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Abstract

This study presents a flutter answer analysis of the Romanian IAR-99 HAWK advanced
trainer aircraft equipped with multiple external store configurations. A high-fidelity finite
element model (FEM) of the complete aircraft, including pylons and external stores, was
coupled with a Doublet Lattice Method (DLM) aerodynamic model. The aeroelastic frame-
work was validated against Ground Vibration Test (GVT) data to ensure structural accuracy.
Four representative configurations were assessed: (A) RS-250 drop tanks on inboard pylons
and PRN 16 × 57 unguided rocket launchers on outboard pylons; (B) four B-250 bombs;
(C) eight B-100 bombs mounted on twin racks; and (D) a hybrid layout with B-100 bombs
inboard and PRN 32 × 42 launchers outboard. Results show that spanwise distribution
governs aeroelastic stability more strongly than total carried mass. Distributed stores
lower wing-bending frequencies and densify the modal spectrum, producing critical pairs
and subsonic crossings near M ≈ 0.82 at sea level, whereas compact heavy loads remain
subsonic-stable. A launcher-specific modal family around ≈29.8 Hz is also identified in the
hybrid layout. The validated FEM–DLM framework captures store-driven mode families
(≈4–7 Hz) and provides actionable guidance for payload placement, certification, and
modernization of the IAR-99 and similar platforms.

Keywords: flutter; aeroelasticity; FEM; IAR-99 aircraft; DLM method; external stores;
flight safety

1. Introduction
Aeroelasticity represents a critical interdisciplinary field that addresses the interaction

between aerodynamic forces, inertial effects, and structural elasticity. Among the various
aeroelastic phenomena, flutter is the most dangerous because it can lead to rapidly diver-
gent oscillations and catastrophic structural failure if not adequately controlled [1]. As such,
flutter analysis is a mandatory requirement in the design, development, and certification of
both civil and military aircraft [2]. International certification standards such as MIL-A-8870
and EASA CS-23/25 explicitly require that aircraft be free from flutter and other dynamic
instabilities across the entire operational flight envelope, with sufficient safety margins
above the design dive speed [3,4].

Several studies in aeroelastic literature highlight the diversity and criticality of flutter
problems across different aircraft configurations and mission profiles. Ref. [5] analyzed
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the flutter behavior of subsonic wings using a reduced-order structural model based on
Euler–Bernoulli beam theory combined with unsteady aerodynamic loads. Their results
demonstrated how both bending and torsional flexibility can strongly affect the criti-
cal speed, showing that even relatively simple structural modifications may alter flutter
margins significantly. Similarly, Ref. [6] investigated flutter instabilities in flying-wing
configurations through the NASA X-56A research program. They emphasized the phe-
nomenon of Body Freedom Flutter (BFF), where low-frequency rigid-body modes couple
with wing flexibility, producing instabilities at speeds much lower than those predicted by
classical approaches. This study underscored the importance of accurately representing
global elastic–inertial couplings in aeroelastic models.

The role of control surfaces has also been studied extensively. Ref. [7] investigated
the flutter of flexible wings with deformable flaps, combining experimental and numerical
methods. They demonstrated that localized flexibility in control surfaces may create
additional dynamic couplings with wing bending and torsion, reducing flutter speed
and introducing new instability mechanisms. Their findings are particularly relevant for
military trainer and combat aircraft, where multiple movable surfaces are integrated into
lightweight structures.

Nonlinear aeroelastic phenomena have also been addressed. Ref. [8] examined high-
aspect-ratio wings carrying external ballast masses, revealing that nonlinear interactions
can lead to limit cycle oscillations (LCO), even before classical flutter onset. Their analysis
confirmed that store-induced oscillations at frequencies around 5–10 Hz may couple with
wing modes and substantially lower the effective aeroelastic safety margins. This highlights
the necessity of considering both linear flutter predictions and nonlinear dynamic responses
when assessing the stability of aircraft carrying external stores [9].

Complementary to these studies, advanced numerical methods have been devel-
oped to capture the complex interaction between structures and unsteady aerodynamics.
Ref. [10] proposed a hybrid FEM–DLM and CFD-based reduced-order modeling approach
to predict the aeroelastic response of wing–store systems. Their methodology proved
efficient in capturing interference effects between the wing, pylons, and suspended stores,
achieving good agreement with experimental benchmarks. Such approaches demonstrate
the robustness and adaptability of FEM–DLM techniques in modern aeroelastic analysis,
especially for configurations involving external stores.

Recent advances in flutter research have focused on both methodological develop-
ments and practical applications with external stores. Ref. [11] introduced CFD-based
techniques for flutter prediction through the generation of generalized aerodynamic forces,
combining reduced-order models with high-fidelity CFD solvers to capture nonlinear aeroe-
lastic behavior at significantly lower computational cost. Recent research on flying-wing
UAVs has shown that Body Freedom Flutter (BFF) depends strongly on stiffness and mass
distribution. Two main modes were identified—plunge-dominant and pitch-dominant—
and the flutter speed is highest near the transition between them. Designing structural
properties close to this transition can improve stability margins, offering valuable guidance
for UAV aeroelastic design [12].

Complementary work [13] on a 2.5D C/SiC composite blade under wake excitation
highlighted the critical role of material damping and anisotropy in flutter onset, providing
insights that are transferable to aircraft wing–store interactions.

With respect to external load effects, Ref. [14] conducted a flight safety analysis of
military aircraft with heavy external stores, concluding that inappropriate pylon placement
or asymmetric loading may severely compromise flutter margins.

An experimental investigation has recently examined the effect of dual external stores
mounted beneath the wing of a generic subsonic light aircraft. Tests conducted in the
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UTM Low Speed Wind Tunnel compared clean, single-store, and dual-store configura-
tions, revealing that external stores significantly modify aerodynamic performance and
stability. The results showed a reduction in lift coefficient by up to 13% and a decrease in
longitudinal static stability, while rolling stability was improved and directional stability
remained largely unaffected. Additionally, flow visualization indicated that external stores
delayed flow separation to higher angles of attack, underscoring their complex influence
on aerodynamic and stability characteristics [15].

Recent advances have also explored active suppression techniques, where an H∞
control algorithm applied to a wing–store system demonstrated that feedback control using
piezoelectric actuators can effectively mitigate store-induced instabilities and increase
flutter speed [16].

Recent developments have also introduced data-driven approaches, where deep learn-
ing algorithms applied to F-18 flutter flight test signals proved effective in identifying
critical parameters with short data sequences, thus reducing the risks associated with
prolonged exposure near the flutter boundary [17].

Recent investigations have highlighted that the combined influence of structural
damage and external stores can have a critical impact on transonic flutter stability. Using
the Transonic Small Disturbance (TSD) method, it was shown that, while subsonic flutter
margins remain relatively unaffected, in the transonic regime even moderate levels of
structural damage to control surface supporting elements, when coupled with external
store installation, may drastically reduce stability limits. These findings underline the
importance of explicitly accounting for both structural integrity and store-induced effects
when assessing aeroelastic safety in fighter-type aircraft [18] while Ref. [19] showed that
active vibration control strategies can effectively restore stability in a wing–store system.

In modern fighter and transport aircraft, underwing external stores are often required
when fuselage space is limited, but their installation can significantly modify aerodynamic
performance. Wind tunnel experiments on a generic subsonic fighter showed that store
placement near the wingtip and at one-third span from the root increased the lift coef-
ficient up to 1.09, while flaperon deflections improved efficiency at moderate angles of
attack (10–12◦) but also introduced higher drag at larger angles, highlighting the trade-offs
between lift enhancement and stability [20].

In Ref. [21], a novel approach is developed for flutter stability under hybrid uncer-
tainties (random and epistemic). Their framework provided stochastic stability margins
and demonstrated its effectiveness through reference cases. Ref. [22] introduced a refined
aeroelastic beam finite element to study the stability of flexible lifting structures in subsonic
regimes, focusing on efficient structural–aerodynamic coupling for flutter prediction.

