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Abstract. This paper discusses the development of analytical models for the prediction of aircraft cabin noise induced by the
external turbulent boundary layer (TBL). While, in previous works, the contribution of an individual panel to the cabin interior
noise was considered, here, the simultaneous contribution of multiple flow-excited panels is analyzed. Analytical predictions
are presented for the interior sound pressure level (SPL) at different locations inside the cabin of a Blended Wing Body (BWB)
aircraft, for the frequency range 0–1000 Hz. The results show that the number of vibrating panels significantly affects the interior
noise levels. It is shown that the average SPL, over the cabin volume, increases with the number of vibrating panels. Additionally,
the model is able to predict local SPL values, at specific locations in the cabin, which are also affected with by number of vibrating
panels, and are different from the average values.
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1. Introduction

The structural response to turbulent flow excitation and the radiation of sound by vibrating structures have been a
topic of investigation by many authors. These problems are of considerable interest, especially in aircraft, where the
structural parts are subjected to fatigue, and the structural vibration being a significant cause of interior cabin noise
levels. Even though these topics have been investigated for many years, there is still space for new developments
in understanding the mechanisms of sound transmission and radiation involved in these problems. In particular, the
TBL has been identified as the major source of interior noise in jet powered aircraft, while in cruise flight [1,2] – refer
to Fig. 1 of [1]. Understanding the turbulent boundary layer phenomenon, the induced wall pressure fluctuations,
consequent vibration and radiated noise is an ongoing subject of investigation.

Several theoretical, numerical and experimental studies were performed to explore the vibration and radiation of
sound from isolated panels (i.e., not coupled with an acoustic cabin), excited by the turbulent flows [3–9]. These
investigations provide knowledge about the shape of the power spectrum and space-time correlation of the TBL
pressure fluctuations on aircraft panels, as well as displacement and acceleration spectra of the vibrating panels.

Additionally, a number of studies were conducted to investigate structural-acoustic coupled systems excited by
random noise or by turbulent flow, consisted by a single panel coupled with a small acoustic enclosure [10–13].
These studies provide a good basis, and were utilized as validation examples in [14], to confirm the analytical
predictions obtained for the structural vibration levels and interior noise levels. Several experimental studies were
performed by NASA taking into consideration the aircraft interior noise induced by the TBL [15–17]. These studies
make experimental data available for the interior SPL and fuselage skin vibrations spectra, at various locations in
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Fig. 1. Cabin section layout of a 5 bay BWB aircraft.

the cabin and cockpit of commercial aircraft, for aluminum and composite fuselages. These measurements are a
good validation database for future and more advanced models, capable of predicting interior noise levels for such
complex systems.

The TBL has been shown to be a major source of interior noise in jet powered aircraft. Specifically, in [15], interior
SPL measurements show that increasing the aircraft speed has a dramatic effect on the TBL-induced noise, as the
interior sound levels increase with the flight speed. Additionally, as concluded in [18,19], the TBL wall pressure
levels increase with the flight Mach number, and in the absence of hydrodynamic coincidence, the interior SPL
usually follows the same tendency [12,20,21]. In the presence of hydrodynamic coincidence, the increased interior
SPL with the flight speed is generally valid for frequencies below and above the neighbourhood of the frequency at
which hydrodynamic coincidence occurs, as verified in [6].

Nowadays, the TBL wall pressure fluctuations power spectral density is commonly defined using empirical
models. The Corcos formulation [22,23] has been widely used for this purpose. Although a number of other models
were developed after Corcos model, the Corcos formulation is widely used in recent studies to describe the TBL
pressure field, as in [24–27]. Corcos model captures the fundamental pressure tendency along the frequency, requires
significantly reduced computational effort to employ, and provides a good estimation for the TBL wall-pressure
fluctuations levels at and near the convective peak – which is of fundamental importance for aircraft boundary
layers [24]. The main disadvantage of Corcos model is the fact that it does not account with the variation of the
boundary layer thickness in the flow direction. In order to overcome this drawback, in the present study the Efimtsov
model [28] is used to provide the TBL reference pressure power spectral density (PSD), which considers the boundary
layer thickness as a variable. Comparing the several models available to describe the TBL wall pressure PSD [29],
the Efimtsov model is a suitable candidate, which provides a good agreement with the experimental data [30].

