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Design Minimization of Noise in Stiffened Cylinders

Due to Tonal External Excitation
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A computational design tool was developed to perform a constrained optimization of the acoustic environment
within a vibrating cylinder, incorporating finite element and boundary element methods. The tool comprises a
UNIKX shell script that coordinates an iterative design optimization process integrating a number of programs, the
key components of which are MSC/NASTRAN for structural analyses, COMET/Acoustics for acoustic analyses,
and CONMIN for nonlinear optimization. In addition to the structure and implementation of the tool, this paper
presents the results of a number of trials of the tool applied to stiffened and unstiffened cylinders, considering
different formulations of the objective function to be optimized, and for a constant frequency exterior monopole
excitation. Models were constructed to investigate longitudinal vs circumferential variationsin design properties as
well. The results indicate that shell thickness variations tend to dominate interior acoustic response, as compared
with stiffener variations. The results further indicate that longitudinal variation is more effective than circum-
ferential variation. Effective longitudinal design variations include shell thickening toward the cylinder midplane
or, equally effective, thinning toward the midplane. Effective circumferential designs exhibited periodic variation

around the circumference.

Nomenclature
d = cylinder diameter
f(x) = objective function
fo = initial value of objective function
hy = frame height
hswe = reference frame height
hy = stringer height
hs s = reference stringer height
) = cylinderlength
pi(x) = complex acoustic pressure at node i
t = shell thickness
tref = reference shell thickness
w = total structural weight
Wmnax = constrained maximum weight
Wier = weight of the reference design cylinder
Wo = initial structural weight
X = design variable vector
x.,xy = vectors of lower and upper bounds
B = auxiliary acoustic design variable
Bu = auxiliary weight design variable

Ha = auxiliary acoustic design variable weighting
= auxiliary weight design variable weighting

Introduction

HIS paper presents the end results of four different objective
and constraint formulations, implemented within a computa-
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tional design tool, for the optimization of stiffened and unstiffened
cylindermodels. The desired goals of the optimizationsare relatedto
the structural weight and interior noise environment of the cylinder
models. The cylinders are considered to be excited at a single fre-
quencyby an externalnoise source, modeled here as a monopole. For
the unstiffened model, the cylinder wall thicknesses are considered
to be the design variables. For the stiffened model, shell thickness
and stiffener heights are considered as design variables. The cylin-
ders considered are not representativeof aircraftstructures,but they
are suitable for assessing trends in optimized cylinders considering
both weight and interior noise criteria, which is the key focus of this
paper.

Therehasrecently beenincreasinginterestamong airlines and air-
craft manufacturers in controlling the acoustic environment within
aircraft cabins to provide passengers with a more comfortable envi-
ronment, and to provide the flight crew with a flight-deck environ-
ment that does not impair communication. In turboprop aircraft, the
interior noise is dominated by noise caused by the propellerblades.
A propeller produces a highly tonal and highly directional sound
field that is dependenton such parameters as blade thickness, steady
thrust, and blade tip speed. The principal noise components are as-
sociated with blade passage, and are therefore deterministic.' No
currentcertification requirementsexist to regulateinterior noise, but
airlines do require noise-level guarantees from the manufacturer?
Researchersand manufacturershave confrontedthis problemby two
broad means: active and passive noise control 3~ Classical active
noise control involves the placement of loudspeakers and micro-
phonesthroughoutthe passengercabin or flight deck in conjunction
with a control system. Active structuralacoustic controlinvolvesthe
placement of force or moment actuators at points on the structure,
again in conjunction with a control system. Active noise control is
an appealing technique because it can be fitted to existing airframes
withoutmajor structural modification. Passive noise control, by con-
trast, 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.

