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Abstract. The visualizing energy flow and control in vibrating stiffened plates with a cutout are studied
using finite element method. The vibration intensity, vibration energy and strain energy distribution of
stiffened plates with cutout at different excitation frequencies are calculated respectively and visualized for
the various cases. The cases of different size and boundaries conditions of cutouts are also investigated. It
is found that the cutout or opening completely changes the paths and distributions of the energy flow in
stiffened plate. The magnitude of energy flow is significantly larger at the edges near the cutout boundary.
The position of maximum strain energy distribution is not corresponding to the position of maximum
vibrational energy. Furthermore, the energy-based control using constrained damping layer (CDL) for
vibration suppression is also analyzed. According to the energy distribution maps, the CDL patches are
applied to the locations that have higher energy distribution at the targeted mode of vibration. The energy-
based CDL treatments have produced significant attenuation of the vibration energy and strain energy. The
present energy visualization technique and energy-based CDL treatments can be extended to the vibration
control of vehicles structures.

Keywords: stiffened plates; cutout; visualization; energy control; constrained damping layer; finite
element method

1. Introduction

Stiffened plates and shells structure with cutouts are commonly found built-up structural
components in spacecrafts, aircrafts, land-based vehicles and marine vehicles. In these structures,
cutouts or opens are required for practical purposes as access ports for mechanical and pipe
systems, simply to reduce structural weight, and to serve as doors and Windows. Cutouts and
stiffeners existing in plates present a greater challenge than simple continuous structures such as
beams and plates because of complexity structural configurations, high stress/strain concentration
and uncertain boundary conditions. It is very important to understand the vibration sources and
transmission paths, energy sink locations and its frequency contents of stiffened plates with cutouts
for vibration control to improve passenger comfort, minimize crew fatigue, and in the case of naval
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vessels, to avoid detection.

Studies on the static and dynamic properties of structural elements with cutouts or holes have
been reported extensively. The numerical method for computing the natural frequencies of
rectangular plates with cutouts can be broadly classified into three categories, finite element and
finite difference methods (Paramasivam 1973), and a semi-analytical approach based on the
Rayleigh-Ritz method. Of the various discrete methods, the finite element method is by far the most
widely used for this class of problems. The free vibration characteristics of unstiffened and
longitudinally stiffened square panels with symmetrically square cutouts are investigated by
Sivasubramonian et al. (1999) using the finite element method. Lam and Hung (1990) studied the
vibrations of plates with stiffened openings using orthogonal polynomials and the partitioning
method. Natural frequencies of simply supported and fully clamped plates with stiffened openings
were presented. Lee and Lim (1992) carried out the analysis of simply supported isotropic and
orthotropic square plates with a square cutout centrally placed subjected to in-plane forces. Recently,
dynamic instability of stiffened plates with cutouts subjected to harmonic in-plane uniform edge
loading has been studied by many researchers (Srivastava 2003, Patel 2007). To the best of author’s
knowledge, studies on the dynamic response characteristics of stiffened plates with cutouts from the
energy flow point of view are scanty in the literature.

Vibration intensity method was first introduced by Noiseux (1970) and later developed by Pavic
(1976) which is analogous to acoustic intensity in a fluid medium,; it is the vibration power flow per
unit cross-sectional area in elastic medium. The vibration intensity technique is an essential tool for
locating and ranking vibration sources and sinks on structures. It can indicate the magnitude and
direction of vibrational energy flow at any point of a mechanical structure at frequencies of interest
(Gavric 1993, Hambric 1994 ). Vibration intensity field by plotting a vector map gives the particular
information of energy flow transmission paths and positions of source and sinks of mechanical
energy. Lee and Lim (2004) predicted the vibration intensity of a plate with multiple discrete and
distributed dampers by the finite element method. Cieslik et al. (2006) presented the formulations
for structural vibration intensity calculation involving the external loads and moments based on the
complex modal analysis by finite element method. Furthermore, the vibration intensity vector filed
was used for computing the vibration power flow pattern of plates with multiple cutouts (Khun
2003), composite plates with holes (Xu 2004). There were very few reports on the energy flow
transmission and distribution of a stiffened plate with cutout using energy streamline technique.

