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Abstract. This study introduces a novel methodology for the structural design of aircraft external stores, fo-
cusing on the integration of modal and random vibration analysis through the Power Spectral Density (PSD)
method. The primary goal is to develop a robust design approach that enhances structural reliability and
avoids resonance, a critical challenge in aerospace applications. Unlike conventional methods, this research
presents a convergent strategy combining Finite Element Analysis (FEA), Computational Fluid Dynamics (CFD),
and fluid-structure interaction to accurately predict stress, displacement, and frequency responses under dy-
namic loading. The methodology is specifically applied to external stores mounted at the fuselage station
of a subsonic turboprop aircraft. A key novelty of the work is the validation of structural response through
PSD-based vibration analysis, offering a high-fidelity prediction of dynamic behavior. Results indicate a close
correlation between FEA and vibration outcomes, with maximum stress and deformation well within material
limits and outside the aircraft’s natural frequency range, thus avoiding resonance effects. The conclusions of
this study provide a roadmap for the design of aircraft stores based on modal and random vibration analysis.
The proposed methodology helps to understand aeroelastic behavior, avoid resonance, resist aerodynamic
forces, and prevent structural damage to aircraft external stores.
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1. Introduction

Modern advancements in warfare, navigation, and com-
munications have been made possible by consistent
breakthroughs in aerospace devices, electronics, and inte-
grated circuits (Velastegui et al., 2022). Aircraft fulfill mul-
tipurpose missions using external stores, which are devices
used by airplanes to transport weapons, fuel, or electronic
devices to increase their payload, improve their perfor-
mance, or implement unique systems designed to fulfill
specific missions. Nowadays, modular and reconfigurable
aircraft use this technology, generating much attention for
use in aerospace and military systems. This multipurpose
configuration allows the change of the mission profile by
the interchange of some components, elements, or stores,
increasing the system'’s functionality (Sahoo et al., 2020).
This approach will boost purpose capability and flexibil-
ity across necessary missions, especially for military ap-
plications. Some authors have noted the tendency toward
fewer aircraft types and increased multimission capability
simultaneously (Mena-Arciniega et al., 2024)

It is improbable that specialized platforms could be ac-
quired for every kind of mission because the cost of design-
ing a single-purpose aircraft has risen to an unaffordable
level. Aircraft designs must be adaptable and customizable
to complete various missions to fulfill all future needs (Cri-
ollo et al., 2024). Therefore, advanced aircraft are frequently
built with modular airframes and can easily hold external
stores to interchange advanced sensors and weapons.

External stores are increasingly being used to support
the flexibility and interoperability of aircraft. Compact tech-
nological systems allow the use of external stores for a va-
riety of tasks, such as radar imaging, signal intelligence, or
electro-optical images. By switching out the external store
connected to the aircraft, a plane outfitted with an external
store for one purpose, such as recognition, can be rapidly
modified to serve another mission, like radar imaging.

In the digital twin era, reliable design approaches are
highly prized in the aeronautical industry because they
ensure safe operations, minimize structural weight and
resources, and maintain high-quality products. Therefore,
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alternative engineering models incorporate different vari-
ables than those typically utilized to compare traditional
design methods.

The research questions are related to understanding
the correlation between the structural design of external
PODs based on vibration outcomes and determining how
modal and random vibration analysis converges with other
numerical and experimental approaches. The study uses
a Power Spectral Density (PSD) method to evaluate the
design approach.

Designing an aircraft's external store involves many ap-
proaches, including dynamic and static response and an
aeroelasticity study of the device. The structural integrity
of this component is essential for the aircraft to operate
safely within the parameters of airworthiness and safe
flight, so its design and production must be ensured with
an adequate safety factor (Criollo et al., 2021). Therefore,
the redundancy of design methods presents a solution to
consider for validating the results of various studies.

One of the most significant challenges in aircraft struc-
tural design is the consideration of aeroelastic effects. Kim
Dong-Hyun presented a cutting-edge aeroelastic analysis
for an aircraft with external stores using computational
structural dynamics (CSD). Their study uses Euler equations
to account for complex structure configurations; this com-
putational approach is based on the model-based coupled
nonlinear analysis with the matched-point concept, which
can provide highly accurate and valuable engineering data
on the structural design of advanced flight vehicles (Kim
et al.,, 2003).

Numerous studies have explored the aeroelastic be-
havior of aircraft with external stores, often emphasizing
aerodynamic or structural dynamics using classical or com-
putational methods. For instance, Kim et al. (2003) utilized
computational structural dynamics (CSD) to evaluate flut-
ter in full aircraft configurations with pylons and stores.
Similarly, Melville (2001) conducted a nonlinear simulation
of an F-16 using Navier-Stokes solvers, providing detailed
insights into global aircraft dynamics, but lacking integra-
tion with vibration-based structural design.

Pollock et al. (2012) employed the doublet lattice
method to predict wing/store flutter across various flight
regimes, while Padmanabhan et al. (2016) examined mass
and stiffness variations due to external stores on F-18
wings. Though effective for aerodynamic modeling, these
approaches did not consider random vibration or power
spectral density (PSD) effects, which are significant under
operational turbulence and engine-induced vibrations.

Tamer (2021) applied flexible multibody dynamics to
show how mass location influences natural frequencies,
whereas Kim et al. (2003) focused on reducing structural
weight by refining aeroelastic boundary predictions. These
methods primarily addressed deterministic responses.