Motivated by the previous studies, and by the significance of understanding the physics involved in the flow-
induced noise problem in real transport vehicle cabins, with rectangular cross section, a three-dimensional analytical
model is developed to investigate the coupling between the vibration of a multi-panel wall and a box acoustic cabin.
A good example of a rectangular-shaped aircraft cabin section is a 5 bay cabin BWB (Blended-Wing-Body) aircraft,
which configuration is shown in Fig. 1 [31]. It is anticipated that the BWB cabin, which has engines mounted at
the rear of the fuselage, will not be significantly affected by the jet noise. Instead, the TBL and the engine noise
propagation through the fuselage structure should represent the major sources of cabin noise.

In the present study, a BWB cabin bay, filled with air and pressurized, is analyzed. The cabin bay is considered to
have five rigid walls and one flexible wall, composed with 50 structural panels. The dimensions and properties of the
panels and cabin are similar to those of a typical aircraft structural panel and passenger cabin section, respectively.
The TBL excitation is representative of typical cruise conditions of a commercial aircraft, in high subsonic cruise
and stabilized flight conditions, and the flow is assumed to be attached and completely developed over the aircraft
structure. The amplitude of the wall pressure fluctuations is dependent on the turbulent boundary layer thickness,
thus depends on the longitudinal position of the plate.

Previous works were performed by the authors that led to the present investigation. In [14], the base analytical
model was validated, considering a single panel coupled with an acoustic enclosure. The analytical framework
was successfully validated through the comparison with several independent experimental and numerical studies.
Additionally, considering a system with a multi-panel wall vibrating and coupled with a large acoustic cabin, studies
were conducted in order to investigate the individual contribution of each plate, located at different positions, to



J. Rocha et al. / Prediction of turbulent boundary layer induced noise in the cabin of a BWB aircraft 695

Table 1
External flow properties (air)

Description Variable Value

Speed of sound c 309.6 m s−1

Air density ρ 0.54 Kg m−3

Air kinematic viscosity ν 2.85 × 10−5 m2 s−1

Free stream velocity U∞ 229.104 m s−1

TBL convective velocity Uc 0.7 U∞
Empirical parameter (x-direction) αx 0.1
Empirical parameter (y-direction) αy 0.77

the interior SPL. It was shown that plates located at different positions have dissimilar contributions to the cabin
interior SPL. In contrast with previous works, the present study investigates the structural-acoustic systems in which
several plates are vibrating simultaneously. Several cases, varying the number of vibrating panels, are examined and
compared.

2. Mathematical approach

2.1. Turbulent boundary layer empirical model equations

The TBL wall pressure field is usually statistically described in terms of the pressure power spectral density. More
specifically, the previously referred models [22–27], were obtained for fully developed turbulent flow over a flat
plate, for zero mean pressure gradient. For these conditions, the turbulent flow can be regarded as stationary in time
and homogeneous in space. In this case, the cross-spectral density of the wall pressure over the (x, y) plane, for flow
in the x-direction, is defined through the Corcos formulation [20,21], as

S(x, ξx, ξy , ω) = Sref (x, ω)e−
αxω|ξx|

Uc e−
αyω|ξy|

Uc e−
iωξx

Uc , (1)

where Sref (x, ω) is defined through the Efimtsov model [28] as follows

Sref (x, ω) =
τ2
w(x)δ(x)
Uτ (x)

0.01π
1 + 0.02 Sh2/3(x, ω)

, (2)

with:

Uτ (x) = U∞

√
Cf (x)

2
, τw(x) =

1
2
ρU2

∞Cf (x), and Sh(x, ω) =
ωδ(x)
Uτ (x)

. (3)

