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Abstract
Sandwich structures are widely used for aircraft secondary structure such as aircraft cabin side wall, ceiling
and luggage bins. The need for quieter cabin is ever growing and aircraft manufactures are striving for
multifunctional cabin structures. However, for a reliable prediction of cabin noise at the early design stage, it
is paramount to have a strong confidence in modelling and simulation approaches for vibroacoustic analysis
of sandwich structures used in double wall configuration. The aim of this paper is to address vibroacoustic
numerical analysis of sandwich panel where finite element based studies at component level is supported
by structural dynamic measurements at material level. The sound transmission loss (STL) under acoustic
diffuse field excitation is used as a metric to validate the numerical studies with the measurements. The
agreement for STL obtained using measurement and numerical studies on flat sandwich panel is found to be
within ±1.0 dB. For curved sandwich panel, the agreement for STL is found to be within ±3.0 dB.

1 Introduction

The secondary structures such as aircraft cabin side walls, ceiling panels, floor panels and overhead storage
compartments are normally manufactured using honeycomb core sandwiched between two face sheets [1].
The honeycomb core is glued to the face sheets using an adhesive interface layer between the core and the
face sheet. Due to the complexities involved in the manufacturing of sandwich panels, it is very challeng-
ing and expensive for the manufacturer to provide the effective material properties of manufactured panels
supplied to original equipment manufacturers (OEMs) of aircrafts. On the other hand, OEMs always need
the effective material properties for the vibroacoustic numerical studies to access the cockpit and cabin noise
levels during the early design stage of an aircraft with advanced future propulsion systems.

In this work, we have attempted to develop an approach where the vibroacoustic numerical studies on com-
ponent levels are supported by the structural dynamic measurements performed at the material level where
material properties are obtained using 1-D wave propagation model. A similar approach was used by Kurtze
and Watters [2] where they proposed a new wall design for high sound transmission loss. Multifunctional
aspect in the pioneering work of Kurtze and Watters was achieved by having a wall construction with sig-
nificantly high (≈1000) ratio of static to dynamic stiffness. Dym and Lang [3] corrected some of the
published intermediate research and analysed the symmetric sandwich plate using variational formulation
including symmetric as well as antisymmetric motion of the skin of the sandwich panel. The transmission
loss calculation of Dym and Lang uses plane wave impedance where both symmetric and antisymmetric
wave impedances are considered. Dym and Lang also reported a reasonable agreement of their analytic
transmission loss calculation to the experimental work reported in Smolenski and Krokoskys [4] as well as
in Ford, Lord, and Walker [5].

The overarching goal of this work can be graphically represented in Figure 1. As we improve the technology
readiness levels (TRLs) moving from material level test either on sandwich beam or in impedance tube to
Flight test, the size, complexity, reliability and cost of measurements increases significantly. Therefore, the
idea of the developed approach discussed in this paper is to increase the starting TRL level without moving to
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next level (shown on the X-axis of Figure 1 with light blue text). The rest of the paper is organized into four
sections. Following introduction, section 2 addresses the measurement method used to calculate sandwich
material properties using roving impact test on sandwich beams. Section 3.1 discusses the validation of finite
element model using the shear modulus derived from the measurements on sandwich beams. Section 3.2
addresses the sound transmission loss study performed using validated finite element model of flat sandwich
panel. The sound transmission loss calculated using finite element approach is validated using measured
sound transmission loss of the same panel at the transmission loss facility of AIRBUS in Hamburg, Germany.
Section 3.3 discusses the sound transmission loss of curved sandwich panel together with comparison to the
measured sound transmission loss results of AIRBUS. At the end, paper is summarized with conclusions.

Figure 1: Multi-level approach for vibroacoustic analysis of aircraft or cabin noise-control development at
various design stages

2 Measurement based method for finding effective material proper-
ties

2.1 Wave propagation model: 1-D

The structural dynamic response of a sandwich beam (as shown in Figure 2a) is dominated by bending as
well as shear in the core. The equation of motion for a one dimensional sandwich beam without external
force is given by a 6th order partial differential equation and can be written as [6]:
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Considering plane wave propagation, ζ(x, t) = ζ0 · exp [i (ωt− kxx)], in an infinite beam, we arrive at the
following governing equation of motion in frequency domain:
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D2 = b
Eth3

t
12 is the face sheet bending stiffness, Gc is the effective shear modulus of the core, Et or Eb is the

modulus of elasticity for the face sheet, ω is the angular frequency in rad/sec, kx is the wavenumber of the
1-D beam in x-direction, m is the mass density per unit length, Iζ is the mass moment of inertia and S = b.H
is the area of the crossection of the core. The six solutions of the Equation 2 are given as: kx = ±k1,±ik2
and ±ik3. With the help of the equivalent bending stiffness approximation (i.e., k41 = mω2/Da), we can
write apparent bending stiffness (Da) as a function of frequency (f = ω

