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ABSTRACT 

 

 

AEROELASTIC ANALYSIS OF AN UNMANNED AERIAL VEHICLE 
 
 
 

Susuz, Umut 

M.S., Department of Aerospace Engineering 

Supervisor      : Prof. Dr. Yavuz Yaman 

 

January 2008, 149 pages 

 

In this thesis aeroelastic analysis of a typical Unmanned Aerial Vehicle (UAV) 

using MSC®FlightLoads and Dynamics module and MSC®NASTRAN Aero 1 

solver was performed. The analyses were carried out at sea level, 1000m, 2000m 

and 4000m altitudes for Mach Numbers M=0.2, 0.4 and 0.6 for the full model of the 

UAV. The flutter characteristics of the UAV for different flight conditions were 

obtained and presented. The effect of altitude on flutter characteristics has been 

examined and compared with the theoretical and experimental trends in the 

literature. Also the divergence characteristics of the full model UAV was obtained. 

 

In the study, some verification and test cases are also included. The results of the 

analyses of an untapered swept-wing and AGARD 445.6 wing models were 

compared with wind tunnel data and a maximum error of 1.3 % in the flutter speed 

prediction was obtained. In two different wing models the effect of taper was 

investigated. 

 

 

Keywords: Aeroelasticity, Flutter, Divergence, Finite Element Analysis
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ÖZ 

 

 

İNSANSIZ BİR HAVA ARACININ AEROELASTİK ANALİZİ 

 
 

 
Susuz, Umut 

Yüksek Lisans, Havacılık ve Uzay Mühendisliği Bölümü 

Tez Yöneticisi          : Prof. Dr. Yavuz Yaman 

 

Ocak  2008, 149 sayfa 

 

Bu tezde, tipik bir İnsansız Hava Aracının (İHA) MSC®FlightLoads and Dynamics  

modülü ve MSC®NASTRAN Aero 1 çözücüsü kullanılarak aeroelastik analizleri 

yapılmıştır.Analizler deniz seviyesi , 1000m , 2000m, ve 4000m yükseklikte ve 0.2, 

0.4 ve 0.6 Mach sayılarında İHA'nın bütün modeli için yapılmıştır. İHA'nın 

çırpınma özellikleri farklı uçuş koşulları için elde edilmiş ve sunulmuştur. 

Yüksekliğin çırpınma özelliği üzerindeki etkisi incelenmiş ve literatürdeki teorik ve 

deneysel eğilimlerle karşılşatırılmıştır. Ayrıca bütün modellenmiş İHA'nın ıraksama 

özellikleri de elde edilmiştir. 

 

Çalışmada doğrulama çalışmalarına ve örnek çalışmalara da yer verilmiştir. 

Daralmayan ok açılı bir kanadın ve AGARD 445.6 kanat modelinin analiz sonuçları 

rüzgar tüneli verileri ile karşılaştırılmış ve çırpınma hızı bulunmasındaki azami hata 

%1.3 olarak hesaplanmıştır. İki farklı kanat modelinde daralmanın etkisi 

incelenmiştir. 

 

Anahtar Kelimeler: Aeroelastisite, Çırpınma, Iraksama, Sonlu Elemanlar Analizi
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CHAPTER 1 

 

 

INTRODUCTION 

 

 

 

1.1 Background to the Study 

 

Aeroelasticity studies the effects of interacting aerodynamic, elastic and inertia 

forces on aircraft structures. In order to demonstrate the interdisciplinary nature of 

aeroelasticity Collar created the famous triangle of aeroelasticity, which is shown in 

Figure 1.1.  

 

In all aeroelastic problems a common characteristics is observed: the aerodynamic 

forces give rise to structural deformations. These structural deformations change the 

aerodynamic forces and in turn which change the structural deformation again. This 

process repeats until a state of equilibrium or, undesirably, a failure is reached. 

 

Aeroelastic problems occur due to the elastic behavior of aircraft structures. In other 

words, if the structures were perfectly rigid then aeroelastic problems would not 

have occurred. Increasing the stiffness of an aircraft may be achieved by the use of 

recent, high technology materials or by increasing the thickness of the structure that 

results in weight penalty, which are both far from being cost effective solutions. On 

the other hand, increasing the rigidity of the structure will have unfavorable effects, 

as it will not necessarily protect the passengers or the payload from sudden gusts. 

Furthermore, the increase of design speed leads to more slender aircraft with thinner 

 1



wings and therefore requires a relatively less stiff structure. This also in turn creates 

an aircraft that is susceptible to aeroelastic problems. 
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STATIC 
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Figure 1.1 Collar’s Aeroelastic Triangle 

 

 

Aeroelasticity is divided into two main categories as static aeroelasticity and 

dynamic aeroelasticity. Relevant features of each group are classified in Figure 1.2. 

 

Static aeroelasticity involves the interaction of aerodynamic and elastic forces. The 

main subjects of static aeroelasticity are the load distribution on the elastic wing, 

divergence, control surface effectiveness and control system reversal, and 

aeroelastic effects on static stability. The following paragraphs briefly outline these 

subjects. 
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AEROELASTICITY
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•Load Distribution
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•Aeroelastic Effects on Dynamic       
  Stability

 
 

Figure 1.2 Aeroelasticity Tree 

 

 

Load Distribution on the Elastic Wing: The aerodynamic forces acting on the wing 

changes the wing shape. This structural deformation creates additional aerodynamic 

forces. Some additional deformation is produced due to these newly created 

additional aerodynamic forces. This typical characteristic of the elastic wing may 

lead to new and potentially dangerous load distribution after a critical deformation 

state of the structure.  

 

Divergence: Divergence is the instability of a lifting surface of an aircraft at a speed 

called the divergence speed at which the elastic forces can not resist induced 

aerodynamic forces caused by deformation of the wing. 

 

Control Surface Effectiveness: When compared to a rigid wing, the control surfaces 

of an elastic wing are generally less effective in terms of response. Ailerons, 

rudders and elevators are affected from this phenomenon. 
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Aeroelastic Effects on Static Stability: .A change in the shape of an elastic aircraft 

structure affects the static stability of the aircraft; this influence is known as the 

aeroelastic effect on static stability. 

 

On the other hand in the dynamic aeroelasticity, the inertial forces play an equally 

important role as aerodynamic and elastic forces. Dynamic aeroelasticity is 

interested in flutter, buffeting, dynamic response and aeroelastic effects on dynamic 

stability.  

 

Flutter: Flutter is the dynamic instability where the structure extracts kinetic energy 

from air and this energy can not be dissipated by structural damping. As a result of 

this the aircraft component vibrates with increasing amplitude. 

 

Buffeting: Buffeting is the transient vibration of aircraft components due to 

aerodynamic impulses produced by the wake behind wings or other components of 

the airplane [57]. 

 

Dynamic Response: Dynamic response is the transient response of an aircraft to 

loads due to gusts, landing, etc. 

 

Aeroelastic Effects on Dynamic Stability: Changes in the dynamic stability of the 

aircraft due to the structural deformations of the aircraft components.  

 

In the aircraft industry today, there is a huge number of modern, high speed, 

flexible aircraft designs both in civil and military sides. The variety of aircraft 

design makes the aeroelastic analysis necessary. FAR 25.301(c) states that "If 

deflections under load would significantly change the distribution of external or 

internal loads, this redistribution must be taken into account." Also the other items 

related to aeroelastic events in specification documents, strictly specifies the rules 

on the subject. Aeroelastic phenomena can give rise to quite serious results during 

flight. Hodges has written the following paragraph about the importance and 

seriousness of the phenomena: 
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In the design of aerospace vehicles, aeroelastic phenomena can result in a 

full spectrum of behavior from the near benign to the catastrophic. At the 

near benign end of the spectrum one finds passenger and pilot discomfort. 

One moves from there to steady-state and transient vibrations that slowly 

cause the aircraft structures to suffer fatigue damage at the microscopic 

level. At the catastrophic end, there are aeroelastic instabilities that can 

quickly destroy an aircraft and result in loss of human life without 

warning.[61] 

 

Due to the catastrophic results that they can lead to, the aeroelastic problems should 

be considered as early as possible in the design phase and necessary precautions 

should be taken to avoid or at least to alleviate the problem. Ideally, the aircraft 

should be designed free of flutter right from the early stages. In today’s aerospace 

industry application of Finite Element Methods pave way to such analyses. Figure 

1.3 shows a typical flutter analysis steps. Finite Element Method together with 

Ground Vibration Tests helps to obtain a sound design.  

 

Material Properties
Boundary 
Condtions

Finite Element 
Model

Dynamic Model 
(Natural Frequencies)

Aerodynamic Model

Ground Vibration 
Tests

Flutter Analysis

 

 

Figure 1.3 Typical Flutter Analysis Steps 
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A typical aeroelastic analysis can be summarized by the following steps: 

 

1. Preparation of the structural model. 

2. Determination of the natural frequencies and resonant modes. 

3. Conduction and evaluation of ground vibration tests. 

4. Modification and improvement of the structural model according to the 

results of ground vibration tests. 

5. Preparation of the aerodynamic model. 

6. Calculation of the flutter speeds and frequencies. 

7. Further structural improvements and refinements if necessary.  

 

 

1.2 History of Aeroelastic Incidents and Flutter 

 

Since the very early days of the manned flight, aeroelasticity has played a vital role 

in aircraft design.  

 

Starting from Wright Brothers’ biplane, the aeroelastic effects had drastic 

influences on the airplanes. In those days, of course, they did not use or even 

discover the terms flutter or aeroelasticity but even in those first flight attempts the 

inventors and the pilots realized the anomalies and instabilities during flight and 

started to investigate their designs. 

 

Wright Brothers are said to have made beneficial use of aeroelastic effects for roll 

control of their biplane by use of wing warping in place of ailerons [1]. Also the 

quoted paragraph given below shows their awareness about twisting propeller 

blades due to the aeroelastic effects. 

 

…After the Wrights had made the blades of their propellers much wider 

and thinner than the original ones, they discovered that the performance 

of the propellers in flight did not agree closely with their calculation, as 
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in the earlier propellers. They could see only one reason for this, and that 

was that the propeller blades twisted from their normal shape under 

pressure in flight. To find out quickly if this was the real reason, they 

fastened to each blade a small surface, like an elevator, out behind the 

blades, set at an angle to balance the pressures that were distorting the 

blades. They called the surfaces ‘little jokers’. When they found that the 

‘little jokers’ cured the trouble they dispensed with them and began to 

give the blades a backward sweep which served the same purpose. [2] 

 

There is another important name just before Wright Brothers; that is Professor 

Samuel P. Langley. He had built a powered tandem monoplane; Aerodrome 

pictured in Figure 1.4, and had tried to fly it from launching mechanism placed on 

top of a houseboat on the Potomac River in October and December 1903. He failed 

twice and in both tries the Aerodrome plunged into the river.  

 

 

 
 

Figure 1.4 Langley’s Aerodrome Just Before Launching 
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The failure in the first try seems to be because of a mechanical problem in the 

launching system that the Aerodrome could not be released as planned. But the 

reason of second failure is not that certain. It has been thought that aeroelasticity 

has played a major role in the second failure, which involves collapse of the rear 

wing and tail. Langley’s Aerodrome was weak from structural point of view and in 

the photographs taken during the first launch it is seen that wings were twisting 

excessively. G.T.R. Hill suggested that failure is due to insufficient wing-tip 

stiffness resulting in wing torsional divergence [72]. 

 

In the first years of the manned flight the biplanes became popular and the 

monoplanes were not preferred. The reasons for this situation are explained in [1] as 

 

The success of the Wright biplane and the failure of the Langley 

monoplane may have influenced early aircraft designers’ preference 

towards biplanes. Undoubtedly, the structural justification for the biplane 

vs. the externally braced monoplane comes from the inherent wing 

stiffness readily achieved on biplanes by means of interplane struts and 

cross bracing. [1] 

 

Louis Bleriot, a French aviation pioneer, flew 35 km. over the English Channel in 

1909 in a heavier-than-air vehicle, Bleriot XI, an externally braced monoplane. 

When more powerful engines were mounted to the Bleriot XI and the speed was 

increased, wing collapse was observed. Bleriot discovered a new phenomenon, the 

loss of aeroelastic torsional stiffness, but he was not aware of this discovery at that 

time [50] 

 

During World War I it was observed that the Handley Page 0/400 bomber (Figure 

1.5) experienced violent fuselage and tail oscillations. F.W. Lanchester examined 

this situation and concluded that the oscillations were self-excited and increase of 

torsional stiffness of the elevators could cure the disease [3]. One year later de 

Havilland DH-9 biplanes faced a similar tail flutter problem and the cure was 

identical to that suggested by Lanchester. 
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Figure 1.5. Handley-Page 0/400 Biplane Bomber. [www.raf.mod.uk] 

 

 

Later Leonard Bairstow, Professor of Aerodynamics at Imperial College, provided 

analytical backup in the investigation of Lanchester on the Handley-Page aircraft. 

Bairstow, together with Fage, wrote a resulting paper, which is accepted to be the 

first theoretical flutter analysis [4]. 

 

During World War I, two German fighters, the Albatros D-III and Fokker D-VIII 

(Figure 1.6), faced with aeroelastic divergence problems. Albatros D-III was a 

biplane with a narrow single-spar lower wing connected by a V strut to the large 

upper wing. The wing tended to twist because the lower wing spar was positioned 

too far aft and the V-strut had no torsional stiffening effect on it. High-speed dives 

were destructive for these planes.  
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Figure 1.6. Albatros D-III at the Left [www.skypioneers.kiev.ua] and Fokker D-

VIII at the Right [www.militaryfactory.com]. 

 

 

Fokker D-VIII was a cantilever high-wing monoplane with a superior performance. 

But soon after given to service, serious problems were encountered especially in 

high-speed dives. The German Army conducted many strength tests on the 

prototype and they were fully satisfied. But the production wing had a small 

difference from the prototype; the strengthened rear spar, which was requested by 

the Army. This modification seemed to strengthen the wing but in fact because of 

the shift of the elastic axis, it made the wing susceptible to aeroelastic divergence. 

When Fokker realized the situation, he said:  

 

“I discovered (during the strength tests) that with increasing load the angle 

of incidence at the wing tips increased perceptibly. I did not remember 

having observed this action in the case of the original wings, as first 

designed by me. It suddenly dawned on me that this increasing angle of 

incidence was the cause of the wing collapse, as logically the load resulting 

from the air pressure in a steep dive would increase faster at the wing tips 

than in the middle, owing to the increased angle of incidence. It was the 

strengthening of the rear spar which had caused an uneven deflection along 

the wing under load… The resulting torsion caused the wing to collapse 

under the strain of combat maneuvers.” [5] 
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After World War I, in 1923 A.G. von Baumhauer and C. Koning investigated van 

Berkel W.B. seaplane aileron flutter. After experimental and theoretical 

investigations, they found that decoupling of interacting modes by means of mass 

balance method could eliminate the problem. The mass balance concept had been 

accepted as a remedy for flutter [59]. 

 

In 1927, Zahm and Bear made an investigation on the horizontal tail flutter of MO-

1 airplane in United States [7]. It was a two-spar system which produced a strong 

bending-torsion coupling. As a solution, increasing of torsional stiffness and 

forward shift of center of mass are advised. 

 

Also J.S. Newell, J.E. Younger, C.F. Greene made studies and published articles 

about flutter in 1927 and 1928.  

 

Again in 1927, in Massachusetts Institute of Technology (MIT), some early flutter 

studies had started, firstly in the use of models in the wind tunnels. Later, in the 

leading of Raucher many dynamically similar scaled models of military aircrafts 

were constructed and tested in MIT Aeroelastic and Structures Research 

Laboratory. 

 

In 1928, Perring published his work on the use of scaled models for determining the 

possible flutter speeds of an aircraft [6]. He worked on an aircraft whose wing-

aileron flutter characteristics were well known from flight experiences. Previously, 

scaling laws for model making had been developed by McKinnon Wood and 

Horace Lamb in 1927.Accoding to these laws, to achieve dynamic similarity 

between the full-scale aircraft and the scaled model, one should provide similarities 

in geometry, mass and elastic properties and distributions. Perring used a one-third 

scale semispan model in the wind tunnel and the observed flutter speeds and 

frequencies have matched quite well with the actual aircraft values. It was a good 

study to show the use of a scaled model in a wind tunnel to predict critical flutter 

speeds of an aircraft. 

