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Abstract  

The current paper deals with the influence of 
stiffeners on the sound transmission through 
aircraft structures. Several studies have shown 
that the vibrations of the stiffeners form a sound 
transmission path in a way that the movements 
of the stringers excite the “aircraft skin fields“, 
which leads to additional “noise sources”. Be-
sides the investigation of this effect, the objec-
tive of the present contribution is the investiga-
tion of different modeling variants, the radiation 
of sound energy of vibrating stringers, and the 
influence of the stiffening on the skin field with 
respect to sound transmission. Within the inves-
tigations, a coupled Boundary Element/Finite 
Element Method has been used.  

1  Introduction  
When developing modern aircrafts, sound simu-
lations are already carried out in the design 
phase, in order to be able to evaluate the noise 
exposure of the cabin interior before a prototype 
exists. These include the simulation of the 
sound transmission paths through the cabin wall 
as well as the sound radiation of single compo-
nents. In particular, it is not only objected to de-
termine the noise level perceived by the passen-
ger, but also to optimize the acoustical behav-
iour of single components. Of course, the struc-
tural vibrations and the acoustics are closely re-
lated.  

In the past, researchers spent quite some 
time in the computational investigation of the 
sound transmission trough simple plane struc-

tures, see e.g. [1-4], but also curved and stiff-
ened fuselage structures have been investigated 
[5-7]. When using numerical approaches, such 
as the Finite Element Method, different element 
types, namely solid, shell, and beam elements in 
combination with isotropic as well as layered 
materials are available and have been investi-
gated, for instance, in [8-10]. 

Common aircraft structures consist of 
complicated geometries including complex 
stiffeners and skin fields where different nu-
merical approaches and models can be applied 
to simulate their dynamic behavior. The effects 
of different modelling variants on the numerical 
results as well as their vibroacoustic effects 
have not been treated comprehensively yet.  

The objective of this contribution is to 
evaluate the acoustic influence of important 
components of a fuselage structure. In particu-
lar, the influence of the stiffeners (of the body 
structure) with respect to their discretization, 
their structural vibration, and their sound radia-
tion will be investigated and discussed. Fur-
thermore the acoustical effects of panels with 
different stiffened regions are considered. 

The first section deals with the numerical 
methods employed for the simulations. The 
governing equations are shown for the structural 
Finite Element Method (FEM) as well as for the 
Boundary Element Method (BEM) used for the 
acoustical part. Further on, the coupling of the 
FEM and the BEM is described. In the second 
section, the different modelling possibilities of 
stiffeners as well as the resulting computational 
effects on the structural behaviour are consid-
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ered. Afterwards the influences of the stringers 
on the acoustical behaviour of structures will be 
discussed. The last section deals with the effects 
of local stiffening regions of a panel. 

2  Calculation principles and governing  
equations 
For the computation of the structural behaviour 
of the investigated systems the Finite Element 
Method is applied, while the indirect Boundary 
Element Method is employed to account for the 
acoustical effects. The FEM and the BEM are 
used simultaneously, leading to a coupled ap-
proach. All investigations will be performed in 
the frequency domain. 

In the following, the two calculation meth-
ods are described briefly. A detailed derivation 
for the approaches can be found, e.g., in [9-13]. 

2.1 Structural calculation using FEM 
The FEM is used to determine the mode shapes 
and eigenfrequencies of the vibrating structure. 
Both the shapes and the frequencies are essen-
tial inputs for the acoustical calculation. 

Using the concept of virtual displacements, 
the equation of motion describing the dynamic 
behavior of the structure at a given frequency ω 
can be derived, such that 

( ) { } { }FUMDiK =⋅−+ ][][][ 2ωω  (1) 

The matrix [K] is the stiffness matrix and {F} is 
the vector of the frequency dependent excitation 
forces, [D] and [M] are the damping and mass 
matrix, respectively. The vector {U} contains 
the unknown displacements in physical coordi-
nates. In the case that the eigenvectors {φ} of 
the structure are known, its response can be cal-
culated by a linear superposition of these eigen-
vectors: 
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where {a} denotes the vector of the “n” modal 
participation factors and [ Φ ] is the matrix of the 
respective eigenvectors. The unknown participa-
tion factors are obtained from: 
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(3) 

2.2 Acoustical calculation using BEM 
For the acoustical part of the coupled vibro-
acoustic model the BEM is employed. The ap-
proach is based on the solution of the Helmholtz 
equation 

