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Stiffener Shape Design to Minimize Interior Noise
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Results of a research program to develop computational methods to minimize noise transmission into aircraft
fuselage interiors are discussed. A design tool to perform a constrained optimization of the acoustic environ-
ment within a vibrating structure is developed utilizing finite element methods and boundary element methods
(FEM/BEM), and its application to aircraft cabin noise problems is studied. The results of a study to optimize
the cross section shapes of frames and stringers of an idealized aircraftlike stiffened cylinder are reviewed. The
structure is optimized for minimum noise at specified points in the interior, as a result of a single frequency
(tonal) exterior acoustic disturbance. For the cylinder and excitation frequency studied, it has been found that
spatially varying the stiffener sizes over the cylinder is more important than optimizing the shape of the cross
sections. Because FEM/BEM methods are only reliable for lower frequencies, the problems studied are applicable
to low-frequency tonal noise such as seen in turboprop aircraft.

Nomenclature
b = design variable vector
b., by = vectors of lower and upper bounds
F(b) = objective function
fo = initial value of objective function
pi(b) = complex acoustic pressure at node i
S = scale factor design variable
y = normal velocity of shell structure, or acoustic velocity
at shell wall
w = structural weight
Winax = constrained maximum weight
X;, y; = coordinate design variables at node i

Introduction

HIS paper presentsthe results of an optimizationstudy to shape

and size the stiffener cross sections (frames and stringers) of a
stiffened cylinder. The optimization problem is formulated to min-
imize the interior noise environment subject to constraints on the
structural weight of the cylinder. The cylinder is considered to be
excited by an external noise source, modeled here as a monopole.
Geometric points on the stiffener cross sections, as well as overall
cross section sizing (scale) factors, are considered as design vari-
ables. Althoughthe overalldimensionsand stiffening characteristics
of the cylinder are realistic in comparison to aircraft structure, the
many variations and details that exist in a real aircraft have been
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eliminated and reduced to a cylinder segment. Thus, the model size
is considerably smaller for study purposes. Future research will ap-
ply the algorithm to a real aircraft structure.

The need to improve the interior noise environment in new com-
mercial aircraftis on the rise. Many techniquesare utilized to reduce
interiornoise, all of which fall into the two broad categoriesof active
and passive noise control.?> The solution selected is highly depen-
dent on the noise sources and, thus, on the resultant characteristics
of the acoustic spectra. Much of today’s commercial commuter air
traffic is dominated by turboprop aircraft. The acoustic spectra of
turboprops is characterized by low-frequency deterministic tones.
Active noise control methods are being studied as one solution to
this problem, and passive noise control is another possibility. The
particular method of passive noise control considered in this work
involves the inclusion of acoustic considerationsinto the structural
design process. In the past, acoustic considerations have been in-
cluded very late in the design process. In fact, many questions relat-
ing structural details such as stiffener/skin design to interior noise
spectracould not be answered. With today’s rapidly increasingcom-
puter speeds and efficient numerical methods to model the structural
and acoustic media, it is possible to confront these low-frequency
acoustic problems through optimization techniques.

The use of numerical optimization methods to design passive
noise control into the structure is a form of multidisciplinarydesign
optimization (MDO).* Several disciplinesare involved in this prob-
lem, including exterior and interior acoustics, structural dynamics,
static stress, and structural buckling. The context of the MDO prob-
lem in this work involvesthe minimization of acousticlevels, subject
to weight constraints on the structure. For a more comprehensive
review of the multidisciplinarydesign process, the readeris referred
to an earlier paper by the authors

Although the literature in the parent category of MDO is quite
rich, examples of structural acoustic optimization are not nearly as
abundant. Some recent work that seeks to integrate acoustic con-
siderations into the design optimization process includes those of
Naghshineh and Koopmann® and Lamancusa® Some examples of
the use of structural acoustic optimization in industry have also
appeared’™® All of the latter citations are computational in na-
ture, involving automation of the design optimization process. The
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present work is part of an ongoing research program to develop and
validate a robust computational tool to minimize noise transmission
into stiffened cylinders through the modification of the structural
design*!1%!! Existing analysis tools have been utilized to solve the
coupled structural acoustic problem, and a UNIX shell script main-
tains control and coordinates the iterative design process, integrat-
ing the programs. The present study is an application of this tool,
in which the stiffener cross section dimensions and overall sizing is
modified to achieve the improved interior noise environment.

