-acoustic system, respectively. ܵிி is the PSD of 
excitation and can be expressed as follows: 

ிி܁ = ێێۏ
ிభிభܵۍێێ ⋅⋅⋅ ܵிభி ⋅⋅⋅ ܵிభி⋮ ⋮ ⋮ܵிிభ ⋅⋅⋅ ܵிி ⋅⋅⋅ ܵிி⋮ ⋮ ⋮ܵிிభ ⋅⋅⋅ ܵிி ⋅⋅⋅ ܵிிۑۑے

(18) .ېۑۑ

2.4. Implementation procedure for vibro-acoustic coupled analysis 

An algorithm is proposed to carry out the vibro-acoustic coupled analysis under TBL that are 
correlated both in time and spatial domains. The implementation procedure is as follows: 

(1) Creat the vibro-acoustic model based on the finite element and boundary element models; 
(2) Divide the panel into ݅ (݅ = 2, 4, 6,…, ݊) subpanels in order to capture the correlation of 

the excitation; 
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(3) Apply unit excitation on each subpanels ܲ and the vibro-acoustic coupled transfer function 
matrix ۶ can be obtained; 

(4) The auto PSD can be obtained by using Eq. (13), and the cross PSD can be obtained by 
discretizing the cross PSD of Corcos in Eq. (14) or ST in Eq. (15); 

(5) The vibro-acoustic coupled analysis is carried out by using FEM-BEM. Then the PSD and 
RMS of responses are obtained; 

(6) If the RMS of response due to ݊ subpanels tends to convergence, then the number of 
subpanels ݊ is selected for the following vibro-acoustic coupled analysis; 

(7) If the RMS of response due to ݊ subpanels doesn’t converge, then return to step (1) and 
the panel is divided into ݉ (݉  ݊) subpanels. 

In order to study the influence of the correlation on the response of vibro-acoustic coupled 
system, the vibro-acoustic coupled analysis is carried out in three cases based on the correlation 
of TBL: (1) perfectly correlated case. In this case, the excitations are perfectly correlated and the 
cross correlation are one; (2) partially correlated case based on the Corcos or ST models. The 
correlation is obtained by using the Corcos or ST models; (3) uncorrelated case. The excitations 
in each subpanels are independent, and only the auto PSD of excitation is considered. The cross 
correlation is zero. 

3. Validation of the proposed algorithm 

In order to validate the accuracy of the proposed algorithm, the algorithm is applied to a simply 
supported aluminum rectangular panel for the vibro-acoustic coupled analysis under correlated 
TBL, as show in Fig. 1. The dimensions and the material properties of the panel are given in 
Table 1. The vibro-acoustic coupled model is established based on the structural finite element 
method and acoustic boundary element method. The structural FEM are modeled by using 30×30 
four-noded quadrilateral linear shell elements. The acoustic BEM is also modeled by four noded 
quadrilateral elements with the same size to the structural finite element model. The panel is 
assumed to be vibrating in air whole. The parameters of the TBL excitation used in this manuscript 
are given in Table 2. 

 
Fig. 1. The panel under correlated TBL excitation 

For the vibro-acoustic coupled analysis of complex structure due to correlated excitation, the 
amount of computing data would be very large when the correlation in both time and spatial 
domains for all element nodes is considered. To capture the spatial correlation efficiently, the 
panel is divided into several subpanels, as shown in Fig. 1; e.g. ݔ, ݔ௨, ݕ, ݕ௨ are the bounds of a 
subpanel. Subscript ݈ and ݑ on ݔ and ݕ are used for the lower and upper bounds in the ݔ and ݕ 
directions, respectively. However, the process of partitioning the domain cannot be completely 
arbitrary. The division of subpanels must be fine enough in order to obtain accuracy results. In 



2118. VIBRO-ACOUSTIC COUPLED ANALYSIS EXCITED BY CORRELATED TURBULENT BOUNDARY LAYER.  
YANBIN LI, QINGGUO FEI, SHAOQING WU, PENG ZHANG, DONG JIANG 

