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Abstract

The open fan as a highly efficient propulsion concept is a promising approach to reduce
climate-damaging emissions in aviation. However, the increased vibroacoustic emissions
of the fan resulting from the open design lead to elevated cabin noise. Energy harvest-
ing resonators can be used to leverage the piezoelectric effect and to attenuate structural
vibrations caused by the acoustic loading simultaneously. To evaluate the potential of a
specific configuration of energy harvesting resonators, an investigation of the dynamic
interaction between the airframe and the resonators is necessary. Therefore, the eigenmodes
and eigenfrequencies of a representative stiffened plate are determined experimentally
using modal analysis via laser scanning vibrometry. A finite element model of the stiffened
plate with the resonator idealized as a mass—spring element is implemented. The stiffness
of this simplified resonator model is calibrated by correlating simulated with experimental
results following a model updating approach. Finally, an optimization framework designed
to determine the optimal quantity and placement of resonators using the experimentally
validated model and representative loads is implemented to maximize both vibroacoustic
attenuation and energy harvesting efficiency. The resulting framework serves as a gener-
alized optimization tool capable of systematically optimizing the resonator configuration
based on airframe geometry and specified vibroacoustic loading scenarios.

Keywords: modal analysis; model updating; vibration control; vibroacoustic optimization

1. Introduction

A primary objective of modern aviation research is the reduction in climate-damaging
emissions from aircraft. The aviation industry proclaims the aim of achieving net CO,
emissions of zero by the year 2050 [1]. To reduce fuel consumption and thus CO; emis-
sions, the aircraft mass is minimized through the use of thin-walled lightweight structures,
which, however, exhibit high vibroacoustic excitability. Another approach to reduce CO,
emissions involves the utilization of alternative propulsion concepts. For instance, pro-
peller propulsion systems in an open-fan design are highly efficient but also result in
significant vibroacoustic loads on the airframe. This leads, particularly in combination
with thin-walled structures, to vibrations that can propagate through the wing structure
or the surrounding air into the fuselage structure contributing to increased cabin noise
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levels. To enhance the acceptance of new propulsion technologies, it is essential that pas-
senger comfort remains unaffected. Therefore, research is being conducted on minimizing
vibrations due to vibroacoustic loads within the fuselage structure. A positive effect of
resonators on the vibroacoustic behavior of aircraft fuselage structures has already been
shown in [2]. In the research project EMPreSs, vibration reduction is being investigated
through the application of energy harvesting resonators on the airframe, Figure 1. These
resonators are intended to minimize structural vibrations in an adjustable frequency range
while simultaneously harvesting electrical energy from the vibrations via the piezoelectric
effect. The applicability of differently designed energy harvesting resonators for vibration
reduction has been demonstrated in [3], but there is no optimization framework available
to determine the optimal arrangement of the resonators.

A

Figure 1. Mounting brackets for energy harvesting resonators attached to a stiffened plate as a model

for the airframe.

In this study, the dynamic properties of the resonators will be determined experi-
mentally, and a modeling approach will be developed to facilitate their simulation within
numerical models. As a test object, a flat, stiffened plate approximating a fuselage struc-
ture in a stringer—frame construction is being investigated, Figure 1. Two stringers and
frames are adhesively bonded to the plate forming an inner skin section, which is com-
pletely surrounded by stiffeners. Using laser scanning vibrometry, the eigenmodes and
eigenfrequencies of the surrounded section, both with and without a resonator, are deter-
mined within a frequency range of 0 Hz to 800 Hz. The resulting frequency spectra show
significantly smaller amplitudes of the eigenmodes for the plate with a resonator from
approximately 130 Hz up to the upper limit of the examined frequency range compared to
the plate without a resonator. The experimental results are subsequently compared with
simulation results obtained from a frequency analysis of the finite element (FE) model of
the plate. Thereafter, the stiffness parameters of the adhesives and the resonator in the FE
models are adjusted until the deviation in eigenfrequencies between the experimental and
simulated results, averaged over the examined frequency range, is minimized. A minimal
average frequency deviation of 0.62 % is achieved. Finally, the FE model of the stiffened
plate is utilized to optimize the number and placement of resonators numerically. In or-
der to minimize the structural vibrations, the resonators are moved until the sum of the
displacements calculated in a steady-state analysis at every node of the inner plate section
reaches its minimum. The optimization process is performed for different quantities of
resonators ranging from one to four. With higher numbers of resonators, a higher reduction
in structural vibrations is observed, whereas the difference in vibration reduction between
three and four resonators is already marginal. The lowest vibration level for all numbers
of resonators is achieved when placing all resonators in the middle of the inner plate
section. For resonator numbers greater than one, this leads to a very close placement of
the resonators.
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2. Materials and Methods

