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Article History:  Abstract. Reducing the mass of supersonic aerodynamic surfaces is a critical challenge in the development of 
high-speed rockets to further their potential range. This study presents the redesign of a supersonic fin with 
the primary objective of reducing its thickness from 25 mm. Two designs are investigated, with thicknesses of 
10 and 12 mm, respectively, to ensure structural integrity under extreme flight conditions. A comprehensive 
computational approach is employed, combining static structural analysis, modal analysis, and aeroelastic 
analysis. Modal analysis is validated through an experimental method using a hammer impulse test for modal 
frequencies. The 10 mm rocket fin cannot withstand the static load simulated under the flight condition of 
15-degree angle of attack, maximum operational flight speed of Mach 3.27, and air density at sea level. The 
12 mm thick fin meets the requirements and demonstrates a flutter speed of Mach 11, significantly exceeding 
the required flutter speed of Mach 3.99. This research highlights the feasibility of substantial weight reduction 
in supersonic fins without compromising stability, offering a pathway for future advancements in lightweight, 
high-speed control surfaces.
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Notations

Variables and functions

[Bhh] – modal damping matrix;
b – width of a beam cross-section;
c  – reference chord;
d – height of a beam cross-section;
E – Young modulus;
[K] – stiffness matrix; 
[khh] – modal stiffness matrix;
[M] – mass matrix;
[Mhh] – modal mass matrix;
fa – value obtained by experiment;
fc – value obtained by computational analysis;
I – cross-sectional area moment of inertia;
l – distance from the clamped end to the free end;
m – mass;

I
hhQ 

   – modal aerodynamic damping matrix;

R
hhQ 

   – modal aerodynamic stiffness matrix;
q – dynamic pressure;
u – speed of a fluid flow;

uh – modal amplitude vector;
{u} – displacement;
u  – acceleration;
{ u } – acceleration;
ail – constant corresponding to an ith mode;
r – density of a fluid;
{f}i – modal eigenvector;
wi – natural frequency on ith mode.

Abbreviations

FEM – Finite Element Method;
FRF – Frequency Response Function;
GVT – Ground Vibration Testing;
NASA – National Aeronautics and Space Administration.

1.	Introduction

Reducing the mass of a rocket, provided that structural in-
tegrity is maintained, can enhance its flight range. One ap-
proach to achieving this is by decreasing the mass of the 
fins. A straightforward method for modifying an existing 
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fin design involves reducing its thickness. However, alter-
ing this geometric characteristic may affect the fin’s sus-
ceptibility to flutter. Abou-Amer et al. (2007) stated that it 
is possible to prevent flutter by increasing the plate thick-
ness. However, Firouz-Abadi and Alavi (2012) have shown 
that increasing a fin thickness can diminish the stable 
Mach envelope. Therefore, there is no clear indication of 
whether reducing a fin thickness would be beneficial in 
terms of aeroelastic integrity, and a new fin design with 
an altered magnitude of thickness should be investigated 
under an aeroelastic analysis. 

To enable the numerical aeroelastic calculation of a new 
fin, a complete flutter model is made, which consists of a 
structural model and an aerodynamic model (Dinulović 
et  al., 2022). ZONA51 is a linearized aerodynamic small 
disturbance theory that assumes all interacting lifting sur-
faces are nearly parallel to the airflow, which is uniform 
and either steady or undergoing harmonic vibrations (Qiu 
& Liu, 2021). In the context of modal analysis, a result of a 
computational analysis using Nastran can be compared to 
the result of a hammer impact test or an experiment using 
shaker excitations (Bahari et al., 2021; MSC Software Cor-
poration, 2017; Qaumi & Hashemi, 2023; Wang et al., 2024; 
Zhang et  al., 2019). Compared to the test using shaker 
excitations, the impulse hammer test has the advantage 
of cost-effectiveness and shorter time requirements (Reyn-
olds & Pavic, 2000).

This study aims to present a procedure for reducing 
the thickness of a supersonic fin while ensuring its struc-
tural safety under two constraints, i.e., the potential of flut-
ter and a given static load. Firouz-Abadi and Alavi (2012) 
used a supersonic fin for their study; however, this study 
differs in that the geometry of the fins used is close to a 
flat plate, while the paper by Firouz-Abadi and Alavi (2012) 
used a double wedge fin. This paper presents experimen-
tal validation of numerical results using wind tunnel test 
results and a hammer impulse test, culminating in a dis-
cussion of the implications for future advancements in a 
lightweight, high-speed fin.