3232 © JVE INTERNATIONAL LTD. JOURNAL OF VIBROENGINEERING. AUG 2016, VOL. 18, ISSUE 5. ISSN 1392-8716  

order to obtain an optimal number of subpanels, the panel is divided into different subpanels using 
2×2 to 6×6 grids. The PSD of the accelerations at point A with different number of subpanels 
under partially correlated TBL (based on Corcos and ST models) are shown in Fig. 2. The 
corresponding root mean squares (RMS) of the accelerations with the number of subpanels are 
plotted in Fig. 3. Results show that the PSD and RMS of accelerations converge to a relatively 
stable value with the increase of the subpanels’ number. Therefore, the number of subpanels 6×6 
is enough and reasonable for the following vibro-acoustic coupled analysis based on a 
combination of computational efficiency and sufficient accuracy. We also notice that the structural 
responses have not a consistent decrease with the increment of subpanels, for example, the 
response where the panel is divided into 3×3 subpanels is larger than that when the panel is divided 
into 2×2 subpanels. This is due to the point A is in the symmetry center of the panel, and when 
the panel is divided into 2×2 equal subpanels, the contribution of the structural anti-symmetric 
modes to the response are not being considered. 

Table 1. The dimensions and material properties of the panel 
Parameters Values 

Length of the panel 460 mm 
Width of the panel 360 mm 
Thickness of the panel 4.8 mm 
Young’s modulus 73000 MPa 
Density 2700 kg/m3 
Poisson’s ratio 0.33 
Damping loss factor 2.0 % 

Table 2. Numerical values of the parameters used in the TBL model 
Parameters Values 

Free stream velocity (ܷ) 35.75 m/s 
Density of air (ߩ) 1.22 kg/m3 
Speed of air (ܿ) 340 m/s 
Decay rate, streamwise (ߛଵ) 0.16 
Decay rate, spanwise (ߛଶ) 0.46 
Fence height in the experiment (ℎ) 0.0254 m 

 

a) Results under partially correlated  
TBL based on Corcos model 

b) Results under partially correlated  
TBL based on ST model 

Fig. 2. PSD of the accelerations with different number of subpanels  
under partially correlated TBL based on Corcos and ST models 

The PSD of accelerations at point A under partially correlated TBL excitations based on 
Corcos and ST models are compared with the experimental test results [10], as shown in Fig. 4. 
The results using proposed algorithm have an agreement with the test result, which means that the 
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proposed algorithm in this work are correct and valid. It should also be noticed that the second 
frequencies of the response peaks have a slight difference with the test results. This is because the 
boundary condition in test is hard to reach the ideal simple supported boundary condition, which 
will result in a change of natural frequencies. 

 
Fig. 3. RMS of the accelerations with different 

number of subpanels under partially correlated TBL

 
Fig. 4. PSD of the accelerations  
under partially correlated TBL 

4. Numerical simulations 

To further check the general applicability of the proposed algorithm, a stiffened panel, as 
shown in Fig. 5, is used to carry out the vibro-acoustic coupled analysis. Stiffened panels are 
widely used in engineering structures, such as bridges, buildings, automobiles, vehicle and vessels, 
etc. due to their very high stiffness to weight ratio [25]. Stiffened panel usually consists of a basic 
structure and local reinforcement elements called stiffeners to improve the static and dynamic 
characteristics of the structure. Stiffened panel represents the case of fuselage, submarine and ship 
panels where the turbulent boundary layer (TBL) is acting on the outside surface of the panel. The 
stiffened panel dimensions and material properties are given in Table 3. The point  
A (0.24, 0.97, 0) and point B (0.58, 0.58, 0.6) are selected for monitoring the structural and 
acoustic response, respectively. 

