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ABSTRACT  

Aircraft components such as Wings, control Surfaces and tails that come in direct contact 

with the free stream air exhibit a specific fluid structure interaction phenomenon known as 

“Flutter” or dynamic instability. Flutter is due to the interaction between elastic, inertial 

and aerodynamic forces. Flutter is one of the most common problem in the aerospace 

industry responsible for structural constrain in the design of the wing. Aircraft wings are 

designed to not exhibit flutter in flight envelope. Flutter in a wing can be easily modeled 

and tested by a two-degree of freedom system in a wind tunnel. Different complex numeric 

and analytic studies have been carried out to explain this dynamic instability. However, 

these analyses always need some experimental validation. So, flutter can initially be 

estimated and analyzed through experimental testing based on some assumptions. This 

article presents an overview on the design of the experimental flutter mechanisms that 

have been developed till now. A summary of the already available knowledge and an up to 

date progress in the field of flutter analysis and design mechanisms is provided. Different 

experimental approaches to the problem of evaluating divergence and flutter response of 

systems are comprehensively explained. Beginning from the purpose of the research and 

achievements, detailed comparative analysis has been done for the already developed 

mechanisms to analyze flutter. Finally, this comparative study is discussed in detail to give 

a comprehensive overview of concepts of designing a flutter mechanism for any wind 

tunnel.  
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1.  INTRODUCTION   

In Engineering, investigation of the 

aeroelastic phenomena is a vital 

parameter to be analyzed. This 

aeroelastic phenomenon is further 

categorized into static and dynamic 

aeroelasticity. Dynamic aeroelasticity will 

be main area of concern to inspect 

dynamic instability (Flutter Response). 

Flutter is a self-originating oscillatory 

instability in which the aerodynamic 

forces on the body are coupled with its 

natural modes of vibrations due to the 

stiffness of the body. The increase in the 

amplitude of the oscillations due to the 

coupled behavior can actually cause 

structural failure. Such a structure that 

are exposed to air should be constructed 

carefully.  

Only experimental study can make sure 

the eradication of the flutter in these 

designs. Flutter is most often encountered 

in lifting surfaces known as “lifting surface 

flutter”. As the flow velocity increases, 

the aerodynamic forces on the lifting 

surface also increases to a certain value 

where these forces get coupled with 

vibrations of the lifting surface to cause 

unstable oscillations(flutter). The lifting 

surfaces such as wings, horizontal tail of 
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all the aircraft are to be examined 

experimentally and tested in the wind 

tunnel to make sure that the flutter 

velocity is eliminated from the flight 

envelope. The only reliable method to 

investigate flutter behavior is through 

wing tunnel testing [1].  

The experimental testing demands to 

model that lifting surface in the wind 

tunnel. Certain mechanism or system 

should be there to model thee stiffness of 

the wing in the wind tunnel. The stiffness 

of the wing can initially be assumed in 

two-degrees of freedom. The stiffness of 

the aircraft wing can be further 

categorized into Plunge stiffness and Pitch 

Stiffness.  

  

  

2.  MATHEMATICAL MODEL  

Every physical design is based on some 

mathematical model. A thorough 

knowledge of mathematical model is 

necessary to develop a physical model . In 

the aeroelastic field, this type of 

analytical studies is implemented by using 

a simple, rigid-wing, springrestrained 

model as shown in Fig 1. Such type of 

models are known as „typicalsection 

models [1].  

These models also represent the case of 

two-dimensional wind tunnel models that 

is elastically mounted by any means on the 

wind tunnel. The model resembles to the 

typical airfoil attached with the torsional 

and linear springs. Springs are used to 

model the wing structural stiffnesses.   

  

Figure 1: Mathematical Model [2].   

The first assumption of this model is that 

it is a steady flow aerodynamic model  

[2].   

  

Such a two-degree of freedom system can 

be modeled by the following equations  

[1].  

