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Abstract  

The problem being addressed is the design, optimization, construction and testing of a wing tip-

winglet configuration. The main objective of this report is to formulate the inverse design procedure so 

that the mathematical principles are well-posed both theoretically and numerically, and to design and 

optimize a winglet that best matches the obtained results. The inverse method originates from the 

attainment of a target pressure distribution for a functional winglet, whereas the optimization method 

will be accomplished by implementing non-gradient-based methodology algorithms, in an attempt to 

maximize lift while maintaining (or decreasing) the resultant drag unvaried. The significance of the 

obtained result parameters will be considered by manufacturing and testing the optimized winglet 

configuration in Embry-RiddlesΩs subsonic wind-tunnel under different angles of attack, while comparing 

test results obtained by similar methods for currently manufactured and commercialized winglet 

configurations. The intent being, designing and optimizing a wing- tip winglet configuration capable of 

reducing induced drag by 2% with respect to currently implemented wing-tip designs. 
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Chapter 1 Introduction  

1.1 Problem Statement 

The approach and landing phases of a commercial B757-200 passenger aircraft will be 

considered. The intent being, design and test a wing tip-winglet configuration capable of increasing the 

lift -to-drag ratio by 2% with respect to currently implemented applications. 

The aircraft will be travelling at Mach 0.3 with 8° angle of attack with respect to the free stream, 

at an altitude of 6000ft; parameters which reflect actual flight conditions. Aircraft specifications are 

given below. 

1.2 Motivation 

Within the past 15 years, great attention has been devoted to the study drag-inducing flow 

structures in an attempt to strive for better aerodynamic efficiency of an aircraft, while attempting to 

optimize the volatile consumption of fuel and to increase system life. It was soon understood that these 

objectives are strictly correlated to one another and, that in order to achieve one, all must be 

accomplished.  

Recent avionics have shown that wing-tip disturbances are particularly effective in developing 

adverse conditions during takeoff and landing procedures, during which lift to drag ratio of a flying 

aircraft is maximized in order to slow down. Vortices are generŀǘŜŘ ŀǘ ǿƛƴƎΩǎ ŜȄǘǊŜƳƛǘƛŜǎΣ ǿƘƛŎƘ ƛƳǇŀŎǘ 

the overall flight safety by inducing high-speed longitudinal currents and considerable rolling effects on 

neighboring aircraft; conditions especially unfavorable during low altitude scenarios like take-off and 

landing. A number of critical failures involving medium to small aircrafts have been recorded within 

recent years during which, the most plausible cause for malfunction points toward the effects of trailing 

vortices. It is to compensate for this lack of aerodynamic efficiency that a number of wing-tip devices 

have steadily appeared in both the private and commercial sector. 

While understanding complex aerodynamics has always been a needed priority, our intent lies in 

producing a design project capable of delivering a well thought-out winglet configuration. 

1.3 Literature Review 

Although it is more efficient and accurate to have finite-wing computations carried out by 

computers using readily available computational engineering languages such as FORTRAN, it is incredibly 

important to have a firm understanding of the theories involved in aerodynamic shape design.  It is for 

this purpose that our emphasis begins with the foundations of aerodynamics.  
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1.3.1 The Kutta-Zhukowsky Condition 

The Kutta-Zhukowski Theorem predicts with remarkable accuracy the magnitude and 

distribution of the lift of airfoils up to angles of attack of 15 degrees. This theorem states that the force 

(LΩ) experienced by a body in a uniform stream is equal to the product of the fluid density (́), stream 

velocity (ὠ), and circulation () and acts in a direction perpendicular to the stream velocity. 

Experiments have shown that when a body with a sharp trailing edge is set in motion , the action of the 

fluid viscosity causes the flow over the upper and lower surfaces to merge smoothly at the trailing edge; 

this circumstance, which fixes the magnitude of the circulation around the body, is termed the Kutta-

Zhukowski Condition which may be summarized as follows: A body with a  sharp trailing edge in motion 

through a fluid creates about itself a circulation of sufficient strength to hold the rear stagnation point at 

the trailing edge of finite angle to make the flow along the trailing edge bisector angle smooth. For a 

body with a cusped trailing edge where the upper and lower surfaces meet tangentially, a smooth flow 

at the trailing edge requires equal velocities on both sides on the edge in the tangential direction. 

The Flow around an airfoil at an angle of attack in an inviscid flow develops no circulation and 

the rear stagnation point occurs on the upper surface as can be seen by Fig.1. Fig.2 is a sketch of the 

streamlines around an airfoil in viscous flow , indicating the smooth flow past the trailing edge, termed 

the Kytta-Zhukowsi Condition. This Condition has served as the basis for the calculation of forces around 

an airfoil. 

 

Figure 1: Kutta-Zhukowski Condition, No Viscosity 

 

 

Figure 2: Kutta-Zhukowsi Condition, Viscosity 
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.ŀǎŜŘ ƻƴ ¢ƘŜ IŜƭƳƘƻƭǘȊ ƭŀǿǎ ƘƻǿŜǾŜǊΣ ǘƘŜ ŎƛǊŎǳƭŀǘƛƻƴ ŀǊƻǳƴŘ ŀƴ ŀƛǊŦƻƛƭ ŀƴŘ ƛǘǎ ΨǿŀƪŜΩΣ ōŜƛƴƎ 

zero before the motion began, must remain zero. The establishment of the Kutta Condition, therefore, 

requires the formation of the so-called starting vortices (see Fig.3) with a combined circulation equal 

and opposite to that around the airfoil. The induced flow caused by the vorticity of the airfoil, added to 

that caused by the starting vortices in the wake, will be just enough to accomplish the smooth flow at 

the trailing edge. 

 

Figure 3: Starting Vortices 

 

The starting vortices are left behind as the airfoil moves farther and farther from its starting 

point, but during the early stages of the motion, Figure 3 indicates that their induced velocities assist 

those induced by the surface vortices, to satisfy the Condition. It follows that the surface vortex and as a 

result, the forces acting on the airfoil, will not be as strong in the early stages, when they are being 

influenced by the starting vortices, as they are after the flow is fully established when the surface 

vortices must be strong enough by itself to move the rear stagnation point to the trailing edge. 

Simultaneously, notice the increase in airspeed around the leading edge, as indicated in Figure 3. The 

ǊŜǎǳƭǘƛƴƎ ǇǊŜǎǎǳǊŜ ŘŜŎǊŜŀǎŜ ƳŀƴƛŦŜǎǘǎ ŀ ΨƭŜŀŘƛƴƎ ŜŘƎŜ ǎǳŎǘƛƻƴΩ ǇƘŜƴƻƳŜƴŀ ōȅ ǿƘƛŎƘ ǘƻ ƻǇǇƻǎƛƴƎ 

pressure vectors are located adjacent to each other.  

A typical pressure distribution of an airfoil is shown in Figure 4, the arrows representing 

pressure vectors. In a perfect fluid, the total force on the airfoil is the lift ”ὠ , acting normal to ὠΦ LǘΩǎ 

magnitude can be represented as the resultant of two components, one normal to the chord line of 

magnitude ”ὠ  ὅέί ‌, given by the integral over the chord of the pressure difference between points ώ 

and ώ on the upper and lowers surfaces, and the other parallel to the chord line of magnitude 

”ὠ  ὛὭὲ ‌, representing the leading edge suction. In a real fluid, viscous effects alter the pressure 
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distribution and friction drag is generated, though at low angles of attack the theoretical pressure 

distribution can be taken as a valid approximation. 

 

 

Figure 4: Airfoil Pressure Distribution 

 

1.3.2 Aerodynamic Characteristics of Airfoils 

The history of the development of airfoil shapes is long and involves numerous contributions by 

scientists from all over the world. By the beginning of the twentieth century the methods of classical 

hydrodynamics had been successfully applied to airfoils, and it became possible to predict the lifting 

characteristics of certain airfoils shapes mathematically.  In 1929, the National Advisory Committee for 

Aeronautics (NACA) began studying the characteristics of systematic series of airfoil in an effort to 

determine exact characteristics. The airfoils were composed of a thickness envelope wrapped around a 

mean chamber line as shown by Fig.5. The mean chamber line lies halfway between the upper and 

lower surfaces of the airfoil and intersects the chord line at the leading and trailing edges. 

 

 

Figure 5: Airfoil characteristics 
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The various families of airfoils are designed to show the effects of varying the geometrical 

variables on their aerodynamic characteristics such as lift, drag and moment, as functions of the 

geometric angle of attack. The geometric angle of attack ‌ is defined as the angle between the flight 

path and the chord line of the airfoil. The geometrical variables include the maximum chamber ᾀ of the 

mean chamber line and its distance ὼ behind the leading edge, the maximum thickness ὸ  and its 

distance ὼ behind the leading edge, the radius of curvature ὶ of the surface at the leading edge, and 

the trailing edge angle between the upper and lower surfaces at the trailing edge. Theoretical studies 

and wind tunnel experiments show the effects of these variables in a way to facilitate the choice of 

shapes for specific applications. 

The lifting characteristics of an airfoil below stall conditions are negligibly influenced by viscosity 

and the resultant of the pressure forces on the airfoil is only slightly altered by the thickness envelope 

provided that the ratio of maximum thickness to chord   and the maximum mean chamber ᾀ 

remain small, and the airfoil is operating at a small angle of attack. These conditions are usually met 

during standard operations of airfoils. In a real fluid, lift is within 10% of theory for inviscid fluids up to 

an angle of attack of  ɻ   of 12 to 15° depending on the geometric factors of Figure 5. Figure 6 

shows that at these low angles the streamlines follow the surface smoothly, although particularly on the 

upper surface the boundary layer causes some deviation. At angles of attack greater than ɻ  , called 

the stalling angle, the flow separates on the upper surface and the Kutta-Zhukowski Condition no longer 

holds and large vortices are formed. At these angles, the flow becomes unsteady and there is a dramatic 

decrease in lift, accompanied by an increase in drag and large changes in the moment exerted on the 

airfoil by the altered pressure distribution 

 

 

Figure 6: Flow around an airfoil 
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1.3.3 The Finite Wing 

It has been shown that, from momentum considerations, a vortex which is stationary with 

respect to a uniform flow experiences a force of magnitude ”ὠ  in a direction perpendicular to ὠ , also 

known as the Kutta-Zhukowski Condition. It follows that a stationary line vortex normal to a moving 

stream is the equivalent of an infinite span wing, an airfoil, from resultant force calculations. The airfoil-

vortex analogy forms the basis for calculating the properties of the finite wing however, since the lift 

and therefore the circulation, is zero at the tips of a wing of finite span and varies throughout the wing 

span, additional flow components must be considered. This section is devoted to this addressing these 

concepts. 

1.3.4 Flow Fields around Finite Wings 

Considering a wing of span b in a uniform flow velocity ὠ represented by a bound vortex AB of 

circulation   (see Figure 7). According to the Kutta-Zhukowski Condition a force having magnitude ”ὠ  

will be exerted onto the vortex in a direction perpendicular to ὠ . Helmotz Laws however, require that 

the bound vortex cannot end at the wingtips as it must form a complete circuit, or it must extend to 

infinity or a boundary of the flow. Adjunctively, it has been shown that these laws further require that at 

the beginning of the motion a starting vortex (CD, Figure 7) of strength equal to and opposite to that of 

the bound vortex, be formed. The Vortex Laws are satisfied by including the trailing vortices BD and AC 

of strength . 

 

Figure 7: Vortex Configuration 

 

 

The resulting velocity field is comprised of the uniform flow  ὠ with a superimposed downward 

flow within the rectangle ABCD and an upward flow outside it. This flow, however, is unsteady as the 

starting vortex moves downstream with the flow, and the trailing vortices AC and BD are therefore 

increasing in length at the rate ὠ . 
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Note first, that the velocity induced by a given vortex varies with the reciprocal of the distance 

from the vortex. Therefore, as time goes on, the starting vortex recedes from the wing position and, 

soon after the start the velocities it induces at the wing are negligible compared with those induced by 

portions of the trailing vortices near the wing. In practice, b << ὠ t for steady flight and the 

configuration becomes essentially an elliptical vortex fixed to the wing and extending to infinity. 

 

Figure 8: Superposition of elliptical vortices in steady flow 

 

Actual finite wings are made up of a superposition of elliptical vortex elements of various 

strengths (see Figure 8). An infinite number of these elements lead to a continuous distribution of 

circulation and therefore of the lift as a function of y extending over ςb/2 < y < b/2. In steady flight, the 

vortices will in general be symmetrically placed. The trailing vortex lines lying on the xy plane form a 

vortex sheet of width b extending from the trailing edge of the wing to infinity. 

 

 

Figure 9: Formation of trailing vortices at wing tips 
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From a physical standpoint, Figure 9 can help visualize the formation of trailing vortices. The 

flow field that develops as the consequence of the circulation around the wing is initiated by an under 

pressure ( - ) over the upper surface and an overpressure ( + ) over the lower surface.  

 

 

Figure 10: Wing tips flow vortices 

 

The indicated flow from high to low pressure at the wing tips signifies the formation of the 

trailing vortices. In terms of the Vortex Laws and the Kutta-Zhukowski Condition, the formation of the 

trailing vortices can be expressed as follows: The circulation about the wing is generated as the 

consequence of the action of viscosity in establishing the Kutta Condition at the trailing edge. The 

boundary layer that forms adjacent to the surface is a rotational flow resulting from the viscous shearing 

action; the rotating fluid elements spill over the wing tips at the rate required to for trailing vortices with 

circulation equal to that around the wing. After leaving the wing tips, the trailing vortices follow the 

streamlines of the flow and, in conformity with the Vortex Laws, the circulation around them remains 

constant. 

Trailing vortices may become visible in the presence of dust and moisture. Figure 11is a 

photograph of an airplane emitting insecticide dust from its trailing edge. It shows that, because of the 

influence of the vortex line, the trailing vortex sheet will roll up along the edge to form a concentrated 

vortex which can be clearly seen in Figure 11. 

 

                       

 



  

Figure 11: Formation of trailing vortices at wing tips 

 

1.3.5 Downwash an Induced Drag 

The main problem of finite-wing theory is the determination of the distribution of airloads on a 

wing of given geometry flying at a given speed and orientation in space. The analysis is based on the 

assumption that the trailing vortex sheet (see Figure 11) remains undeformed and that at every point 

along the span, the flow is essentially two dimensional.  

 

 

Figure 12: Downwash velocity w induced by trailing vortices. 

