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KEYWORDS Abstract This paper presents a new method for measuring the cabin noise of a structure in a wind
Cabin noise: tunnel. A method for scaling the cabin sound was derived to obtain the cabin noise of a structure,
Scaling procedure; and the derivation of the scaling procedure was based on a theoretical hypothesis regarding the
Turbulent boundary layer; cabin noise prediction for a scaled model in a wind tunnel. A frequency offset was generated
Vibro-acoustic; because of the error introduced by model manufacture and installation, and a proposed modal test
Wind tunnel method was used to eliminate the frequency offset. Both a full-scale structure and scaled structure

were measured in the wind tunnel tests. The cabin noise of the full-scale model was compared with
the results obtained using the scaling procedure based on the scaled model. The comparisons of the
measurement results indicate that the scaling procedures developed in this paper are effective for
vibro-acoustic predictions in wind tunnels. Moreover, background noise tended to affect the results
of the cabin sound for the wind tunnel test, and thus background noise should be prevented through
specific design efforts.
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an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction and airborne and structure-borne noise, which may cause
unacceptable ride discomfort and impact the fatigue life of

Interior noise alleviation is an issue of primary interest in the ~ the structure.

design of modern aircraft. The acoustic nuisance inside the Investigations on the cabin noise induced by Turbulent
cabin may adversely influence passenger comfort, particularly Boundary Layers (TBLs) began early on. In Ref.', the contri-
in helicopter and propeller-driven aircraft. The typical sources bution of TBLs to cabin noise was studied, and the problem

for generating cabin noise include the fuselage boundary layer ~ Was formulated as a sequence of two linear couplings, namely,
the TBL fluctuations exciting the fuselage skin in lateral vibra-

tions and the skin vibrations inducing sound inside the fuse-
lage. Moreover, it was assumed that the boundary layer was
locally homogeneous and the fuselage skin was flat, and only
outgoing waves were considered. Airplane interior broadband
noise under the cruise condition was considered to be domi-
‘ nated by the TBL. For the prediction of cabin noise, a math-
ELSEVIER Production and hosting by Elsevier ematical model’ was derived from the Statistical Energy
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Analysis (SEA) technique to evaluate the interior TBL noise of
a Boeing 737 airplane. A method for measuring the in-flight
noise and vibration of an aircraft, developed by SAAB (Sven-
ska Aeroplan AktieBolaget),” was shown to be a powerful tool
for monitoring the quality of an aircraft. In Ref.*, ground and
flight measurements were conducted on a pusher-propeller
configuration with different interior furnishings. The main
objective of the measurements was to identify the sources of
interior noise on a specific airplane and revise the computer
program so that it could be used to predict the noise effects
of interior treatment modifications. A new wavenumber-
based approach for predicting sound transmission through
an aircraft fuselage was introduced in Ref.”. The proposed
method was accurate at mid-frequencies, for which the method
involved nearly no approximation for a large doubly periodic
panel. A new stochastic model of simulating the surface pres-
sure fluctuations that induced cabin noise was developed in
Ref.°. The method proved to be efficient when a random par-
ticle mesh method with recursive filters was used. Ref.” inves-
tigated the cabin noise generated by engine noise, and the
proposed methodology considered the engine as a spatially
extended source and assumed that the jet-mixing source was
a line source distributed on the engine axis. With a focus on
the cabin noise induced by TBL excitation, the interior noise
environment in a Large Civil TiltrotoR (LCTR?2) was assessed
in Ref.®. The contributions of different aero-acoustic sources
to the cabin noise of an aircraft, including the TBL, jet noise
and the air conditioning system, were compared in Ref.’.
Extensive measurements with microphones mounted at vari-
ous longitudinal positions were used to assess the cabin noise.
Ref.'" presented the results of flight measurements, including
the field of pressure fluctuation on the fuselage and cabin
noise, and identified the main sources of noise.

