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ABSTRACT   

In this study, rocket fin design is presented in terms of flutter analysis, which is very critical 
for thin-walled and one-sided fixed aircraft parts like wing, tail and fin. The study has been 
carried out using composite material which has been increasing rapidly in the aviation field in 
the last 30 years. Analysis for using fin design were verified by using NACA test results, 
theoretical calculations and another FE program. For carbon fiber, epoxy glass and graphite 
epoxy materials [Rajadurai et al, 2017], approximately 100 analyzes were carried out for 
different orientation angles and number of layers. In this way, it is aimed to provide the 
optimum fin design according to the index of resistance to flutter/structure weight. In terms of 
strength against to flutter, the strongest material is carbon, so when we include the 
weight/density factor, it can be said that graphite epoxy is as efficient as carbon fiber. 
 

INTRODUCTION 

Flutter is a dangerous phenomenon encountered in flexible structures subjected to 
aerodynamic forces. This includes wing of aircraft, buildings, and bridges. Flutter occurs as a 
result of interactions between aerodynamics, stiffness/structural design and inertial forces on 
a structure. In an aircraft, as the speed of the wind increases, there may be a point at which 
the structural damping is insufficient to damp out the motions which are increasing due to 
aerodynamic energy being added to the structure. This vibration can cause structural failure 
and therefore considering flutter characteristics is an essential part of designing an aircraft 
[Velmurugan, 2013].  

Composite in aircraft 

The first generation of conventional powered aircraft was constructed of wood and 
canvas. Then aluminum and steel alloy was the used in aircraft construction. The increased 
loadings and complex structural forms of present day aircrafts cause high stress 
concentrations for which the conventional material is not well adapted. Nowadays, the 
composite materials have replaced the traditional metals [Mathai, 2014]. 

During the design of air vehicles; since the strength of the structure as well as the 
lightness is a very important factor, composite parts are used as much as possible. 
Especially in the 1980s, the trend of composite usage, which started with using fighter 
aircraft, increased rapidly. On Airbus A350 and Boeign B787 type passenger aircraft, the 
composite ratio has reached 50% of the total weight of the aircraft.  
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METHOD 

When the thesis and articles are investigated, flutter analysis for metal structures or 
composite material design in aircraft structures related to structural strength are observed. 
However, study on the choice of composite materials and design related to the flutter 
criterion in wing or fin structures is not encountered. The aim of this paper is to determine the 
flutter-efficient composite fin design following the steps: 

I. Finite element modeling (FEM) for flutter analysis carried out Siemens FEMAP 
program will be verified using the test results and hand calculations for metal fins in 
literature studies. 

II. Composite fins designed by using different composite materials, lay-up orientations 
and number of layers will be evaluated and the result will be compared for each 
designs. 

During the study, the test results in RM SL58H08 “Experimental investigation of flutter 
and divergence characteristics of the rocket-motor fin of the ASROC missile” [NACA-1, 1958] 
published by NACA and the theoretical equations in NACA Technical Note 4197 “Flutter 
Experience as a Guide to the Preliminary Design of Lifting Surfaces on Missiles” [NACA-2, 
1958] are taken as reference. Material properties and geometric parameters of ASROC fin 
are presented in Figure 1 and Table 1. 

 

Figure 1: ASROC Fin Geometry 

Table 1: Aluminum 2024 Material properties and geometric parameters of ASROC 

E 10000000 [psi] Young’s Modulus 

ve 0.33 - Poisson’s Ratio 

G 3759398 [psi] Shear Modulus 

cr 8.91 [in] Root Chord 

ct 6.44 [in] Tip Chord 

cmean 7.68 [in] Mean Chord 

b 3.42 [in] Semi-Span 

t 0.05 [in] Thickness 

S 26.25 [in2] Fin Area 

AR 0.45 [-] Aspect Ratio 

λ 0.72 [-] Tip to Root Ratio 
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Flutter tests were carried out by NACA at different altitudes and test results are 
presented in Table 2. Air density, temperature, sound velocity and pressure parameters 
varying according to altitude are modeled in finite element analysis as a boundary condition. 
Test-38 result from Table 2 is selected to validate FE modelling. 
 

Table 2: ASROC Test Result for different conditions 

 

 

As the theoretical calculation, equation-18 in NACA Technical Note 4197 was used. 