In the above equations, ξx and ξy are the spatial separations from the reference point in the x- and y-directions, ω
is the angular frequency, αx and αy are the empirical parameters which denote the loss of coherence in the x- and
y- directions (in [29], the recommended values for aircraft boundary layers are αx = 0.1 and αy = 0.77), Uc ≈ 0.7
U∞ is the TBL convective velocity, U∞ is the free-stream velocity, Uτ (x) is the friction velocity, τw(x) is the mean
wall shear stress, Cf (x) is the friction coefficient, and δ(x) is the TBL thickness. For turbulent boundary layers,
Cf (x) and δ(x) may be defined, respectively from [4,32], by

Cf (x) = 0.37(Log10Rex)−2.584, and δ(x) = 0.37 ×Re
− 1

5
x

[
1 +
(

Rex

6.9 × 107

)2
] 1

10

. (4)

The external flow parameters used in the present study are shown in Table 1, corresponding to a normal cruise flight
conditions, at 25000 ft altitude.
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2.2. Structural-acoustic coupled system equations

2.2.1. The single-panel coupled with an acoustic cabin
The structural panel displacement and acoustic enclosure pressuremaybe defined, through the panels and enclosure

natural modes, respectively as follows

w(x, y, t) =
Mx∑

mx=1

My∑
my=1

αmx(x)βmy (y)qmxmy(t), (5a)

and

p(x, y, z, t) =
Nx∑

nx=1

Ny∑
ny=1

Nz∑
nz=1

ψnx(x)φny (y)Γnz (z)rnxnynz(t), (5b)

where αmx(x) and βmy(y) are the w(x, y, t) spatial functions, qmxmy(t) are the w(x, y, t) time functions, ψnx(x),
φny (y) and Γnz (z) are the p(x, y, z, t) spatial functions, rnxnynz(t) are the p(x, y, z, t) spatial time functions, M
= Mx× My is the total number of plate modes (mx, my), and N = Nx×Ny×Nz is the total number of acoustics
modes (nx, ny , nz). For the simply supported panel and rigid body enclosure, the spatial functions can be defined,
respectively, as

αmx(x) =

√
2
a

sin
(mxπx

a

)
, and βmy(y) =

√
2
b

sin
(myπy

b

)
, (6a)

ψnx(x) =
Anx√
Lx

cos
(
nxπx

Lx

)
, φny(y) =

Any√
Ly

cos
(
nyπy

Ly

)
, and Γnz(z) =

Anz√
Lz

cos
(
nzπz

Lz

)
, (6b)

in which a is the panel length, b is the panel width, Lx, Ly and Lz are acoustic enclosure length, width and height,
respectively, andAn is

√
2 when n �= 0 and equal to 1 when n = 0. As described in more detail in [14], the governing

equations on the coupled structural-acoustic system, consisting of a single panel-single acoustic enclosure, results
in the following system of equations written in the matrix form:[

Mpp 0
Mcp Mcc

]{
q̈(t)
r̈(t)

}
+
[
Dpp 0
0 Dcc

]{
q̇(t)
ṙ(t)

}
+
[
Kpp Kpc

0 Kcc

]{
q(t)
r(t)

}
=
{

ptbl(t)
0

}
(7)

where subscripts p an c stand for plate and cavity, q(t) and r(t) are the vectors of the considered time functions
qmxmy(t) and rnxnynz(t), respectively, ptbl(t) express the TBL excitation, and M, D, and K are the mass, damping
and stiffness matrices, defined as follows

Mpp = diag[ρphp],Mcc = diag

[
1
c20

]
,

(8a)

Mcp = ρ0

[
(−1)nzAnz√

Lz

∫ xpf

xpi

αmx(x)ψnx (x)dx
∫ ypf

ypi

βmy(y)φny(y)dy

]
,

Dpp = diag[2ρphpωmξp],Dcc = diag

[
2

1
c20
ωnξac

]
, (8b)

Kpp = diag[ω2
mρphp],Kcc = diag

[
ω2

n

c20

]
,

(8c)

