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[bookmark: _Toc258178064]Abstract

The problem being addressed here is design, analysis, multi-objective constrained optimization, construction and experimental validation of multi-winglets.  The main purpose of this report is to formulate an optimization procedure for a design that reduces computational cost while producing an optimum design. The optimization is carried out using a Response Surface Approximation with eight design parameters and four objective functions, coupled with genetic algorithm. The four objectives are maximization of coefficients of lift and lift-to-drag ratio while minimizing coefficient of drag and absolute value of coefficient of moment. The optimum winglet was tested at the Embry-Riddle’s subsonic wind tunnel to compare experimental and computational results. The objective of this report includes design and optimizing a multi-winglet configuration capable of increase the lift-to-drag ratio by 2% with respect to the currently implemented blended winglets used.










 

[bookmark: _Toc258178065]Chapter 1: Introduction

[bookmark: _Toc244521753][bookmark: _Toc258178066]1.1 Problem statement

Due to the constant increase in fuel costs, improvement in aircraft efficiency is necessary to maintain profitable and a stable aviation industry. The improvements via the addition of winglets and winglet configurations have been implemented to various degrees of successes. A further optimization of a new breed of winglets configurations can further increase the efficiency of the aircraft.
The purpose of this project is to further optimize an existing design of winglets, with slight, cost effective modifications. The specific sets of winglets being optimized are the Split-Scimitar Winglets. To see the benefits of modification, a prototype Boeing 7E7 wing will be studied. This commercial aircraft will be considered at normal cruising speed of Mach .25, an altitude of 3,000, and angle of attack of 11 degrees since the effects of winglets are most apparently at these conditions. The goal of this project is to increase the efficiency from the blended winglets by 2%, by implementing Split-Scimitar winglets which can lead to $200 million of saving in jet fuel costs per year.
[bookmark: _Toc244521754]


[bookmark: _Toc258178067]1.2 Motivation

Due to the nature of pressure distributions and pressure leakages that occur when an airstream is confronted with a solid mass, in this case a wing, several challenges arise that need to be addressed. The predominant obstacle is maintaining a workable lift to drag ratio. The second challenge being to maintain the least turbulent conditions or minimizing the separation of laminar layers in the airstream around the airfoil.  Due to the nature of continuity, the pressure gradient will try to diverge to zero as soon as it can. This can be seen when compressed air is diffused from a compressed air tank how higher pressure gas rushes to the atmospheric pressure conditions with a high velocity. This being the case the consequential induced drag can inhibit forward thrust and minimize the range of flight. This situation creates a need for additional power to be generated by the engines in order to maintain proper flight conditions. This translates into more fuel consumption, which is a primary constraint in the aerospace industry, where fuel as a commodity has a fluctuating price tag, which has a trend of getting higher rather than lower. This market conditions directly transcends into consumers paying more for flight expenses and the delivery of goods.
More fuel consumed leads to greater emissions of noxious gasses such as carbon monoxide and nitrogen oxide, which creates a greater carbon footprint and pollutes the environment. As engineers we seek alternative more efficient methods daily. Sustainability practices and conserving of our environment has become one of our leading concerns. Therefore we are addressing this issue as well.
Another condition that has challenged modern air travel is the effect larger aircraft have on smaller craft during takeoff and landing in congested busy airports. Trailing vortices that are induced at the wings edges due to the divergence of the pressure gradient to equilibrium (namely zero) have veered other aircraft off course and worse have caused them to become unstable in flight. This condition creates the need to schedule gaps in aircraft landing and taking off. This additional constraint minimizes the traffic volume in a given airstrip or airport, incurring to higher costs to air carriers since they cannot turn their craft around as fast. It also can affect military jets especially on aircraft carrier battle groups. Since multiple launches of fighters may be necessary in a combat situation. And the time restriction of launchings translates into smaller squadrons supplying air cover. 
From an environmental standpoint, noise pollution especially from commercial airliners with two to four powerful engines can be a nuisance and a cause for higher penalties to airports from their local municipalities can become an additional financial burden on the costs associated with air travel.
In this project a prototype Boeing 7E7 wing will be optimized with various winglet configurations and with slight, cost effective modifications to the existing design. The goal being that with the addition of these winglet configurations, a greater amount of efficiency namely increased range, a reduction of fuel consumption and safer and steadier flying conditions will be realized. This will benefit the consumer and the environment in tandem. 

[bookmark: _Toc258178068]1.3 Literature Review

	Over decades, with so many computational codes and software, such as ANSYS Fluent, Nastran and OpenFOAM, it has become less difficult to predict aerodynamic properties of shapes. However, for efficient analysis in Computational Fluid Dynamics (CFD), one must have a firm understanding of the underlying concepts and theories involved in Fluid Mechanics. It is on this foundation, that we will construct our models and designs.

[bookmark: _Toc258178069]1.3.1 Theories of Lift and Drag

	The lift on any aircraft is primarily generated by a two-dimensional cross section known as the airfoil, shown in Figure 1. Figure also shows the different parameters that can be defined to create specific airfoil geometry. The airflow accelerates over the upper surface leading to lower pressures over the upper surface. The pressure difference between the lower surface and the upper surface of the wing results in a force perpendicular to the direction of the free stream velocity.
[image: ]
[bookmark: _Toc258154353]Figure 1: Airfoil Parameters 

[bookmark: _Toc258178070]1.3.2 The Kutta-Joukouski Condition

	The Kutta-Joukouski Theorem, first developed its key ideas in the early 20th Century, finds a relationship between the lift generated by a shape, and the speed of the shape through the fluid, the density of the fluid, and the circulation.  The circulation is defined as a closed loop integral of the velocity tangent to the around the airfoil shape. The theorem states the Lifting Force (L) per unit span is equal to the product of free stream density (), velocity (𝑉) and circulation (), as shown in equation (1).



58

						  
(1)
	It has been shown, that when an airfoil with a sharp trailing edge is moving through a fluid, the viscosity of the fluid causes the flow over the upper and lower surface of the wing to merge smoothly at the trailing edge. This establishes the Kutta-Joukouski condition, summarized as: A body moving through a fluid, will create about itself circulation of sufficient strength to move and hold the rear stagnation point at the trailing edge for a finite angle to make the flow about the trailing edge smooth. For a body with a blunt trailing edge, where the upper and the lower surfaces meet tangentially, equal velocities in the tangential direction on both sides are needed to establish a smooth flow.
	As mentioned before, fluid’s viscosity moves the stagnation points towards the trailing edge. Hence body moving through an invsicid fluid, fluid in which the viscosity is zero, does not create any circulation about itself. This causes the rear stagnation point to occur over the upper surface of the body. The stagnation point position for both inviscid and viscous flow is demonstrated in Figure 2 and Figure 3.
[image: ]
[bookmark: _Toc258154354]Figure 2: Kutta-Joukouski Condition, Inviscid Flow 

[image: ]
[bookmark: _Toc258154355]Figure  3: Kutta-Joukouski Condition, Viscous Flow 



[bookmark: _Toc258178071]1.3.3 Helmholtz Laws

	In Fluid mechanics, Helmholtz’s Law, is used to describe the three-dimensional motion of fluid in proximity of vortex filaments. This theory, in particular is applicable to inviscid flows and where viscous forces are negligible.  The Helmholtz’s Theorem are as follows [19]:
· Helmholtz’s First Theorem
· The strength of the vortex filament along its path is not changing
· Helmholtz’s Second Theorem
· Fluid particle, part of a vortex line, always belongs to the same line and therefore have the same vorticity. It also states fluid that is initially non-rotational remain irrotational
· Helmholtz’s Third Theorem
· The vortex filament must form a closed loop or must end at the boundaries. 
Based on Helmholtz’s Second Theorem, the total circulation around a body must remain constant. Since the initial total circulation around a body at rest in a fluid is zero, it must remain zero once the object is in motion. To satisfy both the Helmholtz’s Third Theorem and the Kutta-Joukouski condition, the formation of “starting vortices” , shown in Figure 4,are required. 

[image: ]
[bookmark: _Toc258154356]Figure 4: Starting Vortices 
	The starting vortices create circulation equal and opposite to that around the airfoil. The induced flow due to the vorticity of the airfoil and the starting vortices is needed to obtain a smooth flow at the trailing edge. It can also be seen from Figure 4, the increase in speed of the fluid at the leading edge. This increase in velocity results in a decrease in pressure over the upper surface of the airfoil, which in turn leads to a “leading edge suction” phenomenon. This basic principle of having a pressure difference between the upper and the lower surface leads to the creation of lift.
	This pressure difference is present over the entire chord length of the airfoil. Figure 5 shows a typical pressure distribution over an airfoil surface. The arrows show pressure vectors. As it can be seen, an airfoil produces a force perpendicular to the chord line, known as lift, and parallel to the chord line, known as drag. 
[image: ]
[bookmark: _Toc258154357]Figure  5: Pressure Distribution Over an Airfoil 
In a perfect fluid, inviscid fluid, the total lifting force can be represented as 

, 
(2)
The drag force can be represented as,

, 
(3)
 where 𝛼 is known as the angle of attack.
The entire pressure distribution can be integrated over the entire chord length to obtain total forces acting on the airfoil. In viscous fluid, the pressure distribution is altered due to the generation of viscous drag.

[bookmark: _Toc258178072]1.3.4 Stall Characteristics of Airfoils

	It can be seen from the equations for lift and drag, that the forces are dependent on the angle of attack. As the angle of attack increase, so does the lifting force. This relationship remains true until the stall angle is reached. An airfoil in post stall conditions experiences violent flow separation, leading to very high drag forces and a sudden loss in the lifting force. The flow separation is due to the adverse pressure gradient, leading to reversal of velocity profile in the boundary layer and therefore leading to boundary layer separation. At large angles of attack, the Kutta-Joukouski condition no longer holds, thus leading to the formation of large vortices, as shown in Figure 6. 
[image: ]
[bookmark: _Toc258154358]Figure  6: Flow Separation and Vortex Formation for Post Stall Condition


[bookmark: _Toc258178073]1.3.5 The Finite Wing Theory

A computational model must closely resemble the realistic geometry under investigation. Any wing in three dimension has a finite wingspan, and therefore a separate theory must be developed for explaining the three dimensional phenomenon. The Airfoil-Vortex analogy helps forms the platform for understanding and calculating properties of finite wings.