 

Notice that the bound vortex with circulation varying along the span represents a wing for which 

the center of pressure at each spanwise point lies on the y axis. The lift distribution is continuous and 

the trailing vortices therefore form a vortex sheet of total circulation zero, since the flow field is that of 

an infinite number of infinitesimally weak elliptic vortices, with the cross section of each being a vortex 

pair of zero total circulation. The trailing line vortices are assumed to lie in the z = 0 plane and to be 

parallel to the x axis therefore, the effect on the flow at a given point on the bound vortex is therefore a 
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downwash w, whose magnitude at each point is given by the integrated effect of the circulation 

distribution on the semi-infinite vortex sheet over the range ςb/2 < y < b/2 (see Figure 12). The resultant 

velocity ὠ at the wing has two components ὠ and ύώ at each point. These define the induced angle 

of attack: 

‌ ώ ÔÁÎ
ύ

ὠ
 

  

By the Kutta-Zhukowski Condition, the force on the bound vortex per unit span has the 

magnitude ”ὠ  and is normal to V, that is is inclined to the z axis at an angle of ‌. This force has a lift 

component normal to ὠ  given by  

ὒ  ”ὠ ÃÏÓ‌  ”ὠ  

 

and a drag component, termed the induced drag 

 

Ὀᴂ   ”ὠ ÓÉÎ‌  ”ύ  

 

In most practical applications the downwash is small, that is ȿύȿ  ὠ . It follows that ‌ is a 

small angle and the above formulas become  

 

‌ ώ  
ύ

ὠ
 

Ὀᴂ  ὒᴂ‌ 

 

Notice that the induced drag Ὀᴂ is a component of the Kutta-Zhukowski force in the direction of 

ὠ , that is the plane of flight.  

Although the trailing vortex sheet induces a downwash along the span of a lifting wing, it also 

induces an up wash velocity field in the regions beyond the wing tips. When another wing flies in such a 

region, the incoming flow is effectively skewed up by the up wash so that the resultant aerodynamic 

force will cause a forward thrust instead if a backward drag on the second wing. This phenomenon can 

be noticed in our daily lives for flying birds. Flock of birds flying in V-shaped formations take advantage 

of this effect and studies have shown that in proper configurations, savings higher than 50% in the total 

power required for flight can be achieved as compared to that when birds fly far apart at the same 

speed. 
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In order to calculate the downwash and induced angle of attack at a wing section, we will be 

referring to Figure 13 which represents the essential features of Figure 11, shown from the top view of 

the  z = 0 plane. Notice that the downwash ύ is assumed to be positive outward. 

 

 

Figure 13: Downwash contribution from trailing vortex filament 

 

By means of the Biot-Savart Law we can express the increment of downwash at the point πȟώ  

induced by the element Ὠὼ of the vortex filament of strength Ὠ  extending from έȟώ to infinity қ in the 

ὼ direction. The entire contribution of the vortex filament at ώ to the downwash is 

 

ύ  
Ὠ 
τ“
 
ÃÏÓ‍Ὠὼ

ὶ
  
Ὠ 
τ“
 
ρ

ώ ώ
 

 

The total downwash ύ  at ώ is the sum of the contributions of Ὠύ  from all parts of the 

vortex sheet. Thus after integrating and diving by ὠ  we obtain the induced angle of attack for the wing 

section at the spanwise location ώ: 

‌ ώ  
ύ

ὠ
  

ρ

τ“ὠ
 

Ὠ 
Ὠώ

ώ ώ
 

 

This equation gives the amount by which the downwash alters the angle of attack of the wing as 

a function of the coordinate ώ along the span. 

1.3.6 The Fundamental Equations of Finite-Wing Theory  

The fundamental equations needed to find the circulation distribution for a finite wing are 

expressed as the equations connecting three angles: ‌ , the absolute angle of attack (see Fig. 14) that is 
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the angle between the direction of the flow for zero lift (Z.L.L) at a given  ώ and the flight velocity vector 

╥ , the induced angle of attack ‌, and the effective angle of attack ‌. 

 

 

Figure 14: Finite wing Theory parameters 

 

These equations are 

‌  ‌  ‌  ‌  ‌  

 

The effective angle of attack ‌ is a section property and thus must satisfy the equation for 

sectional lift coefficient  

ὧ  ά ‌ 

 

Where ά ς“ according to thin wing theory. The meaning of ά ‌ for a finite wing is shown 

in the figure below. 

 

 

Figure 15: Finite wing Theory representation 
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If the airfoil section were on a wing of infinite span, the sectional lift coefficient there would 

have a higher value of ά ‌ . Therefore, since the absolute angle of attack is determined by wing 

geometry, the sectional lift coefficient of a finite wing can be expressed as  

 

ὧ  ά‌  

 

where ά is a function of ά . The relation between ά  and ά is given by 

 

ά  
ά

ρ  
‌
‌

 

 

Notice that ά  ά  for ὧ π. The absolute angle of attack ‌  can therefore be derived by 

first writing 

ὒ  ”ὠ  ά ‌
ρ

ς
”ὠ ὧ 

from which, 

‌  
ς 

ά ὠὧ
 

 

Where c is the chord length of the airfoil (see Figure 5). 

 This equation indicates that the sectional circulation   on a finite wing, which is proportional to 

‌, is smaller than that of a wing of infinite span, which is proportional to ‌ , because of the induced 

angle of attack ‌ caused by the downwash (see Fig.13). Then the fundamental equation in its final form 

is  

‌ ώ  
ς 

ά ὠὧ
 
ρ

τ“ὠ
 

Ὠ 
Ὠώ

ώ ώ
 

 

The only unknown in the above equation is the circulation, and its solution for all span wise 

locations ώ solves the airload distribution problem for a given wing. Unfortunately, its solution can only 

be obtained for only a few special cases, the most important of these, the elliptical lift distribution. 

 

 



P a g e | 6 

 

Aerodynamic Shape Design Optimization of Winglets ϊ FIU ϊ College of Engineering 
 

1.3.7 The Elliptical Lift Distribution  

Equation (above) is readily solved if the   distribution is assumed to be known and the chord 

distribution ὧώ is taken as the unknown. This problem of finding a chord distribution that corresponds 

to a given circulation distribution simply involves the solution of an algebraic equation. A very important 

case is the elliptical circulation distribution, for this distribution represents the wing of minimum 

induced drag. Fortunately the properties of wings of arbitrary planforms that do not differ radically from 

the most common shapes are close to those of the elliptical wing. It is therefore customary to write the 

properties of wings of arbitrary planforms in terms of the properties of the elliptical wing and a 

correction factor.  

If   represents the circulation in the plane of symmetry, the elliptical variation of circulation with 

span is written  

   ρ
ώ

ὦςϳ
 

 

Then the induced angle of attack then becomes 

 

‌  
 Ὓ

ςὦὠ
 

 

Which indicates that ‌ at any point along the lifting line is constant if the   distribution is 

elliptical. Therefore if the absolute angle of attack ‌  at every spanwise location is the same then the 

effective angle of attack ‌is also constant. Thus,  

 

ὧ  ά ‌                ὧ   ὧ‌ 

 

Where ὧ  is the sectional induced drag coefficient and ή  is the dynamic pressure ”ὠ . 

To summarize for wings with an elliptical   distribution and constant lift curve slope and absolute 

angle of attack, the nondimensional sectional properties will not vary along the span. Using these 

conditions, the product  ά ‌ὧ must vary elliptically for  

 



P a g e | 7 

 

Aerodynamic Shape Design Optimization of Winglets ϊ FIU ϊ College of Engineering 
 

ὒώ  ”ὠ  ρ
ώ

ὦςϳ
 ά ‌

ρ

ς
”ὠ ὧ 

 

ά ‌ὧ  
ς 

ὠ
ρ

ώ

ὦςϳ
  

 

Notice that in an elliptical planform only the product ά ‌ is independent of ώ. On the other 

hand, for a noon elliptical planform, since  ά  is nearly constant, ‌ must be a specific function of ώ, 

that is, the wing must be twisted is the equation is to satisfied. This condition could occur only at a 

specific attitude of the wing. 

      The wing properties are found by integrating the section properties across the span. The 

wing lift-coefficient ὅ is defined as the total wing lift ὒ divided by the product of the dynamic pressure 

ή  and the wing planform area Ὓ 

 

ὅ  
ρ

ρ
ς”ὠ Ὓ

ὒᴂ
ϳ

ϳ

Ὠώ  
  “ὦ
ςὠὛ

 

 

Notice that the wing lift coefficient and sectional lift coefficient are equal when the sectional lift 

coefficients are constant along the span. Under this condition, the induced angle of attack for an 

elliptical   distribution becomes, 

 

‌  
ὅ

“E
  
ὧ

“E
 

 

Where E is the aspect ratio of the wing and is defined as E  ὦ Ὓ 

The wing induced drag coefficient is given by  

 

ὅ  ὧ  ὅ‌  
ὅ

“E
 

 

       Experiments have shown that the extra power needed to compensate the induced drag is 

quite significant even at low flight speed. Since for a given lift coefficient the induced drag is inversely 
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proportional to the aspect ratio, the extra power can be made smaller by increasing the aspect ratio of 

the wing. For this reason, slender wings of larger aspect ratio are often observed on gliders, low power 

light planes, long duration reconnaissance military planes, as well as birds migrating over long distances.  

For high-lift, high-payload conditions, induced drag is accountable for up to 40% of the total 

aerodynamic drag coefficient and, as a result, any attempt to improve such flight characteristic is highly 

sought-after and desirable. For design purposes, it essential to understand that properties of wing-tip 

vortices change based on the speed, weight and shape of the lift-producing surface. Weight is the main 

contributor as the vorticesΩ ǎǘǊŜƴƎǘƘ ƛǎ ǾƛǊǘǳŀƭƭȅ ǇǊƻǇƻǊǘƛƻƴŀƭ ǘƻ ǘƘŜ ƻǇŜǊŀǘƛƴƎ ǿŜƛƎƘǘ ƻŦ ŀƴ ŀƛǊŎǊŀŦǘ ŀƴŘΣ 

as a result, to its lift. Great detail needs to be given to the effects of the generation of great lift forces. At 

the same time it is also inversely proportional to the wing-span over the velocity squared therefore 

correct dimensioning of the wing plays a major role in the designing wing shapes. 

So, in general, being that lift induces a large amount of drag which is strongly correlated to the 

strength of the trailing vortices that have origin at the wing tips of an aircraft, particular attention needs 

to be devoted to the development of optimized wing tip configurations. 

1.3.8 Winglets 

We have seen in Figure 9, Figure 10Figure 11 that the vortices trailing behind a finite wing are 

formed by the communication of the high and low pressure regions across the lifting surface through 

the wing tips. It has been shown that the trailing vortices induce a downwash velocity field at the wing, 

which in turn causes an induced drag on the wing. 

Mounting end plates would not prevent the pressure communication through the wing tips 

because, as sketched in Figure 7 the circulation of the trailing vortices is the same as that about the 

wing. Thus during a steady, level flight the strength of the trailing vortices is proportional to the weight 

of the airplane and it will remain the same with or without the end plates. Experiments (Minnella, Jugas, 

Rodriguez,  2010. See below) with vertical plates mounted on the upper surface of a wing tips, indicate 

that the plates could reduce the maximum circumferential velocity of a rolled-up trailing vortex, but 

with a corresponding increase in the diameter of the core. The total circulation of the vortex appeared 

to be the same as that of the vortex trailing behind wing tips without the plates. 

 

 

Although the total strength of the trailing vortices behind an airplane cannot be changed, it is 

possible to decrease the induced drag of a given airplane by using properly designed end plates, called 

winglets, to redistribute the strength of the trailing vortex sheet. Flat end plates are not efficient in that 



P a g e | 9 

 

Aerodynamic Shape Design Optimization of Winglets ϊ FIU ϊ College of Engineering 
 

they cause viscous drag that is large enough to offset the reduction in induced drag. To be fully effective, 

the vertical surface at the tip must efficiently produce significant side forces that are required to reduce 

the lift-induced inflow above the wing tip or the outflow below the tip. 

 

 

Figure 16 - Winglet parameters 

 

A typical winglet is shown above. It is a carefully designed lifting surface mounted at the wing 

tip, which can produce a gain in induced efficiency at a small cost in weight, viscous drag, and 

compressibility drag. The geometry of a winglet is primarily by the toe-in (or out) angle, cant angle, 

leading edge sweep angle, and the chord and aspect ratio of the winglet. Flow surveys behind the tip of 

a wing with and without winglets by Fletcher (1976), indicate that the basic effect of the winglets is a 

vertical diffusion of the tip vortex flow just downstream of the tip, which leads to drag reduction. 

The gain in induced efficiency for a winglet is greater for a wing that has larger loads near the 

tip. If the winglet was set vertically on the wing tip, it would behave like an endplate, that is, its own 

normal force would contribute nothing to lift. On the other hand, if the winglet lay in the plane of the 

wing, its effect would be that of an irregular extension of the span, causing a large increase in the 

bending moment at the wing root and therefore a weight penalty for the wing structure. In practice, the 

winglet generally has an outward cant angle so that its influence is a mixture of both effects. The best 

cant angle will be a compromise between induced efficiency and drag caused by mutual interference at 

the junction of the wing tip and the winglet. Winglet toe-in angle provides design freedom to trade small 

reductions in induced efficiency increment for larger reductions in the weight penalties caused by the 

increased bending moment at the wing root. 

For high effectiveness of the winglet for cruise conditions, the leading edge of the winglet is 

placed near the crest of the wing-tip section with its trailing edge near the trailing edge of the wing (see 
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Figure 16). In front of the upper winglet mounted above the wing tip, a shorter lower winglet may also 

be mounted below the wing tip. A lower winglet in combination with a larger upper winglet produces 

relatively small additional reductions in induced drag at cruising speeds, but may improve overall 

winglet effectiveness at both high-lift  and supercritical conditions. 

The combined upper and lower winglets mounted on a jet transport wing were investigated in a 

wind tunnel by Withcomb (1976). It was shown that at a Mach number of 0.78 and wing lift coefficient 

of 0.44, the addition of winglets reduced the induced drag by about 20% and an increase in the wing lift-

drag ratio of approximately 9%. These results clearly showed the effectiveness of winglets.  

1.3.9 Boeing 757-200 Background and Winglet Benefits 

 

On January 13, 1982 the first Boeing 757-200 was assembled and on February 19 it did its first 

successful flight. On December 21, same year, after 1380 hours of flight testing for more than 10 month, 

the U.S. FAA certified the 757-200. The first delivery of this aircraft occurred next day and was made to 

Eastern Airlines. Subsequently in January 1983 the British Civil Aviation Authority certified the above 

aircraft for flight over the United Kingdome. 

Entering into the Boeing 757-200 specifications we can say it is a midsize airplane with two 

engines that allows it to operate in a short or medium range flights. It was designed on the final of the 

тлΩǎ ōȅ ǘƘŜ .ƻŜƛƴƎ /ƻƳǇŀƴȅΦ ¢ƻǇ ǘŜŎƘƴƻƭƻƎȅ ǿŀǎ used in order to bring down noise pollution, increase 

passenger comfort and operating performance. Although its sales toke about a year to reach high levels 

this plane has had a versatile adaptation throughout the world. It has been created in several 

configurations such as freighter or jetliner. 