In contrast, PSD-based approaches, such as those by
Reytier et al. (2012), modeled fatigue under gust loads us-
ing stochastic PSD inputs. Bonte et al. (2007) developed
PSD-based stress models for fatigue, and Youngworth
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et al. (2005) outlined PSD theory in optics and mechanics.
However, these works rarely addressed full-system integra-
tion or design validation through both modal and random
vibration analysis. Therefore, the present study contributes
a novel and integrated methodology, combining CFD, FEA,
modal, and PSD-based vibration analysis for the structural
design of external stores. This approach directly addresses
the gap between deterministic simulation techniques and
the need for dynamic, stochastic validation in operational
aerospace environments.

The state-of-the-art focuses on the aerodynamic and
aeroelastic effects of external stores on the aircraft's wing
by using several methods, numerical techniques, and com-
putational tools to demonstrate how fluid-structure inter-
action affects structural design. All this analysis has been
performed using theoretical approaches such as Euler
equations, Navier Stokes solvers, Lattice methods, or Ham-
ilton’s variational principle. Although several estimations
have been studied in detail, this study focuses its atten-
tion to modal and random vibration analysis using (PSD)
approximation to estimate a structural design method for
an aircraft's external stores. The present research aims to
innovate in structural design and aeroelasticity by trying
to identify a convergence method for designing this kind
of aeronautical component.

The purpose of this paper is to evaluate the conver-
gence of the methodology for designing aircraft external
stores based on modal and random vibration analysis us-
ing data from computational simulation models built using
Computational Fluid Dynamics (CFD) and Finite Element
Analysis (FEA) without altering the aircraft configuration or
requiring significant certification, a novelty result that can
optimize the design process.

The design approach bases its decision on the stress
and strain generated by the boundary conditions, ensuring
that the loads transferred to the structure are adequate
for the material capacities. The design must sustain the
structure robustly enough to tolerate these stresses, con-
sidering an optimal safety factor and the material’s elastic
range. The methodology aims to produce displacements
and stresses close enough to validate good convergence.

The present research investigates a method for the
structural design of an aircraft's external store based on
modal and random vibration analysis for a subsonic turbo-
prop aircraft in a configuration that permits the transpor-
tation of electronic equipment from the ventral station of
the aircraft's fuselage. Results are compared and analyzed
respectively to determine the level of convergence and
validation. These are evaluated under safe flight operating
conditions, mechanical response, and aeroelasticity effects.
The level of convergence, applications, and validation of
results are also discussed.

2. Methodology

The methodology begins by defining the geometry of
the external store structure using computer-aided design
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Figure 1. Technology roadmap

(CAD) methods. Next, critical flight load conditions are ap-
plied to the structure using CFD. Once the pressures, mo-
ments, and forces to which the structure are determined,
FEA is used to identify the stresses and deformations that
the structure will suffer in critical conditions under an ad-
equate safety factor. This FEA model is compared with the
computational design from the perspective of vibration
analysis under the criteria defined in the military standard
Environmental Engineering Considerations and Labora-
tory Tests - Vibrations MIL-STD-810E, which allows for the
determination of the external store’s natural frequencies
and the study of random vibrations under the statistical
approximation of the PSD function (U.S. Army Test and
Evaluation Command, 2020).

Figure 1 comprehensively outlines the methodology
for the structural design of aircraft external stores, inte-
grating both numerical simulation and vibration analysis.
The process begins with the initial design of aircraft exter-
nal stores, which then branches into two main analytical
approaches. On one hand, numerical simulation involves
Computational Fluid Dynamics (CFD) to determine aero-
dynamic pressures, forces, and moments acting on the
device. These outputs are subsequently fed into Finite
Element Analysis (FEA) to calculate stresses and displace-
ments. Simultaneously, the vibration analysis branch delves
into Modal Vibration to identify the natural frequencies
and modes, which are crucial for assessing and ensuring
the design can avoid resonance. If resonance cannot be
sufficiently mitigated, a redesign is initiated; otherwise,
the analysis proceeds to Random Vibration to determine
stresses and displacements under realistic dynamic condi-
tions. Both the FEA and random vibration analysis results
converge at a decision point. If the design’s structural
performance (in terms of stresses and displacements) is

deemed unacceptable, or if resonance remains a concern,
the process loops back to a redesign. This iterative cy-
cle of design, analysis, and refinement continues until all
structural integrity and vibration criteria are met, leading
to the end of the design process, signifying a validated
and robust structural design for the aircraft external stores.

The path to follow in the first instance is the defini-
tion of the geometry of the external store structure, and
simulate a design method to define the critical flight load
conditions to be applied to the structure, using the CFD
method, taking into account the provisions of directive
Acceptable Methods, Techniques, and Practices — Aircraft
Alterations AC 43.13.2B (Federal Aviation Administration,
2008), and the characteristics established in the flight
manual of the aircraft under study (Embraer, 2012c).

Once the pressures, moments, and forces to which
the structure will be subjected have been determined, it
is proceeded to the finite element analysis. This permits
the identification of stresses and deformations the struc-
ture will suffer in critical conditions under an adequate
load factor.

For the comparison between the methods for the
design of aircraft external stores with the finite element
analysis, the analysis of modal and random vibrations is
used, whose evaluation foundations are chosen following
the provisions of the MIL-STD-810F standard. This regula-
tion introduces the existing theories on vibration analysis;
the terminology, methodology, requirements, failure cri-
teria, and descriptions are taken into this standard, whose
procedures are based on international regulations to de-
termine the vibration exposure of a life cycle and allow the
determination of the main natural frequencies of the ex-
ternal store structure with the study of random vibrations
under the statistical approximation of the PSD function.



