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GUST ALLEVIATION TECHNIQUES AND DESIGN METHODS OF 

ACTIVE AEROELASTIC WING 

SUMMARY 

In this thesis, gust alleviation techniques are investigated, gust loads are modelled 

and their effects on a wing model is studied.  

 

Gust loads are formed due to interaction of atmospheric turbulence with rigid body 

of airplane and elastic motions. These loads are considered dangerous since man’s 

first flight. Because they do not only affect flight performance but also threaten flight 

and passenger safety. In order to define gust loads and control aircraft’s response to 

them, many theories, methods and concepts have been introduced over past decades. 

Moreover, modern-day aviation regulation and certifications describe gust loads very 

precisely to avoid flight safety and performance problems, structural and fatigue 

damages of the aircraft. 

 

Based on gust load theories and aviation regulations, a model of gust load is formed 

by using computational fluid dynamics. In order to model gust loads, theory of gust 

is studied and parameters to define gust loads are determined. 1-Cosine discrete gust 

approach described in Certification Specification 25 (CS-25) from EASA is preferred 

due to its ease of modelling and closeness to real-life gusts. For modelling the gust 

loads, a harmonically oscillating airfoil, which is also called as gust generator, is 

created. After determining gust and airfoil parameters, a mesh grid is formed and 

imported to Ansys Fluent. Boundary conditions are applied to the system and 

analysis has been performed by using the Spalart-Allmaras solution model. 

Thereafter, results of unsteady computational fluid dynamic analysis such as lift and 

drag coefficients, lift and drag forces, velocity and pressure contours are obtained. 

These results are used to derive wing root bending moment. Calculations for the 

bending moment are done in Software Matlab. Resultant wing root bending moment 

values were changing with time, since CFD analysis is performed transiently. 

Moreover, three methods to alleviate gust effects has been investigated; trailing-edge 

flaps, spoilers and ailerons. 
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1.  INTRODUCTION 

Gust loads form due to interaction of atmospheric turbulence with rigid body of 

airplane and elastic motions. The difference between turbulence and gust is that 

turbulence corresponds to a continuous process, which affects the aircraft’s velocity 

continuously but gusts are considered as decomposition of continuous turbulence. 

Another difference is that gusts are modelled in time domain and turbulence is 

modelled in frequency domain [1]. Gusts are mostly considered as results of change 

in angle of attack. The change in angle of attack in radians is equal to the gust 

velocity divided by forward velocity of the aircraft [2].  

Gust loads are discussed and has been topics of many researches, since they affect 

safety of the aircraft, flight controllability and passenger comfort. These loads not 

only decrease the flight performance, but also cause an increase on aerodynamic and 

structural loads. In consequence of increased aerodynamic and structural loads, 

structural deformations are likely to occur. It is also possible that structural fatigue 

life will decrease as a result of gust loads on the aircraft. Consequently, gust loads 

are considered as important factors while designing the aircraft. As a precaution for 

avoiding gust loads and regulating aviation safety, several certifications from Federal 

Aviation Administration and European Aviation Safety Agency are published. 

1.1 Literature Review 

Concerns about effects of gust on the aircraft are taken into consideration, since the 

man’s first flight. One of the earliest views on gust loads are published by Hunsaker 

and Wilson in 1917 [3]. Later, Zbrozek investigated gust loads on aircraft and 

atmospheric turbulences in 1965. In his article, he defined atmospheric turbulence as 

collection of single and isolated gusts. Moreover, Zbrozek mentioned discrete gust 

approach and has indicated that this approach works well [4]. He also pointed out 

some parameters to describe gust: gust alleviation factor, gust gradient distance, 

frequency response of acceleration to vertical gust, average number of discrete gusts 

per mile, incremental acceleration due to gust, vertical gust velocity and gust mass 
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parameter. In addition, he handled aspects of aircraft engineering affected by 

atmospheric turbulence and obtained an equation for gust velocity, which is 

dependent on aircraft weight, wing area, aircraft speed, air density, lift slope and gust 

alleviation factor. Burnham investigated gust loads and wrote an article named “A 

Review Of The Results Of Some Recent Research At The Royal Aircraft 

Establishment” in 1970 [5]. In the article, Burnham discussed gusts in the 

stratosphere and pointed out gust problems in relation to takeoff and landing. He 

stated that it can be a safety problem for the aircraft systems, although the gust is 

small. Like Zbrozek, Burnham considered the discrete gust approach in his article, 

since the approach has worked well and commonly used in aircraft industry despite 

its simple shape. In addition, Burnham mentioned the effects of pilot control actions 

on flight through gusts. Because gusts do not only affect aircraft, but also threatens 

safety of the crew.  