It was originally designed to carry 200 passengers in a regular configuration but it can 

accommodate up to 228 passengers which brings it capacity into the range of the 757-300 and 737-900. 

Its takeoff weights varies from 220 000 pounds to 255 000 pounds increasing its payload range.  

1.3.9.1 Technical features: 

 

One of the most important technical parameters that highlight the 757-200 design are the high 

bypass ratio engines from the Rolls Royce or from the Pratt & Whitney companies that combined with 

the sweptback-twisted wing design makes it one of the quietest more fuel efficient airplanes in the 

world. The thrust of the above engines varies from 36 600 to 43 500 pounds. Its fuel consumption 

oscillates around 43 % less per seat than other older trijets aircrafts. The most important technical 
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aspects for our objective are being shown in Table 1.1. More in deep technical features are also shown 

in the Appendix 9.1. 

The 757 wing has some important changes with respect to Boeings previous designs. For 

example it is not so swept back but it is thicker at the base allowing a longer wing span. The upper 

surface is slightly curve than the lower originating a camber wing airfoil and the leading edge is also 

slightly sharper. These last changes contribute to the lift force and drag reduction producing better 

aerodynamic performance and burning less fuel. Another important contribution of the wing design is 

that it allows for the engines to use less power during takeoff and landing procedures. For example with 

respect to the 737-200, a much smaller plane, the 757-200 can flight for about 1740 nautical miles or 5 

500 feet more. Therefore it can reach a cruiser speed of Mach 0.82 much faster than others. 

Other improvement had been included in the design of the Boeing 757 airplane class, such as 

the usage of lightweight materials. Aluminum alloys for the wing skins produced a saving of 610 pounds. 

Graphite or epoxy composites were used in the control surfaces such as elevators, rudder and ailerons. 

Aerodynamics fairings, engine cowlings and landing gear doors introduced a total weight saving of 1 100 

pounds. Another impressive inclusion in the design of this plane is the use of carbon brakes which add 

time to the service life with respect to the steel brakes and also reduces about 650 pounds in weight 

too. 

 

Table 1.1: Technical specifications of Boeing 757-200 aircraft serie 

  757-200 

Passengers  
Typical 2-class configuration 
Typical 1-class configuration  

 
200 
228 

Cargo 1,670 cu ft (43.3 cu m)  
Engines  

maximum thrust 
Rolls-Royce RB211-

535E4 
40,200 lb (179 kN) 

 
Rolls-Royce RB211-535E4B 

43,500 lb (193.5 kN) 
 

Pratt & Whitney PW2037 
36,600 lb (162.8 kN) 

 
Pratt & Whitney PW2040 

40,100 lb (178.4 kN)  
Maximum Fuel 

Capacity  
11,489 gal (43,490 l) 
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Maximum Takeoff 
Weight  

255,000 lb (115,680 
kg) 

Maximum Range  3,900 nautical miles 
(7,222 km)  

Cruise Speed  Mach 0.80 
Basic Dimensions  

  Wing span 
  Overall Length 

  Tail Height 
  Interior Cabin Width  
  Body Exterior Width  

 
124 ft 10 in (38.05 m)  
155 ft 3 in (47.32 m)  
44 ft 6 in (13.6 m)  
11 ft 7 in (3.5 m)  
12 ft 4 in (3.7 m) 

 

1.3.9.2 Range Capability 

 

In 1990 the Federal Aviation Administration granted 180- minutes certification for the 757-200 

of extended-range twin (engine) operation or ETOPS. This certification was given for both type engines 

this plane has, the Rolls Royce Rb211-535E4, RB211-535C and the Pratt & Whitney PW2000 series. This 

certification was given as prove of the 757-200s series flight reliability. As an example of this is the fact 

that the 757-200 can fly 4 500 statute miles with full payload. 

1.3.9.3 Addition of Winglets 

 

Few years later with the increments of the oil and gas prices a new way of increasing flight 

efficiency was the introduction of winglets. The Boeing Aviation Partners Inc. created blended winglets 

that reduced about 5 % fuel consumption. They were available for the 757-200 as an addition to the 

already available 1 030 airplanes. The mechanism of incorporating the winglets was called retrofitting. 

The next Figure 17 shows some of the basic parts to perform the assembly of winglets into this plane 

wings and Figure 18 shows a real life winglet assembly components for the 737-200 airplane. 
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Figure 17: Retrofitting mechanism of blended winglets, created by the Aviation Partners Boeing Company 

 

 
 

Figure 18: Retrofitting mechanism of blended winglets, created by the Aviation Partners Boeing Company for the 737-
200 

 
Winglets were made with the purpose of reducing not only the fuel consumption, but more 

importantly they were meant to reduce the induced drag. The blended winglets were registered by the 

Boeing Aviation Partners Company at the U. S. patent office on September 20 1994 with the patent 

number 53482531. These winglets brought more benefits to airplanes than the ones already mentioned. 

A list of them is in the patent document and we already summarize them below. 

 

Benefits of blended winglets for 757 

¶ Up to 5% drag reduction 
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¶ Built-in fuel hedge 

¶ Improved takeoff performance 

¶ Reduced engine maintenance costs 

¶ Increased payload-range 

¶ Lower airport noise and emissions 

¶ Improved operational flexibility 

¶ Dramatically enhanced appearance 

¶ Higher airplane residual value 

2Some of the most important facts winglets do in favor of the Boeing series of 757 planes are 

also being named below2. 

¶ The 757 has carried more than 1.3 billion passengers, more than four times the population   

of the United States and Canada combined. 

¶ In 18 years of operation, the 757 fleet has flown the equivalent of nearly 25,000 roundtrips 

between the Earth and the Moon. 

¶ The 757 fleet has produced over 24 million hours of service for its operators, equivalent to 

about 2,750 years of continuous service. 

¶ The 757 Freighter can hold over 6 million golf balls. 

¶ At 255,000 pounds (115,660 kilograms), the 757 weighs as much as a diesel train 

locomotive. 

¶ The surface area of a pair of 757 wings is 1,951 square feet (181 square meters), about the 

same as the floor space of a three-bedroom house in the U.S. 

¶ There are about 626,000 parts in a 757. About 600,000 bolts and rivets fasten those parts 

together. The length of all wires in the twinjet is about 60 miles (100 kilometers). 

¶ Airlines fly the versatile 757 on a wide variety of routes. The twinjet is used to serve city 

pairs as far as 4,281 statute miles (6,890 kilometers) and as close as 65 statute miles (105 kilometers). 

¶ The common 757/767 cockpit type-rating permits flight crews trained on the 757 to also 

fly the 767. 

¶ Of the company's (year-end 2000) unfilled announced orders for 1,612 commercial jets , 4.9 

percent (79) are for 757 twinjets. 
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Thanks to all of these benefits and the retrofitting mechanism of winglets it is possible that 

airplanes that are not longer in production can increase their performance, such as the Boeing 757-200 

series. And for those new airplanes some of them already have winglets embedded to their wing as part 

of their original design.  

For a wing having an infinitely large wing span, trailing vortices would not be of particular 

significance as the wing would successfully redistribute and de-strengthen its wing tip characteristics. In 

modern avionics, however, due to span-wise restrictions which involve maneuverability at airports, 

aerodynamicists are forced to take into account this flight interference and develop optimized wings 

that administer this behavior. Recently, it has been found that rather than drastically altering the wing 

foil in an attempt to improve aerodynamic efficiency, wing tip modifications such as winglets, capably 

diminish the unwanted trailing disturbances. 

Winglets are wing-tip devices designed to: 

¶ Reduce the induced drag component of lift by redistributing and de-strengthening the 

trailing vortices.  

¶ Increase the payload capabilities of an aircraft by providing and additional lift 

component. 

¶ Improve the strain distribution of a wing by applying lift components at the tip-sections.  

Contribute a positive-traction component to the aircraft thereby reducing loading on the 

propulsion system. 

1.3.10 **********KUBRINSKI*******  

Surface pressure distribution along the wing is only one of the parameters that go into the 

design and construction of an optimal wing, and in turn a winglet. For correct design, several factors 

have to be taken into account; these are span wise load distribution, the local chord multiplied by the 

sectional lift coefficient because induced drag depends on this. Also the optimal pressure distribution 

must be enforced through a range of angle of attack, including at conditions of forward slip and side slip. 

The design of winglets must also include influence of the wing, fuselage, empennage and the location of 

the center of gravity. Good design must take all these factors into account, with these methods and a 

fully developed boundary layer around the whole wing surface, a better wing will be designed.  

 

1.3.11 Optimization  
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1.3.11.1 Optimization Overview 

 
As explained in the literature review, there are various ways to achieve an optimal result for a 

problem or experiment. A given problem may have a great number of variables and outputs, and it is an 

ŜƴƎƛƴŜŜǊǎΩ Řǳǘȅ ǘƻ ǊŜǘǊƛŜǾŜ ŀƭƭ ǘƘƛǎ ƛƴŦƻǊƳŀǘƛƻƴ ŀƴŘ ŎƻƴǎǘǊǳŎǘ ŀ ŘŜǎign that will best perform the given 

task. Due to the need for higher efficiency of systems in a world that is rapidly modernizing, the time has 

come for systems and processes to reach 100% efficiency. To reach this ultimate efficiency the 

complexity and size of models has increased dramatically. Now with the advent of computer aided 

design, the scenario has changed; now all the variables and constants in a model can be accounted for. 

During the last few decades in engineering, optimization was mainly performed with a single 

objective function. These problems mainly used gradient based methods that looked for global 

minimums and maximums; they base its results by using a step size or a change in the variable to be 

optimized that determines how to obtain the best results in the least amount of time.  These classical 

methods of optimization follow a point by point approach seeking of the best solution. With time 

passing, and the complexity of systems growing, multi-objective functions have now become the norm. 

It can be said that optimization algorithms have evolved with time, and have been termed, Evolutionary 

Optimization Algorithms. These relatively new algorithms use a set of multiple candidate solutions, 

population, and follow an iterative procedure that produce a set of the best compromised results. A plot 

of these best comprised results is termed a Pareto front.  

 In the case of the optimization of winglets, there will be two objective functions and five 

variables. These two objective functions, output parameters, are the greatest CL and the least possible 

CD. Since these two objective functions will produce extreme values of these two objective functions. So 

a trade-off or compromise has to be reached within the design so as to satisfy these two functions, 

Pareto front. A compromised solution is needed because the optimization algorithm may choose one 

design as its best fit to provide the greatest possible CL; however, a completely different design is 

determined to be the best solution to minimize the most drag and produce the least CD. Since this will 

most likely happen, a compromise between the two designs has to be met that will satisfy both 

objective functions.  

In order to reach our goal of improving aerodynamic efficiency by 2% with respect to current 

winglet design of winglet, a multi-objective optimizer that is accurate, efficient and conceptually simple 

is desired. The algorithm that best suites our needs is a response surface method-based hybrid 

optimizer that was designed by Marcelo J. Colaco, George S. Dulikravich and Debasis Sahoo.  
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1.3.11.2 Optimization Algorithm  

The optimizer designed by Colaço, Dulikravich and Sahoo, is a hybrid optimizer based on a highly 

accurate response surface method. Response surface method (RSM) seeks the relationship between 

explanatory variables and response variables. RSM was first developed in the field of statistics and has 

branched off into several disciplines, namely multi-objective optimization. RSM is mainly used to obtain 

an optimal response by using a second degree polynomial to interpolate. Even though this method is 

only an approximation, a sample model is easy to estimate and apply, even if little is known about the 

process; and it is a close approximation to reality. 

The response surface the hybrid optimizer uses several radial basis functions and polynomials as 

interpolants. The RSM is able to interpolate linear as well as highly non-linear functions in multi-

dimensional spaces. Radial basis functions (RBF) are real-valued functions whose values depends on 

their distance from the origin, so that, 

‰ὢ ‰ ȿὢȿ 

Any function ‰ that satisfies the above condition is termed a radial function. 

Due to the uniqueness of this hybrid optimizer code that tethers different algorithms for 

separate functions, its accuracy and robustness is close to the best commercial optimizers available. 

Utilizing the RBF for interpolation has the advantage of reducing computational time while still 

maintaining a high level of accuracy. A detailed analysis of the hybrid optimizer is provided in Appendix 

The bullets listed below are the main tasks the hybrid algorithm runs repeatedly over several 

levels of grid refinement. Initially, the optimization procedure starts with a very coarse grid and over the 

course of multiple iterations, the mesh is refined.  

1. Generate an initial population, using the real function (not the interpolated one) f(x). Call this 

population Preal. 

2. Determine the individidual that has the minimum value of the objective function over the entire 

population Preal and call this individual xbest. 

3. Determine the individual that is more distant from the xbest, over the entire population Preal. Call 

this individual xfar.  

4. Generate a response surface, with the methodology in Section 2, using the entire population 

Preal as training points. Call this function g(x).  

5. Optimize the interpolated function g(x) using the hybrid optimizer H1, defined above, and call 

the optimum variable of the interpolated function as xint. During the generation of the internal 

population to be used in the H1 optimizer, consider the upper and lower bounds limits as the 
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minimum and maximum values of the population Preal in order to not extrapolate the response 

surface. 

6. If the real objective function f(xint) is better than all objective function of the population Preal, 

replace xfar by xint. Else, generate a new individual, using the sobol pseudo-random generator 

within the upper and lower bounds of the variables, and replace xfar by this new individual. 

7. If the optimimum is achieved, stop the procedure. Else, return to step 2. 

 

The driven component for this methodology is the particle swarm method. Particle Swarm method 

is based on the social behavior of various species and tries to equilibrate the individuality and sociality of 

individuals to seek the optimal interest.  

1.3.11.3 Particle-Swarm 

The Particle Swarm Optimization method (PSO) was introduced by Kennedy and Eberhart3 and it 

is based in the intelligent unite behavior of the organisms in a swarm to reach a collective goal; when at 

the same time the behavior of a single organism in the swarm seems completely inefficient but it is 

ƛƴǘŜƴŘŜŘ ǘƻ ŦƛƴŘ ƛǘΩǎ ǇŀǊǘƛŎǳƭŀǊ ōŜǎǘ ǎƻƭǳǘƛƻƴ ǘƻ ǘƘŜ Ǝƭƻōŀƭ ǇǊƻōƭŜƳΦ ¢Ƙƛǎ ƳŜǘƘƻŘ ƛǎ ǾŜǊȅ ǳǎŜŦǳƭ ǿƘŜƴ 

optimizing unconstrained functions but, if a number of constrains are added the problem turns to be 

more complicated. Therefore several approaches had been introduced such as penalty, repair, and 

constraint-preserving methods4.  

