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ABSTRACT

School of Graduate Studies
The University of Alabama in Huntsville

Degree Masters of Science College/Dept. Engineering/Mechanical and

in Engineering Aerospace Engineering

Name of Candidate Adam Dustin Mathias

Title Modal Analysis and Acoustic Transmission

Through Offset-core Honeycomb Sandwich Panels

The work presented in this thesis is motivated by an earlier research that

showed that double, offset-core honeycomb sandwich panels increased thermal resis-

tance and, hence, decreased heat transfer through the panels. This result lead to the

hypothesis that these panels could be used for acoustic insulation. Using commercial

finite element modeling software, COMSOL Multiphysics, the acoustical properties,

specifically the transmission loss across a variety of offset-core honeycomb sandwich

panels, is studied for the case of a plane acoustic wave impacting the panel at normal

incidence. The transmission loss results are compared with those of single-core hon-

eycomb panels with the same cell sizes. The fundamental frequencies of the panels

are also computed in an attempt to better understand the vibrational modes of these

paticular sandwich-structured panels. To ensure that the finite element analysis soft-

ware is adequate for the task at hand, two relevant benchmark problems are solved

and compared with theory. Results from these benchmark results compared well to

those obtained from theory. Transmission loss results from the offset-core honeycomb

sandwich panels show increased transmission loss, especially for large cell honeycombs

when compared to single-core honeycomb panels.
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CHAPTER 1

INTRODUCTION

1.1 Problem Statement and Goals

By understanding the vibrational and acoustical properties of a material with

numerical techniques such as the finite element method (FEM), one can learn how to

approach the problem of suppressing unwanted vibration or transmittance of sound

at certain frequencies. By correctly designing and analyzing sandwich panels with

FEM, one could potentially design optimized aircraft-lining panels that reduce the

propagation of engine noise into the cabin.

Modern sandwich-structured panels are composed of a thick core that is light

weight and consists of low to moderate stiffness, interposed between two sheet metal,

fiberglass, or carbon fiber face plates. Previous studies have shown that, due to

impedance mismatch at the inteface of adjoined media, sound waves witness an in-

efficient energy transfer when traveling across that interface [1]. An acoustic wave

traveling, at normal incidence, toward a single-core sandwich panel would need to

pass through the face plate, the core material, and a second face plate. A double-

core sandwich panel would behave similarly when impacted by an acoustic wave, but

in the case that one core is offset from the other, more opportunity to impede the
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acoustic wave would seemingly arise due to the variety of geometries that would re-

flect the traveling wave. A 3D solid model representation of a single-core honeycomb

sandwich panel, with the top face plate lifted so that the core can be seen, is shown

in Figure 1.1.

Figure 1.1: 3D solid model of a single-core honeycomb sandwich panel.

Single-core honeycomb panels (SCHP) have been a topic of research for decades,

but double-core honeycomb sandwich panels, in which the cores are offset, have been

recently developed [2]. The goal of the current research is to study the vibro-acoustic

properties of various offset-core honeycomb panels (OCHP), specifically, the transmit-

tance of sound through the panels across a broadband frequency range, and compare

the results to those of the single-core honeycomb sandwich panels. As well as study-

ing the sound transmission through the panels, the vibrational modes of the panels

are computed and discussed.
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1.2 Outline

An overview of the applications of honeycomb panels and previous relevant

work with honeycomb sandwich panels is provided in Chapter 2. Chapter 2 also

provides a short discussion of some vibrational and noise measurement metrics of

sandwich panels. Chapter 3 is a discussion of the finite element method, COMSOL

Multiphysics, methods used to benchhmark COMSOL Multiphysics, some theory, and

the development of the finite element models. This includes details on the geometry

of the models, material properties, boundary conditions, and mesh construction. The

results, and discussions of the coupled-physics modeling, are presented in Chapter 4.

Conclusions about the results, from each type of analysis, are presented in Chapter 5.

A brief discussion of recommendations for future studies is presented in Chapter 6.

Appendix A contains Matlab code and tabulated data from the modal analysis of the

rectangular plate benchmark problem. Appendix B contains tabulated data from the

finite element modal analysis of honeycomb sandwich panels. Appendix C contains

Matlab code for the rectangular plate sound transmission loss benchmark problem.
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CHAPTER 2

BACKGROUND INFORMATION

2.1 Overview

2.1.1 Applications of Sandwich-structured Panels

In applications where weight is a concern, such as aeronautical structures, race

cars, satellites, marine craft, and high speed trains, sandwich-structured composite

panels are often used. Within the aerospace industry, in particular, single-core hon-

eycomb sandwich panels are used in aircraft ailerons, spoilers, bulkheads, passenger

floors, fuselage skins, nacelles, rotor blades, engine intake barrel panels, and wings

[3]. These multilayer panels are typically used due to their high strength-to-weight

ratio, superior insulation qualities, and lack of corrosion [4] [5]. Reducing fuel con-

sumption while increasing the load capacity is also a driver for the increased use of

composite sandwich-structured panels in aerospace industry [6].

2.1.2 Efforts to Optimize Noise Reduction

Previous experimental studies have indicated that the engine noise, transmit-

ted through the aircraft sidewall, is one of the dominant sources of sound transmission

into an aircraft cabin [7]. Studies have been done, in recent years, to help suppress

4



noise that propagates from engine nacelles [8]. More general optimization studies of

cylindrical shells, with the intent to minimize the sound transmission into the inte-

rior, have also been conducted [9]. In recent years studies on fluid-structure-sound

interactions have increased significantly due to an increase in computational power as

well as the need to understand the sources of interior cabin noise and propose ways

to control them [10] [11] [12] [13] [14] [15] [16] [17] [17] [18] [19] [20].Other in-

vestigations have used finite element anlaysis (FEA) to conduct parametric studies of

honeycomb composite fuselage panels in an attempt to reduce acoustic transmission

into an aircraft compartment [21].

The acoustic performance and damping of honeycomb panels has been explored

as early as 1959 [22]. By understanding how honeycomb panels transmit sound,

engineers can work to optimize the panel using damping. Damping of honeycomb

panels to improve sound transmission loss (TL) properties has been studied recently

[23]. Passive damping of honeycomb structures using energy absorbing foam has been

explored [24]. Active vibration control with piezoelectric panels has also been studied

with FEA in an attempt to reduce residual noise in the low to mid-frequency range

[25].

2.1.3 Description of Single-core Honeycomb Panels

A single-core honeycomb sandwich panel is constructed of two thin face plates

that are separated by a load-carrying core material. Often, these face plates are made

of high tensile steel, aluminum alloys, titanium, fiberglass, carbon fiber, or other com-

posites. The structural efficiency provided by sandwich panels is primarly due to the

5



fact that the face plates carry the bending loads, as the honeycomb core, itself, has

a bending modulus that is assumed to be zero, i.e., it does not resist bending [26].

The core, however, significantly stiffens the face plates, and the moment of intertia

of the entire panel is increased. It has been determined in previous work that the

honeycomb-structured panels increase noise reduction in the low frequency regime,

but the stiffness of the core has a negligible effect on attentuation of low frequency

noise reduction [7]. Most commonly, honeycomb cores are made of alumiunm, im-

pregnated glass, paper, or fiber-reinforced polymers [27].

High modulus, high strength adhesives that come in liquids, pastes, or dry

films, rigidly attach the face plates to the core material. To achieve a good bond

between the face plates and the honeycomb core by ensuring that the adhesives stay

on the honeycomb cell edge, rather than running down the cell walls during the

cure cycle, adhesives that have the right rheology must be chosen [28]. Adhesives

could potentially play a role in the way that sandwich panels are attached to other

panels, as well. Authors have shown, for instance, that using a high strength epoxy

to attach honeycomb sandwich panels to the interior of skin subpanels can increase

low frequency TL [29].