Ref. [23] investigated the effects of external stores mounted spanwise on the aeroelastic
response and flutter of straight and swept wings, showing the sensitivity of critical flutter
speed to store mass and position; Ref. [24] modeled a free aircraft wing with external
stores in roll maneuver using Theodorsen + Galerkin. Numerical results, validated ex-
perimentally, revealed that flutter boundaries are highly sensitive to angular roll velocity,
fuselage mass, and store mass/position; and Ref. [25] presented a flutter analysis of the
KF-16 fighter equipped with new ECM pods (ALQ). Using GVT modal data directly in
MSC.NASTRAN 2012®, they demonstrated a methodology for flight envelope clearing,
enabling safe operation with external stores.

Taken together, these investigations confirm that the integration of external stores—such
as fuel tanks, bombs, or rocket launchers—introduces new aeroelastic challenges. The
added mass and inertia, together with aerodynamic interference effects, systematically
reduce flutter margins and may trigger coupling phenomena between store oscillations
and structural modes [26,27].
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The importance of flutter prediction and suppression becomes even more pronounced
in aircraft equipped with external stores, such as fuel tanks, bombs, or rocket launchers.
These elements, while essential for mission versatility, introduce significant structural and
aerodynamic modifications. The addition of external stores increases the overall mass
and inertia of the aircraft, alters the load distribution across the wing and fuselage, and
shifts the natural frequencies of the structure. Furthermore, stores are often suspended on
pylons, forming complex store–pylon–wing systems that can introduce new oscillatory
modes. These modes may couple with the primary bending or torsional modes of the
wing, resulting in a reduction of the flutter margin. Consequently, the aeroelastic stability
of aircraft carrying external stores must be carefully evaluated during certification, as
neglecting these effects could compromise flight safety [28].

Despite the significant progress in flutter research, most of the studies reported in the
literature focus either on isolated wing models, flying-wing UAVs, or high-performance
fighter and transport aircraft. By contrast, comprehensive aeroelastic investigations of
complete trainer aircraft configurations are scarce, particularly when considering the
combined effects of pylons and multiple external stores. Light military trainers such as
the IAR-99 are widely used for both pilot instruction and tactical missions, often carrying
various underwing payloads that can critically alter their aeroelastic stability. However,
to date there is a clear gap in published studies addressing the flutter behavior of trainer
aircraft in multiple external store configurations. This motivates the present work, which
develops and validates an FEM–DLM based aeroelastic methodology for the IAR-99,
providing a systematic flutter analysis across four representative store arrangements in
order to support safe certification and enhance the aircraft’s operational performance.

2. Materials and Methods
The aim of the present study is to develop and validate a robust FEM–DLM aeroelas-

tic methodology applied to the flutter analysis of the IAR-99 HAWK. The methodology
incorporates a high-fidelity finite element model of the entire aircraft, including pylons and
external stores, and an aerodynamic model based on the Doublet Lattice Method, which
accounts for interference between all relevant lifting and non-lifting surfaces. Modal analy-
ses are validated against Ground Vibration Test (GVT) data to ensure structural accuracy.
Flutter predictions are then carried out for both clean and external store configurations
using the p–k method, with results evaluated against established certification criteria. By
doing so, this work provides a comprehensive evaluation of the IAR-99’s flutter margins
and introduces a validated methodology that can be extended to other training and light
combat aircraft.

2.1. IAR-99 HAWK Aircraft Descriptions

The IAR-99 HAWK is a Romanian subsonic jet trainer, developed by Avioane Craiova
(Craiova, Romania) under the coordination of INCAS specialists, intended for both ad-
vanced pilot training and light combat missions. Conceived in the 1980s as a cost-effective
alternative to supersonic fighters, the aircraft was designed in a dual-control (DC) version
for training, with the possibility of conversion into a single-control (SC) variant to extend
operational capabilities and reduce costs [29].

Structurally, the IAR-99 features a conventional aerodynamic configuration with a
trapezoidal low-wing layout, swept tail surfaces and retractable tricycle landing gear.
The airframe is primarily of all-metal semi-monocoque construction, designed to with-
stand intensive training use while ensuring robust flight characteristics. The tandem
cockpit, equipped with modern avionics and ejection seats, enables both instructional and
operational roles.
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The baseline variant is powered by a Rolls-Royce Viper 632-41 turbojet, providing
maximum thrust of around 18 kN at ISA sea level conditions and enabling speeds of
approximately 850–865 km/h with a service ceiling of about 12,900 m. Through moderniza-
tion programs, remotorized versions (e.g., with the Viper 680-43) demonstrated improved
performance, including higher climb rates, increased range (up to 1590 km), and reduced
take-off and landing distances. A detailed description can be found in Refs. [30,31].

The transition from DC to SC configuration allowed installation of additional fuel
tanks in the space freed by the second cockpit, thus extending endurance and tactical radius.
In its upgraded versions, the IAR-99 S, oim was also fitted with advanced avionics and
weapons systems, enabling missions similar to those of supersonic fighters in the subsonic
domain, except for high-altitude interception.

By combining relatively low acquisition and operating costs with versatile perfor-
mance and avionics compliant with NATO requirements, the IAR-99 HAWK remains a
relevant example of an advanced subsonic trainer, suitable for integration into combat pilot
training programs while reducing reliance on more expensive supersonic aircraft. Its struc-
tural and aeroelastic characteristics make it a valuable case study for flutter investigations.

An overview of the single-control IAR-99 HAWK aircraft is presented in Figure 1.

  

Figure 1. Plan view of the SC advanced trainer IAR-99 HAWK.

2.2. FEM Structural Model in Clean Configuration

The finite element model of the IAR-99 HAWK in clean configuration was developed
to capture the structural behavior of the main components: the wing, fuselage, empennages,
and external hardpoints (when attached in later stages). The wing is of trapezoidal planform
with an integral torsion box and fuel tanks in each panel, modeled with classical elements
and combined structures for flaps and ailerons. The fuselage was represented as a semi-
monocoque construction, divided into the forward, central, and aft sections, each joined
by bolts and fittings. The central fuselage was modeled with special attention to the wing–
fuselage junction and to the hardpoints for the centerline store. The horizontal stabilizer has
a trapezoidal configuration with a conventional structure, while the elevators use a mixed
metallic and sandwich structure. The vertical stabilizer was modeled as a trapezoidal fin
with a classic framework, the rudder having a combined metallic-sandwich layout.

The material properties were defined according to the real structure: aluminum alloys
2024T3-T2 and 6065 (E = 73.1 × 103 MPa, ρ ≈ 2.72–2.79 × 10−3 g/mm3), high-strength
steels (E = 200–207 × 103 MPa, ρ ≈ 6.6–7.86 × 10−3 g/mm3), and Plexiglas acrylic for
canopy components (E = 2.76–3.3 × 103 MPa, ρ ≈ 1.18–1.19 × 10−3 g/mm3).
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The model was built in MSC.NASTRAN®, using standardized elements (CQUAD4,
CTRIA3, CROD, etc.). The global FEM mesh included over 565,000 nodes and 584,000 ele-
ments, with the structural skin represented by more than 240,000 shell elements. The wing
structure was represented by approximately 24,572 nodes and 76,582 elements, with the
discretization dominated by CQUAD4 elements (76,408) and a small number of triangu-
lar CTRIA3 elements (174), sufficient to capture the trapezoidal geometry and torsional
stiffness of the wing box. The rear fuselage included about 72,340 nodes and 64,164 ele-
ments, again modeled mainly with quadrilateral shells (62,570 CQUAD4) complemented
by 1594 triangular elements. The central fuselage, which represents the junction zone with
the wing and centerline store attachment, was discretized with 74,776 nodes and 35,092 ele-
ments, of which 64,018 are quadrilaterals and 2282 triangles, reflecting the need for higher
mesh density in load transfer areas. The posterior fuselage together with the empennages
accounted for the largest share of the model, with over 337,484 nodes and 167,448 ele-
ments, including more than 113,652 quadrilateral elements, capturing the interaction of
the fin, stabilizers, and tail fuselage. Finally, the skin was meshed independently with
56,379 nodes and 241,508 elements, where quadrilaterals (241,982) were complemented
by 22,114 triangles, allowing a refined representation of aerodynamic surfaces and local
stiffness distribution.