The stiffened plate is constructed from individual components made of the aluminum
alloy AIMg3. A technical drawing with the dimensions of the plate is shown in Figure 2a.
The thickness of the ground plate is 1.5 mm. While the stringers are directly bonded to
the plate, the frames are attached using clips with a distance of 30 mm from the plate. The
aviation-approved epoxy adhesive Scotch-Weld 9323 B/A from 3M, St. Paul, MN, USA is
utilized to bond the components. To ensure optimal adhesion, the bonding surfaces are
initially cleaned with a solvent and subsequently roughened with sandpaper and a curing
period of 15 days at room temperature is observed. The total weight of the stiffened plate
amounts to 6.95 kg. The resonator weighs 42.3 g including its mounting bracket, which is
glued to the stiffened plate as shown in Figure 1.

The plastic mounting bracket is positioned on the rear side of the stiffened plate at
the center of the inner skin section to facilitate an even distribution of measurement points
on the front side. Following examples from [4,5], the stiffened plate is suspended by stiff
ropes during the experiments for the investigation of their dynamic properties, Figure 2b.
This method of support was chosen to resemble free boundary conditions of the plate after
excitation. Consequently, the recorded vibrations correspond to the eigenfrequencies of
the unaffected structure. Additionally, this approach aims to decouple the plates from the
suspension and minimize rigid-body vibrations of the plate along the vertical axis, thereby
avoiding excitation of the overall system comprising both the plate and suspension.
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Figure 2. Experimental setup for the modal analysis of the stiffened plate. (a) Technical draw-
ing of the stiffened plate. (b) LDSVs and suspended plate. (c¢) Modal hammer on the rear side,
R: resonator position.

For the investigation of the plates, the PSV QTec-3D, a 3D laser vibrometer consisting
of three laser Doppler scanning vibrometers (LDSVs) from Polytec, Waldbronn, Germany,
is employed. To achieve optimal measurement results, the LDSVs are arranged in an
equilateral triangle as recommended by the manufacturer, Figure 2b. In the experimental
setup utilized, measurements are conducted at an angle from the side to allow for a
comprehensive assessment of the skin section despite the overhanging edge caused by
the Z-profile of one stringer. The distance between the measurement devices and the
suspended plates is approximately 2.8 m.

To determine the dynamic properties of the stiffened plates, a shock excitation is ap-
plied by the electronic modal hammer SAM 1 from NV-Tech, Steinheim, Germany, Figure 2c.
The hammer impulse simultaneously excites many eigenfrequencies across a broad fre-
quency spectrum [6]. Following the excitation, there is no further influence on the plate
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from the hammer, allowing for free vibration of the plate. To ensure unobstructed visibility
for the LDSVs on the measurement objects, excitation occurs on the rear side of the plate.
A steel hammer tip is employed to achieve a short contact time, thereby approximating an
ideal impulse.

The model for the simulated modal analysis of the stiffened plate is created in
Abaqus, 2020. The individual components, which can be regarded as thin-walled, are
modeled with shell elements and the isotropic material behavior of AIMg3 is assigned.
After assembling the components, the assembly is meshed using a mesh size of 5 mm. The
adhesive surfaces are simulated using the Abaqus function cohesive behavior that allows for
the specification of the required stress for relative displacement of the connected compo-
nents in both normal and shear directions by defining three values knpn, kss and ki. The
resonator is modeled as a point mass with a mass of 42.3 g, positioned in the center of the
inner skin section at a distance of 5 mm from the plate surface, and is connected to the plate
by six spring elements. Only the translational degree of freedom perpendicular to the plate
plane is assigned a realistic spring stiffness, while the other five degrees of freedom are
constrained by very high spring stiffnesses.

The eigenmodes of the stiffened plate are determined through a frequency analysis
employing the Lanczos solution method. In accordance with the experiments, eigenmodes up
to 800 Hz are calculated. Following a model updating approach [7], efforts are made to align
the eigenmodes computed in simulations as closely as possible with experimental results.
The outcomes of the simulated modal analysis on the adjusted FE models are evaluated by
comparing the eigenmodes and determining deviations in natural frequencies compared
to experimental data across the entire frequency spectrum. For the resonator, mechanical
properties of the spring elements and for the adhesive layer, the stiffness parameters knpn,
kes and ky are iteratively adjusted until further iterations do not yield smaller discrepancies
between simulation results and measurements. In this manner, an experimentally validated
model of the stiffened plate with the resonator is created, which can subsequently be utilized
for a numerical optimization of the resonator’s position on the plate.