2.1. Structural model and layout

From a structural perspective, the design of an external
store must consider the following factors: geometry, loca-
tion, accessibility, airframe modifications, aircraft perfor-
mance, and specific requirements of the electronic equip-
ment. Figure 2 shows the detailed configuration of the
external storage structure designed for fuselage mounting
on a subsonic turboprop aircraft. The structure follows a
semi-monocoque design philosophy, which combines
load-bearing skin with internal reinforcements to balance
weight and strength.

The main body of the structure is constructed from
AISI 304 stainless steel, providing high strength, corrosion
resistance, and structural rigidity. It contains the primary
load-bearing elements, including spars, ribs, and stringers,
arranged longitudinally and transversely to resist bending
and torsional loads during flight. The stainless-steel core
also serves as the mounting base for the lug suspension
system, which connects the store securely to the fuselage
pylon using standard aerospace hardpoints.

The head and tail sections are fabricated from car-
bon fiber woven fabric prepreg, chosen for its lightweight
properties and excellent stiffness-to-weight ratio. These
sections are also reinforced internally with composite ribs
and stringers, ensuring structural continuity and aerody-
namic integrity. The lifting surface, also composed of car-
bon fiber, contributes minor aerodynamic lift while aiding
in dynamic stability.

The lug suspension system is positioned above the
central core and serves as the primary load transfer inter-
face between the external store and the aircraft. It is de-
signed to comply with MIL-STD and FAA installation stand-
ards, supporting quick integration or removal without
affecting aircraft certification status. The entire structure

Tail (Carbon fiber)

= Ribs
= Stringers

Main body
(Stainless steel)

= Spar
= Ribs
= Stringers
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encloses a cavity suitable for electronic payloads, sensors,
or mission-specific hardware, shielded from environmental
and vibrational loads.

During this study, the fuel external tank P/N 314-19169-401
of the Embraer 314 aircraft is used as the basis for the ex-
ternal geometry selection (Embraer, 2012a). The prototype
has the same profile and aerodynamic characteristics as
the aircraft fuel tank, which leads to the assumption that
there will be no changes in the weight and balance of the
aircraft and no modifications to performance.

Military aircraft have hard points beneath their fuse-
lage and wings, initially designed for carrying weapons
and fuel tanks. These hard points can also be used to carry
external stores. However, wing-mounted pylons can affect
the aircraft's performance and are less suitable for wir-
ing runs needed for electronic devices (Alksninis & Fisher,
2009). The ideal way to structurally attach an external store
to a fuselage is to use a pylon or hardpoint with a built-
in standard adapter unit to install and remove the pod
and airframe interoperability easily. On the condition that
ground clearance is accessible, fuselage hardpoints give
the airframe more interface freedom (Haro et al., 2023).
Fuselage hardpoints are generally more straightforward to
connect and support than wing pylons. External sheets at
fuselage stations inside or close to the hardpoint provide
access for electrical routing from the primary system to the
electronic devices. Therefore, this research aims to define a
methodology for designing an external store mounted on
a fuselage pylon station with direct wiring facilities from
the aircraft's electrical system.

The prototype pod is fastened to the aircraft using
the Lug Suspension component (Department of Defense,
2008), which is used to secure the aircraft’s external store
at the different fuselage stations. Pylon airframe modifi-

Lug Suspension

= Ribs
= Stringers

Head (Carbon Fiber)

Lifting Surface
(Carbon fiber)

Figure 2. External storage structure and setup
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cations can be installed temporarily and removed when
necessary, allowing the airframe to maintain its stand-
ard certification and operational status when the pod
and pylon are removed (Federal Aviation Administration,
2007).

Materials for aircraft structures must provide suffi-
cient strength and robustness to sustain in-service loads,
as well as corrosion and high temperatures from the en-
vironment and internal devices. The prototype structure
weighs 61.32 kilograms, based on the application of ma-
terials, geometries, and densities used in its construction.
A 3 mm thick stainless steel 304 sheet is used for the
main beam, which exhibits isotropic behavior, with a den-
sity of 7750 kg/m3 and a tensile ultimate yield strength of
207 MPa. The lug suspension components are attached
to the main beam, forming a structural box to house the
electronic equipment.

Alternatively, high-strength carbon fiber woven fabric
prepreg is used for the ribs and stringers of the head and
tail of the structure, as well as for the entire coating. The
composite material has a 1575 kg/m? density and a tensile
yield strength of 430 MPa. The configuration is a quasi-
isotropic lamination of 0/90/45/-45/-45/45/90/0, with
a thickness of 2.5 mm to respond identically regardless
of the direction of loading. The prototype has a span of
2352 mm and a diameter of 390 mm.

2.2. Aerodynamic configuration

Boundary conditions consider different aerodynamic ef-
fects caused by the POD implementation to estimate the
maximum aerodynamic load on the prototype structure in
the straight and level flight stages at the maximum struc-
tural speed (V,,) and in the takeoff and landing stages
following the Aircraft Flight Manual. For each flight phase
(takeoff, landing, cruise), it is essential to note that the
boundary conditions vary, affecting the values of veloc-
ity, angle of attack, altitude, temperature, density, pres-
sure, and viscosity. These values are approximated based
on International Standard Atmosphere (ISA) calculations
(Cavcar, 2000). The CFD simulation is performed under a
subsonic turbulent regime. Critical flight conditions were
estimated to determine the most critical pressures, forces,
and moments the structure must support. Table 1 shows
the boundary conditions applied.