Energy flow in a plate structure has been investigated by many researchers. Bernhard and
Bouthier (1990) firstly developed a set of equations which govern the space and time averaged
energy density in plates to investigate the mechanisms of energy generation, transmission and
absorption. Further investigations of the energy model of plates proved that the vibration conduction
equation is valid for the two-dimensional vibration field composed of plane wave components
(Bernhard and Bouthier 1990, Ichchou 1996).

There are several techniques that can be used to suppress mechanical vibration and noise. Among
them, the addition of damping is one of the most practical approaches over a wide range of
applications. In particular, a surface treatment of constrained damping layer (CDL) on a structure is
a conventional method to reduce structural vibrations or noises owing to the low cost and easy
implementation of such a treatment. Constrained damping has a high loss factor because it
dissipates energy during the shear deformation of viscoelastic materials generated by a constraining
metal layer. These CDL patches should be minimized, as a reduction of weight generally results in
both performance and economic benefits. Extensive efforts have been exerted in the past to
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optimally design CDL treatments subject to space or weight limitations (Plunkett and Lee 1970,
Nakra 1998). In an effective treatment of damping materials, to determine the optimum locations for
control of energy flow in vibrating plates becomes an important issue.

The aim of this study is to investigate the effects of cutout on the energy flow in stiffened plates
subject to point force excitation using energy visualization technique. Furthermore, the optimum
placement of CDL patches by energy-based control approach is determined. Simulation results show
a significant attenuation of vibration energy level. This approach is proposed as a meaningful tool
for the vibration control of vehicles structures.

2. Theory and formulation
2.1 Vibration intensity in plates

Gavric and Pavic (1993) developed equivalent structural vibration intensity algorithms that can be
implemented both in the time domain and the frequency domain.
From plate theory, the vibration equation of a thin plate may be expressed as
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Where = Fe'” is the external harmonic exciting force; D = ER/ 12(1- ,uz)
The instantaneous structural intensity at point (x, y) may be written as
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Assuming the plate has a harmonic motion of frequency @, its displacement may be expressed as
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Where A(x,y) is the response amplitude of the vibrating plate.
The strain distributions of the plate may be written as
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Substituting Eq. (3) and Eq.(4 ) into Eq. (2), the vibration intensity can be rewritten as

P.(x,y;t)=D C;a (5C+5 Cj 5§(5’§ ua——fj—(l—ﬂ)%%}

ox* oy’ ox | ox? oy dy Oxoy

=iwD[é“ ai('//x(x’y)wy(x,y»—a—§<wx<x,y>+wy<x,y>>—<l —u)a—gl//xy(x,y)}e”‘”’
X Ox oy

_ 2ot
=P,e



398 Kai Li, Sheng Li and De-you Zhao

P}(x’y’[):D|:é’i(a ¢ +a_§]_a_§(a_§+lua_§]_(1_,u)a_§a_§:|

oyl ox> oy’ oy oy® ox’ Ox 0yox
a 2wt
_ioD {5 2 (), (5 ) = S, )y ) = (= ) S ( y)} ¢
y oy Ox
:PYeiZ(ut (5)
Where
. 0 0 d
P, = le{é a—(t//x(x,y) +y,(x, ) - —4(Wx(x,y) +uy ,(x,y)—(1- ﬂ)—gvfxy(x,y)}
X ox oy

and p, = iwD[;gwx,yH%(x,y»—%Wx,y)+ﬂwx(x,y»—<1—maa—§% (x,yﬂ

may be considered as the amplitudes of structural power flow.
The structural intensity gradients may be expressed as
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Streamline visualization technique (Xu 2005) is a very useful tool to represent the transmission
direction of a vector field. This technique is widely used in computer graphics flow visualization in
fluid mechanics to display the vector field of the fluid flow. The velocity vector at any point of one
streamline is tangent to that line. Up until the last decade the studies of sound flow visualization are
rather seldom in the structural acoustical practice. The vibration intensity field is also a vector field
representing the structural energy flow in a structure. Thus, this technique can show the energy
transmission paths and indicate the vibration source and energy sinks. Based on the general fluid
mechanics definition, the vibration intensity streamline can be similarly expressed as

drxP(r,t) =0 @)
Where 7 is an energy flow particle position. The cross product can be given by
i j ok
P.P,P.|=0 (8)
dx dy dz
For a 2-D plate, the vibration intensity streamline is written as
b ©)

2.2 Energy distribution in plates

The energy in a vibrating plate is the sum of the kinetic and potential energy. The distribution of
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the instantaneous kinetic energy of the plate may be expressed as

ph (%f) ;pha) A2 2ot — TAeiZIUt (10)

Where T, = —% ph o' A’ may be considered as the amplitudes of structural kinetic energy.