Overall, the global FEM contained 565,551 nodes and 584,794 elements, of which
558,630 were quadrilateral (CQUAD4) and 26,164 triangular (CTRIA3), providing a robust
balance between computational efficiency and accuracy. This detailed discretization en-
sured that the model had sufficient degrees of freedom to reproduce both the global elastic
behavior and the local stress concentrations required for aeroelastic and flutter analyses.

Boundary conditions reflected the free-flight state of the aircraft, with rigid-body
modes verified to ensure model consistency. Concentrated masses (equipment, fuel, sys-
tems) were distributed according to Annexes of the structural data. The resulting FEM
model provided a high number of degrees of freedom, enabling detailed analysis of global
and local deformations, aeroelastic coupling, and the foundation for flutter simulations.

In the following Figures 2–7, the FEM is shown without the external skins for clarity,
and both the real structural assemblies and their corresponding finite element meshes are
illustrated. This comparative presentation emphasizes how the physical geometry was
transferred into the numerical model for aeroelastic analysis.

(a) (b) 

Figure 2. Wing structure (a) and FEM model (b).

The real wing has a trapezoidal planform with an integral torsion box, fuel tanks
and control surfaces (flaps and ailerons). The FEM mesh uses predominantly quadri-
lateral shell elements, refined in the wing root area to capture torsional loads and
wing–fuselage interactions.
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Figure 3. Main fuselage assembly and FEM model.

The fuselage is built as a semi-monocoque metallic structure with frames and
longerons ensuring rigidity. In the FEM model, the skin is meshed with regular quadrilater-
als, while higher density elements are placed near cut-outs and reinforcement zones. The
real structure shows the load-carrying frames and stiffened panels. In the FEM representa-
tion, shell elements reproduce the skin while beam elements model the internal structure,
ensuring accurate stiffness and load transfer. The forward fuselage includes the cockpit and
nose section. The FEM mesh is finer around the canopy and avionics bay, where geometric
discontinuities increase stress concentrations. The canopy consists of metallic frames and
Plexiglas panels. Its mesh combines shell and solid elements, with denser discretization in
curved areas to reproduce transparency panels and load transfer through the frame.

The real nose assembly integrates the cockpit, avionics bay, and windshield. The
mesh reflects high refinement around attachment points and transparent surfaces. The
central fuselage houses the air intake and engine mounts. The FEM discretization is
refined around intake lips and wing–fuselage fittings to accurately model aerodynamic
and structural loads.

Figure 4. Wing–fuselage junction FEM mesh.

The real junction is reinforced with fittings to transfer loads. The FEM mesh uses a
high density of quadrilaterals and triangles in this critical zone to ensure realistic stiffness.

 

Figure 5. Rear fuselage structure and FEM model.
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The aft fuselage is made of riveted metallic panels with frames. The mesh follows
the structural lines, with uniform quadrilaterals on the skin. The assembly integrates the
rear fuselage with the tailplane and vertical fin. The FEM discretization is denser at the
attachment points of the horizontal and vertical stabilizers.

 
Figure 6. Horizontal tailplane structure and FEM model.

The real stabilizer has a trapezoidal planform with an elevator. The mesh is arranged
along spars and ribs, with refinement at hinge and attachment zones. The discretization em-
phasizes the root area where bending loads are highest. The elevator is meshed separately
to reproduce its flexibility and control surface motion.

 
Figure 7. Structure of the vertical tailplane and FEM model.

There is a trapezoidal fin with a conventional structure and a rudder featuring a
combined layout (conventional + metallic sandwich). The corresponding FEM mesh uses
mainly shell elements, with local refinement at the fin root (junction with the fuselage) and
along the rudder hinge line to capture bending and torsional modes. The discretization
predominantly employs CQUAD4 elements, with CTRIA3 used only in curvature/joint
regions. Local mesh refinement is placed around attachments and at the fin base to
accurately model local stiffness and the interaction with the fuselage.

The structural model was verified under free–free boundary conditions to ensure the
presence of the six rigid-body modes, and a WEIGHTCHECK audit (mass/C.G./inertia)
was carried out to screen for inconsistencies in materials and element properties. The modal
basis retained for aeroelastic coupling includes the fundamental elastic modes of wing and
empennages as well as control surface modes.

The result of the weight check is presented in Chart 1. The first box on the left
highlights a 3 × 3 matrix that shows the model’s mass on the main diagonal. These
values are repeated in the second box in the table, and unless table items with some
atypical properties are present, with different masses in different directions, the three
values should all be the same. The box on lines 4–6 and columns 4–6, respectively, shows
the inertia properties of the model in relation to the reference point. The matrices in the
boxes between lines 4–6 and columns 1–3, respectively, and lines 1–3 and columns 4–6, are
used in the calculation of the center of gravity (C.G.) in relation to a reference point. By
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default, this point is the origin of the basic coordinate system in MSC.NASTRAN®. The
three columns labeled X-C.G., Y-C.G., and Z-C.G. provide the coordinates of the model’s
center of mass calculated around the corresponding axis values. Note that zeros are given
for the corresponding axes in columns X-C.G., Y-C.G., and Z-C.G.

 

Chart 1. Using WEIGHTCHECK to show mass, C.G. location and inertia properties.

Without atypical properties, it is expected, as is shown in the table, that two of the
values in each column are identical, providing a component of the location C.G. The three
matrices at the bottom of this output provide the values of the moments of inertia with
respect to the C.G. and the main axes. This result must be evaluated in relation to all known
information about the actual structure. Is the mass obtained in accordance with the known
data for the actual structure? Do different sets produce the same mass? Is C.G.’s location
reasonable? A careful analysis of these values can often reveal erroneous material and/or
property records in the proposed FEM model.

It should be noted that the values for mass are given in tons and the dimensions are
given in mm. Since we have applied three unitary inertial loads, we can also check whether
the net force on the structure is equal to the mass multiplied by the acceleration.

2.3. Aerodynamic Modeling (DLM)
2.3.1. Brief Methodological Frame

For the computation of unsteady aerodynamic forces in subsonic flow, we used the
Doublet Lattice Method (DLM) in the frequency domain. Lifting surfaces are partitioned
into trapezoidal panels; the no-penetration condition is enforced at the three-quarter-chord
control points, yielding influence matrices that form the generalized aerodynamic forces
Q(k,M) later used in the flutter solution. In the implementation adopted here, bodies
(fuselage, and later pylon/store) are represented by thin-body plus interference elements
to capture local shielding and wake effects.

2.3.2. Application to the IAR-99 in Clean Configuration

All aerodynamic surfaces and bodies considered (wing, horizontal/vertical tail, fuse-
lage) were assigned penalizations/interference-body definitions. Inputs for lifting surfaces
are chord and span; for thin-bodies (fuselage), the inputs are length and thickness dis-
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tributions. The coverage rule specified that lifting surfaces and thin-bodies must fully
cover the geometry used in the aircraft’s FEM structural model to ensure a consistent
aeroelastic coupling.

In the following Figures 8–12, the aerodynamic idealization is overlaid on the validated
structural mesh to demonstrate geometric coverage and the alignment of aerodynamic
control points with structural load paths (spars, longerons, frames). This ensures that the
DLM lifting surface panels and thin-body/interference elements fully cover the FEM model
prior to aeroelastic assembly.

(a) (b) 

Figure 8. DLM methodology for the clean configuration (a) and DLM over FEM—complete aircraft (b).

The workflow schematic for the subsonic DLM setup was as follows: paneling of wing
and tailplanes, thin-body/interference representation of the fuselage, coverage checks, and
coupling to the p-k flutter solution via the generalized aerodynamic force matrix Q(k,M).
There was a global overlay confirming full coverage of lifting surfaces and fuselage by
DLM elements; aerodynamic control points lie over structurally meaningful regions to
secure consistent load transfer in coupling.

After presenting the overlay for the complete aircraft, additional DLM over FEM
overlays are included for the main components to provide further detail. These views
confirm local geometric coverage, correct placement of control points, and mesh refinement
in regions with high structural and aerodynamic gradients, ensuring a coherent aeroelastic
coupling for the flutter analysis.