  

To analyze the model, we know by the 

study [11] that we can assume the solution 

as  

  

  

After solving the above equations and 

setting  the  determinant  of 

 the coefficient equal to zero, we will 

have the following quadratic equation,   

  

  

If  

  



  

 MDSRIC - 2019 Proceedings, 26-27, November 2019 Wah/Pakistan   

 
 

3  

  

We will have the real and negative roots, 

that gives the boundary between unstable 

and stable motion. So, we can evaluate 

the value of the dynamic pressure on 

which the dynamic instability or “flutter” 

occurs,  

  

  

We can determine the dynamic pressure at 

which the flutter occurs from the above 

quadratic formula. In order to reflect the 

flutter response at least one of the roots 

should be real and positive. If both roots 

are real and positive then the smaller one 

will be more critical to have the flutter 

response.  

3.  LITERATURE REVIEW  

The work done in the past should be 

studied in detail, to have a clear idea of 

establishing the experimental set up for 

examining the flutter behavior.  

In recent years, flutter analysis has been 

one the most focusing issue in every field, 

where traditionally it was reserved for the 

fields of aerospace, automobile, etc... 

The very first experimental study of 

aeroelasticity was carried out by Wright 

brothers in 1899. Later, NASA has 

performed many experiments on the 

flutter analysis. Some of the already 

designed flutter mechanisms are studied 

here.  

3.1. NACA 0012 Benchmark Model [3].  

A wind tunnel tests were performed by 

the structural Dynamics Division at NASA 

Langley Research Centre known as 

Benchmark Models Programs.  

The principal the objective of the 

program was to study and estimate the 

effect of dynamic instabilities. Various 

wing models were studied in wind tunnel. 

The NACA 0012 rectangular planform 

wing was mounted on the flexible two 

DOF mount system.  

The system was designed such that there 

was no inertial coupling between the two 

modes (Pitch/Plunge). Servo 

accelerometers were used to determine 

the pitch and plunge motion parameters. 

Study was focused on conventional 

flutter, plunge instability, and stall 

flutter. Pressure distributions were 

computed with the help of static ports 

located chord wise on the wing. The 

results showed that the classical flutter 

boundary is characterized by an unusual 

trend of increase in the dynamic pressure 

with Mach number. A plunge instability 

region was observed in the transonic 

regime which shows that flutter in that 

regime is due to plunge mode.  In the 

transonic regime, there is an unusual 

variation of stall flutter dynamic 

pressure. Experiments indicate the 

formation of the shock wave on the wing 

which further effects the dynamic 

characteristics of the flow.  

3.2.       Further Test cases for the 

flutter of the benchmark models  

[4].  

Later on, NASA did the continuation 

experiments on the same benchmark 

model using the wings of the different 

airfoils. NACA 0012, NACA 64A010 and 

NACA SC (2)-0414 were considered. 

Again, three types of instabilities were 
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considered a classical flutter, transonic 

stall flutter, and plunge instability.   

Experiments were majorly focused on the 

super critical airfoil. The experimental 

setup was inefficient to measure the 

forces. Dynamic motions were measured 

with the help of the strain gauges and 

accelerometers, mounted on the model. 

Benchmark active control technology was 

used for data acquisition system. Pressure 

transducers were mounted carefully on 

wing models in a chord wise direction at a 

particular span location. The model was 

purposely designed away from the wall to 

reduce the wall boundary layer effects on 

the results. Four rods were attached with 

the moving plate and kept fixed from one 

end. These rods were accountable for the 

pitch and plunge motion of the wing. The 

stiffness of the rods was precisely 

calculated. Pressure orifices on the 

Splitter-plate were used to examine the 

pressure variation of the upcoming flow. 

NACA SC (2)-0414 was analyzed for 

classical flutter and stall flutter behavior 

only. NACA 0012 was analyzed for classical 

flutter only. While, NACA 66A010 was 

analyzed for classical flutter and plunge 

instability. Classical flutter boundaries 

were evaluated in both mediums; air and 

heavy gas. Plunge instability for this 

particular airfoil was not under 

consideration, because this wing model 

was unable to have zero lift condition 

without hitting the stops within the 

mechanical setup. Similarly, Stall flutter 

instability was not studied for NACA 

64A010 by reason of the limitation in 

setup.  The mean value of the coefficient 

of pressure was used to find out the 

pressure distribution during analysis.  