The distribution of the instantaneous strain energy of the plate may be expressed using Eq. (3) as
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amplitudes of structural strain energy.
Then, the instantaneous energy flow of the plate can be written as
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Strain energy has been increasingly adopted to detect and locate damages in engineering
structures, in the finite element formulation, the stain energy over a discrete pate of an undamped
structure vibrating in its th mode is yield by the following quadratic form pertaining to any finite
element

U = {y} K1 v), (13)

Where r denotes the mode number, U” is strain energy, {}, is the eigenvector of finite
element with the vector elements represented by all the value of nodal coordinates of the element,
{ z//}rT is the transpose of the eigenvector { w},,[K,] is the stiffness matrix of the element.

2.3 Relationship between the structural vibration intensity and the vibration energy

The structural intensity can be related to the instantaneous energy stored in the pate in the
following. The instantaneous energy flow of the plate can be written as
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Using Eq. (5), the sum of the structural intensity gradients can be express as
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Eq. (16) can be rewritten using Eq. (1) as
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Using Eq. (15) and Eq. (17), the relationship of energy equation of a plate can be expressed as
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In particular, away from the exciting force, the Eq. (18) can be written as

0E ©OP, OP
e ST
ot Ox Oy (19)

3. Numerical results and discussions
3.1 Numerical models

Finite element method has been used as an efficient tool for modeling of the vibration response of
the plate. In the present work, the undamped structural plate and its stiffeners are modelled using a
mesh of eight-node isoparametric quadratic element with five degrees of freedom. The finite
element model is analyzed using the commercial finite element software ANSYS. Consecutively a
self-developed Matlab program is used for the post-process calculations.

3.2 Frequency parameters of stiffened plate with different cutout

It is frequently to position additional reinforcement around the opening to ensure that the strength
lost by the cutouts. In the present paper, the stiffened plate is reinforced at the four edges of the
cutout. The structural model used in this study is shown in Fig. 1. The finite element mesh for
reinforced plate is shown in Fig. 2, also the stiffeners and plate are modeled by the shell element.
The material properties are listed in Table 1. The effects of size and reinforcement of the cutout on
the natural frequencies for different modes of free vibration are shown in Fig. 3. The frequencies of
mode 1 and mode 4 continue to decrease without the opening edges reinforced at the same size of
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Fig. 1 Structural model

Table 1 Parameters of stiffened plate

Poisson’s ratio 0.3
Young’s modulus 210 GPa
Density 7800 kg/m®
Thickness of plate 0.004 m
Height of stiffener 0.05 m
Width of stiffener 0.005 m
—a— d/a=0.2 cutout reinforced
—e— d/a=0.2 cutout
1001| —a— d/a=0.4 cutout reinforced
—w— d/a=0.4 cutout
—«—d/a=0.6 cutout reinforced
80| —»— d/a=0.6 cutout

Natural frequency (Hz)
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Fig. 2 Finite element mesh

Mode

Fig. 3 Frequency parameters for a stiffened plate with cutout

cutout. It is observed that, there is a tendency of decrease in the natural frequencies in mode 2 and
mode 3 with the increase in size of the cutout.
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3.3 The effects of excitation frequency

In this section, the stiffened plate is simply supported along the four edges. The cutout is
reinforced at the four edges. The finite element meshes are refined near the cutout edges and a
higher order mesh refinement is used at the cutout corner in order to obtain sufficient accuracy of
the stress and displacement predications. In order to investigate the vibratory energy flows in the
stiffened plates with cutout, a corresponding external damper will be attached on the other side of
the plate. The additional damper represents the presence of the dissipative element which can be
used to simulate some particular structures such as the loosed bolt on board. The excitation point
force with an amplitude of 1000 N is applied at x = 0.3 m and y = 0.3 m on the plate, an external
damper with a damping rate of 100 Ns/m is attached to the plate at x = 1.3 m and y = 0.7 m.