In 1973, Houbolt wrote his views about atmospheric turbulence, in particular gusts 

[6]. He derived an equation to describe gust velocity. According to his formula, gust 

velocity is dependent on pitch attitude, angle of attack, gust vane measurement and 

effects of vertical motion. Furthermore, he analyzed the response of aircraft to gust 

loads. He also preferred to use discrete gust models while investigating effects of 

gust loads on design of the aircraft. He has used “1-cos” type of discrete gust in his 

studies, since he stated that no gust is able to start with a finite slope and he has 

found “1-cos” type of gust realistic. His view of nonuniform spanwise gust is shown 

Figure 1.1.  

 

Figure 1.1 : Nonuniform Spanwise Gust Encounter [5]. 

In addition, Houbolt expressed gust response as one of the oldest aeroelastic 

problems for large aircrafts, since they have impact on airplane strength, pilot and 

passenger comfort, structural fatigue life and navigation. As claimed by Houbolt, 

gust alleviation became a major interest and caused new research topics such as 

mode stabilization and modal response control. Concept of controlling gust response, 
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sensors needed to detect the gust or aircraft motion and control mechanisms stated by 

Houbolt are given in Figure 1.2. 

 

Figure 1.2 : Basic Elements for Gust Alleviation [6]. 

In 1988, Hoblit wrote the book “Gust Loads on Aircraft: Concepts and Applications” 

[1]. He addressed many topics in the book: static and dynamic gust loads, basic 

power-spectral density (PSD) concepts and their application to gust loads, continuous 

turbulence gust loads, gust response equations of motion, spanwise variation of 

vertical gust velocity, analysis of gust-response flight-test data, stationary-gaussian 

idealization of the gust structure and discrete-gust load requirements. The book is 

very detailed and contains different theoretical approaches and determines formulas 

for various gust parameters. 

With desire of understanding gusts and controlling gust response of the aircraft, 

experimental studies have begun and accomplished for subsonic, supersonic and 

hypersonic flows. In most of these experiments gust loads are created by two 

pitching airfoils in wind tunnels. These harmonically oscillating airfoils called gust 
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generators. Afterwards, generated gust propagates with an aeroelastic airfoil and 

typical results such as gust angle versus time and gust generator performance are 

obtained. In Figure 1.3., a typical scheme of experimental setup for gust load 

investigation is showed.  

 

Figure 1.3 : Typical Scheme of Experimental Set-Up for Gust Load Investigation [7] 

Over past decades, modelling gust loads by using computational fluid dynamics and 

numerical methods became a popular research area. Projects which has studied 

airfoil-gust interaction are done. Both high and low fidelity, numerical and analytical 

studies are done and compared in last years. CFD results are compared with results 

coming from Theodorsen’s and Wagner’s functions [8]. These results are usually 

velocity and pressure contours around the airfoil with respect to time. Although for 

small gusts low-fidelity and high-fidelity models do not agree well, results are 

consistent for heavy gusts [8]. In some of these projects, pitching and plunging 

airfoils are modelled to create gust loads and another aeroelastic airfoil is placed in 

the grid and affected by the flow generated by pitching airfoil. These CFD 

investigations are actually exact copies of experiment setups. In the next step in some 

these projects, a structural model is created and it is analyzed under aerodynamic 

loads by using data coming from unsteady CFD investigation. 

European Union Aviation Safety Agency (EASA) and Federal Aviation 

Administration (FAA) have published regulations and certifications about gusts and 

defined parameters to describe gusts. “Certification Specifications for Large 

Aeroplanes CS-25” from EASA analyzes gust and turbulent loads in CS 25.341 [9]. 

In the certification, discrete gust velocity is formulated as “1-cos” gust shape. 

Furthermore, important parameters such as gust design velocity, gust gradient 

distance, reference gust velocity and flight alleviation factor are detailly explained 
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and formulated in the regulations. In addition, continuous gusts are also defined and 

formulated in CS-25. Federal Aviation Administration published an advisory circular 

to define dynamic gust loads [10]. Basic elements of gust response analysis, discrete 

and continuous gust models are expressed in FAR25 (Federal Aviation Regulations 

Part 25). 