It is desirable that future aircraft be designed to have quieter
passenger cabins, minimizing the need for supplementary active or
passive noise control systems. Designing quiet structures is itself
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a form of passive noise control, and falls under the broad category
of multidisciplinary design optimization (MDO).® The objective,
constraint, and goal functions in an MDO problem model the of-
ten conflicting goals of a variety of disciplines. The design of quiet
aircraft cabins is multidisciplinaryin that it requires satisfaction of
not only acoustic goals and constraints, but also structural goals
and constraints such as weight, stress, and aeroelastic effects. This
makes the multidisciplinary design process extremely complicated,
requiring many iterations of time-consuminganalyses coupled with
a mathematical programming algorithm as a means of optimizing
the system. In addition, due to the complexity and often high non-
linearity of MDO problems, it is nearly impossible to guarantee that
a solutionis truly optimal. As an example, consider an optimization
of a stiffener’s dimensions with the objective of minimizing weight
while maximizing stiffness and obtaining certain specific modal
frequencies. While the weight will be linear with respect to the di-
mensions, the stiffness and modal propertiesare nonlinear functions
of the dimensions. It remains the task of the designerto choose from
among a set of candidate solutions the one that not only best sat-
isfies the goals and constraints defined in the MDO problem, but
also meets more intangible standards such as design experience and
intuition. Although MDO may be difficult to implement, it offers a
number of far-reaching benefits to the designer: 1) goal-orientation
of the design approach; 2) tedium reduction; 3) decision-making
help, trend finding, and preliminary design guidance.’

Some examplesof the use of structuralacousticoptimizationhave
appeared in the literature3~!° The methods used were all computa-
tional because automation of design optimization was necessary to
keep design times down. In the present work, an approach similar
to that used in earlier research is used to optimize the design of air-
craft fuselage structures to minimize the noise in the interior. This
algorithmis implemented througha computationaldesign tool.!'~13
This form of passive noise control involves coupling structural and
acousticanalysis packages with an optimizationalgorithmas part of
an automated process. The heart of the design tool is a UNIX shell
scriptthat controls the automatediterative analysis and optimization
procedure. The user provides a group of input data files describing
the structural and acoustic models and the parameters of the opti-
mization procedure, and the design tool returns updated data files
describing the optimized sound field and design of the structural
model. The purpose of the overall research project is to develop and
validate a flexible, robust tool for the optimal design of stiffened or
unstiffened cylinders subject to various acoustic and structural ob-
jectives and constraints and excited by an external harmonic noise
source.

The following section introduces the computational structure of
the design tool, and describes the specific models to which the opti-
mization formulations will be applied. Next, the four optimization
formulations considered in this paper are introduced. The subse-
quent section presents the results pertaining to the formulations’
performance, followed by a concluding remarks section.

Design Tool Description

The designtoolis describedin greaterdetailin earlier papers.
Its features and capabilities will be briefly reviewed here. The de-
sign tool is a UNIX shell script that controls the interaction of sev-
eral main programs and supporting programs and implements error-
trapping capabilities. Figure 1 is a flowchart depicting the structure
of the script’s algorithm.

The main programs within the design tool are CONMIN,
MSC/NASTRAN, and COMET/Acoustics. CONMIN'* is the ac-
tual optimizer. It uses the modified method of feasible directions
algorithmto optimize a single objective function subject to inequal-
ity constraints and side constraints on the design variables.!® Struc-
tural analyses are performed with MSC/NASTRAN Version 68. All
structural models are assumed to have 2% structural damping. The
models are presumed to be excited by external acoustics loads. The
external acoustic loads are computed in advance using the bound-
ary element code COMET/Acoustics, with the pressures applied as
harmonic, single-frequency loads at the structural element nodes.
COMET/Acoustics is used within the design tool to perform the
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Fig. 1 Schematic of design tool algorithm logic.

acoustic analyses of the cylinder interior.!® At present, the acous-
tic analysis for the cylinder models is uncoupled, meaning that the
vibration of the structure is not considered to be affected by the
bounding acoustic medium.

WTSENS, VBCGEN, and MERGE are supporting codes for the
main programs. WTSENS extracts the total cylinder weight and
weight sensitivities from the MSC/NASTRAN output. The weight
sensitivities are the change in weight due to a change in a design
variable (in the context of this paper, the design variables are shell
element thicknesses and/or stiffener properties). VBCGEN trans-
lates surface velocities from the MSC/NASTRAN output into a
COMET/Acoustics data set as velocity boundary conditions.