022 =+∇ pkp  (4) 

where p is the sound pressure of the fluid, while 
k = ω/c is the wave number depending on the 
sound velocity c. The system of equations re-
sulting from the indirect BE formulation can be 
written as [11]: 
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The unknown parameters {σ} and {μ} are the 
single and double layer potentials, respectively, 
{f} and {g} are vectors containing the frequency 
dependent excitations of the system. From the 
potentials σ and μ at the surface of the sound 
radiating structure, the sound pressure at an ar-
bitrary point p can than be obtained by employ-
ing 

{ } { } { } { }μσ TT
p bap += , (6) 

where the vectors {aT} and {bT} are influence 
coefficients which can be determined as de-
scribed in [11]. 

2.3 Coupled FEM/BEM system 
A combination of the Equations (1) and (6) 
leads to the system of equations 
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which represents the coupled behavior of the 
structure and the surrounding air. [H(ω)] is the 
BEM influence matrix resulting from Equation 
(6) and [C] the geometrical coupling matrix. 
The vectors {F} and {FA} contain the excita-
tion, while {a} denotes the structural influence 
vectors. The “hat” symbol is used to mark the 
quantities expressed in the modal domain. 

2.4 TL and the effect of coincidence 
In order to evaluate the acoustical transmission 
of sound energy trough the walls under investi-
gation, the transmission loss [TL] is used. It is 
defined as the ratio of the excitation energy and 
the radiation energy of the structure. The mass 
law for a diffuse acoustic sound field, as applied 
later, is given by [14-15]: 

where m is the specific mass of the structure and 
ρc is the impedance of the adjacent fluid. The 
diffuse field approach, as used here, predicts a 
reduction of the TL by 3 dB, as shown in equa-
tion 8.  

A typical curve of the TL is given in Fig. 1. 
The total frequency range is divided in three re-
gions. The first region in the lower frequency 
band includes the “stiffness controlled” TL 
where no bending movements of the wall exist. 
By increasing the frequency, the resonances be-
come evident, where the effects of the eigen-
modes of the structure are dominant. The sec-
ond region describes the mass law. In this area 
only the mass of the structure influences the 
curve. The TL increase by 6 dB per octave. The 
third region is characterised by the coincidence 
effect. The frequency fc shown in the Fig. 1 de-
notes the coincidence frequency. At this fre-
quency the wave length of the bending wave of 
the structure is equal to the wave length of the 
fluid. Considering the angle between the acous-
tical wave and the structure, the frequency de-
pendence of the coincidence effect can be ob-
served. 

 

 
Fig. 1. Typical Transmission Loss curve [14]. 
 

The calculation of the coincidence frequency 
takes place by using [16] 
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where the variable B is the bending stiffness of 
the wall, m is the specific structural mass, and c 
is the sound velocity in the adjacent fluid. The 
angle ϕ  describes the direction of the incident 
acoustical wave with respect to the normal of 
the structure. 

3  Effect of different modelling variants of 
the stringers  
The aim of the investigation in this section is to 
characterize the influence of different modeling 
variants of the stringers. First, the model vari-
ants are described in detail. Then the calculated 
structural behavior of the different variants as 
well as the acoustical effects are discussed. Fi-
nally, the reduction of the calculation costs is 
shown.  

3.1 Description of the modelling variants 
Four different finite element discretizations 
(modelling variants) of the stringer, which is 
displayed in Fig. 2, are investigated. These are 
 
Variant A:   Shell elements only 
Variant B:  Combination of shell and solid 

elements 
Variant C:  Combination of shell and beam 

elements  
Variant D:  Beam elements. 
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Fig. 2. Cross section of the investigated stringer. 
 
The skin field of the structure is modelled using 
shell elements.  
 
Shell modelling - variant A: 

A view of the structural mesh of the variant A is 
shown in Fig. 3. The web, i.e. the vertical part 
of the stringer, is modelled with shell elements 
(thickness 3.2 mm) and the “bulb”, which de-
notes the top part of the stringer, is modelled by 
using shell elements (thickness 5 mm) as well.  
 

           
Fig. 3. Structural mesh variant A. 
 
Shell and solid modelling - variant B: 

The difference of this variant (see Fig. 4), in 
comparison to variant A, is the modeling princi-
ple of the bulb. This variant is chosen to inves-
tigate the behavior of shell elements with large 
thicknesses (5 mm). By increasing the thickness 
of the structure more and more, shear effects 
must be considered. However, this has been re-
solved here by using solid elements with more 
degrees of freedom as in the case of the shell 
variant. 

