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With the development of manufacturing techniques such as the electron beam free form fabrication, a metal

deposition technique that deposits metal in complex shapes on a metallic base plate, it has become easy to

manufacture complex shapes such as panels with curvilinear stiffeners. Designing panels with predefined structural

and acoustic response is the focus of the present work. Researchers have dealt with sizing optimization of panels with

straight/curvilinear stiffeners for many years and it has been proven that in many cases the mass of a panel with

curvilinear stiffeners is lesser than the mass of a panel with straight stiffeners for a complex loading such as biaxial

compression with shear and transverse pressure. This work deals with sizing as well as placement optimization of

panel with straight and curvilinear stiffeners for desired structural and acoustic response. For acoustic optimization,

point-excited stiffened panels are designed for minimal sound radiation given the constraint on total mass of the

structure. The developed framework for structural-acoustic optimization of point-excited stiffened panels can be

extended to multipoint excitation to capture the realistic excitations such as turbulent boundary-layer pressure

fluctuations. Finite element method is used for structural response of the structure for point excitation, and acoustic

response is calculated using Rayleigh integral. The present work deals with external radiation problem where the

acousticmedium is air. The effect of air on the vibrating structure is considered to be very small. Therefore, coupling

between structural and acoustic response is neglected. To reduce the computational expense of structural-acoustic

optimization, a new methodology for objective function evaluation is proposed and optimal design for minimum

radiated acoustic power is discussed.

Nomenclature

a = length of the plate, m
b = width of the plate, m
C = damping matrix
F = external dynamic force, N
K = stiffness matrix
M = mass matrix
m = mass, kg
N� = number of discretization points on hemisphere in the

direction of �
N� = number of discretization points on hemisphere in the

direction of �
p = pressure at the data recovery point, N=m2

S = surface area of the structure, m2

vn = surface normal velocity of the plate, m=s
W = radiated acoustic power, Watt

I. Introduction

D EVELOPMENTS in rapid manufacturing techniques have
made it easier to manufacture complex shapes for practical

applications. One such technique, called electron beam free form
fabrication (EBF3), developed by NASA [1], has promising features

to manufacture panels with curvilinear stiffeners. Kapania et al. [2]
have shown that curvilinear stiffened panels might give lighter
weight design than straight stiffened panels under certain design
loads. Therefore, it is essential to have a computational environment
to get optimum design for curvilinear stiffened panels meeting all the
design constraints such as buckling, stress (von Mises stress should
be less than yield stress) and displacements. The problem at hand
becomes more complex when it is optimized for acoustic response.
A number of studies have examined the minimization of sound
power radiated from a vibrating structure using gradient-based
recursive quadratic programming algorithms, such as the quasi-
Newton method, sequential quadratic programing method, particle
swarm optimization (PSO), genetic algorithms (GAs), and simulated
annealing.

Designing quiet structures is gaining attention everyday as noise
regulations around the world are getting more strict. To reduce the
noise environment, aircraft manufacturer use two types of noise
control techniques: active and passive; Grosveld et al. [3] and Elliot
et al. [4]. Active noise control essentially involves the placement of
loudspeakers and microphones throughout the passenger cabin or
flight deck in conjunction with a control system. Active noise control
is an appealing technique since it can be fitted to existing airframes
without major structural modification. Passive noise control, by
contrast, seeks to reduce cabin noise by the modification of the
airframe structure itself. For example, this could be in the form of
acoustic treatments added to the cabin walls. Designing quiet struc-
tures is a type of passive noise control and comes under the broad
category of multidisciplinary design optimization (MDO) [5].
Because of high nonlinearity of MDO problems, it is very difficult to
obtain a true optimum and it solely depends on the type of optimi-
zation algorithm selected to tackle theMDO task. Therefore, the first
step in optimization algorithm selection is to decide whether a
gradient or nongradient method should be used. Gradient methods
have the advantage of typically converging on an optimal solution
rapidly. The disadvantage of gradient methods is getting stuck at the
local minimum in the design domain.

Koopmann and Fahnline [6] discussedmaterial tailoring approach
to design structures for minimizing sound power of structures. To
implement a material tailoring strategy, it is first necessary to
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construct a model of the response of the structure in terms of the
design (material) variables to be optimized. The structural model is
then combined with an acoustic model to give the radiated sound
power for the optimization analysis. The sensitivity of the sound
power with respect to material design variable is used for structural-
acoustic optimization resulting in an optimum material parameters
(design variables) which minimize the power output of the structure.
Koopmann and Fahnline [6] called a structure that has been tailored
to radiate minimal acoustic energy a week radiator. Cunefare [7] and
Naghshinesh et al. [8] were the first few, among many others,
researchers to study the characteristics of weak radiators. They
generated surface velocity distributions in frequency domain for
planar radiating surfaces minimizing sound power using an
optimization analysis. Material tailoring is then used to vibrate real
structures as weak radiators and corresponding forces (input) are
obtained. This is an inverse problem where an outcome is known but
the source of excitation is unknown.