MERGE combines MSC/NASTRAN output structural design
sensitivities(changein velocity due to change in design variable) and
acoustic velocity sensitivities from COMET/Acoustics (changes in
acoustic pressures due to changes in surface normal velocity) to
produce the acoustic design sensitivity (change in acoustic pressure
due to change in design variable). The acoustic sensitivities from
COMET/Acoustics need be computed only once for each cylinder
model, at the start of the optimization procedure. If the same model
is optimized later (but at the same frequency), perhaps with a dif-
ferent objective or constraints, the same sensitivity data files are
reused.

The user must prepare several files before invoking the script:
a file containing parameters that define convergence criteria and
constraint tolerances for CONMIN, desired objective formulation,
a NASTRAN data set describing the structural model and the exter-
nal loading conditions, and input files for COMET/Acoustics. The
COMET/Acoustics input files include such information as the inter-
face between the structural and acoustic models, and the locations
of points within the model at which to compute acoustic pressures.

Cylinder Models

This work considers an unstiffened and a stiffened cylinder. The
unstiffened cylinder is considered to be made of aluminum, with
l/d = 2.18. The shell thickness at the reference design state has
tr/d =0.0002. This thickness is used as the reference or normal-
izing constant for the bounds on thickness, which are set here at
tupper/ tret = 2.0 and figyer / tree = 0.59. Both ends of the cylinder are
clamped. The stiffened model presumes the same base shell with
the addition of angle stringers and channel frames. The physical
dimensions of the cylinder model are the same as the outer shell of
the model used by Grosveld et al.* in their study of active structural
acoustic noise control.

Because only symmetric modal response is being investigated
at this time, analysis is simplified by modeling only one-quarter
of the cylinder (depicted in Fig. 2). The base NASTRAN model
for the unstiffened cylinder is composed of 800 linear quadrilat-
eral elements. To study the influence of longitudinal variations in
the design variables, i.e., shell element thickness and/or stiffener
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Fig. 2 a) Unstiffened circumferential, b) unstiffened longitudinal,
c) stiffened circumferential, and d) stiffened longitudinal models.

dimensions, the shell elements were grouped into 20 circumferen-
tial bands of 40 elements each. This model is referred to as the cir-
cumferential model. To study the influence of circumferential vari-
ations in the design variables, the shell elements were grouped into
20 longitudinal bands of 40 elements each. This model is referred
to as the longitudinal model. Each of these models has 20 design
variables, representing the thickness of the elements in each of the
20 groups.

The MSC/NASTRAN model for the stiffened cylinder model is
somewhat more complex. For the longitudinal variation, there are
10 shell groups, 10 stringer groups, and 5 frame groups, for a total of
25 design variables. For the circumferential variation, there are 10
shell groups, 11 stringer groups, and 10 frame groups, for a total of
31 design variables. Figure 3 depicts the chosen stiffener geometry.
Note that these are low-torsional stiffness sections. Therefore, the
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Fig. 3 Stiffener geometry.
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torsional stiffness is held constant at its initial value for the given
model throughout the optimization process.

The design variables for the shell groups are shell thicknesses.
For the frame groups, the design variables are frame heights. For
the stringer groups, the design variables are stringer heights. De-
sign equations were integrated into the MSC/NASTRAN model
to hold the separate aspect ratios (width/height) of the frame and
stringer sections constant, as well as holding the ratios of height
to thickness constant. The shell variables in the stiffened mod-
els have the same bounds as for the unstiffened model. With re-
spect to the reference design, the bounds on the stringer heights are
R wpper [ M vt = 1.57 and h oyer / s ref = 0.67. Bounds on the frame
heights are 1 supper/ 1 frer = 1.38 and A g jower/ B frer = 0.59.

The cylinder is assumed to be excited by a single exterior
monopole source at dimensionless wave numbers of kd =4.73
for the unstiffened model and kd =4.23 for the stiffened model.
This forcing excites a (2, 1) structural resonance in the cylinder
with design variables at reference conditions. The source is located
0.1d to one side of the cylinder at //2. The acoustic loads pro-
duced by this source on the cylinder are computed beforehand by
COMET/Acoustics and included in the MSC/NASTRAN data set.
For both the unstiffenedand stiffened cylinders, two additional start-
ing design models were considered. These other models are initially
not on resonance. In all instances the effectiveness of the optimiza-
tion was determined based on the ending noise level, not on the
reduction from the starting point. Therefore, the fact that the refer-
ence models start on resonance is not significant.