The following sectionintroducesthe structural acousticequations
used and discusses the structural modeling assumptions. Next, the
computationalalgorithmis introduced,followed by the optimization
problemformulation. The subsequentsectionsdescribethe stiffened
cylinder geometry and model and present results of the beam cross
section shape optimization.

Structural Acoustic Equations

The structural acoustic problem involves a solution of the lin-
ear harmonic structural dynamics equations coupled with the linear
acoustic wave equation. For the structural problem, the standard
assumption of a steady solution to a harmonic loading results in
the standard frequency-domain structural dynamics equations. The
finite element method (FEM) is used for the structural analyses.
For the acoustic problem, the governing equation is the Helmholtz
equation, the time harmonic case of the linear wave equation. The
acoustic boundary element method (BEM) is used for the required
interior and exteror acoustic analyses. At present, the acoustic anal-
ysis is uncoupled, meaning that the vibration of the structure is not
considered to be affected by the bounding acoustic medium.

The structure modeled is a stiffened circular shell. The finite el-
ement solution can be obtained by using linear 4-node plate ele-
ments for both the shell skin and the frame and stringer stiffeners
or by using plates for the skin with beam elements for the stiff-
eners. The plate/beam element solution does an adequate job of
predicting structural modes whose wavelengths are longer than the
separationdistance between stiffening elements. However, once the
modal wavelengths are shorter than the subpanels formed between
the stiffening elements, the beam elements are not adequate. Be-
cause they are line elements, the footprintformed by these elements
on the shell results in subpanels that are effectively larger than in
reality. To capture the subpanel modes, plate elements are also re-
quired for the stiffeners, which requires considerably more degrees
of freedom.

We chose to use the plate/beam modeling technique because we
are interested in low-frequency structural modes that are global in
nature (long in wavelength) and, thus, couple very well with the
internal acoustic airspace. In addition, the structure was assumed to
be a bare skin, and thus no acoustic treatment was present in the
model.

Algorithm Structure

We implement the optimization algorithm by integrating a num-
ber of standalone codes, with data exchange and process control
coordinatedby a UNIX shell script. Figure 1 is a flowchart showing
the structure of the script’s algorithm. The principal programs are a
public domain optimizer CONMIN, a structural commercial FEM
program, and an acoustic commercial BEM program. CONMIN is
the optimizer that uses the modified method of feasible directionsal-
gorithm to optimize a single objective function subjectto inequality
constraints and side constraints on the design variables. Structural
analyses are performed with the structural FEM program. The ex-
ternal and internal acoustic analyses of the cylinder are performed
using the boundary element code.

Five other programs, BEAMSHPE, the mesh routine, the weight
translator, the boundary condition (BC) translator, and the chain
rule routine are supporting codes for the main programs. The mesh-
ing program and BEAMSHPE generate a beam cross section mesh
and solve for beam section property equations, respectively. These
two codes will be discussed more in depth in later sections. The
weight translator extracts the total cylinder weight and weight sen-
sitivities from the finite element output. The weight sensitivities
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Fig. 1 Flowchart of design tool algorithm logic.

are the change in weight due to a change in a design variable. The
BC program translates surface velocities from the finite element
code into the boundary element input dataset as velocity BCs. The
chain rule program combines structuraldesign sensitivitiesfrom the
structural and acoustics codes using the chain rule.