 

 11



In 1929, Frazer and Duncan published a report titled “The Flutter of Aeroplane 

Wings”. In this report, first theoretical flutter formulations and aerodynamic 

derivative values measured in wind tunnel are presented. This basic study has 

become one of the main references for long years and sometimes called as the 

“Flutter Bible”. Their study made use of simplified wind tunnel models. The 

concept of semi-rigid modes is introduced. By using this concept, the problems are 

solved using ordinary differential equations instead of partial differential equations. 

Frazer and Duncan did not take into account the effect of the wake of the shed 

vortices, as a result of this aerodynamic basis of their work was not satisfactory 

enough [37]. 

 

After World War I, aviators paid attention to break speed records. Between 1924 

and 1934 lots of air races has been organized. Some racers like Verville-Sperry R-3, 

Supermarine S-4, Gee-Bee, Loening P-4, Curtis R-6 faced with flutter problems. 

The designers improved and stiffened their airplanes by means of covering the 

wings back to the rear spar with stiff plywood veneer, externally bracing wings or 

reducing wing span. 

 

At the 1930’s, aeroelasticity studies showed a great progress especially in the 

theory. Monoplanes started to be preferred instead of bi planes due to their superior 

performance. Metal covered wings with metal spars and internal stiffeners started to 

take place of fabric-covered wings with wooden spars. In the early 1930’s the term 

aeroelasticity is firstly used by Cox and Pugsley in Britain.  

 

In the 1930’s Cox and Pugsley [8] and Duncan and McMillan [9] worked on aileron 

reversal, which is described as in.[1]: “…aileron “reversal” wherein, as the speed is 

increased, the deflection of ailerons produces wing twist opposing the ailerons, so 

that the rolling power or effectiveness of the ailerons diminishes, may vanish, and 

then act in the opposite direction.” 
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In 1932, de Havilland Puss Moth airplanes faced with serious accidents due to 

wing, rudder and elevator flutter. It is found that the V struts were the factor in the 

wing flutter. 

 

During 1932-1934 there were many flutter cases in the United States too. General 

Aviation YC-14 and YO-27, Douglas C-26A and XO-43, Fairchild F-24 airplanes 

experienced wing-aileron flutter. YO-27 also faced with rudder-fuselage flutter 

while F-24 faced with tail flutter. Also Curtiss YA-8 faced with rudder-fin flutter, 

Boeing YB-9Awith rudder-fuselage flutter, Douglas XV-7 with elevator-fuselage 

flutter and Curtiss YO-40B faced with elevator-tab flutter. 

 

In the same years, Theodore Theodorsen started to work on flutter problem in the 

United States. In a few moths time he published a NACA report No.496 [10] in 

1935. His work had a great influence in methods of flutter analysis in American 

aircraft industry. “Theodorsen’s theory represented the simplest exact theory for the 

idealized flat plate airfoil, and has served a major role in so-called “strip” theory 

wherein representative sections are employed in wing flutter analysis” [1]. 

Development of flutter analysis methods in America has been highly affected from 

his work, due to simple use of strip theory and other approximate procedures. 

 

Theodorsen and Garrick worked together between 1930 and 1946 and studied the 

individual effects of structural parameters, like center of mass, elastic axis, 

moments of inertia, mass ratio, aileron hinge location bending/torsion frequency 

ratio and similar parameters.  

 

Garrick discovered relationships between oscillatory and indicial aerodynamics, 

which are similar to electric circuit analysis [11]. In California Institute of 

Technology, Von Karman and Sears worked on independent treatment of oscillating 

flat plate in incompressible flow [12].   

 

In 1935, W.S. Farren published his experimental work on increase in lift coefficient 

for a wing whose angle of incidence is changing rapidly. He showed that the lift 
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coefficient could increase beyond maximum lift [13]. This is related to stall flutter 

of wings, propellers and rotors. 

 

In mid 1930’s, first flutter flight tests have been started and von Schlippe, in 

Germany, became the first to do these tests. The procedure was simple: to dive the 

airplane to its maximum velocity and observe. Many successful flight flutter tests 

had been carried out on many aircrafts until the crash of Junkers JU-90 in 1938. 

After 1945, the industry started to accept the necessity of flutter testing by the effect 

of improvements in testing techniques and flight instruments. 

 

L. Prandtl published a paper on steady aerodynamics in 1936 [16]. The theory in 

this paper is generalized to unsteady aerodynamics. He introduced acceleration 

potential. His theory gave correct results for small disturbance subsonic (M<1) and 

supersonic (M>1) speeds. But in transonic range linear theory did not hold. 

 

In two years time, in Italy, Camille Possio made two short outstanding contributions 

to Prandlt’s study [17, 18]. He applied the acceleration potential to the two 

dimensional non-stationary problem.  

 

In 1937, P. Cicala has initially developed lifting line and multiple lifting line 

methods for finite span, oscillating wings on the basis of Prandtl’s theories [19]. 

Later, in 1940 W.P. Jones [20], in 1943 Küssner [21] and in 1944 Reisnner [22] 

worked on this topic. 

 

In 1938, Frazer, Duncan and Collar published a textbook on matrices and their 

applications, including flutter examples [14]. Later in 1941, S.J. Loring published 

his work presenting general approach to flutter problem by using matrices 

systematically [15]. 

 

During World War II, Küssner published a paper giving the basis for a general 

lifting surface theory for finite wings by using Prandtl’s acceleration potential and 

effect of a uniform moving doublet [23]. 
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During World War II and later, aircraft development and configurations changed 

and varied. Metallic aircrafts took place of wooden ones, speeds increased. Flutter 

due to some other sources like carried armament, external tanks or loss of balance 

weights or stiffness reduce due to battle damage appeared.  

 

In 1942, Smilg and Wasserman presented in a document, comprehensive tables of 

unsteady aerodynamic coefficients to be used in flutter calculations and analysis 

[24]. They used Theodorsen’s theory in calculation of coefficients and also tables 

on control-surface aerodynamic balance (Küssner’s and Schwarz’s study) included. 

These tables and calculation procedures are used for flutter analysis in the United 

States for some years. These procedures involve the structural damping concept 

(i.e.: parameter g). By this concept a useful way of graphical solution (namely V,g 

flutter diagram) is achieved. This is a commonly used method which presents a 

graph with the speed (V) at the abscissa and the damping factor (g) at the ordinate, 

and simply flutter solution is represented by the crossing of the g=0 axis by a 

flexural or torsional branch. 

 

As the theoretical researches continued, at the same time some researchers and 

designers gave importance to experimental data; from measurements of oscillating 

airloads to flutter-proof tests using aeroelastic models of prototypes. Also these 

experimental data served as a useful tool for evaluation of the theories and played a 

major role in the future development of them.  

 

In 1962, H. Hall cited 53 published studies, in a survey paper of oscillating 

aerodynamic derivative measurements during the years 1940 to 1956 [25]. 

According to these; British studied heavily at low subsonic speeds during the war. 

However, after the war, the studies in the United States aimed to obtain results for 

transonic and supersonic speeds. 

 

It was very difficult and inaccurate to test and measure air loads on oscillating 

surfaces until Bratt, Wight and Tilly presented the “Wattmeter” harmonic analyzer 

in 1942 [26]. 
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When all metal construction became popular, new requests arose for aeroelastically 

scaled flutter models. During the war polyvinyl chloride became popular for 

constructing low speed flutter models. Wasserman and Mykytow described 

experiences with these kinds of models in 1951 [27]. But this method was not 

practical due to limitations in manufacturing tolerances, changes in material 

properties with temperature and humidity and high cost of fabrication. 

 

In time, the method mentioned above is replaced by a simpler one. In this new 

approach only vibration modes are simulated in the model, since vibration modes 

are significant for flutter analysis. By this approach a beam-like wing can be 

represented by a single metal spar with proper stiffness distribution and the 

remaining shape of the wing is constructed by light balsa wood.  

 

There are a lot of research, survey and citation papers given by Cunningham and 

Brown [28], Templeton [29], Targoff and White [30], McCarty and Halfman [31]. 

 

In 1946, a wind tunnel for flutter research became operational at the Langley 

Laboratory. This was a special tunnel, which can use air or Freon gas as the test 

medium. This tunnel is a former facility for experimental investigations in the field 

of aeroelasticity in the United States. 

 

With the increase of speeds to transonic region, new and much more challenging 

aeroelastic problems arose. One of the firsts of these problems was aileron 

oscillations (called as aileron buzz) of P-80 airplane in high-speed flight tests in 

1944. The known method, mass-balance, is used to overcome the situation, but it 

was seen that it had no effect on the severity of oscillations. The remedy has been 

found to include increased control stiffness, dampers and profile shape changes, 

after evaluating the results of flight and wind tunnel test since there were no 

transonic theories by the time. Arthur A. Regier gave an empirical criterion for 

transonic control surface flutter avoidance in a Survey paper in AGARD Manual 

Vol. V [64]. 
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In 1945 R.T. Jones presented sweep as a design feature. It is used in the Boeing B-

47 bomber and it was a very successful design by the time. Also nacelle placement 

used for flutter avoidance by reducing wing-root bending moments. The sweep was 

a new concept and its effects on flutter opened a wide research are both in structural 

and aerodynamical aspects. 

 

As the wings started to be thinner for high-speed flights, the difficulty to achieve 

structural stiffness requirements, which are necessary to avoid flutter, has increased 

rapidly. Also in those days nonlinear flow theory had not been developed and 

transonic wind tunnels did not exist. Because of these reasons, researchers tried 

alternative testing methods starting from 1946. Figure 1.7 shows these methods 

schematically. First two methods were free-flying models; either dropped from an 

aircraft at high altitude or launched by a rocket. Another method was the wing-flow 

technique in which the model is attached on the upper surface of an airplane wing 

where nearly uniform transonic flow occurs. The last method was using rocket 

sleds, which can reach transonic speeds. The models or full-scale components are 

attached to this rocket sled and accelerated. 

 

Transonic wind tunnels are established by the early fifties; initially at the Langley 

and it was realized that wind tunnel tests were much more efficient and cheaper 

than the testing methods mentioned above. 

 

With the advance of aircraft designs and performance in the 1940’s, supersonic 

speeds have been reached, especially in high speed dives. In level flight Charles 

Yeager reached supersonic speed in X-1 research plane in 1947, but the analytical 

studies has started some years before. In England Collar and Temple and Jahn [32], 

in Germany von Borbely [33], and in the United States Garrick and Rubinow [34] 

worked on supersonic flutter. 
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Figure 1.7 Experimental Methods Before Transonic Wind Tunnels [1]. 

 

 

Also a new type of flutter, namely panel flutter, arose. Panel flutter may result in 

fatigue failure so it is important to avoid it. It is informed that during the Second 

World War more than 70 V-2 rocket failures occurred due to panel flutter at the 

stage of development and test. Another panel flutter incidence is in the 1950’s; a 

fighter airplane was lost in a test flight[1].  

 

In 1956, NACA Subcommittee on Vibration and Flutter published a survey paper 

including flutter events encountered between 1947 and 1956 [35]. Starting from the 

1950’s general aviation aircrafts increased so did the flutter problems. The Civil 

Aeronautics Authority (now the Federal Aviation Administration, FAA) 

investigated many flutter cases, revealed their reasons and suggested solution 

techniques. Later, FAA prepared Federal Air Regulations document, the Air Force 

published Military Specifications document and NASA created Space Vehicle 

Design Criteria documents to give practical guidelines for designers and operators. 
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With the advance of development of computing machines after World War II, 

flutter analysis started to become easier to handle. The development of computing 

machines proceeded in both analog and digital ways. One of the first analog devices 

is Vannevar Bush’s Differential Analyzer, which can solve linear differential 

equations with variable coefficients. In time, these analog machines varied. Similar 

methods has been applied electrically by R.H. MacNeal, G.D. McCann and C.H. 

Wilts at the California Institute of Technology in 1951 [36]. Also a six-degree-of-

freedom flutter simulator has been used by F. Smith in England and electrical 

analogs for flow solution have been used by L. Malavard in France. 

 

The digital computing machines started to appear at the end of 1940’s, one of which 

was a Bell computer using telephone relays, operated at Langley Laboratory. By the 

use of computing machines, the equations that take too much time to solve by hand 

became feasible to handle. Classical method was to model the physical phenomenon 

by difference equations and solve them by computing devices. Later, finite element 

analysis, which employs matrices, has been introduced. Since then, with the 

development of super powered computers, finite element analysis became a 

dominant method in design. 

 

The advances in theoretical studies and computing devices were not sufficient 

alone. Testing was still necessary, especially in the transonic and supersonic speed 

ranges. A. A. Regier, in 1951, realized the lack of testing facilities and proposed 

NACA to construct a large transonic wind tunnel. The wind tunnel facility proposed 

to have the following properties as stated in Ref. [1]: 

 

1) be as large as feasible to enable accurate simulation of model details, 

such as control surfaces; 2) be capable of operating over a wide density 

range in order to simulate various altitude conditions, because flutter 

characteristics often change with altitude; 3) use Freon gas as the test 

medium which, based on previous experience, enables the use of heavier, 

less expensive models, permits higher Reynolds numbers, and requires less 

tunnel power; and 4) capable of operating at Mach numbers up to 1.2 [1]. 
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Regier’s proposal was accepted and a wind tunnel construction in Langley started in 

1955 and became operational in 1960. It was a 16 ft. transonic wind tunnel with 

Freon-12 gas as the test medium and named as Transonic Dynamics Tunnel (TDT). 

The TDT has been used in many U.S. high-speed tests, like verification of flutter 

safety and aeroelastic characteristics of both military and commercial aircraft 

designs, effect of new configurations or modifications on flutter characteristics, 

etc… This tunnel is still in use and it is known and verified that test results taken in 

TDT using aeroelastic models are well correlated with flight results. 

 

Since the very early days of aeroelasticity analysis, beside individuals, also some 

organizations studied this subject. In Europe, Royal Aircraft Establishment (RAE) 

and National Physical Laboratory (NPL) in England; National Aerospace 

Laboratory (NLR) in Netherlands; the French Aerospace Lab (ONERA) in France 

and Deutsche Forschungs- und Versuchsanstalt für Luft- und Raumfahrt (German 

Research & Development Institute for Air & Space Travel) (DFVLR) in Germany 

worked on flutter problems. In the United States, the U.S. Air Force Flight 

Dynamics Laboratory, The Navy Bureau of Aeronautics, the NACA and its 

Subcommittee on Vibration and Flutter, the Aerospace Flutter and Dynamics 

Council (composed of industry specialists), the MIT Aeroelastic Laboratory and the 

Cornell Aeronautical Laboratory examined the field of aeroelasticity.  

 

After 1950’s with the development of super-powered computers, finite element 

analysis, Computer Aided Design (CAD) and improvements in testing techniques 

and instruments, flutter analysis, is still a very wide area but become easier to 

handle, of course, based on the theories developed by the frontiers mentioned in 

above paragraphs. 
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1.3 Literature Survey 

 

This part details the studies focused on the attempts to solve the aeroelastic 

problems and aims to give a chronological history of the science.  

 

Zahm and Bear published a report in three parts in 1929 [7]. In the first part 

vibration tests in wind tunnels are described. This part included tests of simple 

airfoils and tail model of MO-1 monoplane, and also flow around this model is 

described. In second part of the report, stability criteria for wing vibrations in pitch 

and roll are derived and the design rules to avoid instability are given. In the last 

part, guide lines to design spars that can flex equally to minimize the twisting in 

pitch under a given loading are presented.    

 

A NACA Technical Report prepared by Coleman in 1939 gives methods for 

calculating torsional vibration frequencies for tapered beams [38]. The method uses 

Bessel functions and can be applied to beams, which have shape similar cross 

sections along the span. Also the torsional stiffness of a section should be expressed 

as a power of linear function of distance along the span.  

 

In 1940, Theodore Theodorsen and I.E. Garrick published a report that attempts to 

explain mechanism of flutter [39]. It included both theoretical studies and 

experimental results. The agreement between theoretical and experimental results is 

shown. Also a simple method, requiring no reference to the theory is given for 

numerical calculation of flutter speed.  

 

Theodore Theodorsen and I.E. Garrick’s study in 1942 [40] as the continuation of 

[39] includes flutter studies in three-degree of freedom (bending, torsion and 

aileron). Calculations for a number of selected cases are done and results are 

represented in graphical form. The analysis showed that mass balancing is not as 

effective as thought to be as the cure of flutter, besides it showed the significant 

effect of internal structural damping.  
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In the end of the 1940’s Barmby, Cunningham and Garrick worked on effects of 

sweep on the flutter characteristics of cantilever wings and published two reports. A 

report published in 1951 [41] by the same authors contained all the studies done 

previously and superseded both of these two reports. In the study both analytical 

investigation with relevant equations and experimental investigation with detailed 

model and test apparatus explanation, are included. Collected results for each 

configuration and test are organized in tables and presented.  