[bookmark: _Toc258178074]1.3.6 Flow Field Around Finite Wings

The flow field around a finite wing is much different than the flow field around a wing with an infinite wingspan, i.e. an airfoil. A combination of both Helmholtz’s Second Theorem and the Kutta-Joukouski can be used to explain a unique phenomenon for a finite wing. 
Consider a wingspan b, in a uniform free stream flow of velocity 𝑉 and constant circulation ; as stated by the Kutta-Joukouski condition, the force felt by the vortex is equal to 𝑉 and is perpendicular to V. Helmholtz’s Second Theorem does not allow the bound vortex to end at the wingtips; it requires it to form a complete circuit or extend to infinity. 
[image: ]
[bookmark: _Toc258154359]Figure  7: Vortex Configuration 
In Figure 7, side AB represents the leading edge, CD represents the trailing edge, and AC and BD are the wingtips. As the wing moves through the fluid it forms starting vortices about AB and CD of equal magnitude but opposite circulation. The trailing tip vortices at the wingtips of magnitude  about BD and AC satisfy all of Helmholtz’s Theorems. 
It is also stated, that the velocity that is induced by a given vortex decreases as you move away from the vortex. The starting vortices usually reside, with time, from the wing position and soon become negligible compared to those induced by the portions of trailing tip vortices near the wingtips. A head on view of Figure 8 can help visualize the formation of trailing tip vortices. These wingtip vortices increase induced drag on a wing. 
[image: ]
[bookmark: _Toc258154360]Figure  8: Superposition of Horseshoe Vortex in Steady Flow 


[bookmark: _Toc244521755][bookmark: _Toc258178075]1.4 Methods of Induced Drag Reduction and Retardation of Vortex Formation

	As mentioned before, vortices are formed when the high pressure from the underside leaks around the wingtips to the upper side. Since aircraft wings are finite and not infinite, at the wingtips, it causes this phenomenon to occur. It has also been stated that vortices increase induced drag by creating downwash at the wing. These not only increase drag on a wing, but also decrease its lift. There are many methods that can be used to reduce this induced drag. The aerodynamic induced drag is proportional to the radii of the wingtip vortices and the spacing between them [1]. The amount of drag induced by the aircraft can be significantly reduced by implementing a wingtip design that increases the radii of the vortices and distance between the vortices [2].
[bookmark: _Toc244521756]
[bookmark: _Toc258178076]1.4.1 Wing Geometry Modification

One method of dealing with this problem is to increase the aspect ratio of the wing. The aspect ratio, AR, equation below, is defined as the ratio between the square of the wingspan, b, and the area of the wing planform, S.
	                                                    	 (4)


	A higher aspect ratio yields a lower pressure gradient between the upper and lower side of the wing over a larger wingspan. Due to this decrease gradient, the vortices formed at the wingtip are weaker, leading to less induced drag. This increase in wingspan, however, gives rise to higher bending moment at the root. This can lead to structural fatigue and eventual failure of the structure. 
	The second modification made to the wing itself includes increasing the taper ratio. The taper ratio is defined as the ratio of the root chord length to the wingtip chord length. This allows the wing to produce the same overall lift further inboard, closer to the root. This allows for shorter chord length toward the wingtips, which results in smaller pressure difference between the upper and lower surface of the wing. This results in vortices of lesser strength and a decrease in induced drag. 
This reduction in chord length towards the wingtip makes the wingtip fragile. The area closer to the wingtip experiences immense loads due to the pressure gradient alterations due to the implementation and use of control surfaces. Therefore this area of the wing needs to be structurally strong, which, when the higher taper ratio constraint is exercised, would result in a heavier wing structure. A stronger wing structure require an excessive use of stingers, ribs and longerons, which reduces the volume of the housed fuel tank, and increase the overall weight of the aircraft.
[bookmark: _Toc244521757]
[bookmark: _Toc258178077]1.4.2 Electrohydrodynamic (EHD) Flow Control

A second, more unconventional, method of retarding vortex formation can be by means of implementation of either electrohydrodynamic (EHD) flow control. The configuration for EHD flow control is shown in Figure 9.
[image: ]
[bookmark: _Toc244521961][bookmark: _Toc258154361]Figure 9: EHD Configuration for Plasma Actuation [8]

 This makes use of plasma actuators, electrodes, to create plasma, weakly ionized air. Applying a sufficient electric potential, to these electrodes creates an electric field in between them.  If the voltage applied exceeds the breakdown voltage of the air, which is about 3000V, or if the electric field strength exceeds 3000000 V/m, the air is ionized to form plasma. This plasma, once in the electric field, feels a Lorentz Force, in the direction of the electric field lines. This can be used to redirect flow separation and reduce the strength of the vortices formed. Figure 10 shows the visual effects of such plasma actuators placed at wingtips, and it is clear to see the benefits. According to Jacob’s wind tunnel results, Plasma winglets show a 92% increase in lift along with a noticeable change in the vortex structure [8].
.[image: ]
[bookmark: _Toc244521962][bookmark: _Toc258154362]Figure 10: Effects of Plasma Winglets  and Configuration on Vortex Formation [8]
[bookmark: _Toc244521758][bookmark: _Toc258178078]1.4.3 Mechanical Wingtip Devices

The next set of modification that can be made involve the use of solid surfaces to interact with the flow field to decelerate and weaken the vortex. Few advantages of using such devices include an effective increase in wingspan and therefore the lifting force, a decrease in induced drag through redirection of the flow to minimize vortex formation. As seen in the Figure 11, proper design of winglets, through use of their airfoil shape, can indeed be used to produce an additional thrust force. This phenomenon can be produced in any of the below winglet designs.
[image: ]
[bookmark: _Toc244521963][bookmark: _Toc258154363]Figure 11: Force Balance on a Wingtip Device [9]
[bookmark: _Toc244521759]
[bookmark: _Toc258178079]1.4.4 Simple Flat End Plates

A third method to decrease induced drag due to vortices is to use end plates.  Although it is impossible to stop the fluid rotation, it is possible to decelerate it.  Figure shows two examples of such endplates. This approach is seen as an addition of a wingtip device “without care”, i.e. a universal design used to give improved performances rather than optimized, best possible performance. 

[image: ]
[bookmark: _Toc244521964][bookmark: _Toc258154364]Figure 12: Flat End plates on Left: 747-400 – Right: A340-200 [9]

	As it is seen in Figure 12, the point where the base of the winglet and the wingtip meet forms a sharp angle.  This can cause the boundary layer of the circulation flow to be subjected to adverse pressure gradient.  This adverse pressure gradient then causes a secondary smaller auxiliary vortex to form at this connection point [9]. This method does reduce the strength of the primary vortex but leads to the formation of an auxiliary vortex. Due to this, the overall induced drag is reduced but not optimized for the best possible performance.  Benefits of such design are the low cost of manufacturing and retrofitting, as a base design can be used on any aircraft with minimal adjustment to the initial wingtip.
[bookmark: _Toc244521760]
[bookmark: _Toc258178080]1.4.5 Blended Winglets

	As the name suggests, this form endplate features a smooth transition between the wing and the end plate. Since this design is perfectly fitted to the wing, the sharp connection point between the wing and the plate is avoided, leading to the elimination of the auxiliary vortex formed from the adverse pressure gradient. In 1994, Grazter introduced the blended winglets, a design to reduce interference drag. Interference drag is a phenomenon cause by the intersection of lifting surfaces. 
	Winglets that lie perfectly in the plane of the wing, increases the effective wingspan of the wing thus increasing the lifting force. This however has the same disadvantages as an increase in aspect ratio, where as the increase in lifting force at wingtip cause an increase in bending moment at the root.  Due to this winglets generally lie in the mid plane, defined by the cant angle, to both the vertical and the horizontal plane. This ensures the mixture of both increased lift and reduced induced drag. Figure 13 shows the various parameters that are used to define the shape of the winglet.

[image: ]
[bookmark: _Toc244521965][bookmark: _Toc258154365]Figure 13: Winglet Parameters [14]
[bookmark: _Toc244521761]


[bookmark: _Toc258178081]1.4.6 Shifted Downstream Winglet

	As mentioned before, the downfall of having a vertical endplate is the formation of the auxiliary vortex. This can be overcome using a blended winglet but that proposes an increase in bending moment about the root, due to the increase in effective wingspan. The form of wingtip device that eliminates the pitfalls of both of the above-mentioned devices is known as a “Wingtip Fence”, shown in Figure 14.
[image: ]
[bookmark: _Toc244521966][bookmark: _Toc258154366]Figure 14: Wingtip Fence: Left: Airbus A380 – Right: A319 [9]
 
	The wingtip fence design too has a sharp meeting point between the wing and the wingtip device, but due to the downstream sweep of the end plates. This reduces the adverse pressure gradients and therefore the risk of flow separation [9]. 
[image: ]
[bookmark: _Toc244521967][bookmark: _Toc258154367]Figure 15: Wingtip Fence and Blended Winglet Comparison [20]

It can also be seen from Figure 15, that the wingtip fence, in comparison to the blended winglet, is rather small in size. This not only reduces the weight of the overall structure and the manufacturing cost but also decreases the bending moments produced at the root. Due to the nature of the wingtip fence, no alteration has to be made to the wingtip, since the fence does not cover the entire wingtip. This allows for a lower taper ratio, where the wingtip chord is larger thus producing more lift over the entire wingspan.

[bookmark: _Toc244521762][bookmark: _Toc258178082] 1.4.7 Evolution of Existing Designs

	Seeing the effects winglets have on the efficiency of the aircraft, designers are constantly searching for better alternatives. This can be through complete redesign of the winglets or modification of the existing one. This has been seen in the year 2013, where both Boeing and Aviation Partners introduced a new design. This new concept combines the lower extrusion feature of the fenced tip and the smooth connection of the blended winglet. Named after a curved backsword, the scimitar winglets, Figure 16, feature a split design with an upward and a downward facing winglet. This again increases the effective wingspan therefore further increasing the lift. This configuration also features trailing edge extension at the winglet tips called scimitar tip caps or scimitar tip spikes.
[image: ]
[bookmark: _Toc244521968][bookmark: _Toc258154368]Figure 16: Split Scimitar Winglets by Aviation Partners Boeing [17]

	The scimitar winglets, current in the testing phase, made its maiden test flight on July 16th, 2013 on the wingtips of a United Airlines Boeing 737-800. Due to the recent release of this design, very little is known about the scimitar winglets. Recent testing by Aviation Partners Boeing suggests that the Split Scimitar Winglets will results in approximately 2% fuel savings for any 737 fitted with it, saving them more than $200 million per year in jet fuel costs, which again leads to a reduction in carbon emissions. 
	As with any design, the positives must far outweigh the negatives. In the case of winglets, the performance increase in efficiency must be greater than the cost of manufacturing. This design manages to do that by updating an already existing blended winglet design, where the aluminum winglet tip cap is replaced by a new aerodynamic “Scimitar” shaped winglet cap and by retrofitting a Scimitar tipper ventral strake. Therefore only there ventral strake and the winglet tip caps have to be manufacturing thereby reducing manufacturing cost and time. 


[bookmark: _Toc258178083]1.4.8 Proposed Design

	In the constant search for improved performance, engineers must continue development in their designs. The proposed goal of this project is to further optimize the entire winglet configuration. This allows for direct comparison between the ordinary blended winglets and the split-scimitar winglet. This would only require the need to manufacture the wingtip caps and the secondary lower element, and therefore reducing manufacturing costs. This goal also allows for comparison between the scimitar winglets and blended winglets. 
	The blended winglets have been optimized before for a Bachelor of Science Thesis in 2010 at Florida International University, which featured a 2.43% increase in the Lift-to-Drag ratio from the base design used by Boeing in the 757-200. Optimizing the Split-Scimitar allows for better comparison between each of the individual components that make up the configuration. 