Figure 9. DLM over FEM—wing.

The trapezoidal wing is panelized in chord and span; panel density is increased toward
the root and along high-gradient zones to capture torsional stiffness and wing–fuselage
interactions. Control points are at 0.75 c, consistent with the DLM formulation.
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Figure 10. DLM over FEM—empennages and aft fuselage.

There is overlay of horizontal/vertical tails together with the aft fuselage: refined
paneling at tailplane roots; thin-body/interference elements along the aft fuselage model
shielding and local wake effects near the tails.

 
(a) (b) 

Figure 11. DLM over FEM—horizontal tailplane (a) and vertical tailplane (b).

There is chordwise/spanwise paneling of the stabilizer; refinement along the root
attachment and elevator hinge line represent bending/torsion and control surface kinemat-
ics in the aeroelastic model. There is paneling of the fin with local densification near the
fin root (junction with the fuselage) and along the rudder hinge line, while interference
elements capture the proximity effects with the aft fuselage.

(a) (b) 

Figure 12. DLM over FEM—aileron (a) and flap (b).

There is a Local lifting surface patch (and/or extra aerodynamic points) along the
aileron span with refined paneling at the hinge; the overlay shows how aileron motion is
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introduced in the aerodynamic grid and transferred into the wing panels. There is refined
paneling around the flap hinge and side edges to capture local unsteady loads; the overlay
confirms correct geometric coverage to support the control surface contribution in the
generalized forces.

The computational framework is entirely based on a frequency-domain aeroelastic
formulation, where generalized aerodynamic forces are obtained using the Doublet Lattice
Method (DLM) and coupled with the finite element model through the p–k method. In
this approach, the structural modes are introduced directly in the frequency domain, and
the flutter boundary is identified by tracking the damping variation of coupled aeroelastic
modes as a function of flight speed. No transformation of time histories into spectra was
performed, and no power spectral density analysis was required. Instead, the analysis
follows the classical and widely accepted aeroelastic workflow in which the DLM provides
unsteady aerodynamic influence coefficients in the Laplace domain, later interpolated in
frequency to construct the aeroelastic system matrices. This procedure has been extensively
documented and validated in the aeroelastic literature, and its robustness has been con-
firmed by numerous parametric and sensitivity studies [32,33]. By emphasizing the direct
frequency-domain formulation, we ensure both methodological clarity and consistency
with established practices in the field of computational aeroelasticity.

2.4. Representative External Store Configurations-FEM

A set of four representative configurations was selected to cover a broad spectrum of
structure–store interactions and wing mass distributions. Taken together, the four config-
urations (A–D) range from fuel plus unguided rocket combinations to heavy symmetric
loads with 250-kg bombs and multiple light-bomb layouts, providing a consistent basis for
assessing mass and inertia effects and W/F/P/S aerodynamic coupling in the computation
of Q(k,M) and in the p-k flutter solution reported in Section 3. To faithfully document
the integration of external stores into the model, we present below visual descriptions of
the components (RS-250, B-250, B-50, B-100, PRN 16 × 57, PRN 32 × 42) together with
their corresponding FEM models. Accordingly, Figure 13 shows the inboard and outboard
pylons to which the stores or bombs used in all four configurations are attached.

Figure 13. FEM model—wing detail with mounting pylons.

Local FEM discretization at the pylon stations is shown. The skin, spars, and ribs
are meshed mainly with quadrilateral shells, with local refinement at the pylon pads,
fastener lines, and rib–spar intersections; a few triangles appear near fairing curvature.
Pylons are shell-modeled and constrained to the wing, capturing stiffness jumps and load
transfer needed for aeroelastic (flutter) analysis. Figure 14 presents the RS-250 external fuel
tank—mounted view and dimensions (a), and the FEM model (b).
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(a) (b) 

Figure 14. RS-250 external fuel tank—mounted view and dimensions (a), and FEM model (b).

The RS-250 has an axisymmetric ogive–cylindrical–ogive shape; the drawing shows
mounting-point spacing and key diameters for placement on the inboard pylon. The FEM
model uses shell elements aligned along meridians and hoops, with local refinement at
the nose/tail tapers and around the attachment lugs to capture curvature and stiffness
jumps. This discretization preserves the tank’s bending/torsion response and mass distri-
bution, ensuring reliable load transfer to the wing and consistent aeroelastic coupling later.
Figure 15 presents the B-250 external fuel tank—mounted view and dimensions (a), and
the FEM model (b).

 
(a) (b) 

Figure 15. B-250 aerial bomb—mounted view and dimensions (a), and FEM model (b).

The B-250 has an ogive nose, cylindrical mid-body, and tapered tail section; the
drawing indicates overall length, body diameter, and the spacing of the suspension lugs
for pylon attachment. The FEM idealization uses shell elements arranged along meridians
and hoops, with local refinement at the nose/tail transitions and around the lug area to
capture curvature and stiffness jumps. The tail section is further refined to represent the
slender cone and stabilizing fittings, ensuring realistic mass/stiffness distribution and load
transfer into the pylon–wing system for aeroelastic analysis. Figure 16 presents the B-50
external fuel tank—mounted view and dimensions (a), and the FEM model (b).

  
(a) (b) 

Figure 16. B-50 high-explosive aerial bomb—mounted view and dimensions (a), FEM model (b).
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The B-50 features a rounded-ogive nose, a short cylindrical mid-body, and a tapered
aft section with a finned tail unit; the drawing specifies overall length, body diameter,
and lug positions for mounting. The FEM idealization uses shell elements arranged along
meridians/hoops, with local refinement at the nose–shoulder and tail transitions, around
the suspension lugs, and within the tail box/fin region. This captures curvature and
stiffness jumps, preserving realistic mass–stiffness distribution and load transfer into the
pylon–wing system for aeroelastic analysis. Figure 17 presents the Twin rack for 2× B-100
(a), B-100 bomb (b), and FEM model of the twin-rack assembly with 2× B-100 (c).

 

(a) 

(b) (c) 

Figure 17. Twin rack for 2× B-100 (a), B-100 bomb (b), and FEM model of the twin-rack assembly
with 2× B-100 (c).

The twin rack carries two B-100 bombs; the drawings indicate overall length, lug
spacing, and the B-100 C.G. for proper pylon placement. In the FEM assembly, the rack and
each bomb are meshed with shell elements; refinement is applied at the rack adapters/sway-
brace pads and around the bomb suspension lugs, as well as along the nose–tail tapers to
capture curvature. The bombs are tied to the rack through constrained interface nodes (no
free edges), preserving realistic mass–stiffness distribution and load transfer to the pylon.
This discretization also enables the model to capture rack–store interaction and potential
multi-store coupling in the aeroelastic analysis. Figure 18 presents the PRN 15 × 57 rocket
launcher block—mounted view and dimensions (a), and FEM model (b).

 
(a) (b) 

Figure 18. PRN 15 × 57 rocket launcher block—mounted view and dimensions (a), and FEM model (b).
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The PRN 15 × 57 launcher has a cylindrical main body with a tapered nose and a
frontal cluster of tube mouths; the drawing provides overall length, C.G. location, and
lug spacing for pylon attachment. The FEM idealization models the launcher as a thin-
walled shell aligned along meridians/hoops, with local refinement at the nose/shoulder
transitions and around the suspension lugs. Additional densification is applied near the
tube-mouth face to capture stiffness jumps, ensuring realistic mass–stiffness distribution
and load transfer to the pylon for subsequent aeroelastic analysis. Figure 19 presents
the PRN 32 × 42 rocket launcher block—mounted view and dimensions (a), and FEM
model (b).

  
(a) (b) 

Figure 19. PRN 32 × 42 rocket launcher block—mounted view and dimensions (a), and FEM model (b).

