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INFLUENCE OF UNDER-WING STORE MASS ON THE FLUTTER
RESPONSE OF AN F-16 MODEL WING

Summary

This study investigates the effect of tip-mounted store mass on the flutter behaviour of an
F-16 fighter jet model wing using wind tunnel testing and numerical analysis. A 1/8-scale
polycarbonate wing was tested with six external store configurations of identical geometry but
different masses, representing varying inertia through aluminium and steel materials.
Experiments were conducted in the Ankara Wind Tunnel, while numerical analyses were
performed in ZAERO® using modal data obtained from finite-element models. Seven
configurations, including a clean wing baseline, were evaluated with stores mounted on F-16
under-wing stations. A comparison of ZAERO’s g-method and k-method showed that the k-
method exhibits closer agreement with experimental results. The findings reveal that increasing
store mass leads to a pronounced reduction in flutter frequency and flutter speed, and this trend
becomes increasingly non-linear for heavier configurations. These results underscore the
dominant role of tip-mounted inertia in subsonic flutter behaviour and demonstrate that
simplified flat-plate wing models can reliably capture mass-driven aeroelastic trends.
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1. Introduction

Commercial aircraft, military jets, and unmanned aerial vehicles often carry various types
of external stores, which are not deployed arbitrarily but within an operational framework. This
framework defines the type, number, and placement of stores on the aircraft. The mass and
location of the store, moments of inertia, and centre of gravity significantly influence natural
frequencies, mode shapes and ultimately, flutter speed and frequency. Each external configuration
possesses unique structural and aerodynamic properties, requiring tailored certification testing
procedures for flutter assessment. Such tests play a crucial role in aircraft design and modification.
Flutter research began with investigations by Lanchester [1] and Bairstow and Fage [2] into
asymmetric flutter on the Handley Page bomber in 1916. Blasius [3] later examined performance
deficiencies in the Albatros D3 biplane. Torsional flutter was later expanded upon by Smilg [4].
Single degree-of-freedom flutter modes were observed on control surfaces at subsonic and
supersonic speeds [5]. Wings heavier than the surrounding air with significant sweep angles may
experience pure bending flutter [6]. Greidanus [7] studied bending-torsion under incompressible
flow, while Dugundji [8] and Dowell [9] focused on panel flutter and nonlinear plate oscillations.
Kosmatka [10] applied a force-series solution for cantilever beams with tip masses.
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Studies on the influence of store mass on flutter under subsonic flow remain relatively
limited compared to transonic research. Turner [11] analysed 308 configurations and found that
flutter initiates aeroelastic instability but is generally unaffected by store aerodynamics.
Fazelzadeh et al. [12] evaluated equivalent mass distributions in different positions and reported
that store mass reduces flutter speed. Farhat et al. [ 13] modelled fuel sloshing effects and noted
a proportional decrease in flutter speed with fuel consumption at 0.5 Mach, with more severe
reductions near transonic speeds. Jun [14] compared clean wings with missile-tip
configurations and showed a drop in flutter speed from 650 to 460 knots depending on mass
and aerodynamic effects. Janardhan and Grandhi [15] studied how store parameters influence
flutter and limit cycle oscillations (LCO). Even under small disturbances, aerodynamic and
structural coupling creates complex nonlinear behaviour, particularly in transonic flow where
shock waves and wing geometry amplify the system’s response. Librescu and Song [16] further
noted that wing-tip stores reduce flutter frequency more than underwing loads.

Recent works, including Currao [17], demonstrated stall-induced flutter modes through
combined numerical and experimental studies on thin plates. Goizueta et al. [18] analysed flexible
wings using SHARPy and MRM reduced-order models and showed that wing deformation can
shift flutter boundaries. In modern fighters, strong coupling between structural dynamics and flight
control systems has motivated aeroservoelastic studies, showing that feedback can shift flutter
margins and stability boundaries [19]. Related work has examined advanced control concepts,
including multi-input/output architectures and nonlinear dynamic inversion, as practical means to
improve aeroelastic robustness in high-performance configurations [20]. Healy et al. [21]
investigated floating wingtip fuel tanks and reported that fuel motion alters dynamic loads and
aeroelastic response. Yu et al. [22] examined wing-pylon-nacelle configurations in subsonic and
supersonic regimes using continuation methods and reported improved accuracy over classical p-
k methods. Basiri [23] and Balakrishnan [24] showed that equivalent plate models with Doublet
Point methods capture key flutter trends for low-aspect-ratio delta wings. Clean wing studies [25]
have emphasised wind tunnel validation for local flow effects, while scaled composite experiments
require careful aeroelastic similarity criteria [26]. Dinulovic et al. [27] applied machine learning
to predict flutter of composite missile fins, indicating promise for early-stage assessment.
However, whereas these studies mainly address aerodynamic complexity, control interaction, or
material effects, the present work isolates external-store mass by testing and simulating
geometrically identical stores with different inertial properties on an F-16 model wing.