Kpc =

[
−(−1)nzAnz√

Lz

∫ xpf

xpi

αmx(x)ψnx(x)dx
∫ ypf

ypi

βmy(y)φny (y)dy

]
,
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ptbl(t) = −
[∫ ypf

ypi

∫ xpf

xpi

αmx(x)βmy (y)ptbl(x, y, z = Lz, t)dx dy

]
. (8d)

In the above equations, ρp and hp are the density and thickness of the panel, ωm and ωn are the natural frequencies
of the panel and acoustic enclosure, ξp is the plate structural damping ratio, ξac is the enclosure acoustic damping
ratio, xpi and xpf

are the initial and last x-coordinates of the plate, ypi and ypf
are the initial and last y-coordinates

of the plate, and c0 is the speed of sound inside the enclosure. In the frequency domain, ω, Eq. (7) can be written as
follows

Y(ω) = H(ω)X(ω), (9a)

with:

Y(ω) =
{

Q(ω)
R(ω)

}
,X(ω) =

{
Ptbl(ω)

0

}
,H(ω) =

[
A B
C D

]−1

, (9b)

and

A = −ω2Mpp + iωDpp + Kpp, (9c)

B = Kpc, (9d)

C = −ω2Mcp, (9e)

D = −ω2Mcc + iωDcc + Kcc, (9f)

in which Q(ω), R (ω) and Ptbl (ω) are the frequency domain vectors of the q(t), r(t) and ptbl (t) vectors defined in
the time domain. In the spectral domain, Eq. (9a) can be written as

SWW (ω) = HW
∗(ω)Stbl(ω)HW

T (ω), (10a)

and

SPP (ω) = HP
∗(ω)Stbl(ω)HP

T (ω), (10b)

where SWW (ω) is the PSD matrix of the plate displacement, SPP (ω) is the PSD matrix of the acoustic pressure,
Stbl (ω) is the PSD matrix of the TBL pressure, and superscripts ∗ and T denote Hermitian conjugate and matrix
transpose, respectively. Finally, the system response matrices HW (ω) and HP (ω), and generalized PSD matrix,
Stbl (ω), are defined as follows

HW (ω) = (A − BD−1C)−1, (11a)

HP (ω) = −D−1CHW (ω), (11b)

Stbl(ω) =

⎡
⎢⎣∫

ypf∫
ypi

∫xpf∫
xpi

αmx(x)αmx′ (x′)βmy(y)βmy′ (y′)S(x, ξx, ξy, ω)dxdx′dydy′

⎤
⎥⎦ , (11c)

in which the term S(x, ξx, ξy, ω) is known from Eq. (1). It is through the SPP (ω) matrix that is possible to determine
the PSD of the acoustic enclosure pressure, in a specific point inside the enclosure as
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Spp(x1, y1, z1, x2, y2, z2, ω) =
(12)

N2
x∑

nx1 ,nx2=1

N2
y∑

ny1 ,ny2=1

N2
z∑

nz1 ,nz2=1

ψnx1
(x1)ψnx2

(x2)φny1
(y1)φny2

(y2)Γnz1
(z1)Γnz2

(z2)SPP (ω)n1,n2

or space-averaged in the acoustic enclosure volume as

Spp(ω) =
∫Lz∫
0

∫Ly∫
0

∫Lx∫
0

Spp(x1, y1, z1, x2, y2, z2, ω)dx1dx2dy1dy2dz1dz2. (13)

2.2.2. The multi-panel wall coupled with an acoustic cabin
Regarding the system consisted by a single acoustic enclosure coupled with several vibrating panels, the basic

model presented previously needs to be modified. Shall one consider Np plates, part of the same enclosure flexible,
and all vibrating due to the TBL excitation, it can be shown that the system governing equations, defined in Eq. (7)
for one panel, becomes:⎡
⎢⎢⎢⎢⎢⎢⎢⎣

M1pp 0 . . . 0 0 0
0 M2pp . . . 0 0 0
...

...
. . .

...
...