 

In 1953 Bursnall’s study on flutter experiments in Langley Blowdown Tunnel made 

comparison between transonic wind tunnel tests and free-fall flight flutter tests [42]. 

Scaled models are tested in the tunnel and results showed good correlation with the 

free-fall flight test. After these studies, it is understood and accepted the feasibility 

to use wind tunnel tests in the design phase.  

 

In 1954 Barnes and Herrera published their experimental work [43]. In this study, 

flutter characteristics of several rectangular wings made of steel or aluminum are 

investigated at Mach numbers from 0.6 to 1.10. Beside density; also aspect ratio and 

thickness are varied. It is investigated that, at low angles of attack, the flutter 

frequencies were of the order of the first bending frequencies but the modes were of 

the type bending-torsion; while at high angle of attack, the frequencies were nearly 

equal to the first natural torsion frequencies and the modes were the type of pure 

torsion.   

 

In 1955, another experimental results report is published by Tuovila and McCarty 

on cantilever wing models [44]. Several tests have been conducted on cantilever 

wing models with 0o to 60o and 45o and 60o delta wing models in a 0 to 3.0 Mach 

range.  

 

In 1958 Carson Yates developed a method based on Rayleigh type analysis for 

calculating flutter characteristics of finite span swept or unswept wings at subsonic 

and supersonic speeds [45]. For 12 wing configurations with varying sweep angle, 

aspect ratio, taper ratio and center of gravity locations, flutter characteristics have 

 22



been calculated at Mach numbers varying between 0 and 1.75. Good correlation 

between calculated and experimental results is also shown.  

 

A NACA Technical Report by Fralich and Hedgepeth presents flutter analysis made 

for very low aspect ratio rectangular wings with constant thickness [46]. Slender 

body aerodynamic theory and thin plate theory are employed in the analysis; the 

spanwise variation of wing deflection is represented by a parabola and the 

chordwise variation is allowed complete freedom. The variation of flutter 

characteristics with aspect ratios has been showed.   

 

In 1963, Unangst and Jones presented a paper including test results for a series of 

thin cantilever wings with constant taper ratio and varying Mach number, sweep 

angle and aspect ratios [47]. The results are presented as ratios, named as flutter-

speed ratios, between the experimental flutter speeds and the calculated speeds 

based on the incompressible two-dimensional flow theory. 

 

In 1963, Shirk and Olsen published a paper dealing with panel flutter [48]. In their 

own words: “The purpose of this report is to present some of the more recent 

contributions in the panel flutter area and to discuss the problem from a practical 

design viewpoint.”[48] 

 

AGARD’s Manual on Aeroelasticity contains papers and reports published by many 

authors between 1959 and 1968 in six volumes [64]. In volume I, structural aspects 

including deformation of structures, vibration analysis, influence of internal 

damping on aircraft resonance, ground vibration testing theory, thermoelasticity, 

structural non-linearization, are covered. Volume II is dealt with aerodynamics. 

Main topics of this volume are: two-dimensional linearized theory, three- 

dimensional subsonic, sonic and supersonic theories, indicial aerodynamics, 

slender-body theory, non-stationary theory of airfoils of finite thickness in 

incompressible flow, thickness and boundary layer effects, empirical values of 

derivatives. In Volume III aeroelastic phenomena is considered. In this volume 

divergence, loss of control, flutter, flutter calculation processes and cure of flutter 
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troubles, dynamic stability, panel flutter, propeller-rotor whirl flutter and helicopter 

blade flutter subjects are covered. Volume IV is about experimental methods. The 

topics covered in this volume are: Measurement of structural influence coefficients, 

ground resonance testing, measurement of inertia and structural damping, 

experimental techniques for the measurement of power control impedance, wind 

tunnel techniques for the measurement of oscillatory derivatives, similarity 

requirements for flutter model testing, model construction, rocket sled, ground 

launched rocket and free-falling bomb facilities and flight flutter tests. Volume V 

contains factual information on flutter characteristics; divergence and reversal of 

control, wing flutter, flutter of control surfaces, tabs, powered controls and all-

moving tailplanes, flutter in one degree of freedom and approximate formulae for 

flutter predictions. Finally last volume includes collected tables and graphs. As a 

complete reference, AGARD Aeroelasticity Manual provides detailed information 

about the structural and aerodynamic theoretical background on aeroelastic events, 

testing techniques and statistical and experimental data. 

 

Pollock, Sotomayer, Huttsell and Cooley made studies on evaluation of methods for 

wing/store flutter prediction and prevention by the sponsorship of the Flight 

Dynamics Laboratory. They published their work in a paper [54] including wind 

tunnel measurements at subsonic, transonic and supersonic speeds on a fighter wing 

with tip mounted launcher and store and also with underwing pylon and store. Both 

calculated and measured results are presented. 

 

NACA 445.6 wing is a specific test wing, which is tested in various conditions in 

Transonic Dynamics Tunnel (TDT) at the NASA Langley Research Center. In 

AGARD Report No: 765 by Carlson Yates [51], test results are given including 

vibration modes, structural properties and flutter results. In this paper, model 

geometry and properties, and boundary conditions are explained in detail. Also in 

the appendix a NASA Technical Note including the test results are attached. This 

paper and results of NACA 445.6 wing serve as a good tool for verification 

purposes for analysts who try to develop or use new calculation methods. 
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In a paper presented at the AIAA 11th Applied Aerodynamics Conference in 1993, 

John T. Battina and Elizabeth M. Lee-Rausch explained their work on calculation of 

flutter using Navier-Stokes Aerodynamics [52]. Their test case was the known 

AGARD 445.6 wing.  

 

In 2000 DeBaets, Battoo and Mavris published their work on effects of root 

flexibility on aeroelastic behavior [53]. A composite wing box is selected as the test 

case and sensitivity of aeroelastic properties to composite skin lay-up, fibre 

orientation and especially, root flexibility variation is examined.  They showed the 

root stiffness’s significant influence on the modal response and aeroelastic 

properties of the wing box.  

 

In 2003, M. Hasan developed an automated multidisciplinary design optimization 

code and published his study in his Ph.D. Thesis [56]. In the study, static strength, 

aeroelastic stability and manufacturing requirements are employed as the design 

variables. In the aeroelastic stability requirements studies, hypothetical jet transport 

wing (BAH wing) [57] and intermediate complexity wing (ICW) [58] are examined 

and flutter analysis are conducted using finite element approach. Finally an unswept 

cantilever wing with constant cross section is chosen for the optimization analysis 

and aeroelastic calculations are done during the process. 

 

Moosevi, Naddef Oskouei and Khelil published their work on subsonic wing flutter 

in 2004 [49]. A new procedure has been developed based on Galerkin Method to 

calculate flutter speed and frequency. A three-degree of freedom cantilever beam 

(vertical displacement, bending and rotation) has been used for simulating wing in 

finite element model. Goland’s wing is employed for the validation of the 

methodology and the agreement between exact and calculated values is shown. 

 

Terrence A. Weisshaar presented in his paper; titled “Aeroelasticity’s Role in 

Innovative UAV Design and Optimization” [50], the role of aeroelastic effects in 

development of air vehicles, especially in UAV’s. Also a brief history of flutter 

development is given in the paper. 
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1.4 Scope and Contents of the Study 

 

In this study, the aeroelastic analyses are performed for various wing forms and a 

full model unmanned aerial vehicle by using MSC®FlightLoads and Dynamics 

Module and MSC®NASTRAN Aero 1 solver.  

 

In Chapter 2, the types of aeroelastic instabilities are presented. Specifications and 

specification documents related to the flutter type instabilities are given and 

theoretical background on flutter analysis is presented. Equations of motion for 

flutter analysis are derived and the solution techniques for the flutter equation are 

outlined with special emphasis given to the pk-method. 

 

Chapter 3 includes some information about MSC®FlightLoads and Dynamics 

Module and MSC®NASTRAN Aeroelasticity 1 solver. A case study involving a 

rectangular, cantilevered, flat, aluminum plate is also included to introduce the 

usage of MSC®FlightLoads and Dynamics Module user interface. 

 

Chapter 4 is for the verification problems and case studies. First, two different 

verification problems are presented. These are the AGARD 445.6 wing and an 

untapered swept wing. The wind tunnel test results were available for both models. 

The finite element models are created for these cases and the normal modes and 

flutter analyses are performed and compared with the experimental wind tunnel 

data. Chapter 4 also includes flutter analyses for two different wing planforms. In 

these analyses the effect of taper is analyzed in detail. 

 

Chapter 5 is devoted to the analysis of an unmanned aerial vehicle (UAV). First the 

finite element model of the UAV is presented. Then the results of the normal modes 

analysis and mode shapes of the structure are given. Finally preparation of the 

aerodynamic model for the aeroelastic analysis explained and the detailed results of 

the flutter analyses are presented.  

 

In Chapter 6 conclusions and recommendations for future work are given. 
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1.5 Limitations of the Study 

 

This study was limited to low velocities in the analyses. The velocities higher than 

the speed of sound were not examined in terms of aerodynamic data creation. 

M≥1.0 requires extra licensing and solver modules for MSC®NASTRAN.  

 

The aeroelastic analyses included only lifting surfaces. The aerodynamic body 

modeling was not included. The lifting surface-aerodynamic body interactions and 

effect of aerodynamic bodies on aeroelastic characteristics of the aircraft were not 

analyzed   

 

Since MSC®FlightLoads and Dynamics Module was employed in the aerodynamic 

model preparation as the graphical user interface (GUI), the study is automatically 

limited by the capabilities of the module. 

 

MSC®NASTRAN Aero 1 solver has the capability to employ four different solution 

methods, namely the k-method, the pk-method, the ke-method and the pknl-method 

[55]. In this study only the pk-method was used.  
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CHAPTER 2 

 

 

THEORY OF FLUTTER ANALYSIS  

 

 

 

2.1 Introduction 

 

Aircraft structures are extremely light and flexible due to the weight requirements. 

As a result of this flexibility these structures can easily deform under loading. The 

aerodynamic loads, which are dependent on structure geometry and orientation, can 

also change in time with the deformation of the flexible structure. The new 

deformed shape again changes the loads and the loads further change the structure 

and this interaction continues by leading to each other. This phenomenon can 

simply be named as aeroelasticity. In more compact form, the aeroelasticity can be 

defined as a design activity concerned with the consequences of interactions 

between aerodynamic forces and structural deformations. 

 

The famous Collar’s aeroelastic triangle presented in Figure 1.1 summarizes the 

interactions of aerodynamic, structural and inertial forces and the branch of analysis 

type related to these interactions. 

 

With the development of new, large and light aircrafts, the aeroelastic effects gain 

more importance everyday. Since the aircrafts are designed to be lighter, they are 

more prone to the aeroelastic effects. The only way to build them light but strong 

enough is by including the aeroelastic analyses to the design process at the very 
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early phases. With the development of high-speed computers and commercial 

package programs or in-house developed softwares, aeroelastic analyses can be 

carried out even in the conceptual design phase in order to have an aeroelastically 

stable aircrafts. According to the results of the analyses, either design or the flight 

envelope of the aircraft should be changed to be able to fly safely. 

 

Aeroelasticity is mainly divided into two branches as static aeroelasticity and 

dynamic aeroelasticity. Static aeroelasticity involves phenomena like load 

distribution, divergence, control surface effectiveness/reversal while flutter, 

buffeting and dynamic response can be accounted for dynamic aeroelastic events. 

 

Static aeroelasticity involves the interaction of aerodynamic and elastic forces 

under steady conditions. The main subjects of static aeroelasticity are load 

distribution on the elastic wing, divergence, control effectiveness and control 

system reversal, and aeroelastic effects on static stability.  

 

Load Distribution: The aerodynamic forces acting on the wing changes the wing 

shape. This structural deformation creates additional aerodynamic forces. Some 

additional deformation is produced due to these newly created additional 

aerodynamic forces. This typical characteristic of the elastic wing may lead to new 

and potentially dangerous load distribution after a critical deformation state of the 

structure.  

 

Divergence: Divergence is the instability of a lifting surface of an aircraft, at a 

speed called divergence speed. If a wing in steady state flight is accidentally 

deformed, an aerodynamic moment will generally be induced and will twist the 

wing. This twisting is resisted by elastic moment. However, since the elastic 

moment is independent of the speed of flight, whereas the aerodynamic moment is 

proportional to the square of the flight speed, there exists a critical speed, at which 

the elastic stiffness is no longer sufficient to hold the wing in a disturbed position. 

Above such a critical speed, an infinitesimal accidental deformation of the wing 

will lead to a large angle of twist. This critical speed is called the divergence speed. 
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In this case, the elastic forces can not resist aerodynamic forces caused by 

deformation of the wing, and the wing structural failure is probable to occur. 

 

Control Effectiveness/Reversal: When compared to a rigid wing, the control 

surfaces of an elastic wing are less effective. The control surfaces can not respond 

as it should be in the rigid wing, the amount of response may be different than the 

desired value or the surface may be deflected less(or more) than the given input. As 

the speed increases, the effectiveness of control surfaces decreases further. 

Ailerons, rudders and elevators are affected from this phenomenon. When the 

aileron reversal speed is exceeded, the force generated by the ailerons is enough to 

twist the wing itself, due to insufficient torsional stiffness of the wing structure. In 

such a case when the aileron is deflected to some direction, the wing twists in the 

opposite direction. The net result is that the airflow is directed to the opposite 

instead of the required direction. And the aircraft moves in the reverse of the 

expected direction. 

 

Aeroelastic Effect on Static Stability: The static stability of an aircraft is 

dependent on the shape and rigidity of the aircraft structures. As a result of this fact, 

the stability characteristics of an aircraft are affected by the elastic deformations and 

shape changes of the aircraft components. This influence is known as the 

aeroelastic effect on static stability. 
 

Dynamic aeroelasticity, on the other hand, is interested in flutter, buffeting, 

dynamic response and aeroelastic effects on dynamic stability.  

 

Flutter:  Flutter is the dynamic instability where the structure extracts kinetic 

energy from air and this energy can not be dissipated by structural damping. As a 

result of this the aircraft component vibrates with increasing amplitude. 

 

The excitations due to small disturbances create vibrations on the lifting surfaces 

(i.e. wing or tail) of the aircrafts. The energy is dissipated due the damping of the 

structure at low speeds and as a result of this energy dissipation the vibrations decay 
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in time. At a critical speed, the oscillations can just maintain itself; a steady 

amplitude motion can be observed and the vibrations do not decay anymore. This 

critical speed is called the flutter speed. Above the flutter speed any small 

disturbance, even engine noise, creates oscillations increasing in time and leads to 

catastrophic failure. In flutter phenomenon, the structure gains energy from the 

flow. 

 

In classical type of flutter, at least two structural modes couple. The most 

commonly known types of classical flutter are wing bending- torsion flutter and 

control surface flutter. Some types and their definitions are briefly given below. 

 

Classical Bending Torsion Flutter: Lifting surface bending and torsion modes 

couple. 

 

Control Surface Flutter: Control surface couples with the main surface. 

 

Body Freedom Flutter: Wing symmetric bending mode couples with rigid fuselage 

pitch mode. 

 

External Store Flutter: External tanks, pods and missiles interact with wing modes. 

 

Whirl Flutter: Gyroscopic propeller forces couple with wing motion. 

 

Stall flutter is associated with the flow separation and reattachment at high angles of 

attack in the transonic and supersonic flow regimes [56] 

 

Buffeting: The aerodynamic impulses produced by the wake behind wings, 

nacelles, fuselage pods or other components of the airplane may create transient 

vibrations of the other aircraft structural components. This type of instabilities is 

called buffeting. [57].  
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Dynamic Response: Dynamic response is the transient response of aircraft 

components to loads such as gusts and landing. 

 

Aeroelastic Effects on Dynamic Stability: Changes in the dynamic stability of the 

aircraft due to the structural deformations of the aircraft components.  

 

A newly developed aircraft should be designed free of flutter and be aeroelastically 

stable. For this the following basic rules should be satisfied:  

 

• The aircraft must be free of flutter, divergence, and aeroelastic instability 

within its flight envelope 

• The control effectiveness must be above a given minimum to assure the safe 

flight performance within the flight envelope 

• The flight shape of the wing should have minimum aerodynamic drag and 

sufficient effectiveness for all configurations. 

 

For a new aircraft to be able to be certified, some requirements should be satisfied. 

These requirements and regulations are published in specification documents. The 

following specification documents clearly explain the aeroelastic requirements on 

flutter for different types of aircrafts. 