External stores can reshape fighter-wing aeroelastic stability; changes in mass, inertia,
and station location may shift flutter onset and trigger or suppress LCO. Chen et al. [28]
reported these effects for an F-16 with external stores, while Lee and Chen [29] analysed the
aerodynamic influence of under-wing stores in the transonic regime. The present simulations
use ZAERO following the theoretical formulation and flutter-module procedures of ZONA
Technology Inc. [30]. Experimental wing—store correlation studies (including nonlinear
response) have been demonstrated by Tang and Dowell [31], and the broader implications of
store loading on advanced wings were discussed by Gern and Librescu [32]. Most importantly,
Yaman [33] provided a directly relevant baseline by validating ZAERO (including the g-
method) against wind tunnel data for a cantilever plate-type wing, which underpins the
verification strategy adopted here. The damping-perturbation g-method that ZAERO builds on
was formulated by Chen [34]. For F-16 practice, Pollock et al. [35] evaluated flutter prediction
for store-equipped configurations, while Bennani et al. [36] examined heavy-store cases using
robust analysis strategies. Santos et al. [37] detailed how external-store aerodynamics should
be represented in subsonic flutter assessments, and Maxwell et al. [38] provided a
ZAERO/ZONA-based implementation perspective for incorporating store-aerodynamic
effects. Robust treatment of uncertain store aerodynamics was addressed by Heinze et al. [39],
while Cui and Han [40] examined tip/appendage effects. Golparvar et al. [41] measured related
trends through nonlinear experiments. Pylon nonlinearities were investigated by Gilioli et al.
[42], and numerical stabilisation techniques were developed by Yuan and Zhang [43]. Efficient
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LCO prediction strategies were reported by Kariv et al. [44]. Finally, model updating via ground
vibration testing supports certification-grade flutter prediction and correlation [45].

In this study, the required modal inputs were generated using MSC NASTRAN®, and
structural models were created in MSC PATRAN®. All flutter tests were validated through
wind tunnel experiments at the Ankara Wind Tunnel (ART). The novelty of this study lies in
experimentally isolating the mass effect by analysing aluminium and steel stores with identical
geometry and evaluating configurations where store mass significantly exceeds the wing’s own
weight.

2. Methodology

Within the scope of this study, a structure resembling the F-16 wing was analysed and
tested in terms of flutter behaviour. The F-16 fighter aircraft, due to its broad mission profile
and widespread operational use, serves as an ideal platform for examining external store
interactions. For the wind tunnel tests, a 5 mm thick polycarbonate (PC) plate with an F-16
wing (trapezoidal) shape was employed. This plate allowed the mounting of external stores for
flutter evaluation. During the tests, six different cylindrical stores with a 45° chamfered tip were
used as wing-tip loads. The stores were mounted on either the second or eighth underwing
station (Fig. 1), consistent with the actual F-16 configuration. Due to geometric constraints, the
corresponding pylon structure was not included in the test setup. The configurations of these
pencil-shaped stores are presented in Table 1.

v L4

98‘7 6 5. 5 5R 4 3’21

Fig. 1 Underwing store configurations of F-16 fighter jet

Table 1 Store configuration employed on the 1/8 Scale F-16 wing plate

Store no | Material type Diameter (mm) | Length (mm) | Weight (g)
1 Aluminium 10 363 70
2 Aluminium 20 363 300
3 Aluminium 40 363 1200
4 Steel 10 363 224
5 Steel 20 363 894
6 Steel 40 363 3576

As also noted by Turner [11], many studies on flutter analysis involving external stores
tend to neglect their aerodynamic characteristics. This is primarily because aerodynamic effects
are often considered secondary, and accounting for them significantly increases the complexity
and computational effort required for flutter analysis. For this reason, a simple cylindrical
pencil-shaped store geometry was adopted in the present study. Figure 2 illustrates the
experimental setup of the PC wing-plate structure and its configuration in the Ankara Wind
Tunnel (ART). The PC plate was positioned parallel to the airflow during testing.