1.2 Main Topic of Thesis 

Research area and main topic of this project is to investigate and model gust loads, 

study the interaction of these loads with airfoil and examine gust alleviation methods. 

In this project, theoretical aspects of gust loads are studied and gust loads are 

modelled by using discrete gust approach. “1-cos” type of discrete gust is modelled 

by using computational fluid fynamics. As a tool for performing unsteady CFD 

investigation, commercial Software Ansys Fluent is preferred since it is widely used 

in aviation industry and provides accurate solutions. A harmonically oscillating 

airfoil, gust generator, is used to create the gust load. Properties of gust used in this 

project are based on experimental gust values created by gust generators in a wind 

tunnel. Experimental data used in this project is taken from experiment “Design and 

Testing of a Low Subsonic Wind Tunnel Gust Generator” performed by Delft 

University of Technology [11]. Several parameters, that taken from the experiment 

such as gust frequency, free-stream velocity are used in unsteady CFD analysis. 

Moreover, due to its clear and detailed explanations on gusts, CS-25 from EASA is 

used in this project for investigating gust loads. After determining gust and airfoil 

parameters, a mesh grid is created and boundary conditions are entered. Thereafter, 

unsteady CFD analysis are done and results such as lift and drag coefficients, lift and 

drag forces, velocity and pressure contours are obtained.  

These results are used to derive wing root bending moment. Calculations for the 

bending moment are done in Software Matlab. Since CFD analysis is performed 

transiently, resultant wing root bending moment values were changing with time. 

Furthermore, three methods to reduce gust effects on aircraft has been investigated; 

trailing-edge flaps, spoilers and ailerons. 
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2.  WIND GUST MODELS 

Gust loads form due to interaction of atmospheric turbulence with rigid body of 

aircraft and elastic motions. There are several linear and nonlinear methods to 

calculate gust loads. Nonlinear methods increase complexity and fidelity. Wind gusts 

play an important role on design of airplane, since it affects the aircraft stability and 

control. It is also known, that the wind gusts can cause structural deformations, 

safety problems and discomfort of passengers [12].  

There are two models defined for the gust in literature; discrete model and 

continuous turbulence model. In this project, 1-cos discrete gust model is 

investigated and modelled using several software, such as Ansys, Matlab and C. In 

Figure 2.1, discrete and continuous gusts can be seen. Discrete gust response is 

usually determined in time domain and continuous gust response is solved in 

frequency domain [13]. Discrete gusts can be considered as decomposition of 

continuous turbulence.   

 

Figure 2.1 : Continuous and Discrete Gust Models [8] 

2.1 Discrete Gust Models 

Discrete model represents discrete extreme turbulence models. There are many 

profiles to describe gust velocity such as the Gaussian, the time-harmonic, the Taylor 

vortex, the one-minus-cosine, the sine and cosine profiles and combination of these 

profiles [14]. 
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2.1.1 1-Cosine gust model 

In this project, velocity profile of discrete gust wind model is described as “1-cosine” 

model. There are several parameters that affect the gust velocity. These parameters 

are specified and limited by FAR 25 (Federal Aviation Regulations, Part 25). Gust 

velocity is a function of design gust velocity, gust penetration distance, gust gradient 

distance and flight profile alleviation factor [10]. “1-cos” gust profiles can be seen in 

Figure 2.2 [10]. 

Design gust velocity, Uds, is the maximum velocity that gust can reach and one of the 

parameters that affects gust velocity. It defined and calculated by using equation 2.2.  

According to FAR25, reference gust velocity, Uref, is a function of altitude and 

aircraft flight speed. Moreover, it is an indicator of turbulence intensity defined as 

meter per second for a gust gradient distance of 106.68 meters. 

Gust gradient, H, is the distance that is parallel to the path of airplane’s flight path on 

which maximum gust velocity occurs. Gust gradient can take values between 9 m (30 

feet) and 107 m (350 feet) according to Federal Aviation Regulations, Part 25.   

Flight profile alleviation factor, Fg, is a factor, which increases linearly from sea 

level to value of 1. It takes the value of 1, when the airplane reaches its maximum 

operating altitude. Flight profile alleviation factor depends on aircraft weight and 

maximum operating altitude. Equations 2.3, 2.4 and 2.5 formulates the flight profile 

alleviation factor. 

