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ABSTRACT

In this article, the fregsvibration characteristics of a rectangular sandwich plate with a honeycomb core are
investigated when.the plate is positioned on the wall of a fluid-filled tank. The sandwich plate consists of
two thin aluminum facesheets and an austenitic aluminum honeycomb core. To homogenize the honeycomb
core, in addition to the classical'Mlok—Gibson model, one of the latest available models, namely the
Tournabene model, is employed to_provide an innovative approach in this study. To model the dynamic
behavior of the sandwich plate,«three distinct analytical models are presented, and the advantages and
limitations of each are discussed. The equations of motion are derived from Hamilton’s principle, and a
layered analytical model is used to simulate the sandwich plate with Navier boundary conditions in contact
with the fluid. In the fluid—structure.interaction, the fluid is assumed to be ideal, incompressible, irrotational,
and inviscid, and the coupling effect between.the plate and the fluid in the transverse direction is considered,
while shear effects are neglected. The'analytical methods and homogenization relations are validated against
prior research and three-dimensional finite-element.simulations. Finally, the influence of parameters such as
the dimention of the tank-to-plate length ratio, the fluid height from the bottom edge, the plate’s position on
the wall, and the honeycomb-cell geometry onthe submerged natural frequencies is analyzed and compared.
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1. Introduction

Honeycomb sandwich panels have been widely used
in aerospace, marine, transportation, and automotive
industries due to their high strength-to-weight ratio,
excellenty, stiffness, and good energy absorption
capability. \, Although detailed modeling of the
honeycomb core provides accurate results, it
considerably “increases the computational cost.
Therefore, homogenization of the honeycomb core as an
equivalent orthotropic layer has become a common
approach for the anmalysis of such structures.
Furthermore, _determining the natural frequencies of
fluid-loaded" structures is.ofigreat importance because
the added-mass,effect.significantly alters their vibration
characteristics. In«recent.years, «several studies have
investigated the free vibration of fluid-loaded sandwich
structures, developed shear deformation theories and
layerwise models, and examined the dynamic behavior
of auxetic-core sandwich structures[1;°2].The novelty of
the present study is the free vibration analysis of a
rectangular sandwich panel with, an aluminumauxetic
honeycomb core and two aluminum® face Sheets
embedded in the wall of a fluid-filled tank. In addition
to the Malek-Gibson model, the recently developed
Tornabene homogenization model is employed for the
homogenization of the honeycomb core. Three
analytical models are proposed for the sandwich panel,
and their advantages and limitations are compared. The
proposed analytical approach, the homogenization
relations, and the mathematical framework for fluid-
structure interaction are validated against published
results and three-dimensional finite element analyses.
Finally, the effects of the tank-to-panel aspect ratio,
fluid height, panel location on the tank wall, and
honeycomb cell geometry on the wet natural
frequencies are investigated

2. Methodology

As illustrated in Fig. 1, a rectangular sandwich plate
with a commercial re-entrant auxetic honeycomb core
embedded in the wall of a fluid-filled rectangular tank is
investigated. The sandwich plate consists of two
isotropic aluminum face sheets and an aluminum
auxetic honeycomb core.

Figure 1. Commercial re-entrant auxetic honeycomb
sandwich plate in contact with fluid

Three analytical models are developed to describe
the sandwich plate, among which the layerwise model is
employed for the fluid—structure interaction analysis.
The face sheets are modeled based on the First-Order
Shear Deformation Theory (FSDT), while the core is
represented using Frostig’s second model considering
transverse flexibility. The displacement fields of the
face sheets and the core are expressed by Egs. (1-4) and
(5-6), respectively.
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By enforcing full compatibility between the face
sheets and the core, the governing equations are derived
from Hamilton’s principle, as given in Eq. (7).
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Tossimplify the. analysis, the auxetic honeycomb
core is homogenized as an equivalent orthotropic layer.
The effective” material properties of the core are
evaluated using both the Malik—Gibson model and the
recently developed Tornabene model. The fluid inside
the tank is assumed«to bew.ideal, incompressible,
inviscid, and irrotational. Accordingly, the fluid-
structure interaction is formulated using the velocity
potential, which satisfies’ Laplace’s. equation, as
presented in Eq. (8).
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The governing equations for the simply“supported
sandwich plate are solved using the/ separation of
variables and the Galerkin method, and the wet natural
frequencies and corresponding mode " shapes. are
obtained through an eigenvalue analysis. Furthermore;
the transverse shear correction factors are determined
iteratively using Huang’s approach to improve the



accuracy of the layerwise model. The proposed
analytical formulation, homogenization models, and
fluid—structure interaction framework are validated
against published results and three-dimensional finite
element. simulations. Finally, the effects of the tank
aspect ratio, fluid height, plate location on the tank wall,
and auxetic honeycomb cell geometry on the wet natural
frequencies are investigated.

3. Validation, Results and Discussion

The), accuracy«of the proposed model was first
evaluated by camparing the analytical results with those
available in_ the literature., As shown in Table 3,
excellent agreement _is achieved, demonstrating the
accuracy and reliability, of «the «developed analytical
model. Furthermore, the fluid—Structure interaction
formulation was validated against three-dimensional
finite element simulations performed in. ANSYS. As
illustrated in Fig. 3, the analytical and numerical results
show very good agreement, confirming the validity of
the proposed mathematical model.