3.3.         Experimental Flutter Mount 

System [5].  

Flutter has been studied through a 

development  of  a  wind 

 tunnel mechanism. A flexible mount 

system was developed. This mount system 

was similar to the NASA Benchmark model 

but it was designed in a vertical manner 

in order to eliminate the gravitational 

effects that come across during flutter. 

Initially, FEM techniques was used in this 

model to calculate its dimensions. Rods 

were used to model structural stiffness. 

This study focused on the first two modes 

of flutter, plunge and pitch mode. Eigen 

system realization algorithm was used to 

find the mode shapes and frequencies 

from the experimental data. The wind 

tunnel test was performed to find the 

flutter velocities.                                                            

Accelerometers and strain gauges were 

used to find out the motion parameters.  

The  damping  of  the 

 modes  was scrutinized with increasing 

velocities.    

The results were different from the 

initially considered finite element model 

because, FEM was based on many 

simplified assumptions. The wind tunnel 

test confirmed the variation of modes 

with  increasing  velocity  to 

 flutter velocity. Time response 

characteristics were also observed in 

order to show that the flutter is self-

sustained.   

3.4. Flutter and Stall Flutter of a 

Rectangular Wing in a Wind Tunnel 

[6].  

The experimental model was developed to 

investigate the flutter response and stall 

flutter characteristics of the wing in the 

wind tunnel at the University of Liege, 

Belgium. In this experimental model, the 

pitch and plunge stiffness of the wing was 
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modeled by linear springs instead of rods. 

The experiments were carried out on a 

wing of NACA 0018. Accelerometers  were 

 used  for measurement of pitch and 

plunge motion. High and low limit cycles 

oscillations were observed.  

Particle image velocimetry (PIV) was used 

to visualize and capture the actual 

instantaneous velocity on a single plane 

parallel to the free stream velocity. This 

technique was used to visualize the flow 

on a wings chord at a particular spanwise 

location. The purpose of this experiment 

was to investigate classical pitch plunge 

flutter and its relationship with stall 

flutter. Experiments showed sharpleading-

edge stall flutter behavior due to leading 

edge vortex shedding and creation of the 

laminar separation bubble near the 

leading edge. Considered airfoil NACA 

0018 is very thick so it was to be expected 

that the trailing edge separation would 

occur first.  

3.5.       A Novel Experimental Setup 

[7].  

Experiments were performed to determine 

the dynamic stability boundary at low-

speed wind tunnel by developing an 

experimental model. The theoretical 

model of the two degrees aeroelastic 

system was also NACA 0012 was used, to 

carry out the experiments. The 

experimental results were compared with 

the analytical solution of the theoretical 

model. The plunge stiffness was modeled 

by the two bars and pitch stiffness by using 

two linear spring with a disc. LVDT and 

contactless angular sensors were used to 

measure the displacements. This 

mechanism comprises of, an adjustable 

center of mass system and we can also 

vary stiffnesses. Purpose of this 

experiment was to calculate the effect of 

the airfoil thickness ratio on the 

divergence and flutter. This mount system 

was also suitable for complex aeroelastic 

analysis. The increase in the stability 

boundary regime was observed by 

increasing the airfoil thickness. The effect 

of the maximum thickness point on flutter 

was observed.  

3.6. Multiparameter Experimental Setup 

for flexible Airfoil [8].  

In this study, experiments were performed 

on the flexible airfoil to increase the 

flutter boundary regime.  Series of tests 

were performed to investigate the effect 

of the flexibility on the flutter. Major 

considerations were done on classical 

airfoil flutter. The flexibility of the airfoil 

was modeled as laminated composite 

plate attached at the trailing edge of the 

symmetrical airfoil.  

Laminated carbon plates were attached at 

the wing tips of the model to have 2D flow 

conditions. Experimental data concludes 

that there was an increase in the flutter 

speed at a high pitch-toplunge frequency 

as compared to the rigid wing. The design 

of the laminated plate for the adequate 

fiber type was also studied to know its 

effects on the flutter regime.  