Table 1. Aerodynamic boundary conditions

2.3. Static model and load analysis

For the structural analysis, the loads applied to the struc-
tural core of the external store, whose effect of transmis-
sion of forces and moments will be transferred from its
coating to the pylon of the fuselage station, have been
considered. The effects generated by the forces, pressures,
and moments applied to the structure are simulated by fi-
nite element analysis to determine where the most critical
stresses and displacements occur. Aircraft structures are
exposed to various loads in flight, and the goal is to predict
the stresses and displacements that the design may expe-
rience and to construct the structure robustly enough to
tolerate them. Once the aerodynamic loads are estimated,
the total pressures, forces, and moments the external store
structure should withstand must be determined to calcu-
late the maximum structural load requirement, under the
most critical aircraft operating conditions (Federal Aviation
Administration, 2016). According to the structural data of
the Advisor Circular “"Acceptable methods, techniques, and
practices for aircraft alterations — AC 43.13-2B" (Federal
Aviation Administration, 2008), the limit load factors must
be assessed, which are the maximum load factors that may
be expected during service (maneuvers, gusts, or ground
load factors) with an adequate safety factor.

Aircraft load analysis was performed using the proce-
dure established in AC 43.13-2B 2008). This technique out-
lines the steps for adequate structural calculation, begin-
ning with determining loads, material, and geometry, then
calculating stresses, and ending with comparing the mate-
rial properties to the estimated safety factor. The highest
load values from the CFD simulation were considered for
simulation and structural analysis to ensure the integrity of
the prototype structure and its interaction with the aircraft.

The loads used for the structural simulation were de-
termined by multiplying the mass values by their load
factor according to their direction (sideward, upward, for-
ward, downward, rearward) to comply with the limit load
factors for acceptable equipment installations. The fixed
supports are established in the Lug suspension compo-
nents where the POD joins to the fuselage pylon station.
Distributed pressure and aerodynamic forces are imported
from CFD simulation. Table 2 shows the structural simula-
tion and analysis's maximum aerodynamic forces and mo-
ments. A conservative design approach was used to ensure

. . Cinematic Dynamic

Phase of flight Speed [m/s] Q?SCIE ([):; Temp[)fcr]ature [?(Zr}:]ts)]/ Statlc[E;Tssure Viscosity Vi);cosity
[m?/s] (kg/m-s]

Takeoff 82.31 7.5 15 1.225 101325 1.470e-5 1.802e-5
Landing 56.59 -3 15 1.225 101325 1.470e-5 1.802e-5
Cruise at 1500 [m] 144 5.1 1.056 84307 1.373e-5 1.741e-5
Cruise at 3000 [m] 144 -4.8 0.904 69682 1.291e-5 1.692e-5
Cruise at 4500 [m] 144 -14.7 0.771 57182 1.203e-5 1.642e-5




Table 2. Limit load factors

| Direction | Load Factor Applied Force
Sideward 1549 902.32 [N]
Upward 4549 2706.97 [N]
Forward 90g¢g 6002.61 [N]
Downward 9.0g 5413.94 [N]
Moment (2) | = ------ 153.48 [Nm]

Figure 3. Mesh sizing and control for FEA

the integrity of the prototype structure and its interaction
with the aircraft.

The mesh used for the structural simulation is shown in
Figure 3 where the finite element model consists of tetra-
hedral solid elements, suitable for capturing high-gradient
stress regions in complex geometries. Mesh quality was
ensured using face, body, and volume mesh controls, with
an element size of 1 mm. The mesh comprised approxi-
mately 1.4 million elements and 245,000 nodes, maintain-
ing an orthogonal quality greater than 90% and an aspect
ratio close to 1. This guarantees high fidelity in both the
structural and dynamic response calculations. The simula-
tions were carried out using ANSYS Workbench 2022 R2,
which integrates preprocessing, solver execution, and
postprocessing in a unified platform. This software was
chosen for its advanced meshing capabilities, built-in ran-
dom vibration analysis tools, and support for large-scale
structural models.

2.4. Modal vibration configuration

Modal and random vibration analysis determines the dy-
namic behavior of an external store structure under exci-
tation from fluid-structure interaction and the structure’s
natural frequencies. The evaluation inputs are chosen fol-
lowing the provisions of the MIL-STD-810F standard. This
regulation provides a practical introduction to existing
theories on vibration analysis. The terminology, method-
ology, requirements, failure criteria, and descriptions are
used according to this standard. The procedures in this
standard are based on international regulations to deter-
mine the vibration exposure of a turboprop aircraft's life
cycle.

L. Criollo et al. Modal and random vibration analysis for structural design of aircraft external stores

Natural frequencies are the intrinsic response of any
structure to external excitation when allowed to vibrate
freely without damping. These frequencies depend on the
location at which the structure of interest is excited. Know-
ing the natural frequencies of a body is crucial in structural
design, as this information can be used to avoid drastic
failures caused by resonance.

External Storage’s natural frequencies and the spectra
at which the Embraer EMB 314 aircraft vibrates in its ven-
tral fuselage station must avoid resonance effects. That
is why it is necessary to ensure that the external store
natural frequencies are not coincident with the excitation
frequencies of the aircraft that oscillate between 162 Hz
and 180 Hz. It can be achieved by designing the external
storage structure to have natural frequencies outside the
range of the aircraft’s excitation frequencies. The external
storage structure was configured with two fixed supports
(Figure 2), representing the boundary conditions applied in
the assembly simulation without damping. The governing
equation of motion for modal analysis is shown in Equa-
tion (1):

M [eTaf +[KT{up =1 (2). 0

where | M | is the mass matrix of the system, [CJ is the
damping matrix of the system, [K] is the stiffness ma-
trix of the system, and {u} is the position vector with its
respective derivatives that give velocity and acceleration
(Zhang et al.,, 2022). As previously stated, the modal analy-
sis is performed in a free and undamped system, meaning
the damping matrix, [CJ is zero. Simplifying the governing
equation of motion to the homogeneous equation shown
in Equation (2):

[} (K ]f} = ) @

Equation (2) is of little interest in the time domain, rep-
resenting a static or constant speed structure with zero
acceleration. For this reason, it is analyzed in the frequency
domain, where it is assumed that each point of the struc-
ture is experiencing harmonic motion. This transforms the
variables from displacement and acceleration to ampli-
tude, angular frequency, and phase angle. The position
or displacement vector is then described by Equation (3):

{u} ={¢}isin(m[t+6[). (3)

Differentiating Equation (3) twice in terms of time, the
acceleration of each point is obtained in Equation (4):

{ui} :—oaiz{cb}i sin(at +6,), “)

where {¢}i is the amplitude, o; is the angular frequency,

and 0 is the phase angle. Substituting Equation (3) and
Equation (4) in Equation (2), result in the eigenvalue prob-
lem described in Equation (5).

