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1. i n t r o d u c t i o n

Aircraft cabin interior noise and vibration is mostly 
generated by the external flow excitation and engine noise. 
In opposition of what happens during takeoff, where the 
engine noise is the dominant cabin noise source, during 
cruise flight the airflow sources are the major contribution 
for the interior noise [1]. Additionally, turbulent boundary 
layer pressure (TBL) levels on the exterior of the fuselage 
increases with the flight speed. Similarly, automotive 
industry is progressively more concerned with passengers 
comfort. Since major advances have been made to the 
reduction of sound transmitted to the interior from the 
engine, transmission, and tires, the reduction of flow- 
induced noise is becoming more important.

Reduced cabin noise levels are desirable for both comfort 
and health-related reasons, and they are balanced with cost, 
complexity, and physical constraints of noise control 
systems. However, the successful implementation of noise 
control techniques is a challenging problem, and is far from 
being a straightforward task. To efficiently design a noise 
control system, a clear understanding of the mechanisms of 
sound radiation and transmission of the structural-acoustic 
system is crucial. Furthermore, when considering the TBL 
excitation, the noise reduction problem turns into even more 
complicated, since the TBL-induced pressure has a random 
and broadband nature. Mathematically, this problem can be 
simulated by the interaction of three models: (1) an 
aerodynamic model, which represents the TBL pressure on 
the cabin structure; (2) a structural model, defining the 
vibration of the cabin structure; and (3) an acoustic model 
representing the cabin interior sound pressure level.

The mains goal of the current research is to develop an 
analytical framework for the prediction TBL-induced noise 
into transport vehicles cabins, and its validation. The 
knowledge of the characteristics of the TBL excitation, its 
induced vibration on the structure, and the noise radiated 
into the cabin is essential for the accurate prediction of the 
interior noise. The effect of the receiving room space is an 
important factor for the accurate interior noise prediction.

1.1 Turbulent Boundary Layer Wall Pressure Model
The TBL wall pressure field over a flat plate is 

usually statistically described in terms of the pressure power 
spectral density (PSD). Corcos [2], proposed a model which 
considers the cross PSD of the stationary and homogeneous 
TBL wall pressure field, over a flat panel, for zero pressure 
gradient, in a separate form in the streamwise, x-, and 
spanwise, y-direction, as

«x rc I4xl ay m l̂ yl 1 rc ̂
S ( ^ , œ )  = Sref(œ) e- Uc e- Uc e- Uc , (1)

where Sref(ro) is the reference PSD; ^=x-x' and £y=y-y' are 
the spatial separations in x and y directions, respectively; a x 
and a y are empirical parameters, chosen to yield the best 
agreement with the reality. Recommended values for 
aircraft boundary layers are a x= 0.1 and a y= 0.77.

1.2 structural Model
Generally, an aircraft fuselage is a conventional 

skin-stringer-frame structure, with several panels connected 
between adjacent stringers and frames. The panel was 
considered to be flat and simply supported in all four 
boundaries. The plate governing equation, for a given 
applied external pressure, pext(x,y,t), is defined by

DpV4w + pp hp w + Cp w = pext(x,y,t) , (2)

in which w is the plate displacement, pp is the density of the 
panel, hp is its thickness, Dp is the panel stiffness constant, 
and the term Çp was added to account for the panel damping.

1.3 Acoustic Model
The acoustical physical system consists of a three­

dimensional rectangular enclosure, with five fixed walls, 
and one totally or partially flexible wall. The governing 
equation of this subsystem is the wave equation, defined by

2 1
v2p  - 3  p - Cac p = 0 , (3)

L0

where p is the interior pressure, c0 is the speed of sound 
inside the enclosure, and the term Çac was added to account 
for the acoustic damping in the enclosure.
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2. M E T H O D  F O R  S O L U T IO N 70

The governing equations for the coupled structural 
acoustic system are obtained from the combination of the 
previously described equations for the individual uncoupled 
systems. To perform this combination, some mathematical 
manipulations are needed (please refer to [3] for details). 
The final coupled system governing equation becomes

jq ® )
wo)