The methods developed for assessing cabin noise typically
only provide tools to support the noise control in the cabin
of the aircraft. Ref.'" reported the reduction of the engine
rotor vibration-induced cabin noise of DC-9 due to several
improvement designs. Ref.'” investigated the control of low-
frequency cabin noise and proposed a concept based on intrin-
sic tuning and damping of fuselage structural elements. Ref."?
discussed the performance of various structural and cabin side-
wall treatments applied to reduce cabin noise, and the mea-
surement and analysis were conducted on a DC-9 test
section. Passive vibration absorbers are often ineffective for
the analysis of frequencies below 500 Hz because the wave-
length is large compared to the thickness of a damping layer.
Thus, an active control system for cabin noise consisting of
actuators and sensors was used in Refs.'*!7.

The precision of the simulated TBL excitation typically lim-
its the cabin noise assessment. A wind tunnel test is the most
effective method for simulating TBL excitations over an air-
craft with a scaled model. Thus, this paper proposes to assess
the cabin noise of a craft induced by TBL excitation in a wind
tunnel. Moreover, scaling laws are developed to relate the
cabin noise of a scaled model with the full-scale model. The
remainder of the paper is organized as follows. Section 2
describes the cabin noise scaling procedures, which are derived
from the theoretical models of cylindrical shell vibrations
induced by TBL excitations. Furthermore, to validate the
derived scaling procedures, theoretical results are presented
in Section 3. In Section 4, the measurements are introduced,
and the experimental results are discussed in Section 5. The last

section provides conclusions concerning the work in this
paper.

2. A scaling procedure for cylindrical shell response

The scaling procedures used to predict the structural response
of a typical aircraft when subjected to TBL excitations were
derived based on a curved cylindrical shell (Fig. 1). In Fig. I,
a and b indicate the length and the width of the cylindrical
shell, respectively, and R is the curvature. The scaling laws
of the structure response induced by TBL excitation intro-
duced in Section 2.1 were developed in Refs.'®!” Because the
interior sound distribution is also an important factor that
must be considered in the structural design of an actual air-
craft, the other scaling procedure was developed in Section 2.2
to relate the cabin noise distribution of scaled aircraft struc-
tures with that of full-scale aircraft structures. The scaling pro-
cedures developed can provide theoretical support for
predicting cabin noise in a wind tunnel.

2.1. Scaling procedure of structure response

The differential equations governing the vibration of a curved

cylindrical shell (as presented in Refs.”*>") are as follows:
DV*w + V2w — pa’w = 2p' — 2p" (1)
EhV2w — VA =0 ()

where w is the transverse displacement of panel.

1 = ph, which indicates the area density; / is the thickness
of the curved cylindrical shell and p is the density of structure.
D = ER*/12(1 — v*), where v is Poisson’s ratio of the shell, E is
Young’s modulus; p’ = exp[j(ws — kyx — k,y — k.z)], which
indicates an incident wave acting on the shell, k., k,, k. are
the wave number along x, y, z, respectively, p” denotes the
acoustic pressure radiated by the shell, { is Airy’s stress func-
tion,w is circular excitation frequency, ¢ is the time, Vi indi-
cates the second-order operator, V* indicates the forth-order
operator, j is the imaginary unit.

If the scaling coefficient is denoted as o, each side of the
scaled curved cylindrical shell can be expressed as a = oa,
b=ob, and h = oh. The parameters with “ correspond to
the scaled model.

The relationship characterizing the velocity Power Spectral
Density (PSD) response between the scaled model and the full-
scale model is as follows:'®!”

5

Fig. 1  Schematic of cylindrical shell.
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In addition, S, is the velocity power spectral density of the
structure, w = @& which is circular frequency ¢ = ¢ %, and

G’
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response frequency of the scaled model, V' is free stream
velocity, ¢, is dynamic pressure of the flow.

indicates the

2.2. Scaling procedure for internal sound

The internal sound assessment of the aircraft is based on a
weak coupling approximation. The flow induces the structural
vibration, and then the structural vibration determines the
internal acoustic pressure; however, the counterforce of the
sound pressure applied to the structure is ignored. The struc-
tural vibration of a curved cylindrical shell is more complex
than the sound radiation of a flat plate. The internal sound
pressure of an aircraft is typically determined based on two
important sound source components: direct sound”' and rever-
beration sound. The sound pressure at an arbitrary point in the
cabin of an aircraft is expressed as

p(0,X) = p.(®) + py(w) (4)
: H —ikr
where the direct sound p.(w) = 1;):?0 / &dX' and the
s r
1 (X —ikr’
reverberation sound p,(w) = 16;:;0 / de , X indi-
s r

cates a point on the plate, S indicates the surface of the plate,
k is the wave number, p, is the density of air in the cabin, r,r
indicate the trajectories of direct sound and reverberation
sound, respectively, and w(X’) is the vibration velocity of the
aircraft panel.