The benefits of modern honeycomb sandwich panels, including the ones dis-

cussed earlier, are:

• Attenuation of sound at certain frequencies

• Resistance to fatigue, fire, and impact damage

• Durability

• High strength-to-weight ratio

6



• Rigidity

• Insulative with tailorable heat transfer properties

• Manufacturability

2.1.4 Description of Offset-core Honeycomb Panels

The single-core honeycomb sandwich panel is a fairly mature technology, but

the offset-core honeycomb sandwich panel is a relatively new concept [2]. The offset-

core sandwich panel is comprised of two face plates that are separated by honeycomb

core layers that are stacked in an offset arrangement, and it is the focus of the current

research. An image of a 3D solid model of an offset-core honeycomb sandwich panel is

shown in Figure 2.1. The length of the honeycomb panel, the width of the honeycomb

panel, the total thickness of the sandwich panel, the thickness of the honeycomb core,

and the thickness of the face plates are shown in Figure 2.1 as a, b, h, hc, and tf ,

respectively.

Figure 2.1: 3D solid model of an offset-core honeycomb sandwich panel

7



The cells of sandwich panels are typically hexagonal or columnar. A core that

consists of thin foils in the form of hexagonal cells that are perpendicular to the face

plates, however, is the most common [26]. The core is regularly made of aluminum

or a polymer. The celluar shape, for the metallic cores, is fabricated by extruding,

welding, brazing, and bonding. An image of two honeycomb core unit cells is shown

in Figure 2.2. The total cell size, distance between hexagonal cell walls, the thickness

of the honeycomb cell wall, and the length of the honeycomb cell wall are shown in

Figure 2.2 as ST , S, tc, and d, respectively.

Figure 2.2: Geometry of honeycomb-core cells

An image of an actual offset-core honeycomb is shown in Figure 2.3.
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Figure 2.3: Two honeycomb cores offset from one another

2.2 Vibration and Noise Reduction Metrics

The natural frequencies, fij, of a structure are often considered in vibration

problems. If a panel is acted on by an external force, displaced, and then released,

it will vibrate at its natural frequencies. The fundamental frequency, or lowest fre-

quency, fn, is often used when investigating better ways to damp a structure [30].

Knowing these values for honeycomb panels would potentially allow engineers to de-

sign panels that vibrate less when impacted by incident sound waves.

Increasing the transmission loss of sandwich panels, especially in the low and

middle frequencies due to the reduced damping, is a difficult problem, but ensuring a

high transmission loss across a wide bandwidth is the goal of some design engineers

[31]. The acoustic performance of a panel has been described by many methods.

However, sound transmission loss and power radiation are two standard metrics for

determining acoustic performance of the panel [32] [33]. The equations for sound

transmission loss of a panel are defined in the Methodology chapter.
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Similar properties, the incident sound pressure level (SPL) and transmitted

SPL for a panel are useful for describing, relative to a reference sound pressure, the

amount that an effective local pressure field deviates from the ambient pressure field.

The overall sound pressure level (OASPL) that is transmitted through a panel, a

single value, is also useful, as it represents an intensity of the spectrum in its entirety.

These terms are described further in the Transmission Loss section of the Methodology

chapter.
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CHAPTER 3

METHODOLOGY

3.1 Overview of the Finite Element Method

Numerical solutions to many engineering problems, for which analytical solu-

tions are difficult or impossible to obtain, can be found using FEM, also known as

FEA. Finite element analysis is advantageous when solving problems with compli-

cated geometries, loadings, boundary conditions, or material properties. The process

of discretization, dividing a continuous geometry or domain into smaller elements,

allows for an equivalent, mathematically discrete system to be formed. Domain defi-

nition, element type, element material properties, element geometric properties, ele-

ment connectivity, and physical constraints are all defined during the preprocessing

phase of FEA. These definitions are then used to compute the primary field variables,

i.e., the unknown values of the dependent variables of interest that are governed by

the differential equation. The typical process when performing finite element analysis

is:

• The partial differential equations (PDE) that need to be solved are first chosen,

i.e. the correct representative physics used.

• The geometry for the set of PDE’s to be solved is modeled and defined.
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• The material properties are applied to the geometry.

• The boundary conditions and initial conditions are applied to the boundaries

of the geometry.

• The mesh type is chosen, applied to the geometry, and then refined to suit the

problem at hand.

• A solver type that is suited for the problem at hand is chosen.

• The solution is computed, and post-processing is performed on the data ob-

tained.

Previous work has shown, through valdiation by experimental modal analyses

and transmission loss (TL) testing, that FEA is an acceptable method for analyzing

the sound TL across complex structures like honeycomb sandwich panels in the low

to mid frequency range [34]. This method is also used to study other behaviors of

sandwich-structured panels. For instance, other authors have approximated the global

behavior of thin composite aircraft sandwich panels by using shell finite elements

[35]. The effect of core thickness on the natural frequencies of single-core honeycomb

panels has been studied both experimentally and with FEM [36]. Some authors have

studied the vibratory behaviors of delaminated honeycomb panels, and the natural

frequencies were calculated for panels with varied boundary conditions using the

commercial FEM software MSC/NASTRAN [37]. Still, others have studied the

linear elastic mechanical properies of honeycomb core structures experimentally and

compared their findings to the results from FEA [38]. COMSOL Multiphysics, in

particular, has been shown to have relatively high accuracy for eigenfrequency analysis
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and sound-structure interaction when compared with analytical and experimental

results [39].

3.2 COMSOL Multiphysics

COMSOL Multiphysics is a FEA solver and simulation software package that

was originally known as FEMLAB. The present research takes advantage of modules

in COMSOL Multiphysics to successfully couple physical phenomena, in particular,

the acoustic-structure interaction that occurs when a propgating acoustic wave comes

in contact with, and causes vibrations throughout, a structure. These vibrations are

then relayed back to the fluid domain as a normal acceleration across the fluid-solid

boundary. The term vibro-acoustic system could be used due to the coupling between

structural vibrations and the acoustic field.

COMSOL Multiphysics is chosen, also, due to its robust structural mechan-

ics module that allows for deformation analysis with geometric non-linearity. This

module is used primarily to perform the modal analysis of the honeycomb sandwich

panels. If desired, one could also utilize this module to better understand the stress

and strain that occurs within honeycomb sandwich panels that are being impinged

by an acoustic wave.

COMSOL Multiphysics utilizes a ”free mesher” for 1D, 2D, and 3D geometries.

The free mesher allows a user to apply an unstructured tetrahedral, hexahedral,

prism, or pyramid mesh to domains, while boundaries are discretized into boundary

elements that are triangular or quadrilateral. Mesh element endpoints are known as

mesh verticies, and edges are discretized into ”edge elements”. Rather than manually
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meshing each interval of a domain or each boundary individually, COMSOL uses a

physics-induced meshing sequence that applies the mesh to the model based on the

physics settings that are chosen. For instance, a finer mesh is applied for fluids models

than for solid mechanics models.

3.3 Model Development

Solid Works 2010 was used to develop the single-core and offset-core honey-

comb sandwich plate models. First, for the single-core honeycomb panel, a honeycomb

cell was drawn and dimensioned on a work plane using the hexagonal patterning tool

in Solid Works. The shape was extruded to form a single 3D cell. The cell was then

placed into an assembly and mated to exact replicas of itself until the desired hori-

zontal and vertical core size for each panel size was obtained. Face plates were drawn

and dimensioned on a work plane using the rectangular drawing tool, and then they

were extruded to the desired thickness. The face plates were added to the assembly,

and they were then mated with the core that was previously created. Mated cells

that extended past the length and width of the face plate were subsequently removed

using the extruded cut tool within Solid Works.