 

Military Specifications  

 MIL-A-8870C (Airplane strength, rigidity, flutter and divergence, applicable 

to United States Air Force)  

 DEF-STAN 980 (Applicable to Royal Air Force UK) 

 

 STANAG4671 (Applicable for Unmanned Aerial Vehicles) 

 

Civilian Specifications 

 FAR/CS 23.629 (For normal, utility, aerobatic and commuter aircraft 

regarding  to flutter)  

 FAR/CS 25.629 (For transport airplanes regarding to flutter) 
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 According to MIL8870C , FAR/CS25.629 and STANAG it is given that: 

 

1.15F DV V≥  

 

where  

 

VF= Flutter Speed 

VD = Design Dive Speed 

 

while FAR/CS 23.629 specify the flutter speed requirement as: 

 

1.20F DV V≥  

 

In this chapter, first the aeroelastic stability problem is formulated and the 

fundamental equations are derived for the pk-method. The methods such as k-

method, p-method and root locus method, which are also widely used in the field of 

aeroelasticity, are also briefly explained. 
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2.2 Theory of Aeroelastic Stability  

 

In this section, the equations of motion of aeroelastic stability and the equation for 

pk-method of flutter analysis are derived. 

 

For a single degree of freedom mass-spring-damper system the equation of motion 

can be written as [60]: 

 

( ) ( ) ( ) ( )m u t c u t k u t f t× + × + × =               (2.1) 

 

where m is the mass, c is the damping coefficient, k is the spring constant, f(t) is the 

external force and  are the displacement, velocity and 

acceleration of the mass. 

( ), ( )  u( )u t u t and t

]

 

For a trimmed reference condition of an air vehicle with multi degrees of freedom, 

the motion equation can be re-written in the matrix form as follows: 

 

[ ] { } [ ] { } { } [ ( , )s s s s s
a a a a a xM u K u p A u u× + × = +               (2.2) 

 

where 

 

[M]=mass matrix
[K]=stiffness matrix
{ }=displacement vector

=trim parameters

{ }=acceleration vector

{ }=external forces vector

[ ( , )] Aerodynamic loads matrix

s
a

x

s
a

s
a

s s
a a x

u
u

u

P

A u u =

 

 

 34



In the case of application of small time dependent external forces, pa(t), small 

additional displacements, ua(t), are created. In such a situation total displacement 

becomes ua
s+ua(t) and Equation(2.2) will be still valid. Inserting ua

s+ua(t) into 

Equation (2.2) 

 

[ ] {( ( ))} [ ] { ( )} [ ] {( ( ))}

                                                 { ( )} [ ( ( ), )]

s s
a a a a a

s s s
a a a a a x

M u u t C u t K u u t

p p t A u u t u

× + + × + × +

= + + +          (2.3) 

where  

 

[ ]=Damping matrix

{ ( )}=additional velocity vectora

C

u t

  

 

The aerodynamic forces are linearized with respect to ua(t) since it is the term that 

disturbs the reference state. Reference state/condition is the steady state of flight 

before disturbance. Because of the wake, aerodynamic forces depend only on the 

ua(t). Aerodynamic force term then takes the following form in Equation (2.4) by 

separating the forces created due to disturbances and forces before disturbance. The 

aerodynamic forces created due to the disturbance term ua(t) is represented in 

convolution integral form[56]. 

 

0

[ ( ( ), )] [ ( , )] ( , , ){ ( )}
t

s s s s s
a a a x a a x aa a x aA u u t u A u u a u u t u dτ τ τ+ = + −∫          (2.4) 

 

By inserting Equation (2.4) into Equation (2.3) and neglecting reference condition 

terms, the linearized motion equation becomes:  
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0

[ ] { ( )} [ ] { ( )} [ ] { ( )}

                                     { ( )} ( , , ){ ( )}

a a a

t
s

a aa a x a

M u t C u t K u t

p t a u u t u dτ τ τ

× + × + ×

= + −∫
          (2.5) 

 

Assuming that the small time dependent external forces, pa(t), apply only at t=0 and 

no longer exist after disturbance, they are neglected for the time t>0 and Equation 

(2.5) simplifies to: 

 

0

[ ] { ( )} [ ] { ( )} [ ] { ( )} ( , , ){ ( )}
t

s
a a a aa a x aM u t C u t K u t a u u t u dτ τ τ× + × + × = −∫           (2.6) 

 

In such a case, the system is called as stable if the displacement, ua(t), due to the 

perturbation dies out in time. In Figure 2.1, the top graph shows the behavior of a 

stable system. If the displacements created by the perturbations maintain their 

amplitude and neither decay nor grow in time, then the system is neutral and the 

middle graph represents this characteristic. If the displacements created by 

perturbations increase in time and do not decay, then the system is unstable and 

flutter is likely to occur. The graph at the bottom of Figure 2.1 illustrates the 

behavior of an unstable system. 
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. 

 

Figure 2.1. Stability Behavior of Damped Systems 

 

 

In steady harmonic vibrations, the displacement ua(t) can be represented as: 

 

{ ( )} [ ( )] i t
a au t U e ωω ⋅ ⋅= ⋅                (2.7) 

 

By using Equation (2.7), the aerodynamic loads can be written as: 

[ ( )] [ ] [ ( )] i t
a aA t q Q U e ωω= ⋅ ⋅ ⋅               (2.8) 

 

where 
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( ) [ ] ( ) i s
aaq Q a s e dsω

∞
−

−∞

⋅ = ⋅∫  

 

For the steady harmonic vibrations case, Equation (2.7) can be combined with 

Equation (2.8) to yield the equation of motion as: 

 
2( [ ] [ ] [ ] [ ]) { } [a a ]M i C K q Q U Pω ω− ⋅ + ⋅ ⋅ + − ⋅ ⋅ =            (2.9) 

 

where the matrix Pa contains the forces to maintain the assumed harmonic vibration 

in the motion equation and can be defined as [ ] [ ] { }aP i g K Ua= − ⋅ ⋅ ⋅  where g is the 

artificial structural damping coefficient introduced by Theodorsen [55] . 

 

Inserting [Pa] definition to the equation of motion in equation (2.9), the general 

form of flutter equation given in Equation (2.10) can be obtained.  

 
2( [ ] [ ] (1 )[ ] [ ]) { } 0aM i C i g K q Q Uω ω− ⋅ + ⋅ ⋅ + + ⋅ − ⋅ ⋅ =         (2.10) 

 

If there are no real roots,ω, for g>0 then the system is stable. If there are some real 

roots for g>0 the flutter occurs. For a flutter free design there must be no real roots 

within the envelope for g>0 condition. 

 

The flutter equation can be transformed to generalized coordinates  

 

2( [ ] [ ] (1 )[ ] [ ]) { } 0hM i C i g K q Q Uω ω− ⋅ + ⋅ ⋅ + + ⋅ − ⋅ ⋅ =
∼ ∼ ∼∼

          (2.11) 

 

where 

 

 38



[ ] [ ] [ ] [ ] (generalized mass matrix)

[ ] [ ] [ ] [ ]    (generalized damping matrix)

[ ] [ ] [ ] [ ]   (generalized stiffness matrix)

[ ] [ ] [ ] [ ]   (generalized aerodynamic force matrix)

T

T

T

T

M M

C C

K K

Q Q

φ φ

φ φ

φ φ

φ φ

= ⋅ ⋅

= ⋅ ⋅

= ⋅ ⋅

= ⋅ ⋅

∼

∼

∼

∼

[ ]=modal matrixφ

 

 

The lower order natural modes of the system are contained in the modal matrix [φ]. 

 

Equation (2.11) is the general equation of motion for the flutter analysis and several 

methods can be employed in the solution of this equation. They can be grouped into 

two main categories as the frequency domain solution methods and the Laplace 

domain solution methods. 

 

The most frequently used frequency domain solution methods are the k-method and 

the pk-method. The k-method, or the American method, presented by Scanlan and 

Rosenbaum in 1951 as the brief overview of the techniques introduced by 

Theodorsen in the 1940s [61]. Velocity, damping and frequency estimation 

calculations are performed at the specified reduced frequencies. However, there are 

some disadvantages of the k-method. In the k-method the solution is only valid for 

g=0 point. Except for zero point, the damping values have no physical meaning. 

The complex eigenvalues obtained do not represent the actual damping or 

frequency of the system modes except for neutrally stable roots, where the damping 

is zero. Many solutions are required to obtain the “matched-point” flutter 

boundaries. Also the k-method is incapable of calculating the divergence 

characteristics of the structure. On the other hand, the pk-method, which is also 

known as the British method, is preferred to the k-method due to its advantages. 

The pk-method is developed in 1965 by Irwin and Guyet [56]. All the matrices in 
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the equation are real and frequency and damping estimates are calculated for 

specified velocities. The pk-method allows complex reduced frequencies. The 

aerodynamics are recomputed using the frequencies obtained from the eigenvalue 

computation. It is an iterative process for reduced frequency, k. As a result of this 

iterative process, the assumed value of k converges to the computed value of the 

imaginary part of the eigenvalue. The damping estimates are more realistic when 

compared to the k-method but the calculated damping is only good for low levels of 

damping. The pk-method is also capable of obtaining the divergence characteristics 

of the structure, since it allows k=0 in the solution sequence. 

 

Laplace domain solutions are the p-method and the root locus method. The p-

method is treated as the simplest method to understand, but the most difficult to 

apply. The p-method is simply solving for the complex eigenvalues of the 

governing equations, but the difficulty arises in transforming the generalized 

aerodynamic forces calculated in time domain to the Laplace domain. The root 

locus method depends on root loci analysis to obtain the variation of the aeroelastic 

frequencies with the dynamic pressure [56]. 

 

In the p-k method, the real part of the aerodynamic stiffness is considered as 

stiffness while imaginary part is considered as viscous damping. Also g is assumed 

to be zero. So with these assumptions applied to the flutter equation given in 

Equation (2.11), one gets the fundamental equation for the p-k method as: 

 

2( [ ] [ ] [ ] [ ]) { }hM i C K q Q Uω ω− ⋅ + ⋅ ⋅ + − ⋅ ⋅ =
∼ ∼ ∼ ∼

0            (2.12) 

 

Defining 

 

( )i Lp k i
V
ω γ

∞

⋅ ⋅
= = ⋅ +                (2.13) 
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Lk
V

ω

∞

⋅
=                (2.14) 

 

2 21 1 ( )
2 2

Lq V
k

ωρ ρ∞

⋅
= ⋅ ⋅ = ⋅ ⋅             (2.15) 

 

Substituting Equations (2.13), (2.14) and (2.15) into Equation (2.12) and 

rearranging the terms results in: 

 
2

2 2(( ) [ ] ( ) [ ] [ ] [ ]) { } 0
2

I R
h

V V V pM p C p K Q Q U
L L k

ρ∞ ∞ ∞⋅
⋅ ⋅ + ⋅ ⋅ + − ⋅ ⋅ + ⋅ =

∼ ∼∼ ∼ ∼
     (2.16) 

 

where  and are the real and imaginary parts of the Q matrix and can be 

physically explained as: 

RQ
∼

IQ
∼

 

=modal aerodynamic damping matrix, a function of Mach number,M, and reduced 
frequency,k.

=modal aerodynamic stiffness matrix, a function of Mach number,M, and reduced 
frequency,k.

=transient deca

I

R

Q

Q

γ

∼

∼

y rate coefficient
 

Equation (2.16) is the fundamental equation for the p-k method. The matrices in this 

eigenvalue problem are all real [67]. Equations are solved for p, for different values 

of Mach number, velocity and density (i.e. altitude relation). Iterations are done to 

match ω and k. Results are obtained for the requested velocities. Plots of results for 

damping (g =2.γ) versus velocity can be obtained. In these graphs the crossing of g 

at zero while passing from negative values to positive values indicates the flutter 

speed.  
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Figure 2.2 shows a typical V-g graph for flutter boundary. In such a graph steep 

slope indicates that the flutter will occur with little or no warning at all. 

 

 
 

Figure 2.2 A Typical V-g Graph 

 

 

The p-k method is widely used in the flutter analysis and due to its advantages 

preferred over to the k-method. The main advantage of the p-k method is obtaining 

the results for the requested velocities, so the velocity ranges in interests can be 

easily analyzed. 
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CHAPTER 3 

 

 

INTRODUCTION TO MSC®FLIGHTLOADS AND DYNAMICS 

 

 

 

3.1 Introduction 

 

This chapter first gives some brief information about MSC®FlightLoads and 

Dynamics Module and MSC®NASTRAN® Aero 1 solver. Then, a case study 

involving a rectangular, cantilevered, flat, aluminum plate is included to introduce 

the usage of MSC®FlightLoads and Dynamics Module user interface. 

 

 

3.2 MSC®FlightLoads and Dynamics Module 

 

The MSC®FlightLoads and Dynamics Module is a tool for the prediction of external 

maneuver and dynamic loads on air vehicles [66]. It is embedded into 

MSC®PATRAN, uses the graphical user interface (GUI) of it and prepares input 

files for the MSC®NASTRAN Aero 1 solver. It is basically a Graphical User 

Interface for MSC®NASTRAN Aero 1.   

 

MSC®FlightLoads and Dynamics has useful and helpful capabilities. By using the 

program, Doublet Lattice Method type lifting surfaces and slender bodies can be 

created and the control surfaces, including position and hinge moment limits, can be 

defined. Multiple aerodynamic meshes are allowed. The aerodynamic meshes can 
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be verified by using different convergence criteria. Both surface and beam splines 

can be defined in aerodynamic and structural model connection. 

 

Three different analysis methods; flexible trim, flexible increments and rigid trim; 

can be employed in static aeroelasticity analysis. For static aeroelasticity analysis 

the steady aerodynamics, stiffness properties, inertia properties information are 

given as inputs and the static stability derivatives, trim analysis results, static loads 

and static deformations are taken as outputs. The module supports the pk, pknl, k 

and ke methods for solution of the flutter equations. The pk and the k-methods are 

explained in Chapter 2. The pknl and ke methods are the modified versions of the 

pk and the k-methods respectively [55]. In the flutter analysis the oscillatory 

aerodynamics, stiffness properties, inertia properties are given as inputs and the 

flutter speeds and frequencies together with the dynamic stability derivatives are 

taken as outputs [67].  

 

The splines are used to interconnect the structural and aerodynamic models. This is 

done through building an interpolation matrix. The splines map the aerodynamic 

forces to the structure and at the same time map the structural deformations to the 

aerodynamic model. The details about splines and splining theories are given in Ref 

[55] and in the same document it is explained that, the interpolation matrix is used 

to determine the motion for the aerodynamic degrees of freedom based upon the 

motion at the structural degrees of freedom. Using splines two transformations can 

be employed. 

 

G
d
aGa uGu =   and   a

p
GaG FGF =

 

where 

a   = aerodynamic grid set 

G  = structural grid set 

Gd
aG  = spline matrix to convert structural displacements to aerodynamic 

displacements 
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Gp
Ga  = spline matrix to convert aerodynamic forces to structural force 

F  = force vector  

u  = displacement vector 

 

Five splining methods are available in MSC®FlightLoads and Dynamics Module.  

1. Infinite plate spline 

2. Thin plate spline                        

3. Finite plate spline 

4. Linear (beam) spline                 

5. Explicit constraint relation: Point to point spline 

 

First three of these are surface splines.  Linear spline is used when the structure has 

rigidity in one of the coordinate directions. According to [55], the linear splines are 

derived by using the equations of an infinite beam.  The last type of the splines is 

mostly useful for control surface constraints.  
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3.3 Rectangular Plate 

 

This section presents a case study about a rectangular, cantilevered, flat, aluminum 

plate. The purpose is to introduce the usage of MSC®FlightLoads and Dynamics 

Module user interface. 

 

 

3.3.1 Analytical Calculation of Natural Frequencies of Rectangular Plate 

 

Figure 3.1 gives the 0.50 m x 0.25 m. rectangular aluminum plate used in the study 

with the dimensions and the related boundary conditions.  

 

 

 

F

b=250 mm

x 

y 

Thickness=1.5 mm. 