 How is this algorithm implemented? Well, let say that a particle xi has memory of which one is 

the best solution yi that has being found and it travels through the search dominium with a velocity vi. If 

this velocity is continuously adjusted with respect to its particular best and the global best solution  

found by the rest of the swarm them we define the swarm as: 

 3 Ø  (1)   

  ²ƛǘƘ ƛ Ґ мΣ нΣ оΧ         

After each iteration of the PSO algorithm, the best particular solution yi of each element is 

compared to its actual performance and set to a better performance.  So if the function to be optimized 

is defined as Æ ᴙ ᴼᴙ we can find yi as the next equation shows. 

 

 
Ù

Ù   ÉÆ ÆØ ÆÙ

Ø   ÉÆ ÆØ ὪÙ
 (2)   
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The general best solution is updated to the position with the best performance within the 

swarm with the next formula: 

 ᶰ ώ ȟώ ȟȣȢώ  ᵬὪ  

άὭὲ Ὢώ ȟὪώ ȟȣȟὪώ  

 

(3)   

Now the particles velocity and position are updated separately for each dimension j, by the next 

formula: 

 ὺ ύὺ ὧὶ ώ ὼ ὧὶ ὼ  (4)   

 

Where Ò  and Ò  are two random number between 0 and 1scaled by the acceleration 

coefficients Ã and Ã to determine the stochastic nature of the algorithm. π Ã, Ã ς. 

 

The standard PSO algorithm is summarized below: 

 

1. Set the iteration number t to zero, and randomly initialize swarm S within the 

search space. 

2. Evaluate the performance Ὢὼ  of each particle. 

3. Compare the personal best of each particle to its current performance, and set 

ώ  to the better performance, according to equation (7.2). 

4. Set the global best to the position of the particle with the best performance 

within the swarm, according to equation (7.3). 

5. Change the velocity vector for each particle, according to equation (7.4). 

6. Move each particle to its new position, according to equation (7.5). 

7. Let: ὸ  Ô  ρ. 

8. Go to step 2, and repeat until convergence. 

 

1.3.11.4 Pareto Front Overview 
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In most multi-objective problems, including this one, seeking the optimal solution and the range 

of solutions is driven by dominance. Comparing two different solutions, this dominance elects the better 

solution, taking into account both objectives. This can be stated as the following, Solution 1 is said to 

dominate solution 2 if: 

1. The solution 1 is no worse than 2 in all the objectives 

2. The solution 1 is strictly better than 2 in at least one objective. 

If either solution 1 or 2 is not better than the other on the basis of the above statements, they 

are referred to as non-dominated with respect to one another. Figure 19 illustrates the above 

statements. 

 

 

Figure 19: Visualization of Dominance 

 

Figure 19 shows that alternative 1 is non-dominating with respect to the other solutions. 

{ƻƭǳǘƛƻƴ м ƛǎ ōŜǘǘŜǊ ǘƘŀƴ ǘƘŜ ƻǘƘŜǊ ǘƘǊŜŜ ƛƴ ƻōƧŜŎǘƛǾŜ ΨŦнΩ ōǳǘ ǿƻǊǎŜ ƛƴ ƻōƧŜŎǘƛǾŜ ΨŦмΩΦ {ƻƭǳǘƛƻƴ о ƛǎ Ŝǉǳŀƭ ǘƻ 

ǎƻƭǳǘƛƻƴ п ŦƻǊ ΨŦнΩ ŀƴŘ ǿƻǊǎŜ ǘƘŀƴ ǎƻƭǳǘƛƻƴ п ƛƴ ƻōƧŜŎǘƛǾŜ ΨŦмΩΤ ǘƘŜǊŜŦƻǊŜ ǎƻƭǳǘƛƻƴ о ƛǎ ŘƻƳƛƴŀǘŜŘ ōȅ 

ǎƻƭǳǘƛƻƴ пΦ {ƻƭǳǘƛƻƴ н ƛǎ ŘƻƳƛƴŀǘŜŘ ōȅ ōƻǘƘ о ŀƴŘ п ōŜŎŀǳǎŜ ƛǘ ƛǎ ǘƘŜ ƭŜŀǎǘ ŘŜǎƛǊŀōƭŜ ƛƴ ōƻǘƘ ƻōƧŜŎǘƛǾŜ ΨŦмΩ 

ŀƴŘ ΨŦнΩΦ ²ƘŜƴ ǘǿƻ ǎƻƭǳǘƛƻƴǎ ŀǊŜ ƛƴŘŜǇŜƴŘŜƴǘƭȅ ƴƻƴ-dominated by a third solution, it is not necessary 

that the former two solutions be non-dominated with respect to each other. The compatibility of trade-

off solutions in multi-objective problems cases shows is demonstrated by non-dominance.  

Most multi-objective optimization algorithms use a population of decision variable sets that 

search for optimal sets. The two main sets this population can be divided into during any generation is: 
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1. The non-dominated set, which is composed of solutions that are not dominated 

by any other solution in the whole population 

2. The dominated set, which is composed of all the solutions excluded from the 

dominated set.  

The set of solutions belonging to the non-dominated set during a certain generation for a 

surface called the Pareto front. The Pareto front can be visualized as a curve in a 2-D objective problem 

and as a 3D object in case of a 3 objective problem. Solutions that are not dominated by any other 

solution in the whole feasible space are known as globally optimal solutions. The Pareto front comprised 

of these solutions is termed the global Pareto front.  

 

Figure 20: Pareto Fronts for 2 Objectives 

 

Figure 20 illustrates four different kinds of Pareto fronts for a problem with 2 objectives. To 

have flexibility in an optimal design it is required to compute a set of solutions that are biased towards 

one or more objectives. Achieving a uniform distribution of solutions over the whole range of the global 

Pareto front is important, because it demands the presence among the members of the non-dominated 

population set. 

 

1.3.12 OpenFOAM Software 
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All CFD studies performed throughout were done using a Linux based, open source software 

called OpenFOAM (Open Field Operation and Manipulation).  

OpenFOAM ƛǎ ŀ ǎƻŦǘǿŀǊŜ ǇŀŎƪŀƎŜ ǿƛǘƘ ŀǇǇƭƛŎŀǘƛƻƴǎ ƛƴ ǘƘŜ ŜƴƎƛƴŜŜǊƛƴƎ ŀƴŘ ǎŎƛŜƴŎŜ ŦƛŜƭŘǎΦ LǘΩǎ 

diverse uses across many disciplines and it being open source makes OpenFOAM a very important tool 

for an engineer. It is capable of solving for chemical reactions, turbulence, solid dynamics, 

electromagnetics and finance.  

 

Figure 21: OpenFOAM logo 

 

Open source, Linux software gives the user an advantage that is not present in standard 

programs like ANSYS and SolidWorks; this being that the user can freely modify any aspect of the 

software that he or she deems necessary. To someone who is well versed in programming and CFD this 

is critical, this means that he or she can customize the software to suit their needs. Another advantage 

of OpenFOAM is that it is free. While student versions of modeling software that perform CFD analysis 

are available, the meshers for these have a limit on the number of vertices that can be applied on the 

domain. A mesh is a collection of vertices, edges and faces that is unstructured and in the shape of a 

grid; this grid defines the shape of an object.  

The shape of the faces of the grid varies for each mesher, OpenFOAM uses hexahedral polygons 

for its faces. When performing CFD analysis in the field of aerodynamics, a large domain box is desirable. 

For this reason, to obtain coherent results, a large amount of vertices of this grid are needed. Using 

student versions of ANSYS or SolidWorks, the number of nodes available is set at 1 million nodes or 

vertices. For small domains, this will generate a mesh fine enough to give an accurate analysis. However 

since the limit is set at 1 million nodes, when these elements are spread out over a large domain box, 

the mesh becomes too coarse and results will not coincide with experimental values. In contrast to 

these other software, OpenFOAM has no limit on the number of nodes when meshing. When setting up 

the case experiment, the user specifies how many nodes he or she wants the mesher to use for the 

object and domain box. For meshes greater than 1 million nodes the mesher should be run on a 

computer cluster. OpenFOAM has a limit when meshing, no more than a million nodes per processor. 

So, if 3 million nodes were desired to achieve a fine mesh, OpenFOAM would be run on 3 processors 

that are connected with a parallel computer network.  In theory, if one has a computer cluster at their 

disposal, there are no limits to the number of nodes used to define a surface and domain. 
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While OpenFOAM is very advantageous in terms of the quality of CFD you can perform, it does 

have its disadvantages, one of these being that it is not user friendly. Most CFD software has a GUI 

based program that is user-friendly and is designed for ease of use. OpenFOAM lacks this; it is comprised 

of C++ files that are created and modified by the user to suit his or her needs. OpenFOAM has stored 

functions that are called up by the user writing different files written in C++ programming language; 

these files are called dicts. Each specific function for OpenFOAM has a different dict, which can be 

entirely modified. So depending on what analysis the user wants to run, he or she writes and modifies 

those specific dicts. Figure 22 ǎƘƻǿǎ ŀ ǎŀƳǇƭŜ ŘƛŎǘ ŦƻǊ ǎƴŀǇǇȅIŜȄaŜǎƘΣ hǇŜƴCh!aΩǎ ƳŜǎƘŜǊ, as is seen 

the file is written entirely in C++ so a strong background in programming is a prerequisite. Within this 

dict file is where the options for snappyHexMesh are modified: refinement region, level of desired 

refinement and mesh layering. 

 

Figure 22: Sample Dict file for OpenFOAM 

 

Figure 23 shows the structure for a sample CFD case, this structure will vary slightly for a 

different discipline. Within the case directory there will be two main folders, one folder for the mesher 

and one for the solver. The mesher folder contains the dicts for blockMesh and for snappyHexMesh, 

also the surface being analyzed. The solver directory is split up into three subparts, the 0, constant and 

system folders. The 0 directory contains all the initial conditions for the case; initial conditions include 
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the pressure, temperature and velocity fields. Depending on what conditions want to be studied, these 

are changed accordingly. The constant directory holds the dict file for the solver and within the System 

branch goes the controlDict. The control dict is the file that dictates the time step, max courant number, 

start time and end time for the analysis.  

 

 

Figure 23: OpenFOAM Case Directory Chart 

 

To help users become acquainted with the software, there are very instructive tutorials and 

online guides that go in depth and help users set up sample cases. There are sample cases are for 

different disciplines that guide the user, and gƛǾŜ ŀ ƎŜƴŜǊŀƭ ƛŘŜŀ ŀǎ ǘƻ ǿƘƛŎƘ ƻŦ hǇŜƴCh!aΩǎ ŦǳƴŎǘƛƻƴǎ 

will have to be used so that those dicts can be written and modified.  

1.3.12.1 Case Setup: Mesher 

OpenFOAM utilizes two different meshers, blockMesh and snappyHexMesh. To run CFD on any 

object a domain box has to be created to house this object. On OpenFOAM this domain is created using 

blockMesh, blockMesh is simply a mesher that splits the prescribed domain into blocks of eight vertices; 

this is illustrated in Figure 24. 

Case Directory

Mesher

Constant

blockMesh

System

snappyHexMesh

Solver

0

Initial  
Conditions

Constant

rhoCentralFoam

System

controlDIct
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Figure 24: blockMesh 

The size of this domain is determined by what needs to be studied. For research on winglets, to 

study the effects of wing-tip vortices and curtain effect, the domain box should extend at least seven 

chord lengths behind the wing. The domain box should start at least two chord lengths in front of the 

wing, for the flow to fully develop and to properly analyze the stagnation point. The reason for this 

being that the effects of induced drag are only noticed very far behind the wing and any reduction from 

the curtain effect will only be noticed from this distance. A good rule of thumb for choosing the height 

of the domain box would be forty times the height of the wing. A domain box of these parameters is 

sufficient to perform a correct analysis of the wake left by the wing. The values of the domain, min (x, y, 

z) to max (x, y, z), are input into the blockMeshDict. This file is simply a dictionary written in C++ that 

controls blockMesh, and this file is provided in appendix.  

After constructing the domain box, the next step is to mesh the object and the domain box. 

OpenFOAM reads the object being analyzed as a STL file and refers to it as a triSurface. STL is a format 

from stereolithography CAD software. This extension is commonly used for computer-aided 

manufacturing and rapid prototyping. SnappyHexMesh is a mesher that uses hexahedra and split-

hexahedra elements to mesh iteratively around a given surface. For snappyHexMesh to start, a point 

inside the domain, a location (x, y, z) anywhere inside the domain but outside the triSurface has to be 

specified. With this location, snappyHexMesh can find the triSurface, mesh around it and run successive 

iterations around the surface until the level of specified refinement has been fulfilled. Figure 25 shows 

how the mesh conforms around the triSurface; the darker grey area is the refinement box. If a certain 

area inside the domain requires more extensive analysis a refinement box can be specified. Everywhere 

inside this box the mesh will be finer allowing for a more detailed examination. As stated in the 

literature review, the effect of winglets are noticed very far downstream, so it is desirable to specify a 

refinement box around this region, for more accurate results.  
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Figure 25: Mesh and Refinement Box for snappyHexMesh 

 

Observing Figure 25, it is noticeable that the inside of the triSurface is actually meshed on the 

inside. The way snappyHexMesh operates is that the surface is meshed iteratively with hexahedral 

elements that penetrate the surface, and in the final stage of meshing these elements are snapped to 

the surface of the object. This final stage, Figure 26Σ ŀƭƭƻǿǎ ŦƻǊ ŀ ƳƻǊŜ ŘŜǘŀƛƭŜŘ ŀƴŘ ŦƛƴŜǊ ƳŜǎƘ ǘƘŀǘ ƛǎƴΩǘ 

ŜǉǳƛǇǇŜŘ ƛƴ ƻǘƘŜǊ /C5 ǎƻŦǘǿŀǊŜΦ !ƴƻǘƘŜǊ ŀŘǾŀƴǘŀƎŜ ƻŦ ǘƘƛǎ ǎƻŦǘǿŀǊŜ ǘƘŀǘ ƛǎƴΩǘ ǇǊŜǎŜƴǘ ŜƭǎŜǿƘŜǊŜ ƛǎ ǘƘŀǘ 

there is no limit to the number of nodes that OpenFOAM uses to mesh. Other software programs such 

as ANSYS and SolidWorks have a limit to the number of nodes the mesher uses. For the CFD analysis 

performed in this research, a large domain box is needed to study the resulting vortices far downstream 

of the plane, for this reason if only a small amount of nodes are used, the results obtained using 

SolidWorks or ANSYS will not be accurate.  