The vibro-acoustic coupled model of the stiffened panel is also established based on the 
structural FEM and acoustic BEM. In order to ensure the accuracy of the established FEM model, 
a convergence study has been carried out using NASTRAN where four noded quadrilateral 
elements (CQUAD4 in Nastran) are used. Table 4 shows that the first 8 natural frequencies of the 
stiffened panel are obtained by different number of finite elements. When the number of finite 
elements is greater than 30×30, converged results can be obtained. Based on a combination of 
computational efficiency and sufficient accuracy, the optimum number of finite elements 30×30 
is determined for subsequent analysis. Then the convergence of the response due to number of 
division of subpanels is also studied. In a similar fashion as in Section 3, the number of subpanels 
5×5 is sufficient to carry out the following vibro-acoustic coupled analysis. 

 
Fig. 5. The stiffened panel under correlated TBL 
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Table 3. The dimensions and material properties of the stiffened panel 
Parameters Values 

Length of the panel 1.1684 m 
Width of the panel 1.1684 m 
Thickness of the panel 0.005 m 
Height of the stiffener 0.0577 m 
Thickness of the stiffener 0.003 m 
Distance of the stiffener away from panel edge 0.400 m 
Young’s modulus 73.08×109 N/m2 
Poisson’s ratio 0.33 
Density 2.70×103 kg/m3 
Damping loss factor 0.02 

Table 4. The first 8 natural frequencies of the stiffened panel (Hz) 
Mesh size (2, 1) (2, 1) (3, 1) (3, 2) (4, 2) (3, 3) (4, 3) (3, 3) 

12×12 50.59 51.28 55.90 67.38  74.87 91.56 97.66  103.36  
18×18 50.63 51.35 55.99 68.52  75.69 94.04 99.97  103.08  
24×24 50.67 51.40 56.06 69.03  76.16 95.11 101.05 103.43  
30×30 50.67 51.40 56.07 69.28  76.40 95.65 101.62 103.65  
36×36 50.71 51.71 56.12 69.48  76.62 96.06 102.06 

4.1. Effect of the vibro-acoustic coupling 

To explore the effect of vibro-acoustic coupling on the structure, the analyses of natural 
characteristics and dynamic responses in both coupled and uncoupled conditions are carried out. 

Table 5 shows the first ten coupled and uncoupled natural frequencies of the stiffened panel. 
It shows that the natural frequencies slightly decrease as considering the vibro-acoustic coupled 
effect. However, the vibro-acoustic coupling has little effect on the model shapes. This is mainly 
due to the influence of vibro-acoustic coupling on structure can be regard as an air additional mass 
effect, which has a negative effect on the natural frequencies of structure. 

Table 5. The first ten coupled and uncoupled natural frequencies of the stiffened panel (Hz) 
Modal indices Uncoupled Coupled 

(2, 1) 50.67 49.35 
(2, 1) 51.40 49.39 
(3, 1) 56.07 54.65 
(3, 2) 69.28 68.18 
(4, 2) 76.40 75.03 
(3, 3) 95.65 94.41 
(4, 3) 101.62 100.21 
(3, 2) 103.65 101.50 
(4, 1) 107.97 106.85 
(3, 3) 128.95 127.12 

The effect of vibro-acoustic coupling on structural and acoustic responses is also studied. The 
coupled PSD and RMS of the acceleration at point A and pressures at point B are obtained under 
the three different types of excitations: perfectly correlated, partially correlated, uncorrelated, and 
compared with the uncoupled results, as shown in Figs. 6 and 7. The corresponding RMS of the 
structural and acoustic responses are shown in Table 6. Results show that the vibro-acoustic 
coupled effect has a significant influence on the structural response, but has little influence on the 
acoustic response. The coupled effect results in the decrease of the structural response under 
perfectly correlated excitation, but increase of the structural response under partially correlated 
and uncorrelated excitations. This illustrates the vibro-acoustic coupled effect on structural 
response is related to the correlation of excitation. When the excitations are considered to be 
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partially correlated and uncorrelated, the more contribution of air to the structural response is 
increased due to the vibro-acoustic coupling. In other words, the vibro-acoustic coupled effect can 
result in the increase of structural response because the excitations are partially correlated in many 
real-life vibration problems. Moreover, the influence of coupled effect on structural response is 
more obvious for the thin-shell structures. Therefore, it is very important to consider the 
vibro-acoustic coupling because the structure is actually “surrounded” by the air, which can more 
actually reflect the dynamic characteristics of the vibro-acoustic system. 