St. Pierre and Koopmann [9] used a more direct optimization
process resulting in surface velocity profiles having the same
characteristic as the weak radiators. Cunefare [7], Naghshineh et al.
[8], and St. Pierre andKoopmann [9] reported that the acoustic power
reduction was accomplished by surface velocity redistribution such
that adjacent areas of high and low acoustic pressure on the boundary
surface balance each other. A single area of balanced high and low
acoustic pressure radiates sound as a dipole source [10] while an area
of unbalanced high and low acoustic pressure radiates more like a
monopole [10]. Thus changing radiation from a collection of
monopole sources to a collection of dipole sources can bring a large
change in power output.

In past, the optimization strategy to control radiation can be
divided into twoways. Oneway is to raise the fundamental frequency
as high as possible and attempt to move structural resonance out of
the frequency range of interest. Raising the fundamental frequency
is useful because planar structures radiate acoustic power very
effectively at their lowest fundamental resonance. Olhoff [11–13],
Watts and Starkey [14], Starkey andBernard [15], andBallinger et al.
[16] applied this approach to control radiation from planar structures.
Another way to optimize for radiation control is by changing the
shape of the boundary surface, also known as shape optimization.
Bennett and Smith [17] and Haftka and Gurdal [18] have addressed
the structural shape optimization in their book and a survey paper,
respectively. Bernhard and Smith [19] used shape optimization to
reduce radiated sound power from the structures.

Belegundu et al. [20] and Hambric [21] reported that nongradient
optimization methods are attractive comparedwith gradient methods
for structural-acoustic optimization because of the presence of the
multiple local minima. A Pareto/min–maxmulticriteria optimization
approach was used by Akl et al. [22] to get optimal design of
underwater shell structures by simultaneously minimizing the shell
vibration, sound radiation, weight of the stiffening rings, and the cost
of the stiffened shell simultaneously. Wang and Lee [23] used global
acoustic and structural design sensitivities for a gradient-based
optimization scheme to simultaneously reduce the weight and sound
pressure level at observation points (field points) at three frequencies.
To calculate structural and acoustic design sensitivities Wang and
Lee [23] used energy variational formulations obtained using

bending energy, membrane energy, transverse shear energy and
mass.

Optimal structural design problems to reduce noise are highly
nonlinear in design variables and acoustic response, so, the most
conventional methods are difficult to apply. Jeon and Okuma [24]
used PSO for optimal bending design of a vibrating plate tominimize
noise radiation. Belegundu et al. [20] designed a baffled plate excited
by single frequency and broadband harmonic excitation to minimize
the radiated acoustic power using a gradient-based optimization
algorithm. Lu-yun and De-yu [25] used FEM to obtain structural
frequency response and boundary element method (BEM) for low-
frequency acoustic radiation and genetic algorithm (GA) for
structural-acoustic optimization assuming structural and acoustic
response are uncoupled. Fourie and Groenwold [26] presented an
application of particle swarm optimization algorithm (PSOA) to the
optimal shape and size design with respect to static load. Fourie and
Groenwold [26] reported that PSOA yielded better solutions than
GAs for geometry optimization of simple truss structures. Hassan
et al. [27] reported that PSO outperforms the GAs with high-
efficiency differential when used to solve unconstrained nonlinear
problems with continuous design variables and less efficiency
differential when applied to constrained nonlinear problems with
continuous or discrete design variables. They concluded that PSO
uses less number of function evaluations than GA.

Constans et al. [28] showed that sound power reduction can be
accomplished by optimal placement and sizing of small point masses
in the semicylindrical shell structure using a simulated annealing
algorithm. The optimal small point masses can alter the critical mode
shapes to quieter modes of vibration for sound power reduction. The
same approach is followed in the present work but we have
incorporated the straight/curvilinear stiffeners instead of point
masses and sizing and shape optimization is done for the panel with
straight/curvilinear stiffeners. Kapania et al. [2], Mulani et al. [29],
and Joshi et al. [30] were the first one to investigate the effect of
curvilinear stiffeners and reported results for structural optimization
of panels with straight/curvilinear stiffeners. They concluded that the
role of curvilinear stiffeners become important to reduce the weight
of the structure with complex loading such as biaxial compression
with shear and transverse pressure. In their study, the sound radiation
from the structure was not addressed.

The focus of the present work is to develop a structural-acoustic
optimization framework for a point excited panel with straight/
curvilinear stiffeners meeting the mass constraint. This is the first
time structural-acoustic optimization is being carried out to design
a panel with curvilinear stiffeners. Placement, orientation, and
curvature of stiffeners might play an important role in minimization
of sound power radiated from the stiffened panel. Therefore,
placement, shape and sizing optimization is done in single step to
reduce the radiated acoustic power from the point-excited straight or
curvilinearly stiffened panels. Figure 1 shows one such panel which
can be easily manufactured by the EBF3 technique [1] or computer
controlled machining. The developed framework for a structure with
point excitation can be extended to a structural-acoustic optimization
framework for multipoint excitation such as transverse pressure. The
developed framework for point excitationwill also lead tomultipoint
excitation with auto and cross correlation between individual point

Fig. 1 EBF3 panel with curvilinear stiffeners and its finite element mesh [2].
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excitations of structures thus making it capable to handling more
realistic scenario such as excitation from turbulent boundary-layer
pressure fluctuations.