The experiments were conducted in the low-speed test section of the Ankara Wind Tunnel
(ART), which has a 1.95 m % 1.95 m cross-section and a test length of 2.5 m. The tunnel
operates in the velocity range of 10-110 m/s, corresponding to Mach numbers between 0.03
and 0.30, and Reynolds numbers in the order of 10°~10¢ (= 2.3x10°) based on the model chord
length. All tests were performed at zero angle of attack.
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Fig. 2 Experimental setup for wing with tip-store: (a) ART, (b) setup, (c) schematic of wind tunnel A-A’ section

As shown in Fig. 2b, the plate was rigidly mounted to the tunnel floor using a custom-
designed fixture. To collect strain data, tri-axial strain gauges manufactured by Vishay were
applied to the root section of the plate. For acceleration measurements, Briiel-Kjaer
accelerometers, models 4507B and 4508B, were employed. Data acquisition was carried out
using an NI 9234 data acquisition system, and the recorded signals were processed using the
LabView® software platform. The mechanical properties of the polycarbonate (PC) material used
in the finite element model of the wing plate structure are listed in Table 2. The values for Young’s
modulus, Poisson’s ratio, and material density were adopted from Yaman’s previous study [33].

The aeroelastic model of the wing plate is discretised into 20 elements along the x-axis
and 17 elements along the y-axis. For the munition body, the model includes 25 elements in the
y-direction. The finite element model was constructed using Patran and subsequently analysed
using Nastran. In these analyses, Nastran's standard modal analysis module was used and
quadrilateral shell elements (Quad elements) were preferred in the prepared models.

Table 2 PC Material properties

Property Value
Elastic modulus [GPa] 2.25
Poisson ratio 0.35
Density [kg/m?] 1200
Mass [kg] 0.754

I, [kg.m?] 1.127134
I, [kg.m?] 0.716040
L [kg.m?] 0.413483
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Modal analyses or in situ vibration tests (GVT) of the plate structures were performed
using MSC-Nastran finite element models. Finite element (FE) models were created for the F-
16 wing plate. The trapezoidal wing plate has a root chord of 496 mm, a tip chord of 144 mm,
and a semi-span of 418 mm. The boundary conditions and modal parameters with the best
correlation with the modal test data were used in the flutter analyses. The nomenclatures and
measurements of the finite element model are presented in Fig. 3. All tip-store models have a
total length of 363 mm with a cylindrical mid-section and a 45° chamfered conical tip, as
illustrated in the figure.

Fig. 3 FE model of F-16 wing (20x17 elements) with tip-store and root fixation dimensions

Ground Vibration Testing (GVT) is crucial for validating and refining an aircraft’s
mathematical model by using experimentally identified low-frequency mode shapes of the full
structure. These mode shapes are used to verify the initial analytical model, and the GVT results
are then used to update the finite element (FE) model. Once validated, the FE model can be
used to predict critical flutter speeds, so the model-updating process must be performed
carefully, as noted by Goge et al. [45]. In this study, natural frequencies were obtained via
impact hammer modal testing to compare FE results with wind tunnel measurements. GVT can
be performed using either a shaker or an impact hammer. In the shaker setup, accelerometer
locations were defined on the wing plate (with additional sensors near the tips), accelerometers
were installed, and boundary conditions were specified in MSPro®; however, the shaker test
proved unreliable because the combined mass of sensors and actuators caused excessive wing
deformation. Therefore, the impact hammer method was adopted: a similar instrumentation
layout was used, manual excitation was applied at predetermined points, and the resulting data
were more reliable. These measurements were then used to define FE boundary conditions,
improving the accuracy of subsequent numerical analyses.

3. Results and Discussion

This section presents the set of analysis and test results obtained from various wing
configurations, including the clean wing and wings equipped with aluminium and steel stores
of 10, 20, and 40 mm in diameter. The methods covered comprise wind tunnel testing, finite
element analysis, modal testing (commonly referred to as Ground Vibration Testing or GVT),
and simulations performed using the ZAERO software. A comparative evaluation of the results
is provided, followed by a discussion of the findings in relation to existing literature.