 

 

Figure 26: Final Stage of snappyHexMesh  
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1.3.12.2 Case Setup: Solver 

OpenFOAM utilizes various solvers; cases can be set up for inviscid, compressible, 

incompressible flows and Newtonian and non-Newtonian fluids to name a few. The solver used 

throughout is rhoCentralFOAM, it is a compressible flow solver that is built in with the Navier-Stokes 

Equations and takes viscosity into account. Running a case until convergence with this solver takes 

between five ς six days using ten nodes of a parallel computer. To cut down on excess run time the 

viscosity of air was neglected and set equal to zero, therefore significantly reducing computational time 

from five days to two days. Another advantage of neglecting viscosity is that by the solver will now only 

focus on induced drag and no other undesirable factors which may skew results.    

A subroutine was written for OpenFOAM to output CL, CD and CM (coefficient of lift, drag and 

moment). Using these values one can assign a score to the performance of the winglet. Ideally, the best 

winglet configuration is the one that outputs the highest CL/CD ratio, this means that the winglet is 

decreasing the most drag while maximizing lift, this is obviously the objective of a winglet. A reduction in 

the coefficient of moment is also an objective, since these winglets are being optimized for commercial 

aircraft which fly solely in high lift, low speed conditions. Winglets that reduce the coefficient of 

moment act like a dihedral, the upward angle from horizontal of the wings that reduces the rolling 

moment. For the flight regime of commercial aircraft this dihedral effect is very desirable, because the 

more stable the plane is the better. However the opposite is true for military aircraft, these planes are 

designed to be unstable so as to be optimal for dogfighting and sudden maneuvers.  

OpenFOAM has built in equations that output the coefficients of lift, drag and moment.  

 

For coefficient of lift: 

 
ἍἘ  

Ἐ

ἾἋ
 (5)   

²ƘŜǊŜ [ ƛǎ ǘƘŜ ƭƛŦǘ ŦƻǊŎŜΣ ˊ ƛǎ ǘƘŜ ŘŜƴǎƛǘȅ ƻŦ ŀƛǊΣ Ǿ ƛǎ ǘǊǳŜ ŀƛǊǎǇŜŜŘ ŀƴŘ ! ƛǎ ǘƘŜ ǇƭŀƴŦƻǊƳ ŀǊŜŀΦ 

Planform area can be calculated as half of the surface area of the wing. In the case of fixed-wing aircraft 

the wing is the only lifting surface and lift is perpendicular to the flight direction, so the wing is the only 

structure to consider when calculating for planform area, the fuselage, horizontal stabilizers and 

winglets are not taken into account since they produce little to no lift. To better visualize the planform 

area it can be thought of as the area of the wing as viewed from above the plane.  
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For coefficient of drag: 

 
ἍἎ  

ἐἎ
Ἶἴ

 (6)   

Where FD ƛǎ ŘǊŀƎ ŦƻǊŎŜΣ ˊ ƛǎ ǘƘŜ ŘŜƴǎƛǘȅ ƻŦ ŀƛǊΣ Ǿ ƛǎ ǘƘŜ ǘǊǳŜ ŀƛǊǎǇŜŜŘ ŀƴŘ ƭ ƛǎ ǘƘŜ ƳŜŀƴ ŀǾŜǊŀƎŜ 

chord length. For a rectangular wing, the mean average chord length is simply the chord length because 

there will not be a variation in the length of the chord. However, for a wing where the chord length 

varies this value can be calculated as the planform area divided by the wingspan.  

 

For coefficient of moment: 

 
ἍἙ  

Ἑ

ἹἋἴ
 (7)   

Where M is the pitching moment force, q is the dynamic pressure and l is the mean average 

chord length. To calculate the coefficient of moment, OpenFOAM also requires that the center of 

rotation, or center of pressure, be inputted. For a rectangular wing the center of pressure can be 

estimated to be the center of gravity of the wing; since there is no change of the chord length along the 

span of the wing, pressure will be acting at this point. For a wing with a varying chord length, swept 

forward or back wings, the center of pressure is calculated to be 25%-30% of the chord length from the 

leading edge. Another value that OpenFOAM requires is the vector value of the pitch axis. Pitch axis is 

the axis about which the wing will pitch and can also be visualized as the axis that goes through the 

center of rotation and is perpendicular to the long axis of the plane.  

1.3.12.3 Case Setup: Parallel Computing 

Once the case is completely set up, it is now ready to run on a computer cluster. Running a case 

on a cluster has several advantages; many cases can be run simultaneously and cases converge much 

quicker because computing power has significantly increased. For a detailed, extensive study in 

aerodynamics numerous case studies have to be conducted. A personal computer has the computing 

power to run one case and reach convergence in a desirable time; but running over a 100 cases on a 

single computer is unfathomable. To save on computing time and power, cases are run on parallel 

computers to yield a lower computing time.  

The Tesla-128 Parallel Computer Lab has two different workstations; one is the MAIDROC, this is 

the workstation that grants access to users. This workstation is the security station that can be can 

accessed remotely by secure shell ('ssh') and secure FTP ('sftp'). The advantage of this system is that, to 
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access the MAIDROC one only needs to be connected to the internet, so one does not have to be on-

site. Once access is granted to the MAIDROC the user can then patch into the Tesla Computing Lab. 

Using a secure shell, the user can upload their zipped case file directly into the Telsa, of course to do 

this, a user account at the MAIDROC is needed, the command to upload a sample case into the Tesla, i.e. 

 Ψscp solver_Optimizer_13.tgz  winglets@maidroc.fiu.edu:/home/winglets/case_studiesΩ 

ΨǎŎǇΩΣ ƛǎ ŀ ŎƻƳƳŀƴd for secure copy and is a Linux function. Solver_Optimizer_13.tgz is the 

zipped case directory that is being uploaded into the case_studies directory for the user winglets.  

 

 

Figure 27: MAIDROC Station 

 

 

Figure 28: Tesla-128 Parallel Computing Lab 
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Figure 29 shows a diagram of the Tesla Computing Lab at FIU. The front-end workstation, Figure 

27 acts as the security checkpoint for the Tesla that queries the user name and password for anyone 

trying to access the lab. The queue master is the head node that distributes the cases between the 

nodes, it acts as the supervisor of the cluster telling individual nodes which cases to run. Each node 

pictured below has 2 processors, there are 64 nodes, and therefore the Tesla has 128 processors. 

 

Figure 29: Tesla-128 Cluster Diagram 

 

OpenFOAM has a function that decomposes one domain into several subdomains, this way it 

can be run in parallel. Figure 30 gives a good visualization as to how a domain is decomposed. It helps to 

visualize the domain of the case as a cube. Now depending on how many nodes are desired to be used, 

the domain is split evenly. In Figure 30, the domain is split into 27 cubes, it is split 3 times in the x, y and 

z direction, so for this example 27 nodes will be used to analyze each subdomain. Since each node now 

has a very small domain to analyze, convergence of the case will be reached very rapidly. The number of 

subdomains to split the job into depends on how refined the mesh of the body is and the computing 

time desired. For a faster computing time the more subdomains the domain is divided into the faster 

the case reaches convergence. Along the faces where each domain touches another, processors will 

communicate with each other to analyze sections of the mesh that are at these intersections. This type 

of parallel computing, where nodes of the cluster communicate with each other many times each 

second is referred to as fine grain parallelism and is the hardest to program for.  
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There are three main types of parallel computing, these are: fine grain, coarse grain and 

embarrassing parallelism. A computer task is fine grain parallelism if subtasks, communicate between 

each other many times per second. If the subdomains communicate very few times between each other 

each second, it is referred to as coarse grained parallelism. Embarrassingly parallel computing are the 

easiest to parallelize, because subtasks never communicate with each other.   

 

 

Figure 30: Subdomains Visualization 

 

After the job has been decomposed the final stage is to submit the job to the task manager. This 

ƛǎ ŀŎŎƻƳǇƭƛǎƘŜŘ ōȅ ǳǎƛƴƎ ǘƘŜ ΨǉǎǳōΩ ŎƻƳƳŀƴŘΦ ¢ƘŜ Ƴƻǎǘ ŎƻƳƳƻƴ ŦƻǊƳ ǘƻ Řƻ ǘƘƛǎ ƛǎ ōȅ ǿǊƛǘƛƴƎ ŀ ǎƘŜƭƭ 

ǎŎǊƛǇǘ ǘƘŀǘ ƛǎ ŎŀƭƭŜŘ ǳǇ ōȅ ǘƘŜ ΨǉǎǳōΩΦ Figure 31 shows a sample shell script written in C++. The task 

manager is a feature of the Tesla-128 that comes with its operating system of Rocks 5.1. The task 

manager keeps track of jobs submitted and keeps job in queue when all the nodes are already running 

previous cases.  

 

 

Figure 31: Shell Script 
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1.3.13 Experimental Aerodynamics and Wind Tunnel Testing 

Discussions of aerodynamics principles almost always revolve around an understanding of the 

term relative velocity and relative wind. Recall that relative wind refers to a body of some sort immersed 

in a fluid (air) which is in motion relative to the body. The key point is that the pressure on the surface of 

the body and the forces which result from those pressures are the same regardless of whether the body 

is stationary and the air is moving or the air is stationary and the body is moving through it. As long as 

the relative motion is identical, the aerodynamic forces will be the same. This physical fact explains why 

the testing done in the development of a flight vehicle can be, and almost always is, a complementary 

mixture of wind tunnel testing and flight testing.  

The case of a stationary model exposed to a moving air stream is, of course, the relative wind 

condition which exists in a wind tunnel. The model moving through air that is stationary, presuming no 

surface wind in the atmosphere, is the relative wind case provided by flight testing. Either is equally 

valid. Which method of testing is preferable depends upon the importance of time, cost, safety and data 

accuracy to the project being tested. Wind tunnel testing is frequently the quickest and cheapest way to 

evaluate the performance of a new design. This is due to the fact that a wind tunnel model can be built 

far more quickly and less expensively than a flyable prototype aircraft. Picture the savings possible if 

several different configurations generated by the preliminary design group must be evaluated before 

selecting a final design.  Another aspect of possible cost and time savings is the instrumentation 

necessary to measure and record the aerodynamic data being sought. Wind tunnel instrumentation is 

stationary outside the tunnel so size, weight, and power needed rarely pose an issue. Just the opposite 

is true for flight testing. The safety consideration is that of danger to a fight crew and also damage to 

people and buildings on the ground in the event of a crash. The wind tunnel clearly avoids this concern. 

The final factor, which usually falls in favor of flight testing, is the quality of the data gathered. There is 

always an element of uncertainty in the accuracy of the data recorded for a subscale model. Final 

commitment to production of a certain design is usually dependent upon the prototype full scale 

ǾŜƘƛŎƭŜΩǎ ŘŜƳƻƴǎǘǊŀǘƛƻƴ ǘƘŀǘ ƛǘ Ŏŀƴ ƛƴ ŦŀŎǘ ǇŜǊŦƻǊƳ ŀǎ required. The same sort of uncertainty exists 

concerning calculated performance, the huge computer programs sometimes referred to as the 

άƴǳƳŜǊƛŎŀƭ ǿƛƴŘ ǘǳƴƴŜƭέ ƻǊ ƳƻǊŜ ƎŜƴŜǊŀƭƭȅ ŀǎ /C5Σ /ƻƳǇǳǘŀǘƛƻƴŀƭ CƭǳƛŘ 5ȅƴŀƳƛŎǎΦ CƭƛƎƘǘ ǘŜǎǘ Řŀǘŀ 

involves its own difficulties and inaccuracies and is not infallible, but it will probably always serve as the 

final proof. 
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Table 1.2: 

Source of relative 
velocity 

Type of 
testing 

Time span 
required 

Project 
cost ($) 

Safety  Instrumentation  Data 
accuracy 

Moving model, 
stationary air 

Flight test Years ρπ
ρπ 

Dange
rous 

Packaging difficult, 
telemetry required 

Best 
available 

Stationary model, 
moving air 

Wind 
tunnel 
test 

Months  ρπ Safety Stationary, fairly easy Good  

 

1.3.13.1 Test Parameters 

We will concern ourselves almost entirely with low speed aerodynamics. Most of the testing 

equipment is low speed and compressibility factors are not to be accounted for.  

Low speed means velocities at which the compressible nature of the moving air is not noticeable 

in the aerodynamics phenomena observed. Thus, low speed flow is synonymous with incompressible 

flow. Air is, of course, actually compressible and compressibility effects always exist. The traditional 

upper limit for incompressible flow is the velocity at which the compressibility effects produce results 

1% different from data calculations made assuming incompressibility. This generally occurs at a velocity 

of about 300 mph or Mach number of about 0.4. 

If an algebraic expression expresses a relation among physical quantities, it can have meaning 

only if the terms involved are alike dimensionally. For example, two numbers may be equal, but if they 

represent unlike physical quantities they may not be compared. This requirement of dimensional 

homogeneity in physical equations is useful in determining the combinations in which the variables 

occur and to establish direct meaningfulness when scaled testing is required. The “ theorem states that 

any physical equation can be expressed in terms of dimensionless combinations of the variables. 

Therefore, and function of N variables 

 

Ὢὖȟὖȟὖȣ ὖ π 

 

May be expressed in terms of (N ς K) “ products 

 

Ὢ“ȟ“ȟ“ȣ “ π 
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Where each “ product is a combination of an arbitrary selected set of K independent variables 

and one other, whereas K is equal to the number of fundamental dimensions required to describe the 

variables P. If the problem is one in mechanics, all quantities P may be expressed in terms of mass, 

length, time, and K = 3. In thermodynamics, all quantities may be expressed terms of mass, length, time, 

and temperature, and K = 4. The arbitrarily selected set of K variables may contain any of the quantities 

of ὖ, with the restriction that the K set itself may not form a dimensionless combination.  

When considering the force experienced by a body that is in motion through an idealized fluid, 

assume that the force will depend on the following parameters: 

 

Ὂ Ὢ”ȟὠȟὰȟ‘ȟὥ 

 

Where the parameters are given below 

 

Symb

ol Name 

Dimensi

on 

F Force ὓὒὝ  

 ́ Density  ὓὒ  

V Velocity ὒὝ  

l Size of the body (chord length) ὒ 

 ˃ Coefficient of viscosity ὓὒ Ὕ  

a Speed of Sound ὒὝ  

 

Therefore following the “ analogy, the system can be represented by  

ὫὊȟ ”ȟὠȟὰȟ‘ȟὥ π 

There are six variables and three fundamental dimensions therefore by choosing ”ȟὠ, and ὰ as 

the K set, the “ product become 

“  Ὂȟ”ȟὠȟὰ  

“  ‘ȟ ”ȟὠȟὰ 

“  ὥȟ ”ȟὠȟὰ 

The “ theorem guarantees that the “ products above can be made dimensionless and, upon 

applying this condition we obtain 
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“  
ὠ

ὰὫ
ὊὙὕὟὈὉ ὔὟὓὄὉὙ 

“  
”ὠὰ

‘
ὙὉὣὔὕὒὈὛ ὔὟὓὄὉὙ 

 

“  
ὠ

ὥ
ὓὃὅὌ ὔὟὓὄὉὙ 

 

 The above equations represent similarity parameters used in aerodynamic testing.  