Jeon and Okuma [24] used FEM for structural response, Rayleigh
integral to calculate acoustic response and PSO as an optimization
algorithm. They reported that PSO converged faster and gave better
results than the optimization by steady state genetic algorithm. The
present work uses SOL108 offinite element analysis (FEA) software
MD NASTRAN [31] for structural response, Rayleigh integral for
acoustic response and an optimization tool VisualDOC [32], where
PSO is being used as an optimization algorithm.

The work in the rest of the paper is discussed in six sections.
Following the introduction, Sec. II explains the approach for struc-
tural and acoustic response calculation. Section III discusses the
validation of Rayleigh integral approach for acoustic response
calculation. The structural-acoustic optimization problem, addressed
in this paper, deals with the frequency response calculation for point
excitation with frequency varying from 10 Hz to 1000 Hz in the step
of 2 Hz. Therefore, frequency response calculation becomes compu-
tationally expensive. To reduce the computational burden, a new
approach for sound power calculation is discussed in Sec. IV.
Section V deals with structural-acoustic optimization problem
formulation. Results are reported in Sec. VI followed by conclusion
and future work in Sec. VII.

II. Vibro-Acoustic Response Calculation

The structural vibration response analysis is the basis of structural-
acoustic optimization. In the present work, the structural-acoustic
optimization is carried out using a philosophy called noise-control-
by-design [33]wherein the reduction of noise generated by structural
vibration is treated as a design consideration. The sole aim of this
design philosophy is to reduce the noise generated by the structure by
changing design. To achieve this goal, optimization techniques are
used and an optimal or suboptimal design is obtained. During the
optimization process, structural and acoustic responses are calcu-
lated and sent to the optimizer. Structural and acoustic response
calculations are discussed in following subsections.

A. Structural Response

The equation of motion for a multidimensional vibrating structure
under dynamic loadF�t�, iffluidmedium influence is not considered,
in the structures domain �S, can be represented as

M �U�C _U�KU� F�t�; x 2 �S; t > 0 (1)

U is the nodal displacement vector matrix, M is the structural mass
matrix, C is the viscous damping matrix, and K is the structural
stiffnessmatrix. If we use harmonic excitation,F�t� can be expressed
as

F �t� � f�!�ei!t (2)

where f�!� is themagnitude of the harmonic load,! is the frequency
of excitation, and i is the imaginary number (i2 ��1). The nodal
displacement vector can be expressed as U�t� � u�!�ei!t, where
u�!� is the column matrix of the nodal complex displacement
vectors. Time dependency of the dynamic problem can be eliminated
using displacement vector and harmonic excitation in Eq. (2) and the
frequency response equation, thus obtained, can be written as

f�!2M� i!C�Kgu�!� � f�!� (3)

In shorthand, the frequency response equation can be expressed as
A�!�u�!� � f�!�, where A�!� � �!2M� i!C�K. Using
Eq. (3), the nodal displacement vector matrix is written as

u �!� �A�1�!�f�!� (4)

Using displacement vector, the velocity vector v�!� can be expressed
as v�!� � i!u�!�. At the interface between the structure and the
fluid with the assumption that the structure and the fluid are
uncoupled, the nodal particle normal velocity vector can bewritten as

v n�!� � i!TA�1�!�f�!� (5)

In Eq. (5), theT is amatrix of nodal vector normal to the surface of the
structure. Finite element analysis toolMDNASTRAN [31] is used to
calculate the nodal velocities as response to applied excitation for a
range of frequencies from 10 to 1000 Hz in a step of 2 Hz. The nodal
particle normal velocity is used as the input for acoustic response
calculation.

B. Acoustic Response

This work deals with the external radiation problem where the
external acoustic domain is air. The effect of the air on the structure
will be small enough and can be neglected. Therefore, the structural
and acoustic response are calculated independently and the coupling
between structural and acoustic analysis has been neglected. The
surface normal velocities obtained in Sec. II.A are used to calculate
acoustic response of the structure using one of the two approaches
discussed subsequently in this subsection. Thefirst approach is to use
BEM for acostic pressure calculation. The BEM [34] is a numerical
integration technique employed in the determination of solutions to
the acoustic wave equation for both interior and exterior acoustic
fields. BEM approach requires normal velocities to be prescribed on
the boundary of thefluid and structure interface,which consists of the
nodes belonging to themesh of the vibrating structure. A solution for
the reduced-acoustic wave equation, or Helmholtz equation, is then
sought which satisfies the imposed velocity boundary conditions
obtained from structural analysis from Sec. II.A. The wave equation
may be written in terms of a harmonic acoustic pressure field as [10]