2π ):

A

f
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f
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In Equation 3, A, B and C are constants and can be written in terms of global bending stiffness and bending
stiffness of face sheet as follows:

A =
GcS√
m2πD1

; B =
GcS√
m2π

; C = 2D2 (4)

(a) Symmetric sandwich beam/panel geometric parameters
(b) Two directions of orthotropic honeycomb
sandwich panel material

Figure 2: Symmetric sandwich panel

The following subsection addresses the structural dynamic measurements for the calculation of apparent
bending stiffness (Da) as a function of frequency (f ).

2.2 Measurement on sandwich beam

The sandwich panels are generally considered as orthotropic in nature. The two directions which define the
orthotropy in sandwich panel are due to the configuration of the sandwiched honeycomb cell orientation.
These two orthotropic directions are shown in Figure 2b. To obtain the material properties in two orthotropic
material directions, two beams are cut from the sandwich panel and roving impact tests are performed on the
beams. The test set-up for the impact test on a free hung sandwich beam can be seen in Figure 3. The eigen
frequencies and corresponding mode orders obtained using impact tests are used to get the apparent bending
stiffness of the sandwich beam in L and W directions. The obtained frequency dependent apparent bending
stiffness is then used to fit a curve defined in Equation 3. The least-square-fit of apparent bending stiffness
to measurement points is shown in Figure 4. Such a least square fit gives the values of the coefficients.
A, B and C, respectively. Coefficient B gives the shear modulus of the core for the beam in L direction. A
correct value of shear modulus is necessary for building the confidence in vibroacoustic numerical studies on
honeycomb sandwich structures in the mid frequency region. Similarly, one can repeat the above procedure
to get the shear modulus of the sandwich beam in W direction. Once the shear modulus is obtained, the
next step is to use these parameter to develop the finite element based simulation model for vibroacoustic
numerical studies.
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Figure 3: Free-hung sandwich beam and a simplified impact test set-up

Figure 4: Apparent bending stiffness (least square curve fit and measured) of a symmetric sandwich beam
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3 Numerical model development for vibroacoustic analysis

3.1 Finite element method based numerical model

This section addresses the finite element model development for the selected honeycomb sandwich beam/panel.
Three approaches for finite element model generation are investigated. These three approaches are depicted
in Figure 5. The FEM approach - I treats the sandwich panel core as well as top and bottom face sheets
as three layers in the laminate using PCOMP material card in NASTRAN [7]. In FEM approach - II, the
core is modelled as solid finite elements with shell element for the face sheets. Whereas, FEM approach -
III uses shell elements for the modelling of hexagonal honeycomb core as well as the face sheets. Based on
computational efficiency and FEM data handling, it is found out that the FEM approach – I is more practical
when vibroacoustic numerical studies are performed on an industrial scale models (e.g., full scale aircraft
cabin). Therefore, we selected FEM approach – I for vibroacoustic numerical studies at the component level.
However, it is also found out that the FEM approaches -II and -III could be extremely useful for numerical
studies at material level (e.g., impedance tube probes, small beams, etc.) where number of finite element
degrees of freedom are still possible for FEM based matrix calculations.

Figure 5: Three approaches for finite element modelling of honeycomb sandwich beam/panel

Once FEM approach - I is selected for further numerical studies, we validated the finite element model of the
beam with material properties of the core obtained from the measurement discussed in section 2.2. Figure 6
shows the result of the validation test where, measured acceleration in sandwich beam due to point load is
compared with the acceleration obtained using FEM approach - I. A very good match between measurement
and simulation validates the applicability of FEM approach - I with derived material properties from the
impact test.

3.2 Vibroacoustic study at component level: Flat sandwich panel

For vibroacoustic studies at component level, a flat panel made out of material that is used for an aircraft
side wall (i.e., honeycomb sandwich core with composite face sheets) is selected for vibroacoustic numerical
as well as measurement based studies. At first, a modal test is performed on a free hung sandwich panel.
Following paragraphs discuss the modal test and compares the corresponding numerical results obtained
using finite element method. A free hung sandwich panel used for the modal test is shown in Figure 7.
In total, 247 impact points were used while performing a roving impact test. Measured mode shapes and
eigenvalues are then compared with the finite element based modal analysis results.