3.7.   Flexible Aero-Structures [9].   

Mechanisms were designed to analyze the 

effects of flutter in the wind tunnel. Two 

models were constructed, a typical wing 

section with the activated plate and a high 

aspect ratio flexible wing. Numerical 

analysis was performed to have a 

comparison with the experimental results.   

Load cells were used for the data 

acquisition system to make sure accurate 

measurements in low-speed wind tunnels. 

Set of accelerometers were attached 

inside the wing to measure the 

displacements.  



  

 MDSRIC - 2019 Proceedings, 26-27, November 2019 Wah/Pakistan   

 
 

6  

  

3.8.  Experimental Setup for degree of freedom 

flat plate [10].   

The model was designed to analyze two degrees of 

freedom of flat plate having classical flutter mode 

in a wind tunnel. The plunge stiffness was modeled 

by four linear springs and two laminated springs. 

Pitch stiffness was also modeled by two linear 

springs. The distance between the center of 

gravity and the elastic axis was fixed. Rounded 

discs were used at the tips of the flat plate to 

restrict the analysis to two-degrees.  

Table 1: Wind tunnel used, Max and C.g 

Variation.  

  

The tests were performed at low Reynold 

number. Experimental results showed that 

the flat plate is undergoing nonlinear effects, 

these nonlinearities could  be  due  to 

 structural  and aerodynamic effects.  

  

 4.  COMPARATIVE STUDY  

Comparative studies have been done to 

enhance the current knowledge on the 

flutter.    
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4.1. Wind tunnel Used  

The initial step to design any flutter set up is to 

first go through the specifications of the wind 

tunnel for which the model has been designed. 

The maximum speed of the wind tunnel is a 

critical parameter. Because it will limit us to 

initialize the flutter in that speed regime.   

Table 2: Airfoil Used and Wing 

Specification.  

  

         Generally, Excitation speed of flutter is 

at 90% of the maximum speed of the wind 

tunnel. Type of the wind tunnel (Open/Closed) 

circuit will decide the further design 

amendments. The area of the test section is 

another constraint; system accordingly should 

be designed accordingly. The comparison of the 

wind tunnels used, their maximum speeds and 

area of the test section, for which the flutter 

system has already been designed is shown in 

Table 1.  

  

  

Table 3: Structural Stiffness  

  

4.2. Airfoil Used and Wing Specification  

Flutter response can be studied on 

any airfoil. Most researchers have 

used NACA 0012 and NACA 0018 as 

their study airfoils because it‟ s 

symmetrical and simpler to study. 

Thicker airfoils have an advantage 

that they can be embedded with 

sensors and transducers easily. The 

required wing specification will be 

governed by the area of the test 

section of the wind tunnel and on the 

type of analysis.  The airfoil that has 

been used in the current studies and 

the wing specifications are shown in 

Table 2.  
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4.3.  Mass and C.g Variation  

The mass of the system in the flutter analysis 

has a very vital role in obtaining critical values. 

The importance of the mass can be seen from 

the equations of the mathematical model. More 

mass means it will be difficult for us to have a 

flutter response in the desired range of wind 

tunnel velocity. Sometimes an intentional 

increase in the mass can increase the accuracy 

of other parameters.   

The variation of the center of gravity can make 

our model more unique. Moving the center of 

gravity away from the elastic axis tends to 

increases the flutter response. Desired flutter 

response can be accomplished by varying the 

position of elastic axis or center of gravity. 

Table 1 shows the total mass of already 

developed systems and their capability of 

varying the position of the center of gravity.  

4.4. Modelling of Structural Stiffness  

After finalizing the wing specifications and a 

mass of the wing, the core thing is to model the 

structural stiffness, in our actual mechanism. 

The torsional stiffness and plunge stiffness can 

be modelled through any means.   

A more unique idea will make the system 

different from the others. Some researchers 

have used springs of desired stiffness to model 

the structural stiffness while others have used 

laminated beams, rods, and struts to embed 

the stiffness in the actual models. Table 3 

shows the comparison that how the researchers 

have modelled the structural stiffness in their 

actual mechanisms and their values.  

4.5. Sensors  and  Data  Acquisition 

System  

The second task after developing the 

mechanical model is to have such a data 

acquisition system that can analyze the system 

accordingly and give the desired results. 