a) Results under perfectly correlated TBL 
 

b) Results under partially correlated TBL  
(Corcos model) 

 
c) Results under partially correlated TBL (ST model)

 
d) Results uncorrelated TBL 

Fig. 6. Coupled and uncoupled PSD of the accelerations under perfectly correlated,  
partially correlated and uncorrelated excitations 

 
a) Results under partially correlated excitations 

 
b) Results under perfectly correlated  

and uncorrelated excitations 
Fig. 7. Coupled and uncoupled PSD of the pressures under perfectly correlated,  

partially correlated and uncorrelated excitations 
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Table 6. Coupled and uncoupled RMS of the acceleration and pressure  
for perfectly correlated, partially correlated and uncorrelated excitations 

Correlation Structural RMS (g) Acoustic RMS (Pa) 
Uncoupled Coupled Uncoupled Coupled 

Perfectly correlated 0.70 0.36 11.13 11.13 
Partial correlated (Corcos) 0.80 1.36 18.83 18.77 
Partial correlated (ST) 0.96 1.30 12.01 11.93 
Uncorrelated 0.68 0.85 8.70 8.59 

4.2. Effect of the correlation of excitation 

The effect of correlation among random excitations on structural and acoustic responses is also 
carried out. The responses are also obtained using the three different types of excitations: the 
perfectly correlated, the partially correlated and the uncorrelated. The PSD and RMS of the 
accelerations at point A and pressures at point B due to the three excitations are obtained and 
shown in Fig. 8 and Table 6, respectively. The RMS contour of the stiffened panel under partially 
correlated excitation based on Corcos model is shown in Fig. 9. Results show that the structural 
and acoustic responses under partially correlated excitation are larger than that under perfectly 
correlated excitation. The increase of the response is due to the phase difference between different 
TBL excitation locations of the system. When considering the partially spatial correlation of the 
TBL excitation, the phase difference which has a positive effect on the response is taken into 
account. However, when the TBL are considered into perfectly correlated excitations, the 
excitations ignore the positive factor produced by phase difference. It is also noticed that some 
new response’ peaks appear when the excitation is considered to be partially correlated or 
uncorrelated. When the excitation is partially correlated or uncorrelated, more natural frequencies 
of the vibro-acoustic coupled system are aroused which may also result in an increase of the 
response. 

Mostly, the vibro-acoustic coupled analysis of complex structure under correlated random 
excitation is carried out either by considering the excitation as perfectly correlated or uncorrelated. 
However, if the correlation of excitation is ignored, the response will be smaller than the actual 
conditions. Therefore, it is helpful to consider the correlation of random excitations in the 
structural optimization or fatigue calculations. 

a) PSD of the accelerations 
 

b) PSD of the pressures 
Fig. 8. PSD of the accelerations and pressures under perfectly correlated,  

partially correlated, and uncorrelated excitations 

4.3. Effect of the turbulence 

The effect of turbulence speed and thickness on the response is further studied in this section. 
First, the vibro-acoustic coupled analysis is conducted under different turbulence speeds: 20.0 m/s, 
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35.8 m/s, 50.0 m/s and 70.0 m/s. Fig. 10 gives the PSD of the accelerations and pressures with 
different turbulence speeds under partially correlated TBL. The RMS of the accelerations and 
pressures with different flow speeds for the three types of excitations (perfectly correlated, 
partially correlated, and uncorrelated excitations) are shown in Fig. 11, respectively. The PSD and 
RMS of the responses increase with an increase of turbulence speed, but the trend of the responses 
is almost same. This is mainly due to the auto PSD of excitations increase with the increasing of 
turbulence speed, as noted in Fig. 12. When conducting the matrix multiplication in Eq. (16), the 
increasing of excitation PSD causes a positive effect on the PSD of response. The differences 
among the responses under the three different excitations rapidly increase with the increment in 
turbulence speed. As one can see from Fig. 11, the difference of responses due to the three 
excitations is very small at speed 20 m/s, but the difference is very obvious at speed 70 m/s. This 
is due to that the influence of spatial correlation on the responses is small in the low Mach number 
of turbulent boundary layer flow. However, the spatial correlation has a growing influence on the 
responses with the increasing of flow speed. 