Optimization Problem Formulation

The optimization problem we pose here is straightforward: the
minimization of the sum of the pressure magnitudes squared at a
number of observation points within the cylinder. We impose a con-
straint on the weight of the cylinder, as well as upper and lower
bounds on the design variables. We express this optimization prob-
lem as follows.

Minimize
subject to
W®)/ Wiax] =1 <0 2)
b, <b <by (3)

where p;(b) is the acoustic pressure at the ith point within the vol-
ume, NDRN is the number of data recovery nodes in the acoustic
model, W is the total weight of the cylinder, and W, is a user-
specified maximum weight. The objective function is scaled by fj,
the value of the objective at the initial design state. Lower and up-
per bounds on the design variables are represented by b, and by,
respectively.

The optimization algorithm requires gradients of the objective
function and the weight constraint with respect to the design vari-
ables. The gradients of the objective are
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As a consequence of the coupled structural acoustic problem, we
have used the chain rule for the derivative in Eq. (4). The gradient
of the weight constraintis straightforward. We generate each of the
derivativesin Eq. (4), as well as the weight sensitivity,using separate
computationalcodes: dp;/dv by the acoustic BEM code andov/ob
and 0 W/0b by the structural FEM code.
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Stiffened Cylinder Description

A stiffeneduniformthicknesscylinder,clamped atbothendsisin-
vestigatedto representa fuselagestructure. The excitationis a single
tone exterior monopole source on one side of the fuselage, chosen
to represent a propeller source. The cylinder geometry and excita-
tion were modeled after that of the NASA composite test cylinder.!
Figure 2 shows the structural FEM. There were 800 quad4 linear
plate elements and 460 linear beam elements in this model. A cylin-

Centerline
of Cylinder

\\ Monopole
. Source

Fig. 2 Finite element structural model of stiffened cylinder.

BEM Acoustic Model

Data Recovery Mesh

Fig. 3 Boundary element acoustic model and data recovery mesh.

drical coordinate system (r, 6, x) is used with the origin in the
center of the clamped end and with the x axis along the length of the
cylinder. Because of the selection to study only symmetric modal
response,only one-quarterof the cylinderis modeled (0 <x <L/2,
0 <0 <m). A directfrequency response solutionis used to compute
the structural velocity response. Structural damping at 1% of critical
is applied to the cylinder.

The primary exterior acoustic field is due to a single monopole
source at x/ L =0.5 and at a radial distance of 1.20R, where R is
the radius of the shell. Because an uncoupled structural acoustic
formulation is utilized, the exterior and interior acoustic problems
are solved separately, using an indirect BEM (variational) formu-
lation. Thus, prior to optimization, the exterior acoustic problem is
solved to determine the blocked pressure due to the monopole on
the outside of the cylinder. This pressureis integratedto produce the
external loading of the FEM model, and because a single analysis
frequency is maintained, this loading remains constant throughout
the optimization. The FEM structural and BEM interior acoustic
responses are computed repeatedly in the optimization process.

Figure 3 shows the BEM boundary mesh and data recovery inte-
rior mesh. The boundary mesh density was set to handle the wave-
lengths appropriate for an analysis frequency of 250 Hz or less and
utilized 1544 linear quad4 surfaceelements. The datarecovery mesh
is concentric with the structural model at a radial distance of 0.89R
and was modeled using 45 points.

Single Frequency Beam Shape Optimization

As already discussed, the optimization is performed at a single
frequency thatfor thiscase hasbeen selectedto be on resonance with
a structural natural mode. The reason for this selectionis the natural
frequencies correspond to the peaks in any spectrum, and this opti-
mizationtechniqueis designedto reduce the peaks, thereby reducing
the overall spectrum. We have also shown in other work that even
when we begin with an off-resonance starting point, the algorithm
still tends to locate similar optimal designs as found when we be-
gin on-resonance.!! In later work we plan to discuss multifrequency
optimization in which we reduce all of the peaks in a prescribed
frequency band and at each iteration recompute the structural and
acoustic natural modes and optimize, always following the peaks in
the bandwidth. This is called peak tracking. In this example, single
frequency optimization is performed, and we begin on a resonance
of the structure. The shape of the structural natural mode is shown
in Fig. 4, which for this structure had a frequency of 140.8 Hz. This
frequency was the constantexcitationfrequency of the optimization.