Table. 3 Natural frequencies (Hz) of @ rectangular
honeycomb sandwich plate with Navier boundary

conditions
Method Mood Mood Mood
(L1) L.2) @.2)
Method 1 23.464 45.039 39.061
Method 2 23.456 44771 91.418
Method 3 23.464 45.038 93.06
Method 4 23.356 44,77 91.415
Method 5 23.35 4477 91.41
Method 6 - 45 92
[3] 23 45 91
[3] 23.39 44.47 91.57
[3] 23.41 44.64 92.19
[4] 23.63 44,77 91.42
[4] 23.25 44,61 91.87
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Figure 2. Variation of the dimensionless wet natural
frequency of mode (1,1)
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Figure 3. Variation of the dimensionless wet fundamental
frequency versus the cell angle for different cell sizes

Following the validation, the effects of several
governing parameters on the wet natural frequencies
were investigated. As shown in Fig. 3, the auxetic
honeycomb geometry, particularly the cell angle and
cell size, has a significant influence on the
dimensionless wet fundamental frequency. The
complete parametric study, including the effects of the
core-to-face-sheet thickness ratio, cell aspect ratio,
inclined cell-wall thickness, tank dimensions, fluid
height, and the plate location on the tank wall, together
with the corresponding figures and tables, is presented
in the full paper.

4. Discussion and Results

The accuracy of the proposed model was first
evaluated by comparing the analytical results with those
reported in the literature. As shown in Table 3, excellent
agreement demonstrates the accuracy and reliability of
the developed analytical model. Furthermore, the fluid—
structure interaction formulation was validated against
three-dimensional finite element simulations performed
in ANSYS. As illustrated in Fig. 3, the analytical and
numerical results show very good agreement,
confirming the validity of the proposed mathematical
model. Following validation, the effects of several
gaverning parameters on the wet natural frequencies
were investigated. As shown in Fig. 12, the auxetic
honeycomb geometry, particularly the cell angle and
cell size, significantly influences the dimensionless wet
fundamental frequency. The complete parametric study,
including the effects of the core-to-face-sheet thickness
ratio, cell aspect ratio, inclined cell-wall thickness, tank
dimensions, fluid height, and plate location on the tank
wall, together with the'corresponding figures and tables,
is presented‘in thefull paper.
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Fig. 1 Commercial re-entrant auxetic honeycomb sandwich plate in contact with fluid: geometry, dimensions, and coordinate system
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Fig. 2 Simply supported re-entrant a neycomb sandwich plate with three coordinate
systems fluid
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Table. 1 Comparison of the first five dimensionless natural frequencies of a Navier isotropic square plate with a thickness-to-
length ratio of 0.1

(YoVogo  (Yo¥)ogo  (Vg¥)og0 (Yoo (Vg))ogo o9y
AOI-£E8 #AIA-AY FOIFARA FOIFARA VAL-FOYT Y g,

ADI-AES SN Y FOIFAAY FOFAY  AYEEOY Y g,
AOIYSOE  YV-/-YVQ  FOIOATA  FOIOAFO VAo AF [vA]
ADI-AE  FAUA-AY  FO/FARY SO/FAPA Valegay [val

1V Job & cunltis o b 59 €99 0, Kilunod (230 (§y9 S dr g (b TP Ty Al Y o

Table. 2 Comparison of the first five dimensionless natural frequencies of a Levy isotropic square plate with a thickness-to-
length ratio of 0.1
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Table. 3 Natural frequencies (Hz) of a rectangular honeycomb sandwich plate with Navier boundary conditions
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Fig. 4 Variation of the dimensionless wet natural
frequency of mode (1,2) for a commercial Navier re-
entrant auxetic honeycomb sandwich plate versus the
dimensionless fluid height measured from the lower edge
of the plate

Fig. 3 Variation of the'dimensionless wet natural frequency of
mode (1,1) for a commercial Navier re-entrant auxetic
honeycomb sandwich plate versus the dimensionless fluid height
measured from the\lower edgeof the,plate
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Fig. 6 Variation of the dimensionless wet natural frequency of mode Fig. 5 Variation of the dimensionless wet natural frequency of mode
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Fig. 7 Variation of the shear correction factor based on the
Malek-Gibson model for the honeycomb core versus the core-

Fig. 8 Variation of the shear correction factor,based on the to-face-sheet thickness ratio

Malek-Gibson model for the honeycomb core versus the
core-to-face-sheet thickness ratio
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Fig. 10 Variation of the shear correction factor based
on the Tornabene model for the honeycomb core
versus the core-to-face-sheet thickness ratio
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the Tornabene model for the honeycomb core versus
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Fig. 12 Variation of the dimensionless wet fundamental Fig. 11 Variation of the dimensionless wet
frequency versus the cell angle for different cell sizes fundamental frequency versus the core-to-face-sheet
thickness ratio for different plate thickness-to-length
ratios
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Fig. 15 Variation of the dimensionless wet fundamental

Fig. 16 Variation of the dimensionless'wet fundamental frequ_ency Versus the_ tank-to-plate length ratio for
frequency versus the dimensionless horizontal position different tank-width-to-plate-length ratios
of the plate on the tank wall for different horizontal
and vertical positions of the plate on the tank wall
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