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Boundary layer induced noise, i.e. noise inside the aircraft resulting from the turbulent boundary layer enclosing the 
fuselage, is known to dominate air-cabin noise at cruise conditions. In this paper a method is described to design 
trim panels containing a large number of coupled tubes to effectively reduce this type of noise. The theory of 
viscothermal wave propagation in tubes, as presented by Tijdeman [3], is discussed. To illustrate the procedure the 
absorption coefficient for a panel containing a number of non-coupled tubes is calculated. Initial results optimising 
the tubes’ length and radii for a desired fictive absorption coefficient are presented and prove the applicability of the 
method. 
 

1. INTRODUCTION 
 
Boundary layer induced noise, i.e. noise inside the aircraft resulting from the turbulent boundary 
layer enclosing the fuselage, is known to dominate air-cabin noise at cruise conditions. The 
European project FACE1, amongst others, focuses on the reduction of this type of noise. The 
authors participate in the FACE project by investigating the possibility to design ‘smart’ trim 
panels that effectively reduce boundary layer induced noise. 
As shown by van der Eerden [1], a panel containing a large number of coupled prismatic tubes is 
very efficient in reducing broadband noise. Hence, we have focused in this direction to reduce 
boundary layer induced noise. 
The low-reduced frequency model of Zwikker and Kosten [2] describes wave propagation in 
prismatic tubes both efficiently and accurately. Tijdeman [3] has written their solution for 
cylindrical tubes in dimensionless form and this solution is used as a starting point of our 
investigations. Using the low-reduced frequency model, it is possible to calculate the impedance 
at the entrance of each individual tube and the equivalent impedance and absorption coefficient 
of the panel. Given a desired absorption coefficient that is appropriate for the source, 
optimisation of the lengths and radii of the tubes such that the difference between the calculated 
and desired absorption curve is minimal will result in an effective sound-absorbing panel.  
 

2. THEORY 

2.1. Viscothermal wave propagation in cylindrical tubes 
 
Tijdeman [3] and Beltman [4] give an extensive overview of viscothermal wave propagation in 
prismatic tubes and conclude that this type of wave propagation is accurately and efficiently 
described by means of the low-reduced frequency model. In the model, the pressure is assumed 
                                                           
1 Friendly Aircraft Cabin Environment, a TP project approved for funding by the CEC under the Fifth Framework 
Program 
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to be constant across the tube cross-section and the effects of inertia, compressibility, viscosity 
and thermal conductivity of the fluid are included. The pressure perturbation p and velocity 
perturbation u (averaged over the cross-section) can be written as 
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where A and B are the complex amplitudes of the forward and backward travelling waves in the 
tube. Γ  is the wave propagation coefficient, n can be interpreted as a polytropic constant and k is 
the wave number. The reader is referred to the nomenclature for the definition of the remaining 
variables.  
The amplitudes A and B are determined by the boundary conditions at both ends of the tube. n 
and Γ  are given by, respectively, 
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where J0 and J2 are, respectively, Bessel functions of the first kind of order 0 and 2. s denotes the 
shear wave number; σ  the square root of the Prandtl number. These dimensionless parameters 
are defined according to: 
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The shear wave number is a measure for the ratio between inertial and viscous effects. A low 
shear wave number indicates that the viscous effects are dominant, whereas for high shear wave 
numbers the inertial effects dominate. The definitions show that n and Γ are functions of s and 
thus depend on the frequency. 
For a tube with a prescribed pressure perturbation pe at its entrance and terminated by an 
acoustically hard wall, the impedance Z (the ratio between pressure perturbation pe and velocity 
perturbation ue) at the entrance of the tube is given by: 
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2.2. Sound absorbing panel with quarter-wave resonators 
 
Sound absorption/reflection is directly related to acoustic impedance. As a plane travelling wave 
with characteristic impedance ρ0 c0 impinges on a surface with different impedance, the wave is 
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(partly) reflected. However, if the impedance is equal to ρ0 c0, no reflection of the incident wave 
occurs and all acoustic energy is absorbed. For optimal sound absorption, one thus strives for an 
impedance of the panel close to the characteristic impedance ρ0 c0. 
For a panel of area Aw containing N tubes conservation of mass of a control volume near the 
surface requires that  
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where uw is the average velocity perturbation at a short distance away from the panel and Aj = 
πRj

