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Abstract This paper presents a new method for measuring the cabin noise of a structure in a wind

tunnel. A method for scaling the cabin sound was derived to obtain the cabin noise of a structure,

and the derivation of the scaling procedure was based on a theoretical hypothesis regarding the

cabin noise prediction for a scaled model in a wind tunnel. A frequency offset was generated

because of the error introduced by model manufacture and installation, and a proposed modal test

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.
� 2018 Chinese Society of Aeronautics and Astronautics. Production and hosting by Elsevier Ltd. This is

an open access article under theCCBY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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19 1. Introduction

20 Interior noise alleviation is an issue of primary interest in the
21 design of modern aircraft. The acoustic nuisance inside the
22 cabin may adversely influence passenger comfort, particularly
23 in helicopter and propeller-driven aircraft. The typical sources
24 for generating cabin noise include the fuselage boundary layer

25and airborne and structure-borne noise, which may cause
26unacceptable ride discomfort and impact the fatigue life of
27the structure.
28Investigations on the cabin noise induced by Turbulent
29Boundary Layers (TBLs) began early on. In Ref. 1, the contri-
30bution of TBLs to cabin noise was studied, and the problem
31was formulated as a sequence of two linear couplings, namely,
32the TBL fluctuations exciting the fuselage skin in lateral vibra-
33tions and the skin vibrations inducing sound inside the fuse-
34lage. Moreover, it was assumed that the boundary layer was
35locally homogeneous and the fuselage skin was flat, and only
36outgoing waves were considered. Airplane interior broadband
37noise under the cruise condition was considered to be
38dominated by the TBL. For the prediction of cabin noise, a
39mathematical model2 was derived from the Statistical Energy
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40 Analysis (SEA) technique to evaluate the interior TBL noise of
41 a Boeing 737 airplane. A method for measuring the in-flight
42 noise and vibration of an aircraft, developed by SAAB (Sven-
43 ska Aeroplan AktieBolaget),3 was shown to be a powerful tool
44 for monitoring the quality of an aircraft. In Ref. 4, ground and
45 flight measurements were conducted on a pusher-propeller
46 configuration with different interior furnishings. The main
47 objective of the measurements was to identify the sources of
48 interior noise on a specific airplane and revise the computer
49 program so that it could be used to predict the noise effects
50 of interior treatment modifications. A new wavenumber-
51 based approach for predicting sound transmission through
52 an aircraft fuselage was introduced in Ref. 5. The proposed
53 method was accurate at mid-frequencies, for which the method
54 involved nearly no approximation for a large doubly periodic
55 panel. A new stochastic model of simulating the surface pres-
56 sure fluctuations that induced cabin noise was developed in
57 Ref. 6. The method proved to be efficient when a random par-
58 ticle mesh method with recursive filters was used. Ref. 7 inves-
59 tigated the cabin noise generated by engine noise, and the
60 proposed methodology considered the engine as a spatially
61 extended source and assumed that the jet-mixing source was
62 a line source distributed on the engine axis. With a focus on
63 the cabin noise induced by TBL excitation, the interior noise
64 environment in a Large Civil TiltrotoR (LCTR2) was assessed
65 in Ref. 8. The contributions of different aero-acoustic sources
66 to the cabin noise of an aircraft, including the TBL, jet noise
67 and the air conditioning system, were compared in Ref. 9.
68 Extensive measurements with microphones mounted at vari-
69 ous longitudinal positions were used to assess the cabin noise.
70 Ref. 10 presented the results of flight measurements, including
71 the field of pressure fluctuation on the fuselage and cabin
72 noise, and identified the main sources of noise.
73 The methods developed for assessing cabin noise typically
74 only provide tools to support the noise control in the cabin
75 of the aircraft. Ref. 11 reported the reduction of the engine
76 rotor vibration-induced cabin noise of DC-9 due to several
77 improvement designs. Ref. 12 investigated the control of
78 low-frequency cabin noise and proposed a concept based on
79 intrinsic tuning and damping of fuselage structural elements.
80 Ref. 13 discussed the performance of various structural and
81 cabin sidewall treatments applied to reduce cabin noise, and
82 the measurement and analysis were conducted on a DC-9 test
83 section. Passive vibration absorbers are often ineffective for
84 the analysis of frequencies below 500 Hz because the wave-
85 length is large compared to the thickness of a damping layer.
86 Thus, an active control system for cabin noise consisting of
87 actuators and sensors was used in Refs. 14–17.
88 The precision of the simulated TBL excitation typically lim-
89 its the cabin noise assessment. A wind tunnel test is the most
90 effective method for simulating TBL excitations over an air-
91 craft with a scaled model. Thus, this paper proposes to assess
92 the cabin noise of a craft induced by TBL excitation in a wind
93 tunnel. Moreover, scaling laws are developed to relate the
94 cabin noise of a scaled model with the full-scale model. The
95 remainder of the paper is organized as follows. Section 2
96 describes the cabin noise scaling procedures, which are derived
97 from the theoretical models of cylindrical shell vibrations
98 induced by TBL excitations. Furthermore, to validate the
99 derived scaling procedures, theoretical results are presented
100 in Section 3. In Section 4, the measurements are introduced,
101 and the experimental results are discussed in Section 5. The last

102section provides conclusions concerning the work in this
103paper.

1042. A scaling procedure for cylindrical shell response

105The scaling procedures used to predict the structural response
106of a typical aircraft when subjected to TBL excitations were
107derived based on a curved cylindrical shell (Fig. 1). In Fig. 1,
108a and b indicate the length and the width of the cylindrical
109shell, respectively, and R is the curvature. The scaling laws
110of the structure response induced by TBL excitation intro-
111duced in Section 2.1 were developed in Refs. 18,19 Because
112the interior sound distribution is also an important factor that
113must be considered in the structural design of an actual air-
114craft, the other scaling procedure was developed in Section 2.2
115to relate the cabin noise distribution of scaled aircraft struc-
116tures with that of full-scale aircraft structures. The scaling pro-
117cedures developed can provide theoretical support for
118predicting cabin noise in a wind tunnel.

1192.1. Scaling procedure of structure response

120The differential equations governing the vibration of a curved
121cylindrical shell (as presented in Refs. 20,21) are as follows:
122

Dr4wþr2
jw� lx2w ¼ 2pi � 2pr ð1Þ 124124

125

Ehr2
jw�r4f ¼ 0 ð2Þ 127127

128where w is the transverse displacement of panel.
129l ¼ qh, which indicates the area density; h is the thickness
130of the curved cylindrical shell and q is the density of structure.

131D ¼ Eh3=12ð1� m2Þ, where v is Poisson’s ratio of the shell, E is

132Young’s modulus; pi ¼ exp½jðxt� kxx� kyy� kzzÞ�, which

133indicates an incident wave acting on the shell, kx, ky, kz are

134the wave number along x, y, z, respectively, pr denotes the
135acoustic pressure radiated by the shell, f is Airy’s stress func-

136tion,x is circular excitation frequency, t is the time, r2
j indi-

137cates the second-order operator, r4 indicates the forth-order
138operator, j is the imaginary unit.
139If the scaling coefficient is denoted as r, each side of the
140scaled curved cylindrical shell can be expressed as �a ¼ ra,
141�b ¼ rb, and �h ¼ rh. The parameters with ‘�’ correspond to
142the scaled model.
143The relationship characterizing the velocity Power Spectral
144Density (PSD) response between the scaled model and the full-
145scale model is as follows:18,19
146

Fig. 1 Schematic of cylindrical shell.
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