When the aircraft is scaled, the direct sound can be
expressed as

. . ikr o . )
() = iwp, [ Ww(X)e Q' — 1@9p / Ww(X')e I di
s

2n Js r 2n

According to the research presented in the paper discussed
in Section 2.1,

Ww(X') = Kw(X')

where K indicates the velocity response relationship
between the scaled model and the original structure, which is
determined by the coefficients of the derived scaling proce-
dures presented in Section 2.1. Eq. (3) presents the velocity
PSD response relationship between the scaled model and the
original structure. Therefore, the coefficient K could be
obtained by combining Eq. (5) with Eq. (3).

Thus,

p.(0)

_i(f)&po/KW()?’)ei
Toon s r

From Eq. (6), a scaling relationship between the direct
sound of the scaled model and that of a full-dimensional model
is obtained if either /6 = 1 or G = G is satisfied. The scaling
laws can be expressed as
p-(w) = Kp-(w)

In addition, the reverberation sound also satisfies a similar
formula:

pi(@) = Kpy(o)
Thus, the following expression can be obtained:

p(w, X) = Kp.(w) + Kpy(w) (7)
According to  the

1 /5\2 2 5
K=1/— (B) (@) (K) is obtained, ¢ is the dynamical pres-
g \p q V

sure of airflow.

resecarch in  Section 2.1,

3. Theoretical results

To validate the scaling laws developed regarding the cabin
noise induced by TBL excitation, the Finite Element Method
(FEM) solver in the VA-One software was used to compute
the cabin noise of a typical aircraft layout (Fig. 2). The Corcos
model used to simulate the TBL excitation can be expressed

2
aS_O

.Gy

ve ®)

wly

’ wé,
—o, o
Sl’(é.w i) w) = Sﬁ/?(w)e ¢

U.

y

where S, is power spectral density of the wall pressure distribu-
tion; U, is the convection velocity; ¢, and £, indicate the sep-
aration distances of two arbitrary points in the streamwise and
spanwise directions on the panel, respectively; o, and a, are the
decay rates, S,, is the amplitude of the wall pressure
fluctuation.

The cabin noises of both the scaled model and the full-scale
model were computed for comparison. The thickness of the
aircraft panel was 4 mm. The cabin noise is typically deter-
mined by the vibration responses of the structure investigated.
Thus, two test points on the surface of the model, i.e., P1 and

1660
600 1000
Pl P2
/{ 200 400
Ps P3 P4
- ¥ [=3
(=1
700 | ©
Unit:mm
Fig. 2 Distribution of test points corresponding to original
model.
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P2, were used to measure the structural vibration. The cabin
noises were measured at points P3, P4 and P5. The investigated
full-scale model was made of aluminum (E = 7.0 x 10 Pa;

p=27x10° kg/mS; v=0.33), and a scaling coefficient of
g = 0.25 was chosen. According to the scaling laws derived,
the scaled models must also be made of aluminum to satisfy
the scaling procedures. The TBL excitation was simulated
using the Corcos model, where o, =0.16, o, =0.46,
po = 1.21 kg/m37 S,, =1 Pa, and U. = 0.7U,, with U, being
the velocity of the mean flow; here, Uy, = 30 m/s. Usually,
the Corcos model is only suitable for low-speed flow. However,
the TBL excitation used in the scaling procedure is not related
to the exact expression of TBL excitation. The Corcos model
used here provides only a kind of expression for the TBL exci-
tation, which does not weaken the rationality of the scaling
procedure developed. The shell elements were the FEM ele-
ments used for computation, and the grid number for the
structure was 4753, which ensured that at least 8 nodes existed
for a sound wave. Hexahedron grids were applied to compute
the internal sound, and the number of acoustic grids used was
1240. The same computation and the comparison of the struc-
tural responses were presented in Ref.'” However, the works in
this study focused on the cabin noise prediction.