Offset-core honeycomb panels were created in a similar fashion as the single-

core honeycomb panels. However, in this case, two cores were assembled and mated

together. One core was vertically offset from the other by half of the distance between

cell walls plus the cell wall thickness. The models were saved in a standard exchange

format, .STEP, and then imported into COMSOL Multiphysics.
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Within the COMSOL Multiphysics software, material properties and boundary

conditions were applied to the imported solid model. Solid flat plates, however, were

created and analyzed directly within the COMSOL Multiphysics environment rather

than being imported from Solid Works 2010. After applying the boundary conditions,

the models were meshed, solvers were setup, and the results were computed. The

computations were carried out on a x64 based PC with an Intel Core i7-2600k CPU

@ 3.40GHz with hyperthreading technology, 4 cores, 8 logical processors, 32GB of

random access memory, and an ATI Radeon HD 5700 series graphics card.

3.4 Benchmarking

To validate that COMSOL Multiphysics is suitable for performing the com-

putations necessary for modal analysis and tranmission loss studies, two test cases

were explored. The idea here is to solve problems for which the solutions are known,

and then model a more complex structure in a similar fashion. In the first case, the

eigenfrequencies and eigenmodes are found for a solid aluminum plate that is the size

of a typical aircraft panel, 16 in. in length, a, 12 in. in width, b, and 0.04 in. in

thickness, h. In the second case, frequency-dependent TL is determined for a solid

aluminum plate that is surrounded by air on both sides and excited by an acoustic

plane wave at normal incidence.

The plates for both scenarios are simply supported. That is, they have a

prescribed displacement equal to zero in the direction normal to the plate along the

four bottom edges, and they are free everywhere else. The simply supported edges of

the plate described for the first case are highlighted in blue in Figure 3.1.
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Figure 3.1: Case I: A simply supported plate – lower four edges have a prescribed
displacement equal to zero

The solid plates were assumed to behave as linear elastic materials. The plates

are set as standard aluminum with a density, ρal, of 2700kg/m3, a Young’s modulus,

E, of 70GPa, a Poisson’s ratio of 0.33, and a speed of sound, cal, of 6420m/s. The

air domains that are used in the second case have a speed of sound, cair, of 343.2m/s,

and a density, ρair, of 1.2754kg/m3.

The plate, sandwiched between two air domains, as described in the second

case, is shown in Figure 3.2. A plane wave, at f = 6,800Hz, with a pressure amplitude

of 20Pa radiates from the topmost booundary as shown in Figure 3.3. The transmit-

ted pressure is much lower than the incident pressure, at this frequency, as indicated

by the color bar. The boundaries surrounding the plate are set to the impedance

value for air, a rair of 411.6Pa·s/m. The five slices in Figure 3.3 indicate that the
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plane wave is well resolved and has minimal reflection from the walls of the air domain

when using these boundary conditions. Figure 3.4 shows the panel’s response to the

excitation by the plane wave in Figure 3.3. In both cases, the models were processed

in COMSOL Multiphysics, and the numerical results from the FEA were compared

with the results from theory. The results for the benchmark models are shown in the

Results chapter.

Figure 3.2: Case II: A simply supported plate between two air domains

Figure 3.3: Plane wave radiation from the top boundary toward the aluminum plate
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Figure 3.4: Panel response from excitation with a plane wave at f = 6,800Hz

3.4.1 Theory for the Natural Frequencies of a Rectangular Plate

A modal analysis allows for the solution of the natural frequencies, or eigenfre-

quencies, and the corresponding mode shapes of a solid structure. A panel oscillates

at its natural frequency once it is set in motion, i.e., acted upon by an external force.

For a flat plate, the transverse displacement is given by the differential equation from

Kirchhoff’s plate theory,

D∇4w (x, y, t) + γ
∂2w (x, y, t)

∂t2
= 0, 0 ≤ x ≤ a, 0 ≤ y ≤ b (3.1)

where the two-dimensional biharmonic operator, ∇4, in Cartesian coordinates, is

∇4 =
∂4

∂x4
+ 2

∂2

∂x2
∂2

∂y2
+

∂4

∂y4
(3.2)

The mass per unit area, γ, is calculated as,
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γ = ρh (3.3)

where ρ is the density of plate in [grams/m3], and h is the thickness of the solid plate

in [m]. The flexural rigidity, or bending stiffness, D, is then calculated with

D =
Eh3

12 · (1− ν2)
(3.4)

where E is Young’s modulus in [GPa] and ν is Poisson’s ratio. Seperation of variables

is used to determine the transverse displacement of the plate, w, as

w (x, y, t) = W (x, y) cos (ωt+ θ) (3.5)

where W (x, y, t) is the eigenfunction. Substituion of Equation 3.5 into Equation 3.1

produces an eigenvalue problem,

(
∂4

∂x4
+ 2

∂2

∂x2
∂2

∂y2
+

∂4

∂y4

)
W (x, y)− γω2

D
W (x, y) = 0 (3.6)

where ω is the angular frequency, or radian frequency, in [rad/s]. The mode shape,

W (x, y), of the simply supported plate is then,

W (x, y) = Q sin
iπx

a
sin

jπy

b
(3.7)

where i and j are mathematical indicies. Substitution of Equation 3.7 into Equa-

tion 3.6 with the following boundary conditions,
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w = 0,
∂2w

∂x2
= 0 at x = 0 or x = a (3.8)

w = 0,
∂2w

∂y2
= 0 at y = 0 or y = b (3.9)

yields the characteristic equation

π4

(
i2

a2
+
j2

b2

)2

− γω2

D
= 0, i, j = 1, 2... (3.10)

The radian frequency of the plate, the roots of Equation 3.10, is Equation 3.11,

ωij (i, j) = π2

[(
i

a

)2

+

(
j

b

)2
]
·

√
D

γ
(3.11)

The natural frequencies of the plate are then found as,

fij =
ωij (i, j)

2π
(3.12)

and they have units of [Hz], or, cycles per second. The equations above are found, in

various formats, in several texts about vibrations [40] [41] [42] [43].

3.4.2 Theory for Transmission Loss through a Rectangular Plate

A pressure wave that impacts a structure at normal incidence is defined as a

planar acoustic wave, and is given by
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pi(x, y, z, t) = Pi(x, y)e(ωt−k1z) (3.13)

where pi(x, y, z, t) is the incident pressure in [dB], Pi(x, y) is the complex amplitude

of an incident pressure wave,  =
√
−1, ω is the angular frequency in [rad/s], k is the

wave number, and z is the coordinate normal to the plane of the panel. At steady

state, the pressure reflected and transmitted are

pr(x, y, z, t) = Pr(x, y)e(ωt+k1z) (3.14)

pt(x, y, z, t) = Pt(x, y)e(ωt−k2z). (3.15)

The wave numbers, k1 and k2 are defined as

k1 =
ω

c1
(3.16)

k2 =
ω

c2
(3.17)

where c1 and c2 are the speeds of sound in [m/s]. The pressure transmission coefficient

is defined as

T =
Pt

Pi

. (3.18)

In the case of a periodic plane wave, the intensity transmission coefficient is real, as
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TI =
IT
II

=

(
r1
r2

)
‖T‖2 (3.19)

where IT is the transmitted intensity, II is the incident intensity, and r is the char-

acteristic acoustic impedance, such that

r1 = ρ1c1 (3.20)

r2 = ρ2c2. (3.21)

In the case of three layers, air, aluminum, then air, for instance, the equations above

can be used to derive the intensity transmission coefficient for a panel. It is found by

assuming continuty of the normal specific acoustic impedance at the media boundaries

and that the incident and transmitted cross sectional area of the sound beam is the

same. From the theory in Kinsler, et al [44], and some algebraic manipulation, the

intensity transmission coefficient is found as

TI =
4

2 + (r3/r1 + r1/r3) cos2 k2h2 + (r22/r1r3 + r1r3/r22) sin2 k2h2
. (3.22)

Since the aluminum has a higher impedance than the surrounding air domains, r2 >>

r1,r3 the intensity transmission coefficient can be reduced to

TI =
1

1 + 1
4

(r2/r1)
2 sin2 k2h2

. (3.23)
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The sound transmission loss is shown in as,

TL = 10 log10

1

TI
= 10 log10

ΠI

ΠT

= 10 log10

(
|pi|2

|pt|2

)
(3.24)

where ΠT is the transmitted sound power, and ΠI is the incident sound power [45].