[bookmark: _Toc258178084]Chapter 2: Design and CAD Model

[bookmark: _Toc258178085]2.1 Design Parameters and Range

	With any optimization goal, the variables of the design must be clearly outlined. These parameters define the geometry and allow for the modification of it. The optimization run will provide a design with optimal combination of values for each parameter. 

[bookmark: _Toc258178086]2.1.1 Geometry Definition 

	An efficient way to define the geometry is necessary to reduce computational cost and computational time. If the parameters can be related to one another, it drastically reduces the number of input variable, thus leading to a smaller initial population needed for the optimization run (See Response Surface Methodology). 
	The geometry is generated using a FORTRAN code, ”E300”, written by Professor Helmut Sobieczky [24,25].  This geometry generator uses a set of functions defined on the interval 0 < X < 1, with end values at X, Y = (0,0) and (1,1), as seen from Figure 17.  We can imagine a variety of algebraic functions satisfying these boundary conditions, each with its own mathematical structure allowing for the control of certain properties. 
	Figure 17, shows some algebraic curves where additional parameters describe exponents in local expansion (G=1), with straight ends at the boundaries (G=20), with fifth-ordered polynomials (G=6) and with square root terms (G=7). Other values for G yield splines, simple Bezier parabolas, trigonometric and exponential functions. 
[image: ]
[bookmark: _Toc258154369]Figure 17:  4 Basic Functions in Non-Dimensional Interval [24]

	A piecewise composition of these functions yields a continuous curve with the user having control over each segment. The methodology is to use this control for a more detailed definition of airplane geometry in a effort to minimize the number of optimization parameters. The boundaries of each curves are defined as stations, between which the geometric properties of the analytical function can be controlled. Figure 18, shows an arbitrary set of support points with each segment having its input parameters for the curve definition. It also shows how a slight change in one parameter affects the curve. The “circles” in Figure 18 represent the stations. The word “key” the parameters of each function, between each station, to be altered.
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[bookmark: _Toc258154370]Figure 18: Construction of arbitrary, dimensional curves by piecewise use of scaled basic functions. Parameters input list with 2 parameters changed. [24]
	These curves can also be defined in three-dimensional space for surface definition. Figure 19 shows a surface defined by suitable curves in 3D space with strong control over the curve definition. 
[image: ]
[bookmark: _Toc258154371]Figure 19: Surface definition by cross sections c in place (x1, x3) determined by keys, along x2 and defined in planes (x1,x2) and (x2,x3) [24]

	Aerodynamic performance of aircrafts is defined by the quality of their wing. The “keys” in this case are just identification names. The first key, key 20, defines the span as a function of an independent variable 0<p<1. The following parameters: planform and twist axis (keys 21-23), dihedral (key 24), and actual 3D space span coordinate (key 25), section twist (key 26) and a spanwise section thickness distribution factor (key 27), as a function of the wing span. Key 28 is used to define a blending function 0<r<1 which is used to define the blend of support airfoils. The geometry generator can also be used to create multi-component wings with slats and flaps, fuselage bodies, nacelles, propulsion and tunnel geometries, but neither of these are considered for our study. 
	This geometry generation outputs the surface point cloud data for the geometry in PLOT3D format. This format was created by the NASA Ames Research Center by Pieter Buning in 1982. It offers a compact way to store a structured grid along with the results in that cell. This geometry file can be view in an open source visualization tool, Paraview, which allows the user to extract surface data in an STL (Standard Tessellation Language) format. This format provides a continuous surface data that can be used for CFD grid generation. 

[bookmark: _Toc258178087]2.1.2 Parameterized Geometry

	As the optimization require the user to specify certain parameters, and the range for each parameter, that can be altered to create varying designs, it is important to effectively parameterize the geometry. The compete winglet geometry in this study was defined using eight parameters. Figure 20b shows four parameters applied to the upper element but in the study, they are also applied to the lower element. The parameters used to control the geometry include leading and trailing edge sweep of both upper and lower elements, scimitar-spike lengths of both elements, and cant angles of both elements. Controlling the leading and trailing edge sweeps individually allows for control over another parameter, the taper ratio. The “E300” code’s method of defining geometry allows the user to control the winglet span through the cant angle. This leads to the user the user to control a total of 12 parameters, only using eight variables. Figure 20a shows the wing that was used for analysis of each winglet configuration. The wing was modeled after a Boeing 7E7 prototype. A symmetric PARSEC11 airfoil was used to define both the upper and lower elements of the split winglet configuration. 
[image: ][image: ]
			a)						b)
[bookmark: _Toc258154372]Figure 20: Boeing 7E7 wing with a scimitar winglet (a) and some of the geometric design parameters for scimitar winglet (b).
	
	Table 1 shows the allowable range for each of the eight parameters, four for the upper element and four for the lower, that define the winglet configuration. The lengths of the scimitar-spikes were allowed to vary between zero, indicating no spike, and the length of the winglet tip chord, where  is some random number between zero and one. 





[bookmark: _Toc258110286]Table 1: Design variables and their user-specified allowable ranges
	Design Variable
	Minimum Value
	Maximum Value

	Upper Leading Edge Sweep
	35°
	70°

	Upper Trailing Edge Sweep
	45°
	85°

	Upper Cant Angle
	30°
	85°

	Upper Scimitar Spike Length
	0
	λ*Upper Tip Chord Length

	Lower Leading Edge Sweep
	35°
	70°

	Lower Trailing Edge Sweep
	45°
	85°

	Lower Cant Angle
	25°
	85°

	Lower Scimitar Spike Length
	0
	λ*Lower Tip Chord Length




[bookmark: _Toc258178088]2.1.3 Geometry Preprocessing 

	The geometry outputted by the FORTRAN code has one major drawback when using the geometry for grid generation. The wing surface has an open trailing edge and an open root. This poses a problem in the grid generation phase as the grid cells will creep inside the geometry. This leads to inaccurate surface definition of the geometry and high computational cost as the solution domain increase leading to the governing equations being solved in a larger domain. 
	This problem was overcome using commercial software that can be used for reverse engineering purposes. It can be used to convert mesh such as STL files into Non-uniform rational B-Splines (NURBS) or Computer Aided Design (CAD) data for other CAD package. For this study, it was used to close the trailing edge and the root of the wing. Figure 21 illustrates the closed geometry. An open source software called Meshlab was also used to close non-manifold edges.  
[image: ]
[bookmark: _Toc258154373]Figure 21: Closed Trailing Edge and Root 
[bookmark: _Toc258178089]Chapter 3: Numerical Analysis

	It is important to find the effects of each winglet design to see how it compares to other designs. This can be done both experimentally and by means of simulations, computationally. Since experimental testing requires manufacturing of each design, the computational analysis is a more attractive choice. This computational analysis, known as Computational Fluid Dynamics (CFD), will be carried out using OpenFOAM (Open Field Operation and Manipulation). OpenFOAM is a Linux based open source software. 

[bookmark: _Toc258178090]3.1 Computational Fluid Dynamics (CFD) and OpenFOAM Software

	Computational Fluid Dynamics is a branch of computational physics that involves the use of numerical methods and algorithms to compute solutions to problems involving fluid flows. This involves the use of computers to solve the system of governing equations that define the physics, in this case the Navier-Stokes equations, and thus simulate the dynamic interaction between the surface and fluid defined by prescribed boundary and initial conditions. OpenFOAM software is one of many commercial solvers that uses finite volume discretization to solve the system of equations. The basic steps for obtaining the flow field are the following:
· Define geometry
· Define and discretize (split into mesh cells) the fluid volume around the geometry
· Physical model is defined – states the governing system of equations
· Boundary and Initial conditions are defined
· Solver solves the governing systems of partial differential equations
· Visualization software used to view the results



[bookmark: _Toc258178091]3.1.1 Governing Navier-Stokes Equations 

	The governing equations are defined by the physics of the problem. In the field of fluid dynamics, these equations are called the Navier-Stokes equations. These include equations for conservation of mass, momentum and energy. 
The conservation of mass, or the continuity equation can be written is as follows:


(5)
,where  is fluid density,  is time,is flow velocity vector, and  i is the mass generation.

The conversation of momentum, Navier-Stokes equation, can be written as follows:


(6)

,where  is the  Cauchy stress tensor and  is the body force, per unit volume.

The conservation of energy equation can be written as follows:


(7)


[bookmark: _Toc258178092]3.1.2 OpenFOAM Software

	As mentioned before, OpenFOAM is a Linux based software. Its capabilities include solving for turbulence, electromagnetics, chemical reactions among other science and engineering applications. Unlike majority of the CFD software programs, OpenFOAM does not have a friendly graphic user interface (GUI). Instead it is comprised of a compilation of C++ files created and modified by the user. There are stored functions that contain different files that are written in C++ programming language. These files, called “dicts”, differ for each function and can be modified by the user. This structure, allows for the modification of any aspect of the software that the user considers necessary. This is an advantage when compared to other standard CFD software programs in the event that the default functions are not able to perform the task at hand and additional programming is necessary. 
Although there exist free academic versions of standard CFD software programs, they are limited on the number of vertices that can be applied on the domain. The maximum number of nodes or vertices allowed in SolidWorks is one million. This may provide accurate results after simulation. However, when the model has many faces spread over a large domain, the mesh generated will be coarse and the simulated results will be inconsistent with experimental results. The multi-winglet models to be optimized in this research have many surfaces. In order to obtain coherent results especially for CFD in aerodynamics, a finer grid is needed over more of the solution domain. One of the stipulations of OpenFOAM however, is that the maximum nodes per processor is one million. Thus, to achieve a finer mesh that may have more than one million nodes, more than one processor would be necessary. This requires a parallel computer network.
The flow chart in Figure 22 shows the different file structure of a typical OpenFOAM Case file.
[bookmark: _Toc258154374][image: ]Figure 22: OpenFOAM Case File Structure
	
The case directory houses three sub-directory, the “0”, “constant” and “system” directories. The “0” sub directory houses initial and boundary conditions of different parameters at time “zero”. The “constant” sub-directory houses the mesh, fluid properties, turbulence models, and the STL geometry file. The “system” folder holds the discretization schemes, solver settings, meshing procedures files, and user specified scripts to output certain aerodynamic coefficients. 