The comparison of numerical and measured mode shapes and eigenvalues is shown in Figure 8. These first
eight modes of sandwich panel show reasonably good match with FEM based mode shapes and eigenval-
ues. The outcome of this modal test led us to investigate the vibroacoustic response of the sandwich panel
subjected to random acoustic diffuse field.
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Figure 6: Frequency response function of a symmetric sandwich beam subjected to unit point harmonic load
(IP-10: impact point number 10, DLF: damping loss factor)

Figure 7: Freely hung flat sandwich panel for modal test
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Figure 8: Measured (modal test) and numerical (FEM based) mode shapes and corresponding eigenvalues

A detailed description of the mathematics to generate acoustic diffuse field for vibroacoustic numerical
studies is beyond the scope of this manuscript and readers are referred to earlier work of author [8, 9] as well
as to Fahy [10] and Pierce [11]. However, for the completeness of this manuscript, the cross power spectral
density [11] of acoustic diffuse field is briefly discussed here and can be written as:

S(r, ω) = S0(ω)Ssc(r, ω) (5)

where S0(ω) is the auto power spectral density and Ssc(r, ω) is the spatial correlation of the applied random
load. The distance r is used to represent radial location in a spherical coordinate system. For random acoustic
diffuse field, Ssc(r, ω) is known to have a spatial distribution given by the following equation:

Ssc(r, ω) = sin(kr sin(θcr)/kr (6)

In Equation 6, k = 2π/λ is the wavenumber with λ being the wavelength of the plane propagating wave
used for generating random acoustic diffuse field and θcr is the limiting maximum angle of incidence of the
plane propagating wave. In this work, θcr is 780 and avoids the grazing incidence problem when θcr tends to
900. Random excitations such as acoustic diffuse field is assumed to be stationary random process and can
be simulated using sampling techniques. Therefore, a total of 30 plane waves impinging on panel from all
random directions are considered for generating such random acoustic diffuse field. For such random exci-
tation, STL is used as a metric for comparing vibroacoustic response of sandwich panel with measurement
result discussed in this paper. The following equation is used to calculate STL in dB:

STL(dB) = −10 log(τ) (7)

where, τ is known as sound transmission coefficient and it is defined as the ratio of radiated sound power and
input power. The STL measurements on flat sandwich panel was performed by AIRBUS at their full scale
STL test facility. To capture the uncertainty in the values of damping, two structural loss factors, 2% and
5%, respectively are used in the numerical model in ACTRAN [12]. The measured and numerical results
for STL of flat sandwich panel are compared in Figure 9. For a frequency band of 200.0Hz–1000.0Hz,
a good match is observed between measured and numerical values of STL. A ±1.0 dB difference between
measured and numerical (i.e., 5% loss factor) STL is considered to be in line with inherent uncertainties in
both numerical and measured STL. However, below 200.0 Hz, we observe a strong discrepancy between
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measured and FEM results. We suspect that such discrepancy might be because of the difference between
theoretical boundary condition in numerical calculation and practical boundary condition in the STL test
set-up. It is however open for future investigation. A strong agreement of STL for 200.0 Hz – 1000.0 Hz
band (as shown in Figure 9) validates the finite element model and corresponding input parameters to be
used for further studies on curved sandwich panel addressed in the following subsection.

Figure 9: Measured and numerical STL of flat honeycomb sandwich panel

3.3 Vibroacoustic study at component level: Curved sandwich panel

Typically aircraft secondary structures such as cabin sidewall have curved geometry. Therefore, the proposed
measurement based approach for numerical vibroacoustic studies is used to access the STL of curved hon-
eycomb sandwich panel as shown in Figure 10. For flat panel, Rayleigh integral approach implemented in
commercial code, ACTRAN is used. Rayleigh integral approach works well for planar structure. However,
for a curved panel, either boundary element method or finite element method with infinite element approach
or perfectly matched layer is necessary. In this work, we have used finite - infinite element based approach.
Though, an exhaustive discussion is not the scope of this manuscript, a brief summary of the approach is
discussed in the following paragraph.

As a starting point for the calculation of sound radiation/propagation in linear acoustics, the following
Helmholtz equation for an unbounded domain is solved.