This paper will be arranged in the following structure. 
Following the introduction chapter, the methodology 
utilized in this research will be elaborated in Section 2. 
Section 3 presents the experimental data and a compre-
hensive analysis, comparing the experimental results with 
numerical ones. The conclusion is depicted in the last sec-
tion, expressing the close agreement between the results 
of experiments and numerical simulations, followed by a 
recommendation for future research.

2.	Methodology

The object used as a specimen to reduce the weight is a 
rocket fin with a mass of 17.2 kg, a thickness of 25 mm, 
and made up of Al7075 material. This fin, shown in Fig-
ure 1, is capable of withstanding an aerodynamic load in a 
flight with a speed of Mach 3 and a maximum elevation of 
28 km. However, the fin was designed for a flight mission 

with a predicted maximum speed of Mach 3.27, therefore, 
this magnitude will be used for this research. A new design 
with a reduced thickness of 10 mm is chosen as the first 
design to be investigated since it has one of the smallest 
thicknesses available for an Al7075 plate on the market.

P-K method has emerged as the most widely adopted 
approach in aeroelastic engineering; therefore, it is used 
for the computational flutter analyses (Ju & Qin, 2009). 
The flutter equation associated with the p–k method can 
be expressed as (Rodden et al., 1979):
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where Mhh is the generalized modal mass, Bhh is the damp-
ing matrix, Khh is the stiffness matrix, I

hhQ  is the real part 
of the aerodynamic generalized coefficient matrix, I

hhQ  is 
the imaginary part of the aerodynamic generalized coef-
ficient matrix, r is the air density, c  is the reference chord, 
k is the reduced frequency, V is velocity, and p is a param-
eter defined by

2
2

1
Vp

ig
= −

+
,	 (2)

where g is the artificial structural damping coefficient.
For computational modal and aeroelastic analyses pur-

poses, any design is represented using a finite element 
model (Cavallo et  al., 2017; Bramsiepe et  al., 2020). To 
facilitate the management of aeroelastic models, includ-
ing highly complex ones, Patran features a dedicated tool 
called Flightloads (Cestino et al., 2019). This tool enables 
the creation of flat plate aeromodelling (Hexagon AB, 
2021). The computational aeroelastic analyses were per-
formed using the ZONA51 code, which is based on Jones’ 
supersonic theory (Jones, 1948; Chen & Liu, 1985). How-
ever, it does not account for the thickness effect (Liu et al., 
1994). To attenuate the problem, the authors employed 
an aerodynamic model that encompasses both lateral 
sides of the three-dimensional structural model of the 
fin rather than having an aerodynamic model on a sin-
gle plane. In the case of flutter predicted at a hypersonic 
region, validation using a wind tunnel experiment is not 

Figure 1. A 25 mm thick supersonic fin (dimensions in mm)
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possible in the authors’ country since no wind tunnel can 
produce hypersonic flow. However, the computational 
method can be used for other hypersonic flutter phenom-
ena documented in experimental studies on flat plates. 
Two sources are used to provide three flat plate models 
for flutter analyses to see whether the simulation results 
are close to the outcome of the experiments (Spain et al., 
1995; Xuan et al., 2019). The first model is a flat rudder 
and was documented to experience flutter at Mach 5. 
The second and the third models have wing designs and 
were documented to experience flutter at Mach 18.05 and 
17.71, respectively. The first and the second models have 
blunt edges as their leading edges, which are not charac-
teristic of the supersonic fins in this study. However, the 
third design has a sharp leading edge, which is present on 
any of the supersonic fins. The geometric characteristics of 
all the wind tunnel specimens are represented in Table 1. 
The assumed properties for these models are a density 

of 2800 kg/m3 and a Young modulus of 73.1 GPa. If the 
experiment results agree with the outcome of the simula-
tions, the method is, therefore, suitable for the supersonic 
fins in this study.