[bookmark: _Toc258178093]3.1.3 Discretization Scheme

	OpenFOAM features various numerical schemes for different terms in the equations. It allows for the discretization of the specific terms in the equation. OpenFOAM used keywords to specify the set of terms for which a numerical scheme must be specified. The keywords “divSchemes”, “laplacianSchemes” and “gradSchemes” are used for the mathematical terms for the divergence (), Laplacian (2), and Gradient () respectively. Each of these mathematical terms requires a discretization schemes, and each discretization schemes requires an interpolation scheme. OpenFOAM uses interpolation schemes to obtain the value of the scalar parameter on the cell face from its values at the cell center. The user specifies these schemes in the “system” sub-directory in a dict file named “fvSchemes”. 
	The first set of mathematical terms that were defined were the time derivatives. This was done with the keyword “ddtSchemes” for which the “steadyState” discretization schemes was selected. This is because the numerical analysis presented in this report was done under steady state conditions. The Gradient term was discretized using a “Gauss” discretization scheme with a “linear” interpolation scheme. The “Gauss” keyword utilizes the standard finite volume discretization of Gaussian integration, requiring the interpolation of values from cell centers to face centers. For this reason, an interpolation scheme of choice must be implemented. The “linear” interpolation scheme uses linear interpolation (central differencing) to compute its values for variables.  For the Laplacian terms, only the Gauss discretization scheme is offered. This forces the user to chose an interpolation scheme, for which the “linear” scheme was chosen. It also requires a surface normal gradient scheme, dubbed “snGradScheme”, which was chosen to be “corrected” which features a unbounded, second order, conservative behavior. 
	In fluid dynamics, the divergence terms appear quite frequently. OpenFOAM offers a user-friendly syntax in order to express such terms. This is seen in a typical convection term in the Navier-Stokes momentum equation,  , which given the identifier div(phi,U). The phi here refers to the flux . Just as for Laplacian terms, the “Gauss” schemes is the only discretization scheme offered, again requiring an interpolation scheme. The “linear” scheme was selected for this interpolation. For scalar parameters such as velocity, pressure, energy, turbulence kinetic energy and turbulence dissipation rate, the upwind interpolation scheme was selected. All of the interpolation schemes selected are first order schemes, which the “corrected” surface normal gradient scheme is of the second order.
	To find values for these scalar parameters, , linear interpolation is used from cell centers in different ways named upwind schemes. The word “upwind” refers to the values being computed from the upstream cells, according to the direction of the normal velocity. The two schemes used in Fluent are First-Order Upwind and Second Order Upwind.
	In the First-Order scheme, the values of  at the cell faces are assumed to be the same as the value of  at the cell center. In the Second-Order scheme the values of parameters at faces are computed with a multidimensional linear reconstruction approach. This is done by means of a Taylor series expansion of the cell-centered solution. The equation to calculate the value of  at the face value, is shown below, where  is the cell-centered value,  is its gradient, and s is the distance from the upwind cell centroid to the face centroid.


(8)
[bookmark: _Toc258178094]3.1.4 Solver Settings

	The “system” sub-directory also houses the solution control dictionary called “fvSolution”. This dictionary houses solution tolerances, relaxation factors, and solver algorithms. All computations were done using a SIMPLE (Semi-Implicit Method for Pressure Linked Equations) algorithm. It also allows the user to specify specific solver for each of the scalar parameters required by the case setup. All solvers used in this dictionary were linear solver. More information on the solvers can be found in the OpenFOAM-2.2.0 User’s Guide.

[bookmark: _Toc258178095]3.1.5 Standard k- ε Turbulence Model
	
Turbulence modeling is very important in simple fluid flow, since viscous strength and therefore viscous drag is a relevant component of total drag. The turbulence model chosen for this case was the   k- ε model. The standard k- ε model has been proved to give accurate results in flows with relatively small pressure gradients. The k-ε model is a two-equation model that gives a solution to each transport equation. These solutions allow one to independently determine the turbulent velocity and the length scales. 
	This model solves two transport equations for k and ε, which are turbulence kinetic energy (TKE) and the turbulence dissipation rate (TDR) respectively. The equations they are obtained from are shown below,
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(9)
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(10)

where, Eij is the component of rate of deformation, μt represents eddy viscosity and ui represents velocity component in corresponding function.

[bookmark: _Toc258178096]3.1.6 Wall Functions or Near-Wall Model

	It is well known that flow is affected by near by walls. Near these walls, the flow velocity decreases due to the no-slip condition enforced by the fluid viscosity. This boundary layer phenomenon significantly affects the numerical analysis. The k-ε model is valid in the far field and not so much in the near-wall domain. In the case of analysis of winglets, it is very important to model the near-wall effects accurately since the boundary layer of the airfoil heavily influences the characteristics of the wing.
	To capture the boundary layer phenomenon accurately, a refined mesh is needed at the near-wall location. This is however increases the computational cost and time. When this region is not of any interest, wall functions are used. Wall functions acts as a kind of “black box” to bridge cells and the wall itself. This can be seen in Figure 23. This approach is used for high Reynolds number, where the viscous effects can be considered negligible. 
[image: ]
[bookmark: _Toc258154375]Figure 23: Wall Function Vs. Near-Wall Model Approach [9]


[bookmark: _Toc258178097]3.2 CFD Analysis and Problem Formulation 

3.2.2 Finite Volume Method 
	
As mentioned before, OpenFOAM uses the finite-volume method (FVM) to solve the set of partial differential equations. FVM is used to represent and solve partial differential equation in the form of algebraic equations [17,18]. This involves evaluating these equations and computing values at discrete places on a meshed geometry. Each node point in the meshed geometry is enclosed in a small volume, hence the name finite volume. The volume integrals in the partial differential equations, in our case the Navier-Stokes equations, that contain the divergence term,, are converted to surface integrals by means of the divergence theorem. The divergence theorem relates the flux of a vector field through a surface, to the behavior of the vector field within the surface. This allows the divergence terms to be evaluated as fluxes at the surface of each finite volume. The Finite-Volume method is a conservative method since the flux entering a control volume is equal to that leaving the adjacent control volume. The finite volume method also allows for computations on an unstructured grid or mesh.


3.2.3 Three-Dimensional Computational Grid Generation

The Finite Volume method requires that the computational domain be discretized into smaller domains. This discretization is known as meshing. As mentioned before, the finite volume method allows for computations using an unstructured grid, which is very attractive given the complex geometry. An unstructured grid follows no pattern around the domain where as a structured grid follows a pattern. It is also important to state that since the aerodynamic shape of the geometry is being optimized, the internal structure is being neglected. This reduces the number of mesh cells needed as only the surface of the geometry needs to be mesh and not the internal structure. The geometry meshing will be carried out using the two built in meshing tools, blockMesh and snappyHexMesh, in OpenFOAM.
The blockMesh tool is used to create the outer rectangular solution domain. This tool works by the user specifying coordinates of the eight vertices that will make up the cube. A face can then be define by specifying four of these vertices that make the face. Here, the user must specify the names for the boundaries and the walls. The size of a domain is determined based on the focus of the study. To study the effects of wing tip vortices of aircrafts, the domain box needs to extend before and behind the wing five-chord lengths and 10 chord lengths respectively. This is necessary for the flow to develop fully and for evaluation of the stagnation point at the front of the wing. A longer chord length is needed to study the flow behind the wing because the effects of induced drag are more pronounced at a longer distance from the wing. The user can then specify number of subdivisions in x, y and z direction. Figure 24, shows the solution domain used for this study.
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[bookmark: _Toc258154376]Figure 24: Solution Domain Created by blockMesh
To create a solution domain to study the flow over our geometry, the mesh must be altered. Because the goal of this report is aerodynamic optimization, the internal structure of the wing is neglected and only the surface is meshed. This leads to a rectangular solution domain with the geometry shape carved out of it. This is done using the snappyHexMesh tool. 
Three-dimensional meshes are generated from the snappyHexMesh utility. These meshes contain hexahedra (hex) and split-hexahedra (split-hex) that are consequently from triangulated surface geometries in Stereolithography (STL) format. Through a process of iterative refinement the mesh harmonizes with the surface and morphs the resulting split-hex mesh to the surface. There are several requirements for running snappyHexMesh: the surface data files has to be in STL format, there must exist a background hex mesh which defines the extent of the computational domain and base level mesh density and there should also be a snappyHexMeshDict dictionary.

The process involves layering out the control volume with three-dimensional cells all in a hexagonal and split hexagonal shapes. This enables to form a mold or shell of the area to be studied minus the area of the model. This process can be refined or relaxed thereby generating a range of accuracy desired. One prerequisite of utilizing this tool is that the software only can read an STL file to encompass these cells. After the blockMesh is generated and the STL file incorporated a simple outline will appear within the box, as shown in Figure 25.
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[bookmark: _Toc258154377]Figure 25: Schematic of 2D Meshing Process with STL for snappyHexMesh

Following this the software generates the cells or it starts the initial cell generation process. Following that the snapping process begins; where the software seeks the boundary of the STL geometry, and starts splitting at these feature edges and surfaces. This can be seen in Figure 26. 
[image: ]
[bookmark: _Toc258154378]Figure 26: Cell Splitting by Feature Edge in snappyHexMesh process

After this part has occurred then surface feature refinement process commences, and the cells start converging more compactly around the geometric surfaces. Then more cells are selected for splitting over that local area as seen in Figure 27. 
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[bookmark: _Toc258154379]Figure 27: Surface Refinement in snappyHexMesh Process

Once the feature and surface splitting is complete a process of cell removal begins. Cell removal requires one or more regions enclosed entirely by a bounding surface within the domain. If most of the cell is within that domain (namely 50% or more) then that cell remains in the calculation process. This is seen in Figure 28.
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[bookmark: _Toc258154380]Figure 28: Cell Removal Process in snappyHexMesh process

These cells are then furtherly refined by spliting them down again and repeating this process as specified in the subfolders. Then the cells are trimmed wherever they are lying within the geometry domain
[image: ]
[bookmark: _Toc258154381]Figure 29: Cell Snapping in snappyHexMesh Process

A Further refinement of meshing can be utilized by reapplying additional meshing cells on that region agan , it is like adding another layer of mesh if so is desired.  Figure 30, shows the end result of refined surface mesh from the snappyHexMesh tool.
 