∇2p(x) + k2p(x) = 0,x ∈ Ωf ⊂ Rd, d = 3 (8)

The steady-state solution of Equation 8 is obtained using appropriate boundary conditions and the solution
is given as p̃(x, t) = ℜ

{
p(x)eiωt

}
, with p̃(x, t) representing the time-harmonic sound pressure and p(x)

giving the sound pressure amplitude. The wavenumber is provided by k = ω/c and the speed of sound in
the acoustic fluid is given by c. The circular frequency is given as ω = 2πf with f being the frequency of
the problem in Hz. The exterior or unbounded acoustic problems (e.g., free field sound radiation from planar
structures) are solved in a fluid domain of an infinite extent. For the application of finite element method for
such problems, the unbounded fluid domain is divided by an interface Γc into a finite fluid domain Ωf and
an exterior domain (Ωe) which is modelled using infinite element. A simplified representation of various
domains (i.e., finite (interior), infinite (exterior), interface) of the coupled fluid-structure-interaction problem
is shown in Figure 11. For the original concept of infinite elements for wave propagation, readers can refer
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Figure 10: Curved honeycomb sandwich panel

Figure 11: A simplified representation of sound radiation analysis using finite element and infinite element
approach using FEM

to the work of Zienkiewicz and Bettess [13, 14]. Furthermore, research articles by Astley [15] also provide a
review of formulations and an assessment of the accuracy of infinite elements. Like finite element analysis,
the coupled finite - infinite element based problem formulation can be given by the following set of equations
written in matrix form:

{[
Kf Kfe

Kef Ke

]
− iω

[
Df Dfe

Def De

]
− ω2

[
Mf Mfe

Mef Me

]}(
p
pe

)
= F (9)
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In Equation 9, the index e is used to denote quantities belonging to the infinite domain. The matrices Kf , Df ,
and Mf are finite element matrices of the fluid domain with the contribution of the finite domain. The
coupling matrices are denoted by Kfe, Dfe,Mfe matrices with switched indices. For further information,
readers can refer to Felix et al. [16] where a 2-D problem using such combination of finite-infinite element
approach with Petrov-Galerkin scheme is discussed thoroughly. In this research work, we have used the
available finite-infinite element approach in commercial software ACTRAN.

As a next step, finite element analysis is performed to solve coupled fluid-structure-interaction problem in
ACTRAN with applied boundary condition to satisfy the Sommerfeld radiation condition using available
infinite element in the commercial solver. The geometry of radiating structure (i.e., curved sandwich panel)
and corresponding fluid domain are shown in the middle and right of the Figure 12, respectively. Five
acoustic fluid surface boundaries not facing the curved sandwich structure are discretized using acoustic
infinite elements and represent the unbounded (or infinite) domain as shown in the left of Figure 12.

Figure 12: Curved sandwich panel for vibroacoustic analysis using finite element and infinite element ap-
proach

An infinite domain for the problem addressed in this manuscript is defined by three parameters. The first
parameter is the material of the domain (i.e., air). The second parameter is the radial interpolation order and
the third parameter is the reference ellipsoidal coordinate system which facilitates the truncated multipole
expansion as described in ACTRAN user’s guide [17]. It is to be noted here that the finite element mesh for
structure and fluid is non-matching. Therefore, to perform coupled fluid-structure-interaction analysis, fluid
and structure coupling surfaces are coupled through a defined interface while setting-up the analysis in the
solver. A frequency range of 100 to 1000 Hz with a 1.0 Hz step is defined for vibroacoustic response under
acoustic diffuse field. Figure 13 compares the STL calculated using measurement and numerical simulation.
Three cases of damping (2.0% and 5.0% loss factor for structure with 0.0% fluid damping and 5.0% loss
factor for structure with 0.1% fluid damping) are considered while calculating transmission loss using FEM.
Based on STL comparison in Figure 13, it can be observed that the STL for curved sandwich panel is lower
than the measured STL and lies within ±3.0 dB for a frequency band from 200.0 Hz to 1000.0 Hz. For below
200.0 Hz, similar conclusion can be drawn as observed for the flat sandwich panel and will be addressed in
future.

4 Conclusion

An approach for multi-level vibroacoustic analysis is discussed. Each stages of analysis (i.e., numerical and
measurement based) are utilized in increasing the fidelity of the results. Sandwich beams are used to obtain
shear modulus of honeycomb sandwich panel in two directions of orthotropy. 1-D plane wave propagation
model is applied to both sandwich beams to calculate apparent bending stiffness using roving impact test.
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Figure 13: Measured and numerical sound transmission loss of curved honeycomb sandwich panel