([k]-w2[M]){e}, = o} (5)

The mode shape associated with each natural fre-
quency is represented by the eigenvector {4)}[ . The mode
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shape describes the deformation pattern of the structure
at a particular natural frequency. The eigenvalue problem
is solved using finite elements to compute natural fre-
quencies and their modes.

Knowing the natural frequencies of a body is crucial
in structural design, as this information can be used to
avoid drastic failures caused by resonance (Khadse & Zaw-
eri, 2015). In this case, it is desired to prevent resonance
between the natural frequencies and associated mode
shapes of the external storage structure and the frequen-
cies at which the Embraer EMB 314 aircraft vibrates in its
ventral fuselage station.

2.5. Random vibration setup

Once modal analysis is complete, the data and boundary
conditions are used to perform a random vibration analy-
sis using the PSD method. Random frequency response
is a type of dynamic analysis that can only be described
statistically (Bonte et al., 2007). The intensity of the ran-
dom oscillation is described in the frequency domain by
the PSD function, a mathematical concept describing how
a signal’s vibration is distributed in frequency (Youngworth
et al., 2005). The PSD method is used because the load
does not behave harmonically. The load data is dispersed,
and the PSD method allows us to relate the mean squares
of the signal RMS to its frequencies. The PSD function is
described by the constraints shown in Table 3.

Table 3. Vibration exposure for turboprop aircraft

Mounting location

g
Vibration level L, ™

Empennage and pylon 0.6
Relevant points
fy = 179.55 Hz
fi= 2xfo
f,= 3xfy
3= 4xfy

On propeller airplanes, vibration conditions are domi-
nated by harmonics and relatively strong amplitude
spikes at the propeller frequency. Variations in engine
speed produce a bandwidth of frequency variation in the
spikes. Wide-band vibration occurs at lower levels across
the spectra. This wide-band vibration is primarily caused
by the boundary layer flowing over the aircraft. Propeller-
induced vibration is the primary noise source for com-
ponents mounted in propeller aircraft. The vibration fre-
quency spectra exhibit narrowband spikes superimposed
on a broadband background. Propeller-induced vibration
is the primary vibration source for components placed in
propeller-powered aircraft. The spectrum of frequencies
consists of narrowband spikes stacked on top of a broad-
band background.

Because turboprops have rotating components (en-
gines, gearboxes, shafts), the background spectrum com-

bines multiple lower-level periodic components and ran-
dom sources. The spikes are caused by pressure fields
passing in tandem with the propeller blades. These occur
in tiny bands centered on harmonics and the propeller
passage frequency (the number of blades times the pro-
peller rpm). Most modern propeller aircraft, such as the
Embraer 314 of this study, are constant-speed models; this
means that the rpm is kept constant, and the power is
changed by altering the fuel flow and using blades, vanes,
and propellers with variable pitch.

The aircraft maintenance manual (AMM) of the aircraft
(Embraer, 2012b) specifies that the standard mode of op-
eration of the plane is at a propeller rotational speed (Np)
of 1995 rpm. Additionally, the Embraer EMB 314 aircraft
operates at a frequency of 35.91 Hz at 2154.6 rpm with a
five-bladed propeller. The propeller pitch frequency (fo)
is calculated by multiplying the number of blades by the
propeller rpm.

To compute the PSD function, it is necessary to cal-
culate several mathematical equations; the procedure will
be explained and summarized here according to the pro-
cedure established by Preumont (2013). Let's consider a
signal (x) in the time domain (t), first it is necessary to de-
termine the frequency spectra by using the Fourier series,
which represent the signal as a sum of cosine and sine
waves, as shown in Equation (6):

=y+i[c cos(2nft)+S, sm(ant)J (6)

i=1

The term X represents the mean value of the ampli-
tude, f; refers to the frequency associated and the coef-
ficients C; and S; are computed according the Equation (7)
and Equation (8) respectively:

Z[C cos 21cft (7

S; :%Z:;;[Si sin(Zchl-t,,)%,,]. 8)

The values of the PSD are the mean square amplitudes
of the FFT at each frequency divided by the frequency
spacing, Af =1/t. The PSD function is then calculated
with Equation (9).

o.s(q2 +53)

A -1. 9

PSD, (f.) = pi=1,

N
2

The Fourier coefficients C; and §; are calculated using
the FFT. The mean square amplitude is given by the for-
mula O.S(Ci2+5i2). By dividing the mean square ampli-
tude by Af, the PSD is normalized to a 1 Hz bandwidth.
Given that the frequency resolution Af =1/T =1/(NAt).
Then, mean, standard deviation and mean square values
are considered to process with statistical results and ap-
proaches under a Normal Gaussian Distribution (Guzik &
Wieckowska, 2023).