Optimization Problem Formulations
The following briefly presents the mathematical formulation for
each of the objective function/constraintoptionsimplementedin the
design tool. An assessment of these formulations’ relative perfor-
mance may be found in our earlier papers.!!~13

Baseline Formulation
The baseline formulation minimizes the sum of the squares of the
acoustic pressure amplitudes at discrete data recovery points within
the volume, whereas side constraints bound the design variables:
Minimize:
NDRN
f@ =" pwp®/ f (1)

i=1
Subject to:
x, <x=<xy )

In Eq. (1), the asterisk indicates complex conjugation, and NDRN
is the number of data recovery nodes within the volume of interest
(COMET/Acoustics yields pressure values only at discrete points,
the data recovery nodes, within the model).
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Acoustic Formulation

The acousticformulationminimizes the sum of the squaredacous-
tic pressures subject to design variable bounds and to a constraint
on the total weight:

Minimize:
NDRN
F@ =Y h@pr®/fi 3)
i=1
Subject to:
(W/ Wmax) -1 = 0 (4)
X, =x <xy 3)
Weight Formulation

The weight formulation minimizes the weight of the structure
subject to design variable bounds and a constrainton the maximum
value of the sum of the squared pressures:

Minimize:
fo)=W/W, (©6)
Subject to:
NDRN
> awpie [ (35r) |-1=0 @)
=
x, <x=<xy ®)

In Eq. (7), (Z|p|*)max is the constrained maximum sum of the
squared pressures. In the implementation of Eq. (7), the user spec-
ifies a desired decibel level for this maximum, and the algorithm
converts it to an appropriate sum of squared pressure magnitudes.

Compound Formulation

The compound formulation simultaneously minimizes the sum
of the squared acoustic pressures and the structural weight. The ob-
jectives, the pressure sum and the weight, are normalized by their
initial values and are required to be less than bounds g, and 8,,
respectively. These bounds are considered to be two additional de-
sign variables, and their weighted sum is taken as the new objective
function, where 1, and u,, are the respective weighting factors. The
weighting factors allow one or the other objective to be considered
more important. The mathematical statement of the formulation is:

Minimize:

oo+ o B ©)
Subject to:
oy
; pwpie [ (IF) [~p<0 (o)
W/Wo— B, =0 (11)
x, <x <xy (12)

where | p|?), is the initial value of the sum of the squared pressures
(before the optimization process begins).

Results

As compared with the authors’ earlier work in this subject
area,'' =13 the focus of the present work is on the optimal design
states and objective functions for the more complex models. Mul-
tiple initial designs are needed because there is no guarantee that
a single global optimal solution exists for each set of objectives
and constraints. The existence of multiple local minima, each rep-
resenting a local optimum, is a distinct probability. In practice, one

Table 1 Initial designs and starting interior
relative SPL, unstiffened model

Shell Cylinder
Initial thickness, weight, Relative
state t/tret W/ Weet SPL, dB
Upper 2.00 2.00 —10.6
Middle 1.00 1.00 —4.6
Lower 0.59 0.59 0.0

Table 2 Initial designs and starting interior
relative SPL, stiffened model

Shell Frame Stringer  Cylinder
Initial thickness,  height, height, weight,  Relative
state t/tref h/hf,ref h/hx,ref W/ Weet SPL, dB
Upper 2.00 1.38 1.57 1.90 -29.7
Middle 1.00 1.00 1.00 1.00 -10.3
Lower 0.59 0.59 0.67 0.62 —26.8

chooses a suitable number of starting points, so as to adequately
sample the design space, and then examines the results for each to
select the best optimum. For the work presented here, three starting
designs were chosen for each of the unstiffened and stiffened mod-
els. The three initial states correspond 1) to all design variables at
theirupperbounds, 2) all design variables at their lower bounds, and
3) all design variables at an approximate middle point between the
bounds. Tables 1 and 2 summarize these three initial design states
for both models. Note that the data presented in the following sec-
tions were normalized with respect to the design states and weights
for the middle starting point, such that this state will be referred
to as the reference design state. In the remainder of this paper, the
starting design states will be referred to as the upper, reference,
and lower cases, correspondingto all design variables at the upper
bound, intermediate state, and lower bound, respectively. Each ob-
jective function was applied to each of the three initial design states,
for each of the differentdesign variable groupings.