...
0 0 . . .MNp−1pp 0 0
0 0 . . . 0 MNppp

0
M1cp M2cp . . . MNp−1cp MNpcp

Mcc

⎤
⎥⎥⎥⎥⎥⎥⎥⎦

︸ ︷︷ ︸
M

⎧⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎩

q̈1(t)
q̈2(t)

...
q̈Np−1(t)
q̈Np(t)
r̈(t)

⎫⎪⎪⎪⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎪⎪⎪⎭

⎡
⎢⎢⎢⎢⎢⎢⎢⎣

D1pp 0 . . . 0 0 0
0 D2pp . . . 0 0 0
...

...
. . .

...
...

...
0 0 . . .DNp−1pp 0 0
0 0 . . . 0 DNppp

0
0 0 . . . 0 0 Dcc

⎤
⎥⎥⎥⎥⎥⎥⎥⎦

︸ ︷︷ ︸
D

⎧⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎩

q̇1(t)
q̇2(t)

...
q̇Np−1(t)
q̇Np(t)
ṙ(t)

⎫⎪⎪⎪⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎪⎪⎪⎭

+

⎡
⎢⎢⎢⎢⎢⎢⎢⎣

K1pp 0 . . . 0 0 K1pc

0 K2pp . . . 0 0 K2pc

...
...

. . .
...

...
...

0 0 . . .KNp−1pp 0 KNp−1pc

0 0 . . . 0 KNppp
KNppc

0 0 . . . 0 0 Kcc

⎤
⎥⎥⎥⎥⎥⎥⎥⎦

︸ ︷︷ ︸
K

⎧⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎩

q1(t)
q2(t)

...
qNp−1(t)
qNp(t)
r(t)

⎫⎪⎪⎪⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎪⎪⎪⎭

⎧⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎩

p1tbl
(t)

p2tbl
(t)

...
pNp−1tbl

(t)
pNptbl

(t)
0

⎫⎪⎪⎪⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎪⎪⎪⎭

(14)

where Mipp and Micp are mass matrices of the ith plate, Dipp is the damping matrix of the ith plate, Kipp and
Kipc are stiffness matrices of the ith plate. Note that, since Mipp , Dipp , and Kipp ∈ RM×M , Micp ∈ RN×M ,
Kipc ∈ RM×N , and Mcc, D cc and Kcc ∈ RN×N , it results that M, D and K ∈ R{(Np×M)+N}×{(Np×M)+N}.
Now, writing the governing equations in the frequency domain, and similarly to Eq. (9), it becomes:

Y(ω) = H(ω)X(ω), (15a)

in which:

Y(ω) =

⎧⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎩

Q1(ω)
Q2(ω)

...
QNp−1(ω)
QNp(ω)
R(ω)

⎫⎪⎪⎪⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎪⎪⎪⎭
,X(ω) =

⎧⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎩

P1tbl
(ω)

P2tbl
(ω)

...
PNp−1tbl

(ω)
PNptbl

(ω)
0

⎫⎪⎪⎪⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎪⎪⎪⎭
,H(ω) =

[
A B
C D

]−1

, (15b)

and
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Fig. 2. Configuration of a simple multi-panel wall cabin, composed by 10 panels.

A =

⎡
⎢⎢⎢⎢⎢⎣

A1 0 . . . 0 0
0 A2 . . . 0 0
...

...
. . .

...
...

0 0 . . .ANp−1 0
0 0 . . . 0 ANp

⎤
⎥⎥⎥⎥⎥⎦ , with Ai = −ω2Mipp + iωDipp + Kipp , (15c)

B = [B1 B2 . . . BNp−1 BNp ]T , with Bi = Kipc , (15d)

C = [C1 C2 . . . CNp−1 CNp ], with Ci = −ω2Micp , (15e)

D = −ω2Mcc + iωDcc + Kcc, (15f)

where A ∈ R(Np×M)×(Np×M), B ∈ R(Np×M)×N C ∈ RN×(Np×M), and D ∈ RN×N . The matrices SWW (ω) and
SPP (ω) are obtained as in Eqs (10a) and (10b), HW (ω) and HP (ω) through Eqs (11a) and (11b), and the matrix
PSD matrix for the multi-panel single-enclosure system, Stbl (ω) ∈ R(Np×M)×(Np×M), is defined as follows

Stbl(ω) =

⎡
⎢⎢⎢⎢⎢⎢⎣

S1tbl
(ω) 0 . . . 0 0

0 S2tbl
(ω) . . .

...
...