[image: ]
[bookmark: _Toc258154382]Figure 30: snappyHexMesh Refined Sharp Winglet Geometry

For a more information on snappyHexMesh, please refer to the OpenFOAM 2.2.1 User’s Guide.
Figure 31, shows the internal structure of the mesh, showing the surface mesh of the wing. Even though the wing is operating at a high Reynolds number, it is fair to assume inviscid flow outside the boundary layer. However, within the boundary layer, the viscous forces are high and must be taken into account. The Near-Wall Model approach mentioned before is used, where the mesh cells are small closer to the surface of the wing.
[image: ]
[bookmark: _Toc258154383]Figure 31: Internal Mesh Structure Showing Near-Wall Model


[bookmark: _Toc258178098]3.2.4 Initial and Boundary Conditions


Initial conditions are the values of scalar parameters defined by the user at time t equals zero. This is usually specified for a transient case study, which in our case is steady state. The boundary conditions are the values of the scalar parameters at the boundary of the solution domain. In OpenFOAM, these initial and boundary conditions are store in the “0” directory. This folder also houses the variables for the turbulence model, such as turbulent kinetic energy, k, turbulent dissipation rate, epsilon, and specific dissipation rate, omega, which are the values for the initial and boundary conditions for the turbulence study.
The turbulent kinetic energy is calculated from the following equation


(11)
where  is the mean velocity and  is the turbulence intensity which is 1% for our application.
The turbulent dissipation rate is calculated from the following equation


(12)
where  is the turbulence length scale which is expressed as . The  is the characteristic length. 
The specific dissipation rate is expressed as,


(13)
The types of boundary conditions applied in this study are a velocity inlet and a pressure outlet. A symmetry boundary condition is also applied at the root of the wing. The top, bottom and the side of the solution domain are specified as pressure far field. A standard no-slip condition is being applied to the wing surface, leading to the boundary-layer phenomenon that must be taken into account. 
The altitude effects shows in Table 2 were also incorporated into the model.
[bookmark: _Toc258110287]Table 2: Operating Conditions for Winglets at an altitude of 3000 ft.
	Parameter
	Value

	Temperature (K)
	284.75

	Density (kg/m3)
	1.007

	Kinematic Viscosity (m2/s)
	1.71e-6

	Atmospheric Pressure (Pa)
	95590




[bookmark: _Toc258178099]3.2.5 Parallel and High Performance Computing (HPC)

The efficient use of HPC Cluster can lead to accurate results in a short amount of time. In this report, all computations are performed on the Panther Cluster at Florida International University. This cluster features 912 Intel© based cores with a 1500 core cluster upgrade in process. A total memory capacity of cluster is 2.8 TB. The communication between nodes is facilitated by a 10Gb Ethernet storage capacity with a 1 GB high-speed interconnection for messaging. To accommodate high-speed information transfer between all these processors, a low latency or a low reaction time device infiniband interconnect of a portion of the nodes is incorporated. This type of quick and ease of bandwidth sharing of information in bits per second or cycle is imperative for HPC applications. Especially in computational fluid dynamics where there are multiple variables being simultaneously computed.   For each node there are low memory nodes and high memory nodes for various computing variations. In the lower nodes there are 2 GB per core, whereas in the higher memory cores range from 4 to 8 GB per core. In the storage part of the system, the cluster comes with 40 TB of shared high performance scratch space using a High Performance Parallel File system called GPFS (General Parallel File System). This is a software package developed by IBM to manage large data files on a single system. Additional software available to the user on the cluster are diverse , depending on which field or type of calculations necessary.
In this study, all domain of all cases can be decomposed and run on separate processors. This will lead to shorter computation time for each case. However, since limitation is usually put on the number of processors available, it is benificial to run each complete case on a single processor, but many cases at any single time. This leads to the user only needing to submit the set of cases once, as opposed to loading a new decomposed case each time the previous one finishes. In this study, a total of 40 processors were used at any given time, each running a different case. It was seen that each case takes approximately 11 hours till convergence, this approach was more appealing. This is because the results for all test cases will be available at once for the optimization stage.









[bookmark: _Toc258178100]Chapter 4: CFD Results

	Although the CFD software output data, it is up to the user to visualize and interpret the data. In an OpenFOAM environment is done in an open source visualization software Paraview. It allows user to visualize contours, streamlines, the mesh, etc. Although the results are there, it is up to the user to interpret the data. As the Navier-Stokes solvers solve the equation iteratively, it is important to verify that the solution has properly converged. This can be done by analyzing the residuals, which are basically the difference between the values for the current and previous iteration. A well-converged solution features a decrease in residual in order of many magnitudes from the first iteration. Figure 32 shows a typical convergence history for a 3D analysis run in this study. It can be concluded that the aerodynamic analysis study in OpenFOAM converged fully thus created high fidelity values for each of the aerodynamic coefficients to be optimized.
[image: ]
[bookmark: _Toc258154384]Figure 32: A typical convergence history of OpenFOAM aerodynamic analysis software.

[bookmark: _Toc258178101]4.1 Simple Wing Analysis 
	
	Since different winglets are being compared, it is important to see the performance enhancement from the design without winglets. For this reason a simple naked wing used was analyzed under the same conditions. Figure 33 shows the streamlines, pressure contours behind the wing and the vortex tubes at the wingtip. Figure 33a shows the flow moving inbound towards the fuselage. The plane perpendicular to the axis of the wing was placed four chord lengths behind to visualize the low-pressure zone cause by the vortices. The rotating streamlines in Figure 33b are shown to have a small core radius, which results in higher induced drag. Figure 33c show the vortex tube at the wingtips. It can be seen that flow is highly rotational around the wingtip with a very small core radius, which is evident in the objective function values of this configuration.
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     a)						          b)
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c)
[bookmark: _Toc258154385][bookmark: OLE_LINK24][bookmark: OLE_LINK25][bookmark: OLE_LINK6][bookmark: OLE_LINK11]Figure 33: Front-On view of flow moving inbound around a simple 7E7 Wing (a), 20 degree yaw angle view of the Streamlines around the simple 7E7 wingtip without winglets (b), 20 degree yaw angle view of the Vortex Tubes around the simple 7E7 wingtip without winglets (c).




Table 3 shows the aerodynamic coefficients for the naked Boeing 7E7 Wing.
[bookmark: _Toc258110288]Table 3: Aerodynamic Coefficients for the Naked 7E7 Wing
	Aerodynamic Coefficients
	Value

	Coefficient of Lift (CL)
	0.651

	Coefficient of Drag (CD)
	0.131

	Coefficient of Moment (Cm)
	-0.121

	Lift-to-Drag Ratio (CL/CD)
	4.97



[bookmark: _Toc258178102][bookmark: OLE_LINK1][bookmark: OLE_LINK2][bookmark: OLE_LINK3]4.2 Base Design

	In all optimization, one must start with a base design. The base design in this study was analyzed at a Mach number of .25, that is 85 m/s, at an angle of attack of eleven degrees. The wing design will be operating at an altitude of 3000 ft. The altitude effect on the temperature, viscosity and density were incorporated in the model. 
	Figure 34a shows the streamlines around the wingtips of the base design. It can be seen the core of the rotating flow directly shadows the low-pressure region behind it. It also shows the vortex core radius, which signifies the intensity of the vortices. The vortex tubes in figure 34b highlights vortices with larger radii as compared to the naked wing. This greatly reduces the induced drag, which is apparent in the coefficients of this design.				
[image: ]     [image: ]
			 (a)						         (b)
[bookmark: _Toc258154386]Figure 34: Streamlines Around Base Design (a) and wingtips (b)

Table 4 shows the aerodynamic coefficients for this configuration.
[bookmark: _Toc258110289]Table 4: Aerodynamic Coefficients for the Base Split-Scimitar Configuration
	Aerodynamic Coefficients
	Value

	Coefficient of Lift (CL)
	0.675

	Coefficient of Drag (CD)
	0.124

	Coefficient of Moment (Cm)
	-0.103

	Lift-to-Drag Ratio (CL/CD)
	5.44




[bookmark: _Toc258178103]4.3 Blended Winglets

	Although the split winglet configuration is being optimized, it is important to examine the effects of each individual component. The split configuration features a blended winglet curving upwards. This winglet is most employed by the aviation industry. This blended winglet was analyzed in the same environment as the other configuration. Figure 35 shows the streamlines and the vortex tubes around the wingtip due to blended winglet.  The vortices, due to the blended winglets, features less turbulent flow as opposed to a simple wing without winglets. The vortex here shows a larger core radius than a naked wing indicating less induced drag, but a smaller radius as compared to the base configuration. 
[image: ]     [image: ]
[bookmark: _Toc258154387]Figure 35: Streamlines Around Blended Winglet

Table 5 shows the aerodynamic coefficients for this configuration.
[bookmark: _Toc258110290]Table 5: Aerodynamic Coefficients for the Blended Winglet
	Aerodynamic Coefficients
	Value

	Coefficient of Lift (CL)
	0.670

	Coefficient of Drag (CD)
	0.125

	Coefficient of Moment (Cm)
	-0.0932

	Lift-to-Drag Ratio (CL/CD)
	5.38




[bookmark: _Toc258178104]4.4 Split Configuration Without Scimitar Spikes

	The second defining features of the split-scimitar winglets are the scimitar spike. These trailing edge tip extensions help streamline and redirect the flow around the wingtips to help breakdown the vortices. To examine the effects of these spikes, they were removed from the optimized configuration. This resulted in a simple split winglet with a constant trailing edge sweep. It also allows for comparison of the split configuration with the blended configuration to examine the performance enhancement due to the secondary element. Figure 36 shows the streamlines and vortex tubes around this configuration. It can be seen the streamline core radius has increased due to the secondary lower element. It can be seen that the vortices feature a larger core radius as compared to the blended design but a smaller core radius compared to the optimized configuration. 
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[bookmark: _Toc258154388]Figure 36: Streamlines Around Split Winglets (without Scimitar Spikes)

	Table 6 shows the aerodynamic coefficients for this configuration.
[bookmark: _Toc258110291]Table 6: Aerodynamic Coefficients for the Split Configuration without Scimitar Spikes
	Aerodynamic Coefficients
	Value

	Coefficient of Lift (CL)
	0.6916

	Coefficient of Drag (CD)
	0.1239

	Coefficient of Moment (Cm)
	-0.0870

	Lift-to-Drag Ratio (CL/CD)
	5.58













[bookmark: _Toc258178105]Chapter 5: Multi-Objective Optimization
	
As mentioned before, there are many parameters that affect the performance of the winglets, such as Cant Angle, Wingspan, Taper Ratio and Sweep to name a few. Since the Navier-Stokes are highly non-linear, it is almost impossible to obtain an analytical solution. For this reason a numerical solution must be obtained.  It is also important, due to the computational cost of such analysis, that a robust optimization method be used to obtain an efficient design. The multi-objective optimization in this study was carried out in a commercial software modeFRONTIER. The four objectives in this study are maximization of coefficient of lift and lift-to-drag ratio, while minimizing coefficient of drag and absolute value of the coefficient of moment. The technique chosen was response surface approximation couple with a genetic algorithm. Figure 37 shows the general workflow and different software modules used for optimization used in this study. 
[image: ]
[bookmark: _Toc258154389]Figure 37:Flow chart showing different software modules


[bookmark: _Toc258178106]5.1 Response Surface Approximation

	Due to the high computational, a more robust optimization technique is necessary. In this study each analysis with the Navier-Stokes solver takes up to 15 hours. Therefore it is very costly to evaluate each possible combination of the design parameters. For this reason, the Response Surface Approximation is used to approximate the objective function for every possible combination of the design parameters. Response Surface Approximation creates a relationship between several input variables and one of more output variables. The output variables that are being optimized using the optimization technique are known as the objective functions. This is done by supplying an initial population of designs, their input variables and their respective outputs, to create the hyper surface. This method provides an expression for the surface created using the set of functions used to interpolate, which can then be used to obtain the function value for any given combination of input variables. The response surface was created using Gaussian Radial Basis Functions (GRBF). Abdoli et al [23]  and Colaco et al. [24] demonstrated it’s superiority to other response surface methods. 
An initial population of 40 designs was used to create the response surface. The design variables for each of the 40 designs were randomly chosen. The random number generator employed a SOBOL quasi-random sequence since it has shown to evenly fill the design space. The response surfaces were also created and compared using Neural Network, Gaussian Process, Kriging, Anisotropic Kriging, and Shepard’s K-Nearest. It was found that GRBF returned objective function values within 2% of those obtained from the Navier-Stokes solver, while other methods deviated by up to 31%. 
	The Gaussian Radial Basis functions are defined by the following equation,


(14)
where   is the shape factor. Radial Basis functions are typically used for function approximation using a summation of radial basis functions. The approximation has the form,
					(15)
where the  is the function being approximated, N is the number of basis function, each with its own associated cell center, . Each radial basis function is weighted by an appropriate weighting coefficient . 