The relative average sound pressure level (SPL) within the cylin-
der is used as the figure of merit in determining the impact of the
optimization process. The lower this level, the quieter the interior.
The relative average SPL is determined by subtracting a reference
level from the absolute level for a given design. The justification
for this approach is that all of the models were subject to the same
constantfrequency exteriormonopoleexcitation with fixed but arbi-
trary strength. Because the source strength is arbitrary, the absolute
interior levels are not significant, though differences in level with
respect to a reference will be significant. Therefore, the absolute
interior average SPL for the unstiffened model’s lower design state
was used as a common 0-dB reference and applied to all other un-
stiffened and stiffened designs. The initial levels in Tables 1 and 2
reflect this choice of reference. The relative interior level prior to
optimizationis also determined, and the difference between the op-
timized and unoptimized levels is used as a further indicator of the
impact of the optimized design.

Note that the time required to complete an optimization is de-
pendent on the complexity of the model and the performance of the
objective function within the optimization algorithm. Reference 13
presents relative performance measures of the objective formula-
tions used for the work at hand. The bulk of the computational
expense is in the modeling, not in the optimizer itself.

The following results for the unstiffened and stiffened models
are a subset of the number of analyses we have performed. They
illustrate the variations in the ending design states for different
starting states, as well as the variations in the optimal design states
generated through the different objective functions.

Unstiffened Model

Figure 4a presents the relative optimal SPL levels obtained with
the circumferentialmodel, and similarly with Fig. 4b for the longi-
tudinal model, for the various cases analyzed here. The letters next
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Fig. 4 Optimal relative SPL vs normalized weight for a) circumfer-
ential and b) longitudinal unstiffened models: W, baseline; ®, acoustic
with weight <W.¢; A, acoustic with weight <1.1W; ¢, weight with SPL
<— 15 dB; 0, weight with SPL <— 20 dB; O, compound g,/ = 25 A,
compound 1,/p,, = 20; and ¢, nonoptimized uniform cylinders. Letters
by data points on (a) identify subfigures in Fig. 5 for the corresponding
design. Letters by data points on (b) identify subfigures in Fig. 6 for the
corresponding design.

to individual data points are to assist the reader in associating se-
lecteddesignstates, depictedin later figures, with their performance.
Figures 4a and 4b also include data for uniform thickness cylinder
models of different weights, as a means of providing a reference be-
tween optimized and unoptimized cylinders. Linear curve fits have
been applied to the data, yielding the lines on the figures. The upper
line in both figures is for the data from the unoptimized models, and
because all of the data from the optimized models are below this
line, the optimizationindicates that nonuniform shell thickness can
provide reduced levels of interior noise. Another observation that
may be made is that, within each objective function and constraint
combination, there is no single global optimum. Indeed, all 20 of
the analyses represented in Fig. 4a yielded different ending design
states, as did the 20 analyses in Fig. 4b.

ConsideringFig. 4afor the circumferentialvariation, at the lighter
weights, the interior noise level difference between the optimized
and nonoptimized models is on the order of 15 dB. Figure 4b in-
dicates that there is greater scatter in the longitudinal results, and
that at the lighter weights the noise level difference is on the order
of 10 dB. Both figures indicate that the difference increases with
increasing weight.

Figures 5a-5e present the beginning and ending design state for
a number of the circumferential model analyses. The design state
(thicknesses) has been normalized by the thickness of the reference
starting design state. The dashed line in each of the figures indicates
the normalized initial design state prior to optimization. The relative
acoustic performance for each of these states may be determined by
associatingtheir subfigure letter designation with the corresponding
letter in Fig. 4a. This model has its design variables grouped cir-
cumferentially,such thatall elements in a circumferentialband have
the same thickness. Therefore, the thickness may vary only longi-
tudinally in this model (see Fig. 2a). The 20 analyses conducted on
this model yielded several alternative trends in the optimal design
states. These alternative trends were for increasing thickness toward
the plane of the source, decreasing thickness toward the plane of the
source, and a more complex trend of decreasing thickness toward
an intermediate point followed by increasing thickness toward the
plane of the source.