The method for determining the new fin design modi-
fication based on thickness reduction is summarized in 
Figure 2. Zhang et al. (2007) used 10% as a criterion point 
for the relative error between prediction and measurement 
in their study, where an error below that threshold indi-
cates a good model. However, 5% is used for this study as 
it is closer to accuracy. The method in Figure 2 starts with 
selecting a design with one of the smallest possible thick-
nesses of Al7075 plate available in the market. This design 
is then examined under a given static load to determine 
its safety by comparing the maximum stress applied to 
the yield strength of the material. If it is above, a new 
design with a small increment of thickness is investigated 
through the same process. When a design has a maximum 

Table 1. Geometry of tested specimens

Model Root chord Thickness Sweep angle Leading edge shape

1 550 mm 4 mm 38.7° Blunt
2 10 inches 1/8 inches 70° Blunt
3 10 inches 1/8 inches 70° Sharp

Figure 2. Flow chart of the method used for the rocket fin design modification
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stress applied lower than the yield strength under the 
given static load, it goes through modal analyses using 
numerical computation and experimentation. This process 
is needed for the validation of the FEM model used later 
in the aeroelastic analysis. The natural frequencies result-
ing from the computational and experimental analyses are 
compared. If the percent error is above 5, the FEM model 
needs to be fixed so it can give a more accurate result. 
If it doesn’t reach 5, the FEM model has sufficiently rep-
resented the real structure and thus can be used for the 
aeroelastic analysis. 

The aeroelastic analysis method used for this research 
is validated through the utilization of flat plates used in 
experimental flutter tests using hypersonic flows. The flut-
ter speeds of the experiments are compared to the flutter 
speeds obtained by computational aeroelastic analyses on 
the same plates. If the percent error is above 5, the models 
used for the computational analyses need to be changed 
to give more accurate results. If it doesn’t reach 5, the 
computational aeroelastic analysis can then be used on 
the rocket fin design.

According to Dowell (1972), the panels of space ve-
hicles exposed to a flow shall be designed to be free of 
flutter at all dynamic pressures up to 1.5 times the lo-
cal dynamic pressure expected to be encountered at any 
Mach number within the normal operating flight envelope. 

Based on a dynamic pressure equation 
2

2
uq r

= , where r 

is the fluid density and u is the flow speed, if the flu-

id density is constant, the change in speed that results 
in a 1.5-fold amplification of the dynamic pressure cor-
responds to a ratio of 1.22. The minimum flutter speed 
required, which accounts for the maximum operational 
flight speed, which is designed to be Mach 3.27, and the 
required margin of 22%, is Mach 3.99. If the flutter speed 
resulting from the computational aeroelastic analysis of 
the new fin design is below this speed, a new iteration of 
the design with a small increment of thickness is then used 
back in the structural analysis process using a static load, 
and the whole required procedure that follows needs to 
be conducted. If the flutter speed is above Mach 3.99, the 
new design is acknowledged to be safe from the potential 
of flutter and the given static load.

3.	Results and discussion

In structural contexts, a static load refers to any load ap-
plied to a structure that remains constant and does not 
vary over time. Spaceflight hardware must be engineered 
to ensure sufficient structural integrity under all antici-
pated static load conditions (National Aeronautics and 
Space Administration, 2024). Therefore, a new supersonic 
fin design with a smaller thickness than the original was 
put into a computational structural analysis under a given 
static load. This load arises under the flight condition of a 
15-degree angle of attack, a maximum operational flight 
speed of Mach 3.27, and air density at sea level. The ma-

terial of the design is the same as the previous one, i.e., 
Al7075. However, a series of tensile tests was conducted 
to determine the Young modulus of this material. Table 2 
shows the results of these tests.

The average of the obtained Young modulus magni-
tudes is 70.8 GPa, which is used for the analyses. For the 
properties of the Poisson’s ratio and density, this study 
used values shown in Table  3. Figure  3 shows the con-
tour of the equivalent stress on the structure of the fins 
after receiving the given static load. The yield strength of 
the material for a plate with a thickness between 6.35 to 
12.67  mm is 462  MPa (The Aluminum Association, Inc., 
2009). The figure shows that the equivalent stress on the 
10 mm rocket fin design surpasses the yield strength near 
the rear of the root. This concludes that the 10 mm design 
cannot handle the given static load. The next design to be 
put on a similar structural analysis is a design with 12 mm 
thickness, since 11 mm is not a common thickness avail-
able in the market for an Al7075 plate. Figure 4 shows the 
result of the analysis, and it can be concluded that the 
equivalent stress on the design doesn’t reach the yield 
strength of the material; therefore, the 12 mm design is 
chosen as the subject for further analysis. This design has 
a mass of 51.5% less than the previous design.