3. Results

3.1. Aerodynamic results

The fluid-structure interaction (FSI) generates pressure
differences over the surface of the external store due to
aerodynamic effects. This influences the structural behav-
ior of the POD at every phase of flight. In the event of an
emergency or an evasive maneuver, the external store is
designed to be securely detached from the aircraft. In this
case, a delay must be configured in the lug suspensions,
and the pod must generate opposing forces.

Table 4. Critical aerodynamic loads

Phase of flight Pressure [Pa] | Force [N] Z—?,llgn;v]ent
Takeoff 59696.54 268,21 74.63
Landing 54433.98 126,33 18.05
Cruise at 1500 [m] 70502.50 588.00 153.24
Cruise at 3000 [m] 67648.26 552,65 126.11
Cruise at 4500 [m] 66635.31 332,84 104.26

Critical flight conditions are estimated in takeoff, land-
ing, and straight and level flight conditions at 1500-,
3000-, and 4500-meters flight height, within the struc-
tural limits of the EMB 314 aircraft, to determine the most
critical pressures and forces and moments that the struc-
ture must support. The CFD simulation within a subsonic
turbulent regime under the effects of atmospheric pres-
sure, density, and temperature leads to the results shown
in Table 4.

Table 4 presents the maximum values of force, pres-
sure, and moments that the external store structure will
withstand in the different flight phases. The pressure dif-
ference variables allow us to analyze the phenomenon of
mass and moment transfer following the Bernoulli princi-
ple, which establishes that changes in velocity are propor-
tional to dynamic pressure and altitude.

The aerodynamic analysis revealed that the most
critical aerodynamic pressure occurred during the cruise
phase at 1500 m, with a value of 70,502.5 Pa and a cor-
responding moment of 153.24 Nm. This confirms that, at
cruise altitude, the external store experiences the highest
dynamic pressure due to airspeed and lower air density.
These results are critical for identifying the structural zones
subject to maximum aerodynamic stress. Importantly, this
allows for targeted structural reinforcement, particularly in
the nose region, where pressure concentration is most sig-
nificant. The alignment of these peak values with expected
aerodynamic loading scenarios confirms the CFD model’s
validity for use in subsequent structural simulations.

3.2. Static structural results and analysis

For the structural analysis, the loads applied to the struc-
tural core of the external store were considered, as these
will be transferred from its coating to the pylon of the
fuselage station. The effects generated by the forces, pres-
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Figure 4. Equivalent stress distribution

sures, and moments applied to the structure were simu-
lated using finite elements to determine where the most
critical stresses and displacements occur.

The FEA simulation’s equivalent stress result is dis-
played in Figure 4; the graphic illustrates that the highest
equivalent stresses are concentrated in the nose of the air-
craft's external store, where an equivalent maximum stress
value of 220 MPa is estimated at the first rib of the head
of the pod. This aligns with the expected loading configu-
ration, where downward aerodynamic forces generate the
largest bending moment at the front end of the pod.

The stresses are relatively low in the structure’s core
and near the suspension lugs. The material capacity and
the fixed points located at this place gave the structure an
excellent embedment to the fuselage station. The overall
stress distribution is in blue, which means it is inside the
elastic region of the material’s capacity.

The stress distribution remains within the elastic range
of both stainless steel and carbon fiber materials used, en-
suring that the structure does not undergo plastic defor-
mation under critical flight conditions. Moreover, as seen
in Figure 5, the maximum total deformation of 1.26 mm
confirms structural rigidity and suggests that the design
maintains alignment tolerances for payloads. This is be-
cause the structure as a whole act like a beam suspended
on two fixed points, and a load is applied downward. The
physical phenomena occur as expected as the lift is nega-
tive, and the nose of the Pod tends to go downwards.
These static outcomes validate the mechanical design by
demonstrating that the structure can safely withstand the
worst-case aerodynamic loading scenario using a conserv-
ative safety factor.

3.3. Modal vibration results and analysis

Modal analysis was performed with a maximum of 199
modes, which have their respective natural frequencies at
which the structure vibrates. Table 5 shows the highest val-
ues of mode and frequency that contribute to the excita-
tion of the structure and their associated data. Each mode
and frequency have participation factors, measuring the
mass moving in the X, Y, and Z directions. A higher value
in a participation factor indicates a higher probability of
excitation of forces in that direction.
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Figure 5. Total deformation

Analyzing the ratio of effective mass to total mass, it
can be estimated that the modes that contribute the most
to the structural response in a particular direction are the
first three modes. The effective mass estimates the mass
associated with each mode and provides insight into the
design’s response to different dynamic loading scenarios.
In this study, more than 80% of the mass participation is
being modified due to vibrational effects. This is important
because the modal simulation’s frequencies, modes, and
shapes are the input to the random vibration analysis.

Mode 2 considerably affects the structure in the X and
Y axes; it happens at a frequency of 71.20 Hz, participat-
ing with a significant amount of the structure’s mass. On
the Z axis, mode one approximately represents half of the
structure’s mass moving at 65.46 Hz. Modes 3, 8, and 9
also considerably affect the structure’s natural vibration.

Comparing the modal analysis results in Table 5 to the
range of aircraft operating frequencies, it can be deter-
mined that no resonance occurs between the aircraft's
operating frequency range and the structure’s natural fre-
guencies.