Development of the new data acquisition 

system can be done according to requirements 

[11]. Some researchers want to analyze the 

system in a different way than the previous 

one, so they prefer to develop their own data 

acquisition systems [13]. In flutter response, 

we have to deal with the plunge motion and 

pitching motion.  

The latest sensors available in the 

market can be used. These sensors 

can sense these motions at very high 

accuracy and have high resolution. 

For forces, we can use the strain 

gauges of high quality. The sensors, 

data acquisition system, and 

software used in that system for 

some already developed mechanism 

are shown in Table 4.     

4.6. Brief Review on the Study of 

Researchers  

To analyze the flutter response 

doesn't mean to have the critical 

flutter velocity, or to only make the 

system flutter in our desired range. 

But to analyze the system such that 

to explore the response of flutter in 

every aspect. Such that to inspect 

that how to increase the flutter 

boundaries, stall flutter response 

and study the variation in the flutter 

w.r.t to all the other parameters. 

Such a study will enhance 

uniqueness. Different researchers 

have already studied flutter through 

different aspects as shown in Table 

5.  

5.  ANALYSIS  

All the experimental models are 

developed to analyze some 

particular scenarios, Similarly, 

flutter response can be investigated 

with maximum variabilities using the 

developed model. Some of the 
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analyzing techniques, which will be 

very helpful in the investigation of 

flutter response.  

  

Table 4: Sensors and Data Acquisition 

System.  

 
  

5.1. Critical Velocity  

Critical velocity of any wing can be evaluated 

using the wing tunnel model of flutter 

mechanism. Model the stiffness of the actual 

wing by some dimensionless parameters in 

experimental model. Frequency response 

technique is used to find out exact value of 

flutter velocity. 5.2. Lift and Moment 

Coefficients  

Significance of flutter on the lift distributions 

and moments can easily assessed by 

experimental model. This study can be done 

experimentally by using the pressure 

transducers or strain gauges.  

  

Table 5: Study of the researchers.  

  

                                                                                

Study of the variation in the lift at 

the critical point and after 

initialization of flutter is our primary 

concern. Many researchers have 

done a detailed study on that 

behavior.  

5.3.  Variation of Airfoil Thickness  

Varying the airfoil thickness can 

affect the flutter behavior. Primarily 

this study leads us to investigate the 
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flutter response in detail. B. Gjerek 

[7] have done a study to investigate 

the stability boundary by varying the 

airfoil thickness distribution. He 

evaluated the stability boundaries 

regime of different airfoils and 

compared it with the NACA 0012. 

Concluded that the stability 

boundary was moving to a slightly 

higher value of velocity with 

increasing the airfoil thickness 

distribution. There was no effect on 

the stability boundary condition of 

the airfoils having a maximum 

thickness at 20% and 30% of chord. 

There was a slight decrease in the 

divergence and flutter velocity for 

the airfoil having a maximum 

thickness at 40% of chord.  

5.4. Stall Flutter  

Stall flutter is the major parameter to be 

assessed during this study.  N. A. Razak [6] 

have investigated the stall behavior in detail 

He observed high amplitude LCO's during the 

experiments. The classical stall begins with 

the trailing edge separation followed by 

leading-edge vortex and laminar bubble bursts 

resulting in a vortex shedding. Any of the 

visualization technique can be used to see 

such effects.  

5.5. Flexible Airfoil  

Study of the variation in the lift at the critical 

point and after initialization of flutter is our 

primary concern. Many researchers have done 

a detailed study on that response. The study 

done by [8] shows the flutter behavior in a 

flexible airfoil is of two major types, classical 

flutter, and the laminated plate flutter.  The 

significant increase in the critical flutter 

velocity and a decrease in the amplitude of 

oscillations at critical speed was observed as 

compared to rigid Flexible mechanisms were 

designed using rigid wings in a wind tunnel for 

flutter investigations. All the mechanisms 

were designed such that they ensure complete 

two-degree of freedom flutter motion in a 

wind tunnel. The designed procedure 

discussed above is kept simple, based on only 

mathematical model and experimental 

techniques.  
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