3.1 Wind tunnel test results

Wind tunnel testing was conducted for various combinations of 1/8 scale F-16 wing
plates. As illustrated in Fig. 2b, the wing plate was mounted to the wind tunnel floor using a
custom fixture. During the tests, acceleration data were collected through accelerometers. The
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placement of these accelerometers is shown in Fig. 4. Figure 5 presents the acceleration
responses obtained from four separate channels, along with the corresponding acceleration—
time graphs and power spectral density (PSD) versus frequency plots.

Fig. 4 Accelerometer placement for F-16 wing plate with store in wind tunnel
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Fig. 5 Acceleration—time and PSD—frequency plots for (a) clean wing,
(b—d) aluminium stores (010, ©¥20, P40 mm), and (e—g) steel stores (D10, ¥20, P340 mm)
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The acceleration—time and PSD—frequency graphs are presented in Fig. Sa for the clean
wing and in Fig. 5g for the wing configuration carrying a 40 mm diameter steel store. These
figures clearly demonstrate that during the onset of flutter, the acceleration signals rise sharply
and uncontrollably, followed by a rapid decline once the wind tunnel is shut down. This
behaviour consistently indicates the moment of flutter initiation and subsequent stabilisation.
Post-processing of the recorded acceleration data allows for the identification of the dominant
flutter frequency corresponding to each tested configuration. The resulting flutter frequencies
are indicated explicitly on the right-hand side of Fig. 5a for the clean wing case and Fig. 5g for
the configuration with the ¥#40 mm steel store, respectively. A detailed summary of the wind
tunnel test results for full-span plate configurations is provided in Table 3. A clear downward
trend in flutter speed is observed as the mass of the store mounted on the plate increases, which
aligns with general expectations based on added mass effects. However, this trend appears to
break down in the case of the ¥40 mm steel store configuration. In this specific case, it is likely
that excessive structural displacement of the plate introduced a stronger nonlinear response,
which may have caused the flutter behaviour to deviate from typical patterns. As a result, an
unexpected increase in flutter speed was observed, contrary to the trend seen in lighter
configurations.

Table 3 Flutter results for wing-type plates in ART wind tunnel

Test # | Test configuration Flutter speed (m/s) | Flutter freq. (Hz)
1 Clean wing 72.92 18.02
2 Wing with @10 mm aluminium store, (W= 70g) 69.97 13.35
3 Wing with @20 mm aluminium store, (W= 300g) 66.80 9.250
4 Wing with @40 mm aluminium store, (W= 1200g) 61.56 4.990
5 Wing with @10 mm steel store, (W= 224g) 67.63 10.55
6 Wing with @20 mm steel store, (W= 894g) 64.61 6.040
7 Wing with @40 mm steel store, (W= 3576g) 63.16 2.694

As the wing-tip mass increases, the flutter onset speeds exhibit an approximately linear
decrease, as shown in Table 3. This reduction is slightly more pronounced for aluminium
masses compared to steel masses of the same size. Flutter frequencies also show a decreasing
trend with increasing mass. The highest flutter speed and frequency were obtained from the
clean wing configuration, measured as 72.92 m/s and 18.02 Hz, respectively. In contrast, for
the P40 mm steel store, these values were recorded as 63.16 m/s for speed and 2.940 Hz for
frequency. As presented in the table, the decrease in flutter frequency becomes more significant
than the corresponding reduction in flutter speed as the store mass increases. Although the
simplified flat-plate configuration neglects detailed aerodynamic effects of a realistic airfoil, it
provides a valid comparative basis for isolating the influence of store mass on flutter
parameters.

3.2  FEA and GVT results of F-16 wing plate with and without external stores

Figure 6 displays the initial four natural frequencies and associated mode shapes of the
F-16 clean wing plate (without store), considering a boundary condition in which the plate is
fixed solely at its root. Similarly, Fig. 7 shows the corresponding vibrational characteristics for
the F-16 wing plate equipped with a 40 mm diameter steel store at the tip, evaluated under the
same root-fixed constraint.
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Fig. 7 First four natural frequencies and mode shapes for wing plate with @¥40 mm steel store

A mesh convergence study was carried out by refining the FE grid from 10x8 to 20x17
elements. Natural frequencies varied less than 1.5% beyond this mesh, indicating convergence.
Aerodynamic loads in ZAERO were computed using the ZONAG6 potential flow solver with
doublet lattice-based unsteady aerodynamic influence coefficients.