A least-square-fit to apparent bending stiffness curve gives the shear modulus of the core in two directions.
These material parameters are then used to validate the finite element model of beam and flat sandwich panel
using modal test. The validated finite element model of the sandwich panel is then used to predict random
acoustic diffuse field STL. The predicted STL is afterward validated with measured STL at a full scale STL
test facility of AIRBUS. The predicted STL of flat sandwich panel using finite element method shows strong
agreement for a frequency from 200.0 Hz to 1000.0 Hz. Thus, the established approach for STL prediction
using finite element method supported by impact test on beams of same material only, can be used at the
design stage when small test samples (i.e., beams) of material are available. Similar results are reported for
STL of curved sandwich panel. Quantitatively, for flat sandwich panel, numerical STL results are within ±1.0
dB when compared to measured STL. Whereas, for curved sandwich panel, numerical STL results are within
±3.0 dB when compared to measured STL. The discrepancy between numerical and measured STL for both
(i.e., flat and curved sandwich panels) below 200.0 Hz is most likely due to difficulty in exact simulation of
the test set-up. However, it is open for future investigation.
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des Schädigungsverhaltens unter statischer und kurzzeitdynamischer Belastung, Institut für Verbundw-
erkstoffe GmbH, Kaiserslautern 2008.

VIBRO-ACOUSTIC MODELLING AND PREDICTION 4468



[2] Kurtze, G., and Watters, B. G., “New wall design for high transmission loss or high damp-
ing,” The Journal of Acoustical Society of America, Vol. 31, No. 6, 1959, pp. 739 – 747.
https://doi.org/10.1121/1.1907780.

[3] Dym, C. L., Ventres, C. S., and Lang, M. A., “Transmission of sound through sandwich panels: A
reconsideration,” The Journal of Acoustical Society of America, Vol. 59, No. 2, 1976, pp. 364 – 367.
https://doi.org/10.1121/1.380871.

[4] Smolenski, C., and Krokosky, E., “Dilational-mode sound transmission in sandwich panels,”
The Journal of Acoustical Society of America, Vol. 54, No. 6, 1973, pp. 1449 – 1457.
https://doi.org/10.1121/1.1914444.

[5] Ford, R. D., Lord, P., andWalker, A.W., “Sound transmission through sandwich constructions,” Journal
of Sound and Vibration, Vol. 5, No. 1, 1997, pp. 9 – 21. https://doi.org/10.1016/0022-460X(67)90173-3.

[6] Nilssona, A., Baroa, S., and Pianab, E. A., “Vibro-acoustic properties of sandwich
structures,” Applied Acoustics, Volume 139, 2018, Pages 259-266, ISSN 0003-682X,
https://doi.org/10.1016/j.apacoust.2018.04.039.

[7] NASTRAN MSC Software, URL: https://www.mscsoftware.com/de/product/
msc-nastran

[8] Joshi, P., Mulani, S.B., Slemp, W.C. H. and Kapania, R.K., “Vibro-acoustic optimization of tur-bulent
boundary layer excited panel with curvilinear stiffeners,” Journal of Aircraft, Vol. 49 No. (1), 2012, pp.
52-65.

[9] Joshi, P.; Mulani, S.B.; Kapania, R.K., “Multi-objective vibro-acoustic optimization of stiffened panels,
Structural and Multidisciplinary Optimization,” Vol. 51, No. (4), 2015, pp. 835-848.

[10] Fahy, F., Sound and structural vibration, Academic Press, Inc., 1985.

[11] Pierce, A. D., Acoustics: An Introduction to its Physical Principles and Applications, Acoustical Soci-
ety of America, New York, 1989.

[12] ACTRAN MSC Software, URL: https://www.mscsoftware.com/product/actran

[13] Zienkiewicz, O. C., and Bettess, P., “Infinite elements in the study of fluid structure interaction prob-
lems,” in Proceedings of 2nd International Symposium on Computing Methods in Applied Sciences,
Versailles, 1975.

[14] Zienkiewicz, O. C., and Bettess, P., “Infinite elements in the study of fluid structure interaction prob-
lems,” in Computing Methods in Applied Sciences, Lecture Notes in Physics, J. Ehlers, K. Hepp, H. A.
Weidenmiiller, and J. Zittarts, Eds., vol. 58. Springer-Verlag, Berlin, 1976, pp. 133-169.

[15] Astley, R.J., “Infinite elements for wave problems: a review of current formulations and an as-sessment
of accuracy,” Int. J. Numer. Meth. Engng., Vol. 49, 2000, pp. 951-976.

[16] Gruber, F., Klewinghaus, A., and Mula, O., “The DUNE-DPG library for solving PDEs with Discon-
tinuous Petrov–Galerkin finite elements,” Archive of Numerical Software, 5(1):111–128, 6 Mar. 2017.
doi: 10.11588/ans.2017.1.27719

[17] ACTRAN 19.1 User’s guide - Volume 1: Installation, Operations, Theory and Utilities

VIBRO-ACOUSTIC MODELLING AND PREDICTION 4469