The design state in Fig. 5a illustrates the decreasing shell thick-
ness trend. This state was produced by the baseline formulation.
Figure 5b is a variant of this trend, produced by the weight objec-
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Fig. 5 Optimized and initial shell thickness, unstiffened circumfer-
ential model: O, optimized value, and - - -, initial value. a) reference
starting design, baseline formulation; b) lower starting design, acoustic
formulation with weight <1.1Wj; c) reference starting design, baseline
formulation; d) reference starting design, weight formulation with SPL
<—20 dB; and e) reference starting design, acoustic formulation with
weight <1.1W,,.
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Fig. 6 Optimized and initial shell thickness, unstiffened longitudinal
model: O, optimized value, and - - -, initial value. a) upper starting
design, acoustic formulation with weight <1.1W,; b) lower starting de-
sign, acoustic formulation with weight <1.1W,; and c) reference starting
design, baseline formulation.

tive with a —20-dB acoustic constraint. The design state in Fig. 5¢
illustrates the trend for increasing thickness toward the plane of the
source, and was produced by the acoustic formulation with a maxi-
mum weight constraint of 1.0W,;. Figure 5d illustrates a variant of
this trend, produced by the weight objective with a —20-dB acous-
tic constraint. Figure Se illustrates the decreasing/increasing trend.
This state was produced by the acoustic objective with a constraint
on the weight of 1.1W,¢.

Figures 6a-6c¢ present the beginning and ending design states for
a number of the longitudinal model analyses. The relative acoustic
performance for each of these states may be determined by associ-
ating their subfigure letter designation with the correspondingletter
in Fig. 4b. This model has its design variables grouped longitudi-
nally, such that all elements in a longitudinal band have the same
thickness. Therefore, the thickness may vary only circumferentially
in this model (see Fig. 2b). The 20 analyses conductedon this model
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yielded several alternativetrends in the optimal design states. These
trends were for a periodic variation in thickness around the cir-
cumference with maxima at 45 and 135 deg; a periodic variation
in thickness around the circumference with maxima at 0, 90, and
180 deg; and a state that at best could be termed chaotic. The de-
sign state in Fig. 6a illustrates the first periodic trend. This state was
generated by the acoustic formulation with a constraint on weight
of 1.0W,¢. The design state in Fig. 6b illustrates the second periodic
trend, and was also generated by the acoustic formulation with a
constraint on weight of 1.0W,; (note the different starting states).
The design state in Fig. 6¢ illustrates the chaotic state, of which 6 of
the 20 analyses could be classed. The state in Fig. 6¢ was produced
by the baseline formulation.

Stiffened Model

Figure 7a presents the relative optimal SPL levels obtained from
the stiffened circumferential model, and similarly with Fig. 7b for
the stiffenedlongitudinalmodel, for the variouscases analyzedhere.
The numbers next to individualdata points are to assist the readerin
associatingselecteddesign states,depictedin later figures, with their
acoustic performance. Figures 7a and 7b also include the relative
levels obtained for each of the three initial design states, as a means
of providing a reference between optimized and unoptimized cylin-
ders. Note that the results for these stiffened models do not exhibit
the simple relationship to total model weight that the unstiffened
models did (this may also be observed in Table 2, where the lower
design state has a lower initial level than the middle state). This is a
consequence of the presence of stiffeners leading to a dramatically
differentresponse from mass-law-like behavior, as exhibited by the
uniform unstiffened cylinders. As with the unstiffened model, there
appears to be no single global optimum. Note that the symbols for a
number of analyses overlay each other in Figs. 7a and 7b, indicating
that formulations converged to clusters of similar designs.