Aerodynamic forces are inertia forces, meaning that they result from the model changing the 

momentum of the moving air. The model changes the velocity or direction of the airflow, or both, if 

aerodynamic forces are present. 

Reynolds number is the key factor for wind tunnel testing. To reasonably expect two tests to 

produce comparable data, we must insure that the tests were run at or near the same Reynolds 

number. 

Mach number is not significant in low speed testing because, by definition, compressibility does 

not have a noticeable effect on the obtained data. Froude number involves gravity and is important in 

testing free flight models, for which we do not currently have equipment. 

In summary, in low speed testing we desire to accomplish tests at 

 

ὓ πȢτ 

Ὑ ρȢυz ρπ 

 

An expedient for calculating Reynolds number, Figure 32 gives values for 
”
‘ as a function of air 

pressure and temperature. The value at sea level standard atmosphere conditions is 
”
‘

φσψπ ίὩὧ
Ὢὸ

. 



P a g e | 36 

 

Aerodynamic Shape Design Optimization of Winglets ϊ FIU ϊ College of Engineering 
 

 

Figure 32:  
ⱬ
Ⱨ vs. air pressure and temperature 

 

Models of different sizes tested at different conditions of velocity, temperature, and pressure 

should produce the same force coefficients if the flow patterns around the models are geometrically 

similar. This will occur if the test conditions are such that the similarity parameters are the same for all 

model tests being compared. 

1.3.13.2 Types of Wind Tunnels 

There are a variety of sizes and types of wind tunnels, but they are generally classified as 

belonging to two major categories, opened circuit or closed circuit. 

Open circuit refers to a tunnel in which the air passes through a basically straight duct and does 

not recirculate.  The air is simply exhausted into the atmosphere.  This type of tunnel is known as Eiffel 

tunnel, named after Gustav Eiffel, the builder of the famed Eiffel tower in Paris.  He was interested in 

experimenting with aerodynamics phenomena and generated his relative velocity by dropping models 

from the tower.  This proved to be inconvenient, at best, as you can easily imagine.  Still, he built a 

simple wind-tunnel as an expedient to conducting an experiment. A schematic diagram of an open 

circuit tunnel is shown in Figure 33. In this case and in the case of tunnels specifically built for engine 

testing, contaminants are put into the airflow during the test which we do not want recirculating 

through the experiment. 
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Figure 33 - Open Section Wind Tunnel 

A closed circuit tunnel employs a duct which guides the air around a closed path, resulting in air 

continually recirculating through the test section. It is also called a Prandtl tunnel, after pioneer 

aerodynamicist Ludwig Prandtl. A diagram of a closed circuit tunnel is shown in Figure 34 below. 

 

Figure 34 - Closed Circuit Wind Tunnel 

A few parameters must be defined: 

¶ Test section or jet ς area in which the model is normally mounted for testing. 

¶ Diffuser ς any diverging passage, but specifically the one immediately 

downstream of the test section. 

¶ Bellmouth, entrance cone or extraction cone ς the converging passage 

immediately upstream of the test section. 

¶ Fan ς the propeller which moves the air through the tunnel. 

There are some other classifications of for wind tunnel types which are used frequently. The test 

section may be open or closed, meaning the test section is enclosed by walls. The presence of walls, 

however, prevents realistic deflection of the moving air for tests of models which deflect the air by a 

large amount. Tilt engines, very high lift wings, and helicopters fall into this category. For this class of 
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testing, test section walls are not used. The result is an open jet or open test section tunnel. Both open 

circuit and closed circuit tunnels may be open test section. Tunnels are sometimes classified by the 

cross-sectional shape of the test section. Common shapes are round, square, elliptical, rectangular, and 

ƻŎǘŀƎƻƴŀƭΦ wŜŎǘŀƴƎǳƭŀǊ ƛǎ ǇǊƻōŀōƭȅ ǘƘŜ Ƴƻǎǘ ŎƻƳƳƻƴΣ ǘƘƻǳƎƘ ƛƴ Ƴŀƴȅ ŎŀǎŜǎ ŀ άǊŜŎǘŀƴƎǳƭŀǊέ ǘŜǎǘ ǎŜŎǘƛƻƴ 

has fillets in the corners which render the section actually octagonal. A height to width ratio of 7x10 is 

very common for rectangular sections. 

There are several types of special purpose tunnels which deserve to be mentioned. Probably the 

most common special purpose tunnel is a smoke tunnel. A typical one is shown in Figure 35. The 

frequently have very narrow test section, used only for visualization of flow around a short span 

segment of airfoils. The tunnel used was built with a 18x24 inch test section allowing visualization of 

three-dimensional flow fields, particularly tip vortex patterns. Smoke is injected into the airstream from 

a row of parallel tubes. The smoke is generally not smoke at all, as it is usually oil vapor created by 

electrically heating thin oil until it boils. Burning of materials which produce real smoke is messy and 

hazardous. In order to keep the smoke streams clearly defined, it is necessary to have steady laminar 

flow. As a result, smoke tunnels are frequently very low speed with a large entrance cone and many 

turbulence- damping screens and/or honeycombs. The tunnel used seemed to operate best at an air-

speed of about 5 feet per second and its maximum speed is about 30 feet per second. 

 

Figure 35 - Smoke Wind Tunnel 

Variable density tunnels are constructed so that the entire circuit is a pressure vessel. They can 

be pressurized and/or cooled to produce higher air density, facilitating high Reynolds number testing. 

Or, some can be evacuated to lower pressure, which allows high Mach number testing with less power. 

These are obviously very complex and expensive facilities. NASA Langley complete construction in 1982 
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of one which they call the National Transonic Facility (NTF). It can be pressurized to nine atmospheres 

and uses liquid nitrogen to cool the air to σςπᴌ. It has an 8.2 ft. square test section. Industry and 

government tunnel are generally much larger than privately owned ones, but sill they are not large 

enough for full scale models. There are two very large tunnels called full scale tunnels in the United 

States. NASA Langley has one with a 30 x 60 foot section, and NASA Ames has a 40 x 80 foot test section. 

¢ƘŜ !ƳŜǎ ǘǳƴƴŜƭ ƛǎ ǘƘŜ ǿƻǊƭŘΩǎ ƭŀǊƎŜǎǘ ŀƴŘ Ƙŀǎ ŎƻƳǇƭŜǘŜŘ ŎƻƴǎǘǊǳŎǘƛƻƴΣ ŀƭǎƻ ƛƴ мфунΣ ǘƻ ŀŘŘ ŀ ƴŜǿ ул Ȅ 

120 test section. There are a few tunnels with vertical test sections called spin tunnels. They are used for 

testing spin characteristics of free flight models, and sometimes for parachute testing. Tunnels 

specifically built for testing airfoil models which span the entire test section from wall to wall are called 

two-dimensional tunnels. Most airfoil data in standard texts and reference books is acquired in this type 

tunnel. 

With the emphasis on reduction of fuel consumption in the automotive industry, there is 

currently much research being done on aerodynamic reduction. Many automakers are presently doing 

ǿƛƴŘ ǘǳƴƴŜƭ ǿƻǊƪ ƛƴ [ƻŎƪƘŜŜŘΩǎ ƭŀǊƎŜ ǿƛƴŘ ǘǳƴƴŜƭ ƛƴ aŀǊƛŜǘǘŀΣ DŜƻǊƎƛŀΣ ǘƘƻǳƎƘ ŀ ŎƻǳǇƭŜ ƘŀǾŜ ǘƘŜƛǊ ƻǿƴ 

tunnels. Closed circuit tunnels are more prevalent than open circuit. Open circuit tunnels are simpler, 

and thus cheaper to build. The problem with them is that due to large size, the inlet must usually be 

outside the building which encloses the test section. This means that the air being drawn into the tunnel 

is subject to weather: wind gusts, rain, insects, dust, temperature, humidity. It is also easy to picture 

that open circuit tunnels require more power than closed circuit. Closed circuit tunnels get to capture 

and recycle some of the kinetic energy of the air, while open circuit tunnels just dump the moving air 

into the surrounding atmosphere. The additional power required, typically 10-15%, for an open circuit 

usually does not justify the cost and space required to build the rest of a closed circuit. It is control of 

the quality of the air going through the test section that throws the decision in favor of a closed circuit. 

1.3.13.3 Measurement of Airflow Pressure 

The term pressure without a descriptive adjective is nearly useless in aerodynamic work. 

Consider the equation expressing conservation of energy of energy in incompressible flow without 

ǘǊŀƴǎŦŜǊ ƻŦ ƘŜŀǘ ƻǊ ŜȄǘŜǊƴŀƭ ǿƻǊƪ ƛƴ ƻǊ ƻǳǘ ƻŦ ǘƘŜ ŦƭƻǿƛƴƎ ŀƛǊΦ ²Ŝ ǊŜŦŜǊ ǘƻ ƛǘ ŀǎ .ŜǊƴƻǳƭƭƛΩǎ ŜǉǳŀǘƛƻƴΥ 

ὴ  ὴ  
ρ

ς
”ὠ  ὴ  Ὣ 

Total pressure = Static Pressure + dynamic pressure 

It is clear that for this expression to make sense, we must make a habit of distinguishing 

between various types of pressures. We also need to distinguish between these free stream properties 
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and surface pressure on any model we might be testing. Different instruments are used these types of 

pressures, and particular care must be given when choosing the proper one. 

1.3.13.4 Static pressure 

{ǘŀǘƛŎ ǇǊŜǎǎǳǊŜ ƛǎ ŀƴŀƭƻƎƻǳǎ ǘƻ ǇƻǘŜƴǘƛŀƭ ŜƴŜǊƎȅ ǿƘŜƴ ǿŜ ƭƻƻƪ ŀǘ .ŜǊƴƻǳƭƭƛΩǎ Ŝǉǳŀǘƛƻƴ ŀǎ ŀƴ 

energy conservation equation. Dynamic pressure is analogous to kinetic energy. 

ρ

ς
”ὠ  

ρ

ς

άὥίί

ὺέὰόάὩ
ὠ  

ὯὭὲὩὸὭὧ ὩὲὩὶὫώ

ὠέὰόάὩ
 

So, to measure static pressure accurately, we must be careful to prevent any accidental 

inclusion of the part of the dynamic pressure. We do this by making sure that the static pressure hole is 

in a surface parallel to the velocity direction. This can be easily accomplished in wind tunnel by simply 

drilling a hole in the wall of the tunnel. The air has no choice but to flow parallel to the wall. The second 

consideration is that the local velocity at the pressure measurement location must be the same as the 

free stream velocity. Once again, this is fairly easy to determine in a wind tunnel. As long as no rapid 

changes in wall shape occur near the static pressure hole, the local velocity will be the same as the free 

stream (outside the wall boundary layer, of course). And, the static pressure at the wall is the same as at 

any point in that cross-sectional plane. 

Use of a probe for measuring static pressure is not quite so easy. A simple static pressure probe 

could be made by drilling a hole in the side of a tube with the leading edge plugged.  The same two 

problems mentioned above must be dealt with, though. If the probe is not perfectly aligned with the 

flow, the static pressure reading will be in error. It will be high if the hole is on the upwind side and low 

on the downwind side. The problem is corrected fairly well by using eight holes equally spaced around 

the circumference of the probe body. These all feed into a common manifold, which almost cancels out 

the misalignment errors on the opposite sides. A typical pitot-static probe is shown below. 

 

Figure 36 - Pitot Static Probe 

The second problem is that of insuring that the local velocity is equal to the free stream velocity. 

The fore-and-aft position of the static holes takes care of this requirement. The local velocity is high, and 
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static pressure low, near the tip of the probe due to crowding together of the streamlines as they flow 

past the tip. The static holes are a safe distance downstream of the tip to avoid locally high velocity. 

However, the holes cannot be too close to the stem because the local stagnation of air against the stem 

reduces local velocity and raises static pressure. Probes are commercially available in many diameters, 

with ρψ inch being the most common. 

1.3.13.5 Total pressure 

Total pressure is more easily measured. Almost any opening located at a stagnation point will 

work, as long as the probe is aligned correctly. The most common Pitot tube is simply a tube cut off flat 

on the end and pointed into the oncoming flow. This simple tube is accurate for misalignments up to 

about 10°. 

1.3.13.6 Proximity to walls or model surfaces 

Care must be taken in not allowing a probe to get close enough to a wall to change the 

streamlines around the probe. Crowding of streamlines raises the local velocity between the probe and 

the wall, affecting both the total and static pressure readings. Total pressure readings are less sensitive 

than static. The probe can be nearly touching a surface (ὼὈϳ  Ȣχυ) before 1% error occurs in the total 

pressure. Static pressure is much more sensitive and 5 diameters seems like a minimum safe distance 

producing about 1% error. 

1.3.13.7 Pressure rakes 

Measurement of a distribution of pressures across a section of flowing air can be accomplished 

by moving a single probe in steps across the area, called a probe traverse. It can be done manually, or 

traversing mechanics are available commercially which are driven by electric motors or hand cranks. 

However, in order to make measurements simultaneously at all locations a multiple probe, called a rake, 

is frequently used. Experiments will be performed using a 12-tube rake to measure velocity distribution 

in the tunnel test section, and a 20-tube rake to measure momentum loss in the wake of an airfoil. Most 

rakes are total pressure tubes. Length is not critical, and the tubes simply need to be cut off square on 

the end.  Also, spacing between tubes is not a problem either. Pitot-static, or static, rakes are seldom 

used. As, previously addressed, the squeezing phenomena of the streamlines between individual tubes 

causes significant static pressure errors. If a static rake is used, its accuracy must be checked accurately. 

1.3.13.8 Pressure Measurement Devices 
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We use manometers for most of our pressure measurements because of the fact that 

manometers are primary standards, and because most of the performed experiments require 

measurement of relatively few pressures. It is more typical of industry testing to use electrical sensing 

devices called transducers to measure pressure. These devices can be read and are frequently wired 

directly into analog-to-digital signal converters which in turn send the digital signals directly into the 

data reduction computer. Calibration and maintenance of this equipment is a demanding task.  

1.3.13.9 Flow Visualization 

Flow visualization techniques represent the response of the experimental aerodynamics world 

to the proverbial statement that a picture is worth a thousand words. Few, if any, different methods 

exist which are as helpful in clarifying the nature of the particular airflow pattern. The importance of 

being able to see the moving air cannot be overestimated whether the problem is as simple as 

understanding flow around an airfoil or as complex as finding and eliminating an aircraft vibration 

problem. First-hand observation of flow visualization tests is very instructive, and photographs are an 

incredibly important tool for further studies. A variety of flow visualization techniques exist; Tufts and 

Smoke Flow being the most widely used. 