@2p

@x2
� @

2p

@y2
� @

2p

@z2
� k2p� 0 (6)

where p is the acoustic pressure, k is the acoustic wave number, and
x, y, and z collectively define a Cartesian coordinate system.
Acoustic wavenumber k is equal to !=c, where ! is the angular
frequency and c is the speed of sound in the acoustic medium. To
determine the pressure throughout the acoustic medium, a solution to
the Helmholtz equation [Eq. (6)] must be sought which satisfies the
imposed normal velocity boundary conditions on the surface of the
vibrating structure. It has been shown that the combination of
the wave equation and the velocity boundary conditions on the
vibrating surface results in the Kirchoff–Helmholtz integral equation
[35], given by

p� �r� �
Z
S

�
p� �rs�

@ ~G� �r �rs�
@n

� j!�0vn� �rs� ~G� �r �rs�
�
dS (7)

where �r denotes a position vector, ~G is the freefield acoustic Green’s
function, �0 is the density of the acoustic fluid, vn is the normal

velocity over the surface S, and @ ~G
@n

is the partial derivative of the
acoustic Green’s function with respect to the local outward normal n.
The subscript s denotes the position vector of the noise source
location on the surface of the vibrating structure. The freefield
acoustic Green’s function for a simple harmonic pressure field is
given by

~G� �r; �rs� �
e�jkj �r� �rs j

4�j�r � �rsj
(8)

in which j�r � �rsj represents the magnitude of the vector �r � �rs.
AlthoughEq. (7) is written both in terms of the surface pressurep�rs�
and the normal surface velocity vn, a dependency exists between
these quantities, simplifying the solution of this radiation problem
[35].

For simple half-space radiation, the Kirchhoff–Helmholtz integral
equation may be reduced to a more useful form that depends only on
the surface velocity field of the radiating structure. It will be shown
that the FEMmesh of a complex radiating structure provides ameans
for evaluating this reduced integral equation by approximating the
integral with a summation over the elements of the FEMmesh. Thus,
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each finite element is treated as a component source of the complex
radiating structure. Furthermore, each of these component sources is
small compared with the acoustic wavelength � (maximum
dimension � �) which implies that such an analysis will appro-
priately model the phase variation of the radiated pressure, Kinsler
et al. [36]. For baffled, planar radiators, a Green’s function may be

constructed for which @ ~G
@n

is equal to zero over the entire radiating
surface (Neumann boundary condition)

~G� �r; �rs� �
e�jkj �r� �rsj

2�j�r � �rsj
(9)

Thus, for this class of radiators, the pressure radiated to a point in the
acoustic medium may be written solely in terms of the normal
vibration of the radiating surface. This eliminates the complicated
task of determining the surface pressure over the vibrating surface,
which is required in the BEM approach. Removing the surface
pressure component of the Kirchhoff–Helmholtz integral equation
and substituting the half-space Green’s function, the radiation of a
baffled, planar structure is given by Rayleigh’s integral [37] as

p� �r� � j!�0
2�

ej!t
Z
S

vn� �rs�e�jkj�r� �rs j
j �r � �rsj

dS (10)

where �r is the position vector of the point at which the pressure is
being determined and �rs is the position vector locating a surface
element of the vibrating structure as shown in the Fig. 2 [35]. A is the
observation point in far field, B is the location of elemental noise
source (simple source), a and b are the length and the width of the
panel, respectively, and r, �, and � are spherical coordinate centered
at the origin O.

In the second approach, the pressure is calculated using Rayleigh
integral as shown in Eq. (10). The vibrational results are obtained by
the FEM. From a FEM representation of a vibrating structure, the
velocity of the structure at a number of defined nodal locations is
known. Combining the nodal velocities with the knowledge of the
structure’s geometry, the normal surface velocity may be computed
for each element comprising the structure. This discretized normal
surface velocity suggests that Rayleigh’s integral must be
approximated by a summation over the elements comprising the
complex structure. This discretization takes the following form:

p� �r� �
XN
m�1

j!�0
2�

Amvm
e�jkRm

Rm
(11)

where the indexm identifies an element of the vibrating structure, N
is the total number of elements, Am is the area of themth element, vm
is the normal velocity of the mth element, and Rm is the distance
between the center of the mth element and the point in acoustic
medium at which the pressure is to be evaluated. The variable vm is
calculated by taking the dot product of average elemental velocity at
the centroid and the unit normal vector for the element under
consideration. Average elemental velocity at the centroid of the

element is calculated by averaging nodal velocities obtained using
the FEM. Now, the radiated time average acoustic power W can be
calculated as

W �
XN�
i�1

XN�
j�1

jp�r; ~�i; ~�j�j2
2�c

r2 sin� ~�i����� (12)

where

��� �

2N�
; ��� 2�

N�
; ~�i � i��; ~�j � j�� (13)

All of the information necessary for implementation of this approach
is readily extracted from the FEM vibrational model. This method is
most appropriately applied to planar, baffled radiators. In the present
work we have used Rayleigh integral approach to calculate acoustic
pressure.