 

 

 

 

Where,   

 𝑉𝑓 : Flutter speed, 

 𝑎  : Speed of sound, 

 𝐺𝐸: Shear modulus, 

 𝐴  : Aspect ratio, 

 𝑡   : Fin thickness, 

 c   : root chord, 

 𝜆   : tip to root ratio, 

 𝑝   : Pressure, 

 

The Siemens FEMAP program was used in the finite element analysis (FEA) and the 
process is defined in five steps as follows: 

a. Creation of Geometry: Fin geometry is formed in CATIA v5 shown in Figure 2 and 
imported to FEMAP as Step format. 
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Figure 2: Fin Geometry model in CATIA v5 

b. Assigning Material and Property (property): The analyzes were carried out in 2-D 
shell model. The values in Table 1 were used as thickness and material. 

c. Determination of Boundary Conditions: Fin is rigidly connected to the rocket and is 
modeled as a fixed from its root chord. In the 38th test case result, it is seen that the 
sound speed is 999 fps and the altitude to reach this speed is calculated as 29000 ft. 
The ratio of density of the air calculated at this altitude and sea level was entered as 
the ambient condition. 

d. Assigning Mesh: Two types of solution mesh are used in aeroelastic/flutter analysis 
shown in Figure 3. For deciding mesh size, mesh convergence process was 
conducted and shown in Figure 4 and Table 3.  

 

Figure 3: Structural and Aeropanel Mesh in FEMAP 
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Table 3: Mesh Convergence w.r.t Number of Aero and Structural Element 

 

 

Figure 4: Mesh Convergence Graph 

While structural mesh represents the fin strength, aeropanel mesh is used to define 
aerodynamics loads. From Figure 4 and Table 3, the element size for structural is taken as 
0.2 inches and the size of the aeropanel element is selected as 0.4 inches. The loads from 
aerodynamic effects were transferred from the aeropanel to the structural mesh using 
«spline» method. 
 

e. Reading the results from *.op2 and *.f06 outputs: Flutter occurs when the damping 
rate (read from the f06 output files) passes from negative to positive. Damping ratio 
curves is shown in Figure 5. While the first mode (red line) does not pass to the 
positive section, it is seen that the 2nd Mode (blue line) has cut the axis in the order 
of 1270 ft/s (it is also display in Figure 6).  
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Figure 5: Flutter Speed vs Damping Ratio 

 

Figure 6: f06 output files 

In Table 4, the results of flutter speed obtained from FEMAP program and theoretical 
calculus, and the difference of these results with NACA test data are presented. The 
differences are below 5% indicates that the finite element analysis and the theoretical 
approach are acceptable. In the mesh convergence study, it is seen that it is possible to 
reduce the difference to less than 1% by improving the aeropanel size used in FEA analyzes, 
but in this case, the duration of solution is become longer.  

Table 4: Comparison ASROC Test Result, Theoretical Calculation and FEMAP FEA Result 

Method V
f, 
Flutter Speed [ft/sec] Difference between test result 

Test 1298.7 %0.00 

Theoretical 1318.6 +%1.53 

FEA 1270.0 -%2.21 
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An example FEMAP fin view which is exposed to flutter is presented in Figure 7. 

 

Figure 7: Flutter view in FEMAP 

Composite Fin Optimization 

Firstly, reference [Velmurugan and Vadivel, 2013; Mathai, 2014 and Jones, 1999] 
were used to select the composite materials to be used in the fin design, and properties of 
these materials are shown in Table 5. As is known, composite materials have orthotropic 
properties and their properties in all direction are entered into the finite element program. 
Carbon-Fiber Reinforced Polymer (CFRP), E-Glass and Graphite Epoxy materials were 
selected to compare each other with respect to flutter phenomena. These materials are used 
in many parts of passenger and combat aircraft, frequently. 

Table 5: Mechanical Properties of selected Composite Materials 

 

In the first part, hand calculations and test results by using metal material (Aluminum) 
were verified in Femap program. At this stage, firstly, orthotropic aluminum material with 8-
layer and single-orientation was modeled in Femap as composite. Then, the obtained results 
was compared with result of the same thickness aluminum which was isotopically modeled. 
In the studies carried out in different element sizes, the results were occurred same for 
orthotropic and isotropic aluminum. In this way, the composite module of Femap was verified 
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(Flutter test studies by using the composite material which are similar to given in references 
2 and 3 was not found). 

Since there are no rib and spar structures in the fin, all the loads coming to the 
system are carried by the fin. Therefore, all orientation possibilities were evaluated during 
layering. 

The thickness of lamina is 0.05 inch as in ASROC Fin. Number of layers was 
selected as 8, 10 and 12 were taken in symmetrically. The thickness of each layer (ply) were 
0.00625, 0.0050 and 0.00417 inches, respectively. 