F 

F

C

a=500mm

 

Figure 3.1 Schematic View of the Rectangular Plate 
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The exact natural frequencies of the plate can be found as [65]:  

 

2
1/ 23

22 12 (1 )
ij

ij
E hf

a
λ
π µ υ

⎡ ⎤×
= ⎢× × × × −⎣ ⎦

2 ⎥           (3.1) 

 

where  

 

fij= Natural Frequency [Hz] 

a: Length of the plate [m] 

b: width of the plate [m] 

h: thickness of the plate [m] 

i: number of half waves along x axis 

j: number of half waves along y axis 

C: Clamped edge 

F: Free edge 

E: Modulus of elasticity [N/m2] 

υ: Poisson’s ratio 

d: density [kg/m3] 

µ: mass per unit area of plate ( d hµ = ×  for a plate of a material with density d) 

 

Table 3.1 gives the numerical values to be used with Equation. (3.1) for a/b=1.5, 

a/b=2.5 and a/b=2 cases for clamped-free-free-free condition. For the present study 

a/b ratio of the plate is 2. The first two rows of the table are taken from [65] and are 

applicable for a/b=1.5 and a/b=2.5.  The last row for a/b=2 is calculated using the 

above rows by linear interpolation. 
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Table 3.1 λ2
ij and ij Values for a Cantilevered Rectangular Plate [65] 

 
MODE SEQUENCE (λ2ij & ij) 

a/b 
1 2 3 4 5 6 

3.477 11.68 21.62 39.49 53.88 61.99 
1.5[65]

(11) (12) (21) (22) (13) (31) 

3.456 17.99 21.56 57.46 60.58 106.5 
2.5[65]

(11) (12) (21) (22) (31) (32) 

3.4665 14.835 21.59 48.475 - 61.285 
2 

(11) (12) (21) (22) - (31) 

 

 

For the given problem the material and geometric properties are taken as: 

E=7.0 1010 Pa, υ= 0.3, d = 2710 kg/m3 , a= 0.50 m., b= 0.25 m., h= 0.0015 m. and  

µ= 2710 x 0.0015= 4.065 kg/m2

 

By using Eq (3.1) the natural frequencies are calculated and tabulated in ascending 

order in Table 3.2 

 

 

Table 3.2 Natural Frequencies of the Rectangular Plate. 
 

Mode Natural Frequency [Hz] 

f11 (1st flexural) 5.09 

f12 (1st torsional) 21.79 

f21 (2nd flexural) 31.71 

f22 (2nd torsional) 71.19 

f31 (3rd flexural) 90.01 

 

 

 

 

 

 48



3.3.2 Finite Element Model of the Rectangular Plate 

 

The plate is modeled by using MSC®PATRAN. Figure 3.2 shows the finite element 

model of the plate. It is a 500 mm x 250 mm plate composed of 200 QUAD 

elements of 25 mm edge length.  

 

 

 
 

Figure 3.2 The Finite Element model of the Rectangular Plate. 

 

 

The boundary conditions of the model are given in Figure 3.3 and the first five 

modes are shown in Figure 3.4.  
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Figure 3.3 The Boundary Conditions of the Rectangular Plate. 

 

 

 

 
 

Figure 3.4 First 5 Modes of the Rectangular Plate.  
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As it can be seen from Table 3.3, which compares the results of finite element 

analysis and analytical calculations, the natural frequencies are very close.  

 

 

Table 3.3 Comparison of Analytical and FE Results of Rectangular Plate 
Natural Frequencies 

 
MODE FEM (Hz) Ref [65] (Hz) 

1 5.05 5.09 

2 21.45 21.79 

3 31.36 31.71 

4 69.63 71.19 

5 87.72 90.01 

 

 

3.3.3 Flutter Analysis of the Rectangular Plate by Using MSC®FlightLoads and 

Dynamics and MSC®NASTRAN Aero 1 

 

In this section the usage of MSC®FlightLoads and Dynamics Module is presented 

in detail by including some supplementary figures.  

 

The first step is making the normal mode analysis in order to decide on the 

frequency range for flutter investigation. After creating the structural model and 

making the normal modes analysis, one can start to prepare the model for the flutter 

analysis. First, using the Preferences menu of MSC®PATRAN, Analysis type 

should be changed to Aeroelasticity to activate the MSC®FlightLoads and 

Dynamics Module (Figure 3.5). 
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Figure 3.5 Activation of MSC®FlightLoads and Dynamics Module 

 

 

As the second step, the surface(s) for aerodynamic mesh generation should be 

created. This is done through the geometry menu of MSC®PATRAN.  

 

The MSC®FlightLoads and Dynamics Menu has six main menus; namely Aero 

Modeling, Aerodynamics, Aeroelasticity, Results Browser, Import/Export and 

Options. When one of these six main menus is activated, the submenu below 

changes. Figure 3.6 shows branching of the submenus for each selection except for 

the Options menu. 

 

Aero Modeling menu includes Model Management, Flat Plate Aero Modeling, 

Control Devices, Aero Monitor Points and Options submenus. Model Management 

is the section where group actions for aeroelasticity analysis are done. In Flat Plate 

Aero Modeling menu the lifting surfaces and bodies can be created, modified or 

deleted. In Control Devices menu control surface actions are performed. Aero 

Monitor Points is the menu where one can create, modify or delete aero monitoring 

points, which “are used to represent summations of forces over certain regions of 

the Aerodynamic finite element mesh about a selected point.”[66]. 
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Figure 3.6 MSC®FlightLoads and Dynamics Module Submenus 

 

 

Aerodynamics menu has three sub menus; Global Data, Steady Aerodynamics and 

Unsteady Aerodynamics. In Global Data submenu, one can specify the geometric 

properties of the aircraft. Steady Aerodynamics is used to define pressure, 

normalwash or force.  In Unsteady Aerodynamics menu Mach-Frequency (Mk) 

sets, which are used as the basis for interpolation for the user defined data, can be 

defined. According to [66] 6 to 10 frequencies per Mach number are required for an 

adequate interpolation. 

 

Aeroelasticity menu has four submenus. The first one, Aero-Structure Coupling 

menu, includes the tools for splining. Splines are used to interconnect the structural 

and aerodynamic models. Simply, they convert the structural displacements to the 

aerodynamic displacements and the aerodynamic forces to the structural forces. In 

Struc. Monitor Points menu, structural monitor points which represent summations 

of forces over a certain region about a selected point, can be defined. In Aeroelastic 

Model menu, selection of aero model and structural models can be done. Also 

model parameters and geometric properties can be changed. In Analysis menu, tools 

for preparing analysis file are included.  
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Results browser menu includes result file related tools. In this menu result files can 

be attached, exported or visual plots can be displayed.  

 

Import/Export menu is used to import or export files. 

 

In Options menu, general model options such as aero coordinate system, element 

starting id, element id and increment tolerances can be defined. 

 

In the Model Management menu of Aero Modeling, supergroups can be created, 

modified or deleted. Using this menu a supergroup can be created and aerodynamic 

surfaces will belong to this supergroup. This procedure is visualized in Figure 3.7 

for the flat plate case study. 

 

 
 

Figure 3.7 “Model Management” Menu of MSC®FlightLoads and Dynamics 

Module 
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After finishing the group actions, the lifting surfaces can be created by using the 

Flat Plate Aero Modeling menu.  For the present study a single aerodynamic surface 

is sufficient. In this menu also aerodynamic bodies can be created. While creating a 

lifting surface, a name for the surface is requested; an existing geometric surface 

should be pointed and mesh parameters should be defined clearly by using the sub-

menus.  Figure 3.8 schematically shows this procedure for the flat plate study.  

 

MSC®FlightLoads and Dynamics Module has strict limitations about the lifting 

surfaces. Lifting surfaces should be very clearly defined. The edges should be 

parallel to each other.  Figure 3.9 and Ref [66] explains these rules.  

 

 
 

Figure 3.8 Lifting Surface Definition Procedure in MSC®FlightLoads and 

Dynamics Module 
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Figure 3.9 Lifting Surface Properties in MSC®FlightLoads and Dynamics Module 

[66] 

 

1. Edges 1-2 and 4-3 must be parallel to the Xaero axis. 

2. Points 1-4 must be planar. 

3. Edge 1-2 or 4-3 can be of zero length. 

4. The mesh normals are assumed to align with the Zaero axis [66] 

 

When the lifting surface is created, the procedure may continue with Aerodynamics 

menu. In this section first Global Data menu should be activated and the requested 

data should be entered. Figure 3.10 shows these geometrical data for the current 

study. 
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Figure 3.10 Geometrical Property Entries in MSC®FlightLoads and Dynamics 

Module. 

 

 

The second part in Aerodynamics menu is the creation of Mach-Reduced Frequency 

(M-k) sets. This is done through Unsteady Aerodynamics menu. Figure 3.11 shows 

the use of these menus with the values for the current problem. 
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Figure 3.11 Mach-Frequency (M-k) Set Creation in MSC®FlightLoads and 

Dynamics Module. 

 

 

After the creation of M-k sets Aeroelasticity menu should be activated. First item to 

be done in this menu is the splining. Splining procedure is done through Aero-

Structure Coupling menu. In this menu, spline name is entered; structural points and 

aerodynamic boxes to be connected are selected. This menu is shown in Figure 

3.12. 
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Figure 3.12 Splining Procedure in MSC®FlightLoads and Dynamics Module. 

  

 

After defining the splines, they can be verified by using the same menu, to check 

whether they can connect the surfaces adequately or not.  

 

When splining procedure is finished, in the Aeroelastic Model menu the 

aerodynamic model, structural model and defined splines are selected. Also in this 

menu model parameters and geometrical global data can be changed. 
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The next step in the analysis procedure is the creation of subcases. This is done 

through the analysis menu. Figure 3.13 illustrates the subcase creation steps. First in 

the Analysis menu, subcase create button should be selected; then a name for the 

subcase should be entered.  Structural load case is selected from the list then Mach-

Frequency Pairs button is activated to select the M-k set for the analysis. After that, 

in the Flutter Parameters sub-menu, symmetry conditions should be specified, Mach 

number should be entered, density ratio and velocity sets should be defined and 

selected. After defining all the necessary data, the subcase is created by clicking the 

Apply button. 

 

 
 

Figure 3.13. Subcase Creation Menu in MSC®FlightLoads and Dynamics Module. 

 

 

When all the subcases are defined and created properly, the next step is selecting 

the subcase(s) for the flutter calculations. Subcases can be solved either one-by-one 

or more than one at a time.  
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After defining the relevant parameters as explained in above paragraphs, the input 

file is prepared for MSC®NASTRAN Aero 1 to solve. This input file includes 

structural model information, material and boundary condition information, 

aerodynamic model information (aerodynamic surfaces and splines) and flight 

condition information (M-k sets, velocity, density sets). 

 

In the current analysis, four different Mach-frequency sets are defined for the 

analysis of flat, rectangular, cantilever, aluminum plate. Details of these Mach-

frequency sets are given in Table 3.4.  First natural frequency, f11, of the 

rectangular, cantilevered plate is 5.05 [Hz] so fmin is chosen to be 5 [Hz]. The fifth 

natural frequency, f31, of the plate is 87.72 [Hz] but for fmax value, a higher value, 

100 [Hz], is chosen. The minimum velocity is chosen to be 20 [m/s] and maximum 

velocity is taken as 100 [m/s]. Four different Mach number sets are investigated 

ranging from M=0.5 to M=0.8.  

 

The reduced frequencies are calculated from the following equation [66].  

 

v
cfk

×
×××
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2

2 π               (3.2) 

 

For the assumed values, kmin becomes 
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The range between kmin and kmax is divided into 8 equal frequencies to obtain the 

reduced frequency, k, set used in the analysis. 
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In the current study, flutter analysis is examined for 3000 m altitude.  Table 3.5 

summarizes the altitude and corresponding density ratio information. In 

MSC®FlightLoads and Dynamics, the altitude information can be defined by using 

the density ratio. The density ratio is the division of density of air at the required 

altitude by the sea level air density.  

 

Table 3.6 shows the velocity set examined in the flutter analysis of the plate. 

 

The information given in Tables 3.4 to 3.6 is input for MSC®NASTRAN Aero 1 

solver and can be easily entered via MSC® FlightLoads and Dynamics Module. 

 

 

Table 3.4 M-K Sets (Mach Number/Reduced Frequency Sets) of Rectangular, 
Flat Plate 

 
 mk1 mk2 mk3 mk4 

MACH 0.5 0.6 0.7 0.8 

fmin [Hz] 5 5 5 5 

Vmax [m/s] 100 100 100 100 

fmax [Hz] 100 100 100 100 

Vmin [m/s] 20 20 20 20 

Reduced 

frequency 
0.0393; 0.5949; 1.1505; 1.706; 2.2617; 2.8173; 3.3729; 3.9286 

 

 

 

Table 3.5 Density Sets of Rectangular, Flat Plate 
 

SET NAME ALTITUDE [m] DENSITY RATIO* 

den1 3000 0.7416 

*Density ratio = density / density sea level.  
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Table 3.6 Velocity Set of Rectangular, Flat Plate 
 

SET NAME VELOCITY [m/s] 

vel1 20; 30; 40; 50; 60; 70; 80; 90; 100 

 

 

Table 3.7 summarizes the subcases prepared for the analysis. In that table M-k sets, 

density and velocity sets used in the corresponding subcase is shown. Also the 

employed splining method is presented in the last column.   

 

 

Table 3.7 Aeroelastic Analysis Cases of Rectangular, Flat Plate 
 

RUN  

MACH NUMBER/ 

REDUCED 

FREQUENCY  SET 

DENSITY 

SET 

VELOCITY 

SET 

SPLINE 

METHOD

1 mk1 den1 vel1 IPS1

2 mk2 den1 vel1 IPS 

3 mk3 den1 vel1 IPS 

4 mk4 den1 vel1 IPS 
1 IPS: Infinite Plate Spline 

 

 

Figures 3.14 and 3.15 give the sample results of run 4.  Analysis of Figures 3.14 and 

3.15 indicate that at the velocity of approximately 54 [m/s] the plate is likely to 

undergo flutter. That can be concluded, because the damping becomes zero for non-

zero frequency and the corresponding frequency for this speed is 11.3 [Hz]. The 

same graphs also show that at the velocity of 67.7 [m/s], the damping also crosses 

zero but at the same time the relevant frequency becomes zero as well. That 

condition indicates the likelihood of divergence. 
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Velocity vs. Damping 

-1.25
-1.00
-0.75
-0.50
-0.25
0.00
0.25
0.50
0.75
1.00
1.25
1.50
1.75
2.00
2.25

15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100

Velocity [m/s]

D
am

pi
ng

, g

Mode 1

Mode 2

 
 

Figure 3.14 Velocity-Damping Graph for the Flat, Rectangular, Cantilevered Plate. 
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Figure 3.15 Velocity-Frequency Graph for the Flat, Rectangular, Cantilevered Plate 
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CHAPTER 4 

 

 

CASE STUDIES 

 

 

 

4.1 Introduction 

 

This chapter is devoted for various case studies. First presented are the cases, which 

compare the results of the theoretical analysis with the experimentally obtained 

results. Two different wing models are then analyzed in order to investigate the 

effect of taper on the aeroelastic behavior of the structures.   

 

 

4.2 Untapered Swept-Wing Model 

 

The first test case is the untapered swept-wing described in Ref[44]. The material 

properties used in the Finite Element model are given in Table 4.1. 

 

Table 4.1 Material Properties Used in Untapered Swept Wing Model 
 

Property Value 

Modulus of Elasticity 69. 1010  [Pa] 

Shear modulus of Elasticity 27. 1010  [Pa] 

Poisson’s Ratio 0.32 

Density 2800 [kg/m3] 
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The Finite Element Model of the wing is shown in Figure 4.1. In Figure 4.1 the 

element numbers and node numbers are also given. It is generally believed that the 

decrease in the element sizes and also the utilization of three-dimensional elements 

give more accurate results. However, this accuracy comes with some penalties such 

as increases in run time, file sizes and complexity of the model, and most of the 

time the very fine models are not preferred due to these disadvantages. The element 

types and sizes utilized in the current study are determined to be appropriate for the 

purposes of the thesis.  The boundary conditions of the plate are illustrated in Figure 

4.2.  The model has a span of 140 mm. and chord of 52.6 mm. Thickness of the 

model is 1 mm at the mid sections and by starting 6.35 mm aft of leading edge and 

front of trailing edge beveled to drop down to 0 mm at the edges.  Figure 4.3 

represents the thickness variation.  

 

 

 
 

Figure 4.1 The Finite Element Model of the Untapered Swept-Wing. 
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Figure 4.2 The Boundary Conditions of the Untapered Swept-Wing Model. 

 

 

 

Figure 4.3 Thickness Variation of the Untapered Swept-Wing. 
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The results of the normal modes analysis, which is carried out by using 

MSC®NASTRAN, and the test results from [44] are compared in Table 4.2 for the 

first three natural frequencies. The comparison is satisfactory. Figure 4.4 presents 

the first three theoretical mode shapes of the swept-wing. 