III. Validation of Rayleigh Integral Approach

To validate the Rayleigh integral approach, a simply-supported
rectangular plate as shown in Fig. 3 [38] is excited with a frequency
varying point load of unit magnitude. Radiated acoustic power of the
plate is calculated using Rayleigh integral approch and compared
with the results available in the literature, Snyder and Tanaka [38].
Acoustic power calculated by Snyder and Tanaka [38] and Rayleigh
integral approach is shown in Fig. 4. It is clear that the radiated
acoustic power is close to the results of Snyder and Tanaka [38].
There is a shift in the plot of Snyder and Tanaka because Snyder and
Tanaka used the modal superposition to calculate response and
excited the plate at the corresponding frequency of that mode while
we took the frequency from50 to 125Hz in the interval of 1Hz.Other

x

y

z

A (r,θ ,Φ )

O

BC

r
Rm

rs

θ

Φ

a

b

Fig. 2 Simply supported rectangular panel on the x-y plane with the

origin at O.

Fig. 3 FEMmodel of point excited simply supported rectangular panel

used by Snyder and Tanaka [38].

Fig. 4 Variation of radiated acoustic power with excitation frequency.
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than that, they approximated the integrand in sound power
calculation using first two terms of MacLaurin series expansion.
Thus, this comparison validates the Rayleigh integral approach for
radiated acoustic power calculation. In the present work to calculate
radiated acoustic power, velocities are being calculated by doing
dynamic analysis of simply supported rectangular panel with two
stiffeners at 495 frequencies starting from 10 to 1000 Hz with a step
of 2Hz. Finite element codeMDNASTRAN [31] is used to calculate
direct frequency response of panel with two stiffeners. Frequency
response calculations at 495 frequencies make this process time
intensivewhich in turnmakes acoustic optimization computationally
extremely expensive. Therefore, an approach is proposed here to
reduce the computational burden. The proposed approach and the
amount of reduction in CPU time are discussed in the following
section.

IV. Frequency Response Function of Multidegrees
of Freedom System via SDOF System

To reduce computational expense for vibro-acoustic optimization
of a panel with two stiffeners, a general methodology is developed
which is applicable to all linear structural vibration problems. The
block diagram of this approach is shown in Fig. 5. In the proposed
approach, the modeling and the mesh generation for the panel with
two straight or curvilinear stiffeners is done in MD PATRAN first.
Once, the finite element model is available, the modal analysis is
carried out to extract natural frequencies between 10 to 1000 Hz
using MD NASTRAN. These natural frequencies are then used to
calculate damped natural frequencies (!d) for dynamic analysis of
the stiffened panel. Structural damping is assumed to be 2%.
Radiated acoustic power is calculated using velocities from dynamic
analysis using Rayleigh integral approach. The area under radiated
acoustic power vs frequency curve is calculated by representing each
peak by frequency response function for the corresponding single
degree of freedom system. The equation ofmotion of single degree of
freedom system such as the mass-spring-damper is given as

m �x� c _x� kx� F�t� (14)

where m is the mass of the spring, c is damping coefficient, and k is
the spring constant for a spring-mass-damper system. For harmonic
excitationF�t� � Aej!t, the frequency response functionX�!� of the
system is given as

X�!� � 1��������������������������������������������������������������������n
1 �

�
!
��������
1��2
p
!d

�
2
o
2 �

n
2�!

��������
1��2
p
!d

o
2

r (15)

where ! is the frequency of excitation, !d is damped natural
frequency of the correspondingmode, and � is the damping factor. To
obtain frequency response function for a stiffened panel with
harmonic point excitation, the dynamic analysis is being carried out
at all !d and C1 � !d. C1 is a factor which defines how well we are
capturing each peak of the frequency response. Two unknownsA and
� are calculated for each peak using Eqs. (16) and (17). Based on a
parametric study it turns out that a value of C1 � 0:977 captures the
peaks of frequency response function (FRF) quite well. The area
under frequency response curve is then used as an objective function
in optimization and the goal is to minimize it while meeting mass
constraints. The mass constraint in the present problem is the ratio of
the mass of the structure being optimized to the mass of the base line
structure. The baseline structure mass is obtained using structural
optimization for uniaxial loading with shear under buckling
constraint only

y�!; �� � A��������������������������������������������������������������������n
1 �

�
!
��������
1��2
p
!d

�
2
o
2 �

n
2�!

��������
1��2
p
!d

o
2

r (16)

ymax��� �
A

2�
�������������
1 � �2

p � A

2�
(17)

where A is a constant and y is the response calculated at frequency of
excitation!d. ymax is the maximum value of y obtained fromEq. (16)
and it occurs at damped natural frequency !d. The proposed
approach captures each peak of FRF quite well. Table 1 shows the
comparison of the results obtained using the proposed approach and
the regular dynamic analysis with 495 frequencies as described
earlier. In the new proposed approach, we calculated response at 184
frequencies thus reducing the computational expense by 52.08%.
This approach calculated response with 0.4% accuracy when
compared with the regular dynamic analysis and it is acceptable for
initial stage of optimization to reach rapidly to a region of optimum
design.