The objective of the optimization is to determine the optimal distribution for one or
more resonators in order to minimize the vibrations of the plate and consequently cabin
noise for a given excitation. That is why the sum of absolute displacements at all nodes
within the inner skin section, calculated in a steady-state analysis, is selected as the objective
function for optimization. The SLSQP solver, a gradient-based optimization algorithm
from the scipy.optimize library in Python (version 3.12), is employed for this purpose. The
algorithm iteratively modifies the positions of the resonators in both x and y directions
by 1 mm to calculate an approximate value for the derivative of the objective function at
the current resonator positions. Based on this information, new resonator positions are
determined until convergence is achieved. However, since the optimization problem is non-
convex, it may converge to local optima that are far from the global optimum. To address
this issue, eight optimizations with different initial positions of the resonators are initiated in
parallel for each number of resonators. One initial position is always a uniform distribution
across the inner plate segment, while the remaining initial positions are randomly selected
using Latin Hypercubes. An external excitation with a frequency of between 149.5 Hz
and 150.5 Hz is assumed, based on a typical value for the first blade pass frequency of a
propeller propulsion. The excitation load is applied as a uniformly distributed pressure
with an amplitude of 20 Pa, which corresponds to a sound pressure level of 120 dB. To draw
conclusions about a trend in the effectiveness of vibration minimization, the optimization
is conducted for 1, 2, 3 and 4 resonators.
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3. Results
3.1. Experimental Results

The experimental investigation of the stiffened plate yields frequency spectra both
without and with the attached resonator, Figure 3. In these frequency spectra, the velocity
perpendicular to the plate surface related to the excitation force is plotted against the
frequency over a range of 0 Hz to 800 Hz. Both frequency spectra exhibit a peak at a
frequency of 0.5 Hz, which describes the rigid-body motion of the suspended plate. This
motion is dependent solely on the support conditions and should not be considered as an
eigenmode of the stiffened plate; therefore, it does not contribute to further analyses.
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Figure 3. Frequency spectra of stiffened plate from 0 Hz to 800 Hz. (a) Stiffened plate without
resonator. (b) Stiffened plate with resonator.

The remaining peaks indicate the frequencies of the eigenmodes of the stiffened plate.
The shape of these eigenmodes becomes evident through the evaluation of experimental
data. A comparison of the frequency spectra clearly shows that amplitudes with the
resonator are significantly smaller than those without it starting from approximately 130 Hz.
In certain frequency ranges, amplitudes are reduced to about one-tenth by applying the
resonator. The effect is most pronounced in the range between 320 Hz and 350 Hz, where
the frequency spectrum of the bonded plate without a resonator displays three medium-to-
high peaks. The corresponding eigenmodes reveal three half-waves across the inner skin
section. Thus, in the middle of this skin section, where the resonator is located, there exists
an antinode that excites the resonator.

A visual comparison of modes further demonstrates that many mode shapes change
significantly due to the presence of the resonator. Two unique eigenmodes for each fre-
quency spectrum are illustrated in Figure 4a,c. It can be concluded that a single resonator
has a significant impact on the dynamic behavior of the stiffened plate and reduces the
vibration amplitudes in this experimental setup over a wide frequency range.

(b) (d)

Figure 4. Examples of eigenmodes of the stiffened plate found in the experiments and the simulation.
(a) Experiment, without a resonator at 586 Hz. (b) Simulation, without a resonator at 589 Hz.
(c) Experiment, with a resonator at 590 Hz. (d) Simulation, with a resonator at 594 Hz.
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3.2. Simulation Results

Using the model of the stiffened plate described in the Materials and Methods Section,
a modal analysis shows that for nearly all eigenmodes identified in the experiments, a
corresponding eigenmode is simulated. Examples of the correlation between experiment
and simulation are presented in Figure 4. To achieve an accurate representation of reality, the
stiffness parameters of the adhesive connections and the spring of the modeled resonator
are iteratively adjusted according to the principle of model updating [7]. The relative
deviation between experiment and simulation is assessed across the investigated frequency
range from 0 Hz to 800 Hz. The smallest deviations are found for the stiffness values of the
adhesive, knn = 5000 N/mm? and ke = kit = 4250 N/mm?, and for the spring stiffness of
the resonator kres = 750 N/mm. This results in an average frequency deviation of 1.23% for
the stiffened plate without a resonator and 0.62% for the plate with a resonator.