 

 

Table 4.2 Natural Frequencies of Untapered Swept-Wing (Test and Analysis 
Results) 

 
Mode 

number 
Mode Type 

Wind Tunnel Test 

results  (Hz) 

Finite Element 

Analysis (Hz) 

% 

Error 

1 Flexural 36 37.4 3.89 

2 Torsional 210 214.2 2.00 

3 - 242 245.25 1.34 

 

 

 

 

Figure 4.4 First Three Theoretical Modes of Untapered Swept-Wing. 
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In order to conduct an aeroelastic analysis, the aerodynamic surface is divided into 

75 identical aero boxes. The Span is divided into 15 and the chord is divided into 5 

elements. Structural and aerodynamic models are connected by using finite plate 

splines (FPS). In Figure 4.5 both the structural model and the aerodynamic model 

are shown. Structural model mesh size is bigger and presented by blue shading 

while aerodynamic surface mesh is taken slightly smaller with yellow shading. 

 

The aeroelastic analysis is carried out at a Mach number of 0.45 in order to be 

comparable with the test results.  The first natural frequency of the rectangular, 

cantilevered plate is 37.14 [Hz] so fmin is chosen to be 30 [Hz]. The third natural 

frequency of the plate occurs at 245.55 [Hz] but for fmax value, a higher value, 250 

[Hz], is chosen. The minimum velocity is chosen to be 50 [m/s] and maximum 

velocity is taken as 200 [m/s].  

 

 

 
 

Figure 4.5 Structural and Aerodynamic Models for the Untapered Swept-Wing  
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The reduced frequencies are calculated from Equation (3.2).  
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For the assumed values, kmin becomes 

 

 02762.0
2002

0586.0302
2

2

max

min
min =

×
×××

=
×

×××
=

ππ
v

cfk         

 

and kmax turns to be: 
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The range between kmin and kmax is divided into 9 equal frequencies to obtain the k 

set used in the analysis. 

 

In the study, flutter analysis is conducted for 0.96 density ratio, which is the value 

for the actual test case in the wind tunnel in [44]. The velocity set is taken from 50 

m/s to 200 m/s with 10 m/s increments.  

 

The results of the aeroelastic analysis are presented in Figures 4.6 and 4.7. Analysis 

of Figures 4.6 and 4.7 indicate that the untapered swept-wing is likely to fail in 

flutter at the velocity of 148.1 [m/s]. The corresponding frequency for this speed is 

131.9 [Hz].  The results of wind tunnel test are 150 m/s and 120 Hz [44]. 
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Velocity vs Damping
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Figure 4.6 Velocity-Damping Graph for Untapered Swept-Wing 
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Figure 4.7 Velocity-Frequency Graph for Untapered Swept-Wing
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4.3 AGARD 445.6 Wing Model 

 

The second test case is the AGARD 445.6 wing, which is frequently used in the 

literature for verification purposes. It has been examined and tested in detail in the 

1960’s, in the Langley Transonic Dynamics Tunnel and has been described in [51] 

and [69]. The finite element model of the AGARD 445.6 Wing, including element 

and node numbers, is shown in Figure 4.8. The span of the single wing is 762 [mm] 

and the wing is swept back 45o at the quarter chord line. The chord of the wing is 

558.7 [mm] at the root and 368.7 [mm] at the tip. The root of the wing is clamped 

and the motion in x and y directions and rotation about z axis of the remaining 

nodes are prevented. Figure 4.9 illustrates the boundary condition of the study.  

 

The actual wing has the NACA 65A004 airfoil shape as the cross section. In the 

analysis, the airfoil shape and the spanwise taper of the wing are represented by 

defining the thickness at each node of the QUAD elements for the corresponding 

section of the wing. This thickness variation is shown in Figure 4.10. The wind 

tunnel test model is constructed of laminated mahogany and the material properties 

used in the finite element model are summarized in Table 4.3. 

 

Table 4.3 Material Properties Used in AGARD 445.6 Wing Model 
 

Property Value 

Elastic Modulus 11 3245.5 [N/mm2]  

Elastic Modulus 22 416.200 [N/mm2] 

Shear Modulus 12 439.200 [N/mm2] 

Poisson’s Ratio  0.31 

Density 3.8198 10-7 [kg/mm3] 
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Figure 4.8 Finite Element Model of the AGARD 445.6 Wing.  

 

 

 
 

Figure 4.9 Boundary Conditions of the AGARD 445.6 Wing. 
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Figure 4.10 Thickness Variation Plot of the AGARD 445.6 Wing. 

 

Firstly, a normal mode analysis is carried out. The results of the normal modes from 

the MSC®NASTRAN analysis and the test results from [69] are presented in Table 

4.4.  Figure 4.11 presents the first four theoretical mode shape of the AGARD 445.6 

Wing. 

 

 

Table 4.4 Comparison of the Natural Frequencies of the AGARD 445.6 Wing 
 

Mode number Test results [69] (Hz) Analysis (Hz) Error 

1 9.60 9.52 -0.83 % 

2 38.17 38.32 0.39 % 

3 48.35 48.89 1.12 % 

4 91.55 87.97 -3.91 % 
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Figure 4.11 First Four Theoretical Mode Shapes of AGARD 445.6 Wing. 

 

 

Then an aerodynamic model is constructed for aeroelastic analysis. Aerodynamic 

surface is divided into 675 aero boxes. Span is divided into 45 and chord is divided 

into 15 elements. Structural and aerodynamic models are connected by using the 

finite plate splines (FPS). In Figure 4.12 both of the structural model and 

aerodynamic model are presented. The aerodynamic model has smaller elements 

with yellow shading while structural surface is modeled using larger sized elements 

with blue shading.  

 

The aeroelastic analyses are carried out at Mach numbers of M=0.5 and M=0.9 to 

be able compare with the test results.  First natural frequency of the AGARD 445.6 

Wing found to be 9.52 [Hz] and fmin is chosen as a smaller value, 7 [Hz]. The fifth 

natural frequency of the wing occurs at 107.47 [Hz] but for fmax value, a higher 

value, 120 [Hz], is chosen. 
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Figure 4.12 Structural and Aerodynamic Models for the AGARD 445.6 Wing. 

 

 

For two different mach numbers, two different velocity ranges are defined. For 

M=0.5 minimum velocity is chosen as 100 [m/s] and the maximum velocity is taken 

as 200 [m/s].   

 

Using the velocity and frequency range mentioned above, reduced frequencies for 

first set (i.e. M=0.5) turn out to be:  
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The range between kmin and kmax is divided into 9 equal reduced frequencies to 

obtain the k set to be used in the analysis. 

 

To simulate the test condition, the density ratio is defined as 0.3486 as described in 

[69]. 

 

The results of the analysis are shown in figures 4.13 and 4.14.The velocity-damping 

plot indicates that the flutter speed for the AGARD 445.6 Wing is theoretically 

determined to be 174.4 [m/s]. The corresponding velocity-frequency graph shows 

that the frequency at which the flutter is likely to occur is 25.56 [Hz].  For the same 

conditions, the results of wind tunnel test are 172.5 m/s and 20.39 Hz [69]. 

 

 

Velocity vs Damping (M=0.5)
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Figure 4.13 Velocity-Damping Graph of AGARD 445.6 Wing (M=0.5)  
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Velocity vs Frequency (M=0.5)
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Figure 4.14 Velocity-Frequency Graph of AGARD 445.6 Wing (M=0.5) 

 

 

For the second set of analysis (i.e: M=0.9) different velocity and altitude sets are 

defined. For the velocity set, minimum and maximum velocities are selected as 250 

[m/s] and 350 [m/s] respectively. Flutter analysis is made for 0.105 density ratio 

which is the case tested in the wind tunnel [51]. 

 

For the velocity and frequency ranges defined, the minimum and maximum reduced 

frequencies calculated as: 

 

min
min

max

2 2 7 0.5587 0.0351
2 2 350

f ck
v

π π× × × × × ×
= = =

× ×
        

 

and 
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 max
max

min

2 2 120 0.5587 0.8425
2 2 250

f ck
v

π π× × × × × ×
= = =

× ×
    

 

Figures 4.15 and 4.16 graphically show the velocity-damping and velocity-

frequency behavior for M=0.9 case.  

 

The comparison of the finite element analysis and wind tunnel test results are given 

in Table 4.5. 
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Figure 4.15 Velocity-Damping Graph of AGARD 445.6 Wing (M=0.9) 
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Figure 4.16 Velocity-Frequency Graph of AGARD 445.6 Wing (M=0.9) 

 

 

Table 4.5 Comparison of Analysis and Test Results for AGARD 445.6 Wing at 
M=0.9 

 
 Test results [51] Analysis results 

Flutter Speed 296.7 [m/s] 300.04 [m/s] 

Flutter Frequency 16.1 [Hz] 20.58 [Hz] 
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4.4 Analysis of Different Wing Forms 

 

This section gives the aeroelastic stability analysis and results for various wing 

forms. A symmetric airfoil wing and a doubly tapered version of the same 

symmetric airfoil wing are considered. The purpose is to investigate the effect of 

taper on the flutter speed and the flutter frequency.  

 

4.4.1 Symmetric Airfoil 

 

Figure 4.17 gives the planform of the symmetric airfoil. The symmetric airfoil used 

in the example is Wortmann FX 76-120 symmetrical airfoil [68] and given in 

Figure 4.18.  Figures 4.19 and 4.20 give the solid model and the Finite Element 

Model of the symmetric airfoil wing respectively.  

 

 

 

F (0,0,0) (0,2000,0) 
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Figure 4.17 Planform of the Symmetric Airfoil Wing Model 
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Figure 4.18 Wortmann FX 76-120 Symmetric Airfoil [68] 

 

 

 

 
 

Figure 4.19 Solid Model of Wortmann FX 76-120 Symmetric Airfoil Wing Model 
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Figure 4.20 The Finite Element Model of Wortmann FX 76-120 Symmetric Airfoil 

Wing Model 

 

 

In the Finite Element modeling, quadrilateral and tetrahedral elements are used. The 

material is assumed to be aluminum 6061-76 with the properties of E=70*103 

[N/mm2], ν  = 0.3 and ρ = 2710*10-9 [kg/mm3]. The ribs are assumed to be 

aluminum and have thickness of 1.5 [mm]. The skin is also taken as being made of 

aluminum and has thickness of 1 [mm]. The symmetric airfoil wing has been 

analyzed in cantilevered condition. Table 4.6 gives the first ten natural frequencies 

of the symmetric airfoil wing and Figures 4.21 to 4.24 represents the first four mode 

shapes, which are less then 100 [Hz] and are used in aeroelastic stability analysis of 

the symmetric airfoil wing.  
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Table 4.6 Natural Frequencies of the Symmetric Airfoil 
 

MODE Frequency [Hz] 

1 14.56 

2 79.14 

3 94.32 

4 98.69 

5 111.43 

6 118.51 

7 129.79 

8 130.38 

9 137.40 

10 141.81 

 

 

 

 
 

Figure 4.21 First Mode Shape of the Symmetric Airfoil Wing (f=14.6 [Hz])  
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Figure 4.22 Second Mode Shape of the Symmetric Airfoil Wing (f=79.14 [Hz])  

 

 

 

 
 

Figure 4.23 Third Mode Shape of the Symmetric Airfoil Wing (f=94.32 [Hz])  
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Figure 4.24 Fourth Mode Shape of the Symmetric Airfoil Wing (f=98.69 [Hz])  

 

 

Figure 4.25 illustrates the aerodynamic surface applied to the symmetric airfoil and 

Figure 4.26 gives the combined view of both aerodynamic and structural model. . 

 

 

 
 

Figure 4.25 Aerodynamic Surface Applied to the Symmetric Airfoil Wing 
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Figure 4.26 Aerodynamic Surface and Structural Model of the Symmetric Airfoil 

Wing 

 
Surface splines are used to connect the structural model and the aerodynamic 

surface. The grids on the mid plane of the structural model are used as the splining 

grids. Figure 4.27 shows these grids.  

 

 

 
 

Figure 4.27 Structural Grids for Spline Connections of Symmetric Airfoil 
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Tables 4.7 to 4.9 detail the flight conditions for the symmetric airfoil wing. 

 

Table 4.7 MK Sets (Mach Number/Reduced Frequency Sets) of the Symmetric 
Airfoil Wing 

 
 mk_05 mk_08 

MACH 0.5 0.8 

fmin [Hz] 14 13 

Vmax [m/s] 50 335 

fmax [Hz] 99 100 

Vmin [m/s] 5 200 

Reduced freq. 
0.44;3.85;7.26;10.66;14.07; 

17.48;20.89;24.30;27.71;31.11

0.061;0.14;0.22;0.30;0.38; 

0.46;0.54;0.624;0.705;0.786 

 

 

Table 4.8 Density Set of the Symmetric Airfoil Wing 
 

SET NAME ALTITUDE [m] DENSITY RATIO 

den1 Sea level 1 

 

 

Table 4.9 Velocity Sets of the Symmetric Airfoil Wing 
 

vel 1 [m/s] vel 2 [m/s] vel 3 [m/s]

10 100 230 

20 130 270 

30 150 330 

40 190 350 

50 230 370 

60 270 400 

70  450 

  500 

  550 
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For velocity ranges vel1 and vel2 no flutter occurrence is detected. The results of 

analysis using mach frequency set mk_08 and velocity set, vel3 showed instability 

points and these points are examined. Figures 4.28 and 4.29 give the aeroelastic 

stability characteristics of symmetric airfoil for the run at which the likelihood of 

flutter is observed. Figure 4.28 gives the flutter speed as 368 [m/s] and 

corresponding flutter frequency is 42.2 [Hz],  
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Figure 4.28 Velocity-Damping Graph of the Symmetric Airfoil Wing 
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Figure 4.29 Velocity-Frequency Graph of the Symmetric Airfoil Wing 

 

 

4.4.2 Doubly-Tapered Symmetric Airfoil Wing 

 

Figure 4.30 gives the planform of the doubly-tapered symmetric airfoil wing. The 

airfoil at the tip is half of the airfoil at the root both in terms of chord and thickness. 

The doubly-tapered symmetric airfoil used in the example is Wortmann FX 76-120 

symmetrical airfoil [68] and given in Figure 4.18. Figures 4.31 and 4.32 give the 

solid model and the finite element Model of the doubly-tapered symmetric airfoil 

wing respectively. 
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Figure 4.30 Planform of the Doubly-Tapered, Symmetric Airfoil Wing Model 

 

 

 

 
 

Figure 4.31 Solid Model of Wortmann FX 76-120 Doubly-Tapered, Symmetric 

Airfoil Wing 
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Figure 4.32 Finite Element Model of Wortmann FX 76-120 Doubly-Tapered, 

Symmetric Airfoil Wing 

 

In the modeling quadrilateral and tetrahedral elements are used. The assumed 

material properties are E=70000 [N/mm2], ν  = 0.3 and ρ = 2710*10-9 [kg/mm3].  

The ribs are assumed as aluminum and have thickness of 1.5 [mm]. The skin is also 

aluminum and has thickness of 1 [mm]. The symmetric-tapered airfoil wing has 

been analyzed in cantilevered condition. Table 4.10 gives the first ten natural 

frequencies of the doubly tapered symmetric airfoil wing.  

 

Comparison with the untapered symmetric case indicates an increase in the first 

flexural and in-plane bending modal frequencies. 
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Table 4.10 Natural Frequencies of the Doubly-Tapered, Symmetric Airfoil Wing 
 

MODE NO. FREQ [Hz] 
1 16.11 
2 72.06 
3 105.39 
4 139.52 
5 143.26 
6 145.46 
7 164.18 
8 166.40 
9 177.00 
10 193.97 

 

 

Figures 4.33 to 4.35 represent the first three mode shapes, which are used in 

aeroelastic stability analysis 

 

 

 
 

Figure 4.33 First Mode Shape of the Doubly-Tapered, Symmetric Airfoil Wing 

(f=16.11 [Hz])  
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Figure 4.34 Second Mode Shape of the Doubly-Tapered, Symmetric Airfoil Wing 

(f=72.06 [Hz]) 

 

 

 
 

Figure 4.35 Third Mode Shape of the Doubly-Tapered, Symmetric Airfoil Wing 

(f=105.39 [Hz]) 
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Figure 4.36 illustrates the aerodynamic surface and Figure 4.37 shows both 

structural and aerodynamic model used in the aeroelastic analyses. 

 

 

 
 

Figure 4.36 Aerodynamic Surface Applied to the Doubly-Tapered, Symmetric 

Airfoil Wing 

 

 

Surface splines are used to connect structural model and aerodynamic surface. The 

spline type is Harder-Desmarais Infinite Plate spline (IPS). The grids on the mid 

plane of the structural model are the splining grids. Figure 4.38 shows these grids.  