        
Fig. 4. Structural mesh variant B. 

Shell and beam modelling-variant C: 

In this variant the stringer bulb consist of beam 
elements (see Fig. 5). This type of elements may 
be used to model parts of the structure in a sim-
plified way in order to reduce the degrees of 
freedom (dof), which is often an important con-
cern especially for FE models of large struc-
tures. The cross section of the stringer bulb ge-
ometry is modelled as shown in Fig. 2. 
  

   
Fig. 5. Structural mesh variant C. 
 
Beam modelling - variant D: 

For this variant the complete stringer is mod-
elled by beam elements only (see Fig. 6). In 
contrast to variant A where 500 nodes are nec-
essary to model the stringer, in this case only 50 
nodes are needed. Therefore this reduction of 
the degrees of freedom results in a significant 
decrease of the computational costs. However, 
the advantage of using beam elements must be 
considered with respect to a reduced accuracy of 
the computed results. 

 

 
Fig. 6. Structural mesh variant D. 
 
The discussion of the influences of the four dif-
ferent modelling variants is given in the follow-
ing section. 

3.4 Effects for the different modeling variants 
of the stringer 

The structural behavior (mode shapes) of the 
different models introduced above shows par-
tially deviant results. However, the first four 
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eigenmodes of all variants are nearly identical. 
In Fig. 7 an example for none existing mode 
shape of variant D is shown. Fig. 8 illustrates an 
example for the case where particular mode 
shapes are not found for variants A-C but they 
are observed for variant D. Such differences in 
the structural behavior of the variants lead to 
acoustical effects, because of additional modal 
deflections of the skin field. However, the ex-
pected influence occurs at discrete frequencies. 

It has been found that in cases of typical 
skin modes the differences of the shapes and the 
eigenfrequencies of all four variants are negligi-
ble.  
 
 
        
 
 
 
 
 
 
   
 
Fig. 7. Structural mode shapes of variants A-C. 
Mode shape of variant D does not exist. 
 

      
Fig. 8. Structural mode shapes for the variant D. 
Mode shapes of variants A-C do not exist. 
 

The acoustical effects of the different 
stringer modeling variants and also the eigen-
frequency shifts and missing mode shapes are 
explained by the TL diagram in Fig. 9. The 
variants B (shell solid) and D (beam) are dis-
played.  

The deviation shown in region “a” can be 
explained by an eigenfrequency shift of the first 
mode. At this frequency the variant D is stiffer 
than the variant B.  

The dip denoted at “b” results from the 
modes given in Fig. 7. As expected, no dip oc-
curs in the curve of the beam variant, which 

means no corresponding mode shape can be ob-
served at this frequency.  

The region “c” is dominated by a smaller 
number of strong mode shapes. The TL curve of 
variant D, for example, includes the two eigen-
frequencies shown in Fig. 8. However, the only 
visible modal dip in the TL curve results from 
the skin field mode shown in Fig. 10. The re-
spective region is marked by “d”. The two 
modes of Fig. 8 are less dominant and therefore 
no effects are visible in the TL curve. In the TL 
of variant B two dips are visible. The first dip 
occurs at a frequency of 420Hz and results from 
a combination of stringer and skin deflections 
(not observed in the case of the beam variant). 
The second dip is equivalent to the mode shape 
depicted in Fig. 10 and results from a typical 
skin field mode. The offset behind the peak at 
“d“, which can be observed up to 550Hz, can be 
explained by the significant influence of the 
mode shape at “d”. 

Transmission Loss (TL) of different Model Variances
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Fig. 9. Comparison of the Transmission Loss for 
the variants B and D. 
 
 
 
 
 
 
 
 
 
 
Fig. 10. Typical mode shape of a skin field for 
variant D at 440 Hz. 
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From the discussion above, the influence of 
different modelling variants becomes clear. The 
effects occur not only in a small frequency 
range but may also influence broad ranges of 
the solution. However, the calculation costs can 
be reduced drastically by accepting less accurate 
results, for instance, if beam elements are used. 
In the case of large structures like airplane fuse-
lages, the application of beams can be sufficient. 