When the maximum deformations are examined, much higher displacement values are
obtained for the clean wing compared to the wing equipped with the @40 mm steel store. The
under-wing store mounted at the tip reduces the natural frequency of the wing, causing it to
vibrate at lower speeds. As a result, the maximum amplitudes observed at the natural frequency
are slightly lower than those of the clean wing. These analyses show that as the outer store mass
increases, the speed at which the wing reaches the vibration speed decreases. Pollock et al. [35]
and Balakrishnan et al. [24] reported in their respective studies that each additional mass placed
on the clean wing increases the force acting on the structure when the under-wing/wing-tip store
is used and decreases the vibration speed compared to the clean configuration. For the ZAERO
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flap analysis, the natural frequencies of both the clean and store-mounted wing configurations
were determined according to the Ground Vibration Test (GVT) results.

The findings presented in Table 4 and Fig. 8 demonstrate that the results of Finite Element
Method (FEM) analyses are in strong agreement with the GVT outcomes, confirming that
natural frequencies can be accurately predicted through simulation. This alignment offers
significant benefits to aircraft designers in terms of cost effectiveness and feasibility. Since
GVT typically requires access to a physical aircraft, conducting such tests for fighter aircraft
often involves substantial time allocation and bureaucratic procedures.

Table 4 Numerical (FEA) and experimental (Modal) first 4 frequencies of F-16 wing plate

Wing Clean win 310 mm 320 mm 340 mm 310 mm 320 mm 340 mm
tip € | al. store al. store al. store steel store | steel store | steel store
= = = = = = =
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1 7.10 | 7.06 | 547 [ 534 [394 (394 | 215 | 228 | 436 | 438 | 2.60 | 2.68 | 1.37 | 1.29
2 227 [ 248 | 148 | 189 | 109 | 124 | 6.20 | 6.72 | 12.1 | 144 | 7.15 | 810 | 3.76 | 4.07
3 346 | 33.6 | 29.3 | 30.1 | 253 |[27.7 | 21.3 | 20.5 [ 262 [ 29.0 | 23.2 | 252 | 20.7 | 145
4 51.0 | 578 | 355 | 462 | 334 | 41.1 | 31.7 | 392 | 339 | 423 | 324 | 479 | 31.7 | 259

Table 4 presents the first four natural frequencies of the finite element (FE) model for
both the clean wing and the wing with an underwing-tip store, along with the corresponding
results obtained from ground vibration (modal) testing. A comparison between the modal
analysis and experimental results indicates that, across all external store configurations, the first
mode frequencies derived from FE analysis align more closely with the test data (Fig. 8).

Consequently, it is expected that flutter analysis based on the first mode shapes would
yield more accurate predictions. An exception is observed in the case of the 40 mm diameter
steel store, where the second mode appears to produce a closer match. Unlike the other

configurations, numerical results for the 40 mm steel store overestimate the experimentally
measured frequency values.
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3.3 Flutter ZAERO analysis results

In this section, detailed results of the flutter analysis carried out for each external store
configuration are presented. The aeroelastic model of the test specimens was constructed using
ZAERO software, which provides a robust framework for simulating unsteady aerodynamic
and structural interactions. The mode shape data obtained in the preceding section were
incorporated into the ZAERO/ZONA6 module and served as essential input for the flutter
computations. Based on the results obtained from the k-method, which aligned more closely
with wind tunnel test data than the g-method, Fig. 9 presents the /-g and V-fplots corresponding
to the first four vibration modes of the wing plate across different store conditions.

For the clean wing configuration, where no external mass is attached, the flutter analysis
indicated that under an assumed structural damping ratio ranging from 0% to 4%, the flutter
speed varied between 67.8 m/s and 74.5 m/s. In comparison, the same conditions evaluated by
the g-method produced flutter speeds between 56.3 m/s and 57.4 m/s. Similarly, the flutter
frequency was observed to vary between 17.7 Hz and 17.0 Hz for the k-method, while the g-
method results fell between 16.0 Hz and 16.4 Hz, as detailed in Table 5. At a critical speed of
67.8 m/s, the damping ratio of the first mode was found to decline to zero, indicating the onset
of flutter. This behaviour is illustrated in Figures 9a and 9b. Additionally, the analysis of output
data confirmed that the modes primarily responsible for initiating flutter were the first and
second structural modes.