Figures 8-10 present the beginning and ending design states for a
number of the stiffened circumferentialmodel analyses. The relative
acoustic performance for each of these states may be determined by
associatingtheir subfigure letter designation with the corresponding
letter in Fig. 7a. This model has its design variables grouped cir-
cumferentially,such thatin a circumferentialband all shell elements
have the same thickness, all frame elements have the same height,
and all stringer elements have the same height. Therefore, these de-
sign variables may vary only longitudinally (see Fig. 2¢). Because
there are three different types of design variables (thickness, frame
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Fig. 8 Optimized and initial heights and thickness, stiffened circum-
ferential model, baseline formulation applied to lower starting design
state: a) frame, b) stringer, and c) shell elements: O, optimized value,
and - - -, initial value.
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Fig. 9 Optimized and initial heights and thickness, stiffened circum-
ferential model, acoustic formulation with weight constraint <1.1W,¢,
applied to reference starting design state: a) frame, b) stringer, and c)
shell elements: O, optimized value, and - - -, initial value.
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value, and - - -, initial value.
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height, and stringer height), the design states are presented as three
subfigures. As before, the design variables have been normalized by
the values for the reference design state.

Note in Figs. 8-10 that it appears that only the shell design vari-
ables are changed in the optimization. Close examination of the
stiffener design variables reveals some very minor changes com-
pared with their starting states, such that their contribution to any
noisereductionis questionable. All of these models exhibited either
a flat thickness, as in Fig. 8, or a decreasing thickness trend as in
Figs. 9 and 10.

Figures 11-13 present the beginning and ending design state for
a number of the stiffened longitudinal model analyses. The relative
acoustic performance for each of these states may be determined by
associating their subfigure letter designation with the correspond-
ing letter in Fig. 7b. This model has its design variables grouped
longitudinally, such that in a longitudinal band all shell elements
have the same thickness, all frame elements have the same height,
and all stringer elements have the same height. Therefore, these de-
sign variables may vary only circumferentially in this model (see
Fig. 2d). Because there are three different types of design variables
(thickness, frame height, and stringer height), the design states are
presented as three subfigures. As before, the design variables have
been normalized by the values for the reference state.
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Fig. 11 Optimized and initial heights and thickness, stiffened longitu-
dinal model, baseline formulation applied to lower starting design state:
a)frame, b) stringer, and c) shell elements: O, optimized value,and - - -,
initial value.
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Fig. 12 Optimized and initial heights and thickness, stiffened longi-
tudinal model, acoustic formulation with weight constraint <1.1Wy,
applied to upper starting design state: a) frame, b) stringer, and c) shell
elements: O, optimized value, and - - -, initial value.
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Fig. 13 Optimized and initial heights and thickness, stiffened longitu-
dinal model, acoustic formulation with weight constraint <W,,¢, applied
to upper starting designstate: a) frame, b) stringer, and c) shell elements:
O, optimized value, and - - -, initial value.

As with the circumferential model, it appears that only the shell
design variables are changed in the optimization. Again, close ex-
amination of the stiffener design variables reveals some very minor
changes as compared with their starting states, such that their con-
tribution to any noise reduction is questionable. Figure 11 reflects
a case where only slight changes occurred in all design variables,
including the shell variables. Figures 12 and 13 reflect the periodic
variation observed in the unstiffened model.

Concluding Remarks

The results indicate that there is significant potential for reducing
tonal interior noise levels inside simple unstiffened and stiffened
cylinders. For the cylinder models, excitation, and frequency condi-
tions consideredhere, we found that longitudinal variability yields a
somewhat greater impact on interior noise levels than circumferen-
tial variability. When both shell thickness and stiffener parameters
were considered as design variables, the shell thickness variation
dominated the impact on the noise reduction. Further work is in
progress to determine the role of stiffeners with regard to interior
noise control.

The results indicate that it is possible to reduce the interior noise
levels within stiffened cylindersby varying the skin thicknessand/or
stiffener geometry. For aircraft application the feasibility of this
approach depends on such factors as the fabrication details and
structural complexity. Further, the analyses presented here were for
single excitationfrequency. Work is in progress to extend the design
tool’s capability to include multifrequency capability.

Further development work is in progress to assess the perfor-
mance of the optimization considering multispectral excitation,
more sophisticated structural optimization, and sensitivity to off-
design excitation.
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