[bookmark: _Toc258178107][bookmark: OLE_LINK4][bookmark: OLE_LINK5]5.2 Optimization Constraints
	
	As with any design consideration, allowable range of parameters must be defined. These are known as constraints, and they help keep the optimal design search within a user and physics defined range. The parametric constraint placed on the design was that the root of the secondary lower element had to intersect the blended winglet component. This allowed only the feasible designs to be evaluated thus saving computational time.
	As the objective functions are being interpolated from the supplied initial population, their accuracy drops outside of the data space. Outside of this data space, the Gaussian Radial Basis functions begin extrapolating the data set thus greatly reducing accuracy. For this reason a constraint has to be place on the search space for the optimum design. In this study the search method applied (Genetic Algorithm) was allowed to search up to 2% outside the data space. This was done by constraining the objective function values to fall between 2% above the maximum supplied value and 2% below the minimum from the initial population used to create the response surface. 
	
[bookmark: _Toc258178108]5.3 Genetic Algorithm (Search Method)

	Although the objective functions are defined through the search space an effective method is needed to carry out the search. There are many methods to explore the search space, such as Particle Swarm, Differential Evolution and Ant Colony to name a few, but in this study a genetic algorithm was use to carry out this task. The genetic algorithm selected for this study was the NSGA-II (Non-dominated Sorting Genetic Algorithm) [25,26] developed by Deb et al. 
	The genetic algorithm is heuristic search method that mimics the process of natural selection and evolution. This method involves mutation and crossover of genes from two parents to create an offspring. The genes in the world of optimization are defined as the values of design variables, the parents as the initial supplied population and offspring as each new design. The crossover parameter determines the number of genes, or the number of values for the design variables that are carried over from each parent to the new offspring. The mutation defines the degree to which the design parameters of the offspring itself are altered. The third parameter that can be defined for this search is elitism. This dictates how many of the percent of the best designs (initial population and offspring) are carried into the next generation. Mutation and crossover is done randomly so as to decrease user bias and carry out a more even search of the function space. 

[bookmark: _Toc258178109]5.4 Pareto Front

	In all optimization problems, the optimum solution is chosen based on its dominance. For a given solution to dominate another, it must no worse than other solutions in all objectives and must be strictly superior to others in at least one objective. When performing multi-objective optimization, instead of arriving at a single optimum solution a Pareto front is reached. This features multiple Pareto design, non-dominating designs or “best trade-off” designs. Upon searching the response surface with the NSGA-II algorithm the Pareto front in Figure 38 was reached. The Pareto front displays the initial population used to create the response surface and the Pareto virtual designs. It can be seen that most of the Pareto designs are concentrated in the high Cl, high Cl/Cd, low Cd and low Cm area of the graph. This shows the genetic algorithm is “learning” from past generations to search for better design. From this Pareto front, a Pareto design (Pareto ID 2996) was selected which best-satisfied all of the objectives. 
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			(a)						 (b)
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			(c)						(d)

[bookmark: _Toc258154390][bookmark: OLE_LINK30][bookmark: OLE_LINK31][bookmark: OLE_LINK32][bookmark: OLE_LINK33]Figure 38: Response surface points for: (a) coefficient of lift vs. coefficient of drag, (b) coefficient of moment vs. coefficient of lift, (c) coefficient of moment vs. lift-to-drag ratio, and (d) objective function space made of coefficient of moment vs. coefficient of lift vs. coefficient of drag with initial and virtual wing+winglet data
[bookmark: _Toc258178110]5.5 Pareto Optimum Design

Although the response surface does provide values for each objective function, they are approximate. It is important to validate the Pareto optimum design to obtain the exact values for the objective functions. Pareto 2996 was analyzed in OpenFOAM to validate its objective functions. Table 7 shows the aerodynamic coefficients for this configuration. This Pareto optimum configuration satisfied all of the four objectives better than the baseline configuration. Figure 39 shows the streamlines around the wingtip of Pareto 2996.  It can be seen that vortex core radius has significantly increased and the vorticity of the fluid has decreased. 
[image: ]  [image: ]
[bookmark: _Toc258154391]Figure 39: Streamlines Around Pareto 2996 winglet tip

[bookmark: _Toc258110292]Table 7: Aerodynamic Coefficients for Split-Scimitar Pareto 2996 Configuration
	Aerodynamic Coefficients
	Value

	Coefficient of Lift (CL)
	0.6936

	Coefficient of Drag (CD)
	0.1218

	Coefficient of Moment (Cm)
	-0.0830

	Lift-to-Drag Ratio (CL/CD)
	5.69



Table 8 shows the optimized values for each of the eight design parameters defining the optimized split-scimitar winglet configuration.
[bookmark: _Toc258110293]Table 8: Pareto optimized values of eight design variables defining the Split-Scimitar winglet configuration
	Design Variable
	Value

	Upper Leading Edge Sweep
	38°

	Upper Trailing Edge Sweep
	68°

	Upper Cant Angle
	50°

	Upper λ
	0.33

	Lower Leading Edge Sweep
	42°

	Lower Trailing Edge Sweep
	76°

	Lower Cant Angle
	68°

	Lower λ
	0.86




[bookmark: _Toc258178111]5.6 Comparison with Pareto Optimum Design

It is always good practice to compare the Pareto optimum design with other design so as to see the performance benefit meets your needs. Table 9 shows the performance benefit due to each component of the split-scimitar winglet configuration as well as the performance benefit from the optimization process. It is clear to see that the optimized Pareto 2996 winglet configuration outperforms all other configurations, in all four objectives by a substantial margin. 
[bookmark: _Toc258110294]Table 9: Aerodynamic Coefficients and Performance difference for each winglet configuration
	Configurations Evaluated
	[bookmark: RANGE!B1]CL
	ΔCL
	CD
	ΔCD
	Cm
	ΔCm
	CL/CD
	Δ(CL/CD)

	
	
	%
	
	%
	
	%
	
	%

	Naked Boeing 7E7 wing without winglets
	0.651
	0
	0.131
	0
	-0.121
	0
	4.97
	0

	Pareto optimized standard blended winglet
	0.6732
	3.41
	0.1252
	-4.4
	-0.0932
	-23
	5.38
	8.25

	An initial (non-optimized) split winglet configuration
	0.675
	3.68
	0.124
	-5.3
	-0.103
	-15
	5.44
	9.45

	Pareto optimized split winglet without tip spikes
	0.6916
	6.23
	0.1239
	-5.7
	-0.087
	-28
	5.58
	11.23

	Pareto 2996 case optimized split winglet with tip spikes
	0.6936
	6.54
	0.1218
	-7.0
	-0.083
	-31
	5.69
	14.48



Although the performance enhancements due to Pareto 2996 are clear, it is important to see its behavior through the operating range of the aircraft. For this reason, both the naked Boeing 7E7 wing and the Pareto 2996 configurations were analyzed through a range of angles of attack. Figures 40 and 41 further show the aerodynamic improvements achieved for the specified angle of attack also hold over a range of angles of attack.

[image: ][image: ]
[bookmark: _Toc258154392]Figure 40: Variations of coefficients of lift and drag as functions of angle of attack for the naked 7E7 wing and for the Pareto optimized 2996 case of wing+scimitar winglet with tip spikes.
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[bookmark: _Toc258154393][bookmark: OLE_LINK9][bookmark: OLE_LINK10]Figure 41: Variations of coefficients of moment and lift-to-drag as functions of angle of attack for the naked 7E7 wing and for the Pareto optimized wing+scimitar winglet with tip spikes.



[bookmark: _Toc258178112]Chapter 6: Design Validation

	Even though computer simulations reduce the cost for designing a new product, experimental validation of the design is imperative. Experimental testing shows how the product will perform in the exact environment in which it will operate. It also allows for more accurate results as simplifications might have been used in the numerical analysis of the design. Figure 42, compares the flow structure obtain from experimental testing and CFD analysis [20]. It can be seen that due to incorrect setting or simplification the flow separation isn’t modeled exactly.
[image: ]
[bookmark: _Toc258154394]Figure 42: Experimental Testing vs. CFD Analysis 

[bookmark: _Toc258178113][bookmark: OLE_LINK14][bookmark: OLE_LINK15]6.1 Experimental Validation

	In the case of fluid flow, the most common form of experimental validation is through Wind Tunnel testing. This involves placing the specimen in a tube where air is forced over the specimen and the needed data is recorded. For the purpose of testing our prototype, the wind tunnel at Embry-Riddle Aeronautical University was used as the testing facility. 

[bookmark: _Toc258178114]6.1.1 Principles of Modeling and Similitude

	When carrying out experimental testing in the wind tunnel, it is important to perform the experiment at the same conditions as the computational analysis. This is sometimes hard, if not impossible to do. In the case of this study, the prototype model will have to be to scale, fly at 35,000 ft, at .8 the speed of sound. This would require that the prototype be manufactured, fitted to the aircraft and all of the various license and testing documents be filled out.
	Another method for testing prototype, at a smaller scale, is by applying the principles of Modeling and Similitude. This requires for the modifications of certain parameters so that phenomena at full scale testing and small scaled testing is the same. To see which and how parameters should be modified, the concept of Nondimensionalization must be applied. Nondimensionalization is a method of representing an equation by removal of units defining physical quantities. In the case of our study, the equation being nondimensionalized is the Conservation of Linear Momentum. 
	The Momentum equations for nondimensionalization can be written as


(16)
where   is the material derivative of function  and  is the specific weight which is the product of density and gravitational acceleration.
All the variables are nondimensionalized in terms of ρ, U and L, where U is some reference velocity and L is some reference length.  The various dimensionless parameters can be written as

the remaining parameters can be put into a nondimensional form by substituting , to obtain
  ,
  ,
	,

Substituting the appropriate variables into the momentum equation yields the following nondimensionalized momentum equation


(17)
Where  is the reciprocal of the Reynolds Number, which can be written as

, Reynolds Number
(18)
The Reynolds number is a dimensionless number that represents the ratio of inertia forces to viscous forces. Similar nondimensionalization of the continuity equation leads to the Froude number, which represents the ratio of inertia forces to gravity force and can be written as

, Froude Number
(19)
Other nondimensional number used in flow computation include Mach Number, which is the ratio of inertia force and compressibility force, and the Pressure Coefficient, which is ratio of pressure force to inertia force. Equations for the two numbers can be written as such

 , Mach Number where a is the speed of sound in liquid
(20)
, Coefficient of Pressure
(21)
	Flow conditions for model test and prototype test are completely similar if all relevant dimensionless parameters have the same values for both model and prototype. This similarity in all dimensionless parameters is sometimes difficult to achieve. Therefore it is often necessary to achieve similarity in those dimensionless numbers that are most important to your case study. In this case the Reynolds number will have greater importance and will be given greater consideration, where as the Froude number and Mach number will be accommodated as best as possible. 