[Mpp 0
fq (t)) + Dpp 0 [q (t)] + Kpp Kpc

.MCp Mcc 0 Dcc lr(t)J 0 Kcc

■ft®} (4)

in which M
« NxN; M,

Dppp -pp, and Kpp e WMXM; Mcc, Dcc and K ^ e 
: « NxM; Kpc e ^ MxN; q(t) and pM(t) e ^ Mx1; r(t) 

is the number of plate modes; 
N=NxxNyxNz is the number of acoustic modes; and w(x,y,t) 
and p(x,y,z,t) were defined, respectively, as:

^ Nx1; M=MxxMv

Mx

^mx(x) Pn,y(v) qmxmy(t) (5a)
mx=1 my=1

p(x,y,z,t) = Vn.,(x) ^nv(V) r nz(z) rnxnvnz(t) • (5b)

Since the TBL wall pressure field model is expressed in the 
frequency domain, Eq.(4) is rewritten in the frequency 
domain, as: Y(œ)-H(œ)X(œ), where Y(ra) is the response of 
the system to the excitation X(ra), and H(ra) is the frequency 
response matrix of the system, defined as following:

_ (W M ) _  X M - { P« M }  ,Y(œ)=
l  P (œ )j

and (6a)

H(œ) -
-œ2Mpp+iœDpp

+ K p p
Kp

-œ2M,-cp -œ2 Mcc +iœDcc +Kcc
(6b)

where W(ra), P(ra) and Ptbl(ro) correspond to the frequency 
domain vectors of q(t), r(t) and ptbl(t). One last step, needed 
to obtain a solution, is to transform the system equations to 
the PSD domain, as: SYY(œ)-H*(œ)SXX(œ)HT(œ), where 
SXX(œ) is the PSD matrix of the random excitation, SYY(œ) 
is the PSD matrix of the random response, and superscripts 
* and T denote Hermitian conjugate and matrix transpose. 
Using this methodology, it is possible to analytically 
determine the PSD of the plate displacement, Sw (œ), and 
the PSD of the acoustic enclosure pressure, Spp(œ),. Please 
refer to [3] to access the derived analytical expressions for 
the PSD functions.

3. R E S U L T S  A N D  D IS C U S S IO N

Several practical cases available in the literature 
were used for the validation of our analytical framework. In 
the present summary, results are shown for the study in [4]. 
It consists of a rectangular simply supported aluminum 
panel, excited by a TBL, and coupled with an acoustical 
enclosure. The value of Sref was provided, and the sound
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Fig. 1. SPL: (a) from our analytical model; (b) measured, from [4].

pressure level (SPL) was measured inside the acoustic 
enclosure. To accomplish convergence of the spectral 
quantities, a total number of Mx-5 and My-4 plate modes, 
and Nx=8, Ny-6  and Nz=5 acoustic modes were used in our 
analysis. For the frequency range of interest, [0; 1000] Hz, 
was necessary to include some non-resonant modes to 
accurately predict the SPL, showing that the number of plate 
and acoustic modes plays an important role to obtain a 
truthful prediction. By comparison of parts (a) and (b) of 
Fig. 1, it can be concluded that our analytical model 
provides a good approximation to the experimental data. It 
is shown that, for an accurate interior cabin noise prediction, 
is important to consider not only the structural natural 
modes, but also the cabin acoustic modes, as well.

R E F E R E N C E S

[1] D. E. Bishop, Cruise flight noise levels in a turbojet transport 
airplane. Noise Control (1961), 7, pp. 37-42.

[2] G. M. Corcos, Resolution of pressure in turbulence. Journal o f 
the Acoustical Society o f America (1963), 35(2), pp. 192-199.

[3] C. M. Heatwole, R. J. Bernhard and M. A. Francheck, Robust 
feedback control of flow induced structural radiation of sound. 
NASA Report 0278-1 (1997).

[4] J. da Rocha, A. Suleman and F. Lau. An accurate coupled 
structural-acoustic analytical framework for the prediction of 
random and flow-induced noise in transport vehicles: Its 
Validation, Canadian Acoustics (submitted, July 2009).

nx=1 ny=1 nz=1

201 - Vol. 37 No. 3 (2009) Canadian Acoustics / Acoustique canadienne