The PRN 32 × 42 launcher features an ogive nose with multiple outlet apertures, a
cylindrical mid-body, and a short tapered aft section; the drawing indicates overall length,
C.G. position, and suspension lug spacing for pylon mounting. The FEM idealization uses
thin-shell elements laid out along meridians and hoops, with local refinement around the
perforated nose face, at shoulder transitions, and in the lug region to capture curvature
and stiffness jumps. This discretization preserves a realistic mass–stiffness distribution and
ensures credible load transfer to the pylon for downstream aeroelastic (flutter) analysis.

Configuration A is a mixed training/operational layout, with RS-250 drop tanks on
the inboard pylons and PRN 16 × 57 rocket launchers on the outboard pylons, introducing
moderate concentrated masses and local aerodynamic interference near the wing. Struc-
turally, relative to the clean model (565,551 nodes/584,794 elements), this configuration
adds +528 nodes/+504 elements for the two tanks and +1456 nodes/+1498 elements for
the two launchers, yielding a total of 567,535 nodes and 586,796 elements (+0.35% nodes;
+0.34% elements). The number of CTRIA3 elements increases from 26,164 to 26,258 (+94),
and CQUAD4 from 558,630 to 560,538 (+1908), essentially preserving the same share of
quadrilaterals in the mesh (~95.4% of the total), which supports numerical stability and
accurate local stiffnesses. Mesh refinement is concentrated at the attachment regions (wing
pads and suspension lugs), at shape transitions (ogive/shoulder), and at spar–rib intersec-
tions, to capture stiffness jumps and load transfer from the store into the wing box. This
discretization level is then used for the aeroelastic coupling (DLM–FEM) and the p-k flutter
solution (Figure 20).
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Figure 20. IAR-99 in Configuration A—FEM model.

Configuration B represents the heavy, symmetric case, with four B-250 bombs installed
on the inboard and outboard pylons of each semi-span, producing a marked increase in total
mass/inertias and a stronger coupling with the wing-bending modes. Structurally, relative
to the clean model (565,551 nodes/584,794 elements), the 4× B-250 adds +2888 nodes
(+0.51%) and +2192 elements (+0.38%), for a total of 568,439 nodes and 586,986 elements.
The increase appears exclusively in CQUAD4 (+2192, from 558,630 to 560,822), while
CTRIA3 remains unchanged (26,164), thus keeping the quadrilateral share at ~95.6% and
supporting numerical stability. Mesh refinement is concentrated at the suspension lugs
and shape transitions (nose/shoulder, finned tail) to capture stiffness jumps and the load
transfer from the bombs into the pylon–wing system. This discretization is then used for
DLM–FEM coupling and the p-k flutter solution (Figure 21).

Figure 21. IAR-99 in Configuration B—FEM model.

Configuration C explores a “multi-site” distribution of lighter stores: four twin
racks, each carrying 2× B-100 (eight B-100 in total, one twin rack on each inboard and
outboard pylon). This layout is useful for assessing vibration coupling among mul-
tiple stores with nearby natural frequencies. Structurally, relative to the clean model
(565,551 nodes/584,794 elements), the multi-rack payload adds +10,868 nodes (+1.92%)
and +10,438 elements (+1.78%), for totals of 576,419 nodes and 595,232 elements. The
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increase splits into +304 CTRIA3 and +10,132 CQUAD4, keeping quadrilaterals at about
95.55% of the mesh (568,764/595,232), which preserves numerical stability and accurate
local stiffness. Refinement is concentrated at rack adapters and sway-brace pads, around
bomb suspension lugs, and along the nose–tail tapers, to capture stiffness jumps and load
transfer paths (Figure 22).

Figure 22. IAR-99 in Configuration C—FEM model.

Configuration D is a mixed layout designed to induce different aerodynamic interfer-
ence at the inboard vs. outboard stations: twin racks with 2× B-100 on the inboard pylons
and PRN 32 × 42 rocket launchers on the outboard pylons (left–right symmetric). This
combination is useful to probe flutter sensitivity when “bomb-like” bodies and launcher-
type interference tubes coexist on the same semi-span. Structurally, relative to the clean
model (565,551 nodes/584,794 elements), the payload adds +5434 nodes/+5218 elements
for the two B-100 racks and +2464 nodes/+2408 elements for the two launchers, yielding
573,449 nodes and 592,420 elements overall (+1.40% nodes; +1.30% elements). CTRIA3 in-
creases from 26,164 to 26,316 (+152), and CQUAD4 from 558,630 to 566,104 (+7474), keeping
quadrilaterals at ~95.6% of the mesh—supportive of numerical stability and accurate local
stiffness. Mesh refinement is concentrated at suspension lugs, rack adapters/sway-brace
pads, and at nose/shoulder transitions on both store types to capture stiffness jumps and
load transfer paths into the pylon–wing system (Figure 23).

Figure 23. IAR-99 in Configuration D—FEM model.
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2.5. Application to the IAR-99 in A–D Configuration

This subsection documents how the aerodynamic model (DLM) was extended from
the clean aircraft to four representative store configurations (A–D) and overlaid on the
validated FEM mesh to ensure full geometric coverage and consistent aeroelastic coupling.
For each configuration, we generated DLM over FEM overlays at aircraft level and, where
needed, at component level (wing, empennages, pylons, and stores). These overlays verify
that (i) lifting surface panels and thin-/interference-body elements completely “dress”
the structural geometry, (ii) control points lie over structurally meaningful load paths
(spars/longerons/frames), and (iii) store bodies are grouped with proximate lifting surfaces
within W/F/P/S interference groups (wing/fuselage/pylon/store).

In the following Figure 24, the aerodynamic idealization is overlaid on the validated
structural mesh to demonstrate geometric coverage and the alignment of aerodynamic
control points with structural load paths (spars, longerons, frames).

  
(A) (B) 

  
(C) (D) 

Figure 24. DLM over FEM for the 4 configurations.

For all four external store configurations, the DLM over FEM overlays confirm full
geometric coverage, correct placement of aerodynamic control points, and consistent group-
ing of thin-body/interference elements with nearby lifting panels (W/F/P/S), ensuring
credible aeroelastic coupling. In Configuration A, aircraft- and component-level overlays
show local panel refinement around pylon pads. In Configuration B, denser paneling
appears near suspension lugs and nose/shoulder transitions, with bombs attached to the
intersected wing panels via interference tubes. In Configuration C, overlays highlight
refined paneling at each rack station and proper attachment of store tubes to the wing,
isolating near-field rack–bomb–wing interactions. In Configuration D, overlays validate
coverage for both store types and their per-semi-span grouping; panel densification is
evident at rack pads and the perforated launcher faces, so aerodynamic control points
coincide with key stiffness jumps for reliable modal coupling.

3. Results
Before presenting the aeroelastic results, the adequacy of the finite element discretiza-

tion was verified. To ensure the robustness of the model, a mesh convergence verification
was performed. The analysis was initiated with a coarse mesh, which was progressively
refined in regions of high stress and modal deformation gradients (e.g., wing root, control
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surface hinge lines, and pylon–store interfaces). The primary modal frequencies of interest
(first bending and torsional modes) were monitored at each refinement step. The results
showed that two consecutive refinement levels produced nearly identical modal frequen-
cies, with differences below 1%, while the corresponding mode shapes exhibited a modal
assurance criterion (MAC) higher than 0.98. This indicates that the numerical solution is
not significantly affected by further refinement and that the selected mesh density provides
reliable results at reasonable computational cost. Such an iterative mesh-refinement process
is a standard practice in aeroelastic finite element modeling and has been similarly applied
in recent studies [34,35].

3.1. Result for Clean Aircraft Configuration
3.1.1. Modal Characteristics (Clean FEM)

Using the validated FEM and the Lanczos eigensolver, the free-vibration analysis of
the clean IAR-99 model confirms the six rigid-body modes at near-zero frequencies: roll
f = 0.000801896 Hz, yaw 0.001479020 Hz, vertical translation along OZ 0.001877410 Hz, lat-
eral translation along OY 0.001995730 Hz, longitudinal translation along OX 0.002120370 Hz,
and pitch 0.002748500 Hz. The first elastic mode is the symmetric flap rotation at 11.6789 Hz,
followed closely by an antisymmetric aileron rotation at 11.6920 Hz. Next come the bending
modes: symmetric wing bending at 16.4099 Hz and vertical tail bending at 18.2297 Hz.
The aileron family continues with an antisymmetric aileron rotation at 19.4495 Hz, and a
coupled mode of wing bending with symmetric aileron rotation at 21.6891 Hz. At higher
frequencies, the horizontal tail and elevator modes appear: antisymmetric horizontal tail
bending at 37.2379 Hz, symmetric elevator rotation at 40.1101 Hz, antisymmetric eleva-
tor rotation at 43.1151 Hz, and another symmetric elevator rotation at 47.5907 Hz. This
modal hierarchy will be used as the coupling basis for the aeroelastic calculations and for
interpreting the figures that follow.