Furthermore, the influence of the resonator on the shape of eigenmodes is also well
represented by the simulation. Numerous examples demonstrate that changes in vibrations
observed in experimental results are consistently calculated by the simulation. Overall,
after model updating, a validated simulation model for the stiffened plate with a resonator
emerges, which can compute the structural response of the plate to external excitation. This
model can subsequently be used to investigate and optimize the effectiveness of vibration
reduction for various arrangements and numbers of resonators.

3.3. Optimization Results

The results of the optimization initially reveal a clear trend that the use of more
resonators leads to lower sums of displacements and, consequently, reduced amplitudes of
vibrations. In Figure 5, the best results from the eight optimizations for each number of
resonators are examined while the numerical values are summarized in Table 1. However,
the curve representing the sum of displacements appears to be approaching a minimum
with four resonators, suggesting that adding further resonators may not yield additional
reductions in the sum of displacements. Conversely, the mass added by the resonators
increases linearly with the number of resonators.
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Figure 5. Optimization results: Sum of displacements in red and additional relative mass in blue over
number of resonators.

The result of the optimization for one resonator shows that the position converges
to a point near the center of the inner skin section to minimize the sum of displacements,
Figure 6a. This behavior is also observed for multiple resonators. Among the best opti-
mization results, several resonators are arranged close to the center of the plate and only a
few millimeters apart from each other. The close positioning of resonators for the optimal
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results is illustrated in Figure 6b for the case of two resonators, where points in the same
color represent the positions of the two resonators from one optimization.
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Figure 6. Optimization results: Positions (dashed lines on X-Y-surface) and sum of displacements.
(a) One resonator. (b) Two resonators.

Table 1. Numerical optimization results.

Number of Resonators  Sum of Displacements [mm] x Positions [mm] y Positions [mm]
0 209.2 — —
1 117.8 —23 -1
2 78.4 32;30 —4; -2
3 66.6 4;,—-1;3 -7, =12, —8
4 63.4 -5, —6; =7, -9 —20; —-16; —17; —17

4. Discussion

The comparison of the frequency spectra from the experimental results reveals par-
ticularly significant effects of the resonator between 320 and 350 Hz. This observation is
highlighted by a logarithmic plotting of the amplitudes, Figure 7. In the frequency range of
approximately 290 Hz to 350 Hz, the largest difference in amplitudes between the stiffened
plate without and with the resonator can be observed, allowing this frequency range to be
interpreted as a stop band. The pronounced minimization of vibration amplitude within
this frequency range aligns well with previous investigations of a former resonator design,
which exhibited a stop band between 200 Hz and 400 Hz [3].
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Figure 7. Frequency spectrum without and with resonator in logarithmic representation.
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As the resonator is located on the rear side of the plate outside the view of the
LDSVs, it is not possible to directly measure its dynamic properties. In future experiments,
positioning the resonator on the front side will allow for investigation into whether the
resonator is excited and if these vibrations correspond with the frequencies within the stop
band. However, the identified stop band between 290 Hz to 350 Hz cannot account for
the reduction in amplitudes at higher frequencies. A possible explanation could be the
additional mass of the resonator in the middle of the inner section, which fundamentally
influences its dynamic properties. In addition, the excitation occurs at a slightly offset point
and close to the resonator, which may also affect the vibrations induced in the plate.

In the optimization, it is assumed that lower displacements lead to reduced sound
levels. However, the actual acoustics of a stiffened plate are more complex. In future work,
the use of an objective function reflecting reality better would be beneficial. Furthermore,
it would be interesting to investigate the influence of different excitation frequencies and
broader frequency ranges on the optimization results.

5. Conclusions

In this study, the influence of an energy harvesting resonator on the dynamic prop-
erties of a stiffened plate is experimentally investigated. The results demonstrate that
the resonator significantly reduces vibration amplitudes in a frequency range from ap-
proximately 130 Hz to 800 Hz. A stop band is identified between 290 Hz and 350 Hz,
where the resonator has the most pronounced effect on amplitude reduction. Based on
the experimental results, an FE model of the stiffened plate with the resonator is adjusted
until a close match is achieved between the eigenmodes determined in experiments and
simulations. This validated model is then used to optimize the positions of one or more
resonators on the plate regarding minimized vibrations. After an optimization with four
resonators, the displacements caused by the vibrations at an external excitation with a
frequency of 150 Hz are reduced by nearly 70 % compared to the plate without resonators.
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