According to Eq. (4), the cabin noise is mainly determined
based on the structure response induced by TBL excitation.
However, the results of the structure response were previously
given in Ref."” and thus will not be re-introduced here. Fig. 3
presents the Sound Pressure Level (SPL) in the cabin of the
full-scale model. One result was obtained using the FEM with
the full-scale model; the other result was computed using the
scaling procedure with the scaled model. Fig. 3 shows that
the mean sound levels computed using the two different meth-
ods are in good agreement. However, the local sound levels of
the two methods, especially for low-frequency noise, have
some difference. The reason for this difference is that the com-
putation error usually induces a different cabin noise distribu-
tion, and the nonuniformity is more obvious for low-frequency
noise because of its lower mode number in bands compared to
that of high-frequency noise. However, the mean noise compu-
tation can weaken the nonuniform cabin noise distribution.
Therefore, the mean noise offers a better comparison com-
pared to the local noise. In Fig. 3, the results based on the
scaled model are compared with those obtained with the full-
scale model, thus verifying the validity of the scaling procedure
derived for the cabin noise prediction.

4. Measurement

The numerical methods typically only provide validation of the
scaling equations in theory. For a real structure, many factors
might affect the structural vibrations, including the design,
manufacturing and installation, resulting in differences from
the theoretical response. Thus, two types of experiments were
designed to validate the scaling laws derived: a modal test and
a wind tunnel test. The modal test was used to measure the
modal characteristics of the structure, including the scaled
model and the original model. A wind tunnel was used to sim-
ulate the TBL excitation of the structure on both the scaled
model and the original model.

4.1. Modal test

A modal test was performed to determine the natural vibration
of the structure and to provide theoretical support for the revi-
sion of the results of the wind tunnel test. For the modal test, a
full-scale model with a thickness of 3 mm, which was the same
as that of the wind tunnel test model, was made of steel (£ =
2.1 x 10" Pa; p=7.8 x 10° kg/m?; v=0.313). The scaling
coefficient for the scaled model, which was made of aluminum
(E =17.0x10" Pa; p=2.7 x 10* kg/m?; v = 0.33), was 0.5.

The test points used to measure the structural vibrations
and noise distributions in the test model are shown in Fig. 4.
The dynamic response of the model was measured under the
excitation of an external force generated by a vibration exciter
(YMC, Sharker) at F1 and F2 (Fig. 4(a)). The excitation signal
was generated by SIGLENT SDG1005 and magnified with a
power amplifier (YMC, LA-100). The vibration was detected
by accelerometers (PCB, 352C33) mounted at P1 and P2 on
the plate shown in Fig. 4, and the internal noise was measured
using the microphone (BSWA, MPA 416) located at P3. The
signals for the structural vibration and internal noise were col-
lected by a collector (VXI-16026A) and then transferred to a
computer.

4.2. Wind tunnel test

The experiment performed in the wind tunnel was designed to
utilize the wind tunnel to simulate the TBL excitation more
effectively than other methods. The TBL excitation for

. 222 . . .
transonic flows™ *® is typically more serious. Hence, the

100 100 100
[ Original model F Original model P Original model
L s Scaled model 80k S Scaled model 80 - CID Scaled model
80 1 Je ' L
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Fig. 3  Sound level prediction with a scaled model under Condition 1.
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TBL excitation of transonic flows was simulated in the wind
tunnel to verify the developed scaling procedure. The cabin
noise of the full-scale model induced by overflow was com-
pared with the results obtained using the scaling laws with a
scaled model to validate the scaling procedures.

The TBL excitation was simulated in the FD-12 wind tun-
nel, which was built at the China Academy of Aerospace Aero-
dynamics (CAAA). The FD-12 wind tunnel is a type of
intermittent wind tunnel. The dimensions of the wind tunnel
are 1.2 m x 1.2 m. The range of the flow Mach numbers simu-
lated in FD-12 is from Ma 0.4 to Ma 4.0.