 
Fig. 9. RMS contour of the acceleration under partially correlated excitation 

Next, the vibro-acoustic coupled response is obtained under different TBL turbulence 
thicknesses: 0.010 m, 0.045 m, 0.060 m, and 0.100 m, and the turbulence speed is fixed to 
35.8 m/s. The PSD and RMS of the accelerations and pressures with different turbulence 
thicknesses under partially correlated TBL based on ST model are shown in Figs. 13 and 14, 
respectively. The PSD and RMS of the responses increase with the increase of turbulence 
thickness. This is because the energy convective increase with the increase of turbulence  
thickness, which result an incensement of spatial correlation. 

a) PSD of the accelerations with  
different turbulence speeds 

 
b) PSD of the pressures with  
different turbulence speeds 

Fig. 10. PSD of the accelerations and pressures with different turbulence speeds  
under partially correlated excitations (Corcos model) 
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a) RMS of the accelerations with  

different turbulence speeds 

 
b) RMS of the pressures with  
different turbulence speeds 

Fig. 11. RMS of the accelerations and pressures with different turbulence speeds  
under perfectly correlated, partially correlated, and uncorrelated excitations 

 
Fig. 12. Auto PSD of pressures with different turbulence speeds 

a) PSD of the accelerations with  
different TBL thicknesses 

 
b) PSD of the pressures with  

different TBL thicknesses 
Fig. 13. PSD of accelerations and pressures with different TBL thicknesses 
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Fig. 14. RMS of accelerations and pressures with different TBL thicknesses 

5. Conclusions 

A methodology is presented wherein the finite element method (FEM), the boundary element 
method (BEM) and an acquisition method of excitation correlation are integrated to conduct the 
vibro-acoustic coupled analysis under TBL excitation correlated in time and spatial domains. The 
Corcos/ST PSD model are adopted to obtain the spatial correlation of TBL. A divisional method 
of structure is proposed to capture the spatial correlation of excitation, which has a big advantage 
on the vibro-acoustic coupling analysis of complex structures. 

A simply supported panel under correlated TBL is presented first to validate the proposed 
algorithm. To capture the spatial correlation efficiently, the panel is divided into several subpanels 
with the number of subpanels being determined by a convergence study. Second, the proposed 
algorithm is applied to a stiffened panel, and factors which may affect the vibro-acoustic coupled 
analysis, such as the vibro-acoustic coupling, the correlation of excitation and the turbulence speed 
and thickness are also discussed. To investigate the influence of correlation on vibro-acoustic 
coupled system, the vibro-acoustic coupled analysis is carried out with three types of excitations: 
perfectly correlated, partially correlated based on Corcos and ST models and uncorrelated TBL. 
Results show that the proposed method is suitable for the vibro-acoustic coupled analysis of 
complex system under correlated random excitations. Vibro-acoustic coupled effect can result in 
the decrease of natural frequencies and structural responses for perfectly correlated excitation, but 
increase of the structural response for partially correlated and uncorrelated excitations. However, 
the vibro-acoustic coupled has little effect on the acoustical responses. The structural and acoustic 
responses due to partial correlated excitations are larger than that due to perfectly correlated 
excitations, which results from the phase difference of the excitation. The structural and acoustical 
responses increase with the increment in turbulence speed and thickness. Moreover, the difference 
among the responses under the three different excitations rapidly increase with the increment of 
turbulence speed. 
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