1.3.13.10 Tufts 

 Tufts are the easiest to use and are probably the most common. They are particularly 

useful in finding regions of separated flow. Tufts can be almost any light and flexible threads or yarns 

that are usually taped to the surface of the model. In very low speed flow, spanwise strips of tape are 

suitable and the tufts must be very flexible so that the drag of the tufts will pull them with enough force 

to make them trail in the local flow direction. Thus, tufts clearly show local flow direction when the 

boundary layer is not separated. For high speed flow, the strips of tape are less likely to blow loose if 

they are aligned chordwise and must be made out of stronger material in order to avoid breakage. 
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Figure 37: Tufts Visualization 

Tufts are usually a contrasting color with the surface for improved visibility. Still photos at a 

relatively slow shutter speed (about 1/50 second) will show clearly defined tufts where attached flow 

has blown the tufts tightly back along the model surface. Separated flow will cause the tufts to wave 

around, and they appear blurred in the photos. Tufts can be further implemented with the use of 

whisker pole which is comprised of one or two tufts on the end of a long pole allowing the tuft to be 

held briefly in whatever position is desired.   

1.3.13.11 Smoke Flow 

Most smoke generators for low flow speed heat up oil until it vaporizes, then inject the vapor 

into the air flow in several parallel streams. If the smoke density is adjusted so that it has no tendency to 

either sink or drift upward, the smoke streams will closely approximate streamlines in the flow pattern.  

 

Figure 38: Smoke Flow 

Photography is again a beneficial addition to this flow visualization method. Thus, the inside of 

the test section must be painted flat black for contrast. 
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1.3.13.12 Airfoil Testing 

The term airfoil data refers to the results of tests on a constant chord model which spans the 

test section from wall to wall. It is synonymous with two-dimensional data and also with the airfoil 

section data. Aerodynamic force coefficients measured in this manner are denoted by lower case 

subscripts.  

1.3.13.13 General Testing Considerations 

 Test sections made especially for airfoil testing are rectangular in cross section, with 

height about 2.5 ς 4 times their width. For high angle of attack tests, the airfoil should have a chord less 

than 40% of the test section height. For low angle of attack data, a chord less than 70% of the height is 

sufficient to avoid unduly large wall interference effects on the measured data. When measuring 

velocity profiles in the wake of an airfoil to determine momentum loss, the most accurate and 

convenient measurement device is a total pressure rake with a static pressure tap in the wall at the 

same cross-sectional plane as the tips of the total pressure probes. Because the static pressure in the 

airfoil wake may not be the same as free stream static pressure right at the trailing edge of the airfoil, 

proper positioning of the total pressure rake of at least 0.7c downstream of the trailing edge to give the 

wake static pressure a chance to equalize to free stream static pressure. 

1.3.13.14 Finite Span Wings 

 Upon specializing an airfoil section data to use on a particular finite span wing shape, 

several key differences must be accounted for: 

¶ The spanwise lift distribution must fall to zero at the tips of the wing. Therefore, 

even though they use exactly the same airfoil shape, a finite span of wing will have a maximum 

lift coefficient only about 90% of that of a twp-dimensional wing. 

¶ A finite wing span, or finite aspect ratio wing has tip vortices and an 

accompanying increase in downwash. The velocity distribution in the tip vortex also causes an 

angle of attack variation across the span. The result is a sharply reduced lift curve slope, 

ὨὅὨ‌ϳ . It can be calculated by 

Ὠὅ

Ὠ‌
 
Ὠὅ

Ὠ‌
 
ὃὙ

ὃὙ ς
 

¶ The shorter chord at the tip of a tapered planform produces a lower Reynolds 

number at the tip compared to at the root, making the tip likely to stall at a lower angle of 
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attack. This results in roll control problems unless the wing is somehow adjusted to correct it ς 

usually twisted about 2 degrees. 

¶ Finite span or 3-dimensional wing data is denoted by using upper case 

subscripts on aerodynamic coefficients ὅ έὶ ὅ . 

1.3.13.15 Force Measurements Using a Balance System  

There are three ways to measure forces on a model in a wind tunnel. Forces on the model can 

be retrieved by using an instrumented model mounting system called a balance as shown in the picture 

below. 

 

Figure 39: Force Balance support 

 

1.3.13.16 Profile Drag by Momentum Loss Measurement 

Aerodynamic forces on an airfoil are accompanied by a change in momentum of the air flowing 

over the model. It is possible to measure the change in momentum of the moving air and calculate the 

force which must have existed to produce the change in momentum. This method works particularly 

well in the case of drag on streamlined bodies like airfoils, as long as no large separation regions exist. 

Separation includes recirculating flow, which brings exchange of angular momentum into the problem. 

/ƻƴǎƛŘŜǊƛƴƎ ƭƛƴŜŀǊ ƳƻƳŜƴǘǳƳ ƻƴƭȅΣ bŜǿǘƻƴΩǎ ǎŜŎƻƴŘ ƭŀǿ ǎǘŀǘŜǎ ǘƘŀǘ ŦƻǊŎŜ Ŝǉǳŀƭǎ ǘƘŜ ǘƛŜ ŘŜǊƛǾŀǘƛǾŜ ƻŦ 

momentum. In the case of streamwise component of the momentum, 
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ὊὕὙὅὉὈὙὃὋ 
Ὠ

Ὠὸ
άὺ  άЎὺ 

Where ά  Ḁ”ὠὨὥ; V is volume and Ўὺ  ὺ   ὺ   

 ὺ ὺ. 

Substituting, Ὀ  Ḁ”ὠὨὥὺ ὺ , yields Ὀ  Ḁ ”ὺὺ ”ὺ .  

Dividing by  ”ὺ Ὓ, allows to think in terms of drag coefficient: ὅ ςḀ  

 

Figure 40: Drag by Momentum Loss 

Substituting the definitions of dynamic pressure, q, ὺ   , ὺ   allows for further 

specialization of the obtained drag equation. Notice that ή is different from ή only within the wake of 

the model. Outside the wake, ή is unaffected by the model and ή is the same as ή. Therefore adopting 

terminology by which ή  ή , and   ή  ή  results in a modified version of the coefficient of drag 

equation: 

ὅ  ᷿ή ή Ὠώ;      where y is the vertical position and c is chord length. 

Thus, if dynamic pressure is measure as a function of vertical position within the airfoil wake, we 

can calculate ὅ  fairly easily.  
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Chapter 2 Project Formulation  and Management  

This chapter covers the division of responsibilities by team member along with the time 

management guidelines set up in order to successfully reach the project main and partial objectives. A 

more detailed explanation of each objective will be carried out in the upcoming sections of this project. 

2.1 Overview 

Within recent times, significant improvements have been brought about by the worldwide 

scientific community in the field of aerodynamics. Particularly, aerodynamic efficiency has been a hot 

topic for quite some time, and the first commercial applications of efficiency-inducing aerodynamic 

components have been steadily appearing on the market. Soaring fuel prices combined with 

technological advances in the field of computational fluid dynamics have obligated aerospace and 

aeronautical engineers to develop and test innovative design methodologies capable of delivering 

aerodynamically-efficient and cost-effective designs. This project has been formulated with the intent of 

exploring the field of aerodynamics, and to develop knowledge and skills necessary to design an 

aerodynamic component capable of improving aerodynamic efficiency. 

Different fields such as the aerospace, aeronautical, and automotive would gladly welcome 

initiatives such as our own, however, in an attempt to link the pursued mechanical engineering 

ōŀŎƘŜƭƻǊΩǎ ŘŜƎǊŜŜ ǘƻ ŀ ǎǇŜŎƛŀƭƛȊŀǘƛƻƴ ƛƴ ŀŜǊƻǎǇŀŎŜ ŜƴƎƛƴŜŜǊƛƴƎΣ ǘƘƛǎ ǇǊƻƧŜŎǘ ŎƻƴŎŜƴǘǊŀǘŜŘ ƻƴ ŀƛǊǇƭŀƴŜ 

applications. The intent being, improve the aerodynamic efficiency of a Boeing 757-200 commercial 

aircraft by the implementation of wing tip devices called Winglets. 

2.2 Project Objectives 

The design and implementation of elliptic winglets to an existing Boeing 757-200 airplane, in an 

attempt to increase the aerodynamic efficiency  
ὅ
ὅ  of the aircraft by 8% with respect to the 

standard configuration without Winglets, and by 2% with respect to the standard configuration with 

Winglets. 

In order to fulfill the above main objective the elliptical winglet optimization procedure will be 

implemented first into a NACA 2412 airfoil with the same planform area as the 757-200 wings and with 

the same average chord length. This partial objective is necessary to be carried out first to save 

computational time in the validation of the optimization algorithm we decided to use. 
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2.3 Design Specifications 

Elliptical Winglets are parameterized according to the Lame equation shown next and the 

parameters shown on next figure. 

ὼ ὼ

ὥ

ώ ώ

ὦ
ρ 

 

Where a, is the winglet total addition to the wing span and b is the total height of the winglet. The 

exponent n will define de radio of curvature of the winglet.  

A total of 5 variables or parameters are necessary to define and design an elliptical winglet. The 

other 2 parameters are the tilt back angle (ɓ) of the winglet and the chord length of the winglet tip airfoil 

(cw). All of these parameters are being shown in the next figure for better understanding. 

 

 

Figure 41: Elliptic winglet Design parameters. 

 

Multi-objective optimization is performed on 100 randomized-parameter configurations within 

prescribed limits (see optimization results). CFD is performed and compared to wind tunnel testing on 

the 3 optimal Winglet configurations.  
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2.4 Constraints and Other Specifications  

 
Aircraft is undergoing approach/takeoff phases of flight. Free stream velocity Mach 0.3 at 8 

degrees angle of attack at an altitude of 6000ft. (air properties are based on altitude). Payload is *****  

 

Table 2.1: Project cost analysis 

Part 
No. 

Part Quantity 
(Ea.) 

Application Totat Price $ 

1 Winglet Camber In 2 NACA 2412 Wing 18''/12'' 23.3 

2 Winglet Camber Out 2 NACA 2412 Wing 18''/12'' 23.3 

3 Winglet Symmetrical Airfoil 2 NACA 2412 Wing 18''/12'' 23.3 

4 NACA 2412 Wing 18'' 1 Wind Tunnel 140 

5 NACA 2412 Wing 12'' 1 Smoke Tunnel 70 

6 Original Boeing 757 Winglet 1 Boeing 757 Wing 19'' 23.3 

7 Optimal Boeing 757 Winglet 1 Boeing 757 Wing 19'' 23.3 

8 Optimal Winglet #1 2 NACA 2412 Wing 18''/12'' 23.3 

9 Optimal Winglet #2 2 NACA 2412 Wing 18''/12'' 23.3 

10 Optimal Winglet #5 2 NACA 2412 Wing 18''/12'' 23.3 

11 Boeing 757 Wing 1 Wind Tunnel 218.36 

12 West System Marine Epoxy 2 qt. Manufacturing 81.29 

13 Slow Hardener 1 pt. Manufacturing 42.77 

14 Embry-Riddle Wind Tunnel Testing  5hrs. Testing 875 

   Total= 1613.82 
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Chapter 3 Design Parameters  

The elliptical winglet approach we will take in order to create the optimal winglet configuration 

for the Boeing 757-200 aircraft will be based in the Lame equation presented in chapter 

3.1 Overview of Conceptual Designs Developed 

As mentioned earlier, the purpose of winglets is to minimize wingtip vortices that cause induced 

drag. The best method for reducing these vortices is attaching endplates at the wingtip, so as to 

dissipate the flow of high to low pressure. After knowing this, a preliminary study must be done to 

determine which basic configuration of endplates will provide the best CL/CD ratio. Based on an 

extensive literature review, three main parameters for the design of a winglet were determined. These 

three parameters were: the transition from the wing-tip to the winglet, whether the winglet goes 

straight up or down and finally the camber of the airfoil of the winglet.  

Each of these key parameters has several alternatives and to determine the best configuration 

of all three parameters, CFD cases have to be setup and analyzed to determine the best combination. 

The alternatives for the transition of the winglet were whether it will be a blended, ellipitical or wing-tip 

fence.  The second design parameter is to determine whether the best performing winglet is one that 

points up or down. Finally, the last parameter also has two alternatives. The alternatives are whether 

the camber in the airfoil of the winglet point towards the fuselage, camber is in, or away from the 

fuselage, camber is out. 

3.2 Design Parameter 1 

For the design of the optimal winglet, three different existing winglets were analyzed and rated 

to see which one is the best all-around design so that it could be improved upon. The winglets that to be 

considered were, wing-tip fence, blended and blended elliptical winglets. 

 

         Figure 42: Blended, Elliptical and Wing-Tip Fence Winglets            
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Table 3.1 is a chart comparing all the winglets to the standards we chose as the most vital for a 

desired winglet, they are payload contribution, de-strengthening of vortices, positive traction 

component, wing flutter, retrofitting capabilities, manufacturing, housing capabilities. These were the 

characteristics to look for in a desirable winglet and the scale for the comparison ranges from -5 to 5. 

 

Table 3.1: Winglet Comparison 

 

 

In this comparison, the most efficient and desirable winglet is a blended elliptical winglet. While 

it causes some wing flutter, it is the winglet that most contributes to adding a positive traction 

component, and de-strengthens wingtip vortices in turn reducing induced drag.  

3.3 Design Parameter 2 

The second design parameter is whether t the winglets will be vertically up and vertically down. 

Modern planes all have winglets that are vertically pointed up, but it is advantageous to know how 

winglets that are vertically down will perform, this test is performed to better understand the concept of 

induced drag and how winglets destroy these vortices.  

The setup for analysis consists of three cases: a simple sweptback wing, no winglets, the same 

wing with vertical upward winglets and lastly the same wing with vertical downwards winglets. To avoid 

bias of any kind, both winglets constructed for these cases have the same airfoil and no transition from 

wing-tip to winglets. So they can be thought of as end-plates attached to each wing-tip. This is done to 
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just focus on the fact of which end-plate is more effective; a vertical plate that goes above or beneath 

the wing and if so which is the most effective.  

These three cases all have the same initial conditions. Since wingtip vortices are more prevalent 

at take-off conditions for low speed and high lift conditions, the wings will be run at a Mach number of 

0.3 and at 6,000 ft. The pressure and temperature of air at this height is 81.22 kpa and 276.26 K 

respectively.  Speed was calculated to be 99.96 m/s for a commercial airplane at this height.  

3.3.1.1.1 Analysis of a Simple Swept-Back Wing 

A simple swept-back wing refers to the fact that this wing has no attachments like winglets, 

leading or trailing edge devise and no flaps. It is just a plain wing with a varying chord length along the 

span.  