It should be noted that from the acoustical 
point of view, the previous discussion has dealt 
with the effects caused by the skin fields only. 
The influence of the sound induced directly by 
the stringers has not been shown because of the 
size of the stringers and because of the rather 
low frequency range that has been considered. 
Hence, the investigation of this topic will be 
performed for larger stiffeners as described in 
section 4.3.  

4 Acoustical effects of a large stringer 
In this section the acoustical influence of stiff-
eners attached to the panel is investigated by 
including the stringer in to the acoustic BE 
model. The TL and the radiation efficiency will 
be calculated and two different effects will be 
discussed, namely the general acoustical impact 
of an oversized stringer and the effect of the 
sound radiation of the stringer itself. 

4.1 Influence of the stiffening on plane plates 
Using three different models, the effects of 
stiffening are shown considering the TL. The 
respective models are: 
 
model 1: plane plate (no stringer attached),  
model 2: plane plate with shell stringer, 
model 3: plane plate with beam stringer.  

4.1.1 Introduction of the models  
Fig. 11 demonstrates the FE models used for the 
calculation of the structural behavior. The edge 
length of the plane plate is chosen to 0.5m and 
the thickness to 3.2 mm. The height of the 
stringer is 0,1m. The overall panel weight dif-
fers due to the mass of the stringer. The material 
parameter corresponds to typical values for 
aluminium. The boundary conditions of the 
models are chosen such that translational 

movements are prevented and rotations are pos-
sible, commonly referred to as “simply sup-
ported” boundary conditions. For the BEM 
mesh the plane plate model in Fig. 11 (model 1) 
is employed.  
 
 
 
 
 
 
 
 
 
 
 
Fig. 11. Modelling variants for the investigation 
of acoustical influences. 

4.1.2 Discussion of the calculated results 
The calculated results for the three different 
models are shown in Fig. 12. The curve marked 
with “squares” represents the TL for the plane 
plate without stringer (model 1), the “cross 
marks” curve is equivalent to the beam stringer 
(model 2), and the “triangular marks” curve 
shows the TL for the stringer modeled by shell 
elements (model 3). The differences between 
the two stringer variants are obviously low (see 
section 3.4), while the differences compared to 
the plate without stiffeners is significant. In the 
lower frequency domain up to 800 Hz the influ-
ence of the eigenmodes is very obvious (see Fig. 
1). In fact, the eigenfrequencies are shifted and 
therefore the modal differences caused by the 
stiffening of the plate lead to significant differ-
ences in the TL curves. 

Besides these effects, a “local coincidence” 
resulting from certain parts of the skin field is 
existing at region “a”. The TL for model 1 
shows a typical mass controlled frequency area, 
while the curves for the stiffened plates are in-
fluenced by the modal and by the coincidence 
effects. In region “b” and “c” coincidence ef-
fects for the perpendicular direction of wave 
propagation are shown. While for the “squared 
marks” curve only one coincidence region is 
observed (both coordinate directions have equal 
stiffness) the stiffened plates include two coin-

model 1 
 
 
 

model 2 
 

 
 
model 3 
 



 

7  

INFLUENCE OF DIFFERENT STIFFINING TYPES ON THE NOISE

cidence frequencies each accounting for one di-
rection of the wave propagation. 
 

Transmission Loss - stiffening of plates 
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Fig. 12. Transmission loss through the plane 
plate without and with stiffeners. 

4.2 Acoustic radiation of the stringers 

In this section the sound radiation (radiation ef-
ficiency) of the stringers is discussed. Therefore 
two different calculations, based on the model 2 
as described in section 4.1.1, are executed. 
While the structural input in both calculations is 
the same, the input models for the BEM analysis 
differ. In one case the stringer is included into 
the model, in the other case no stringer is mod-
elled. The excitation of the structure is accom-
plished using a constant force over the fre-
quency range.  

The calculated results are shown in Fig. 13.  
In the frequency range around 1 kHz, the 
stringer model with the stringer is radiating 
more sound energy than the model without the 
stringer. The depicted mode shape of the 
stringer (1 kHz) shows slightly more than two 
wave lengths in the direction of the width of the 
stringer. The according wave length is 25 cm. 
The same wave lengths exist in the fluid at this 
frequency. Hence, the radiation of the stringer 
can be compared to a coincidence radiation. In 
general, the sound radiation is much more sig-
nificant than in the case of the model without 
the stringer.  