The new design features a root chord of 850 mm, a tip 
chord of 400 mm, and a sweep angle of 33.7°. Eighteen 
holes are incorporated near the root section to accommo-
date bolts, which serve as attachment points to the fin’s 

Table 2. Tensile test results

Specimen Young Modulus, GPa
1 74

2 71

3 69

4 68

5 72

Figure 3. Contour of equivalent stress of a 10 mm rocket fin

Table 3. Properties of Al7075 used in this study (He et al., 
2015; Shaji et al., 2017) 

Property Value

Poisson’s Ratio 0.33
Density (kg/m3) 2810



Aviation, 2025, 29(4), 261–268 265

brackets. Figure 5 shows the structural model formed us-
ing MSC Patran software. The model consists of 10-node 
tetrahedral elements. For the modal analysis, all bolt holes 
are constrained, reflecting their fixed nature when con-
nected to the fin’s brackets.

The finite element model of the structure for the simu-
lation is validated using an experiment via modal analysis. 
The equation of motion for natural frequencies and nor-
mal modes in MSC Nastran’s normal modes analysis is as 
follows (Syamsuar et al., 2018):

( ){ } { }2 0i i
K M   − w f =    ,	 (3)

where [K] is the generalized stiffness matrix, wi is the natu-
ral frequency, [M] is the generalized mass matrix, and {f}i 
is the modal eigenvector.

Andika et al. (2023a, 2023b) propose an optimized pre-
test planning strategy for modal testing and ground vibra-
tion testing (GVT) of UAVs with high aspect ratio wings, 
which are highly susceptible to aeroelastic loads. By utiliz-
ing finite element models to determine optimal excitation, 
sensor placement, and support locations, the study em-
ploys methods such as MAC, SEAMAC, normalized kinetic 
energy, and mode participation analysis to enhance meas-
urement accuracy, ensure structural integrity, and improve 
flight safety. This pretest planning approach is crucial for 
optimizing set points for impact hammer and accelerom-
eter placement, ultimately leading to more effective and 
reliable structural dynamic characterization.

Figure 6 shows the setup for the hammer-impulse test, 
displaying 15 designated impact points on the fin. Figure 7 
presents the experimental FRF data, where the colored 
lines correspond to the measurements obtained from im-
pacts at the designated points. Each peak produced from 

the combination of the lines shows the location of the 
natural frequency of the specimen.

The results of the modal analysis simulation and the 
hammer-impulse test are compared in Table 4 along with 
the percent error values. The calculation for the percent error 
between the computational and experimental natural fre-
quencies is based on the following equation (Rayer, 2007).

Percent error 100c e

e

f f
f
−

= × ,	 (4)

where fc is the value obtained by computational analysis and 
fe is the value obtained by experiment. The percent error val-
ues in this study are presented in absolute form. The percent 
error of each comparison in Table 4 between the results for 
the first five modes is under 2, indicating good model ac-
curacy. In the case of the original 25 mm thick fin, the nat-
ural frequencies for the first five modes are, consecutively, 
135.12 Hz, 289.13 Hz, 508.73 Hz, 584.76 Hz, and 758.81 Hz. 
The mode shapes of the first, the second, the fourth, and the 
fifth modes are similar to those of the first four modes of 
the 12 mm thick fin. The percentage change of each natural 
frequency for the four modes from those of the 25 mm thick 
fin to those of the 12 mm thick fin is, consecutively, –50.9%, 
–50.3%, –49.9%, and –49.8%. If one uses a clamp-free beam’s 
natural frequency Equation (5) as an approximation for the 
12 mm thick fin’s natural frequencies, and uses the moment 

of inertia for a rectangular cross-section 
3

12
bdI =  the a sec-

ond approximation, the percentage changes of the natural 

Figure 4. Contour of equivalent stress of a 12 mm rocket fin

Figure 5. Finite element model of the new fin design along 
with its constraints

Figure 6. Setup for hammer-impulse test
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frequencies by only changing the thickness of the fin are con-
sistent throughout all the modes, which closely align with the 
values of the aforementioned calculated percentage changes.