Table 3.2: Parameters for Winglets Up/Down 

Parameter  Value 

Mach Number (M) 0.3 

Angle of Attack (h ) 5.0 

Pressure  (p) 81.22 KPa 

Height (h) 1830 m (6000 ft) 

Temperature (T) 276.26 K 

Density of Air (́ ) 1.2798 kg/m3 

Kinematic Viscosity (˄) 0 m2/s 

Free Stream Velocity (U) 99.96 m/s 

Planform Area (Aref) 151.9 m2 

Mean Aerodynamic Chord (Lref) 5.367 m 

Wing Span  28.3 m 

Center of Rotation (Center of Pressure) (5.14, 2.856, 14.336) 

Lift Direction (Vector Value) (0, 1, 0) 

Drag Direction (Vector Value) (1, 0, 0) 

Pitch Axis (Vector Value) (0, 0, 1) 

# of Nodes on Cluster 10 
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Table 2 shows all the parameters that were input into OpenFOAM so it can solve for coefficients 

of lift, drag and moment. These parameters were kept constant for all three cases of simple wing, 

winglets up and winglets down. 

      

Table 3.3: Domain for Winglets Up/Down 

Axis Minimum Maximum 

X -20 60 

Y -24 30 

Z -26 55 

 

Table 3 contains the values of the domain box that was constructed for the simple swept-back 

wing. Since winglets up and down were constructed at the wing-tip of this same wing, the domain box 

was kept constant for all three cases. 

Figure 9 shows the domain box for the case of a simple sweptback wing. This will be the control 

case to compare with the experimental cases, winglets up and down. If the lift over drag ratio improves 

with the winglets attached at the wing-tip then it is proves that these do indeed serve a purpose. Once it 

is determined that winglets improve the flight characteristics of a plane the best configuration of a 

winglet will be determined.  

 

Figure 43: Isometric View of Domain of Simple Sweptback Wing 

 

Using rhoCentralFoam, the compressible flow solver for OpenFOAM, this case ran until 

convergence, this can be proved by plotting the residuals from the solver with respect to time. Residuals 
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are simply the error from a result and when the residuals become higher in order, this means that the 

solution is no longer in a transient state and has reached steady-state. As shown in figure 10, the 

residuals have reached an order greater than 10 and the plots of both Uz and Uy have plateaued.  

 

 

Figure 44: Residuals vs. Time for Plain Swept-Back Wing 

 
Figure 45 shows the Trefftz plane of the pressure field ten meters behind the wing. A Trefftz 

plane is a plane that is downstream of an aircraft and is perpendicular to the wake. Observing figure 11, 

the wing-tip vortices are clearly shown in the Trefftz plane. 

 

 

Figure 45: Isometric View of Trefftz Plane Behind the Wing 
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Table 3.4: Forces for Simple Swept-Back Wing 

Force Functions Value 

Coefficient of Lift (CL) 0.382751 

Coefficient of Drag (CD) 0.0597286 

Lift/Drag ratio (CL/CD) 6.41 

Coefficient of Moment (CM) -0.0329124 

 

 

Figure 46: Streamlines for Plain Swept-Back Wing 

 

Streamlines were applied to each wingtip to study the vortices at these locations. Observing 

Figure 46 the streamlines are shown as round concentric circles. This figure is important because when 

winglets are attached to each wing-tip the change in the streamlines will quickly become apparent.  

3.3.1.1.2 Analysis of a Wing with Winglets that are Vertically Downwards 

Now that the control case has been solved those results can be used to compare with the 

experimental cases, winglets up and down. If the lift/drag ratio increases, which it should, then we have 

proven the fact that winglets decrease wing-tip vortices, makes an aircraft more aerodynamic which can 

be translated directly to fuel savings. When designing optimal winglets, every possibility has to be 

explored to determine the best winglet configuration, which is why a wing-tip down assembly was 

constructed.  

Figure 47, shows an isometric view of the Trefftz plane of the pressure field that is 10 meters 

behind the wing. Comparing Figure 45 and Figure 47, already a reduction in wing-tip vortices is 

apparent; this will obviously translate to a stronger lift/drag ratio for this wing. 
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Figure 47: Isometric View of Trefftz Plane with Winglets Down 

 

Table 3.5: Forces for Winglets Down 

Force Functions Value 

Coefficient of Lift (CL) 0.30548 

Coefficient of Drag (CD) 0.0429454 

Lift/Drag ratio (CL/CD) 7.11 

Coefficient of Moment (CM) -0.020751 
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Figure 48: Residuals vs. Time for Winglets Down 

 

Figure 48, illustrates the fact that the solution for winglets down has converged due to the fact 

that the residuals have plateaued and have reached a high order.  

 

 

Figure 49: Streamlines at Wing-Tip with Winglets Down 
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Figure 49 shows the streamlines at each wing-tip. Comparing Figure 46 and Figure 47 it is 

apparent to see how winglets affect wing-tip vortices. Instead of the nice concentric circles that were 

prevalent in the simple wing, now with winglets attached a more elliptical streamline is noticeable. The 

streamlines are now stretched toward the tip of the winglets; since the flow from high-low pressure now 

has to travel a further distance, this means that vortex will now be somewhat more dissipated.  

 This visual representation is backed by the values of the coefficients of drag, lift and moment. 

Now that these vortices have been weakened by the endplates, the ratio of lift/drag is considerably 

stronger and even the coefficient of moment is more desirable. With a coefficient of moment closer to 

zero, the aircraft will be more stable, giving the commercial aircraft more stability.  

3.3.1.1.3 Analysis of a Wing with Winglets that are vertically Upwards 

Now a winglets up configuration will be compared to previous results to determine whether a 

winglet that is vertically up is more aerodynamic and more stable than winglets that are down. It was 

previously shown that winglets that are pointed down decrease drag and increase lift on a wing. So one 

can hypothesize that winglets up winglets up will provide the best ratio of the three; since winglets up is 

currently the configuration used on all modern planes. 

 

 

Figure 50: Isometric View of Trefftz Plane for Winglets Up 

 

Figure 50 shows a Trefftz plane of the pressure field 10 meters behind the wing. Like Figure 47, a 

reduction in vortices at the wing-tip is clear to see. However, now it is also easy to see that an area of 

high pressure goes up and around the winglet. This effect of the high pressure going up all the way to 
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the wing-tip of the winglet creates even more stability for the commercial aircraft. In the previous case 

ƻŦ ǿƛƴƎƭŜǘǎ ŘƻǿƴΣ ǘƘŜ ŀǊŜŀ ƻŦ ƘƛƎƘ ǇǊŜǎǎǳǊŜ ǿŀǎƴΩǘ ŀōƭŜ ǘƻ ƎŜǘ around the winglet, thus not providing 

the stability as shown here. Since the winglet is pointing down, the high pressure generated by lift is 

unable to go around the winglet and push against the outside of the winglet. Before regarding any 

numbers or values, one can hypothesize that winglets up will yield the best lift/drag ratio and provide 

the most stability. 

 

Table 3.6: Forces for Winglets Up 

Force Functions Value 

Coefficient of Drag (CD) 0.0633643 

Coefficient of Lift (CL) 0.461229 

Lift/Drag ratio (CL/CD) 7.28 

Coefficient of Moment (CM) -0.0156387 

 

   

Figure 51: Residuals vs. Time for Winglets Up 
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Figure 52: Streamlines for Winglets Up 

 

Figure 52 proves that the solution has converged; therefore the forces in Table 3.6 can be used 

for comparison against the other cases. As predicted, winglets up was a clear winner, it provided the 

best lift to drag ratio and the most stability. The coefficient of moment is very close to zero, because of 

the analysis that was discussed previously. Also winglets up increase the lift and decrease drag more 

efficiently than both winglets down and the plain wing. Comparing Figure 49 and Figure 52 various 

similarities are apparent. For one, both streamlines are elliptical in nature and in both the streamlines 

tend to go towards the wing-tip of the winglet, instead of concentric circles that is evident from Figure 

46. Figure 52, also better illustrates the area of high pressure that covers the outside of the winglet, 

leading to a more stable winglet. This fact is proven by the coefficient of moment which is close to 0. 

Due to all these factors, the curtain effect prevalent very downstream of the aircraft will be significantly 

reduced.  

In conclusion, between the alternatives of no winglets, winglets up or winglets down; the 

obvious winner is a winglet vertically up. 

3.4 Design Alternate 3 

The next key parameter in the design of a winglet is whether the camber in the airfoil will be 

pointed in, towards the fuselage, or the camber will point outwards, away from the fuselage. As 

discussed in the literature review, a symmetrical airfoil provides no lift at a zero degree angle of attack, 

therefore commercial aircraft have cambered airfoils that will provide extra lift and therefore create an 
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area of higher pressure at the bottom of the wing. Since lift creates wing-tip vortices and drag is a 

function of lift, it makes sense to say that winglets destroy these vortices by creating negative lift. This 

negative lift is obviously going to be a function of where the camber in the airfoil is. So now a study will 

be conducted on various winglets to determine the placement of the camber in an airfoil of a winglet. 

The coefficients of moment, lift and drag will be analyzed to determine the best winglet. Now that it is 

known that winglets up are the best performing, all the analyses from now on will be done on winglets 

that are vertically up.  

3.4.1.1.1 Analysis of a Simple Rectangular Wing 

This case will be used as the control to compare these results with those of the experimental 

cases, camber in/out. In all experiments a datum is needed to give the results obtained a point of 

reference. This rectangular wing has no change in chord length along the span.  

 

 

 

 

Table 3.7: Parameters for Winglets Camber In/Out 

Parameter  Value 

Mach Number (M) 0.3 

Angle of Attack (h ) 8.0ɕ 

Pressure  (p) 81.22 KPa 

Height (h) 1830 m (6000 ft) 

Temperature (T) 276.26 K 

Density of Air (́ ) 1.2798 kg/m3 

Kinematic Viscosity (˄) 0 m2/s 

Free Stream Velocity (U) 99.96 m/s 

Planform Area (Aref) 181.38 m2 

Mean Aerodynamic Chord (Lref) 5.34 m 

Wing Span  34.2 m 

Center of Rotation (Center of Pressure) (2.23, -0.23, 0) 

Lift Direction (Vector Value) (0, 1, 0) 
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Drag Direction (Vector Value) (1, 0, 0) 

Pitch Axis (Vector Value) (0, 0, 1) 

# of Nodes on Cluster 10 

 

Table 3.7 gives the values that were input into OpenFOAM to solve for the coefficients of lift, 

drag and moment. The conditions here are the same as in the previous cases except that now the wing 

is given an 8ɕ angle of attack. The airfoil used for the wing and winglet is a NACA 2412, and using a 

higher angle of attack will generate more lift thus producing more induced drag. So if more wing-tip 

vortices are present it will be clearer when looking at the solution which winglet is more effective and is 

dissipating vortices at the wing-tips.  

 

Table 3.8: Domain Box for Winglets Camber In/Out 

Axis Minimum Maximum 

X -20 60 

Y -24 30 

Z -26 55 

 

Table 3.8 gives the dimensions that were used to construct the domain box for the next three 

cases. The same domain box was used because the wing was used in all three cases, only the winglet 

varied for each case. 
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Figure 53: Plain Wing NACA 2412 Trefftz Plane 

 

Figure 53 is a Trefftz plane of the pressure field 10 meters behind the wing. Even though the 

wing here varies from the winglets up/down study, Figure 45, there are various similarities in the 

solution. To begin with, when there is no winglet attached at the end of the wing, wing-tip vortices are 

very much present and visible and is contributing to the drag. Also, when applying streamlines at the 

wing-tip, the vortices can be seen as round concentric circles, there is nothing to dissipate these 

vortices; therefore drag will be high, especially at a high angle of attack.  

 

Table 3.9: Forces of Simple Rectangular Wing 

Force Functions Value 

Coefficient of Drag (CD) 0.114784 

Coefficient of Lift (CL) 0.622182  

Lift/Drag ratio (CL/CD) 5.42 

Coefficient of Moment (CM) -0.0329155 

 

 

Table 3.9 gives the coefficients of lift, drag and moment. These values will be used to compare 

to the experimental cases of winglets camber in/out. Figure 54 shows a plot of the residuals of Uy and Uz 

vs.  time, the fact that the solution has converged gives validity to the results obtained.  
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Figure 54: Residuals vs. Time for Plain Rectangular Wing 

 

3.4.1.1.2 Analysis of Winglets with Camber Pointing Inwards 

 

The best way to visualize a winglet with the camber pointing in is to imagine that the ends of a 

cambered wing are simply lifted up vertically to form a winglet. Camber out is the opposite of this, from 

the wing-tip to the top of the winglet, the airfoil of the wing is reversed. The transition for both of these 

winglets is elliptically blended. Figure 55 is magnified and is a top view of the winglet to better visualize 

this. As can be seen, the winglet is basically a continuation of the wing, just turned up vertically. 
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Figure 55: Top View of a Cambered In Winglet 

 

 

Figure 56: Front View of Trefftz Plane for Camber In 
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Figure 57: Residuals vs. Time for Winglet Camber In 

 

Table 3.10: Forces for Winglet Camber In 

Force Functions Value 

Coefficient of Drag (CD) 0.106857 

Coefficient of Lift (CL) 0.69013  

Lift/Drag ratio (CL/CD) 6.46 

Coefficient of Moment (CM) -0.0610928 

 

Figure 56 shows the Trefftz plane of the pressure field 10 meters behind the wing. As shown in the figure the wing-tip 

vortices have been significantly reduced. Comparing  

Table 3.9 and  

Table 3.10 it shows that indeed this observation is true because there is a decrease in drag. The 

increase in lift can be attributed to the positive traction component of the winglet, the elliptical 

translation of this winglet is what provides this effect.  Surrounding the winglet, an area of high pressure 

is clearly seen. This area of high pressure extends all the way to the tip of the winglet and provides 

stability to the wing; this is exactly what is needed for a commercial airplane. One can tell that the 

coefficient of drag has decreased in this case study just by looking at the streamlines in Figure 56. This 

figure shows how the streamlines have transformed and have become more elliptical in nature. This 

elliptical shape extending towards the tip of winglet is what dissipates the energy from the wing-tip 



P a g e | 67 

 

Aerodynamic Shape Design Optimization of Winglets ϊ FIU ϊ College of Engineering 
 

vortex, thus leading to a decrease in drag. As illustrated in Figure 53, without any end-plates flow is free 

to travel from high to low pressure and creating tremendous drag. With end plates flow is forced to 

travel up and around the winglet, thus weakening the flow considerably and lowering drag. 

3.4.1.1.3 Analysis of a Winglet with  Camber Pointing Outwards 

 

Figure 58 helps visualize what camber out what really means. As stated before it is the opposite 

of camber in and because the cambered part of the airfoil points away from the fuselage.  

 

Figure 58: Top View of a Winglet with Camber Out 

 

 














































































































