The next region emphasized in the Fig. 13 
demonstrates the effect of the stringer deforma-
tion in the second direction. Here the radiation 
from the stringer seems to be negligible since no 

differences between the models can be ob-
served. In this case, no coincidence of the fluid 
and the structural wave lengths occurs.  
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Fig. 13. Radiation efficiency of the plate with-
out and with stiffeners. 

5 Influence of different stiffening skins on the 
coincidence 
In sections 3 and 4, the influences of plate stiff-
eners on the acoustics are presented. Especially 
the modal effects and the coincidence influence 
are discussed by regarding idealized geometries. 
In this section, a typical stringer construction is 
investigated to show the effects of realistic stiff-
eners. The edges of the models have been dou-
bled in length and 6 stringers and 12 stringers 
are used, respectively. These more complex 
models give an idea of the interaction between 
the explained effects and the drastically influ-
ence on the acoustical behaviour. 

5.1 Introduction of the model 

Five different models have been investigated 
which are summarized in the following table: 
 
BEM 
model 

Plate No 
stringer 

variant I plate+feet 6 stringer 
variant II  plate+stringer 6 stringer 
variant III plate+feet+stringer 6 stringer 
variant IV plate+feet+stringer 12 stringer 

 
As before, the BEM model is used for the 
acoustical calculations, while the variants I-IV 
define the different geometries of the structure. 

a 

b c 
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The stringer size is equal to standard dimensions 
for an aircraft fuselage (see Fig. 14). The 
stringer feet are included by modifying the skin 
elements appropriately. Therefore the thickness 
of the concerned skin elements is bloated.  
 
 
 
 
 
 
 
 
 
Fig. 14. Geometry of the realistic stringer 
 

5.2 Discussion of the calculated results  
Fig. 15 demonstrates the calculated TL for the 
four different models as introduced above. 

A typical curve for a plane skin is given in 
the case of variant I. In the mass controlled re-
gion the curve increases constantly. At the skin 
field coincidence, however, the curve shows a 
significant dip, and for higher frequencies the 
slope of the curve becomes steeper.  

Rather different characteristics are ob-
served, if the feet used in variant I are replaced 
by stringers according to variant II. The coinci-
dence dips span over a larger frequency range 
(see region “a”) and the mass law is not suffi-
cient anymore to characterize the lower fre-
quency range. A second coincidence drop oc-
curs approximately between 1 kHz and 1.5 kHz. 
This effect can be explained by the stiffening of 
the plate in the direction aligned with the 
stringer.  

The curve from variant III, where stringer 
and stringer feet are considered, shows a rather 
similar characteristic. The coincidence effect 
described above is more distinct (see region 
“b”).  

Across the entire frequency range variant 
IV shows the lowest TL of all investigated vari-
ants. Compared to variant III, the strong stiffen-
ing of variant IV (6 stringers x-direction and 6 
stringers y-direction) leads to a lower coinci-
dence frequency, as indicated by region “c”. 

This effect causes a decrease of the TL over a 
large frequency range. Above the skin field co-
incidence at 3.1 kHz (see region “a”) the charac-
teristic of the TL curve is similar to all other 
variants.  

 
Transmission Loss (TL) of different stiffening variances
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Fig. 15. Transmission Loss of panels with real-
istic stringers. 

6 Conclusion  
The objective of this paper was to illustrate the 
structural and acoustical effects in the case of 
stiffened panels. The applied computational ap-
proach is based on the coupling of the structural 
FEM, employed for the panel, with the indirect 
BEM, which is used to represent the acoustic 
domain. 

A detailed analysis addressed the optimal 
choice of a discretization to be used when a 
stiffened structure shall be investigated numeri-
cally. It was found that an application of shell 
and solid elements leads to accurate results, 
while the application of only beam elements 
yields less accurate results. In the latter case, 
however, a significant reduction of the computa-
tion costs may be accomplished. 

Moreover, the acoustical effects of different 
modelling variants have been shown and the 
effect of the acoustical radiation of the stringers 
themselves is demonstrated. Significant effects 
have been shown if coincidence effects occur. 

A systematic investigation for a realistic 
panel stringer combination, where the different 
stiffening elements, such as stringer feed and 
web for each direction, were included in the 
numerical model successively, shows the effects 
on the TL results. The main influence can be 

Thicknesses: 
   skin = 3.2mm 
   stringer = 2mm 

l3=25mm 

l1=15mm 

l2=24mm 

c 
b 

a 
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observed at the additional coincidence frequen-
cies which can increase the transmission path 
drastically. 
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