The sequence in Figures 25–30 shows the six rigid-body modes of the clean IAR-99
model—roll, yaw, vertical, lateral, longitudinal translations, and pitch—appearing at near-
zero frequencies (≈10−3 Hz). This confirms that the model was analyzed in free–free
conditions and satisfies standard quality criteria for aeroelastic use: all rigid-body fre-
quencies were well below ~0.01 Hz and there was a large separation between the sixth
rigid-body mode and the first elastic mode (≫1/100). In parallel, a mass/C.G./inertia
audit (WEIGHTCHECK) verifies the consistency of total mass, center of gravity location,
and principal inertias, ruling out spurious constraints or property errors before coupling.

 

Figure 25. Rigid-body mode—Roll: f = 0.000801896 Hz.
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Figure 26. Rigid-body mode—Yaw: f = 0.001479020 Hz.

 

Figure 27. Rigid-body mode—Vertical translation along OZ: f = 0.001877410 Hz.

  

Figure 28. Rigid-body mode—Lateral translation along OY: f = 0.001995730 Hz.

  

Figure 29. Rigid-body mode—Longitudinal translation along OX: f = 0.002120370 Hz.
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Figure 30. Rigid-body mode—Pitch: f = 0.002748500 Hz.

Figures 31 and 32 introduce the first elastic family on the control surfaces: a symmetric
flap rotation at 11.6789 Hz followed closely by an antisymmetric flap rotation at 11.6924 Hz,
a pairing that reflects the local flap–wing coupling and establishes the lower bound of the
elastic spectrum used for aeroelastic assembly.

 
Figure 31. Symmetric flap rotation mode: f = 11.6789 Hz.

 

Figure 32. Antisymmetric flap rotation mode: f = 11.6924 Hz.

Figures 33–36 document the progression into global airframe dynamics and control sur-
face interaction: symmetric wing bending at 16.4099 Hz, vertical tail bending at 18.2297 Hz,
antisymmetric aileron rotation at 19.4495 Hz, and a coupled mode of wing bending with
symmetric aileron rotation at 21.6891 Hz. This ordering is typical for a trapezoidal wing
with a torsion box and hinged control surfaces and foreshadows the mode pairs that will
dominate the V–g trends.
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Figure 33. Symmetric wing bending mode: f = 16.4099 Hz.

 

Figure 34. Vertical tail bending mode: f = 18.2297 Hz.

 

Figure 35. Antisymmetric aileron rotation mode: f = 19.4495 Hz.

 

Figure 36. Wing bending with symmetric aileron rotation mode: f = 21.6891 Hz.
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Finally, Figures 37–40 cover the empennage: antisymmetric horizontal tail bending
at 37.2379 Hz, followed by elevator rotations—symmetric at 40.1101 Hz, antisymmetric
at 43.1151 Hz, and another symmetric rotation at 47.5907 Hz. The steady increase in
frequency from global bending to tail/control surface modes confirms a physically plausible
modal hierarchy.

 
Figure 37. Antisymmetric horizontal tail bending mode: f = 37.2379 Hz.

 
Figure 38. Symmetric elevator rotation mode: f = 40.1101 Hz.

 
Figure 39. Antisymmetric elevator rotation mode: f = 43.1151 Hz.
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Figure 40. Symmetric elevator rotation mode: f = 47.5907 Hz.

Taken together, Figures 25–40 provide a coherent modal baseline: free–free rigid-
body compliance, a realistic first elastic pair on the flaps, the expected wing/fin bending
sequence, and the horizontal tail/elevator family at higher frequencies. This baseline
underpins the DLM–FEM coupling and supports a reliable interpretation of the V–g curves
and flutter mechanisms that follow in Section 3.

3.1.2. Flutter Analysis

The V–g curves were computed at four altitudes representative of the maneuver
envelope (H = 0, 1500, 3000, and 5000 m), enabling us to track shifts in modal response and
damping reserves against certification/operational limits, as shown in Figure 41.

Reading the altitude sweep of V–g curves (mode set 1–10) for the clean aircraft, the
same pattern holds at H = 0, 1500, 3000, and 5000 m: all branches remain above g = 0
throughout the subsonic range, with the deepest damping minima occurring near the
transonic end of the sweep (≈M 1.1–1.2) but never crossing the neutral line. We restrict the
basis to the first ten elastic modes solely to avoid spectral crowding and keep the V–g/V–f
loci interpretable, enabling reliable continuation and physical labeling of the unstable
branch. The ordering of the branches mirrors the modal hierarchy identified for the clean
model—flaps as the first elastic pair, followed by wing bending, vertical tail bending,
aileron modes, then horizontal tail/elevator—and the most adverse trend is governed by
the wing-bending family weakly coupled to control surface rotations at higher speeds.
Altitude primarily shifts the level of aerodynamic damping without changing the active
mechanism: lower air density at higher H slightly reduces damping margins, yet the curves
stay positive across the entire subsonic domain. Extrapolating the most critical branch
indicates a flutter onset beyond the subsonic regime, so a binary-mode interpretation (one
excited/one exciting mode) is sufficient for safety assessment here. Together, these results
confirm that the DLM–FEM clean model is flutter-free in subsonic and provide a robust
baseline for comparing the effects of external store configurations.

V–g plots are shown versus Mach number (x-axis) with dimensionless modal damping
g (y-axis; g > 0 stable, g = 0 flutter boundary); the legend identifies the modes, and an inset
zooms the critical minima near M ≈ 0.8.
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(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 41. V–g curves at (a) H = 0 m, (b) H = 1500 m, (c) H = 3000 m and (d) H = 5000 m, for the
mode combination 1–10.

3.2. Results for Four New Configurations
3.2.1. Modal Characteristics (A–D Configurations FEM)

In order to assess the aeroelastic stability margin, modal analysis provides the baseline
frequencies and mode shapes of the loaded aircraft. The four external store layouts config-
uration (A–D) significantly affect both the global bending/torsional modes of the structure
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and the local motions of the control surfaces and attached stores. Beyond the numerical
values, the interpretation of these changes is essential to understand potential coupling
scenarios that may lead to flutter or other aeroelastic instabilities.

Configuration A. This configuration represents a mixed load, with heavy inboard
fuel tanks and lighter outboard launchers. The free–free rigid-body set occurs near zero
frequency, confirming the unconstrained model. The first elastic family is given by the
antisymmetric flap rotation at ~11.6 Hz, well separated from other modes. The global
wing-bending mode appears at 15.9 Hz, followed by vertical tail bending around 18 Hz,
which are typical baseline values.

The most distinctive feature of this layout is the presence of store-driven modes
between 4.7 and 7.3 Hz, associated with launcher yaw and pitch oscillations. These
low-frequency store motions are important because they may couple with atmospheric
turbulence or pilot inputs. At higher frequencies (35–47 Hz), the empennage bending
and elevator modes remain isolated and unaffected. Overall, Configuration A produces a
balanced modal spectrum with sufficient separation between structural and store-driven
modes, indicating relatively low aeroelastic risk.

Configuration B. With four heavy bombs, this configuration introduces a more com-
pact and symmetric mass distribution. The effect is a slight increase in the wing-bending
frequency to 16.3 Hz, which can be interpreted as an apparent stiffening due to mass
concentration closer to the wing root. The flap and vertical tail families remain stable at
~11.7 Hz and ~18.2 Hz, respectively.