3.5 Acoustic Transmission through a Sandwich Panel

Figure 3.5, a graphical representation of an acoustic plane wave impinging, at

normal incidence, upon an offset-core honeycomb sandwich panel, is annotated with

the incident wave, pi, the reflected wave, pr, and the transmitted wave, pt. The air

domains, the first honeycomb core, and the offset honeycomb core are labeled as 1,

2, 3, and 4, repsectively.

Figure 3.5: A graphical representation of an acoustic wave impinging upon an offset-
core honeycomb panel at normal incidence
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3.6 Finite Element Analysis of Honeycomb Sandwich Panels

In many works, authors do not explicitly model the honeycomb core, as the

computational expense increases dramatically as the number of cells in the honeycomb

core increases. Often, the cores are replaced by an equivalent continuum model, and

consideration is not given to the cellular structure of the core material [46]. In a

continuum model, the core structure is reduced to a a series of effective properties [47].

Typically, the face plates are modeled as shells, and the honeycomb cores are modeled

as orthotropic materials [25]. In many cases, using a panel’s effective properties

rather than its actual geometry is the most efficient method for conducting FEA, but

in cases where local stress distribution within the core and face plate material must

be determined, a continuum model will not suffice [48]. In recent years, some authors

have modeled the actual geometry of the core with various FEA programs [38] [49].

In the current study, the geometry of one honeycomb core is being offset with a

secondary honeycomb core, so a continuum model would seemingly not produce a

sufficient description of the acoustic wave passing through the honeycomb structure.

For the models of offset-core honeycomb sandwich panels, there are several

ways that the core layers could be offset from one another [2]. In a simple case, for

instance, one honeycomb could be moved half the length of a cell in the horizontal

direction or in the vertical direction. For this study, only the vertical offset direction

was studied. So that the vertical offset is clear to the reader, an image of a single-core

honeycomb sandwich panel is shown in Figure 3.6, and, in comparison, a transparent
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image of an offset-core honeycomb panel is shown in Figure 3.7. In, Figure 3.7, the

first core is shown in black, and the core that is offset is shown in blue.

Figure 3.6: A transparent view of a single-core honeycomb panel

The face plate thickness, tf , is chosen to be 0.02 in., and the core thicknesses,

hc, is chosen to be 0.250 in. The distance between walls in core cells, S, was given a

bit of variation, as 0.990 in., 0.740 in., and 0.490 in., were used for 2 in. x 3 in. panels

so the results could be compared for scaling cell size. These distances, along with the

cell wall thickness, tc, of 0.005 in., would allow for total cell sizes, ST , of 1 in., 0.75

in., and 0.5 in. Similar sizes are commonly sold by manufacturers Goodfellow and

Hexcel.

For scaling the panel size from 2 in. x 3 in. to 4 in. x 6 in., and finally to

8 in. x 12 in., only the 1 in. cell size was used so that the computational expense
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Figure 3.7: A transparent view of a offset-core honeycomb panel in which the core
layers are vertically offset

would not become prohibitive during the natural frequency study. A summary of

the geometries for single-core honeycomb panels, as described above, is shown in

Table 3.1. A summary of the geometries that are studied for offset-core honeycomb

panels is shown in Table 3.2. Only the 2 in. x 3 in. panels are explored, however,

for the transmission loss study.
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Table 3.1: Single-core Panel Geometries

Panel Length [in] Panel Width [in] Panel Thickness [in] Cell Size [in]

a b h ST

2 3 0.29 0.50

2 3 0.29 0.75

2 3 0.29 1.00

4 6 0.29 1.00

8 12 0.29 1.00

Table 3.2: Offset-core Panel Geometries

Panel Length [in] Panel Width [in] Panel Thickness [in] Cell Size [in]

a b h ST

2 3 0.54 0.50

2 3 0.54 0.75

2 3 0.54 1.00

4 6 0.54 1.00

8 12 0.54 1.00

3.6.1 Modal Analysis

In this model, the first twenty-four natural frequencies of the honeycomb sand-

wich panels are computed using the structural mechanics module within COMSOL

Multiphysics. Damping was not included in the eigenfrequency analysis. Secondly,

the adhesive layer that is typically used to attach the face plates to the honeycomb

core was not considered in the model. For cases where the adhesive layer is below

1 mm thickness, it is a reasonable assumption that the eigenfrequency of the hon-
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eycomb sandwich panel is not significantly affected by the adhesive layer [50]. The

eigenvibration properties do, however, significantly depend on the geometries of the

honeycomb cell size, core thickness, and face plate thickness. For these reasons, the

adhesive layer is neglected. The face plates are assumed to have an equal thickness, tf .

For simplicity, it is assumed that the honeycomb sandwich panels are shear resistant,

i.e., there is no sliding between the layers of the panel.

After computing the eigenfrequencies of the honeycomb sandwich panels, a 1

Newton impulse force was applied normal to the face plate boundary. To do this, a

smoothed rectangular function was multiplied times the force that strikes the bound-

ary. Since the function is applied in this manner, it acts as an impulse on the panel.

The total diplacement of a point near the center of the panel as a function of fre-

quency can then be plotted to show the response of the system, and the fundamental

frequencies, along with various resonances, should appear as spikes on the plot.

3.6.2 Transmission Loss

In this model, air domains are separated by the honeycomb sandwich panel, a

solid elastic structure. An acoustic pressure wave impacts the structure with the con-

sequence of a reflected wave and a wave transmitted, with an intensity loss, through

the structure. This TL through the structure is found, as a function of frequency, for

each sandwich panel size and geometry. The acoustic-structure interaction module

was primarily used to obtain the transmission loss through the honeycomb panels.

Due to high computational expense, only the 2in. x 3in. panels were analyzed in the

transmission loss study.
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To describe an acoustic field in the classical sense, flow is assumed to be

lossless, adiabatic, and viscous effects are neglected [51]. The wave equation governs

the behavior of the field, as

1

ρc2
∂2p

∂t2
+∇ ·

(
−1

ρ
∇p+ qd

)
= Qm. (3.25)

where t is time, c is the speed of sound, ρ is the density of the fluid, p is pressure,

qd is the dipole source term, and Qm is the monopole source term. A general way to

express the pressure term, p, is

p = p(x̂)eiωt. (3.26)

Using this harmonic pressure term, the wave equation can then be reduced as

∇ ·
(
−1

ρ
∇p+ qd

)
− k2p

ρ
= Qm (3.27)

This is the Helmholtz equation. The pressure acoustics feature within COMSOL Mul-

tiphysics’ acoustic-structure interaction module allows for solutions to the Helmholtz

equation for sound pressure. By setting the source terms, qd and Qm to a value of

0, the the plane wave solution to the Helmholtz equation emerges such that

p = Pei(ωt−k·x̂) (3.28)

where P is the wave amplitude, x is the direction, ω is the angular frequency, and k

is the wave number. The sound pressure level is then found with
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Lp = 20 log