 Zmo in equation 2.4 represents the maximum operating altitude and WMTO in 

equation 2.5 is the indicator of maximum take-off weight. WMLW stands for 

maximum landing weight and WZF is the maximum zero fuel weight, which also take 

place in equation 2.5 [15]. 

Gust penetration distance, S, describes the distance traveled by the aircraft inside the 

gust. 

 

U = 0.5Uds(1-cos(πS/H)) for 0 <S< 2H (2.1) 

U = 0 for S < 2H   
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Uds =Uref Fg (H/360)1/6 (2.2) 

Fg = 0.5(Fgz+Fgm) (2.3) 

Fgz =1-(Zmo/360) (2.4) 

Fgm =((WZF/WMTO)tan((π/4)*(WMLW/WMTO)))0.5 (2.5) 

 

 

Figure 2.2 : Graph of 1-Cos Gust Velocity With Respect To Gust Penetration 

Distance [10] 

A code in Matlab is written to show the relation between the gust velocity and gust 

penetration distance for the case of this project. Resulting gust velocity profile is 

demonstrated in Figure 2.3. Specifications of the gust, which is examined in this 

project can be seen in Table 2.1.  

Table 2.1 : Specification of Gust 

Gust Characteristics Value 

Gust Gradient Velocity, Uds 11.7382 m/s 

Gust Gradient, H 3.75 m 

Gust Penetration Distance, S 0 < S < 7.5 

Gust Frequency 3.333 
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Figure 2.3 : Relationship between Gust Velocity and Gust Penetration Distance 

 

Relationship between the gust velocity and the time for the case of this project is 

shown in Figure 2.4. The graph is plotted by a code written in Software Matlab. 

According to the graph, gust velocity has its peak at 0.15th second. Period of the gust 

can be seen as 0.3 seconds from the graph in Figure 2.4. As a result, frequency of the 

gust is calculated as 3.33. 

 

 

Figure 2.4 : Relationship between Gust Velocity and Time 
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2.1.2 Sharp-edged gust model 

Although it is not used in this project, sharp-edged type of gust is discussed, since it 

is one of the earliest defined gust loads. Sharp-edged gust is assumed to be uniform 

and its velocity is denoted as wg0 [13]. However, uniform gust is found too 

unrealistic and not used in recent projects. Sharped-edged gust model can be seen in 

Figure 2.5. 

 

Figure 2.5 : Sharp-edged gust [13]. 

2.1.3 Gust envelope 

Gust envelope is the graph of load factor with respect to airspeed of the aircraft.  In 

Figure 2.6., VB represents aircraft’s design velocity for maximum gust intensity. It is 

assumed that, aircraft in steady-level flight, with speed of VB, enters gust, which 

results in an increase on aircraft’s angle of attack and load factor increases. VS in the 

envelope, represents stall speed. VC represents cruise speed and VD stands for design 

dive speed of the aircraft. Not-dashed lines show the behavior of the load of factor 

without gust loads. Dashed lines, gust lines, shows the behavior of the load factor, 

when there are gust loads applied. 
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Figure 2.6 : Gust envelope [16]. 

2.2 Continous Gust Models 

Continuous gust approach claims that gust loads are continuous and random [2]. 

Opposite of discrete gust models, continuous models consist a long duration of 

turbulence. Although continuous type gust model it is not used in this project, it is 

explained for the completeness of the subject. In continuous approach, atmospheric 

turbulence is considered as stationary Gaussian process and aircraft is assumed as a 

linear system [2]. In continuous approach, individual gusts are able to variate 

infinitely, gust magnitude can change with respect to gust gradient distance and gust 

velocities are able to interact with series of gusts [2]. Consequently, these properties 

of continuous gust make this approach more realistic, but also more difficult to 

model and analyze. 

Continuous gust model is defined as one-dimensional and composed of lateral and 

longitudinal gusts, which is normal to the travel direction of the aircraft [15]. 