2 is the cross-sectional area of tube j. This condition leads to a relation between the wall 
impedance Zw and the impedance at the entrance of a single tube Z j as given by equation (5): 
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where Ωj = Aj / Aw is known as the porosity of tube j. The pressure-amplitude reflection 
coefficient Re, defined as the ratio between the reflected and incident sound wave, can be written 
as  
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(see e.g. Pierce [5]). The sound absorption coefficient α represents the fraction of the incident 
sound energy that is dissipated and is equal to 
 

2Re1−=α         (9) 
 
Effective sound absorption is thus attained whenever α ≈ 1. As can be deduced from the 
equations above, α ≈ 1 for a specified frequency whenever the length of the tube is close to a 
quarter of the wavelength of the plane travelling wave.  
Bies [6] has shown that one has to add a small correction d to the tube’s physical length to 
correct for inlet effects. If the tubes are equally distributed with an average distance a between 
the centres of the tubes, d is given by: 
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Based on the theory described above, the authors have developed an optimisation algorithm (a 
quasi-Newton method) which finds, for a given panel of size Lw x Lw = Aw and a given desired 
absorption curve, the radii Rj and lengths Lj of the N tubes such that the absorption curve best fits 
the desired absorption curve (best in a least squares sense). 
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3. RESULTS 

 
Figure 1 shows preliminary results obtained with the optimisation algorithm. The figure shows 
fictive desired absorption curves (solid line; α = 1 within the frequency range from 900 to 1100 
Hz and 0 outside the range). Next to the desired absorption coefficient, the absorption curves for, 
respectively 2, 3, 4 and 5 tubes, obtained after optimisation have been included (dotted line). The 
data used to obtain the curves are given in the appendix. Note that for 2 tubes, the 0-values of the 
desired absorption curve prevent the values for the central frequencies of the optimised 
absorption curve to approach unity. In addition one observes that, quite obviously, a better match 
could be achieved for a larger number of tubes. 
 

   
 

   
 
Figure 1. Desired absorption curves (solid line) and optimised absorption curves (dotted line) 
for 2, 3, 4 and 5 tubes (respectively: left top, right top, left bottom, right bottom). 
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Table 1 shows the optimised length and radii. 
 

 N = 2 N = 3 N = 4 N = 5 
L [mm]; R [mm] 4.8; 77.1 

4.8; 85.7 
4.3; 76.2 
4.3; 81.7 
4.3; 87.8 

 

3.6; 76.1 
3.9; 79.7 
4.2; 84.1 
3.8; 88.9 

4.3; 75.8 
3.4; 80.3 
3.2; 83.8 
3.0; 87.1 
3.0; 89.9 

 
Table 1: Number of tubes N, optimal length L [mm] and radii R [mm]. 

 
 

4. CONCLUSIONS 
 
In this paper we have presented preliminary results of an optimisation algorithm for optimising a 
sound-absorbing trim panel having a large number of coupled tubes to effectively reduce 
boundary-layer induced noise. For the test problems as described, the algorithm quickly finds an 
optimum configuration. Future work will include the extension of the test problems to broadband 
noise as well as the incorporation of a restriction that all tubes physically fit within the panel and 
not overlap other tubes. Finally, the trim panel which most effectively reduces boundary-layer 
induced noise will be determined and tested. 
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APPENDIX: NOMENCLATURE 

 
Aj cross-sectional area of tube j  
 [m2] 
Aw = 0.0025 area of the wall [m2] 
c0 = 343.3 speed of sound [m/s] 
Cp specific heat at constant  
 pressure [J/(kg K)] 
Cv specific heat at constant  
 volume [J/(kg K)] 
d end correction [m] 
i √(-1)   
k = ω /c0 wave number [m-1] 
L length of the tube [m] 
n polytropic constant [-] 
p pressure perturbation [Pa] 
R radius [m] 
Re reflection coefficient [-] 

Z impedance [kg/(m2 s2)] 
s shear wave number [-] 
u velocity perturbation [m/s] 
x Cartesian coordinate [m] 
α sound absorption coefficient [-] 
γ = Cp/Cv = 1.4 ratio of specific heats [-] 
Γ propagation coefficient [-] 
λ therm. conductivity [J/(m s K)] 
µ = 18.2e-6 dynamic viscosity [Pa s] 
ρ0 = 1.22 mean density [kg/m3] 
σ = 0.845 square root of the Prandtl  
 number [-] 
ω angular frequency [rad/s] 
Ω porosity [-]
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