The vibration intensity components are calculated for excitation frequencies corresponding to the
nature frequencies of the stiffened plate with cutout to examine whether there were differences due
to the excitation frequency on the energy transmission. Furthermore the total energy flow and modal
strain energy are calculated based on the Egs. (12)-(13) presented in Section 2. The visualization
energy flow results at different excitation frequencies are shown in Figs. 4-7.

In order to account for the influences of excitation frequency, the diagrams for the four
excitation frequencies are drawn respectively. Figs. 4(a), 4(b) and 4(c) present the vector of
vibration intensity, vibration energy density and modal strain energy distribution map of stiffened
plate with cutout at the excitation frequency of mode 1. Fig. 5, Fig. 6 and Fig. 7 show the same
series of diagrams as in Fig. 4 at different excitation modes. From Fig. 4(a) it can be found that
the patterns of energy flow are quite identical. The positions of the energy source and sink can be
identified for stiffened plate with cutout, and the main flow of energy is in a direct path from force
point to the damper. A small amount of energy flow is also shown reflected on the stiffeners and
boundaries of plate.

With increasing frequency, the vibration energy transmission paths become more complex as in
Figs. 5(a), 6(a) and 7(a), it can be seen in these figures that the energy flow patterns are changed
with the variation of excitation modes, and the nature of vibration intensity field is frequency
dependent. When a cutout is present, the intensity vectors are turned away from their normal path
directing toward the cutout boundary. We can see that the direct energy flow, together with the
reflection flow by the edges make many vortices and curls in the field for some cases. The
phenomenon of vortex energy flow can also be shown clearly in Fig. 7(a). Energy vortices indicate
relative amounts of energy in the stiffened plate. When the energy flow reaches the boundary, the
vibration intensity is reflected and some virtual sources or sinks can be constructed. So it is difficult
to diagnose the real source of vibration only by the energy vector maps.

Figs. 4(b)-7(b) clearly show that the energy flow distributes from the force input location through
the stiffened plate with cutout at different excitation frequencies. The density of energy flow is
significantly larger at the edges near the cutout boundary. The positions of maximum for these cases
are almost same. Figs. 4(c)-7(c) also represent the contour plots of the magnitude of modal strain
energy. The highest strain energy is located near the force excitation point and cutout edges for
most cases. Comparing Figs. 4-7, we can find that under dynamic loading actions, the maximum
value of strain energy does not indicate the maximum magnitude of vibration energy as the later is
a product of kinetic energy and potential energy. It also means the locations of maximum vibration
energy are not corresponding to the locations of maximum strain energy.
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Fig. 4 Stiffened plate with reinforced cutout, Mode
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Fig. 6 Stiffened plate with reinforced cutout, Mode
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3.4 The effects of cutout size

In this study, the emphasis is on the influence of the cutout size to the energy flow in plate. In
order to account for this, the diagrams for the excitation frequency near the first structural resonance
are drawn respectively. The energy vector, vibration energy density and modal strain energy
distribution in plate are visualized and compared to analyze the effect of various cutout sizes on the
stiffened plate. The geometrical setup, boundary conditions, material properties and loading
conditions carried out in this simulation are the same as in the previous example, where the cutout
size ratios are selected as the variables.

The stiffened plate with different cutout size ratios d/a = 0.2, d/a = 0.4 and d/a = 0.6 are
considered and plotted as shown in Fig. 4 and Figs. 8-9. In order to reveal the influence of cutout
existence on the energy flow, the energy vector, vibration energy density and modal strain energy
distribution in stiffened plate without cutout are also illustrated in Figs. 10(a)-(c) respectively.

Comparing Fig. 4, Fig. 8, Fig. 9 and Fig. 10, we can find that the patterns of energy flow are
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changed by the variation of cutout size. The existence of a cutout in the plate completely changes
the energy vector, and so does the pattern of energy flow distributions in the plate. It indicates that
there is a slight difference in the energy flow paths between the various cutout sizes. The energy
flow path does not transmit directly from the source to the sink any more. There exist several
vortices of energy flow near the edge of cutout in the stiffened plate for some case. It is more
significant when the greater energy concentration occurs along the cutout edges in Fig. 4(b),
Fig. 8(b) and Fig. 9(b). It can be seen in these figures that the energy distribution patterns are
changed near the cutout boundary.