(
prms

pref

)
(3.29)

where the root meat square pressure, prms, is

prms =

√
1

2
pp∗. (3.30)

pref is the reference pressure, and for air, it is 20 µPa. The ∗ in Equation 3.30

denotes the complex conjugate. The overall sound pressure level can then be found

as

LT = 10 log
(∑

10Lp/10
)
. (3.31)

3.6.3 Material Properties and Boundary Conditions

Only two materials were considered during development of the models. The

honeycomb sandwich panels, the core and the face plates, were assumed to be a

standard aluminum with a density, ρ, of 2700 kg/m3, a Young’s modulus, E, of 70

GPa, a Poisson’s ratio, ν, of 0.33, and a speed of sound, c, of 6420 m/s. Considering

both the face plates and the core as the same material is done for simplicity for the

FEA, as it is done in other works [36]. The honeycomb sandwich panels were clamped

(fixed in x, y, and z directions) on blue highlighted boundaries of the two face plates,

as shown in Figure 3.8 and Figure 3.9 in order to simulate typical experimental

conditions in which the panel would be installed in a window between an anechoic

chamber and a reverberation room. Even though the sides of the face plates cannot
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move in the x, y, or z direction, the core is not fixed at the sides. This was done

for both single-core and offset-core honeycomb panels. Clamped edge conditions are

expected to increase the stiffness of the panel, and produce natural frequencies higher

than what would be expected of those with a free edge conditions [37].

Figure 3.8: Fixed boundaries of a single-core honeycomb panel

Figure 3.9: Fixed boundaries of an offset-core honeycomb panel
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In the transmission study, the honeycomb panels were sandwiched between

air domains, and the cellular structure of the honeycomb was filled with air. Dry air

domains at exterior of the plates and within the cells have a density, ρ, at standard

temperature and pressure (20 ◦C and 101.325 kPa) of 1.2754 kg/m3 and a speed of

sound, c, of 343.2 m/s. Once again, the panels were fixed along sides as shown above.

A plane wave with a pressure amplitude of 20 Pa (120 dBSPL) radiates from the

topmost booundary as with the benchmark problem. The boundaries surrounding

the plate are set to the impedance value for air, a rair of 411.6 Pa·s/m.

Figure 3.10: Plane wave radiation toward offset-core honeycomb panel

The boundary conditions that can be used within COMSOL Multiphysics are

shown in the COMSOL Multiphysics manual [51]. In COMSOL Multiphysics, the

plane wave radiation boundary condition is given as
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−n ·
(
−1

ρ
(∇ptot − qd)

)
+ i

kp

ρ
+ i

∆Tp

2kρ
= Qi (3.32)

The monopole source term, Qi is

Qi = i
k

ρ
pi + i

∆Tpi
2kρ

+ n · 1

ρ
∇pi. (3.33)

where ∆T at a point on the boundary is the Laplace operator in the tangent plane

at that point. As stated previously, in the case of a plane wave, however, the source

terms, qd and Qm are zero. ptot is the total pressure field, and it is given as

ptot = pb + ps (3.34)

where pb is the background pressure field, and ps is the scattered pressure field. The

incident pressure field term in Equation 3.33 is

pi = p0e
−ik

(
(r·ek)
‖ek‖

)
(3.35)

where p0 is the wave amplitude, k is the wave vector, ek is the direction vector,

and r is the location on the boundary. The acoustic-structure interaction module in

COMSOL Multiphysics sets the boundary load, F in [force/unit area], on the panel

as

F = −nsp. (3.36)
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ns is given as the outward-pointing unit normal vector of the solid. As the panel

is impacted by boundary load, F , it displaces. The normal acceleration of the solid

then imposes an equal normal acceleration, an, on the fluid in the acoustics domain.

This is,

−na ·
(
−1

ρ
∇p+ q

)
= an (3.37)

where na is the outward-pointing unit normal vector of the fluid. an is

an = (na · u)ω2 (3.38)

where u is the displacement vector of the solid structure. The impedance boundary

condition is given as

−n ·
(
−1

ρ
(∇pt − qd)

)
= −pt

iω

ri
(3.39)

where the impedance, ri, is set to the impedance of air. The fixed boundary condition

that is used on the panel’s sides is given as

u = 0 (3.40)

3.6.4 Mesh

A physics-driven free tetrahedral meshing sequence was used for the honey-

comb sandwich panels. Finer meshes were applied to each model until convergence
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was successful and the results were consistent with the previous coarser mesh. An

example of the physics-driven, free tetrahedral mesh as applied to a 2in. x 3in.

offset-core honeycomb sandwich panel is shown in Figure 3.11. A detailed view of

the meshing at one corner of the panel is shown in Figure 3.12. In the transmission

loss studies, air domains were also meshed. The meshing used for the transmission

loss studies is shown in Figure 3.13.

Figure 3.11: Physics-driven free tetrahedral mesh applied to an offset-core honey-
comb sandwich panel

Low mesh resolution errors were avoided by consistently applying a ”normal”

or ”fine” element size. For instance, for a 4in. x 6in. offset-core honeycomb sandwich

panel, a predefined ”fine” element size has a maximum element size of 0.48in., a

minimum element size of 0.06in., a maximum element growth rate set to 1.45, a
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Figure 3.12: Detail view of a free tetrahedral mesh applied to an offset-core honey-
comb sandwich panel

Figure 3.13: Free tetrahedral meshing of air domains and honeycomb panel for
transmission loss studies
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resolution of curvature set to 0.5, and a resolution of narrow regions set to 0.6. For

comparison, a predefined ”normal” element size for this structure has a maximum

element size of 0.6in., a minimum element size of 0.108in., a maximum element growth

rate set to 1.5, a resolution of curvature set to 0.6, and a resolution of narrow regions

set to 0.5. An example of the mesh parameter setup is shown in Figure 3.14.

Figure 3.14: Mesh parameter setup within the COMSOL Multiphysics enviroment

The types and number of mesh elements that were used in each study is

summarized in Table 3.3 and Table 3.4.

The COMSOL Multiphysics manual indicates that at least five domain ele-

ments per wavelength are needed to ensure that a mesh is dense enough for a solution

to converge [51]. This was considered when developing the mesh for the transmission

study, and sufficient meshes were applied.

37



Table 3.3: Mesh Elements for Each Natural Frequency Study

a b ST Type Element Element Element Element

[in] [in] [in] Core Vertex Edge Boundary Domain

2 3 1 SCHP 156 4,228 83,000 129,624

2 3 1 OCHP 344 7,414 109,160 169,729

2 3 0.75 SCHP 266 5,905 96,291 152,053

2 3 0.75 OCHP 616 10,927 134,900 210,134

2 3 0.50 SCHP 556 9,301 119,039 190,644

2 3 0.50 OCHP 1,302 17,975 179,465 282,965

4 6 1 SCHP 484 16,457 453,898 707,878

4 6 1 OCHP 1,152 30,792 601,470 939,208

8 12 1 SCHP 2,122 34,871 294,511 290,489

8 12 1 OCHP 2,954 51,195 506,583 1,119,548

Table 3.4: Mesh Elements for Each Transmission Loss Study

a b ST Type Element Element Element Element

[in] [in] [in] Core Vertex Edge Boundary Domain

2 3 1 SCHP 164 4,449 90,922 562,598

2 3 1 OCHP 396 8,608 130,393 775,944

2 3 0.75 SCHP 274 6,121 103,417 610,155

2 3 0.75 OCHP 624 11,165 144,242 909,293

2 3 0.50 SCHP 564 9,541 126,700 694,467

2 3 0.50 OCHP 1,310 18,258 190,415 1,132,539

3.6.5 Solver

For the modal analysis, a direct solver called multifrontal massively parallel

sparse direct solver (MUMPS), was used.
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For the transmission loss analysis, the iterative method multigrid was used.