...
...

. . .
...

...
0 0 . . . SNp−1tbl

(ω) 0
0 0 . . . 0 SNptbl

(ω)

⎤
⎥⎥⎥⎥⎥⎥⎦ , (16)

with each Sitbl
(ω) ∈ RM×M representing the TBL excitation matrix for the ith plate, and defined by Eq. (11c).

After determining these matrices the acoustic enclosure pressure PSD can be calculated from Eqs (12) and (13),
respectively for local and average values.

3. Predicted flow-induced noise in BWB aircraft cabin

3.1. Model verification

In the present Section, the analytical model presented in the previous Section is used to predict the interior noise
inside a simpler cabin, which configuration is shown in Fig. 2. The predictive results are obtained for four different
cases, as following: (a) acoustic cabin coupled only with panel 1; (b) acoustic cabin coupled with panels 1 to 4; (c)
acoustic cabin coupled with panels 1 to 6; and (d) acoustic cabin coupled with all 10 panels. The case (a) is the
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Table 2
Properties of the physical system in Fig. 2

Description Variable Value

External flow speed of sound c 310 m s−1

External air density ρ 0.42 Kg m−3

Free stream velocity U∞ 0.8 c
TBL convective velocity Uc 0.6 U∞
Empirical parameter (x-direction) αx 0.1
Empirical parameter (y-direction) αy 0.5
Plate density ρp 2800 Kg m−3

Plate Elasticity Modulus Ep 7.0 × 1010 Pa2

Plate Poisson’s ratio νp 0.3
Structural damping ratio ξp 0.01
Plate length a 0.3 m
Plate width b 0.3 m
Plate thickness hp 0.0018 m
Internal air speed of sound c0 310 m s−1

Internal air density ρ0 0.42 Kg m−3

Acoustic damping ratio ξac 0.05
Acoustic enclosure length Lx 3.0 m
Acoustic enclosure width Ly 0.3 m
Acoustic enclosure height Lz 0.3 m

Fig. 3. Cavity power spectrum (average over the cabin volume), by increasing the number of panels from 1 to 10.

base model, from [2], and was used as a validation case in [14]. The properties of the system shown in Fig. 2 are
presented in Table 2.

The results for the cavity power spectrum were calculated through the acoustic cabin pressure power spectral
density, Spp, as follows

Epp =
LxLyLz

4ρ0c20
ωSpp, (17)

for frequencies up to 1000 Hz. For this frequency range, a total number of 20 plate modes (Mx = 4 and My =
5), and 189 acoustic modes (Nx = 21, Ny = 3 and Nz = 3) were necessary to achieve convergence of the spectral
quantities. The results for the averageEpp (averaged over the enclosure volume) are shown in Fig. 3, increasing the
number of vibrating panels from 1 to 10. As expected, the average cavity power spectrum increases with the number
of vibrating plates, and the curve maintains a similar shape since all plates have the same properties and dimensions.
As shown in previous works, the peaks on the cavity power spectrum curve correspond to both plate and acoustic
natural modes.
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Table 3
Properties of the physical system in Fig. 5

Description Variable Value

Plate density ρp 2800 Kg m−3

Plate Elasticity Modulus Ep 7.24 × 1010 Pa2

Plate Poisson’s ratio νp 0.33
Structural damping ratio ξp 0.01
Plate length a 0.5 m
Plate width b 0.22 m
Plate thickness hp 0.00102 m
Plate longitudinal tension Tx 29300 N m−1

Plate lateral tension Ty 62100 N m−1

Internal air speed of sound c0 340 m s−1

Internal air density ρ0 1.2 Kg m−3

Acoustic damping ratio ξac 0.01
Acoustic enclosure length Lx 2.5 m
Acoustic enclosure width Ly 2.2 m
Acoustic enclosure height Lz 2.1 m

Fig. 4. Cavity power spectrum considering (a) 1 plate, (b) 4 plates, (c) 6 plates, and (d) 10 plates, at 4 points: (a/2;b/2;Lz /2), (2a;b/2;Lz /2),
(Lx/2;b/2;Lz /2), . . . . . . (Lx/2+a;b/2;Lz /2).