Table 5. Natural frequency in X, Y, and Z planes

X 2 71.20 1.117 1.249 0.041
8 216.42 1.380 1.906 0.063
Y 2 71.20 2.001 4.004 0.133
9 23242 2477 6.139 0.205
Z 1 65.46 3.824 14.630 0.488
3 100.22 -1.031 1.063 0.035

Modal analysis identified critical natural frequencies
at 65.46 Hz (Z-axis), 71.20 Hz (X and Y-axes), and above
200 Hz for higher modes. These are significantly sepa-
rated from the aircraft's operating frequency range (162-
180 Hz), confirming that the external store's modal re-
sponse avoids harmful resonance under flight conditions.
The effective mass participation for the first three modes
accounts for over 80% of the dynamic response, meaning
that the model effectively captures the structure’s princi-
pal vibration modes. This is critical for ensuring vibration
resilience, as undetected modes can lead to unforeseen

failures. Thus, the modal configuration is not only compli-
ant with MIL-STD vibration criteria but also strategically
designed to isolate structural frequencies from known ex-
citation bands.

3.4. Random vibration results and analysis

Using the findings of the modal analysis and the PSD ac-
celeration values for random vibrations shown in Table 3
as inputs, the following results have been obtained for
displacements and stresses applied to the structure due
to random vibration loading.

To estimate the maximum displacements of the struc-
ture in the X, Y, and Z directions, a probability of 99.73%
was considered to determine that the structure deforma-
tions are less than the values presented in Table 6.

Table 6. Maximum displacements due to random vibration

Axis Maximum deformation [mm]
X-axis 1.22
Y-axis 0.89
Z axis 0.34

Similarly, equivalent stress is calculated due to the
random vibration applied to the external store structure.
With a 99.73% probability, the equivalent stress value is
less than the values mapped in the structure. The maxi-
mum equivalent stress found is 197.32 MPa, as illustrated
in Figure 6.

Comparing the maximum stress value found in the
structural simulation due to random vibration analysis with
the tensile yield strength of the prepreg carbon fiber, a
safety factor of more than two is estimated.

Another relevant parameter from the random vibration
analysis is the PSD response. Figure 7 displays the PSD re-
sponse of the structure for displacements against frequen-
cy. The peaks in this figure represent the points where the
largest displacements occur at the specified frequency. As
it is seen, the highest resonance peak concerning random
vibration excitation occurs between 60 Hz and 110 Hz. Ad-
ditionally, the range between 150 Hz and 200 Hz presents
values of harmonic response. A good indicator to tolerate
aeroelastic damage during the external store operation.
Therefore, it is demonstrated that in the cases of reso-

Figure 6. Equivalent stresses of random vibration analysis



Figure 7. PSD Response displacement due to random vibration

nance between the POD structure and the aircraft with
its random vibration, the displacements generated in the
structure will be much less than what the structure resists
in any of its materials.

Maximum total stresses and deformation comparison
is shown in Table 7. Random vibration analysis results in-
dicate that the maximum stress applied to the structure is
197 MPa. In contrast, the finite element analysis simula-
tion gives an approximate value of 220 MPa. It is inter-
preted that those results are inside the elastic region of
the materials used, which means that during both pro-
cedures, the intrinsic requirement of the structure design
is to withstand the loads the external storage will suffer
during a critical operation. Both computations must con-
sider a safety factor of at least 1.5 to get a certification for
modification. The significance of stress convergence lies in
the field of aerospace structural design because it allows
the corroboration of the static and dynamic response of
an aircraft alteration by two different approaches whose
results lead to conservative and approximate results.

Table 7. Maximum total deformation and stresses
comparison

Finite Element

Mechanical Properties Vibration Analysis

Analysis
Maximum stresses 220 MPa 197.32 MPa
Maximum total 1.26 mm 1.217 mm

deformation

Correspondingly, the maximum total deformation of
1.21 mm is estimated with the PSD method, and 1.26 mm
is obtained with FEA computations. The structure’s defor-
mation is essential because it predicts the likelihood of
failure under specific loads. One of the main goals of the
present research is to identify the level of convergence be-
tween FEA and vibration outcomes; as a conservative fail-
safe design, the most critical situation is analyzed in detail
and determined pretty similar results for the maximum to-
tal deformation obtained with both different methodolo-
gies, all of them inside the flexural capabilities of materials
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Table 8. Vibration analysis results and test flight comparison

Mechanical Properties Vibration Analysis

Maximum total deformation 1.21 mm
Natural frequency peaks 60-110 Hz
Aircraft's natural frequency 162-180 Hz

and components. As in the previous case, the convergence
of maximum deformation is significant for designing aero-
space structures, leading to findings that allow the design
and production of robust and reliable components, saving
sources, and obtaining aeronautical products that meet
the design requirements for certification.

Table 8 displays the vibration analysis for compari-
son. The results of this study show that the external store
structure is most susceptible to vibration at frequencies
between 60 Hz and 110 Hz. The external store is designed
at different frequencies from the aircraft's operating range
to avoid resonance effects, which oscillate between 162 Hz
and 180 Hz. This result confirms that the structure will op-
erate at different excitation levels, significantly contribut-
ing to the dynamic behavior of any component installed in
the aircraft or alterations required to change the mission
profile outside the resonance spectrum.

3.5. Discussion

The results of this study highlight the importance of inte-
grating modal and random vibration analysis into structur-
al design for aircraft external stores. The close agreement
between maximum stresses and displacements obtained
from FEA and PSD-based vibration analysis — with a de-
viation of less than 10% — validates the accuracy and reli-
ability of the proposed methodology.

The critical observation is that no resonance occurs
between the external store’s natural frequencies and the
aircraft's operational frequency range (162-180 Hz). This
confirms the success of the design in avoiding destructive
harmonic excitation, one of the most important structur-
al risks in dynamic flight environments. Additionally, the
structural integrity under combined aerodynamic and vi-
brational loading indicates that the materials and configu-
ration are well within safe operational limits. The results
support the use of hybrid structures combining stainless
steel and carbon fiber for optimal weight-to-strength per-
formance.