Table 5 Flutter analysis results for clean wing and all types of store

Wing tip Damping [G] 0% | 0.5% | 1.0% | 1.5% | 2.0% | 2.5% | 3.0% | 3.5% | 4.0%
g-method Y [is] 56.3 | 56.4 | 56.6 | 56.7 | 56.9 | 57.0 | 57.1 | 57.3 | 57.4
k-method 67.8 | 68.6 | 69.5 | 703 | 71.1 | 72.0 | 72.8 | 73.6 | 74.5

Clean wing
g-method f1H) 164 | 163 | 163 | 163 | 162 | 162 | 16.1 | 16.1 | 16.0
k-method 177 | 17.6 | 17.5 | 174 | 174 | 17.3 | 172 | 17.1 | 17.0
g-method Y is] 552 56.7 | 57.8 | 58.7 | 58.8 | 58.9 | 59.0 | 59.1 | 59.1
310 mm k-method 67.0| 67.2 | 673 | 673 | 674 | 67.5 | 67.6 | 67.7 | 67.8
aluminium store | o_method e 11.1| 11.0 | 10.8 | 10.7 | 10.6 | 10.6 | 10.5 | 10.5 | 10.5
k-method | - 11.4| 109 | 10.7 | 10.6 | 10.6 | 10.6 | 10.5 | 10.5 | 10.4
g-method Vs 53.6 | 55.8 | 56.6 | 58.6 | 58.9 | 59.3 | 60.4 | 60.2 | 60.3
320 mm k-method 62.9| 62.9 | 659 | 629 | 62.9 | 62.9 | 62.9 | 62.9 | 62.9
aluminium store | o_method F1Hz] 31.0 | 30.6 | 30.4 | 30.2 | 30.0 | 7.70 | 7.70 | 7.70 | 7.70
k-method 7.80 | 7.70 | 7.70 | 7.60 | 7.50 | 7.50 | 7.40 | 7.40 | 7.30
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Wing tip Damping [G] | 0% | 0.5% | 1.0% | 1.5% | 2.0% | 2.5% | 3.0% | 3.5% | 4.0%
g-method  [ms] 523 | 542 | 557 | 56.8 | 57.8 | 58.9 | 60.0 | 60.1 | 61.6
S
040 mm k-method 56.4| 56.6 | 56.7 | 569 | 57.0 | 57.2 | 57.3 | 57.5 | 57.6
aluminium store | ¢_method e 285|282 | 28.0 | 27.9 | 27.7 | 27.6 | 274 | 274 | 273
zZ
k-method 420| 4.10 | 4.10 | 4.10 | 4.10 | 4.10 | 4.10 | 4.10 | 4.10
g-method V [s] 544 | 553 | 58.1 | 60.7 | 61.6 | 61.7 | 61.8 | 61.9 | 62.0
S
010 mm k-method 63.8| 63.0 | 63.0 | 63.0 | 63.1 | 63.1 | 63.1 | 63.1 | 63.2
steel store g-method F1Hz] 31.4 | 31.0 | 30.7 | 30.5 | 8.50 | 8.50 | 8.50 | 8.50 | 8.50
z
g-method 8.50| 840 | 830 | 830 | 830 | 820 | 8.20 | 810 | 8.10
g-method v [ms] 51.8| 527 | 539 | 54.6 | 553 | 56.7 | 59.0 | 59.9 | 60.5
S
320 mm k-method 59.4 | 59.5 | 59.6 | 59.7 | 59.8 | 59.9 | 60.0 | 60.1 | 60.1
steel store g-method fIHz] 300 29.7 | 29.5 | 293 | 29.1 | 29.0 | 28.8 | 28.7 | 28.6
zZ
k-method 5.00 | 5.00 | 5.00 | 5.00 | 490 | 490 | 490 | 490 | 490
g-method  [ms] 49.51 50.2 | 509 | 52.6 | 543 | 55.7 | 57.0 | 582 | 594
S
040 mm k-method 540 | 542 | 544 | 54.6 | 548 | 55.1 | 553 | 555 | 55.7
steel store g-method /1] 28.11 279 | 278 | 27.6 | 274 | 273 | 27.2 | 27.1 | 27.0
V4
k-method 2.60 | 2.60 | 2.60 | 2.60 | 2.60 | 2.60 | 2.60 | 2.60 | 2.60
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Fig. 9 V-g and V-fplot of wing plate (a)-(b) clean wing, (c)-(d) with @10 aluminium store, (¢)-(f) with @20
aluminium store, (g)-(h) with @40 aluminium store, (i)-(j) with @10 steel store, and (k)-(I) with @40 steel store