The generalized minimal residual method (GMRES) and the flexible generalized min-

imal residual method (FGMRES) are used as the linear system solvers, and geometric

multigrid is used as a preconditioner. COMSOL Multiphysics defaults the precondi-

tioner to the incomplete LU, but for more complex, 3D acoustic problems, it should

be switched to multigrid [51]. Within the presmoother and postsmoother options,

Krylov preconditioner was selected with GMRES selected as the solver. An abun-

dance of information about multigrid solvers, GMRES, FGMRES, and Krylov pre-

conditioning can be found in the COMSOL Reference Manual [51].
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CHAPTER 4

RESULTS AND DISCUSSION

4.1 Benchmarking Results

4.1.1 Results of Modal Analysis

The natural frequencies, f(i,j), were determined for f(1,1), f(1,2)...f(6,6).

The results from theory and from the FEA analysis, along with the Matlab code for

the calculations, are shown in Appendix A. Specifically, the results from theory are

shown in Table A.1, and the results from FEA are shown in Table A.2. Displace-

ment field plots are shown, in Table A.4, to better visualize the eigenmodes of the

rectangular plate. The displacement field plot for the f(1,1) mode, or fundamental

frequency, is also shown in Figure 4.1. A comparison of theory to FEA is shown in

Figure 4.2. Figure 4.2 shows that the results from theory closely resemble the results

from the FEA. The percentage error between the theory and FEA results is shown

in Table A.3.
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Figure 4.1: Displacement field plot for the fundamental mode of a rectangular plate
(fn = 41.79Hz)

Figure 4.2: Comparison of theory to FEA results for the natural frequencies of a
solid aluminum plate
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4.1.2 Results of Acoustic Transmission Loss Study

The acoustic transmission loss of an aluminum plate was determined. The

intensity transmission coefficient, TI , obtained from theory and from the FEA, versus

frequency for a 10kHz bandwidth, ∆f , is plotted in Figure 4.3. A detailed view of

Figure 4.3 is shown in Figure 4.4 for f = 0Hz to 1kHz and in Figure 4.5 for f =

1kHz to 10kHz. A similar trend is shown, as the FEA TI begins to deviate slightly

at some frequencies > 2200 kHz. However, the error is very low. This indicates that

FEA is appropriate for approximating transmission loss across a panel, especially in

the low to mid frequency range.

Figure 4.3: Comparison of theory to FEA results for the transmission loss through
a solid aluminum plate
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Figure 4.4: Detailed view of Figure 4.3 for f = 0Hz to 1kHz

Figure 4.5: Detailed view of Figure 4.3 for f = 1kHz to 10kHz

4.2 Modal Analysis of Honeycomb Panels

COMSOL Multiphysics was set to solve for the first 24 natural frequencies of

the panels. The tabulated results are displayed in Appendix B.
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4.2.1 Single-core Honeycomb Panel

The first twenty four natural frequencies of the single-core honeycomb panels

are tabulated in Table B.2. The data in Table B.2 shows that the natural frequencies

of a single-core honeycomb panel increases as the honeycomb cell size decreases. This

is consistent with other numerical works [50]. It makes sense, since as the honeycomb

cell size decreases, the weight of the entire panel increases, and the stiffness of the

face plates also increases. This trend is consistent with other experimental findings

[52] [53]. The fundamental frequency for each fixed single-core honeycomb panel is

summarized in Table 4.1.

Table 4.1: Fundamental Frequencies of Single-core Honeycomb Panels

Panel Length [in] Panel Width [in] Cell Size [in] Fundamental Frequency [Hz]

a b ST fn

2 3 0.50 9629.91

2 3 0.75 7367.02

2 3 1.00 5399.92

4 6 1.00 3356.22

8 12 1.00 962.40

The response of the 2in. x 3in., the 4in. x 6in., and the 8in. x 12in. single-

core honeycomb panels is shown in Figure 4.6 through Figure 4.10. A point at

the topmost center of each panel was chosen for evaluation of the total displacement.

The fundamental frequencies that were found using the eigenfrequency solver are

apparentas the largest spike in the response plots.
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Figure 4.6: Response of a 2in. x 3in. single-core panel with 1in. cell size

Figure 4.7: Response of a 2in. x 3in. single-core panel with 0.75in. cell size
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Figure 4.8: Response of a 2in. x 3in. single-core panel with 0.50in. cell size

Figure 4.9: Response of a 4in. x 6in. single-core panel with 1in. cell size
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Figure 4.10: Response of a 8in. x 12in. single-core panel with 1in. cell size
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4.2.2 Offset-core Honeycomb Panels

The increase in natural frequencies as the cell size decreases, a similiar trend

that was shown for the single-core honeycomb panel, is also the case for the offset-core

honeycomb panel. The first twenty four natural frequencies of offset-core honeycomb

panels are shown in Table B.3. Including the secondary core and offseting it, however,

produced a consistent reduction in eigenfrequencies for all three cell sizes. Once again,

this is most likely due to the fact that the weight of the entire panel has increased. For

visualization of the resultant mode shapes of the natural frequencies, a transparent

image of a 4in. x 6in. offset-core panel with a 1in. cell size, displaying the (2,2)

mode shape of the panel, is shown in Figure 4.11. This example shows exaggerated

displacement, but it allows the reader to visualize how these types of panels would

behave when vibrating. Images of other mode shapes for the 4in. x 6in. panel are

given in Appendix B.

The fundamental frequency for each fixed offset-core honeycomb panel is sum-

marized in Table 4.2.

Table 4.2: Fundamental Frequencies of Offset-core Honeycomb Panels

Panel Length [in] Panel Width [in] Cell Size [in] Fundamental Frequency [Hz]

a b ST fn

2 3 0.50 4481.53

2 3 0.75 3785.81

2 3 1.00 3363.37

4 6 1.00 1153.59

8 12 1.00 824.33
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Figure 4.11: Mode shape of a 4in. x 6in. offset-core panel with 1in. cell size

The response of the 2in. x 3in., the 4in. x 6in., and the 8in. x 12in. offset-core

honeycomb panels is shown in Figure 4.12 through Figure 4.16. A point at the

topmost center of each panel was chosen for evaluation of the total displacement.

The fundamental frequencies that were found using the eigenfrequency solver are,

once again, easily recognized in these response plots as the largest spikes.

49



Figure 4.12: Response of a 2in. x 3in. offset-core panel with 1in. cell size

Figure 4.13: Response of a 2in. x 3in. offset-core panel with 0.75in. cell size
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Figure 4.14: Response of a 2in. x 3in. offset-core panel with 0.50in. cell size

Figure 4.15: Response of a 4in. x 6in. offset-core panel with 1in. cell size
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Figure 4.16: Response of a 8in. x 12in. offset-core panel with 1in. cell size
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4.3 Transmission Loss of Honeycomb Panels

A surface average of the sound pressure level and the instantaneous intensity

magnitude was taken on incident and transmitted sides of the panel. The incident and

transmitted sound pressure levels for each panel are plotted in Figure 4.17 through

Figure 4.22. The sound pressure levels for SCHP and OCHP for each cell size is then

plotted in Figure 4.23 through Figure 4.25. Finally, the sound pressure levels are

compared for the three SCHP in Figure 4.26 and for the OCHP in Figure 4.27.

The intensity magnitude was used to plot the transmission loss using Equa-

tion 3.24. The transmission loss is plotted, in Figure 4.28, Figure 4.29, and Fig-

ure 4.30 across the broadband frequency range of ∆f = 10, 000Hz in steps of 50Hz for

the 2in. x 3in. panel with 1in., 0.75in., and 0.50in. cell size, respectively. Finally, the

transmission loss is compared for SCHP in Figure 4.31 and for OCHP in Figure 4.32.