These findings are particularly relevant for military and
multipurpose aircraft, where mission adaptability demands
reliable and certifiable pod designs. The convergence of
static and dynamic simulation results also reduces de-
pendency on extensive physical testing, streamlining
development timelines and reducing cost. However, it is
noted that the study assumes ideal boundary conditions
and does not yet account for temperature variations, fa-
tigue accumulation, or aeroacoustic factors, which may be
addressed in future research.
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4. Conclusions

A validation was done to determine the vibration response
of the aircraft's external store during a critical operational
phase; the aircraft mission was considered the most criti-
cal situation determined during the studies of the present
study, defined by its constraints and boundary conditions
given due to the performance and atmospheric conditions.
During this situation, the total maximum displacements
found were determined. As a result, a displacement of
0.9 mm was reported as the most considerable amplitude
detected. This data got a good approximation with the
results found with the FEA and PSD methods; it is less than
the value considered in the numerical simulation because
they consider load factors that increase the structure’s re-
sponse. However, the displacement detected experimen-
tally presents several confirmations and validations of the
proposed method and its relationship with the different
design approaches.

Frequency peaks represent the most critical resonance
frequencies the structure will support during a dynamic
excitation. The vibration analysis shows peaks fluctuating
between 60 Hz and 110 Hz and harmonic patterns pre-
sented after this excitation. On the other hand, the flight
test result shows critical excitation peaks between 75 Hz
and 110 Hz. This good convergence helps us understand
the structure’s aeroelastic behavior to detect signal behav-
ior, resonance peaks, and harmonics. These are valuable
insights to prevent fatigue damage and avoid structural
failures.

Another implication of this design method is the iden-
tification of modes, frequencies, and structures most sus-
ceptible to failure due to vibration. This helps to identify
areas where the stresses and displacements caused by
vibration can be reduced by modifying the materials or
geometries, an important alternative for detecting dam-
age at early stages. The suggested design for the external
storage can sustain the expected flight load requirements,
according to the findings of the vibration study, and has
been modified as desired in the design phase.

Compared to conventional numerical approaches,
analyzing power spectral density (PSD) data allowed an
accurate representation of the flying loads and vibration
excitation. As a result, structural response was predicted
with high accuracy. The PSD data-based analysis approach
is verified against experimental findings from a designed
external store. Good agreement is seen in the results, indi-
cating the precision and reliability of the selected method.
The convergences with the finite element analysis validate
the results and confirm a correct design. The materials
chosen for the external store must have a high strength-
to-weight ratio to provide aeroelastic resistance under the
applied loads.

Several previous studies demonstrate how fluid-struc-
ture interaction influences structural design by utilizing a
variety of methodologies, such as Lattice methods, Hamil-
ton’s variational principle, and Euler equations. This study
places its attention on modal and random vibration analy-
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sis utilizing the PSD approximation to estimate a struc-
tural design technique for an aircraft’'s external storage;
the results present a convergent approach for designing
this type of aeronautical component, relating a methodol-
ogy to get stresses and displacements inside the material’s
capability and avoiding resonance effects in the structure.

The suggested design process for external stores may
be extended using PSD data to other aircraft structures
with similar load conditions. It can be possible to develop
the methodology for other aircraft components, such as
fuel external tanks and certain kinds of weapons installed
in the fuselage pylon station. The proposed process can
also optimize aerospace structures, find lighter and more
efficient structures with better dynamic performances and
capabilities, and design them to meet certification require-
ments inside a safe and robust design philosophy.

One limitation of this study is that it was conducted for
a turbo propeller aircraft with an external store located at
the fuselage station. The aeroelasticity effects of the wings
could alter the behavior of the structure. Future research
could investigate the proposed methodology at different
wing stations and the effects of aerodynamic forces on the
external store performance. In the same way, future works
could analyze the presented relationship for other flight
regimes, such as supersonic and transonic flight phases. In
addition, the methodology focused primarily on mechani-
cal properties behavior; future studies should consider
other design objectives such as cost, manufacturability,
and environmental impact.

Accurate and dependable findings were obtained from
the PSD method, indicating that it is suitable for practical
use. This approach is easily adaptable to different phases
of the design and development process, offering under-
standing inputs for improved design. As the PSD function
and vibration analysis is a study to understand the behav-
ior of the structure under dynamic loads, its results could
be used for advanced fatigue analysis, where the inputs
of vibration response are considered and estimated in ad-
vance according to the location, function, and operational
conditions desired. Further analysis could assess fatigue
life considering complex PSD models and other mechani-
cal properties such as ultimate strength, impact resistance,
or aeroacoustics optimization.

It is noted that the PSD function provides several
good approximations and estimations of the desired re-
sults. However, PSD functions and data are generalized
for a specific aircraft type, location, and structure. Further
research is needed to complete this gap by developing
more accurate and specified PSD models for different
flight conditions, aircraft, and mission profiles for differ-
ent component alterations or modifications. The possible
outcomes will serve as a good reference pattern, simplify-
ing the aeronautical component design.

In summary, the results of this research show that the
PSD approach is a practical approximation tool for evalu-
ating the vibrational effects on aircraft external stores
during both design and operational phases. The PSD
method’s results converge from experimental simulations



and finite element analysis. This redundant methodologi-
cal approach enables conservative approximations in dy-
namic structural design, reaching a margin of error of 4%
difference in the maximum total deformation and 9% in
resulting total stresses. Overall, the research offers a con-
servative aircraft external store design method based on
modal and random vibration analysis. This method helps
to understand the structure’'s dynamical behavior, avoid
resonance effects, resist aeroelastic forces, minimize vibra-
tion, prevent structural damage, and save computational
and economic resources, increasing safety during the de-
sign phase.
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