( )2 4i i
EIl

ml
w = a .	 (5)

Three models tested in flutter experiments were used 
for computational modal analyses and flutter analyses. Ta-
ble 5 shows the natural frequencies for the first two modes 
obtained from computational analyses and literature. The 
percent errors lie below 10, indicating good model accura-
cy; therefore, the FEM models can be used for aeroelastic 
analyses (Zhang et al., 2007).

The results of computational aeroelastic analyses on 
the three models tested in flutter experiments are sum-
marized in Table 6. The percent errors with respect to the 
experimental results lie under 5, which gave enough con-
fidence to use the same method for the flutter analysis on 
the new fin design.

Figure  8 shows the structural model along with the 
aerodynamic model for the aeroelastic analysis of the 
12-mm-thick fin. The aerodynamic model consists of pan-
els that cover both lateral sides of the fin, including the 
major flat section and the leading edge. As in the modal 
analysis, the bolt holes are constrained. Figures 9 and 10 
show the results of the analysis.

Flutter is an aeroelastic instability that arises when the 
damping of a particular vibrational mode reduces to zero 

Table 4. Comparison of the natural frequencies of the 12 mm thick fin between the experimental result and the computational 
result

No. Experimental frequency, Hz Computational frequency, Hz Percent Error Vibration mode

1 66.3 67.4 1.7 1st bending
2 143.8 141.9 1.3 1st torsion
3 293.1 289.8 1.1 2nd torsion
4 381.3 383.1 0.5 2nd bending
5 524.4 523.3 0.2 3rd bending

Table 5. Comparison of the natural frequencies of the models used in flutter experiments

Model
Computational frequency, Hz Experimental frequency, Hz Percent Error

1st mode 2nd mode 1st mode 2nd mode 1st mode 2nd mode

1 27.55 33.24 25.6 36.7 7.6 9.4
2 9.43 18.04 10 18 5.7 0.2
3 10 19.4 10.5 20.5 4.8 5.4

Table 6. Computational aeroelastic analyses results with comparison to the experimental results

Model Computational flutter speed Experimental flutter speed Percent Error

1 Mach 5.02 Mach 5 0.4
2 Mach 18.06 Mach 18.05 0.1

3 Mach 18.1 Mach 17.71 2.2

Figure 8. Structural model and aerodynamic model of the 
12-mm thick fin
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(Hancock et al., 1985). Within the framework of the present 
analysis, the onset of flutter is identified at a freestream 
Mach number of 11. At this condition, the modal damp-
ing corresponding to the second mode transitions mono-
tonically from a small negative value to zero, signalling the 
onset of flutter. This transition provides a precise indica-
tor of the point at which dynamic stability is lost. From 
a safety perspective, this predicted flutter Mach number 
greatly exceeds the required speed. Specifically, the com-
puted flutter speed is approximately 2.8 times higher than 
the prescribed design threshold of Mach 3.99. The latter 
value is obtained by applying a safety factor of 1.22 to 
the maximum predicted operational speed of Mach 3.27.

4.	Conclusions

Analyses for thickness-reduced fin designs have been 
completed to see whether they meet the structural safety 
requirements against a given static load and the potential 
of flutter. After a computational structural analysis using 
a static load, a new fin design with a thickness of 10 mm 
fails to meet the aforementioned requirement. However, 
the 12 mm thick design is considered to be safe under a 
structural analysis and has an obtained flutter speed 2.8 
times higher than the requirement under an aeroelastic 
analysis; therefore, it is safe from the potential of flutter.

This research also depicts that the numerical results 
of the modal analysis of the 12 mm thick fin have a close 
agreement with the experimental results, with margins of 
error of under 2 percent. In the context of the structural 
analyses conducted under static loading conditions, the 
authors have found that the location of maximum equiv-
alent stress for each case is situated near the posterior 
region of the root. The authors have also found that the 
results of the computational aeroelastic analyses using 
models that had previously been subjected to flutter ex-
periments and the aerodynamic models made in a manner 
described in the study are in close agreement with the 
experimental data. Further study of this computational–
experimental validation approach to a broader range of 
models is recommended to evaluate the range of utility 
of the computational method.

The thickness reduction approach has successfully 
yielded a lighter fin design with the consideration of the 
aspect of aeroelasticity, thereby offering a viable alterna-
tive fin design that has the potential to enhance overall 
rocket performance. Further research is required to find 
other alternative methods of reducing the mass of the 
original fin to see if they would result in a more significant 
mass reduction.
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