Figure 4 shows the cavity power spectrum prediction at four locations inside the enclosure. As can be seen, as
the number of vibrating plates is increased from (a) 1 to (d) 10, the cavity power spectrum also increases in all
four locations. Additionally, as the number of vibrating panels increase, the curves peaks and valleys become less
evident. Specifically, considering point 1, as the number of plates increase the curve shape becomes gradually more
similar with the curve for the average cavity power spectrum, shown in Fig. 3. This way, the model is able to predict
local and average values of interior noise, and for a variable number of vibrating panels. As shown in Fig. 4, for a
specific point in the enclosure, the number of vibrating panels significantly affects the prediction of interior noise,
and this is an important factor in the cabin noise prediction and aircraft design.
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Fig. 5. General BWB aircraft cabin layout: (a) 5 bay cabin cross section, (b) bay 3 schematic: multi-panel wall and box-type cabin, (c) structural
panel configuration.

3.2. BWB aircraft cabin results

The cross section shape of a Blended Wing Body aircraft cabin is approximately rectangular, as illustrated in
Fig. 5. Figure 5(a) shows the schematic configuration of a 5 bay BWB aircraft fuselage section, with each bay being
a single and separate passenger compartment. Figure 5(b) shows the configuration of a single bay, in which the upper
wall is considered to be composed by 50 identical structural panels (fuselage skin panels), with 5 panel rows along
the x-direction, and 10 panel rows in y-direction. In order to investigate the interior noise induced by the external
fully developed TBL, it is assumed that the aircraft fuselage section, shown in Fig. 5(a), is located at a distance of
9.14 m from the aircraft nose. The characteristics of the external flow are shown in Table 1, and the properties of the
physical system are given in Table 3, which are similar to those of a real aircraft. The passenger cabin compartment
is assumed to be pressurized, and the results were obtained from frequencies up to 1000 Hz. In order to achieve
convergence of the calculated spectral quantities up to this frequency, a total number of 44 plate modes (Mx = 11
and My = 4) and 2912 acoustic modes (Nx = 16, Ny = 14 and Nz = 13) is necessary to be considered in the
analysis.

Figure 6 shows the variation of the average cabin pressure sound pressure level (averaged over the cabin volume),
as a function of the frequency. The results show that, as the number of vibrating panels is increased from 1 to 20, and
20 to 50, an overall increase of the average interior SPL is also observed. As concluded for the simple case analyzed
in Section 3.1, the shape of the SPL curve is maintained, as all panels have the same properties. This would not
happen if the panels would have different dimensions or properties among them, which can also be obtained through
the model presented in Section 2. Some of the peaks in Fig. 6 correspond to the plate’s natural frequencies, while
others correspond to acoustic natural frequencies, showing the importance of the structural-acoustic coupling for the
accurate prediction of cabin interior noise.

To assess the noise levels at specific interior locations in the cabin, the local values of SPL should be calculated.
This is particularly important in the estimation of the cabin locations where the passengers will be more negatively
affected by the TBL-induced noise. Figure 7 shows the results obtained for four different locations in the BWB
aircraft cabin, considering three cases: 1 panel vibrating, i.e., panel (1, 1); 20 panels vibrating, i.e., from panel (1, 1)
to panel (2, 10); and 50 panels vibrating, i.e., all panels in the upper wall, from (1, 1) to (5, 10). The cabin interior
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Fig. 6. Average power spectral density of the cabin interior pressure (average over the cabin volume), for: 1 panel, . . . . . . 20 panels, and
50 panels.