According to European Union Aviation Safety Agency Certification Specification 

25, limit load for continuous gust depends on limit load on steady 1-g condition, 

limit turbulence intensity at true airspeed and ratio of root-mean-square incremental 

load for the condition to root-mean-square turbulence velocity [9]. 
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3.  WING MODEL AND MESH 

3.1 Wing Geometry 

As the wing geometry, NACA 0014 is chosen. Geometry is created by connecting 

coordinates of the two-dimensional profile with splines in Software Ansys by using 

Design Modeler. Coordinates of NACA 0014 airfoil are downloaded from the 

website Airfoil Plotter of the online database Airfoil Tools [17]. Symmetrical airfoil 

with chord length of 0.3 m and thickness of 0.042 m is shown in Figure 3.1. 

Parameters of the airfoil can be seen in Table 3.1. 

 

Figure 3.1 : NACA 0014 Airfoil. 

 

Table 3.1 : Parameters of NACA 0014 Airfoil. 

Parameter Value 

Chord Length 0.3 m 

Thickness Ratio %14 

3.2 Mesh 

For the mesh of the profile, a C-Grid with 100,000 rectangular elements is formed. 

Creation of the structural mesh is done in software Pointwise. During the mesh 

formation, several criteria such as skewness, y+ and wall spacing are considered to 

achieve required accuracy on analysis. Skewness is the maximum ratio of the cell’s 

included angle the angle to the angle of an equilateral element [18]. Skewness value 

for the mesh is determined as 0.369. This value of skewness is evaluated as good, 

since 0 represents good and 1 represents bad for the skewness [18].  
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Moreover, calculation of wall spacing, which is the absolute distance of the mesh 

from the wall, is done. In order to calculate wall spacing, ∆s, y+ is taken as 1, since 

near wall model approach is used [19]. y+ is the dimensionless wall distance between 

the wall and the first mesh node. To determine an appropriate value for the wall 

spacing, Reynolds number, skin friction coefficient, wall shear stress and friction 

velocity are calculated by using formulas below [20].  

Re = ρU∞L / μ = (1.225*25*0.3) / 0.000018375 = 500000
 

(3.1) 

Cf = 0.026 / Re1/7 = 0.00398873 (3.2) 

τwall = (ρU∞
2Cf)/2 = 1.52964 Pa (3.3) 

Ufric = (τwall/ρ)0.5 = 1.116458 m/s (3.4) 

△s = ((y+) μ) / ρUfric = 1.3435 * 10-5 m (3.5) 

Consequently, the wall spacing is found as 1.3435*10-5 m and is applied to the 

connectors in the C-Grid for NACA 0014 airfoil, which can be seen in Figure 3.2. A 

more detailed view of the mesh around airfoil is shown in Figure 3.3. C-Grid has a 

width of 2.7 m and 3.0 m of height. Dimensions of the grid and airfoil is shown in 

Figure 3.2. Table 3.2 indicates mesh properties such as number of total cells and 

quad elements, maximum and minimum area of quad elements, maximum and 

minimum length of edges, number of connectors and domains. These values impact 

accuracy of the results and configuration of unsteady CFD analysis. For instance, 

minimum edge length is used for calculation of Courant–Friedrichs–Lewy number, 

which is an important factor on the convergence of the analysis.  
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Figure 3.2 : Structured 2D Mesh Grid of the Profile. 

 

 

Figure 3.3 : Close Look of the Mesh Around the Airfoil. 

Mesh is adjusted as dynamic mesh after the file is imported in Ansys Fluent. 

Adjusting process is explained in Section 4.1.2. 
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Table 3.2 : Parameters of the 2D Mesh 

Mesh Parameter Value 

Total Cells 101124 

Total Quad Elements 101124 

Maximum Element Area 0.002768 m2 

Minimum Element Area 6.96*10-10 m2 

Minimum Edge Length 7*10-6 m 

Maximum Edge Length 0.0572 m 

Number of Connectors 10 

Number of Domains 3 

Skewness 0.369 

△s 1.3435*10-5 m 
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4.   UNSTEADY CFD INVESTIGATION 

4.1 General Settings 

Transient CFD study is performed in ANSYS Fluent Version 19.2 in order to investigate 1-cos 

gust flow and achieve the several characteristics of the flow such as gust velocity, lift 

coefficient, drag coefficient and velocity and pressure contours. To increase the accuracy of the 

analysis, double precision is selected while starting ANSYS Fluent. 