For the steel store with the largest diameter and mass (40 mm), the modal analysis results
obtained using the second mode shape indicate a flutter speed of 54.0 m/s and a flutter frequency
of 2.60 Hz, as illustrated in Fig. 9k and Fig. 91. At a velocity of 54.0 m/s, the damping of the
second mode drops to zero, which marks the onset of flutter for this configuration. According
to the data extracted from the output file, the first four modes contribute to the onset of flutter.
Referring to the wind tunnel results presented in Table 5, it is observed that as the mass of the
external store attached to the wing increases, the system reaches the flutter condition at lower
speeds. When examining the results in terms of flutter frequency, it is evident that increasing
the mass of the underwing external store causes a decrease in flutter frequency, as shown in
Fig. 10a. In terms of both flutter frequency and flutter speed, the results obtained using the k-
method are closer to the experimental data compared to those obtained using the g-method.
Furthermore, the flutter speeds predicted by both the k-method and the g-method exhibit a trend
that is consistent with the wind tunnel data. In other words, the flutter speed decreases as the
external store mass increases, as can be seen in Fig. 10b.

For flutter frequency, the ZAERO analysis results are on average 15% lower than the
wind tunnel test results; this discrepancy increases up to 25% depending on the speed values.
In Figure 11, the comparison of flutter speed and frequency is presented with respect to the g-
method, k-method, and the experimental results, respectively, according to the method used.
These comparisons are provided to examine the effect of store diameter, i.e., the influence of
geometric properties.
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Fig. 10 Comparison of (a) flutter frequency (b) flutter speed via store type for all methods

When examining the frequencies, it is observed that the g-method exhibits significantly
larger deviations compared to the k-method as the store mass increases (as seen in Fig. 11a).
Therefore, the current system can be estimated with higher accuracy using the k-method. As
illustrated in Fig. 11b, the flutter speed predictions from the k-method also align more closely
with the experimental results. Hence, under the boundary conditions defined in this study, the
g-method does not provide reliable results for predicting flutter speeds. When considering
flutter frequency predictions under identical loading conditions, the k-method results differ
from the wind tunnel test data by approximately 0.3 to 2 Hz. This discrepancy corresponds to
a variation of about 3 to 5 m/s in flutter speeds. In cases where the store masses are relatively
close (e.g., clean wing vs. @10 aluminium store, and @10 steel vs. @20 aluminium store), the
frequency and speed values appear quite similar. However, as the store mass increases,
noticeable differences emerge in both flutter frequency and speed. For instance, the @40 steel
store, which is approximately five times heavier than the @10 aluminium store, results in a
flutter speed that is about 6 m/s lower. This change corresponds to a frequency difference of
roughly 5.5 Hz. The variation in flutter parameters with respect to store mass is presented in
Fig. 12a as the frequency-mass relationship, and in Fig. 12b as the speed-mass relationship.
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Fig. 11 Comparison of (a) flutter frequency and (b) speed vs. store diameter

Regarding the g-method frequency predictions, it is evident that at lower store masses,
the g-method, k-method, and wind tunnel results are in close agreement as shown in Fig. 12a.
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However, after the 224 g threshold (020 aluminium store), the g-method frequency shows a
disproportionately large, nearly threefold increase. Additionally, in terms of flutter speed, the
g-method results remain approximately 10 m/s lower than those obtained from the k-method
and wind tunnel tests (Fig. 12b). With regard to frequency, similar trends are observed across
all three methods. Despite differences in aerodynamic characteristics, the flutter frequencies
and speeds of low-mass configurations, such as the clean wing and the 70 g @10 aluminium
store, are quite close. On the other hand, as the store mass increases, the flutter parameters begin
to diverge significantly, as shown in both Fig. 12a and Fig. 12b. Janardhan and Grandhi [15]
reported similar findings in their study involving underwing-tip stores with structural non-mass
(NSM) values twice and three times higher than the base configuration. For low supersonic and
transonic flow conditions, they observed that the flutter speed dropped from 950 knots (clean
wing) to 700 knots when the NSM was tripled at 0.4 Mach.
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Fig. 12 A comparison of (a) flutter frequency and (b) speed vs. the store mass