[bookmark: _Toc258178115]6.1.2 Manufacturing: 3D Printing

The multi-winglet designs used in this research consist of complex and intricate components that need to be designed with very low tolerances. This is essential since any deviations from the optimized CAD designs may cause large discrepancies between simulated and experimental results. One method of manufacturing prototypes that will enhance the design of such composite structure is rapid prototyping, which uses 3D printing technologies. This allows for the circumvention of expensive Computer Numerical Control (CNC) machining and the utilization of a faster method that will also create models within the required tolerances. 3D printing will be used to manufacture the winglets and the aircraft wing prototypes. A plaster material reinforced with resin will be used to manufacture the winglets. Some manual labor may be required for surface finishing such as sanding. Also for retrofitting the winglet unto the wing, holes will be drilled in the connecting sides of both components and steel pins will be used as connectors. 
The generic additive manufacturing process outlined by Ian Gibson et.al [26] was implemented for 3D printing of the wing and winglets.
The optimized geometries were generated in a stereolithography ( STL) format, compatible with SolidWorks as shown in Figure 43.
[image: ]
[bookmark: _Toc384187224][bookmark: _Toc258154395]Figure 43: Stereolithography (STL) format of model to be 3D printed

A Solidoodle 3 printer, which utilizes fused deposition modeling to create parts, was used for manufacturing the parts. Extruded Acrylonitrile Butadiene Styrene (ABS) plastic was the material of choice used since it was the most readily available. Owing to size restraints of the printer, the semi-span wing and winglet configuration model measuring eighteen inches (18”) had to be manufactured in six parts as is shown in Figure 44. These parts were then fitted together using ABS slurry. 
[image: ][image: ]
[bookmark: _Toc384187225][bookmark: _Toc258154396]Figure 44: Model printed into six parts

In 3D printing there are ranges of accuracy known as resolution, which is in like printing a document how sharp or closer to a tangible object the prototype will be. The higher the resolution the better smaller details will be created. Consequently the time to print this will go up as well. In order to achieve a good resolution and surface finish while saving time, the wing section was printed at 0.3 mm and the individual winglets at 0.1 mm. Each section of the print took approximately five hours to print.
Additional features were to print the section generating the most of the wing as a solid piece. The sections producing little lift were made hollow but with a walls thickness of 0.4”, this saved material cost and printing time. When the winglets parts were printed they were printed whole without cavities. This was done to enhance the structural integrity and to perform more reliable during testing under large aerodynamic forces. 
Each individual section was then bonded via an acetone (CH3)2CO, slurry with ABS resin. Due to the nature of (CH3)2CO to be a solvent with many plastics this enabled the bonding of the surfaces of the parts effectively and avoiding bumps or discontinuities, this would not be desirable since it would affect the flow stream of air on the surface unlike a smooth wing.
Additionally, due to the infinitesimal layering effect of the 3D printing, a series of ribs stacked one upon the other further delineates from the smooth surface desired for simulating real conditions. To overcome this, epoxy filler was coated multiple times to fill in the crevices between the ridge peaks. This was sanded down with a fine grade sand paper until a relatively smooth surface was obtained. To complete the smoothness and aesthetic look a few coats high gloss paint was applied via compressed paint solution. 
In order to retrofit the winglet unto the wing, holes of diameter 1/8” were drilled in the connecting sides of both components and spring pins were used as connectors. A slot was milled in the wing to accommodate the force gauge adapter plate shown in Figure 45.
[image: ]
[bookmark: _Toc384187226][bookmark: _Toc258154397]Figure 45: Bracket installed in wing for fastening in wind tunnel

[bookmark: _Toc384187071][bookmark: _Toc258178116]6.1.3 Wind Tunnel Validation

In order to validate the computer-simulated results obtained it is necessary to perform experiments. The conditions of an aircraft during flight that were created in the simulated environment will also be created in the experimental environment. These conditions can be mimicked in a wind tunnel. Wind tunnels consist of large tubes with moving air. To minimize error between the computers simulated and experimental data, it is imperative that these factors are considered for testing in the wind tunnel: 
(1) Being cognizant of the size of the wind tunnel- enough clearance has to be created on all sides of the wing and winglet configuration to allow for the flow of air around the prototype while preventing interference of walls.
(2) Placing the wing and winglet configuration at a position where fully developed flow can be obtained.

[image: ]
[bookmark: _Toc258154398]Figure 46: 1/67th Scale model mounted in the Embry Riddle Aeronautical University’s wind tunnel at an angle of attack of 12 degrees

[bookmark: _Toc258178117]6.1.4 Testing Facility

The aerodynamic flow investigation was carried out in the Embry Riddle Aeronautical University’s wind tunnel laboratory. It consists of a subsonic open return tunnel. The wind tunnel has dimensions of length, width and height 23”x29”x 17.5” respectively. The mount, shown in Figure 47, is attached to a servo that allows for control of angle of attack or pitch, yaw angle and roll angle. It is attached to a force and moment balance used to calculated forces and moments along each axis. The force and moment balance was calibrated with the two mounts, bracket mounted for the wing and the metallic mount on the force balance. The data acquisition is made possible through the software Labview, which can be used to output aerodynamic forces and moments or aerodynamic coefficients. The wind tunnel also features a Pitot tube to calculate the freestream velocity, which is displayed by Labview. All experimental analysis was carried out at a freestream Mach number of 0.1, temperature of 21.1 C. The each configuration was test for range of angle of attacks from -4 to 16 degrees. 

[image: ]
[bookmark: _Toc258154399]Figure 47: Force balance calibrated with the two mounts attached


[bookmark: _Toc258178118]6.1.5 Model Description

	As it is sometimes difficult to manufacture a model to full scale, a smaller, scaled replica can be used for testing. The numerical analysis in this report was carried out on a model with a wingspan of 30.8 meters. Since this a model of this scale will be both difficult to manufacture and impossible to fit into the wind tunnel, a smaller model was used. The original model was scaled down by a factor of approximately 67, with a wingspan of 18 inches. The models tested were the naked wing, the blended winglet and split-scimitar winglet. Figure 48 shows these models mounted in the wind tunnel.  
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			    (a)						             (b)
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(c)
[bookmark: _Toc258154400]Figure 48: Scaled model of Naked Wing (a), Blended Winglet (b) and Split-Scimitar Winglet (c) mounted in the wind tunnel

	For accurate comparison between scaled models, the non-dimensionless number must be equal. In the case of this study, the Reynolds number must be the same for both the full scale and 1/67th scale model. It can be noted that the Reynolds number depends on the density, viscosity, size and velocity of the study. Due to the restriction on the size of the wind tunnel and therefore the size of the model, the fluid that can be used, and the maximum attainable velocity of the wind tunnel, the appropriate Reynolds number was not obtained for the experimental study. This issue was addressed by numerically analyzing the scaled model at the same conditions as the experimental study, as numerical analysis is less expensive than experimental analysis. This allowed for fair comparison of the experimental model with the numerical model. 

[bookmark: _Toc258178119][bookmark: OLE_LINK16][bookmark: OLE_LINK17]6.2 Experimental Results 

	Three different configurations, tested at Embry Riddle Aeronautical University’s Wind Tunnel facility, were Pareto 2996, Blended Winglet and the Naked Wing. Each configuration was analyzed at Mach .1, 34 m/s, at various angles of attack ranging from -4 to 16. Figure 49 shows the coefficients of lift, drag, and moment for Split-Scimitar Winglet (Pareto 2996), Blended Winglet, and the Naked Wing. It can be seen at winglets do increase the lift as they increase the effective wingspan of the wing. Figure 49b shows the drag polar for the three configurations. It can be seen that Split-Scimitar winglets better reduce the drag than blended winglets. It can also be seen that the performance difference between the winglets and the naked wing increases significantly with angle of attack. This is because winglets are more effective in a high-lift scenario. Figure 49c shows that the split scimitar winglet slightly reduces the coefficient of moment for both negative and positive angles of attack. At about 12 degrees however, the naked wing attains a lower coefficient of moment than both winglet configurations. This shows the naked wing experience sudden and catastrophic wingtip stall. 
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			      (a)						            (b)
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      (c)						             (d)
[bookmark: _Toc258154401][bookmark: OLE_LINK12][bookmark: OLE_LINK13]Figure 49: Variations of coefficients of lift (a), drag (b) and moment (c) and lift-to-drag ratio (d) as functions of angle of attack for the naked 7E7 wing, the Split-Scimitar winglet, and the blended winglets.

	It is known that airflow at the roots is only affected by the angle of the wing; while the flow at wingtip is also affected by the span wise flow due to the wing sweep. Since only the airflow along the chord contributed to the lift created, the wing develops less lift at the wingtip. This can lead to the wingtips stalling long before the main wing stall. This leads to the sections need the root to continue to generate lift, which is typically in front of the center of gravity, while the wingtips, which are behind the center of gravity, no longer produce lift. This shifts average lift of the wing as a whole forward, in front of the center of gravity. This leads to a sudden increase in moment as the wing pitches up leading to more of the wing stalling. Figure 49c shows that split scimitar and blended winglets continue to produce lift in this post stall range, thus holding the average lift closer to the center of gravity and thereby reducing the moment. 
	The coefficient of moment of a stable aircraft decreases, becomes more negative, with an increase in angle of attack. This allows the aircraft to automatically pitch down, clockwise to the pitching axis, to recover from stall. For an angle of attack range of -4 to 10, the coefficient of moments for all configuration are decreasing, indicating stable behavior. In the case of the naked wing, the coefficient of moment increases in the post stall region, leading into positive digits. This suggests that the wing will pitch up, worsening the stall conditions, rather than pitch down to recover from the stall. It can be seen that split winglets perform better than the blended winglets in this post stall range. Both the blended winglets and the split-scimitar winglets allow for a more stable pitching behavior in the post stall region, allowing for slight control from the pilots input and allowing for automatic stall recovery of the aircraft.
 Although the coefficients of moment are greater for the split-scimitar configuration than those for the blended configuration, it can be more beneficial than the blended configuration. A high magnitude in coefficient of moment require more input from the control surfaces to maintain equilibrium. The moment polar for split winglet configuration suggests the wing is stable, automatically pitching down after stall, while allowing for smaller tail input for pitching control due to its lower magnitude. 
Figure 49d clearly shows the addition of winglets allow to wing to maintain a higher lift-to-drag ratio than a naked wing. It also shows the degree by which the split-scimitar winglet outperforms the blended winglet and the naked wing. It can be seen that the split scimitar configuration outperforms the other two configurations even in post stall conditions. 