4.1.1 Boundary conditions 

There are 5 fields defined in the grid; airfoil, pressure farfield, velocity inlet, interior and 

pressure outlet. For the velocity inlet, velocity magnitude is given as 25 m/s. Airfoil is 

identified as the wall. Moreover, no slip condition is given for the airfoil, since it is assumed 

that air has zero velocity at the solid boundary. No-slip condition can be assumed for viscous 

fluids and it provides a restriction on solution of Navier-Stokes equations [21]. Boundary 

conditions assigned to the edges of C-Grid and airfoil are shown in Figure 4.1. 
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Figure 4.1 : Boundary Conditions. 

 

4.1.2 Dynamic mesh 

Dynamic mesh is required to create the gust motion, since gust is a disturbance created by “1-

cos” motion of the wing. In order to create the gust motion, mesh file, which includes C-Grid, 

is imported from Pointwise to ANSYS Fluent. Afterwards, mesh is adjusted as dynamic mesh 

by using User-Defined-Function property of the Ansys Fluent, since the 1-cos gust profile is 

created by pitch motion of the airfoil. When the user defined function, which describes the 

motion of the gust, is assigned to the dynamic mesh, airfoil does the pitch motion. Ansys Fluent 

has three techniques to set dynamic mesh; remeshing, smoothing and layering. Layering 

method is preferred in case the motion is linear, such as the motion of a piston. However, 

layering method has the limitation: usage of quad elements in 2D mesh and usage of 

hexahedron elements in 3D mesh [22]. Smoothing is usually used together with remeshing. 

Remeshing has restriction of allowing only use of tetrahedral elements in 3D mesh and 

triangular elements in 2D mesh. Remeshing and smoothing properties of the dynamic mesh are 

activated and set. 
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4.1.3 User defined function 

A user defined function is written to give the pitch motion of the airfoil. Free-stream velocity of 

25 m/s is imposed at the velocity inlet. Combination of the pitch motion of the airfoil, θ(t), and 

the free-stream velocity provides the oscillation of the airfoil in 1-cos gust pattern. Several 

parameters such as gust frequency, maximum angle of deflection of airfoil and angular 

frequency of the airfoil are needed to determine the pitch motion. A C code is written to 

describe to motion of the airfoil. Moreover, the time-dependent code is imported and loaded 

into the Ansys Fluent as UDF (user-defined function) in order oscillate the airfoil and the mesh 

around it. The code is attached to the report as Appendix B. In Figure 4.2. pitch angle of the 

airfoil is demonstrated. 

 

 

Figure 4.2 : Description of the Pitch Angle θ(t). 

4.2 Solver Setup 

Spalart-Allmaras turbulence model is applied to solve the case. Spalart-Allmaras model is 

preferred, since its computational cost is less than other methods, such as k-ω model. Spalart-

Allmaras model is a one-equation model, which is used to solve transport equation for turbulent 

viscosity. It is originated from Reynolds Averaged Navier-Stokes (RANS) model and does not 

require to calculate length scale related to local shear thickness [23]. Furthermore, this model is 

designed for aerospace applications and shows compatibility with experiment results in 

previous researches [24]. Time step size is set to 0.001 seconds and 18440 iterations are done. 

Moreover, convergence value is determined as 10-8, which is a commonly suggested value for 

accuracy of CFD studies on ANSYS Fluent. 
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4.3 Solution Control 

In solution control section, Courant–Friedrichs–Lewy condition is studied to find a suitable 

Courant number and achieve the sufficient convergence criteria. CFL condition states that the 

ratio of spatial discretization to the time discretization must be equal to or greater than velocity 

[25]. In other words, Courant number is the time required by flow to travel between grids [26]. 

In order to find the Courant number, proper time step size value for the should be calculated. 

According to previous researches, time step size is a function of chord length and free-stream 

velocity [27]. In equation 4.1, c stands for chord length and U∞ represents free-stream velocity. 

△t = 0.01c /
 
U∞ = 0.01(0.3) / 25 = 0.00012

 
(4.1) 

Result of equation 4.1 gives the time step value of 0.00012 seconds, which is used by 

calculating CFL number. After finding a suitable value for time step size, CFL number is 

calculated as in equation 4.2. In equation 4.2, ∆t and ∆x represents time step size and minimum 

edge length, respectively.  

C = U∞△t / △x = 25(0.00012) / (7*10-6) = 428.57
 

(4.2) 

Consequently, Courant number is found as 428.57 and set in Solution Control Section in Ansys 

Fluent. After entering the correct Courant number, solution convergence has increased and the 

results came out more realistic. 