 

Tables 4.11 to 4.13 give the flight conditions used in the analysis of aeroelastic 

stability of doubly-tapered, symmetric airfoil wing. 
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Figure 4.37 Aerodynamic Surface and Structural Model of the Doubly-Tapered, 

Symmetric Airfoil Wing 

 

 

 
 

Figure 4.38 Structural Grids for Spline Connections of Doubly-Tapered, Symmetric 

Airfoil Wing 
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Table 4.11 M-K Sets (Mach Number/Reduced Frequency Sets) of the Doubly-
Tapered, Symmetric Airfoil Wing 

 
 mk_05 mk_08 

MACH 0.5 0.8 

fmin [Hz] 16 13 

Vmax [m/s] 50 335 

fmax [Hz] 105 100 

Vmin [m/s] 5 200 

Reduced freq. 

0.503; 4.11; 7.72; 11.33; 

14.95; 18.56; 22.17; 25.78; 

29.34; 33 

0.061;0.142;0.222; 

0.303;0.383;0.464; 

0.544;0.625;0.705;0.786 

 

 

Table 4.12 Density Set of the Doubly-Tapered, Symmetric Airfoil Wing 
 

SET NAME ALTITUDE [m] DENSITY RATIO 

den1 Sea level 1 

 

 

Table 4.13 Velocity Sets of the Doubly-Tapered, Symmetric Airfoil Wing 
 

vel 1 [m/s] vel 2 [m/s] vel 3 [m/s]

10 100 230 

20 130 270 

30 150 330 

40 190 350 

50 230 370 

60 270 400 

70  450 

  500 

  550 
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For velocity ranges vel1 and vel2 no flutter occurrence is detected. The results of 

analysis using mach frequency set mk_08 and velocity set, vel3 showed instability 

points. Figures 4.39 and 4.40 give the velocity-damping and velocity-frequency 

behaviors of the doubly-tapered symmetric airfoil wing. Figure 4.39 gives the 

flutter speed as 377.7 [m/s] and corresponding flutter frequency is 53.4 [Hz],  
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Figure 4.39 Velocity-damping Graph of the Doubly-tapered, Symmetric Airfoil 

Wing 
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Velocity vs. Frequency 
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Figure 4.40 Velocity-frequency Graph of the Doubly-tapered, Symmetric Airfoil 

Wing 

 

4.5 Comparison of the Results 

 

In this section the results of the two different wing planforms are presented together 

and compared. The effects of the taper on the aeroelastic stabilities are observed. In 

Figure 4.41 the velocity-damping graphs for two types of wings are presented 

together. As it is seen from the graph, tapered symmetric wing model has a higher 

flutter velocity. This result is expected. The wind tunnel test results presented in 

[39] also behave similarly. For the wings examined in this section span is held 

constant. So the change in the taper for the constant span increases the aspect ratio. 

It is known that increase in aspect ratio increases the flutter speed [63]. When the 

natural frequencies of the tapered and untapered wings are compared it is seen that 

tapered wing has higher natural frequencies, which can be interpreted as an increase 

in the stiffness thus increase in the flutter speed. 
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Figure 4.41 Velocity-Damping Graph of the Two Different Wing Analyses 
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Figure 4.42 Velocity-Frequency Graph of the Two Different Wing Analyses 
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Figure 4.42 presents the velocity-frequency graphs for two types of wings together. 

Tapered wing has higher flutter frequency than the untapered symmetric wing. 

 

Finally, Table 4.14 presents the numerical values of flutter speeds and flutter 

frequencies of the wings; i.e. symmetric airfoil wing and tapered symmetric airfoil 

wing . 

 

 

Table 4.14 Flutter Speeds and Frequencies for Two Different Wings 
 

 
Symmetric 

Wing 

Tapered Symmetric 

Wing 

Vf [m/s] 368 377.7 

ff [Hz] 42.2 53.4 

 

 

The information on the table is the compact version of the graphs. The values are 

calculated by using linear interpolation for interim crossing point. 
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CHAPTER 5 

 

 

ANALYSIS OF AN UNMANNED AERIAL VEHICLE 

 

 

 

5.1 Introduction 

 

In this chapter a test case, involving a fictitious unmanned aerial vehicle (UAV), is 

presented. The model is similar to the conventional UAVs with two engines; one 

puller and one pusher type; and boom type tail connection with two vertical 

stabilizers. Various types of wood, composite materials and aluminum are selected 

as construction materials for different parts of the UAV. The original model has 

been prepared in MSC®PATRAN prior to this study. It was a Turkish Aerospace 

Industries, Inc. (TAI) internal study and the finite element modeling and static 

analyses were done by Dr. Muvaffak HASAN and Mr. Burak Kürşat SOYDAN 

previously. The manufactured prototype is an original product of TAI. Due to 

company policies, a modified version of the model is presented here to complete the 

full picture. Figure 5.1 depicts the solid model of the test case UAV. In this chapter 

the finite element modeling of the case is explained in detail, and the results of the 

normal mode analysis are presented. The flutter characteristics of the UAV for 

various flight conditions are analyzed. 
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5.2 Finite Element Modeling of the UAV 

 

This section gives the methodology used in the finite element model of the UAV. 

Different sections of the model are explained with the types of elements utilized. 

Relevant supplementary pictures and tables are also included. Material properties 

and composite properties including orientation and thickness can be found in Tables 

5.2 to 5.4 

 

 

 
 

Figure 5.1 The Solid Model of the UAV Studied 
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5.2.1 The Fuselage 

 

The fuselage finite element models of the UAV are shown in Figures 5.2 and 5.3. 

The inner frames (pink shaded parts) are modeled by using QUAD4 and TRIA3 

type shell elements of MSC®NASTRAN [70, 71].  The material is poplar plywood. 

The yellow shaded parts are hornbeam plywood. The nose frame and rear frame 

(shown as F0 and F5 respectively) are modeled using QUAD4 and TRIA3 

elements. The other parts of the fuselage are fuselage main landing gear support 

beam and fuselage wing support beam. They are also made of hornbeam plywood 

and modeled as beam, BAR2, elements. 

 

The UAV is a two engine driven aircraft. The engines are mounted on the nose and 

rear frames. In Figure 5.2, the nose engine model is assigned as a point element on 

the nose frame (F0). The same configuration is repeated at the rear frame (F5). The 

connection between the engine and the frames are modeled by using multi-point 

constraint (MPC) elements. The structures shown as F1 to F4 are the fuselage inner 

frames. Also in the figure the landing gear support beams and wing support beams 

are visible. The material properties of the elements used are given in Table 5.2 
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Figure 5.2 Solid Model of the Inner Fuselage of the UAV Studied 

 

 

 
 

Figure 5.3 The Finite Element Model of the Inner Fuselage of the UAV Studied 
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5.2.2 The Fuselage Skin & the Boom 

 

The complete fuselage and the booms are shown in Figures 5.4 and 5.5. Figure 5.4 

represents the solid model and Figure 5.5 gives the finite element model.  The 

fuselage skin (green part in the figure) is made up of fuse skin composite. The 

elements used in the modeling are QUAD4 and TRIA3. The fuselage covers (pink 

shaded parts) are made up of 2024T3_Sheet aluminum alloy. Only QUAD4 

elements are used in the cover parts. The boom is modeled by using BAR2 elements 

and the material is 2024T3 Drawn tube. The boom support also has the same type of 

modeling elements but the material is 6061T6 Drawn Tube. 

 

 

 
 

Figure 5.4 Solid Model of the Fuselage Skin and Boom of the UAV Studied 
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Figure 5.5 The Finite Element Model of the Fuselage Skin and Boom of the UAV 

Studied 

 

 

5.2.3 Tail 

 

The tail configuration is shown in Figures 5.6 and 5.7. The tail is connected to the 

boom via MPCs.   

 

1. Horizontal stabilizer and the elevator: Horizontal stabilizer and elevator 

skins are made up of composite (empennage composite).The modeling 

elements used for skins are QUAD4. Under the skin, the structure is filled 

with foam. And these core parts are modeled using WEDGE6 and HEX8 

elements. In figures this foam structure is not visible. The ribs of both 

horizontal stabilizer and elevator are poplar plywood and the elements are of 

type QUAD4 and TRIA3. 

2. Vertical stabilizer and the rudder: Vertical stabilizer and rudder skins are 

made up of composite empennage composite). The modeling elements used 
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for skins are QUAD4. Under the skin, the structure is filled with foam. 

These core parts are modeled using WEDGE6 and HEX8 elements. The ribs 

of both vertical stabilizer and rudder are poplar plywood and the modeling 

elements are QUAD4 and TRIA3. 

 

 

 
 

Figure 5.6 Solid Model of the Tail of the UAV Studied 

 

 

 108



 
 

Figure 5.7 The Finite Element Model of the Tail of the UAV Studied 

 

 

5.2.4 The Wing 

 

The wing is modeled as two separate parts, namely inner and outer wings. In 

Figures 5.8 and 5.9, the inner wing is shaded by orange and the outer part is seen in 

yellow. The flap is included in the inner wing and the aileron is included in the 

outer wing. The inner wing skin properties are named as inner wing skin composite 

(see Table 5.4), while the outer wings skin element properties are assigned as outer 

wing skin composite. The skin elements are QUAD4. The wing core is Styrofoam. 

For the core the modeling elements are HEX8 and WEDGE6. The ribs are made of 

poplar plywood and the elements used are QUAD4 and TRIA3.  

 

The flap and aileron structures are similar to the wing structure. The inside is filled 

with Styrofoam and the skin is made up of flap aileron composite. The ribs are 

made of poplar plywood. The core elements are HEX8 and WEDGE6, while the 

skin elements are all QUAD4 type. The rib elements are QUAD4 and TRIA3 
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Figure 5.8 Solid Model of the Wing of the UAV Studied 

 

 

 
 

Figure 5.9 Finite Element Model of the Wing of the UAV Studied 
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5.2.5 The Landing Gear 

 

The main landing gear is modeled by using the element called stiff_light and the 

models are shown in Figures 5.10 and 5.11.  The modeling elements are QUAD4. 

The nose landing gear material is 2024T3 sheet aluminum and it is modeled by 

BAR2 elements. The main landing gear is connected to the ground by springs. In 

the x and y directions the spring constant is 1*1014 while the spring constant for the 

z direction is defined as 1*108 which is assumed to represent the aeroplane on its 

tires.  

 

The Finite Element Model of the entire plane is shown in Figure 5.12. 

 

 

 
 

Figure 5.10 Solid Model of the Landing Gear of the UAV Studied 
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Figure 5.11 Finite Element Model of the Landing Gear of the UAV Studied 

 

 

 
 

Figure 5.12 Finite Element Model of the UAV Studied 
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5.2.6 The Elements and Materials Used in the Finite Element Model of the 

UAV Studied 

 

This section summarizes the element types, element numbers and material types 

used in the modeling of the test case UAV. The elements used in the finite element 

model of the test case UAV are standard MSC/NASTRAN® element types and 

properties of these elements types are explained in [70, 71] in detail.  

 

Table 5.1 summarizes the types and the number of the elements used in the model.  

 

 

Table 5.1 Types and Number of Elements Used in the Finite Element Model of 
the UAV 

 
 ELEMENT TYPE  NUMBER

GRID                               5364 

CBAR (BAR2)  196 

CELAS1                          6 

CHEXA(HEX8)              1732 

CONM2                           6 

CPENTA (WEDGE6)  796 

CQUAD4                        4213 

CTRIA3                           216 

RBAR                             4 

RBE2                               26 

RBE3                               24 

 

 

 

 

 

 

 

 

 

 

 

 

 

In Tables 5.2 and 5.3, isotropic and orthotropic materials defined in the test case 

UAV model database are summarized respectively. Finally, Table 5.4 presents the 

composites used for different sections of the model. In this table ply thickness and 

orientations are included. 
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Table 5.2 Properties of the Isotropic Materials Used in the Finite Element 
model of the UAV 

 

Material 

Young’s 

Modulus 

[GPa] 

Poisson's

ratio 

Shear 

Modulus 

 [GPa] 

Density 

[kg/m3]

2024T3_Sheet 

Aluminum 
7.24 1010 0.33 2.758 1010 2767.99

2024T3 Drawn Tube 7.24 1010 0.33 2.758 1010 2767.99

6061t6 Drawn Tube 6.8258 1010 0.33 2.62 1010 2712.63

Styrofoam 3309484  4274750 32.04 

stiff light 2.00 1011 0.33  0.1 

 

 

Table 5.3. Properties of the 2D Orthotropic Materials Used in the Finite 
Element Model of the UAV 
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Material 

Young’s 

Modulus 

11 

[GPa] 

Young’s 

Modulus

22 

[GPa] 

Poisson’s 

ratios 

12 

Shear 

Modulus 

12 

[GPa] 

Shear 

Modulus 

23 

[GPa] 

Shear 

Modulus 

13 

[GPa] 

Density 

[kg/m3]

E_Glass_ 

7781_127gr 
2.21 1010 2.24 1010 0.15 3.79 109 2.96 109 2.96 109 1772 

E_Glass_ 

7781_150gr 
2.21 1010 2.24 1010 0.15 3.79 109 2.96 109 2.96 109 1772 

E_Glass_ 

7781_300gr 
2.21 1010 2.24 1010 0.15 3.79 109 2.96 109 2.96 109 1772 

E_Glass_ 

UD_236gr 
2.21 1010 3.79 109 0.3 3.79 109 2.96 109 2.96 109 1772 

E_Glass_ 

wing_beams 
1.83 1010 1.83 1010 0.15 3.79 109 2.96 109 2.96 109 1772 

Balsa  

block 
3.4 109 5.1 107 0.488 1.26 108 1.7 107 1.84 108 192 

Poplar 

 plywood 
8.40 109 3.61 108 0.392 5.80 108 6.30 108 9.24 107 400 

hornbeam 

plywood 
8.10 109 4.05 108 0.451 5.51 108 5.99 108 1.38 108 671 



 

Table 5.4.  Definitions of the Composite Materials Used in the Finite Element 
Model of the UAV 

 
Composite Location Material Thickness (m) Orientation

 E_Glass_7781_150gr 1.30 10-4 45 

 E_Glass_7781_300gr 2.55 10-4 0 

Empennage  E_Glass_7781_150gr 1.30 10-4 -45 

 E_Glass_7781_150gr 1.30 10-4 0 

 E_Glass_7781_300gr 2.55 10-4 0 

Flap aileron  E_Glass_7781_150gr 1.30 10-4 -45 

 E_Glass_7781_150gr 1.30 10-4 45 

 E_Glass_7781_150gr 1.30 10-4 45 

 E_Glass_7781_150gr 1.30 10-4 -45 

 E_Glass_7781_300gr 2.55 10-4 0 

Fuselage  skin  poplar plywood 4.00 10-4 0 

 E_Glass_7781_300gr 2.55 10-4 0 

 E_Glass_7781_300gr 2.55 10-4 0 

 E_Glass_7781_300gr 2.55 10-4 0 

 E_Glass_7781_300gr 2.55 10-4 0 

 E_Glass_7781_150gr 1.30 10-4 45 

Inner wing skin  E_Glass_7781_150gr 1.30 10-4 -45 

 E_Glass_7781_300gr 2.55 10-4 0 

 E_Glass_7781_300gr 2.55 10-4 0 

 E_Glass_7781_150gr 1.30 10-4 0 

 E_Glass_7781_300gr 2.55 10-4 0 

 E_Glass_7781_300gr 2.55 10-4 0 

 E_Glass_7781_150gr 1.30 10-4 45 

Outer wing skin  E_Glass_7781_150gr 1.30 10-4 -45 

 E_Glass_7781_300gr 2.55 10-4 0 

 E_Glass_7781_300gr 2.55 10-4 0 

 E_Glass_7781_150gr 1.30 10-4 0 
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5.3 Resonance Frequencies and Mode Shapes of the UAV Studied 

 

In this thesis, the resonance frequencies of the UAV are determined by using the 

Lanczos method of MSC®NASTRAN. Table 5.5 presents the resonance frequencies 

and Figures 5.13 to 5.23 show the rigid body and natural mode shapes of the full 

model UAV.  