For the wind tunnel test, the models used were the same as
those used for the modal test in Section 4.1. Because the inter-
nal noise of the models was easily influenced by external noise
in the wind tunnel, the end of the test model was sealed using
the special structure shown in Fig. 5. The model design was
presented in Ref.!” A small hole was maintained in the center
of the airproof structure to allow signal transmission. Simulta-
neously, the support of the test model was designed with suffi-
cient stiffness to avoid model vibrations due to the impact of
the airflow in the wind tunnel. For the wind tunnel test, the
model was fixed in the middle of the test section to ensure that
the model was not affected by the wall of the wind tunnel.
Fig. 6 shows the test model fixed in the wind tunnel.

Aircraft model Airproof structure

Support

Fig. 5 Design scheme of test model.

Accelerometer Collector
Computer

(¢) Modal test

Unit:mm

Experimental test design and model.

(a) Scaled model (b) Full-scale model

Fig. 6 Test model fixed in wind tunnel.

The test points used for the measurement of structural
vibrations and noise distributions in the test model are shown
in Fig. 7. The two accelerometers used for the structural vibra-
tion measurement were fixed at points PP1 and PP2. Because
the structural vibration comparison of the wind tunnel test
results had been previously presented in Ref.'?, only the cabin

415

150 250
PP] PP2

20 80

PP3 : PP4
: %

150

PN

200
700 ¢

Unit:mm

Fig. 7 Distribution of test points corresponding to original
model.
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noise data were provided to validate the theory. Fluctuating
pressure sensors used to measure the internal noise were fixed
at points PP3 and PP4. The structural vibration and internal
noise were measured with accelerometers (PCB, 333C33) and
fluctuating pressure sensors (Kulite XCL-100), respectively.
When the wind tunnel was running, the signals for the struc-
tural vibration and the cabin noise were collected by a collector
(VXI-16026A) and then transferred to a PC.

5. Comparison

Figs. 8 and 9 present the velocity PSD of the model derived
from the modal test. The solid line is the test results of the
full-scale model, and the dash-dot line was obtained using
the scaling laws with the test result of a scaled model. The pur-
pose of the modal test is twofold. The first purpose is to vali-
date the scaling procedure of the cabin noise; the second
purpose is to test the frequency offset due to the model manu-
facture and installation. The frequency offset could be
obtained with the test results of the structure response, and
the frequency offset should be introduced to compute the
cabin noise for a full-scale structure with the scaling procedure.
Figs. 10 and 11 show the sound pressure of the cabin under
excitation at F1 and F2, respectively. The frequency offsets
are considered in Figs. 10 and 11.

80
r = Original model
[ - Scaled model
60
N L
Z
= 40r
= L
W L
20
0 101 102 10° 10*
Frequency (Hz)

Fig. 10 One-third octave of sound pressure for P3 under
excitation at F1.

Figs. 12 and 13 show the 1/3 octave of the cabin noise mea-
sured in the wind tunnel of the aircraft model for Ma = 0.85
and Ma = 0.9, respectively. The results of the scaled model
were obtained using the scaling procedure with a scaled model
measurement. The results of the original model were obtained
via direct measurement of the full-scale model. The results
shown, scaled with frequency revision, were obtained using
the scaling procedure with the frequency offset considered.

10?
N
= ] —— Original model
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N‘in i
N§/ 102 3
a
g b
F
§ 104F
e G
> L )
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Fig. 8 One-third octave of velocity PSD under excitation at F1.
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Fig. 9  One-third octave of velocity PSD under excitation at F2.
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Fig. 11  One-third octave of sound pressure for P3 under

excitation at F2.

Figs. 12 and 13 clearly show that a notable frequency offset
occurred between the results of the original model and those
of the scaled model when the frequency offset was not
considered.