The offset-core honeycomb panels perform better than the single-core hon-

eycomb panels in the low-frequency range < 1000Hz. However, above the 1000Hz

frequency, the single-core honeycomb panels tend to provide a consistent transmis-

sion loss across the band. There are some significant drops in transmission loss for

the offset-core panels around the fundamental frequency of the panels. This drop

indicates that the panel is, essentially, transparent to sound at that frequency. These

minima shift higher into the broadband range as the cell size descreases, however,

so it is possible that it could be mitigated with proper design. The three offset-core

TL lines are plotted on the same graph as a comparison in Figure 4.32, and the

shift is apparent. Even though it is noted that the single-core hoenycomb TL is more
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consistent across the band, for many frequencies the offset-core honeycomb panel has

a TL that is higher by more more than 10dB. The transmitted overall sound pressure

level (OASPL) for the 2in. x 3in. honeycomb panels is shown in Table 4.3.
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Figure 4.17: Sound pressure level on a 2in. x 3in. single-core panel with 1in. cell
size

Figure 4.18: Sound pressure level on a 2in. x 3in. offset-core panel with 1in. cell
size)
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Figure 4.19: Sound pressure level on a 2in. x 3in. single-core panel with 0.75in. cell
size)

Figure 4.20: Sound pressure level on a 2in. x 3in. offset-core panel with 0.75in. cell
size)
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Figure 4.21: Sound pressure level on a 2in. x 3in. single-core panel with 0.50in. cell
size)

Figure 4.22: Sound pressure level on a 2in. x 3in. offset-core panel with 0.50in. cell
size)
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Figure 4.23: Sound pressure level comparison for 2in. x 3in. panels with 1in. cell
sizes)

Figure 4.24: Sound pressure level comparison for 2in. x 3in. panels with 0.75in.
cell sizes)
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Figure 4.25: Sound pressure level comparison for 2in. x 3in. panels with 0.50in.
cell sizes)

Figure 4.26: Sound pressure level comparison for single-core panels
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Figure 4.27: Sound pressure level comparison for offset-core panels

Figure 4.28: Comparison of transmission loss for 2in. x 3in. single-core and offset-
core panels with 1in. cell size
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Figure 4.29: Comparison of transmission loss for 2in. x 3in. single-core and offset-
core panels with 0.75in. cell size

Figure 4.30: Comparison of transmission loss for 2in. x 3in. single-core and offset-
core panels with 0.50in. cell size
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Figure 4.31: Comparison of transmission loss for single-core panels

Figure 4.32: Comparison of transmission loss for offset-core panels
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Table 4.3: Transmitted Overall Sound Pressure Level

a b ST Type Transmitted OASPL

[in] [in] [in] Core [dB]

2 3 0.50 SCHP 123.943

2 3 0.50 OCHP 123.182

2 3 0.75 SCHP 123.684

2 3 0.75 OCHP 122.856

2 2 1.00 SCHP 123.378

2 2 1.00 OCHP 120.469
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CHAPTER 5

CONCLUSION

A discussion of acoustic-structure interaction, specifically in the case of hon-

eycomb sandwich panels for impeding unwanted sound frequencies from propagating

into an aircraft cabin, was provided. The FEA package, COMSOL Multiphysics, was

benchmarked by comparing its solutions to those of theory for two relevant cases. Vi-

brational and acoustic-transmission models of single-core honeycomb sandwich panels

and offset-core honeycomb sandwich panels were then developed with Solid Works.

The models were analyzed with FEA in COMSOL Multiphysics, and several results

were yielded:

• The first 24 natural frequencies of the SCHPs and OCHPs were found.

• The fundamental frequencies of each panel were found.

• The incident and transmitted sound pressure levels for each SCHP and OCHP

were plotted and then compared.

• The transmitted OASPL for each SCHP and OCHP was calculated and tabu-

lated.

• The TL across each SCHP and OCHP was plotted and then compared.
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Transmission loss across the panels indicates that the offset-core honeycomb

panels perform better than single-core honeycomb panels at noise reduction for a

wide range of frequencies when the panel is impacted by a periodic wave at normal

incidence. The results reported are an initial investigation of a relatively new instan-

tiation of widely used technology, and they could be useful to any design engineers

considering offset-core honeycomb panels.
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CHAPTER 6

RECOMMENDATIONS

The work performed, thus far, focuses on the development and analysis of

finite element models in an attempt to verify that an offset-core honeycomb sandwich

panel can impede the propagation of sound, at various frequencies, more efficiently

than a single-core honeycomb sandwich panel. The FEA models that were created,

however, were rigid in their design. Future models could include parameterization so

that cell length, cell width, cell depth, cell wall thickness, and face plate thickness

could be quickly altered, and the model could be remeshed and resolved, with ease.

Materials that are used for the honeycomb core and face plates could also be varied.

Other core cell shapes, such as the columnar cells or compressed honeycomb cells,

could also be explored. Boundary conditions, other than fixed face plate edges, could

also be implemeted.

In the case of TL, this thesis primarly focused on studies of acoustic waves

impacting a panel at normal incidence. A study of acoustic waves impacting offset-

core honeycomb panels at oblique incidence could produce useful results. It also has

been shown that gas layers on the exterior of a sandwich panel can increase frequency-

dependent TL through the panel due to impedance mismatch between gas layers and
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the resulting inefficient energy transfer [54]. The inclusion of other gases within

the cells of a honeycomb core may prove to affect TL at some frequencies. Higher

frequencies could be explored with other numerical methods such as the energy finite

element method [55] or statistical energy analysis.

Some offset-core panels have already been fabricated and studied, as discussed

previously, but they have yet to be tested experimentally in an acoustic laboratory.

Vibration studies could be performed with an electrodynamic shaker, and transmis-

sion loss studies could be performed by placing the offset-core panels in a frame

between a reverberation room and an anechoic chamber. An experimental setup of

this nature would allow one to study the panel’s response to varying acoustic fields,

i.e., a plane waves, pseudorandom acoustic signals, swept sine waves, and mixed-mode

signals. This experiment could also be conducted with the four microphone method

by placing a portion of a test panel in the center of an impedance tube [56].
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APPENDIX A

MODAL ANALYSIS OF A RECTANGULAR PLATE

Rectangular Plate Natural Frequency Computation using Matlab

%% Material Properties

E = 70e9; % Young's Modulus [Pa]

nu = 0.33; % Poisson's Ratio

rho = 2700000; % Density [g/mˆ3]

a = 0.4064; % Length [m] = 16 [in]

b = 0.3048; % Width [m] = 12 [in]

h = 0.001016; % Height [m] = 0.04 [in]

%% Calculation

i = [1:1:6]; % Modes

j = [1]; % Modes

gam = rho*h % Mass per Unit Area [g/mˆ2]

D = ((E*hˆ3)./(12*(1−nuˆ2)))*1000 % Flexural Rigidity [Pa*mˆ3]

omega = piˆ2*((i/a).ˆ2+(j/b).ˆ2).*sqrt(D/gam) % Angular Frequency [rad/s]

f(i,1) = omega./(2*pi) % Resonant Frequency [Hz]
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Table A.1: Matlab Output for f(i,j)

f(i,1) f(i,2) f(i,3) f(i,4) f(i,5) f(i,6)

41.7943 122.0393 255.7811 443.0195 683.7562 977.9864

86.9321 167.1772 300.9189 488.1573 728.8924 1023.1243

162.1619 242.4069 376.1486 563.3871 804.1222 1098.3540

267.4835 347.7285 481.4703 668.7087 909.4438 1203.6756

402.8970 483.1420 616.8838 804.1222 1044.8573 1339.0891

568.4024 648.6474 782.3892 969.6276 1210.3627 1504.5945

Table A.2: COMSOL Output for f(i,j)

f(i,1) f(i,2) f(i,3) f(i,4) f(i,5) f(i,6)