V. Optimization Problem Formulation

A. Problem Definition

Optimization of acoustic response from a structure can be done
using two approaches [39]. In the first approach, the response of a
structure to the excitation is calculated and then the acoustic power
radiated from the structure is obtained. Now, the design optimization
cycle is carried out by changing the design variables. The second
approach decouples the acoustic and structural domains. In the
second approach the surface velocity profile of the structure for
minimum acoustic response is found first and then the design
variables are optimized to meet the desired velocity profile. In the
presentwork,we have done the optimization using thefirst approach.
In general, mathematically, we can define the optimization problem
as follows:

min
x
f�x� gi�x� 	 1; i� 1; 
 
 
 ; m

Aj 	 xj 	 Bj; j� 1; 
 
 
 ; n
(18)

Modeling and mesh generation

Normal mode analysisy
(Extract  modal frequencies (ωd) between 10-

1000 Hz

Dynamic analysis at all ωd and C1 *ωd

Fit frequency response function of single degree of 
freedom system and calculate area under it 

Modified Design
Variables in 

OptimizationOptimization

Fig. 5 Block diagram for proposed approach for structural-acoustic

optimization.

Table 1 Comparison of results obtained using proposed approach

Approach Frequency
averaged
radiated
acoustic
power, dB

Error in
power, %

CPU
time,
min

% reduction
(CPU time)

Proposed
new
approach

74.91 0.40 1.61 52.08

Regular
dynamic
analysis

74.61 —— 3.36 ——
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As given in Eq. (18), f is the objective function that has to be
minimized with respect to design variables x, while satisfying the
constraints gi shown in Eq. (18). The objective function f is the area
under the radiated acoustic power versus frequency curve. g1 is the
mass constraint and for present problemm is one, i.e., we have only
one constraint. The design variables indicated by vector x are
subjected to constraints (often called as side constraints) in the form
of upper limits (Bj) and lower limits (Aj). These are expressed in
Eq. (18). Mathematical correlation to the optimization problem is
explained in the following subsections.

B. Design Variables

The response of structures to a point excited harmonic load depend
on the localmass, stiffness and damping. Thus by changing thickness
of the plate, cross section of the curvilinear stiffeners and orientation
of the stiffeners we can optimize the acoustic response. Thuswe have
thickness of the plate and the cross-sectional dimension of the
stiffeners as design variables for sizing optimization. The main focus
of the present work is to do placement and sizing optimization of
panel with curvilinear stiffeners where we have taken into account
the orientation of the stiffeners. All the 11 design variable
x1; x2; x3 
 
 
 ; x11 are shown in Fig. 6. The starting and the end point
of the first stiffener are given by x1 and x2, respectively. Similarly, x3
and x4 are the starting and end point of second stiffener. The mid
point for both the stiffeners are denoted by x5 and x6, respectively.
The heights of the first and second stiffeners are represented by x7
and x8, respectively. The thicknesses of the first and second stiffeners
are denoted by x9 and x10 while x11 is the thickness of the plate.
Therefore, the number of design variables have been increased from
five for sizing optimization to 11 for both sizing and placement
optimization.

C. Objective Function

There can be various possible objective functions for acoustic
response of the panel with straight or curvilinear stiffeners. Potential
candidates for the objective function for problems related to vibro-
acoustic optimization are discussed as follows [40].

1. Radiated Acoustic Sound Power

The frequency average power over a frequency bandwidth is
calculated using Eq. (12) at nfreq closely spaced frequency
increments between fmin and fmax and can be expressed as

f� ~W � 1

fspan

Z
fmax

fmin

W df (19)

Frequency is varied from fmin � 10 Hz to fmax � 1000 Hz. fspan is
given as the difference between fmax and fmin. There was no
constraint on the mass of the panel with curvilinear stiffeners.

2. Radiated Acoustic Sound Power with Constant Mass

For this case, the objective function is same as that used in the
previous case except that we now have a constraint on themass of the
panel with curvilinear stiffeners. Mass of thewhole structure is taken
to be a constant value obtained by the optimizer meeting all the other
requirements, such as buckling and stress.

3. Radiated Acoustic Sound Power with Constrained Mass

Optimizing the structures for minimum radiated acoustic power
may result in an increased mass of the structure. Therefore, for this
case, an upper bound is put on themass of the structure optimized for
minimum radiated acoustic sound power. This constraint relation-
ship for mass of the structure is given by Eq. (20)

g�x� � �1�
mplate�x�
mmax

(20)

wheremplate is the calculated mass for the present design andmmax is
the upper bound on the mass of the whole structure.

4. Mean Square Velocity

An alternate formulation for objective function is taken to be
frequency averaged mean square normal surface velocity of the
structure. This objective function is less computationally expensive
as there is no need to calculate Rayleigh integral to get the radiated
acoustic power of the structure. The objective function can be
expressed as follows:

f� ~v� 1

nfreq

Xnfreq
i�1
h �v2nii (21)

In the present work, we have used the first objective function, i.e.,
frequency averaged radiated acoustic power for our optimization
problem.