Three modal strain energy with different cutout sizes are also considered and the results are
shown in Fig. 4(c), Fig. 8(c) and Fig. 9(c). It is evident that the size of a cutout also changes the
distributions of strain energy in stiffened plate. The strain energy concentration regions are still near
the edge of the cutout, but not the same positions for most cases.

From Fig.4 and Figs. 8-10, we can find that under dynamic force excitation, the maximum value
of strain energy does not indicate the maximum magnitude of vibration energy. The regions of high
concentration of strain energy are exposed to the risk of damage. According to these results, the
patterns of vibration energy and the modal strain energy are important in considering the positions
to control the energy flow in a structure.

4. Energy-based strategy for vibration suppression

Control of structural vibration is usually based on either a modal description or an energy
description of the structure. The energy-based approach is more appropriate to control the energy
transmission from one area of the structure to another area. The advantage of choosing energy-based
strategy rather than the strategy of minimizing the transverse acceleration achieves a better control
performance (Cremer 2005, P. AUDRAIN 2000).

The structural vibration energy transmission and distribution enable the investigation in the
regions of high concentration of strain energy which is exposed to the fatigue failure of structure. It
can be considered as the identification of the regions for application of additional viscoelastic
damping in purpose of lowering of vibration energy transmission and strain concentration.

The damping layer is assumed to be linearly viscoelastic with their constitutive equations
described using the complex modulus approach in the frequency domains.

E (@) = E'(@)+iE" (w) = E'(w)(1+in) (20)
Where E'(w) and E" (@) are called the storage modulus and loss modulus respectively.

Table 2 Material properties of the constrained viscoelastic damping layer

Parameters Constraining Layer Viscoelastic Layer
Young’s modulus, N/m? 6.9E+10 1.794E+6
Posson’s ratio 0.3 0.3
Density, kg/m’ 2700 960
Loss factor 0.5

Thickness, mm 1.5 12
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A partial constrained-layer damping patch on a base plate is shown in Fig. 11. In finite element
approach simulation, the CDL patches are modeled by solid elements with different Young’s
modulus, Poisson’s ratio, loss factor and density listed in Table 2. In order to investigate the pure
energy sink in the stiffened plate with cutout, no external damper is attached on the other side of the
plate.

According to the energy distribution maps, the CDL patches are then applied to the untreated
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Fig. 14 The plots of vibration energy distribution and the modal strain energy untreated pattern
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Fig. 15 The plots of vibration energy distribution and the modal strain energy CDL treated pattern

element that has higher energy distribution at the targeted mode of vibration as shown in Fig. 12.
Fig. 13 presents the simulation-based frequency response curve for the untreated and CDL patches
treated plate pattern. The maximum response of displacement of the stiffened plate with cutout
decreases by 70% with the energy-based treated pattern. Fig. 14 presents the locations of vibration
energy and strain energy concentrations. Fig. 15 shows the controlled CDL/plate system, for the
vibration energy density of treated plate pattern and for the modal strain energy of treated plate
pattern. It is observed from the color plots that CDL treatments have produced significant
attenuation of the vibrational energy and strain energy. The maximum of vibration energy density
and strain energy are attenuated by 57% and 65% respectively. Simulation results show a great
reduction of vibration energy level.

5. Conclusions

The vibration energy flow and control of stiffened plates with cutout are studied in this paper. The
main conclusions of this study can be summarized in the following three points:

(1) The energy transmission paths of stiffened plate with cutout are very complex and frequency
dependent and at some cases closure vortex fields appear. The existence of a cutout in the
stiffened plate completely changes the energy vectors, and so does the pattern of energy flow
distributions in the plate.

(2) The cutout completely changes the distributions of the vibration energy and strain energy in
stiffened plate. The magnitude of energy flow is significantly larger at the edges near the cutout
boundaries. Moreover the position of maximum strain energy distribution is not identical to the
position of maximum vibrational energy. The regions of high concentration of strain energy are
exposed to the risk of damage. According to this, the patterns of vibration energy and the modal
strain energy are both important in considering the positions to control the energy flow in a
vibrating structure.

(3) CDL attached on a structural surface is very effective in reducing structural vibration.
According to the energy distribution maps, the CDL patches should be applied to places where
the stiffened plate has higher energy distribution. It gains a significant attenuation of the
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vibrational energy and structure response. The application of the energy visualization technique
has improved the quality of structure-borne noise diagnostics, while energy based-control
approach is effective for the vibration control of marine structures.
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