27 different orientations were determined for laminate with 8 plies and analyzes were 
performed using E-Glass material. As a result of analyzes, seven different sequences will be 
determined for each laminates with 10 and 12 plies, depending on the load path. 0° direction 
is taken as the Y axis of the fin model given in Figure 8. 

 

Figure 8: Ply Orientation 

For the E-Glass material, 41 different analyzes were carried out with analyzes for 
laminates with 10 and 12 plies. With these analyzes, the effects of layer number and 
orientation were examined. Since the number of configurations to be analyzed is numerous, 
the following notation has been created to facilitate the examination of the results. 
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RESULTS AND DISCUSSION 

Flutter speeds were obtained in analyzes, carried out with 27 different orientations for 
E-Glass laminate with 8 plies shown in Figure 9. 

 

 

Figure 9: Flutter Results for 8-plies E-Glass Fin at 27 different orientations 

At the top ply of fins with 90° and 45° orientations have the highest flutter speed 
shown in Figure 9. As a result of these analyses, number of orientation for 10 and 12 layers 
are reduced to seven and the results are presented in Figure 10. 

 

Figure 10: Flutter Results for 10 and 12-plies E-Glass Fin at 7 different orientations 
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The best 7 results of the flutter speed, carried out for laminates with 8, 10 and 12 
plies for the E-glass materials, are compared in Table 6,. 

Table 6: Comparison for the Highest Flutter Speeds of 8, 10 and 12 plies E-Glass Fin 

 

It is seen that the results obtained for different layer numbers and orientations are 
very close to each other. It can be said that the number of layers has no significant effect on 
flutter velocity. Therefore, in the material comparison section, analyzes will be performed for 
only 8-layered sequences. 

For CFRP (M55j/914 prepreg) and Graphite Epoxy materials, flutter analyzes were 
performed in different orientations. In analyzes carried out with E-Glass material, it was 
observed that the highest flutter speeds were achieved with 90° orientation in the upper 
layer. However, since the transverse modulus values for these materials are lower than E-
Glass, the maximum flutter speed was observed when the 45° layer was at the top. 
Depending on these results, new orientations were made considering the possibilities of 45° 
layer for the upper layer and shown in Figure 11. 

 

Figure 11: Ply orientations for CFRP and Graphite Epoxy 

For E-Glass, CFRP (M55j/914 prepreg) and Graphite Epoxy materials, the six cases 
with the highest flutter speed are presented in Table 7. 

Table 7: Comparison for E-Glass, CFRP and G-Epoxy w.r.t. Flutter Speed  
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CONCLUSIONS 

 In the analysis carried out with Al2024 material, the flutter speed was 
approximately 1300 ft/s. This value is percent of lower than result for E-Glass 
and G-Epoxy; it is also percent of 58 lower than the CFRP result. 

 Maximum flutter speed of CFRP (M55j/914 prepreg) is about 12% higher than 
the flutter speed of other two composite materials. 

 When the result of the E-Glass and Graphite Epoxy were compared, there 
was no significant difference between them in terms of flutter. Since the 
density of Graphite Epoxy is less than E-Glass, it will be possible to make a 
lighter design with Graphite. Therefore, Graphite Epoxy can be preferred 
instead of E-Glass. 

 The density of CFRP (M55j/914 prepreg) is about 10% higher than Graphite 
Epoxy. Considering about flutter speed - lightweight design, both of composite 
materials can be preferable.  

As a result of this study, flutter or lightness can be selected whichever is more critical, 
or different preference parameters, such as price of composite material and ease of supply, 
can be considered.  

 

References 

1. Jones, R. (1999) “Mechanics of Composite Materials” Taylor & Francis, USA

2. Mathai, A. and Kurian, A. (2014) Ply Orientation of Carbon Fiber Reinforced Aircraft 

Wing - A Parametric Study. Journal of Engineering Research and Applications. 

3. NACA, (1958) Experimental investigation of flutter and divergence characteristics of 

the rocket-motor fin of the ASROC missile, National Advisory Committee for 

Aeronautics, Washington. 

4. NACA, (1958) Flutter Experience as a Guide to the Preliminary Design of Lifting 

Surfaces on Missiles, National Advisory Committee for Aeronautics, Washington. 

5. Rajadurai,M. et al (2017) Optimization of Ply Orientation of Different Composite 

Materials for Aircraft Wing, International Journal of Advanced Engineering Research 

and Science (IJAERS).  

6. Velmurugan, G. and Vadivel, D. (2013) Study of Flutter Analysis on Composite Plate 

Structure. International Journal of Scientific & Engineering Research. 

 