41.7844 122.1103 256.2283 444.5072 687.4077 985.7573

86.9308 167.1920 301.2546 489.4852 732.2557 1030.5406

162.2652 242.4573 376.3868 564.4991 807.2041 1105.3122

267.9065 348.0159 481.7997 669.6735 912.2186 1210.2143

404.0495 484.0487 617.6480 805.2574 1047.3581 1344.9900

564.4991 650.7597 784.1423 971.4621 1213.2100 1510.1419

Table A.3: Percent Error Between Theory and COMSOL Results for f(i,j)

f(i,1) f(i,2) f(i,3) f(i,4) f(i,5) f(i,6)

0.0237 0.0582 0.1748 0.3358 0.5340 0.7946

0.0015 0.0089 0.1116 0.2720 0.4614 0.7249

0.0637 0.0208 0.0633 0.1974 0.3833 0.6335

0.1581 0.0827 0.0684 0.1443 0.3051 0.5432

0.2861 0.1877 0.1239 0.1412 0.2393 0.4407

0.6867 0.3256 0.2241 0.1892 0.2352 0.3687
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Table A.4: Displacement Plots for COMSOL Output of Natural Frequencies f(i,j)

f(i,1) f(i,2) f(i,3) f(i,4) f(i,5) f(i,6)
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APPENDIX B

MODAL ANALYSIS FOR HONEYCOMB SANDWICH PANELS
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Table B.1: Displacement Field Plots for COMSOL Output of Eigenmodes for Offset
Honeycomb f(i,j)

4 in. x 6 in.

Offset-core

f(i,1)
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Table B.2: Natural Frequencies for Single-core Honeycomb Sandwich Panels - 2in.
x 3in.

2in. x 3in. 2in. x 3in. 2in. x 3in.

0.5in. Cell 0.75in. Cell 1.0in. Cell

9629.91 7367.01 5399.92

12381.95 8832.65 5932.18

15752.63 9663.71 5970.21

16477.04 9705.09 6000.97

17833.06 0761.17 6384.87

18717.55 10207.99 6540.43

19359.87 10215.40 9247.06

20009.01 10383.90 9845.09

20026.00 10389.00 10677.21

20537.26 10581.89 10912.87

20539.59 10628.37 10936.00

20762.49 11118.99 11266.57

20927.48 11698.87 11399.01

21085.36 12142.74 11520.96

21085.53 16171.71 11627.36

21125.43 16210.03 11793.78

21173.35 16962.22 12136.41

21188.88 17595.74 12233.49

21828.62 17890.41 12569.74

21854.17 18557.22 12591.94

22143.89 18581.05 12885.99

22183.48 19210.56 12935.30

22186.10 19375.25 13491.58

22248.36 19630.83 14009.46
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Table B.3: Natural Frequencies for Offset-core Honeycomb Sandwich Panels - 2in.
x 3in.

2in. x 3in. 2in. x 3in. 2in. x 3in.

0.5in. Cell 0.75in. Cell 1.0in. Cell

4481.53 3785.81 3363.38

5050.11 4793.86 3843.88

5208.93 4799.36 3962.79

5259.23 3864.87 4027.60

5383.49 4873.54 4382.55

5395.06 6107.38 5050.85

6707.44 6192.61 5789.25

7532.90 6214.61 5833.42

8472.60 6215.49 5990.72

8483.66 6267.07 6131.58

8486.03 8323.20 6290.97

8493.05 8500.96 6942.08

8501.93 8508.48 7081.19

8507.74 8513.40 7137.78

8511.03 8522.18 7216.34

8515.52 8540.97 7237.29

8518.52 8548.75 7257.09

8532.63 8554.02 7271.22

8779.45 8594.89 7317.70

8789.48 8600.50 7391.79

8788.86 8610.79 7477.11

8790.42 8616.77 7838.86

8822.22 8633.31 7924.18

8830.76 8643.70 8267.30

75



Table B.4: Natural Frequencies for Single-core Honeycomb Sandwich Panels - 1in.
Cell Size

2in. x 3in. 4in. x 6in. 8in. x 12in.

5399.92 3356.22 962.40

5932.18 4415.81 1318.92

5970.21 5802.35 1430.79

6000.97 6046.44 1476.02

6384.87 6704.68 1622.86

6540.43 7181.18 1691.59

9247.06 7567.56 1725.66

9845.09 8331.66 1841.59

10677.21 8350.65 1867.26

10912.87 8514.08 2328.51

10936.00 8775.51 2619.91

11266.57 8928.60 2685.92

11399.01 9070.06 2848.14

11520.96 9366.95 2982.52

11627.36 9472.58 2995.92

11793.78 9609.71 3185.09

12136.41 9825.62 3249.58

12233.49 10247.54 3260.55

12569.74 10309.27 3264.68

12591.94 10467.98 3291.25

12885.99 10687.29 3589.50

12935.30 10728.89 3602.98

13491.58 10990.59 3775.36

14009.46 11210.90 3813.90
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Table B.5: Natural Frequencies for Offset-core Honeycomb Sandwich Panels - 1in.
Cell Size

2in. x 3in. 4in. x 6in. 8in. x 12in.

3363.38 1153.59 824.33

3843.88 1883.82 1208.43

3962.79 2817.97 1673.15

4027.60 3006.53 1985.46

4382.55 3492.22 2377.44

5050.85 4115.55 2427.01

5789.25 4129.63 2470.01

5833.42 4130.21 2601.88

5990.72 4184.08 2669.12

6131.58 4400.35 2797.42

6290.97 4544.19 3180.25

6942.08 5189.07 3436.07

7081.19 5337.46 3593.72

7137.78 5757.08 4053.74

7216.34 5767.21 4318.08

7237.29 5821.51 4376.39

7257.09 5890.15 4405.74

7271.22 6590.33 4523.22

7317.70 6792.94 4626.07

7391.79 6813.47 4627.44

7477.11 6877.60 4676.86

7838.86 6908.65 4838.81

7924.18 6915.40 4848.66

8267.30 6928.89 4851.13
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APPENDIX C

SOUND TRANSMISSION LOSS THROUGH A RECTANGULAR

PLATE

Rectangular Plate Transmission Loss using Matlab

%% Material Properties

c al = 6420; % Speed of sound in aluminum [m/s]

c air = 343.2; % Speed of sound in air [m/s]

rho al = 2700000; % Density of aluminum [g/mˆ3]

rho air = 1275.4; % Density of air [g/mˆ3]

h al = 0.001016; % Width of aluminum [m]

%% Acoustic Properties

r al = rho al*c al; % Impedance of aluminum [{Pa*s)/m]

r air = rho air*c air; % Impedance of air [(Pa*s)/m]

f = [50:50:5000]; % Frequency [Hz]

omega = 2*pi*f; % Angular frequency [rad/s]

k al = omega/c al; % Wave number of aluminum [(rad*m)/sˆ2]
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%% Sound Intensity Transmission Coefficient

TIM = 4./(2+(r air/r air+...

r air/r air)*(cos(k al.*...

h al)).ˆ2+(r alˆ2/(r air*z air)...

+(r air*z air)/r alˆ2).*...

(sin(k al.*h al).ˆ2)); % Sound int. trans. coefficient

%% Plot

figure(1)

plot(f,TIM)

hold on

plot(f,TIC')

title('Transmission Through Aluminum'); % Plot title

xlabel('Frequency [Hz]'); % Label x−axis

ylabel('Transmission Coefficient'); % Label y−axis
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