The modal signature is dominated by clear store pairs: yaw of outboard bombs at
~5.5 Hz, yaw of inboard bombs at ~6.2 Hz, and pitch/roll modes between 18 and 21 Hz.
The aileron family, at 19.3–21.2 Hz, lies close to these store oscillations, suggesting potential
localized coupling. However, the pairing symmetry keeps the spectrum orderly, with
well-defined and separated groups.

Thus, Configuration B exhibits a structured modal response: store pairs are neatly
clustered and relatively well isolated from primary wing and tail modes. This makes it one
of the more “predictable” cases, and less prone to unpredictable coupling.

Configuration C. Distributing eight medium bombs across the wing makes Configura-
tion C the most critical case. The wing-bending frequency drops significantly to 14.0 Hz
(−12% compared with Configuration A), indicating a reduction in effective structural
stiffness under dynamic loads.

This layout generates a very dense modal spectrum between 11.6 and 21.5 Hz. At
low frequencies (4.3–5.4 Hz), bomb pitch modes dominate, while at ~11.7 Hz, an outboard
bomb yaw mode overlaps closely with the flap family. More importantly, between 15.8 and
17.1 Hz, multiple store oscillations occur (yaw, pitch, symmetric and antisymmetric), in
exactly the same band as the aileron modes (17.4–17.7 Hz).

This overlap between store and aileron modes represents the most unfavorable sce-
nario observed: the likelihood of flutter or strong dynamic coupling is maximized. In
conclusion, Configuration C provides the densest and most critical modal environment,
with reduced structural frequencies and dangerous proximity between control surface and
store modes.

Configuration D. This hybrid configuration combines the effect of inboard bombs
with high-capacity outboard launchers. The wing-bending mode stabilizes at 15.5 Hz, close
to the baseline, while the vertical tail remains at ~18 Hz.

At low frequency, store pitch modes appear again (5–7 Hz). A compact cluster of bomb
roll and yaw modes develops between 16.5 and 16.9 Hz, comparable to Configuration C but
less dense. The distinctive feature of this case is the presence of a launcher yaw doublet at
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~29.8 Hz, which is absent from other layouts. This “signature” mode family could become
relevant in supersonic regimes or under selective excitations.

In summary, Configuration D shows a mixed character: it retains wing and tail
frequencies close to the baseline but introduces both a 16–17 Hz bomb cluster (with a risk
of coupling) and a unique high-frequency launcher family at 29.8 Hz.

Detailed Comparative Analysis between Configurations A–D
Wing bending (first symmetric mode)
Frequencies range between 14.01 Hz (C) and 16.31 Hz (B). Configuration B, with four

concentrated B-250 bombs, raises the wing-bending frequency to 16.31 Hz, suggesting an
apparent stiffening of the global wing response due to the compact placement of mass close
to the wing root, which favors the inertia distribution. Configuration C, with eight B-100
bombs distributed along the wing, strongly reduces the frequency to 14.01 Hz (−12%),
indicating a decrease in effective dynamic stiffness and a tendency of the wing to deform
more easily under dynamic loads. Configuration D restores the frequency to 15.54 Hz, close
to reference case A, showing that the effects of the outboard launchers (PRN 32 × 42) and
inboard bombs partially compensate each other. The conclusion is that the distribution of
mass along the span is more critical than the total mass itself: distributed stores (C) reduce
dynamic resistance, while concentrated stores (Configuration B) can even reinforce the
wing response.

Vertical tail bending
The values are very close, between 17.6 and 18.2 Hz. Configuration C (17.63 Hz) shows

a slight reduction, suggesting mild sensitivity to distributed wing masses, but overall the
vertical tail remains stable and relatively insensitive to configurational changes.

Flaps
All configurations maintain flap frequencies in the 11.59–11.68 Hz range, with varia-

tions under 1%. This consistency confirms that the flaps, being located near the trailing
edge and well supported structurally, are not significantly affected by external masses.
Practically, this reduces the risk of interaction with store-driven modes in this band.

Aileron (first mode)
The aileron shows significant differences: from 20.46 Hz (A) down to 19.34 Hz

(B, −5.5%) and 17.47 Hz (C, −14.6%). Configuration C, with eight distributed bombs,
lowers the aileron frequency considerably, placing it in close proximity to the store cluster
(~16–17 Hz). This proximity increases the likelihood of dynamic coupling and thus the risk
of flutter or other unfavorable interactions under low-frequency excitations. Configuration
B, although lowering the aileron frequency, still keeps it reasonably separated from the
bomb modes (18–21 Hz). Configuration D does not explicitly list an aileron mode in this
band, but the bomb cluster (16–17 Hz) plays a similar role in interacting with the structure.

Elevator
Frequencies range between 39.3 Hz (C) and 40.3 Hz (A). The differences are small,

at about 2–3%, showing that the horizontal tail is only weakly influenced by the external
configuration. However, Configuration C has the lowest value, which, combined with the
marked reduction of wing and aileron frequencies, indicates a general trend of “softening”
of the structure under distributed loads.

Store-specific families:
In the 4–7 Hz range, all configurations show mass-induced modes (tanks, bombs,

launchers). These are critical because they represent rigid-body-like motions of the stores,
with potential interaction under external excitations (turbulence, abrupt maneuvers).

In the ~11.6–11.8 Hz range, only Configuration C exhibits an outboard bomb yaw
mode, very close to the flap modes. This local coincidence suggests a potential interaction
zone that requires attention in flutter analysis.
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In the ~16–17.5 Hz range, the highest mode density is observed: Configuration C has
multiple store vibrations (inboard/outboard, yaw/pitch), overlapping with the aileron
modes, creating a highly coupling-prone environment. Configuration D also has a bomb
cluster in the same band, but cleaner. Configuration B shows bomb modes at slightly higher
values (~18–21 Hz), that are thus better separated from the aileron. A has fewer store modes
in this range, resulting in a more “open” spectrum.

At ~29.8 Hz, only Configuration D introduces a clear launcher doublet, distinct from
the rest of the spectrum. This could become a unique signature of this configuration, espe-
cially at frequencies close to the natural vibrations of the wing–structural profile assembly.

Comparative analysis shows that the distribution of stores along the wing span has
a much greater impact on the modal spectrum than the total mass. Configuration C
(8× B-100 distributed) is the most critical, significantly lowering global modal frequencies
and overlapping the aileron modes with store modes, which increases the risk of aeroelastic
instabilities. Configuration B (4× B-250 concentrated) produces a more orderly spectrum,
with clear separation between structural and store modes, making it the “safest” of the
four. Configuration D has a hybrid behavior: it keeps wing and tail values close to the
reference, but introduces distinct clusters (16–17 Hz for bombs, 29.8 Hz for launchers) that
may generate selective resonances. Configuration A remains intermediate, with a balanced
spectrum and no critical overlaps.

3.2.2. Flutter Analysis for A–D Configurations

This section reviews the V–g curves for the four external store configurations (A–D) of
the IAR-99 S, oim, grouped by representative altitudes of the maneuver envelope: H = 0, 1500,
3000, and 5000 m. For each case, the p-k method uses ~9–10 elastic modes (Figures 42–45).

For H = 0 m, Configuration A, the V–g bundle shows no subsonic flutter. The govern-
ing pair is a control surface rotation (excited) weakly coupled with a tail/wing bending
branch (exciting). The g = 0 crossing lies near M ≈ 1.2, i.e., outside the subsonic range.
Configuration B shows similar behavior: the most adverse trend still extrapolates to a
g = 0 crossing near M ≈ 1.2. The dominant interaction involves symmetric wing bending
coupled with store pitch/roll on the outer stations. Configuration C is the most critical sea
level case. A store-driven antisymmetric family couples with a symmetric store motion on
the outboard stations, producing a subsonic g = 0 crossing around M ≈ 0.82. Configuration
D is also critical at sea level: a tail-bending family coupled with symmetric store roll yields
a subsonic crossing near M ≈ 0.82.