[bookmark: _Toc258178120]6.3 Experimental Vs. Numerical Analysis

	The winglet configurations were analyzed in OpenFOAM, under the same conditions as in the wind tunnel. The results of the analysis are presented in this section and compared to experimental results. The discrepancies in results are addressed using principles of aerodynamics. Table 10 shows the properties and conditions under which each configuration was analyzed. 
[bookmark: _Toc258110295]Table 10: Operating Conditions for Numerical and Experimental Models
	Conditions
	Numerical Values
	Experimental Values

	Reference Length (m)
	8.7
	.15

	Mach Number
	.25
	.1

	Reynolds Number
	48,651,315
	325255

	Density (kg/m3)
	1.007
	1.204

	Temperature (C)
	11.75
	21.1



[bookmark: _Toc258178121]6.3.1 Experimental and Numerical Analysis 1/67th Scale Model

	Since proper similitude could not be achieved, the wind tunnel model had to be analyzed in OpenFOAM for a fair comparison. Figure 50 shows the coefficient of lift, drag and moment, and lift-to-drag ratio for the Split-Scimitar winglet obtained from both the wind tunnel (WT) and OpenFOAM (OF). It can be seen the coefficients of lift and drag obtained from the wind tunnel and OpenFOAM are very similar. The coefficients obtained from OpenFOAM varied by up to 15% from experimental data. The coefficient of moment obtained from OpenFOAM varied by up to 30% from the experimental data. This can be due to the insufficient accuracy in the modeling of turbulence in the separation region. At high angles of attack, the flow tends to separate savagely, which is not model accurately by the k- ε model. One way of capturing this separation is by using a different turbulence model, such as k-ω SST, but this would increase computational cost. There is a huge discrepancy between the lift-to-drag ratio of the numerical and experimental results. This is due to the truncation of error from the coefficient of lift and coefficient of drag individually.
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[bookmark: _Toc258154402]Figure 50: Experimental and numerical results for variations of coefficients of lift (a), drag (b)  and moment (c) and lift-to-drag ratio (d) as functions of angle of attack for the Scaled Split-Scimitar winglet

	The similarities in the coefficients can be seen when the naked wing is analyzed in OpenFOAM. Figure 51 shows the coefficients for the naked wing, analyzed in the same conditions in experimental analysis. The wingtip stall, shown by a sudden increase in coefficient of moment, can also be seen when analyzed in OpenFOAM. It can also be seen that difference in experimentally and numerically obtained coefficients for the naked wing is smaller than the difference in experimentally and numerically obtain coefficients of the Split-Scimitar winglet. This is because the numerical model wasn’t able to perfectly solve the complex flow around the winglet configuration.
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[bookmark: _Toc258154403]Figure 51: Experimental and numerical results for variations of coefficients of lift (a), drag (b)  and moment (c) and lift-to-drag ratio (d) as functions of angle of attack for the Scaled Naked Wing

It can be seen that the coefficient of lift shows a good relationship between the experimental and numerical results.

[bookmark: _Toc258178122][bookmark: OLE_LINK19][bookmark: OLE_LINK20]6.3.1 Reynolds Number’s Effect on Performance of Split-Scimitar Winglet (Pareto 2996)

As numerical methods are used to predict real world model, it is important to investigate their validity. The experimental data, obtained from the wind tunnel, and the numerical results, obtained from the Navier-Stokes solver, are compared for Pareto 2996. Table 10 shows the conditions each configuration was tested under. 
Figure 52 shows the experimental (WT) and numerical values (OF) for the coefficients of lift, drag and moment over a range of angles of attack for Pareto 2996, under conditions shown in table 10. The OpenFOAM (OF) analysis is operating at a very high Reynolds Number, about 150 times the operating Reynolds number for the wind tunnel (WT) analysis. It can be seen the lift is slightly greater at a high Reynolds number, still maintaining its linear profile for its range of angle of attack. 
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[bookmark: _Toc258154404]Figure 52: Experimental and numerical results for variations of coefficients of lift (a), drag (b)  and moment (c) and lift-to-drag ratio (d) as functions of angle of attack for full scaled and 1/67th scale model of Split-Scimitar winglet

	Figure 52b shows the coefficient of drag increasing exponentially after seven degrees, for the wind tunnel model, while OpenFOAM model maintains its linear profile. This is because at high Reynolds number the viscous forces are negligible compared to the inertia forces, whereas for low Reynolds number, such as for the experimental analysis, the viscous forces dominate the inertia forces. When the viscous forces dominate the inertia force, it increases the viscous drag thus increasing overall drag. Viscous forces in the boundary layer results in the reversal in the velocity profile, leading to flow separation. Therefore, the coefficient of drag increases exponentially for the low Reynolds, wind tunnel model, where as it increase linearly for the high Reynolds, OpenFOAM model. This flow separation leads to the center of pressure to shift in front of the center of gravity, resulting in an increase in coefficient of moment seen in the wind tunnel model in Figure 52c. The coefficient of moment for the OpenFOAM model continues to decrease, until stall is experienced. This shows the Split-Scimitar configuration is also stable under high Reynolds number condition. 

	 







[bookmark: _Toc258178123]Chapter 7: Cost Analysis

	In any engineering design, the benefits must outweigh the costs. It has been reported the split-scimitar reduces drag by 2% from the currently implemented blended winglets. It has been reported that this will save United Airlines $200 millions on jet fuel per year. The design in this report has reduced drag by 4% from our optimized blended winglets, which should result in slightly higher fuel saving. An exact comparison cannot be made as the design implemented by the industry is proprietary information and therefore is not available to the public. Table 11 shows the cost breakdown for this study. The cost for this project was kept relatively low due to the use of OpenFOAM, which is an open source software. It was also made possible thanks to the generous donation of mode FRONTIER license, and the use of the testing facility free of charge. 
[bookmark: _Toc258110296]Table 11: Cost Breakdown
	Part Number
	Part Name
	Quantity
	Price

	1
	OpenFOAM
	1
	0.00

	2
	HPC Panther Cluster
	1
	0.00

	3
	modeFRONTIER
	1
	0.00

	4
	Naked Wing
	1
	110.00

	5
	Blended Winglet
	1
	15.00

	6
	Split-Scimitar Winglet (Pareto 2996)
	1
	15.00

	7
	Bondo adhesive
	1
	10.00

	8
	 Embry Riddle Wind Tunnel Testing
	5 hrs.
	0.00

	9
	Miscellaneous
	2
	30.00

	
	
	Total
	180.00







[bookmark: _Toc258178124]Chapter 8: Conclusion

Moderating the cost of keeping an aircraft in the air, generating revenue, is a constant challenge. With jet fuel prices skyrocketing, a more fuel-efficient design is always in demand. Wing design and particularly winglet and winglet configurations are an important feature that is constantly evolving. They help reduce induce drag and increase lift, helping improve the overall efficiency of the aircraft. What started off as a simple end plate design has now evolved into a more elegant and efficient blended winglet technology. To find the best optimum design, concepts from over the globe have to be investigated. As shown before, the wingtip fence is used by the French manufacturer, Airbus, while the Blended and Scimitar Winglets are used by Boeing. This shows the needs for global learning, and it through a combination of these two designs that a more efficient solution is obtained.
[bookmark: _Toc244521763]A multi-objective optimization methodology has been presented which couples Response Surface Approximation with genetic algorithm. The four objective of the optimization were maximization of coefficient of lift and lift-to-drag ratio while minimizing coefficient of drag and absolute value of coefficient of moment. Each configuration was analyzed using a 3D, compressible Navier-Stokes solver in OpenFOAM. The split-scimitar winglets have been optimized with 14% improved performance from a naked wing. The effects of each individual component of the split-scimitar configuration have been analyzed. We have shown it is possible to further optimize these blended winglets, with an addition of a cost effective scimitar shaped wingtip caps and a ventral strake. This eliminates the need to design and construct an entirely new winglet, thus reducing computational and manufacturing cost. 
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within by the external boundary as shown in Figure 5.10.

Figure 5.10: Initial mesh generation in srnappyHexlesh meshing process.

‘This can be done simply using blockiesh. The following criteria must be observed when creating the background mesh

the mesh must consist purely of hexes;

the cell aspect ratio should be approximately 1, atleast near surfaces atwhich the subsequent snapping procedure is
‘applied, otherwise the convergence of the snapping procedure is slow, possibly o the point of failure;

there must be atleast one intersection of a cell edge with the STL surface, i . a mesh of one cell will not work.

Figure 5.11: Cell spliting by feature edge in snappyHexiesh meshing process
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The edgelesh containing the features can be extracted from the STL geometry file using surfaceFeatureExtract, &..

surfaceFeatureExtract -includedingle 150 surface.stl features

Following feature refinement, cells are selscted for splitting in the locality of specified surfaces 3 illustrated in Figure 5.12.

Figure 5.12: Cell spliting by surface in snappyHexMesh meshing process

The resinenentSuzaces dicionary in castellatedMeshControls requires dictionary entries for each STL surface and a
default Level specification of the minimurm and maximum refinementinthe form (<xin> <xax>). The minimum level is
‘applied generally across the surface; the maximum level is applied o cells that can see intersections that form an angle in
excess of that specified by resolveFeatureangle.

‘The refinement can optionally be overridden on one or more specific region of an STL surface. The region entries are
collected in 3 regions sub-dictionary. The keyword for each region entry is the name of e region tself and the refinement
level is contained within a furiher sub-dictionary. An example is given below:

prere sen

esel (22); // defauic (min mex) efinemens for whols surface
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I sppTUATTatey SpEaRITg;
‘accordingly 3s illustrated in Figure 513,

Figure 5.13: Cell removal in snappyHexiiesh meshing process

Figure 5.14: Cell spliting by region in snappyHexiesh meshing process

5.4.5 Cell splitting in specified regions

Those cells that lie within one or more specified volume regions can be further split as illustrated in Figure 5.14 by a
rectangular region shown by dark shading. The refinementRegions sub-dictionary in castellatedMeshControls contains
e P
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‘Table 5.8 Keywords inthe snapControls dictionary of snappyHexMeshDict.
An example is ilustrated in the schematicin Figure 5.15 (albeit with mesh motion that Iooks slightly unrealistic).

Figure 5.15: Surface snapping in snappyHexMesh meshing process

5.4.7 Mesh layers

The mesh output from the snapping stage may be suitable for the purpose, although it can produce some irregular cells along.
boundary surfaces. There is an optional stage of the meshing process which introduces additional layers of hexahedral cells
aligned to the boundary surface as illustrated by the dark shaded cells in Figure 5.16.
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