The frequency offsets are usually generated for different
reasons; the effect of the material used to construct the scaled
model on the frequency offset was discussed in Ref.'® The

100
a |
o
o 60F - .
a L Scaled with frequency revision
A L —— Original model
L «  Scaled model
40F
10! 10? 10° 10*
Frequency (Hz)
(a) PP3
Fig. 12
100
o
= ot
= L Scaled with frequency revision
17 ——— Original model
°  Scaled model
40 F
20 10! 10? 10° 10
Frequency (Hz)
(a) PP3

frequency offset due to the use of different materials can be
eliminated via the frequency offset correction shown in
Ref.'® Meanwhile, the errors introduced during the design,
manufacture and installation of the structure are also impor-
tant reasons for generating frequency offsets, particularly in
the low-frequency range. However, these errors can be reduced
via improvements in the experimental design. This was intro-
duced in Ref.'” In this paper, the modal test is used for fre-
quency offset correction. In Figs. 12 and 13, the comparisons
clearly show that the cabin sound pressure of the aircraft
model with the frequency offset considered has a better agree-
ment with the original model results than the scaled model
without frequency offset correction.

However, for the cabin sound of the model, the SPL based
on the scaled model is in good agreement with the original
model results only at point PP3. The background noise may
be a factor affecting the sound pressure prediction in the cabin
of the models. Although the end of the model was sealed using a
special structural design, background noise could still have dif-
fused into the cabin through the hole that was maintained for
signal transmission in the support. Because point PP4 is closer
to the support than point PP3, it is more easily affected by the
background noise of the wind tunnel. The comparison at point
PP3 shows more consistent results than that at point PP4.

140

I = Scaled with frequency revision
= Original model
e Scaled model

SPL (dB)

Coomyt N,

80

,-*«:e
10! 102 10 104
Frequency (Hz)
(b) PP4

One-third octave of cabin noise measured in wind tunnel for Ma = 0.85.

[ e Scaled with frequency revision

60 Original model
[ o Scaled model
40 10! 102 10 10
Frequency (Hz)
(b) PP4

Fig. 13 One-third octave of cabin noise measured in wind tunnel for Ma = 0.9.
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6. Conclusions

This paper presents a method for scaling cabin sound. The
scaling procedure provides an academic foundation for the
prediction of the cabin noise of the structure in a wind tunnel.
In addition, a new test skill is proposed for investigating cabin
noise in a wind tunnel.

The numerical computation provides theoretical results to
validate the scaling laws developed for the investigation of
the cabin noise generated by TBL excitation on the structure.
Because the cabin sound is determined by both the external
excitation and the modal characteristic of the structure, a
modal test was performed before the wind tunnel test. The
modal test provides an effective method to obtain the fre-
quency offset of the structure response due to the model man-
ufacture and installation.

A wind tunnel test was performed to simulate the TBL exci-
tation. The cabin sound of the full-scale model was compared
to the results obtained using the scaling procedure based on
the scaled model. The comparisons of the measurement results
show that the scaling procedures developed in this paper are
effective for vibro-acoustic predictions in wind tunnels.

Background noise was an important factor affecting the
sound pressure in the cabin of the models for the wind tunnel
test. The tail end of test model should be sealed to prevent
background noise from entering the cabin of the model.
Although the background noise could diffuse into the cabin
through the hole that was maintained for signal transmission
in the support, a better result might be obtained if a better test
scheme was designed.

Symbol Type Denotation of superscript and subscript

a, b scalar Streamwise and crosswise plate length

h scalar Plate thickness

p scalar Material density

f scalar Excitation frequency

D scalar Plate stiffness

E scalar Young’s modulus

v scalar Possion’s ratio

S, function Velocity power spectral density of plate due to
TBL

S, function Power spectral density of the wall pressure
distribution

Spp function Peak value of TBL excitation

Va function Incidence sound pressure

14 scalar Free stream velocity

Goo scalar Dynamic pressure of the flow

4 scalar Airy’s stress function

a., a, scalar Streamwise and crosswise correlation
coefficient

Ew & scalar Streamwise and crosswise spatial separation

w scalar Circular excitation frequency

a scalar Scaling coefficient

Po scalar Air density

Uc scalar Convective velocity

V4 scalar Sound pressure

k scalar Wave number

w function Normal displacement of the plate
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