At H = 1500 m, the modal ordering mirrors sea level and the lower dynamic pressure
mainly shifts damping upward. Configuration A and B show smooth, well-separated
branches with ample margin across the subsonic range. In Configuration C, the multi-store
layout produces mode crowding: two store-driven branches develop pronounced dips
(around the mid–high subsonic region), approach the neutral line, then recover—so the
tightest margins occur near transonic onset but remain positive. Configuration D exhibits
a similarly busy, oscillatory bundle due to the mixed inboard-rack/outboard-launcher
interference; several branches trade dominance between roughly M ≈ 0.9–1.2, with a
narrow minimum near the high-subsonic end, yet no crossing of g = 0. The net effect is that
altitude eases the sea level criticality of Configuration C and D without introducing new
governing mechanisms.
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Figure 42. V–g curves at H = 0 m for the four configurations (A–D), mode combination 1–10.

  
(A) (B) 

  
(C) (D) 

Figure 43. V–g curves at H = 1500 m for the four configurations (A–D), mode combination 1–10.
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At H = 3000 m, the behavior remains consistent with the lower altitudes, but the
reduced dynamic pressure shifts the critical features to slightly higher Mach and softens the
deepest minima. Configuration A and B show no subsonic g = 0 crossings; their bundles are
smooth, with the wing-bending-dominated branch dipping near the high-subsonic region
and then recovering. In Configuration C, the multi-store layout again produces mode
crowding and two pronounced troughs, yet both minima are displaced to higher Mach and
stay above the neutral line, indicating improved margin versus sea level. Configuration D
exhibits an equally busy, oscillatory bundle caused by the mixed inboard-rack/outboard-
launcher interference; several branches trade dominance between about M ≈ 0.9–1.2, but
the worst dip also shifts right and remains positive. Overall, altitude pushes any potential
crossing to higher speeds: configurations Configuration C and D still define the tightest
margins, while Configuration A and B retain comfortable subsonic damping.

  
(A) (B) 

  
(C) (D) 

Figure 44. V–g curves at H = 3000 m for the four configurations (A–D), mode combination 1–10.

At H = 5000 m, the reduced dynamic pressure lifts the entire V–g bundles and shifts
the deepest minima to higher Mach. Configuration A shows smooth, small-amplitude
oscillations with a gentle dip toward the high-subsonic end that stays above the neutral line.
Configuration B is similarly well behaved: one dominant, wavy branch varies with Mach
but never approaches g = 0. In Configuration C, the multi-store layout still produces several
pronounced troughs (mode crowding), yet the worst minima are displaced to around
M ≈ 1.0–1.2 and remain positive—an improvement over lower altitudes. Configuration
D retains a busy, oscillatory signature due to the mixed inboard-rack/outboard-launcher
interference; the deepest dip also shifts right and recovers before transonic onset. Overall,
the ordering of dominant modes is unchanged, and all configurations remain flutter-free
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in subsonic, and although Configuration C and D continue to define the tightest margins,
their damping at 5000 m is less critical than at sea level.

  
(A) (B) 

  
(C) (D) 

Figure 45. V–g curves at H = 5000 m for the four configurations (A–D), mode combination 1–10.

Altitude-wise synthesis
Configuration A and B: adequate subsonic damping margins at all altitudes; any

predicted flutter lies in supersonic, outside the subsonic operating domain.
Configuration C and D: subsonic critical pairs at H = 0 m (≈M 0.82) with the same

mechanisms persisting with altitude; these define the sensitivity envelope and point to
possible mitigations (mass distribution, pylon–store stiffening, etc.).

Overall, the clean-to-stores methodology captures store-specific mode families and
preserves credible load paths via the DLM over FEM coverage, yielding consistent p-k
results across altitudes for all four configurations.

The results obtained in this study highlight several important insights regarding the
aeroelastic behavior of the IAR-99 aircraft when equipped with external stores. A first
critical observation is that the distribution of mass along the wing span exerts a stronger
influence on the modal spectrum than the absolute total mass. While the heavy and
compact load of Configuration B (4× B-250 bombs) increased the wing-bending frequency
and produced a relatively orderly spectrum, the distributed load of Configuration C
(8× B-100 bombs) led to a significant reduction in structural frequencies and created a
dense modal environment with high coupling potential. This demonstrates that spanwise
positioning of external stores is a governing parameter in defining aeroelastic margins.

Another key finding is that store-induced rigid-body modes in the 4–7 Hz range
are consistently present across all configurations. These modes are not captured in clean
aircraft analyses and represent new families of potential interactions, particularly with
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atmospheric turbulence and maneuver excitations. The identification of these families
shows the necessity of explicitly incorporating store models into aeroelastic assessments
rather than relying solely on clean configurations.

From a methodological standpoint, the study provides a validated FEM–DLM cou-
pling framework for a complete trainer aircraft configuration, which had not been system-
atically reported in the literature. Previous works mainly focused on fighters, UAVs, or
simplified wing–store systems, while trainer aircraft such as the IAR-99 remained under-
represented. The present work fills this gap by offering a high-fidelity structural model,
fully integrated with pylon–store attachments, and consistent aerodynamic coverage. This
combination ensures that both local store dynamics and global structural responses are
faithfully represented in the flutter predictions.

In terms of novelty, this research shows for the first time that certain configurations
(C and D) can generate subsonic critical flutter pairs near Mach 0.82 at sea level, whereas
others (Configuration A and B) remain stable across the subsonic domain. This result
has practical implications for flight certification: it points to specific payload layouts that
should be restricted or require design reinforcements (e.g., stiffer pylons, dampers, or store
modifications). Moreover, the identification of a unique launcher signature at ~29.8 Hz in
Configuration D represents a distinctive contribution, as it provides a diagnostic marker
for launcher-equipped configurations in modal testing and operational monitoring.

The utility of the study is twofold:
For certification authorities, it provides a structured methodology to evaluate the

aeroelastic impact of multiple external stores on a light military trainer, supporting safe
operational envelope definition.

For the design and modernization of the IAR-99 platform (and similar aircraft), the
results inform decisions on optimal store placement, highlight critical configurations to
avoid, and suggest potential mitigation strategies to extend operational flexibility without
compromising flutter margins.

In summary, the contributions of this work consist of:
Extending FEM–DLM aeroelastic methodologies to a complete trainer aircraft with

multiple store configurations.
Demonstrating that mass distribution along the span is more critical than total mass

in determining flutter susceptibility.
Identifying new families of store-driven low-frequency modes and their interac-

tion potential.
Revealing specific critical configurations (C and D) that can induce subsonic flutter onset.
Providing a validated computational framework and reference database that can be

directly applied to certification and modernization of the IAR-99 HAWK.

4. Conclusions
This study developed and validated a new FEM–DLM aeroelastic coupling method-

ology applied to the IAR-99 HAWK trainer aircraft carrying external stores. The main
conclusions are:

Mass distribution governs aeroelastic margins. The spanwise placement of stores
influences natural frequencies more strongly than total payload mass. Concentrated heavy
bombs (Configuration B) stiffen the response, while distributed medium bombs (Configu-
ration C) soften the structure and reduce modal separation.

New families of store-driven modes were identified. Across all configurations, rigid-
body-like oscillations in the 4–7 Hz band appear, which are absent in clean aircraft analyses.
These modes can couple with atmospheric turbulence or pilot inputs and must be explicitly
considered in flutter assessments.
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Critical subsonic flutter was found in certain layouts. Configurations C and D exhib-
ited flutter onset near Mach 0.82 at sea level, whereas Configurations A and B remained
flutter-free in the subsonic range. These results provide actionable guidance for payload
restrictions and structural reinforcements in certification campaigns.

A launcher-specific modal signature was discovered. Configuration D intro-
duced a unique high-frequency launcher family at ~29.8 Hz, which was absent in
other cases. This marker can be used for experimental validation and monitoring of
launcher-equipped aircraft.

Methodological contribution: The validated FEM–DLM framework extends aeroelastic
methodologies to trainer aircraft, providing a transferable approach that captures both
local store dynamics and global structural responses.

Overall, the study closes a literature gap by addressing flutter of trainer-class aircraft
with external stores, highlights critical configurations with subsonic instabilities, and
provides a validated computational methodology with direct utility for certification and
modernization of the IAR-99 HAWK and similar platforms.
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