D. Constraints

Table 2 shows the constraints on the 11 design variables.

E. Baseline Stiffened Panel Design

Baseline panel is designed using developed optimization frame-
work [41]. Baseline stiffened panel design optimization problem is

x2

x1

x5

Lx

Ly x4

x3

x6

Lx

Ly

Lx

Ly

Stiffener 1

Stiffener 2

x11

x10

x7

x9

x8

Fig. 6 Eleven design variables used in the optimization.

Table 2 Constraints in design variables

Design variable Lower bound Upper bound Design variable Lower bound Upper bound

x1 0.01 m 4.6636 m x7 0.01 m 0.1 m
x2 0.01 m 4.6636 m x8 0.01 m 0.1 m
x3 0.01 m 4.6636 m x9 0.001 m 0.020 m
x4 0.01 m 4.6636 m x10 0.001 m 0.020 m
x5 �30� 30� x11 0.001 m 0.01 m
x6 �30� 30� —— —— ——
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solved for minimum mass meeting buckling and stress constraint.
Stiffened panel is designed for the loading shown in the Fig. 7.
Figure 8 shows the optimized baseline design for acoustic optimi-
zation. The optimized (minimum) mass for baseline panel is turned
out to be 22.65 kg.

F. Optimizer and Optimization Framework

For the present optimization problem, a framework using
PYTHON [42] (referred to as EBF3PanelOpt) has been developed
[41]. This framework provides a flexibility of using either MD
NASTRAN or ABAQUS for FEA. PYTHON scripts provide
interfaces between the external optimizer and FEA as shown in
Fig. 9. Commercial software VisualDOC [32] is used for optimi-
zation of acoustic response of stiffened panels. To locate a global
minimum design with affordable computational expense, a combi-
nation of PSO and gradient-based optimization scheme (modified
method of feasible directions) are used.

PSO is based on a social model that is closely tied to swarming
theory [43]. According to Venter and Sobieski [44], particle swarm
optimization makes use of a velocity vector to update the current
position of each particle in the swarm. The position of each particle is
updated based on the social behavior that a population of individuals,
the swarm in the case of PSO, adapts to its environment by returning
to promising regions that were previously discovered. The process is
stochastic in nature and makes use of the memory of each particle as

well as the knowledge gained by the swarm as a whole. Thus it
explores the whole design space. Because of the complete domain
search, it becomes expensive to get close to the narrow design space
that contain the globalminima. For a narrowdesign space, a gradient-
based optimizer works better. Therefore, first PSO is used in
VisualDOC to gather information about the whole domain as it
randomly distributes the design variables in whole design domain.
Once we have a rudimentary knowledge of the design domain
containing a potential minimum, a refined search is done using
VisualDOC with gradient-based optimizer in this smaller domain.
Thus, the whole process becomes quite fast as we use the suboptimal
design given by PSO as a starting point for gradient-based optimi-
zation in VisualDOC. Based on the given time constraint, we can
distribute time for PSO to explore the design domain globally and
then use gradient-based optimizer to explore design domain locally.

VI. Results and Discussion

Our objective is to reduce the frequency averaged radiated
acoustic power given the constraint on the mass of a stiffened panel.
The present structural-acoustic optimization problem covers
frequency from 10 to 1000 Hz with a step of 10 Hz thus making it
a very time intensive process. Therefore, based on the CPU time
limitations, two optimal designs are obtained. First optimal design is
obtained using PSO alone. Figure 10 shows the optimal design
obtained using such an approach. In this case, PSO was stopped as it
did not converge even after 59.5 hrs, although it gave a suboptimal
designwhichmet all the design constraints. In the second approach, a
blending of PSOand gradient-based optimizers are used in sequence.
Because of global exploration of design space, PSO gives an idea
where the global optimal design might exist. Therefore, first the PSO
is used for 4.92 hours to obtain a starting point for the gradient-based

Fig. 7 Loads for baseline stiffened panel design.

Fig. 8 Baseline design (1:1684 m � 1:1684 m) with unit excitation at

(0.88 m, 0.73 m, 0).

PATRAN 
Meshing

NASTRAN
FEAproblem.ses problem.bdf problem.f06

PYTHONPYTHON PYTHONON
evaluate.py

problem.ses. 
t l t

Script Script

template
Optimizer response.outdesign.out

Problem Input Problem Output

Fig. 9 Framework for optimization.
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optimizer. The time allocated for the PSO can vary, depending on the
user’s time constraint to obtain the optimal design. Figure 11 shows
the optimal design obtained using a design obtained from PSO as a
starting point for the gradient-based optimizer. The second approach
took 6.78 hours including initial PSO run. Table 3 summarizes the
results of two approaches. It is clear that if there is a time constraint,
the second approach seems better as it takes lesser time to obtain an
optimum design. If there is no time constraint, the first approach will
give a better optimal design from acoustic response point of view
with less mass. Another point to note is that the optimal design
obtained using PSO alone gives a better design from acoustic point of
view with lower structural strength than the design obtained using
both PSO and gradient-based optimization algorithm. Therefore,
from aircraft application point of view, the second design obtained
using both PSO and gradient-based optimization algorithm will
perform better as this design will have significantly lower acoustic
radiation (compared with baseline design) with higher structural
strength than the design obtained using PSO only.