4.4 Unsteady Results 

As results of CFD analysis, lift and drag coefficients, lift and drag forces, pressure and velocity 

contours are obtained. In Figure 4.3, lift coefficient of the pitching airfoil can be seen. Figure 

4.3 shows that lift coefficient is harmonically increasing and decreasing with time. Drag 

coefficient graph with respect to time can be seen in Figure 4.4. Pressure contours around the 

airfoil is shown in Figure 4.5 and Figure 4.6. Based on these figures, it can be said that pressure 

has the highest value around the leading edge. Figures 4.7 and 4.8 show the velocity contours 

around the airfoil. Based on lift forces calculated by Ansys Fluent, bending moment of the 

wing root is determined.  

In order to calculate wing root bending moment, a code is written in Matlab. Equations 4.3, 4.4 

and 4.5 show the formulas that are used to calculate wing root bending moment [28]. Load 
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factor, which is used to calculate total load is dependent on lift values that are output values of 

analysis done in Ansys Fluent. 

qt(x) = (n/L2π)(2Wto(L
2-x2)0.5) + (n(-πCoLWws+πCoWwsx- 

πCtWwsx))/L2π(Co+Ct) 
(4.3) 

V(x) = - ∫ qt(x) dx (4.4) 

M(x) = ∫ V dx (4.5) 

As a result, a graph of wing root bending moment with respect to time is plotted. Wing root 

bending as a function of time can be seen in Figure 4.9. 

 

Figure 4.3 : Lift Coefficient of the Pitching Airfoil. 

 

 

Figure 4.4 : Drag Coefficient of the Pitching Airfoil. 
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Figure 4.5 : Pressure Contours Around the Pitching Airfoil. 

 

 

Figure 4.6 : Close Look to the Pressure Contours Around the Pitching Airfoil. 
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Figure 4.7 : Velocity Contours Around the Pitching Airfoil. 

 

 

Figure 4.8 : Close Look to the Velocity Contours Around the Pitching Airfoil. 
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Figure 4.9 : Wing Root Bending Moment of the Airfoil. 
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5.  GUST ALLEVIATION METHODS 

Controlling response of the aircraft when it faces with gust loads has become a great interest 

since man’s flight. Gust alleviation is essential because it can reduce dynamic response to gust 

and decrease critical design loads [29]. Moreover, by alleviating gust, flight characteristics and 

passenger comfort can be improved. As a result, many methods to alleviate gust has been 

developed in past years. For instance, in 1975, a fully active gust alleviation system is 

developed by Lockheed engineers [30]. They tested the alleviation system on C-5A version of 

C-5 Galaxy, which is a military transport aircraft. Their main purpose for developing a gust 

alleviation system was to improve wing fatigue life. In order to improve the fatigue life of the 

wing, bending moment caused by gust and maneuver loads has to be reduced. 

One of most common the active flow control techniques to control aircraft’s gust response is 

using trailing-edge control surface such as flaps, ailerons and spoilers [31]. There are also many 

passive load alleviation methods such as rotating wing tip [32], folding wing tip [33], 

underwing control surface [29] and morphing airfoil [34]. 

5.1 Gust Alleviation with Spoilers 

In 2016, Lancelot & De Breuker studied passively activated spoilers as a gust alleviation 

method [35]. In the project Theodorsen’s unsteady flow theory is used. Lancelot & De Breuker 

have developed and aeroelastic model including spoilers. According to Theodorsen’s theory 

there are three degrees of freedom in aeroelastic model of the wing: pitch angle ϑ, plunge 

displacement h and aileron deflection β. In the project of Lancelot & De Breuker, aileron 

deflection β is ignored and spoiler is added to the aeroelastic model. Adding spoiler to the 

system and considering gust loads has brought two more parameters to place in the model: 

spoiler deflection φ and gust input w. Lift and moment related to pitching and plunging is 

obtained from Theodorsen’s model. However, Kussner’s function is used while calculating lift 

and moment for the case that the airfoil enters into “1-cos” gust. After modelling aeroelastic 

system, effectivity of the spoilers for gust alleviation is numerically analyzed. Analysis is 

performed in Software Matlab for two-dimensional airfoil with a spoiler, which is disturbed 

with gust. After comparing results with CFD analysis, numerical and analytical results have 
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showed agreement. As a result of the study, it is found that it is possible to alleviate gust loads 

by 9% by using passively activated spoilers. However, active systems are required for spoilers 

to work properly [36]. 