To perform shape optimization of stiffeners modeled using beam
elements, it is necessary to know the area Aj; inertias I, I,, and
I, about the cross section X, Y axes; the torsion constant J; and
the centroidal and shear center locations. Because we are using the
method of feasible directions to do the optimization, we also need
the sensitivity derivatives of the responses with respect to the de-
sign variables. These properties and derivatives must be evaluated
when requested by the optimizer at each iteration. The structural
FEM code has the capability of accepting properties such as A, I,
I,, I, J, etc., in equation form as they would be programmed in
FORTRAN. To compute the equations, a separate finite element
code was written to integrate these area properties over the cross

Contour of displacement magnitude

Deformed and undeformed shapes

Fig. 4 Structural natural model shape.
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Fig. 5 Frame and stringer cross section shapes and finite element dis-
cretization.

sections as they exist at each iteration. This standalone finite el-
ement code was written such that it did not output the values of
the properties (A, I, I, I.,, J, etc.), but did output the property
equations as a function of certain prescribed X, Y coordinates of
the mesh for that cross section. These X, Y coordinates correspond
to the design variables of the cross section. Having coordinates as
design variables allows one to alter the shape of the cross section.

Figure 5 shows the frame and stringer cross section shapes, along
with the finite element discretization. Shown here are a channel
section for the frame and an angle section for the stringer (this is
case I; case II will be discussed later). The labeled points indicate
the design variable locations, with subscriptx correspondingto an
X-direction design variable and subscript y to a Y -direction design
variable. Note that some nodes only have an x subscript, some a
y subscript, whereas others have an x, y subscript. Each x or y
at a node indicates a separate design variable, with the direction
indicating the degree of freedom. By specifying only one of the
coordinate directions at a node, the shape is, thus, constrained only
in thatdirection. This is a way of limiting or constrainingthe design.

Note that at each iteration in which the FEM/BEM solution was
run, the cross section finite element code had to be run to evaluate
the property equations. The cross section code, called BEAMSHPE,
requires finite element discretization of the cross section shapes.
This was performed using an automated meshing code. The meshing
code was run prior to each BEAMSHPE execution. Note that a
coarse finite element discretization was found adequate to evaluate
the area properties accurately.

At this stage we can vary the coordinates of the two cross sec-
tions at every iteration due to changes in x;, y; coordinate design
variables. To vary independently the cross sections of the 5 frames
and 11 stringers in the model, we would require 175 coordinate de-
sign variables. This would be excessive and is really not necessary.
Instead we introduced design variables that basically were scale
factors of each parent cross section, which are multiplied by each
coordinate equally to scale uniformly the section up or down. The
relationship between a property value A (area), the scale factors S,
and design variable coordinates x; and y; is

A(S, x;, yi) = 8(S Xx;, S Xy;) (5)

where g represents the equation for the area in terms of coordinates
of x; and y;. A separate scale factor was applied to each frame and

stringerin the model. Because there were 5 frames and 11 stringers,a
total of 16 scale factor design variables were required. Adding these
to the 23 coordinate design variables for the parent cross sections,
we had a total of 39 design variables.