From Figs. 10 and 11, it is clear that the placement optimization
brings two stiffeners closer to the point of excitation, shown in
Fig. 11, such that the stiffeners try to absorb energy from the source of
excitation. Figure 12 shows the convergence history of frequency
averaged radiated acoustic power of the panel with stiffeners. Mass
constraint history is plotted in Fig. 13. As the mass of the structure
reduces, it has higher velocity response thus radiating more acoustic
power. Therefore, it is clear from Fig. 12 that the objective function,
i.e., the frequency averaged radiated acoustic power increases first
because the mass of the structure reduces during initial course of
optimization. Frequency averaged total radiated acoustic power for
our baseline design has a value of 74.6 dB which is optimized to
62.2 dB using first approach and to 66.9 dB using second approach.
Mass constraint is satisfied in both cases and is close to 1, i.e., mass of
base line design which is 22.65 kg. The response of optimal designs
thus obtained using two approaches is compared with baseline

design in Fig. 14. It is clear fromFig. 14 that the optimal designs have
reduced the radiated noise from the structure significantly.Numerical
values of all the 11 design variables for the baseline and two optimal
designs are shown in Table 4. Figures 15–17 show the comparison of
radiated acoustic power at different frequencies of excitation for
baseline and two optimal designs, respectively, using two ap-
proaches. From Table 5, it is clear that the approximate objective

Fig. 10 Optimal design for acoustic response using particle swarm
optimization.

Fig. 11 Optimal design for acoustic response using combined PSO and

gradient-based optimizer.
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Fig. 12 Convergence history of frequency averaged radiated acoustic

power using mixed (PSO� gradient-based optimization) algorithms.
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function using proposed approach is close to the actual value of
objective function and can be used to locate the optimum design
somewhat rapidly.

VII. Conclusions

A methodology to approximately capture the response of a
structure to dynamic point excitation is developed. Optimization
results are obtained using this proposed methodology. A basis to
choose two different optimization algorithm is also explored and it is
concluded that from the aspect of total CPU time, blending of two
optimization algorithms can give a suboptimal design quickly when
compared with global optimization algorithm such as PSO. An

overall reduction of 12.37 dB using first approach and that of 7.67 dB
using second approach in frequency averaged radiated acoustic
power is quite promising. At present the structure has been optimized
for acoustic response putting mass constraint using baseline panel
mass. Future work is to incorporate buckling constraint in the
problem and do multi-objective optimization including mass as
another objective function. This will require modelling of the effect
of inplane loads on the structural dynamics of the stiffened panels as
discussed recently by Schmidt and Frampton [45]. Deterministic and
random pressure excitation will be incorporated in present vibro-
acoustic optimization problem in future. Implementation of random
pressure excitation, in-plane loads influence and buckling constraint

Table 3 Summary of structural-acoustic optimization results

Optimizer Mass, kg Frequency averaged radiated acoustic power, dB Total time, h

PSO 13.55 62.2 59.5
PSO� gradient based 22.65 66.9 6.78

Table 4 Numerical values of design variables for baseline and two optimal designs

Design variables Baseline design Optimal design (PSO � gradient based) Optimal design (PSO)

x1 1.4860 m 2.6918 m 2.1543 m
x2 3.6440 m 1.7371 m 3.520 m
x3 2.040 m 3.1420 m 2.2790 m
x4 4.1422 m 1.5024 m 4.2741 m
x5 �7:52� 13.92� �10:0�
x6 3.56� 11.0� 7.59�

x7 0.0839 m 0.0403 m 0.0807 m
x8 0.0828 m 0.0130 m 0.10 m
x9 0.0023 m 0.0194 m 0.0052 m
x10 0.0024 m 0.0036 m 0.020 m
x11 0.0056 m 0.0054 m 0.0010 m

Table 5 Comparision of objective function (frequency averaged radiated acoustic power) obtained

using two approaches, 1) the proposed approach based on the single degree of freedom system, and
2) the regular approach based on Eq. (3)

Design Objective function using
proposed approach, dB

Objective function using
regular approach, dB

Error, %

Baseline design 74.9 74.6 0.40
Optimal design
(PSO� gradient based)

61.5 66.9 8.1

Optimal design (PSO) 63.5 62.2 1.99
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Fig. 15 Comparison of radiated acoustic power of baseline panel based

on traditional and proposed approaches.
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will bring design optimization problem to realistic situation. The
capability of developed structural-acoustic optimization framework
will be extended to handle curvilinear panels by integrating fast
multipole BEM for acoustic calculations.
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