Fig. 7. Power spectral density of the cabin pressure, at (a) point 1: (a/2;b/2;2), (b) point 2: (a/2;b/2;1), (c) point 3: (1;1;2), and (d) point 4:
(1;1;1). Comparison among 3 cases: 1 panel, 20 panels, and 50 panels.

points under study are: (x1, y1, z1) = (a/2, b/2, 2), (x2, y2, z2) = (a/2, b/2, 1), (x3, y3, z3) = (1, 1, 2), and (x4, y4,
z4) = (1, 1, 1).

Observing the results in Fig. 7, it can be concluded that considering only panel (1,1) vibrating, the results in the
four locations differ significantly from one another. However, when considering the 50 panels vibrating, the SPL
curves for the four locations are similar for frequencies greater than 355.45 Hz, i.e., for frequencies above the first
panel’s mode. For frequencies below 355.45 Hz, the same does not occur, with curves having dissimilar shapes in
the four points. In the frequency range ]0; 355.45] Hz, the peaks in the SPL curve correspond to the acoustic natural
modes. Even though the SPL values are smaller in this frequency range, compared with the level for the 355.45 Hz
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peak, some of the SPL peaks lying in this range correspond to almost 60 dB SPL in the 50 panel’s configuration. This
can be of particular interest, since these peaks lie in the human audible range, creating tones and directly affecting
the passenger’s comfort. It is also important to verify that, depending on the location, these peaks have different
amplifications, with their importance shifting from point to point. For instance, point 3 has more amplification on
the 2nd peak compared with the 1st peak, the opposite is observed in point 4.

The accuracy of the predicted cabin SPL can be of crucial importance. In particular, the earlier knowledge about
which locations in the cabin have more noise amplification, and at which frequencies, can be important for the
implementation of noise control techniques. Motivated by this, the present model allows the user to predict the
cabin interior noise, induced by the TBL, in the desired locations. Furthermore, the model can easily be used to
investigate other systems, by simply changing the properties and dimensions of the panels and acoustic cabin, and
also varying the number of vibrating panels. Since changing the number of vibrating panels, and their properties,
can significantly affect the interior SPL, the present model can also be used as a basis for a multidisciplinary design
optimization analysis, in order to find the best configuration of structural panels and acoustic cabin.

4. Conclusions

In the present work, an analytical model for the prediction of TBL-induced noise in a rectangular aircraft cabin,
with multi-panel wall, is presented. Interior noise levels (average and local) were obtained for different locations in
the cabin. The effect of the number of vibrating panels in the predicted SPL was analyzed. Results were obtained
for a simple cabin, and for a more complex cabin, composed by 50 panels. The characteristics of the external flow,
structural panel and acoustic cabin were chosen in order to represent a real aircraft cabin in cruise and stabilized
flight.

The predictive results show that the cabin interior noise levels are significantly affected by the number of vibrating
panels. For frequencies up to 1000 Hz, the average SPL values show an overall increase with the number of panels.
Additionally, as the numbers of panels increase, the SPL curve essentially maintains the same shape, if all the
vibrating panels have the same properties. Local SPL values, in specific locations inside the cabin, are also affected
by the number of vibrating panels. The local SPL results show that, as the number of vibrating panels is increased,
the local SPL curves and values become more similar among the several locations, for frequencies above the first
panel resonance. However, for frequencies below this resonance, where the acoustic modes are dominant, the same
does not happen. In that range, the SPL curves are different from point to point, which show dissimilar amplifications
of the several acoustic modes.

The presented analytical model can be used to study a broad range of different systems involving a rectangular
cabin coupled with several vibrating panels, excited by the TBL. The properties of the flow, acoustic cabin, and
panels, as well as the number of vibrating panels, can be easily changed to represent other systems. These abilities of
the model make it a solid basis for future investigations involving the implementation of noise reduction techniques
and multidisciplinary design optimization analyzes. The model can also be modified in order to account for other
sources of noise.
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