When performingoptimizationusing any gradientsearchmethod,
the starting pointin the design space is very important. It is ususally
necessary to evaluate many starting points to locate approximately a
globalminimum. In the case athand, we have a mixture of coordinate
design variables and scale factor design variables. Depending on
the initial values of the scale factors relative to the coordinates, the
gradients of scale factors or coordinates can be dominant. As it is
possible to adjust the coordinate values with the scale factors and
stillhave the same property starting values, the coordinatesand scale
factors were adjusted so that the initial gradients for scale factors
vs coordinates were comparable in magnitude for the same values
of the properties. This was done so as not to bias the design toward
cross section shape change vs a spatial scale change. These starting
values were varied for several different optimizationruns, to test for
sensitivity to starting point.

Each design variable, whether it is a scale factor or a coordinate,
has upper and lower bounds. These were allowed to be quite gener-
ous, except for the case where a coordinate change may cause a line
of the outline of the area to pass over another line, thus resulting in
a negative area or inertia property. These bounds were used to con-
trol and maintain realistic values. In addition to the design variable
bounds, a weight constraint was placed on the total cylinder weight
such that the initial weight of the entire stiffened cylinder was not
exceeded.

Figure 6 shows the changes in the acoustic objective and weight
over the history of the iterations. The objective is given in pressure
squarednormalized by the initial pressure squared, and the weightis
normalized by the initial weight. The global objective was reduced
by 8.6 dB, and the weight, which was constrained to not exceed
the initial weight, was actually reduced by 5%. Also note that each
design iteration required approximately 15 CPU min on an SGI
Power Indigo II workstation, with a total of 19 CPU h.

In Fig. 7, the before and after optimization parent cross section
shapes are presented. Note that the sections have been greatly en-
larged for clarity. For both cases, dramatic changes in the shape of
the cross sections were not found. Typically, thinning down of the
sections, maintaining inertia while reducing weight, is the trend for
the channel. Attempts were made to allow the channel (frame) sec-
tion the freedom to develop another leg at the top (away from the
attachment to the shell), and only a bump is noticeable. It is evi-
dent that the angle’s stiffness and mass are reduced considerably.
Note that the thinner sections are still multiplied by the scaling
factors.

The dominant change in the stiffener design tended to be in the
scaling variation from stiffener to stiffener over the cylinder, rep-
resented by the scale factor design variables. Figure 8 shows this
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Fig. 6 Objective function and weight iteration history.
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Fig. 8 Relative changes in stiffener size over the cylinder, case I.

trend. The scale factors are magnified and multiplied by the parent
sections to show the relative changes in size over the cylinder. In
general, the frame relative size changes can be seen, but not much
visible variation is evident in the stringers.

Figure 9 shows a plot of the vibration natural modes of the stiff-
ened cylinder before and after optimization and the acoustic natural
modes of the cylindrical cavity. Itis evident that the modal density of
the stiffened cylinder within 50 Hz of the excitation frequency is
quite low, as only 3-4 modes are presentin this range. It is also seen
that the (2, 1) structuralmode at 140.8 Hz (before) and 144.5 Hz (af-
ter) forces the off-resonanceresponse of the (2, 0) and (2, 2) acoustic
modes at 197.2 and 218.0 Hz, respectively. Close inspection of the
(2, 1) structural mode shape before and after optimization shows
no discernable differences. Thus, for this case of single frequency
optimization, the reductionin acoustic response is due to frequency
mismatch of the optimized structural (2, 1) mode at 144.5 Hz with
the excitation frequency of 140.8 Hz. As the weight constraint al-
lowed no weight increase, the optimizer redistributed the stiffness,
which resulted in the same overall structural mode but at a different
frequency.

The results of only a single case study has been presented(case I).
Many starting points, which consist of perturbations of the design
variable space, were run for this case. Similar end designs were dis-
covered for all of these starting points. A second case study (case IT)
was studied in which the initial stringer cross section was a differ-
ent design. For brevity, the details of this cross section will not be
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Fig. 10a Normalized frame cross section properties over the cylinder;
frame 1 is at the clamped end and was not a design variable.
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Fig. 10b Normalized stringer cross section properties over the cyl-
inder.

discussed, butit is another potential section design. Case Il is intro-
duced to enrich the following discussion by showing the variation
in the results for two cases.