5.2 Gust Alleviation with Trailing-Edge Flap 

Another method to alleviate gust is to use ailerons and trailing-edge flaps. When there is an 

actuation, some segments of ailerons and flaps can rotate. As a result of rotation, effective 

camber of the airfoil can increase, which can cause an increase in lift [31]. According to former 

studies, unsteady trailing-edge flap is able to reduce unsteady aerodynamic loads.  

In 1999, Rennie and Jumper published an article about their experiment, in which algorithm-

prescribed motions of a trailing-edge flap is used for gust alleviation [37]. Trailing-edge flap 

was able to move with use of a servo motor and a motion control system. In the experiment, 

gust generator was a pitching airfoil and the main airfoil was placed downstream of the 

pitching airfoil. Unsteady lift values are calculated by measuring unsteady pressures from 

different locations on the airfoil. In order to determine motion of the trailing-edge flap, a lift 

control algorithm, which is based on unsteady, incompressible airfoil theory is formed. The 

algorithm was successfully controlling unsteady lift on the airfoil, that is affected by gust. First 

step in the experiments was to measure unsteady lift perturbation caused by gust. Then 

measured unsteady lift perturbation, which is caused by gust, is used in lift-control algorithm in 

order to determine motion of the trailing-edge flap. Thereafter, unsteady lift caused by trailing-

edge flap motion is calculated and added to the unsteady lift perturbation due to the gust. As a 

result of the experiment, a plot for lift values with respect to time is obtained. According to the 

graph, maintaining a constant lift during the gust disturbance by using gust control was almost 

achieved. This means that effect of the gust is reduced by 50%. 

5.3 Gust Alleviation with Ailerons 

Moulin and Karpel’s study in 2007 investigated several different methods to alleviate gust 

loads [29]. One of the methods is to use ailerons. “1-cos” gust profile is applied to models, 

since this type of model generates maximum wing root bending moment and creates worst case 

scenario for the wing structure. Aerodynamic model of the wing is formed of eight panels: 

aileron, horizontal and vertical tails, winglet, and engine pylons. In aeroelastic model, ailerons 

are also considered.  
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However, at the end of study, ailerons are not found effective in reducing gust loads. This 

ineffectiveness occurs, because ailerons become less effective at speeds higher than aircraft’s 

design flight velocities, their aeroelastic effectiveness reduces at these speeds.   
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6.  CONCLUSIONS 

In this study, computational fluid dynamic analysis of a two-dimensional harmonically 

oscillating airfoil profile is performed with purpose of modelling gust loads. 1-cosine shaped 

velocity of the gust load is created by the pitching airfoil. Mesh grid is formed in Pointwise and 

then imported to Ansys Fluent. Thereafter, boundary conditions are given and transient analysis 

is done. Results of transient analysis, lift and drag coefficients, pressure and velocity contours, 

lift and drag forces, are obtained. By using results of the analysis, wing root bending moment is 

calculated, which is an important aspect for the wing structure. Bending moment is calculated 

by using Matlab and its graph with respect to time is obtained. 

Moreover, gust alleviation methods are investigated with intent of studying control of aircraft’s 

response to gust loads. Three techniques for reducing gust effects are studied; use of spoilers, 

trailing-edge flaps and ailerons. Trailing-edge flaps and spoilers are found highly effective for 

reducing gust effects. 

Consequently, in this thesis, gust loads and their interaction with airfoil and gust alleviation 

methods are investigated.  
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APPENDIX A: User Defined Function for Specfying Harmonic Gust Motion 
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APPENDIX A 

/* UDF for specifying harmonic gust motion */ 

 

#include "udf.h" 

#define Freq 3.3333 

#define angular_freq 2.0*M_PI*Freq 

#define tetmax 5.0*M_PI/180 

 

 DEFINE_CG_MOTION(pitch, dt, cg_vel, cg_omega, time, dtime) 

 { 

  real omega; 

  omega = tetmax*angular_freq*cos(angular_freq*time);  

   

  cg_vel[0] = 0.0; 

  cg_vel[1] = 0.0; 

  cg_vel[2] = 0.0; 

   

  cg_omega[0] = 0.0; 

  cg_omega[1] = 0.0; 

  cg_omega[2] = omega; 

   

 } 