 

 

Table 5.5 Theoretically Determined (FEM) Resonance Frequencies of the UAV 
 

FREQUENCY

[Hz] 
TYPE 

9.1 10-5 Rigid body mode 

1.4 10-5 Rigid body mode 

8.4 10-3 Rigid body mode 

6.78 1st antisymmetric flexural  

8.86 1st symmetric flexural 

16.54 2nd Flexural 

22.67 1st symmetric inplane bending 

25.69 1st antisymmetric inplane bending 

35.46 1st antisymmetric torsional 

40.66 1st symmetric torsional 

46.03 3rd Flexural 
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Figure 5.13 Rigid Body Mode of the UAV (f=9.1 10-5 [Hz]) 

 

 

 
 

Figure 5.14 Rigid Body Mode of the UAV (f=1.4 10-5 [Hz]) 
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Figure 5.15 Rigid Body Mode of the UAV (f=8.4 10-3 [Hz]) 

 

 

 
 

Figure 5.16 1st Antisymmetric Flexural Mode of the UAV (f=6.78 [Hz]) 
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Figure 5.17 1st Symmetric Flexural Bending Mode of the UAV (f=8.86 [Hz]) 

 

 

 
 

Figure 5.18 2nd Flexural Mode of the UAV (f=16.54 [Hz]) 
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Figure 5.19 1st Symmetric In-plane Bending Mode of the UAV (f=22.67 [Hz]) 

 

 

 
 

Figure 5.20 1st Antisymmetric In-plane Bending Mode of the UAV (f=25.69 [Hz]) 
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Figure 5.21 1st Antisymmetric Torsional Mode of the UAV (f=35.46 [Hz]) 

 

 

 
 

Figure 5.22 1st Symmetric Torsional Mode of the UAV (f=40.66 [Hz]) 
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Figure 5.23 3rd Flexural Mode of the UAV (f=46.03 [Hz]) 

 

 

Besides the global modes, also some local modes, due to the light stiffness of the 

boom, were detected and presented in Figures 5.24 to 5.26. 
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Figure 5.24 Local Mode of the UAV (f=10.6 [Hz]) 

 

 

 
 

Figure 5.25 Local Mode of the UAV (f=12.44 [Hz]) 
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Figure 5.26 Local Mode of the UAV (f=14.61 [Hz]) 

 

 

5.4 Analysis of the Full Model UAV 

 

In this section, the aerodynamic mesh created for flutter analysis are introduced and 

the aeroelastic analysis results are presented.  

 

5.4.1 Aerodynamic Modeling of the Full Model UAV 

 

Figure 5.27 gives the combined structural model and aerodynamic surfaces of the 

full aircraft. The detailed views for the wings, the vertical stabilizers and the 

horizontal stabilizer are given in Figures 5.28 to 5.30 respectively. In the figures 

yellow shading belongs to structural mesh while blue shading represents the 

aerodynamic mesh. 
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Figure 5.27 Combined Structural and Aerodynamic Model of the UAV 

 

 

For a typical UAV the considered one, the velocity range can be taken between 35 

m/s and 100 m/s.  

 

In MSC®FlightLoads and Dynamics Module there is a criterion; named as 

Boxes/Wavelength; to satisfy the convergence of the solution. The chord length of 

the boxes should be less than 0.08 times the velocity divided by the greatest 

frequency of interest [55]. Mathematically it can be shown as 

 

0.08 Vx
f

∆ < ⋅  

 

The default value for this criterion is given as 15 in MSC®FlightLoads and 

Dynamics Module but as long as the criterion given above is satisfied any number 

of boxes higher than 4 can be used. The number of boxes less than 4 is not 
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recommended [55]. Low velocity ranges usually require high number of 

aerodynamic elements to fulfill this criterion. High number of elements increases 

the runtime drastically, even may results in incomplete runs due to exceeding the 

capacity of system resources. For the test case UAV, low velocity range is 

examined with suitable aerodynamic mesh (i.e. high number of elements) and no 

critical roots for flutter or divergence were found. All the aerodynamic surfaces and 

mesh presented in this chapter are defined for higher velocity ranges to be able to 

find the flutter boundaries.  

 

 

 
 

Figure 5.28 Structural Model and the Aerodynamic Surfaces of the UAV Wing 

 

 

In each wing 240 aerodynamic boxes are created. The number of aerodynamic 

elements for horizontal tail (including elevator) is 72 while it is 36 for each vertical 

tail (including rudder).  The total number of the aerodynamic elements is 624 for 

the complete model. 
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Figure 5.29 Structural Model and the Aerodynamic Surfaces of the UAV Vertical 

Stabilizers 

 

 

 
 

Figure 5.30 Structural Model and the Aerodynamic Surface of the UAV Horizontal 

Stabilizer 
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The aerodynamic mesh created is checked in terms of boxes per wavelength criteria 

to ensure the convergence. More information on the subject for the interested reader 

can be found in [55] and [66]. Figure 5.31schematically represents the boxes per 

wavelength distribution along all the aerodynamic surfaces. 
 

 

 
 

Figure 5.31 Boxes/wavelength Distribution of the UAV 

 

 

In Table 5.6, Mach numbers used in the calculation of aerodynamics, frequency and 

velocity range of interest used in the calculation of max-min reduced frequencies 

and the calculated set of reduced frequencies to be used in the analyses are 

presented. Table 5.7 includes the altitude information that the analyses are carried 

out at. The aeroelastic analyses are repeated at 5 different altitudes. The velocity set 

that is scanned for flutter analyses are given in Table 5.8. 
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Table 5.6 Mach Number/Reduced Frequency Set Used in the Aeroelastic 
Analysis of the UAV 

 
MACH Number  0.2 to 0.6 

fmin [Hz] 4 

fmax [Hz] 50 

Vmin [m/s] 35 

Vmax [m/s] 250 

Reduced 

frequencies  

0.0503 ; 0.5436 ; 1.0368 ; 1.5301 ; 2.0234 ; 

2.5167 ; 3.0099 ; 3.5032 ; 3.9965 ; 4.4898 

 

 

Table 5.7 Density Sets Used in the Aeroelastic Analysis of the UAV 
 

SET NAME ALTITUDE [m] DENSITY [kg/m3] DENSITY RATIO 

Sea Level Sea level 1.226 1 

1000m 1000 1.1117 0.9068 

2000m 2000 1.0066 0.821 

4000m 4000 0.8194 0.6683 

6000m 6000 0.6601 0.5384 

 

 

Table 5.8 Velocity Set Used in the Aeroelastic Analysis of the UAV [m/s] 
 

35 155 

50 170 

65 185 

80 200 

95 215 

110 230 

125 250 

140  
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5.4.2 Flutter Analysis Results 

 

The aeroelastic stability results of the UAV for sea level are presented in Figures 

5.32 and 5.33 for the values of M=0.2 to M=0.6. The required flutter speed is 

calculated by linear interpolation. An additional analysis is carried out for sea level 

to see the effects of any possible error, which is introduced by employing linear 

interpolation approximation. For a narrower band of velocity where the flutter is 

expected, the flutter analyses are repeated to find the more accurate flutter speed. 

For the sea level analysis this velocity range is defined as between 155 [m/s] and 

170 [m/s] with 1 [m/s] increment. The results of these additional runs are presented 

in Figures 5.34 and 5.35. The results of the linear interpolation and the additional 

run are compared in Table 5.9. Analysis of Table 5.9 reveals that the linear 

interpolation gives quite satisfactory results. The maximum frequency error is found 

to be 0.03%. 

 

Velocity-Damping Graph (sea Level)
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Figure 5.32 Velocity-Damping Graph of the UAV for Sea Level for Different Flight 

Conditions 
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Velocity- Frequency Graph (Sea Level)
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Figure 5.33 Velocity-Frequency Graph of the UAV for Sea Level for Different 

Flight Conditions 

 

 

Velocity-Damping Graphs (Sea Level)
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Figure 5.34 Velocity-Damping Graph of the UAV (additional flutter analysis) 

 131



Velocity-Frequency Graph (Sea Level)
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Figure 5.35 Velocity-Frequency Graph of the UAV (additional flutter analysis) 

 

 

Table 5.9 Comparison of Computed Flutter Values and Interpolation Results 
of the UAV at Sea Level. 

 
Mach 

Number 

Computed Flutter 

Speed [m/s] 

Linearly  Interpolated  

Flutter Speed [m/s] 

Percentage 

Error 

0.2 166 165.81 -0.11% 

0.4 162.3 162.22 -0.05% 

0.6 156.8 156.57 -0.14% 

 

Flutter analyses are also carried for 1000m, 2000m and 4000m altitudes. The results 

of those analyses are given in Table 5.10. In the table Vf [m/s] stands for flutter 

speed and ff [Hz] represents the flutter frequency.  

 

When the table is examined; it can be concluded that as the flight altitude increases 

the flutter velocity also increases. This is an expected behavior as explained in [61] 
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and [62]. Reference [61] explains this in terms of mass ratio concept. Mass ratio is 

defined as: 

 

2mass ratio m
bπ ρ∞

=
⋅ ⋅

 

 

where m is the mass of the structure, ρ∞  is the density of air and b is the span. 

 

For the same structure increase in mass ratio corresponds to a decrease in air 

density, which means an increase in altitude. It is emphasized in [61] that as the 

mass ratio increases, the flutter speed almost linearly increases as shown in Figure 

5.36. Similarly [62] gives the graph reproduced in Figure 5.37 to show the altitude-

flutter Mach number relation. On the other hand, the flutter frequencies are reduced, 

although not appreciably, by the flight altitude increase.  

 

 

 
 

Figure 5.36 Mass Ratio vs. Flutter Speed [61]. 
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The variations in the flutter speed and frequency with altitude are shown in Figures 

5.38 and 5.39 for Mach number 0.2 only. From Figure 5.38 it can be seen that as the 

altitude increases flutter speed increases. Figure 5.39 shows the decrease of the 

flutter frequency as the altitude increases.  

 

 

 
 

Figure 5.37 Mach number vs. Altitude [62] 

 

 

Table 5.10 Flutter Speeds and Flutter Frequencies of the UAV for Different 
Altitudes and Flight Conditions. 

 
 MACH=0.2 MACH=0.4 MACH=0.6 

Altitude Vf ff Vf ff Vf ff

Sea Level 165.81 11.87 162.22 11.85 156.57 11.78 

1000m 170.10 11.86 166.26 11.84 159.93 11.78 

2000m 174.61 11.84 170.70 11.82 163.79 11.77 

4000m 185.02 11.81 180.64 11.80 173.07 11.75 
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Altitude effect on flutter speed
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Figure 5.38 Altitude Effect on the Flutter Speeds of the UAV (M=0.2) 

 

Effect of Altitude on Flutter Frequency
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Figure 5.39 Altitude Effect on the Flutter Frequencies of the UAV (M=0.2) 
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5.4.3 Divergence Analysis Results 

 

The divergence possibilities can also be detected from the flutter analysis results. 

Such a case can be identified if the damping changes sign from negative to positive 

while corresponding frequency drops to zero. For the UAV considered, during the 

sea level flight the likelihood of divergence is also observed and Figures 5.40 and 

5.41 present the damping and frequency graphs for the divergence possibility. The 

data in the curves are obtained with 15 [m/s] increments. To find the intersection 

value linear interpolation method is employed. To verify the accuracy of the linear 

interpolation approximation, an additional detailed study is carried out for the 

divergence region. Velocity range is re-defined from 201 [m/s] to 230 [m/s] with 1 

[m/s] increment and the analyses are repeated to get the crossing point directly from 

the result files. Figure 5.42 gives the flutter speed vs damping graph for the detailed 

region. The corresponding flutter speed vs frequency graphs of the detailed analyses 

are not plotted since the frequencies drops to zero. 
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 Figure 5.40 Divergence Velocity-Damping Graph for the UAV 
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Velocity-Frequency Graph (Sea Level)

0
1

2
3

4
5

6
7

8
9

10

35 50 65 80 95 110 125 140 155 170 185 200 215 230 245
velocity [m/s]

fr
eq

ue
nc

y 
[H

z]
M=0.1
M=0.2
M=0.3
M=0.5

 
 

Figure 5.41 Divergence Velocity-Frequency Graph for the UAV 
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Figure 5.42 Divergence Velocity-Damping Graph for the UAV (additional analysis) 
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Finally, the linearly interpolated values and exact values from second analysis are 

compared to see the accuracy of the linear interpolation approximation. This 

comparison is presented in Table 5.11. 

 

 

Table 5.11 Comparison of Computed Divergence Values and Interpolation 
Results of the UAV at Sea Level  

 
Mach 

Number 

Computed Divergence 

Speed [m/s] 

Linearly Interpolated 

Divergence Speed [m/s] 

Percentage 

Error 

0 216.5 216.58 0.04% 

0.1 216 216.23 0.11% 

0.2 215 215.16 0.07% 

0.3 213.3 213.54 0.11% 

0.5 207 207.52 0.25% 

 

 

5.5 Conclusion 

 

 

In this chapter the aeroelastic analyses of a typical UAV were conducted. The 

analyses were carried out at sea level, 1000m, 2000m and 4000m altitudes for Mach 

Numbers M=0.2, 0.4 and 0.6. The flutter characteristics of the UAV for different 

flight conditions were obtained and presented. The variation of the flutter speed 

with altitude was examined and it was observed that flutter speed increases with 

increasing altitude. Also divergence characteristics were examined and possible 

divergence boundaries were obtained.  

 

For the UAV analyzed, a typical flight envelope can be limited to 100 [m/s]. An 

analysis range between 40 [m/s] to 100 [m/s] can be represented by a mid value as 

M=0.2. The values included in the aerodynamics matrix are created by using this 

Mach number in MSC®FlightLoads and Dynamics Module. The first analysis 
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carried out in the given velocity region produces no instability points for M=0.2 for 

this particular study. To be able to find the possible instability points, velocity range 

is extended up to 250 [m/s] in the theoretical analysis. For the UAV, the sea level 

analysis at M=0.2 gives the flutter speed as 165.8 [m/s] which means that the flutter 

speed of the aircraft is outside the flight envelope which in turn shows that the 

aircraft is free of flutter within its flight envelope. The exact flutter speed can be 

found by the matched point method which includes iterative analysis until the 

velocity range covered and the Mach number input correspondence is satisfied.  

 

The above conclusions are also valid for the divergence predictions in this thesis. 

The high divergence velocities calculated in the analyses show that no divergence is 

expected within the flight envelope. 

  

The results obtained from the flutter analyses can be used to define the flight 

envelope of an aircraft in the design phase. According to the results either the 

design of the aircraft or the flight envelope should be modified in order to have an 

aircraft which is free of flutter. 
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CHAPTER 6 

 

 

CONCLUSIONS  

 

 

 

6.1 General Conclusions 

 

In this thesis, the aeroelastic analysis of an unmanned aerial vehicle was conducted. 

Aeroelastic analyses are one of the most important design requirements for aircrafts 

due to their possibly catastrophic effects. In order to avoid those effects aircraft 

designs should aim flutter free flight envelopes.  

 

The study presented in this thesis used MSC®FlightLoads and Dynamics Module as 

the graphical user interface and the MSC®NASTRAN Aero 1 module as the solver. 

 

The study was focused to obtain the flutter speeds and flutter frequencies. In certain 

cases the divergence characteristic were also examined. The variation of flutter 

speed with parameters like altitude and taper was also studied in detail. 

 

 

The results of the finite element analyses showed good correlation with the test 

results which in turn proved that the analysis procedure was correct. The results of 

verification cases produced about 1.2 % error when compared to test results.  
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Two different wing forms, which were symmetric airfoil wing and symmetric airfoil 

wing with taper, were analyzed. It was determined that that the tapering increased 

the flutter speed since it increased the bending and torsional stiffness of the 

structure.  

 

In the case of the unmanned aerial vehicle it was determined that as the Mach 

number used in the calculations of the aerodynamics was increased, generally flutter 

speed and flutter frequencies were decreased. It was also determined that as the 

altitude was increased the flutter speed was increased. On the other hand increasing 

altitude decreased the flutter frequency. 

 

6.2 Recommendations for Future Work 

  

This thesis included the aeroelastic analyses of an unmanned aerial vehicle and 

various wing forms by using MSC®FlightLoads and Dynamics Module and 

MSC®NASTRAN Aero 1 solver. The solution method is limited to the pk-method. 

The other methods within the capability of MSC®NASTRAN Aero 1 solver can be 

employed at least for verification purposes.  

 

The aerodynamic body modeling was not included in the study, the effect of 

aerodynamic bodies on the aeroelastic behavior of the aircraft was neglected and 

lifting surfaces-aerodynamic bodies interactions were not studied.  

 

The fuselage of the aircraft may be included in the analyses by modeling it as an 

aerodynamic body and the effect of the fuselage on the flutter characteristics may 

be studied further.  

 

The study may also be extended to supersonic regions if the necessary solver 

modules and licensing are available. 
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