A plot of the scale factors over the surface of the cylinder is not
a good indicator of how they will affect the dynamic response of
the cylinder or the acoustic response of the interior. Figures 10a
and 10b contain plots of the cross section properties of the frames
and stringers normalized with respect to the initial values prior to
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the optimization. These properties include the scale factors, areas,
and inertias (I, I,, I,,, and J). Note that the area changes are
proportionalto the square of the scale factors and the inertias to the
4th power of the scale factors. In Fig. 10, it is evident that small
changes in scale factors result in large changes in inertias. It is the
inertias that strongly affect the bending behavior of the shell and,
thus, the acoustic response of the interior. In Fig. 10a, it is clear that
the inertias are much larger for case I than in case II. In Fig. 10b, a

sinusoidal variationin stiffness properties around the circumference
is evident for both cases (this result has also been found in earlier
work by the authors in which the same cylinder was optimized using
shell element thicknesses as the design variables!'!). For case I, the
stringers were nominally 90% of original size and for case II were
87% of original size. It is noted that similar trends were found for
both cases.

Looking back at Fig. 4, this starting natural mode of the structure
is a (2, 1) mode, that is, two sine waves in the circumferential di-
rection and one-half sine wave in the longitudinal direction (recall
that only half of the longitudinal and circumferential directions are
modeled). Figure 11 is a contour of the relative magnitude of the
acoustic response at the subject frequency to this structural mode.
The dark regions correspond to the higher responses. The acoustic
mode shapes have a two sine wave variation circumferentiallyand a
cos(kmx/ L) variationin the longitudinaldirection, where k =0 or 2
for these modes. In Figs. 12a and 12b, this same acoustic behavior
is plotted in a normalized fashion along with the changes in iner-
tias along the longitudinal and circumferential axes, respectively.
The acousticcurves are the pressure squared acoustic objective nor-
malized by the maximum level in the contour, and the inertias are
normalized by the maximum intertia. The particular case displayed
isthatof casel. Case Il has very similar trends. Focusing on Fig. 12a,
which corresponds to the longitudinal direction, the acoustic vari-
ation is a slowly increasing function, whereas the inertia variation
has a spike near but prior to the center. In Fig. 12b, the acous-
tic variation appears to be that of two full sine waves around the
half-circumference[sin(kwx/ L) where n =4] because the pressure
squared objectiveis plotted, and, thus, the negative part of the wave
has become positive (the pressure is actually still an n =2 wave).
The stiffener inertia around the circumference is also an n =4 si-
nusoidal distribution, except it is different in phase by 180 deg. It
is evident that the optimal design for this case involves a harmonic
circumferential spatial variation in stiffener bending inertia around
the circumference, with a strong phase relationship to the acoustic
natural mode shape.

Conclusions

The results of this study indicate that it is possible to reduce the
interior noise of an aircraftlike stiffened cylinder by tailoring the
stiffener characteristics. For the particular cylinder and excitation
frequency considered, we found that tailoring the stiffener section
sizes from stiffener to stiffener was more important than optimizing
the shape of the cross section. The optimization tended to alter the
stiffening characteristics in a harmonic fashion from stiffener to
stiffener. Small changes in stiffener sizes result in large changes in
inertias that strongly affects the bending behavior of the shell. The
shaping of the sections was dominated by thinning of the sections
where stiffness/mass was notrequired. Thisresultmadeit possibleto
vary the stiffening and mass properties, while maintaining relatively
the same or slightly less overall weight.

We do not propose that these physical results can be universally
applied to any airframe structure. We argue that the results indicate
that much more can be done to improve the interior noise quality
within an aircraft fuselage in the low-frequency range, using pas-
sive structural design techniques that tailor the stiffening design. Of
course, this study was limited to a single frequency excitation, and
work is in progress to extend it to multifrequency optimization.
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