The store-type comparison in Fig. 13 further reinforces these trends. For geometrically identical
stores, increasing the material density from aluminium to steel consistently shifts both flutter
frequency and speed to lower values. Flutter frequency responds more strongly to added tip
mass than flutter speed, suggesting that inertial coupling at the wing tip dominates aeroelastic
behaviour under the subsonic conditions examined here. The store type therefore offers a
practical means of isolating inertial effects from aerodynamic ones, reinforcing the validity of
the flat-plate modelling approach adopted in this study.
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Fig. 13 Comparison of (a) flutter frequency and (b) speed vs. store type
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Based on the findings obtained, the strong correlation between the k-method predictions
and the wind tunnel measurements, as clearly demonstrated in Fig. 11a—b, confirms the suitability
of this approach for reliable flutter estimation in low-speed subsonic conditions. These results
indicate that, for the tip-store configurations and boundary conditions examined in this study, the
k-method can be confidently employed to predict both flutter frequency and flutter speed without
requiring additional experimental validation, provided that the same structural and aerodynamic
constraints are strictly maintained (see Fig. 13). Furthermore, a noticeable and consistent decrease
in flutter frequency was observed when external stores with masses significantly higher than the
clean-wing mass of 754 g were attached. This effect became particularly evident for the ©¥40
aluminium (1200 g) and @40 steel (3576 g) configurations, where the added mass substantially
increased the inertial loading on the wing. For instance, the flutter frequency, measured as
approximately 18 Hz for the clean-wing case, dropped markedly to around 2.69 Hz in the
presence of the D40 steel store, as illustrated in Fig. 13a, highlighting the pronounced sensitivity
of aeroelastic stability to tip-mounted mass variations.

While the present analysis adopts a simplified flat-plate representation of the F-16 wing,
this modelling strategy was intentionally used to isolate the structural and inertial effects of
varying store masses. Aligned with this intent, Turner [11] showed that a simplified wing/store
representation can still reveal inertia-driven shifts in flutter characteristics without being
dominated by detailed store aerodynamics. Maxwell et al. [38] similarly demonstrated that
ZAERO/ZONA-based analyses can retain the dominant unsteady-aerodynamic mechanisms
governing flutter trends even with reduced geometric fidelity. Golparvar et al. [41] supported
this perspective experimentally by extracting the main aeroelastic trends from simplified store-
equipped configurations. Accordingly, the results here should be interpreted as reliable
estimates of relative, mass-induced changes in flutter speed and frequency under consistent
boundary conditions, rather than absolute flutter limits for the full aircraft.

4. Conclusions

The external stores mounted beneath the wing significantly influence the dynamic
aeroelastic stability of the structure from both structural and aerodynamic perspectives. It has
been observed that stores attached to the under-wing reduce the natural frequencies due to their
inertial effects and lower the flutter speed depending on their mass. For all tested wing
configurations, the initial modal analysis results exhibited closer agreement with Ground
Vibration Test (GVT) outcomes, emphasising the importance of validating numerical modal
analyses through experimental testing prior to flutter simulations. With respect to flutter
frequency, the ZAERO®/k-method predictions showed better agreement with wind tunnel
measurements compared to the g-method. Both numerical and experimental findings
consistently revealed that increasing the store mass leads to a reduction in both flutter frequency
and flutter speed. However, while flutter frequency decreases nearly proportionally with added
mass, the reduction in flutter speed is less pronounced. This indicates that store mass has a more
dominant effect on flutter frequency than on flutter speed. The results confirm that the k-method
provides a reliable means of estimating flutter parameters for the examined under-wing and tip
store configurations and boundary conditions. This method offers an effective alternative for
flutter prediction in subsonic regimes, potentially reducing the need for extensive experimental
testing. Additionally, under low-speed subsonic conditions, the impact of store mass on flutter
behaviour is found to be more significant than the aerodynamic characteristics of the store itself.
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